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Abstract: This work considers a combined source-
channel coding scheme for image transmission over the
uplink of a wireless IS-95 CDMA channel using Discrete
Cosine Transform. By adjusting the dimension of the
orthogonal signaling scheme, we trade the system error-
correction capability for a faster bit rate. The increase
in channel error is relieved by employing a set of quan-
tizers which are designed using a joint source-channel
optimization algorithm. The bit allocation problem of
the quantizer array is solved by using a new approach
based on the integer programming technique. Without
bandwidth expansion, our proposed scheme results in
a substantial improvement in the reconstructed image
quality, especially for good channel condition.

1 Introduction

In most of the traditional coding schemes, the quantizer
and the channel coder are selected independently. Some
fundamental results of information theory indicate that
such an independent selection scenario can achieve the
optimum performance, but only in the limit of an ar-
bitrarily long delay and complicated encoder/decoder
structure. In contrast, in many practical systems, one
can improve the performance by jointly selecting the
quantization and the channel coding schemes. Such a
joint design involves: (%) selecting the quantizer to have
some degree of tolerance to channel errors, and/or, (%)
trading the quantization accuracy versus the error cor-
rection capability of the channel coder.

This work studies the use of a combined source-
channel coding scheme for the transmission of still im-
ages over the uplink! of the 15-95 cellular radio CDMA
system using Discrete-Cosine-Transform (DCT). We
make use of a channel optimized quantization scheme,
and sacrifice error-protecting redundancy in the chan-
nel coding for more accurate quantization (by lowering
the dimension of the orthogonal signal set used in the
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! Uplink (or reverse link) refers to the transmission from a mo-
bile to the base station.
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1S-95). We consider an enhanced version of the I1S-95
as used in [1}-[2]. This is very close to the IS-95 stan-
dard except for replacing the bit-by-bit interleaver with
a symbol-by-symbol interleaver.

Kurtenbach and Wintz studied the transmission of
PCM data over a noisy channel, ignoring the code as-
signment problem [3]. Rydbeck and Sundberg, without
considering the quantizer design problem, have shown
that the code assignment plays an important role in de-
termining the system performance [4]. References [5]
and [6] consider the problem of combined source-channel
coding for the transmission of still images. In [7], Far-
vardin and Vaishampayan provide an algorithm for min-
imizing total distortion caused by the quantization and
channel noise. Later, the same researchers present a
method for the joint source-channel coding of a scheme
based on the 2-dimensional block cosine transform for
a Gaussian source over a memoryless binary symmetric
channel [8]. More recently, the combined source-channel
coding in vector quantization has been studied by Far-
vardin, who gives an algorithm based on simulated an-
nealing for assigning binary code-words to the vector
quantizer code-vectors [9].

The present article is organized as follows: Section 2
gives an overview of the system under consideration.
Section 3 describes the combined source-channel cod-
ing algorithm. The bit allocation method is explained
in Section 4. Section 5 presents some numerical results.
Finally, Section 6 is devoted to concluding remarks. A
detailed description of this work can be found in [10].

2 System Overview

The block diagram of the system under consideration is
depicted in figure 1. The “8 x 8” blocks of the image
are transformed using a 2-dimensional (2-D) DCT. The
transformed coefficients are quantized by a set of “8§x8”
quantizer banks. The quantizer outputs are labeled us-
ing the Natural Binary Code (NBC) independent of each
other. The output of the source encoder is coded by a
rate 1/3 convolutional code. The convolutional encoder
has a constraint length of 9, with the generating func-
tions { 557, 663, 711 } octal as adopted by the IS-95
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Figure 1: System Overview.

standard. The output bits of the convolutional encoder
are mapped to the points of an M-dimensional orthogo-
nal signal set based on the Hadamard code-words. The
IS-95 standard specifies M to be 64 which means that
every signaling waveform contains 6 coded bits. The
constituent bit rate of each Hadamard code-word is fixed
at 307.2 kbps. This gives the 64-ary signaling of the IS-
95 system the required bit rate of 9.6 kbps.

The proposed combined source-channel coding in-
volves: (i) changing the value M in orthogonal signal-
ing (to trade-off the performance of the channel coder
for a better source coder), (%) optimizing the quantizer
thresholds and the reconstruction values (to incorporate
the effect of the channel errors), and (i) generating a bit
assignment (which incorporates the effect of the channel
errors) using a new method based on integer program-
ming. We assume that M is a power of 2, i.e., M = 2",
where n is the number of bits represented by each of the
orthogonal signals. We select M = {2,4,8, 16,32, 64},
corresponding to n = {1,2, 3,4, 5, 6}, respectively.

Microcellular applications at a carrier frequency of
2 GHz are of interest in this work. We consider slowly
fading channels with a Doppler frequency of 2 Hz,
which corresponds approximately to a portable speed
of 1 km/hr [11].Given that the Doppler shift is much
smaller than both the carrier frequency and the bit rate,
we have a flat fading channel. Hence, we select a popu-
lar Rayleigh flat fading channel as our model. Also, we
have selected the widely popular Jakes’ model as given
in {12] to define the power spectrum of the channel.

We assume that the base station employs a two-
antenna diversity. With uncorrelated received signals,
our setup represents the mobile radio channel as two
independent Rayleigh flat fading paths. The combined
effect of the other channel imperfections is modeled by
an additive-white-Gaussian-noise (AWGN) source.

The M-ary waveforms are symbol-by-symbol inter-
leaved to combat channel fading.Our 64-ary system has
an interleaver span of (16 x 6), which translates to a
time span of 20 ms [13]. We fix the span of the inter-
leaver regardless of the size M of the Hadamard code-
word selected. This results in an interleaver span of:
{16 x 6,16 x 12,16 x 24,16 x 48,16 x 96,16 x 192} at a
Hadamard code-word of size {64, 32, 186, 8, 4, 2}, respec-
tively. The interleaver output bits are spread and trans-

mitted through the radio channel. The chip rate chosen
is 1.2288x 10° chips/second. This means that each con-
stituent bit of the Hadamard code-words is spread by
4 chips as used in [11].

At the receiver, the signal received is first despread
and then correlated with each of the M possible orthog-
onal waveforms. The output of the Hadamard corre-
lators from the two diversity branches are square-law
combined (weighted with equal gains). These M corre-
lation results are de-interleaved and used as the metric
to a soft decision Viterbi decoder.

In the process of changing M, it may happen that
log, M is not a multiple of 3. This situation results
in a mismatch with the rate 1/3 convolutional encoder
in which case the trellis decoding becomes nontrivial.
We illustrate how the Viterbi decoding is applied to M-
ary orthogonal signaling by a simple example shown in
figure 2. Assume that the rate 1/3 convolutional en-
coder has 8 nodes. Each of these nodes has 4 outward
edges, each of which is labeled by 3 output bits. Also,
assume that we want to use 4-ary signaling for this sys-
tem. This becomes possible if we merge two subsequent
trellis stages together. In this case, each stage of the
new trellis corresponds to two information bits and six
output bits (or three 4-ary signaling waveforms).

000 000, 100 001
600 010, 100 011

000 100, 100 101

Figure 2: Merging of trellis stages.

The low-rate return downlink % serves as a feedback
in the close-loop power control. We assume that this
channel has a cross-over probability of 5x 1073,

Fixing the bit rate of the 64-ary scheme at 9.6 kbps,
we obtain a time duration of 2/9600=0.208 ms for each
64-ary block®. During this time interval, a system of
dimension {32, 16, 8, 4, 2} can transmit {10, 16, 24,
32, 32} coded bits, respectively. Table 1 summarizes
the bit rates corresponding to different values of M.
We assume that an “8 x 8” DCT subframe is trans-
mitted in 3.125 ms (corresponding to 30 bits in a con-
ventional 64-ary scheme, i.e., 30/9600=3.125 ms). A 30
bits/subframe for 64-ary scheme is chosen because it in-
duces an integral number of bits per subframe at all the
signaling rates. The last two rows of table 1 show the
quantization bit rates corresponding to different signal-

2Downlink refers to the transmission from the base station to
a mobile.

3Note that each such block contains six coded bits, correspond-
ing to two bits of source information.
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ing schemes. Also, table 1 reveals that both 4-ary and
2-ary systems have an identical information bit rate.

Table 1: Relationship between the code rate and the
source rate,

M-ary 64 |32 |16 |8 4 2
Num. of

coded bits 6 10 16 24 32 32
in 0.208 ms

Bit rate

(kbps) 9.6 164 | 25.6 | 38.4 | 51.2 | 51.2
Num. of

bits per 8x8 | 30 50 80 120 160 160
subframe

Bits/pixel 0.47 | 0.78 | 1.25 | 1.88 | 2.5 2.5

3 Basics of Combined Source-
Channel Coding

The design of the channel optimized quantizer is based
on the principles explained in [4] and [7]. Figure 3 il-
lustrates the block diagram of the corresponding sys-
tem. The N-level quantizer, described by a function
v(.), maps a source output X(n) € R into one of N
representation values, Qo, @1, ..., @v—1, and generates a
label U(n) € {uo, u1, ..., un—-1}, which is composed of r
bits, » = [log, N|. Each of these r-bits is submitted
to a Binary Symmetric Channel (BSC) with cross-over
probability ¢ on a bit-by-bit basis, resulting in the chan-
nel output V(n). The decoding operation consists of de-
coding V(n) into X (n) = ¢[V (n)], which takes on one of
the N possible reconstruction levels {Rg, R1, ..., Rn—_1}
(where R;’s are, in general, not equal to the @Q;’s).

X(n) € Real Encoder Utn) €fug, 1y, .o 0y, }
Source %) ————l
BSC
Channel
Decoder
User — 20)
X(m)€ (R, R,, .., R, )} Vi€ luguy, ..,/

Figure 3: Block diagram of encoding/decoding system.

The channel transition probabilities are given by:
Py = PrlV(n) = w|U(n) = um},mk=0,...,N -1,
= (e"1-e" (1
where h is the hamming distance between vy and wuy,.
In this study, our objective is to minimize the mean-

square error of the reconstructed image at the receiver.
For a fixed decoder g(.), the optimal encoder is described

by the following decision region which is the collection
of inputs X (n) mapped into y[X (n)] = w;,

{z : Blle—X()*[Un) =w] <

Ele~X)[U(n) = wl,¥i#i}  (2)

For a fixed encoder «(.), the optimal decoder is de-
scribed by the conditional expectation of the input given
the channel output, i.e.,

g(vi) = B[X(n)|V(n) = vi], i=0,.,N—1. (3)

4 Bit Allocation Using Integer
Programming

Block transform coding, like the 2-D DCT used in this
work, concentrates the energy of an image in a few com-
ponents of the transform domain. These components
are critical in restoring the transmitted image and must
be preserved with finer resolution. Bit allocation is the
problem of distributing a given quota of bits among a
number of different quantizers such that the total dis-
tortion of all the quantizers is minimized. We apply a
new method based on the integer programming (IP) to
optimally allocate the bits.

Consider the quantization of K random variables,
say X°, X1, ..., XE1, Define the normalized quantizer
rate-distortion function, W;(b;) as the mean square error
incurred in quantizing X' with b; bits. A multiplica-
tive factor G; accompanies W;(b;) to incorporate the
effect of the input variance. The bit allocation vector
b= (bo, b1, ..., bg-1) is computed using:

Minimize: D(b) = Y50 GiWi (b)),
subject to: X 1h; < B,
yo S bi S qi, 7= 0,...,K—1,

(4)

where b;’s are integer, D(b) is the overall distortion,
B is the fixed quota of available bits, and p;, ¢; deter-
mine the range of the admissible bit assignment for each
quantizer. We solve (4) using an IP formulation, which
is based on using a set of binary variables é;(7) to specify
the integer bit allocated. We set,

5i(j) = 1, if j bits are allocated to quantizer ¢,
V)= 0, otherwise.

Using these variables, the problem in (4) is expressed
as,

Minimize: D = Y00 S 5(5)GiWi(3),
subject to: Y 3L &:i(j) =1, Vie {0,.,K—1},
Yisot Yiip. 3:(5) < B, &i(7) € {0,1}.

(5)
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The optimization problem in (5) is solved using an
application software called the General Algebraic Mod-
eling System (GAMS) version 2.25.

The conventional methods of bit allocation are based
on approximating the integer valued bits by real num-
bers, and/or making so me assumptions (for example on
the convexity) of the quantizer rate-distortion function.
The proposed IP method avoids these shortcomings, and
computes the optimum integer solution of (4) without
making any extra assumption.

It should be mentioned that, in general, the complex-
ity of solving a linear integer optimization problem is
substantially higher than the complexity of the under-
lying linear problem. The important point is that the
linear solution of (5) satisfies the corresponding integral-
ity constraints in the majority of the cases (no counter-
example observed). It can be shown that in the event
of the rare cases that this property does not hold, one
can easily compute an integer solution (which is possi-
bly slightly sub-optimum) using a simple round-off of
the corresponding linear solution. This property is in
the favor of the proposed method for the applications
that the problem should be solved dynamically (with a
small computational complexity).

5 Numerical Results

Fixing the chip duration, we define the channel SNR
as the ratio of the average faded signal power to the
received noise. This is the true channel SNR which pro-
vides a consistent way of comparing the performance of
different signaling schemes. Figure 4 shows the bit er-
ror probability for six values of M as a function of the

channel SNR.

Prob. of Bit Error

“Bddry

- L . s ' I : ¢ : s i
-20 -18 -16 -14 -12 ~-10 -8 -6 -4
Fading Channe! SNR(dB)

Figure 4: Bit error probability as a function of the chan-
nel SNR for different values of M.

For a particular value of M and channel SNR of in-
terest, we first find out the expected BER from figure 4.
We then select a quantizer designed for the closest bit
error rate, and make use of the corresponding bit allo-
cation table as computed earlier.

Reconstructed Image SNR vs. Channel SNR
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Figure 5: Reconstructed image SNR,, vs. channel SNR.

The output signal-to-noise ratio (SNR,) compares the
mean-square error between the original image (gray lev-
els of 8 bits/pixel) and its reproduction at the receiver.
Figure 5 shows the output SNR, versus the channel
SNR for a Lena image. Several general characteristics
are noticeable. Firstly, note the sharp threshold effect
which becomes more pronounced as the dimension M
decreases. This is because the smaller the M, the bigger
is the SNR, discrepancy between an error free channel
and a noisy channel. Secondly, for channel SNR in ex-
cess of a threshold point, channel errors are rare and the
performance is limited solely by the quantization noise.
This counts for the flat portion of the curves.

Figure 5 shows that our 64-ary system (with match-
ing channel optimized quantizers) performs better than
the ordinary IS-95 system (whose quantizer structure
ignores the effect of channel noise). The difference is
prominant for low system BER (around 1.0x1073).

Figure 6 shows two Lena images with SNR, = 22.5dB
for M = 16 and 32.

As the structure of the quantizer depends on the chan-
nel error probability, it would be useful to study its
robustness when applied to a channel with a different
error probability as the one used in the design phase.
Figure 7 show the effect of the channel mismatch on the
reconstructed image SNR, for 64-ary signaling. Simi-
lar results for other values of M can be found in [10].
Note that the comparison with the curve correspond-
ing to zero error probability indicates the gain obtained
through the use of the combined source-channel coding
method.
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Figure 6: Reconstructed images with same SNR,.

6 Summary & Conclusions

We have presented an image transmission system over
the uplink of an enhanced IS-95 wireless CDMA system
using DCT. The proposed combined source-channel cod-
ing includes (z) reducing the dimension M in orthogonal
signaling for a faster data rate, (%) optimizing the struc-
ture of the quantizers by incorporating the effect of the
channel errors, and (#) generating the corresponding bit
assignments using a new approach based on the integer
programming.

The numerical results presented show how one can
substantially improve the quality of the reconstructed
image (especially for good channel condition) at no ad-
ditional cost.

NBC with 30 bits/subframe (or 0.27 bpp) for B4—ary si

e

naling
—

SNRo of Reconstructed Lana

Figure 7: The effect of the channel mis-match on the
SNR,, M = 64.
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