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available through beamforming.
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ABSTRACT | Ultra-wide-band (UWB) technology combined
with multiple transmit and receive antennas (MIMO) is a viable
way to achieve data rates of more than 1 Gb/s for wireless
communications. UWB is typically applied to short-range and
therefore mainly indoor communications in environments
characterized usually by dense multipath propagation. For
this type of environment, MIMO systems allow for a substantial
increase of spectral efficiency by exploiting the inherent array
gain and spatial multiplexing gain of the systems. In this paper,
we provide a brief overview for UWB-MIMO wireless technol-
ogy. The overview covers channel capacity, space-time coding
(STC), and beamforming. It is shown that the spectral efficiency
is increased logarithmically and linearly, respectively, for
single transmit and multiple receive antennas (SIMO) and
MIMO systems. For multiple transmit and single receive
antenna (MISO) systems, a threshold for the data transmission
rate exists such that the spatial multiplexing gain can be
obtained if the data rate is lower than this threshold, but it is
not beneficial to deploy multiple transmit antennas if the
required data rate is higher than the threshold. Two STC
schemes for UWB-MIMO are briefly discussed, and their
performance comparison is presented. A discussion about
antenna selection is also presented, and the performance
comparison between antenna selection and equal gain com-

Manuscript received November 27, 2007; revised September 7, 2008. First published
February 27, 2009; current version published March 18, 2009.

The authors are with the Institute of Communications Technology, Faculty of Electrical
Engineering, Leibniz University of Hannover, 30167 Hannover, Germany

(e-mail: thomas.kaiser@ikt.uni-hannover.de; feng.zheng@ikt.uni-hannover.de;

emil.dimitrov@ikt.uni-hannover.de).
—

Digital Object Identifier: 10.1109/JPROC.2008.2008784

0018-9219/$25.00 ©2009 IEEE

biner is provided showing the diversity gain for some
scenarios. For the beamforming, it is shown that the optimal
beamformer is obtained if all the weighting filters in each
antenna branch are identical. About the optimal beamformer, it
is found that the amplitude of the side lobe is independent of
the ray incidence angle, and the amplitude of the main lobe is
increased by a fold of the element number in the array. Three
kinds of beam patterns are defined, and the beamwidth of the
main lobe is given. Experimental results based on an offline
testbed are provided to verify some analytical results pre-
sented in this paper. Since UWB-MIMO is still in its research
infancy, the aim of this paper is to present some first results on
spatial multiplexing, STC, and beamforming to illustrate the
potential of UWB-MIMO.

KEYWORDS | Beamforming; channel capacity; MIMO; space-
time coding; ultra-wide-band communications

I. INTRODUCTION

High-data-rate wireless communications, nearing 1-Gb/s
transmission rates, are of interest in emerging wireless
local-area networks (WLANs) and home audio/visual
network applications such as high-speed high-definition
television (HDTV) audio/visual streams [58]. Currently,
WLANSs offer peak rates up to 54 Mb/s, and a target of
600 Mb/s is promised to be realized in the near future,
e.g., in IEEE 802.11n WLANs [26]. The IEEE 802.15.3¢c
wireless personal area networks will allow very high data
rate over 2-Gb/s applications such as high-speed Internet
access, streaming content download (video on demand,
HDTV, home theater, etc.), real-time streaming, and
wireless data bus for cable replacement. Optional data
rates in excess of 3 Gb/s will be provided. However, to
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achieve more than 50 Mb/s data rates, some technologies
such as multiple transmit and multiple receive antennas
(MIMO) and orthogonal frequency-division multiplexing
(OFDM) should be adopted, as recommended in
IEEE 802.11n. To reach the target of 1 Gb/s, more advanced
techniques should be used. Ultra-wide-band (UWB) tech-
nology combined with MIMO might provide a solution.

As is well known, a UWB system [6], [48], [70],
[79] can make use of huge frequency bands from 3.1 to
10.6 GHz in the United States [21] and Asia [17], and at
least 6.0 to 8.5 GHz' in Europe [32], respectively. This
provides a great potential for increasing the data trans-
mission rate according to the Shannon theorem. However,
due to the regulation imposed by the Federal Commu-
nications Commission (FCC) in the United States [21] and
the European Commission document in Europe [32], the
permitted power spectral density of the UWB signal is
rather limited. This again limits data transmission rates.
Incorporating the MIMO technique into UWB provides a
viable solution for the bottleneck problem of power limit.
For example, if a space—time coding (STC) is used, the
power for a specific transmitted symbol will be strength-
ened, while the overall transmitted power is still the same
as that of a single transmit antenna system, thus satisfying
the FCC regulation (see Section III). If a beamforming
technique is employed, the power of the signal in a specific
direction is increased and may violate the power spectral
mask in this direction, while the power in all other
directions is still the same as the case without using the
beamformer (see Section IV about the side-lobe discussion
of UWB beamformers).

One may argue about why UWB should be combined
with the MIMO technology since UWB itself offers rich
diversity due to its abundant multipaths. A simple answer
to this question is that it is due to the general greed of
those pursuing higher data rates and higher quality of
communications, but this is not the whole picture for the
problem. According to Edholm’s law of data rate [15], it
can be predicted that indoor data rates of several gigabits/
second will become reality in a couple of years. Therefore,
although UWB offers enormous bandwidth and hence rich
diversity in the time domain, even more bandwidth will be
required in the near future. Hence, if it can be shown that
the channel capacity of UWB systems is proportional to the
number of transmit/receive antennas (this is indeed the
case; see Section II), data rates can be significantly
increased further by combining UWB and MIMO. This
reason is the same as the one that triggered the research
era on MIMO about two decades ago [80]. Even if lower
data rates are in focus, the tradeoff between bandwidth
and the number of antennas could facilitate the antenna
and amplifier design, which is still a challenge for UWB

'In Europe, actually the frequency band from 1.6 to 10.6 GHz can be
used, but a more strict spectrum mask is specified than in the United States.
For details, see [32].
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systems. For example, the bandwidth requirement could
be almost reduced by half if two antennas, instead of one
antenna, on both transmitter and receiver sides are
deployed.” For the design of UWB antennas, readers are
referred to [5], [62], and [63].

In this paper, we will investigate the possibility and
benefits of combining UWB and MIMO. We will highlight
three aspects of this promising research field: channel
capacity, space-time coding, and beamforming. The
channel capacity describes a limit of the benefits in some
sense for a UWB system employing multiple antennas,
while the space-time coding provides a realization tool
towards reaching the limit. UWB beamforming is of great
importance for indoor localization, which has become a
hot topic in UWB applications.

Compared to volumes of literature in the narrow-
band MIMO research, there are only a few studies on the
UWB-MIMO. The results on the channel capacity of UWB-
MIMO systems can be found in [44], [59], [83], [84], and
[86]. For the space-time coding, the first result was
reported in [82] for impulse UWB systems, where the case
of two transmit antennas and one receive antenna was
considered. In [73], a spatial multiplexing coherent
scheme for UWB-MIMO (2 X 2) system was experimen-
tally investigated. In [75], the performance of a space—time
trellis code for a 2 x 2 UWB-MIMO system was evaluated.
For general MIMO impulse UWB systems, the STC
schemes were derived in [1]-[3] and [64]. For OFDM-
based UWB systems, [65] presented a STC method,
essentially similar to the STC for wide-band OFDM. The
report [76] introduced an approach to increasing the
spatial diversity via antenna selection across data frames. It
was found in [45] that polarization diversity is sometimes
more effective than temporal (multipath) diversity in
overcoming fading and reducing the required transmit
energy. In [39], the spatial/temporal diversity was
experimentally shown. In [13], a space-time selective
Rake receiver was proposed considering the presence of
narrow-band interference and multiple-access interfer-
ence. In [27], a time interleave multiple transmit antenna
UWB system was proposed where Ny monocycle pulses per
information symbol are transmitted discontinuously
through the time interleaver to get more temporal diver-
sity. Spatial diversity and temporal diversity were com-
pared therein. In [40], a zero-forcing scheme was proposed
to remove the interference among the multiple data
streams in UWB-MIMO systems. A space-time trellis
coding scheme was proposed in [55]. In [68], [69], and

2Consider the case where we want to achieve a fixed data rate, say, Ro,
by using a SISO UWB system (denoted as S;) and a 2 x 2 MIMO UWB
system (denoted as S;), respectively. Except bandwidth, all other system
parameters and configurations, e.g., modulations and coding-decoding
techniques, are the same for S; and S,. Suppose the bandwidth required by
system S; to achieve R is B;. Since the channel capacity of S, is doubled
compared to that of S; if they have the same bandwidth, system S, will
require only a bandwidth of B, /2 to achieve the same data rate Ry.
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[77], the multiple-access performance of UWB-MIMO
systems was investigated. About UWB beamforming,
systematic studies for the problem were presented in
[34], [35], and [60], with several fundamental differences
being found. In [37], a digital UWB beamforming was
proposed. The effect of multipaths on the beamformer
output was illustrated in [53], which is simulated by using
the ray-tracing technique. In [24], [25], and [38], the
UWB beamformer was used to find the location of the
source. In [43], an adaptive beamformer for multiband
UWB wireless systems was proposed, where it is shown
that the signal bandwidth has little impact on the
beamwidth or direction, and hence the beam-focusing
capability will not be sensitive to the signal bandwidth. In
[67], the measured transient response of a uniform linear
UWB array shows a peaked output without side lobes. In
[31], an interesting algorithm for calculating the weighting
coefficients for wide-band beamformers was developed.

One of the key problems in the UWB-MIMO study is
the channel measurements and characterization, on
which several reports have been published; see [39], [42],
and [45].

Overall, the research on UWB-MIMO is still in its
infant stage. Further studies, especially on its implemen-
tation, are necessary to bring this technology into the
market.

The rest of this paper is organized as follows. In
Section II, the UWB channel capacity is discussed. In
Section III, two space-time encoding—decoding ap-
proaches are illustrated, and the performance of the an-
tenna selection is investigated. In Section IV, the UWB
beamforming problem is dealt with. In Section V, the
experimental results based on the testbed in our lab are
presented. Concluding remarks are given in Section VI.

Notation: The notation in this paper is fairly standard.
I is an identity matrix whose dimension is indicated by
its subscript if necessary; Py(x) and pa(x) represent,
respectively, the cumulative distribution function and
probability density function (pdf) of a random variable A;
and & (or & if necessary) stands for the expectation of a
random quantity with respect to the random variable A.
The notation Ry (or R,) stands for the correlation matrix
(or coefficient) if the corresponding subscript x (or
variable x) is a random variable, and R,, stands for the
autocorrelation function if the corresponding subscript w
is a deterministic waveform. For a matrix or vector, the
superscripts T and | denote the transpose and Hermitian
transpose, respectively, of the matrix or vector. The
notation T also applies to a scalar. Throughout this paper,
the function log is naturally based.

II. UWB CHANNEL CAPACITY

In this section, we investigate the channel capacity of
UWB-MIMO systems. It gives a picture for how much

potential the systems combining together the UWB and
MIMO technology can provide. As channel capacity
depends on the statistical properties of the channel, we
need first to examine the statistic model for the multipath
fading of a UWB-MIMO wireless system, which is the
starting point of this section and also serves as some basis
for the sections to be followed.

A. Channel Model

Let us start from the channel model of a single-transmit
and single-receive antenna (SISO) system. Generally, a
UWB communication channel can be expressed in terms of
multipath delays and the corresponding fading gains [12]

b)) = > cud(t — ) M
=1

where h(t) is the impulse response of the physical channel,
0 the Dirac delta function, L the number of multipath
components, 7; the excess delay of the Ith delay bin (we
assume that 73 = 0, i.e., the first delay bin is considered as
the starting point of the reference), and «; the amplitude
fading in the Ith delay bin. Several models for UWB
channels have been proposed recently in [12], [16], [18],
[28], and [47]. In [12], the Nakagami distribution is shown
to fit the amplitude fading; In [16] and [18], it is claimed
that the amplitude fading admits a lognormal distribution
[16] and a Weibull distribution [18], respectively. In [28]
and [47], the lognormal distribution is proposed to
approximate the amplitude fading, and it is also found
that both lognormal and Nakagami distributions can fit the
measurement data equally well. These different models are
due to the different measurement environments. For the
convenience of analysis, we use the Nakagami distribution
to model the amplitude fading in this section. All the
results in [12], [16], [18], [28], and [47] show that the
excess delay can be modeled by a Poisson process.
Let us denote ¢ as

o = Y

where v} := sign(q) is the sign of o, and () := |ay| is the
magnitude of «;. The statistics of the fading of ( is
modeled by the Nakagami distribution, whose general
form is described by the following pdf:

51 g s
2 i) ——~x""e ® when x>0,

0 when x<0,

k>1 (2)

where I' denotes the Gamma function, € = £(af), and
K= 2[5(0412)]2/\/&1“[0412]. Throughout this paper, it is
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assumed that the number & is a constant and the same for
all delay bins.

The power of the amplitude fading is exponentially
decreasing with the excess delay. Therefore, it is
reasonable to assume that () varies with [ according to
the following model:

Ql = rQl—l (3)

where r < 1is a constant. According to the data reported in
[12], [14], r takes a value between 0.91 and 0.98. Of
course, the value of r is determined by the scenario of
communications. In this section we will assume that
r = 0.95.

The variable v takes the signs +1 and —1 with equal
probability to account for signal inversion due to
reflections.

Generally, the excess delay 7; is also a random var-
iable, but in many studies (see, e.g., [81]), it is treated as
a deterministic variable 7, = (I — 1)7 for the reasons of
both analytical convenience and sampling processing at
the receiver, where 7 is the sampling period. This
model is especially suitable to dense scattering envi-
ronments [48]. In this paper, we will also adopt this
convention.

Let X(t) and Y(t) denote the transmitted UWB signal
and the received signal after the matching filter and
sampling, respectively. Then the relationship between X(t)
and Y(t) can be described by

Y(t) =) anX(t — (1—1)7) + N(t) (4)
=1

where N(t) denotes the receiver noise and 7 can be set to
be 1/B, with B being the bandwidth of the transmitted
signal X. In channel capacity calculation, we can assume
that the transmitted signal will occupy the whole
bandwidth of the channel frequency band.

In the MIMO case, the input—output relation (channel
model) can be generally described, similar to (4), by the
following equation:

Y(1) =Y AX(t— (1-1)7) + N(1) (5)
=1

where X(t) and Y(t) are Nr- and Ngz- dimensional
vectors of transmit and receive signals, respectively,
with Nr and Np being the numbers of the transmit
and receive antennas; Aj, |=1,...,L, the amplitude
fading matrices; and N(t) is the receive noise vector.
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For a random process X(t) (vector-valued), define its
power spectral density (PSD) matrix as Sx(f) =
fjooco EX(t+ )X (t)]e?¥7dF. 1t is implied in the
model (5) that the numbers of multipaths across all the
MIMO channels are the same L. This is physically un-
realistic. In practice, we can choose L as the number of
time-bins of the longest channel and set the amplitude of
the extraneous taps for the shorter channels to zero. For
the channel model (5), we further make the following
simplifying assumptions, as usual in discussing the channel
capacity problem.

Assumption 1: The amplitude fading matrices Ay,
l=1,...,L, are assumed to be mutually independent,
and all the entries of A;, I =1,...,L, are also assumed to
be mutually independent. Suppose A; = [y ]y, .y, With
l=1,...,L, 1=1,...,L, m=1,...,Ng, n=1,...,Ny.
Then (un = |Qimn| is of the distribution (2) with {); being
governed by the model (3) and v}, = sign(aym,) takes
values £1 with equal probability.

Assumption 2: The noise N is zero-mean Gaussian with
PSD matrix being Noly,.

Assumption 3: The power of the transmitted signal is

bounded by S, ie.,

E(XT ()X (1)) tr(Sx(f))df <SS (6)

where tr denotes the trace of a square matrix.

We presume that the receiver possesses a complete
knowledge of the instantaneous channel parameters, i.e.,
the realizations of A; and their statistics. However, we
assume that the transmitter is not aware of the information
about channel parameters except in the cases pointed out
elsewhere.

B. Channel Capacity

The Shannon capacity of a communication channel is
the maximum transmission rate supportable by the
channel. For an additive white Gaussian noise channel,
whose input-output relationship is characterized by
y(t) = x(t) + n(t), the channel capacity is given by
Shannon’s well-known formula [19]

Firl)

where x, y, and n are the transmitted signal, received

C = B,log <1 + (7)

signal, and receiver noise, respectively, and B, is the
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channel bandwidth. Equation (7) provides a fundamental
relationship among the system capacity, channel band-
width, and the average signal-to-noise power ratio (SNR)
characterized by £(x?)/€(n*). Shannon’s coding theorem
proves that there exists a code for x that achieves data rates
arbitrarily close to the capacity C with arbitrarily small
probability of bit errors for a sufficiently long coding
block.

For the channel of wireless narrow-band commu-
nications, the input-output relationship is character-
ized by

y(t) = ax(t) +n(t) ®)

where a is a random variable characterizing the fading
caused by the communications environment. Since the
SNR at the receiver a’£(x?)/E(n?) is also a random
variable, two notions of capacity, namely, ergodic capacity
and outage capacity, are introduced [7], depending on the
property of the fading a.

First, if the fading changes so quickly that the
transmitted codeword experiences many (or an infinite
number of, in the extreme case) independently fading
blocks, the ergodic capacity defined as

)

gives a characterization for the data rates supportable by
the channel. The ergodic capacity represents the average
data rate supportable by the channel.

Secondly, if the fading changes so slowly that a

C, = B.&, [log (1 + (9)

transmitted codeword spans only a single fading block
(in other words, the fading is almost a constant in one
codeword), the outage capacity defined as

Pout(R) = Pe|, (R) (10)

gives a characterization for the data rates supportable by
the channel, where R is the data transmission rate and
C|, is the channel capacity for a given realization or
sample of the fading. The so-defined P, (R) means that if
some codewords are transmitted across the channel with
the rate R, the codewords cannot be correctly decoded
with a probability of P,y (R), i.e., the channel can only
support the rate R with a probability of 1—Py;(R).
For an MIMO channel described by

y(t) =x(t) + (1) (11)

where y, X, and n are N,-dimensional vectors and n is
a white Gaussian noise vector, the channel capacity is
obtained by maximizing the mutual information given
by [71]

I(x;y) = 2B« [H(y) — H(n)]

= By logdet [I + RXR:} (12)

under constraints applied on the transmitted signal x,
where H denotes the differential entropy of a continuous
variable and By is the bandwidth occupied by x. Note that
the unit of 7 is nats/s. A typical constraint on X is that the
power carried by x is limited (see Assumption 3).

It is clear that (12) is a direct extension of (7) in the
MIMO case. The matrix RxR;1 can be considered as a
generalized SNR. Since multiple antennas are deployed in
the MIMO case, we can allocate the overall power across
the transmit antennas in different ways. For example, for a
wireless MIMO system, the channels between different
pairs of transmit-receive antennas may experience sev-
erely different fading. If the transmitter has this prior
knowledge, more power can be allocated to the better
channel while less power to the worse channel, so that the
overall data transmission rate can be increased. Therefore,
some optimization procedures are needed to maximize the
mutual information given by (12).

The channel capacity for model (5) can be obtained by
combining the results (9) and (12) for the models (8) and
(11), respectively. Define A = (Ay,..., Ay). For a given
realization of 4, the conditional channel capacity of (5) is
as follows [49], [83]:

B
/2
B

Cly= log det [INR +NLOH(f)SX(f)HT(f) df (13)

2

where H(f) = Y1, Aje 2717 The PSD of the trans-
mitted signal X, Sx(f), should be chosen to maximize the
integral in (13) subject to the power constraint (6). In
(13), (1/N0)H(f)SX(f)H*(f) can be considered as the
generalized SNR of the channel at the center frequency f.
The channel capacity of the whole UWB channel can be
viewed as the integral of small pieces of narrow-band
channels.

In principle, the power spectrum Sx(f) should be
optimized across two dimensions—frequency domain and
spatial domain—if the channel matrix H(f) or, equiva-
lently, the matrices A(1),...,A(L), are known at the
transmitter. Since the transmitter does not have any
information about H(f), the best way for distributing the
power in the transmitter is to equally allocate it among all
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antennas and to uniformly distribute it over the frequency
band [—(B/2),+(B/2)]. Thus we have

NL;BINT, when f € [—%,%]

. (14)
0, otherwise.

Sx(f) :{

Therefore, substituting (14) into (13) gives the conditional
channel capacity C| 4 as follows:

B
2
B

Cla= | togdet [Ty, + -0 HOH ()|

o N7B
PN (1-1)
I - A —j(l-1)u
{ Nr + NT ; 1€ ]
L .
X [Z AlTe]“l)”] }du (15)

=1

2
s

B
:—/logdet
s

0

where p stands for the SNR:

Since it is extremely difficult, if possible, to obtain the
closed-form expression for the integral in (15), we use the
Monte Carlo method to evaluate the distribution of C| A>
denoted as P¢|, (_x) In the simulation, we will first find the
distribution of C| 4 := C| /B, the spectral efficiency for a
realization of 4. Notice that, thanks to (15), the integral in
the simulation needs only to be taken over [0, 7] instead of
over [0, B/2]. This fact would relieve our computational
burden.

With Pg, (x), the outage probability of the channel
capacity can be obtained by

Pon(R) = P () = P

B
for a given data transmission rate R.

Remark 1: Note that the power spectrum allocation
policy (14) is justified from the information theoretic
perspective, but in practice this policy can be only
approximated due to the power spectrum mask and the
particular waveforms used.

Remark 2: There is a lot of research work on the
capacity of narrow-band MIMO fading channels (see, e.g.,
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[29] and [71] for analytical studies and [30] and [49] for
measurement studies), but few reports are available on the
study of the capacity of frequency-selective MIMO fading
channels. References [8], [9], [44], and [49] are some
examples of the research in this field.

C. Simulation Results

We study three cases: multiple transmit and single
receive antenna (MISO), single transmit and multiple
receive antennas (SIMO), and MIMO (we fix Ny = Ny in
this case for the convenience of exposition). In all the
simulations, it is assumed that k=4, ; =1, and
r=0.95.

The results for the MISO case are depicted in Fig. 1.
From this figure, it can be seen that for a given p, the
outage probability decreases with the number of transmit
antennas when R/B is lower than some value (denoted as
R;) but increases instead when R/B is higher than
another value (denoted as R;). Notice that the corre-
sponding outage probability is so high when R/B is larger
than R, that to transfer information at this rate is of little
practical interest. Therefore, if the required transmission
rate is indeed too high and the available power is limited,
it is better to concentrate all the power on one antenna
rather than to distribute the power among multiple
antennas.

It is difficult to calculate R, exactly, which depends on
the number of transmit antennas under comparison [86].
However, R; is given by [86]

1—-r)Q
Ry :10g<1+%p> :=R..

We call R, the critical transmission rate. Substituting the
corresponding parameters for Fig. 1 into the above
equation, we get R, = 4.68 nats/s/Hz. From Fig. 1(b), it
is observed that the gap between R, and R, is not big.

A more clear picture about the critical transmission
rate can be seen from the case of frequency-flat channels
[85], where it is found that R, almost coincides with R..
The same phenomenon is also found in narrow-band MISO
systems in [71].

The results for the SIMO case are demonstrated in
Fig. 2, which clearly shows that, for a given transmission
rate, the outage probability decreases considerably with
the number of receive antennas in the range of whole
transmission rate, making a striking contrast to the case of
MISO. In other words, we can say that the communication
rate can be considerably increased for a given outage
probability with the number of receive antennas. To see
the quantitative relationship between Ny and the increased
amount of the communication rate, we view Fig. 2 from
another perspective. That is, first fix Pyy; then for this
Pout, find the communication rate R/B supportable by the
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Outage Probability P,
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49

Fig. 1. outage probability P, versus transmission rate R/B (in nats/s/Hz) for different N: effect of the number of transmit
antennas on the channel capacity (p = +10 dB, L = 15, N; = 1). (a) Panorama and (b) detail.

channel corresponding to different Ng; and finally plot the
curves showing the relationship between R/B and Ny for
different Py, which is depicted in Fig. 3. Notice that we
have deliberately used log Ny as the abscissa of Fig. 3. This
figure clearly reveals that R increases with log Nr almost
linearly. This phenomenon can be observed more clearly in
the scenario of high SNR. Basically, this is due to the linear
increase in SNR with Nx under optimal combining of the
received signals at the receiver. It is noticed that the
variance of the channel capacity decreases with the num-
ber of receive antennas. This phenomenon is also observed
in [41] and [49].

Outage Probability P,

i
55
R/B

Fig. 2. outage probability P, versus transmission rate R/B
(in nats/s/Hz) for different Ny: effect of the number of receive
antennas on the channel capacity (o = +10 dB, L = 15, N; = 1).

Fig. 4 shows the results for the MIMO case, from
which we can again observe that, for a given transmission
rate, the outage probability decreases with the number of
transmit and receive antennas considerably in the range of
whole transmission rate. To investigate the quantitative
relationship between Nt (or Ng) and the increased amount
of the communication rate, we plot Fig. 4 from another
perspective, similar to the SIMO case. The result is shown
in Fig. 5. From this figure, it can be seen that R increases
with Nt (or Ng) linearly. This is a well-known property for
narrow-band MIMO communication systems. This prop-
erty also holds true for the UWB-MIMO systems because
of the fact that the order of the integral and the summation
inherited from logdet in (15) is exchangeable. Suppose

15 2
log (Ng)

25 3

Fig. 3. The transmission rate R/B (in nats/s/Hz) versus Ny for
different outage probability P, (» = +10 dB, L = 15, N; = 1).
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Fig. 4. outage probability P, versus transmission rate R/B

(in nats/s/Hz) for different N; (or Ny): effect of the number of transmit
and receive antennas on the channel capacity (p = +10 dB, L = 15,

N; = Ng, where Nrz := Nr = Ng).

30
R/B

that the matrix H(f) is of full rank.’ By using the singular
value decomposition of the matrix H(f), the matrix
H(f)H'(f) can be transformed into a diagonal form, with
the diagonal entries being the singular values of H(f). Thus
from (15), we can see that the capacity of UWB-MIMO sys-
tems is equal to that of the system with Ny parallel channels,
and hence is Ng-fold of the capacity of UWB-SISO systems.
If the transmitter has the full channel state informa-
tion, the transmit power can be optimally distributed
across both frequency and spatial domains in terms of the
instantaneous channel multipath fading, resulting in the
water-filling algorithm in both domains. The detailed
algorithm is presented in [86]. Fig. 6 illustrates the
performance comparison between the optimal power
spectrum allocation (OPSA) policy, as shown in [86],
and the uniform power spectrum allocation (UPSA) policy,
as shown in (14). We use Cypni/Copt as an index for the
efficiency of UPSA relative to OPSA, where Cyy; and Copy
denote the ergodic channel capacity under UPSA and
OPSA policies, respectively. It is demonstrated that the
efficiency of UPSA is lower than 0.61 when the SNR is
lower than —20 dB. This indicates that the transmission
rate can be increased roughly more than 1.6 times if OPSA,
instead of UPSA, is adopted. But when p > 410 dB,
Cuni/Copt almost approaches one. Therefore, the optimal
power distribution algorithm such as the water-filling
approach should be considered in the low SNR regime.

D. Channel Correlation
In the preceding development, we have assumed that
1) all the matrices Aj, [=1,...,L, are independent of

3Since H(f) is a random matrix, the probability that H(f) is rank
deficient will be zero.

292 PROCEEDINGS OF THE IEEE | Vol. 97, No. 2, February 2009

T T T T T T T )
601 g
501 R
a0k —6— Pou=0.05] |

Pout=0.2

@ o P05

o
30 1
201 E
10F E

2 4 6 8
Nt (=Ng)

10

Fig. 5. The transmission rate R/B (in nats/s/Hz) versus N; (or Ny) for
different outage probability P, (p = +10dB, L = 15, N; = Ng).

each other; and 2) all the entries of A; for a given [ are also
independent of each other. Generally, the first assumption
is reasonable since different matrices characterize the
microwave propagations caused by different scatterers, but
the second assumption is impractical since the matrix A,
describes the microwave propagations caused by the same
group of scatterers. The correlation property among the
entries of A; characterizes the spatial correlation among
the antennas. Similar to narrow-band MIMO channels,
there are two approaches to model the spatial correlation
among the antennas [57]. The first approach is to use a
matrix of dimension NpNg X NrNp to describe the
correlation between any two entries in A;. The second
approach is to change the channel matrix as

A = RIAR’ (16)

where R, and R, are the Ny X Ny receive covariance
matrix and N7 X Ny transmit covariance matrix, respec-
tively. This model is based on the assumption that the
correlation among the receive antennas is independent of
the correlation among the transmit antennas. For a
uniform linear array of antennas, the matrix R, (similar
expression applies to the matrix R;) can be typically
described by [57]

1 Pe P Pt
Pe 1 Pe e pi\IR72
2 Nr—3
Rr _ pc pc 1 e cR (17)
ﬁ\h’zfl ﬁv;—z 5}3 1
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Fig. 6. Efficiency of UPSA relative to OPSA. (a) N = N = 4 and (b) Ny = N; = 8.

where p. is the correlation coefficient between two
neighboring antennas. The correlation model defined by
(17) captures the fact that the spatial correlation of the
UWB channel decreases with the distance of the antennas.
Note that the channel matrices for two different time
delays are still assumed independent. The similar model in
frequency domain is used in [4], where it is shown that the
bit error rate (BER) performance of the MIMO systems
based on the simulated channel using the above model
gives a good approximation to the BER performance of the
MIMO systems based on the measured channel if an
appropriate p, is chosen. The full characterization of the
spatial correlation of the UWB channels is provided in
[42], where it is found that in the range of 2.5 times of the
coherence distance (about 4 cm), the antenna correlation
follows a pattern of the first kind zeroth-order Bessel
function of the distance, while almost a constant cor-
relation coefficient (smaller than 0.4) is observed when
the antenna distance is larger than the 2.5 times of the
coherence distance. It is particularly interesting that, as
shown in [22], [23], [42], [44], and [45], the antenna
angular orientation and the signal polarization can be used
to decrease the correlation of the spatial channels or to
improve the system performance.

Another approach describing the spatial channel cor-
relation property is from the deterministic point of view
[73]. It is defined as the average value of all the cross-
correlation functions of different spatial channels normal-
ized by the autocorrelation functions of the corresponding
spatial channels.

Generally, the channel capacity of MIMO systems will
decrease when the mutual correlation of the spatial
channels is strong because the diversity of the channels
decreases due to the correlation. For narrow-band MIMO
systems, this result can be easily seen from the singular

value decomposition of the channel matrix [71]. In the
extreme case, if the rank of the correlation matrices R,
and R; reduces to one, the MIMO channel will collapse to
a SISO channel. This phenomenon also exists in UWB-
MIMO systems. A simulation result is shown in Fig. 7,
where we fixed Ny = Np = 8 and L = 50. For simplicity,
the channel correlation model (16) is used and both R,
and R, take the form of (17) and the same value of p.
As shown in Fig. 7, the channel capacity decreases
significantly with p. if p. > 0.5, while it almost keeps
the same value as that of the uncorrelated channels if
pc < 0.2. Comparing [42, Fig. 2], we can claim that the
channel capacity of UWB-MIMO systems will not suffer

Fig. 7. The effect of correlation coefficient of the spatial channels
on the ergodic channel capacity of MIMO systems. Here Nt = N, = 8
for MIMO and L = 50 for both MIMO and SISO.
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degradation if the antennas are separated from each other
by more than 10 cm.

It is noteworthy that the channel correlation model
(16) changes the form of the pdf of the fading of the
single channel, i.e., the pdf of the entry of the matrix A,
is no longer of the form of Nakagami or log-normal. This
is different from the narrow-band MIMO channels where
a linear transformation of the channel matrix only
changes the parameters of the pdf of the fading matrix,
but not the form. Notice also that model (16) is a sim-
plified mathematical model for the channel correlation,
whose validity, indirectly verified in [4], needs to be fur-
ther examined through extensive UWB channel measure-
ment studies.

III. PERFORMANCE OF SPACE-TIME
CODING AND ANTENNA SELECTION

In the literature, a few papers have addressed the issue of
exploiting transmit diversity for the impulse UWB system;
see, e.g., [3], [76], [77], and [82]. In [77], the per-
formance of pulse-amplitude modulated signals in the
UWB-MIMO channel is evaluated. In [82], the authors
innovated a space-time coding scheme for both binary
pulse-amplitude modulation (PAM) or pulse-position
modulation (PPM)-based UWB systems with two transmit
antennas. The STC scheme in [82] is similar to Alamouti’s
STC scheme for narrow-band systems, which is easy for
implementation. In [3], a general STC scheme for M-ary
PAM and PPM UWB systems is proposed based on cyclic
division algebra theory. However, it was shown that
energy-efficient codes are possible only for two transmit
antennas. In [76], a scheme of time-switched transmit di-
versity for impulse UWB systems was proposed and its
performance investigated. It was shown that using multi-
ple transmit antennas in the UWB channel can improve
the system performance by reducing signal variations.
However, using multiple transmit antennas does not
provide diversity gain in the strict sense. This is in contrast
to the result obtained in [82], where it was illustrated both
analytically and via simulations that the diversity order of
the space-time coded UWB system can be increased.
These seemingly contradictory results can be explained by
the fact that the diversity order is generally helpful in
achieving better BER performance in the high SNR
regime, while the UWB systems are required to operate
in the low SNR range. Thus the diversity order pointed out
in [82] is beneficial only in the high SNR regime. The
simulation results illustrated in Fig. 10 give a quantitative
description for this idea.

In the following, we will briefly introduce the approach
of [82]. Afterwards, further performance investigation will
be conducted.

Let w(t) be the waveform of the monopulse used to
carry information in a UWB system. Its duration T,, is
typically between 0.2-2 ns. The energy carried by w(t)

294 PROCEEDINGS OF THE IEEE | Vol. 97, No. 2, February 2009

is normalized, i.e., fOTW w?(t)dt = 1. The information
symbol & can be conveyed by Ny pulses

Ny—1

s(t) = Z a (S)w(t — nfTf — by (S)A)

ny=0

(18)

where a,(S) and b, (S) are the functions of both
information symbol & and frame index ns; A is the
position modulation index; Ty is the frame duration; and
s(t) is the signal to be transmitted. Here we consider the
case of only one user. If multiple users are considered,
either the amplitude or the position of the pulse can be
further changed, but independently from the information
symbol &, using an appropriate spreading code. If
an(8) =1 for all n; € [0,N; — 1], (18) implies a PPM;
on the other hand, it implies a PAM if b, (S) = 0 for all
ng € [O,Nf —1].

A general assumption for STC is that the channel
fading will not change for some period. Here we maintain
this assumption, i.e., the channel fading will not change in
Ny and 2Ny consecutive encoding frames, respectively, for
the two encoding schemes addressed below.

Now let us consider the case of two transmit antennas
and one receive antenna. In [82], two space—time coding
schemes are proposed for this case.

A. The 1S/2A Coding Scheme

In this scheme, one information symbol S is trans-
mitted simultaneously from the two transmit antennas.
The signals to be transmitted at antennas numbered with
0 and 1 are as follows, respectively:

Ny—1

so(t) = /% ZO(*l)"fSW(f — nfTy)
nj=
Ni—1

s1(t) = 2E_1\(}f Zo Sw(t — n¢Ty)
ng=

(19)

where E is the relative symbol energy, i.e., fngf si(t)dt =

é\Ifo si(t)dt = Eo/2. It is easy to cast (19) into the form of
(18). Since one symbol is encoded across two antennas per
N¢ frames in this coding scheme, we call it the 1S/2A
coding scheme.

The schematic diagram for the decoding system is
illustrated in Fig. 8.

As shown in Fig. 8, the whole decoding system is
divided into four steps. First, the received signal r(t) passes
through a matching filter whose impulse response is w(—t)
and the sampled [with sampling rate being 1/(2T,,)] signal
is divided into two branches: evenly indexed frame, de-
noted as x,(l); and oddly indexed frame, denoted as x,(1),
respectively. Secondly, the signals x, (1) and x,(1) are fed to
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Fig. 9. The schematic diagram for space-time encoding-decoding scheme 25/2A.

the Rake receiver (with L fingers) and combined with the
maximum ratio combining (MRC) algorithm, producing
signals y.(ns) and y,(ny), respectively. Thirdly, the signals
ye(ng) and y,(ns) are summed up over the N; frames
corresponding to the same symbol S, producing signal z. It
is in this step that the SNR is strengthened due to spatial
processing. Finally, the signal z is fed to the decision maker
to decode the symbol S.

B. The 2S/2A Coding Scheme

In this scheme, two information symbols S, and S, are
transmitted simultaneously from the two transmit anten-
nas but encoded across two consecutive frames in the

following way [82]:*

Ny—1
so(t) = fTOf Zo [Saw(t — anTf)
ny=
— Syw(t —2nT; — T
g ST g
s1(t) = 4% O[Sbw(t — 2nfo)
ng=
+ Saw(t — 2nfo — Tf)]

It can be also shown that (20) can be cast into the form of
(18). Since two symbols are simultaneously encoded across

“*Note that the scaling coefficient \/Eq/ 4Ny is different from that in
[82]. We choose the scaling coefficient as shown here in order to make the
energy consumption per symbol per frame be the same as that for the
1S/2A scheme.
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two antennas per Ny frames in this coding scheme, we call
it the 2S/2A coding scheme.

The schematic diagram for the encoding—decoding
system is illustrated in Fig. 9.

As shown in Fig. 9, the whole decoding system is
divided into five steps. First, the received signal r(t) passes
through a matching filter whose impulse response is
w(—t); the sampled [with sampling rate being 1/(2T,,)]
signal in the first Ny frames is divided into two branches:
evenly indexed frame, denoted as x,(I), and oddly indexed
frame, denoted as x,(l), respectively. Secondly, the signals
x(1) and x,(I) are fed to the Rake receiver (with L fingers)
and combined with the MRC algorithm, producing signals
ya(ng) and yy(ny), respectively. Thirdly, y,(ns) and yy(ny)
are summed up, respectively, over the first N¢ frames,
producing signals z,; and zj;. Fourthly, the same procedure
as in the previous three steps is repeated for the second Ny
frames, producing signals z,; and zj;, respectively. Sum up
signals zq and zg, z;m and zy, respectively, yielding the
signals z, and z. Finally, the signals z, and z, are fed to the
decision maker to decode the symbols S, and Sp.

The receiver processing details for the two schemes can
be found in [82]. In the above schemes, the inherent
diversity of UWB signals in the temporal domain is
collected by the Rake, while the diversity in the spatial
domain is harvested by the use of the space-time coding.

C. Simulation Results
The performance of the aforementioned space-time
coding schemes is illustrated in Fig. 10. In the simulation,
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space-time coding schemes 1S/2A and 2S/2A.

the standard UWB channel model [28], [47] is used,
where the exponentially decaying parameters of the
power delay profile for clusters and rays are chosen as
33 and 5 ns, respectively, and the cluster arrival rate and
ray arrival rate are set to be 0.5 (ns)™* and 2 (ns)7},
respectively [82]. The sampling period is chosen as 0.7 ns.
Ny is set to be two. The second derivative of the Gaussian
function is chosen as the information carrying mono-
pulse, i.e.,

£\? £
w(t) = cporm |1 — 47 <—) exp | —27 (—> (21)
Tp Tp

where the constant ¢y is to normalize the energy of the
pulse w(t) and 7, = 0.1225 ns. The autocorrelation R,,(7)
of w(t) is given by [33]

2
T
<exp| (7
T
P

From Fig. 10, it can be observed that the 1S/2A scheme
outperforms the SISO systems in BER performance ac-
cording to per symbol per frame per unit energy data
transmission, while the 2S/2A scheme outperforms con-
siderably both the 1S/2A scheme and SISO in the BER
performance when the SNR is high, but yields (marginally
or moderately) poorer BER performance than both the
1S/2A scheme and SISO when the SNR is low. Note that
the 2S/2A scheme requires the longest decoding delay
among the three kinds of systems. Notice also that the
range of aforementioned low and high SNR depends on

Table 1 Performance Comparison Among the SISO, 15/2A, and 25/2A Schemes
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energy consumption | symbol rate decoding BER
per Ny frames per Ny frames delay
> BERyg/58
SISO EoNy Ny symbols 1 frame < BERjg/24 at low SNR
> BERjg/24 at high SNR
< BERsiso
1S/2A scheme Ey 1 symbol Ny frames | < BERgg/op at low SNR
> BER’ZS/ZA at hlgh SNR
> BERgiso at low SNR
25/2A scheme Eyp 1 symbols 2Ny frames | < BERgiso at high SNR

> BER;g/24 at low SNR
< BER;g/24 at high SNR
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the number of fingers in the Rake receiver. Table 1 gives a
detailed comparison among the SISO, 1S/2A, and 2S/2A
schemes in terms of data rate, energy consumption, and
BER performance.

Therefore, we recommend to use the 1S/2A coding
scheme if the number of fingers in the Rake receiver is not
too large, say, less than 16, considering both the BER
performance and decoding delay.

From Fig. 10 and the channel capacity for the MISO
case (Fig. 1), we can draw a basic conclusion about the
diversity and system performance: if the available SNR is
too low, it is better to concentrate the available power on a
single antenna or a single symbol to transmit the inform-
ation data than to distribute the power across multiple
antennas or symbols to gain diversity; the diversity gain
can only be realized if the available SNR is sufficiently
high. In other words, the transmit power should be some-
what peaky (in the sense addressed in [52] and [72]) if the
available SNR is too low. The reason behind this fund-
amental compromise can be deduced from an extreme case
where the available SNR is so low that we cannot correctly
receive one single bit in a given period if we distribute the
low energy across multiple antennas or symbols, while we
can correctly receive several bits in the given period if we
use only one antenna or spend the whole power on one
single symbol to transmit. In practice, it is important to
give some quantitative characterization for this funda-
mental compromise such as the critical transmission rate
given in the preceding section. Unfortunately, it seems not
easy to provide such a quantitative characterization for the
space—time coding schemes discussed here. We can just
state that it depends on the channel length L, the channel
fading parameters, and the STC schemes.

D. Performance of Antenna Selection

The gains obtained by deploying multiple antennas
come at the price of hardware complexity. The radio front
end has a complexity, size, and cost that scale with the
number of antennas [61]. A possible way to reduce the cost
and complexity while not sacrificing the gains too much is
to use antenna selection schemes. For narrow-band MIMO
communications systems, there are many research results
about antenna selection; see the comprehensive surveys
[50], [61] and references therein. However, for UWB-
MIMO systems, few results are currently available.

A general setup of the antenna selection is to choose Nt
transmit and I\_IR receive antennas out of Ny transmit and
Nr receive antennas, respectively. For a fixed Nt and Ng,
the selection is normally based on two kinds of perfor-
mance criteria, which are either the BER performance or
the channel capacity [61]. Generally, the selection based
on the BER performance will coincide with the selection
based on the received SNR. On the other hand, the
selections based on the BER performance and channel
capacity, respectively, do not agree with each other. As
shown in [51] for narrow-band MIMO, only 50% of

selections based on the two criteria in all the fading
channel realizations agree with each other.

In the extreme case when Ny is not fixed in advance
and Ny = N, the selection based on the channel capacity
will yield the water-filling algorithm across the frequency-
spatial domain [86]. The transmit power will be distrib-
uted in patches on the surface of the frequency and spatial
domains. Thus in a certain frequency band, only some of
the antennas are selected for transmission. As shown in
Fig. 6, this kind of antenna selection can yield considerable
gains in capacity in the low SNR range. However, if
antenna selection is based only on the spatial domain,
whether or not the selection can yield performance gain
will be determined by the scattering environments and the
relative locations of the antennas.

Currently, there are no reports to address the antenna
selection problem for UWB-MIMO systems in the sense of
aforementioned general setup. In the following, let us
consider the simple case where Nr =2 and Nx =1
Therefore, we have Ny = Nx = 1. In this case, antenna
selection actually reduces to antenna switching. As
mentioned, it was pointed out in [76] that antenna
switching in multiple transmit antenna systems does not
provide diversity gain in the strict sense. Examining the
simulation scenario investigated in [76], the two channels
from the transmitters to the receiver experience the same
scattering environment and thus possess the same pdf in
their fading statistics. Generally, the spatial diversity exists
for rich scattering environments and sufficiently separated
antennas for narrow-band systems, and antenna selection
can be used to exploit such kind of diversity even though
the channels possess the same fading pdf. For UWB-MIMO
channels, the fading is distributed over many channel taps
and the Rake receiver is normally used to collect the
received energy across these taps. Even though every
channel tap may experience fading, and spatial diversity
may exist among these single taps for different channels,
the Rake receiver actually smooths the fading by the
(possibly weighted) summation of the signals from the
selected channel taps. Therefore, antenna selection will
not yield diversity gain in the strict sense if the spatial
channels share the same fading pdf. On the other hand, if
the antennas are separated sufficiently far, different
scattering environments may be experienced by the spatial
channels. For example, when one channel is in line-of-
sight (LOS) and another channel is in non-LOS (NLOS),
the channels will have different fading pdfs (in either
forms or parameters) and different power delay profiles. In
such a scenario, the spatial diversity exists even after the
Rake processing, and antenna selection can be used to
improve the system performance.

To illustrate the above idea, let us consider the
following experiment. There are two transmit antennas
and one receive antenna in a typical office environment,
with one transmit antenna in LOS and another in NLOS, as
shown in Fig. 11(a). All the antennas are omnidirectional
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Fig. 11. Performance comparison between antenna selection and equal gain combiner. (a) Floor plan and (b) BER performance.

UWB conical antennas with 3 dB gain. The height of the
room is 3.02 m, and the height of transmit and receive
antennas is 1.5 m above ground. The channel transfer
functions between the receiver and each transmitter are
measured at the sampled frequencies from 1 to 11 GHz
with frequency sampling step of Af = 6.25 MHz (so 1602
frequency points are measured for each channel). The
channel impulse responses (CIRs) from each transmitter
to the receiver are obtained by the inverse Fourier
transform of the corresponding channel transfer functions.
The binary PPM is used to transmit the information
symbols and selective Rake (SRake) [56], [78] receiver
with the ten strongest taps being selected to collect the
signal energy. Two kinds of receivers are compared. The
first is based on the antenna selection scheme, where one
of the transmit antennas from which the receiver receives
stronger summation signal in the SRake is selected for
symbol transmission. The second is based on an equal gain
combining receiver, where both transmitters are used to
transmit symbols. Note that in the second case, the symbol
energy per transmit antenna is halved as that in the first
case. The performance comparison for the two cases is
illustrated in Fig. 11(b). It is seen that the antenna selec-
tion can provide better BER performance than the equal
gain combiner.

The reason for the above phenomenon is that the two
channels exhibit some kind of diversity. To have a deep
insight into this phenomenon, let us return to the general
UWB channel model proposed in [47, Appendix A]. There
are two kinds of fadings in the CIR, with one character-
izing the small-scale fading for each channel tap and
another the large-scale shadowing, which applies to all
the channel taps. Clearly, the spatial diversity among the
channels in UWB-MIMO systems is characterized by the
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large-scale shadowing, while the temporal diversity among
the taps of each single channel is characterized by the
small-scale fading. Generally, the Rake receivers can re-
move the micro diversity caused by the small-scale fading,
but they cannot remove the macro diversity caused by the
large-scale shadowing if the shadowing statistics are
different.

IV. UWB BEAMFORMING

Array processing and smart antenna concepts offer a
promising solution to the significant increasing of data
rates in wireless transmission systems. There has been
widespread interest in array processing over more than
four decades, especially in radar and deep-space explora-
tion, while the interest in the application of array pro-
cessing in wireless communication systems started two
decades ago and booms rapidly nowadays. Perhaps the
delayed surging of interest in the latter field is due to, on
one hand, lack of the need for the array technology in
wireless communication market (imagine that wireless
communications have become popular only in the recent
two decades) and, on the other hand, the difficulty in
dealing with multipaths of the propagation signals in
wireless communications, which will cause fundamental
trouble for the array processing.

Beamforming for UWB impulse signals has some
special properties that are quite different from the
narrow-band beamformers. For example, the use of un-
equal weighting filters for the individual antenna branch
will increase the side-lobe level in UWB beamforming, and
there are no grating lobes in the UWB beampattern [60].
In this section, we will investigate how these properties
appear in UWB beamformers.
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A. Ideal UWB Impulse Beamforming

An ideal UWB impulse beamforming system is
illustrated in Fig. 12, where N receive antennas are aligned
linearly and identically separated by a distance d, which is
several centimeters in typical usage. All the antennas are
assumed to be omnidirectional. As in the narrow-band
case, we assume that the receive antenna array is located in
the far field, i.e., the distances from the transmit antenna
to each receive antenna are much larger than d, so that the
rays from the transmit antenna to each receive antenna can
be considered parallel to each other. In Fig. 12, fi(t),
i=0,...,N
prefilters, and 7, i=0,...

—1, are the impulse responses of the
,N —1, are the additional
time delays, which are applied to each branch to control
the steering direction of the beamformer.

Let ¢ be the propagation speed of the UWB impulse
wave, 0 the angle between the incidence ray and broadside
direction of the antenna array, and x(t) the transmitted
signal. Generally, x(t) is a train of monopulses,5 ie.,

+00

Z w(t —nTy)

n—=—oo

x(t) (22)

where w(t) is the waveform of UWB monopulse and Tj is
the pulse repetition period. The output of the beamformer
can be expressed as

N—-1
y(60) = w(t—m)
k=0
yr(t) x(t— kgsint?) * O(t), R=0,...,

where * denotes the convolution. For the case of

Be(t) = (1/N)8(t) (ie.,

constant and equal weighting),

SNotice that the interframe coding is not considered in this section, as
is usual for the beamforming problem.

An Overview of Ultra-Wide-Band Systems With MIMO

7. = (k — 1)A7 (AT is a constant), and w(t) is as given in
(21), the output y(t;6) is shown in Fig. 13. From this
figure, we can see that:

e the main power of the beamformer output is

focused on a certain direction;

e the focused direction can be controlled by
N-—1
Now we consider the beampattern problem, which is a

adjusting the time delays 7, i =0, ...

key issue for a beamformer. In the literature, there are
three types of definitions for the beampattern [60].
Type 1

SOy (6 6)dt

16 = +00 2 .
Pi(6) S 2 x(t)[dt

(23)

Type II

max |y(t; 9)|2

te(—00,+00)

BP;(0) = 5 (24)
max  |x(t)]
te(—00,+00)

Type 111

ft+T/2

T/2| (t; 0)|dt

tG

BP[H(H) - (25)

ft+T/2

max T/2

te(—00,+00

In using the above definitions, a monopulse, instead of
a train of monopulses, should be adopted in (22) to avoid
the trivial singularity.
the three kinds of

definitions for the beampattern are equivalent, but for

For narrow-band beamformers,

UWB, these definitions give different results. Clearly,
definition (25) reduces to (23) when T approaches infinity,
and (25) reduces to (24) when T approaches zero.
Therefore, (25) gives a more general definition. In general,
(23) is more suitable for theoretical analysis, while (25) is
more convenient for practical beampattern calculation.
For the case shown in Fig. 13, the corresponding
beampattern is illustrated in Fig. 14.

B. The Main Lobe Beamwidth of UWB Beamformers

It is difficult to calculate the beamwidth of the main
lobe of a UWB beamformer according to (23), (24), or (25)
because of the complexity of the UWB waveform. This is
different from the narrow-band case. In this section, we
will give a coarse estimation for the main-lobe beamwidth
for the UWB beamformer.
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Fig. 13. Beamformer output as a function of time and spatial angle, where N = 8,d = 3.63 cm, 7, = 0.1225 ns.

(@) AT = 0 and (b) AT = 0.1052 ns.

To address this problem, we assume that G (t) = 6(t),
AT =0, and N is sufficiently large. Let T, denote the
duration of the UWB impulse. Let E,, be the energy of the
monopulse w(t). First, consider the case that the UWB
impulse signal arrives from the broadside of the array
(i.e., = 0). In this case, all the signals from each array
branch will arrive at the same time, resulting in a cohe-
rent summing up and producing a maximum output. Thus
we have

+00
/ |y(t;0)[dt = N°E,,, and BP;(6) = N°.

—00

—— Beampattern, Type |
- - — Beampattern, Type ||
- - Beampattern, Type IlI

5t

|
furd
o

e
o

Beam Pattern BP (dB)

6 (degree)

Fig. 14. lllustration of three types of beampattern, where N = 8,
d =3.63 cm, 7, = 0.1225 ns,and T = 0.2419 ns.
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Now suppose the signal ray arrives from the direction of
some angle 63 qp such that N/+/2 pulses are contained in
the time window of duration T,,. Then we have

+00
N? N2
/ |y(t; 0)|2dt ~ 7Ew> and BP(0_3 dB) ~ >
—00

Therefore, the beamwidth of the main lobe of the beam-
former, denoted as 6y, is 20_3 qp. The corresponding
0_3 4B angle is related to other parameters of the beam-
former as follows:

N d .
— - —sinf 348 = Ty
c

V2

which gives

. 2cT,
Opw =20 348 =2 arcsmb.

N (26)

For the case in Fig. 14, if we choose T, as the width
between the two points at which w(t) is across zero
(T, = 0.0691 ns), (26) gives Oy, = 11.6°, which is quite
congruous with the numerical result.

C. Optimal Beamforming

In the preceding section, we derived the beamwidth for
the main lobe under the condition that all the branches in
the array are equally weighted. In this section, we will
explain the reason for making such a choice. Now let us
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consider the general setup of the beamformer illustrated in
Fig. 12. Assume that all the weighting functions ((t) are
also of short duration, i.e., 3.(t) = 0 for all |t| > T3 and
k € {0,1,...,N —1}. For the convenience of discussion,
we assume that Tg < T,,. It is also assumed in this section
that 7, = 0, Vk € {0,1,...,N — 1}, and only a monopulse
is adopted in the transmitted signal, i.e., x(t) = w(t).
Similar to the argument in the preceding section, we can
conclude that the main lobe is obtained when 6 = 0.
Hence the strength of the main lobe is

400
1
B =5(0) =5 [ lso)far

:% / l g w(t) *Bk(t)l dt.

For the side lobe to appear, the ray incidence angle should
be wide enough such that the two pulses from two adjacent
branches are separated. This happens if

d
—-sinf > T,, + Tp. (27)
c

Because of the equidistance property in the array, the
pulses from all the branches will be separated from each
other in the time domain if the above condition holds.
Thus the strength of the side lobes reads as

+00
1
BPy (0) =BPi(6) =— / y(t; )| dt

[w <t - kgsin 9> * ﬂk(t)] 2dt.

A general design objective for a beamformer is to
maximize the strength of the main lobe while minimizing
the strength of the side lobes simultaneously. This

N—1 +00

1
_a;m

objective can be mathematically formulated as

(28)

such that BPy(6)

= (e — R sin) # (0] de < 1.
k=0

The above criterion is equivalent to maximizing the ratio
BP,,1/BPy(0).
About this problem, we have the following proposition.

Proposition 1: Suppose the weighting filters ((t),
k=0,...,N—1, are of short duration. The optimal
beamformer is obtained if all the weighting filters [(t)
are identical. For the optimal beamformer, the amplitude
of the side lobe is independent of the ray incidence angle 0
if (27) is satisfied, and the ratio between the amplitude of
the main lobe and side lobes is

BP,
BPy(6)

=N.

The proof of the proposition is provided in the
Appendix. It is easy to understand the result in
Proposition 1. Notice that all the weighting filters ((t)
(k=0,1,...,N —1) play an equal role in the optimiza-
tion problem (28). Because of this symmetry, the solution
to the problem (28) will be that all the weighting filters are
in the same form. A less obvious observation is as follows.
Suppose all the weighting filters are equal before the time
instant under consideration. Now we start to increase the
value of a given weighting filter. Then the increased value
in this weighting filter will contribute more to the side
lobes than to the main lobe of the beamformer.

D. Various Aspects of UWB Beamformers

Similar to the narrow-band case, UWB beamformers
can be used for both estimation of direction of arrival
(DOA) of UWB rays and beam steering for UWB
communications.

For beam steering, suppose that the steering angle is 6.
Then AT should be chosen such that

AT = gsin(Go).

C

For DOA estimation, the procedure is quite different
from the narrow-band case. To address this issue, let us
investigate the beamformer output in more detail. This is
illustrated in Fig. 15, where we fix the beam steering angle,
which is controlled by A7, and investigate the beamformer
output from the viewpoint of impinging angle and time,
respectively. Denote now the beam steering angle as fpoa,
which is also called look direction. From Fig. 15(a), we can
see that the levels of the beamformer output for different
impinging angles are almost identical when the steering
angle deviates from the impinging angle by some amount.
This kind of relationship between 6 and y excludes the
possibility of solving 6 directly from y(t;#). From
Fig. 13(b), we can see that the difference among the
time-patterns for different look directions is also marginal
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Fig. 15. Beamformer output for the purpose of DOA estimation: (a) impinging angle-pattern for a fixed look direction 6y,,, where t = 0 and
AT = 0.1047 ns, implying 0, = 60°; (b) time-pattern for four different fixed look directions 6y, where 0 = 60° and
AT = 0.1047,0.0777,0.0604, and 0.0413 ns, implying 6o, = 60°,40°,30°, and 20°, respectively.
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Fig. 16. The schematic diagram for DOA estimation using UWB beamformer.

when the look direction is not locked in some range of the
impinging angle. This also weakens the possibility of
solving @ from the history of y(t;0), t € [to, t:], where to
and t; are two given observation time instants.

To solve the above problem, a DOA estimation
approach is shown in Fig. 16.

In Fig. 16, there are M outputs, each of which aims
to find a direction with the help of the time delay vector
[7'1;’07711, ey Ti,N—l] :ATI[O,L e ,N - 1], 121, 27 e ,M.
Therefore, if the ith output is maximum among all
{y1,--,ym}> the DOA of the incidence ray will read as

. cAT
fOpoa = arcsin 1
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The design of the difference between A7; and A7, i #j,
depends on the resolution requirement for DOA estima-
tion and system complexity. However, the following

relationship:
. . cAT . AT
min |arcsin — arcsin < Oy,
j=1,.... M, j#i d

Vie{1,...,M}

should be satisfied. Otherwise, it is possible that all the
outputs will produce small signals of almost equal
amplitude, resulting in a failure to find the DOA.
Noticing that the delays among different branches in
Fig. 16 are fixed and well structured, the M outputs in one
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Fig. 17. The space-time response and beam pattern of the beamformer using the first derivative of the Gaussian monopulse,
where 7, = 0.1225 ns, N = 8,d = 3.63 cm, and At = 0. (a) Space-time response and (b) beam pattern.

antenna branch can be realized by one chip using an analog
radio-frequency (RF) domain finite impulse response
(FIR) filter as proposed in [53], [54], and [66]. This
technology will make the beamformer in Fig. 16 less
expensive to implement. If the delays in Fig. 16 could be
electronically adjusted as changing the phase of the signals
for the case of narrow-band beamformers, it would be
possible to further simplify the architecture illustrated in
Fig. 16, but it seems difficult to use the current technology
to electronically adjust the delay.

For the element distance, there is a limit for the
maximal distance if interframe coding, which is often used
in UWB systems as illustrated in Section III, is adopted in
the transmitted signal. In this case, to avoid catastrophic
superposition of the signals coming from different frames,
the distance between two nearest elements d should be
chosen such that

d S CTf.

In order to implement the beamformer mentioned in
Fig. 15, one should be able to adjust the delay between the
pulse trains in the order of several tens of picosecond.
Currently, the arbitrary waveform generator (AWG)
available in the market, e.g., AWG7102 by Tektronix,®
can be used to generate two pulse trains with adjustable
delay between each other in 100 ps. Using an analog radio-
frequency domain FIR filter proposed in [53], [54], and
[66] is another possibility to realize the required delay.

In UWB communication systems, other kinds of mono-
pulses are also adopted. A popularly used form is the first

6http://Www.tek.com/site/ps/O,,76—19779—INTR07EN,00.html.

derivative of the Gaussian monopulse

2
t
W(t) = Cilormt exp | —2m (_>

Tp

where the constant ¢’ is to normalize the peak ampli-

norm

tude of the pulse w(t). The space-time response and beam

pattern of the beamformer are illustrated in Fig. 17.
Another kind of less popular but interesting monopulse

is proposed by Hussain [34], [35]

2
—exp —47r<—> , E#£1 (29)

P

where ¢ is a scaling parameter and 7, is to control the
spread-in-time of the monopulse, as for the case of the
Gaussian monopulse. The space-time response and beam
pattern of the beamformer are illustrated in Fig. 18.

V. TESTBED RESULTS

Testbeds give a fundamental insight into the practical
aspects of a developed approach and provide an important
tool to verify the results of a model-based system design. In
order to simplify the access to the real UWB-MIMO
channel, a universal offline testbed with a MatLab in-
terface and very high data rate (VHDR) MIMO
multiband-OFDM (MB-OFDM) system-simulator was set
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Fig. 18. The space-time response and beam pattern of the beamformer using the monopulse in (29), where N = 8,d = 3.63 cm,
AT =0, 7, = 0.25 ns, and ¢ = 1.5. (a) Space-time response and (b) beam pattern.

up in the lab of our Institute. It enables various
experiments and testing of the proposed algorithms under
real propagation constraints and scenarios.

A. Measurement Setup

VHDR applications are targeted at high-resolution
media content transfer over short distances up to 1 m
mainly in LOS indoor environments. The envisioned
VHDRs for an extension of the existing WiMedia standard
[36] vary between 1 to 3 Gbps, depending on the modu-
lation scheme and quality of the channel. The intended
doubling of the signal bandwidth to 1056 MHz and the
adoption of 16-quadrature amplitude modulation (QAM)
modulation inevitably place a higher level requirement to
the receiver sensitivity. The receive SNR is typically
required to be higher than 15 dB for reliable detection.
While the system performance of single antenna VHDR
has been reported to provide a sufficient small average
BER at this SNR level, it is interesting to check the
feasibility of MIMO approaches under the same system
constraints. In particular, we have tried to examine the
achievable spatial multiplexing gains and to experimen-
tally measure the channel capacity and fading correlation
under the specific test environments.

The test and verification of the VHDR MIMO
MB-OFDM system were conducted within a typical office
environment with desks, metal cabinets, wooden cup-
boards, computers, and different kinds of smaller scatter-
ing objects. For the purpose of the envisioned VHDR
applications, measurements were performed in pure LOS
environment. The equipment components (TX and RX)
were placed on desks approximately 70 cm over the floor
and 1 m apart. The transmit and receive antenna arrays
were aligned linearly with 10 cm interantenna separation,

corresponding to the largest wavelength of the transmitted
signals. The temporal stationarity of the channel was
ensured by the absence of mobile objects/persons, thus
allowing us to assume quasi-static channel conditions
during a single MB-OFDM frame.

The main components of the offline UWB-MIMO
testbed are two AWGs and one digital phosphor oscillo-
scope (DPO). Each AWG supports two channels with up to
10 GSamples/s (GS/s) sampling rate and 3.5 GHz band-
width or one channel with up to 20 GS/s sampling rate and
5.8 GHz analog bandwidth using interleaving, as well as
32 Msample memory size. Each channel may be used
either for I/Q or direct intermediate/radio-frequency
synthesis of arbitrary digital waveforms complying with
the maximum available bandwidth. This allows for high
flexibility of loading and storing various waveforms
directly from a system-model simulator without the need
of up-conversion circuits and expensive UWB RF front-
ends. A set of various sequencing commands also enables
the transmission of repetitive portions of the waveform
through numerous program branches, jumps, and loops.

The DPO provides four channels with up to 50 GS/s
sampling rate and 16 GHz frequency span. Therefore, it is
currently possible to test and verify arbitrary 2 x 4 MIMO
transmissions with an upper RF frequency of 5.8 GHz and
4 x 4 MIMO with an upper RF frequency of 3.5 GHz
without additional up-conversion.

The setup of the UWB-MIMO testbed and a sketch of
the whole system are illustrated in Fig. 19. As can be seen,
each AWG in the testbed is connected to one UWB
antenna. Since the proposed system employs spatial multi-
plexing, the signals are loaded into each AWG indepen-
dently and transmitted synchronously over the interleave
channels of each AWG. For most experiments, we have
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Fig. 19. Setup of the UWB-MIMO testhed for test and verification. (a) A sketch of system and (b) a photo of the testhed.

used small-size omnidirectional UWB patch antennas,
providing a maximum directive gain of 3 dBi in the
frequency range from 3 to 4.8 GHz. In this aspect, we have
limited the VHDR MIMO test to the first band group of the
existing WiMedia standard [36].

On the receiver side, up to 4 UWB antennas are
connected to the DPO through a bank of bandpass filters
(1.5 GHz bandwidth) and 455 dB low-noise amplifiers for
reliable signal acquisition under harsh SNR conditions.

Note that the AWGs have been synchronized by a 10 MHz
reference clock signal and separately calibrated to
minimize internal RF front-end mismatches. The trigger
signal of the DPO is applied to its auxiliary output, which is
connected to the trigger input of the AWG. This enables
synchronous MIMO transmission and reception by trig-
gering the DPO manually with an internal command. Both
AWGs and DPO are connected to the processing computer
via Ethernet.
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Table 2 Typical Equipment Setting for Experiments Conducted in

This Paper

Parameter

Value

Channels per AWG
AWG interleaving
AWG sample rate
AWG sample length
AWG size per sample
Channels per DPO
DPO sample rate
DPO sample length
DPO size per sample

1 (interleaved)

on

20 GS/s

20,000,000

32 bit floating point
3

25GS/s

25,000,000

16 bit fixed point

B. Summary of Measured Results

An important factor in carrying out the MIMO
measurements is the definition and reliable estimation of
the SNR at each receive branch. For the purpose of system
performance verification, there are typically two main
approaches to attain different SNR levels. The first one is
based on varying the power of the transmitted signal in
predefined steps and repeatedly transmitting the same
sequence of frames [10]. The drawback of this approach is
its time-consuming and requirement of huge storage
capabilities of the processing computer.

The second approach is to transmit the whole sequence
of generated MB-OFDM frames with the maximum
allowed equivalent isotropically radiated power, and then
synthetically add colored band-limited noise to the
received signal in order to vary the SNR [46]. In particular,
we first estimate the actual received (maximal) SNR on
each antenna branch using the PSD of the band-limited RF
signal and then calculate the noise power necessary to
achieve a desired SNR value. Since the received signal on
each antenna is the mixture of all Ny transmitted wave-
forms and thermal noise, we first estimate its PSD and
then subtract the average PSD of the pure noise signal
between each two transmitted frames for the given fre-
quency range. This rough estimation of the SINR has been
verified using the MIMO VHDR MB-OFDM simulator
under different channel models and proved reliable for the
purpose of a MIMO minimum mean square error (MMSE)
receiver. In the next step, we generate colored noise of
predetermined average power so as to reach a desired SNR,
and finally estimate its value for further use during the
MMSE detection and performance measurements. In this
paper, the second approach is used.

The typical equipment setting for experiments con-
ducted in this paper is shown in Table 2. It is for the case of
2 x 3 UWB-MIMO offline testbed. Other cases use similar
settings with some minor changes.

For every experiment, a minimum of 1000 VHDR
MB-OFDM frames of 1 KB payload size are generated,
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sequentially transmitted and acquired by the UWB-MIMO
testbed, and finally stored for further offline processing in
Matlab.

Fig. 20 illustrates the power spectrum of the ac-
quired four MIMO VHDR MB-OFDM signal frames
during a 2 x 3 MIMO VHDR transmission. It shows a
good outband suppression of the bandpass filters and gives
a qualitative indication of the influence of channel fading
on the received signal spectrum.

The spatial correlation coefficients between the fading
paths of the estimated UWB-MIMO channel are illustrated
in Fig. 21, where pi* denotes the correlation coefficient
between two channels from two transmit antennas to one
receive antenna, and p* denotes the correlation coeftfi-
cient between two channels from one transmit antenna to
two receive antennas. As shown in this figure, both
transmit and receive correlation coefficients are highly
frequency-dependent and mostly below 0.5 with the
maximum value being 0.65, which appears typically in
the case where the LOS transmission is dominant. But this
kind of frequency-dependence looks rather random with
respect to the separation in frequency-domain.

The measured channel capacity is plotted in Fig. 22.
As shown from both Fig. 22(a) and (b), both the ergodic
capacity and outage capacity of 2 x 2 MIMO are
approximately doubled, respectively, compared to those
of the SISO case. As expected, for a fixed number of
transmit antennas, each additional receive antenna pro-
vides a capacity gain that remains constant with increas-
ing SNR.

The BER performance of the system is shown in
Fig. 23. Notice that the transmission rate for the cases of
two transmit antennas is doubled compared to the rate of
the cases of one transmit antenna, since multiplexing is
used to transmit the data symbols. It is observed that the
2 x 2 spatially multiplexed system provides an additional
array gain of approximately 3 dB compared to the SISO.
Moreover, each additional antenna at the RX is able to
provide further diversity gain, as is seen when comparing
1 x 1with1 x 2, and 2 X 2 with 2 x 3 configurations.

VI. CONCLUDING REMARKS

In this paper, we have provided a brief overview for UWB-
MIMO wireless technology covering channel capacity,
space—time coding, and beamforming.

For the channel capacity, the following is shown.

i) In the MISO case, the outage probability de-
creases with the number of transmit antennas
when the communication rate is lower than the
critical transmission rate (R, ), but increases when
the rate is higher than another value (Ry). R, is
determined by the fading power and the SNR of
the system at the transmitter side.

ii) In the SIMO case, the communication rate sup-
portable by the channel with a given outage
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Fig. 20. Power spectrum of the acquired MIMO VHDR MB-OFDM frame signal.

probability increases approximately logarithmi-
cally with the number of receive antennas.
iii) In the MIMO case with equal number of transmit
and receive antennas, the communication rate
supportable by the channel with a given outage
probability increases linearly with the number of
transmit or receive antennas.

For the space-time coding, we have shown that the
1S/2A scheme outperforms the SISO systems in BER
performance according to per symbol per frame per unit
energy data transmission, while the 2S/2A scheme

outperforms considerably both 1S/2A scheme and SISO
in BER performance when the SNR is high, but it yields
(marginally or moderately) poorer BER performance than
both 1S/2A scheme and SISO when the SNR is low. It is
recommended to use the 1S/2A coding scheme if the
number of fingers in the Rake receiver is not too large
considering both the BER performance and decoding delay
requirement. There exists a fundamental compromise
between the available SNR and achievable spatial diversity.
Basically, the spatial diversity can be exploited to gain
reward only when the available SNR is sufficiently high.
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Fig. 21. Transmit and receive correlation coefficients.
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Fig. 22. Measured ergodic capacity and outage capacity of UWB-MIMO systems. (a) Ergodic capacity and (b) outage capacity.

A discussion about antenna selection has been pre-
sented, and the performance comparison between the
antenna selection and equal gain combiner is provided
showing that the diversity gain exists in some scenarios
even after the Rake processing.

For the beamforming, it is shown that the optimal
beamformer is obtained if all the weighting filters 3, (t) are
identical. About the optimal beamformer, the amplitude of
the side lobe is independent of the ray incidence angle if a
mild condition is satisfied, which is different from the narrow-
band case, and the amplitude of the main lobe is increased
by a fold of the element number in the array, which is
similar to the narrow-band case. Three kinds of beam pat-
terns are defined, and the main lobe beamwidth is obtained.

It should be pointed out that the beamformer results
reviewed here are obtained under rather ideal conditions,
i.e., the multipath nature inherited by the UWB channel is
not considered. It is reported in several studies [11], [20],
[74] that in typical UWB indoor environments, the mul-
tipaths occur in a clustered way, meaning that the trans-
mitted signal impinges the receiver from a few main
directions. Based on this observation, some type of cluster
beamformers can be constructed such that the main lobe
width fits the cluster width so as to collect enough relevant
energy, while the undesired clusters are suppressed with
the array gain. In general multipath environments, chal-
lenges exist for how to properly design the corresponding
beamformer.
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2x3 MIMO
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Fig. 23. BER performance of MIMO VHDR MB-OFDM. Coding rate = 1/2,16-QAM. (a) Zero forcing and (b) MMSE.
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Experimental results based on the UWB-MIMO testbed
in our lab are provided to verify some analytical results
presented in this paper.

APPENDIX
PROOF OF PROPOSITION 1

Even though the problem is formulated in a form
different from that in [60], we can use the same idea in
[60] to solve the constrained maximization problem. Let us
denote by W(f) and Y, (f), respectively, the Fourier trans-
forms of the signals w(t) and Gi(t). Then by the Parseval
theorem, we have

T N1 N-1
BPy, = ‘W(f)|2Tk10[)T£2(f)df
. l=0k=0
N-1 T
BPy(0) = W ()P0 (F) . (30)
k=0 7

For the integral in (30), applying the Schwarz inequality
yields

N—1 N—-1

Y

k1 =0 k=0

/ W(W () Ly (YL (F)df

—00

) \/ / "W T () Paf

k1 =0 k=0

- \/ [ Wi of o
- [Z ¢ / i |w<f>n<f>|2df]

IN

(31)
where the equality holds if and only if
W) Lh,(f) = el W () L, (f)
for almost all f € (—o0,+00) (32)

with cy,k, being a constant depending only on the indexes
k; and k. For the summation in (31), applying the Cauchy
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