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Abstract—We consider the transmission of a common message
from a transmitter to three receivers over a broadcast channel,
referred to as a multicast channel in this case. All the receivers
are allowed to cooperate with each other over full-duplex non-
orthogonal cooperation links. We investigate the information-
theoretic upper and lower bounds on the transmission rate.
In particular, we propose a three-receiver fully interactive co-
operation scheme (3FC) based on superpositions of compress-
forward (CF) and decode-forward (DF) at the receivers. In the
3FC scheme, the receivers interactively perform CF simultane-
ously to initiate the scheme, and then DF sequentially to allow a
correlation of each layer of the DF superposition in cooperation
with the transmitter toward the next receiver in the chain to
improve the achievable rate. The analysis leads to a closed-form
expression that allows for numerical evaluation, and also gives
some insight on key points to design interactive schemes. The
numerical results provided in the Gaussian case show that the
proposed scheme outperforms existing schemes and show the
benefit of interaction.

I. INTRODUCTION

In nowadays and future wireless communication systems, an
intensification of the request of content delivery in increasingly
denser and more heterogeneous networks is taking place.
This escalation leads, among many, to a spectrum crunch
or an interference intensification. To tackle one part of this
problem, we focus on the multicast channel (MC) in which
one transmitter broadcasts a common message intended to
a whole group of users. The MC models a wide range of
scenarios, such as the streaming of multimedia content, the
spreading of data in public safety or industrial networks,
and the control signaling in sensor networks [1]. To ensure
that the transmission rate is not limited by the weakest user
in terms of channel quality, different solutions have been
proposed using multilayer strategies or massive multiple-input
multiple-output (MIMO) [2]. However, if all users wish to
obtain the same content quality, the weakest user would set
the rate and/or require a disproportionate amount of resource,
and thus impact the whole group. With the recent study of
device-to-device (D2D) mechanisms in standards [3], [4], user
cooperation in close proximity becomes possible and would
benefit to all users by ensuring the same content quality while
maintaining a low cost in terms of amount of resource and
energy [5]. Many protocols and practical schemes [6], [7]
have been proposed in the D2D area. Some schemes are
developed to opportunistically use D2D links [8], [9], and
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do not require all users to decode the message. Asymptotic
behavior of large-scale random wireless networks have been
studied using stochastic geometry [10]-[12], however, the
transmitters perform a simple repetition protocol for the pur-
pose of tractability, which is in general suboptimal and leads
to a low spectral efficiency. Other metrics than the achievable
rate can be considered, such as the network lifetime [13] under
which the network has to be working for the longest possible
time.

In this work, we investigate the broadcast channel (BC) with
one transmitter sending a common message to three receivers,
also called a MC in this case. The receivers can cooperate
through a cooperation link, thus our channel is a mixture of the
MC and the relay channel (RC). The goal is to characterize the
benefits of cooperation in terms of achievable rate through an
information-theoretic analysis. The choice of three receivers
comes from the fact that it is the smallest size to clearly
show the core idea of our scheme compared to others while
remaining tractable for the information-theoretic analysis as
well as the numerical results.

The RCs [14] have been well studied in the past. In [15], two
relaying strategies called compress-forward (CF) and decode-
forward (DF) were proposed for the basic three-node network.
These schemes were then extended to larger networks [16]-
[21]. Among them, a particularly interesting scheme is the
noisy network coding (NNC) [17], [18] and its more recent
variant called the short message NNC (SNNQO)' [19]. The
NNC readily applies for multicast networks and achieves
within a constant gap to the capacity. In the NNC scheme,
the same long message (high rate) is sent in each block
using independent codebooks, and then each receiver uses CF
and relays the bin index in the next block. The message is
decoded only at the end of the whole transmission of blocks
at all receivers’. Refinements called the SNNC with a DF
option (SNNC-DF) [19] and the SNNC with rate-splitting [21]
were also developed for unicast. The capacity of the BC
with cooperation, even in the case of two receivers, remains
unknown in general, except for special cases such as the
physically degraded main channel [22]. The setup for two
receivers has been partially studied in [22], referred to as
BCs with cooperative decoders, and in [23], [24], referred to
as relay BCs. A BC with orthogonal cooperation links was
considered in [22]. In [23], [24], although the cooperation

I'We do not distinguish between the NNC and SNNC schemes hereafter,
since the achievable rate of the SNNC (with backward decoding or sliding
window decoding) is equal to the one of the NNC (with joint decoding).

2In the SNNC scheme, the long message is cut into small independent ones
each sent using independent codebooks in each block.



links are not restricted to be orthogonal, the authors assumed
that either the main channel is degraded or the cooperation
link is uni-directional. It is worth noting that achievable rate
regions of both common and private messages were provided
in [22]-[24]. In our previous work [25] we generalized the
results of [22]-[24] by studying the full-duplex non-orthogonal
cooperation link counterpart for the MCs. In that work,
we proposed the two-round interactive receiver cooperation
scheme (2RC), in which one receiver uses CF toward the other
one which in turns uses DF back to the first one. It turned
out that the 2RC scheme outperforms both the NNC and DF
cooperation schemes, which shows the benefit of interaction
between compression and decoding.

To investigate the benefit of such an interaction in a larger
network, we propose a new three-receiver fully interactive
cooperation scheme (3FC). In the proposed scheme, the
transmitter multicasts a short message, and then the network
performs sequentially the following three steps, 1) receivers 2
and 3 use CF toward receiver 1 in the first block, 2) receiver 1
cooperates with the transmitter by using DF toward receiver 2
in the second block, and 3) receivers 1 and 2 cooperate with the
transmitter by using DF toward receiver 3 in the third block. At
this point, the scheme ends for this message, giving a latency
of 3 blocks if sliding window decoding is implemented. This
sequence is repeated identically in each block until the end
of the scheme. The same holds for receivers 1, 2, and 3
exchanging roles. We present the cutset upper bound (CS)
and three lower bounds for the MC with receiver cooperation,
two of which are derived from existing results in the literature
(“no cooperation” (NC) and NNC schemes), and the third one
is a special case of our proposed scheme, which we call the
three-receiver partially interactive cooperation scheme (3PC).
Note that the 2RC is a special case of the 3PC, and that the
3PC is a special case of the proposed 3FC. The 3PC scheme is
presented to show the importance of full cooperation, i.e., each
receiver should contribute to achieve a better performance.

The structure of the proposed 3FC scheme gives some new
insights that we believe are key to design interactive schemes,
such as,

o The asymmetry of construction permits to adapt the order
of CF and DF according to the channel condition. The
non-intuitive result is that all the weakest nodes should
start the cooperation, so that the strong nodes acquire extra
information in order to use DF and then help to increase
the achievable multicast rate even more in return. This
has not been studied before to the best of the authors’
knowledge.

o The information should flow properly through the network
so that every receiver can access all the information of
the other receivers when the cooperation links are strong
enough. This permits to achieve the broadcast bottleneck
when the cooperation tends to be perfect.

o The superposition of CF and DF allows to reach a bounded
latency in terms of blocks since an early decoding is
performed sequentially at each node. It also allows to
control the number of parameters to obtain a manageable
bound.

o The bounds are general and can be applied to different

channel configurations including the orthogonal and half-
duplex cases. As such, we do not need to explicitly con-
struct different schemes for the aforementioned settings,
as is usually done in the literature.

Numerical results show that the 3FC scheme outperforms
the state-of-the-art NNC scheme among others. Moreover,
a suboptimal equivalent could be further studied by using
existing tools of the literature, as discussed throughout the
paper.

The remainder of the paper is organized as follows. Sec. II
introduces the system model and the Single-Input Single-
Output (SISO) Gaussian MC as a special case. In Sec. III
we present the 3FC, derive its special cases 3PC and 2RC.
Numerical results for the SISO Gaussian MC are provided
in Sec. IV to show that the 3FC scheme surpasses existing
schemes regarding the achievable rate and is thus a good
generalization of the results of [25]. We also further explain
the terms of the bound, and underline the importance of the
structure of the 3FC. Finally, we conclude the paper and
discuss the generalized structure of our scheme in Sec. V.

We use the following notations throughout the paper. We
denote random variables with upper case letters and their
realizations with the corresponding lower case letters. The
signals sent and received by the receiver k are denoted
respectively by X and Yy, the compressed version of Yj
is f’k, and the decoded version of Y} is Yk. The discrete
interval [i : j] = {i,i+1,...,5} is defined for a pair of
integers ¢ < j. The value of the signal xj at an instant 7 is
denoted x[i], the value of the (j —i+ 1)-sequence is denoted
xx[i : j], and when i = 1 the (j)-sequence is denoted with
the simplified superscript notation zj, where [-] is dropped.
The mutual information [26], [27] between X and Y given
Z is denoted by I(X;Y|Z). The logarithms log(:) are to
base 2 and %' (x) = log(1l + x). The cardinality is denoted
by | - |. We secure the use of a given letter for a given
meaning unless specified otherwise, e.g., ¢ € [1 : n] for
the time index, ;7 € [1 : b] for the block index, {k,I,q}
when used as subscript for the receiver index, m for the
message, p for the probability. The notation k # [ # ¢ means
kell:3], le[l:3]\{k}, g€ [1:3]\{k,I}.

II. SYSTEM MODEL

We consider a MC with receiver cooperation, where one
transmitter sends the same information to three receivers
through the main channel as represented in Fig. 1. As a special
case of this model, the SISO Gaussian channel (Gaussian
inputs and noises) at an instant ¢ is described by

Yk [Z} = hkx[z] + Az [Z] + hqkl‘q [Z] + 2k [Z}, Vi € []. : 77,]
(1)

for the receiver indices k # [ # q; x is the source signal, x
is the signal transmitted by receiver k, and yy is the received
signal at receiver k; h;, hy; € C are the channel coeffi-
cients from the source and from receiver k to [, respectively;
2k, ~ CN(0,0?) is the additive white Gaussian noise (AWGN)
at receiver k, which is assumed to be i.i.d. across resources
and receivers. We assume that the channel coefficients are



Fig. 1: MC system with receiver cooperation.

constant and known globally at every node, which corresponds
to the low-mobility scenario where the state information can
be disseminated reliably. For simplicity, the same average
power constraint is imposed for every emitting node, i.e.,
S [alil? < nP, S, [eli)l? < nP, k€ [1: 3. The
signal-to-noise ratios (SNR) of the main channels and of the
cooperative links are then respectively,

SNRg =|hk|2£, kell:3] )
P
SNRy; :|hkl|2§, ke[l:3, le[1:3]\{k}. (3

Instead of investigating this channel directly, we consider
the more general class of stationary memoryless channels.
In this general model, the three receivers can cooperate with
each other in full-duplex, i.e., they can transmit and receive
simultaneously, through non-orthogonal cooperation links.
This setup includes, 1) the cooperation links orthogonal to the
main channel, orthogonal links being either physically
separated medium, e.g., using different transmission
technologies over different resources, or created with
artificial orthogonalization, e.g., in time or frequency,
and 2) the half-duplex mode if the receivers transmit
and receive at a different time. The current channel
belongs to a class of stationary memoryless channels
(X x A& x Xy x Xz,p(yi,vy2,y3lw, 21,22, 23), V1 X

y2 X y3)’ defined as p(yf’,y?,yéﬂx”,x{ﬂx?,x?) =
[Tim) (v li], walil, ys i) <[], 21 [4], 2[i], x3]i]) where
" € X", oz € AP, and yp € Vi, k € [1 : 3]. The

probability distribution of the channel is known at every node
(perfect channel state information (CSI) at the transmitter
and receivers) by assumption. The common message M
is assumed to be uniformly distributed in M £ [1 : 27%]
where R is the number of bits per channel use. An encoder
at the transmitter side is a map fi(”) from the message
M to the sequence of input symbols z, an encoder at
the receiver k, is a sequence of maps { f,gf? »_, from the
past received symbols y,ifl to the transmitted symbol xg[7].
A decoder at the receiver k is a map {géi?}?zl from the
received sequence y; to M, € M. The probability of error
is defined as P\ £ Pr(U3_, M, # M). Finally, a rate R
is achievable if there exist a sequence of encoders/decoders

(£ Do A5 s LS Yoo L0 s 108 i A0S 1)
such that Pe(") — 0 as n — oo. Note that we obtain an
orthogonal channel if, 1) we split Vi = V' x Vi between

the main channel and the cooperation links, 2) we split
Y = (Y Y$) with Y° € Y, VP € Vi, ke [l:3], and
3) we have

p(y17y2,y3|937$17932;$3) =

ke[1:3]

i.e., the received signals from the main channel are inde-
pendent of the received signals from the cooperation links.
The information-theoretic bounds derived under those general
classes of channels can be specialized for any stationary
memoryless channel compliant to the corresponding require-
ments. Contrary to [25], in which the special cases were the
orthogonal case (noiseless cooperation links of finite capacity),
the SISO Gaussian case, and the MISO Gaussian case, in the
present paper, the orthogonal case is not studied since it is
straightforward, and the MISO Gaussian case is not studied
neither, due to its high number of parameters to optimize, and
since the conclusions would certainly be very similar to the
ones already presented.

Note that in (1), self-interference is not considered at
the receivers, i.e., it can be removed using the perfect CSI
assumption. In practice, self-interference could be dealt with
by data processing or resource decoupling. A mix of antenna
separation and of analog/digital cancellation is studied in [28],
[29], and it is shown experimentally that those techniques can
suppress from 40dB to 80 dB of self-interference using only
off-the-shelf technologies and that it is sufficient to support
full-duplex wireless communication. Moreover, while it is
shown in [28], [30] that for an identical amount of resource,
full-duplex (subject to self-interference) does not always out-
perform half-duplex (limited by the transmit/receive time al-
location) from an achievable rate or degree-of-freedom (DoF)
point of view, we only consider full-duplex in our calculus
since the result in half-duplex can be derived as a special
case. In [31], we have shown that the 2RC full-duplex scheme
always outperforms the 2RC half-duplex schemes since the
2RC scheme does not present any kind of interference due
to its construction [25]. The conclusions could be different in
some cases for the 3FC scheme since there is more information
flowing through the network and because the sliding window
decoding does not permit to always remove all the superposi-
tion layers that are neither of interest nor already known for a
given receiver. Another model to deal with full-duplex [32] in a
multihop unicast relaying scheme uses virtual full-duplex relay
channels. In this model the receive and transmit antennas of the
relays belong to physically separated nodes. Thus, one relay is
split into two nodes (by considering that self-interference can
be dealt with) that can perform half-duplex relaying and that
are used alternatively in transmit or receive modes. The present
paper does not address higher protocol-level issues that may
arise in practice. We concentrate on the information-theoretic
bounds to design a good cooperation scheme, while keeping
in mind that a suboptimal equivalent could be implemented,
and with the anticipation that a higher level overhead will be
negligible compared to the gains reported herein.
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Fig. 2: Simplified representation of the schemes. The receiver g
is the last one to decode (D) a given short message, in
block j+ 3. The oblique stripes represent CF operations while
vertical and horizontal ones represent DF operations for the
3FC scheme. The CF phase forms an “initial simultaneous
CF structure” (*) to start the decoding of the current message
in the first round, while the DF phase forms a ‘“sequential
DF structure” (**) to improve the achievable rate by using a
correlated layer in the stack of superposition toward the next
receiver in the chain.

III. PROPOSED SCHEME

In this section, we first present the intuition behind the
proposed 3FC scheme, illustrated in a simplified manner in
Fig. 2a, and present the corresponding bounds. The coding
scheme and techniques used to prove Prop. 1 are provided in
Appx. A. We then derive as a special case the 3PC scheme,
illustrated in Fig. 2b. We also show that the 2RC scheme can
be derived as a special case of the 3PC.

Unlike [22]-[24], the proposed scheme is based on block
Markov superposition coding to study a general MC with full-
duplex non-orthogonal cooperation links. The 3FC scheme
uses short message in order to use DF, as recent schemes tend
to do [19], [21]. Instead of using respectively partial DF (PDF)
as in [33], or partial compress-decode-forward (PCDF) as
in [34], which leads to a high number of parameters, we use
superpositions of CFs and DFs at each node to improve the
rate while ensuring a low number of parameters to remain
manageable. Note that a superposition of CF and DF is
different from a PCDF. When a node performs PCDF, the
current short message is partially decoded, while the remainder
of the signal (which can contain the other part of the message)
is compressed. As a consequence, the current message is fully
decoded at the end of the last block due to the symmetry of
the construction of the schemes in [33], [34] since backward
decoding is used. Note that a late decoding also occurs if a
rate-splitting strategy [21] is forced. When DF is performed,
it implies that the node can fully decode the current message
in the current block. Due to the asymmetry of construction
of the 3FC scheme, it guarantees that all nodes can decode
any given message with a bounded latency in terms of blocks
since sliding window decoding can be implemented. The
consequence is that our construction can reduce the latency
to 3 blocks for each short message, while in a wide majority

of schemes [17], [18], [21], [33], [34], all the messages are
(fully) decoded after the last block in general.

A. Presentation of the proposed cooperation scheme

Suppose without loss of generality that receiver 1 is the first
to perform DF, then receiver 2, and finally receiver 3 decodes
last, i.e., although all sub-strategies are possible for k # [ # ¢
as illustrated in Fig. 2a, we only consider (I, k,q) = (1,2, 3).
This sub-strategy is denoted STG%:%. We say that one node is
“stronger” than another if it decodes any given short message
before the other one. Beware that the two first receiver index
subscripts have the following meaning when used in line: k;
for the description index and [; for the bin index of block j,
where j € [1 : b] and b is the number of blocks. The short
message of block j is denoted m;. The index subscript of a
given receiver is denoted as the second sub-argument, e.g.,
l;1 is the bin index of the receiver 1 in block j. The value
of the sequence observed by receiver 1 in block j is denoted
y7(4), and not as a subscript since it is not generated by the
corresponding receiver. We detail the encoding and decoding
related to the short message m;, j € [1:b— 3.

« In block j, the transmitter sends a codeword as a function
of the current message m; and the past messages m,;_o
and m;_s.

o The CFs are performed independently, at respectively
receiver 2 and 3, to propagate information about
(y5(4),y5(j)) described by (kj2,k;3) in block j, that
are binned into (I;2,1;3) at the end of the block. The bin
indices are relayed by the weak nodes toward the stronger
nodes in block j + 1.

o In particular, receiver 1 is the destination of all those
links, which allows it to perform an early decoding of
the message m; as 1m;, by jointly decoding its own
observation y7'(j) of block j and the bin indices. At
this point, receiver 1 cannot refine information about m;
any further since the decoding step has already been
performed, thus it will use DF every time information
about this message is needed from then on.

o Receiver 2 also receives the help from receiver 3, and
stores this information for later.

o The DFs propagate information acquired by the strong
nodes toward the weaker nodes in blocks j +2 and j + 3.
In particular, receiver 1 cooperates with the transmitter by
using DF toward receiver 2 and, by jointly decoding this
information with the one stored in block j+ 1 and its own
observation y%(j) of block j, receiver 2 can decode the
message m; as M 2.

e In block j + 3, receivers 1 and 2 cooperate with the
transmitter by using DF toward receiver 3 which decodes
the message m; as ;3. Note that the cooperation of
block j + 3 is the only one involving the cloud center
u™(+) around which z"(:| - |), «%(:|-) and z%(:|-) are
generated, and that it is not transmitted on its own over

3An inner layer in the stack of superposition is called cloud center, in
comparison to its satellite codeword which refers to its outer layer [27]. See
Appx. A for the codebook generation.



the channel®. Even though receiver 3 is considered to be
the weakest node, this correlated cooperation allows to
strongly increase the achievable multicast rate when the
cooperation links are strong enough.

Note that we used backward decoding at receiver 3 to ease the
proof provided in Appx. A. Then, instead of performing a slid-
ing window decoding of size 4 from block j to j+3 that would
lead to a latency of only 3 blocks, the receiver 3 decodes all the
short messages at the end of the b blocks. The receiver 3 only
needs to know (1413, M,43.3) to decode the message m; as
;3. One can show that (i 1,7;9,mM,3) = (Mm;, m;, m;)
with high probability if the rate satisfies Prop. 1. Those steps
are repeated and superposed as presented in Tab. I of Appx. A
for all the short messages, so that any four adjacent blocks
are linked together through a block Markov superposition
coding scheme, and that those four blocks are necessary and
sufficient in the proposed scheme for all receivers to decode
the corresponding short message.

Proposition 1 (Three-receiver fully interactive cooperation
scheme). With the proposed 3FC scheme, we achieve the
following lower bound,

C >Rspe £ max max min {MISngLq,

KA pi)
1
3 (SIMO 545, + SIMO1x2,05 + Av = Rrjg = Zyyiz ),
1
5(S1M01X2,lq~ + SISOy, + Ay + Aq — %kll(i — %q”f),
SIMO1«2,5 + Az — %k\l@SIMleQ’H} + Ay — %‘1\”}’

SISOk + Az + Ay — Aoy, SIMO, o i + As — % 7.
MISO3x1 e — Rqiie MISO2x1,1 + A — By — Ry
MISOsx1,1 — Brjt — R gy MISO251,1 + As — Ry

_ %q‘”;, SIMOIX?),“”“}, SIMO1 %215 + AQ}

where the first maximum is taken over the six different orders

of cooperation, the second maximum is taken over the set of
o k

distributions Pl( k’?,

p(uw)p(xi|w)p(z|z)p(zk|u)p(z

with | Vi| < |||Vl + 1 and |V, < |X,||V,| + 1, and the
minimum is taken so that the active term corresponds to the
weakest step of the cooperation which sets the maximal rate
achievable by all the receivers. The MISO three/two to one
interference-free terms are,

POk r, Ye)P (g 245 Yq)

MISO3X1 1= (.X7 X}C,Xq;Y”U, Xl)
MISOgXl k= (X, Xl,Xq;Yk|U, Xk)
MISO;. q —I(U X, X, X1; Y, X,)
=I(X, Xk, Xi; Yq| Xq) “)
MISOsx1, =1(X, X YI|U, Xi, X)),

the SISO interference-free term is,
SISO, = I(X; Y |U, X1, Xk, Xg),

“In comparison to X1 which is the cloud center of X, and is at the same
time transmitted on its own over the channel.

the SIMO one to two/three interference-free terms are,

SIMOlXQ,lE :I(X7m7¥k|Ua lexkan)
SIMOlXQ’lq :I(X;le,}iqu, X17Xk,Xq)
SIMO1x2,15 =I(X; Yy, Yo|U, Xy, Xy, Xg)
SIMOlXB,lfcq :I(X;Yl7yk7yq|Ua leXkan)a
the other terms are,
Ay =1(Xy, Xg; Y1|U, X7)
Ay =I1(Xp; Yi|U, Xi,)
Az =1(Xp; Y1|U, X3, Xy)
Ay =I(Xg; YI|U, Xy, Xi)
As =1(X; Yi|U, Xy, X3),

and the interference-free loss terms induced by the compres-
sions are,

‘@k\l (Yk,Yk|UX Xy, Xy, Xy, Y)
%kllq I(Yk,Yk|UX Xl,Xk,Xq,Yl,Y)
*@q\k ZI( Y \U X, Xl;Xk,XmYk)
Sz :I(YmY U, X, X1, Xi, Xq, Y1, Vi)

The term with apostrophe (4) is the only one involving the
random variable U to cooperate toward the weakest node
of the completely symmetric cooperation case. The random
variable U is silenced in (4) due the Markov chain U <
(X,Xl,Xk,Xq) — YZJ

We omitted the time-sharing random variable in all the
information-theoretic bounds presented in this paper for
brevity. The receivers that have already decoded can cor-
relate their codewords to improve the cooperation, due to
the decoding operations and the perfect CSI. In practice
this operation, in which separated nodes sharing the same
information cooperate to transmit it to another node, is called
distributed MIMO or network beamforming [35]-[37]. It is
shown that when the cooperation is implemented correctly,
the spatial diversity gain is greater than if it was performed by
antennas confined to the same node. For fast-fading channels
it is advantageous to use independent inputs so that all nodes
can use the same encoder for all channel states. The sequential
coordination of the three-receiver cooperation scheme in the
Gaussian case is described in Appx. E. This scheme only
requires superposition of CFs and DFs, both of which are well
known. Moreover, self-interference cancellation, full-duplex
and distributed cooperation techniques exist to support our
concept and continue to be developed. Those bounds can be
applied to any given channel compliant to the corresponding
requirements, which makes the information-theoretic deriva-
tion very interesting.

B. Special cases

As a special case of the 3FC, we can get the 3PC by
turning off the CF cooperation of the weakest node of the
completely symmetric cooperation case, as illustrated in a
simplified manner in Fig. 2b.



Corollary 1 (Three-receiver partially interactive cooperation
scheme). With the 3PC scheme, we achieve the following
lower bound,

C > Rype 2 '{IXX X,:Y,|X,
> Rspc krﬁ?fq%%imm (X, X, X135 Yg|Xg)

Xg), 1(X; Y3, Yl U, Xy, X0, X,),
— I(Yi TalU, X, X, X, X, Vi) |

I()(7 Xl;YklU’ Xka
I(X, X YI|U, X1, X,)

where P(k) is the set of distributions
p(u)p e u)pal)p s o o, ) with
Vil < ||| Ve] + 1.

Proof: See Appx. B ]

Remark 1. Since the 3PC scheme is a special case of the
3FC scheme, we get R3;pc > Rspc, for any given probability
distribution and value. The equality Rzrc = Rspc holds in
two specific cases, either when receiver 3 does not receive
information from its main channel or when both receivers 1
and 2 do not receive information from receiver 3. This comes
Jfrom the fact that if turning off the cooperation from receiver 3
were to present the best performance, the 3FC scheme would
turn off this cooperation when it is being optimized.

As a special case of the 3FC, we can get the 3FC in the
Gaussian case. The bounds are further explained in Sec. IV
with the help of Fig. 3 and Fig. 5.

Corollary 2 (3FC Gaussian channel). The proposed 3FC
scheme achieves the following lower bound expressed explic-
itly from Prop. 1 in a SISO Gaussian MC

Ay
C >R$&s 2 max max
kG 0<m MY < P15, 0< AL, A,

1 Yk
2(%(71+1+Ak)+‘5(%+ HAq)#ﬂﬁz)

m%ﬁ@7

— € () — % — %’q),;<% (% + I quq) + E (V)
+C(Br) — C(kk) +C(B1) —C(n) — B — %q
4 <% + 1—:A ) + € (k1) — € () — X,
%@+'&k E(N) = E(n) -
C () +C(Br) — € (ki) +C(N) —C (v ) Hq,
C v+ . —:A C(kk) — C () — Zq,
C(Br) — Rq, € (k1) +C(N) —C(n) — RBr — Ky,
(ﬁl) — %), — %q,(f(lﬂ) + Cg(lik) (5( ) K74
Vq
_‘@q’%<”l+ 1+ A, T13 4,

3 (% +1 _’:qu> + € (Br) — %(f%)}

where the terms corresponding to MISO three to one

interference-free mutual information terms are composed of,

Bi =SNRipx' + SNRyipx; + SNRypx,
B =SNRk(px' + px; PAk) + SNRixpx; + SNRykpx,
+ 2\/SNRkSNlepX PA, COS GAk)
By =SNR,(px' + px10%h, + pupa,ra,)
+ SNRig(px; + pup,) + SNRiq(px; + pups,)
+ 2y SNR SNRZQ PX|PA + pUpAlpAk) COb(eAk)
+ 24/SNRSNRqpU P A, PA, LB, COS(04, + 04, —0p,)
+ 24/SNR(SNRyqpu p A, PB, cOs(04, — 0B,),

the terms corresponding to MISO two to one interference-free
mutual information terms are composed of,

K :SNRle/ + SNRkle;c
A ZSNRle/ + SNquPXq
ki =SNRgpx' + SNRykpx,

<&

the terms corresponding to SISO interference-free mutual
information terms are composed of,

Y =SNRypx:
Yk =SNRypx:
Vg =SNRypx,

the interference-free loss terms induced by the compression
are,

1
1
%q :Cg K 5

and where the subscripts of B., k., A, 7. correspond
to the destination index. The SNRs are defined in (2)
and (3). The covariance matrix Ef}fc’flq) is defined in (35)
of Appx. C and includes the correlation coefficients 0 <
PU, PX]s PAL PX'5 PAxy PX} s PBis PX, <1, 04,,04,.0p €<
[0,27). The compression noise powers are 0 < Ay, A,

Proof: See Appx. C [ ]

As a special case of the 3PC, one can get the 2RC [25] by

not requiring further the weakest receiver of the completely
symmetric cooperation case to decode.

Proof: See Appx. D [ ]

I'V. NUMERICAL RESULTS

In this section, we focus on the SISO Gaussian MC as
defined in (1), and evaluate through numerical simulations
the achievable rate of the proposed scheme given in Prop. 1,
as well as the cutset upper bound [27, Th. 18.1] and three
lower bounds: the “no cooperation” scheme in which the
weakest user set the rate, the NNC scheme [18, Th. 1], [19,
Th. 1], and the 3PC scheme given in Coro. 1. Note that
to provide a fair comparison the parameters such as input
correlation and compression noise variance are optimized for
each bound. We study the impact of the cooperation link on
the throughput of the channel. We assume that the SNR of
the cooperation links is symmetric, i.e., SNRy; = SNR;;, =
SNReoop, k& # I, (k1) € [1 : 3] and consider that
SNR; > SNR; > SNR;. In Fig. 3, we fix the SNR of the
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Fig. 3: Comparison of different cooperation schemes concerning their achievable rate for a Gaussian MC with symmetric

receiver cooperation.

main channel, and plot the throughput in terms of spectral
efficiency (bit/s/Hz) by varying SNRco,p from —20dB to
30dB. In Fig. 3a and Fig. 3b, the main channel is asymmetric,
while in Fig. 3c the main channel is symmetric with a SNR
of 10dB at each receiver. In all cases, both the NNC scheme
and the 3FC scheme go from the “no cooperation” lower
bound Rnc when the cooperation link is weak, to the cutset
upper bound Rcs when the cooperation link is strong. The
3PC scheme also grows from the Rnc at low SNRg.o, but
does not reach the Rcs at high SNRoop. The proposed 3FC
scheme outperforms both the NNC and the 3PC schemes in
the Gaussian case, thus it is a good generalization of the 2RC
scheme.

In Fig. 3a, the Ryc remains at %(10%) = 1bit/s/Hz,
while the Rcs %oes from the Rnc to the broadcast bottleneck
‘5(10 Tt +10°10° +10°T0 *) & 3.922bit /s/Hz as the strength
of the cooperation link increases. At low SNRcoop, the 3FC
scheme selects the bound I(X,X;,Xs;Y3|X3) = €(5%)
which is squeezed below by the Rjpc (the bound of the
3PC is equivalent in terms of mutual information and the
probability distribution is less general), and above by the Rcs
(the bound of the cutset upper bound is equivalent in terms of
mutual information, but the probability distribution is more
general) as the strength of the cooperation link decreases.
This bound represents the cooperation of receivers 1, 2, and
the transmitter using DF towards receiver 3, and shows that
correlating the codewords of the receivers is very helpful
when the cooperation link is weak. At high SNRc.p, the 3FC
scheme selects the bound I(X;Yl,l?'g,}%|U,X1,X2,X3) =
@ (0 2 +
Rnne (the bound of the NNC is equivalent in terms of
mutual information, but since the probability distribution is
different because of the lack of correlation, it is only equal
to € (SNR1 + ISEZZ + 134’;‘23 in the Gaussian case), and
above by the Rcs (the bound of the cutset upper bound in
terms of mutual information is I(X;Y7,Ys, Y3 X1, Xo, X3)
and the probability distribution is more general) as the strength
of the cooperation link increases. This bound represents the

which is squeezed below by the

broadcast bottleneck, and shows that the cooperation links
have to be designed such that every receiver can access all
the information of the other receivers when the cooperation
links are strong enough, and that once again correlating the
codewords of the receivers is very helpful. Note that with
a single CF from receivers 2 and 3, the structure of the
bound at high SNR, is already equivalent to the one of
the NNC in terms of mutual information, so there is no need
to perform more CF on a short message, as it is also shown
in [19], [25]. Note that the 3PC scheme outperforms the NNC
scheme with weak cooperation, and conversely with strong
cooperation since the active bound at high SNR..,, is only
I(X;Y1,Y5|U, X1, X5, X3). This leads to the observation that
the 3PC scheme remains lower than the 3FC scheme and goes
to €(10°10" +10°15% ) & 3.823 bit/s/Hz since there is no CF
link coming from receiver 3, i.e., the information does not flow
properly through each node. The comments of Fig. 3a also
hold for Fig. 3b. Thus, the gain of the 3FC from SNR,, = 0
to SNR¢oop — 00 is

3
Gsrc =log [ 1+ > SNRy, | — log(1+ SNRs)

k=1
B SNR; + SNR,
=log <1 + T11SNR,
while the gain of the 3PC is

1+ SNR; + SNR;
1+ SNR;3

) bit /s/Hz, (5)

Gispc = log ( > bit/s/Hz.

In Fig. 3c, the R3rc is equal to the Rnnc. At low SNRqqp,
the 3FC scheme selects the bound €(81) — %2 — %5, and the
NNC scheme selects the bound € (SNR; +SNRy; +SNR3; ) —
Ho — Xs3. They turn out to be equal in the symmetric case
since all receivers achieve the same performance, so the DF
operation does not bring any gain, i.e.,

pPU = Px; = PX’ = Px, = Pxs =1 (6)
PA; = PA>, = PBy — 0 (7N
04, =04, =0, =0. ®)
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Fig. 4: Comparison of the 3FC scheme concerning the achiev-
able rate for the channel parameters
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of the Gaussian MC with receiver cooperation. The covariance

matrix 2(1223:), is optimized for the solid curves, while the
network beamforming capability is turned off for the dashed

ones.

At high SNRep, the 3FC scheme selects the bound
¢ ('yl + A t+ 112@), and the NNC scheme selects the

bound ¥ (SNR1 + EERAZZ + EEEZ ) They turn out to be equal
in the symmetric case for the same reason. In conclusion, at
low SNRc., the 3FC bounds corresponding to the CFs are
loose, while at high SNR,., the DFs ones are loose. In the
middle range of SN Rcoop, various bounds are active based on
the different configurations and their respective optimization.

Turning off the network beamforming capability offered by
the 3FC scheme is given by fixing the arbitrary distribution (6)-
(8). The results presented in our paper can be extended to its
slow-fading channel counterpart by 1) setting a target rate and
one of its corresponding channel realization (e.g., (6)-(8) in the
Gaussian case), and 2) computing the outage probability, i.e.,
the probability that any of the links is worst than the one sup-
posed for the channel realization. The network beamforming
capability is turned off and compared to the optimized network
in Fig. 4. A bounded rate penalty is observed at high SNR.,p,
since turning off the network beamforming capability changes
the order of the bounds.

Suppose in Fig. 5 that the channel is completely symmetric
by adding the condition SNR; = SNR, = SNR3; = SNR,
i.e., the receivers form a cluster of small size compared to the
size of the link from the transmitter to the cluster. In this case
the gain (5) becomes G5 = log |1+ lisg,\'?gm) bit/s/Hz
and grows to log(3) &~ 1.585bit/s/Hz as SNR,, — co. The
abscissa of the inflection point of the different curves increases
as SNR,, increases in Fig. 5a, since a stronger cooperation is
required to support the corresponding increase of rate inherent
to the enlargement of the broadcast bottleneck. In Fig. 5b, the
rate improvement from a low to a high SNRp, at each given
value of SNRy,, is bounded by log(3) bit/s/Hz. Note that
the curves are not parallel in Fig. 5b due to the shift of the
inflection point in Fig. 5a.

Remark 2. We have underlined a number of rules that are,
1) use superpositions of CFs and DFs to obtain a bounded
latency in terms of blocks, 2) obtain bounds with a good
structure in mutual information for the two extreme cases,
i.e., when the cooperation link is weak and strong by using
DFs and CFs respectively, and by letting information flow
properly through each node, 3) DFs can only be used when
short messages are used, and refine information about a
short message after that the decoding step has already been
performed is of no use, thus CF should be used before DF on
a given short message at a given node, 4) perform the CFs
in the first round in an “initial simultaneous CF structure”
and do not use it further on short messages, and 5) approach
the probability distribution of the cutset upper bound by using
DF in a “sequential DF structure” to exploit the correlation
of the codebooks between the receivers and the transmitter.

V. SUMMARY AND DISCUSSION

In this paper, we investigated the impact of receiver cooper-
ation on the throughput of a three-receiver MC. We proposed a
fully interactive cooperation scheme based on an information-
theoretic analysis that remains tractable. We showed through
numerical results focusing on the SISO Gaussian MC that
our proposed 3FC scheme outperforms existing schemes in
which no interaction is exploited or in which information
does not flow properly through each node. This asymmetric
interaction comes from the specific superpositions of CF and
DF at the transmitter and receivers that we developed, and
permits to enlarge the achievable rate while preserving a
bounded latency in terms of blocks. The “initial simultaneous
CF structure” initiates the scheme, and the “sequential DF
structure” improves the achievable rate by using correlated
layers in the stack of superposition. Our results revealed that
interaction is particularly helpful in comparison to the NNC
and the 3PC when the main channel has a slight asymmetry.
When the main channel is symmetric the 3FC is equal to the
NNC, while when the main channel is very asymmetric the
3FC tends to the 3PC.

The bounds in the general case of K > 2 receivers
eludes us because of 1) the complexity induced by the sliding
windows of increasing size that have to be handled for each
new receiver performing DF that is added to the system,
and 2) the chain rules and the Fourier-Motzkin elimination
procedure that would have to be applied on the bounds to get a
closed-form expression. Even with the closed-form expression,
it is doubtful that an easy comparison would be possible
between the expression of the K-receiver fully interactive
cooperation scheme (KFC) and, e.g., the NNC, due to the
inherent differences of the bounds and of their respective
probability distribution, and to the complexity of the numerical
comparison since the number of parameters to optimize would
quickly increase. The gain of such a scheme as defined

. S K-13NR, .

in (5) would be Ggpc = log (1 + W) bit/s/Hz,
and in the completely symmetric case, G'gp- would grow to
log(K) bit/s/Hz as SNRy, — co. However, as a result of our
work, we can give the structure of the KFC. In the KFC, the

transmitter multicasts a short message and then sequentially,
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Fig. 5: Comparison of the 3FC scheme concerning the achievable rate for a completely symmetric Gaussian MC with receiver

cooperation.

1) in the first round, all the receivers except the strongest
use CF toward the strongest receiver, labeled receiver 1, and
2) recursively, in each of the following K — 1 rounds, e.g.,
round r € [2 : K], all the r — 1 receivers that have already
decoded the current message cooperate with the transmitter
(use a correlated layer in their stack of superposition) by using
DF toward receiver r. Note that all the receivers using DF have
to perform a sliding window decoding, and that receiver K can
perform either a sliding window decoding (then, the latency is
of only K blocks) or a backward decoding since it does not
use DF. It follows that the probability distribution is

K-3

H (ug|ug—1)p(z1|uk —3)p(z|71)

- K K
I prluk—1-k H (Trlzr, ye),  (12)
k=2 =

where HZ:(L exists only if @ < b and uy £ u. The super-
position structure defined by (12) is illustrated in Fig. 6. The
transmitter multicasts codewords with the structure presented
in the first column. The receiver 1 generates codewords with
the structure presented in the same column but without the
last upper layer since it has already decoded all the previous
messages but not the current one. Recursively for all the
remaining receivers, every receiver has one less DF layer until
finally the last receiver is reached. The last receiver does not
have a DF layer since it does not perform DF toward any other
receiver. Each DF layer is identical for all the receivers that
have already decoded the corresponding message since they
share the same information, and thus can construct the same
clouds in the codeword and correlate it accordingly. All the
receivers except the strongest present a CF layer. Those layers
may differ from one receiver to the other, since no decoding
operation has been performed on this information yet. Those
layers are intended to all the receivers that are stronger than
the ones transmitting it, and will be stored and used in later
rounds to decode the corresponding messages.

Remark 3. Even if the bounds remain unknown, it is possible
to construct a suboptimal equivalent cooperation scheme

X
X1 X5
Uk_3
U, Xk |
U £U | Xk

Fig. 6: Superposition structure for K receivers.

which would improve the achievable rate. Another possibility
could be to form clusters of sizes 2 and 3 in which cooperation
could be performed as in the 2RC [25] and the 3FC schemes.
The best way to proceed and its performance, for an arbitrary
number of users, remains unknown.

More recently, the distributed decode-forward (DDF) [33]
and even more the generalization of the NNC and DDF called
the NNC with PDF (NNC-PDF) [34] have been proposed
for similar networks. Such schemes seem promising since
they exploit synergies between PDFs and PCDFs, respectively.
Unfortunately, the achievable rate regions of such schemes
involve some auxiliary random variable which makes their
evaluation and fair comparison to our results extremely com-
plicated. Nevertheless, it remains an interesting future direc-
tion of investigation.

APPENDIX A
DESCRIPTION OF THE PROPOSED SCHEME

We consider STG1 2% illustrated in Fig. 7. In Tab. I, the
encoding and decodmg related to the short message m; are
underlined, and the thick arrows correspond to the decoding
steps. The patterns in Tab. I and Fig. 2a represent, 1) CF
operations for the oblique stripes at respectively receiver 2
(““) and 3 (), and 2) DF operations for the vertical and
horizontal stripes toward receiver 2 () and 3 (), with the
same respective patterns. A sequence of (b — 3) messages
M;, j € [1:b— 3], are selected independently and uniformly
over [1 : 2" and are separately encoded and transmitted
over b blocks. The average rate Rb_T?’ tends to R as b — oo.
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Fig. 7: The MC with receiver cooperation for the 3FC scheme STGg 2%
Block | j j+1 j+2 j+3
U u"(m;—3) u(m;—2) u”(m;—1) u(m;)
X a"(mylmy_zlm;—3) 2" (myyilmi_1lm;_2) a" (mjq2|m;lm;—1) z" (myy3lmia1lmy)
Y ' T+ yr(+2) yr(+3)
X1 @ (1,10 -2,1) @ (1] —1,1) o (M 41,1117,1)
Y L1y s, LTSRN IS M2, 0422,
\ kj2,15,3, k53 kjr1,2,05401,3,kj11,3 kji22,lj123,kj123
Y2 \yz( ) v +1) y3 (G +2) yr (G +3)
v, | BWelli-12lmi-s2) gE(kjrallaling—2), |95 (kjtaallitrali—1,2), G5 (Kjts 2llita,2limy,o),
bz J+1,2 liv2,2 j+3,2
X2 zp\lj 1,25 —3,2) @y (2] -2,2) g (Lit1,2]m5-1,2) 3 (Lj+2,2]m,2)
Yo i, lj—13,kj_13 my—1,2,15,3, k‘ 3 mja,lit1,3, k41,3 mjt1,2,0j42,3,kj42,3
Ya N5 (4) vy (G +1) y5(G+2) y5 (7 +3)
# 5 (kj3lli-1.3), 3 (Kj+1,315,3), 75 (kjt2,3llj+1,3), 5 (kjt3,3llj+2,3),
L3 li+1,3 li+2,3 li+3,3
X3 wg(lj-1,3) x5 (l5,3) wg (lj41,3) wy(ljv2,3)
Y, mj—3,3, o m]’—z,:}, ) jﬁj—{,& L—my,3,
if j_23, M3 if 75-1,3,7M;+1,3 if 7,3, Mj42,3 if 112j41,3,M543,3

TABLE I: Encoding, transmission, quantization distortion, and decoding for the MC with receiver cooperation for the 3FC

(2,3)

scheme STG; 5 3.

The table focuses on the message m; and its representations. The curved arrows correspond to the first

multicast of the message m;. The oblique stripes represent CF operations while vertical and horizontal ones represent DF

operations. The thick arrows correspond to the decoding steps.

The set of weak e-typical (n)-sequences 7™ used are defined
as in [26], [27]; this permits to apply continuous probability
distributions to our bounds. Beware that for simplicity, the
receiver index subscripts (I, k,q) = (1,2, 3) are fixed in this
proof, and that, k; denotes the description index and [/; denotes
the bin index of block j as explained in Sec. III-A.
Codebook generation. Fix the probability distribution,

p(u)p(z1|u)p(z|z1)p(22|u)p(3)
(Y1, Y2, Y3, v1, T2, 23)p(Fa| 22, y2)P(F3] T3, Y3).

Generate at random an independent codebook for each block
(only four such independent codebooks used for every con-
secutive quadruple-block are required, so that joint decoding
over any four adjacent blocks result in independent error
events). For j € |1 b], randomly and independently
generate onit sequences (cloud center) u”(mj,g), mj_3 €
il 277 each according to []!, pu(uli]). For each
mj_3 € [1 : 2"B], randomly and conditionally indepen-
dently generate 2" sequences (satellite codeword of U and
cloud center of X) xl(m] 2|m] 3) m] 2 € [1 : 27E],
each according to Z 1pX1£] x1[d]|uli](m;_3)). For each
(mj_2,mj_3) € : ) randomly and condition-
ally independently generate 2”R sequences (satellite code-
word of X1) z™(mj|m;_alm;_3), m; € [1 : 2"F] each

according to [, px|x, (x[i]|z1[i](mj—2|m;_3)). For each
mj_s € [1 : 2"F], randomly and conditionally independently
generate 2"%2 sequences x%(lj_12|m;j_3), lj—12 € [1
2n2] " each according to []!; px, v (w2[i]|u[i](m;_3)). For
each (I_12,m;_3) € [1 : 2"%2] x [1 : 2"F] randomly
and conditionally independently generate 2772 sequences
3 (kj2|li—12lmj—s), kjo € [1 : 27M2] each according
to H?:l p}~,2‘X2 (ﬂg[i]|x2[i](lj,172\mj,3)). Randomly and in-
dependently generate 2"%: sequences x%(lj_13), lj—13 €
[1 : 27Fs], each according to [, px,(z3[i]). For each
lj—1,3 € [1:2"%], randomly and conditionally independently
generate 2" sequences §% (kjsllj—13), kj3 € [1 : 27fs],
each according to [T, py. | x, (#is[i]|23[i] (1j-1,3)).
The codebooks are defined as,

Cj :{(u"(mj,g),x"(mj|mj,2\mj,3),x;‘(mj,2|mj,3)7
zy (lj—1,2Imj—3), 95 (kj2|lj—1,2lm;-3), 25 (lj-1,3),
5 (kjslli—1,3))lmj,m;_a,m; 5 € [1: 2",
lj—1,2 € [1: 272 ko € [L:272] 15 5 € [1: 270,
kj’g S [1 : 2nR3]}’
for j € [1 : b]. Partition the set [1 : 2mR2] into 2"z equal size
bins B( i, 2) = [( §2— )2n(R27R2)+1 : lj722n(R27R2)]~, lj72 S
[1 : 2"B2] R, > R,. Partition the set [1 : 2"%3] into



2"Rs equal size bins B(l;3) = [(I;3 — 1)2na—Ra) 41
¥ 32"(’%d Rs)], 153 € [1: 2*%], R3 > Rs. The codebooks
and the bin assignments are revealed to all parties.

Encoding. Let m; € [1 : 2"F] be the message to be sent
over the block j. The encoder transmits " (m|m;_z|m,_3)
from the codebook C;, of first cloud center u™(m;_3), where
M_g = M_1 = My = Mp_g = Mp—1 = my = 1 by
convention.

Relay encoding at receiver 2. Letlgpo =02 =lp—12 =1
and Mm_g9 2 = M_12 = 1,2 = 1 by convention. At the end
of block j, the relay receiver 2 finds an index k; 2 s.t.,

(v (7), 72 (kj2|lj—1,2]m005—3,2),

2B (11l s.0), u" (1 s.2)) € TS
If there is more than one such index, it selects one of them
uniformly at random. If there is no such index, it selects an
index from [1 : 2"%2] uniformly at random. In block j + 1
the relay receiver 2 transmits x5 (I, 2|/h;_22) from codebook
Cjt1, where kjo € B(lj2), and 7hj_o2 was decoded in
block j.

Relay encoding at receiver 3. Letlg3 =lp_23 =lp_13 =1
by convention. At the end of block j, the relay receiver 3 finds
an index ks st (y(7), 75 (;allj-1.8), 25 (lj-13)) € T3,
If there is more than one such index, it selects one of them
uniformly at random. If there is no such index, it selects an
index from [1 : 2"f%] uniformly at random. In block j + 1
the relay receiver 3 transmits z%(l;3) from codebook C;1,
where k’j73 S B(lj73).

Decoding at receiver 1. Let ¢ > €. At the end of
block j + 1, the decoder receiver 1 finds the unique pair of
indices (I.2,1;3) s.t.,

(@3 (U 2lmj—2,1), 25 (1,3), 27 (11,1 ] —2,1),
Yy (G +1),u"(mj_21)) € 7;§7L).

It then finds the unique message 72,1 s.t.,

(@™ (M lmy—2almy—31), 25 (lj—1,2|Mj-31),

75 (kj2llj—12lmmj—s1), 5 ([j—1,3), 75 (kj3llj-1.3),
o (o liy—s1), ¥ (j), u" (ij—s31)) € T,

for some k;o € B(l;2) and k; 5 € B(l;3).

Relay encoding at receiver 1. Let m_o 1 = M_11 =
Mo, = Mp_21 = 1 by convention. In block j + 2 the
relay receiver 1 transmits 7 (17,1]1;—1,1) from the codebook
Cj+2.

Sliding window decoding at receiver 2. Let € > €. At the
end of block j + 1, the decoder receiver 2 finds the unique
index Zjvg s.t.,

(@5 (13,3), a3 (1 2|y —2.), 25 (12| —2.2),

s (j +1),u(imj_2)) € TS,

where 7;_52 was decoded in block j, and 7hj;_; 2 was
decoded in block j+ 1. At the end of block j + 2, the decoder
receiver 2 then finds the unique message ;> s.t.,

(@" (1 2|0 —2,2]1M5—3,2), 21 (T —2,2|12 —3.2),
w3 (lj-1,3), 95 (kj3llj-1,3), 5 (lj—1,2|M; -3 2),
y5 (1) u" (1 -3,2)) € TV

for some k; 3 € B(l;3), and,

(7 (Mg 2|my—1.2), 25 (Liy1 2 -12),
Y5 (j +2), u"(j_1,2)) € T\

simultaneously.

Backward decoding at receiver 3. After all b blocks are
received the decoder receiver 3 realizes a backward decoding.
For j =b—3,b—4,...,1, the decoder receiver 3 finds the
unique message 7 3 s.t. there exist a [j422 € [1: 2"72] s.t,

7;.3),
u" (1;3)) € T,

(™ (13,3710 41,30175,3), 27 (77
xy (Lit2,.21m,3), 25 (Li12,3),y3 (7 + 3),

successively with the initial conditions 77,—23 = 71,3 =
my 3 = 1. If there is more than one such index, it selects one
of them uniformly at random.

The probability of decoding error is analyzed at the decoder
receivers 1, 2, and 3, for the message M, averaged over
codebooks.

Analysis of the probability of error at receiver 1. Assume
without loss of generality that M;_3 = M;_o = M; =1
and let Lj,172, Lj,27 Kj,g, Ljflvg, Ljﬁg, Kj’g denote the indices
chosen by the relays receiver 2 and receiver 3 in blocks j
and j + 1. Then, the decoder receiver 1 makes an error only
if one or more of the following events occur,

st =3) = { a0 £ 1} and €550, (- 2)
(13)
E2)(4) Z{(YQ"(J'%Yz"(’fj,2\Lj—1,2\Mj—3,2),
X3 (Lj12M;5), U"(M;_32)) & TS"
ijg € [1 : 2nR2] (14)

Ez)(5) :{(an(j%5}371(/%,3\%—1,3),X:?(Lj—l,?))) g T\
Vkjz € [L: 2"R3]} (15)
Ean(i) =1Lj2# Ljap and Eny (i — 1) (16)
Eay2(j) =4Lj3 # Ljs} and Eqy(j — 1) (17)
5(1)3(])2{(X"(1| M1 |M;_31), X5 (Lj—1.2|M;_3.1),
¥2( ]2|LJ 12|MJ 31)a ( ‘= 13)
Y3'( a3|La 1,3), X1 (M- 21|M; 3.1), Y7"(4),
U (M) & T } as)

Ena(j) :{(X (mya|Mj 21| M;—31), X3 (Lj—12|M;-5.1),
Y5 (Kol Lj-1,0|Mj—3,1), XS(L] 13)7
Vi (Kl Ljo1,8), X7 (M 2,1 | M —5.1), Y1 (4),
U™(Mj_31)) € T

for some m; # 1 (19)



Enys(d) :{<Xn(mj,1‘Mj72,1|M]73,1>7X;([A/jfl,Q‘Mjfii,l),
L (JQ‘LJ 12|MJ 31) X;(Lj;*l,:i)ﬂ
Ys( ]3|LJ 1,3), XP(Mj—2,1|M;j—51), V" (j),

U™(M;_31)) € T\
for some /;7]'72 € B(Lm), kj,Q #Kjo,m;q1 # 1}
(20)
:{(X”(ij\Mj,2,1|Mj,3,1), X3(Lj-1.2|M;31),
Y5 (Kol Lj 12| M;51), X5 (Lj1.3),
Vi (sl Lj-18), X7 (M—0,1 | M —5.1), YT (4),

Emye(J)

U™(Mj_s,)) € T™
for some kj3 € B(L;3), kj3 # Kj3,m;j,1 # 1}
2n
Ewyr(4) —{(X”(mj,l M;_51|M;—31), X5 (Lj—12|M;_31),
Y (2| L1, M- 31) X3 (L7 13),
Y3 (kjs|L5-1.3), X"(Mg 21|Mj—31), Y7"(4),
U (Mj—g1)) € T
for some kjo € B(L;5), kjo # Ko,
kijs € B(L;s),kjs# K;3,mj1#1}. (22)

Analysis of the probability of error at receiver 2. Assume
without loss of generality that M;_3 = M;_o = M;_; =
Mj = 1 and let Mj73}17Mj72,1,Mj71,17Mj,l denote the
indices chosen by the relay receiver 1 in blocks j —1,j,j+1
and ] + 2, and M] 3,2, Mj_272, Mj—l,Z be the relay estimate
of M] 31,MJ 21,M] 1,1 at the decoder receiver 2, and
let L;_q,3,L;3,K;3 denote the indices chosen by the relay
receiver 3 in blocks j and j+1, and [A/j_1,3, [A/j73 be the relay
estimates of L;_1 3, L; 3 at the decoder receiver 2. Then, the
decoder receiver 2 makes an error only if one or more of the
following events occur,

EG Vs —3) = { M5, # 1}, £ D50 —2),
5((12;1)) 230 — )7 and 5(12):1)))2 5(7) 23)
5(2 ?2 3(. 3) = j 32 7 1} g((zz):f)z 51 —2),
and 5(22)f)2 3(1—1) (24)
£ (9) :{(Yg (7), Y5 (sl Lj1.3), X3 (Lj—13)) & TS
Wk € [1: 2]} (25)
E@nli) = { 3,3 # Lj, 3} and E2)1(j — 1) (26)
5(2)2(]) :{(X ( j2\ j—2,2|M A' ~3,2),
XT(M;- 22|MJ 5.2), X5 (Lj—1,2|M;3.2),
X5 (Lj13), Y5'( J,3|LJ 1,3): Y3'(4),
U"(Mj_3)) & T\ A
or (X7 (M;2|M;-12), X5 (Ljs12|M;-12),
Y3'(j +2), UM (Mj-12)) ¢ T @7)

E3(d) —{(X"(mj 2|Mj 2,2|M;j—32),

X' (Mj-2,2|M;—39), X3 (Lj—1,5|Mj3,5),
X3 (Lj-13), Y: ( Kjs|Lj-13),

() "( gsz))Gﬁ(") )

aﬂd (X7 (my2|Mj—1.2), X3 (Lj41,2|Mj-1,2),
Y5' (5 +2), U”(Mj—l,z)) e 7™

for some m; o # Mj,l (28)
E2)a(j) —{(X”(mj 2| M 22| M;_3),

X1( i—2.2|M;35), X3 (Lj-1,2|Mj-32),

( J— 13) Y3 ( ]3|Lj 1,3),

Yz() "( gsz))eﬁ(") A

and (X7'(mj2|Mj1.2), X5 (Ljy1.2IM;-12),

Y (5 + 2), Un(Mjflyg)) € ’7;(”) for some

kjs € B(Ljs), ks # Kjs,mj2 # Mj,l} (29

Analysis of the probability of error at receiver 3. Assume
without loss of generality that M; = M;; = M;13 = 1
and let MM, Mj+1,1 denote the indices chosen by the relay
receiver 1 in block j + 3, Lji20 = I,Mj,g denote the
indices chosen by the relay receiver 2 in block j + 3, and
Mj+1,3,Mj+3’3 be the relay estimate of M, 1, M; 3 at the
decoder receiver 3, and L; 5 3 = 1 denote the index chosen by
the relay receiver 3 in block j+3. Then, the decoder receiver 3
makes an error only if one or more of the following events
occur,

5((12)?2 3( ) = {M] 17 1}

and £y 3G+ 1) = { N300 # 1} (30)
EGY, ,) = {Mj,2 #1} 31)
Etnali+ ) = { M £ 1}

and 5(2 i’ ) 3(j +3)= {Mj+373 + 1} (32)

41,31 M;j.3), X7 (Mj41,3|M;3)
X3 (Liv2.2|M;3), X5 (Ljtas), Y5 (5 +3),
U (M;)) & T oz € [1: 27 |

={ (X" (Wl 45|11

Esn(d) Z{(X"(Mj+3,3|M

(33)

+13lmys), X1 (Mt1,3my.3),
X3 (Lie,2lmya), X5 (Lj+2,3), Y5' (5 + 3),
U™(m;3)) € T\™ for some

m;3 74— ].,lj+272 S [1 : QHRz]}.

Note that receiver 3 does not decode I35 since it contains
information about 1,2, which has already been decoded in
the backward decoding procedure, and so it does not bring any
new information. Thus, either 7i2; 3 = m; and receiver 3 only
needs to find a satellite index ;2 o so that all the sequences
considered are typical, or 1;3 # m; and the cloud center
selected at receiver 3 for x3(l;42.2|;3) is not the right
one, so the index has no further impact on the probability
of error since only the m; has to be correctly decoded at
each receiver. Moreover, as previously underlined, if sliding
window decoding is implemented, the scheme ends for a given
message m; in the block j + 4, giving a latency of 3 blocks.

E3)2(7)

(34)



We used backward decoding at receiver 3 to ease the error
events provided.

Due to space restrictions, the details of the formal proof
are omitted. By induction, the probability of error of the
terms (13), (23), (24), and (30)-(32) tend to zero as n — oo
for every j € [1 : b — 3], if the bounds on the probability
of error of the remaining terms are satisfied. Applying 1) the
union of events bound, the independence of the codebooks,
the law of large numbers, the conditional typicality lemma [27,
Sec. 2.5], the joint typicality lemma [27, Sec. 2.5.1], the pack-
ing lemma [27, Lem. 3.1, Sec 3.2], the covering lemma [27,
Lem. 3.3, Sec 3.7], the lemma 11.1 [27, Sec. 11.3.1], the
chain rule, and the Fourier-Motzkin elimination procedure [27,
Appx. D] on (14)-(22), (25)-(29), 2) the union of events bound,
the independence of the codebooks, the law of large numbers,
and the packing lemma on (33), and (34), 3) combining
the resulting bounds, 4) taking the limit over n and b, and
5) maximizing over the six sub-strategies gives the result in
Prop. 1.

APPENDIX B

SPECIAL CASE: 3PC

The bounds of STGf;’% can be specialized to STG@,3 by

restricting Y3 to be independent of (X3,Y3) and setting X3 to
be a function of a constant. Thus, the probability distribution

p(w)p(z1|w)p(z|z1)p(z2|w)p(w3)p(J2| 2, y2)P(Us|T3, Y3)

becomes

p(u)p(zi|u)p(le:)p(e2|u)p(rs)p(G2|v2; y2)-

After 1) applying the simplification, 2) removing the bounds
that appear twice and using the chain rule, and 3) noticing
that in the remaining bounds, two bounds are the average of
respectively two other ones and thus are never active, since
Va,b € RT, 1(a+b) > min{a,b}, one can get the bounds
in Coro. 1.

APPENDIX C
SPECIAL CASE: 3FC IN THE GAUSSIAN CASE

The bounds of STG(S;?% can be specialized to STG%‘?%Gauss
as follows. Assume that U ~ CN(0,0%), with 0% =
E[UU*] = Ppy, 0 < py < 1. Assume that X; =
X{+ AU ~CN(0,0%,), with 0% = E[X, X}] = P(px; +
PUP?41)7 0<px; <1, 0<pa <1, 04 € [0, 27), with
correlation coefficient Qu x, = E[UX}] = Ppypa,e %41,
Assume that X = X' + Ay X ~ CN(0,0%), with 0% =
E[XX*] = P(px: + px;ph, + pupria,pi,), 0 < pxr <
1, 0 < pa, <1, 04, € [0,27), with correlation coefficients
Qu.x = E[UX*] = Ppypa,pa,e 0 t042) and Qx x, =
E[XX}] = P(px:pa, +pupi, pa,)e®s2. Assume that X, =
X+ BiU ~ CN(0,0%,), with 0%, = E[X2X3] = P(px, +
,oUpQBI)7 0<px; <1, 0<pp <1, 0p € [0, 27), with
correlation coefficients Qu.x, = E[UX3] = Ppypp,e 1951,
QX,Xz = E[XX;] = PpUpAlpAzpBlej(0A1+9A2_gBl)v and
Qx..x, = E[X1X3] = Ppupa, pp, €?4179%1). Assume that
X5 ~ CN(0,0%,), with 0%, = E[X3X;] = Ppx,, 0 <
px; < 1. The AWGN Z ~ CN(0,1), k € [1 : 3], are

ii.d. across resources and receivers. The quantization random
variables are defined as Yy, = Y+ Zi, Zi ~ CN(0,Ay), k €
[2: 3], and the Z;, are independent of everything else. Giving
the covariance matrix in (35), which is positive semi-definite,
and 2523:), = P1T5, thus all the diagonal elements are smaller
or equal to P. The latter constraint is used for comparison
with the other schemes, however, it can be noticed that this is
stricter than Tr(Eff%) < 5P. Note that diagonal elements of

2(1223:),, modulate the power allocation dedicated to each layer
of the superposition of CFs and DFs. It can be noticed that
without loss of generality, U and X3 do not require a phase
under this setting. Applying the log det(-) on the bounds leads
to the expression presented in Coro. 2. In a similar manner,
one can derive the STGS%’G;MSS for the 3PC scheme.

APPENDIX D
SPECIAL CASE: 2RC

The bounds of STGf%’3 can be specialized to STG% by
restricting Y3 to be independent of (U, X, X1, X5, X3), by not
requiring receiver 3 to decode the common message anymore,
and by setting U to be a function of a constant. Thus, the
probability distribution

p(u)p(x1|u)p(z|r1)p(2|u)p(z3)p(G2|22, Yo)

becomes

p(x, 1)p(22)p(23)p(Ja|T2, y2).

After applying the simplification, one can get the bounds
presented in [25], where there are further specialized to the
orthogonal case, the SISO Gaussian case and the MISO
Gaussian case.

APPENDIX E
SEQUENTIAL COORDINATION OF THE THREE-RECEIVER
COOPERATION SCHEME

The three-receiver cooperation scheme in the Gaussian case
sequentially works as follows,

On medium Synchronize.

At receivers Estimate the main channel SNR;, and the coop-
eration links SNR;, and SNRy,, £k € [1 : 3], 1 € [1:
3N\ {k}, g e [1:3]\{k,1}.

On medium Feed back this information to the transmitter.

At transmitter Compute the covariance matrix 2&’2 and
the compression noise powers 0 < Ay and 0 < Ay, k €
[1:3], 1e[1:3\{k}, ¢ €l:3]\{k,!}, based on
the 3FC bound given in Coro. 2. Clustering analysis if
necessary.

On medium Signal this computed information to all re-
ceivers.

At nodes and on medium Execute the scheme for b blocks
according to the computed information. Each node knows
its role and parameters since the signaling. No further
feedback or signaling is required.

The sequential function description can be performed indiffer-

ently for the 3FC or 3PC schemes, where the computation at

the transmitter is changed accordingly. Moreover, note that the
coordination presents a low transmitted data requirement, since
it corresponds only to the feedback and signaling transitions.



(2,3)
Yizs
oy Qux Qux, Qux, 0
2
U,x Ix Qxx, G@xx, 0
2
= Q*U,Xl 623(,)(1 0x, QX21,X2 0
* * *
Qux, Qxx, @x.x, X, 0
0 0 0 0 o3,
T Ppu  Ppupapage PA17042) Ppupage P41 Ppupp e 1 0
Qirx Ploxi+px;phy+puph, ph,) Ploxipay+ouph, pas)e’2 Ppupaypazps, @41 tP4277810 o
= | Qux, Q% x, P(px;+puri,) Ppupa, pp, @417 0B) 0 (35)
QZ[7X2 Q;(7X2 Qi;(l,x2 P(Pxé“rPUPQBl) 0
L o 0 0 0 Ppx,
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