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Rezumat. Articolul propune extinderea protocolului 

ARQ cu ajutorul unei metode de cooperare prin 

selecţie. Se argumentează că această metodă de 

cooperare este o alternativă superioară metodei 

care utilizează codarea în spaţiu-timp distribuită 

(DSTBC) utilizată cu protocolul ARQ fără 

cooperare, deoarece oferă o capacitate de 

transmisie mărită şi în plus este şi mai simplu de 

implementat. Pentru a facilita comparaţia între 

cele două metode propunem o formulă de calcul 

prin aproximaţie a capacităţii de comunicaţie a 

sistemelor în fiecare din cazuri. Acurateţea 

formulei este verificată prin simulări Monte Carlo. 

Totodată, formula propusă în acest articol este 

utilizată pentru a oferi detalii şi asupra numărului 

efectiv de relee care trebuie să ia parte în 

sistemul de comunicaţii cu cooperare.  
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Abstract. We extend current Automatic Repeat 

Request (ARQ) protocols by proposing a cross-layer 

communication system, which relies on selection 

cooperation at the physical layer. We argue that 

selection cooperation is a better alternative to 

Distributed Space-Time Block Coding (DSTBC) when 

coupled with non-cooperative ARQ protocols. The 

Selection Cooperation ARQ (SCARQ) system 

proposed in this paper performs better than competing 

alternatives, such as the DSTBC ARQ or the non-

cooperative ARQ schemes, and has the added benefit 

of being simple to implement. To facilitate comparisons 

with cooperative and non-cooperative approaches, we 

develop a formula to calculate the throughput of the 

SCARQ system. The accuracy of the throughput 

formula is verified through Monte Carlo simulations. 

Using the proposed formula, we determine that a 

significant improvement in the performance of the 

retransmission process is achieved by using selection 

cooperation only among a small number of nodes. 

 

1. Introduction1 

Automatic Repeat reQuest (ARQ) protocols2 are 

an intrinsic part of the communication interface of a 

wireless ad-hoc or sensor network mainly because, 
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by combating high frame-error rates, they prevent 

expensive retransmissions triggered by the transport 

layer error control mechanism [1]. A stringent 

problem in a wireless setup is that the channel 

coherence time can be as long as several frames, 

and consequently, using a standard ARQ protocol, 

such as a Stop-and-Wait, may prove inefficient 
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because the source node will most likely repeat the 

frame until the channel recovers from the deep fade. 

The quality of the fading channel can be improved 

through space-time diversity – a technique that 

relies on multiple transmit and receive antennas to 

create diverse and independent communication 

paths between a transmitting node and a destination 

node. In most cases physical limitation on the 

wireless nodes restrict the implementation of 

multiple collocated transmit/receive antennas. In this 

situation, space-time diversity is exploited by 

cooperative protocols for distributed antenna arrays 

constructed with available nodes in the network [2]–

[6]. A communication system under the above 

constraints ends up using both cooperation and 

ARQ, which can be combined using minimal control 

signaling. We know that cooperating all the time is 

bandwidth inefficient because cooperation requires 

additional channel resources. An efficient cooperative 

protocol cooperates only when necessary, i.e., 

appropriately selects the cooperating intervals and 

relays [7]. When using ARQ, the task of finding the 

appropriate cooperating interval and relay is 

assigned to the Data Link Control (DLC) layer 

because retransmitting on-demand, which in the 

case of cooperative ARQ is replaced with 

cooperating on-demand, is already part of the 

standard ARQ protocol. What motivates the 

development and analysis of cooperative ARQ 

systems is precisely the low overhead signaling 

between the physical (PHY) and the DLC layers.  

Adaptation of cooperative protocols for ARQ 

systems was first suggested by Laneman et al. in 

[7]. The one-bit feedback system with one relay 

node in [7] shows the advantage of feedback in 

cooperative systems and lays the foundation for 

cooperative ARQ systems. In [8], Zimmermann et al. 

extends the system in [7] by proposing a fully 

fledged ARQ method for a cooperative system with 

one relay. In the case of systems with multiple relay 

nodes a lot of attention has been given to the idea of 

combining diverse ARQ systems with Distributed 

Space-Time Block Coding (DSTBC) [9]–[12]. 

However, the major challenge in DSTBC is the 

requirement for synchronization at the receiver side 

of all transmissions from the cooperating relays. 

Hence, relative propagation delays from the relay 

nodes to the destination need to be tracked and 

compensated for. A simpler alternative to DSTBC, 

which has less stringent synchronization requirements, 

is selection cooperation [13]. Instead of constructing 

orthogonal code sequences at multiple relay nodes 

as in DSTBC, in selection cooperation a single relay 

is selected for transmission out of the group of 

cooperating relays. The advantage of using 

selection cooperation is two fold. First, relying on 

relay time division, i.e., turning off all the relay nodes 

except for the one entrusted with the transmission of 

a particular frame, is a simple way to orthogonalize 

the transmissions from the relays and at the same 

time mitigate the synchronization problem. Second, 

because selection cooperation is a selection combining 

scheme where the antenna selection takes place at 

the transmitter, it could yield, depending on the 

selection criterion, a higher throughput than DSTBC. 

Zhao and Valenti are the first to point out the 

benefits of using selection cooperation alongside 

their proposal in [14] of a hybrid-ARQ extension to 

the relay selection and scheduling protocol of [15]. 

Similar to [15], the relay node selected for 

retransmission in [14] has the highest average SNR 

to the destination. However, unlike [15], the protocol 

proposed in [14] exploits the diversity introduced in 

the retransmission process by maintaining the soft 

information of the previously unsuccessful frames 

until the destination correctly decodes the frame. 
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The throughput analysis in [14] follows the outage 

capacity approach of [16]. The resulting bounds on 

the throughput are tight when the system is 

designed for long-frame transmissions in order to 

accommodate near capacity-achieving coding. In 

this paper we analyze the throughput of a system 

similar to the one presented in [14], but our focus is 

on constellation constrained uncoded short-frame 

transmissions. Although the basic selection 

cooperation idea is similar to [14], the protocol 

proposed in this paper has a series of distinct 

features, which allow us to fully exploit the broadcast 

nature of the wireless channel, and concurrently, 

prove the correctness of the protocol – a subject 

which has not received attention in [14]. 

2. Selection Cooperation ARQ 

We start the description of the proposed cross-

layer design with the specifications for the PHY-

layer. We use the set of input/output equations and 

assumptions at the PHY-layer in the description of 

the proposed Selection Cooperation ARQ (SCARQ) 

protocol running at the DLC-layer. We prove the 

correctness of the SCARQ protocol at the end of 

Section 2. 

A. Channel Model 

 We assume a communication system with 1Q +  

nodes labeled as { } 0
Q

q q=
N  and a destination (or 

fusion center) D. Node 0N  is the source node (i.e., 

transmits its own information), and the rest of the 

nodes act as relays. Each node has a single 

omnidirectional antenna and a half-duplex radio, 

which limits its ability to transmit and receive signals 

using the same channel resources. The 

communication link between any two nodes is 

affected by flat fading. Under the flat fading 

assumption, if node pN  broadcasts the b-bit symbol 

x  with energy bbE , the signal received by node qN  

can be written as  

 { }, , , , , 0, 1, ..., ,p q p q p qy h x z p q Q p q= + ∈ ≠ , (1) 

where ,p qh  is the fading coefficient for the link 

between pN  and qN , and ,p qz  is the additive 

noise. Similarly, the signal received by the 

destination from node pN  can be written as  

 { }, D , D , D , 0, 1, ...,p p py h x z p Q= + ∈ , (2)  

A 2 -QAMb  modulation is used for transmissions. 

Because the nodes are not collocated, we can 

model the different flat fading coefficients in the 

system as independent random variables. In 

addition, we assume that  

a1) nodes are clustered and the links connecting the 

nodes are identically distributed; the links 

between the nodes and the destination are also 

identically distributed, but do not necessarily 

share the same statistics as the inter-node links; 

 

 
Fig. 1. Slot configuration. 

a2) fading coefficients ,p qh  with { }, 0, 1, ...,p q Q∈ , 

are zero mean complex circular Gaussian 

random variables with variance 2σN ; fading 

coefficients { }, D , 0, 1, ...,qh q Q∈ , are zero mean 

complex circular Gaussian random variables 

with variance 2
Dσ ; 
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a3) additive noises ,Dpz , and ,p qz  with 

{ }, 0, 1, ...,p q Q∈  are independent zero mean 

complex circular Gaussian random variables 

with variance 0N ; 

a4) receivers acquire perfect channel state information 

using pilot symbols; the effect of pilot symbols 

on link tracking and overall system throughput is 

neglected.  

 Self-interference prevents the relay nodes from 

receiving and transmitting using the same channel 

resources (e.g., using the same bandwidth and time 

slot). A cooperative system needs additional bandwidth 

resources to enforce the half-duplex constraint, 

which could translate into poor bandwidth efficiency. 

This is the main motivation behind the idea of 

cooperation on-demand [7]. Even though a 

frequency division approach can solve the self-

interference problem, the time-division technique is 

preferable in systems with ARQ [8]. Furthermore, we 

argue next that a bandwidth efficient cooperation 

protocol should not be limited to the PHY-layer, but 

needs to take into account the requirements 

imposed by the DLC-layer as well.  

B. The Proposed ARQ Protocol 

Having established the equations that govern the 

PHY-layer, we shift our focus to the DLC-layer with 

the description of the proposed SCARQ system. We 

consider a slotted communication system with 

( )log 2L Q Q+ + +⎡ ⎤⎢ ⎥  bits per slot, where L  bits are 

coded information bits, and the remaining 

( )log 2Q Q+ +⎡ ⎤⎢ ⎥  bits are control bits used for 

acknowledgments as detailed in Fig. 1. 

At the beginning of time slot 1, the source node 

0N  sends the L -bit frame m , which contains C  

parity bits derived using a CRC encoder. The CRC 

code does not have error correction capabilities; the 

code is exclusively used for error detection. The Q  

available relay nodes and the destination receive an 

attenuated and noisy version of m, attempt to 

decode m, and subsequently, verify the frame’s 

integrity using the embedded CRC code. If a relay 

decodes the frame correctly, it becomes part of the 

initial set of cooperators (1)mD , which by default 

includes the source node. Similar to [14] we assume 

that the relays are ordered during the call setup 

procedure, and we reserve a Q-bit window for 

broadcasting of all relays decoding status. The 

generic relay q broadcasts either a positive 

acknowledgement (ACK )q  if it decodes m  correctly, 

or powers itself down if it detects errors after 

decoding the received frame. In a system with 

maximum Q relays, the Q relay acknowledgment 

bits are always transmitted after the L coded 

information bits broadcasted by the source. The 

guard intervals are used to prevent interference 

among relays due to time variations in the channel 

and possibly different propagation delays.  

The destination decides if the system enters a 

selection cooperation phase or not. The proposed 

protocol is organized around these two situations. If 

m is successfully decoded at the destination, then 

the destination broadcasts an ACK, which informs 

the nodes in the system not to enter the selection 

cooperation phase. After receiving the ACK from the 

destination, the relays clear their buffer of any 

information about the acknowledged frame, and the 

process recommences with the source accepting a 

new frame from its higher layer. The destination 

requests selection cooperation only if it detects 

errors in the frame m received from the source. In 

this case, the destination itself selects a relay node 

in (1)mD  for retransmission. In [14] the relay with the 

highest average SNR to the destination is selected. 

This approach requires GPS tracking of nodes or 
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averaging of the powers of the { } 1
ACK Q

q q=
 signals 

received from the relays. Because relays are not 

always in the set of cooperators, and consequently, 

they do not transmit in every time slot, it is difficult to 

obtain a meaningful average in a mobile 

environment. Instead of deciding on the active relay 

by using an average function such as [14], we 

propose using the instantaneous power measured 

from the current ACK signals. In this case, the relays 

should use a constant modulus constellation (such 

as BPSK) for the ACK signals in order to facilitate 

the power measurements. When the destination 

detects errors in m, it needs not only to broadcast a 

single NACK signal in the network, but also to select 

the best relay from (1)mD  for frame retransmission. 

Because there can be at most 1Q +  cooperative 

transmitters nodes, the destination needs to select 

among 1Q +  addresses using the { } 0
NACK Q

q q=
 

signals, where for 0q > , NACKq  designates relay 

q, and 0NACK  designates the source node. The 

ACK signal is equivalent to an additional address, 

and consequently, the destination ends up utilizing a 

total of ( )log 2Q +⎡ ⎤⎢ ⎥  bits for acknowledgments and 

feedback to the nodes.  

 Let us assume that based on current relay 

acknowledgements pN  is the active relay node in 

(1)mD . Consequently, pN  rebroadcasts the entire 

frame m at the beginning of time slot 2. In fact pN  

takes the place of the source node during time slot 2 

and the protocol is rerun. Note that some of the relay 

nodes that have not been enlisted as cooperators for 

frame m after the first broadcast may have correctly 

decoded the frame m after the second broadcast, 

and are now in position to cooperate. The 

destination selects the next active relay from the 

growing set of cooperators. This feature, which has 

not been considered in previous protocols, allows 

the diversity of the SCARQ system to increase with 

the number of retransmissions.  

 In the following we summarize the algorithm run 

by the nodes and the destination.  
 

 

The source node starts by sending the first frame 

and then it runs the following during each time slot  

1) Sends the next frame if ACK is received.  

2) Sends the same frame if 0NACK  or 

acknowledgment with errors is received from the 

destination.  

3) Does nothing if NACKq  with 0q >  is received.  
 

 

The destination runs the following in every time slot  

1) Sends ACK if the frame is decoded correctly.  

2) If the received frame has errors, the destination 

sends NACKq , where q is the “best” relay in the 

set of cooperating relays with acknowledgments 

decoded correctly by the destination.  
 

 

Relay q runs the following during each time slot  

1) Stores the received frame if it decodes the frame 

correctly and its buffer is empty.  

2) Sends ACKq  if its buffer is nonempty.  

3) Clears its buffer, if it receives ACK or if it receives 

an acknowledgment with errors.  

4) Transmits the stored frame if it receives NACKq .  

 

 In order to prove correctness of the proposed 

protocol we need to assume that the source and 

relay nodes have a way to distinguish between a 

correctly decoded acknowledgment message and an 

acknowledgment message with errors. In other 

words, the destination needs to protect the 

acknowledgments with a CRC code. This problem 

can be easily solved if the acknowledgments are 
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piggybacked on reverse frames going from the 

destination to the source node. The proof of 

correctness for the above protocol follows closely 

the classical proof for the Stop-and-Wait (SW) ARQ 

protocol [17, p.69]. In the following we just point out 

the differences between SCARQ and SW.  

To prove correctness we need to prove that 

SCARQ is safe, i.e., the destination never releases a 

frame out of order or a duplicate frame to the high 

layer, and that SCARQ is alive, i.e., the algorithm 

does not enter a deadlock condition. By following the 

steps of the SW protocol we conclude that SCARQ 

is safe if the relay nodes do not inject out of order 

frames. However, we have specifically required the 

relays to drop out of the cooperation scheme and 

clear their buffer if they are not confident about the 

acknowledgment received from the destination. 

Relays are not aware of any frame index, but 

because they only work with the current frame, the 

safety of the protocol is guaranteed. Similar to SW 

each frame needs an index-bit to prevent duplicates 

at the destination. To prove aliveness we only need 

to analyze the case when the node selected for 

transmission decodes incorrectly the acknowledg-

ment message from the destination. In the time slot 

following this event no frame is transmitted. The 

protocol recovers from this situation in subsequent 

time slots because the probability of correctly 

decoding the acknowledgments at any node is 

positive. This concludes our sketch of the proof. 

In the SCARQ protocol, the destination and the 

relays do not buffer erroneously decoded frames. 

Nevertheless, the system can be easily extended by 

adding forward error correction and incremental 

redundancy (a.k.a. Hybrid ARQ) with favorable 

results. We prefer to analyze a simple setup in order 

to focus attention on the idea that rebroadcasting 

messages may increase the set of cooperators. 

Increasing the set of cooperators at each retrans-

mission is not considered in systems that utilize 

DSTBC. Furthermore, this idea cannot be extended 

to DSTBC systems because DSTBC systems cannot 

(almost surely) synchronize transmissions at more 

than one arbitrary location. Without synchronization 

at the receiver side, the orthogonality of the space-

time code sequences is lost.  

We note another important feature of the SCARQ 

system. If the system is designed to handle 1Q +  

nodes, it operates properly even when the number 

of available relays nodes become smaller than Q. 

Any of the cooperative relays can simply opt out of 

the cooperation set in any time slot by not sending 

the acknowledgment signal to the destination. This 

is to be contrasted with the DSTBC approach where, 

each time a relay opts out, the space-time code 

needs to change to maintain its optimum rate.  

The SCARQ system can be further appreciated 

after the throughput analysis in the next 2 sections. 

Our throughput calculations rely on the following 

additional assumptions:  

b1) the maximum number of retransmission is 

limited to N.  

b2) each link experiences block fading with a 

duration equal to the frame duration and fading 

is assumed independent from block to block.  

b3) all the erroneously received frames are identified 

using the embedded CRC code.  

b4) the feedback links are error-free (i.e., 

acknowledgements are received with no error 

by all the nodes in the network), and the 

propagation and processing delay are negligible 

(i.e., guard intervals become irrelevant);  

The objective of the next section is to shed some 

light on the performance of the uncoded system for 

short frames transmissions and a finite maximum 

delay as specified in b1). For performance bounds 
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on the coded system, which assumes infinite delays, 

we refer the reader to [14].  

3. A Throughput Formula 

 The throughput of an uncoded slotted ARQ 

system with infinite delay can be computed as the 

Source bit rate, bR , over the average number of 

transmissions for a frame, tN . Because we 

assumed finite delays in b1), we cannot guarantee 

that all frames are received correctly at the 

destination, and we need to apply a correction to 

the throughput formula in the low SNR range. We 

propose the following formula for throughput 

calculation:  

 SCARQ
b c

c s
t t

R PT P b R
N N

= , (3)  

where b the number of bits per symbol, sR  is the 

source symbol rate, and cP  the average frame 

successful rate with the average taken over the 

distribution of the inter-node links. The quality of the 

approximation in (3) will be verified using Monte 

Carlo simulations.  
  

The probability of a frame being successfully 

delivered to the destination depends on the set of 

active relays. Because of assumption a1) relays are 

interchangeable: there is no need to enumerate all 

subsets of relays involved in cooperation, but only 

the cardinality of each subset. This observation 

leads to  

 { }( ) { }( )
1

1

1 1
,..., 0N

N
nn

N N
c c n nn n

i i
i Q

P P i P i

=

= =
≥

≤

=

∑

∑  (4)  

where { }( )1
N

c n nP i = is the average probability of a 

frame being transmitted successfully when 1i  relays 

cooperate during retransmission 1, 2i additional 

relays cooperate during retransmission 2, ..., and Ni  

additional relays cooperate during retransmission N, 

and { }( )1
N

n nP i =  is the average probability that 1i  

relays are enlisted for retransmission 1, 2i  additional 

relays are enlisted for retransmission 2, ..., and Ni  

additional relays are enlisted for retransmission N. 

When using selection cooperation, sequence { } 1
N

n ni =  

is chosen with probability 
 

 { }( ) 11 1 2 1 2

1
1 1, , , , , ,1

1 2
...

N
nN n

N
Q iN ii Q i i Q i i nnn c R e R c R e R c R e Rn

N

Q Q i Q i
P i P P P P P P

i i i
=

−
−− − − =

=

⎛ ⎞− −⎛ ⎞ ⎛ ⎞ ⎜ ⎟= ⋅⎜ ⎟ ⎜ ⎟ ⎜ ⎟⎝ ⎠ ⎝ ⎠ ⎝ ⎠

∑∑  (5) 

where ,c RP  is the average probability of a frame 

being decoded correctly by a relay, 

and , ,1e R c RP P− . If the number of cooperating 

relay nodes is not a function of the number of 

retransmissions, which is the case when the 

cooperating set is fixed after the first broadcast 

from the source, { }( )1
N

n nP i =  reduces to a Binomial 

distribution as in [9]. A frame is accepted at the 

destination if all the bits in the frame are decoded 

correctly, or equivalently, all the symbols in the 

frame are decoded correctly. Because all 

symbols in the frame experience the same fading 

(see assumption b2), we can write  

 ( ) ( )
,, 0

1 1 d
e R

L b
e R pP p f p p

∞ ⎡ ⎤⎢ ⎥= − −∫  (6)  

where ,e Rp  is the symbol error probability at the relay, 

and ( )
,e Rpf p  is the probability density function of ,e Rp . 

A common approach is to approximate the value of 

,e Rp  using exponentials [18]. If we let Nγ  be the 

symbol SNR at the relay, we can write  
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 ( ) ( )
2

,
32 1 2 erfc

2 2 1
b N

e R bp −
⎛ ⎞γ

≅ − ⎜ ⎟⎜ ⎟−⎝ ⎠
, (7) 

( )
( )

2
,

21

32 1 2 exp
2 2 1 sin

2

b N
e R

bk
p k

−

=

⎛ ⎞
⎜ ⎟− γ

≅ − ⎜ ⎟π⎛ ⎞⎜ ⎟− ⎜ ⎟
⎝ ⎝ ⎠ ⎠

∑
K

K
K

 (8)  

where for the first approximation we have 

neglected the term  

( ) ( )( )22 22 1 2 erfc 3 2 2 1b b
Nb− ⎡ ⎤− − γ −⎣ ⎦ , and for the 

second approximation we have used the upper 

bound on the complementary error function 

proposed in [19, Eq. 8], i.e., 

( ) ( )[ ]{ }2 2
1

erfc exp sin 2
k

x x k
=

≤ − π∑K K K , with the 

property that when K  increases the series 

converges to the complementary error function. If 

we substitute (8) in (6), we need to resort to the 

multinomial expansion to compute ,e RP . To 

maintain the derivation concise, we present only 

the calculations for 1=K . The case 2=K  is 

analyzed in the next section, which is dedicated 

to performance plots and comparisons. When 

1=K , we can simplify (6) as follows: 

 ( ) ( )
1

,
1

31
2 2 1N

L b
l l

e R b
l

L b lP
l

⎡ ⎤⎢ ⎥
+

Γ
=

⎛ ⎞−⎛ ⎡ ⎤⎞⎢ ⎥≈ − α ⎜ ⎟⎜ ⎟ ⎜ ⎟−⎝ ⎠ ⎝ ⎠
∑ M , (9)  

where ( )22 1 2 b−α − , and ( )
N

sΓM  is the 

Moment Generating Function (MGF) of the 

symbol SNR at the relay. Because the links are 

zero-mean Gaussian random variables, the links 

powers are exponentially distributed, and 

consequently, ( ) ( ) 1
1

N
Ns s

−
Γ = − ΓM , where 

2
0N N bbE NΓ σ . 

 In the next step we compute { }( )1
N

c n nP i = . If we 

denote with ( ),DeP q  the average frame error 

probability at the destination when q relays 

cooperate, we can write  

 { }( ) ( )
1

,D 11 1
1

1
N nN

c n e jn j
n

P i P i
+

−= =
=

= −∏ ∑  (10)  

where 0 0i . Similar to (9) we write  

 ( ) ( ) ( )D

1
,D

1

31
2 2 1

L b
l l

e q b
l

L b lP
l

⎡ ⎤⎢ ⎥
+

Γ
=

⎛ ⎞−⎛ ⎡ ⎤⎞⎢ ⎥≈ − α ⎜ ⎟⎜ ⎟ ⎜ ⎟−⎝ ⎠ ⎝ ⎠
∑ M

 (11)  

where ( ) ( )
D q sΓM  is the MGF of the symbol SNR 

at the destination when q relays cooperate. 

Because the destination uses Selection 

Cooperation, computing the MGF of ( )D qΓ  is 

equivalent to finding the MGF of the maximum of 

q i.i.d. exponentially distributed random variables 

with mean 2
D D 0bbE NΓ σ . Interestingly enough, 

the formula for the MGF of the maximum of q i.i.d 

exponentially random variables can be obtained 

in closed form as 

 ( ) ( )
( ) ( )
( )D

D

D

1

1q
q q s

s
q sΓ

Γ Γ − Γ
=

Γ + − Γ
M       for    1q ≥ , (12) 

where ( ) 1
0

e dz tz t t
∞ − −Γ ∫  is the Gamma function. 

When no relay is enlisted for cooperation, i.e. 

0q = , the MGF is ( ) ( ) ( )D

1
D0 1s s

−
Γ = − ΓM , and this 

concludes the computation of cP .  

 We finalize the throughput formula by 

providing a closed form expression for the 

average number of retransmissions in (3). Similar 

to (4), we write  

 { }( ) { }( )
1

1

1 1
,..., 0N

N
nn

N N
t t n nn n

i i
i Q

N N i P i

=

= =
≥

≤

=

∑

∑  (13)  

where { }( )1
N

t n nN i =  is the average number of 
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retransmissions with the number of new 
cooperating relays following the time sequence 

{ } 1
N

n ni = . Because retransmissions fade independently, 

we can write  
 

 { }( )
1 1

,D ,D1
1 1 1 1

1 1 1
N n n n

N
t n e j e jn

n j k j
N i n P i P i

+ −

=
= = = =

⎡ ⎛ ⎞⎤ ⎛ ⎞
= − − −⎜ ⎟ ⎜ ⎟⎢ ⎥⎜ ⎟ ⎜ ⎟⎢ ⎥⎣ ⎝ ⎠⎦ ⎝ ⎠

∑ ∑ ∏ ∑ , (14)  

which completes the calculation for the throughput 

formula in (3). There is a considerable computational 

advantage in representing the SCARQ throughput in 

terms of the average symbol probabilities of the 

inter-node links as opposed to writing the throughput 

in terms of the instantaneous symbol probabilities 

and performing a numerical average overall link 

realizations. To find the total number of links one 

needs to enumerate all possible links among the 

2Q +  nodes during N consecutive transmissions, 

which is intractable for large Q and N. 

4. Performance of SCARQ  

We first establish the quality of the 

approximations in Section 3 by finding how close the 

SCARQ throughput formula is to the simulated 

throughput. For the simulation setup we select a 

system with 3N =  maximum number of 

retransmissions, 64L =  bits per frame, 3Q =  

available relay nodes, a 4-QAM constellation, and 

we average the simulated throughput over a 510  

channel realizations. We are interested in the case 

with cooperating nodes clustered away from the 

destination and select D10 10Nσ = σ = . After plotting 

the throughput curves in Fig. 2, we observe that for 

2=K  the theoretical curve almost overlaps with the 

simulated result. Setting 1=K  results in a simpler 

formula, but the downside is a larger mismatch 

between theory and simulation especially at low 

SNR values. Furthermore, when we checked the 

proposed formula against simulation results using 

different sets of parameters (not included in this 

paper due to space constraints), we obtained a 

similar conclusion. 

 For throughput comparisons we use the 

proposed SCARQ throughput formula, and we focus 

on the two competing alternatives available in the 

literature: the non-cooperative ARQ system, which is 

the one-hop slotted stop-and-wait ARQ system with 

throughput ( )[ ]ARQ ,D1 0s eT bR P− , and the more 

complex cooperative ARQ scheme that uses 

DSTBC (see e.g., [9] ). We select the following 

parameters: 3N =  maximum number of 

retransmissions, 128L =  bits per frame, 3Q =  

available relay nodes, and the 16-QAM 

constellation. Based on the plotted throughput 

curves in Fig. 3, we observe that SCARQ is 

considerably better than either scheme. For 

example, at 15dB the throughput of SCARQ is 1 bit 

per channel use higher than the throughput of either 

DSTBC ARQ or the non-cooperative ARQ. The 

reason for this advantage is two-fold. First, unlike 

DSTBC and the non-cooperative scheme, selection 

cooperation relies on channel feedback. The 

advantage in a PHY-DLC cross-layer design is that 

the feedback does not equate to increased 

complexity since feedback is an intrinsic part of the 

ARQ scheme. Second, the SCARQ system can 

increase its set of cooperators with each 

retransmission, and consequently, can increase its 

diversity gain with each retransmission – a feature 

that is not implementable in DSTBC systems. We 

also note that even though DSTBC ARQ is 
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considerably more complex than the non-

cooperative ARQ is does not outperform the non-

cooperative system at 0 15 dBbE N < . In general, we 

have observed that the diversity advantage of the 

DSTBC system translates in a positive effect on the 

throughput only at 0 10 dBbE N > , and this is due in 

part to the loss of optimality (rate loss) of STBC 

systems with more than 2 transmit antennas.  

  

 
Fig. 2. SCARQ: formula and simulations for 3N = , 3Q = , 64L = , and 2b = . 

 
Fig. 3. Comparison with DSTBC ARQ and with the non-cooperative ARQ for 3N = , 3Q = , 128L = , and 4b = . 
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 In the previous plots we selected 3Q = , but 

further increase in the throughput of SCARQ may be 
possible by increasing Q. We present an example in 
Fig. 4, where we plot the throughput versus the 
maximum number of available relays for a SCARQ 

system with 3N = , 128L = , and 2b =  at 

0 5 dBbE N = , 0 10 dBbE N = , and 0 15 dBbE N = . 

We conclude that the speed of increase depends on 

0bE N . At low SNR, additional relays make sense. 

However, when 0bE N  is above 10 dB  selecting Q 

above 3 does not bring a significant improvement in 
throughput. 

5. Conclusion 

 In this paper we proposed a selection 
cooperation ARQ cross-layer design where the 
active relay is selected by comparing, at the 
destination, the power of the acknowledgment 
signals sent by the cooperating relays. We proved 
the correctness of the proposed protocol and 
developed a throughput formula for constellation 
constrained uncoded short-frame transmissions. 
Using the throughput formula, we illustrated the 
considerable advantage SCARQ has over DSTBC 
ARQ and the non-cooperative ARQ.  

 

 
Fig. 4. Throughput versus maximum number of available relays for 3N = , 128L = , and 2b = . 
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