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Wide-Band Prediction of Stirrer Efficiency in
Over-the-Air Test with Variable Loading Conditions

Andrea Cozza, Senior Member, IEEE

Abstract—This letter introduces a fast procedure for predicting
the performance of mechanical stirrers used in reverberation
chambers (RCs) for over-the-air (OTA) tests of wireless com-
munication devices, measured by the auto-correlation function
(ACF) between stirrer-generated samples. The procedure is tested
for three different stirrers in an RC where eleven load cases
create widely different power-delay profiles, with a time spread
spanning more than two orders of magnitude. The proposed
procedure is shown to accurately predict the ACF and, therefore,
how the number of independent samples is affected for each of
the eleven RC load cases over an 8 GHz band, by only using data
measured in unloaded conditions at 12 frequencies up to 4 GHz.
Adding a second dataset with the RC loaded further reduces
the uncertainty of the predictions, which are found to be more
accurate than direct measurements, thanks to the regularizing
effect of a wide-band parametric stirrer efficiency model. This
method significantly reduces preliminary test time, providing
a quantitative tool to evaluate beforehand the limitations of a
stirrer’s performance in OTA tests.

Index Terms—Reverberation chamber, mechanical stirrer, stir-
ring efficiency, auto-correlation function, over-the-air test, power-
delay profile, loading.

I. INTRODUCTION

O
VER the last two decades reverberation chambers (RCs)

have taken a leading role in the evaluation of the

performance of wireless communication devices in over-the-

air (OTA) tests. Their ability to create complex multi-path

environments set them apart from traditional anechoic facilities

[1]–[4], especially with the ever-increasing reliance on multi-

antenna systems. The presence of devices such as mechanical

stirrers and turntables enable the generation of large sets of

random channel realizations, ensuring the accurate statistical

analysis of results from OTA tests.

OTA tests require the control of several features of the

propagation channels emulated in an RC, such as the spread

time τa associated with the power-delay profile, anisotropy

in the directions of arrival, K factor for Rician channels,

coherence bandwidth, etc. These are often, at least in part,

controlled by precisely loading the RC with lossy foam

absorbers [2], [5]–[7]. This approach, while effective, has

been shown to increase the auto-correlation function (ACF)

R̂ estimated from measured samples, implying a reduced

number Ne of independent samples that a mechanical stirrer

can generate. This, in turn, increases the uncertainty budget

of OTA tests [8]–[12], which require a minimum threshold for

Ne, as also called for by standardization organizations such as
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CTIA and 3GPP [13], [14]. In current practice,Ne is estimated

experimentally, often based on sample ACF, which requires

repeated time-consuming preliminary tests whenever the RC

loading is modified [7], [11], [15].

As opposed to this practice, it has recently been proven

that the ACF between stirrer-generated samples can in fact

be predicted, by first estimating the intrinsic stirrer efficiency

parameters (ISEP): Rs(ν), modelling the direction-averaged

correlation in the stirrer forward scattering, as a function of the

frequency ν; τo(ν) = τs(ν)/V , with V the RC volume and τs
the stirring coherence time, i.e., the time constant of the loss

of coherence in the time-domain (TD) response of the RC,

when the stirrer position is modified by an angle k∆ψ. The

k-lag ACF R(ν; k) of stirrer-generated samples was shown in

[16], [17] to be simply explained by the stirrer ISEP and the

RC power-decay time (or spread time) τa(ν), by

R(ν; k) =
Rs(ν; k)

1 + τa(ν)/τs(ν; k)
. (1)

Knowledge of a stirrer’s ISEP thus provides a simple means of

predicting how a stirrer efficiency evolves as the RC loading is

modified [16], but estimating them precisely and efficiently is

not trivial. Eq. (1) suggests that Rs and τs could be estimated

from the sample-evaluated ACF R̂. In practice, the confidence

interval of R̂ is far from negligible [9], [18], increasing the

risk of imprecise ISEP estimates.

The approach applied in [16] was instead based on the

analysis of the TD ACF computed over a narrow bandwidth

BT , but is marred by multiple limitations: 1) for a highly

efficient stirring, τs could become smaller than the time

resolution 1/BT , making it difficult to estimate the ISEP over

a short time window; 2) for poor stirring, τs could instead

become larger than the maximum time-window 1/∆f afforded

by a frequency step ∆f , leading to time aliasing and thus an

inaccurate estimate; 3) a TD formulation is complicated by the

need to identify the time of the beginning of the ACF, which

is not known beforehand, since it depends on the joint cavity

and stirrer response.

This letter introduces an alternative approach to estimate

the ISEP, based on frequency-domain (FD) results, avoiding

the shortcomings of the TD approach. It also avoids the need

for the large frequency sample collections required by TD

analyses of RC responses, while using the FD ACF, which

is a more common metric for RC users. This new method is

detailed in Sec. II and tested in an RC with variable loading

conditions described in Sec. III. Results reported in Sec. IV

confirm the accuracy of the proposed procedure and its ability

to predict a stirrer performance by only requiring a very
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limited number of data, mostly relying on tests carried out

in an unloaded RC.

II. FREQUENCY-DOMAIN ISEP IDENTIFICATION

The limitations of estimating the ISEP in TD can be

overcome by enforcing a continuity in their frequency evo-

lution, which acts as a regularizing mechanism. Extensive

experiments reported in [17] confirmed that for a stirrer with a

surface area As, τs ∼ λ2/As with λ the wavelength, suggest-

ing that surface scattering is the main physical mechanism, as

first observed in [19]. Rs was also found to evolve smoothly

over frequency, although no straightforward connection was

established with the stirrer features. Shared features were

Rs→1 as the frequency decreased, with a frequency response

closely approaching a second-order polynomial.

Based on these observations, we introduce the following

parametric ISEP models

Rs(ν; b1, b2) = 1/
(

1 + (ν/b1)
b2
)

, τs(ν; b3) = b3/ν
2, (2)

defined by three parameters b = [b1, b2, b3]. The inverted S-

shape function for Rs is controlled by b1, representing the

frequency at which Rs(b1) = 0.5, with b2 setting the steepness

of Rs; b3 is expected to be inversely proportional to the stirrer

surface As. The parameters b can be estimated from a least-

square regression, fitting (1) to experimental results of the ACF

R̂(ν), as discussed later in this section. For the unloaded RC

the ACF will be noted as R̂1, and its power-decay time τa,1.

It is useful to define the cutoff frequency fo at which τa,1 =
τs, found for f2

o = b3/τa,1. For ν < fo, (1) would be mostly

dominated by Rs, while for ν > fo it would be dominated

by Rsτs. Enforcing the physical response 1/ν2 on τs with

(2) allows to effectively, though not completely, unmix the

contributions of Rs and τs. For this approach to succeed, the

ACF R̂ should be evaluated at least up to fo.

The overall accuracy is significantly improved when another

ACF, R̂2, is also available for a loaded case, with a power-

decay time τa,2≪τa,1. This condition ensures that R̂2 now

features Rs more prominently, making it more readily acces-

sible, improving at the same time the estimate of τs.

The ISEP model parameters b are then found by means of

a non-linear least-square (NLLS) regression, fitting (1), and

therefore the ISEP models (2), to the experimentally evaluated

NF frequency samples of the ACF, for the NL available load

cases, according to the cost function

J(b) =

NL
∑

l=1

NF
∑

k=1

wkl

∣

∣

∣
R(νk; τa,l, b)− R̂l(νk; τa,l)

∣

∣

∣

2

(3)

with R̂l(νk; τa,l) the ACF computed at the frequency νk
from measurements obtained in the l-th case. Weights wkl

must be applied in the regression, since the ACF samples

are heteroscedastic, i.e., they do not share the same variance

[20]. Indeed, for an ACF equal to r, the sample variance for

Ns samples is σ2 = (1 − r2)2/(Ns − 2) [21]. Weights are

therefore set to wkl = σ−2

l (νk), giving less leverage to low-

correlation samples, since less accurate. The cost function

J(b) is minimized applying Nelder-Mead search algorithm

[22], with the double advantage of avoiding the computation

of derivatives, and a more robust handling of local minima.

As with any optimization algorithm, the choice of initial

values for b is critical. In order to improve the robustness of

the proposed procedure, a simpler parabolic model is used first

for estimating Rs from the unloaded RC data,

Rs(ν; bo) = (bo − ν)2/b2o (4)

based on a single parameter, thus converging more reliably.

Since Rs(b1) = 0.5, bo directly provides an estimate for b1,

as b1 = bo(1− 1/
√
2) ≃ 0.29bo.

The proposed procedure covers the steps described below,

with initial values for the model parameters given in brackets

and NLLS results in parenthesis. The parameters resulting

from the unloaded tests are marked as primed quantities, those

including the loaded tests are double primed.

Phase 1 Unloaded RC

1: set fmax

2: estimate τa,1(ν) and the ACF R̂1(ν; τa,1)
3: minimize J(bo, b3) for NL = 1 with Rs model (4)

[10fmax, 0]→ (bo, b
′

3
)

4: fo ←
√

b′
3
/τa,1

5: if fo > fmax then set fmax > fo, go to 1

6: b′
1
← 0.29bo

Phase 2 Loaded RC

7: load the RC s.t. τa,2<τa,1/10 and estimate R̂2(ν; τa,2)
8: minimize J(b1, b2, b3) for NL = 2 with Rs model (2)

[b′
1
, 1, b′

3
]→ (b′′

1
, b′′

2
, b′′

3
)

Once the ISEP are identified, the ACF can be predicted

by means of (1), according to the τa required for the OTA

test. The effective number of independent samples can then

be estimated as discussed in [23].

III. EXPERIMENTS

The proposed procedure was tested in an aluminium-alloy

reverberation chamber, with dimensions 0.75×1×2.2 m3, for

a volume V = 1.65 m3, shown in Fig. 1(a). The RC has a

mechanical stirrer mounted on its ceiling, with six removable

dihedral elements, built from 15×30 cm2 copper plates.

Two monocone antennas were used, one 40 cm above the

floor and the other over the left wall. The S21 between the

antennas was measured for each stirrer step over 50 frequency

samples uniformly distributed from 0.5 to 8 GHz, using

a vector network analyzer from Rohde & Schwarz, model

ZVB8. Alternatively, S11 measurements from a single antenna

may also be used. The stirrer was rotated over a full turn over

200 steps per test case, i.e. for ∆ψ = 1.8◦, recording the S21

at each step.

The RC was progressively loaded introducing foam ab-

sorbers, repeating the above measurement process each time.

Absorbers were distributed over the RC walls and floor, as

well as over its door, as shown in Fig. 1(b), using double-

sided tape. In all, eleven load cases were tested, as detailed

in Fig. 2, creating a very wide range of power-decay time
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Fig. 1: Experimental setup with foam absorbers distributed in

the RC (a) and on its door (b). The two small loads used for

cases 2 and 3 (cf. Fig. 2) are shown in (c) and (d).

0 1 2 3 4 5 6 7 8
10-3

10-2

10-1

100

Fig. 2: Power-decay time τa for the eleven load cases, and the

number of foam pyramids involved. Solid lines are the result

of lowess smoothing.

scenarios, as required in OTA tests [3], [4], [24], [25]. These

results are fundamental in order to assess the ability of the

proposed procedure to predict how the ACF is modified by

the RC loading. The power-decay time was estimated using

the FD approach, based on the RC Q factor, as τa = Q/2πν
[24], which requires compensating the low-frequency antenna

mismatch, instead of the TD one [26], since the former

requires far less frequency samples, thus speeding up the tests.

Fig. 2 shows that τa spans more than two orders of magni-

tude, from 1 µs for case 1, down to about 5 ns for case11, thus

moving from a very highly reverberant medium to conditions

close to free space. This process was repeated for each of the

three stirrers, with 2, 4 and 6 dihedral elements. Since power

loss in an RC is quickly dominated by dissipation in foam

absorbers, τa(ν) is expected to be flat, with τa ≃ V/2πcSabs

[27], where c is the speed of light and Sabs the absorption

cross section.

IV. RESULTS

The sample ACF R̂ was computed for each load case for

the three stirrers, for a sample lag k ∈ [1, 3], corresponding to

different choices of stirring step. Since the stirring efficiency

increases with a larger step, τs also decreases, which in turn is

equivalent to dealing with a larger stirrer. Studying the results

for a larger k thus also extends the range of validity of the

procedure described in Sec. II and provides insight into how

RC loading affects more efficient stirring mechanisms.

Fig. 3: Parametric ISEP model: ACF data fit for unloaded

case for the (a) two- and (b) six-element stirrer respectively,

smoothed across three samples for an easier comparison; (c-d)

reference ISEP estimated using the eleven load-case datasets.

TABLE I: REFERENCE ISEP-MODEL RESULTS

# el. k fo ∆R ∆R b⋆
1

b⋆
2

b⋆
3

ao b′
1

b′
3

(GHz) rms 95% (GHz) - (THz) (µs) (GHz) (THz)

2
1 5.3 0.01 0.03 22.4 1.61 27.2 16.5 42.8 25.1
2 3.0 0.02 0.05 9.63 1.59 7.14 4.32 11.7 7.37
3 2.2 0.03 0.06 5.55 1.61 3.26 1.97 5.00 4.06

4
1 4.0 0.02 0.03 22.1 1.53 13.9 16.8 18.9 16.1
2 2.2 0.02 0.05 9.02 1.54 3.55 4.30 10.4 3.44
3 1.9 0.03 0.07 5.14 1.57 1.60 1.93 9.19 1.34

6
1 3.8 0.02 0.04 24.6 1.36 9.64 17.5 17.6 10.7
2 2.0 0.03 0.06 9.27 1.41 2.32 4.22 6.43 2.83
3 1.6 0.04 0.08 5.31 1.45 0.95 1.73 3.17 1.48

Data for the unloaded RC (case 1) were first used to estimate

the stirrers ISEP. The steps in Phase 1 yield a regression R(ν)
closely fitting the ACF shown in Figs. 3(a-b), confirming that

the ACF can be explained over a wide band using just the two

scalar parameters bo and b3, together with τa.

In order to validate the accuracy of the procedure in Sec. II,

we need reference values for the ISEP. The datasets collected

for the eleven load cases (Sec. III) share the same ISEP, but

because of their increasing loading present different values of

τa and thus of the ACF. Including all these datasets in Phase

2, with NL = 11, yields the best estimate of the ISEP.

The results of this regression are presented in Figs. 3(c-

d), showing that all stirrer models share a similar Rs, which

decreases with higher lags; it is also confirmed that τs is

inversely proportional to the stirrer surface As, for any choice

of k. This property implies that b3 = aoV c
2/As, where the

same ao should thus be found for the three stirrers.

Tab. I presents the ISEP-model parameters b obtained for

these reference results, marked by a star. The root-mean-square

(rms) of the ACF residual error ∆R=R − R̂ across the 11

load cases is mostly smaller than 0.04, with a 95 % confidence

interval (CI) at worst reaching 0.08. These results confirm that

(2) can efficiently represent the stirrer performance over a wide

band for a very large range of RC loading conditions. As

expected, the area-independent ao differs by only about 10 %

across the three stirrers, for any stirrer step.

Tab. I also shows that b′
3

obtained with (4) from the

unloaded case accurately estimates the reference b⋆
3
, i.e., it

provides a good initial value for Phase 2. Instead, the estimate
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Fig. 4: ACF vs. loading for the two- and six-el. stirrers (top

and bottom rows), for k={1, 3}. Blue discs mark the data used

by the ISEP identification. Error bars show the 95% CI of R̂.

0 2 4 6 8
0

0.2

0.4

0.6

0.8

1

0 2 4 6 8
10

-2

10
-1

10
0

0 2 4 6 8
0

0.2

0.4

0.6

0.8

1

1

1+5

1+9

1+9, 4 GHz

1+9, 2 GHz

ref. (all data)

0 2 4 6 8
10

-2

10
-1

10
0

(b)(a) (d)(c)

Fig. 5: ISEP for the two- (a-b) and six-element (c-d) stirrers,

k=3, estimated for different choices of load cases and fmax.

b′
1

is less precise in two cases with k = 3. Having access to

b3 directly yields the cutoff frequency fo, with Tab. I showing

that it only exceeds 4 GHz for one case, hence the ISEP should

also be identified accurately by setting fmax = 4 GHz.

In practice, the procedure in Sec. II only calls for one

loaded case, in order to access Rs and improve the ISEP

accuracy. Tests showed that the accuracy is fundamentally

load-independent if τa,2/τa,1>10, even though no hard thresh-

old appeared, as discussed below. Case 9 was chosen for the

second ACF dataset required by Phase 2, since it ensures

τa,2/τa,1 ≃ 20. In order to further stress the robustness of

this method, only 25 frequency samples were used, out of

50 used for the results in Tab. I. Fig. 4 compares the ACF R
predicted for the two- and six-element stirrers for k={1, 3}, by

only using data for case 1 (dashed lines) and then also adding

results for case 9 (solid lines). The first phase accurately

predicts the ACF across all eleven cases for the two-element

stirrer, with phase 2, including case 9 data, only bringing

marginal improvement. For the six-element stirrer with k=3
the situation is different, since the significantly smaller τs

TABLE II: ACF PREDICTION ACCURACY (RMS ∆R)

fmax cases No. of stirrer el. and rotation increment k

2 el. 4 el. 6 el.

k: 1 2 3 1 2 3 1 2 3

8 GHz

1 0.02 0.04 0.03 0.02 0.03 0.07 0.02 0.04 0.07
1+5 0.02 0.04 0.05 0.02 0.05 0.05 0.02 0.04 0.06
1+7 0.02 0.03 0.04 0.02 0.04 0.04 0.02 0.04 0.04
1+9 0.02 0.03 0.03 0.02 0.03 0.03 0.02 0.04 0.04

4 GHz

1 0.02 0.04 0.03 0.02 0.03 0.07 0.02 0.04 0.07
1+5 0.02 0.04 0.04 0.04 0.06 0.06 0.02 0.05 0.06
1+7 0.02 0.04 0.05 0.03 0.05 0.05 0.02 0.03 0.04
1+9 0.02 0.04 0.04 0.02 0.03 0.04 0.02 0.03 0.04

implies a lower cutoff frequency fo (cf. Tab. I), thus with less

opportunities to observe how Rs evolves over frequency. The

CIs (shaded areas) in Fig. 4 show that the additional load-case

data improves the prediction to the point of yielding results

with smaller uncertainty than direct ACF measurements.

The impact of insufficient loading on the ISEP accuracy

can be appreciated in Fig. 5, for k = 3. Case 9 is sufficient

to yield results almost overlapping with the reference results

found using all the 11 datasets, while with case 5 errors are

between 20 and 30 % off. Setting fmax = 4 GHz (12 freq.

samples) has a similarly limited impact, while cutting it back

to 2 GHz (6 samples) leads to a loss of accuracy, since now

the condition fmax > fo is no longer met. As already noted,

for the six-element stirrer, relying only on case 1 is no longer

sufficient, because of its small fo, making Rs only accessible

at low frequency, leading to an almost 100% error on the ISEP.

This situation, observed for k = 3, is to be expected also for

larger stirrers operated at k = 1: a stirrer with a surface ten

times larger would feature the same τs, based on ao in Tab. I.

Prediction errors for the ACF are shown in Tab. II, con-

firming that data from an unloaded RC ensure a consistently

good accuracy for all cases tested, apart for k=3. Including

data from a loaded RC provides more stable and accurate

predictions, as long as losses are large enough to ensure access

to Rs, with case 5 indeed presenting larger errors. Tests limited

to just 12 frequencies up to 4 GHz also provide accurate ACF

prediction up to 8 GHz, confirming the ability of the proposed

procedure to extrapolate the stirrer efficiency under a wide

range of conditions, avoiding preliminary measurements for

each new test configuration.

V. CONCLUSIONS

This letter has introduced a new methodology to predict

from frequency-domain data how varying loading conditions

in an RC affect its ability to generate independent testing

scenarios. It does neither require complex data processing,

nor large datasets over wide bands. As little as 12 frequency

samples spread over 4 GHz were shown to provide accurate

predictions for eleven loading conditions tested up to 8 GHz.

It is possible to rely just on data acquired in an unloaded RC,

but the addition of results from a loaded RC ensures more

robust predictions with uniform accuracy. Future work will

extend this technique to the case of multiple stirrers.
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