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Stirring Coherence Time to Predict Stirrer
Efficiency in Loaded Reverberation Chambers

Andrea Cozza, Senior Member, IEEE

Abstract—The last two decades have seen numerous inves-
tigations about the optimal design of mechanical stirrers for
reverberation chambers (RC), with the aim of improving their
stirring efficiency, without leading to a clear consensus on the
reasons for their limited efficiency. This paper introduces a new
criterion, by focusing on the incremental disorder introduced
by mechanical stirrers, measured by their stirring coherence
time, a measure of the rate of loss of coherence independent
from the RC loading and excitation source. The model predicts
that increasing losses would result in a loss of disorder, and
therefore of stirring efficiency. Therefore, the stirring efficiency
is not limited by a stirrer being too small (electrically) or too
simple-shaped, but by the limited time they have to introduce
disorder in a lossy RC. Experimental tests confirm the accuracy
of the model’s predictions under variable loading conditions. The
model can predict the maximum loading for which a stirrer can
be acceptably efficient. It applies to EMC testing of lossy devices,
as well as over-the-air (OTA) tests for wireless communication
devices, where absorbers are introduced in order to emulate
different propagation environments.

Index Terms—Reverberation chambers, mechanical stirrers,
stirring efficiency, chamber loading, EMC tests, over-the-air tests,
auto-correlation function, image principle, transport theory, wave
diffusion.

I. INTRODUCTION

The operation of reverberation chambers (RCs) is based on
the two main requirements: the generation of a complex field
distribution resulting in uniform testing conditions within its
working volume and the ability to alter this distribution in
order to create a large number of random testing configura-
tions, ideally uncorrelated [1], [2]. This second requirement is
fulfilled by means of stirring techniques [3], with mechanical
stirrers ranking among the most popular solutions. An impor-
tant figure of merit for stirrers is the stirring efficiency, which
is typically defined as the ratio between the effective number
N, of uncorrelated (ideally independent) field or power sam-
ples generated by the stirrer, out of N > N, configurations
generated. Multiple methods exist for estimating N./N, e.g.
[4], [5], among which the auto-correlation function (ACF) of
the samples generated by the stirrer is widely applied [1], [2].

A wide body of work in the literature has investigated
how the stirring efficiency depends on the stirrer electrical
dimensions and shape, resulting in the proposal for many
solutions with complex shapes [6]-[16]. Yet, there is currently
no clear explanation about what physical mechanisms limit the
stirring efficiency. Furthermore, the stirring efficiency has been
shown to be affect by the RC loading conditions [5], [17]-[22],
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which makes the performance of a stirrer more difficult to
compare, also forcing RC users to repeat tests under different
loading conditions in order to assess its apparently variable
efficiency.

Recent work has investigated the use of the total scattering
cross section of the stirrer as a means for assessing its
stirring efficiency [23]-[25], using the method proposed in
[26], based on the estimation of the stirrer damping time,
which measures the rate of diffusion generated by the stirrer.
A notable advantage of this method is that it is independent
from the RC loading. But while the ability of a stirrer to diffuse
energy is indeed fundamental, it does not provide any direct
information about its stirring efficiency.

This paper proposes a new method for characterizing the
stirring efficiency of mechanical stirrers, independent from the
RC loading conditions and capable of accurately predicting
how the stirring efficiency degrades when an RC is loaded, by
monitoring the ACF of the stirrer response in time domain.

Crucially, the proposed model explains what limits the
stirring efficiency in simple, intuitive terms. The model is
based on the following idea: as a scatterer of finite electrical
dimensions, stirrers can only scatter a fraction of the coherent
energy radiated by an antenna. Multiple successive interactions
will further lead to stronger diffusion and, most importantly,
an accrued sensitivity of the resulting field distribution to the
position of the stirrer, which would translate into a increas-
ingly different field distribution. But because of dissipation
phenomena, the late-time interactions with the stirrer will be
increasingly attenuated, and therefore have a vanishingly low
chance of making a difference in the overall field distribution.
Inevitable losses are therefore the reason why stirrers have
limited efficiency, while a stirrer operating in a less dissipative
RC would perform better. In other words, losses act as a sort of
loose time gating, weighing down the more complex late-time
response of a stirrer.

The paper is organized as follows. We first discuss about the
modeling of a stirrer impact on wave propagation within an
RC, using two complementary approaches: multi-path propa-
gation modeling and transport theory. The stirring efficiency is
shown to depend on the stirring coherence time, a fundamental
figure of merit measuring how quickly the stirrer can reduce
the coherence of impinging waves. The stirring coherence
time enables quantitative predictions of the stirring efficiency,
which is shown to have a different origin than the stirrer
damping time. Sec. III elaborates on this notion, deriving a
very simple predictive model of the stirring efficiency for a
loaded RC. Extensive experimental results are reported in Sec.
IV, confirming the accuracy of the proposed model. Finally,
Sec. V discusses the practical implications of our findings, in
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Fig. 1: Propagation through diffusive media: (a) multi-path
trajectories between individual scatterers, (b) transport theory
equilibrium of intensities in an element of length ds.

particular how the proposed model can be used for predicting
the impact of an RC loading on a stirrer efficiency and the
maximum loading that would degrade the stirrer efficiency
to an acceptable degree. While Sec. II may appear abstract,
it is fundamental in order to understand why a new metric
quantifying the stirrer efficiency is needed and justify why the
stirring coherence response obeys an exponential decay. For
the Reader less keen on theory but interested in the practical
aspects of the proposed model, it is possible to skip Sec. II
entirely, taking the result (15) as a working assumption.

II. TRANSPORT THEORY FOR MECHANICAL STIRRING

The objective of this section is twofold: first, to explain
why the time-domain ACF (tACF) of stirrer-generated samples
follows an exponential decay; second, to show that the tACF
time constant and the stirring damping time have different
origins. To this end, we will need to work jointly on two
complementary models, in order to explain the macroscopic
behavior of stirrers, starting from their free-space scattering
characteristics. The goal is not to develop a rigorous predictive
model, but rather to meet the two goals mentioned above.

Propagation in mode-stirred RCs involves multiple scatter-
ing events, requiring appropriate propagation models. Fig. 1(a)
shows an example of a wave propagating through multiple
identical scatterers before reaching a probe. This scenario can
be described by a multipath propagation model, where the
wave propagation is explained in terms of the superposition
of all possible propagation paths between a source (an antenna)
and a probe, passing through scatterers [27]. One path, shown
in blue in Fig. 1, stands out of all the others as it connects the
source to the probe along a straight line, potentially interacting
with scatterers along the way, which will be referred to as the
forward-propagating or line-of-sight path. The other paths may
include a very large number of scattering sequences, involving
back-and-forth interactions between the scatterers.

Each path originates from free-space radiation from the an-
tenna, described as a spherical wave weighted by the antenna
gain pattern. Interaction with the scatterers is described by

their scattering function f(8,,,$,,), measuring how a local

m

plane wave impinging along the direction §,,, is scattered along
the outgoing direction 8/, subject to spherical attenuation and
propagation phase shift. The signal at the probe output at the
frequency v can then be written as the sum of the contributions
of each propagation path

2(v) = /G (3:)Gr(8i)my [ [ €d, " £(8i.8)+
—_ (1)
+ >\ GiBr)Gr S )mui [ [ &y f(81m,87,)
k m

where G¢(8) and G, (S) are the source antenna and probe
gains along the generic direction S, ¢, is the propagation
phase shift between two scatterers and d,, their distance; m
is the polarization match at the probe for each path. In the
following, the attenuations d;, ! will be dropped, for the sake of
compactness, since when moving to transport theory spherical
attenuation is taken into account indirectly. The first term in
(1) describes the forward-propagating path.

A radically different approach is applied in transport theory,
describing the spatial evolution of the average intensity' of
the overall field distribution, as evaluated at a position r
propagating along the direction §;. To do so, it establishes
a differential equation describing at what rate the forward-
propagating intensity is scattered, and finally diffused, along
other directions and how part of this diffuse intensity would
also be reoriented along the forward-propagation direction (see
Fig. 1(b)). For scatterers with total cross section o; and volume
density n, the resulting differential equation reads [27]

%I(’I’, éz) = —ncrtI(r, éz) + Ad§d|f(§d, §1‘)|21(T’, éd) (2)
where the first term in the right-hand side represents the rate of
intensity diffused away from the incoming direction §;, while
the integral represents the amount of diffuse intensity (i.e.,
along all directions) redirected along §;.

As argued in Sec. II-B, only the forward-propagating in-
tensity /¢ scattered along the incident direction §; matters
in the analysis of the stirring efficiency. For a isotropic and
homogeneous multi-scattering medium (2) yields [27]

Iy (s) = Iyoe™ " 3)

with the forward-propagating intensity exponentially decaying
at it propagates through a multi-scattering medium. In general
oy = 04 + 04, With o, the absorption cross section o,
measuring how much power is dissipated by the scatterer, and
only o4 measuring the power it diffuses along all directions.

Since Iy propagates along a single well-defined direction,
the distance s it travels along can be mapped into the time of
arrival at the probe

Ip(t) = Iy e "7t = Ij je =/ Tae =t/ )

with ¢ the speed of light. The time constant 7 is the diffusion
time, measuring how quickly the forward-propagating intensity
is converted into diffuse intensity. This model has been applied
to the characterization of mechanical stirrers in the last decade
[23]-[25], where 74 was referred to as the stirrer damping

lie., the power density per steradian.



time, in order to estimate the stirrer total scattering cross
section.

While it is clear that the ability to generate a diffuse field
is important for RC applications, the diffusion time does not
measure the ability of the stirrer to generate statistically uncor-
related diffuse configurations, i.e., to efficiently stir the field
distribution, as it rotates. Indeed, a large total scattering cross
section can also be expected for large and complex-shaped
equipments under test (EUTs), ensuring a rapid diffusion.
Still, they would hardly be expected to be good candidates
for efficient mechanical stirring.

The remained of this section lays the ground for the
introduction of a new figure of merit for stirrers, capable of
quantitatively predicting the ability of a stirrer to efficiently
modify the diffuse field distribution within an RC, the stirring
coherence time, which is shown in Sec. III to be able to
accurately predict how the stirrer efficiency is affected by the
RC loading conditions.

A. Image-based propagation model

The classical transport-theory model (3) is based on open-
media propagation, and does not acknowledge the peculiar
conditions imposed by RCs, with multiple reflections playing
a fundamental role in field diffusion.

A simple and effective approach to model wave propagation
in RCs as if evolving in open space is through the image
principle. This approach is widely used in acoustics to better
understand reverberation [28], and has more recently been
extended to electromagnetic RCs [29]. These models have
focused on empty RCs, and have proved that indeed diffusion
is generated even without stirrers, with acoustics defining a
diffusion time for an empty RC, known as mixing time [30].

For the case where a scatterer is included, it is no longer
sufficient to introduce a periodic grid of source images, but it
is also necessary to include a similar grid of scatterer images.
This need can be understood from Fig. 2, where stirrer images
model propagation paths where a wave interacts with the
stirrer before being reflected by a wall. Fig. 2(a) considers
a straight path between one of the antenna images and a
probe (blue line), with only forward-scattering interactions
with stirrer images, which correspond to multiple passages
through the stirrer in the actual RC (red line). This kind of
path corresponds to the forward-propagating path expected in
multi-scattering propagation, shown in Fig. 1(a) in Sec. II. On
the contrary, Fig. 2(b) considers an indirect path where a wave
reaches the probe after multiple lateral scattering events (blue
line) between stirrer images, which corresponds to a sequence
of reflection and stirrer scattering events (red line). This case
corresponds to the multi-scattering path in Fig. 1(a). These two
examples also show that the stirrer images must be flipped in
order to account for the correct relative orientation between
the stirrer and the direction of propagation of the path.

It appears therefore that propagation through a RC with a
mechanical stirrer differs from the standard scenario expected
for transport theory by two aspects: 1) the overall signal re-
ceived by the probe is the resultant of individual contributions
generated by each source image, each providing a forward-
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Fig. 2: Wave propagation within the proposed image model,
where the actual RC is represented with a solid thick border,
while the few images shown have dashed borders. The actual
wave trajectory is shown as a dashed red line, while its
equivalent trajectory in the image model is shown as a blue
solid line. Two examples are shown: (a) a forward-propagating
path and (b) a contribution characterized by several lateral
scattering events from the stirrer.

propagating path and a diffuse-field distribution from multiple-
scattering through the stirrer images, as in (1). The forward-
propagating contributions are sufficient to generate diffusive
conditions, as shown in [29], but in presence of a stirrer they
are complemented by the diffuse-field contributions generated
by each source image; 2) propagation losses are not only
explained by the absorption cross section o, of the stirrer, but
also by additional losses from the RC walls. This last issue can
be easily corrected a posteriori, by enforcing the exact power
decay rate 7, estimated from the RC composite Q factor.
Describing the contribution of each source image according
to (1) and summing over all their contributions, the received
signal z(t;1)) can be modeled as narrow-band excitation
around the frequency v using the analytic-signal notation

B { Z Gt(éi)Gr(éi)miHej%fw(éi,éiﬂ—
: ' 5)
Z Gi(8i1)G (85 ) mik Hej%fi/f(émvé;@)}et/%a
ik p



where fy, is the scattering pattern, as defined just before (1),
for the stirrer positioned at an angle 1.
The average received power is therefore

= {ZGt(éz G (8:) <|mi|2H|f¢(éi,§i)|2>
+ZGt(§’zk)Gr S ) <|mzk|2H|f¢(§m,§;n)|2> }e_t/T‘l
ik m v

(6)

where the contributions from cross-product terms do not
appear, as they result in an incoherent summation, i.e., they
present randomly distributed phase differences, thus averaging
out to zero, compared to the squared moduli appearing in (6).
The first sum covers the forward-propagating paths between
each source image and the probe, where scattering by stirrer
images occur only along a single direction, including their
flipped versions.

The stirrer scattering cross section o4 would emerge from
the terms |fy(8i,8;)|* only if they were integrated over all
possible incoming and outgoing directions, since [27]

1
dsz/dso|f sz,so)|2 = —/
Am w AT Jun

(le(t; )

04 — d§l Ui(w) (7)
which in fact does not appear in (6), since angular averages
(over stirrer positions and propagation paths) apply to the
products modeling the propagation along each path, instead
of directly to |fy|?. We therefore refer to the result of these
averages as o;(1), representing the (partial) scattering cross
section for a wave impinging along §;, for the stirrer position
.

It is now possible to apply transport theory to each for-
ward path, using (4) to model the products in the forward-
propagating terms in the first summation in (6),

e /™ 3 Gu(s:)Gr(s:) (F(si)e "7 (9%
= 7N " Gy(8) G,

where each forward-propagating path is thus described by
decaying exponential functions of amplitude F'($;) and a
decay set by the diffusion time 7;(¢) along the direction §;,
associated to o;(¢), for a stirrer angle 1/).3 s; 1s the distance
between the i-th antenna image and the probe.

A stirrer is by definition not rotation invariant, therefore
7;(¥) can be expected to present significant differences over
the stirrer position ¢ and the direction ;. The averaging over
all stirrer orientations ¢ smooths out the dependence from
the direction §; only with respect to the azimuthal angle ¢,
(taking the stirrer rotation axis as a reference), but leaves out
a potential dependence from the elevation angle ¥ of each

¥

(s:) <F(§i)e_t/ﬂ(w)> ®)

K

2as discussed in the previous page, stirrer images are actually flipped, so
incoming and outgoing directions should be expressed relative to their local
reference system, but we will use the same symbols for the sake of simplicity.

3the responses of the flipped versions of the stirrer will also be included
under this same term, for the sake of simplicity.
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path. The forward-propagating term in (8) would therefore be
approximated as

e TN " Gi(0i, 1) G (05, i) F (9 )e /7 ()
i (C))

~ Foeit/Taeit/Td,

where the final approximation involves averaging across the

decay functions of all forward-propagating paths.

This model corresponds to the diffusion model applied in
[26], in order to estimate the scattering cross section o4 of
small scatterers in an RC from the diffusion time constant
74. In fact, this result indicates that within an RC there is no
straightforward relationship between 74 and the total scattering
cross section of the stirrer defined in (7), but rather an
averaging over the different diffusion-related decay functions
for each forward-propagation path.

More important is the fact that the tenuous approximation
used in [26] only holds for single scattering events [27],
neglecting multi-scattering contributions, which is clearly in-
compatible with how stirrers affect wave propagation within
RCs, where a diffusive regime is expected. Taking as an
example the RC presented in Sec. IV, with 7, ~ 1 pus,
significant attenuation would be observed only after more
than 500 m, covering more than 100 times the RC diagonal,
resulting in a very thick three-dimensional grid of stirrer
images around the probe. Nonetheless, 7, is still useful for
assessing the ability of a stirrer to scatter incident waves and
therefore to rapidly generate a diffuse field.

Back to (6), the second term modeling stirrer-generated
diffusion cannot be neglected, since it involves coherent sums.
Since all dissipation phenomena are already modeled by
exp(—t/7,), the diffuse contribution must perfectly compen-
sate the decay in the forward-propagating contributions [27],
resulting in the well-known expression of the power-delay
profile

P(t) = (lz(t;9)I?),, = Poe™"/™. (10)

B. Stirring coherence time

The previous derivation is a fundamental step in under-
standing the tACF of the stirrer-generated set of probe signals,
which measures the rate of disorder introduced by the stirrer
over time. The tACF will also be the starting point for deriving
a model of the stirrer frequency-domain ACF (fACF) derived
in Sec. III. We define the tACF as

(2 (1 )t ),
ECORN

R(t; ) = (11

where ¢, = ¥+kAv, with k the stirrer sample lag for a stirrer
step At and x(¢;)) is assumed to have been zero-averaged,
in order to limit the complexity of (11) and later expressions.

The time-domain evolution of the covariance at the nu-
merator can be derived following the same steps applied in



the analysis of the average received power for a narrow-band
excitation, yielding

(2 (1 )t ), =
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with C(8;,80; 9, k) = £,(8i,80) fy, (8i,8,). The covariance is
expected to converge towards a real quantity, as can be proven
by following the derivation in the appendix of [31].

When comparing (12) to (6) the former can be interpreted as
describing an equivalent propagation scenario with a scattering
function f7(8;,80) fy, (8i,8,), where the signal coherence, as
measured by the covariance (v*(t;9)x(t;1%)),, takes the
place of the received power.

Compared to (6), these equivalent scattering events now
result in a loss of coherence at each interaction, due to the
change in the stirrer state. The impact of the stirrer change can
be quantified by introducing the coherence loss p(8;,S,; 1, k)

C80801 0. K) = [fu(8, 897 T2 )
|4 (84, 80)]

= [ £ (81,80) [ p(8i, 803 90, ),
which is closely related to a correlation coefficient. Being
evaluated only along one propagation path, p acts as a partial
correlation, or better a projection, measuring the similarity
between the stirrer scattering function for two stirrer positions.

Since |p| < 1, (13) implies that the scatterer has an
equivalent absorption cross section o.(k) = o4/p(k); the
subscript ¢ reminds that it represents coherence losses instead
of power attenuation. Eq. (3) shows that an absorption cross
section would result in an additional exponential decay term,
and thus a faster decay as the partial correlation in (13)
decreases.

Therefore, given a forward-propagating and a multi-
scattering path arriving at the same time at the probe, the
latter will present a loss of coherence, with a variable response
depending on the directions §; and S, of each interaction, as
opposed to the forward interactions where the optical theorem
[27] ensures the same response for any direction §;. The
probe signal covariance (12) is therefore dominated by the
forward-propagating contribution, as opposed to the variance,
or average output power (6). Clearly, this approximation would
no longer hold if the stirrer becomes ineffective, e.g., if
electrically small or if rotation invariant, since in this case
there would be no loss of coherence when the stirrer rotates.

Applying the transport theory solution for the forward-
propagating contributions yields a solution sharing the same
structure than (9)

(e (1)t )., = R, (K)ot Wt/

13)

(14)

but with a time constant 74(k), the stirring coherence time,
now controlled by the k-lag partial correlations of the stirrer
scattering function, as opposed to the stirrer damping time

which is instead controlled by the stirrer partial scattering cross
sections. Because the covariance decay is now explained by
both diffusion and coherence losses, 75(k) can be expected to
be smaller than the diffusion time 74 appearing in (9).

We finally obtain from (14) and (10)

R(t;k) = Ry(k)e /) (15)

independent from the RC losses. Naturally, as the stirrer lag
k > 1 the coherence is expected to drop faster over time,
because the stirrer angular covariance is expected to decrease.
The initial coherence R,(k) is of special interest, since it
measures the coherence only involving single-scattering events
from the very first stirrer images around the probe, along
multiple combinations of impinging and outgoing directions.
It can therefore be expected to represent an estimator of the
angular ACF of the free-space scattering function of the stirrer,
but this hypothesis would require an extensive numerical
analysis to be confirmed. Moreover, since both R,(k) and
7s(k) depend on the angular ACF of the stirrer scattering
response, when R (k) decreases also 7, (k) should decrease.
It is worth reminding that these derivations are not meant
to predict the stirrer coherence function from knowledge of
the stirrer free-space scattering function, because of the shear
complexity of the full expressions, as well as the difficulty in
estimating all the data needed, especially the stirrer scattering
function f(8;,8,). But these models clarify the differences
between the diffusion and the coherence time of a stirrer and
predict an exponential decay in the tACF. Furthermore, they
clearly indicate that RC losses should not have any impact on
the stirring coherence functions studied in the next sections.

III. FREQUENCY-DOMAIN STIRRING ACF

Starting from (15) it is possible to predict how propagation
losses affect the fACF

(@ (v D)z (v ),
(Jz(vs)?),

with v the frequency. Applying the Fourier transform to the
numerator yields

(z* (v )z (Vs Yr))y =
:/dtlejwtl /dt2 (@ (tis)a(t2; )y €71

where w = 27v. This expression can be approximated by
noticing that the contributions for ¢; ~ to correspond to the
highest covariance, since for ¢; significantly different from
to the signals x(t1;4) and x(t2;1) will diverge, because
a lag k implies different propagation scenarios. Moreover,
for t1 # to the two complex exponentials in (17) will add
up increasingly different phase-shift angles, leading to an
incoherent summation, which can be expected to be negligible
compared to the coherent one for t; = 5.
Under these assumptions,

(@ (tr; )2 (te; Yr))y, = (@ (T ) (t; ¥n)), 6t — t2)
= R(tl; k) <|1‘(t1;¢)|2>w 6(t1 - tg)

R(v, k) =

(16)

a7

(18)
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Fig. 3: The setup used during the experiments. Further pyra-
midal absorbers were also placed on the other half of the RC
not visible in the picture.

and recalling (15) and (10)

(@ ey = [ dn Rk (ot o)),

_ dt I (0 —t/7s(k) n—t/Ta _ I.(0 TaTS( )
|t — o)
19)
Following a similar procedure
(Jz(v;9)1?),, = L(0)7a, (20)
finally yielding
RS ) k S I k
R(v, k) ~ M 1)

Ta(V) + 75 (v, k)

Sec. IV confirms that (21) accurately predicts the fACF for
varyin loading conditions. Further practical implications of
(21) are discussed in Sec. V.

Two limit cases can be identified. For low losses, with
Ts(v, k) < 14 (v),

R(v, k) ~ Rs(v, k)15 (v, k) /70 (V), (22)

where the product of the initial correlation and stirring coher-
ence time controls the stirrer efficiency. For high losses, with
Ts(v, k) > 7,(v),

R(v, k) ~ Rs(v, k), (23)

where the initial coherence R controls the stirrer efficiency,
since losses now limit the access to the late-time stirrer
contribution.

IV. EXPERIMENTAL RESULTS

In order to check the validity and accuracy of the theoretical
results derived in the previous sections, experiments were
conducted in a 6.2x2.5x 3.3 m? galvanized-steel reverberation
chamber. The RC has a Z-folded stirrer, 0.8 m wide and
about 2.2 m high, visible in Fig. 3. A linearly polarized
ridged-horn antenna (MVG SH600) was used for exciting
the chamber, characterized by a reflection coefficient lower
than -10 dB above 600 MHz; at lower frequencies the higher
reflection was compensated during the post-processing of the
experimental results. A linearly polarized electro-optical probe
(Enprobe EFS-105) was installed around the center of the

#. Empty RC | # Mockup EUT

1 unloaded 8 unloaded

2 3 pyramidal abs 9 6 pyramidal abs

3 6 pyramidal abs 10 24 pyramidal abs

4 12 pyramidal abs 11 36 pyram. + 2 flat abs
5 24 pyramidal abs 12 2 flat abs on EUT

6 36 pyramidal abs

7 36 pyram. + 2 flat abs

TABLE I: Loading configurations tested in Sec. IV.

RC, sampling the vertical component of the electric field.
The antenna pointed towards the corner of the RC behind
the stirrer, in order to minimize the line-of sight coupling.
For the same reason the antenna was set to radiate along an
horizontal polarization orthogonal to that of the field probe.The
linearly polarized probe was mounted on top of a glass-
fiber positioning system, not operated during the experiments,
which has negligible perturbation on wave propagation below
3 GHz [32].

The experiments were meant to validate two points. First,
that the coherence loss introduced by the stirrer interactions
results, over time, into an exponentially decaying tACF, with a
stirring coherence function independent from the RC loading.
Second, that the fACF of the stirrer-generated field samples in
a loaded RC can be effectively predicted for the stirrer tACF
estimated in an unloaded RC, by means of (21).

With these objectives in mind, seven loading configurations
were initially tested in the empty RC, distributing an increasing
number of absorbers across the RC, as detailed in Table 1. The
complex transfer function H (v;1) between the antenna and
the probe was measured over 8000 frequency samples between
0.4 and 2.0 GHz for each loading configuration, repeating the
measurements for 100 stirrer positions ), using 3.6 degree
steps. Overmoded conditions can be expected to hold above
650 MHz for the unloaded configuration, since the average
number of overlapping modes M,, > 3 [33], [34], given that

Mw(fc) = 87TV)\/Q = SV)\/fCTa (24)

with V) = V/A\% and Q = 27 f.7, the composite quality factor,
where 7, is the attenuation time constant (cf. Sec. II). This
condition is met at lower frequency as the loading increases. In
fact, overmoded conditions are not required in the derivations
in Secs. II and III, as confirmed by the results in this section.

For each load configuration we computed the power-delay
profile (PDP) P(t)

P(t; fe) = <|h(t,fc;¢)|2>w = Pt/

averaging over the stirrer-generated samples, depending on its
angular position ¢. The impulse responses h(t, f.; 1)) were
obtained by inverse Fourier-transforming H(v;1) over a 50
MHz bandwidth centered at the frequency f.. Fig. 4(a) shows
the results obtained for f. = 1 GHz. The attenuation time
constant 7, was then estimated by applying a linear regression
of the PDP, yielding the results in Fig. 4(b), showing a ten-fold
reduction of 7, passing from the unloaded configuration #1
to the highest load #7. The fact that 7, is almost independent
from the frequency for the unloaded configuration is explained
by the fact that galvanized steel-plate walls have a quality

(25)
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Fig. 4: RC losses: (a) power-delay profile of the signals
received by the probe for configurations #1-#7, computed at 1
GHz and (b) attenuation time constants 7, versus frequency.
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Fig. 5: Evolution of the tACF of the probe output signal, for lag
1 (top row) and lag 2 (bottom row), at 0.5 GHz (left column)
and 1.2 GHz (right column). The shaded area represents the
95 % confidence interval for the sample correlation coefficient
estimated from 100 i.i.d. samples, under the null hypothesis
of zero correlation.

factor proportional to the frequency [35], [36]. A similar
frequency independence is expected for absorbers [37].

The tACF R(t; k) of stirrer-generated field samples was
computed, according to (11), for a lag k € [1,5]. Results for
k = 1,2 in Fig. 5 confirm that R(¢; k) closely agrees with
an exponential decay, independently from the RC loading and
sample lag order k. Exceptions appear at 0.5 GHz for #5, #6
and #7 in Fig. 5(a), where the 1-lag tACF suddenly drops
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Fig. 6: Stirring coherence parameters estimated from the un-
loaded RC measurements: (a) stirring coherence time 74(v; k);
(b) initial coherence R (v; k); (c) product of the two previous
quantities. Lines in Fig. 6(b) represent linear regressions
enforcing R;(0; k) = 1.

within the confidence interval expected for a zero-correlation
estimated from a population of 100 samples (see Appendix).
These results are explained by the higher losses, with 7,
respectively about 200 and 125 ns for case #6 and #7 (cf.
Fig. 4(b)), leading to a signal dominated by thermal noise
after 1.5 and 2.5 us for these two cases and therefore a zero
correlation.

Fig. 5(b) shows how the exponential decay in the 1-lag tACF
is steeper at 1.2 GHz compared to 0.5 GHz, which is consistent
with the transport-theory interpretation discussed in Sec. II,
since the stirring coherence time 7, is expected to be directly
controlled by the angular correlation of the stirrer scattering
pattern, which can be expected to be more directive at higher
frequency. In Fig. 6(a) 75 passes from 4.4 us for f. = 0.5
GHz to about 1.4 us at 1.2 GHz, therefore leading to a tACF
already within the zero-correlation confidence interval after
2.5 ps. Fig.5(c-d) show that for a lag k = 2 the tACF falls
within the zero-correlation interval much faster, with a stirring
coherence time reduced to 1.6 us at 0.5 GHz and 0.4 us at
1.2 GHz, as shown in Fig. 6(a). Estimates of 7, for lags k > 3
are not robust above 1.2 GHz, because of very short coherence
times rapidly heading within the zero-correlation zone.

It is interesting to cast 75 in terms of the average number of
interactions with the stirrer. Estimating the average mean-free
path within the RC as ¢ = /V ~ 3.7 m, with V the RC
volume, the mean-free time is about 12.3 ns, indicating that
at 0.5 GHz waves propagating through the RC must interact
more than 350 times with the stirrer before the 1-lag tACF is
reduced by a factor 1/e. At 1.2 GHz this requirement drops
to 110 interactions. These results show that at 0.5 GHz the
1.6 wavelength-wide stirrer introduces disorder slowly, but
over the course of a few microseconds it surely leads to low
correlation.

According to (15), the stirring tACF is not only explained by
its coherence time but also by the initial coherence Rs(v; k).
Fig 6(b) shows that while R,(v;1) stays close to one even
above 1 GHz, for higher lags it drops much faster, effectively
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Fig. 7: The fACF of the samples generated by the stirrer, evaluated at 0.5 GHz (top row), 1.2 GHz (middle row) and 1.9
GHz (bottom row), for a maximum lag equal to five, apart for 1.9 GHz, where only lags up to three are shown, since the
estimation of the coherence time becomes less robust due to the much faster coherence loss at high frequency . Each column
corresponds to a different loading case. Results estimated from experimental data are shown with their 95 % confidence
interval. Squares indicate the fACF predicted from (21), based on the stirring coherence coefficients for the unloaded chamber
and the attenuation time of each loaded configuration. The shaded area represents the 95 % confidence interval for the sample

correlation coefficient estimated from 100 i.i.d. samples, under the null hypothesis of zero correlation.

setting the maximum bound for the tACF, as discussed at
the end of Sec. IIl. Linear regressions of R,(v;k) in Fig.
6(b) clearly show the faster decrease of Rs(v;k) versus the
frequency. The linear regressions have been set to converge
to one at low frequency, since any stirrer will ultimately
be unable to provide any loss of coherence as it becomes
electrically small.

Fig. 6(c) shows that estimates of the product
Rs(v; k)Ts(v; k) are more robust than Rg(v;k) alone.
This has practical importance, since Sec. III showed that this
product controls the stirring efficiency for low-dissipation
losses.

Finally, the fACF R(v; k) was computed from the measured
data, since it is the actual quantity of interest when assessing
the stirring efficiency. The results of this operation are shown
in Fig. 7 for three frequencies: 0.5, 1.2 and 1.9 GHz. The
fACF estimated from measurements for each load are shown in
blue, with their 95 % confidence interval, computed as detailed

in the Appendix. The original results for the unloaded case,
shown in black, serve as a reference, confirming the steady
increase in the fACF for a loaded RC. Therefore, a higher
angular lag is needed under higher loading conditions, in order
to maintain a low fACF, thus reducing the stirring efficiency.

The fACF was also estimated by applying (21), which only
requires knowledge of the stirring coherence parameters R
and 7, as well as the attenuation time 7,, which depends on
the RC loading. The results predicted for each loading configu-
ration are shown as blue squares in Fig. 7; black squares are for
the unloaded RC case. It appears that (21) accurately predicts
the increase in the fACF for all cases considered. Its main
advantage is that it only requires knowledge of the two stirring
coherence parameters, which do not depend on the loading and
can therefore be estimated once for all for different frequencies
and stirrer angular step. Given the expected attenuation time
T4, the fACF is readily estimated.
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Fig. 8: Source positions tested, with a MVG SH600 ridged-
horn antenna (1 to 4) and a top-hat monocone antenna
perpendicular to the wall (5). Case 1 was used throughout
configurations #1 to #7.
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Fig. 9: Comparison of the stirring tACF estimated for different
source antennas and positions in the unloaded RC, as defined
in Fig. 8. For the monocone antenna (5), the probe orientation
was changed, instead of the antenna. Refer to Fig. 5 for the
tACF of the empty unloaded RC.

A. Source position

Tests were repeated for the unloaded RC, changing the
position of the horn antenna, as shown in Fig. 8, in order to
assess if it would impact the initial coherence R, (k), since the
shortest path between the source antenna and the probe would
involve significant differences in the angles of scattering from
the stirrer, with case (2) involving the forward-scattering and
(4) the back-scattering directions. For each position tests were
repeated with the horn horizontally and vertically polarized. A
hat-topped monocone antenna, with an input matching better

Fig. 10: The mock-up EUT used during the experiments
described in Sec. I'V-B.
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Fig. 11: Comparison of fACF estimated for the loaded RC
cases #9 to #12 from data collected from unloaded RC with
(red diamonds) and without EUT (black squares).
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than -10 dB above 0.7 GHz, was also tested in case (4): in this
case the probe was also oriented vertically. The objective was
to check how its omni-directional radiation would affect the
estimation of the stirring coherence response, since it would
interact with the stirrer across a larger fan of directions. Fig.
9 proves that there is no major difference in the results with
these five different configurations. Therefore, similar estimates
are obtained for Rs(k) and 75(k).

B. Electrically large EUT

Previous results have dealt with an empty RC, with the
stirrer as the only scatterer. Such configuration can serve as a
basis for testing small EUTs, such as wireless communication
devices, which would have a relatively minor impact on wave
propagation. But in case of electrically large EUTs, they would



heavily affect wave propagation. Further experiments were
thus carried out in order to asses if the stirring coherence
response estimated in an empty RC is still valid even with a
large EUT. Indeed, a large EUT amounts to a new scatterer
which, from the image-principle point of view, would take part
to the diffusion process. Our hypothesis is that this should
not affect the stirrer coherence response, since only scattering
events with the stirrer introduce coherence loss (see Sec. II-B),
with only forward-propagating paths contributing at the probe.
Instead, energy scatterer by the EUT will only be diffused,
therefore not lost.

A mock-up EUT was introduced in the RC, built by
covering with aluminium foil a 50 x 50 x 118 cm?® block of
styrofoam, as shown in Fig. 10. The horn antenna was still in
the same initial position used during the first experiments, as
well as the field probe. The module of the correlation between
the probe signals received with and without the EUT yielded
0.29, 0.18 and 0.032 at 0.5, 1.2 and 1.9 GHz, respectively,
confirming the significant impact of the EUT as a scatterer.

Five loading configurations were tested, as detailed in the
right column of Table I. The last one involved placing the
two flat absorbers directly on the opposite vertical sides
of the EUT, in order to emulate a lossy EUT, instead of
losses introduced to control the reverberation level. The fACF
was computed for each configuration. The stirring coherence
function was estimated from the tACF for the unloaded case
#8 including the EUT.

The fACF was then predicted by means of (21), using the
stirring coherence parameters estimated from the unloaded
configurations with and without the EUT. Results in Fig. 11
show that the fACF is accurately predicted from both estimates
of the stirring coherence parameters and in particular that it is
possible to use the results obtained in the empty RC to predict
the stirrer performance in presence of an EUT.

V. MAXIMUM ACCEPTABLE LOADING

The ability of (21) to predict the fACF has direct practical
implications, since it makes it possible to estimate the maxi-
mum acceptable load in order to ensure a maximum acceptable
fACF, i.e., R(v) < r. Recalling that the composite quality
factor is Q = 27 f.7,, it follows from (21) that

Ta/Ts > Rs/T — 1 (26)
or, in terms of the RC quality factor
Q >2nfers(Rs /T — 1). (27)

In case r > R, ideally any loading condition could be applied,
at least from the point of view of the field fACF, since for
heavy loading conditions the fACF is bound by R, (cf. Sec.
IIT). Other figures of merit as field uniformity may provide
limitations to the maximum loading. In all other cases, the
maximum loading will depend from both R, and 7.

Eq. (21) is also useful in estimating the effective number
of independent samples generated by a stirrer undergoing N
steps. Based on the first-order auto-regressive model discussed
in [4], the effective number N. of independent samples
generated by a stirring process with an fACF 7 is

N,=NQ1-r)/(1+7) (28)
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from which

(N—=N.)/N=2r/(1-r) (29)

which is the relative increment in the number of tests to run,
having invested time to carry out N measurements that in
practice correspond to only V. independent results. In order
to keep (N — N.)/N below a threshold p, it is necessary that

To/Ts > Rs(1+2/p) — 1. (30)

These two results show how the stirring coherence time 7
and the initial coherence R, are an effective and practical
figures of merit for the characterization of a stirrer. Clearly,
they could as well be used in order to assess if a given stirrer
(or an RC) is well suited to testing an EUT of which the
loading, and therefore 7,, is already known.

Similar results can be derived in order to bind the stirring
coherence parameters to the correlation of the received power,
instead of the complex signal received by the probe. In this
case (21) will first need to be squared, as proven in [31].

VI. CONCLUSIONS

This paper has presented a new interpretation of how
mechanical stirrers affect the field distribution within a rever-
beration chamber (RC), based on a model inspired by transport
theory, which provides a natural framework for explaining the
time evolution of diffusive phenomena. This model clearly
shows that the frequency-domain auto-correlation function
(fACF) of field samples generated by the stirrer is controlled
by two independent time constants: the stirring coherence time,
modelling the ability of the stirrer to introduce disorder, and
the power decay time of the RC.

These results prove that a stirrer efficiency under any
loading condition can be predicted from the time-domain auto-
correlation function (tACF) estimated under unloaded condi-
tions. As a consequence, the maximum acceptable loading that
still ensures a minimum required stirring efficiency can be
straightforwardly established using the proposed model.

This property is expected to be useful for EMC testing of
an equipment under test whose power loss characteristics are
known, in order to rapidly assess if the stirring technique
will need to be modified, e.g., by increasing the number of
stirrer steps. In over-the-air (OTA) tests for wireless commu-
nications, RCs are systematically loaded in order to control
the complexity of the propagation environment. In this case,
too, it would be useful to be able to predict if under different
loading conditions the stirring efficiency will still be sufficient
to ensure precise testing.

The stirring coherence function could also be used in
order to rapidly asses a stirrer efficiency during time-domain
numerical simulations. The fact that this function can be
computed without waiting for the end of signal transients
would significantly reduce the duration of the simulations.

This investigation has also highlighted one important fact:
the stirring efficiency is a relative notion, which does not only
depend on the stirrer electrical dimensions, but also on the
RC volume and power loss. The proposed model avoids and
clarifies the confusion arising from the impact of losses on the
stirrer efficiency.



Future work will focus on the possibility of predicting from
tests on an unloaded RC not only the stirrer efficiency for
loaded configurations, but also other fundamental figures of
merit of RCs, such as spatial field uniformity and polarization
isotropy.

APPENDIX

The sample distribution of the Pearson correlation coef-
ficient p derived from two populations of N samples with
correlation p can be approximated by using Fisher’s z-
transformation F(x) = tanh™'(z), introducing the auxiliary
random variable [38]

2= [F(p) - F(p)]

whose probability distribution is very well approximated by
a standard gaussian distribution. The confidence interval of p
at « significance can therefore be found by first identifying
the quantiles +q;_, /2 of z, and then deriving the associated
quantiles of p, i.e., the bounds of the confidence interval of p,
as

N -3 (€28

tanh [tanh™'(p) £ q1_a/2VN — 3 (32)
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