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Time-Reversed Excitation of Reveberation
Chambers: Improving Efficiency and Reliability in
the Generation of Radiated Stress

Henri Vallon, Andrea Cozza, Florian Monsef, Anne-Sophiea@that

_Abstract—The ability of reverberation chambers to generate field intensity, 2) reducing the uncertainty of the actuakle
high-intensity field levels from relatively low-power input signals  of the generated field and 3) reducing the need for multiple
is reexamined for the case of time-reversed signals, prownthat  ya5izations (i.e., stirring iterations) for the sake obgucing

they lead to a higher efficiency. Moreover, the strong statiscal . . : .
spread typical of time-harmonic excitations can be dramatally & Nigher stress on the EUT. Even though not discussed in this

reduced, thus improving the reliability of radiative tests, while Paper, a fourth advantage should also be mentioned, namely

limiting the need for a large number of independent realizatons.  the possibility of controlling the polarization of the rétiug

The two excitation schemes are compared when forcing their field, as proven in [4]. The comparisons are carried out by

respective input signals to display the same peak instant@ous  5cynowledging a fundamental limitation of power amplifiers

power. Experimental results are provided, supporting the on- . .

clusions of our theoretical analysis. namely the maximum pgak instantaneous power (F_’IP) they
can handle. This constraint calls for an analysis diffefiogn

that presented in [5], while also taking into account thehhjig

fluctuating behavior of RC-generated signals.

Only point-like focusing is considered in this paper, which

. INTRODUCTION means focal spots with spatial extensions subject to ttfiadif

EVERBERATION chambers (RCs) are capable of cortion limit; in practice, about half a wavelength wide. Exdéan

verting harmonic signals into high-intensity fields, byto other kinds of wavefronts is possible by using generdlize
creating a pool of stored electromagnetic energy, thanks TR, a technique described in [6]. This same reference also
their relatively long relaxation time constants. The storediscusses practical issues, e.g., how wavefronts are afedler
energy can reasonably be expected to be uniformly spremti moved around an EUT. This paper will only focus on
over the entire volume of the RC, thus allowing for an idealljow using TR excitations can improve the generation of
global excitation of an equipment under test (EUT). electromagnetic stresses within an RC.

Yet, this property also implies that, at each instant, only a
portion of the energy injected into the RC interacts with the
EUT. This observation is the starting point of our proposal ) ) o ] )
for using time reversal (TR) as an alternative to harmonic or The point of view adopted in this paper is that an RC is a
continuous-wave (CW) excitations. TR allows the generatidin€ar system that converts an input signal), say a voltage,
of wavefronts focusing both in space and time; in otheétPplied at the input port of an excitation antenna, into dorec
words, it allows concentrating a large portion of energyrave €lectric fielde(r, t) measured within the RC at the position
region of space at a given time. Studies of applications of TIR the rest of this paper we will drop the variahigfor the sake
to cavities are not new [1]-[3], but they have been main®f brevity, and derive results that are vahq for anyv|th!n th_e
concerned with demonstrating the possibility of producin§St volume, where we expect a diffuse-field approximaton t
focusing signals while propagating through non-anechaie nf10ld. The average composite quality fac@rof the RC will
dia. We are rather interested in assessing how much TR @hconsidered to be a good estimate of the composite quality
increase the peak intensity of the power used to stress an E{#ftors experienced over the bandwidth used, around a mgrki

This paper addresses this topic by analyzing the conversféduency fe. The average time constant of electromagnetic
efficiency of an RC when using TR signals rather than standd@lds in the RC will thus be defined as= Q/ f..
harmonic ones. The problem is tackled from a theoreticaitpoi The field thus generated is expected to stress a portion of a
of view, with the aim of providing simple predictive toolsCircuit in an EUT, which will “receive” the powep,(t) as a
for the design of TR excitations. Our results prove that tH#early-polarized antenna, i.e.,
benefits of TR come in three shapes: 1) ensuring a higher pe(t) = Cy [e(t) - Q]Q — O, f2(t) 1)
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Il. CONVERSION EFFICIENCIES



In view of the generation of a radiated stress, the conversiSolving the integral? by parts yields

efficiency
I = G(f2)C —/duG'VC’ v), 6
e ofas(t] < 120l _ G 1O V)G (fa) = [ @ @ICwin), ©)
- - . - . 2

1Pi()llce  Ci [l25(t) ]| with G’(v) the first derivative ofG(v) with respect tas and

should be maximized, where the subsci¥pis used in order y
to distinguish different excitation signals. The ratiandbr Cw(v) = /ds W(s) ~ (v — fL)W @)

choosing the.., norm is twofold: the output PIP stressing the 1

EUT should be as high as possible, while being generated ®yrimitive of W (/). The linear approximation in (7) assumes
an input Signal with the lowest PIP, in order to avoid anyiBtraan average Va|uéi/ of W constant oveBr; indeed, typ|ca|
on power amplifiers and subsequent non-linear distortions RCs present slowly-varying statistical moments for thdasca
potential thermal stress. components of the electric field, as shown in sec. IV. This
The g-aligned component of the electric field(t), is lin-  approximation holds for — f, > B,, where theB, = 1/7 is
early related to the excitation signal through a transfacfion the coherence bandwidth df(v): in other words, as soon as
®(v), such thatf (t) = 7~ {®(v)X (v)} (), whereZ 1 {}  the integration is carried out over enough significantljedint
is the inverse Fourier transform between the frequencypbii portions of W (v). Making use of this approximation in (6) and
v and the time variable. The functionX (v) is the Fourier solving by parts the integral therein yields
spectrum of the excitation signal. The following derivaso
will assume excitation signals with spectra centered at the S =W [ dv G(v) = WGBr (8)
frequencyf., covering the bandwidtB; = f; — fi. Br
Harmonic signals are routinely used in standard operatigid finally substituting it into (5) gives
of RC. In this casercw(t) = Acos(2nf.t) and thus the

conversion efficiency is 1pr-(t)]loe = C,WGBr. 9)
Cr Cr This result holds for receivers modeled as in (1), i.e.
_ T (I) A 2 — _W 2), 3 | y ’

flow CZ-| (Fe)l C; (fe) 3) presenting an flat frequency response ofsgr. An eventual

where W (v) = |®(v)|? is a short-hand notation. In practice,consta_ntgroup delay could be included, but_ is not exph’idine_
the response of RCs is randomized by means of stirrit%j) as it would not affect the PIP. _When deahr_wg with dispegsi
techniques; as a result several realizationsbgb) can be '€SPonses, (9) should be modified by weightifig() by

generated and the resulting efficiency can take very diiterdhe transfer function of the receive_r, before computing its
values. This point will be discussed in sec. II. average value oveBr. Depending on its degree of frequency

In the case of time-reversed excitations, the input sigaal §iSPersion, this latter could reduce the frequency avesage
chosen to be thus the peak received power. As thus, the case of a flat

) response must be regarded as a best case for TR excitations.
zrr(t) = g(t) * o(—t) = F {G@)2"(v)} (t), (4)  Before computingp;(t)]-, We need to recall that TR

whereG(v) is the Fourier spectrum of the signglt) chosen Makes sense only for impulse-like signa)&/) covering a

to stress the receiver; stands for the convolution operatof@ndwidthBr > B, i.e., for Br/f. > 7/Q; under these

applied to the time variable, while the superscsipepresents cond|t|ons,g(t) has a time suppoff, < 7, implying that the

the complex conjugate. Any kind of signal can be chosen fgtacroscopic features af(—¢) x g(¢) are dominated by those

g(t), but time reversal has been demonstrated mainly wi (1) )

short pulses; a by-product of our derivation is that indeed IMPUlse responses in an RC can be modeled as random

better efficiencies are obtained by choosing(a) with the Processes, WQ'th a root-mean-square (rms) envelope folpwi

most compact support. Therefore, EUTs with a relaxatior tim [9(1)1?) = A2 exp(—2t/7) [7, ch. 3] [8]. The local deviations

longer than that of the cavity, typically in the microseconff the peak power of these kind of signals with respect tarthei

range, are not suited to this technique, as their bandwidfi &S €nvelope can be expressed as an overshoot factor

would not cover enough d.eg.reels of freedom, as explaineq in K = /pi(®)][oo/ Ao, (10)

the rest of the paper. This limitation can be overcome bygisin

trains of short pulses; this kind of signals does not appeahose cumulative distribution function is

to have been considered so far in the literature and deserve N

investigations on their own as a practical solution. Fr(x) = [ exf (xek/BTT/\@) , (11)
Since the electric fieldf(t) at the receiver position will k=0

have a spectrun®(v)[*G(v), if g(f) presents @ maximum iy N > 4B.rIn2, as demonstrated in [8]. It is now

intensity att = 0, the same will occur forf(¢), given that ¢ ficient to express!, as a function ofiV (v); since A2 =
|®(v)|? is real-positive and corresponds to the spectrum %QTR(O» ¢

the auto-correlation function af(t), i.e., with its maximum
L= 0. Henee, 9 <x%‘R(O>> = //dl/1 dus G(VI)G*(VQ) <(I)(l/1)q)*(l/2>> ,
||p7“(t)||00 =Cy |:/B dv G(V)W(l/):| = er2_ (5) BrBr (12)

T



where 1

(@(r1)®*(12)) = (|2(fe)I*) ulvz — 11) (13) 0s8f
is the frequency covariance function, which can be factatiz
into a slowly-varying power spectral densiff®(v)?) = £ %°[ }
(W(v)), here assumed to be constant ovef, such that S|
(W (v)) ~ W, and a frequency-coherence functiefy; — 1) ' 10

with a much narrower support, of the order of the modal 100 1000

bandwidth of the RC, as discussed in [9].

For any signakl(¢) such that its spectrum varies over scales
much larger thanB,., the coherence function operates as & 0 2 4 6 8 10 12
sifting function

o

/ dvy G* (V2>M(V2 _ 1/1) ]F\i[gg;’erejzlizztrigggbility distributions Orf]gw/ <770w> for a varying number
o (14)
~ G*(Vl)/ dvy p(vz — 1) = G*(11)Be, . . .
Br instead of its mean value. Therefore, the two conversion
yielding efficiencies will be compared by taking the ratio of their
modes, a quantity hereafter referred to as the power gain
2 2 T 2
A7 = (27r(0)) = WB. BTdV GW)I%, (15) aN _ Mo [nrgr] (20)
where the last integral represents the energygff), in " Mo [ncw]
the mathematical sense. Using (9) and (15), the conversigih Mo [-] the mode of a population of samples. The rationale
efficiency of time-reversed excitations is for naming this quantity power gain is to be found in the
C, Br Wk? possibility of obtaining the same order of magnitude ofstre
MR =GR K2 (16) onto the EUT, while using a lower PIP at the input of the RC,
, i.e., at the output of the power amplifier. This observat®oa i
with -1 direct consequence of having defined the conversion eftigien
k* = BrG? (/ dv |G(1/)|2) <1 (17) (2) as a quantity normalized to a fixed peak instantaneous inp
Br power.
a shape factor attaining its maximum value for flat Fourier As opposed to the case of harmonic excitation, time-reversa
spectra. excitation is characterized by a self-averaging propdrdy,[as
long asBr > B.. This property is apparent in the definition
I1l. POWER GAIN of Cw (v) in (7), where the integral is taken over a stationary

How do 5y, and n compare? In order to answer thisrandom proces$V (v) which takes only positive real values.

guestion, two points should be considered: the random @atd® low co_hert_ance OW(V>. outside sub-bandwidths Of. the
of W(v) and the fact that, in case of harmonic excitations, aq{der of B. implies that the integral can be recast as a discrete

RC is typically operated jointly with a stirring techniquihe N,

assumption of an overmoded RC, as defined in [10], implies Cow (V) ~ BCZW(SZ-) (21)
that W (v) is bound to follow an exponential probability law =

[11], [12]. As a result, .y, When computed for a single . .
realization, is widely dispersed around its mean value:, e ith si —si-1 = Bc andv — fi = N, B.. The stationarity
Tew/ Mew) € (0.05,3.00) with 90 % probability. The of W(z/)_O\_/erBT here translates_lnto 1.0V (s;); her_me, the
poor predictability of the actual stress generated by an R€ntral-limit theorem allows stating that asymptoticallyy,
is improved by havingN realizations, introducing stirring @nd ultimately| fr= (¢)||, follow a normal distribution with

techniques [13]. This pragmatic approach is acknowledged F¢lative standard deviation approximated bYB./Br. This
introducing property is confirmed in sec. IV.

N (@) Use of a sufficiently large bandwidth can therefore be
Now = Max 7y (18) S .
i€[1,N] expected to reduce the uncertainty in the TR-generated field
i.e., the performance of the harmonic excitation will belevalhis key point is discussed in secs. IV and V. Convergence
uated as the highest one out Bf realizations. As a result, 10 @ Weakly fluctuating|| frr(t)|- invites the following

2 =¥y / (ew) Will follow the probability law [14], [15] approximation: to consider that the randomnesg,gf is only
due to||z2 (t)]| - Under this assumption, the pdf gf; can

pn(z) = N(1—e )N Te™™, (19) be expressed as a function of the pdf of the random variable

2
The strong skewness of this family of probability laws (seyK » as apparent from (16)
Fig. 1) implies that the statistical mode should be regaated (m/a)_3/2
a more accurate estimator of typical values takennBy;, pr-2(x) = g PK (\/a/K) (22)
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Figure 2. Equivalent number of independent realizatiormgiired in a CW-

driven RC in order to ensure the same typical efficiency thaFRadriven
one, as given by (27). Figure 3. The hemispherical positioner (a) and the elemptizal probe (b)
used during the experimental validation.

wherepg () is the first derivative offx (=) (to be computed _4
numerically), andn = C,. BrWx?/C;B... This pdf serves as 32X10
a reference in sec. IV. 3l

The mode, and also the meamgf; are well approximated
as

C, Br
Mo [nrr| = (nrr) = = o= (W(fe)) (k/Mo [K))*, (23)
Cl BC
where
Mo [K] ~ aIn”(4B7/B.) (24) Lol
was shown to be accurate to better than 1 % in [8], when 16 ‘ ‘ ‘ ;
a=0.749 andb = 0.678. 18 1.9 e ucnj (GHz) 21 2.2
For a harmonic excitation, the mode is areney T
C.
Mo [Uévw] = (now)In N = oA (W(fe))InN. (25)  Figure 4. Estimate oncyy ) (grey dots) and its smoothed version (black
3

line) obtained with a moving average over a 20 MHz bandwidth.
From (23) and (25), we can now express (20) as

BT I€2 -2
G =— [alnb(‘lBT/Bc)} : (26) IV. EXPERIMENTAL VALIDATION
B.InN
It could seem surprising, at first sight, to see thatfoe 1, One of Supelec's RCs was used for the validation; its

G, is expected to be infinite. This is a direct consequence diimensions aré.6 x 3.0 x 2.5 m* with an expected lowest
the high probability of observing a weak field intensity for aisable frequency around 400 MHz. We did not stug,
single realization. In fact, the cas€ = 1 is of no practical experimentally, since two decades of research on RCs have
use, as in any experimental setup typically involves attlaasthoroughly validated the good accuracy of (19) when using
few tens of independent stirrer states. harmonic excitations [13], [14]. It is sufficient to estimaat

Eqg. (26) provides a direct estimate of how many realizatiod8/ (v)), as discussed in sec. Il. The validation therefore
(e.g., stirrer steps) should be carried out in case of andiaian focused on the performance of TR excitation and the power
excitation, in order to obtain a performance similar to thagain, so that we did not apply any stirring technique, as TR
expected with TR excitations. Enforcir@ =1, one would is based on self-averaging. The presence of the stirrer was
need still useful for breaking symmetries in the cavity, as wedl a

N — exp{BT [alnb(ﬁlBT/Bc)} 2} (27) for reducing any direct illumination of the receiver frometh
B source antenna.

independent realizations. A graphical representatior2@f in A monocone antenna, mounted between a corner of the RC
Fig. 2 shows that keeping up can quickly become unaffordabénd the stirrer, was used for the excitation of the RC. Temsf
Eq. (27) can also be interpreted as the ratio, between fluactions between this antenna and a phase-sensitivealect
bandwidth that should be spanned for CW frequency stirringptical probe (Enprobe EFS-105) were measured by means of
with respect to that needed by a TR signal in order to obtadrnvector network analyzer, collecting data over 5000 fregye
the same efficiency. The underlying reason for this pottytiasamples in the bandwid{.8, 2.2] GHz. The probe was made
huge difference in the performance is to be found in thte scan a hemispherical surface with a radius of 1 m, thanks
collaborative nature of TR, where th€ degrees of freedom to the low-perturbation robot depicted in Fig. 3, togethé&hw
are used coherently at the same time, as opposed to the @\ probe. The residual field coherence, or correlationhas t
case, where they are used separately in a non-coherent mamobot moves was estimated to be about 80 %, thanks to its thin

c
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Figure 5. Empirical and theoretical pdfs g (t)||co /Ao, for By = 32
MHz (left) and 256 MHz (right).

Figure 7. Empirical and theoretical pdfs 6f frr (¢)|lcc — u)/+/u, with
u = (Br/B:)W, for By = 2 MHz (left) and 32 MHz (right).
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Figure 6. Estimate of|| frr (t)]l) as a function of5r. Figure 8. Estimate o(nTR> as a function ofBr.

structure made out of glass fibers immersed in a plastic ratri

3431 positions were thus considered, uniformly distridutd>andwidth.

with an average distance of 3.75 cm, i.&/4 at 2 GHz. Conversely, the output field generated by these excitations
From this set of data we first computeg,,, shown in is expected to be proportional to the bandwidth, as stated by

Fig. 4 to be indeed slowly varying. Field-related resultgeve (9). Fig. 6 supports this prediction for the mean value of TR

not corrected for the antenna factor of the probe, since cutput fields. In order to assess whether their mean value is

models refer to ratios of efficiencies affected by the san@egood representative of TR-generated fields, Fig. 7 present

constants. Therefore efficiencies are all reported in rulyit the histograms obtained by computififfr (t)[loo — u)/v/u,

units (a.u.). with w = (Br/B.)W. If TR-generated fields were normally
Time-domain responses(t) of the RC were computed atdistributed according to the central-limit theorem, thevious

each position, for several bandwidtis-, up to 256 MHz. It operation should lead to a random variable well describea by

was thus possible to estimate a time constaat2.14 us by  standard normal distribution. The results in Fig. 7 confithad

means of a least-square fitting @*(¢) ); 7 is needed in order this model is consistent faB; = 32 MHz, while for By = 2

to compute the coherence bandwideh = 467 kHz required MHz the approximation, while not perfect, is still reasoleab

by our models. This last observation is surprising, since By = 2 MHz,
Having direct access to the impulse responses, TR dRke input signal just covers slightly more than 4 coherence

citations can be defined as in (4), and their actual peBRndwidths, i.e., a very low number of degrees of freedom.

values recorded; all the results about TR excitations ireol These results have a strong effect on the confidence margin of

G(v) = 1 over By, i.e., a sine cardinale (sinc) pulse in thd R-generated fields, as discussed in the next section.

time domain. The histogram of the peak values, normalizedThe TR efficiency was then assessed, first for its mean

to A, = WB.Br (see (15)), is shown in Fig. 5, togethewvalue shown in Fig. 8. Its sub-linear dependence®n is

with the theoretical pdf of the overshoot factér, obtained a direct consequence of how the maxima of RC impulse

by numerically differentiation of (11). These results refe responses increase, although slowly, wiiz [8]. The slight

two bandwidths,Br = 32 and 256 MHz, corresponding todiscrepancy (about 6 %) between theory and experiments

fractional bandwidthsBr/f. equal to1.6 % and 12.8 %, could seem surprising, since previous results were in veoylg

respectively. Both distributions present a good agreemeagreement for both the numerator and the denominatoy@f

while their mode passes from 2.25 to 2.85, i.e., slightly enoin fact, predicting the pdf of the ratio of random variables

than a 25 % change for an eightfold increase in the excitatismnot a simple matter, in particular in the case of interest,
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The self-averaging property of TR excitations is the inhere
cause for its faster convergence.

It could therefore be disappointing to haygy, still featur-
ing a pdf that does not appear to converge to a deterministic
value. In fact, the reasons for the statistical dispersion,g,
are utterly different from those that are behingdy,. In the
case of TR, the output field does converge to a deterministic
value, as demonstrated in the previous section in Fig. 7; but
when normalized to the input peak power, it is the stronger

0 50 e (MHSSO 200 250 dispersion of this last quantity that increases the spredad o

TR
Conversely, in the case of CW excitations, the statistical
Figure 10. Normalized gai} In N as a function of37. dispersion only depends on the output fields, meaning that it
actual value is hardly predictable. Therefore, in the cdSeRo

. . . excitations, a non deterministig,; has a simple meaning:
since the numerator and denominator are not independefie the output field is predictable with a high degree of

having a common origin in the impulse responses of the RGqc\racy, the actual amount of peak input power is not. As
Having chosen to approximate the field generated by TR ggch it could require more, or less, peak power than exgecte

a deterministic quantity is the reason for this residuaderr average, but this uncertainty will hardly have any major
which is confirmed in the comparison of the empirical andgact on the field intensity.

theoretical probability distributions (22) in Fig. 9.

Finally, we present data confirming the validity of (26),
shown in Fig. 10. Attention should be paid to the meaning
of G) In N: it does not represent the final power gain, but a The benefits of driving an RC with TR signals has been
normalized version independentdt. The slight disagreementconfirmed on three levels: 1) a higher conversion efficiency,
is a direct consequence of the one in the modeling9f.  2) a reduced uncertainty in the actual field level, and this

3) without the need for multiple realizations (stirring)hd
V. CONFIDENCE INTERVALS increase in the efficiency may well be translated into a

The good agreement of experimentally estimated THghtening in the peak-instantaneous power specificatfons

generated peak fields with a standard Gaussian distributRfver amplifiers.

implies that indeed output fields do converge as dictated by©OUr Work has also proven that TR does not necessarily

the central-limit theorem, i.e., they span a confidenceniate MYme with wide-band signals, as acoustical TR has got us
Ctr, €.9., With a 95 % probability, approximately equal to used to. Narrow bands can be envisaged as TR excitation
signals, since the only constraintid-/B. > 7/Q; with RCs

Ctr/ (nrr) = 2/ Be/Br, (28) easily displaying@ > 1000, it should be possible to keep
. : using standard power amplifiers while reaping TR benefits.
to be compared with the one obtained fg Furthermore, a minimum frequency resolution can also be

1 — ¥0.025 preserved.

Cow/ (nbw) =In [1N70975] /InN.  (29)  The price to pay is the need for an overhaul in the use of

' RCs, as TR excitations require thinking in terms of spatiall
These confidence intervals, represented as functions of teeolved stresses. A TR-driven RC works by focusing part
available number of degrees of freedom, are shown in Fig. If.the injected energy over a reduced region of space during

VI. CONCLUSIONS



a short time interval. As a result, tests would need to be
repeated when switching from one position to the next one,
not unlike an anechoic chamber, where directions are tested
one after the other. Depending on the size of the focal spot,
and ultimately, on the desired spatial resolution and thd EU
dimensions, the number of excitations required could vary
wildly. Predicting this number is tricky, as a large numbér o
potential implementations for TR-powered RC facilitiesica
be devised. A discussion about the benefits and shortcomings
of the various classes of TR implementations can be found
in [6], where a special attention was given to the use of TR-
excitations for test facilities.
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