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Abstract

UWB technology is envisioned for future wireless high dastertransmission. A UWB system
with multiple antennas takes advantage of the rich scageenvironment to increase the data rate.
On the other hand, given rich multipath, Time Reversal (TB)suscatterers to create space and time
focalization at a target point by coherent addition of altsered contributions at that point. This paper
analyzes the performance of an impulse TR-MIMO-UWB systeith & simple one-correlator receiver.

The performance analyses are based on UWB spatial chaneealsuned in an office environment.

Index Terms

Impulse Multiple-Input Multiple-Output (MIMO), time reveal, Ultra-wideband (UWB), rich mul-

tipath, spatial focusing, inter-symbol-interferencel)1S



I. INTRODUCTION

Ultra-wideband (UWB) transmission has recently emerged petential candidate for future
high data rate applications [1] - [7]. Impulsive transnassvith short pulse duration makes the
multipath components resolvable, which in turn leads to imity to the multipath fading. On
the other hand, however, capture of multipath energy Bisted in dense multipath components
becomes a challenge. Time Reversal (TR) signal processingijgnal processing technique
popular in acoustics [8], has been applied to electromags§®] - [21] recently. A tutorial
of time reversal and an extensive review of literature for B\ommunications is given in
[14]. An attractive aspect of TR signal processing is thd that it makes use of multipath
propagation. UWB impulsive radio is extremely interestingthis context, since hundreds or
thousands of paths are available, see e.g. [17] [19].

Given a specific time and location, TR precoding has been enadlkically proved to be the
optimum in the sense that it maximizes the amplitude of tHd &éthat time and location [22].
It is then called spatio-temporal matched filter [23], besgail is analogous to a matched filter
both in time and space. It is also called transmit matcheelr fdtnce the matched filter is put
at the transmitter side. However, TR alone may not effelstiveduce the channel delay spread,
considering the fact it maximizes the peak amplitude butsdo® impose any constraint at its
sidelobe level. As shown in [21], multiple antennas at tlesmitter (MISO-TR) are, then,
required to suppress the inter symbol interference (IShe MISO-TR scheme also achieves
array gain with a factor of\/ (antenna number), by automatically aligning the arrivahkpe
[24]. MISO-TR has been investigated extensively in the pasirs (e.g., [25] and [26]), and a
natural extension is to exploit the scenario of Multiplguih and Multiple-Output (MIMO) for
TR signaling.

MIMO technique uses multiple antennas at both ends of thelegs link and is believed to
be the most promising approach to effectively use the trassmam spectrum and power. This
technology has been extensively studied recently [27]]. [R$has been shown that the channel
capacity for a MIMO system is increased as the number of aaemcreases. MIMO is mostly
used in conjunction with Orthogonal Frequency-DimensioodMation (OFDM), a modulation
technology that is part of thEEEE 802.16 standard and will also be part of thEEE 802.11n
high-throughput standard, due to its potentially high datte capability. In addition to the



benefit from flat fading, MIMO also benefits from the rich sedttg of the channel. To employ
multiple antennas and space time signal processing in a UygBm has been an interesting
topic [29]-[31].

MIMO-UWB is a concept that can be implemented in severalradtéve ways; in addition
to the OFDM MIMO mentioned above, another way is based on amehusing impulse radio
to transmit pulses in one or multiple frequency bands, suscth@ multiband UWB (MB-UWB)
solution [32]. Here, we propose to use TR precoding combwigad MIMO [33], called impulse
MIMO-TR. Note that we are interested in the limits of UWB sas) i.e. pulses with ultra-short
duration and extremely wide bandwidth. The proposed MIM®-dims to implement MIMO
directly in time domain, and hence is believed to be a simgdbeme than its frequency domain
counterpart. However, most research on UWB-MIMO is caroed in the frequency domain,
very few time domain UWB MIMO results are reported. [34] pospd to use Maximal Ratio
Combining (MRC) RAKE combining to accomplish the temporidjament of received pulses,
which causes huge complexity at the receiver. However,egutse automatically aligned by
using of TR precoding at the cost of increased transmittemptexity. It is shown in [35] that
TR precoding can achieve the same error performance as th@ ddrbining scheme.

Separating the data streams at the receiver is challengimpairallel data transmission. For
the traditional narrow band MIMO, singular-value deconipos (SVD) is usually applied to
decompose the channel into several independent subckaioelmulti-tone UWB signals with
Giga Hertz bandwidth, however, applying SVD to each fregydone significantly increases the
system complexity. In [36], a zero-forcing scheme is prepo® separaté/ parallel transmitted
data streams for each resolvable multipath componentidmp#per, considering the good spatial-
temporal focusing characteristics provided by TR, we whibw that TR precoding can also
decompose the channel, with reasonable complexity. Thegpyi motivation of this research is
to investigate a system structure that has a good tradectffden complexity and performance.
MIMO-TR is such a structure.

Although MIMO-TR can achieve high data rate by parallel dea@smission, the applications
of MIMO-TR are not limited to support of high data rate. Witlbbeamforming approach, where
all the transmitter antenna elements transmit the sameniaftion bit, high signal-to-noise ratio
(SNR) can be obtained at the receiver, and hence the trasismidistance can be greatly

extended, depending on the number of antennas employedeirartiy. It is shown in this



paper that given the same transmission power, the peak SR atceiver grows linearly with
the numbers)M (number of transmitter antenna elements) ahdnumber of receiver antenna
elements).

The philosophy behind TR is the so called transmit centrimcessing, i.e., processing the
signal at the transmitter side before transmission to contia deteriorating effects of the
channel. The motivation is from the fact that the power andmatation resources are generally
more readily available at the transmitter side. The mairaathge of transmit centric processing
is the possibility to simplify the receivers, which is dedile in the case of one central node
serving for many distributed sensor nodes.

Due to the favorable spatial-temporally focusing of the MOMR technique, the energy of a
receive signal tends to focus into a geometric spot and irttma instant. We propose to use a
simple coherent receiver with one correlator to capturepak energy, and ignore the rest of
the energy as interference. By doing this, the receiver ¢exity can be greatly reduced, since
there are no channel estimation and equalization in thevercélowever, as we will show later,
the performance of such a simple receiver can still achibeeAdditive White Gaussian Noise
(AWGN) bound under ideal conditions that all the multipatimponents are resolvable and there
is no ISl in the system, given the same transmitted power. #ergy gain ofl0log,0(MN) dB
can be achieved by using a MIMO system with antennas at the transmitter andantennas
at the receiver. We also investigate the performance basethe bit energy at the receiver.
We compare the performances for different scenarios (MINMI5EO, and SISO), considering
one-correlator receiver.

In practice, when a pulse is short and the data rate is lowabitve conditions (resolvable
multipath and no ISI) tend to be satisfied. However, for theeaaf high data rate and relatively
wide pulses, the conditions will not hold any more. The penfance of such a practical system
is investigated through Monte Carlo simulation. There avedata (on the channel model of
multiple antennas) that meet the need of this research fatiaspiemporal focusing; we have
conducted a series of channel measurements in an officcoam@nt. The measurements are
performed in the time domain, and the CLEAN algorithm [48] is employed to extract the
channel impulse response (CIR) from the measured data.

Time reversal with multi-user UWB communications has betmdied by some other re-

searchers (e.qg., in [44]-[47]) and the single user scerf@®been considered in this paper.



The structure of this paper is as follows: The principle ohdireversal signal processing
and its sub-optimum receiver—one-correlator receiverimr@duced in Section Il. The system
performance analysis for single antenna at both ends is giv8ection Ill. Then the performance
analysis is extended to multiple antennas scenarios, itiddsclV and V. The experimental
description regarding the channel measurements are shov@edtion VI. Numerical results
based on the measured spatial channels are given in SedtioRinally, we conclude the paper

in Section VIII.

[1. PRINCIPLE OF TIME REVERSAL SIGNAL PROCESSING
A. Spatial-Temporal Focusing Through Time Reversal: Exploitation of Space-Time Symmetry

Time reversal cannot be understood, at first thought, as plsistheme: moving the matched
filter to the transmitter side as a time reversal filter. Themeep physics in the scheme to exploit
the spatial-temporal focusing—unique to impulsive UWBnsil3. The physical foundation of
time reversal is the space-time symmetry, e.g., in gen&lalivity. To avoid digressing too
far, we only outline—trying our best to use communicationgieeers language—the physical
mechanism behind the time reversal scheme, since a lot dgion has been caused in the
literature, due to the lack of understanding of this mectraniThe main motivation of this
summary of known physical results is to strike the point thatspace-time symmetry cannot be
taken for granted: it must be first examined, before its wiske. o far, this symmetry principle
is established only for some very simplistic physical regiolT he experimental approach must be
used for realistic system settings, to empirically supplug claim. The state-of-the-art status of
theoretical justification for the principle of space-timgrsnetry in a macroscope phenomenon
level is far from satisfactory, especially for realistic BMommunications applications.

It is well known that space-time symmetry is universallyetin physics. Radio waves follow
the law of electromagnetics: the knowledge of symmetryigrecity) properties of a field
frequently facilitates the determination of explicit fietblutions [38]. For this purpose, one
considers certain auxiliary or adjoint problems, relatedhte original field problem, in such a
way as to reveal the space-time symmetry of the original .field

If the field problems are phrased in terms of Green’s funstienr channel impulse response
(CIR) in linear system terms—which describe the field resedo a “point-source excitation,” the

desired properties appear most succinctly as symmetridgese Green’s functions. A rigorous



derivation of these symmetries in inhomogeneous, lossyianadhich is the case of UWB
communications, is too difficult. Rather, some insight candained using simplified physical
model. Experimental results are used to approximatelybbsktathe symmetries, for realistic
environments, e.g., indodgsand intra-vehicle environments [15].

For homogeneous media, or vacuum, the symmetries are madllytestablished in (Ch.1,
[38]). If field symmetries exist, the properties of the etentagnetic Green’s functions (thus
CIRs) can be inferred prior to their explicit determinatidm an unbounded, homogeneous, sta-
tionary region, the field equations are invariant under arbitramgdr space-time displacements,
i.e., the solutions are functions of the differencesr’ and¢ —t/, where a pair of any space-time
points ,t) and ¢’,t) is considered. Mathematically, the Green’s function Heas dymmetric
form of

g(r, vt t) = g(r — vt — ') (1)

If we exchange the space-time point#) with (', ¢), implying (t'—r; t'—t), the Green’s function
is invariant. In other words, when the spatial locationsved tantennas are switched, implying
r’ —r, and the time is reversed, implying— ¢, the resultant Green’s function is identical to the
original one. Eq. (1) is exactly the foundation of the sdezhlitime reversal scheme, requiring
both time reversal of the CIR measured in one direction armthaxge of two spatial locations
of the involved antenna pair.

Eq. (1) is valid for the unbounded, homogeneous, statioregipn with point-source excitation
(ideal impulsive antenna). For a general medium (chantied),adjoint-field problem needs to
be solved, using a temporal and spatial reflection transftbam [38]. As pointed out above, for
the general lossy, bounded, inhomogeneous and movingnregib non-point-source excitation
(realistic UWB antennas), the adjoint-field problem is ap8ome simple physical media are
solved, including [38]: (1) free space (unbounded and hamegus) with point-source excita-
tion; (2) homogeneous medium with point-source excitafimmboth bounded region; (3) free
space with an electrical dipole current excitation; (4efspace with planar stratified scattering

structures with Hertz potential excitation; (5) boundedindrical regions (a uniform waveguide

To the best knowledge of us, this is the first reported expamtal result, in the field of UWB communications, regarding

the channel’'s space-time symmetry.



of arbitrary cross section transverse to the guide axis, lmohded by perfectly conducting

walls).

B. Time Reversal: Spatial-Temporal Matched Filter at Transmitter

Consider a communication system illustrated in Fig. 1(arekp(t) is the transmitted pulse
waveform, andh(t) denotes the impulse response of the multipath channel. 8deved signal
beforec, (t) can be written as(t) = p(t) x h(t) +n(t) = y(t) +n(t), wheren(t) is AWGN with
a two-sided power spectral density &% /2, andy(t) = p(t) x h(t). Givenr(t), a matched filter
y(—t), matched toy(t), provides the maximum signal-to-noise power ratio at itfpots The
matched filter here can be virtually decomposed into tworéjtevith the first filter matched to
the CIR h(t) and the second one matched to the pulse wavefdim As shown in Fig. 1(a),
this decomposition can be done by settingt) = h(—t) and cz(t) = p(—t).

We shall now consider what happens if we move the receivert-ead matched filter, (¢)
to the transmitter, but still keep the filtes(t) at the receiver, as depicted in Fig. 1(b). This
leads to a time reversal system that is of interest in thigpdyote that this operation actually
makes the receiver sub-optimum, as will be shown later. Wewedy doing this, we simplify
the receiver structure and make more effective use of timsitnéter energy by concentrating it
in the favorable frequency regions.

We still let c5(t) = p(—t) and wish to find the optimurm, (¢) such that it maximizes the SNR
at the output of,(¢),

2| T PP (P HS) df

SNR; = — (2)
No [ |P(HI” df
under the constraint of fixed transmitted power
“+oo
r= [IP@cnt . ®

Here P(f), H(f),Ci(f) and Cy(f) are the Fourier transforms of(t), h(t), ci(t) and cy(t),
respectively. Note that the denominator of (2) does not dépen C;(f). To maximize (2),



equivalently, we need to maximize the ratio

PFGHH(S)
p= . (4)
jwmwmwf

According to Schwartz inequality, we have

Ummwmmpf#</menwh/PmmN#.(a

o0

substitution of (5) into (4) yields

+00
pgfwmmW#. 6)

with equality holding only wher©, (f) = A\, H*(f), or in time domaing; (t) = A\;h(—t), where
A1 IS a constant that is chosen to satisfy the power constra)nt (

We then have proved that a time reversed precoding is optinmuterms of SNR, given
co(t) = p(—1).

C. Optimum Receiver Filter for Time Reversal System

We now consider another case. Given time reversal precoding”; (f) = H*(f), we wish to
optimize the receiver filter,(¢) (maximizing SNR), under the fixed transmitted power comstra

of

+o0o
BZ/WWNW# @)

The receiving SNR at the output of(¢) can be expressed as
Similary, we refer to Schwartz inequality and have the SNRnidation,
—+00
2 [ |P(HH(HHS)® df
< — 0o
SNR < N : (8)
with equality holding only wherCs(f) = Ao P*(f)H(f)H*(f). It is suggested that the optimal

receiver filter for a time reversal system should be a filteoséhimpulse response is in a form

of A\op(—t) = h(t) = h(—t). This result is actually a validation of the matched filteedty.



D. Suboptimum Receiver Filter for Time Reversal System: One-correlator Receiver

Channel estimation is a difficult task and in a TR system & is shifted to the transmitter
side. We are interested in a suboptimum receiver filter, dedttansfer function of which is
matched taP*(f), instead of the optimum onB(f)H (f)H*(f). This case is exactly the scenario
if we move the first channel matched filter(¢) to the transmitter side, as discussed at the
beginning of this Section. The following section is to studye reversal system performance
with such a suboptimum receiver, namely, one-correlatoeiver, firstly for a single antenna
system, and later extended to a multiple antenna system.

The proposed scheme is suboptimal and of low complexity @atpto many optimal criteria.
Consider a joint optimization scenario, whérg) is given and we wish to find the optimum pair
of ¢;(t) andcs(t), under the constraint of fixed transmitted power (denoteé»aslf the signal
has finite time duration, the optimum transmitted wavefosnthie eigenfunction corresponding
to the maximum eigenvalue of the time reversal operator ef @R A(t) [43]. We should,
however, note that other eigenvalues may contain signtficdormation about the channel: thus
putting as much as energy to just one frequency (to optirmzeerims of SNR) may decrease
channel capacity substantially—leading to low channebcdp. We still need implement water-
filling algorithm to achieve the optimum capacity. When sibduration is infinite,I" = oo, this
optimization leads to sinusoidal transmitted wavefornsta®wvn in [42]. In other words, we need

concentrate all the transmitted power to the frequency wigximum transmission capability.

[1l. PERFORMANCEANALYSIS
A. System Description

Consider a single user transmission. The transmitted Isidgpedore precoding can be expressed

as
+o00o +o00o
st = Y silt) = > VEbipt—iTy), 9)

where £, is the transmitted bit energy; € {£1} is thei-th information bit. Binary antipodal
modulation has been considered in this papér) is the UWB pulse with a width of,, and
assume the pulse takes care of the impacts of circuits aedi@axt at the both sides. The energy
of p(t) is normalized to unity, i.e.F, = ff;o p(t)dt = 1. Ty is the bit interval. Generally, we

haveT, >> T,, in order to avoid the possible ISI caused by multipath cleéarin this paper, we



will show that, by using a MIMO-TR technolog¥;, and7}, could take the same level, without
significant performance degradation.

For the sake of simplicity, we assume there is no per-pateepdistortion [37] caused by
channel. If per-path pulse distortion does occur, a numbeéams can be used to represent the
per-path impulse response, as done in [39], such that thdelay-line (TDL) model in (10)
is still valid in its mathematical form, but not physicallgterpreting the physics phenomenon.
In this case, the received signals are just a series of eeplid¢ the transmitted signals, with

different attenuations and time delays. The CIR then can béehed as

L
h(t) = ad(t—m), (10)
=1
where L is the number of multipath components andand 7; are their individual amplitudes

and delays. Note that each term in (10) is not necessariesponding to a physical path.

B. Matched Filter Performance Bound

If there is no time reversal and a single antenna is employdxbth the transmitter and the

receiver, the received signal can be expressed as

ri(t) =Y ousi(t — m) +n(t). (11)

The optimum receiver for the above signal would be a matctied fhatched to the signal part

of r;(t). Such a receiver would achieve the performance bound, yametched filter bound,

Pe:Q<\/2]GVOE|b>7 (12)

whereQ(z) = [~ —=e"¥"/%dy is the Q-function and? = [ |1(t)|” dt is the channel gain,

described as

and F, represents the transmitted bit energy. The bit energy medsat the receiver side is
denoted byE;.

In reality, it is believed that the performance bound in (X¥2fuires a very complex receiver
and thus is hard to achieve, due to the complicated UWB nathlighannel. In this section, we
will show that, by using TR precoding at the transmitter, &GN performance bound can be

achieved with a simple one-correlator receiver, under soomalitions.
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C. MISO-TR Performance Analysis based on Transmit Bit Energy E,

Before we consider MIMO-TR, let us start with a simpler sgamaf SISO-TR. Consider a
non-realistic case where we use a short pulse so that thegatpn delay difference between
any adjacent multipath components is always larger thapdise duratior?,,. Also, we assume
that T, is sufficient enough so that there is no ISI.

For SISO-TR, the received signal can be expressed as
rPISO(t) = si(t) * c(t) * h(t) + n(t)

si(t) * {%h(T . h(t)} +n(t) (13)
si(t) = h2159(t) + n(t)

wherec(t) = h(T — t)/V/G is the prefilter code, and$/5°(t) = h(T — t) = h(t)/VG is the
equivalent CIR for the SISO-TR scenario. It is apparent t#jat“(t) is an autocorrelation with
peak occurring at = 7. The magnitude of the peak is equal 4G, i.e., h5/0(t = T) =
[ @) dt)VG = VG.

Due to its autocorrelation nature, most of the energy isg$edun the central (main) peak of
the CIR h2/99(t). Since we assume there are no Inter Pulse Interference (81gand pulse
distortion, we can use a filter matched to the main componfetiteoreceived signal. It is proved
in the following that even using such a simple receiver (vatte correlator), we can achieve
the same performance as the matched filter bound.

The main component of the receiving signal can be expressed a
rmain (1) = G/ Ey b; p(t — iT, — T). (14)

We then use a filter matched p6¢) to pick up the energy lying in the above main component of

the received signal. The performance can be charactersind the following analytical formula,

[2G E,
P@SISO — Q ( N ) ) (15)

Comparing (15) and (12), it is evident that a TR system witle-oarrelator receiver can

achieve the same performance as a system without TR but witidesl matched filter. The
same conclusion has been obtained by other researchergq@g]through different approaches
in the Pre-rake systems. Therefore, for a TR system withcomeslator receiver, we have the

following observation: On the one hand, TR filter improves $sigstem performance by precoding
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the transmitted signal so as to concentrate the transnypibecer to the spectral regions with
less attenuation and thus make more effective use of traieshnpower; in contrast, system
performance is degraded by use of non-optimum receiver¢onelator receiver). Remarkably,
the result in this Section implies that the improvement bgcplg a channel-matched TR filter
at the transmitter is exactly equal to the degradation @hbgenot using such an optimum filter
at the receiver. Again, this result is true, in the absencksband IPl—a stringent condition.

In the following, we will extend this result to a scenario dR Wwith multiple antennas.

IV. MIMO-TR: FOCUSING SPATIAL-TEMPORAL ENERGY TO A SHARP PEAK
A. MIMO-TR Precoding

When a short pulse is sent to the channel, the radiated emerjgtributed among different
spatial locations and spread in time over a large number [3epuat any observation locations
(due to multipath). Since a time reversal mirror—here amsearrays at both MIMO terminals—
can be viewed as a “channel sampler”, more antennas implg spgatial sampling points—more
energy can be captured. A MIMO-TR & 4) system configuration is illustrated in Fig. 2. Let
hmn(t) denote the channel impulse response (CIR) betweemtiie antenna at the transmitter
andn-th antenna at the receiver, ang(t) be the corresponding prefilter code employed in the
m-th antenna branch at the transmitter. In a gengéfak N MIMO-TR system, the code,,(t)

can be written as
N
Cn(t) = A > (T — 1), (16)
n=1

whereT is the length of the filter required to implement the time reaé operation [21], and
A,, is the power scaling factor to normalize the total transiispower from different antenna
branches. It should be noted that different power allocasohemes can be implemented by

choosing different factors!,, [25]. In this paper,A,,’s are set to be equal for all the antenna

elements,
A, =A= L , (17)
M N

where G, = [ |hna(t)[” dt is the channel gain of CIR,.,(t).
To obtain the TR precoding waveform,(¢) for the m-th antenna branch is straightforward.

First, a sounding pulse(t) is sent through all thév antennas in the receiver to the transmitter.
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Secondly, the receiving signals at each transmitter aatémanch are then recorded, digitized
and time reversed. The noise free signal received byrtiib antenna at the transmitter can be
expressed ag, (t) = Z hmn(t) *w(t). The foundation for using backward channel sounding is
channel reciprocity. For MIMO channels, no experimentaifcaation of this assumption has
been done. If the sounding puls€t) is sufficiently short, we can directly use the time reversed
version ofy,,(T — t) as the precoding,,(¢). Otherwise, deconvolution effort is necessary to
remove the pulse effect from the received sounding signal.

One of the attractive characteristics of TR is that its terapfocal point can be adjusted
by change of the paramet&r. The principle of timing alignment for TR for the:-th antenna
element is illustrated by Fig. 3. If the same initial timingttwveen antenna elements in the same
array is assumed (this is a reasonable assumption becduke ahtenna elements of an array
use the same clock), all the peaks of the fields appear at tedvee at the same time instant,
independently of the element location, antenna type, amchradl. It turns out that the peaks
are aligned automatically. For a MISO case, all the energgnfdifferent transmitter elements
coherently adds up at timé&, at the receive antenna. For MIMO case, energy from difteren
transmitter elements (viewed as several different MIS@uyasy will focus at each individual
antenna element at the receiver.

For MIMO-TR, signal captured by the-th receive antenna can be expressed as

Z{cm ) * By (1)} + 1(2). (18)

All the signals captured by different antennas at the reretan be combined directly, and

the combined signat;(¢) can be expressed as

= 5,(t) * :g:jz; { Lé Pte (T — t)] % hmn(t)} (19)



hYITMO () :A% - {l% hmk(T—t)} *hmn(t)}

- (20)

Inter ference

+A> Y Run(t—T)

m=1n=1

Signal
where R,,.,,(t) = hun(—t) * hy,n(t) is the autocorrelation of,,,(t). Let us use a4 x 4
MIMO example to illustrate (20). It can be seen from (20) thgf*“(t) consists of64 terms,
corresponding td 6 autocorrelations and8 cross correlations. These 16 autocorrelation terms
will coherently add up, due to its automatically alignmemaacteristic addressed in this section;
In contrast, these 48 cross correlation terms adds up noerently. As a result, the desired
autocorrelation part forms a strong peak and dominatesamdbeived signal.

At t = T, the amplitude of the peak ih}/*’“ can be approximated by the contributions of

all the autocorrelation terms as

(21)

(22)

where= is used, because the contributions from all the cross @tioel terms to the main peak

have been ignored. In the absence of ISI and IPI, it folloved th

M N
PMMO = 12> GunEn/No | - (23)
m=1n=1
_ -~ M N
Let G denote the averaged channel gain over the wholeN channels(z = LN 3 Gon,

m=1n=1

PMIMO — O(\/2MNGE,/Ny). (24)

we have
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As a special case whe¥i = 1, we have performance of a MISO-TR system with one-correlato

receiver

PMSO=Q | \[2)  GuEy/Ny | . (25)

When M = 1, N = 1, the equation (24) reduces to (15) for the SISO-TR scenétris
straightforward from (25) that the performance of a MIMO-$¥&stem depends on the following
three parameters: the number of antenfas/N and the energy of the multipath (channel gain

(). Statistical characterization @f is important.

B. Performance Analysis Based on the Receive Bit Energy E,

The above analysis, e.g., (24), is based on the bit enEggyn the transmitter side. Since a
lot of literatures analyze the performance based on thevescside bit energy,, this section
also derives the performance formula 6. one-correlator receiver proposed in this paper is not
optimum. The optimum receiver should be a receiver matchettié whole receive waveform
of (24). Then, the performance bound for such a receiver avbel the matched filter bound,
expressed a®, = Q(\/E) (assuming bi-polar modulation). We introduce a new mepeagk

E

energy ratios, k = ij—b" denoting the energy ratio of the peak to the total receivesigy. Here,

E,..r represents the energy of the signal peak. As a result, tHferpemce of one-correlator

receiver can be expressed Bs= Q( 2]’33“).

Let Vonis = [~ B (—t) % hij(t)|° dt — Lnn; fOr cross correlation(m # i,n # j) and
Vinnyij = Vmn = G Ry —Gmn fOr autocorrelationim = i,n = j). Herel,, ;; = [hmn(—t) * hij(t)],_, =
[ By (£) X () dt, andGlg,,,, = [T | Ryna(t)| dt is the channel gain of the equivalent CIR
R,..(t). Here we can see that cross correlatigy, ,; represents the sidelobe energy of the
equivalent CIRA,, ;;-

For MIMO-TR, the peak energy ratie,;;y,0 can be written as

M N N M N
(Z Z Gmn""z E E Imn,mk)2

m=1n=1 n=1m=1k=1,k#n

KMo = N

N M N M N N M
S Vmmmtt % V(S X Grnt X S S D) (26)

1,k#n m=1n=1 m=1n=1 n=1m=1k=1,k#n
1)i]

2
+(N-1)]]

2

5

HMZ
Q‘ HME

1k=
+(N—
+[G+

T |
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M N _ N M N _
wherev = 1/MN - > > vy, @andl = 1/ [MN(N —1)]- > > > ILupmk- Assuming
m=1n=1 _ n=1m=1 k=1,k#n
that CIRs are not correlated with each other, iles 0, then we have
GQ
KMIMO = sn—1- =5 (27)
S+ G
for large N, we have
~ _ G?
Kmivo =~ ZorGe (28)
For MISO-TR u
(A Y Gu) &
“ = - (29)
M M 1o G
AZZVm+(AZGm)2 M
m=1 m=1
For SISO-TR
GZ
i 30
a v+ G2 (30)

As a sanity check, wheiVv = 1, (27) reduces to MISO case (29). Whéh =1 and N = 1,
(27) reduces to SISO case (30).

It then can be seen from (28) and (29) that the performancé®tbf the MIMO and MISO
scenarios depend on the number of transmit antenna elemgérifsive increasel/, we actually
improve the focusing and then get better performance. A esispn of (27) and (29) shows
that peak energy ratie for a MISO system is better than a MIMO system, especially wie
is large, the performance improvement caused by the inerefas/ for a MISO system is faster
than that of a MIMO system.

V. MIMO-TR: SPATIAL MULTIPLEXING
A. Enhanced Spatial Focusing with Multiple Antennas

Let h(ro, t) represent the CIR for the intended receiver located in tis&iparg(zg, 3o, 20), and
h(ry,t) denote the CIR of another unintended user at the position, y;, z1). The equivalent

CIR for the intended user would be
heq(ro, To, t) = h([‘o, —t) * h([‘o, t) (31)
For the unintended user, the equivalent CIR would be

heq(ro, Iy, t) = h(I'(), —t) * h(I‘l, t) (32)
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The spatial focusing can be characterized by the metrictiiiy D(r(,r;) defined as

max |heq (o, To, t)|2

D(I‘Q, I'l) = (33)

max |heq(To, T1, t)|2'

For the scenario of MISO-TR, the equivalent CIR for diffedresers can be expressed as

M

heo(ro, 1o, 1) = — L h.(rg, —t) * hy(To,
oTo,To,t) = 2 ey m (F0) =) * hm(xo, ) 34
M ) (34)

he ) 7t = —/7]1771 7_t hm 7t .

q(r0 rl ) nlzzl \/M Hh"l/(r()7t)||2 (ro )* (rl )

whereh,,(rq, t) denotes the CIR between theth element in the transmit array and the receiver
located inry.

For simplicity, the receiver has been restricted to movegla straight line in the measure-
ments carried out in this paper. Under this condition, EQ) (an be simplified as

max |heq (10, 0, 1f)|2

D(ro,d) = (35)

mtax|heq(r0,d, t)|2 7

whered is the distance between the unintended receiver and thediedereceiver (focal point)
located atry. For the case where the antenna elements are not distriblded a line, but in
some shapes (e.g., circle, square and etc.), (35) willtsilalid if we replace the scaldrwith
a vectord, whered = r; — ry.

The value of directivityD(ry, d) determines how well we can, by employing TR, focus the
transmitted energy into an intended point of interest. Ailsinmetric has been used in [41].
Our previous paper [10] uses the same metric to investidmespatial focusing of the UWB
signal in the hallway environment by simulation. In this papve experimentally evaluate this
parameter by moving the receiver away from the intendeddiogupoint,ry, and study how
rapidly the receiving energy drops with this moving.

We expect the spatial focusing can be enhanced by employumigjphe antennas at the
transmitter, which will be shown experimentally in this paplf the spatial focusing is good

enough, we can take advantage of this property and tranggnidls in a parallel fashion.

B. Spatial Multiplexing with Multiple Antennas

Consider a communication link consisting bf transmitting antennas and receiving anten-

nas. Input data are serial-to-parallel converted iNtstreams,,(¢), which are precoded by, (¢)
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through FIR filters and modulated. Eventually the signaés sent to)M transmitting antennas
for simultaneous transmission. After the signal passesutiit the channel and is corrupted by
AWGN, then-th receiving branch extracts the data streaft).

Let S(t) = [s1(%), s2(t), ..., sn(t)] and R(t) = [ri(¢),72(t), ..., r~(t)] denote the transmitting
signal and receiving signal, respectively. We h&(@) = S(¢) = C(t) = H(t), hereC(¢) is the
precoding matrix andH (¢) is time domain impulse response matrix, defined by

hii(t) ... hin(t)
H(t) = : : (M x N) (36)
har(t) ... han(t)

We define the Equivalent Impulse Response Matrix (EIRMHag(t) = H(t) * C(¢). Then
we haveR(t) = S(¢) « H.,(t). The EIRM is the target of interest. The objective is to tfarms
the EIRM into a desirable form, by selecting a good code maixit).

To avoid ISI, the ideal EIRM will be in a form of

a0(t) ... 0
Heo(t) = S (N xN) (37)
0 ... a,(t)
where (a4, ..., a,) are the matrix coefficients.

We hope we can find a matri€(¢) that satisfies the following equation:
C(t) x H(t) ~ Hel(1).

Then the problem will be how to find a suitab@¥¢). Two solutions can be used to achieve
the goal:

1) Solution 1: Inverse Filter: This approach is optimal in the sense that, theoreticdlly, t
ideal formula presented above can be exactly achieved.

Thinking the problem in the frequency domain

~ ~

C(f)H(f) = Heg(f),

whereC(f), H(f), andH.,(f) are the Fourier Transform of the matric8ét), H(t) andH.,,(t)
respectively.

The solution for above function is

C(f) =Hey(/IH ().
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The above solution assumes that the channel m&i(iX) is square and invertible. For a

generalM x N matrix H, the solution will be

C() = A (DAL (AT (HA) (38)

Once we have the frequency domain mat@xf), the time domain matrixC(¢) can be
numerically obtained by applying IFFT t6(f). Note that transform of a matrix is a process
of term by term transformation. Generally, the inversionaof matrix is ill-conditioned, small
errors (e.g., the measurement error caused by noise) in atyxiA will give rise to significant
errors in its inverse matriX~!. Even measurement is perfect and there is no errdt,iX may
not be invertible. Many techniques for the regularizatiénhis problem have been studied [23].

2) Solution 2: Time Reversal (TR): Considering the signal processing involved in the previous
inverse filter solution, another simpler solution would iveet reversal. In this case, the precoding

[T}

matrix would simply beCrz(t) = H'(—t), where superscript in the notation denotes

transpose operation.

hit(—t) ... han(—t)
Crr(t) = : : (N x M) (39)
han(t) ... haun(—t)
In practice,Crg(t) can be readily obtained by channel sounding and no extra etatipn is
needed.
Let H.rr(t) = Crr(t) * H(1),

_ glehﬂ(t) :Z[:Ihﬂ(—t) s hin(t) ... ;f;lhﬂ(_t) % B (£) ]
Her(t) = éhm(—t) xha(t) ... éRhm(t) . éhm(—t) x hin(t) | (NxN)

(40)

Here we have made an assumption that matrix convolutiorris by term convolution.
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In a general form, the received signdt) can be expressed as

N M
j=1 i=1
The received signal(t) can be reformulated to a more convenient form,
M
r(t) = sa(t) % > Ry, (t) + Ou(t), n=12..,N (42)
=1
N M
j=1,j#n i=1

Assuming good spatial focasing, the received signal canppeoximated by the following
M
formula r,(t) ~ s,(t) * > Ry, (t), where we have ignored the contributions from the cross
=1
correlation partO,,(¢). Under this condition, the corresponding impulse responatix will be

in the form of a diagonal matrix
M
ST Rp,(t) ... 0
i=1
Hepr(t) = 5 5 (N x M) (43)
M
0 coo >Ry, (1)
L i=1

where the impulse matrix has been decomposed into parabelinels. This decomposition gives

us several independent sub-channels, and thus increaseésitthn rate.

Time reversal spatial multiplexing discussed in this sectis another application of TR-
MIMO, in addition to the application of beamforming. The poeings for the two different
scenarios are different. As a sanity check, in the followimg will show that scenario A
(spatial multiplexing) is reduced to scenario B (beamfowg)j when all the independent channels
transmit the same information, namety,(t) = scom ().

Under this condition, the receiving signal can be combiroggtther directly and is expressed

as

ﬁ
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The equivalent impulse response thus can be modeled as
N M N
WM =S (Z hij(—t) > him(t)>.
7=1 =1 m=1

Considering power allocation factor A, we have

MO (1) — A Z (Z hij(—t) > him(t)> ,

which is consistent with the result derived previously i0)(2

VI. UWB SpPATIAL CHANNEL MEASUREMENT
A. Experiment Setup

Major equipment used in the measurements includes: (1) afaaa generator for triggering
the pulser; (2) a UWB pulser that generates Gaussian likeepulvith RMS pulse width of
approximate 250 ps; (3) a wideband low noise amplifier (LNAYhwbandwidth over 10 GHz
and noise figure less than 1.5 dB; (4) a Tektronix CSA8000 tRliggampling Oscilloscope
(DSO) with a 20 GHz sampling module 80E03; and (5) a pair of iedimectional antennas
with relatively flat gain over the signal band. To maintaimayronization, the same waveform
generator is employed to trigger the DSO. The major frequestponents of the system are
from 750 MHz to 1.6 GHz. A simplified block diagram of the exjpsent setup can be found
in Fig. 4.

A virtual antenna array is employed in the experiments. Thments of the array are spaced
far enough so that there is no significant correlation betmite® adjacent channels. This can be
achieved by setting the spacings between any two adjacetremelements greater than 20 cm,
which corresponds to the half wavelength of the lowest feagy. The value of 20 cm is found
to be sufficient after some trials of bigger values. The MIM@eana coupling is considered
in [18]. In Fig. 5, four virtual elements are equally spacddng a line. The heights of the
antennas are set to 1.4 m. The receiving antenna is movedfécedi locations, and individual
channels were sounded and measured sequentially. No LiSgbf (LOS) is available for all

the measurements.
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B. Experiment Environment

A set of measurements have been performed in the office are@lemhent Hall 400 at
Tennessee Technological University. Fig. 5 shows the éxyetal layout for these experiments.
In Fig. 5 (also in Table 1),7;, denotes the:-th element of the transmitting array art), the
receiver located in the-th position. The environment for the experiment is a typaffice area

with abundance of wooden and metallic furniture (chairskdebookshelves and cabinets).

C. Measurement Results and Spatial Focusing Analysis

A typical receiving waveform is shown in Fig. 6. The CLEAN atghm is employed to
extract CIRs from the received waveforms.

We first investigate the spatial focusing of a MISO-TR syst@uansider downlink transmis-
sion. Assume there are two users separated by a distavegh one of them as the target user
(focal point) and the other one as the undesired user. Eamhhas one receive antenna and
a transmit antenna array with four elements. The equivdldRis for the target user and the
undesired user di.2 m away are shown in Fig. 7(a) and Fig. 7(b), respectively. @tpaivalent
CIRs for different users are calculated by using (34). As ae see from Fig. 7, the signal is
very strong for the target user while it is almost behind thekground noise for the undesired
user with a short distance 6f2 m away.

We further investigate the variation of the directivity defined in Section V-A, with respect to
different distanced. A comparison of spatial focusing for MISO-TR and SISO-TRsl®wn in
Fig. 8. In the SISO-TR case, it is observed that energy drape tthanl5 dB when the undesired
receiver is located.2 m away from the intended user. This number will slightly apamvhen the
unintended receiver moves to a farther place. In Fig. 8, 8180 average” curve represents the
average directivity of the four SISO-TR cases. It is obsérieat the “MISO” directivity curve
drops much faster than the “SISO average” curve, implyirg fpatial focusing is improved by
employing antenna array at the transmitter. With a foumelet array at the transmitter, energy

drops22 dB when the unintended receiver(£ m away from the target receiver.

VII. NUMERICAL RESULTS

Table | shows a comparison af (defined in Section IV-B ) for different scenarios. In Table

I, the calculating of parameters G2, x are all based on measured UWB spatial channels. The
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approximated (“Appro”) values of. for MIMO and MISO scenarios are calculated using the
formulas (28) and (29), respectively. The experiment (‘&Xpvalues are directly measured from
the equivalent CIRs of MISO and MIMO scenarios. Table | shoat the formulas (28) and
(29) can approximate the measured value well. The sligferéice between the approximated
value and the measured value is due to the disturbances afrtiss correlation terms (the
interference from the other antennas), which is hard to bluded in an analytical formula.
Based on the measured UWB spatial channels, we conduct NBarte simulations to inves-

tigate the performance of one-correlator receiver and esephem under different scenarios:
SISO, MISO, and MIMO. In our simulation, the second ordenv@give of Gaussian pulse has

been used as the transmitted puiée), which is mathematically defined as:

plt) = [1 in (’f - t)] ()’ (45)

w

where w is the parameter controlling the width of the pulse (and dfee the frequency
bandwidth of the transmit signal), aridis the parameter to shift the pulse to the middle of the
window. In the following simulation, we let» = 1 ns andt. = 0.5 ns. To avoid the presence of
severe ISI in the system, we add an inter-pulse guard Tin&herefore, we havé, = w + T},.
Moreover, T, can be used to adjust the transmission data rate in the dionul&nless stated
otherwise, we lefl;, = w, corresponding to a data rate @0 Mb/s.

Throughout the paper, we assume perfect synchronizatidntla transmitter has the full
knowledge of the channel information. To make the comparfa@, performances of SISO and
MISO scenarios have been averaged over all the corresrg)rsdmcific channels that virtually
form the MIMO channel, i.e.P5150 = E PSSO and PMISO — Z PMISO,

A comparison of BER performance for drfferent scenarrosmrubth ISI and IPI is shown in
Fig. 9. The performance bound for AWGN channel is also pib#ie a reference. From Fig. 9 we
can see that, given the same SNR at the receiver side, MIS@aERhe best performance, and
MIMO-TR is slightly better than SISO-TR scenario. This isedo the best temporal focusing
provided by MISO-TR. It should be noted that these compassoe based on the received SNR.
In reality, however, given the same transmitted power, tN& &t the receiver side for MIMO-
TR is much higher than that of MISO-TR, which will make MIMCRToutperform MISO-TR,
as will be illustrated in the following.

Fig. 10 shows the BER performances for the SISO, MISO, and ®lstenarios, under the
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same transmitted power constraint, with different trarssnon data rates. For the MIMO scenatrio,
all the four antennas transmit the same bit information, itee beamforming approach has been
applied to increase the SNR at the receiver side. Both IPI18hdhave been considered. As
we can see from Fig. 10, MIMO-TR outperforms MISO-TR and tiISO-TR outperforms
SISO-TR. Tests were conducted for data rate$@f Mb/s and225 Mb/s. As expected, an
increase in the data rate leads to a performance degradgbom data rate o250 Mb/s, about
13 dB power gain (compared with SISO-TR) is achieved by empigya4 x 4 MIMO array.
The power gain in a system with ISI and IPI is slightly highleart the theoretical power gain
10log,,(MN), derived in Section IV-A, where we assume there are no ISIIRhd

To illustrate the concept of spatial multiplexing for MIMTR, we study a simple scenario
of 2 x 2 MIMO-TR system. As stated in Section V, the signal will first kerial-to-parallel
converted into two streams, precoded with TR precoding d@oh tsent to two transmitting
antennas for simultaneous transmission. The signal pdssmesgh the channel and is corrupted
by AWGN. Fig. 11 shows the BER performance for the two paralld-channels. Compared to
beamforming approach addressed previously, one mordandace source from inter channels

need to be considered in the spatial multiplexing simuhatio

VIII. CONCLUSIONS

Time reversal is considered in the framework of UWB MIMO. Exmental measurements
have been used to evaluate the performance. Multiple aaseare found to be very useful
in a UWB system. The working principles for MIMO in a UWB systeis fundamentally
different from that for a narrowband, flat fading wirelesstgyn. The fading is not a concern for
UWB communications. The leading mechanism behind UWB MINM®oiexploit the space-time
focusing that is unique to an impulse signal. The desigrogbphy is to use deterministic signal
model as Digital Subscriber Line (DSL), rather than theistiatfading signal in a narrowband
system. This reported work is the first step toward the ndmtatransmission [20], for UWB
systems. The time reversed MIMO matrix is combined with thgsical channel, to form an
effective matrix channel that can be treated determiraiyi¢20].

One feasible scheme of combining the MIMO with the one-fing@relator has been demon-
strated. Some further simplification of the transceiver bardone using a chirp UWB system.

When a pair of chirp waveforms in the transmitter and regeisaused to replace the second
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order Gaussian pulse as the modulation waveform, the neanseimay prove to be useful for
some high-data rate communications with a relatively lost¢d7], [19]. What we have learned
from the past is that too many multipath fingers force us tckvaavay from the famous RAKE
structure to reduce the transceiver cost. For example, farsmitted pulse of one nanosecond,
a dense multipath spread of 1000 ns is observed in a metayéa\iL7], [19], it is believed that
time reversal is necessary to capture the spread multipatiyy As suggested in this paper, the
MIMO transmission with time reversal can be further used @kenfull use of the space-time
channel responses at the same time. The work reported hagg,paves the way for potentially

solving the communication problem in some RF harsh enviemslike a metal cavity.
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Fig. 2. Time reversal precoded MIMO communication systerthwif = 4 and N = 4.
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Fig. 3. Timing illustration for the peak of the received sag§jin a TR system. The peak of the equivalent CIR will occur

exactly at the time = T, independent of the element location, antenna type andnehan



Channel v G2 K
TR 0.0459 0.0483 0.5124
TiR. 0.0414 0.0454 0.5230
TiRs 0.0485 0.0467 0.4906
TR 0.0572 0.0581 0.5040
TR 0.0516 0.0512 0.4979
T2Rs 0.0446 0.0413 0.4810
SISO-TR T2Rs 0.0457 0.0455 0.4991
T2Rq 0.0556 0.0477 0.4615
TR 0.0562 0.0543 0.4915
TsRs 0.0363 0.0355 0.4944
T3Rs 0.0346 0.0367 0.5148
TsRa 0.0454 0.0451 0.4983
TR 0.0502 0.0485 0.4916
T.Rs 0.0462 0.0445 0.4906
T.Rs 0.0595 0.0573 0.4907
TR 0.0366 0.0369 0.5020
Average 0.0472 0.0464 0.4965
Tio34R1 0.0577 0.2022 Appro: 0.8044
Exper: 0.7781
T1234Ro 0.0493 0.1663 Appro: 0.7900
MISO-TR Exper: 0.7714
T1234Rs 0.0520 0.1851 Appro: 0.7992
Exper: 0.7807
Tr234Rs 0.0605 0.1865 Appro: 0.7955
Exper: 0.7552
Average 0.0549 0.1850 Appro: 0.7977
Exper: 0.7713
MIMO-TR T1234R1254 0.6401 0.6781 Appro: 0.5680
Exper: 0.5144
TABLE |

A COMPARISON OFx FOR DIFFERENTSCENARIOS
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