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Chapter 1 — Calibration Overview

1-1 Manual Scope
The purpose of this Measurement Guide is to introduce the basic calibration and operation of the ShockLine™ 
MS46522B/MS46524B Series Vector Network Analyzer (VNA) Systems and reduce the time required to 
become proficient at performing basic measurements. The procedures in this manual assume a working 
knowledge of, and a familiarity with, vector network analyzers.

1-2 Chapter Summary
This chapter discusses general calibration requirements and the benefits of different calibration types, 
algorithms, and routines. General calibration setup and measurement procedures are described. Technical 
references to Anritsu and other calibration-related articles are also presented where appropriate. Some 
sections provide cross-references to more detailed explanations and procedures in subsequent chapters.

1-3  Related Documentation
The following ShockLine MS46522B/MS46524B Series Vector Network Analyzers documentation is available 
online at the Anritsu web site (http://www.anritsu.com). 

Product Information, Compliance, and Safety

• ShockLine Product Information, Compliance, and Safety (PICS) – 10100-00067

ShockLine MS46522B/MS46524B 

• MS46522B Series VNA Technical Data Sheet – 11410-00858

• MS46524B Series VNA Technical Data Sheet – 11410-00860

• MS46522B/524B Series VNA Operation Manual – 10410-00743

• MS46522B/524B Series VNA User Interface Reference Manual – 10410-00744

• MS46522B/524B Series VNA Programming Manual – 10410-00746

• MS46522B/524B Series VNA User Interface Reference Manual – 10410-00744

• ShockLine Programming Manual – 10410-00746

• MS4652xB Series VNA Measurement Guide – 10410-00753

Calibration, Verification, and System Performance Verification

• 365xx-x Mechanical Calibration Kit Reference Manual – 10410-00278

http://www.anritsu.com/en-US/Promotions/shockline/home.aspx
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1-4  Calibration Kits, Verification Kits, and Components
Anritsu and other vendors provide calibration kits for a variety of algorithms and circumstances. In all cases, 
certain information must be provided to the VNA in order to complete the calibration, but the nature of that 
information varies by kit and application. 

Calibration kits contain the precision components and tools required to calibrate the ShockLine 
MS46522B/MS46524B Series VNA for up to a complete 12-term error-corrected measurement. The calibration 
kits are available as manual calibration kits. A set of verification kits is also available to verify the accuracy of 
the calibration kits and the instrument settings.

Calibration/Verification Equipment Part Numbers and General Specifications

This table summarizes the equipment related to calibration procedures. 

Table 1-1. Calibration Equipment Listing  (1 of 2)

Part Number Name Specifications Connectors

Precision AutoCal™ Modules

36585K-2M Precision AutoCal™ Module 70 kHz to 40 GHz K(m) to K(m)

36585K-2F Precision AutoCal Module 70 kHz to 40 GHz K(f) to K(f)

36585K-2MF Precision AutoCal Module 70 kHz to 40 GHz K(m) to K(f)

36585V-2M Precision AutoCal Module 70 kHz to 70 GHz, V(m) to V(m)

36585V-2F Precision AutoCal Module 70 kHz to 70 GHz, V(f) to V(f)

36585V-2MF Precision AutoCal Module 70 kHz to 70 GHz, V(m) to V(f)

MN25208A Precision 2-port SmartCal module
300 kHz to 8.5 GHz Connector Options: 

-001 – N(f)

-002 – K(f)

-003 – 3.5 mm(f)MN25408A Precision 4-port SmartCal module
300 kHz to 8.5 GHz

MN25218Aa Precision 2-port SmartCal module 300 kHz to 20 GHz K(f)

MN25418A Precision 4-port SmartCal module 300 kHz to 20 GHz K(f)

Type N Connector Manual Calibration Kits

3653A Type N Calibration Kit With fixed loads Type N

OSLN50A-8 Precision Mechanical Calibration Tee Open/Short/Load N(m)

OSLNF50A-8 Precision Mechanical Calibration Tee Open/Short/Load N(f)

TOSLN50A-8 Precision Mechanical Calibration Tee Through/Open/Short/Load N(m)

TOSLNF50A-8 Precision Mechanical Calibration Tee Through/Open/Short/Load N(f)

SMA Connector Manual Calibration Kits

3650A SMA/3.5 mm Calibration Kit Without sliding loads SMA/3.5 mm

3650A-1 SMA/3.5 mm Calibration Kit With sliding loads SMA/3.5 mm

K Connector Manual Calibration Kits

3652A K(2.92 mm) Calibration Kit Without sliding loads K

3652A-1 K(2.92 mm) Calibration Kit With sliding loads K

TOSLK50A-20 Precision Mechanical Calibration Tee Through/Open/Short/Load K(m)

TOSLKF50A-20 Precision Mechanical Calibration Tee Through/Open/Short/Load K(f)
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TOSLK50A-40 Precision Mechanical Calibration Tee Through/Open/Short/Load K(m)

TOSLKF50A-40 Precision Mechanical Calibration Tee Through/Open/Short/Load K(f)

TOSLK50A-43.5 Precision Mechanical Calibration Tee Through/Open/Short/Load K(m)

TOSLKF50A-43.5 Precision Mechanical Calibration Tee Through/Open/Short/Load K(f)

Test Port Cables

15KK50-1.0A  Test Port Cable, Armored, Phase Stable 1.0 m K(m) to K(m)

15KKF50-1.0A Test Port Cable, Armored, Phase Stable 1.0 m K(m) to K(f)

15LL50-1.0A  Test Port Cable, Armored, Phase Stable 1.0 m
3.5 mm(m) to
3.5 mm(m)

15LLF50-1.0A Test Port Cable, Armored, Phase Stable 1.0 m
3.5 mm(m) to
3.5 mm(f)

15NNF50-1.0B Test port Cable, Flexible, Phase Stable 1.0 m N(f) to N(m)

15NNF50-1.5B Test Port Cable, Flexible, Phase Stable 1.5 m N(f) to N(m)

15NN50-1.0B Test port Cable, Flexible, Phase Stable 1.0 m N(m) to N(m)

3670K50A-1 Test Port Cable, Semi-rigid 0.3048 (1 ft) K(f) to K(m)

3670K50A-2 Test Port Cable, Semi-rigid 0.6096 (2 ft) K(f) to K(m)

3671KFS50-60
Test port cables, flexible, high 
performance

1 each 63.5 cm (25 in)
K (female) to 3.5 
mm (male)

3671KFK50-60
Test port cables, flexible, high 
performance

1 each, 63.5 cm (25 in)
K (female) to K 
(male)

3671KFKF50-60
Test port cables, flexible, high 
performance

1 each 63.5 cm (25 in)
K (female) to K 
(female)

3671KFK50-100
Test port cables, flexible, high 
performance

1 each, 96.5 cm (38 in)
 K (female) to K 
(male)

Universal Test Fixtures (UTF) and Right Angle Launchers

3680-20 UTF, DC to 20 GHz 0.5 cm (min) to 10 cm (max) 3.5 mm (f) to (f)

3680K UTF, DC to 40 GHz 0.5 cm (min) to 5 cm (max) K(f) to K(f)

36801K Right Angle Launcher, DC to 40 GHz 1 cm (min) to 4 cm max

a.Applies to Rev 2 SmartCal Modules. MN25218A with serial numbers <1817999 operate from 1 MHz to 20 GHz.

Table 1-1. Calibration Equipment Listing  (2 of 2)

Part Number Name Specifications Connectors
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1-5  AutoCal Automatic Calibration Modules 
The auto calibration process represents both a calibration kit and an algorithm that can be used to speed up 
the calibration process with extremely high accuracy and a minimal number of manual steps.

The 36585X AutoCal module calibrates the VNA by a process known as “transfer calibration.” There are a 
number of impedance and transmission states in the module designed to be extremely stable in time and these 
states are carefully “characterized,” generally by the Anritsu factory but also in a customer laboratory in 
certain cases. When the same states are re-measured during an actual calibration, and the results compared to 
the characterization data, an accurate picture can be generated of the behaviors and error terms of the VNA 
and setup being calibrated. 

A very high calibration accuracy is maintained through the use of certain principles:

• The use of many impedance and transmission states.

• The creation of very stable states that are further enhanced with a constant-temperature thermal 
platform inside the module.

• The use of very reliable and repeatable solid-state switching constructed to provide a great variety of 
state impedances (for better calibration stability) and clean transmission paths.

• The use of a very careful characterization process that can generate excellent starting data.

The resulting accuracy can exceed that obtained with a typical mechanical calibration performed in a 
laboratory. The AutoCal results may not be better than that of an exotic manual calibration (such as is 
performed during factory characterization) but will be far better than that done typically. Since it is a very 
high performance calibration, connector care is of the utmost importance and is discussed in detail later in this 
chapter.

The AutoCal consists of the calibration module itself, a separate external power supply, a serial control cable 
that runs to the VNA, and the characterization data provided on a USB memory device. 

A Serial to USB adapter (2000-1809-R) is also required for operating the AutoCal module on a MS46500B 
series VNA. 

Calibrations Available

Of the various calibration types described for the instrument, most are available with the AutoCal unit. 
Frequency response calibrations are omitted since the AutoCal unit would provide no benefit in these cases 
(since only a through or high reflect standard is needed for these calibrations). Available calibrations include:

• Full 2-Port calibration

• Reflection only (full 1-Port calibration); either port or both can be specified

• 1-Path 2-Port (1p2p); either direction can be specified (i.e., calibrate S11 and S21 or calibrate S22 and S12)

• Full 4-Port calibration

1-6  SOLT Kits (365xx)
The 365xx series kits, based on short-open-load-through, require data describing all of the reflection standards 
(provided by the factory) be loaded into the instrument on a serial number basis. If this media (a USB key) is 
not available, average default coefficients are available within the VNA that may suffice for some 
measurements. TOSLxx calibration tee kits contain all four cal standards in a convenient physical package. 
These cal tees have default coefficients that are published in the cal kit TDS and are also included in the 
ShockLine software for easy use.
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1-7  Loading User-Defined Cal Kits
Typically, calibration kit information is loaded using the CAL KIT/AUTOCAL utility (Figure 1-1) but 
user-defined kits can also be created using the parameters described above. If calibration kits from another 
manufacturer are used, or to create a calibration kit, the following parameters are typically entered into one of 
the user-defined kits:

* Open definition (M and F typically)

* Short definition (M and F typically)

* Load definition (M and F typically)

The CAL KIT/AUTOCAL utility menu is shown in Figure 1-1. This menu allows calibration kit details to be 
loaded from external files (as provided with Anritsu calibration kits), saved to a file (for user-defined cal kits), 
defaulted (for standard connector types), or simply displayed.

Figure 1-1. CAL KIT/AUTOCAL Utility Menu
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1-8  Offset Short Waveguide Kits (3655X) 
Waveguide calibration kits based on offset short calibrations are also provided for different waveguide bands. 
Here two different offset-length shorts (accomplished with flush shorts and two different insert lengths), loads, 
and a through must be specified. Some of the standard kits are pre-defined and user-defined kits are possible 
as usual. Additional pieces of information here due to line type are the cutoff frequency and dielectric constant. 
Items as part of the definition:

• Load definition

• Short 1 definition

• Short 2 definition

• Waveguide cutoff frequency

1-9  Microstrip/Coplanar Waveguide Kits for the UTF (36804-XXX) 
For certain microstrip and coplanar waveguide measurements, the Universal Test Fixture (UT) can 
accommodate a range of substrate sizes and thicknesses (see 3680 brochure for more information). The 36804 
series of calibration kits provide opens, shorts, loads and a variety of transmission line lengths on alumina that 
can be used for different calibration algorithms. User-defined kits must be generated based on the information 
provided with the kits.

1-10  On-Wafer Calibration Kits
A variety of calibration standard substrates or impedance standard substrates are available from other 
vendors that contain opens, shorts, loads, and transmission lines for on-wafer calibrations. A variety of 
calibration algorithms may be used depending on the application. For the defined-standards calibrations, a 
user-defined kit will have to be generated.

1-11  Calibration Algorithms
The ShockLine MS4652xB series VNA provides for the following calibration methods:

• Short-Open-Load-Through (SOLT) with Fixed or Sliding Load 

• Short-Open-Load-Reciprocal (SOLR) 

• Reciprocal or Unknown Through Method

• Line-Reflect-Line (LRL) / Line-Reflect-Match (LRM) AutoCal 

1-12  About Calibration
The most important central concept to making good VNA S-parameter measurements is the calibration of the 
instrument. The background on calibration mathematics and theory will only be lightly covered in this section; 
more information is available in Anritsu Application Notes and in the reference literature. While the VNA is a 
highly linear receiver and has sufficient spectral purity in its sources to make good measurements, there are a 
number of imperfections that limit measurements done without calibrations:

Match

Because the VNA is such a broadband instrument, the raw match can be good but not excellent. Even a 20 dB 
match, which is physically very good, can lead to errors of greater than 1 dB. By correcting for this raw match, 
the potential error can be greatly reduced.
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Directivity

A key component of a VNA is a directional coupler that allows separation of the signal incident on the DUT 
from the reflected back from the DUT. While the couplers used in the VNA are of very high quality, there is an 
amount of coupled signal even when a perfect termination is connected. This is related to directivity and can 
impact measurements of very small reflection coefficients.

Frequency Response

While the internal frequency response of the VNA could be calibrated at the factory, any cables connected 
externally will have some frequency response that must be calibrated out for high quality measurements.

The calibration is a method of correcting for these and other defects. There are an enormous number of possible 
calibration algorithms and many of them are implemented within the MS4652xB ShockLine Series VNAs. The 
choice between them is largely determined by the media used, the calibration standards available, and the 
desired accuracy/effort trade-off. Some of the choices to be made are:

• Calibration Type

Which ports are being corrected and to what level are they being corrected?

• Calibration Algorithm

How is the correction being accomplished?

Calibration Types

Table 1-2. MS4652xB ShockLine Calibration Types

VNA Mode Type Parameters Calibrated Uses

2-Port VNA 
Mode

Full 2-Port S11, S12, S21, and S22 Most complete calibration

Full 1-Port S11 or S22 Reflection calibration only

1 Path 2-Port S11 and S21
or
S22 and S12

1-Port reflection plus simple transmission (faster, 
lower transmission accuracy unless DUT very 
lossy)

Frequency 
Response

Any one parameter (or pairs 
of symmetric parameters such 
as S12 and S21)

Normalization only. Fast, lower accuracy

4-Port VNA 
Mode

When in 4-Port mode, additional calibration 
types of 4-Port and 3-Port become available in 
the CALIBRATION menus with an associated 
expansion of S-Parameters, User-Defined, and 
MIxed-Mode options in the RESPONSE menus.

See Chapter 16, “Multiport Measurements”
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Calibration Algorithms

The use of acronyms for the various calibration algorithms is often inconsistent. The following table presents 
calibration algorithm acronyms as used in Anritsu documentation.

The following table relates the Calibration Types to the Calibration Algorithms. 

Table 1-3. Calibration Algorithms

Calibration Algorithm Description Advantages Disadvantages

SOLT 
(Short-Open-Load-Through)

Common coaxially Simple, redundant 
standards; not 
band-limited

Requires very well-defined 
standards, poor on-wafer, lower 
accuracy at high frequencies

SOLR, like above but with 
“Reciprocal” instead of 
“Through”

Like the above but 
when a good through 
is not available

Does not require 
well-defined through

Some accuracy degradation but 
slightly less definition, other 
disadvantages of parent cal

LRL (Line-Reflect-Line, also 
called Through-Reflect-Line 
or TRL)

High performance 
coax, waveguide or 
on-wafer

Highest accuracy, 
minimal standard 
definition

Requires very good 
transmission lines, less 
redundancy so more care is 
required, band-limited

LRM (Line-Reflect-Match) 
or 
TRM 
(Through-Reflect-Match) 

Relatively high 
performance

High accuracy, only one 
line length so easier to 
fixture/on-wafer, not 
band-limited usually 

Requires load definition. Reflect 
standard setup may require care 
depending on load model used

Table 1-4. Calibration Types and Calibration Algorithms

VNA Mode Type SOLT SSLT SSST SOLR/SSLR/SSSR LRL

2-Port Mode

Full 2 Port YES YES YES YES YES

Full 1 Port YES YES YES Can be selected for 
these types, but the 

reciprocal nature is not 
used and will function 

like the base calibration

–

1 Path 2 
Port

YES YES YES –

Frequency 
Response

YES YES YES –

4-Port Mode
The calibration types and modes change when the VNA is in multiport (4-Port) mode. See 
Chapter 16, “Multiport Measurements” for a discussion of multiport calibration methods and types.
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1-13  Calibration Setup
Before proceeding to the calibrations and some of the alternatives available, there are certain instrument setup 
issues that must be discussed first since they will affect the performance of all calibrations. In almost all cases, 
the current VNA settings will be used during the calibration so setting up the VNA as desired beforehand will 
help.

Frequency Start, Stop, and Number of Points

The Start Frequency, Stop Frequency, and number of points should be decided and set in the VNA before 
performing a calibration. Segmented sweeps should also be set up in advance if a more custom frequency list is 
desired.

IF Bandwidth, Averaging and Power

These parameters control the digital filtering and post-processing that determine the effective noise floor, the 
amount of trace noise and, in some special cases, the immunity to interfering signals. The trade-off for 
improved noise performance is slower sweep speed.

• IF Bandwidth (IFBW)

Settings of 10 Hz to 500 kHz on the MS46522B/MS46524B are allowed with the RMS trace noise ranging 
from < 6 mdB at the low end to a few hundred mdB at the high end (for high level signals, more for lower 
level signals). Sweep time will be roughly proportional with the reciprocal of IFBW once below 100 kHz 
IFBW.

• Point-by-Point vs. Sweep-by-Sweep Averaging 

• Point-by-Point averaging incurs additional measurements at each given frequency point and will 
increase sweep time roughly proportionally. Because the additional measurements are taken at 
once, the effect is similar to proportional change in IFBW. 

• Sweep-by-sweep averaging acquires additional measurements on subsequent sweeps and is better 
at removing lower frequency variations than point-by-point averaging or IFBW reduction. 
Sweep-by-sweep averaging is a rolling average so the time to fully stabilize from a sudden DUT 
change is roughly proportional to the average count.

• Power

Port power is somewhat less critical because of the excellent linearity of the MS4652xB ShockLine VNA 
receivers. 
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1-14  Types of Calibrations
The types of calibrations are defined by what ports are involved and what level of correction is accomplished 
(see Table 1-2, “MS4652xB ShockLine Calibration Types” on page 1-7).

Full 4 Port

This is the most commonly used and most complete calibration involving four ports. All sixteen S-parameters 
(S11, S12, S21, S22, S13, S23, S33, S31, S32, S14, S24, S34, S41, S42, S43, and S44,) are fully corrected.

Full 2 Port

This is the most commonly used and most complete calibration involving two ports. All four S-parameters (S11, 
S12, S21, and S22) are fully corrected.

Full 1 Port

A single reflection parameter is fully corrected in this case (S11 or S22). Both ports can be covered but only 
reflection measurements will be corrected. This calibration type is useful for reflection-only measurements 
including the possibility of doing two reflection-only measurements at the same time.

1 Path 2 Port (Forward or Reverse)

In this case, reflection measurements on one port are corrected and one transmission path is partially 
corrected (load match is not). Here forward means S11 and S21 are covered while reverse means S12 and S22 are 
covered. This technique may be used when speed is at a premium, only two S-parameters are needed and 
either the accuracy requirements on the transmission parameter are low or the DUT is very lossy (>10-20 dB 
insertion loss).

Reflection and Transmission Frequency Response

This calibration is essentially a normalization and partially corrects one parameter (although two can be 
covered within the cal menus). Only the frequency response, or tracking slope, of the parameter is corrected so 
directivity and match behaviors are not taken into account. This technique is valuable when accuracy 
requirements are not at a premium and a quick measurement is all that is needed.

Each of these calibrations has an associated error model that describes what is being corrected. The error 
coefficients used fall into several categories that roughly describe the physical effect that they are responsible 
for correcting.

 To establish a context for these error terms, consider the usual model where all of the VNA/setup errors are 
lumped into error boxes (that act like S-parameters) between a perfect VNA and the DUT reference planes (see 
Figure 1-2 on page 1-11).  

Note
The calibration types and modes change when the VNA is in multiport (4-Port) mode. See 
Chapter 16, “Multiport Measurements” for a discussion of multiport calibration methods and types.



Calibration Overview 1-14 Types of Calibrations

MS4652xB ShockLine MG PN: 10410-00753 Rev: V 1-11

Two slightly different error models are used: one where each port is considered to be driving separately (so one 
can clearly delineate source match from load match) and one where both ports are present and no driving 
distinction is made (requiring some preprocessing to take care of source match-load match differences).

Directivity: 
Directivity (ed1 and ed2) describes the finite directivity of the bridges or directional couplers in the 
system. Partially includes some internal mismatch mechanisms that contribute to effective directivity.

Source Match: 
Source match (ep1S and ep2S) describes the return loss of a driving port.

Load Match: 
Load match (ep1L and ep2L) describes the return loss of a terminating port. In the 8-term error models 
used as a basis for the LRL/LRM and other calibration families, this is treated as the same as source 
match but the incoming data is precorrected to take into account the (measured) difference in match 
between driving and terminating states.

Reflection Tracking: 
Reflection tracking (et11 and et22) describes the frequency response of a reflect measurement including 
loss behaviors due to the couplers, transmission lines, converters, and other components.

Transmission Tracking: 
Transmission tracking (et12 and et21) is the same as above but for the transmission paths. The tracking 
terms are not entirely independent and this fact is used in some of the calibration algorithms.

Isolation: 
Isolation (ex12 and ex21) takes into account certain types of internal (non-DUT dependent) leakages that 
may be present in hardware. It is largely present for legacy reasons and is rarely used in practice since 
this type of leakage is typically very small in modern VNAs.

1. At top, a classic One-Port Error Model. 2. At bottom, a classic Two-Port Error Model

Figure 1-2. Classic One- and Two-Port Error Models

Perfect VNA Test Port 1 Perfect VNA Test Port 2
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D
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et21 = A * D
et12 = C * B
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1-15  Line Types (Transmission Media)
Part of the calibration definition is the selection of line type. The main purpose of this is to assign a dispersion 
characteristic that will be needed later. Dispersion is the dependence of the phase velocity on the line with 
frequency. Media such as coax and coplanar waveguides are largely dispersion-free; that is, we can define 
phase velocity by a single number:

Where:

• c is the speed of light in a vacuum (~2.9978108 m/s) and 

• Er is the relative permittivity of the medium involved. 

Coaxial cable has its own selection since it is intrinsic to the instrument while other non-dispersive media can 
be selected separately.

One type of dispersive media is regular waveguide. The phase velocity here is defined by:

Where:

• Er is the dielectric constant

• fc is the cutoff frequency of the waveguide (with dielectric) and 

• fc0 is the cutoff frequency of the waveguide in a vacuum (which is what is entered). 

The system will compute the required values. This information is needed for computing distances when in time 
domain and when adjusting reference planes.

Microstrip lines are another example of dispersive media that can be selected. Here the dimensions of the line 
together with the dielectric material determine the phase velocity behavior. An intermediate quantity, called 
the effective dielectric constant (Ɛr,eff), is used and a suggested value computed by the VNA but this value can 
be overridden. At low frequencies, the structure can be considered non-dispersive (like coax) with a phase 
velocity given by:

Equation 1-1

Equation 1-2

vph
c

 r

----------=

Phase velocity for coaxial and non-dispersive media=

vph
c

r 1
fc
 f 
----- 
 –

--------------------------------------=

c

r

fc0

f
------ 
 

2

–

-----------------------------=

phase velocity for waveguide=
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At higher frequencies when additional mode behavior becomes important, dispersion must be handled. The 
dielectric constants (media-based and effective) together with a transition frequency ft are used to compute this 
effect which is heavily dependent on the dielectric thickness:

Where:

• Zc is the characteristic impedance of the microstrip line

• t is the dielectric thickness

Equation 1-3

Equation 1-4

vph
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low frequency limit=
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+
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---------------------------------------------= where ft
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1-16  Preparing a Sliding Load (Termination) Calibration Kit
Sliding terminations (loads) are the traditional Z0 calibration-reference devices for vector network analyzer 
calibration. When correctly used and perfectly aligned, they can be more accurate than precision fixed loads. 
However, sliding terminations have a low frequency limit dependent on connector type and must be used with 
a fixed load for full frequency-range coverage. The connector frequency limits are:

• 26.5 GHz for 3.5 mm Connector sliding loads 

• 40 GHz for K Connector sliding loads

Sliding terminations consist of a connector, a long section of precision transmission line, and a microwave load 
that is movable within the transmission line. Pin depth is the relationship between the interface positions of 
the outer and center conductors and is the most critical parameter that you can control in a sliding 
termination. An example of its criticality is that an incorrect pin depth of 0.001 inch can cause a reflection 
return loss of 44 dB. Since you are usually calibrating to accurately measure a greater than 40 dB return loss, 
correct pin depth is essential.

Since setting an accurate pin depth is so important, this discussion centers on describing how to set the pin 
depth for male and female sliding terminations. Calibration with the sliding termination is essentially the 
same as described below for the broadband load.

The procedure below uses the Model 3652 Calibration Kit and its 17KF50 and 17K50 Sliding Terminations. 
Calibration is similar for the Model 3650 SMA/3.5mm Kit

Procedure

1. Remove the Pin Depth Gauge from the kit, place it on the bench top.

Note
The gauge is convertible between male and female. The following procedure describes the zeroing 
process for the female fitting. The procedure for the male fitting begins with Step 16 below.

Figure 1-3. Calibration Kit
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2. Push the outer locking ring towards the gauge to expose the center pin.

3. Take the 01-210 Reference Flat (Ref Flat) from the kit.

Figure 1-4. Exposing the Center Pin

Figure 1-5. Reference Flat in Case
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4. While holding the gauge as shown, press the Ref Flat firmly against the end of the exposed center pin.

5. While pressing the Ref Flat against the center pin, check that the pointer aligns with the “0” mark. If it 
does not, loosen the bezel lock screw and rotate the bezel to align the pointer with the “0” mark. Tighten 
the bezel lock screw.

Figure 1-6. Setting Pointer to “0”

Note
Gently rock the Ref Flat against the center pin to ensure that it is fully depressed and you have 
accurately set the gauge for zero.

Figure 1-7. Dial Bezel and Pointer at “0”
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6. Remove the Sliding Termination with the female-connector (17KF50, for this example) from the kit, and 
slide the load all the way toward the end closest to the connector.

7. With either hand, pick up the sliding termination near its connector end. 

Figure 1-8. F-F Sliding Terminator, Towards End Closest to Connector

Caution

The center pin of the sliding load is floating. The load should be sighted from the connector end and 
rotated to allow gravity to pull the center pin such that it is concentric with the outer housing. Note the 
orientation of the sliding load assembly and ensure this orientation is preserved when making 
connections to the sliding load to avoid damaging the center pin.

Figure 1-9. Holding F-F Sliding Terminator
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8. Cup the Sliding Termination in your palm, and support the barrel between your body and crooked elbow.

9. Remove the Flush Short by holding its body and unscrewing its connector.

Figure 1-10. Holding F-F Sliding Terminator, Ready to Measure

Figure 1-11. F-F Sliding Terminator, Removing Flush Short
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10. Ensure that the orientation of the sliding load is such that the center pin is concentric with the outer 
housing and install the gauge onto the end of the sliding termination.

11. If the factory-set COARSE SET adjustment has not moved, the inner dial on the gauge will read “0.” If it 
does not, perform the Coarse Set Adjustment in Step 15 below.

Figure 1-12. F-F Sliding Terminator, Installing Gauge

Figure 1-13. Gauge Reading, Outer Dial Reading, Inner Dial Reading
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12. Place the sliding termination, with the gauge attached, on the bench top.

13. Loosen the FINE LOCK ring and turn the FINE ADJ ring to position the gauge pointer 0-3 small divisions 
on the “–” side of zero. The Sliding Load Pin Depth specification is from 0.000 inches to –0.0003 inches 
(0.000 in to –0.0003 in).

14. Turn the FINE LOCK ring clockwise to both tighten the adjustment and place the pointer exactly to “0.” 
The Sliding Termination is now ready to use.

Figure 1-14. F-F Sliding Terminator with Attached Dial Gauge

Figure 1-15. Using the Fine Lock Ring and Fine Lock Adjustment

Note
Insure that the inner dial reads “0.” The following step is not normally necessary and it needs to be 
performed only if the adjustment has changed since it was set at the factory.
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15. With the 01-211 Flush Short installed, loosen the COARSE LOCK and gently push the COARSE SET 
adjustment rod in as far as it will go. This coarsely sets the center conductor to be flush against the 
attached short. Return to Step 2 above.

16. The procedure for adjusting the male-connector sliding termination is essentially the same as that 
described above. The only difference is that you must install the female adapter on the end of the gauge 
shaft, over the center conductor. To install this adapter, proceed as follows:

a.  Zero-set the gauge as described in Step 2 through Step 5 above.

b.  Push the outer locking ring back toward the gauge and turn it clockwise onto the exposed threads.

Figure 1-16. Fine Lock Adjustment with Gauge Inner Dial Reading “0”

Figure 1-17. M-M Sliding Terminator
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c.  Loosen the lock ring one turn in a counterclockwise direction.

17. Remove the 01-223 Female Adapter (“F ADAPTER FOR PIN GAUGE”) from the kit.

Figure 1-18. Preparing the Gauge for the Female Adapter

Figure 1-19. Female Adapter Location in Case
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18. Install the female adapter over the center pin and screw it into the locking ring, and tighten the outer 
ring until it is snug against the housing.

19. Inspect the end of the adapter, you should see no more than two exposed threads. If so, repeat Step 7 
through Step 10 above.

20. Insert the Female Alignment Pin – 7862 as shown in Figure 1-21 to aid in center-pin alignment with the 
pin-depth gauge.

21. Connect the gauge to the sliding termination and zero set the center pin using the FINE ADJ as 
previously described in Step 2 through Step 5 above.

Figure 1-20. Installing the Female Adapter on the Gauge

Figure 1-21. Inspecting the End of the Female Adapter
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1-17  Connector Precautions

Pin Depth 

Before mating, measure the pin depth (Figure 1-22) of the device that will mate with the RF component, using 
an Anritsu Pin Depth Gauge or equivalent (Figure 1-23). Based on RF components returned for repair, 
destructive pin depth of mating connectors is the major cause of failure in the field. When an RF component is 
mated with a connector having a destructive pin depth, damage will likely occur to the RF component 
connector. (A destructive pin depth has a center pin that is too long with respect to the reference plane of the 
connector.)

Pin Depth Tolerance

The center pin of RF component connectors has a precision tolerance measured in mils (1/1000 inch). 
Connectors on test devices that mate with RF components may not be precision types and may not have the 
proper depth. They must be measured before mating to ensure suitability. When gauging pin depth, if the test 
device connector measures out of tolerance as listed in Table 1-5, “Pin Depth Tolerances” on page 1-25 in the 
“+” region of the gauge (Figure 1-23), the center pin is too long. Mating under this condition will likely damage 
the termination connector.  

Figure 1-22. N Connector Pin Depth

Index Description

1 Pin Depth Gauge with needle setting at zero.

2 Positive needle direction clockwise to right. 

3 Negative needle direction counter-clockwise to left. 

Figure 1-23. Pin Depth Gauge
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On the other hand, if the test device connector measures out of tolerance in the “–” region, the center pin is too 
short. While this will not cause any damage, it will result in a poor connection and a consequent degradation in 
performance. 

Over-Torquing Connectors

Over torquing connectors is destructive; it may damage the connector center pin. Finger-tight is usually 
sufficient, especially on Type N connectors.

Teflon Tuning Washers

The center conductor on most RF components contains a small teflon tuning washer located near the point of 
mating (interface). This washer compensates for minor impedance discontinuities at the interface. The location 
of the washer is critical to the performance of the RF components.

Mechanical Shock

RF components are designed to withstand years of normal bench handling. However, do not drop or otherwise 
treat them roughly. They are laboratory-quality devices, and like other such devices, they require careful 
handling.

Table 1-5. Pin Depth Tolerances 

Connector Type Pin Depth (Inch) Pin Depth (mm)

N Male
–0.207

–0.210

– 5.258

–5.334

N Female
+0.207

+0.204

+5.258

+5.182

3.5 mm Male –0.0025

–0.0035

–0.0635

–0.08893.5 mm Female 

K Male (2.92 mm) +0.000

–0.0050

+0.000

–0.127K Female (2.92 mm)

Caution Never use pliers to tighten connectors.

Caution Do not disturb the teflon tuning washer in connectors.
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1-18  Connector Cleaning
To prevent unnecessary early failure and inaccurate measurements, connector interfaces must be kept clean 
and free of dirt and other debris. With repeated connections and disconnections, the threads and outer 
conductor mating interface builds up a layer of dirt and metal chips which can severely degrade connector 
electrical and mechanical performance. This debris can also increase the coupling torque required for a good 
connection which can then damage the mating interfaces. See the RF and Microwave Connector Care Reference 
Manual 10100-00031 

Required Cleaning Items 

• Low-pressure dry, compressed air (oil free, solvent free), maximum pressure: 40 PSI

• Lint-free cotton swabs

• Isopropyl alcohol (IPA), 90 %

• Microscope   

Caution
Use the correct sized cotton swabs that are made specifically for cleaning small areas. Oversized 
cotton swabs can put lateral pressure on the center pin and damage it. Be sure that no cotton 
strands get caught in the connector.

Caution
Do not use compressed air on power sensors. Some power sensors have components internally 
located near the connector that can be damaged from excessive air pressure. 

Note

Teflon Tuning Washers:

The center conductor on some RF components contains a small Teflon tuning washer located near 
the point of mating (interface). This washer compensates for minor impedance discontinuities at the 
interface. The washer’s location is critical to the RF component’s performance. Be careful not to 
disturb it with a cotton swab or compressed air and don't apply alcohol to it.
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Cleaning Procedure 

1. Remove loose particles on the mating surfaces, threads, and similar surfaces using low-pressure (42 PSI 
max) compressed air applied at a shallow angle so dirt is not forced down into the connector. 

2. Clean the threads of the connector with a lint-free cotton swab dampened with IPA.  

Caution

Do not use industrial solvents or water to clean the connector. Use 90 % Isopropyl Alcohol (IPA) 
only. 

Do not spray alcohol directly onto connector surfaces.

Do not saturate the swab with alcohol. Instead, lightly dampen it by touching the tip onto a bead of 
alcohol formed at the bottle tip as shown.

Figure 1-24. Isopropyl Alcohol Only

Figure 1-25. Low Pressure Compressed Air Cleaning

Caution
Do not insert cotton swabs at an angle. Doing so can damage the center pin. Do not use a cotton 
swab that is too large. It can stress and damage the center pin.
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3. Clean the mating plane surfaces and connector threads by gently moving the cotton swab around the 
center pin. Do not touch the center pin.

When the connector is clean, you should be able to hand tighten the connector to within approximately 
one half turn of the specified torque. 

4. After cleaning with swabs, again use low-pressure compressed air to remove any remaining small 
particles and dry the connector surfaces.

Figure 1-26. Avoid Angled or Large Swab

Figure 1-27. Cleaning Connector with Cotton Swabs

Figure 1-28. Compressed Air Drying
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5. With the aid of magnification and adequate lighting, inspect the connectors for damage, cotton strands or 
other debris. 

Figure 1-29. Final Inspection
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Chapter 2 — Automatic Calibration 

2-1 Chapter Overview
This chapter describes common procedures for both Internal Through and True-Through calibration using 
Anritsu the 36585-Series Precision AutoCal Modules and the MN25208A, MN25218A, MN25408A and 
MN25418A SmartCal Modules. This chapter provides two examples of using a precision adapter with an 
AutoCal or SmartCal unit to create a different-gender reference plane with adapter removal.

2-2 Automatic Calibration Introduction

The auto calibration process represents both a calibration kit and an algorithm that is used to speed up the 
calibration process with extremely high accuracy, minimizing the number of manual steps and test operator 
involvement.

Transfer Calibration

The 36585x-Series Precision AutoCal and the MN25208A, MN25218A, MN25408A, and MN25418A SmartCal 
Module calibrates the VNA by a process known as “transfer calibration.” There are a number of impedance and 
transmission states in the module designed to be extremely stable in time and these states are carefully 
“characterized”, generally by the Anritsu factory but also in a customer laboratory in certain cases. 

When the same states are re-measured during a calibration, and the results compared to the characterization 
data, an accurate picture can be generated of the behaviors and error terms of the VNA and setup being 
calibrated. 

Calibration Accuracy

A very high calibration accuracy is maintained through the use of certain principles

• The use of many impedance and transmission states

• The creation of very stable states that are further enhanced with a constant-temperature thermal 
platform inside the module.

• The use of very reliable and repeatable solid-state switching constructed to provide a great variety of 
state impedances (for better calibration stability) and clean transmission paths.

• The use of a very careful characterization process that can generate excellent starting data.

The resulting accuracy can exceed that obtained with typical mechanical calibration typically performed in a 
metrology laboratory. The automatic calibration results may not be better than that of an calibration 
performed during factory characterization, but is far better than that typically done.

Note
In some menus and screens, S11 is used to represent the S11 calibration parameter, S12 for S12, 
S21 for S21, and S22 for S22, and so on.
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2-3 Automatic Calibration Terms
This section defines various terms used with SmartCal and AutoCal calibration modules and procedures used 
with the MS4652xB VNA. 

Insertable and Non-Insertable Devices

Insertable devices have an insertable connector pair such as a male input connector and a female output 
connector. These devices can be measured after a through calibration. A non-insertable device has a 
non-insertable pair of connectors such as female connectors on both ports or different connector types such as a 
DUT with both a K and N connector. Non-insertables cannot be connected directly into the measurement path 
without an adapter.

• Through (“Thru”)

A thru (properly called a “through”) is a connection of the two test ports. Two kinds of through 
connections, internal through and true through, are defined for the Calibration calibration. 

• Internal Through (“Internal Thru”)

An Internal Through is an internal path through the calibrator requiring no operator involvement in the 
Calibration Module setup. 

• True Through (“True Thru”)

A True Through is a direct cable connection between the test ports, with no intervening connectors. A 
True Through is more accurate than an internal through, but requires more operator involvement and 
takes more time to accomplish. The true through can be more accurate than the internal through (if very 
well-matched and of very low loss) but the length and loss must be entered. The return loss of the 
adapters must be very good to avoid added error.

Auto-Sense

• AutoCal Module

A selectable function of the AutoCal module where, if enabled, the AutoCal module decides the left/right 
test cable assignment. If not enabled, the operator defines the port number to left/right assignment.

• SmartCal Module

A selectable function of the SmartCal module where, if enabled, the SmartCal module decides the A/B 
test cable assignment. If not enabled, the operator defines the port number to A/B assignment.

Characterization File

Each AutoCal calibrator module has a file containing data that characterizes each standard in the calibrator. 
This file also contains information (identification number, start and stop frequencies) concerning the 
capabilities of the calibrator. Each characterization file has the extension “.acd.” 

When AutoCal modules are changed, the appropriate new characterization file must be installed. The files are 
typically stored on a Characterization Memory Device (USB memory device). Insert the Characterization 
Memory Device into a VNA USB port. This file can be installed by navigating to the LOAD (AUTOCAL 
CHARACTERIZATION/CAL KIT) dialog box shown in Figure 2-1 on page 2-3.

• MAIN MENU | Calibration | CALIBRATION | Cal. Kit Options | LOAD KIT / CHARAC.

Note
Since either module can be utilized in most cases using the same setups described in this chapter, 
they are referred to as Calibration Modules or Calibrators. 
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From the dialog box, navigate to the location of the Characterization Memory Device. Select the file and click 
OK to load it into memory. If desired, the user can copy a characterization file from the USB stick onto the hard 
drive of the VNA computer. In addition, each calibration module can be re-characterized using the VNA, 
although specifications are only valid if Anritsu has performed the characterization (recommended 
re-characterization interval is 12 months). A valid 12-term calibration must be active, which is used to 
characterize the standards within the module.

Note that when SmartCal modules are changed, there is no need for installing characterization files because 
all calibration data needed for the SmartCal is located in the SmartCal memory. Simply connect the SmartCal 
module and it is ready.

Figure 2-1. Load CalKit Dialog Box
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2-4 Calibrator Modules, Adapters and Features
The two series of auto-calibration units available are the SmartCal and AutoCal modules. Examples are shown 
in (Figure 2-2). 

1. MN25418A SmartCal Module With K Connectors 2. 36585V AutoCal Module With V Connectors

Figure 2-2. Example SmartCal and AutoCal

1 2
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AutoCal Description, Modules and Adapters

The AutoCal unit consists of the Calibrator Module, external power supply, control cable to the VNA, and the 
characterization data that is initially provided on a USB memory device. The AutoCal unit should be powered 
up and allowed to warm up prior to use (typically a few minutes, the blue Operate LED will illuminate when 
the unit is at temperature). Allow 90 minutes warm-up time for calibrations. The control cable should be 
connected to the serial port on the back of the VNA. The table below shows the available modules.

SmartCal Description, Modules and Adapters

The SmartCal module is a plug and play device that automatically powers on and loads calibration coefficients 
from its internal memory into ShockLine software. SmartCal has auto sense and port mapping features, 
allowing it to auto sense the VNA port number to which it is connected. 

Table 2-1. Precision and Standard AutoCal Kits and Adapters

Part Number Name Frequency Range and Connectors

Precision AutoCal Kits

36585K and 36585V-Series Precision AutoCal Modules can be used with ShockLine VNAs with adapters. The 
calibration range is limited to that of the VNA. 

36585K-2M Precision AutoCal Kit, K(m-m), 2-Port 70 kHz to 40 GHz, K(m) to K(m)

36585K-2F Precision AutoCal Kit, K(f-f), 2-Port 70 kHz to 40 GHz, K(f) to K(f)

36585K-2MF Precision AutoCal Kit, K(m-f), 2-Port 70 kHz to 40 GHz, K(m) to K(f)

36585V-2M Precision AutoCal Kit, V(m-m), 2-Port 70 kHz to 70 GHz, V(m) to V(m)

36585V-2F Precision AutoCal Kit, V(f-f), 2-Port 70 kHz to 70 GHz, V(f) to V(f)

36585V-2MF Precision AutoCal Kit, V(m-f), 2-Port 70 kHz to 70 GHz, V(m) to V(f)

Table 2-2. SmartCal Automatic Calibration Units 

Part Number Name Frequency Range and Connectors

Two Port SmartCal

MN25208A-001
SmartCal Automatic Calibration Unit, 
N(f-f), 2-Port

300 kHz to 8.5 GHz, N(f) to N(f)

MN25208A-002
SmartCal Automatic Calibration Unit, 
K(f-f), 2-Port

300 kHz to 8.5 GHz, K(f) to K(f)

MN25208A-003
SmartCal Automatic Calibration Unit, 
3.5 mm (f-f), 2-Port

300 kHz to 8.5 GHz, 3.5 mm (f) to 3.5 mm (f)

MN25218A-002a

a.Applies to Rev 2 SmartCal Modules. MN25218A with serial numbers <1817999 operate from 1 MHz to 20 GHz.

SmartCal Automatic Calibration Unit, 
K(f-f), 2-Port

300 kHz to 20 GHz, K(f) to K(f)

Four Port SmartCal

MN25408A-001
SmartCal Automatic Calibration Unit, 
N(f-f), 4-Port

300 kHz to 8.5 GHz, N(f) to N(f)

MN25408A-002
SmartCal Automatic Calibration Unit,
K(f), 4-Port 300 kHz to 8.5 GHz, all ports – K(f)

MN25408A-003
SmartCal Automatic Calibration Unit,
3.5 mm(f), 4-Port 300 kHz to 8.5 GHz, all ports – 3.5 mm(f)

MN25418A-002
SmartCal Automatic Calibration Unit, 
K(f-f), 4-Port

300 kHz to 20 GHz, K(f) to K(f)
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Connector Care

Since an automatic calibration is a very high performance calibration, connector care is of the utmost 
importance. See Section 1-17 “Connector Precautions” on page 1-24 and Section 1-18 “Connector Cleaning” 
on page 1-26

Calibration Parameters and Types

The AutoCal and SmartCal require four general parameters be defined, as shown in the dialog box:Figure 2-3

The parameters are: 

• the calibration type required

• the through type to be used

• whether to automatically or manually define the left/right test port assignments

• whether an adapter will be used.

Most standard calibration types are available with the AutoCal units. Frequency response calibrations are the 
only ones omitted since the SmartCal and AutoCal unit would provide no benefit in these cases since only a 
through or high reflect standard is needed for these calibrations. The SmartCal and AutoCal modules support:

• Full Two Port (also called Full 2-Port) calibration

• Full Port 1 (S11) reflection only calibration

• Full Port 2 (S22) reflection only calibration

Figure 2-3. MODIFY 2-PORT SMARTCAL or AUTOCAL SETUP Dialog Box
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• 1 Path 2 Port Forward (S11, S21) calibration

• 1 Path 2 Port Reverse (S22, S12) calibration

Adapter Removal

The DUT may require a different connector configuration than is on the current calibrator unit (e.g., F-F DUT 
and the auto cal is M-F). Adapter removal is one way of handling this situation by performing two auto 
calibrations with an adapter connected to the AutoCal module (not currently available on SmartCal). The 
instrument will guide the user through the required connections. 

Through Options

For each calibration type above, there are two Thru calibration options:

• Internal Thru

The calibration module provides the internal through connections without the user having to move or 
reconnect the test cables. The benefit is speed of calibration balanced against potentially less accuracy 
and accommodates inexperienced operators such as in an assembly line testing station.

• True Thru

The calibration modules can also be configured to allow True Thru where the user is prompted when and 
how to connect the test cables to complete the calibration. The benefit is a higher accuracy calibrations 
balanced against a longer calibration time and more operator involvement.

SmartCal Test Port 1 / Port 2 Naming Assignments

The SmartCal module setup allows the user to specify the Port 1,2 identification of the test port cables as 
either: 

• SmartCal Module Orientation = Port A

Where the module determines the Port A / Port B identification of the test port cables

• SmartCal Module Orientation = Port B

Where the module determines the Port A / Port B identification of the test port cables

AutoCal Test Port Left/Right Naming Assignments

The AutoCal module setup allows the user to specify the left/right identification of the test port cables as 
either:

• Auto Sense Module Orientation = ON

Where the module determines the left/right identification of the test port cables

• Auto Sense Module Orientation = OFF

Where the user defines either Left = Port 1 and Right = Port 2, or Left = Port 2 and Right = Port 1. This 
setting is useful where the VNA orientation is different for the operator.
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Typical Calibrator Connections

The typical calibrator connections are shown below in Figure 2-4.

1. Prepare the MS46522B and power it up. 

2. Connect the Calibration Module directly to VNA Test Port 1.

3. The AutoCal module is then connected to its AC Power Supply Module and it to AC power. 

The SmartCal module is powered from the USB of the VNA.

4. If using AutoCal, connect the Serial to USB Adapter between the DB-9 connector on the Calibration 
Module and the USB Port on the MS46522B rear panel.

If using SmartCal, connect the USB cable between the Calibration Module and a USB port on the 
MS46522B front or rear panel.

5. The second Calibrator connector is connected to the end of the Test Cable. The test cable can be changed 
depending on measurement requirements. Cables on both VNA ports may be used, different types of 
cables may be used, or other configurations established. Then connect the end of the Test Cable to the 
VNA Test Port 2.

1. MS46522B VNA 

2. SmartCal (K or N) or AutoCal (K) Calibrator
(AutoCal does not support N connectors)

3. AutoCal Power Supply Module with extension able to 
local AC Mains power (Used with AutoCal module 
only).

4. DB9 (m-m) Control Cable (AutoCal) -or- USB Cable 
(SmartCal)

5. AutoCal: RS232 to USB Adapter Cable 
(2000-1809-R) or USB Cable
SmartCal: USB Cable

6. VNA USB Port

7. Test Cable K or N

Figure 2-4. Calibration Module Connections for Internal Through
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Schematically, this setup is shown in Figure 2-5.

For optimal results, use the shortest cable lengths that do not require excessive bending when performing 
calibration or measurements. Results will be improved using the most practical phase- and amplitude-stable 
cables.

The power supply and control cables may be bundled for ease of routing or may be separated for convenience in 
some cases.

1. VNA Test Port 1 with K(m) or N(f) connectors

2. SmartCal (K or N) or AutoCal Module (K)
(AutoCal does not support N connectors)

3. K or N(m-f) Test Cable

4. VNA Test Port 2 with K or N(m) connectors

5. Resultant reference planes

Figure 2-5. Schematic of the Calibrator Connections for Internal Thru  

Reference Planes

SmartCal Module (K(f-f) or N(m-m))
or AutoCal Module (K(f-f) only)

Serial Cable

VNA 
Test 
Port 1

VNA
Test

Port 2

K(f) or N(m)
K(f) or N(m)K(m) or N(f) K(m) or N(f)

K(f) or N(m)

K(m) or N (f)

1

3

42

Test Cable K or N

5
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2-5 Using the Calibration Module
The calibration procedure can be broken up into several simple steps:

1. Power up the VNA and connect the control cable to the Calibration unit.

2. Install the characterization file if not already done. 

3. Setup the Calibrator and the VNA by connecting:

• Calibrator Module directly to one VNA Test Port

• A test cable between the Calibrator and VNA Test Port

• For SmartCal, the USB cable connects between the Calibrator module and the VNA USB port. 

For AutoCal, the Serial to USB cable will be placed in the path between the Calibrator module 
and the VNA USB port.

4. For SmartCal, power is supplied through the USB cable.

For AutoCal, connect the Calibration module to its power supply and AC power 

• For the SmartCal Module, the yellow Power LED illuminates immediately. When the module is 
recognized, the green Operate LED will illuminate. 

• For the AutoCal Module, the green Power LED illuminates immediately. When the module is at 
operating temperature, the blue Operate LED will illuminate.

5. Setup the VNA instrument for the desired calibration:

• The required minimum settings are Frequency Start, Frequency Stop, and Number of Points.

• If required, optional settings for Segmented Sweep, IF Bandwidth, and/or Averaging are applied. 

6. Select the Calibrator parameters of interest and connect the test port cables to the Calibrator unit. Make 
the required selections for Cal Type, Thru Select, Adapter Removal, and Auto Sense Module.

7. Perform the calibration by clicking Begin Cal to start the auto calibration.

8. A status dialog box with a progress bar appears after an Calibration sequence has started. The status 
messages define has far the program has progressed and if any user actions are required.

9. At any time, the Calibration sequence can be canceled by clicking the dialog box Abort button.

10. If any manual steps are requested such as specifying a true-through, a dialog box will prompt for the 
action.

11. When the calibration is complete, a status message appears with a statement about assurance passing or 
failing. On the Calibration menu, the Cal Status field button shows ON.

Each procedure is described in greater detail in the following sections.

Note

The SmartCal Characterization File is provided internally within the SmartCal memory and can be 
installed directly from that device. 

The AutoCal Characterization File (ACD file) is provided on a USB memory device and can be 
installed directly from that device. These files can also be copied from the USB memory device to the 
MS4652xB hard drive and installed from there. The preferred method is to copy all ACD files onto 
the hard drive, and then install the file for the specific AutoCal being used.
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2-6 Copying the Calibrator Characterization File to the MS4652xB (AutoCal 
Only)

The AutoCal Characterization File (.acd file) is provided on a USB memory device. 

1. Inspect the Calibrator kit and make a note of its serial number. Typical Calibrator Kit serial numbers are 
six-digit integers such as “123456.” 

2. Insert the AutoCal Characterization Memory Device (USB memory device) into one of the MS4652xB 
USB Ports.

3. Navigate to the CAL KIT menu:

• MAIN | Calibration | Cal Kit Options| CAL KIT

4. On the CAL KIT menu, select Load Kit/Charac. The Install (AutoCal Characterization/CalKit) dialog box 
appears.

5. Select the AutoCal Characterization radio button and then click Browse. The Open (AutoCal ACD File) 
dialog box appears.

6. Navigate to the USB port location holding the USB memory device and select the file “V123456.ACD,” 
where “123456” is the serial number of the Calibration kit.

7. Click the dialog box Open button. The Open dialog box closes; the Install dialog box re-appears.

8. Click OK in the Install dialog box. Another install dialog box appears (this one showing the Calibration 
controller serial number, which is not the module serial number). Click Install in this box close it.

9. On the CAL KIT menu, select Save Kit/Charac. The Save (AutoCal Characterization) dialog box appears. 
Click OK.

10. Navigate to the required storage directory for the characterization file. The recommended directory 
destination on the MS4652xB is C:\AnritsuVNA\AutoCal 

11. Click Save. The Save dialog box closes, the CAL KIT menu reappears.

12. Repeat the steps above to copy each new Calibration Characterization File to the MS4652xB.

Figure 2-6. CAL KIT Utility Menu – INSTALL CHARACTERIZATION FILE Dialog Box
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2-7 Loading a Previously Stored AutoCal Characterization File
This procedure applies to AutoCal only. Use this procedure if the Calibration Characterization File has already 
been copied onto the MS4652xB hard drive.

Procedure

1. Navigate to CAL KIT menu.

• MAIN | Calibration | CALIBRATION | CalKit Options | CAL KIT

2.  On the CAL KIT menu, select Load Kit/Charac.

3. Select the AutoCal Characterization radio button and then click Browse. 

4. Navigate to the hard drive (or USB memory device) location of the Calibration Characterization file for 
the Calibration module in use. The recommended directory destination on the MS4652xB is 
C:\AnritsuVNA\AutoCal 

5. Select the Calibration Characterization file, such as “V123456.ACD,” where “123456” is the serial 
number of the Calibration kit. Click Open.

6. Click OK in the Install dialog box. Another install dialog box appears (this one showing the Calibration 
Module controller serial number, which is not the module serial number). Click Install in this box close it.

• The Install dialog box closes and the CAL KIT menu is again available.

2-8 Pre-Calibration Instrument Setup
Use this procedure to setup the minimum required instrument configuration parameters:

• Frequency Start

• Frequency Stop

• Number of Points

Any other required measurement parameters must be defined and applied before the Calibration procedure. 
This section provides a highlight of typical additional measurement parameters. 

Segmented Sweep

If required, segmented sweep must be setup in advance if the calibration needs a custom frequency list. See 
“Frequency-Based Segmented Sweep” on page 14-7.

IF Bandwidth (IFBW) and Averaging

IF Bandwidth and Averaging control the digital filtering and post-processing that determine the effective noise 
floor, the amount of trace noise, and, in some cases, the immunity to interfering signals. The trade-off for 
improved noise performance is slower sweep speed.

Port Power

Port power is less critical than IFBW or Averaging due to the excellent linearity of the ShockLine VNA 
receivers. The Calibration Module unit has an absolute maximum power limit of +10 dBm. The preferred 
calibration power is –10 dBm for improved accuracy at frequencies <100 MHz.
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Example Procedure

This example procedure assumes the MS4652xB VNA is equipped with the Option 40: 50 kHz to 43.5 GHz and 
that only Frequency Start, Frequency Stop, Number of Points, and CW Mode settings are required. 

1. Determine the values for the minimum setup parameters:

• Frequency Start: 10 MHz

• Frequency Stop: 40 GHz

• Number of Points: 200

• CW Mode: OFF

• Segmented Sweep: Not required

• IFBW: Defaults to 1 kHz

• Averaging: Defaults to no averaging

2. Power up the MS4652xB and allow it to stabilize its internal temperature.

3. Navigate to the FREQUENCY menu:

• MAIN | Frequency | FREQUENCY

4. On the FREQUENCY menu, click the Start frequency button 

• The frequency Start toolbar appears just below the icon toolbar 

5. Enter the required start frequency number value.

• For this example, set the start frequency value at 10 MHz.

1 – FREQUENCY Menu

Figure 2-7. FREQUENCY Menu - Setting Initial Calibration Parameters

200
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6. Enter the required start frequency units.

• For this example, set the units to megahertz by clicking MHz.

• The Start frequency field button now shows 10 MHz

7. On the FREQUENCY menu, click the Stop frequency field button

• The frequency Stop toolbar appears 

8. On the Stop frequency toolbar, enter the required frequency number value and units.

• For this example, set the stop value at 40 and click the GHz units button.

• The Stop frequency button now shows 40.000000000 GHz 

9. The Center and Span display buttons show calculated values based on settings made above 

• The Center frequency field button shows a value of 20.005000000 GHz.

• The Span frequency field button shows a value of 39.990000000 GHz.

10. On the Frequency menu, click the # of Points (Number of Points) button 

• The # of Points toolbar appears 

11. On the # of Points toolbar, enter the required number of points.

• In this example, set the # of Points to 200 and then click Enter on the toolbar.

• The # of Points field button shows 200 

• The Step Size display button automatically calculates the step size of 199.950000 MHz.

12. Click the CW Mode toggle button so it is set to OFF.

13. If optional parameters are required, do any of the following optional procedures described elsewhere in 
this manual:

• “Frequency-Based Segmented Sweep” on page 14-7.

• Averaging

• Power and Attenuation

14. If no optional parameters are required, the Calibration is ready to proceed.

• “Calibration – Full Two Port - Internal Through” on page 2-15.



Automatic Calibration 2-9 Calibration – Full Two Port - Internal Through

MS4652xB ShockLine MG PN: 10410-00753 Rev: V 2-15

2-9 Calibration – Full Two Port - Internal Through
This procedure performs a calibration using a full two port calibration with an internal through, which is 
sufficiently accurate for most DUTs. When the SmartCal module is plugged into the VNA, the Calibration 
Characterization file is then loaded onto the VNA.

Required Equipment

• MS46522B VNA with K(m) or N(f) test port connectors

• Calibrator Module with K or N connectors and required power and control cables. For AutoCal, the 
Calibration Characterization File has been loaded onto the MS46522B VNA.

• Test port cable K(f) or N(m), to K(m) or N(m)

Note

The navigational path to the Calibration setup applies to both the SmartCal and AutoCal calibration 
modules. Make the selection of the calibration module once you navigate through:

MAIN | Calibration | CALIBRATION | AutoCal| AUTOCAL | 2-Port Cal | SMARTCAL SETUP | 

Any selection in the SMARTCAL SETUP menu brings up the menu similar to the one in Figure 2-8. 
This is where you choose the SmartCal or AutoCal module for your application.

Figure 2-8. MODIFY 2-PORT SMARTCAL SETUP DIALOG – SmartCal Selected 
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Procedure

1. Power up the MS46522B VNA.

2. Set the required Frequency Start, Frequency Stop, and Number of Points parameters.

• See “Pre-Calibration Instrument Setup” on page 2-12.

3. If required, set up other parameters as required such as Segmented Sweep, IFBW, Averaging, and Power 
and Attenuation.

4. Navigate to CAL KIT menu.

• MAIN | Calibration | CALIBRATION | AutoCal| AUTOCAL | 2-Port Cal| SMARTCAL SETUP| Thru Type

Calibrator Module Connections

5. Connect the Calibrator connector directly to the MS46522B Test Port 1.

6. If using AutoCal, connect the Serial to USB Adapter between the DB-9 connector on the Calibration 
Module and the USB Port on the MS46522B rear panel.

If using SmartCal, connect the USB cable between the Calibration Module and a USB port on the 
MS46522B front or rear panel.

7. Connect the coaxial power plug from the Power Supply Module (AutoCal Module only) to the AutoCal 
Module. (SmartCal is powered by USB.)

8. Once connected to power, the Calibration Module Power LED will illuminated green. When the module 
has warmed up to operating temperature, the LED illuminates blue for the AutoCal Module and green 
for the SmartCal Module.

9. Connect the test cable between Test Port 2 and the remaining AutoCal port.

1. MS46522B VNA with K or N Test Port Connectors

2. SmartCal (K or N) or AutoCal (K) Calibrator
(AutoCal does not support N connectors)

3. AutoCal Power Supply Module (Used with AutoCal 
module only).

4. DB9 (m-m) Control Cable (AutoCal) -or- USB Cable 
(SmartCal)

5. RS232 to USB Adapter Cable (2000-1809-R) 
(Autocal only)

6. VNA USB Port

7. Test Cable K or N

Figure 2-9. Calibrator Cable Connections for Internal Through
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10. Navigate to the AUTOCAL SETUP (2-Port) menu:

• MAIN | Calibration | CALIBRATION | Calibrate | CALIBRATE | AutoCal | AUTOCAL | 2-Port Cal | 
AUTOCAL SETUP (2-Port)

11. On the AUTOCAL SETUP (2-Port) menu, if the Port Selection, Cal Type, Thru Type, and Module Orientation 
display buttons do not show the correct values, click the Modify Cal Setup button.

• The MODIFY AUTOCAL SETUP dialog box appears. The exact name depends on the VNA mode 
and the user selections for the number of ports. The dialog box can be named:

• MODIFY 1-PORT AUTOCAL SETUP dialog box

• MODIFY 2-PORT AUTOCAL SETUP dialog box

• MODIFY 4-PORT AUTOCAL SETUP dialog box 

12. In this example, the required settings are for a Full 2 Port Calibration, with Auto Sense Module 
Orientation ON, and Internal Through while running on a VNA in 2-Port Mode. The resultant 
configuration dialog box is names MODIFY 2-PORT AUTOCAL SETUP.

13. On the MODIFY 2-PORT AUTOCAL SETUP dialog box, select the settings:

a. Cal Type Select area: Select the Full Two Port radio button.

b. Thru Select area: Select the Internal Thru radio button.

c. Auto Sense Module Orientation check box selected: Allows the AutoCal module to determine 
left/right cable identification or the SmartCal Port A/B cable identification.

d. When the settings are complete, select OK to close the dialog box.

14. The AUTOCAL SETUP (2-Port) menu reappears with new values for Cal Type, Thru Type, and Module 
Orientation.

Figure 2-10. MODIFY 2-PORT AUTOCAL SETUP Dialog – AutoCal Selected
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15. The window area at the bottom of the instrument display area appears with general instructions:

a. Ensure correct cable connections to Calibration module.

b. Ensure that the Power and Operate LEDs are both illuminated.

c. Ensure characterization file is loaded before starting Cal. To load characterization file, go to the 
LOAD (AUTOCAL CHARACTERIZATION) dialog box.

• MAIN | Calibration | CALIBRATION | CalKit Options | CAL KIT |Load Kit/Charc. | LOAD 
(AUTOCAL CHARACTERIZATION)

d. Existing system setups such as averaging, power level, etc. will be applied during the cal.
.

16. When ready, click the Begin Cal button.

17. If the Calibration module is connected incorrectly, the SMARTCAL MODULE NOT DETECTED warning 
message appears.

• Correct the connections as required and click Retry.  

Figure 2-11. Configured SmartCal 2-Port Menu Setup

Figure 2-12. If the Calibration module is connected incorrectly, the AUTOCAL MODULE NOT DETECTED warning 
message appears. Correct connections as required and click the Retry button.
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18. When the calibration is complete, the Status Message dialog box will close and the display will return to 
the CALIBRATION menu with the Cal Status button set to ON. The assurance dialog will remain up with 
the pass/fail message, and must be manually closed.

2-10 Calibration – Two Port Cal - True Through
This procedure performs a Calibrator procedure using a full two port calibration where a True Through (or 
external through) is required. 

Required Equipment

• MS46522B VNA with K(m) or N(f) test port connectors

• Calibrator Module with K or N (with (f) and (m) connectors) and required power and control cables. For 
AutoCal, the Calibration Characterization File has been loaded onto the MS46522B VNA. (AutoCal does 
not support N connectors)

• Test port cable K or N(f), to K or N(m)

• Test port cable K or N(f) to K or N(f), or a K or N(f) to K or N (f) adapter.

Procedure                                                                                                                                                                                                                                                                                 

1. Power up the MS46522B.

2. Set the required Frequency Start, Frequency Stop, and Number of Points parameters.

• “Pre-Calibration Instrument Setup” on page 2-12.

3. If required, set up other parameters as required such as Segmented Sweep, IFBW, Averaging, and Power 
and Attenuation.

4. Make the necessary cable connections between the Calibrator Module and the MS46522B (Figure 2-13 
on page 2-20):

a. Connect the Test Cable between Test Port 2 and the Calibrator port.

b. Connect the Test Cable between Test Port 1 and the Calibrator port.

c. If using AutoCal, connect the Serial to USB Adapter between the DB-9 connector on the 
Calibration Module and the USB Port on the MS46522B rear panel.

If using SmartCal, connect the USB cable between the Calibration Module and a USB port on the 
MS46522B front or rear panel.

d. Connect the coaxial power plug on the Power Supply Module (AutoCal Module only) to the 
AutoCal Module and the other end to AC power.

5. Once connected to power, the Power LED illuminates as green. When the Calibration module has 
warmed up, the LED illuminates as blue.

Note

A different dialog box may appear if the RF cables are connected incorrectly (with Autosense on) 
that states that Autosense was unable to determine the orientation of the module. If this dialog 
appears, and a large amount of loss is not present between the port and the Calibration module, 
check the connections. If a known large amount of loss is present (from the test fixtures or the use of 
very long cables), the orientation should be manually entered.
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1. MS46522B VNA with K(m) or N(f) Test Port 
Connectors

2. SmartCal (K or N) or AutoCal (K) Calibrator
(AutoCal does not support N connectors)

3. AutoCal Power Supply Module connected to AC 
Power (Used with AutoCal module only).

4. DB9 (m-m) Control Cable (AutoCal) -or- USB Cable 
(SmartCal)

5. RS232 to USB Adapter Cable (2000-1809-R)

6. VNA USB Port

7. K(f-f) or N(m-m) Adapter connected to VNA Test Port
1

8. K or N Test Cable connected to VNA Test Port 2

Figure 2-13.  Calibrator Cable Connections for True Through
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Schematically, the connections shown in Figure 2-13 above are shown in Figure 2-14.

Part 1 – Calibration True Thru Procedure

1. VNA Test Port 1 – K(m) or N(f) Connector

2. K or N Test Cable

3. SmartCal (K or N) or AutoCal (K) Calibrator
(AutoCal does not support N connectors)

4. K or N Test Cable

Part 2 – Calibration True Thru Procedure

5. VNA Test Port 2 – K(m) or N(f) Connector

6. Resultant reference planes during first Calibration 
procedure.

7. After initial calibrations, user is directed to remove 
Calibration module and connect test cables. 
Note: For SmartCal, the Thru adapter is required.

8. Connect the two Test Cables together to complete the 
through calibration.

Figure 2-14. Calibration Module True-Through Connections
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6. Navigate to the AUTOCAL SETUP menu:

• MAIN | Calibration | CALIBRATION | Calibrate | CALIBRATE | AutoCal | AUTOCAL PORTS | 2-Port Cal 
| SMARTCAL SETUP

7. On the AUTOCAL SETUP menu, if the Cal Type, Thru Type, and Module Orientation display buttons do not 
show the correct values, select the Modify Cal Setup button.

a. The MODIFY 2-PORT AUTOCAL SETUP dialog box appears. 

b. Change the settings as required.

c. In the Cal Type Select area: Select the Full Two Port radio button.

d. In the Thru Select area, select THRU INFO dialog box appears.

e. Enter information about the through line. Enter 0 length and 0 dB/mm loss (and a reference 
frequency of 0, which forces it to use that loss at all frequencies) and 50 ohm impedance. Select OK 
to close the dialog box.

f. Select the Auto Sense Module Orientation check box 

g. Click OK to close the dialog box.

8. When ready, click the Begin Cal button.

9. A status dialog box with a progress bar appears after an Calibration sequence has started. 

The status messages define how far the program has progressed and if any user actions are required.

10. At any time, the Calibration sequence can be canceled by clicking the dialog box Abort button.

Figure 2-15. True Thru Selected

Note
All existing system setups such as IF Bandwidth, Averaging, and Power Level will be applied during 
the calibration procedure.
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11. A dialog box will appear when the true through is to be connected.

12. Connect the Test Port 1 test cable to the Test Port 2 test cable.   

13. After connecting the through, select Continue. 

Figure 2-16. If the Calibration module is connected incorrectly, the SmartCal MODULE NOT DETECTED warning 
message appears. Correct connections as required and click the Retry button.

1. ShockLine VNA with K(m) or N(f) Test Port 
Connectors

2. SmartCal (K(f-f) or N(m-m)) or AutoCal (K(f-f)) 
Calibrator (AutoCal does not support N connectors)

3. AutoCal Module Power Supply connected to AC 
Power. (Used with AutoCal module only.) At all times 
during the calibration procedure, the AutoCal module 
must be connected to the VNA and to AC power. 

4. DB9 (m-m) Control Cable (AutoCal) -or- USB Cable 
(SmartCal)

5. RS232 to USB Adapter Cable (2000-1809-R)

6. VNA USB Port

7. K(f-f) or N(m-m) Adapter connected to VNA Test 
Port 1

8. K or N Test Cable connected to VNA Test Port 2

Figure 2-17. True-Through Connections - Module Removed
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14. When the auto calibration is complete, a status message appears with a statement about assurance 
passing or failing. On the CALIBRATION menu, the Cal Status field button shows ON.

15. Closing the dialog box returns to the CALIBRATION menu.
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2-11 Calibration – Full Four Port - Internal Through
Using a SmartCal module, this procedure performs a calibration using a full four port calibration with an 
internal through, which is sufficiently accurate for most DUTs.  

Note

The navigational path to the Calibration setup applies to both the SmartCal and AutoCal calibration 
modules. Make the selection of the calibration module once you navigate through:

MAIN | Calibration | CALIBRATION | AutoCal| AUTOCAL | 2-Port Cal | SMARTCAL SETUP | 

Any selection in the SMARTCAL SETUP menu brings up the menu similar to the one in Figure 2-18. 
This is where you choose the SmartCal or AutoCal module for your application.

Figure 2-18. MODIFY 4-PORT SMARTCAL SETUP DIALOG – SmartCal 4-Port Selected 
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Required Equipment

• MS46524B VNA with K(m) or N(f) test port connectors.

• SmartCal Calibrator Module with K(f-f) or N(m-m) connectors and required power and control cables. 

• Test port cable, K or N  

Procedure

1. Power up the MS46524B VNA.

2. Set the required Frequency Start, Frequency Stop, and Number of Points parameters.

• See “Pre-Calibration Instrument Setup” on page 2-12.

3. If required, set up other parameters as required such as Segmented Sweep, IFBW, Averaging, and Power 
and Attenuation.

4. Navigate to SmartCal Setup menu and dialog.

• MAIN | Calibration | CALIBRATION | AutoCal| AUTOCAL | 4-Port Cal | SMARTCAL SETUP | Modify 
Cal Setup | Modify 4-Port SmartCal Setup dialog

Calibrator Module Connections

5. Make the necessary cable connections between the Calibrator Module and the MS46524B:

a. Connect the Test Cables between the VNA Test Ports and the Calibrator ports.

b. Connect the USB Cable between the Calibration Module and the USB Port on the MS46524B 
front or rear panel.

6. Once connected to power, the Calibration Module Power LED will illuminated green on the SmartCal 
Module.

Note
AutoCal does not come as a 4-port calibrator, but a 4-port calibration can be done as two 2-port 
calibrations. However, SmartCal is available with a 4-port calibrator option.

Figure 2-19. Calibrator Cable Connections for Internal Through (1 of 2)
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7. Navigate to the AUTOCAL SETUP (2-Port) menu:

• MAIN | Calibration | CALIBRATION | Calibrate | CALIBRATE | AutoCal | AUTOCAL | 2-Port Cal | 
AUTOCAL SETUP (2-Port)

8. On the AUTOCAL SETUP (2-Port) menu, if the Port Selection, Cal Type, Thru Type, and Module Orientation 
display buttons do not show the correct values, click the Modify Cal Setup button.

• The MODIFY AUTOCAL SETUP dialog box appears. The exact name depends on the VNA mode 
and the user selections for the number of ports. The dialog box can be named:

• MODIFY 1-PORT AUTOCAL SETUP dialog box

• MODIFY 2-PORT AUTOCAL SETUP dialog box

• MODIFY 4-PORT AUTOCAL SETUP dialog box 

Note: Typical connections. Calibrator ports can be 
connected in any configuration.

1. MS46524B VNA with K(m) or N(m) Test Port 
Connectors

2. SmartCal (K(f-f) or N(m-m))

3. USB Power/Control cable

4.  VNA USB Port

5. K or N Test Cable connected to VNA Test Port 2

Figure 2-19. Calibrator Cable Connections for Internal Through (2 of 2)
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9. In this example, the required settings are for a Full 2 Port Calibration, with Auto Sense Module 
Orientation ON, and Internal Through while running on a VNA in 2-Port Mode. The resultant 
configuration dialog box is names MODIFY 4-PORT AUTOCAL SETUP.

10. On the MODIFY 4-PORT AUTOCAL SETUP dialog box, select the settings:

a. Cal Type Select area: Select the Full Two Port radio button.

b. Thru Select area: Select the Internal Thru radio button.

c. Auto Sense Module Orientation check box selected: Allows the AutoCal module to determine 
left/right cable identification or the SmartCal Port A/B cable identification.

d. When the settings are complete, select OK to close the dialog box.

Figure 2-20. MODIFY 4-PORT AUTOCAL SETUP Dialog – AutoCal Selected
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11. The AUTOCAL SETUP (2-Port) menu reappears with new values for Cal Type, Thru Type, and Module 
Orientation.

12. The window area at the bottom of the instrument display area appears with general instructions:

a. Ensure correct cable connections to Calibration module.

b. Ensure that the Power and Operate LEDs are both illuminated.

c. Ensure characterization file is loaded before starting Cal. To load characterization file, go to the 
LOAD (AUTOCAL CHARACTERIZATION) dialog box.

• MAIN | Calibration | CALIBRATION | CalKit Options | CAL KIT |Load Kit/Charc. | LOAD 
(AUTOCAL CHARACTERIZATION)

d. Existing system setups such as averaging, power level, etc. will be applied during the cal.
.

13. When ready, click the Begin Cal button.

Figure 2-21. Configured AutoCal 2-Port Menu Setup



2-12 Calibration – Four Port Cal - True Through Automatic Calibration

2-30 PN: 10410-00753 Rev: V MS4652xB ShockLine MG

14. If the Calibration module is connected incorrectly, the SMARTCAL MODULE NOT DETECTED warning 
message appears.

• Correct the connections as required and click Retry.  

15. When the calibration is complete, the Status Message dialog box will close and the display will return to 
the CALIBRATION menu with the Cal Status button set to ON. The assurance dialog will remain up with 
the pass/fail message, and must be manually closed.

2-12 Calibration – Four Port Cal - True Through
This procedure performs a Calibrator procedure using a full four port calibration where a True Through (or 
external through) is required. 

Required Equipment

• MS46524B VNAs with K or N(m) test port connectors.

• SmartCal Calibrator Module, with K or N connectors and required power and control cables.

• Test port cable with K or N(f-m) connectors

• Test port cable with K or N(f-f) connectors, or, a K or N(f-f) adapter. 

Procedure                                                                                                                                                                                                                                                                                 

1. Power up the MS46524B.

2. Set the required Frequency Start, Frequency Stop, and Number of Points parameters.

• “Pre-Calibration Instrument Setup” on page 2-12.

3. If required, set up other parameters as required such as Segmented Sweep, IFBW, Averaging, and Power 
and Attenuation.

Figure 2-22. If the Calibration module is connected incorrectly, the AUTOCAL MODULE NOT DETECTED warning 
message appears. Correct connections as required and click the Retry button.

Note

A different dialog box may appear if the RF cables are connected incorrectly (with Autosense on) 
that states that Autosense was unable to determine the orientation of the module. If this dialog 
appears, and a large amount of loss is not present between the port and the Calibration module, 
check the connections. If a known large amount of loss is present (from the test fixtures or the use of 
very long cables), the orientation should be manually entered.
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4. Make the necessary cable connections between the Calibrator Module and the MS46524B:

a. Connect the Test Cables between VNA Test Ports and the Calibrator ports.

b. Connect the USB Cable between the Calibration Module and the USB Port on the MS46524B 
front or rear panel.

5. Once connected to power, the Power LED illuminates as green. 

Note: Typical connections. Calibrator ports can be 
connected in any configuration.

1. MS46524B VNA with K(m) or N(f) Test Port 
Connectors

2. SmartCal (K(f-f) or N(m-m)) 

3. USB Power/Control cable

4. VNA USB Port

5. K or N Test Cable connected to VNA Test Ports

Figure 2-23.  Calibrator Cable Connections for True Through
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Schematically, the connections shown in Figure 2-23 above are shown in Figure 2-24.

Part 1 – Calibration True Thru Procedure

1. VNA Test Port – 1 K(m) or N(f) Connector

2. K or N Test Cable

3. Calibrator Module

4. K or N Test Cable

5. VNA Test Port 2 – K(m) or N(f) Connector

6. Resultant reference planes during first Calibration 
procedure.

Part 2 – Calibration True Thru Procedure

7. After initial calibrations, user is directed to remove 
Calibration module and connect the True Thru 
standard (adapter) between the test cables.

8. Follow the remaining instructions until calibration is 
complete.

Figure 2-24. Calibration Module True-Through Connections
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6. Navigate to the AUTOCAL SETUP menu:

• MAIN | Calibration | CALIBRATION | Calibrate | CALIBRATE | AutoCal | AUTOCAL PORTS | 2-Port Cal 
| SMARTCAL SETUP

7. On the AUTOCAL SETUP menu, if the Cal Type, Thru Type, and Module Orientation display buttons do not 
show the correct values, select the Modify Cal Setup button.

a. The MODIFY 2-PORT AUTOCAL SETUP dialog box appears. 

b. Change the settings as required.

c. In the Cal Type Select area: Select the Full Two Port radio button.

Figure 2-25. True Thru Selected



2-12 Calibration – Four Port Cal - True Through Automatic Calibration

2-34 PN: 10410-00753 Rev: V MS4652xB ShockLine MG

d. In the Thru Select area, select THRU INFO dialog box appears.

e. Enter information about the through line. Enter 0 length and 0 dB/mm loss (and a reference 
frequency of 0, which forces it to use that loss at all frequencies) and 50 ohm impedance. Select OK 
to close the dialog box.

f. Select the Auto Sense Module Orientation check box 

g. Click OK to close the dialog box.

8. When ready, click the Begin Cal button.

9. A status dialog box with a progress bar appears after an Calibration sequence has started. 

The status messages define how far the program has progressed and if any user actions are required.

10. At any time, the Calibration sequence can be canceled by clicking the dialog box Abort button.

11. A dialog box will appear when the true through is to be connected.

Through Line selected allows user entries for length, line impedance, line loss and frequency. 

Reciprocal selected allows user entry for length.

S2P Thru selected provides buttons for loading, viewing, and characterization (to generate S2P files).

Figure 2-26. True Info Menu

Note
All existing system setups such as IF Bandwidth, Averaging, and Power Level will be applied during 
the calibration procedure.
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12. Connect the Test Port 1 test cable to the Test Port 2 test cable.   

13. After connecting the through, select Continue. 

14. When the auto calibration is complete, a status message appears with a statement about assurance 
passing or failing. On the CALIBRATION menu, the Cal Status field button shows ON.

15. Closing the dialog box returns to the CALIBRATION menu.

Figure 2-27. If the Calibration module is connected incorrectly, the AUTOCAL MODULE NOT DETECTED warning 
message appears. Correct connections as required and click the Retry button.

1. ShockLine VNA with K(m) or N(f) Test Port 
Connectors

2. SmartCal (K or N) 

3. AutoCal Module Power Supply connected to AC 
Power. AutoCal module and connect test cables. At 
all times during the calibration procedure, the AutoCal 
module must be connected to the VNA and to AC 
power.

4. VNA USB Port

5. K(f-f) or N(m-m) Adapter connected to VNA Test Port 
1

6. K or N Test Cable connected to VNA Test Port 2

Figure 2-28. True-Through Connections - Module Removed
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2-13 Calibration Module Characterization

Characterization

Typically, characterization is performed by Anritsu since the process can be very carefully controlled for 
maximum accuracy. In certain cases, the customer may wish to perform the characterization themselves but it 
is important to note that all specifications for the calibration are void and the customer takes responsibility for 
performing a characterization of adequate quality. With that caveat, the process for performing a 
characterization is as follows:

1. Setup the instrument for the frequency range, point count, power level, and IFBW desired. It is 
particularly important to use as many points as reasonable in order to reduce interpolation needs.

2. Perform as high a quality manual calibration as possible at the reference planes that will be connected to 
the Calibration module. 

3. Connect the Calibration module to the reference planes, apply power, and connect the control cable to 
both the Calibration module and to the ShockLine VNA. Allow the AutoCal Calibration module to reach 
operating temperature so the blue Operate LED illuminates.

4. Select the SmartCal Characterization menu (Figure 2-29) to start the SmartCal characterization. The VNA 
will automatically switch the unit through its various states and characterize them. Alternatively, the 
connected test port order may be specified and may be necessary if there is substantial loss in the test 
setup (note that this may indicate an accuracy hazard). For the AutoCal Utility, the user can choose to 
load or save the AutoCal characterization file. AutoCal recharacterization is not enabled on ShockLine 
VNAs (Figure 2-30).

• MAIN | System | SYSTEM | Utility | UTILITY | SmartCal Characterization | SMARTCAL

• MAIN | System | SYSTEM | Utility | UTILITY | AutoCal Utility | AUTOCAL UTILITY

5. Save the characterization file as appropriate. Note that the characterization file will be tied by serial 
number to the particular Calibration module that was characterized.  

Figure 2-29. SMARTCAL (SMARTCAL CHARACTERIZATION) Menu
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2-14 Adapter Removal – M-M or F-F Reference Plane 

Adapter Removal Overview

Adapter removal for Calibration modules primarily refers to the case of connector gender incompatibility when 
it is not desired to use test port converters such as when the user has a M-F Calibration module and M-M 
reference planes are required. A separate menu item is provided for Calibration adapter removal to speed up 
the process since fewer manual steps are needed. In this calibration sequence, one uses an adapter (that can 
mate the desired reference plane connectors) as part of the calibration. 

Two possible scenarios are covered; both use a pair of calibration sequences to remove the effects of the 
adapter. In both of the cases below, it is assumed all connectors are from the same family. If not (e.g., one is 
using a special inter-series Calibration unit), then this Calibration-specific adapter removal technique may not 
be applied; see the standard adapter removal section.

This procedure performs an Calibration procedure when an adapter is required to accommodate either the 
Calibration unit or the DUT connector genders and a M-M reference plane is required. 

Required Equipment

• VNA

MS4652xB VNA with K or N Test Port Connectors

• Calibration Module

• AutoCal Precision Calibration Module, with K or N connectors (AutoCal does not support 
N connectors). Includes the necessary Power Supply Module with cords to AutoCal Module and to 
AC power.

Figure 2-30. AUTOCAL UTILITY Menu
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• Test Cable

A test port cable with K or N connectors

• K(f-f) or N(m-m) Adapter

Matched K(f-f) or N(m-m) Adapter for SmartCal or Matched K(f-f) adapter for AutoCal 36583K

Prerequisites

The following prerequisite procedures have already been accomplished:

• Calibration Characterization file previously loaded. (AutoCal only)

• MS4652xB powered up.

• Required settings for Frequency Start, Frequency Stop, Number of Points, and CW Mode configured.

• Optional settings as required for Segmented Sweep, IF Bandwidth, Averaging, and Port Power configured.

Procedure

1. Make the necessary cable connections between the AutoCal Module, its Power Module, AC power, and 
the MS4652xB back panel. 

• When the blue Operate LED is illuminated, the module has warmed up and is ready for calibration 
operations.

2. Connect the K or N Adapter to the Calibration Module K(f) or N(m) connector. 

• Consider the Adapter and Calibration module as an “assembly” for the duration the Calibration 
procedure.

3. Connect the remaining Calibrator K or N connector to the MS4652xB Test Port 1 K(m) or N(f) connector.

4. Connect the Test Cable K or N connector to the MS4652xB Test Port 2 K(m) or N(f) connector.

Note

Once assembled, do not break the connection between the adapter and the Calibration module, do 
not disconnect the assembly from the VNA USB Port, and do not disconnect the assembly from AC 
power. If the connection between the adapter is broken before the Calibration procedure is 
completed, the entire calibration is invalidated and must be repeated.
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5. Connect the Test Cable K or N connector to the Calibration Module K(f) or N(m) connector.

Figure 2-31. Calibrator, Adapter Removal, Internal Thru (1 of 2) 
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6. Navigate to the AUTOCAL SETUP menu.

• MAIN | Calibration | CALIBRATION | Calibrate | CALIBRATE | AutoCal | AUTOCAL PORTS | 2-Port Cal 
| AUTOCAL SETUP

7. If the Cal Type, Thru Type, and Module Orientation display buttons do not show the correct values, select 
the Modify Cal Setup button.

• The Modify Calibration Setup dialog box appears.

Part 1 – Calibration Adapter Removal Procedure

1. First setup for the Adapter Removal procedure.

2. VNA Test Port 1

3. K(f-f) or N(m-m) Adapter

4. Calibration Module – For the duration of the 
calibration, the K(f-f) or N(m-m) Adapter and the 
Calibration Module must be connected as an 
assembly. Do not disassemble or disconnect from its 
Power and Signal cables.

5. Resultant calibration reference planes.

6. K or N Test Cable

7. VNA Test Port 2

Part 2 – Calibration Module Adapter Removal 
Procedure

8. Second setup for the Adapter Removal procedure.

9. After the first calibration, rotate the complete 
assembly so that the calibrator K(f) or N(m) connector 
is connected to VNA Test Port 1. Do not disconnect 
the Adapter from the Calibration module.

10.Do not disconnect the Calibration Module from its 
Power or Signal cables.

11.Connect the K(f-f) or N(m-m) adapter to the Test 
Cable K or N. The reference planes remain in place. 
The user is guided through the remaining steps of the 
procedure.

Figure 2-32. Adapter Removal Selected

Figure 2-31. Calibrator, Adapter Removal, Internal Thru (2 of 2) 
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8. Make the following changes to the Modify Calibration Setup dialog box settings:

a. Select the Auto Sense Module Orientation check box which allows the Calibration module determine 
the AutoCal Module left/right cable identification or SmartCal Module Port A/B cable 
identification.

b. In the Select Cal Type area, select the Adapter Removal radio button. The For Adapter Removal Only 
area becomes available.

c. In the Through Setup area, select the Internal Thru radio button and Adapter Removal.

d. In the For Adapter Removal Only area, enter the estimate of electrical length (in mm) and select 
which Calibration port the adapter is attached to.

e. Select OK to close the dialog box. The AUTOCAL SETUP menu reappears with new values for Cal 
Type, Thru Type, and Module Orientation.

9. When ready, click the Begin Cal button.

10. If the Calibration module is connected incorrectly, the Calibration Module Not Detected warning message 
appears. Correct connections as required and click Retry.

11. A status dialog box with a progress bar appears after an Calibration sequence has started. The status 
messages define has far the program has progressed and if any user actions are required.

12. At any time, the calibration sequence can be canceled by clicking the dialog box Abort button.

• When the first calibration process is complete, the user is prompted to reverse the 
Adapter/Calibration assembly.

13. The instrument will prompt the user to reverse the module-adapter assembly.

14. As shown above in Figure 2-31, “Calibrator, Adapter Removal, Internal Thru” on page 2-39 above, 
disconnect the Adapter from Test Port 1 and the Calibration Module from the Test Cable on Test Port 2.

15. Reverse the Adapter/Calibration Module assembly so that the Adapter end is pointing towards Test 
Port 2.

16. On the Calibration module, connect the free K or N connector to Test Port 1 K(m).

17. On the Adapter, connect the free Adapter K or N connector to the Test Cable connected to Test Port 2.

18. When the calibration is complete, a status message appears with a statement about assurance passing or 
failing. Closing the dialog will return to the regular menu system. On the CALIBRATION menu, the Cal 
Status field button shows ON.

Note
All existing system setups such as IF Bandwidth, Averaging, and Power Level will be applied during 
the calibration procedure.

Note
Once assembled, do not break the connection between the adapter and the Calibration module. If 
the connection between the adapter is broken before the Calibration procedure is completed, the 
entire calibration is invalidated and must be repeated.
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Chapter 3 — SOLT/SOLR Calibration

3-1 SOLT/SOLR Introduction
This chapter describes calibration procedures using the SOLT/SOLR calibration algorithms. One of the more 
common calibration algorithms is based on Short-Open-Load-Thru. This is a defined-standards calibration 
meaning the behavior of all of the components is specified in advance via data or models.

Since the behaviors of all standards are known, by measuring them with the VNA we can define all of the error 
terms. The load behavior largely sets the directivity terms, the short and open together largely determine 
source match and reflection tracking and the thru largely determines transmission tracking and load match.

3-2  Definitions

Shorts

Shorts can be defined by a model consisting of a transmission line length and a frequency dependent 
inductance.

Opens

Opens can be defined by a model consisting of a transmission line length and a frequency dependent 
capacitance. 

Loads

Loads can be defined by a model consisting of a transmission line length, a shunt capacitance, a resistance and 
a series inductance.

Note that a sliding load can be used in lieu of a fixed load. The sliding load is based on a sliding termination 
embedded in an airline and the transmission line properties of that airline are used to deduce a more nearly 
perfect synthetic load. Because of the transmission line dependence, a fixed load is also needed at low 
frequencies below 2 GHz.

Thru

Modeled as a transmission line length with some frequency dependent loss. A root-f frequency dependence of 
that loss is assumed. A .s2p-defined thru is also possible where loss and mismatch are used. Interpolation and 
extrapolation of the .s2p data will be used to complete the calibration. A 'characterize thru' option is also 
available to help generate such an .s2p file based on a network extraction method (Type B, see Chapter 8 of 
this guide for more information).

Reciprocal

The thru can sometimes be replaced by a unknown but reciprocal network (like an adapter or a fixture) when 
an actual thru connection is not practical. The accuracy will be somewhat less than if an actual thru could have 
been used but will be better than assuming a poor thru is a good one.
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3-3  2-Port Cal Setup
The coaxial setup dialog for SOLT (and SOLR), full 2-Port calibration is shown in below.

The setup dialog above is for coaxial and non-dispersive line types. In the dialog, the connector types for both 
ports are selected as well as the through details and the type of load to be used. For one port calibrations, only 
one of the port definitions (unless reflection-only calibrations are being performed for both ports 1 and 2) will 
be present. For a 1 path-2 port cal, one of the Test Port definition sections will not be shown.

The setup dialog above is for coaxial and non-dispersive line types. For waveguide and microstrip, a few things 
change:

• Fewer cal kits are factory-defined and more are user-defined

• The media must be part of the definition (cutoff frequency and dielectric constant for waveguide; line 
width, substrate height, and substrate dielectric constant for microstrip)

• SOLT is not recommended for waveguide due to the difficulty in modeling and open standards

1. Through Line selected allows user entries for length, line impedance, line loss and frequency. 2. 

2. Reciprocal selected allows user entry for length.

3. S2P Thru selected provides buttons for loading, viewing, and characterization (to generate S2P files).

Figure 3-1. TWO PORT CAL SETUP (SOLT/R, COAXIAL) Dialog Box 

1

3

2
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MS46524B Two 2-Port 

The MS46524B can perform two 2-port SOLT/SOLR cals simultaneously. The menu enables two separate cals 
to make a 4 port cal or a 2 port cal using different combinations of ports. Figure 3-2. 

Figure 3-2.  MS46524B Two 2-Port Cal Setup Menu
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1. A waveguide SOLT setup is shown in Figure 3-3 and a setup for microstrip is shown in Figure 3-4. 

1. Through Line selected allows user entries for length, line impedance, line loss and frequency.

2. Reciprocal selected allows user entry for length. 

3. S2P Thru selected provides buttons for loading, viewing, and characterization (to generate S2P files).

Figure 3-3. TWO PORT CAL SETUP (SOLT/R, WAVEGUIDE) Dialog Box

1. Through Line selected allows user entries for length, line impedance, line loss and frequency.

2. Reciprocal selected allows user entry for length. 

3. S2P Thru selected provides buttons for loading, viewing, and characterization (to generate S2P files).

Figure 3-4. TWO PORT CAL SETUP (SOLT/R, MICROSTRIP) Dialog Box
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The standards information dialog for SOLT / SOLR is shown in Figure 3-5.

For cal kits loaded from Anritsu cal kit files, the model terms are not editable. When using user-defined cal 
kits, the model terms can be edited.

Figure 3-5. STANDARD INFO (SOLT/R) 
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The standards information for microstrip does not change but the microstrip media information must be either 
user-defined (Figure 3-6) or selected from an Anritsu microstrip cal kit (Figure 3-7, typically used with Anritsu 
Universal Test Fixtures).

Effective dielectric constants can be entered, or the recommended value can be selected.

Figure 3-6. USER-DEFINED MICROSTRIP Data Input Dialog Box

Figure 3-7. MICROSTRIP INFO 10 Mil Kit Dialog Box
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For waveguide, the model parameters and the media parameters are combined in one dialog (Figure 3-8).

Figure 3-8. USER-DEFINED WAVEGUIDE (SOLT/R) Information Dialog Box

Note
Reciprocal measurements (SOLR vs. SOLT) are covered in more detail in Chapter 15, “Reciprocal 
Measurements”.
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3-4  SOLT/SOLR Calibration 
The following example presumes an MS4652xB Series VNA with K or N connectors. A different connector can 
be selected in step 4 if a different model/configuration is being used. It is assumed that a M-F cable is 
connected to port 2 so that a M (port 1) and F (port 2) reference plane pair is available. In this example, a full 2 
port SOLT calibration will be performed although a number of other options are discussed along the way. The 
implications of these options are discussed in the calibration overview section.

1. Setup the desired frequency range (Frequency menu), power (Power menu) and IFBW/averaging 
(Averaging menu). As a default, the IFBW will be 1 kHz and the averaging will be off which is adequate 
for many applications. The default power level will vary depending on instrument model and options but 
will often be adequate for all passive and many active device measurements.

2. Navigate to the TWO PORT CAL menu.

• MAIN | Calibration | CALIBRATION | Calibrate | CALIBRATE | Manual Cal | MANUAL CAL | 2-Port Cal | 
TWO PORT CAL

3. Select Modify Cal Setup. The CAL SETUP menu appears. On this level, select a cal method of SOLT/SOLR 
and a line type of Coaxial.

4. Select Edit Cal Params; the TWO PORT CAL SETUP (SOLT/R, COAXIAL) dialog box appears Figure 3-9 
which describes the calibration components:

a. Reference impedance defaults to 50 ohms. This value is used for referencing the standards 
reflection coefficients and for reference plane shift and Smith chart calculations. The latter two 
items can be handled later using a per-trace definition of reference impedance. The standards 
definition process is not affected by that later per-trace reference impedance change.

b. In the Load Type area, select broadband load. A sliding load can be used for better performance if 
one is available in the calibration kit. If low frequencies are included in the frequency range 
(< 2 GHz for K or GPC3.5), then a broadband load will be used in addition to the sliding load.

c. In the Through/Reciprocal area, a zero-length (or mating) thru will be used. Set the Select Line field 
to Through, 0 mm for the length and 0 dB/mm loss. Zero can also be entered for the reference 
frequency. When 0 is entered for this value, no loss scaling is employed and the entered loss value 
is used for all frequencies. If a reciprocal network was being used instead of a through, use 
Reciprocal for the Select Line field and the length entered would serve as an estimate for root 
choice purposes.

d. For Port 1, select a DUT connector of N(f). Note the dialog will then indicate that port connector is 
N(m).

e. For Port 2, select a DUT connector of N(m). The dialog will indicate a port connector of N(f).

f. For both ports, select a BB load of Load 1. This selection is for certain firmware/cal kit versions 
where modeled loads are available and the distinction between loads is important.

g. Select OK to close the dialog. Select Back at the bottom of the menu to return to the previous level 
and the TWO PORT CAL menu where two Reflective Devices buttons appear with six reflection 
standards on the two submenus.

Note If a previous calibration exists, the Thru Update button will be active.

Note
The menu calibration steps can be performed in any order. For these example, a top to bottom menu 
approach is assumed
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.

5. Select Port 1 Reflective Devices and the REFL. DEVICES PORT 1 menu. On the menu, measure the three 
reflection standards of Open, Short, and Load. Connect each standard in turn, and THEN, click the 
corresponding button. When all are done, click the Back button to return to the TWO PORT CAL menu.

6. Then select Port 2 Reflective Devices and the REFL. DEVICES PORT 2 menu where next three reflection 
standards are listed. When all six are done (and six check marks appear), click Done to return to the 
previous level and the TWO PORT CAL menu. 

7. After measuring all six reflection standards, connect the cable to Port 1 to complete the zero length 
through. Now click on the Thru/Recip button where a check mark should appear after the sweep pair. 
Note that the displayed graphs may change during this step as the instrument must measure all four 
S-parameters of the thru line.

8. An optional isolation step using the Isolation (Optional) button and the linked ISOLATION menu is 
available but is generally not recommended. If desired, terminate Port 1 and the end of the cable 
attached to Port 2 before clicking on the Isolation (Optional) button if needed.

9. Click on Done. The calibration is now completed and turned on where the Cal Status button on the 
CALIBRATION menu is set to ON. 

1. Through Line selected allows user entries for length, line impedance, line loss and frequency. 

2. Reciprocal selected allows user entry for length.

3. S2P Thru selected provides buttons for loading, viewing, and characterization (to generate S2P files).

Figure 3-9. TWO PORT CAL SETUP (SOLT/R, COAXIAL) Dialog Box 
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Chapter 4 — Offset Short (SSLT) Calibration

4-1 SSLT Introduction
This chapter describes calibration methods and procedures using the SSLT calibration algorithm.

The SSLT calibration differs from an SOLT calibration by the differing offset lengths between two shorts which 
are used to help define reflection behavior instead of an open and short. Because of this, the frequency range is 
limited since, at DC and at higher frequencies, these reflect standards will look the same. This method is most 
commonly used for waveguide problems where creating a stable, high reflection open standard is difficult, but 
there are certain coax and board-level or wafer-level situations where it is useful. The modeling constructs are 
about the same as for a SOLT calibration. From an error term perspective, the only difference is that the two 
shorts together now largely determine source match and reflection tracking behavior.

The electrical length difference between the shorts should be between 20 and 160 degrees over the frequency 
range of interest. 

The top calibration kit definition dialog box for SSLT calibration is identical to the SOLT dialog 
(Figure 3-1, “TWO PORT CAL SETUP (SOLT/R, COAXIAL) Dialog Box” on page 3-2). Figure 3-1, “TWO PORT 
CAL SETUP (SOLT/R, COAXIAL) Dialog Box” on page 3-2. The standards information dialog box is different 
and is shown below.

Typical parameters for Offset Short Calibrations

Figure 4-1. STANDARD INFO (OFFSET SHORT) Information Dialog Box
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4-2 SSLT Calibration Example
The following example presumes a MS4652xB ShockLine is being used with waveguide adapters (since SSLT 
is commonly used with waveguide). In this example, a full 2-Port SSLT calibration is performed although a 
number of other options are available. The implications of these options are discussed in the calibration 
overview section.

Set the desired frequency range (Frequency menu) and IFBW/Averaging (Averaging menu). The default power 
level varies depending on the instrument model and options, but will often be adequate for all passive and 
many active device measurements. The default IFBW is 1 kHz with averaging off, which is adequate for many 
applications.

1. Navigate to the TWO PORT CAL menu.

• MAIN | Calibration | CALIBRATION | Calibrate | CALIBRATE | Manual Cal | MANUAL CAL | 2-Port Cal | 
TWO PORT CAL

2. Select Modify Cal Setup, then on the CAL SETUP menu, select a Cal Method of SSLT and a Line Type of 
Waveguide.

3. Select Edit Cal Params which displays the TWO PORT CAL SETUP (SSLT, WAVEGUIDE) dialog box 
describing the calibration components (shown above).

Note
If a previous calibration exists, the Thru Update button will be active. See “Through (Thru) Update” 
on page 9-1for more information.

1. Through Line selected allows user entries for length, line impedance, line loss and frequency. 2. 

2. Reciprocal selected allows user entry for length.

3. S2P Thru selected provides buttons for loading, viewing, and characterization (to generate S2P files).

Figure 4-2. TWO PORT CAL SETUP (SSLT, WAVEGUIDE) Dialog Box
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a. Reference impedance defaults to 50 ohms. Although this does not represent the waveguide 
impedance, it is commonly used for conventional Smith chart referencing. Reference impedance 
can be changed here for certain waveguide applications or it can be changed later on a per trace 
basis from the DISPLAY menu.

b. Select Broadband Load. A sliding load can be used for better performance if one is available in the 
calibration kit. If low frequencies are included in the frequency range (< 2 GHz), then a broadband 
load will be used in addition to the sliding load.

c. A zero-length (or mating) thru will be used so enter Through for the line, 0 mm for the length and 
0 dB/mm loss. Zero can be entered for the reference frequency when no loss scaling is employed 
and the entered loss value is used for all frequencies. If a reciprocal network was being used 
instead of a through, the line selection would be Reciprocal and the length entered would serve as 
an estimate for root choice purposes.

d. For a waveguide kit, select WR42 (for this example). A user-defined kit can be selected from the 
pull-down menu, but the cutoff frequency, the dielectric, the short offset lengths, and the load 
impedance (relative to the reference impedance) will have to be specified. 

• Variations for other line types (waveguide or microstrip) are similar to those for SOLT. For 
waveguide, the media and standards information are combined as shown in Figure 4-3. 
Defined, un-editable values would be present for Anritsu-defined cal kits. A simplified short 
model is used for waveguide, with only an offset length and no inductance terms since 
usually those terms are small.

e. Select OK to close the dialog, then select BACK at the bottom of the menu to return to the previous 
level and the TWO PORT CAL menu.

Typical parameters for an Offset Short Calibration

Figure 4-3. Waveguide Media and Standards Information 
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4. The Port 1 Reflective Devices and the Port 2 Reflective Devices buttons display the REFL. DEVICES 
PORT 1 and PORT 2 menus. The six reflection standards to be measured (Short 1, Short 2, Load on each 
menu) will be displayed here along with the read-only fields showing the port connector choices. Connect 
each standard in turn, and THEN, click the corresponding button. When all six are done (and six check 
marks appear), click Done to return to the previous level and the TWO PORT CAL menu.

5. After measuring all six reflection standards, connect the test cable to Port 1 to complete the zero length 
through. Click on the Thru/Recip button to display the THRU/RECIP menu where a check mark should 
appear after the sweep pair. Note that the displayed graphs change during this step as the instrument 
must measure all four S-parameters of the through line.

6. An optional isolation step is available but is not recommended. If desired, terminate Port 1 and the end of 
the cable attached to Port 2 before clicking on the Isolation (Optional) button and displaying the 
ISOLATIONS menu.

7. When all steps are successfully completed, the Done button is available where select returns to the 
CALIBRATION menu where the Cal Status button is set to ON.

8. The calibration is now completed and turned on.

Note
Much like SOLT/SOLR, there is another version of SSLT using a reciprocal in place of a thru called 
SSLR. Reciprocal measurements (SOLR vs. SOLT) are covered in more detail in 
Chapter 15, “Reciprocal Measurements”.
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Chapter 5 — Triple Offset Short (SSST) 
Calibration

5-1 SSST Introduction
This chapter describes calibration using the triple offset short (SSST) algorithm. The next step in this 
progression is to remove the load so that the entire reflection space is defined by three shorts of varying offset 
lengths. The individual short definitions are the same as for an SOLT calibration.

5-2 SSST and Reflectivity Error Terms
With an SSST calibration the three shorts together determine all of the reflectivities error terms (directivity, 
source match and reflection tracking). This calibration is more band-limited than the double offset short 
method. If short1 is defined as having the smallest offset length, and short3 to the longest offset length, then 
two variables can be defined:

The electrical length equivalents of A and B should generally be between 40 and 180 degrees over the 
frequency range of interest. This is not sufficient in itself since one will also require that A+B (which 
represents the difference between short1 and short3) also be constrained:

Since the only standards needed are shorts, this method is attractive for mm-Wave applications and for certain 
board-level and wafer-level calibrations where other types of standards are difficult to manufacture.

Equation 5-1.

Equation 5-2.

A Loffset_short2 Loffset_short1–=

B Loffset_short3 Loffset_short2–=

40
720 f B 

vph

----------------------- 180 

40
720 f A 

vph

----------------------- 180 

40
720 f A B+  

vph

--------------------------------------- 320 
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The setup and standards information dialogs for SSST are shown in Figure 5-1 and Figure 5-2 for a 2-Port 
calibration.

1. Through Line selected allows user entries for length, line impedance, line loss and frequency. 

2. Reciprocal selected allows user entry for length. 

3. S2P Thru selected provides buttons for loading, viewing, and characterization (to generate S2P files).

Figure 5-1. TWO PORT CAL SETUP (SSST, COAXIAL)

1

3

2
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For one port calibrations, only one of the port definitions (unless reflection-only calibrations are being 
performed for both ports 1 and 2) will be present and the through line section will not be present. For a 1 
path-2 port calibration, one of the port definition sections will not be present.

Variations for other line types are similar to those for SOLT. For waveguide, the media and standards 
information are again combined into one dialog (Figure 5-3).

Typical parameters for SSST calibration - K(F) Connectors

Figure 5-2. STANDARD INFO (TRIPLE OFFSET SHORT) Information Dialog Box

Typical parameters for SSST calibration - Waveguide - User-Defined 1 - Triple-Offset Short Calibrations

Figure 5-3. USER DEFINED WAVEGUIDE (SSST) Information Dialog Box

Note
Reciprocal measurements (SSSR) are covered in more detail in Chapter 15, “Reciprocal 
Measurements”.
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5-3 SSST Waveguide Calibration Example
The following example presumes an MS4652xB Series VNA with Option 82. The MS46522B-082 has tethered 
modules with a WR12 waveguide interface. 

In this example, a full 2-Port SSST calibration will be performed although a number of other options are 
discussed along the way. These options are discussed in the Calibration Overview section.

1. Set the desired frequency range (FREQUENCY menu) and IFBW/Averaging (AVERAGING menu). The 
default power level varies depending on the instrument model and options, but will often be adequate for 
all passive and many active device measurements. The default IFBW is 1 kHz with averaging off, which 
is adequate for many applications. 

2. Navigate to the TWO PORT CAL menu.

• MAIN | Calibration | CALIBRATION | Calibrate | CALIBRATE | Manual Cal | MANUAL CAL | 2 -Port Cal 
| TWO PORT CAL

3. Select Modify Cal Setup, and on the CAL SETUP menu, select a Cal Method of SSST and a Line Type of 
Waveguide.

4. Select Edit Cal Params, the TWO PORT CAL SETUP (SSST, WAVEGUIDE) dialog box appears (shown 
below).

Note
If a previous calibration exists, the Thru Update button will be active. See the Calibration Overview 
section for more information.

1. Through Line selected allows user entries for length, line impedance, line loss and frequency. 

2. Reciprocal selected allows user entry for length. 

3. S2P Thru selected provides buttons for loading, viewing, and characterization (to generate S2P files).

Figure 5-4. TWO PORT CAL SETUP (SSST, COAXIAL)

1

3

2
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5. In the TWO PORT CAL SETUP (SSST, WAVEGUIDE) dialog box, set the following calibration components:

a. Reference impedance defaults to 50 ohms. This establishes the reference impedance for reference 
plane changes and Smith chart plotting but can be changed later on a per-trace basis.

b. In the Select Cal Type area, select the Full 2 Port radio button.

c. A zero-length (or mating) thru will be used so enter Through for the line, 0 mm for the length and 
0 dB/mm loss. Zero can be entered for the reference frequency when no loss scaling is employed 
and the entered loss value is used for all frequencies. If a reciprocal network was being used 
instead of a through, the line selection would be Reciprocal and the length entered would serve as 
an estimate for root choice purposes.

d. Select WR12 in the Waveguide kit selection. This should be default.

e. Click OK to close the dialog. Select Back at the bottom of the menu to return to the previous level 
and the TWO PORT CAL menu.

6. The Port 1 Reflective Devices and the Port 2 Reflective Devices buttons display the REFL. DEVICES 
PORT 1 and PORT 2 menus. The six reflection standards to be measured (Short 1, Short 2, Short 3 on 
each menu) will be displayed here along with the read-only fields showing the port connector choices. 
Attach each standard in turn, and then click the corresponding button. When all six are done (and six 
check marks appear), click Done to return to the previous level and the TWO PORT CAL menu. 

7. After measuring all six reflection standards, connect the both tethered modules together to complete the 
zero length through. Click on the Thru/Recip button to display the THRU/RECIP menu where a check 
mark should appear after the sweep pair. Note that the displayed graphs change during this step as the 
instrument must measure all four S-parameters of the through line.

8. When all steps are successfully completed, the Done button is available where select returns to the 
CALIBRATION menu where the Cal Status button is set to ON.

9. Click Done. The calibration is now completed and turned on.

Note
Waveguide offset Short standards are required to have aligned apertures with the ShockLine 
tethered module to have valid calibration. 
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Chapter 6 — LRL/LRM Calibration

6-1 LRL/LRM Introduction
This chapter describes LRL/LRM calibration algorithms and procedures. The LRL/LRM family of calibrations 
relies more on the fundamental behavior of certain components (primarily transmission lines) than it does on 
characterized/modeled behaviors of components. It makes less use of redundancy, so fewer measurements are 
needed to complete a calibration, but it is also less tolerant of poor or non-repeatable measurements.

6-2 LRL/LRM Comparison

LRL - Line-Reflect-Line

LRL (Line-Reflect-Line) uses two (or more) transmission lines and a reflect standard (for each port). The line 
lengths are important as it is required that the two lines look electrically distinct at all times (meaning it will 
not work at DC nor at a frequency where the difference in length is an integral number of half wavelengths). 
The reflect standard is assumed to be symmetric and without a high return loss. The lines are assumed perfect 
(no mismatch), and are usually airlines for coaxial calibrations, although other structures can be used. 
On-wafer transmission lines can be very good and this calibration approach will work well if the required probe 
movement can be managed.

LRM - Line-Reflect-Match

LRM (Line-Reflect-Match) calibrations have one of the lines above replaced with a match (or load). The load is 
modeled/characterized (or assumed perfect). Since only one line is involved, this calibration can work down to 
DC and up to very high frequencies (practically limited by the match knowledge/characterization). Variations 
allow one of the match measurements to be traded for a pair of additional reflect measurements (a second 
reflect standard is needed). Because of the requirement that the reflect standards be distinct, the calibration 
may become band limited.

In the limiting case of a match that is assumed perfect, or at least assumed symmetric, this calibration reduces 
to the classical LRM. The added flexibility is in the ability to define asymmetric load models and to use 
multiple reflect standards as discussed above. The double reflect methodology allows one to feed into a load 
modeling utility where the load model can be further optimized.

Some parameters to keep in mind:

Line Lengths

In addition to the LRL frequency limits, the line length is used for some reference plane tasks. The 
fundamental reference plane of an LRL calibration is in the middle of the first line. If the reference plane is 
required at the ends of this line, the line length (and loss which can also be entered) is used to rotate the 
reference planes to the desired location. The line length delta is also used for some root choice tasks, although 
the accuracy required on this entry is less.

Line Length Delta

As mentioned above, the usable frequency range for LRL is set by the line length delta. Strictly speaking, the 
electrical length should be between 0 and 180 degrees for all frequencies of interest although some margin is 
usually desired to account for line parasitics, spurious mode launches and other problems. In general, the delta 
should be kept between 10 and 170 degrees or 20 and 160 degrees. Practically speaking, one can usually be 
more aggressive on the lower number and will want to be less aggressive on the upper number:
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Where L is in meters, vph is the phase velocity of the line (= 2.9978 108m/s = c for air dielectric) and f can be 
any frequency in the range of interest, expressed in Hz.

If this range is too small for the application, multiple lines and multiple bands can be used which will be 
discussed shortly. The single-band version of the dialog is highlighted in Figure 6-1 on page 6-3. Two devices 
must be defined and the first (Cal Device X) must be a line which has a length associated with it in millimeters 
(air equivalent) or in picoseconds of delay. Note that the Cal Device X in the first band has an added role when 
the reference plane choice ‘Ends of Line 1’ is selected. The length of this Cal Device X will be rotated out from 
the final error coefficients to place the reference planes at its ends. The basic LRL/LRM algorithm places the 
reference plane in the middle. 

A loss and frequency dependence for the line can be optionally specified (loss defaults to 0 dB). The loss is in 
per-unit-length terms and can be assumed flat with frequency by entering 0 in the frequency field. If a 
non-zero value is entered, the loss value entered is assumed to be at that frequency and a square-root-of-f 
scaling will be used at other frequencies. In other words, if the loss K is entered at frequency f0 then the value 
at frequency f1 will be computed as:  

The second device (Cal Device Y) can either be another line or a match. If another line, its length/delay should 
be entered although this value will be primarily used to help with root choice. The loss values for Cal Device X 
will be used for Cal Device Y. If the second device is a match, the model for that match may be entered using 
the sub-dialog (assumed infinite return loss by default). The entered load model is only then used for the first 
part of the calculation to help the optimizer more quickly generate a better fit for the simplified match model. 
Also, only one of the match measurements is needed for this algorithmic variant and the match to be used is 
selected in the sub-dialog.

Equation 6-1

Equation 6-2.

10
360 f L 

vph
--------------------------- 160 

0

1
1__

f

f
KfatLoss 
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Because of the phase restrictions discussed above, each LRL calibration is fundamentally band-limited to 
something on the order of an 8:1 to 17:1 frequency range (and some users may restrict it further for 
measurements requiring very low uncertainties when the line losses are low). Various combinations of 
standards (staying within the LRL/LRM family) can be used to cover multiple bands and hence cover the 
extended range. The concept of the ‘breakpoint frequency’ is needed that defines when the calibration 
coefficients are taken from the lower band measurements and when they are taken from the upper band 
measurements. This process does not affect how the measurements are done. It just changes which data (from 
an over-determined set) is used to compute the calibration coefficients. The calibration process is optimized so 
that if a particular standard is used in multiple bands, it only needs to be measured once.

The setup dialog is shown in Figure 6-2 on page 6-5 with the maximum of 5 allowed bands selected. In some 
sense, each band is a new LRL/LRM calibration covering some subset of the desired frequency range. In each 
band, one must choose two lines or one line and a match and those devices can be shared amongst the bands. 
As an example, it is not unusual to share one line in all of the bands and then the 2nd line in each band is 
chosen to create an ever-decreasing L as the band number increases (thus each subsequent band is to be used 
in a higher frequency sub-range). In the higher numbered bands, any devices in the previous bands can be 
used. Note that loss entries are local to a band in order to allow the user to correct for deviations from the 
square-root-of-f loss frequency dependence model.

Typical parameters - One-Band LRM calibration

Figure 6-1. TWO PORT CAL SETUP (LRL/LRM, COAXIAL) Dialog Box 
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To illustrate a multi-band setup, we will work through a design example where the calibration range is to be 
200 MHz to 70 GHz and we wish to not exceed 20 to 160 degree relationships and do the calibration with only 
LRL using air dielectric lines. Since the high-to-low ratio is less than 83 the calibration can be accomplished in 
3 bands under these conditions. It is desired to use a common line of length 10 cm for all bands.

If the first band must work down to 200 MHz with a 20 degree L limit, then the first L=8.333 cm so the 
second line should be 18.333 cm long. This first band, using the 160 degree limit, should be able to reach 
1.6 GHz. To allow some band overlap (and improve uncertainties a bit more), we will choose the 20 degree 
lower limit of the second band to be a bit lower than 1.6 GHz and select 1.4 GHz. This implies a second L of 
1.19 cm. Since we wish to re-use the 10 cm line in this band, the second line in the second band should be 
11.19 cm long with a 160 degree-based frequency limit of 11.2 GHz. For the third band, we will again aim for a 
value under the previous band’s 160 degree limit and select 10 GHz. This leads to a third L of 1.67mm or a 
final line length of 10.167 cm.

Summarizing:

In this full calibration example, there are a total of four lines to be measured (along with whatever reflect 
standard(s) was (were) selected). Although not all of the frequency range data for each device will be used 
(e.g., band 2 Cal Device Y data for frequencies below 1.497 GHz or above 10.58 GHz will not be used), all 
devices will be swept over the whole calibration frequency range in order to simplify sweep control and 
minimize overhead.

Here the breakpoints were calculated off-line using the geometric mean of the upper limit of the lower band 
and the lower limit of the upper band. The recommended values that would be generated by the instrument 
would be different since it uses the 10 to 160 degree process instead of the 20 to 160 degree limit we selected for 
this example. These slight shifts in breakpoint will generally have limited effect of the results (<0.03 dB error 
generally at the breakpoint in this case) but if one gets more aggressive with the angle limits, errors can 
increase. This is less true if the lines are lossy (as in a PC board environment) than if the losses are very low.

BAND 1: Cal Device X 10 cm line Cal Device 18.333 cm line

BAND 2: Cal Device (use band 1 Dev X) Cal Device Y 11.19 cm line Breakpoint: 1.497 GHz

BAND 3: Cal Device X (use band 1 Dev X) Cal Device Y 10.167 cm line Breakpoint: 10.58 GHz
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Typical parameters - Bands 1, 2, and 4: LRL, Bands 3 and 5: LRM

Figure 6-2. TWO PORT CAL SETUP (LRL/LRM, COAXIAL) Dialog Box 
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Typical parameters - Defining the Load for LRM (match info)

Figure 6-3. USER DEFINED MATCH DEVICES Dialog Box 

Figure 6-4. TWO PORT CAL SETUP (LRL/LRM, COAXIAL) Dialog Box 
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Reflection Offset Length and Reflection Type

Some information is requested about the reflection although a full characterization is not needed. The 
information is used in some root-choice activities and it only needs to be known if the reflect behaves more like 
an open or a short (since typically opens and shorts are used as the reflect standard). The offset length is used 
to dynamically move the reference planes around so the algorithm will know what the reflect looks like at any 
given frequency.



6-3 LRL/LRM Calibration Step-by-Step Example LRL/LRM Calibration

6-8 PN: 10410-00753 Rev: V MS4652xB ShockLine MG

6-3 LRL/LRM Calibration Step-by-Step Example
The following example presumes an MS46524B ShockLine VNA on a coaxial setup. On-wafer scenarios can be 
accommodated by modifying the entries in Step 4 below. It is assumed that a mating reference plane pair can 
be created (either MF in coax or zero length-thru compatible). In this example, a full 2-Port LRM calibration is 
performed, although a number of other options are discussed along the way. The implications of these options 
are further explained in the calibration overview section. 

Figure 6-5. Calibration Menu Set for LRL/LRM Coaxial (1 of 2)

1 2 3

4

6

5

7



LRL/LRM Calibration 6-3 LRL/LRM Calibration Step-by-Step Example

MS4652xB ShockLine MG PN: 10410-00753 Rev: V 6-9

Procedure

The same menu structure appears for Tab A and Tab B. Figure 6-6

1. Setup the desired frequency range (FREQUENCY menu), power (POWER menu) and IFBW/averaging 
(AVERAGING menu). As a default, the IFBW will be 1 kHz and the averaging will be off which is 
adequate for many applications. The default power level will vary depending on instrument model and 
options but will often be adequate for all passive and many active device measurements

2. Navigate to the TWO PORT CAL menu.

• MAIN | Calibration | CALIBRATION | Calibrate | CALIBRATE | Manual Cal | MANUAL CAL | 2 -Port Cal 
| TWO PORT CAL

3. Select Modify Cal Setup and on the CAL SETUP menu, select a Cal Method of LRL/LRM and a line type of 
Coaxial.

4. Select Edit Cal Params to open the TWO PORT CAL SETUP (LRL/LRM, COAXIAL) calibration components 
dialog box.

1. CALIBRATION menu

2. CALIBRATE menu

3. MANUAL CAL menu

4. TWO PORT CAL menu

5. CAL SETUP menu

6. CAL METHOD menu

7. LINE TYPE

Note
If a previous cal exists, the Thru Update button will be active. See for more information“Through 
(Thru) Update” on page 9-1.

Figure 6-6. Calibration Setup Dialog - TWO PORT CAL SETUP (LRL/LRM, COAXIAL) Dialog Box

Figure 6-5. Calibration Menu Set for LRL/LRM Coaxial (2 of 2)
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5. On the TWO PORT CAL SETUP (LRL/LRM, COAXIAL) dialog box, set the following:

a. The Reference Impedance establishes the impedance for the load definition, reference plane 
changes and Smith chart plotting. The default is 50 ohms.

b. Select Ends Of Line 1 as the Reference Plane Location. Since this example uses a zero length line, 
the choice makes no difference.

c. For Number of Bands, select 1. For an LRL calibration, instead of LRM as in this example, the 
bandwidth of the calibration will be limited by the difference in lengths between the lines. Two 
bands can be used (with 3 or 4 lines) to cover a larger bandwidth.

d. For this example, set Band 1 Device 1 to Line with a Line Length of 0 and Line Loss of 0 dB/mm. The 
reference frequency for the loss can be entered as 0. In general, this forces no loss scaling with 
frequency and the line loss value entered will be used at all frequencies.

e. Set Band 1 Device 2 to Match since we are performing an LRM calibration. A specific match (or 
load) model may be entered under Match Info, but this example uses the default of 50 ohms.

f. For the Type of Reflection select Use Short-like Component. This implies the impedance is usually 
less than the reference impedance but it need not be precise. This information is used to help in 
root selection. Enter the Short-like Offset Length in the Reflection Component section at the bottom 
of the dialog box. 

g. Click OK to accept the entries and close the dialog box. Select Back at the bottom of the Cal Setup 
menu to return to the previous level TWO PORT CAL menu.

6. The menu-by-menu procedure is shown in the figure below.

Figure 6-7. Two Port LRL/LRM Coaxial Calibration Procedure Menus (1 of 2)

1 2

3
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65
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7. On the TWO PORT CAL menu (above in Figure 6-7 – #1), select the Port 1-2 Reflective Devices button and 
its linked REFLECTIVE menu (Figure 6-7 – #2). In this example, the short-like reflective device must be 
measured at both ports. After the device is connected to a given port, click the corresponding button (a 
check mark will then appear after the measurement). Click on Back when done with this step to return 
to the TWO PORT CAL menu.

8. Connect the reference planes together to form the 0 (zero) length line. Select Port 1-2 Lines/Matches and 
on the LINES/MATCHES menu (Figure 6-7 – #3), click on Device 1 Line (0m). Sequentially connect the 
load (or loads if two models were entered for two physically separate loads) and click the corresponding 
buttons. For this example, repeat for Device 2 Match at Port 1 and then Device 2 Match at Port 2. As 
before, check marks will appear when a given step is completed. Click BACK when completed and then 
DONE.

9. An optional isolation step using the Isolation (Optional) button and the linked ISOLATIONS menu (above 
Figure 6-7 – #4) is available but is generally not recommended. If desired, terminate Port 1 and the end 
of the cable attached to Port 2 before clicking on the Isolation 1-2 button.

10. When all procedures are complete (at Figure 6-7 – #5), the Done button on the TWO PORT CAL menu is 
available. Click on Done. The focus returns to the CALIBRATION menu (at Figure 6-7 – #6) where the Cal 
Status button is set to ON.

1. The TWO PORT CAL menu with link/completion 
buttons for Port 1-2 Reflective Devices, Port 1-2 
Lines/Matches, and Isolation (Optional). 

2. REFLECTIVE Port 1-2 Menu

3. LINES/MATCHES Menu

4. Optional ISOLATION Port 1-2 Menu

5. TWO PORT CAL menu after all calibration 
procedures successfully completed. Note Done 
button is available.

6. CALIBRATION Menu with Cal Status set to ON.

Figure 6-7. Two Port LRL/LRM Coaxial Calibration Procedure Menus (2 of 2)
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6-4 Hints and Suggestions
Since there are a number of choices involved in setting up the LRL/LRM family of calibrations, some additional 
hints and points of emphasis may be of assistance:

• Reflect offset lengths are referenced to the ends of Line 1. These lengths are all air-equivalent lengths. 
The line length entries for the transmission lines are also air-equivalent. If the lengths are known in 
terms of time delay, the air-equivalent length is given by:

time delay (seconds) x 2.9978 x 108 (m/s)

• The frequency breakpoint for 2-band calibrations is calculated from the geometric mean of the 
theoretical upper limit of the low band and the theoretical lower limit of the upper band. The former is 
calculated based on the 160 degree delta frequency and the latter is calculated from the 10 degree delta 
frequency. This decision is somewhat arbitrary and is heavily dependent on the materials involved and 
uncertainties required. With relatively lossy lines, one can approach the limits more closely than with 
low-loss lines. The impact is also dependent on transmission line quality. If both lines have an 
impedance of, for example, 50.1 ohms and one measured a theoretical –80 dB termination, the result 
would be predictable limited by the line impedance imperfection to about –61 dB at all frequencies. If 
instead, one line was 50.1 ohms and one was 50.2 ohms, then one gets progressively more effect near the 
theoretical edge frequencies as shown in the figure below.

• When doing two band TRL/LRL calibrations, the orientation of the lines between bands can sometimes 
be confusing. The larger line delta should always be in band 1 (the lower frequency section).

• The TRL family of calibrations is more sensitive to asymmetries in standards (for example: different 
reflects on the two ports, lines of different impedance) than to problems in the standards themselves. 
When creating a custom calibration kit, this can be an important point. As an example, the effect on the 
measurement of a mismatched delay line is shown in Figure 6-9 when there was a global 10 % 
impedance error on the LRL calibration lines and when the error was on only one line.

Figure 6-8. The effect of line impedance problems gets magnified as the line length delta approaches the 
theoretical band edges (the result for a high RL termination measurement when calibrated with 
unequal line impedances is shown here). This should be considered when deciding on the 2-band 
breakpoint frequency.
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Figure 6-9. TRL/LRL is more sensitive to differences between the line impedances than to the absolute line 
impedance (although problems on that will shift the reference impedance of the calibration).



6-4 Hints and Suggestions LRL/LRM Calibration

6-14 PN: 10410-00753 Rev: V MS4652xB ShockLine MG



MS4652xB ShockLine MG PN: 10410-00753 Rev: V 7-1

Chapter 7 — Receiver Calibrations

7-1 Receiver Calibration Overview
The purpose of this section is to show how receiver calibrations can be set up, and how some of the additional 
receiver calibration utilities can be used.

Unlike conventional VNA RF calibrations (like SOLT, LRL/LRM, and others) that are used to calibrate the 
VNA for S-parameter measurements, the receiver calibration is more of an absolute power calibration to help 
with measurements such as:

• Mixer conversion loss (in the simpler scalar cases)

• Other times when the VNA is just used as a channelized receiver

7-2 Receiver Calibration Concepts
The concept of the receiver cal is to take a known source power at some source reference plane and transfer 
that knowledge to the receiver at a desired receiver reference plane. If it is convenient to use the test port as 
the source reference place, the built-in factory ALC calibration can be used to establish the power knowledge. If 
this is not convenient (because of frequency translation or some other network is required, or greater accuracy 
is needed), then a power calibration can be performed with the help of a GPIB-controlled power meter or USB 
power sensor to better establish that power knowledge. Power calibrations are covered in more detail in the 
Sweep Types portion of this Measurement Guide and in the Operation Manual.

In all of these discussions, power refers to signal amplitude at the fundamental frequency. Since the receivers 
are all tuned, they are not measuring full integrated power as in a power meter. This can be important as will 
be discussed in the Uncertainties section.

The receiver calibration menu system begins under the Power menu (since it is associated with power 
reference planes rather than S-parameter calibration). The Receiver Setup menu for the MS46522B is shown 
in Figure 7-1 on page 7-2. The Receiver Setup menu for the MS46524B is shown in Figure 7-2 on page 7-3.
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There are four different receiver calibrations possible (since there are four receivers in the MS46522B) and 
they can be activated at the top of this menu. A menu item will be active only if that calibration exists. The 
calibrations can be saved and recalled from this menu. Calibrations can also be saved and recalled as part of 
the global setup save using the commands located under the File menu.

1. RECEIVER SETUP menu
MAIN | Power | POWER | Receiver Cal | 
RECEIVER SETUP 

2. RECEIVER CAL (CALIBRATION) menu

3. SAVE RCVR. CAL dialog box

4. RECALL RCVR. CAL dialog box

5. RCVR UTILITIES menu

6. VIEW RCVR CAL dialog box

Figure 7-1. MS46522B RECEIVER SETUP Menu
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There are eight different power calibrations on the MS46524B, since there are eight different receivers. The 
menus operate similarly to the 2-port MS46522B menus shown above. 

1. RECEIVER SETUP menu
MAIN | Power | POWER | Receiver Cal | 
RECEIVER SETUP 

2. RECEIVER CAL (CALIBRATION) menu

3. SAVE RCVR. CAL dialog box

4. RECALL RCVR. CAL dialog box

5. RCVR UTILITIES menu

6. VIEW RCVR CAL dialog box

Figure 7-2. MS46524B RECEIVER SETUP Menu
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7-3 Setting Up Receiver Calibrations
To get started, it will help to take a closer look at the architecture of the MS4652xB ShockLine as suggested by 
Figure 7-3.

As this is a 2-Port VNA, there are four unique receivers that are performing the measurements: a reference 
receiver associated with each port (a1 and a2) and a test receiver associated with each port (b1 and b2). An 
absolute power calibration, which is the receiver calibration, can be associated with each of these receivers.

The receiver calibration will establish an absolute power reference but how the calibration is setup will 
establish where the reference is being established.

1. To sources.

2. TP1 – Test Port 1

3. P1b1 – Reference Receiver Port a1

4. P1a1 – Test Receiver Port b1

5. TP2 – Test Port 2

6. P2b2 – Reference Receiver Port a2

7. P2a2 – Test Receiver Port b2

Figure 7-3. Simplified Block Diagram of the MS4652xB ShockLines

P2a2

P1b1

P1a1

P2 b2

TP 2TP1

ShockLine Series VNA

To source1 (Port 1) and source 2 (Port 2)1

2

3

4

5
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Consider the two cases shown in Figure 7-4. The use of two different receiver reference planes is shown. Where 
the known source power reference plane is connected for the receiver calibration establishes where that power 
knowledge is transferred to. 

In all of the cases, the source reference plane (where the power is accurately known) is at the end of the dashed 
cable. This will be connected in different places in the two cases, thus establishing the receiver reference plane 
in two different places. In this case, the absolute power reference has been transferred to:

• Case 1

To Port 2

• Case 2

To the input of a network connected to Port 2 (could be a pad, a cable assembly, a switch matrix)

All of these may be valid receiver reference planes depending on where one wants to connect the DUT (and, 
more precisely, where one wants to measure power).

Case 1 – Port 2 Direct

1. Case 1 – Connect to Port 2

2. Test Port 1

3. Test Port 2

4. Test Cable

5. Source Reference Plane

Case 2 – Network Connected to Port 2

6. Case 2 – Connect to Network Connected to Port 2

7. Network attached to Port 2

Figure 7-4. Three Different Receiver Reference Planes

TP 2TP1

TP 2TP1

ShockLine Series VNA

ShockLine Series VNA

1 2 3

4
5

6

7

Case 1 - Connect to Port 2

Case 2 - Connect to Network on Port 2

Source Reference Plane

Source Reference Plane

Network
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The source reference plane is any plane where one accurately knows the signal level. The factory ALC 
calibration establishes that knowledge at the test ports with moderate accuracy (on the scale of 1 dB). It may 
be that greater accuracy is needed or it may be that this plane is inconvenient:

• Cable

A cable is needed to reach the receiver reference plane and it is not desired that this cable loss be 
neglected

• Preamplifier

A preamplifier is needed before the DUT and it is desired that this power level form the reference (if, for 
example, the receive-side network has very large loss and one wants a better signal-to-noise ratio for the 
receiver cal)

• Other

Other reasons

For these cases, a power calibration using controlled power can be performed at the desired source reference 
plane prior to performing the receiver calibration. Over reasonable periods of time, the power calibration 
accuracy can be on the order of 0.1 dB. Aspects of the power calibrations are discussed in the Sweep Types 
section of the Measurement Guide and in the Operations Manual.

A key point in establishing the source reference plane is that the receiver calibration needs to be informed of 
what that power level is. This is done through the power menu. The value entered there is used as the power 
reference. When using the factory ALC calibration at the port, this link is obvious. When using a power cal at 
some other reference plane, the power entry field on the power menu is also now linked to that reference plane. 
Thus in both cases, the correct power value is transferred to the receiver cal.
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Now that the setup is physically ready, the execution of the receiver calibration is performed from the menu in 
Figure 7-5. 

The first two menu items describe which receiver is being calibrated and the third describes the driving port 
and, hence, the source reference plane. Once the source and receiver reference planes are connected, the Begin 
Cal button can be selected. The note indicates that a thru line should be connected between ports but what is 
really meant is that the source and receiver reference planes should be connected together.

During the calibration, different parameters will be displayed as the system collects the appropriate receiver 
data. Once complete, the calibration will be activated as shown in the Figure 7-1 menu.

Figure 7-5. RECEIVER CAL (CALIBRATION) Menu
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7-4 Receiver Calibration Utilities
The RCVR UTILITIES (Receiver Utilities) menu is shown in Figure 7-6.

The View Receiver Table button displays the calibration values. This is sometimes valuable as a 
troubleshooting aid or to gain some more insight into the signal levels in a particular setup. An example 
Receiver Calibration Table is shown in Figure 7-7. In this example, the table refers to the port 2 test 
calibration (b2).

The receiver calibration is indexed to frequency at the receiver so two vectors of data are key (first two 
columns). The power level used in the calibration is also shown in the third column as a reference.

Figure 7-6. RCVR (RECEIVER) UTILITIES Menu

Figure 7-7. VIEW RCVR CAL (RECEIVER CALIBRATION) Dialog Box – Typical Receiver Calibration Table
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The frequency index vector brings up an important point when using receiver calibrations with multiple source 
mode and certain other frequency conversion modes. It is important that the frequency index match the 
frequencies present at the receiver reference plane so that the computations can be performed correctly. 
Consider the setup shown in Figure 7-8 that uses multiple source control (see separate section in this 
measurement guide and multiple source application notes for more information). 

The DUT in this case is up converting (for example, to mm-Wave frequencies) and a down converter is used to 
bring the DUT output back to within range of the MS4652xB ShockLine VNA. To measure the DUT output 
power, the receiver reference plane must be in the mm-Wave zone and the frequency list should be referenced 
here. The receiver source equation in multiple source mode can be used to help here.

The proper indexing can be established using the Receiver Source equation in the multiple source table 
(Figure 7-9).

• MAIN | Application | APPLICATION | Multiple Source Setup | MULTIPLE SOURCE
 

1. Test Port 1

2. Test Port 2

3. Upconverting DUT

4. LO (Local Oscillator)

5. Receiver Reference Plane

Figure 7-8. Example of a Frequency-Translated Receiver Reference Plane

Figure 7-9. Receiver Source Equation From Multiple Source Mode

TP 2TP1
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The purpose of this equation is to provide the proper frequency index for the receiver calibration. See the 
multiple source section for more details

A final utility controls the interaction between the receiver calibration and ratioed S-parameters. Typically, 
the receiver calibration pertains to non-ratioed measurements so the correction is not applied to the 
non-ratioed variables prior to forming the S-parameter ratios. This is done to avoid the confusion of the 
receiver calibrations interacting with the regular S-parameter calibrations (SOLT, LRL/LRM). The application 
of the receiver cal is, by default, off for ratios. If desired, the application of the receiver cal to the S-parameter 
ratios can be turned on (to allow off-line ratio comparison for example) but performing a receiver calibration 
after an S-parameter calibration will invalidate the S-parameter calibration (as well as trace memory 
comparisons and other measurements).

7-5 Receiver Calibration Uncertainties
The uncertainty in a receiver calibration is important since it forms a bound on possible uncertainty in many of 
the measurements listed in the introduction. Since there are many possible setups, we cannot provide a 
blanket result but can show how this uncertainty can be computed.

Source Side

• Power calibration accuracy (assuming it is used): set by the power meter/sensor and mismatch between 
the power sensor and the source reference plane.

Receiver Side

• Mismatch between source reference plane and receiver reference plane

• Linearity of the receiver

• Trace noise of the receiver
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Chapter 8 — Adapter Removal Calibrations 
and Network Extraction

8-1 Introduction
This chapter describes various methods for handling cases of non-insertable DUTs. In some coaxial cases, this 
can be handled with a special class of adapter removal calibrations. More generally, de-embedding can be used 
to remove the effects of fixtures or adapters required to execute the measurement. The de-embedding process 
itself will be covered in a later chapter but the means of evaluating the network to be de-embedded will be 
addressed here. 

While it is usually desired to perform a 2-port calibration with mating connectors of the same type, this is 
sometimes not possible based on the connectors of the device to be tested. Examples of this include:

• The DUT has one N port and one GPC-3.5 port

• The DUT has two female SMA ports and it is not desired to use a non-zero length thru

• The DUT has one fixtured port and one SMA port

• The DUT has one waveguide port and one coaxial port

What these examples share is that completing the through line between the effective test ports requires some 
kind of adapter or fixture. Since the adapter has some phase length, loss, and mismatch, its effects should be 
removed for a high-quality calibration. Adapter removal is a utility to characterize this adapter and remove its 
effects from a calibration.

In the more general case of de-embedding, a means of determining the network to be de-embedded must be 
available. Techniques similar to adapter removal, that is a measurement using one or more calibrations, can be 
used to extract these parameters. As such network extraction can be viewed as a generalization of adapter 
removal.
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8-2  Two Related Sets of Reference Planes
The concept of the adapter removal relies on the existence of two related sets of reference planes with one set 
on either side of the adapter (see Figure 8-1). Assuming one can perform a full calibration at each set of 
reference planes, there is enough information to extract the behavior of the adapter itself. When the calibration 
is being performed at the reference planes on the left (between Ports 1 and 2’), the adapter behavior is 
embedded in the characteristics of Port 2’. 

Similarly, when the calibration is being performed between Ports 1’ and 2, the adapter behavior is embedded in 
that of Port 1’. Since each of these two calibrations involve mating connector types, these are far easier to 
perform than the direct 1-2 calibration. It will not be shown here, but the use of the two calibrations provide 
nearly enough information to extract the parameters of the adapter itself. Figure 8-1 shows the structure of the 
adapter removal calibration. Two calibrations are performed at the two sets of reference planes shown 
(between Ports 1 and 2’, and between 1’ and 2), which allows a determination of the adapter behavior. After the 
adapter removal, the resulting calibration will be between Ports 1 and 2.

Caveats and Limitations

There are two caveats to this procedure. 

First, only the S12S21 products of the adapter can be determined from this procedure, not the two transmission 
terms individually. However, since only the product is needed to de-embed the adapter effects, this is not much 
of a problem. Most adapters are passive and reciprocal anyway, so the individual terms could be determined if 
necessary.

Second, there is a complex square root operation involved, so a root determination is necessary. To help this, 
the user must enter a guess as to the electrical length of the adapter (in ps of delay). The guess need not be very 
accurate, just within the correct half plane. At 2 GHz, this means the error in delay entry should be less than 
125 ps to ensure the correct root is selected. 

In general the error must be less than  where f is the highest frequency being used.

1. Test Port 1

2. Test Port 2

3. Port 1 Test Cable 

4. Port 2 Test Cable

5. Original Reference Plane 2’, when adapter is 
connected to Port 2 Test Cable

6. Original Reference Plane 1’, when adapter is 
connected to Port 1 Test Cable

7. Adapter to be calibrated

Figure 8-1. Adapter Removal Block Diagram
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One can enter 0 for the length estimate to force the software to do length estimation internally. This 
calculation is based on the phase change between frequency points towards the lower end of the sweep range. A 
linear fit to the phase function is performed and the slope is used to estimate the electrical length as suggested 
by Figure 8-2. This procedure is quite accurate unless the frequency step size is large relative to the phase 
change in the measurement. Thus, if the setup uses very long cables, it may help to increase the number of 
frequency points or at least look at a raw S21 phase display (no calibration applied with something of modest 
insertion loss connected) and see how often the phase wraps.

Figure 8-2. By entering 0 as the length estimate, the software calculates a length estimate for you. If the 
frequency step size is large relative to the electrical length of the setup, this may not be advisable.
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In the first part of Figure 8-3, one can see how the first frequency step size would be adequate for this setup. 
The phase change between points is well below 180 degrees so linear fitting will not run into aliasing problems. 
In the second setup (second page), the phase change between points is nearly 360 degrees so one may start to 
run into aliasing issues with the 0-entry-length-estimation. For this case, the point count should be increased 
at least somewhat or a manual length entry can still be used in Adapter Removal.  

Figure 8-3. Uncalibrated phase plots from an example setup are shown here for two different step sizes. In the 
second case, the automatic length estimation may run into aliasing problems if much more length is 
added. (1 of 2)
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Figure 8-3. Uncalibrated phase plots from an example setup are shown here for two different step sizes. In the 
second case, the automatic length estimation may run into aliasing problems if much more length is 
added. (2 of 2)
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8-3  Performing an Adapter Removal
Two full 2-port calibrations must be performed and those calibrations (plus front panel setups) must be stored 
to the current directory on a USB memory device or hard disk. The setups for the two calibrations should be 
the same in terms of frequency range and number of points. Upon entering the adapter removal utility, an 
estimate for the electrical length of the adapter must be entered as well as the location of the two calibrations. 
Once this is done, the utility will generate and apply a new calibration by removing the adapter effects. The 
menu and help screen for this procedure are shown in Figure 8-4. 

Note
ONLY AVAILABLE FOR 2-PORT. For 4-port Adapter Removal, use network extraction for the .snp 
file of the adapter, and use de-embedding to de-embed it from the calibration.

Figure 8-4. MANUAL ADAPTER REMOVAL Dialog Box—2-Port VNAs
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Example Adapter Removal

The following example should help illustrate the use of the adapter removal utility. An adapter was 
constructed with about 3 dB of loss and 180 degrees of phase shift at 3 GHz. This leads to an estimate of the 
delay length of:

Since the loss of this adapter is substantial, one could not simply use reference plane extensions to remove the 
phase shift and hope for an accurate result.

The two calibrations described earlier were performed and stored to the hard disk and the adapter removal 
was executed. A through was then connected without the adapter in place. Normally this would not be possible 
(since the whole reason for using the adapter removal was for situations when a thru would be difficult), but 
this example adapter was constructed just to show that the algorithm functions correctly. The results are 
shown in Figure 8-5.

Equation 8-1

f

Figure 8-5. VNA Trace Display with Result of Adapter Removal
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The through without the adapter was connected after executing the adapter removal utility and the 
near-perfect through values for S21 show that the algorithm successfully removed the adapter from the 
calibration. As expected, the thru without the adapter shows nearly zero insertion loss and phase shift, and a 
very good match. Any residuals are largely due to cable flex. Had this connection been made with one of the 
initial two calibrations applied, S21 would have shown about 3 dB of gain since the adapter had been built into 
each calibration.

8-4 Network Extraction 2-Port
De-embedding is covered in detail in Chapter 10, “Calibration and Measurement Enhancements” but since the 
generation of files for some de-embedding exercises is so closely tied to adapter removal; it will be briefly 
discussed now. De-embedding is the removal of the effects of a network from a set of data. This network could 
represent an adapter or fixture among other things. To perform the de-embedding, the parameters of this 
network must be known. While there are many methods of deriving these parameters (including simulation), 
measurement in some way is often preferred. Because of the complex and incompatible media that may be 
involved, techniques using multiple calibrations (in different connectors or different media) or techniques 
using a pair of adapters/fixtures back-to-back are sometimes employed.

For the VNA without Option 24, there are four types of 2-port network extraction techniques available, as 
shown in the NETWORK EXTRACTION dialog box shown in Figure 8-6.

For the VNA when Option 24, Universal Fixture Extraction, is enabled, there are six types of 2-port network 
extraction techniques available, as shown in the NETWORK EXTRACTION dialog shown in Figure 8-7.

Figure 8-6. MS4652xB NETWORK EXTRACTION Dialog Box—Extract 2-Port Networks (Option 24 Disabled)
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Type A—Two Full 2-Port Cals

Two full 2-port calibrations are performed; one each with the adapter/fixture attached to one port then the 
other. A single S2P file describing the adapter/fixture is generated. This is directly the method of adapter 
removal except the parameter file is generated explicitly rather than the calibration being directly modified. 
Refer to “Network Extraction: Type A”

Type B—Two Tier Calibration With Full Standards

A two tier calibration, sometimes called 1-port de-embedding or the Bauer-Penfield technique. Here a one port 
cal is performed, and then additional standards are measured with the adapter/fixture in place. A thru 
connection is not required, which can be convenient in many cases, and a single .s2p file is generated. In the 
full standards case (an entire second calibration is required at the end of the adapter/fixture), the calculation is 
similar to Type A, except the outer match is handled differently. Refer to “Network Extraction: Type B”.

Type B—Two Tier Calibration With Flex Standards

Algorithmically, this is similar to the full standards case, but a different, or incomplete, calibration may be 
performed at the fixture output plane. Additional assumptions are made as the standards count dropped 
(e.g., with one standard, fixture match is neglected). Refer to “Type B Network Extraction—Flex Standards 
(with Option 24)”

Type C—Inner and Outer Cal

This is the network extraction method available in earlier generations of Anritsu VNAs where full 2 port 
calibrations are performed at the outer plane (often coaxial or waveguide) and at the inner plane (often a 
fixtured environment). Two S2P files are generated in this case. Refer to “Network Extraction: Type C”

Type D—Outer Cals Using the Divide-By-Two Method

This simplified method is used when standards at the inner plane are difficult to create (as in a complicated 
fixture structure). Two adapter/fixture “halves” are connected back-to-back and the combination measured 
using a single outer cal. Assuming the interconnect between the two halves is well-matched and the two halves 
are identical, S-parameters can be extracted. The match at the inner plane is assumed good (since no other 
information is available) so this technique is best used when the overall adapter/fixture return loss is quite 
high. Two S2P files are generated. Refer to Refer to “Network Extraction: Type D”.

Figure 8-7. MS4652xB NETWORK EXTRACTION Dialog Box—Extract 2-Port Networks (Option 24 Enabled) 
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Type D—Phase Localized

A variation of type D makes use of knowledge of fixture length (through user entry or model fitting) to better 
localize mismatch and enable a more accurate extraction if the fixture is electrically long enough. Refer to 
“Type D Network Extraction—Phase Localized (with Option 24)”.

8-5 Network Extraction 4-Port
There are additional network extraction techniques available to help find the networks for multiport 
de-embedding problems. The new techniques are labeled Types E, F, and G which apply for 4-port calibrations. 
The original types (Types A to D) apply for 1- and 2-port configurations as before.

Type E Network Extraction

Uses a pair of full 4-port calibrations to fully extract four S2P files describing the arms of the adapter/fixture 
assembly. This is a complete solution but assumes the arms of the assembly are not coupled together. This is a 
4-port extension of Type C. Refer to “Network Extraction: Type E”.

Type F Network Extraction

This is a 4-port back-to-back method where four S2P files are extracted and the four arms of the 
adapter/fixture assembly are assumed uncoupled. As with Type D (the 2-port equivalent), match is assigned to 
the outer planes. Port 2 of the .s2p files is assigned to the port nearer the DUT as is consistent with the 
de-embedding system operation. Refer to “Network Extraction: Type F”.

Type G Network Extraction

This is a 4-port back-to-back method where two S4P files are generated and the sides are assumed coupled (in 
a half-leaky sense). Measured cross-coupling is assigned to the outer planes. Port assignments on type G can be 
complex and the examples in the text should be noted. Refer to “Network Extraction: Type G”.

Note
For multiport systems, In Chapter 16, “Multiport Measurements” in the section titled “Network 
Extraction”, extraction types E, F, and G are discussed.

Figure 8-8. MS46524B NETWORK EXTRACTION Dialog Box—4-Port VNAs—Extract 4-Port Networks
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8-6  Network Extraction: Type A
As discussed above, the type A extraction uses exactly the same procedure and algorithm as adapter removal. 
Instead of directly modifying the calibration to remove the effects of the adapter/fixture, however, the 
S-parameters of the adapter/fixture are exported to an S2P file for later de-embedding or other uses. The 
reference plane diagram is repeated in Figure 8-9 for convenience. Two full 2-port calibrations are required, 
one with the adapter on Port 1 (so the cal is between 1’ and 2) and one with the adapted on Port 2 (so the cal is 
between 1 and 2’).

The calibrations are performed and then the setups saved typically as an active channel CHX file type. The 
extraction dialog is shown in Figure 8-10 where these files are retrieved to perform the process. After “Perform 
Extraction” is selected, a new dialog will appear asking for the file name where the S2P data should be saved.

As with adapter removal, a few caveats apply

• The two calibration files must have the same frequency lists (i.e., same frequency range and same 
number of points). 

• The cal algorithms and media types may be different but they must both be full 2-port cals

• The adapter is assumed to be reciprocal (S12 = S21).

1. Test Port 1

2. Test Port 2

3. Port 1 Test Cable 

4. Port 2 Test Cable

5. Original Reference Plane 2’, when adapter is 
connected to Port 2 Test Cable

6. Original Reference Plane 1’, when adapter is 
connected to Port 1 Test Cable

7. Adapter to be calibrated

Figure 8-9. Adapter Removal Block Diagram
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Figure 8-10. NETWORK EXTRACTION Dialog Box—Extract One 2-Port Network—Type A—2-Port VNAs

MS46522B MS46524B
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8-7  Network Extraction: Type B
The Type B extraction is a simplification of Type A in that it only requires a pair of one port cals. This can be 
useful if a thru connect is difficult because of adapter/fixture configuration issues. 

The two versions are:

Full Standards: Requires three reflect standards (a full one-port calibration) at the far end of the fixture arm. 
This completely solves the reciprocal error box describing the fixture but does require three known standards. 

Flex Standards: This allows 1, 2 or 3 reflection standards to be used at the far end of the fixture arm for cases 
when a variety of different standards may be available. The three-standard case is simply a generalization of 
the ‘full calibration’ case where a variety of different standards can be easily tried if independent (e.g., 2 offset 
opens and a load, 2 offset shorts and an offset open, etc.). The one and two standards cases make assumptions 
about the fixture (partial information techniques) for cases when few known standards are available. An 
additional option will be required (Option 24) for this choice to be available.

Type B Network Extraction—Full Standards

This particular algorithm has a long history and is covered in the literature extensively (for example, R. Bauer 
and P. Penfield, “De-embedding and unterminating,” IEEE Trans. Micr. Theory Tech., vol. 22, pp.282-288, 
Mar. 1974.). As suggested by Figure 8-11, a cal is performed at Plane 1 (often a coaxial or waveguide cal) and a 
second cal is performed at Plane 2 (could also be coaxial or waveguide in the case of an adapter or could be 
more complicated in the case of a fixture).

1. Test Port 1

2. Port 1 Test Cable 

3. Original Reference Plane for Port 1

4. Second Reference Plane at end of Adapter DUT

5. Adapter DUT

Figure 8-11. Network Extraction Type B Reference Planes
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As before, the cals are performed and the setups saved, typically as an active channel CHX file type. The cal 
files are retrieved using the dialog shown in Figure 8-12.

After Perform Network Extraction is selected, another dialog appears asking for the file name where the 
resulting S2P data should be saved. Different cal algorithms and media types may be selected but at least 
Cal B must be 1-port only. Cal A can be a full 2-port cal or a double 1-port cal (this way it is known how to 
compute the extraction). As with Type A, the adapter/fixture is assumed to be reciprocal and the frequency lists 
must be the same.

The results obtained with Type B may be somewhat different from those obtained with Type A since the 
algorithms are not the same. The main differences will be with respect to outboard match (at Plane 2 in 
Figure 8-12). In Type A, this match is determined with a full reflectometer solve while in Type B, it is 
determined with a source-match like extraction on the error X of the second cal. As a result, the Type B 
extraction of this match will be somewhat more sensitive to cal quality than will Type A (particularly with 
regard to the source match-determining cal components: O and S in OSL or the two shorts in SSL). The 
trade-off is simplicity and, in some cases, practicality.

Figure 8-12. NETWORK EXTRACTION Dialog Box—Extract One 2-Port Network—Type B

MS46522B MS46524B
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Type B Network Extraction—Flex Standards (with Option 24)

There are a number of cases where it is not practical to perform a conventional one-port calibration at the far 
end of the fixture arm. An unusual set of three standards may be all that is available or only one or two 
reasonably-well-known standards exist. The ‘flex standards’ variant handles these cases. As with ‘full 
standards’ the user will select the port in question, an estimate of the length of the arm (and use 0 for an 
automatic estimate) and where to save the .s2p file for the fixture arm. Also as in the ‘full standards’ case, the 
fixture will be assumed to be reciprocal but not necessarily symmetric. In this variant, the user must also 
select the number of standards as shown in Figure 8-13. 

When using one standard, only the insertion loss and phase of the fixture arm will be solved for and the match 
will be assumed to be perfect. If the fixture is well-matched anyway (e.g. the return loss is >15 dB and no deep 
return loss DUTs need to be measured), this can be a good choice. If only one defined standard is available (e.g., 
only an open-ended fixture is available), this may be the only choice. Obviously there will be some added 
uncertainty as fixture mismatch increases. Almost always a high-reflect standard (e.g., open or short) is used 
for this method.

Figure 8-13. NETWORK EXTRACTION Dialog Box—Extract One 2-Port Network—Type B—Flex Standards 
Variant 
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When using two standards, the mismatch of the fixture arm is assumed to be symmetric but not perfect. If the 
fixture loss is low, this can be a reasonable approach and is particularly popular in on-wafer applications (also 
termed an open-short de-embedding method). Most commonly, two high reflect standards are used for this 
method but a higher return loss device can be substituted to tilt the uncertainty picture more in favor of low 
reflection DUTs.

The three standards case is very similar to the ‘full standards’ variant but allows additional flexibility on what 
those standards are. Examples could include multiple offset open standards used with shorts or loads, a 
variety of .s1p defined standards, etc.

Four types of standards are available:

Open: Defined only by an offset length relative to the desired reference plane. Loss of the open is not included.

Short: Defined only by an offset length relative to the desired reference plane. Loss of the short is not included.

Load: Defined by a resistance, an inductance and an offset length relative to the desired reference plane. The 
resistance and inductance are in series as shown in Figure 8-14. 

.s1p-Defined: Defined by an S-parameter file for the standard supplied by the user. The values will be 
interpolated to match the current frequency list. If the file frequency list and the current list are incompatible 
(too small an amount of overlap), an error will be generated. 

Considerable flexibility is given to the user on selecting the standards to employ but not all combinations will 
work. On 2 and 3 standards cases, the selections must produce different reflection coefficients at every 
frequency in the sweep range or singularities will occur. Checking is only done by the system to see if two 
identical standards are entered but even different entries can produce the same reflection coefficient. An 
example is a 2 standard, short open case where the short and open have different offset lengths. If, for example, 
the short offset length is 1mm and the open offset length is 2mm, the two standards produce the same 
reflection coefficient at 75 GHz. For lower frequency sweeps, this combination will work. The multiple offset 
short (or open) case also follows these rules as is evident from earlier chapters in this guide on SSST and SSLT 
calibrations. 

The use of the load standard raises somewhat more complicated issues and is often only used in the 
3-standards case. In the one standard case, it will raise uncertainties in the fixture insertion loss estimate if 
the load reflection coefficient is even close to as small as the mismatch of the fixture. In the two-standard case, 
similar issues happen except both the fixture match and insertion loss extractions can be imperiled. If the 
fixture is well-matched, the use of a load standard can improve the extraction of that mismatch.

.s1p files cover the gamut of the above possibilities but concept of independence still holds. The reflection 
coefficients of the various standards (in a complex sense) should be as far apart as possible for maximum 
accuracy. 

Figure 8-14. Flex Standards Load Model

InductanceOffset Length
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The 'Classical open-short' selection is a special case of the 2-standards scenario where a zero offset open and 
short are used and the fixture arm is assumed to be electrically short. This assumption, most often used in 
on-wafer de-embedding scenarios, enables more detailed match information about the fixture/lead-in to be 
determined at the expense of generality.

In the space of this chapter, it would be difficult to cover the sensitivities for all possible combinations of fixture 
parameters and standards. We can, however, offer some examples that might illustrate some of the trends.

Consider the one standard case first where the fixture has 25 dB return loss (flat with frequency) and has 5 dB 
of insertion loss at 40 GHz (going to 0 dB at DC with a square-root-of-f dependence). In the first experiment, an 
open will be used and a Monte Carlo simulation run where the reflection coefficient magnitude (which should 
be 1) is allowed to vary +/-5% and the phase is allowed to vary +/- 10 degrees. The errors on extraction look like 
that shown in Figure 8-15. The width of the apparent trace gives the sensitivity to the standard changes, which 
is quite slight. The macroscopic curve is the error for ignoring the fixture match (by using 1 standard only). 
Clearly the standard sensitivity is not a huge problem. Since the loss of the fixture gets closer to the mismatch 
at higher frequencies, the error increases.  

Figure 8-15. Error On Fixture Extraction (1 Standard, Open)
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Now consider the case where the standard is a 20 dB return loss device and we run the same simulation. The 
standards sensitivity has increased in this case (width of the composite trace) although the scaling of the 
magnitude variations used may not have been comparable. The overall errors increased since the measured 
insertion loss contribution to the reflection measurement is now even smaller relative to the (ignored) fixture 
mismatch. 

Figure 8-16. Error On Fixture Extraction (1 Standard, –20dB Reflection)
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Moving to the two standard case with roughly the same fixture (except now |S11|= –25 dB and 
|S22|= –20 dB). First, an open and a short were used with the same 5%, 10 degree parameter variation. The 
resulting errors are now much smaller since some mismatch is being accounted for. The standards sensitivity 
is now a much larger fraction of the error. The errors are also now larger at lower frequencies since the lower 
loss exposes the mismatch asymmetry of the fixture more to the measurement.

Figure 8-17. Error On Fixture Extraction (2 Standards, Open and Short)
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If the 20 dB return loss device is substituted for the short, the profile changes dramatically. Since one of the 
standards is similar to the fixture match, the deconvolution of loss and mismatch extraction in this method 
breaks down somewhat so the error increases (although it is still much better than with one standard). 

Figure 8-18. Error On Fixture Extraction (2 Standards, Open and 20 dB RL)
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In the three-standard case, there are an even larger number of variations but, since the input and output 
match are being solved for independently, the sensitivity and errors will decrease as long as the standards 
level-of-knowledge remains constant. One example comparing one, two and three standards is shown in 
Figure 8-19. The mismatch of this fixture is relative symmetric and below –20 dB until about 10 GHz and 
degrades to about –10 dB by 20 GHz (and becomes less symmetric). One can see the one-standard approach 
starting to diverge relatively early as the fixture mismatch becomes increasingly significant relative to the 
insertion loss. The two-standard approach starts deviating later only when the match asymmetry becomes 
more significant.

As a summary of all of the Type B permutations:

• A full standards version (or flex standards with 3 independent standards) can produce the best possible 
accuracy and lowest sensitivity but only if the standards are well-known. To put it another way, the 
‘performance ceiling’ is the highest.

• Flex standards with two independent standards can do very well if the fixture arm is relatively 
symmetric and does particularly well when the insertion loss is low. An open-short pairing is the most 
common and is a favorite in on-wafer and micro-fixture applications. This approach fares less well with 
higher loss, asymmetric fixture arms.

• Flex standards with one standard is sometimes the only practical method due to the interface on the far 
end of the fixture. A high reflection is the best choice for that standard usually unless the fixture is 
exceptionally well-matched. This approach is most accurate when the fixture mismatch is very low.

Figure 8-19. Extracted Fixture Example Comparing One, Two, and Three Standards 
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Quick Extract 

The Quick Extract check box disables the file entry fields and instead saves the output file to a pre-determined 
location and automatically starts the de-embedding engine. The file just saved will automatically be loaded 
into the de-embedder (where it can be edited). This process can help save time if the desire is to immediately 
de-embed a fixture that was just extracted. Note that any de-embedding in place prior to the extraction will be 
cleared (and the system will warn if this is about to happen). If de-embedding was on when extraction was run, 
those de-embedded values will be used during extraction so some caution is advised as it is possible to partially 
negate an extraction by using already partially de-embedded data.
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8-8  Network Extraction: Type C
Type C is the most complete, dual fixture extraction approach offered in the VNA. It requires full 2-port 
calibrations at two sets of reference planes but can fully determine the S-parameters of two networks 
independently.

Consider the diagram in the NETWORK EXTRACTION dialog box ( Figure 8-6 on page 8-8. A calibration is 
required at the outer reference plane set and the inner reference plane set. The outer calibration can usually be 
done coaxially (or some other well-defined media) depending on the networks involved. The inner calibration is 
often more complicated and may be board- or wafer-level (and may require the user create calibration 
standards). Assuming these calibrations are possible, then the S-parameters of Network 1 and Network 2 can 
be found.

1. Test Port 1

2. Test Port 2

3. Network 1 attached to Test Port 1

4. DUT attached to Network 1 (on left) and Network 2 
(on right)

5. Network 2 attached to Test Port 2

6. Outer Reference Plane 1

7. Inner Reference Plane 1

8. Outer Reference Plane 2

9. Inner Reference Plane 2

Figure 8-20. Network Extraction Process Diagram for Type C Networks
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Two-port calibrations at two different reference plane sets are used to extract the S-parameters of the 
intervening networks (often test fixtures). The dialog for loading the two calibrations is shown in NETWORK 
EXTRACTION [Extract Two 2-Port Networks (Type C)] dialog box in Figure 8-21. 

As before, the two calibrations are performed and the setups saved, typically as an active channel CHX file 
type. 

Some conditions:

• The two calibrations must be full 2-port cals and must have the same frequency lists.

• After extraction is performed, a file dialog will appear allowing the user to indicate where the S2P files 
should be stored.

• The networks are assumed to be reciprocal.

Unlike Types A and B, this method determines the two fixture halves completely and independently. As a 
trade-off, a complete set of standards at the inner plane are now required. Algorithmically, this type is very 
similar to Type A except two networks are processed simultaneously. If the inner cal standards can be 
successfully made/acquired, the inner match values extracted will typically be more stable than those acquired 
with a Type B analysis for the reasons discussed in the previous section.

Figure 8-21. NETWORK EXTRACTION Dialog Box—Extract Two 2-Port Networks—Type C

MS46522B MS46524B
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8-9  Network Extraction: Type D
Type D is considerably different from the other techniques in that it relies only on a single back-to-back 
measurement to extract parameters rather than relying on the manipulation of a pair of calibrations. A full 
2-port calibration is performed at the outer planes and two adapter/fixture “halves” are connected back-to-back 
as suggested in Figure 8-22. This simple technique is appropriate when it is just not practical to create 
standards at the inner plane (other than a thru connection effectively) and some estimate of the insertion loss 
of the fixture is needed. The technique does a minimal job of match extraction and allocates all mismatch to the 
outer plane of the adapter/fixture half (since no other information is available, S22 = 0). The technique is not 
recommended (unless there is no other option) if the adapter/fixture return loss is very poor. With a 20 dB RL, 
there will be generally 0.3 dB or more of insertion loss uncertainty with this technique (as opposed to <0.1 dB 
with other techniques if good standards are available). With a 10 dB RL, it will be several dB of uncertainty. As 
with the other techniques, reciprocity is assumed.

1. Test Port 1

2. Test Port 2

3. Port 1 Test Cable

4. Port 2 Test Cable

5. Port 1 Adapter

6. Port 2 Adapter

7. Adapter to Adapter Connector

8. Insert two quasi-identical adapters or fixtures 
back-to-back.

9. Perform a full calibration at the Outer Planes of the 
three adapters.

10.Use the measurements to extract the parameters of 
one adapter.

Figure 8-22. Network Extraction—Type D—Inner and Outer Planes
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The dialog is a very simple one and is shown in Figure 8-23. The outer calibration should be active when this 
procedure is called, since files are not recalled as with the other techniques. Because it is sometimes difficult to 
allocate or interpret the match terms, a check box is provided to ignore those terms altogether. In this case, S11 
= S22 = 0 (linear) in the exported S2P file. As with the other techniques, a dialog will appear upon execution to 
allowing the naming of the destination S2P file.

Type D Network Extraction—Multi Standards (with Option 24)

Type D is considerably different from the other techniques (except some configurations of flexible standards in 
Type B) in that it relies only on a limited number (1-3) of measurements to extract parameters rather than 
relying on the manipulation of a pair of calibrations. A full 2-port calibration is performed at the outer planes 
(often in coax or waveguide or with on-wafer probes) and then simple standards (one or more lines and possibly 
a single high-reflect standard) are connected between the fixture halves as suggested in Figure 8-24. The 
non-Option-24 version of Type D differs in that only a single line standard is allowed and its length must be 0.

This technique belongs to a class of approaches that have been termed ‘partial information techniques’ since 
they make additional assumptions about the fixture to avoid the necessity of a full calibration at the inner 
plane. As such, these techniques are particularly attractive when the inner plane has a complex structure or 
geometry that makes it difficult to create many standards for that plane or difficult to accurately model those 
standards. There are also cases where such methods are useful because the repeatability of connection at the 
inner plane is degraded. By de-emphasizing inner plane match in those cases, sensitivity to repeatability 
issues can be reduced. 

Figure 8-23. NETWORK EXTRACTION Dialog Box—Extract Two 2-Port Networks—Type D (without Option 24)

MS46522B MS46524B
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There are a number of different ways to use Type D and this section will explore the differences and how one 
might choose the sub-approach to take. In earlier versions of the ShockLine software (prior to software release 
V2019.7.1), only one choice was available: the use of a zero-length thru between back-to-back fixture halves 
which assumed that the halves were identical and had perfect match at the inner plane. That sub-approach is 
still available, as will be seen, but there is now more flexibility. 

The basic structure of Type D extraction is shown here. There is considerable choice in the standards used 
at the inner plane but the combinations all share the fact that the set is not ‘complete’ in the sense of a full 
calibration at that plane. Some fixed error is accepted in exchange for simpler standards and more immunity 
to repeatability issues.

Figure 8-24. Network Extraction Type D 
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The basic Type D extraction starts with a line between fixture halves as mentioned and will assume symmetry 
of the fixture halves. This line can have any length but that length must be specified and any errors in that 
specification will map through to the phase lengths of the extracted fixtures. If one stops here, the mismatch at 
the inner planes of the fixture will be ignored (S22 will be zero in the extracted files). One can also elect to set 
all match terms to zero and that will force both S11 and S22 to zero no matter how many standards are used. 
This zero-match choice can be useful if repeatability at the inner plane is particularly poor and insertion 
loss/phase correction for the fixture is the primary concern (doing a closer-to-full match correction with a very 
non-repeatable interface can often further reduce the transmission extraction accuracy). A fixture length entry 
is requested (represents both halves together) and this is used just for root selection so precision is not 
normally required. If zero is entered for the fixture length, an automatic routine (similar to auto reference 
plane extension discussed in Chapter 10 of this guide) is used to estimate the length.

One can also add a second line of some different length (and its transmission amplitude can be entered 
independently) and inner plane match will no longer be ignored. Note, however, that the accuracy of the 
entered line lengths is more important in this case. Also, the line length difference between the first and 
second lines should not approach 180 degrees within the frequency range of interest (or be too close to 0). 
Generally, the line length difference should be between ~10 and 160 degrees over the frequency range of 
concern.

Figure 8-25. NETWORK EXTRACTION Dialog Box Type D Multi-Standards (With Option 24) 
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The use of reflection standards (which must be placed on the inner planes of both fixture halves) will also allow 
for solving for inner plane match. Finally, one can use all three standards which will generally improve 
accuracy on both insertion loss and inner plane match. The choice on how many of the standards to use should 
depend on how well those standards can be made (e.g., can a second line length be made that is still relatively 
well-matched as a transmission line, can reflect standards be made that have relatively uniform reflection 
magnitude over the frequency range of interest, etc.). Implicit in this is that the measured characteristics going 
from the first standard to the second standard do not change for other reasons (e.g., if the structures being 
measured are different implementations of the same fixture, then they must be quite identical). Generally, if 
additional standards perform well in this sense, using them will improve the overall extraction. 

As an example, consider the measurement of a back-to-back cable assembly where two different thru lengths 
are possible at the inner plane (0 and 24 mm). If one compares the single line approach to the two line 
approach on extracted insertion loss, one can see some differences (Figure 8-26). The single line approach 
produces an insertion loss with slightly more ripple and a slightly more optimistic overall value (although 
errors in either direction are possible).  

A comparison of single and double line Type D extractions of insertion loss are shown here. With a correct 
standard length entry and sufficient repeatability, the double-line method can increase accuracy of the 
extraction.

Figure 8-26.  Comparison of Single and Double Line Type D Extractions of Insertion Loss 
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If the entry of the standard line length is not accurate, however, substantial errors can result. The extraction of 
the previous figure is repeated in Figure 8-27 for the added cases when the 2nd line length is off by ~10 or 
20 %. The errors are a few tenths of a dB at low frequency but grow larger at high frequencies as the standing 
wave that is being corrected grows more dense. Also, in this case, the 28 mm entry brings a singularity to lower 
frequencies and this has an even more substantial effect on the error. 

The results of Figure 8-26 are augmented here with two line cases when the entered length of the second 
line is incorrect (correct value is 24 mm).

Figure 8-27.  Resulting Error with Inaccurate Standard Line Length Entry 
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One reason for using the two line approach (or line+reflect) is to get more reasonable values for inner plane 
match which can be important for sequential de-embedding and modeling. Again, the parameter entry 
accuracy is important for the inner plane match as it was for insertion loss extraction. The inner plane match 
values for the fixture of Figure 8-27 are shown in Figure 8-28 for the same length entries.

The single-line version of Type D is best obviously for well-matched fixtures relative to loss (i.e., very well 
matched if low loss and moderately well-matched for moderate loss). With a 20 dB return loss, there will be 
generally 0.3 dB or more of insertion loss uncertainty with this technique (as opposed to ~<0.1 dB with other 
techniques if good standards are available). With a 10 dB return loss fixture, it will be several dB of 
uncertainty. With additional standards (assuming accuracy of length entries and sufficient repeatability), the 
method becomes more mismatch tolerant—often keeping errors under 1 dB for a 10 dB return loss fixture—but 
the results will still be worse in an absolute sense than with a complete method (assuming the latter was 
possible). 

The inner plane match values for the experiment of Figure 8-27 are shown here. Even a 10% length entry 
error causes ~10 dB errors in return loss.

Figure 8-28.  Inner Plane Match Values 
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Additional Notes Regarding Type D—Multi-standards

• A full 2-port calibration must be active and the extraction will be run over that frequency range. For 
4-port systems, at least a full 2-port calibration must be active (more details on the 4-port cases are 
covered in Chapter 16 of this measurement guide).

• The line and reflect offset lengths are entered in millimeters, although a calculator is available if values 
are in picoseconds. If the material type is set up (from the current calibration or manually thereafter), 
that and any active dispersion relations will be used in the calculations. In two-line cases, the first and 
second lines must be electrically distinct (i.e., phase length differences not too close to 0 or 180 degrees 
within the frequency range of interest).

• -The Quick Extract feature (allowed on all type D variations with option 24) suppresses the file name 
entry fields and instead saves the files to a predetermined location, automatically opens the 
de-embedding engine, and loads the just-generated files into the de-embedder. These entries can be 
changed at that time if desired, but this process can save time if the desire is to immediately de-embed a 
fixture that was just extracted.

• The Measure buttons are used to measure the two fixture halves with the appropriate standard 
connected and those standards must be connected when the relevant Measure button is pressed. The 
system will trigger a channel sweep at that time to acquire new data. 
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Type D Network Extraction—Phase Localized (with Option 24)

Another variation of Type D is termed ‘Phase Localized’ where a single standard (either a line or a 
reflect/reflect pair) is used along with the assumption that the fixture is electrically long enough (based on the 
frequency range being used) and the bulk of the fixture mismatch is not too close to the inner plane. The dialog 
for setting up phase localized extraction is shown in Figure 8-29. 

If the assumptions are met, this method can outperform the previously discussed Type D variations. More 
central to this method is the fixture length as transmission-line-like: functions are cross-correlated with the 
measured data to better isolate insertion loss and reflection coefficients of the fixture halves. If the fixture 
length entry is set to zero, an automatic process (much like auto reference plane delay discussed in Chapter 10 
of this guide) will estimate the length. As before, entries for the line length or reflect offset length are required 
and any errors in those values will translate to extracted parameter phase. If the line is chosen as the 
standard, symmetry between the fixture halves in terms of insertion loss will be assumed. If the reflect 
standard is chosen, no symmetry is assumed and only one half of the fixture can be extracted if desired. If both 
halves are to be extracted, length estimates for the individual arms can be entered. In this variation of Type D, 
there is no Measure button and the measurement is executed when Perform Network Extraction is selected.

Figure 8-29. NETWORK EXTRACTION Dialog—Type D—Phase Localized (With Option 24) 
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As an example, consider a fixture consisting of a ~50 mm microstrip line, a coaxial launcher on one end and a 
DUT-local launcher on the other end (for each arm of the composite fixture). Suppose only an open standard is 
available and one would like to use the phase-localized approach since there was only the one standard and it 
was believed that most of the mismatch was away from the DUT interface. In this case, it was possible to do a 
complete calibration at the inner reference plane so a comparison was possible. The extracted vs. nominal 
insertion loss is shown in Figure 8-30. One can see pretty good agreement until about 30 GHz when it did work 
out that DUT-plane mismatch on the fixture was getting large. Further, the fixture started having significant 
radiation above about 35 GHz which further complicated the extraction. The return loss (extracted and 
nominal again) values are also plotted in Figure 8-30 and again show reasonable agreement until the very high 
frequencies. Recall that uncertainty in return loss in dB terms gets much larger as the match gets very good 
just based on a residual directivity argument (a few dB at the -20 dB level for a decent coaxial calibration).

This example does reinforce a couple of points:

• Partial information methods do have some fixed error because of the incomplete ‘calibration’ at the inner 
plane

• The further the fixture deviates from the ideal aspects assumed by the method (where mismatch is 
located in this case), the larger those errors become.

Still, if it was indeed only possible to have an open standard for this fixture, the results shown here are better 
than one could achieve with a single-standard generalized B method or with a simple normalization.

 

Figure 8-30. Microstrip Line Example (1 of 2)
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The results for a phase-localized Type D extraction are shown here along with nominal results for a special 
case when both port of the fixture arm were connectorized (to allow for comparison). The extraction 
degrades at higher frequency as fixture radiation and inner-plane mismatch hamper the partial information 
technique. Only an open reflection was used for the extraction process.

Figure 8-30. Microstrip Line Example (2 of 2)
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The direct sensitivity to standards definition defects are fairly straightforward since the reflection or 
transmission coefficient entered is applied multiplicatively to the data prior to a square-root operation. More 
subtle are non-idealities in the standards (such as mismatch of the line/thru standard). This will have impact 
through its influence on actual insertion loss during the measurement (in terms of an offset loss and in terms 
of ripple). Also on the subtle side are the effects of an incorrect fixture length entry. While in normal Type D 
this is mainly used for root choice, it is used in phase-localized D to determine which phase signatures to 
correlate against so entering a significantly incorrect value (10s of mm generally) can cause added ripple and, 
eventually, drop outs in insertion loss extractions as well as incorrect return loss values. The internal length 
estimate approach (entering 0 in the fixture length estimate field triggers this) can reduce the issues and is 
recommended unless the fixture phase response is very resonant, in which case a proper manual estimate will 
yield better results. The issue of where the mismatch is predominantly located was touched on earlier. This has 
somewhat more of an effect when using the reflect standard (since the fixture mismatch and the reflect 
standard are almost co-located so phase localization becomes difficult) than using the thru/line standard. As an 
example, consider the extraction of a microstrip section using a flush open reflect standard native and when 
the mismatch near that standard has been distorted from the original ~ –15 dB to ~–5 dB at high frequencies. 
The effects on fixture |S21| are shown in Figure 8-31: added ripple and some substantial differences above 30 
GHz (where the mismatch change was the largest).

To further explore the sensitivity to inner-plane mismatch, a (reflect-based) phase-localized D extraction was 
performed on an original fixture and again after additional mismatch was introduced. In the range of 
additional mismatch addition, the discrepancies increased as expected.

Figure 8-31.  Inner Plane Match Values 
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Fixtures with distinct impedance changes, intentionally constructed or otherwise, present an additional 
challenge. Consider a fixture where the inner plane is at 25 ohms and a thru standard is used for the 
extraction. If the inner plane impedance is ignored, then one is essentially treating the half fixture as being 
terminated in a 25 ohm impedance (low reflection for that zone) but that is implicitly changing the reference 
impedance of the S-parameter matrix. While this may sometimes be desired, it will cause errors if not 
anticipated when using that file for later de-embedding of modeling. More conventional is to keep the reference 
impedance (of the matrix) consistent at 50 ohms to facilitate later processing. In this case, the difference in the 
match parameters is substantial as shown in Figure 8-32.

Additional Notes:

• A full 2-port calibration must be active and the extraction will be run over the current frequency range 
(which is a subset usually of the calibration frequency range). For 4-port systems, at least a full 2-port 
calibration must be active (more details on the 4-port cases are covered in Chapter 16 of this 
measurement guide). There is a requirement that the frequency list have nearly uniform frequency steps 
(an individual step size cannot deviate from the mean by more than 5%) so some segmented sweep 
setups (and all log sweep and CW setups) will not be accepted.

• The frequency range of the sweep should be large enough that the total fixture length 
(ns)>5/(frequency range (GHz)). The frequency step should be small enough that the total fixture length 
(ns) < 0.3/(Frequency step (GHz)). This helps avoid insufficient phase slope or phase-wrap-aliasing 
(respectively) that would complicate phase localization.

• The line and reflect offset lengths are entered in millimeters although a calculator is available if values 
are in picoseconds. If the material type is setup (from the current calibration or manually thereafter), 
that and any active dispersion relations will be used in the calculations.

In a (thru-based) phase-localized D extraction, inner plane impedance deviations can create issues if large 
enough. In this case, the inner plane was at 25 ohms while the launch (and reference impedance for the 
calibration) was 50 ohms. If the impedance change was ignored (red squares in the plot), the extracted 
return loss for the fixture half can be significantly in error.

Figure 8-32. Phase Localized Type D Extraction—Effects of Inner Plane Impedance Change 
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• The extracted results are stored as .s2p files with port 1 of each file being the outer plane. Details of the 
file format options (frequency units, etc.) are set by the entries on the sNp setup dialog. See Table 8-1 for 
recommendations of extraction types and standards needed for various fixture behaviors.

Table 8-1. Standards Requirements for Generalized B and Type D Extractions

Method Standards Needed Best for Fixtures

Generalized B 
Open

Open/Short

Well-matched fixtures with very well-matched inner plane. 
Reflection-only standards possible 

Existing D  Thru
Well-matched fixtures with very well-matched inner plane. 
Thru-line standard possible 

 Multi-standard D
2 lines 

Line + (Open OR Short)

Moderately-matched fixtures without structural assumptions 
other than symmetry. At least one line standard possible. 

Phased-localized D Line Or (Open OR Short)
Moderately mismatched fixture assuming most mismatch not at 
inner plane. No symmetry necessary. One standard only 
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8-10  Network Extraction: Type E
In terms of execution, Type E is very much like Type C. The two full calibration files must be specified (in this 
case full 4-port calibrations). Upon execution, a dialog will appear allowing one to name the four S2P 
destination files. The files will be listed in order of absolute port number. 

Figure 8-33. MS46524B NETWORK EXTRACTION TYPE E Dialog Box
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As suggested by the overall network extraction dialog, the Type E method treats the fixture as having four, 
uncoupled, 2-port arms as shown in Figure 8-34. These networks are then extracted as S2P files obviously. The 
required level of “uncoupled-ness” depends on expected uncertainties and other losses in the networks. If the 
main paths were of very low loss and there was about 40 dB of coupling between arms of the fixture, there 
could be an added uncertainty of about 0.1 dB from ignoring that coupling with this method. If the coupling 
was actually 20 dB, there could be  1 dB of added uncertainty.

Figure 8-34. Type E Network Extraction—Uncoupled Networks To Be Extracted
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8-11  Network Extraction: Type F
Types F and G operate much like Type D except a full 4-port cal should be applied upon entering the dialog 
instead of a full 2-port cal. The usual file definition dialog will follow. As with Type D, the check box option 
allows one to zero out all match terms instead of assigning mismatch to the outer plane.

In the case of Type F, the networks are again assumed uncoupled. It is a method appropriate for the same 
situations as Type E except when inner calibration standards are not feasible or of reliable uncertainty. The 
dominant path of the fixture connection should be selected as shown in the dialog. Type F assumes the fixture 
looks like either independent single-ended lines or a weakly coupled differential pair. The ‘dominant’ path 
describes what ports are connected during the ‘thru’ step or, equivalently, what the low insertion loss paths 
through the fixture are.

 

Figure 8-35. MS46524B NETWORK EXTRACTION TYPE F Dialog Box—Without Option 24 
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Figure 8-36. Type F Network Extraction—Back-to-Back Interconnects at the DUT Plane—Type F
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8-12  Network Extraction: Type G
In the case of Type G, the S-parameter matrix will take on a very particular form. Ports 1 and 2 of the left 
network are assumed to be the outer ports and the inner ports for that network will be assigned Ports 3 and 4 
for the S4P definition. Because of the match and cross-coupling assumptions, the matrix saved will take on the 
form shown in Eq. 8-2.

An eigen-structure based solution is used to split the composite results in the upper right and lower left 
quadrants into the two “halves”. In most cases, there should not be convergence issues with the process unless 
the return loss of the structure gets very close to 0 dB. As shown, reciprocity is enforced. S11 = S22 = 0 if the 
check box is selected. The entire upper left quadrant is a direct map from the measurement as match and 
cross-coupling are assigned to the outer ports.

Equation 8-2.

Figure 8-37. MS46524B NETWORK EXTRACTION TYPE G Dialog
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Structurally, the measurement is the same as in Type F. The only difference is in the matrix structure of the 
extracted parameters. 

The port assignment on Type G is more complicated than that for the other types since there are not just 2 file 
assignment permutations but 24. Type G will always put the port pair that has Port 1 in it on the outside 
(1-2, 1-3 or 1-4, depending on how the transmissive paths are excited) and it will do this for both files. So if the 
transmissive paths are 1-3 and 2-4; both files will have S33=S44=0. 

The embedding/de-embedding engine assigns based on port pairs and assumes the files have the same port 
pair alignment. Since the port assignments between Type G and embedding/de-embedding could be completely 
disjointed (since the .s4p file may have been generated with a completely different setup), some care is 
required. Thus if you attach a file to 1-2, then the VNA expects the file to be setup with 1-2 closest to the VNA. 
This is a little backward from 2 port embedding/de-embedding but the requirement is to somewhat generally 
handle the ambiguity if the pairs are not aligned at all. Particularly for the second file, there can be some 
confusion on if the ports should be swapped but Type G offers some flexibility on port assignment to help. The 
‘use current port assignments’ selection will assign the inner plane ports to the same location for the second file 
as for the first. Thus when you attach a file to 3-4, the Type G extracted file is usually backwards and the ports 
must be swapped. The ‘use first file assignments’ swaps this so the inner plane port numbers of the second file 
will be the outer plane port numbers of this first file. This selection, the default, does not require swapping in 
the de-embedding engine. 

Figure 8-38. Back-to-Back Interconnects at the DUT Plane—Type G
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8-13  Sequential Extraction—Peeling (with Option 24)
Another method of network extraction involves modeling the network as a collection of lumped elements. This 
is particularly popular for electrically small structures (e.g., on-wafer) or those with runs of transmission line 
punctuated by electrically small structures (e.g., PC boards with isolated vias in transmission lines). 
Procedurally, this method works on one lumped element at a time. For each element, a .s2p file is generated 
that can be de-embedded to allow one to get at the next element. Also transmission line segments can be 
separately de-embedded to get between lumped defect areas. The process is based on reflection measurements 
only and a full calibration incorporating that port must be in force.

The basic method accepts as input the location (in time from the reference plane) of the defect area of interest 
and the type of element to model the structure: shunt admittance (Y) or series impedance (Z). A 0 can also be 
entered as the position and, in that case, an automatic calculation will be performed to select the largest 
remaining defect. A differential pair can also be selected in which case the model element is a crossbar 
impedance (between the two ports) and a .s4p file will be generated. The dialog is shown in Figure 8-39.

Figure 8-39. Sequential Extraction Dialog
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As an example, consider a fixture with multiple transitions but one is known to be particularly inductive (in a 
series sense). It might be interesting to look at the return loss of this fixture if that particular transition could 
be improved. It is known that this launch is about 120 ps in from the reference plane so the sequential 
extraction tool was used with that defect position entry and a Z-series element selection. A 2-port calibration 
had already been performed. The extracted .s2p file for the element shows the result in Figure 8-40. As might 
be expected, the return loss of the model element is indeed degrading with frequency and the insertion loss 
increases.  

Values from the series network extracted for the example fixture are plotted here.

Figure 8-40. Sequential Extraction Plot 
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To remove this from the fixture result, two steps are needed: de-embed the 120 ps (air equivalent 36 mm) of 
transmission line and de-embed the file just generated. This was done and the before and after de-embedding 
results are shown in Figure 8-41. Indeed, the inductive transition was responsible for a fairly large share of the 
overall fixture mismatch and improving that one transition could have significant benefits. The final result is 
not perfect since there are additional transitions in the fixture but also because this extraction is somewhat 
model-like: it is only valid if the defect is indeed series in nature (or shunt if the admittance version had been 
selected). In this particular case, the series model was a very reasonable choice.  

The basic method is adequate for electrically small structures but inaccuracies can enter the picture if there 
are un-de-embedded losses between the reference plane and the defect center. An extension to this method can 
help compensate for these losses by using analysis of another, known reflection center. If there is a known 
reflection at the end of the fixture (e.g., an open or a short), the analysis of that response can be used to 
compute a loss estimate and correct the extraction of a lumped element representing a defect between the 
reference plane and the reflection standard. The reflection coefficient of the standard must be entered (must be 
real and normally between –1 and +1) and its position relative to the reference plane is usually entered. 
A zero (0) can be entered for the location and an automatic routine will be used to locate the largest response 
which is presumed to be due to the reflection standard. If an auto routine (0 entry) is also used for the defect 
location, the next larger response (distance less than that of the reflect standard) will be used for that item.

To see the effect of the reflect standard, consider the effort to extract the .s2p file for a via structure in a 
transmission line. The defect is located ~170 ps in from the reference plane but the transmission line is of fairly 
high loss. It is possible to place an open reflect standard at about 400 ps from the reference plane and that open 
is electromagnetically well-behaved at least to 40 GHz (our range of interest). The via structure will be 
modeled as a series impedance and the simple sequential extraction produces a file with the return loss shown 
as the solid curve in Figure 8-42. If one also uses the reflect standard (position 400 ps, reflection 
coefficient = +1), one gets the dashed line instead. Ignoring the line loss up until the defect would have caused 
one to underestimate the defect return loss by nearly 10 dB at 40 GHz.

The before and after de-embedding return loss values of the example fixture are shown.

Figure 8-41. Sequential Extraction Example—De-embedding Result Comparison 
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As shown with this example, using the reflect standard to compensate for line loss can be useful if the defect 
is far from the reference plane in a lossy medium.

Figure 8-42. Sequential Extraction—Effect of Reflect Standard 
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8-14 Uncertainty and Sensitivity
The selection of a network extraction method is heavily dependent on the standards that are available at the 
inner plane and the results can vary wildly depending on the quality of and knowledge about those standards. 
While we cannot be complete in this guide in a discussion on uncertainties and sensitivities, we can give some 
general thoughts. Many publications exist on the topic that may provide more information, such as J. Martens, 
“Common adapter/fixture extraction techniques: sensitivities to calibration anomalies, 74th ARFTG Conf. Dig., 
Dec. 2009, and references therein.

The type C extraction is, in some sense, the most complete since it uses all of the error terms in two full-port 
calibrations to extract the S-parameters of the individual fixture arms. For that reason, type C is also the most 
sensitive to standards quality at the inner plane. Uncertainties will follow those of the underlying calibrations 
quite closely, subject to a repeatability penalty associated with the two calibrations.

Type A is a bit different in that there is only one fixture arm, but it does still use two full-term calibrations. The 
computation difference is that it does not use transmission or load match terms to calculate the adapter/fixture 
S-parameters and hence is more immune to problems with those calibration steps than is type C. Even if there 
is a problem with a reflect standard, type A may be less sensitive since the reflect errors propagate to load 
match in the standard calibrations (particularly true for reciprocal methods as is discussed in Chapter 15). As 
an example, a mismatched pad was evaluated using both type A extraction and an SOLR calibration, but a 
perturbation was introduced in one of the reflect calibration standards. As shown in Figure 8-43, the 
sensitivity with type A (labeled AR for adapter removal) is lower. The comment ‘one-sided-distortion’ is 
included in the plot since symmetric errors in a type A setup tend to cancel (another advantage in some cases), 
so the introduced error was made on only one side in this measurement to create a worst-case result. Each 
trace in the plots represents a different assumed reflect magnitude value for the standard (over a 10 % 
interval).

Figure 8-43. A comparison of the effects of a reflect standard problem on both a type A extraction (AR) and a 
SOLR calibration.
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Although less sensitive to some effects, it may not always be possible to do reasonable full port calibrations to 
support type A. The type B method requires only one port standards, which can be far more convenient. The 
internal computations are similar between type A and type B except in how output match is determined. 
Type B is a more source match-intensive computation, so there is greater sensitivity to the high reflect 
standards’ behavior with type B than with type A (and less dependence on low reflect behavior). A comparison 
is shown in Figure 8-44 for type A (again labeled AR for adapter removal) and type B (labeled BP for 
Bauer-Penfield, two of the original authors to work on this method class). The sensitivity of output match to a 
reflect standard problem (a short in this case) is indeed greater. Again, each trace represents a different reflect 
magnitude value.

Correspondingly, the load sensitivity is somewhat reduced, but it will have an impact on high RL adapters and 
high IL adapters, as suggested in Figure 8-45.

Figure 8-44. A comparison of output match sensitivity for type A (AR) and type B (BP) methods.

Figure 8-45. The effect of a load standard problem on extracted insertion loss with type B. Eventually, the load 
accuracy does matter.
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Type D is another approach entirely and is appropriate when it is difficult to create any reasonable standards 
at the inner interface. Also, when repeatability is problematic (for example, spring contacts, poorly positioned 
probes, etc.) trying to achieve knowledge of fewer parameters can be useful. The concept is to give up on 
assessing the inner plane match and just concentrate on getting a decent estimate of insertion loss. The 
absolute accuracy will be degraded from what one could get from either of the other methods (if good standards 
were available), but repeatability sensitivity can be greatly improved and the net practical uncertainty can 
actually be better. This follows from the 1/(1-x) kind of behavior of match terms in the standard methods. If the 
measurements are not terribly repeatable and the ‘x’ term is moving near unity, the uncertainty on the final 
parameter in practical terms can balloon. One can see this in a wafer probing example where probe placement 
was not that accurate. A series of calibrations were done using SOLR and using type D extraction (labeled 
partial information in Figure 8-46). The removal of match dependence lowered the scatter in the final insertion 
loss values.

While repeatability sensitivity is better, there is sensitivity to inner plane match and to problems with the 
underlying calibration at the outer planes (although reduced). 

Figure 8-46. A comparison of repeatability effects is shown here for two methods (standard calibration and type D) 
when that repeatability was not good.
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The effect of an inner plane distortion is shown in Figure 8-47. The effects can be substantial, but the errors in 
this particular example would have exceeded 4 dB with a type C methodology because the media was pin-based 
and not repeatable.

The various extraction methods discussed here present a variety of choices dependent on standards quality, 
the media involved, and the possible measurement repeatability. In some sense it is a continuum 
(C->A->B->D) of choices more appropriate as the environment becomes decreasingly metrology-friendly. This 
is an oversimplification, but some of the sensitivities presented may help in making a good choice for a given 
measurement setup.

8-15 Enforced Passivity and Causality
When S-parameter data from network extraction or just from measurement are used in external simulators, 
there are sometimes requirements on the data in terms of passivity or causality for simulation convergence or 
for other performance requirements. It is possible to enforce these characteristics on .sNp saved data (either 
measurement or network extraction) although changes are made to the data in that process. This section will 
discuss the enforcement procedures and some of the implications. Figure 8-48 shows the sNp setup dialog for 
enforcing Passivity and Causality, which can be accessed via:

Main | System | Setup | Misc Setup | SnP Files Setup | SNP SETUP dialog 

Figure 8-47. The sensitivities of a type D extraction to underlying calibration issues (multiple traces per plot, reflect 
magnitude variations) and introduction of an inner plane match and position problem (the dirty 
interface plot).
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Passivity

Here, this is defined as the 2-norm of the S-parameter matrix being less than or equal to one. This is 
equivalent to the eigenvalues of the S-parameter matrix all being less than or equal to one in magnitude. The 
reader may associate passivity with |S21| ≤1 but that is not a sufficient requirement for most situations 
where convergence is an issue.

In practice, many passivity violations (on actually passive devices; those not capable of energy conversion) 
arise from calibration problems (standards issues), cable or drift issues, or repeatability variances (connections 
or probe touchdowns). Ideally, those issues should be addressed to improve the basic data quality. However, for 
very low loss devices/fixtures, the data may only be marginally non-passive and it may be expedient to coerce 
that data to proceed with a simulation, system design, etc. The Make Passive selection will do this on all .sNp 
saves but it is up to the user to assess if the changes being made to the data are acceptable.

Typically the changes are quite small if the calibration quality is good. As an example, the measurement of an 
adapter chain is shown in Figure 8-49 and the passivity-enforced result is overlaid on top (aside: as stated 
elsewhere, this can be done by placing the instrument in Hold and recalling the .s2p file that was saved (with 
passivity enforcement in this case); the actual measured data was saved to trace memory). One can see some 
slight changes under 2 GHz where the insertion loss is the lowest. The ‘enforced’ insertion loss at very low 
frequencies is increased by ~0.005 dB and the return loss is increased by about 1 dB at the –40 dB level.   This 
level of change is far below the uncertainty levels and is likely to be acceptable.

Figure 8-48.  SnP Setup Dialog
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Figure 8-49. Measurement of an Adapter Chain and an Enforced-passivity Version of that Data

The measurement of an adapter chain and an enforced-passivity version of that data are shown here overlaid. 
There is only a difference at very low frequencies. 
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If the calibration quality is poor, the changes can be more dramatic. To simulate this, a non-existent 
transmission line was de-embedded from the original calibration so insertion loss reads artificially low (and 
indeed shows insertion gain for the adapter chain at low frequency). The change from passivity enforcement in 
this case exceeds 0.1 dB at low frequencies and is noticeable at higher frequencies (see Figure 8-50). This 
happens because the introduced calibration degradation also caused apparent mismatch levels to be much 
higher. This is important since now the 2-norm can exceed unity even if |S21| is ~-0.4 dB. The changes made 
in enforcement here are significant and, if they occurred with a real calibration, one might want to investigate 
the calibration and measurement (cables, connectors, standards, etc.) before continuing with the enforced data.

The passivity enforcement works by re-scaling the eigenvalues of the S-parameter matrix in a self-consistent 
way and then regenerating the S-parameters from the new eigenvalues. The consistency of this approach is 
important since one wants to maintain the relationship between reflection and transmission parameters as 
much as possible to lessen the effect on any other system calculations.

The user is given some control over how much less than unity the 2-norm must be since some simulators screen 
for passivity using tests that are more-or-less stringent. A ‘tolerance’ variable is provided and if the entry is x, 
the maximum eigenvalue magnitude will be 1-sqrt(x). The default value for x is 0.00001 and is allowed to go as 
high as 0.001 for the more stringent tests.

Figure 8-50. Passivity Enforcement with Calibration Problems

With calibration problems (actual ones or those introduced artificially like in this example), the passivity 
enforcement can have more dramatic effects.
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Causality

Causality is the state of not being dependent on the given parameter value at an earlier point in time. This has 
a number of implications:

• The time domain representation should have no energy before time t=0 (assuming the reference planes 
have not been shifted and are in a physical location).

• Often it implies the parameter is analytic on the upper half of the complex plane. This conclusion does 
require that the parameter falls off fast enough with frequency along with a few other conditions.

• This in turn implies that Kramers-Kronig relations apply. Importantly, this means that the real 
and imaginary parts (or, equivalently, the magnitude and phase) of the parameter are not 
independent. 

As with passivity, this condition may be required of S-parameter data that is to be used in certain simulations 
and, again, there is a way to coerce data to make this happen. In practice, causality violations can occur from 
calibration and drift issues (particularly nonlinear phase drift) and from measurements of very broadband 
devices with a small measurement bandwidth (so there is little roll-off). This last statement follows from the 
observation that any limited bandwidth set of data, when transformed to the time domain, will have energy for 
t<0. This energy becomes significant if there is little parameter roll-off at the highest measurement frequency. 
Thus, using more measurement bandwidth can help, up until the point where DUT or fixture radiative 
behaviors make the data unstable.

The corrections in this category also tend to be small and they are largest often at the higher frequencies. The 
plot in Figure 8-51 shows the vector difference of S21 between original and enforced data on a mismatched line 
of modest insertion loss (~8 dB at 50 GHz and 50 GHz of measurement bandwidth). The change is not visible 
on the magnitude of S21 in this example but the alteration can be seen in phase Figure 8-52 as the distortions 
in phase have more of an effect on the temporal distribution of energy. 

Figure 8-51. Vector Difference Caused by Causality Enforcement

The vector difference caused by causality enforcement is plotted here. The corrections are often largest at the 
higher frequencies. 

Effect of Causality Enforcement

Frequency (GHz)

|V
ec

to
r 

D
iff

er
en

ce
 o

f S
21

|

0.14

0.12

0.1

0.08

0.06

0.04

0.02

0
0 10 20 30 40 50



Adapter Removal Calibrations and Network Extraction 8-15 Enforced Passivity and Causality

MS4652xB ShockLine MG PN: 10410-00753 Rev: V 8-57

The enforcement process starts by coercing the imaginary part to have the desired relationship to the real part 
(there is some flexibility on what is a ‘fixed’ property that we will return to). To have zero energy before t=0, the 
time domain (impulse) function must have an odd part that will cancel the even part correctly:

Where Heven denotes the Hilbert transform has been applied (the Fourier transform of a time function with the 
sign function applied is a working definition). 

Now, another conclusion of causality is that the negative frequency components of the response are the 
conjugates of the corresponding positive frequency components. This implies that the real part of the frequency 
response is exactly the even portion. Thus the enforced result is simply related to the Hilbert transform of the 
real part of the data.

Figure 8-52. Actual S21 Phase Data With and Without Causality Enforcement

The actual S21 phase data (with and without causality enforcement) is plotted here for the example. The 
vector difference in S21 was shown in Figure 8-51.

Equation 8-3.  
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From an energy conversation point-of-view, it may be preferable to keep the magnitude of the parameter fixed 
instead of the real part and this is presented as the default configuration. This fixing of the magnitude is easy 
to accomplish since we can simply scale the result above by a real function (normalizing magnitude).

As in passivity enforcement, the coercion process does change the data so if the changes are large, it is 
generally advised to look into possible measurement execution issues (use a VNA with wider bandwidth, 
calibration components or method choice, cable drift, connection repeatability, etc.) to see if the measurement 
could be improved instead.

8-16  Summary
A series of techniques have been presented for handling and studying the problem of non-insertable DUTs. 
Adapter removal is a 2-calibration technique for removing the effects of an adapter from a given calibration 
setup (e.g., when the DUT has one coax port and one waveguide port). Network extraction is somewhat more 
separable in that it tries to extract the S-parameters of the complicating adapter/fixture so that it can be 
de-embedded later. Seven different types of extraction (with a number of sub-types with different standards or 
with localization techniques) were presented with various trade-offs in calibration complexity, simplicity, and 
uncertainty. A modeling-based extraction technique using sequential localization or peeling was also 
presented.

Although not specifically part of network extraction, sometimes trace math (Data, Memory Math on the 
Display | View Trace menu) is used for normalization and other forms of pseudo-de-embedding. The ability to 
save memory data is covered elsewhere in this guide, but an additional tool to help is the ability to save 
math-modified data to .sNp files. This selection is available in the sNp Setup dialog (see System | Setup | 
Misc Setup | SNP Files Setup). When Save Trace Math is selected and one or more traces have trace math 
turned on, the modified data for the parameters with math applied will be saved to the .sNp file. This can be 
useful for saving normalized results. If trace math is not applied for every parameter (which would only 
happen for a .s4p file if 16 traces were active and all had trace math applied and each trace had a different 
S-parameter), the umodified data for the uncovered parameters will be saved instead.
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Chapter 9 — Other Calibration Procedures

9-1 Overview of Other Calibration Procedures
This chapter covers the Thru Update Hybrid Cal, and Interpolation calibration procedures.

9-2  Through (Thru) Update
The Thru Update is a one-step calibration that can be used to refresh a current full 2-Port or 1 path-2 port 
calibration by connecting a through line to quickly refresh the transmission tracking and load match terms.

Like the thru step in other calibrations, the length of the line being used as well as its loss can be specified to 
ensure minimal disruption of the reference planes (see Figure 9-2). The entry methods for these parameters 
are the same as in the normal calibration procedures.

Figure 9-1. THRU UPDATE Setup Menu

Figure 9-2. Thru Dialog
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9-3  Interpolation
Typically, calibration is done for a specific list of frequencies and then measurements are made over that same 
list of frequencies. While this is most accurate, it is not necessarily convenient. If, for example, one is 
measuring a variety of narrow bandpass filters of different center frequencies, it may be useful to be able to 
zoom in to look at the passband of each filter without re-calibrating. Interpolated calibrations are allowed for 
purposes like this one. The theory is that the error coefficients are all carefully interpolated between 
calibration points to minimize possible error.

To see the cause of error, note that the cable runs within the instrument and the cables that the user provides 
typically result in a large electrical length. Thus the error coefficient magnitude versus frequency is often 
periodic in shape. If the interpolation is not performed with care, large errors can result (see Figure 9-3).

Figure 9-3. Effect of Step Size on Interpolation
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As a general rule, the smaller the step size used during the calibration, the more successful the interpolation 
will be. It is desirable to keep the step size smaller than the ripple period of the coefficients which will typically 
range from 50 MHz to 500 MHz. The smaller number is for setups with very long test port cables and fully 
optioned systems. The menu to select interpolation is shown below in Figure 9-4. 

The calibration interpolation menu will default to OFF where points used during measurement must 
correspond to calibration frequency points. When interpolation is ON, other points may be used. In neither 
case may frequencies outside of the calibration frequency range be used.

To gain a better understanding of the uncertainty implications of interpolation, it may be helpful to consider 
how the error terms of a typical calibration vary over frequency. A large scale and zoomed-in version of one 
parameter (source match) is shown in Figure 9-5. Even with relatively low point densities, the large scale 
variation in the large-scale plot would be captured by interpolation. The fine scale variation shown in the 
zoomed-in plot is, however, another matter.

Figure 9-4. CAL OPTIONS Menu 

Figure 9-5. Large scale and zoomed-in source match variation over frequency.
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Now, consider two different sets of hardware, both with a nominal tracking coefficient of unity (for simplicity). 
At lower frequencies, set 1 may be readily achieved, but at mm-wave frequencies, set 2 may be more practical. 
The important point is that the interpolation effects are setup-dependent.

• Set 1: Raw directivity ~ 0.02 (-34 dB) and raw source match ~0.1 (-20 dB)

• Set 2: Raw directivity ~ 0.10 (-20 dB) and raw source match ~0.3 (-10 dB)

If one calculated the uncertainties for no interpolation and for worst-case interpolation for both of these sets, 
one would get results like that shown in Figure 9-6 (for a standard SOLT coaxial calibration).

As suggested above, one can get around this problem by increasing the frequency point density. In Figure 9-7, 
the point count was increased so that there were 10 calibration points per period of the ripple (a proxy for the 
electrical length of the setup, much like that discussed in Chapter 10, “Calibration and Measurement 
Enhancements”).

Figure 9-6. The uncertainty penalties possible with worst-case interpolation are shown here for some example 
setups.

Figure 9-7. An increase in frequency point density can reduce interpolation effects in all setups as would be 
expected.
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9-4 Hybrid Calibrations
The hybrid calibration is a method of taking a pair of distinct 1-Port calibrations, together with some 
additional measurements, to create a new full 2-Port calibration. The “hybrid” part of the definition comes in 
that the two 1-Port calibrations may be with completely different connector types, media types, and/or cal 
algorithms. One example may be a case where it is desired to have Port 1 in coax but Port 2 in waveguide. This 
is conceptually similar to some of the adapter removal and network extraction discussions in Chapter 8, but 
here a little more flexibility is offered on the calibration side. In particular, the through completion step may be 
a reciprocal device only (thus bringing in SOLR concepts).

Generally the two 1-Port cals are performed in advance and the setups saved, typically as an active channel 
CHX file type. One enters the dialog below and specifies those cal files. Then the “through” between the two 
ports is specified using the usual THRU INFO dialog format. In the case of a physical through, length and loss 
information is specified. In the case of a reciprocal, a length estimate is requested to simplify root choice.

Figure 9-8. HYBRID CAL SETUP Dialog Box
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As with the adapter removal and network extraction procedures, the cal files used here must be based on the 
same frequency lists (same frequency range and same number of points at least). In this case, the files must 
both describe full 1 port calibrations.

As an example of the mixed-media case where this type of hybrid calibration is helpful, consider a desired 
coaxial-waveguide combination reference plane. One could perform adapter removal processing as discussed in 
Chapter 8, but there are occasions where in one of the media planes, one can only perform one port calibrations 
(due to physical arrangement of the hardware, calibration kit availability, or other reasons). For this example 
(in WR-42 waveguide), a one-port K calibration was done for one file and a one-port WR-42 waveguide 
calibration was done for the other file. These two files were combined using the hybrid calibration dialog and 
the resulting calibration was used to measure the hybrid device of Figure 9-9.

9-5 Secondary Match Correction
Secondary match correction (SMC) is about improving measurement performance and reducing uncertainties 
mainly for measurements of very low insertion loss devices. At the frequency of interest, if the DUT loss is 
more than a few dB, this function will usually not have significant impact but it can offer improvements when 
DUT losses are smaller than that. Since the function slows down sweep updating, it is turned off by default. 
The function can be employed after any calibration (excluding reflection-only calibrations) is applied. This 
section will explore the SMC process and how it can be useful in a number of measurement applications.

Figure 9-9. An example hybrid waveguide-coaxial measurement is shown here that was enabled by the hybrid 
calibration dialog.
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Suppose one is measuring a very low loss device (a precision adapter for example). One may get an insertion 
loss plot like the below when using a precision calibration kit in good condition. One may wonder about the 
ripple in the data in Figure 9-10. It is only about 0.05 dB peak at worst, which is well below the measurement 
uncertainty of ~0.1 dB to 0.12 dB (peak) for this particular measurement, but it still may be undesirable. One 
may notice that residual error terms are on the order of 30 dB to 35 dB and the DUT match may be on the 
order of 25 dB so one could even rationalize that multiple reflections between those (effective) interfaces may 
explain the result.

Figure 9-10.  Example Low Insertion Loss Measurement 
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Some of this ripple can arise from high DUT reflections, from pin depth issues in the mating reference planes 
or with the DUT (or with the calibration kit!), or there may be other explanations. One source of that ripple, 
however, can be a residual effect related to how match is corrected in the basic VNA calibration. In other 
chapters of this guide, the basic VNA error model was discussed and part of it is the simple reflectometer 
structure which is shown in Figure 9-11.

The error model arose from actual defects that occur in a physical reflectometer: finite directivity of a coupling 
structure, finite match of the coupler and nearby components, and a non-flat frequency response of the signal 
chain. Of particular interest to this discussion is match and, like with all models, how it is treated here is 
something of a simplification. Consider a slightly more complete model diagram in Figure 9-12 on page 9-9. 
Suppose the dominant source of actual mismatch is at position Y in the figure. When the signal propagates 
from the source, some energy is reflected back to the source and some is transmitted. Of the portion 
transmitted, some reflects off of the DUT and then re-reflects off of Y. The product of those reflections 
(~eps*S11 where eps is the source match term in the calibration terminology discussed earlier in this guide 
and S11 is the reflection coefficient of the DUT) is important since the product repeats on multiple 
re-reflections, forming a geometric series. Thus when one looks at the basic reflectometer equation, the tell-tale 
result of an infinite geometric series is present in the denominator.

Here S11act is the actual reflection coefficient of the DUT and the ‘m’ superscript on the left side denotes 
‘measured’. Port 1 was used for this equation but any port could have been employed. In the case of Y being 
dominant, everything works out since the test coupler sees all of the multiple reflections and the actual 
measurement is very close to what the simple error model would arrive at.

The simple reflectometer error model is sketched here along with the mapped effects to a physical 
reflectometer.

Figure 9-11. Reflectometer Error Model
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Something different can happen if a significant reflection occurs at X. Now the reference coupler sees the 
mismatch as does the test coupler so the ratio that forms S11, test/reference, sees a distorted picture of the 
reflection product and the reflectometer equation is really not as simple as that shown above. The test coupler 
will indeed see the effective series of reflections but the reference coupler sees some of it as well and the 
ratioing produces a partial cancellation or amplification depending on phasing. 

The significance of these X and Y reflection locations can vary greatly from setup to setup but there are cases 
where the X location is non-negligible. It should be emphasized that these effects are smaller than quoted 
uncertainties as the uncertainty component evaluation process is also affected by the above mechanism. It 
should also be mentioned that this represents a fairly small perturbation on the effective port match so would 
not be visible on higher DUT loss measurements (more than a few dB) and, even for low loss DUTs, is generally 
only visible on a fine scale.

One could add additional calibration standards to solve for this more elaborate match model but this would 
lengthen the calibration process. One can also use the phase information in the calibration residuals to localize 
where the mismatch elements are. This is the principle behind secondary match correction: use the residual 
phase information to process a 2nd tier correction that primarily impacts the match terms.

Applying this to our previous example of the adapter measurement, one can see a significant reduction in the 
ripple (Figure 9-13 on page 9-10) that was not part of the DUT behavior after all (lighter trace is with SMC 
applied). 

An expanded sketch of the reflectometer.

Figure 9-12. Reflectometer Expanded Model
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A similar effect can be seen in the group delay measurement of the adapter (see Figure 9-14 on page 9-11). 
Although the effect is only a few ps of delay, it may be important in some applications such as careful 
delay-matching exercises or fine modulation distortion calculations based on measurements of a transceiver’s 
group delay.

An adapter insertion loss measurement without SMC (darker trace) and with SMC (lighter trace).

Figure 9-13.  Adapter Insertion Loss Measurement – Without/With SMC
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A group delay measurement of an adapter without SMC (darker trace) and with SMC (lighter trace).

Figure 9-14.  Adapter Group Delay Measurement – Without/With SMC
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Using secondary match correction only requires turning the selection ON under the CAL OPTIONS menu, as 
shown in Figure 9-15. Whenever an appropriate calibration is applied, then SMC will also be applied to the 
parameters. The appropriate calibration types include full 2-, 3-, and 4- port calibrations, transmission 
frequency response calibrations, and 1 path-2 port calibrations. SMC will not be applied to 1-port (reflection 
only) or reflection response calibrations. Since this is part of the correction engine, user-defined parameters 
(b2/1, b2/a1...) are not affected.

There are few things to keep in mind about the behavior of this correction:

• If the frequency list is such that the phase residuals provide little information, then the correction will 
not be applied. This will happen if the step size is very large (~>1 GHz will limit the method’s value) or if 
the frequency range is extremely small (~< 2 GHz will limit the value). In segmented sweeps with very 
irregular steps (step sizes deviating more than about 2% from the mean step size in the frequency list), 
the correction will not be applied.

• If extremely long test cables are used, the method may have less of an effect since mismatch is now 
concentrated in front of even the test coupler (which causes other issues with measurement stability 
anyway).

• If SMC is ON and one saves .sNp files, the SMC correction will be applied to relevant parameters. SMC 
will always flow through to .txt and .csv files.

In summary, the secondary match correction process allows one to optimize measurements of low insertion loss 
devices by correcting for a simplification made in the standard error model. The improvements are usually on 
the scale of hundredths of a dB in insertion loss and picoseconds in group delay but, particularly for low loss 
adapter and fixture characterization, those enhancements can be valuable.

Figure 9-15. CAL OPTIONS Menu Showing Secondary Match Correction Button
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Chapter 10 — Calibration and Measurement 
Enhancements

10-1 Chapter Overview
This chapter provides a description of functions that provide additional calibration, post-processing, and 
display options that increase the usefulness of the instrument data.

These functions go beyond the basic calibration and display tools to help post-process the data in a way that is 
useful. The topics described relate to virtually modifying the environment in which the DUT resides.

These topics include:

• Embedding/De-embedding

This is the virtual removal or insertion of networks or circuits around a DUT that may represent 
fixtures, launching structures, tuning elements, or other items. This feature is accessed from the 
Measurement menu.

• Reference Plane Control

This can be thought of as a simpler subset of de-embedding in which transmission line lengths and loss 
are removed from the measured data. This feature is accessed from the Measurement menu.

• Conversions 

While S-parameters (or the un-ratioed wave parameters) are usually the display variables of interest, 
conversions to other parameters may be required and are possible with the Shockline. This feature is 
accessed from the Display menu.

In addition, there are some clerical tasks to describe including the order of virtual operations and some 
conversions to other parameter formats (impedances and admittances for example). The measurements menu 
that contains the majority of these functions is shown below (Figure 10-10, “REFERENCE PLANE Control 
Menu” on page 10-12). Parameter conversions are a per-trace function (as opposed to the others which are per 
channel) and is listed under the DISPLAY menu.
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1. MEASUREMENT Menu

2. IMPED. TRANSF.(Impedance Transformation) Menu

3. REFERENCE PLANE Adjustment Menu

4. PROCESSING ORDER Menu

5. EMBEDDING Menu

6. DIELECTRIC Selection Menu – If User Defined is 
selected, Value field is available for input.

Figure 10-1.  MEASUREMENT Menus 
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10-2 Embedding/De-embedding (E/DE) 
The MS4652xB Series VNAs are equipped with an embedding/de-embedding system. De-embedding is 
generally used for removal of test fixture contributions, modeled networks, and other networks described by 
S-parameters (s2p files) from measurements. Similarly, the embedding function can be used to simulate 
matching circuits for optimizing amplifier designs or simply adding effects of a known structure to a 
measurement. Multiple networks can be embedded/de-embedded (E/DE) and changing the port and network 
orientations is handled easily. An extraction utility is part of this package that allows the easier computation 
of de-embedding files based on some additional calibration steps and measurements.

It is extremely valuable to be able to virtually remove or add networks to the measured data as described 
above. The process of adding network data to measured data is termed “embedding” while the process of 
removing network data is termed “de-embedding.” 

Embedding Tasks

Common embedding tasks are to:

• View results as if a different launch structure was present

• View results as if a new matching circuit was being used

• View results as if an added cable length or transmission line length was needed

De-Embedding Tasks

Common de-embedding tasks are to:

• Remove the effects of a test fixture

• Remove the effects of a launch or launching transmission line

• Remove the effects of a test matching circuit that will later be physically removed

The VNA embedding/de-embedding engine (E/DE) is a flexible tool for performing tasks of this type. A number 
of different circuit element primitives are available and full S2P files can also be loaded.

Note
Circuit parameters for embedding-de-embedding network elements are stored in S2P files that can 
be loaded into the Shockline.
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Embedding On/Off Control

E/DE can be turned on and off with the Embed/De-embed toggle button at the top of the main MEASUREMENT 
menu as shown above (Figure 10-1) or with a duplicate toggle button at the top of the EMBEDDING control 
menu as shown below (Figure 10-2).

Figure 10-2. EMBEDDING Menu
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Clicking on Edit Network displays the main EDIT EMBEDDING/DE-EMBEDDING dialog box. An example with 
Embedding, L Circuit, and L(S) selected, but with no network information entered is shown in the figure below.

L Circuit - L(S) - Embedding Selected

Figure 10-3. EDIT EMBEDDING/DE-EMBEDDING (2 PORT DUT) Dialog Box - L Circuit 

Note
Embedding and de-embedding is setup for each port and the networks used on the two ports are 
entirely independent. Also, any number of networks can be cascaded at a given port and the first 
network entered is always nearest the DUT.



10-2 Embedding/De-embedding (E/DE) Calibration and Measurement Enhancements

10-6 PN: 10410-00753 Rev: V MS4652xB ShockLine MG

The key concepts for embedding and de-embedding are:

• Networks are setup on a per-port basis

• The networks used on the two ports are entirely independent

• Any number of networks can be cascaded at a given port

The first network entered is always nearest the DUT. The pull-down menu at the top of Figure 10-3 shows 
which port’s networks are currently being edited. The diagram in Figure 10-4 illustrates the independence 
concept.

1. Test Port 1

2. Test Port 2

3. Collection of networks attached to Port 1.

4. Collection of networks attached to Port 2.

5. DUT attached to Port 1 networks (at left) and Port 2 
networks (at right).

Figure 10-4. Global EDE Diagram Showing Independence of Port Networks
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Types of E/DE Networks

There are five types of networks that can be entered:

• Inductive elements

• Capacitive elements

• Resistive elements

• Transmission lines

• .S2P-defined, file-based networks

In the Edit Embedding/De-embedding dialog box in Figure 10-3 above, the radio button for entering an LC 
network has been selected. An additional version of the dialog box is shown in the figure below where a C(S) 
network has been selected.

Figure 10-5. EDIT EMBEDDING/DE-EMBEDDING - C Circuit 
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Entry Mode for Resistive Elements

The entry mode for these resistive elements is shown in the E/DE dialog box below (Figure 10-6). Both series 
(denoted by an (S)) and shunt (to ground) elements (denoted by a (P) for parallel) are allowed and selectable 
with the radio buttons. Since this element is symmetric, no orientation knowledge (with respect to DUT port 
and VNA port) is needed. The default units are:

• Inductance: nH

• Capacitance: pF

• Resistance: ohms

It should be emphasized that the shunt or (P) elements are always shunting to ground (not to the other port). If 
cross-port elements are desired, then the multiport version of the instrument should be used with an 
appropriate calibration.

Resistive Element Entry

Figure 10-6. EDIT EMBEDDING/DE-EMBEDDING Dialog Box - R Circuit Setup Selected 
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Entry Mode for Transmission Lines

Transmission line entry is illustrated in the E/DE dialog box below (Figure 10-7). As with transmission line 
entry in other parts of the system, loss can be entered along with a reference frequency. The loss at other 
frequencies will be computed using:  

As elsewhere in the system, if a 0 (zero) frequency reference is entered, the loss value entered will be used as a 
constant at all frequencies.

Physical line length is normally entered here along with a dielectric constant but the calculator icon shown in 
above in Figure 10-7 can be used (which links to the AIR EQUIVALENT LENGTH CALCULATOR dialog box) if 
only a time delay is known. Again, since this element is symmetric, no orientation knowledge is needed.

Eq. 10-1

T-Line Selected - Transmission Line Element

Figure 10-7. EDIT EMBEDDING/DE-EMBEDDING Dialog Box

Loss (f) Loss (f0  
f
f0

---=
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Entry Mode for S2P Defined File-Based Networks

Finally, direct file entry of network S-parameters is shown in the E/DE below (Figure 10-8). A standard S2P file 
format is assumed and the headers will be interpreted. The system will attempt to interpolate the provided 
data the best it can in the context of the current channel sweep range. If there is no overlap between the sweep 
range and the file frequency range, an error will be generated.  

 S2P File - File-Based Element Entry

Figure 10-8. EDIT EMBEDDING/DE-EMBEDDING Dialog Box 

Note
Note that the network Port 2 is always assumed to be closer to the DUT regardless of which VNA 
port is involved, as shown in Figure 10-9 on page 10-11. If “Swap port assignment” is checked, the 
relationship is reversed.
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Saving and Recalling Embedding Network Configuration

Once a set of networks (consisting of one or more individual networks) is defined, the E/DE configuration 
information can be saved to a file using the Save Setting button on the EMBEDDING menu 
(Figure 10-2, “EMBEDDING Menu” on page 10-4). Similarly, a stored E/DE setup can be recalled by using the 
Recall Setting button on the EMBEDDING menu.

The current E/DE setting is also saved as part of the master setup save (under the menu bar FILE menu) but 
multiple embedding and de-embedding circuits can be saved in these menus as well.

1. Test Port 1

2. Test Port 2

3. .s2p File A – Port 1 to left, Port 2 to right.

4. .s2p File B – Port 1 to left, Port 2 to right.

5. DUT

Figure 10-9. Orientation of Loaded S2P Files

VNA
Test

Port 2

VNA 
Test 
Port 1

.s2p File A

1                         2
DUT

.s2p File B

 1                         2

1 2

3 45
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10-3 Reference Plane Control
A simplified means of performing de-embedding (and embedding in some contexts) can be accomplished using 
reference plane control. The function of this control is to remove transmission line lengths from the data. By 
entering a time or distance, this length of line will be removed (negative lengths are allowed to effectively add 
length). Various dielectrics and the full dispersion choices (see calibration section of the Measurement Guide 
for more information) are available as shown in the REFERENCE PLANE control menu below (Figure 10-10). 
The ports are handled independently, as in E/DE, and the current port being affected is indicated by the toggle 
at the top of the menu.

Figure 10-10.REFERENCE PLANE Control Menu 
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Auto Button Functions

The Auto button on the Reference Plane menu performs a best fit operation to the current phase data to 
estimate the equivalent line length. It will attempt to generate a line length that, when removed, will make the 
phase flat. This routine will be less accurate if the DUT has very non-linear phase (a dispersion function not 
matching that selected) or if the DUT is electrically long relative to the current frequency step size. This latter 
problem, related to aliasing, occurs because not enough information is being collected relative to the true 
behavior of the DUT phase function (see Figure 10-11 on page 10-13). Increasing the frequency point density 
can help this problem.

The auto reference plane function can produce inaccurate results if the frequency step (the distance between 
the red ovals in the figure above) is large relative to the phase function period.

1. Easier to Fit – Small frequency step size compared to 
phase function is easier to fit and yields higher 
accuracy.

2. Inaccurate Fit – Larger frequency step size compared 
to phase function is can produce inaccurate results.

3. Phase Function

4. Frequencies being measured.

Figure 10-11.Auto Reference Plane Function, Frequency Step Large Relative to Phase Period

Easy to Fit

Inaccurate Fit

Frequencies Being MeasuredPhase Function

1

2

3 4
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Reference Plane Loss 

In addition to the frequency-dependent phase shift with length/time, the fixed phase shift and the fixed loss 
shift discussed so far, there is also a frequency-dependent loss term and an Auto Ref Plane function that 
applies to it. Unlike the linear-phase-with-frequency model assumed for length/time, the function form for 
loss/gain is:

Where:

• A is a nominal loss (or gain if negative) value in dB and f0 is the frequency at which that loss or gain 
value occurred. The functional form then describes the value at other frequencies. 

• The exponent n is user-selectable with a default value of 0.5 which tends to describe loss in coaxial lines 
and in coplanar waveguide rather well for many materials. The exponent may be closer to 1 for 
microstrip structures and other values for other geometries. The allowed range for the exponent is 
0.01 to 10 but it is fairly rare to get outside the range of 0.25 to 2. The exponent, along with a mismatch 
suppression option for the auto ref plane process (to be discussed), are entered in a Frequency Dependent 
Setup configuration dialog (accessed from the Measurement | Reference Plane menu) as shown in 
Figure 10-12.

Per-trace and per port conventions apply for this frequency-dependent loss entry just as they do for the other 
reference plane parameters. 

Equation 10-2.

The configuration dialog for some frequency-dependent loss reference plane items is shown above.

Figure 10-12.Frequency Dependent Setup Dialogs (per-Port or per-Trace)

 n

f
fA
0 (in dB)

Port Dialog Trace Dialog
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Reminder: Per-trace reference plane entries do not affect saved .sNp file results but Per-port entries do. In a 
transmission parameter, the reference plane correction will be the product of per-port reference plane 
adjustment functions from the involved ports (whether that is for regular S-parameters or user-defined 
parameters).

When the Auto Ref Plane Length/Loss is used, fits are done on both the phase (using the process described 
previously) and the magnitude (using the exponential functional form just mentioned) independently. Values 
for the fit parameters are entered in the appropriate menu fields and the adjustments applied to the trace 
data. 

This frequency-dependent loss aspect of reference plane extension can be useful for very simplified 
de-embedding of fixtures or cabling. In one case, the fixture assembly is left with ‘opens’ at the DUT interface 
(a regular calibration was performed at the outer interface shown in Figure 10-13). Using the reflection 
measurements at each port, the auto ref plane process can fit the loss (as well as length) and remove the effects 
of the fixture to some extent (other variations of this process use a thru connect between fixture halves and, in 
this case, a transmission parameter would be used). This is a simplified process in that match of the fixture 
itself is being neglected entirely and the loss of the fixture is assumed to follow the exponential dependence 
discussed. More accurate de-embedding methods (using a variety of network extraction tools) are discussed 
elsewhere in this guide that make use of (sometimes) additional standards or assumptions. The auto reference 
plane approach is, however, very easy to perform and may be adequate for more well-behaved fixtures and 
cabling structures.

An example test fixture is sketched here showing how auto ref plane length/loss is used to perform very simplified 
de-embedding of the fixture response.

Figure 10-13. Example Test Fixture 

Fixture A Fixture B

Transmission line on the xture

Inner plane where DUT is connected; 
unusual connector interface so calibration
kit is not available. Leave these open for 

Auto Ref Plane process. 

Coaxial plane; regular calibration
performed out here. 
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An additional option for the length/loss auto ref plane function is that of Mismatch Suppression. The concept is 
to limit that amount of loss correction so that no ripple peaks in the adjusted result exceed the initial 
(lowest loss) value of the parameter. If the DUT has very low loss at low frequency, not suppressing the effect 
of mismatch-induced ripple could result in an adjusted parameter value above 0 dB which may be objectionable 
in some applications. With Mismatch Suppression activated, the fitting process is modified so any ripple peaks 
will stay below the nominal initial value of the parameter in question. This concept is sketched in Figure 10-14.  

Auto ref plane extension (length/loss) effects are shown here with and without mismatch suppression enabled for 
some example input data with considerable ripple.

Figure 10-14. Auto Ref Plane Extension (Length/Loss) Effects

Original Data

Auto without Mismatch Suppression

Auto with Mismatch Suppression
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10-4 Impedance Transformation
Most VNA calibrations are performed referenced to 50 ohms as this is usually set by the calibration kit. While 
some calibration kits exist for other impedances (75 ohm N and F connectors for example), they are not 
common and a custom impedance may be of interest. The impedance transformation function allows 
performance of a calibration in one impedance and then transform the result to appear as if it had been 
calibrated in a different impedance. As a crude example, if a 75 ohm N calibration kit is not available, but a 
50 ohm kit is, neglecting issues with adapters, the 50 ohm calibration could be performed and the utility used 
to reference the results to 75 ohms. The IMPED. TRANS. (IMPEDANCE TRANSFORMATION) menu for this 
function is shown in Figure 10-15.

The impedances can be set on a per port (single-ended) basis or a per mode (differential vs. common-mode) 
basis. On a per-port basis, use the port number toggle (or dialog in the case of 4 port systems) to select the 
current port for entry. On a per-mode basis, select the mode for a given pair with the toggle/dialog. On a 
per-mode basis in 4-port systems, the port configuration must also be specified (which single-ended ports 
combine to form the pairs; e.g., 1-2 and 3-4 are the pairs). The per-port and per-pair entries are obviously 
inter-related and the system will convert the values when switching between per-port and per-mode entries. If 
per-mode entries are being used, Zc is the common mode impedance, and Zd is the differential mode impedance, 
then the per-port impedances Za and Zb are given by Eq. 10-3 and Eq. 10-4.

There is an inherent ambiguity in the assignment (Za and Zb could be swapped) as the two modal impedances 
alone do not give enough information (if the assignment is important, per-port entries should be used).   
Similarly, given per-port entries of Za and Zb, the modal impedances can be found from Eq. 10-5 and Eq. 10-6.

Figure 10-15.IMPED. TRANSF. (IMPEDANCE TRANSFORMATION) Menu

Eq. 10-3

Eq. 10-4

Za
Zd Zd

2 4ZcZd–+
2

--------------------------------------------=

Zb
Zd Zd

2 4ZcZd––
2

--------------------------------------------=
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Zero real parts are not permitted for any entered impedance. Certain combinations of modal impedances are 
not physical (result in per-port impedances with negative real parts) but the system will process those entries 
anyway, so it may be a good idea to switch to per-port to see what the equivalent port impedances are when 
using modal entries.

A calibration with a minimum of two ports must be active for impedance transformation to take effect and only 
those ports currently calibrated will be affected. 

Eq. 10-5

Eq. 10-6

Zc
ZaZb

Za Zb+
------------------=

Zd Za Zb+=
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10-5 Processing Order
With so many post-processing choices available, it is important to note that the order of operations can matter. 
A few things are fixed by the way computations are performed and others are changeable to suit user needs. 
The sequence of computations is as follows for S-parameter measurements:

• Acquire raw data and average/filter

• Apply calibration if enabled

• Apply E/DE if enabled (impedance transform and reference plane)

• Apply parameter conversions if enabled

• Apply time domain if enabled

Reference Plane Processing Sequence

The selectable item is the order in which impedance transformation and reference plane control are applied. 
This matters since the current impedance state determines the impedance of the line length that is adjusted 
using reference plane control (unlike in E/DE where the impedance can be specified). The menu to make this 
order selection is shown below (Figure 8-13).

Group Delay Processing Sequence

The second selectable item concerns the order of the group delay computation and trace memory. If trace 
memory precedes group delay (normal), then the complex operation can precede the numerical differentiation 
that is part of group delay. This could be useful to do a data normalization prior to connecting a DUT. If group 
delay precedes trace memory then the trace match will act on the final group delay result. An example might 
be a group delay comparison using data(-)memory.  

1. Reference Plane Order controls (at top). 2. Group Delay Order controls (at bottom).

Figure 10-16.PROCESSING ORDER Menu

1

2
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10-6 Conversions 
While S-parameters (or the un-ratioed wave parameters) are usually the display variables of interest, 
conversions to other parameters may be required and are possible with the Shockline. 

1/S is sometimes plotted, particularly for oscillators and other negative resistance devices, where it is desirable 
to fold the outside of the Smith chart back to the inside. Equivalent impedances and admittances are 
commonly needed for device modeling and the Z and Y conversions can be used for this (note that these are not, 
in general, Z and Y parameters). 

For each of these parameters, a conversion mode of reflection or transmission must be selected which indicates 
how the current parameter is to be interpreted. The calculations proceed as follows where X indicates the 
current displayed parameter such as S11, S21, b1/a1, b2/a1, and user-defined parameters:

Note that reflection Z or Y values here represent shunt impedances or admittances while the transmission 
values represent series impedances or admittances.

All of the choices available are on the CONVERSION menu shown in the figure below. Note that this function is 
PER TRACE and is located in the DISPLAY menu. 

Eq. 10-7

Zreflection Z0
1 X+
1 X–
-------------=

Ztransmission Z0
2 1 X– 

X
---------------------=

Yreflection
1
Z0

----- 
1 X–
1 X+
-------------=

Ytransmission
1
Z0

----- 
X

2 1 X– 
---------------------=
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The calculations are a function of the current reference impedance which defaults to the calibration reference 
impedance unless impedance transform has been used (see the section above on “Reference Plane Control” 
on page 10-12) or the trace reference impedance has been changed.

1. DISPLAY menu (on left). 2. CONVERSION menu (on right).

Figure 10-17.CONVERSION Control Menus 

21
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Chapter 11 — Measurement Setup 
Requirements

11-1 Chapter Overview
This chapter provides measurement setup concepts; requirements and options for different types of 
measurements; describes traces, limit lines, averaging and smoothing, and the organization of their 
configuration in the system hierarchy. Specifically, this chapter describes traces, limit lines, external analog 
input/output, averaging and smoothing, and organizes their configuration in the same hierarchy. Traces are 
concepts that represent a data group with a maximum of 16 traces for MS4652xB. Limit lines are described 
with setup tasks and test functionality. External analog input/output is described with setup issues, range, 
functions, resolution, and accuracy. A description of averaging and smoothing with their available functions 
and the effects on measurements conclude the chapter.

11-2 Channels and Traces Introduction
Two of the central concepts in the MS4652xB VNA that will enable the maximum functionality of the system 
are channels and traces are Channel and Trace.

Channel Concept

At a high level, the channel defines the sweep configuration and the calibrations for a measurement. Sixteen 
channels are possible and each can have a different frequency range, different power levels, different IF 
bandwidths and different RF calibrations (among other things). In a sense, 16 distinct VNAs within one 
instrument are possible with each one executing sequentially.

Trace Concept

The trace is a concept that represents a data group. Sixteen (16) traces are available on the MS4652xB family. 
Each trace can represent a different response parameter, can be on a different graph type, and have certain 
different levels of post-processing applied to it.

The objective of this section is to explore how the traces can be setup, what possibilities are available, and what 
configurations are commonly used. 
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11-3 Measurement General Concepts
The hierarchy of setups is illustrated in Figure 11-1. At the highest tier is per-system, these are variables that 
apply to all measurements on a given physical instrument. There are very few of these variables and they 
include:

• Certain portions of the hold system and certain triggering functionality

• Cal kit files

• SnP and text file header/format setups

• Blank frequency display (security feature)

• Interface setup items (network config, touchscreen setup)

Per-System Variables

Per-System Variables

These variables are often per-system to prevent a setup scenario that could significantly shorten the life span 
of the hardware. In the case of hold and triggering, it also allows an entire measurement suite to be more easily 
controlled externally. Others fall more in the category of utilities that are somewhat per-system in nature. The 
hierarchy of system and trace setup information is shown below. M (the trace count) may always be up to 12 on 
a MS4652xB These variables include:

• Portions of the hold system and triggering functionality

• AutoCal characterization files and Cal kit files

• SnP and text file header/format setups

• Blank frequency display security feature

• Interface setup items such as network configuration

1 – Per System Settings – These settings affect 
the entire instrument. 

2 – Per Trace Settings – Each trace represents a separate 
measurement with different display and markers.

Figure 11-1. Setup Information Hierarchy 

(Single Channel)

Per
Trace

(Trace 1)

Per
Trace

(Trace M)

Per System
1

2 2
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11-4 Channels and the Channel Menu 

Channel Variables

The second tier is that of the channel. As mentioned in the overview, the channel can almost be thought of as a 
separate virtual VNA. Although this term has been used differently in the past with other Anritsu VNAs, in 
the MS4652xB ShockLine Series family, the variables include a frequency list, calibrations and sweep control.

The channel menu itself is fairly simple. While the system defaults to 1 channel (under a preset command), 
here a different number of channels may be selected. The active channel (indicated by a thick yellow border) 
may be selected by clicking on that channel’s window or it can be incremented using this menu (Chan. Next and 
Chan. Previous). 

The button Chan. Max can be used to force the active channel to occupy the entire data screen area. Note that 
the other defined channels will continue to sweep even when this mode is entered. The Chan. Max command is 
a toggle and can be undone by clicking it again. Chan. Max can also be accomplished by double-clicking the 
channel area away from a specific graph (that leads to Trace Max discussed later). These commands are 
illustrated in the top level menu shown in Figure 11-2.

Figure 11-2. CHANNEL Menu 
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Once a given number of channels is selected, the layout of those channels is selected in a submenu shown in 
Figure 11-3. Note that selecting a layout with more channels will update the channel count since gaps in the 
sweep processing are not allowed. Because there are many combinations of channels possible, this window is 
quite lengthy (shown in two parts in Figure 11-3).
 

If multiple channels are available in the VNA, any number of channels can be configured between 1 and 16 
channels.

Using the CHAN. LAYOUT menu shown in Figure 11-3, layouts are limited to values 1, 2, 3, 4, 6, 8, 9, 10, 12, or 
16 channels.

Only those values corresponding to semi-symmetric layouts are allowed as suggested by the channel layout 
menu and other entries will be coerced.

The instrument menu has a right-side scroll bar to access the entire menu.

Figure 11-3. CHAN. LAYOUT (CHANNEL LAYOUT) Menu 
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Once the number of channels and the layout has been selected, it then remains to define each of the channels. 
The sweep control parameters apply to the active channel so one may cycle through the channels entering 
values as needed. Alternatively, the setups for a channel may be copied through the setup save/recall 
mechanism since setups can be saved on a per-channel basis. Note that save/recall can also be applied to all 
channels. 

It has been discussed that most sweep-setup parameters are per-channel in nature. To clearly delineate when 
these apply, the per-channel functions include:

• Frequency 

• Power 

• Embedding/de-embedding and reference plane extensions

• Impedance transformations (note that this is distinct from impedance parameter conversions which are 
a post-processing calculation on trace data)

• Post-processing order

• Media type (dielectric constants, coaxial vs. waveguide, etc.)

• Hold functionality (portions can be per-system)

• Trigger functionality (portions can be per-system or per port as well as per-channel)
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11-5 Traces
In some sense, the main trace menu is a parallel of the channel menu. Again, up to 16 traces can be specified 
for display using the # of Traces button of the TRACE menu (Figure 11-4), with sequential trace activation 
provided by the Trace Next and Trace Previous buttons. Traces can be activated by clicking on the trace title, as 
shown in Figure 11-5. The active trace is indicated by the trace number highlighted with a solid background.

The Trace Max button toggles display of the active trace to and from the full display area, as does 
double-clicking on the trace title.  

Figure 11-4. TRACE Menu and # of Traces Toolbar

Figure 11-5. Trace Activate Click Zones

Current Active TraceTrace Click Zones1 2

1 1
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The TRACE LAYOUT menu (Figure 11-6) provides 12 trace layout options that support up to 16 traces in any 
configuration. If the number of traces specified in the # of Traces toolbar the exceeds the number of graphs in 
the selected layout, the extra traces are displayed sequentially as overlays on the trace displays.

For example, if four traces are specified in the # of Traces toolbar with the three vertically stacked displays 
layout selected from the TRACE LAYOUT menu, the traces will be assigned as follows:

• Top trace display: traces 1 and 4

• Middle trace display: traces 2 

• Bottom trace display: trace 3

A 16-trace overlay, and a 16-way overlay on the MS4652xB family can be displayed by specifying 16 traces and 
selecting the single graph layout.

Figure 11-6. TRACE LAYOUT menu.



11-5 Traces Measurement Setup Requirements

11-8 PN: 10410-00753 Rev: V MS4652xB ShockLine MG

Per-Trace Variables

MS46522B/MS46524B VNAs support a trace count (M) of up to 16. Each trace can have up to 12 measurement 
markers and 1 reference marker. 

Per-trace variables include:

• Trace format (graph type)

• Trace memory and math functions (to include inter-trace math which is sort of a hybrid but is defined on 
a per-trace basis)

• Scale (although Autoscale can also be per-channel or per-system)

• Trace impedance (which is different from reference impedance set during a calibration) 

• Domain (time domain and frequency w/ time gate)

• Smoothing

• Conversions

• Limit lines

• Markers (although markers can be optionally coupled between traces within a channel)

• Response (S-parameter, un-ratioed parameter, external analog in)
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Figure 11-7. TRACE FORMAT Menu
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Complex Trace Setup Example 

An example of a complex trace setup is shown in Figure 11-8. This example covers multiple graph types and 
scaling options as well as different transformations applied to the data in certain traces. Symbols at the end of 
the annotation line provide information about these trace definitions. For example, Trace 2 is showing Data 
and Memory [D&M], while Trace 3 and Trace 5 are showing Data Memory Math; [D/M], and [D-M] labels. A list 
of abbreviations and their definitions are shown in Table 11-1. Some of the abbreviations may appear without 
brackets at the end of the annotation line. Details on these functions can be found in other sections of this 
measurement guide and the ShockLine Operation Manual. 

Figure 11-8 also illustrates an example of a function, auto scale in this case, available on per-trace and 
per-system levels.

Table 11-1. Trace Labels and Annotations 

Abbreviation Definition

FGT Frequency domain with time gating

TLP Time domain low pass

TBP Time domain bandpass

D&M Data and memory

D/M

Data memory math
D+M

D-M

D-M

M Memory

Figure 11-8. Multi-Trace Display with right-side SCALE menu
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11-6 Trace Math, Inter-trace Math, and Equation Editor
Although some trace manipulations were alluded to in the previous section, there are considerable trace 
computation capabilities that warrant further discussion. The simplest of these is TraceMemMath where some 
operation (addition, subtraction, multiplication or division) is applied between current trace data and that 
stored in trace memory for that trace. Some points of interest:

• The math is always applied on the basic, linear complex numbers….not on the displayed, formatted 
numbers.

• Example: The trace is formatted as log mag + phase, the first data point is plotted at 20 dB, 
0 degrees and the first memory point is plotted as 40 dB, 90 degrees. Data(/)Memory is selected. 
This will be computed as (10+j0)/(0+j100)=-j0.1. The result will be displayed as –20 dB, 
–90 degrees.

• It does not matter if the entire complex value is being presently displayed (e.g., a real-only graph 
type), the math will be applied to the entire complex number.

• If the user is commonly using log mag graph types, the math may appear counter-intuitive. If one 
is measuring S21 with a thru line connected, stores data to memory and selects Data(/)Memory, 
the immediate result is a flat line near 0 dB since one is dividing current data by something very 
similar (hence close to 1 in linear terms). If one selects Data(–)Memory, the result will be bouncing 
near the noise floor since now one is plotting the 20*log10(|X–Y|) where X and Y are nearly 
identical.

• The math is applied after smoothing.

• The math may be applied before or after group delay, depending on the user selection for order of 
operations (this matters since group delay is computed as a derivative of phase, so if trace match comes 
first, it acts on phase).

The math is applied before self-normalization (as used in gain compression)

Inter-trace Math

This function allows one to combine measurements from two traces into a result to be plotted in a third trace 
position. In the Simple Operation mode, the concept is very similar to trace math just discussed, the available 
operators are the same and the operations again occur on the base, linear complex value. The difference is that 
the input variables can come from different traces (with completely different S-parameters or user-defined 
parameters) and can even be based on trace math in that different trace (hence the Type selection in the menu 
shown in Figure 11-9 on page 11-12).
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An example could be someone wanting to measure S21/S12 for a device as a measure of reciprocity (e.g., the 
device is an isolator). If trace 1 was configured as S21 and trace 2 was configured as S12, then the above 
settings for the Simple Operation would allow a display of the ratio in real-time. In contrast to basic trace math 
(where one could measure S21, save it to memory, then change the measurement to S12 and plot 
DataMemMath) which would be quasi-static, the inter-trace measurement version allows for observing 
changes during tuning correctly. On a more advanced level, one could normalize each of the input variables 
using DataMemMath on those traces and then operate on the normalized variables using Inter-trace math 
(e.g., Tr1/Mem1 + Tr2/Mem2).

Equation Editor

The Equation Editor allows a much more complete set of operations between trace data sets (and S-parameter 
sets) than does the Simple Operation inter-trace math just described. The main dialog is shown next (see 
Figure 11-10 on page 11-14 and Figure 11-11 on page 11-19) and consists of a selection of functions, input 
variables (traces and S-parameters in various formats, and sNp file selection) and scalar entry along with some 
editing tools. 

Depending on the ‘Calculation To Use’ selection, either a simple (+ - * /) operation set with two arguments is 
allowed (Simple Operation) or a much more complete set of operations and arguments are possible 
(Equation Editor).

Figure 11-9. INTER-TRACE MATH Menu
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A central concept is that the entire equation is based on complex vectors (which is how trace data and 
S-parameters come in and what is desired for plotting) of length equal to the number of points. Scalars (real or 
complex) can be used throughout but, where necessary, will be automatically vectorized (same value at each 
position in a vector of length equal to the number of points).

Example: 

Trace 1 has three points [1+j1, 2+j2, 3+j3]. The equation is Tr1+pi. The result of the calculation will be 
[(1+pi)+j1, (2+pi)+j2, (3+pi)+j3].

Syntax errors will be flagged if parentheses are not used to resolve precedence problems (e.g., Tr1 * –T2 will 
not be accepted but Tr1 * (–Tr2) will be).

If the input variable format is selected as Raw or Corrected, the variable will enter the equation as a linear 
complex number (either with or without calibration applied; note that receiver calibrations are applied to all). 
If Formatted is selected, the current graph type format will be used so the vector may be purely real.

If the time domain checkbox is selected, all traces and parameters will be processed into time domain in the 
background if they are not already displayed that way. Lowpass Processing will be used if the current 
frequency list supports it, but otherwise Bandpass Process will be used. Trace time domain parameters will be 
used, which may be at default if not already configured. It is recommended to configure desired variables in 
time domain so the results are predictable. See Chapter 12 — Measurement - Time Domain (Option 2) of this 
guide for more information.

Note that trace memory and trace math (discussed earlier in this section) can be used as the incoming 
variables. Constant π (PI) is available and the 'j' button is used for entering complex scalars. The scientific 
notation exponent marker 'E' is also available (e.g., 1E9 for 1000000000).
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Only single-ended S-parameters are available as direct arguments for the editor. Any mixed-mode 
S-parameter can, however, be created as a trace variable and used that way as an argument. This is because of 
the wide variety of underlying port permutations possible with the mixed mode parameters.

Supported Complex Functions

Following are description of the more complex functions supported (the output of the function is complex 
unless otherwise noted).

• ABS() – Complex magnitude for complex input and absolute value for real input. Output is real.

• ACOS() – Arccosine; radian output. This will accept complex arguments and uses the standard branch 
cut.

• ANGLE() – Phase of complex input; radian output. Output is real.

• ASIN() – Arcsine, radian output. This will accept complex arguments and uses the standard branch cut.

• ATAN() – Arctangent, radian output. This will accept complex arguments and uses the standard branch 
cut.

• ATAN2() – Arctangent with the ability to properly resolve quadrants. The argument is complex and it is 
internally split into real and imaginary components with sign checking. Radian output

• CONJ() – conjugate

Figure 11-10.EQUATION EDITOR Dialog - Trace Mode 
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• COS() – Cosine, radian input. Note that this function will accept complex inputs and treat them as such. 
Commonly one would use this function only with a formatted trace set up for phase and then multiplied 
by pi/180 to convert to radians.

• CPX(a,b) – Complex equivalent taking 2 real inputs; output is a+jb. If the inputs are complex, the real 
part of each is taken prior to combination into a new complex variable.

• EXP() – Exponential 

• IM() – Imaginary part of a complex input. Output is real.

• KFACTOR() – Stability factor accepting 4 complex inputs (generally representing S11, S12, S21, 
and S22).

KFACTOR(Tr1,Tr2,Tr3,Tr4) produces:

• LN() – Natural log; standard branch cut

• LOG10() – Log base 10; standard branch cut

• MAG() – Magnitude accepting complex input (same as ABS). Output is real.

• MAX() – Maximum value of the MAGNITUDE of the variable selected. (Note that this updates only after 
a sweep completes so there may be a one sweep delay until the value propagates to a plotted equation). 
Output is real.

• MAX_HOLD() Accumulates maximum value of the MAGNITUDE of the argument sweep-to-sweep. The 
process is reset by clearing the equation or turning inter-trace math off. (Note that this updates only 
after a sweep completes so there may be a one sweep delay until the value propagates to a plotted 
equation). Output is real.

• MEAN() – Average value in a complex sense; (note that this updates only after a sweep completes, so 
there may be a one sweep delay until the value propagates to a plotted equation)

• MEDIAN() – Median value of the MAGNITUDE of the argument; (note that this updates only after a 
sweep completes, so there may be a one sweep delay until the value propagates to a plotted equation). 
Output is real.

• MIN() – Minimum value of the MAGNITUDE of the argument …(note that this updates only after a 
sweep completes, so there may be a one sweep delay until the value propagates to a plotted equation). 
Output is real.

• MIN_HOLD() – Accumulates maximum value of the MAGNITUDE of the argument sweep-to-sweep. The 
process is reset by clearing the equation or turning inter-trace math off. (Note that this updates only 
after a sweep completes, so there may be a one sweep delay until the value propagates to a plotted 
equation). Output is real.

• MRKX() – Readout of active maker on entered trace, x-value. If no marker is on, a 0 will be returned. If 
more than one marker is on, the active marker will be used. Output is real. Since this function relies on 
a trace marker value, the argument can be ONLY a trace and not a function involving a trace.

• MRKY() – Readout of active maker on entered trace, y-value. If no marker is on, a 0 will be returned. If 
more than one marker is on, the active marker will be used. Since this function relies on a trace marker 
value, the argument can be ONLY a trace and not a function involving a trace.

Output is real.

Equation 11-1.  
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• MU() – mu stability factor accepting 4 complex inputs (generally representing S11, S12, S21, and S22). 

MU(Tr1,Tr2,Tr3,Tr4) produces: 

• PHASE() – Same as ANGLE but degree output. Output is real.

• POW(z,n) – Raises a complex variable z to the nth power. n is a scalar.

• RE() – Returns real part of a complex input. Output is real.

• REWRAP() – Rewraps phase of a complex variable when range was truncated (often by a power 
function). The calculation is based on slope of low frequency data. 

• SDEV() – Standard deviation of input data. This is evaluated only at sweep completion, so there may be 
a one sweep delay for values to propagate to a displayed equation. This calculation is based on the 
equation below where N is the number of points. Note that the output is real. 

• SIN() – Sine. Note that this function will accept complex inputs and treat them as such. Commonly one 
would use this function only with a formatted trace set up for phase and then multiplied by pi/180 to 
convert to radians.

• SQRT() – Square root; standard branch cut

• TAN() – Tangent. Note that this function will accept complex inputs and treat them as such. Commonly 
one would use this function only with a formatted trace set up for phase and then multiplied by pi/180 to 
convert to radians.

• XAXISARRAY() – Generates the vector corresponding to the current sweep variable. Output is real.

(where the * denotes conjugate)

Output is real.

Equation 11-2.

Equation 11-3.
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11-7 Markers Overview
The ShockLine VNA provides up to thirteen markers per trace of which twelve can be direct markers and one a 
reference marker. Each marker can be individually controlled on/off and positioned as required. If the 
reference marker is off, each marker provides measurement data based on its display position. If the reference 
marker is on, each marker provides differential measurement data based on its position relative the reference. 
Other functions for display options and various types of single-peak search are available.

Marker Button Label Changes

The labels for marker buttons 1 through 12 change depending on whether they are on or off and whether the 
Ref. Mkr function (described below) is on or off.

Marker Unit Changes

The marker units change depending on the selected instrument sweep setting on the SWEEP TYPES menu and 
settings on the DOMAIN and RANGE menus:

• Frequency Sweep:

• Marker units set to frequency (GHz, MHz, kHz, Hz)

• Segmented Sweep (Frequency-Based):

• Marker units set to frequency (GHz, MHz, kHz, Hz)

• Segmented Sweep (Index-Based):

• Marker units set to Index number.

• Power Sweep (CW Frequency):

• Marker units set to power (dBm)

Reference Marker OFF or On

If Ref. Mkr is set to OFF, the label is formatted as:

• Mkr # [OFF] if the marker is off (where # is the marker number).

• Mkr # [ON] if the marker is on.

• For example, Marker 1 would be labeled either Mkr #1 [OFF] or Mkr #1 [ON].

If Ref. Mkr. is set to ON, the label is formatted as:

• Mkr#-Ref [OFF] if the marker is off.

• Mkr#-Ref [ON] if the marker is on.

• For example, Marker 1 would be labeled either Mkr#1-Ref [OFF] or Mkr#1-Ref [ON].

Turning Individual Markers Off and On

The MARKERS [1] menu described below is shown with Marker 1 (Mkr 1) through Marker 4 (Mkr 4) turned off. 
Individual markers can turned off manually by clicking their buttons. 

Turning All Markers On

All markers can be turned on either manually one-by-one (as above) or at the MARKERS [2] menu, by clicking 
the All Markers On button.

Navigation

MAIN | Markers | MARKERS | More Markers | MARKERS [2] | All Markers On

Note that selecting Inductance/Capacitance on the Smith (Impedance) menu enables marker Inductance or 
Capacitance measurement readout. 



11-7 Markers Overview Measurement Setup Requirements

11-18 PN: 10410-00753 Rev: V MS4652xB ShockLine MG

Turning All Markers Off

All markers can be turned off either manually one-by-one or at the MARKERS [2] menu, by clicking the All 
Markers Off button.

Navigation

• MAIN | Markers | MARKERS [1] | More Markers | MARKERS [2] | All Markers Off

Naming Conventions for Marker Buttons and Toolbars

The following conventions are used to label the marker buttons and toolbars in this section.

Marker Buttons

• Mkr # [Ref] [OFF/ON] is used for all button names (where # is the number of the marker).

• For example, Mkr1 [Ref] [OFF/ON] is used for the Marker 1 button when it is labeled Mkr 1 [OFF], 
Mkr 1 [ON], Mkr1-Ref [OFF], or Mkr1-Ref [ON].

Marker Toolbars

• Mkr # [Ref] [ON] is used for all marker toolbars (where # is the number of the marker).

• For example, Mkr1-[Ref] [ON] is used for the Marker 1 toolbar when it is labeled Mkr 1 [ON] or 
Mkr1-Ref [ON].

• Note the marker must be on for the toolbar to be available.

Position Marker(s)

A single marker or an array of marker data displays can be repositioned with a drag/drop within the signal 
response trace display. See Figure 11-11 on page 11-19. Each marker can be individually controlled on/off and 
positioned as required on the signal response display. 

If the reference marker is off, each marker provides measurement data based on its display position. If the 
reference marker is on, each marker provides differential measurement data based on its position relative the 
reference. 

The marker(s) can be repositioned while using any parameter setup menu. Note that the marker data display 
placement area on the main display window may be limited if the detachable trace view windows in use are 
smaller in size than then the main display window.
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The example below Figure 11-11, depicts a two trace display. On the top trace display, the individual marker 
[9] is selected, and repositioned. In the bottom trace, the marker data display is repositioned 

1. Trace 1 marker data display with nine active markers

2. Trace 1 marker with a single selected marker [9] 
repositioned by click-drag-drop

3. Trace 2 marker data display with 11 active markers 
repositioned by click-drag-drop

4. Highlighted active trace.

Figure 11-11. Marker Data Display Drag-Drop
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11-8 Hold Functions
Hold events and triggering events are per-channel These menus are shown in Figure 11-12 for hold events. The 
HOLD FUNCTIONS menu is available from the SWEEP SETUP menu.

• MAIN | Sweep | SWEEP SETUP | Hold Functions | HOLD FUNCTIONS

.Select Hold Conditions provides a toggle for RF on or off.

11-9 Limit Lines
Limit lines are a powerful tool to help quickly compare a set of measured DUT data against specifications or 
expectations. All limit testing is per trace and, depending on firmware version, limit testing may only be 
available on rectilinear graph types. Upper and lower limits on any parameter may be set and these may be 
separated into many frequency bands. There is a limit of a total of 5 segments (upper and lower combined) per 
trace. The main limit line menu is shown in Figure 11-13.  

Figure 11-12.HOLD FUNCTIONS Menu

Figure 11-13.LIMIT Menu - Limit Test and Test Result Sign Functions Toggled OFF and ON
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Limit Test

The Limit Test button enables comparison of the data to the limit lines existing (this is per trace). The results 
of the test (pass or fail) will appear in the upper right corner (see Figure 11-16) of the graph for that trace.

Test Result Sign

The Test Result Sign button enables a large graphic displaying the pass/fail result. This will be in the middle of 
the screen and is visible from a large distance. The Limit Test must be on for this sign to appear. If any limit 
tests fail, the large fail sign will appear with a notation of which channel has failed.

Limit Line

Displays the current limit lines on the data graph. The limit lines will appear in red. Failing points are marked 
with a red dot.

Limit Fail Signal

Determines the state of the external limit status bit for a fail condition (see next item). High or Low (in a 3.3V 
logic sense).

Editing of Limit Lines

Limit lines are edited using the Edit Limit Line menu shown in Figure 11-15. The Edit Limit Line menu displays 
along with the limit line table shown in Figure 11-16. The limit line tables may be saved and recalled 
separately using this menu, or they may be saved and recalled as part of the global setup using File menu 
commands.

Edit Limit Line Menu

A limit line table is shown in Figure 11-16 with two pairs of upper and lower limit segments.

Figure 11-14.Pass and Fail Signs Configured by the LIMIT Menu

Figure 11-15.EDIT LIMIT LINE Menu
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Type

Each segment can be configured as Upper, Lower, or Off using the drop-down menu to make the selection.

X1 and X2

The constraints of the segment in the X-direction. Usually this variable will be frequency (segmented or linear 
frequency sweeps) but it could be time (time domain) or power (power sweep). If two segments cover the same 
frequency range (or portions thereof), the first segment will have precedence.

X1 (Actual) and X2 (Actual) (Read-only)

The X1 (Actual) and X2 (Actual) columns indicate the actual X1 or X2 value selected by the instrument, based 
on the value entered by the user. This value indicates where the Limit Line is actually drawn on-screen, and 
the actual span used for judging pass/fail per point on a trace. User-entered X1 and X2 values for Limit Line 
Segments are rounded down to the nearest actual data point

Y1 and Y2

The constraints of the segment in the Y-direction. These will have units of the graph type for the active trace 
(dB in the examples here).

The X offset and Y offset values allow one to shift both indices in a row by a constant amount. This can be 
useful in copying multiple rows and, for example, incrementing by a fixed frequency offset.

Figure 11-16.Limit Line Table
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11-10 Ripple Limit Lines
Limit lines are a powerful tool to help quickly compare a set of measured DUT data against specifications or 
expectations. All limit testing is per trace and, depending on firmware version, limit testing may only be 
available on rectilinear graph types. Upper and lower limits on any parameter may be set and these may be 
separated into many frequency bands. There is a limit of a total of 50 segments (upper and lower combined) per 
trace. 

An adequate number of points must be used for effective use of this function. The ripple line limit will be 
automatically placed on the ripple based on the frequency start and stop set and ripple value. The ripple value 
is divided between the upper and lower limit when set. The main Ripple limit line menu is shown in 
Figure 11-17

The toggle buttons on the top level of this menu are:

Ripple Value

The Ripple Value button allows the user to set the ripple value setting to Absolute Value or Margin. Absolute 
Value is the between the minimum and maximum of the ripple while Margin is the difference relative within 
the ripple limit line.

Ripple Test

The Ripple Test button enables comparison of the data to the limit lines existing (this is per trace). The results 
of the test (pass or fail) will appear in the upper right corner of the graph for that trace.

Test Result Sign

The Test Result Sign button enables a large graphic displaying the pass/fail result. This will be in the middle of 
the screen and is visible from a large distance. The Limit Test must be on for this sign to appear. If any limit 
tests fail, the large fail sign will appear with a notation of which channel has failed. If the Test Result Sign 
function is used with both Limit lines and Ripple limit lines, the test result will be a logical OR between both 
limit line values meaning if either limit line fails, the FAIL sign will result.

Ripple Limit Line

Displays the current ripple limit lines on the data graph. The limit lines will appear in red. Failing points are 
marked with a red dot.

Limit Fail Signal

Determines the state of the external limit status bit for a fail condition (see next item). High or Low (in a 
3.3V logic sense).

Figure 11-17.RIPPLE LIMIT Menu - Various Functions Toggled ON or OFF
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Editing of Ripple Limit Lines

The editing of the Ripple Limit lines is controlled on the one submenu and that is shown in Figure 11-17. When 
entering this menu, the Edit Ripple Limit Line table will appear at the bottom of the screen (not unlike the 
multiple source and segmented sweep tables). Initially, the table will often be empty. If a limit line set was 
created on another trace, those values may appear here but they may be cleared or edited. The limit line tables 
may be saved and recalled separately using this menu (much like segmented sweep tables) or they may be 
saved and recalled as part of the global setup (use commands under the File menu to do this).

An example ripple limit line is shown in Figure 11-19 using two frequency segments. The ripple value 
determines the ripple upper and lower limits. For example, the 300 kHz to 5 GHz start and stop range will 
have an upper and lower limit of 1 dB about the ripple. 

Figure 11-18.Ripple Limit Line
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11-11 Response Menu
These are selectable on the response menu as shown in Figure 11-19 on page 11-25 below. The submenu allows 
a choice of which port is driving during that particular analog in measurement. This port selection may be 
important particularly with the use of external power detectors.

1 – RESPONSE menu

2 – USER-DEFINED menu

3 – NUMERATOR menu

4 – DENOMINATOR menu 

5 – MAX EFFICIENCY menu

6 – To Mixed-Mode dialog

Figure 11-19.RESPONSE Menu and Submenus  
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11-12 Averaging and Smoothing

Overview

Averaging and smoothing are extensively covered in the operations manual, but there are some 
measurement-related impacts that should be discussed in this section. The control menu is repeated in 
Figure 11-20 for reference. 

Averaging

The Averaging button toggles the function OFF and ON.

Number of Averages

The Number of Averages button displays the number of measurements performed at each frequency point in 
the case of per-point averaging, and represents the number of sweeps averaged for per-sweep averaging.

1. IFBW set to 1 kHz and Trace Smoothing set to OFF. 2. IFFBW set to 30 kHz; Trace Smoothing set to ON with 
Smoothing applied to 20% of sweep.

Figure 11-20.AVERAGING Menu - Both menus show that averaging has been toggled on.

1 2
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Averaging Type

The Averaging Type button toggles between per-point and per-sweep averaging.

• Per-Point Averaging

Per-point averaging acquires additional samples at each frequency (or power) point and performs the 
averaging process at that time. This is similar to an IFBW reduction (adding 10 per point averages is 
equivalent to a 10x reduction in IFBW). Since the time between sample acquisitions is small in this case, 
per point averaging works best at removing high rate noise.

• Per-Sweep Averaging

Per-sweep averaging averages a given frequency (or power) point’s behavior on subsequent sweeps. This 
can be a very long time constant between samples (depending on sweep speed) so this type of averaging 
does best with low rate noise.

Per-sweep averaging is performed on a rolling basis with the most recent sweeps used to compute the 
result.

Since per-sweep averaging has a long time constant, setup changes or DUT changes can appear to have 
an odd effect. Powering down an active DUT, for example, may lead to an S21 display to slowly drift 
away since it takes some time for the gain change to work its way through the sweep count. If a setup or 
DUT change is made, it may be desirable to reset the averaging count.

Intermediate Frequency Bandwidth

The Intermediate Frequency Bandwidth (IFBW) is allowed in the range of 10 Hz to 500 kHz on the 
MS46522B/MS46524B VNAs. At lower IFBWs, additional per point averaging has little effect.

At very low frequencies, where the IFBW may be on the order of the system frequency, there could be 
measurement issues. By default, the IFBW will be limited at system frequencies below 3 MHz although this 
can be overridden under the System menu.

Trace Smoothing

Trace smoothing is toggled OFF and ON by this button. Trace smoothing performs a weighted averaging 
around each frequency point using a window size set by the percentage of smoothing. Since this process 
combines data at different frequency points, it should be used with care since it can remove valid frequency 
response information.

Averaging and Smoothing Conclusions

In time domain, averaging and IFBW apply to the basic frequency domain data. Smoothing applies to the time 
domain data.
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Chapter 12 — Measurement - Time Domain 
(Option 2)

12-1 Chapter Overview
This chapter provides time domain measurement guidelines and procedures. General descriptions, key 
concepts, and example procedures are prevented for time domain measurement modes of low pass, bandpass 
and gating.

12-2 Introduction
The time domain option offers the ability to transform the native frequency domain data of the MS4652xB 
ShockLine VNA into time domain information for TDR-like displays, distance-to-fault analysis, and general 
spatial-based circuit and network troubleshooting. Uses for time domain include:

• Identifying mismatches/discontinuity locations in fixture or PC board launch structures.

• Locating and quantifying defects in a cable assembly.

• Identifying characteristics of discontinuities (inductive or capacitive) within fixture or on-wafer 
transitions.

• Semi-quantitative determination of impedance levels in a cascaded series of transmission lines.

Time domain is a per-trace invocation allowing frequency domain and time domain traces to be freely mixed on 
any response parameter, but since there can be only a single x-axis domain readout per trace display, the 
domain readout is in the units of the active trace.
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The DOMAIN menu, shown in Figure 12-1, provides time domain controls. It is accessed from the DISPLAY 
menu.The presence and availability of some DOMAIN menu selections depend on the time domain mode 
selected on the DOMAIN menu, as well as on the SWEEP TYPES and FREQUENCY menus. 

12-3 Basic Time Domain Modes
The four basic modes of the DOMAIN menu are:

• Frequency With No Time Gate

Regular frequency sweep mode.

• Frequency With Time Gate

Frequency domain data passed through gated time domain providing time-gated response for evaluation 
in the frequency domain.

• Time, Low Pass

Time domain mode where frequency content close to DC is available (start frequency no more than about 
10 step sizes). Step response (like a TDR) processing is available and resolution better, but this mode 
may not be available for all frequency lists. The selection will be unavailable if incompatible.

• Time, Bandpass

Time domain mode for any frequency sweep. Only impulse response can be displayed. Defect 
identification tools are more limited, and resolution is worse by a factor of 2 compared to low pass for the 
same sweep width. This is the only choice in band-limited scenarios such as waveguide.

Figure 12-1. TIME DOMAIN Menu Variations

1 2 3 4
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12-4 General Concepts

Chirp-Z Transform

The time domain functionality is provided by a chirp-Z transform (in most cases) of the available frequency 
domain data for that parameter. Since the transform simply treats the frequency domain values as input data, 
any parameter can be transformed. Unratioed parameters are less useful since they do not contain phase 
information that the transform relies upon.

The chirp-Z transform is, in a macro sense, very similar to the Fast Fourier Transform with the exception that 
the output range can be variable. This allows the ability to specify an arbitrary time range to look at while 
maintaining the desired point count. A different algorithm is used with dispersive media, such as waveguide 
and microstrip where the time-frequency relationship is more complex, but the functionality remains the same.

Defects as Impulse Functions in the Time Domain

Defects can be considered to be impulse functions in the time domain. This sum of impulses transforms to a 
sum of complex exponential in the frequency domain. While these produce the characteristic ripples seen in 
frequency domain data of mismatched systems, the frequency domain data can be hard to interpret as to the 
location of the defects causing the ripples. This is the value of a time domain analysis.

One-Way or Round Trip Time

One question that arises is whether the time (or distance) plotted represents a one-way or round trip time, 
particularly in the case of reflection measurements. The TIME DEFINITION submenu selection, shown in 
Figure 12-1 on page 12-2, controls this behavior. When in Auto, the system will always display one-way times 
and detects whether the measurement parameter is reflection or transmission to help sort that out. If using 
user-defined parameters, going to manual control may be needed. The transform itself will generate a 
round-trip time for reflection and a one-way time for transmission without any intervention from the system.

Note
The following menus are accessible through the DISPLAY submenus. Users can access these same 
features through the MEASUREMENT SETUP dialog.
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12-5 Low Pass Mode
Low pass mode assumes the existence of data near DC which enables the ability to compute step responses and 
to create a pure real transform. While any graph type can be used (except Imaginary which would have a flat 
line), Real is sometimes the most valuable since information about the defect can be determined. An example 
plot showing a short at the end of a small transmission line length of approximately 100 ps appears in 
Figure 12-2. Both the impulse response and step response are plotted on real graph types. Many aspects of this 
plot will be discussed in this section including the impulse and step presentation of the same data.

Many of the other submenus change slightly depending on which mode is selected so the remaining subsections 
will be partitioned according to the mode. 

Figure 12-2. Example Low-pass Time Domain Plot
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Range Setup Menu Functions

The Range Setup menu for low-pass time domain is shown in Figure 12-3. The top button, Display Unit, toggles 
between Time and Distance and is a duplicate button to the Display Unit button on the DOMAIN menu 
(Figure 12-4).  

Figure 12-3. RANGE SETUP Menu - Time, Low Pass Domain

Figure 12-4. TIME DEFINITION Menu
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The fundamental output of the transform depends on the non-dispersive or dispersive nature of the media. In 
the case of non-dispersive media (to include coax), time is the fundamental output of the transform and 
distance is calculated using the media information on the measurement menu. In the case of dispersive media 
(waveguide or microstrip), distance is the fundamental output and time is calculated from that.

The Start, Stop, and Center buttons all invoke field tool bars that allow user-input for each value (in distance or 
time); with the Span button displaying the calculated result. There are few limits to what may be entered but 
extreme entries may not always be useful due to constraints of resolution and alias-free range. These limits are 
determined by the frequency list used as well as the window selected. 

Resolution is interpreted as impulse width (the width of a singular defect) while alias-free range is the 
maximum time range that can be studied before defects start repeating themselves (due to the cyclical nature 
of the transform). To help, the resolution (impulse width) is displayed as a read-only variable on the main time 
domain menu (Figure 12-1) and the alias-free range is displayed on this range menu as a read-only variable. 

The response choice is either Impulse or Step. The step response, which allows a TDR-like display is simply an 
integration of the impulse response which is the natural output of the transform. Normally, this integration 
begins at the start time used in the current range (and continues to the stop time). This is advantageous when 
using results for certain de-embedding activities. It can, however, be confusing if one zooms into a region of 
impedance different from the reference impedance since the integration would not capture the transition. For 
this reason, there is the selection available to start the integration at 0 (regardless the range setting). The 
integrated result will be mapped back into the current start-stop range using interpolation with the linear 
value set to zero at negative times. If the stop time is also negative, the integrated result will all be near zero.

Note that the integration for step response also requires an initial integration value and this comes from the 
network’s DC response. Since the ShockLine MS46522B/MS46524B VNA cannot get all the way to DC, some 
additional information is needed to perform this integration. To see this consider:

Equation 12-1 TDR Integration Equation

ImpulseResponse  1– X DC  X sweepRange  +=

ImpulseResponse A X DC   1– X sweepRange  +

StepResponse A X DC   1– X sweepRange  +  td

0

t

=
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DC Term Menu

Since the DC value ends up being integrated from time 0 (zero), the value used here is quite important and the 
choices to compute this value are shown in Figure 12-5. The default choice is to allow the system to 
auto-extrapolate from existing frequency data to estimate the DC value.

There are options on how the extrapolation is done, as shown in Figure 12-6.

Figure 12-5. DC TERM Selection Menu

Figure 12-6. DC Term EXTRAPOLATION Menu
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The default method, Mag-Phase, extrapolates both portions as would be expected and is energy-conserving. For 
cases where the start frequency is low and the DUT loss changes slowly over frequency, sometimes the 
magnitude may be assumed constant and only the phase function need be extrapolated (most common with 
long cable assemblies). The other option allows a table of low frequency values to be entered (two-column, 
tab-delimited). If the DUT is well-known, extrapolation can be avoided altogether by entering the DC 
impedance. 

Window Shape Menu

The last item on the Range Setup menu is the Window Shape selection button which displays the Window 
Shape submenu shown in Figure 12-7. 

Since the frequency range of the VNA is finite, the frequency domain data will have a discontinuity at the stop 
frequency. This introduces side lobes in the time domain data that can obscure smaller defects and hamper 
separation of defects. The window provides some pre-processing of the frequency domain data to reduce the 
severity of the discontinuity and hence the side lobe level. This also reduces resolution but is unavoidable. 

The Nominal window is the default and provides about half of the resolution of Rectangular (no window) but 
with an approximate 30 dB reduction in side lobe levels. The Nominal window is advised for most applications.

Since the window so strongly affects resolution, the Impulse Width display is repeated on this submenu to help 
determine the impact on the desired measurement.

Figure 12-7. WINDOW SHAPE Menu
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An example of how the window shapes affect the impulse data (main lobe width and side lobe level being 
traded-off) is shown in Figure 12-8. Here the same data appears with the four different window selections. For 
this plot, data was saved to TXT files and plotted externally.

The Advanced Window selection button brings up the dialog shown in Figure 12-9 that has the previous four 
choices along with two new parameterized windows, Kaiser-Bessel and Dolph-Chebyshev.

The dialog for advanced window setup makes two new window choices available (Kaiser-Bessel and 
Dolph-Chebyshev). The Apply button must be used for a radio-button selection to take effect.

Figure 12-8. Effects of Window Shapes Plot

Figure 12-9. Advanced Window Setup Dialog
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These two new window types allow for a finer selection of the trade-off between side lobe level and resolution. 
For the Kaiser-Bessel window, a larger Beta value leads to lower side lobes, but a wider main lobe width (and 
hence poorer resolution). For the Dolph-Chebyshev window, the side lobe level is parameterized explicitly (in 
absolute dB) and a larger value leads to a wider main lobe width as well. The windows for two parameter 
values for each of these windows are shown in Figure 12-10 along with the rectangular window for comparison.

The approximate relationship between these parameters and the main lobe width (null-to-null) is suggested in 
Figure 12-11. Here, everything is scaled relative to a rectangular window (a nominal window is at 2, a low 
side-lobe window is at 3, and a minimum side-lobe window is at 4 on this scale) and the y-axis is normalized 
relative to the lobe width of a rectangular window.

Figure 12-10.Effects of Window Shapes Plot with Advanced Windows Selection

o

Figure 12-11.Comparison of Lobe Width vs. Window Parameters
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Table 12-1. Below are the window widths (expressed in terms of the distance between the first nulls around the 
central lobe). ‘BW’ refers to the total sweep bandwidth.

Window Type LP Main Lobe Width (null-null) BP Main Lobe Width (null-null)

Rectangular 0.5/BW 1/BW

Nominal 1/BW 2/BW

Low sidelobe 1.5/BW 3/BW

Minimum sidelobe 2/BW 4/BW

Kaiser (parameter ß)

 

Chebyshev (parameter α dB)

 

Table 12-2. Below are the window widths (expressed in terms of the width between the 3 dB points relative to the 
central lobe). ‘BW’ refers to the total sweep bandwidth.

Window Type LP Main lobe width (3 dB) BP Main lobe width (3 dB)

Rectangular 0.221/BW 0.442/BW

Nominal 0.323/BW 0.646/BW

Low sidelobe 0.412/BW 0.824/BW

Minimum sidelobe 0.472/BW 0.944/BW

Kaiser (parameter ß)
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12-6 Bandpass Mode
The Bandpass Time Domain mode is similar to low pass but a few menu items change. Any graph type can be 
used with bandpass mode but log magnitude and linear magnitude are the most common. The top level of the 
time domain menu is repeated in Figure 12-12 for convenience. This menu level does not change between the 
time domain modes. An example measurement (of a short on a transmission line like in Figure 12-2) is shown 
in Figure 12-13. Here, a real and imaginary plot is shown to illustrate the difference from the pure real low 
pass time domain result but this graph type is not commonly used in practice.

Figure 12-12.Top Level DOMAIN Menu - Time, Band Pass Selected
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An example bandpass time domain plot is shown below for a short at the end of a transmission line. In a log 
magnitude display, there is a single impulse of approximately unity amplitude near the 100 ps mark. 

Figure 12-13.Example Band-pass Time Domain Plot
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The range menu for bandpass mode is shown in Figure 12-14. The differences here are that the response choice 
and DC terms are gone since they do not apply to this mode, and a new item appears: Phasor Impulse.

In low pass mode, the sign of the data can be used to provide some hints as to the nature of the defect 
(inductive or capacitive). It is less obvious in bandpass mode since the time domain data is complex. A function 
termed Phasor Impulse Mode is an attempt to simulate the data reduction of low pass mode when operating in 
bandpass mode. It is only correct if the defect can be described by a single defect (a single complex exponential 
in the frequency domain). The range should be adjusted to have one peak on screen occupying a reasonable 
fraction of the span. The Phasor Impulse function processes this single peak to produce a pure real transform 
carrying sign information much like lowpass mode (positive for inductive, negative for capacitive).

Figure 12-14.RANGE SETUP Menu for Bandpass Time Domain
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The window shapes have the same effect as in low pass but the starting resolution is only half that of low pass 
(the window effects are multiplicative). The window effects are illustrated in Figure 12-15 and correspond to 
the measurement of Figure 12-13 on page 12-13, but expressed in log magnitude. Note the trade-off of side lobe 
height for main lobe width and that the lobe width is twice that for low pass (Figure 12-8 on page 12-9).

As with lowpass time domain, the Advanced Windows are also available. Some example results are shown 
below compared to the rectangular window for a few parameter values.

Figure 12-15.Window Effects in Bandpass Time Domain

Figure 12-16.Window Effects in Bandpass Time Domain (advanced window types)
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12-7 Gating
Both lowpass and bandpass work similarly with regards to gating. Gating is the process of selecting or deleting 
certain defects to study. This can be left in time domain but, more commonly, the gated results are fed back 
through the forward transform to get the frequency domain result corresponding to the modified defect 
scenario just created.

Gate Menu

The GATE menu looks much like the RANGE menu. The Display Unit toggle button and Start, Stop, Center, and 
Span buttons (for the gate this time) control values as described in the sections above.

1. Time units (at left) 2. Distance units (at right)

Figure 12-17. GATE SETUP Menu

1 2
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The Notch toggle selects the polarity of the gate. When notch is OFF, the gate will keep everything between 
start and stop. When notch is ON, the gate will reject everything between start and stop. The main submenu, 
GATE FUNCTION, is shown in Figure 12-18.

The default gate shape is nominal. By default, the gate is off. Selecting Display will allow the gate function to 
be drawn on screen (using the current graph type for the active trace). This can be helpful in visualizing what 
is being included in the gate. Turning gate on will apply the gate to the current time domain data.

The gate shape is analogous to the window selection. If the data was truncated with a sharp gate (minimum, 
akin to rectangular), maximum resolution in used determining the gate but ripple is introduced in the 
frequency domain. For more gradual gates, the resolution in separating defects decreases, but the size of the 
artifacts added to the frequency domain data decreases as well.

The window and gate shapes cannot be selected entirely independently since they interact through the 
transform. In particular, the use of a very sharp gate with a low side lobe window can lead to large errors. The 
allowed combinations are shown in the table below. If an invalid combination is selected, the variable not being 
currently modified will be changed to the nearest valid value.

Figure 12-18. GATE FUNCTION Submenu
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With the advanced gates and windows, selections are not precluded although substantial errors can result if 
values are chosen without caution. If a more aggressive window is chosen (larger beta or side-lobe level), then 
the gate must be wider (wide or maximum; larger beta or side-lobe level).

DUT Example - Gate and Window Nominal

A DUT with a short at the end of a slightly mismatched transmission line is used in this example. The goal is 
to closely examine the short in frequency domain, with effects of the transmission line excluded. As shown in 
Figure 12-19, the gate is in display mode surrounding the desired reflection with both gate and window set to 
nominal. 

Table 12-3. Window Type and Gate Shape Allowed Combinations

Window/Gate Minimum Nominal Wide Maximum

Rectangular OK OK OK OK

Nominal OK OK OK OK

Low side lobe No OK OK OK

Minimum side lobe No No OK OK

Gate is the red dashed line

Figure 12-19.Gate in Display Mode Example



Measurement - Time Domain (Option 2) 12-7 Gating

MS4652xB ShockLine MG PN: 10410-00753 Rev: V 12-19

In the next step, the gate is turned to on, and suppression of the time domain information outside of the gate 
area is displayed, as shown in Figure 12-20.

In the final step, frequency with time gating is activated, removing much of the ripple from the mismatched 
transmission line and residual source match of the instrument, with the frequency without time gating 
displayed from memory as a darker trace, as shown in Figure 12-21.

Figure 12-20.Gate Turned On Example

Figure 12-21.Frequency with Time Gating Example
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Other Frequency-with-Time-Gate Calculation Items 

Questions are sometimes asked about the details of the gating process and the subject of uncertainty in the 
final result. The latter topic is addressed in the next section. In terms of the process itself, the basic concept is 
simple enough: a particular functional form (to exclude or include certain portions) is applied to the time 
domain data before it is returned to the frequency domain. As the time domain data is theoretically of infinite 
extent, the limited data roster forces some truncation to happen by default so even with an infinitely wide gate, 
the process is not conservative. 

To get around this problem, a calibration signal (a single, synthetic tone) is applied to the current window/gate 
setup to generate a set of correction factors. Normally this does not introduce any significant errors. If the gate 
is very narrow (in the sense of approaching 1/BW), there is an additional issue in that the equivalent frequency 
domain convolution starts trying to interact more with frequencies outside of the sweep range. In the extreme 
case, this results in distorted final result, particularly at the extreme frequencies. To improve these results, the 
gate processing is done on a synthetically larger frequency range (using modeled extrapolation) to minimize 
out-of-range convolution effects. It is still advisable that the gate not be any narrower than a few resolution 
intervals.

A second type of question that often arises is on how to use and interpret FGT results on transmission 
parameters. Suppose one had a device in a fixture, one might think that one could de-embed transmission by 
simply placing a gate around the appropriate place. Unfortunately, it is not quite that simple. Consider the 
time domain representation of an impulse traveling through our fixture + DUT assembly.

In the time domain sense, an impulse is incident from the left and, at the first interface, some is reflected and 
some is transmitted. The transmitted impulse then sees the output plane of the DUT and again, some is 
reflected and some is transmitted. The transmitted impulse (labeled ‘A’ in Figure 12-22) goes to the receiver 
and this is the first response observed in the time domain transmission measurement.

Figure 12-22. Illustration of Gating Effect on Pulse Re-reflections

Fixture

mismatch mismatch

FixtureDUT
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If one follows the remaining pulse energy, there is an internally reflected impulse in the DUT that again 
emerges towards the receiver (labeled B). There may be additional re-reflections that contribute depending on 
the loss and reflection levels. Now if one places a gate around ‘A’, one will remove the contribution of 
re-reflections and this may reduce the ripple in the FGT response. This is not complete de-embedding, 
however, since ‘A’ includes loss effects of the fixture as well as any incident mismatch. Those effects were not 
removed by this gating process. For that fuller level of correction, more traditional de-embedding steps usually 
need to be followed. 

Saving Gated Results 

As usual, .txt and .csv formats (along with the graphical formats) can be used to save post-processed results. 
Many users also wish to save gated results in the .sNp file formats but this is not enabled by default to avoid 
confusion on what the S-parameters represent. This can be turned on using a control at the bottom of the 
SnP Setup dialog as shown below in Figure 12-23. Note that there is a separate section regarding “Enforced 
Passivity and Causality” is located in Chapter 8, “Adapter Removal Calibrations and Network Extraction”.

As might be expected, there is some potential for confusion on which gate is applied to which parameter. The 
following rules are employed:

• If gating is applied on no traces on the current channel, only ungated .sNp data will be saved.

• If gating is applied on at least one trace and the save gated field described above is checked, gated data 
will be saved for all parameters (that are part of the current .sNp save request). In this case:

Figure 12-23.Saving of gated data into sNp files is enabled with a check on the SnP Setup dialog. 
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• If all parameters of the .sNp are setup as gated in the current channel, those parameter-specific 
gate parameters will be used. The data from the last processed run will be used for the save.

• If not all parameters are setup as gated, the gate parameters of the first gated trace of the same 
parameter type (transmission/reflection) will be used. If such a trace does not exist, the gate 
parameters of the first gated trace will be used. If a trace does not exist for the required 
parameter, its measurement will be taken from the buffer (if a calibrated parameter) or a 
measurement re-triggered (if not a calibrated parameter but part of the sNp save definition).

• If gating is applied to the .sNp file, a comment line (! GATING applied) will be added to the header of the 
file.

12-8 Uncertainties in Time Domain Measurements and Recommended 
Practices

Because native time domain results are an integral of the underlying frequency domain data, understanding 
the uncertainty in the results is not always intuitive. Consider a measurement of a single point reflect (with 
little frequency response) so the frequency domain reflection coefficient is:  

Where K is the complex amplitude of the reflection (assumed frequency-independent for this example) and 
L is the distance from the reference plane. 

In the time domain (impulse mode), this corresponds to a single impulse at length position L and a magnitude 
|K|. Now, in the frequency domain, there will be uncertainty including fixed and sloped offsets (from tracking 
errors, drift, repeatability…) and more complex distortions like ripple (from residual source match and 
directivity). As these are integrated over frequency, the fixed (in a dB sense) offsets pass-through, sloped 
offsets have the potential to increase in effect, and ripple-like errors have the potential to reduce in effect due 
to cancellation (depending on the frequency of the ripple). Immediately, this suggests that uncertainty 
components that may be of equal weight in the frequency domain may have a very unequal weighting in the 
time domain representation.

One can look at a simplistic case of a single, relatively large reflection and run Monte Carlo simulations of the 
effects of various uncertainty terms. Figure 12-24 is an example where source match and directivity terms 
were elevated (to about the 20 dB residual level) and 1000 iterations were run with random component phases 
in the measurement. The net scatter was only about 0.1 dB which is noticeably less than the frequency domain 
uncertainty for a –12 dB reflection. This arises from the correlation between the corrected reflection 
coefficients at different frequencies.

Equation 12-2.

LjeK 2



Measurement - Time Domain (Option 2) 12-8 Uncertainties in Time Domain Measurements and 

MS4652xB ShockLine MG PN: 10410-00753 Rev: V 12-23

Figure 12-24.Monte Carlo Scatter from a Simulation with Elevated Residual Source Match and Directivity Terms

The Monte Carlo scatter from a simulation with elevated residual source match and directivity terms is shown 
here. For a single spot defect, these error terms do not have a lot of effect on the time domain result.
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If instead, one added an elevated drift term, the scatter can be much larger as shown in Figure 12-25.

The scatters in Figure 12-24 and Figure 12-25 are particularly simple examples and things become much more 
complicated when the DUT has to be represented by multiple defects in time. Not only is the correlation 
between frequencies reduced, but now the windowing function (discussed in an earlier section) can play an 
outsized role in the uncertainty. 

To understand this last concept, recall that the windowing de-emphasizes the extreme frequencies of the data 
and an aggressive window removes quite a lot of that data. When the structure being tested is complex, the 
useful information tends to be spread over a wider bandwidth, hence it is more likely that windowing choice 
may have an impact on the result. In the first example (Figure 12-26), the DUT consisted of a single large 
reflect and two very different Kaiser-Bessel windows were used (ß=0.5 and ß=12). In terms of the peak 
amplitude, there is less than 0.03 dB difference.

Figure 12-25.Monte Carlo Scatter from a Simulation with both Elevated Source Match/Directivity Residuals and an 
Elevated Drift Term

The Monte Carlo scatter from a simulation with both elevated source match/directivity residuals and an 
elevated drift term is shown here. The effect of the drift error in frequency domain has a major impact on the 
time domain result.
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Figure 12-26.Results for Two Different Windowing Choices for Isolated Time Domain High-reflection Point

The difference in results for two different windowing choices is shown here in the case of an isolated time 
domain high-reflection point. In terms of peak amplitude, the window choice [Kaiser-Bessel with parameter ß= 
0.5 (red) or ß = 12 (blue)] had little effect.
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In the next example (Figure 12-27), the portion of interest is a –12 dB reflection and there is another ~ –25 dB 
reflection 70 ps away. In this case, the window choice makes a much larger difference with the aggressive 
window (ß= 12) being less correct. The salient difference here is the presence of a non-negligible secondary 
reflection that is only a few resolution-widths away. This simple example illustrates that time domain 
uncertainty analysis is much more DUT-dependent than is frequency domain uncertainty analysis and very 
different effects can dominate. For assistance in evaluating the uncertainties in particular situations, contact 
Anritsu.

When one looks at step response time domain, there are additional issues in that the result is a time 
integration of the transform integration. In some sense, this secondary processing compounds the problems 
already discussed. One dominant aspect of this is the DC term discussed previously. Since the DC term 
transforms to a constant offset in the impulse response data, the step response will acquire a slope which can 
dwarf the actual reflection changes if the integration time is long enough. To add another layer, impedance is 
often plotted in step response and that represents another transformation. Combining these, one gets a 
reasonably complicated total transformation. 

Figure 12-27.Results for Two Different Windowing Choices with 2nd Time Domain Defect

This experiment is similar to that shown in Figure 12-26, except there is a 2nd time domain defect (about 
13 dB lower in amplitude) positioned 70 ps away. In this more complex time domain structure, the window 
choice [Kaiser-Bessel with parameter ß= 0.5 (red) or ß= 12 (blue)] had a much more significant effect.
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The main added uncertainty effect in the impedance transformation is one of sensitivity expansion at extreme 
impedances. Since the impedance changes more for a given S-parameter change (usually reflection) as one gets 
further away from Z0, any of the earlier effects will be magnified for very high or very low impedances.

Shifting from time domain representations to the additional transform back to frequency domain (gating), one 
can also see a complicated uncertainty picture as alluded to earlier. Because of the windowing process, some 
information is lost in getting to the time domain which cannot be recovered. In addition, if the gate is on the 
order of resolution in width, then additional distortions occur due to the gate and window shape interactions. It 
is easy to envision the problem scenario in the plot below (Figure 12-28). The central lobe and its side lobes 
represent the information about the defect to be analyzed. Since the gate is cutting off some of that 
information, the FGT response is now a distorted representation of that defect. While such an analysis may be 
useful in some cases, it is not a typical de-embedding-like application where one is trying to remove secondary 
defects.

Equation 12-3.

Figure 12-28.Selection of a Gate that is Getting Narrow Relative to Resolution 

The selection of a gate that is getting narrow relative to resolution is shown here. This choice will tend to 
increase errors if frequency-with-time-gate results at extreme frequencies.
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An example is shown below (Figure 12-29) where two different gate widths were used to isolate the same point 
defect in reflection. In this case, the wider gate was actually a bit too wide in that some secondary reflections 
remained resulting in the midband ripple. The narrow gate was, however, too narrow and resulted in major 
distortions at high and low frequencies. Note that this is a common occurrence: as the gate width gets too 
narrow the errors will increase first at the extreme frequencies.

Optimizing Time Domain-related Uncertainties

Summarizing some of the above analyses, one can arrive at some general recommendations for optimizing time 
domain-related uncertainties:

• Do not use a more aggressive gate than necessary to get the sidelobe levels where needed. If there is a 
particular low-level defect near a large defect that needs to be identified, one of the parameterized 
advanced windows may be helpful.

• Pay particular attention to cable motion and drift if time domain uncertainty is critical.

• If using step response (or in some cases, frequency with time gate), pay attention to the lowest frequency 
used. A lower start frequency (if the DUT bandwidth permits it) can allow better DC extrapolation and 
more accurate step integrations. A lower IF bandwidth and/or averaging can also help in this regard.

• When using gating, do not select a gate shape that is more aggressive than needed and do not make the 
gate narrower than needed to isolate the defect of interest. The frequency extremes are most likely to be 
affected when the gate is inappropriate.

Figure 12-29.Frequency-with-time-gate Result

A frequency-with-time-gate result for two gate width choices: one that is probably too wide for optimum 
isolation (red) and one that is probably too narrow (blue).

Gate ~< Resolution
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Chapter 13 — Measurement - Advanced 
Time Domain (Option 22)

13-1 Chapter Overview
In its simplest definition, a serial data signal channel has signal integrity when the electrical properties of the 
channel do not cause data quality degradation and timing errors. 

Bit-error-rate testers (BERTs) are often used for functional test of high-speed serial data circuits to determine 
if signal integrity issues exist. To determine the source of the issues, time domain measurement tools such as 
oscilloscopes and Time Domain Reflectometers (TDRs) are used. 

However, as data rates continue to grow and circuits continue to shrink, the signal channels behave more like 
complex transmission lines which are more readily characterized by VNAs than by time domain based 
instruments. For this reason, VNAs are becoming a key instrument for signal integrity (SI) engineers 
developing and analyzing their serial data channel designs. This chapter will discuss the measurement options 
available with Advanced Time Domain, setup considerations, and an example of execution procedures.

13-2 Introduction
The Advanced Time Domain (ATD) option, Option 22, adds third party measurement functionality to the 
ShockLine 500B series software to help SI engineers verify and troubleshoot key SI parameters. 

The ATD option adds software from AtaiTec™, a premier SI software and consulting firm, and has two basic 
elements. The first is access to a subset of AtaiTec’s Advanced SI Design Kit (ADKmini) software package. The 
second feature automates the ADK software Plot Eye Diagram function by automatically saving a SnP data file 
and launching the ADK software to analyze and plot an eye diagram based on the saved data. The ATD option 
is launched from a software menu in the ShockLine graphical interface.

Figure 13-1. 4-Port Setup with Sample 4-Port DUT

VNA
MS46524B

1

2

MS46524B
8.5 GHz Vector Network Analyzer

Port 1 Port 3 Port 2                    Port 4

Standby

DUT
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13-3 Eye Diagram
From the main menu, select the Advanced Time Domain menu. A submenu showing the two ATD options of 
eye diagram and SI analysis will appear. Select the Eye Diagram.

When the user clicks on the eye diagram menu button the ShockLine software automatically saves an .s4p file 
on the disk: C:\AnritsuVNA\ADK_EyeDiagram.s4p  

(When using a 2-port MS46522B VNA, the software will automatically store an .s2p file in the same location: 
C:\AnritsuVNA\ADK_EyeDiagram.s2p)

Eye Diagram Configuration File

The ShockLine software uses a batch file (ADK_EYE.S4P.abt in the C:\AnritsuVNA\ADK folder) to launch 
the ADKmini eye diagram.

The batch file is a simple text file (Figure 13-2) that has the setup information for the eye diagram. It includes 
the location of the .s4p file, the port order for the data, baud rate, rise time, and voltage swing for the 
simulated signal. 

The user can also edit the file to change/add setups for the eye diagram. Commands are available from the 
ADK User’s Guide (ADK_ug.pdf) which is located in the C:\Program Files\AtaiTec\Doc directory on the VNA 
or can be downloaded from the Anritsu website. The batch file commands for the eye diagram are located in the 
Batch section of the user guide starting at the “# eye” command. All setups available in the SI analysis tool 
under “Plot eye diagram” are available as a batch file command. 

Figure 13-2. Example Eye Diagram Batch File
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Eye Diagram Plot and Calculations

The ADKmini software calculates an eye diagram based on the measured S-parameter data stored in an s4p 
file on the VNA. The frequency domain data in the s4p file is used to simulate the effect the measured device 
would have on a digital data stream. The s4p data file is saved when the user selects the eye diagram in the 
ATD menu so the desired DUT measurement should be completely setup and stable before selecting the eye 
diagram button. The data output window shows the calculated eye height, eye width, jitter, and delay to the 
center of the eye. The eye diagram display is configurable and is controlled by the batch file documented above. 

A typical output plot and associated data output window are shown in Figure 13-4 and Figure 13-3.  

 

Figure 13-3.  ATD Eye Diagram Plot

Figure 13-4. ATD Eye Diagram Data Output Window



13-4 Launching the SI Analysis Tools (ADK mini) Measurement - Advanced Time Domain (Option 22)

13-4 PN: 10410-00753 Rev: V MS4652xB ShockLine MG

13-4 Launching the SI Analysis Tools (ADK mini)
Clicking on the SI analysis button on the ATD menu launches the ADKmini software. The main menu for this 
software is shown in Figure 13-5.  

Figure 13-5.  ADKmini Main Menu
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13-5 Overview of the ADKmini Functions 

Check Passivity & Causality 

This utility (Figure 13-6) is often used when trying to correlate simulated and measured data. It lets the user 
check an .SnP file for passivity, causality, and reciprocity, and can add correction to reduce the likelihood of 
attempted correlation to non-physical data. 

Figure 13-6.  Correct Passivity and Causality
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Combine .SnP Files 

With this utility (Figure 13-7), the user can combine several Touchstone (.SnP) files and “expand” them into a 
single file with more ports. Zeros are inserted for un-specified S-parameters. One application is to combine 
many 4-port measurement files into a larger multi-port file. All .SnP files must be at the same frequencies.  

Figure 13-7.  Combine .SnP Files Dialog
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Plot Eye Diagram 

This is the same utility that is used to plot the eye diagram when the “eye diagram” button is selected in the 
ATD menu. This utility (Figure 13-8) takes the user imported S-parameter data and simulates the 
single-ended or mixed-mode bit-by-bit channel response to NRZ or 4-level pulse amplitude modulation (PAM-4) 
signals. This utility can plot bit waveforms, eye diagram or spectrum simulation data with a pseudo-random 
bit stream (PRBS) or a fixed data pattern. The user can also apply TX feed forward equalization (FFE), RX 
continuous time linear equalization (CTLE) and RX decision feedback equalizer (DFE) tap coefficients to the 
simulation.  

Figure 13-8.  Plot Eye Diagram Dialog
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Figure 13-9.  Eye Diagram Plot

Figure 13-10.ADK Mini Eye Parameters
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Plot Crosstalk 

This utility (Figure 13-11) enables the user to plot single-ended or differential near-end crosstalK(NEXT), and 
far-end crosstalK(FEXT) channel responses. The user selects the port sequence, single-ended or differential 
crosstalk, Victim, NEXT and FEXT port configurations to setup the utility.  

Figure 13-11.  Plot Crosstalk Dialog
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Plot TDR, TDT & Skew 

This utility (Figure 13-12) converts S-parameter data into an impedance profile, a time domain reflection 
(TDR) with an open end, or a TDR/time domain transmission (TDT) with matched terminations. The user can 
select step, single-bit, or impulse responses. Resulting TDR, TDT, and skew can be plotted.  

Figure 13-12.Plot TDR, TDT & Skew Dialog
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Perform Compliance Test 

With this utility (Figure 13-13), the user can choose among several IEEE and OIF specs, and compare the 
power sum of coupled noises, insertion loss crosstalk ratio (ICR), insertion loss, insertion loss deviation (ILD), 
and integrated crosstalk noise (ICN), etc.  

Figure 13-13. Perform Compliance Test Dialog 
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13-6 Example Measurement
For this example, we calibrate the VNA with a harmonic calibration. This makes the start frequency equal to 
the step size allowing the extrapolation of data to DC. For more information about calibrating this setup, 
please see the MS46522B or MS46524B demonstration guides that detail step by step instructions for this 
calibration setup. 

• Start frequency = 40 MHz

• Stop Frequency = 40 GHz

• Number of points = 1000

• The VNA will be measuring the 100 ohm differential trace.

The setup file should be displaying differential S-parameters SD1D1, SD1D2, SD2D1 and SD2D2 as shown in 
Figure 13-14.  

13-7 Summary
The ATD option, Option 22, provides tools for SI analysis on the performance series of ShockLine VNAs 
(MS46522B/MS46524B). It is well suited for SI engineers who may be building circuit models and taking 
measurements to validate them and/or troubleshooting SI issues. It includes a subset of popular SI tools, 
including the ability to plot eye diagrams, determine NEXT and FEXT, and apply various equalization 
techniques. When a more extensive set of SI tools are required, Anritsu customers can purchase the AtaiTec 
ADK software.

Figure 13-14.Differential S-Parameters



Measurement - Advanced Time Domain (Option 22) 13-8 Signal Integrity Acronyms

MS4652xB ShockLine MG PN: 10410-00753 Rev: V 13-13

13-8 Signal Integrity Acronyms 

Acronym Definition

ADK AtaiTec’s Advanced SI Design Kit

ADKmini A subset of ADK incorporated into the ShockLine Advanced Time Domain option (Opt 22)

ATD ShockLine Advanced Time Domain option (Opt 22)

BERT Bit-Error-Rate Tester

CTLE Continuous Time Linear Equalization

DFE Decision Feedback Equalizer

FEXT Far-End Crosstalk

FFE Feed Forward Equalization

ICN Integrated Crosstalk Noise

ICR Insertion loss Crosstalk Ratio

ILD Insertion Loss Deviation

MOI Method Of Implementation

NEXT Near-End Crosstalk

NRZ Non-Return-to-Zero

OIF Optical Internet working Forum

PAM-4 4-level Pulse Amplitude Modulation

PLTS Physical Layer Test System

PRBS Pseudo-Random Bit Stream

SI Signal Integrity

.SnP Touchstone Formatted File of N Ports

TDR 

Time Domain Reflectometer

-or-

Time Domain Reflection

TDT Time Domain Transmission
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Chapter 14 — Measurement - Sweep Types

14-1 Chapter Overview
This chapter covers the different sweep types available with the ShockLine MS46500B Performance Series 
VNAs to increase measurement functionality.

14-2 Introduction

Sweep Configuration

Standard sweeps are available on all ShockLine MS46522B and MS46524B VNAs. The MS46522B and 
MS46524B have independent source for each port.

• Standard Sweep uses one source at a time to make measurements sequentially.

Sweep Types

A number of different sweep types are available within the MS46500B Performance Series VNAs including:

• Traditional frequency sweep (defined by a start frequency, a stop frequency and a number of points)

• Log sweep (with a constant ratio or logarithmic step size)

• Power sweep (frequency is constant and power is defined by a start value, a stop value, and a number of 
power points) 

• Frequency-based segmented sweep (frequencies are defined individually or in sub-spans, that are 
monotonically increasing)

• Index-based segmented sweep (frequencies are defined individually or in sub-spans and can be in any 
order; all plotting is in terms of index rather than frequency because of the possible direction changes)

The setup complexities in regular frequency sweep and power sweep are minimal and will only be discussed 
briefly. The segmented sweep possibilities are considerably larger and some explanation will help in setting 
them up. The SWEEP SETUP and SWEEP TYPES menus are shown in Figure 14-1.

Figure 14-1. SWEEP SETUP Menu 



14-3 Setting Up Traditional Frequency Sweeps (Linear and Log) Measurement - Sweep Types

14-2 PN: 10410-00753 Rev: V MS4652xB ShockLine MG

14-3 Setting Up Traditional Frequency Sweeps (Linear and Log) 
A traditional frequency sweep is based on a start frequency, a stop frequency, and a number of points (or, 
alternatively, substitute center/span for start/stop). The number of points is not confined to certain preset 
values. The minimum number is two (otherwise CW mode) and the maximum number is usually 20,001. 

Power entry while in frequency mode is accomplished through the Main Power Menu for frequency sweep. 
Figure 14-2.  

The objective of the power cal is to improve the accuracy of the power delivered to the DUT beyond that 
provided by the factory ALC calibration (0.1 dB vs. on the order of 1 dB). This is useful if a preamplifier or 
other network is needed between the test port and the DUT. The exact loss/gain of that network over frequency 
can be corrected for. A common setup for executing this calibration is shown in Figure 14-3.

The relationship between the power entry fields and the Target Power field of the power calibration is 
important. First a few definitions:

Figure 14-2. Main POWER Menu - Port 1 and Port 2 Coupled 

Figure 14-3. Power Calibration Setup

MS4652xB

Power Sensor

USB Hub

Power Meter
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ALC Entry Field

Where the requested power is entered on the main Power menu for Port 1, Port 2, etc. 

Effective Power Field

The read-only fields below the ALC entry fields. These play a role when power calibrations are active.

Target Power Field

The entry area on the Power Cal submenu where the objective of the power calibration is entered. The normal 
procedure is to enter the desired power at the user reference plane (where the power sensor will be connected 
for the power calibration). If the gain/loss between the VNA port and the user reference plane is small, the ALC 
entry field can be set to the same value as the target power. If the gain/loss is significant, the ALC field should 
be offset by an estimate of that gain/loss (ALC entry field should be higher if it is a loss, and lower if it is a 
gain).

This offset need not be extremely accurate; it serves to inform the system of where roughly to set the internal 
sources in order to achieve the desired user reference plane power. After the power calibration is completed, 
the effective power field will match the target power. If the ALC entry field is later changed (from the value at 
the time of the calibration), the effective power field will also change to reflect an estimate of the new user 
reference plane power. This new value is only an estimate since the calibration was not performed at that 
power level and the accuracy will decrease as the change from the calibrated level increases.

Example

Target power is –20 dBm and there is about 8 dB of loss from the VNA port to the desired reference plane.

1. Set Target Power to –20 dBm and set the ALC entry field (for that port) to –12 dBm. Perform the power 
calibration.

2. After the calibration is successfully completed, the Effective power will read –20 dBm and the ALC entry 
field will remain at –12 dBm.

3. Change the ALC entry field to –15 dBm. The Effective power field will change to –23 dBm (the estimate of 
the new power at the reference plane).

4. Turn the power calibration off. If the ALC entry field is still at –15 dBm, the Effective power field will 
change to also be at –15 dBm. With the power calibration no longer applied, the system’s best estimate of 
the power being applied is that based on the internal power calibration. Since the power cal performs the 
calibration at every point, this calibration can be time-consuming (particularly if a slower thermal power 
sensor is being used). One should exercise some restraint when selecting the number of power points if 
this time delay will be an issue. Details of power sensor connection and setup are covered in the 
Operation Manual. The dialog that appears when executing this calibration is shown in Figure 14-4.

Note
Level control is done through ALC control in normal source mode for all frequency models. In 
multiple source control mode ALC control is only available below 8.5 GHz. Power calibration for 
multiple source control mode above 8.5 GHz is done in an open loop configuration. 
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Figure 14-4. POWER CALIBRATION (PORT 1) Dialog Box
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14-4 Setting Up Power Sweeps
A power sweep is valuable for making power dependent semi-linear measurements. The frequency is set at a 
single CW value and the power range is specified in a way analogous to frequency sweeps as suggested by 
Figure 14-5. 

As with the regular power control in frequency sweep, the power at the two ports may be coupled or uncoupled. 
This feature takes on new importance in power sweep in that the two ports may drive with completely different 
power ramps. The number of points in these two power sweeps must, however, be the same. 

Power offset is an important entry for cases when an external preamplifier, large pad, or other network may be 
in use between the port and the DUT plane. By entering a value here to approximate the net gain of the 
external networks, the effective power fields will be updated accordingly and any power calibrations performed 
will be more efficient. 

Figure 14-5. Main Power Sweep Menu - POWER [1] Menu 
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Some of the more detailed controls are on the power setup level of the power menu located on the POWER 
SETUP menu (see Figure 14-6). The coupling control and port selection (when uncoupled, duplicate of first 
level) is located here as is the single power selection items. This entry allows one to put the system in constant 
power (and constant frequency) and is often used for making DUT adjustments prior to full power sweep 
measurements.  

Figure 14-6. Second Level Power Sweep Setup Menu - POWER SETUP[C] Menu 
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14-5 Frequency-Based Segmented Sweep
In many applications, having a simple list of frequencies where the step size between points is uniform is not 
adequate. The DUT specifications may have specifications in certain bands and certain specific frequencies 
that must be tested, there may be certain communications bands that must be tested, or there may be certain 
spot frequencies that are of interest for troubleshooting or analysis. 

For these cases and others, segmented sweep allows one to put together a very arbitrary list of frequencies to 
sweep as well as having some control of instrument behavior that is distinct at these different points and/or 
segments. The entire sweep is broken into segments (a segment may contain one or many points) and in each 
segment, one can independently control

• IF bandwidth

• Averaging

• Port 1 Power and Port 2 Power 

• Port 3 Power and Port 4 Power (MS46524B only) 

There is a distinction made between frequency-based and index-based segmented sweep that should be 
explained:

• Frequency-Based

Frequency is always monotonically increasing (within a segment and between segments). Plotting may 
be based on the frequency or the index of the particular point (more on this later).

• Index-Based

The segments do not have to be in any order with regards to frequency. Plotting is always based on the 
point index.

Frequency-based is most commonly used and will be discussed in this section. Index-based sweeps, which is 
used when reverse sweeps and particular frequency order is important, is covered in the next section. 

The main menu and an example entry table are shown in Figure 14-7 and Figure 14-8 on page 14-8. The main 
purpose of this menu is to aid entering data into the table and to help save and recall that data. Note that 
segmented sweep tables can be saved/recalled separately from this menu or they can be saved/recalled as part 
of the global setup using the entries under the File menu. 
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Figure 14-7. FREQ BASE SETUP (FREQUENCY-BASED SETUP) Menu

Figure 14-8. Tableau Entry Table for Frequency-based Segmented Sweep
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The table will start with one segment and the start, stop and number of points must be defined. The pull-down 
item in Column 3 allows an alternatively specified start and step or a CW frequency. The step or stop frequency 
(which depends on the pull-down selection) will appear as a read-only field in Column 7. The IFBW, power and 
averaging columns can be enabled on the setup menu and entered separately by segment. The current source 
attenuator setting will appear in the column header and may not be changed by segment (will read 0 dB if the 
attenuators are not installed). If the display of these fields is not enabled, the values for those variables set in 
regular frequency sweep mode will prevail for all segments.

The Add, Delete, and Clear All functions are obvious. The delete function applies to the current row as indicated 
by the caret in column 1.

As with the multiple source tables, there are two ways to enter numbers

• Click on the cell and the text entry box above the table becomes active.

• Click twice on the cell and type directly into the cell. Frequency units must be entered and must have a 
space between the number and the units.

If an invalid number is entered in any field, the system will change the value to the nearest valid entry.

The one remaining item on the setup menu for frequency-based segmented sweep is graph mode, which 
controls how the x-axis is setup for all plotting activities but does not affect the sweep itself. In 
Frequency-based graph mode, the x-axis will be in frequency and all segments will be plotted where those 
frequencies lie. While correct, this can lead to an odd-looking display if the segments are disjointed as shown in 
Figure 14-9.

Since Segment 1 covers 1 GHz to 2.5 GHz and Segment 2 covers 2.5 GHz to 8.5 GHz, there is a gap in 
frequency where no measurements are made. For the purposes of plotting in this graph mode, the two areas 
are connected by a single line segment. Note that the point spacing in the plot precisely matches the frequency 
spacing. 

Figure 14-9. Frequency-Based Graph Mode



14-5 Frequency-Based Segmented Sweep Measurement - Sweep Types

14-10 PN: 10410-00753 Rev: V MS4652xB ShockLine MG

When all of the data points plotted without regard to proportional frequency separation are required. For these 
occasions, the Index-based graph mode is available and an example is in Figure 14-10 for the same setup as 
Figure 14-9. Here, the x-axis is point index so all plotted points are equally spaced in the x-direction and the 
frequency based segmented sweep is disjointed.

It is important to keep separate the concepts of frequency-based versus index-based for the graph mode (which 
only controls how things are plotted) and frequency-based versus index-based segmented sweep type (which 
determines how the points are swept by the instrument hardware).

Figure 14-10.Index-Base Graph Mode
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14-6 Index-Based Segmented Sweep
In index-based segmented sweep the frequency segments may be in any order. This may be useful for 
particular test patterns where reverse sweeps are needed or particular frequencies must be measured before 
others due to DUT hysteresis. The setup menu and an example table are in Figure 14-11 and Figure 14-12.

All plotting in this sweep type is based on the point index, which is listed in the last column of the table below.

Aside from the increased flexibility in ordering, there are few other differences relative to frequency-based 
segmented sweep. One exception is that there is now no choice of graph mode; it will always be index-based. In 
this case, it is to avoid confusing and unreadable displays where one could have many reverse tracing 
operations.

Figure 14-11.Main Menu for Index-based Segmented Sweep - INDEX BASE SETUP Menu

Figure 14-12.Tableau Entry Table for Index-based Segmented Sweep
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Chapter 15 — Reciprocal Measurements

15-1 Chapter Overview
This chapter describes the reciprocal concept (SOLR or unknown thru approach) measurements.

15-2 Introduction
The previously discussed SOLT and offset short calibration techniques all require a known “thru (or through)” 
as part of the full 2 port (or 1p-2p) calibration. The “thru” is really a defined transmission line having known 
length, known loss, and assumed perfect match (under most conditions). There are certain cases when this is 
not possible:

• Coaxial cal when the two ports are different connector types

• On-wafer when the “thru” is a meandering transmission line of imperfect match

• A calibration that must take place through a test set (coax or waveguide) with unknown (and highly 
frequency dependent) loss and match

For these cases, and others when the “thru” cannot be very well-known, there is the Reciprocal option (also 
known as the unknown thru). In this case, the same reflect standards are used, but no assumption is made 
about the “thru” except that it be reciprocal (i.e., S21=S12; no assumption made about S11 and S22). In 
practice, there are some limits to this.

Figure 15-1. Illustration of SOLR or “Unknown Thru” Calibration

Bent thru line in CPW

VNA

N K

VNA

SWITCH BOX

Calibration with two different connector types

Calibration through a switch box or other network
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The technique borrows from the LRL family and uses some of the redundancy available with the fully-defined 
families to reduce knowledge needed about something (the thru in this case). The resulting cal will generally 
not be quite as accurate as the regular thru version if the thru met the conditions described above. It will, 
however, be better than using the regular thru version when the thru has unknown loss or match.

15-3 Line Length Estimate
A line length estimate (electrical delay or free space equivalent length) can be used to help with root choice, but 
this is not a critical parameter. Typically, one needs only to be within a half-wavelength of the correct length at 
the maximum desired calibration frequency. If one enters 0 for the length, the software will automatically 
estimate the length based on fitting-to-the-phase function at the lower part of the frequency range. Details are 
discussed in Chapter 10, “Calibration and Measurement Enhancements” related to automatic length 
estimation for adapter removal procedures and the same principles apply here. The only danger in auto length 
estimation is if the frequency step size is large relative to the electrical size of the setup. As discussed in 
Chapter 10, “Calibration and Measurement Enhancements”, one can look at the phase of an uncalibrated 
transmission parameter in the setup to see how fast the phase is changing.

If the match of the reciprocal network is worse than –8 dB or the loss exceeds ~20 dB, the reciprocal treatment 
will start to degrade, but a calibration will still be possible. Since such a network is at the limits of 
de-embedding capability, there are few choices except to consider 1p-2p processing with scalar de-embedding.

15-4 SOLR Calibration
For SOLR, the “select line” field would be chosen as “reciprocal” instead of “through” and the length field would 
be the estimate of length for root choice that was discussed above (see Figure 15-2). Note that the same 
variants are possible for offset short and triple offset short calibrations.

Typical calibration setup dialog for SOLR (Short-Open-Load-Reflection)

Figure 15-2. TWO PORT CAL SETUP (SOLT/R, COAX) Dialog Box

1
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15-5 Uncertainty and Sensitivity Considerations
With reciprocal methods, the usual determining question is ‘how bad are the characteristics of a thru?’ in the 
environment in question. As suggested earlier, if the thru is good (RL~>25 dB and insertion loss known to 
within ~0.05 dB), then for most purposes, the defined thru methods will do better since there is a more explicit 
determination of load match. As the reciprocal device worsens in terms of insertion loss and match, the 
sensitivity of the calibration to small standards problems will increase because less and less information is 
available to the calibration. In this sense, sensitivity may be a more practical metric than best-obtainable 
uncertainty, which will be fairly similar in all cases.

When the available thru is poor, however, then the absolute defined thru uncertainty will be high. In one 
example, delay insertion loss deviation was plotted for two calibrations (SOLT and SOLR) where the only 
interconnect available had 8 to 15 dB return loss across the band. The SOLT measurement shows almost 
0.7 dB deviation (on a low loss device) while the SOLR deviation was kept to < 0.2 dB as shown in Figure 15-3.

There are limits on the reciprocal network, as discussed above, and those will become most apparent when 
measuring reflection of well-matched, low insertion loss devices. The one mitigating factor is that if the media 
is complicated enough to require a reciprocal technique, there will be fewer well-matched, low insertion loss 
devices to be concerned about. The issue becomes one where the resolution on load match during calibration 
becomes limited by the reciprocal itself, so the correction for that term will become more sensitive.

Figure 15-3. An example comparison (insertion loss deviation) is shown here between SOLT and SOLR when no 
good thru connection was available.
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As an example, consider the match measurement of a delay line where a problem was introduced on the open 
standard during the calibration. A series of different calibrations were done with different reciprocal devices 
(with different match levels). The resultant measurements are shown in Figure 15-4. For reciprocal elements 
with reasonable match (~< -20 dB), the measurements did not become distorted significantly by the open 
calibration error. At the -10 dB reciprocal match level, measurements below (~-20 dB) were impacted. At the 
-6 dB reciprocal match level, even higher reflection measurements would have been distorted. A somewhat 
obvious guiding principle is that the reciprocal used for the calibration should not be worse (in terms of return 
loss or insertion loss) than the devices that will be measured with that resulting calibration.

Figure 15-4. A plot of sensitivity of return loss measurements to a problem with one of the reflection standards is 
shown here for a variety of reciprocal devices used during the calibration.
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Chapter 16 — Multiport Measurements

16-1 Introduction to Multiport
The MS46524B is a 4-port VNA with multiport measurement capabilities. This VNA can make 1-Port to 4-Port 
measurements for many applications:

• Balanced/differential device measurements

• Balanced to unbalanced device measurements (including baluns and other hybrids)

• General 3-Port and 4-Port microwave devices (such as splitters, hybrids, circulators, couplers, or 
distribution networks)

• Multiple measurements of one and two port devices for a fast, manufacturing test setup

The purpose of this chapter is to introduce the measurement configuration, some basic multiport S-parameter 
definitions, calibrations, and how many of the measurement steps discussed earlier in this guide are 
generalized for the multiport scenario.

16-2 Shockline MS46524B VNA
The Shockline MS46524B 4-port VNA shown in Figure 16-1) provides coverage from:

• MS46524B-010 VNA, 50 kHz to 8.5 GHz, 4-port

• MS46524B-020 VNA, 50 kHz to 20 GHz, 4-port

• MS46524B-040 VNA, 50 kHz to 43.5 GHz, 4-port

• MS46524B-043 VNA, 50 kHz to 43.5 GHz, 4-port

Figure 16-1. Shockline MS46524B-010
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Blocking Test Set Combinations

Not every VNA port can be connected to every test set port (termed a blocking test set). All 16 4-Port 
S-parameters can be easily measured but not with an arbitrary setup. The VNA application handles all of 
these tasks automatically so this detail is normally invisible to the user. It does, however, have some impact on 
measurement time since there is a limitation on how many parameters can be measured when the VNA is in 
sequential sweep mode with a single switch configuration (for example, S11 and S21 at the 4-Port plane cannot 
be measured simultaneously). In those situations when multiple switch configurations are required, the VNA 
application will automatically handle those tasks. See Chapter 14, “Measurement - Sweep Types”.

16-3 Conventional (Single-Ended) S- and User-Defined Parameters
There are 16 possible S-parameters when measuring a 4-Port device, as demonstrated by the defining equation 
(Eq. 16-1).

Equation 16-1 S-Parameter Defining Equation

b1

b2

b3

b4

S11 S12 S13 S14

S21 S22 S23 S24

S31 S32 S33 S34

S41 S42 S43 S44

a1

a2

a3

a4

=
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The primary RESPONSE menu and the SINGLE-MODE submenu for additional standard S-parameters are 
shown in Figure 16-2. All of the parameters are available regardless the calibration in place so some 
parameters could be uncorrected depending on the calibration.

1. The 4-Port version of the RESPONSE menu provides 
S-Parameter selections for S11, S12, S21, and S2.

2. The SINGLE-MODE submenu provides S-Parameter 
selections from S13 to S44.

Figure 16-2. RESPONSE and SINGLE-MODE Menus

1 2
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The expected user-defined parameters can be selected as suggested by the menus below (Figure 16-3). Note 
that any of the four ports may be defined as the driver (or sourcing) port. The allowed numerator and 
denominator values for user-defined are a1, a2, a3, a4, b1, b2, b3, b4,and 1 as suggested by the figure. Note that 
only the NUMERATOR menu is shown here for simplicity, the DENOMINATOR menu has the same selections.

Figure 16-3. RESPONSE, USER-DEFINED, and NUMERATOR Menus

To Mixed-Mode
Dialog

1 2 3 4

5
6
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When a channel is constructed of many traces measuring these parameters, the system will determine the 
optimal sweep combination to get at all of the required measurements as discussed earlier. The measurement 
time can be difficult to predict since there are a large number of possible combinations and the test set is 
partially blocking. Considering again the block diagram of Figure 16-9, S1x and S2x cannot be measured 
simultaneously nor can S3x and S4x. When those pairs (or equivalent bi measurements) are present in a given 
channel, extra switching and time will be required. The switching was kept simplified to maintain low 
insertion loss in the test set at the higher microwave frequencies.

16-4 Mixed-Mode Parameters
The reader will have noted another submenu in the response category that describes mixed-mode parameters. 
One is likely familiar with the concept of a differential amplifier and the general concepts of differential and 
common-mode signals [2] as suggested by Figure 16-4. It is clear that it may be useful to represent 
S-parameter data in a form corresponding to differential drive/reception (and similarly for common-mode). 
Such a formulation has been developed in the past (e.g., [1]-[4]). The purpose of this section is to describe and 
define this representation, provide some hints on data interpretation along with explaining how to setup the 
desired responses. 

The concept here is one of a pair of ports being driven at a time, either in-phase (common mode drive) or 180 
degrees out of phase (differential drive). Similarly, we are interested in the received signal in a port pair 
context: what is the common-mode (in-phase) signal received and what is the differential signal received. In 
contrast to the single-ended drive and single-ended receive types of parameters are conventionally used, these 
parameters represent a transformation of the data.

1. The 4-Port version of the RESPONSE menu and the 
submenus linking from the User-Defined button.

2. On the lower level of the USER-DEFINED response 
submenu (at center), any one of the four ports may be 
sourcing RF power as the “driver” port. On the upper 
level of the USER-DEFINED menu, selections are 
made for the numerator and denominator values of 
user-defined parameter.

3. The NUMERATOR menu (at upper right) menu for 
user-defined parameters is a submenu to the 
USER-DEFINED menu.

4. The equivalent DENOMINATOR menu (at lower right) 
is not shown. 

5. Max Efficiency Menu

6. To Mixed Mode Dialog Box

A portion of a common communications circuit is shown here where a number of components are driven 
differentially. It is of obvious interest to characterize these parts in terms of differential and common mode 
signals.

Figure 16-4. Characterizing Differentially Driven Components

Figure 16-3. RESPONSE, USER-DEFINED, and NUMERATOR Menus
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This combined signal drive concept can also be explained pictorially. Each pair (either 1-2 or 3-4) can be driven 
either in phase (common mode drive) or 180 degrees out of phase (differential drive). For the transformation, it 
is convenient to group together single ended ports 1 and 2 together as the new Port 1 (which can be driven 
differentially, common-mode, or some combination). Similarly, single ended Ports 3 and 4 will be grouped as 
the new Port 2 (same idea: differential, common-mode, or combination). Thus the new basis is to think of a port 
pair as being driven in phase or 180 degrees out of phase (instead of thinking of each port of the pair being 
driven individually). The new input and output bases are illustrated below (Figure 16-5). The reader may 
recognize this as a simple shift in basis, which can be thought of as a 45 degree rotation. 

The new basis for analyzing mixed-mode S-parameters 
are shown here. With the physical ports considered as 
pairs, one can analyze in terms of common-mode and 
differential drive and common-mode and differential 
output.

1. Common-mode (in phase) input and common-mode 
output.

2. Common-mode (in phase) input and differential (180 
degrees out-of-phase) output.

3. Differential input and common-mode output.

4. Differential input and differential output.

5. Input Side (at left).

6. Output Side (at right)

Figure 16-5. Analyzing Mixed-Mode S-Parameters
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A common question is whether these ports need to be driven with pure differential and common-mode signals 
or whether the same result can be achieved by mathematical superposition of single-ended signals. With 
certain assumptions on linearity, the answer is yes and the derivation will be presented next. The only 
practical requirement is that the bulk of any strong non-linearity be after the first differential stage or that 
there is reasonable common-mode to differential Isolation (e.g., [5]-[6]) which is true for many devices even 
when gain compression is being measured.

The next step is to construct S-parameters for this type of input/output. The possible incident waveforms can 
be deduced from Figure 16-5 above:

• differential on the new Port 1

• common-mode on Port 1

• differential on Port 2

• common-mode on Port 2

The output waves will have the same structure, which leads to the S-parameter matrix structure depicted in 
Eq. 16-2.

Here the four S blocks in the square matrix to the right are actually sub-matrices [2]. Sdd corresponds to the 
four purely differential S-parameters while Scc corresponds to the four purely common-mode parameters. The 
other two quadrants cover the mode-conversion terms. These are expanded in the center part of Eq. 16-2. The 
matrix equation can be interpreted as expressing an output wave bi in terms of the four possible input waves 
ad1, ad2, ac1, and ac2. An example of one of these sub-equations is shown below.

Equation 16-2.

Equation 16-3.

bd1

bd2

bc1

bc2

Sd1d1 Sd1d2 Sd1c1 Sd1c2

Sd2d1 Sd2d2 Sd2c1 Sd2c2

Sc1d1 Sc1d2 Sc1c1 Sc1c2

Sc2d1 Sc2d2 Sc2c1 Sc2c2

ad1

ad2

ac1

ac2

Sdd Sdc

Scd Scc

ad1

ad2

ac1

ac2

= =

bd1 Sd1d1ad1 Sd1d2ad2 Sd1c1ac1 Sd1c2ac2+ + +=
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It is straightforward to write the relationships between the single-ended incident and reflected waves and the 
new balanced versions. To simplify the presentation, the next set of equations will assume port pair 1 is 
composed of physical ports 1 and 2 while port pair 2 is composed of physical ports 3 and 4. We will show a 
means of generalizing this construction later. The difference and sum choices are obvious for differential and 
common-mode waves, respectively, and all else that is needed is a normalization factor to keep power levels 
equivalent.

This linear combination of single-ended wave functions makes the transformation particularly transparent. 
One can define a simple transformation matrix to operate on single ended S-parameters to produce the 
mixed-mode S-parameters that are shown below. The parameters are grouped by the quadrants labeled in Eq. 
16-2.

The differential-to-differential terms:.

Equation 16-4.

Equation 16-5.
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The common mode-to-common mode terms:

The common mode-to-differential terms:

and the differential-to-common mode terms:

The simple linear relationship between the parameters should be evident. Just to reinforce the interpretation 
of these parameters: Sd2d1 is the differential output from composite Port 2 (the old Ports 3 and 4) ratioed 
against a differential drive into composite port 1 (the old Ports 1 and 2). Similarly Sc2c2 would be the 
common-mode reflection off of composite Port 2 ratioed against the common-mode signal applied to composite 
Port 2.

Equation 16-6.

Equation 16-7.

Equation 16-8.
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MIXED MODE Dialog Box

The dialog for selecting a mixed mode parameter in this sense is shown in Figure 16-6. 

• MAIN | Response | RESPONSE | Mixed-Mode | MIXED MODE Dialog Box

Aside from selecting among the 16 parameters described above, there is also the matter of defining the port 
pairs. This is accomplished in the middle part of the dialog and note that there is a polarity sense assigned to 
the pairing (determines the sign of the differential signals). When displaying the parameters, this port 
assignment must also be conveyed and is done with the following symbolism:

• (A:B):(C:D)   (where A, B, C, and D are unique port numbers from {1,2,3,4})

Here, the first port pair is A-B (with A assigned the positive polarity) and the second port pair is C-D (with C 
assigned the positive polarity). 

For example:

• (1:2):(3:4) The first port pair is measured from 1 to 2 and the second port pair is measured from 3 to 4.

• (1:2):(4:3) The first port pair is measured from 1 to 2 and the second port pair is measured from 4 to 3.

The dialog for selecting mixed-mode parameters, configured for two differential pairs. The instrument 
defaults to the SD1D1 response.

Figure 16-6. MIXED MODE Two Differential Pairs Dialog Box
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The 3-Port version of these mixed-mode parameters is a straightforward simplification. Port X will remain 
single ended while ports Y and Z will form a balanced port pair. Following the analysis path from before: 

In Equation Group 11 (Eq. 16-11), the subscript x remains since that port is defined solely as a single-ended 
port.

Equation 16-9.

Equation 16-10.

Equation 16-11.
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Sdx Sdd Sdc
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 2 
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The three port configuration is termed a differential pair and a singleton and the dialog for selecting this type 
of parameter is shown in Figure 16-7. Note that one can define this parameter class even if a 4-Port calibration 
is applied; it is a matter of port assignment. As with the dual differential case, the ports must be assigned with 
polarity in mind.

For the situation in the figure above (Figure 16-7), there will be a different annotation on the graph legends to 
denote how the ports are configured but it is similar to the two-differential-pair format discussed earlier. 
(1:2):3 denotes that the differential pair is measured from Port 1 to Port 3 and Port 2 is the singleton.

Figure 16-7. MIXED MODE One Differential Pair and One Singleton Dialog Box
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Certain 4-Port devices are configured as one differential pair plus two single-ended ports. The parameters can 
then be configured in a one differential pair and two singleton format. The mixed mode definitions are identical 
to those presented above for the 1 singleton case. Now there is just a different possible free port number 
running around in the definition and 16 parameters are again possible. This selection structure is shown below 
in Figure 16-8.

On the graph legends, a format like (1:3):2:4 will be used to denote the port configuration. In this example, the 
differential pair is measured from Port 1 to Port 3, Port 2 is the first singleton and Port 4 is the second 
singleton.

Figure 16-8. MIXED MODE One Differential Pair and Two Single-Ended Ports Dialog Box
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16-5 Calibrations
In earlier chapters, a considerable amount of detail on various calibration algorithms and calibration types has 
been covered. The 3-Port and 4-Port variants of these calibrations are different from their 2-Port relations in 
fairly straightforward ways. The purpose of this subsection is to show where the differences are and how these 
calibrations can be properly configured.

A logical starting point is to ask what is different between measuring, say S41, using a 4-Port calibration 
versus measuring it with a 2-Port calibration while properly terminating Ports 2 and 3. The quick answer is 
nothing, assuming the terminations are of good quality and one does not care about measurement time when 
measuring many parameters (while one swaps terminations around to get all of the S-parameters). If one just 
connected Ports 2 and 3 of the DUT to VNA ports, the results would probably not be as good since the raw 
broadband return loss of a VNA port is usually not better than 15 dB. To illustrate this concept, consider the 
measurement of isolation of a 4-Port coupler (S41 in the previous discussion). If a full four port calibration is 
performed, the dotted line in Figure 16-9 is obtained. If instead only a 2-Port cal is performed and the other 
coupler ports are left terminated in the test set (seeing the raw match of those ports), then the solid line of 
Figure 16-9 is obtained. The error here could be on the order of 10 dB at the –30 dB level.

By performing a full 3- or 4-Port calibration, the effective return loss of those other ports is improved to that of 
the residual load match, typically 30-50 dB, depending on the calibration algorithm and components used, 
improving the measurement result. Overall measurement time and accuracy are the usual drivers for 
considering 3-Port and 4-Port calibrations.

The complete error model for N ports, as shown in Figure 16-10, is an extension of the 2-Port error model 
covered in Chapter 1, “Calibration Overview”. Directivity and match terms are functions of each port, and 
added for the additional ports.

An example showing the measurement improvement of a full 4-port calibration over a partially terminated 
2-port calibration is shown here.

Figure 16-9. Measurement Improvement for Full 4-Port Calibration
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Tracking

Tracking is again broken down into reflection tracking (the frequency response on a reflection measurement) 
and transmission tracking (the frequency response on a transmission measurement). Reflection tracking then 
also is a port property and can be assigned for each additional port. Transmission tracking is a property of a 
pair of ports (the correction to get a through line to measure Sij=1 after other port errors have been handled) 
hence this term must be assigned for every permutation of two ports. 

Isolation

Isolation is considered the property of a pair of ports requiring the same permutation. The last statement is not 
entirely valid if isolation is dependent on DUT impedances and is normally reserved to correct for isolation 
deep in the instrument. This distinction will be ignored for now since the isolation step is optional. 

New Error Model

Thus we have a fairly straightforward new error model as shown below (Figure 16-10). As before, the pair of 
lines (in the diagram) per port is to help delineate incident and reflected waves. The reflection tracking for port 
q can be thought of as the product of taq and tbq; the transmission tracking from port k to port l can be thought 
of as the product of tak and tbl (no new information is being added, it is just being redistributed).

An N-Port error model is shown here. Directivity, match and reflection tracking can be assigned on a per-port 
basis while transmission tracking can be assigned on a pair-of-ports basis. Isolation is also nominally 
assigned on a pair-of-ports basis but that does have problems (isolation is often ignored practically).

Figure 16-10. N-Port Error Model
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Menus

The main calibration menu has a selection based on the type of calibration and the number of ports. The 
MANUAL CAL menu below (at #3 left in Figure 16-11) provides the selection path to the FOUR-PORT CAL 
menu (at #4 below). This menu is the calibration execution menu for a 4-Port calibration (defined standards 
call.

The second button from the top of the FOUR PORT CAL menu is a read-only field that displays the ports 
selected for the current calibration. 

1. CALIBRATION menu

2. CALIBRATE menu

3. MANUAL CAL menu provides access to all multiport 
calibration modes. The 4-Port Cal button provides 
access to the FOUR PORT CAL procedure menu for 
a 4-Port VNA.

4.  FOUR PORT CAL calibration execution menu for a 
4-Port calibration (defined-standards calibration).

Figure 16-11. MANUAL CAL (MANUAL CALIBRATION) and FOUR PORT CAL Menus

1 2 3 4
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Transmission Tracking

The key complication of multiport calibrations lies in the handling of transmission tracking. Since the 
reflection and transmission tracking terms overlap, they are not entirely independent. The following equation 
reflects the relationship derived from the N-Port error model illustrated in Figure 16-10 on page 16-15.

This must be modified slightly for load match/source match changes, but the redundancy concept still applies. 
To see how this is used, consider the redundant through line (fully defined transmission line) problem. With 
connected throughs between Ports 1-2, 1-3, and 1-4 sequentially, the first three term types (directivity, source 
match, and reflection tracking) should have been computed for all four ports. The through connects allow us to 
compute all of the load match terms and all transmission tracking terms except for et32, et23, et24, et42, et34 
and et43. These last tracking terms can be found with the following forms of Eq. 16-12 (above) shown below in 
Eq. 16-13: 

The above is modified slightly because of match differences. This process is termed the use of redundancy since 
the reflect measurements and the through measurements do overlap to a certain degree. It is not necessary to 
connect all six (6) possible through lines in a 4-Port calibration or all three (3) possible through lines in a 3-Port 
calibration. The basic requirement is that all ports be “connected” in some way with a line. Additional throughs 
can always be used and can improve accuracy of the tracking terms by a certain amount. 

In cases such as orthogonally positioned wafer process where it is difficult to construct a high quality line 
between ports, the use of redundancy will produce a better result than trying to use a poor through during the 
calibration. Similar analyses are used for all calibration types, giving the user considerable flexibility in 
defining the throughs/lines.

Load Match

A related topic is load match (primarily for defined-standards calibrations) since it can generally be computed 
in multiple different ways since multiple throughs are involved. The guiding principle is the first-in rule: the 
first through measured will be used to compute the load match for the ports involved, the second through will 
be used for its ports but it will not overwrite earlier computed load matches, and so on. This allows the user to 
optimize load match performance by measuring the highest quality throughs first.

A consistent load match is guaranteed by using the VNA terminations to form the reference load for all 
transmission measurements. When a transmission parameter is measured, a unique load match is always 
defined, and the corrections are self-consistent.

Equation 16-12 Transmission Tracking Equation 1

Equation 16-13 Transmission Tracking Equation 2

etkn etnl etnn etkl=

et43 et41 et13
et11

---------------------------= k 4 l 3 n 1=== 

et32 et31 et12
et11

---------------------------= k 3 l 2 n 1=== 

etc.
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Setting Up the Defined Standards Calibration

The next topic is that of setting up the defined standards calibration. Consider the dialog shown below 
(Figure 16-12) that is used for setting up a 4-Port calibration using the SOLT/R algorithm.

Selecting Possible Throughs

There are the usual items for selecting the port connector types, the type of load (broadband or sliding) and the 
reference impedance. What is somewhat different is the through selection tableau. The six possible throughs 
are shown, each having a button allowing the definition of that line as shown below (Figure 16-13). As 
discussed earlier, at least three throughs must be selected such that all ports are “connected.”

• Allowed:

• 1-2, 1-3, and 1-4

• 1-3, 2-4, and 1-4

• Etc.

• Not allowed (without adding more lines):

• 1-2, 1-3, and 2-3 (port 4 is not “connected”)

Figure 16-12. FULL FOUR PORT CAL SETUP Dialog Box - SOLT/R - Coaxial 
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As shown in Figure 16-13, each of the selections may be defined as a “through”, “reciprocal” or “S2P” as 
discussed in earlier chapters. From the point-of-view of “connectedness”, these designations are equivalent. As 
discussed in an earlier chapter, however, there is some accuracy degradation (particularly with regard to load 
match) that can be compounded if all lines are reciprocals. This point is discussed in more detail in the 
uncertainty section.

Typical through line configuration in the THRU INFO dialog box for the defined-standards calibrations.

Thru Info Dialog - Line Type Thru selected, allowing configuration of Thru

Thru Info Dialog - Line Type Reciprocal selected, allowing configuration of Thru

Thru Info Dialog - Line Type S2P Thru selected, allowing loading, viewing and generation of S2P files

Figure 16-13. THRU INFO Dialog Box 
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The three port calibration is analogous and the menus are covered in the operation guide. One port (to include 
reflection response calibrations) and two port calibrations are a little different in that multiple calibrations are 
allowed. Since it is a four port instrument, the user is allowed to perform two 2-Port calibrations or up to four 
1-Port calibrations simultaneously. The two port calibration setup dialog is shown below (Figure 16-14) to 
illustrate the option of another calibration (Cal B in this dialog).

If Cal B is activated from the check box, then the other two ports (not defined under Cal A) can be used to form 
an independent calibration. Port overlap is not allowed in order to avoid error-term self-consistency issues.

Typical calibration setup for a 2-Port calibration with selections of SOLT/R, Coaxial, and Cal B Not Selected. 
The two-port modify setup (SOLT/R) dialog is shown here to illustrate the multiple calibration functionality.

Figure 16-14. TWO PORT CAL SETUP (SOLT/R, COAXIAL) Dialog Box 
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Transmission frequency response calibrations generalize as one might expect since there are now 12 
transmission S-parameters potentially available to normalize. The dialog is shown below (Figure 16-15). As 
with the full calibrations, the throughs may be defined independently although the reciprocal choice is not 
available in this case. Note that unlike through selections in the full calibrations, the directions can be 
independently selected in this case. As is the case with two port systems, it is allowed to normalize, say, S21 but 
not S12. In the full calibration case, both directions are always required.

The above dialogs and setup requirements are completely analogous for SSLT/R and SSST/R algorithms. The 
LRL/LRM family, however, is somewhat different.

The transmission frequency response modify setup dialog is shown for a 4-port system.

Figure 16-15. TRANSMISSION FREQUENCY RESPONSE CAL SETUP Dialog Box - SOLT/R - Coaxial 
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LRL/LRM Calibrations

In this implementation LRL/LRM family, there is a basic structure that is fundamentally 2-Port like in nature. 
As such, the 4-Port LRL/LRM calibration will be defined as a pair of basic 2-Port calibrations linked together 
by one or more through measurements (to complete the path linkage as for defined-standards calibrations). 
This can have an additional benefit in certain cases since it allows the hybridization of reciprocal and 
defined-through approaches (on the additional paths) with LRL/LRM approaches on the base paths. 

A situation where this is useful is shown in the figure below (Figure 16-16) where orthogonal on-wafer probes 
are being used. It is relatively easier to define good transmission lines on the horizontal and vertical paths (1-3 
and 2-4) but less so, at least for higher frequencies, on the other paths (bends in the required lines causing 
radiation or otherwise leading to reflections). Such a problem is a good candidate for hybridization.

An on-wafer configuration where some line paths are more likely to be of higher quality than others. The solid 
lines will generally not be an issue but a transmission path illustrated by the dotted line (S-W) may be 
electromagnetically compromised at higher frequencies.

Figure 16-16. On-Wafer Line Path Quality

N
1

S
3

W
4

E
2



Multiport Measurements 16-5 Calibrations

MS4652xB ShockLine MG PN: 10410-00753 Rev: V 16-23

4-Port LRL/LRM Calibrations

The configuration dialog for 4-Port LRL/LRM calibrations is shown in the figure below (Figure 16-17). Note 
how the primary LRL/LRM ports are defined and how additional information may be required for the 
continuation lines. The two 2-Port calibrations are defined on the two tabs labeled Cal A and Cal B. Each tab 
alone looks the same as the two port LRL/LRM calibrations discussed in earlier chapters. Note that on the 
actual display all of the information may not be visible and a scroll bar may be required.

The modify calibration dialog for 4-Port LRL/LRM calibrations.

Figure 16-17. FOUR PORT CAL SETUP (LRL/LRM, COAXIAL) Dialog Box 
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Three Port LRL/LRM Calibration 

Much like the 4-Port LRL/LRM calibration, the 3-Port version is constructed from a pair of 2-Port LRL/LRM 
calibrations (unlike the defined-standards approaches). Obviously there is going to be port overlap. The first 
calibration will define the port reflectometer parameters on the overlap port. The modify calibration dialog for 
this situation is shown below (Figure 16-18). 

The 2-Port calibration situation for LRL/LRM is similar to that shown for the defined-standards case: it is 
allowed to perform two of these calibrations in parallel. Aside from the additional definition required, the 
approach is the same as discussed in an earlier chapter.

The modify calibration dialog for the three port LRL/LRM calibration is shown for the case of a single 
LRL/LRM step plus a single through line completion step.

Figure 16-18. THREE PORT CALSETUP (LRL/LRM, COAXIAL) Dialog Box - Two LRL/Ms - Cal A Tab 
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In addition, a single defined standard must be measured at the singleton port defined under the Singleton Info 
button as shown below (Figure 16-19). The standard is allowed to be an open or a short and the usual offset 
plus inductance or capacitance polynomials are supported. The measurement of this additional standard 
allows one to distinguish between load match and source match at the singleton port. Note that in this case, 
the connections to the singleton port must be thus (reciprocals are not allowed). The interconnect is used to 
derive the singleton ports reflectometer behavior so that additional restriction is required.

The calibration steps are a bit different for this type of calibration and the step menu is shown below 
(Figure 16-20). The extra singleton button reflects the asymmetric nature of the information required from this 
port.

Figure 16-19. SINGLETON REFLECT Dialog Box 

Figure 16-20. THREE PORT CAL Menu - LRL/LRM - Coax - One LRL/M + Singleton

1 2 3
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16-6 Uncertainty
The uncertainties in the 4-Port measurement itself are straightforward extensions of those derived from the 
two port model. Associated with each port are residuals due to source and load match, directivity, and 
reflection tracking. Between every pair of ports is a residual due to transmission tracking. Other terms due to 
isolation and repeatability are often ignored in the analysis. The only real difference from a two port model is 
that there are multiple load match terms and each is dependent on path Isolation (e.g., [7], section III. A). 
From the point of view of classical error models, one can simulate these effects with an elevated effective load 
match in many cases.

As an example, consider the measurement of S11. The primary factors affecting this measurement (ignoring 
noise floor and compression effects) will be residual directivity errors (ed1), source match errors (ep1S), 
reflection tracking (et11) and load match (epnL). This simplified analysis also ignores multiple reflections 
between a series of ports since they will be at most 2nd order effects.

Clearly if some of the transmission terms are small, the load match quality becomes less important as observed 
before. Some curves are shown below (Figure 16-21 and Figure 16-22) to illustrate this dependence on 
isolation. These are based on calibration residuals characteristic of a reasonably high quality calibration but 
the main intent of the curves is to display tendencies. The transmission curve of Figure 16-21 shows little 
effect until the isolation gets to between 10 and 20 dB. The greatest impact will be for devices of low insertion 
loss (right side of the curve) as might be expected. 

Equation 16-14

The dependence of transmission magnitude uncertainty on the loss in the desired path and the isolation to 
the other ports.

Figure 16-21. Transmission Magnitude Uncertainty
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The reflection curves of Figure 16-22 show a similar qualitative dependency on isolation and a worsening of the 
relative effect as the desired return loss gets larger. Combining the two figures, it is clear that the worst case 
scenario is a low insertion loss, high return loss path with poor isolation to the remaining ports. This makes 
intuitive sense since this situation provides a maximum number of interfering standing waves within the 
device. 

The exact configuration of the through selections will have some impact on uncertainty as well. If one uses 
redundancy heavily, some of the previous calibration results (which have there own uncertainty) are used to 
compute other transmission tracking terms (thus elevating their uncertainties). Thus there is something of an 
uncertainty penalty in taking advantage of redundancy to reduce calibration time. Depending on the nature of 
the available throughs between some ports (electromagnetically questionable), however, there may be even 
more of a penalty in trying to use all of the throughs if they are of low quality. If the calibration is of reasonably 
high quality, the transmission tracking penalty in using redundancy will normally not exceed a few 
hundredths of a dB but each calibration situation can be different.

The heavy use of reciprocals in lieu of throughs can also affect uncertainties since the accuracy on load match 
acquisition is lower using reciprocals. Again, trying to treat the networks as throughs may make it even worse 
so there is an additional trade-off in play. If the reciprocal loss is under 5-10 dB and its return loss is better 
than about 10 dB, the uncertainty penalty will be small except for measurements of very low loss, high return 
loss devices (which if they existed, why were they not used as the reciprocals?).

The plot below (Figure 16-23 on page 16-28) illustrates some of these complex trade-offs. The DUT in all cases 
is a differential delay line and we are interested in measuring its return loss. There are two high quality 
throughs available during the cal (return loss >30 dB) but the other available lines have a 15 dB return loss. 
The error relative to the correct return loss (in linear units) is being plotted.

• Case 1 (not done) – Use the poor line to establish load match and treat it as a through.

• Case 2 (can be done) – Use the good lines to get load match but treat the poor line as a through to get 
the remaining transmission tracking terms

• Case 3 (preferred): Treat the poor line as a reciprocal.

The dependence of reflection magnitude uncertainty on the reflection at the desired port and the isolation to 
the other ports.

Figure 16-22. Reflection Magnitude Uncertainty
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In this case, using a reciprocal gives a far better result than trying to force a “through” utilization.

Uncertainty of Derived Mixed-Mode S-Parameters

Uncertainty of derived mixed-mode S-parameters is another issue of interest. Since the mixed mode terms are 
simple linear combinations of the normal S-parameters, the uncertainty in a mixed-mode parameter is easy to 
compute: 

Where linear absolute magnitudes can be used for a worst case computation. The caveat here is that this is in 
linear terms while uncertainties are often more useful in a log form. This has a surprising effect for some 
parameters. As an example, consider the case where the single-ended uncertainties are fixed at 0.03 dB, S32 
and S42 are zero and S31 and S41 are allowed to vary. For the purposes of an example, the magnitude of S31 and 
S41 will be fixed at 0.5 and the phase will be allowed to vary. As one can see in Figure 16-24 on page 16-29, 
when the phase of the single ended parameters is such that |SC2D1| is small, the uncertainty (in dB terms) 
explodes. This follows since the numerator is largely fixed but the denominator can get small.

An example of the effects of through and reciprocal selection on measurement uncertainties.

Figure 16-23. Measurement Uncertainties for Through and Reciprocal Selection

Equation 16-15

Equation 16-16

Sc2d1
1

 2 
------- S31 S41 S32– S42 –+=

Sc2d1

Sc2d1
------------------

S31 S41 S32 S42 + + +

S31 S41 S32– S42–+
------------------------------------------------------------------------------------
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Since the desired quantity (Sc2d1 in this case) is very small, the relative uncertainty can be quite high. This is 
somewhat intuitive since the computation is subtracting nearly equal numbers. The user is therefore cautioned 
that cal stability will be extremely critical on the smaller mixed mode parameters and the uncertainties will be 
relatively high. The biggest source of problems will often be cable changes with flexure or connector 
repeatability.

The uncertainty (in dB) in a mixed-mode parameter is a strong function of the magnitude of that parameter 
because of how they are computed.

Figure 16-24. SC2D1 Uncertainty in SC2D1

Uncertainty in SC2D1 as its magnitude varies
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16-7 Hybrid Calibrations
The concept of hybrid calibrations was introduced in Chapter 9, “Other Calibration Procedures” in the “Hybrid 
Calibrations” on page 9-5 section for the 2-Port VNA but it takes on more importance in the multiport case. 
This is largely because of the geometrical complications in a multiport setup (particularly on-wafer or fixtured) 
that demand more flexibility in cal algorithm selection.

There are two main subcategories in the multiport case: the combination of 1-Port calibrations and the 
combination of 2-Port calibrations. In both subcategories, the frequency lists used in the constituent 
calibrations must be the same. 

Combination of 1-Port Calibrations

The first subcategory is illustrated in the dialog below (Figure 16-25). The idea is a natural extension of what 
was discussed in Chapter 9, “Other Calibration Procedures” for the 2-Port case. A series of 1-Port calibrations 
are combined with a requisite number of throughs or reciprocals to generate a complete N port cal. The choices 
in the dialog are fairly obvious. Like the multiport calibrations discussed earlier, there is a minimum coverage 
requirement for the throughs/reciprocals. At least two throughs are needed for a 3-Port cal and at least three 
throughs are needed for 4-Port cal (and they must touch all ports). Any or all of these “throughs” may actually 
be reciprocals and this is commonly of interest. Consider the case of wishing to create a 3-Port cal from a series 
of one port calibrations on-wafer where Ports 1 and 2 are coplanar waveguide (with corresponding cal 
standards) with a high quality interconnecting through and Port 3 is microstrip (with a more poorly defined 
“through” linking the other ports). The 1-Port calibrations for Ports 1 and 2 would be performed using a 
non-dispersive (or coaxial) media type while the cal for Port 3 would likely be performed using the microstrip 
media type. In completing the hybrid cal, one would likely select a through to connect Ports 1 and 2 and a 
reciprocal to connect Ports 1 and 3 (or 2 and 3).
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As always, there is a slight uncertainty penalty on transmission tracking for those paths not measured with 
thrus or reciprocals. For high quality calibrations, this is typically on the order of a few hundredths of a dB.

The Hybrid CAL SETUP dialog box using 1-port cals to generate 2-, 3-, and 4-port cals—Full 3-port 
cal–Through for Ports 1-3

Figure 16-25.HYBRID CAL SETUP Dialog Box - Using 1-Port Cals to Generate 2-, 3-, or 4-Port Cals
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Two 2-Port calibrations can also be combined to create a full 4-Port calibration and this process is illustrated in 
the dialog shown below. The two 2-Port calibrations used must be disjoint (i.e., they involve different port 
pairs). The dialog forces this since one only actually selects the first pair. Once the constituent calibrations are 
selected, at least one additional thru or reciprocal must also be added. As usual, adding additional thrus (if 
practical) can aid certain transmission measurements.

The Hybrid CAL SETUP dialog box using 2-port cals to generate 4-port cals–Throughs for Ports 1-3, 2-3, 1-4, 
and 2-4 selected

Figure 16-26.HYBRID CAL SETUP Dialog Box - Using 2-Port Cals to Generate a 4-Port Cals
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An example where this might play a role would be the orthogonal probe setup discussed earlier and shown 
again below (Figure 16-27). Suppose N-S represents a clean path where LRL standards are available while 
E-W represents a clean path where only SOLT standards are available. Further, the corner paths (e.g., NW) 
have transmission lines available for calibration but they are of fairly poor quality. The two separate 2-Port 
calibrations would be performed with the algorithms identified. They would then be combined using the hybrid 
cal feature with at least one of the corner paths used as a reciprocal.

As with the two port hybrid cases discussed in an earlier chapter, the benefits in the multiport case depend on 
the media of the underlying calibrations and what interconnects are possible. A prototype case is the TRL/LRL 
family where some lines are good and some are not. The benefit in treating the not-as-good lines as reciprocals 
using the hybrid approach is calculated for an example system in Figure 16-28. The important metric here is 
the ‘cal line reflection’ which represents how well-matched the not-as-good lines are. The DUT insertion loss 
scale axis is perhaps misleading as a 0.5 dB benefit has considerably more value for a 2 dB insertion loss 
measurement than it does for a 20 dB insertion loss measurement (usually). The central point is that this 
hybrid has the most value for cases when some of the lines are poorly matched and when the DUT has 
relatively low insertion loss.

An on-wafer configuration where some line paths are more likely to be of higher quality than others. The solid 
lines will generally not be an issue but a transmission path illustrated by the dotted line (S-W) may be 
electromagnetically compromised at higher frequencies.

Figure 16-27.On-Wafer Line Path Quality
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A practical example measurement is shown in Figure 16-29 where the third calibration line (TRL calibrations) 
had about 10-15 dB return loss at the higher frequencies. As the line reflections became worse at higher 
frequencies, the hybrid calibration benefits increased as one might expect.

Figure 16-28.The transmission magnitude uncertainty benefit from the hybrid approach for various reflection 
coefficients of the calibration lines and various DUT insertion losses is shown here.

Figure 16-29.A more practical measurement showing the potential benefits of a hybrid calibration is shown here. 
One of the calibration lines, because of its required geometry, had degrading match at higher 
frequencies.
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16-8 Saving SNP Data Files 
While saving a .s4p file seems very natural with a four port structure, the saving of .s2p and .s3p files raises 
some questions (such as, which ports?) as does the desire to save possible mixed-mode parameters in the same 
file format.

The .snp setup menu (see Figure 16-30) helps in the matter of which ports are used for the lower order files. 
Since the system cannot know which ports are necessarily of the most interest to the user (particularly when a 
higher order calibration is applied), the pair or triplet to be saved must be specified on this menu. Of course, 
the port used for .s1p file save must be similarly specified. If a port combination is selected that is not currently 
calibrated, available data for the relevant parameters will be saved but may not be physically meaningful. 
Parameters corresponding to a trace that is currently on-screen will have current data sent to the file but it 
will be uncorrected. If the parameter is not currently displayed, data in an existing buffer will be saved but 
that measurement may have occurred previously.

As with .s2p files discussed earlier, the data format may also be specified on this menu.

For mixed-mode parameters, another file save option is available:  .mNp. The text file format is exactly the 
same as for the .sNp format but mixed mode parameters are used instead. The row-column orientation is what 
one would expect from the response menu dialogs but are summarized below.

Figure 16-30. The SnP SETUP dialog. 
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Figure 16-31. The file save options are shown here to include the .mNp format. Note that there are two choices for 
.m4p depending on if the setup is for two differential pairs or one differential pair (and two 
singletons). 
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Figure 16-32. The .mNp parameter ordering structure is shown here.



16-9 Network Extraction Multiport Measurements

16-38 PN: 10410-00753 Rev: V MS4652xB ShockLine MG

16-9 Network Extraction
Following onto the discussion of Chapter 8, “Adapter Removal Calibrations and Network Extraction”, there are 
additional network extraction techniques available to help find the networks for multiport de-embedding 
problems. The new techniques are labeled Types E, F, and G which apply for 4-Port calibrations. The original 
types (Types A to D) apply for 1- and 2-port configurations as before.

• Type E Network Extraction

Uses a pair of full 4-port calibrations to fully extract four S2P files describing the arms of the 
adapter/fixture assembly. This is a complete solution but assumes the arms of the assembly are not 
coupled together. This is a 4-port extension of Type C.

• Type F Network Extraction

This is a 4-port back-to-back method where four S2P files are extracted and the four arms of the 
adapter/fixture assembly are assumed uncoupled. As with Type D (the 2-port equivalent), match is 
assigned to the outer planes. Port 2 of the .s2p files is assigned to the port nearer the DUT as is 
consistent with the de-embedding system operation.

• Type G Network Extraction

This is a 4-Port back-to-back method where two S4P files are generated and the sides are assumed 
coupled (in a half-leaky sense). Measured cross-coupling is assigned to the outer planes. Port 
assignments on type G can be complex and the examples in the text should be noted. 

For both Types F and G, the inner plane through connection is assumed to be between opposite ports (1-3 and 
2-4). As with all other network extraction types, reciprocity is assumed.

Figure 16-33.NETWORK EXTRACTION Dialog Box - Type Selection - 4-Port VNAs
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Type A Network Extraction

Before continuing with the new network extraction types, note that in the case of Type A, there is the 
additional requirement to specify where the adapter is (in the case of a multiport calibration). The added radio 
button selections are shown in the dialog below.

Figure 16-34.NETWORK EXTRACTION TYPE A Dialog Box



16-9 Network Extraction Multiport Measurements

16-40 PN: 10410-00753 Rev: V MS4652xB ShockLine MG

Type E Network Extraction

In terms of execution, Type E is very much like Type C. The two full calibration files must be specified (in this 
case full 4-Port calibrations). Upon execution, a dialog will appear allowing one to name the four S2P 
destination files. The files will be listed in order of absolute port number. 

Figure 16-35.NETWORK EXTRACTION TYPE E Dialog Box
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As suggested by the overall network extraction dialog, the Type E method treats the fixture as having four, 
uncoupled, 2-Port arms as shown below (Figure 16-36). These networks are then extracted as S2P files 
obviously. The required level of “uncoupling” depends on expected uncertainties and other losses in the 
networks. If the main paths were of very low loss and there was about 40 dB of coupling between arms of the 
fixture, there could be an added uncertainty of about 0.1 dB from ignoring that coupling with this method. If 
the coupling was actually 20 dB, there could be  1 dB of added uncertainty.

Figure 16-36.Type E Network Extraction - Uncoupled Networks To Be Extracted

Uncoupled Networks
to be Extracted

DUT Plane
Cal “B”

Outer Plane Cal “A”
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Type F Network Extraction

Types F and G operate much like Type D except a full 4-Port cal should be applied upon entering the dialog 
instead of a full 2-Port cal. The usual file definition dialog will follow. As with Type D, the check box option 
allows one to zero out all match terms instead of assigning mismatch to the outer plane.

Figure 16-37.NETWORK EXTRACTION TYPE F Dialog Box
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In the case of Type F, the networks are again assumed uncoupled. It is a method appropriate for the same 
situations as Type E except when inner calibration standards are not feasible or of reliable uncertainty. The 
interconnect assumed is between opposite ports (Ports 1 and 3, Ports 2 and 4) during this measurement. The 
port choices are not flexible is this type of extraction.  

Figure 16-38.Type F Network Extraction - Back-to-Back Interconnects at the DUT Plane - Type F

Outer Cal Planes

Networks to be Extracted

Back-To-Back Interconnects at the DUT Plane
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Type G Network Extraction

In the case of Type G, the S-parameter matrix will take on a very particular form. Ports 1 and 2 of the left 
network are assumed to be the outer ports and the inner ports for that network will be assigned Ports 3 and 4 
for the S4P definition. Because of the match and cross-coupling assumptions, the matrix saved will take on the 
form below (Eq. 16-17).

An eigen-structure based solution is used to split the composite results in the upper right and lower left 
quadrants into the two “halves”. In most cases, there should not be convergence issues with the process unless 
the return loss of the structure gets very close to 0 dB. As shown, reciprocity is enforced. S11 = S22 = 0 if the 
check box is selected. The entire upper left quadrant is a direct map from the measurement as match and 
cross-coupling are assigned to the outer ports.

Equation 16-17.

Figure 16-39.NETWORK EXTRACTION TYPE G Dialog Box

S11 S12 S13 S14

S21 S22 S23 S24

S13 S23 0 0

S14 S24 0 0
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Structurally, the measurement is the same as in Type F. The only difference is in the matrix structure of the 
extracted parameters. 

The port assignment on type G is more complicated than that for the other types since there are not just 2 file 
assignment permutations but 24. Type G will always put the port pair that has port 1 in it on the outside (1-2, 
1-3 or 1-4, depending on how the transmissive paths are excited) and it will do this for both files. So if the 
transmissive paths are 1-3 and 2-4; both files will have S33=S44=0. 

The embedding/de-embedding engine assigns based on port pairs and assumes the files have the same port 
pair alignment. Since the port assignments between type G and embedding/de-embedding could be completely 
disjoint (since the .s4p file may have been generated with a completely different setup), some care is required. 
Thus if you attach a file to 1-2, then the VNA expects the file to be setup with 1-2 closest to the VNA. This is a 
little backward from 2 port embedding/de-embedding but the requirement is to somewhat generally handle the 
ambiguity if the pairs are not aligned at all. Thus when you attach a file to 3-4, the type G extracted file is 
usually backwards and the ports must be swapped. 

Figure 16-40.Back-to-Back Interconnects at the DUT Plane - Type G

Outer Cal Planes

Networks to be Extracted

Back-To-Back
Interconnects
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Type G Network Extraction (with Option 21—Universal Fixture Extraction)

Multi-standard Type G (again, this requires Option 21) functions much like Type F except now coupling is 
included in the networks and the networks are treated as two 4-port networks as opposed to four 2-port 
networks. The dialog is shown in Figure 16-41 and the standards choices are the same as with Type F. An 
example connection configuration (for one of the dominant path selections) is shown in Figure 16-42 with a 
zero length thru connected between the fixture halves. 

Figure 16-41.Multi-Standard Type G Network Extraction Dialog (Option 21 Enabled)



Multiport Measurements 16-10 Summary

MS4652xB ShockLine MG PN: 10410-00753 Rev: V 16-47

16-10 Summary
This chapter focused on the differences in the four-port MS46524B VNA system relative to the standard 
two-port versions. The first part of the chapter concentrated on differences in response selection/definition and 
calibrations. Many of the post-processing functions from the two-port VNA carry over unchanged into the 
multiport measurement context. Graph types, marker readouts, and trace data readout are all trace local and 
will feed off the defined parameter. The same is true for time domain since this operates on any trace-level 
parameter, although it is not useful for an unratioed parameter such as b4/1, since phase is not well-defined. 
Time domain, smoothing and parameter conversion apply to all of the mixed mode parameters.
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Example: Port configuration of 1-2 (and 3-4) dominant paths, the connection plan for a Type G extraction with a 
zero length thru.

Figure 16-42.Type G Port 1/Port 2 Total Fixture Delay for Dominant Paths 1-2 (and 3-4)
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Chapter 17 — mm-Wave Measurements 
(Option 82, Option 83)

17-1 Introduction 
This chapter describes the hardware control and user options that are available for the ShockLine MS46522B 
Performance Series VNAs employing Option 82 or Option 83. Calibration, measurement, and troubleshooting 
approaches and tips are covered.

17-2 Physical Setup for the MS46522B E-Band VNAs
The Shockline MS46522B-082 E-band VNA shown in Figure 17-1 consists of small source/receiver modules 
with one meter tethers and a base chassis. The MS46522B-083 is similar, except that the tethers are five 
meters long. The modules are attached to the chassis through tether cables that are permanently attached to 
the unit making this a compact, ready-to-use E-band VNA. The remote modules have native WR12 waveguide 
interface for convenient interfacing to typical waveguide devices. 

Some Things to Point Out:

• Option 82 and Option 83 cover the extended E-band range and major parts of the V band.

• The tethered cables are permanently attached and attempting to disconnect them may damage the unit.

• Waveguide interface should be covered with caps when not in use to prevent dirt and debris from 
entering.

• The tethered cables are flexible but can be damaged if the bend radius is too small.

Figure 17-1. Shockline MS46522B-082
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17-3 Measurement Tips
While calibrations are covered in detail in another section of the measurement guide, there are some 
peculiarities relative to the mm-Wave operation that require some comment.

• The mm-Wave band is executed in waveguide thus requiring that media type selection (to take care of 
dispersion correction).

• SOLT/SOLR are often not recommended due to the difficulty of fabricating a reasonable open standard. 
An open waveguide flange radiates quite effectively and, as a result, is both unstable and has a relatively 
high return loss.

• SSLT/SSLR are commonly used, particularly at lower frequencies and do require a good load standard. 
The offset short lengths must be known with some precision.

• SSST/SSSR is quite popular, particularly at higher frequencies since a load standard is not required. 
Accurate knowledge of the short offset lengths is critical.

• LRL is also a popular technique and is quite effective although it can be sensitive to the condition of the 
waveguide flanges.

• While option 82 and 83 make E-band measurements much easier to setup than traditional VNA 
solutions, due care must still be exercised when calibrating and making measurements in the 55 GHz to 
92 GHz range.

a. For maximum phase stability, any movement of the tethers connecting the source/measure 
modules to the base MS46522B VNA should be minimized during calibration and measurement. If 
the tethers/modules must be moved before measurement, the entire setup should be allowed to 
remain stationary and settle for approximately one minute for maximum phase stability. 
Magnitude-only measurements are much less sensitive to tether movement, so do not require as 
much settling time. 

b. At these frequencies, very small mechanical changes can affect phase measurements. When 
adding waveguide extenders or connecting DUTs to the source/measure modules, care must be 
taken to limit cantilever forces on the waveguide flanges. Components attached to the waveguide 
module should be physically supported to avoid any undue strain on the WR12 flange. 

Figure 17-2. MS46522B-082 or -083 Tethered Module with Native WR12 Interface
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Chapter 18 — E/O and O/E Converter and 
Optical Measurements 

18-1 Chapter Overview
As fiber and free-space optical communication bandwidths increase, the need for very high speed optical 
modulators and detectors has also increased. The frequency response characterization of these 
electrical-to-optical (E/O, modulators sometimes integrated with lasers) and optical-to-electrical (O/E, 
detectors and receivers) converters can be important in terms of such parameters as bandwidth, flatness and 
phase linearity. In addition, the microwave frequency response characteristics of certain purely optical (O/O) 
components may be of interest as their optical bandwidth may be narrow (couplers, amplifiers, filters, etc.) or 
may have unusual dispersion characteristics. The MS4652xB VNA has a number of measurement utilities to 
facilitate this kind of analysis and, coupled with the MN4765X O/E calibration module or some other 
calibration device, some level of measurement traceability is possible. This chapter will discuss some of the 
measurements of interest, setup considerations, possible measurement performance, and examples of 
execution procedures. 
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18-2 Introduction and Background
Conceptually, the job of the optical modulator is to place a microwave signal as modulation onto an optical 
carrier. Similarly, the job of the photodetector or receiver is to recover that modulation and regenerate the 
microwave signal. For a VNA-based measurement, both directions of conversion are required so that the 
processing can occur in the microwave or modulation signal domain. The result is a setup like that shown in 
Figure 18-1. The optical carrier is generated (usually) by a coherent laser source (which may be integrated with 
the modulator), modulation is applied, and then the modulation is recovered. Optical fiber is shown as the 
media in Figure 18-1 but it could be some other optical guiding medium or free-space in some cases. The VNA 
acts as a microwave stimulus (Port 1 in the figure) and receiver (Port 2 in the figure). Three and four port cases 
are also possible, involving multiple converters or differential ones, which will be discussed later in this 
chapter. Although a fiber is shown as the only element between the detector and modulator in Figure 18-1, 
some optical DUT may be there for O/O measurements.

Index Description Index Description

1 VNA Port 1 6 Modulator RF IN

2 VNA Port 2 7 Photodiode RF OUT

3 Laser Source 8 Photodiode

4 Fiber 9 MS4652xB VNA 

5 Modulator

Figure 18-1. A general 2-port E/O or O/E measurement setup is shown here. In some cases, the laser and 
modulator may be one assembly. The photodiode may be integrated with amplifiers or other 
components into a photoreceiver.
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Since the measurements results will be classed as normal S-parameters, one may wonder how these relate to 
the actual optical behaviors of the components. In some sense, they all become relative because the conversion 
between domains introduces dependencies on optical laser power, optical path losses (usually small) and other 
absolute shifts. Thus the real measure of conversion is essentially a responsivity slope between the optical and 
electrical domains as illustrated in Figure 18-2. The S-parameters that appear on the instrument display for 
an O/E or an E/O component then represent a relative responsivity measure (in both magnitude and phase). 
Often, the frequency response of this quantity is of interest as that determines bandwidth and magnitude vs. 
frequency plot gives this information. The phase linearity and group delay are both ways of looking at the 
deviation from a purely linear phase function that can be an important assessment of potential phase-related 
modulation distortion. Return loss of the component may also be of interest but that is a purely microwave 
measurement.

A next question may be how the measurements are conducted. The starting point is a two-port VNA calibration 
as has been discussed in earlier chapters of this measurement guide. This calibration establishes reference 
planes at the microwave ports of the optical devices as shown in Figure 18-3 on page 18-4 (often coaxial ports 
but could be waveguide, in a fixture, etc.). The next step is the use of an O/E calibration device such as the 
MN4765X. That particular model is a wide bandwidth photodetector housed in a thermally controlled module 
with carefully designed bias circuitry. This module is characterized at a traceable facility using electro-optic 
sampling techniques (or references derived from that) so its frequency response (in magnitude and phase) is 
well-known with established uncertainties (e.g., [1] -[2]). If such a calibration device is the detector in 
Figure 18-1, then its effects can be de-embedded (see the embedding/de-embedding sections of 
Chapter 10, “Calibration and Measurement Enhancements” in this guide for more general information) since 
those behaviors are known. This then moves the reference plane to the optical side of the 
photodiode/calibration detector as shown in Figure 18-3. Now a measurement of S21 will describe the loss and 
phase of the modulator alone (plus some effect of the fiber which will be discussed). This frequency response 
(magnitude and phase) gives the required performance information discussed earlier when combined with the 
microwave reflection measurement (S11 in the diagram) of the modulator RF port that comes for ‘free’ with the 
calibrated VNA measurement.

Figure 18-2.  The concept of responsivity is shown here. The conversion parameters of the O/E and E/O devices 
measured with the VNA are essentially measures of responsivity.

Slope of 
Line

I

P o
ut

 (m
W

)

in (mA)

Rs(dB) 
Rs  (W/A) 
1(W/A) = 20 log 10 ( )

R
Pout
Iin

s (W/A) =Responsivity



18-2 Introduction and Background E/O and O/E Converter and Optical Measurements

18-4 PN: 10410-00753 Rev: V MS4652xB ShockLine MG

 

Index Description Index Description

1 VNA Port 1 7 Photodiode RF OUT

2 VNA Port 2 8 Photodiode

3 Laser Source 9 MS4652xB VNA

4 Fiber 10 Polarization Controller

5 Modulator 11 Calibration Reference Planes

6 Modulator RF IN 12
Calibration Planes after de-embedding of O/E 
Standard

Figure 18-3. Reference plane placement is shown here. A calibration is done in coax, waveguide, or some other 
electrical media and the de-embedding function, via the O/E-E/O measurement utility, of the VNA are 
used together with optical data to move a reference plane into the optical domain.
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The following example shown in Figure 18-4 is primarily for explanatory purposes. The first plot is an example 
of the conversion response of a photodetector. The second plot of phase response is also shown but the linear 
portion has not been removed. The third plot showing group delay (derivative of phase with respect to 
frequency) is often a more convenient way of looking at the phase behavior.  

Figure 18-4.  The characteristics of an example O/E device are s shown here.  (1 of 2) 

0

0

-2

2010 30 40

-4

-6

-8

-10

|S
21

| (
dB

)
Example O/E Device Response

Frequency (GHz)

180

0

90

2010 30 40

0

90

180

S2
1 

Ph
as

e 
(d

B
)

Example O/E Device Response

Frequency (GHz)



18-2 Introduction and Background E/O and O/E Converter and Optical Measurements

18-6 PN: 10410-00753 Rev: V MS4652xB ShockLine MG

If one now wanted to measure a different O/E device (not a calibration module), one could then insert that 
detector into the setup of Figure 18-3 on page 18-4 and instead now de-embed the modulator response that was 
just found. In this case, because it is a second level de-embed, there may be some elevation of uncertainties 
that will be discussed. One could also obtain an E/O calibration device and use that instead in a one-step 
process.

The de-embedding (or sequential de-embedding) steps form the basis of this O/E-E/O measurement utility. The 
key points are controlling traceability and uncertainties throughout the process when multiple devices are 
being used, to control match so minimal additional artifacts are introduced, and to not try to de-embed what 
cannot be de-embedded. This last point is important in that inner-plane (optical) match is not known and the 
transmission path is unilateral anyway, so there are no multiple reflections within the DUT assembly to 
remove.

Figure 18-4.  The characteristics of an example O/E device are s shown here.  (2 of 2) 
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Optical Measurements Menu

All of these measurement aids are available under the O/E-E/O-O/O button on the MEASUREMENTS menu 
(Navigation: MAIN | Measurement | MEASUREMENT | O/E-E/O-O/O button| OPTICAL MEAS. menu.) As 
might have been guessed from the previous discussion, these approaches naturally separate based on whether 
the target is an O/E device (e.g., detector or receiver), an E/O device (e.g, modulator), or an O/O device (e.g, 
coupler, amplifier, or filter, etc). The menu selections, as shown in Figure 18-3 delineate that choice.

A certain class of purely optical (O/O) measurements can also be made where both the detector and the 
modulator have been de-embedded. One essentially performs the steps for both the E/O and O/E 
measurements in series to place the reference planes in the optical domain. This is still a microwave/mm-Wave 
frequency response measurement so the O/O measurement is really a measure of the response to changing 
modulation bandwidths and, as such, is most suited to relatively narrowband optical devices such as 
amplifiers, filters, couplers, resonators, etc. For example, it would be unusual for a patch cord to show 
variation over a mm-Wave modulation bandwidth (unless it had some particularly unusual distortion 
properties). Also, mismatch in the optical domain is not correctable with this technique and, if the fiber runs 
are long, it is possible that ripple will occur on the scale of mm-Wave frequencies.

All of the measurements in this chapter work by using information about optical converters to modify an RF 
calibration coefficient set on the ShockLine VNA. This is exactly how conventional de-embedding works but the 
optical variants of this process take additional steps to handle the unilateral nature of the optical system (one 
cannot apply RF to the detector and usually expect RF to be produced by the modulator) and some differences 
in match terms. As with regular de-embedding, the optical modification to the calibration coefficients can be 
turned on and off. Turning the Optical Measurements to OFF will cause the original RF calibrations 
coefficients to be loaded. Returning Optical Measurements to ON will reload the modified coefficients. Both 
sets of coefficients are stored as part of the setup file.

Figure 18-5. On the OPTICAL MEASUREMENTS menu are three selections based on which type of device is to be 
solved for.
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18-3 Measurement Setups and Considerations
It is not the intent of this chapter to fully cover the optical setup details. However, some common issues and 
concerns will be discussed. More general information of fiber optic measurement setups can be found elsewhere 
(e.g., [3]-[4]).

Optical Linearity

The linearity of the characterized photodiode directly affects the accuracy of the measurement and the optical 
input power at which RF photocurrent will remain linear is important. One way to check that the 
measurement path is still linear is to normalize the S21 plot against itself and increase the optical power to see 
if there is a gross sensitivity. For example, set the optical laser power to 4 or 5 dBm with the setup like that of 
Figure 18-1. Store the resulting S21 to memory (under the Display/View Trace menu) and then view 
DataMemMath (data divided by memory). Now increase the laser power in 1 dB steps until some compression 
is seen in the normalized plot on the scale of 2 dB/div. At that point, decrease the optical power level until it is 
out of compression. Make sure that the maximum DC current for the photodiode is not exceeded. 

Laser Power and Photodetector Bias Sequencing

Always make sure the photodiode is biased properly before turning the laser on. Improper bias or no bias can 
degrade photodiode performance and can also result in damage. Instructions on handling and biasing of the 
photodiode are shipped with the characterized photodiode accessory. Always observe ESD precautions as these 
devices are very sensitive to static discharge.

Optical Fiber Lengths

The measurement setup will typically require optical fibers to interconnect optical components with different 
connectors. For example, a modulator with an FC/PC connector at the output will require an optical patch cord 
to adapt to the FC/APC connector on the input of the characterized photodiode accessory. Optical fibers have 
negligible frequency dependent loss over microwave modulation bandwidths. Thus, adding short lengths of 
optical patch cords to the setup does not affect the accuracy of transfer function measurements. To avoid 
certain polarization-related issues, it is recommended to keep the patch cord length under 10 m. The use of 
patch cords appropriate for the wavelength being used is recommended, as multi-mode propagation is possible 
in some cases and may result in some measurement instability.

Modulator Bias Control

Lithium niobate modulators are generally biased using a modulator bias controller (MBC) to control the 
operating point of the modulator. When biased in quadrature, the input RF signal linearly modulates the 
optical carrier. Note that when an MBC is applied, it must be designed for small signal operation. The default 
power from the Port 1 test port is –10 dBm. This level results in a modulation depth of <10% for many 
commercially available modulators. If a different model VNA or a different option configuration is being used, 
it may be required to drop the VNA power level from the default setting to ensure that the modulator is 
operating linearly. Different technology modulators may have different linearity limits so it may be required to 
consult the manufacturer of that device. 

A DC power supply can be used in place of an MBC. However, the stability of the measurement may be 
degraded due to drift in the modulator’s bias point.

Connector Care

It is important to establish proper cleaning procedures when connecting fiber optic devices together. Fiber optic 
cores are made of glass and can easily be scratched or chipped if care is not taken. The connectors found on the 
MN4765X are of the FC/APC type. APC (Angled Physical Contact) is chosen to help minimize back-reflection. 
The 8° angle at the end-face of the APC connector has an optical return loss of better than 50 dB. DFB lasers 
require large amounts of reflection isolation to function properly. The optical return loss from a common PC 
connector can 30 dB or worse, depending upon the polish and cleanliness of the connector.
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The following are some tips to help ensure quality connections:

• Always clean connectors after every connection.

• Use a fiber optic scope often to ensure there are no defects on the connector end face that can cause 
damage to other connectors.

• Use insertable patch cords for expensive devices that require many connections.

• Always use a cloth that is free of fiberglass to clean the connectors. If necessary, use alcohol to remove 
stubborn dirt and oil. Thoroughly remove any alcohol residue before reconnecting.

• Avoid using any oils for connecting two cables together. Oils are messy and very difficult to clean up.

• Optical connectors do not need torque. Some connections are better when the two fibers are barely 
touching. Tightening the connector too much will result in higher insertion loss, more reflection, and in 
some cases damage to the connector.

• Always observe proper mating to APC connectors. Connecting APC to PC connectors will damage the 
connectors.
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18-4 Example 2-Port Procedures 
With the physical setup described, the next task is really how to interface with the measurement utilities. 
Consider first the case of a 2-port E/O measurement where one has a characterized O/E device (such as the 
MN4765X). The dialog for this measurement is shown in Figure 18-7 on page 18-11 (the system automatically 
detects if it is a 4-port configuration in which case one of the later dialogs would be displayed instead). One 
choice that has to be made is the port configuration. The default is to have the E/O device connected to port 1 of 
the VNA but this can be changed.

Navigation to 2-Port E/O Measurement Dialog Box

MAIN | Measurement | MEASUREMENT | O/E-E/O-O/O | OPTICAL MEAS. (Measurements)

The other major requirement is a 2-port VNA calibration. This dialog assumes that the calibration has already 
been done with the desired method, frequency range, etc. and saved (using Save Setup under the File menu) as 
a .chx file. Most of the setup parameters are obvious:

• Frequency Range and Number of Points (dictated by the bandwidth of the DUT among other test 
requirements)

• Power Level (this depends on the linear drive range of the modulator as discussed above and the 
maximum available power of the VNA, which varies with options. Generally, the higher the better 
within those limits for best signal-to-noise ratio)

• IF Bandwidth and Averaging (trade-off between measurement time and trace noise. Generally 10-100 Hz 
IFBW is recommended for very wideband devices since the conversion losses tend to be high and the 
signal-to-noise ratio is stressed). Averaging can be added for additional trace noise reduction but there is 
a point of diminishing returns beyond about 10 sweep-by-sweep averages or if IFBW/(pt-by-pt averages) 
falls below 1 Hz.

• Calibration Method The only requirement is that the calibration contain a transmission path that match 
the E/O O/E path (anything beyond that is acceptable). Some of the choices are:

E/O Port = 1

Forward transmission tracking (1 2)

1 path – 2 port forward (1 2)

Full 2 port calibration

Figure 18-6. O/E-E/O MEASUREMENT Menu
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E/O port= 2

Reverse transmission tracking (2 1)

1 path – 2 port reverse (2 1)

Full 2 port calibration

Any calibration algorithm can be used (SOLT, SOLR, LRL, LRM, etc.) as appropriate.

Assuming this setup file is now available, it can be loaded in the dialog of Figure 18-7 as can the O/E 
characterization file (in an .s2p file format). Note the Swap ports checkbox availability near the 
characterization portion of the dialog box. It is always assumed that the dominant path in the characterization 
file is the S21 parameter. If the file was constructed differently (e.g., S12 was the measurement path for the 
calibration device), then selecting the checkbox will force the instrument to reorder the ports in the file before 
processing.

When Done is selected on this dialog, the de-embedding is applied and the resultant calibration left on the 
system includes the shifted reference plane as suggested by Figure 18-3 on page 18-4. This state can be saved 
as a new setup file (again using the Save Setup command under the FILE menu) if desired. Note that to go back 
to the non-de-embedded state, one can recall the old setup file that was just loaded in the dialog box. At this 
point, one can make measurements of any number of E/O devices and save the results using any of the usual 
techniques.  

Figure 18-7. Dialog for 2-port E/O measurements
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The O/E measurement setup is quite similar and that dialog is shown in Figure 18-8. The difference, of course, 
is that an E/O characterization file must now exist. One can generate it using the previous procedure and 
saving the measurement result as an .s2p file or one may already have a characterization file for the E/O 
device. If this is not the case, a shortcut is provided to help generate an E/O characterization file with less 
work. This path is triggered with the Go Measure E/O button which will bring up the sub-dialog of Figure 18-9.

Assuming one has an O/E calibration device (such as the MN4765X), this Go Measure feature allows one to 
load that photodetector characterization file and use the setup file found on the main E/O dialog to do a quick 
measurement of the modulator (or assembly). The sub-dialog also has a field to save this new E/O 
characterization file. When completed, one can go back to the previous dialog and select Done. The resultant 
setup will now have the Port 1 reference plane moved to after the modulator so one can now measure any 
number of new O/E devices. Again, the final setup (with shifted reference planes) can be saved as can any new 
measurement data of the O/E devices.  

Figure 18-8. Dialog for 2-port O/E measurements
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The O/O measurement is somewhat like the E/O and O/E measurement setups in series: both the detector and 
the modulator must be de-embedded to leave the reference planes in the optical domain. As suggested by 
Figure 18-10, if both .s2p files exist, their file names can be entered directly and the de-embedding will 
proceed. If one of them does not exist (usually the modulator file, but either is allowed), it can be measured on 
the fly much like with the Go Measure process in the O/E measurement previously. This Go Measure process 
(dialog shown in Figure 18-11 on page 18-15) allows one to enter the known device’s file and to define the file 
name for the newly created file. Note that this Go Measure process assumes the modulator and detector are 
directly connected together in an optical sense and this defines the reference plane locations. In some sense, 
this step is like an optical normalization. 

Figure 18-9. When measuring O/E devices, the characteristics of the E/O device must be known. If a file does not 
already exist, this dialog can help in doing the intermediate measurement with the help of a calibration 
O/E device such as the MN4765X.



18-4 Example 2-Port Procedures E/O and O/E Converter and Optical Measurements

18-14 PN: 10410-00753 Rev: V MS4652xB ShockLine MG

Note that the .s2p file name for the known device is assumed to be the same as that used on the main O/O 
dialog as this device normally doesn’t change between Go Measure and O/O configuration steps. If a different 
device is to be used, the file name on the main O/O dialog can simply be changed after the Go Measure process 
is completed. 

Figure 18-10.2-port O/O Measurements Dialog 
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Example

As an example, consider the following setup:

• 2 GHz to 43.5 GHz, 10 Hz IFBW, power –10 dBm, no averaging.

• A full two-port SOLT calibration is performed using a 3652A Calibration Kit.

• The resulting setup file is saved as setup.chx. This setup file will include all of the above parameters 
including the calibration data.

• The optical assembly is hooked up with the modulator-under-test connected to Port 1 and an MN4765X 
O/E calibration module connected to Port 2 of the VNA. The laser is powered up after setting up bias 
control on the modulator and applying bias to the MN4765X (and, of course, connecting the fiber).

• The E/O measurement utility is invoked using the default port assignment, loading the .chx setup file 
and loading the characterization file of the MN4765X. Upon selecting Done on the dialog, the resulting 
S21 measurement reflects the conversion behavior of the modulator and is shown in Figure 18-12. In this 
case, there is about 10 dB of roll-off over the bandwidth of the measurement.

Figure 18-11.Help in Doing the Intermediate Measurement with the Help of the File for a Second Device

When measuring O/O devices, the characteristics of both O/E and E/O devices must be known. If a file for 
one does not already exist, this dialog can help in doing the intermediate measurement with the help of the file 
for the other device (usually a calibration O/E device such as the MN4765X). At least one converter must 
have a .s2p file to do the measurement. 
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Figure 18-12. The results of an example 2-port E/O measurement are shown here using the procedure discussed in 
the text.
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18-5 Example 4-Port Procedures 
With the physical setup described, the next task is really how to interface with the measurement utilities. 
Consider first the case of a 2-port E/O measurement where one has a characterized O/E device (such as the 
MN4765X). The dialog for this measurement is shown in Figure 18-7 on page 18-11 (the system automatically 
detects if it is a 4-port configuration in which case one of the later dialogs would be displayed instead). One 
choice that has to be made is the port configuration. The default is to have the E/O device connected to port 1 of 
the VNA but this can be changed.

Navigation to 2-Port E/O Measurement Dialog Box

MAIN | Measurement | MEASUREMENT | O/E-E/O-O/O | OPTICAL MEAS. (Measurements)

The other major requirement is a 4-port VNA calibration. This dialog assumes that the calibration has already 
been done with the desired method, frequency range, etc. and saved (using Save Setup under the FILE menu) 
as a .chx file. Most of the setup parameters are obvious:

• Frequency Range and Number of Points (dictated by the bandwidth of the DUT among other test 
requirements)

• Power Level (this depends on the linear drive range of the modulator as discussed above and the 
maximum available power of the VNA, which varies with options. Generally, the higher the better 
within those limits for best signal-to-noise ratio)

• IF Bandwidth and Averaging (trade-off between measurement time and trace noise. Generally 10-100 Hz 
IFBW is recommended for very wideband devices since the conversion losses tend to be high and the 
signal-to-noise ratio is stressed). Averaging can be added for additional trace noise reduction but there is 
a point of diminishing returns beyond about 10 sweep-by-sweep averages or if IFBW/(pt-by-pt averages) 
falls below 1 Hz.

• Calibration Method The only requirement is that the calibration contain a transmission path that match 
the E/O O/E path (anything beyond that is acceptable). Some of the choices are:

E/O Port = 1

Forward transmission tracking (1 2)

1 path – 2 port forward (1 2)

Full 2 port calibration

E/O port= 2

Figure 18-13.OPTICAL MEASUREMENT Menu
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Reverse transmission tracking (2 1)

1 path – 2 port reverse (2 1)

Full 2 port calibration

Any calibration algorithm can be used (SOLT, SOLR, LRL, LRM, etc.) as appropriate.

Assuming this setup file is now available, it can be loaded in the dialog of Figure 18-14 as can the O/E 
characterization file (in an .s2p file format). Note the Swap ports checkbox availability near the 
characterization portion of the dialog box. It is always assumed that the dominant path in the characterization 
file is the S21 parameter. If the file was constructed differently (e.g., S12 was the measurement path for the 
calibration device), then selecting the checkbox will force the instrument to reorder the ports in the file before 
processing.
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When Done is selected on this dialog, the de-embedding is applied and the resultant calibration left on the 
system includes the shifted reference plane as suggested by Figure 18-3 on page 18-4. This state can be saved 
as a new setup file (again using the Save Setup command under the FILE menu) if desired. Note that to go back 
to the non-de-embedded state, one can recall the old setup file that was just loaded in the dialog box. At this 
point, one can make measurements of any number of E/O devices and save the results using any of the usual 
techniques.  

The O/E measurement setup is quite similar and that dialog is shown in Figure 18-8. The difference, of course, 
is that an E/O characterization file must now exist. One can generate it using the previous procedure and 
saving the measurement result as an .s2p file or one may already have a characterization file for the E/O 
device. If this is not the case, a shortcut is provided to help generate an E/O characterization file with less 
work. This path is triggered with the Go Measure E/O button which will bring up the sub-dialog of Figure 18-9.

Figure 18-14.The dialog for 4-port E/O measurements is shown here.
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Assuming one has an O/E calibration device (such as the MN4765X), this Go Measure feature allows one to 
load that photodetector characterization file and use the setup file found on the main E/O dialog to do a quick 
measurement of the modulator (or assembly). The sub-dialog also has a field to save this new E/O 
characterization file. When completed, one can go back to the previous dialog and select Done. The resultant 
setup will now have the Port 1 reference plane moved to after the modulator so one can now measure any 
number of new O/E devices. Again, the final setup (with shifted reference planes) can be saved as can any new 
measurement data of the O/E devices.   

Figure 18-15.The dialog for 4-port O/E measurements is shown here.
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Figure 18-16.When measuring O/E devices, the characteristics of the E/O device must be known. If a file does not 
already exist, this dialog can help in doing the intermediate measurement with the help of a calibration 
O/E device such as the MN4765X.
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Example

As an example, consider the following setup:

• 2 GHz to 40 GHz, 10 Hz IFBW, power –20 dBm, no averaging.

• A full two-port SOLT calibration is performed using a 3652A Calibration Kit.

• The resulting setup file is saved as setup.chx. This setup file will include all of the above parameters 
including the calibration data.

• The optical assembly is hooked up with the modulator-under-test connected to Port 1 and an MN4765X 
O/E calibration module connected to Port 2 of the VNA. The laser is powered up after setting up bias 
control on the modulator and applying bias to the MN4765X (and, of course, connecting the fiber).

• The E/O measurement utility is invoked using the default port assignment, loading the .chx setup file 
and loading the characterization file of the MN4765X. Upon selecting Done on the dialog, the resulting 
S21 measurement reflects the conversion behavior of the modulator and is shown in Figure 18-12. In this 
case, there is about 10 dB of roll-off over the bandwidth of the measurement.

Figure 18-17. The results of an example 2-port E/O measurement are shown here using the procedure discussed in 
the text.
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18-6 Example 4-Port Procedures and Variations
When a four port VNA is used, there are obviously more port permutations possible for connections but also 
differential or multiport O/E and E/O devices can be handled. The measurement processes are essentially the 
same as for the two port cases just discussed but there are some additional logistics to handle. For the case of 
solving for single-ended E/O device when used with a single-ended O/E device (Case 1 Configuration), the 
dialog of Figure 18-18 applies and the main choice is which ports are to be used. 

Navigation to 4-Port E/O Measurement Dialog Box

MAIN | Measurement | MEASUREMENT | O/E-E/O | EO Measurements 

The same rules discussed in the previous section apply on the type of calibration used (in the .chx file to be 
loaded) except that the path selected (using the port checkboxes) must be covered by that calibration. In 
addition, full 3-port and 4-port calibrations can be used if desired (where the 3-port calibration must cover the 
ports being used). The characterization file in this case is again a .s2p format file with S21 as the parameter of 
interest

Case 1 Configuration
.

Figure 18-18.Case 1 Dialog - Single Ended 4-port E/O measurements is shown here.

VNA
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For the case of one or more differential (or multiport) optical devices, the additional “cases” apply and the 
dialog changes slightly as shown in Figure 18-19, Figure 18-20, and Figure 18-21.   

Figure 18-19.Case 2 Dialog - Variations for different DUT port structures are shown here.

VNA
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Figure 18-20.Case 3 Dialog - Variations for different DUT port structures are shown here.

VNA
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A few things change in these other cases:

Case 2: Differential E/O – Single-ended O/E

The .chx file must contain a full 3-port calibration (using the ports in question) or a full 4-port calibration 
of any algorithm (including hybrids)

The O/E characterization file is still of the .s2p form (S21 is the dominant parameter)

Case 3: single-ended E/O- differential O/E

The .chx file must contain a full 3-port calibration (using the ports in question) or a full 4-port calibration 
of any algorithm (including hybrids)

The O/E characterization file is of a .s3p form (S21 and S23 are dominant) or a .s4p form (S21 and S43 
are dominant)

A ‘reassign ports’ option is now available for assigning the ports in the characterization file to match the 
path expectations. The current state of port reassignment is shown as a read-only field in the dialog. The 
default is no reassignment (1 1, 2 2, 3 3, 4 4).

Figure 18-21.Case 4 Dialog - Variations for different DUT port structures are shown here.

VNA
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Case 4: differential E/O- differential O/E

The .chx file must contain a full 4-port calibration of any algorithm (including hybrids)

The O/E characterization file is of a .s3p form (S21 and S23 are dominant) or a .s4p form (S21 and S43 
are dominant)

A Reassign Ports option is available for assigning the ports in the characterization file to match the path 
expectations.

In this case, there is also potential confusion as to how the DUT is exactly connected if it is “2 paths in 
parallel” instead is a true differential device pair. It is always assumed that the lower numbered E/O 
port is connected to the lower numbered O/E port. If two DUTs are being measured in parallel, make 
sure the port connections match this assumption.

As in the two port case, when one clicks Done to leave this dialog, the resident calibration will now have 
the O/E device de-embedded and the live measurements will reflect the behavior of the E/O device. Data 
and setups can be saved from this state as usual.

Caution
The .s3p and .s4p files loaded as characterization files have assumed transmission paths as 
detailed in the text. Use the Reassign Ports feature to make your file match those assumed paths.
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For the O/E measurement case, the permutations are essentially the same and these are shown in 
Figure 18-22. The only real difference is that case 2 and case 3 swap roles in terms of file types required as is 
obvious in the figure.

Figure 18-22.Dialogs for 4-port O/E measurements (1 of 4)

VNA
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Figure 18-22.Dialogs for 4-port O/E measurements (2 of 4)

VNA
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Figure 18-22.Dialogs for 4-port O/E measurements (3 of 4)

VNA
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Figure 18-22.Dialogs for 4-port O/E measurements (4 of 4)

VNA
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As with the two port O/E measurement case, there is a shortcut to go measure the E/O device to get its 
characterization file (assuming one has a characterized O/E device to start with such as the MN4765X). This 
shortcut sub-dialog is shown in Figure 18-23 and it must use the same case and port assignment as the parent 
dialog. In addition, the E/O file that is generated from this sub-dialog will follow the dominant port assignment 
paths that have been detailed in this section.

4-port O/O measurements proceed analogously. The dialogs are very similar to those seen previously and will 
not be shown here for brevity.

As an example, consider the following setup:

• 100 MHz-40 GHz, 1000 Hz IFBW, –17 dBm drive power

• A double-path E/O device feeding a single-ended MN4765X (so this becomes case 2 under E/O 
measurements). The E/O device will be connected to ports 1 and 2 while the O/E device will be connected 
to port 3. The measurements of interest are then S31 and S32. The O/E characterization file is still of the 
.s2p format where S21 is the controlling parameter.

• A full three port calibration is performed using the 3654D calibration kit (SOLT) and the setup file is 
saved (.chx).

• The optical components are connected and powered in the appropriate order as discussed previously.

• The E/O dialog is configured as described above and, after ‘Done’ is selected, the resulting measurements 
are those of the E/O device. 

Figure 18-23.4-port intermediate measurement dialog for O/E measurements when the E/O characterization file 
does not already exist.

VNA
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18-7 Uncertainties
In the measurements just described, the uncertainty can be broken into two broad categories:

1. Uncertainty associated with the characterization of the calibration device (such as the MN4765X)

2. Uncertainty in the measurement with the DUT

Typically the user will purchase a characterized photodiode and receive a data file describing that device’s 
transfer function. There is some uncertainty associated with that data based on the characterization 
technique.

There are different levels of characterization possible. A direct characterization using such optical techniques 
as electro-optic sampling (e.g., [1]) or the heterodyne method (e.g., [2]) would be termed 1st tier. It is outside the 
scope of this note to go into detail on these characterization techniques but they are discussed in the references 
and elsewhere in the literature. These 1st tier characterizations are typically performed at National Metrology 
Institutes (NMIs, such as NIST or NPL) or large private laboratories.

A 2nd tier standard is characterized by a laboratory based on a 1st tier standard. It would be generated using a 
process similar to the techniques discussed here but under carefully controlled conditions (bias, temperature, 
wavelength, etc.) using a 1st tier standard as the characterization device. This 2nd tier device is much more 
commonly available (the MN4765X is an example) and the uncertainties for a 2nd tier standard will be used in 
later calculations. The uncertainty penalty in going to 2nd tier device is typically small (on the order of 0.1 dB 
additional).

When measuring the DUT, there is an uncertainty associated just with the VNA measurement which is 
discussed elsewhere (e.g, [5]). Since the characterized photodiode response is then de-embedded, the 
characterization uncertainty must be combined with the VNA measurement uncertainty to obtain an overall 
value. In the case of an O/E measurement, there are actually two user measurements involved (one with a 
modulator and the characterized photodiode and one with that modulator and the DUT) so an additional 
uncertainty must also be included (note the distinction between this second level de-embed and a 2nd-tier 
calibration device). Typically these uncertainties are all added on a root-sum-square basis since the 
measurements are assumed to be dominated by uncorrelated quantities. 

Before proceeding to some uncertainty values, it may be useful to examine dependencies. On the VNA side, S21 
uncertainty is typically quite low for medium power levels but will deviate at high signal levels (receiver 
compression, not an issue in these measurements) and at low signal levels (effects of the receiver noise floor). 
Thus the overall uncertainty will be a function of detector output signal level (getting worse as the signal level 
gets closer to the noise floor). Results can be improved by using higher RF drive levels (keeping all devices 
linear) and high optical power levels (same caveat). The RF match of the modulator and photodiode will also 
influence uncertainties to some degree (at all signal levels) but the dependence is relatively weak as long as 
return loss is better than a few dB. 

On the optical side, there is little high level signal dependence as long as the devices are operating linearly. 
The characterized photodiodes are usually chosen to be very linear over wide power ranges to keep this from 
being an issue. The characterized detectors typically also have very weak wavelength dependencies; usually 
less than a few hundredths of a dB over 40 nm. When using a modulator as a transfer standard (as in an O/E 
measurement), however, it is important that the same wavelength be used in the different measurements with 
that modulator since much greater wavelength sensitivity usually exists in that component (although this will 
vary with technology). The use of different VNAs and/or calibration kits may result in slightly different values. 

18-8 Summary
The E/O, O/E, and O/O measurement utilities have been discussed in this chapter. These utilities are 
essentially advanced de-embedding tools, allowing one to remove the effects of one optical conversion device to 
learn the properties of the other. There are a large number of configuration choices, particularly in the four 
port cases, but the measurement principle is the same: use a good VNA calibration to characterize the 
converting pair and then de-embed the effects of a calibrated/characterized device to analyze the DUT. 
Signal-to-noise ratio is often a limiting uncertainty factor so it is important to carefully choose drive levels (as 
high as possible without being nonlinear), IF bandwidth, and averaging in order to optimize the 
measurements.
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Chapter 19 — Multiple Source Control

19-1 Overview
Multiple source control is an application to independently control the internal source and receiver as well as up 
to four external synthesizers. 

Since there are no constraints on frequency linkage (other than the ranges the hardware is capable of), a wide 
array of mixer, multiplier, converter and other specialized measurements can be performed. Some examples 
include:

• Mixers

• Frequency multipliers 

• Dividers

• Harmonic measurements (including the ability to look at fractional harmonics)

19-2 Introduction
This section discusses the interface and how to configure the instrument and the hardware for generic 
measurements. The MULTIPLE SOURCE menu selections are available from the primary APPLICATION menu 
as shown in Figure 19-1 below

Navigation

Main | Application | Multiple Source.

Figure 19-1. APPLICATION Menu – Multiple Source Selections 
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19-3 Multiple Source Control Set Up
The key concepts to setting up multiple source control include:

• Four Internal Sources for MS46524B VNAs

• Two Internal Sources for MS46522B VNAs

• Frequency Plan Bands

• Linearly Linked Source Frequencies

• Band Start Frequency, Band Stop Frequency, and Runner Variable  

Four Internal Sources for MS46524B VNAs

For MS46524B Series VNAs, up to four (4) internal sources can be configured.

Two Internal Sources for MS46522B VNAs

For MS46522B Series VNAs, two (2) internal sources can be configured.

Frequency Plan Bands

The frequency plan is separated into “bands”. There may be as many as 50 or as few as one. One needs multiple 
bands ONLY if the relationship between sources and the receiver change in an unusual way at some point in 
the sweep. Examples:

• A mixer measurement is being setup where the RF and LO are offset by a fixed amount and the IF 
(which will be sent to the VNA receiver) is constant. Only one band is needed.

• A harmonic converter is being tested where it operates on the 2nd harmonic of the LO up to 10 GHz and 
the 3rd harmonic beyond that. Two bands are needed here.

Linearly Linked Source Frequencies

All source frequencies (internal or external) and the receiver frequency must be linearly related. All are 
expressed as linear equations as a function of a runner variable “f”. This variable f is always the one displayed 
on the X-Axis although it need not represent an actual frequency (although for convenience it usually does). 

These linear relationships can change in different “bands” that the user defines. The band edges are always in 
terms of the runner variable f. 

Band Start Frequency, Band Stop Frequency, and Runner Variable f

The band start and stop frequencies are in terms of the runner variable f. Thus they may or may not be 
physical. To reiterate, the choice is usually based on what one wants the X-Axis of the plots to be labeled in 
terms of, for example, the RF frequency or the IF frequency for a mixer measurement.

Note
Anytime the MS4652xB VNA has been powered off, an adequate warm-up time (see TDS) with the 
VNA in the Powered ON state is required to assure measurement stability.

Note Power Sweep is not supported when Multiple Source mode is active.
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MULTIPLE SOURCE Menu

The main multiple source setup menu is shown below in Figure 19-2. The top half of the menu, pertaining to 
equation editing, will be dealt with first. The special functions of the lower half of the menu will be discussed 
later.

The top button on the menu toggles Multiple Source mode on or off, similar to the mode selection buttons on 
the APPLICATION menu (turning Multiple Source mode off here will change the mode on the APPLICATION 
menu to Standard). When this menu is entered, the MULTIPLE SOURCE tableau will appear in the lower part 
of the screen (Figure 19-3 below).

When the MULTIPLE SOURCE tableau first appears, the first band is in the table. The Add Band, Delete Band, 
and Clear Band buttons will have the obvious effects.

The MULTIPLE SOURCE menu appearance differs 
slightly depending on the instrument model number, 
installed options, and band edit state.

Above:
• Multiple Source and Phase Inversion are set to 

OFF. 
• Changing Multiple Source here also changes the 

selection on the APPLICATION menu.
• Phase Inversion set to OFF.

Figure 19-2. Main MULTIPLE SOURCE Setup Menu

Note

The Done Editing button MUST be clicked for new values to take effect.

Band frequency ranges DO NOT define a required start and stop frequency. These merely set the 
min and max possible for start and stop. Readjust the desired range for actual measurements on the 
frequency menu.

The MULTIPLE SOURCE tableau dialog appearance differs slightly depending on the instrument model number 
and installed options.

Figure 19-3. MULTIPLE SOURCE Tableau
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Defining a Multiple Source Band

A red exclamation point (!) in the first column of the table indicates that an error is detected. 

For each band, the following must be defined:

• A start frequency for the band.

• A stop frequency for the band.

• Equations for each source, the receiver, and receiver source (an index used to work with receiver 
calibrations). If a source is inactive, its equation may be left at anything. If active, the result of the 
equation must be a valid frequency for that source (or receiver).

Each equation is of the following form:

Using the multiplier (M) and divisor (D), a rational relationship can be created between the desired 
frequencies. The offset (OS) completes the remainder of the linear relationship and is the CW frequency when 
the source is set to CW ON. Any of these parameters may be negative as long as the result of the equation is a 
valid frequency for that source (or receiver). This can be used for a reverse sweep (in certain mixer 
measurements for example).

When a cell is highlighted in the table (with the mouse or touch screen), the text entry box becomes active. Text 
can be directly entered into the table by double-clicking on the cell. The entry must be typed with a space 
between the number and the frequency units.

As soon as values are changed in the table, the Done Editing button shown in Figure 19-2 becomes active. 
Selecting the Done Editing button will start an error check of all entered parameters. An error dialog may 
appear if an error is found. During the error checking, the system applies the band limit frequencies to each 
equation and checks that the results are valid for a given source or the receiver. If an external source is 
inactive, the error checking will not be performed for that line.

Equation 19-1.

Note

The Done Editing button in the Multiple Source menu MUST be clicked for new values to take 
effect.

Band frequency ranges DO NOT define a required start and stop frequency. These merely set the 
min and max possible for start and stop. Readjust the desired range for actual measurements on the 
frequency menu.

If CW OFF is selected, then:

Src_X
M
D
----- f OS+ =

If CW ON is selected, then:

Src_X
M
D
----- OS =
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Chapter 20 — Maximum Efficiency Analysis 
(MEA)

20-1 Chapter Overview
The ability to accurately measure maximum efficiency and the kQ product for Wireless Power Transfer (WPT) 
systems is becoming very important. Anritsu, in collaboration with Toyohashi University of Technology, have 
provided a measurement system that evaluates the product of the WPT coupling coefficient and quality factor. 
This kQ product is mathematically related to the maximum efficiency of the WPT and both can be shown in 
real time.

More and more devices are becoming disconnected from cables as wireless power transfer continues to become 
a dominant technology. This chapter will discuss some of the measurements of interest, setup considerations, 
and examples of execution procedures.

20-2 Introduction and Background
The VNA acts as a wireless power transfer system that transfers electromagnetic power from one VNA port to 
the other VNA port via TX/RX elements.

Index Description

1 ShockLine MS4652xB VNA

2 VNA Port 1

3 VNA Port 2

4 Transmit/Receive (TX/RX) Elements

Figure 20-1.  A general 2-Port MEA measurement setup is shown here. The Transmit/Receiver elements are not 
limited to coils or antennas and can be a device that moves electromagnetic energy.

MS46522B
8.5 GHz Vector Network Analyzer

Port 1 Port 2                    

Standby

Remote

1

2 3

4
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Software Setup for Maximum Efficiency Analysis

ShockLine software provides a simple interface to setup parameters for Maximum Efficiency Analysis. The 
initial parameter that must be setup is the Response type. The Response type is not an S parameter but a Z 
parameter that is mathematically manipulated to provide key parameters for measuring a WPT system. The 
correct response for this measurement Max Efficiency as shown in Figure 20-2 below.

.

Figure 20-2. RESPONSE Menu with Max Efficiency for WPT
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When the Response type has been set to Max Efficiency, ShockLine software enables a set of hidden menus 
that allows the user to access kQ product and maximum efficiency buttons. This menu is accessible via the 
ShockLine customized toolbar or through the Main menu function.

The Display type will be limited to η Max (Maximum Efficiency), kQ or both. The user may want to see one 
format, the other or both and the measurement data is real time.

Figure 20-3. DISPLAY Menu with enabled Maximum Efficiency Analysis display options

Figure 20-4. Trace format options for MEA
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