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Emulating an Anechoic Environment in a
Wave-Diffusive Medium through an Extended
Time-Reversal Approach

Andrea CozzaMember

Abst i . . x TRM antennas l
ract—A generalized time-reversal (TR) technique for the X P \ o
generation of coherent wavefronts within complex media is X 1N ,A Y \ 1N A._ <
presented in this paper. Although completely general, thisnethod NS \ >
is primarily considered for testing purposes herein, wherean > Evatu > ) Rvanil
equipment under test is submitted to a series of impinging ' - .
wavefronts with varying features. Electromagnetic compaibility, D D=
antenna testing as well as telecommunications facilities vere radiatin i
complex-wavefront schemes (e.g., multi-path configuratits) are Sourceg D-—s P
required, could benefit from the proposed approach. The main F
advantages and limitations of current standard TR approacles \P ,’b\“ )> B
are reviewed in this respect, exposing their inadequacy fothis C_TRM surface
particular context. The proposed alternative technique, mmed (a)
Time-Reversal Electromagnetic Chamber (TREC) is introdued
and studied by means of a formal theoretical analysis, showg » \!
how a reverberation chamber (RC) supporting a diffused-fied » \, A s
condition can be operated as a generator of deterministic » \*'}> _)>' Ty
pulsed wavefronts. The TREC is demonstrated to be capable \"}> 8 'v;,/.v
of generating arbitrary wavefronts with a remarkable accuracy, a
allowing to revisit the RC as a deterministic facility: the main ) >
advantages of RCs and anechoic ones are merged, leading to a O il
new facility capable of potentially generating in real-time pulsed (Tiierr T D ° ) D
wavefronts while using low input energies, without requiring scatterer "+’
neither mechanical displacements nor any special featuresf the =~ esPonse Dy scatterers Do
sources. L " test

. ) . . wavefront

Index Terms—Cavities, random media, test facilities, time- (c) (d)

domain measurements, dyadic Green’s functions, wave focing,
time reversal. Fig. 1. A schematic representation of the two main TR

techniques currently available: (a)-(b) TR of a radiatiogrse;
(c)-(d) selective focusing over a point scatterer by medns o

the DORT approach.
HE idea of assessing the response of an equipment

under test (EUT) to external electromagnetic radiations

is fundamentally dependent on the availability of faali

capable of generating suitable testing scenarios in a repfotest: having made use, at least ideally, of a single plane

ducible and controllable manner. The most classical exampfave, the field scattered by the EUT, the currents induced ove

is Certain|y the case of a |0ca||y-p|ane wave, typ|ca||y|_med its external surface or at its interior are all StraightfariZUy

to propagate within an anechoic environment to simulateligked to a single and well-defined external excitation.

free-space configuration. A number of solutions have beenSuch an approach shows its limitations as soon as a large

developed in the past, giving rise to such facilities as epenumber of testing configurations is required (changingddire

area test sites, compact ranges, TEM cells, and the like. £iin of arrival, polarization, etc.), thus leading to theede

of these available solutions are somehow based on effortsofocomplex and time-consuming mechanical displacements

simulate an anechoic environment, a task often achieved dfythe source or of the EUT. Albeit light-weight antennas

means of anechoic chambers (ACs), which rely on the useafd EUTs can be easily moved around, the case of large

electromagnetic absorbing materials. EUTSs such as those considered in the aerospace industry (e.g

Among the several reasons for choosing this type of esatellites, airplanes) or in electromagnetic compatibile.g.,

vironment is the simplicity of interpretation of the resultf vehicles) requires complex mechanical solutions. A cldss o

) testing configurations in itself where a similar problem Iis o
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expensive solutions in ACs [1], [2]. through a simple procedure. Our analysis leads to the cenclu
For all these reasons, reverberation chambers (RCs) hai@n that a paradigm shift can be introduced in TR applicatio
gained a wide following even outside the electromagnetichen dealing with reverberation chambers (or more generall
compatibility (EMC) community, especially for the need ofvith wave-diffusive media), since the parameters definhg t
assessing the performances of telecommunication deviceswavefront can be changed in real-time by means of standard
data-transmission schemes through complex environm@hts gignal-processing techniques, thus introducing the piisgi
Here, the logic of the test is turned upside-down: the tgstif high-speed testing in reverberation chambers and the gen
conditions do not require anymore moving the sources or theation of complex, but deterministic, propagation sciexsar
EUT, since it is considered that RCs can provide a testing
scenario where a large number of plane waves propagate along
ideally all possible directions [4], [5], [6]. The well-knm
price to pay for this simplification is the loss of intuitive In this section we do not pretend to provide a thorough
understanding of the undergoing physical phenomena lgadéummary of TR, nor of all of its applications. A panoramic
to the test results, and the important issue of having hardiigw of available TR applications is necessary in order to ge
repeatable testing conditions. We acknowledge the fadt tigabetter grasp of the advances proposed in this paper.
the average testing conditions are repeatable, but thet exadR is fundamentally the same technique previously known
configuration is actually not. as phase conjugation, which originated in optics in the late
As opposed to these two scenarios, in the last few yeai@'s [12], primarily intended to compensate distortionslfs
it has been shown that the preconceived idea of reverbgratitealing) in wavefronts propagating through complex media,
cavities as capable of supporting only narrow-band exoitat particularly with the aim of focusing energy towards a given
and incoherent fields should be revisited. Time-revers) (Tposition in space. All of the applications of TR are based
techniques have been shown to be capable of generatimythe TR symmetry of Helmholtz equation, implying an
coherent wavefronts that can behave in a similar way tavariance of its solutions to a change of sign in the time
anechoic environments [7], [8], [9]. The availability ofcbua Vvariable.
new way of using RCs is particularly exciting because it doul TR applications typically exploit this property by coumin
be a way of accessing the main features of RCs and ACs at th® Huygens’ principle: as depicted in Figs. 1(a)-(b), vac
same time, within the same facility, by taking advantage ofdgfine a two-step procedure where the first step involves a
high energy efficiency while being able to generate simpier asource of radiation generating a diverging wavefn@orded
more easily predictable wavefronts. Unfortunately, as ige@ by an ideally continuous set of transducers (e.g., antgnnas
in the next two sections, currently available TR techniqueteployed over a closed surface. These transducers are
are unsuitable for testing purposes, since they rely onusually referred to, in the context of TR applications, as a
fixed two-step procedure that does not allow straightfodiyar TR mirror (TRM) [13]. Coupling Huygens’ principle to the
controlling the features of the generated wavefronts. TR symmetry of Helmholtz equation implies that by exciting
A more powerful technique disposing of these limitationthe transducers with the time-reversed version of the fgna
was introduced in [10] and experimentally validated in [8]. received during the first phase, the TRM will generate an
is based on the use of synthetic sources, leading to a geneidgally perfect replica of the original wavefront, but this
ized technique for the generation of time-reversed wawe$ro time converging back at the source, as a consequence of our
whose features can be controlled in a very simple manner.ifverting the direction of evolution of the time variable3]1
this paper, we present a formal analysis of how the equiealen An important step in our proposal is the passage from
theorem, coupled to a phase conjugation technique alloth® usually open media addressed when using the paradigm
generating arbitrary wavefronts within random propagatiove just recalled, towards bounded ones, e.g., closed esviti
media characterized by weak spatial correlation. Our theor This issue was studied in several papers, e.g., [14], [15],
first introduced for a general medium, requiring only lirgar [16], [11], where it was shown that the presence of reflective
and reciprocity, while in a second time we focus on the specifioundaries allows reducing the number of TRM transducers
case of a medium supporting a diffused field distributiorio just a few, typically one: this number is to be compared
e.g., an overmoded reverberation chamber. The dyadic mperavith the inevitably higher number of sources needed in wave-
describing how a target wavefront will be modified on averageont synthesis in free-space environments [1], [2], a ctire
by the proposed technique is derived, and numerical examptensequence of the spatial-sampling theorem [17]. The fise o
are provided to illustrate our results. No experimentaliitsds TR signals also allows the generation of short pulses within
provided, since they are already available in the litemf8f, a reverberation chamber, which is of practical interestrwhe
[11]. testing EUTSs closely exposed to high-power radar pulsels [18
As opposed to previous works dealing with the focusing The second approach to generating TR wavefronts is the
of time-reversed waves in complex media [9], the propos&DRT technique [19], [20]: while standard TR considers that
method is not limited by the intrinsical inability of starrda what will be the target of the focusing wave during the
TR techniques to generate arbitrary wavefronts. A majasltessecond phase (Fig. 1(b)), needs to be a source during the
is the proof that reverberation chambers are not only capabl first one (Fig. 1(a)), the DORT allows avoiding the target
generating wideband pulsed fields, but in a more general wiay be a source, whenever it behaves apant scatterer,
to generate in an accurate way arbitrary coherent wavedrorite., as a passive device that will respond with a spherical
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wavefront (Fig. 1(d)) to an externally excited locally pan
wave (Fig. 1(c)). The DORT may appear to have a potential
for testing applications, particularly when dealing withsgive
EUTSs that cannot be operated as active sources. In fact, as we
argue in the next section, the DORT could hardly be applied
for testing purposes.

The problem with all of these methods is that in the
available literature TR applications always aim at prodg&a
focusing wavefront at some position in space. The motivatio
is never the generation of a wavefront per se: the reason why
focusing is under consideration is typically either a abear
transmission of signal through complex media at a givérig- 2: Configuration for the application of Love’s equivate
position (e.g., a receiver in sonar [21] or telecommundsati theorem. Equivalent electric and magnetic currents ar@eiefi
schemes [22]) or to improve imaging techniques [19], [20pver the surface’, representing the wavefrodt,(r,¢) that
[23]. As we will argue in the next section, this is not compawould have been generated by a synthetic source contained
ible with EUT testing, since EUTs are often electricallygar in the volume bounded by the surfage These elements are
and present distributed scattering features rather themiized embedded into a complex mediuh
ones.

responses of the EUT to a varying, but predefined, testing
wavefront.

Following this short discussion about current TR technigue The problem is that TR techniques in their present state
one may think that it could be interesting to implement the@'e not suitable for EUT testing: they are actually mismedch
within RCs for at least two reasons: 1) to provide a solutid@ practical needs, as they have been designed to deal with
to the problem of pulsed field generation; 2) as a way of mopeainly point scatterers, rather than electrically extehdees,
effectively generating high-intensity fields within a reber- as it is often the case when dealing with real-life EUTs, and
ation chamber. Such points are apparently useful only in tHés goes without taking into account the issue of polaitrgt
context of EMC, where the absolute intensity of the testinghich leads to an even more complex scenario when compared
wavefront is of paramount importance. As it will be showto the scalar-wave propagation and scattering undergaing i
in the rest of this paper, the proposed generalized appro@sioustics.
provides a more powerful rationale for the idea of coupling The solution to this mismatch is to shift our attention from
TR to reverberation chambers; as a matter of fact, a furtHée idea of focusing over a point to the idea of generating
motivation is the ability to control the generated wavefrorf controllable wavefront. By this last term, we consider the
without any mechanical displacement of the sources, nor a@gility to control all of the parameters defining a wavefront
need for complex sources. e.g., its time-dependence, polarization, directivity afickc-

Before passing to the advantages brought in by our methy@’n of arrival. This reflection has motivated our prOpOSing
let us us start by looking at the shortcomings of TR from @n alternative approach based on the use of synthetic source
testing point of view. If the standard paradigm depicted itsection 1V), leading to a new paradigm for TR that is not only
Figs. 1(a)-(b) were used, how to generate in the first plaee thuitable for EMC purposes but also brings in new advantages
diverging wavefront (first phase) that will be time-revetge for any test based on submitting an EUT to impinging wave-
order to be focused over the EUT? The eventual solution &@nts. This approach, that we have named the Time-Reversal
applying auxiliary sources over the EUT in order to radiafelectromagnetic Chamber (TREC) was originally introduced
the first-phase wavefront are bound to fail, since the stahdd" [10] while the first experimental validation was proposed
paradigm would require passing through the two phases el8].
have recalled in the previous section: hence, as soon as a new
direction of incidence is to be established, the auxiliayrses IV. A GENERALIZED TR TECHNIQUE
would need to be moved over the EUT, and a new cycle of Our analysis takes its start from the standard two-step
test would start all over. This is hardly acceptable, as itido approach recalled in section Il. The application we enwvisio
require an increased number of manipulations with resmecti¢ peculiar in the sense that we do not consider the usual
tests carried out in anechoic chambers. retrieval of the wavefront generated by an elementary spurc

A potential solution could be envisaged by recalling theut rather a generic wavefront. In this respect, we intreduc
DORT paradigm (Figs. 1(c)-(d)): in this case, it would nothe function€.(r, t) describing the space-time dependence of
be possible to chose whatever direction of incidence on ttlee wavefront we aim at generating, i.e., the target wawnefro
EUT, as the DORT can merely select a wavefront among tive fact, £.¢(r,t) is the diverging wavefront that would be
scattering responses of the EUT. If this response is (a® ofgenerated in a free-space environment, whereas the TREC wil
is the case) dominated by a few bright points [24], the choicather be used in order to deliver, idealy,;(r, —t), i.e., the
of the test wavefront will be limited to the intrinsical respe converging version of the wavefront, used to test the EUT
of the EUT, rather than satisfying the need to identify theesponse in a number of potential applications. We are not

IIl. TR FROM A TESTING POINT OF VIEW



interested in specifying the nature of the source geney#tia
original € ¢ (7, t) wavefront, nor is it necessary: the wavefront
Ewe(r,t) can be imagined as the result of an unspecified
source, to be eventually found within a volume enclosed by th
surface=, introduced in Fig. 2. This surface will be assumed
to be spherical for simplicity, with radiusz. Knowledge
of the electrical dimensiomz/\ provides a direct measure
of the potential directivity of the wavefronts radiated et
source [25]. For reasons that will be clearer at the end sf thi
section, we will refer to this source as the synthetic saurce
The divergent wavefront thus radiated during the first phase
can be regarded through the lens of Love’'s equivalence
theorem [26]: by defining a closed surfagebounding the

synthetic source (see Fig._ 2)’ the _sampling of the functicr_qg_ 3: Equivalent models of the TRM antennas used for the
Ewi(r,1) over 3 allows defining equivalent currents capabl@ny tation of the signals received during the first stagdar
of exactly reproducing the same space-time dependencerglynase and the field generated by them in the second phase:
any position outsidé& itself, independently from the eventual(a) receiving-mode model; (b) transmission-mode model.
presence of an EUT.

Two assumptions will be introduced in order to simplify
our analysis, with no loss of generality: the first one cassisyith
in regarding&¢(r,t) over ¥ as the far-field radiation of Bui(r,w)
the synthetic source, while the second one is to assume that J(r,w) = _owh ) (4a)
3. be a spherical surface. The rationale for requiring a far- , S .
field radiation is twofold: first, our analysis will be greatl Jn(rw) = Ew(r,w) x 7. (4b)
simplified, thanks to the simpler relationship existingwe#n \yhere ry, is a vector spanning the surfac and &(r) is
electric and magnetic fields, while the fact that time-reeer pirac’s delta distribution.
wavefronts are deprived of reactive components calls fer th Gjyen the distributions of electric and magnetic currettts,
need to remove the reactive components off a wavefront éefiiectric field E(r,w) they generate at any position within a

comparing it to the one generated at the end of the Tfopagation medium can be expressed by means of its dyadic
procedure, since only propagative components are corernt§reen’s functions as

as recalled in section II. The use of far-field wavefrontevadl

E(r)

(@) (b)

for a direct comparison of the target wavefront and the one E(r,w) = /Gee(r,r',w) ST (! w)dP e+
actually generated by the proposed procedure. = (5)
According to these assumptions /Gcm(r,r’,w) S (e w)dPr
b
Hor(r,t) = ifa X Egi(r,t) TET 1) where the two dyadic functionsécc(r,r’,w) and
’ 0 ’ ’ Gen(r,7',w) refer to the Green’s functions relating,

respectively, electric and magnetic currents to the atectr
where( is the free-space wave impedance and the radial fjg|q.
unit vector coinciding with the outward pointing unit vecto  The configuration depicted in Fig. 2 presents TRM antennas
normal to ¥, as depicted in Fig. 2. As we are dealing withyssimilable to elementary dipoles, positionedratand ori-
the generation of arbitrary wavefronts, and in particulsispd  ented alongg,. These antennas will be operated in receiving
ones, a time-domain description should be the final outcdmegd transmitting mode and can thus be described by means of
our analysis. Still, the intermediary steps of our analyeil6  the equivalent models shown in Fig. 3. In this framework, the
be carried out in the frequency domain. We thus introduggectric field E(r;, w) related to the wavefront will eventually

the wavefront description for the electric fiel;(r,w) in couple with them, leading to an output voltabgw)
Fourier frequency domain, defined as
Zr(w)
Vi(w)

Bui(r,w) = F{Eui(r,0)}, @ Z1w) + Zin(w)
where h. ;(w) is the vector effective height of the TRM
where F{-} is Fourier transform, with the magnetic-fieldantennas

E(r;,w) - he;(w), (6)

spectrum similarly defined. hei(w) = he(w)aq;, (7)
The equivalent electric and magnetic currents ecan p5ing assumed all of the antennas to have an identical
thus be defined as effective heighth, (w).
, As recalled in section Il, TR applications require the otitpu
Je(r,w) = J.(r,w)i(r—rs) (33) signals V;(w) to be time-reversed, or phase-conjugated in

J (r,w)d(r —rs), (3b) the frequency domain, and subsequently applied to the TRM

S
s
=
€
|



antennas. The TR of thi (w) output signals would naturally TR excitations are applied to the TRM antennas. Since we
require considering a deldk representing the duration of theare interested in wave-diffusive media, the vector transfe
first phase during which the output signals are recordeds Thiinctions (11) will be considered as random functions in
delay will be neglected in the rest of the paper, as it onlgéeasection VI. The self-averaging property of TR [27], [28]
to a phase-shift term shared by all of the output signalsh) wiimplies that the wavefronts generated by a TREC converge
no impact on the results. towards their ensemble average, independently from the ran
During the second phase of TR, the TRM antennas will lwom realizations of Green’s dyadic functions. This issue is
excited by means of the signalgy ;(w) = V;(w), where the discussed in Appendix B.
overhead bar stands for phase conjugation. According to theHence, we introduce the average dyadic responses
equivalent model in Fig. 3(b), the antennas will be driven by

a current/; (w) Teei(r,r',w) = E[Nei(r,w)Nei(r',w)] (15a)
Vex i Tem,l(rar/aw) =
A On pp— ) - ®) P
Zg(w) + Zin(w) E[Ne,i(r,w)(® X Npi(r',w))] (15b)
leading to an equivalent electric-current density Ti(r,r’,w) =
1 -~ -
Ji(ri,w) = Li(w)he(w)d(r — ;). 9) C_Tee7i(7a’ ' W) = Tem,i(r,r’,w), (15¢)
0

The electric field thus generated by each TRM antenna .
during the emission phase can be expressed as with E [] the ensemble-average operator. These functions are

directly related to the autocorrelation functions of theeyéc
Erri(r,w) = | Geo(r,r',w) - Ji(r',w)d®r random procesdV(r,w) and are anisotropic. Finally, (14)
' Q (10) gives place to

= he(W);(W)Gee(T, T3, W) - G;-

In order to simplify our notations, we introduce the electri  E[Erri(r,w)] = /Ti(r,r’,w) - By (r',w)d*r’,  (16)
and magnetic vector transfer functions >
- . requiring no assumption on the nature of the medium, nor
Nei(r,w) = Cfcc(rv”’“) "4 (118) on the type of wavefront distribution, apart the simplifyin
Npi(r,w) = Gen(r,r,w)-q;, (11b) assumption of a far-field configuration.
relating the electric or magnetic field observed at a gener'thhe possibility of optalnllng an aqcurate trapsm|35|on
position » to the signals applied to the input port of thd rqugh_a complex me‘?"“”? IS feaS|bIe.|n the special case of
ith TRM antenna. They have units ¢tm-2 and m~2, & d|ffu5|_ve medium, w_hlch is charactenzed by, a low spatial-
respectively. correlation, thus ensuring an _equwalent Green'’s f_uncxtloae
Inserting (5)-(8) into (10), and making use of (11), yieldsto that of a fre_e-space environment (see sectlor_1 VI). The
fundamental point that we want to stress here is that the
ErR,i(r,w) = application of a TR approach allows reproducing a behavior
- , -, , that is actually closer to a free-space environment, butiwit
—Cw) { ENe,i(r,w)Ne,i(r w) - Jo(r w)d'r , (12) a complex medium supporting a diffused-field configuration.
B , o, 5, This idea is illustrated in section VIII.
+/Ne,i(7“aW)Nm,i(7“ sw) I (rf w)dr } The far-field assumption was introduced as a way of simpli-
I . ) ) ) , . fying the derivation of the above results, but the equiveden
having exploited the spatial rECIpI’OCIty of Green's funos, theorem is not affected by the region of radiation of a saurce
and thus of the vector transfer functlc_)ns (11). The quantify. 4 \vill stay exact even in its reactive region, even thougl§ o
C(w) in (12) takes care of the electrical parameters of tf}ﬁe propagative part of the target wavefront will be repiat)
TRM antennas B thus leading to the inevitable diffraction limit in the fozu
Clw) = he(@)  Zi(w) . (13) region [29]
Zy(w) + Zin(@) Z0(@) + Zin(w)
Itis noteworthy that the doublets of vector transfer fuoics V. A PARADIGM SHIET FORTR APPLICATIONS
under the integral signs are dyadic functions. Equivalent
currents (4) can now be inserted, leading to The derivation of (16) implies that as soon as the dyadic
1 - - Green's functions of the medium are known between the
Erri(r,w) = — /Neyi(r,w)Neyi(r’,w) - Eyt(7',w)d?*r'+ points overs and the positions of the TRM antennas, a direct
G Js relationship can be promptly established between the ttarge

- /Ne,i('r7w) 7 X N i(rw) - By (r',w)d?r’. wavefront distribution and the one generated by the TREC.
= (14) Moreover, the derivation leading to (16) paves the way
for a change of paradigm in the use of TR techniques:
having assumed excitation signals, ;(w) = V;(w)/C(w). indeed, as soon as the vector transfer functidfis, (r,w)

This last result allows linking the space-time descriptioand N, ;(r,w) are known, it is no more necessary to undergo
of the target wavefront to the one actually generated aftére two standard phases of TR. The sigriglev) that would



problems in a elegant and simple way. In fact, a preliminary

Chare;%t:;zatlon characterization ofearning phase can be considered during
which the propagation medium is explored, proceeding to
a direct measurement aN.;(r,w) without any need to
Y formulate any hypothesis on its nature. At this point, the
Selection of Selection of signals that would have been received for any wavefront can
wavefront A wavefront be directly computed by means of (17).
parameters parameters

The use of (17) implies that once a physical target wavefront
Y Y is defined, the excitation signals needed to apply to the TRM
antennas are readily available, even though the generation
s ¢ 2L Signal this same wavefront could prove to be difficult when using
displacement synthesis . . .

real-life sources. It is therefore appropriate to refehtime-
reversed wavefronts provided by (17) as generated by syothe
\ y sources. The approach here proposed is somewhat reminiscen
of synthetic aperture radar techniques, where post-psotgs
EM tests EM tests technigues allow to emulate the availability of a source tha
would be practically unfeasible, while its emulation isuely
quite straightforward. The difference is that although the
synthetic source does not radiate in the first place, its TR
wavefront is actually generated, not only computed in a-post
no no processing fashion.

The advantages of this approach are clear: passing from
yes yes one wavefront to another just involves the synthesis of new
excitation signals, without any need for further measures)e
as long as the propagation medium has not undergone any
(a) (b) modification, e.g., due to mechanical displacements of the
EUT. Moreover, the linearity of the propagation of waves
Fig. 4: Sequences of necessary steps to follow when usingwithin the medium implies that superposition of effectsdsol
(a) anechoic test environment or a (b) TREC. Shaded blocks a consequence, it is possible to conceive complex test
represent operations based on mechanical displacementsa@narios where multiple wavefronts can be generated to
substitution of devices. impinge onto the EUT from different directions, with any ¢&yp
of time-dependence associated to each individual wavefron
The generation of similar scenarios by means of state-®{-th
result from the recording phase (or first phase) can be $traigart facilities would involve a sophisticated system to féleel
forwardly computed for any target wavefront without needinantennas associated to each direction of arrival and dontro

its actually being radiated, since their orientations [1]. As opposed to this need, the TREC is
) theoretically capable of generating arbitrary wavefromith a
Vi(w) o /ENcq,i(Ta“) “ B (r,w)dr, (17)  reduced number of antennas, typically just one, by explgiti
with the weak spatial correlation of the wave-diffusive medi@][3
N.i(r,w) . From a practical point of view, this approach allows dramat-
Neg,i(r,w) = T + 7 X N i(r, w), (18) ically reducing the time needed for generating a new converg

. . . e . ing wavefront, as the only steps needed are the computation
leading to a direct synthesis of the excitation signals ar tof the excitation signals and their direct digital syntkesi

second phase. : ;
ot . . flow-chart representation of the sequence of operations
This simple modification has deep consequences: as a matter

: : . .~ ‘heeded when testing with a standard anechoic chamber or a
of fact, the standard implementation of TR techniques iegpli o i
: . ; TREC based on an overmoded cavity is proposed in Fig. 4,
that each time that a new converging wavefront is to be o e g
. ) . where it is made clear that the modification of the testing
generated, the diverging version of the same wavefrontsee . . .
. ) wavefront does not require any physical modification of the
to be generated by an actual source during the first phase, . . o .
- est environment, but only changing excitation signalghBa
Furthermore, as the characteristics of the wavefront ohan ! . . .
L . L , an repeating mechanical displacements each time that a
e.g., the direction of arrival or the polarization, the fipstase . o .
. . . S .~ new test configuration is required, these are relegatedeto th
is to be carried out again. This is clearly a strong limitatio . ) i
) . o . learning phase, before starting a cycle of uninterruptstste
when proposing TR for testing applications, since as soon as
a wide range of configurations is to be tested, the repetiffon The entire procedure here suggested relies on previous
the two phases would be too costly. Moreover, the questionlafowledge of theV . i(r, w) functions. A detailed discussion
how to generate the diverging wavefront in the first placais fof this issue is out of the scope of this paper, and it was

from trivial. The paradigm shift we propose solves all ofdbe partially considered in [8].



V1. THE CASE OF A WAVE-DIFFUSIVE MEDIUM v

In this section we address the special case of an ideal wave-
diffusive medium. By this term we consider any medium, \d* /
not necessarily homogeneous, whose Green'’s functionsean b O— 5
approximated by means of a superposition of a large number of il P
random plane waves propagating with equal probability glon r
any direction [31], ensuring very simple statistical prdjes »’

for the field: a Gaussian-distributed field with spatialarant
moments and a perfect depolarization. Among the several con
figurations where this property can be invoked, large cawiti
such as reverberation chambers are perhaps the simplest wigy 5: The local reference system based on the orientation
of implementing it, as soon as an overmoded condition & the » and ' vectors, defined by the right-hand set of
satisfied [32], [33]. unit vectorsi, 7 and p. This choice is at the basis of the
The hypothesis of perfect diffusion and thus a randofasults derived for the case of a wave-diffusive medium, e.g

plane-wave spectrum are actually the basis for the asymptgin overmoded reverberation chamber.
analysis of reverberation chambers, as proposed, e.g4lin [

As a direct consequence of spatial stationarfy(r,r’,w)
are independent from the position of the TRM antennas apgter to the longitudinal the transversal components of the

their Orientation, so that it is POSSible to drOp thmdex and electric f|e|d, respective|y_ These functions are [34]
consider the average resporiEér, r’, w) of the TREC.

o

In order to derive a closed-form expression for the dyadic p(d,w) = kfl 5 [sinc(kd) — cos(kd)] (21a)
operatorT'(r,r’,w), we expand the vector transfer functions :()’ ) 1
(11) over the local reference system depicted in Fig. 5, ddfin pi(d,w) = 5sinc(/ﬂj) — ipl(d’w)’ (21b)

by of a longitudinal unit vectop = d/||d||, whered = r’ —r,
a transversal unit vectay lying on the plane defined by thewith & = w/cy the wave-number and, the speed of light in
vectorsr andr’ and a third unit vectof) = p x v. the homogeneous medium filling the cavity.

The dyadic operators introduced in (15), e.qg., for the cése o In dyadic formalismT..(r,r’,w) can be expressed as
the ch(r,r’,w) dyadic function, can thus be expressed into

_ w) dyad Teo(r, 7, w) =
this new basis, yielding scalar components
Neoww) (o o (22)
(Tor) (1) = —5—[Pppi(d,w) + (00 + i) pe(d, )]
ee i, ) 9 19 .
E [t - Ne(r,w) @, - No(r',w)] (19) Following the same procedure for tf&,, (r, r’, w) dyadic

function, recalling that only the cross-transversal congras
where 4., is any of the basis unit vectorp, 1 and ©. (defined with respect tg) of the electric and magnetic
Recalling that the vector function¥ (r,w) are generic trans- fields are correlated [34], we can state that the only non-zer
fer functions observed within a diffusive medium, the scalgomponents are
terms (19) actually represent the covariances between the

scalar components of two transfer functions evaluated at tw Tem)w (r,r' w) =
positions within the medium. Hence, the results presented N2 (w)
in [34] apply, leading to Céag pm(d, )P x -5 (23a)
0
N N2 ~
(Tu) ) = 2@ (20 (Tew), (rr'w) =
pp 3 ve 2 ()
~ N2 Nc,av w A A~ A~
(Teo) (r7) = S ) dw)  (200) — 5, Pm(dw@)P x @b (23b)
I ! = I ! Tem I Ia = Tem ) I7 I 23C
(ch)ﬁﬁ (r,r',w) (TCC),;,; (r,r",w), (20c) ( )fm (r,r',w) ( )w (r,r’,w), (23c)
results that hold for any wave-diffusive medium. where p;,(d,w) is the mixed correlation function between

In (20), Ne.ay(w)/+/3 is the rms amplitude of the electricthe cross-transveral components of the electric and miagnet
field observed along any of its scalar components withfig!ds, given by [34]
the region of space where the ideal diffused-field cond&ion
hold [35]; this quantity is derived in Appendix A. The func-
:ﬁg;gtn(li’ g;p?ennddplo(ﬁ’tordlze?jriitzazzl |(;or_r(3alj':|1t|on functions, so Whence, the operatdF (r, ', w) reads, for the case of an

Apart for the three scalar components shown in (20), tﬁ%eally diffused field
remaining ones are identically null, as demonstrated ir. [34 F ;o NZ (W)
The two spatial-correlation functiong;(d,w) and p;(d,w) (r,r,w) = 3G

pm(de) = _%jkdpl(daw)' (24)

p(r,r' w), (25)
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Fig. 6: Normalized dyadic functiop(r,r’,w) computed forr € ¥ andr’ = rg&, with rs = 3): (a) real and (b) imaginary
parts. The 9 terms of the dyadic response are shown, maisi-wonsidering standard spherical unit vectors, foligathe
orderr, ¥ and ¢, defined with respect to a polar axis vertically oriented.

with is made possible by the assumption Xfbeing in the far-

field region of the synthetic source. Again we stress the fact
. (26) that this choice is not a limitation, but just a simplifying
"7] : assumption. The time-domain representatior€@f(r, ¢) can
thus be expressed as

ﬁ(rv'r/aw) = bﬁpl(de) - f/ppm(de),f‘/ X 'f] : ﬁ—i_
+ (00 +07) [pi(d, w) = pm(d, W) x D
introducing the normalized dyadic respongéd,w). As a
result, the real and imaginary parts of the scalar compasnent a(t —r/co)
of this function are now bounded to one, since they corredpon Ewi(r,t) = ———=
to the degree of coherence of the medium [36]. The operatolg tands for th lution int | lied to th

p(r,r’,w) behaves as a point-spread function (PSF). wherex; stands for the convolution integral applied 1o the

The PSFp(r, ', will be used in two frameworks: 1) by tlm_e variable; this res_ult holds for any= r7 in the far-field
region of the synthetic source.

settingr, r’ € 3, it allows assessing how a TREC-generate ) _ . . .
wavefront is distorted with respect to the target one in #re f Introducing (27) into (16) while using (25) yields

field region; 2) withr’ € ¥ and a generia, it provides a E [Exn(r,t)] o< 2(—t) % F - {p(r, 7', w) w1 F(#,w)},

e FUF(@#w)},  (29)

47r

direct access to the spatial evolution of a wavefront geaadra (30)
by the proposed method. wherex,. is the pseudo-convolution integral required in (16)
and carried out oveE. Comparing (30) with (29) it appears
VIl. ON THE PSFOF THETREC that in order to have a converging version of the target

. . I . front,p(r, r’, hould ly with the three followi
Albeit the previous results hold for any diffusive medlumwave ront,p(r, r’,w) should comply wi © three Tollowing

. . : . ints: 1) it should provide a delay going likécy; 2) a radial
hereaiter we wil assume that this ”_‘ed'“m IS an OvermOdgapendence like /r in the far-field region and 3) should not
reverberation chamber, filled by a reciprocal and homogesne

. . istort the angular dependend&, w). The first two points
medium surrounding the EUT. The target wavefront can l?ﬁe easily verified since the functions (21) appearing in the

expressed, in the frequency domain, as PSF (26) are dominated by terms going likep(+jkor)/r.
Eyi(r,w) = X (w)G(r,w)F(#,w), (27) As shown in the examples in section VIII, the coexistence
within the PSF of the incoming and outgoing versions of
whereF(7,w) is the radiation pattern of the synthetic sourcehe free-space propagator has a simple physical meaning: if
G(r,w) is the far-field Green’s scalar function of the mediuna focusing wavefront is generated, after focusing onto the
phase-center of the synthetic source, it will inevitablyedge
(28) along the opposite direction. The only point requiring aseio
dmr investigation is the third one, i.e., the eventual distortof
and X (w) is related to the excitation signal that would be usettie angular dependence, which is not easily assessable from
to drive the synthetic source. Such a factorized repretenta (16).

e~ ikor

G(r,w) =



To this effect, it is convenient to study the average wavafro(in the far-field region) to the one corresponding to the near
E [ETr(r,w)] over the equivalent-source surfaEe The fact field region of the synthetic source. This remark does not
that the PSkp (7, 7', w) is dependent on the distaneg/\ is involve the idea of reproducing the reactive components of
not due to limitations in the equivalent-source approach, kthe field, as the focal region of the wavefront is usually fun
rather because as; becomes smaller, while the wavefronin the far-field region of the TRM antennas, the actual sairce
in the far-field region shall not be modified, its progressioof the converging wavefront [29]. These considerationsukho
towards the focal spot will indeed lead to a modification dbe clearer when compared with the numerical results predent
the wavefront features, due to diffraction phenomena in tle section VIII.
focal region [29]. The impact of the PSF on the angular dependence of

Therefore, the properties of the PSKr,r',w) can be Err(r,w) can be assessed by studying the zone of maximum
evaluated in a general manner by setting the dominant matrelation in the diagonal terms of the PSF. The null-to-
rameterrs /A, i.e., deciding how close the observer willnull width of this main lobe can be computed from (21) and
be to the focal spot. The choice of having the equivalenf24) and intercepts an angular resolution anglethat can be
source surface coinciding with that of the observer allowsexpressed (in radians) in a general way as
simpler comparison of how the radiation pattern (considiere h\
independent of the distance) will eventually be affectedHsy Yy =,
PSF. An example is given in Fig. 6, where the nine components )
of the PSFp(r, ', w) are shown for the case of vectarand Where «;, can take the values.89 or 1.45 depending on
' belonging to the same surfake where the choices; = 3\ the direction a_long which the anglg, is measured, since
was made. The PSF is expressed with respect to a spherif§ €xamples in Fig. 6 show that the PSF does not present
reference system, for a point-source positioned at'ahosen cyllnglrlcal symmetry. It is common practice in optics to
to be alongi. appro.xmat.e the size of the PSF.to gbout a wavelength _for

Fig. 6 shows that the PSF is not perfectly isotropic, witfhe diffraction of waves propagating in free-space: we will
diagonal terms depending on the field component, and ofdoPt this approximation by taking,, ~ 1, for the sake of
diagonal terms (cross-polarization coupling) not ideaitjc S|mpI|C|ty_. We can expect the TREC to be capable of reliably
equal to zero. The weak oscillations outside the peak regidigProducing the target wavefront as long as the angulaofate
present a zero mean-value and can be expected to lead/@gation of the radiation pattern of the wavefront is nattéa

a very low result after the pseudo-convolution (16), asrthd@n that allowed by its PSFs. . .
overall contribution to the integral will be negligible amig as ~ With reference to Fig. 2, the assumption of an observation

the target pattern undergoes angular variations slowertte surface: in the far-field region of the synthetic source requires

pseudo-period of these oscillations. This point will beegiv s g (s 2 32
more room in the rest of this section and in the next one. BN (7) ’ (32)

The six off-diagonal terms share the absence of an eveplying that given the radiusy, of the equivalent-source
symmetry positive-valued dominant peak, substituted iy odsrface, the maximum dimensions of the volubiecontain-
symmetry responses. The low-level oscillations preseit pgg the synthetic source is given an upper bound, as well as
terns similar to those found in the three direct terms. Of pafs maximum gain [25]. A simple estimate can be derived
ticular interest is the fact that the coupling terms arer§&»  py recalling that for a directive source, e.g., an aperture o

between the two tangential componetitandp, which could  maximum width2r=, the —3 dB angley of its main lobe
be a source of inaccuracy in the reproduction of the targedn pe approximated by

wavefront. Still, thedp and @ terms are characterized by a

double odd-symmetry, implying that convolution with a even g ~
symmetric radiation pattern would result in a zerorati.e.,

no coupling between thé and, components. In other words, From (32), the maximum directivity of the synthetic source,
the original polarization should be expected to be preserver the minimum width of its main lobe, is
Examples are shown in section VIl for the radiation pattern o)

s

A

27’5 '

(33)

generated by an aperture source, where it is made clear (34)

how the coupling is indeed very weak and negligible in ) ) )

practical configurations. These results are consistehttivizsse e can now consider that the PSF will lead to a minor

presented in [37], [38], extending them to the general céiserpodification of the radiation pattern as long ags is small

a wavefront rather than a mere focal spot. enough with respect to the angular variation Ail{:, w), as
For the PSFp(r,r',w) to be expected not to modify themeasgred by its main lobér. To this end, we introduce the

original radiation pattern, it should be real-valued: inyanduantity &

other case, it would at least imply a phase distortion of the R= w_F, (35)

wavefront. In practice the imaginary part of the PSF is much Up

weaker than the real part, but for two componefi$:and#¢. representing the angular resolution power of the TREC. A

As it will be shown in the examples presented in section Vllhumerical analysis is proposed in section VI, where the

the role of these two functions is to reproduce the naturgliality of the angular dependence of the wavefront produced

distortion of the wavefront passing from essentially spiadr by the TREC is assessed as a functionfbf
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Fig. 7: Ranges of values taken by the rafib = ¢ /1, . ) , . o
indicating the resolution power of the TREC. This quantitffid- 8: The synthetic source considered in the validation
is plotted against the radius of: of the equivalent-source Présented in section VIl It consists of an ideal rectaagul
surface for two cases: (a) the lightly shaded area correpogPerture of dimensions andb, with a uniform field distribu-

to a cut along the E plane of the synthetic source, i.e., fPn linearly polarized along the directign

a main lobe that is physically lower-bounded by that of a

Hertzian dipole; (b) the domain of existence of the resohuti

power is extended to the more deeply-shaded area wifeHr choice was for a rectangular aperture, as the one shown in
dealing with the H plane of a linearly polarized source, i.eF19- 8, with sidess andb, characterized by a uniform electric

its azimuthal plane, where its main lobe can present anyevaltig!d linearly polarized along the generic directipriying on
up to 27 radian. the aperture, radiating towards the half-space identified b

ng > 0.
Assuming an aperture initially lying on they plane and
The range of values taken b can be estimated by its main-lobe radiating along, its radiation pattern can be
recalling thaty» is bounded as approximated in closed-form as [26]

/2/\ wa(f.aw):(l—i_COSﬁ)(r&{?_'—@@)f)
wmax > wF > E (36) sine (wg;ﬁ ) 'f") sinc ﬂ_é q P (37)
h /\y )

The lower bound is actually due to the far-field assumption at
the base of the proposed analysis, leading to (34), whelneaswhile a generic orientation along the anglgésandy, can be
upper-bound comes from the fact that for a linearly polatizexnalyzed by applying standard rotation transformations.
source the main-lobe-3 dB angle is actually limited by a We first proceed by assessing how accurately the radiation
finite value. Considering the E plane of the synthetic squrgeattern is reproduced for a varying electrical distancenfro
the upper limit is given by).,.. = 7/2 radians for an Hertzian the synthetic-source volume, in the frequency domain, in
dipole, whereas for the H plane it can reachip., = 2r section VIII-A. The existence of a focusing phenomenon
radians. Accounting for these bounds, the range of varatis proven, while showing up to what distance the angular
of R is shown in Fig. 7, as a function of the electrical sizeependence dictated by target radiation pattern holds. /e a
of the equivalent-source surfa¢e It appears thal? > 1.5 particularly interested in assessing whether distortiointhe
as long as> is at least one wavelength in radius. This lowewavefront intervene before its reaching the focal spot,civhi
limit is actually meaningful and even conservative, sinog awould imply a limitation in the accuracy of the TREC even
smaller choice would not allow the observer to be in the faduring the far-field propagation of the wavefront. In a seton
field of even the simplest source: indeed, the basic comditibme, section VIII-B elucidates the existence of a backelob
kors > 1 for the far-field region must also apply, henceontribution, by considering the time-domain evolutiontiod
requiringrs /X 2 1.58. converging wavefront for a non-harmonic excitation.

The results in Fig. 7 prove that for any far-field configu-
rat?on, R V\./illlalways be higher than 1.5, t)_/pically closer top Frequency domain : focusing
2, i.e., radiation patterns will be at least twice largemtliae

PSEs main lobes. Thanks to (16) and (26), we computed the average field

distribution that would be observed over concentric sasac
of radius0.7, 1,3 and5 A, for an aperture of sides=b =1 \
pointing towardsl, = /2, ¢, = 0 with ag-polarized electric
Numerical results are here presented in order to suppbeid (see Fig. 8). The results are shown in Fig. 9, together
our conclusions about the ability of the TREC to reproduceith the target radiation pattern, as a reference. The tseaud
arbitrary wavefronts within a wave-diffusive medium. Thesexpanded into the three spherical coordinate componeiits, w
have been obtained by numerically solving the convolutidhe target radiation pattern having no radial componemt (fa
integral in (16), as applied to a reference radiation patteffield radiation). It appears that the TREC approach is indeed

VIII. NUMERICAL RESULTS
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r/A=0.7 r/A=1 r/A=3 r/A=5 Target wavefront

Fig. 9: The electric field distribution of the wavefront geated by a TREC as it would be observed at several distances.
The side of incidence of the wavefront is shown, where thelabe value of the field is considered for the three spherical
components of the field, in the ordet., £y and £, respectively, from the top to the bottom. The target wawfdistribution

is given as a reference in the last column. All results aremnadized to the peak-amplitude of the, component, for each
distance.

capable of very accurately reproducing the target radiatianechoic environment, can only produce propagative waves
pattern even at very close distance, with non-negligibe diby means of distant sources (i.e., the TRM antennas), the
tortions occurring only within a one-wavelength distanaad diffraction limit ensues, leading to a focal spot about one
the phase-center of the synthetic source. The polarizasionwavelength wide. The appearance of a radial component in
also preserved, not only the dominant component algng Fig. 10(b) is due to this phenomenon of approximation of the
but also the cross-polarizatiofh. A substantial deformation original source distribution, and it becomes more evidememv
of the radiation pattern is observed @% A\, where the PSF looking at the total field in Fig. 10(c): the wavefront focase
component for thepe contribution is clearly recognizable,back onto the source region, with an almost uniform intgnsit
with a more elongated distribution along tige The accuracy of the angular distribution of the focusing
The back-lobe contribution appearing in Fig. 9 will bavavefront is more easily observed in Fig. 10(d), where the
shown in section VIII-B to result from the impinging wavewavefront is normalized to Green’s scalar function, yield-
focusing through the phase-center of the synthetic-scamde ing the radiation pattern to be compared to that shown in
subsequently diverging along the opposite direction. Fig. 10(e). The comparison is very good, with the converging
The same type of computation was carried out over vgavefront accurately reproducing a constant radiatiotepat
continuous range of distances from10 up to3 A, limited to a  over its far-field region within a-0.2 dB range over the main
horizontal cut, along they plane, starting from an equivalent-lobe. Fig. 10(d) also provides a clear picture of the focal
source surface atz = 3\. These results are shown in Fig. 10spot due to diffraction limit: directivity is lost, with engy
where the two spherical componerfs (r,w) and E,(r,w) almost equally spread over all directions, and particyhaith
of the electric field are showr; () being identically null by a reduction in its increase with respect to an ideal sphlerica
virtue of symmetry. We therefore conclude that a focusing ébnvergence.
the propagating energy is indeed occurring, as the eldati These results imply that the loss of directivity is not due
builds up converging towards the phase-center of the stinthéo an intrinsic limitation of the method, as could have been
source. expected from the PSF shown in the previous section. It actu-
Two notable distances are marked in Fig. 18: = 2\ ally appears that the PSF is effectively capable of reprimguc
andr= = \/2. The target wavefront (far field) should onlyall the phenomena leading to wave focusing under physical
present ap-oriented field, which is indeed found in the TRECconditions, including the diffraction limitation over theear-
generated wavefront, as shown in Fig. 10(a)-(b); the purfty field region of the synthetic source. Practically, no sigiaifit
the polarization appears to start degrading as the wawvefrgistortion occurs over the main-lobe outside the surface
crossedr=, when the focusing wavefront approximate thé&ws implying that there is no need to requite> 1 to avoid
original field distribution found in the reactive part of thedistortions of the far-field distribution of the wavefront.
synthetic source, i.e.g-oriented, as clearly visible in the The generated wavefront deviates from the target one out-
vector representation in Fig. 11. Since the TREC, as any otlséde the main lobe, even in the far-field region, within a &ng
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Fig. 11: Vector representation of the normalized electetdfi
E[Etr(r,w)] /G(r,w) shown in Fig. 10: (a) real and (b)
imaginary part. As the wavefront closes onto the focal negio
the electric field passes from the TEM configuration typical
of far-field radiation to ay-oriented configuration, reminiscent
of the original field distribution of the synthetic aperture

(d)

8.
oo

3 2 1 0 3

shown in Fig. 12. Here, the field over thg-cut of X is shown

as an angular distribution function of the time, provingt ttie
back lobe is actually the time-delayed replica of the impigg
wavefront. The delay is equal to a normalized delgyr = 6,
which coincides with a free-space propagation across asphe
of radius 3\, since f.r = 2ry/\ = 6. Causality is thus

Fig. 10: Numerical solution of (16) for the case of the raidiat Preserved, indicating that the proposed model is capable of
pattern of the wideband aperture antenna described in gfrectly assessing time-domain phenomena. In particiiier
body of the text and shown in Fig. 8. The evolution of th&revious results dealing with the focusing of energy can be
electric field is studied over the half-plane of thg cut along rightly interpreted as due to a convergent wavefront, witiee
which the time-reversed wavefront is expected to focus, fefesence of the back-lobe is necessary for the causalityeof t
radial distances going from/10 up to 3\: (a) E,(r); (b) solution yielded by (16).

Ey(r); ©) [[E(r)[; (d) [E(r)/G(r)]; () angulardependence A non-ideality of the TREC method is apparent in
| F(r)||, proportional to|| Ey¢(r)/G(r)||. The outer dashed Fig. 12(b): the wavefront emerging from the focal region
line represents the Fraunhofer distance for the synthetice, is slightly distorted for the directions away from the main
whose volume is marked by the inner dashed line. All resul@be. This fact corresponds to the an error in the position
are normalized to the peak-value Bf, and expressed in dB. of the focusing spot of abouk/8, a fact that leaves room

Radial dashed lines represent the -3 dB and the -10 dB angl@sthe interpretation of these errors as due to the use of the
approximate model (37). This notwithstanding, these erdor

not affect the conclusions of our work, as the proposed ntetho
of values inversely related to the intensity of the field. Thig clearly capable of a remarkably accurate reproduction of
reason for this phenomenon is not clear and deserves furtfiée-space propagation within a wave-diffusive medium.
investigations. It could indeed be caused by the approxmat
radiation pattern (37) used as target, or to intrinsicaitations IX. SUMMARY AND DISCUSSIONS
in the TREC.

We reckon that at this point it is important to summarize
. ) ) o the main results and ideas introduced in this paper. The
B. Time domain : causality and back-lobe radiation concept of time-reversed wavefronts has been revisited in a
The results in Fig. 9 present a back-lobe radiation relatedvel manner, by looking at an originally diverging waveftro
to the long-range correlation of the PSF. Its physical me@anias being radiated by equivalent currents, as opposed to the
becomes clear when studying the PSF in the time domastandard approach based on a physical (and often point-
We have considered the same case as in the previous seclika) source. This different approach allows the introdtrct
with an equivalent-source surface of radigs= 3, imposing of synthetic sources, which can be characterized by ideal
an unchanged radiation pattern over a relative bandwiddmtures not easily found in real-life sources. Moreovegse
Br/f. = 10 % around the central frequency. of the features can be changed in real-time through a simple post-
wavefront excitation. All results are normalized to thetceh processing procedure, yielding new excitation signals ¢o b
frequency. applied to the ports of the TRM antennas. As a result, a wave-
Following these choices, the field distribution over the diffusive medium can be “converted” into an anechoic one
cut of X was computed in the time domain, yielding the resulishere deterministic wavefronts propagate as in a freeespac
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The potential use of the TREC as a new kind of testing
facility clearly implies the inclusion of an EUT into the
test-volume defined by. It goes without saying that the
presence of the EUT can have a dramatic impact on the
Green’s functions that would be observed with and without
the EUT. As a result, the EUT needs to be present during the
characterization phase yielding tfé.q ;(r, ', w) functions.
Without entering into details, the presence of an EUT could
impact the resulting wavefront at two levels: 1) by modifyin
the wavefront radiated by the equivalent currents; 2) byimod
fying the Green’s functions within the cavity. The first pois
actually not a real issue, since the equivalence theorearesns
that the use of electric and magnetic currents implies thit o
an outwards radiation (first phase) would take place, thiis no
interacting with the EUT found within. As a result, the
i average wavefront generated by the TREC should be expected
to be the same with and without an EUT, as long as the diffuse-
field assumption holds, thanks to the self-averaging ptgper
of time reversal [27]. This point is fundamental if the TREC i

to be used as a testing facility, since a reproducible wawnefr
005 0 1 10 % a5 9 15 10  independent of the EUT position, orientation and nature is a
Angle Angle necessary condition for any metrology application.
A crucial issue is the question of the energy efficiency of
Fig. 12: Time-domain results for the component of the the proposed procedure. We have not considered this point in
average field generated by a TREC, as computed ovekh@ context of this paper, but it had already received atent
spherical surface of radius: = 3, for a relative bandwidth in a previous work [39], where it was shown that the TREC
Br/f. = 10 %. The signal was chosen to have a constagiso improves the ability to generate high-intensity peaks
spectrum overBr, i.e., to have a sine cardinal profile inof electromagnetic power by a factor easily exceeding one
the time domain. The results refer to thg-cut of : (a) the hyndred, with respect to standard harmonic excitationsiin a
converging wavefront impinging ovex, along the negative RC.
part of thez-axis; (b) the diverging wavefront observed on From a practical point of view, the simplifying assumptions
the opposed direction. used throughout the paper should be taken for what they are,
i.e., not requirements, but just simplifications. For ex&mnp
whenever the equivalent-current surface is not in the far-
environment; interestingly, no hypothesis is needed about field region of the synthetic source, the TREC will reproduce
eventual link between the direction of arrival of the wavefr the propagative part of the radiation pattern, filtering out
and the positions of the TRM antennas, thanks to the diffusithe reactive part; the often dispersive response of eleictro
nature of the medium. devices and antennas can be compensated when synthesizing

This surprising result entirely relies on the knowledge ahe excitation signals; the average coupling between thid TR
Green'’s functions between the equivalent-source subfa@ed antennas can be kept as low as needed since they are operated
the TRM antennas. These data can be readily measuredihy wave-diffusive medium, i.e., with a weak spatial caarel
means of low-scattering probes moved overas describe tion.
in [8]. Previous experimental validations of the TREC ap-
proach are indeed already available in the literature. Ia th
paper we rather aimed at providing a deeper insight into the
physics of the TREC, from a theoretical point of view, in arde In this paper we have investigated the potential advantages
to have a better understanding of its intrinsical limitap of applying TR techniques to tests based on the use of prede-
whence our emphasizing theoretical and numerical results.fined wavefronts. Having found that these are not straightfo

What is most surprising is that the coupling of time-revdrsevardly suitable for this purpose, an alternative approdod,
excitations to a diffusive cavity through the use of synthetTREC, has been introduced. A theoretical analysis has drove
sources allows generating any kind of wavefront, on averag®mw the TREC enables a number of once held impossible
The question of how far the generated wavefront is from tlieatures in a reverberation chamber, namely the generation
average one can be directly assessed by recalling the donsirt-pulsed fields and a detailed control of the parameters
of intrinsical SNR due to the inevitable finite number obf wavefronts. More specifically, the use of TR leads to an
degrees of freedom available within the cavity. This issas wequivalent Green’s function that appears to be very close to
studied in [11] and the main results are recalled in AppeBdlix that of a free-space environment. The TREC is hence capable
where it is shown that the actual response of a TREC is vef recreating within a reverberation chamber the necessary
close to its ensemble average. conditions for the arbitrary generation of wavefronts.
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As aresult, it was shown that the TREC allows the definition APPENDIXB
of a testing environment sharing the advantages of anechoic FLUCTUATIONS IN TIME-REVERSED WAVEFRONTS

and reverberation chambers, namely the possibility of kngw The reason why the results presented in this paper always

exactly the type of EM wavefront (polarization, directioh o eal with ensemble averages is the self-averaqing oropert
arrival, time-dependence) testing the EUT response, wh{e 9 ging property

maintaining the high energetic efficiency of reverberatim){pICaI of non-harmonic TR applications [27], [28]. This

chambers. Furthermore, it was shown that the test Wavefr%ﬁ?perty is inherited by the fact that for a finite bandwidth
T

; . . . . of excitation, the coherent excitation of a complex medium
can be ideally steered in real-time, without requiring any = . .

. ; |¥rgplles an average ovésr, that can be shown to approximate
mechanical displacement of the antennas. The use of fast

an ensemble average.

For the special case of bounded media with low losses, it
as been shown that time-reversed signals are affected by a
residual error in the transmission through the medium, due

to the physical impossibility of efficiently transmittingitain

steered deterministic test wavefronts could lead to fd3&D
cycles, giving a clearer information about the responsenof ﬁ
EUT to impinging wavefronts.

APPENDIXA spectral components in a steady-state configuration. As 390
RMS VALUE OF THE N (r,w) TRANSFER FUNCTIONS FOR A frequency-selective media are considered, this residuat,e
DIFFUSIVE REVERBERATION CHAMBER intrinsical to the very procedure of time-reversal trarssiuns,

Following the conventions introduced in section VI, thediel °2" be a_53|m|I§1ted toa background noise, or intrinsicalgoi
radiated by a TRM antenna is given by Its rms intensity can be strwghtforwardly Ilnkgd to a few
parameters, such as the average composite quality f2¢io)
Vex(w) 38 evaluated at the central frequency and the fractional battdw
Zamt (w) e(w). (38) Br/f. [11]. By defining the intrinsical SNR\, as the ratio
between the peak instantaneous power of the coherent part

Assuming a purely resistive input impedance for the antegr the time-reversed signal and the rms power of the residual
nas and a perfectly matched generator leads to noise, it can be proven that

E(r, 2 4lh, 2 L
IBral Pl v ol @9 Ay - AQUIE B )

with P, (w) the available power of the generator. Computinghere A is the energy SNR, which can be shown to be close
the ensemble average of (39) and recalling the uniformify one for a diffusive medium [11], while is the ratio of
property for the electric field in a diffusive cavity yields  the real part of the average of (w) over its rms value, both

E(r,w) = N(r,w)

defined over the bandwidtB.
NCQ"‘“”(M) -E [HNC(T’w”m Assuming the residual grror to behave as a normally-
> @oy S 9 , . ! a hormaty
_ Zam(w) E {”E(T’w)” ] ’ distributed random variable, its rms amplitude coincidéts w
4|he(w)[? Py (w) its standard deviation,,. The confidence interval within which

: 2 - he fluctuations are expected to be found with a probabifity o
thus showing how\¢ ,, (w) is related to the average energ L.g., 95 %, is thus simply given by the interveo,,. resulting

efficiency of the cavityE [|| E(r,w)||?/Pav(w)] through the . : .
electrical parameters of the TRM antenna. For the specigla reI_at|ve (_:onf|dence margin around the peak value of the
{)@smltted signal

case of a reverberation chamber, the energy efficiency can
estimated in a straightforward manner as [35]

aE_ 2 2| wf aa)
e [IBol] _ 160w ) BTN, #\ QB

P (w T V . .
v () As a practical example, let us consider a moderately res-

where Q(w) is the average composite quality factor of thenant cavity withQ = 5 - 10*, Br/f. = 5 % and a sine
cavity, V' is the volume of the medium filling it and\ cardinal signal excitation, i.ex = 1, yielding a range of
the average wavelength corresponding to the frequency fhfctuations of about-7 %, with a confidence of 95 %. Such
excitation of the cavity. This result is straightforwardilyjked a low level of deviations is the reason why having access to a
to the variance of any Cartesian component of the electiit fienodel of the average response is indeed representative of th
and the covariance of orthogonal components of the electactual response observed for a specific configuration.

and magnetic field as
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