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Abstract—We consider strategies for the lossy transmission Multiplexing (SM) [5]. Depending on its characteristics, each
of a zero mean Gaussian source over a 2x2 MIMO channel gtrategy will be used either for the transmission of a Single

with Rayleigh fading. The source is represented either using pyoqcintion (SD) or the transmission of a Multiple Description
a single description or a multiple description code, depending (MD) representation of this source

on each strategy characteristic. Performance is evaluated using - ) . . .
normalized expected distortion at the receiver, as a function of In SD coding, a single stream of information describing the
outage probability. The first strategy employs repetition coding source is transmitted over a single channel. In MD coding

over the two transmit antennas for the transmission of a single  [7], the source is represented using two different descriptions
description representation of the source. The second strategy uses that are transmitted over two independent channels. If both

a time-shared approach to the two transmit antennas, allowing d .. 1 ived. th b bined
for the transmission of a multiple description representation escriptions are correctly received, they can be combine

of the source. The third and fourth strategies are based on, together at the receiver to obtain a reconstruction of the
respectively, the Alamouti scheme and spatial multiplexing, and source at a certain quality. If only one of the two descriptions

both of these strategies are used for the transmission of a single g correctly received, a reconstruction of the source is still
description representation of the source. The results show that possible but at a lower quality.

the spatial multiplexing strategy is able to achieve the lowest Th . b h ies is based h
distortion, and also that it is possible, with the Alamouti strategy, © .Comp arison et.ween. the strategies . 1s based on the
to obtain similar performance at a lower complexity. We finally normalized expected distortion at the receiver, evaluated as

consider the outage rates of the different strategies and observe a function of outage probability. The results show that the
that if a system is designed to maximize the outage rate, the SM strategy achieves the lowest distortion, but in general at
co'rr.esl')onding distortion observed at the receiver will not be the expense of high complexity. It is also shown that the
minimized. . . . . .
ALM strategy, while being much lower in complexity, is

I. INTRODUCTION able to achieve performance almost equivalent to SM. We

finally consider the outage rates and show that, for each
given strategy, the outage probability required for maximizing
outage rate is different from the outage probability required
for minimizing distortion at the receiver. This implies that
the maximization of the outage rate might not be the optimal
criterion for the design of a system, since in general it will
not lead to the minimization of the distortion at the receiver.

A Multiple-Input Multiple-Output (MIMO) system is a
system that employs multiple antennas both at the transmitter
and receiver. The first theoretical analyses of MIMO systems
were developed by Winters [1], Foschini [2] and Telatar [3], as
well as others, and since then there have been many research
efforts on this subject. What mainly makes MIMO systems
interesting is their potential ability to achieve an increase
in system capacity or in link reliability without requiring II. STRATEGIES FOR INFORMATION TRANSMISSION
additional transmission power or bandwidth [4]. A. System Model

In this work, we focus on the utilization of MIMO systems The system considered in this work is the 2x2 MIMO

for the lossy transmission of SOLllrfjgf;nformatlon. .In pfamckl:_ system of Fig. 1. It is characterized by the channel matrix
ar, we want to compare several different strategies for the 7~ pip pache form

transmission of a zero mean Gaussian source over a 2x2
MIMO channel with Rayleigh fading. These strategies are H = < hir hio >
based on techniques such as Repetition coding (REP) [5], Time ho1  hao
Sharing (TS), the Alamouti scheme (ALM) [5], [6] and Spatial ~ Each entry h;; of the channel matrix H represents the gain
" . o of the channel between j-th transmit antenna and i-th receive
Currently visiting from University of Bologna. h f th h Is i d to be ind
Corresponding author. antenna. Each one of these channels is assumec to be indepen-
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and unit variance, which remain constant over the transmission
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Fig. 1: 2x2 MIMO model.

Channel state information (CSI) is not available at the
transmitter, which means that the transmitter does not have
any information about the channel matrix H, except for its
statistical distribution. Perfect CSI is assumed to be available
at the receiver.

The total transmitted power by the transmit antennas is
equal to P;. If both transmit antennas are transmitting simul-
taneously, each antenna will transmit with equal power P;/2,
while, if only one antenna is transmitting at a given time,
it can make use of full transmit power P;. The noise at the
receiver is i.i.d. AWGN noise, with the same average power
N at each receive antenna. We denote with 7 the ratio P;/N
and with v;; the instantaneous Signal to Noise Ratio (SNR)
of the signal transmitted by the j-th antenna and received by
the ¢-th antenna. Thus,

i=1,2 (1)

if only the j-th antenna is transmitting at a given time, and

Py _
Yij = N\hij|2 = 7lhi;I?,

P, 5 .
Yij = ﬁmzﬂz = %|hij|27 i,j=1,2 (2)

if both antennas are transmitting at the same time.

B. Repetition

The REP strategy is based on repetition coding [5]. The
basic idea is to transmit the same symbol over the two transmit
antennas in two consecutive time slots. In each time slot, only
one of the two transmit antennas is used for transmission,
while the other antenna is turned off.

Thus, in the first time slot the symbol S; is transmitted
on the first transmit antenna and it is observed by the receiver
through the two channels with gains h1; and ho;. In the second
time slot, the same symbol Sy is transmitted on the second
transmit antenna and it is observed by the receiver through
the two channels with gains hio and hoy. A Maximal Ratio
Combiner (MRC) [4] is then used at the receiver to optimally
combine the four signals received by the two receive antennas
in the two different time slots.

The instantaneous SNR ~ of the signal at the output of the
MRC is given by the sum of the instantaneous SNRs ~;; of
its input signals [4], that are given by Eq. (1)

2 2
v=Y vii=7 |hil?
ij=1 i,j=1
In this way, a single channel is obtained from the four inde-
pendent channels available in our MIMO system. This strategy
is then suitable for the transmission of a SD representation of
the source.

The instantaneous capacity of this single channel is given

by [4]
1 1 &
- 2
C = §log2 (1+7> = §log2 <1+74Z |hij| >
i,j=1
where the factor 1/2 arises because we are transmitting the
same symbol over two consecutive time slots.
The source coding rate Rrgp of the SD coder is chosen to

be equal to the outage capacity at a given value for the outage
probability P,,;, i.e. it is chosen such that

P?“{C < RREP}

Thus, with probability 1 — P,,; the system is not in outage,
which means that it can support the transmission at a rate
Rprpp with an arbitrarily small probability of error, since its
capacity is higher than Rrgp [8]. In such case, the receiver
is able to reconstruct the source information with a distortion
D, equal to [8]

Pout

Dy = 272RREP

If the system results in outage, which happens with probability
P,., the receiver is not able to correctly decode the transmit-
ted information with an arbitrarily small probability of error
and achieves a distortion equal to 1.

The expected distortion D at the receiver is then

D= (1 _Pout)Dl +Pout

The outage rate R%Y , defined as the average rate correctly

received over many transmission bursts [4], is given by
(1 = Pout)RrEP

C. Time Sharing - Multiple Description (TS-MD)

In this strategy a TS approach is adopted to obtain two
independent channels from the MIMO system. The idea behind
this strategy is to transmit two different symbols over the
two transmit antennas in two consecutive time slots. In each
time slot, only one of the two transmit antennas is used for
transmission, while the other antenna is turned off. Thus, in
the first time slot the first symbol S is transmitted over the
first antenna and it is observed by the receiver through the two
channels with gains A7 and hs;. In the second time slot, the
second symbol S5 is transmitted over the second antenna and
it is observed by the receiver through the two channels with
gains hio and hos. The receiver will then combine the two
signals received in the same time slot using a MRC.

Since each received signal has a SNR given by Eq. (1), the
signal at the output of the MRC in the j-th time slot has a
SNR equal to [4]

2 2
V= v =AY byl
=1 =1

out  __
RREP -

In this way, two independent channels are effectively created
in the two time slots, making this strategy suitable for the
transmission of a MD representation of the source.
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The channel at the j-th time slot has an instantaneous
capacity C; equal to [4]

2
C;= %mg2 (1 - yj) = %logQ <1 + jz; hij|2> 3)
where the factor 1/2 arises because each channel is used only
half of the time.
The side description rate Rj;p/2, which equals the trans-
mitted rate over each channel, is chosen to be equal to the
outage capacity for a given P,,;, i.e. is chosen such that

R
MD} — P,
2

The expected distortion D at the receiver is then given by
D= (1_Pout)2DO+2Pout(1 _Pout)Dl +P2 4

out
where Dy and D; are the distortions achieved by the receiver
when observing, respectively, both descriptions or only one of
the two descriptions.

Depending on the type of MD coder used, Dy and D; can
have different expressions [9] and different TS-MD strategies
can be obtained. The No Excess Marginal Rate coder (MD-
NMR) [9] is employed in the TS-MD-NMR strategy. The side
descriptions are then rate distortion optimal and the distortions
have the following expressions [9], [10]

P’I“{Cj <

92—Rmp
Do = 2 —92—Rubp
D, = 9—Rwmp

The No Excess Joint Rate coder (MD-NJR) [9] is employed
in the TS-MD-NJR strategy. Here the joint description is
rate distortion optimal and the distortions have the following
expressions [9], [10]

Dy =
Dy = 1(1+223MD>
2

The optimal coder (MD-OPT) [10] is employed in the TS-
MD-OPT strategy. In this case, neither the side descriptions
nor the joint description is rate distortion optimal, but they
are chosen to minimize the expected distortion D in Eq. (4)
for a given P,,:. The distortions Dy and D; are given by the
following expression [9], [10]

1 1- 9—2Fup
(D07D1) =|a ra_ 41—
2 2 a

with

2*2RMD

ac |272Rup 727&\”
9 _9-Rmp

Thus, the MD-OPT coder chooses the proper value for a to
minimize the expected distortion D.

The outage rate R34, is given by
R
R%T/[LE} = (1 - Pout)QRMD + 2Pout(1 - Pout) J;D

(1 — Pout)Rump

D. Alamouti

This strategy employs the Alamouti scheme [6], [5] to
obtain two independent channels from the MIMO system.
Since both channels have the same gain given by ZZQ =1 i |2
[5], it is evident that it is impossible to have, for a given
realization of the channel matrix H, one channel in outage
and the other not in outage, i.e. both channels can only be si-
multaneously in outage or simultaneously not in outage.! This
strategy is then not suitable for the transmission of a multiple
description representation of the source, as also pointed out in
[10]. Instead, it could be used for the transmission of a single
description representation, demultiplexing it into two half-rate
substreams which are then transmitted over the two channels.

The signals at the output of the Alamouti decoder have the
same instantaneous SNR +, equal to the sum of the SNRs of
the signals on each branch [4]. Thus, from Eq. (2) we have

2 _ 2
gl
= Z Vi =5 Z |hi;|?
ij=1 ij=1
The instantaneous capacity of this system is then given by [11]

S mﬂ?)

1,j=1

C =log, (14—7) = log, <1+Z

and the source coding rate R4z s is chosen such that

PT{C < RALM} = Pout
The expected distortion is then

D= (1 - Pout)Dl + Pout

where D7 is the distortion achieved by the receiver when the

system is not in outage, which is equal to [8]
D, = 9—2RaLm

)

The outage rate R%Y,,

Rt = (1

is given by
— Pout) RaLm

E. Spatial Multiplexing

In the SM strategy [5], a single symbol stream is first
demultiplexed and encoded into two separate and independent
substreams. Each substream is then transmitted simultaneously
over each transmit antenna and, at the receiver, an optimal joint
decoder is employed for retrieving the original symbol stream.

Since this strategy requires one single symbol stream, it can
only be used for the transmission of a SD representation of
the source.

The instantaneous capacity achievable with this strategy is
given by [2]

C = log, det (12 n ;HHH> 6)

I'This is true also because the transmitted rate on each channel is the same,
which is the only case of interest for us.
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Fig. 2: Expected distortion vs. outage probability for the
different TS strategies with 7 = 10 dB.

where I, is the 2x2 identity matrix and H* denotes the
conjugate transpose of the channel matrix H. In a similar way
as before, given the outage probability the source coding rate
Rg s is chosen such that

PT‘{C < RS]V[} = P
The expected distortion D at the receiver is then
D = (1 - Pout>D1 + Pout

where
Dy = 9—2Rsm

)

is, as usual, the distortion achieved when the system is not in
outage.
The outage rate R%4, is given by

R?ﬁ = (1 - Pout)RSM
III. DISCUSSION

We begin the discussion by comparing only the three TS-
MD strategies. Then, we compare TS-MD-OPT with the
remaining three strategies.

Figure 2 compares the expected distortions achievable with
the TS strategies at a fixed 7 of 10 dB. These results can be
explained using the same observations we made in [12], where
we considered MD strategies over two parallel and indepen-
dent fading channels. For completeness, we now briefly restate
here these conclusions.

As expected, TS-MD-OPT achieves the lowest distortions,
since it is designed to minimize Eq. (4). At low outage
probabilities, both descriptions are correctly decoded most of
the time and optimal performance is achievable with the TS-
MD-NIJR strategy, since it is designed to minimize the distor-
tion Dy. As the outage probability gets higher, the receiver
becomes able to correctly decode only one description most
of the time and TS-MD-NMR achieves optimal performance,
since it is designed to minimize the distortion D;.

n
© o o
N o ©o =

o o
n o

ed distortio

—REP
- . ---TS-MD-OPT
v - e ALM
02 03 04 05 06 07 08 09 1
Outage probability

Fig. 3: Expected distortion vs. outage probability for the
different strategies with ¥ = 10 dB.

Coding rate
n w e 2] (*2] ~ o] (<] o

02 03 04 05 06 07 08 09 1
Outage probability

Fig. 4: Source coding rates vs. outage probability for the
different strategies with 4 = 10 dB.

Figure 3 compares the remaining strategies and TS-MD-
OPT at a fixed ¥ of 10 dB. As can be seen, the lowest
distortions are achieved with the SM strategy. However, this
performance comes at the expense of complexity, mainly
due to the presence of the joint decoder at the receiver.
Interestingly, the ALM strategy, which can be employed for
reducing this complexity, shows only a very small loss in
performance with respect to SM. Looking at the source coding
rates of the different strategies, reported in Fig. 4, it can
be seen that ALM obtains rather high coding rates, but still
significantly lower than those of SM. This observation, at a
first analysis, might erroneously lead to the expectation of a
more evident difference in performance between these two
strategies. In fact, it must be recalled that the distortions D,
are exponential decaying functions of the coding rate (see
Egs. (5) and (7) ). So, due to this type of dependency, the
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Fig. 5: Outage rate vs. outage probability for the different
strategies with 4 = 10 dB.

distortions D; are very similar even though the coding rates
are significantly different.

Returning to Fig. 3, as the outage probability grows perfor-
mance of SM and ALM quickly worsen and lowest distortions
become achievable with the TS-MD-OPT strategy. This hap-
pens because SM and ALM are both transmitting over a single
unreliable channel, while TS-MD-OPT employs path diversity
over two independent and equally unreliable channels reducing
the overall system outage probability. The REP strategy has
in general the worst performance, except for very low values
of outage probabilities where it performs slightly better than
TS-MD-OPT.

We now consider the outage rates achievable with the vari-
ous strategies, plotted in Fig. 5. In [13] it has been shown that,
when considering the lossy transmission of information over
a single channel with very slow Rayleigh fading, designing
the system to maximize outage rate does not lead to the
minimization of the distortion at the receiver. Inspired by this
observation, we want to determine if the same result applies
to our MIMO case.

We denote by p; the outage probability that minimizes
expected distortion and by p, the outage probability that
maximizes outage rate. Table I shows the values of pg4, p.,
the corresponding distortions and the percent differences in
distortion for the various strategies with 4 = 10 dB, obtained
from Figs. 3 and 5. As can be seen, the outage probabilities
that minimize distortion are very different from the outage
probabilities that maximize outage rate. Thus, if the system
is designed to maximize outage rate instead of minimizing
distortion, suboptimal performance is achieved. In some cases
this approach could result in much higher distortions, as in
the SM strategy where the percent difference between the two
distortions is almost 370%. TS-MD-OPT is the less sensitive
strategy to this design error, but still has a distortion that is
more than 28% higher than the minimum distortion.

TABLE 1
Pd> Pr AND RESPECTIVE DISTORTIONS FOR THE VARIOUS
STRATEGIES WITH 7 = 10 dB.

Pd pr | D(pa) | D(pr) | AD%

ALM 0015 | 0.130 | 0.0458 | 0.1372 | 199.41
TS-MD-OPT | 0.084 | 0212 | 0.0825 | 0.1058 | 28.24
REP 0.026 | 0.108 | 0.1069 | 0.1551 | 45.01

SM 0013 | 0.157 | 0.0338 | 0.1589 | 369.76

IV. CONCLUSIONS

We considered strategies for the lossy transmission of a
zero mean Gaussian source over a 2x2 MIMO channel with
Rayleigh fading. These strategies are based on Repetition
coding, the Alamouti scheme and Spatial Multiplexing for
the transmission of a single description representation of the
source, and on Time Sharing for the transmission of a multiple
description representation. We showed that the lowest distor-
tions are achievable with SM strategy, but at a high complexity.
We also showed that the Alamouti strategy has performance
almost equivalent to SM, but at a lower complexity. We finally
considered the outage rates of the different strategies and
observed that in a system designed to maximize the outage
rate, the corresponding distortion observed at the receiver is
not minimized.
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