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Abstract— In this article, we analyze the performance of two
selective repeat automatic repeat request (SR-ARQ) schemes,
which exploit the differences in bit protection levels of M-ary
PSK symbols (with Gray code mapping), to support multime-
dia multicasting in wireless networks. Our simulation results
reveal that the throughput performance of the proposed SR-
ARQ schemes are significantly better than the traditional SR-
ARQ scheme in a myriad of fading environments. The relative
throughput improvement is greater for channels that experience
severe deep fades and fast fading at moderate and large mean
SNR/symbol values. However, the power efficiency improvement
appears to be relatively insensitive to both fade distribution and
user mobility.

I. I NTRODUCTION

Digital modulation techniques that employ nonuniform sig-
nal constellation [1], [2] have recently received considerable
interest for multicasting multimedia messages to receivers of
different capabilities [3]–[5] and for broadcasting digital data
and video signal [6]. Previous studies have primarily focused
on the multicast signal design [3]–[5] and the computation
of bit error rate for generalized QAM and PSK hierarchical
constellations [7], [8], although the potential benefits of multi-
resolution signalling cannnot be fully realized without close
interactions between the physical layer and upper layers in
the protocol stack. In [9], we show that the benefits of
multi-resolution signaling can be further leveraged at the
data link layer (by introducing a slight modification to the
conventional selective-repeat ARQ protocol) for improving the
data throughput without any instantaneous feedback of channel
quality measurements, without altering the signal constellation
at the transmitter, and without using error control coding with
incremental redundancy.

In this article, we extend our previous work on the joint
design of physical/data link layers for multi-resolution signal-
ing by considering the effects of fade distribution, correlations
between fading symbols (i.e., Doppler frequency) and disparity
between quality of service (QoS) requirements for different
classes of bits (in an M-ary symbol) on the normalized
throughput and power efficiency performance metrics.

II. SYSTEMS MODEL

A. Nonuniform M-PSK Constellation

Consider a nonuniform 8-PSK constellation as depicted in
Fig. 1. The actual symbols are represented by small circles

and Gray labelled. The first level and the second level virtual
symbol points in Fig. 1 are represented by “×” and “+”
respectively. The phase offset angles for our nonuniform M-
PSK constellationθi (i = 1, 2, . . . , m− 1) is given by

θi =
π

2
βi, i = 1, 2, . . . , m− 1. (1)

The reason for fixing the ratio of the angles for any subsequent
levels of signal constellation hierarchyβ to a constant is
to facilitate the phase offset optimization (i.e., only a single
design parameter needs to be optimized as required in [3]–[5]
rather than manipulatingm − 1 variables). Also notice that
whenβ = 0.5, the system reverts to a uniform 8-PSK signal
constellation.
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Fig. 1. Nonuniform 8-PSK constellation.

B. Modified SR-ARQ Protocols

Suppose we want to support multimedia data transmission
(i.e., three traffic bit streams with distinct BER requirements)
in a point-to-point communication. In the conventional (base-
line) 8-PSK modulation scheme, the required SNR per bitγreq

must be chosen to satisfy the most stringent QoS requirement.
The symbols (each consisting of three bits in this example)

11

12

13

21

22

23

31

32

23

41

32

33

51

42

33

61

52

43

class 1

class 2

class 3

1st packet 2nd packet

1st packet
received

2nd packet
ACK & NAK

3rd packet
ACK & NAK

(a) Scheme-I

11

12

13

21

22

23

31

32

33

41

23

43

32

33

53

51

42

63

class 1

class 2

class 3

1st packet 2nd packet

1st packet
received

2nd packet
ACK & NAK

3rd packet
ACK & NAK

(b) Scheme-II

Fig. 2. Operations of SR-ARQ Scheme-I and II.
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will be transmitted over the physical communication channel.
Hence, the required SNR/symbol is3γreq.

Now, consider two variants of SR-ARQ protocol (SR-ARQ
Scheme-I and SR-ARQ Scheme-II) depicted in Fig. 2(a) and
Fig. 2(b). The operation of the whole system is depicted in
Fig. 3. In our modified SR-ARQ schemes, theN multicast
8-PSK symbols received from theXth packet are first de-
multiplexed into three subpackets corresponding to the three
different traffic classes (each subpacket consists ofN bits).
Note that the data bits from the traffic class which requires
the most error protection (i.e., highestγreq) will be assigned
to the most significant bit of each multicast symbol at the
transmitter while the least significant bit of each multicast
symbol corresponds to the bits from the traffic class with the
smallestγreq.

In SR-ARQ Scheme-I, the subpackets that were received
in error will be retransmitted using the same error protection
level. In SR-ARQ Scheme-II, the negative acknowledged
(NAK) subpacket will be retransmitted with better error pro-
tection (if possible). It should be apparent by now that the
link layer in our modified SR-ARQ schemes may be able to
recover a fraction of the erroneous packet successfully (i.e.,
even though a symbol is received in error, some of the bits
of that symbol may be received correctly due to the inherent
better error protection for the higher significant bits in the
multicast constellation). This benefit cannot be realized in the
conventional SR-ARQ scheme because no attempt is made to
exploit the differences in the bit error protection among the
bits in an M-ary signal constellation.

In [9] we have derived the normalized throughput expres-
sions for subpacket classi with nonuniform 8-PSK modulation
for both SR-ARQ Scheme-I and SR-ARQ Scheme-II. The
normalized throughput of subpacket class 1, 2 and 3 for SR-
ARQ Scheme-I, denoted byS(1)

1 , S
(1)
2 , andS

(1)
3 respectively,

are summarized below:

S
(1)
i = 1− Pspi, i = 1, 2, 3 (2)

wherePspi corresponds to the subpacket error rate for traffic
classi. The normalized throughput for the different classes of

traffic in SR-ARQ Scheme-II are given by:

S
(2)
1 = 1− Psp1 (3)

S
(2)
2 =

1− Psp1

1− Psp1 + Psp2
(4)

S
(2)
3 =

1− Psp1

(1− Psp1)(1 + Psp3) + Psp2Psp3
(5)

Then the normalized average throughput is calculated as

η =
1
3

3∑

i=1

S
(k)
i , k = 1, 2. (6)

III. S IMULATION RESULTS AND DISCUSSIONS

A. Fading Channel Simulator

In this article, we developed an accurate composite fading
channel simulator that captures both the log-normal shadowing
and the Rice multipath fading processes. The random fading
envelopes are produced by first generating complex Gaussian
random variables in the frequency domain and then shaping
the random signals in one of the two arms using the spectral
filter derived by (7) while shaping the random signals on the
other arm using (8). Finally, accurate time-domain samples
of the Doppler fading are generated by performing inverse
fast Fourier transform (IFFT) operations at each arm and
then adding both the fading samples together. The Doppler
frequency spectrum of Rice multipath fading channel model
is given by

SRice(f) =
1.5

πfm

√
1−

(
f−fc

fm

)2
+

3K

K + 1
δ(f − fm cosα)

(7)
whereK is the Rice factor,fc denotes the carrier frequency,
fm corresponds to the maximum doppler frequency shift, and
α is the angle of incidence.

In addition to the short-term Rice fading, there is also slower
variation of the short-term mean strength of the received
signal. This phenomenon is referred to as shadowing, which is
often observed to be log-normally distributed, but its autocor-
relation function is generally unknown and heavily depends on
the distribution of terrain features. In our simulation, we have
considered (8) as a representative of the frequency spectrum
for the log-normal fading process:

Slog-normal(f) =
1

0.0101 · fm · c
fc

+ j2πf
(8)

Note that (8) is derived by evaluating the Fourier transform of
the autocorrelation function defined by Eq. (2) in [10] (which
is obtained from experimental data with continuous wave at
842MHz in the Osaka metropolitan area). Fig. 4 illustrate the
time sequence generated by our fading simulator.

B. Computational and Simulation Results

Let γ
(i)
req denote the required SNR/bit for a specified QoS

requirement for classi traffic. The simulation curves for the
normalized average throughput were obtained using 10,000
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Fig. 4. Composite log-normal shadowing and Rice fading channel.

packets in Rice fading or composite log-normal and Rice
fading channel models. A subpacket is considered error free
if all the N bits are received correctly (i.e., SNR/bit of theN

fading samples in the subpacket is aboveγ
(i)
req). Suppose that

the length of each subpacket isN = 128. If at least one out of
N bits is belowγ

(i)
req, then the subpacket must be retransmitted.

Therefore, the subpacket error rate is given by

Pspi = Pr

{
Symbols in a subpacket aboveγ

(i)
req

N
< 1

}
(9)

To determineγ(i)
req, we need to invert the exact bit error rate

expressions for the multicast constellations, which can be very
cumbersome since no closed-form solutions exist. This task
can be greatly simplified by approximating the exact bit error
rate as

P
(i)
e,β = a

(i)
β e−b

(i)
β γ(i)

+ c
(i)
β e−2b

(i)
β γ(i)

. (10)

In (10), a
(i)
β , b

(i)
β , and c

(i)
β are assumed to be a 3rd order

polynomial in the form of

p1β
3 + p2β

2 + p3β + p4, (11)

where p1, p2, p3, and p4 are constants which are tabulated
in Table I in [9] for a nonuniform 8-PSK modulation. For in-
stance, consider three classes of traffic with BER requirements
10−6, 10−3, and 10−2. The required SNR/bit for different
traffic classes as a function of the phase offset ratioβ are
plotted in Fig. 5. This figure also illustrates the usefulness of
the approximate BER expressions derived in [9].

In Fig. 6, the normalized average throughput for both the
SR-ARQ (uniform 8-PSK) and the modified SR-ARQ schemes
(multicast 8-PSK with optimizedβ = 0.428, γ

(1)
req = 15.096,

γ
(2)
req = 14.688, γ

(3)
req = 15.263) are plotted as a function

of the long-term mean channel SNR/symbol. It is assumed
that the carrier frequency is 800MHz and user velocity is
40km/hour. We observe that the power efficiency improvement
(using modified SR-ARQ protocols in conjunction with the
optimized 8-PSK multicast constellation) is more than 5dB for
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both Suzuki (shadowed Rayleigh) and shadowed Rice fading
channels. The relative throughput improvement is greater when
the channel experience more severe fading.

In Fig. 7, the normalized average throughput for different
SR-ARQ protocols are plotted over Rice and Rayleigh (K=0)
fading channels. The trends of the performance curves are sim-
ilar to that observed from Fig. 6. The difference in the short-
term average channel SNR/symbol between the conventional
SR-ARQ and the modified SR-ARQ schemes is approximately
6dB.

In Fig. 8, we investigate the effect of mobile velocity
(i.e., Doppler rate) on the performance of various SR-ARQ
protocols. The normalized average throughput is lower for
the fast fading case compared to the slow fading scenario
as expected. Although the relative throughput improvement
is generally greater at higher mobile velocity, the difference
in the average SNR/symbol between the conventional SR-
ARQ and the SR-ARQ Scheme-I (or the SR-ARQ Scheme-II)
at a specified normalized average throughput appears to be
insensitive to the change in the Doppler frequency.
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Fig. 8. Effect of mobile velocity on the normalized average throughput in a
Rice fading channel.

To further validate the trends in our simulation results that
takes into account of the fading symbol correlations, we may
derive an analytical bound for the subpacket error rate as
follows:

Fγ(γreq) ≤ Pspi ≤ 1− (1− Fγ(γreq))N . (12)

where Fγ(x) denotes the cumulative distribution function
(CDF) of the channel SNR evaluated atx. The lower bound
for the subpacket error rate corresponds to a very slow fading
scenario (i.e., the entire subpacket experience identical fading),
while its upper bound corresponds to a very fast fading
scenario (i.e., each bit of the subpacket experience independent
fading).

Similarly, for the conventional SR-ARQ scheme, the packet
error ratePE is bounded by

Fγ(γth) ≤ PE ≤ 1− (1− Fγ(γth))N , (13)

whereγth = 3γreq and γreq corresponds to the SNR/bit that
satisfies the most stringent QoS requirement (obtained from

the average BER curve for the 8-PSK).
For example, the CDFFγ(x) for the Rice fading channel

is given by

Fγ(x) = 1−Q

[√
2K,

√
2(1 + K)x

Ω

]
(14)

where the Marcum Q-function is defined byQ(
√

2a,
√

2b) =∫∞
b

e(−t− a)I0(2
√

at)dt, andK denotes the Rice factor.
The analytical bounds for the normalized average through-

put of the conventional SR-ARQ is also plotted in Fig. 8 by
settingγreq = 21.045dB.

IV. CROSS-LAYER OPTIMIZATION FOR

MULTI -RESOLUTION SIGNALING

Since battery-life is limited, power efficiency is an impor-
tant design consideration for mobile terminals. Our results
and discussions in Section III reveal that nonuniform signal
constellations can be used to facilitate multimedia traffic with
lower power consumption, or yield higher throughput, or
extend the communication range.

To systematically determine the optimal phase offset ratio
β which satisfy the requirements for all distinct classes of
bit stream while ensuring the fairness among them in a
point-to-point communication, we may employ the following
optimization algorithm:

arg min
β

{
max

i

{
γ(i)

req

}}
(15)

s.t. P
(1)
b ≤ 10−4

P
(2)
b ≤ 10−3

P
(3)
b ≤ 10−2

β ∈ (0, 0.5], i ∈ {1, 2, 3}
Solving (15) with the aid of the approximate closed-form
BER formulas derived in [9], we found that the optimal
(i.e., the most power-efficient)β is 0.47 (γ(1)

req = 14.6dB,
(γ(2)

req = 14.5dB, (γ(3)
req = 13.7dB). This result may be also

deduced graphically from Fig. 5. Thus our algorithm facilitates
the task of phase offset ratio optimization in real-time. It
is also important to note that with this choice ofβ, the
difference in normalized average throughput between Scheme-
I and Scheme-II will be negligible.

We also found that the efficacy of nonuniform signal con-
stellation as the disparity between QoS requirements for differ-
ent classes of bits vanishes. For example, the power efficiency
improvement is reduced to about 2.3dB from approximately
5dB when the BER requirement for classes 1 is altered from
10−6 to 10−4.

In Fig. 9 and Fig. 10, we investigate the efficacy of SR-ARQ
Scheme-II to maximize the normalized average throughput of
multimedia traffic in Rayleigh and Rice fading channels re-
spectively, at two different link qualities (mean SNR/symbol).
It was observed that the necessary condition for SR-ARQ
Scheme-II to outperform Scheme-I is given by

γ(1)
req ≤ γ(2)

req ≤ γ(3)
req. (16)
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Fig. 9 also reveals that a different criterion (maximizing
normalized average throughput) may be used for optimizing
β in conjunction with SR-ARQ Scheme-II. This benefit,
however, vanishes when the channel experiences fewer deep
fades and at higher channel SNR/symbol.

In a practical mobile ad hoc network, the channels between
the nodes may differ considerably because of the differences in
propagation characteristics, interference levels and due to the
differing capabilities of the heterogeneous nodes themselves.
Thus, the selection of optimalβ for multimedia multicasting
must also consider the different link qualities of the nodes in
the receiving cluster as discussed in [9].

Another application of the multi-resolution signaling is that
we can multiplex traffics of different users (each user has
different link qualities and different QoS requirements) to
nonuniform constellations. Suppose that there are three users
A, B, andC with average channel SNR 35dB, 45dB, and 25dB

respectively, and the according BER requirements are10−6,
10−3, and10−2. Therefore, the traffic ofA, B, andC can be
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Fig. 11. Average throughput of multiplexing different users with different
channel link qualities and QoS requirements to nonuniform constellations.

transmitted by class 1, 2, and 3 respectively. Suppose that the
Rice factorK = 3, data rate is 10kbps, and mobile velocity is
40km/hour. The average normalized throughput of Scheme-I
is plotted in Fig. 11. To maximize the average throughput of
three users, it is seen from Fig. 11 that the optimalβ is 0.49.
This application is particularly useful to combat the near-far
problem in CDMA forward link.
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