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Steering Focusing Waves in a Reverberation
Chamber with Generalized Time Reversal

Andrea CozzaSenior Member, IEEEFlorian Monsef Member, IEEE

Abstract—Generalized time reversal was introduced in a pre- wavefronts with arbitrary features. GTR is entirely depemtd
vious paper from a theoretical point of view. In this paper on the availability of a medium capable of supporting diéfus
experiments are conducted to demonstrate its application a field propagation, a statistically isotropic case of muitip

a reverberation chamber, as a method for generating coher- fi Iso k Ravleiah diffusi R bamat
ent wavefronts in a medium displaying random propagation. propagation, also known as ayleigh diifusion. ~everbena

Wavefronts thus generated were sampled over a planar surfag  chambers comply with these requirements and bring at the
confirming that they propagate as if in a free-space environrant. same time a further advantage, energy efficiency, beingdlos
The accuracy with which they match their free-space countgrart  systems with weak losses; when used with TR signals their
is not affected by changing their features, e.g., directionf arrival efficiency can be further increased [10].

and focus. These results prove that a single excitation antea . L . .
can generate complex wavefronts when coupled to diffusiveave This paper shows val!datlon results obtained with a fully au
propagation. tomated system. Experimental results of wavefronts géedra
Index Terms—Time reversal. diffusive media. reverberation within a reverberation chamber are compared to theorétical
chamber, wavefront synthesis. ’ computed distributions. Sequences of wavefronts varying i
the position of their focal region and direction of arrival
are generated, confirming that the diffusive nature of the
medium ensures an excellent reproducibility of wavefraits
Time reversal (TR) was first introduced in acoustics agny position.
a method for generating wavefronts focusing back the field The conclusions of this study imply that GTR can accurately
distribution initially radiated by a source [1]. Its intsital generate arbitrary pulsed focusing wavefronts with a singl
ability to compensate distortions introduced by heteregels antenna. Moreover, generating similar focusing wavefont
and complex media with no need for active equalization is pgf open media could require a potentially large number of
haps its most striking feature [2]-[4]. Indeed, beam-forgni sources, depending on the angular spectrum of the wavefront
methods require a priori information about the propagatiqr., its focusing power. These sources would need to bésekci
of waves in a given medium; this need is avoided in TRoherently over a relatively large bandwidth, an operation
applications by the fact that the wave radiated by the sourgich is complex and expensive, as it requires synchrogizin
(which would afterwards be focused back at it) acts as a s@rhumber of modulators or signal generators, which can fardl
of medium sounding, and thus brings in itself informatioRandle high peak-power levels, were them required.
about the medium. Moreover, contrarily to methods based OnApplications of GTR-based synthesis are currently in
inverse problems, TR is not affected by any ill-posedness, grogress and range from hardening shielded systems to
opposed to dereverberation methods [5]. Other beam-f@miRigh-power microwaves, imaging and generating stable-high
techniques, such as wave field synthesis [6], require a VefYensity fields without the statistical uncertainty fouid
large number of synchronous sources, which would typicalitandard reverberation chambers [10].
be prohibitively expensive at microwave frequencies. The paper is organized as follows. GTR is briefly explained
Still, TR suffers from an obvious drawback: focusing waveg, sec. |1, as an intuitive application of first principles lwe
cannot be synthesized arbitrarily, as they can only remeduown in electromagnetics. Sec. Ill provides some details
previously radiated wavefronts. This is particularly Hesh-  apout the way wavefront-related data is generated. Therexpe
atic when thinking about applications of TR for testing thinental setup is described in Sec. IV, while Sec. V explains
response to impinging wavefronts of a device under test. how generated fields are imaged. Reproducibility and rebust

Generalized TR (GTR) was first tested in an embryonigess to varying conditions are tested and commented in Sec.
version in [7], [8], where direct wavefront synthesis was ngy|.

yet formalized, as later done from a theoretical point ofwie

in [9]. It is based on the use of the equivalence theorem
as a way of avoiding the introduction of a source, in order
to directly synthesize signals capable of generating fiogus  This section presents a very short description of how GTR

works. The simplest way to understand it is by going through
Part of the work here reported was funded by the French NaltiResearch the diff t st tit igin. The int ted d for
Agency through the grant ANR-12-ASTR-0005, MIMOCHIC prcjewithin e difierent sieps at I[ts origin. The intérested reademe
the framework of the 2012 ASTRID program. The design and rfzmturing  t0 [9] for @ much more detailed discussion.

of the robot were funded by Digiteo, under the AUTOTREC prbje Suppose a source radiates a free-space field distribution
A. Cozza and F. Monsef are with PIEM | GeePs, UMR 8507, Cex8tgd-

elec, Univ Paris Sud, UPMC, CNRS, 1 rue Joliot-Curie, 911%25Gr-Yvette, Es("",t)- When excited W|th|_n a medlum _sup_portlng diffu-
France. Contact e-maiandr ea. cozza@ eee. or g. sive propagation, the resulting field distribution would be

|. BACKGROUND AND MOTIVATIONS

II. A SHORT SUMMARY OFGTR



two steps. With reference to Fig. 1, first the field radiated by
the source is sampled over (at least) an auxiliary surface
From these samples, equivalent currents are defined, @pabl
of reproducing the outgoing field that would have reached the
receiving antenna, were the source real. In the second step,

() ;
/@\%/4 y(t) is computed from an assumed knowledge of the Green'’s
. functions on the medium, acting as transfer functions betwe
r:r‘]:fe'x':g the equivalent sources ovet and the receiving antenna,

hereafter referred to a&/.(r,w) andN,,,(r,w), respectively
for the electric and magnetic field Green'’s functions. Thsailte

is a direct synthesis formula for the Fourier spectrum of the
received signay(t) [9]

Fig. 1: Relevant quantities in the derivation of direct $\yagis N (r,w)
of excitation signals with GTR. The auxiliary surfaces are¥ (W) = /EdT [ ¢ + 7 X Non(r,w) | - Es(r,w). (1)

shown to act as an interface between the virtual SOUrCe ., 1 orivati 1 that th i ‘ ‘
radiation (1) and its propagation through the medium (2). € derivation o ( _)means 1at the auxiiiary surlaces act a
a relay in the synthesis of the signal) generated by a given

virtual source. Moreover, since the field radiated by thé&ueair

) ) source is not sampled ovér for its own sake, but rather in
underpinned by a rich plane-wave spectrum, due to a larggjer to propagate it to the receiver, there is no need toidtec!
number of scattering events over its boundaries [11]-{13kactive contributions [17], [18], due to an eventuallymield
Standard time-reversal would require measuring the Sig%nfiguration_ As a result, far-field representationdhfr, t)
y(t) received by a further antenna present in the mediugan pe used, as done in Sec. V.
[1], [14]. Injecting the time-reversed signal(t) = y(—f)  If the Green's functions were known, then the first step
into_what was the receiving antenna, eventually correctgdyid be accomplished numerically, with no need of a source
for its dispersive response, can generate a close replicajphe first place, just by defining firsthand the field disttibn
E(r,—t), i.e., the converging counterpart to the originallypected ovek. In fact, since the medium is reciprocal, the
diverging wavefrontE(r,t), stripped of its reactive, i.e., Green’s functions can be measured by exciting the receiving
non-propagating, components. A single source can SUppgktenna and sampling the electromagnetic field distributio
an entire wavefront thanks to self-averaging ensured by thexxcites overs. This operation is carried out in our case
multipath propagation of the medium, if excitation bandi&l py 5 Jow-perturbation robot developed in our laboratory, as
cover several coherence bandwidths of the medium [1%fscussed in Sec. IV.
Stated in other terms, complex media can present frequencyp practice, weakly perturbative field probes are needed.
responses that become weakly interdependent when obsergte most often electric-field probes have a better perfor-
at frequencies spanning at least one coherence bandwidiaince in this respect, equivalent currents can be defined fro
The result is the existence of degrees of freedom that cgctric field samples only, if a further auxiliary surface i
be roughly measured by taking the ratio of the bandwidth gfiroduced. As demonstrated in [19], this is possible ifcifie
the excitation signal divided by the coherence bandwidth Qfeights{Ai},z' € [1,L] are applied to the field distributions

the medium. TR signals work by controlling these degreg@gmpled over each auxiliary surfag, yielding
of freedom such that at the time of focusing they cooper-

ate to create coherent wavefronts, out of individual random Y(w) = ¢! XL:A /
contributions from each frequency. This property, known as o !
self-averaging, is fundamentally equivalent to the memas =t
behind Van Cittert-Zernike theorem [16], where degrees 6pr the caseL = 2, A = —exp(-2jkAR)/[1 —
freedom are in space rather than in the frequency domaitip(—2ikAR)], A> = —A; exp(2jkAR), with AR the differ-

and result in overall coherent field distribution generdtech ~ €nce between the radii of the two spherical auxiliary s@sac
random spatial distributions. required to satishAR < \/2, with A the working wavelength.

dr N(r,w) - Es(r,w) (2)
D]

The problem with the TR appproach is that a focusing
wavefront can be generated only if a source radiates a cor- Ill. REFERENCE FIELD DISTRIBUTIONS
responding divergent wavefront in the first place. Cleaifly, With reference to Fig. 2, the definition of the virtual source
several focusing wavefronts were to be generated, not bely is based on a Gaussian far-field radiation pattern, with ¢has
source would have to be modified (e.g., orientation, pasjtiocenterr,
and made to radiate, but also an array of sources with differe
characteristics may be required (e.g., directivity, paktion).

GTR bypasses this problem by getting rid of the neeahdw = cos™!(#' - ¢), for an angular divergence,; G(r.w)
for physical sources. The excitation signalt) is directly is the scalar Green'’s function for free space; the polddnas
synthesized, according to the wished characteristics ef thet equal tap; P(w) is the Fourier spectrum gfit), the time
focusing wavefront. In order to do thag(t) is obtained in evolution of the radiated field, usually chosen to be a pulse.

E (r,w) = @G(r — rs7w)e7¢2/2w§P(w) 3)



Fig. 2: Global and local reference frames for the computatio -
of the vector field distribution atr, radiated by a source

centered over-,. Fig. 3: The hemispherical field scanner with the excitation

antenna (a) and the electro-optical probe (b) used duriag th
experimental validation. Notice that the scanner has twusar
one mobile and the other used as a mechanical support, gassin

A Gaussian pulse will be used throughout the paper, Wlththarough thezy plane.

Fourier spectrum

_ 7(w7wc)2/233
Plw) =e ’ ) with % the complex conjugatiork the propagation constant

with B, the equivalent bandwidth of the pulses. and_l% the direction of propagation qf each. p_lan_e wave com-
In order to orient the main lobe along any directidf., posing th_e wavefront. The mtegrf_;\pon OVRris I|m_|ted_to

with arbitrarily oriented polarization, (3) is considered the directions cov_ered by the auxiliary surfacgs, in thlsecg

defined within the local reference frame shown in Fig. 2 iﬂnly the 27 steradian of the upper half space, i.e., the region

grey with primed quantities, reoriented with respect to th%oanned by the field scanner described in Sec. IV.
global reference frame through a rotation matkx
The spherical unit vectors,(r) of the global reference IV. EXPERIMENTAL SETUP

frame are juxtaposed into a matliX(r), and the same is done  Experimental tests were based on the setup shown in Fig.
for the unit vectorsii;(r) of the local reference frame into a3, |t consisted of a reverberation chamber, of dimensibrs
matrix U’ (r'). The local-frame fieldE’(r’) then appears 10 3 5 2.5 m?, made of galvanised steel. A mechanical stirrer is
the global frame ad? E'(r’) and can be decomposed into theyresent but not rotated during the tests, in order to havatie st
global unit-vector representation as environment, which is a fundamental requirement in order to
T PP ensure the best performance in a complex environment [20]. A
Ey(r.w) =U"(r)RU (r)E,(r',w), (3)  stirrer can still be of practical interest, as it effectivetduces

knowing that E.(r',w) — E.(r',w)@, as of (3);T is the degeneracies in the modal response of a medium, as due to

. symmetries.
matrix transpose.

. , . . The electric Green’s function, underpinning the synthesis
Since (3) makes use of the scalar Green’s function, it can o . , . .
) o . . .~ the excitation signals discussed in Sec. Il, is sampledkthtm
only account for far-field radiation. This is not an issuecsi

. . C . a dielectric robot. The robot was designed in order to weakly
the source-radiated field distribution over the auxiliarifaces . . .
. perturb a propagation medium as it moves a probe over a
has a relay role, as recalled in Sec. Il.

Eq. (3) is also needed in order to predict the referen{)1((3}emispherical surface [21]. The radius of this surface isaéq
Cu , S . 1.18 d b dified Iy, b ti th
(theoretical) field distribution that GTR is expected toguioe. m and can be moditied manuaty, by operating on ‘e

: V\)Jrobe holder, in order to sample the electric Green'’s famcti
It can be computed by using a plane-wave spectrum (P

representation of the radiated field, which correspondéido t er two concentric surfaces, as required by Sec. |l.
. L ; The electric field t tial to the hemispherical surf
far-field radiation [18], and thus coincides with (3) as sédp © eleciic Tield tangential fo the hemispherical suriace

. . was sampled with an electro-optical probe, manufactured by
over a spherical surface centered at the origin of the glo%ﬁprobe (model EFS-105). These probes have a flat frequency
reference frame. The value chosen for the radiusf this test

¢ h . t on the PWS tati | response up to 3 GHz and are sensitive to phase shifts,
surtace has no impact on the computation, as long a aking them capable of capture information necessary for

is much larger thap the .radln Of_ the auxiliary surfaces. time-domain analysis. They are also linearly polarizedhsi
The refocused field distribution can then be computed t&‘oss-polarization rejection higher than 40 dB. Thand ¢

switching the direction of the plane waves from outbound tQ,gential scalar components of the electric field were $ednp
inbound, yielding by repeating the scan after rotating the probe by 90 degrees.

1 o L - Choosing a frequency range for these experiments is a crit-
Ecrr(r,t) = o /dw ¢ /dk E (Rk,w)e™",  (6) jcal decision. On the one hand, increasing frequency esable



Transfer functions between the antenna and the field probe
were measured by means of a vector network analyzer (Rohde
& Schwarz ZVB8). Frequency sampling needs to be chosen
carefully, in order to avoid time aliasing, due to the refely
long relaxation time of the chamber, around &; 5000
frequency samples were acquired, with a step of 200 kHz,
thus a maximum time window of hs .

The data thus collected were used for the synthesis of the
excitation signals, using (2). Equally important are théada
needed in order to image the field distributions generated by
these excitation signals. In order to avoid scanning a sarfa
for each excitation signal used, as it would be necessarg for
time-domain excitation, we rather used a two-step approach
requiring a post-processing phase. The idea is again tolsamp
the electric Green’s function but this time over the surface

over which the wavefront generated with GTR is to be imaged.

the synthesis of finer focal spots, which would be interestinr.qe samples are therefore no longer used for synthesis, bu

to test as capable of higher spatial resolution; on the othgkner for checking the accuracy of theoretical prediction

hand, the robot would introduce stronger perturbations a%owing these samples, later referred tol&&-, w), the field
thus risk degrading the coherence of the field [21]: it woulgisiributions can be computed as explained in Sec. V.
then be harder to understand if errors were due to limitation 1, inis effect a styrofoam block was introduced, oriented

in GTR or perturbations from the robot. Moreover, the fre(,;Is to have one of its surfaces tangent toihelane, hereafter
guencies should be chosen as to ensure that the chamber red to as the planar monitor. It was used for holding
diffusive, i.e., av0|d!ng exten_ded frequency regions weheg, o electro-optical probe over a Cartesian grid graved iser

no _resonant mode is accessible. For the above Chambeéuﬁace; the sampling distance was set to 3.1 cm. The region
minimum frequency of about 500 MHz can be consider own in Fig. 4 was manually scanned, measuring the two

as safe in this respect, as modal overlapping, partly edablg,,antial polarizations at each point. The normal compbne
by mod_erate losses, ensures tr_\at en_ough degrees of free not measured, since it was already proven that time-
are available [22]. These considerations should be regarqg, o seq wavefronts excited in a reverberation chambeepte

as a conservatiye requirement, bging based on the behav't‘ﬁ%rsame accuracy in the three field components, indepdpdent
of a reverberation chamber excited by a single harmo%f, the source used [24].

signal. As TR applications cover bandwidths that would span
a large number of resonant modes of a chamber, standard
requirements for modal overlapping can be relaxed. Losses V. IMAGING WAVEFRONTS

also have an impact on the efficiency of TR and GTR, as theyGiven the transfer functiorl(r, w) between the excitation
directly control the intenSity of the generatEd wavefraot d antenna and a pOSlth’ﬁ over the p|ana_r monitor, the time-
given input peak power [10]. domain field generated by an excitation signgt) with a

For our experiments we settled for the bandwitlth+-2.5 Fourier spectrumX (w) can be retrieved by computing
GHz as a good compromise between spatial resolution and 1
robot perturbation. The two hemispherical surfaces wege th E(r,t)= — /dw (7, w) X (w)el". 7
set 3.5 cm apart, i.e., about a quarter of wavelength at 2 GHz; 2m
this choice ensures that for all the frequencies considéted The analysis of the accuracy of the wavefronts generated
sampled field distributions will be maximally uncorrelatad by GTR is based on sources with, = 40 degrees (see Sec.
order to avoid any redundancy [23]. The angular sampling wiB; Sec. VI-C also considers the case = 10 degrees. The
set to 2 degrees, corresponding to a spatial sampling oft@bowngular distributions of these two wavefronts, i.e, the iosl
cm, in order to have data close enough to ensure a meaningfutheir PWS, are shown in Fig. 5.
spatial interpolation. Robot movements are fully automate Apart from Sec. VI-C, all the results involve wavefronts
and controlled through an optical-fiber interface linkedato evolving in time as Gaussian pulses with = 500 MHz, in
personal computer. order to ensure a high contrast between the coherent wave-

A single excitation antenna was used, close to the stirser,feonts and the background diffuse contribution. The radlen
visible in Fig. 3. The antenna was a conical monopole, abdatto create the conditions for judging unambiguously if the
30 cm about the metallic floor, set obliquely. In fact, beeanfs wavefronts generated with GTR do indeed evolve as in free-
the diffusive nature of waves propagating in the chamber, tepace conditions. The effects of reducing the bandwidttcand
features of the antenna have no importance on the final sesuthe focusing power are discussed in Sec. VI-C, where they are
though different excitation signals would then be needee (sshown to be two facets of the same problem.
Sec. Il); the orientation chosen was in fact motivated by the In this section we first consider the generation of a Gaussian
need to avoid any symmetry in the setup, which could redussavefront propagating along the directioh = ¢ = 90
the number of degrees of freedom on the field. degrees, towards the floor. Its polarization is set to bedaang

o
o)
3

< N—>»<— 50 cm —>

planar styrofoam support

Fig. 4: Layout of the scanned planar area, as part of:zthe
plane.



Fig. 5: Angular distribution of the Gaussian beams use(;
throughout the experimental validation: (@) = 40 degrees,
(b) s = 10 degrees.

0.02f
— 0.01f Fig. 9: Distributions of the horizontall,) and vertical £,))
g field components expected (left column) and measured (right
= 0 column) att = 0. Linear correlation between the theoretical
¥ _0.01f and experimental results is 97% fdf, and 94% forE,,.
_0.02} Results normalized to the peak of the norm of the respective
0 electric fields.
0.02f
— 0.01r The existence and intensity of the background fluctuations
E 0 can be appreciated in Fig. 8 far = —5 ns, when the
= wavefront is expected to be negligible. The field distribati
& —0.01f then resembles closely a speckle distribution, with ceilsua
_0.02 | | | | | half a wavelength wide.
0 1 2 3 4 5 The coherent evolution of the generated wave is further

t [us] confirmed in Fig. 8 at = 3 ns, where the distribution matches
that of a wavefront reflected by the floor and moving back

Fig. 6: An example of excitation signals obtained with GTR‘:'pWWdS' The inergence and delay are in good accordance
ith the total distance travelled from the focus.

for the wavefronts shown in Fig. 11, for a normal incidenc¥ i s
Hereafter only results for = 0 will be discussed. The

along they axis (top figure) and an oblique one, tilted by ) ;
degrees along they plane (bottom figure). focal instant can be regarded as Fhe _most important one, as
it shows the wavefront that would impinge onto an system if

it was present in the chamber in the first place, also during

the sampling of Green’s functions. It would be impossible to

wave. The focus is set in the center of the imaged region. image the imp_inging field distribut_ion_ in this Iast_ Case*@‘”
Combining the data collected with the setup described ‘iﬂe (ij:tgtter%d flelqbwggldt(r)]\_/erlap W't?h't' t?ts carnegl mthe.

Sec. IV together with the theoretical wavefront distributiat conditions Gescribed In tis paper theretore provide prex

the auxiliary surfaces; as in (2), we obtained the excita_im‘ormation for the definition of applications that couldnedit
3 ’

. . L rom GTR performance.
tion signals expected to reproduce the wavefront within the _ .
9 b b Fig. 9 shows the two measured field componentg fer0,

chamber. Two examples of such signals are presented in Fﬁ

to the planar monitor, i.e., to the plang, or a ¢-polarized

6, encoding the information needed for generating focusi mpared to those expected for the convergent version of the

wavefronts along two directions of incidence. They shaee t aL:SS'atn W?vefront. hDatg matclh ;;leryhcl(_)sel);, Iprowdlng a?
same envelope, as this is directly controlled by the relarat explanation for our snowing only the horizontal componen

response of the medium. E, of the electric field, which is also the dominant one.

Rather than synthesizing these signals in time domain and
injecting them into the chamber through the antenna, we VI. WAVEFRONT FIDELITY
proceeded as explained at the beginning of this section. Thedaving verified the accurate reproduction of the convergent
field distribution over the planar monitor was then computed wavefront, it is fundamental to assess whether GTR can
a few time instants, in order to observe the focusing wavetfrogenerate it with the same accuracy even when its focus and
as it approaches the focal region. directions of arrival are changed. The theoretical deigvest
Figs. 7 and 8 present the evolution of tlig component in [9] concluded that the homogeneous characteristics of
of the field, respectively theoretically and experimentallhe diffusive media should ensure a comparable reproduction fo
results closely agree both in the time and space evoluti@ny set of parameters, at least on average.
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measured over the region shown in Fig. 4, far= 40 degreesB; = 500 MHz,. At t = —5

ns, only background fluctuations are visible;tat 3 ns the wavefront propagates back after reflecting on thelieflaor.
Results normalized to the peak of the norm of the electrid faglt = 0.
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Fig. 10: Measured field distributions faf,., for ¢, = 40 70 70
degrees,B. = 500 MHz and ¢t = 0, as the position of = 60 Bl
their focus is displaced horizontally, by 20 cm steps. Linea *° Ll %0 5
correlation between the four field distributions is abov@e5  *° = 40
Results normalized to the peak of the norm of the electrid fiel 30_40 ST %
att = 0 for the original central position shown in Fig. 9. Moo 0
70 70
60 60 ﬁ?’
A. Moving the focal spot 50 s 50 @
The field distribution observed dt = 0 was studied as % 4 e
the position of the focal spot changes. Four positions wer * %0
considered, following a sequence of 20 cm horizontal despla o0 e e 00 20 90
ments. The results are shown in Fig. 10 for the dominant fieli 7 70
componentF,.. An excellent fidelity was found, with both the &0 60 Q;
field structure and its amplitude practically unchanged. 50 s 50 %
40 40 ‘;i\
B. Changing direction of arrival * *
-40 -20 0 20 40 -40 -20 0 20 40

The next test was to verify the wavefront fidelity when the
direction of arrival changes. Since rotations would aldecdf
the orientation of the main polarization, it is now necegsar .
study the polarization vector of the field. Five directionsrey Measured on the right), fop, = 40 degrees,B. = 500
considered, for, changing from -40 to 40 degrees around thi¥Hz and¢ = 0, for wavefronts impinging along a direction
initial direction, in steps of 20 degrees. of arrival 7, € xy, rotat_ed by 20 degree _steps, from -40

The results are shown in Fig. 11, where theoretical fiefff9rees to 40 degrees with respect to ghaxis. Results are

distributions are compared with those found in practicee -nlpormall_zed to th? _peak value of each f'_eld d|str|but|0n: aine
agreement is again satisfying, with the focal regions pratty correlation coefficients between experimental and thealet

identical to theoretical predictions. As discussed in Séec, Spatial distributions of the field norm are 95%, 94%, 93%,
the regions outside the focal region are more strongly ttec 93% and 92%, from top to bottom.
by random fluctuations inherent in the use of a diffusive

medium; as a result, the agreement is not perfect outside the i .
In [25] that the ratio between the average energy densities

Fig. 11: Vector field distributions (theoretical on the laftd

focal region. S L
¢ conveyed by these two components is fixed by the statistical
) properties of the medium itself; e.g., for a diffusive mediu
C. Focusing and contrast it is equal to one.

Previous results were obtained in optimal conditions, shoo This result has a very practical implication: if the coher-
ing wavefronts both confined in time (wide bandwidth) andnt energy is fixed, then depending on how it is shaped,
in space (high values ofy;). The reason for the optimal the instantaneous power can take very different values. For
performance for this case can be understood by recallirtg tiastance, if energy is shaped into a short pulse, the peak
wavefront-related quantities (e.g., received signalgsent a to energy ratio will be maximized, leading to a peak in the
mixture of coherent components, i.e., the wavefront meantt¢oherent component, making it stay well above the backgtoun
be generated, and incoherent ones, i.e., the random bagigyrafluctuations. On the contrary, if a narrower bandwidth is
fluctuations observed in the field distributions. It was showchosen, the energy will be spread over a larger time interval



a similar contrast between the coherent wavefront and the
background in the two cases, a bandwidth about 6 times larger
is required forys = 10 degrees. This conclusion is consistent
with the observation of similar background fluctuationshe t
results forB, = 250 MHz (for ¢); = 10 degrees) an®. = 50

MHz (for s = 40 degrees).

In short, bandwidth and angular divergence do not put into
guestion the ability of GTR to generate accurate wavefronts
but rather need to be regarded as design parameters that
impact the margin between the wavefront and the background
fluctuations.

500 MHz

VIlI. CONCLUSIONS

GTR was applied to a reverberation chamber, as a way of
250 Hz generating coherent focusing wavefronts. These were prove
to create focal regions very close to those theoreticalin-co
puted. Moreover, their features were practically indeend

of their direction of arrival or position.

The results shown make clear that the appearance of the
wavefronts is not due to a local compensation of the medium
100 MHz 100 MHz response, but corresponds to an actual wavefront intatpcti
with the medium boundaries, as proven by the reflections
shown in Fig. 8.

GTR is therefore an effective way of generating arbitrary
focusing wavefronts with a single antenna. Its main lintas
are the need for a low-perturbation field scanner and suffi-
ciently high space-time focusing, which make it better exit
to the generation of pulsed wavefronts.
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