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Abstract—In the practice and research on reverberation cham- words, it is considered that if the frequency of operatiothef
bers, the concept of unstirred field components have often & chamber is well above the lowest usable frequency (LUF) [7]

invoked as soon as empirical distributions fail to comply wih and that the stirrer respects certain empirical conssdBi;

goodness-of-fit tests applied to data collected at a frequen of . . . .
operation far beyond the lowest usable frequency. The curnet the only way to explain the existence of non-ideal field

explanation for this phenomenon is that under certain condions, ~ Statistics is to invoke the presence of LoS contributioms. |
the field samples generated by means of a stirring procedure practice, this is regarded as due to a non-optimal positgpni
are not characterized by a zero average-value, but actually and orientation of the excitation antenna, allowing thelest
present a deterministic offset term that is linked to a lineof-  ishment of a direct propagation path between this antenna
sight contribution. In this paper, we prove that this practice is . . . .
not sound, as it does not acknowledge the fact that even a very and the p'TObe_ On_e' As this propagation mOde_I implies that the
low but non-zero residual correlation between the samplessi LOS contribution is weakly affected by the stirrer (as atstea
enough to put in jeopardy the validity of the limits imposed by one path do not cross it), the LoS term is referred to as an
most hypothesis-test statistics, and hence their abilityniproperly  ynstirred component.
detecting any constant contribution. An alternative appraach is We are actually very skeptical of this explanation: it is
here proposed, based on the analysis of the variability of hard to i - i ligible LoS t . h
line-of-sight contribution estimate, capable of accountig for the ara 1o imagine non-negligibie Los terms appearing when
residual correlation in a reverberation chamber. Experimental  the source antenna is not pointed directly towards the probe
results are presented to support the validity of our approat, one. As it will be shown in the remainder of this paper,
exposing the critical use of goodness-of-fit tests as currdy  there are sound arguments that point to the fact that the
applied. ) - . methods currently used to detect the presence of unstirred
Index Terms—Reverberation chambers, Statistics, Hypothesis _ . s e
test, Unstirred components. compo_nents are not statlstlc.al_ly nor phys[cally Justlf@nr
analysis proceeds from an original description of the behav
of an RC as a multivariate random generator: this leads
to a sounder definition of the correlation between samples.
Reverberation chambers (RCs), when operated at a suffikperimental results interpreted through this model shusv t
ciently high frequency jointly with a stirring techniquesea presence of residual weak correlation levels even in cimmdit
expected to be characterized by a field spatial distributi@geemed to be ideal. This fact is shown to be sufficient to lead
following a Gaussian probability law at any point withinto wrong conclusions on the presence of LoS contributions.
a volume of space, with equal moments, i.e., stationary inOur statistical description allows to define in a very natura
space [1], [2]. In fact, the practice of RCs is not so clossanner an alternative hypothesis test that is expectecatb le
to this ideal depiction, as non-agreements appear at €lifterto a better decision for the existence of unstirred comptsnen
levels: not only field samples appear not to agree flawlessfxperimental results are shown to comply in a very effective
with a Gaussian probability distribution, but even whenythevay with the theoretical behavior predicted by our modeisth
do, they may happen to present a non-zero average valsigggesting that it can be regarded as closer to the real inehav
This phenomenon has been studied in several atypical (witha real-life RC.
respect to the usual practice for EMC tests) configurati8hs [
[4] where a direct line-of-sight (LoS) contribution betwee
the excitation antenna and the field probe is established on
purpose, leading to a fixed contribution negligibly affechy Reverberation chambers are often regarded as random field
the stirring technique. generators [2]. When field probes are used to assess the
Clearly, admitting the existence of this LoS term impliestatistical behavior of any scalar components of the etectr
that the field statistics will be skewed with respect to theaid field at a given position, the sequence of values generated
diffuse case. Perhaps because of this state of affairsyarale by means of the chosen stirring technique is usually regarde
works presented in the last few years when the conditioas a random sequence. In particular, the field is modeled as
expected to lead to an ideal diffuse field are reasonably trige univariate random variable € C, while the Ny samples
if field samples do not comply with their expected behaviambtained by operating the stirring technique are regarded a
the presence of a LoS term has been invoked [5], [6]. In othemdom realizations of this random variable. In the contéxt
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the present paper, stirring techniques will be assumed to fiesult, it would be necessary to regard a chamber as non-
operated through discrete steps, for the sake of simplititg ideal as soon as GoF tests were negative over some locations.
continuous case can be eventually inferred from our déoiwat As a matter of fact, why should one consider that a sequence
The random sequende:;} (corresponding, e.g., to a scalawith non-zero average value is regarded as unacceptabie, wh
field component) is typically analyzed by estimating itstfirsaccepting that the field moments be non stationary? Siill, to

two empirical moments the best of our knowledge, the claim of unstirred components
is used as a figure of merit of stirrer efficiency only over one
fio = (Ti) . (1a) position [5], without checking how it fares from a global pbi
9 o s of view. In other words, the current approach could lead to
o, = (|zi — fa]?) (1b) : ; . : ;
z N, —1 N, the conclusion that a stirrer is effectively generating aper

_ ) ) random sequence at one position and not at another.
with (y;) y the arithmetic average of th¥-sample sequence  \joreover, the ACF cannot be properly estimated from the
{i}. The random sequence is further studied by consideriRg samples provided by the stirring technique at one position
its empirical probability distribution function and its@eor- i, most real-life configurations. Its statistical uncentgican

relation function (ACF), defined as be assessed by means of the laws recalled in [10]: as the cor-
N. -1 5 relation gets weaker, the uncertainty can be overwhelmingl
- : higher than the actual value to estimate. As we will show that
k) = x;)? Tixr , 2 i . .
o(k) (;' il ) ; ik @ even weak residual sample correlations play a central role i

GoF tests, the relatively high uncertainty affecting itsreate
having chosen its normalized definition. The first sum is to kghen working on a single position would not allow to draw
taken circularly over the entire set of samples, as thesallysu any useful information.
form a periodic sequence, depending on the stirring techniq  We would rather suggest to regard an RC as a multivariate

Random samples thus generated are expected to complydom generator. Now the field generated a¥grdifferent
with a series of constraints dictated by the asymptotic rodsositions for a given stirrer configuration will be modelesi a
presented in [9]. If any scalar component of the electridfiek random vector, treated as a single random realizaXior=
is taken at turn to be théz;}, then a sound approach is(xi’l,...,xi,Np), with X; € CV»*1, The sample average will
to apply goodness-of-fit (GoF) tests, intended to check thew be referred to as
consistency of the samples with a null-hypothesis thatiregqu .
them to follow a zero-average normal law. The samples are B= <Xi>zvp ’ ®3)

subsequently regarded as iid random variables, i.e., ®&#H \yith the arithmetic average applied to each of fkie scalar
is considered to well approximate a Kronecker delta, i., Eomponentsmij. The sample covariance matri& will be

fall to negligible values fo # 0. given by

This approach has several drawbacks and limitations: first N
of all, it is applied in a local way, i.e., the results of thettean C=—"—((X;—p@)(Xi— "), 4)
differ from two different positions within the same chamber Np—1 i

Such an outcome is critical, as it is actually inconsisteaind the sample correlation between two stirrer configunatio

with the spatial stationarity of the random properties of th C
field distribution within an ideal RC [9], [1]. Secondly, the pij = ——t— 5)
assumption that the field be stationary is physically juedifi VCiiCi,j

only when moving in space, and not when a stirring techniquew evaluated oveN,, positions.
is applied and the field observed at the same position. @learl This type of approach allows studying the behavior of an RC
the iid assumption is the ideal case of reference, but tiseirin a global way, rather than the local one currently used when
no physical reason to expect the field samples generated Ibgking for unstirred components. Having access to a bnmoade
e.g., a mechanical stirrer to be iid. The same remark holdigw is fundamental in the estimate of the residual coriatat
for the modeling of the random sequence as a time seriaffecting the stirring technique, and thus the accuracyhef t
as suggested in [10]: regarding the correlation between twetimate of eventual unstirred components. As a matter of
consecutive samples to be independent of the absolutéquosifact, the stirrer efficiency should be evaluated as its tyititi
of the stirrer is clearly not physically justified. generate uncorrelated samples over an entire range oiqussit
We should add to these remarks a further fact. As the fieldthin the chamber, more specifically taken within its test
is probed at different positions, the hypothesis test cafdyi volume. The same goes for the eventual existence of urtstirre
different and inevitably contrasting conclusions. Shdhld be components.
regarded as a token of the fact that the random propertiégoft Another valid representation would have consisted in
field are not stationary in space, or rather that the appdicat switching the role of the stirrer realizations and the spati
of GoF methods to a local level is not the right procedure? bmes. Although entirely valid, this description would letad
fact, the former conclusion is not consistent with the ordi a correlation matrix assessing the correlation between the
constraints imposed by the ideal behavior of an RC: assamples taken at different positions, i.e., the spatialetation
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of the field within an RC. As opposed to the modelling ofvhere

the correlation between stirrer-generated samples, tagasp _9
correlation quantity features a good agreement betweegrexp - "IN
imental data and theoretical models [11]. Hence, it is etqikbc p = Relpij)n.(n.—1) - (9b)

to take relatively low values as the distance between theepra,aying taken the arithmetic average in (9b) over all of tHe of
position go beyond the wavelength and changes sign as ffiggonal elements of the covariance matfix The quantities
distance increases. As a result, its average value in Sgace £2 and, are the average variance and correlation factor of the
be expected to be much lower than the correlation between a4 measured within the RC over thé, stirrer realizations
samples generated by the stirring technique. This assampthng N, positions.
is supported by experimental results presented in Secti®sV  Fojlowing the assumption of a multivariate normal law, the
a consequence, the alternative description of mixing teget offset estimator follows a normal law, too, with mean and
spatial- and stirring-obtained data should not be regaetedyariance given in (7) and (8), respectively. It is fundanaént
a valid approach when correlation data are being examingglrecall that the assumption of normality is not linked te th
since their correlations are remarkably different, as W#l e of a stirring technique. The normality of the field saraple
shown in Section V. is asymptotically expected in any overmoded cavity, evea in
static configuration [12]. This fact will play a fundamentale
in the next section, when defining an alternative hypothesis
Following this discussion, each realizatiok; = test. In particular, the assumption of a normally distritalk
(i1, xi,n,) Will be assumed to have elements followingloes npt require to invoke the central limit theorem (CLT).
the same family of probability law, but not necessarily wile ~ Getting back to (8), the presence of a correlation term
same statistical moments. No assumption will be invoked @fsures that the CLT and therefore the law of large numbers
the moments ofX in this work: the only assumption will be cannot be invoked, as th¥, scalar random variables cannot
that thez; ; be normally distributed. Such requirement shoulfie assumed to be independent. Whence, evéf i oo, the
actually not be regarded as a constraint, as it is part of tHacertainty over the estimat€ of the offset can never go to
definition of the null hypothesis we are going to detail in théero. Indeed
next section. lim o5 =po” (10)

Ng—
Let us recall, for the time being, that the assumption of dina to al b ;O th f1h timators Thi
an overmoded cavity implies that the field samples shonjﬁ]a g fo a fower bound in h€ accuracy ot the estimators thi

be indeed normally distributed, with a zero average valug'e" bound_ Is far from nlegligible: forwhat s usually r_egad

independently from the use of an efficient stirrer, or fott thfa as a pe_gl|g|ble correla‘uop, €9 = 0.1, the redgcﬂon of

a stirrer at all [12], a well-known fact in acoustics. It isuth _the original standar_d deviation in the sampl_es is trandlate

natural to consider that the field samples should be normayngo. a mere reduction of ?‘b"“t a faCt(.)r 3 in the sta_mdard
viation of the offset estimator. This is far from being a

distributed, even though a LoS component is present: thierla =~ """ . : .
will only affect the arithmetic average satisfying accuracy gain obtained by collecting a large ipeim
of samples.
Xi=(Xi)y (6) This is where the current approach to detecting unstirred
components fail. As a matter of fact, the GoF tests usually
of the N, samples generated by the stirrer at tith position. applied are based on the assumption of iid samples. Such
The typical approach to estimate the intensity (and presenassumption has profound implications: indeed, it impliest t
of an eventual LoS contribution is to compulg at a given for an increasing number of sampldg, the accuracy of the
position. It is thus interesting to study its behavior in thdata-set is increasingly fine. In other words, GoF tests tend
framework presented in the previous section. The off§gt ignore imprecise data, especially those with low probghiis
can be regarded as a random variable, whose ensemble averdgkeeps sufficiently low. But ad’; increases, these statistics

IIl. ON THE DETECTION OF AN OFFSET

can be shown to be tends to become more demanding, leading to rejections of
_ the null hypothesis as soon as small imperfections take the
nx =E [XJ =)y, (") data set apart from the reference one. In the presence of a

finite correlation, the statistics of the GoF tests are iabép

with E [y] the ensemble average of the r_and_om vanaboef acknowledging the fact that further data do not provide
y and p the ensemble average of the multivariate random

variable X. The ensemble average should not be Comcusngw complementary information for the rejection of the null

with the arithmetic averages typically used as estimates ﬁc*pothesis.
- ges typicaly . ) The problem is that the estimation of the residual correfati
statistical moments. The arithmetic average in (7) is takesr

the IV, scalar values constituting the veciar L;styplmally bas_ed_ or|1 one smgle oi)/lservatlon _p(_)lnt,fthmﬁdd
The variance of the offset estimator can be shown to be yaarge s t_atlstlca uncertam'_[y. oreover, It- 's oftesLme
that a sufficiently low correlation factor implies that thaetal
o2 _E “Xm _ 52 1 +5 (®) are “almost” independent [_10]. Equation (8) clearly shokst t
X ‘ N, ’ even the smallest correlation (the real one, not the estimat
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rules out the use of the CLT. In other words, the actual value 0.2
of the offsetX cannot be accessed. This residual uncertainty

is actually in contradiction with the assumptions at theebafs 0.15¢
currently used GoF tests. A%, increases, they do expectthe
accuracy of the estimate to improve. Hence a misconception 4= 9-1]
and misuse of these tools. In a practical way, the CLT and

hence most of the GoF tests can be used only as long as @ 0.05¢ \AM |
[l ‘ ﬂ
N (11) Of  JLp ‘WMJ\MWUUMNWWM
1
so that the usual reduction in the statistical uncertaimgr p ‘0-051 115 2 215 .
dicted by the CLT holds. For larger populations, the results Frequency (GHz)

from GoF tests are going to be too conservative, as the actual

amount of information provided by the data is less than migF—'Fg. 1. Residual correlatiop as defined in (9), computed from experimental

be expected for uncorrelated samples. data when considering the stirrer (blue) or the positioresi)(ras random
It could be argued that this limitation can be bypassed K§@lizations of multivariate samples.

extracting a subset of independent samples from the otigina

samples. In fact, as demonstrated by the very definition of

the effective sample size, the amount of information in t - i
ffset. The decision on the actual presence of an unstirred

two sets, and in particular the uncertainty it involves if? R
the estimation of the ensemble average is the same [1 mponent should be based on a stronger foundation, i.e., by

Hence, this limitation would subsist. Moreover, the corceffoMParing the estimated offset with the uncertainty aifiect

of independent samples is controversial, as it is not relatdS estimation. To this effect, a z-test could be appliedesi
to a threshold value in the residual correlation, nor to & 'S @ standardized normal variable, thus rejecting the null

clearly defined procedure that allows to extract in a prepiséwypothess if q
. 1—a/2
defined manner these samples. The actual approach suggested [q= ; (13)
in international standards [7] and recent works [10] is jost \/]TP
decimate the original population, which does not ensure thdereq, _, , is a quantile for the standard normal distribution.
independence of the the remaining samples with certainty. It could be argued that the z-test requires independentleamp
This is true, but since the samplésare now taken ovemn,
IV. AN ALTERNATIVE HYPOTHESIS TEST different positions in space their residual correlatiom e
The presence of an offset can now be restated in an alteragpected to be far lower than that of a stirring technique, if
tive manner. Let us consider the null hypothesis of a perfeitiese positions are sufficiently far apart. This assumpiidin
RC, presenting all of the features required by asymptotiee experimentally shown to hold in the next section.
models [9], in particular a zero-average. We are interested The strength of this approach lies in the fact that the viglidi
assessing what is the probability of observing a san¥jeat of the proposed model can be checked from an experimental
a given position presenting an offsat;, although its actual point of view. Indeed, the quantities appearing in (12) can b

stirred component only on the basis of a non-negligible

ensemble average is equal to zero. estimated from measurements: if the experimentally-eeriv
Under these hypothesis, a standardized random variablealues of( do appear to follow a standardized normal dis-
can be introduced tribution, than our modeling approach should be regarded as
- - 1 sound. It is fundamental to notice that the role mhas a
X X/1 o .
=—="(=+p , (12) dramatic impact on the behavior gf even for small values.
ox 0 \Ns This will be show in the next section to be the reason why we

following (8). As the null hypothesis consider that the cliam regard the proposed test as physically and statisticaliyect
is ideal, the field samples will follow a normal law, and thus
¢ too. It is therefore possible to state that the presence of
an unstirred component should be considered as statigtical We carried out measurements in Supelec’s RC, with dimen-
significant to a probabilityx only if the value taken by at sions3.08 x 1.84 x 2.44 m, with a lower usable frequency
one position (single realization) is larger than the quanti of about 550 MHz as defined in [7]. We considered the
of a standardized normal distribution. In any other case, tfrequency range between 1 and 3 GHz, in order to ensure a
fact that X; # 0 should not be regarded as due to unstirretiegligible probability of incurring into a configuration wte
components. the RC would not behave as an overmoded cavity. Moreover,
It is noteworthy that this definition accounts for the exisat these frequencies our mechanical stirrer is electyidatbe
tence of a residual correlation between the samples. Indeadd aperiodic, so that it can ensure low correlation between
as the average correlation increasésis scaled down, so samples if sufficiently large angular steps are consideted:
that it becomes less likely to decide for the presence of & angular samples used provided an estimated correlation

V. EXPERIMENTAL RESULTS
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Fig. 3. Probabilities of rejection of the null hypothesis,abtained by means
of three different approaches: (a) acceptance of a KS tgdiedto univariate

1.4[
1.2 | ‘y
L(n—l\/‘ l '
n
0.8
| ‘ ‘ | data over all of theV,, positions (minimum of theV,, p-values), in blue; (b)

tw oA mnwwmp'w..,w i

1 15 2 25 3 null hypothesis ofRe¢ andIm(¢ as standard normal variables, in black; (c)
Frequency (GHz) null hypothesis of|{¢| behaving as a2 variable. The black dots stand for
the frequencies over which the test (b) is rejected with ai@nce level
1.3 ‘ ‘ ‘ a = 0.05 for either the real or the imaginary parts.
1.2
1'1WWNWW/\/WV\WWMWM
a1 lower among the spatial samples than between the stirrex; one
0.9 as anticipated in Section Ill. As a result the assumptionghen
0.8 modeling of the¢ random variable hold, so that its definition
0.7 : : : is statistically sound. The empirical moments Ofwhere
1 1.5 2 25 3 . . . .
Frequency (GHz) than computed, and are shown in Fig. 2: as required by our

assumptions; presents a unitary variance. This result should

not be underestimated, as neglecting the residual camelat
Fig. 2. Empirical moments of estimated from theV, multivariate samples: p would have led to a twofold increase of the variance pf
(a) real (blue lines) and imaginary (red lines) parts of twmple averagert;, \yhich would have led to a higher rate of rejection of the null

mt); (b) standard deviations for the real and imaginary pars @, st); (c) .
standard deviation of (s¢). Shaded areas represent the expeci ed<confiden|3¥p0theSIS' The fundamental role pIayed iby“ven for weak

margin at 95 % probability for the null hypothesis, for a séenpopulation  values is thus also confirmed.
of Ny realizations. The consistency of the statistical properties of the field
distribution were then tested against the zero-mean adgump
expected from their asymptotic modeling. Three approaches
below 0.3. A log-periodic antenna was used to excite the fielgere applied: 1) the minimum p-value was considered for
within the chamber, oriented towards a corner in such a way l@#mogorov-Smirnov (KS) GoF tests based on tNge-sample
to have its main lobe scattered towards the stirrer. We aa® ttpopulation at each of théV,, positions in space; 2) the real
regard as unlikely that unstirred components in the sen@®gi and imaginary parts af were tested for normality through KS
in [3] be present. A horizontal component of the electricffieltests over, samples; 3)¢| was tested through KS against
(normal to the sample plane) thus generated was measusied, distribution. The results presented in Fig. 3 show that
by means of an electro-optic field probe (Enprobe EFS-10%)deed, if the presence of “unstirred” components is caersid
capable of preserving the phase of the field while providings unacceptable at one position, than our RC does not allow
a negligible scattering cross-section: it was thus possibl to generate an unbiased field distribution over a region of
move it freely within the RC without any risk of alteringspace. This overreaction of the KS test comes from the fact
the actual field distribution. Forty positions were consée that the N, samples measured over one single position are
distributed over & x 8 (vertical and horizontal, with a step hardly independent, and that since the condition in (11)is n
of 37.5 cm and25 cm, respectively) Cartesian grid dividingsatisfied, the effect of the correlation is not negligibleother
into two halves the chamber along its longer dimension. important issue is the fact that testing against (and in
As proposed in Section II, we treated the spatial samplgeneral any function of the modulus of the field components)
for a given stirrer position as one single realization of does not allow assessing whether the real and imaginary part
multivariate random variable. The empirical covariance arhave identical features. Indeed, the test based on/¢hes
correlation matrices were computed for this case and for theuch less strict than that applied to the real and imaginary
complementary one, where the role of the stirrer and spatjrts of. Taking a significance level = 0.05, leads to the
samples are switched. This yielded theesults presented in identification of a number of frequencies where the average
Fig. 1: itis indeed proven that the average correlation icimuvalue of the field generated within the RC can no more be
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3 3 -] not present stationary moments in space. This could alstylik

2 e L2 ,m, be linked to a loss of field uniformity.

e e €1 VI. CONCLUSIONS
! + :; R X X(S N S .fy . . . .

o ' THEY ey 20 S This paper has introduced an alternative approach in the
1 + X —_— - o . . .
VT g*:& . '%_1 hd detection of “unstirred” components. Rather than applying

-1 N 3 wt the usual local approach, a more general one was employed,

Sh Pie e & - . H

ol e -2r based on the modeling of an RC as a multivariate random

2 3 al generator. Studying the statistical properties of the mume

3 2 -1 0 1 2 =3 2 -1 0 1 2 3 ofthismodel,itwasshown thatweak correlation values &hou

Standard Normal Quantiles . . .
@) (b) never be neglected, particularly when testing experinieiatiza

against theoretical reference ones.

Fig. 4. The¢; samples measured at 1.744 GHz (blue) and 1.754 GHz (red): The intmduclﬂon O.f the test diSt_ribUti(mcapable of taking
(a) scatter plot of the; samples, with their average values marked by circlesnto account this residual correlation has led to a soursktr t

The confidence limits forx = 0.05 are shown for the case of a single local
measurement (solid line) and for the global 40-sample pdjoul (dashed
line); (b) quantile-quantile plots based on a comparisah wistandard normal

random variable.

whose physical validity has been tested against experahent

| data, thus pointing to the intrinsical importance of taking

into account the residual correlation. Experimental nssaiso
proved that the reason of rejection of the null hypothesis
cannot be entirely put on the presence of a bias, since the

explained through statistical uncertainty alone. appearance of a profoundly different statistical behawabr
An example is given in Fig. 4a, where the scatter plots of tiBe RC points to deeper reasons not well understood.

N, = 40 population of¢; are shown for two close frequencies, Future work will be needed in order to establish a proper

1.744 GHz and 1.754 GHz, where tgetest null hypothesis testing approach on a global scale, rather than on a local one

is respectively accepted and rejected. The KS test rejedgcparticular in order to set a relationship between the neimb

the null hypothesis of normal distributions respectivety iof positions needed and the accuracy of the test.

27 and 37 configurations for these two frequencies: it is

hence not possible to assess whether the RC presents memr

differences at these two frequencies. Indeed, the scdtits p
clearly show the huge uncertainty in the estimate of the LoS
component, as the confidence margins associated to the nufl
hypothesis for a single local measurement do not lead to a
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