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Abstract—We assess the potential error in measurements of the
power transfer function corresponding to a reverberation cham-
ber set-up when different antenna types are used for the reference
and device-under-test measurements. We derive a mathematical
description of the transfer function that accounts for differences
in the amount of unstirred energy, represented by the spatially av-
eraged K factor, arising from various antenna types. Our results
show that loaded chamber configurations, combined with refer-
ence/device antenna pairs having significantly different radiation
patterns, can result in statistically significant errors in the predic-
tion of the transfer function. If it is possible to obtain an estimate of
the K factor associated with the device antenna, this correction can
improve the estimate of the transfer function that would be expe-
rienced by the device under test. Finally, we develop a method that
could be used in standardized test methods to bound the uncer-
tainty associated with the unknown K factor for common antenna
types.

Index Terms—Antenna radiation pattern, cellular telecommu-
nications, microwave measurement, over-the-air (OTA) test, rever-
beration chamber, Rician K factor, wireless system.

I. INTRODUCTION

R EVERBERATION chambers are becoming a popular test
facility for over-the-air (OTA) testing of wireless devices

such as smartphones, cellular-enabled machine-to-machine or
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Internet-of-Things equipment, and other such systems [1]–[5].
One key difference between “traditional” reverberation cham-
ber measurements of devices with continuous-wave signals and
those in which communications signals must be demodulated is
the need for loading the chamber with RF absorber to broaden
the coherence bandwidth [6]–[8]. Such loading provides a chan-
nel with fading characteristics [9] similar to that for which the
device was designed to operate. Essentially, the reverberation-
chamber cavity acts as a bandpass filter, with higher Q chambers
presenting a narrower passband. Loading the chamber reduces
Q, increases the passband, and facilitates the undistorted de-
modulation of the received communication signal. A common
rule of thumb is to load the chamber such that the coherence
bandwidth exceeds the bandwidth of the received signal (or
independent subcarrier), although, in practice, error correction
may enable the use of narrower coherence bandwidths.

Standard practice for both electromagnetic compatibil-
ity/interference measurements and OTA tests in reverberation
chambers involves minimizing the “unstirred energy” corre-
sponding to fields in the chamber that do not, on average, in-
teract with mode-stirring mechanisms [10]–[12]. Examples of
unstirred energy include wall reflections or direct transmission
between antennas. In a loaded chamber, the amount of stirred
energy in the chamber decreases relative to the unstirred energy
because the unstirred components are unimpeded by the RF
absorber. If not properly accounted for, unstirred energy may
result in an increase in measurement uncertainty because the
measured device-under-test (DUT) response becomes position
dependent and correlation between mode-stirring samples may
increase [13], [14]. This has motivated the use of platform and
antenna polarization stirring, in addition to the use of mechani-
cal mode-stirrers, for loaded chambers [13]–[15].

The placement and orientation of the antennas with respect
to the chamber walls, mechanical mode stirrers, other antennas,
and RF absorber can also be optimized to reduce the unstirred
energy. However, when the antenna radiation pattern is
unknown, as it may be for a DUT with an integrated antenna,
use of these techniques may be difficult. The present work
explores the impact on the estimate of the chamber’s transfer
function (i.e., chamber loss) when the antenna characteristics
are unknown, and provides a correction factor when the user
has access to the DUT’s antenna terminals.

U.S. Government work not protected by U.S. copyright.



REMLEY et al.: ESTIMATING AND CORRECTING THE DEVICE-UNDER-TEST TRANSFER FUNCTION IN LOADED REVERBERATION 1725

In an ideal, unloaded chamber, the radiation pattern of any an-
tenna is effectively isotropic [16]. However, in loaded chambers,
the radiation pattern of the antenna may affect the measured re-
sult. This is explained as follows: energy that radiates out of the
transmit antenna will spread in various directions. The amount
of energy that is absorbed before it reaches the receive antenna
depends on several factors including the antenna type and pat-
tern, the position and orientation of the antenna with respect to
the absorber, as well as the electrical surface area (a function of
both frequency and physical size) of the absorber exposed to the
antenna. One example of this was discussed in [17], where we
showed that when an antenna is in close proximity to, or oriented
toward, RF absorber, estimates of the chamber set-up’s Q and
the received power varied. Test procedures were developed to
ensure that antennas are placed sufficiently far from the absorb-
ing material [5], [18], minimizing the so-called proximity effect
on the reference power transfer function. However, as discussed
below, in some cases, it is not only the close-proximity effects
that may affect the measured estimate of the transfer function.

It is crucial to understand the severity of this effect because
the reference measurement, which provides an estimate of the
chamber loss experienced by the DUT, typically involves a dif-
ferent antenna than that of the DUT. An error in the estimate of
the chamber transfer function will affect the accuracy of metrics
intended to quantify DUT performance such as total radiated
power (TRP) or total isotropic sensitivity (TIS). Current prac-
tice [5], [8], [13] consists of using an antenna for the reference
measurement with a radiation pattern that is “similar” to that
of the DUT. As stated above, it is not always possible to know
the characteristics of the DUT antenna. An estimate of the addi-
tional uncertainty, if any, introduced by this “unknown K factor”
is desirable.

In the present work, we explore the significance of the un-
known K factor on the estimate of the chamber set-up’s power
transfer function. As we will show, in many cases, the error
made by estimating the transfer function GDUT experienced by
the DUT directly from the reference power transfer function
GRef is not statistically significant. However, for cases where
it is significant, we develop a method by which the reference
power transfer function may be improved by accounting for the
difference in the K factors introduced by the reference and DUT
antennas. If we have an estimate of the K factor for the DUT
antenna set-up, this correction can significantly improve the es-
timate of the transfer function that would be experienced by the
DUT for some configurations.

In Section II, we describe one commonly used approach
to characterize the reference power transfer function for a
reverberation-chamber set-up. We then extend this work to
account for the K factor associated with the reference and DUT
antennas, leading to an improved estimate of the chamber’s
power transfer function, as seen by the DUT. In Section III,
we present measurements of several reverberation-chamber
configurations with antennas that introduce various K factor
values. These measurements, made under several different
loading conditions, utilized antennas for which we could
directly assess the K factor. This allows us to estimate the
error arising from the assumption that the radiation patterns of

Fig. 1. Configuration for measuring the reference power transfer function for
a cellular wireless device (from [5]). The chamber is loaded with RF absorber
(“RF abs”) to broaden the coherence bandwidth. The reference antenna un-
dergoes the same stirring sequence as the device under test. The measurement
reference planes are denoted by perpendicular lines at the base of each antenna.

the reference and DUT antennas are “similar,” when actually
they are not. We then illustrate cases where the correction
factor derived in Section II can reduce this error and discuss
why. In Section IV, we propose methods to estimate an upper
bound on uncertainty for various antenna types and discuss the
applicability of the procedures outlined here for OTA test of
wireless devices. Finally, Section V concludes the paper.

II. POWER TRANSFER FUNCTION AND THE K FACTOR

A. Estimating the Chamber Set-Up’s Power Transfer Function

Well-established procedures for estimating power-based met-
rics such as TRP and TIS from reverberation-chamber mea-
surements require removing the power loss associated with the
chamber itself as well as the losses and mismatch associated
with the transmit and receive antennas [5], [8], [13], [19]. This
is illustrated in Fig. 1, which shows a common set-up for cellular
device testing in which the reference antenna, used to estimate
the chamber loss for the DUT measurement, undergoes the same
stirring sequence as the DUT. Such an estimate can be quite ac-
curate (as we show in Section III) for both unloaded chamber
set-ups and for loaded chambers, if for the latter, the reference
antenna and DUT have similar radiation characteristics.

For the configuration shown in Fig. 1, the “Measurement an-
tenna” is the receive antenna for the reference measurement and
for TRP measurements. The “Reference antenna” is the trans-
mit antenna for the reference measurement. The DUT antenna
may be connectorized or integrated into the body of the wireless
device to be tested. The rotating platform is used to minimize
the effects of the reduced spatial uniformity of the averaged
fields within the chamber caused by loading. “RF abs” refers to
the RF absorber used to broaden the coherence bandwidth for
demodulation of the received signal.

To obtain the chamber set-up’s power transfer function, S-
parameter measurements are made with the vector network an-
alyzer (VNA) at the reference planes at the base of each antenna
of Fig. 1. This measurement involves a cascade of the two anten-
nas plus the chamber loss. In postprocessing, the antennas are
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de-embedded (in terms of both mismatch and efficiency) and the
ensemble average is taken over the samples acquired during the
mode-stirring sequence. The result is an estimate of the refer-
ence power transfer function GRef . GRef is intended to provide
an estimate of the actual power transfer function that would be
experienced by the DUT GDUT when power-based metrics such
as TRP (given by PTRP ) or TIS (given by PTIS ) are computed.
Note that we define GRef and GDUT as gains so that a reduction
in power is denoted with a decrease in their value.

To derive GRef from measurement, we take the aver-
age of measurements made over a mode-stirring sequence. In
the present work, we define a stirring sequence as a set of
unique, static conditions within the chamber provided by various
stepped combinations of mode-stirring mechanisms including
mechanical paddle orientations, antenna positions, and antenna
orientations. In our work, the measurement data acquired within
a stirring sequence consist of NW stepped mode-stirring sam-
ples. The value of GRef , estimated from a single realization of a
given stirring sequence, may be computed from VNA measure-
ments [5], [13], [19]:

GRef ≈ 〈
GR 〉NW

≡

〈
|S21,Ref |2

〉

NF NW(
1 − |ΓM |2

)
ηM

(
1 − |ΓR |2

)
ηR

,

(1)
where the ensemble average, denoted by 〈·〉, of the magnitude-
squared of the transmission parameter |S21,Ref |2 is carried out
at NF frequencies for NW stepped mode-stirring samples. For
OTA tests, the measurement bandwidth typically corresponds to
the bandwidth of the communications channel. ΓM and ΓR cor-
respond to the free-space reflection coefficients of the antennas.
We assume that the ensemble average of the measured reflection
parameters corresponds to the free-space reflection coefficient,
that is, 〈Sjj, X 〉 ∼= ΓX , where j = 1, 2 and X = R, M. The
reader is referred to [19, Appendix A] for more information on
the derivation of (1). In (1), ηM and ηR are the radiation efficien-
cies of the measurement and reference antennas, respectively.
They may be found from manufacturer’s specifications, or from
measurements made in an anechoic or unloaded reverberation
chamber [20]. Note that some derivations refer to the product
(1 − |ΓX |2)ηX as “total efficiency.”

Once GRef has been estimated for a given chamber set-up,
the total power radiated by the DUT, the TRP (PTRP ) or TIS
(PTIS ) may be estimated as follows:

PTRP =
〈PMeas〉NW

|1 − ΓM ΓRX |2

GRef

(
1 − |ΓM |2

)
ηM

(2)

or

PTIS =
GRef

(
1 − |ΓM |2

)
ηM |1 − ΓM ΓRX |2

〈PMeas〉NW

(3)

where 〈PMeas〉NW
is the ensemble average over NW stepped

mode-stirring samples in the frequency band of interest. For
TRP, each sample PMeas,nW is typically acquired by a base-
station-emulator, spectrum analyzer, or other power-calibrated
instrument. For each TIS measurement sample, the output power

PMeas,nW is decreased on the base station emulator until a spec-
ified bit error/block error level is reached on the device under
test. The free-space reflection coefficient of the reference an-
tenna is 〈SR

11〉 ∼= ΓR . The term ΓRX is the reflection coefficient
of the base-station emulator or spectrum analyzer receiver as-
sembly (including cable, if used), typically measured with a
VNA. Refer to [19] for additional information.

B. Uncertainty in the Estimate of GRef

In current standardized test procedures [3], [5], uncertainty in
the estimate of GRef is found between NB realizations of a par-
ticular stirring sequence implemented within the chamber. This
is because the lack of spatial uniformity of the averaged fields
in the chamber is often the dominant component of uncertainty
in loaded-chamber measurements [19]. In many cases, these
NB = 9 measurements are made at bj , j = 1 . . . NB spatially
uncorrelated locations within the chamber and the uncertainty
is given by [19]

u2
Ref =

1
NB (NB − 1)

NB∑

j = 1

(
〈GR (bj )〉NW

− ĜRef

)2
(4)

where ĜRef is the mean of the NB = 9 measurements.
The standard deviation of these nine measurements, σGR e f =√
NBu2

Ref , is often used as a metric to assess the lack of spatial
uniformity for the particular chamber set-up [5], [8], [13]. Its
value is provided below during our chamber assessment.

To find, for example, the expanded uncertainty U95 corre-
sponding to a 95% confidence level, the coverage factor k95 is
determined from the degrees of freedom corresponding to u2

Ref .
The number of degrees of freedom is then used to calculate the
coverage factor k95 as recommended in [21, Appendix B3]. That
is, k95 = t95(υ), where t95(υ) is the two-sided 95th percentile of
the Student’s t-distribution having υ degrees of freedom.

The expanded uncertainty is given by [19]

U95,Ref = k95 uRef =
k95σGR e f√

NB
, (5)

where k is the coverage factor. Based on NB = 9 measure-
ments, the value of k for various confidence levels is presented in
Table I [21]. These values will be used in the following sections
to assess the significance of errors in estimating GDUT from
GRef due to the unknown K factor of the DUT antenna.

TABLE I
COVERAGE FACTOR FOR VARIOUS CONFIDENCE LEVELS FOR NINE

INDEPENDENT SAMPLES (EIGHT DEGREES OF FREEDOM)

Confidence Level (%) Coverage Factor, k

90 1.86
95 2.31
99 3.36
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C. Including the K Factor to Improve the Estimate of GDUT

In wireless communications channels, the Rician K factor
is a metric that characterizes the ratio of direct-plus-strong-
discrete multipath components to diffuse scattering [9]. The
Rician K factor (or simply “K factor”) associated with a given
reverberation-chamber set-up is typically computed by separat-
ing out and then averaging the unstirred and stirred components
that were acquired over a complete mode-stirring sequence, and
then forming their ratio [22], [23]. Such measurements are typi-
cally made with a vector network analyzer, rather than the DUT
itself because it is difficult to accurately obtain the stirred and
unstirred components without directional couplers and access
to the antenna ports. Also, performing impedance mismatch
correction is trivial for VNA-measured quantities.

Equations (1) and (2) assume that the power transfer function
presented by the chamber set-up does not change between the
reference and DUT measurements; that is, that GRef = GDUT .
To better understand the effect on the transfer function arising
from the use of different antenna types for the reference and
DUT measurements, we may decompose the chamber’s com-
plex and implicitly frequency-dependent linear (as opposed to
power) transfer function TR into stirred T s

R and unstirred T u
R

components, where for each of the wi stepped mode-stirring
samples (where i = 1 . . . NW ), we have

TR (wi, pos , wi, env) = Tu
R (wi, pos) + T s

R (wi, pos , wi, env)
(6)

where GRef = 〈|TR |2〉NW
is the total number of stepped mode-

stirring samples within a mode-stirring sequence. The variable
wi, pos represents those mode-stirring samples that are a func-
tion of antenna position and/or polarization; that is, those that
are a function of the reference antenna, measurement antenna,
or DUT position within the chamber environment. The variable
wi, env represents those samples that are a function of mechani-
cal paddle position, that is, those stirring mechanisms related to
a changing environment within the chamber [14]. This distinc-
tion is necessary because the unstirred component represents
energy that is not affected by the changing environment (e.g.,
does not interact with the paddle) and, thus, for a single antenna
position is not a function of wi, env .

We convert the linear transfer function into power-like quan-
tities and take the ensemble average over all mode-stirring sam-
ples as in (1):

〈GR (wi,pos , wi, env)〉 = 〈|Tu
R (wi, pos)

+ T s
R (wi, pos , wi, env)|2〉 (7a)

= 〈|Tu
R (wi, pos)|2 |T s

R (wi, pos , wi, env)|2

× (Tu
R (wi, pos)) (T s

R (wi, pos , wi, env))∗

+ (Tu
R (wi, pos))

∗ (T s
R (wi, pos , wi, env))〉 . (7b)

The expansion in (7) may be simplified by assuming that there
is no correlation between the stirred and unstirred components
and that the stirred components are randomly distributed with a

zero mean, that is,

lim
wi →∞ 〈T s

R (wi)〉 = 0. (8)

Then

〈GR (wi, pos , wi, env)〉 ≈ |Tu
R (wi, pos)|2

+
〈
|T s

R (wi, pos , wi, env)|2
〉

. (9)

The spatially averaged Rician K factor [22], [23] may then be
given by

κR = 〈KR 〉NW
= lim

wi →∞

〈
|Tu

R (wi, pos)|2
〉

〈
|T s

R (wi, pos , wi, env)|2
〉 , (10)

where the ensemble average has been taken over all NW mode-
stirring positions, including paddle- and position-related sam-
ples. We can then rewrite (9) and (10) as

〈GR (wi, pos , wi, env)〉
1 + κR

≈
〈
|T s

R (wi, pos , wi, env)|2
〉

. (11)

Similarly, for the DUT, we have

〈GD (wi, pos , wi, env)〉
1 + κD

≈
〈
|T s

D (wi, pos , wi, env)|2
〉

, (12)

where we assume nominally the same NW mode-stirring sam-
ples are used for the DUT measurement.

If the chamber is loaded identically for the reference and DUT
measurements, we may assume that the mean of the magnitude-
squared of the stirred chamber power transfer functions should
be equal for the reference and DUT measurements:

lim
wi →∞

〈
|T s

R (wi)|2
〉

= lim
wi →∞

〈
|T s

D (wi)|2
〉

, (13)

where the counter wi encompasses all of the mode-stirring sam-
ples, as discussed above.

From (11) to (13), we can then show that

〈GD 〉NW

〈GR 〉NW

≈ 1 + κD

1 + κR
. (14)

Consequently, GDUT can be estimated by use of

GDUT = 〈GD 〉NW
≈ 〈GR 〉NW

1 + κD

1 + κR
, (15)

leading to an estimate of the chamber’s power transfer function,
as experienced by the DUT, as

GDUT =

〈
|S21,Ref |2

〉

NF NW

(1 + κD )
(
1 − |ΓM |2

)
ηM

(
1 − |ΓR |2

)
ηR (1 + κR )

. (16)

The ratio 1+κD
1+κR

on the right side of (15) and (16) represents
a correction factor that may be used to refine the estimate of
GDUT when the DUT antenna introduces a different K factor
from that of the reference antenna. Note that (15) requires that
we obtain a sufficiently accurate estimate of the spatially av-
eraged K factors. We may obtain an improved estimate of the
wireless metrics TRP and TIS by using (16) in place of GRef
in (2) and (3). As we discussed below, it may be possible to
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approximately bound the correction factor for common antenna
types, allowing the unknown K factor to be represented by an
increase in measurement uncertainty within standardized test
procedures.

III. MEASUREMENT CONFIGURATION AND CHAMBER

CHARACTERIZATION

To illustrate the applicability of the correction factor of (15),
we first estimate GRef and κR for several common antenna con-
figurations. From these, we estimate GDUT directly from GRef ,
as is current practice, or from GRef modified by the correction
factor of (15) (GDUT ,Pred). Corrections that reduce the uncer-
tainty in our estimate of GDUT beyond the standard uncertainty
defined below are considered significant. We illustrate mea-
surements in cellular bands and at millimeter-wave (mmWave)
frequencies, with the latter frequencies of interest for future 5G
cellular wireless applications.

A. Chamber Set-Ups

For the microwave bands, we used a large reverberation cham-
ber with interior dimensions 4.6 m × 3.1 m × 2.8 m, which
corresponds to an electrical size of 15.3 λ × 10.3 λ × 9.3 λ

at 1 GHz. The chamber has a single rotating mechanical mode
stirrer that traces out a cylinder with a radius of approximately
0.50 m and a height of 2.10 m, see [8] and [19]. The use of a sin-
gle paddle without position stirring provides less-than-optimal
randomization of the measured fields within the chamber under
loaded conditions. However, our goal was to utilize a scenario
with higher-than-average uncertainties to understand the effec-
tiveness of the proposed method in reducing the error involved
in estimating GDUT . Commercially available chamber set-ups
for wireless test typically use position stirring in addition to
multiple mechanical stirrers and would naturally have lower
variation over the NB = 9 measurements.

The chamber used for the mmWave measurements was 1.0 m
× 0.65 m × 0.55 m, which corresponds to an electrical size of
approximately 150 λ × 100 λ × 80 λ, at the center frequency
of 45 GHz. Thus, this chamber had a very large electrical size
despite its small physical size. Two mechanical stirrers consisted
of rotating paddles. The larger one rotated about a horizontal
axis within a cylindrical volume of 0.6-m height and 0.2-m
diameter, while the smaller one rotated about a vertical axis
within a volume of 0.5-m height and 0.2-m diameter.

VNA measurements were conducted at the frequency bands
of interest to derive estimates of GRef and κR . Measurement
parameters are reported in Table II. Each measurement consisted
of complex frequency data acquired by our VNA at multiple
independent, stepped-paddle positions consisting of 72 for the
“Cellular” and personal communication service (PCS) bands
and 10 000 for the mmWave band. At each paddle position,
frequency averaging was carried out across the band of interest
(Cellular, PCS, or mmWave). These samples were then averaged
over all paddle positions to obtain a single measurement; see (1)
and (10).

TABLE II
VNA MEASUREMENT PARAMETERS

PARAMETER VALUE

Frequency Cellular band 800–900 MHz
Range PCS band 1.8–1.95 GHz

mmWave band 43–47 GHz
Frequency Step, Δ f Cellular, PCS 50 kHz

mmWave 2.5 MHz
VNA IF Bandwidth Cellular, PCS 1 kHz

mmWave 2 kHz
VNA Output Power Level (nominal) –10 dBm
VNA Dwell Time 10 μs
Paddle step size Cellular, PCS (V only) 5.0°

mmWave (V × H) 3.6° × 3.6°
Paddle Orientations Cellular, PCS (V only) 72

mmWave (V × H) 100 × 100
Reference Planes Cellular, PCS N-type connector

at antenna input
ports

mmWave 2.4 mm connectors
at input to coax-to-

WR-22 adapters

B. Antenna Types

For the microwave-band data reported below, the measure-
ment (receive) antenna was a dual-ridge-horn antenna (DRHA)
oriented toward the rotating paddle in the corner of the chamber,
as shown in Fig. 2(a) and (c). For the mmWave-band measure-
ments, the measurement antenna was a WR-22 waveguide horn
antenna, shown at the rear of the chamber in Fig. 2(d).

Our goal was to study antenna configurations having high
and low K factors. To do this, we paired the measurement
antenna with one of several reference (transmit) antennas
while holding the other aspects of the chamber configuration
constant, including the loading, mode-stirring positions, and
measurement-antenna position. We performed measurements at
nine reference-antenna locations that were nominally the same
for each antenna type. For the microwave bands, we located
each reference antenna at three stationary positions on a rotating
platform and oriented them along three orthogonal orientations,
except where noted (e.g., where antennas were oriented away
from each other and cross polarization was maintained). For
the mmWave bands, we placed the reference antenna at nine
locations. In both bands, spatial correlation, calculated with
Pearson’s cross correlation formula [6], was below 0.3.

Fig. 2(a)–(d) shows the antenna configurations that we
selected, with the characteristics of the various antennas
provided in Table III. The “higher” K-factor configurations
utilized azimuthally omnidirectional and omnidirectional-like
reference antennas represented by a discone, shown at right in
Fig. 2(a) (termed “omni”), the antenna associated with a com-
mercially available router, shown in Fig. 2(b) (termed “router”),
and a “randomly polarized” DRHA of the same type as the
measurement antenna (termed “DRHA RPol”). The randomly
polarized reference DRHA was allowed to vary in its angle
and position of orientation with respect to the measurement
antenna. The back lobe of this DRHA is quite high and the
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Fig. 2. Reverberation chamber measurement set-ups. In (a)–(c): microwave
chamber with single rotating paddle and stack of RF absorber. At left is the
1–18 GHz dual-ridge-horn measurement antenna. (a) Discone omnidirectional
reference antenna. (b) Router with omnidirectional reference antenna. (c) 2 GHz
standard gain horn on turntable, cross polarized with the measurement antenna.
(d) Millimeter-wave configuration with WR-22 horn measurement antenna and
an open-ended waveguide with plate reference antenna. The plate allows surface
currents to decay.

TABLE III
PARAMETERS OF THE VARIOUS ANTENNAS

Antenna Freq. Pattern η r a d , m ea s Ant.
Type Range (azimuth) Gain

(GHz) (dBi)

Cellular and Discone 0.65–3.50 Omni 0.91 3.7
PCS bands Router 0.70–2.70 Omni 0.88 2

Dual-Ridge Horn 0.75–18.0 Dir 0.92 �4.5
Standard Gain Horn 1.70–2.60 Dir 0.90 14.5

mmWave OEG + 33.0–50.0 Omni 1 4.1
band Plate halfspace

Horn 33.0–50.0 Dir 0.97 22.1
Patch 43.0–45.0 Omni 0.89 6.8

halfspace

3 dB beamwidth was quite wide at our frequencies, contributing
to significant direct coupling for some positions. Thus, the
randomly polarized case resulted in a value of κR approaching
or even exceeding that of the omnidirectional antennas.

For the “lower” K-factor configurations, we maintained
strict cross-polarization between directional reference and

measurement antennas, with the two pointed away from each
other for each of the nine antenna positions. These cases are rep-
resented by a cross-polarized reference antenna (termed “DRHA
XPol”) and, for the PCS band, a 2 GHz standard gain horn
(termed “Std Gain”), as shown in Fig. 2(c).

The three mmWave configurations all resulted in very low
K factors because the chamber was unloaded and electrically
large, and because the measurements were made at antenna po-
sitions that were optimized to minimize direct coupling. An
open-ended waveguide with a metal plate to reduce radiation of
surface currents from discontinuous edges (termed “OEG+Pl”)
[24] is shown in Fig. 2(d). We also used the same type of WR-
22 waveguide horn antenna as the measurement antenna and a
microstrip patch antenna fabricated at the Brigham Young Uni-
versity. The patch size was 1.26 mm × 1.26 mm, and the ground
size was 8 mm× 8 mm. A textured metal sheet on the chamber’s
wall reduced specular reflections into the measurement antenna,
further reducing the K factor [24].

C. Measured Power Transfer Function and K Factor

We next compare measured values of GRef , σGR e f , and
κR for the configurations used in our study. Results are
shown in Table IV for two loading conditions in the PCS
(1.8–1.95 GHz) band, with similar results found for the
Cellular band (not shown). The loading conditions consisted
of an unloaded chamber and a chamber loaded with seven RF
absorber blocks to provide a coherence bandwidth of approx-
imately 3.85 MHz. The loading for the mmWave band results
(43.0–47.0 GHz) resulted in a coherence bandwidth of approxi-
mately 10 MHz. Repeat measurements are not yet available for
the loaded mmWave configuration.

As expected, the values of κR for the loaded cases are higher
than those for the unloaded cases: for the PCS band, κR is around
5 dB higher as compared to the unloaded case. This effect was
also seen for the Cellular band.

In addition to differences in κR due to loading, Table IV illus-
trates that κR may be substantially different depending on the
antenna configuration. For the PCS band, κR varies as a func-
tion of antenna configuration by up to ∼3 dB for the unloaded

TABLE IV
GRef , σG R e f , AND K FACTOR VALUES FOR CHAMBER CONFIGURATIONS

UTILIZING VARIOUS REFERENCE ANTENNA TYPES AND FREQUENCY BANDS

Antenna GR e f σG R e f κR GR e f σG R e f κR

Type (dB) (dB) (dB) (dB) (dB) (dB)
unloaded unloaded unloaded loaded loaded loaded

PCS Discone –23.07 0.21 –10.10 –29.88 0.38 –4.99
band Router –23.07 0.19 –10.90 –29.98 0.34 –5.36

DRHA –23.14 0.21 –9.98 –29.51 0.38 –4.31
(RPol)
DRHA –23.37 0.04 –12.07 –30.64 0.17 –7.26
(XPol)

Std Gain –23.26 0.21 –12.95 –30.77 0.25 –8.66
mmWave OEG+Pl –36.20 0.02 –23.03 –48.99 TBD –15.13
band Horn –35.96 0.02 –28.25 –48.56 TBD –21.38

Patch –35.67 0.02 –22.35 –48.85 TBD –15.81
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case and up to ∼4.3 dB for the loaded case. For the mmWave
measurements, the value of κR changed by up to∼6 dB depend-
ing on the antenna configuration. This illustrates clearly that the
antenna type and orientation can have a strong influence on the
unstirred fields.

IV. ERRORS ESTIMATING GDUT DUE TO UNKNOWN K FACTOR

A. Measured Results

To study the impact of unknown K factor values on the esti-
mate of GDUT , we assessed the difference between measured
values of GRef and GDUT . Our goal is twofold: first to deter-
mine under what conditions an antenna introducing an unknown
K factor may introduce a significant error in the assumption that
GDUT = GRef , and, second, to determine whether the correc-
tion from (15) can improve the estimate of GDUT .

We designate one of the antennas described in Table III as the
reference antenna and sequentially designate each of the other
antennas as a simulated DUT antenna. Because we have access
to the ports of the various antennas, we are able to estimate
the “actual” values of both GRef and GDUT . Thus, we can
directly compare reference/DUT pairs introducing similar K
factors to those introducing substantially different K factors. For
each case, the measurement antenna is held constant. We may
also then determine whether the correction factor significantly
improves the estimate of GDUT for each of the antenna pairs.
In practice, it is often impossible to perform such comparisons
because antennas are integrated into the DUT.

We define GDUT , Actual as the estimate of GDUT derived
from measurement of the chamber set-up’s transfer function
for each simulated DUT antenna. We define GDUT , Pred as the
estimate of GDUT derived by applying the correction from (15)
to GRef .

For the simple assumption that GDUT = GRef , we define the
error metric as

Δ GDUT = |GDUT , Actual − GRef | dB. (17a)

For the case where the correction factor has been applied to
predict GDUT , our error metric is defined as

Δ GPred = |GDUT , Actual − GDUT , Pred | dB. (17b)

The standard uncertainty associated with ΔGDUT and
ΔGPred is computed from the relation

u2 (X − Y ) = u2 (X) + u2 (Y ) . (18)

Thus,

u2
ΔGD U T

= u2
GD U T , A c tu a l

+ u2
GR e f

(19a)

and

u2
ΔGP r e d

= u2
GD U T , A c tu a l

+ u2
GD U T , P r e d

. (19b)

Expanded uncertainty may be found as in (5). We calculated
the standard uncertainty from the NB = 9 measurements de-
fined above. Note that the uncertainty in the estimate of κ was
small enough to be neglected, so u2

ΔGD U T
= u2

ΔGP r e d
for the

results shown here. The decibel representation is given by

u (10log10 (ΔGDUT)) ≈ 10log10

(
GRef + u (ΔGDUT)

GRef

)
(20a)

u (10log10 (ΔGPred)) ≈ 10log10

(
GDUT ,Pred + u (ΔGPred)

GDUT ,Pred

)

(20b)

where the mean associated with each estimate (GRef or
GDUT , Pred ) was effectively subtracted by virtue of its posi-
tion in the denominator.

The metrics from (17) and error bars from (19) and (20) are
plotted in Fig. 3(a)–(c), where ΔGDUT is plotted with Xs and
ΔGPred is plotted with circles. The x-axis labels indicate the
various simulated DUT antennas. In each figure, two different
loading cases are shown: zero absorber (corresponding to a PCS-
band coherence bandwidth of∼0.64 MHz for a threshold of 0.5)
in black, and seven absorbers (corresponding to a coherence
bandwidth of ∼3.5 MHz) in red.

In Fig. 3(a) and (b), the reference antenna was omnidirec-
tional (the discone for the microwave bands and the open-ended
waveguide for the mmWave bands), providing a low-K-factor
environment. In Fig. 3(c), the reference antenna was highly di-
rectional (the PCS-band standard gain horn), providing a high-
K-factor environment. The frequency bands are labeled in the
graphs.

For the unloaded chamber (data plotted in black), the circles
(ΔGPred ) and the Xs (ΔGDUT ) are in close proximity to each
other and are also close to zero. This indicates that GRef provides
a reasonable estimate of GDUT and that the use of the correction
factor does not significantly improve the estimate of GDUT . In
fact, ΔGPred would not be significantly different from ΔGDUT
even at the 90% confidence interval (defined in Table I).

The low values of ΔGDUT and ΔGPred for the unloaded
chamber are expected because the stirred energy dominates and,
as mentioned in Section I, reverberation-chamber measurements
in unloaded chambers have the effect of eliminating antenna
pattern [16]. Ideally, energy arrives at the measurement antenna
(minus the chamber loss) no matter the direction in which it was
launched, assuming antennas are not oriented toward each other
or copolarized.

For the loaded chamber, the red Xs (ΔGDUT ) corresponding
to the assumption that GDUT = GRef indicate low error in an
estimation of GDUT when the reference antenna is of a “similar”
type as the DUT. This is shown in Fig. 3(a) and (b) for the PCS
and Cellular bands, where the omnidirectional reference antenna
is used to estimate GDUT for the omni-like router (point 1) and
the randomly polarized horn antenna (point 2), and in Fig. 3(c)
when the directional standard gain horn reference antenna is
used to estimate GDUT for the directional cross-polarized horn
antenna (point 4). For these cases of similar antennas, the overlap
of the error bars associated with the circles (ΔGPred ) and the Xs
(ΔGDUT ) indicates that the use of the correction factor would
not significantly improve the estimate of GDUT .

However, when the value of κ associated with the DUT an-
tenna differs significantly from that of the reference antenna,
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Fig. 3. Difference between the measured power transfer function
GDUT , Actual and the power transfer function approximated as either
GDUT = GRef (ΔGDUT ) or GDUT = GDUT , Pred from (15) (ΔGPred ).
0 dB corresponds to the case where there is no error in the estimate of GDUT .
Various simulated DUT antennas are denoted along the x axis. In (a) and (b),
the reference antenna is omnidirectional and in (c), the reference antenna is a
highly directional standard gain horn. Error bars correspond to ± uΔ G D U T or
uΔ G P r e d defined in (20).

the error bars for the red circles (ΔGPred ) and Xs (ΔGDUT ) do
not overlap, indicating that GRef provides a poorer estimate of
GDUT . This effect is illustrated in Fig. 3(a) and (b) when the
omnidirectional reference antenna is used to predict GDUT of
the directional DUT antennas “DRHA XPol” (point 3) and “Std
Gain” horn (point 4) antennas. The poorer estimate of GDUT is
also seen in Fig. 3(c) when the directional standard gain horn ref-
erence antenna is used to predict GDUT for the omnidirectional
and effectively omnidirectional antennas “omni,” “router,” and
“DRHA Rand Pol” (points 1–3).

For the cases where GRef provides a relatively poor esti-
mate of GDUT , application of the correction factor provides

an improvement. The only case where a statistically significant
improvement is seen for the omnidirectional reference antenna
is when paired with the standard gain horn DUT antenna in
Fig. 3(a). This case shows an improvement in the estimate of
GDUT at the 95% confidence level. For the other cases in Fig.
3(a) and (b), the improvement is not significant even at the
90% confidence level. For the directional standard gain horn
reference antenna, the improvement is significant at the 95%
confidence level for the “router” antenna in Fig. 3(c), increas-
ing to 99% for “omni” and “DRHA Rand Pol” cases. Thus, the
use of a directional reference antenna to estimate GDUT may
significantly benefit from the use of (15). Note that for all of the
cases presented in Fig. 3, the maximum error is less than 1.5 dB,
which occurs with the standard gain horn directional reference
and omnidirectional DUT antenna pair.

As illustrated, the differences between GRef and GDUT due
to different configuration K factors occur under loaded condi-
tions when waves interact with the absorber before reaching the
measurement antenna. This interaction can be expected to occur
more for omnidirectional antennas (and poorly oriented direc-
tional antennas) as compared to directional antennas oriented
away from and cross-polarized to each other. This motivates
use of the correction factor when one type (omnidirectional or
directional) is used to estimate GDUT for the other type.

To summarize, for the cases studied here: 1) For unloaded
chambers, low-κ cases, and cases where antennas introduce
“similar” values of κ into a given chamber set-up, the estimate
of GDUT provided by GRef is not statistically different from
that provided by use of the correction factor to the 90% confi-
dence level. 2) When the reference antenna-created κ is “quite
different” from that created by the DUT antenna, the correction
from (15) may provide a statistically significant improvement.

B. Use of Correction Factor to Bound Error

The antenna configurations presented above exemplify
“typical” set-ups currently used for testing cellular devices in
reverberation chambers in terms of

1) antenna types (from omnidirectional to cross-polarized
directional);

2) chamber loading conditions (from unloaded to heavily
loaded); and

3) lack of spatial uniformity (a heavily loaded, large chamber
with many modes, causing relatively high peaks and nulls
in the average fields within the chamber).

It would be possible to find set-ups that exceed these bounds,
such as the use of an omnidirectional antenna to estimate GDUT
for a highly directional “pencil-beam” antenna. We can extend
the range of possible K factors with a simulation study.

We define ΔGx as the difference between GRef , x and
GDUT , Pred , which is given by the correction factor from (15),
for various simulated values of κD . For this study, reference
antenna x is either the omnidirectional discone or the stan-
dard gain horn, and we use the values of κR associated with
those antennas (approximately −5 dB for the discone set-up and
−8.7 dB for the standard gain horn set-up) in (15). We allow
the simulated κD to vary both below (to −30 dB) and above (to
−3 dB) the measured κR .
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Fig. 4. Simulation study illustrating the impact on GDUT for an extended
range of κDUT values. ΔGx denotes the difference between GRef ,x and
GDUT ,pred , where x corresponds to the omnidirectional discone (omni) or
standard gain horn (SGH) reference antenna.

Fig. 4 plots ΔGx for x = omni and x = standard gain horn.
Both PCS and Cellular band frequencies are plotted for the om-
nidirectional reference antenna, and the PCS band results for the
standard gain horn reference antenna. The error bars correspond
to±σGR e f for the selected reference antenna (see Table IV). The
points in the simulation corresponding to the measured values
of GRef , κR , and κD are shown by the minima in each plot.

Fig. 4 shows that for cases where the DUT antenna is more
directional than the reference antenna, corresponding to lower
values of κD , the error reaches a plateau beyond which there is
little change. This error is most significant for the omnidirec-
tional reference antenna in the Cellular band. For cases where
the DUT antenna is less directional than the reference antenna
(to the right of the minima in Fig. 4), the error increases. For our
set-up, the errors can be 2 dB or more, depending on the antenna
configurations used, motivating the use of the correction factor
when possible.

By performing measurements with typical antenna types in
a given reverberation chamber set-up, and then extending the
range of the DUT’s K-factor by plotting the correction factor,
individual users should be able to estimate the extent of the er-
ror in GDUT when measuring devices that introduce unknown K
factors. This could provide an uncertainty element in a standard-
ized test procedure or provide a limit on the range of acceptable
DUT antenna types to be tested.

V. CONCLUSION

We studied potential errors in reverberation-chamber mea-
surements of wireless devices arising from the simple assump-
tion that GDUT = GRef when the K factor introduced by the
DUT antenna is significantly different from that of the reference
antenna. For both unloaded and loaded chambers, this work indi-
cates that an omnidirectional reference antenna approximates an
omnidirectional DUT antenna quite well and a well-oriented di-
rectional reference antenna approximates a well-oriented DUT
antenna well.

In unloaded chambers, little effect was seen on the estimate
of the DUT’s transfer function, even when the DUT antenna

radiation pattern is quite different from that of the reference
antenna, such as when an omnidirectional reference antenna is
used but the DUT has a highly directional antenna.

However, for loaded chambers, the error can be statistically
significant. When radiation patterns of the DUT and reference
antennas are different, a correction factor can improve the esti-
mate of the chamber’s transfer function. We illustrated condi-
tions where the correction factor would provide a statistically
significant improvement and derived a method that could be
used to extend the range of antenna types for these cases.

The results presented here were intended to represent “typi-
cal” conditions used in current OTA test. As antennas in future
5G wireless system are expected to become more and more
directional, the role of the unknown K factor in device measure-
ments may soon become more significant.
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