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Slepian—Wolf Coded Nested Lattice Quantization for
Wyner—Ziv Coding: High-Rate Performance Analysis
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Abstract—Nested lattice quantization provides a practical
scheme for Wyner-Ziv coding. This paper examines the high-rate
performance of nested lattice quantizers and gives the theoretical
performance for general continuous sources. In the quadratic
Gaussian case, as the rate increases, we observe an increasing
gap between the performance of finite-dimensional nested lattice
quantizers and the Wyner-Ziv distortion-rate function. We argue
that this is because the boundary gain decreases as the rate of the
nested lattice quantizers increases. To increase the boundary gain
and ultimately boost the overall performance, a new practical
Wyner-Ziv coding scheme called Slepian—Wolf coded nested lattice
quantization (SWC-NQ) is proposed, where Slepian—Wolf coding
is applied to the quantization indices of the source for the purpose
of compression with side information at the decoder. Theoretical
analysis shows that for the quadratic Gaussian case and at high
rate, SWC-NQ performs the same as conventional entropy-coded
lattice quantization with the side information available at both
the encoder and the decoder. Furthermore, a nonlinear minimum
mean-square error (MSE) estimator is introduced at the decoder,
which is theoretically proven to degenerate to the linear minimum
MSE estimator at high rate and experimentally shown to outper-
form the linear estimator at low rate. Practical designs of one- and
two-dimensional nested lattice quantizers together with multilevel
low-density parity-check (LDPC) codes for Slepian—Wolf coding
give performance close to the theoretical limits of SWC-NQ.

Index Terms—Lattice quantization and lattice channel
code, low-density parity-check (LDPC) codes, nested lattices,
Slepian—Wolf coding, syndrome-based compression, Wyner—Ziv
coding.

1. INTRODUCTION

side information at the decoder, is one of the main
problems considered in network information theory [9, Ch. 14].

WYNER—ZIV coding [37], or lossy source coding with
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It generalizes lossless source coding with side information at
the decoder—a special case of Slepian—Wolf coding [33].! The
rate—distortion (RD) function of Wyner—Ziv coding is known
for both discrete and continuous alphabet cases of the source
and the side information with a general distortion metric in
[37], [38]. It is derived by using a technique called “binning”
that divides the set of jointly typical sequences [9] into bins
which are as far apart (in terms of the correlation statistics) as
possible. The binning scheme for Wyner—Ziv coding can be
applied to other related problems (e.g., Gelfand—Pinsker coding
[17] and its special case of dirty-paper coding [8]) based on the
duality between source coding and channel coding with side
information [2], [27]. The theoretical analyses in [37], [38] are
based on random binning which, due to its lack of structure,
does not indicate how practical code design should be done.

In their information-theoretical work, Zamir et al. [42] out-
lined a structured algebraic binning scheme based on a pair of
nested linear/lattice codes for Wyner—Ziv coding of binary sym-
metric/quadratic Gaussian sources, where the fine code in the
nested pair plays the role of source coding while the coarse code
does channel coding. The quadratic Gaussian case corresponds
to when the correlation between the source X and the side infor-
mation Y can be modeled by an additive white Gaussian noise
(AWGN) channel as X =Y + Z, Z ~ N(0,0%), with mean-
square error (MSE) distortion and arbitrarily distributed Y. Note
that Wyner—Ziv coding in general suffers a rate loss when com-
pared to coding with side information available both at the en-
coder and the decoder. The quadratic Gaussian case is special
because there is no rate loss with Wyner—Ziv coding in this
case.2 Furthermore, it is shown in [42] that the Wyner—Ziv RD
function in this special case is asymptotically achievable using
nested lattices, under the assumption that the lattices are ide-
ally sphere-packed as the lattice dimensions go to infinity. How-
ever, high-dimensional lattice codes are difficult to implement in
practice. Thus, structured binning via nested lattice codes only
facilitates high-dimensional asymptotic analysis [42].

In this paper, we analyze the performance of finite-dimen-
sional nested lattice quantizers for continuous sources under the
high-rate assumption. Here the high-rate assumption is consis-
tent with the one in classic quantization theory [18], meaning
that the source X is uniformly distributed inside the fine lattice

IThroughout the paper, Slepian-Wolf coding means near-lossless source
coding with side information at the decoder.

2It was only shown in [37] that Wyner—Ziv coding of X suffers no rate
loss when X and Y™ are zero mean and jointly Gaussian with MSE distortion.
Pradhan et al. [27] recently extended this no rate loss result to the more general
quadratic Gaussian case.
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cell of the quantizer. The distortion-rate (DR) performance is
analyzed for both the general and the quadratic Gaussian cases.
For general continuous sources, the distortion under a specific
rate consists of two parts: one from source coding and another
from channel coding. For the quadratic Gaussian case, a tight
lower bound of the DR function is given, showing an increasing
gap from the Wyner—Ziv limit, as the rate increases. Based on
our analysis, we argue that this increasing gap is due to the de-
creasing boundary gain as the rate increases. Thus, a practical
approach to boosting the overall performance is to increase the
boundary gain with a second stage of binning, which groups
the support region of the fine lattice into k cosets. This way, the
volume of the support region decreases by a factor of k& while the
decoding error probability stays the same. According to the defi-
nition in [11], the boundary gain increases without changing the
dimensionality of the lattices. Since various possible boundary
gains are realizable using the second stage of binning, there is
only maximally 1.53-dB granular gain left unexploited by the
quantizer. Thus, using Slepian—Wolf coding, for second-stage
binning allows us to show the theoretical performance limits at
high rate.

Following this logic, we introduce a new framework for
Wyner-Ziv coding of continuous independent and identically
distributed (i.i.d.) sources based on Slepian—Wolf coded nested
quantization (SWC-NQ). Slepian—Wolf coding [33] here refers
to near-lossless source coding with side information at the
decoder. Practical syndrome-based schemes for Slepian—Wolf
coding using channel codes have been studied in [1], [16],
[20], [21], [26]. The role of Slepian—Wolf coding in SWC-NQ
is to exploit the correlation between the quantized source and
the side information for further compression and by making
the overall channel code stronger. SWC-NQ generalizes the
classic source coding approach of entropy-coded quantization
in the sense that the quantizer performs quite well alone and
can exhibit further rate savings by employing a powerful
Slepian—Wolf code. Moreover, it connects network information
theory with the rich areas of practical lattice source code (e.g.,
[7]) and channel code (e.g., low-density parity-check (LDPC)
codes [14], [23]) designs, making it feasible to devise codes
that can approach the Wyner—Ziv DR function.

For the quadratic Gaussian case, we establish the high-rate
performance of SWC-NQ with ideal Slepian-Wolf coding, as-
suming there is no channel decoding error in the latter. We show
that SWC-NQ with finite-dimensional nested lattice quantizer
at high rate achieves the same performance of classic entropy-
coded lattice quantization as if the side information were also
available at the encoder. For example, with ideal Slepian—Wolf
coding, one-/two-dimensional SWC-NQ performs 1.53/1.36 dB
away from the Wyner—Ziv DR function for quadratic Gaussian
sources at high rate.

We also implement one- and two-dimensional nested lattice
quantizers in the rate range of 1.0-6.0 bits per sample (b/s), for
the case when Y is also Gaussian (hence X and Y are jointly
Gaussian), which is a special case of the quadratic Gaussian sce-
nario. Our experiments using nested lattice quantizers together
with irregular LDPC codes for Slepian—Wolf coding give perfor-
mance close to the corresponding limit at high rate. Our work
thus shows that SWC-NQ provides an efficient scheme for prac-
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tical Wyner—Ziv coding with low-dimensional lattice quantizers
at high rate.

Although our theoretical analysis assumes high rate, when a
nonlinear minimum MSE estimator is applied at the decoder,
our simulated DR performance of SWC-NQ at low rate matches
that of classic entropy-coded quantization at low rate when the
side information is also available at the encoder. At high rate,
the nonlinear estimator degenerates to the linear one used in our
high-rate performance analysis.

‘We note that nonlinear estimation at the decoder can yield sig-
nificant gains only for low rate and for high rate it cannot help
noticeably. This is confirmed by the agreement of the high-rate
analysis results in this paper, which assume that the linear esti-
mation is used, with the high-rate simulation results, for which
the nonlinear estimation method is always used.

The contributions of this paper are as follows.

1) High-rate performance analysis of nested lattice quantiza-
tion for all dimensions, indicating for any finite dimension
an increasing gap in distortion from the Wyner—Ziv DR
function as the rate increases.

2) Introduction of the SWC-NQ framework for Wyner—Ziv
coding. The DR performance of SWC-NQ for the quadratic
Gaussian case is presented, showing agreement with the
performance of entropy-coded lattice quantization in
classic source coding.

3) Our proof that the performance loss of Wyner—Ziv coding
of quadratic Gaussian sources with nested lattice quantiza-
tion at a fixed high rate is independent of the source corre-
lation, with or without Slepian—Wolf coding.

4) A nonlinear minimum MSE estimator at the decoder of
the nested lattice quantizer, which improves the quantizer
performance at low rate.

5) Practical designs of one-dimensional scalar and two-di-
mensional hexagonal nested lattice quantizers and multi-
level irregular LDPC codes for Slepian—Wolf coding, con-
firming our high-rate performance analyses for both nested
lattice quantization and SWC-NQ.

The rest of this paper is organized as follows. Section II
gives the background on Slepian—Wolf coding and Wyner-Ziv
coding. Section III defines lattices and nested lattices. Sec-
tion IV is devoted to the high-rate performance analysis of
nested lattice quantization. Section V introduces SWC-NQ
and analyzes its performance. Section VI proposes an optimal
quantizer decoder, discusses practical nested lattice quantizer
design and multilevel LDPC codes for Slepian—Wolf coding,
and presents simulation results. Section VII concludes the

paper.
A. Related Works

As mentioned earlier, Zamir et al. [42] studied the high-di-
mension asymptotics of nested lattice quantization for
Wyner—Ziv coding. Practical approaches to Wyner—Ziv coding
have recently been investigated in [26], [36], [31], [24], [12],
[28], [5], [22], [40]. For example, in DISCUS [26], two source
codes (scalar quantization and trellis-coded quantizer (TCQ))
and two channel codes (scalar coset code and trellis-based
coset code [35]) are used in source—channel coding for the
Wyner—Ziv problem, resulting in four combinations. One of



4360

them (scalar quantization with scalar coset code) is nested
scalar quantization and another one (TCQ with trellis-based
coset code, also suggested in [36]) can effectively be considered
as nested TCQ.

A recent work [29] starts with nonuniform quantization with
index reuse and Slepian—Wolf coding and shows the same
high-rate theoretical performance as ours when the quantizer
becomes an almost uniform one without index reuse. This
agrees with our finding in Section V that at high rate, the nested
quantizer asymptotically becomes a non-nested regular one so
that strong channel coding is guaranteed.

Servetto [31] explored explicit nested lattice constructions
based on similar sublattices [6]. But we point out that results
presented in this paper contradict those in [31], [32] in three
aspects: 1) Whereas our analysis in Section IV shows that fi-
nite-dimensional nested lattice quantization performs increas-
ingly worse than the Wyner—Ziv limit as the rate increases,3 [31,
Fig. 3] seems to indicate that the performance of a low-dimen-
sional nested lattice quantizer is a constant gap (in decibels)
away from the Wyner—Ziv limit in the 2.0-7.0 b/s rate range.
2) Our simulation results with two-dimensional nested lattice
quantization shown in Fig. 11(b) are much worse than those in
[31, Fig. 4]. 3) In [32], the author attempts to apply nested lat-
tice quantization to dense sensor networks with limited resource
(e.g., fixed rate), where high correlation among sensor outputs
is achieved by increasing the number of sensors. In contrast,
we show in Section IV that, at fixed rate and dimensionality,
the gap between the performance of a nested lattice quantizer
and the Wyner—Ziv limit is independent of the source correlation
at high rate—hence, there is no high-correlation asymptotics in
Wyner—Ziv coding at high rate.

II. THEORETICAL BACKGROUNDS

In this section, we give the background on Slepian—Wolf
coding and Wyner-Ziv coding.

A. Slepian—Wolf Coding

Slepian—Wolf coding is concerned with near-lossless source
coding with side information at the decoder. For lossless com-
pression of a pair of correlated, discrete random variables X and
Y, arate of Ry + Ry = H(X,Y) is sufficient if they are en-
coded jointly [9]. However, Slepian and Wolf [33] showed that

3The intuitive explanation for this increasing performance gap from the
Wyner—Ziv limit at high rate is given by a reviewer of [19], [31] as fol-
lows: Under the quadratic Gaussian correlation model X = Y 4 Z, with
N ~ N(0,0%), the noise Z should in high probability be contained in the
coarse lattice cell in order for the nested lattice coding scheme to function
well. Otherwise, the probability of decoding error will be too high, and will
dominate the total distortion, in particular, at high rate. Since a cubic cell does
not match the spherical shape of a multidimensional Gaussian, we must take
a large margin in the scaling of the coarse lattice to make the decoding error
probability small enough. Moreover, the smaller the total distortion needs to
be, the higher this margin must be.

Alternatively, using the concept of “cell overloading” [18], we can say that the
Voronoi cell of a low-dimensional (or any finite-dimensional) lattice quantizer
does not match the spherical shape of a multi-dimensional Gaussian, i.e., we
always have cell overloading with low-dimensional lattice quantizers. Relatively
large cell size (or low rate) are needed to avoid cell overloading. But as the
rate increases, the cell size decreases; this leads to more and more severe cell
overloading and explains the increasing performance gap from the Wyner-Ziv
limit.
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the rate Rx + Ry = H(X,Y) is almost sufficient even for
separate encoding (with joint decoding) of X and Y. Specifi-
cally, the Slepian—Wolf theorem says that the achievable region
for coding X and Y is given by

Rx ZH(X|Y) Ry > H(Y|X)7 Rx + Ry ZH(XY)
(H

This result shows that there is no loss of coding efficiency with
separate encoding when compared to joint encoding as long
as joint decoding is performed. When the side information
(e.g., Y) is perfectly available at the decoder, then the aim
of Slepian—Wolf coding is to compress X to the rate limit
H(X|Y).

B. Wyner—Ziv Coding

Wyner—Ziv coding [37], [38] deals with the problem of RD
with side information at the decoder. It asks the question of
how many bits are needed to encode X under the constraint
that E{d(X,X)} < D, assuming the side information Y is
available at the decoder but not at the encoder. This problem
generalizes the setup of [33] in that coding of X is lossy with
respect to a fidelity criterion rather than lossless. For both dis-
crete and continuous alphabets of X" and general distortion met-
rics d( - ), Wyner and Ziv [37] gave the RD function Ryz(D)
for this problem as Rz (D) = inf I(X; A|Y'), where the in-
fimum is taken over all auxiliary random variables A such that
Y — X — A is a Markov chain and there exists a function
X = X(A,Y) satisfying E{d(X, X)} < D. According to [37]

sz(D) Z RX‘y(D) = inf N I(X/X|Y)
{Xex:E{d(X,X)}<D}
where Ry |y (D) is the classic RD function of coding X with
Y available at the encoder (and the decoder). This means that,
compared to coding of X when the side information Y is also
available at the encoder, there is in general a rate loss with
Wyner-Ziv coding. Zamir quantified this loss in [41], showing
a < 0.22 b/s loss for binary sources with Hamming distance and
a < 0.5 b/s loss for continuous sources with MSE distortion.

When D is very small and the source is discrete-valued, the
Wyner—Ziv problem degenerates to the Slepian—Wolf problem
with

Rwz(D) = Rx|y(D) = H(X|Y).

Another interesting setup is the quadratic Gaussian case with
the source model being X =Y + Z and Z ~ N(0,0%), then

i a2
vaz(D) = RX|y(D) = 5 IOg 3

where log™ 2 = max{logz,0}, i.e., there is no rate loss in
this case. Note that Y is arbitrarily distributed [27]. When Y is
also Gaussian (then X and Y are jointly Gaussian memoryless
sources), let the covariance matrix of (X;,Y;) be

2
— Ox POXOY
- 2
1225 4% % O'Y
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with |p| < 1 for all n, then

2 2
Rwz(D) = Ry |y(D) = %log"’ [%} :

This case is of special interest in practice because many image

and video sources can be modeled as jointly Gaussian and

Wyner-Ziv coding suffers no rate loss. For the sake of sim-

plicity, we consider this specific case in our code designs.

III. LATTICES AND NESTED LATTICES

A. Lattices
For a set of n independent basis vectors {m,ma,...,m,},
an unbounded n-dimensional lattice A is defined by
A={l=Mi:ieZ"} 2)

and its generator matrix M = [myms ---m,]. The nearest
neighbor quantizer QA ( - ) associated with A is given by

Qa(x) = argmin |x —I|. 3)
leA

The basic Voronoi cell of A, which specifies the shape of the
nearest-neighbor decoding region, is

Y ={x:Qx(x) = 0}. 4)

Associated with the Voronoi cell V are several important quan-
tities: the cell volume V, the second moment o2 and the nor-
malized second moment G(A), defined by

o2

1
V= 4d 2= 24 d G(A) =
[ ot= % [xPax ana G = 2

n

)

respectively. The minimum of G(A) over all lattices in R™ is
denoted as G,,. By [7], G, > 5=, Vn, and lim,,_, o, G, = 5=

— 2me 2me "

B. Nested Lattices

A pair of n-dimensional lattices (A1, As) with corresponding
generator matrices M, and M, is nested if there exists an n X n
integer matrix P such that My = M; x P and |det P| > 1.
In this case, % is called the nesting ratio, and A, and A, are
called the fine and coarse lattices, respectively.

For a pair of nested lattices (A1, As), the points in the set
A1/As £ {A1 () V2} are called the coset leaders of A, relative
to A1, where V, is the basic Voronoi cell of Ay. For each v €
A1 /A, the set of shifted lattice points C(v) £ {v+1,Vl € Ay}
is called a coset of A, relative to Ay. The jth point of C'(v) is
denoted as ¢;(v). Then

C(0) ={¢;(0), VjeZ}=A, (6)
and
U o) = (7
VEJ\l/J\Q
Since

¢i(v) € A, VjeZ (8)
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we further define

Rj(v) = {x: Qx(x) = ¢;(v)}

as the Voronoi region associated with ¢;(v) in A1, and R(v) =
Uj= _ o Bj(v), then

U U rw= U Rv=R" ©

Jj=—00vEA /A2 VEA1 /A2

An examples of v,C(v), and R(v) for n = 2 are shown in
Fig. 1.

IV. NESTED LATTICE QUANTIZATION

Throughout this paper, we use the correlation model of X =
Y +Z, where X is the source to be coded, Y is the side informa-
tion, and Z is the noise. Y and Z are independent. In this section,
we discuss the performance of nested lattice quantization for
general sources where Y and Z are arbitrarily distributed con-
tinuous sources with zero mean, and for the quadratic Gaussian
case with Z ~ N(0,0%). For both cases, MSE is used as the
distortion measure.

Zamir et al.’s nested lattice quantization scheme [42] works
as follows: Let the pseudorandom vector U (the dither), known
to both the quantizer encoder and the decoder, be uniformly dis-
tributed over the basic Voronoi cell V; of the fine lattice A;. For
a given target average distortion D, denote « = , /1 — U% as the

estimation coefficient. Given the n-dimensional realizafions of
the source, the side information and the dither as x, y, and u, re-
spectively, then according to [42], the nested quantizer encoder
quantizes ax + u to the nearest point X, = Qa, (ax + u)
in Ay, computes s = xq, — Qa,(Xq,,) which is the coset
shift of xg o with respect to A5, and transmits the index corre-
sponding to this coset shift.
The nested quantizer decoder receives s, forms t =s — u —
ay, and reconstructs X as X =y + «a(t — @4, (t)) using linear
combination and dithering in estimation.
It is shown in [42] that the Wyner-Ziv DR function
Dwz(R) = 0%272R is achievable with infinite-dimen-
sional nested lattice quantization for quadratic Gaussian case.
In this paper, we analyze the high-rate performance of fi-
nite-dimensional nested lattice quantizers. Our analysis is based
on the high-resolution assumption, which means that D is small
compared to o%. Consequently, V; is small enough so that the
conditional pdf of X given Y, f(x|y), is approximately con-
stant over each Voronoi cell of A;. Under the high-rate assump-
tion, @ = 1. In addition, dithering is not needed in our high-rate
analysis. With @ = 1 and u = 0, the encoder/decoder described
above simplifies to the following.
* The encoder quantizes x to xq,, = Qa, (x), computes
s = xq,, — Qa,(Xq,,), and transmits an index corre-
sponding to the coset leader s.

* Upon receiving s, the decoder forms t = s — y and recon-
structs x asX =y +t — Q,(t) = s+ Qa,(y — s).

In the performance analysis, we limit ourselves to this sim-
plified nested lattice quantization scheme for high rate, which is
shown in Fig. 2 and was also used in [31].
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Fig. 1. An example of v, C(v), and R(v) for n = 2, where the shaded regions correspond to R(v).

Encoder Decoder

N X
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Side Information
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Fig. 2. The simplified nested lattice quantizer for Wyner—Ziv coding.

A. High-Rate Performance for General Sources With
Arbitrary Distribution

Theorem 4.1: If a pair of n-dimensional nested lattices

(A1, As) with nesting ratio N = % is used for nested lattice

quantization, the distortion per dimension in Wyner—Ziv coding
of X (with decoder side information Y') at high rate is

2 1
Do =GV + Bz [IQu@I?].  (0)

Proof: Since
R" = U U R;(v) (11)
j=—00vEA; /A2
the average distortion for a given realization of the side infor-

mation y is

D(y) = /R fx|y)llx — % dx

oo

-y Z./xeR.(v)f(X'”

VEA /Ay j=—00

x [lx = ¢;(v) +¢;(v) — x||* dx

oo

=Y X [ sl

VEAL /Ay j=—00
+lej(v) = x||* + 2(x — ¢;(v),
cj(v) — x)]dx

EEDYEDY [f(cj(V)ly)

VEAL /Ay J=—00

x / Ix — & (v) |2 dx
xER; (V)

+ / Fx|y)lle;(v) — ]2 dx
XER; (V)

DYDY lf(cxvny)nc:(mwf*%

VEA;/Ag J=—00

. / ey T ()

—Qu.(y = ¢(v) + Qu, (e;(V)II? dX]

© 2

=nG(A1)Vy

- /.
j;oo vss/\zl/A2 x€R;(v)

— nG(A)V;
+ / 21 9)11Quas (x — y)II? dx (12)
xER™

FI9)IQa, (x = y)II? dx
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where (a) comes from the high rate assumption and

/ <X—C]'(V),Cj(v)—§(> dx =0
Jx€ER;(v)

which is due to the fact that x — ¢;(v) is odd spherical sym-
metric for x € R;(v) and both ¢;(v) and %X are fixed for x €
Rj(v) with given v and y, (b) is due to ¢;(v) = Qa, (x) for
X € R;(v) and % = ¢;(¥) — Qu, (¢(¥)) + Qny(y — &5(v) +
Qa,(€j(v))), and (c) is because

Yo fe( Iy

VEA; /Ay j=—00

- >

VEAL /Ay j=—00

/ fx|ly)dx=1
JxeR™
and Qa, (a+Qnx, (b))

leads to

f(xly)d

(13)

= Qx,(a)+Qx,(b),Va, b € R", which

[ FOI9) 1005t
—Qu(y — &(v) + Qu. (I dx
- / Fx13) 1Qnales(v)
xER;(v)
— Qu(y — &(v)) = Qe (VI dx
- / F19) 1@aaly — ¢ ()| dx
xER;(v)

- / S IQax— )P dx.  (14)
xER;(v)

Therefore, the average distortion per dimension over all realiza-
tions of y is

D = By [D(y)]
G+ [ [ ey leu eI iy
= G(A)V; + Qn.(2)|° dzd
3 L5 [ s 1@n @ dnay

= GV + Bz [lon @) (1s)
O
Remarks:
* For a fixed pair of the nested lattices (A1, As), D,, only
depends on Z, i.e., the correlation between X and Y. It is
independent of the margmal d1str1but1on of X (orY).

o The first term Dg 2 G(Aq )V” in D,, is due to lattice
quantization, which is determined by the geometric struc-
ture and V7. It is the same as the MSE for classic lattice
quantizers [11]. The second term D = 1 LE7[|Qa,(Z)]1%]
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is the loss due to nesting (or lattice channel coding). It de-
pends on V5 and the distribution of Z, and is characterized
by the error probability of the lattice channel code.

B. The Quadratic Gaussian Case When n — oo

Corollary 4.1: In the quadratic Gaussian case

lim D, = Dwgz = 052728 (16)

n—oo
Proof: Since the nested lattice quantizer is a fixed-rate
quantizer with rate R = % log( ) per dimension, then (10)
can be rewritten as

2 1
Do =GV, 277 + — Bz [lQu@)IP]. (D)

For the quadratic Gaussian case, according to [42, eq. (3.14)]

1 1
lim —logVs = 2 log (27reo§) (18)

n—oo n

if we assume Ay is a good AWGN channel U%-code [71,
meaning ), approximates a Euclidean ball of radius \/noz.
Then

DVVZ (R) .
19)

2 1
lim G(A)V, 2728 = 2—27reaz2 2R

n—oo m™e

At the same time, according to [42, (3.12)], for any € > 0 and
sufficiently large n, P, {Z ¢ V,»} < € for the good A2, hence

Jim 2, [0, (2)]] = 0)
Consequently

lim D, = Dz = 022 2R (1)
for the quadratic Gaussian case. O

The limit (16) we obtain under the high rate assumption is
consistent with results in [42], which assert that nested lattice
quantization can achieve the Wyner—Ziv limit asymptotically as
the dimensionality n goes to infinity for all rates.

C. A Lower Bound on the DR Performance With Finite n in
the Quadratic Gaussian Case

The source coding loss Dg = G(Al)Vl;_l in (10) is in an
explicit form, while the channel coding loss

De = = Bzl Qx, (2)|F]

not so clear. In the quadratic Gaussian case with Z ~ (0,0%),
we obtain from Theorem 4.1 a lower bound on the high-rate DR
performance of finite-dimensional nested lattice quantizers.

Corollary 4.2: For X =Y + Z,Z ~ N(0,0%), the oper-
ational DR function D,,(R) of Wyner-Ziv coding of X (with
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decoder side information Y") using n-dimensional nested lattice
quantizers is lower-bounded at high rate by

D,(R) £ min{Ds(R) + Dc},  forn>1  (22)
2

with

Ds(R) = G(Ay)Vy 2728 (23)

and
_ -1
De "

1

© ol () 28

) l+r co
L

leA

n—1 2
x & — exp <_u_> du

2
oy 20%

11240202
s ()

sin” 2 6db

(24)

where | £ ||I||,r =72 (AT(5 + 1)Va) 7 is the packing radius
[7, p. 6] of Ao, and A its density [7, Table 1.2]. When n = 1,
the exact best possible high-rate DR performance is

D;(R) = min {G(Al)V2222R

V>>0
1. o=, Voo (.1
Proof:

i) Rate computation: The nested lattice quantizer is a fixed
rate quantizer with R = +log,({2).
ii) Distortion computation: The source coding loss is

G(Al)Vf = G(Al)V2F2_2R = Ds(R)

In the quadratic Gaussian case, the channel coding loss D¢ in
the second term of (10) can be evaluated as

De = 2B, [ @)]

2Y [ @I i

n
leAs
1 9 [
== f(z) dz
”,€A2 zeV2 (1)

% S 2P(z € V(1))

leA,

(26)

where V(1) is the Voronoi cell associated with the lattice point
l e As.

For the one-dimensional (n = 1) case, P-(z € V»(l)) can be
expressed in terms of the erfc function, then Ez[||Qx,(Z)]?]
becomes [10]

LEallQr @)

R . Vs o1
=5V > (2 + 1)erfe (\/%Z <z + 5)) . Q7

=0
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Fig. 3. Geometry used in evaluating P,.(z € V(1)) for the two-dimensional
case.

‘We hence have

Dy(R) = min G(Ay) V2 2R
2>
1 o=, Vo (.1
+§V2 ;(ZH— 1)erfc <\/§02 <L—|— 5)) } (28)

For the case when n > 1, since the distribution of z is spheri-
cally symmetric, without loss of generality, we can assume that
l € As lies on an axis (e.g., the horizontal axis, as shown in
Fig. 3 for n = 2) and use polar coordinate systems when com-
puting P.(z € Vs(1)). Let S be the packing sphere [7, p. 6] of
the Voronoi region V»(l). The volume of S is

T2 n
Vs— F(%+1)7‘ —AVQ.
When n = 2, from the (u, #) polar coordinate system in Fig. 3,
we have

(29)

P.(z e Vo(l)) > P (z € S)
l+r /2cos_1(12+;12urz) 1
U

1-r Jo 2mo7,

u2
X exp <——2> dfdu

207
1/”7“ (PP Hur =1\ u
— cos —_— | -
o - 2lu 0%

2
U
X exp <—@> du.

Similarly, when n =
(u,,0;), we have

(30)

3, from the polar coordinate system

P.(z e Vo(l)) > P (z € S)
dbr peos(Etpi=r?)
).

2 1 u?
X / df1u? ———— exp (——2> du
0 (27{')50’% 2(7Z

24?2 )
w

1 I+r cosfl( 5
B V 27 /l—r /0
2 2

U U
in§df — —— | du.
X sin =3 exp ( 20%> U

sin fdf

3D
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Fig. 4 (a) Distortions with different 5’s in the two-dimensional case. (b) D.,,(R) is the convex hull of distortions for different V2’s.
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Fig. 5. The lower bound D(R) of D,,(R) for different dimensions, with o2,

For n > 3, we generalize (31) by using the polar coordinate
system (u, 0,61, ...,0,_2) and its Jacobian determinant [3, p.
904] to get

P, (z € VZ(I))
(z€S)

/f”/

sin” 2 §db / sin™ 3 6, db,
0
/ smHn,ngn,g

0

27 n—1

u

X den_ T n
/o *(2m)F oy

2
U
— exp <_E> du

2
2 lL 77‘
n—1 e TSR
C T () 2sg D (2) 2578 /oo

X sin”~ 20d0 exp< —2> du (32)
oy 207,
because
™ ™ 27

/ sin" 2 6,df; - - - / sin 0,,_3df,,_s3 / db,,_o

0 0 0
(n=1)rT
oI

- Combining (30)—(32) with (26), we obtain the lower bound
D¢ in (24) for Do when n > 1. Hence we have (22). O

1
10
Rate (b/s)

12

= 0.01, in the quadratic Gaussian case.

Fig. 4(a) shows distortions with different V5’s using nested
Ay lattices in two dimensions with 0% = 0.01. The lower bound
D5 (R) is the lower convex hull of all operational DR points
with different V5, as shown in Fig. 4(b). We observe from Fig.
4(b) that the gap (in decibels) from D, (R) to Dwz(R) keeps
increasing as the rate increases. This is due to the fact that the
source coding loss
1 Va2

1 2
- (—Z\n = Vor 272R
129(A1)(N) 12g(A1) 2

she

Ds = G(A)V,

is bounded away from 2728 with increasing V3, where

(Al) = 12G(A ) is the granular gain [11] of lattice Ay, and
R = —logN with N being the nestmg ratio. Fig. 5 plots
Dy(R) forn = 1,2,4,8 and 24 with 02 = 0.01. We see that
for fixed but ﬁnite n, the gap (in decibels) between D, (R)
and the Wyner—Ziv DR function Dywz(R) = 0%27%f is an
increasing function of R, and that for fixed R, it is a decreasing
function of n.

From (10), (26), (30), and (32), we see that the gap between
D,,(R) and our lower bound D,,(R) for n > 1 s

LS PIP (e Valh) -

leAa

Pr(z € S (33)

Since V(1) will be more and more spherical-like as n increases,
our lower bound is asymptotically tight as n goes to infinity.
When n = 2, as we shall see from Fig. 11(b) in Section VI-C,
this gap is 0.6 dB at high rate. The following corollary asserts
that this gap is independent of % (or the correlation between
X and V).
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D. Performance Under Varying Source Correlation in the
Quadratic Gaussian Case

With the source model X =Y + Z in the quadratic Gaussian
case, we have 0% = 0% (1 — p?) = (62 + 0%)(1 — p?). If 02

is fixed, then the correlation coefficient p varies with o%.

Corollary 4.3: For fixed rate R and dimensionality n, the
lower bound D,,(R) of D,,(R) in (22) remains a constant gap
(in decibels) from the Wyner—Ziv limit Dywz(R) forall 0% > 0.

Proof: For any point I € Ag, according to (2), 1 = Moi
for some i € 7", then 1> = |[l|> = ' MJ Myi and
Vo = [det(MIMy)]z [7, p. 4]. Consider a similar lattice
[6] of Ao, denoted as A%, with packing radius v’ = 1 and gener-
ator matrix M3, then A is a scaled version of A, with scaling
factor r, which is also the packing radius of A, defined as
r=n"3(AL(2 4+ 1)Vs)« in Corollary 4.2. Thus, Mo = rMj
and l = rMJi.

Let 8 = \/i" MJ" Mji, i = -, and 7 = =, then | = fr =

Boz7. Starting from (23) and (24), we get

Ds(R) = G(A)V, 272R

- G(Al)r(AF(g 1)) FoLi2a 2R (34)
and
i S e peos™! (i=r?)
Do 2L
¢ nl(2H)28 72 l%\: I

n—1
X sin" 2 6 ~—— exp (—%) du
A Z

~ 1)7#
_ (n — 1)o%i? Z e /(ﬂ+ )7
nD (252) 2% 73 " o
i€zn:f=/iT Mj" M}i
.cosfl(—(‘@2 ;b):eraQ )
)
Jo

sin” 2§ dount

,&12
X exp <—7> da. (34)
Thus, the sum of Ds(R) and D¢ can be written as
Ds(R) + D¢ = 03U, 4, (7, R) 35)

with the function U5, 4, (7, R) depending on oz only through
T = é Therefore, for fixed R, both the optimal 7, denoted as
7*, which minimizes U, a, (7, R), and the resulting minimal
WA, A, (7, R) are independent of 0. Then the lower bound of
distortion is

D,(R) = ‘1/_1)11>%(D5(R) + D¢)

=minoz VU, A, (7, R) = 03Va, 4, (F*,R)  (36)

>0

which is proportional to ¢%. Since the Wyner-Ziv limit is

Dwz(R) = 02272 then the gap (in decibels) between
D, (R) and Dwz(R) for fixed R and n is
D, (R) Up, A, (7%, R)
101logyg Dwn(R) 101ogyp — 555 (37
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which is a constant that is independent of 0% (or the correlation
between X and V). O

In addition to the above result about the constant gap (in
decibesl) between the lower bound D,,(R) and Dwz(R) for
varying source correlation, we have a similar result when
D, (R) is replaced by D,,(R).

Corollary 4.4: For X =Y + Z,Z ~ N(0,0%), the opera-
tional DR function

. 2 1
D, (1) = pin { GA0V 272+ L Bl s @)1
(38)

of Wyner—Ziv coding of X (with decoder side information Y’)
using n-dimensional nested lattice quantizers at high but fixed
rate R remains a constant gap (in decibels) from the Wyner—Ziv
limit D\Vz(R) for all U% > 0.

Proof.' It suffices to show that D,, (R) is proportional to 0%.
Let z = % and define lattice /~\1 and /~X2 with generator matrix
M, = 1= M 1 and M2 1 Mg, respectively, then for any lat-
tice pomtl €Ay, 1= 1 l where lis the corresponding lattice
point of Ay. In addltlon l = ||l || = ==, and the volume of the
Voronoi cell of A2 is V2 e L v,. Smce the normalized second
moment remains unchanged With respect to lattice scaling and
rotation, we have

D, (1) = pin { GV 272+ L [0, 2] |

2>0

G(Ay)Vy 2728 4 — Z 12
leAa

< e ||z||2> ]
= exp 5 | dz
zeV5 (1) (27”72) 207

= min
/5>0

2 —2R 2
= G(A)Vyr 2 l
Py G
IeA,
1 5112
></ = exp <—w> dz 39)
e () (2m)2 2
which is proportional to 0% . O

V. SLEPIAN—-WOLF CODED NESTED LATTICE QUANTIZATION
(SWC-NQ)

A. Motivation of SWC-NQ

Recall from Theorem 4.1 that the distortion per dimension
of the nested lattice quantizer is D, = Ds + D¢, where

Ds = G(A1)Vy™ is the source coding loss, characterized by
the granular gain g(A;) of A; and the boundary gain b(A3) of
Ay, whereas the channel coding loss D¢ = LEZ[1Q,(Z)[1%]
is characterized by the error probability of lattice channel
decoding. Suppose the coarse lattice A, with Voronoi region Vs
in the n-dimensional space has the same overload probability
as a cubic support region of side £ centered at the origin, then,
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according to [11], b(A2) is defined as the ratio of the normal-
ized volume E? of the cubic support region to the normalized

2 )
volume V,". That is,

E2
b(A2) = —- (40)

‘/'271

Then
2 1 2 2 1 E2 2
Ds=G(\N))V;i=— VN "n=—u--—r Tn
s=OMINT =15, Y2 129(A) (M)

41)

where N is the nesting ratio. If N is fixed, Dg will decrease
with increasing b(A3); but D¢ remains unaffected because the
overload probability stays unchanged.

To increase the boundary gain b(A2), a second-stage of bin-
ning can be applied to the quantization indices. The essence of
binning is using a channel code to partition the support region
into cosets. Assume ideal channel code is employed to partition
the support region Vs into k cosets without decoding errors and
denote the set consisting of the coset leaders as £, then |£| = k
and the support region for the quantization indices (or the nested
quantizer), which is also the set of the quantization cells asso-
ciated with £, has volume % Thus, the effective volume of the
support region decreases by a factor of k after the second stage
of binning, and therefore the boundary gain b(A5) increases by
a factor of k.

We thus propose a framework for Wyner—Ziv coding of i.i.d.
sources based on SWC-NQ, which follows NQ by Slepian—Wolf
coding to perform second-stage binning. Despite the fact that
there is almost no correlation among the nested quantization in-
dices that identify the coset leaders s = xq, — Qa,(Xq,,) €
A1 /A5 of nested lattice pair (A1, Ay), there still remains corre-
lation between s and the side information y, especially at high
rate. Writt W = Q,(X) and S = W — Q,,(W). Ideal
Slepian—Wolf coding can be used to compress S to the rate of
R = LH(S|Y) per dimension. In practice, state-of-the-art
channel codes, such as LDPC codes, can be used to approach the
Slepian—Wolf limit 2 H(S|Y) [20]. The role of Slepian-Wolf
coding in SWC-NQ is thus to exploit the correlation between S
and Y for further compression.

B. High-Rate Performance for the Quadratic Gaussian Case

Lemma 5.1: For the quadratic Gaussian case, a lower bound
for the high-rate performance of SWC-NQ with a pair of nested
lattices (A1, A2) is given as

D, (R) > G(A)27 " XA2)52 920 L D (42)
where
}LI(X7A2)
_ Sl ¢i(0
é—/ Fx)logy | Y Foo+ SO w3)
JxER™ oo 0z

f(-) is the probability density function (pdf) of an n-dimen-
sional i.i.d. Gaussian source with mean 0 and covariance matrix
I, xn, ¢;(0) is defined in Section III-B as lattice points of As,
and D is the same as given in (24).
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Proof: See Appendix A. O

The lower bounds of D, (R) forn = 1 and n = 2 with
different V5 are plotted in Fig. 6. It indicates that the best per-
formance of a Slepian—Wolf coded nested scalar quantizer re-
mains a constant gap (in decibels) from the Wyner—Ziv limit at
high rate. Here the best means that the minimal achievable dis-
tortion D over all possible V5 for a given rate R. Before rigor-
ously stating our main result in a theorem, we give the following
lemma.

Lemma 5.2: For nested lattice quantization with W =
Qr,(X)and S = W — Qx, (W), H(S|Y) = HW|Y) at
high rate.

Proof: See Appendix B. O

Theorem 5.2: For the quadratic Gaussian case, the optimal
DR performance of SWC-NQ using n-dimensional nested lat-
tices at high rate is

Di(R) 2 min D, (R) = oameG(A)o22 28 (44)
2
Proof: 1) By Lemma 5.2
nR=H(S|Y)=H(W|Y)
= H(Qx (X)]Y)
= W(X|Y) - log Vi
= glog (2%60%) —log V4 (45)

and D,(R) = Ds + D¢ = Ds = G(A,)V," since D¢ = 0
under ideal Slepian—Wolf coding. Combine R and D,, through
V1 and we get the DR function as

lim D, (R) = 21eG(Ay)o527 2R, (46)

Vo —00

Since

D} (R) = n‘1,1n D,(R) < lim D,(R)
2

n —
Vo —o00

we have

Di(R) < 2meG(Ay)oZ27 2. 47)

2) Denote w = Q,, (x), and
§ 2 {(X,X): © Bld(X, X)] < D).
The rate of Wyner—Ziv coding with respect to D,, is [37]
nR*(D,) = min I(X;81Y)
p(s),p(%|5,y),(X,X)€S:

(a) .
= min

__H(8]Y)
p(s),p(X |s,y),(X,X)€S:

()

min

p(s),p(x]s,y),(X,X)€ES:

(43)

where (a) comes from H(S|X,Y) =
Lemma 5.2.

0 and (b) is due to
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Fig. 6. Lower bounds of (a) D1(R) and (b) D>(R) with different V>’s.

Define S» £ {(X, W) : L E[d(X,W)] < D,,}. From The-

orem 4.1

~ 2
n

lE[d(X,X)] =G(A)V" + %Ez [IIQAQ(Z)IIZ]

%E[d(X,W)] + %Ez [IIQAQ(Z)IIZ}

10 12 14 16 18 20
Rate (b/s)

(b)

> < Bld(X, W)

then for V(X,X) € &

Dy > S EA(X, X)) > ~ Bld(X, W),
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(49)

(50)
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which means (X, X) € Ss. Hence, S; C 8o, and

nR*(D,) = min H(W|Y)
p(s),p(x|s,y),(X,X)ES:
> min HW]|Y). (51
p(s),p(x]s,y),(X,X)ES:
Since
HW|Y)= g log(2meo?) —log V;
and
1 2
EE[d(X,W)] = G(A)VY"
(51) becomes
nR*(D,,) > min n log (2meay) — log Vi
p(s),p(%]s,y),(X,X)ES>
= min

L E[d(X,W)]<D,
{ log (2meo) — Elogw}
2 G(A1)
n 2meG(A1)o%
[d(X W)]<D 2% LE[d(X, W)]

n . 2meG(A1)o%

= §log T2 (52)

2
‘We thus have

D:(R) > 2meG(Ay)o327 2R, (53)
Combining (47) and (53), we conclude that, at high rate, the
best DR performance of the quadratic Gaussian SWC-NQ using

n-dimensional lattices is
D:(R) = 2meG(Ay)oZ27 2R (54)

]

Thus, at high rate and for the quadratic Gaussian case,
SWC-NQ performs the same as classic entropy-coded lattice
quantization with the side information available at both the
encoder and decoder. Specifically, the DR functions with
one-dimensional (scalar) lattice and two-dimensional (hexag-
onal) nested lattices are 1.53 and 1.36 dB away from the
Wyner—Ziv DR function, respectively.

We found that for finite rate R and small n (e.g., » = 1 and
2), the optimal V5, denoted as V5", that minimizes the distortion
D, (R) is also finite. Fig. 7(a) and (b) plots the optimal V5" as
functions of R for n = 1 and n = 2 (scaled by oz and U%,
respectively). We see that as R goes to infinity, V5" also goes to
infinity. In addition, we observe from Fig. 6 that for fixed R and
n, D,,(R) stays roughly unchanged for V5 > V5"

Remarks:

e Since SWC-NQ has its root in variable-rate quantization,
it is not surprising to see (54) as an elegant generalization
of the result in entropy-coded quantization from classic
source coding to Wyner—Ziv coding.

e SWC-NQ relies on conditional entropy coding (or
Slepian—Wolf coding implemented via channel coding) to
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achieve rate savings after nested lattice quantization. That
fact that (54) holds means two things: 1) Just like entropy
coding can achieve all the boundary gain in classic source
coding of Gaussian sources [18], Slepian—Wolf coding
in SWC-NQ can realize all the remaining boundary gain
left unexploited by the coarse lattice channel code of the
nested lattice quantizer. 2) Ideal Slepian—Wolf coding also
renders the channel code loss D¢ in D,, = Ds + D¢
to zero. Thus, with ideal Slepian-Wolf coding, the only
remaining loss in D,, is the granular loss portion of Dg,
which is maximally 1.53 dB [11].

Similar to Corollary 4.4, we give (without proof) the following

corollary of Theorem 5.2 for high-rate SWC-NQ.

Corollary 5.5: For fixed dimensionality n, the optimal
performance of high-rate SWC-NQ in the quadratic Gaussian
case is 10log;, 2mreG(Ay) decibels from the Wyner—Ziv limit
Dywz(R) forall % > 0 (or any correlation between X and Y').

The above result is stronger than that in Corollary 4.3 be-
cause the 10log;, 2meG(A1) decibel gap is also independent
of the rate R. We thus conclude that the high-rate performance
loss of Wyner—Ziv coding of quadratic Gaussian sources with
nested lattice quantization is independent of the source correla-
tion, regardless of whether Slepian—Wolf coding is used or not.
There are only high-dimension asymptotics with nested lattice
quantization (studied in [42]) and high-rate asymptotics with
SWC-NQ (presented in Theorem 5.2).

VI. CODE DESIGN AND SIMULATION RESULTS

A. Design of Nested Lattice Quantizer

The nested lattice quantizer design problem involves op-
timizing the nesting in the quantizer encoder (under a fixed
nesting ratio N) and devising the minimum MSE estimator at
the decoder.

1) Optimizing the Nesting Scheme of Lattices: Lattices with
the densest packing (i.e., the best channel code) and the thinnest
covering (i.e., the best source code) are introduced in [7]. For
example, the hexagon lattice A, is the best lattice source code
and the best lattice channel code at n = 2. To optimize the
nesting scheme, A, should be clean and geometrically similar
to Ay [6], [31], where the former means that the Voronoi cell
boundaries for As do not intersect A;. We follow the scheme
suggested by Conway et al. in [6] to search for clean and similar
nested lattice pairs. Fig. 8 illustrates the nesting lattice pair for
Ag with nesting ratio N = 31.

2) The Optimal Decoder: The optimal decoder for the nested
lattice quantizer is the one that minimizes the MSE between X
and the reconstructed X .

Theorem 6.3: The minimum MSE decoder for the nested lat-
tice quantizer is

fR xf(x|y)dx
fR(S)f x|y)dx

%= E[X|s,y] = (55)

where s = xq,, — Qa,(XqQ,,) € A1/Asz is the received coset
leader for x at the decoder.
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Fig. 8. A clean and geometrically similar nested hexagonal lattice pair with nesting ratio N = 31.

Proof:

%= PIX|sy]= [ x/(x|sy)dx

fx.sly) .
/nx p(sly) !

_ Jrn Xf(x,8]y) dx
p(s|y)

_ Jpe X xy)p(s|x,y) dx
fR(s) f(X | Y) dx

Since S, X and Y form a Markov chain Y «+— X «— S

(56)

if
p(s|xy) =p(s|x) = {(1): ifi i ggzg (57
Thus,
o e XIIYEIx) A fp /I

fR(s) f(xly)dx fR(s) flx]y)dx
Note that this optimal quantizer decoder (58), which is in the
form of a nonlinear estimator, is consistent with the centroid
condition in classic minimum MSE lattice (or vector) quantizer
design [18].
As an example, in the quadratic Gaussian case with X =
Y+ Z,Y ~ N(0,02)and Z ~ N(0,0%), whenn = 1

1 _(z—y)?

: e 202
\2moy

f(zly) =

the optimal decoder for a nested scalar quantizer can be ex-
pressed as

()i 5 _(172)2
S < 202
G
T = (z=y)? (59)
oo (s+1)q1+ia2 ~— 202
Zj=—°° sq1+7q2 ¢ # dw

where ¢; and g5 are the step sizes of the nested scalar quantizers
A1 and A5 with g = Nq; and N being the nesting ratio.

Nonlinear estimation at the decoder plays an important role
at low rate. Fig. 9 shows the improvement gained at low rate
by using the nonlinear minimum MSE estimator of (58) versus
the linear estimator s + QA,(y — s) valid for high rate (see
Section IV) for n = 2 with 6% = 1 and 0% = 0.01.

Corollary 6.6: The nonlinear minimum MSE estimator of
(58) degenerates to the linear one X = s + Q, (y — s) at high
rate.

Proof: At high rate

fR(S) xf(x|y)dx

Jr) F(x1y) dx

B DD, ij(s) xf(x|y)dx

= S ij(s) flx]y)dx

T 1(8) Ji o) £l y)

D D R EIF T

o) 54 Q05 = 9] o gy S )
Poiorny e F(x1¥) dx

=s+Qr,(y—s)

X =

(60)
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2_4 2_ L
02=1,02=0.01 X=Y+Z
-20 . : : :

Nested Quantization without
SWC using linear estimation
Nested Quantization without
SWC using non-linear estimation
Nested Quantization with ideal
SWC using linear estimation 1
Nested Quantization with ideal
SWC using non-linear estimation
Wyner-Ziv distortion-rate function
for coding X

A

N

Distortion (dB)

Rate (b/s)

Fig. 9. Improvement gained at low rate by using the nonlinear minimum MSE
estimator versus the linear estimator for n = 2, (rf/ =1 and rr% = 0.01.

where (a) and (b) are due to the high rate assumption and

Vi(s +Qa,(y —s)) = {x: Qr, (x) =s + Qu,(y —s)}. O

Recall that the linear estimator of (60) is the one we use for
high-rate performance analysis in Section IV. But nonlinear es-
timation is employed for all rate in our simulations. Since (58)
involves integration over a disconnected region consisting of
many isolated Voronoi cells, we use the Monte Carlo method
to compute this integration in our simulations.

B. Practical Slepian—Wolf Code Design

We compress S using multilevel Slepian—Wolf coding with
Y as the decoder side information. Denote J(0 < J < N — 1)
as the index of S and write J as B,,B,,_1--- BBy in
its binary representation, where B,, is the most signifi-
cant bit of .J, and B; the least significant bit. At first B,
is compressed using the first Slepian—-Wolf code to rate
Ry = H(B1|Y), then By is compressed with the second
Slepian—-Wolf code to rate Ry = H(B2|Y, B1), and so on.
Finally, B,,, is compressed with the mth Slepian—Wolf code to
rate R,, = H(By, | Y, Bi,..., By,_1). By the chain rule

Ri+Ry+ -+ R, =H(J|Y)

H(S|Y).

The rate per dimension is

1 1
R:;(R1+R2+---+Rm):EH(S|Y).

By splitting S into multiple bit planes, well-studied bi-
nary channel codes can be used to implement Slepian—Wolf
coding of each of them. The idea is to treat B;(1 < i < m)
as an input into some “hypothetical” channel with output
(Y, B1, Ba,...,B;_1). At the encoder, the syndrome of the
designed channel code for a sequence of realizations of B;
is computed and passed to the decoder. Therefore, the com-
pression rate is one minus the channel code rate and thus the
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Fig. 10. SWC-NQ with multilevel Slepian—Wolf coding.

ideal code rate is 1 — R; = 1 — H(B;|Y,B1,...,Bi—1).
Decoding the ith bit plane B; is similar to conventional
channel decoding except one thing: instead of decoding into
a channel codeword, the decoder estimates the sequence of
realizations of B; using the received syndrome in conjunction
with (Y, By, B, ..., B;_1). Fig. 10 depicts SWC-NQ with
multilevel Slepian—Wolf coding.

In practice, LDPC codes have been used to implement the
Slepian—Wolf codes for their near-capacity performance [22].
To design the Slepian-Wolf code for the ¢th bit plane B;, it
is essential to estimate the desired channel code rate, i.e., 1 —
H(B;|Y,By,...,B; — 1), via gathering the statistics for the
hypothetical channel with input B; and output (Y, By, ..., B;—
1). In the following, we illustrate this Slepian—Wolf code de-
sign process, starting from estimating Pr(B; = by,...,B; =
bi|Y =y),forallyand1 < i < m.

Because B; is a deterministic function of X, with a slight
abuse of notation, we define b;(-) as this function. In other
words, B; = b;(X). Then we have

Pr(By =b1,...,Bi=b;|Y =y)

B .f(x|y)dx

f(2) dz. (61)

'/bl (z+y)=b1,....b; (z+y)=b;

In the one-dimensional case (with n = 1), the integration in-
terval {z |b1(z +y) = b1,...,b;(z + y) = b;} in (61) corre-
sponds to a union of infinite number of intervals. However, since
f(2) decays exponentially from the origin, we can approximate
the integral, thus, Pr(B; = by,...,B; = b;|Y = y), accu-
rately as a linear combination of a few Gaussian tail probabili-
ties.

In higher dimensional cases (with n > 2), however, Pr(B; =
bi,...,B; = b;|'Y = y) cannot be obtained analytically. For
example, the integration region {z | b1(z+y) = by,...,bi(z+
y) = b;} in the two-dimensional case corresponds to a union of
hexagons and hence no simple analytical solution can be found.
Although numerical integration may be used to evaluate (61),
we use Monte Carlo simulations because they are more flexible.
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Specifically, we first quantize the real axis into K intervals and
partition all possible values of Y into K™ regions Y; for j =

., K™.Denote Y(y) as the region that contains y and define
1( - ) as an indicator function that equals to one if its argument is
true and zero otherwise. We then draw L independent samples of
Y’ ~ N(0,021,)and Z’ ~ N(0,0%L,), where I, is the n x n
identity matrix, and let the /th samples be ¥; and Z;, respectively.
Thenx; = y; + 7z, 1 <1 < L will be statistically equivalent to
samples of X. Finally, by simple number counting, we approxi-
mate the probability Pr(B; = by,...,B; = b;|Y =y)in(61)

as shown in
Pr(By =by,....,B;=b;|Y =y)
~Pr(By=b1,...,B;=b;]Y € Y(y))
it L3 € Y(),ba(%0) = b, bixe) = bi)
S 13 € Y(y))
(62)

1) Desired Channel Code Rate Computation: Armed with
(62), we estimate the LDPC code rate for the sth bit plane B; as
shown in the first expression at the bottom of the page, where

PI‘(Blzbl.,...7Bi:1|Y€Yj)
and

Pr(Bl = b17 C 7Bi—1 =b;_1 |Y € Yj)

are obtained directly from (62)

1 1
H(p) = P10g2]; + (1 —p)log, 1o

and

P(YEYJ,Bl—bl 11—b1 1)
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estimated by using similar Monte Carlo simulations as in (62)
with

PI‘(Y € Yj,Bl =by,...,B;_1 = bi—l)

L
1
=7 Zl(}_’z €Y, bi(X) =b1,....bi_1(X1) = bi—1). (63)
=1

2) Channel Estimation: Recall that at the sth bit plane,
Slepian—Wolf decoding can be viewed as channel decoding
over a hypothetical channel with input B; and output
(Y, Bl,Bg,... B;_1). Assuming that Y = y,B; =
bi,...,B;_1 = b;_1, the channel statistics, which is needed
for decodlng B;, is entirely captured by the log-likelihood ratio
(LLR) shown as the second array of equations at the bottom of

the page, where L,, = log % is the a priori LLR, which
can be estimated as

Zl 1 ( (7l>:1).
El 1 ( ( 1)20)

In practice, Ly, is used to design the LDPC code degree pro-
files with the help of density evolution [4], [30]. It also served
as an initial estimate during decoding. L.y, is updated after each
decoding iteration. After the final iteration, it is added to the a
priori LLR Ly, for the estimation of B;. Finally, the estimate l;i
will be one if the sum is positive and zero otherwise.

While we code the bit planes from the least significant to the
most significant levels (i.e., in a bottom-up fashion), the reverse
(i.e., top-down) order is also feasible. Theoretically, there is
no performance difference between these two Slepian—Wolf
coding schemes since the chain rule will result in the same joint
conditional entropy H (S |Y). Coding from top down is needed
for successive refinement in practical Wyner—Ziv coding [4].
However, coding from bottom up in practice can give slightly
better performance at high rate. For example, as shown in

— H(B;|Y.Bi,...
o
1= >
j=1 b1ef{o1}
by 16{01}

B;_1)

PI‘(YE Yj,Bl :bl,...,

K"

Bi_1 = bi_l)H(PI‘(B =1 | Y € Y Bl = bl. .. -;Bi—l = bi—l))

PI‘(Bl—bl ..... —1|Y€Y)
=1- Pr(YeY,;,Bi=0b1,...,Bi_1=b;_1)H
Z;bz MY €Yy Bi=byyoo s Bica ) (Pr(Bl_bl Bioi=bia|[Y €Y))
7 16{01}
by 16{01}
L lo PT(Y—y,Bl—bl ..... Bz 1—bZ 1|B—1)
S P (Y =y, Bi=b1,...,Bi_1 = bi_1 | B; = 0)
1Olj(Y yBl—bl ..... Bll—b71B—1)_10 PT(B1:1)
SP(Y=y,Bi=b1,....Bi1 =b;1.B; =0) S P.(B; =0)
1o Pr(Bl—bla--'7Bi—1—bz—lsz:1|YZY)_IO‘PT(Bizl)
EP(Bi=br,. Bii=bi1, B, =0|Y =y)  °P(B;i=0)
A P.(By=0b1,...,Bi-1 =b;—1,B;=1|Y =Yy)
= log — L,y
PT(Bl—blv"'7Bi—1:bi—l7Bi:0|Y:y)
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TABLE 1
THE CONDITIONAL ENTROPY, LDPC CODE RATE, AND THE CORRESPONDING DEGREE DISTRIBUTION POLYNOMIALS A(x) AND p(&) FOR EACH BIT PLANE OF
ONE-DIMENSIONAL SLEPIAN-WOLF CODED NESTED LATTICE QUANTIZATION WITH NESTING RATIO N = 64. H(S'|Y') = 4.9618231 B/s; R = 5.009 B/S

Bit | Conditional LDPC Degree polynomials
plane entropy code rate Az) p(z)
0.114444z + 0.179976z% + 0.147790z° + 0.080683z” + 0.012620z° +
6 0.1316364 0.850 0.020889x8 + 0.132564x2° + 0.033668z2* + 0.001529z37 + 0.060635x: z*
+0.019736258 + 0.0334802"! 4 0.123705: + 0.038282:5¢
0.345952z + 0.18343022 + 0.000084z2 + 0.009634z* + 0.1858912° 0,803
5 0.8304147 0.141 +0.0001042° + 0.115577z** + 0.021200z'° + 0.010848z°
+0.2z*
+0.108563z¢ + 0.015865:® + 0.00272625° + 0.0001242°°
4 0.9997720 0 N/A N/A
1-3 | 1.0000000 0 N/A N/A

TABLE 11
THE CONDITIONAL ENTROPY, LDPC CODE RATE, AND THE CORRESPONDING DEGREE DISTRIBUTION POLYNOMIALS A(2) AND p(2) FOR EACH BIT PLANE
OF TWO-DIMENSIONAL SLEPIAN—WOLF CODED NESTED LATTICE QUANTIZATION WITH NESTING RATIO (A) N = T; éH (S|Y) =091278 B/s; R =
0.98 B/s AND (B) N = 31; %H(S | Y) = 1.66376325 B/s; R = 1.749 B/s

Bit Conditional LDPC

Degree polynomials

plane entropy code rate Az) p(z)
3 0.4307767 0.494 0.154196z 4 0.607571x? 4 0.1915982z° + 0.046635x° 0.52% 4 0.52°
2 0.6187541 0.342 0.188401 + 0.432910z2 4 0.107433z'* + 0.271255212 0.3z" +0.72°

1 0.7760298 0.204 0.142139z + 0.250041z2 +

0.027853z" + 0.116382z° + 0.463585z>° | 0.12° + 0.92°

(a)
Bit Conditional LDPC Degree polynomials
plane entropy code rate Az) p(z)
5 0.6043050 0.349 0.193289z + 0.45002322 + 0.356688x"! 0.4z* + 0.62°
4 0.4695057 0.502 0.1472162 4 0.60332422 + 0.122048z% + 0.1274132° 0.32° +0.72°
3 0.7903277 0.178 | 0.149076x + 0.247592x> + 0.0394902" + 0.1081752° + 0.4556682% | 0.42° + 0.62°
2 0.7097249 0.255 0.2295762 + 0.4167822% + 0.1423612* + 0.2112812*2 0.22% + 0.82*
1 0.7536632 0.218 0.255287z + 0.4184962% + 0.300630z"" + 0.025587x'2 0.62° + 0.4z*
(b)

Table I, the conditional entropies of several lower bit planes in
the one-dimensional case are almost equal to one and hence
the corresponding bit planes are not compressed in practice.
Therefore, Slepian—Wolf coding is only employed to compress
the two most significant bit planes. Since Slepian—Wolf coding
is near- lossless, the fewer the bit planes we code, the smaller
the extra distortion introduced in Slepian—Wolf decoding. In
the case of coding the bit planes from top down, more bit
planes have their conditional entropies quite smaller than one;
Slepian—Wolf coding of these bit planes result in higher extra
distortion (see [4] for details).

C. Simulation Results

Assuming the source X and the decoder side information
Y are related by X = Y 4+ 7, with Y ~ N(0,1.0) and
Z ~ N(0,0.01), extensive simulations have been carried out to
evaluate nested lattice quantization in the one- and two-dimen-
sional cases and our proposed SWC-NQ scheme for Wyner-Ziv

coding of X . The bit-error rate of our practical Slepian—Wolf de-
coder is less than 10~% and the errors are accounted for in our
reported MSE distortion.

In the one-dimensional case, Fig. 11(a) shows results with
nested lattice quantization alone and with SWC-NQ. Nested
lattice/scalar quantization alone exhibits a 3.95-9.60-dB per-
formance gap from Dz (R) for R =1.0-6.0 b/s, which agrees
with the exact high-rate performance given in (29) in Corol-
lary 4.2. With SWC-NQ, we observe that the gap between our
simulation results with ideal Slepian—Wolf coding (with rate
computed as H(S|Y)) and Dwz(R) is indeed 1.53 dB at high
rate; using practical Slepian—Wolf codes based on irregular
LDPC codes of length 10° bits (with profiles from Table I), this
gap is 1.66-1.80 dB for R = 0.93-5.0 b/s.

For two-dimensional nested lattice quantization, we use the
A, hexagonal lattices. Table II lists the conditional entropy
and practical LDPC code rate for each bit plane when the
nesting ratio N = 7 and 31, along with the profiles of the prac-
tical LDPC codes. Fig. 11(b) gives results with nested lattice
quantization alone and with SWC-NQ. With two-dimensional
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Fig. 11. Results based on (a) one-dimensional nested lattice quantization with and without SWC and (b) two-dimensional nested A, lattice quantization with and
without SWC.
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nested lattice quantization alone, our simulated performance
is 4.06-8.48 dB worse than Dywyz(R) for R = 1.40-5.0 b/s.
At high rate, our simulated points are 0.6 dB above the lower
bound given in (26) in Corollary 4.2. Since the sphere-based
lower bound becomes tighter and tighter as n increases (and
exact as m goes to infinity), we conclude that 0.6 dB (observed
at n = 2) is the maximum gap between the lower bound in
Corollary 4.2 and Dywz(R) at high rate.

With SWC-NQ, we also see from Fig. 11(b) that the gap be-
tween our results with ideal Slepian—Wolf coding (assuming
R = JH(S|Y) bits per second) and Dyz(R) is 1.36 dB at
high rate. With practical Slepian—Wolf coding based on irreg-
ular LDPC codes (of length 106 bits), this gap is 1.67-1.84 dB
for R = 0.95-3.29 b/s.

VII. CONCLUSION

In this paper, we have analyzed the high-rate performance of
nested lattice quantization for Wyner—Ziv coding, showing an
increasing gap from the theoretical limit as the rate increases.
The reason for the increase of the gap is mainly because the
boundary loss is an increasing function of the rate. To compen-
sate for the boundary loss, an SWC-NQ framework has been
proposed for Wyner—Ziv coding, where Slepian—Wolf coding
plays the role of second-stage binning to save rate after nested
lattice quantization. Assuming ideal Slepian—Wolf coding,
SWC-NQ is shown to perform a constant gap (in decibels)
away from the Wyner—Ziv DR function at high rate. This result
mirrors that from entropy-coded quantization in classic source
coding. A nonlinear minimum MSE estimator at the decoder
is introduced and used in simulations that degenerates to the
linear estimator we use in our high-rate performance analysis.
Simulations with one- and two-dimensional nested lattice quan-
tization and SWC-NQ (with ideal Slepian-Wolf coding) for
quadratic Gaussian sources show agreement with our high-rate
analytical results. Using irregular LDPC codes for practical
Slepian—Wolf coding in SWC-NQ exhibits a roughly constant
gap from the Wyner—Ziv limit for a wide range of rates.

We have also proved that the performance loss of Wyner—Ziv
coding of quadratic Gaussian sources with nested lattice quan-
tization at a fixed high rate is independent of the source corre-
lation, with or without Slepian—Wolf coding.

APPENDIX A

Proof of Lemma 5.1 for the lower bound on the DR perfor-
mance SWC-NQ in the quadratic Gaussian case.
1) Rate Computation: The rate for SWC-NQ is

1
R=—H(S|Y). (64)
n
Since at high rate
pely)= > [ xpv(dx
j=—oo /XER;(s)

3 /ER ot ei(0) dx

j=—oc0
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© S fols+ o)V,

j=—o0

=g(s)n (65)

where (a) is due to the high rate assumption and

9(x) £ Y fz(x+¢(0)).

j=—c0

Then the achievable rate of SWC-NQ is

nR=H(S|Y)=- 3 psly)loglp(s|y)]
SEAL /A2
Y S pisly)logsles)i]
sEA1 /A2

= Y Y [ abctei(0)dxlog o)
SEA; /Ay j=—00" x€Ro(s)
—log, V1
j=—o00 SEAl/AQ
— log, 11

@_ / fz(x)log, g(x) dx — log, V1
Jx€ER™

/ fa(x + ¢;(0)) log, g(x) dx
xERo(s)

:-/ERH fz(x)log, Z fz(x+¢(0))| dx

j=—c0

—logy V1

where (b) and (c) use the high rate assumption and (d) is due

to the periodic property of g( - ), i.e., g(x —1) = g(x),Vl € A,.

Thus. the achievable rate of SWC-NQ is
nR=H(S|Y)=h(X,As) + log, 0% —logy V1.  (66)

2) Distortion Computation: From Theorem 4.1, the average
distortion of nested lattice2quantization over all realizations of
(X,Y)is D,, = G(A1)Vy" + 2 Ez[||Q4, (Z)||?], which can be
lower-bounded as

D, > G(A)V;" + Dc (67)
according to (26) and (32)

Because Slepian—Wolf coding is near-lossless, the distortion
of SWC-NQ is also D,,. Combining D,, and R through V; in
(66) and (67), we obtain the DR performance of SWC-NQ with
a pair of n-dimensional nested lattices (A1, Ay) as

D, (R) > G(A)27" XA2)529=2R L B (68)

APPENDIX B

Proof of Lemma 5.2: This proof closely follows [37, p. 3, re-
mark 3)] with slight modifications. Let § £ min .4 d(w, %) > 0.
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Here ¢ is actually the minimum distance between points in A.
Thus, if (X,X) € &

A2 PAW £ X} < S EldW, X))

< W, X)) + Bax. X)) (69)

where (a) is due to the triangle inequality. From Theorem 4.1,
D = LE[d(X,X)] = Ds + Dc, where Dg = L E[d(W,X)]

is the source coding loss and D is the channel coding loss, then

A< ?. (70)

Now since X is a function of S and Y, Fano’s inequality [9],
[15] implies that

H(W|S,Y) < —XlogA — (1 — X)log(1 — A) + Alog(|W))

2 () (71)
then
H(S|Y) > [(W;S|Y)
=H(W|Y)-H(W|S)Y)
2H(W|Y)—e<¥>. (72)
Meanwhile

H(W|Y) > I(W;S|Y)
= H(S|Y) - H(S|W,Y)
— H(S|Y). (73)

At high rate, D — 0 and ¢(222) — 0, thus H(S|Y) =
H(W|Y).
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