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Abstract—We present a straightforward and systematic ap-
proach for identifying the dominant uncertainties related to
vector-network-analyzer measurements of chambers utilized for
free-field test of wireless devices. We assess the uncertainty
related to long cable runs and discuss the trade-offs between
the ease of calibration due to the choice of calibration location
and the resulting measurement uncertainty. We illustrate these
concepts by assessing the combined uncertainty in the power
delay profile and angle of arrival of reflected signals within a
hybrid anechoic/reflective chamber for three common calibra-
tion locations. The framework presented here allows users to
quantitatively consider the trade-offs between uncertainty and
ease-of-measurement that are uniquely important to over-the-air
chamber-based measurements.

Index Terms—Channel measurement, measurement uncer-
tainty, over-the-air test, vector network analyzer, wireless system.

I. INTRODUCTION

LABORATORY-BASED over-the-air (OTA) and channel
test configurations in enclosed chambers are vital to the

wireless ecosystem. OTA tests performed in these chambers
are used in a number of ways. In order to measure—and
calibrate—the transfer function of such chambers, a vector
network analyzer (VNA) is often utilized. We introduce a
systematic, two-tier approach for evaluating individual compo-
nents of uncertainty related to VNA calibrations, specifically
geared toward OTA and channel test-chamber measurement
applications. We illustrate the propagation of uncertainty
through to relevant chamber characteristics such as the power
delay profile and angle of arrival of reflected signals. The
method may be utilized to assess the uncertainty in VNA mea-
surements for the applications that follow and many others.

For applications intended to determine the viability of
new wireless devices or subsystems in the design phase or
for certification performance assessment, the test chamber is
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typically precharacterized. This ensures that it meets required
specifications such as minimal reflections in the quiet zone
of an anechoic chamber or compact antenna test range [1]–[5]
or spatial uniformity in the working volume of a reverberation
chamber or hybrid anechoic/reflective chamber [6]–[10]. Once
characterized, the chamber’s transfer function is then corrected
out from the measurement in post processing in order to assess
the device or system under test. We refer to these as “OTA
measurements” below.

Other applications utilize the test-chamber’s response as the
primary output. These include channel-emulation approaches
that create the temporal and/or spatial characteristics of spe-
cific propagation-channel conditions within the laboratory
environment. A sampling of these applications includes em-
ulation of reflective channels or test artifacts for industrial
and other wireless applications [11]–[13], specific field or
plane-wave-spectrum generation [14], [15] and verification
of channel sounders or other instruments by use of a refer-
ence measurement [16], [17]. These applications are finding
increased use for testing mmWave devices with active and
beamforming antennas [18] and are referred to as “channel
measurements” below.

Two aspects of VNA calibration and measurement are
uniquely important in OTA and channel testing. First is the
choice of the physical location of the end of the cable
where the calibration standards are connected, here termed
the “calibration location.” Due to cable flexibility, the cal-
ibration location may be different from the location where
the chamber transfer function, channel or DUT is measured,
which we call the “measurement location.” We refer to the
“calibration reference plane” as the electrical plane in a coaxial
connector or rectangular-waveguide flange at which the VNA
is calibrated. If the coaxial connector or rectangular-waveguide
flange is connected to a flexible cable and is moved, the
calibration reference plane moves with the connector or flange.
A second key aspect for OTA and channel testing is antenna-
fixture and/or cable movement, either during the calibration or
during the measurement itself. Besides these two aspects, other
uncertainty components such as connector repeatability, drift,
linearity, and noise also present different challenges compared
to a typical VNA calibration.

In test chamber measurements, trade-offs may need to be
considered in the choice of the calibration location. These
include user access to antenna fixtures within the chamber,
a specific application’s requirements on overall measurement
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Fig. 1. Three common calibration approaches for OTA test chamber char-
acterization. A VNA located outside the chamber is connected to antennas
by coaxial cables passing through bulkheads in the chamber. Locations
corresponding to the three calibration approaches discussed in the present
work are indicated by the three line types. In the example shown here, Antenna
1 is placed a rotating table, which will introduce cable movement during a
measurement. The uncertainty due to cable movement can be precharacterized
by use of the method described in the present work.

uncertainty, and whether the application requires movement of
cables and/or antenna fixtures during measurement.

As an example, three common calibration locations are
illustrated in Fig. 1. Calibration standards may be connected
to the connectors at the ends of the coaxial cables that attach
to the antenna fixtures (“Cal at Fixture,” black dashed line),
or the cables may be brought to the door of the chamber
for convenience (“Cal at Door,” blue dashed line with X’s)
at the expense of additional cable movement. Finally, if
the setup configuration doesn’t change from measurement to
measurement, the calibration may be carried out at the VNA
ports (“Cal at VNA,” red dashed line with circles). For this last
configuration, the cables and adapters between the calibration
location at the ports of the VNA and the antenna fixture are
measured and then de-embedded in post processing. For fixed
setups, this choice of calibration location is very convenient,
but at the expense of additional uncertainty related to the
measurement of the coaxial cables and adapters.

Cable bending is also important because OTA and chan-
nel chamber setups often include long coaxial cable runs
leading from outside the chamber to antennas mounted on
fixtures inside the chamber. As a result, the uncertainty in
the calibration of the VNA is often dominated by errors
due to cable bending. The “Cal at Door” location in Fig.
1 is an example of this, where the calibration is performed
with the coaxial cables near the door, a significantly different
location than that of the cable during measurement. As well,
when the application requires antenna movement, additional
uncertainties may need to be identified (for example, when
the measurement uses a synthetic-aperture array [19] or a
turntable where the antenna moves to different locations during
the measurement sequence).

The two-tier VNA calibration approach presented in this
paper provides a methodology to identify and precharacterize
these and other components of uncertainty, allowing users
to select the calibration location that best meets their needs.

We consider repeatability and reproducibility for calibrations
performed in configurations with long cable runs, the effect of
cable movement, and the corresponding impact on measure-
ment uncertainty in typical OTA and channel test applications.
While prior work discusses uncertainties in VNA calibrations
for OTA and channel measurements [9], [16], [17], [19],
[20], the two-tier approach lends itself to precharacterization
of components of uncertainty for many such applications and
remains, to the best of our knowledge, unpublished.

In Section II, we introduce one- and two-tier VNA calibra-
tion approaches and apply them to typical OTA and channel
chamber configurations. In Section III, we present methods
for identifying and precharacterizing specific components of
uncertainty related to these configurations. Section IV illus-
trates the combined uncertainty for each of the calibration
locations shown in1. To demonstrate the impact of these
choices of calibration location, in Section V we apply the two-
tier approach to two common use cases: a power delay profile
for a single receive antenna within a hybrid reflective/anechoic
test chamber and for determining the angle of arrival for
reflections within the chamber as measured with a synthetic-
aperture receive array. We show that the choice of calibration
location can have a significant impact on the uncertainty in the
PDP, primarily due to cable bending. We also illustrate that
the choice of calibration location for the synthetic-aperture
measurement may have a negligible impact on the angle of
arrival because the synthetic aperture is based on relative phase
measurements across the aperture.

II. VNA CALIBRATIONS FOR OTA AND CHANNEL
MEASUREMENTS

In this section, we introduce a two-tier VNA calibration
approach [21]–[23] that allows users to both correct measured
S-parameters and propagate the corresponding uncertainties
through to the final result. The method starts with a first-tier
VNA calibration that maps raw measurements performed by
the VNA to corrected data at a measurement reference plane
(the location, usually at a connector interface, to which the
VNA is calibrated to make corrected measurements). We then
perform a second-tier calibration that is perturbed in some way
from the first-tier calibration to evaluate additional sources
of uncertainty, such as connection repeatability, calibration
reproducibility or cable bending during scanning-state mea-
surements.

To simplify the procedures, we use 8-term calibration mod-
els based on “wave-parameter” measurements of the forward
and backward wave amplitudes at each port of the VNA. This
allows for the use of the same four-port scattering-parameter
error model in both the first-tier and second-tier calibrations.
However, we note that everything described in this article can
be accomplished with first-tier VNA calibrations determined
from scattering-parameter and switch-term measurements, fol-
lowed by second-tier scattering-parameter calibrations. In this
case, the first-tier-corrected measurements determined by the
first-tier calibrations are used to determine corrected scattering
parameters that are then further corrected by the second-tier
calibrations, as before.
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(a) (b) (c)
Fig. 2. Illustration of first- and second-tier VNA calibration matrices. (a) The first-tier reference calibration transforms raw data measured at R1 and R2
to reference planes R3 and R4 located at the ends of the coax-to-waveguide adapters. Second-tier calibration matrices are derived from a set of perturbed
calibrations 1–9. The perturbations capture effects such as repeatability or, as shown here, cable bending. (c) Graphical representation of the cascaded two-port
calibration matrices in (a) and (b). Second-tier calibration matrices represent various non-idealities in the measurement set-up. Note that the cables are shown
parallel only for illustration purposes.

The method requires performing several sets of second-tier
calibrations in order to determine the variation in the perturbed
calibration matrices. During these repetitions, the first-tier
calibration may be left unchanged, or it may be repeated
each time, depending on the sources of error that are being
evaluated. To implement the method, we must clearly define
the locations at which the calibrations and the measurements
are performed, as discussed below.

A. First- and Second-Tier Calibrations

Fig. 2 shows an example of how we can form the first-
and second-tier calibrations. The example shown in Fig. 2
illustrates the characterization of uncertainty due to cable
bending for an OTA scenario, but the procedure is similar
for finding other components of uncertainty related to, for
example, repeatability and reproducibility. First, a reference
calibration (here termed “Calibration 0”) was carried out.
Then several perturbed calibrations (“Calibrations 1–9”) were
performed at reference planes R3 and R4. Perturbations could
include bending the cable over the range expected during
measurement, movements reproducing the calibration, or con-
nection repeatability.

The reference calibration (Calibration 0) was used to derive
the first-tier calibration matrix that corrected for the non-
idealities of the test set-up to the first-tier reference planes R3
and R4. As well, the first-tier calibration was used to correct
the raw VNA data labeled “Raw Data 0” in the figure.

The first-tier calibration was performed by measuring cal-
ibration standards with known electrical characteristics at
measurement reference planes R3 and R4. The first-tier cal-
ibration matrix was formed from these measurements. The
first-tier calibration matrix may include systematic calibration
uncertainties and may include large corrections to correct for
non-idealities in the VNA hardware, as well as correcting for

the test-port cable amplitude and phase. In the calculation of
the calibration matrix, arbitrary root choices are made at each
frequency.

Note that the calibration matrices in our technique are
typically represented as 4-port (s4p) files that map the two-
port raw measured data at, for example, reference planes R1
and R2 to calibrated two-port data at R3 and R4. While these
calibrations could be represented by two two-port calibration
matrices, we combined these two two-port calibration matri-
ces in post-processing to obtain easily cascadable four-port
matrices.

B. Use of Second-Tier Calibration Matrices to Evaluate Un-
certainty

In the previous section we measured a collection of .s4p
scattering-parameter calibrations comprised of a single refer-
ence calibration (Calibration 0 in Fig. 2) and a number of
perturbed calibrations (Calibrations 1–9 in Fig. 2). The per-
turbed calibrations captured the differences in the calibrations
due to non-ideal effects such as cable bending, connection
repeatability, reproducibility of a calibration. As described in
Section III, these setup-related components of uncertainty may
often be precharacterized. Because the second-tier calibrations
were used to evaluate the uncertainty in the measurement,
their deviations from ideal transparent scattering-parameter
matrices were, therefore, typically much smaller than the
first-tier corrections. Thus, the root choices were generally
unambiguous.

In our procedure, collections of these individual second-tier
calibration matrices were combined to capture components of
the total VNA calibration uncertainty that could ultimately be
propagated into the measurements. To do this, we used the
“Combine” function [24] of the NIST Microwave Uncertainty
Framework [25] to combine the uncertainty from the changes
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in the second-tier calibration matrices due to various pertur-
bations, using the “Select result name” pull-down menu item
to ensure that the Combine function uses different seeds for
each independent error mechanism.

As an example, as illustrated in Fig. 2, to quantify cable
bending, we performed nine perturbed second-tier, two-port
measurements [S]mechx;Py

of the calibration standards, where
“mechx” represents the xth uncertainty mechanism being
assessed. P0 represents the Reference Calibration 0 that was
conducted with the cable measured in a relaxed state as shown
in Fig. 2a, and Py for y=1 ... 9 represents the set of nine
perturbed measurements shown in Fig. 2b. The perturbations
did not maintain the same bend radius as the relaxed state.
They were instead constrained to the expected movements
involved in each calibration scenario (e.g., moving a cable
from the antenna fixture to the door in a manner that would
be used for each calibration), and, thus, nine was deemed an
adequate number.

The nine calibration matrices were combined as described
in [24] to form the second-tier calibration matrix (or “error
box”) with the uncertainties associated with a specific error
mechanism such as cable bending. Figure 2c illustrates the
cascade of the first-tier and second-tier calibrations in graphi-
cal form for an OTA or channel measurement. The cascading
process is described in more detail in the Appendix, with Fig.
15 illustrating the general cascade of the first- and second-tier
calibrations in flow-graph form.

A complete VNA calibration model with a full set of
associated uncertainty mechanisms can be assembled by cas-
cading individual four-port calibration networks and their
associated uncertainties. We used the NIST Microwave Uncer-
tainty Framework [25] to accomplish the task of cascading
individual four-port calibration networks and propagating their
associated uncertainties through the cascade process. Finally,
we applied these calibrations to correct measured data and
accurately propagated these uncertainties to the calibrated
measurements in which we were interested.

Note that we can evaluate the statistics of any quantity
generated at any point in the process, whether they be the
uncertainties of elements of individual or cascaded calibra-
tion matrices, or the uncertainties in calibrated scattering
parameters. For example, we can calculate the mean and
variance of the phase of the transmission terms of the cables
due to bending, connection repeatability, or both. We can
also evaluate correlations between the various components
of uncertainty, if desired. In addition, we can calculate the
mean and variance of the phase of the transmission terms
of the calibrated scattering parameters of the channels we
wish to measure. See the Appendix for details on evaluating
the second-tier calibration matrices from a series of two-port
calibrations.

III. EVALUATING COMPONENTS OF
UNCERTAINTY FOR OTA AND CHANNEL

TEST-CHAMBER MEASUREMENTS

Here we describe methods for identifying components of
uncertainty related to the use of a VNA in OTA and channel

test-chamber measurements utilizing the two-tier approach
described in Section II-B. First-tier calibration matrices, which
are typically performed for all VNA measurements, initially
correct measurement data for the non-idealities of the VNA
and system components up to the first-tier reference planes.
Many uncertainties due to variations in manufacturing of the
calibration standards and VNA drift related to the first-tier
calibration are added automatically at this time by the NIST
Microwave Uncertainty Framework [25] we used.

After correcting the multiple perturbed calibration-standard
measurements with the first-tier calibration matrix, we used
second-tier calibrations to capture uncertainties not already
included in the first-tier calibrations, such as cable bending.
The ensuing calibration matrices are used to evaluate the
uncertainties around the unperturbed state. These uncertainties
contribute to the combined uncertainty in the final measure-
ment of the chamber transfer function or channel.

As mentioned previously, uncertainty components including
connector repeatability, drift, linearity, noise, and cable move-
ment present different challenges in an OTA test environment
compared to a VNA calibration. Not only do we capture noise
by performing repeated measurements, linearity by setting up
the VNA at its normal operating range, drift and repeatability
as described in Sections III-A and III-B, reproducibility in
Section III-C, cable movement in Section III-D, fixture motion
in Section III-E, but we also, quite importantly, propagate
these uncertainties while maintaining any correlations in the
uncertainty components by using the NIST Microwave Uncer-
tainty Framework. With this knowledge, a user can make an
informed choice of the calibration location and its impact on
the measurement uncertainty.

A. Drift and Uncertainty in Calibration Standards
The drift and uncertainty in calibration standards are not

based on the two-tier framework. The estimate of drift is based
on two first-tier calibrations that are performed before and after
each set of measurements of the chamber’s transfer function
or channel. The deviation in the chamber measurements, when
corrected by these first-tier calibration matrices, may be used
to estimate the uncertainty due to drift. We used a built-in
function in the NIST Microwave Uncertainty Framework to
derive the VNA drift from these first-tier VNA calibrations.
Such drift encompasses both the natural drift of the instrumen-
tation as well as temperature effects that may have occurred
over the duration of the measurement. In particular, in a closed
chamber and for a long-duration synthetic-aperture channel
measurement, the temperature can rise significantly, affecting
the electrical performance of the cables, adapters, and other
components in the measurement set-up. Thus, drift can be
a significant contributor to overall uncertainty in OTA and
channel measurements. Although the calibrations performed
before and after the measurements may not capture cyclical
drift during long measurements in the chamber, they do
capture the long-duration temperature changes we observed.

Another potentially significant contributor to the uncertainty
in a channel or DUT measurement corresponds to imprecise
knowledge of the exact dimensions of mechanical VNA cali-
bration standards. This component of uncertainty, discussed in
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more detail in, for example, [26], can be evaluated from Monte
Carlo analyses based on knowledge of the manufacturer’s
nominal tolerances for each mechanical calibration standard.
We also used built-in functions of the NIST Microwave Un-
certainty Framework to evaluate and include these components
of uncertainty in the first-tier calibrations.

We next utilize the two-tier approach of Section II-B to
evaluate components of uncertainty that are specific to VNA
calibrations related to OTA and/or channel use cases. By
use of the two-tier calibration approach, these components of
uncertainty may be precharacterized and the resulting error
box applied during subsequent measurements made with the
same measurement set-up. We first describe specific steps
measuring and calculating the two-tier calibration matrices
described in Section II-B. We then provide detailed method-
ology for evaluating the specific components of uncertainty
calibration repeatability, calibration reproducibility, cable and
adapter de-embedding, and fixture motion. The application
of these components of uncertainty to various calibration
approaches will be provided in Section IV.

B. Calibration Repeatability and Noise

The connection of calibration standards during the calibra-
tion procedure will vary, even if only slightly, from calibration
to calibration. Differences can occur due to subtle changes in
positioning and applying torque to the connectors, as well as
small cable movement during the measurement of the various
standards, especially the Thru. We refer to these differences
as calibration repeatability.

Fig. 3. Second-tier calibration procedure for identifying calibration repeata-
bility. Combinations of calibration standards are connected as for a standard,
first-tier calibration. The calibration procedure is repeated several times,
each denoted by a blue oval, with green dots signifying continuing sets of
perturbations. “Short Load” and “Load Short” refer to calibration standards
connected to ports 1 and 2, respectively.

The procedure for obtaining the second-tier calibration
matrix related to calibration repeatability is illustrated in
Fig. 3. Measurements of the set of calibration standards are
repeated several times one after another under test conditions
designed to minimize drift and cable bending so as to minimize
double counting errors. Repeated measurements also capture
the noise. After correcting the measured data by the first-tier
calibration matrix, second-tier calibration matrices are formed
for each repeat. The deviations between these calibration

matrices are used to evaluate the uncertainty due to the
perturbations introduced by each repeat.

This component of uncertainty is sometimes quite small
when the calibration is performed at the VNA ports or the
antenna fixtures. It may be larger for calibrations performed far
from the antenna fixtures due to the increased cable movement.

Fig. 4. Standard uncertainty in the phase of S53;P (defined in Fig. 2a)
for a calibration repeatability study. The uncertainty was evaluated using the
combination of nine second-tier perturbed calibration matrices. The regression
is for visualization only and is not used in our analysis.

In the results of a typical calibration repeatability study
illustrated in Fig. 4, waveguide standards were connected
to a coax-to-waveguide adapter (2.4 mm female to WR-28
waveguide) at the end of a 3.11 m cable. The measurement
corresponds to the “Cable (TX)” in Fig. 2. The adapter was
attached to a stationary antenna fixture, similar to the black
dashed line reference plane in Fig. 1. Nine repeat (perturbed)
calibrations were conducted in addition to the first-tier cali-
bration using the method shown graphically in Fig. 3. After
correction by the first-tier calibration matrix, the second-tier
calibration matrices were computed and combined to evaluate
the standard uncertainty.

Between 26 GHz and 40 GHz, the standard uncertainty in
magnitude was less than approximately 0.1 dB and the phase
was less than approximately 0.2°, with the latter shown in Fig.
4. The cable movement introduced the largest uncertainty. In
our configuration, it was particularly large for the thru standard
since it required more movement of the cables for the thru
measurement at the chamber door.

C. Calibration Reproducibility

As illustrated in Fig. 1, it is sometimes more convenient to
perform the calibration for an OTA or channel measurement at
a location removed from the antenna fixtures. This may occur,
for example, when the choice is made to disconnect the cables
from the antenna fixture in order to perform the calibration
at the door of a chamber due to a lack of easy access to
the antenna fixture, as illustrated by the blue-dashed reference
plane in Fig. 1. In this case, the calibration location of the
cables near the door will differ from the measurement location
when they are reattached to the fixtures. This component of
uncertainty is termed calibration reproducibility. Figure 5 illus-
trates the approach for estimating calibration reproducibility. It
should be noted that it was desirable to maintain approximately
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the same bend radius when connecting the cable back at the
antenna fixture.

Fig. 5. Procedure for identifying calibration reproducibility. A full first-tier
calibration is performed at the door of the test chamber. A partial second-tier
calibration is performed at the antenna fixture. The procedure is repeated
multiple times, each denoted by a blue oval, with green dots signifying
continuing sets of perturbations. “Short Load” and “Load Short” refer to
calibration standards connected to ports 1 and 2, respectively.

Because this component of uncertainty is intended to cap-
ture the effects of cable bending that occurs between the
calibration at the door and the use-case measurement at the
fixture, several pairs of first-tier (door) and second-tier (fixture)
calibrations are performed, as illustrated in Fig. 5. The second-
tier calibration matrix then captures the difference between
the initial calibration at the door and measurement location at
the fixture. For our calibrations, the Thru and Switch Terms
obtained from the first-tier calibration are utilized for the
second-tier calibrations. Because these terms simply set the
phase of the forward and reverse transmission terms equal,
as must be the case due to reciprocity, this is allowed. As
was done to assess repeatability, the associated uncertainty is
calculated from the differences between the multiple, first-tier-
corrected second-tier calibrations performed at the door and
the fixture.

Fig. 6. Standard uncertainty in the phase of S64;P (defined in Fig. 2a) for a
calibration reproducibility study. The regression is for visualization only and
is not used in our analysis.

Fig. 6 illustrates the results of a calibration reproducibility
study utilizing WR-28 waveguide standards that were con-
nected to a 2.4 mm coax-to-waveguide adapter at the end of a
2.1 m cable in our test chamber. The measurement corresponds
to the “Cable (RX)” in Fig. 2. The first-tier calibrations were

performed at the door of the chamber (R3 and R4 as shown in
Fig. 2), and then the coax-to-waveguide adapters were attached
to the stationary TX and RX antenna fixtures (R5 and R6).
Nine repeat (perturbed) calibrations were conducted at the
fixtures, the second-tier calibration matrices were calculated
and then combined to evaluate the standard uncertainty.

The results in Fig. 6 show the second-tier phase error at the
RX reference plane R6. The phase error is approximately 1.2°
at 33 GHz, rising to 1.9° at 40 GHz.

D. Cable and Adapter Measurement and De-embedding
When access to the antenna fixtures or cables inside the

chamber is difficult and the chamber configuration does not
change from measurement to measurement, it may be most
efficient to precharacterize the cables and adapters between
the VNA and fixture, which are then de-embedded from
subsequent measurements. For a measurement of the chamber
or channel, the first-tier calibration would then be performed
at the VNA ports outside the chamber.

The cables and coax-to-waveguide adapters are character-
ized in different sets of measurements. For each, the VNA
is first calibrated with a standard first-tier calibration. If the
calibration requires different connector types, an “unknown
thru” calibration [27] may be used. To assemble the second-
tier calibration matrix, we insert the elements S11, S21, S12

and S22 of the 2�2 scattering-parameters of the cable (or
adapter) measured on port 1 into the second-tier calibration
matrix at locations S33;P , S53;P , S35;P and S55;P , respectively
(see Appendix and top row of Fig. 15). Likewise, we insert
the elements S11, S21, S12 and S22 of the 2�2 scattering-
parameters of the cable measured on port 2 into S44;P , S64;P ,
S46;P and S66;P , respectively (see bottom row of Fig. 15).
Again, multiple measurements are performed and inserted into
second-tier calibration matrices, with perturbations capturing
connection repeatability and the expected cable movement
from the door to the fixture and back to the calibration plane
or connection repeatability for the adapter.

Fig. 7. Approach for characterization of the “Cable (TX)” connected between
reference planes R3 and R5. Our set-up consisted of components using both
the 2.92 mm connector type (blue) and the 2.4 mm connector type (red). The
section of cable inside the chamber was 3.11 m.

Fig. 7 illustrates the measurement set-up for characterization
of the TX cable shown in Fig. 2a and 2b. The complete
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“TX cable” actually consists of two shorter cables and various
adapters that utilize two connector types. In Fig. 7, blue refers
to the 2.92 mm connector type and red refers to the 2.4 mm
connector type. The entire cable assembly is characterized
together. A similar characterization procedure would be carried
out for the “RX cable” and the coax-to-waveguide adapters at
the antenna fixtures within the chamber.

The standard uncertainty is computed individually for the
cables and adapters from the second-tier calibration matrices,
as described in Section II-B. The uncertainties associated
with the cable and adapter measurements are subsequently
cascaded into the combined uncertainty of the channel or DUT
measurement. This is discussed in more detail in Section IV-C.

Ultimately, to perform a chamber or channel measurement,
a first-tier calibration is performed at the VNA port (R3 in
Fig. 7). The S-parameters associated with the cables and
adapters are then de-embedded from the measurement in post-
processing, transforming the measured S-parameters to the
antenna port (R5 in Fig. 7), as desired.

E. Fixture Motion

In some OTA or channel test procedures, the antenna
fixture itself moves during a measurement. This can occur,
for example, when creating a synthetic aperture [11], [16],
[19] (as discussed here) or when the antenna is mounted
on a turntable or other movable stage [5], [10], [18]. The
uncertainty due to antenna-fixture motion, primarily the effects
of cable bending, may be assessed through the second-tier
calibration matrix approach, and is then included in the overall
uncertainty analysis.

Assessing the uncertainty caused by cable bending due
to fixture motion requires that we perform second-tier cal-
ibrations at all anticipated antenna-fixture locations, for ex-
ample, over all locations in a synthetic-aperture scan or
all turntable locations. Unlike the uncertainties discussed in
Sections III-B,III-C,III-D, a different calibration matrix will
be obtained for each antenna-fixture location. In many cases,
two sets of calibration matrices are required, one for vertical
polarization and one for horizontal polarization of the antenna
fixture.

The first-tier calibration is performed at the end of the cable
(or coax-to-waveguide adapter) that is connected to the mov-
able antenna fixture. With the antenna removed, calibration
standards are connected to the end of the cable or adapter while
the fixture is positioned at a convenient reference location
such as the center point of the synthetic aperture. It was
desirable to keep approximately the same bend radius when
connecting the cable back to the antenna fixture. We also found
that after connecting it back, the cable required a relaxation
time of an hour to reach its previous relaxed state. Then,
second-tier calibrations are performed by again connecting
the calibration standards to the end of the cable or adapter
and stepping through all locations covering the physical range
of antenna-fixture states. Using the procedure discussed in
Section II-A, the first-tier calibration is used to correct the
second-tier measurements of calibration standards at all other
antenna-fixture locations. The second-tier calibrations, thus,

capture the uncertainty due to cable bending during fixture
motion.

Fig. 8. Procedure for identifying cable-bending uncertainty due to fixture
motion. A full first-tier calibration is performed at the center of the planar
array. A series of partial second-tier calibrations are then performed while
the fixture goes through its range of motion. “Short Load” and “Load Short”
refer to calibration standards connected to ports 1 and 2, respectively.

Fig. 8 shows this procedure graphically. For the case illus-
trated here, the first-tier calibration was performed at the center
of a synthetic-aperture array by connecting WR-28 calibration
standards to a coax-to-waveguide adapter at the end of a 2.1
m cable (“Cable (RX)” in Fig. 2a). The robotic arm was then
moved through an 11�11 synthetic-aperture scan and VNA
measurements were made of each standard.

The synthetic aperture discussed here is used to measure
propagation-channel effects, as will be illustrated in Section
V. It consisted of a 35�35-point planar array created by a
robotic arm. This results in 1225 measurement points. To
reduce measurement and calculation time for the fixture-
motion calibration uncertainty, the coarser 1�11-point array
covering the same spatial extent of the larger array was used.
We computed 121 (11�11) second-tier calibration matrices,
which were then interpolated to the final synthetic-aperture
locations. This resulted in 1225 calibration matrices, each
applied in post processing.

The cable bending due to fixture motion associated with
horizontal and vertical polarizations will be different due to
differences in cable bending in the two polarizations. This
is shown in the photographs in Fig. 9 for (a) vertical (V)
polarization and (b) horizontal (H) polarization of the WR-
28 waveguide-to-coax adapter mounted on the robotic-arm
antenna fixture. Our analyses have shown that there is a
significant cable relaxation time, on the order of one hour,
between the H and V measurements. Consequently, as a best
practice we perform calibrations and measurements in the H
and V polarizations separately. The results for a V polarization
measurement are shown here.

To illustrate the procedure for finding uncertainty due to
fixture motion, first- and second-tier calibrations were per-
formed on five calibration data sets to yield a nominal average




