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Abstract— Broadcast strategy is an encoding technique that
enables the reliably decoded rate to adapt to the actual channel
state. This can be achieved if the transmitted signal is composed
of superimposed information for different fading levels. In this
work we apply the broadcast strategy to fading relay channels.
The source encodes its information to two levels, the first one
is decoded if the channel state is ‘“bad”, and the superimposed
information is decoded after the first one, if the channel state is
“good”. This approach allows decoding some partial information
both at the relay and at the destination, increasing the overall
throughput of the system compared to amplify and forward (AF)
and modified decode and forward (MDF), while resulting in two
levels of diversity. We also argue that the broadcast approach
over the relay channel also results in lower overall distortion
when the source is also taken into account.

I. INTRODUCTION

In wireless communications because of fading the received
signal can be severely degraded. In order to overcome fading,
the standard diversity techniques are time, frequency and
spatial diversity [6]. Spatial diversity is typically envisioned as
having multiple transmit and/or receive antennas. Yet, another
form of spatial diversity is user cooperation diversity or simply
cooperative diversity, which utilizes wireless relays to form a
virtual antenna array [7], [8]. Cooperation can also be used
to provide higher rates and results in a more robust system.
Recently proposed simple cooperation schemes, which take
into account the practical constraint that the relay cannot
transmit and receive at the same time, include amplify and
forward (AF), decode and forward (DF) and their adaptive
versions such as incremental relaying [3].

Amplify and forward (AF) is a simple scheme where the
relay scales the amplitude of the signal it received to its
own transmission power and then transmits to the destination.
However, this is an analog method that results in noise
amplification. On the other hand, in the DF protocol, the relay
can help the destination only if it can decode the source signal
reliably, otherwise the relay does not send any information to
the destination. As a result, this method does not make full
use of all the resources available in the system, and hence
causes some loss in performance. In this work we propose a
new wireless relaying strategy that uses Cover-type broadcast
ideas [1] to eliminate both noise amplification and information
loss at the relay.
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When studying slow fading channels, the concept of ca-
pacity versus outage is useful [5]. An outage event occurs
when the instantaneous channel realization is not good enough
to support reliable communication for the fixed rate the
transmitter operates at. However, this is a discrete approach to
communication over fading channels: The system can either
operate at the a-priori chosen fixed rate or not. The broadcast
strategy introduced in [9] enables the rate of information to
depend on the instantaneous channel realization even if the
transmitter has no channel state information. This is achieved
through a broadcast code, which is composed of superimposed
information at different rates. This way the received transmis-
sion rate can adapt to the actual channel conditions without
the need of a feedback link to the transmitter. This property
of the broadcast strategy also makes it useful for applications
in which the sources are successively refinable.

In the broadcast strategy for the single user slowly fading
Gaussian channel, the transmitter views the fading channel as
a degraded Gaussian broadcast channel with a continuum of
receivers. In [9] and [10] this broadcast problem is formulated
for infinite fading levels and the throughput of the system is
shown to be higher than the outage approach. On the other
hand, Liu et. al. [4] show that 2-level superposition coding
throughput approximates the infinite level superposition cod-
ing closely enough.

In this work, we apply the broadcast strategy to the slowly
fading relay channel. Similar to [3] our relay receives and
transmits on different channels. Based on the results of [4]
we assume a 2-level superposition coding scheme in our
system. Hence the transmitter follows a broadcast code, which
is composed of superimposed information at two different
rates designed for two fading levels. Thus the relay can
decode partial information according to its channel quality
to the transmitter. The relay then forwards that part of the
information to the destination. The destination recovers the
two levels of superimposed information combining the direct
copy from the source and the signal from the relay. We show
that utilizing the broadcast strategy increases the throughput
of the relay channel with respect to amplify and forward
or a modified version of decode and forward. The increase
in the throughput is more emphasized if the relay has less
power then the source. We also demonstrate that superposition
of information, when coupled with a successively refinable
source, decreases the overall expected distortion.

In the next section, we describe the system model and



explain the schemes we compare in detail. In Sections III-A
and III-B the throughput results are provided and the diversity
levels for the broadcast approach are proved. Section III-C
presents the expected distortion comparison of the schemes
studied. We conclude in Section IV.

II. SYSTEM MODEL

In our system, there is only one source-destination pair and
one relay. We assume the source and the relay have orthogonal
channels such as time division, shown in in Figure 1, taking
into account that the relay cannot transmit and receive simul-
taneously. Here, the source transmits in the first time slot and
both the destination and the relay listen to the source. Then in
the next time slot the relay transmits and the destination listens
to the relay. The source and the relay have power levels P;
and P, respectively. We assume independent and identically
distributed Rayleigh fading channels between every pair of
nodes.

time

Fig. 1. Time division between the source and the relay

The source encodes its information using 2-level superpo-
sition coding. Therefore, the source signal can be written as
the sum of two signals Xy and X;:

X = Xo+ X (1)

Here X, is the basic and X; is the additional information.
This superposition of information enables both the relay and
the destination to decode the information successively at two
different rates, Ry and R;, whenever the equivalent channel
condition is at least as good as the fading levels, |hg| and |h |
respectively. Here |hg| denotes the bad channel state and |h |
denotes the good channel state, where |hg| < |hq|. Then

|ho|?aPs

Ry n( + ool + N, ()
20P

R, = 1n(1+|hlj|v$>. 3)

To decode X, X; is treated as noise. After decoding X, it
is subtracted from the received signal and X can be decoded
afterwards. If only X is decoded reliably, but X is in error,
then the received rate is [2y. On the other hand, after decoding
Xy correctly, if in addition X; is decoded reliably, then the
total received rate becomes Ry + R;.

We assume the total block length is N. In the first time
slot, or first half of the block consisting of N/2 transmissions,
the source transmits the signal X in equation (1). The source
allocates o Ps power to X; and aPs power to X, where & =
1 — « and « € [0,1]. The corresponding received signals by
the relay and the destination are Y, and Y, respectively. We
have

Y, = haX+Z, 4)
Yy = hst+Zd. 5

After receiving Y, in the first time slot, the relay sends X,
resulting in the received signal Y, at the destination. If the
relay observes a channel fading with amplitude less than |hg|,
then it cannot understand anything and hence cannot transmit
any information during its time slot. If the source to relay
channel fading is in between |hg| and |hq|, then the relay can
reliably decode X and can allocate all of its power to Xg. If
the relay understands everything, then it transmits both parts
of the information X and X assigning power levels @ P, and
a P, respectively.

0, |hsr| < |hol

X, = aPESXm lhol < |her| < Pa] (o)
\/i:;(xo +X1),  |ha < [ho|

Yé = hrdX'r‘ +Zél (7)

The coefficients hgq, hg and h,q capture the effect of fading,
which are assumed to be independent and identically dis-
tributed zero mean, complex Gaussian random variables with
variance 1. Z,, Z; and Z; denote complex Gaussian noise at
the relay and at the destination respectively with variance N,.

Destination attempts to decode X first, combining X and
X,, which depends on the source to relay channel quality
as in equation (6), and treating X; as noise. We assume the
destination knows which signal the relay has transmitted in
equation (6). If the destination can successfully decode X
then it attempts to decode X by subtracting off X first. This
ordering is due to the layering of information in broadcast
codes. If the destination cannot decode X, then it cannot
decode X either.

We will compare this broadcast scheme with AF and a
modified version of the DF in [3] which we call MDF. Dif-
ferent from the broadcast strategy in AF and MDF the source
encodes the information at a fixed rate. In AF protocol the
relay normalizes the power of Y,. to its own power constraint
and simply forwards this normalized signal to the destination
in the second time slot [3]. In MDF protocol, the relay tries
to decode X. If the decoding is reliable the relay sends re-
encoded information to the destination. Destination combines
both the source and the relay signal. Even if relay cannot
decode, destination uses the source signal. This is slightly
different than the DF protocol presented in [3], in which the
destination ignores the source signal when the relay cannot
decode.

To have a fair comparison between the schemes described
above, we use the expected rate criterion [10], since the broad-
cast strategy results in two different rates rather than a fixed
rate. The outage probability of the broadcast approach for rate
R, is also an interesting measure. We look at rate R; because
whenever this additional information is not received reliably,
it means the total information intended for the receiver is not
received completely, regardless of whether Ry is received or
not. In Section III we find the optimum expected rate for
each scheme to study the throughput of the system. We also
investigate the outage probability for rate R;. In the same



section diversity orders of both information streams X, and
X are also discussed.

We also study the expected distortion of the broadcast strat-
egy to see the overall performance over the communication
system when a successively refinable source is present. We
assume a Gaussian source with zero mean and unit variance
and find the expected distortion as compared to AF and MDF
in Section III-C.

III. RESULTS

A. Throughput

For a simpler notation |hs4|?, |h.q|* and |h,|? are denoted
by z, y and z respectively. We define C'(a), Cy(a) and Cy(a)

to be
C(a) & In (1 + a%) ®)
A adPs
Co(a) = In (1 + m) )
Ci(a) = In (1 + aa%) . (10)

Now, the expected rate expression for the broadcast ap-
proach becomes:

ERpc = P(cannot decode X()0 + P(decode X only)Rg
+ P(decode Xg and X;)(Ry + Ry). (11)
This equation can also be written as
ERBC = Pout(RO)O + [1 - Pout (RO)] RO
+ [1—=Pout (R1)] Ry. (12)
Here
Pout(Ro) = P(Co(2) < Ro)P(Co(x) < Ro)
+ ( (Z)>R0,Cl )<R1)X

P (1es (oign)) <)
+ P(Ci(2) > Ry)P(Colx + y%) < Ro)(13)

is the probability of outage for Ry where

xNoayNoa o +1 yN
and
out(Rl) = P (01(2> < R1)P(Cl($) < Rl)

P
Rl)P (Cl (33 + y#) < R1>

(14)

is the probability of outage for R;. Note that if we have outage
for additional rate R;, Xy may or may not be in outage.
However, if X is in outage, the incremental information at
rate [?;, which can only be decoded after subtracting X, from
the received signals, is always in outage.
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Fig. 2. Comparison of optimum BC, MDF and AF for r =1 (Ps = P;)
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Fig. 3. Comparison of BC, MDF, AF for » = 0.25 and r = 4. Here r
denotes Ps/ P

For given P; and P, the expected rate expression in
equation (11) depends on the good and bad channel states
(|h1] and |ho|) and power allocation . In order to find the
optimum throughput for each SNR, we will maximize ERpc
over all these three parameters.

Similarly the expected rate expression for the MDF protocol
is given by

ERypr =[1—Pou (R) R (15)

where

Pout (R) = P(C(Z) < R)P(C(Z‘) < R)

P(C(z) > R)P (C (ac + y%) < R)16)

and R is the fixed transmission rate. The expected rate
expression for AF is same as equation (15); however, P,,:(R)

+



is different for AF, which is found in [3]. Now the optimization
is over all rates R that maximize the expected rate.

We define source to relay power ratio as r = P,/P,. For
r=1, Py = P. = P, we let SNR = P/N, and illustrate our
results for the expected rate as a function of SNR in Figure 2.
Although finding the optimum R values for AF and MDF
are analytically intractable, we can show that the optimum
threshold s, where s = (e — 1)/SNR, is less than or equal
to 1. This observation, which simplifies our numerical search,
is proved in the Appendix. Based on our results for AF and
MDF, we conjecture that the optimum |hg| and |h;| values for
the broadcast strategy are also less than 1. The optimum |hg|
and |hy| values in the interval [0, 1] along with the best power
allocation « for various SNR values are shown in Table I.

TABLE I
THE |hg|, |h1| AND @ VALUES FOR EACH SNR

SNR @B) [ Thol [ Thal | @
0 086 | 097 | 0.34
2 0.82 | 095 | 0.32
4 0.79 | 094 | 0.27
6 0.75 | 092 | 0.24
8 0.72 | 090 | 0.20
10 0.68 | 0.88 | 0.17
12 0.65 | 0.86 | 0.14
14 0.61 0.84 | 0.11
16 0.58 | 0.82 | 0.09
18 0.56 | 0.81 0.07

20 0.53 | 0.80 | 0.05

One could expect to find increasing « values and the broad-
cast strategy to approach the MDF protocol for increasing
SNR. However, it is interesting to observe that with increasing
SNR, « decreases, whereas aSNR, product increases.

From Figure 2 it can be observed that the broadcast strategy
results in the highest throughput over the relay channel.
The difference between the broadcast strategy and the other
protocols increase with increasing SNR. The total rate of the
broadcast strategy Ro + R; evaluated at « # 1 is always less
than the total rate at o« = 1. Despite this rate loss, the broadcast
strategy allows partial information to be decoded reliably at
the destination more often.

For » = 0.25 and r = 4, based on our results for » = 1
we choose the threshold values |hg|, |h1| and s in the interval
[0,1]. The results are shown in Figure 3. We observe that
the gains of the broadcast strategy are emphasized more if
the relay power is less than the source power. In a general
wireless network, if the relay allocates less power to relaying
or in time as the relay power depletes, using the broadcast
strategy is more advantageous.

B. Diversity

In this subsection we prove that both of the information
streams in the broadcast strategy have 2-levels of diversity
for fixed Ry, R; and a. Hence broadcast approach provides
higher throughput than AF and MDF without loss in diversity.
For demonstration purposes we give the proof for equal source

and relay powers but the results easily generalize to different
r values. To prove 2-levels of diversity for the broadcast
strategy, we show that the outage expressions for both streams
Pout(Ro) and P, (R;) are inversely proportional to SNR?
as SNR goes to infinity. We define b(SNR) and g(SNR) to
be

B (eRU -1
b(SNR) = (1 — efo)SNR 1n
sNR) - O0 1 18

To find the diversity order of Ry, we need to find the limiting
behavior of the terms in equation (13). Using the results of [3],
we can find that

L p(Cole) <Ry =

s\ oo B(SNR) L a9
. 1 1

SNR—oc0

and P (Cy(z) < Rp) behaves like equation (19). On the other
hand

P(Co(z) > R0701(2> < Rl) < P(Cl(z) < Rl)

and

Similarly

P (ln <1+f (x%,y}%,a)) < R0> <P(Co(z+y) < Ryp).

Combining for the probability of outage term P,,.(Rg) we

have

1
im - <
SN . (SR Lot (o) <

N W

This implies that this scheme provides as least two levels of

diversity for Ry. Since this scheme cannot provide more than

two levels of diversity we conclude that Ry stream has two
levels of diversity.

For R, the diversity analysis is due to [3] and

1 3

li ————P =-.

st ey Lot (F) = 5

This means R; stream also has two levels of diversity. Hence

we conclude that both information streams have 2-levels of

diversity.

C. Distortion

As discussed before, the broadcast strategy is very suitable
to transmit successively refinable sources. In this subsection
we assume a Gaussian source with zero mean and unit variance
and study the overall source distortion when the broadcast
strategy is employed and the source and the relay have



equal power levels. The expected distortion expression can

be written as:

EDpc = P(cannot decode Xj)1
+  P(decode X, only)e o 4+

+ P(decode Xj and X;)e fo=Ri (20)

Similar expressions for AF and MDF can be written. In
Figure 4 we calculate the minimum expected distortion over
all a, Ry, Ry and R. We compare the results of the broadcast
strategy with the optimum expected distortion of MDF, AF,
direct transmission and direct transmission with broadcast. For
direct transmission the relay is not employed and the source
transmits fresh information on its own at each time slot. For
direct with broadcast, this fresh information, this fresh signal
consists of two levels of superimposed information. From
Figure 4 we observe that the broadcast approach performs
much better than MDF and AF. Coupling a successively
refinable source with the broadcast strategy emphasizes the
importance of receiving partial information more. By com-
paring the broadcast strategy to the direct transmission, we
observe that it gives us an advantageous relaying scheme that
introduces gains over direct transmission, whereas the other
relaying schemes AF and MDF perform worse than direct as
observed in [2]. This is because in AF and MDF protocols
diversity gains cannot compensate for spectral efficiency losses
in a time-division scheme. On the other hand, the broadcast
strategy performs worse than direct transmission with broad-
cast, which is expected given the results of [2].

In [2] the decay rate of expected distortion with respect
to SNR as SNR approaches infinity is also studied. An
interesting future direction would be to investigate this for the
broadcast strategy and for direct transmission with broadcast.

IV. CONCLUSION

In this work we apply the broadcast strategy of fading
channels to a communication system that has a relay. With this
strategy, the source information is encoded into two streams
as a 2-level broadcast code corresponding to the “bad” and
“good” channel states. Superposition of information allows
both the relay and the destination to partially decode the
source information. This way the relay noise propagation
is eliminated as opposed to AF and the relay is involved
in the system more often than it is in MDFE. We compare
our results with AF protocol and MDF and show that using
superposition of information results in higher expected rates.
This improvement is larger if the source to relay power ratio
is less than 1. In addition to this, we show that both streams of
the broadcast strategy have two levels of diversity. Therefore,
the broadcast method has the potential to improve throughput
while attaining maximum diversity of cooperative relaying.
The broadcast approach, when coupled with a successively
refinable source, also decreases the expected distortion of the
system compared to AF and MDF.

Applying the broadcast strategy to relay channels still has
open problems such as finding the optimum |hgl, ||, and «
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Fig. 4.  Optimum expected distortion versus SNR for MDF, AF, direct

transmission, broadcast over relay, direct transmission with broadcast

values as a function of SNR and more generally the diversity-
multiplexing trade-off for variable |hg|, |h1]|, and .

V. APPENDIX

In this appendix, we show that for MDF and AF and
for P, = P. = P, the optimum threshold s, where s =
(ef® — 1)/SNR, is always less than or equal to 1. Using
equations (15) and (16) the expected rate expression for the
MDF protocol can be simplified into

ERypr =e * (14 se ") In(1+ sSNR).

To show the optimum threshold s that maximizes the
E Ry pr expression is less than 1, we consider d—dSERMDF.

d
EERJWDF = —e ¢ (]. + Seis) In (1 + SSNR)
+ e *(e®—se *)In(1+ sSNR)
. .. SNR
e () TR

When s is greater than 1, the second term in the sum is
negative and the magnitude of the first term is larger than
the magnitude of the last term in the above expression. Hence
the derivative of ERy/pr is negative if s is greater than 1
and the optimum s must be less than or equal to 1.

Using the same notation as Section III-A, the probability of
outage expression for the AF protocol is:

Pout(R) = P (In (1 4+ xSNR + h(ySNR, zSNR))( R)

where 2y
h(z,y) = ————.
@y =
Then the expected rate expression as a function of s is
1
ER = P <———=h (ySNR, 2SNR) >
ar(9) = P (4 h (SNR SNR) > )

x In(1+ sSNR).



Since the function h(x,y) is always less than or equal to
min{xz,y}, we have the following upper bound on ER 4 (s):

ERAF(S) S ERU(S)
= e °(1+ s)In(1+ sSNR).

the upper bound is a decreasing function of s, if s is large
enough. To find an upper bound on the optimum threshold s
for the AF protocol we follow a numeric approach. We find
two threshold values sy and s; such that the upper bound
E Ry (s) is a decreasing function for all s greater than or equal
to s; and ER4p(so) is greater than E Ry (s1). This implies
the optimum threshold for the AF protocol is less than s;. We
have searched for all s values in the interval [0, s1] and still
observed that the optimum threshold is less than 1, although
in general s; can be larger than 1. Thus we conclude both
MDF and AF protocols have optimum threshold values s less
than or equal to 1.
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