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Abstract — Several simple schemes suggested in
the literature for transmitter antenna diversity are
put into a common framework and compared to a
theoretically optimal system. The comparison is
based on mutual information as a function of an-
tenna element gains. We show that the subopti-
mal schemes are uniformly worse than the optimal
scheme, though the gap is small when the spectral
efficiency in bits per symbol is low.

1. INTRODUCTION

It is well-known [1] that multiple antennas can im-
prove the performance of a communication system in
a fading environment. These multiple antennas may be
employed either at the transmitter or at the receiver.
In a mobile radio system, it is most cost effective to
employ multiple antennas at the base station and sin-
gle or double antennas on the mobile units. Thus, in
transmitting from the mobile to the base station, diver-
sity is achieved through multiple receive antennas and
in transmitting from the base station to the mobiles,
diversity is achieved through multiple transmit anten-
nas. In this paper we focus on transmitter diversity.
A signal-processing approach to the same problem is
considered in [2].

Transmitter diversity is generally viewed as more dif-
ficult to exploit than receiver diversity, in part be-
cause the transmitter is assumed to know less about
the channel than the receiver, and in part because the
transmitter is permitted to generate a different signal
at each antenna. Unlike the receiver diversity case,
where independently faded copies of a single trans-
mitted signal may be combined optimally to achieve a
performance gain, for transmitter diversity the many
transmitted signals are already combined when they
reach the receiver. How, then, should the transmitted
signals be selected to either achieve capacity, or, more
practically, to simplify the receiver while maintaining
performance near capacity?

II. CHANNEL MODEL

We model the M-antenna transmitter diversity chan-
nel as shown in Figure 1. The complex baseband

received signal yi = Ei:l a;Zix + g at time k

1This work was supported in part by the Department of the
Air Force under contract number F19628-95-C-0002. Opinions,
interpretations, conclusions, and recommendations are those of
the authors and are not necessarily endorsed by the United
States Air Force.

X |-

x|

5

Xm|

Trumemdtier [ Chanml Receiver

Fig. 1: Fading channel with M transmit antennas.

is the superposition of the M transmitted symbols
Z1k,--->TM,k, €ach scaled and phase-shifted by a com-
plex fading coefficient a; which represents the aggre-
gate effect of the channel encountered by antenna .
The channel is frequency nonselective, i.e., the de-
lay spread of the channel is small compared to the
symbol duration. The additive noise vy is assumed
to be white circular Gaussian with variance (for each
real and imaginary component) Ng/2, and the average
transmitted energy is limited to ), Elx;x|® < & per
symbol. As M increases the power must be distributed
among the antenna elements; this allows a fair compar-
ison of single and multiple antenna systems.

The channel is assumed to be slowly varying, so that
the fading coefficients {«;} are effectively constant over
the signaling interval of interest. The transmitter is as-
sumed to have no knowledge of the fading coefficients,
while the receiver is assumed to have perfect knowl-
edge. We expect imprecise channel measurement to
cause a smooth degradation in performance that is
largely separable from other effects, though we have
not established this result rigorously.

Following [3], our measure of performance is the mu-
tual information between input and output over a long
block, which corresponds in an approximate sense to
the maximum achievable rate of reliable communica-
tion.

II1. DIvERSITY METHODS

We analyze five schemes for exploiting multiple trans-
mitter antennas: “unconstrained” signaling, time divi-
sion, frequency division, the time-shift technique pro-
posed by Winters [4], and the frequency-shift technique
proposed by Hiroike [5]. We will focus on the two-
antenna case; the generalization to M > 2 is straight-
forward.

By unconstrained signaling we mean that the system
is evaluated as a vector-input scalar-output Gaussian
channel. The other four schemes, shown in Figure 2,
use linear processing to convert the vector-input chan-
nel into a scalar-input channel.



Let zp be the scalar input sequence. For time-

division, antenna 1 is used for even k and antenna 2 is
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Figure 2: Four transmitter diversity schemes.

For frequency division, antenna 1 transmits a lowpass
filtered version of z; while antenna 2 transmits the
complementary highpass filtered version of z;. Any
linear method that generates orthogonal signals z;
and z & from z; (such that the signals remain orthog-
onal after passing through the channel) will have the
same characteristic behavior as time and frequency-
division.

For the methods of Winters and Hiroike, the first an-
tenna carries the signal unaltered: z; ; = z;. Winters
transmits a delayed copy of z; on the second antenna,
ZTak = Tg—3. Hiroike transmits a frequency-shifted
copy of Tk, Tox = /2%, for some § > 0. As with
time and frequency division, the methods of Winters
and Hiroike are time/frequency duals.

Frequency division and Winters’ method convert an-
tenna diversity into frequency diversity; the memory-
less vector-input channel becomes a scalar-input chan-
nel with intersymbol interference. Time division and
Hiroike’s method convert antenna diversity into time
diversity; the time invariant vector-input channel be-
comes a periodically time varying scalar-input channel.

IV. MUTUAL INFORMATION CALCULATIONS

In this section we compute the mutual information
achieved by the five diversity schemes described in
Section III. We assume that the input codebooks are
derived from i.i.d. complex circular Gaussian random
processes. The use of Gaussian codebooks follows from
the assumption that the receiver knows the channel.
Li.d. codebooks can be justified to some extent in a
game theoretic sense; they are the saddle point solu-
tion to the max-min problem in which nature chooses
the worst possible channel (for a fixed channel gain
|a1|? + |a2[?) and the transmitter chooses the best sig-
naling scheme.

Time division and Hiroike’s method, which create
time varying channels, are analyzed in the time do-
main. Frequency division and Winters’ method, which
create intersymbol interference channels, are analyzed
in the frequency domain. In all cases, beam forming
and waterfilling methods cannot be applied because
the transmitter is assumed to have no knowledge of
the channel parameters.

A. “Unconstrained” signaling

The unconstrained multiple transmit antenna sys-
tem is a memoryless vector-input scalar-output power-
limited Gaussian channel. With two transmit anten-
nas, the complex baseband received signal is

Y=0;X; +a:Xo+V, (1)

where X; and X, are zero-mean complex Gaussian ran-
dom variables with variance £;/2 each and V is com-
plex Gaussian noise with variance Ny. The output Y is
zero-mean Gaussian with variance (|az|2 + |ap|?) & +
Ng. The mutual information for this channel is

Ipv = M(Y) - h(Y]| X1, Xs) (2)
2 2
. =log (1 + (Jon ;All,oazl )83) . (3)

The mutual information depends only on the antenna
gain |a1|? + |az|?. Interestingly, the same formula ap-
plies to ideal beamforming, but without the factor of
2 in the denominator.

B. Time-division and frequency-division

A simple way to exploit transmit antenna diversity is
to transmit signals orthogonal in time or frequency on



each antenna. In the absence of intersymbol interfer-
ence or Doppler spread, the signals will remain orthog-
onal at the receiver. The multiple antenna channel can
then be analyzed as a set of independent parallel chan-
nels. As in the case of the multiple access Gaussian
channel, the mutual informations achieved by time di-
vision and frequency division are equal.

The time-division approach is shown in Figure 2(a).
Odd-time inputs are transmitted using antenna 1 and
even-time inputs are transmitted on antenna 2. The
input Xj is i.i.d. Gaussian with energy E|X;|]? = &,
per symbol. The output of this channel is

ar Xg + Vi
Y, =
Xy + Vi

k odd,
k even,

(4)
and the mutual information between input and output
is

1 {a1|253 1 la2[2€3
I = — Al N - .
™ =3 log (1 + A + 3 log {1+ N
(5)

The frequency-division approach is shown in Fig-
ure 2(b). The transmitter generates an ii.d. Gaus-
sian sequence X that meets the power constraint
E|Xi|? = &. The sequence is lowpass filtered to
bandwidth #/2 and transmitted over antenna 1; the
sequence is highpass filtered to frequencies above 7/2
and transmitted over antenna 2. The Fourier trans-
form H(w) of the unit-sample response of the resulting
scalar-input channel is

2
Hw) = ay  |w| < 7/2, (6)
ay 2L |w| <.
The mutual information between input and output is
_L Es|Hw)l?
Irp = 5 - log (1 + No (7)
1 |a1|2Es 1 laz|2Es
== —_ = 14 —=—].
2log(1+ N +210g + N,
(8)

As expected, time division and frequency division sig-
naling yield the same mutual information.
Application of Jensen’s inequality to (8) shows that
the mutual information achieved by time or frequency
division is always less than or equal to that achieved
by the unconstrained channel (3), with equality if and
only if the two antenna gains |a;| and || are equal.

C. Time-delayed transmit signals

In Winters’ [4] transmit diversity scheme, delayed ver-
sions of a common input signal are sent over the mul-
tiple transmit antennas. This simple linear processing

converts the multiple antenna system to a scalar inter-
symbol interference channel.

The channel determined by Winters’ scheme is shown
in Figure 2(c). The output of the discrete-time channel
is

Vi =1 X + a0 X1 + Vi, 9)

where X, is i.i.d. complex Gaussian with variance
E|Xi|? = £;/2. The Fourier transform of the unit-
sample response of this channel is

Hw)=a; +e“ay, |w| <. (10)

The frequency response of the channel varies from per-
fect coherent combining to perfect destructive interfer-
ence between the two antenna elements. The mutual
information is

1
I = ——
WIN o

T (loa + €7 as|?Es
1 .
og (1 + 5Ng dw. (11)
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Again, by Jensen’s inequality, the mutual informa-
tion (11) achieved by Winters method is less or equal to
that achieved by unconstrained signaling, with equal-
ity if and only if a; =0 or az = 0.

D. Phase modulated transmit signals

Hiroike et al. {5] use multiple transmit antennas to send
phase modulated versions of the same input signal.
They assume a continuous-time system and modulate
the signal by a sweeping function /2% for the i*! an-
tenna. In the frequency domain, this corresponds to
sending frequency shifted versions of the transmitted
signal. Hiroike’s transmission scheme is the frequency
domain analog of Winters’ method analyzed in the pre-
vious section. Thus we expect the mutual information
to be similar.

We analyze an equivalent discrete-time model of Hi-
roike’s system, shown in Figure 2(d). To derive the mu-
tual information of this periodic time-varying channel,
we first compute the mutual information of an N-block
channel and then take the limit as N becomes infinite.
For the two transmit antenna system, the channel out-
put is

Yi = oy X, + age??™ N X, 1+ Vi, (12)

where the frequency shift parameter § = 1/N has been
chosen so that the phase of the second antenna rolls
through one full cycle over the block of N symbols.
This channel is equivalent to N parallel AWGN chan-
nels, one for each time k. The inputs X} are assumed
to be complex Gaussian random variables with mean
zero and variance E|X?| = £,/2. The mutual informa-
tion of the N-block channel is

N-1 ok
1 |a1 -+ 632”'/Nagl2£3>
= — . (13
In Nkz_olog (1+ (13)
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Taking the limit as N — oo yields

T jar + e as|?E;
1 | e ls
. 0g (1 + 5N dw, (14)

which is the same as the mutual information achieved
by Winters’ method.

1
Lin = —
HIR = 5—

V. DiscussioN
A useful way to interpret the mutual information for-

mulas derived above is to plot lines of constant mu-
tual information on the |a,|,|a2| quarter plane. These
curves delimit outage regions, in the sense that one
can devise a codebook at any rate R so that reliable
communication will occur if the mutual information ex-
ceeds R. The curves for I = 1 are shown in Figure 3:
the solid innermost quarter circle is unconstrained di-
versity Iprv; the dashed curve tangent to the quarter
circle at |ay | = |az| is time division Itp and frequency
division Ipp; the dotted curve tangent to the quarter
circle at |a;| = 0 and |as| = 0 is Winters’ method Fwin
and Hiroike’s method Iyg.
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Fig. 3: Values of |a1]|/€s/No and |az|\/E;/Ny that corre-

spond to a mutual information of 1 bit/complex symbol.

The outage region for unconstrained signaling is uni-
formly smaller than the outage regions for any of the
four suboptimal methods. The tradeoff between the
suboptimal diversity methods is less clear. For exam-
ple, the suboptimal diversity method that minimizes
outage probability will depend on the stochastic model
for |a1| and |ag|. Though not indicated on the fig-
ure, the gap between the optimal and suboptimal ap-
proaches increases with 1.

Time division and Hiroike’s method can be imple-
mented in continuous time at passband. This is a sim-
ple way to upgrade a system designed for a single an-
tenna to use transmitter diversity, though of course the
full performance gain will accrue only if the transmit-
ter and receiver processing is redesigned for the (artifi-
cially created) time-varying channel. Coding methods
used for broadcast HDTV or digital audio should be
applicable here, with the simplification that the time-
variation of the channel follows a pattern known to the
receiver.

If the goal is to minimize outage probability then the
restriction to four suboptimal diversity methods seems
artificial. A more natural assumption, consistent with
the goal of minimizing complexity, would be to consider
the class of all linear periodic time-varying filters at the
transmitter. Some work along these lines is presented
in [2].

To achieve the full benefit of transmit diversity over
the vector Gaussian channel requires more sophisti-
cated coding and decoding. One approach is to in-
sert a pseudo-randomly varying unitary matrix before
the antenna array. The transmitter can then split it-
self into two virtual users, time-synchronized but oth-
erwise noncooperative, and use multiple access coding.
If the receiver uses successive decoding (stripping), the
complexity should be within a reasonable factor of a
single-antenna system. The channel identification and
power-control problems normally associated with strip-
ping are not as severe in this case, because the multiple
virtual users arise from a single user.

An open problem in this area is to develop a frame-
work for the comparative assessment of transmitter di-
versity, receiver diversity, and the value of partial chan-
nel knowledge at the receiver and transmitter. For ex-
ample, it can be shown that a transmitter array using
ideal beamforming has the same performance as a re-
ceiver array using ideal maximal ratio combining. In
the absence of accurate channel knowledge, a receiver
array still achieves some performance gain if nonco-
herent signaling is used; the transmitter array still
achieves some performance gain if a diversity method
is used.
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