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ABSTRACT

Generalized Multi Carrier Code Division Multiple Access (GMC-
CDMA) is a promising technique for achieving high data rate trans-
mission capacity in interference-limited cellular systems. A key
challenge in a multirate GMC-CDMA system for video transmis-
sion is the optimal power allocation between the sub-channels that
maximizes the received video quality subject to a data rate budget.
In this paper, we propose a method for joint source and channel cod-
ing with optimal power allocation for scalable video transmission
over multirate GMC-CDMA wireless links. A GMC-CDMA sys-
tem offers deterministic elimination of Multiple User Interference
(MUI). A scalable video source codec is used and a multirate setup
is assumed i.e., each video user is allowed to occupy more than one
GMC-CDMA channels. Each of the GMC-CDMA channels can
utilize a different number of subcarriers. The optimal solution se-
lects the set of source and channel coding rates for the user of in-
terest along with the number of sub-carriers and power allocated to
each GMC-CDMA channel that minimizes the end to end distortion
subject to the rate budget. Universal Rate Distortion Characteris-
tics (URDC) are used along with the Channel Characteristic Plots to
obtain the optimal solution. Experimental results are presented and
conclusions are drawn.

Index Terms— Video coding, Generalized Multi Carrier Code
Division Multiple Access (GMC-CDMA), scalable video, MPEG-4,
rate-distortion optimization.

1. INTRODUCTION

Recently, there has been significant interest in the topic of video
transmission over wireless channels. For transmission over wire-
less dispersive media, frequency selective multipath propagation is
a major limiting factor. A frequency selective fading channel man-
ifests itself as a convolutive fading channel and leads to Inter Sym-
bol Interference (ISI). By spreading information across the avail-
able bandwidth, a Direct Sequence Code Division Multiple Access
(DS-CDMA) system offers tolerance to multipaths. In [1], a joint
source-coding-power control approach for video transmission over
DS-CDMA systems was presented. However, a theoretical study
was performed in which no specific spreading sequences and de-
spreading methods were assumed. The tradeoffs of source coding,
channel coding and spreading for image transmission in DS-CDMA
systems were considered in [2]. In [3, 4, 5, 6], video transmission
over a DS-CDMA system was considered. The channel model that
was used was frequency-selective (multipath) Rayleigh fading. At

the receiver, an adaptive antenna array Auxiliary-Vector (AV) lin-
ear filter that provides space-time RAKE-type processing (thus, tak-
ing advantage of the multipath characteristics of the channel) and
multiple-access interference suppression was employed.

Wireless Multi Carrier (MC) communication systems and spread
spectrum (SS) offer complementary strengths to mitigate Multi User
Interference (MUI) and Inter Symbol Interference (ISI). General-
ized Multi Carrier CDMA system offers deterministic elimination
of MUI. In [7], for the first time, we proposed to transmit video over
a multirate GMC-CDMA channel and developed a cross-layer opti-
mization algorithm to determine the source and channel coding rates
as well as the number of subcarriers for each video user. However, no
optimal power allocation between the sub-channels was considered.
In this paper, we consider a multirate GMC-CDMA [8] approach
with optimal power control to make the video data MUI and ISI re-
silient regardless of the frequency selective channel fading and with-
out sacrificing bandwidth. An MPEG-4 [9] compliant video source
codec is used. SNR scalability is utilized and a layered bitstream is
produced, consisting of one base layer and one enhancement layer.
Each layer is channel-coded using Rate Compatible Punctured Con-
volutional (RCPC) codes [10]. A multirate GMC-CDMA system is
assumed where each video user can be assigned two GMC-CDMA
channels, one for the base layer and the other for the enhancement
layer. Each of the channels is allowed to occupy a variable num-
ber of subcarriers. The proposed algorithm provides a method for
optimally allocating the power among the two GMC-CDMA chan-
nels. The power is distributed between the GMC-CDMA channels
such that the total power remains the same. The experimental results
show substantial improvement in PSNR and reduced transmission
error.

The rest of the paper is organized as follows. In section II, the
basics of multirate GMC-CDMA are presented. In section III, the
optimal resource allocation problem is formulated. In section IV,
experimental results are presented. Finally, in section V, conclusions
are drawn.

2. SYSTEM MODEL

In this section, we discuss the basics of GMC-CDMA. MUI and
ISI are the major limiting factors for performance degradation in a
wireless channel. GMC-CDMA [8] relies on FDMA like techniques
for eliminating MUI. Let us consider � users. In the following, we
use the term “GMC-CDMA channel” to refer to transmission using
a certain spreading code. In the non-multirate case, each video user
occupies a single GMC-CDMA channel. A multipath fading channel
is modeled as a Finite Impulse Response (FIR) filter of order � . In
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the multirate GMC-CDMA case, a video user is allowed to occupy
more than one GMC-CDMA channels, each one of which can utilize
a variable number of subcarriers. Transmission is block based and
each user transmits � information symbols per block using � �� � � subcarriers. That way even if � of the � subcarriers are hit
by channel zeros, the � symbols will survive. The Inverse Fourier
Transform (IFFT) of size � is then taken.

The transmitted sequences are grouped in blocks of size � �� � � that include a Cyclic Prefix (CP) of length � for Inter Block
Interference (IBI) cancellation. The 
 th user’s channel will be rep-
resented by a � � � circulant matrix

�� �
. Defining � �

to be user
 ’s spreading matrix, the transmitted matrix of the 
 th user can be
written as � � � � � � � � � � � � �

where
� �

is the transmitted information
symbol vector for the 
 th user. � �

is a � � � spreading matrix for
a specific user. After CP removal, the received � � # signal block
of the 
 th user can be written as:

�$ � � � �
% ' )*

� , - �� � � � � � � � � � �. � � �
(1)

where
�. � � �

correponds to additive noise. After detection, the re-
ceived block for user 
 , after CP removal, can be written as:

0� � � � � � 1 � �$ � � �
(2)

where 1 �
is the 
 th user’s receiver matrix. The spreading and de-

spreading matrices 3 � � 6 1 � 8 % ' )� , - [8] can be written as

� � � : < > � @ � 6 1 � � B � > D � : F (3)

where
@ �

is a � � � matrix that maps the � information symbols
of the

�
th block to � symbols

@ � � � � � �
. As mentioned previously,

this is done in order to be able to recover the symbols even in the
extreme case where all � zeros of the multipath channel coincide
with the user’s subcarriers. > �

is a � � � matrix that maps those �
symbols into � subcarriers allocated to user 
 and consists of only
ones and zeroes. : is the Discrete Fourier Transform (DFT) matrix.
An appropriate choice for

@ �
is [8]

J @ � L N P ) R S P ) � U � W ' S� R N 6
(4)

where U �
controls user 
 ’s power.

W � R N
, Y � [ 6 F F F 6 � _ # are the

subcarriers of user 
 . We chose to allocate the � subcarriers to the
� users in a cyclic fashion:

W � R N � ` a b cd e N % P � f F (5)

The user independent IFFT matrix : < implements an OFDM mod-
ulator at the transmitter stage. At the receiving stage, : represents
FFT of the received vector. The Zero Forcing (ZF) detection, based
on B �

can be defined as B � � � g � @ � � h
, where

h
denotes the

pseudoinverse and
g � � j � k l J � � � W � R - � 6 F F F 6 � � � W � R o ' ) � L

where� � � r �
is the transfer function of user 
 ’s channel (FIR filter). B �

is
used to equalize the ISI channel and recover the symbols

0� �
.

3. EXTENSION TO POWER ALLOCATION IN
MULTIRATE GMC-CDMA

In this section, we extend the concept of video transmission over
GMC-CDMA wireless links to multirate GMC-CDMA channels with
optimal power control. In this extension, we presume that there are

� channels transmitting together. � s t channels are high rate and
the remaining � s t channels are low rate. The high rate channels

use twice the number of subcarriers as the low rate channels. Math-
ematically, if the high rate channels are transmitting � < symbols
and the low rate channels are transmitting � u symbols, the number
of subcarriers required are � u � � u � � and � < � � < � � re-
spectively [8, 11]. In this work, the video user of interest uses two
GMC-CDMA channels, one for transmitting the base layer and the
other for the enhancement layer. The power is distributed among
the two channels such that the total power remains the same. LetU � w

and U �
b be the factors controlling the power assigned to the

low-rate and high-rate channels respectively. Therefore, the total
factor affecting the power level of the user of interest can be writ-
ten as: U � � U � w � U �

b . We define the power level as � �
� �# [ y { | ) - U �

. We chose to allocate the first � s t � � u subcarriers to
the low-rate channels and the remaining � _ � s t � � u subcarriers
to the high-rate channels. Thus, for the low-rate channels,

J @ � L N P ) R S P ) � U � w ` � b cd e N % � � P � f 6
(6)

for Y � [ 6 F F F 6 � u _ # , U � w � U �
and 
 � [ 6 F F F 6

� s t _ # . For
the high-rate channels,

J @ � L N P ) R S P ) � U �
b ` � b cd � N % � � P e � ' % � � f P o � � % � � �

(7)

for Y � [ 6 F F F 6 � < _ # , U � w � U �
b � U �

and 
 � � s t 6 F F F 6
� _ # .

The proposed formulation finds the optimal allocation of power be-
tween the two GMC-CDMA channels for the video user of interest.

4. OPTIMAL RESOURCE ALLOCATION

In our discrete optimization problem, the total available bit bud-
get is shared between source and channel coding. In the multirate
case, each scalable layer is transmitted over a separate GMC-CDMA
channel. Let � � be the number of subcarriers allocated to the

�
th

layer of user 
 , to transmit � � � � � _ � information symbols for
every � � � � � transmitted chips. The transmitted symbols �
are referred to as chips. The contraints in the optimization are the
total transmitted chip rate � � � � �� � � � � � and the transmitted power. If
Quadrature Amplitude Modulation (4-QAM) is used, one informa-
tion symbol corresponds to two bits. Therefore, the available bit rate
for each scalable layer

�
can be written as:

�   P � R � � t � � _ �

� � � � � �� � � � � � (8)

Thus, if two layers are assumed, the ratio �   P � R ) s �   P � R � is fixed
and equal to

� � ) _ �
� s � � � _ �

�
. The overall distortion

g   P � is
the sum of the distortions for each scalable layers and can be writ-
ten as

g   P � � ¤ �� , ) g   P � R � . The distortion per layer is defined
as the differential improvement of including the layers in the recon-
struction. Therefore, in the absence of channel errors, only the dis-
tortion for layer 1 (base layer) would be positive and the distortions
for all other layers would be negative since the inclusion of these
layers reduces the Mean Squared Error (MSE) [12]. The differential
improvement depends on how good the picture quality was to start
with before the inclusion of the next scalable layer. For example in a
layered video coding with two layers, a specific enhancement layer
rate will cause a differential improvement in MSE [12] depending on
the rate used for the base layer. On the other hand, transmitted signal
quality depends on the power level of the base and enhancement lay-
ers. Therefore, we can write,

g   P � � g   P � R ) � �   R ) 6 � � R ) 6 U � w � �g   P � R � � �   R ) 6 � � R ) 6 �   R � 6 � � R � 6 U �
b

�
where,

g   P � R ) � �   R ) 6 � � R ) 6 U � w �
is the distortion for the base layer and depends on the base layer
source and channel coding rates and factor affecting the power level.
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� � �
� � � � � � � 	 
 � � � 	 
 � � � � 
 � � � � 
 � 

�
�

is the enhancement layer dis-
tortion and depends on the source and channel coding rates and the
factor affecting the power level of the enhancement layer. Hence,
our optimization problem can be written as

� � � � � �
� subject to � � �

� � � � � � � � �

� � � � � �� �  " $ %
and �  & �  ( ) � 

�

 � + & , 
 � . (9)

For each layer we determine the source coding rate � � � � , the
channel coding rate � � � � , the number of subcarriers � � and the factor

�  �
determining the power level. The total bit rate depends on the

number of subcarriers chosen for each layer. Since the minimization
of the distortion for each layer will result in the minimization of the
overall distortion, our problem can be broken into separate problems
for each layer, thus simplifying the optimization. The contrained
problem of Eq. (9) can be converted to an unconstrained problem
using Lagrangian optimization [12].

Our problem now reduces to finding the Operational Rate Dis-
tortion Functions (ORDF)

� � �
� � � for each scalable layer. Though it

is possible to simulate transmission of the actual data over the chan-
nel, this leads to extremely high computational complexity even for
small number of source and channel coding rates and channel con-
ditions and makes the process impractical in many ways. Thus we
have chosen to relax the optimality of the solution and use the Uni-
versal Rate Distortion Characteristics (URDCs) [12, 13]. For a given
choice of power allocated to each GMC-CDMA channel of the user
of interest, channel codes and number of subcarriers, the probability
of error � � is calculated for the set of channel coding rates. � � es-
tablishes a reference to the performance of the channel coding over
the particular channel with the given parameters. This channel per-
formance needs to be done only once. The URDCs plot the expected
distortion

� � �
� � � based on the bit error rates � � after channel decod-

ing.
The URDCs are obtained experimentally using simulations. To

obtain the URDC for
� � �

� � � , the
+
th layer of the bitstream is cor-

rupted with independent errors with bit error rate � � . Layers , 
 . . . 
 + �
, are not corrupted. The bitstream is then decoded and the mean
squared error is calculated. The experiment is repeated many times
(in our studies, 30 times). If

+ 
 , , i.e. we are calculating the URDC
for an enhancement layer, we need to subtract the distortion of the
first

+ � , uncorrupted layers, since
� � �

� � � in this case is the differ-
ential improvement of including layer

+
as mentioned earlier.

In order to avoid calculating the expected distortion for a wide
range of � � values, we can use a few probability values and then
utilize a model for finding the URDC. The URDC model used in
this paper is given by

� � �
� � � & 2 � 3 5 7 	 8 � ,

� � � �
�

(10)

where
2

and � are chosen such that the approximation error is mini-
mized. Assuming two scalable layers, three channel coding rates per
layer and three possible source coding rates, three URDCs will be
required for the base layer, one for each source coding rate. Again,
nine URDCs would be required for the enhancement layer, since for
each admissible source coding rate for the enhancement layer, we
would need three URDCs, once for each base layer source coding
rate.

Using the channel characteristic plots and the universal rate-
distortion characteristics, operational rate-distortion functions for each
scalable layer are constructed as follows. First, for the given chan-
nel parameters, we use the channel characteristic plot to determine

the resulting bit error rates for each of the available channel coding
rates. Then, for each of these probability values we use the univer-
sal rate-distortion characteristic to obtain the resulting distortion for
each available source coding rate. By also obtaining the total rate
� � �

� for each combination of source and channel codes, we have
the rate-distortion operating points for the given channel conditions.
More information can be found in [12].

5. SIMULATION RESULTS

In this section, we present experimental results for the optimization
problem shown in Eq. (9). A number of experiments were con-
ducted using different video sequences. Some of results using the
“Foreman” sequence are reported below. An MPEG-4 compatible
video source codec was used to create two SNR scalable layers. In
our discrete optimization problem the total number of subcarriers
were 9 & � � ; . The total number of GMC-CDMA channels was

� & � . Four of the channels were transmitting < > & , � (low
rate channel) symbols per block and the other four were transmitting
< ? & � ; (high rate channel). The video user of interest is transmit-
ting the base layer and enhancement layer using either a high-rate
or a low rate channel. The total number of multipaths was � & �
and the path coefficients were independent complex Gaussian ran-
dom variables with zero mean and equal variances, adding to , . The
admissible source coding rates for each of the two scalable layers
are 64, 96, 128 and 256 kbps. The admissible channel coding rates
are , B � , � B � and � B � , using Rate Compatible Punctured Convolu-
tional (RCPC) codes from [10]. 4-QAM (i.e., two bits per symbol)
was used for modulation. The power level of the user of interest and
the interferers are 16 dB. The noise variance of

CD is chosen as , .
Therefore, the factor affecting the power level of the user of interest
is �  & � � . � , ; � . The values �  (

and � 
� are varied in steps of � ,

so that their sum is always equal to � 
.

Table 1 shows the results of optimal resource allocation with
power control. The source and channel coding rates, the number of
subcarriers and the power level were optimally determined for each
scalable layer. It should be emphasized that the power level of the
interferers does not affect the Bit Error Rate (BER) of the user of
interest, since, in GMC-CDMA, all interference is completely re-
moved deterministically.

In Fig. 1, we compare the performance of the proposed algo-
rithm with results obtained using optimal bit and number of sub-
carrier allocation for equal power allocation between the two GMC-
CDMA channels. It can be seen that optimal power allocation results
in a substantial improvement in video quality.

6. CONCLUSIONS

In this paper, we have proposed an optimal power allocation formu-
lation for multirate Generalized Multi Carrier Code Division Multi-
ple Access (GMC-CDMA) systems for wireless video transmission.
Such systems offer deterministic elimination of Multiple User In-
terference (MUI) and Inter Symbol Interference (ISI) irrespective of
the frequency selective fading channel and without sacrificing band-
width. We have presented a cross-layer optimization algorithm to
determine the source and channel coding rates for each scalable layer
as well as the number of subcarriers and power level used to trans-
mit each layer. By utilizing the parametric model for the Universal
Rate Distortion Characteristics we estimated the distortion for all the
bit error rates and power levels by only finding the disortion values
for a few bit error rate values and power levels. This led to consid-
erable saving in computational complexity. The choice of optimal
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� � � � � � � � � � � �
� � � � � � � � � � � � �

� � � � � �� � � � � � � �� �
�

128 2/3 15 14.89 96 1/2 15 9.49 1440 30.72
128 1/2 15 15.55 256 1/2 15 5.92 1200 30.08
64 2/3 15 12.98 96 1/2 30 12.98 720 25.66
64 4/5 30 12.98 64 4/5 30 12.98 300 9.05

Table 1: Optimal resource allocation for two-layer SNR scalable video over two GMC-CDMA channels with optimal power level per channel
for the video user of interest.
* Total rate is in kcps and , � �

� , � �
� , � �� �

� are the power levels measured in dBs

� � � � , � � � � , � � , � � � � , � � � � , � � , � � �
and � �

� leads to a reduced
end-to-end distortion.
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Fig. 1: Comparison of Rate Distortion Optimization curves for scal-
able video transmission over two multirate GMC-CDMA Wireless
Channels for equal power level and optimal power allocation.
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