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Capacity Theorems for the Fading Interference
Channel With a Relay and Feedback Links
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Abstract—Handling interference is one of the main challenges
in the design of wireless networks. One of the key approaches to
interference management is node cooperation, which can be clas-
sified into two main types: relaying and feedback. In this paper, we
consider simultaneous application of both cooperation types in the
presence of interference. We obtain exact characterization of the
capacity regions for Rayleigh fading and phase fading interference
channels with a relay and with feedback links, in the strong and
very strong interference regimes. Four feedback configurations are
considered: 1) feedback from both receivers to the relay, 2) feed-
back from each receiver to the relay and to one of the transmitters
(either corresponding or opposite), 3) feedback from one of the re-
ceivers to the relay, and 4) feedback from one of the receivers to the
relay and to one of the transmitters. Our results show that there is
a strong motivation for incorporating relaying and feedback into
wireless networks.

Index Terms—Capactiy, decode-and-forward, feedback, inter-
ference channel, network information theory, relay.

I. INTRODUCTION

OMMUNICATION in the presence of interference is one
of the main areas of research in information theory. The
most basic network in which there is interference is the interfer-
ence channel (IC), introduced by Shannon in [1]. The IC con-
sists of two transmitter—receiver pairs, Tx,-Rxy, & € {1,2},
sharing the same physical channel. The very strong interference
(VSI) regime was first characterized for ICs by Carleial in [2].
When VSI occurs in ICs, each receiver can decode the interfer-
ence by treating its own signal as noise, without limiting the rate
ofthe other pair. Thus, each pair can communicate at a rate equal
to its point-to-point (PtP) interference-free capacity. A weaker
notion called strong interference (SI) was introduced by Sato
[3]. When SI occurs in ICs, each receiver can decode both mes-
sages without reducing the capacity region of the IC. In [3], Sato
showed that in such a scenario, the capacity region of the IC is
given by the intersection of the capacity regions of two mul-
tiple-access channels (MACs)—derived from the IC. The ca-
pacity region of the scenario where both messages are required
by both receivers was first derived by Ahlswede [4].
One of the key approaches to interference management in
wireless networks is relaying. The relay channel was first intro-
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duced by van der Meulen [5] and it consists of three nodes—a
transmitter, a receiver, and a relay—which assists the commu-
nication between the transmitter and the receiver. In [6], Cover
and El Gamal derived an achievable rate for the relay channel
by using a superposition block-Markov codebook and by de-
coding the source message at the relay. The relay then sends a
message that assists the decoder resolve the uncertainty about
the source message. This scheme is called decode-and-forward
(DF). Another fundamental scheme introduced in [6] is based
on compression at the relay. This scheme is commonly referred
to as compress-and-forward (CF). In addition, Cover and El
Gamal provided an outer bound on the capacity of a general
relay channel, but the exact capacity remains unknown. An im-
portant contribution to the study of relay networks is the work
of Kramer et al. [7]. Kramer et al. obtained capacity theorems as
well as achievable rate regions for different relay networks by
using the DF and CF strategies. In [7], capacity results were pre-
sented for several relay networks for phase fading and Rayleigh
fading channel models.

The classic relay channel of [6] can be extended by adding a
second source node, such that (s.t.) the relay assists the com-
munications from both sources to the (single) destination. This
model is called the multiple-access relay channel (MARC).
Some capacity results as well as inner and outer bounds for the
white Gaussian MARC were derived by Kramer and van Wi-
jngaarden [8]. The capacity region of the phase fading MARC
was characterized in [7]. Sankaranarayanan et al. presented
outer bounds on the capacity region as well as achievable rate
regions for the MARC in [9]. The sum-capacity of the degraded
Gaussian MARC! was studied by Sankar et al. [10]. In [10],
it was shown that while in the relay channel, the degradedness
assumption simplified the cut-set bound to coincide with the
DF achievable rate region, in the MARC this is not the case.

The MARC model can be generalized by considering mul-
tiple relays. The relay nodes are said to be parallel if there is no
direct link between them, while all source—relay, relay—destina-
tion, and source—destination links exist. The parallel Gaussian
MARC, with the relay nodes using the amplify-and-forward?
strategy, was studied by del Coso and Ibars [11].

The MARC can be further extended by adding a second des-
tination node s.t. each transmitter communicates only with a
single destination. This gives rise to the interference channel
with a relay (ICR) which consists of five nodes. This channel
was first studied by Sahin and Erkip [12] and has gained con-
siderable interest in the past few years. Inner bounds as well as
outer bounds on the capacity region were derived for the ICR

1A K-user Gaussian MARC is said to be degraded if, given the transmitted
signal at the relay, the multiaccess signal received at the destination is a noisier
version of the multiaccess signal received at the relay.

2In amplify-and-forward, the relay simply transmits a scaled version of its
receives signal.

0018-9448/$31.00 © 2012 IEEE



5186

(see [13]-[15] and [16] and the references therein). One of the
critical aspects in the study of ICRs is to determine what is the
best strategy for the relay, since when assisting one receiver, the
relay may degrade the performance of the other receiver. More-
over, in some situations, the optimal relay strategy would be to
forward interference rather than desired information [14]. Thus,
there might not be one scheme which increases the achievable
rates for both pairs simultaneously. In [52], it was shown that
when the relay is cognitive, it is able to assist both pairs simulta-
neously by simultaneously zero-forcing the interference at each
receiver. This assistance was shown to be optimal from the de-
grees-of-freedom (DoF) perspective for a large range of channel
coefficients. The capacity region of fading ICRs for a nonde-
graded scenario with a causal relay and finite signal-to-noise ra-
tios (SNR) on all links, was first characterized in [17] and [18].
In these works, it was shown that in some situations, the best
strategy for the relay is DF and that the relay can optimally assist
both receivers simultaneously, from the capacity perspective.
Finally, global, instantaneous channel state information (CSI)
was considered in [59]. In the work [59], fading ICRs with an
“on-and-off” relay were studied. Under the assumption of using
“asynchronous relaying” (i.e., the codebooks of the sources and
of the relay are mutually independent) and with the assump-
tion that the fading coefficient equals zero with a positive prob-
ability, [59] obtained an achievable rate region.

Another tool for handling interference in wireless networks
is feedback from receiving nodes to transmitting nodes. Feed-
back allows the nodes to coordinate their transmissions and
thereby sometimes helps in achieving higher rates compared to
those achieved without coordination. In [19], Shannon showed
that feedback does not increase the capacity of memoryless PtP
channels. However, in [20], Gaarder and Wolf showed that in a
memoryless MAC, if both transmitters have feedback from the
receiver, then they can cooperate to increase the capacity region.
This was the first time it was shown that feedback increases the
capacity region of a memoryless channel. In [6], Cover and El
Gamal showed that the cut-set bound for the relay channel is
achieved with DF when feedback is available at the relay. In
such a scenario, feedback to the transmitter does not provide fur-
ther improvement onto feedback to the relay. Additional results
on the achievable rates in the relay channel with receiver—trans-
mitter feedback were obtained in [21]. For the MARC with
feedback from the relay to the sources, Hou et al. derived an
outer bound on the capacity region as well as achievable rate
regions in [22]. In [22], feedback was used to allow each source
to decode the message of the other source, thereby the trans-
mitters could cooperate and resolve the uncertainty at the re-
ceiver. The MARC with generalized feedback (MARC-GF) was
studied by Ho et al. [23]. The MARC-GF models cellular net-
works in which all the mobile stations can listen to the ongoing
transmissions through the channel.

Feedback was also studied for ICs. In [24], it was shown that
for ICs at SI, the capacity region is enlarged if each transmitter
receives feedback from the receiver to which it is sending mes-
sages. The sum-capacity of symmetric deterministic ICs with
infinite-capacity feedback links from the receivers to the trans-
mitters, was studied by Sahai ef al. [25]. In [25], it was shown
that having a single feedback link from one of the receivers to
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its own transmitter results in the same sum-capacity as having a
total of four feedback links—from both receivers to both trans-
mitters. [25] also considered a practical feedback configuration
for a time-division-duplex based system, where the forward and
the feedback channels are symmetric and time-shared and it was
shown that in such a scenario, feedback does not increase the
sum capacity of the IC in the SI regime. In [51], Cadambe and
Jafar provided a tight characterization of the generalized de-
grees-of-freedom (GDoF) for ICs with feedback for values of

glﬁ)gg(;fg > % It was observed in [51] that feedback leads
to an unbounded capacity gain in the VSI regime (o > 2). In
[26], the capacity region of the Gaussian IC with feedback was
characterized to within 2 bits/symbol/Hz, and the exact GDoF
was characterized for all values of «x. In particular, it was shown
in [26] that feedback provides a capacity gain that increases
with the SNR to infinity also in the weak interference regime
0 < a< %), in addition to the case & > 2. In [27], an
achievable rate region for ICs with generalized feedback was
derived. In this scenario, each transmitter observes outputs from
the channel, thereby allowing the transmitters to cooperate and
achieve higher rates compared to the no-feedback scenario. The
effect of finite-capacity feedback links on the capacity region
of ICs was also studied in recent works. The work of Vahid et
al. [54] considered the effect of rate limited feedback on the
ICs. In [54], communication schemes, based on sending to the
transmitter partial information on the interfering signal, were
developed. The paper [54] presented a constant-gap result for
Gaussian ICs with rate-limited feedback and a tight character-
ization for linear deterministic ICs. In [55], the effect of noisy
feedback on the capacity region of Gaussian ICs was consid-
ered. For the situation in which both transmitters observe noisy
feedback from both receivers, it was shown that feedback looses
its value when the noise in the feedback signal is of the same
variance as the noise in the direct link. Finally, note that gen-
eralized feedback (or, equivalently source cooperation), studied
in [27], [56], and [57] can also be considered rate-limited feed-
back when the SNR is finite. In [56] and [57], outer bounds were
derived for ICs with generalized feedback.

The impact of both relaying and feedback on the DoF of
ICs was studied in [53]. The work [53] considered a net-
work with multiple sources, multiple relays, and multiple
destinations, in which the channel coefficients are random
time-varying/frequency-selective and all channel coefficients
are known a priori at all nodes. For such a scenario, Cadambe
and Jafar [53] showed that relays and feedback (and even noisy
cooperation between the destinations and the sources) do not
provide a higher total DoF than that obtained without such
techniques. However, the impact of the combination of relaying
and feedback on the capacity of ICs at finite SNRs has not
yet been characterized. In this paper, we study the capacity of
full-duplex fading IC with a relay and with different feedback
configurations. We consider the channel when it is subject to
phase fading and Rayleigh fading. The phase fading model is
mostly applicable to high-speed microwave communications,
in which phase noise is generated by the oscillators or due to the
lack of synchronization. The phase fading model also applies
to orthogonal frequency division multiplexing [28], as well
as to some applications of naval communications. Rayleigh
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fading models are commonly used in wireless communications
and apply to scenarios in which the multipath effect is not
negligible, e.g., dense urban environments [29].

A. Main Contributions

In this paper, we present the first investigation of the appli-
cation of both relaying and feedback to ICs. We provide ca-
pacity characterization for the fading IC with a relay and feed-
back links (ICRF), in the SI and VSI regimes. We assume only
receiver channel state information (Rx-CSI). All capacity re-
gions obtained in this study are derived under the assumptions
that the fading channel coefficients are mutually independent
and i.i.d. in time, and that the phase of each fading coefficient
is uniformly distributed over [0, 27), and is independent of its
magnitude. Explicit capacity regions are given for two fading
models—phase fading and Rayleigh fading—which are special
cases of this general model.

1) We first characterize the capacity regions of ICRFs in
which both receivers send (noiseless) causal feedback
only to the relay, for VSI and SI regimes.

2) Next, we consider the case where feedback is also avail-
able at the transmitters to determine whether the transmit-
ters can exploit this additional information to cooperate
and enlarge the capacity region compared to the first con-
figuration. The answer to this question is not immediate
since the availability of feedback at the transmitters can
enlarge the capacity region of MACs and ICs, but for the
relay channel, it does not provide any improvement once
feedback is available at the relay.

3) We then study the performance when feedback is available
only from one of the receivers and examine whether the
performance degradation is the same for both pairs. Ca-
pacity results are provided for this scenario as well.

Identifying optimal strategies for ICRFs has a direct impact
on the design of future wireless networks in which interfer-
ence is a critical issue. These implications will be highlighted
throughout. Some important consequences of our results include
a proof that a single relay can be optimal simultaneously for two
separate Tx-Rx pairs as well as the maximum performance gains
that can be obtained in different feedback configurations. 7o the
best of our knowledge, these are the first capacity results for ICs
with relaying and feedback.

The rest of this paper is organized as follows: in Section II,
we define the system model. In Section III, several frequently
used lemmas and theorems are provided. In Sections [V and V,
we provide an exact characterization of the capacity regions of
ICRFs with feedback from both receivers to the relay, in the
VSI and SI regimes. We also provide explicit expressions for
the phase fading and Rayleigh fading models.3 In Section VI,
we analyze the scenario in which feedback is available both at
the relay and at the transmitters. In Section VII, we consider the
case in which partial feedback (only from one of the receivers)
is available at the relay. For this scenario, we characterize the
capacity regions in the VSI and SI regimes and provide explicit
expressions for the phase fading and Rayleigh fading models.
Finally, in Section VIII, we present concluding remarks.

3For the Rayleigh fading, the expressions include integrations which can be
evaluated numerically in a simple manner.
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II. NOTATIONS AND CHANNEL MODEL

We denote random variables (RVs) with capital letters,
e.g., X, Y and their realizations with lower case letters, e.g.,
x, y. We denote the probability density function (pdf) of a
continuous RV X with fx(x). Capital double-stroke letters
are used for matrices, e.g., A, with the exception that IE{ X}
denotes the stochastic expectation of X. Vectors are denoted
with bold-face letters, e.g., x and the i’th element of a vector
x is denoted with x;. We use Lf where ¢ < 7 to denote the
vector (i, Tiq1,...,%;5-1,%;). X* denotes the conjugate of
X and Af denotes the Hermitian transpose of A. Given two
n X n Hermitian matrices, A, B, we write IB < Aif A — B is
positive semidefinite (p.s.d.) and B < A if A — IB is positive
definite (p.d.). AEM(X ,Y) denotes the set of weakly jointly
typical sequences with respect to fx 3y {(z,y), as defined in
[39, Sec. 8.2]. We denote with # the empty set. Finally, we
denote the Normal distribution with mean s and variance o>
with NV (p, o), and the circularly symmetric, complex Normal
distribution with mean z and variance o with CA'(y1, 02).

In the ICR, there are two transmitters and two receivers. Tx;
wants to send a message to Rx; and Tx, wants to send a mes-
sage to Rx,. The received signals at Rx;, Rxs and the relay at
time ¢ are denoted by Y7 ;, Y5 ;, Y3 4, respectively. The channel
inputs from Tx;, Txs, and the relay at time ¢ are denoted by
X1,4, X4, and X3 ;, respectively. The relationship between the
channel inputs and its outputs is given by

Yii=Hy1 ;X + Ho ; Xo i+ H3 ;X3 + 71, (la)
Yo, =Hi2,: X1+ Hoo i Xoij+ Hso 3 X3+ Zo; (lb)
Y3; =Hi3,; X1+ Hoz3; X0+ Z3; (Ic)
i = 1,2,...,n, where 7y, Z5, and Z3 are mutually inde-

pendent, zero-mean, circularly symmetric complex Normal
RVs, CN(0, 1), independent in time and independent of the
channel inputs and the channel coefficients. The channel input
signals are subject to per-symbol average power constraints:
E{|Xy|?} < Py, k € {1,2,3}. The channel coefficients Hy ;
are mutually independent and i.i.d. in time. The magnitude and
phase of Hy;, ; are independent RVs, and the phase is uniformly
distributed over [0, 27).

Throughout this paper, CSI at the receivers is assumed. We
represent the CSI at receiver & with Hké(Hlk7 Hoy. Hgk.,), ke
{1,2}. As each element in Hj, is a complex scalar RV, then
H, » € €3 For consistency of notations, we use 5;);‘., to de-
note the space of the random vector H %, thus 9 r = €3 In
Sections IV and V, we assume noiseless feedback links from
both receivers to the relay, s.t. the channel outputs yfll, yéjll,
and the corresponding Rx-CSIs, 7137‘11 and 7127‘11, are available
at the relay at time ¢ prior to transmission. This model is de-
scribed in Fig. 1. Hence, the CSI at the relay is represented by

Eé(ng, Hos. Hy, flg) € €8, We denote the space of H with
H = ¢8,

~ Comment 1: Note that as feedback contains both channel
output and Rx-CSI, feedback from both receivers to the relay
leads to the relay having delayed Tx-CSI on its outgoing links.
In this study, we will show that as the channel is memoryless

and the coefficients are i.i.d. with uniformly distributed phases,
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Ox;

Tx,

Fig. 1. The interference channel with a relay and with feedback links from both
receivers to the relay. The “D” block represents a single-symbol delay. Additive
noises are not depicted.

independent of their magnitudes, such feedback does not result
in correlated channel inputs. Note that destinations—relay feed-
back which includes Rx-CSI leads to the conclusion that reli-
able decoding at the destinations guarantees reliable decoding
at the relay. This, in turn, leads to the optimality of DF in SI
and VSI. Without including Rx-CSI in the feedback signal, in
order to achieve such an implication, it is necessary to impose
restrictions on the channel coefficients. This decreases the set
of channel coefficients for which we can achieve the capacity
region of the ICRF by using DF at the relay. This will be elab-
orated upon in Comment 9.

Comment 2: We note that an important problem is the case of
global instantaneous CSI. In such a case, following the approach
in [59] and [60], the fading channel is decomposed into parallel
Gaussian ICRs. However, for such channels, it is not possible
to use the techniques of the current work to show that mutually
independent channel inputs maximize the cut-set bound. This is
because the channel coefficients and channel inputs at the same
time instant can be correlated, and therefore, the nodes can use
the CSI to achieve correlation between their signals. The case
of global instantaneous CSI will not be treated in this study.

We now define the code, probability of error, achievable rates,
and capacity region.

Definition 1: An (R, Ra,n) code for the ICRF,
depicted in Fig. 1, consists of two message sets
./\/lké{lﬂ ..... 2nfel ke {1,2}, two encoders at

the sources, e1, €2, and two decoders at the destinations, g1,
ga; ep : My — €7 g - S%Z X €™ — My, k€ {1,2}. At the
relay, there is a causal encoder. Since in Sections IV and V,
feedback from both receivers is available at the relay, then the
encoded signal at the relay is a causal function of the channel
outputs at the receivers, its own received symbols, and the
corresponding Rx-CSIs, i.e.,

=t (yia s st hish, hash, i Lhit)ee

T34

i=1,2,....n

Deﬁmtion 2: The average probability of error is defined as

PUE Pr (g (HP, Vi) # My or go(HY,YJ) # M), where
]\/f 1 and M5 are selected independently and uniformly over their
message sets.
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Definition 3: A rate pair (R1, Rg) is called achievable if for
any € > 0 and 6 > 0, there exists some block length ng(e, 8) s.t.
for every integer nn > ng(e, 8), there exists an (R — 8, Ra—6, 1)
code with P <

Definition 4: The capacity region is defined as the convex
hull of all achievable rate pairs.

In Sections VI and VII, the definitions of Rx-CSI and the code
will be specialized according to the feedback configurations of
these sections.

In this paper, we also present explicit capacity expressions for
phase fading and Rayleigh fading models, which are two fading
models that satisfy the general fading model defined previously.
These models are defined as follows.

1) Phase fading channels: The channel coefficients are given
by Hii = ane?®i, where ajz € Ry are non-nega-
tive constants corresponding to the attenuation of the signal
power from node / to node %, and Oy, ; are uniformly dis-
tributed over [0, 27), independent in time and independent
of each other and of the additive noises 7, k& € {1,2,3}.

2) Rayleigh fading channels: The channel coefficients are
given by Hyp. s = ;. Usg,i, where a;, € Ry are non-neg-
ative constants corresponding to the attenuation of the
signal power from node / to node %, and Uy ; are circu-
larly symmetric, complex Normal RVs, Uy, ; ~ CA/(0, 1),
independent in time and independent of each other and of
the additive noises 7, k € {1,2,3}.

III. PRELIMINARIES

In this section, we present some of the frequently used
lemmas.

A. Maximum Entropy for Complex Random Vectors

Lemma 1: Consider acomplex random vector, Xé(Xl , X2).
Let X'2(X/,X}) X — E{X}. Then h(X/|X})
hXq|X2).

Proof: The proof follows directly from the definition of the
differential entropy. u

Lemma 2: Let X1, X, ..., X} be an arbitrary set of & zero-
mean complex RVs with covariance matrix IK. Let & be any
subset of n elements from {1,2,...,k} and S© be its comple-
ment. Then

MXs[Xse) < log ((me)" det (cov(Xs[Xse)) )

with equality if and only if X, Xa,..., X} ~ CN(0,K).
Proof: The proof follows along the lines of the proof of
[49, Lemma 1] and an application of [34, Ths. 1 and 2]. |

B. Positive Semidefinite Ordering

Lemma (see [46, Lemma 3.1]): Let X; and Xy be
random Vectors with zero mean and covariance ma-

trlces @,,Lk_]E{XmXH} m, k € {1,2}. Define:
A2 (Dll- Cyz - (]322 Then there exists p € [0,1] s.t.
I —AAT < (1 - p?)

where [ is the identity matrix with the appropriate dimensions.
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C. Joint Typicality

Lemma (see [6, Lemma 2]): Let (S1,82,83) ~
I p(s15 82,0, 834)  and (87,85, 83) ~ [I; plss,i)x
p(81,1|93.:)p(82,:]$3.4). Then, for n s.t. Pr {A?’(Sl, Ss, S3)} >
1 — ¢, it holds that

Pr{(8],85,83) € A"(S1,85.93)}
< 27n(1(51;52\53)77e) .

D. Capacity of Phase Fading and of Rayleigh Fading MIMO
Relay Channels

We now state a slight variation of [7, Th. 8] which will be
used in this paper:

Theorem (see [7, Th. 8]): For phase fading and for Rayleigh
fading relay channels with multiple antennas, and with Rx-CSI
available, the channel inputs X 1 and X 3 that maximize both the
cut-set bound

max min {I(Xl, f,l‘/ Y5|Xd Hlla ﬂgl,ng),

p{¥1,%3)

(X1, X3 Y1 Hyp, Hap)}

and the DF rate, maxy(z, z,) Min {I (f( 1 }73|
X‘d,ﬂlg), I(Xl,Xg;f/ﬂH]hﬁ;ﬂ)}, are independent
complex Normal variables. The best covariance matrix for
transmitter Tx; is @ %, = %I]m, t = 1,2, where [,,, is the
ny X ng identity matrix. DF achieves capacity if its rate is
I(X’h X 171). The capacity is then given by

. = Pl o
Cfading relay — / f(h‘f,l) 10g2 I]ll + (),%1 —hllh’{{l
Rl n1

Por ] -
+ @31 ihglhé{l (”?.7'71

where ﬁT,lé{Ellv ilsl}

IV. ICRFS IN THE VSI REGIME

In this section, we consider the ICRF with two noiseless feed-
back links from the receivers to the relay (see Fig. 1), and we
characterize the capacity region of ICRFs in the VSI regime.
This result is stated in the following theorem:

Theorem 1: Consider the fading ICRF with Rx-CSI. Assume
that the channel coefficients are independent in time and inde-
pendent of each other s.t. their phases are i.i.d. and distributed
uniformly over [0, 27). Let the additive noises be i.i.d. circu-
larly symmetric complex Normal processes, CA (0, 1), and let
the sources have power constraints E{|X;|?} < P, k €
{1.2,3}. Assume noiseless feedback links from both receivers
to the relay (see Fig. 1). If

I(X15X3§Y1|X2;H-1) < I(X1§Y2|I:I2)
I(Xo, X3:Yo| X1, Ho) <I(Xy:;Y1|Hy)

(3a)
(3b)
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where the mutual information expressions are evaluated with
X ~ CN(0, P), k € {1.2,3}, mutually independent, then
the capacity region is given by all the nonnegative rate pairs s.t.

Ry < I(Xy, X3; V1| X, Hy)
Ry <I(X5. X3;Ys| X1, Ho)

(4a)
(4b)

and it is achieved with X ~ CN (0, Py), k € {1,2, 3}, mutu-
ally independent and with DF strategy at the relay.

A. Proof of Theorem 1

The proof consists of the following steps:

1) We obtain an outer bound on the capacity region using the
cut-set bound.

2) We show that the input distribution that maximizes the
outer bound is zero-mean, circularly symmetric complex
Normal with channel inputs independent of each other and
with maximum allowed power.

3) We derive an achievable rate region based on DF at the
relay and by using mutually independent codebooks gen-
erated according to the zero-mean, circularly symmetric
complex Normal input distribution:

a) We derive an achievable rate region for decoding at
the relay using steps similar to [7, Sec. 4.D].

b) We obtain an achievable rate region for decoding
at the destination by decoding the interference first,
while treating the relay signal and the desired signal
as additive i.i.d. noises, followed by using a backward
decoding scheme for decoding the desired message.

4) We derive the VSI conditions which guarantee that de-
coding the interference first at each receiver does not con-
strain the rate of the other pair.

5) We conclude that when the VSI conditions hold, the
achievable rate region coincides with the cut-set bound.

These steps are elaborated in Sections IV-A1-1V-A3.
1) Outer Bound: The cut-set theorem [39, Th. 15.10.1] ap-
plied to the ICRF results in the following upper bounds:

s2 {Tx1}, Scé{TXQ, Relay, Rxy, Rxo} :

Ry < I(X1;Y1,Ys, V3| Xo, X3, H) (5a)
s= {Tx1, Rela‘y,RXQ}?ch{TxQ, Rxi}:
Ry < I(X1, X3:Y1| X, Hy) (5b)

s2 {TXQ},SCé{Txl,Relay, Rxy,Rxo}:
Ry < I(X53Y1,Ya, V3| X1, X3, H) (5¢)
s= {Txa, Rela‘y,RxthCé{Txl, Rxa} :

Ry < I(Xy, X3; Y3 | Xy, Hy) (5d)
S2 (Tx;, Txs}, SC2{Rxy, R, Relay) :
Ri+ Ry < I(X1, Xo3 Y1, Yo, Y3 X3, H).  (5e)

Next, we find the channel input distribution that maximizes the
cut-set bound. We follow the same approach as in [7, Propo-
sition 2] and [7, Th. 8]. Let X denote the channel inputs with
the maximizing distribution. Note that Lemma 1 states that the

zero-mean complex random vector X' 2X - E{X} has the
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same entropy as X. Hence, the most efficient strategy would
be to transmit X’ rather than X, since subtracting the average
reduces the power consumption. Using the steps detailed in
Appendix A, we conclude that each mutual information expres-
sion in (5) is maximized by (zero-mean) circularly symmetric
complex Normal channel inputs, independent of each other, and
with the sources transmitting at their maximum available power
even though the scenario consists of a combination of relaying
and feedback. Note that this conclusion is not immediate from
[7, Th. 8] since in the ICREF, there are two destinations, while
the cut-set bound in [7, Th. 8] considers only one destination
and T transmitting relays. Hence, the conditional entropies in
the present case contain more complicated combinations of the
correlation coefficients between the channel inputs and thus
each expression needs to be examined individually.

Comment 3. Note that although the cut-set bound of the ICRF
scenario requires maximization over all input distributions of
the type f(x1)f(x2)f(23]21.22), in Appendix A, it is shown
that f (23|21, 22) = f(x3) is the maximizing distribution at the
relay, and that the input distribution is jointly Gaussian (as fol-
lows from [7, Proposition 2]). The intuition behind the mathe-
matical result is that as receivers have Rx-CSI, then the mutual
information expressions involve averaging over all channel co-
efficients. However, as the phases are all uniformly distributed
over [0, 27), it follows that for any cross-correlation structure
between the channel inputs, the same rate bounds can be ob-
tained by the negative cross correlation. Thus, the maximum
rate is achieved when the cross correlations are equal to their
negatives and are, therefore, zero. As the maximizing distribu-
tion is uncorrelated Gaussians, they are also independent. This
also reflects the fact that due to the i.i.d. uniform phase of the
fading process, it is not possible to correlate the channel code-
words of the different transmitting nodes, leading, due to Gaus-
sianity, to independence.

2) Achievable Rate Region: Now, we obtain an achievable
rate region using the input distribution that maximizes the
cut-set bound in (5). The achievability is based on DF strategy
at the relay. Fix the blocklength 7 and the input distribution
Ixix0.x0 (@1, @2, 03) = fx (w1) - fxy(w2) - fx,(23), where
fx, (zg) ~ CN(0, Py), k = 1,2,3. Consider the following
coding scheme, in which B — 1 messages are transmitted using
nB channel symbols.

a) Code Construction: For each message m;, € My, k €
{1,2}, select a codeword xj(mj) according to the pdf
Ix, (xk(mk)) = [T f~. (:Eky,,:(mk)). For each (my, ms) €
Mj x My, select a codeword x3(rm1,m2) according to the
pdf fx, (X3(m1, mg)) T, fx, (wg,i(ml, mg)).

b) Encoding at Block b: At block b, Tx;, transmits 17z »
using xx (M), k € {1,2}. Let (121 p—1,724_1) denote the
decoded (me,l, map—1) at block b — 1 at the relay. At block
b, the relay transmits x5 (7711 51, 72,5—1). At block b = 1, the
relay transmits x3(1,1), and at block b = B, Txy and Txs
transmit x; (1) and x2(1), respectively.

¢) Decoding at the Relay at Block b: Decoding at the relay
is very similar to the MARC case studied in [7, Sec. 4.D], the
difference being that here feedback is available at the relay. In
the present case, the relay uses its knowledge of Y1 (b), Y2(b),
Y3(b), and H(b) to decode (11 4, ms ) by using a joint-typi-
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cality decoder. The decoder looks for a unique pair, (11, ms) €
My x M that satisfies

(Xl(”M)a Xo(m2), x3(m1p-1,m25-1),y1(b), y2(b),
ys(b), ﬁ(b)) € Al (X1, Xp, X3, 11, Y2, Y5, H). (6)
Following the analysis in [7, Sec. 4.D], it is concluded that the
achievable rate region for decoding at the relay is given by
RRelay Decoding =
{(Rl,RQ) S 9{3_ :
Ry < I(X1; Y7, Y2, V3| X0, X,
Ry < I(X2; Y1, Yo, Y3| Xy, X3,

H)
H)
Ry + Ry < I(X17X2;Y1-,Y27Y3|X37E)}- (7a)

d) Decoding at the Destinations at Block b: The re-
ceivers use a backward block decoding method as in [7,
Appendix A]. Assume that each receiver has correctly decoded
(m1 41, M2 p41). Recall that the codebooks are generated
independently, thus, in order to decode my 5, & € {1,2}, each
receiver first decodes the interference, i.e., Rx; decodes my 4
and Rx, decodes mq; by treating the signal from the relay
and its own desired signal as i.i.d. additive noise, independent
of the interfering signal, which holds by construction of the
codebooks and by the i.i.d. channel assumption. Note that for
this decoding step, the channel is treated as a PtP channel,
the capacity of which is derived in [39, Ch. 7.1]. Thus, due to
Rx-CSI, Rx; can decode the interference if

Ry < I(Xp;Y1|Hy) (8a)
and Rx» can decode the interference if
Ry < I(X1;Ys|Hs). (8b)

After decoding the interference, each receiver uses its CSI to
decode its desired message. We consider the decoding process
at Rx;; the decoding process at Rxo follows the same steps.

1) Rx; generates the sets:

A
£op= {ml € My : (x1(map11), X2 (m2,041),
x3(m1,1h23),y1(b+ 1), hi(b+1)) € AE"’>}
A ~
E1p= {m1 € My : (X1(7n1),xQ(mQ7b),

yi(b), b (5)) € AL},

2) Rx; then decodes 7111 5 by finding a unique m; € Egp N
E1p.
Note that since the codewords are independent of each other,
&o, 18 independent of &; ;. Thus, assuming 7725 = M2, and
using standard joint-typicality arguments [39, Th. 7.6.1], it fol-
lows that the probability of decoding error can be made arbi-
trarily small by taking n large enough as long as

Ry SI(Xl;Y1|X2,I:11) + I{Xs; Yl\X1,X271€11)

:I(Xl,Xg;Yl‘Xg,ffl) (9&)



ZAHAVI AND DABORA: CAPACITY THEOREMS FOR THE FADING INTERFERENCE CHANNEL WITH A RELAY AND FEEDBACK LINKS

and for decoding at Rx,, we obtain

Ro < I(Xy, X3; Y| X1, Hy). (9b)

Combining with (8), we conclude that subject to reliable de-
coding at the relay, the achievable rate region for decoding at
the destinations is characterized by

!
Destination Decoding

= {(Rl,Rg) S Dﬁ .

Ry < win {I(X1, X3: V1| X2, H1),
I(X1;Ys|Hy)}
Ry < min {I(Xs, Xy; Ys| X1, H»),

I<X2;Y1|ﬁll)}}- (10b)

(10a)

Hence, an achievable rate region is obtained by

(11)

_ /
RAchievable - RREI&Y Decoding n RDestination Decoding -

3) Capacity Region for the VSI Regime: Now, we obtain the
conditions on the channel coefficients which guarantee that the
interference is strong enough s.t. the receivers can decode the
interference without reducing the rate region. Combining (7)
and (10) with (8), we obtain the VSI conditions for the ICRF:

min {1(X1; V1, Ys, 3| X2, X3, H),
I(Xy, X3 1| Xo, Hy)} < I(X
min {I (Xo; 11,5, V3] X1, X5, H)
I(X2, X3;Yo| Xy, Hy)} < I(X

Y2|H2) (12&)

(2; Y1 H1). (12b)

Thus, when (12) holds, the achievable region is given by (9) and
(7). Note that since the codebooks are independent of each other
and of the channel coefficients

I(X1Y2|}N12 h(X1|ﬁ2)_h(X1|Y72ﬁ2)
:h(X1|X27X35H2) - h(X1|Y27H2)
<h(X1|Xo, X3, H)

— h(X1|Y1,Ys, Yy, Xo, X3, H)

=1(X1; Y1, Y, V3| Xo, X3, H) (13a)

we also obtain

I(Xo; V1| Hy) < (X2 Y1, Yo, V3| X1, X3, H). (13b)

Hence, the conditions in (12) reduce to

(X1, X3:Y1| X0, Hy) < I(Xy; Yo | Hy)
I(X2, X3:Y5| X0, Hy) <I(X»:Y1|H)

(14a)
(14b)
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which give (3). Next, note that (13) and (14) imply that the
achievable region is characterized by (9) and (7a). However,
when (13) and (14) hold, then

I(X1, X231, Y2, Y3| X3, H)
= I(X;Y1,Ya, V3| X3, H)
+ I(X1; Y1, Vs, Y| Xo, X3, H)
> I(X3; Y1 |Hy) + I(X1; Ya|IT3)
> I(Xa, X3;Ya| X1, Hy) + (X1, X3; 1| Xo, H).

Therefore, we see that in the VSI regime, the sum-rate condi-
tion, (7a), is always satisfied. We conclude that when (3) holds,
(4) defines the achievable region. Finally, note that the rate re-
gion characterized by (4) coincides with the cut-set bound in
Section IV-A1 (since (4) is only a subset of the constraints but
it is achievable); hence, it is the capacity region of the ICRF in
the VSI regime. ]

B. Ergodic Phase Fading

The capacity region of ICRFs under ergodic phase fading
in the VSI regime is characterized explicitly in the following
corollary:

Corollary 1: Consider the phase fading ICRF with Rx-CSI
and n01se1ess feedback links from both receivers to the relay,
s.t. 1 1 s Y31 LR 1,and i 2, | are available at the relay at time
i. If the channel coefficients satisfy

LL P1
P P. 12 15
at, Py + a3, 3_1+G22P2+&32P5 (15a)
P.
a5, P (15b)

P P
(1/22 2+CL32 3_1+(J%1P1+(1§1P3

then the capacity region is characterized by all the nonnegative
rate pairs s.t.

Ry <logy (14 aj, Py + a3y Ps)
Ry <log, (1 + a2, Py + a§2P3)

(16a)
(16b)

and it is achieved with Xy ~ CN(0, Py), k € {1,2, 3}, mutu-
ally independent and with DF strategy at the relay.

Proof: The proof follows from the expressions of The-
orem 1. In order to obtain the conditions on the channel
coefficients in (15), we evaluate I(Xl,X3;Y1|X2,]:Il) and
1{(Xs, X;5; Y5 | Xy, I—:i’g) using the right-hand side (r.h.s.) of
(A10) in Appendix A. Recall that the channel inputs that max-
imize these expressions are mutually independent, zero mean,
circularly symmetric complex Normal and with maximum
power. Thus, we obtain

(X1, X3 V1| Xo, ) =
I(X2. X5:Ya| X1, Ho) =

logy(1 + a3, Py + a3, Ps)
logy(1 + a3y P2 + a3, Pa).
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Note that for evaluating the r.h.s. of (3), {Hz31.:X3,}]—, and
{H11,,X1,:}_, are treated as additive Gaussian noises* at Rxy
and {H3o ; X3}, and {Ha2 ;X0 ;}7  are treated as additive
Gaussian noises at Rx». Hence, we obtain
a%ng )
1 + (J,%lPl + (I,glpg
a%zPl )
1+G,§QP2+CL§2P3 '
Thus, (3) results in conditions (15) and (4) results in (16).

I(X1: Ya|Hp) = log, (1 +

C. Ergodic Rayleigh Fading

In this section, the capacity region of ICRFs under ergodic
Rayleigh fading in the VSI regime is characterized. Define

E"k,é(Ukk, Us), k € {1,2} and define Ey(x) as in [36, eq.
.1.1)]:

00—
£, (Zl?)é / ert.

Corollary 2: Consider the Rayleigh fading ICRF with
Rx-CSI and noiseless feedback links from both receivers to the
relay, s.t. i %, yéfll, izfll, and i)?ll are available at the relay
at time . If the channel coefficients satisfy

”fzp 1
14a3, Pa+a3, Ps

';Pl E; 1+a§2§g+a§21’3
aj, P1

2 2
Z 1—|—a11P1—|—a31P3
“élPZ
1+a2, P1+al Ps

1+a%1P1+a§1P3 . ,
a2 Py E 1+a7, Pi+a3; P
21 1 )
az, Po

(17a)

C

>14+ (L%ZPF_) + aggPa (17b)

then the capacity region is characterized by all the nonnegative
rate pairs s.t.

R1 S ]Eﬁl{logg,(l + (L%1|U11|2P1 + (L§1|U51|2P5)}(183)
Ry <Ey, { logy(1 + a3y|Use[* P2 + a35|Usz|*P3) }
(18b)

and it is achieved with X ~ CA(0, Py), k € {1,2, 3}, mutu-
ally independent and with DF strategy at the relay.

Proof: The proof follows the same approach as in Corol-
lary 1. The detailed calculation of (17) can be found in [18]. Re-
call that for Rayleigh fading, the channel coefficients are com-
plex Normal RVs. Thus, for decoding the interference at the re-
ceivers, H31 X3, H11 X1, H32 X3, and H23 X5 cannot be treated
as additive Gaussian noises. Hence, the mutual information ex-
pressions on the r.h.s. of (3) need to be bounded using the £y
function. ]

4Recalling X, X7, and X5 are i.i.d. circularly symmetric complex Normal
RVs with zero mean, their phases are distributed uniformly over [0, 27) i.i.d.
and independent of each other and of the magnitudes. Under the phase fading
model, the channel coefficients have fixed amplitudes and their phases are i.i.d.
and distributed uniformly over [0,2x). Thus, H31 X3, H11 X, H32 X3, and
H52 X5 are mutually independent, zero mean, circularly symmetric complex
Normal RVs as well.
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Fig. 2. Geographical position of the relay in the 2-D plane in which the VSI
conditions hold for the ICR subject to phase fading. The black region shows the
location of the relay for ICRs without feedback in which DF at the relay achieves
capacity at VSI [17, Th.1]. The union of the black and gray regions shows the
location of the relay for ICRFs in which DF at the relay achieves capacity at
VSI (Corollary 1). The scenario parameters are detailed in Comment 5.

D. Comments

Comment 4: We now compare the capacity region of the
ICRF in VSI to the ICR without feedback in VSI. First, con-
sider the phase fading model, and define the set of coefficients
Dpr as follows:

N
DPF:{(G31,G13HG327 ass) € R -
a}, Pi+ a3, Py < af3 Py
a3, Py + a3, Py < a33 Py
(1+ af1 P+ a3, Pa)(1+ a3, Pa+a3, Ps)
< 1+ai, P +a§3Pz}- (19¢)

(19a)
(19b)

In [17, Th. 1], it is shown that when the channel coefficients
satisfy (15) and (as1, @13, @32, a23) € Dpr, then capacity of
the ICR is given by (16). Note that (a1, a13. @32, a23) € Dpp
implies that the links from the transmitters to the relay are good
in the sense that if a rate pair can be reliably decoded at the
destinations, then, it can also be reliably decoded at the relay.
Observe that feedback does not affect the rate constraints (16),
thus, when capacity is achieved without any feedback, then ad-
ditional feedback links from each receiver to the relay do not
enlarge the capacity region. Hence, the main benefit of feed-
back to the relay is that it allows to achieve capacity in VSI for
any quality of links from the transmitters to the relay. Therefore,
the set of channel coefficients for which capacity is achieved is
defined only by (15) without the additional restrictions of Dpr.

We also note that for the ICRF, when (15) holds, the cut-set
bound is given by (16). Consider next the ICR in which (15)
holds yet (agh a13, 232, a23) ¢ DPF- Taking 13, 23 — 0,
we eventually obtain that the cut-set bound (see [18, eq. (C.1)])
is a subset of (16). For such scenarios, feedback enlarges the
capacity region compared to the no-feedback case. Similar con-
clusions hold also for Rayleigh fading.

Comment 5: Fig. 2 shows the position of the relay in a 2-D
plane in which the VSI conditions (3) are satisfied for the phase
fading scenario with P; = P> = 10, P3 = 3. For phase fading
(3) are evaluated to be (15). Each channel coefficient a;; is
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related to the distance d;; from node ¢ to node j via a;; = d%,
and hence, the path-loss exponent is 4, corresponding to the
two-ray propagation model. The locations of the transmitters
and the receivers are fixed, thus the corresponding channel
coefficients are fixed to be @11 = a0 = 0.18 and 412 = a2 =
0.25. Note that indeed the cross links are stronger than the
direct links.

From the figure, we observe that with feedback, the VSI con-
ditions (15) hold (hence, the capacity region is known) in both
the black and the gray areas, while without feedback, the condi-
tions [17, egs. (8) and (9)] hold only in the black area, thus ca-
pacity is achieved with DF only in that area. This clearly shows
the benefits of feedback. Note that without feedback, the relay
has to be close to the transmitters and far enough from the des-
tinations, to satisfy the conditions [17, egs. (8) and (9)]. This is
because the signal received from the relay should not increase
too much the noise level when decoding the interference first,
and it also should not increase too much the rate of the desired
information. This is needed in order to make sure that the un-
intended receiver can decode its interference based only on the
cross-link signal component, while the desired message and the
relay signal are treated as noises.

Comment 6: Note from (4) that in the VSI regime, the ICRF
behaves like two parallel relay channels.

Comment 7: Although in practice there is only one relay
node, it is simultaneously optimal for both “parallel relay chan-
nels” s.t. capacity is achieved in both simultaneously. From a
practical aspect, this observation gives a strong motivation to
employ a combination of relaying and feedback in wireless net-
works since a relatively small number of relay stations can op-
timally assist several nodes simultaneously.

Comment 8: Note that since the capacity-achieving channel
inputs are mutually independent, adding relay nodes to the ex-
isting wireless networks does not require any modifications in
the transmitters codebooks. Hence, these techniques (relaying
with feedback) can be incorporated into current designs in a rel-
atively simple manner.

Comment 9: We now discuss the implication of having feed-
back of only channel outputs without CSI. Recall that in Com-
ment 4 it is noted that, since feedback includes Rx-CSI as well
as channel outputs, then, when feedback from both destinations
to the relay is available, we can employ the DF scheme to ob-
tain a characterization of the capacity region for any quality of
links from the transmitters to the relay. When feedback does not
include CSI from the receivers, then decoding the sources’ mes-
sages at the relay leads to additional restrictions on the channel
coefficients, which are needed in order to arrive to a capacity
characterization using DF. These restrictions decrease the set of
channel coefficients for which the capacity region of the ICRF is
achieved by the DF scheme. It should be emphasized that when
the channel coefficients satisfy the additional restrictions, the
SI/VSI conditions are the same as those obtained with feedback
that includes both Rx-CSI as well as channel output, and so are
the rate constraints.

Comment 10: Note that the capacity result in Theorem 1
holds also when there is no independent receiver at the relay,
i.e., when Y3 = ), in the VSI regime. This observation holds
only in scenarios where there are two noiseless feedback links,
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one from each receiver to the relay and not with partial feed-
back at the relay which will be studied in Section VII. This is
because the feedback turns each component relay channel into
a degraded channel in the sense of [6]. In Sections VI and VII,
where we consider feedback to the transmitters and partial feed-
back, degradedness does not occur.

V. ICRFS IN THE STRONG INTERFERENCE REGIME

In this section, we characterize the capacity region of ICRFs
in the SI regime. We consider two noiseless feedback links, one
from each receiver to the relay. This capacity region is charac-
terized in the following theorem:

Theorem 2: Consider the fading ICRF with Rx-CSI. Assume
that the channel coefficients are independent in time and inde-
pendent of each other s.t. their phases are i.i.d. and distributed
uniformly over [0, 27). Let the additive noises be i.i.d. circu-
larly symmetric complex Normal processes, CA(0, 1), and let
the sources have power constraints E{|Xy[?} < Py, k €
{1,2,3}. Assume noiseless feedback links from both receivers
to the relay. If

I(X1, X3 Y1| X2, Hy)
I(X27X3;Y2|X17H2)

(20a)

<
< (20b)

I(X1;Ys|Xo, Hy)
I(Xo; V1| X1, Hy)

where the mutual information expressions are evaluated with
Xy ~ CN(0,P), k € {1,2,3}, mutually independent, then
the capacity region is given by all the nonnegative rate pairs
s.t.

Ry <1(Xq, X33 V1| X2, Hy) (21a)
Ry < I(Xy, X3:Y5| X, Hy) (21b)

Ry + Ry < min {I(Xy, X, X3; Y1|Hy),
I(X1, X0, X5;Y2|H2)}  (21c)

and it is achieved with X ~ CN(0, P), k € {1,2, 3}, mutu-
ally independent and with DF strategy at the relay.

A. Proof of Theorem 2

The proof consists of the following steps:

1) From the ICRF, we obtain the enhanced MARC (EMARC)
as a MARC whose message destination is one of the desti-
nations of the ICRF, but the relay receives feedback from
both receivers. Therefore, EMARC; is defined by (1) and
its receiver is Rx; and EMARC, is defined by (1) and its
receiver is Rx».5

2) We derive the capacity region of EMARC;
EMARGC,.

3) We show that the same coding strategy at the sources and
at the relay achieves capacity for both EMARCS simulta-
neously.

and

SNote that this definition is different from the usual definition of MARC, since
in the present scenario feedback comes from both receivers but only one re-
ceiver is decoding. Thus, for each EMARC (yiy‘f, 1/§]1, hj]l , h;]l ) denotes
the available feedback at the relay at time ¢ prior to the transmission of the ith
symbol.
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a) We, therefore, obtain an achievable rate region for
the ICRF as the intersection of capacity regions of
EMARC; and EMARC,.

4) We show that in the SI regime, the intersection of the ca-
pacity regions of EMARC; and EMARC, contains the
capacity region of the ICRF.

5) We characterize the SI conditions for the ICRF.

6) We conclude the capacity region of ICRF in the SI regime
is equal to the intersection of the capacity regions of
EMARC; and EMARC,.

The first three steps are detailed in Section V-A1 and the last
three steps are detailed in Section V-A2.

1) Achievable Rate Region:  Define
(011 421,031,012, 022, (32, 013, G23). Let 7/1—11» 7/§—11, hﬁ—ll,
h2 .} denote the available feedback at the relay at time
i in EMARC; and EMARC; and let Cpyarc,(2) and
CraARC, (8) denote their capacity region, respectively. Let
tr( 1, Ra) denote the coding strategy (codebooks, encoders and
decoders) for EMARCY, thatachieves the rate pair (RR;, R>). The
capacity regions of the EMARCSs are shown in Appendix B to be

A
g:

Cemanc, (a)

= {(Rl,Rg) c %i :

Ry <min {I(X1; Y1, Y, Y3| X0, X3, H),

I(X1, X3; V1| Xo, Hi)} (22a)
Ry < min {I(Xo; Y1, Yo, Y3| X1, Xy, H),

(X2, X3: V1| X1, Hi)} (22b)

Ry + Ry < min {I(Xy, Xp; 1, Y2, V3| X3, H),

I(X17X2,X3;Y1|ﬁ1)}} (22¢)
CEMARC (Q)
= {(Rth) € 9‘{3_ :
R{ < min {I(Xl;Yl,YQ’YﬂXQ’XS?EL
I(Xy, X3; V2| Xo, Hy)} (23a)
Ry < min {I(Xz;Y]7Y2,}/3|X17X37E)7
I(X2, X3; 2| X1, Hy)} (23b)

Ri+ Ry <min {I(X1, X2; V1,75, Y3| X3, H),

I(X17X27X3;Y2|ﬁ2)}} (23¢)
where X, ~ CN(0, P,), k € {1,2,3} are mutually indepen-
dent and DF is used at the relay.

Next, we have the following proposition:

Proposition 1: The same coding strategy at the sources and at
the relay achieves capacity for both EMARCs simultaneously,
ie.,

CeEMARC, (8) N Cemarc, (8) C Crorr(a). (24)

Proof: In Appendix B, it is shown that the capacity
region of each EMARC is achieved with DF strategy at
the relay and codebooks generated according to indepen-
dent circularly symmetric complex Normal distribution at
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the sources and at the relay (the same distributions are used
in both EMARCs). In both EMARCs, for all rate pairs
(R1, Ry), the relay codebook has 2(Fi+R2) codewords
generated i.i.d. according to CA(0,P;), independent of
the codewords at the sources. For all rate pairs (Rj, R2),
the same scheme is used at the relay in both EMARCS: at
block b, the relay decodes the messages (ml,b,mg?b) via a
joint-typicality decoder using (y1(b),y2(b), y3(b)7ﬁ(b)) , and
transmits x3(my p, m2s). Thus, all rate pairs (Ri, R2) s.t.
(Rl RQ) € CE\IARCl( ) n CEMARC;( ) are achieved at both
EMARCS simultaneously with #;(Ry, Ra) = to(R1, R2)
tpr(R1, Ra), where tpp(IR1, R2) is the coding strategy de-
tailed in Appendix B, for achieving the rate pair (1, R2). W

From Proposition 1, it follows that an achievable rate region
for the ICRF, Rrcrr(a,tpr) (here, ipr should be understood
as the DF strategy appropriate for each rate pair in the achiev-
able region; see Appendix B), can be obtained by

Ricrr(a, tor)

= Crmarc, (8) N Cemarc, (a) € Cicrr(a)  (25)
and it is achieved with X, ~ CA(0, P), k € {1,2,3}, inde-
pendent of each other and with DF strategy at the relay.
Converse: By definition of the SI regime, in this regime,
both receivers can decode both messages without re-
ducing the capacity region, i.e., any achievable rate pair
(R1,R2) € Cicrr(a) is also achievable in EMARC; and
EMARGQ:; hence, Cicrr(a) € Cemarc, (@) N Cemarc, (a).
Combined with (25), we conclude that in the SI regime
Cicrr(a) CeEMARrc, () N CemARrc, (a). Hence, the only
problem left open is to determine the SI conditions for the ICRF.
Note that from proposition 1, we obtain that Cryarc, (a) and
Crvanc,(a) are achieved with {pp; thus, for the rest of the
proof, we only consider mutually independent, circularly sym-
metric complex Normal channel inputs with zero mean. The
rest of the proof consists of the following steps:
a) We assume an achievable rate pair (R, R2) in the ICRF.
b) We characterize the maximal rate at which each receiver
can decode its desired message. We conclude that this
rate is achieved with independent channel inputs gener-
ated i.i.d. according to the circularly symmetric complex
Normal distribution (see Theorem B.1 in Appendix B).
We characterize the worst case conditions for each re-
ceiver to decode the interfering message.
We derive the conditions for which decoding both mes-
sages at each receiver does not reduce the capacity region.
For the first two steps, note that the maximal rates for de-
coding at the destinations are given by the cut-set bounds in (5),
ie.,

©)

d)

max B =  sup {min {I(Xl;Yl,YQ,Y3|X2,X3,E),
flx1,@2,23)
I(X, X Vi|Xo, H)} ) (6)
max Ry = sup {min {I(XQ;Yl,YQ,Y3|X1,X3,E),
flay,zo,ws)

10X, Xy YalX0, )} ) (26b)
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and they are achieved with mutually independent, circularly
symmetric complex Normal channel inputs with zero mean and
with DF at the relay (see Appendix B for a detailed proof).
The worst case scenario for decoding at the destinations, how-
ever, is when the signal from the relay degrades the perfor-
mance of the receivers Given two vectors, a and b, define the
notation a - b (a1b1, asha, . ... anby,). Assume the rate pair
(R1, Rs) € Crerr(a). If Rx; can decode m; from the signal

y1=hi1-x1 +hoy-x2+hs - x3+ 21
then it can create the signal
y1 =hay - x2+hz x5+ 2

from which it can decode mg2 by treating hg; - x3 as additive

noise® if

Ry < I(Xy; Y{|H)E
Similarly, Rxs can decode iy if

Ry < I(Xy;Y3|Hy)2R,

Next, we should guarantee that decoding both messages at each
receiver does not reduce the capacity region of the ICRF. This
is achieved if max Ry < R} and max R» < R}, i.e.,

sup min {I(Xl;Yl,YQ,Y3|X2,X3,E),
flor,as,23)
I(X1, X33 Y[ Xo, 1)} }
< I(X1; Yy |Hy)
W 1(X1;Ya| Xo, 1),
sup min {I (X0; Y1, Y5, Y3 | Xy, X3, H),

f(@1,22,23)
I(XzaXs;Y2|X1,f:[2)}}

< I(Xo; Y{|H,)
= I(Xy; V1| X1, Hy)

where (a) follows from the fact that the capacity region of the
ICRF in the SI regime, as well as the supremum on the left-
hand side (Lh.s.) of the inequality, are achieved with X ~
CN(0,P), k € {1,2,3}, independent of each other and of
of the channel coefficients; thus, all mutual information expres-
sions are evaluated with the same distribution. Note that from
arguments similar to those used in Section IV-A3, we also ob-
tain that

I(Xl;Y2|X2,I:[2)

<
I(Xa; V1| Xy, Hy) <

I(X1; Y1, Ya, V3| Xy, X3, H)
I(X2;Y1,Y, Ys| Xy, X3, H).

Thus, to guarantee that max 27 < R} and max Ry < R}, it is
enough to require

(X1, X3, V1| X, Hy) <I(X1:Y3| X5, Hy)
I(X2, X3:Y5| X0, He) <I(X2;Y1| X1, H1)

(27a)
(27b)

%Note that for this step, we use the fact that the codebooks are generated in-
dependently; hence, the relay signal can be treated as additive noise.
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which give (20). Hence, when (27) holds, Cicrr(a) =
Cemarc, (a1) N CemaRc, (Ay).

Comment 11: Note that the argument presented here uses
only local Rx-CSI, as opposed to the argument of Sato [3].

Simplification of the Capacity Region: Consider the con-
straints on /2 in (22a) and (23a). Note that if (27) holds, since
the channel inputs are independent of each other and of the
channel coefficients, we get

I(X1, X3: V1| Xo, Hy) <I(X1: Y| Xy, H)
<I(Xy. X3;Y2|Xo, Ha),
I(X1, X3: V1| Xo, Hy) <I(X1: Y| Xy, H)
<I(X13Y1,Ya, V3| Xa, X5, H).

Thus, the constraints on R; in (22a) and (23a) can be reduced to

Ry < I(X1, X33 V1| Xy, Hy). (28a)

Following the same steps, the constraints on R2 in (22b) and
(23Db) can be reduced to

Ry < I(Xo, Xy; Yo| X1, Hy). (28b)

Finally, note that since the channel inputs are independent of
each other and of the channel coefficients, then

I(X1; Yy |Hy) <I(X1; Yo |Xo, H)
<I(X1;Y1, Y2, Y3 X2, X3, H)
<7

I(Xo; Y1 [Hy) <I(X2: Y1, Yo, Y| X3, H).

Hence, when (27) is satisfied

I(X1,X5; Y1, Ys, V3| X3, H)
= [(X5; Y1, Ya, V3| X5, )
+ I(X1; Y1, Y5, Y3| X0, X3, H)
> I(Xo; Yi|Hy) + I( X1, X3 Y1| X, Hy)
:[(X17X27X3§Y1|f{1)

and

(X1, X2:Y1,Y5,Y5| X5, )> (X1, X2, X3; Y2|H2)

implying that in the SI regime, the sum-rate conditions for de-
coding at the relay is always satisfied. This shows that when (20)
holds, the capacity region is characterized in (21). ]

B. Ergodic Phase Fading

When the channel is subject to ergodic phase fading, we ob-
tain the following explicit result:

Corollary 3: Consider the phase fading ICRF with Rx-CSI
and noiseless feedback 1inks from both receivers to the relay,
stoyi gt we it hi ! and %! are available at the relay at time
i. If the channel coefficients satisfy

a2 P +a2 P < oD (29a)
11 3143 = 1+ a2,Ps

. a2, P
a3, Py + a3, Py < — 217 (29b)

1—|—CL%1P3
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then the capacity region is characterized by all the nonnegative
rate pairs s.t.

Ry <log, (1+a}, Py + a3 Py) (30a)
Ry < logy (1+ a3, P + a3y Ps) (30b)
R + Ry < min { logo(1 4 af, P1 + a3, Ps + a3, P3),

logy (1 + afy Py + a3y Po + aggpg)} (30c)

and it is achieved with X, ~ CN(0, Py), k € {1,2, 3}, mutu-
ally independent and with DF strategy at the relay.

Proof: The result follows from the expressions of The-
orem 2. In order to obtain the conditions on the channel co-
efficients in (29), we first evaluate 7{ X7, X3; ¥7| X2, Fll) and
I(Xs, X3, Ya| X1, ﬁg) as in Corollary 1, by using the r.h.s. of
(A10). Also note that { H31 ; X3;}7_; can be considered as ad-
ditive Gaussian noise’ at Rx; and {H32,; X3 ;}}_, can be con-
sidered as additive Gaussian noise at Rxs. Therefore, from the
independence of the channel inputs, we obtain

I(Xo; V1| X1, H1) =1 (1+7"’%1P2 )

; s = 10

2; £1]|A1, 1 8o 1—|—a§1P3
~ LL2 pl

I(Xy; Yo | Xq, Hy) = I (1 L)

( 1; Yo Xo, Hs) 082 +1+(1§2P3

Thus, by evaluating (20), we obtain the conditions in

(29). Finally, we evaluate I(X1,X», X3:Y1|H1) and
I(Xl, XQ, Xg‘, Y2|H2) by using the r.h.s. of (B3)
I(X1, X5, X3, V1| H1)
= logy(1 + ai, P1 + a3, Py + a3, Ps)
I(X1, Xy, X3; Yo |Hy)
= logy(1 + alo Py + a3, P2 + a3, Ps).
|
C. Ergodic Rayleigh Fading
Define Uké(Ukk,ng), k € {1.2} and

Qé(Ull7 U]_Q, UQ]_, [JY227 Ugl: U32). When the channel is
subject to ergodic Rayleigh fading, we obtain the following
explicit result:

Corollary 4: Consider the Rayleigh fading ICRF with
Rx-CSI and noiseless feedback links from both receivers to the
relay, s.t. i 1%, i1t ilfll, and kb ! are available at the relay
at time 4. If the channel coefficients satisfy

al, Py
1+a§2P3

2
Lltag, Py

c ! Ey (1+a§2p3)

2
alzPl

>1+a} Pr+a3 P (3la)

5
az 1%
3
1+az, Ps
2
1+a2 Py

- 2 p

as, P»

>1+ a3k P +al,Ps (31b)

"Here, we follow the same arguments as in Corollary 1.
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then the capacity region is characterized by all the nonnegative
rate pairs s.t.

Rl S ]E[]l{ 1Og2(1 + (L%1|U11‘2P1 + (L§1|U31|2P3)}
(32a)
RQ S ]Ef/z{ 1Og2(1 + (L§2|U22‘2P2 + (L§2|U32|2P3)}
(32b)
RutRe < min (B {logs(1 + a3y Use PP

+ ady |Use |2 Py + a§k|U3k|2P3)}}
(32¢)

and it is achieved with X}, ~ CAN(0, P;), k € {1,2,3}, mutu-
ally independent and with DF strategy at the relay.

Proof: The result follows from the expressions of Theorem
2 and follows the same approach as in the proof of Corollary 3.
Here, (31) follows from [18, Proposition 1]. |

D. Comments

Comment 12: In order to compare the feedback capacity re-
gion of Corollary 3 to that obtained without feedback, let Dy, be
the set of channel coefficients a;, = (alk, Aok, A3k, (13, a23) €
PR3 that satisfy

a2 Py + a3, Py <al, Py (33a)
a3, Py + a3, Ps < a33Ps (33b)
al P4 a5, Po + a3, Py < a3 PL + a2, Py (33¢)

k =1,2. Let aZ (a11. 012, @13, @21, 22, G23, a31, a32) € R
and let a € D1 N Dy be a short-form notation to denote that a;
and a, satisfy {a; Ua, = a} ({a; € D1} N {az € D2}.[17,
Th. 2] states that when the channel coefficients satisfy (29) and
also a € D;NDy, then the capacity region is given by (30). Sim-
ilar to VSI (see Comment 4), observe that the rate constraints are
the same for both the feedback and the no-feedback cases, thus
when capacity is achieved without feedback, then feedback does
not enlarge the capacity region. Using similar arguments as in
the discussion in Comment 4, it is possible to show that when
(29) hold, then there are situations in which feedback enlarges
the capacity region. The same conclusion applies to Rayleigh
fading as well.

Comment 13: Since the optimal codewords are generated
independent of each other and of the channel coefficients, we
obtain

I(X1;Ya|Hy) < I(Xy; Ya| X2, H)
I(XQ,Y1|H1) S I(XQ;Yl‘XhHl).

Thus, it is easy to see that the SI conditions in (20) are weaker
than the VSI conditions in (3), as depicted in Fig. 3(a). The
capacity region are compared in Fig. 3(b).

Comment 14: Although in the SI regime the resulting model
can be thought of as a “compound EMARC,” it is important to
note that both EMARCS share the same relay and thus they are
not separate, contrary to ICs without relay. Note that the strategy
at the relay is optimal for both EMARCs s.t. capacity is achieved
for both simultaneously.
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Fig.3. Sland VSIfor I, = I’ = I3 = 10,a11 = 042, azx = 0.23,
agy = 0.26, and 32 = 0.1. (a) Range of a2 and a2, which satisfy the
conditions for the VSI regime obtained from (15) in Corollary 1 (gray area only)
and for the SI regime obtained from (29) in Corollary 3 (both black and gray
areas) when DF achieves capacity in the phase fading scenario. (b) Capacity
region of the ICRF for the phase fading scenario in the VSI regime obtained
from Corollary 1 (both black and gray areas, a;> = a1 = 0.7) and the SI
regime obtained from Corollary 3 (black area only, @12 = 0.53, a2 = 0.36).

VI. ICRS WITH FEEDBACK TO THE RELAY AND TRANSMITTERS

In this section, we study the scenarios in which feedback is
available both at the relay and at the transmitters. We consider
two configurations: 1) feedback from each receiver to the relay
and to its opposite transmitter, and 2) feedback from each re-
ceiver to the relay and to its corresponding transmitter.

A. Feedback to the Opposite Transmitters

First, we study how the capacity region is affected if there
are two noiseless feedback links from each receiver both to the
relay and to 1ts opp0s1te transmitter, s.t. 43 ; L h71 L are avallable
at sz, 1/2 I h2 1 are available at Tx;, and Y11 5 7/2 LAt 1>
h ! are available at the relay at time 4, prior to the transmission
at each node. For this scenario, the definitions of the encoders
at the transmitters in Definition 1 are modified as follows:

(34a)
(34b)

L =1 fi—1
X1 —6171:(m1,~yz,1 ?h‘2,1 )

i—1 ji—1
T2 282,1'(777/2:1/1,1 :}”1,1 )-
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The rest of the definitions remain unchanged and they are the
same as in Section II. This model can represent scenarios where
each transmitter is close to its opposite receiver, e.g., when VSI
occurs in the ICRF. This configuration is depicted in Fig. 4.

Proposition 2: Consider the ICRF in which there is a noise-
less feedback link from each receiver to the relay. Then, addi-
tional feedback links from each receiver to its opposite trans-
mitter (see Fig. 4) do not provide any further enlargement to the
capacity region in the VSI regime.

Proof: Let m1 € My, mas € My denote the messages
that Tx; and Tx» send to Rx; and Rx», respectively. Let the
encoders at Txy and Txs map their messages and the informa-
tion received from their feedback links into the channel input
symbols x1 ; and x» ;, respectively. Thus, the encoders at the
transmitters are given in (34). The encoder at the relay remains
unchanged, i.e., it is the causal function given in (2). Consider
the cut-set bound expressions in (5). Observe that in the cut-set
bounds on R, Rx; and Tx- belong to & ¢ while Tx; and Rxs
belong to S. Hence, by inspection of the proof of the cut-set
bound [39, Th. 15.10.1], it is evident that the encoders at Tx;
and Txs used for the cut-set expressions are exactly those in
(34), and therefore, the cut-set expressions for rates 7 and Ro
in (5) remain unchanged when feedback is also sent from each
receiver to its opposite transmitter.

Finally, note that Theorem 1 proves that in the VSI regime,
if feedback from both receivers is available at the relay then the
cut-set bounds (5b) and (5d) are achievable and there is no con-
straint on the sum-rate. Hence, we conclude that when feedback
from both receivers is available at the relay then additional feed-
back links from each receiver to its opposite transmitter do not
enlarge the capacity region of the ICRF in the VSI regime. M

Comments:

Comment 15: In [20], it was shown that feedback can in-
crease the capacity region of the discrete memoryless MAC
by allowing the sources to coordinate their transmissions. In
the ICRF with additional feedback links from each receiver to
its opposite transmitter, since the cut-set bound expressions are
maximized with mutually independent channel inputs, then such
coordination is not beneficial and in fact it is not possible.

Comment 16: We conclude that if, due network limitations,
each receiver may send feedback either to the relay or to its op-
posite transmitter [when in the VSI regime (3)], then its prefer-
able to send feedback to the relay, since the relay can exploit
the additional information to achieve the capacity in the VSI
regime.

B. Feedback to the Corresponding Transmitters

In this section, we study how the capacity region is affected if
there are two noiseless feedback links from each receiver, both
to the relay and to its correspondlng transmitter, s.t. y_ 11 hl 1
are ava1lable at Txl, Ys 1 L R 5. ! are available at Tx, and y1 L

7/2 L hl T Y 2, | are available at the relay, at time ¢, prior to the
transmission at each node. For this scenario, the encoders at the
transmitters in Definition 1 are changed to

(35a)
(35b)

o i1 Tl
w1 =eri(mi. Yy hiy)

i-1 ji—1
T2 :62,1'(7712-,2/2,1 J’fz,1 )
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single-symbol delay. Additive noises are not depicted.

schematic representation
Fig. 4. The interference channel with a relay and with feedback from both receivers to the relay and to their opposite transmitters. The “D” block represents a

Ros
1

é{(Rl,RQ) e N2 :
)

Ry < I(X1, X3: Y1, Ya|Xo, H)
Ry < I(X3, X4:Y1,Yo| X1, H)

(37a)

(37b)
Ri+ Ry < I(X1, X3, X5: Y1, Ya | H) } (37¢)

-

Fig. 5. The interference channel with a relay and with feedback links from both

where all mutual information expressions in (36) and (37) are
receivers to the relay and to their corresponding transmitters. The “D” block

evaluated with X, ~ CN(0, Py), k = 1,2,3, mutually inde-
pendent. Next, define the region R 5k as follows:
PVSI
represents a single-symbol delay. Additive noises are not depicted. ICRF
é{(Rl,Rg) € M2
the rest of thej deﬁn'ltlons. are the same as in Section II. This Ro < I(Xy, Xs: Ya| X1, i, )
configuration is depicted in Fig. 5. .
Let Cyiac v and Rop be defined as Ry < I(Xl’ Xo, X331 ‘Hl )~
=~ I(XQ; Yl |H1)
CMmac-FB — 12
A ) (X2, X3;Ya| X1, Hy)
:{(Rl,RQ) S fﬁ+ :
Ry < I(X1; Y1, Yo, V3| X5, X3, H) (36a)
Ry < I(X2;Y1,Ya, Ya| Xy, X3, H)

(36b)

where all mutual information expression are evaluated with
Xy ~ CN(0, P), k =1,2,3, mutually independent. We now

state the inner and outer bound in the following proposition:
Ri+ Ry < I(X1, X211, Y2, V3| Xy, H) }

Proposition 3: The capacity region of the ICRF with noise-
less feedback links from each receiver to the relay and to its
(36¢)

corresponding transmitter, denoted (fICRF , is outer bounded by
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Crerr C Crac—rB NRog. Furthermore, if the VSI conditions
(3) hold and also

I(X1, Xo, Xg; V1| Hy) < 1(X1;Y2| X2, X3, Ha)  (38)
holds for mutually independent Gaussian inputs, X ~
CN(0,Py), k = 1,2,3., then the corresponding capacity
region of the ICRF in the VSI regime, denoted Cis, satisfies
Cicie 2 Riche-

Proof: See Appendix C. ]

As a direct consequence of Proposition 3, we have the fol-
lowing corollary:

Corollary 5: Consider the ICRF with two noiseless feedback
links from the receivers to the relay. Then, additional feedback
links from each receiver to its corresponding transmitter (see
Fig. 5), enlarge the capacity region in the SI and VSI regimes.

Comments:

Comment 17: Note that feedback to the corresponding trans-
mitters also increases the capacity region of the ICRF in the
SI regime. The proof is identical to the one used in Proposi-
tion 3 subject to (38) and conditions (20). In particular, the
outer bound is identical to that in the proof of Proposition 3,
and the achievable rate region is obtained by time sharing be-
tween (I(Xl., Xo, X3; Y1|1T-ifl)7 0) and the rate points of the SI
region (21).

Comment 18: Note that in the coding scheme described in
Proposition 3, Txs behaves like a second relay node for Txy,
i.e., the ICRF is transformed into a multiple-relay channel. It
should also be noted that when Txy cooperates with Tx; and
with the relay in sending m, this decreases the maximal rate
of information that could be sent from Txs to ’xs. However,
as this cooperation increases the maximal achievable rate from
Tx; to Rx;, compared to the case where feedback is available
only at the relay, the capacity region is increased.

Comment 19: Recall that in the classic relay channel Rx-Tx
feedback does not enlarge the capacity once feedback from the
receiver is available at the relay node. In ICRF, in contrary to the
classic relay channel, Rx-Tx feedback can enlarge the capacity
region beyond what is achieved with Rx-relay feedback. Thus,
not all of the insights from the study of the classic relay channel
hold for the ICRF.

Comment 20: The boundaries of 7~21\CSII{F and C~MAC,FB N
RoOB, together with the capacity region of the ICRF in
the VSI regime are depicted in Fig. 6. Observe that
adding feedback to corresponding transmitters increases
the capacity region of the ICRF in the SI and the VSI
regimes. Also observe from the figure that the rate point
(I(X1, Xo. X3;Y1|H1), I(X1, Xo, X3 Ya|Hy)) is outside the
outer bound. This shows that the outer bound is not trivial.
Since 7%()]3 g éMACfFB and éMACfFB ,¢7 7%()]3, then both
regions are needed in the outer bound.

Next, we note that when (38) holds for mutually in-
dependent Gaussian inputs, then the achievable rate pair
(R1p,Rap) = (I(Xl,Xz., X;;;Y1|]§T1)7 [)) is clearly on
the boundary of the capacity region of the ICRF with addi-
tional feedback links from each receiver to its corresponding
transmitter. Therefore, for this rate pair, our achievability
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Fig. 6. Capacity region of the ICRF in the VSI regime with Rx-relay feedback
and without Rx-Tx feedback (the gray area) and the achievable region of Propo-
sition 3 (gray and black area), when the channel is subject to phase fading and
Pl = .P-g = ]73 = 10, @11 = 02, iz = 0-1:-1, doo = 02, o1 = 027,
a3 = 0.01, 023 = 0.6, azx = 0.1, and a3, = 0.1. Point C corresponds to

the rate pair (Rl, Hg) = (I(‘Yl, 4"&72, “/&732 jfllHl ), I(Xl, ‘YQ,..X.V;;;}/TAHQ ))
Observe that this rate pair is outside the outer bound. MAC OB is Cmac—rn
and cut-set OB is Rop

scheme is tight. We note that in all expressions in the outer
bound, both signals (V7,Y2) appear together. Therefore,
we do not expect the outer bound to be tight. However,
the outer bound is not trivial as it excludes the rate point
(R17R2) = (I(X1,X27X3;Y1|H1)7[(Xl,X27X3;Y2|H2)).

Comment 21: We note that it is not possible to apply di-
rectly the cut-set bound [39, Th. 15.10.1] to the present case.
To demonstrate this, consider the rate from Tx; to Rx;. To
obtain the corresponding bound using the cut-set theorem one
should assign Tx; and RRx5 to S and Tx, and Rx; to S¢. Now,
to generate X s- we need both W5 and Y37 (see, e.g., [39, Th.
15.10.1]). But as Rxy € S, then this is not a valid assignment.
In order to handle feedback to corresponding transmitters, we
treat (Y7, Y>) as a single MIMO receiver when deriving RoB.

Comment 22: In [30] and [31], Xie and Kumar derived
achievable rates for relay channels with £ different relay nodes
where B — % messages are sent in B transmission blocks.
Xie and Kumar proposed a scheme where the /th relay node
transmits only after the transmission of the source and the first
I — 1 relays are finished. Note that in general the coding scheme
proposed in [30] and [31] achieves higher rates for the relay
channels, however, in the SI and VSI regimes as defined in
Theorems 1 and 2, there is no such improvement.

Comment 23: Recall that in [51], it was shown that feedback
can provide an unbounded gain as the SNR and interfer-
ence-to-noise ratio (INR) increase to infinity. In [26], it was
shown that an unbounded capacity gain can be obtained also
for the weak interference regime. We note that these results
deal with the degrees of freedom of the channel; thus, the
conclusion holds only when the SNR and INR increase to in-
finity. As to the present case, we show in Proposition 3 that the
rate pair (R}, R3) = (I(X1, X2, X3; Y1 |H}),0) is achievable
when I( X1, X3, X3; Y1 |Hy) < I(Xy;Ys| Xy, X3, Hy) holds.
In the following, we show that this implies an unbounded
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capacity gain over the no-feedback case for Rayleigh fading
on the VSI regime. Let P = P>, = P; = SNR, Let a;1, a13,
1

22, 423, 431, a321 be constants, and let a2 = «@12SNR ™2,
a1 = a21SNR 2 . Note that under these definitions

INRyy = a2, P, = o?,SNRY 1SNR = @1, SNR'
INRs1 = w91 P2 = a9 SNRA.

Now consider the condition (X1, X2, X3; 11 |ﬁ1 ) <
I(X1;Y2| X2, X3, H). Using the above definitions, we obtain

IEgl{ logy (1+ af;|Un|*SNR
+ a3, |Us |*SNR® + a§1|U31|ZSNR)}
<Eg, {1og2 (1 + a§2|U12|QSNR”)} :

Taking SNR — oo and restricting ¢ > 1 and & > 1, we arrive
to the equivalent relationship

Eg, { log, (0431 \Ua1 |QSNR”’) }
< ]E[]'Q {logg (CX%Q‘Ulg‘?SNRb)}

which requires b > «. When this holds, the asymptotic sum-rate
(we consider only the maximal R; when R, = 0) is given by

CFB-Txtrelay( B, — 0, SNR, a, b)
= I(Xy, Xy, X3; Y1 |Hy)
= ]E[]‘l { 10?;2 (1 + a%1|U11|2SNR

+ 031 |Un [*SNR" + o}, |Us [*SNR) }

SNISOC]E@ {10952 (a§1|U?1|ZSNRa)}+O(1)
= alog, SNR 4+ O(1)

where O(1) means that for some SNR large enough, the term
is bounded by a constant (see, e.g., [58]). Next, we consider the
sum-rate with feedback only to the relay, starting with the VSI
regime. Recall that the same sum-rate is achieved without feed-
back when relay reception is good in the sense that the channel
coefficients satisfy [17, eq. (8)]. Consider first the VSI condi-
tion (3b): I(Xo, X3; Y| X1, Ho) < I(X5; Y1|H;). Writing this
explicitly, we obtain

ol |U21|2SNRH'
Eg 4 log, (1 21
Ll{ e ( iy ai1|U11[2SNR + 0§1|U31|25NR)}

> ]EE,Q{logQ (1 + ad,| Uz *SNR + a§2|U32|ZSNR)}
which, as SNR — oc, becomes

o { log, ((a2,|Una|? + a§2|U32|2)SNR)}
< Eg, {log, (a3|U21*SNR?) }
— ]Eﬁl {10g2 ((a?1|U11|2 + CL§1|U31‘2)SNR)} .
This inequality holds asymptotically when a > 2. Similarly, we
can show that I (X7, X3; Y1|Xo, H1) < I(X1;Y5|H>) holds for
SNR — oo when b > 2.

Recall that at asymptotically high SNR and INR, the VSI
regime is defined as ¢ > 2 and b > 2 (see [26] and [51]).
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Fig. 7. The interference channel with a relay and feedback only from Rx; to
the relay. The “D” block represents a single-symbol delay. Additive noises are
not depicted.

We thus conclude that with feedback only at the relay, the max-
imal achievable sum-rate at asymptotically high SNR in the VSI
regime is

Cfu]?n(SNR/ a, b)

= I(X1, X3; V1| X0, H1) + I(Xo, X3; Yo | Xy, H>)
=y, { logy (14 a2, |U11 |2SNR + a2, |Us 2SNR)}

+ By, {108 (1 + 03| *SNR + o3, |Us[*SNR)}

SNILT)OC]EEH { 10g2 ((a%1|U11|2 + (l§1|U31|2)SNR)}
+ By, { log, (03U + 0| Uss[*)SNR) |
= 2log, SNR + O(1).

Comparing the sum-capacity with and without feedback to the
transmitters, we observe that in VSI

CEBIxtrelay(Ry = 0,SNR,a,b)  «
CEB (SNR,a, b) 27

s11m

We conclude that adding feedback links from each receiver
to the its corresponding transmitter allows an unbounded rate
gain in the VSI regime. This follows directly from our capacity
results.

VII. ICRS WITH PARTIAL FEEDBACK AT THE RELAY

In this section, we study the scenarios in which only partial
feedback is available at the relay. We consider the case where
feedback is available only from Rx;, the case where feedback
is available only from Rxs is symmetric. This scenario is de-
scribed in Fig. 7.

A. Partial Feedback in the VSI Regime

First, we characterize the capacity region of the ICRF in the
VSI regime for the case where the relay receives feedback only
from Rxy, i.e., v: 7" and hff are available at the relay at time
i prior to transmission. In this scenario, the CSI at the relay
is represented by H = (ng,Hgg,ffl) c 2§, Thus, the
encoder at the relay in (2) in Definition 1 is replaced by

wes=ti(yivhn bl bk M) €€ (39)
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t = 1,2,...,n. The other definitions remain unchanged, as
described in Section II. Next, we have the following theorem:

Theorem 3: Consider the fading ICRF with Rx-CSI. As-
sume that the channel coefficients are independent in time
and independent of each other s.t. their phases are i.i.d.
and distributed uniformly over [0,2x). Let the additive
noises be i.i.d. circularly symmetric complex Normal pro-
cesses, CA/(0.1), and let the sources have power constraints
E{|X;[*} < P, k € {1,2,3}. Assume that there is only one
noiseless feedback link—from Rx; to the relay (see Fig. 7). If

(X1, X3;Y1|Xo, Hy) < min {I(X1; Y1, V3| X, X3, H),
I(X1:Ys|Ha)} (40a)
(X2, X3, Ya| X1, Ha) <I(X2;Y1|Hy) (40b)

where the mutual information expressions are evaluated with
X ~ CN(0,Py), k € {1,2,3}, mutually independent, then
the capacity region is given by all the nonnegative rate pairs
s.t.

Ry < I(X1, X3;Y1|X5. Hy)
Ry < I{X5, X3: Y2 X1, Hy)

(41a)
(41b)

and it is achieved with X ~ CA(0, Py), k € {1,2,3}, mutu-
ally independent and with DF strategy at the relay.
1) Proof of Theorem 3: The proof consists of the following
steps:
1) We obtain an outer bound on the capacity region using the
cut-set bound.
2) We show that the input distribution that maximizes the
outer bound is zero-mean, circularly symmetric complex
Normal with channel inputs independent of each other and
with maximum allowed power.
3) We derive an achievable rate region based on DF with
partial feedback at the relay, using codebooks generated
according to mutually independent, zero-mean circularly
symmetric complex Normal input distributions.
a) We derive an achievable rate region for decoding at
the relay using steps similar to [7, Sec. 4.D].
b) We obtain an achievable rate region for decoding at
the destinations by decoding the interference first,
while treating the relay signal and the desired signal
as additive i.i.d. noises, followed by using a backward
decoding scheme for decoding the desired message.
4) We derive the VSI conditions which guarantee that de-
coding the interference first at each receiver, does not con-
strain the rate of the other pair.
5) We obtain conditions on the channel coefficients that guar-
antee that the achievable rate region coincides with the
cut-set bound and thus it is the capacity region of the ICR
with partial feedback in the VSI regime.
We follow steps similar to the case in which full feedback is
available at the relay, so we only provide a sketch of the proof.

a) Outer Bound: An outer bound on the capacity region
is given by the cut-set bound in (5). Following similar steps as
in Section IV-A1 and Appendix A, we conclude that the outer
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bound is maximized by mutually independent, zero-mean, cir-
cularly symmetric complex Normal channel inputs with max-
imum allowed power.

b) Achievable Rate Region: The code construction
and encoding process are similar to Section IV-A2a and
Section IV-A2b. Hence, following similar steps as in [7, Sec.
4.D], we conclude that an achievable rate region for decoding
at the relay is given by

'RRelay Decoding

Ry < I(Xy:Y1, V3| X0, X3, H)
Ry < I(Xo; V1, V3] Xy, X3, H)

(42a)
H (42b)

R+ Ry < I(X17X2;Y17Y3|X37E)}~ (42¢)

At the destinations, Rx; can decode the interference if

Ry < I(Xo; Y1 |Hy) (43a)
and Rxs can decode the interference if
Ry < 1(Xq; Yol Hy). (43b)

Thus, decoding the interference first, we obtain an achievable
rate region for decoding at the destinations:

/
Destination Decoding

= {(Rl,Rg)Emi :
Ry <min {I(X1, X3;Y1|Xo, H1), I(X1: Y2|H2)} (44a)

Ry <min {I(X2, X3; Ya| X1, Hp), I(X2; Yy | Hy )}} . (44b)

Hence, an achievable rate region for the ICR with partial feed-
back is given by

’
R achievable = RRelay Decoding M Rbestination Decoding:  (43)

¢) Capacity Region: Next, we should guarantee that de-
coding the interference does not constrain the rates at the desti-
nations, this is satisfied if

min{I(X1; Y1, Ys|Xo, Xy, H), I(X1, X35 Y1 | Xo, H)}

< I(X1; Yo|H,) (46a)
min{I(Xo; Y1, Y3| X1, X5, H), I(Xa, X3; Ya| X1, Ho)}

< I(Xo; Y1 |Hy). (46b)

Note that as the channel inputs are mutually independent, we
obtain that I(XQ; Y |H1) < I(XQ; Y1, Y3|X1, X3, E) Hence,
the conditions in (46) can be reduced to

min {1(X1; Y1, Y3|Xo, X3, H), (X1, X3;Y1|Xo, Hy) }

< I(X1; Yo |IT) (47a)
1(Xy, X33 Ya| X1, Hy) < I(Xo; Ya|Hy). (47b)
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Finally, in order to achieve capacity, we should guarantee
that, whenever the destinations can reliably decode their mes-
sages, the relay can decode both messages reliably. This can be
done if

I(X1,X3;Y1|X2,ﬂ1)
I(Xy, X3;Ys| X1, Hy)
I(X1, X3; V1| Xo, Hy)
+1(Xs, X3 Y2 | X1, Hy)<I(X1, Xo: Y1, Y3 | X3, H).
(48¢)

< I(X1;V1, V3| Xy, Xy, H) (482)
<T

(X2 Y1, V3| X1, X3, H) (48b)

Recall that the channel inputs are independent; hence, when
(47b) holds, (48b) is always satisfied since

I( Xy, X3; Yo | Xy, Ho) < I(Xo; Y3 |Hy)
<I(X2; Y1, Y3| X3, H)
<7 :

(Xo; Y1, V3| X1, X3, H).

Similar arguments show that when (47b) and (48a) hold, (48c)
is always satisfied:

I(X1, X2; Y1, Y| X3, H)
= I(Xo; Y1, V3| Xy, H) + I(X1; Y1, V3] Xo, X3, H)
> I(X5, X3, Y| X1, Ho) + I(X1, X33 1| X, H).

Therefore, if (47b) holds, (48a) is enough to guarantee reliable
decoding at the relay (i.e., (42) is satisfied).

Finally, note that by combining (47) with (48a), we obtain
conditions which coincide with (40) and under these conditions
(45) specialize to (41). Comparing with the cut-set bound in (5),
we conclude that if (40) holds, the achievable rate region (41),
coincides with the cut-set bounds and hence it is the capacity
region. |

2) Ergodic Phase Fading: When the channel is subject to
ergodic phase fading, we obtain the following explicit result:

Corollary 6: Consider the phase fading ICR with Rx-CSI and
partial feedback s.t. yﬁl and h’lfll are available at the relay at
time ¢. If the channel coefficients satisfy

aiy Py
1+ (L%ZPZ + a§2P3 '
(af; + a%s)Pl} (49a)
a3, P

1 ‘|‘(L%1P1 +a§lP3

a3 Py + a3 Ps < min{

a3, Po + a3 Py <

(49b)

then the capacity region is characterized by all the nonnegative
rate pairs s.t.

Ry < log, (14 a}, P + a3, P3)
Ry < logy (1 + a3, P + a3, Ps),

(50a)
(50b)
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and it is achieved with X, ~ CA(0, P). k € {1,2, 3}, mutu-
ally independent and with DF strategy at the relay.

Proof: The result follows from the expressions of Theorem
3. In order to obtain the conditions on the channel coefficients
in (49), we evaluate I(X1;Y7.Y3| X3, Xg,E) using mutually
independent, zero-mean circularly symmetric complex Normal
channel inputs. This leads to

I(X1: Y1, Ys| X0, Xy, H)

:]Eg{logz (1—|—P1(|H11|2—|—|H13|2))} (51)

Next, note that under the phase fading model, |H11|> = a3, and
|H13|> = aiy; thus, (51) can be rewritten as

I(X1; Y1, V3| Xo, X3, H) = log, (1 + Pi(a?, + aly)).

The rest of the expressions in Theorem 3 have been already

evaluated for the phase fading model in Corollary 1. |
3) Ergodic Rayleigh Fading: Define

~ A NP

Up=(Usx, Usr),  Up=(Ury, U, Usx), k € {1,2}.

If the channel is subject to ergodic Rayleigh fading, we obtain
the following explicit result:

Corollary 7: Consider the Rayleigh fading ICR with Rx-CSI
and partial feedback s.t. yﬁl and h/fll are available at the relay
at time ¢. If the channel coefficients satisfy

g, { log, (1+ af; [Un[*Pr + @§1|U31|2P3)}
< v { 108 (1+ (@] 002 + oy Uis ) 1) |
(52a)
g, { log, (1+ af; [Un[*Pr + @§1|U31|2P3)}
2,|Ua 2P
< By, {10g2 (1 n ais|Ura|" Py

1+ a5y|Uza |2 Py + @§2|U32|2P3) }
(52b)

Eg, { logy (1 4 a3y|Usa|[* P> + 0§2|U.32|2P:3)}

(L2 ‘U21|2P2
<E; <log, [ 1+ 21 )}
- { B2 ( 1+ a3, |Un|?Py + a3, |Us1 2P
(52¢)

then the capacity region is characterized by all the nonnegative
rate pairs s.t.

Ry < ]Eifl{logz (1+afi|Un PPy ‘|'a§1|U31|2P3)} (332)

Rz S ]Ei;z {logz (1+(L§2|0722|2P2+(L§2|U32|2P3)}
(53b)

and it is achieved with X ~ CA(0, Py}, k € {1,2,3}, mutu-
ally independent and with DF strategy at the relay.

Proof: The proof follows similar arguments to those used
in the proof of Corollary 6. |
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R1 [bits/symbol]

0 0z 04 06 08 1 12 14 16 18 2
R, [bits/symbol]

Fig. 8. Demonstration of the effect of Rx-corresponding Tx feedback when the
channel is subject to phase fadingand Py = P> = P; = 10,011 = 0.2,a12 =
027, asp = 04-1, oo = 02, a3y = 017 g — 017 and iz = 0.3. The
gray area is the capacity region of the ICRF in the VSI regime with Rx; -relay
feedback obtained from Corollary 6, and the union of the gray and black areas
is the achievable rate region wtih Rx; -relay and Rx; — Tx; feedback. Point
A is the rate pair (R}, R} ) and Point B is the corner point when (50) hold with
equality.

Comments:

Comment 24: Comparing to Theorem 1, we observe that in
Theorem 3, there is an additional condition in (40). This is due to
the fact that with partial feedback at the relay, the cut-set bound
cannot be achieved at the destination without guaranteeing reli-
able decoding at the relay.

Comment 25: For the configuration described in Theorem 3,
then from Proposition 2, it is clear that adding a noiseless feed-
back link, from Rx; to Tx» (partial Rx-opposite Tx feedback)
does not enlarge the capacity region in the VSI regime.

Comment 26: Consider the configuration described in The-
orem 3 with an additional noiseless feedback link from Rx; to
Tx; (partial Rx-corresponding Tx feedback). Then, following
the same arguments as in Proposition 3, we conclude that if

(X1, X3;Y1|Xo, Hy) <min {I(Xy; Yo| Hy),
(X Y1, Y3 X, X3, H
I(X1. X, X3; Yo | Hy) <I(X2; V1| Hy)

1)} (54a)
(54b)

hold, then (R}, R3) = (0,1(X1, X2, X3; Y2|H2)) is achiev-
able. Note that (54) guarantees (40). Hence, when partial feed-
back (only from Rx; ) is available at the relay, then an additional
feedback link from Rx; to Tx; increases the capacity region in
the VSI regime. Fig. 8 demonstrates the corresponding capacity
region.

B. Partial Feedback in the Strong Interference Regime

In this section, we characterize the capacity region of the ICR
with partial feedback in the strong interference regime. We con-
sider the case in which feedback is available only from Rx;.

Theorem 4: For the scenario of Theorem 3, if the channel

coefficients satisfy

I(Xy, X3; Ya| Xy, Ha) <I(X1; Y1, V3| Xo, X3, H) (55a)
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I(Xo, X3, V1| X0, H) <I(Xo: Y1, V3| X1, X3, H) (55b)
I(X1, Xo, X3; Ya|Hy) <I(X1, Xo; Y1, Ya| X3, H)  (55¢)
I(xh 3,Y1|X2 Hy)<I(X1;Ys| Xy, Hy) (55d)
I(Xo, X3; Yo | Xy, Hy) <I(Xo; Y1 X1, Hy) (55¢)

where the mutual information expressions are evaluated with
Xy ~ CN(0, Py), k € {1,2,3}, mutually independent, then
the capacity region is given by all the nonnegative rate pairs s.t.

Ry <I(X1,X4:Y1| Xy, Hy) (56a)
Ry <I(X3, X3;Y3| Xy, Hy) (56b)

Ry + Ry < min {I(X1, Xo, X3: Y1|H1),
I(X1, Xo, X3;Ya|Ha)} - (560)

and it is achieved with X ~ CN (0, P), k € {1,2, 3}, mutu-
ally independent and with DF strategy at the relay.

1) Proof of Theorem 4: The proof consists of the following
steps:

1) From the ICRF, we obtain two component channels: the
first is the MARC with feedback (MARCF) which is a
MARC whose message destination is IXx; and the relay re-
ceives feedback only from Rx;. The MARCEF is defined by
(1a) and (1c). The second is the partially enhanced MARC
(PEMARC) defined as a MARC whose message destina-
tion is Rx5, while the relay receives feedback from Rx;y.
The PEMARC is defined by (1) and (yl 1 hl 1) denotes
the available feedback at the relay at time ¢ in both compo-
nents. Note that contrary to Theorem 2, in the present case,
the component channels are not symmetric.

2) We obtain the conditions on the channel coefficients s.t.
the capacity of the MARCF and the PEMARC is achieved
with DF at the relay. We show that for each component,
capacity is achieved with zero-mean, circularly symmetric
complex Normal channel inputs.

3) We show that the same coding strategy at the sources and
at the relay achieves capacity for both the MARCF and the
PEMARC simultaneously.

4) We, therefore, provide an achievable rate region for the
ICR with partial feedback as the intersection of the ca-
pacity regions of the MARCF and the PEMARC.

5) We show that when the conditions for SI are satisfied, the
intersection of the capacity regions of the MARCEF and the
PEMARC contains the capacity region of the ICR with
partial feedback.

6) We conclude the capacity region of the ICR with partial
feedback in the SI regime, to be the intersection of the
capacity regions of the MARCF and the PEMARC.

7) We explicitly characterize the SI conditions for the ICR
with partial feedback.

a) Achievable Rate Region: Recall the achievable rate re-
gion for decoding at the destination as in Theorem 2. Define a
as in Section V-A1 and let Cyiarcor(a) and Cpemarc(a) de-
note the capacity regions of the MARCF and the PEMARC,
respectively. Moreover, let £; (121, R2) and #3( Ry, R2) denote
the coding strategy for the MARCF and the PEMARC, respec-
tively. From the derivation in Appendix B, it follows that when
only partial feedback is available at the relay, achievable rate
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regions for the MARCF and the PEMARC obtained with DF at
the relay are given by

R&IARCF/PEI\IARC
= {(Rl,RQ) S iﬁi :

Ry < min {I(Xy1; Y1, Ys|Xo, X3, H)

I(X13X3:,Sf'm‘X2~,ﬁm)} (573)
Ry < min {I1(Xy; Y1, Ys|Xo, X3, H),
I(X23X3:,Sf'm‘Xlﬂﬁm)} (57b)

Ri+ Ry < min {I(X1, X»; Y1, V3| X3, H),

I(X13X2:X3§Ym|-gm)}} (57C)

where m = 1 for the MARCF and m = 2 for the PEMARC, and
decoding at the relay at block b is done using rule (6) without
considering y2(b), and X ~ CN(0, Py), k € {1, 2,3}, mutu-
ally independent.

Let tpr(R1, R2) denote the coding scheme with mutually
independent complex Normal inputs, achieving rates R; and
Rs in each component channel. Following steps similar to
Appendix A, we can show that in order for tpr(R1, Ra) to
achieve the capacity of each component channel, we should
guarantee that the relay decodes both messages reliably, i.e.,
we should guarantee that

ax < I(Xy, X5; Y| Xo, Hy,
kgﬂg}{( 1, Xa; Y| Xo U}
<I(X1;Y1,Ys] X5, X5, H)  (58a)
ax < I(Xs, X5; Y| Xy, Hy,
kgﬂg}{( 2, X3; Yi| X4 U}
<I(X3;Y1,Ys| X1, X5, H)  (58b)
g 1(Xy, Xo, X3: Y, | Hy
kgﬂg}{( 1, X2, X3: Y}, | U}
< I(Xy, X2;Y1, Ya|Xs, H).  (58¢)

Note that if (58) holds then the capacity regions of the compo-
nent channels are given by

Criarcr/PEMARC(Q)
= {(Rl,Rz) e Ry

Rl S I(X15X3;Ym‘X21ﬁm,)
RZ S I()(ZaXS;Ym‘leHm)

(59a)
(590)

R+ R, < I(X1,X2,X3:Ym|ﬁm)} (59¢)

where m = 1 for the MARCF and m = 2 for the PEMARC,
and they are achieved with X ~ CAN(0, ), k € {1,2,3},
mutually independent and with DF strategy at the relay.

Note that when the conditions in (58) hold, by following
similar steps as in the proof of Proposition 1, we conclude that
the same coding strategy achieves capacity for both compo-
nent channels simultaneously. Let Ryiarcr (g, t1(Ry, Rz))
and RpEMARC (g, ta( Ry, RZ)) denote the achievable rate
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regions of the MARCF and the PEMARC, respectively.
Hence, when (58) holds and by choosing #; = ¥ = tpy, any
achievable rate pair (Ry, Rs) € Rmarcr(a, tpr(R1, R2))
NRpeEmarc (&, tor(R1, R2)) is also achievable in the ICR
with partial feedback. Thus, if (58) holds, then an achievable
rate region for the ICR with partial feedback is given by

Ricrr(a, tor) = Rumarcr(a,tpr) N Reemarc(a, tor)

=Cmarcr(a) N Cpemarc(a)

C Cricrr(a)- (60)

b) Converse: The proof of the converse follows similar

arguments to those used in Section V-A2. Note that in the

SI regime, both receivers can decode both messages without

reducing the capacity region. Thus, any achievable rate pair

(Ry,R3) € Cicrr(a) is also achievable in the component

channels, i.e., Cicrr(a) € Crarcr(a) N Crevarc(a). Thus,
combined with (60), we conclude that in the SI regime

(61)

Cicrr(a) = Cvarcr(a) N Cremarc(a).

Recall that when decoding at the relay does not constrain the
rates, then Cyjarcr(a) and Cprvarc(a) are given in (59).
Next, we determine the SI conditions in the ICR with partial
feedback. Note that since CMARCF(Q) and CPEMARC(Q) in
(59) are achieved with {pp(R1, R2), for the rest of the proof
we only consider mutually independent, circularly symmetric
complex Normal channel inputs with zero mean. Recall the
converse proof in Section V-A2 and consider any rate pair
(R1, R2) € Cicrr(a). If Rxy can decode 1y from the signal

y1=hi-x; +ha X0+ hyy - x3+ 2
then it can create the signal
¥yl =ho1 -xo +h3 - x3+ 23

from which it can decode mo by treating hz; - x3 as additive
i.i.d. noise8 if

Ro < I(Xo;Y!|H1)2R),
and similarly Rxs can decode m if
Ry < I(X1; V3| H2)ERRS.

In order to guarantee that decoding both messages at each re-
ceiver does not reduce the capacity region, we should require:

max Ry < R and max Ry < IR%. This is satisfied if
sup  {I(X0, Xos Vi X, Hy) <103 Y3 Hp)
fler,22,23)
(é) I(Xl.Y2|X2,H2) (623)
S ){I(XQ,X;),:,YZ\XMH?)}sﬂXz;YﬂHl)
flz1,m2,23

=I(X2; V1| X1, Hy). (62b)

8Note that for this step, we use the fact that the capacity-achieving codebooks
are generated independently.
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Note that all the aforementioned mutual information expres-
sions are evaluated using the same channel input distribution.
Here, (a) follows from the fact that the L.h.s. of (62) is maxi-
mized by X ~ CN(0, P), k € {1,2,3}, mutually indepen-
dent and independent of the channel coefficients. Thus, when
(58) holds, the conditions for the strong interference are given
by

(X1, X3;Y1|Xo, Hy) < I(Xy1;Ya|Xo, Ha)

<I (63a)
I(XQ,X3;YQ|X1,ﬁ2) S I(XQ;Y1|X1,}~[1).

(63b)

We conclude that if the conditions for reliable decoding at the
relay (58) and the conditions for SI (63) are satisfied, then the
capacity region is given in (61) where the rate expressions for
the component channels are given in (59).

¢) Simplification of the Capacity Region: Next, note that
when (63) is satisfied, we obtain

I(X17X3;Y1|X23-Hl) Y2|X2 Hz)

Xi, Y5|Xo, Ho)
Xo; Y1 |X 1 Hy)
Xo, X3; Y1| Xy, Hy).

(X1
(
I(Xo, X3; Vo] X1, Hy) <I(
(

INIACIAIA
’NN’NN

Hence, (61) can be reduced to

Ry <I(Xy, X3; V1| X2, Hy)
Ry <1(Xa, X33 Y| X1, Hy)
Rl +R2 S min {I(X17X27X3;Y1|F11),
I(X1, X2, X3; Yo |Ha) }

(64a)
(64b)
(64c¢)
and (58) can be reduced to

(X1, X3;Y2| X5, Hy)

<I(X1;Y1,Y3]X0, X3, H)  (652)
I(XQ,Xg;Yl‘Xl,ffl)
<Xy Y1, Y3 X1, X3, H)  (65b)
' I(X1, X0, X3; Y3 | Hy
kgﬁ@;}{( 1, X2, X3; Y| k,)}
< I(X1, Xo3 Y1, Y3 X5, H).  (65¢)

Next, note that when (63a) and (65a) hold, we obtain

I(Xy, Xy, X3; Yy |Hy)

(Xo; Y1 |Hy) + I(X1, X5: Y1 | X0, Hy)

(X Y1 |Hy) —|—I(X1 X3;Ya| X5, Hy)

(X2: Y1, Ya| X3, H) + I(X15 Y1, V3| X0, X3, H)
(X1, Xo; Y1, V3| Xg, H).

INIA

I
I
I
I

Therefore, if (63) holds, (65¢) reduces to

I(X1, Xo, X3 Yo Ha) ST(X1. Xo: V1, V3| X3, H). (66)

Observe that in the SI regime with partial feedback, reli-
able decoding at the relay does not constrain the sum-rate in
the MARCF. In the PEMARC, however, (66) constrains the
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sum-rate to guarantee reliable decoding at the relay. Hence,
decoding at the relay imposes an additional condition on the
channel coefficients in the PEMARC onto those required in the
MARCEF. Note that (64) gives (56) and by combining (63) with
(65a), (65b), and (66), we obtain the conditions in (55). This
completes the proof. |

2) Ergodic Phase Fading: Define éé(()n, 013,021, 603).
When the channel is subject to ergodic phase fading, we obtain
the following explicit result:

Corollary 8: C0n51der the phase fading ICR with Rx-CSI and
partial feedback s.t. i 7" and 2: ' are available at the relay at
time i. If the channel coefficients satisfy

a3y P + a2, Py < (a2, + aly) Py (67a)
a3y Po + a3 Py < (a3; + a33) P (67b)
log, (1—}—&%2P1 +(L§2P2+(L§2P3) <

2
]EQ{ log, (1 + (Z Py - (afy + ay))
k=1

2 2 2 2
+P1P2 : ((]’11(1’23 + (L13(L21

—2-a13a21G11023" COS(913 + oy

—fyy — 923)))} (67¢)
. aso P

a2 Py +a} Py < : +1;2 1P3 (67d)
32
. a5, P

a2, Py + a2, Ps < % (67¢)
31

then the capacity region is characterized by all the nonnegative
rate pairs s.t.

Ry < log, (14 a2, P, + (Lled)
Ry <logy (1+ a2r,P2 + (LJZPS)

(68a)
(68b)

R+ Ry < min { log2 1 +a}, P+ a5, Py + aijj)

logy (14 a2,P; + a2, Py + a32P3)} (68¢)

and it is achieved with X, ~ CA(0, P;), k € {1,2, 3}, mutu-
ally independent and with DF strategy at the relay.
Proof: The result follows from the expressions of The-
orem 4. |
3) Ergodic Rayleigh Fading: Define Uké(Uk.k, Usp),
~ PN
ka(Ulk Usk, Us), kA € {1,2}, and U1Z(U12»Usz)
Uy (U117 Uis), Us=(Us1,Uz1), Uy=(Ua1, Uss),
U5:(U11, Usy,Uy3,Usz). If the channel is subject to
ergodic Rayleigh fading, then we obtain the following explicit
result:

Corollary 9: Consider the Raylelgh fading ICR with Rx-CSI
and partial feedback s.t. y]~ L and hi; ! are available at the relay
at time ¢. If the channel coefﬁ01ents satlsfy

]Eﬁ1 { IOgQ (1 + (L%2|0712|2P1 + (L§2|0732|2P3)}

< ]E[:,2 {10g2 (1 + a%1|U11|2P1 + (1,%3|U13|2P1)} (693.)
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]ELA’} { 1Og2 (1 -+ (L§1|U21|2P2 + a§1|U31\2P3)}
< By, {logs (1+ 03, |0 [Py + a3 Tas*P2) | (690)
]Eiz{logz (1 + (L%2|U12|2P1 + G,§2|U22‘2P2

+a§2|U32|2P3)}

2
< g, { log, <1 + (Zpk - (a§y|Usa

k=1
n ais|Uk3|?>)

+ (PLPy - (051|Un [Pa33|Uns|? + a3 |Urs[? a3, [Uan |
- 2. me{(l,lgUlg(J,glU210,11Uf10,23U53}))) } (69C)

and

1+{1%1P1 +(1,§1P3 S

”'31132
14a2, Py
1+ a3y Ps + a3y P < -

(69¢)

17¢,§1P

3
e “h P2 Ey (71_'—051133)

P
ay P2

then the capacity region is characterized by all the nonnegative
rate pairs s.t.

Rl S ]E[:rl{ 10g2 (1 —I— a%1|U11|2P1
+(L§1|U31‘2P3)}

Ry < IE@{ logy (1 + ads|Usa|* P

(70a)

+ %, Us2Py) ) (70b)

min
ke{1,2}

+ 03U 2Py + Ui 2P} (700)

Ri1+ Ry < {]Egk{logz(l*‘a%kwlkppl

and it is achieved with X ~ CA(0, Py}, k € {1,2, 3}, mutu-
ally independent and with DF strategy at the relay.

Proof: The proof follows similar arguments to those used
in the proof of Corollary 8. |

C. Comments

Comment 27: Comparing partial feedback (Corollary 8) with
no-feedback [17, Th. 2], we note that the rate constraints at the
destinations are the same. Also note that a € D; N D» guar-
antees (67a)—(67c); hence, as in Comment 4, feedback allows
obtaining capacity characterization for a larger set of channel
coefficients, and there are scenarios in which feedback strictly
enlarges the capacity region (e.g., when a3 is very small).

Fig. 9 was created using the same parameters as those
used for generating Fig. 2 (see Comment 5 for details). The
figure demonstrates most clearly the benefits of combining
feedback with relaying for interference management. Observe
that without feedback, achieving capacity in the VSI regime
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Fig. 9. Geographical position of the relay in the 2-D plane in which the VSI
conditions hold for the ICR subject to phase fading. The black region shows the
location of the relay for ICRs without feedback in which DF at the relay achieves
capacity at VSI [17, Th.1]. The union of the black and dark gray regions shows
the location of the relay for ICRFs with partial feedback, only from Rx; to the
relay, in which DF at the relay achieves capacity at VSI (Corollary 6). The union
of the black, dark gray and light gray corresponds to ICRF with feedback from
both receivers to the relay (Corollary 1). The scenario parameters are detailed
in Comment 5.

requires the relay to be close to the transmitters, while partial
feedback and moreover full feedback allow achieving capacity
for a significantly larger geographical region.

Comment 28: Note that if we assume a unidirectional noise-
less cooperation link from one of the receivers to the other one,
then the conditions of the SI and the VSI regime can not be satis-
fied. Without loss of generality, assume a noiseless cooperation
link from Rx; to Rxs; then, the achievable rate at Rxs will al-
ways exceed the achievable rate at Rx; . Hence, decoding the in-
terference at Rxy will always decrease the capacity region. The
same conclusion also holds for decoding both messages at Rx; .
Thus, if there is a unidirectional noiseless cooperation link from
one of the receivers to the other one, then the SI and the VSI
conditions cannot be satisfied. Note that this conclusion does
not hold for the scenarios where the link between the receivers
is noisy or if the receiver first compresses its channel observa-
tions prior to forwarding them to the other receiver (see [32] and

[33].

VIII. CONCLUSION

In this paper, we characterized the capacity region of the
fading ICR for different feedback configurations. The capacity
region was characterized explicitly for the phase fading and
Rayleigh fading scenarios in both SI and VSI regimes. We
showed that the capacity is achieved with zero-mean, circularly
symmetric complex Normal channel inputs, independent of
each other with all transmitters using their maximum available
power. It was also shown that when feedback is available at the
relay, then the best strategy for the relay in these regimes is to
decode both messages and forward them to both receivers and
thus assist both receivers simultaneously. We showed that with
such a strategy at the relay, when VSI occurs the ICRF behaves
like two parallel relay channels. We also showed that when
ST occurs, the ICRF behaves like two EMARCs and the same
coding strategy achieves capacity for both simultaneously. We
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next showed that if feedback from both receivers is available
at the relay, then additional feedback from each receiver to
its opposite transmitter provides no further improvement to
the capacity region. However, additional feedback links from
each receiver to its corresponding transmitter can enlarge the
capacity region. By comparing the scenario where there is par-
tial feedback (from one of the receivers only) or full feedback
(from both receivers) at the relay, versus the scenario with no
feedback at all, we showed that partial feedback and moreover
full feedback increase the range of the channel coefficients
which allow achieving capacity in both VSI and SI regimes
significantly. With no feedback, however, the relay reception
must be good in order to achieve capacity (Recall [7, Th. 6]:
in the relay channel under the phase fading assumption, DF
achieves capacity when the relay is closer to the source than to
the destination).

The fact that the capacity-achieving channel inputs are mu-
tually independent allows a relatively simple integration of re-
laying into existing wireless networks. Also note that since the
relay can be optimal for both communicating pairs simultane-
ously, a relatively small number of relay stations can optimally
assist several nodes simultaneously. These observations support
the deployment of relay nodes to assist in managing interfer-
ence in practical wireless systems such as cellular and WiFi net-
works. We note however, that additional research, especially on
nonfading scenarios, is still required to obtain a complete as-
sessment of cost-benefit tradeoff.

APPENDIX A
MAXIMIZING DISTRIBUTION FOR THE CUT-SET BOUND

A) Upper Bound on R : Starting with the upper bound on
Ry, wefirstconsider (X3 Y1, Y, Y3| Xy, X, H). Note that by
fixing the side information H = h, we obtain

= h(h1n X1 + Zy, h12 X1 + 2>,
his X1+ Zs| X, X3, H = h).

h(Y1,Ya,Ys| X, X3, H = h)
(A1)

Define H2(Hi1, Hys, H13)T, Z2( 21, Zo, Z3)T. Following
these definitions we define (Yl,YZ,SAfg)TéH - Xy + Z. For
Xé(Xl, X, X3), zero-mean, define C; = E{XXH}. Letting
aijéIE[X.;X;‘}, we get

_Xl
A x * -
C,=EL | Xo | [X7, X5, X7 (A2)
_X3
(X1 X7 XaX3 XiX3
=E{ | XoX; XoXi XoX3
| X3 X7 X3X5 X3X3
P1 X119 X13
= |an P
g1 sz P
A |t tg
= A3
Lm T2 (A3)
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where 11 éP1 and T2z is 2 x 2 and p.d. Next, we obtain

I(‘Yl; Yl'/ }/27 1/}’|)(27*XYJHE)
- EE{h(YbYQa V3] Xs, X3, h)

- h(Yl,Yz,le,Xz,Xs,E)}

—~

2 Eg{h(YLf@,YMXQ,X&E) = W(Z1, Zs, Z3)}

(®) , o :

< ]EE{ log, ((m) det (cov(Yl,Yr_),Y3|X2,X3,Q)))
- 108‘2(776)3}

= ]EE{ 10g2 (det (COV(Yl, frz, Y5|X2 Xg, E))) }

[

=

—~
o

{ log, (dct (cov(H - X1 + Z|Xo, Xsﬁ)))}

|

Ik

—~
Z

{ log, (det (cov(H - X,| Xz, X3, h)

[

con(2, %, 1))}

= ]EE{IOgQ (det ([' + H- COV(_X1|_X2‘/ ‘de) . HH))}

—~

[

= I]E)E{l()g2 (dct (l]
+H - (t — 5] Toy o) - HH))}
2 IEQ{ logy ( det (

L 1 BT
+H 3 (1 — b7 65) Top? To tor ) )7, - HH))}

<

—~
Nk

@ IEH{logz (det (1+ 1 - #5,(1 — AAT)E, - HH))}

,\
INE

E

[

{10g2 (det (+H-£7,-(1— ) £, HH))}
)

< ]Ei{logQ(dct (I]+H-t11~HH)>}. (A4)

Thus, by using [38, Fact 3.7.19],° we get the following in-
equality:

I(X1;Y1,Ys, V3| X2, X3, H) <

]Ei{logQ (1+P1(|H11|2 + | Hi? + |H13|2))}. (A5)

In the above transitions,

* (a) follows from (Al).

* (b) follows from Lemma 2 which show that
h(}}l, Y% Y;J,|X2., X3) is maximized by jointly cir-
cularly symmetric complex Normal RVs with zero mean
and same covariance matrix as (5}1., ?27 Yg, Xo, X3).

* (c) follows from the definition of f/l s Yg, f’g, H, and Z.

9Givenx, y € C", define A21 — xy ¥ . Then, det(A) = 1 — xy.
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* (d) follows from the fact that Z is independent of X, k €
{1,2,3}.

* (e) follows from [35, Sec. VI] which shows that the condi-
tional covariance matrix of jointly complex normal RVs is
given by the Schur complement of Tss in the covariance
matrix C;.

* (f) follows from [38, Proposition 8.1.2 and Lemma 8.2.1].
10 L B

+ (g) follows from the definition A=#, > t& T,.,%.

* (h) follows from [46, Lemma 3.1] and from [37, Ths. 7.7.2
and 7.7.4].11

* (i) follows from the range of p, as given in [46, Lemma
3.1]: p € [0,1] and from [37, Ths. 7.7.2 and 7.7.4] which
state that since (1 — p2)t1; < #p1 then det(l + H(1 —
/)Q)tllHH) < det(l] + Htlth).

Next, note that (AS5) does not depend on 12, g3, Or sz and
it can be achieved with equality from (A4) by setting ajo =
a3 = 0, irrespective of the value of a3, which can also be set
to zero. We also note that since log, (2:) monotonically increases
with respect to a, then 1(Xy; Yy, Ya, 3| X5, Xg,ﬁ) iS maxi-
mized when Tx; transmits at its maximum available power. Fi-
nally, (b) is achieved with equality if X;, X5, X3 are jointly
Normal. As these variables are uncorrelated, they are also in-
dependent. In conclusion, 7(X1: Y7, Y2, Y3| X2, X3, E) is max-
imized by mutually independent, circularly symmetric complex
Normal channel inputs with zero mean.

Next, we consider T{X7y, X3;Y7|X5, ﬁl). Following the
same arguments as the previous rate bound, note that

h(Y1| Xy, Hy = hy)
= h(h11 X1+ h31 X3 + Z1| X2, H1 = hy). (A6)

Define A
Y1:H11X1 —+ H31X3 —+ Z1 (A7a)
STA YA * * 7
(LQ:IE{[XlJ (Y7, X3] Hl}
_pl[hyr nixg|,
XY XoXi ||
Tll T12
” . A7b
Erd (ATH)

Hence, we bound 7( X7, X3; V1| X5, ﬁl) as follows:
I(X1, X3:Y1|Xo, Hy)
= ]Egl{h(mxz,ﬁl) ~ h(Y1|X1,X2,X3,ﬁ1)}
(%) Eg { log, (dct (cov(f/1|X2, f)l))) }
—Eg, { log, (T11 - T12t;21Tf2) }

(’SJ) Eg { log, (Tn) }

10Given a p.d. matrix A, A~ is also a p.d. matrix and A can be written as
A = 1B?, where BB is also a p.d. matrix.

11137, Th. 7.7.2]: Given two Hermitian matrices, /4, IB, if IB < A then
THIBT < THAT. Thus, | + TP BT < [ + T#AT.[37, Th. 7.74]: Given
two matrices, A, B, if B < A, then det(IB) < det(A).

(A8)
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Thus, we get
I(X17X3§Y1|X27H1)
< Egl{10g2(|H11|2P1 + Hy H3jons

+ Ha Hyogy + |Hap |* Py + 1)} (A9)

Here, (a) follows from the definition of Yy in (A7a), from (A6)
and from Lemma 2, and (b) follows from the fact that 775712 =
|T12]? > 0. Next, note that

Bz, { 10g2(T11)}
= / 10g2 (|]’L11|2P1 + h11h§10¢13 + h31h)f1()é31
Jhiee3
+ a1 [*Ps + 1) f, (ha)dha.

Hence, if we replace H3; with —Hjy, the result of the inte-
gral remains unchanged. This follows as /;;’s are independent
complex RVs with uniform phases on [0, 27 ), independent of
their magnitudes, and therefore the value of the integration is
the same for all initial phases. Hence, following the same tech-
nique as in [7, Th. 8] and from concavity of the logarithm func-
tion, we can apply Jensen’s inequality and rewrite the bound in
(A9) as

I(Xl,X3;}’1|X2,E[1) < ]Ef{l{l()gQ(Tll)}
< ]Egl{logz(IHuPPl + |Hs1 Py + 1)}. (A10)

As the bound in (A10) does not depend on 12, 13 Or (a3, then
(A10) is achieved with equality from (A8) by setting a1 =
13 = 93 — 0.

We conclude that the upper bound on R; in cut-set bound
is maximized by mutually independent, zero-mean, circularly
symmetric complex Normal channel inputs, and with all sources
transmitting at their maximum available power.

B) Upper Bound on Ry: Following steps similar to those
in Appendix A-A, we conclude that the mutual expressions
I(Xo; Y1, Y5, Y| X1, X3, H) and I(Xo, X3;Y5| Xy, Hy) are
both maximized by mutually independent, zero mean, circu-
larly symmetric complex Normal channel inputs.

C) Upper Bound on Ry + Rs: First, note that

h(hlle + h21 X2 + 21, hia X1 + hoo Xo + Zo,

hY1,Y2,Y3| X5, H = h) =

h13 X1 + h2s Xo +Z3|X3=E:E)~ (AL1)
Define IH, X, Z and rewrite C; from (A2) as
N Hyy Hn
H= H12 HQQ (A12a)
Hy3  Has
A X
x2 [Xz] (A12b)
A %
2|z (A12¢)
Z3
€2 [TI}} “2] (A12d)
tiy Loz
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. AN .
where T3 is 2 x 2 and p.d. and ¢52=P5. Using the aforemen-
tioned definitions, we obtain

I(X1, X2; Y1, Y, V3| X3, H)
:Eg{h(YhYQ,Ys,Xs,ﬁ)

- h(Y17Y21Y3|X17X27X37i_Z)}
< IEE{ log, (det (1+H - (Tyy

— tyatyt ) - IHH)) } (A13)

(a)

< ]Eg{logz(det (14+TH-Tyy -]HH))}. (A14)

Thus, we bound 7(X1, X2; Y7, Y2, Y5| X3, H) as follows:
I(X1, Xo; Y1, Yo, V3| X3, H)
2
< ]EE{ logs (1 + (D Pi(|Hn|* + |Hio|? + |His?))
i=1

+ (PP — |aas*)(|Hu [P Hoo|* + [Hi1 || Has |
+ |Hio|*|Hao|* + |Hia *|Hos|* + [Hus|* | Ho |°
+ |His|? | Hao|* — 2V1 — 2V5 — 2V3))

+ 12 (H11 Hy + Hi2Hs, + HisHsy)

+ gy (Hoy HYy + HynH7y + HQgHi;)) } (A15)

where
V1 :SRe{HanngzHgl} (A16a)
VQ :%e{HmHngsz;Q} (Al6b)
Vg :SRe{ngHﬂHle;a} (A16C)

The transitions used in the above derivation are similar to those
used in Appendix A-A. Here, (a) follows from [46, Lemma
3.1] and from [37, Th. 7.7.2]. Following the same technique as
in [7, Th. 8], we obtain that replacing Hy;, Hys, His with
—Hyy, —Hys, —His, respectively, does not change the ex-
pected value in (A15). This is equivalent to replacing 12 and
91 With —«12 and —ao1. The aforementioned observation can
be used to express (A15) as

]EE{ log, ( det (1+ ]HTH]HH))}

(a) 2
SIEE{ logy (1+ (3 Pl Ha P + |Hool® + | His )
=1
+ (PP = 2|ars|*) (| H [P Hoo |
+ |Hu1 P |Has|? + |Hio| | Hat |?
+ [Hio?|Hos|? + | His) Ho |?

| Hys P Hos|? — 2V1 — 2Vs — 21/3)))} (A17)

where (a) follows from the concavity of the logarithm function.
Next, we have the following proposition:
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Proposition A.1: The expression in (A17) is maximized
when 12 = 0 and when Tx; and Txo transmit at their max-
imum available power, i.c.,

]EE{ log, (det (1+ ]HTM]HH))} <

2
EE{ 10g2 (1 + (ZPL(‘HAF + |Hi2|2 + |H[3|2))
i=1
+ Plpz(|11-’11|2\sz|2 + |H11 || Has|
+ [Hio |Hn |? + [Hua|*[Has|? + |[His*|Ha |

| Hig 2| Haol? — 2V1 — 2Vs — 2V3)>} (A18)

where V7, V5, andVj3 are defined in (A16).

Proof: Consider Hy1, Hss, His, Hoy € C and
V1, Vi, V3 as defined in (A16). Without loss of generality, we
can write

HyHyy =A+ Bi
HisHs1 =C + Ds

A, B,C, D € R. Using the aforesaid definitions, we get 2V} =
2 - Re{H11 HxH5Hy } = 2(AC + BD). Also note that:
A% 4+ C? > 2AC forall A,C € R. Thus

|Hy1 2| Hoo|* + |Hio*|Hoa |* > 2 - Re{Hy  Hoo His H3 )
=2V;.

Repeating this argument for V5 and V3, we conclude that the
multiplier of (P P> — 2|a;2|?) in (A17) is non-negative and
omitting 2|cv12|? from (A17) does not reduce the expected value.
This leads to (A18). Also note that since log(z) monotonically
increases with respect to x, then (A 18) is maximized when Tx;
and Tx» transmit at their maximum available power. |

Hence, (A18) can be obtained with equality from (A13) by
setting av1s = a3 = a3 = (. We conclude that the mu-
tual information expressions in the cut-set bound are maximized
by zero-mean, complex Normal channel inputs independent of
each other, and with all sources transmitting at their maximum
available power.

APPENDIX B
CAPACITY REGION OF THE EMARC

The capacity of the EMARC is stated in the following the-
orem:

Theorem B.1: Consider the fading EMARC with Rx-CSI
derived from the ICRF, given by (1) where its message destina-
tion is Rx; but the relay receives feedback from both receivers
s.toyi )t y%fll, 7111]1 ,and hy ! are available at the relay at time
i, prior to transmission. Assume that the channel coefficients
are independent in time and independent of each other s.t. their
phases are i.i.d. and distributed uniformly over [0, 27). Let the
additive noises be i.i.d. circularly symmetric complex Normal
processes, CA(0, 1), and let the sources have power constraints
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E{|X:?} < Py, k € {1.2,3}. The capacity region is then
given by all nonnegative rate pairs s.t.

Ry < min{I(Xy1; Y1, Ys, Y3|Xo, X3, H),
I(Xy, X3; V1| Xo, Hi )}
(Bla)
Ry < min{I(Xy; Y1, Y, V3| X1, X3, H),
I(X2, X3;Y1|X1, Hi)}  (Blb)
Ry + Ro < min{I(X;, Xo;: Y1, Y5, Y3| X3, H),
I(X1, Xo, X5; V1|Hy)},  (Blc)

and it is achieved with X}, ~ CAN(0, Py), k € {1,2,3}, mutu-
ally independent and with DF strategy at the relay.
Proof: The proof consists of the following steps:

1) We provide an outer bound on the capacity region using
the cut-set bound.

2) We show that the input distribution that maximizes the
outer bound is zero-mean, circularly symmetric complex
Normal with channel inputs independent of each other and
with maximum allowed power.

3) Assuming codebooks generated according to the maxi-
mizing distribution, we present an achievable rate region
using the DF strategy at the relay.

a) For decoding at the relay, we follow steps similar to
[7, Sec 4.D].

b) We provide an achievable rate region for decoding at
the destination by considering a backward decoding
scheme.

4) We conclude that the intersection of the achievable rate re-
gions for decoding at the relay and at the destination coin-
cides with the cut-set bound.

A) Outer Bound: The following bounds are the cut-set
bounds of the EMARC rate region:

S2 {Tx1}, Scé{TXQ’ Relay, Rxy. Rxa} :

Ry < I(X1;Y1,Ys, V3| Xo, Xy, H) (B2a)
S2 {Tx,, Relay, Rxs }, SC2{Txs, R } -

Ry < I(X1, X3:Y1[Xo, Hy) (B2b)
S2 {TXg},SCé{Txl,Rclay,Rxl,RXQ} :

Ry < I(Xo;Y1,Ys, V3| X1, Xy, H) (B2¢)
S2 [Txo, Relay, Rx, }, SC2{Tx;, Rxo} -

Ry < I(Xo, X3;Y1]X1, H>) (B2d)

s2 {Tx1, Tx2}, Scé{Rxl7 Rxq,Relay} :
Ry+ Ry < I(X1, X2:Y1, Y3, V3| X3, H) (B2e)
S= {Tx1, Txa, Relay, Rx>}, Scé{Rxl} :
Ri+ Ry < I(X1, Xy, X3: Y1 |H). (B2f)

Following the same arguments as in Appendixes A-A, A-B,
and A-C, we conclude that the outer bounds on f2; and 2
are maximized by mutually independent, zero-mean, circularly
symmetric complex Normal channel inputs and with all sources
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transmitting at their maximum available power. Moreover, we
obtain an upper bound on I{ Xy, Xo, X3;Y1|H1):

I(X1, X, X3;Y1|Hy)

< Egl{log2(1+|H11|2P1+|H212P2+|H31|2P;3)} (B3)

and we conclude that it is achieved by mutually independent,
zero mean, circularly symmetric complex Normal channel in-
puts.

B) Achievable Rate Region: The achievability is based
on DF strategy at the relay. Fix the block length » and
the input distributions: fx,(x1), fx,(22), fx,(x3) where
Ix, (@) ~ CN(0, Py), k € {1,2,3}. The following encoding
and decoding methods are considered.

1) Code Construction: The code construction is similar to
Section IV-A2a.

2) Encoding at Block B: The encoding process is similar to
Section IV-A2b.

3) Decoding at the Relay at Block B: The decoding process at
the relay is similar to Section IV-A2c, leading to the rate
constraints (7).

4) Decoding at the Destination: The receiver uses a backward
block decoding method. Assume that the receiver has suc-
cessfully decoded 111 ;11 and g p41. Then

1) In the first step, the receiver generates the sets

A
50717:{(7’)’7,1,777,2) e My x My (X1(77’L17b+1),
X2(mapi1),X3(m1, ma),y1(b+ 1), hy (b + 1))€A§")}
51’1,2{(7711,777,2) e M x My (xl(ml),

xa(ma), y1(b), hy (b)) € A§">}.

2) Thereceiver then decodes (1 ¢, M2 ) by finding a unique
pair (m1,ms) € Eyp N E1p.
Let the decoded pair be (171 4, ™2 4). A decoding error happens
if one of the following error events, associated with the decoding
rule at the destination occurs:
* FEpp UE),, where

Eo,bé {(><1(Tnl,b+1)7Xz(ml,ﬂrl)7 x3(map, may),
yi(b+1),h(b+1)) ¢ Ag")}
El,bé {(Xl(ml,b);Xg(m,g_’b),yl(b)./fll(b)) ¢A£n)}.

From joint-typicality, the probability of the above event
can be arbitrarily small if » is large enough.

A,
o By ={(ruy # mip,may) € Eop N Ey). From
[6, Lemma 2]:

Pr{(h1p # mip,m2s) € g}
< 2771,(1(1\'3;5/1\)(1,Xzﬁl)fw)

Pr{(rh1p # mip,m2s) € E1p}
< 2771,(1(1\'1;5/1\)(2,1?1)775).
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Note that since the codebooks are constructed independent
of each other then &g ¢ is independent of £ ; and the prob-
ability of E» ; can be arbitrarily small if » is large enough
and

Ry <I(X3:Y1|X1, Xo, Hy) + I(X1: Y1 | X0, Hy)
=17

(X1, X33 V1| X, Hy). (B4a)

. Esvbé{(ﬂbLb,’f;Lth # may) € Ep N Sl,b}- From [6,
Lemma 2], the probability of this event can be arbitrarily
small if » is large enough and

Ry < (X3, X3;Y1| X1, H1). (B4b)

FAN ~ ~
. E4,b:{(77711,b # mip, M2 # 777,271;) S 8071, 05171,}. From
[6, Lemma 2]:

Pr{(h1p # mip.May # moyp) € Eopt
< 2777,(I(X3;1,1‘Xl,AYz,I:Il)f'?E)

Pr{(i1p # mip,Thop # map) € 14}
< 27n(I(X1,X2;Y1\I:11)775)

the probability of this event can be arbitrarily small if » is
large enough and

Rl + RQ SI(X3aY1|X1/X2ﬂFI1) + [(XlXQaY1|I~{1)
=1(X1, Xo, Xg: 1| Hy). (B4c)

Combining (7) and (B4), we obtain the achievable rate region
of the EMARC

REMARC
= {(RLRQ) c %3_ :

Ry < min {I(X1;Y1,Ys, V3| X2, X3, H),
I(X1, X3 Y1| X0, Hy)}  (BSa)

Ry < min {I(X2; V1, Ys, V3| X2, X3, H),
I(X2=X3;Y1|X1;f~11)} (B5b)

Ry + Ry < min {I(X1, X2 Y1, Y5, V3| X3, H)

3

I(X1, Xo, X3;Y1|FI1)}}- (B5c¢)

Finally, note that (B5) coincides with the cut-set bound in (B2),
and thus, it is the capacity region of the EMARC. |

APPENDIX C
PROOF OF PROPOSITION 3

Inner Bound: Note that the region RSk can be obtained
by time-sharing between two rate points: point A is the rate pair

(Ria, R a) =(I(X1, X33 11| X0, H1), I(Xo, X3; Yo | X4, FIQ)),

and point B is the rate pair
(RLBaRZ,B) = (I(Xl,XQ,Xg;YﬂHl)?O). Theorem 1
shows that in the VSI regime (R; 4, F2 4) is achievable. We
next show that (R; p, Ro p) is achievable. This is done using
the DF-based achievability scheme described in the following:
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Fix the blocklength n and the input distribution
thXz;Xa (51;17 L2, ~L3) = le (J/l) : fXg (~L2) : fX3 (£3) where
X ~ CN(0, P) k € {1,2,3}. Note that as Ry = 0, then Tx»
acts as a second relay for sending m; from Tx; to Rx;. We
use nB channel symbols for sending B — 1 messages.

a) Codebook Construction: For each m; € M7 and
k € {1,2,3}, select a codeword x (1) according to the pdf
Sx (xk(ma)) =TTz Fxy (wr,i(ma)).

b) Encoding at Block b: At block b, Tx; transmits mq
usingxy(my4). Letmy -1, 7%7,171)_1 denote the decoded 11 51
at the end of block b — 1, at the relay and at Tx», respectively.
At block b, Tx» transmits X»(11 1) and the relay transmits
x3{M14-1). Atblock b = 1, Txy transmits x3(1), and the relay
transmits x3(1), and at block b = B, Tx; transmits x;(1).

¢) Decoding at the Relay and at Tx, at Block b: The relay
and Tx» each use a joint-typicality decoder. We now find con-
ditions for bounding the average probability of error averaged
over all codebooks. The decoder at the relay looks for a unique
my € My which satisfies

(Xl(m1);X2(m1,b71),X3(m1,1>71)_~Y1(b)7Y2(b)7

ys(8).Bh(0)) € A (X, X, X3, V3. Y2, Vs, ).

We conclude that the relay can decode m ;, with an arbitrarily
small probability of error if n is large enough and

Ry < I(X1;Y1, Y5, V3] Xy, X3, H). (Cla)

Following the same approach, we can show that Tx2 can decode
7 p reliably if » is large enough and

Ry < I(X1; Y| Xy, X3, Ha). (C1b)

Note that as [(X1;Yy.Ys, V| Xo, X3, H) >
I(X1; V2| Xs, X3, fll), then reliable decoding at Txs
guarantees reliable decoding at the relay.

d) Decoding at the Destination: Rx; uses a backward de-
coding scheme based on a joint-typicality rule. Assume that [3x;
correctly decoded 11 41. Then

1) Rx; generates the sets:

A
Eop= {ml c My (X1(777,17b+])7x2(7n/])7Xg(m/1)7
yl(b + 1)fll(b + 1)) € Agn)}
A ~
&= {ml c My (x1(777,1),y1(b),h1(b)) € AE”)}.

2) Rx; then decodes mq ; by finding a unique m; € &y N
1.
Note that since the codewords are independent of each other,
&o,» is independent of &7 5, and the probability of decoding error
can be made arbitrarily small by taking » large enough as long
as

Rl < ](XQ,X3;Y1|X1‘/.H1) + I(Xl;yrﬂﬁl)

=I1(X1, Xy, X3;Y1|Hy). (C2)

Note that since (38) holds then (C2) guarantees (Clb).
Therefore reliable decoding at Rx; implies reliable decoding at
Txs, and thus reliable decoding at the relay. Hence, when (38)
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holds, the rate pair (R1, 5, R2.5) = (I(X1, X2, X3; Y1|H1),0)
is achievable.

By time sharing between point A and point B, we conclude
that the inner bound RSk is achievable.

Outer Bound: Consider the following three modifications
to the ICR scenario defined in the proposition: M1) We let
each receiver observe the instantaneous channel output and
Rx-CSI at the relay, (ys,;,h()), and at the other receiver;
M2) We also let each receiver send a feedback signal which
consists of its channel output and Rx-CSI, to the opposite
transmitter (in addition to the corresponding transmitter); and
M3) We let the relay send causal feedback of its channel output
and Rx-CSI to both transmitters. Under these three assump-
tions, each receiver observes the same channel output at time 2,
(1,0, Y24, Y3, h(1)), and each transmitter observes at time i the
feedback (y1,i-1,%2,i-1,¥3,i—1, (i — 1)). Due to M1, and the
data processing inequality, the relay does not need to send any
channel input, and we can set X3 = 0. Equivalently, we may
assume that the relay channel input is available noncausally
at the receivers and therefore they can subtract it from their
received signal prior to decoding and to sending feedback (as
the receivers know at time ¢ /3 ; and the CSI at the relay, and as
they know the encoding function at the relay, they can generate
T3, at time 2). The resulting scenario is, therefore, equivalent
to the fading vector MAC with an MIMO receiver and causal
feedback, of both the channel outputs and the Rx-CSI, to
both transmitters. Clearly, the capacity region of this channel
constitutes an outer bound on Cwlcn,p. In the following we show
that this capacity region is given by Cyiac _ri defined in (36).

To show this, we first derive an outer bound on the capacity
region of the fading vector Gaussian MAC with feedback and
Rx-CSI, denoted Caniac —ri. This outer bound can be obtained
from the cut-set bound [39, Th. 15.10.1] (see also [50]), and is
given by

Cmac-rB C U Ruac—ra(f(21,22))
flwy,@2)

where
Ratac-rn(f(r1,2))
A
:{(R]_7R2) € %3_ :

Ry < I(X1;Y1,Ys, V3| Xo, X3 = 0, H)
Ry < I(X2; Y1, Ya, V3| X1, X3 = 0, H)

(C3a)
(C3b)

Ri+Ry < I(X1, X3 Y1,Y5, Y| X3 = O»E)} (C30)

where all mutual information expressions are evaluated with the
specified input distribution f(21, z2). Repeating the arguments
in Appendix A we conclude that the mutual information expres-
sions in (C3) are simultaneously maximized by mutually inde-
pendent channel inputs X ~ CA(0, P), k = 1,2. Denote
the corresponding input distributions g(xzy), k& = 1,2. Thus,
Cvac-re € Ruac—re(9(x1)9(22)).

It is straightforward to conclude that when X; ~
CN (0, P), k = 1,2, mutually independent, then any rate pair
in RMACfFB (g(l‘l)g(l‘z)) is achievable. Thus, CMAchB 2
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Rmac—re(g(z1)g(z2)). Combined with the outer bound
we conclude that Cpiac—vB = RMAC_FB (g(.’L‘l)g(.’L‘Q)) .
Finally, we note that letting X3 ~ CA/(0, P3) indepen-
dent of X1, ){2 does not change the rate expressions, thus
Cymac-rB = CMAC-FB-

Next, consider Rog. The derivation of the rate constraints
in 7@03 uses similar steps as in the derivation of the constraints
in the cut-set bound, with the exception that the individual
rate constraints are derived while letting both ¥7"; and Y3, be
available at each receiver for decoding. This is necessary in
order to accommodate the feedback, see Comment 21. Similar
to Appendix A, it can be shown that mutually independent
complex Normal inputs simultaneously maximize the mutual
information expressions on the r.h.s. of all constraints in (37).
Note that the sum-rate is maximized by mutually independent
complex Normal inputs as a consequence of [7, Th. 8].

This completes the proof of the outer bound on (fICRF.
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