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Contactless Method to Estimate Antenna Efficiency
in a Reverberation Chamber

Esmé Galesloot, Anouk Hubrechsen, IEEE Graduate Student Member, and Laurens A. Bronckers, IEEE Member

Abstract—Measuring the efficiency of electrically small anten-
nas and integrated antennas is challenging, since for electrically
small antennas, the probe may significantly affect the results
and for integrated antennas, establishing a connection with the
integrated antenna is in many cases not possible. Therefore,
a contactless method to estimate the efficiency of electrically
small antennas and integrated antennas is necessary. This paper
proposes a novel method to estimate antenna efficiency contact-
lessly using a reverberation chamber: the contactless efficiency
method. In the contactless efficiency method, we combine the two-
antenna method with the contactless characterization method, to
estimate the S-parameters contactlessly. To validate the results,
the contactless efficiency method measurements are compared to
the measurements of the widely-used two-antenna method and
for both methods an uncertainty analysis is performed. Results
show a good agreement in the 95% confidence interval between
the contactless efficiency method and the existing connectorized
method for both the total antenna efficiency and the radiation
antenna efficiency. The uncertainty of the contactless efficiency
method with a 95% confidence level is below 6% for the whole
0.55 GHz to 1.05 GHz frequency band.

Index Terms—Antenna efficiency, contactless characterization
method, contactless efficiency method, reverberation chamber,
wireless testing.

I. INTRODUCTION

In recent years, data rate requirements are rapidly increas-
ing, which requires smaller antennas that operate at higher
frequencies [1]–[4]. The downside of this, however, is that as
the antennas are getting smaller, small manufacturing errors
can lead to significant changes in the results of crucial antenna
parameters (e.g. gain, mismatch, efficiency) [5]–[7]. There-
fore, for electrically small antennas (ESAs) and integrated
antennas (IAs), precise characterization is important. A crucial
parameter for ESAs and IAs is antenna efficiency, since it
has a significant effect on the overall performance of the
wireless system. Antennas with a low efficiency may have
poor transmission performance or a large power consumption,
resulting in a short battery life [8], [9]. Usually, antenna
efficiency is measured using a direct connection (e.g. a cable,
probe, or waveguide) between the vector network analyzer
(VNA) and the antenna under test (AUT) [10]–[17]. However,
these connections become increasingly challenging at higher
frequencies. For example, the use of a probe can influence the
measured results of ESAs [18], [19], and for many IAs, it is
not possible to separately connect the antenna, since the AUT
is integrated in a full system and the AUT may be difficult
to reach. Therefore, a method which can estimate antenna
efficiency contactlessly is necessary for the characterization
of ESAs and IAs.

Extensive research has been performed on connectorized
measurements of antenna efficiency in anechoic chambers
(ACs) or reverberation chambers (RCs) [10]–[17], [20]–[23],
where the latter has been shown to be more suitable for
antenna-efficiency measurements due to its flexibility in de-
vice placement in the test volume and its ability to perform
rapid and low-cost measurements. There are different methods
which use the RC to estimate antenna efficiency. Methods exist
which use only one antenna [10]–[12], two antennas [13]–[16],
and some use three antennas [17], [24]. Contactless methods
have been investigated for their anechoic counterpart, where
the S-parameters in a system can be estimated contactlessly
using the contactless characterization method (CCM). The
CCM has previously been used for estimating the antenna
impedance contactlessly in an AC [25]–[29]. A recent work
shows a method to measure antenna efficiency in a contactless
manner in a reverberation chamber [30]. However, a significant
drawback of this method is that it requires the reflection
coefficient of the AUT to be characterized connected to a
VNA, making this method not fully contactless.

In this paper, we introduce, for the first time, a fully
contactless method, the contactless efficiency method (CEM),
to measure the total and radiation antenna efficiencies in an
RC which overcomes those drawbacks. We do so by com-
bining the anechoic CCM with elements of the two-antenna
reverberation-chamber method. To show a proof of concept
to measure the efficiency of IAs and ESAs contactlessly, we
show measurements performed between 0.55 and 1.05 GHz
using connectorized antennas to be able to have an accurate
reference. The structure of this paper is as follows. Section II
explains the CEM, including some of the existing methods
which form the basis of this method. Section III describes the
setup of the measurements. In Section IV, the uncertainties
of the CEM and a connected antenna efficiency method
are explained. Section V shows the results of the total and
radiation efficiencies estimated using the CEM compared to a
connected antenna efficiency method and lastly, in Section VI,
a conclusion is given.

II. THE CONTACTLESS EFFICIENCY METHOD

This section introduces the new contactless efficiency
method which is an extension on the RC-based two-antenna
method (TAM) and the CCM [13], [25]–[29], [31]. The TAM
is a method which can be used to estimate both the total
antenna efficiency and the radiation antenna efficiency of a
two-antenna setup in an RC, and the CCM is a method
which can be used to estimate the S-parameters contactlessly
of a two-antenna setup in an AC. The combination between
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Fig. 1. A block diagram which shows the measurement proce-
dure and the steps on how to estimate the antenna efficiency
using the CEM.

the TAM and the CCM is called the CEM. The CEM, as
demonstrated in this paper, is a two-antenna method, where
only the measurement antenna is connected to the VNA. Note
that the efficiency of the measurement antenna does not need
to be known. The CEM can be used to contactlessly estimate
the total and radiation efficiencies of the AUT in an RC.

Fig. 1 shows the framework that highlights the measurement
process of the CEM. It shows step-by-step how we estimate
the total and radiation efficiencies of the AUT by performing
a contactless measurement using the CEM. These steps are
extensively described in the next few subsections. The first
steps are depicted by the red arrows, which are the steps
where measurements are performed. Then, the S-parameters
are extracted using the CCM for N mode-stirring samples.
This process is highlighted in Fig. 1 with a dashed box and
the procedure of the steps inside this dashed box is illustrated
in Fig. 2. The rest of the figure shows that these S-parameters
are applied to a modified version of the two-antenna method.
The underlined text shows the uncertainties of the CEM taken
into account in this work, which will be further explained in
Section IV. For Fig. 1, the section inside the dashed box is
based on the CCM and the rest is based on the TAM. However,
we extend these methods to estimate efficiency contactlessly
using various methods.

S12

S21

S11 S22

ΓlΓin

Measurement
antenna AUT

Fig. 2. An illustration of the procedure of the CCM

A. Contactlessly estimate the S-parameters

The first step in the CEM is contactlessly estimating the S-
parameters for all mode-stirring samples separately using the
theory of the CCM. An illustration of this procedure is shown
in Fig. 2, by using this setup in the RC, the S-parameters
can be contactlessly estimated for all mode-stirring samples
separately using [28]: S11

S22

S21S12 − S11S22

=

1 Γin
1 Γ

l
1 Γl

1
1 Γin

2 Γ
l
2 Γl

2
1 Γin

3 Γ
l
3 Γl

3

−1Γin
1

Γin
2

Γin
3

 . (1)

Here Γin
1 , Γin

2 and Γin
3 are the measured input reflection coef-

ficients, and Γl
1, Γl

2 and Γl
3 are the measured load reflection

coefficients for three different loads. Ideally, these loads are a
short, an open and a 50 Ω load, since this will result in the
maximum dynamic range. However, any three different loads
can be used, as long as the loads are known and sufficiently
different. To obtain accurate results, a stable environment
between the three Γin measurements is fundamental. Even
though the RC is deterministic per stirrer position [32], a small
difference in the stirrer position cannot be excluded. Therefore,
for every stirrer position, first Γin

1 , Γin
2 and Γin

3 are measured
and then the stirrer moves to the next position. During the
CEM measurements, a switch, connected to the AUT is used to
switch between a short, an open and a 50 Ω load automatically.
Γl does not depend on the stirrer position and thus only needs
to be measured once.

After the measurements of Γin
1,2,3 and Γl

1,2,3, (1) can be used
to estimate S11, S22 and S21S12 for each stirrer positions
separately. Some post processing is required to estimate S12

and S21 from (1).

B. The complex root of S12S21

From (1), S21S12−S11S22 can be extracted directly, where
S12 and S21 are assumed to be equal to each other [33]. This
assumes the antennas to be reciprocal, however, it is possible
to take this constraint into account in active antenna systems
by placing a switch between, for example, the antenna and the
power amplifier (PA) or low-noise amplifier (LNA). In many
systems this switch is already present, where in such a case,
the impedance of the PA, the LNA and an open termination
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Fig. 3. An illustration of a system with an IA, where the CEM
could be used to estimate the antenna efficiency.

could possibly be used as the three different loads. Fig. 3
shows an example of such a possibility, but it should be noted
that we only show a proof of concept of an ideal situation with
maximum measurable range, and that the concept is yet to be
shown in an actual integrated system. These S-parameters can
be calculated using:

S12 = S21 =
√
S21S12. (2)

The nth root of a complex number can be calculated using
[34]:

n
√
reϕi = n

√
reiθ,

where θ =
ϕ

n
+

2π

n
l, for l = 0, 1, . . . , n− 1,

(3)

where r is the magnitude and θ the angle of the complex
number. Thus, for the second root, which is required to
estimate S12 and S21, (2) has two unique solutions:

√
reϕi =

{√
rei

ϕ
2 , for l = 0

√
rei(

ϕ
2 +π) = −

√
rei

ϕ
2 , for l = 1.

(4)

For the CEM, it is important to estimate the correct root of
S2
12, since this will affect the stirred-energy component of S12

(S12,s). Taking only the roots where the real part is positive or
the other way around will result in a significant error in S12,s,
since the variance on the real axis will be smaller compared to
a case where an equal number of samples occur on the positive
and negative real axis. Therefore, to estimate the correct root,
the distribution of S12 has to be taken into account. When
the field in the RC is well stirred, the average value of S12 is
zero1 [35]:

⟨S12⟩ = 0. (5)

Furthermore, the real and imaginary parts of S12 have a
Gaussian distribution [35]. This means that with infinite in-
dependent samples exactly 50% of the samples will have a
positive real part and 50% will have a negative real part. This
also holds for the imaginary part.

With a finite number of samples, as is the case in RC-
measurements, the number of samples on the positive or
negative side of the real axis will have a binomial distribution

1Note that this may introduce a restriction to the method to only be used
in chambers with little to no additional chamber loading, as highly-loaded
chambers introduce a high unstirred-energy component.

with a probability of a sample being on the positive real part
of 0.5 [36]. This binomial distribution is given by:

Pr(Samples = α) =

(
N

α

)
N0.5, (6)

where N is the total number of samples and α the number
of samples where the real part is positive. This binomial
distribution shows that most of the time 50% of the samples
will have a positive real part and 50% of the samples will have
a negative real part.

To approximate the correct distribution of S12, at each
frequency, the samples are randomly split into two groups,
each containing 50% of the samples. For the first group, l = 0
in (4) to calculate S12 in (2) and for the second group, l = 1
in (4) to calculate S12 in (2), the latter is thus rotated with
180◦ compared to the solution of l = 0. This will result
in an S12, where (5) holds. Note that it is still unknown
whether the correct root of S12 is picked. However, because the
samples have low correlation, are randomly spaced around the
origin and (5) holds, this will not create a significant error in
⟨|S12,s|2⟩, as long as there are a sufficient number of samples.
The uncertainty due to this assumption in S12 is taken into
account in Section IV.

C. Efficiency

This subsection describes how the S-parameters are used
to calculate efficiency. First, the stirred-energy components
of the S-parameters (S11,s, S12,s and S21,s) are estimated,
according to [13]. Then, S22,s is estimated, using the enhanced
backscattering coefficient (eb). The parameter eb shows how
much of a signal transmitted by a certain antenna is received
by the same antenna compared to how much of that signal is
received by another antenna in the RC. In an ideal RC, twice as
much of the stirred signal is received back by the transmitting
antenna compared to the other antenna. Therefore, an ideal RC
has an eb equal to two everywhere in the RC [37]. Next, τRC is
estimated, this constant is a measurement of the rate of energy
loss in the RC. Finally, the total and radiation efficiencies of
both the measurement antenna and the AUT are estimated.

First, S11,s, S12,s and S21,s can be estimated using [13]:

Sij,s = Sij − ⟨Sij⟩N , (7)

where i and j are the port indices of the VNA, and N is the
number of mode-stirring samples.

Estimating S22,s using (7) can result in a significant error
due to the limited dynamic range [32], and therefore S22,s is
estimated using the assumption that eCEM

b is equal to two as
in the one-antenna method [10]:

⟨|S22,s|2⟩ =
(eCEM

b )2⟨|S12,s|2⟩2

⟨|S11,s|2⟩
. (8)

To bypass the assumption that eCEM
b is equal to two, one extra

measurement antenna can be used to improve the dynamic
range. For example, in such a case, the non-reference three-
antenna method [17] or the antenna-replacement method [24],
[38] could be used, where the measurement becomes inde-
pendent of eCEM

b , S11,s, and S22,s. This will be part of future
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work. The time constant of the RC (τRC) is estimated using the
linear curve fitting technique, which is described in [39]. To
reduce uncertainty, S11 is used in the calculation of τRC since it
has the highest signal level. With the S-parameters, its stirred-
energy components, the enhanced backscattering coefficient
and the time constant, the total efficiency of both antennas
can be estimated using [13]:

ηtot
Ref. =

√
16π2V

λ3

⟨|S11,s|2⟩
ωτRCe

CEM
b

,

ηtot
AUT =

√
16π2V

λ3

eCEM
b

ωτRC

⟨|S12,s|2⟩2
⟨|S11,s|2⟩

,

(9)

where V is the volume of the RC (in m3), λ is the free-space
wavelength (in m) and eCEM

b is assumed to be two. Finally, the
radiation efficiency of both the measurement antenna and the
AUT can be estimated using [13]:

ηrad
Ref. =

ηtot
Ref.

1− |⟨S11⟩|2
,

ηrad
AUT =

ηtot
AUT

1− |⟨S22⟩|2
.

(10)

Next, we introduce the measurement setup of the CEM and
the TAM in the RC, which is used to compare the results of
the CEM to the TAM.

III. MEASUREMENT SETUP

In this section the measurement setups to validate the results
of the CEM compared to the TAM are described. To accurately
verify the results of the CEM, the AUT used in the CEM is
a connectorized antenna, such that its efficiency can also be
estimated using the TAM. Therefore, this section describes the
setup of two types of measurements. Where both setups are
almost identical, however, for the TAM, the AUT is connected
to the VNA, and for the CEM, the AUT is connected to a
switch. A drawing of the setup of the CEM is shown in Fig. 4.
Pictures of the setup of the TAM at the Eindhoven University
of Technology (TU/e) are shown in Fig. 5 and pictures of the
setup of the CEM at the TU/e are shown in Fig. 6, where
Fig. 6a shows the measurement antenna and Fig. 6a shows
the AUT. The switch connected to the AUT is clearly visible.

Both the TAM and the CEM are performed with the same
settings and equipment. The measurements are performed in
the RC at the TU/e, which dimensions are: 4.05 m by 5.7 m by
3.15 m. This RC stirs the field with the use of an oscillating-
wall stirrer, which is described in [40]. Measurements are
performed between 0.55 GHz and 1.05 GHz, with 10001
frequency steps. Furthermore, during the measurements an IF
bandwidth of 1 kHz is used and the VNA output power is set
to 12 dBm.

During these measurements, two log-periodic antennas are
used, a silver ETS-Lindgren EMCO 3146 antenna and a blue
Teseq UPA 6109 antenna. Both antennas are suitable within
the band of interest. The silver antenna is shown in Fig 6a and
the blue antenna is shown in Fig 6b. The VNA used during
the measurements is the Rohde and Schwarz ZNB20 Vector

Stirrer

Ant. A
(Measurement antenna)

Ant. B
(AUT)

SwitchShort 50Ω

Open

VNA

Fig. 4. The setup of the CEM in the RC to estimate antenna
efficiency.

Fig. 5. The setup of the TAM in the RC at the TU/e.

(a) The measurement antenna

(b) The AUT including the switch

Fig. 6. The setup of the CEM in the RC at the TU/e.
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TABLE I. The stirring sequence of the independent real-
izations to estimate the uncertainty due to lack of spatial
uniformity

Turntable Paddle

IR Height Angles
Number of Number of
positions positions

1 0 m 0◦, 120◦, 240◦ 3 33
2 0 m 30◦, 150◦, 270◦ 3 33
3 0 m 60◦, 180◦, 300◦ 3 33
4 0 m 90◦, 210◦, 330◦ 3 33

5 0.6 m 0◦, 120◦, 240◦ 3 33
6 0.6 m 30◦, 150◦, 270◦ 3 33
7 0.6 m 60◦, 180◦, 300◦ 3 33
8 0.6 m 90◦, 210◦, 330◦ 3 33

Network Analyzer. For the calibration, a 3.5 mm TC-CK-35
calibration kit from TactiCal is used. The cables used during
the measurements are cables with 3.5 mm precision connectors
and extra phase stability, suitable up to 26.5 GHz. The switch,
which is only used during the CEM, is the Mini-Circuits
ZSDR-425+ switch. This is a four way switch, suitable for
frequencies between 10 MHz and 2.5 GHz. The three different
loads connected to the switch during the CEM are the short,
open and 50 Ω load from the TactiCal 3.5 mm TC-CK-35
calibration kit. By applying 0 V or 5 V to the ports, the switch
can be changed to one of the four ports.

The stirring mechanism consists of a paddle, which stirs
the field by changing its position and a turntable, which stirs
the field by position stirring. The measurement antenna is on
top of the turntable. The measurements are performed with
33 paddle positions, 12 turntable angles and 2 antenna heights,
resulting in 892 mode-stirring samples. For this stirring se-
quence, the correlation between each stepped paddle position
and turntable angle is lower than the threshold of 0.5, verifying
sample independence [41]–[44].

The measurements with 892 mode-stirring samples can be
split into independent realizations. Each independent realiza-
tion requires a minimum number of mode-stirring samples to
obtain reliable results. Splitting the measurements into eight
independent realizations, will give each independent realiza-
tion 99 mode-stirring samples, which is a sufficient number
of mode-stirring samples for each independent realization to
obtain reliable results [32], [43], [45]. Table I shows that each
independent realization uses all 33 paddle positions, three out
of the twelve turntable angles and either the original height of
the measurement antenna or a position 0.6 m higher, resulting
in 99 mode-stirring samples for each independent realization.
Lastly, to prove the concept of the CEM, these measurements
are performed for two different setups. Setup 1, where the blue
antenna is the AUT and the silver antenna is the measurement
antenna, and Setup 2, where the silver antenna is the AUT and
the blue antenna is the measurement antenna. In the end, for
both the TAM and the CEM, four different measurements are
performed.

1) Measurement ηTot,S1: estimating the total efficiency of the
AUT in Setup 1,

2) Measurement ηTot,S2: estimating the total efficiency of the

TABLE II. Uncertainties of the TAM and the CEM

Uncertainty TAM CEM

UUni: Uniformity D D

UMC



UVNA,R: VNA (random) D D
UVNA,S: VNA (systematic) D D
UCa,R: Cable (random) D D
UCa,S: Cable (systematic) D D
USw: Switch D
URoot: Complex root of S12 D

AUT in Setup 2,
3) Measurement ηRad,S1: estimating the radiation efficiency

of the AUT in Setup 1,
4) and Measurement ηRad,S2: estimating the radiation effi-

ciency of the AUT in Setup 2.

IV. UNCERTAINTY ANALYSIS

In this section, the uncertainties taken into account for both
the TAM and the CEM are described. Table II and Fig. 1
shows the uncertainties of both the TAM and the CEM.

Uncertainty UUni is the uncertainty due to lack of spatial
uniformity in the RC [35], [46]. The standard uncertainty due
to lack of spatial uniformity is estimated via the standard
deviation between different independent realizations. This is
therefore a Type A uncertainty. Uncertainty UVNA is the
uncertainty due to the VNA. This uncertainty exist of a com-
ponent of uncertainty arising from a random effect (UVNA,R)
and a component of uncertainty arising from a systematic
effect (UVNA,S), the latter is constant with respect to time.
UVNA,S and UVNA,R are both obtained via the datasheet of the
VNA [47] and are therefore a Type B uncertainty. UVNA,R is
also validated via a series of measurements. For the CEM,
UVNA,S will only affect S11, since the systematic offset will
cancel out in the calculation of S12, S21, and S22.

Uncertainty UCa is the uncertainty due to the cables. This
uncertainty consists of a component of uncertainty arising
from a random effect (UCa,R) and a component of uncertainty
arising from a systematic effect (UCa,S). Both components are
estimated via the manufacturer website [48] and are therefore
a Type B uncertainty. Also for the cables, UCa,S will only affect
S11 for the CEM.

Uncertainty USw is the uncertainty due to the switch, which
is connected to the AUT. This uncertainty is measured via a
series of measurements and is therefore a Type A uncertainty.

Lastly, there is also an uncertainty due to the complex-
root assumption of S12. As explained in Section II-B, S12

has a binomial distribution in the number of samples which
have a positive real component. During post-processing of the
measurements it is assumed that 50% of the samples have a
positive real component and 50% a negative real component.
However, since there is a finite number of samples this is not
always the case. Uncertainty URoot is the uncertainty due to the
assumption that exactly 50% of the samples have a positive
real component and 50% a negative real component, this is a
Type A uncertainty.
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TABLE III. The average standard deviation of the different
components contributed to the combined standard uncertainty
on the total and radiation efficiencies and the combined
uncertainty with a 95% confidence level.

TAM CEM

UUni
Tot. Eff. 1.70 % 0.08 dB 1.70 % 0.09 dB
Rad. Eff. 1.73 % 0.08 dB 1.73 % 0.09 dB

UMC
Tot. Eff. 0.03 % < 0.01 dB 0.14 % < 0.01 dB
Rad. Eff. 0.03 % < 0.01 dB 0.14 % < 0.01 dB

UC
Tot. Eff. 3.93 % 0.19 dB 3.98 % 0.20 dB
Rad. Eff. 4.00 % 0.19 dB 4.04 % 0.20 dB

Fig. 1 shows that for the CEM, UVNA,R, UCa,R and USw affect
Γl

S, Γl
O and Γl

L, UVNA,R, UCa,R affect Γin
S , Γin

O , Γin
L , and UVNA,S,

UCa,S affect S11 for the CEM. To estimate the uncertainty, a
Gaussian random variable of the previous stated uncertainties
is added in the Monte Carlo method [49]. URoot affects S12

and S21. In contrast to the uncertainties given before, URoot
has a binomial distribution in stead of a Gaussian distribution.
To include this uncertainty, a random binomial variable with
a distribution of (6) is picked, where N = 396 for this
measurement setup. This random variable shows how many
randomly picked samples of S12 are positive in the real part.
The rest of the samples of S12 are rotated with 180◦ and thus
negative in the real part. Using the Monte Carlo method, which
is run 100 times, a standard uncertainty of the efficiency (UMC)
can be obtained, which includes the VNA, cables, switch and
complex-root assumption of S12.

As explained, the uncertainty due to lack of spatial uni-
formity is estimated by measuring antenna efficiency for
eight independent realizations and the uncertainty on antenna
efficiency due to the VNA, cables, switch and the complex-root
assumption of S12 is estimated using the Monte Carlo method.
We isolated UUni to show that the expanded uncertainty is
dominated by this component. The combined uncertainty can
be obtained using the root-sum-of-squares technique [50],
[51]:

Uc = k
√
U2

Uni + U2
MC, (11)

where k is the coverage factor. The coverage factor depends
on the desired confidence level and the effective degrees of
freedom. Note that UMC consists of multiple Type A and Type
B uncertainties, as shown in Table II. In this paper k is chosen
such that (11) gives the uncertainty with a 95% confidence
level and the effective degrees of freedom can be calculated
using the Welch-Satterthwaite equation [50], [51]. Depending
on the frequency the effective degrees of freedom where 8
and 9 corresponding to the coverage factors 2.31 and 2.26,
respectively. In the following section the results of the TAM
and the CEM, including the uncertainty of these methods, are
compared.

V. RESULTS

The estimated total and radiation efficiencies for both the
TAM and CEM for two setups are shown in Fig. 7. The

red results are from the TAM and the blue results from
the CEM. The semi-transparent surfaces show the combined
uncertainties of both the TAM and the CEM with a confidence
level of 95%. Fig. 7a shows, the estimated total efficiency of
the AUT in Setup 1, ηTot,S1, Fig. 7b shows the estimated total
efficiency of the AUT in Setup 2, ηTot,S2, Fig. 7c shows the
estimated radiation efficiency of the AUT in Setup 1, ηRad,S1
and lastly, Fig. 7d shows the estimated radiation efficiency of
the AUT in Setup 2, ηRad,S2. As Fig. 7a shows, for ηTot,S1 the
difference between the result of the TAM and the CEM is over
this frequency range on average 1.0%. While the deviation
between the best estimates of Setup 2 is larger than in Setup
1, the 95% confidence bounds of the TAM and CEM overlap
for all frequency samples, showing that there is no statistically
distinguishable between the two. The latter also holds for the
results of ηTot,S2, ηRad,S1 and ηRad,S2.

Table III shows the contribution of the different compo-
nents to the combined standard uncertainty and the combined
uncertainty with a 95% confidence level. For the TAM, UUni
is the uncertainty due to lack of spatial uniformity and UMC
consists of the uncertainty due to the VNA and the cables.
Note that UUni and UMC in this table shows the standard
uncertainty. Furthermore, UMC is less then 0.01 dB. Even
though this uncertainty is very small, it is taken into account
in the uncertainty analysis. As Table III shows, the uncertainty
estimated via the Monte Carlo method is four to fives times
higher for the CEM than the TAM. The uncertainty estimated
via the Monte Carlo method of the CEM is higher compared
to the TAM, because for CEM the signal measured by the
VNA includes all S-parameters, where for the TAM this signal
includes only one S-parameter. Therefore, UVNA and UCa have
a higher effect on the results of the CEM compared to the
TAM. Furthermore, the uncertainty of the CEM includes USw
and URoot, which is not the case for the TAM. However, the
uncertainty due to lack of spatial uniformity in the RC is
still significantly higher than the uncertainty estimated via the
the Monte Carlo method for both the TAM and the CEM.
As Table III shows, the combined uncertainty of the CEM
compared to the TAM is on average below 0.05%. As an
additional part of the proof-of-concept, the results of the
best estimate of |⟨S22⟩| and ⟨|S22,s|2⟩ estimated using the
TAM and CEM for both setups are shown in Fig. 8, where
Fig. 8a shows the results of Setup 1 and Fig. 8b shows
the results of Setup 2. Fig. 8a and Fig. 8b show that the
estimated ⟨|S22,s|2⟩ has a relative mean error of 0.22 dB and
0.40 dB for Setup 1 and 2, respectively. Considering that
both setups have an uncertainty of approximately 0.2 dB, they
are within each others uncertainty bounds, showing a good
agreement between the best estimates of the TAM and the
CEM. For the measured reflection coefficient, this error is
larger, approximately 0.49 dB and 1.00 dB for Setup 1 and
2, respectively. However, note that this does not lead to an
equally large deviation in radiation efficiency, as is shown in
Fig. 7, demonstrating the effectivity of this method.

The results shown in Fig. 7, Table III and Fig. 8 verify
that the CEM can be an accurate method to estimate antenna
efficiency contactlessly at low frequencies. Furthermore, for
the TAM, eb is between 1.95 and 2.16 over the whole fre-
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(a) The total efficiency of the AUT in Setup 1 (b) The total efficiency of the AUT in Setup 2

(c) The radiation efficiency of the AUT in Setup 1 (d) The radiation efficiency of the AUT in Setup 2

Fig. 7. Results of the estimated total and radiation efficiencies of the AUT via the CEM compared to the TAM for two different
setups with a confidence level of 95%. The 95% confidence intervals overlap for all setups for the total and radiation efficiencies
over the full frequency band, demonstrating that the CEM can be used to accurately estimate the efficiency of ESAs and IAs.
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Fig. 8. The best estimates of |⟨S22⟩| and ⟨|S22,s|2⟩ estimated
using the CEM and the TAM for two different setups.

quency band, with an average of 2.06, making the assumption
that eCEM

b is equal to two an acceptable assumption. It should
be noted that, since the full S-parameter matrix is estimated
using this method, it should also be applicable to other
antenna-efficiency methods. Additionally, as mentioned earlier,
a three-antenna method could be applied with an additional
measurement antenna, making the method independent of
eCEM

b . More research is required to estimate the uncertainty
of the CEM for low-efficiency antennas or when using less-
ideal loads, because in those situations the dynamic range
is lower compared to the measurement setup described in
this paper. The dynamic range can be a limitation using the
CEM. Therefore, considering a high output power of the
VNA, it is expected that this method can be applicable for
characterization of IAs and EAs at mm-wave frequencies.

VI. CONCLUSION

In this paper we introduced a novel method, the CEM, that
can be used to contactlessly estimate the total and radiation
antenna efficiencies in a reverberation chamber. Measurements
showed an agreement within the uncertainty bounds between
the CEM and an existing connectorized measurement method,
where for the CEM the combined uncertainty was below 6.0%
and for the connectorized measurement method below 5.7%
over the whole 0.55 GHz to 1.05 GHz frequency band. With
these results, estimating the efficiency of electrically-small and
integrated antennas accurately can be achievable using the
CEM. In future work, we will use two measurement antennas
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in the CEM to bypass the assumption of eCEM
b being equal to

two and to improve the dynamic range. Furthermore, in future
publications, we will apply the CEM to (integrated) antennas
operating at higher frequencies and to antennas with lower
efficiencies.
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