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Characterization of Space-Time Focusing in Time
Reversed Random Fields

Claude Oestges, Arnold D. Kim, George Papanicolaou, andyaswvami J. Paulraj

Abstract— This paper proposes various metrics to characterize  « Reduce interference/intercept probability in view of se-
space-time focusing resulting from application of time reversal cure communicationdy selectively focusing the energy
techniques in richly scattering media. The concept and goals of in both space and time at a target point, TR ensures

time reversal are presented. Pertinent metrics describing both that int t . il h difficulty detecti
the time and space focusing effects are outlined. Two examples at Intercept receivers will have diificulty detecting or

based on a model of discrete and continuous scattering media are decoding the intended signal. Similarly, the co-channel

used to illustrate how the proposed metrics vary as a function of interference can be strongly reduced in cellular networks.

various system and channel parameters, such as the bandwidth, , Shorten the temporal channel respon$ée use of TR

delay and angle spreads, number of antennas, etc. can dramatically lower the effective delay-spread at the
Index Terms— Space-time focusing, random media, time re- receiver, and lead to lower receiver complexity.

versal.

The goal of the paper is dual. First, characteristic metrics
describing space-time focusing are presented in the cbafex

I. INTRODUCTION time-reversed signals in wireless communications. They ar

estimated for two simplified models of random fields: a geo-

I N a time reversal (TR) experiment, a transducer capturgfetrical scattering model and a random-medium waveguide.

the response received from an impulsive point source, afflen we analyze the impact of system and channel parameters

re-emits the time reversed version of this response into thg the focusing by investigating the variation of the vasiou
propagation medium. For non-dissipative media the emittegbtrics as a function of the channel properties (delay agtkan

signal back-propagates and focuses in both space and tgpgeads) and the system parameters (bandwidth, number of
at the original impulsive source [1]-[3]. For richly scaite) antennas, data rate, etc.).

media, this space-time compression can be very strong. This

basic principle is well known in acoustics and has lead to

remarkable applications in underwater sound [4]-[12] and I1. TIME REVERSEDRANDOM FIELDS
ultra-sound [13]-[15].

The extension of TR techniques to radio electromagne
propagation for wireless communications has yet to be in-Consider a transmission between transmit pdihtand
vestigated. However, the idea of exploiting scattering ¢ nreceive pointQ. The channel impulse response (CIR) is
new. Indeed, there has been recently a tremendous actiibhoted asiz(7,P — Q), where B is the bandwidth of the
in exploiting the richness of the scattering medium in spacgansmitted pulse. It is important to note that
time communications by using multiple antennas at botrstran
mit and receive ends (i.e. MIMO or Multiple-Input/Multiple
Output systems) [16]. However, current communication sys-
tems still rely on a fairly small communication bandwidth

times channel delay-spread produBtx 7rus. By using a ) ) o
large B x mrus, it is believed that the transmitter can use The so-called CIR is actually the convolution of the infinite

an additional leverage of TR techniques to offer power gafiRndwidth physical channel response and the filter impulse
and diversity gain together with space-time focusing. Mofé€sponse. In this paper, the filter is implemented as a Nyquis

A Channel Impulse Response

« the symmetry properties of usual transmission channels
imply thathg(m,P — Q) = hp(r,Q — P)

« the CIR depends on the bandwidth of the transmitted
pulse.

precisely, TR techniques could be used to: filter with given roll-off factor. By default, the roll-offd taken
as equal to zero, so the default filter is a rectangular window
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B. Time Reversal limiting the aperture of the annular region to a given partio

1) Time domain relationshipsusing the above formalism, i-€- SPecifying minimum and maximum angle,, and v
the received signal at any poiRt for a Nyquist pulse emitted (S€€ Fig. 1). In this paper, we refer foJ = J5; — ¥, as the
from Ry is hs(7, Ro — R). At a particular pointT, which ~Scattering angle-spread or simply the angle-spread.
we define as the transmitteig (7, Ry — T) is captured. If
the transmitter sends back the time reversed version of the
captured signal, i.ehg(—7, Ry — T), then at any poinR,
the received signal can be expressed as

sp(t,R) =hp(r,T - R)xhp(—7,Ry —T) (1)
«—— D

where x denotes the convolution product. Note that (1) as- r
sumes a perfect estimation afz(7,Ro — T). In practical
settings, noise and interference considerations will edbs
estimation to be biased. We shall not cover the impact of
imperfect channel estimation in this paper.

From now on, we define the poil®R = Rypas the focal
or target point. Based on (1) and on the symmetry propertié@- 1. Geometrical representation of the propagation model.

mentioned above, the signal receivedRa is
We further simplify the channel description by choosing
s5(m,Ro) = hp(r,Ro = T) x hp(—7, Ro = T)  (2) pyv = 2pm and py; << D, with D denoting the distance
As a conseqguence of (2), the time-reversal operation caubetween the transmit and target points. Hence, the RMS delay
the received signal &, to be focused in both time and spacepread of the physical channel (over an infinite bandwidth)
through constructive interference, meaning that all rpatth is well approximated for an omnidirectional distributioh o
signals add coherently &, and incoherently elsewhere. scatterersAd = 2r) by
2) Frequency domain relationshipsvodels usually com-
pute the channel transfer functidiiz (w, Ry — T) over the e A V5pm 4)
system bandwidth (where is the angular frequency). It is RMS ™ Toc
the Fourier transform of.z(7, Ry — T). Relationships (1) | s i ) o
and (2) are naturally easily written in the frequency domaiM/ith ¢ = 3 10°m/s is the speed of light. For a limited angle
since the time-reversal operation corresponds to a compfi€ad, we assume thay, = 7—Ad/2 andvy = 7+ AdJ/2.
conjugation in frequency (denoted by the superscript *); N that case, the delay-spread can be written as

Sp(w,Rg) = Hp(w, T — Ro)Hg(w,Ro — T) (3) V5pm | AD + sin AV 5)
TRMS ~
According to (3), the time-reversal operation is equivalen 2c 2

a perfect channel matching.
We shall illustrate the characterization (7, R), i.e. the
quality of space-time focusing in two different space-tim

The channel transfer function is easily estimated by means
8f a ray-tracing approach that yields

random fields. The first simulated random field corresponds N
to a typical wireless radio channel at 2.5 GHz. The secondyy(w, Ry — T) = ZG(“”RO — S)ING(w,S; — T).
one is a continuous heterogeneous medium consisting of a =1
filled waveguide also operating at 2.5 GHz. (6)
The quantities in (6) are

I11. M ODELING OF SCATTERED SPACE-TIME FIELDS e« w = 27/, the angular frequency\( denoting the
A. Ray-Based Approach in Discrete Scattering Media: wavelength);
Geometry-based Stochastic Model e Gw,P — Q) x exp(—jwdpq)/(dpq)?/?, the spread-

ing function for a transmission frork® to Q, with ~

For discrete scattering media, the channel can be repessent . :
g P denoting the effective path-loss exponent ¥ 2) and

by a number of effective scatterers randomly distributed in _ )
space. A ray-based approach can then be used to describe ¢PQ denoting the distance betweghand Q; _

the channel as a sum of so-called scattered or reflected Lt the scattering cross-section of tHescatterer, which
contributions. In the following, the statitical distritiol of is considered to be a complex Gaussian variable, with
scatterers is based on the well-known one-ring model [17].  91ven standard deviation.

1) Single-bounce modelVe first consider that only single  Single-bounce models are not sensitive to the order of
scattering occurs. We assume that the scatterers are mhiformagnitude ofl’ ans~ since they are only responsible for a
distributed inside an annular region surrounding the targeroportionality factor. This is not the case for multipletince
point, as illustrated in Fig. 1. This region is specified by models in which the average loss per interaction, related to
minimal radiusp,, and a maximal radiug,,;. The angle- the scattering cross-section and the path-loss, is a alritic
spread of the channel (as seen from the target point) is fixedmarameter.
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2) Multiple-bounce model:The previous model can be

extended in order to consider multiple bounce interactions 1 ) A
In other words, the transmitted waves are scattered from one Xy L 52 o
i ; i i P NN . /
to a certain number of times before reaching the receives. Th R 7. AL o 7 \\f e NT
calculation of the transmission channel can be written as a % "\\ // LTS egk
sum of N scattered contributions: \ 7 \\ //
N

N
Hpw,Rog— T) =Y CIGw,8 —T)  (7)
=1 Fig. 2. Random waveguide model
where

» G5 T)N:S the spreading function for a transmis< ., \qian correlated random function of space. The random
sion from thel™ scatterer to the target poifi,

« T is the scattering cross-section of tHescatterer, fluctuation has RMS heigftzus and correlation length.

o C) is the!™ element of vectoiC, which is the solution To compute the rand_om_ space-time f'e.ld’ we place equr-
. . ) spaced phase screens inside the waveguide separated in dis-
of a N-order linear system given by:

tance by/. Simulating propagation along the waveguide in-

C=A"1.Cy (8) Vvolves combining a sequence of steps from one screen to
. the next. Each step involves propagation through an “empty”
with waveguide followed by a random phase correction.
e Cy = G(w,Rp — ;) is the channel between the target We now describe a single step in the phase screen method.
point and the location of each scatterer, Let 2,1, 2, andz,,; denote locations of three consecutive
« A is the system matrix accounting for the transmissigphase screens. We assume that the channel transfer function
between each pair of scatterers: Hp(w,zp—1 — zy,) from z,_; to z, is known. Because the
waveguide is periodic, we express it as a Fourier series:
FkG(w, Sk — Sl) k 7£ l,
Apr = 9) > P
1 k=1 Hp(w,zn—1 — 2p) = Z am (W, 2, )?2™m@/ L (10)

m=—0oo

As already mentioned, the model is then highly sensi-
tive to the average loss per interaction, i.e. to the produbfe channel transfer function far, to z,, is then given by
II'xG(w, Sk — S;)|. On one hand, if the latter is very small, ki(2)2)2
then the delay-spread of the channel tends to be infinitegtwhi
is unrealistic. On the other hand, if the loss per interacto
very large, the impact of high-order scattered contrimgio x
becomes small, and the received field is very similar to the
first-order field. A reasonable assumption is that contidmst With 6z = 2,11 — 2, andk the wavenumber as defined above.
up to the third order can be significant. The average lo$§e forward propagation operat@y, (w,z) is defined as

Hp(w, 2z, — zny1) =€

Z Tm(w, 52)am(w72n)ej2ﬂ'mw/l/w‘| (11)

m=—0o0

per interaction should then be chosen accordingly. Onedcoul

question the usefulness of the matrix formulation as coegpar Tn(w,6z) = exp [ﬂf\/ 1- (Qﬂm/Lm)%Z} - (12
to a full third-order ray-tracing computation. The reaséors

preferring the matrix formulation are two-fold: The random phase correctigi(z) is a path-integral of the

H _ 2
« the problem of the average loss per interaction is nfctuationy(z, z) = 1 —n*(z, z) between the screens and

related to the matrix formulation, but to any multiple=n+1 with n(x, z) denoting the index of refraction inside the

bounce model; waveg_uu_je. I .
« the computation time of a full ray-tracing is prohibitive 1° limit the angular aperture for the initial transmit Bb,
as compared to the fast matrix algorithm. we filter the Fourier modes before updating the field to the

next phase screen. Leg denote the phase screen containing
Ry and ¥(w, 29, 2) denote the initial transmit signal which
B. Phase Screen Method in Continuous Scattering Mediae express as the Fourier series:
Waveguide Model

We investigate guided wave propagation in two dimensions. U(w,20,2) = Y m(w)ed™me/ e, (13)
The interior of a periodic waveguide (shown in Fig. 2) is a m=—00
weakly scattering medium. Waves propagating from the sounerom (12) we determine that propagating modes are those for
at R are reflected by the waveguide walls and scattered {ich
the random inhomogeneities contained within the waveguide Im| < ka. (14)

The waveguide width isL, and the distance along the 2m
waveguide betweelRy and T is L,. The initial transmitted All others are evanescent. For a propagating mode, the prop-
signal atR, has a limited angular aperture ¢f The mean agation angle is determined frosm ¢,,, = 27m/(kL,). The

refractive index is unity. The fluctuation is an isotropiclargest value ofm such that (14) holds gives the largest
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propagation anglédmax. To set the angular aperture of theC. Time Focusing
initial transmit«, we restrict the summation in (4) to modes

m such thatd,, < 4. The time focusing at the focal point is described by the

RMS delay spread of (7, R) atR = Ry, denoted as\ry =

IV. CHARACTERISTIC PARAMETERS OF SPACE-TIME AT(Ryp). Note that this delay-spread is expressed in (16), and
FOCUSING accounts for the pulse width.
A. Space-Time Functions Finally, a time focusing gain (TFG) is also suitably defined

by the relative increase of RMS delay spread(R) at any

The space-time received signak(7,R) is converted into point R, compared taR,. The parameter is denoted as

characteristic metrics by considering
. the energy ok (7, R) at any poinfR in space, at a given AT(R) — AT
time 7o, i.e. o(R) = — An (20)
np(R) = |sp(70,R)|? (15)
with 7o such thatls (7o, Ro)| = max,{|s5(r, Ro)|}. The asymptotic TFG is given kiymm_;_m_‘_oo o(R). Alarger
. the RMS delay spread ofs(r,R) (on a realization TFG indicates better temporal focusing in the sense that the

basis), time compression at the focal point with respect to any point
: away from the focal point becomes larger.
Ar(R) = \/f(T — ™m)?|sB(7, R)[?d7| ( The metrics descrived above are random variables or func-
[ ss(T,R)[2dr| tions per channel realization. Hence, they are charaettiiy

wherer,, is the average delay defined as their mean and variance taken over all realizations.

o (R) :/T|SB(T,R)\2dT//|sB(T, R)[2dr.
V. CHARACTERIZATION OF FOCUSING FORTIME

Note that the above definitions assume that the received REVERSEDFIELDS
space-time signal is sampled correctly in time so that the
maximal amplitude can be captured. An alternative definitio \We characterize time reversed fields computed from the two
of n(R) would be to consider the peak energy, independentljfferent models described in Section Ill. For each case the
from the time delay: above metrics are computed, and relationships betweer thes
2 metrics and several parameters are pointed out.
i (R) = [max{|sp(r, R)[}] (a7

Both np(R) or ny(R) and Ar(R) are random spatial func- )
tions, which can be characterized by their first-order mamenA- Geometry-based Stochastic Model

In the context of the proposed geometry-based stochastic

B. Spatial I.:ocusmg. o . (GS) model, we have carried out simulations using the fol-
The spatial focusing around the focal point is described %ing parameters:

two parameters.

The asymptotic space-focusing gain (SFG) is given by ~ * the central frequency is 2.5 GHz; ,
« the mirror point is separated from the target point by a

n wﬂD(Ro)/ﬂD(R)- (18) distance ofl0? wavelengths, i.e. 1.2 km;

IR gl\

“Ro|—

. . « several sets ofjp,,, are used with = 2p,
It is the ratio between the energy Bf, to the energy at long (minimum andﬂfnéa)fi)lﬂ] values b, afeMQOOA gn’a
distance fromRy. A large value of this ratio indicates better 3000)):

space focusing. Note that, is defined similarly with respect
to 7y (R), and thatpp could be defined at different time
delays, i.e. other than,.
The 3-dB contour of the energy functiom (R) or na(R)
can be considered as the focusing region. It is described by
the distance in both range and cross-range for whishR) Fig. 3 shows snapshots ofp(R) (the target point is in
or a/(R) remains within 3 dB below the energy Riy. The the center of the figure), for two bandwidths: 50 and 100
characteristic parametef, andG,, are therefore defined suchMHz, two channel delay spreads and omnidirectional angular
that spreading of the scatterers (only single scattering isidensd
1p(Ro + Gauta) /1p(Ro) = 0.5 (19a) in afirst step).
The impact of both the bandwidth and the channel delay-
np(Ro + Gzuz)/np(Ro) = 0.5 (190) * soread is clearly visible (the scales are kept constant from
whereu, andu, are unit vectors, respectively in the ranggraph to graph). For the smalleBtx Trs product, some areas
and cross-range directions. Note that the definitiodzgfand receive the same level of energy as the target point. For the
G, may similarly rely onny(R). However, our simulation largestB x 7rus product, the space focusing gain is about 15
results show that7, and G, appear to be independent of thdo 20 dB. Also, it seems that the instantaneous energy fumcti
definition of the energy function. is oscillating as a function of the distance to the focal poin

Pp =

- different angle spreads, ranging fromi3 to 2.

« the effective path-loss exponent is set2tcand the scat-
tering cross-section is assumed to be complex Gaussian
distributed with relative standard deviation @R5.
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Fig. 3. Typical one-shot realizations of time reversed ramde@lds (the
energy function is expressed in [dB]).

1) Omnidirectional scattering results=or omnidirectional

single scattering around the target point, Fig. 3 shows that
the space-time focusing is improved when both the bandwidthe®
and the delay-spread are increased. Figs. 4 and 5 show

E{np(R)/np(Ro)} and E{AT(R)} as a function of the
system bandwidth. The channel delay spread is set tq:9€.8
for these simulations.

Average energy n(R) relative to (R ), [dB]

Bandwidth, [MHz]
25 Distance to focal point

100 3 relative to wavelength

Fig. 4. Simulated energy functioB{np (R
range and bandwidth.

)/np(Ro)} as a function of

The simulated dependencies have been fitted by the follow-

ing empirical formulas:

E{po} = b = 59743350 1)

E{py} = by = 2.21013a BY52 (22)
TID(R)
E 2Kp+(1—-K
{nD(RO)} D ( D)

x |Jo (2m[R — Ro[/A) |* exp (—=|R — Ro[/3.2)) (23)

with
a = 2.6 exp(—7rms/1.23) (24)

and
K o 1/pp (25)

= G/ = 0417508 B~0-02
0.0837us " B~" + 0.937813

(26)

Ga/A
Aty = (27)

E{o(R)} = 0.37{1 — |Jo(27|R — Ro|/N\)|?
x exp(—|R — Rg|/1.50)} (28)

with 8 = 1.3exp(—7rms/1.8). Here, the bandwidthB is
expressed in MHz, and the delay-spreggs is expressed
in us.

The alternative energy rati@{ny;(R)/nn(Ro)} can be

expressed in the same fashion as in (23).

« In (21), (26) and (27), exponents foB and 7rms

are roughly similar as soon as both variables appear

multiplied by each other. This observation implies that

space-time focusing in general is related to the product

B x1rms. S0, we can affirm that the quality of space-time

focusing is improved by increasing the produitk rys.

However, that assertion should be nuanced, since some

terms in (27) and (28), as well asandg are only related

to the channel delay-spread.

When B is sufficiently large, the space-focusing param-

eters depend upoB x trvs. This impact is significant

regarding the asymptotic SFG. However, the dependence
of the 3-dB contour width toward® x 7rms iS much
weaker. BothGG, and G, are therefore mostly inversely
proportional to the carrier frequency only. Note that for
smaller bandwidths (for which eqgs. (21) and (22) are
not valid anymore), the average asymptotic SFG tends
to unity.

« The average delay spread at the focal point results from
the additive combination of two terms: one roughly
related toB x Trums, and the other one texms only. For
large B x 1rus, the variation of At with B becomes
weak, soAT, only depends upon the channel delay-
spread. This is clearly visible on Fig. 5. At any other
point R outside the focusing region, the delay spread
E{A7(R)} is an oscillating increasing exponential func-
tion of the distance from the focal point. It saturates at
long distances.

« At any point R, the time-focusing gainE{c(R)} is
only related to the channel delay-spread. Furthermore,
the asymptotic TFG (i.e. at long distance) is a constant
value ¢~ 0.37) independent fronB andrrus, at least for
sufficiently largeB x trms (> 10).

2) Impact of reduced angular spreadie investigate in

the following the impact of angle-spread on the quality of
space-focusing. When the angle spread is decreased2rom
to smaller angles, the spatial focusing is degraded as &ghec

o For A9 > 7/3, the asymptotic SFG, decreases as
A4 decreases. It varies agfod/27)° 6 relatively to the
simulatedpp with Ad = 2.

« The 3-dB contoursG, and G, are not identical any-
more, andG, = 4G, for AY < 37/4. They are
decreased respectively ly—1-3 and A¥—1-2 relatively
from their previous values (i.e. whef\v was equal to
2m). For AY > 37/4, the ratioG,(AY)/G.(AY = 27)
continues to decrease following AY¥~—'3 law while
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G.(AY)/G.(AY = 27) remains constant. Hencé,, = Fig. 6 that for the full rate the space focusing advantage is

G, for AY = 27. totally destroyed.

New empirical expressions can therefore be derived easilyThe limit to which the data rate can be increased with-
that take into account that the channel delay spreag is out destroying focusing is related strongly to the cohesenc
also modified when reducing the angle spread, as highlighteandwidth of the channel transfer function. This coherence
by (4) and (5): bandwidth gives the frequency difference at which phases

B 5 _ become decorrelated and is inversely proportional to thesyde
— 0.29 0.35 0.6 0.2
Pp = 5.9mRius B (A0 2m)™ w (29) spread. Encoding on frequency intervals smaller than the
with v = (A9 + sin AY) /(27), coherence bandwidth destroys spatial information coathin
_ in the channel transfer function resulting in poor focusin
Ga/\ = 041750 B7002(Ay /27) ~ 13000 gmp g

In fact, Fig. 6 shows that space focusing is slowly restored

~ 0.41(A9/2m) 73 (30)  as this rate decreases. It is about 5 to 6 dB for a raté .
For this high roll-off factor, the degradation is approxieig
0.137us  B70-02 (A9 /27) ~ 120005 0.5 dB less than for the zero roll-off case. This is not ssipg
Go/)\= /3 < AY < 3rm/4, since higher roll-off factors yield lower side lobes.

0.417uat B0-02,0-005 Ay > 37 /4
_ {0.13(&9/%)1-2, 7/3 < AY < 3m/4,

~ 31
0.41(AY/27)~13, A9 > 3r/4. 1)

3) Benefits from multiple antennashe impact of using
multiple antennas at the transmit point is analyzed in the
following. At the transmit point, the terminal consists &fr
antennas. Each antenna has a specific location ardind
denoted adT',,. Hence, the focused signal is written as

1

o
©
1

Average RMS delay-spread At(R), [us]
o
o
L

Mt
sp(r,Ro) = > hp(r,Rg — T)xhp(-7,Rg — T) (32)
u=1 20 °
. . ¢ 25 2 60 “
Increasing the number of antennas should increase the T O i, iz
o 0 100 MHZ]

space-time focusing. Simulations actually show tGat and
G, remain unaffected when the number of antennas is in-
creased. Regarding the SFG, the benefit from multiple afig. 5. Simulated RMS delay spredd{Ar(R)} as a function of range
tennas is inversely proportional td + My) = My. This 2and bandwidth.
corresponds to what intuition tells us. Indeed, the peakgsne
at the focal point will grow as\/2, but only asMr anywhere  Therefore, there is a trade-off between the data rate and
else outside the focusing region. the spatial focusing effect that can be achieved in a wiseles
4) Multiple bounce propagation modelVe now consider channel for a given bandwidth. This trade-off is dictated by
the multiple bounce model. As mentioned previously, thihe coherence bandwidth of the channel transfer function. F
model is sensitive to the path-loss exponent and the dike example given in Fig. 6, rates lower thBri10 are needed
tribution of scattering cross-section. For a relative dead to maintain a sufficient level of focusing.
deviation of 0.25, the average loss per additional reflacso
found to be about 12 dB. For this value, the impact of multiple
reflections on the focusing is negligible. If the relativarstard ©
deviation is increased to 0.4, the impact, though not niaiéig ur
remains small. This is mostly because the large number of wf
scatterers enables the time-reversed field to be highlystxtu of
with single-bounce interactions.
5) Space-time focusing in time-reversed transmissi@rs:
far, we have assumed that a single time-reversed pulse tis sen
from the transmitter to the target point. This section anedy
how space-time focusing is affected when sending a time- i
reversed signal. The latter consists of the convolutionhef t T
time-reversed pulse with a train of information bits. i
Fig. 6 shows the SFG as a function of the relative data s
rate (i.e. the data rate relative to the pulse bandwidth}vior
different Nyquist roll-off factors. The bandwidth is equal40
MHz and the channel RMS delay-spreadOt8us. For these
values the single-pulse SF@, ~ 13 dB. It is clear from

Space focusing gain, [dB]

10°
Data rate relative to ful rate ~ R/B

Fig. 6. Spatial focusing gain as a function of data rate atigofbfactor.
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B. Waveguide Model

In Fig. 7 we observe that quality of spatial focus abeyit=

Numerical simulations in the waveguide have been carriddS n€arly the same over all bandwidths. However, the energy

out using the following parameters:

« the central frequency is 2.5 GHz

« the lengthlZ, is 100 m

« the refractive index fluctuation has RMS heightyis =
0.05 and correlation lengtlf = 1.0 m

« the waveguide width., is either12.8, 25.6 or 51.2 m

« the source angl® is either25°, 45° or 65°

« the bandwidthB is betweenl0 and 100 MHz.

away from the refocus location decreases as the bandwidth
increases. In particular, we observé dB difference between
the 10 MHz and 100 MHz cases.

In Fig. 8 we observe the quality of temporal focus about
xo = 0 where At is smallest. Because a larger bandwidth
yields a shorter pulseAr is smaller for larger bandwidths.
Nonetheless, we observe that these curves become smoother
as the bandwidth increases. This phenomenon is due to the
onset of statistical stability manifested from broad baialtlv

The initial transmit positiorR is centered in the waveguide.sjgnals [18].

We setR, to be the origin for ther — z coordinate system.
The transmitter is locatedd00 m down-range fronRy. It is
an array spanningm < z < 2m.

Figs. 7 and 8 showjp(z, z0)/np (0, 20) and At (z, zg)
respectively for a waveguide of wid25.6 m. Averages were

computed for 500 realizations of the random refractive xnde

Results are shown for bandwidths &, 20, 40, 80 and 100
MHz.
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Fig. 7. Energy ofsg (70, ) in a waveguide with width_, = 25.6 m and

L, = 100 m averaged over 500 realizations of the random refractidexn
The source is limited in angle bA®45¢"¢ and in bandwidth by 100, 80,
40, 20 and 10 MHz.
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Fig. 9. Asymptotic space-focusing gain (SFG) as a functiomaridwidth
for different source angles (top) with waveguide width = 25.6 m and
different waveguide widths (bottom) with source angle = 45°.

To examine spatial focusing in greater detail, we show the
space-focusing gain in Fig. 9. The top plot is fbf = 25.6
m with different values ofy. The bottom plot is fon) = 45°
with different values ofL,. As we have already mentioned,
adding bandwidth to the system reduces the energy away from
the refocus location. Fig. 9 further demonstrates thisesat
curves show that SFG increases with bandwidth. The top plot
in Fig. 9 shows that limiting) reduces the SFG. The bottom
plot shows that there is little difference between the= 12.8

Fig. 8. RMS delay spreatkys averaged over 500 realizations of the randorin and 25.6 m cases. However the SFG for thg = 51.2

refractive index. All other parameters are the same as in Fig. 7

m case is much smaller than the other two. For a fixed
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widening the waveguide reduces the diversity of modes that ~ 4° S~
propagate in the channel. This reduction, in turn, redukes t = 45
quality of focus in time reversal. al - 65 ||
0.1 3
- g .|
.00t 25 g,3.5
- 45 E
0.08f —— 65 8
0.07} o 3
o—e o =
0.061
Epos 25;
O]
0.041
0.03r % 20 20 60 80 100
A— bandwidth (MHz)
0.02f 1 4 ‘
—— 12.8m
0.011 —— 256m |
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0.01 ‘ ‘ ‘ ‘ ‘ Fig. 11. Asymptotic time-focusing gain (TFG) as a function ahtwidth
' 20 40 60 80 100 for different source angles (top) with waveguide width = 25.6 m and
bandwidth (MHz) different waveguide widths (bottom) with source angle) = 45°.

Fig. 10. 3-dB contour in cross-rangé, as a function of bandwidth for
different source angles (top) with waveguide widith = 25.6 m and different and the bottom plot is foP) = 45° with different values of

wavegide widths (bottom) with source anglaj = 45°. L,. All curves decrease monotonically with bandwidth. The
" i main reason for this decrease is that the pulse is narrower
_In addition, we show the 3-dB contour in Cross-rat@e  ,q pandwidth increases. The overall delay spread is reduced
n F'Q- 10,' Similar to Fig. 9, the top plot is faE, = ,25‘6 and the refocus region is not as pronounced. The TFG in-
m with different values ofJ and the bottom plot is for qreaqeq withy since the additional diversity allows for greater
v = 45° with different values ofL,. Here we 0bServe {omnora| focusing in the sense that ratio betweenat and
that cross-range dependence of the 3-dB contour changgs, fom ., becomes greater. Similar to the result for the
very little with respect to bandwidth. Because limiting th%FG, we observe that the TFG fdr, = 12.8 m and25.6 m
a.ngu_lar aperture. O,f, the source 1S a spayal low-pass filtgfe close to each other while the widest waveguide yields a
yielding broader initial transmit sources:, increases a¥ gmajler TFG. A4, increases effects manifested by reflections

decreases. For different waveguide widths, the 3-dB contqyy, \yayequide walls decrease and the waveguide domain
does not change significantly. It decreases slightly as ttghw approaches an unbounded one exhibiting a smaller TFG.
increases because of added angular diversity. From (14) we

understand that the number of propagating modes within_a . .

fixed angular aperture is set Byand L. With ) fixed andL, C. Comparison between results obtained from both models
increasing, more propagating modes exists inside the angul The space-time focusing properties appear in both models.
aperture. For example, with = 45°, there are approximately Yet, some differences can be observed. Let us first consider
75, 150 and 301 propagating modes fgr= 12.8 m, 25.6 m, the similarities:

and 51.2 m, respectively. Time reversal methods exploit this (i) The space-focusing gain increases with bandwidth in

added spatial diversity to tighten the refocusing. both models. In the GS model, it is also shown that the
To examine temporal focusing more closely, we show the  SFG increases similarly with the channel delay-spread.
asymptotic limit of the time-focusing gain in Fig. 11. The In the waveguide model, simulation results illustrate that

top plot is for L, = 25.6 m with different values of¢ the SFG also increases with the channel delay-spread.
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The increase for the waveguide is related to the sourdgs]
angle and to the inverse of the waveguide width.
(i) Time-focusing gain examined using the 3-dB contourg
shows a weak dependence on bandwidth in both sce-
narios. Similarly, the dependence on the channel delay?l
spread is also weak, but the 3-dB contour decreases
as the angle-spread increases. This is clear in the GS
model. In the waveguide model, we have observed tha#!
the dependence towards the waveguide width is weak,
while there is a noticeable dependence on the angle-
spread. (9]
Some differences between these two models have been
observed. The most pronounced one is that the SFG &
pears to be independent of the bandwidth in the case of
the GS model, while a significant dependence is found in
the waveguide. Also, the absolute value of the SFG is mubi]
larger in the waveguide scenario. To better understand this
difference, we need to refer to the specifics of the mode|sz)
In the waveguide case, two mechanisms cause delay-spread:
large-scale multipath results from the coherent reflestion
the waveguide walls, small-scale multipath is caused by thg
non-homogeneities of the refractive index. By contrast, &%
propagation only consists of non-coherent reflectionsjlaim [14]
to the waveguide small-scale multipathing. Focusing inetim
reversal is enhanced for bounded domains in that it is mdtel
robust. This accounts for the difference seen in these two
models. As the waveguide width approaches infinity, it begime)
to agree with an unbounded medium. 7]
[18]
VI. CONCLUSIONS

We have proposed several metrics to characterize space-
time focusing resulting from time-reversal methods. Weehav
demonstrated the use of these metrics on two different scat-
tering modes: the geometry-based stochastic model and the
random waveguide model. Although these two models have
very different mechanisms for multipathing, they yield re-
markable similarities in demonstrating the stability ofdising
using time-reversal. THerefore, one can safely assume that
time-reversal methods should provide an effective mettood t
improve wireless communication systems.
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