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ABSTRACT

Source coding diversity produces multiple independent
source descriptions so as to improve the received quality.
Cooperative diversity exploits the broadcast nature of wire-
less networks by allowing multiple users to relay informa-
tion for each other, so as to create multiple signal paths.
This paper studies what is the best strategy in combining
these two types of diversity for real-time multimedia com-
munications by comparing the distortion-rate performance
of different joint diversity schemes. Results show that ex-
ploring both types of diversity improves the system perfor-
mance most, but in most of cases, only one type of diver-
sity can achieve most of the diversity gain. The best perfor-
mance is obtained when the mobile can switch between co-
operative and non-cooperative operation depending on the
channel conditions. Thus, we remark that it is important to
design efficient protocols that manage this switch and pro-
vides motivation for all users to cooperate.

1. INTRODUCTION

Future wireless conumnunications systems will support real-
time multimedia (voice, video, audio, etc.) traffic with good
quality of service, while transmitting at reduced power lev-
els in environments impaired by signal fading. One very
cffective way in overcomning these challenges is the use of
diversity techniques, which combine at the receiver ideally
independent fading copies of the transmitted signal.

One diversity technigue is spatial diversity, which trans-
mits copies of the signal through different paths by using
multiple physically-separated antennas at the transmitter, the
recetver or both. Although spatial diversity provides useful
performance gains, its practical implementation is limited
by the size of mobile terminals. Nevertheless, due to its
broadcast nature, in most multiple-user radio networks there
are few constraints to user overhearing each other transmit-
ted signals. This allows for the implementation of coop-
eration diversity, where multiple users collaborate by cre-
ating multiple signal paths to relay information for each
other. These multiple signals are combined at a destination
node 50 as to create spatial diversity. Cooperation diversity
builds upon early studies on the relay channel [1]. More re-
cently, the idea of achieving spatial diversity through user
cooperation was presented in [2]. While [2] introduced the
idea of cooperation through “decode and forward”, in [3]
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the authors introduced the idea of implementing coopera-
tion through “amplify and forward” and further studied the
achievable capacity of user-cooperation schemes.

Also, when the physical layer presents to upper layers
multiple communications paths, diversity can be exploited
at the source codec. Muliiple Description Coding is a form
of this source coding diversity ([4]) that had been studied
for error resilient source coding applications [5], especially
in communications over parallel channels [4]. Here, differ-
ent coded descriptions are sent through each path. At the
receiver, each description can be decoded independently or,
if possible, combined together to obtain the reconstructed
source with a lower distortion[6].

Diversity techniques can be combined together to fur-
ther improve performance. Our goal in this paper is to study
what is the best strategy in combining source coding and
cooperation diversity for multimedia communications. The
solution to this problem and its dependence on network con-
ditions does not appear readily due to the unique challenges
involved in real-time multimedia communications. Refin-
able single description coding combined with amplify-and-
forward and coded cooperation was considered in {7] and
[8], respectively, Here, we will consider four cooperative
diversity techniques: amplify and forward, adaptive decede
and forward, non-adaptive decode and forward, and no co-
operation, and two types of source coding diversity tech-
niques: multiple description source coding and single de-
scription coding (no diversity). Our results show that multi-
ple description always performs better than single descrip-
tion source coding. However, in most cases, the perfor-
mance gain is significant mainly in a system with no coop-
eration, The best overall performance is obtained when the
mobile can switch between cooperative and non-cooperative
operation depending on the channel conditions. We also re-
mark that an adaptive decode-and-forward cooperative tech-
nique shields the best perforinance in most of the cases. So
it is important to design efficient protocols to manage the
switch between operation with and without cooperation.

2, SYSTEM DESCRIPTION

We consider a wireless network that is shared between users
by allocating to each call an orthogonal channel with fixed
commurication capacity I’ (measured in channel code sym-
bols per transmission period). We focus on a source node
fransmifting real-time multimedia traffic to a destination node.
Transmission is over a channel with fading that remains
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constant within the duration of each transmission period.
During each sample period, a block of N input signal sam-
ples are presented to the source encoder for compression. -

The source codec for schemes that operate without source
coding diversity will be a Single Description (SD) source
codec. This codec generates only one coded representation
of the source using Rg bits per source sample. The per-
formance of a source codec can be measured through its
achievable distortion rate (D-R) function, which, for the SD
source codec, is frequently of the form Dg(Rg) = ¢, 27 2Fs,
This form of D-R function can approximate or bound a wide
range of practical systems such as video coding with an
MPEG codec [9]. speech using a CELP-type codec [10],
or when the high rate approximation holds. Assuming that
each of the input signal samples are memoryless, following
a Zzero-mean, unit-variance Gaussian distribution and if long
block source codes are used, we have ¢; = ¢o = 1 {[11]).
Thus, without loss of generality, we assume,

Dg(Rg) =27%8s, ey

The source codec for schemes that operate with source
coding diversity will be a Muliiple Description (MD) source
codec. This codec encodes the source into multiple (two in
this paper) separate bit streams (or descriptions) at a com-
bined rate of R,y bits per source sample. In each bit stream,
the source is encoded at a rate Ep1 = aRys and Rps =
BRs bits per source sample. Here ¢ and 3 = 1 — «, are
codec parameters that take values between () and 1 and that
control the proportion of total coding rate allocated to each
stream, If any of the two descriptions is decoded indepen-
dently of the other, the achievable D-R function follows the
same performance as for SD coding, i.e.

Dpi(Rp1) = 272821, Dpa(Rpa) =272F22. (@)

When the two descriptions are combined and decoded to-

gether, the achlevable D-R function becomes [6]
9-2(Rp1+Rpa2)

Du(Rp1, RD2) = . (3)

~ /(1 - 272k} (1 — 2-2Rz)

After source encoding, the source-encoded bits are grou-
. ped into b-bits symbols and protected for transmission with
a channel code. We assume that delay constraints exclude
the use of capacity-achieving codes or ARQ techniques. Thus,
we consider block codes in the form of Reed-Solomon (RS)
codes with parameters {n, k), i.e. the encoder operates at a
rate r = k/n, encoding & b-bits symbols into an n-symbols
codeword. We assumed that the different RS codes are gen-
erated by puncturing and adding / subtracting parity sym-
bols as needed. Note that all these codes will maintain
the maximum distance separable property [12]. Also, we
assume that the receiver discards channel-decoded frames
containing codewords with errors. This is common prac-
tice in conversational communications due to the strict de-

lay constraints. In a communication setup with no user-
cooperation, if the frame contains L codewords, the prob-
ability that the frame will have errors after channel decod-
ingis P(v,L) =1~ (1— q(fy))L, where « is the channel
signal to noise ratio (SNR) during the transmission period
and ¢(~) is the probability of channel decoder failure when
using a bounded distance decoder [12]. For the case of RS
codes this probability is approximated as
ql(v) = PTerred symbols in codeword > L——-— _(]

= zn: (J) Pi(1— Py, @

=l
where P, is the probability of a symbol error. For b-bits

symbols we have Py(y) =1 — (1 — Pb('y))b, where P is
the bit error probability, which depends on the modulation
scheme and the channel conditions. In this work we will as-
sume BPSK modulation with coherence detection and max-
imum likelihood decoding,

The communication process may be carried on with or
without using a user-cooperation setup. In a cooperative
scheme a third node, the relay node, is associated with the
source node to achieve user-cooperation diversity. Commu-
nication in a cooperative setup takes place in two phases.
In phase 1, a source node sends information to its destina-
tion node. During phase 2, assuming that the relay nodes
can overhear this information, each relay node cooperates
by forwarding to the destination the overheard information.
Being fixed, the communication capacity for each call, F,
need to be split between the two phases,

We will consider three schemes that implement cooper-
ation. In decode-and-forward, the relay decodes the signal
from the source and sends a re-encoded copy if decoding
was successful. At the receiver we assume that a Maximuin
Ratio Combiner (MRC) is used to combine and detect each
transmitted symbol arriving through different paths. The re-
lay will idle during phase 2 if it fails to decode the source
signal. Tt can be shown, [13] that in this case the received
SNR at the output of the MRC for a transmitted frame, vp,

is
=]

where 7,4 is the source-destination channel SNR, ;.. is the
source-relay channel SNR and .4 is the relay-destination
channel SNR. If we denote by & the event “correct decoding
at relay” and by S the event “incorrect decoding at relay”,
the probability of having a frame with errors is

Pp(vp,L) = P(yp, LIS)P(S) + B(yp, LIS)P(S) (6)
= P('Yse""'yrd’ L) zl - P('}'sr:L)) +P(Ysd, L)P(')’sra L)-
Note that the relay idling during phase 2 if it fails to

decode the source message introduces inefficiency. To im-
prove efficiency, we consider a symmetric operation between

Ysd + Yrd, if correct decoding at relay;
~sq, if incorrect decading at relay,

&)
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the source and the relay, i.e. both nodes send their own
data during phase 1 and cooperate with each other during
phase 2. Adaptive decode-and-forward is a variation of the
decode-and-forward scheme that deals with this issue by
making the source or the relay switch during phase 2 to a
non-cooperative mode (sending a copy of its own signal)
when there is a failure in decoding the partners signal. Thus,
the sources frame received SNR at the output of the MRC is

244, if source and relay fail decoding,
~sd + ¥rd, 1if source and relay succeed,
Yeq, if source succeeds and relay fails,
2vsd + Yrd, if source fails and relay succeeds,

YAD =

and the probability of having a frame with errors is

%(’YADa L) = 13(2'}’30!1 L)js('rsr, L)2

+P(73d + Yrd, L) (1 - '}’sr: L)) (7

+[P(yea, LY + P{2v5a + tray L)] P(¥er, L) (1 - P(er, L)) :

where we have assumed inter-node channels to be recipro-
cal, i.e.. Yer = Yrs.

The third cooperative scheme is amplify-and-forward.
In this scheme the relay retransmits the source’s signal with-
out further processing. It can be shown, [13], that the SNR
. at the receiver after the MRC is

TsrY¥rd (8)

=1 +———————-_
T4 = Ysd T Yor + o

and the probability of having a frame with errors is simply
= =~ L
Pa(va, L) =Plya, Ly =1- (1 - q(va)})".

3. OPTIMIZATION OF DIVERSITY

In this section we study how to combine the techniques for
source coding and cooperation diversity. We also analyze
their performances by stodying the D-R performances.

3.1. Schemes with No Cooperation

These schemes correspond to a direct communication be-
tween source and destination through a channel with SNR
¢ With no exploitation of cooperative diversity.

3.1.1. Single Description Source Coding:

If each of the N source samples are source encoded using
R g bits and error protected with a (n, k) code there would
be L = N Rgn/(bk) codewords per frame. With F' = Ln
channel code symbols per frame we have Rgy = bkF and

Dsn = min { DpP(y.a, L)+ Ds(Rew)(1-Plr:a, 1)) }
©)

where D is the distortion when the frame is received with
errors (D g = 1 for our source model and distortion measure
setup).

3.1.2. Multiple Description Source Coding:

In this case both descriptions are transmitted over the same
channel, one after the other in the same frame, with the ag-
gregate conmunication capacity used being at most F'. We
assume that the first and second descriptions are source en-
coded into Rp1 = aRyy and Rps = JRarn bits per
sample, respectively, and protected with a (n1, k1) code and
a (ng, ko) code, respectively. Therefore, each frame con-
tains Ly = NaRpw/(bk1) codewords from the first de-

scription and Ly = NSRpsn /(bksy) from the second. Then,
F= L1n1 + Lg'nz and
_bFromy | Pnay
RMN*N(/Z:1 + kg) ' 10

For this setup the D-R performance becomes
Duyn = nhkff}li;ﬂ!kg, {DFﬁ(')'sd, L1)P(vsa, La)
+Dp1(Rp1)P(Ysa, L2} {1 — P(ea, Ll))
+Dpa(Rp2)P(Ysar L1){1 — P(3sa, Lz))
+Du(Bp1, Rp2) (1 — Plsa, Ll))
(1 Flva L)) }, (1)

where Dpy, Dps2, and Das are as in (2) and (3). In (11),
the first term accounts for the case when no description is
successfully received, the second and third term consider
the cases when only one of the descriptions is successfully
received, and the last term account for the case when both
descriptions are successfully received.

3.2, Schemes with Cooperation Diversity
3.2.1. Single Description Source Coding:

This is a case where only cooperative diversity is used. Be-
cause of our requirements for modulation scheme and or-
thogonal channels with fixed communication capacity, F
needs to be split between each phase. More specifically,
/2 channel code symbols are used for communication dur-
ing phase 1 and F/2 for communication during phase 2.
Therefore, if the V source samples are source encoded at
a rate Rgc and error protected with a (n, k) code we have
in one frame Lso = N Rgc/(bk) codewords mapped into
F/2 = nLge channel code symbols. Tt follows that R =
bk F/(2nN). For each of the three user-cooperation schemes
considered in Section 2, the D-R performance functions have
the same forms as in (9) with P(fysd, Ly = Pp (vp,Lsc),
from (6), when using decode-and-forward, P(*ysd L) =
16;:0('}’AD3LSC) from (7), when usmg adaptive decode-
and-forward, and P( Yea, L) = PA (va, Lgc) when using
amplify-and-forward.

. 3.2.2. Multiple Description Source Coding:
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In our setup for multiple description coding combined with
cooperative diversity, description 1 is sent through a non-
cooperative scheme and description 2 is sent using a coop-
erative scheme as was just discussed for a single descrip-
tion codec. In this way, we meet the need to send each de-
scription through a different channel. More importantly, by
adapting « and 73 (in essence each description source cod-
ing rate) we are able to control the proportion of resources
used for cooperation. This is important because, as should
be clear from our analysis of the single description system
with user cooperation, well-designed cooperative systems
need to find a balance between the reduction in commu-
nication capacity to allow transmission during cooperative
phase 2 and performance gains obtained by expleiting user-
cooperation diversity.

We assume that the first and second descriptions are
source coded at rate Ry = aRpse and Reos = BBy, re-
spectively, and protected with a (n1, k1) code and a (ng, ko)
code, respectively. Therefore, a frame will contain Ly =
NaRpse/(bky) codewords from the first description and
L¢a = NBRpc/(bka) from the second. In this case we
have F' = Leyny + 2Legns (where the factor 2 in the sec-
ond term considers the two cooperative phases). Also,

_ bF ramq 208nay 1
RMC_N(kl k2) :

Following the fact that description 1 is transmitted us-
ing a non-cooperative channel and that description 2 is sent
through a cooperative channel, the D-R performance fol-
lows the same expression as Equation (11} with Bey =
Rpi1, Rz = Rp2 Ryn = Ruce and with If_(_%d, L) re-
placedby Pp(p, Lea), Pan(vap, Loz) or Pa(ya, Leg),
to consider decode and forward, adaptive decode and for-
ward or amplify and forward, respectively.

(12)

4. NUMERICAL RESULTS

To evaluate the performance of each scheme studied in Sec-
tion 3, we looked at each D-R performance for different
source-destination channel SNRs. Figures 1 and 2 show
these results. By changing the SNRs of the source-relay
and relay-destination channels we considered two scenar-
ios: the relay is close to the source and far from the destina-
tion (Figure 1) and the relay is far from the source and close
to the destination (Figure 2}. Other setups were also stud-
ied with results that can be inferred from the ones presented
here. In all cases we set b = 5 bits, NV = 150 samples and
F =190 channel code symbols per transmission period and
call, Also, we studied in Figure 3 the value of 3, the pro-
portion of total source coding rate allocated to description
2 when using multiple description coding. When consider-
ing cooperative schemes, this magnitude provides a relative
measure of the use of cooperation.

Our first observation from the resuits is that multiple de-
scription coding provides a performance improvement that

Distortion
Cistortion

Source—destination channel SNR, 1, [dB]

Fig. 1. Distortion for y,, = 10 and 4 = 3.

increases as the SNR in the source-destination channel de-
creases. Nevertheless, this improvement is significant mainly
when used without cooperation. This shows that the reduc-
tion in communication capacity to allow for 2-phase coop-
erative schemes cannct be compensated by the gains that
could be obtained by using multiple description source cod-
ing. The results also show that non-cooperative schemes
provide the best performance when the source-destination
channel has relatively high SNR and cooperative schemes
yields significant performance improvement when the SNR
between source and destination is small. More importantly,
it is clear from the study of the value [3 that, approximately, -
the system tends to switch between the two extremes of
no cooperation and full use of cooperation, following the
guidelines already noted. Therefore, design of protocols
that allow switching operation between cooperation and no
cooperation is critical to obtain the best performance. The
design challenge here is for the protocol to decide on the
switching points (depending on all channels SNRs) shown
in Figure 3. Also, a consequence of these results is that users
enjoying good channels have no incentive to cooperate; this
imposes a challenging issue into the protocol design.
Furthermore, we note that these results suggest the need
for a source coding technique that provides both adaptabil-
ity in the cooperation proportion and diversity gain when
combined with cooperative techniques. This is a matter of
current research to be presented in a future paper. Also,
the results show that the choice for the cooperative tech-
nique that shields best performance depends on the spe-
cific combination of all involved channel SNRs. In gen-
eral we can say that adaptive decede-and-forward shield
better performance in most of the cases, except when the
source-destination and the source-relay channels have very
low SNR. We finally note that we expect these qualitative
conclusions to hold even when using other channel coding
and modulation techriques because they follow mostly from
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-Fig. 2. Distortion for v, = 3 and v, = 10.
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Fig. 3. 3 = 1 - o, fraction of total source encoding rate
allocated to description 2 in multiple description coding.

the functional behavior of each system component and not
from their specific performance qualities.

5. CONCLUSIONS

We studied what is the best strategy in combining source
coding and cooperative diversity for multimedia comniuni-
cations. We focused on three techniques that exploit cooper-
ative diversity: amplify-and-forward, decode-and-forward,
and adaptive decode-and-forward, and one technique that
exploits source coding diversity: multiple description source
coding. Also, we considered the cases when either of the
two diversity technigues is not used. We concluded that
multiple description coding always provides better perfor-
mance than single description coding, but in most cases,
only one type of diversity can achieve most of the diversity
gain. Overall, the best performance is obtained when the
mobile can switch between operation with and without co-
operation depending on the channel conditions. This high-
lights the need for efficient protocols to manage this switch.

In this area we justified the design challenge of motivat-
ing collaboration to users in good channels conditions. We
also note that an adaptive decode-and-forward cooperative
technique shields the best performance in most of the cases
and we conclude that further research, currently underway,
is needed to study and develop more efficient combinations
of source coding and user-cooperation diversity.
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