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ABSTRACT state of the channel) and apply the COVQ design procedure
. . - to a hypothetical BSC with the calculated BER. The rational
we propose algorithms to design channe!-Opt|m|zed VeCtorbehind this approach is that given a modulation scheme, e.g.
q.uantlzers in the presence of channel mismatch. 'W.e €Oy ncoded binary phase-shift keying (BPSK), and received
sider two cases. (i) no |pformgt|on about”the Stat'St'C?’.Of channel signal-to-noise ratio (CSNR), the channel behaves
the channel bit error rate is available and (ii) the probability like a BSC. So. the BSC model is valid at each time and it
density function of the channel bit error rate is known. We is reasonable t,o assume that the BSC model works for the

I nsider th f an estim [ - e
f:)sr?o(i:sc,)e Sr;;"; 'Io Eiznl:SfoSe a eris:m;lrtliec’f tsr}?nﬁlr];?onndr:é%rl]tzl overall channel as long as the variations are small (the chan-
P P : nel is in the same “state”).

demonstrate the advantages of new design algorithms. In this paper, we derive the optimal solution of the prob-

lem and show that the aforementioned approach is not opti-
1. INTRODUCTION mal. Then, we demonstrate, through simulation, how much
gain can be achieved by adopting our new scheme. The or-
Source coding applications which involve transmission over ganization of the paper is as follows. Section 2 defines the
noisy channels have been the main motivation for studying notation and formulates the problem. Section 3 proposes the
the sensitivity of a vector quantizer (VQ) to channel noise. minimization of a worst-case scenario when the probability
These studies have led to the development of techniques fodensity function (p.d.f.) of BERs is not known. Section 4
making a VQ robust with respect to channel noise, either assumes a p.d.f. for BERs and provides an optimal solution
by an appropriate binary codeword assignment [1, 2] or by to minimize the average distortion. In Section 5, the esti-
a complete redesign of the VQ partition and codebook, re- mation of the received CSNR is used to improve the overall
sulting in the so-called channel-optimized vector quantizer performance of the system. A low complexity, table-lookup
(CoVvQ) [3, 4]. implementation is proposed in Section 6. Simulation results
Previous studies on the subject have concentrated on there presented in Section 7.
design of a COVQ for memoryless binary symmetric chan-
nels (BSCs) [3, 4] and finite-state channels (FSCs) [5, 6, 7].
In both cases, the exact knowledge of the characteristics of

the channel is needed to design the quantizer. In many PraCl et us assume that the behavior of the channel for each

:'r?al ﬁltuat[[on's:['e.g. fmreliss colmmunlcieliuon aprl’l'(f:at'f?ﬁ' channel use is like that of a BSC. For an uncoded BPSK
e characteristics of the channel are not known. In fact, esignaling system, the BER is given by

behavior of a fading channel is time-varying. To apply the
idea of a COVQ to slow fading channels, one may model 1
the channel by an FSC [8, 9, 10] and design a COVQ for the BER = Eerfc(\/y_b), Q)
resulting FSC [7]. The basic idea is to compute the average

bit error rate (BER) for a given statistics of the channel (or a Where, is the received CSNR per bit and erfc is the er-
ror function. The actual BER,,, depends on the received
Prepared through collaborative participation in the Advanced CSNR which is time-varying for a fading channel. For non-
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Maryland. algorithms presented in this paper can be generalized to the

2. PROBLEM FORMULATION




case of DMC (instead of BSC); however, we do not dis- 4. BEST STRATEGY WITH KNOWN P.D.F. OF THE

cuss DMCs for the sake of brevity. Let us assume that the BER
set of all possible BERs i (¢, € I). I is usually a sub- _ _
set in [0,0.5]. If the transmitter (encoder) arateiver (de-  In this section, we assume that the p.d.f. of the BER, de-

coder) both know the exact value of for each channel  noted byf.(.), is known apriori. In other words,

use, a COVQ can be designed for every possible value of B

¢, € 1 and the transmitter andeceiver can adapt them- p(A<e <B)= / fe(x)dx. (6)
selves by switching to the optimal COVQ encoder and de- A

coder. Such a scheme is implementable for FSCs [7] due toThe objective is to minimize the average distortion

the fact that/| (cardinality ofI) is finite. If I is a continu-

ous set [/|= o), the required memory of such a system is D= /D(ea)fﬁ(ea)dea, @)
infinite and therefore it is impractical. So, usually there is I

a mismatch between the characteristics of the channel andvhere D(¢,,) is the end-to-end distortion when BER=
the assumptions for which the quantizer has been designedThe optimization is done for a given source, a fixed dimen-
A simple example of such a channel mismatch correspondssion m and a fixed codebook siz&/. Let us denote the
to a quantizer designed for a noiseless channel and applied'” encoding cell and codevector 8 andc;, respectively.
to a BSC or an FSC. Simulation shows that the performanceDistortionD(¢, ) in Equation (7) can be calculated by

degradation due to mismatch is significant for very noisy M M1

channels. A more general example is a quantizer designed p / e 124
for a BSC with BER equal te; and applied to a BSC with ZZ; ]ZO e (1) x(x) [l = I dx,
BER equal to:, (previous example is a special case when (8)

¢a = 0). As we discussed earlier such a mismatch is un- where P,_(j|i) denotes the probability that is received
avoidable in many practical scenarios. In the following sec- gjyen thati is transmitted over a BSC with BER7 px(x)
tions, we present optimal design strategies for COVQs in is them-fold p.d.f. of the source and,, (jli) = hii ,J)(l _

the presence of channel mismatch. €q)l092M=h(i.0) whereh(i, j) is the Hamming dlstance be-
tween:i andj, 7,j € {0,1,---, M — 1}. Then, substituting

3. BEST STRATEGY WITH NO KNOWLEDGE Equation (8) in Equation (7) results in

ABOUT THE STATISTICS OF THE BER - ..
D= [ 2Pl [ pelo) = e | dxfea)den
— S,

In this section, we assume that the channel is a BSC and ’ (9)
we do not have any information about the statistics of the

channel BER (not even its p.d.f.). Let us defifécy, ¢,)

as the average end-to-end distortion when we transmit the D = Z / P, (j|i)f6(ea)dea/ px(x) || x — ¢ || dx,
codewords of a COVQ designed for a BSC with BER equal S

to e, over a BSC with BER equal tq,. Then for a given 4, (10)

the worst performance is calculated b =
P y D= P(m)/ pe(x) | x —¢; |7 dx, (11)
i=0 ;=0 S
sup D(eq, €q). (2)
ca€l where
P(jli) = [ P.. () . (ea)deq. 12
One design objective in this case is to firfjdvhich provides (il /1 Ul e(ea) (12)
For the squared error distortion measure, the design algo-
D* = inf sup D(eq, €,). 3) rithm is a modified generalized Lloyd algorithm [11], with

o ea€l the following expressions for the optimal partitioR, =

It can be easily shown that {50, 51, ..., Swm—1}, and the optimal codebook,

C = {Co, Cly. ..y CM—l}:
D* = inf sup D(eq,€,) = mf Dleg,sup €4).  (4)
€d e el ea €1 M-1 )
Si=1{x: Y Pl I x—e; <
And, by the definition of COVQ: j=0
-1
€ = sup €. (5) Z GO |l x = ¢ ||%, I3, (13)

ea€l j=0



and For each mput vector,x, we select the optimal en-

Z?‘fgl P(jli) [ xpx(x)dx coding region corresponding to codewarihat min-
¢ = o= : (14) imizes the distortion for a fixed set of codevectors by
Y=o P(il7) fs, px(x)dx
. . . . . . . K M-1
The design algorithm is based on an iterative application of Si={x: Z Puili) || x = e <

Equations (13) and (14).

Equation (11) shows that designing a COVQ fgr= X
& = fI cafe(€q)deq is ot optimal. The performance im- Z
provement depends on the encoding rate, the level of noise
in the channel and the statistics of the source. We will have
more to say on this in following sections.

k=1 j=0
M-1

Pr(l0) | x = ej [I5¥0}. - (19)
k=1 j=0

¢ Given the encoder and the decoder, change the thresh-
olds in a direction which reduces the distortion.

5. BEST STRATEGY WHEN WE HAVE AN

ESTIMATE OF BER AT THE DECODER 6. TABLE-L OOKUP IMPLEMENTATION OF THE

ENCODER
Usually in practice, the decoder can estimate the valug of

(using the received CSNR). This information can be used to The encoder of the quantizers proposed in Sections 4 and 5

improve the performance of the quantizer. We use a singlecan be implemented using table-lookups. The encoder of a

encoder andy sets of codevectors at the decoder. At the channel-matched hierarchical table-lookup vector quantizer

decoder, at each time instance, we agg to reconstruct  (CM-HTVQ) with a compression ratio (CR) af¥ : 1 con-

the vector when the received indexji@nde, € Iy, k = sists of V' stages. To design the firs(— 1) stages, first

1,..., K. The average distortion can be calculated by (N — 1) VQs with dimension®*, n = 1,...,N — 1 are
designed. Th&”-dimensional VQ is designed with a CR

_ MM . 2" : 1. The first table is constructed by considering each
D= Z/I Z Z e, (W)/S Px(x) pair of input samples and storing the codeword of the near-
k=177 =0 =0 ' est codevector of the 2-dimensional VQ as the output of the
| x = ¢cjn || dxfe(ea)dea, (15)  table. The lookup table of the’" stage is designed by con-
sidering all possible input pairs (outputs of the — 1)”
o KoMoiMot stage) and storing the corresponding codeword of2the
D= Z Z Py, (j|i)/5 px(x) || % — ¢ 5 |7 dx, dimensional VQ encoder in the table. The last stage, which

k=1 14=0 j=0 describes the actual encoder partition, must be adapted to
the characteristics of the channel and is designed based on
the same principles using a COVQ (e.g. COVQs designed
Pr(jli) = / P (7]9) fe(€q)deq. a7) in Sections 4 and 5). For a detailed description of the de-
T sign algorithm, the interested reader is referred to [7]. In

Now, the design components are: (i) the encoder, (ii) the de-[7] we show that CM-HTVQ simultaneously provides low

(16)
where

coder and (iii) the intervalg,. (Definingl;, = (Tk-1, Tk] encoding complexity (only lookup tables) and robustness

(Thy < Ty < ...<Tg_1 < Tk), we haveK — 1 pa- against transmission noise for BSCs and FSCs. In next sec-
rameters to find.) The design algorithm iterates between thetion, we examine the CM-HTVQ structure against channel

following steps: mismatch.

* Giventheintervals, use ageneralized Lloydalgorithm - o,\MULATION RESULTS AND CONCLUSIONS
to design the encoder and the decoder. This is accom-

plished by iterating between Simulation results for transmitting thé2 x 512 Lenna over

— Generalized centroid: a log-normal fading channel with an average channel signal
When the encoding regions are fixed, we choose thetg nojse ratio of 10 dB is shown in Table 1. The quan-
best codevector;; ., for each received indey, by tizers are designed using a training sequence which con-

Mel— sists of five images from the USC database (Couple, Crowd,

Y=o Pr(l) [g, xpx (x)dx Man, Woman1 and Woman2) and the peak signal-to-noise

Cik = SSML DL (i) [ px(x)dx (18) ratio (PSNR) results are obtained by averaging the mean
=0 5 squared error over 10 runs of channel simulation. Simulated

— Generalized nearest neighbor: 'PSNRa0log,[255%/ ZL(%‘ — #:)2]



Table 1: PSNR Results for a log-normal fading channel (average Table 2: PSNR Results for a log-normal fading channel (average

CSNR=10dB)512 x 512 Lenna.

CovQ
Rate | Dim. | VQ | Average| Optimal DA
(bpp) BER NA K =2
2 4 2449 | 26.33 27.00 | 27.27
1 8 23.96| 25.80 26.25 | 26.46
0.5 16 | 23.54| 25.14 25,59 | 25.84

CSNR=10dB)512 x 512 Lenna.

CM-HTVQ
Rate | Dim. | HTVQ | Average | Optimal DA
(bpp) BER NA K=2
2 4 2446 | 26.28 26.94 | 27.20
1 8 23.88 | 25.69 26.11 | 26.31
0.5 16 23.45 | 24.96 25.38 | 25.60

annealing is used to assign binary code words [1] to the codeTable 3: Effects o_f imperfect CSNR estimation on the performance
vectors of VQ, thus making the comparison between differ- of the DA-COVQ in Table 1.

ent schemes meaningful. Note thfatand 7 are derived for

the log-normal fading channel by assuming a BPSK modu-
lation scheme and the corresponding BER given by Equa-
tion (1). This is straightforward due to the fact that BER as a
function of received CSNRy() is a one-to-one decreasing
map from/’ [0,00) to I = (0,0.5]. In Table 1, opti-

mal NA (non-adaptive) refers to the algorithm of Section 4
and DA (decoder-adaptive) refers to the algorithm of Sec-
tion 5. As expected, the performance of the optimal non-
adaptive system is better than that of the COVQ designed
for an average BER. The decoder-adaptive system with only
two intervals outperforms the optimal non-adaptive system.
Of course using more intervals results in improving the per-
formance at the cost of increasing the required memory at
the decoder. In all cases, channel-matched quantizers out-
perform quantizers designed for a noiseless channel by a
large margin. Similar trends are observed for CM-HTVQs
in Table 2. As can be seen in Table 2, CM-HTVQ results
are very close to COVQ results while maintaining a low en-
coding complexity.

One important question is the sensitivity of the decoder-
adaptive quantizer to the CSNR estimate. To study the ef-
fects of imperfect CSNR estimation, we repeat the simula-
tions of the last column of Table 1 with 20% overestimate
or underestimate in the amount of CSNR and report the re-
sults in Table 3. Simulation results show that the decoder-
adaptive system is not sensitive to the CSNR estimation.
This is due to the fact that 20% error in CSNR estimation,
for the above example, only affects 2.5% of the probability
mass. In other words, the boarder region contains a small

probability, thus a minor effect on the overall performance.
In this paper, we have proposed a single solution for
two different problems. One problem is the case of a BSC
whichits BER is unknown and a fixed channel mismatch ex-
ists. The second problem is a time-varying BSC. Although
mathematically the two problems are similar — therefore the
proposed unified solutions — we feel that different design
criteria are appropriate for these problems. In particular, we

believe that even if the p.d.f. of the BER is available for [11]

a BSC with unknown (but fixed) BER, a worst-case design
criterion is more appropriate than an average distortion cri-
terion. This is an interesting issue for future investigation.

Rate | Dim. | 20% overestimatd 20% underestimatd]
2 4 27.26 27.27
1 8 26.44 26.45

0.5 16 25.82 25.84

(1]

(2]

(3]
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