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Abstract—In this paper, we study the application of cooperative
diversity to wireless broadcast channels, a fundamental building
block of wireless communication networks. Several cooperative
broadcast protocols will be proposed, and information theoretic
metrics are developed to facilitate performance evaluation. Pro-
vided that there is no direct S-D link, the proposed protocols can
achieve a multiplexing gain close to one, whereas the traditional
two-hop scheme can only achieve the diversity gain 1/2. Provided
that there are direct S-D links, the proposed protocol can
still outperform the comparable scheme, particularly at high
multiplexing gains.

I. INTRODUCTION

Cooperative diversity has been extensively studied for the
simple scenario of one source-destination pair has been exten-
sively studied (e.g. [1]-[3]), and the application of cooperative
diversity to multi-user scenarios has gained increased attention.
In this paper we focus on the application of cooperative diver-
sity to the broadcast channel, which is one of the fundamental
building blocks of wireless communication networks. The
design of cooperative broadcast protocols is quite challenging
as the broadcast channel is severely limited by co-channel in-
terference. One approach to avoid such co-channel interference
is to assume that there are no individual messages and each
destination is to decode all source messages. As shown in [3],
such a cooperative broadcast protocol can realize diversity gain
larger than one for low multiplexing gains, but no diversity
gain can be achieved for multiplexing gains over 1/2. In [4],
the capacity regions for relay broadcast channels have been
developed; however, the impact of fading and the achievable
diversity gain were not addressed.

In this paper, we focus on the application of cooperative
diversity to fading broadcast channels, where a source tries to
deliver individual messages to destination nodes with the help
of relays. In contrast to the broadcast protocol proposed in [3],
inactive nodes are used as relays and exploited as an extra
dimension for performance improvement. The use of such
dedicated relays is motivated by the fact that there are more
inactive nodes than active nodes in many practical systems.
For example, in a lecture hall, the total number of mobile
users is large, and only a few will make phone calls at any
particular time. Hence the reminder of the mobile users can be
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exploited as relays and the number of relays can be quite large.
Similar observations can be found in other practical systems,
such as dense sensor networks. The contributions of this paper
are two-fold. First for scenarios without direct S-D links, a
new cooperative broadcast protocol is devised that realizes
a multiplexing gain of #ﬂ, where M denotes the number
of destinations. Note that a traditional two-hop transmission
scheme with relay selection can only achieve the multiplexing
gain 1/2 as shown in [2]. In addition, two simple modifications
are applied to the proposed broadcast protocol to enhance
system performance. One, inspired by cognitive radio, pushes
the achievable diversity gain close to the maximum diversity
gain. The second is used to increase the multiplexing gain to &
which approaches one when there are sufficient reliable relays.

Secondly for scenarios with direct S-D links, distributed
beamforming is applied to the broadcast channel and a new
cooperative transmission protocol is developed to realize a
diversity gain of (L — M + 1) up to the multiplexing gain
#—&-1’ where L denotes the number of the relays. On the other
hand, recall that the cooperative broadcast protocols proposed
in [3] cannot achieve diversity gains larger than one when the
multiplexing gains is larger than 1/2.

II. TRANSMISSION STRATEGY FOR THE SCENARIO
WITHOUT DIRECT S-D LINKS

Consider a communication scenario with one source, M
destinations, and L relays. Each of the M destinations is to
receive a different message from the source with the help of
relays. Similar to [1], the half-duplex constraint is imposed on
the nodes, and time division duplexing is used because of its
simplicity. In this section, it is assumed that there is no direct
link between the source and destinations, as in [2].

A. Protocol description

The proposed transmission strategy consists of two phases:
initialization and data transmission. During initialization, relay
selection is preformed, which ensures that only the relays
with good channel conditions will participate in the data
transmission. In specific, consider the index set of relays
that can decode a rate +1 R transmission from the source

(M+1)
252 M -1
P

i:|hsg, , where p denotes signal-to-noise

ratio (SNR), R denotes the targeted data rate to each desti-

nation, and hgpr, denotes the channel between the source and
the ¢-th relay. Assume this set contains K relays, K < L, and
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denote them as {Rj,..., Rk }. It is assumed that K > M;
otherwise, the two-hop relaying scheme proposed in [2] can
be employed. Each relay is assumed to have the access to its
local CSIL.

For data transmissions, each data frame consists of P =
M + 1 time slots as shown in Fig. 1. During the first time
slot, the source broadcasts the message s; at the intended
rate %R which is intended for the first destination. All
K qualified relays decode and store s;. The relay, Rj, that
has the best connection to the first destination is chosen
to forward s; during the next time slot (ie. |hgr:p,|* =
max{|hr,p,|% .-, |hRD,|*}). During the second time slot,
the source broadcasts a new message, so, at the intended
rate %R intended for the second destination. At the same
time, the chosen relay R} will forward the message s; to
the first destination. Since there are no direct S-D links, the
first destination only observes the message transmitted by Rj.
Although the rest of the K — 1 qualified relays observe the
mixture of s; and so, the qualification criteria guarantees that
each of them can decode sy via successive decoding, since
they all have decoded and stored s;. Due to the half-duplex
constraint, the relay R} will miss the chance to receive the
message So, which means this relay cannot be reused in the
following time slots, and hence the relay R} is removed from
the qualified relay set for succeeding relaying.

Similarly, at the m-th time slot (2 < m < (M — 1)),
the source broadcasts the message s,,, and the relay R}, _;
forwards the message s,,_1, where the relay I}, _; is chosen
because it has the best connection to the (m—1)-th destination
among the remaining (K —m+ 1) qualified relays. At the last
time slot, the relay R}, is the only transmitter and it delivers
sy to the M-th destination.

B. Outage performance and diversity-multiplexing tradeoff

Outage probability will be used as the criterion for per-
formance evaluation since the probability of error of the
maximum likelihood (ML) detector can be tightly bounded
by the outage probability at high SNR [5]. Denote O by the
overall outage event for broadcast channel and O by the
outage event when there are K qualified relays. Then

L
P(0) =Y P(Oy)P(K = k). (1)
k=0

Recall the definition of the diversity gain and multiplexing
gain as [5]

log[P.(p)]
log p

where P, is the ML probability of detection error. Further-
more, f(p) is said to be exponentially equal to p?, denoted
as f(p) = p%, when lim Lelfo)l — . The following the-

log p
orem provides the achievable diversity-multiplexing tradeoff
conditioned on K for the proposed scheme
Theorem I: Assume all wireless channels are indepen-
dent identically Rayleigh faded and there are no direct links
between the source and destinations. Provided that there are

r2 lim Ep) (2)

d& —lim ,
p—oolog p

p—00

, and,

K qualified relays and K > M, the overall outage probability
can be approximated as

P(OK) = p_dt,wo_hop,K(’l”), 3)
where dio_nop, i (1) = (K — M +1) (1 — 2ELy), for 0 <
M
r<
Proof: See [6]. .

In the case K < M, the proposed protocol cannot work; hence
we define P(Of) = 1 when K < M. Note that the number
of the qualified relays K is dynamically changing according to
instantaneous channel conditions, so it is of interest to relate
the achievable diversity-multiplexing tradeoff with the total
number of the relays, L. The probability for the event that
there are K qualified relays is [7]

P(K = k) = pL=P (=) (4)

for 0 < k£ < L. Combining (1), (4) and (3), we can find
the achievable diversity-multiplexing tradeoff of the proposed
protocol as

M+1
M

dtwo_hop = (LfM‘i’l) <1 - 7’) , O<r<

M+1

&)

Recall that the two-hop transmission scheme with relay
selection of [2] achieves the diversity-multiplexing tradeoff

d(r.) = L(1 —2r),

which means the maximum multiplexing gain achieved is 1/2.
However, the proposed transmission protocol can realize a
multiplexing gain of #H If the number of destinations is
large, the proposed broadcast scheme achieves a multiplexing
gain close to one.

Compared to the optimal single-input multiple-output upper
bound, the multiplexing and diversity gain achieved by the
proposed scheme is less. So in the following, two simple
approaches will be applied to the proposed protocol, which
is to improve multiplexing and diversity gain.

C. A cognitive radio inspired approach

The main reason for the loss in diversity gain is that relays
cannot be reused. At the m-th time slot, m — 1 relays have
been used previously and hence only K —m + 1 relays are
available for the (m — 1)-th user. The key step to increase
diversity gain is to enable relay reuse.

Take the m-th time slot as an example. According to the
proposed protocol, two messages will be transmitted simulta-
neously, s, by the source and s,,_; by arelay, R}, _;. Denote
R. as the relay which has the best connection to the m-th
destination, and consider that this relay has been scheduled
previously, which means that the relay R,, does not have the
priori information about s,,_;. As a result, the relay R,, is
not able to decode s,, from the received mixture, and hence
is not able to help the m-th user.

Interestingly such a scenario can be viewed as a classical
cognitive radio problem. The source and R, are the secondary
transmitter and receiver, whereas R, _; and the destination are
the primary transmitter and receiver. It is interesting to observe
that the secondary transmitter has the priori information about
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the message transmitted by the primary transmitter [8]. Exten-
sive studies have been carried out for such a problem, where
sophisticated design of the secondary transceiver has been
proposed to realize perfect interference avoidance, such as
dirty paper coding (DPC) and Tomlinson Harashima precoding
(THP) [9]. For simplicity, we focus on a simple precoding
design of the secondary transmitter. Specifically, we ask the
source to transmit the symbol' s,, — }f’;;lnm Sm—1, Instead
of s,,. To realize such a cognitive approach, the inter-relay CSI
is required. As a result, the relay R,, receives the mixture of

the two messages transmitted by the source and R},

hrx

m—1

Rm

YR, = hsr,, (Sm— Sm—1)+hR: | R, Sm-11T1R,,,

hsr,,
This allows a relay that has already been scheduled to rejoin
in the cooperation. However, an important observation of
this approach is that a node cannot be scheduled during
two consecutive time slots, due to the half duplex constraint.
Hence, it still possible that a user cannot get the help from its
best relay, but the use of the proposed approach can ensure
that at least the second best relay is available. By using
such an approach, the overall achievable diversity-multiplexing
tradeoff for the modified broadcast protocol is

M+1

dtwo_hop = (L_]-) (1 - T) s 0<r< (6)

M+1
Hence the proposed approach can achieve the diversity gain
L — 1, which is the maximum diversity gain minus one.

D. A Simple Approach to increase the multiplexing gain

The main reason for the loss in multiplexing gain is that
one extra time slot is required for relay transmission compared
with the schemes in [1], [3]. An effective way to increase the
multiplexing gain is to reduce the ratio % where P is the frame
length. In particular, consider K = qM + p, where ¢ = L%J
and p is the residual. Both ¢ and p are integers. For the scheme
proposed in the previous section, only M relays out of the K
qualified ones were employed. Alternatively, we can use all
K relays with the length of the frame set to (K + 1). In
particular, at the n-th time slot (1 < n < (K + 1)), the [(n
mod M) — 1]-th destination will be served by a relay and the
source broadcasts a new message simultaneously. As a result, p
destinations will be served (¢+ 1) times, and the rest (M — p)
ones will be served ¢ times. Take a scenario with K = 5
and M = 2 as an example. The destinations served from the
second time slot to the last time slot are [Dq, Do, D1, Do, D1].

By using such an approach, we can have the following
lemma for the achievable diversity-multiplexing tradeoff.

Lemma 2: Provided that there are K qualified relays and
K > M and the cognitive approach is not applied, the

IThe simple approach outlined requires the relaxation of the transmission
power; however, the use of more advanced precoding schemes, such as DPC
and THP, can avoid such a problem. Also note that the probability of the
case that a desirable relay has previously been used is small given a large
number of relays, which means that there are only a few occasions for such
a relaxation of the transmission power.

achievable outage probabilities for the m-th destination can
be upper bounded as

P (O) £pK M= SR M) ™
where K = gM + p. Provided that the cognitive approach is
applied, the overall achievable outage probability can be upper
bounded as

P () 2" V(). ®)

Proof: See [6]. [ ]
Remarks By using this lemma, it can be easily evaluated that
the achievable multiplexing gain with K qualified relays ap-
proaches one when K is large. Such a property is particularly
important for many applications, such as a cellular network
with many mobile users, or a dense sensor network.

III. TRANSMISSION STRATEGY FOR THE SCENARIO WITH
DIRECT S-D LINKS

In this section, we consider that the destinations can hear
the source directly. Opportunistic scheduling will be carried
out, where the M destinations are served in a order reversely
proportional to their connections to the source. Or in the
other words, the destination with the poorest connection to
the source will be scheduled first, and the one with the best
connection will be served at last. Without loss of generality, we
denote these nodes as D1, ---, D), where their connections
to the source are ordered as |hgp,|? < .-+ < |hgp,,|? and
hsp, denotes the channel between the source and D;. A
distributed strategy of relay selection will be carried out during
data transmissions, where we denote R; as the relay selected
to transmit during the (i + 1)-th time slot. The details of relay
selection will be provided later.

A. Protocol Description and Signal Model

During the first time slot, the source broadcasts the message
s(1) which is a mixture of the two symbols, s(1) = ay151 +
12592, where s; is the message for the first destination and
the structure of S5 will be discussed later as well as the design
for the weighting factors, c;; and 2. Each of the L relays
receives

YR, (1) = hsg,s(1) +ng, (1),

where ng, (1) is the additive white complex Gaussian noise at
the i-th relay with power P,,.

At the second time slot, two nodes will be transmitting
simultaneously. The source will transmit a new message,
$(2) = 1381 + 1482, and the chosen relay will forward the
message y%l) where Or, = +/|hsr,|? +%
the transmisslion power. As a result, the first destination D1
receives

is to normalize

Q13 Q14 $1 hr,D

Yp, = th hsry 11 hsryo12 |:§ +np, + 71an~
Br, Br, 2 Br,

where hp, = [hSD1 hr, Dl]‘ To avoid co-channel inter-

ference and ensure each destination to observe their own



This full text paper was peer reviewed at the direction of IEEE Communications Society subject matter experts for publication in the IEEE ICC 2010 proceedings

messages, the precoding matrix, P, should be designed to
stratify the following requirements

hsp, hr,D,
Q13 Qg ZE! Y12 9)
a1 (2 ryp PRy hsp, Bry
hsryv12 hsry V12
|hry D, 128%
where 11 \/hSD12 TR ——21 and 72 =
|hsp, 283 .
|hr, D, |2 + —7——=>. So at high SNR, we can observe

|hsry[?
that the two factors ~i; are the same because ﬁIQﬁ ~
|hsr,|?. To simplify the notation, we use v; = 71; =
VIhsp, 2+ [hr,p, 2.

By using the proposed precoding matrix, the signal model
at the first destination can be simplified as

hr,D,

Br,

which demonstrates that co-channel interference has been
removed completely. Furthermore, the above signal model
shows that the proposed precoding matrix can ensure coherent
combining of the messages transmitted from the source and
relay. The achievable mutual information for the first destina-
tion can be obtained as

M (1
M1 8 P

On the other hand, the rest relay R; coherently combines its
observations over the two time slots and obtains the following

_ (‘hSD1|2 + |hR1D1|2)
4! st

$p, +np, + ng,, (10)

1

7, = (|hSD1|2 + |thD1|2) |hSR1|2>

|hR1D1|2 + |hSR1 |2

(1)

YR, = hsr;52 + Nig,,

where ., can be approximated as a white complex Gaussian
noise with power P,, the same as ng,, provided that the
number of relays is sufficiently large. The details to obtain
(11) can be found in [6]. While g, is correlated with hgpr,
and hg, p,, such a correlation will not cause any implications
to the signal model of other nodes during the following time
slots due to the assumption that all addressed channels are i.i.d
Rayleigh faded.

Following similar steps, the m-th destination will be served
at the (m+ 1)-th time slot, and its achievable data rate can be

expressed as
T log (1 +p
12)

for 1 < m < M — 1. The only exception happens at
the (M + 1)-th time slot, where the source sends out the

message hsg M sy and the relay Rjps forwards the message
hRM% (SM =+ :SI;]ZI )’ where 0% = |hSDM|2 + |hRMDM|2 +
hon . It can be easily verified that the expression in (12)
is a fower bound for the data rate realized at the M-th user.
Relay selection can be implemented in a distributed way as
in [10]. An important question is how to design a criterion
to measure channel conditions. Studying the expression of the

I =

(Ihsp,.|* + bR, D, |?) |hsR,, |?
\hR,,D,,[* + |hsRr,, |? ’

supportable data rate shown in (12), we can conclude that the
optimal criterion for relay selection should be

(|hSD1 |2 + |hR1D1 |2> |hSR1 |2
|thD1 |2 + |hSR1 |2
However, such a criterion requires that each relay knows non-
local CSI, hgp,, , which could consume extra system overhead.
Instead the following expression will be used for the criterion
of relay selection

13)

|h’R1D1 ‘2|hSR1|2
|hr, Dy |2 + |hsr, |2

which is the Harmonic mean of the two channel channels
|hr,D,|? and |hsg, |>. The benefit of the criterion in (14) is
that each relay only needs to have the access to its local CSI.

The following theorem provides the outage performance
achieved by the proposed protocol.

Theorem 3: Assume all addressed wireless channels are
ii.d. Rayleigh faded and the destinations can hear the source
directly. The outage probability achieved by the proposed
cooperative broadcast protocol can be approximated at high
SNR as

(14)

P(O) = 1,

where d(r) = (L — M +1) (1 — 2£Lr), for 0 < r < 345

Proof: See [6]. |
Recall that the amplified-forward broadcast protocol proposed
in [3] can achieve the tradeoff as

d(re) = (1 =7)+ (N —

which means that diversity gain no larger than one can be
achieved for the multiplexing gain % < r < 1. However,
Theorem 3 demonstrates that the diversity gain larger than one
can be achieved by the proposed transmission protocol for the
multiplex gain up to W Provided that the number of the
destination nodes is large enough, we can have 1\/;\11

While increasing the number of the destinations increases
the multiplexing gain, it decreases the achievable diversity
gain. Again we can apply the simple approach to increase
the multiplexing gain proposed in Section II-D. As a result,
even with a small M, the diversity-multiplexing tradeoff can
be approximated as d(r) ~ (L — M + 1) (1 —r).

15)

(1 —2r)*t

— 1.

IV. NUMERICAL RESULTS

When there is no direct S-D link, the comparable protocol
is the traditional two-hop transmission scheme with relay
selection [2]. In specific, 2M time slots are required in total,
where each destination is allocated two consecutive time slots
and its serving relay is chosen as the best one among the
L relays. To simplify notations in the figures, we denote the
protocols proposed in Section II-A and Section II-D as Type
I and II respectively. In addition, we denote the combination
of the approaches in Section II-C and II-D as Type III.

In Fig.2, the outage probability is shown as a function
of SNR, where the number of the relays and destinations is
L = 6 and M = 3, and the targeted data rate is R =
bits per channel use (BPCU). As can be seen from the figure,
the proposed protocols can achieve better outage performance
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than the classical two-hop scheme with relay selection. The
reason for such a performance gain is due to the fact that
the proposed protocols can achieve the multiplexing gain at
least %, whereas the comparable scheme can only achieve
the multiplexing gain up to 1/2. Furthermore, the two figures
demonstrate that the use of the simple approaches proposed
in Section II-C and II-D can enhance the performance of the
proposed protocol. In specific, the use of the method discussed
in Section II-D can improve the achievable multiplexing gain
when K > M, and the use of the cognitive approach can
increase the diversity gain from L — M + 1 to L — 1.

When there are direct S-D links, the comparable schemes
are the non-cooperative direct transmission scheme and the
non-orthogonal amplify forward (NAF) based protocol [3].The
number of the relays and destination nodes is L = 4 and
M = 2. The targeted data rate is R = 3 BPCU. Again
we denote the protocol proposed in Section III-A as the
proposed CB protocol Type I, and its enhanced version by
serving destination nodes more than one times as Type IL
Furthermore, the performance for the proposed protocols with
two different relay selection criteria, the optimal one in (13)
and the suboptimal one in (14), has also been shown. As can
be observed from Fig. 3, the proposed broadcast transmission
protocols can outperform the comparable schemes. The reason
for such a performance gain is due to the fact that the NAF
scheme cannot provide a diversity gain larger than one for the
multiplexing gain % < r < 1, whereas the use of the proposed
protocols can yield the diversity gain (L — M + 1) up to the
multiplexing gain ML—H

V. CONCLUSION

In this paper, several new cooperative transmission protocols
for wireless broadcast channels have been described. The
dynamic nature of fading channels has been utilized to improve
the performance of cooperative networks. Both analytical and
numerical results have been provided to demonstrate that the
proposed protocols can achieve a better performance than
comparable schemes.
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Fig. 2. The outage probability achieved by the proposed broadcast transmis-
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