Entropy 2012, 14, 1357-1398; doi:10.3390/e14081357

entropy

ISSN 1099-4300
www.mdpi.com/journal/entropy

Article

Impact of Interference in Coexisting Wireless Networks
with Applications to Arbitrarily Varying Bidirectional
Broadcast Channels

Rafael F. Wyrembelski * and Holger Boche

Lehrstuhl fiir Theoretische Informationstechnik, Technische Universitit Miinchen, Arcisstrafle 21,
80333 Munich, Germany; E-Mail: boche @tum.de

* Author to whom correspondence should be addressed; E-Mail: wyrembelski@tum.de;
Tel.: +49-89-289-23246; Fax: +49-89-289-23242.

Received: 31 May 2012; in revised form: 26 July 2012 / Accepted: 26 July 2012 /
Published: 2 August 2012

Abstract:  The paradigm shift from an exclusive allocation of frequency bands, one
for each system, to a shared use of frequencies comes along with the need of new
concepts since interference will be an ubiquitous phenomenon. In this paper, we use
the concept of arbitrarily varying channels to model the impact of unknown interference
caused by coexisting wireless systems which operate on the same frequencies. Within
this framework, capacity can be zero if pre-specified encoders and decoders are used.
This necessitates the use of more sophisticated coordination schemes where the choice of
encoders and decoders is additionally coordinated based on common randomness. As an
application we study the arbitrarily varying bidirectional broadcast channel and derive
the capacity regions for different coordination strategies. This problem is motivated
by decode-and-forward bidirectional or two-way relaying, where a relay establishes a
bidirectional communication between two other nodes while sharing the resources with other

coexisting wireless networks.
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Notation

In this paper we denote discrete random variables by non-italic capital letters and their corresponding
realizations and ranges by lower case italic letters and script letters, e.g., X, x, and X, respectively; the
notation X" stands for the sequence X;, Xs, ..., X,, of length n; N and R, denote the set of positive
integers and non-negative real numbers; all logarithms, exponentials, and information quantities are
taken to the basis 2; I(+; ), H(-), and D(-||-) are the mutual information, entropy, and Kullback—Leibler
(information) divergence; E[-] and P{-} denote the expectation and probability; (-, -) is the inner product
and | - |t = max{-,0}; P(-) is the set of all probability distributions and (-)¢ is the complement of a set;
W®n is the n-th memoryless extension of the stochastic matrix W; lhs := rhs means the value of the
right hand side (rhs) is assigned to the left hand side (lhs); lhs =: rhs is defined accordingly.

1. Introduction

The ongoing research progress reveals a paradigm shift from an exclusive allocation of certain
frequency bands to a shared use of frequencies. While most current systems such as conventional cellular
systems usually operate on exclusive frequency bands, several future systems such as ad-hoc or sensor
networks will operate on shared resources in an uncoordinated and self-organizing way. The main issue
that comes along with this development is that interference becomes an ubiquitous phenomenon and that
it will be one of the major impairments in future wireless networks. Since the induced interference can
no longer be coordinated between the coexisting networks, new concepts are needed especially for the
frequency usage.

As an example, Figure 1 depicts a wireless network that consists of several uncoordinated
transmitter-receiver pairs or links, where each receiver receives the signal he is interested in but is also
confronted with interfering signals from other transmitting nodes. If there is no a priori knowledge about
applied transmit strategies of all other transmitting nodes such as coding or modulation schemes, there
is no knowledge about the induced interference. Thus, users are confronted with channels that may
vary from symbol to symbol in an unknown and arbitrary manner. The concept of arbitrarily varying

channels (AVC) [1-4] provides a suitable and robust model for such communication scenarios.

Figure 1. Wireless network with several transmitter-receiver pairs. Each receiver
receives a desired signal (solid) and simultaneously receives interference from all other
transmitters (dashed).
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Interestingly, it is shown for the single-user AVC that its capacity highly depends on how encoder and
decoder are coordinated within one transmitter-receiver link: the deterministic code capacity, i.e., the
traditional approach with pre-specified encoder and decoder, either equals the random code capacity,
i.e., additional encoder-decoder coordination based on common randomness, or is otherwise zero [2]. It
is shown that symmetrizable AVCs prevent reliable communication for the traditional approach without
additional coordination. Roughly speaking, in this case a symmetrizable AVC can emulate a valid input,
which makes it impossible for the decoder to decide on the correct codeword. Unfortunately, many
channels of practical importance fall in the category of symmetrizable channels [4].

The situation changes significantly, if constraints on the permissible codewords and channel states are
imposed. Such restrictions are motivated by the fact that in real communication systems the transmitter
as well as possible interferers are usually limited in their transmit powers. For the single-user AVC under
input and state constraints, it is shown that due to the imposed constraints the deterministic code capacity
may be positive even for symmetrizable channels, but may be less than its random code capacity [4,5].

Besides the single-user AVC there are several important extensions to multi-user settings as well. The
arbitrarily varying wiretap channel is analyzed in [6,7]. The arbitrarily varying multiple access channel
(AVMAC) is analyzed in [8—10], where its deterministic code and random code capacity regions are
established. The AVMAC with constraints on input and states is considered in [11,12], where in the
latter it is shown that the random code capacity region is non-convex in general. The AVMAC with
conferencing encoders is analyzed in detail in [13,14]. While the AVMAC is well understood, there
are only partial results known so far for the arbitrarily varying general broadcast channel. Achievable
deterministic code rate regions are analyzed in [8,15], where the latter further imposes the assumption of
degraded message sets. But unfortunately, no converses or outer bounds on the capacity region are given.

In this paper we analyze bidirectional relaying, or two-way relaying, for arbitrarily varying channels.
The concept of bidirectional relaying has the potential to significantly improve the overall performance
and coverage in wireless networks such as ad-hoc, sensor, and even cellular systems. This is mainly
based on the fact that it advantageously exploits the bidirectional information flow of the communication
to reduce the inherent loss in spectral efficiency induced by half-duplex relays [16-19].

Bidirectional relaying applies to three-node networks, where a half-duplex relay node establishes a
bidirectional communication between two other nodes using a two-phase decode-and-forward protocol.
There, in the initial multiple access (MAC) phase two nodes transmit their messages to the relay
node which decodes them. In the succeeding broadcast phase the relay re-encodes and transmits
both messages in such a way that both receiving nodes can decode their intended message using
their own message from the previous phase as side information. Note that due to the complementary
side information at the receiving nodes this scenario differs from the classical broadcast channel and
is therefore known as bidirectional broadcast channel (BBC). It is shown in [20-23] for discrete
memoryless channels and in [24] for MIMO Gaussian channels that capacity is achieved by a single
data stream that combines both messages based on the network coding idea. Optimal transmit strategies
for the multi-antenna BBC are then analyzed in [25,26]. Bidirectional relaying for compound channels
is studied in [27,28], while [29] discusses adaptive bidirectional relaying with quantized channel state
information. Besides the decode-and-forward protocol [20-32] there are also amplify-and-forward

[32-36] or compress-and-forward [37-39] approaches similarly as for the classical relay channel. A



Entropy 2012, 14 1360

newer approach is compute-and-forward [40—46], where the relay decodes a certain function of both
individual messages. Another approach is given in [47] which is based on the noisy network coding
idea [48-50].

Here, we use the concept of arbitrarily varying channels to study bidirectional relaying that operates
on the same (frequency) resources as other coexisting wireless networks. Then the initial MAC phase
is specified by the AVMAC and is therefore well understood [8—12]. Thus, it remains to study the BBC
phase for arbitrarily varying channels. The arbitrarily varying bidirectional broadcast channel (AVBBC)
is analyzed in [51-53], where it is shown that the AVBBC displays a dichotomy behavior similar to the
single-user AVC: its deterministic code capacity region either equals its random code capacity region
or else has an empty interior. Having practical limitations on transmit powers in mind, in this paper
we impose constraints on the permissible codewords and state sequences and derive the corresponding
deterministic code and random code capacity regions of the AVBBC under input and state constraints.

The rest of this paper is organized as follows. In Section 2 we briefly review the concept of types from
Csiszar and Korner and state some information theoretic and combinatoric preliminaries. In Section 3 we
introduce the concept of arbitrarily varying channels as a suitable model for communication in wireless
networks, which share the resources with other coexisting systems in an uncoordinated way, and review
the impact of coordination within one transmitter-receiver link on the capacity. As an application for this
framework we then study bidirectional relaying under such conditions. We impose constraints on the
permissible input and state sequences and analyze bidirectional relaying for arbitrarily varying channels
in Section 4. This requires the study of the AVBBC under input and state constraints for which we derive
its deterministic code and random code capacity regions. Finally, we conclude the paper in Section 5.

2. Preliminaries

We denote the mutual information between the input random variable X and the output random
variable Y by /(X;Y). To emphasize the dependency of the mutual information on the input distribution
p € P(X) and the channel W : X — P()), we also write /(X;Y) = I(p, W) interchangeably.

Furthermore, we extensively use the concept of rypes from Csiszdr and Korner [3], which is briefly
reviewed in the following. The type of a sequence 2" = (z1,...,x,) € X" of length n is a distribution
P,n € P(X) defined by P,n(a) := + N(a|z") for every a € X. Thereby, N (a|z") denotes the number of
indices 7 such that x; = a, ¢ = 1, ..., n. The set of all types of sequences in X™ is denoted by Py(n, X).
The notation extends to joint types in a natural way. For example the joint type of sequences " € A"
and y" € Y™ is the distribution Ppnyn € P(X x Y) where Ppn yn(a,b) = N(a,blz",y") for every
a€ X,be ), where N(a,blx™, y") is the number of indices ¢ such that (z;,v;) = (a,b), i =1,...,n.

For notational convenience, we represent (joint) types of sequences of length n by (joint)
distributions of dummy variables. For instance, the random variables X and Y represent a joint type,
e.g., Pxy = Ppnyn for some 2" € X" and y" € YV". The set of all sequences of type P~ is
denoted by T = {a" : 2" € X", P,n = Px}. Of course, this notation extends to joint types and
sections in a self-explanatory way, e.g., T4y = {(z",y") : 2" € X", y" € Y", Ppnyn = Pxy} or

vix(@™) ={y": (2" y") € TRy}
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Remark 1. 7o avoid notational ambiguity we usually use small letters to denote arbitrary probability
distributions, e.g., p € P(X), and capital letters to highlight types, e.g., Px € Py(n, X).

Next, we state as facts some bounds on types which we will need for our proofs, cf. for example
Csiszar and Korner ([3], Section 1.2).

Fact 1: The number of possible types of sequences of length n is a polynomial in n, i.e.,
[Po(n, X)| < (n+ 1)
Fact 2: We have

(n+1)71* exp(nH(X)) <
(n+ 1) " exp(nH(Y|X)) <

TR <exp(nH(X)), if Ty #0
Toix(@™)] < exp(nH(Y[X)), if Tyjx(z") # 0

Fact 3: For any channel W : X — P()),

> WEY ") = WE(Tix(2")|2") < exp( — nD(Pxy||[Px @ W)

IHET\ﬁX (z™)

where W™ (y"|2") = [[,_; W (yk|xx) and Px ® W denotes the distribution on X' x Y with probability
mass function Px (z)W (y|x).

3. Modeling of Communication in Coexisting Wireless Networks

Here we introduce the concept of arbitrarily varying channels as a suitable model for communication
in coexisting wireless networks. To highlight the crucial points we consider the simplest interference
scenario with two transmitter-receiver pairs (or links) as shown in Figure 2. Here, each receiver receives

signals from both transmitters, but is only interested in the information from its own transmitter.

Figure 2. Interference channel with two transmitters and receivers. Each receiver receives
the desired signal (solid) from the intended transmitter but simultaneously receives also
interference (dashed) the other transmitter.

Since in practical systems a transmitter usually uses a finite modulation scheme and a receiver
quantizes the received signal before further processing, it is reasonable to assume finite input and output

alphabets denoted by &; and ) for link 7, ¢ = 1, 2, respectively. Then, for input and output sequences
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@ € X" and yi* € V) of length n, the transmission over the discrete memoryless channel is completely
characterized by a stochastic matrix

n

Wyt a5) = [ [ Wilyinler g, wan), i=1,2 (1)
k=1
Thereby, the additive noise at the receivers is taken into account by considering stochastic matrices
and not deterministic ones. Interestingly, the transmission model in Equation (1) looks like a multiple
access channel, since the received signal depends on both the codeword of the intended message and the
codeword of the interfering message from the other link.

Remark 2. If we treat the received signal from the other transmitter as additional noise, we would end
up with a modified stochastic matrix W2 (y*|z?), i = 1,2, where the received signal depends only on

the codeword of the intended message.

We consider the standard model with block codes of arbitrary but fixed length n. Let
= {1,..,M;,}, i = 1,2, be the set of messages to transmit. The traditional coding strategy
for each transmitter-receiver pair is specified by the following definition of deterministic codes.

Definition 1. A deterministic (n, M, ,,)-code or codebook C; 4 for transmitter-receiver pair i is a family
Cider = { (27, Dg}?) :m; € M;}

with codewords x, € X", one for each message m; € M;, and decoding sets D,(fL)l C Y@ for all
m; € M; with D7(721)k N D7(77:L)l = @fOV my # my, 1 =1,2.

When 7, and 7, have been sent according to fixed codebooks C; ger and Cy ger, and y7' and y5 have
been recelved the decoder of receiver i is in error if y' ¢ Dml, 1 = 1,2. With this, we can define the
probability of error at receiver 1 for given messages m4 and my as

er(my,zy,,) = W ((Dm))c|:v" x")

1 mi’ Y ma

and the average probability of error at receiver 1 as

1 Ml,n
ei(zy,) = Y er(my, x,,)
1n mi=1
with similar expressions ey (my, x7,, ) and éx(x], ) for receiver 2.

Important to note is that the probability of error depends on the codebooks that both
transmitter-receiver pairs use as well as on the specific message the interfering transmitter sends.

Definition 2. A rate R; € R is said to be deterministically achievable if for any 6 > 0 there exists
an n(6) € N and a sequence of deterministic (n, M, ,)-codes {C}th}neN, i = 1,2, such that for all
n > n(J) we have

1

while max,y, € (z7,): maxXgn ex(zy,,) — O as n — oo. The deterministic code capacity is the largest

deterministically achievable rate.
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If we assume no coordination between both transmitter-receiver pairs, there is no a priori knowledge
about the used codebooks and codewords that are chosen by the interfering transmitter. Consequently,
the receiver can be confronted with arbitrary interfering sequences. This corresponds to the concept of
arbitrarily varying channels (AVC) [1-4] and the only way to guarantee a successful transmission is to
find a universal strategy that works for all possible codebooks and interfering codewords simultaneously.

To model the appearance of arbitrary interfering sequences, we introduce a finite state set S. Then,
for a fixed state sequence s” € S™ of length n and input and output sequences ™ € X" and y" € V",
the discrete memoryless channel is given by W& (y" |z, s") = [[;_; W (yx|zk, sx). (In the following
we drop the index (-); indicating the transmitter-receiver pair, since obviously the argumentation holds
for all 7.)

Note that the input sequence and interfering sequence originate from different and, in particular,
uncoordinated transmitters, so that they are independent of each other. But of course, the codebook
has to be designed in such a way that each codeword works for all possible interfering sequences

simultaneously.

Definition 3. The discrete memoryless arbitrarily varying channel (AVC) 20" is the family

W= {We X" x §" = P(Y")}

neN,smeSn

Further, for any probability distribution ¢ € 7P(S) we denote the averaged channel by
Woyle) =2 ses Wlylz, s)q(s).

3.1. Impact of Coordination within Transmitter-Receiver Pair

In the following we analyze and review different approaches of coordination in one
transmitter-receiver pair and specify their impact on the transmission. Therefore, we characterize all
achievable rates at which reliable communication is possible for three different types of coordination: the
traditional approach as well as additional encoder-decoder coordination based on common randomness
or based on correlated side information.

3.1.1. No Additional Coordination

The system design of the traditional or conventional approach without additional coordination is
defined by a deterministic coding strategy, where transmitter and receiver use a pre-specified encoder
and decoder as given in Definition 1. We further need the concept of symmetrizability to state the main

result for this approach.

Definition 4. An AVC 20" is symmetrizable if for some channel U : X — P(S)

Y Wylz,s)U(sla’) =Y Wiyla',s)U(slx) 2)

seS seS

holds for every x,x’ € X and y € ). This means the channel W(y|x, v') =3 s Wylz, s)U(s|z') is
symmetric in x,z forall x,x' € X andy € ).

For the traditional approach the capacity is known [2—4] and summarized in the following theorem.
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Theorem 1. The deterministic code capacity Cy.,(20") of the AVC 25" is

. maxXpep(x) infgeps) 1(p, Wq) if W"is non-symmetrizable
Cdet(w ) ==
0 if 2"is symmetrizable

The complete proof can be found for example in [4]. In the following we only want to highlight the
key insight why we have a zero capacity if the AVC 20" is symmetrizable.

Letz] € X", m =1, ..., M,, with M,, > 2 be arbitrary codewords. For a symmetrizable AVC 20",
we can consider interfering sequences that look like valid codewords, more precisely we set s, = 27,
m =1, ..., M,,. Now, for each pair of codewords (k,l) € M x M with k # | we have for the probability

of error

E[e(k, S7)] +E[e(l,87)] =

where the second equality follows from the fact that the AVC 20" is symmetrizable, ¢f. Definition 4.
Hence, this leads for the average probability of error to

3 2Bl = s 2 D B[S

1
oM, ~ 1
which implies that E[e(S}')] > % for at least one [ € M. Since the average probability of error is bounded
from below by a positive constant, a reliable transmission is not possible, so that we have Cye (20") = 0
if the AVC is symmetrizable.

This becomes intuitively clear, if one realizes the following. Since the AVC 20" is symmetrizable,
cf. (2), it can happen that the interfering sequence looks like another valid codeword. Then, the receiver
receives a superimposed version of two valid codewords and cannot distinguish which one comes from
the intended transmitter and which one is the interfering sequence. Thus, reliable communication can no
longer be guaranteed.

3.1.2. Encoder-Decoder Coordination Based on Common Randomness

Since the traditional interference coordination with predetermined encoder and decoder fails in the
case of symmetrizable channels, we are interested in strategies that work well also in this case. Therefore,
we consider in the following a strategy with a more involved coordination, where we additionally allow
transmitter and receiver to coordinate their choice of encoder and decoder based on an access to a
common resource independent of the current message. This leads directly to the following definition.



Entropy 2012, 14 1365

Definition 5. A random (n,M,,Z)-code C,.,,(2"™) for the AVC 20" is given by a family
Cran(W") == {C(2) : z € Z} of deterministic (n, M,)-codes

C(z) = { (2} (2), Din(2)) : m € M}
together with a random variable 7, € Z distributed according to p; € P(Z2).

This means that codewords and decoding sets are chosen according to a common random experiment,
realized in Definition 5 by the random variable Z, whose outcome has to be known to the transmitter and
receiver in advance. The definitions of probability of error, a randomly achievable rate, and the random
code capacity Cy,,(20™) follow accordingly as in Section 3.1.1.

The access to the common resource can be realized for example by an external source such as a
satellite signal. Moreover, we know from [2] that if we transmit at rate R with exponentially many
messages, i.e., exp(nR), it suffices to use a random code which consists of n? encoder-decoder pairs and
a uniformly distributed random variable whose value indicates which encoder and decoder the transmitter
and receiver have to use.

Due to the additional coordination within one transmitter-receiver pair, we expect an improvement
in the performance compared to the traditional approach especially for symmetrizable channels. The
following result confirms our intuition [1,3].

Theorem 2. The random code capacity C,,,(20") of the AVC 20" is

Crwn(W") = max inf I(p,W
(207) pEP(X) qeP(S) (p, W)

It shows that the random code capacity C},,(20") has the same value as for the traditional interference
coordination but is also achieved in the case of symmetrizable channels.

3.1.3. Encoder-Decoder Coordination Based on Correlated Side Information

For the previous additional encoder-decoder coordination we assumed that both transmitter and
receiver have access to a common random experiment. This seems to be a hard condition and one can
think of a weaker version. Therefore, we allow transmitter and receiver each to have access to an own
random experiment which are both correlated. In more detail, the correlated side information strategy is

given by the following definition.

Definition 6. A correlated (n, M,,n,Zx,Zy)-code C..n(20") for the AVC 20" is given by
Coorr(W™) = {C (2, 23) : 2% € Z%, 2% € 23} of deterministic (n, M, )-codes

C(2y, zy) = {(x:;(z}),l)m(z;)) im e /\/l}

together with random variables 7.y € Zx and 7y € Zy distributed according to pz, € P(Zx) and
Pz € P(Zy) with ](Z){, Zy) > 0.

Thereby, the fact that the random variables Zy and Zy are correlated is guaranteed by the (weak)

condition I(Zx;Zy) > 0. Note that in contrast to the additional encoder-decoder coordination based
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on common randomness, the codewords and decoding sets now depend on a whole sequence of the
random variables.
The next result states the capacity for the case of additional encoder-decoder coordination based on

correlated side information at transmitter and receiver [54].

Theorem 3. The correlated side information capacity C,,,.(20") of the AVC 20" is

Ceorr(W3™") = max inf I(p,W
corr( ) pEP(X) qE'P(S) (p7 q)
The theorem shows that even if transmitter and receiver only have access to correlated versions of
a random experiment, such side information is already sufficient to achieve the same rates as for the
encoder-decoder coordination based on common randomness. Thus, correlated side information suffices
to overcome symmetrizable channel conditions.

4. Bidirectional Relaying under Arbitrarily Varying Channels

In the previous section we established the concept of arbitrarily varying channels as a suitable
model for communication in wireless networks which operate on the same resources as other
coexisting systems. Here we use this framework and apply it to bidirectional relaying. There, a
relay node establishes a bidirectional communication between two other nodes using a two-phase
decode-and-forward protocol as shown in Figure 3. The initial MAC phase for arbitrarily varying
channels is characterized by the AVMAC and therefore well understood, cf. [8—12,14]. Thus, it remains
to study the succeeding BBC phase. Since in practical systems transmitters are usually limited in their
transmit power, this requires the study of the AVBBC under input and state constraints, which is the main
contribution of this paper.

Figure 3. Bidirectional relaying in a three-node network, where nodes 1 and 2 exchange their
messages m and moy with the help of the relay node using a decode-and-forward protocol.

D<@ ® Ow®w

mymy my

4.1. Arbitrarily Varying Bidirectional Broadcast Channel

For the bidirectional broadcast phase we assume that the relay has successfully decoded both
messages from the previous MAC phase. Now, the relay broadcasts an optimal re-encoded message
in such a way that both nodes can decode the intended message using their own message from the
previous phase as side information. The transmission is affected by a channel which varies arbitrarily
in an unknown manner from symbol to symbol during the whole transmission of a codeword. We
model this behavior with the help of a finite state set S. Further, let X and };, © = 1,2, be finite
input and output sets. Then, for a fixed state sequence s” € S" of length n and input and output
sequences z" € X" and y' € VI, i = 1,2, the discrete memoryless broadcast channel is given by

Wen(yr, ysla™, s™) = [ 1y WY1k Y2612k, Sk)-
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Definition 7. The discrete memoryless arbitrarily varying broadcast channel 20" is the family

W= (WO X xS PV X Vi)

neN,snesn

Since we do not allow any cooperation between the receiving nodes, it is sufficient to consider the
marginal transition probabilities W=" (y"|z", s") = [1;_, Wik (Yik|Tk, sr), ¢ = 1,2, only. Further, for
any probability distribution ¢ € P(S) we denote the averaged broadcast channel by

W1, yalz) - ZW Y1, Y|z, 5)q(s) 3)

SES

and the corresponding averaged marginal channels by W ,(y;|z) and W, (y2]2).
Further, we will need the concept of symmetrizability for the AVBBC, which is an extension of the

one for the single-user AVC introduced in [4], ¢f. also Definition 4.

Definition 8. An AVBBC 20" is );-symmetrizable if for some channel U; : X — P(S)
> Wilyilw, $)Ui(s|2') = > Wilwila', s)Us(s|) )
seS seS

holds for every x,2’ € X and y; € V;, i =1, 2.
4.1.1. Input and State Constraints

Since transmitter and possible interferers are usually limited in their transmit powers, we impose
constraints on the permissible input and state sequences. We follow [4] and define cost functions g(x)
and [(s) on X’ and S, respectively. For convenience, we assume that min,cy g(z) = minges /(s) = 0 and

define gnax = max,cx g(x) and I, == maxges [(s). For given 2™ = (x4, ..., z,) and s" = (s1, ..., S,)

we set
1 n
g(x") = Ezg(zk) (52)
k=1
1 n
I(s") = — > l(sk) (5b)
k=1

Further, for notational convenience we define the costs caused by given probability distributions
p € P(X)and g € P(S) as

=Y pla)g(x) =E,[g(p)] and 1q) =Y a(s)i(s) = E,[l()]

reX seS

and observe that, if we consider types, these definitions immediately yield
g(x") = g(Ppn) and (s") = 1(Psn)

for every 2" € A" and every s" € S", respectively, cf. also [4].
This allows us to define the set of all state sequences of length n that satisfy a given state constraint
A by

SX::{S”ES”' lek =Ep,[ (”)]SA}
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Furthermore, the set of all probability distributions ¢ € P(S) that satisfy E,[[(¢)] < A is given by
P(S,A) = {q:q€P(S),E,i(q)] <A}

In [52] it is shown that an AVBBC 20" (without state constraint) has a capacity region whose interior
is empty if the AVBBC 20" is );-symmetrizable or ),-symmetrizable. If we impose a state constraint,
the situation changes significantly. Now, it is possible that the interior of the capacity region is non-empty
even if the AVBBC 20" is );-symmetrizable in the sense of Definition 8. Rather, );-symmetrizability

enters the picture via

min Y > Px(x)U;(s|z)l(s) ifu; #0

Ai(Px) = Uieli yex ses (6)
00 ifu; =0
¢ = 1,2, which indicates whether the symmetrization violates the imposed state constraint or not.

Thereby, U; is the set of all channels U; : X — P(S) which satisfy (4). For given type Px the quantity
A;(Px) is called symmetrizability costs and can be interpreted as the minimum costs that are needed to
symmetrize the AVBBC 20". Clearly, if 20" is );-symmetrizable, then U; # () and A;(Px) is finite.

Further, if 20" is non-Y;-symmetrizable, then U; = (), and we set A;(Px) = oo for convenience.
4.1.2. Coordination Strategies

We consider the standard model with a block code of arbitrary but sufficient fixed length n. Let
M; = {1,..., M, ,} be the message set of node i, i = 1,2, which is also known at the relay node.
Further, we use the abbreviation M := M; x M.

First, we introduce the traditional approach without additional coordination which is based on a
deterministic coding strategy with pre-specified encoder and decoders at the relay and receivers.

Definition 9. A deterministic (n, My ,,, Ms ,,)-code Cypr(20™) of length n for the AVBBC 20™ under input
constraint I and state constraint A\ is a family

Cdet(QI]”) = {(:L’n D(l) D(2) ) Tmy € Ml, Mo € MQ}

m> “mao|m1? T mi|me

with codewords
z,, € X" with g(x) < T

one for each message m = (my, ms), satisfying the input constraint I, and decoding sets at nodes 1
and 2
'D(l)

ma|mi

CYy and D@

n
m1|m2 g y2

for all m; € My and my € Msy. For given my at node 1 the decoding sets must be disjoint,

1e., Dfnliml N Dr(nli‘ml = () for my, # my, and similarly for given my at node 2 the decoding sets
must satisfy Dfﬁhm N Dﬁi‘m = () for m; # m.

When 7!, with m = (my, ms) and g(z,,) < I has been sent, and y] and y4 have been received at

nodes 1 and 2, the decoder at node 1 is in error if ¥} 1s not in Df;;ml. Accordingly, the decoder at node 2
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is in error if ¥y is not in Dg'm. This allows us to define the probability of error for the deterministic
code Cye(20™) for given message m = (mq, my) and state sequence s” € S}, i.e., it satisfies the state
constraint A, as

e(m, 8"|Cae (W) = WE (D) DB yelgn )

ma|m mi|ma m)

and the corresponding marginal probabilities of error at nodes 1 and 2 as e;(m, s"|C4er(W")) =
WDy, ) [ 87) and ex(m, 7[Cou(207)) 1= W™ (D))

ma|m mi|ma

average probability of error for state sequence s" € S} is given by

)elar , s™), respectively. Thus, the

e(s"Caer(W")) = —— Z e(m, s"|Coet (™))
\M| =,
and the corresponding marginal average probability of error at node i by é;(s"|C4er(07")) =
Wl\ Y men €i(m, 8" Caet(20™)), @ = 1, 2. Clearly, we always have €(s"|Caet(20")) < €1(5"|Caet (™)) +
(8" |Caer(20™)).
For given 0 < A, < 1, the code Cy(20") is called a (n, M, Msp, Ay)-code (with average
probability of error \,,) for the AVBBC 20" under input constraint I" and state constraint A if

e(s"|Caer(20™)) < Ay, for all s" € S}

Definition 10. A rate pair (Ry, Ry) € R is said to be deterministically achievable for the AVBBC 20"
under input constraint I' and state constraint A if for any § > 0 there exists an n(5) € N and a sequence
of deterministic (n, My ,,, Ma ., A\,)-codes {Cdn) (W") }nen with codewords xy, .., m1 = 1,..., My,

mo =1, ..., M, each satisfying g(x < T, such that for all n > n(5) we have

ml,mg)
1 1
—logM,,, > Ry —9 and —logMsy, > Ry —9¢
n n

while
max  e(s"|Cuer(W0™)) < Ay

s™:l(sm)<A
with \,, — 0 as n — oo. The set of all achievable rate pairs is the deterministic code capacity region of
the AVBBC 20" under input constraint I" and state constraint A and is denoted by R ;.,(20"|I", A).

If I' > gmax Or A > lax, then the input or state sequences are not restricted by the corresponding
constraint, respectively. Consequently, we denote the capacity region with state constraint and no input
constraint by Ryei(2"|gmax, A) and the capacity region with input constraint and no state constraint by
Raet( WL, lina )-

Remark 3. The definitions above require that we have to find codes such that the average probability of
error goes to zero as the block length tends to infinity simultaneously for all state sequences that fulfill

the state constraint. This means the codes are universal with respect to the state sequence.

Next, we introduce the encoder-decoder coordination based on common randomness which is
specified by a random code, where the encoder and the decoders are chosen according to a common
random experiment whose outcome has to be known at all nodes in advance.
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Definition 11. A random (n, M ,,, My ,,, Z)-code C,.,,(20") of length n for the AVBBC 20" under input

constraint I' and state constraint A is given by a family C,,,(2") = {C(2) : z € Z} of deterministic
(n, My, My ,,)-codes

n 1

C(z) = {(x (2), DY

m m2|m1

(z),D(z) (2)) : my € My, my € My}

mi|ma

together with a random variable 7. € Z distributed according to p; € P(Z). Thereby, each C(z) is a
deterministic code in the sense of Definition 9, which means that each C(z) satisfies the input and state

constraints individually.

Then, the average probability of error of the random code C,,,(20™) for given state sequence s € S}
is given by
e(s"|Cran (")) := Ezle(s"|C(2))]
and accordingly the corresponding marginal average probability of error at node i by €;(s"|Cpan (20™)) :
= Ezle;(s"|C(Z))], i = 1,2. For given 0 < A, < 1, the random code C.,,(20") is called a
(n, My n, Ma,,Z, \y,)-code (with average probability of error \,) for the AVBBC 20" under input
constraint I" and state constraint A if

e(s"Cran (™)) < A, for all s" € S}

The definitions of a randomly achievable rate pair under input and state constraints and the random code
capacity region R,,(20"|I", A) under input and state constraints follow accordingly.

4.2. Encoder-Decoder Coordination Based on Common Randomness

Here, we derive the random code capacity region of the AVBBC 2" under input constraint [ and
state constraint A. This characterizes the scenario, where transmitter and receivers can coordinate their
choice of encoder and decoders based on common randomness. For this purpose we define the region

R(Px|A> = {(Rl, RQ) € Ri . R1 S inf [(Px,Wl,q)
q€P(S,A)

< inf I(Px.W
e _q€71?I(IS,A) ( X’WQ"’)}

(7)

for joint probability distributions { Px ()W ;(y1, y2|2) }eep(s,a)-

Theorem 4. The random code capacity region R,,,(20"|',A) of the AVBBC 20" under input

constraint I and state constraint A\ is

Ran(W"TA) = ) R(Px|A)

Px:g(Px)<TI’

In the following we give the proof of the random code capacity region where the achievability part is

mainly based on an extension of Ahlswede’s robustification technique [55,56].
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4.2.1. Compound Bidirectional Broadcast Channel

As in [51] for the AVBBC 20" without constraints on input and states, we start with a construction
of a suitable compound BBC, where the key idea is to restrict it in an appropriate way. Having the state
constraint A in mind, it is reasonable to restrict our attention to all probability distributions ¢ € P(S, A).
Let us consider the family of averaged broadcast channels, cf. (3),

{W yl,y2|$)} q€P(S,A) (8)

and observe that this already corresponds to a compound BBC where each permissible probability
distribution ¢ € P(S, A) parametrizes one element of the compound channel which we denote by 20 in
the following. The capacity region of the compound BBC is known and can be found in [27]. It is shown
that for given input distribution Px all rate pairs (R;, R») satisfying (Ry, Ry) € R(Px|A), cf. (7), are
deterministically achievable. In particular, this is valid for a input distribution Px that satisfies the input
constraint g(Px) < I.

In more detail, in [27] it is shown that there exists a deterministic code Cdet(ﬁ) for the compound
BBC 20 such that all rate pairs (R, Ry) € R(Px|A) are achievable while the average probability of
error can be bounded from above by

&(q|Caer(2D)) = ™ Z W m2|m1 Dgz‘m)ﬂx"m) <)y, forallge P(S,A)
mem
with Ay, = Agg 1, + Aq 2, Where Agg . 18 the average probability of error at node 7, ¢ = 1, 2. Moreover,
for n large enough, we have

(n + 1)1
1 — (n + 1)lXI2—ne?

]

2—TL

Ay = (14 1)1 XIlgns
2 ,in

which decreases exponentially fast for increasing block length n. Thereby, 6 > 0, 7 > 0, and ¢ > 0 are
constants independent of n, cf. [27].

Together with (3) this immediately implies that for Cg.(20) the average probability of a successful
transmission over the compound BBC 20 is bounded from below by

(2) n B
|M| D W (D X Pilmale) > 1= Ay,
meM
or equivalently by
®n (2) n ny\ . Qn/ n o
‘M‘ Z/:Vl ZS W m ml Dm1|m2’xm’8 )q (S )> 1_)‘211,71

for all ¢®" = [[,_, g and ¢ € P(S,A).
4.2.2. Robustification

As in [51] for the AVBBC without state constraints, we use the deterministic code Cdet(@) for the
compound BBC 27 to construct a random code Cyy, (207) for the AVBBC 20" under input constraint I
and state constraint A.
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Let IT,, be the group of permutations acting on {1, 2, ..., n}. For given sequence s" = (s1, Sa, .., $,) €
S™ and permutation 7 € II,, : S* — S, we denote the permuted sequence (Sx(1), Sx(2) -, Sx(n)) € S”
by 7(s™). Further, we denote the inverse permutation by 7! so that 7! (7(s")) = s™ since 7 is bijective.

Theorem 5 (Robustification technique). Let f : 8™ — [0, 1] be a function such that for some o € (0, 1)
the inequality

Z f(s™g®(s") >1—a  forallq € Py(n,S,A) )

sresSn

holds where Py(n, S, A) == {q € Po(n,S) : E,[l(q)] < A}. Then it also holds

% Z f(r(s™) >1—(n+ DSla forall s" € S} (10)

.WGHn

Proof. The proof is a modification of the corresponding proof in [56], where a similar result is given

without constraints on the sequences of states. First, we observe that (9) is equivalent to
Z (1 — f(s”))q®”(s”) <a  forallqg € Py(n,S,A) (11)
snesSn
Since each 7 € TI,, is bijective and because ¢®" (7 (s™)) = ¢®"(s") for all s™ € S", we obtain from (11)
az 3 (1= f(x(sM))d* (x(s")
snesSn

=S <1 - f(ﬂ(sn)))q®"(5") for all ¢ € Py(n, S, A) and all 7 € II, (12)

snesSn
Therefore, averaging (12) over 11, yields
1 1 n n(ny « f 1 D S A 13
252(‘10(“5)))(1 (s")<a  forallg € Py(n,S,A) (13)
snesSn well,

Since 1 — 4 > 1 f(w(s™)) > 0, restricting the state sequences to 7" we get from (13)

)3 % 2 (1 — f(ﬂ(sn))>Q®n(5n) <a  forallg € Po(n, S, A)

STETS " well,
which is equivalent to

1
n! 2 <1 B f(ﬂ(sn)))qm(ﬁn) <a  forallg € Py(n,S,A)andall s" € T (14)

well,

because for s" € 7", the term % >~ (1 — f(w(s"))) does not depend on s™. Since 7" > (n+ 1)~1s
cf. [3], Equation (14) implies

% Z (1 — f(ﬂ'(s"))) <(n+ 1)|S|a forall ¢ € Py(n,S,A) and all s™ € 7;11 (15)

ﬂ‘EHn

Obviously, we have S} = (n.S.A) 7, so that (15) shows that

q€Po

il Z f(7T<Sn)) >1—(n+ 1)l for all s" € S¢
n

well,

which completes the proof of the theorem. [
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With the robustification technique and
n 1 n (1) (2) n n
f(r(s") = M Z we (Dmﬂmlx Dml‘m]a:m,ﬂ(s )
meM

we immediately obtain a random (n, M ,,, Ms,,,11,,)-code C,,(20™) for the AVBBC 20" under input
constraint [" and state constraint A, which is given by the family

Cran(gnn) = {(W—l(mn )’ 71'_1('1)(1)

m ma|my

), 7 DP ) imy € Myymy € My, meIl,}  (16)

mi|ma

where the permutations 7 are uniformly distributed on II,, and

— 1 _ n _ 2 _ n
o) = U 7' ad oD = ) 7
y?EDS;\ml ygepfji\mQ

Since 11, is the group of permutations of size n, the cardinality of II, is n! so that the random code
Cran(20™) consists of n! deterministic (n, M ,,, Ms,,)-codes.

From the robustification technique follows that the average probability of error of C,,, (20") is bounded
from above by

(5" Can(207) < (n+ 1) g, = Naprann forall 5" € S "

Moreover, from the construction it is clear that for given input Px, the random code C,,,(20™) achieves
for the AVBBC 25" the same rate pairs as Cdet(@) for the compound BBC 20 as specified in (7). Finally,
taking the union over all input distributions Px that satisfy the input constraint g(Px) < I establishes
the achievability of the random code capacity R,,, (20" |, A) as stated in Theorem 4.

4.2.3. Converse

It remains to show that the presented random coding strategy actually achieves all possible rate pairs
so that it is optimal in the sense that no other rate pairs are achievable.

As a first step, it is easy to show that the average probability of error for the random code C,,, (20™) for
the AVBBC 20" equals the average probability of error for the random code for the compound BBC 2.
Hence, it is clear that we cannot achieve higher rates as for the constructed compound BBC 20 with
random codes. The deterministic rates of the compound channel can be found in [27]. Additionally, as
in [57] for the single-user compound channel, it can be easily shown that for the compound BBC 20 the
achievable rates for deterministic and random codes are equal. Since the constructed random code for
the AVBBC 20" already achieves these rates, the converse is established.

This finishes the proof of Theorem 4 and therewith the random code capacity region R, (20"|T", A)
of the AVBBC 2™ under input constraint I" and state constraint A.

4.3. No Additional Coordination

A random coding strategy as constructed in the previous section requires common randomness
between all nodes, since the encoder and the decoders depend all on the same random permutation which
has to be known at all nodes in advance. If this kind of resource is not available, one is interested in
deterministic strategies. In this section, we derive the deterministic code capacity region of the AVBBC

with constraints on input and states.
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Theorem 6. If maxp . po)<r Ai(Px) > A, @ = 1,2, then the deterministic code capacity region
R ("I, A) of the AVBBC 20" under input constraint I" and state constraint A is

Raer("D, A) = U R
PXZQ(PX)SF
Ai(Px)>A,i=1,2
IfmaxPX:g(pX)Sp Al(Px) < Aor maXpy.g(Px)<I AQ(PX) < A, then int(Rdet(?ZH"W, A)) = (Z)

From the theorem we immediately obtain the deterministic code capacity region of the AVBBC 25"
with state constraint A and no input constraint, i.e., Rget(20" | gmax, A)-

Corollary 1. If maxp, Ai(Px) > A i = 1,2, then the deterministic code capacity region
Rier (0" | Gmax, A) of the AVBBC 23™ with state constraint A\ and no input constraint is given by

Rdet(wn|gmaxa A) = U R<PX|A)

leAi(Px)>A,i:1,2
Ifmaxp, A1(Px) < A or maxp, Ay(Px) < A, then int(R 4o (20" |gmax, A)) = 0.

We observe that the deterministic code capacity region Rge(20"|I", A) of the AVBBC 20" under
input constraint I and state constraint A displays a dichotomy behavior similarly as in the unconstrained
case [51]: it either equals a non-empty region or has an empty interior. Unfortunately, this knowledge
cannot be exploited to prove the corresponding deterministic code capacity region since, as already
observed in [4] for the single-user AVC, Ahlswede’s elimination technique [2] does not work anymore if
constraints are imposed on the permissible codewords and sequences of states. Consequently, to prove
Theorem 6 we need a proof idea which does not rely on this technique. In the following subsections we
present the proof which is therefore mainly based on an extension of [4].

4.3.1. Symmetrizability

The following lemma shows that under state constraint A no code with codewords of type Px
satisfying A;(Px) < A or Ay(Px) < A can be good.

Lemma 1. For a Y,-symmetrizable AVBBC 20" any deterministic code Cy.;(20™) of block length n with
codewords x™ my=1,..., My, mg=1,..., My, each of type Px with A1(Px) < A, and My, > 2

mi,m2’

has My, —1 1 12
B n 2,n

" > , max
s":?(lsiﬁcﬁl\ “ (S ‘ det( )) 2M27” n ( Al( ))2

Similarly, for a Vs-symmetrizable AVBBC 20" any deterministic code Cuo;(20") of block length n with
my=1,..., My, mg=1,..., My, each of type Px with Ao(Px) < A, and M, ,, > 2

codewords xy, ...,
has M 1 1 12
& (s"|C . > in —2 2 max

s”:%%i(gA 62(8 ‘ d t<§zUn)) - 2M1,n n (A — AQ(P)())2

Proof. The proof can be found in Appendix A.1. [
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Remark 4. The lemma indicates that for a successful transmission using codewords of type Px
the symmetrizability costs A;(Px), i = 1,2, have to exceed the permissible (or available) costs
A, since otherwise the AVBBC 20" can be symmetrized, which prohibits any reliable or error-free
communication. This already establishes the second part of Theorem 6 and therewith characterizes

when int(R 4,(20"|T, A)) = 0.
4.3.2. Positive Rates

Next, we present a coding strategy with codewords of type Px that achieves the desired rates as
specified in Theorem 6 if the symmetrizability costs exceed the permissible costs, i.e., A;(Px) > A and
Ao(Px) > A. Fortunately, we are in the same position as in the single-user AVC [4]: the coding strategy
for the AVBBC without constraints [52] must only be slightly modified to apply also to the AVBBC
with constraints.

We need codewords z!

mi,mz2’

my =1,..., My, my =1, ..., My, with the following properties.

Lemma 2. For any ¢ > 0, n > ng(€), M;,, > 2", i = 1,2, and given type Px, there exist codewords
Tims € T, my = 1,..., My, me = 1,..., My, such that for every z" € X", s" € S}, and every

joint type Pxxss, with Ry = %log M., and Ry = %log M, ., we have for each fixed my € M; the

following properties

[{m} : (@", &7, gy 5™) € Texst < exp(n(|Ry — I(X;XS)| +¢)) (18a)
1 €

i [{ma (&, s 8™) € TRsH < exp(— né) ifI(X;8) > ¢ (18b)
2.n
1

€
7 [{ma + (27, 1nys Ty s 8") € Tixos for some miy # ma}| < exp( — n§)
n

iFI(X;X'S) — |Ry — I(X:9)|F > e (18c)

where |z|T = max{x, 0}, and further for each fixed ms € My

[{m} : (@", Zpr g 5™) € Tixst < exp(n(|Ry — I(X;XS)|* +¢)) (18d)
1
Y [{ma (@, s 8™) € TisH < exp(— n%) if1(X;S) > e (18e)
1n
1 €
i [{m; (@1 g Tt g 8™) € Txxos for some my # mi}| < exp(— ni)
1n
IFIX;X'S) — |Ry — I(X;9)|T > e (18f)
Proof. The proof can be found in Appendix A.2. U

We follow [4] and define the decoding sets similarly as for the single-user AVC under input and state

constraints. Therefore, we define the set

Dy, (A) = {Pxsy, : D(Pxsy,

Px ® Ps @ W;) < mi, [(Ps) < A}, i=1,2

Then, the decoding sets at node 1 are specified as follows.
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Definition 12. For given codewords xy, ., € T, m1 = 1,..., My, mg = 1,..., Mo, and m; > 0 we
have yi € Dfi;ml if and only if

(i) there exists an s" € S} such that P g™t € D,, (A)
(ii) for each codeword wy, .. with mby # mgy which satisfies Pon. g S € D,,(A) for some
s e S), we have I(XY1;X'|S) < n where X, X', S, Y, are dummy random variables such

that Pxxsy, equals the joint type of (x7,, .. xfnhmé, s yt).

The decoding sets at node 2 are defined accordingly with 175 > 0. A key part is now to ensure that
these decoding sets are unambiguously defined. This means that they are disjoint for small enough 7,
and 7),, which can be shown analogously to the single-user case [4]. Here is where the conditions on the

symmetrizability costs, A;(Px) > A, i = 1,2, come in.

Lemma 3. Let « > 0 and § > 0, then for a sufficiently small n;, i = 1,2, no quintuple of random
variables X, X', S, S', and Y; can simultaneously satisfy Px = Px: with

A(Px) > A+« and min Px(z) > 8

rzeX
and
PXSYi c Dm(A>, PX’S’Yq; € 'Dm (A) (19a)
I(XY;X'[S) <, IX'Y5X[S) <mi (19b)
Proof. The proof can be found in Appendix A.3. [

So far we defined coding and decoding rules. Next, we show that codewords of type Px with
properties as given in Lemma 2 and decoding sets as given in Definition 12 suffices to achieve all rate
pairs as specified by the region R(Px|A), cf. (7).

Lemma 4. Given A > 0 and arbitrarily small o > 0, B > 0, and § > 0, for any type Px satisfying
AN(Px) > A+a,i=1,2, mi)r(1 Px(xz) > p
Tre

there exist a code Cyo;(20") of block length n > ng with codewords x7, .. € T, m1 = 1,..., My,
my =1, ..., My, such that

1 — 1 _
—log M inf I(P — — log M- inf I(P —
n og My pn > q€7131(187A) ( XaWQ,q) J and o og Mo p > qe’IIDI(ls,A) ( X,W1,q) o

while
max  €;(s"|Cuer(")) < exp(—ny;), 1=1,2 (20)

sm:l(sm)<A

where ng and ; > 0 depend only on «, f3, 9, and the AVBBC 23".

Proof. The proof follows [4] (Lemma 5) where a similar result is shown for the single-user AVC.
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Let x5, m, € T, mi = 1,...,My,, my = 1,...,M,,, each satisfying the input constraint

g(xp,, m,) < T, be codewords with properties as specified in Lemma 2 (¢ will be chosen later) and
R; = %log My, Ry = %log M, ,, satisfying

_ 2
inf I(Px,W —0< R f I(Px,W -0 21
qe71>I(ls,A) (P, Wig) ! qE?lDr(ls A) (P, Wag) = 3 (21a)
. — 2
qe’]lDr(l‘g,A) [(Px, W2,q) —0< Ry < qeér(l‘g A [(Px, W2 q) 55 (21b)

Let the decoding sets D( ) and D

o o be as given in Definition 12. Then Lemma 3 ensures that 7,
1|me

and 7, can be chosen small enough to ensure that the decoding sets are well defined.
Furthermore, I(X;Y;) is uniformly continuous in Pxy, and divergence dominates the variational

distance [3] so that we can choose 7; small enough to ensure that Pxgy, € D,, (A) implies

I(X;Y;) > inf I(PX,WW) — é

,=1.2 22
4€P(S,A) 3 ’ ’ (22)

In the following we carry out the analysis for the probability of error at node 1. Then the analysis for
node 2 follows accordingly using the same arguments. Now, we establish an exponentially decreasing
upper bound on the probability of error as postulated in (20) for node 1 for a fixed state sequence s” € Sy.

For each m; € M, we first observe by Definition 12 of the decoding sets that ¥} is erroneously
decoded if decoding rule (i) or decoding rule (i1) is violated. More precisely, when message
m = (m1, my) has been sent, then the decoder makes an error if Pyn on yn & Dy, (A) or there exists a joint
type Pxxssy, with (x7, ., 25 )y s, yt) € Tixgy, for some mj # my such that (a) Pxsy, € Dy, (A);
(b) Pxisry, € Dy, (A) for some S'; and (¢) I(XY7;X'|S) > ;. Let &, (A) denote the set of all types
Pxx/gy, which satisfy the aforementioned conditions (a)—(c). Consequently, the probability of error for
message m and state sequence s” € S} is bounded by

e1(m, 8" |Cae (™)) < oo W, s+ D exxsy, (M, 8" |Caa(2")) (23)
Y1 Pop, snyn@&Dny (A) Pxxrgy, €€n (M)
where
exxrsy; (m, " [Cae(W")) = > W (Y1 [T, g 8™ 24)

mn. n n n
Y1 -($m1,m2 ’Iml,mlz’s Y1 )GTXX/SYI

for some m/,#ma

Next, for given m; € M, we define the set

Ay = {m2 (T e 8T) € U 7;?5}

and use the trivial bound e ((m1,ms), s"|Caet(W™)) < 1 for all such mq € A,,,. With this and (23) we

get for the average probability of error

€1(s"[Caer (")) < ’~|’4m1| 1 Z Z Z Wl(gm(yﬂx:w s")

m1EM1 ma€AS, yT:Pyn nQDm (A)

z) sy

Z > > exxsy, (m, 8"|Cau(20))

mieMi ma€AG, | Pxisy, €€ny (A)
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Property (18b) of the codewords and Fact 1 from Section 2 imply for the first term that

(Ami|
M|~

< (n+ 1)IFISI exp( — n%) <exp(— ng) (25)

where the last inequality holds for sufficiently large n.

To bound the second term we observe that for any m, € A;, |
®
Z W (Yt |, s™) < Z wy? (Kmxs( ERILASED
Y1 Pon, sn yn @ Dny (A) Pxsy; Dy (A)

< > exp(—nD(Pxsy,||Pxs @ W1))

Pxsy, &Dnq (A)
< (n+ 1) exp (= n(n — €))
< exp( — n(n — 2¢)) (26)

where the second inequality follows from Fact 3 and the third inequality from Fact 1 and

D(Pxsy, ||Pxs ® Wi) = D(Pxsy, ||Px ® Ps @ Wy) — I(X;S)

> 1 — €.

It remains to bound for Pxx:sy, € &, (A) the term

Z Z exxssy; (M, s"[Caet (")) 27)

m1€M1 maEAG,

Before we proceed to bound (27) we observe that if 7(X; X'S) > |R; — I(X';S)|T + ¢, then by (18c¢),

1
MQ,n

{{mg (al an -, 8") € Tikig for some my # mg}’ <exp( — n%) (28)

ma,ma Tmy mly»
Consequently, it suffices to proceed when Pxx/sy, € &, (A) satisfies

I(X;X'S) < |Ry — I(X;9)|T +e
From (24) we may write

eXX’SY1 (m7 Sn |Cdet(m]n>)
S Z W1®n (Rnl‘XX/S(I‘Z’Ll,mg’ x?rn,mé’ Sn) |l‘%1,m2’ Sn) (29)

/. n n n
My (mml m2 xml m2 )ET XX’S

Since W™ (y}z™
L/(I7T¢, 1xs (T71,ms» $™)) the inner term in (29) is bounded from above by

mimy: ") is constant for yi € T yo(@7, 1y, ") and WE (YL |z, g 8™ <

|7¥11\XX/S(xnm1,m2’ xnml,m'2> s")|

W (T3 s (P s Ty 5" s 5°) <

mi1,Mm2? *Ymy,my m1,mz2’ —

’ {’11 |XS (xnmhmz? Sn) ‘

< exp(—n(I(Y;X'|XS) —¢)) (30)
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where the last inequality follows immediately from Fact 2. Next, using (18a), it follows from (29)
together with (30) that

exxsy; (m, 8" |Caer (")) < exp( —n(I(Y;; X |XS) — |Ry — I(X/;XS)|T — 26)) (31)

Since
|Ry — [(X;XS)|T > Ry — I[(X;XS) — ¢

is obviously fulfilled, we can substitute this into (31) and obtain

exxrsy, (M, " [Caa(W™)) < exp(— n(I(X;XSY1) — Ry —€))
<exp(—n(I(X;Y1) — R —¢))

Since Pxigry, € Dy, (A) for some ', it follows from (21) and (22) that

_ o 0
I(X:Yy) — > inf (P — — = > =
(X3Y1) — Ry > qgljl(l&A) (Px,Wi4) — Ry 3 > 5

and therewith

)
exxrsy, (M, 8"|Caet(W")) < exp( — n(g —€)) (32)

Now, we choose € < min{g, I} so that (25), (26), (28), and (32) imply that the average probability
of error decreases exponentially fast for sufficiently large n. Since the derived bounds hold uniformly for
all s™ € Sy, the first part of the proof is complete. Similarly, we can now bound the average probability
of error at node 2 using the same argumentation. [

4.3.3. Converse

It remains to show that there are no other rate pairs achievable than these rate pairs which are already
characterized by Theorem 6. If A;(Px) < A, ¢ = 1,2, the converse is already established by Lemma 1.
Consequently, we only need to consider the case where A;(Px) > A, i = 1,2, in the following.

Lemma 5. For any A > 0, 0 > 0, and € < 1, there exists ny such that for any deterministic code
Caer(20™) of block length n > ng with M ,, My ,, codewords, each of type Px, satisfying

1 _
—log My, > inf I(Px,Wiy,)+9
n qEP(S,A)

implies

snﬁ&g{g/\ €1(8"|Cuer(™)) > €

And similarly, if the codewords satisfy % log My, > infiepsayl(Px,Waq) + 0, then
maXgn:j(sn)<A 62(3"|Cde,(217”)) > €.

Proof. The proof follows [4] (Lemma 2) where a similar converse result is shown for the single-user case.
We carry out the analysis for receiving node 1, then the result for receiving node 2 follows accordingly

using the same argumentation.
Let us consider a joint probability distribution

szyl(% S, y1) = PX($)Q(S)W1(Z/1|JC7 S) (33)
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If some probability distribution ¢ € P(S, A) satisfies
Eqll(g)] < A(1 —n) (34)
for some 7 > 0 which depends on ¢ but not on Py, then

)
I(X;Y) < qeél(l‘g R I(Px,W1,) + 3 (35)

To prove (35) let ¢* € P(S,A) be a probability distribution which achieves the infimum in
infoepisa) I(Px,W,) so that we have I(X;Y?) = infoepisay 1(Px, W) for Pxg-y: as given in (33)
with E,«[I(¢*)] < A. Next, we use ¢* to construct a new probability distribution with slightly smaller
costs than A as required in (34). Therefore, let sq € S with I(sg) = 0 and define

(1 —=mn)q*(s) if s 7 5o

As) = n+ (1—n)q*(s) if s = s

Clearly, ¢(s) satisfies (34), and therefore (35) holds for sufficiently small 7, since /(X;Y}) is a uniformly
continuous in (P, q) if Pxgy, is given as in (33).

Similarly as in [4] (Lemma 2), we consider now any deterministic code Cye(20™) with codewords
my =1,..., M, my =1, ..., Ms,, and decoding sets pU )|m and D( ) forall my € M and
me € Mo, cf. Definition 9. Further, let S* = (S, ...,S,) € S™ be a sequence, where each element is

n
Ly ma» 1|ma

independent and identically distributed according to ¢ as constructed above. Then for receiving node 1
we get for each fixed m; € M; for the probability of error

= n n 1 n Tn
E, [61(S"[Caa(™))] = ™ > Eyfer((ma,ma), S"|Caer(2"))]
meM
1
= |_’ Z Z E [Wl (yl |xm1 ma) Sn)]
mEMyn¢ 572\7711
W >y HE Wi (Y1, T o ks Sk)] (36)
mEM ngD(l) =
mQ‘ml
Next, we set
Wig(lz) = EgWi(ysilz, s)] (37)

which is, in fact, a discrete memoryless channel (DMC). For each m; € My, (36) yields that
E,[61(S"|Caet(0™))] = &1(W 1 4|Caer (™)) where &; (W1 4|Caet (20™)) is the average probability of error
when the deterministic code Cye(20") is used on the DMC leq. Next, observe that

P{I(S") > A} = ]P’{% i 1(Se) > Ey[l(q)] + nA}

(varl(9)])” )])
= n(nA)?
lr2nax

— nn?A?
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which follows from (34), (5b), and Chebyshev’s inequality so that we get
sn;%%(g/\ e1(s"|Caer (")) > E, 61 (S™)] — IP’{Z(S”) > A}
- 2
> e1(W1 4/|Caer(20™)) — ﬁ (38)
Now, we are almost done. We observe that the definition of Pxsy, as given in (35) implies that Y, is
connected with X by the channel W, , as defined in (37). For such a DMC a strong converse in terms of
maximal error can be found in [3], which immediately yields also a strong converse for the DMC in terms
of average probability of error as needed here. In more detail, (36) implies, by the strong converse for a
DMC with codewords of type Pk, that if all codewords Ty mys M1 = 1,00, M, n,mo =1, ..., M, each
of type Px, then, for each m; € M, the average probability of error &,(W ,|Cyet(207)) is arbitrarily
close to 1 if %log My, > infoepsay (Px,Wi,) + ¢ and n sufficiently large enough. Finally, this
together with (38) complete the first part of the proof.
The result for receiving node 2 follows accordingly using the same argumentation which completes

the proof of the lemma. O
4.3.4. Capacity Region

Now we are in the position to finally establish the deterministic code capacity region, which is one
of the main contributions of this work. Thus, summarizing the results obtained so far, we see that for
given input distribution Px the achievable rates for the AVBBC 20" under input constraint I' and state
constraint A are given by R(Px|A) if A;(Px) > A, i = 1, 2. Taking the union over all such valid inputs

we finally obtain

R W'D, A) = () R(XIA)
Px: g(Px)<T,
Ai(Px)>A,i=1,2
On the other hand, we have int(Ru(Q"|I',A)) = 0 if maxp g po<rAi(Px) < A or

MAaX pyg(Py)<T As(Px) < A, which follows immediately from Lemma 1. This, indeed, establishes the
deterministic code capacity region Rge (20" |I", A) of the AVBBC 25" under input constraint I" and state
constraint A as stated in Theorem 6.

Remark 5. The case where A\;(Px) = A, i € {1,2}, remains unsolved in a similar way as for the
single-user AVC [4]. Likewise, we expect that int(R(Px|A)) = 0 in that case.

4.4. Unknown Varying Additive Interference

So far we considered discrete memoryless channels and analyzed the corresponding arbitrarily
varying bidirectional broadcast channel. Here, we assume channels with additive white Gaussian noise,
where the transmission in the bidirectional broadcast phase is further corrupted by unknown varying
additive interference. Therefore, we also call this a BBC with unknown varying interference. Clearly, the
interference at both receivers may differ so that we introduce two artificial interferers or jammers, one
for each receiver, to model this scenario. Then the BBC with unknown varying interference is specified

by the flat fading input-output relation between the relay node and node 7, ¢« = 1, 2, which is given by

Yyi=r+ g +n
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Here, y; € R denotes the output at node 7, € R the input, j; € R the additive interference, and n; € R
the additive Gaussian noise distributed according to N'(0, o).
The transmit powers of the relay and of the artificial jammers are restricted by average power

constraints I' and A;, ¢ = 1,2, respectively. This means, all permissible input sequences z" =
(21, 2, ..., T,) of length n must satisfy
1 n
- Y ap<T (39)
k=1

and all permissible jamming sequences j* = (ji 1, ji.2; ---, Jin)» ¢ = 1,2, of length n must satisfy
1~
=~ Gk <A (40)
k=1

From conditions (39) and (40) it follows that all permissible codewords and interfering sequences lie on
or within an n-dimensional sphere of radius v/nl or nh;, i = 1, 2, respectively.

Similarly as for the discrete memoryless AVBBC, it makes a difference for the BBC with unknown
varying interference, if we consider deterministic or random coding strategies. Hence, we want specify
their different impact on the transmission in the following.

4.4.1. No Additional Coordination

The traditional approach without additional coordination is in general based on a system design which
ensures that the interference at the receivers does not exceed a certain threshold. For example in current

cellular networks, this is realized by separating cells in space which operate at the same frequency.

Theorem 7. The deterministic code capacity region Ru,(20") of the BBC with unknown varying
interference with input constraint I' and jamming constraints Ay and A, is the set of all rate pairs
(R1, Ro) € R that satisfy

1o (1+L2) if T > A,
Ro< {20\ T A / (41)

0 if I <A

i = 1,2. This means int(R4,(20™)) # 0 if and only if T > Ay and T > A,.
Sketch of Proof. First, we consider the case when I' < A; or I' < A,. Let Tpm, € R,

my = 1,..., My, me = 1,..., My, with M;,, > 2 and M,,, > 2 be arbitrary codewords satisfying

n
mi,m2?

my =1,...,My,, mg = 1,..., Ms,. Then for each m; € M, at node 1 the following holds. For each
pair (k,l) € My x My with k # [ we have for the probability of error at node 1

E[er((ma, k), 571Cact(0™)] + E[ex((ma, 1), 57 |Cae(25™))]
=P{a" o+ i+ D Y P{an gt g DY Y

the input constraint (39). For I' < A; we can consider the jamming sequences ji',, ,,, =

k‘|m1 l‘ml
n n n 1 c n n n 1
= P{xml,k T Ny T € (Dfﬁ&u) b+ P{xml,k + s T € DI(W)“}

c n n n 1
)} + P{al o+ Jl + 0t € DY) Y

k|ma

> P{a 4 ji, .+ 0t e (DY)

k|ma

n ‘n n 1 c 1
=P{al, y + Jlm 05 € (DY) ) UDL) H =1
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Hence, for a fixed m; € M; this leads for the average probability of error to

M2n

M2n Z E €1(J T my ol Caer (W ))}

k=1

M2n Mln M2n

1 1
= M, My, My, Z >3 Efea((mh, mb), i, £lCaa(20™))]

1—1 m2—1

Mln

1 Z My, (Ms, — 1)
o Ml n(MQn 2 , 2
o Ml,nM2,n<M2,n - 1) o M2,n —1 > 1
B 2M17n(M27n)2 B 2M2,n 4

This implies that E[é1 (51, m,|Cae(20™))] > 1 for at least one (my,ms) € My X M,. Since the average
probability of error is bounded from below by a positive constant, a reliable transmission from the relay

to node 1 is not possible so that we end up with R, = 0. The case I' < A, similarly leads to Ry = 0.

Remark 6. Interestingly, Theorem 7 shows that the existence of positive rates only depends on the
interference and is completely independent of the noise. Consequently, the goal of the traditional
approach is to ensure that the received interference will be small enough. Otherwise, there is no

communication possible, not even at very low rates.

Now, we turn to the case when I' > A; and I' > A,. To show that the rates given in (41) are actually
achievable, we follow [58] where a similar result is proved for the corresponding single-user scenario.
The strategy is outlined in the following.

Without loss of generality we assume that I' = 1 and further 0 < A; < 1,7 = 1, 2. Then it suffices
to show that for every small 6 > 0 and sufficiently large n there exist M, , M5 ,, codewords Ty m, (ON
the unit sphere) with M;, = exp(nRs) and My, = exp(nR;) and C; — 2§ < R; < C; — § with
C; = %log(l + ﬁ), 1 = 1,2, cf. (41), such that the average probability is arbitrarily small for all 5
satisfying (40). To ensure that the probability of error gets arbitrarily small, the codewords must possess
certain properties which are guaranteed by the following lemma. This is a straightforward extension of
the single-user case [58] (Lemma 1) to the BBC with unknown varying interference.

Lemma 6. For every e > 0, 8/e < n < 1, K > 2¢ and M, = exp(nRy), M, = exp(nR;)
with 2¢ < R; < K, i = 1,2, forn > ng(e,n, K) there exist unit vectors x" my = 1,..., M,

mi,mo’ 3

mg = 1,..., My, such that for every unit vector u" and constants «, [ in [0, 1], we have for each
my € M1
[{ma s (e, ") = | < exp (s + 3 log(1L — ) + 0)

and, if a >, o> + 32 > 1 +n — exp(—2R;)
1
M2,n

{ml2 : | <"L‘nm1,m27x:;zl,m’2> | > Oé | <Im1 ,ma? n> | Z /67 for some ml2 # mQ}‘ S eXp<_n€)
and similarly for each my € M

‘{m1.<xmlm2,u >>a}‘ < exp (n(|Ry + $log(1 — a®)|* +¢))
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and, if a >, a®> + 32 > 1 +1n — exp(—2R,)

1
Ml,n

{m'l 2 <x”ml7m2,x’,;z/l7m2> | > a,| <x%17m2,u”> | > 8, for some m} # ml}‘ < exp(—ne)

Proof. The proof is a straightforward extension of the corresponding single-user result given
in [58] (Lemma 1) and is therefore omitted for brevity. ]

At the receiving nodes it suffices to use a minimum-distance decoder. Then for each m; € M, the

decoding sets at node 1 and for each my € M, at node 2 are given by

1 n n n n n

D,(n;|m1 = {yl Yyt — xm1,m2H2 < [lyy — xml,m’QHQ for all m, # m2} (42a)
2 n n n n n

D = s — 2 1? < 95 — 2y, |1? forall mf # my } (42b)

With the presented coding and decoding rule, the probability of error gets arbitrarily small for increasing
block length, which can be shown analogously to [58]. The details are omitted for brevity.

It remains to show that the described strategy is optimal, which means that no other rate pairs are
achievable. From the previous discussions, we already know that the capacity region of the deterministic
code capacity region is included in the capacity region of the random code capacity region. In the next
subsection, from Theorem 8 we see that for I' > A;, ¢ = 1,2, the maximal achievable rates for both

strategies are equal. Since the described strategy already achieves these rates, the optimality is proved.
4.4.2. Encoder-Decoder Coordination Based on Common Randomness

Next, we study a more involved coordination scheme. We assume that the relay and the receivers are
synchronized in such a manner that they can coordinate their choice of the encoder and decoders based
on an access to a common resource independent of the current message.

This can be realized by using a random code. If we transmit at rates [?; and Ry with exponentially
many messages, i.e., exp(nR;) and exp(nRy), we know from [2] that it suffices to use a random code,
which consists of n? pairs of encoder and decoders and a uniformly distributed random variable whose
value indicates which of the pair all nodes have to use. The access to the common random variable
can be realized by an external source, e.g., a satellite signal, or a preamble prior to the transmission.
Clearly, for sufficiently large block length the (polynomial) costs for the coordination are negligible.
We call this additional encoder-decoder coordination based on common randomness. Due to the
more involved coordination we expect an improvement in the performance compared to the traditional

approach, especially for high interference.

Theorem 8. The random code capacity region R ,,,(20") of the BBC with unknown varying interference
with input constraint I' and jamming constraints N\ and A, is the set of all rate pairs (R, Ry) € Ri
that satisfy

1
i < 5log | 1 , 1=1,2 43
R_2og(+Ai+02) i (43)

Sketch of Proof. The theorem can be proved analogously to [59] where a similar result is proved for the

single-user case. The random strategy which achieves the rates given in (43) is outlined in the following.
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n
mi,m2

traditional approach, a minimum-distance decoder as given in (42) at the receiving nodes is sufficient.

The codewords = are uniformly distributed on the n-sphere of radius v/nlI'. Similar to the
It remains to show that for all rate pairs satisfying (43) the probability of error gets arbitrarily small for
increasing block length. This can be done similarly to [59].

The optimality of the presented random strategy, which means that no other rate pairs are achievable,
follows immediately from [59] and can be shown by standard arguments.

Remark 7. The capacity region R,,,(20") is identical to the one if the interfering sequences would
consist of iid Gaussian symbols distributed according to N'(0, A;), i = 1,2. This means, the arbitrary,
possibly non-Gaussian, unknown interference do not affect the achievable rates more than Gaussian

noise of the same power.
5. Discussion

The concept of arbitrarily varying channels has been shown to be a suitable and robust model for
communication in wireless networks, which share their resources with other coexisting systems in an
uncoordinated way. The main issue that comes along with this development is that interference becomes
an ubiquitous phenomenon and that it will be one of the limiting factors in future wireless networks.

It has been shown that unknown varying interference has a dramatic impact on the communication in
such wireless systems. If the traditional approach without additional coordination is applied, unknown
varying interference can lead to situations that completely prohibit any reliable communication. This
is mainly based on the assumption that the traditional approach treats the interference as some kind
of additional noise. As we have seen, this is in general to imprecise and leads to a performance loss
especially if the interference is caused by other transmitters that use the same or a similar codebook.
Then, interference can look like other valid codewords and receivers cannot reliably distinguish between
the intended signal and the interference anymore. Consequently, a traditional approach based on a
deterministic coding strategy is only reasonable if the interference can be made small enough. For
Gaussian channels this means that the power of the interference signal must be ensured to be smaller than
the power of the transmit signal. Thus, especially in the high interference case where the interference
power exceeds the transmit power, a more sophisticated coordination based on a random coding strategy
is needed for reliable communication. It is shown that an additional coordination of the encoder and
decoder based on a common resource, such as common randomness or correlated side information, is
sufficient to handle the interference even if it is stronger than the desired signal.

To date only the single-user AVC is analyzed under additional encoder-decoder coordination based on
correlated side information in [54]. It would be interesting to extend it also to other (multi-user) settings.

In this paper we used the concept of arbitrarily varying channels to analyze bidirectional relaying in
coexistence with other wireless networks. This required the study of the arbitrarily varying bidirectional
broadcast channel (AVBBC). Based on Ahlswede’s elimination technique [2] the following dichotomy of
the deterministic code capacity region of an AVBBC was revealed in [51,52]: it either equals its random
code capacity region or else has an empty interior. Unfortunately, many channels of practical interest are
symmetrizable, which results in an ambiguity of the codewords at the receivers. Such channels prohibit

any reliable communication and therewith fall in the latter category.
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Imposing constraints on the permissible sequences of channel states reveals further phenomena. Now,
even when the channel is symmetrizable, the deterministic code capacity region of the AVBBC under
input and state constraints may be non-empty but less than its random code capacity region. Thereby, we
observed that the constraints on the state sequences may reduce the deterministic code capacity region
so that it is in general strictly smaller than the corresponding random code capacity region, but they
preserve the general dichotomy behavior of the deterministic code capacity region: it still either equals
a non-empty region or else has an empty interior. Although the deterministic code capacity region
displays a dichotomy behavior, it cannot be exploited to prove the corresponding capacity region since
Ahlswede’s elimination technique [2] does not work anymore in the presence of constraints on input and
states, cf. also [60]. This necessitated a proof technique which does not rely on the dichotomy behavior
and is based on an idea of Csiszar and Narayan [4].

Besides the concept of arbitrarily varying channels, there are also other approaches to tackle the
problem of interference or channel uncertainty in wireless networks. One approach to model the
interference is based on the framework of interference functions, cf. for example [61] or [62,63]. In
this axiomatic approach the interference functions are assumed to have some basic properties such
as non-negativity, scale-invariance, and monotonicity. It is shown that under these assumptions the
performance of wireless systems depends continuously on the interference functions. These assumptions
are valid and reasonable for conventional cellular systems which are coordinated in a centralized way.
But if such systems compete with other coexisting systems on the same wireless resources, the concept
of arbitrarily varying channels show that these assumptions are no longer valid.

In the signal processing community, a common approach to tackle the problem of channel uncertainty
is the robust design of wireless systems based on robust optimization techniques. There are statistical
approaches which assume the channel to be random but according to a certain statistic that is known.
For example heuristics are developed for the multi-antenna downlink scenario from a signal processing
point of view in [64,65]. These approaches are developed for conventional cellular systems, and it would
be interesting for future work to analyze if these approaches can be extended to the case with unknown
interference from other coexisting wireless networks.

Another approach is based on the worst noise analysis as studied in [66—69]. Here, the impact of
interference and channel uncertainty is analyzed for conventional single cell systems and, again, it would
be interesting to analyze if this approach can be extended to scenarios with interference from coexisting

wireless networks.
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Appendices
A. Additional Proofs
A.l. Proof of Lemma 1

The lemma follows immediately from [4] (Lemma 1), where a similar result for the single-user AVC is
proved. Using the same ideas we are able to extend the proof to the AVBBC 2" under input constraint I"
and state constraint A. Thereby, we carry out the analysis for the case where A;(Px) < A for given type
Px, then the case Ay(Px) < A follows accordingly.

We consider any deterministic code Cy(20") for the AVBBC 20" with codewords 7, .=~ =

(Tmymods oo Tmymam) € X", my =1, My, me =1, ..., My, and the corresponding decoding sets

Dfii‘ml C Y7 atnode 1. Next, for any channel U; € U; which symmetrizes the AVBBC 20" in the sense
of Definition 8, we define random variables 57, . = (Smimads s Smymam) € S, my = 1,..., My,

my = 1, ..., M, with statistically independent elements and

P{Sml,mmk = S} = U1<S|xm17m2,k> (44)
Then for each m; € M, the following holds. For each pair (i,j) € My x My and every
Yl = (Y11, --»Y1.n) € Vi we have

E[Wl (yl ’xml ) m1 ] H Wl Y1, k|xm1 i,k Sml jk>j|

Z yl klxml ikyS )P{Sml,j,k = S}
€S

=T =-T
MM

?/1 klxrm iksS )Ul<3|xm1,j,k’)

where the equalities follow from the memoryless property of the channel, the definition of the
expectation, and (44). Since the AVBBC 20J" is ),-symmetrizable, i.e., (4) holds, it follows that

szl ylkzlxnnzk’a )Ul( |xmljk HZWl y1k|xm1jk7 )Ul( |$mllk)
k1 ses k=1 seS
— H E [Wl(y17k|xm1,j,k7 Sm1,i,k)]
k=1

= E[W1 (Y7 |, S )]

m1]7 m17,
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so that we finally end up with

E[W] (y} |2, E[Wi (yl e, 5> Sy i) (45)

m117 m1])} m1]? mlz

For the probability of error at node 1 this implies the following. For i # j we have

E [61((m1, ), Sm1 R ’Cdet } [61((7711, m1 1’Cdet( ))}

n 1 wn 1 c n
:E[WI ((DZ(|T211 m1 i) m1 j)j| +E[ 1 ( (|7?’11) ml ]7Sm1 z)}
n n 1 n
- E[WI (( z|m1) m1 i) m1 j)j| + E[WI ( DJ(|7)nl) ’xml i) Sm1 j)j|
n c n 1 n
2 E[Wl (( z|m1) ml i) m1 ])} + E[WI (DZ(MZLJZEml i) Sm1 ])}
n 1 n
=E[W (D) )* U D) an, . Sh, )] =1
where the second equality follows from (45). For a fixed m; € M, this leads to
M2 n M2 n Ml n M2 n
E C e an — E 9 7 C e
MQnZ m1j| dt( )):| MQanann; Zl; 61 ml m1]’ dt( )):|
M
N 1 21: My, (Ms,, — 1)
Ml,n(M2,n)2 ; 2
my
o Ml,nMQ,n(MQ,n - 1) o MQ,n —1
B 2M1,n(M2,n)2 B 2M2,n
Thus we obtain
Ml n M2 n 1 Ml,n 1 MQ,n
Vs 2o 2 Bl @] = 11 S (5 > E[ex(S,,[Can(2)]
mi mi= =
L1 S My =1 My, -1
- Ml,n 2M2 n B 2M2 n

Next, we restrict to codewords of type Px, i.e., xp,, ., € Tx, m1 = 1,..., My, my = 1,..., M,
with A;(Px) < A. Further, we choose U; € U such that it attains the minimum in (6). Then, with (5b)

we get for the expectation

E[l m1 m2 ZZZ Ul |Im1 ma, k)
k 1 s€S
=Y > Px(x)Ui(s])i(s)
rEX sES
= A (Px)
and the variance 2
var(l(Sy,, )] < 25
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From Chebyshev’s inequality we obtain

P{l mi, m2 > A} P{l mi, mz) [Z(S:%l mg)} > A_A]-(PX)}
2
1 lmax (47)

n (A= Ay (Px))?

Finally, since E[e1(S},, ,,,|Cat(20"))] < maxgnsny<a €1(5"[Caer(W")) + PLU(ST,, my) > A}, we get
from (46) and (47)

L (6" |Can () 2 B[S, 0, o (7)) = PAU(S],, ) > A}

My, —1 1 12
> b}

max

= 2My,  n(A— A (PX))?

which proves the first part of the lemma. Clearly, the second part where Ao(Px) < A for given type Px

follows accordingly using the same argumentation.
A.2. Proof of Lemma 2

In the following we show that if we select randomly M ,, M5 ,, codewords with M, ,, = 272 and
My, = 2"R1 then these codewords will possess, with probability close to 1, the properties (18a)—(18f)
as stated in Lemma 2. Thereby, we follow [4, Lemma 3], where a similar result is proved for the
single-user case. Further, an analogous version of the lemma for the arbitrarily varying MAC can be
found in [10]. But first, we restate a lemma which will be essential to prove the desired properties of the
codewords.

Lemma 7. Let 77,...,7Z7; be arbitrary random variables, and let f;(Z7,...,Z}) be arbitrary with
0< f; <1,i=1,...,N. Then the condition

E[fi(Z}, ... Z0)|Z}, ..., 2! ] <a almost surely (48)

1 =1,..., N, implies that
{ ZfZ 77 ... } <exp(— N(t—aloge)) (49)
Proof. The proof can be found in [4] (Lemma A1) or [10]. O

Now, we turn to the proof of Lemma 2. As in [4] (Lemma 3) let Z my = 1,..., My,
me = 1, ..., M, be independent random variables, each uniformly distributed on 7y'. Further, we fix an
" € Ty, s" € S8y, and a joint type Pxx/s with Pxg = Pyn ¢ and Px, = Px.

First, we show that for each m; € M, the properties (18a)—(18c) are satisfied. Therefore, we fix an

mi,ma’

arbitrary m; € M, for the following analysis. We define

f ( Zn ) o 1 if anm 2J 7;(n’|XS(In7 Sn)
m1,j\Hmq, 1 - mi,J
0 otherwise

(50)
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and apply Lemma 7. Now, the condition (48) of Lemma 7 is fulfilled with

a = ]P’{Zm” € 7;<,|Xs(x s )}
- |T’|XS( " s
N 17X
exp(nH (X'|XS))
(n+1)~1*lexp(nH (X))
= (n+ 1) exp( —nI(X;XS))

<

where the inequality follows from Fact 2, ¢f. Section 2, and the last equality because H(X') = H(X).
For Ry = Xlog M, we choose

1

t =
M2,n

exp(n(|R1 — I(X';XS)|* +¢))

so that My ,,(t — aloge) > 5 exp(ne) if n > ny(€), where

1g
2 ©
ni(e) = min {n : (n+1)*loge < %exp(ne)} (51)

Then (49) yields

{|{] i y )?,|XS($”, 3")}| > exp(n(|R1 — I(X";XS)|T + e))} < exp( — %exp(ne)) (52)

The same reasoning holds if we replace 7y)xg(z",s") by 7;(”,‘8(5") in (50). Consequently, we
similarly obtain

{H] g mls(s")}} > exp(n(|R1 — I(X;9)|" + e))} < exp( — %exp(ne)) (53)

Moreover, if 1(X’;S) > € (and remember that R, > € since R; = %log My, and My, > 2" as
assumed) we obtain by replacing € with €/2 for n > n;(¢/2) from (53) that

1 €

IP’{MMI{J g € T} > exp( = nZ) | < exp( = exp(ng)) (54)

Equations (52) and (54) allow us to establish the first two properties of the codewords, i.e., (18a) and
(18b). To obtain the third property (18c) we define the set A,,, ; as the set of indices j < ¢ such that
25 € Tg(s™) I [ Ay 3| > exp(n(|Ry — I(X';S)|* + ¢/4)), we set Ay, ; = 0. Let

1 n mn n n
1 if P, € UjEAml,i XIX’S(Zm1,J" s )

0 otherwise.

fmhi(zszhl’ "'727?1171‘) = (55)
If we replace € with €/4, it follows from (53) that for n > n4(e/4)
M2 n

{ Z Jmi(Z i 1s e Loy ) # ‘{z i Q‘X,S(sz,s”) for some j < z}}}

1

< exp( ~3 exp(ni)) (56)
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Then, we get from (55)

[fml Z( my,ly "0 m1 z)|Zm1 1y 7ZZ@1 i—1 }

_P{ mlze U Tn|X’S m1]7 ) ZZH 15+ ’Z:Lnlz 1}
JEAmy i
exp(nH (X|X'S))

(n+1)~1*lexp(nH (X))

<(n+ DM exp(n(| Ry — I(X;9)|" = I(X:X'S) + 7))

which follows from the independence of the Z;, ; and Fact 2. Next, we assume that I(X;X'S) >
|Ry — I(X';S)|™ + € so that (48) of Lemma 7 is satisfied with

a=(n+1)*exp(- n%)

§|Am1,i|

With t = exp( — n$) and for n > n;(e/4), ¢f. also (51), Lemma 7 yields

M27’L

€ Ms., €
{Mniz:fmw m11a' =z mlz)>exp( 2)}<8Xp(— 22’ exp(_ni))
1
<exp( = ze(n3))

where the last inequality follows from the assumption M, , > 2"¢. Combining this with (56), we get

{M2 {i - 2y, o € Tixs(Zy, 508 )forsomej<i}|>exp(—n%)}
1 1 €
<exp(—§exp( 2))+6Xp(_§eXp(nZ))

1 €
<2 - = -
exp( 5 exp(n4))
If we replace “for some ; < ¢” by “for some j; > ¢’ in (56), we obtain the same by symmetry.

Consequently, we end up with

{MM‘{Z Loy i € Tpxos(Zay,y 8 )forsomej;éz'}|>exp(_n§)}

< 4exp( — %exp(ni)) 57)

if I(X;X'S) > |Ry — I(X;S)|" + eand n > ny(e/4).

Now we are in the position to complete the first part of the proof. The number of all possible sequences
™ € T, states s™ € Sy and joint types Pxx’s grows exponentially with n. Since the bounds (52), (54)
and (57) are doubly exponential probability bounds, the inequalities

}{j 2 € T;/\xsw, s} < exp(n(|Ry — I(X5XS)[F +€))

{5« 2 xris(s ")} <exp(—n§) if I(X;S) > ¢

MQn

M2n|{z 1 € Tixs(2m, 5o 8™) for some j # i}| gexp(—ng)

if I(X;X'S) — |Ry — I(X;S)[* > e
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hold simultaneously with probability arbitrarily close to 1 if n 1is sufficiently large and
n > ng(€) = ny(e/4). This establishes the properties (18a)—(18c).

It remains to show that for each fixed ms € M, the properties (18d)—(18f) simultaneously hold
for n large enough. This can be done analogously to the first three properties and is therefore omitted
for brevity.

A.3. Proof of Lemma 3

The lemma is proved by contradiction as done in [4] (Lemma 4) for the single-user AVC. For receiving
node i, i = 1,2, suppose that the quintuple X, X', S, S'|'Y; satisfies the conditions given in (19). Since
Pxgy, € Dy, (A) and I(XY;; X'|S) < n;, we have

2n; > D(Pxsy;

Px ® Ps @ W;) + I(XY; X'|9)

PXSY»<I7 87 yl)
=N Py i) 1 Z
Z xsv, (7 5, i) log Px(z) Ps(s)Wi(yilz, s)

T,S,Yi
Pxixsy, (7']2, s, y:)
+ Pxxsy, (z, 2, s,y;) log :
2, Povslnd s los =g G
Pxxosy, (x,2',5,v;)
= Pxxosy. (2,2, s,v;) 1o A A
xxzs:y. XXSYz( s by 7y) gPX(QJ>PX’S(J;/,S>VV1'(yi|$7S)

- Z ZPXX’SY'@ ', s, i)log Pxxsy, (2,7, 5, 4i)
AT, T8, Y5 Px(I)PX/(JJ/)PS\X/(S|x’)Wi(yi|x, s)

r,x'y; s
Pxxxy.(l‘ ZE/ yz)
> Pxxry, (z, 2, y;) 1o T
D D s e Sy e e T e
= D(Pxxr;||Px @ Px @ V) (58)

with V/(y;|z,2") = >, Psx(s|2")Wi(yi|x, s) and the last inequality follows from the log-sum
inequality.

From [3] we know that we can bound the variational distance between two probability distributions
from above by the square root of their divergence times an absolute constant. (This bound with a worse
constant was first given by Pinsker [70] and is therefore also known as Pinsker’s inequality.) With this
and (58) we get

> | Py, (w2 yi) = Px (@) Pxo(a))Vi (yilw, ') |

! .
x7$ 7y'L

< ¢/ D(Pxxry,

with ¢ = v21In 2. Similarly, since Px:sy, € D,,,(A) and I(X"Y;; X|S") < n;, cf. (19), we obtain

Px @ Pxr @ V) <cy/2n; (59)

Z ’PXX’Yi<x>$/>yi) — Pxo(2") Px () Vi(yil2, x)‘ < /21 (60)

z,2y;

with ¢ = v2In2 and V(y;|2", x) = >, Pex(s|z)Wi(ys|2', s). Next, (59) and (60) together imply

> Px()Px (@) Vil ) = V] (yil, 2')| < 2e/2m;

! oy
Z,x",Yq
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Since min, Px(z) > 3, it immediately follows that

2/
max | Vi(yila!, @) — Vi (yil, 2')| < 65277 61)
z,%’y;

Lemma 8. For any AVBBC 20" with state constraint A and any input Px with A;(Px) > A+ o, a > 0,
i = 1,2, for which each pair Uy : X — P(S) and Uy : X — P(S) satisfies

> Px(x)Ui(slz)i(s) < A (62a)
> Px(x)Us(s|z)l(s) < A (62b)
there exists some & > (0 such that
Wi(y; U ( Wi(y; U. > 1 =1,2 63
e (5 Wil Vs (ol2) = S Wilule's )Ualolo) 2 € (©3)
Proof. The proof can be found in Appendix A.4. [

If we choose U; = Pgjxs and U, = Pg/x, we obtain from (63)

max ‘V yilr' x) — Z-'(yﬂx,x’)‘ > ¢ (64)
z,z’y;
Finally, (61) and (64) yield
NESTEh
771 el 862 5 1 = 1, 2

which contradicts the assumption that 7; can be chosen arbitrarily small proving the lemma.
A.4. Proof of Lemma 8

As in [4] (Lemma A2) we can interchange the two sums and then x and 2’ without changing the
maximum in (63). Thus we can write for all Uy, U : X — P(S)

max ZW (yil, )Ur(s]a") ZW (yila, 5)Ua(s]x)

/
x7x 7yl

as

max ZW (yil, s)Ua(s]a") ZW (yila, $)U (s]x)

/
Z,x",Y4
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so that we get
max ZW (yil, )Ur(s]a) ZW (yila, 5)Ua(s|x)

z,z’ Y
_ VVZ ; / 2(S|l’)

= max ZWZ-(?MI,S)
U
+ ma AT

Z,T°,Y5q
2 Wil
z,z’y;

/
U
Zm{ > Wil s) “j’xﬁzwi(yim) 2{s12)

2

S

Ui(s|z)
- ZWZ(%IZE, ZW 5
(slz) +U2 Ui(s|z) + Us(s|z)
>
> max ZW (yilw, s) ZW (yilz', s 5
= Wiyi|z, Wily: 65
e |3 Wilaike, U le') = 3 Wil 5)U ol (65)
with U = %(Ul + Us). Further, since U; and U, satisfy (62) for some P, then also U satisfy
> Px(@)U(s|z)i(s) < A (66)

Since (65) can be considered as a continuous function of the pair (Px, U) on the compact set of all
channels U : X — P(S), it attains its minimum for some (P%,U*), where the minimization is taken
over all channels U that satisfy (66). Additionally, since (Px,U™) satisfies (66), U* cannot satisfy (4)

2 Wilyil, s)U (s]a") = 32, Wilyila', s)U (s[x)| > 0 completing

which in turn implies that max, , ,,
the proof.
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