
IEEE TRANSACTIONS ON ANTENNAS AND PROPAGATION, VOL. 65, NO. 8, AUGUST 2017 4209

Improved Antenna Efficiency Measurement
Uncertainty in a Reverberation Chamber

at Millimeter-Wave Frequencies
Damir Senic, Dylan F. Williams, Fellow, IEEE, Kate A. Remley, Fellow, IEEE, Chih-Ming Wang,

Christopher L. Holloway, Fellow, IEEE, Zhenchao Yang, Member, IEEE, and Karl F. Warnick, Fellow, IEEE

Abstract— We provide results of antenna radiation and total
radiation efficiency at millimeter-wave frequencies gathered with
a new open-ended waveguide-plate method that is compared
to a well-known two-antenna method. The new method yields
improved uncertainty in antenna efficiency measurements. Both
methods are based on use of a reverberation chamber. Mea-
surement results are compared to numerical simulations and
good agreement (∼3% maximum difference) is achieved. Before
performing the efficiency measurements, the chamber configura-
tion was assessed with respect to the Rician K -factor, number
of uncorrelated paddle orientations, and coherence bandwidth.
We calculated the uncertainty using the NIST microwave uncer-
tainty framework capable of performing parallel sensitivity and
Monte Carlo analyses. The framework enables us to capture and
propagate the uncertainties in the S-parameter measurements
to the final efficiency result. The expanded uncertainty that we
achieved for these antenna efficiency measurements is 2.60%.

Index Terms— Antenna radiation efficiency, antenna total radi-
ation efficiency, measurement uncertainty, millimeter wave, open-
ended waveguide (OEW), reverberation chamber (RC), wireless
systems.

I. INTRODUCTION

IN RECENT years, the massive expansion of wireless tech-
nologies has led to high demand for more access to various

data content. Consumers expect to have a reliable connection
to wireless networks that are capable of transferring large
amounts of data. This puts high demands on the wireless
telecommunications carriers, in terms of available spectrum
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and spectral efficacy. The wireless spectrum below 6 GHz
is reaching its maximum capacity and, without fundamental
changes, likely will not be sufficient to meet future needs. Even
with inventive new methods, like multiple-input and multiple-
output antenna systems, smaller cells, and complex modulation
techniques, the spectrum shortage is evident.

One potential solution to this extreme data growth is broad-
ening the wireless spectrum to higher frequency ranges. The
millimeter-wave spectrum is relatively open and this available
bandwidth offers opportunities for the development of new
wireless technologies.

Frequencies between 10 and 300 GHz are known collo-
quially as millimeter-wave frequencies [1]. Propagation at
these frequencies generally suffers more attenuation due to
atmospheric conditions as compared to the UHF spectrum.
Therefore, the emphasis on wireless communications in this
frequency range will likely be on highly efficient, smart
antennas and short-range systems.

Historically, antenna manufacturers have not provided effi-
ciency data. However, numerous wireless tests, especially
those involving reverberation chambers (RCs) [2]–[7], require
antenna efficiency information, which is then either esti-
mated, or not taken into account. For these reasons, accurate
measurements of antenna efficiency are of great interest to the
measurement community.

Several techniques have been proposed to measure antenna
efficiency in an RC. Most techniques require the use of a
reference antenna with a known efficiency (ηREF) [8]–[14].
With the reference antenna serving as the transmit antenna,
the power at the receive antenna is then measured (PREF).
The reference antenna is then replaced by the antenna under
test (AUT) and the received power at the same generic receive
antenna is measured again (PAUT). The AUT’s radiation
efficiency is then given by

ηAUT = PAUT

PREF
ηREF. (1)

One main drawback of this method is that it requires knowl-
edge of the reference antenna efficiency.

To avoid the use of a reference antenna with known effi-
ciency, various methods have been proposed [9], [15], [16].
Two identical antennas were used in [9] to calculate the
AUT’s efficiency. This method was based on determining
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the loss inside the chamber from the chamber’s quality (Q)
factor. In this paper, the chamber’s Q was determined from
its decay constant (in the time domain) in which case the
antenna efficiency does not have to be considered. The obvious
drawback is the requirement for two identical antennas, which
can be nontrivial. One-, two-, and three-antenna methods for
calculating antenna efficiency based on the chamber decay
constant were presented in [16]. Note that previous stud-
ies [8]–[15] did not discuss measurement uncertainty.

In this paper, we evaluate the measurement uncertainty
for antenna efficiency measurements inside an unloaded
RC at millimeter-wave continuous-wave frequencies between
43 and 47 GHz with a novel type of reference antenna.
Low uncertainty is especially important in the millimeter-wave
frequency range, with the required measurement accuracy
increasing linearly with frequency. This is because phase error
also increases linearly with frequency.

Only a few studies have been reported on the subject of
RC measurements at millimeter-wave frequencies, and none of
these dealt with antenna efficiency measurements. Dielectric
conductivity and permittivity tests from 30 to 40 GHz were
given in [17]. Emission tests of different electrical components
from 1 up to 40 GHz have been studied in [18]. In [19],
the design and experimental validation of an RC up to
61.5 GHz were presented. Since this frequency range will
be used in next-generation high-speed wireless networks [20],
RC performance at millimeter-wave frequencies is of great
importance.

This paper provides the following original contributions:
1) a new method for measuring waveguide antenna efficiency
based on the use of a simple, well-matched, highly efficient
reference waveguide antenna that can be easily modeled; 2) a
detailed uncertainty analysis made with the NIST microwave
uncertainty framework [21]; and 3) antenna efficiency mea-
surements at millimeter-wave frequencies.

This paper is organized as follows: in Section II, the the-
oretical background for the antenna efficiency measurements
is provided. Section III follows with our measurement setup
and technique. Section IV verifies the chamber configuration
necessary to obtain low uncertainty. Numerical and experimen-
tal results are given in Section V. A measurement uncertainty
analysis, based on the NIST microwave uncertainty frame-
work, is given in Section VI. Final conclusions are given
in Section VII.

II. ANTENNA EFFICIENCY

Two common metrics that are used to describe antenna
efficiency are radiation efficiency (ηrad) and realized or total
radiation efficiency (ηtot) [22]. Throughout the paper, we will
use the term total instead of realized radiation efficiency
to refer to the latter metric. Antenna radiation efficiency is
defined as the ratio of the total power radiated by the antenna
to the net power accepted at the input port of the antenna
from the connected transmitter. Radiation efficiency includes
only the ohmic losses in the antenna [22]. Antenna total
efficiency, on the other hand, combines the radiation efficiency
of the antenna reduced with its impedance mismatch factor
(i.e., by the reflected signal) [22].

Fig. 1. Measurement setup inside the RC for OEW plate method for
determining antenna efficiency. (a) OEW plate. (b) Waveguide horn antenna
mounted on the OEW plate.

Here, we propose a new type of reference antenna for
estimating the efficiency of waveguide-type antennas based
on a low-loss metal plate with a waveguide opening machined
through it attached to an open-ended waveguide (OEW),
[Fig. 1(a)]. We refer to this antenna as the “OEW plate.”
The plate is made of stainless steel. It includes threaded holes
so that a waveguide-type antenna could be connected to the
other side [Fig. 1(b)]. The 3.5-mm thick plate utilized in this
paper has a WR22 waveguide opening machined through it,
and surface dimensions of 140 mm × 140 mm. This is large
enough (21 λ × 21 λ at 45 GHz) that the surface currents
at the observed frequencies emanating from the waveguide
section decay before reaching its edge. Standard OEW test
port sections generally have an irregularly shaped, small flange
so the coupled surface currents do not decay before reaching
the flange edge. The surface currents then wrap around the
edge and couple to the back side of the test port flange. Every
time currents encounter a discontinuity, energy is radiated.
This kind of radiation can cause the existence of undesirable,
unstirred energy inside an RC. The plate proposed here reduces
these radiation effects.

For a well-stirred RC, the efficiency of an AUT may be
found as the relative difference between S-parameters mea-
sured for the AUT mounted on the OEW plate (SOA), shown
in Fig. 1(b), and the S-parameters measured only for the OEW
plate (SO ), as shown in Fig. 1(a), as

ηtot, AUT =
〈∣∣SOA

21

∣
∣2〉

〈∣∣SO
21

∣∣2〉 (2)

ηrad, AUT =
〈∣∣SOA

21

∣
∣2〉

〈∣∣SO
21

∣
∣2〉(1 − ∣

∣〈SOA
11

〉∣∣2) (3)
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where the brackets denote an ensemble average over pad-
dle orientations. We used the waveguide horn antenna as
the AUT.

For validation purposes, we compared our method to a
two-antenna method for determining antenna efficiency [16].
The method of [16] does not require a reference antenna and is
based on the RC’s Q, calculated from the decay constant (τRC)
and angular frequency (ω), Q = ωτRC.

Based on the method given in [16], the total radiation effi-
ciency of two antennas placed inside the chamber is given by

ηtot, TX =
√

CRC

ω eb

〈|S11, s |2〉
τRC

(4)

ηtot, RX =
√

CRC

ω eb

〈|S22, s |2〉
τRC

(5)

where index “s” denotes a stirred component, CRC =
16π2V/λ3 is the chamber constant, and eb is the enhanced
backscatter constant given by [16]

eb =
√〈|S11, s |2〉〈|S22, s |2〉

〈|S21, s |2〉 . (6)

The radiation efficiency of the two antennas in the RC is then
given by

ηrad,TX =
√

CRC

ω eb

〈|S11, s |2〉cor

τRC
(7)

ηrad, RX =
√

CRC

ω eb

〈|S22, s |2〉cor

τRC
(8)

where the index designation “cor” refers to the S-parameters
corrected for the antenna mismatch, given by

〈|Smm, s |2〉cor = 〈|Smm, s|2〉
1 − |〈Smm, s 〉|2 (9)

and m = 1 and 2. After configuring and verifying our RC
setup, we compare these methods in Section V.

III. MEASUREMENT SETUP

We performed all measurements over a frequency range
from 43 to 47 GHz using a tabletop-sized RC and
a 50-GHz vector network analyzer (VNA). The chamber is
equipped with two mechanical stirrers. The larger one
rotates about a horizontal (H ) axis within a cylindrical
volume of 0.6-m height and 0.2-m diameter, while the
smaller one rotates about a vertical (V ) axis within a cylin-
drical volume of 0.5-m height and 0.2-m diameter. The
RC’s inner size is 1 m (l) × 0.65 m(w) × 0.55 m(h),
which corresponds to an electrical size of approximately
150 λ×100 λ×80 λ, 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 in waveguide that was connected to the VNA’s port 2 and
the other in 2.4 mm coaxial that was connected to the VNA’s
port 1. Port 2 was terminated with the receive waveguide horn

Fig. 2. Measurement setup for the two-antenna method. (a) Waveguide horn
antenna; (b) Microstrip patch antenna.

TABLE I

MEASUREMENT PARAMETERS

antenna oriented toward the vertical stirrer (see Figs. 1 and 2).
We measured the efficiency of two different transmit anten-
nas (AUTs): 1) a waveguide horn antenna shown in [Fig. 2(a)]
and 2) a microstrip patch antenna shown in Fig. 2(b). The
signal from the 2.4 mm coaxial feedthrough was brought to the
AUT via a coaxial cable for the microstrip patch antenna, and
via a coaxial cable and coaxial-to-waveguide transition for the
waveguide horn antenna. Receive and transmit antennas were
oriented away from each other in order to lower the direct
signal component between them. The AUTs were oriented
toward the horizontal stirrer and positioned at nine different
locations within the RC’s working volume (see Fig. 3) in
order to achieve sufficiently low uncertainty. Key measurement
parameters are summarized in Table I.

While we used a commercially available WR22 Q-band
waveguide horn antenna, the microstrip patch antenna was
specifically fabricated in the laboratories of Brigham Young
University. The microstrip antenna [23] was designed at
45 GHz based on 0.8128 mm (32 mil) RO4003C substrate
and fabricated with standard printed circuit board techniques.
The patch size was 1.26 mm × 1.26 mm, and the ground size
was 8 mm × 8 mm, comparable with the size of a 2.4-mm
coaxial connector. The antenna had an omnidirectional
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Fig. 3. Diagram of the measurement setup showing the two different
calibration planes and the nine AUT locations.

radiation pattern in the patch half-space with maximum gain
of 6.8 dB.

S-parameters were measured for 10 000 paddle orientations
(100 vertical and 100 horizontal) at each of the nine AUT
locations. Since each measurement took approximately 24 h,
VNA calibrations were taken at the start and at the end of the
24-h period to verify the calibration stability. We observed the
variance of the reflection coefficient (S11) of the “SHORT”
standard and the variance of the transmission coefficient (S21)
of the “THRU” standard before and after each measurement.
The observed calibration deviation in each 24-h period was
less than 0.5%.

A diagram of the measurement setup is given in Fig. 3,
where we observe two different calibration planes:
a waveguide plane at the antenna ports and a coaxial
plane at the RC bulkhead ports. Since calibration inside the
chamber was physically inconvenient, the calibration plane
was transformed from the waveguide reference plane to the
coaxial reference plane by embedding the system components
through a postprocessor of the NIST microwave uncertainty
framework [21].

IV. CONFIGURING THE REVERBERATION CHAMBER TO

ACHIEVE LOW MEASUREMENT UNCERTAINTY

The chamber configuration generally has a significant effect
on the measurement uncertainty of the metrics that we are
trying to estimate. Parameters that impact overall uncertainty
include the type, location, and orientation of the antennas
inside the chamber, and the choice of stirring sequence
(e.g., mode or paddle and position or antenna stirring). Note
that we define “mode-stirring samples” as those arising from
stepped-mode operation in this paper.

A. Antenna Placement and Its Impact on the Rician K-Factor
In order to achieve low uncertainty in RC measurements,

it is desirable to have a low Rician K -factor associated with
the setup. In an RC, the K -factor may be defined as the ratio
of unstirred (Pu) to stirred power (Ps). It may be estimated
from S-parameters [2] as

K = |〈S21〉|2
〈|S21 − 〈S21〉2|〉 . (10)

TABLE II

K -FACTOR MEASUREMENTS AT 45 GHz AVERAGED
OVER 4-GHz BANDWIDTH

To achieve the lowest uncertainty without position stirring,
the K -factor should be as low as possible. High K -factors
are directly related to the lack of spatial uniformity of the
average fields within the chamber. Prior work on the K -factor
in RC measurements can be found in [2]–[7].

The K -factor depends on several different factors including
antenna type, location and orientation, and the chamber’s
loading. In this paper, we considered only an unloaded cham-
ber with fixed optimum antenna orientations (i.e., aimed away
from each other) that would yield the lowest K -factor.

K -factor results measured for the three different transmit
antenna types at the nine different antenna locations averaged
over a 4-GHz frequency band are given in Table II. K -factor
uncertainties can be found in [6]. The receive antenna was
a waveguide horn in all three cases. Since our OEW plate
and the patch antenna have wider main radiation lobes than
the more directional horn antenna, they cause more energy to
couple to the receive antenna before interacting with paddles.
Therefore, we expect that they have larger K -factor values
than the waveguide horn antenna. However, all three antennas
produced sufficiently low K -factor values to ensure that the
stirred energy component dominates throughout our working
volume.

B. Number of Uncorrelated Mode-Stirring Samples
and Coherence Bandwidth

Uncorrelated mode-stirring samples in a mode-stirring
sequence and uncorrelated frequency samples may be used to
readily obtain the uncertainty in an estimate of a measured
quantity. Methods for determining the effective number of
uncorrelated paddle orientations can be found in [24]–[29].

To calculate the number of uncorrelated paddle orientations,
we performed measurements at 900 vertical stirrer orientations
(0.4° paddle step). The vertical and horizontal stirrers’ autocor-
relation (r) was computed for the OEW plate, the waveguide
horn, and the microstrip patch antennas as

r(�n) =
〈
S21n( fm)S∗

21n+�n( fm)
〉
n − |〈S21n( fm)〉n |2

〈|S21n( fm)|2〉n − |〈S21n( fm)〉n |2 (11)

where we used the complex S21 parameter at the mth fre-
quency point fm , nth stirrer orientation, and �n stirrer step.
The coherence angle (φ) [26], [30], [31] for a 1/e thresh-
old [13] was ∼1.4° (257 uncorrelated orientations) for the
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Fig. 4. Correlation between different paddle orientations for the vertical
stirrer calculated for the three different transmit antennas, and compared to
the 1/e limit.

vertical stirrer shown in Fig. 4 and 1.5° (240 uncorrelated
orientations) for the horizontal stirrer. We compared this to the
method of [29], in which the optimal threshold for the auto-
correlation function depends on the number of measurement
samples. Following approach given in [29], we determined the
threshold to be 0.4 for 900 stirrer orientations, which resulted
in a coherence angle of ∼1.3° and 276 uncorrelated orien-
tations for the vertical stirrer and 1.4° and 257 uncorrelated
orientations for the horizontal stirrer. The reason horizontal
stirrer produced smaller number of uncorrelated measurements
than vertical is due to its smaller size. The coherence angle
and number of uncorrelated measurements are similar using
both methods.

The coherence bandwidth (CBW) represents the average
bandwidth over which frequencies have correlation above a
specified threshold. The CBW can be determined from the
autocorrelation function (R) of the frequency-domain transfer
function S21 [13], [32], [33] as

R(� fi , ni ) =
m∑

j=1

S21( f j , ni )S∗
21( f j + � fi , ni ) (12)

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-stirring sample (out of N), and the asterisk denotes
complex conjugation.

The autocorrelation function was calculated in the frequency
range 43–47 GHz with 32 001 frequency points for the OEW
plate, waveguide horn, and microstrip patch antennas. The
results show a CBW of approximately 4 MHz for a 1/e
threshold [13] for all antenna types (see Fig. 5). This CBW
resulted in 1000 uncorrelated frequency samples within the
observed frequency range.

Based on the coherence angle and CBW obtained, we set
the number of paddle orientations and number of frequency
points in the observed frequency range.

V. ANTENNA EFFICIENCY RESULTS

As described in Section II, our method for determining
antenna efficiency is based on the reference antenna described
above, consisting of a low-loss plate attached to the OEW
flange, with a calculable, high efficiency. In this section,

Fig. 5. Coherence bandwidth calculated for the three different transmit
antennas, averaged over 10 000 paddle orientations, and compared to the 1/e
limit.

we determine the OEW plate efficiency based on analytical
and numerical calculations. Numerical results were obtained
with full-wave, finite-element method (FEM)-based software
capable of performing high-frequency electromagnetic field
simulations.

A. OEW Plate Efficiency
To determine the efficiency of the OEW plate introduced

in Section II, we need to calculate the ohmic losses in the
WR22 waveguide section and plate.

For the numerical simulations, the ohmic losses were cal-
culated from the real part of the Poynting vector. For a 1-W
input power, the numerical software calculated the waveguide
wall loss value due to the dominant mode as 3.29 mW and
total loss value as 3.74 mW.

We next consider an analytic solution for the ohmic loss in
the OEW plate. If the magnetic field is known on both the
waveguide walls and the plate, the reference antenna ohmic
losses can be approximated by [34]

PL = RS

2

∫
|H |2d S (13)

where d S is the surface area of the waveguide walls and plate,
H is the magnetic field on the surfaces, and RS is the real part
of the surface impedance given by [34]

RS =
√

ωμ

2σ
(14)

where μ is the material permeability and σ is the material
conductivity. The approximation in (13) neglects the edge
effects, causing the estimate of the surface impedance (14)
to be invalid near the sharp corners; i.e., near the plate’s
edge [35]. Surfaces were considered as ideal without any
roughness.

Motivated by the discussion given above, we consider the
waveguide wall and the plate separately. In general, the mag-
netic field on the plate is not easily obtained and we will
neglect it here. The magnetic field on the waveguide wall has
contributions from both the fundamental TE10 mode and from
higher-order modes due to the discontinuity at the waveguide-
plate edge. In this analysis, we will neglect the higher-order
mode contributions to the losses and calculate only the losses
due to the forward and backward propagating TE10 mode in
the waveguide.
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By evaluating (13) for the TE10 mode, the power loss per
unit length may be given by [34]

PL = Pin
1

ab

2ZTE

ω2μ2

√
ωμ

2σ

(
2π2b

a2 + aω2με

)
L (15)

where Pin is the input power, a and b are the waveguide
dimensions, ZTE is the impedance of the TE10 mode, ε is
the permittivity, and L is the waveguide length.

Power launched at the antenna port propagates toward the
plate. A portion of the energy is radiated and a portion is
reflected back to the waveguide. Therefore, the total loss (PT )
for both the forward and backward propagating TE10 mode in
the waveguide wall is given by [34]

PT = PL(1 + |�|2) (16)

where � is the reflection coefficient for the TE10 mode at the
plate. This can be approximated by [36], [37]

� = 1 − Y

1 + Y
(17)

where

Y = 2 j

πab
√

k2
0 − (

π
a

)2

·
∫ a

0

∫ b

0
(b − x)

[
A(a − y) cos

πy

a
+ a

π
B sin

πy

a

]

×e− j k0r

r
dxdy (18)

and

A = k2
0 +

(π

a

)2
, B = k2

0 −
(π

a

)2
, r =

√
x2 + y2 (19)

where j is the imaginary operator and k0 is the wavenumber.
From (16), we calculated the total loss for the forward and

backward waves in the WR22 waveguide to be 3.29 mW
for 1-W input power. Note the good agreement with FEM
simulation results (also 3.29 mW), given above. This analytical
calculation neglects the loss due to the higher-order modes and
loss in the plate.

The calibration for the OEW plate was performed by
placing calibration standards on the side of the OEW plate
away from the waveguide flange. As a result, the dominant-
mode loss was calibrated out from the total loss. Thus, only
losses originating from higher-order modes and from the plate
were present. By subtracting the numerically or analytically
obtained waveguide dominant-mode loss (3.29 mW) and not
subtracting the plate and higher-order mode from the total
loss obtained by the numerical simulations (3.74 mW), we
calculated PL = 0.45 mW.

From this loss calculation, we can estimate the reference
antenna (OEW plate) radiation efficiency as

ηrad,REF = Pac − PL

Pac
(20)

where Pac is the power accepted by the OEW plate, Pac =
Pin(1 − |�|2). The Pac obtained by numerical simulations
was 958.97 mW and the one from the analytical approach
was 940 mW. By substitution of the above given values for

Fig. 6. Waveguide horn antenna radiation efficiency results averaged over the
nine antenna locations showing good agreement (∼3% maximum difference)
between the two measurement methods and simulations.

Fig. 7. Waveguide horn antenna total radiation efficiency results averaged
over the nine antenna locations showing good agreement (∼3% maximum
difference) between the two measurement methods. Error bars give the
expanded (k = 2) measurement uncertainty values for the two different
measurement methods.

PL and Pac into (20), we calculated the numerically obtained
radiation efficiency as 99.96%, while the analytically obtained
efficiency was 99.95%.

B. Waveguide Horn Antenna Efficiency

We compare different methods (two measurements and one
simulation) to obtain the efficiencies of the waveguide horn
antenna. The first measurement method is based on the highly
efficient (99.95%) OEW plate given in Sections II and V-A.
The second, two-antenna method, also described in Section II,
was used for the purpose of comparison. The two-antenna
method requires knowledge of the chamber’s decay constant,
which can be calculated from S11 [33]. Finally, we performed
numerical simulations based on the FEM to compute the
radiation efficiency of the waveguide horn antenna.

The measurement-based radiation efficiency was calcu-
lated from (3) and (7) after correcting for the antenna
mismatch. By not correcting for the antenna mismatch,
the total radiation efficiency can be calculated from (2) and (4).
The results for the radiation efficiency of the waveguide horn
antenna are given in Fig. 6. FEM-based numerical results
show excellent agreement (∼0.5% maximum difference) with
the OEW-plate-based measurement results, while good agree-
ment (∼3% maximum difference) can be observed for the
two-antenna method.

Total radiation efficiency results for the waveguide horn
antenna obtained from the OEW plate and two-antenna
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Fig. 8. Microstrip patch antenna radiation and total radiation efficiency results
averaged over nine antenna locations.

methods are given in Fig. 7. Good agreement (∼3% maxi-
mum difference) is noted when comparing these two different
methods. Note that numerical simulations provide us only
radiation efficiency, and, hence, cannot be included in Fig. 7.

The average (over paddle orientations, nine locations within
the RC, 4-GHz frequency band, and different methods) radia-
tion efficiency of the waveguide horn antenna was ∼96.69%,
while the average total radiation efficiency was ∼96.08%.

C. Microstrip Patch Antenna Efficiency

In the previous section, we showed good agreement between
the OEW plate and two-antenna measurement methods. Since
the OEW plate method for determining antenna efficiency
only applies to waveguide-type antennas, in this section we
will show the efficiency results for a microstrip patch antenna
obtained from the two-antenna method and compared to
numerical simulations.

The radiation efficiency and the total radiation efficiency for
the microstrip patch antenna are shown in Fig. 8 as a function
of frequency. We observe good agreement (∼3% maximum
difference) between radiation efficiency results obtained from
the two-antenna method and the numerical simulations. The
average (over paddle orientations, nine locations, 4-GHz fre-
quency band, and two different methods) radiation efficiency
of the microstrip patch antenna is ∼89.38%. Fig. 8 shows that
the patch antenna has a much lower total radiation efficiency
above 44.5 GHz. The reason for this is poor impedance
matching above 44.5 GHz and high substrate losses. Due to
that reason, we report here the patch antenna’s total radiation
efficiency in a subband from 43 to 44.5 GHz as 81.81%.
The antenna would likely be used in a subband such as
this. Efficiency results for the waveguide horn and microstrip
patch antennas, averaged over 4-GHz bandwidth and over nine
antenna locations, are summarized in Table III.

The maximum difference in averaged efficiency results
among the different methods was 1.5%. In the next section,
we present the measurement uncertainty budget and determine
the significance of this difference.

VI. MEASUREMENT UNCERTAINTY

In [6] we provided an uncertainty budget based on the same
low Rician K -factor setup. In that work, we performed a
significance test which determined that the uncertainty due
to the finite number of mode-stirring measurement samples

TABLE III

RADIATION EFFICIENCY AND TOTAL RADIATION EFFICIENCY
RESULTS AVERAGED OVER NINE ANTENNA LOCATIONS

AND 4-GHz BANDWIDTH

had the most significant impact on the overall uncertainty,
as compared to the uncertainty due to the lack of spatial
uniformity [38], [39]. In that work, the uncertainty due to the
finite number of mode-stirring measurement samples in [6]
for the same setup used here was calculated with an analytic
formulation. Here, we provide the uncertainty results from the
NIST Microwave Uncertainty Framework [21], [40], calcu-
lated using a Monte Carlo approach, and compare them to the
analytic result from (21).

Assuming that the spatial uniformity is good and the same
number of uncorrelated stirrer orientations N are used for
both the reference and AUT measurements, the uncertainty due
to the finite number of mode-stirring samples for a perfectly
efficient reference antenna would combine in a root-sum-of-
squares fashion yielding [41]

u =
√

2

N
. (21)

Thus, the uncertainty of traditional efficiency measure-
ments (1) based on 10 000 paddle orientations calculated
from (21) would be 1.41%.

The NIST Microwave Uncertainty Framework [21] was
used to calibrate the measurements and to calculate uncer-
tainties in the corrected result. The Framework assigns the
uncertainties and probability distributions to error mechanisms
in the calibration, and propagates the associated uncertainties
to the end result. It represents the resulting errors as perturbed
measurement vectors that are propagated from one calculation
step to the next. This enables uncertainties to be correctly
correlated throughout the calculations even when the same
uncertainty mechanism is present at different steps of the
calculation.

The approach is based on parallel sensitivity and
Monte Carlo analyses that enable us to capture and propagate
the uncertainties of S-parameter measurements and find the
correlation between them. By identifying the error mechanisms
in the calibration standards, we can determine the correlations
between the S-parameters across frequencies, which can then
be propagated into the measurement uncertainties.

The uncertainty due to the finite number of mode-stirring
measurement samples over the observed frequency range for
the antenna total radiation efficiency measurements based
on the OEW plate method at the nine different antenna

∗Data refer to patch antenna total radiation efficiency averaged over a
43 GHz – 44.5 GHz subband, computed before antenna impedance mismatch
lowers the antenna efficiency.
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TABLE IV

UNCERTAINTY DUE TO FINITE NUMBER OF MODE-STIRRING SAMPLES
ESTIMATED BY THE NIST MICROWAVE UNCERTAINTY FRAMEWORK

FOR TOTAL RADIATION EFFICIENCY

Fig. 9. Horn antenna total radiation efficiency results based on OEW plate
method at the nine different antenna locations with the expanded uncertainty
error bars.

locations is given in Table IV. The median uncertainty value
varied between 1.14% and 1.20% with respect to the antenna
location, which is in good agreement with the uncertainty
due to the finite number of mode-stirring samples of 1.12%
obtained in [6] and based on the same low K -factor setup.
The maximum uncertainty value varied between 1.41% and
1.57% with respect to the antenna location.

The antenna total radiation efficiency results obtained from
the OEW plate method at the nine different antenna locations,
along with the expanded uncertainty (±2 × umedian) from
Table IV, are given in Fig. 9. Since the expanded uncertainty
error bars overlap for different antenna locations, we may
conclude that the component of the uncertainty due to lack
of spatial uniformity is not significant. Therefore, as in [6],
we can choose any antenna location as representative.

In addition to the uncertainty due to the finite number of
mode-stirred measurement samples, we also calculated the
uncertainty due to the cable movement. Because the transmit
antenna was positioned at nine different locations inside the
chamber after the calibration was performed, cable movement
represents a potential source of uncertainty. To estimate this
component of uncertainty, we measured the “THRU” standard
nine times, each time moving the cable to different positions,
as shown in Fig. 3, and calculated the median of this uncer-
tainty to be 0.03%. The reason for such low uncertainty due
to cable movement was in the fact that efficiency is a power-
related measurement and, thus, the phase change that arises
from cable movement does not significantly impact the result.

For the efficiency measurements based on the OEW plate,
another component of uncertainty is related to the loss in

TABLE V

OEW PLATE MEASUREMENTS UNCERTAINTY BUDGET
FOR TOTAL RADIATION EFFICIENCY

the plate. For the case when there is no AUT connected to the
OEW plate, the currents emanate from the waveguide section
and are coupled to the plate. On the other hand, when there is
an AUT attached to the reference antenna, there is no current
directly induced on the plate. In Section V-A. we estimated
that this effect causes only 0.05% uncertainty in estimating
the AUT’s radiation efficiency. The uncertainty budget for
total radiation efficiency is given in Table V. The expanded
(k = 2) uncertainty for the OEW plate method was 2.6%,
whereas we calculated 6% for the two-antenna method [16].
The expanded uncertainty results are given as the error bars
in Fig. 7 for both methods. An obvious advantage of the
OEW plate method is the lower measurement uncertainty. The
efficiency results obtained from both methods agree within
their estimated uncertainty.

VII. CONCLUSION

In this paper, we presented measurement and simulation
results for antenna radiation efficiency and total radiation effi-
ciency at millimeter-wave frequencies. Prior to the efficiency
measurements, we evaluated our unloaded reverberation-
chamber setup with respect to the K-factor, number of uncorre-
lated mode-stirring samples, and CBW. Two different antenna
types were evaluated, a 22-dB waveguide horn and a 6.8-dB
microstrip patch antenna.

To determine the efficiency of the waveguide horn antenna,
we introduced a reference antenna based on a low-loss metallic
plate with a machined waveguide opening attached to the
flange of an OEW. The plate was fabricated in such a way
that a waveguide horn antenna could be connected to it. The
efficiency of the horn antenna was then calculated as the
relative difference in S-parameters measured for the antenna
mounted on the OEW plate and the S-parameters measured
only for the OEW plate. We verified the method by comparing
it to the two-antenna method. The measurement results were
then compared to numerical simulations. Good agreement
between these three different methods was achieved.

We computed the measurement uncertainty using the NIST
microwave uncertainty framework. This software package is
capable of assigning uncertainties and probability distribu-
tions to error mechanisms in the calibration and propagating
the associated uncertainties to the end result. The expanded
uncertainty (2.6%) achieved was in excellent agreement with
the uncertainty estimated in our prior work [6] based on
empirical methods [38], [40], and was lower that the expanded
uncertainties for the two-antenna method (6%) given in [16].
Note that the efficiency results obtained for all methods
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were within estimated measurement uncertainty. These results
are very important for future technologies that rely on high
measurement accuracy.

The use of RCs as test environments at millimeter-wave fre-
quencies is advantageous as compared to anechoic chambers.
Tests at millimeter-wave frequencies performed in anechoic
chambers can be rather challenging due to need for sub-
wavelength sampling. This can be especially cumbersome for
highly directional antennas such as waveguide horns. On the
other hand, the large electrical size of the RC actually helps
to create a well-stirred environment due to the many modes
that exist inside the chamber. Future work will assess whether
chamber loading, required for tests involving demodulation of
communication signals, may present a challenge. Obtaining
spatial uniformity of the averaged fields in the loaded chamber
to achieve low uncertainty could be an issue due to locally high
peaks and nulls.

Regardless, the proposed OEW plate method for determin-
ing antenna efficiency based on a low loss, calculable reference
antenna does have very low uncertainty. Thus, it may be
appropriate for use as a standard measurement method for
waveguide-type antennas in electromagnetic compatibility and
wireless applications.
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