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Abstract—This paper investigates the joint source-channel
coding problem of sending a memoryless source over a mem-
oryless broadcast channel. An inner bound and several outer
bounds on the admissible distortion region are derived, which
respectively generalize and unify several existing bounds. As a
consequence, we also obtain an inner bound and an outer bound
for the degraded broadcast channel case. When specialized to
the Gaussian or binary source broadcast, the inner bound and
outer bound not only recover the best known inner bound and
outer bound in the literature, but also generate some new results.
Besides, we also extend the inner bound and outer bounds to
the Wyner-Ziv source broadcast problem, i.e., source broadcast
with side information available at decoders. Some new bounds
are obtained when specialized to the Wyner-Ziv Gaussian and
Wyner-Ziv binary cases.

Index Terms—Joint source-channel coding (JSCC), hybrid cod-
ing, Wyner-Ziv, side information, multivariate covering/packing,
method of introducing remote channels, network information
theory.

I. INTRODUCTION

As stated in Shannon’s source-channel separation theorem
[2], cascading source coding and channel coding does not lose
the optimality for point-to-point communication systems. This
separation theorem does not only suggest a simple system
architecture in which source coding and channel coding are
separated by a universal digital interface, but also guaran-
tees that such architecture does not incur any asymptotic
performance loss. Consequently, it forms the basis of the
architecture of today’s communication systems. However, for
many multi-user communication systems, the optimality of
such a separation does not hold any more [3], [4]. Therefore,
an increasing amount of literature focus on joint source-
channel coding (JSCC) in multi-user setting.

One of the most classical problems in this area is JSCC of
transmitting a Gaussian source over a K -user Gaussian broad-
cast channel with average transmitting power constrained.
Goblick [3] observed that when the source bandwidth and
the channel bandwidth are matched (i.e., one channel use
per source sample) linear uncoded transmission (symbol-by-
symbol mapping) is optimal. However, the optimality of such
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a simple linear scheme cannot be extended to the bandwidth
mismatch case. One way to approximately characterize the
admissible distortion region is finding its inner bound and
outer bound. For inner bound, analog coding or hybrid coding
has been studied in a vast body of literature [4], [5], [6], [7].
For 2-user Gaussian broadcast communication, Prabhakaran et
al. [7] gave the best known inner bound, which is achieved
by a hybrid digital-analog (HDA) scheme. On the other hand,
Reznic et al. [8] derived a non-trivial outer bound (tighter than
the single-user bound) for 2-user Gaussian broadcast prob-
lem with bandwidth expansion (i.e., more than one channel
uses per source sample) by introducing an auxiliary random
variable (or a remote source). Tian er al. [9] extended this
outer bound to the K-user case by introducing more than one
auxiliary random variables. Similar to the results of Reznic et
al., the outer bound given by Tian et al. is also nontrivial only
for the bandwidth expansion case [10]. Beyond broadcast com-
munication, Minero et al. [15] considered sending memoryless
correlated sources over a memoryless multi-access channel,
and derived an inner bound using a unified framework of
hybrid coding. Lee et al. [20] derived a unified achievability
result for memoryless network communication.

Besides, in [6], [17], [18] the Wyner-Ziv source commu-
nication problem was investigated, in which side information
correlated with the source is available at decoder(s). Shamai et
al. [6] studied the problem of sending a Wyner-Ziv source over
a point-to-point channel, and proved that for such communi-
cation system, the separate coding (which cascades Wyner-
Ziv coding with channel coding) does not incur any loss of
optimality. Nayak et al. [17] and Gao et al. [18] investigated
the Wyner-Ziv source broadcast problem, and obtained the
single-user outer bound by simply applying the cut-set bound
(the minimum distortion achieved in point-to-point setting) for
each receiver.

In this paper, we consider JSCC of transmitting a memory-
less source over a K -user memoryless broadcast channel, and
derive an inner bound and two outer bounds on the admissible
distortion region. The inner bound is derived by using a unified
framework of hybrid coding inspired by [15], and the outer
bounds are derived by introducing remote sources at the sender
side or introducing remote channels at receiver sides. The
proof method of introducing remote sources at the sender side
can be found in [8] and [9], and hence it is not new. However,
the introducing remote channels method is different from
existing methods. The existing method of introducing auxiliary
random variables at receiver sides, named the genie-aided
method, can be found in [9], [11], [16, Section 6.4.3]. Both
the genie-aided method and the introducing remote channels
method convert the original communication system into a new
one. However, the genie-aided method constructs a “stronger”
network such that the original network is a degraded version



of it, while the introducing remote channels method constructs
a degraded (“weaker”) version of the original network. Hence
our introducing remote channels method is different from
the existing genie-aided method. Furthermore, our distortion
bounds are generalizations and unifications of several existing
bounds in the literature. Besides, as a consequence, we also
obtain an inner bound and an outer bound for the degraded
broadcast channel case. When specialized to the Gaussian
source broadcast and binary source broadcast, our inner bound
could recover the best known performance achieved by hybrid
coding, and our outer bound could recover the best known
outer bounds given by Tian et al. [9] and Khezeli et al.
[11]. Moreover, for these cases, our bounds can be also
used to generate some new results. Besides, we also extend
the inner bound and outer bounds to the Wyner-Ziv source
broadcast problem, i.e., source broadcast with side information
at decoders. When specialized to the Wyner-Ziv Gaussian and
binary cases, our bounds reduce to some new bounds.

The rest of this paper is organized as follows. Section II
summarizes basic notations, definitions and preliminaries, and
formulates the problem. Section III gives the main results for
the source broadcast problem, including the discrete, discrete
and degraded, binary, and Gaussian cases. Section IV extends
the results to the Wyner-Ziv source broadcast problem. Finally,
Section V gives the concluding remarks.

II. PROBLEM FORMULATION AND PRELIMINARIES
A. Notation

Throughout this paper, we follow the notation in [16]. For
example, for a discrete random variable X ~ px on alphabet
X and € € (0,1), the set of e-typical n-sequences x™ (or the
typical set in short) is defined as

7 (X)

- {xn : ‘W —px(z)| < epx (), Yz € X}.

When it is clear from the context, we will use ’72(") to denote

7 (X).
In addition, we use X 4 to denote the vector (X : j € A),
use [i : j] to denote the set {|¢],[¢] +1,---,|j]}, and use 1

to denote an all-one vector (similarly, use 2 to denote an all-2
vector). We say vector myy. ) is smaller than vector mh: N] if
mj = m; for k < j < K and my, < m), for some k. For two
vectors mz and m’, we say mz is component-wise unequal
to m%, if m; # m/ for all ¢ € Z, and denote it as mz < mZ.
Besides, we use 1 {A} to denote the indicator function of an

event A, i.e.,
1, if A is true;
1 ./4 — ) )
{4} {07 if A is false.

We use exp and log to respectively denote the exponential
and logarithmic functions with the base 2.

B. Problem Formulation

Consider the source broadcast system shown in Fig. 1. A
discrete memoryless source (DMS) S™ is first coded into X™

Y Sy
» Decoderl —»
n X}’l .
L} Encoder }})YEI:K]'X .
Yy Sk
» Decoder K ——»

Fig. 1. Source broadcast system.

using a source-channel code, then transmitted to K receivers
through a discrete memoryless broadcast channel (DM-BC)
DYy X and finally, the receiver k produces a source recon-

struction S}’ from the received signal Y;".

Definition 1 (Source). A discrete memoryless source (DMS)
is specified by a probability mass function (pmf) ps on a finite
alphabet S. The DMS pg generates an i.i.d. random process
{Si} with S; ~ pg.

Definition 2 (Broadcast Channel). A K-user discrete memo-
ryless broadcast channel (DM-BC) is specified by a collection
of conditional pmfs py;, ., x on a finite output alphabet
Y1 X -+ x Vg for each x in a finite input alphabet X.

Definition 3 (Degraded Broadcast Channel). A DM-BC
PYjy. | x 1s stochastically degrad~ed (or simply degraded) if
there exists a random vect~or Y1:x) such that Py x
Pyix,1 < k < K (ie., Y.k has the same corjditional
marginzll pmfs as Y}1.x given X), and X — Yx — Y1 —
... = Y;! form a Markov chain. In addition, as a special case,
ifX Yk 5 Y 1 ==Y, ie, ¥, =Y, 1<k<K,
then py;, . |x is physically degraded.

Definition 4. An n-length source-channel code is defined by a
encoding function z" : §" — A" and K decoding functions
1 VP St 1 < k < K, where Sy, is the alphabet of
source reconstruction at the receiver k.

For any n-length source-channel code, the induced distor-
tion is defined as

Edy (S, 8¢) = %zn:]Edk (St 5k ) - (1)
t=1

for 1 < k < K, where dj (s,8;) : S X Sp — [0, +00] is a
distortion measure function for the receiver k.

Definition 5. For transmitting a source S over a channel
Py, x> if there exists a sequence of source-channel codes
such that

lim sup Edj, (S", S’Z) < Dy, 2)

n—00

then we say that the distortion tuple Dy;.x is achievable.

Definition 6. For transmitting a source S over a channel
Py, x> the admissible distortion region is defined as

D £ {Dp.x) : Dpy.x is achievable} . 3)

IFor brevity, the Markov chain is assumed in this direction.This differs
from that in the conference version [1].



The admissible distortion region R only depends on the
marginal distributions of py;, . x, hence for the stochasti-
cally degraded channel case, it suffices to only consider the
corresponding physically degraded channel case.

In addition, Shannon’s source-channel separation theorem
shows that the minimum distortion for transmitting a source
over a point-to-point channel satisfies

Ry (Dy) = Ch, 4

where Ry, (-) is the rate-distortion function of the source with
the distortion measure di, and Cj is the capacity for the
receiver k. Therefore, the optimal distortion (Shannon limit)
is

Di = R;' (Cy). 5)

Obviously,

DCD* £ {Dpg): Dy > Di, 1<k<K}, (6

where D* is named single-user outer bound.

In the system above, the source bandwidth and channel
bandwidth are matched. In this paper, we also consider the
communication system with bandwidth mismatch, whereby m
samples of a DMS are transmitted through n uses of a DM-
BC. For this case, the bandwidth mismatch factor is defined
asb==2

m’

C. Multivariate Covering/Packing Lemma

We first introduce the following multivariate covering and
packing lemmas which are important in the achievability part
in this work.

Let (U, ‘/[O:k]) ~ PU,Vig.- Let (U",Vbn) ~ purvp be a
random vector sequence. For each j € [1 : k], let A; C
[1:7—1]. Assume A; satisfies if i € Aj, then A; C A;.
For each j € [1 : k] and each my, € J[;c4,[1 : 2™,
let V*(mu,;, mj),m; € [1:2"7], be pairwise conditionally
independent random sequences, each distributed according to
H?:1PVJ-|VA].,V0 (vj,ilva,,i(ma,),vo,:). Hence for each j €
[1: k], A;U{0} denotes the index set of the random variables
on which the codeword V" is superposed. Based on the
notations above, we have the following multivariate covering
and packing lemmas.

Lemma 1 (Multivariate Covering Lemma). Let ¢ < e If
lim,, oo P ((U”, Vi) € 7;(,")2 = 1, then there exists §(¢) that
tends to zero as € — 0 such that

Tim P (U7, V3, Vit (mpiag) € T for some mii
(7N

=1,
ifzjej rj > ZjeJH (VHVA;'VU) _H(VJ|V0U)+§(6) Jfor
all J C [1: k| such that J # 0 and if j € J, then A; C J.

Lemma 2 (Multivariate Packing Lemma). There exists §(¢)
that tends to zero as € — 0 such that

lim [P ((Un7 VE)na Vv[’ibzk] (m[lk])) € 7;(”) for some m[l:k])

n— o0
=0, ®)

Y e i < Xjeq H (VilVa, Vo) = H (V7 |[VoU) = é(e) for
some J C [1: k] such that J # O and if j € J, then A; C J.

Note that all the existing covering and packing lemmas such
as [16, Lem. 8.2] and [19, Lem. 4], involve only single-layer
codebook. Our multivariate covering and packing lemmas
generalize them to the case of multilayer codebooks.

ITI. SOURCE BROADCAST
A. Discrete Memoryless Broadcast

Now, we bound the distortion region for the source broad-
cast communication. To write the inner bound, for 1 < j <
N £ 2K _ 1, we first introduce an auxiliary random variable
V; for each of the 2 — 1 nonempty subsets G; C [1 : K], and
let V; denote a common message transmitted from the sender
to all the receivers in G;. The Vj corresponds to a subset G
by the following one-to-one mapping. Sort all the nonempty
subsets G; C [1 : K] in the decreasing order’. Map the jth
subset in the resulting sequence to j. Obviously this mapping
is one-to-one corresponding. For example, if K = 3, then
G ={1,2,3},G2 = {2,3},G3 = {1,3},G4 = {1,2},G5 =
{3},G6 = {2} ,G7 = {1}, see Fig. 2.

Besides, let

Aj£{ie1:N]:G; S G}, 1<j<N, 9
By2{ie[l:N]:ke€G},1<k<K. (10)
If K = 3, then Ay = 0,4y = {1}, A3 = {1}, A4 =

{1}, A5 = {1,2,3}, A4¢ = {1,2,4},A; = {1,3,4} and
By = {1,3,4,7},B2 = {1,2,4,6},B3 = {1,2,3,5}. Later
we will show that .4, and B, respectively correspond to the
index set of the random variables on which the codeword V"
is superposed, and the index set of decodable codewords V;"’s
for the receiver k in the proposed hybrid coding scheme; see
Appendix C-A. The decoder k is able to recover correctly the
Viz, with probability approaching 1 as n — oc. In addition, it
is easy to verify that if j € By, then A; C Bj. It means that
the proposed codebook satisfies that if the information V" can
be recovered correctly by the receiver k (i.e., 7 € By), then
ij can also be recovered correctly by it.

Based on the notations above, we define a distortion region
(inner bound)

D ={Dp:x] : vy 15 TN T (V1N 8) 5 86 (0B, Yk 5
ke[l:K]st Edi(S,Sp) < Dy, kel: K],
> ri> Y H(Vi|Va,) - H(Vy]S)
jeJ €T
forall 7 C[1:N]stJ #0and A; C J,Vje T,
S orp< Y H(V;[Va,) — H(Vze[YaVy)
MSVA JjETC
ke[l: K] forall 7 C By s.t.

T2 B\T #0and A; C T, Vj€ T} Y

2We say a set G is larger than another H if |G| > |H|, or |G| = |H| and
there exists some 1 < ¢ < |G| such that G [¢] > H [¢] and G [I] = H [I] for
all 1 <1 <+i—1, where G [i] (or H [¢]) denotes the ith largest element in G
(or H).
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Fig. 2. (a) The inclusion relation of the sets G;,1 < j < N with K = 3;
(b) The structure of the codebook for the unified hybrid coding with K = 3.

Besides, for any positive integer L, define a distortion region
(outer bound achieved by introducing remote sources at the
sender)

(0) _ .
D, —{D[I:K] : HpS‘[l:K]\S S.t.
Ed; (S, S*k) < Dy kell: K]

and for any DU, |, One can find PV ey Uiy X s.t.
I <§A;UB|Uc) <I (YA;ffslﬁcYA)

for any A C [1: K],B,C C[1: L]}, (12)

and another distortion region (outer bound achieved by intro-
ducing remote channels at receivers)

DY) ={Dp.x) : Ipx. &k (k) k€ [1: K] sit.
Edj, (5, Sk) <Dy, kel: K],

and for any DU 1) Yk

one can find P 101 |SP Oy | P s.t.
I (5;37303/\17000/) < I(X;YpUp |YeUer)

forany B,C C [1: K],B,C'C[1:L]}. (13)

Then we have the following theorem. The proof is given in
Appendix C.

Theorem 1. For transmitting a DMS S over a DM-BC
Py X

P c DD NDY. (14)

Remark 1. The inner bound of Theorem 1 can be easily
extended to Gaussian or any other well-behaved continuous-
alphabet source-channel pairs by the standard discretization
method [16, Thm. 3.3]. Moreover for these cases the outer
bounds still hold. Theorem 1 can be also extended to the
bandwidth mismatch case, where m samples of a DMS
are transmitted through n uses of a DM-BC. This can be
accomplished by replacing the source and channel symbols in
Theorem 1 by supersymbols of lengths m and n, respectively.
Besides, Theorem 1 could be also extended to the problems
of broadcasting correlated sources (by modifying the distor-
tion measures) and source broadcast with channel input cost
constraints (by introducing channel input constraints).

The inner bound D in Theorem 1 is achieved by a unified
hybrid coding scheme depicted in Fig. 3. In this scheme, the
codebook has a layered (or superposition) structure (see Fig.
2), and consists of randomly and inde%endently generated
codewords V[?:N] (mp.ny)s muny € TLiZq [1:277%], where
TN satisfies (11). At the encoder side, upon a source
sequence S™, the encoder produces digital messages M.
with M; meant for all the receivers k’s satisfying i € Bj.
Then, the codeword V[? N] (M1:n)) and the source sequence
S™ are used to generate a channel input X™ by a symbol-by-
symbol mapping z(v;.n1, 5). At the decoder sides, upon the
received signal Y, the decoder k reconstructs Mp, (and also
Vg, (Mp,)) losslessly, and then generates S',? by a symbol-by-
symbol mapping 3 (vg,,yr). Such a scheme could achieve
any Dy1.xj in the inner bound D,

To reveal essence of such hybrid coding, the digital trans-
mission part of this hybrid coding can be roughly understood
as the cascade of a K-user Gray-Wyner source-coding and
a K-user Marton’s broadcast channel-coding, which share
a common codebook. According to [16, Thm. 13.3], the
encoding operation of Gray-Wyner source-coding with rates
ran) s successful if Zjej ry > ZjejH (V]-|VA].) —
H (V7|S) forall 7 C [1 : N]suchthat J # 0 and if j €
J, then A; C J, and according to [16, Thm 8.4] the decod-
ing operation of Marton’s broadcast channel-coding with rates
ri:n)” is successful if djegeTi < Zjech(VjWA,-) -
H(Vge|YpyVy)foralll < k < KoandforallJ C
By, such that 7¢ # () and if j € 7, then A; C J. Since the
proposed hybrid coding satisfies the two sufficient conditions
above, Vg (Mg, ) can be correctly recovered by the receiver
k. Note that such informal understanding is inaccurate owing
to the use of symbol-by-symbol mappings, but it provides a
rationale for our scheme. Besides, the design of such unified
hybrid coding is inspired by the hybrid coding scheme for
sending correlated sources over a multi-access channel in [15].

The outer bounds D{” and D in Theorem 1 are derived
by introducing auxiliary random variables U/}, ;, at the sender
side or at receiver sides. The proof method of introducing
auxiliary random variables (or remote sources) at sender side
could be found in [9], [11, Thm. 2] and [12, Lem. 1]. In
[9] it was used to derive the outer bound for Gaussian source
broadcast, and in [11, Thm. 2] and [12, Lem. 1] it was used to
derive the outer bounds for sending source over 2-user general
broadcast channel. This proof method generalizes the one used
to derive the single-user outer bound, but it does not always
result in a strictly tighter outer bound than the single-user one
[10]. On the other hand, introducing remote channels method
is different from the existing genie-aided method [9], [11],
[16, Section 6.4.3], since the genie-aided method constructs a
“stronger” network such that the original network is a degraded
version of it, but the introducing remote channels method con-

3Note that for Marton’s broadcast channel-coding [16, p. 212-213], T[1:N]
here does not correspond to the regular broadcast-rates R[.x), but corre-
sponds to the total rates R[j.xn) of each subcodebooks. In addition, here
we only require the decoding operation is successful, hence the condition
that the chosen codewords and the source sequence are jointly typical, which
was required in the encoding operation of Gray-Wyner source-coding, is not
repeatedly required here.
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Fig. 3. The unified hybrid coding used to prove the inner bound in Theorem 1.

structs a degraded (“weaker”) version of the original network.
A deeper understanding of these two proof methods has been
given by Khezeli et al. in [12]. DSy s €3N be considered
as a virtual broadcast channel realized over physical broadcast
channel DYy | X and hence certain mutual informations (e.g.,
channel capacity region) based on D3l Are less than or
equal to those based on DYy X Thls l]eads to the desired
necessary conditions. Besides, the necessary conditions can
be also understood from the perspective of virtual sources. X
and Y];.x respectively can be considered as a virtual source
and K virtual reconstructions. Then the physical source S and
the physical reconstructions S (1:k] are correlated through the
virtual source and virtual reconstructions. Hence the physical
source should be more “tractable” than the virtual one, and
certain mutual informations (e.g., source-coding rate region)
based on the physical source and reconstructions should be
less than or equal to those based on the virtual source and
reconstructions. The analysis above gives the reasons why
D%o) is expressed in form of comparison of the ‘“capacity
regions” of virtual broadcast channel and physical broadcast
channel, while Déo) is expressed in form of comparison of
the “source-coding rate regions” of virtual source and physical
source.

For the 2-user broadcast case, the inner bound in Theorem
1 reduces to

2 ={(D1, D2) : Ipy, vy vs|5 @ (V0, V1, V2, ),
Sk (o, vk, yk) k= 1,2, s.t. Edy (S, Sk) < Dy,
I(VoVi; S) < I(VoVi; Ya), k = 1,2,
I(VoWiVa; S) + I(Vi; Vo Vo)
< min {I(Vo; Y1), 1(Vo; Y2)}
+ 1(Vi; Y11Vo) + I(Va; Ya| Vo),
I(VoVi; S) + 1(VoVa; S) + I(Vh; Va|VpS)

< I(VoVis Y1) + 1(VoVa; Ya) }. (15)

This inner bound was first given by Yassaee et. al [21]. On the
other hand, letting K =2, L =1, D;O) and Déo) respectively
reduce to

DI ={(D1,D2) : Ipg, 5,5 st
Edy (S, 5¢) < Dk =1,2,
and for any pmf pys, one can find pyyy,y, st

I(S‘l;U> < I<Y1;U|i/1)v

( ,

I (3132;U> <I <Y1Y2;U|5~/1Yz> ,
(5 vi X|0V),
(

s <1
I 52,S|U) <I (YQ,X|UY2)
(5152; S|U) <1 (Ylyg; X|UY1172) 1,
or a simpler but possibly looser one,
DI” ={(D1,D2) : Ipg, 5,5 St
Edy (s, Sk) < Dp k=12,

and for any pmf py|s, one can find pyy, ¢, s.t.

I(Sl;U) < I<Y1;}71>a
2§U) < I(Y1Y2;Y15~/2>7

(
(
I (5’1;5|U) <T (Yl;XD?l) :
(S:810) < 1 (va: X|12)
( <I(ViYaXINi¥a )},
and
DY) ={(Dy, D2) : Ipx, 3 (Gk)  k = 1,2 s.t.
Edy, (5, Sk) < Dp k=12,
and for any pmf py|y, v, ,
one can find pg, g, 5P 77, St
I(S;U) <I(X:U),
1(8:7110) < (X WD),
I(S;Yzlﬁ) <I1(X;Ys2|U),
I(S;fﬂf/gf] < I (X:VA|YaU),
(

I(S;Y2Y1U) <I(X;Ys2V1U),

N N

I (S; V| < I(X;V1Ya|U)}.

Note that the outer bounds D%o) and Déo) are not trivial
in general. The necessity of introducing nondegenerate vari-
able(s) for D;O) can be concluded from some special cases,



e.g., source broadcast over a degraded channel, quadratic
Gaussian source broadcast, or Hamming binary source broad-
cast (see the details in the subsequent three subsections). To
show the necessity of introducing a nondegenerate variable for
D§°>, we consider the first three inequalities on mutual infor-
mation in Déo). Next we show that the necessary conditions

I (S; U) <I(X:U), (16)
1(S:WI0) < 1), a”
1($:%|0) < 1(X:%20), ()

with a nondegenerate U results in a tighter bound than
that with a degenerate U (for the latter case, the necessary
conditions reduce to the single-user bound).

Suppose the broadcast channel Py,y, x satisfies Y7 =
(Yo,Y!), Y2 = (Y,Ys5) for some Yp,Y{,Yy. Consider a
lossless transmission case (Hamming distortion measure and
D1 = D2 = 0) S = (Sl,SQ),S] = Sl,gz = SQ, and
H(S1) = C; and H(S2) = Cs. Obviously, these conditions do
not violate the single-user outer bound. Now we show that for
some sources,these conditions violate the outer bound Déo).
Set U = Yj in Déo). Then it is easy to obtain the following
inequalities from (16)-(18).

1(5182;V) < I(X;Y), (19)
H(S|V) < I(X;Y1|Y0), (20)
H(S2|V) < I(X;Y2[Yo), 2D

for some py|s, s,. Therefore, we further have
H(S51) < H(S1) + 1(52:V[51) (22)
=1(5152;V) + H(51|V) (23)
< I(X:;Yo) + I(X: V1 |Yo) (24)

On the other hand, by the assumptions H(S;) = C; and
H(S3) = Cs, the equalities hold in all the inequalities above,
which implies I(X;Y7) = C (i.e., Px is a capacity-achieving
distribution), I(S152;V) = I(X;Yp) , and I(S2;V]S1) =0,
ie., So — S; — V. Similarly, we have S; — Sy — V. In
addition, the Gacs-Korner common information [22], [23] is
defined as

Cek (51 82) = sup

P\/|5152 :So—S51 -V, 51 —+S2—V

I(Slsg; V)

(26)
Hence there exists py|s, s, such that So — 51 — V, 51 —
SQ — V and I(Slsz; V) = I(‘Xv7 YE)) , Ol’lly if CGK(SI; SQ) >
I(X;Yo) > 0 (suppose the channel Py, | x satisfies I(X;Yp) >
0 for the capacity-achieving distribution Px). However the
Gécs-Korner common information does not always exist for
all source pairs (S7,92), e.g., Cgk(S1;52) = 0 for a doubly
symmetric binary source. This implies the outer bound is
tighter than the single-user one, which in turn implies Dgo)
are not trivial in general.

B. Discrete Memoryless Broadcast over Degraded Channel
If the channel is degraded, define

Dgéc :{D[I:K] D3PV ISPV [V T PV Ve T (VK S)
gk (vkayk)ak € [1 : K] s.t

Edk(S Sk) < Dy,
k

21

I(S: Vi) < Y VilViea) k€ [1: K],

where Vj 2 @}, 27)
and
DE)OB)C =
{D[LK] :EIpS[LK]‘S,pX s.t.
Edy(S, 8)) < D,k € [1: K],
(I(S[lzk]; Up|Uk-1) ke [1: K}) € Roec(PXPY}. 4 (X)
for any pu, ,|sPUk_»|Uk_+ " PU U2y Uo = 0, Uk £ S,

and (I(S; Sp) ke l: K]) € RSRC(poY[hKHX)}v

(28)
where
Roec (PXPY[LK”X) =
{R[l:K] t Ry > 0,3pkal|XpVK72WK71 S Py v, St
k
ZRj < ZI%;levjﬂ),k e1: K,
where Vj £ 0, Vi & X} (29)

denotes the capacity of the degraded broadcast channel
lx Wwith the input X following px, and

Rsrc (pXPY[LK] |X> =

-

Ry s B> 0.5 Ry > 1(X; Vi) k€ [1: K]}

1

J
(30)

denotes the successive refinement coding rate region of source
X with reconstructions Y[;.x following DYy X+

Then as a consequence of Theorem 1, the following theorem
holds.

Theorem 2. For transmitting a DMS S over a degraded DM-
BC pY[LK] [X>

Disc €D € D (31)

Remark 2. Dl(DOB)C can be also expressed as
DSde =4 Dk - g s.t
DBC [1:K] ¢ ps[l;K]\Sva L
Edj, (S, Sk) < Dy kel K]

Roec (pspg[/l;m‘g) C Ropac (pxpy[mﬂx) )



Rsrc (PSPS/ ]|s) 2 Rsre (poY[l:KHX) ;

Sy L Sy, ke[l K]}. (32)
From the last constraint of D,goéc, one can obtain an interesting
conclusion: the single-user outer bound D} . ., can be achieved
for source broadcast over a degraded channel only if the source
is successively refinable.

Remark 3. If pg is Gaussian and all d (s, 3;),k € [1 : K]
are the quadratic distortion function (i.e., di (s,8;) = (s —
51)%,k € [1 : K]), then the smallest capacity region (with
input distribution restricted to pg) RDBc(pspg/ o g) over
all P&y x | 8 the Gaussmn

broadcast channel such that for k € [ K], S = Sy + E
and S, ~ N(0,Ng — Dy), Ex, ~ N(0,D;,) are independent.
That is, setting pg Sirgls 8 the Gaussian broadcast channel is
“optimal” for this case This point is obtained by observing
that: 1) the capacity region for this case is

s is obtained by setting Pg,,,

C= U
oo 2Ty 2 2 TR =0
1. (Dip+ Tk-1)(Ns +7%)
R R —1 k 1: K]y
{ k] e < Og(Dk+Tk)(Ns+Tk_1)’ €[ l¢s
(33)

2) for any other channels PSp.ny
Dy, k € [1 : K], C is a subset (or an inner bound) of the
capacity region (with input distribution restricted to pg) of
P8y 1|8 [9]. Therefore, Gaussian broadcast channels have the
smallest capacity regions given noise powers (here noise is
not restricted to be independent of the channel input). This
observation is consistent with the point-to-point case [14,
Problem 10.8].

Note that the last constraint of DE;I)BC can be understood
as the intersection between the successive refinement rate
region of the source S with reconstructions V[;.x) and the
capacity of the degraded broadcast channel py; ., x with
the input X and auxiliary random variables V];.xj, is not
empty. The second constraint of Dl(DOB)C can be understood
as the capacity of the virtual degraded broadcast channel

P38 with the input S is included in the capacity of the
physical degraded broadcast channel PYjy. | x With the input

IS satisfying Edy (S, S’k> <

X. Similarly, the last constraint of Dl()B)C can be understood as
the successive refinement rate region of the physical source .S
with reconstructions S’flt K] includes the successive refinement
rate region of the virtual source X with reconstructions Y. k7.

C. Hamming Binary Broadcast

Consider sending a binary source S ~ Bern (%) with the
Hamming distortion measure dy(s,3) = d(s,8) = 0, if s =
§;1, otherwise, over a binary broadcast channel Y, = X &
Wi, 1 <k < K with Wy, ~Bern (pi) , 3 > p1 = p2 > -+ >
pr > 0. Assume the bandwidth mismatch factor is b.

We first consider the inner bound part. For bandwidth
expansion (b > 1) case, as a special case of hybrid coding,

systematic source-channel coding (or Uncoded Systematic

Coding) was first investigated in [6]. For any point-to-point
lossless communication, such systematic coding does not lose
the optimality; however, for some lossy transmission cases
such as Hamming binary source communication, it is not
optimal any more [6]. To retain the optimality, we can first
quantize the source S, and then transmit the quantized signal
using Uncoded Systematic Coding. The performance of such
code can be obtained directly from Theorem 2.

Specifically, let Uy = S @ Es, Uy = Uy & E; with
Ey ~ BeI‘Il(l)g)7 E~ Bern(dl). Let V5, = (UQ,Xb_l) V=
(U, X071, X7 = X1 @ B*!, where X' and X®~!
are independent of Uy and U, and X?~! and B~! follow
b — 1 dimensional Bern(3) and Bern(), respectively. Let
2 (vg,8) = (uQ,xb_l), 39 (vg,yg) = U9, and §; (vl,yl{) =
uy,if di < p1;y1, otherwise, where %, is the first letter of ?.
Substituting these variables and functions into the inner bound
Dgn)ac in Theorem 2, we get the following corollary.

Corollary 1 (Coded Systematic Coding). For transmitting a
binary source S with the Hamming distortion measure over a
2-user binary broadcast channel with the bandwidth mismatch
factor b,

DD D((:is)c £ convexhull{(Dl, D5) :
1
0<0,d, < 3

Dl Z min{dl *D2ap1 *D2}7
1 £ 1-— Hg(dl *pl) + (b* 1) [1 7H2(9*p1)],

ry £ Hy(dy % p2) — Ha(p2) + (0 — 1) [Ha(0 % p2) — Ha(p2)],
1 — Hy(dy x D) <11,
1 — Hy(D3) <1y +r2}, (34)
where x denotes an binary operation such that
zxy=1—-2)y+z(l-—y), (35)
and H, denotes the binary entropy function, i.e.,
Ha(p) = —plogp — (1 —p)log(1 —p). (36)

Remark 4. Coded Systematic Coding without timesharing
does not always lead to a convex distortion region, hence a
timesharing mechanism is needed to improve the performance.
This is equivalent to adding a timesharing variable @ into V>
and V1, before substituting them into the inner bound Dgéc.
Besides, note that unlike Uncoded Systematic Coding, the
Coded Systematic Coding could always achieve the optimal
distortion for at least one of the receivers. Moreover, unlike
separate coding the Coded Systematic Coding weakens the
cliff effect, and results in a slope-cliff effect.

The outer bound of Theorem 2 reduces to the following
outer bound for the Hamming binary source broadcast prob-
lem. This outer bound was first given in [11, Eqn (41)] for the
2-user case.

Theorem 3. [/1, Eqn (41)] For transmitting a binary source
S with the Hamming distortion measure over a K-user binary
broadcast channel with the bandwidth mismatch factor b,

D C D &
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Fig. 4. Distortion bounds for sending a binary source over a binary broadcast
channel with b = 2,p; = 0.18,p2 = 0.12. Outer Bounds 1 and 2
respectively correspond to the outer bound of Theorem 3 and the outer
bound of Theorem 6. Separate Coding, Uncoded Systematic Coding, and
Coded Systematic Coding respectively correspond to the separate scheme
(combining successive-refinement code [16, Example 13.3] with superposition
code [16, Example 5.3]), the inner bound in Corollary 2, and the inner bound
in Corollary 1. Single-user Outer Bounds 1 and 2 correspond to the single-user
outer bound (6) and the single-user Wyner-Ziv outer bound (41), respectively.
Besides, Single-user Outer Bound 2, Outer Bound 2 and Uncoded Systematic
Coding can be considered as outer bounds and inner bound for the Wyner-Ziv
source broadcast problem with b = 1, 81 = p1, B2 = pa2.

1
{D[LK] : For any values 5 =19>m > 278 =0,

1
3 (Ha (o1 % Dy) = Ha (% Dy) s k€ [1: K)) € RBBC},
(37)

where Rppc denotes the capacity of the binary broadcast
channel given by

Reec =
1
{R[l;K] : 3 some values 3 =0yp>6,>--->0g=0s.t

0< Ry < Ho (01 xp1) — Ho (O xp1) k€ [1: K]}.
(38)

The bounds in Corollary 1 and Theorem 3 are illustrated in
Fig. 4.

D. Quadratic Gaussian Broadcast

Consider sending a Gaussian source S ~ N (0, Ng) with
the quadratic distortion measure dy (s, §) = d(s, ) = (s — §)?
over a power-constrained Gaussian broadcast channel Y; =
X+ Wil < k < K with E(X?) < P andW,, ~
N (0,N;),N; > Ny > .-+ > Ng. Assume the bandwidth
mismatch factor is b. As stated in Remark 1, Theorem 1
(or 2) holds for the Gaussian case as well. The inner bound
Dgéc in Theorem 2 could recover the best known inner bound
[7, Thm. 5] by setting the random variables and symbol-by-
symbol mappings to some suitable ones. On the other hand,
setting U[1. 1) to be jointly Gaussian with S, the outer bound

x 10
25
2+ |
/Inner Bound 2
150 Outer Bound 2 |
Sy Inner Bound 1

Outer Bound 1

Single-Uiser Outet

051

Fig. 5. Distortion bounds for sending a Gaussian source over a Gaussian
broadcast channel with b = 2, Ng = 1, P = 50, N; = 10, N2 = 1. Outer
Bounds 1 and 2 and Inner Bounds 1 and 2 respectively correspond to the
outer bound in [9, Thm. 2], the outer bound in Theorem 7, the inner bound
in [7, Thm. 5], and the inner bound achieved by Wyner-Ziv separate coding
(uncoded systematic code) [17, Lem. 3]. Single-user Outer Bound corresponds
to the single-user outer bound (6). Besides, Outer Bound 2 and Inner Bound
2 can be considered as an outer bound and an inner bound for the Wyner-Ziv
source broadcast problem with b = 1,31 = gj_%l , B2 = gf_i’é For this
case, Single-user Outer Bound corresponds to the single-user Wyner-Ziv outer
bound (41).
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Fig. 6. Wyner-Ziv source broadcast system: a broadcast communication
system with side information at decoders.

Dlgoéc in Theorem 2 could recover the best known outer bound
[9, Thm. 2]. The bounds in [7, Thm. 5] and [9, Thm. 2] are
illustrated in Fig. 5.

IV. WYNER-ZIV SOURCE BROADCAST: SOURCE
BROADCAST WITH SIDE INFORMATION

We now extend the source broadcast problem by allowing
decoders to access side information correlated with the source.
As depicted in Fig. 6, receiver k£ observes memoryless side
information Z}', and it produces a source reconstruction S
from the received signal Y, and side information Z.

Definition 7. An n-length Wyner-Ziv source-channel code is
defined by the encoding function z" : 8" — X™ and K
decoding functions 57 : Vi x Z]' — &', 1 <k < K.



Definition 8. If there exists a sequence of Wyner-Ziv source-
channel codes satisfying

lim sup Edj, (S",§2> < Dy,

n— oo

(39)

then we say that the distortion tuple Dy;.x is achievable.

Definition 9. The admissible distortion region for the Wyner-
Ziv broadcast problem is defined as

Dsi £ {Dj1.x : (40)

Shamai et al. [6, Thm. 2.1] showed that for transmitting
a source over a point-to-point channel py, | x with side infor-
mation Z;, available at the decoder, the minimum achievable
distortion for the receiver k satisfies Rg|z, (Dy) = C}, where
Rgz, (-) is the Wyner-Ziv rate-distortion function of the
source S given that the decoder observes Zj, [16] Therefore

D1 is achievable} .

the optimal achievable distortion is Dg, , = S‘ 7, (Ck)-
Obviously,
Dsi C D& = {Dpk): Dk > D&y, 1 <k <K}, (41)

where D¢, is named single-user Wyner-Ziv outer bound.
Besides, we also consider the bandwidth mismatch case,
whereby m samples of a DMS are transmitted through n uses
of a DM-BC with [ samples of side information available at
each decoder. For simplicity, we assume m = [. For this case,
the bandwidth mismatch factor is defined as b = >

m’

A. Discrete Memoryless Wyner-Ziv Broadcast

If consider S and Zj;.k) as the input and outputs of a
virtual broadcast channel pz, s, then the Wyner-Ziv source
broadcast problem with the encoding function z™(s™) is
equivalent to the source broadcast problem of sending S' over
PZpy, 18PV 5| x With the encoding function (s",z"(s")).
Correspondingly, the Wyner-Ziv source broadcast system can
be considered as a (uncoded) systematic source-channel cod-
ing system. Hence by setting the symbol-by-symbol function
as (5, T (U[LN], 5)), from Theorem 1, we obtain the following
inner bound for the Wyner-Ziv source broadcast problem.

Dé’i) :{D[lK] : HPV[I;N]\Sﬂ”[l:N]a-T (U[l:N]vs) )
§k (UBkaykazk) 7k € [1 : K] s.t
Edy, (S, S’k> < Dy,k € [1 : K],

> > > H(Vi|Va,) - H(V5|S)

JET JET

forall 7 C[1:N]st. J#0and A; C J,Vje T,
o< Y H(VjIVay) = H(VyeYiZiV)
JjeETC JjETC

ke[l: K] forall J C By s.t.

T LBNT £0and A; C J,Vj ej}. (42)

In addition, regard (Up.), Z1.k]) as auxiliary random
variables following DU ISP 2.5 S given S, then following

steps similar to the proof of the outer bound Dgo) of Theorem
1, we can obtain the following outer bound on Ds;.

(o) _ .
DSIO,l *{DU:K] : 3p§[1;x]|572[1:m st

Edy (S, Sk) < Dy kell: K]

and for any PUL.11S 20k

one can find POy 2o X s.t.
I (SA;UB\UCZA) <I (YA§0B|UCZA)

foranyAgu:K],B,CQ[1:L]}, (43)

following steps similar to the proof of the outer

Similarl
%/ of Theorem 1, we can prove another outer bound

bound D
on DS|

Déf)Q :{D[l:K] :3px, Sy Uk, 2) , k € [1: K] s.t.
Ed; (S, Sk) < Dy kell: K]
and for any pmf DU | Y »
one can find P )| PO | P s.t.
I (Sn;?508/|37cﬁc'> < I (X;YsUp |YeUer)

for any B,C C [1: K],B,¢' C[1+ L]}. (44)

Therefore, the following theorem holds. The proof is omit-
ted.

Theorem 4. For transmitting a DMS S over a DM-BC
DYy, x| X With side information Zj; at the decoder k(kel
K]),

D] C Dsi C D), N D). (45)

Remark 5. Similar to Theorem 1, Theorem 4 could be ex-
tended to a Gaussian or any other well-behaved continuous-
alphabet source-channel pair. It also can be extended to the
problems of broadcasting Wyner-Ziv correlated sources, and
Wyner-Ziv source broadcast with channel input cost.

B. Discrete Memoryless Wyner-Ziv Broadcast over Degraded
Channel with Degraded Side Information

Theorem 4 can be used to derive an inner bound and
an outer bound for the degraded channel and degraded side
information case. Define

Déz.)_D :{D[uq : 3PvK|SPVK,1\VK PV |V X (UK,S),

Sk (Ui, Yk, 28) , K € [1 : K] s.t.
Edy (5, Sk) < Dy,

k
SVk SZI

j=

where V) = @},

';Vj“/j—l)ak € [1 : K]’

=

(46)
and

Déf),o = {D[I:K] S APV |SPVK 1 Vi T PVA|Vas PX
S, (Uk,zk),k S [1 : K] s.t.
Edj, <S, Sk) < Dy,

(I (Vie; Up|Up—12y) - k € [1: K]) € Rpsc (PXPY[I:K]\X>



for any pmf PUx_11SPUK _2|Uk—1 " " PU1|U2>
Up20,Ugx 28,
and (I (Vi;S|Zk):k €[1: K]) € Rsre (poY[l:K”X)}v

(47)

where Rpsc (pxpy[l:,(]\x) and Rsrc (pxpy[lim\x) are
given in (29) and (30), respectively. Then we have the fol-
lowing theorem. The proof is analogous to that of Theorem 2,
and therefore omitted.

Theorem 5. For transmitting a DMS S over a degraded DM-
BCPYD;K]IX (X Yk - Y 1 — -+ = Yq) with degraded

side information Zy (S — Zx — Zx_1 — -+ — Z1) at the
decoder k (k € [1: KJ),
D, € Dsi C DY . (48)

Remark 6. DélolD can be also expressed as

DY :{D[I:K] LIV SV Vi PV Ve Sk (ks 21)
ke[l: K] st Edy (S, Sk) < Dy,
RpeC—sI (pSpZ[I:K]|SpV[1;K]\S,Z[1;K]>
C Rpac (poY[LKHX) ;
Rsrc-si (pSpZ[l:K”SpV[l:K]|S,Z[1:K])

2 Rsrc (poY[LK”X) }, (49)

where
R — pxp p =
DBC-SI X Z[l:K]lX }/[1:K]|X7Z[1:K]

{R[LK] tRe 2 0,3pvie | XPVk_a|Vie_1 " PVi |V S:b
k k

> R, Y3 VilVi-1Z;5)

j=1 =

ke

el ]whereVo—@ Vi 2 X } (50)

and

R A
SRC—SI \PXPZ}1. 1) | XPY(1. 51X, 21011 | =

k
{R[LK] :R> 0,3 R, > I(X:YilZi) kel K]}.
j=1

&1y

C. Wyner-Ziv Binary Broadcast

Consider sending a binary source S ~ Bern (3) with the
Hamming distortion measure dy(s,3) = d(s,8) = 0, if s =
§;1, otherwise, over a binary broadcast channel YV, = X @
Wi, 1 <k < K with Wy, ~Bern (pg), 5 >p1 >p2 > -+ >
pr > 0. Assume the side information Zk observed by the
receiver k satisfies S = Zj, & Bj, with independent variables
Zy, ~ Bern( ) and By ~ Bern (k). Assume the bandwidth
mismatch factor is b.

Let Vi = (U1, X?) Vo = (Uy, X*) Vs = 0 with U and
U, are independent of X? and X°. S, U, and U, satisfy the
distribution pspy,|spu,|v,, Where

0 1 2

_ 0 G202 G202 G2\ , (52)
Pua|s 1 Q202 Q202 Q2
0 1 2
! =/ —/

O faor aon @ s
Py, = 1 o o q
2 0 0 1

with 0 < ¢o,¢} < 1,0 < ag,a} < 2. XP and X? satisfy
X? = X" @ B®, X" ~ b-dimensional Bern(1), and B® ~
b-dimensional Bern() with 0 < 6 < % Denote o7 = g *
o), q1 = q24}, and set x°(vy, s) = ¥ and for k = 1,2,

8k (e, yps 21) = {Zb

(&)

if ap > By or ag < Bi,ur = 2;
ug, if ap < Bk, ur =0, 1.

(54)
Substituting these random variables and functions into Déll)
in Theorem 4 (for this case, the hybrid coding reduces to
a layered digital coding), we get the following performance,
which is tighter than that of the Layered Description Scheme

(LDS) [17, Lem. 4].

Corollary 2 (Layered Digital Coding). For transmitting a
binary source S with the Hamming distortion measure over a

2-user binary broadcast channel with side information 7, at
the decoder k (k € [1 : K)),

Ds) ngcé

{(Dl,D2)!0Sq1 < ¢
1

0§a2§a1§§,0§9

qir(a1, B1) <b(1— Ha(0%p1)),
qir(on, B2) <b(1— Hy(0%p2)),
(a2, B )
(

IN

IN

L
1
9’

qar(az, B2) < b (1 — Ha(p2)),
qir(a, B1) + (qer(ag, B2) — qir(az, f2))
<b(1— Ha(0xp1)) +b(Ha(0*p2) — Ha(p2)) ,
D; < gimin{ai, B} + (1 - a:)Bs,i = 1,2}, (55)
where
r(a, B) = Ha(a* ) — Ha(a), (56)

* denotes the binary operation given in (35), and Hs denotes
the binary entropy function given in (36).

In addition, the outer bound of Theorem 5 reduces to the
following one for the Wyner-Ziv binary case. The proof is
given in Appendix D.

Theorem 6. For transmitting a binary source S with the

Hamming distortion measure over a K-user binary broadcast

channel with degraded side information Zj, ( % > [y > B >
- > Bk > 0) at the decoder k (k € [1: K]),

D C Déf D 2

{D[I:K] 30 < ag, a0 yag <o oSt

N | =



ap < D;f = min{Dk,Bk},k S [1 : K],

1
andforanyvalues5:7'027-12”.27—](:0,

%(nk (Hs (Bk *7) — Ha (B * Te—1)
- (H4 (aka /Bvak) - H4 (ak,ﬁkv’rkfl))) :
kell: K]) e RBBC}, (57)

where Rppc denotes the capacity region of the binary broad-
cast channel given in (38),

Br— D, .
nké {/3k—0¢k’ 1fak<ﬂk’

. (58)
0, otherwise,

Hy (z,y,2) 2 — (vyz + T77) log (vyz + 757

2 —( ) log ( )
— (277 + TyZ) log (27z + TyZ)
— (2yZz + 7y2) log (zyZ + Ty2)
—( ) log ( )

2yz + Tyz) log (2yz + Tyz) , 59)

and T2 1— 1.

The bounds in Corollary 2 and Theorem 6 are shown in
Fig. 4.

D. Wyner-Ziv Gaussian Broadcast

Consider sending a Gaussian source S ~ N (0, Ng) with
the quadratic distortion measure dy (s, §) = d(s, ) = (s — §)2
over a power-constrained Gaussian broadcast channel Y;, =
X 4+ W1 < k < K with E(XQ) < P and W) ~
N (0,Ny),N; > Ny > --- > Ng. Assume the side infor-
mation Z;, observed by the receiver k satisfies S = Zy + By
with independent Gaussian variables Zy ~ N (0, Ng — k)
and By, ~ N (0, B;). Assume the bandwidth mismatch factor
is b. As stated in Remark 5, Theorem 4 (or 5) holds for
the Gaussian case as well. The inner bound of Theorem 5
recovers the existing results in [17], [18], and the outer bound
of Theorem 5 generates the following outer bound for the
Wyner-Ziv Gaussian source broadcast problem. The proof is
given in Appendix E.

Theorem 7. For transmitting a Gaussian source S over a
Gaussian broadcast channel with degraded side information
Zi (1 > P2 > -+ > Bk) at the decoder k (k € [1: K]),

Ds C DY 2
{D[1;K] : For any values +oco=19>11 > - > 7 =0,

1 <1 log (Dr + m-1) (Bk + k)
b\2 7 (Dk+7) (B + Th-1)

ke [1 : K]) S RGBC},
(60)

where Rgpc denotes the capacity of Gaussian broadcast
channel given by

ReBe :{R[l:K] R >0,k € [1 : K],NK+1 =0,
K k

3 (N~ Niwn)exp(2Y_ Rj) < P+ Nl}. 61)

k=1 j=1

The bound of Theorem 7 is shown in Fig. 5.

V. CONCLUDING REMARKS

In this paper, we focused on the joint source-channel coding
problem of sending a memoryless source over a memoryless
broadcast channel, and developed an inner bound and two
outer bounds for this problem. The inner bound is achieved
by using a unified hybrid coding scheme, and it can recover
the best known performance of hybrid coding. Similarly, our
outer bounds can also recover the best known outer bound in
the literature. Besides, we extend the results to the Wyner-Ziv
source broadcast problem.

The inner bounds achieved by the proposed hybrid coding
is established by using generalized multivariate covering and
packing lemmas, and the outer bounds are derived by introduc-
ing auxiliary random variables (at the sender side or receiver
sides). These lemmas and tools are expected to be exploited
to derive more and stronger achievability and converse results
for network information theory.

APPENDIX A
PROOF OF LEMMA 1

We follow similar steps to the proof of mutual covering
lemma [15]. Let

k
B = {mpy e [J0: 2] (U V5" Vit (mia)) € TV}
i=1

(62)
Then we only need to show lim,,_,., P (|B] = 0) = 0. On the
other hand,

Jim P (|B8] = 0)
= lim > poe vy (u, o)) P (B = Ofu”,vf)  (63)

2 n
u”7v0

< Jmo D

(ur o) €T
+ lim P (o) £ 77)

> punvp (W 0p)P(|Bl = 0fu”, vp)
(u'ﬂ,vé“-)et(,’”‘)

pun vy (u",v5) P(IB] = Ou”, vg)

(64)

= lim
n—oo

(65)

To prove lim, . P(|B| =0) = 0, it is sufficient to show
limy, o0 P (|B] = Oju™,v7) = 0 for any (u",v}) € To™.
Utilizing the Chebyshev lemma [16, App. B], we can bound
the probability as

P (18] = 0]u", vg)

<P (8- BB = (BB ) (66
Var(|B[u", ) )

~ (E(IB][um, v))*

Var(|B||u™ vg)

Next we prove the upper bound E(Buwr o7 )2 tends to zero

as n — 0o. Define
E (m[lk]) 2 {17 if (Un,’l}g"/[?:k] (m[lrk}])) S 7;(”),

. (68)
0, otherwise,



for each myy. € Hle[l : 274, then |B| can be expressed

as
1B| = > E (mp.) - (69)
mpy.p €[T5, [1:2774)
Denote
po =P ((u”,vg, Vit (mpw)) € T |, Ug) 0
Pz = P((unv ’U6L7 Vv[?:k] (m[lk])) = 7;(71)’
(w0, Vit (mz, mz)) € Tt of ), @)

for mpy.p) = 1, and mh:k] = 2. Obviously, py1.5) = po. Then
E(|B|[u",vg)
= = P o Vit (i) € TPl o) (72)

M1:k]
= 2" Eiaip, (73)
and
E(|B[*[u", vg)

2 > X

ZC[L:k] M1:k] Ml im e &mze
P((u", v, Vit (mpn)) € T8,
(w0, Vit (maz, mf)) € T, v )

e Y S

IC[l k] M{1:k) My imlespmze

P((un7 Ug, ‘/[Lk] (m[lk])) € 7;

(74)

(", o Vit (mz, mfz)) € T o). (79)

Define
JE{T Gk

Then any set Z & 1 : k] can transform into a 7 (Z) € J by
removing all the elements j’s such that A; ¢ Z. According
to generation of random codebook, we can observe that pr =
PI(T)- Therefore,

2. >

IC 1:k] M[1:k] MYpeimlc & mze

if j €7, then A; C J}. (76)

(" 5. Vg (mpag)) € T2,

(w05, Vitag (mz, mge) € T, of )

Sy e an

T[Tk ) mie e e
2 ) i

< 3 (St n)p g, 78)
Ig[l:k]

< Z 2"(23217‘j+2je<5<z>>”'f)pj(z) (79
I;[l:k]

S S ), 0
7€l

< Z on(Zjar rit Ejege o)y, - &1
7€l

where (79) follows from 7 (Z) C Z, (80) follows from that
for each J C J, there are at most 28=171 of Z°s that could
transform into 7, and o(1) denotes a term that vanishes as
n — o0o. Hence
Var(|B||u", v)
< E(IBP|u", of) (82)
<" i "ipo + Z on(Xi1 i+ e e Tj+0(1))pj. (83)
JeJ
Furthermore we have
Var(|B||u", v})
(E(|B][u™, vg))?
2" X "Ipo+ D sep 2 (X it e Tj+0(1))PJ

e )2
(2 2_7:1 Jp0>

(84)

=92~ "ZJ 17’7

FY o Tier )BT (g5
Po

Je]

According to the generation process of random codebook, we
can observe that

Po = Z (fo;k] (M) = Uﬁ:k] u™, Ug)
CHE H(um ol vl )GT(")

(86)

> 2771( kL H(V;|Va, Vg)fH(V[l:k]\UVO)+26(e))7 (87)

(n)

where (87) follows from that for any (u", vg,vﬁ:k]) eTe,

P (Vi mpa) = e of

> 9 (S5 H(V;|Va, v0)+6(e)) (88)
and for any (u",v{) € tgn)

H Ui s (u” UOvU[lk ) e 7;(71)}’

> on(H(Viaw[UV) +6(0)) 89)

Similarly, we also can get

> H(VilVa,Vo)

k
vy < exp{-n(3H (VIVa,Ve) +
Jj=1 ISVAS

— H (Viug|UVe) — H (Ve[ UVVz) = 45 (6)) }.
(90)
Substituting (87) and (90) into (85), we have
Var(|B|[u", vg)

(E(|B[[u", vg))?
k k

< exp{—n(z_: ri— (ZH (Vj|VAJ‘V0)

=1

— H (Vi [UVo) + 26 (e)))}
+3° exp{—n(; v = (3 H (ViVa,Wo)

NS JjeT



— H (V7|UVo) + 66 (¢) +o(1)))}. ©1)

(91) tends to zero if
k k
> rp > H (ViVa, Vo) — H (Vi [UVa) + 26 (e)
j=1 j=1
J J ©2)
> v > H (VilVa, Vo) = H (V7 |UVo) + 66 () + o(1),
JjeT JjeT
93)

Lew D s> ies H (V;|Va, Vo) — H (V7|UVy) + 6 (e)
for some ¢’ (€) that tends to zero as ¢ — 0. This completes
the proof.

APPENDIX B
PROOF OF LEMMA 2

For any 7 such that 7 # () and if j € J then A; C 7,

P ((Una VO”7 ‘/[’ilzk] (m[lzk])) € 7-6(70 for some m[l:k])

<P ((U", Ve, VE(myg)) € TA™ for some mj) 94)
= Z bur, vy (u",vg)
u™, vy
x P ((u",vg, Vi(mg)) € 7. for some mﬂu”,vﬁ)
(95)
< Z pun vy (U™, vg)
u™, vy
< 3P (W e Vi mg)) € T vf ). (96)
mg
Similar to (87), we can obtain that
P (", v, Vi (mg)) € TOlu", o )
< 27n(z_je\7 H(V;|Va, Vg)fH(Vg|UV0)725(e))' 97)
Substituting it into (96), we have
P ((U”, Vi, V[?:k] (m1:4))) € ’7;(”) for some m[lz;@o
< 2”(2]'5] ri=(Cjeq H(VilVa, Vo)—H(VJ\UVO)—%(ﬁ)))' (98)
(98) tends to zero if
Z r; < Z H (Vj\VAjVo) — H (V7|UVy) =25 (¢). (99)

JjET JjET

This completes the proof.

APPENDIX C
PROOF OF THEOREM 1

A. Inner Bound

Actually the inner bound can be seen as a corollary to [20,
Thm. 1] by choosing a proper set of network topology, transit
probability and symbol-by-symbol functions. For complete-
ness and clarity, next we provide a direct description of the
proposed hybrid coding scheme and a direct proof for it.

Codebook Generation: Fix the conditional pmf PViyn|S0
vector 7(1.n], encoding function x (v[l: N],s) and decoding
functions §;, (vp,,yx) that satisfy

Edy (S,5) < Dp1 <k <K, (100)
Y o>y H(VjVa,) - H(VyS)
JjeT JjeT
forall 7 C[1:N|st. J#0
and A; CJ,Vje T, (101)

S ri< Y H(VilVa,) — H (Ve [ViVy),
JjETC JjeET®
kell: K] forall 7 C By st
T EBN\T #0and A; C T, VjET.
(102)

For each j € [1 : NJ] and each myu; € J[,c 4 [1 @ 277,
randomly and independently generate a set of sequences
v (ma,, mj),m; € [1:2"7], with each distributed according
to H?:1PVJ-\VAJ. (v5,ilva,,i(ma,)). The codebook

“ :{ Vg (M) s mpy € [Ty [1: 277 } (103)

is revealed to the encoder and all the decoders.

Encoding: We use joint typicality encoding. Given s”,
encoder finds the smallest index vector my;.n] such that
(s", i (m[l:N])) € TX™ If there is no such index vector,
let m[;.n) = 1. Then the encoder transmits the signal

zi =z (vjn) (mpey) » ), 1 < i <n. (104)

Decoding: We use joint typicality decoding. Let € > e.
Upon receiving the signal y;’, the decoder of the receiver k
finds the smallest index vector fngz) such that

(v, (me)),yp) € TSV, (105)

If there is no such index vector, let mg“k) = 1. The decoder
reconstructs the source as

. R NG .

Si = 3 (B (W), i), 1 <i<nm. (106)

Analysis of Expected Distortion: We bound the distortions
averaged over S™ and the random codebook C. Define the
“error” event

E=&U (U 52,k> U (U 53,k> :
k k
where

f1= {(Sn7 Vii'n) (m[I:N])) ¢ 7™ for all m[l:N]} 7

(107)

(108)
o = {(s Vi (Mprn) ,Yk”) ¢ 7;§">}, (109)
Ezp = {(VL%. (mfs,), i) € 73"

for some mis, , mlg, # Mg, } (110)



for 1 <k < K. Using the union bound, we have

K K
P(E)<P(&)+ D P (ﬁfﬂ&,k) + ) P(Esx). (11D)
k=1 k=1

Now we claim that if (101) and (102) hold, then P (£) tends
to zero as n — co. Before proving it, we show that this claim
implies the inner bound of Theorem 1.

Define
n n /1 r(k n n
Eap = {(S ,VBk(Mék)),Yk ) ¢ 7;(/ )}~
then we have £¢ C 541« ie., & C &£ This implies that
P (&%) <P(E) — 0 as n — oo. Then utilizing the typical
average lemma [16], we have

(112)

lim sup Edy, (5"7 S,?)

:Eg;solip{lp(&x,k)]E [dk (Snvs'?) \54,4
+P(E5,)E [dk (S"S,Z) |5g7k}} (113)
= limsup B [dk (s 5*,’;) \5574 (114)
< (14 ¢)Edy (S, Sk) (115)
< (1+¢€)Dy. (116)

Therefore, the desired distortions are achieved for sufficiently
small €.

Next we turn back to prove the claim above. Following
from the multivariate covering lemma (Lemma 1), the first
term of (111), P(&;), vanishes as n — oo, and according to
conditional typicality lemma [16, Sec. 3.7], the second item
tends to zero as n — oo.

Now we focus on the third term of (111). £3 j, can be writen

as
Esx=|J &5 (117)
ICB;
where

& = {(vE Mz, mp.) Vi) € A
for some m%., mr. MIC}, (118)

with Z¢ £ Bj,\Z. Using the union bound we have
P(Esp) < Y P (5 (119)

ZCBy

Each By, has a finite number of subsets, hence we only need to
show for each Z C B, P 5%7 kz vanishes as n — oco. To show
this, it is needed to analyze the correlation between coding
index M. Ny and nonchosen codewords. Specifically, M.
depends on the source sequence and the entire codebook, and
hence the standard packing lemma cannot be applied directly.
This problem has been resolved by the technique developed
in [15], [20].

P((Va, (Mz,mf.).

for some m’., my. < MIC)

Yi) € 7;@

=2 ZP(M[l :N] = mN)s Vi = Y

mN] YR
(VBk (mI, mIc) 5 y]?) € 7;(/7’7/)

for some m’., m7. % mzc)
<> X ]P’(M[LN] =MLY,
ML:N] Y mbiemlcdmze
y]?) c ,7;(/71,))

where (121) follows from the union bound.
Define a sub-codebook as

(120)

Y = yl?a (ng (mIv m/IL> ’ (121)

C(mz,m/zc) = {V[?:N] (mlvm%cvmg;) :

v (m%c,m/éi) e m/z} (122)
Define another coding index as M[L ~1 which is generated
by performing the same coding process as M. but on
the codebook C(mLm/IC), i.e., given the source sequence s",
the encoder finds the smallest index vector my1.n] such that

R (mu:N])g e 7

; if there is no such index vector,

let /mp.n; = 1. Then according to the generation process
Of M[l:N] and M[l:N]’ we have if M[l:N] = M[1:N]» then
M1.n7 = my1.n)- Now continuing with (121), we have
P (M[ltN] = m[l:N]7Ykn = yg’ (‘/Bn,€ (mI’ mIIC) ’y]?) € 7’;"))
= Z IP(M[l:N] = m[:N}, Clmz,ms) = G
v/é;,c,s”
St =s", Vg, (mz,mz.) = U/an)
n
X Hka|X (ykz ( V[1:N],i (m[l N]) ))
i=1
< 1{ (vt wt) € T} (123)
= Z P(M[l:N] = myi.n), Mp.n) = mpng,
vg‘k,c,s"
Cimzmye) = & S" = 8", Vg, (mz,m7.) = vglk)
< [ pviix (weale (vpvyi(mpen)s s:))
i=1
<1 (ol up) € T} (124)
< Z (M[l N] = M[1:N]» C(mz,mzc)
vigt WG sm
S =s", Vi (mz,m7z.) = v%k)
X Hka|X (ylm\x (0[1;N],¢(m[1:1\/]), Sz))
i=1
< 1{ (vt wt) € T} (125)

- Y P (M[l;N] -

vglk_ ,¢,8™

m1:N]; Cmz,my) = ¢, 8" = S")

X prk|x (ylm\x (0[1:N],¢(m[1:1\/]), Sz))

=1



I !
x P Vélk (mLmIc) = UBTLk'C(mLm/Ic) = C)

(
X 1{(7}’[;27%2) € 7;(/n)}

where c =

(126)

{Uﬁ:N] (mz,m%c,m%;)
v(mgc,m’éi) ymie & m'IC}, and (126) follows from
the fact that Vi (mz,m7.) = Cinzmy,) — (5”7M[1:N])

forms a Markov chain.
Define

J2{TCBL: A CTNVjeT}. (127)

Then any set Z C By, can be transformed into a J (Z) € J
by removing all the elements j’s such that A; ¢ Z. Denote
J¢ £ Bi\J. Then according to the generation process of the
codebook, continuing with (126), we have

> P (VE, (mz,mie) = v (Conzmsy = )

m
ka

< 1{ (v wt) € T}
= Z]P’ (V}‘c (mz,m7e) = V7 |Clmz m.) = c)

m
'ch

x 1 {(v} (mg) v, yp) € 7;@}
n

=311 Tevivee, (v
v, jEJe i=1

x 1 {(v} (mg) V', yp) € tgn)} (129
S 2n(H(VyG|YIcV.7)7Z_7‘e.7‘: H(Vj‘VAJ)+(‘jc|+1)6(€,))a (130)

(128)

vA;ng . (M) aU;\jmJC,i)

where 0 (¢/) is a term that tends to zero as ¢ — 0, and
(130) follows from the fact that [}, pv,jv.,, (vjilva,.) <
o= (H(VilVa;)=5(¢))  for any (v}l,vﬁ‘]_) € 7;(,?1) and
(o s 0 wpea) € T} < a0 vss(©))

for any (yj,v%).
Combining (121), (126) and (130) gives

P((VE (Mz,ml.), ) € TA™

for some m’., mf. < Mz)

<exp{n(Y_ rj— (> H(V;|Va)

JjETC jeT*C
—H (Vze|[YiVz) = (17°| + 1) (<))} (13D
Hence if Y-, ;o1 < 30 70 H (Vi[Va,) —H (Ve |ViVg)—

(|T¢|+1)0(¢) for all J € J, then the third term of (111)
tends to zero as m — oo. Letting ¢ small enough, this
completes the proof of the inner bound.

It is worth noting that although the multivariate packing
lemma (Lemma 2) has not been employed directly in the proof,
the derivation after (129) is essentially the same as that of the
multivariate packing lemma.

B. Outer Bound Dgo)

For fixed py,,, s, we first introduce a set of aux-
iliary random variables U} L] that follow the distribu-

tion H?:lpU[l:L]‘S (U[lzL],i|5i)~ Hence the Markov chains

Ul = S" = X" =Y — 57,1 < k < K hold. Consider
that

(Y UslUE)

=Y I (Yi;UsUEUS ) (132)
t=1

=Y H(Up |USUL ") — H (U [UUE ' YE)  (133)
t=1

= H(Ug|Ucy) — H (Up4|UFUE'YR) (134)
t=1

= I (Us; UpUE 'Y |Uc) (135)
t=1

> 31 (Uss SadlUc.) (136)
t=1

=nl (U&Q; S'A,Q|UC7QQ) (137)

= nI (UB’Q; S'A)QQ|UC,Q) (138)

>nl (UB,Q; S’A,Q|UC’Q> (139)

—nI (Us; SalUc) (140)

where the time-sharing random variable ) is defined to be
uniformly distributed [1:n] and independent of all other
random variables, and in (140), U; 2 U, g, Sk 2 Sk’Q,l <
I<L,1<k<K.

On the other hand,

I(YZ;Us|UE)

=3 T (Yar URIUEYS) (141)
t=1

=nl (YAVQ; Ug\Ung’1Q> (142)

=l (Ya; Us|UcVa) . (143)

Set Vi 2 Vi, U 2 UM Vi 2 V2 T'Q1 <1< L1 <k <
K(, ghen combining (140) and (143) gives us the outer bound
Dy,

C. Outer Bound Déo)

For fixed DU Yig)s W first introduce a set of
auxiliary random variables Uﬁ: L that follow distribution
T, PUp.y Vi) (u[l;L])i|y[1;K]7i). Hence the Markov chains
ST = X" - Y[?:K] — U[’}:L} hold. Note that different
from the proof of R(lo), the auxiliary random variables U, ﬁ: I
here is introduced at receiver sides, and DYy Upp) | X =

DU 1Yo PYia. 1y | x fOorms a new memoryless broadcast chan-
nel. Consider that

< [ (X™YRUL|Y2UZ) (144)

n
= T (X" Y Us 1| YEUSYS U Y) (145)

t=1



S H (Yo U VEUBYS VS

— H (Y, Up (|[YZUSYS U ' X™) (146)
<> H (Y Us a|YeUcr )
t=1
— H (Yp+Up ¢|Ye 1Ucr 1 X¢) (147)
=Y T (Y.:Us 5 Xie|Ye Uer ) (148)
t=1
=nl (Yp,qUs ,q; Xq|Ye,QUe Q) (149)
=nH (Y QUs q|Ye.QUec Q)
— TLH (YB,QU5/7Q|YC7QUC/7QXQQ) (150)
<nH (YB,QUB',Q|YC,QUC’,Q)
—nH (Ys,QUp qlYe,QUe 0 Xq) (151)
= TLI (YI&QUB/,Q; XQ|YC,QUC’,Q) (152)
=nl (X;YsUp|YcUe), (153)
where  (147) follows from the Markov chain
1 n n - n
Ul Utk oy,e1 Yo I%]}/[LK],tJrlXt Xy - X =

[1:x7,tU[1:1),+ and the fact conditioning reduces entropy, (151)
follows from the Markov chain @ — Xq — Y[1.x),QUn:1),0
and the fact conditioning reduces entropy, the time-sharing
random variable () is defined to be uniformly distributed [1 : n]
and independent of all other random variables, and in (153),
Ul UlQ,Yk—YkQ,X X0, 1<I<L1<k<K.

On the other hand,

(S YEUBIYEUE)

3

= I(SuYEURYFUES™) (154)
t=1

=nl (Sq; YFUR|YFUES?'Q) (155)

=nl (S; }N/Bﬁgfﬁfcﬁc/) 5 (156)

Set S £ So,U; £ UrS91Q,Y;, £ V*S971Q,1 <1 <
L,1 < k < K, then combining (153) and (156) gives us the
outer bound DS

APPENDIX D
PROOF OF THEOREM 6

Observe that if there is no information transmitted over the
channel, receiver k could produce a reconstruction within the
distortion ;. Hence we only need consider the case of Dj;.x;
with

Dy < Br,1 <k < K. 157)

For the Wyner-Ziv binary broadcast with bandwidth mis-
match case (the bandwidth mismatch factor b), Theorem 5
states that if D[;.x is achievable, then there exists some pmf
PVic|SPVk _1|Vi - Pvi|v, and functions 8y (v, zx),1 < k <
K such that

Ed (S, Sk) —P (Sk &S = 1) <Dy, (158)
and for any pmf py,. | |sPUx _»|Ux_1 " PUL|Us>
1
(I (Vk;Uk|Uk_1Zk) ke [1 : K]) € Reac (159)

b

holds, where the capacity of binary broadcast channel Rggc
is given in (38) [13].
Define the sets

Ap = {vg : 8k (v, 0) = 8 (v, )}, 1 <k < K, (160)
so that their complements
Ajp = {ok 8k (vr, 0) # 8 (v, 1)}, 1 <k < K. (161)
By hypothesis,
Ed (S, 5)
— P(Vi € A)E [d (s, Si) Vi € Ak}
FP(Vi, € ASE [d (8, Sk) Vi € Ak} (162)
< Dy. (163)
We first show that
E [d (S, S‘k.) Vi € A;} > B. (164)
To do this, we write
E [d (S Sk) Vi, € AC}
-y P Vk = Ac Ed(8.8) Vi=u]. 63

v EAL

If vy, € Af and 3j (v, 0) = 0 then 3, (vg, 1) = 1. Therefore,
for such vy,

E [d (S, Sk) |V1€ = Uk}
=P(Z,=0,5=1|V; = v

+P(Z,=1,5 =0|Vi = wp) (166)
=P(S=1V, =v;)P(Z, =0[S =1)

+P(S =0V =vp)P(Z, =1|S = 0) (167)
= Bk, (168)

where (167) follows that Z;, — S — Vj forms a Markov
chain. If vy € Af but §j (vg,0) = 1, then for such vy,

B[d (S, 8) Vi = o] =1 Bi > B,

since B < % Therefore, (164) follows from (168) and (169).
Now we write

E [d (S Sk) Vi € Ak}

(169)

-y M weu(ss)en) oo

v EAy

and define gk (Uk) = =§k (’Uk,O),/\wC = H MKk =

P(Vi € Ag),
dy, 2E [d (&Sk) Vi, :vk} 171)
=P (S # gk (ve) [V = vi) , (172)
then utilizing (163) and (164), we have
L Y Audoy + (1= i) B < Do (173)

v €Ay



Next we will show
I (Vie; Uk Zk,)
> Bk (1 (Bw )
— (Hy (o, B 7o) — Ha (ou, * Br))).

Choose U _1 = S@E}(_l and Uy = U1 EBE;WI <k<
K — 2, where E;. ~ Bern (7;,) is independent of all the other
random variables. Define Ey, = E} | @ E}_,&--- D E} ~
Bern (73;) with 7, = T * Tje_o * - - - * 7},. Then

(174)

= H (Ux|Zy) — H (Ug|Vi, Zk)

= Hy (Br * i) — Lk Z Ao H (Uk|Zi, Vie = vg)

(175)

v EAL
P(szvk)
—(1- —— —H (Ug| Zx, Vi, = .
L=pr) > B(V, € A°) (Uk|Zy, Vie = vi)
v EAS
(176)
For fixed wvp, define a set of random variables

(V]é,S/,U]/wZ]/c) ~ 1{1};@ :vk}pSUkZHVk (s’,u%,zﬂv}c),

then H (U]/CZUV]C/) = H(Uka‘Vk = ’Uk) and
H (Z;,|V})) = H (Zy|Vik = vi). Since psy, z,|v, satisfies
PsUzi|Vi (87 U 25| 0%)
= psivi (5'v3) P2y s (218" U s (ukls') s (177)

it holds that Z|, = S’ ® By, U, = S’ ® Ey. Hence Z;, & U], =
B @ Ey,.
For fixed v}, consider

H (Uy|Zy, Vi, = i)

= H(Uka:|Vk = Uk) — H(Zk“/k = ’Uk) (178)
= H (U Z[V¥) — H (Zi|V¥) (179)
= H (Ui|Z,Vy) (180)
= H (Uy, ® Z4| 2. Vy) (181)
= H (B, ® Ex|Z,V}) (182)
< H(By ® Ey) (183)
= Ho (Br * ) - (184)
Combine (176) and (184), then we have
I (Vi; Ug| Zy)
> Hy (B i) = e Y Ao H (Uk|Zk, Vie = vp)
oL EAR

— (1= ) Ha (Br * ) (185)

= ppHs (B * i) — [ Z Xow H (U| Zy, Vie = i)

v EAR
(186)
Now we consider the second term of (186).
> A H (Ukl Z, Vie = i)
v EAL
= Y N (H (UiZi|Vie = vi) — H (Zi|Vi, = i)
v EA

(187)

= > Ao, (Ha(doy, Bry i) — Ha (du, * Br))  (188)
v EAR
= > MG (duy, BrTr) (189)
v €Ay
where the function Hy (z,y, z) is defined in (59) and
G (2,y,2) 2 Hy (2,y,2) — Hy (z%y). (190)

Equality (188) follows from calculating the entropies accord-
ing to the definition.
Now we show that G (z,y, z) is concave in z. To do this,

we consider
2

WGl (‘IayVZ)
_ -1 @-v®)? Z-3)
TYz +TYzZ  xYyz +TYz XYz +TY2
__ 2 _\2 _\2
ik )R k) Y e (191)
TYZ + TYZ Yy +TY xy +TY
_ (- 2o w-p)
Ty: +TYEZ | TYZ+TYR Ty +TY
_ _\2 __ 2 2
(B T )
TYz + TYZ TYZ + TYZ Yy + 7Y
<0, (193)
where (193) follows from the following inequality
2 2 2 2
af a3 1 af = aj
— 4+ ==——(b1+0b — + = 194
b b b1+b2(1+2)<b1+b2) (159
1 2 2 bga% bla%
= — —_— 4 —= 195
by + b2 <a1+a2+ b1 * ba (19
1
> bt by (a% + a% + 2a1a2) (196)
2
_ (@ ta) (197)

b1 + by
for by, by > 0 and arbitrary real numbers a1, as. (193) implies
G1 (z,y, z) is concave in z.

Then combining the concavity of G; (z,y,z) with (186)
and (189), we have

I(Vk; Uk|Zk)

> g (Hz (Br * 1) — G1 ( Z Avkdvky/Bk,Tk)) (198)

v EAR

= pp (Hy (B * ) — G1 (ks Br, k) (199)
where
a2 Y Nyde,. (200)
v EAR
From (173), oy, satisfies
prou + (1 — pi) B < Dy (201)

Combine (201) with Dy < B (i.e., (157)), then we have
0 < ar <Dy < By (202)
Therefore,

I(Vk;Uk‘Zk)



>3k—Dk

> (Ha (Br * ) — G1 (o, Bry Tx)) (203)
Br — ag
—D
_ %(H2 (B % 7)
— (Ha (g, Br, 7k) — Ha (ax * Br))), (204)
i.e.. (174) holds.
Next we will show
I (Vi; Up|Up -1 Zy)
> M(Hz (Br * ) — Ha (Br * Th—1)
T Py
— (Hy (g, B, k) — Hy (akaﬁkﬂ'k—l)))- (205)
Consider
I (Vi; Ug|Ug—12Zy)
= H (Uk|Ux-12x) — H (Ug|U—-121 Vi) (206)
=H (Uk,1|Uk> + H(Uk‘Zk)
— H (U-1|Z) — H (Ug|U—1Z; Vi) (207)
= H> (7’,’671) + Ho (ﬁk *Tk)
—HQ (5]6*776,1)—H(Uk|Uk,1Zka). (208)

Write the last term as

H (Up|Up-12 Vi)

P(szvk)
= (1- kT PR g (U Uk -1, Zi, Vi =
(1 — ) ZCP(VkGAz) (Uk|Uk—1, Zk, Vi = vi)
U}cEAk
— kY Ao H (Un|U—1, Zi, Vi = v3) . (209)
v EAR
For fixed vy, define (VS UL, Ui_y,Z}) ~

1{v}, = vk} Psv,ve_ 1 zulvi (85U}, W)y, 24 v),). Since
PSULUk_1Zk| Vi (s’,u;,u;_l,zﬂvfﬂ)
= psvi, (8'[0g) P2y |5 (2418") Puy s (ugls)
X pu, o (U1 [uk) (210)
we have Z, = §' ® By, U, = S' @ E,U,_, = UL ® E'y_1.

Hence Z; ®U;, = By ®Ey, Z;, ®U},_, = By ® Ej_;. Similar
to the derivation for H (Uy|Ug—1, V), = vi), we can write

H (Up|Ug-1, Zy, Vi, = i)

= H (U4|U;_1 2. Vy) @211
= H (U ® Z}|U}_, ® Z}, Z},, Vi) (212)
< H (U, ® Zi|Uj_, & Zy,) (213)
= H (B, ® Ex|Br ® E_1) (214)
=H By ®Ey) + H(By @ Ex_1|By, ® Ey,)

— H (B, ® Ey-1) (215)
= Hy (1j,_y) + Ha (B * 1) — Ha (B, % Ti—1) . (216)

Combine (208), (209) and (216), then we have
I (Vie; U |Uy—12Zy.)
> pu (Ha (77._1) + Ha (B * ) — Ha (B * Th—1))

— Uk Z AowH (U|Uk—1, Zi, Vie = i) .
v EA

217)

Consider the last term of (217),

> oo H (UklUk-1, Zi, Vi = vi)
v €AY

= > A (H (Uk|Zk, Vi = vi)
v EA
+ H (Ug-1|Ug, Zi, Vic = vi)

— H (Ug1| 2, Vi = ) (218)
- 3 (H Uk Zi|Vie = vi) + Ha (T},
v EA
— H (Uy-1, 2V = wy)) 219)
= H2 (Tl::—l)
+ Z Avk (H4 (dkaBvak) - H4 (dvkaﬂlmTk—l))
v EAR
(220)
= Hy (1) + D MG (dugs Bryho 1), (221)

v €EAg
where (220) is by directly calculating the entropies according
to the definition, and

G2 (37,3/72’;75) é1{4 (:c,y,z) _H4 (l‘,y,t) (222)
Note that function G; (z,y,z) is a special case of function
Ga (w,y,2,t) given t = 3, ie.,

3 (223)

Now we show that G (z,y, z, t) is concave in 2 when 0 <

1
Gl (’rayVZ) = GQ <I,’y,2, ) .

z<t< %, which generalizes the concavity of G; (z,y, 2).
To do this, we consider
82
@GZ (:E7 Y, z, t)
2 _ _\2 _ _\2 __ 2
_ Wwz=w2)  Wz-vz) (WE-uz)  (WZ—yz)
TYZ + TYZ TYzZ + TYZ TYZ + TYZ TYZ + TYZ
2 _ 2 — N2 - 2
(wt—vt)"  (@t—yt)”  (vi-7t)  (F—yt)
oyt + 2yt ayt+aYyt  wyt+TYt oyt + Tyt
(224)
and
o [ 02
a. 7G y I 7t
b1 (5202 (20520
2 —_\2
_ 9 (yt—yt) . (yt —yt)
ot \ xzyt +7yt  ayt + Tyt
_ —\2 o 2
o [ (gt —yt) (yt — yt)
+ = ——— + ——— (225)
ot \ zyt + Tyt  ayt + Tyt
_ 27 (ay +77) - (1-2)
(zyt + Tyf)z (zyt + JL‘TJt)2
—y* -7 (ay +7Y) - (1 - 2t)
—5 = 5 (226)
(:@t + fyt) (z@t + fyt)
Hence for 0 <t < %
0 [ 02
— [ =—G )] <0 227
at (5‘x2 2(%%2’ )) =Y ( )



ie., 0‘9—;02 (z,y, z,t) is decreasing in t. Then we have for
0<z<t<3,

32 2

TGQ (Sﬂ Y, z, t) Ox2

It implies G2 (z,y, z,t) is concave in z when 0 < z <t < %
Combining (217) and (221), and utilizing the concavity of
G2 (z,vy, z,t), we have

I (Vi; Up|Ug -1 Zy)
> g (Hz (Br * 7) — Ha (Br * Th—1)

G2 (l',y,Z,Z) =0. (228)

~Ga( Y AlosBrsTiomn)) (229)
vE €A
=k (Hz (Br *7) — Ha (Br * Tk—1)
— G (ks B T 1)) (230)

where aj is given by (200) and satisfies (201) and (202).
Therefore,

I(Vk§Uk|Uk 12)

> g]; . (H2 (Br * ) — Ho (B * Ti—1)
— G (akyﬂk,Tk,qu)) (231)
g]; . (HQ (Br * k) — Ha (B * Ti—1)
— (Hy (o, Br, i) — Ha (Oék,ﬁkﬁkq)))? (232)

i.e., (205) holds.
Combining (159), (174) and (205) gives Theorem 6.

APPENDIX E
PROOF OF THEOREM 7

For the Wyner-Ziv Gaussian broadcast with bandwidth
mismatch case (the bandwidth mismatch factor b), Theorem
5 states that if Dy;.x is achievable, then there exist some pmf
PV |SPVi_1|Vi " Pwi|v, and functions 8 (vx,2),1 < k <

K such that .
Ed (S, Sk) < Dy, (233)
and for any pmf pUK,1|SpUK,2|UK,1 o 'pU1|U2’
1
g (I (Vk; Uk|Uk_1Zk) 1k e [1 : K]) € Reae (234)

holds, where the capacity of Gaussian broadcast channel Rgpc
is given in (61).

Choose Ux_1 = S+Ej_; and Uy = U1+ B, 1 <k <
K — 2, where Ej, ~ N (0,7]) is 1ndependent of all the other
random variables. Define £y = 7/ _1 E; ~ N (0,74) with

K—1
T = > j—, Tj Then

I(Vi;Uw|Zy)

>1($50112) (235)
= h(th|22) — b (151 2 ) (236)
= h(U1]Zy) *h<U1 *§1|5'1Z1) (237)

> h(Ui|Z1) - ( 1 5‘1) (238)
2 %1 (271'6 (ﬂl -+ Tl)) - élog (2’/T€ (Dl + Tl)) (239)
1 p1+ 11

T2 log Di+7’ (240)

where (239) follows from the fact that a Gaussian distribution
maximizes the differential entropy for a given second moment.
On the other hand,

I (Vi; Ug|\Ug—1Zy,)

> 1 (S0 UilUs-1 2 241)
=1 <§k; Uk|Zk> -1 (Sk§Uk—1|Zk) (242)
= h (Uk|Zy) — h (Ux-1|Zy)
+h (Uk,1|ZkSk) ) (Uk\ZkS'k> . (243)
The first two terms of (243)
B (U1Z) — (U1 Z2) = 5o g%. (244)
The last two terms of (243)
h (Uk_1|Zk5‘k) —h (Uk|Zk5‘k)
= h (Uk_1|Zk§k> —h (Uk|ZkS‘kE,’€_1) (245)
= h Uk_1|zkék) —h (U,C_1|Zk§kE,;,1) (246)
=1 (U,c L EL 1|Zk§k) (247)
=h(Ej_y) - <Ek 26U — 1) (248)
=h(Epy) - (Ek 11 Z1, Bk, U1 — Sk) (249)
h(E 1) (Ek 11Uk—1 _Sk) (250)
I(Ek S = S+ B+ B} 1) (251)

where (252) is by applying the mutual information game result
that Gaussian noise is the worst additive noise under a variance
constraint [14, p. 298, Problem 9.21] and taking E,’f_1 as the
channel input.

Combining (243), (244) and (252), we have

(Br + 7)) (Dg + T —1)
(Bk + Tk—1) (Di + 71)

1
I(Vi; Up|Up—1Zk) > log (253)

(234), (240) and (253) imply Theorem 7.
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