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Abstract—We propose a cross-layer design which combines
truncated ARQ at the link layer and cooperative diversity at
the physical layer. In this scheme, both the source node and
the relay nodes utilize an orthogonal space-time block code
for packet retransmission. In contrast to previous cooperative
diversity protocols, here cooperative diversity is invoked only
if the destination node receives an erroneous packet from the
source node. In addition, the relay nodes are not fixed and
are selected according to the channel conditions using CRC.
It will be shown that this combination of adaptive cooperative
diversity and truncated ARQ can greatly improve the system
throughput compared to the conventional truncated ARQ scheme
and fixed cooperative diversity protocols. We further maximize
the throughput by optimizing the packet length and modulation
level and will show that substantial gains can be achieved by this
joint optimization. Since both the packet length and modulation
level are usually discrete in practice, a computationally efficient
algorithm is further proposed to obtain the discrete optimal
packet length and modulation level.

Index Terms—Cooperative diversity, truncated ARQ, cross-
layer design, adaptive resource allocation, MIMO, ad-hoc net-
works.

I. INTRODUCTION

THE use of multiple antennas at both the transmitter
and receiver can bring significant capacity gains [1].

Unfortunately, this could be impractical in an ad-hoc wireless
network, due to the size of the node or the mobile unit. In order
to overcome this limitation, a new form of spatial diversity,
whereby diversity gains are achieved via the cooperation of
nodes, has been proposed. The main idea behind this approach,
which is called cooperative diversity, is to use orthogonal relay
transmission to achieve diversity gain. In particular, each node
has one or several partners. The node and its partner(s) are
responsible for transmitting not only their own information,
but also the information of their partner(s). Therefore, a virtual
antenna array is obtained through the use of the relays’
antennas without complicated signal design or adding more
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antennas at the nodes. Sendonaris et al proposed the idea
of cooperative diversity and applied it into CDMA cellular
systems. In [2-3], they presented an information-theoretic
model, where two nodes cooperate by transmitting each bit
over two successive bit intervals. Their results showed that
node cooperation increases the sum-rate over non-cooperative
transmission for ergodic fading links, given that the channel
state information is available at the transmitter. Laneman
and Wornell further extended the above work [4-5]. They
thoroughly investigated the performance gain of cooperative
diversity in ergodic and non-ergodic scenarios and presented
several cooperative protocols, including amplify-and-forward,
decode-and-forward, selection relaying and space-time-coded
cooperation. Besides, Hunter et al introduced coding (RCPC
codes [6-7] or turbo codes [8]) into the cooperation. This
coded cooperative diversity has been shown to be able to
achieve significant performance gains over the amplify-and-
forward and decode-and-forward protocols [7]. Following a
different approach, Stefanov and Erkip designed channel codes
that can fully exploit the diversity gains of user cooperation
[9]. Other important work includes cooperative regions analy-
sis for coded cooperative protocol [10], diversity-multiplexing
tradeoff analysis on cooperative protocols [11], space-time
code design criteria for amplify-and-forward relay channels
[12], capacity and symbol error rate analysis [13-14] and
cross-layer optimization for energy-constrained cooperative
networks [15].

In most of the present cooperative protocols, no restrictions
are imposed on the selection of relays. Therefore, when the
channel between the source node and the relay node (s − r
channel) is poor, cooperative diversity may result in even
worse performance than the non-cooperative case due to severe
error propagation. In [4], a selection relaying protocol with
two nodes cooperation was proposed, where the relay forwards
the source node’s information only if the s− r channel fading
coefficient is above a given threshold. In other words, the
node is selected to be a relay only when its corresponding
s − r channel is good enough. Obviously, such selective
protocol can achieve better performance than the fixed ones
[4]. However, it is usually not trivial to select a suitable
threshold since it depends on the actual value of the channel
fading coefficients. A higher threshold will reduce the possible
performance gain while a lower one will allow more error
propagation which also degrades the performance.

Automatic Repeat Request (ARQ) protocol at the link
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layer is an effective means to overcome the channel fading,
where Cyclic Redundancy Check (CRC) is usually used for
error check and retransmissions are requested if the packet
is received erroneously [16-17]. In practice, the maximum
number of retransmissions is usually limited so as to minimize
the delay and buffer size and such variant ARQ is called
truncated ARQ protocol [16]. Despite the improved reliability,
the truncated ARQ scheme requires more transmission time.
It will be shown that the throughput of the truncated ARQ
scheme is exactly the same as that of the direct transmission.
Actually as long as the channel statistics remains unchanged
during the direct transmission and retransmissions, no through-
put gains can be achieved via ARQ.

In this paper, we propose a cross-layer design which com-
bines truncated ARQ at the data link layer and cooperative
diversity at the physical layer. We will show that through
this combination, adaptive cooperative diversity gain can be
achieved without any specific threshold and error propagation
is therefore avoided. Besides, the channel quality is signifi-
cantly improved in the retransmissions by using relays so that
substantial throughput gains can be obtained. In particular,
in this new scheme, Q idle nodes around the source node
are defined as relay candidates. These nodes also receive the
packet transmitted from the source node to the destination
node and check the CRC results. Only the ones who detect
the correct CRC are selected to be relays and involved in the
possible retransmission, with both the source node and the
relays utilizing a suitable orthogonal space-time block code
(STBC) to retransmit this packet. It can be seen that this new
scheme is adaptive to the s − r channels by virtue of the
CRC bits instead of some specific threshold and so no error
propagation will be incurred by relaying. Besides, high effi-
ciency can be achieved since node cooperation is adopted only
when the destination node fails to detect the nodes correctly.
As a result, this scheme, which is referred to as Selective
Cooperative diversity with ARQ (SCA), can be expected to
bring significant performance gain over the previous ARQ-
only or fixed cooperative diversity schemes. Another scheme
which combines truncated ARQ and fixed node cooperation
is also considered in this paper. It will be shown that this
scheme, which is referred to as Fixed Cooperative diversity
with ARQ (FCA), requires lower complexity than SCA, while
it may cause some performance loss due to error propagation.

Throughput is defined as the data rate successfully received
and regarded as a key measure of QoS for wireless systems
[18]. In this paper, we focus on the throughput at the data
link layer where end-to-end delivery of the packet should be
guaranteed. The loss due to retransmissions of the packet is
also included here. The throughput expressions of SCA and
FCA are derived and compared to that of the pure truncated
ARQ scheme. It will be shown that when the s−r channels are
perfect, both SCA and FCA can achieve substantial gains over
the truncated ARQ scheme thanks to cooperative diversity.
However, with poor s− r channels, the performance of FCA
will deteriorate rapidly and even become worse than the
truncated ARQ scheme due to error propagation. On the other
hand, SCA will always achieve the highest throughput among
all the schemes because of its adaptability to the s−r channels.

Throughput is usually affected by many design parameters,

including symbol rate, modulation level, packet length, the
maximum number of retransmissions, and power level. In this
paper, we further maximize the throughput by optimizing the
packet length L and the modulation level b. It is shown that
substantial gains can be obtained with the joint optimization
of L and b. Besides, it is found that at low SNR we could
only optimize the packet length to get an optimal throughput,
whereas at high SNR, optimizing the modulation level can
more effectively maximize the throughput.

In practice, the packet length L and the modulation level b
should be discrete and under some constraints according to the
specific transmission schemes. Exhaustive search over the dis-
crete optimal L∗ and b∗ will result in prohibitive complexity.
In this paper, we further present a computationally efficient
algorithm, low-complexity discrete optimization algorithm (L-
DOA), by which the discrete optimal values of L∗ and b∗

can be found with a rather low complexity. The comparison
between the optimal throughput with continuous optimal L∗

and b∗ and that of discrete optimal L∗ and b∗ shows that in
most cases, the resulting two throughput curves coincide very
well, which implies that the discretization of L∗ and b∗ results
in very slight throughput loss.

This paper is organized as follows. The channel model and
the details of the proposed SCA and FCA are provided in
Section II. Section III presents the throughput comparison
of SCA, FCA and the pure truncated ARQ scheme. The
throughput is further maximized by optimizing the packet
length L and the modulation level b in Section IV. Section
V presents the optimization process over discrete parameters.
Finally, Section VI summarizes and concludes this paper.

II. COOPERATIVE DIVERSITY WITH TRUNCATED ARQ

In this section, we propose a new cross-layer design which
combines truncated ARQ at the link layer and cooperative
diversity at the physical layer.

A. Scheme Description

We consider an ad-hoc network with K nodes and assume
that each node is equipped with only one antenna. Q idle
nodes are assumed to be available as the possible relays for
the source node during the packet transmission. Throughout
this paper, these Q nodes are referred to as relay candidates.1

Particularly, the source node transmits a data packet with
a C-bit CRC attached. The destination node detects CRC
and then sends an acknowledgement that is either positive
(ACK) or negative (NACK) back to the source node. At
the same time, all the Q relay candidates check the CRC
and the ones who get positive results are selected to be
relays. If the packet is correctly detected by the destination
node (with ACK feedback), the source node continues to
transmit a new data packet and the above process is repeated.
Otherwise, retransmission will start. Both the source node
and the relays will jointly retransmit the packet by utilizing
a suitable orthogonal STBC. The retransmission continues

1The assumption that Q idle nodes are available as relay candidates can
be satisfied with a proper multiuser scheduling strategy. However, a detailed
study of the issues involved with the specific scheduling strategies is out of
the scope of this paper.
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Fig. 1. Flow chart of SCA.

until the packet is successfully delivered, or the number of
retransmissions exceeds Nmax

r which is a preset parameter
indicating the maximum number of retransmissions allowed
per packet. The detailed flow chart of this new scheme is
shown in Fig. 1.

It can be seen that this new scheme can adapt to the
s − r channels thanks to the use of CRC bits. Only the
relay candidates who correctly detect the packet are selected
to be relays. Adaptive cooperative diversity gain is actually
achieved and error propagation can be avoided. Besides,
node cooperation is adopted only when the destination node
fails to detect the packet correctly. Higher efficiency can
therefore be achieved compared to the previous cooperative

diversity protocols. As a result, it can be expected that this
proposed SCA scheme can bring significant throughput gains
over those ARQ-only or fixed cooperative diversity schemes.
For the sake of comparison, FCA, is also proposed in this
paper, where truncated ARQ is combined with fixed node
cooperation. In contrast to SCA, in FCA the relays are pre-
assigned and always fixed during the whole transmission. In
the retransmission, the relays send their estimates instead of
the original signals. Therefore, FCA requires lower complexity
than SCA, while it may cause some performance loss due to
error propagation, which will be shown in Section III.

In SCA, the number of relays v may vary in each packet
transmission. In this paper, the STBC scheme is dependent
on the value of v, i.e., we use (v + 1)-symbol STBC in the
retransmission. It should be distinguished from the space-time
block coded protocol proposed in [5], where a (Q+1)-symbol
STBC is adopted and for each cooperative transmission, (v+1)
columns are selected from the code matrix. It can be checked
that this space-time block coded protocol can achieve the same
diversity gain as ours and the complexity is rather low since
each relay candidate (also the source node) is allocated a fixed
orthogonal coding pattern regardless of v. However, it may
lead to low efficiency. For instance, assume that Q = 2 and
1 relay is selected (v = 1). With the space-time block coded
protocol in [5], the rate R is only 3/4.2 Instead, the Alamouti’s
scheme can be adopted in our case so as to achieve the full
rate R = 1. It should be also noticed that in our scheme,
the relays should send a message to notify both the source
node and the destination node before each retransmission. The
source node then assigns the STBC columns to the relays.
This node communication will result in some additional delay
and overhead compared to the conventional ARQ or previous
cooperative diversity protocols. However, considering that the
transmission is performed in the unit of packet (over one
hundred symbols per packet, for example), this overhead can
be neglected since it only requires several bits.

B. Channel Model

The communication between a source and a destination
node is assumed to be over a flat Rayleigh fading channel
and facilitated by v relays which are selected from Q relay
candidates, as shown in Fig. 2. In addition, perfect channel
knowledge is assumed to be available at the receiver side only,
through the use of training sequences.

At time slots t0 + 1, ..., t0 + ς , the source node sends
a packet xs

t0+1, . . . , x
s
t0+ς with transmission power Pt per

symbol, where xs
t0+i is an M -QAM modulated symbol and

ς = L/b is the number of symbols per packet with a total
packet length of L bits and a modulation level of b = log2M
bits. The signal received by the destination node at time slot
t0 + i, i = 1, ..., ς , is then given by

yd
t0+i = h0x

s
t0+i + z0 (1)

where the channel gain h0 is assumed to be a complex
Gaussian random variable with zero-mean and variance σ2

0 .
Here σ2

0 accounts for the effect of large-scale path loss

2Assume that the [3,4,3] STBC code given in [23] (pp. 2485, Eqn. (99))
is adopted. For a k-symbol-T -slot STBC, the rate R is equal to k/T .
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Fig. 2. System model. Q idle nodes are assumed to be available as the relay candidates.

and shadowing [5-6]. Also, z0 represents the additive white
Gaussian noise with zero-mean and variance N0. At the j-th
relay candidate, j = 1, . . . , Q, the received signal is given by

y
rj

t0+i = hsjx
s
t0+i + zsj (2)

where the noise zsj and the fading coefficient hsj are complex
Gaussian random variables with zero-mean and variance N0

and σ2
sj

, respectively, j = 1, ..., Q. In the following, the
transmission of the packet xs

t0+1, ..., x
s
t0+ς is referred to as

direct transmission.
If the destination node fails to detect the packet correctly,

retransmission will start at time slot tL + 1. Let Nr be the
number of retransmissions, 1 ≤ Nr ≤ Nmax

r . The received
signal at the destination node at time slot tL + i is then given
by

yd
tL+i = h0x

s
tL+i + z0 +

v∑
j=1

hrjx
rj

tL+i + zrj (3)

for i = 1, ..., Nrς/R, where R is the rate of STBC. xs
tL+i and

x
rj

tL+i are the space-time block coded symbols transmitted by
the source node and the j-th relay node with the transmission
power Pt/(v+1), respectively. The additive noise zrj and the
fading coefficient hrj are complex Gaussian random variables
with zero-mean and variance N0 and σ2

rj
, respectively, j =

1, ..., v. In this paper, it is assumed that the large scale fading
of each r− d channel (the channel between the relay and the
destination node) is the same as that of the s−d channel (the
channel between the source node and the destination node),
i.e., σ2

r1
= · · · = σ2

rv
= σ2

0 .3

Throughout the paper, the following symbols and notations
will be used.
γsd: Average SNR per symbol of the direct transmission
γsr: Average SNR per symbol of the retransmission
γi

ss−r: Average SNR per symbol of the i-th s− r channel
ppd: Average packet error rate (PER) of the direct transmis-

sion
ppr: Average PER of the retransmission

3The difference in the large-scale fading among the r−d channels and the
s− d channel can be easily compensated for by power control, i.e., different
transmission power levels can be allocated to each relay or the source node
according to its corresponding σ2

rj
or σ2

0 . For simplicity, we assume that the
large scale fading effect is the same and so equal power allocation is adopted
in this paper.

pi
ps−r: Average PER of the i-th s− r channel
psd: Average symbol error rate (SER) of the direct trans-

mission
psr: Average SER of the retransmission
pi

ss−r: Average SER of the i-th s− r channel

III. THROUGHPUT ANALYSIS

In this section, the throughput of both SCA and FCA is an-
alyzed. For the sake of comparison, the throughput expression
of the pure truncated ARQ scheme is also provided.4

A. Throughput of the Truncated ARQ Scheme

Assume that the total length of a data packet is L, where
a C-bit CRC is attached and a square M -QAM is adopted
with b = log2M bit/symbol. The symbol rate Rs is assumed
to be constant and thus omitted in the following. For a point-
to-point single transmission, the throughput is then given by
[18]

T =
L− C

L
b(1 − psd)L/b (4)

where psd is the SER of the direct transmission.
With truncated ARQ, retransmission will start if the packet

is detected erroneously and will continue until the packet is
successfully delivered or the number of retransmissions Nr

exceeds Nmax
r . In the retransmission, the data rate will be

reduced since the packet is repeated. Therefore, the throughput
of the truncated ARQ scheme can be obtained as

TARQ =
L− C

L
b · PA/N̄A (5)

where

PA = 1 − ppd(ppr)
Nmax

r (6)

4In this section, we adopt a rather abstract system model. For example, we
only consider uncoded M -QAM and the additional overhead in ARQ signal-
ing (such as ACK and NACK) is neglected. Nevertheless, the mathematical
framework is general and the throughput analysis can be easily extended to
the specific systems.
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is the packet successful rate. N̄A is the average number of
transmissions per packet, which is given by

N̄A = 1 · (1 − ppd) +
Nmax

r∑
i=2

i · ppd(ppr)
i−2(1 − ppr)

+ (Nmax
r + 1) ·

(
ppd(ppr)

Nmax
r −1(1 − ppr) + ppd(ppr)

Nmax
r

)
(7)

In (7), ppd and ppr are given by

ppd = 1 − (1 − psd)L/bandppr = 1 − (1 − psr)L/b. (8)

The channel statistics does not change in the retransmis-
sions. Therefore, the average SER of the retransmission psr

should be equal to psd. As a result, we have ppr = ppd and
(5) can then be simplified as

TARQ =
L− C

L
b · (1 − ppd). (9)

From (9) and (4), it can be seen that the truncated ARQ
scheme has exactly the same throughput as the direct trans-
mission. Despite the improved reliability for each packet, the
truncated ARQ scheme requires more transmission time. As
long as the channel statistics keeps constant in the retransmis-
sions, no throughput gain can be achieved. Nevertheless, we
will show that by combining the truncated ARQ scheme and
cooperative diversity, the SER of the retransmission will be
improved greatly so that significant throughput gains can be
obtained.

In this paper, it is assumed that the s− d channel is a flat
Rayleigh fading channel. As such, the closed-form expression
for the average SER of M -QAM is given by [19] (Eqn. (49),
pp. 1331)

psd = 2
(

1 − 1√
2b

)(
1 −
√

gγsd

1 + gγsd

)
+

(
1 − 1√

2b

)2

·
[

4
π

√
gγsd

1 + gγsd
arctan

(√
1 + gγsd

gγsd

)
− 1
]
,

(10)

where g = 3
2(2b−1)

. γsd is the average SNR per symbol of
the direct transmission, which is given by γsd = σ2

0Pt/N0.
Therefore, by substituting (10) into (8) and (9), the throughput
of the pure truncated ARQ scheme, TARQ, can be computed.

B. Throughput of FCA

In FCA, v pre-assigned relays and the source node are
used in the retransmission and both utilize a (v + 1)-symbol
orthogonal STBC to send the packet together. Therefore, the
throughput of FCA can be obtained as

TFCA =
L− C

L
b · PF /N̄F (11)

where PF is the packet successful rate which can be computed
by (6). N̄F is the average number of transmissions per packet,
which is given by

N̄F = 1 · (1 − ppd) + ppd·[ ∑Nmax
r

i=2 (1 + (i− 1)/R) · (ppr)
i−2(1 − ppr)

+ (1 +Nmax
r /R) · (ppr)Nmax

r −1

]
(12)

where R is the rate of STBC (for a k-symbol-T -slot STBC,
R = k

T ). In this case, the average SER of the retransmission
psr �= psd since multiple antenna transmission is adopted in
the retransmission. In FCA, the retransmission can be regarded
as (v + 1)-transmit-1-receive STBC with M -QAM symbols
over Rayleigh fading channels. From [20], we know that the
average SER of m-transmit-n-receive STBC with M -QAM in
Rayleigh fading channels is given by

ps =
2qφr(g)√

π

Γ(mn+ 1/2)
Γ(mn+ 1)

·

2F1

{
mn;

1
2
;mn+ 1;

1
1 + gγs

}

− 2q2

π

φr(2g)
2mn+ 1

F1

{
1,mn, 1;mn+

3
2
;

1 + gγs

1 + 2gγs

,
1
2

}
,

(13)

where γs is the average SNR per symbol, q = 1 − 1/
√

2b,
φr(s) � (1 + sγs)

−mn, and 2F1(a, b; c;x) is the Gauss
hypergeometric function defined as

2F1(a, b; c;x) �
∞∑

n=0

(a)n(b)n

(c)nn!
xn. (14)

In the above equation, (a)n = Γ(a + n)/Γ(a) with Γ(·)
denoting the Gamma function. Likewise, F1(a, b, b

′
; c;x, y)

is the Appell hypergeometric function defined as

F1(a, b, b
′
; c;x, y) �

∞∑
n=0

∞∑
k=0

(a)n+k (b)n

(
b
′
)

k

(c)n+k n!k!
xnyk. (15)

Therefore, psr can be obtained by substituting m = v + 1,
n = 1, and γs = γsr into (13).

The computation of γsr should include the effect of error
propagation since in FCA the relay nodes retransmit their
estimates instead of the original signals. As a result, γsr will
not be given by γsd

(v+1)R . Instead, the expression of γsr of FCA
is given in Theorem 1.

Theorem 1: The average SNR per symbol of the retransmis-
sion in FCA, γsr, is given by

γsr =
γsd

aγsd + (v + 1)R
(16)

where

a =
24v

2b − 1
(1 − 2−b/2)·⎡

⎣
(
1 −
√

gγss−r

1+gγss−r

)
+ (1 − 2−b/2)·(

2
π

√
gγss−r

1+gγss−r
arctan

(√
1+gγss−r

gγss−r

)
− 1
)
⎤
⎦ , (17)

assuming that the average SNR per symbol of the i-th s − r
channel γi

ss−r = γss−r = σ2
sPt/N0 for i = 1, ..., v.

Proof: See the Appendix.
By combining Theorem 1 and (11-12), the throughput of

FCA, TFCA, can be obtained.

C. Throughput of SCA

In SCA, the number of relay nodes v is not fixed. Only the
candidates who detect the correct CRC results are involved

Authorized licensed use limited to: CityU. Downloaded on April 8, 2009 at 02:44 from IEEE Xplore.  Restrictions apply.



1912 IEEE TRANSACTIONS ON COMMUNICATIONS, VOL. 56, NO. 11, NOVEMBER 2008

in the retransmission. Therefore, the throughput expression of
SCA should be written as

TSCA =
L− C

L
b · PS/N̄S (18)

where PS and N̄S are the packet successful rate and the
average number of transmissions per packet, respectively.
They are given by

PS =
Q∑

j=0

(
1 − ppd(ppr(j))

Nmax
r

)
· P (v = j) (19)

and

N̄S =
Q∑

j=0

N(j) · P (v = j) (20)

with N(j) given by

N(j) = 1 − ppd + ppd·[ ∑Nmax
r

i=2 (1 + (i− 1)/R(j)) · ppr(j)
i−2(1 − ppr(j))

+ (1 +Nmax
r /R(j)) · ppr(j)

Nmax
r −1

]

(21)

for j = 0, . . . , Q.
In (21), R(j) is the rate of a (j + 1)-symbol STBC (let

R(0) = 1) and ppr(j) is the PER of the j-relay retransmis-
sion.5 In SCA, no error propagation is introduced by relays.
Therefore, with a j-relay retransmission (j > 0), psr(j) can
be obtained via (13) by substituting m = j + 1, n = 1,
and γs = γsr(j) = γsd

(j+1)R(j) . Otherwise, psr(j) = psd (for
j = 0).
P (v = j) is the probability that j relay candidates detect

the correct CRC results and is given by

P (v = 0) = p1
ps−r · p2

ps−r · · · · · pQ
ps−r (22)

P (v = 1) = (1 − p1
ps−r) · p2

ps−r · · · ·
· pQ

ps−r + p1
ps−r · (1 − p2

ps−r) · · · ·
· pQ

ps−r + · · · + p1
ps−r · p2

ps−r · · · ·
· (1 − pQ

ps−r) (23)

...
...

where pi
ps−r is the PER of the i-th s−r channel, i = 1, ..., Q,

and we have pi
ps−r = 1 − (1 − pi

ss−r)L/b. pi
ss−r is the SER

of the i-th s− r channel and can be computed by

pi
ss−r = 2

(
1 − 1√

2b

)(
1 −
√

gγi
ss−r

1 + gγi
ss−r

)
+
(

1 − 1√
2b

)2

·
[

4
π

√
gγi

ss−r

1 + gγi
ss−r

arctan

(√
1 + gγi

ss−r

gγi
ss−r

)
− 1

]

(24)

where g = 3
2(2b−1)

and γi
ss−r is the average SNR per symbol

of the i-th s−r channel which is given by γi
ss−r = σ2

si
Pt/N0,

i = 1, . . . , Q.

5Note that ppr(j) is now indexed by j since in SCA the PER of
the retransmission is dependent on the number of nodes involved in the
retransmission.

When σ2
si

= σ2
s , i = 1, ..., Q, a general expression of P (v =

j) can be obtained as

P (v = j) = Cj
Q

(
1 − pps−r

)j (
pps−r

)Q−j
(25)

where pps−r = pi
ps−r, for all i = 1, ..., Q, and j = 0, ..., Q.

Finally, by combining (18-25), the throughput of SCA,
TSCA, can be obtained.

D. Throughput Comparison

Assume that Q = 2 idle nodes are available as the relay
candidates. C = 16 bit CRC is assumed to be adopted with a
cyclic generator polynomial of gCRC16(D) = D16 + D12 +
D5 + 1. Assume that the packet length L is 120 bits and
QPSK is adopted (i.e., b = 2 bits). The maximum number of
retransmissions Nmax

r is assumed to be 3. For simplicity, σ2
si

is assumed to be equal to σ2
s , for i = 1, . . . , Q. Therefore, we

have γss−r = γi
ss−r , i = 1, . . . , Q.

Fig. 3 presents the numerical and simulation results on the
throughput of the pure truncated ARQ, FCA with 1 relay, FCA
with 2 relays and SCA when the average SNR per symbol of
the s−r channels γss−r is 20dB. The x-axis “SNR” is referred
to the average SNR per symbol of the direct transmission γsd.
A good match can be observed between the simulation and
numerical curves, despite slight discrepancy in the case of
FCA. From Fig. 3 it can be also seen that both FCA and SCA
perform much better than the truncated ARQ scheme. Here
γss−r is assumed to be 20dB, which indicates rather good
s− r channels. In this case, cooperative diversity gain can be
fully exploited to improve the SER of the retransmission and
so substantial throughput gains can be expected to be achieved
by SCA and FCA over the truncated ARQ scheme. As Fig. 3
shows, SCA always achieves the highest throughput, which is
due to its adaptability to the s−r channels. It should be noticed
that at high SNR, FCA with 1 relay gets better performance
than the 2 relay case. This is because with 3 nodes cooperation,
the STBC is not full rate.6 When the SNR of the s−d channel
(also the r − d channels) is high enough (which implies a
good diversity gain), rate loss will significantly influence the
throughput. Therefore, although in the low SNR regime FCA
with 2 relays can achieve a better throughput, this throughput
will become less than that of the 1 relay case when SNR is
high enough.

Fig. 4 shows the case when γss−r decreases to 15dB. Here
the s − r channels are not good enough and therefore the
performance of FCA deteriorates rapidly due to the effect of
error propagation. When SNR is high which indicates a good
s − d channel, FCA even gets a worse throughput than the
truncated ARQ scheme. In contrast, SCA still achieves the
highest throughput among all the schemes and a significant
gain can be observed.

We further consider the case of γss−r = 10 dB, which
indicates even worse s− r channels. In this case, FCA cannot
work since cooperative diversity gain is overwhelmed by the
effect of severe error propagation. Its SER of retransmission
is always worse than that of the truncated ARQ scheme.
Therefore, as Fig. 5 shows, the throughput of FCA is much

6In this paper, we take the [3,4,3] STBC code given in [23] (pp. 2485,
Eqn. (99)). Therefore, the rate R is 3/4.
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Fig. 3. Throughput of the truncated ARQ scheme, FCA with 1 relay, FCA
with 2 relays and SCA when γss−r=20dB with L = 120 and b = 2.
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Fig. 4. Throughput of the truncated ARQ scheme, FCA with 1 relay, FCA
with 2 relays and SCA when γss−r=15dB with L = 120 and b = 2.

lower than that of the truncated ARQ scheme. SCA again has
the best performance. However, due to the bad quality of s−r
channels, SCA seldom uses relays and therefore it has nearly
the same throughput as the pure truncated ARQ scheme.

From the above discussion, we can conclude that SCA can
always achieve a significant throughput gain irrespective of
whether the s − r channels are good or not. In contrast, the
performance of FCA highly depends on the quality of the
s − r channels. With poor s − r channels, the performance
will deteriorate rapidly due to error propagation and may be
even worse than the pure truncated ARQ scheme. This can
be more clearly seen in Fig. 6, where the average SNR per
symbol of the s − d channel γsd is fixed to be 15dB. Here
the x-axis is given by ρ = γss−r/γsd. It can be seen that
FCA can achieve a higher throughput than the truncated ARQ
scheme only when ρ is larger than 1.5. This can give us
some insights on the selection of cooperation region when
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Fig. 5. Throughput of the truncated ARQ scheme, FCA with 1 relay, FCA
with 2 relays and SCA with Gaussian s − r channels and Rayleigh s − r
channels when γss−r = 10 dB with L = 120 and b = 2.

fixed cooperative diversity is adopted. SCA again achieves the
highest throughput and substantial gains can be observed for
all the values of ρ.

From Fig. 6, it can be also seen that a higher ρ indicates
a better performance gain of SCA or FCA over the truncated
ARQ. In other words, more cooperative diversity gain can
be achieved with a larger ratio of σ2

s to σ2
0 . Neglecting the

effect of shadowing, this implies that the relays should be
located close to the source node. Furthermore, it is found
that the performance gain will be even more significant if
fewer scatters exist between the source node and the relays.
As shown in Fig. 5, with the assumption of Gaussian s − r
channels, substantial gains can be achieved by both SCA and
FCA although γss−r is only 10dB. In contrast, in Rayleigh
fading s−r channels, no performance gain can be obtained by
SCA and FCA with the same γss−r. Therefore, we conclude
that Q relay candidates should be selected from those located
around the source node so as to achieve better performance.

It should be noticed that in Gaussian s− r channels, FCA
with 1 relay performs the best among all the schemes at high
SNR. A closer observation shows that in this case SCA is very
likely to choose Q = 2 relays since the s − r channels are
with good quality. Therefore, it has very slight performance
gain over FCA with 2 relays and both of them suffer from the
rate loss of 3-symbols STBC.

IV. THROUGHPUT OPTIMIZATION USING ADAPTIVE

TECHNIQUES

The throughput expressions of the truncated ARQ scheme,
FCA and SCA have been given by (9), (11) and (18), re-
spectively. These expressions clearly depend on two important
parameters: the packet length L and the modulation level b.
As we know, a small packet length indicates that most packets
arrive without errors but at the cost of a large packet overhead.
A large L implies higher efficiency while the packet is more
susceptible to errors which cause more retransmissions. As for
the modulation level b, a packet with a low modulation level
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Fig. 6. Throughput of the truncated ARQ scheme, FCA with 1 relay, FCA
with 2 relays and SCA when γsd=15dB with L = 120 and b = 2.

is more robust but may result in inefficient use of the channel.
On the other hand, a packet with a high modulation level is
more liable to error but carries more information per symbol.
Therefore, an appropriate L or b is desired so as to improve
the throughput.

In this section, we will further maximize the throughput
by optimizing L and b. Since the throughput expressions are
neither concave nor convex, an analytical solution for the
optimal packet length L∗ and modulation level b∗ is hard to
be obtained. Therefore, we resort to simulations to observe
how throughput varies with L and b first. In this section, we
always assume that both L and b take continuous values.

Fig. 7 shows the selected sample when SCA is adopted with
γss−r=20dB and γsd=15dB. It can be seen that the throughput
plane is rather smooth, which indicates a good match between
the local maximum and the global maximum. Actually, we
have conducted extensive simulations of these three schemes,
i.e., the truncated ARQ scheme, FCA and SCA, and found
that the throughput plane is always smooth. Therefore, based
on the above observation, we resort to the Method of Hooke
and Jeeves [22] to obtain the optimal L∗ and b∗ as well as the
maximum throughput. Fig. 8 shows the optimized throughput
curves of the truncated ARQ scheme, FCA with 1 relay, FCA
with 2 relays and SCA when γss−r is 20dB. It can be seen
that with the joint optimization of L and b, the throughput
can be improved greatly whichever scheme is adopted. SCA
again achieves the best throughput and substantial gains can
be observed over all the other schemes. The throughput of
FCA with 1 relay and 2 relays are also significantly improved
by the joint optimization. However, in contrast to the case
with a fixed L of 120 and a fixed b of 2, FCA with 2 relays
obtains a lower optimal throughput than that of the truncated
ARQ scheme at high SNR. A closer observation shows that
in this case the optimal packet length L∗ of these schemes is
around 50, which is much lower than 120. At high SNR, the
communication link provided by the s− d channel is reliable
enough for such a short packet. Therefore, although better

b
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Fig. 7. Throughput plane of SCA versus L and b with γsd=15dB and
γss−r=20dB
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Fig. 8. Optimal throughput vs. throughput with fixed L and b of the
truncated ARQ scheme, FCA with 1 relay, FCA with 2 relays and SCA
when γss−r=20dB

diversity gain can be achieved by node cooperation, the rate
loss plays a more important role here. On the other hand, this
also indicates that ρ = γss−r/γsd should be large so as to
assure that performance gain can be achieved by FCA. SCA
always obtains the best performance regardless of the quality
of s− r channels. The results with a lower γss−r are similar
and so we omit them here.

We take the example of the truncated ARQ scheme to fur-
ther show the throughput gains brought by the joint optimiza-
tion of L and b. As Fig. 9 shows, the optimal throughput curve
with both L and b optimized coincides with the suboptimal
one with only L optimized (b is fixed to be 2) in the low
SNR regime. At high SNR, the suboptimal throughput curve
with only b optimized approaches that of the optimal one.
This implies that at low SNR we could only optimize L to
get an optimal throughput, whereas at high SNR, optimizing
b can more effectively optimize the throughput. Besides, we
compare the optimal packet length L∗ with b fixed and that
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Fig. 9. Throughput optimization of the truncated ARQ scheme

TABLE I
OPTIMAL L∗ AND b∗ SEARCHED BY L-DOA FOR THE TRUNCATED ARQ,

FCA AND SCA ( γss−r = 20 DB)

SNR (γsd) 0dB 5dB 10dB 15dB 20dB
Truncated ARQ Scheme L∗ 20 22 30 42 40
(u = i) b∗ 2 2 2 2 4
FCA with v = 1 relay L∗ 20 24 36 48 60
(u = 2i) b∗ 2 2 2 2 2
FCA with v = 2 relay L∗ 24 24 36 54 60
(u = 3i) b∗ 2 2 2 2 2
SCA with Q = 2 relay L∗ 24 24 36 48 48
(u = 6i) b∗ 2 2 2 2 4

with b optimized. It is found that with b optimized, the optimal
packet length L∗ can be greatly decreased in the high SNR
regime since in this case, we can use a higher modulation
instead of increasing the packet length. On the other hand,
the comparison of the optimal modulation level b∗ with L
fixed and that with L optimized shows that with L optimized,
even higher modulation can be adopted so as to improve the
throughput. We do not present the figures due to limited space.

V. OPTIMIZATION OVER DISCRETE PARAMETERS

In the above analysis, L and b are always assumed to be
continuous. However, since square M -QAM is adopted, b
should actually be even, i.e. b = 2k, k = 1, 2, 3, · · · . Besides,
L should be larger than C and be an integer multiple of b, i.e.
L > C and L = ub, where u is an integer. For SCA and FCA,
there are even more constraints on L due to the adoption of
STBC. For example, for FCA with 1 relay, u should be an
integer multiple of 2 since a 2-symbol STBC is adopted in
the retransmission. For SCA with Q = 2, u should further be
an integer multiple of 6 since both 2-symbol and 3-symbol
STBC may be adopted.

Exhaustive search over the discrete optimal L∗ and b∗ will
result in prohibitive complexity. In this section, we present
a computationally efficient algorithm to find the discrete
optimal L∗ and b∗. Particularly, in the new algorithm, we start
searching the optimal packet length L∗ with a fixed b=2 and
for each incremental b, we compute the maximum throughput
by optimizing L. The whole process will terminate when the

throughput begins to fall. This is based on the observation
that the local throughput and the global throughput always
perfectly match when b varies and L is fixed or L varies and
b is fixed. This new algorithm shall be referred to as low-
complexity discrete optimization algorithm (L-DOA) and is
described below.

Algorithm 1 Low-complexity discrete optimization algorithm
(L-DOA))

1: Let L = ub where u takes on different values for different
schemes. u = i, i = 1, 2, 3, . . ., for the truncated ARQ
scheme, u = 2i for FCA with 1 relay, u = 3i for FCA
with 2 relays, and u = 6i for SCA with Q = 2. T [l, b]
represents the throughput with a packet length l and a
modulation level b.

2: Initialization: k = 1, T ∗ = 0;
3: loop
4: bk = 2k. Find the optimal packet length l∗ under the

given bk.
5: Let a = �l∗/(ubk)�.
6: Let L1 = a · ubk and L2 = (a+ 1) · ubk.
7: Compare T [L1, bk] and T [L2, bk].
8: if T [L1, bk] ≥ T [L2, bk] then
9: Lk = L1, Tk = T [L1, bk];

10: else
11: Lk = L2, Tk = T [L2, bk];
12: end if
13:

14: if Tk > T ∗ then
15: T ∗ = Tk, L∗ = Lk, b∗ = bk;
16: else
17: stop;
18: end if
19: k = k + 1
20: end loop

It can be seen that with L-DOA, the joint optimization of
L and b is decoupled so that the complexity can be reduced
dramatically. Table 1 lists the discrete optimal values of L∗

and b∗ for the truncated ARQ scheme, FCA with 1 relay,
FCA with 2 relays and SCA with Q = 2 under a γss−r

of 20dB. The corresponding throughput curves are plotted
in Fig. 10. For comparison, the optimal throughput curves
with continuous optimal L∗ and b∗ are also shown. It can
be seen that a good match between the throughput curves
with continuous optimal L∗ and b∗ and that with discrete
optimal L∗ and b∗ can be achieved whichever scheme is
adopted, indicating that the discretization of L∗ and b∗ results
in very slight throughput loss. It also indicates the superior
performance of L-DOA. A closer observation shows that a
slight throughput loss will be incurred in the cases of SCA
with γsd=15dB and FCA and the truncated ARQ scheme with
γsd=20dB. Actually, this is because the optimal b∗ is around
3 in these cases. By restricting b to be even, a throughput
loss will be incurred. Nevertheless, the two corresponding
throughput curves perform a perfect match in most cases.
The corresponding results with the other values of γss−r are
similar and so we omit them here due to limited space.
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Fig. 10. Throughput with continuous optimal L∗ and b∗ and with discrete
optimal L∗ and b∗ of the truncated ARQ scheme, FCA with 1 relay, FCA
with 2 relays and SCA when γss−r=20dB.

VI. CONCLUSIONS

In this paper, we proposed a cross-layer design combining
truncated ARQ at the link layer and cooperative diversity
at the physical layer, which has been shown to be able
to greatly improve the system throughput. The throughput
expressions of the proposed SCA scheme, FCA scheme and
the pure truncated ARQ scheme are derived and verified by
simulation results. The comparison of these three schemes
showed that the proposed SCA scheme can always achieve
the highest throughput and effectively avoid error propagation.
The throughput is further maximized by optimizing the packet
length L and the modulation level b and it was found that
substantial gains can be achieved by this joint optimization.
Besides, since both L and b are usually discrete and under
some constraints in practice, we proposed a low-complexity
discrete optimization algorithm (L-DOA) to search the discrete
optimal L∗ and b∗. It was then shown that the discretization
of L∗ and b∗ results in very slight throughput loss.

It must be noted that the above performance analysis did
not take into consideration some important effects such as the
Doppler spread and frequency selectivity. Hence, extending
this work to consider these effects is of potential interest.
Another interesting extension of this work is to analyze the
performance in multiuser scenarios with specific scheduling
strategies.

APPENDIX A
PROOF OF THEOREM 1

Let X denote an m-antenna-T -time-slot-k-symbol STBC.
It can be then represented as

X = [A1s + B1s∗,A2s + B2s∗, ...,ATs + BTs∗] (26)

where s is a k × 1 complex variable vector and Ai,Bi are
constant coefficient matrices in Rm×k. Assume n antennas at
the receiver side. Then, the n×T receive signal matrix Y can

be written as

Y =

√
SNR

m
HX + N (27)

where SNR = σ2
0Pt/N0, H and N are the n × m channel

gain matrix and n×T noise matrix, respectively. All hij , i =
1, . . . , n, j = 1, . . . ,m and nij , i = 1, . . . , n, j = 1, . . . , T are
i.i.d. complex-valued Gaussian random variables with zero-
mean and unit variance. After a series of linear transformation,
we have

r =

√
SNR

m
H · s + z (28)

where

H =

⎡
⎢⎣

HA1 + H∗B∗
1

...
HAT + H∗B∗

T

⎤
⎥⎦ (29)

From the property of {Aj}j=1,...,T and {Bj}j=1,...,T , we have

H+ · H = trace(H+H) · Ik (30)

Therefore,

r̃ =

√
SNR

m
α · s + z̃ (31)

where z̃i ∼ Nc(0, α), i = 1, ..., k, and α = trace(H+H).
Obviously, is a central chi-square distributed variable with
2mn degrees of freedom. From (31), it can be seen that
orthogonal space-time block decoding transforms a MIMO
channel into multiple equivalent SISO channels. Therefore,
s can be easily detected using a one-dimension MLD.

In FCA, v relay nodes and the source node use a v + 1
symbol STBC to send the signals together. Therefore, here
we have m = k = v + 1 and n = 1. Note that in FCA, the
relay nodes are pre-assigned and CRC will not be checked to
assure reliable information forwarding. As a result, in the re-
transmission only the source node transmits the original signal
vector s. At each relay, the estimate ŝ instead of the original
signal vector s is transmitted, where ŝ = [ŝ0,ŝ1,..., ŝv]′. After
decoding, the equivalent SISO channel model becomes

r̃ = μα · s+ �
z (32)

where μ =
√
γsd/(v + 1) and α is a central chi-square

distributed variable with 2(v + 1) degrees of freedom. We
have

�
z = μH+Hr ·

⎡
⎢⎢⎢⎣
ŝ0 − s0
ŝ1 − s1

...
ŝv − sv

⎤
⎥⎥⎥⎦+ z̃ (33)

and

Hr =

⎡
⎢⎣

HA1r + H∗B∗
1r

...
HATr + H∗B∗

Tr

⎤
⎥⎦ (34)

where Air (Bir) is obtained by replacing the first row of Ai

(Bi) with zeros, i = 1, ..., T . Here the new equivalent noise
�
z includes both the additive white noise z̃ and the effect of
error estimates. It can be further obtained that

var(
�
z ) = var(ŝi − si)Iv+1 · H+HrH+

r H
+ αIv+1 ≤ αIv+1 (var(ŝi − si)ψ + 1) (35)
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where ψ is a central chi-square distributed variable with 2v
degrees of freedom.

Let D (si − ŝi) denote the distance between si and ŝi, then
we have

var (ŝi − si) = D (si − ŝi) · P (si → ŝi) . (36)

Here we assume that errors always happen between two
neighbors. Therefore, the minimum distance Dmin (si − ŝi) is
used instead of D (si − ŝi). Let Es denote the average energy
of the constellation. From [21], it follows that for M -QAM
symbols

Dmin (si − ŝi) =
6Es

2b − 1
. (37)

Besides, we have assumed that the s − r channel is flat
Rayleigh fading. According to [21],

P (si → ŝi) = 2
(

1 − 1√
2b

)(
1 −
√

gγss−r

1 + gγss−r

)

+
(

1 − 1√
2b

)2

·
[

4
π

√
gγss−r

1 + gγss−r

arctan

(√
1 + gγss−r

gγss−r

)
− 1

]
,

(38)

where γss−r is the average SNR per symbol of the s − r
channel and is given by γss−r = σ2

sPt/N0.
Therefore, by combining (32-38), the instantaneous SNR

per symbol of the retransmission, γ̃sr , should be given by

γ̃sr =
αγsd

6
2b−1wγsd + (v + 1)R

(39)

where

w = ψ

⎧⎪⎨
⎪⎩

2
(
1 − 1√

2b

)(
1 −
√

gγss−r

1+gγss−r

)
+
(
1 − 1√

2b

)2

·
[

4
π

√
gγss−r

1+gγss−r
arctan

(√
1+gγss−r

gγss−r

)
− 1
]
⎫⎪⎬
⎪⎭ .

It can be easily checked that with a large v,√
var(w)/E(w) → 0, implying that the fluctuation around

the mean of w can be neglected. Therefore, w is replaced by
E(w) and γ̃sr can be further written as γ̃sr = αγsd

aγsd+(v+1)R ,
where a is given by (17). Finally, from [20] the average SNR
per symbol of the retransmission γsr can be obtained, as
shown in (16).
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