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On the use of Uniform Circular Array for
characterizing UWB Time Reversal

Patrice Pajuscdviember, IEEEand Pascal Pagamilember, IEEE

Abstract— Time Reversal is a promising technique for the
improvement of future telecommunication systems. Abetter

understanding of this capability requires more invetigation on

real propagation channels. This paper presents a mescheme to
characterize the space-time focusing characteristic of time

reversal using a Uniform Circular Array. An extensive UWB

propagation experiment is reported. The method is gplied to the

experimental data. Different focusing parameters a computed
in different configurations. Because the delay speal parameter is
inappropriate, a new parameter called Equivalent Sjnal to

Interference Ratio is introduced to study time focsing.

In UWB SISO configuration, time reversal increaseshe power of

the strongest path by up to 10 dB and the total rezved power up
to 5 dB.Our analysis shows that when the channel fcused in
time, the data rate can by enhanced by a factor ahree. The

channel is also focused in space and the averageesof the spot is
about 3 which is larger than the ideal case. The focusingpot is

often directed inline with the transmitter. At 9 A far from the

target, the received signal is reduced by up to 16B in NLOS,

which demonstrates the high focusing capabilities fothe TR-

UWB scheme.

Index Terms— Circular arrays, Propagation measurements,
Time reversal, ultrawideband.

. INTRODUCTION

only increase the offered throughput, but could aéxluce the
receiver complexity by using non-coherent energgcten
schemes. Furthermore, spatial focusing may enable
simultaneous communications between different users
Multiple Input Multiple Output (MIMO) schemes andone
secure transmissions.

TR was successfully used in underwater acoustic
communication [3]. MIMO transmission schemes welso a
achieved [4]. Capabilities of TR with electromagoetaves
were investigated in 2002 [5]. Considering channel
reciprocity, UWB channel measurements were used to
demonstrate the strength of TR. In the same marother
investigations were done for outdoor mobile wirslascess at
2 GHz [6], fixed wireless access at 5 GHz [7] ahdrsrange
applications [5, 8, 9]. TR of wideband microwavegrev
experimentally demonstrated in reverberant rodif$ [

UWB and acoustic waves have many similarities. UWB
appears to be the most appropriate technology pdy apR
because of the success of TR in the field of agmishccurate
studies on TR require space-time measurements.
measurements are usually performed with 2D virplahar
array antennas. These measurements take a longtichare
not often reflected in literature. More data areded to have
relevant statistical results. This paper presesimple scheme

Such

T”V'E REVERSAL (TR) [1] or phase conjugation into characterize space-time focusing, based on e af

frequency domain [2] has been studied for manysydar
was initially investigated in the field of acoustiand more
recently in the field of electromagnetics. BasigallR consists
in using channel state information at the trangmitThe

Uniform Circular Arrays (UCA). A preliminary expeniental
study using this technique was reported in [11}this paper,
we significantly expand our analysis by presentudglitional

Channel Impulse Response (CIR) is time reversed ap@rameters and giving theoretical explanationhiefabserved

complex conjugated. This corresponds to a matcitted dised
as a coding waveform. The practical application TaR
assumes that the propagation channel is recipracel
stationary. TR also requires a propagation chawitbla large

measurement results, introducing relevant chairatiter
power gain.
TR is introduced in section Il. Then, our innovativ

characterization method is presented in section Tb
illustrate this technique, an UWB propagation ekpent is

Delay Spread (DS) value. Such channels appear dn ridetailed in section IV, and results are analyzeddation V.

scattering environments.

TR schemes provide spatial and temporal
simultaneously at the receiver. Such properties &gy
promising for communication systems. TR schemes nay
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Finally, conclusions are drawn in section VI.

focusing

Il. TIME REVERSAL

A. Principle

A radio link is considered between two terminal ides,
respectively denoted A and B. Both of them are rassu
stationary. Terminal A is located at the origintbé space.
The propagation channel is assumed reciprocal whithie in
linear medium. Thus, the CIR is the same regardiéshe
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direction of the radio link. Hence, the CIR of thmpagation Figure 1 presents simulation results with 7.5 GHz
channel between the terminal A and another termisal bandwidth. The instantaneous CIR and the perceGi&lare
expressed byn(r,7) wherel denotes the excess delay and depicted on the left and the right respectively.e Tsame
the location of the terminal. The intended receiteminal B, amplitude _scale Is used. The percewed channelamnes_s

_ i _ ) spread. Using the same transmitted power, thegestipath is

is located at locatioly . TR consists of using the channel Stat%ignificantly increased up to 14 dB for this spiecif
information at the transmitter. More specificallige intended observation. The total received power is also iasee up to
receiver B first transmits a pulse, which is sard@édevice A 5dB. This unexpected gain is due to a improved powe
to get the CIR(r,, 7). This channel estimate is time reversedllocation. By using TR scheme, more power is alled on
less attenuated frequencies. As a result, thertittesl power

is less attenuated by the propagation channeltieguh an
increase of the received power at the intendedverce

Let us denoteH (f) the channel transfer function, and

and complex conjugated, which is equivalent to asph
conjugation in the frequency domain. This signaddasmalized
to the unitary power and used as a coding wavefénany

location 1 , the perceived CIther(r,T) will be expressed

by equation (1) wheré] denotes the convolution with respect Fx and Fy the transmitted and received power respectively.

to the delay? and T, the location of the intended receiver. [N the case of a simple transmission, the recepader F,,

can be expressed by equation (2). Considering a TR
h*(ro,—r) communication towards the interlded receiver, theeived
——22__0h(r,7) (1) power can be expressed by equation (3).
fIn(r, ) dr

2
o= E(VBHOO)= e E ) @
It can be noted that the TR scheme is equivalena to

matched filtering performed at the emitter. Howevtre whereE denotes the mathematical expectat|on2.
implementation complexity is significantly reducedith

hee: (1,7) =

respect to a digital filter. Py iy = E Py H( f) [_;Lf)z
B. Channel model E(|H ( f)| ) 3)
In the next section, selected simulations are pteseto 4

illustrate the TR capabilities. A simple propagatichannel E(|H(f)| )

model is sufficient to highlight the main propestief TR. The = Prx 2\2

Saleh and Valenzuela model [12] was used, witHdtewing E(| H( f)| )

parameters : aSi”Q'e cluster, a power decay_emqnve20n§, Let us now consider the statistical distribution thie
an average ray arrival rake= 7.5GHz, and a signal bandwidth . .

BW=[3.1-10.6 GHz]. This configuration provides aRCWith magnitude of the transfer functloth (f)| and denote
10 ns delay spread. This parameter is in accordaitheother K2 = E(H(f)F) and us = E(H(A[") its second order and fourth
analyses [13],[14]. Information of direction of i@al was Order raw moments respectively. Equation (3) shtwas the
added on each path. Two configurations were coreide Power gain of the TR scheme is given by the rajio (1)°. In
regarding the distribution of the direction of mali the a rich scattering indoor environmertd, (f) can be modeled
uniform distribution and the laplacian distributiobastly, a by a complex Gaussian distribution, and its mageitu

20log, () frequency variation was also considered OMH ()| thus follows a Rayleigh distribution with paranrete

each path. The above parameters enable the computt

s . . - e In this case, the TR power gain is given by:
realistic CIRs including space-time characteristics

M, _ 8d*

o . = =2 4)
2 2
C. Basic simulation results (ﬂz) (202)
20 20
g 10 sosaemf| 3 10 a4adem This result highlights that 3dB gain is achievedewhTR
g 0 g 0 scheme is used in a rich scattering environmeteréstingly,
=1 = . . . . .
= -10 = -10 if the radio link consists of a strong main pathd asome
[=9 o .
2 20 2 20 weaker random components, it can be assumed H{8{ |
30 30 follows a Rice distribution with parameterin this case, it can
0 20 40 60 80 100 -40 20 0 20 40 be shown that the TR power gain is given by:
Excess Delay (ns) Excess Delay (ns) u kz
Fig. 1 : Channel model (left) and perceived clehiright) 4 =2 (5)

(,uz)2 _k2+2k+1
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The highest gain is obtained fok = 0 (Rayleigh
distribution), while for a high value df no gain is achieved,
since a single echo is predominant resulting ilateaind nearly
constant channel transfer function.

_
Y

f

PR
. /

H fL fH

> f
Fig. 2 : Power density of the transmitted and nezgtipower

When a large bandwidth is used, the effect of feegy can
no longer be ignored. A simple channel model with

r(dB)=-1.76+ 10Iogo( ¥+ +—H] (11)

20

Amplitude (dB)
Amplitude (dB)

0
-40 20 0
Excess Delay (ns)

20 40

-40 20 0
Excess Delay (ns)

20 40

Fig. 3 : Influence of the location on the percei®

At the intended receiver depicted in Fig. 1 (riglie peak
level is situated at 14 dB above the side lobefksChnd
perceived CIRs were computed at different locatidos
investigate spatial behavior of TR. The perceivéBsCat two

20Iogm(f) attenuation is considered. This frequency Sl0p8ifferent locations away from the intended receiane

corresponds to the typical case found in our previresults depicted in Fig. 3. When the receiver moves awaynfthe
[15]. The left of the Fig. 2 denotes the spectrunam UWB  target, the main path amplitude decreases andhéygesis no
signal. f , f, andp, denote the lowest frequency, the highesonger symmetrical. Ad/4 (left), the peak is 6dB below the
frequency and the total transmitted power respelstivThe maximum. At 1@ (right), the peak is completely lost in the
power density of the transmitted signal is givendmuation side lobes. This underlines the capability of TRfdous the

(6).
(6)

The right of the Fig. 2 depicts the spectrum of theeived

signal in space.

The space focusing capability can also be plottedwio
dimensions to analyze the shape and the size ofothesing
area. The maximum amplitude of the perceived ClRaath
received location is represented in Fig. 4. Theerided

signal wherep, denotes the total received power. All thesgqoceiver was chosen at the center of the plane. The

assumptions are expressed by equations 7-8.

(7)

(8)

If a TR scheme is considered, the spectrum ofrdmesmitted
signal V, RT( f)is the same of the received signal.

same transmitted power is assumed. The new tratesmit

signal and received power are expressed by equatard 10
respectively.

(9)

(10)

The two previous gains are independent. The conemstie
gain of power can be approximated by adding theseiqus
gains. The TR gain of the total is given by equa(11). This
corresponds to a 5 dB gain with 7.5 GHz bandwidth.

characteristics of the spot area remain almosisétlee when
the intended receiver is moved. On the left of Bighe results
were obtained with a uniform distribution of dinect of
arrival of the rays. It corresponds to a rich sraty
environment. The spot is circular and the sizebisuaA/2 as
previously measured [10]. On the right of Fig. et
simulation was performed with an angular sprea@Gst It is
more representative of a real environment. The spato
longer circular and is directed inline with the nganitter.

Thd hese two examples highlight the fact that the afioaal

properties of the propagation channel are very iamb for
spatial focusing capability.

3

9
= i B 2
3 1 L. 3 3
& s &
LT R
£ ) g .,
S -1 e S
& &
6
2 = 3'dB contour > 3 dB contour
9
3 = i
302 -1 0 1 2 3 9 -6 -3 0 3 6 9

x from target (1) x from target (1)

Fig. 4 Focusing area with uniform distribution ataplacian (AS=20°)
distribution of angles of arrival
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D. Synthetic parameters

In this section, we present a number of synthediameters
characterizing the temporal and spatial focusimgperties of
TR.

1) Delay spread

The Delay Spread (DS) parameter is widely usedtudys
wideband channels. It is often related to the aecliike data
rates. It is computed with the second moment ofaherage
power delay profile. This parameter characteribestétmporal
spreading of the CIR. A Hanning window is used e¢duce
sidelobes and compute the DS value. Table 1 shusveesults
for different threshold values using the channetletaepicted
in Fig. 1.

TABLE |
INFLUENCE OF THRESHOLD ON DELAY SPREAD VALUES

Delay Spread (ns)

Threshold
(dB) Channel TR channel
15 7.1 0.1
20 8.0 3.2
30 9.4 8.0
40 9.8 9.6
50 9.9 10.0

This highlights that the DS parameter is very gamsto the
noise cut-off threshold. For example, TR can dewear
increase the DS value depending on the cut-offl.|lduefact,
with this simple channel model, the DS value isaftgcted by
the TR scheme if the noise cut-off level is takeffisiently
low. Such a parameter is not appropriate to quadliifye
focusing of TR. To avoid biased results, a new pater is
introduced in the next section.

2) Equivalent Signal to Interference Ratio

In a practical communication system, when the Sigoa

Noise Ratio (SNR) is sufficiently high, the achible Bit

Error Rate (BER) is only limited by the Inter Synhbo

Interference (ISI). ISI is generated by the dispersature of
the propagation channel, where the desired signedbirupted
at the receiver by echoes of previously transmigigdbols. In
a noise-free configuration, and assuming a simpleeiver
implementation with no specific equalization tecjud, the
average ISI can be evaluated knowing the symbelaatl the
CIR. It can be assumed that the receiver supplogtability to
synchronize with the strongest path in the CIR. iRgtance,
this would be a simple one finger RAKE receiver.sich a
system, the useful signal powgris given by :

S = (T )
where h(r) represents the CIR ang, is the delay of the

strongest path in the CIR. Similarly, assuming thatsmitted
symbols are independent and that multi-path interfee is
equivalent to a Gaussian noise, the interferenogepd is
given by :

(10)

k=+00

1= > (T, +k/R)
k

=—c0

k#0

(11)

whereR denotes the system symbol rate.

In order to characterize the improvement of TR aataly,
we introduce a new parameter called Equivalent 8ida
Interference Ratio (ESIR). It corresponds to therage SIR
for a given symbol rate R. This parameter is defiimedB by :

(12)

ESIRR) =10log L™
10| k=+oo
> (T e + kI R)
o
Based on this parameter, an estimate of the maxdaymabol
rate to achieve a given ESIR of dB in a noise free
configuration isR 5 such as :
ESIHR, ;)= X (13)
Considering a static channel and a simple uncodeskB
modulation scheme, a SIR of 10.5 dB is requireddoieve a
BER of 10° [16]. Hereunder, the parameféy, (will be
computed to evaluate the maximum bit rate of acbheesieiver
structure. The variation of this parameter whenlyipg a TR
scheme will give accurate insights to the benefitsTR-
capable systems.

3) Temporal peak to total energy ratio

This quantity corresponds to the ratio betweemtheer of
the strongest path and the total power. It charzetzthe ratio
of energy captured by a simple receiver

max, (‘h(r ,r)‘z)

R — (14)
_ﬂh(ro,r)\ dr

J(h)=101log,

4) Peak to Peak Gain

A simple receiver structure estimates data by symghing
with the strongest path of the CIR and samplingrdeived
signal. In order to study the improvement of TRs fheak to

Peak gain parameterpr( h) is used. This parameter

corresponds to the ratio between the strongestqgfatie CIR
and the strongest path of the perceived CIR.defined by:

(‘hper( r, ,r)‘z)
max, (\h(rO ,r)‘z)

where I, denotes the target location

(15)

5) Total received power gain
Advanced receiver structures, such as RAKE recgiwgth
a large number of fingers, are able to capturetall power
carried by the CIR. In order to evaluate potergain of TR,
the total received power galhis defined by:
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2
ﬂhper(ro,r)‘ dr
2
ﬂh(ro,r)\ dr
6) Spatial focusing parameter
Using spatial focusing, a TR-capable communicasigstem
may transmit streams simultaneously towards nead®srs.
More precisely, TR may focus the signal enoughpace so

I (h)=101log, (16)

5

g, denotes the direction ok, L, relatively to the Ox axis.

For each value ofd,, N/2 values of §  are uniformly
distributed in the range [0
Now, L, is assumed a target of a TR transmission bpd

a location of interest. According to previous comise the
space-time focusing gain at different distances/@andn

that different nearby users may enjoy two differenfjifrerent directions can be computed. For instative average

communication channels with low mutual interferend®
evaluate interference between users, the spataisiiog gain
parameter is defined by:

max, (‘hper(r ,r)‘z)

max, (‘hper (r, ,r)‘z) o

n(r)=10log,

Space-time measurements are required to charact€Rz
accurately. A virtual planar array of antennas e evay to
sample the propagation channel in space. The dttaty on
TR using microwaves adopted this approach [5]. Heane
such an experiment requires a long time. To coverarea, a
large number of locations are needed. Moreoveaeqtires a
precise X-Y positioning device. Usually, a simgleebr array

ON THE USE OFUWB CIRCULAR MEASUREMENTS

focusing gain can be derived at different distartoetsveen 0
andd. The 2D space time focusing can also be compiltieid.
principle was applied to the two previous channeteis and
the results are plotted in Fig. 6. Even if the ingata are
smaller, the shape and amplitude are the samesasfiérence
in Fig. 4.

3 9 0
2 2 < 6 TX direction.
B 1 g 3 ®
2 o
S o [
s
£ - S 3 '\ -10
& &
> 2 w1 > -6
3 - 3.dB contou 5 - 3 dB contour
-15
32 01 2 3 9 6 3 0 3 6 9

x from target (1) x from target (1)

Fig. 6: Focusing area with uniform distributiondafaplacian (AS=20°)

is considered in TR studies and experiments. Thén madistribution of angles of arrival, using UCA simiides

drawback is that only one direction is spatiallyjngéed. This
approach can introduce biased results becauseothsesifig
area is not symmetric in practice. Uniform Circularray
(UCA) measurements can solve planar and linear meamnt
drawbacks. In the following, we will show that anCHA
configuration offers an accurate 2D scanning offtReeffects

To conclude this section, measurements using U@Aaar
efficient way to investigate TR. The positioningsm is
simple. This configuration provides many combinasioof
angles and distances from the target. It enabléiable
computation of the focusing gain parameters. Thddibsing
area can be also obtained.

while maintaining a reasonable measurement timee Th

configuration of the UCA is depicted in Fig. 5. Bdocation
is denoted L, where k is the k" sensor. Locations are

uniformly distributed on the circle. N is the numlué sensors
and is assumed evehis the diameter of the circle.

e (i
LL,|=d.sinl—Ed
‘k k+i (Nj i
x g =g+
] i k,i k1 2N
Q @)
R Ly WithiD[O,g}
© o O
Lisi

Fig. 5: Configuration of the circular array

The distamc}al_k L,.;| depends only onand is denoted, .

IV. UWB PROPAGATION MEASUREMENT

The UWB propagation channel measurements descitbed
this section were previously presented in [17]. ther purpose
of this study, the main characteristics of the expent are
recalled. The CIRs were obtained using standargp&@ameter
measurements. The schematic of the measurementedevi
depicted in Fig. 7.

CMA !
118 ‘

v

GPIB

VNA - HP 8510

PC

@ Pl P2 g

Long cable

Fig. 7 : Schematic diagram of the measurement devic

The propagation channel was sampled over 4005 lgqual
spaced frequency tones between 3.1 and 11.1 GHno Tw
indoor office configurations were investigated. Tdlistance

It ranges fromdlto dN/2 ,which respectively correspond to between transmitter and receiver ranges from 1 nrtetel8

the smallest spacing between two sensors and tHraedkr.

meters. For each transmitted location, the chawasl probed
at 90 regularly spaced positions along a circled@fcm in
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diameter. More than 120 locations were measure
corresponding to just under 11 000 UWB CIRs.

o o

coooOOOQOOQOO

o

[}

o
<

o] [e]

Corridor configuration Meeting room configuration

Fig. 8 Floor plan of office building where the UwWieasurements took place

V. STATISTICAL ANALYSIS

A. Statistical results

For each measurement location, 90x90 combinations a
available to compute focusing parameters. Thus,utabo

1 million pairs of links were evaluated. All paraiers were
computed for different bandwidths. The averageltedor the
largest bandwidth in LOS and NLOS situations aported in
Table Il.

In the NLOS configuration TR increases the powertaad
by the strongest path. The amplitude of the strengath is
about 12 dB above the amplitude of the strongett pathe
propagation channel. This illustrates the time §&iocg
efficiency of TR and induces a significant improwarh of
coverage if simple receivers are used. NeverthelbesDS
remains unchanged at the intended receiver. It walae
observed with a smaller frequency bandwidth [7].lyOthe
MISO configuration is able to reduce the delay agre
Nevertheless, the data rate can be increased lactar fof
three according to the new parameter introducedeiction
II.B. In LOS situation, these trends are the same b
improvements are smaller.

TABLE Il
STATISTICAL RESULTS OF FOCUSING GAIN PARAMETERS
(7.5GHz BANDWIDTH, AVERAGE VALUES)

Configuration LOS NLOS
- 29 % 8.7 %
Jr 34 % 22 %

DSClR 8.8 ns 17 ns

DSrR( 5) 9.5ns 18 ns

[ 5.1dB 7 dB
RT CIR
R.O.S 0.5 12 3.1
n(9A4) -5 dB -10 dB
p2p 6dB 12dB

IONNUMBER (DOUBLE-CLICK HERE TO EDIT) < 6
0 —&— LOS _2E
= —A— NLOS . ;_S\B\E’“B\sﬂa,e:
= -4 % -64
2 -6 < 8
= o
. = 101 =""os g
-10 \ -121 ] —a— nLos
- -14
0123456789 0.5 1 2 4 75
Distance [A] Bandwidth [GHz]
Fig. 9 : Statistical results of space focusing@B/NLOS configuration
14 8
12 —8— LOS \ 7 —8— LOS
—A— NLOS —A— NLOS
= 10 — 6
3 m
= 8 =
d 64 y ~ 4
4 M 34
i
2 24
0.5 1 2 4 715 0.5 1 2 4 75

Bandwidth [GHz] Bandwidth [GHz]

Fig. 10 : Statistical results of power gain in UBOS configuration

The average focusing gam(r) is depicted in Fig. 9 (left).

LOS and NLOS situations are shown. The space foguisi
more efficient in the NLOS situation. In NLOS theesage
size of the focusing area (measured at the -6d8l)lés about
3 A which is higher than the ideal case, corresponding
uniform distribution of angles of arrival. The mairplanation
is that there is usually a dominant direction irddar
environments. This direction is usually the direstiof the
transmitter. Thus the space focusing gain is moetef in the
direction of the transmitter. In the LOS situatidime focusing
gain does not reach -6dB. On the right of Figh@, influence
of bandwidth is presented. The bandwidth is represkon a
log scale. The greater the bandwidth, the higher gpatial
focusing gain.

Fig. 10 depicts the gain of the main peak powedftierent
bandwidths. An acceptable linear dependence isdfoiihe
slope is higher in the NLOS than in the LOS sitmtiThe
gain in the total received power is a little hightan the
simulation. A possible explanation is the basicnecie model
used in simulation and the effects of antenna.

B. Typical results

According to the statistical analysis and a visnapection
of all the space-time focusing diagrams, a typiial was
selected, the parameters of which are close tontren values.
The main results are reported in Fig. 11. This eam
illustrates the previous trends found in the stiati$ analysis.
On the left, a gain of 15 dB can be observed orsttengest
path of the two power delay profiles. On the righg focusing
area is elongated inline with the transmitter. Témaaller
values are obtained orthogonally to the directidn the
transmitter.
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Amplitude (dB)

Fig.

11: Typical measurement results in indooriremment

(9]

y from target (L)
(=}

= -9 dB contour

-120 -60 0 60
Excess Delay (ns)

120 9 6 3 0 3 6 9
x from target (1)

(14]

VI. CONCLUSIONS

This paper presents an efficient method of charaatg the

space-time focusing gain of SISO TR. It was vedifigith a
propagation

channel model and applied to

measurements. Focusing parameters of a typicabmdifice

environment were obtained. A 10 dB gain can beeasd on
the strongest path using the entire FCC UWB banithwitihe

gain can provide significant improvement in coveraghen
simple receivers are used. SISO TR does not chtheg®S
value. Nevertheless, the data rate can be incréas¢ldOS by

a factor of three according to a new introducecpegter. The

average size of the focusing area is abolttut is strongly
dependant on the observation direction. This isabdy not
small enough to enable simultaneous streams tovthedsame
user, but very promising for the reduction of iféeence
between UWB users.

(1]

(2]

(3]

(4]

(5]

(6]

(7]

(8]
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