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This application note, which applies to cable and antenna and vector network analysis, discusses
recent advances in vector network analyzer calibration and compares measurements using
different calibration types for a variety of RF and microwave devices including cables, filters and
amplifiers. A FieldFox handheld analyzer is used to make the various measurements, as it can
perform precise measurements and analysis in the field.
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Introduction

Installation, troubleshooting and mainte-
nance of RF and microwave systems and
components require measurements of their
reflection and transmission characteristics
within a variety of indoor and outdoor
environments and conditions. These
measurements are typically made using a
handheld vector network analyzer (VNA)
having a user calibration that is preformed
in the field. Measurement accuracy,
calibration convenience, sweep speed and
analyzer portability are extremely important
requirements as testing often occurs under
extreme conditions ranging from high
elevations, such as outdoor tower and mast
installations, to confined spaces, required in
shipboard, aircraft and vehicle applications.
The required measurements are easily
obtained using a VNA with a simple user
calibration and fast measurement sweep,
which are available on FieldFox handheld
analyzers.

Measurement accuracy when using a
VNA is directly related to the type of user
calibration selected and the associated
test configuration. The test configuration
includes test cables and adapters required
to interface the Device Under Test (DUT)
to the VNA. The types of calibrations avail-
able on FieldFox range from the built-in
calibration (CalReady), which is available
immediately at instrument turn-on, to
more complex user calibrations requiring
measurements from a set of high-quality
calibration standards.

Selection of the calibration type (cal type)
is often a trade-off between measurement
accuracy, speed and the complexity of the
calibration process. For example, figure

1 shows a comparison of the measured
insertion loss (S21) of a short coaxial cable
using two different cal types available on
FieldFox. The yellow trace is the cable
measurement using an innovative cal

type named QuickCal and the blue trace
is the measurement of the same cable
using a traditional Full 2-Port mechanical

calibration. The Full 2-Port calibration
process requires that the user make

seven connections to various high-quality
calibration standards while QuickCal was
performed without the need for any calibra-
tion standards. As shown in the figure,
there is very little difference between the
two measurement results yet the QuickCal
has a fairly simple calibration process

that is very convenient in field operations.
In general, as each test configuration

may require the use of adapters and test
cables between FieldFox and the DUT, it is
important to understand the applications
and limitations of each cal type available in
FieldFox. This application note will discuss
recent advances in VNA calibration and
will compare measurements using different
calibration types for a variety of RF and
microwave devices including cables, filters
and amplifiers.
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Figure 1. Measurement comparison of a coaxial cable using a traditional Full 2-port calibration (blue)
and the rapid QuickCal (yellow) available on a FieldFox vector network analyzer



Analyzer hardware configurations

This section of the application note will
introduce the various FieldFox hardware
configurations available for measuring
one-port and two-port devices. FieldFox
handheld analyzers include vector network
analyzers (VNA), cable and antenna test
(CAT) analyzers, spectrum analyzers, and
combination analyzers that include VNA,
CAT and spectrum analyzer capabilities in
one instrument. FieldFox is a field-ready,
precision instrument compliant with MIL-
PRF-28800F Class 2, and MIL-STD-810G,
Method 511.5, Procedure 1, for operation
in explosive environments (type tested).
Class 2 equipment is designed for the most
rugged environments which include unpro-
tected and uncontrolled environmental con-
ditions. Configured as a VNA, FieldFox mea-
sures complex device parameters, namely
the magnitude and phase of reflection and
transmission characteristics of one-port

and two-port DUTs. The measured complex
parameters are also known as scattering
parameters (S-parameters) and will be
reviewed later in this application note.
Configured as a CAT analyzer, FieldFox also
measures the reflection and transmission
characteristics of a DUT but only reports
the magnitude characteristics. Both the
VNA and CAT modes include the innovative
QuickCal that remove the effects of any test
cables and adapters attached to the instru-
ment and also corrects for drift errors in the
calibration caused by temperature changes.
Configured as a spectrum analyzer, FieldFox
is a high-performance receiver capable of
measuring the frequency content of known
and unknown signals, interference and/or
noise. FieldFox spectrum analyzers not only
have capabilities found in benchtop spec-
trum analyzers, but also include a unique
feature known as InstAlign that provides
improved amplitude accuracy across the
entire RF and microwave frequency range
from turn-on and through —10 °C to +55 °C.
This application note will continue with the
primary focus on VNA measurement and
calibration using the FieldFox VNA while
additional information regarding the CAT
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Figure 2. Network analyzer signal paths when measuring a device under test (DUT) using an analyzer
with (a) Transmission/Reflection (T/R) hardware and (b) Full 2-Port hardware

and spectrum analyzer modes can be found
in Agilent application notes [1] and [2].

The network analyzer hardware determines
how the DUT is measured, either in the
forward direction only, using a transmission/
reflection (T/R) hardware configuration, or
in both the forward and reverse directions
using a Full 2-Port configuration. Figure

2a shows the signal paths to and from

the FieldFox VNA having a T/R hardware
configuration. With a T/R configuration, the
test signal leaves Port 1 of the analyzer and
measurements are made only in the forward
direction, either as reflection from the input
to the DUT or as transmission through the
DUT. With this configuration, the reflected
signals are measured at Port 1 of the
analyzer and forward signal transmission is
measured at Port 2 of the analyzer. When
using a T/R configuration, measurements in
the reverse direction would require that the
DUT be disconnected, turned around, and
re-connected. In contrast, figure 2b shows a
VNA configured with Full 2-Port hardware.
In this arrangement, the DUT parameters
can be measured in the forward and reverse
directions without the need to physically
turn the device around. A switching matrix
within the analyzer internally routes the
incident test signal between Port 1 and

Port 2. In addition to the convenience of

measuring the DUT in both directions, using
a Full 2-Port configuration can provide the
highest level of measurement accuracy by
allowing the characterization and removal
of all systematic measurement errors from
the test system.

Characterization of systematic errors is
performed during the user calibration and
the Full 2-Port calibration is one of the most
accurate methods of VNA calibration. This
application note will discuss and compare
several cal types including Full 2-Port,
Enhanced Response and the less accurate
but very simple Response (Normalization)
calibrations. A FieldFox VNA with Full 2-Port
hardware can perform all available cal
types. FieldFox with T/R hardware can only
perform Enhanced Response and Response
(Normalization) calibrations.



Systematic errors

Systematic errors are created by the
frequency response of the test cables,
adapters and analyzer components, the
leakage paths typically internal to the
analyzer, and by multiple reflections
between the DUT and the analyzer. As part
of the user calibration, systematic errors are
characterized and mathematically removed
from the measurements. Some types of
user calibrations only correct a subset of the
errors, resulting in reduced accuracy in the
measurement of the DUT. Figure 3 shows

a comparison of the transmission response
(S21) through a coaxial cable using a Full
2-Port calibration (yellow) and an Enhanced
Response calibration (blue). The Full 2-Port
calibration reports the highest measurement
accuracy as this cal type corrects all system-
atic errors in the test system. Removal of

all systematic errors using a Full 2-Port cal
requires sweeps in the forward and reverse
directions, both during calibration and
during DUT measurement. The calibration
and DUT measurement using the Enhanced
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Response cal type requires only one sweep
direction, either forward or reverse, and
therefore will result in an overall faster
measurement. The Enhanced Response cal
does not correct for all systematic errors
and will therefore be less accurate than the
Full 2-Port calibration. As shown in figure 3,
the cable measurement using the Enhanced
Response cal shows ripples across the
measured frequency range as a result of
the uncorrected systematic errors. Both
measurements shown in figure 3 use the
innovative CalReady calibration found on
the FieldFox analyzers. CalReady is a built-
in, always available calibration that does
not require a manual user calibration. This
application note will discuss CalReady and
the other cal types available in the FieldFox
VNA and the tradeoffs between accuracy,
speed and calibration complexity. Additional
information regarding systematic errors and
basic VNA calibration theory can be found
in the Agilent Application Note, Network
Analyzer Basics [3].

Stop 6,000 GHz
Swp 1188

Figure 3. Measurement comparison of a coaxial cable using the FieldFox CalReady 2-Port calibration

and the CalReady Enhanced Response calibration



S-parameter measurements and display formats

[t was previously mentioned that a VNA is
typically configured to measure and display
the reflected and transmission properties of
a DUT also known as scattering parameters
(S-parameters). S-parameters are simply
ratios of the measured signal to the incident
signal. The FieldFox VNA contains all

the appropriate hardware to measure

and calculate these signal ratios so the
operator only needs to be familiar with the
S-parameter definitions and how they relate
to specific device specifications. Figure 4
shows the S-parameter definitions for a
two-port DUT. A one-port device will have
one S-parameter and a two-port device

will have four S-parameters. Determination
of which DUT port is considered Port 1 or
Port 2 is decided by the user and often has
a relationship to the intended operation for
the DUT. For example, an amplifier would
be defined with the input as Port 1 and the
output as Port 2. In this way, the amplifier’s
forward transmission parameter would be
the gain when moving from Port 1 to Port 2.
Examining figure 4, the S11 parameter is
defined as the reflection from Port 1 of the
DUT. The S22 parameter is defined as the
reflection from Port 2 of the DUT. S21 is the
forward transmission parameter going from
Port 1 to Port 2. S12 is the reverse transmis-
sion parameter.

For many passive devices, including coaxial
cables, filters, waveguide components,
couplers and power dividers, the forward
transmission, S21, is equal to the reverse
transmission, S12, in other words, S21 =
S12. This type of DUT is considered “recip-
rocal”. Amplifiers, circulators, and most
active devices that include semiconductors
and ferrites are “non-reciprocal”. The
forward transmission of a non-reciprocal
device, such as the gain of an amplifier, is
not equal to the reverse transmission, such
as the reverse isolation of an amplifier (S21
# 512). Knowledge of whether a device

is considered reciprocal or non-reciprocal
will become important when selecting the
Enhanced Response calibration that will be

discussed later in this application note. The
forward reflection, S11, and the reverse
reflection, S22, are generally not equal
under all device types. Figure 5 shows the
four S-parameters for a 13-GHz band pass
filter measured on a FieldFox VNA with a
Full 2-Port configuration. As mentioned,
the Full 2-Port configuration allows all four
S-parameters to be measured with one
connection to the analyzer. The S11 and
S22 reflection parameters have a slightly
different response across the measured
frequency range of 5 to 18 GHz. The S21
and S12 have an equal response which is
expected for a reciprocal device such as a
passive filter. For the measurement shown

Forward
DUT
Port 1 Port 1
v
S11 S21

in figure b, FieldFox was calibrated using
the most accurate cal type, the Full 2-Port
calibration. The four S-parameter measure-
ments shown in figure 5 are all displayed
using the typical format of “LogMag” with
the y-axis shown in decibels (dB). The
measured S-parameters using a VNA are
complex values that can be converted to a
variety of display formats including linear
magnitude, VSWR, Smith chart, polar,
phase, group delay, and real and imaginary.
Fortunately, FieldFox manages all necessary
calculations and properly displays the
desired format(s).

Reverse
DUT
Port 1 Port 1
v
S12 S22

Figure 4. S-parameter definitions for a 2-port device under test (DUT)
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Figure 5. Measured S-parameters for a 13-GHz band pass filter



Knowing that S-parameters are relative
measurements, they are theoretically
independent of the applied power level.
For example, when measuring S11 of an
ideal short circuited transmission line, the
ratio of the reflected signal to the incident
signal has a linear magnitude of 1, or 0
dB (=20LOG(|S111)). This measured
value of S11 from the shorted line is the
same whether the incident signal power
is 1 picowatt or 100 watts. This condition
is true for S-parameter measurements of
passive devices. Obviously, when measur-
ing amplifiers, the S-parameters will be
dependent on the incident power once the
amplifier begins to enter saturation. For
this application note, it is assumed that
amplifiers will be operating in their small
signal or non-saturated mode and the gain
is then constant over a range of incident
power levels.

When measuring amplifiers and other
devices sensitive to input power level,
FieldFox test port power can be adjusted
to optimize the measurement accuracy

and avoid overload conditions in the active
device and the analyzer. The FieldFox VNA
has three modes for setting the incident
(test port) power level--High Output Power,
Low Output Power, and setting that allows
the operator to manually set the test port
power. FieldFox default setting at High
Output Power will achieve the highest
measurement accuracy and dynamic range,
while Low Power or manual setting will be
a good choice when measuring high gain
amplifiers or any device sensitive to drive
power. Figure 6 is a measurement example
showing the relationship between test port
power and displayed dynamic range. This
figure shows a comparison of the measured
S21 of a 13-GHz band pass filter using the
High Output Power setting (yellow trace)
and the Low Output Power setting (blue
trace). Within the center pass band of this
filter, the S21 measurements are identical
but when using the Low Power setting,

Start 5.000 GHz
Points 201

Figure 6. Measurement comparison of a 13-GHz band pass filter response using the High Output Power
setting (yellow) and the Low Output Power setting (blue) on FieldFox

the noise level is noticeably higher in the
rejection bands. The higher noise floor

is the result of the poor signal-to-noise
conditions at the FieldFox receivers as the
filter reduces the signal level in the rejection
bands. Under low SNR conditions, the IF
BW on FieldFox can be reduced to improve
the analyzer’s noise floor. The IF BW can be
adjusted over a range of 10 Hz to 100 kHz.
The highest dynamic range and accuracy
will be achieved with the High Output
Power setting and a minimum value in [F
BW setting. Additional information regard-
ing optimizing the test port power and the
IF BW can be found in the FieldFox User's
Guide. Additional information regarding
S-parameters and network analyzer theory
can be found in the following Agilent refer-
ence [3].

IF BW 100 Hz
Output Pawer High



Calibrating FieldFox test ports

FieldFox offers a choice of user calibrations
that can remove the effects of test cables
and adapters that may be placed between
the VNA and the device under test. As
previously mentioned, the user calibration
will also correct for systematic errors in the
VNA. These types of user calibrations are
performed by the operator on a regular
basis and are independent of the general
instrument calibration that may be required
on a yearly cycle. The yearly instrument
calibration is a traceable process that is
performed by a certified test lab, such as
Agilent, and confirms that the instrument

is performing to its stated specifications.
The yearly instrument calibration should be
traceable to International System (SI) units
through a national metrology institute such
as NIST, NPL or BIPM. With a fully traceable
instrument calibration, FieldFox is capable
of making highly accurate measurements
at the test ports. In practice, different test
requirements may result in a variety of

test cables and adapters being connected
to FieldFox. It is often preferred that the
effects of these cables and adapters not
be included in the measurement. In this
case, FieldFox allows a user calibration to
be performed, with or without a calibration
kit, in order to establish the calibration
plane beyond the test cables and adapters.
Operators familiar with the operation of
VNAs will be familiar with some of these
types of user calibrations. The next few sec-
tions of this application note will review the
different cal types available on FieldFox.

There are several types of user calibrations
available for accurately measuring the
S-parameters of components and systems.
Several cal types have been briefly men-
tioned above including CalReady, QuickCal
and Mechanical. The Mechanical cal type
is a traditional VNA calibration requiring
the use of a high-quality calibration kit.
The innovative CalReady and QuickCal do
not require such a kit. In general, for all cal
types, any additional test cables and adapt-
ers should be phase-stable, high-quality

items and maintained in very good condition
to improve the accuracy and repeatability in
the measured data.

CalReady

The easiest calibration to implement on
FieldFox is CalReady. The CalReady cal
type requires no action by the user and

is available immediately upon instrument
power-on or instrument preset. This built-in
calibration is performed at the factory over
the full frequency range of FieldFox and is
applied directly to the test ports of FieldFox
as shown in figure 7a. CalReady has the
highest measurement accuracy when

the DUT is connected directly to the test
ports on FieldFox. As shown in figure 7b,
CalReady is ideally suited for measuring the
performance of a coaxial cable when the
cable can be connected directly between

Calibration
(built-in)

CalReady

Calibration
plane

Cable testing

Port 1 and Port 2 of FieldFox. It should be
noted that FieldFox test ports are configured
with Type-N female connectors or 3.5 mm
male connectors (for microwave 26.5 GHz
models), therefore the electrical character-
istics of any adapters connected between
the cable and FieldFox will be included as
part of the measurement. Figure 7c shows
a typical configuration for testing a two-port
DUT requiring a short test cable and two
adapters to make connection to FieldFox.
As the calibration plane is at the test ports
of FieldFox, the test cable and adapters

will be included as part of the S-parameter
measurements. There are other cal types,
including QuickCal and Mechanical Cal,
which can remove the effects of these test
components and will be discussed in the
later sections of this application note.

DUT testing

(b) (c)

Figure 7. Calibration and test configurations using FieldFox CalReady



CalReady can be configured as a Full 2-Port
calibration or as an Enhanced Response
calibration. As previously shown in figure
3, CalReady and other Full 2-Port cal

types achieve the highest measurement
accuracy by measuring the DUT in both
the forward and reverse directions and
removing all systematic errors from the
measured S-parameters. CalReady using
the built-in Enhanced Response calibration
requires only a single measurement sweep,
either forward or reverse, and therefore
will improve the overall measurement time
compared to the Full 2-Port version. The
disadvantage of the Enhanced Response
cal is lower accuracy as only a subset of
the systematic errors is corrected. The
Enhanced Response cal type is the default
cal type when FieldFox is powered ON or
preset.

Under certain circumstances, the mea-
surement accuracy using the Enhanced
Response cal can be improved when the
DUT is a reciprocal device and having
FieldFox configured for a Reciprocal
Enhanced Response cal type. As previously
mentioned, a reciprocal DUT will have
equal forward and reverse transmission
parameters, namely S21 = S12, which

is typical for all passive devices such as
cables, adapters, couplers and filters.
Figure 8 shows a measurement comparison
using CalReady configured with Enhanced
Response cal and CalReady configured with
a Full 2-Port cal. The DUT is a short coaxial
cable connected directly to FieldFox test
ports and the measurement is S11. The
upper (yellow) trace shows the response
using the Enhanced Response with a
Nonreciprocal definition for the DUT. The
lower (yellow) trace shows the measure-
ment using Enhanced Response with a
Reciprocal definition for the DUT. The lower
(blue) trace shows the measurement using
the Full 2-Port calibration. From this figure,
it appears that the Enhanced Response

cal with Reciprocal definition shows a
measurement almost identical to that using
the Full 2-Port calibration. The Enhanced
Response with Nonreciprocal definition

is not as accurate. It should be noted that
selecting a Reciprocal definition for a DUT
that is actually nonreciprocal (amplifier) will
result in incorrect measurements. In con-
trast, selecting a Nonreciprocal definition
for a reciprocal DUT will result in correct
measurements but with lower accuracy

as shown in figure 8. When in doubt, it is
always safe to leave the default setting for
Nonreciprocal. To summarize, the calibration
terms for CalReady Enhanced Response and
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CalReady Full 2-Port are characterized

at the factory and stored internally to

the FieldFox. The Nonreciprocal and
Reciprocal definitions are mathematical
techniques that handle the process for cor-
recting systematic error in the instrument.
Table 1 shows a comparison of the relative
accuracy and measurement times using
the Enhanced Response and Full 2-Port
cal types. The table is valid for CalReady
and other Mechanical calibration types
using Enhanced Response and Full 2-Port
calibrations.
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Figure 8. Measurement comparison of the S11 for a coaxial cable using the Full 2-Port cal type and the
Enhanced Response cal types (reciprocal and nonreciprocal definitions for the DUT)

Table 1: Comparison of the relative accuracy and measurement times using the CalReady
Enhanced Response and CalReady Full 2-Port calibration types.

CalReady Cal type Accuracy Measurement time

Enhanced Response - Nonreciprocal

Enhanced Response - Reciprocal
(requires DUT with S21=812)

Full 2-Port

Good Best
Better Best
Best Good



Calibrating FieldFox test ports

QuickCal

Often the test configuration requires the
addition of test cables and adapters to
connect the VNA to the DUT, similar to the
configuration previously shown in figure

7c. In order to remove the effects of test
cables and adapters from the measurement,
FieldFox must be calibrated by the user

to establish the calibration plane away

from the VNA and at the connection to

the DUT. User calibration often requires

a “calibration kit" that includes a set of
high-quality coaxial or waveguide standards
that are measured by the VNA during the
calibration process. FieldFox includes an
innovative user calibration technology
called QuickCal which does not require a
calibration kit. QuickCal provides accurate
S-parameter measurements by adapting the
built-in CalReady calibration terms in order
to remove systematic errors associated

with test cables and adapters connected

to FieldFox test ports. QuickCal may also

be used to correct for drift errors caused

by temperature changes in the instrument,
test cables and adapter. Correcting for tem-
perature changes is very important in field
operations when environmental conditions
can change rapidly as measurements are
made both indoors and out.

QuickCal is a simple two-step process
requiring a measurement sweep of the
open-ended test cables or adapters and

a measurement sweep of a THRU con-
nection. This two-step process is required
for two-port measurements. One-port
measurements require only one step,

the open-ended sweep. No calibration
standards are required when performing a
QuickCal. Figure 9a shows a diagram of the
two step process for performing a QuickCal
on FieldFox. As shown in this figure, the
first step is to leave the end of any adapters
and/or test cables open. An OPEN calibra-
tion standard is not required as found in a
mechanical calibration. The second step

in the QuickCal process requires direct

connection of the two test ports which may
or may not require an adapter for this THRU
connection. The adapter characteristics are
not required as part of the calibration and
in some cases the adapter can be the DUT
itself. More information on the requirements
for the “Unknown THRU" will be provided
in the next section of this application note.
[t is important to note that the test cables
and adapters be high-quality phase-stable
components otherwise the calibration may
not be accurate and/or stable.

Once the two-step QuickCal process is
complete, the DUT can be measured with-
out including the effects of any test cables
and adapters. Figure 9b shows a typical

Calibration
QuickCal

Calibration

connection diagram when testing a two-
port DUT. As the calibration plane is now
moved to the DUT plane, the test cable and
adapters are removed from the S-parameter
measurements. It should be noted that if the
DUT has an expected S11 or S22 less than
—15 dB, an optional LOAD standard may be
measured during the QuickCal process to
improve the accuracy of the DUT measure-
ments. ldeally the LOAD standard should
have the same connector type as the DUT
and does not need to be a “calibration kit"
load standard. The LOAD can be any termi-
nation with a reasonably good return loss to
improve the accuracy of the measurement.

DUT testing

(b)

Figure 9. Test configuration for (a) QuickCal calibration for rapid calibration of FieldFox VNA and
associated test cable and adapters and (b) DUT connection for measurements at the QuickCal

calibration plane



QuickCal can be performed using options
for one-port and two-port DUTs. A DUT
with only one port requires a calibration
and measurement of S11, or S22. The
QuickCal process for one-port devices only
requires the open measurement sweep,
and possibly the optional LOAD for higher
accuracy. QuickCal for two-port DUTs
follows the same procedure discussed
above but can be selected as a Full 2-Port
calibration or an Enhanced Response
calibration. The recommended option is the
more accurate Full 2-Port but when faster
measurements are required, the Enhanced
Response option can be selected. As men-
tioned, the Enhanced Response calibration
only requires measurements in the forward
or reverse direction. Full 2-Port calibration
requires measurements in the forward and
reverse direction making the measurement
sweep time longer in comparison.

Figure 10 shows a comparison of the S21
measurement of a band pass filter using
CalReady and QuickCal cal types. Both
calibrations are using the Full 2-Port cal
type. The filter measurement using the
CalReady shows a lower dB value for S21
as the insertion loss of the test cable was
included as part of the filter measurement
(similar to the configuration shown in figure
7c). In this case, the additional loss of the
test cable makes the filter appear to have

a higher insertion loss than it actually does.
The filter measurement using QuickCal
shows the proper insertion loss measure-
ment as the insertion loss of the test cable is
removed from the measurement (similar to
the configuration in figure 9b).

Unknown THRU calibration

A two-port DUT can be categorized as an
“insertable” device or a “non-insertable”
device. An insertable device will have
connectors of the same type but different
gender, such as a DUT having a Type-N
male connector on DUT Port 1 and a

Type-N female connector on DUT Port 2.
In this case, FieldFox, and associated test
cable(s), would also have test ports with
the opposite gender connectors allowing
the DUT to be directly connected to
FieldFox without any adapters. This con-
figuration also allows FieldFox test ports
to be directly connected during the THRU
step in the calibration process. Figure 11
shows the configurations for calibrating
and testing an insertable device with
Type-N connectors. Figure 11a shows the
location of the calibration plane using a
FieldFox VNA and a single test cable having
Type-N connectors with opposite

genders. The calibration planes are at the
locations where QuickCal will require the

open-ended connectors. When selecting a
mechanical calibration, the calibration plane
is at the location where the cal kit standards
are connected, typically the same place as
would be used for the QuickCal. For either
cal type, the THRU connection does not
require an adapter and the calibration plane
is ideally established at the DUT ports. Figure
11b shows the connection of the insertable
DUT to the FieldFox test setup.

A non-insertable device has connectors of
the same type and same gender or connec-
tors with different types, such as coax on one
port and waveguide on the other (QuickCal
does not support waveguide connectors at
this time).

Stop 1.113 GHz
p 242 ms

Figure 10. S21 Measurement comparison of a band pass filter using CalReady and QuickCal calibration types
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Figure 11. (a) Calibration and (b) measurement configurations for measuring an "insertable" device
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the highest measurement accuracy. In this

The Full 2-Port calibration process for a example, an Agilent X281C with Option 012
non-insertable device requires the addition X-band coaxial waveguide adapter, shown in
of an adapter during the THRU step in the the figure, was measured over the frequency

process. Ideally, the adapter should have the  range of 7 to 13.8 GHz. The Full 2-Port cali-
same connector type and gender as the DUT.  bration was implemented using Type-N and
Traditionally, when measuring non-insertable  waveguide mechanical calibration standards.
devices using a VNA, the electrical delay of During the calibration process, the DUT was

the THRU adapter in a Full 2-Port calibra- inserted as the Unknown THRU. FieldFox
tion needed to be accurately defined or a can support X-band, P-band and K-band
complex calibration process was required calibration kits. More information regarding
using multiple calibrations [3]. Fortunately, waveguide bands and flange designations

FieldFox VNA offers the “Unknown THRU" can be found at [4].
calibration and any cable or adapter can be
used to connect the test ports together dur-
ing this step in the cal process. The Unknown
THRU is available in QuickCal and Full

2-Port cal types. The Unknown THRU can

be any device that has the same connector
configuration as the DUT. The Unknown
THRU may also have a long electrical length
such as a long length of coaxial cable. The
Unknown THRU can also be the DUT itself as
long as the insertion loss is less than 40 dB
across the measured frequency range and
the DUT is a reciprocal device. Figure 12a
shows the configuration for calibrating the
FieldFox VNA using an Unknown THRU. In (a) (b)

this example, the adapter has Type-N female

connectors on both ports to match the con- Figure 12. Example test configuration for calibrating the analyzer and measuring a "non-insertable”
device using an Unknown THRU

Calibration Test

FieldFox VNA FieldFox VNA

5 Type-N female
) Type-N male to
L4 male adapter
CaI_iB_rati_oﬁ_ﬁlane
j Type-N female
&1 Unknown THRU
? Type-N-female
Calibration plane

=3 Type-N female

Type-N male to
4 male adapter

% Type-N female
cable

3 Type-N female

| Type-N male

nectors on the non-insertable DUT. FieldFox
is available with Type-N female connectors,
therefore, in this example, test cables and Ref 1.00
adapters must be used to convert FieldFox
test ports to Type-N male connector types.
As shown in the figure, the calibration planes
are established at the ends of the Type-N
male connectors either through the “open”
in the QuickCal or by the cal kit standards in
a mechanical calibration. After the Unknown
THRU calibration is complete, the non-
insertable DUT can be accurately measured
without the effects of the THRU adapter.

IF Bw 10 kHz
Output Power High

As a measurement example, figure 13 shows
a VSWR measurement of a waveguide-to-
coaxial adapter. As this non-insertable DUT

has different connector types, a Full 2-Port Figure 13. Measured VSWR of an X-band coaxial waveguide adapter using the adapter as the
calibration with Unknown THRU will provide ~ Unknown THRU




Mechanical calibration

When implementing a calibration on
FieldFox, the main advantage of using
CalReady and QuickCal is that a calibration
kit is not required. This makes calibrating
the instrument in the field a fairly simple
and rapid process. When the highest level
of measurement accuracy is required, a
traditional Mechanical calibration is the
recommended cal type. The Mechanical
calibration is performed using discrete
calibration standards contained in a high-
quality cal kit. The cal kit standards have
well-defined characteristics, and measure-
ments of these standards allow the VNA to
mathematically determine the systematic
errors in the test system that includes the
analyzer, test cable(s) and adapters. Cal kits
are available from Agilent in a range of con-
nector families, including Type-N (50 ohm
and 75 ohm), 7/16, 3.5 mm, Type F, 7 mm,
TNC and several waveguide kits including
X-band, P-band and K-band.

The standards in a cal kit typically include

an Open, Short and Load (0, S, L). The O,

S, L definitions are unique to each con-
nector family and gender. The definitions

are built into FieldFox and the connector
type and gender are selected for each test
port during a guided calibration process.
Based on the selected S-parameters and

the DUT connector configuration, FieldFox
offers a recommendation for a cal type that
is optimized for speed and accuracy. The
user has the option to change the cal type
based on a preference for higher accuracy
or faster measurement time. Table 2 lists the
types of mechanical calibrations available on
FieldFox. The table also summarizes the rela-
tive accuracy and calibration speed for each
type. Measurement speed is also related to
the calibration speed as some measurements
require only forward or reverse sweeps, such
as Enhanced Response and Normalization
and some measurements require both
forward and reverse sweeps, such as Full
2-Port and QSOLT.

Full 2-Port calibration

The most comprehensive Mechanical
calibration is the Full 2-Port cal. Figure

14a shows the steps required to calibrate
FieldFox using a traditional Full 2-Port

cal type requiring Open, Short and Load
standards attached to each test port. As
shown in the figure, the first step in the Full
2-Port calibration process requires six con-
nections, three standards at each test port.
A single sweep, either forward or reverse,
is made for each one of these standards.
The second step is the THRU where the
two test ports are connected together. A
forward and reverse sweep is required for
the THRU. After these seven connections,
the calibration is complete and the calibra-
tion plane is set at the end of the test ports.
Figure 14b shows the configuration for
measuring the DUT as connected to the
two test ports. FieldFox includes two

innovative techniques for improving the
accuracy and calibration speed of the
mechanical Full 2-Port calibration. The first
technique was already discussed, namely
the application of the Unknown THRU
during the mechanical calibration. As previ-
ously shown, the Unknown THRU greatly
reduces the complexity when calibrating for
non-insertable DUTs. The second technique
is the Full 2-Port QSOLT. QSOLT is quicker

to perform than a traditional Full 2-Port
calibration while still maintaining the high
level of accuracy. QSOLT reduces the number
of steps when measuring cal kit standards
as QSOLT does not require measurement

of the 0, S, L standards at test port 2. The
only requirement for QSOLT is that test port
cables mate together without the use of an
adapter, or in other words, the DUT must be
insertable.

Table 2: 2: Comparison of the relative accuracy and calibration times using Mechanical

calibration types available on the FieldFox VNA

Cal type

Full 2-Port

QSOLT Full 2-Port
Enhanced Response
Response (Normalization)
1-Port (for 1-port DUT only)

Calibration
Full 2-port
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Accuracy Calibration speed
Best Poor
Best Better
Good Best
Poor Best
Best Better
DUT testing

(b)

Figure 14. Test configuration for (a) the Full 2-Port calibration requiring Open, Short and Load (O, S, L)
calibration standards and (b) DUT connection for measurements at the calibration plane



Figure 15a shows the steps required to
calibrate FieldFox using a Full 2-Port QSOLT
cal type. As shown in the figure, the first
step in the QSOLT calibration process is three
connections of the Open, Short and Load
standards to test port 1. A single sweep is
made for each one of these standards. The
second step is the THRU where the two

test ports are directly connected together;
no adapters can be used for this cal type. A
forward and reverse sweep is required for
the THRU. The calibration plane for test port
2 is established after the THRU is measured.
After these steps, the calibration is complete
and the calibration plane is set at the end of
the test ports with the similar measurement
accuracy as the traditional Full 2-Port cali-
bration. Figure 1bb shows the configuration
for measuring the DUT as connected to the
two test ports. Measurements of the DUT
require forward and reverse sweeps in order
to completely remove all systematic errors
from the measured S-parameters.

Enhanced Response calibration

When lower measurement accuracy is
acceptable and faster measurement time is
desired, the Enhanced Response mechanical
calibration is a good choice for measuring
either the forward response (511, S21)

or the reverse response (512, S22). The
Enhanced Response mechanical cal type is
similar in function to the CalReady version
previously discussed with the exception that
the mechanical cal requires the measure-
ment of 0, S, L cal standards. While the
CalReady version places the calibration
plane at the FieldFox connectors, the
Enhanced Response mechanical cal places
the calibration plane at the interface to

the DUT resulting in higher measurement
accuracy. The calibration process for the
Enhanced Response is identical to the QSOLT
as shown in figure 15a. The main difference
when using the Enhanced Response is that
the calibration and measurements only occur
in one direction, either forward or reverse.

The Enhanced Response will result in faster
measurement times but not having mea-
surements in two directions will result in
uncorrected systematic errors thus reducing
the overall measurement accuracy.

The Enhanced Response cal type is
selected using either the Forward Enhanced
Response or the Reverse Enhanced
Response. As the name suggests, the
forward cal type only provides S11 and
S21 measurements while the reverse type
only provides S12 and S22 measurements.
It is important to note that the option for
Nonreciprocal and Reciprocal devices is
still valid for this mechanical cal type. These
options were previously discussed in the
CalReady section of this application note.
Calibration

asoLt/
Enhanced response

ol
vl
—H

(a)

Figure 16 shows a measurement comparison
of the gain from a broadband 2 to 18 GHz
low-noise amplifier using the QSOLT cal
type, shown in the upper trace (yellow),

and the Forward Enhanced Response cal
type, shown in the lower trace (blue). While
the mechanical calibration procedures are
almost identical for these two cal types, the
gain response using the Enhanced Response
has far more ripple in measured response as
the result of uncorrected systematic errors.
The measurement related to the Enhanced
Response cal shown in figure 16 required
the option for Nonreciprocal as the DUT was
an amplifier. For this amplifier test, the test
port output power was manually reduced

to —35 dBm to prevent the amplifier from
saturating.

DUT testing

Figure 15. Test configuration for (a) the Full 2-Port QSOLT and the Forward Enhanced Response
calibrations requiring Open, Short and Load (0, S, L) calibration standards and (b) DUT connection

for measurements at the calibration plane

Ref 26.80 dB

IF BW 1 kHz
Output Por

Figure 16. Measurement comparison of the gain for a broadband 2 to 18 GHz low-noise amplifier using
Full 2-Port QSOLT cal type (upper trace) and Enhanced Response cal type with nonreciprocal definition

(lower trace)
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1-Port OSL and Response
(normalization) calibrations

The 1-Port OSL cal is used for reflection-only
measurements of one-port DUTs. A one-port
DUT can be an antenna, termination or
detector to name a few. The 1-Port OSL

cal type can be applied to either test port 1
or test port 2 of the VNA and will provide
the highest measurement accuracy when
measuring a one-port DUT. The 1-Port OSL
mechanical calibration procedure requires
the measurement of the Open, Short and
Load standards at the selected test port.

Response or Normalization calibration is
simple to perform but only corrects a minor
subset of the systematic errors in the test
system and therefore, the accuracy is very
low. Response calibration is essentially a
normalized measurement where a reference
trace is stored in memory, and subsequent
measurement data is divided by this memory
trace. This type of calibration is good for

a quick check of the operation of a DUT

and where measurement accuracy is not a
consideration. In most cases, it will be better
to just use the built-in CalReady calibration.

Calibration Wizard

The FieldFox is a highly-capable microwave
VNA that provides accurate user calibration
without the need for a calibration kit, when
using the CalReady and QuickCal cal types.
As discussed, FieldFox also provides a selec-
tion of Mechanical cal types when a calibra-
tion kit is available for field use. Whether
calibrating with QuickCal or a Mechanical
cal type, FieldFox provides step-by-step
instructions for performing a user calibration
with a built-in guided calibration process
called the “Calibration (Cal) Wizard.” The
Cal Wizard displays the standard type

and associated port connection for each
step in the process. For example, when
calibrating the FieldFox with QuickCal for a
S11 measurement, the first step is to leave
Port 1 open and the next (optional) step

is to connect the Load. At each step, the
user is instructed to press the “Measure”
key to preform a meaurement sweep of the
standard. When all standards are measured,
the Cal Wizard applies the error correction
and returns the instrument display to the
meaurements screen.

Depending on selected S-parameters

and DUT connector types, the Cal Wizard
recommends a calibration type that will
provide rapid calibration and high measure-
ment accuracy. For example, if FieldFox is
configured to measure a single S-parameter
such as S11 and a Mechanical calibration
is selected, the Cal Wizard recommends a
1-Port OSL calibration and will guide the
user to connect the Open, Short and Load
cal kit standards to Port 1 of the VNA. There
is also the option to select a different cal
type where a more experienced user may
change from the recommendation based on
a specific measurement need and level of
accuracy. For example, figure 17a shows the
Cal Wizard display for selecting the type of
mechanical calibration. Here, the Cal Wizard
has recommended the Full 2-Port cal type
but the user may also select any cal type
from the list including Enhanced Response
and QSOLT.

Mechanical Cal Setup

Select Calibration Type

Enhanced Response
Reverse Erhanced Response

Full 2-port, QSOLT

Connectors

Type N(7S)

As previously mentioned, it is important for
the user calibration that the DUT connector
type is properly entered for the test configu-
ration. Entering the DUT connector(s) and
associated gender(s) allows the Cal Wizard
to make the best cal type recommendation
and ensures that the VNA will use the
appropiate connector models in the error
correction process. Figure 17b shows the Cal
Wizard display for entering the connector
type and gender for each test port. In this
example, the DUT is a single-port device
having a 3.5 mm male connector type.

As part of the Cal Wizard instructions, the
calibration kit model number is also selected.

Cal Wizard is an ideal guide for both novice
and experienced users by providing detailed
instructions, connection diagrams and
flexibility which help improve the accuracy
and speed of the analyzer calibration. The
Cal Wizard is part of the VNA and CAT mea-
surement modes on all RF and microwave
models of FieldFox.

Mechanical Cal Setup
DUT port 1:
3.5 mm

Male

Figure 17. FieldFox Calibration (Cal) Wizard display screens showing (a) selecting the calibration type

and (b) selecting the DUT connector type
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Conclusion

FieldFox handheld analyzers

deliver benchtop-instrument
This application note has introduced recent 3
advances in vector network analyzer 2 = accuracy in field-test environ-
calibration using FieldFox. It was shown ‘ - i
that FieldFox CalReady and QuickCal |
calibration types provide high measurement . in satellite communications,
accuracy while eliminating the need to carry ‘ = & & By
a calibration kit into the field. Calibration microwave backhaul, military
procedures and measurement comparisons ‘ : N\
were examined for many of the calibration

options available on FieldFox. g R | and a wide range of additional

ments with MIL-spec durability

communications, radar systems

applications.
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