Fifty-first Annual Allerton Conference
Allerton House, UIUC, lllinois, USA
October 2 - 3, 2013

An Achievable Rate Region for Gaussian Interference Channel with
Intermittent Feedback

Can Karakus', I-Hsiang Wang? and Suhas Diggavi'

Abstract— We consider the two-user Gaussian interference
channel with intermittent channel output feedback. We derive
an achievable rate region that corresponds to the capacity
region of the linear deterministic version of the problem.
The result shows that passive and unreliable feedback can be
harnessed to provide multiplicative capacity gain in Gaussian
interference channels. In contrast to other schemes developed
for interference channel with feedback, our achievable scheme
makes use of quantize-map-and-forward to relay the information
obtained through feedback, performs forward decoding, and
does not use structured codes. We find that when the feedback
links are active with sufficiently large probabilities, the perfect
feedback sum-capacity is achieved to within a constant gap.

I. INTRODUCTION

Feedback has been shown to be a promising strategy for
interference management [1]. In contrast to point-to-point
memoryless channels, where feedback gives no capacity gain
[2], and multiple-access channels, where feedback can at
most provide power gain [3], Suh and Tse [1] showed that
channel output feedback can result in multiplicative gain in
Gaussian interference channel (IC) capacity. They considered
a model where each transmitter-receiver pair is equipped
with a perfect out-of-band feedback link, which provides the
transmitter with a noiseless observation of the last channel
output of its corresponding receiver. Given the optimistic
result obtained under this setting, a natural question arises:
Can feedback be leveraged for interference management
under more realistic models?

There have been several pieces of work so far, attempting
to answer this question. Vahid et al. [4] considered a rate-
limited feedback model, where the feedback links are mod-
eled as fixed-capacity deterministic bit pipes. They developed
a scheme based on decode-and-forward at transmitters and
lattice coding to extract the helping information in the feed-
back links, and showed that it achieves the sum-capacity to
within a constant gap. The work in [5] studied a deterministic
model motivated by passive feedback over AWGN channels,
and [6], [7] studied the two-way interference channel, where
the feedback is provided through a backward interference
channel that occupies the same resource as the forward chan-
nel. [5], [6] and [7] only dealt with the linear deterministic
model [8] of the Gaussian IC.
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In this paper, we consider the passive intermittent feed-
back model for the Gaussian interference channel. The
passive intermittent feedback model was introduced in [9]
and investigated on the linear deterministic interference
channel. In this model, feedback is available to the trans-
mitters through erasure channels controlled by Bernoulli
processes {51 [t], Sa[t]}. The particular realization of the pair
{S1[t], S2[t]} is available to the users causally. Although
the joint distribution p(Si[t], S2[t]) can be time-variant in
general, we focus on an i.i.d. model for simplicity. In our
earlier work [9], we characterized the capacity region of the
linear deterministic channel under this model; in this work,
we extend our result to the Gaussian channel.

The intermittent feedback model can be relevant in several
scenarios. If the resource used for feedback is not dedicated,
uncoordinated interference or collisions over the feedback
channel may cause this resource to be available intermittently
at the transmitter. In some other scenarios, packet drops or
control mechanisms in higher layers may cause intermittent
feedback, if a side-channel such as WiFi is used as a feedback
resource.

In addition to intermittence, the other important feature
of our feedback model is the passiveness of feedback: The
receivers simply feedback their channel outputs back to
the transmitters without any processing. In other words,
each transmitter receives from feedback an observation of
the channel output of its own receiver through an erasure
channel, with unit delay. We focus on the passive feed-
back model as the intermittence of feedback is motivated
by the availability of feedback resources (either through
use of best-effort WiFi for feedback or through feedback
resource scheduling). Therefore, it might be that the time-
variant statistics of the intermittent feedback are not a
priori available at the receiver, precluding active coding.
Moreover, the availability of the feedback resource may not
be known ahead of transmission, therefore motivating the
assumption of causal state information at the transmitter.
If the receiver has a priori information about the feedback
channel statistics, it can perform active coding, in which case,
the intermittent feedback model reduces to the rate-limited
model of [4].

Our achievable scheme has three main differences from
the previous schemes developed in [1], [4] and [5]. First,
we use quantize-map-and-forward [8] at the transmitters to
send the information obtained through feedback, as opposed
to (partial or complete) decode-and-forward, which has been
used in [1], [4], [5]. Second, at the receivers, we perform
forward decoding of blocks instead of backward decoding,
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which results in a better delay performance. Third, we do not
use structured codes, i.e., we only perform random coding.

Our result shows that feedback can be harnessed to provide
multiplicative gain in Gaussian interference channel capacity
even when the feedback is unreliable and intermittent. The
derived achievable rate region agrees with the capacity
region of the linear deterministic channel. A consequence
of this result is that when the feedback links are active with
large enough probabilities, the sum-capacity of the perfect
feedback channel can be achieved to within a constant gap.
This is a direct extension of a similar observation for the
linear deterministic case [9]. We also extend our result to
parallel vector channels, which can be used as a model for
OFDM and packet drops over a best-effort channel.

II. MODEL
S| ~ Ber(p))
Zy ~ MN(0,1)
‘ X hi Y
Tx1 « + Rx1
] L
hy

]12 Z2 ~ N(O, 1)
—
. + Rx2
il e hz oy L

Sy ~ Ber(ps) |

Fig. 1. Two-user Gaussian interference channel with intermittent feedback

We consider the two-user Gaussian interference channel
with intermittent feedback, illustrated in Fig. 1. We assume
Transmitter ¢ (Txz) has a message W, intended for Receiver
i (Rxi), i = 1,2. W € [2NR1} and Wy € [QNRﬂ are
independent and uniformly distributed, where, for n € N,
[n] := {k € N: k <n}. The signal transmitted by Txi at
time t is denoted by X;[t]. The channel output received by
Rxi at time ¢, Y;[t], i = 1,2, is related to the channel inputs
at time t, X;[t], j = 1,2, by the relations

Y: [t] = h11 Xy [t} + hngg[t] + 7 [t]
Y> [t] = hngl [ﬂ + hooXo [t] + Zs [t]
where hi1,hia,ho1,hoo € C are complex channel gains,
and Zt], Z2[t] ~ CN(0,1) are circularly symmetric com-
plex Gaussian noise. We assume an average transmit power
constraint of P; at Txi, i.e., E[X;] < P, i=1,2.
We define

SNRZ = ‘h”‘QPZ

INR; := |hyj|*P;
for (i,7) = (1,2),(2,1), and
. INR
T SNR,

for 1 =1,2.

The feedback state sequence pair S™ := (S}, S)') have
the joint distribution

N
p(ST,55) = [ [ p(S1[H], Salt]).

t=1

and marginally, S;[t] ~ Bernoulli(p;), for i = 1,2, for
all t and N. Note that, for any fixed time slot ¢, the random
variables S} [t] and S|[t] are not necessarily independent, that
is, the joint distribution p(Si[t], S2[t]) can be arbitrary. We
assume that receivers have access to S causally.

At the beginning of time ¢, Txi observes the channel output
received by Rxi_at time ¢ — 1 through an erasure channel,
Le., it receives Yi[t — 1] := S;[t — 1]Y;[t — 1], for i = 1,2.
Note that this is a passive feedback model, in that it does not
allow the receiver to perform any processing on the channel
output; it simply forwards the received signal Y; at every
time slot, which gets erased with probability 1 — p;.

We use the notation X = Y to denote that X is a deter-
ministic function of Y'. Then X;[t] 15 (Wi, Sf_l, Y,L.t_1>.

We also define

‘/i = hjin' + Zj,
Vi = SVi,

for (i,7) = (1,2),(2,1).
A vector channel is described by the equations

Y [t] = Hi X [t] + HioXo[t] + Zy[t]
Yo[t] = Ho1 X [t] + HooXo[t] + Z2[t]
Y. [t] = Si[t]Yq[t]
Yo[t] = Sa[t]Yalt]

where H;; € CM*M for (i,5) = {1,2}% are diag-
onal matrices whose k’th elements are denoted by hg‘f);
X;[t],Y;[t] € CM, i = 1,2, are the channel input and
output, respectively, at user 4; Z[t] and~Z2[t] are independent
and distributed with CA(0,1); and Y;[t],s = 1,2 is the
output of the feedback channel of Tx¢, at time ¢. Note that
at any given time, the same feedback state variable S;[t]
controls the presence of feedback for all sub-channels, i.e.,
the feedback is present either for all M channels, or for none
of them.

A rate pair (R, R2) is said to be achievable if there exists
a pair of codebooks (C1,Cs) with rates R and Ro, respec-
tively, and pairs of encoding and decoding functions such
that the average probability of error at any decoder goes to
0 as the block length N goes to infinity. The capacity region
with feedback probabilities p; and pa, C(p1, p2), is defined
as the closure of the set of all achievable rate pairs (R, R2)
when Sy ~ Bernoulli(pi) and Se ~ Bernoulli(ps).

"More formally, for random variables A and B, A i B means that there
exists a o(B)-measurable function f such that A = f(B) almost surely,
where o(B) is the sigma-algebra generated by B.
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SNR;
Fi:log<1+m>—@—log3 (1)
G; =log (1 +SNR; + INR;) — C; — log 6 (2)
3INR;
H. = loo SNR, oo J —C; —
: = log (1 4+ SNR;) + p; log <1+(3+SNRZ-)(2+2DJ-)> C; —log3 3)
Ji=log(1+INR;) —C; —log3 4)
SNR; 1+ 3o
K = log (1 + INR-Z + |NR¢> + 1{InR; <SNR; 1} Pi log ,3;;?,{,),&]. —2C; —log3 (5
J SNR; +3INR;
M, = log (1 + SNR; + INR;) — C; — C* — log 3 6)

III. MAIN RESULT

Our main result is summarized in the following theorem.

Theorem 3.1: The capacity region C(p1,p2) of the two-
user Gaussian interference channel with intermittent feed-
back includes R(D1, D2, p1,p2), consisting of the rate pairs
satisfying

Ry < min{Gy,Hy,F; + Jo} @)

Ry < min {Ga,Ha,Fa + J1} ®)

Ry 4+ Re <min {F; + Mg, F2 + My, K; + Ko} (9)
2R, + Ra < Fy + Ko + My (10)
Ry + 2Ry < Fo +K; + Mg (11)

for all distortion constraints D1, Ds > 0, where F;, G;, H;,
Ji, Kiy My, (4,7) = (1,2),(2,1), are as defined in (1) — (6),
and C; and C/ are given by

3 3
i pllog<1+2Di>—l— pjlog<1+2Dj>,

3
' — pilog (1
Cz p’b Og< +2D1>7

for (1,7) = (1,2),(2,1).

Remark 3.1: The rate region given in Theorem 3.1 is con-
sistent with the capacity region for the linear deterministic
version of the problem [9].

Remark 3.2: The achievable scheme that will be presented
can actually achieve a slightly larger rate region, since we
have backed off from the maximum achievable region by a
constant amount to make our analysis simpler. In addition, in
order to simplify the rate region expressions we have chosen
a particular power allocation, which is not necessarily the
optimum one.

Corollary 3.1 (Generalized Degrees of Freedom): For
symmetric channel parameters (SNR; = SNRy = SNR,
INR; = INRy = INR, p1 = ps = p), the symmetric
generalized degrees of freedom of freedom, defined by

. Coym(SNR, INR, p)
lim ,
SNR— 00 log SNR

INR=SNR*

dsym :=

where Cyym(SNR,INR,p) :=sup{R: (R,R) € C(p,p)}, is
given by

min {1 —«/2,1—(1—p)a}, a<1/2
dsym = min{l—a/2,p+(1-pla}, 1/2<a<1
min {a/2, (1 — p) + pa}, a>1
2
— o0
18| wn p=0.1
ol 72
14
12
& T\
08 \
0.6 v
04
0.2
00 0.5 1 15 ‘2 25 3 35 4
Fig. 2. Generalized degrees of freedom with respect to interference

strength o = fﬁ%M for symmetric channel parameters. When feedback
og SNR

is available with probability 0.5, the GDoF performance of perfect feedback
is achieved.

This result demonstrates that even unreliable feedback can
be harnessed to provide multiplicative gain in Gaussian
interference channels. Fig. 2 shows the symmetric gener-
alized degrees of freedom for various values of feedback
probability. As can be seen, as p is gradually increased from
0, we obtain progressively better degrees of freedom curves.
It is worth noting that when p = 0.5, the V curve obtained by
perfect feedback is achieved. Next, we make this observation
more precise.
We define sum-capacity as

Cam(p1,p2) :==sup{Ri + Rz : (R, R2) € C(p1,p2)},

and define CL,;,, to be the sum rate outer bound for perfect
feedback, given in Theorem 3 of [1] as follows.

= i (1 —p?)SNRy
Ckn= 1 1
- st;pnnn{og( + 1+ (1—2)INR,

+log (1 + SNRs + INRs + 2py/SNRs - INR2> :
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(1 —p*)SNRy
1
log ( T Tr O AINR

+ log (1 + SNR; + INR; + 2p/SNR; - INR1>}

The next corollary shows that when p; and p2 are suf-
ficiently large, the sum-capacity of the perfect feedback
channel can be achieved to within a constant gap.

Corollary 3.2: There exists 0 < p* < 1 such that?

C'g]m - sum(p17p2) = Q(l)

for all p1,p2 > p*.
Proof: See [10]. [ |

Although the exact threshold p* does not have a clean
closed-form expression, the example of symmetric channel
shows that, depending on channel parameters, it can get as
low as 0.5. This behavior has a clear intuition behind it.
Note that the larger p is, the larger the amount of additional
information about the past reception can be obtained through
intermittent feedback at the transmitters. If the amount of
such information is larger than a threshold, then sending
it to the receivers will limit the rate for delivering fresh
information. Hence, once this threshold is reached, having
more feedback resource is no longer useful. However, this
property is not observed for the entire capacity region, since
if one of the users transmit at a low rate, then it will have
sufficient slackness in rate to forward the entire feedback
information.

The next corollary extends the result to vector channels,
which are useful for modeling several practical scenarios,
such as OFDM, or packet drops over a best-effort network,
e.g., WiFi.

Definition 3.1: Minkowski sum of two sets A and B is
defined by

A®B:={a+b:ac Abec B}.
Corollary 3.3 (Vector channels): For any vector channel
of size M with feedback probabilities p; and ps, the rate
region

M
@R(k)(DYC)v Dék)vphpQ)
k=1

is achievable for all sets of distortion constraints
D™ DI > 0, k € [M], where R® is the achievable
rate region for the k’th sub-channel according to Theorem
3.1.

Proof: Decompose any target rate point
(Ry1,Rs) into M components (Rll”) RU‘)) such that
(B, Ro) = Sl (RY,RY), and (R, RYY) €
RE (D™ D) py,pa), which is possible if (R, Ro) lies
in the set given in the corollary, by Definition 3.1. Use
sub-channel k independently to send messages with rates
R and R, Since (R{™, RY) lies in the achievable
region of the sub-channel, the result follows. ]

2Q(l) is in Bachmann-Landau notation, i.e., in this case, it represents
any constant independent of channel parameters.

Remark 3.3: Note that using the sub-channels indepen-
dently is not necessarily an optimal strategy. It might be
possible, in general, to achieve a larger rate region by coding
over sub-channels.

IV. PROOF OF ACHIEVABILITY
A. Overview of the Achievable Strategy

The scheme consists of transmission over B blocks, each
of length N. At the beginning of block b, upon reception
of feedback, transmitters first remove their own contribution
from the feedback signal and obtain a function of the
interference and noise realization of block b — 1. This signal
is then quantized and mapped to a new codeword, which will
be called the helping information. Finally, new common and
private information codewords are superposed to the helping
information, and sent to the receiver.

The decoding operation depends on the desired rate point
(see Fig. 3). To achieve the rate points for which the common
component of the message is large, the receiver simply
performs a variation of Han-Kobayashi decoding, i.e., it
decodes the intended information jointly with the common
part of the interference. Note that this does not make use of
the helping information.

To achieve the remaining rate points, the helping informa-
tion is used. For weak interference, at block b, we assume
that the receiver has already decoded the intended common
information of block b — 1. After receiving the transmission
of block b, the receiver jointly decode the intended private
information and the interference of block b — 1 jointly with
the common information of block b, while using the helping
information sent at block b as side information. For strong
interference, the roles of intended common information and
the interfering common information get switched.

Next, we present a detailed description of the coding
scheme and proof of achievability.

B. Codebook Generation

Fix p(Zse)p(Tic)p(Tsp) for @ = 1,2, and p(u;|v;) that
achieves E [d(Ul, VJ)] < D, for (i,7) = (1,2),(2,1), where
d(-,-) is the squared-error distortion measure, given by,
d(z,y) := (x — y)2. Generate 2" quantization codewords
UN iid. ~ p(us) Z~ (wilv)p(v5), for (i,5) =
(1,2),(2,1). For i = 1,2, generate 2V codewords X}
iid. ~ p(x). Further generate, for i = 1,2, 2NRi
codewords X[ iid. ~ p(zs) and 2V codewords XY
iid. ~ p(xip).

C. Encoding

Encoding is performed over blocks (indexed by b) of
length N. See Fig. 4 for a system diagram. At the beginning
of block b, Txi receives the punctured feedback signal
YN (b — 1) containing information about the channel output
in block b — 1, given by

YNb—1) = SN (haXN(b—1) + hiy XN (b —1)
+ ZzN(b - 1))7 (%]) = (172)7 (2’ 1)
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Imﬁrfe‘rence Operating Decoding Operation
egime oint
Ric < Iun Jointly decode Wip(b — 1), Wac (b — 1), Wic(b),
and quantization index Q1 (b)
Weak Interference
Ric > Iun Jointly decode W1p(b), Wic(b), and Wac(b)
- (do not use helping information)
Ry < I Jointly decode Wip(b— 1), Wic(b— 1), Wac(b),
and quantization index Q2(b)
Strong Interference
Roe > I Jointly decode W1p(b), Wic(b), and Wac(b)
- (do not use helping information)

Fig. 3.

where multiplication by the vector SN is element-wise. Upon
reception of YiN , Tx: first subtracts its own contribution
SNh; XN to obtain

VNOb—1)=SN(hi XN (- 1)+ 2ZN(b-1))

for (¢,7) = (1,2),(2,1). This signal is then quantized by
finding an index Q;(b) such that

(770 -1, UY (@u(b)) € TV,

where 7;(N) denotes the e-typical set with respect to the
distribution p(v;)p(u;|v;), and p(v;) is induced by the
channel and the input distributions. If such an index Q;()
has been found, the codeword XY (Q;(b)) that has the same
index is chosen to be sent for block b. If there are multiple
such indices, the smallest one is chosen. If no such index is
found, the quantization index 1 is chosen.

Extract interference
from fecdback

[ [

YV —1) ' __ Quantize|
Vb —1)| plui)

Add new information

[ |

Superpose

plaifeie) F(i”(b)

Wialb) Wiy(8)

Quantize-and-map

Map
pl1e)

U () X{l(0)

—hSY XN (b —1)
Fig. 4. Encoder diagram at Tx1

Note that if we fix a codebook, the helping information
pair (U} (b), X (b)) become a function of the interference
and noise of the previous block, and the feedback channel
realization, that is,

(U (b), XX (B))

[

(§N(b - 1)5 Y;N(b - 1)’ XzN(b - 1)aci)
L(SNb-1),XNb-1),2N0-1),0)

for (i,5) = (1,2),(2,1), and C; represents the collection of
codebooks at Tx 4. Next, the message W;(b) € [2VF] to be
sent at block b is split into common and private components
(Wic(b), Wip(b)) € [2NFic] x [2NFi»]. Depending on the
desired message indices (W;c(b), Wip(b)), a common code-
word XY (Wic(b)), and a private codeword X (Wip(b)) is
chosen from the respective codebooks.

A high-level summary of the decoding policy at Rx1.

Finally, the codeword XY (b) = XX (b)+ X7 (b)+ X} (b)
is sent. For convenience, we denote X} (b) := XY (b) +
X3 (0).

D. Decoding

The message indices for common and private messages,
and the quantization indices of Tx¢ at block b will be denoted
by m;(b), n;(b), and g;(b), respectively. When there are two
quantization indices to be decoded, the second one will be
denoted with ¢}(b). Rxi receives, during blocks b — 1 and b,

YV (0) = hi XY (0) + hig XY (0) + 2 (1),
YN0 1) =hu XN - 1)+ by XN 0 - 1)+ ZN (b - 1).

In order to describe the decoding process, we need to
introduce some notation. Define the following sequence of
sets:

B

a0 1) = (261,
X ((a5:my) (6 = 1), (U, XX) (@) € TH.

for (i,7) = (1,2),(2,1). Loosely, BZ(N) is the set of quanti-
zation indices of Tx¢ that are typical with the interference of
the previous round. If any of the indices (g;,m;) is known,
we will suppress the dependence to that index, e.g., if both
are known, we simply denote

BEN)(I)) = {qi : (ﬁN(b - 1),
X0 - 1,0 @), X2 (@) € TV}

where X J]\}(b — 1) refers to the codeword corresponding to
the known message indices.
We assume that the set BZ(N)(b) has cardinality 2V (),
Specifically,
]. o T
= clog|[{a®): (V¥ -1),0" @) e TV}
Note that due to random codebook generation, K/(b),1
1,2, are random variables. The following lemma shows that
K|(b) is almost surely bounded by a constant for sufficiently
large N.

K;(b)
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Lemma 4.1: For any € > 0, there exists a block length
N, and a quantization scheme such that K(b) < C! + d(¢),
where

Cl = I(V;; U3) — I(X5; U)

for (i,7) = (1,2),(2,1), and é(e) is such that 6(e) — O as
e— 0.
Proof: See [10]. ]

We also define C; = C} + 2C7, for (i,7) = (1,2),(2,1).
The reason for this particular definition will become clear in
the error analysis. Intuitively, C; represents the cost associ-
ated with sending the helping information to the receiver, in
addition to fresh information.

Decoding operation depends on the interference regime
and the desired operating point (R, R2). In what follows, for
clarity, we will focus only on Rx1. The operations performed
at Rx2 are similar.

1) Weak Interference (INRy < SNRy): Define I,,; :=
I(X15;Y1|Xqe, Xoe)—C, . If, for the desired operating point,
Ric > 1,1, the helping information is not used, and a
slight modification of Han-Kobayashi scheme is employed.
Otherwise, the helping information is used to decode the
information of block b— 1. We describe the decoding for the
two cases below.

Ric > Iw1 @ At block b, we assume that X{¥(b) and
XN (b— 1) are known. The decoder attempts to find unique
indices (my(b),n1(b),ma(b)) € [2NFre] x [2NRie] x
[2VF2¢] and some g2(b) € [2V™2] such that

< SN, X (b — 1), X{U(0), X3 (a2(0)), X (7n1(b)), )
x{ (ml(b) nl(b))aXQf(QZ(b) ma(b)), Y1 "(b)
e TV
(12)

where the known message indices are suppressed. If it can
find a unique collection of such mdlces it declares them as
the decoded message indices (VV les W o ch>, otherwise it
declares an error.

After decoding, given the knowledge of X{V(b), Rxl
reconstructs X{¥(b+ 1) by imitating the steps taken by Tx1
at the beginning of block b + 1, thereby maintaining the

assumption that X7¥(b) is known at the beginning of block
b.

Ric < Iw1 : At block b, it is assumed that XN(b —1)
and X}V (b — 2) are known at Rx1.

To decode, Rx1 attempts to find unique indices
(my(b),n1(b—1),ma(b—1)) € [2NFre] x [2NFie] x
2NR2:] and some triple (q2(b—1), ¢2(b), q1 (b)) € [2V"2] x
2NT2] 5 [2N71] such that

SV(b-1), X{7(b—2), X f(b 1), X{(n1 (b — 1)),

X2e( ( 1)) X2C 2 _ 1 (Ul 7Xle)( b))v

X350 (g2(0)), X{e(ma (b)), “( 1), YV (b)

(13)

If a unique collection of such indices exists, then these are
declared as the decoded message indices (ch, ﬁ?lp, ﬁ\/gc)
Otherwise, an error is declared.

In (13), the dependence of XlN(b — 1) to the indices
q1(b—1) and my(b — 1) is suppressed, since these indices
correspond to messages that have already been decoded.

In words, the decoder jointly decodes the private infor-
mation and the interference of block b — 1 jointly with the
helping information and common information from block b.

Note that non-unique decoding is performed for Xi¥(b),
but we have assumed that X[ (b — 1) (and thus, X{Y(b —
1)) is uniquely known at the begmmng of block b. In order
to maintain this assumption for the next block, X{¥(b) is
reconstructed at Rx1. To achieve this, given the knowledge
of X¥(b—1), and the quantization codebook, Rx1 imitates
the operations performed by Tx1 at the beginning of block
b.

2) Strong Interference (INR;y > SNRy): As in the weak
interference case, decoding depends on the operating point.
For Ro. < Is1 = I(Xap;Y1|Xie, X2e) — C1, helping
information is used, otherwise, helping information is not
used.

Roc > I5; : The operations performed are identical to
those for the case of R, > I, under weak interference,
so we omit this case.

Rac < I : We assume XV (b — 2), X (b — 1), and
XN (b—1) are known at Rx1 at block b.
To decode, Rx1 attempts to find unique indices

(7n1(b _ 1)’n1(b = 1), ma
2NFze] and some (g2(b —
2NT2] X [2N7‘1] such that

(b)) S [QNP”"] X [2NR1P X
1)aq2(b>aQI(b)) € [QNTQ X

SN (b~ 1), X{3(b - 2), X{{(b— 1), X3{(g2(b — 1)),
Xig(ma (b~ 1), Xy (b= 1)), X5(ma (b)),
(U, X5 (@2(0)), X0 (4)), ¥ (6~ 1), ¥ (1)
e TV
(14)

If a unique collection of such indices exists, they are
declared as the decoded message indices (ch, Wip, W2c>
Otherwise, an error is declared. Using the information of
XN(b—1), Rx1 can now uniquely reconstruct X{¥(b — 1)

by following the steps taken by Tx1 at the beginning of block
b.

E. Error Analysis

We focus only on Rx1, and an arbitrary block b for
simplicity. Without loss of generality, we consider the error
events occurring at Tx1 and Rx1. All arguments here will be
applicable to the other Tx-Rx pair. We define the following
decoding error events at Rx1:

Drpw(b) = {ch(b) = Wie(b), Wip(b — 1) = Wip(b — 1),
Wac(b — 1) = Wae(b — 1)}c
Dra(b) = {Wie(b— 1) = Wic(b - 1),
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Wip(b— 1) = Wip(b — 1), Wac(b) = Waelt) }
DNFB(b) = {Wl(b) =W (b)a/WZC(b) = WZc(b)}c

Now we analyze the weak and strong interference regimes
separately.

1) Weak Interference.: The following lemmas characterize
the rate constraints for reliable communication with Rx1
for feedback and non-feedback strategies, respectively, under
weak interference.

Lemma 4.2: For a1 < 1, P(Dpp,w(b)) = 0as N = oo
if

Rie < I(X1s3 Vil X1e, Xae) — Ci (15)

Rup < I(X1; V1| X5, Xog) — Cy (16)

Rye < I(X2y; V1] X2e, X1) — C4 (17)
Rip + Rae < min {I(Xl,ng;Yl,Uﬂle,Xge) (18)
I(X1, Xop; Vil Xie, Xa) } =201 (19)

Ry + Roe < I(X1, Xof; Y1 X1e, Xoe) — C1 — C5 (20)

Proof: See [10]. |
Lemma 4.3: For a; < 1, P(Dnypp(b)) = 0as N = oo
if

Ric > I(X15; V1| X e, Xoe) — Ch (1)
R1p<I(X1;Y1‘X1f,X2f)—Cl (22)
Rye < I(Xoyp; Y1 X0, X1) — Oy (23)
Ry < I(X1; V1| Xof, X1e) — C4 (24)
R,y -‘rRQc<I(X1,X2f;Y1|X16,X26)—Cl—Cé (25)

Proof: See [10]. ]

Recall that feedback mode is used at Rx1 only if (15) is

satisfied; otherwise Han-Kobayashi decoding is performed.
If we define R := (Ri¢, Rac, Rip), and

Y= {R : (16)-(20) is satisfied},
Nrp = {R: (22)-(25) is satisfied},
Ry ={R: (15) is satisfied},

then the set of rate points R™ that ensure decodability at
Rx1 under weak interference contains

RY = (Rpp NRY)U (Rypp NRYC)
2 (Ryre NREBNRY)U(RNrpp N REp NRY)

=RNreNRFB

where R} is the complement of the set RY. Therefore,
the rate constraints for decodability at Rx1 for the described
strategy for weak interference are given by (16)-(20) and
(22)-(25), for all joint distributions H?:l D(Zie)D(Tic) P(Xip)
and p(u;|v;), (i,7) = (1,2),(2,1), consistent with the
distortion constraints.

2) Strong Interference: The following lemmas give the
rate constraints for the feedback and non-feedback modes
under strong interference at Rxi.

Lemma 4.4: For ay > 1, P(Dpp,s(b)) = 0as N — oo
if

Roe < I(Xoy; Y1|Xie, Xoe) — C1 (31)
R1p<I(X1;Y1‘X1f,X2f)—Cl (32)

Ry < min {I(X1; Y3, Vel X1, Xay), (33)

I(X1, Xo; Vil X1e, Xae) } — C1 (34

Ry + Roe < I(X1, Xo5; V1| X1e, X2e) — C1 — Cy  (35)

Proof: See [10]. ]
Lemma 4.5: For a1 > 1, P(Dnypp(b)) = 0 as N — oo
if

Roe > I(Xoy; Y1 X1e, Xoe) — C1 (36)
Ry, < I(X1; 1| X1y, Xog) — Cy 37
R]p“I‘RQC<I(X1,X2f;Y1‘X1f7X25)—201 (38)
R+ Roe < I(X1, Xop; V1| X1e, Xae) — C1 — Cy  (39)

Proof: See [10]. ]
One can perform the same line of arguments as in
the case of weak interference to show that the rate con-
straints for decodability at Rx1 for strong interference are
given by (32)-(35) and (37)-(39), for all joint distributions
H?:l p(mie>p(xi6)p($ip) and p(ui|ﬁj)’ (Z,]) = (172>7 (27 1)a
consistent with the distortion constraints.

F. Rate Region Evaluation

Now we evaluate the rate constraints obtained in the
previous section, and obtain the final achievable rate region.
Assuming available power P; at Tx¢, we assign the following
input distributions, for (i, ) = (1,2),(2,1):

where D; > 0 are the distortion parameters, and P; =
Pie + P + P, for i = 1,2. Let us define P :=
(Ple,Plc,Plp,Pge,ch,ng) for convenience. Using these
input distributions, it is easy to evaluate the mutual informa-
tion terms obtained in the previous sections, and obtain the
rate constraints given in (26)—(30), for decodability at Rxz.
for any non-zero power allocation (Pje, P;c, P;;,) such that
Pie + P,c + P, = P; and for (i,7) = (1,2),(2,1), where

1+ |hij2Pj,,>

C; = p;log <l + D,

L+ |hij|2P;
+2pjlog<1+7+|”| ”’),
D;
1+ |hy; |2 P;
J

and the indicator functions are used to unify the rate con-
straints obtained for weak and strong interference. In terms
of evaluation, the only non-trivial bounds here are (28) and
(29), whose evaluation is given in [10].
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|hii *Pip
R,y < A; =1 1 -G 26
< it r o) @6)
|hl]|2R]C
R B;:=1 1 - C; 27
]c< % Og< +1+|h”| Pjp [ ( )
R; < C; := min {1 ( |hu| (Pic + Pip) + |h”|2P]e>
! L+ |hij|? Pyp ’
hy | L Py [hjil* (Pict+Pip)
log <1 4 Wil (Bie + Pryp) ) + Ly <|ns, 35 log | 1+ el - C; (28)
1+ |h|?Pjp + *lhl_‘l_v(jf;ip)
|hn| (Re+131p)+|h1]| PJC>
R;, + R;. < D; := min\ lo )
* 7 { < 1+|hm| Pjp
|hn|2pp + |th|2PJc 1+ 1+|hii|2Pi1|)’ré1|:nlzgi |hii|® Pip)
log <1 R hii PP, ) + Ljhis|>|hi; 1y Pilog [, PP —2G
wlap T TR PPy PPy
(29
|hu| Hc + Hp) + |hlj|2IDJC /
R, +R; E; =1 1 - C; —C: 30
’L+ ]C< Og( + 1+|h”| P]p ? J ( )

Applying Fourier-Motzkin elimination, we obtain the fol-
lowing achievable rate region

Ry <min{Cy,A; + Ba}

Ry < min{Co, Az + B}
Ry + Ro < min {A; 4+ E2, A2 + E;, Dy + Do,
A; + By +D2,A2 + B2+ Dy} (42)
2R+ R2 <A+ D2+ Ey (43)
Ry + 2Ry <Ay +D; +Es (44)

(40)
(41)

for any power allocation P consistent with the power con-
straints P; and P». The following lemma shows that this rate
region can be simplified.

Lemma 4.6: In the rate region given by (40)-(44), the
following bounds are redundant.

Ri+ R < HliIl{Al +B; + DQ,AQ + B + DI}
Proof: See [10].
G. Power Allocation

As a final step, we use a power allocation that is a variation
of the one used in [11].

1 1
Pp=-min{——1)P,
. (|hji|2P,-’ >
1
P, = 5(1 — Pip)Pi
1
]Die = 5131

for i =1,2.

Using this power allocation, and using the definitions of
SNR; and INR;, it can be seen that the rate region described
by (40) — (44) (excluding the bounds shown to be redundant
in Lemma 4.6) contains the rate region given in 3.1.
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