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Sum-Rate Upper Bounds for the Two-User
Gaussian X Channel with Limited Receiver
Cooperation

Surapol Tan-a-ram*' and Watit Benjapolkul**?, Non-members

ABSTRACT

In this paper, we propose sum-rate upper bounds
in terms of the sum of 3 rates and the sum of 4 rates
for the two-user Gaussian X channel with limited re-
ceiver cooperation. These upper bounds are derived
by using the Fano’s inequality, the data processing
inequality and Genie-aided techniques. Then, we ex-
plore the generalized degrees of freedom (GDoF) of
the proposed upper bounds with a symmetric chan-
nel setting. By setting a certain set of parameters,
the received results show that our results are identi-
cal to the existing results for both non-cooperation
and limited receiver cooperation cases. Moreover, we
obtain that the GDoF computed from our proposed
upper bounds are greater than the GDoF of those in
the non-cooperation case.

Keywords: Genie-aided techniques, Receiver coop-
eration, Sum-rate upper bound, X channel.

1. INTRODUCTION

In modern communication systems, communica-
tions between transmitter-receiver pairs through a
common communication medium where each trans-
mitter sends an independent message to each receiver
are called a X channel.

Vishwanath et al. [1] first introduce the X channel.
The best known achievable region for the X chan-
nel is proposed by Koyluoglu et al. [2]. However,
characterizing of this achievable region is extremely
complicated [4]. In [3], Huang et al. provide the sum
capacity of the deterministic X channel and Gaussian
X channel under a symmetric channel setting. They
also explore the GDoF of the symmetric Gaussian X
channel from their sum capacity of the Gaussian X
channel. Next, [4] gives outer bounds on the capac-
ity region of X channel for the strong and mixed X
channel. Recently, Niesen and Maddah-Ali [5] find an
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approximately optimal communication scheme and
show that it achieves the capacity of the Gaussian
X channel to within a constant gap.

In [1-5] above, there are no communications be-
tween transmitters or receivers. Nowadays, cooper-
ation between transmitters or receivers which is al-
lowed by exchanging a certain amount of information
at the limited rate due to physical constraints has be-
come the necessary composition of modern commu-
nication systems. For example, the base stations in a
cellular network can be connected via wireline back-
haul links [6]. It is widely known that cooperation can
alleviate interference by forming distributed multiple
antenna arrays or called as distributed multiple-input
multiple-output (MIMO) systems [7-8].

Cooperation research has been studied in [9-13].
Willems [9] introduces initially conferencing among
encoders and then characterizes the capacity region
of multiple access channels (MAC). Next, one-sided
Gaussian interference channels with unidirectional
and bidirectional rate-limited conferencing between
decoders are considered in [10-11], respectively. In [7],
Wang and Tse consider the two-user Gaussian inter-
ference channel with rate-limited receiver cooperation
and characterize its entire capacity region to within
a constant gap. After that, Ashraphijuo et al [12]
extend the work [7] to the MIMO case. Very recently,
Tan-a-ram and Benjapolakul [13] first study the two-
user Gaussian X channel with limited receiver coop-
eration. They propose to use a strategy consisting the
transmission scheme based on the message splitting
[14] and the cooperative protocol based on the two-
round strategy [7] for the general case of this channel
and then derive an achievable rate region based on
their proposed strategy.

In the perspective of information theory, it is
widely known that characterizing upper bounds
which are the subset of an outer bound or an outer
bound which is also called an approximate capacity
region gives the better understanding of communica-
tion limits in the channel which is considered.

From the literature review of the X channel and
the cooperation above, however, knowledge of the
Gaussian X channel with cooperation is presently lit-
tle known despite the two-user case. In this paper,
therefore, we consider the two-user Gaussian X chan-
nel with limited receiver cooperation where the rates
of exchanging information between receivers are lim-
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ited. We give sum-rate upper bounds and then show
the benefits of receiver cooperation for this channel.

The contributions of this paper are given below.

. We derive upper bounds in terms of the sum of 3
rates and the sum of 4 rates for the two-user Gaus-
sian X channel with limited receiver cooperation, i.e.,
(1)—(13) in Theorem 1, using the Fano’s inequality,
the data processing inequality and Genie-aided tech-
niques [3], [7], [15]. We show through the compar-
isons that our proposed upper bounds (5)—(8) and
(9)—(10) are the same as the previous known results
in both the non-cooperation [3], [16] and the receiver
cooperation [7], [11], respectively, by setting a certain
set of parameters. This indicates that our results are
more generalized than those in the existing works.
Furthermore, bounds (1)—(4) and (11)—(12) are the
novel results for this channel scenario and are pro-
posed for the first time in this paper.

. We give approximate sum capacity bounds under a
symmetric channel setting, i.e., SNR; = SNRy =
SNR, INR; = INRy = INR, and C§, = C§, = CB.
We reveal that approximate symmetric sum capacity
bounds (18)—(20) are the same as the existing results
in both the non-cooperation [3], [15] and the receiver
cooperation [7] by setting a certain set of parame-
ters. This implies that our results are more general-
ized than those in several communication scenarios.
In addition, other symmetric sum capacity bounds,
i.e., (17) and (21), are the novel results and are also
proposed for the first time in this paper.

. We explore the GDoF from the proposed approxi-
mate symmetric sum capacity bounds. The obtained
results reveal that gains from receiver cooperation
are obtained efficiently when the GDoF is approx-
imately proportional to the the normalized capac-
ity of the receiver-cooperative link (k). However, it
is found that the GDoF does not increase, i.e., it
reaches full receiver cooperation, when r = 1,1, 3 2

v 9
f =123953 tivel ’
or o = ) 5,9, respectively.

2: 552
The rest of this paper is organized as follows: We
introduce the channel model and provide sum-rate
upper bounds for the two-user Gaussian X channel
with limited receiver cooperation in Section IT and III,
respectively. The effectiveness of the proposed upper
bounds is verified in Section IV. In Section V, we
explore the GDoF under a symmetric channel setting.
Conclusion of this paper is in Section VI.

Notations: h(-) and I(-) denote the differential en-
tropy of a continuous random variable or vector, and
mutual information, respectively. For a real num-
ber a, (a)" := max(0, a) denotes its positive part. C
denotes the set of all complex numbers. CA(0,1) de-
notes complex Gaussian random variable with zero
mean and unit variance. Let 2V denote the sequence
{z[1],--- ,z[N]} where || denote time indices. Unless
indicated, all logarithms log(-) are of the base 2.
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Fig.1: Two-user Gaussian X channel with limited

receiver cooperation

2. CHANNEL MODEL

Since the two-user Gaussian X channel is physi-
cally the same as the two-user Gaussian interference
channel [3]; therefore, we can describe the two-user
Gaussian X channel with limited receiver coopera-
tion using the channel model in [7] as shown in Fig.
1. This channel model consists of two transmitter-
receiver pairs where each transmitter has an indepen-
dent message for each receiver. These two pairs com-
municate each other via two main non-interference
links' as follows:

Transmitter-Receiver Links: These links are mod-
eled as the normalized Gaussian X channel

= huz + hom + 2

Y2 = ho171 + hoomp + 2

where the additive noise processes {z[n]}, (i = 1,2)
are independent and identically distributed (i.i.d.)
CN(0,1) over time.

For 4,7 = 1,2 and 4 # j, suppose that there are
four independent messages where mj denotes the
message sent, from transmitter ¢ to receiver j. Hence,
transmitter ¢ encodes message m; and my; into a
block codeword {z;[n]}_, with the average transmit
power constraints

1 N
WZ|II[IH]|2§17 i:1727
n=1

for arbitrary block length N. Note that the outcome
of each encoder depends only on its own messages.
SNR and INR can be defined as follows:

SNR7 = |hm‘2, and |NR,L = |h1;j‘2, Z,] = 1,2 and 1 #]

Receiver-Cooperative Links: These links are noise-
less with finite capacities C,Bj from the receiver i
to j, for (i,7) = (1,2),(2,1). For any time in-
dex n = 1,2,--- N, encoding at each receiver
is causal in the sense that the cooperation signal

from receiver 1 to 2, wjs[n], is only a function

This paper focuses only on the out-of-band limited receiver
cooperation; therefore, signals in transmitter-receiver links do
not interfere with those in receiver-cooperative links
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of {m[1],...,m[n — 1], u21[1],.. ., u21[n — 1]}. Simi-
larly, ugi[n] is only a function of {y2[1],. .., ye[n — 1],
U12[1]7 ey Ulg[n — 1]}

3. UPPER BOUNDS FOR THE TWO-USER
GAUSSIAN X CHANNEL WITH LIM-
ITED RECEIVER COOPERATION

This section proposes sum-rate upper bounds in
terms of the sum of 3 rates and the sum of 4 rates
for the two-user Gaussian X channel with limited re-
ceiver cooperation. In deriving these upper bounds,
we first use the mutual information to upper bound
the rates through the Fano’s inequality and the data
processing inequality. Second, we divide them into
two parts: 1) Terms which are related to those in
the Gaussian X channel without receiver cooperation
and 2) Terms which present gains from receiver co-
operation. Finally, the genie-aided techniques [3], [7],
[15] are utilized to upper bound terms in the first
part, where genies give useful side information sig-
nals which are carefully selected to the receivers. The
obtained results are given in the following theorem.

Theorem 1: The nonnegative rate quadruple
(R11, R12, Ro1, Ro2) of the two-user Gaussian X chan-
nel with limited receiver cooperation defined in Sec-
tion 2. satisfies the inequalities (1)—(13) as shown at
the bottom of the next page.

upper bounded by C%.
Bound (13) is straightforward cut-set upper bound
of the sum of 4 rates.

Note that the derivation of all bounds works for all
SNR’s and INR’s. The power gain which is mentioned
in (5)—(8) and (11)—(12) is the gain in the saturation
region where receiver cooperation is inefficient [7]. O

4. EFFECTIVENESS OF THE PROPOSED
SUM-RATE UPPER BOUNDS

This section verifies the proposed bounds in Theo-
rem 1 by comparing some of these results in the spe-
cial cases with the existing results [3], [7], [11], [16] in
the case of non-cooperation and receiver cooperation.

4.1 Comparisons of our results with the exist-
ing results

We compare the upper bounds in Theorem 1 with
the previous known results in the following two cases.

. Non-cooperation case:

o Setting CB, = C§, = 0 in (5)—(8) and (9)—(10), we
obtain that these bounds are identical to the results
of Lemma 5.2 and Theorem 5.3, respectively, in [3].

e Setting mis = mo; = ¢ and CIB2 = Cgl = 0 in
(6)—(7), (10), we obtain that these bounds and the
results in [16] are the same.

Proof : Details of this proof are given in Ap-2. Recewer cooperation case:

pendix. For i,j = 1,2 and ¢ # j, the concise ideas
for deriving these bounds have the following details:

First of all, bounds (1)—(4) correspond to the Z-
channel bounds. A genie gives interfering information
sﬁ[ and my; to receiver ¢ and xjN and my; to receiver

j for bounds (1) and (4) and s

i and z¥ and my; to receiver j for bounds (2) and
. The gain of receiver cooperation is the sum of

and my; to receiver

(5)—(8) correspond to the Huang-
Cadambe-Jafar (HCJ) upper bounds for the Gaussian
X channel without cooperation [5]. For these bounds,
a genie gives y¥, m;; and my; to receiver j. There-
fore, the gain from receiver j to 4 is absorbed into the
power gain and the other gain is upper bounded by
ce.

Bounds (9)—(10) correspond to the Etkin-Tse-
Wang (ETW) upper bounds for the interference chan-
nel without cooperation [15] which is extended to the
Gaussian X channel without cooperation [5]. In the
genie-aided channel, a genie gives side information 55}/
and my; to receiver 4 for (9) and 5}] and my; to re-
ceiver 7 for (10). The gain of receiver cooperation is
upper bounded by C§, + C5,.

Bounds (11)—(12) on Ri1; + Ri2 + Ro1 + Roo are
derived by giving side information y" and ;] to re-
ceiver ¢ and §Z]]V to receiver j. Since a genie gives y
to receiver i, therefore, the gain from receiver j to @
is absorbed into the power gain and the other gain is

o Setting mia = ma1 = ¢, we obtain that (6)—(7), (10)
and (13) are identical to the inequalities (8), (7), (6)
and (9), respectively, of an outer bound in [7, Lemma
5.1].

e Setting mis = mo1 = ¢ and assigning that receiver
1 suffers from interference and noise but receiver 2
suffers only from noise, (6) and (13) with some modi-
fications and disappearance of his are identical to the
results in [11, Theorem 2].

o Comparing (9) in [7] with (13) which is not speci-
fied with any parameters, we see obviously that both
inequalities are the same.

4.2 Discussions

The received results in Section 4.1show that some
of our proposed bounds are the same as the upper
bounds in [3], [7], [11], [16] by setting a certain set of
parameters properly. This implies that our results are
more generalized than those in several communica-
tion scenarios. This obtained results also correspond
to the fact that the two-user X channel is a general-
ization of the two-user interference channel [3].

In addition, other upper bounds, i.e., (1)—(4) and
(11)—(12) are the novel results for the research X
channel and are proposed for the first time in this
paper.

In the next section, we provide the better under-
standing with the effect of receiver cooperation by
exploring the GDoF.
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5. GENERALIZED DEGREES
DOM UPPER BOUND

In this section, we first give the definition of the
GDoF of the sum capacity from [7] and then make
use Theorem 1 to calculate an approximate symmet-
ric sum capacity for the two-user Gaussian X with
limited receiver cooperation. Finally, the GDoF is
explored by using the calculated approximate sym-
metric sum capacity.

OF FREE-

5.1 Generalized Degrees of Freedom
The GDoF of the sum capacity [7] is defined as

Cs(SNR, INR, CB)

d = i 14
(o ) ﬁxugzl,n log SNR (14)
SNR— 00
where
logINR cB

= li =K
SNRSoo 0g SNR 7 sNR—oo log SNR

and CE(SNR, INR, CB) = Ri1 + Ri2 + Ro1 + Ros.

Note that a and k are called the normalized in-
terference level and the normalized capacity of the
receiver-cooperative link, respectively.

Furthermore, we use approximations [15]

log(1 + SNR + INR) ~ max(log SNR, log INR)

el1a SNROY (L (sNRYY
8 1+INR [ T 8L INR

to give an expansion of the sum capacity which is
accurate to the first order approximation.

(15)

(16)

5.2 Approximate Symmetric Sum Capacity

Using the results in Theorem 1, the approximate
symmetric sum capacity Cx can be computed and is
presented in the following Corollary:

Corollary 1 (Approzimate Symmetric Sum Capac-
ity) The results are shown in (17)—(22).

Note that each of the inequalities in Corollary 1
is calculated from Theorem 1 using the relationship
Cs, = Ri1 + Rio2 + Ro1 + Ros with the constraints
SNR; = SNRy; = SNR, INR; = INR; = INR and
B, =CB =B

12 21 :

Remark 1 (Effectiveness of the approximate sym-
metric sum capacity). Similar to the verification in
Section 4. we compare the approximate symmetric
sum capacity in Corollary 1 with the existing results
under the symmetric channel setting in the following
two cases.

1. Non-cooperation case:
« Setting CB = 0in (18)—(20), we easily see that these
sum capacity bounds are the same as the results in

[3]-

o Setting mis = mg; = ¢ and C® = 0 in (19), we ob-
viously see that this sum capacity bound is the same
as Theorem 1 in [15].

2. Receiver cooperation case:

o Setting mis = mg; = ¢ in (19), we obtain that this
sum capacity bound is the same as (6) in [Lemma 5.1,
7].

o Setting mis = me; = ¢ in (22), we obtain that this
sum capacity bound is the same as (9) in [Lemma 5.1,
7].

Remark 2 (Discussion).The obtained results as
shown in Remark 1 reveal that some of our proposed
symmetric sum capacity bounds are also identical to
those in [3], [15], [7] by setting a certain set of parame-
ters properly. This indicates that our results are more
generalized than those in several communication sce-
narios. Furthermore, other symmetric sum capacity
bounds, i.e., (17) and (21), are the novel results for
the two-user Gaussian X channel with limited receiver
cooperation and are also proposed for the first time
in this paper.

Next, we provide the GDoF using the results (17)-
(22).

5.3 GDoF of the symmetric sum capacity

The GDoF which is translated from the approxi-
mate symmetric sum capacity in Corollary 1 is given
in the following theorem.

Theorem 2: The GDoF of the symmetric sum ca-
pacity is given as follows:

For 0 <a <1,
d(a, k)
200 4k
=ming2+2k,2 — — 4+ —, 2,
mln{ + 2K 3 + 3

2max(a, (1 — a)T) + 2k,
(2 —a)t +max(a, (1 —a)") = (1 —a)" + &,

% {4 + 20+ 2max(a, (1 — a)t) + 8%3} } (23)

For a > 1,
d(a, k)
= min{?a + 2k, 2max(1, (a — 1)7) + 2k,
2 4
2a—§+§,2a—(1—a)++f$,2a

% [404 + max(4,2 + 2(a — 1)*) + 8%} } (24)

Note that both (23)—(24) are calculated directly
from Corollary 5.2 using the approximations in
(15)—(16) and utilizing Lemma 7.2 in [7] for consid-
ering the phases of channel coefficients, i.e., terms
involving with |h11h22 — h12h21|2.
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Fig.2: Plotting the GDoF versus the normalized in-
terference level a.

Remark 3 (Interpretation).Based on the definition
of the GDoF in (14), the GDoF of the symmetric
sum capacity as shown in (23)—(24) provides a sense
of how interference, which is in terms of «, and re-
ceiver cooperation, which is in terms of x, affects
this communication channel. This implies that the
GDoF in (23)—(24) can indicate the performance of
the symmetric two-user Gaussian X channel with lim-
ited receiver cooperation from characteristics of the
obtained gains from receiver cooperation as follows:
. By comparing with the non-cooperation case (k =
0), we can observe the obtained gains from receiver
cooperation in the considered range of o at different
values of k.

. At each «, we can obtain the range of k which receiver
cooperation is efficient, i.e., the GDoF is approxi-
mately proportional to x, and the range of x which
receiver cooperation is inefficient, i.e., the GDoF is a
constant value and independent to k.

Details of two main points above are provided obvi-
ously in Section 5.4

5.4 Gains from limited receiver cooperation

In this section, we show the behavior of gains
from receiver cooperation for the two-user Gaussian
X channel with limited receiver cooperation via the
viewpoint of a and &, respectively.

5.4.1 Gains from limited receiver cooperation in the
viewpoint of «

Using (23)—(24), the GDoF d(«, k) versus the nor-
malized interference level « is plotted in Fig. 2.
From Fig. 2, we see that

For all a’s € [0, 3], it is obviously seen that the gains
from limited receiver cooperation are received when
the normalized capacity of the receiver-cooperative
link x > 0. However, we observe that these obtained
gains do not equal at the different values of «.

|
P Y

™
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Fig.3: Gain from receiver cooperation when consid-

ering at o = %,%, %, 2,% and 3.

o Full receiver cooperation can be obtained, i.e., the

system reaches the saturation. To consider this point,
we divide «a into 2 ranges as follows:

1. For 0 < a < 1: The GDoF curve changes from a

sawtooth curve to a linear line with a slope of 0 when
% increases from 0 to 3 and the GDoF d(a, k) = 2 at
k=% for all ’s € [0,1). However, it reaches full re-
ceiver cooperation performance at the GDoF d(a, k)
= 2 even though x > % In addition, we observe that
the GDoF curve can reach full receiver cooperation
in some ranges of a when k < %, that is,

(a,k =
(a,k =

) =2 when 0 < a < 0.3 and a = 2;
)=2when 0 < a<0.1

QU
[N

2. For 1 < a < 3: The GDoF curve changes from a step

to a linear line with a slope of 2 when x increases from
0 to 2. Furthermore, we obtain that full receiver co-
operation performance can be achieved when

S
S

§
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=

g
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Therefore, from the obtained results above, we
can be seen obviously that the GDoF computed from
our proposed upper bounds (k > 0) are greater than
the GDoF of those in the non-cooperation case, i.e.,
Kk =0.

5.4.2 Gains from limited receiver cooperation in the
viewpoint of

We present the obtained gains from receiver coop-
eration by plotting the GDoF d(a, k) versus k. Es-
pecially, considering at o = %7 %, %, 2, g and 3. This
result is shown in Fig. 3.

From Fig. 3, at @ = %, we observe that the
GDoF curve increases linearly and its slope = 2 when
K increases from 0 to % and we obtain the GDoF
d(a = 4,k = 3) = 2. However, the GDoF curve
achieves the saturation when x > 1, i.e., d(%, K) =2

for % < k < 4. Similarly, for a = %,%72,5737 the



Sum-Rate Upper Bounds for the Two-User Gaussian X Channel with Limited Receiver Cooperation 31

3 ;
N i

my — g X Y

myy ENC1 ? | :

myy

My = ¢—

Fig.4: Side information structure for bound (1).

GDoF curves increase linearly until they achieve the
saturation at Kk = 3, ;,1, “;’ , 2, respectively.

These received results above correspond to the re-
sults in [7], i.e., the receiver cooperation is efficient in
the linear region where the GDoF is proportional &

with a positive slope.

6. CONCLUSION

This paper provides sum-rate upper bounds to bet-
ter understand the communication limits of the two-
user Gaussian X channel with limited receiver coop-
eration. The received results show that the exist-
ing results in the non-cooperation and receiver co-
operation cases can be obtained by setting properly
a certain set of parameters in our proposed upper
bounds. Furthermore, characterizing the GDoF of
the symmetric sum capacity shows clearly the bene-
fit of receiver cooperation compared with the GDoF
of non-cooperation case. However, each GDoF curve
reaches its saturated point k* = 2 11,3, 2 for

273121 ’ 2
a=1232 23 respectively.

27 37

7. APPENDIX

Proof of Theorem 1

This appendix gives the details for proving Theo-
rem 1 which are based on the genie-aided techniques
[3], [7], [15]. For this proof, we define auxiliary infor-
mation s; and side information 3;; as follows:

Sy 1= hijl’j + z;, §ij = hij:rj + Z

where, for i,7 = 1,2, z; and Z; are i.i.d CA(0,1) and
independent of everything else. Both s;; and §;; have
the same marginal distribution.

Bounds (1) on Ri1+ Riao+ Ro1, (2) on Ri1+ Ria+
Rao, (5’) on Ri1+Ro1+Roo and (4) on Rio+Ro1+ Roo:

Proof : In this proof, we show only (1) and other
bounds can be shown similarly. To upper bound
Ri1 + Ria + Ro1, we set message moo = ¢. A ge-
nie gives side information 52]\{ and ms; to receiver 1
and z" and my; to receiver 2 (refer to Fig. 4). If

(R11, R12, Ro1) is achievable, we can write

N(Ri1+ Riz2 + Ro1 — €n)

(a)
< [(m117m12ay1 au21)+l(m211y2 7u11\£)

(b)
< I(mat, maz; yi ) + I (ma, mag; usy |yl")

+ I(mar; y3') + 1 (mar; u)b|ys')
(2 I(may, mugs y' ) + H(ugy) + 1(ma1; 43" ) + H(ufy)
< I(myy, mag; yi', 851, mor) + 1(mars v’ , 5", man)
+ NC§, + NCE,
= I(miy, mag; y1, spy|ma1) + I(mays v 25", may)
+ NC5, + NCE,
= I(my1, mao; 83y ma1) + I(ma1, mao; yi [say, ma1)
I(may; yd |2, myy) + NC5 + NCB,
h(s31Im21) — h(say|ma1, ma1, maz) + h(y{"|s3), ma1)
— By |55, ma1, mat, maz) + h(yd |28, maq)
— h(y3' |z, ma1, mo1) + NCS) + NCY,
< )+ Ay s3) — h(=)
+h( ) + NC5; + NCF,

s1|ma1) — h(z'

321|m11) h(Z2N

—

e

< N{RHS of (1)}

~

where ey — 0 as N — oo. (a) is due to Fano’s
inequality. (b) is due to the chain rule. (c) is due
to the fact that I(my1, mio;usy|yd) < H(ud)) and
I(mar; uds|yd) < H(ud). (d) is due to the genie
providing side information 32]\1’ and msg; to receiver 1
and 23" and my; to receiver 2 and H(u))) < NCJJ.
(e) is due to the fact that i.i.d. Gaussian distribu-
tion maximises differential entropy under covariance
constraints.

Hence, similarly if a genie provides side informa-
tion 32]\5 and mgo to receiver 1, xlN and mj» to receiver
2 and setting mg; = ¢ for Ry1 + Ri2 + Raa, , a:2N and
me1 to receiver 1, sﬁ and my1 to receiver 2 and set-
ting mio = ¢ for R11 + Ro1 + Reg, and :1:1N and Mmoo
to receiver 1, 51]\5 and mj2 to receiver 2 and setting
mi11 = ¢ for Rio + Ro1 + Roo, we have shown bounds

(1)—(4). 0

Bounds (5) on Ri1+ Ria2+ Ro1, (5) on Ri1+ Ris+
Roa, (7) on Ri1+Ra1+Ras and (8) on Ryia+ Rao1+ Rao:

Proof : In this proof, we show only (5) and other
bounds can be shown similarly. To upper bound
Ri1 4+ Rio+ Roy, we set message moa = ¢. Let a genie
give side information le , my1 and mys to receiver 2
(refer to Fig. 5). If (R11, R12, Ro1) is achievable, we
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-----------------------------------------------------------------------------

E N
myy X
iy —®> Enc1 .

myy
my=¢ — s o

Fig.5: Side information structure for bound (5).

obtain

N(Ri1 + Ri2 + Ro1 —en)

(a)

< 1(m117m12;y1NaU2]\{)+I(m21§yév,ull\£)
(b)

< I(mat, maz; yi¥ ) + I(ma, mag; usy [yl)
+I(m21;yé]v7u11\£7y1]vam117m12)

(© N

< I(mug, maz; yi') + H(ud))

+ I(marsys' s uih, yi [mar, maa)

(d)

yi') — h(yi' [mar, maz) + B(y{", ys' |ma, mao)

N N B
Yi s Y |mi1, mig, mer) + NCg;

h(
h(

< h(yl") + h(y' yi" s mar, iz, zy))
Ryl yd |mar, mag, moy, o, 2) + NC§,
h(

yl') + h(spylsiy) — h(z, ") + NC3,

< N{RHS of (5)}

where ey — 0 as N — oo. (a) is due to
Fano’s inequality. (b) is due to the genie provid-
ing side information xQN to receiver 2, i.e., con-
ditioning reduces entropy. (c) is due to the fact
that I(my1, mio; usy|yd) < H(ud)) and all messages
mi11, M2, Moy are independent. (d) is due to the fact
that u;) is a function of (y{', y3") and H (u))) < NCJJ.
(e) is due to the fact that i.i.d. Gaussian dlstrlbutlon
maximises differential entropy under covariance con-
straints.

Hence, similarly if a genie provides side infor-
mation le , mi; and myo to receiver 2 and setting
ma1 = ¢ for Ryy + Rio + Roa, yd', mo1 and mas to re-
ceiver 1 and setting mi2 = ¢ for R11 + Ro1 + Rao, and
yQN, mo1 and Mmoo to receiver 1 and setting my; = ¢
for Ri2+ Ro1+ Ra2, we have shown bounds (5)—(8). O

Bounds (9)—(10) on R11 + Ri2 + Ro1 + Raa:

Proof : To upper bound (9), a genie gives side
information 32} and mas to receiver 1 and 3{] and my;
to receiver 2 (refer to Fig. 6). If (Ri1, Ri2, Ra2, R22)

< I(may, myg; ) + NCB, + I(mar; yl¥, yd |mar, mya)

-------------------------------------------------------------------

i
'
i
myy .:’

P> ENC1 :
My ———p H
P ; 7y
El‘hl
e I
iy up un
' : . y
My, __\_> | 1
"y, ENC 2 - T + J\ DEC 2
- ! A A
H N '
Yy g :
R O —— n_ ;

Fig.6: Side information structure for bound (9).

is achievable, we have

N(Ri1 + Riz + Ro1 + Raz —€n)
(a)
< I(mat, maz; yi' s udy) + I(mar, mao; ya' , ulh)

(b)

< I(may, maas yi' ) + I(maq, maz; ugy |91
+ I(ma1, maas; gy ) + 1 (max, moas ufy|ys')

(c)

< I(myy, mazs yp' ) + H(ugy)
(

+ I(ma1, ma2; y2' ) + H(ufy)
d

—
=

< I(ma1, mao; yi', 335, mao) + NC3
+ I(ma1, ma2; yd' , 311, ma1) + NCE,

(e)
= I(ma1, maa; yi, 395 |mao) + NC5,

+ I(mo1, mag; ya', 311 |ma1) + NCE,

(f) -
= I(my, maz; 3a9|maz) + I(mar, mig; i [ masa, 525)

+ I(ma1, maa; 37y |ma1) + I (ma1, mag; ya' |mat, 51
+ NCB, + NCE,

(g) ~
< h(335lmaz) — h(335]as"  mar) + h(yi' 335, maz)

— h(yi |39% 25 mar) + h(5{}[m11) —
+ h(ys 13, mar) — h(yd
+ NCB, + NCE,

< h(3a3lmaz) — h(%") + h(yi
+ h(3]Yma1) — h(ZY
+ NC§ + NCB,

= h(y{'|33) — h(%'
+ NCB,

(h)
< N{RHS of (9)}

h(3i |2, mos)

‘gf\{vxle m22)

|53%) — h(s{Y|ma1)

)+ h(y3' [311) — h(s33lma2)

)+ h(y [317) — h(A") + NCy

where ey — 0 as N — oco. (a) is due to Fano’s
inequality. (b) is due to chain rule. (c) is due to
the fact that I(mg,my;u) |y)) < H(ul). (d) is

due to the genie providing side information 3% and
my; to receiver j, for 4,7 = 1,2 and the fact that
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ml:
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Fig.7: Side information structure for bound (11).

H(ujj) < NC5. (e) is due to the fact that all mes-
sages are independent. (f) is due to chain rule. (g)
is due to the fact that z}¥ is a fuction of messages
(myi, my;). (h) is due to the fact that i.i.d. Gaussian
distribution maximises differential entropy under co-
variance constraints. Hence and similarly if a genie
gives side information sj and mj; to receiver i, we
have shown bounds (9)—(10). O

Bounds (11)—(12) on R11 + Ri2 + Ro1 + Rao:

Proof : To upper bound (11), a genie gives side
information yd" and 3%} to receiver 1 and 3} to re-
ceiver 2 (refer to Fig. 7). If (Ri1, Ri2, Roo, Ra2) is

achievable, we obtain

N(Ri1+ Riz + Ro1 + Rax — €n)
(a)

©

INE

I(mar, mags i, udl) + I(mar, maos ya', uiy)

ING

..N N ,N =N
](mn,mua% y Ua1s Yo 7521)

I(ma1, moas g, 519) + I (may, mao; u)b|ys' )

z +
©

< I(myy, mazy gy uay, v 1391) + I(ma1, maz; 35y)

+ I(ma1, ma2; ', 519) + H(ufh)
d

IN
~

(may, maos yi  ys' |523) + h(33)) — (331 |mi1, my2)

h(ys',315) — h(ya', 315 mar, mas) + NCE
h(yl,ys 1351) = h(yi" s 43" 1331, mar, maa) + h(35)
h(Z') + h(315) + h(ys' |3{5) — h(sa1, Z") + NCE,
< h(yl' s v [351) — B(sis, s35) + h(331) — b(Z")
h(313) + h(ys [315) — h(s31) — h(Z") + NC,
h(yi, 93" 1557) + h(ys' |315) — h(z')
h(z

Y1 h(522‘511\£) -
Ny + NCB,

()
< N{RHS of (11)}

where ey — 0 as N — oo. (a) is due to Fano’s
inequality. (b) is due to chain rule and the fact that
a genie gives side information 32 and 3%} to receiver
1 and 3{ to receiver 2. (c) is due to chain rule and
the fact that I(maq, mog;ufy|yd) < H(wd)). (d) is

due to the fact that ul) is a function of (y1,y2) and
H(ufy) < NCB,. (e) is due to the fact that i.i.d.
Gaussian distribution maximises differential entropy
under covariance constraints.

Hence, and similarly if a genie gives side informa-
tion y¥ and 3{} to receiver 2 and 33 to receiver 1,
we have shown bounds (11)—(12). O

Bound (18) on Ri1 + Ri2 + Ro1 + Raa:

Proof : This is the straightforward cut-set upper
bound: if (R11, Ri2, Raa, Ro2) is achievable, we obtain

N(R11 + Ri2 + Ra1 + Roz —€n)
< I(mit, miz, ma1, maz; y1, ya')

=h(y, ys) — bz, ")
< N{RHS of (13)}

where ey — 0 as N — oo.
Hence, we have shown bounds (13). O
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) +CB, + B
INR;

Ri1 4+ Rio + Ras < log(l + SNRQ +10g<1 + SNR; + 1+ SNR,

>+c e

INR2
< 1 1 NR
Ri1 + Rop + Ras <log(1+ SNRy) + og( + SNR, + 1+SNR1> +CB, +CB

SNRy

< 1 INRy) + 1 + INR
Ry + Ro1 + Roo <log(l+ 1 +og< 2+1+INR

) +CB, + B

INR
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1+ SNR;
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