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Abstract— This contribution provides techniques for accurately
characterizing uncertainty when measuring total radiated
power (TRP) at millimeter-wave frequencies. The setup is based
on the reverberation chamber as a well-known measurement
environment capable of performing TRP measurements
of wireless devices. We show that by applying various
stirring techniques, we can reduce the random component
of measurement uncertainty to around 2%. We use a model for
estimating the uncertainty for TRP measurements based on the
K factor, which is compared with uncertainties calculated from
relative power measurements and we show excellent agreement.
We perform a significance test to confirm that the uncertainty
due to the limited number of mode-stirred samples dominates
over the uncertainty due to the lack of spatial uniformity. The
observed uncertainty is also compared with an ideal chamber
situation and shows good agreement.

Index Terms— Measurement uncertainty, millimeter wave,
reverberation chamber (RC), total radiated power (TRP),
wireless systems.

I. INTRODUCTION

REVERBERATION chambers (RCs) are well established
as an alternative to more expensive anechoic chambers

for performing various electromagnetic measurements [1]–[7],
including radiated immunity, radiated emissions, shielding
effectiveness, antenna efficiency, probe calibration, and
material properties characterization. Recently, their use as
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measurement environments in the wireless community has
become increasingly popular [8]–[12]. Various wireless
applications include total radiated power (TRP), receiver
sensitivity, and throughput measurements. Recently, wireless
applications have experienced immense growth in both
indoor and outdoor environments. Hence, wireless-system
manufacturers demand an adaptive, reliable, and controllable
measurement facility capable of replicating these real-world
environments for device testing. According to [13]–[17], RCs
prove to be a suitable choice capable of simulating multipath
environments.

An RC can be regarded as an electrically large resonator
with a high-Q value [2], [18]. Due to that fact, the
instantaneous spatial distribution of the electromagnetic fields
inside such an environment is not uniform. In order to estimate
a quantity of interest from measurements in an RC, we need
to average over measured randomized field samples. Some
common stirring techniques used to statistically randomize
the fields inside a chamber include mechanical paddle stirring
and antenna position stirring. In the former, electrically large
paddle(s) move and change the boundary conditions inside
a chamber. In the latter, an antenna is moved inside the
chamber’s working volume, sometimes also accompanied by
changing the antenna’s polarization.

Much of the prior work on uncertainty in RC measurements
can be found in [10]–[12] and [19]–[21]. In the uncertainty
study in [10], an empirical model for the uncertainty of the
over-the-air (OTA) measurements was proposed. The model
was based on the average K factor and was said to be valid
for any value of K factor. A somewhat different approach
proposed in [11] was based on a components-of-variance in
a model. The model utilized, in this paper, focuses on a
setup with a very low-K factor in order to achieve very low
uncertainty.

A few studies dealing with the RC behavior at
millimeter-wave frequencies have been published. Dielectric
conductivity and permittivity tests in the 30–40-GHz range
performed in a cylindrical RC were given in [22]. Emission
tests of different electrical components from 1 to 40 GHz have
been performed in [23]. In [24], the design and experimental
validation of an RC up to 61.5 GHz was presented. Since this
frequency range will be used in the next-generation high-speed
wireless networks [25], thorough study of RC performance
at millimeter-wave frequencies is of great importance.

U.S. Government work not protected by U.S. copyright.
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Even though communication at millimeter-wave frequencies
will make use of the line-of-sight (LoS) component, we still
see a significant scattered (diffuse) field [26] in non-LoS
conditions. In TRP OTA tests, the focus is on power
measurements averaged over different stirrer orientations, as
opposed to simulation of a multipath channel.

Here, we present a guide for the evaluation of the
uncertainty in the RC at millimeter-wave frequencies that
was not performed so far. Low uncertainty is especially
important in the millimeter-wave frequency range due to the
fact that the required measurement accuracy linearly increases
with frequency, because a phase error linearly increases with
frequency.

In this paper, we perform a significance test [12], [27]
to compare two different components of uncertainty:
1) the uncertainty due to the finite number of mode-stirred
measurement samples, which originates within a given
mode-stirring sequence and 2) the uncertainty due to the lack
of spatial uniformity of the averaged fields in the chamber,
which originates between different antenna locations in the
chamber. By applying the significance test, we show that
the uncertainty due to the finite number of mode-stirred
measurement samples is dominant, as expected, because
spatial uniformity is high in our unloaded chamber.

We present an evaluation of measurement uncertainty
that can be used for Continuous Wave TRP measurements
inside an unloaded RC at millimeter-wave frequencies.
Modulated-signal measurements are more involved and will
be left for future research. The goal of this paper is to reduce
the random component of measurement uncertainty to as low
value as possible, preferably close to 2%. To achieve such a
low uncertainty, a large number of mode-stirred samples are
necessary, along with highly automated measurements.

This paper provides two significant contributions that were
not previously published: 1) detailed measurement uncertainty
evaluation at millimeter-wave frequencies and 2) a rigorous
step-by-step guide for the evaluation of RCs as common
measurement facilities in the wireless communications
and Electromagnetic Compatibility.

The outline of this paper is as follows. A model for
measurement uncertainty based on a low value of Rician
K factor for TRP measurements is given in Section II.
Section III follows with a detailed explanation of our
measurement setup and techniques used to evaluate the
measurement uncertainty for RC-based TRP measurements.
Since very low-K factor values are of utmost importance
for such low measurement uncertainty, we also present, in
this section, helpful techniques for lowering the K factor.
Section IV summarizes the parameters necessary to configure
the RC in order to achieve such low uncertainty. It also
gives a detailed study on K factor as a key parameter for
our uncertainty evaluation. Measurement results and their
comparison with the proposed model for uncertainty due to
a finite number of mode-stirred samples in a mode-stirring
sequence from a significance test are given in Section V.
The final conclusions can be found in Section VI. The results
of the significance test are given in the Appendix.

II. ESTIMATING MEASUREMENT UNCERTAINTY OF TOTAL

RADIATED POWER IN A REVERBERATION CHAMBER

The objective of this paper is to determine measurement
uncertainty associated with total power radiated by a device
under test (DUT). In order to determine the power radiated
by the DUT, it is necessary to determine the chamber’s
reference power transfer function 〈GREF〉N,M,F , averaged
over F frequencies, N stirrer orientations, and M antenna
positions, as measured by a measurement antenna whose
efficiency (eMEAS) is known.

As in [12], we define average received power as

〈PREC,DUT〉N,M,F

= PRAD,DUTeMEAS〈GDUT〉N,M,F (1 − |�MEAS|2)
|1 − �MEAS �RX|2 (1)

where PRAD,DUT is the power radiated by the DUT antenna,
〈GDUT〉N,M,F is the chamber’s power transfer function, �RX is
the reflection coefficient of the receiver assembly, and �MEAS
equals the free-space reflection coefficient of the measurement
antenna. In practice, �MEAS is commonly approximated
from a measurement of 〈S22,REF〉N,M,F , which is determined
during reference measurements. The term (1 − |�MEAS|2)
corresponds to the measurement antenna impedance mismatch.
Equation (1) was originally derived in [12, Appendix A].
The product, �MEAS�RX, in (1) comes from the reflections
at the measurement antenna port (�MEAS) and the reflections
at the receiver assembly port (�RX). In prior work [6], these
were combined in a single term.

The power radiated by the DUT can then be written as

PRAD,DUT = 〈PREC,DUT〉N,M,F |1 − �MEAS�RX|2
eMEAS〈GDUT〉N,M,F (1 − |�MEAS|2) . (2)

The chamber’s power transfer function in the case of DUT
measurements is commonly estimated from the chamber’s
reference power transfer function. Even though the DUT
antenna will not identically excite the chamber as does
the reference antenna, common practice is to assume that
the reference antenna has similar radiation characteristics
to the DUT from a radiation pattern point of view. If the
K factors of both the DUT and reference measurements
are sufficiently low and similar, one can assume that
〈GDUT〉N,M,F ≈ 〈GREF〉N,M,F [6], [12].

The chamber’s reference power transfer function may then
be estimated from S-parameter measurements and written as

〈GREF〉N,M,F = 〈|S21,REF|2〉N,M,F

eREF, eMEAS(1 − |�REF|2)(1 − |�MEAS|2) .
(3)

By combining (3) and (4) and with 〈GDUT〉N,M,F ≈
〈GREF〉N,M,F , we obtain an expression for total power radiated
by the DUT

PRAD,DUT

= 〈PREC,DUT〉N,M,F |1 − �MEAS �RX|2eREF(1 − |�REF|2)
〈|S21,REF|2〉N,M,F

(4)



3132 IEEE TRANSACTIONS ON ANTENNAS AND PROPAGATION, VOL. 64, NO. 7, JULY 2016

where the ensemble averages for 〈|S21,REF|2〉N,M,F have been
performed at F frequency points, N mode-stirred samples
(stirrer orientations), and M antenna locations.

Note that the received power at the receiver assembly in (4)
is precorrected for known receiver effective efficiency (ηRX)
and reflection coefficient (�RX) [28]

〈PREC,DUT〉N, M, F = 〈PRX〉
ηRX(1 − |�RX|2) . (5)

For uncorrelated measurements (i.e., negligible correlation
between frequencies, paddle orientations, and antenna
positions), the uncertainty due to the finite number
of mode-stirred samples [given in (A.1)] for the received
power measurements at a single antenna location (m j ) may
be approximated by [11, eq. (17)], [12]

uREF,K (m j ) =
√

K 2 + 2K
N + 1

N

K 2 + 2K + 1
. (6)

The power at the receive antenna is generally formed out
of two components: a stirred component that varies with
both the paddle orientations and the antenna position, and an
unstirred component that is K times the stirred one where its
uncertainty only depends on the antenna position. Therefore,
at a single antenna location, averaging over different paddle
orientations will only reduce the uncertainty due to the stirred
power. On the other hand, the uncertainty due to the unstirred
power will remain unaffected by paddle stirring. For small
K factor values, this uncertainty contributes less to the total
uncertainty, because it is considerably smaller.

In wireless tests, the uncertainty due to the lack of spatial
uniformity can play a significant role in total uncertainty,
i.e., it can dominate, as compared with the uncertainty due
to the finite number of mode-stirred samples [12]. However,
this is not always the case. To determine which component
of the uncertainty is dominant, a significance test may
be performed (see the Appendix). For insignificant spatial
uniformity uncertainty, shown in the Appendix, the standard
uncertainty can be expressed as

uREF =

√√√√√√
N∑

i=1

M∑
j=1

[GREF(ni , m j ) − 〈GREF〉N,M ]2

N M(N M − 1)
(7)

where u implicitly depends on the K factor, since the
variability of GREF(m j ) depends on the unstirred energy in
the chamber.

Uncertainties due to both the components (lack of spatial
uniformity and finite number of mode-stirred samples) are
considered as independent and can be reduced by averaging
over different antenna positions M [12].

III. MEASUREMENT SETUP

To illustrate the assessment of uncertainty described in
Section II, we performed all the measurements over a
frequency range from 43 to 47 GHz using an RC and a
50-GHz Vector Network Analyzer (VNA), as shown in Fig. 1.
The chamber was equipped with two mechanical stirrers.

Fig. 1. Measurement setup. Illustration of product names does not imply
endorsement by NIST. Other products may work as well or better.

Fig. 2. Antenna orientation inside RC. The WR-22 waveguide bulkhead
can be seen at the rear of the chamber while the 2.4-mm coaxial bulkhead is
connected, through a cable, to the movable transmit antenna.

The larger one rotated about a horizontal (H ) axis within
a cylindrical volume of 0.6-m height and 0.2-m diameter,
while the smaller one rotated about a vertical (V ) axis within
a cylindrical volume of 0.5-m height and 0.2-m diameter.
The RC’s size was 1 m (l) × 0.65 m (w) × 0.55 m (h),
which corresponds to an electrical size of approximately
150λ × 100λ × 80λ, at the center frequency of 45 GHz. This
is important to emphasize, since the high operating frequency
results in a large electrical size for the RC, despite its small
physical size.

The RC’s bulkhead was equipped with two feedthroughs;
one waveguide that was connected to VNA’s port 2 and one
2.4-mm coaxial connected to VNA’s port 1. The waveguide
horn receive antenna at port 2 was oriented toward the
vertical stirrer (see Fig. 2) and was used as the measurement
(receive) antenna. The signal from the 2.4-mm feedthrough
was brought to the transmit antenna via a coaxial cable and
a coaxial-to-waveguide transition. We used an open-ended
waveguide (OEW) as the reference transmit antenna and
another waveguide horn antenna as a simulated DUT. The
antennae were oriented away from each other in order to lower
the unstirred energy (K factor) between them.

There are several different approaches to reduce the
coupling between the antennae in the RC. In this paper, we
chose the approach based on redirecting the antennae away
from each other. Another approach would include placing
a shield between the antennae [10]. However, our initial,
unpublished studies show little reduction in the K factor,
possibly due to the diffractions from the shield at high
frequencies. Therefore, we utilized antenna redirection in order
to achieve the low-K factor necessary for low uncertainty,
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Fig. 3. Schematic of measurement setup showing two different calibration
planes and nine antenna locations.

TABLE I

MEASUREMENT PARAMETERS

which was the goal of this paper. Note that this method
does not apply if the antenna has unknown radiation pattern.
However, that particular case is beyond the scope of this paper.

The transmit antennae were oriented toward the horizontal
stirrer and positioned at nine different locations within the
RC’s working volume (see Figs. 2 and 3) in order to check the
spatial uniformity of the setup. Key measurement parameters
are summarized in Table I.

S-parameters were measured for 10 000 paddle orientations
(100 vertical and 100 horizontal) at each of nine transmit
antenna positions. Since each measurement took ∼24 h,
a VNA calibration was performed prior to each change
of the antenna position. Calibration standards and DUT
measurements were collected as raw data, and a correction
was performed afterward within the National Institute of
Standards and Technology (NIST) microwave uncertainty
framework [29], [30].

A schematic of the measurement setup is shown in Fig. 3,
where one can observe two different calibration planes;
waveguide at the antenna ports and coaxial at the RC bulkhead
ports, where we used a coaxial-to-waveguide adapter. Since the
calibration inside the chamber was physically inconvenient,
the calibration plane was transformed from waveguide to
coaxial plane outside the chamber by embedding the system
components through the postprocessor in the uncertainty
framework [31].

The calibration measurements were performed before the
DUT measurements were started and verified just after they
were finished. In Fig. 4, we see the spread of the reflection
coefficient (S11) SHORT standard and the spread of the
transmission coefficient (S21) THRU standard before and after

Fig. 4. Spread of reflection and transmission coefficients of SHORT and
THRU standards before and after the measurements, approximately 24 h.

Fig. 5. Spread of the magnitude of S22 for horizontal receive antenna without
randomized copper plate.

the measurements. The observed calibration deviation in a
24-h period was below 0.025 dB and taken as negligible.

Initially, the receive antenna was horizontally orientated
aiming toward the vertical stirrer and side wall behind
the vertical stirrer. Those preliminary measurements showed
strong specular reflections from the wall behind the stirrer at
certain paddle orientations. At some paddle orientations, the
stirrer was almost transparent and a large amount of energy
was reflected back to the antenna. The magnitude of S22
varied as much as 15 dB depending on the paddle orientation.
The minimum and maximum magnitudes of the S22-parameter
for the horizontally orientated receive antenna are shown in
Fig. 5. One can observe highly periodic behavior as a function
of frequency. To eliminate these effects, the bulkhead was first
rotated, so that the receive antenna was oriented toward the
RC’s corner, and, additionally, a custom-made copper plate
with a randomized surface was placed in front of the RC’s
side wall behind the vertical stirrer. Both the adaptations can
be seen in Fig. 2. The outcome was a significantly reduced
spread of |S22| and of the periodic behavior, as shown in Fig. 6.

IV. DETERMINING MEASUREMENT PARAMETERS FOR

UNCERTAINTY CALCULATIONS

In order to evaluate the measurement uncertainty associated
with a particular RC setup, the number of uncorrelated
mode-stirred samples should be determined. In addition,
knowledge of the K factor can help refine the estimation
of uncertainty for realistic chamber setups [11], [12], [24].

A. Number of Uncorrelated Frequency and Stirrer Samples

The number of uncorrelated frequency samples that can be
collected in a certain frequency range, as well as the effective
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Fig. 6. Spread of the magnitude of S22 for reoriented receive antenna with
randomized copper plate.

Fig. 7. Correlation of frequency samples averaged over all 10 000 paddle
orientations at antenna location number 5.

number of uncorrelated paddle orientations, is of utmost
importance for the accurate estimation of the uncertainty and
K factor.

The correlation of frequencies (coherence bandwidth) may
be determined from the autocorrelation function (R) of the
frequency-domain transfer function S21 [4], [9], [16]

R(� fi , ni ) =
m∑

j=1

S21( f j , ni )S∗
21( f j + � fi , ni ) (8)

where S21( f, n) corresponds to the measured complex S21 at
frequency step f j with m frequency points measured within
the bandwidth of interest, � f corresponds to one of several
frequency offsets over the bandwidth of interest, the index ni

is the mode-stirred sample (out of N), and the asterisk denotes
complex conjugation.

The autocorrelation function was calculated in the frequency
range from 43 to 47 GHz with 32 001 frequency points for
both the OEW and waveguide horn antennae. The results show
a coherence bandwidth of ∼4 MHz for a 1/e threshold [4],
as shown in Fig. 7. This coherence bandwidth results in
approximately 1000 uncorrelated frequency samples Nfr in the
observed frequency range.

We next estimated the number of uncorrelated paddle
orientations that the stirrers were able to provide.
At each observed frequency, we determined whether the
stirrer changed the boundary conditions to produce a
statistically significant variation of the field distribution inside
the chamber. Samples taken under statistically significant
different conditions are considered uncorrelated.

In order to determine the number of uncorrelated paddle
orientations, measurements were taken for 900 vertical stirrer
orientations (0.4° paddle step), and the circular autocorrelation

Fig. 8. Correlation between paddle orientations for a single vertical stirrer.

was computed [32] for both OEW and waveguide horn
transmit antennae as

r = 〈S21n( f j )S∗
21n+�n( f j )〉n − |〈S21n( f j )〉n |2

〈|S21n( f j )|2〉n − |〈S21n( f j )〉n |2 (9)

where we use the complex S21-parameter at the j th frequency
point f j and nth stirrer orientation. The coherence angle (φ)
obtained for a single vertical stirrer was ∼1.4° for a 1/e
threshold (Fig. 8). We use the coherence angle to estimate the
total number of uncorrelated measurements (Nest) that may be
achieved from a single stirrer [8], [33], [34] as Nest = 360°/φ.
In our case, the calculated coherence angle would result in
257 uncorrelated measurements per stirrer, or a total of 66 049
uncorrelated measurements for both the stirrers, assuming that
both the stirrers can produce an equal number of uncorrelated
samples per full turn.

A more accurate correlation metric may be found by
taking into account the total amount of information (entropy)
in the measured data [35]. Because correlation among
measurements results in redundant information, the more
correlated the measurement data, the lower the measurement
data’s overall entropy. Thus, one can determine an effective
number of uncorrelated measurements (Neff ) for N potentially
correlated measurements. For the sake of simplicity, we omit
the complete derivation of the expression for calculating Neff
and the reader is referred to [35] for more details.

Prior work on finding the coherence angle and the
number of the uncorrelated stirrer orientations can be found
in [8], [26], [28], and [36]–[40]. In [35], we compared the
entropy method to the other available methods with good
agreement.

The effective number of uncorrelated measurements for
the OEW and waveguide horn transmit antennae is shown
in Fig. 9. Neff calculated for 900 single stirrer orientations
is presented by the solid line for the waveguide horn
antenna and by the crosses for the OEW. Neff converged
to 260 with 1601 frequency points, which confirms the
previously obtained Nest result, based on coherence angle.
Good agreement was achieved, because we used a large sample
size (900) to calculate the entropy. Note that entropy leads to
the underestimation only if there are not enough measurement
samples [40]–[42]. On the other hand, if the requirement
for the sufficient sample size is met, the approach based
on the entropy should yield similar results to the commonly
used (1/e) approach. Entropy underestimation can also be



SENIC et al.: ESTIMATING AND REDUCING UNCERTAINTY IN RC CHARACTERIZATION 3135

Fig. 9. Effective number of uncorrelated measurements Neff for various
transmit antennae for single and both stirrers at antenna location number 5.

minimized by applying correction terms [41], [42], which was
beyond the scope of this paper. Instead, we only focused on
the large number of measurement samples.

Note that we used 1601 frequencies even though the
coherence bandwidth provided us with 1000 uncorrelated
frequency samples. These additional frequency points add
more information and improve our estimate, but are not used
to calculate the uncertainty.

In addition, entropy may provide us the effective
number of uncorrelated measurements that both stirrers can
produce. For both the stirrers, the calculated Neff was
1042 with 1601 frequency points. In Fig. 9, these results are
presented by the dotted line for the waveguide horn antenna
and circles for the OEW. However, direct estimation of the
number of effective paddle orientations for both the stirrers
(10 000 physical paddle orientations) was not possible, as
the number of uncorrelated frequency points in the observed
frequency range was insufficient to achieve convergence.

B. K Factor

In RC measurements, the K factor is generally defined as
the ratio of unstirred (Pu) and stirred power (Ps) and can be
estimated from the S-parameters [13]

K = |〈S21〉N |2
〈|S21 − 〈S21〉|2〉N

. (10)

The K factor depends on the antenna type, antenna position,
and antenna orientation. In this paper, we studied the K factor
with respect to different antenna types (waveguide horn
antenna and OEW) and different locations (nine antenna
locations). We did not study the effect of the antenna
orientations due to the fact that we wanted to have the
uncertainty as low as possible so we chose optimal antenna
orientations (always aimed away from each other).

Note that (10) becomes rather inaccurate for small K factor
values, e.g., when the stirred energy is several orders
of magnitude larger than the unstirred energy [21], [44]. This
is due to the fact that estimation is based on the mean of a
distribution whose standard deviation is orders of magnitude
higher than its mean. However, according to (6), in order to
achieve the desired total uncertainty of 2%, it is necessary to
have such low-K factor values.

To gain a basic understanding of this problem,
a Monte Carlo simulation was utilized. The distribution

Fig. 10. Estimation of K factor from Monte Carlo simulation for a true
K factor value of 0.01. The mean value was 0.011.

Fig. 11. K factor Monte Carlo simulation.

of K is shown in [21] to be F(2, 2N − 2, 2Nκ)/N , where
F(2, 2N − 2, 2Nκ) is a noncentral F distribution with 2 and
2N − 2 degrees of freedom and noncentrality 2Nκ , where
N is the number of uncorrelated mode-stirred samples [43]
and κ is the K factor. A histogram based on 1600 random
samples from this distribution is shown in Fig. 10. A true
K factor of −20 dB was assumed, i.e., κ = 0.01 and
N = 10 000.

The distribution is asymmetric, making it more probable to
overestimate the value of the K factor than to underestimate it.
In addition, the mean of the distribution, found from
Monte Carlo simulations, is not the true value 0.01, but 0.011,
indicating the existence of underlying bias in the estimation.

The bias that arises from (10) was studied in [44], where a
correction was derived

Kc = N − 2

N − 1
〈K 〉N f r

− 1

N
. (11)

The first term in (11) introduces an almost negligible
change for large N . However, 1/N represents a significant
term for proper estimation of small K factors. In order
to measure such small K factor values, a large number
of uncorrelated measurement points should be available. If the
K factor can be assumed as approximately constant for
adjacent frequency points, K can then be averaged over the
observed frequency range to obtain an improved estimate
of the K factor, which is denoted by 〈K 〉Nfr , where Nfr is
the number of uncorrelated frequency points. Monte Carlo
simulation results using 1601 uncorrelated frequency points
are shown in Fig. 11. The bias, given as the difference between
the estimation of the K factor 0.011 (gray line) and its
true value 0.01 (dotted cyan line), is clearly noticeable and
indicates overestimation.
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Fig. 12. 95% confidence intervals for the K factor based on different
simulation scenarios.

Fig. 13. Measured K factor data for the OEW and horn transmit antennae.

In addition, a 95% confidence interval, based on
a large number of uncorrelated frequency points,
was also proposed in [21]

κ2.5−97.5 = Kc ± 1.96

×
√

(1 + 〈K 〉N f r )
2 + (N − 2)(1 + 2N〈K 〉N f r )

N2(N − 3)N f r
.

(12)

The importance of frequency averaging is clearly shown in
Fig. 12 where 95% confidence intervals, found from (12), were
plotted for four different combinations of uncorrelated paddle
orientations N and uncorrelated frequency points Nfr . Even
10 000 uncorrelated paddle orientations are not sufficient to
achieve a width of 95% confidence interval below 4 dB for
a Ktrue of −28 dB without frequency averaging. Hence, in
order to accurately estimate the K factor, both a sufficient
number of uncorrelated paddle orientations and uncorrelated
frequencies are required.

In order to achieve low uncertainty for TRP measurements,
it is crucial to have an extremely low-K factor. Fig. 13 shows
the measured K factor for all frequencies, for the OEW
and waveguide horn transmit antennae. The red bars on the
right present the histogram of the K factor for the OEW,
while in the case of the horn transmit antenna, the results
are presented by blue bars on the left. Since the OEW can
be considered as a half-space omnidirectional antenna, its
K factor, calculated from (10), is higher than that of the
directional (waveguide horn) antenna. Note that the measured
K factors of both the antennae are asymmetrical, such as
that of the Monte Carlo simulation shown in Fig. 10. The
uncorrected averaged K factor value for the waveguide horn

Fig. 14. Measurement repeatability with and without a paddle offset.

antenna was −28.25 and −23.03 dB for the OEW. By applying
the correction given in (11), we obtain KC = −28.55 dB for
the waveguide horn antenna and −23.12 dB for the OEW.

An RC is often considered as a random environment
where the specific DUT placement is not critical as long
as enough independent samples are averaged for a specific
location. However, the RC is, in fact, highly deterministic,
meaning that measurements repeated in the same manner
should yield similar results. We studied the repeatability
of our K factor estimation by repeating three times the
measurements of the waveguide horn antenna at position 5
(see Fig. 3) with and without an initial offset in the paddle
angle. Three successive measurements were first performed
for an initial stirrer angle of 0° with a 3.6° paddle step size.
In Fig. 14, these measurements are presented by three
solid lines. Afterward, three successive measurements were
performed but now with an initial paddle angle of 1.8°, again
with a 3.6° paddle step size. These results are presented by
three dotted lines in Fig. 14. The results essentially show
the chamber’s performance in terms of the measurement
repeatability (maximum difference 0.1%).

The drift of the measurement equipment and the
repeatability of the paddles are shown by the differences
between the same types of lines. Note the difference between
the cluster of solid lines and the cluster of dotted lines indicates
the uncertainty due to the finite number of uncorrelated
paddle orientations. Variations in the K factor are significantly
larger than our uncertainty, because the K factor is not
constant inside the chamber, but varies with both frequency
and position. However, averaging the data for different
measurement antenna positions results in a more constant
value across frequency, given by the black line in Fig. 14.

In some practical situations, it is impossible to access the
antenna terminals on common wireless devices to determine
the K factor. However, the proposed model still presents a
good base for the setup where we can access the antenna
terminals.

V. EVALUATION OF MEASUREMENT UNCERTAINTY

In Section II, theoretical expressions for measurement
uncertainty due to the finite number of mode-stirred samples
were discussed, and a significance test showed this component
should reflect the RC setup uncertainty. One expression was
based on the K factor and the other was derived directly
from measurements of GREF. The parameters necessary
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TABLE II

K -FACTOR RESULTS AND MEASUREMENT UNCERTAINTY
ESTIMATED FROM (6) AND (7)

for evaluating these expressions were given in Section IV.
The uncertainty observed in the actual measurements (7) will
now be compared with the values predicted by the theoretical
model (6) [11] where we used the corrected K factor, KC ,
given by (11). The model proves to be accurate and highly
useful for providing an estimation of the real measurement
uncertainty for low-K environments.

Measurements performed at nine different antenna locations
inside the chamber were used to form nine estimates
of 〈|S21|〉2, calculated for each of 1601 frequency points. This
quantity was chosen, since it can be directly calculated from
S-parameters measured by the VNA with no power calibration.

We compare the model for assessing the measurement
uncertainty due to the finite number of mode-stirred samples
given by (6) to an ideal chamber’s uncertainty due to the
finite number of mode-stirred samples. This can be calculated
from [20]

uideal = 1√
N

. (13)

Equation (13) gives us a theoretical lower bound on the
uncertainty due to the finite number of mode-stirred samples
under the assumption that the relative power measurements
are identically exponentially distributed. This distribution
implies that the real and imaginary components of the electric
field may be represented by a zero-mean complex Gaussian
distribution. For 10 000 paddle orientations, the uncertainty
due to the finite number of mode-stirred samples, calculated
from (13), is 1%.

The estimated uncertainty at each antenna location,
calculated from (6) for the OEW and horn transmit antennae,
is given in Table II. KC,AVG represents the corrected K factor
averaged over the observed frequency range. We compared
the results from (6) and (7) and noticed excellent agreement
(∼0.07% maximum difference). From Table II, we see that
(6) estimates the pooled uncertainty for the DUT horn
transmit antenna as 1.01% for a mean corrected K factor
of −28.55 dB, while the uncertainty of 1%, based on an
ideal chamber (13), was negligibly lower. However, even with

Fig. 15. Linear 〈|S21|2〉 results at nine different antenna locations with
expanded uncertainty error bars.

drift and repeatability effects present, we demonstrate that an
uncertainty of ∼1% is achievable.

By root-sum-of-squares combining the pooled uncertainty
in the reference OEW and DUT (horn) measurements,
we compute the random component of measurement
uncertainty for TRP measurements as 1.50%, where the
systematic effects are omitted. The combined measurement
uncertainty for an ideal chamber is 1.4%, where it is assumed
that an ideal chamber is equally excited, no matter which
antenna is used. The calculated combined uncertainty obtained
from (7) was 1.68% (see Table II), which was in good
agreement with the combined uncertainty of 1.50% calculated
from (6).

We show in Fig. 15 the measured values 〈|S21|2〉 at
nine different antenna locations with the expanded uncertainty
(±2 × uREF,Kc) from Table II for the waveguide horn antenna
and the OEW. Since the expanded uncertainty error bars
overlap for different antenna locations, we conclude that the
component of the uncertainty due to the antenna location is
not significant.

VI. CONCLUSION

The goal of this paper was to illustrate methods for
obtaining low uncertainty at millimeter-wave frequencies.
We reduced the uncertainty to ∼2% by the use of mechanical
paddle stirring and frequency stirring. A model for uncertainty
estimation, based on a corrected K factor suitable for low-loss
chamber setups, was compared with the ideal chamber
uncertainty. This correction proved to be a useful and accurate
tool for assessing measurement uncertainty.

The main parameters of this uncertainty estimator
are the number of uncorrelated frequencies, the number
of uncorrelated samples that the stirrer can produce, and the
corrected K factor. The K factor depends on the directivities
of the antennae used and their unstirred power coupling. While
the stirred component depends on both the paddle and antenna
stirring, the unstirred one only depends on antenna stirring.

A significance test was performed to compare the
uncertainty due to the finite number of mode-stirred samples
and the uncertainty due to the lack of spatial uniformity
components. The outcome of the significance test allowed us
to determine the correct expression for the standard uncertainty
to use in our estimate of the total uncertainty. The uncertainty
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due to the finite number of mode-stirred samples dominates
for this low-loss setup.

The combined random component of the uncertainty due
to the finite number of mode-stirred samples based on
the corrected K factor was 1.5%. This was compared
with the uncertainty in the ideal RC (1.4%) and with the
uncertainty from the significance test (7) (1.68%), showing
good agreement.

Since uncertainty at such high frequencies can play a vital
role in RC measurements, these techniques can be used as
a base point for future studies, which may include TRP
measurements based on absolute power and modulated signals.

We also proposed some useful techniques to lower
the measurement uncertainty for TRP measurements at
millimeter-wave frequencies inside an electrically large RC.
The millimeter-wave frequency range will be used in
the next-generation, high-speed wireless networks, where
measurement tolerances could be tight in future testing.

APPENDIX

In wireless tests, where chambers are often loaded, it is
common that the uncertainty due to lack of spatial uniformity
dominates, as compared with the uncertainty arising from
the finite number of mode-stirred samples in a mode-stirring
sequence [12]. However, for low-loss, high-Q setups, this is
not always the case, and the relative effects of these two
contributions should be studied. Therefore, we need to find
the uncertainties associated with the number of mode-stirred
samples N (10 000 in our setup) and the spatial uniformity
for M (nine in our setup) measurement antenna locations.

The mean squared deviation due to the mode-stirred samples
is denoted by s2

N , while the mean squared deviation due to the
lack of spatial uniformity is denoted by s2

M . Their values can
be calculated as [12]

s2
N = 1

M(N − 1)

M∑
j=1

N∑
i=1

[GREF(ni , m j ) − 〈GREF(m j )〉N ]2

(A.1)

with M(N − 1) degrees of freedom and

s2
M = N

M − 1

M∑
j=1

[〈GREF(m j )〉N − 〈GREF〉N,M ]2 (A.2)

with M − 1 degrees of freedom. We write this deviation in
terms of GREF under the assumption that uncertainties in the
antenna efficiencies do not contribute. The results for these
two deviations are given in Table III.

To determine which of these two components for our
chamber setup is dominant, a significance test may be
used [12], [27]. The outcome of the significance test provides
us with the correct expression for standard uncertainty in TRP
measurements for a given chamber setup. The statistics for
testing the significance of each uncertainty are based on an F
distribution and given by [27]

F
(
s2

M , s2
N

) = s2
M

s2
N

(A.3)

TABLE III

SIGNIFICANCE TEST RESULTS AND COMPARISON WITH
F DISTRIBUTION CONFIDENCE LEVELS

with M−1 and M(N −1) degrees of freedom. If the following
holds:

F
(
s2

M , s2
N

)
< F0.95,M−1,M(N−1) (A.4)

where Fα,n1,n2 is the α quantile of the F distribution with n1
and n2 degrees of freedom, then the test is not significant.

The F distribution percentiles for the 90%, 95%, and 99%
confidence levels, together with s2

N and s2
M and the results

of the significance test, are given in Table III. The significance
test results were smaller than the F distribution values for
all confidence levels, indicating that the effect due to lack
of spatial uniformity is not significant. Therefore, the standard
uncertainty in the reference measurements can be calculated
from

uREF =

√√√√√√
N∑

i=1

M∑
j=1

[
GREF(ni , m j ) − 〈GREF〉N,M

]2

N M(N M − 1)
. (A.5)

The uncertainty in the DUT measurements is calculated
from (A.5) by replacing GREF with GDUT. The
reference (OEW), DUT (waveguide horn antenna), and
combined standard uncertainty are given in Table III.
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