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Abstract— Automatic repeat request (ARQ) schemes are quite
effective for improving the throughput of system diversity in
time-varying channel environments. In this paper, a dual-branch
selection diversity receiver based selective repeat-ARQ scheme
is investigated to evaluate the optimal throughput performance
in terms of the average bit error rate in Rayleigh fading
channels. Both uncorrelated and correlated antenna branches are
considered. The numerical results shows the effect of optimal
switching threshold on the throughput performance in case of
switched diversity as well as the mobility effect of the selection
combining diversity receiver when correlated antenna branches
are present. A significant improvement in the system throughput
of selection diversity outperforms that of switched diversity.

I. INTRODUCTION

Automatic repeat request (ARQ) error control schemes
achieve high reliability especially in the time-varying wireless
systems when the data transmitted blocks are equipped with
error detection strategies such as a cyclic redundancy check
(CRC). ARQ protocols in general employ an error detection
code and a feedback channel so that the receiver can re-
quest retransmission of the erroneous packets, or it can use
the feedback channel to acknowledge the correctly received
packets [1–3]. There are three basic ARQ protocols: stop-
and-wait (SW), go-back-N (GBN), and selective-repeat (SR).
Among all ARQ schemes, SR is reported to show the best
throughput performance [4] and thus it is interesting to analyze
and investigate its behavior in order to have an upper limit
on the throughput performance that any ARQ protocol can
achieve in practice.

If the ARQ scheme has to be used over a mobile radio
channel, the time-varying multipath fading characteristics in-
troduce a certain amount of correlation between different ARQ
packet (re)transmissions; that is, channel errors cannot be
assumed to be independent from packet to packet. Therefore,
many recent researches [3–7] have dealt with such ARQ
schemes in different approaches in order to increase and
enhance the system throughput (quality of service) either by
applying adaptive modulation format and coding (AMC) [8],
and/or by varying the packet size [5], or by controlling, for
example, the throughput efficiency over multipath block fading
channels when having a perfect knowledge of the complex
path gains [2].

On the other hand, diversity technique is a powerful tool
that has long been used in wireless communication systems

to mitigate fading effects [9]. The depth of the fades and/or
the fade duration is reduced by supplying the receiver with
multiple replicas of transmitted signal that have passed over
independently fading channels [10, 11]. The simplest form
of diversity combining is the selection diversity (SC). The
conventional selection diversity scheme selects, among the L
diversity branches, the branch providing the largest signal-to-
noise ratio (SNR) (or largest fading amplitude). This system
is so-called SNR-based SC and is considered feasible only
for TDMA (Time Division Multiple Access) systems, but
not for continuous transmission systems [12]. However, its
performance is evaluated under the assumption of continuous
branch selection. Thereby, many schemes [9, 11, 13, 14] have
been proposed to provide significant power gains over exist-
ing selection diversity schemes in Rayleigh fading channels.
[15], for example, has introduced that in very slow fading
channels, the dual-branch switched diversity scheme at the
transmitter also can improve the throughput efficiency of the
ARQ protocol significantly. More specifically, the diversity
benefit obtained from this scheme can reduce the delay in
transmitting the data packet and this will be an attractive goal
in many applications such as audio, image and real-time video
streaming.

In this paper, we present the throughput performance of
an SR-ARQ scheme associated with two types of receiver
diversity over time-varying Rayleigh fading channels as fol-
lows: (i) a classical dual-branch selection receiver which is
so-called non-switched diversity (NSD), and (ii) a dual-branch
switched receiver antenna diversity; that is so-called switched-
and-stay combiner (SSC). The SSC diversity is an attempt to
simplify the complexity of selection diversity system rather
than continually connecting the diversity path with the best
quality. The receiver selects a particular diversity path until
its quality drops below a predetermined threshold. When this
happens, the receiver switches to another diversity path [16].
In both schemes, we have investigated the optimum throughput
and the channel gain expected under different conditions. The
simulation results introduces the effect of optimal switching
threshold on the performance in case of switched diversity
as well as the mobility effect of the selection combiner
diversity receiver (SC-NSD scheme) when Rayleigh fading is
considered in the antenna branches.
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II. SYSTEM MODEL

Let us assume a wireless communication system consisting
of one transmit antenna and two receiver antennas. We assume
that perfect channel state information (CSI) is available at
the receiver and the channel is time-varying and frequency
flat fading. CSI and feedback antenna information are sent
back to the transmitter by using an error free feedback CSI
channel, with a CSI sensing delay τ < D (round-trip delay of
ARQ feedback); whereas the sensing delay can be artificially
reduced by using prediction filters [17]. In Fig. 1, we present
an ARQ scheme associated with two types of dual-branch
receiver diversity: (i) a classical selection combiner (SC-NSD),
and (ii) a switch-and-stay combiner (SSC) [16]. For both
receivers, an error free feedback channel is assumed over
which positive (ACK) or negative (NACK) acknowledgements
can be sent at the radio-data link layer. The ideal selective-
repeat SR-ARQ strategy, assuming negligible round-trip delay,
is considered. This ARQ scheme forms the basis of the SC
based ARQ as follows.
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Fig. 1. Block diagrams of the two dual selection diversity systems (a) SC-
NSD-ARQ post-reception scheme, (b) SSC-ARQ pre-detection scheme.

A. SC-NSD-ARQ Diversity Scheme

We consider post-selection combining, i.e., two receivers
using the usual basic SR ARQ scheme (Fig. 1(a)) complete
with individual antennas receive identical transmission from a
transmitter. Here, individual receivers are associated with each
antenna. The decision process after the receivers (demodula-
tors) considers a reception as correct using the usual cyclic
redundancy check (CRC) bits, if it is correctly received over
any of the diversity branches. A correct packet hence is chosen
to the output.

B. SSC-ARQ Diversity Scheme

In this scheme, the receiver may has L antenna (Fig. 1b),
only one of which is used at a time. Here, we will consider
the case of L = 2 for all the space diversity reception systems.
In the same way as in [15], if a packet is received incorrectly,
it is concluded that the current path has encountered a deep
fade, and the receiver needs to select the other branch of SSC
receiver. Note that this scheme is equivalent when having L
transmit antennas as where the difference is that the transmitter
switches between the antennas after gathering information in
the return CSI feedback channel. However, for both combiners
described in Fig. 1, the wireless link implements the Selective
Repeat (SR) protocol for retransmission of erroneous packets
with perfect code detection and suitably large buffers at the
transmitter and the receiver. Furthermore, the receiver selection
here is done after reception of a block, in contrast to the
SSC scheme, where the receiver with the highest SNR (or
power level) is chosen before reception of a block (packet) as
shown in Fig. 1(b). Nevertheless, the throughput of this SC-
NSD scheme is always higher than that scheme of the basic
SR-ARQ of only one transmitter-receiver pair. In general, if
a packet of the basic SR-ARQ scheme is received incorrectly,
it is discarded and a retransmission is requested.

III. ARQ PERFORMANCE ANALYSIS

A. Throughput Efficiency

A protocol performance is usually characterized by many
important parameters which are defined by the communication
system requirements. These parameters are the probability of
receiving a packet without errors and the protocol through-
put efficiency. There are several definitions of the protocol
throughput efficiency. Most frequently it is defined as the ratio
of the mean number of information bits successfully accepted
by the receiver to the number of bits that could have been
transmitted during the same time interval [4]. To derive an
expression for the throughput efficiency of the ARQ protocol,
the assumption of an “optimal” ARQ protocol can be assumed
in that only packets containing errors are retransmitted. The
throughput efficiency of ARQ scheme that uses packets having
N bits is determined by [1]

ηs =
(

K

N

)
1
R

, (1)

where the first term K/N represents the ratio of information
bit to the total bits in a packet and C = N − K is being the
CRC bits, and consequently can express the channel code rate.
R represents the average number of transmission attempts per
packet. Assuming that the ARQ scheme retransmits a packet
until the ACK of a successful reception, the average number
of attempts R required to successfully transmit one packet is
given by,

R = (1 − p) + 2p(1 − p) + 3p2(1 − p) + · · · =
1

1 − p
, (2)
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where p is the block or packet error rate (PER). Then, for a
given p, the throughput efficiency of ARQ is given by,

ηs =
(

K

N

)
(1 − p). (3)

When a perfect retransmission algorithm is employed that can
happen only when retransmit packets are in error and can
continuously transmit new packets as long as no errors occur.
Thus for a selective repeat (SR-ARQ) scheme, throughput is
given by the well-known formula [4]

ηSR =
(

K

N

)
(1 − pb(γb))N , (4)

where N is the packet size in bits including the number of
over-head bits (e.g., CRC); and pb(γb) is being the channel
bit error rate (BER) as a function of the channel SNR per bit
γb.

B. Choosing Optimal Packet Size

For a perfect retransmission algorithm, the optimal packet
size to be used by the data-link layer can be expressed as an
analytical solution by assuming K has continuous values. By
differentiating (4) with respect to K and setting it to zero, the
optimal K can be expressed as [18]

K∗(γb) =
C

2
+

1
2

√
C2 − 4C

ln(1 − pb(γb))
, (5)

where C denotes the CRC bit for error detection and ignoring
the effects of control and framing bits at data-link layer. Using
(5), it is noticed that a much smaller packet size is efficient
under a much higher channel BER especially in real-time
applications because a small packet has low packet error rate.
On the contrary, a much larger packet size makes efficient use
of the channel when the channel BER is much lower.

IV. THE CHANNEL PERFORMANCE

In practice, the signals in the diversity branches may not
show completely independent fading. The envelope cross
correlation ρ between these signals is a measure of their
independence. Therefore,

ρ =
E {(r1 − r1)(r2 − r2)}√

E {|r1 − r1|2}E {|r2 − r2|2}
, (6)

where r1 and r2 represent the instantaneous envelope levels
for the normalized signals at the two receivers; and r1 and
r2 are their respective means. More specifically, if a cross
correlation (correlation coefficient ρ) of 0.7 between signal
envelopes is available this will be sufficient to provide a
reasonable degree of diversity gain [12]. Depending on the
type of diversity employed, these diversity channels must be
sufficiently separated along the appropriate diversity dimen-
sion. For spatial diversity, the antenna should be separated by
more than the coherence distance to ensure a cross correlation
of less than 0.7. Likewise in frequency diversity, the frequency
separation must be larger than the coherence bandwidth, and
in time diversity the separation between channel reuse in time

should be longer than the coherence time. There coherence
factors in turn depend on the channel characteristics. The
coherence distance, coherence bandwidth, and coherence time
vary inversely as the angle spread, delay spread, and Doppler
spread, respectively.

The statistical properties of fading signals depend on the
field component used by the antenna, the vehicular speed,
and the carrier frequency. Specifically, for idealized case of a
mobile surrounded by scatters in all directions, the covariance
function, i.e., autocorrelation function of the received signal
x(t) (not the envelope r(t)), can be shown as

ρ = J0(2πfDTs), (7)

where J(·) is the Bessel function of the zero-th order first
kind, Ts denotes the symbol time which is less than the
coherence time Tc of fading period, i.e., correlation between
two symbols over channel in case of slow fading, and the
Doppler spread fD of the signal represents a function of the
mobile speed v and the carrier frequency (1/λ). Note that the
correlation properties of the fading process depend only1 on
fDTs. When fDTs is small (e.g., fDTs < 0.1), the process is
much correlated (“slow fading”); on the other hand, for large
values of fDTs (e.g., fDTs > 0.1), successive samples of
the channel are almost independent (“fast fading”). For high
data rates (i.e., small Ts), the fading process can typically be
considered as slowly varying, at least for the usual values of
the carrier frequency (900 − 1800 MHz) or (2 GHz) and for
typical mobile speeds.

If the coherent BPSK modulation is used in particular in a
dual SC-NSD-ARQ diversity scheme, the average bit error
probability of correlated Rayleigh fading channel with the
average SNR equal to γ can be expressed in closed form
as [16, Eq. 9.268],

Pb,SC =
1

1 + ρ

[
1 + ρ

2
−
√

γ

1 + γ
+

1 − ρ

2

√
(1 − ρ)γ

2 + (1 − ρ)γ

]
(8)

where γ represents the average SNR of the first branch for
equal average branch SNRs (γ1 = γ2), and ρ is the power
correlation coefficient between the estimated and actual fading
expressed in (7).

On the other hand, the average bit error rate of coherent
BPSK over Rayleigh fading can also be expressed in a closed
form in terms of the Gaussian Q-function in the case of a dual
SSC-ARQ diversity scheme as follows [16, Eq. 9.306],

Pb,SSC =
1
2

(
1 − exp

(
−γT

γ

))(
1 −

√
γ

1 + γ

)

+ exp
(
−γT

γ

)
Q
(√

2γT

)

−
√

γ

1 + γ
Q

(√
2γT

(1 + γ)
γ

)
, (9)

1Ignoring the effect of spatial correlation due to antenna spacing.
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where γT denotes the SNR switching threshold which leads
to derive the optimal threshold value to minimize the average
error rate of (9). Since the average BER is a continuous
function of γT , there exists an optimal value of γT for which
the average BER is minimal. This optimal value γ∗T is a
solution of the equation,

dPb,SSC

dγT

∣∣∣∣
γT =γ∗

T

= 0 (10)

hence, we can express the optimum threshold for BPSK over
Rayleigh fading as [16]

γ∗T =
1
2

[
Q−1

(
1
2

(
1 −

√
γ

1 + γ

))]2
. (11)

The closed-form expression of (11) will allow us to compute
only the optimum switching threshold γ∗T (in the minimum
error rate sense) for identical fading statistics.

In non-fading or slowly fading channels where the fade
duration is longer than the packet period, the system output
and its optimization can also be achieved. In this case, the
packet error in burst-error condition cannot easily be modeled
by a single equation. The reason is that the distribution of
error-bits is not uniform. To simplify the estimation of BER
performance, a BPSK scheme over AWGN channel can be
applied for upload/download transmission [13]. In this case,
the bit error probability in an AWGN channel with the SNR
equal to Eb/N0 is given by [10]

Pb =Q

(√
2Rc

Eb

N0

)
, (12)

where Rc denotes the channel code rate, (K/N).
Nevertheless, according to the proposed system models in

Fig. 1, since bit error is random in an AWGN channel, the
packet loss (error) is also random. Thus the SSC scheme does
not provide a significant improvement over the simple basic
SR-ARQ scheme in AWGN channels. In contrary, the through-
put performance will be affected by the features of Rayheigh
fading channels, and this can be explained in details through
the numerical results. However, the switching threshold γ∗T (in
the minimum error rate sense) for identical fading statistics
will then has a significant impact on the overall throughput
performance. In the SC-NSD-ARQ post-reception scheme, the
probability of successfully receiving a packet is that of a
successful reception over either of the diversity branches, and
this can be expressed as by

P1 =1 − (1 − (1 − Pb,SC)N )2, (13)

Pb,SC is defined in (8), and consequently the effective through-
put can be computed as,

ηSC−NSD =
(

N − C

N

)
P1. (14)

V. NUMERICAL RESULTS

A. System Settings

The channel model used in the simulations of the throughput
performance is a flat Rayleigh fading channel. As a reference,
we conducted the numerical results using a typical set of
parameters as: the width of the Doppler spectrum, which is
determined by the carrier frequency 2GHz and the vehicular
speed v, the number of the CRC parity bits is 16 at the
data-link layer, and the (raw) or reference bit rate at the
physical layer is 9.6kbit/s-57.6 kbit/s as in (3 − 35km) GSM
GPRS standards. We set the maximum packet size Kmax to
be no greater than 1080 bits, and packet error is assumed
independent for the BPSK coherent demodulation scheme.
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Fig. 2. Throughput performance vs. average channel SNR/bit over Rayleigh
fading channel for various values of correlation coefficient ρ. Assume N =
100 bits and K = 84 bits.

B. Performance Evaluation

In this study, throughput is the basic performance measure
used in the two diversity schemes described in Section II. The
results are obtained using Matlab programming to verify the
system performance. We first consider a fixed small packet
size of 100 bits including 16 CRC bits. Fig. 2 explains
the throughput versus the average channel SNR in (dB) for
both schemes. It is clearly noticed that SC-NSD scheme
of the various values of power correlation coefficient factor
ρ (fading conditions) and with equal average branch SNRs
(γ1 = γ2), outperforms the SSC scheme of optimal switching
SNR threshold, in particular for values of ρ ≤ 0.5. Meanwhile,
the power correlation coefficient will effectively degrade the
system efficiency as far as this coefficient tends to be close
to 1. For example, when ρ = 0.7 the SC-NSD performance
will be more efficient than that of SSC scheme, and channel
gain can be attained but only for the values of SNR greater
than 7dB. However, values of ρ > 0.7 will also reveal a
considerable deterioration in the performance especially in
case of ρ = 0.9 or ρ = 1.0. That means, in general, higher

Authorized licensed use limited to: Iraq Virtual Science Library. Downloaded on February 19,2010 at 10:16:22 EST from IEEE Xplore.  Restrictions apply. 



values of ρ, i.e., lower values of fDTs and lower diversity
gain [16, pg. 415], introduce a limited gain improvement in
the expected SNR channel performance as compared to lower
values of ρ. Thus, a higher throughput performance can be
clearly achieved in case of correlated or uncorrelated channel
but when ρ is being small or close to zero especially in the
low values of SNRs.
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Fig. 3. Optimal system performance over Rayleigh fading channel for various
values of correlation coefficient ρ. Assume Kmax = 1080 bits and 16 CRC
bits.

To provide highest performance, the optimal throughput
versus the corresponding optimal average SNR is illustrated in
Fig. 3. Achieving K∗(γb) in (5) and setting the upper bound
of packet length to 1080 bits in the region of higher values of
SNRs, the optimal performance in terms of the corresponding
bit error rate can be simply evaluated. It is found that there
exists a significant channel gain which leads to the maximum
upper throughput in case of SSC and SC-NSD in particular
when correlation factor of the later scheme tends to be 0.9 or
less. The SC-NSD outcomes nearly 10%− 20% channel gain
for the higher values of SNR (greater than 10 dB).

Moreover, it is found that there is a clear attainable gain
in the performance for the both schemes to the corresponding
optimal packet length at low values of SNR operating range.
For example, throughput achieves 50% at channel SNR of 5
dB when uncorrelated channels are considered in case of SC-
NSD; and in contrary a high value of ρ will lead to degrade
the throughput to be no more than 20% in case of ρ = 1 and
comparing to throughput of 25% when using SSC scheme over
flat fading channel.

In Fig.4 the impact of the client mobility at the diversity
receiver of the SC-NSD scheme for various values of average
SNR values is also investigated. It is found that the speed of
the mobile (1km/h-180km/h) will affect the performance of
SC scheme when the correlation coefficient achieves a value
equal or nearly close to 1 where fDTs tends to be small
enough less than 0.1, i.e., “slow fading” (Fig. 5). That refers to
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Fig. 4. Optimal throughput of SC-NSD scheme vs. mobile speed over
Rayleigh fading channel for various values of average SNR per receiver
antenna. Assume Kmax = 1080 bits and 16 CRC bits.
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Fig. 5. Optimal throughput of SC-NSD scheme vs. normalized Doppler
spread over Rayleigh fading channel for various values of average SNR per
receiver antenna. Assume Kmax = 1080 bits and 16 CRC bits.

the fact which states low values of fD corresponds to highly
correlated channels; and high values of fD corresponds to
a less correlated channel “fast fading”, in which significant
variations of the fading coefficients over short time periods
occur [4]. As a result, the expected optimal throughput gradu-
ally increases through the diversity gain obtained when fDTs

increases slightly that is provided a perfect CSI is available
at the receiver. In addition, the optimal channel gain will
consequently achieve highest upper bound once the high SNR
are present at the dual-branch antenna receiver. Finally, we can
conclude that high values of SNRs will guarantee a higher
throughput performance once a mobile speed arises but not
beyond 200km/h in practice at normalized Doppler shift not
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greater than 0.035 (fD must not exceed 370Hz), in Fig. 5.

VI. CONCLUSION

In this paper, we have dealt with two dual-branch selec-
tion diversity receivers; SSC and SC-NSD schemes based
selective repeat-ARQ over the time-varying channels. The
optimal throughput performance in both uncorrelated and
correlated antenna branches has been evaluated. A significant
improvement (channel gain) in the system throughput of SC-
ARQ-NSD outperforms that of SSC scheme. The simulation
results introduces the effect of optimal switching threshold
on the performance in case of switched diversity as well as
the mobility effect of the selection diversity receiver when
Rayleigh fading is considered in the antenna branches. Further
work can also be extended to involve channel-adaptation tech-
niques in order to provide more improvement in the throughput
performance of the dual-branch diversity receivers.

REFERENCES

[1] V. P. Pribylov and G. A. Chemetsky, “Throughput efficiency of auto-
matic repeat request algorithm with selective reject in communication
links with great signal propagation delay,” in Proc. of IEEE MEMIA,
2001, pp. 202–205.

[2] M. W. El Bahri, H. Boujemaa, and M. Siala, “Performance of hybrid
ARQ schemes over multipath block fading channels,” in Proc. 3rd Inter.
Conf. : Sciences of Electronic, Tech. of Infor. And Tele., SETIT2005, Mar.
2005, pp. 27–31.

[3] J. Xiao, J. Qiu, and S. Cheno, “A joint adaptive packet size and
modulation scheme combined with SR-ARQ over correlated fading
channels,” in Proc. IEEE Int. Conf. on Wireless Comms., Net. and Mob.
Comp., 2005, vol. 1, pp. 478–483.

[4] E. Cianca, A. D. Luise, M. Ruggieri, and R. Prasad, “Channel-
adaptive techniques in wireless communications: An overview,” Wireless
Commun. and Mob. Compu., vol. 2, no. 8, pp. 799–813, Dec. 2002.

[5] W. Junli, H. Xiaolin, Y. Changchum, and Y. Guangxin, “Variable
packet size adaptive modulation SR-ARQ scheme for Rayleigh fading
channels,” in Proc. IEEE 15th Int. Symp. on Personal, Indoor, and Mob.
Radio Comms. PIMRC04, Barcelona, Spain, Sept. 2004, pp. 1283–1286.

[6] N. Arulselvan and R. Berry, “Efficient power allocations in wireless
ARQ protocols,” in Proc. 5th Int. Symp. on Wireless Personal Multime-
dia Commun., Oct. 2002, vol. 3, pp. 976–980.

[7] J. Yun, “Throughput analysis of selective repeat ARQ combined with
adaptive modulation for fading channels,” in Proc. IEEE MILCOM,
2002, vol. 1, pp. 710–714.

[8] B. Holter and G. E. Oien, “Performance analysis of a rate-adaptive
dual-branch switched diversity system,” IEEE Trans. Commun., vol. 56,
no. 12, pp. 1998–2001, Dec. 2008.

[9] X. Cai and G. B. Giannakis, “Performance analysis of combined
transmit selection diversity and receive generalized selection combining
in Rayleigh fading channels,” IEEE Trans. Wireless Commun., vol. 3,
no. 6, pp. 1980–1983, month 2004.

[10] S. Benedetto and E. Biglieri, Principles of Digital Transmission: With
Wireless Applications, Kluwer, New York, 1999.

[11] Y. G. Kim and S. Wu Kim, “Optimal selection combining for M-
ary signals in frequency-nonselective fading channels,” IEEE Trans.
Commun., vol. 53, no. 1, pp. 84–93, Jan. 2005.

[12] W. C. Jakes, Microwave Mobile Communications, John Wiley, New
York, 1974.

[13] S. S. Chakraborty, M. Liinaharja, and K. Ruttik, “Diversity and packet
combining in Rayleigh fading channels,” IEE Proc. Commun, vol. 152,
no. 3, pp. 353–356, June 2005.

[14] E. A. Neasmith and N. C. Beaulieu, “New results on selection diversity,”
IEEE Trans. Commun., vol. 46, no. 5, pp. 695–704, May 1998.

[15] K. Weerackody and W. Zeng, “ARQ scheme with switched antenna
diversity and their applications in JPEG image transmission,” in
Globcom’95, address, Nov. 1995, pp. 1915–1919.

[16] M. K. Simon and M.-S. Alouini, Digital Communication over Fading
Channels, J. Wiley, New Jersey, 2 edition, 2005.

[17] G. Femenias, “SR-ARQ for adaptive modulation systems combined with
selection transmit diversity,” IEEE Trans. Commun., vol. 53, no. 6, pp.
998–1006, June 2005.

[18] T. Yoo, R. J. Lavery A. Goldsmith, and D. J. Goodman, “Throughput
optimization using adaptive techniques,” Tech report, 2004.

Authorized licensed use limited to: Iraq Virtual Science Library. Downloaded on February 19,2010 at 10:16:22 EST from IEEE Xplore.  Restrictions apply. 


