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Abstract—Transmission of correlated Gaussian sources over a
Gaussian interference channel is studied. Each terminal has one
source available, which has to be reconstructed at the correspond-
ing destination with the minimum average distortion. Focusing
on the strong interference setting, we first derive necessary
conditions on the achievable distortion pairs. Then, focusing
on the symmetric scenario, we present achievable distortion
pairs considering several transmission strategies. We compare
the achievable distortion by the proposed schemes with the lower
bound. In particular, we consider separate source and channel
coding, uncoded transmission, a vector quantization (VQ) scheme
which uses the quantization codewords as channel inputs, and
finally a superposition of two quantization codewords. We show
that the VQ scheme is optimal in the high SNR regime. We also
show that the proposed superposition scheme performs very close
to the lower bound in certain regimes.

I. INTRODUCTION

Many emerging wireless applications, such as multime-
dia streaming and Internet of things (IoT), require lossy
transmission of source signals over noisy channels. With
the increasing number of wireless terminals, signals at dif-
ferent nodes typically exhibit statistical correlation due to
the nature of the underlying random processes; e.g., video
signals recorded by cameras observing the same scene, or
measurements at nearby sensors. Lossy transmission of source
signals over a noisy channel is a joint source-channel coding
(JSCC) problem. Shannon’s separation theorem reduces it,
in point-to-point scenarios, to separate rate-distortion and
channel encoding problems, without loss of optimality. Nev-
ertheless, in many multi-terminal problems, the optimality
of separation breaks down, since JSCC can exploit source
correlation to generate correlated channel inputs despite the
distributed nature of the encoders, potentially improving the
overall performance [1]-[5].

We consider the JSCC problem in which two correlated
Gaussian sources, S and So, are available at two separate
terminals, which transmit these observations to their destina-
tions over a Gaussian interference channel (IC). Receiver ¢,
i=1,2, is interested in reconstructing source \S; with the min-
imum average distortion (see Fig. 1). Interference is typically
considered as an impairment, and communication systems are
designed to minimize and combat interference. On the other
hand, in our model, due to the correlation among the sources,
the problem is significantly more intriguing. The interference
signal may carry useful information for the unintended re-
ceiver, and at the same time, the underlying correlation may
allow new techniques to combat interference. In particular, we
will consider the JSCC problem for the Gaussian strong IC,
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Fig. 1. Gaussian interference joint source-channel coding problem.

in which the interference is stronger than the direct channel
signal, i.e., coefficients in Fig. 1 satisfy cf >1,1=1,2.

The JSCC IC problem has previously been studied in the
lossless setup in [3], [6]-[8], showing the suboptimality of
separation, and characterizing the sufficient and necessary
conditions for reliable transmission in certain cases. Achiev-
able schemes for lossy transmission over the IC based on
JSCC are considered in [2] and [4]. The strong IC is also
considered in [4] and separation is shown to be suboptimal
in this regime. However, the characterization of the optimal
achievable distortion region remains open in general.

The capacity of the IC is a longstanding open problem. It
has been fully characterized only in some special cases; in [9]
for Gaussian strong ICs, and in [10] for discrete memoryless
ICs. The main idea in [9] and [10] is that the interference
caused at the unintended terminal is strong enough to allow
each receiver to decode the unintended message without loss
of optimality. Thus, the capacity region reduces to the inter-
section of the capacity regions of two multiple access channels
(MACs). However, the JSCC problem is significantly harder,
and the set of achievable distortion pairs remain open even for
the strong ICs. We will see that, since the encoders transmit
correlated sources, techniques employed to characterize the
capacity of the Gaussian strong IC cannot be applied here.

In this paper we first derive an outer bound on the achievable
distortion pairs in a strong Gaussian IC, which is significantly
tighter than the cut-set bound. Then, we consider achiev-
able schemes based on separate source and channel coding
(SSCC) and uncoded transmission. We also consider three
JSCC schemes based on hybrid coding [2]. First, we consider
a scheme in which each source is optimally quantized at
the corresponding transmitter, and the quantization codewords
are scaled and used as channel inputs, same as the vector
quantizer (VQ) scheme proposed for the MAC in [1]. We
show that, similarly to the MAC scenario, this scheme achieves
the optimal distortion pairs in the high SNR regime. Then,



we consider a generalized VQ scheme in which an uncoded
layer is superposed on the quantized codeword. Finally, we
consider a novel VQ strategy in which two VQ codewords are
superposed, and we numerically show that, this superposition
scheme significantly outperforms the previous schemes and
approaches the proposed outer bound in certain regimes.

II. SYSTEM MODEL

Consider a length-n sequence of independent identi-
cally distributed (i.i.d.) zero mean bivariate Gaussian source
{S1k, Sok}7_, with a covariance matrix
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Without loss of generality, we assume that the sources have
equal variances, i.e., 0% =03 = o2, and p€|0, 1], as one of the
transmitters can always multiply its source by —1 if p < 0.

Transmitter ¢ observes the i-th source sequence and encodes
it with function fJ* : R™ — R™ such that X* = f7(S7) for
1t = 1,2. The corresponding channel input vectors X[ are
subject to individual average power constraints

E[|X7%) = ZE|XL;€| <P, i=12 (@

The additive memoryless IC is characterized by

Yik = Xig + o Xop + Z1k, 3)
Yor = 1 X + Xop + Zo, 4
where cf > 1,7 = 1,2, and Z;; is the i.i.d. zero-mean

Gaussian noise term at the ¢-th terminal with variance N. The
decoding function at the i-th receiver, ¢ : R® — R", for
i =1,2, estimates S7, i.e., S = ¢7(Y;").

Given (02,p, P;,P,,N), we say that an average distor-
tion pair (D1, Ds) is achievable if there exists a sequence
{f1, f&, oF, o5} satisfying the power constraints in (2), and
achieve a mean square-error distortion of
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A symmetric strong IC (SS-IC) refers to the strong IC
problem with D; = Dy =D, Py =P, =Pandc; = c3 =c.
We define log™ () £ max{0,log(-)} and i¢ = {1,2}\.

III. TWO OUTER BOUNDS FOR THE STRONG IC

In this section we derive two outer bounds on the region
of achievable distortion pairs (D7, D3) for the strong IC. Our
first bound is based on the idea that, unlike in the channel
coding problem with independent messages, when the two
sources ST and S are correlated, the encoders can generate
correlated channel inputs exploiting the available correlation
among the source samples observed at different transmitters.
This brings an additional degree-of-freedom to the system,
which potentially improves the performance. However, the
amount of correlation that can be created is limited by the
source correlation [1]. We use this fact, together with the cut-
set bound arguments to obtain the following set of necessary

conditions on the achievable distortion pairs. This bound is
tighter than the one in [4].

Lemma 1. The achievable distortion pairs for a Gaussian
IC are included in the region formed by the pairs (D1, Ds)
satisfying, for some 0 < p, < p, and i = 1,2,

1

< 5 log ((Pi + 2P + 250 po/PL Py + N)/N) ,
1
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where Rg,s,.(D;) = 1/2log" (0?(1—p?)/D;) is the
Wyner-Ziv rate-distortion function for S; when S;c is available
at the receiver, and Rg,(D;) £ 1/2log" (0%/D;), is the
classical rate-distortion function.

Next, we derive a tighter outer bound. We highlight the diffi-
culty in characterizing the optimal set of achievable distortion
pairs even in the case of strong interference. The converse
proof in [9] hinges on the idea that, after decoding the intended
message, each receiver is capable of reconstructing a statis-
tically equivalent signal available at the other receiver and,
therefore, decode the non-intended message as well. However,
in the JSCC Gaussian IC problem, the receivers do not nec-
essarily decode the channel inputs, and this argument cannot
be used anymore. Instead, we use the following information
flow inequality implied by the strong interference condition.

Lemma 2. If 1(X;;Y;|X;e) < I(Xy; Yie| Xie), for i = 1,2,
holds for all p(z1, x2), or equivalently c; > 1 for the Gaussian
IC, then

(XY ISEXE) < I(X3 Y| SpXR),

pz)+N)/N),

i=1,2. (6)

Proof: The proof follows similarly to [11, Lemma 5], in
which the strong interference conditions of [10] are extended
to the IC with correlated channel inputs. [ ]

We apply Lemma 2 together with cut-set bound arguments
and the limitation on the maximum channel input correlation
to derive the following necessary conditions.

Lemma 3. The achievable distortion pairs for the Gaussian
strong IC are included in the region formed by the pairs
(D1, Do) satisfying, for some 0 < p, < p, and i = 1,2,

RSi (Dl) + RS{,CIS{, (ch) (7N
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Proof: A proof sketch can be found in Appendix A. W

In the SS-IC we denote by D, the lower bound on the

distortion resulting from Lemma 1; and by D;, the lower
bound resulting from the application of Lemma 3, given by

Rs, s, (Di) < —p2)+ N)/N). (8)

D; 2 min max{ o2 N1 = p?)
0<psa<p (14 ¢ +2cpy)P+ N’
02N

02N (1 — p?)
(1+c242cp )P+ N (1—p2)P+N |~

Next, we show that the latter bound is tight in certain regimes.



IV. ACHIEVABLE SCHEMES FOR THE STRONG IC

In this section we propose a number of transmission
schemes, and derive the corresponding achievable distortion
values.

A. Separate Source and Channel Coding (SSCC)

In SSCC, the sources are first compressed using optimal
distributed source compression, and the compressed bits are
transmitted over the IC using a capacity achieving channel
code. Under strong interference, the capacity is achieved by
jointly decoding both channel inputs at both receivers [12].
Since both destinations have the transmitted messages, the
source coding problem reduces to the distributed compression
problem. For Gaussian sources, the optimal distribued source
coding scheme is given by the Berger-Tung scheme [13].
Therefore, the set of achievable distortion pairs is given by the
intersection of the capacity region of the strong IC with the
Berger-Tung rate-distortion region. In the SS-IC, the minimum
distortion achievable by SSCC is given by

D, = 02\/274&(1 _ pz) + p22—8R*’ 9)

where the rate minimizing the distortion can be shown to lie
on the boundaries of the two MAC capacity regions, i.e.,

R. = %log(min{\/(l—|—c2)P+1,P+1}). (10)

When the sources are uncorrelated, i.e., p = 0, SSCC
achieves all the distortion pairs satisfying the necessary con-
ditions from Lemma 2, as also shown in [14]. However, for
p >0, as we will see below, SSCC is suboptimal.

B. Uncoded Transmission

In uncoded transmission, each transmitter sends scaled
source samples directly over the channel, ie., X! =
\/BiP; /025!, where B; € [0,1] is the scaling factor. Mini-
mum mean square estimator (MMSE) is used at each receiver.
In general, better distortion pairs can be achieved by not
employing full power at both transmitters to reduce inter-
ference [5]. However, in SS-IC, D! (53, 32) is minimized by
transmitting at full power, i.e., 81 = 82 = 1, and it is given by

AP(1—p*)+N
(1+c+2cp)P+ N’
When p =1, uncoded transmission achieves any distortion

pair satisfying the necessary conditions in Lemma 3, and
therefore, is optimal, while SSCC is strictly suboptimal.

D, =o? (11)

C. Hybrid Coding with Common Message (HC-CM)

The best known JSCC scheme for the general IC is the
hybrid coding scheme proposed in [2]. In this scheme, simi-
larly to the Han-Kobayashi scheme for channel coding, each
transmitter generates a common message, decoded at both
destinations, and a private message, decoded only at the
corresponding destination, but these are transmitted using the
hybrid coding approach. Here, we consider the special case
of this scheme, which we call hybrid coding with common

message (HC-CM), in which both transmitters only send
common information.

In HC-CM, each source sequence S;* is mapped to one
of the 2"%: codewords W/ (m;), which serve as common
information. Then, W/*(m;) are mapped symbol-by-symbol
to generate the channel input as X; = z;(W;, S;). Upon
receiving Y;”, receiver ¢ recovers W{*(m;y) and W' (ms) using
a joint typicality decoder, and reconstructs S, by mapping
symbol-by-symbol the channel output Y;” and the decoded
codewords W{*(m1), W3t (mz). The distortion pairs achievable
by this scheme follow from [2] and are given next.

Lemma 4. A distortion pair (D1, D2) is achievable by HC-
CM in the JSCC IC if there exist a pdf p(wi|s1)p(wzlsz2),
two encoding functions x;(w;, s;), and two decoding functions
$i(wy,wa,y;), for i = 1,2, such that Eld;(S;, 5’2)] < D; and

Ry + Ry < I(Wy,Wo; Yy) + I(Wi; Wa), j=1,2

Lemma 4 provides a single letter expression for the distor-
tion pairs achievable by HC-CM. However, it does not indicate
how to characterise the optimal auxiliary random variables and
the channel input mappings. Next, we consider different con-
structions in order to maximize the performance of HC-CM.

D. Vector Quantizer (VQ)

Here, we consider a special case of HC-CM, called the vec-
tor quantizer (VQ) scheme, in which both transmitters quantize
their source vector and use the quantized codewords as channel
input. VQ is shown to achieve the optimal performance in high
SNR asymptotics when transmitting correlated sources over a
Gaussian MAC setup [1].

In VQ, each source sequence .S;* is mapped to one of the
2nfi codewords W (m;), generated with the test channel
W= (1-2728:)S,+Q;, where Q; ~ N(0,272Fi(1-2721:))
is independent of ;. Codewords W] (m;) serve as common
information. Then, W;*(m;) are mapped symbol-by-symbol to
generate the channel input as X" = /P;/(1 —272R W,
which satisfies the power constraint. Upon receiving Y,
receiver ¢ recovers W{*(my) and W3*(ms2) using a joint typi-
cality decoder, and reconstructs S, using MMSE estimation as
Sr = E[S?|WWJ. The distortion pairs achievable by VQ
follows from Lemma 4 and are characterized next.

Lemma 5. The distortion pairs (D1, Ds) satisfying
1— p2(1 _ 2—2Ric)
1—p2
are achievable by VQ, where the rate-pair (R1, Ry) satisfies

P(1-p*)+N
Ni-2) )

Di > 0'22_2Ri . 1727 (12)
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Next, we show that VQ achieves the optimal performance
in the high SNR asymptotics, i.e., when N — 0.

Theorem 1. VQ achieves the optimal performance in the
high SNR asymptotics, characterized by the pairs (D7, D3)
satisfying

. * )k * 4 2
Jim DD} KT =o'(1- ),

where K* £ min;— o{Pjc + c2P; + 2cip\/Pi Py + N}/N,
provided that DT < o2 and D3 < o2, and that

=0 and lim 0. (13)

o NS0 PDy
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Theorem 1 indicates that for sufficiently small N, conditions
in (7) are tight. We note that each condition coincides with
the necessary condition for a MAC, as given in [1, Theorem
IV.1]. Therefore, in the high SNR regime, the set of achiev-
able distortion pairs is equivalent to the one formed by the
intersection of the achievable pairs in two MACs, in which
both destinations have to reconstruct both source sequences
(S1, S2) at distortion pair (Dy, D). This is reminiscent of the
strong IC channel coding problem, in which each destination
decodes both messages.

A generalization of VQ, denoted by superposed vector
quantizer (S-VQ) scheme, is proposed in [1]. In S-VQ, an
uncoded version of the source sequence is superposed with a
scaled VQ codeword. S-VQ is the best known scheme for the
transmission of correlated sources over a Gaussian MAC [1].
The performance of the S-VQ scheme will be included in the
numerial analysis in Section V.

E. Generalized Vector Quantizer (G-VQ)

Here, we consider an alternative HC-CM scheme in which
each encoder quantizes the source sequence into two quanti-
zation codewords and sends a superposition of the two. We
denote this scheme as generalized vector quantized (G-VQ).

Each source sequence SI is mapped to one of the 2"f
codeword pairs (W (m;),U(m;)), generated with the test
channels W; = ~;S; + Q;, where Q; ~ N(0,1) is in-
dependent of S;, as in VQ, and U; = n;S; + T;, where
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T; ~ N(0,1) is independent of S;. Then, W/ (m;) and
U*(m;) are mapped symbol-by-symbol to generate the chan-
nel input as X! = /P;/vi(c; W + 7,(U; — n;S;)), where
vi = a?(n? +1) + 72 in order to satisfy the power constraint.
Upon receiving Y}, receiver i recovers (Wi (myq), Ul (m1))
and (W3 (ms),Us(ms)) using a joint typicality decoder,
and reconstructs S; using MMSE estimation as 5”1-" =
E[S}|WPrWaUrURY™]. The achievable distortion pairs fol-
low from Lemma 4, and are not given here due to space
limitations. Numerical results are provided in Section V.
Note that G-VQ reduces to VQ by considering 7; = 0 but
not to S-VQ, in general. While a superposed uncoded layer in
G-VQ, as in S-VQ, could be considered, numerical simulations
indicate that this does not improve the achievable distortion.

V. NUMERICAL RESULTS

In Fig. 2, we plot the proposed distortion upper and lower
bounds for the SS-IC with respect to the correlation coefficient
p for P/N =10 and ¢ = 2.5, and numerically optimize the per-
formance of VQ, S-VQ and G-VQ, denoted by D, D4 and
Dg.q, respectively. We observe that in general, the proposed
lower bound D is significantly tighter that the cut-set bound
D.,. Up to a certain correlation threshold p;, ~ 0.55, VQ, S-
VQ and G-VQ perform very close to the lower bound. When
p > pwn, the performances of VQ and S-VQ digress from the
lower bound, while G-VQ continues to follow the lower bound
closely. In our extensive numerical simulations we observe that
as the SNR increases, the value of p;; increases and tends to
one. This is in line with Theorem 1, and the optimality of VQ
in the high SNR regime. Interestingly, we observe that for high
correlation values SSCC outperforms VQ and S-VQ. For very
high correlation values, uncoded transmission, together with
S-VQ and G-VQ, is again the best transmission scheme, and
they all meet D; for p = 1.

Fig. 3 shows the proposed distortion upper and lower
bounds for the SS-IC with respect to p for P/N = 1 and
c = 1.5. We note that the cut-set bound D.s and D; are very
close for low and high correlation values, and D; is tighter
for intermediate values. We observe that SSCC, VQ, S-VQ
and G-VQ meet D; for p = 0, while uncoded transmission



performs far from the lower bounds. On the contrary, uncoded
transmission achieves the optimal performance for p = 1,
while SSCC and VQ fall short of the lower bound, and S-VQ
and G-VQ behave as uncoded transmission for high correlation
values. For intermediate correlation values, S-VQ and G-VQ
achieve the best performance. Interestingly, G-VQ achieves the
same performance as uncoded transmission despite not using
a superposed analog layer.

VI. CONCLUSION

We have studied the JSCC problem over a two-user Gaus-
sian IC with correlated Gaussian sources. Focusing on the
strong interference regime, we have proposed necessary con-
ditions on the achievable distortion pairs. We have shown
that separation and uncoded transmission are optimal for
independent and fully correlated sources, respectively. Next,
we have proposed schemes based on hybrid coding. First,
we have considered a scheme in which a quantized source
sequence is used as the channel input, and a generalized
scheme in which an analog component is superposed on the
quantized source sequence. We have shown that these schemes
achieve the optimal distortion region in the high SNR regime.
Finally, a novel scheme that superposes two quantized versions
of the source is considered, and it is numerically shown to
outperform the other considered schemes, and perform very
close to the lower bound.

APPENDIX A
SKETCH OF THE PROOF OF LEMMA 3

For ¢+ = 1,2, we have

I(XTX3, Y™ =1(SP X7 X5 Y™ (14)
> I(S75 ") + I(XGe: Y57 XT)
> I(S7:Y") + I(Xis; Ve | ST XT) (15)
> I(S; Y™ + IS5 Yie| St XT) (16)
> I(57:Y;") + H( 'CIS”)* H(Si|Y;eSi) (17)
= I(5;Y") + I(Sie; Y32 [S7)
> nRs,(D;) + nRg,.|s,(Dic), (18)
where (14) follows since (S75%) — (X7Xy) — Y, form a

Markov chain; (15) follows from Lemma 2; (16) follows due

to the data processing inequality; (17) follows since S;e —.S}* —

X7 and conditioning reduces entropy; and (18) follows since,

from standard rate-distortion arguments, we have I(S?; Y;") >

nRg,(D;) and I(S7;Y"[Sie) 2 nRsg;|s,. (Di).
We also have, for i =1, 2,

<Y T(X1kXon; Yir).

k=1
On the other hand, we have for i =1, 2,

nRg,|s,.(Di) < I(S7;Y"[Sie)

(X7 X5:Y)") (19)

n

<D

k=1
Next, we jointly upper bound the mutual information terms

on the left hand side of (19) and (20). We will use the

<I(XP Y |XR) Xik; Yik| Xier).(20)

following lemma, which is an extension to the interference
channel of [15, Converse], derived in the context of a MAC
channel with feedback.

Lemma 6. Let {X1;} and {Xar} be zero-mean satisfying
ZZ:I E[ka] <nP;,i=1,2. Let Y;;. = Xk +cCije Xjcr+ Zik,
where Ziy, ~ N(0,N), and for every k, Z;, independent of
(X1, Xok). Then, for any p, € [0,1] we have, for i = 1,2,

> I(X1pXok; Yiex) <
k=1

(21)
g log ((cfpi ¥ Pie + 2¢ipn/PLPs + N)/N) :

S (X Vi [Xew) < oz (1= 2) + N)/)

=1

The correlation between the channel inputs, denoted by p,
in Lemma 6, is upper bounded by the correlation between the
source sequences as 0 < p, < p, similarly to [1, Lemma
B.2]. Using this bound together with Lemma 6, we can upper
bound (19) and (20); and finally, combining these with the
lower bounds in (14) - (18), we obtain (7) and (8).
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