
HAL Id: hal-03665327
https://hal.science/hal-03665327v1

Submitted on 11 May 2022

HAL is a multi-disciplinary open access
archive for the deposit and dissemination of sci-
entific research documents, whether they are pub-
lished or not. The documents may come from
teaching and research institutions in France or
abroad, or from public or private research centers.

L’archive ouverte pluridisciplinaire HAL, est
destinée au dépôt et à la diffusion de documents
scientifiques de niveau recherche, publiés ou non,
émanant des établissements d’enseignement et de
recherche français ou étrangers, des laboratoires
publics ou privés.

Biased Estimation of Antenna Radiation Efficiency
Within Reverberation Chambers Due to Unstirred

Field: Role of Antenna Stirring
Wafa Krouka, Francois Sarrazin, Jérôme Sol, Philippe Besnier, Elodie Richalot

To cite this version:
Wafa Krouka, Francois Sarrazin, Jérôme Sol, Philippe Besnier, Elodie Richalot. Biased Estimation
of Antenna Radiation Efficiency Within Reverberation Chambers Due to Unstirred Field: Role of
Antenna Stirring. IEEE Transactions on Antennas and Propagation, 2022, 70 (10), pp.9742-9751.
�10.1109/TAP.2022.3177445�. �hal-03665327�

https://hal.science/hal-03665327v1
https://hal.archives-ouvertes.fr


1

Biased Estimation of Antenna Radiation Efficiency
Within Reverberation Chambers Due to Unstirred

Field: Role of Antenna Stirring
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Abstract—Reverberation chambers (RCs) are now a reliable
alternative to anechoic chambers to perform antenna radiation ef-
ficiency measurements. Most methods, including the two-antenna
one used in this paper, are based on the evaluation of the stirred
components of the scattering parameters. They are obtained by
subtracting the average scattering parameters from the measured
ones. This averaging is performed thanks to mechanical stirring,
that is sometimes supplemented by additional stirring such as
antenna stirring (which includes platform stirring and source
stirring). In this paper, we present an extensive study on the role
of antenna stirring in the retrieved radiation efficiency. Four
measurement campaigns were successively performed: without
antenna stirring, with platform stirring only, with source stirring
only, and with a combined stirring of both antennas. Performing
only source stirring or platform stirring leads to a biased
estimation of the radiation efficiency. Therefore, we showed that
the stirring of both antennas is mandatory in order to obtain an
unbiased estimation of the radiation efficiency.

Index Terms—antenna characterization, antenna stirring, effi-
ciency measurement, mode-stirring, platform stirring, radiation
efficiency, reverberation chamber, source stirring, unstirred en-
ergy

I. INTRODUCTION

BESIDE the enthusiasm for the millimeter wave spectrum
regarding the ultra-high data-rate race [1], the 5G system

also gives prominence to the sub-6 GHz bands [2] mainly
through Internet-of-Things applications. The need for low-
power, low-profile and low-cost 5G devices leads to new chal-
lenges regarding antenna design where a reduced bandwidth
is often targeted in order to keep the device miniature [3],
[4]. Therefore, the antenna radiation efficiency becomes the
most important metric as it is crucial to manage the energy
consumption of the device. In addition to the antenna design
challenges, there is a need for fast, reliable and low-cost
characterization techniques of such small 5G devices.

Antenna radiation efficiency is defined as the ratio between
the radiated power and the incident power at the antenna
port [5]. Its evaluation can be performed by various means,
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including within an anechoic chamber (AC) using the gain-
integration technique, or using a Wheeler cap [6] or its ultra-
wide band extension [7]. For many years now, reverberation
chambers (RCs) have become popular for antenna radiation
efficiency measurement as they avoid some constraints usually
experienced during AC measurements such as the antenna
under test (AUT) accurate positioning and alignment during
its rotation, while controlling the measurement uncertainties
[8]. Several techniques have been proposed to measure the
antenna radiation efficiency in an RC [9]–[14]. Among them,
the one introduced by Holloway [12] in 2012 is one of the
most popular and well established, especially as it avoids
the use of a reference antenna with known efficiency. The
method is based on the difference between the RC Q-factors
estimated in the time and the frequency domains, the first
one being independent of antenna radiation efficiencies. Three
variants are introduced in [12], namely the one-, the two-
and the three-antenna methods. In this paper, the two-antenna
method is used as it offers an interesting trade-off between the
high-uncertainty one-antenna method and the time-consuming
three-antenna method.

Measurement uncertainties mainly rely on the stirring pro-
cess, that aims at ensuring a sufficient number of uncorrelated
RC configurations. The mode stirring within an RC is usually
ensured by one or two rotating metallic stirrers, however,
other types of stirring have been suggested in the literature
[15]. Source-stirred chambers have been widely studied and
are based on a source variation either by moving one source
within the cavity — manually [16] or with a robotic arm [17]
— or by using arrays of successively-fed antennas [18]. It
is shown that source stirring can be a good alternative to
the classical mechanical stirring [19]. If the different sources
are oriented orthogonally to each other, different polarizations
are considered and this technique is therefore referred to
as polarization stirring [20]. Platform stirring has also been
suggested for antenna radiation efficiency measurement [21].
It aims at rotating the AUT over a platform in order to avoid
direct coupling with the source antenna [22]. Platform stirring
has also been successfully used to perform accurate antenna
reflection coefficient measurements within an RC [23].

It has been shown that the two-antenna method leads to
accurate and repeatable measurement of antenna radiation
efficiency [24], [25] with limitations when dealing with highly-
mismatched or high-loss antennas such as a narrowband ones
[26]. However, we will show that such method is very sen-
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sitive to the evaluation of the stirred components of the S-
parameters. S-parameters measured within an RC depend on
both the considered antennas and the scattering environment
provided by the RC. They combine contributions from the
stirred energy (i.e., the energy that interacts with the mode
stirrer) and the unstirred energy (the energy that does not
interact with the mode stirrer, including line-of-sight (LOS)
and non-LOS energy), so that they can be written as:

Sii = Sii,us + Sii,s (1)

where Sii,us and Sii,s are the unstirred and the stirred com-
ponent of Sii, respectively. It is usually assumed that, for an
infinite number of uncorrelated RC configurations, the average
of the reflection coefficient over the stirring process 〈Sii〉
converges towards the free-space (FS) reflection coefficient
Sii,FS, i.e., the one that would be measured within an AC
[27]. However, the measured unstirred energy is not only due
to the FS component of the reflection coefficient but also to
the direct paths between the antenna and the RC walls that do
not interact with the mechanical stirrer. As we will see, this
unstirred energy leads to a biased estimation of the antenna
radiation efficiency.

Discrepancies (5% to 10%) have already been observed
between comparative radiation efficiency measurements of the
same antenna within two different RCs [28] and they have
been attributed to the overall uncertainty budget. Indeed, a
detailed uncertainty analysis of the two-antenna method [12]
has shown up to 9% uncertainties for a similar setup. However,
we show in this paper that discrepancies can also be at-
tributed to systematic errors that arise due to residual unstirred
components. In particular, we perform for the first time a
study on the dependency of the estimated radiation efficiency
on the unstirred energy in the RC. “Antenna stirring”, i.e.,
the modification of the location and polarization of one or
both antennas within the RC is performed to highlight this
dependency. Please note that “antenna stirring” refers here
to either or both “platform stirring” and “source stirring”;
the former referring to the AUT stirring only and the latter
referring to the measurement antenna stirring (different from
the AUT). Antenna stirring is often seen as an additional
stirring technique in order to obtain extra uncorrelated config-
urations. However, we will show here that it is also a way to
decrease the unstirred components of the measured scattering
parameters. As the radiation efficiency of the two antennas
can be estimated with the same setup using the two-antenna
method, both antennas are here alternately considered as the
AUT and the measurement antenna, and thus both antennas
are used to perform either the platform stirring or the source
stirring.

Section II briefly recalls the two-antenna method and the
parameters that need to be estimated. It also introduces
the unstirred components in the scattering parameters model
within an RC. After a presentation of the measurement setup,
Section III presents the radiation efficiency estimation of both
antennas, obtained after performing a stirring using the first
antenna (Section III-B), the second antenna (Section III-C),
and then a combined stirring of both antennas (Section III-D).

A summary of the impact of the different antenna-stirring
approaches is then presented before concluding this paper.

II. MEASUREMENT METHOD AND MODEL

A. Measurement Method

We present in this Section a brief recall of the two-antenna
method introduced in [12] and used in this paper for an-
tenna efficiency measurements. Let us consider two antennas,
namely A1 and A2, located within the working volume of
an RC, and connected respectively to port 1 and port 2 of a
VNA. The radiation efficiency of the ith antenna ηrad,i can be
computed as:

ηrad,i =

√
〈|Sii,s|2〉

(1− | 〈Sii〉 |2)2
V

QTD eb

16π2

λ3
(2)

with i = {1, 2}, QTD the time-domain Q-factor, Sii,s the
stirred component of the Sii parameter, eb the enhanced
backscatter coefficient, V the chamber volume, λ the wave-
length, and 〈·〉 denotes the ensemble average. The eb param-
eter being itself dependent on

〈
|Sii,s|2

〉
, it can be substituted

by its expression (from (25) in [12]), it comes:

ηrad,i =

√√√√ 〈|Sij,s|2〉
(1− | 〈Sii〉 |2)2

√
〈|Sii,s|2〉
〈|Sjj,s|2〉

V

QTD

16π2

λ3
(3)

with i = {1, 2}, j = {1, 2} and i 6= j. Therefore, the
radiation efficiency estimation of the ith antenna is based on
the estimation of 5 parameters:

• the stirred energy contribution of Sii,
• the stirred energy contribution of Sjj ,
• the stirred energy contribution of Sij ,
• the time-domain Q-factor: QTD,
• the squared modulus of the average of the AUT reflection

coefficient: | 〈Sii〉 |2.
We will see in Section III that the evaluation of the stirred

components of the S-parameters is highly sensitive to the
stirring process. An analytical model for the S-parameters
measured within an RC is presented in Section II-B.

B. Antenna Reflection Coefficient Within an RC

An analytical model for an antenna reflection coefficient
within an RC has been introduced in [29]:

Sii(α, pi) = Sii,FS +
(
1− |Sii,FS|2

)
ηrad,iHii(α, pi) (4)

where α is the stirrer angular position, pi is the position of the
ith antenna, Sii,FS is the free-space (FS) component of the Sii
parameter, ηrad,i is the radiation efficiency of the ith antenna,
and Hii(α, pi) is the complex RC transfer function. Assuming
a perfectly diffuse field, both real and imaginary parts of
Hii(α, pi) are described by random variables following a
centred Gaussian distribution. For an infinite number of uncor-
related configurations, we can assume that 〈Hii(α)〉α = 0 so
that 〈Sii(α)〉α = Sii,FS. However, the unstirred component is
not strictly equivalent to Sii,FS as specular reflections that are,
by definition, not stirred by the mode stirrer, also exist within
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the RC. Therefore, the previous equation should be re-written
as [30]–[32]:

Sii(α, pi) = Sii,FS+(
1− |Sii,FS|2

)
ηrad,i × [Hii(α, pi) + hii(pi)] (5)

where hii(pi) is the RC transfer function that accounts for
LOS and/or specular reflections from the RC walls, and other
standing objects within the RC towards the antenna. hii(pi)
depends on the antenna position but, contrary to Hii(α, pi),
it can not be described, according to stirrer positions α, by
random variables following a centred Gaussian distribution.
Indeed, a conventional mechanical stirring is only effective in
decreasing Hii(α, pi) but won’t modify hii(pi). Therefore, the
unstirred component introduced in (1) can be expressed as:

Sii,us(pi) = Sii,FS +
(
1− |Sii,FS|2

)
ηrad,i × hii(pi) (6)

The last equation highlights the need to perform additional
stirring such as platform stirring or source stirring in order to
eliminate hii(pi). Please note that (5) can be generalized to
the transmission coefficient as:

Sij(α, pi, pj) = Sij,FS+√(
1− |Sii,FS|2

)(
1− |Sjj,FS|2

)
×

√
ηrad,i

√
ηrad,j × [Hij(α, pi, pj) + hij(pi, pj)] (7)

It is emphasized that although S21 is sometimes referred as
an RC transfer function in the literature, H12 is closer to the
intrinsic transfer function of an RC as it does not depend on
antenna parameters (matching and radiation efficiency).

III. MEASUREMENT RESULTS

A. Measurement Setup

All the experiments have been performed in the RC located
at the ESYCOM laboratory, presented in Fig 1, whose di-
mensions are 2.95× 2.75× 2.35 m3. The RC has one vertical
metallic stirrer to ensure the mechanical stirring over 72 stirrer
positions. Two antennas, namely A1 and A2, are positioned
within the RC and connected to port 1 and port 2 of a
Rhode&Schwarz ZNB20 VNA, respectively. A2 is a wideband
omni-directional antenna based on a half-disc slot excited by a
microstrip monopole (Fig. 2 (left)) whereas A1 is a directional
log-periodic antenna Schwarzbeck VUSLP 9111-400 (Fig. 2
(right)). S-parameters are measured in the 1.6 to 3 GHz
frequency range, where the two antennas are well matched,
with an IF BW of 1 kHz and 100 kHz frequency spacing.
Antenna A2 is located on top of a rotating mast, 70 cm away
from the rotation center, tilted by 45◦, and 12 uniformly-
distributed positions are considered over a revolution in order
to perform the “A2 stirring”. 12 positions of antenna A1
are also considered (“A1 stirring”). A1 is manually moved
over 3 locations and 4 heights for each location, and its
polarization is modified for each position. It is kept oriented
towards the mechanical stirrer for all positions, in order to
avoid direct coupling between the two antennas (A1 is never
oriented towards A2). The effective number of uncorrelated

VNA

A2

A1

Stirrer

19 m³ reverberation chamber

2 1

Fig. 1. Measurement setup within a 19 m3 RC equipped with a mechanical
stirrer. A2 is a wide-band slot antenna located on top of a rotating mast tilted
by 45◦ (12 positions considered), and A2 is a log-periodic antenna oriented
towards the mechanical stirrer, manually moved over 12 positions with various
orientations.

Fig. 2. Pictures of the two antennas under test: the wide-band slot antenna
A2 (left) and the log-periodic antenna A1 (right).

configurations Neff provided by the mechanical mode-stirrer
is estimated at 25 around the central frequency, according to
[33].

Three different experiments are made in the following: 1)
A2 stirring (Section III-B): A1 is kept fixed whereas the 12
positions of A2 are considered, 2) A1 stirring (Section III-C):
A2 is kept fixed whereas the 12 positions of A1 are considered,
and 3) Combined A1 and A2 stirring (Section III-D): both
A1 and A2 are moved together over 12 positions each. It is
emphasized that the number of stirrer and antenna positions
(respectively 72 and 12) is kept constant for all the three
experiments in order to provide a fair comparison between
the stirring techniques. It takes approximately 10 minutes to
perform a stirrer rotation (72 measurements) for one antenna
configuration; therefore 2 hours are required to perform each
set of measurement (12 antenna positions).

The enhanced backscattering constant eb has been computed
for all 36 measurements (12 antenna positions for each of the
three experiments). It exhibits an average value of 2.16 (close
to the ideal value of 2), with limited fluctuations (standard
deviation averaged over the frequency bandwidth equal to
0.0617), therefore demonstrating its good spatial uniformity
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Fig. 3. Radiation efficiency of A1 (a) and A2 (b) as a function of frequency,
with and without A2 stirring.

as required to apply the two-antenna method [12], [34].

B. A2 Stirring

In this part, we consider A1 fixed at one position whereas
A2 is moved over the 12 considered positions. The radiation
efficiencies of A1 and A2 are then computed according to the
two-antenna method using (3), and presented respectively in
Fig. 3(a) and Fig. 3(b) as a function of frequency. Two different
cases have been considered regarding the computation of all
the S-parameters: 1) Without A2 stirring: the S-parameters
are averaged over all the mechanical stirrer positions and
computed for each A2 position p2 (solid grey curves); these
12 results are then averaged (dashed red curve), and 2) With
A2 stirring: S-parameters are averaged over all the mechanical
stirrer positions and A2 positions (dotted blue curve).

The A1 radiation efficiency (Fig. 3(a)) is estimated to be
85 ± 5% over the frequency range. Estimations for all p2

positions are very consistent (normalized standard deviation
of 78 × 10−4) and the mean value is very similar to the
one obtained using both mechanical and A2 stirring. It shows
that the A2 stirring has almost no impact on ηrad,1. On
the other hand, the A2 radiation efficiency exhibits a totally
different behavior regarding the stirring process (Fig. 3(b)).
Without A2 stirring, the radiation efficiency is estimated up
to 78% in the 1.8 to 2.4 GHz frequency range, and all
estimations are consistent (normalized standard deviation of
90 × 10−4). However, once A2 stirring is performed, the
radiation efficiency increases by 8% on average.

In order to determine the origin of such increase, the
different parameters of (3), listed in Section II-A, are an-
alyzed. As for the radiation efficiency, each parameter is
computed with and without performing A2 stirring. The Q-
factor is presented in Fig. 4 as a function of frequency. Its
value increases from 6800 to 11000 over the frequency range
and we can see that the additional stirring provided by the

1.6 1.8 2 2.2 2.4 2.6 2.8 3

6000

7000

8000

9000

10000

11000

Fig. 4. RC Q-factor estimated in the time domain as a function of frequency,
with and without A2 stirring.
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Fig. 5. Reflection coefficient of A1 (a) and A2 (b) as a function of frequency
with and without A2 stirring. Results in RC are smoothed using a 100 MHz
sliding window.

A2 movement does not induce a significant change in the
estimated Q-factor. We define RQ as the ratio of the Q-factor
estimated using 〈〈|S21(α, p2) − 〈〈S21(α, p2)〉α〉p2 |2〉α〉p2 to
the one estimated using 〈〈|S21(α, p2)− 〈S21(α, p2)〉α|2〉α〉p2
averaged over the frequency bandwidth. It is equal to 1.000
in this case (Table I) confirming the almost null impact of
A2 stirring on the estimation of this parameter. The average
reflection coefficients of both antennas are presented in Fig 5
and compared to anechoic chamber measurements. Also, the
ratios between the Sii with A2 stirring (dotted blue curve)
and without A2 stirring (dashed red curve), averaged over the
frequency bandwidth, are presented in Table I and are denoted
RSii

. They are close to unity which means that the impact of
these variations on the retrieved efficiency is negligible.

The squared modulus of the S-parameters stirred compo-
nents averaged over the stirrer positions with and without A2
stirring is presented in Fig. 6(a) for 〈|S11,s|2〉, in Fig. 6(b) for
〈|S22,s|2〉 and in Fig. 6(c) for 〈|S21,s|2〉. The R coefficients are
computed using the same scheme as for the previous ones, so
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TABLE I
R COEFFICIENTS FOR DIFFERENT STIRRING APPROACHES.

A2 stirring A1 stirring Combined A1-A2 stirring
RQ 1.000 1.000 1.000
RS11 1.001 1.007 1.006
RS22 1.016 1.004 1.015
RS11,s 1.011 1.122 1.103

RS22,s 1.241 1.076 1.251

RS21,s
1.110 1.111 1.111
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Fig. 6. Averaged modulus squared of the stirred components of S11 (a), S22

(b) and S21 (c), as a function of frequency, with and without A2 stirring.

that

Rij,s =

〈〈∣∣∣Sij(α, p2)−
〈
〈Sij(α, p2)〉α

〉
p2

∣∣∣2〉
α

〉
p2〈〈∣∣Sij(α, p2)− 〈Sij(α, p2)〉α

∣∣2〉
α

〉
p2

. (8)

We observe that on the one hand, the estimation of 〈|S11,s|2〉
is not modified by the additional A2 stirring. Indeed, all the
estimations are very similar. This indicates that the unstirred
component of S11 (Fig. 6(a)) is not decreased when perform-
ing A2 stirring, i.e., h11 in (5) is not modified. This was
expected as A1 is not oriented towards A2, which, further-
more, has a small size. On the other hand, we observe that the
estimation of 〈|S22,s|2〉 (Fig. 6(b)) is strongly modified by A2
stirring. Indeed, it leads to an average relative increase of 24%
over the frequency range. This can be understood since the
unstirred component of S22, i.e., unstirred by the mechanical
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0.03
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Fig. 7. Error between the average reflection coefficient — S11 (a) and S22

(b) — measured in the RC and the one measured in the AC as a function of
frequency, with and without A2 stirring.

stirring, is modified for each position p2 so that it is averaged
thanks to A2 stirring. The energy that was associated to
the unstirred component (represented by h22 in (5)) is now
taken into account in the stirred component (represented by
H22 in (5)) and so, the latter increases significantly. Finally,
the same behavior is also observed on

〈
|S21,s|2

〉
(Fig. 6(c))

but to a lesser extent. The A2 stirring leads to an average
increase of about 11% over the frequency range. Indeed, the
transmission coefficient depends on both antenna positions,
and the unstirred part of the RC transfer function h12 is
modified once one antenna is displaced.

As stated in Section II-B, it is classically assumed that a
reflection coefficient measured within an RC and averaged
over the stirrer positions is equivalent to the FS one, that
would be measured in an AC, i.e., that 〈Sii(α)〉α = Sii,FS.
To evaluate the validity of this assumption, we measured the
reflection coefficient of both antennas A1 and A2 within the
large AC of the ESYCOM laboratory. Then, the modulus of
the difference between the RC and the AC measurements is
computed as a function of frequency and presented in Fig. 7(a)
for the S11 and in Fig. 7(b) for the S22, with and without
performing A2 stirring. Their average values are presented in
Table II. Regarding the S11, the average difference with the
one measured in an AC is equal to 0.029, and is slightly lower
(5%) when A2 stirring is performed. On the other hand, in the
case of S22, this difference is equal to 0.042 on average if no
antenna stirring is applied, but strongly decreases thanks to A2
stirring. This demonstrates the necessity to perform antenna
stirring in order to reduce the unstirred component of the S-
parameters measured within the RC, and thus better evaluate
the antenna reflection coefficient.
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TABLE II
MODULUS OF THE DIFFERENCE BETWEEN THE REFLECTION

COEFFICIENTS MEASURED WITHIN THE RC (AVERAGE OVER THE
STIRRING PROCESS) AND THE AC.

A2 A1 A1-A2
stirring stirring stirring∣∣〈S11〉 − S11,FS

∣∣ Without: 0.029 Without: 0.034 Without: 0.029
With: 0.028 With: 0.017 With: 0.011∣∣〈S22〉 − S22,FS

∣∣ Without: 0.043 Without: 0.044 Without: 0.042
With: 0.020 With: 0.039 With: 0.020
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Fig. 8. Radiation efficiency of A1 (a) and A2 (b) as a function of frequency,
with and without A1 stirring.

C. A1 Stirring

In this part, we study the influence of A1 stirring on
the estimated radiation efficiencies. A2 is thus fixed during
the measurement process whereas A1 is moved over the
12 considered positions. The radiation efficiency of A1 is
presented in Fig. 8(a) whereas the one of A2 is presented
in Fig. 8(b) as a function of frequency. We can see that A1
stirring has a strong impact on the A1 radiation efficiency,
which increases by 5.6% on average. This result is coherent
with the one obtained with ηrad,2 when applying A2 stirring.
However, unlike the results of the previous Section where A2
stirring had no impact on ηrad,1, A1 stirring has also an impact
on ηrad,2. Indeed, it increases by 3.2% on average. Therefore,
we proceed to the analysis of the evolution of each constitutive
parameter of (3) with respect to A1 stirring.

The R coefficients in the case of A1 stirring are presented
in the second column of Table I. First of all, RQ is once again
equal to unity, and RS11

and RS22
are also small enough to

be neglected (1.007 and 1.004 respectively). RS11,s is equal
to 1.122 which is lower than RS22,s in the A2 stirring case.
Indeed, the unstirred component of the log-periodic antenna
(A1) oriented directly towards the mechanical mode stirrer is
lower than the one from the quasi-omnidirectional A2 antenna,
which explains the less significant decrease. RS22,s is quite low
(1.076) but much higher than RS11,s for the A2 stirring case. It

1.6 1.8 2 2.2 2.4 2.6 2.8 3

0

0.02

0.04

0.06

0.08

0.1

0.12

1.6 1.8 2 2.2 2.4 2.6 2.8 3

0

0.02

0.04

0.06

(b)

(a)

Fig. 9. Error between the average reflection coefficient — S11 (a) and S22

(b) — measured in the RC and the one measured in the AC as a function of
frequency, with and without A1 stirring.

means that A1 stirring also significantly decreases the unstirred
component of A2. Indeed, A2 being omni-directional, the A1
movement acts as a secondary mode stirrer for A2. A second
phenomena occurs: A1 stirring increases the number of RC
uncorrelated configurations, which enhances the estimation of
the average S22 leading to an increase of the A2 radiation
efficiency [35]. Finally, RS21,s is very similar to the one
obtained using A2 stirring confirming that the movement of
one antenna or the other provides a similar stirring regarding
the S21.

The difference between the reflection coefficients measured
in the RC and in the AC are presented in Fig. 9(a) for S11 and
in Fig. 9(b) for S22. The average values over the frequency
range can be found in Table II. The unstirred component of
S11 is decreased by a factor of 2 thanks to A1 stirring, whereas
the one of S22 is slightly decreased (about 13%). These results
confirm the aforementioned conclusions.

The movement of each antenna, individually, allows re-
ducing significantly the unstirred component of the reflection
coefficient for the moving antenna only. However, the stirred
component of both reflection coefficients need to be accurately
estimated to accurately retrieve the radiation efficiency of each
antenna (3). We can conclude that the movement of both
antennas A1 and A2 is required in order to lower the unstirred
component of all S-parameters and thus better estimate the
radiation efficiency of both antennas. Such experiment is
conducted in the next Section.

D. Combined A1-A2 Stirring

In this part, we consider that the two antennas are both
moved over the 12 previously considered positions. In order
to keep the number of measurements the same, both antennas
are moved at the same time in each measurement, which leads
to 12 configurations (and 72 stirrer positions for each one). The
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Fig. 10. Radiation efficiency of A1 (a) and A2 (b) as a function of frequency,
with and without the combined A1-A2 stirring.

radiation efficiency of antenna A1 is presented in Fig. 10(a)
whereas the one of antenna A2 is presented in Fig. 10(b) as
a function of frequency. The combined A1-A2 stirring leads
to an increase of both radiation efficiency estimations. ηrad,1

increases by 1.8% on average whereas ηrad,2 increases by
6.5% on average. The R coefficients are presented in the third
column of Table I. Once again, RQ is equal to unity, and RS11

and RS22 are close to unity; therefore, they have a negligible
impact on the radiation efficiency increase. Then, RS11,s is
equal to 1.103 which is similar to the value obtained in the
A1 stirring case. In the same way, RS22,s

is equal to 1.251
which is very similar to the value obtained in the A2 stirring
case. Finally RS21,s

is equal to 1.111 which is almost identical
to the two previous cases (A2 stirring, and A1 stirring).

The modulus of the difference between the reflection co-
efficients measured in the RC and in the AC is presented
in Fig. 11(a) for S11 and in Fig. 11(b) for S22. and the
average differences over the frequency range are presented
in the last column of Table II. The combined A1-A2 stirring
allows obtaining a lower difference compared to the two other
stirring cases for both antennas.

E. Comparison of reflection coefficient results

This part focuses on a comparison between all RC reflection
coefficient measurements with respect to the ones obtained in
an AC (Table II). Without antenna stirring, the error is lower
for A1. Indeed, on the one hand, A1 is a directional antenna
oriented towards the mechanical stirrer (not facing a flat wall);
therefore, direct reflections towards A1 are limited. On the
other hand, A2 is an omni-directional antenna and therefore,
it is possibly subjected to higher unstirred components due
to direct reflections upon flat walls in some directions. This
could explain the lower error level in the case of A1 than the
case of A2 in this specific set-up. The A2 stirring has a strong
impact on A2 reflection coefficient and a negligible one on A1

1.6 1.8 2 2.2 2.4 2.6 2.8 3

0
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0.08
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Fig. 11. Error between the average reflection coefficient — S11 (a) and S22

(b) — measured in the RC and the one measured in the AC as a function of
frequency, with and without the combined A1-A2 stirring.

reflection coefficient. Indeed, A1 is not oriented towards A2
so that A2 does not modify the A1 reflection coefficient. The
A1 stirring has a strong impact on A1 reflection coefficient
and a less one, but not negligible, on A2 reflection coefficient.
Indeed, A2 being omni-directional, it is sensitive to the A1
position that acts as a moving scatterer. Finally, the combined
A1-A2 stirring allows reducing both errors by a factor of 3 in
the case of A1 and a factor of 2 in the case of A2.

F. Comparison of radiation efficiency results

To summarize all the efficiency results presented in the
previous parts, a comparison between all the conducted mea-
surements is made. More specifically, it compares the radiation
efficiency of both antennas in the case of 1) no antenna
stirring, 2) A1 stirring, 3) A2 stirring and 4) combined A1-A2
stirring. The A1 radiation efficiency is presented in Fig. 12
as a function of frequency. It is observed that A2 stirring has
no impact on ηrad,1. This can be explained as the unstirred
component of S11 remains the same (A1 is never oriented
towards A2), whereas the increases of the estimated stirred
components of S22 and S21 compensate each other in (3). The
A1 stirring leads to a 7.0% increase on average. In this case,
the unstirred component of S11 is strongly reduced (thus, the
stirred component of S11 is strongly increased), whereas the
one of S22 remains unchanged. Finally, the combined A1-A2
stirring leads to a moderate increase of 3.8% on average. In
this case, the effect on the estimation of S21,s is similar to
the previous two cases as the unstirred component of S21 is
strongly reduced once the position of at least one antenna is
modified. However, the unstirred components of both reflec-
tion coefficients are strongly reduced. The hypothesis that the
S-parameters averaged over the stirring process is equal to the
FS one is better verified for the combined A1-A2 stirring (see
Table II).
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Fig. 12. A1 radiation efficiency as a function of frequency for different stirring
approaches.
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Fig. 13. A2 radiation efficiency as a function of frequency for different stirring
approaches.

Similar conclusions can be drawn from the A2 radiation
efficiency presented in Fig. 13 as a function of frequency.
However, in this case, even A1 stirring has an impact on
ηrad,2, which leads to a 3.2% increase. Indeed, antenna A2 is
omni-directional and its reflection coefficient is thus sensitive
to the location of A1 (which is furthermore of significant
size). Therefore, A1 acts as a scatterer within the RC and
contributes to the decrease of the unstirred component of S22

(about 13%) in addition to generating additional uncorrelated
RC configurations. Apart from this, the less biased estimation,
obtained with the combined A1-A2 stirring, corresponds to a
5.8% increase on average compared to the value without any
antenna stirring. The A2 stirring leads to a radiation efficiency
overestimation of 2.8% whereas A1 stirring leads to a radiation
efficiency underestimation of 2.6%.

IV. IMPACT OF THE RC SIZE

In this section, we aim at emphasizing the impact of the
RC size, hence Q-factor, on the retrieved results. Another
experiment has been performed in the same 1.6 to 3 GHz
frequency range in the large RC of IETR (93 m3) also
equipped with a rotating mechanical mode stirrer. A1 is the
same log-periodic antenna whereas A2 is a wideband patch
antenna (different from the one in the previous section). In
addition to 72 stirrer positions, the same antenna stirring
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Fig. 14. A1 radiation efficiency as a function of frequency for different stirring
approaches, estimated in the larger RC.

processes are performed here: 1) 12 A1 positions, 2) 12 A2
positions, and 3) 12 combined A1-A2 positions. The Q-factor
varies from 26,000 to 50,000 in the frequency range, making it
between 3.8 and 4.5 times higher than the one in the previous
measurements. Also, all stirrer positions can be considered as
uncorrelated so that Neff = 72 around the central frequency
[33], which is about three times higher than the case of
previous measurements.

For brevity, we present directly the radiation efficiencies
averaged over the three stirring cases for the log-periodic
antenna only (Figure 14). Three main conclusions can be
drawn. Firstly, the same phenomenon regarding the biased esti-
mation is observed. Indeed, A1 stirring (i.e., platform stirring
only) leads to an overestimation of the radiation efficiency
whereas A2 stirring (i.e., source stirring only) leads to an
underestimation of the antenna radiation efficiency. Secondly,
the bias is reduced compared to the previous measurements.
Indeed, the average absolute difference between the two biased
estimations is equal to 3.4% whereas it was equal to 5.3%
in the previous measurement. This can be explained by the
much larger size of the RC, implying antennas being located
further away from the walls and thus less likely to exhibit
unstirred components. Thirdly, it can be seen that the radiation
efficiency estimated for the combined A1-A2 stirring is in
very good agreement with the one obtained in the previous
measurement in the RC of ESYCOM. Indeed, the average
absolute difference between the two is equal to only 1.18%
with a maximum error of 2.96%.

V. CONCLUSION

In this paper, we have shown that the antenna stirring
of both antennas is required in order to obtain an unbiased
estimation of the antenna radiation efficiency using the two-
antenna method within an RC. Antenna stirring is used here
to refer to both platform stirring (which usually refers to
the AUT stirring only) and source stirring (which refers to
the source antenna, i.e., the other measurement antenna).
Indeed, the mechanical stirring is mandatory to ensure enough
uncorrelated RC configurations, but fails at vanishing the
unstirred components of the S-parameters that are due to
the direct reflections between the antennas and the walls or
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any standing objects within the RC. As a consequence, the
stirred components of the S-parameters, whose evaluation is
shown to be crucial to retrieve the antenna radiation efficiency,
are underestimated. This leads to either an overestimation of
A2 (A1) radiation efficiency if only A2 stirring (A1 stirring)
is performed, or an underestimation of A2 (A1) radiation
efficiency if only A1 stirring (A2 stirring) is performed.

We highlighted that the evaluation of the stirred component
of the transmission coefficient benefits equally from any
antenna stirring, since the unstirred component is modified
as soon as one antenna is moved. However, the evaluation of
the stirred components of the reflection coefficients of both
antennas needs to be properly estimated, thus requiring the
movement of both antennas.

It is also shown that, in our particular setup, the directional
antenna (A1) is less sensitive to the antenna stirring than the
omni-directional one (A2). Indeed, A1 being both directional
and oriented towards the mechanical mode stirrer may explain
the lower level of unstirred paths with respect to the A2
antenna facing flat walls and being isotropic. However, this
deserves further investigations.

It has to be noted that although the current results are ob-
tained using the two-antenna approach, most RC measurement
techniques to retrieve antenna radiation efficiency are based on
the evaluation of the stirred components of S-parameters and
would therefore also benefit from a combined antenna stirring.

ACKNOWLEDGEMENTS

This work was supported in part by the European Union
through the European Regional Development Fund, in part by
the Ministry of Higher Education and Research, in part by
the Région Bretagne, and in part by the Département d’Ille
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