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Abstract— UWB technology is generally limited to short range by beamforming. This paper will mainly focus on the latter
applications, due to the strong power limitations imposed §  application.
Federal Communications Commission (FCC). In this paper we TR-MIMO [9] implements MIMO directly in the time

propose to use MIMO combined with Time Reversal (TR) d . dn is believed to b h simpl d
technology to increase its transmission distance. The pafmance 40Main, and hence 1S believed 1o be much simpler, compare

of such a UWB-MIMO-TR system is analyzed, considering a 0 those algorithms implemented in the frequency domain.
simple one correlator receiver. Performance comparisons ra However, most research on UWB-MIMO is carried out in the

made among the scenarios of SISO-TR, MISO-TR, and MIMO-  frequency domain, and very few results on time domain UWB
TR. The results show that a UWB-MIMO-TR system can achieve MIMO have been reported so far. The paper [10] studies time

a huge power gain, depending on the antenna numbers employed . . . .
at both the transmitter and the receiver, but still keeps low domain MIMO and proposes to use Maximum Ratio Combin-

complexity at the receiver. The performance analysis is basi g (MRC) to accomplish the temporal alignment of received
on realistic channels measured in an office environment. pulses, which unfortunately also causes a high complexity a

the receiver. By the use of TR precoding, however, pulses
are automatically aligned, and thus the receiver complexit
|. INTRODUCTION is greatly reduced. Moreover, it is shown in [11] that TR

. . . recoding can achieve the same error performance as the MRC
Time Reversal (TR) is a technology originated from unIO g P

q ) i 4 ult q icati 1 égmbining scheme.

erwaler acoustic and uitrasound communications [1] an Due to the spatial-temporally focusing of the TR technology
has recently been extended to wireless applications [3]- [‘Fhe energy of the received signal tends to form as a short
Given specific time and location, TR precoding has be

th dcall d to be th " th that’ ak. We propose to use a simple coherent receiver with
mathematically proved fo be Ihe optimum In the Sense tha Re correlator to capture the main lobe energy, and treat the

) ) : st of the received signal as interference. By doing this,
[7]. It is then called spatio-temporal matched filter [8] base the receiver complexity is greatly reduced since there are

!t is analogous to a r_natched fllte.r bOth in time and Space. b channel estimation and equalization at the receiver. side
is also called transmit matched filter since the matched f'ltﬁowever as we will show in this paper, the performance of
is placed at the transmitter side. uch a simple receiver can still achieve the AWGN bound

Considering t_he Severe power .constraints imposed on Wder ideal conditions that all the multipath componengs ar
system, the main focus of Ultra-wide Band (UWB) study h"j}%solvable and there is no ISl in the system, given the same

been restricted to short range applications such as CONTAMING - L mitted power. It is shown that a gain tiflogio(MN)

tions between PCs, PDAs, cordless phones, smart applian%l%s can be achieved by using an MIMO with antennas at
and entertainment systems anywhere in and around the hom “transmitter andV antennas at the receiver

In. this paper, we propose to use multiple antennas co.mb_ine n practice, when the pulse is short and the data rate is low,
with TR technology (TR-MIMO) to increase the transmissiofh e apove conditions tend to be satisfied. However, for the

distance of pulse-based UWB systems. It should_be noted tEﬁge of high data rate and practical pulse width, the canditi
MIMO technology could either be employed to increase e, ot hold. The performance of such a practical system
data rate by decomposing the channel into a series of pargllej estigated by Monte Carlo simulations. Considerinat th

sub-channels or to increase the signal to noise ratio (SNif}ere is no available channel data involving multiple antex
: : _ we carry out a series of spatial channel measurements in an
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(1)

where E, is the transmitted bit energy; € {£1} is thei-

th information bit. Without loss of generality, binary gmtidal
modulation has been considered in this papg is the UWB
pulse with a width ofT,,. The energy ofp(t) is normalized
to unity, i.e., B, = [* > p*(t)dt = 1. Ty is the bit interval.
Generally, we havd}, >> T, in order to avoid the possible
Inter Symbol Interference (ISI) caused by multipath channe
In this paper, we will show that, by using a MIMO-TR
technology,7; and 7}, could be chosen to be in the same
Fig. 1. Time reversal precoded MIMO communication systerthwil=4  |evel, without significant performance degradation.
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and N=4. For the sake of simplicity, we assume there is no per-
path pulse distortion [15] caused by channel. In this cdse, t
Il. PERFORMANCEANALYSIS r(_aceived s_igna!s are just a seri_es of repIi_cas of the tratesni
_ signals, with different attenuations and time delays. Thie C
A. MIMO-TR Precoding then can be modeled as
An MIMO-TR (4 x 4) system configuration is illustrated L
in Fig. 1. Let h,,,,,(¢t) denote the channel impulse response h(t) = Zal5(t—Tl) (4)
(CIR) between then-th antenna at the transmitter and the =1

n-tr;_lantenrlja at th? recc;en_/er,hagr(]t) be the cl;)rresEondlr;g where L is the number of multipath components amdand
prefilter code employed in thex-th antenna branch at t €7, are its individual amplitudes and delays.

transmitter. In a generdll x N MIMO-TR system, the code
em(t) can be written as _
Ny C. Performance Analysis
em(t) = Anm Z B (T — 1) 1) Before we consider MIMO-TR, let us start with a simpler
—_ scenario of SISO-TR. If there is no time reversal and a single
antenna is employed at both the transmitter and the receiver

whereT is the length of the filter required to implement timeEhe received signal can be expressed as

reversal operation [12], and,,, is the power scaling factor to
normalize the total transmission power from different ante L

branches. It should be noted that different power allogatio ri(t) =Y ausi(t —m) +n(t) (5)
schemes can be implemented by choosing differgptvalue =1

[13]. In this paper, for simplicity, values od,,, are set to be wheren(t) is Additive White Gaussian Noise (AWGN) with

equal for all the antenna elements, i.e., a two-sided power spectral density &% /2.
1 The optimum receiver for the above signal would be a
Ap=A= T (2) matched filter matched to the signal part of(t). Such
S G a receiver would achieve the performance bound, namely
m=1n=1 matched filter bound, described as
whereG,,,, = fjm |hmn(t)|2dt is the channel gain of CIR 2GE,
o P, = Q (6)
Romn (t). Ny

The precodec,,(t) for the m-th antenna branch can be ] ] ] ) ] )
readily obtained by channel sounding, assuming channelfgereG is the channel gain defined in the previous section.

reciprocal and is static over one symbol duration. These tlloShould be noted that the notatiafi, here represents the
assumptions have been verified for UWB system by measuf@nsmitted bit energy, instead of the bit energy at theivece
ments in [6]. The process of MIMO-TR channel sounding'd®: Which is noted wittt. _
includes two steps: Firstly, alN antennas at the receiver N reality, it is believed that the performance bound in (6),
send a sounding pulse(t) to the transmitter simultaneously;"®duires very complex receiver and thus is hard to achieve, d
Secondly, the received signal at each transmitter anterfRgn® complicated UWB multipath channel. In this sectios, w
branch is recorded, digitized and time reversed. The tinfdll show that, by using TR precoding at the transmitter, the
reversed version of the signal in each antenna element VilfYGN performance bound can be achieved with a simple one

be used as the precode for that antenna branch. correlator receiver, under some conditions.
Consider a non-realistic case where we use such a short

pulse that the propagation delay difference between any

B. System Description adjacent multipath components is always bigger than pulse
Consider a single user transmission. Transmitted signaligration7),. As suggested in the title of this paper, we are
before precoding can be expressed as interested in an impulse UWB case. An ideal UWB pulse

too will be a Delta function, an impulse with infinite short width

“+o0o
s(t) = Z si(t) = Z VEwbi p(t —iTy) () in the time domgin, or equivglently infinite bgndwidth in the
- frequency domain. Mathematically, for an arbitrary [1, L),

i=—00 i=—00



we have|r;41 — 7| > Tp. This assumption implies that theresignals captured by different antennas at the receiver ean b
is no inter pulse overlap after the pulse passes through twmbined directly, without additional pulse alignmentqgess.
multipath channel, which corresponds to the ideal case tidte received signal;(t) after combining can be expressed as
all the paths are resolvable. Also we assume fhais large

enough so that there is no Inter-Symbol-Interference (ISI) N M
For SISO-TR, the received signal can be expressed as  7i(t) = si(t) * nzl Z {em(t) * hmn(8)} + n(t)
rSISO(1) = g(t) *c(t)l*h(t) +n(t) sit) + A % Zf H% hmk(T_t)} *hmn(t)}
= 5;(t) * {ﬁh(T —t) * h(t)} +n(t) (7) i) n=1m=1 | [i=1
where () = h(T — t)/\/_ is the prefilter code, and The equivalent impulse response for MIMO-TR scenario is
h3ISO(t) = MT — t) * h(t)/VG is the equalent CIR for then expressed as
the SISO-TR scenario. It is apparent thiat/*°(t) is an , N M N
autocorrelation with peak occurring at—Hg“iq The magni- h%IMO(t) - Aﬂ; m; { [1@2—:1 honie (T = t)] * hm”(t)}
tude of the peak is equal t¢/G, i.e., h3/59(t = T) = N M N
12 |n@))? at/ VG = VG. =A > k(T = 1) 5 hy (£)
Due to its autocorrelation nature, most of the energy is n=1m=1 | k=1,k#n
focused in the central (main) peak of the IR/ (¢). Since PRV S—
we assume there are no Inter Pulse Interference (IPI), ISI M N
and pulse distortion, we can use a filter matched to the main 4+ A Z Z {Ryn(t) % 5(t = T)}
component of the received signal. The following is to prove m=1n=1
that even using such a simple receiver (with one correlator) Sigmal
we can achieve the same performance as the matched filter ' (12)
bound. where R (t) = hpn(—t) * hmn(t) is the autocorrelation

1) Performance analysis based on transmit bit energy E,:  of h,,,(t). It can be seen from (12) that the equivalent CIR
For SISO-TR, the main component of the receiving signal caztjngO(t), mathematically, hasi/N? terms, consisting of
be expressed as M N autocorrelations and/ N (N —1) cross correlations. The

pmain . peak of the autocorrelation terms will coherently add up, at
= VGVEb)p(t —iT, = T) (8) the time instant of = 7", while the cross correlation term will
we then use a filter matched gt),* to pick up the energy add up noncoherently.
lying in the above main component of the received signal. For t = T, the magnitude of the peak of the CIR[/*©
The performance can be characterized using the followiggn be approximated as
analytical formula,

M N M N
MIMO ~ —
n— RO 2 4D G = | 3D G (13)
PeSISO _ Q ~ (9) m=1n=1 m=1n=1
0 Here "~" is used because the contributions from the cross
whereQ(z) = [~ —Le¥ */24y is the Q-function. correlation terms in the main peak have been ignored.

Comparing (9) and (6), it is evident that a TR system with Signal in the main component is then written as
one correlator receiver can achieve the same performance as o
a system without TR but with ideal matched filter. Same ,main 4 o, aQ Egb(i)p(t — iTy — T
. . i ~ mn p (Z ) (14)
conclusion has been obtained by other researchers [16] [11] (® 7nzzlngl (@)l )
through different approaches, in a Pre-rake system. In the

following, we will extend this result to a scenario of TR Wlthb Agalr; \;ve USE a f”ttﬁr whose |T1pulse rtehsponbse is set o
multiple antennas. e p(—t) to pick up the energy lying in the above main

For MIMO-TR, signal captured by the-th receive antenna component, and ignore the other sidelobe energy. The error
can be expresséd as probability of such a system can be expressed using Q-famcti
as

M N
2) > GunEy/No (15)

m=1n=1

T Z {em(t) * hin(8)} + n(t) (10) PeMIMO =Q \J

The beauty of TR is that all the signal peaks are automat-

ically aligned att = T', which is independent of the antenna Let G denote the average channel gain of the whidlex N

location, channel, and antenna type [12]. In this casehall tchannels e — _N Z Z G we have

. I . . 1n=1
n reality, considering antenna effect in the systei(t,) instead ofp(t) meen=

should be usedi(t) = p(t) * hi® x h7®, whereh!® and h’,® represent the pMIMO _ Q /2MNG'Eb/N0 (16)
impulse response of transmit antenna, receive antenrgeatasly. €



M N N M
(X X Gmnt X
m=1n=1 n=1

RMIMO ~ N M N

M N M N M N
22X X 2 Vmamkt 2 X Vmat(X X Guat X X X Imami)? a7)
n=1m=1k=1,k#n m=1n=1 m=1n=1 n=1m=1k=1,k#n

[G+(N-1)I]?
2N Aot [GH(N -]

According to Eq. (16), it is straightforward that the peffor For largeN, Eq. (18) can be approximated by

mance of MIMO-TR will depend on the following parameters: a2
the antenna numbefZ, N and the multipath condition KMIMO ~ Z357zm (19)
(channel gaint). For MISO-TR

WhenM =1, N =1, the Eq. (16) reduces to (9) for SISO- M
TR scenario. Moreover, comparing (9) with (16) we can find (A X Gn)? G2
that a power gain of\/ N can be achieved by employiny KMISO ~ i m=1 i =1, (20)
antennas at the transmitter and aWidantennas at the receiver, A2 Y v+ (A Y Gn)? vt
respectively. This fact suggests that TR combined with MIMO m=1 m=1
can be used to extend the system transmission distance.  For SISO-TR )

2) Performance analysis based on receiving bit energy E: KSISO = % (21)

The above analysis is based on the bit enefgy at the
transmitter side. Considering a lot of researchers analyge AS @ sanity check, whe/v = 1, (18) reduces to MISO case
performance based af,, bit energy measured at the receivet20), and fordM =1 and N = 1, (18) reduces to SISO case
side, we also derive the performance formulafgr It should  (21)- _

be noted that one correlator receiver proposed in this papeft iS evident from (19) and (20) that the performance of
is not optimum. Instead, the optimum receiver should be®th MIMO and MISO depends on the number of transmit
matched filter matched to the whole receiving waveform. TrgtennalM. If we increaseM, we actually improve the
performance bound for such a receiver would be the matcH8§using and then get better performance. Overall, In terms

i _ [25, of x, MISO outperforms MIMO, especially wheN is large,
filter b_ound, expressed &% - QA No ) ) ) the x improvement caused by increase &f for an MISO

WeElntzoduce a new metric, peak energy raticdefined by s mych faster than that of an MIMO. This has been verified
# = ===, denoting the ratio of the main lobe energy 10 thgy our measurement, as will be illustrated by Table I in the
whole receiving bit energy . The performance of one coreelatto|jowing section.

receiver then can be expressed withas P. = Q(1/ 25:%).
Let v,.,.4; represent the sidelobe power of the equiv- [1l. UWB SPATIAL CHANNEL MEASUREMENT
alent impulse responsé.,, ;;(t). We define vy, ;; = Considering that there is no available channel model with
ff;o [ A (—1) *hij(t)|2dt — I2,;; for unintended CIRs multiple antennas available so far, we conduct a series of
(m # ¢ or n # j), and vppij = Vmn = Gg,, — Measurements in an office environment. A virtual antenna
G2, for intended CIRs(m = i and n = j). Here array is employed in the experiments. The elements of the
Lnig = |hmn (=) % hij()],_o = fof |hmn (t) % hij(t)| dt, array are spaced far enough such that there is no coupling
and Gr,,. = [T |Ryn(t)]*dt is the channel gain of the between them. Line of Sight (LOS) is not available for all
equivalgﬁlt CIRf}:n(t). the mraa?fgrements. T_rrm]e %nvi:jonmentffor thée expe(rjiment :Is a
; typical office area with abundance of wooden and metallic
For MIMO-TR, the peak energy ratia:, can be X . ; .
P 9y MIMO furniture (chairs, desks, bookshelves and cabinets). Ailéeit

expressed as Eq. 17. . ) T
- experiment setup and environment description can be found
In Eq. 17, the bar notation(.) represents an;, [12]

N M
averaging operation, ie.G = ﬁ S S Gons A (4 x 4) virtual MIMO array, corresponding to 16 SISO
N o N n=1m=1 channels and 44(x 1) MISO channels, were measured in our
I = m S Y Lk, and v = experiment campaign. A typical received waveform and its
n=1m=1k=1,k#n corresponding CIR are shown in Fig. 2. The CLEAN algorithm
N M N M N H :
1 9 S .Y [14] is employed to extract CIR from the repewed waveform.
TNEN-T | ;::1 mgz:l k:LZk#V mk +mz::1 n;” } Based on the measured CIRs, comparisons: acimong

In reality, if the antenna elements are placed far enouglifferent scenarios are given in Table I. In TableTl, R,
so that there is no correlation among the CIRs, the value @notes the channel between theth transmit antenna and
Inn.ij is very small and could be ignored. Then we have then-th receive antenna. The paramete@ndG? are directly
measured from the equivalent CIRs of different channels. Fo
B SISO-TR, the parameter is calculated using (21), while for
G? MISO-TR and MIMO-TR, we have two approaches to calcu-

K N 18 .
MIMO 2Ly 4 G2 (18) late the value of<. The approximated values are calculated




and t. is the parameter to shift the pulse to the middle of
0051 Typical recelving waveform ] the window. In the following simulation, we leb = 1 ns
0 kool andt. = 0.5 ns. To avoid the presence of severe ISl in the
system, we add a inter-pulse guard tiffig. Therefore, we
e haveT, = w + T,. Moreover,T, can be used to adjust the
20 40 60 80 100 120 140 160 180 200 transmission data rate. Unless stated otherwise, WE,let w,
corresponding to a data rate &0 Mb/s.

Throughout of the paper, we assume perfect synchronization

Amplitude

Impulse response after CLEAN algorithm . R
L / and the transmitter has the full knowledge of the channel in-
3 0 formation. Under these assumptions, we conduct Monte Carlo
< oos simulations to investigate the performance of one comwelat
o ‘ ‘ receiver and compare them under different scenarios: SISO,
2 imemy 150 MISO, and MIMO.
To make the comparison fair, performance of SISO and
Fig. 2. Channel impulse response extracted with CLEAN Atbor MISO scenarios have been averaged over all the corresppndin
TABLE | specific channels that form the MIMO channel, i B5L5C =
16 4
A COMPARISON OFk FORDIFFERENT SCENARIOS % S PSISO and pMISO — % S pMISO,
i=1 . i=1 .
Channd ” re2 - First let us consider a system_wnhout ISI and IPI. The per-
TRy 0.0459 | 0.0483 | 0.5124 formance of one correlator receiver can be characterizéd wi
$1§2 8'82@2 8'822‘7‘ 8'2382 Q-function asP. = Q(y/2:%). Fig. 3 shows a comparison of
1R3 . . . -
TR, 00572 0.0581 0.5040 BER performance among SISO, MISO, and MIMO scenarios,
T2Ry 0.0516 0.0512 0.4979 based on receiver SNR;,/N,. The values ofx are obtained
T2R2 0.0446 | 0.0413 | 0.4810 from Table I. From Fig. 3 we can see that, given the same SNR
ToR3 0.0457 | 0.0455 | 0.4991
TR, 00556 T 0.0477 | 04615 at the receiver side, MISO has the best performance. This is
T3R1 0.0562 | 0.0543 | 0.4915 due to the best temporal focusing provided by MISO-TR. A
SISO-TR %Ei 8:8222 8:822? g:gijg comparison of BER performance with ISl and IPI is shown
TR, 0.0454 0.0451 04983 in Fig. 4. The performance bound for AWGN channel is also
T4Ry 0.0502 | 0.0485 | 0.4916 plotted as a reference.
TaRo 00462 | 00445 | 0.4906 It should be noted that an MIMO-TR channel gets extra
TiR3 0.0595 | 0.0573 | 0.4907 . . .
T.R: 0.0366 0.0369 05020 receiving power by employing multiple antennas at the re-
Average 0.0472 | 0.0464 | 0.4965 ceiver. Therefore, we also compare the system performances
TiasR: | 00577 | 0.2022 éggg?; 8:?%‘1‘ under the same total (transmit) power constraint. Fig. 5vsho
Appro. 0.7900 the BER performance for SISO, MISQ & 1), and MIMO
Ti23aRe | 0.0493 | 0.1663 557717 (4% 4) scenarios, based on transmitter bit energy, with differen
Tip34Rs | 0.0520 | 0.1851 égg;‘r’; 8:;385 transmission data rates. Both IPI and ISI have been comrsider
MISO-TR Appro. 07955 As we can see from Fig. 5, MIMO-TR outperforms MISO-
Ti23aRy | 0.0605 | 0.1865 575572 TR and then MISO-TR outperforms SISO-TR. Tests were
Average | 0.0549 | 0.1850 égg;?; 8:;?1; conducted for data rates df00Mb/s and 225Mb/s. As
Appro: 0.5680 expected, A increase in the data rate leads to a degradation
MIMO-TR | Ti234R1234| 0.6401 | 0.6781 —
Exper: 0.5144 performance. For a data rate of 250 Mb/s, about 13 dB power

gain is achieved by employingdax 4 MIMO array. The power
gain with ISI and IPI is slightly higher than the theoretical
using (19) and (20), while the experimental values are exgdwer gainl0log;o(M N), derived in Section Il, without ISI
values calculated directly based on their equivalent CIRs.and IPI.
can be seen that approximated values and experimentakvalue

are very close, implying our approximations are valid. V. CONCLUSION
We evaluate the performance of UWB-MIMO-TR system,
IV. NUMERICAL RESULT considering a simple one-correlator receiver. Perforraanc

comparisons among different scenarios, namely, SISO-TR,
WISO—TR, and MIMO-TR are provided, based on both the
transmitted bit energy and the received bit energy. Theltesu
show that a power gain oM N could be achieved with a

t—t.\2 t—to )2 system of MIMO-TR. The gain becomes even larger, if both
p(t) = [1 — 47 < C> ] e 27 (5) (22)

In our simulation, the second order derivative of Gaussi
pulse has been used as the transmitted pp(sg which is
mathematically defined as:

ISI and IPI are considered, due to the MIMO-TR has better
temporal focusing.

wherew is the parameter controlling the width of the pulse It should be noted that MIMO-TR is, indeed, simple, but

(and therefore the frequency bandwidth of the transmitajgn not the optimal way. The philosophy behind time reversabis s

w
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Fig. 5. BER performance in terms of transmitted bit energythBISI and
Fig. 3. BER performance based on the bit energy at the recside, IPI have been considered.

assuming there are no ISI and IPI.
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Fig. 4. BER performance in terms of received bit energy. B&thand ISI
have been considered. [l

called transmit centric processing, i.e., processing theas [10]
at the transmitter side before transmission to combat the de
teriorating effects of the channel. Transmit centric pesaeg (17
greatly simplifies the receiver, and is desirable in the case
where one base station (BS) serves many mobile stations (MS)

A single user scenario has been considered in this pg
per. Considering TR with multiple antennas further incesas
spatial focusing, thus reducing the multi-user interfesen
MIMO-TR should have even better performance when a mulis)
user (MU-MIMO-TR) scenario is studied.

[14]
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