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Abstract— This paper experimentally investigates the scheme environments. Noticing the fundamental differences betwe
of time reversal (TR) combined with multiple-input single- the wideband channels and the narrowband channels, we carry
output (MISO) antennas over ultra-wideband (UWB) channels i 5 series of measurements with UWB signals. Moreover,

In particular, temporal and spatial focusing as well as array . L . .
gain are studied based on a4 x 1) MISO scheme in an office due to the wideband characteristic of UWB signals, time

environment. The results confirm that the energy of UWB signss  domain approach appears to be a better framework to study the
in an MISO scheme is more spatial-temporally focused than in radiation, propagation, and reception of the UWB systemes. W

a single-input single-output (SISO) scheme. As a result, arsng  conduct the measurements and the data processing directly i

peak is observed in the equivalent channel impulse response he time domain, which is another feature distinguishing ou
The magnitude of this peak grows linearly with the square roo ' -
work from most of the previous work.

of the number of antenna elements at the transmitter. All the Il ) ” ) )
measurements and data processing are completed in the time Our contributions in this paper are trifold. First, we ex-

domain. perimentally demonstrate that the UWB transmission range
Index Terms— Time reversal, UWB, MISO, spatial focusing, could be extended by employing multiple antennas at the
temporal focusing. transmitter. It is found that the peak energy at the receiver

increases linearly with the number of antennas employed in
the transmit array. Part of the experimental results arerted
in [9], and this paper gives the mathematical proof. Second,
Ltra-wideband (UWB) transmission has recently rewe demonstrate very good spatial focusing of the MISO-
ceived significant attention in both academia and irFR systems. A comparison is made between Single Input
dustry for applications in short to medium range wirelessnd Single Output Time Reversal (SISO-TR) and MISO-TR,
communications [1] [2] [3]. UWB techniques have manwnd the results show that the MISO-TR increases the spatial
attractive characteristics, including high data rate,-tmst, focusing by several decibels, compared with the SISO-TR.
and low power consumption. However, there are a numb@hally, a detailed comparison of the temporal focusing for
of challenges in UWB receiver design, such as capturinglSO-TR, SISO-TR, and the original channel without TR
multipath energy, reducing inter-symbol interferencd)(k®id scenarios is provided, confirming that MISO-TR can further
co-channel interference. A Time-Reversal (TR) techniga® htemporally compress the channel.
been applied to deal with these problems [4]. The remainder of this paper is organized as follows: In
The process of TR technique includes two steps. Firgection II, we analyze the array gain of the MISO-TR system.
the intended receiver sounds the channel by sending a si®dine formulations that will be used in this paper are also
pulse to the transmitter. Second, the transmitter recdirds; introduced. We give detailed experiment description tidiig
reverses and then retransmits the time reversed signal bagkeriment setup and experiment environment in Section IlI
to the channel. As a result, the energy will be focused The measurement results and the corresponding analysis are

both the time and the space at the intended receiver. TR RBagwn in Section IV. Finally, conclusions are drawn in Swcti
been studied for a long time in acoustics [5] and extended o
wireless communication recently [6].
Time reversal combining with antenna array at the trans-
mitter (MISO-TR) seems to be a natural idea and has gained Il. UWB MISO TR SYSTEM
growing attention recently. Some measurements, e.g., tnle W Impulse MISO
in [7] [8], have been developed to investigate the spatiali$e ] o o
ing and temporal focusing of the MISO-TR system. However, A 4 x 1 MISO-TR system conﬂguratlon is illustrated in Fig.
most of the work is done in narrowband and in outdody L€tNm(t) denote the channel impulse response (CIR) be-
tween them-th element of the transmit array and the receiver,
This work IS funded in part by the Army Research Laboratony gme Army andcm(t) be the Corresponding pref"ter code emp'oyed in that
g;ﬁi@gﬁﬂfz%g‘f_%gﬂﬁST'R grant (WO1INF-05-1-0468) @fURIP  venna branch. In a TR system, the conjugate of the CIR will
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|I. INTRODUCTION



& where | ||” denotes the Frobenius norm operation defined
4 () as: [x(t)||2 = [ [x(t) et

H
s %l g The equivalent impulse response can be expressed as
= 2 (]
3 - ! hy @ M
= L (t < _
It should be noted that, in reality, time can not be truly

reversed to obtain the reversed GR(—t) in (1). Therefore,
Fig. 1. Time reversal precoded MISO communication systerits W=4 a FIR filter with a length off is always required to implement
transmit antennas and one receive antenna. the time reverse operation. This will lead an expression of
hm(T —1), instead othn(—t), in (1). The filter lengthT should

where A, is the power scaling factor that describes varioJ%e chosen to be bigger than the maximum delay spread of all

power allocation situations [8]. Notice that the transnutver of the ?RS' so h
is normalized by utilizing the power scaling facta, [8]. For the M caMse we have
Generally, one uses channel sounding to get the [G{R®). PMISO(t)  — 1 he (T —t) % heo(t
Let p(t) denote the sounding pulse sent by the receiver, and @ (1) mzl VMY [lhm(t)]? ml ) Pm(t) (6)
g(t) be the signal received by the transmitter. Then it follows _ g 1 Ro (1) % 3(t—T)
that, q(t) = p(t) x h(t), whereh(t) is the CIR, and« denotes m=1 VMV/[[hm()[Z*

convolution operation. The transmitter directly samplgy) \yhereR, j, (t) is the autocorrelation difim(t)
. . mfim :
and uses the complex conjugate @) as the prefilter. I ag a special case whevi = 1, which corresponds to a SISO
the next step, the transmitter sends the same polse(or  scenario, it follows that
a modulated pulse) to the receiver, and the receiving signal

would be r(t) = p(t)*q(_t)*h(t) hgquD(t) = Whim——t)*hl(t) (7)
= Rpp(t) * Rmn(t) 2) = WRhlhl(t)*5(t—T)

Notice that a sharp peak will usually be generated in the
equivalent CIR, due to the temporal focusing of the TR
tce)f:hnique. Most of the time we may only need a simple

Note that noise term has been ignored in (2) for the sake Beeiver to pick up the peak energy of the impulse response
simplicity. Traditionally,h(—t), instead ofq(—t), is applied Tlaerefore, our focus will be on the peak.

as the prefilter code. Then the received signal is described, . .
o : t is known that the peak of the autocorrelati®q, n,,(t)
by r(t_) = P(t) * Run(t). Often Rpp(t) Is sharper tharp(t), pocurs at the instamt= 0 with a magnitude equal to the energy
especially when we use a chirp pulse as the sounding pulse (t). Mathematically, it follows thatRy  (0) = ||h (t)||2
p(t). Under this conditionRpp(t) will approach the delta e e e " %) = 11 7m )
function by choosing proper parameters. Thus, from (2) If the same initial timing between antenna elements is assum
follows tha)i g proper p ' ' &his is reasonable assumption because all the antennamiem
() ~ Run(t) 3) at the transmitter are using the same clock), then all thespea
~ Thh of the fields in (6) reach at the same time insfarimdependent
It is known that a short UWB pulse signal, by its naturef the e_lement location, antenna type and channel [12]. 1t
is impulsive and transient. The limit of a UWB signal is theeems like that the peaks are aligned automatically .
Dirac pulse of zero duration, but of infinite bandwidth. The For the MISO case, all the energies from different elements
interest in this paper is to study the limit of MISO in thecoherently add up at timg. It follows from (6) that

where Rpp(t) and Ryn(t) are the autocorrelation of thp(t)
andh(t), respectively.

context of TR. In the following time domain measurements, MISO M N
we will first use the CLEAN algorithm [10] [11] to extract heg=(T) = mzlmRhmhm(o)
the impulse response from the received waveforms. Later on Mo > (8)
all of the analysis will be based on the CIRs. = nrélx/—m\/ [Am(t)
B A Gai For the SISO case, it follows from (7) that

. Array Gain

2
Array Gain is the gain achieved by using multiple antennas & (T) =/ [lhm(®) 9)

so that the signal adds coherently. This section will ilats, LM 5

by employing MISO-TR technique, how the peaks of the Let U= 4 2V [hm(t) (|, wherep represents the average
signal at the receiver are automatically aligned and aryarfigeak height over all thté! TR channels. Eq. (8) is reduced to
gain factor of M (the number of antenna elements at the

M
transmitter) over the SISO is achieved. hMISOT) = 5 L /|[hm(®)]?
For equal power allocation [8], we have
) = vVMu
An= —F—= (4) Eg. (10) can be physically interpreted as: the peak in the

VML /[[lhm(t)|1? equivalent CIR of MISO case i$M higher than the peak
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Fig. 2. Experiment setup

average over all théM SISO cases. In terms of energy, byOur previous paper [15] uses the same metric to investipate t
using MISO ofM elements an array gain factor Bf over the spatial focusing of the UWB signal in the hallway environmen
SISO can be achieved. This result is inspired by the maximusg simulation. In this paper, we will experimentally invigsite
radio combining (MRC) in the narrowband MISO array.  this parameter by moving the receiver away from the intended

focusing point,rg, and studying how rapidly the receiving
C. Spatial Focusing energy will drop with this moving.

Let h(rp,t) represent the CIR for the intended receiver lo-
cated in the positiomg(Xo, Yo, 2), andh(ry,t) denote the CIR D. Temporal Focusing

of another unintended user at the positian The equivalent  One of the metrics to characterize the temporal dispersion o

CIR for the intended user would be a radio channel is the Root Mean Square (RMS) delay spread,
heg(Fo.o,t) = h(ro, —t) «h(ro,t) (11) which is the square root of the second central moment of the
power delay profile. Mathematically, RMS delay spreags
For the unintended user, the equivalent CIR would be can be expressed as:
heq(ro,r1,t) = h(ro, —t) «h(ry,t) (12) (122t ]2
The spatial focusing can be characterized by the metric Trms = Hh(t)||2 (16)
directivity D(ro,r1) defined as
max|heq(ro, t)\2 where © t1h(t)2d
07 07
D(ro.,r) = — - 5 (13) Tm = L(t)lt (17)
mtax]heq(ro,rl,t)\ [h(t)]|

. : is the mean excess delay spread of the channel. RMS delay
For the MISO-TR case, the equivalent CIR for different US€hread is one of the most important parameters for system de-
can be expressed as

sign since it is closely related to the inter-symbol intezfece

B 1 B (Ish.
eg(Yo,fo,t) _Wél \/M\/Hhm(ro,t)uzhm(ro’ t)*hm(ro,t) Another metric of interest to measure temporal focusing
y . . ) . ;
o 1 B is the peak to sidelobe energy ratio, defined as the ratio
eg(ro,r1,1) _Wél \/M\/Hhm(ro,t)uzhm(ro’ 6 hm(rs,t) of the energy in the main peak to the rest of the impulse

(14) response. Mathematically, the peak to sidelobe energy mati
wherehpy(ro,t) denotes the CIR between theth element in js expressed as

the transmit array and the receiver located gn

Note that for simplicity, the receiver is restricted to move mtax\heq(t)
along a line in the measurements carried out in this paper. n= 2
Under this condition, Eq. (13) can be simplified as Hheq(t)” /dt—mtax]heq(t)

h o.t)|? The metricn defined in this paper is similar to the temporal

max| heg(ro,0,t)| ( _ N Nis _

D(ro,d) = t (15) compression ratio defined in [4] and the temporal energyp rati
mtax|heq(ro,d,t)\2 in [14].

‘ 2

‘2 (18)

whered is the distance between the unintended receiver and
the intended receiver (focal point) locatedrgt For the case _
where the antenna elements are not distributed along a lifie, EXPeriment Setup
but in some shapes (e.g., circle, square and etc.), (15pwill A simplified block diagram of the experiment setup is shown
still valid by replacing the scalad with a vectord, where in Fig. 2. Major equipment used in the measurements includes
d=ry—ro. (1) a waveform generator for triggering the pulser, (2) a
The value of directivityD(rp,d) determines how well we UWB pulser that generates Gaussian like pulses with RMS
can, by employing TR, focus the transmitted energy into an ipulse width of approximate 250 ps, (3) a wideband low noise
tended point of interest. A similar metric has been used3h.[1 amplifier (LNA) with bandwidth over 10 GHz and noise figure

IIl. M EASUREMENT
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! IV. MEASUREMENTRESULTS AND ANALYSIS

Fig. 3. Experiment environment A typical receiving waveform is shown in Fig. 4(b). L&t
denote then-th element of the transmitting array afiyl the
receiver located im-th position. Fig. 4(b) shows the receiving

less than 1.5 dB, (4) a Tektronix CSA8000 Digital Samplingrzaveform for the channel betwedi and Ry. The CLEAN

Oscilloscope (DSO) with a 20 GHz sampling module 80EO3Jgorithm is employed to extract CIR from the receiving

and (5) a pair of omni-directional antennas with relatividy waveform. The template used in the CLEAN algorithm is

gain over the signal band. To maintain synchronization, t#own in Fig. 4(a).

same waveform generator is employed to trigger the DSO. The

major frequency components of the system are from 750MHz Array Gain

toi.iﬁtﬂél antenna arrav is emploved in the experiment In this section, we investigate the array gain by comparing
y ploy b ie peak power in the equivalent CIRs of SISO-TR and MISO-

The elements of the array are spaced far enough such ﬂt . . .
there is no coupling between them. This can be achieved_jf sys'Fems_. The gquwaler_lt CIRs for different scenarios are
' shown in Fig. 5. Fig. 5(a) is for SISO-TR case betwden

the spacings between any two adjacent antenna elements ar§R4. The equivalent CIR for SISO-TR is calculated by (7).

greater than 20 cm, which corresponds to the half wavelen 1. 5(b) is for MISO-TR case WitfTy 234 as the transmitter

of the lowest frequency. The value of 20 cm is found to be . :
sufficient after some trials of bigger values. In Fig. 3, fo grray andRy the receiver. The equivalent CIR for MISO-

virtual elements are equally spaced along a line. The Migﬁéz)lsisciggﬁtﬁ\?vob%ir(rfz.s Itr];gh(;l:stehr;/re]dtgg?ti:]h'e:igpezlza:; 5\|/ge
of a.ntennas are.set to 1'4 m. The receiving antenna is MOYEEN further calculate the average peak height of all the fou
to different Ioca‘uon_s, and |nd_|V|duaI _channel was sou_naled SISO casesTyRs, ToRs, TsRe, TaRs). The results confirm the
g}leaseurrﬁg;el?rlé?:stnsy' No Line of Sight (LOS) is avallabbfconclusion obtained in section 1I(B) that the peak of the CIR

' for the MISO isv/M times higher than that of the SISO. The
higher peak in the equivalent CIR corresponds to a stronger
signal that could be captured by the receiver. Noticing that
] transmitting power for MISO and SISO cases have been set to
A set of measurements have been developed in the gk jgentical according to (4), therefore the MISO-TR teghei
fice area of Clement Hall 400 at Tennessee Technologiggbatly improves the power efficiency of the system. Sinee th
University. Fig. 3 shows the experimental layout for thgs&opagaﬂon distance is limited by the low transmitting pow

experiments. The environment for the experiment is a typicg, 3 UWB system, MISO-TR could be an effective solution
office area with abundance of wooden and metallic furnitu{geq for UWB range extension.

(chairs, desks, bookshelves and cabinets).

B. Experiment Environment

06|

0.4] 08 05

02 S04

Amplitude(V)
°
Amplitude(v)
.

02|

04
0 Lk o
-0.04]

08 S T -50 0 50 100 150 -150  -100 -50 0 50 100 150
Time(ns) Time(ns)

0 5 10 15 20 0 20 40 60 _80 100 120 140 160

Time(ns) Time(re) (a) target user (b) Unintended user

(a) Template (b) Typical receiving waveform ) ) ] ) ]
Fig. 6. Demonstration of MISO-TR spatial focusing by the iegjent CIR.
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T T 18 T T T T T T
—— SISO: T, ¥ PN ' *
+SISO:T2 *oy ///5//\\\\\\ M *
—— SISO: T, 16 57 TSI £
3 AX T = % §
-5t —+ SISO: T, || sl x S ,
4 & ¥ Lol
—e- MISO 14} * L Eoy PN
SISO B [s1S0-TR-Ave m=2 o= L “x
= * % x So 0
10 ?312, PR Tl S
= SISO: average ;.)_ . K
% = MISO-TRM=2 -~ O~ R ¢
£ © r -7 T
S50\ \W\_— A== IR ]10 o /e——»w”@
““““ ~ %}
= 2
x gl MISO-TR M=4 —
8 x-- Original Chanel
*- With SISO-TR
= Mise i -o With MISO-TR M=4
61 -o  SISO-TR-Ave m=4
- - With MISO-TR M=2
- SISO-TR-Ave m=2
—25 . . . . . . 4 . . . . . ; ; ;
0 0.1 0.2 0.3 0.4 0.5 0.6 0 2 4 6 8 10 12 14 16 18
Distance(m) Channel Index

Fig. 7. Spatial focusing characterized by the parameterciiity. Fig. 8. Demonstration of MISO-TR temporal focusing by RM$agiespread.

B. Spatial Focusing corresponding equivalent RMS delay spreads are shown in the

We first investigate the spatial focusing of a MISO-TRYMVE labeled by "With SISO-TR ™.

system. Consider downlink transmission. Assume there ardt IS intéresting to notice that TR alone will not reduce
two users separated by a distartewith one of them as the RMS delay spread, as we can see when we compare the
voriginal channel” curve and the “With SISO-TR” curve. The

the target user (focal point) and the other one as the uradksir )
user. Each user has one receive antenna and shares the $§AR9N Why TR alone does not reduce the RMS delay spread is

transmit array with four elements. The equivalent CIRs far t that the length of the equivalent CIR, after an autocorieiat
target user and the undesired user @@away are shown in operation, is almost doubled. The additional length of the
Fig. 6(a) and Fig. 6(b), respectively. The equivalent CIBs ¢ channel contributes to the calculation of the delay spread.
different kinds of users are calculated by using (14). As we Four SISO-TR channels sharing the same receive antenna
can see from Fig. 6, the signal is very strong for the targ@t€ chosen to form ax1 MISO-TR channel. Totally we have
user while it is almost behind the background noise for tifesets of 41 MISO-TR channels, with their equivalent RMS
undesired user with a short distance o2rd away. delay SpreadS described by the curve labeled by “With MISO-

We further investigate the variation of parameter dirégtiv 1R M=4". As a reference, the average RMS delay spreads
D, defined in section 1I(C), with respect to different distasc V€' these four SISO-TR channels are calculate_d and shown
d. A comparison of spatial focusing for MISO-TR and SIsoln the curve labeled by * SISO-TR-Ave m=4". It is apparent
TR is shown in Fig. 7. In the SISO-TR case, it is observe§jat the RMS delays in the “With MISO-TR M=4" curve are
that more than 1B energy drops when the undesired receivéPuch smaller than that in the “SISO-TR-Ave m=4" curve,
is located (2m away from the intended user. This numbeindicating that the RMS delay spread is greatly reduced by
will slightly change when the unintended receiver moves to®nPIloying multiple antennas at the transmitter.
farther place. In Fig. 7, the “SISO average” curve represent 10 study the impact of the element number in an MISO-TR
the average directivity of the four SISO-TR cases. It ighannel on the RMS delay spread reduction, we repeat the
observed that the “MISO” directivity curve drops much fasteabove processing by forming>21 MISO-TR channels with
than the “SISO average” curve, implying that spatial fongsi the two channels sharing the same receiver. The corresppndi
is improved by employing antenna array at the transmittdfMS delay spreads are shown by the curve “With MISO-TR
With a 4 element array at the transmitterd®energy drops M=2" and “ SISO-TR-Ave m=2", respectively. It is observed

when the unintended receiver is2fh away from the target that RMS delay spread reduction is closely related to the
receiver. number of elements at the transmitter array and is almost

doubled when we increase the number of elements from 2
to 4.
Under certain circumstances we are more interested in the
As illustrated in Fig. 3, we use ax4 MIMO (multiple- peak energy, e.g., in the case that a simple receiver such as
input, multiple-output) virtual array, corresponding t® 3ISO directly thresholding is used. Fig. 9 gives a comparison of
channels, or 4 sets of MISO ¢(41) channels. Fig. 8 showsthe peak to sidelobe energy ratiag, for different scenarios.
a comparison of RMS delay for different scenarios. Th& comparison between the “original channel” curve and the
curve labeled by “Original Channel” gives the RMS delaySISO-TR” curve shows that, though unable to reduce RMS
spreads for all the 16 channels, assuming neither anterdeday spread, TR does temporally compress the channel in
array nor time reversal technique is involved. Then we appllye sense that it increases the value mpf As shown in
TR technigque on these 16 channels, respectively, and theig. 9, MISO-TR can further increase the value gfto

C. Temporal Focusing
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energy ratio.

(4]

some extent, depending on the number of elements at the
transmitter. For example, for a SISO-TR channel, the vafue dbI
n is about 0.5. This number is increased to, roughly, 1.9 an
3.5, by employing an antenna array with 2 and 4 elements,
respectively. The highly temporal focusing provided by an
MISO-TR scheme (e.g., for ax41 MISO-TR, eighty percent
of the energy is focused in the main peak) will significantly
reduce the task of equalization and energy collection andéne [8]
the complexity of the receiver.

We repeat the experiments by moving the receiver array
(virtual array) to different locations ( marked in Fig. 3 by
cross lines) in the office. Similar conclusions are obtafinenh

) . [10]
different locations.

[11]
V. CONCLUSION
It is known that time reversal technique provides spatifail2
focusing as well as temporal focusing. In this paper, we ex-
perimentally show that these two characteristics can adur
improved by employing multiple antennas at the transmi&er
series of measurements are carried out in an office envirohme
with UWB signals. All the measurements and data processin
are done in the time domain. It is also shown that the pela
power in the equivalent impulse response of the MISO-TR
scheme increases linearly with the number of the antennas
employed at the transmitter. Therefore, MISO-TR could &
a good solution to extend the transmission range of UWB
systems.
The excellent spatial focusing characteristic provided 6%/6]
MISO-TR hints at a significant advantage for parallel infor-
mation transmission when multiple antennas are employed at

[13]

both ends (MIMO-TR). UWB MIMO-TR [16] is a promising
topic, and more work needs to be done in the future.
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