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Abstract

UWB technology is envisioned for future wireless high data rate transmission. A UWB system

with multiple antennas takes advantage of the rich scattering environment to increase the data rate.

On the other hand, given rich multipath, Time Reversal (TR) uses scatterers to create space and time

focalization at a target point by coherent addition of all scattered contributions at that point. This paper

analyzes the performance of an impulse TR-MIMO-UWB system with a simple one-correlator receiver.

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

Index Terms

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

tipath, spatial focusing, inter-symbol-interference (ISI)
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I. INTRODUCTION

Ultra-wideband (UWB) transmission has recently emerged asa potential candidate for future

high data rate applications [1] - [7]. Impulsive transmission with short pulse duration makes the

multipath components resolvable, which in turn leads to immunity to the multipath fading. On

the other hand, however, capture of multipath energy distributed in dense multipath components

becomes a challenge. Time Reversal (TR) signal processing,a signal processing technique

popular in acoustics [8], has been applied to electromagnetics [9] - [21] recently. A tutorial

of time reversal and an extensive review of literature for UWB communications is given in

[14]. An attractive aspect of TR signal processing is the fact that it makes use of multipath

propagation. UWB impulsive radio is extremely interestingin this context, since hundreds or

thousands of paths are available, see e.g. [17] [19].

Given a specific time and location, TR precoding has been mathematically proved to be the

optimum in the sense that it maximizes the amplitude of the field at that time and location [22].

It is then called spatio-temporal matched filter [23], because it is analogous to a matched filter

both in time and space. It is also called transmit matched filter since the matched filter is put

at the transmitter side. However, TR alone may not effectively reduce the channel delay spread,

considering the fact it maximizes the peak amplitude but does not impose any constraint at its

sidelobe level. As shown in [21], multiple antennas at the transmitter (MISO-TR) are, then,

required to suppress the inter symbol interference (ISI). The MISO-TR scheme also achieves

array gain with a factor ofM (antenna number), by automatically aligning the arrival peak

[24]. MISO-TR has been investigated extensively in the pastyears (e.g., [25] and [26]), and a

natural extension is to exploit the scenario of Multiple-Input and Multiple-Output (MIMO) for

TR signaling.

MIMO technique uses multiple antennas at both ends of the wireless link and is believed to

be the most promising approach to effectively use the transmission spectrum and power. This

technology has been extensively studied recently [27], [28]. It has been shown that the channel

capacity for a MIMO system is increased as the number of antennas increases. MIMO is mostly

used in conjunction with Orthogonal Frequency-Dimension Modulation (OFDM), a modulation

technology that is part of theIEEE 802.16 standard and will also be part of theIEEE 802.11n

high-throughput standard, due to its potentially high datarate capability. In addition to the
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benefit from flat fading, MIMO also benefits from the rich scattering of the channel. To employ

multiple antennas and space time signal processing in a UWB system has been an interesting

topic [29]–[31].

MIMO-UWB is a concept that can be implemented in several alternative ways; in addition

to the OFDM MIMO mentioned above, another way is based on a scheme using impulse radio

to transmit pulses in one or multiple frequency bands, such as the multiband UWB (MB-UWB)

solution [32]. Here, we propose to use TR precoding combinedwith MIMO [33], called impulse

MIMO-TR. Note that we are interested in the limits of UWB signals, i.e. pulses with ultra-short

duration and extremely wide bandwidth. The proposed MIMO-TR aims to implement MIMO

directly in time domain, and hence is believed to be a simplerscheme than its frequency domain

counterpart. However, most research on UWB-MIMO is carriedout in the frequency domain,

very few time domain UWB MIMO results are reported. [34] proposed to use Maximal Ratio

Combining (MRC) RAKE combining to accomplish the temporal alignment of received pulses,

which causes huge complexity at the receiver. However, pulses are automatically aligned by

using of TR precoding at the cost of increased transmitter complexity. It is shown in [35] that

TR precoding can achieve the same error performance as the MRC combining scheme.

Separating the data streams at the receiver is challenging for parallel data transmission. For

the traditional narrow band MIMO, singular-value decomposition (SVD) is usually applied to

decompose the channel into several independent subchannels. For multi-tone UWB signals with

Giga Hertz bandwidth, however, applying SVD to each frequency tone significantly increases the

system complexity. In [36], a zero-forcing scheme is proposed to separateN parallel transmitted

data streams for each resolvable multipath component. In this paper, considering the good spatial-

temporal focusing characteristics provided by TR, we will show that TR precoding can also

decompose the channel, with reasonable complexity. The primary motivation of this research is

to investigate a system structure that has a good trade-off between complexity and performance.

MIMO-TR is such a structure.

Although MIMO-TR can achieve high data rate by parallel datatransmission, the applications

of MIMO-TR are not limited to support of high data rate. With abeamforming approach, where

all the transmitter antenna elements transmit the same information bit, high signal-to-noise ratio

(SNR) can be obtained at the receiver, and hence the transmission distance can be greatly

extended, depending on the number of antennas employed in the array. It is shown in this
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paper that given the same transmission power, the peak SNR atthe receiver grows linearly with

the numbersM (number of transmitter antenna elements) andN (number of receiver antenna

elements).

The philosophy behind TR is the so called transmit centric processing, i.e., processing the

signal at the transmitter side before transmission to combat the deteriorating effects of the

channel. The motivation is from the fact that the power and computation resources are generally

more readily available at the transmitter side. The main advantage of transmit centric processing

is the possibility to simplify the receivers, which is desirable in the case of one central node

serving for many distributed sensor nodes.

Due to the favorable spatial-temporally focusing of the MIMO-TR technique, the energy of a

receive signal tends to focus into a geometric spot and into atime instant. We propose to use a

simple coherent receiver with one correlator to capture thepeak energy, and ignore the rest of

the energy as interference. By doing this, the receiver complexity can be greatly reduced, since

there are no channel estimation and equalization in the receiver. However, as we will show later,

the performance of such a simple receiver can still achieve the Additive White Gaussian Noise

(AWGN) bound under ideal conditions that all the multipath components are resolvable and there

is no ISI in the system, given the same transmitted power. An energy gain of10log10(MN) dB

can be achieved by using a MIMO system withM antennas at the transmitter andN antennas

at the receiver. We also investigate the performance based on the bit energy at the receiver.

We compare the performances for different scenarios (MIMO,MISO, and SISO), considering

one-correlator receiver.

In practice, when a pulse is short and the data rate is low, theabove conditions (resolvable

multipath and no ISI) tend to be satisfied. However, for the case of high data rate and relatively

wide pulses, the conditions will not hold any more. The performance of such a practical system

is investigated through Monte Carlo simulation. There are no data (on the channel model of

multiple antennas) that meet the need of this research for spatial-temporal focusing; we have

conducted a series of channel measurements in an office environment. The measurements are

performed in the time domain, and the CLEAN algorithm [48], [49] is employed to extract the

channel impulse response (CIR) from the measured data.

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

searchers (e.g., in [44]–[47]) and the single user scenariohas been considered in this paper.
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The structure of this paper is as follows: The principle of time reversal signal processing

and its sub-optimum receiver—one-correlator receiver areintroduced in Section II. The system

performance analysis for single antenna at both ends is given in Section III. Then the performance

analysis is extended to multiple antennas scenarios, in Sections IV and V. The experimental

description regarding the channel measurements are shown in Section VI. Numerical results

based on the measured spatial channels are given in Section VII. Finally, we conclude the paper

in Section VIII.

II. 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 a simple scheme: moving the matched

filter to the transmitter side as a time reversal filter. Thereis deep physics in the scheme to exploit

the spatial-temporal focusing—unique to impulsive UWB signals. The physical foundation of

time reversal is the space-time symmetry, e.g., in general relativity. To avoid digressing too

far, we only outline—trying our best to use communications engineers language—the physical

mechanism behind the time reversal scheme, since a lot of confusion has been caused in the

literature, due to the lack of understanding of this mechanism. The main motivation of this

summary of known physical results is to strike the point thatthe space-time symmetry cannot be

taken for granted: it must be first examined, before its wide use. So far, this symmetry principle

is established only for some very simplistic physical regions. The experimental approach must be

used for realistic system settings, to empirically supportthis claim. The state-of-the-art status of

theoretical justification for the principle of space-time symmetry in a macroscope phenomenon

level is far from satisfactory, especially for realistic UWB communications applications.

It is well known that space-time symmetry is universally true in physics. Radio waves follow

the law of electromagnetics: the knowledge of symmetry (reciprocity) properties of a field

frequently facilitates the determination of explicit fieldsolutions [38]. For this purpose, one

considers certain auxiliary or adjoint problems, related to the 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 functions—or channel impulse response

(CIR) in linear system terms—which describe the field response to a “point-source excitation,” the

desired properties appear most succinctly as symmetries inthese Green’s functions. A rigorous
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derivation of these symmetries in inhomogeneous, lossy media, which is the case of UWB

communications, is too difficult. Rather, some insight can be gained using simplified physical

model. Experimental results are used to approximately establish the symmetries, for realistic

environments, e.g., indoors1, and intra-vehicle environments [15].

For homogeneous media, or vacuum, the symmetries are analytically established in (Ch.1,

[38]). If field symmetries exist, the properties of the electromagnetic Green’s functions (thus

CIRs) can be inferred prior to their explicit determination. In an unbounded, homogeneous, sta-

tionary region, the field equations are invariant under arbitrary linear space-time displacements,

i.e., the solutions are functions of the differencesr−r
′ andt−t′, where a pair of any space-time

points (r, t) and (r′, t′) is considered. Mathematically, the Green’s function has the symmetric

form of

g(r, r′; t, t′) = g(r− r
′; t − t′) (1)

If we exchange the space-time point (r, t) with (r′, t′), implying (r′−r; t′−t), the Green’s function

is invariant. In other words, when the spatial locations of two antennas are switched, implying

r
′ − r, and the time is reversed, implyingt′ − t, the resultant Green’s function is identical to the

original one. Eq. (1) is exactly the foundation of the so-called time reversal scheme, requiring

both time reversal of the CIR measured in one direction and exchange of two spatial locations

of the involved antenna pair.

Eq. (1) is valid for the unbounded, homogeneous, stationaryregion with point-source excitation

(ideal impulsive antenna). For a general medium (channel),the adjoint-field problem needs to

be solved, using a temporal and spatial reflection transformation [38]. As pointed out above, for

the general lossy, bounded, inhomogeneous and moving region with non-point-source excitation

(realistic UWB antennas), the adjoint-field problem is open. Some simple physical media are

solved, including [38]: (1) free space (unbounded and homogeneous) with point-source excita-

tion; (2) homogeneous medium with point-source excitationfor both bounded region; (3) free

space with an electrical dipole current excitation; (4) free space with planar stratified scattering

structures with Hertz potential excitation; (5) bounded, cylindrical regions (a uniform waveguide

1To the best knowledge of us, this is the first reported experimental result, in the field of UWB communications, regarding

the channel’s space-time symmetry.
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of arbitrary cross section transverse to the guide axis, andbounded by perfectly conducting

walls).

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

Consider a communication system illustrated in Fig. 1(a). Here,p(t) is the transmitted pulse

waveform, andh(t) denotes the impulse response of the multipath channel. The received signal

beforec1(t) can be written asr(t) = p(t)∗h(t)+n(t) = y(t)+n(t), wheren(t) is AWGN with

a two-sided power spectral density ofN0/2, andy(t) = p(t) ∗ h(t). Givenr(t), a matched filter

y(−t), matched toy(t), provides the maximum signal-to-noise power ratio at its output. The

matched filter here can be virtually decomposed into two filters, with the first filter matched to

the CIR h(t) and the second one matched to the pulse waveformp(t). As shown in Fig. 1(a),

this decomposition can be done by settingc1(t) = h(−t) and c2(t) = p(−t).

We shall now consider what happens if we move the receiver front-end matched filterc1(t)

to the transmitter, but still keep the filterc2(t) at the receiver, as depicted in Fig. 1(b). This

leads to a time reversal system that is of interest in this paper. Note that this operation actually

makes the receiver sub-optimum, as will be shown later. However, by doing this, we simplify

the receiver structure and make more effective use of the transmitter energy by concentrating it

in the favorable frequency regions.

We still let c2(t) = p(−t) and wish to find the optimumc1(t) such that it maximizes the SNR

at the output ofc2(t),

SNR1 =

2

∣
∣
∣
∣

+∞∫

−∞
P (f)P ∗(f)C1(f)H(f) df

∣
∣
∣
∣

2

N0

+∞∫

−∞
|P (f)|2 df

(2)

under the constraint of fixed transmitted power

P1 =

+∞∫

−∞

|P (f)C1(f)|2 df . (3)

Here P (f), H(f), C1(f) and C2(f) are the Fourier transforms ofp(t), h(t), c1(t) and c2(t),

respectively. Note that the denominator of (2) does not depend on C1(f). To maximize (2),
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equivalently, we need to maximize the ratio

ρ =

∣
∣
∣
∣

+∞∫

−∞
|P (f)|2 C1(f)H(f) df

∣
∣
∣
∣

+∞∫

−∞
|P (f)C1(f)|2 df

2

. (4)

According to Schwartz inequality, we have
∣
∣
∣
∣
∣
∣

+∞∫

−∞

P (f)C1(f)H(f)P ∗(f) df

∣
∣
∣
∣
∣
∣

2

≤
+∞∫

−∞

|P (f)C1(f)|2 df •
+∞∫

−∞

|P ∗(f)H(f)|2 df. (5)

substitution of (5) into (4) yields

ρ ≤
+∞∫

−∞

|P ∗(f)H(f)|2 df. (6)

with equality holding only whenC1(f) = λ1H
∗(f), or in time domain,c1(t) = λ1h(−t), where

λ1 is a constant that is chosen to satisfy the power constraint (3).

We then have proved that a time reversed precoding is optimumin terms of SNR, given

c2(t) = p(−t).

C. Optimum Receiver Filter for Time Reversal System

We now consider another case. Given time reversal precoding, i.e.,C1(f) = H∗(f), we wish to

optimize the receiver filterc2(t) (maximizing SNR), under the fixed transmitted power constraint

of

P2 =

+∞∫

−∞

|P (f)H∗(f)|2 df. (7)

The receiving SNR at the output ofc2(t) can be expressed as

Similary, we refer to Schwartz inequality and have the SNR formulation,

SNR ≤
2

+∞∫

−∞
|P (f)H∗(f)H(f)|2 df

N0

, (8)

with equality holding only whenC2(f) = λ2P
∗(f)H(f)H∗(f). It is suggested that the optimal

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

of λ2p(−t) ∗ h(t) ∗ h(−t). This result is actually a validation of the matched filter theory.
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D. Suboptimum Receiver Filter for Time Reversal System: One-correlator Receiver

Channel estimation is a difficult task and in a TR system this task is shifted to the transmitter

side. We are interested in a suboptimum receiver filter, and the transfer function of which is

matched toP ∗(f), instead of the optimum oneP (f)H(f)H∗(f). This case is exactly the scenario

if we move the first channel matched filterc1(t) to the transmitter side, as discussed at the

beginning of this Section. The following section is to studytime reversal system performance

with such a suboptimum receiver, namely, one-correlator receiver, firstly for a single antenna

system, and later extended to a multiple antenna system.

The proposed scheme is suboptimal and of low complexity compared to many optimal criteria.

Consider a joint optimization scenario, whereh(t) is given and we wish to find the optimum pair

of c1(t) andc2(t), under the constraint of fixed transmitted power (denoted asP2). If the signal

has finite time duration, the optimum transmitted waveform is the eigenfunction corresponding

to the maximum eigenvalue of the time reversal operator of the CIR h(t) [43]. We should,

however, note that other eigenvalues may contain significant information about the channel: thus

putting as much as energy to just one frequency (to optimize in terms of SNR) may decrease

channel capacity substantially—leading to low channel capacity. We still need implement water-

filling algorithm to achieve the optimum capacity. When signal duration is infinite,T = ∞, this

optimization leads to sinusoidal transmitted waveform, asshown in [42]. In other words, we need

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

III. PERFORMANCE ANALYSIS

A. System Description

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

as

s(t) =

+∞∑

i=−∞
si(t) =

+∞∑

i=−∞

√

Eb bi p(t − iTb), (9)

whereEb is the transmitted bit energy,bi ∈ {±1} is the i-th information bit. Binary antipodal

modulation has been considered in this paper.p(t) is the UWB pulse with a width ofTp, and

assume the pulse takes care of the impacts of circuits and antennas at the both sides. The energy

of p(t) is normalized to unity, i.e.,Ep =
∫ +∞
−∞ p2(t)dt = 1. Tb is the bit interval. Generally, we

haveTb >> Tp, in order to avoid the possible ISI caused by multipath channel. In this paper, we
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will show that, by using a MIMO-TR technology,Tb andTp could take the same level, without

significant performance degradation.

For the sake of simplicity, we assume there is no per-path pulse distortion [37] caused by

channel. If per-path pulse distortion does occur, a number of taps can be used to represent the

per-path impulse response, as done in [39], such that the tap-delay-line (TDL) model in (10)

is still valid in its mathematical form, but not physically interpreting the physics phenomenon.

In this case, the received signals are just a series of replicas of the transmitted signals, with

different attenuations and time delays. The CIR then can be modeled as

h(t) =

L∑

l=1

αlδ(t − τl), (10)

whereL is the number of multipath components andαl and τl are their individual amplitudes

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

B. Matched Filter Performance Bound

If there is no time reversal and a single antenna is employed at both the transmitter and the

receiver, the received signal can be expressed as

ri(t) =

L∑

l=1

αlsi(t − τl) + n(t). (11)

The optimum receiver for the above signal would be a matched filter matched to the signal part

of ri(t). Such a receiver would achieve the performance bound, namely matched filter bound,

described as

Pe = Q

(√
2GEb

N0

)

, (12)

whereQ(x) =
∫∞

x
1√
2π

e−y2/2dy is the Q-function andG =
∫ +∞
−∞ |h(t)|2 dt is the channel gain,

and Eb represents the transmitted bit energy. The bit energy measured at the receiver side is

denoted byẼb.

In reality, it is believed that the performance bound in (12), requires a very complex receiver

and thus is hard to achieve, due to the complicated UWB multipath channel. In this section, we

will show that, by using TR precoding at the transmitter, theAWGN performance bound can be

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

Before we consider MIMO-TR, let us start with a simpler scenario of SISO-TR. Consider a

non-realistic case where we use a short pulse so that the propagation delay difference between

any adjacent multipath components is always larger than thepulse durationTp. Also, we assume

that Tb is sufficient enough so that there is no ISI.

For SISO-TR, the received signal can be expressed as

rSISO
i (t) = si(t) ∗ c(t) ∗ h(t) + n(t)

= si(t) ∗
{

1√
G
h(T − t) ∗ h(t)

}

+ n(t)

= si(t) ∗ hSISO
eq (t) + n(t)

(13)

where c(t) = h(T − t)/
√

G is the prefilter code, andhSISO
eq (t) = h(T − t) ∗ h(t)/

√
G is the

equivalent CIR for the SISO-TR scenario. It is apparent thathSISO
eq (t) is an autocorrelation with

peak occurring att = T . The magnitude of the peak is equal to
√

G, i.e., hSISO
eq (t = T ) =

∫ +∞
−∞ |h(t)|2 dt/

√
G =

√
G.

Due to its autocorrelation nature, most of the energy is focused in the central (main) peak of

the CIR hSISO
eq (t). Since we assume there are no Inter Pulse Interference (IPI), ISI and pulse

distortion, we can use a filter matched to the main component of the received signal. It is proved

in the following that even using such a simple receiver (withone correlator), we can achieve

the same performance as the matched filter bound.

The main component of the receiving signal can be expressed as

rmain
i (t) =

√
G
√

Eb bi p(t − iTb − T ). (14)

We then use a filter matched top(t) to pick up the energy lying in the above main component of

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

P SISO
e = Q

(√
2GEb

N0

)

. (15)

Comparing (15) and (12), it is evident that a TR system with one-correlator receiver can

achieve the same performance as a system without TR but with an ideal matched filter. The

same conclusion has been obtained by other researchers [35], [50], through different approaches

in the Pre-rake systems. Therefore, for a TR system with one-correlator receiver, we have the

following observation: On the one hand, TR filter improves the system performance by precoding
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the transmitted signal so as to concentrate the transmittedpower to the spectral regions with

less attenuation and thus make more effective use of transmitted power; in contrast, system

performance is degraded by use of non-optimum receiver (one-correlator receiver). Remarkably,

the result in this Section implies that the improvement by placing a channel-matched TR filter

at the transmitter is exactly equal to the degradation caused by not using such an optimum filter

at the receiver. Again, this result is true, in the absence ofISI and IPI—a stringent condition.

In the following, we will extend this result to a scenario of TR with 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 energyis distributed among different

spatial locations and spread in time over a large number of pulses at any observation locations

(due to multipath). Since a time reversal mirror—here antenna arrays at both MIMO terminals—

can be viewed as a “channel sampler”, more antennas imply more spatial sampling points—more

energy can be captured. A MIMO-TR (4 × 4) system configuration is illustrated in Fig. 2. Let

hmn(t) denote the channel impulse response (CIR) between them-th antenna at the transmitter

andn-th antenna at the receiver, andcm(t) be the corresponding prefilter code employed in the

m-th antenna branch at the transmitter. In a generalM ×N MIMO-TR system, the codecm(t)

can be written as

cm(t) = Am

N∑

n=1

hmn(T − t), (16)

whereT is the length of the filter required to implement the time reversal operation [21], and

Am is the power scaling factor to normalize the total transmission power from different antenna

branches. It should be noted that different power allocation schemes can be implemented by

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

elements,

Am = A =
1

√
M∑

m=1

N∑

n=1

Gmn

, (17)

whereGmn =
∫ +∞
−∞ |hmn(t)|2 dt is the channel gain of CIRhmn(t).

To obtain the TR precoding waveformcm(t) for the m-th antenna branch is straightforward.

First, a sounding pulsew(t) is sent through all theN antennas in the receiver to the transmitter.
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Secondly, the receiving signals at each transmitter antenna branch are then recorded, digitized

and time reversed. The noise free signal received by them-th antenna at the transmitter can be

expressed as:ym(t) =
N∑

n=1

hmn(t)∗w(t). The foundation for using backward channel sounding is

channel reciprocity. For MIMO channels, no experimental confirmation of this assumption has

been done. If the sounding pulsew(t) is sufficiently short, we can directly use the time reversed

version ofym(T − t) as the precodingcm(t). 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 temporal focal point can be adjusted

by change of the parameterT . The principle of timing alignment for TR for them-th antenna

element is illustrated by Fig. 3. If the same initial timing between antenna elements in the same

array is assumed (this is a reasonable assumption because all the antenna elements of an array

use the same clock), all the peaks of the fields appear at the receiver at the same time instant,

independently of the element location, antenna type, and channel. It turns out that the peaks

are aligned automatically. For a MISO case, all the energy from different transmitter elements

coherently adds up at timeT , at the receive antenna. For MIMO case, energy from different

transmitter elements (viewed as several different MISO arrays) will focus at each individual

antenna element at the receiver.

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

rn
i (t) = si(t) ∗

M∑

m=1

{cm(t) ∗ hmn(t)} + n(t). (18)

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

the combined signalri(t) can be expressed as

ri(t) = si(t) ∗
N∑

n=1

M∑

m=1

{cm(t) ∗ hmn(t)} + n(t)

= si(t) ∗ A
N∑

n=1

M∑

m=1

{[
N∑

k=1

hmk(T − t)

]

∗ hmn(t)

}

+n(t)

(19)
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hMIMO
eq (t) = A

N∑

n=1

M∑

m=1

{[
N∑

k=1

hmk(T − t)

]

∗ hmn(t)

}

= A
N∑

n=1

M∑

m=1

{
N∑

k=1,k 6=n

hmk(T − t) ∗ hmn(t)

}

︸ ︷︷ ︸

Interference

+ A

M∑

m=1

N∑

n=1

Rmn(t − T )

︸ ︷︷ ︸

Signal

(20)

where Rmn(t) = hmn(−t) ∗ hmn(t) is the autocorrelation ofhmn(t). Let us use a4 × 4

MIMO example to illustrate (20). It can be seen from (20) thathMIMO
eq (t) consists of64 terms,

corresponding to16 autocorrelations and48 cross correlations. These 16 autocorrelation terms

will coherently add up, due to its automatically alignment characteristic addressed in this section;

In contrast, these 48 cross correlation terms adds up non-coherently. As a result, the desired

autocorrelation part forms a strong peak and dominates in the received signal.

At t = T , the amplitude of the peak inhMIMO
eq can be approximated by the contributions of

all the autocorrelation terms as

A

M∑

m=1

N∑

n=1

Gmn =

√
√
√
√

M∑

m=1

N∑

n=1

Gmn. (21)

The signal on the main component of the received signal is then approximated as

rmain
i (t) ≈

√
√
√
√

M∑

m=1

N∑

n=1

Gmn

√

Ebb(i)p(t − iTb − T ) + n(t). (22)

where≈ is used, because the contributions from all the cross correlation terms to the main peak

have been ignored. In the absence of ISI and IPI, it follows that

P MIMO
e = Q





√
√
√
√2

M∑

m=1

N∑

n=1

GmnEb/N0



 . (23)

Let Ḡ denote the averaged channel gain over the wholeM×N channels,̄G = 1
MN

M∑

m=1

N∑

n=1

Gmn,

we have

P MIMO
e = Q(

√

2MNḠEb/N0). (24)
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As a special case whenN = 1, we have performance of a MISO-TR system with one-correlator

receiver

P MISO
e = Q





√
√
√
√2

M∑

m=1

GmEb/N0



 . (25)

When M = 1, N = 1, the equation (24) reduces to (15) for the SISO-TR scenario.It is

straightforward from (25) that the performance of a MIMO-TRsystem depends on the following

three parameters: the number of antennasM, N and the energy of the multipath (channel gain

Ḡ). Statistical characterization of̄G is important.

B. Performance Analysis Based on the Receive Bit Energy Ẽb

The above analysis, e.g., (24), is based on the bit energyEb on the transmitter side. Since a

lot of literatures analyze the performance based on the receiver side bit energyẼb, this section

also derives the performance formula forẼb. one-correlator receiver proposed in this paper is not

optimum. The optimum receiver should be a receiver matched to the whole receive waveform

of (24). Then, the performance bound for such a receiver would be the matched filter bound,

expressed asPe = Q(
√

2Ẽb

N0

) (assuming bi-polar modulation). We introduce a new metric,peak

energy ratioκ, κ =
Epeak

Ẽb
, denoting the energy ratio of the peak to the total received energy. Here,

Epeak represents the energy of the signal peak. As a result, the performance of one-correlator

receiver can be expressed asPe = Q(
√

2Ẽbκ
N0

).

Let νmn,ij =
∫ +∞
−∞ |hmn(−t) ∗ hij(t)|2 dt − Imn,ij for cross correlation(m 6= i, n 6= j) and

νmn,ij = νmn = GRmn
−Gmn for autocorrelation(m = i, n = j). HereImn,ij = |hmn(−t) ∗ hij(t)|t=0 =

∫ +∞
−∞ hmn(t)×hij(t)dt, andGRmn

=
∫ +∞
−∞ |Rmn(t)|2 dt is the channel gain of the equivalent CIR

Rmn(t). Here we can see that cross correlationνmn,ij represents the sidelobe energy of the

equivalent CIRhmn,ij.

For MIMO-TR, the peak energy ratioκMIMO can be written as

κMIMO ≈
(

M∑

m=1

N∑

n=1

Gmn+
N∑

n=1

M∑

m=1

N∑

k=1,k 6=n

Imn,mk)2

2
N∑

n=1

M∑

m=1

N∑

k=1,k 6=n

νmn,mk+
M∑

m=1

N∑

n=1

νmn+(
M∑

m=1

N∑

n=1

Gmn+
N∑

n=1

M∑

m=1

N∑

k=1,k 6=n

Imn,mk)2

=
[Ḡ+(N−1)Ī]

2

2N−1

MN
ν̄+[Ḡ+(N−1)Ī]

2

(26)
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where ν̄ = 1/MN ·
M∑

m=1

N∑

n=1

νmn, and Ī = 1/ [MN(N − 1)] ·
N∑

n=1

M∑

m=1

N∑

k=1,k 6=n

Imn,mk. Assuming

that CIRs are not correlated with each other, i.e.,Ī ≈ 0, then we have

κMIMO ≈ Ḡ2

2N−1
MN

ν̄ + Ḡ2
(27)

for largeN , we have

κMIMO ≈ Ḡ2

2

M
ν̄+Ḡ2

. (28)

For MISO-TR

(A
M∑

m=1

Gm)2

A2
M∑

m=1

νm + (A
M∑

m=1

Gm)2

=
Ḡ2

1
M

ν̄ + Ḡ2
. (29)

For SISO-TR

κ =
G2

ν + G2
. (30)

As a sanity check, whenN = 1, (27) reduces to MISO case (29). WhenM = 1 and N = 1,

(27) reduces to SISO case (30).

It then can be seen from (28) and (29) that the performances ofboth the MIMO and MISO

scenarios depend on the number of transmit antenna elementsM . If we increaseM , we actually

improve the focusing and then get better performance. A comparison of (27) and (29) shows

that peak energy ratioκ for a MISO system is better than a MIMO system, especially when N

is large, the performance improvement caused by the increase of M 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(r0, t) represent the CIR for the intended receiver located in the positionr0(x0, y0, z0), and

h(r1, t) denote the CIR of another unintended user at the positionr1(x1, y1, z1). The equivalent

CIR for the intended user would be

heq(r0, r0, t) = h(r0,−t) ∗ h(r0, t). (31)

For the unintended user, the equivalent CIR would be

heq(r0, r1, t) = h(r0,−t) ∗ h(r1, t). (32)
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The spatial focusing can be characterized by the metric directivity D(r0, r1) defined as

D(r0, r1) =
max

t
|heq(r0, r0, t)|2

max
t

|heq(r0, r1, t)|2
. (33)

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

heq(r0, r0, t) =
M∑

m=1

1√
M
√

‖hm(r0,t)‖2
hm(r0,−t) ∗ hm(r0, t)

heq(r0, r1, t) =
M∑

m=1

1√
M
√

‖hm(r0,t)‖2
hm(r0,−t) ∗ hm(r1, t).

(34)

wherehm(r0, t) denotes the CIR between them-th element in the transmit array and the receiver

located inr0.

For simplicity, the receiver has been restricted to move along a straight line in the measure-

ments carried out in this paper. Under this condition, Eq. (33) can be simplified as

D(r0, d) =
max

t
|heq(r0, 0, t)|2

max
t

|heq(r0, d, t)|2
, (35)

whered is the distance between the unintended receiver and the intended receiver (focal point)

located atr0. For the case where the antenna elements are not distributedalong a line, but in

some shapes (e.g., circle, square and etc.), (35) will stillbe valid if we replace the scalard with

a vectord, whered = r1 − r0.

The value of directivityD(r0, d) determines how well we can, by employing TR, focus the

transmitted energy into an intended point of interest. A similar metric has been used in [41].

Our previous paper [10] uses the same metric to investigate the spatial focusing of the UWB

signal in the hallway environment by simulation. In this paper, we experimentally evaluate this

parameter by moving the receiver away from the intended focusing point,r0, and study how

rapidly the receiving energy drops with this moving.

We expect the spatial focusing can be enhanced by employing multiple antennas at the

transmitter, which will be shown experimentally in this paper. If the spatial focusing is good

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

B. Spatial Multiplexing with Multiple Antennas

Consider a communication link consisting ofM transmitting antennas andN receiving anten-

nas. Input data are serial-to-parallel converted intoN streamsbn(t), which are precoded bycn(t)
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through FIR filters and modulated. Eventually the signals are sent toM transmitting antennas

for simultaneous transmission. After the signal passes through the channel and is corrupted by

AWGN, then-th receiving branch extracts the data streambn(t).

Let S(t) = [s1(t), s2(t), ..., sN(t)] and R(t) = [r1(t), r2(t), ..., rN(t)] denote the transmitting

signal and receiving signal, respectively. We haveR(t) = S(t) ∗ C(t) ∗ H(t), hereC(t) is the

precoding matrix andH(t) is time domain impulse response matrix, defined by

H(t) =








h11(t) . . . h1N (t)
...

. . .
...

hM1(t) . . . hMN(t)








(M × N) (36)

We define the Equivalent Impulse Response Matrix (EIRM) asHeq(t) = H(t) ∗ C(t). Then

we haveR(t) = S(t) ∗ Heq(t). The EIRM is the target of interest. The objective is to transform

the EIRM into a desirable form, by selecting a good code matrix C(t).

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

Heq(t) =








a1δ(t) . . . 0
...

. . .
...

0 . . . anδ(t)








(N × N) (37)

where(a1, . . . , an) are the matrix coefficients.

We hope we can find a matrixC(t) that satisfies the following equation:

C(t) ∗ H(t) ≈ Hideal
eq (t).

Then the problem will be how to find a suitableC(t). Two solutions can be used to achieve

the goal:

1) Solution 1: Inverse Filter: This approach is optimal in the sense that, theoretically, the

ideal formula presented above can be exactly achieved.

Thinking the problem in the frequency domain

Ĉ(f)Ĥ(f) = Ĥeq(f),

whereĈ(f), Ĥ(f), andĤeq(f) are the Fourier Transform of the matricesC(t), H(t) andHeq(t)

respectively.

The solution for above function is

Ĉ(f) = Ĥeq(f)Ĥ
−1

(f).



18

The above solution assumes that the channel matrixH(f) is square and invertible. For a

generalM ∗ N matrix H, the solution will be

Ĉ(f) = Ĥeq(f)Ĥ(f)
(

Ĥ
H

(f)Ĥ(f)
)−1

, (38)

Once we have the frequency domain matrixC(f), the time domain matrixC(t) can be

numerically obtained by applying IFFT toC(f). Note that transform of a matrix is a process

of term by term transformation. Generally, the inversion ofan matrix is ill-conditioned, small

errors (e.g., the measurement error caused by noise) in any matrix X will give rise to significant

errors in its inverse matrixX−1. Even measurement is perfect and there is no error inX, X may

not be invertible. Many techniques for the regularization of this 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 be time reversal. In this case, the precoding

matrix would simply beCTR(t) = H′(−t), where superscript “′ ” in the notation denotes

transpose operation.

CTR(t) =








h11(−t) . . . hM1(−t)
...

. . .
...

h1N(t) . . . hMN(−t)








(N × M) (39)

In practice,CTR(t) can be readily obtained by channel sounding and no extra computation is

needed.

Let Heff(t) = CTR(t) ∗ H(t),

Heff(t) =

















M∑

i=1

Rhi1
(t) . . .

M∑

i=1

hi1(−t) ∗ hin(t) . . .
M∑

i=1

hi1(−t) ∗ hiN(t)

...
. ..

...
M∑

i=1

hin(−t) ∗ hi1(t) . . .
M∑

i=1

Rhin
(t) . . .

M∑

i=1

hin(−t) ∗ hiN(t)

...
. . .

...
M∑

i=1

hiN(−t) ∗ hi1(t) . . .
M∑

i=1

hiN(−t) ∗ hin(t) . . .
M∑

i=1

RhiN
(t)

















(N×N)

(40)

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

rn(t) =

N∑

j=1

sj(t) ∗
[

M∑

i=1

hij(−t) ∗ hin(t)

]

, n = 1, 2, ..., N (41)

The received signalr(t) can be reformulated to a more convenient form,

rn(t) = sn(t) ∗
M∑

i=1

Rhin
(t) + On(t), n = 1, 2, ..., N (42)

whereOn(t) =
N∑

j=1,j 6=n

sj(t) ∗
[

M∑

i=1

hij(−t) ∗ hin(t)

]

.

Assuming good spatial focusing, the received signal can be approximated by the following

formula rn(t) ≈ sn(t) ∗
M∑

i=1

Rhin
(t), where we have ignored the contributions from the cross

correlation partOn(t). Under this condition, the corresponding impulse responsematrix will be

in the form of a diagonal matrix

Heff (t) =










M∑

i=1

Rhi1
(t) . . . 0

...
. . .

...

0 . . .
M∑

i=1

RhiN
(t)










(N × M) (43)

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

us several independent sub-channels, and thus increases the data rate.

Time reversal spatial multiplexing discussed in this section is another application of TR-

MIMO, in addition to the application of beamforming. The precodings for the two different

scenarios are different. As a sanity check, in the followingwe will show that scenario A

(spatial multiplexing) is reduced to scenario B (beamforming), when all the independent channels

transmit the same information, namely,sn(t) = scom(t).

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

as

r(t) =
N∑

n=1

rn(t)

=
N∑

n=1

[
N∑

j=1

scom(t) ∗
(

M∑

i=1

hij(−t) ∗ hin(t)

)]

= scom(t) ∗
N∑

m=1

N∑

j=1

[
M∑

i=1

hij(−t) ∗ him(t)

]

= scom(t) ∗
N∑

j=1

[
M∑

i=1

hij(−t) ∗
N∑

m=1

him(t)

]

.

(44)



20

The equivalent impulse response thus can be modeled as

hMIMO
eq (t) =

N∑

j=1

(
M∑

i=1

hij(−t) ∗
N∑

m=1

him(t)

)

.

Considering power allocation factor A, we have

hMIMO
eq (t) = A

N∑

j=1

(
M∑

i=1

hij(−t) ∗
N∑

m=1

him(t)

)

,

which is consistent with the result derived previously in (20).

VI. UWB SPATIAL CHANNEL MEASUREMENT

A. Experiment Setup

Major equipment used in the measurements includes: (1) a waveform generator for triggering

the pulser; (2) a UWB pulser that generates Gaussian like pulses with RMS pulse width of

approximate 250 ps; (3) a wideband low noise amplifier (LNA) with bandwidth over 10 GHz

and noise figure less than 1.5 dB; (4) a Tektronix CSA8000 Digital Sampling Oscilloscope

(DSO) with a 20 GHz sampling module 80E03; and (5) a pair of omni-directional antennas

with relatively flat gain over the signal band. To maintain synchronization, the same waveform

generator is employed to trigger the DSO. The major frequency components of the system are

from 750 MHz to 1.6 GHz. A simplified block diagram of the experiment setup can be found

in Fig. 4.

A virtual antenna array is employed in the experiments. The elements of the array are spaced

far enough so that there is no significant correlation between two adjacent channels. This can be

achieved by setting the spacings between any two adjacent antenna elements greater than 20 cm,

which corresponds to the half wavelength of the lowest frequency. The value of 20 cm is found

to be sufficient after some trials of bigger values. The MIMO antenna coupling is considered

in [18]. In Fig. 5, four virtual elements are equally spaced along a line. The heights of the

antennas are set to 1.4 m. The receiving antenna is moved to different locations, and individual

channels were sounded and measured sequentially. No Line ofSight (LOS) is available for all

the measurements.
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B. Experiment Environment

A set of measurements have been performed in the office area ofClement Hall 400 at

Tennessee Technological University. Fig. 5 shows the experimental layout for these experiments.

In Fig. 5 (also in Table I),Tn denotes then-th element of the transmitting array andRn the

receiver located in then-th position. The environment for the experiment is a typical office area

with abundance of wooden and metallic furniture (chairs, desks, bookshelves and cabinets).

C. Measurement Results and Spatial Focusing Analysis

A typical receiving waveform is shown in Fig. 6. The CLEAN algorithm is employed to

extract CIRs from the received waveforms.

We first investigate the spatial focusing of a MISO-TR system. Consider downlink transmis-

sion. Assume there are two users separated by a distanced, with one of them as the target user

(focal point) and the other one as the undesired user. Each user has one receive antenna and

a transmit antenna array with four elements. The equivalentCIRs for the target user and the

undesired user of0.2 m away are shown in Fig. 7(a) and Fig. 7(b), respectively. Theequivalent

CIRs for different users are calculated by using (34). As we can see from Fig. 7, the signal is

very strong for the target user while it is almost behind the background noise for the undesired

user with a short distance of0.2 m away.

We further investigate the variation of the directivityD, defined in Section V-A, with respect to

different distancesd. A comparison of spatial focusing for MISO-TR and SISO-TR isshown in

Fig. 8. In the SISO-TR case, it is observed that energy drops more than15 dB when the undesired

receiver is located0.2 m away from the intended user. This number will slightly change when the

unintended receiver moves to a farther place. In Fig. 8, the “SISO average” curve represents the

average directivity of the four SISO-TR cases. It is observed that the “MISO” directivity curve

drops much faster than the “SISO average” curve, implying that spatial focusing is improved by

employing antenna array at the transmitter. With a four-element array at the transmitter, energy

drops22 dB when the unintended receiver is0.2 m away from the target receiver.

VII. N UMERICAL RESULTS

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

I, the calculating of parametersν, G2, κ are all based on measured UWB spatial channels. The
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approximated (“Appro”) values ofκ for MIMO and MISO scenarios are calculated using the

formulas (28) and (29), respectively. The experiment (“Exper”) values are directly measured from

the equivalent CIRs of MISO and MIMO scenarios. Table I showsthat the formulas (28) and

(29) can approximate the measured value well. The slight difference between the approximated

value and the measured value is due to the disturbances of thecross correlation terms (the

interference from the other antennas), which is hard to be included in an analytical formula.

Based on the measured UWB spatial channels, we conduct MonteCarlo simulations to inves-

tigate the performance of one-correlator receiver and compare them under different scenarios:

SISO, MISO, and MIMO. In our simulation, the second order derivative of Gaussian pulse has

been used as the transmitted pulsep(t), which is mathematically defined as:

p(t) =

[

1 − 4π

(
t − tc

w

)2
]

e−2π( t−tc
w )

2

(45)

where w is the parameter controlling the width of the pulse (and therefore the frequency

bandwidth of the transmit signal), andtc is the parameter to shift the pulse to the middle of the

window. In the following simulation, we letw = 1 ns andtc = 0.5 ns. To avoid the presence of

severe ISI in the system, we add an inter-pulse guard timeTg. Therefore, we haveTb = w + Tg.

Moreover,Tg can be used to adjust the transmission data rate in the simulation. Unless stated

otherwise, we letTg = w, corresponding to a data rate of500 Mb/s.

Throughout the paper, we assume perfect synchronization and the transmitter has the full

knowledge of the channel information. To make the comparison fair, performances of SISO and

MISO scenarios have been averaged over all the corresponding specific channels that virtually

form the MIMO channel, i.e.,P SISO
ave = 1

16

16∑

i=1

P SISO
i , andP MISO

ave = 1
4

4∑

i=1

P MISO
i .

A comparison of BER performance for different scenarios with both ISI and IPI is shown in

Fig. 9. The performance bound for AWGN channel is also plotted as a reference. From Fig. 9 we

can see that, given the same SNR at the receiver side, MISO-TRhas the best performance, and

MIMO-TR is slightly better than SISO-TR scenario. This is due to the best temporal focusing

provided by MISO-TR. It should be noted that these comparisons are based on the received SNR.

In reality, however, given the same transmitted power, the SNR at the receiver side for MIMO-

TR is much higher than that of MISO-TR, which will make MIMO-TR outperform MISO-TR,

as will be illustrated in the following.

Fig. 10 shows the BER performances for the SISO, MISO, and MIMO scenarios, under the
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same transmitted power constraint, with different transmission data rates. For the MIMO scenario,

all the four antennas transmit the same bit information, i.e., the beamforming approach has been

applied to increase the SNR at the receiver side. Both IPI andISI have been considered. As

we can see from Fig. 10, MIMO-TR outperforms MISO-TR and thenMISO-TR outperforms

SISO-TR. Tests were conducted for data rates of500 Mb/s and225 Mb/s. As expected, an

increase in the data rate leads to a performance degradation. For a data rate of250 Mb/s, about

13 dB power gain (compared with SISO-TR) is achieved by employing a 4 × 4 MIMO array.

The power gain in a system with ISI and IPI is slightly higher than the theoretical power gain

10log10(MN), derived in Section IV-A, where we assume there are no ISI andIPI.

To illustrate the concept of spatial multiplexing for MIMO-TR, we study a simple scenario

of 2 × 2 MIMO-TR system. As stated in Section V, the signal will first be serial-to-parallel

converted into two streams, precoded with TR precoding and then sent to two transmitting

antennas for simultaneous transmission. The signal passesthrough the channel and is corrupted

by AWGN. Fig. 11 shows the BER performance for the two parallel sub-channels. Compared to

beamforming approach addressed previously, one more interference source from inter channels

need to be considered in the spatial multiplexing simulation.

VIII. C ONCLUSIONS

Time reversal is considered in the framework of UWB MIMO. Experimental measurements

have been used to evaluate the performance. Multiple antennas are found to be very useful

in a UWB system. The working principles for MIMO in a UWB system is fundamentally

different from that for a narrowband, flat fading wireless system. The fading is not a concern for

UWB communications. The leading mechanism behind UWB MIMO is to exploit the space-time

focusing that is unique to an impulse signal. The design philosophy is to use deterministic signal

model as Digital Subscriber Line (DSL), rather than the statistic fading signal in a narrowband

system. This reported work is the first step toward the non-fading transmission [20], for UWB

systems. The time reversed MIMO matrix is combined with the physical channel, to form an

effective matrix channel that can be treated deterministically [20].

One feasible scheme of combining the MIMO with the one-fingercorrelator has been demon-

strated. Some further simplification of the transceiver canbe done using a chirp UWB system.

When a pair of chirp waveforms in the transmitter and receiver is used to replace the second
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order Gaussian pulse as the modulation waveform, the new scheme may prove to be useful for

some high-data rate communications with a relatively low cost [17], [19]. What we have learned

from the past is that too many multipath fingers force us to walk away from the famous RAKE

structure to reduce the transceiver cost. For example, for atransmitted pulse of one nanosecond,

a dense multipath spread of 1000 ns is observed in a metal cavity in [17], [19], it is believed that

time reversal is necessary to capture the spread multipath energy. As suggested in this paper, the

MIMO transmission with time reversal can be further used to make full use of the space-time

channel responses at the same time. The work reported here, thus, paves the way for potentially

solving the communication problem in some RF harsh environments like a metal cavity.
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Fig. 1. Block diagram of the optimum transceiver design. (a)Matched Filter (b) Time Reversal

Fig. 2. Time reversal precoded MIMO communication system with M = 4 andN = 4.

Fig. 3. Timing illustration for the peak of the received signal in a TR system. The peak of the equivalent CIR will occur

exactly at the timet = T , independent of the element location, antenna type and channel.
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Channel ν G2 κ

SISO-TR

T1R1 0.0459 0.0483 0.5124

T1R2 0.0414 0.0454 0.5230

T1R3 0.0485 0.0467 0.4906

T1R4 0.0572 0.0581 0.5040

T2R1 0.0516 0.0512 0.4979

T2R2 0.0446 0.0413 0.4810

T2R3 0.0457 0.0455 0.4991

T2R4 0.0556 0.0477 0.4615

T3R1 0.0562 0.0543 0.4915

T3R2 0.0363 0.0355 0.4944

T3R3 0.0346 0.0367 0.5148

T3R4 0.0454 0.0451 0.4983

T4R1 0.0502 0.0485 0.4916

T4R2 0.0462 0.0445 0.4906

T4R3 0.0595 0.0573 0.4907

T4R4 0.0366 0.0369 0.5020

Average 0.0472 0.0464 0.4965

MISO-TR

T1234R1 0.0577 0.2022
Appro: 0.8044

Exper: 0.7781

T1234R2 0.0493 0.1663
Appro: 0.7900

Exper: 0.7714

T1234R3 0.0520 0.1851
Appro: 0.7992

Exper: 0.7807

T1234R4 0.0605 0.1865
Appro: 0.7955

Exper: 0.7552

Average 0.0549 0.1850
Appro: 0.7977

Exper: 0.7713

MIMO-TR T1234R1234 0.6401 0.6781
Appro: 0.5680

Exper: 0.5144

TABLE I

A COMPARISON OFκ FOR DIFFERENTSCENARIOS
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Fig. 4. UWB spatial channel measurement: experiment setup

Fig. 5. UWB spatial channel measurement: experiment environment.
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Fig. 6. CLEAN Algorithm is employed to extract impulse response from the received signals.
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Fig. 7. Demonstration of MISO-TR spatial focusing by the equivalent CIR. (a) is the equivalent CIR for the target user. (b)

is the equivalent CIR for the unintended user with0.2 m away from the target user.
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Fig. 11. BER performance for a2× 2 TR-MIMO system. ISI, IPI, and inter channel interference have been considered.


