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Abstract

This paper proposes coding schemes and information-theoretic converse results for the transmission of heterogeneous delay-
constrained traffic over interference networks with random user activity and random data arrivals. The heterogeneous delay-
constrained traffic is composed of delay-tolerant traffic and delay-sensitive traffic where only the former can benefit from transmitter
and receiver cooperation since the latter is subject to stringent delay constraints. Even for the delay-tolerant traffic, the total
number of cooperation rounds at transmitter and receiver sides is limited to D rounds. Each transmitter is assumed to be active
with probability p € [0, 1], and we study two different models for traffic arrival, each model reflecting a different application type.
In Model 1, each active transmitter sends a delay-tolerant message, and with probability p; € [0, 1] also transmits an additional
delay-sensitive message; in Model 2, each active transmitter sends either a delay-sensitive message with probability py or a
delay-tolerant message with probability 1 — p;. For both models, we derive inner and outer bounds on the fundamental per-user
multiplexing gain (MG) region of the symmetric Wyner network as well as inner bounds on the fundamental MG region of the
hexagonal model. The per-user MG of an interference network describes the logarithmic growth of the largest average per-user
rate that can be achieved over the network at high signal-to-noise ratios (SNR). Our inner and outer bounds on the per-user MG
are generally close and coincide in special cases. They also show that when both transmitters and receivers can cooperate, then
under Model 1, transmitting delay-sensitive messages hardly causes any penalty on the sum per-user MG, and under Model 2,
operating at large delay-sensitive per-user MGs incurs no penalty on the delay-tolerant per-user MG and thus even increases the
sum per-user MG. However, when only receivers can cooperate, the maximum delay-tolerant per-user MG that our bounds achieve
at maximum delay-sensitive per-user MG is significantly decreased.

I. INTRODUCTION

A massive Internet of Things (IoT) connectivity system consists of a large number of connected devices. At any given
time, in order to save energy, a fraction of such devices might be in silence mode [3]-[6], while others send (or receive)
delay-sensitive or delay-tolerant data to comply with the heterogeneous delay-requirements of modern wireless networks
[7]-[10]. An example of such mixed-delay traffic is the coexistence of enhanced mobile broadband (eMBB) and ultra-reliable
low-latency communication (URLLC), which are two notable services [11]-[14]. Data-intensive applications such as industrial
video surveillance and augmented virtual reality are served by eMBB, whereas, URLLC serves time-sensitive and mission-
critical IoT applications such as motion control and autonomous driving [15]-[17]. The heterogeneous nature (both in terms
of delay constraints as well as of activity/silence modes) calls for a new theoretical framework that analyzes the performance
limits and optimal coding schemes for networks that simultaneously accommodate random user activity and heterogeneous
delay constraints. In this article, we formalize such a framework for cooperative interference networks and provide the first
information-theoretic results for two specific network types. These two networks have previously been proposed to model
cellular communication and due to their regular structures are amenable for rigorous information-theoretic analysis and thus
to provide first insights for random user-activity networks with heterogeneous delay constraints. Before providing more details
on the contributions of our work, we review relevant literature and motivate our model assumptions.

A. Heterogeneous Delay-Constrained Traffic, Cooperation, and Interference Mitigation

Modern communication systems, spanning from terahertz (THz) transmissions to vehicular communications [18]-[26], have to
accommodate heterogeneous delay-constrained traffic composed of delay-sensitive and delay-tolerant data. In various scenarios,
the two types of traffics can even arise at the same transmit or receive terminals. For example, autonomous vehicles have to
exchange delay-sensitive control information related to accident prevention with other vehicles and at the same time send more
delay-tolerant data for traffic control to nearby basestations or smart traffic lights [21]. Coding schemes for heterogeneous
delay-constrained traffic types with different delay constraints are thus of notable importance and interest [27]-[29].
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Fig. 1: Chronological order of cooperation and transmissions over the channel and implications of the mixed data stream.

One way to deal with mixed-delay traffic is to puncture the delay-tolerant traffic (or bandwidth ressources associated to this
traffic) in a way that accommodates the delay constraints for the delay-sensitive traffic. This approach has been investigated
in various works, such as [18]-[21]. It has however been shown that improved performance can be achieved through a joint
approach [22], [26], [27], [30] that jointly encodes and decodes delay-tolerant and delay-sensitive data. In particular, [22]
showed for a simple point-to-point setup that the critical transmission of delay-sensitive data can be reinforced by mitigating
the interference caused by delay-tolerant transmissions (e.g. example using dirty paper coding [31], [32]). The work in [26]
instead suggests a superposition approach over a fading channel to communicate delay-sensitive messages within a single
coherence blocks and delay-tolerant messages over multiple blocks.

Network scenarios are considered in [24], [25], [30]. Specifically, [30] considers a cooperative interference network where
neighboring transmitters (Txs) can cooperate over dedicated links and also neighboring receivers (Rxs) cooperate over dedicated
links. Cooperation over the links is assumed to be rate-limited and to take place over a maximum number of D rounds, so
as to account for practical limitations on the processing delay. Similar models including both Tx- and Rx-cooperation have
widely been considered in the literature, see for example [33]-[36]. Part of the motivation stems from cellular networks, where
basestations (BSs) already cooperate over dedicated backhaul links, and in future communication standards mobile users could
be allowed to communicate to each other over orthogonal links (separate frequencies). If one wishes to model the downlink
of the cellular system, the Txs correspond to the single BSs of the various cells and the Rxs to the single mobiles in each
cell. Multiple mobiles in a cell are typically served by replicating the scheme over multiple frequency slots or by accordingly
extending the coding schemes to broadcast schemes. These extensions are however outside the scope of this article and left
for future work.) Similar considerations hold when one wishes to model the uplink.

In the heterogeneous delay-constrained model of [30], each Tx has to send two data streams, a stream that is delay-tolerant,
meaning that the data can profit from both Tx- and Rx-cooperation, and a delay-sensitive stream that has to be transmitted and
decoded without further delay. The chronological order of the cooperations and transmissions as well as the implications of the
different delay constraints on the two data streams are illustrated in Fig. 1. The work in [30] proposes a coding scheme for such
a cooperative interference network with mixed delay constraints, and it analyzes its performance for specific network models
[30]. For example, for Wyner’s hexagonal model with interference only from neighboring cells, the scheme of [30] is depicted
in Figure 2. The scheme is based on scheduling/multiplexing and on interference mitigation (dirty-paper coding, successive
decoding) combined with Coordinated Multi-Point (CoMP) transmission and reception [33]. All these tools are required to deal
with the four different types of interference that arise in networks mixing delay-sensitive and delay-tolerant traffic, because
delay-sensitive data has to be transmitted and decoded without further delay. In fact, since delay-sensitive arrive only after
the Tx-cooperation phase, interference from delay-sensitive transmissions cannot be canceled at the Tx-side. Similarly, since
delay-sensitive transmissions have to be decoded prior to the Rx-cooperation phase, interference to delay-sensitive transmissions
cannot be canceled at the Rx-side. Table I summarizes the interference mitigation possibilities for the four traffic types, and
also describes which technique is used to mitigate each of the interference types.

Interference Interference Mitigation Tool
From [ To Tx-Side [ Rx-Side
[ Delay-Tolerant ‘ Delay-Tolerant ‘ YES ‘ YES ‘ Tx- or Rx-CoMP ‘
| | Delay-Sensitive | YES | NO |  Dirty-Paper coding |
[ Delay-Sensitive ‘ Delay-Tolerant ‘ NO ‘ YES ‘ Interference Cancelation ‘
| | Delay-Sensitive | NO | NO | Scheduling/Multiplexing |

TABLE I: Interference mitigation techniques for the various streams.



Fig. 2: Illustration of the coding scheme proposed in [30]. (a) illustrates the scheduling of the mixed-delay traffic; (b) the
Tx-cooperation phase enabling the dirty-paper coding step; (c) the Rx-cooperation phase enabling successive interference
cancelation; and (d) the subsequent Rx-cooperation enabling Rx-CoMP.

In fact, since interference between different delay-sensitive transmissions cannot be canceled neither at the Tx- nor the Rx-
side, these interferences are managed by multiplexing (in time or frequency) different subschemes, where in each subscheme
delay-sensitive transmissions are scheduled only on a non-interfering subset of users. Fig. 2 depicts such a scheduling protocol
for Wyner’s hexagonal model by colouring with yellow all mobile users that are allowed to transmit delay-sensitive data in a
given subscheme. Other subsets of non-interfering users are scheduled in other subschemes. Interference from delay-tolerant
transmissions to delay-sensitive transmissions can be eliminated at the Tx-side, and [30] proposes to use dirty-paper coding
(or simply presubtracting the interference) for this interference mitigation. To this end, during the Tx-cooperation phase, Txs
exchange information about their delay-tolerant data as we show in Fig. 2(b). Interference from delay-sensitive transmissions
to delay-tolerant transmissions is eliminated at the Rx-side (BSs), by first decoding the delay-sensitive data and informing the
terminals about this data to allow them to remove the interference; see Fig. 2(c). Finally, interference between delay-tolerant
transmissions is mitigated through Tx- or Rx-Coordinated Multi-Point (CoMP) [33] (also known as network-multiple-input
multiple-output (MIMO), virtual-MIMO, and multicell-MIMO). In Tx-CoMP, prior to the actual communication, Txs exchange
information about their transmitted messages so as to be able to align their communications or mitigate mutual interference.
In Rx-CoMP, Rxs exchange information about their observed receive signals and then decode their desired data using also
this auxiliary information from other Rxs. The proposed scheme is shown to be almost optimal in the high-power regime for
Wyner’s symmetric network. Moreover, in this regime it operates close to sum-capacity even for large delay-sensitive rates,
showing that the proposed sophisticated code designed manages to mitigate the degradation that the naive system would incurr
due to the stringent delay constraint on part of the transmitted data.

The work in [37] also considered the setup where only Rxs can cooperate but not Txs, in which case even interference from
delay-tolerant to delay-sensitive transmissions cannot be canceled, leading to a significantly degraded performance, which has
been proved through information-theoretic converses. This is in sharp contrast to networks conveying only delay-tolerant data
where duality holds between Tx- and Rx-cooperation and the capacity of the network depends only on the total cooperation
rate but not on how it is distributed between the Tx- and the Rx-sides.

In this work we consider the same cooperative interference network as in [30] (Tx-and Rx-Cooperation) or as in [37] (Rx-
Cooperation only). However, we combine it with a model for random user activity and data arrivals as we describe next. (In



[30] and [37] all users are always active and have both delay-sensitive and delay-tolerant traffic to send.) Moreover, since our
model is considerably more complex than the model in [30], [37] due to the random user activity and data arrivals, we will
not limit the capacity of the cooperation links. More specifically, to limit the capacity of the cooperative links, one should
take into account that the utilized cooperation rate also depends on the realization of the random user activity and data arrival,
and as such is random. In this case, it might be also necessary to reduce the cooperation rate beyond the rate that is used in
the scheme that we propose in this paper. This can be done either by reducing the effectively used number of cooperation
rounds or by time-sharing the proposed scheme with a non-cooperative scheme. Cooperation between Txs or Rxs is however
still inherently limited, because as in [30], [37] we limit the number of cooperation rounds, i.e., to how many Txs or Rxs
cooperation-information can be relayed, and as such the processing delay introduced by cooperation. Indeed the focus of this
work is on delay constraints. Constraints on the capacity of the cooperation could easily be introduced to our model, and via
time-sharing with non-cooperative schemes also to our schemes and results.

B. Random User Activity and Random Data Arrivals

In various modern communication applications, most prominently control applications, data is produced in a sporadic fashion,
meaning that each terminal wishes to communicate data at certain times and remains silent otherwise. Whether users have
data to transmit or not, typically depends on the status of higher-layer applications. For the communication layer on which we
focus on this work, we shall thus simply assume that the user activity is determined by an external random process.

The impact of random user activity on the performance of communication networks has previously been treated in the
literature. For example, in the context of a MIMO network with detection capabilities [38]—[40], or for cellular uplink networks
with multicell processing capabilities [41]-[44]. These latter works are of a more information-theoretic nature, and model the
random activity by assuming that each user is active with probability p € [0,1], irrespective of the other users. Due to the
sparse network connectivities considered in these works, inactivation of users decomposes the networks into subnetworks,
whose performance is then analyzed under single-cell processing or multi-cell processing (i.e., assuming that data can be
decoded based on the signals observed at multiple BSs). The results in [43] confirm the intuition that multi-cell processing
can strictly outperform single-cell processing also in the presence of random user activity.

In this work, we assume a similar independent and identically distributed (i.i.d.) model where each user is active with
probability p € [0, 1] independent of all other users. In addition, we assume a random arrival model, where given that a user
is active it has a delay-sensitive message to transmit with probability p; € [0, 1]. We consider two different models. In Model
1, each active transmitter has a delay-tolerant message to send, while in Model 2 it sends a delay-tolerant message only when
it does not have a delay-sensitive message. Depending on the specific application, Model 1 or 2 might be more appropriate.

We combine both mixed-delay constraints and random user activity/data arrivals. To the best of our knowledge, this paper
is the first to investigate the interplay between these two features in such a complex cooperative communication scenario and
from an information-theoretic perspective.

C. Mixed-Delay Multiplexing Gain Region

Due to the complex nature of our network and its constraints, as a first approximation, this work will focus on the high
signal-to-noise ratio (SNR) regime. In this regime, the capacity of a non-fading network is determined by the multiplexing
gain (also known as degrees of freedom (DoF) or prelog factor). Or equivalently, by the per-user multiplexing gain (MG):

C

S£
log P

(D

where C denotes the “single-user capacity” of each message and P the symmetric average block-power constraint imposed on
all inputs. The single-user capacity can be defined either as the highest average rate that can be transmitted in the system, or
as the highest worst-case rate over all messages that can be sustained over the network. In this sense, for high powers P the
per-user average or worst-case capacity scales as C ~ S - log P, for S indicating the per-user MG.

Since we have two data streams, a delay-tolerant one and a delay-sensitive one, in our systems we have two per-user MGs
with a possible tradeoff between them. Our goal will thus be to describe the per-user MG region, which characterizes all pairs
of delay-sensitive and delay-tolerant per-user MGs that are simultaneously achievable over the network. We will consider the
average capacity over all users to define the delay-tolerant per-user MG and the worst-case capacity to define the delay-sensitive
per-user MG. Our motivation stems from the co-existence of eMBB and LLC data in 5G networks where the delay-sensitive
LLC data is required to be highly reliable and thus a desired data rate needs to be guaranteed at all the users sending LLC
data. eMBB transmissions generally require high rates with the throughput (sum-capacity) as the relevant quantity.

D. Contributions of this Work

In this paper, we analyze the coding scheme of [30] for cooperative interference networks with heterogeneous delay-sensitive
and delay-tolerant traffic types in a setup with random user activity and random data arrivals, and we determine the corresponding



per-user MG region. We specialize our findings for two types of networks, Wyner’s symmetric network and the hexagonal
network. For these networks, we adapt the coding scheme to the specific realizations of the random activity and arrival patterns,
which results in an improved performance. The per-user MG region achieved by our adaptive scheme significantly improves over
the first generic non-adaptive scheme and moreover has performance close to the information-theoretic fundamental limits.
Indeed, we also present information-theoretic converse results on the set of all achievable per-user MG pairs for Wyner’s
symmetric network and we show that for the setup with both Tx-and Rx-cooperation the adaptive scheme performs close to
(and sometimes matches) our converse bound.
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Fig. 3: Structure of the various per-user MG regions under the different models.

Our results allow us to derive tight approximations of the per-user MG regions for Wyner’s symmetric network under mixed-
delay traffic and with random user activity and data arrivals as functions of the allowed total number of cooperation rounds
D. Numerical evaluation of our results show that, depending on the modelling assumptions, the per-user MG regions are of
the forms sketched in Figure 3. Under Model 1 and when both Txs and Rxs can cooperate, the per-user MG region is mostly
limited by a single constraint on the delay-sensitive MG and a sum constraint on the sum of the two MGs. There is thus no loss
in overall performance (sum of per-user MGs) whether one sends at low or high delay-sensitive per-user MG. Under Model
2, the delay-tolerant MG is significantly decreased compared to Model 1, because delay-tolerant data is available only in the
case where there is no delay-sensitive data. The shape of the per-user MG region differs in Model 2 (a rectangle) compared
to Model 1, since the region is only constrained by two individual MG constraints. In particular, in this rectangular region
the sum of the two MGs increases with increasing delay-sensitive per-user MGs. These observations should be put in contrast
to the performance of scheduling systems that transmit delay-sensitive and delay-tolerant messages in orthogonal (e.g., time-
or frequency) slices and for which the delay-tolerant per-user MG and the sum per-user MG decrease linearly by increasing
delay-sensitive per-user MG.

The situation is different when only Rxs can cooperate, in which case the delay-tolerant and/or sum per-user MGs degrade
when one transmits at high delay-sensitive per-user MG. In particular, our converse result proves that for large delay-sensitive
per-user MGs the performance loss in delay-tolerant per-user MG that our schemes incur compared to the setup with both
Tx- and Rx-cooperation is of a fundamental nature in the sense that any scheme will suffer from this degradation. In fact, if
Txs cannot cooperate it does not seem to be possible to mitigate interference of delay-tolerant transmissions on delay-sensitive
transmissions because Rx-cooperation cannot serve this purpose as delay-sensitive messages have to be decoded immediately
without further delay.

Our numerical results for Wyner’s symmetric network also indicate that for moderate activity parameters p a few cooperation
rounds suffice to attain performance close to the limit as D — oo. The reason is that the random user activity decomposes the
network into smaller subnets, for which the optimal performance can be attained with small or moderate number of cooperation
rounds.

To summarize, the main contributions of this work are:

« We introduce an information-theoretic framework to study cooperative networks with mixed-delay traffic and random user
activity and data arrivals. In particular we introduce the notion of mixed-delay MG region to analyze (in a first-order
approximation) the performance of these networks in the high SNR and infinite blocklength regime.

« We propose and analyze a coding scheme for general cooperative interference networks with heterogeneous delay con-
straints on the traffics in situations with random user activity/data arrivals. We consider both Tx- and Rx-cooperation



as well as only Rx-cooperation, and data arrival Model 1 (only delay-sensitive messages arrive sporadically but not
delay-tolerant messages) as well as Model 2 (all messages arrive only sporadically).

« For Wyner’s symmetric network and the hexagonal network we propose improved coding schemes that better adapt to the
random activity and data arrival patterns. For the symmetric Wyner network this improved scheme allows us to show that
for moderate activity parameters the optimal performance can already be achieved with a small number of cooperation
rounds D. In fact, when only a moderate number of users are active, the network can be decomposed into relatively small
subnets, and a small number of cooperation rounds suffices to achieve optimal performance for delay-tolerant messages
in each subnet.

o For Wyner’s symmetric network we also present information-theoretic converse results. They are close to the performance
of our improved schemes and match them in special cases.

e Our inner and outer bounds for the symmetric Wyner model allow us to conclude that when both Txs and Rxs can
cooperate, then under Model 1, transmitting at a high delay-sensitive per-user MG does not impose any penalty on the
overall performance of the system, i.e., the sum of delay-sensitive and delay-tolerant per-user MG. For Model 2, the
sum per-user MG increases with the delay-sensitive per-user MG, and more specifically operating at large delay-sensitive
per-user MG does not decrease the achievable delay-tolerant MG.

o Our converse result for the setups with only Rx-cooperation proves that the degradation in delay-tolerant per-user MG at
large delay-sensitive MGs incurred by our schemes is inherent to any scheme and not an artifact of our proposition.

« For the hexagonal network, we derive inner bounds under the assumption that D — oo. Under this assumption, when both
Txs and Rxs can cooperate, the non-adaptive scheme performs as good as adaptive scheme. When only Rxs can cooperate,
however, we propose improved coding schemes that better adapt to the random activity and data arrival patterns

The information-theoretic insights that can be taken from our work are thus three-fold. Under a moderate user activity

parameter p, a small or moderate number of cooperation rounds D suffices for sparse network structures to achieve near-
optimal performances. Moreover, simultaneously accommodating Tx- and Rx-cooperation and employing smart coding allows
to mitigate the performance degradation that the system incurrs due to the stringent delay constraints on the delay-sensitive data,
while only Rx-cooperation is not sufficient. Finally, our work also shows how to appropriately combine different interference
mitigation strategies to cancel the four types of interference that can arise in mixed-delay networks in function of the activity
and arrival patterns. In the following, for simplicity, we refer to delay-sensitive data as low-latency communication (LLC) data
(inspired by the ultra-reliable low-latency communication of 5G systems which is subject to critical delay constraints) and to
delay-tolerant data as eMBB data (inspired by the 5G enhanced Mobile Broad Band service which is less delay-limited).

E. Organization

The rest of this paper is organized as follows. We end this section with some remarks on notation. Section II describes
the general problem setup. Sections III and IV present our coding schemes with both Tx and Rx- cooperation and with only
Rx-cooperation, respectively. Sections V and VI discuss our main results for the symmetric Wyner and the hexagonal networks,
respectively. Section VII concludes the paper. Technical proofs are deferred to appendices.

F. Notation

The set of all integers is denoted by Z, the set of positive integers by ZT and the set of real numbers by R. For other
sets we use calligraphic letters, e.g., X'. Random variables are denoted by uppercase letters, e.g., X, and their realizations by
lowercase letters, e.g., x. For vectors we use boldface notation, i.e., upper case boldface letters such as X for random vectors
and lower case boldface letters such as x for deterministic vectors. Matrices are depicted with sans serif font, e.g., H. We also
write X™ for the tuple of random variables (X1,...,X,,) and X" for the tuple of random vectors (X, ...,X,).

II. PROBLEM SETUP: DATA ARRIVAL AND COMMUNICATION MODEL

Consider a cellular network with K transmitters (Tx) and K corresponding receivers (Rx). Define K £ {1,..., K}. Various

network interference structures will be considered and are described later.

Each Tx k € K is active with probability p € [0, 1]. Non-active Txs remain silent and do not participate in the communication.

We consider two different models:

e Model I: Each active Tx sends a so called eMBB message M ,ge) to its corresponding Rx k. With probability p; € [0,1],
it also sends an additional LLC message M, ,EL) to Rx k. These LLC messages are subject to stringent delay constraints,
as we describe shortly.

o Model 2: Each active Tx sends with probability (1 —p;) an eMBB message M, ’ge) to its corresponding Rx k and otherwise
(i.e., with probability py) it sends a LLC message M,gl‘) to Rx k.

The only difference between the two models is that under Model 1 any active Tx sends an eMBB message whereas under
Model 2 an active Tx only sends an eMBB message if it does not send a LLC message. In both models, the various transmitted
eMBB messages in the network can be of different rates while the LLC messages are all of same rate R(}).



Let Ay = 1if Tx k is active and A = 0 if Tx k is not active. Moreover, if Tx k is active and has a LLC message to send,
set By = 1, and otherwise set By = 0. The random tuple A := (Ay,..., Ax) is thus independent and identically distributed
(ii.d.) Bernoulli-p, and if they exist the random variables B1,..., Bk are i.i.d. Bernoulli-p;. Denote by B the tuple of By’s
that are defined. Further, define the active set and the LLC set as follows:

Kacive & {k € KC: A = 1}, 2
Kic 2 {keK: B, =1}. 3)

Under Model 1, the set Keympp of Txs transmitting an eMBB message is
ICeMBB £ Kactive (4)

and under Model 2, it is

Kemps £ Kactive \KLLc- &)
We shall assume that each eMBB message M, ,Ee) is uniformly distributed over a set /\/l,(:) £{1,..., L2“R§:)J }, with n denoting
the blocklength and R,(:) the rate of message M, (e), which we allow to vary across users and can even depend on the random
activity parameters A and B. In contrast, each LLC message is uniformly distributed over the set M) £ {1 ..., LQ”R(L)J},

where the constant rate R(") can depend on the network structure but not on the realization of the random activity parameters.
The motivation to consider these asymmetric rate constraints is that LLC messages have stringent delay constraint and have
to be transmitted immediately in the next-following block. The rate R(") needs to be guaranteed under any circumstances.
In contrast, eMBB messages can be postponed to following blocks if required and in each transmission block the goal is
to transmit as much eMBB rate as possible. In this sense, one can understand the setup as maximizing the expected eMBB
message rate while ensuring a minimum rate for LLC messages.

We describe the encoding at the active Txs. The encoding starts with a first Tx-cooperation phase which consists of Dy > 0
rounds and depends only on the eMBB messages in the system. The LLC messages, which are subject to stringent delay
constraints, are only generated afterwards, at the beginning of the subsequent channel transmission phase. So, during the
first Tx-cooperation phase, neighboring active Txs communicate with each other over dedicated noise-free links of unlimited
capacity over Dryx > 0 rounds.

In each Tx-cooperation round j € {1,..., D14}, any active Tx k € Kyeive sends a cooperation message to its active neighbors
in the network ¢ € N &, Tx,active £ A N Kaetive, where N}, indicates the set of neighboring Txs of Tx k. (The sets A} depend
on the specific network structure and will be specified latter for the various considered network models.)

Each cooperation message can depend on the Tx’s eMBB message and the cooperation-information received during previous
rounds. So, in round j, TX k € Kyeive sends a message

(9) (e) (1) (3-1)
T(j) _ kj—>€ Mke ’ {TZ’—>k7 o 7T€’]—>k }eleNk,TX,ac[ive7 A, B); ke ICeMBB (6)
k—2 (5)

1 j—1 '
k—t {T*(/lk7 e ’T[(/j_ﬂf) }eleNk.Tx,acﬁve’ A’ B)’ k ¢ ICEMBB

to each Tx £ € N k,Txactive> 10r some functions 7,/1,(3_)) , on appropriate domains.

At the beginning of the subsequent channel transmission phase, LLC messages are generated and each active Tx k € Kyctive

computes its channel inputs X' e (Xk1,---y Xkn) € R as follows:
no_ ISB) (MIEL)’MIEE)7{T£(’jl>k}7A7B)a k S ]CLLC (7)
’ fke) (]MIEE)7 {TZ(,JL]C},A, B)7 k€ Kewpp.
where the sets {T(,jlk} run over indices j € {1,...,Dx} and ¢ € Ny 1xactive, and f,EB) and fke) are encoding functions on
appropriate domains satisfying the average block-power constraint
1 n
- Z X2, <P, VEE Katie, almost surely. (8)
n ,
t=1

Inactive Txs simply send the all-zero sequence.
We shall assume a Gaussian communication network described as

Yie= Y, hppXi ot Zess ©)
ke{TiNKacive }
where {Z},;} are i.i.d. standard Gaussian random variables for all k£ and ¢ and are independent of all messages; hg , > 0

describes the channel coefficient between Tx k and Rx k and is a fixed real number; and Xo,t = 0 for all ¢. In our model
we assume that the received signal Y}, ; is only interfered with by the signals from Txs in Zy, if these neighboring Txs are
active. We will assume short range interference, i.e., that only signals from Txs that are sufficiently close interfere because the



disturbance from further away Txs are below the noise level. This implies that any Tx k can cooperate with the Txs whose
signals interfere at Rx k, i.e.,:
Tr C Ny (10)

Decoding also takes place in two phases. In the first LLC-decoding phase, any active Rx k € K¢ decodes the LLC message
M ,SL) based on its own channel outputs Y} by computing

MY =g (Y}, A,B), (11)

for some decoding function g,(cn) on appropriate domains. In the subsequent eMBB-decoding phase, active Rxs first communicate

with their active neighbors in the network £ € N rxactive 2 N N Koctives during Drx > 0 rounds over dedicated noise-free
links with unlimited capacity, and then they decode their intended eMBB messages based on their outputs and based on this
exchanged information. Specifically, in each cooperation round j € {1,...,Dgy}, each active Rx k € T,cive Sends a cooperation
message

. ) . L -
]E)jl>£ = ¢](€J4))Z( k> {QE/LkW tte 7Q2¥—)k)) }é,ENk,vaac(ive7 A7 B) (12)
to Rx £ if ¢ € Ny rxactive fOr some appropriate function qbgl .
After the last cooperation round, each active Rx k € Kqypp decodes its desired eMBB message as

3 = (Vi { Q- QU AB), -

} 14 ENk, ,Rx,active
where bén) is a decoding function on appropriate domains.

Definition 1: Given P > 0 and K > 0, a rate pair (R(Y)(P), R(I? (P)) is said to be D-achievable if there exist rates {R,(:)}kK:1
satisfying

_ 1
R;?) < EA,B Z ERée)

k€KempB

; (14)

a pair of Tx- and Rx-cooperation rounds Dry, Drx summing to Dty + Drx = D and encoding, cooperation, and decoding
functions satisfying the power constraint (8) and so that the probability of error

P[ U or? # Py or (Mée)#Mée))} (15)

kekiic k€Kemp

tends to 0 as n — oo.
An expected average per-user MG pair (S(M),S(®)) is called D-achievable, if for all powers P > 0 there exist D-achievable
rates {R('-)(P)7Rg?(P)}P>0 satisfying
_ R(L)(p)

sO 2 fm T o, 16
K5 Phyoo 1 log(P) pPs (16)

and

p(e)
@& fm fm 1xP)

—. 17
K—o00P—co %log(P) an

The closure of the set of all D-achievable MG pairs (S(L), S(e)) is called the (D-cooperative) fundamental MG region and
is denoted by S;(D, p, ps) and S5(D, p, py) for Models 1 and 2, respectively.

Remark 1: The MG in (17) measures the average expected eMBB MG on the network. Since the LLC rate is fixed to R(1) at
all Txs in Kyrc, we multiply the MG in (16) by ppy to obtain the average expected LLC MG of the network. By the definition
in (14), the pair (S), S(®)) thus corresponds to the expected per-user MG pair of the system. In particular, the expected total
per-user MG of LLC and eMBB messages is given by the sum S0 4 S(¢),

Remark 2: In our model, we assume that neighboring Txs and neighboring Rxs can only cooperate if they lie in the active
set Kactive- Txs and Rxs in the inactive set KC\K,uive do not participate in the cooperation phases. Notice that all our converse
(infeasibility) results remain valid in a setup where inactive Txs and Rxs do participalte in the cooperation phases. Since
our inner and outer bounds are rather close in general (see the subsequent numerical discussion), this indicates that without
essential loss in optimality Txs and Rxs in KC\/Cyve can entirely be set to sleep mode to conserve their batteries.

For simplicity, throughout this manuscript we assume that D is even. In the following Section III, we propose a coding
scheme with both Tx and Rx cooperation under the assumption that Dyx = 1 and Dgrx = D — 1. In Section IV, we propose a
coding scheme with only Rx cooperation, i.e., when D4 = 0 and Dgx = D.
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(a) The first Tx-cooperation round and the first Rx-cooperation round

—0=
14 16 17 18
(b) The last D — 2 Rx-cooperation rounds.

Fig. 4: Example for D = 6 : Tx/Rx pairs in yellow have LLC messages to transmit, Tx/Rx pairs in black have eMBB messages
to transmit, Tx/Rx pairs in white are deactivated. We deactivated Tx/Rx pairs 8 and 20 to satisfy the delay constraint D. Rx 4
and Rx 16 are master Rxs. Tx/Rx pair 19 employs the same coding scheme as the LLC transmissions.

III. CODING SCHEME WITH BOTH TX- AND RX-COOPERATION

We assume throughout this section that
Dy =1 and Dgx=D-—-1. (18)

In Subsection III-A, we freely choose a message assignment and present an achievable total MG for this assignment. In the
subsequent Subsection III-B we then build on these results to describe and analyze a scheme respecting the random message
arrivals.

A. A Basic Scheme with Chosen Message Assignments

1) Creation of subnets and message assignment: Each network is decomposed into three subsets of Tx/Rx pairs, Tgjent
71LC and 7;MBBa where

e Txs in Tgjen are silenced and Rxs in Tgene do not take any action.

e Txs in Ty ¢ send only LLC messages. The corresponding Txs/Rxs are designated as LLC Txs/Rxs.

o Txs in Tempp send only eMBB messages. The corresponding Txs/Rxs are designated as eMBB Txs/Rxs.
We choose the sets Tgjent» TLLc, and Tempp in a way that:
C1: the signals sent by the LLC Txs do not interfere with one another; and
C2: silencing the Txs in Tgjen decomposes the network into non-interfering subnets such that in each subnet there is a dedicated

Rx, called the master Rx, that can send a cooperation message to any other eMBB Rx in the same subnet in at most
2 — 1 cooperation rounds.

For example, consider Wyner’s symmetric network (described in detail in Section V) where Txs and Rxs are aligned on a
grid and cooperation is possible only between subsequent Txs or Rxs. Interference at a given Rx is only from adjacent Txs.
The network is illustrated in Fig. 4. The figure also shows a possible decomposition of the Tx/Rx pairs into the sets Tgjjene (in
white), Tirc (in yellow) and 7ovpg (in black) when D = 6. The proposed decomposition creates subnets with 7 active Tx/Rx
pairs where the Rx in the center of any subnet (e.g. Rx 4 in the first subnet) can serve as a master Rx as it reaches any eMBB
Rx in the same subnet in at most D/2 — 1 = 2 cooperation rounds. As required, transmissions from LLC (yellow) Txs are
only interfered with by transmissions from eMBB (black) Txs. Notice that in our example, Tx/Rx 19 has an eMBB message
to send but still is depicted in yellow (LLC) because in our scheme it acts as if it had a LLC message to send. In general, any
eMBB Tx/Rx can act as if it had a LLC message to send, because requirements for eMBB messages are less stringent than
for LLC messages. This observation will play an important role in the following.

2) Precanceling of eMBB interference at LLC Txs: Any eMBB Tx k' quantizes its pre- computed input signal X7, (how this
signal is generated will be described under item 5)) and describes the quantized signal X, i during the single Tx- cooperatlon
round to all its neighboring LLC Txs, which then precancel this interference in their transmit signals. Fig. 4 illustrates by black
arrows the sharing of the described quantization information with neighboring LLC Txs for Wyner’s symmetric network.

To describe this formally, for each k € IC, we define the eMBB interfering set

79 2 T, N Towss- (19)



Also, we denote by U Z(M,EL)) the non-precoded input signal precomputed at a given LLC Tx k, which we will see is of
power P. (The following item 3) explains how to obtain U} (M lgL)).) Tx k sends the inputs

L _ )
r=a | URM) = ST hhhe kX (20)
kez®
over the channel, where 7, is a factor that ensures that the transmit signal satisfies the power constraint in (8).! Since each

LLC Rx k is not interfered by the signal sent at any other LLC Tx, the precoding in (20) ensures that a LLC Rx k observes
the almost interference-free signal

n n n v n
Y7 =whesUp + > b n( X3 = wX ) + 27, 2D
K ezl

disturbance

where the variance of the above disturbance is around the noise level and does not grow with P. Notice that the simple
pre-coding in (20) simply subtracts the interference signal. It is well known that dirty-paper coding (DPC) achieves higher
rates at finite power values P. It is well-known that in terms of per-user MG the interference subtraction in (20) and dirty-paper
coding are equivalent and achieve the same performance. In this article we use interference subtraction, at it is conceptually
simpler.

3) Transmission of LLC messages: Each LLC Tx k encodes its desired message M ,EL) using a codeword U,(C") (M ,gl')) from
a Gaussian point-to-point code of power P. The corresponding Rx % applies a standard point-to-point decoding rule to directly
decode this LLC codeword without Rx-cooperation from its “almost” interference-free outputs Yy, see (21).

4) Canceling LLC interference at eMBB Rxs: According to the previous item 3), all LLC messages are decoded directly from
the outputs without any Rx-cooperation. During the first Rx-cooperation round, all LLC Rxs share their decoded messages with
all their neighboring eMBB Rxs, which can cancel the corresponding interference from their receive signals. More formally,
we define the LLC interference set

Y £ TN Tc (22)
as the set of LLC Txs whose signals interfere at Rx k. Each eMBB Rx k forms the new signal
n n (L
YVi=Y}7— > UL, (23)
ke

and decodes its desired eMBB message based on this new signal following the steps described in the following item 5). Fig. 4a
illustrates by yellow arrows the sharing of decoded LLC messages with neighboring eMBB Rxs in Wyner’s symmetric network.
Recall again that for convenience in this example we treat Message M 1(;) as if it was LLC.

5) Transmission and reception of eMBB messages using CoMP reception: Each eMBB Tx k encodes its message M, (e)

using a codeword X! (M, (e )) from a Gaussian point-to-point code of power P. eMBB messages are decoded based on the
new outputs Y: in (23). CoMP reception is employed to decode all eMBB messages in a given subnet. That means that each
eMBB Rx k applies a rate—f log(1 + P) quantizer to the new output signal Yk, and sends the quantization information over
the cooperation links to the master Rx in its subnet. Each master Rx reconstructs all the quantized signals and jointly decodes
the eMBB messages, before sending them back to their intended Rxs. By item 4) the influence of LLC transmissions has been
canceled (up to the noise level) from the eMBB receive signals.

6) MG analysis: In the described scheme, all transmitted LLC and eMBB messages can be sent reliably at MG 1 because
all interference is canceled (up to the noise level) either at the Tx or the Rx side and because the precoding factors 5 do not
vanish as P — oo.

The presented coding scheme can sustain LLC rates

1
R}(:) =3 log(1+P)+o0(1), k€ TiLc, (242)

and eMBB rates 1
R,(:) =3 log(1+P)+o0(1), k€ Temss- (245)

I'Since all channel coefficients hys 1 are constant and both U (M, ,im) and X Z/ are of power P, the prefactor v, does not grow with P.



7) Rate transfer for Model 1: In Model 1, any LLC Tx also has an eMBB message to send. Since LLC messages have more
stringent requirements than eMBB messages, each Tx/Rx pair in 7{ ¢ can use part of its rate to send an eMBB message instead
of the LLC message. By this rate-transfer argument, our scheme can achieve any rate-tuple (R,(CL), R,(:) : k € K) satisfying

R+ RE < Jlog(14+P) +0(1), ke Tuac, (252)
1

Ry < < glog(1+P)+o(1), k& Temss, (25b)

R;(c ' =0, k€ Touss, (25¢)

R](:)a R](fL) = 07 ke 7;ilent‘ (25(1)

B. Analysis under Random Arrivals

In our model, we can choose the sets Tgens TLic, and Tempp depending on the realizations of the random sets Cpp ¢ and
Kemsp- An ideal choice would obviously be to set Tgient = K\ Kactive» Tic = Kirc, and Temss = Kempp. However, such a
choice is not always possible because the sets Kucive, KLLc, Kempp are random while the sets Tgjent, 7rLc, and Tempp have to
satisfy specific requirements, e.g., users in 7 ¢ cannot be adjacent and users in 7y cannot be too far away from each other
so as to ensure that eMBB Rxs in a subnet can reach their master Rx within the required number of cooperation rounds.

As already mentioned, one remedy is to time-share different versions ¢ = 1,2, ... of the scheme with different choices of
the sets Tsitent,i» Tiic,i» and Temps,; in version ¢ so that all LLC users Kypc can transmit their LLC messages in at least one
of the versions, i.e., so that each k € Ky is present in at least one of the sets Tryc,;.

Depending on the network structure, identifying the best choice of the time-shared schemes can be cumbersome. We therefore
first propose a generic (non-adaptive) choice that works for all realizations of the activity parameters in the sense that the
union of the sets Ui Tirc,: over all time-shared schemes covers each of the users in K.

1) Non-adaptive scheme under random arrivals: The networks we consider in this paper have regular connectivity. It is
thus possible to find a regular arrangement of the sets Tien, 1, TiLc,1, and Tempp,1 satisfying the requirements in the scheme
described in the previous section, and so that shifted arrangements Tgient,i» Ti1c,s» and Temps,q exist, for ¢ = 2,3,...,x and
K |7_ T with each Tx/Rx palr k lying in exactly one set Tiic,;. In such a regular arrangement, each LLC message is

transmitted only during a fraction 1 - of the time, and its rate is thus

[Tiical 1
K

RL) —
2

log(1+ P) + o(1). (26)

This strategy can thus achieve a LLC per-user MG of
s = = pps hm % 27

where we recall that the factor ppy stems from the definition of SON

In the i-th version of the scheme, the Tx/Rx pairs k € Tompp,; can transmit eMBB messages at a rate 5 log(l +P)+o(1),
if they have such eMBB messages. Moreover, as already explained, Tx/Rx palrs k € TiiLc, that have an eMBB message but
no LLC message can transmit these eMBB messages also at the same rate 5 11og(1+ P) + o(1). Since by the regularity of the

[Tiic,al
K

| Temes, 1 | .
— = of the time

arrangements, each user lies a fraction
in the corresponding set Tempg,i» We have:

o If k € (CLLe N Kemps), then R,(Ce) = ml‘“]‘?’l‘ % log(1+ P) + o(1);

o If k € (’CLLC\K:eMBB), then R(e) =0;

o If k € (Kemss\Kric), then Rﬁ“ = TampaltTucal Lyog(1 4 P) + o(1).

Under Model 1, any active user has an eMBB message to transmit and thus the set Kpjc\Kempp is empty. The expected
per-user eMBB MG is therefore equal to

of the time in the corresponding set 7ric,; and a fraction

-

S = ppy Jim_ [Tawp] | p(1—py) Jim i (28)
Te TL

_pKLNMH(I pf) 1 HOO‘ L;<Cl| (29)

By the rate-transfer arguments in Subsection III-A7, it follows that all pairs (S(V), S(®)) satisfying the following two conditions
are achievable:

SO < pp; Kh_rfloo [Ticq| 0,
s 456 <) lm |Tire,| + [ Tems, 1| 1)

K



Under Model 2 any active user that has a LLC message to send has no eMBB message and thus the set Kpc N Kempsp 1S
empty. The expected per-user eMBB MG is therefore equal to

— |TemsB,1| + | Tirc 1]

S = (1 py) Jog L @

The LLC MG is as in (27).

2) Non-adaptive scheme under random arrivals transmitting at S = 0: If we are interested in transmitting at the largest
possible total eMBB MG, we can set 71 c = () and simply choose a set Tompp satisfying Condition C2 in the previous section.
Under Model 1, the expected per-user eMBB MG is then equal to

o) — p i |7§;4<BB| (33)
and under Model 2 it is
S = p(1 ~py) Tm % (34)

3) Fully-adaptive schemes under random arrivals: Here, the idea is to adapt the choice of the sets {7empp ;} and {7iLc,:}
to the realizations of the user activity and data arrival patterns, so as to optimize the per-user MGs achieved by the assignment.
Finding an optimal choice for general networks seems very challenging. In this work, we shall present good choices for
Wyner’s symmetric network, see Subsections V-B2 (Model 1) and V-B4 (Model 2). For the hexagonal network we only focus
on D — oo, in which case one obviously wishes to choose Tompg,; as the complement of 7ijc; in Keypp. That means, any
Tx that can (i.e., is active and has eMBB data to transmit) should send an eMBB message. For large networks it is clear that
three subschemes ¢ = 1,2, 3 are required for the hexagonal network (and two ¢ = 1,2 for Wyner’s symmetric network) if one
wishes to accomodate all LLC transmissions in ¢ in at least one of the subschemes. There is thus no advantage in adapting
the sets {7r1c;} to the realizatios of the random data arrivals.

IV. CODING SCHEME WITH ONLY RX-COOPERATION

We assume throughout this section that
D1y =0 and Dgyx =D. (35)

A. The Basic Scheme with Chosen Message Assignment

The only difference between this scheme and the one proposed in Section III-A is that without Tx-cooperation, item 2)
cannot be executed. More specifically, in this scheme, precanceling of eMBB interference at LLC Txs is not allowed. Therefore,
Txs in Tompp Whose transmissions interfere with LLC transmissions are deactivated.

With Rx-cooperation only, we therefore choose sets Tgen, 7iLc, and Tempp that satisfy the two conditions C1 and C2 in
Subsection III-A and the additional condition

C3: eMBB transmit signals do not interfere at LLC Rxs:
k¢ Ty, VkeTmss, K € Tic, (36)

where we recall that 7, denotes the set of Txs whose signals interfere at Rx %'

The coding scheme in Section III (without item 2) then again achieves the rates in (24). Moreover, with an appropriate
rate-transfer argument from LLC to eMBB messages, under Model 1 it even achieves the rates in (25). Notice that in our
schemes, the penalty from having only Rx-cooperation but no Tx-cooperation thus only stems from the additional requirement
C3, compared to the case with Tx- and Rx-cooperation.

B. Analysis under Random Arrivals

1) Non-adaptive scheme under random arrivals: Unlike with Tx- and Rx-cooperation, when only Rxs can cooperate there
does not seem to be any interesting non-adaptive scheme that is not degrading, i.e., that includes a non-trivial combination of
LLC and eMBB Tx/Rx pairs. The reason is that Requirement C3 is very stringent and for many networks does not seem to
allow for meaningful choices where both 71 ¢ and 7oupp are non-empty. In these networks the best option seems to time-share
schemes with either only LLC or only eMBB Txs. The scheme with only LLC Txs should time-share different schemes with
different choices of 7i1c ; so that each Tx lies in Ty, ; for at least one phase ¢. Each of the sets ;¢ ; has to satisfy Condition
Cl1, and we set Tenr,i = K\TiLc,; so that Tompp,; = (0. The scheme with only eMBB Txs sets 7 c = () and then chooses
Tsilent SO as to decompose the network in an appropriate way so that the remaining set Tempp = K\ Tsilent satisfies Condition C2.

After time-sharing, the overall scheme then achieves the expected per-user MG pair

SO —a-ppy T el

K—oo

(37
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Fig. 5: Wyner’s symmetric network. Black dashed arrows show interference links and purple arrows show cooperation links.

=

4
5 = ap(1 — py) T kel (1 ). p1 — py) T Tebmol, (38)
where e € [0,1] is the time-sharing parameter and the set 7, C K has to satisfy Condition C1 while the set Tz € K
has to satisfy Condition C2. (Notice that here the sets 7/ and T jygg do not need to be disjoint; for this reason we use the
prime-notation.)
Under Model 1 each Tx has an eMBB message to send with probability p, and moreover we can apply a rate-transfer
argument from LLC to eMBB messages. The scheme can then achieve any expected per-user MG pair satisfying

sH < - pry ] hm % 39)

S 4sE <q.p hm @+(1 a)-p h ‘7;;4(33|, (40)

K—oo

where o € [0, 1], and the sets 7/ - and T satisfy Conditions C1 and C2, respectively.
Under Model 2 any active user that has a LLC message to send has no eMBB message and thus the set ppc N Kemps 1S
empty. The expected per-user eMBB MG is therefore equal to

(e) _ B (1 — )| Temss| + Tl
St =p(1 pf)Klgnoo I . 41)

2) Adaptive schemes under random arrivals: We again describe fully-adaptive schemes for Wyner’s symmetric network in
Subsections V-C2 and V-C4 and for the hexagonal network in Subsections VI-C2 and VI-C4. Notice that under Rx-Cooperation
only, adaptive schemes are also interesting when D — oo, because even in this extreme case we cannot simply schedule all active
eMBB users that do not send LLC messages. The reason is that without Tx-Cooperation, interference from eMBB transmissions
cannot be canceled on LLC transmissions. The trivial choice Tempg,; = Kempg\7iLc,; 18 thus not always possible.

V. THE SYMMETRIC WYNER NETWORK
A. Network and Cooperation Model
Consider Wyner’s symmetric linear cellular model where cells are aligned in a single dimension and signals of users that lie
in a given cell interfere only with signals sent in the two adjacent cells. See Fig. 5 where the interference pattern is illustrated
by black dashed lines. We assume that the various mobile users in a cell are scheduled on different frequency bands, and focus
on a single mobile user per cell (i.e., on a single frequency band).
The input-output relation of the network is
Yie=hppXp:+ Z hip ko Xit + Zest (42)
ke{k—1,k+1}
where X, = O for all ¢, and the interference set at a given user k is
Tr ={k—1,k+ 1}, (43)

where indices out of the range /C should be ignored. In this model, Rxs and Txs can cooperate with the two Rxs and Txs in
the adjacent cells, so
Ni=A{k—-1k+1} (44)

Fig. 5 illustrates the interference pattern of the network and the available cooperation links.

B. Results with Both Tx- and Rx-Cooperation

We first present our results for Model 1.
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Fig. 6: An illustration of the network and user activity pattern in Model 1 with both Tx- and Rx-cooperation for D = 6.

1) Non-Adaptive Scheme under Model 1:
Proposition 1 (Non-Adaptive Scheme, Model 1): For p € (0, 1], the fundamental per-user MG region S7(D, p, py) includes
all nonnegative pairs (S(V), S()) satisfying

sb) < %7 (45)
D+1

(&, cL) < , 46
SUHST s (46)
Proof: Achievability of the rate-pair S() = 262 and S(®) = pBE5 — 2% holds by (30) and (31) and the choice of the sets
Teitent1 =L (D+2): =1 K (47a)

silent,1 — R AR D+2 )
Tirca = {1,3,..., K —1}, (47b)
TemeB,1 = K\(Tsitent,1 U Tire,1)- (47c)
||

2) Adaptive Scheme Under Model 1: In Wyner’s symmetric network, the random user activity pattern A splits the network
into different subnets. Our adaptive scheme acts on each of these subnets independently. Since these subnets have full user
activity, we simply choose the transmit sets in the same way as in the non-adaptive scheme. In particular, for each subnet the
two LLC transmit sets with even or odd integers are chosen and LLC transmissions are only scheduled in the corresponding
phase.

The advantage of the proposed adaptive choice of transmit set is that it silences fewer transmitters than in the generic
non-adaptive scheme. For example, consider the network and user activity pattern in Fig. 6(a) under data arrival Model 1. The
generic non-adaptive scheme schedules eMBB and LLC transmissions as indicated in Fig. 6(b) and Fig. 6(c), and achieves the
per-user MG pair (S(Y) = 1/4,5(®) = 1/2). In contrast, our adaptive scheme schedules them as in Fig 6(d) and Fig. 6(e), and
achieves the improved per-user MG pair (S(V) = 1/4,5() = 5/8).

Theorem 1 (Adaptive Scheme, Model 1): For p € (0,1), the fundamental per-user MG region S (D, p, ps) includes all
nonnegative pairs (S(V), S()) satisfying

s < PPf (48)

(49)



where

1— 2 D 1— 2 D 1— 2
MO e ( p)Dp+2 ~( p)DpH( pf)2 _ (50)
’ pr(L—=pPF2)  pp(l—=pP*t2(1 = pg)?)
Proof: The result follows by rate- and time-sharing arguments and the achievability of the pairs (S('-)7 S(e)), with S(©)
given in (165) and the pair (S),S(®)) as given in (173) and (186). See Appendix B for the proof. [ ]
We also have the following outer bound.
Theorem 2 (Outer Bound, Model 1): For p € (0,1), all achievable MG pairs (S(V), S(®)) of Model 1 satisfy (45) and
S (1—p)p°+?
For p =1 they satisfy (45) and (46).
Proof: See Appendix B-C. [ ]

Inner and outer bounds are generally very close. In particular, they determine the largest achievable LLC per-user MG,

which is &) = P21, and the largest eMBB per-user MG, which is
D2
(&) _ ,_ (L—p)p
Smax =P~ "1 b3~ P (52)

Our inner and outer bounds completely coincide in the extreme cases p = 1 and D — oc.

Corollary 1: For p =1 or when D — oo, Theorem 2 is exact. For p = 1, the fundamental per-user MG region S} (D, p, ps)
is the set of all nonnegative MG pairs (S(1), S(¢)) satisfying (45) and (46), and for p € (0,1) and D — oo it is the set of all
MG pairs (SV), S(®)) satisfying (45) and

5 151 < p. (53)
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Fig. 7: Inner and outer bounds on the fundamental per-user MG regions S7(D, p, ps) and S5(D, p, ps) for p = 0.8, py = 0.6
and D = 10 for Tx- and Rx-Cooperation.

For Model 2 we have the following results.

3) Non-Adaptive Scheme under Model 2:

Proposition 2 (Non-Adaptive Scheme, Model 2): For p € (0, 1], the fundamental per-user MG region S3(D, p, py) includes
all nonnegative pairs (S(V), S(©)) satisfying

s <« PPI (54)
— 2 )
D+1
© < p(1—ps)—-. 55
S =p(l=rs)g ) (55)
Proof: The pair S() = 28 and S(®) = p(1 — py) L5 is achievable by (26) and (32) and the choice of the sets in (47).
On the other hand, the pair S(*) = 0 and S(®) = p(l — pf)g—ié is achievable by (34) and the choice Tempp = K\ Tsitent,1 for

Tsilent,1 @8 in (47a). The proposition then follows by time-sharing arguments. |
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Fig. 9: An illustration of the network and user activity pattern in Model 2 with both Tx- and Rx-cooperation for D = 6.

4) Adaptive Scheme under Model 2: We reuse the two LLC Tx sets 7irc,1 and Trpc2 consisting of the odd and even
indices from 1 and K, and in Phase i we schedule LLC transmissions only on the LLC Tx set 7iic; but not on the other
transmitters. With this assignment of LLC messages, under Model 2 and in each Phase i, the network is split into even smaller
subnets than under Model 1, because not only inactive Txs are silenced but also Txs that have LLC messages to send but do
not belong to 7irc ;. (Under Model 1 these Txs still participated in the communication because besides their LLC messages
they also have eMBB messages to send.) On each of these small subnets, we then schedule eMBB transmissions as in the
generic-non-adaptive scheme. In Fig. 9 we show the scheduling of LLC transmissions for the user activity and data arrival
patterns in Fig. 9(a) under the generic (Fig. 9(b) and Fig. 9(c)) and adaptive (Fig. 9(d) and Fig. 9(e)) schemes. We see that
while the generic scheme only achieves a per-user MG pair of (S(L) =5/32, S&) =14 /32), the adaptive scheme can achieve
(S =5/32,5() = 18/32).

Theorem 3 (Adaptive Scheme, Model 2): For p € (0,1) and py € (0,1], the fundamental per-user MG region S3 (D, p, ps)



includes all nonnegative pairs (S(), S(¢)) satisfying

2
— _ D+2 _ D+2
S© + Mboth 2 SM <p(1—py) - £ pl(l_ pgﬁ)(l _ p(fl)DJer) ’ (57)
where
@) s, 20L=pp) 201 =p(1 = ps))p°T (A = pp)°t
Moomz 147207 01— PV2(1= p)P7?)
_pf(l 3(22_(1pi)pf))2 ((1 +p)(1—=p(1 - Pf))Q - P3P?¢)
(A =p(t=pp))2+ (1= p)* (L= ps)2p+20*(L—ps) + 1)) (1—p)?PT (L= pp)*
ps(L=p*(L = py)) 2(1 — pP+2(1 — py) 2%
P pp) = BT Ok )
T2 20— )1 - (1 — )" (a0 (0-p-p+ £ ). .

For p; = 0, the left-hand side of (57) has to be replaced by S() only.
Proof: The results hold by time-sharing arguments and the achievability of the pairs (S(V);S(®)), with S(¢) given in (194)
and the pair (S, S(®)) as given in (173) and (218); see Appendix C for the proof. ]

We also have the following outer bound.
Theorem 4 (Outer Bound, Model 2): For p € (0,1], all achievable MG pairs (S(), S(®)) of Model 2 satisfy (56) and

S© < p(1 — ps) — (1-p(1 —Dpf))pD“(l —py)°H?
1= PR (1= p )PP

Proof: See Appendix C-B. [ ]

Inner and outer bounds are generally very close also for this Model 2. As under Model 1, they also determine the largest

achievable LLC per-user MG, which is again SEIE;,( = pgi, and the largest eMBB per-user MG, which now under Model 2 is

(1= p(1 = p))pP2(1 = pp)P+?
L= (1= )P+

Notice that Expression (60) can be obtained from (52), which determines the largest eMBB per-user under Model 1, by
replacing p by p(1 — py). The reason is that when only eMBB messages are to be transmitted, then only the probability of
each user having an eMBB message matters, and this probability equals p under Model 1 and it equals p(1 — ps) under Model
2.

(59)

S =p(1—py) — (60)

Corollary 2: For D — oo, Theorem 4 is exact. In this case, the fundamental MG region S5(D = oo, p, py) is the set of all
non-negative MG pairs (S(V), S()) satisfying (56) and

S < p(1—pyp). (61)

Proof: The results follow from Proposition 2 and Theorem 4. [ ]

Fig. 7 illustrates the outer and inner bounds on the MG region for Models 1 and 2 under both Tx- and Rx-Cooperation for
p =0.8,py = 0.6 and D = 10. We generally notice that the best inner bound is quite close to the best outer bound, thus
providing a good approximation of the fundamental per-user MG regions. Comparing the different inner bounds, we further
remark that the adaptive scheme significantly improves over the non-adaptive scheme, and for the presented set of parameters
and for D = 10 the fundamental per-user MG is already close to the one for an unlimited number of cooperation rounds
D — oo. Fig. 8, which shows similar plots but for p = 0.4,py = 0.3 and D = 4, allows for the same conclusions, and
moreover shows that for a small user activity parameter p = 0.4 even D = 4 cooperation rounds suffice to well approximate
the asymptotic fundamental per-user MG region for D — oo. The reason is that a large number of cooperation rounds is only
useful in subnets with a large number of consecutive Txs that are active, and such subnets are extraordinarily rare when p
is small. In our achievability and converse results this phenomenon can be observed by noting that the influence of D in the
exponent decreases with the value of p (for Model 1) and with p(1 — p) for Model 2.

In Model 1, the bounds all have the shapes of right-angled trapezoids with parallel sides at S(Y) = 0 and at the maximum
LLC MG S = 2 p £L7 | The most interesting part of the bounds is the upper side of the trapezoids, which lies opposite the
two right angles. In partlcular the slope of this side is —1 for the outer bounds which indicates that sum per-user MG along
this line stays constant for all values of the LLC per-user MG SV < %. For the inner bounds the slope is be(ét)hJ with

i € {A,NA} indicating that their sum per-user MG is reduced by (Mb(gt)h 1 —1)8 when the LLC per-user MG S is increased
by 5.



In Model 2, the outer bounds have rectangular shapes and the inner bounds are nearly-rectangular. These shapes indicate
that the sum per-user MG increases with the LLC per-user MG, and thus operating at large LLC per-user MG S(V) does not
penalize the achievable eMBB per-user MG S(®). In fact, under Model 2 one cannot trade LLC messages for eMBB messages
because each Tx only has one of the two to send.

The shapes of the per-user MG regions in the two models should also be compared to a triangular shape which corresponds
to a scheme that schedules the eMBB and LLC transmissions into orthogonal slices (e.g., frequency bands or time-slots). Under
both models, our schemes significantly outperform such simple scheduling schemes.

C. Results with only Rx-Cooperation

1) Non-Adaptive Scheme under Model 1:

Proposition 3 (Non-Adaptive Scheme, Model 1): For p € (0,1] and py € (0,1], the fundamental MG region S5 (D, p, py)
for Model 1 includes all nonnegative pairs (S, S(®)) satisfying

S(L PPf (62)
D +1
g(e) M(NA s <p 63
" D+ (63)
where
D+12 1-
(AR R s (64)
D+2pf Py
For p € (0,1] and py = 0, above result continues to hold if the left-hand side of (63) is replaced by the single term S,
Proof: Choose
e=1{1,3,...,K —1} (65a)
Tien = {elD + 2} (65b)
eMBB - ’C\ silent* (65C)
Substituting this choice into (39) and (40) proves achievability of the pair S(V) = % and S(® = aw +(1-a) pgié
for any « € [0, 1]. The proposition is obtained by time-sharing the schemes for « = 0 and o = 1. |

2) Adaptive Scheme under Model 1: We again reuse the two LLC Tx sets Tirc,1 and Tirc,2 consisting of the odd and even
indices from 1 and K, and in Phase ¢ we schedule LLC transmissions only on the LLC Tx set 7y, but not on the other
Txs. As in Subsection V-B4, we again have to silence all Txs that interfere on LLC transmissions because in our model Txs
cannot cooperate. We then schedule in each of the resulting small subnets eMBB transmissions as in the generic, non-adaptive
scheme. In Fig. 10 we show our proposed schedulings for the user activity and data arrival patterns in Fig. 10.a under the
generic (Fig. 10.b and Fig. 10.c) and adaptive (Fig. 10.d and Fig. 10.e) schemes. We see that while the generic scheme only
achieves a per-user MG pair of (S() = 8/32,S(¢) = 8/32), the adaptive scheme can achieve (S) = 8/32,5(®) = 11/32).

Theorem 5 (Adaptive Scheme, Model 1): For p € (0,1) and p; € (0, 1], the fundamental MG region S7 (D, p, py) of Model 1
includes all nonnegative pairs (S(V), S(¢)) satisfying

s < %7 (66)
*) ol (1—p)p°*?
S 4 Mgy - s <p- 1o (67)
where
u® a2 20=ppP - ps(1— py) 2 PP(1—pp)t
U pp (L= pP2) (= p2 (1= pp))) \ (1= p2(1 = py)) 1—pD+2(1—pf)D¥2
1— 1— 1— 2 D41 1— § 1 + 1—
(X =pp)( 20( Py)) 2+ 2020 = pp) 41— 7 (L—pp)2( p(m ps))
pr(L—p2(1— py)) (1= P22 p) )
(1-p)° 2p(1 = py) PP (1= pp) " (14 p)
_ . ! S1- P (68)
pr(1=p*(L—pg)) \ (1= p*(1 = py)) (1—pP+2(1—pj)72)
For p € (0,1) and py = 0, above result holds if the left-hand side of (67) is replaced by S,
Proof: See Appendix D. [ ]
Theorem 6 (Outer Bound, Model 1): For p € (0,1), all achievable MG pairs (S(V), S(®)) of Model 1 satisfy (66)
1— D42
5 s < p— % (69)

1— pP+2
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Fig. 10: An illustration of the network and user activity pattern in Model 1 with only Rx-cooperation for D = 6.
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S 4+ (14 p)s) < p. (70)

Proof: The bounds in (66) and (69) coincide with the bounds for Tx- and Rx-cooperation in Theorem 2 and can be proved
in the same way. The bound in (69) is proved in Appendix D-C. [ ]
Our inner and outer bounds determine again the largest LLC and the largest eMBB per-user MGs. They are the same as
under both Tx- and Rx-cooperation. Having only Rx-cooperation thus does not harm the individual largest per-user MGs. In
contrast, the largest eMBB per-user MG that is achievable for S = % is significantly deteriorated when only Rxs can
cooperate. For example, in the extreme case D — oo, with Tx- and Rx-cooperation S(®) = p (1 — %) is achievable when
S() = 282 Our converse result in Theorem 6 indicates that in this case no eMBB per-user MG above p (1 — (1 + p)24L)
is achievable The reason for this degradation is that cancelling interference of eMBB transmissions on LLC transmlss10ns
requires Tx-cooperation and seems unfeasible otherwise. As a consequence, when Txs cannot cooperate, eMBB transmissions
that would interfere LLC transmissions cannot be scheduled.

We next present our results under Model 2.

3) Non-Adaptive Scheme under Model 2: We have the following proposition on Non-Adaptive scheme under Model 2.

Proposition 4 (Non-Adaptive Scheme, Model 2): For p € (0,1] and py € (0,1], the fundamental MG region S3(D, p, py)
includes all nonnegative pairs (S(V), S(®)) satisfying

s < %7 (1)

D+1
s M(NA s < 72
+ p(1 Pf)D4+2 (72)

where
2 a L=ps 2(D+1)
Rx,2 — : D 2
Py +

(73)

For p € (0,1] and py = 1 the same result holds if the left-hand side of (71) is replaced by the single term S,

Proof: This result follows by substituting the choice (65) into (37) and (38). For a = 0 this proves achievability of the
pair S = 0 and S = p(1—py)BE5 and for a = 1 achievability of the pair S() = £2% and S(¢) = M The proposition
then holds by time-sharing arguments. u

4) Adaptive Scheme under Model 2: As under Model 1, but taking into account that users in ppc cannot send eMBB
messages, see also the adaptive scheme in Section V-B4. In Figs. 11(b) and 11(c) we show our proposed scheduling for the
adaptive scheme under the user activity and data arrival patterns in Fig. 11(a). We see that the adaptive scheme can achieve

(S =5/32,5(¢) = 14/32). Note that, in this case, the non-adaptive scheme is equivalent to the time-sharing scheme.
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Fig. 11: An illustration of the network and user activity pattern in Model 2 with only Rx-cooperation for D = 6.

Theorem 7 (Adaptive Scheme, Model 2): For p € (0,1) and py € (0,1], the fundamental MG region S5(D, p, ps) includes
all nonnegative pairs (S(“), S()) satisfying

ﬂ”s%?, (74)
_ _ D+2/9 D+2
S(e -I-M S(L) < p(]. —py )_ (1 p(]. pf))p (]- pf) 7 (75)

== PP
where
y® s 20=pp) 201 = p(1=pg))pP (1 — py)PH

2y pr(1—=pPH2(1 = py)PH?)
Pps(1—py)? 2 PPy
A (et~ T )
(A =pp) (L=p(Q=pp)* + (1 -p)?) < 1 PP = pp)P >
pr(L—=p(L—=py)) L—p(l=ps) 1—=pPT2(1—py)PH2 )"

(76)

For p € (0,1) and py = 1 the same result holds if the left-hand side of (75) is replaced by the single term Se),
Proof: See Appendix D. [ |
Theorem 8 (Outer Bound, Model 2): For p € (0,1), all achievable MG pairs (S(V), S(®)) of Model 2 satisfy (66) and the
two bounds

_ _ D42 _ D+2
S<E>§p(1—pf)—(1 p(L=pp))p" (L —pp)™ "=

77
1— pP+2(1— py)Pi2 (77)
and
S© +p(1 = ps) - S < p(1 = py). (78)
Proof: The bounds in (66) and (77) coincide with the bounds for Tx- and Rx-cooperation in Theorem 4 and can be proved
in the same way. The bound in (78) is proved in Appendix D-F. [ ]

Fig. 12 plots our inner and outer bounds on the fundamental per-user MG regions S7(D, p, ps) and S5(D, p, ps) for Rx-
cooperation under both models and for p = 0.8, py = 0.6 and D = 10. As discussed above, the bounds show a significant
degradation of the largest eMBB per-user MG that is simultaneously achievable as the LLC per-user MG S() = % compared
to the case with both Tx- and Rx- cooperation.

VI. HEXAGONAL NETWORK
A. Network Model and Cooperation

Consider a network with K hexagonal cells, where each cell consists of one single mobile user (MU) and one BS. The
signals of users that lie in a given cell interfere with the signals sent in the 6 adjacent cells. The interference pattern of our
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Fig. 12: Inner and outer bounds on the fundamental per-user MG regions S7 (D, p, ps) and S5(D, p, p¢) for p = 0.8 and
ps = 0.6, D = 10 for Rx-cooperation only.
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Fig. 13: An illustration of the hexagonal a) Small circles indicate Txs and Rxs, black solid lines the cell borders, and black
dashed lines interference between cells. b) the Tx/Rx pairs in K; are colored in gray, the Tx/Rx pairs in Ko in black and the
Tx/Rxs in K3 in pink.

network is depicted by the black dashed lines in Fig. 13a, i.e., the interference set Z; contains the indices of the 6 neighboring
cells whose signals interfere with cell k. Each Tx k& and each Rx k can cooperate with the six Txs or Rxs in the adjacent cells,
i.e., ‘./\/’/c‘ = 6.

To describe the setup and our schemes in detail, we parametrize the locations of the Tx/Rx pair in the k-th cell by a number
o in the complex plane C. Introducing the coordinate vectors

V3 o1

e, = 7 — 52 and €y = i7 (79)

as in Fig. 13a, the position o; of Tx/Rx pair k is than associated with a pair of integers (ay,by) satisfying
okéak-eachbk'ey. (80)
The interference set Z;, and the neighbour set Ay, of Tx/Rx pair k can then be expressed as
Npy=T, ={K: |agx—aw|=1 and |bp —by|=1 and |ay —ax — by +bp|=1}. (81)

For simplicity, in this section we assume
D = . (82)

Similar results can be derived for finite number of cooperation round D < oo.

B. Results with both Tx- and Rx-Cooperation

Notice that when D — oo there is no difference between the adaptive and non-adaptive schemes we proposed in the
previous section. In this section therefore we only propose a single achievability result under Tx- and Rx-cooperation based
on a non-adaptive scheme.
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Proposition 5 (Achievability Result, Model 1): For p € (0,1], the fundamental MG region S;(D = oo, p, py) for Model 1
includes all non-negative pairs (S(V); S(®)) satisfying

s « PPI

s 55

5 4+ 5B < p. (84)

(83)

Proof: We partition X into three subsets /Cy, o, K3 as in Figure 13b so that all the signals sent by Txs in a given subset
KC; do not interfere with one another, i.e., for each i € {1,2,3}:

K ¢ Tyn and k' ¢ Ty, VK K" €K;. (85)
Substituting for 7 € {1,2,3} the choice Tgien,; = @ and
71LC,¢ =K; (86a)
Temsn,; = K\Tiic,q (86b)
into (30) and (31) proves the proposition. [ |

Proposition 6 (Achievability Result, Model 2): For p € (0,1], the fundamental MG region S5(D = oo, p, ps) for Model 2
includes all nonnegative pairs (S(V), S(¢)) satisfying

sL < % 87)
S© < p(1—py). (88)

Proof: We partition K into three subsets 1, Ko, K3 as in Figure 13b so that all the signals sent by Txs in a given subset
KC; do not interfere with one another, i.e., for each i € {1,2,3}:

K % Ty and k' ¢ T, Vk/, = K;. (89)

Substituting the choice (86) into (30) and (32) proves the proposition. |

C. Results with Only Rx-Cooperation

1) Non-Adaptive Scheme under Model 1: We have the following proposition on Non-Adaptive scheme under Model 1.
Proposition 7 (Non-Adaptive Scheme, Model 1): For p € (0, 1], the fundamental MG region S;(D = o0, p, ps) under Model
1 includes all nonnegative pairs (S(V), S(¢)) satisfying

s < % (90)
5© 4+ LWsL < p, 1)
where
2
LW e 2P ©92)
’ Pf
Proof: Substitute (86) into (39) and (40). |

2) Adaptive Scheme under Model 1: We reuse the sets /1, /o and K3 as in Figure 13b and in phase ¢ only assign LLC
transmissions to users in KC;. Then, we silence all interfering users, because in this setup without Tx-cooperation, interference
on LLC messages cannot be canceled. In contrast to Wyner’s symmetric network, here typically the network is not split into
subnets, but still consist of a large network with an irregular shape. We then schedule eMBB messages on all active users
because with Rx-cooperation over an infinite number of rounds we can cancel all interference on eMBB transmissions.

Theorem 9 (Adaptive Scheme, Model 1): For p € (0,1), the fundamental MG region S7(D = oo, p, py) of Model 1 includes
all nonnegative pairs (S(V), S(®)) satisfying

s < %’ (93)
S© + L% s < p. (94)
where 3
R 2(1 —ppys)” ©5)
' Pr
Proof: See Appendix E-A and Appendix E-B. [ ]

For Model 2 we have the following results.
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Fig. 14: Inner bounds on the fundamental per-user MG regions S} (D = oo, p, py) and S (D = oo, p, py) under the two models
for the hexagonal network with p = 0.8 and p; = 0.6.

3) Non-Adaptive Scheme under Model 2: We have the following proposition on Non-Adaptive scheme under Model 2.
Proposition 8 (Non-Adaptive Scheme, Model 2): For p € (0, 1], the fundamental MG region S5 (D = oo, p, py) for Model 2
includes all nonnegative pairs (S(V), S(¢)) satisfying

sb) « PP (96)
S35
S + Liyys® < p(1 - py), 97)
where

2(1 —
LW s (L—ps) 98)

’ Por
Proof: Substitute (86) into (37) and (38). |

4) Adaptive Scheme under Model 2: As under Model 1, we reuse the sets K1, Ko and K3 as in Figure 13b and in phase 7 only
assign LLC transmissions to users in /C;. Then, we silence all interfering users, because in this setup without Tx-cooperation,
interference on LLC messages cannot be canceled. We then schedule eMBB messages only on active users that have eMBB
messages.

Theorem 10 (Adaptive Scheme, Model 2): For p € (0,1), the fundamental MG region S5 (D = oo, p, py) of Model 2 includes
all nonnegative pairs (S(V), S(©)) satisfying

s < %7 (99)
S© 4+ LE,SM < p(1 - py). (100)
where 5
™, 21— pp)(A = (A = pps)”) (101)
’ Pf
Proof: See Appendix E-C and Appendix E-D. [ ]

Figures 14 and 15 illustrate the inner bounds on the MG region S}(D = o0, p, ps) and S3(D = oo, p, ps) for p = 0.8,
ps = 0.6 and py = 0.1. As can be seen from this figures, when both Txs and Rxs can cooperate, in Model 1, the sum per-user
MG stays constant with the LLC per-user MG, and in Model 2, the sum per-user MG increases with the LLC per-user MG,
and thus operating at large LLC per-user MG S(") does not penalize the achievable eMBB per-user MG S(®). However, when
only Rxs can cooperate, large LLC per-user MG S(1) penalizes the achievable eMBB per-user MG S(®) under both Model 1
and Model 2.
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Fig. 15: Inner bounds on the fundamental per-user MG regions S} (D = oo, p, py) and S (D = oo, p, py) under the two models
for the hexagonal network with p = 0.8 and p; = 0.1.

VII. CONCLUSIONS AND OUTLOOK

We have proposed and analyzed coding schemes to simultaneously transmit delay-sensitive and delay-tolerant traffic over
interference networks with randomly activated users and random data arrivals in a setup with both Tx- and Rx-cooperation
or with only Rx-cooperation. In both setups only delay-tolerant messages can benefit from Tx- or Rx-cooperation but not
delay-sensitive messages. We further considered two user data arrival models. In Model 1 any active Tx has a delay-tolerant
message to send and with probability p; it has also a delay-sensitive message to send. In Model 2 a Tx only has a delay-tolerant
message to send if it is active but has no delay-sensitive message to send.

We have derived inner and outer bounds on the per-user multiplexing gain (MG) region of the symmetric Wyner network
for both setups and both models. Our bounds are tight in general and coincide in special cases. Moreover, they show that
transmitting delay-sensitive data hardly penalizes the sum per-user MG (for Model 1) or the delay-tolerant per-user MG (for
Model 2) as long as both Txs and Rxs can cooperate. This should in particular be considered in view of scheduling algorithms
[48] where transmission of delay-sensitive data inherently causes a penalty on the sum-MG that is linear in the delay-sensitive
and the sum per-user MG. We further observe that the influence of the number of cooperation rounds D vanishes with decreasing
probability for a Tx to have a delay-tolerant message. In other words, for small p (under Model 1) or small p(1 — py) (under
Model 2) a small number of cooperation rounds D allows the system to achieve the same performance as a larger number of
rounds.

When only Rxs can cooperate, then the delay-tolerant per-user MG and the sum per-user MG degrade significantly for large
delay-sensitive per-user MGs compared to the setup with both Tx- and Rx-cooperation. The reason is that Tx-cooperation seems
required to cancel interference of delay-tolerant transmissions on delay-sensitive transmissions, without which the performance
degrades. Notice that an analogous result can also be proved when only Txs but not the Rxs can cooperate, in which case
the performance degradation comes from the fact that interference of delay-sensitive transmissions cannot be canceled at
delay-sensitive Rxs.

We further have derived inner bounds on the MG region of the hexagonal model for both cooperation setups (Tx- and
Rx-cooperation or only Rx-cooperation) and under both Models 1 and 2. The results have shown that when both Txs and Rxs
can cooperate, in Model 1, the sum per-user MG stays constant with increasing delay-sensitive per-user MG and in Model 2,
the delay-tolerant per-user MG remains constant while the sum per-user MG increases with increasing delay-sensitive per-
user MG. As for the Wyner symmetric network, we observe that in our inner bounds, when only Rxs can cooperate, a large
delay-sensitive per-user MG penalizes the achievable delay-sensitive per-user MG under both Models 1 and 2.

Future interesting research directions include the sectorized model studied in [49], [50]. We conjecture that also for the
sectorized hexagonal model, a combination of Tx- and Rx-cooperation allows to mitigate most of the interference and essentially
eliminate any penalty caused by transmission of large delay-sensitive data rates. Excellent interference cancellation performance
is also expected for multi-antenna setups and more general networks [51]. Another interesting line of future research is to
investigate the fundamental limits of this setup under imperfect channel state-information at the transmitters and receivers [52].
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APPENDIX A
USEFUL SUMMATION FORMULAS

We start with the well-known formula for geometric sums. For any d > 0,

K
1— dK+1
¢
— 102
dod = (102)
£=0
K
d(Kd¥+! — (K +1)d¥ +1
> tdt = ( (K +1)d" +1) (103)
(d—1)
£=0
Moreover, for any ¢ € (0, 1),
A~ (104)
— )2’
= (179
= 1
Y2 = C§c+ g (105)
=1 (1-¢)
Since both sums converge we have,
1 X
. L l_
Jim ;zc (106)
(107)
and
1 X
oL 2.0 _
Jim ;z  =o0. (108)
We next prove that for any positive integers A, B so that B divides A and any ¢ € [0,1) and d € [0, 1],
o A JA/B 1_cB
> | 5] ) - g (109)
— |4 (1 —cAdA/BY(1—cBd) 1-—c¢
and
> f+1 ‘ > l ° 1
¢ I _ A-175A/B-1
e {AJ dl %] X {AJ dls] = A-1g4/ T (110)
=1 =1
In particular, by specializing (109) and (110) to d = 1, we have that for any positive integer A and ¢ € [0, 1):
> l cA
¢
Z | = 111
> |7| - r=ea=s i

=1
and At
= {41 - 4 T
1 (N Cl = — . 112
S R I e e
=1 =1
Also, for any A > 2 and B > 2 so that B divides A and any ¢ € [0,1) and d € [0, 1],

> l ¢ cAdA/B cd 1-cP
;c LAJ i (1 — cAdA/B) + (1—cBd) 1-c (113
and - -
{41 z y4 z 1
¢ A e| 61 [L] _ A-1,4/B
th A Jd” Yoe LAJd(W—c NP (114)
=1 =1
Similarly, for B > 2 and ¢ € [0,1) and d € [0, 1],
3 cfeal = (115)
=1

To prove (109), represent the summation index as

i
(= {J/H LBJB+I§, (116)
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for i = ¢ mod A, which liesin ¢ € {0,1,...,A—1}, and k = ¢ mod B, which lies in {0,1,..., B —1}. We can then write

- 4.1
ZCZ LiJ Z Z Bz:lch+fB+k j - diA/BHS (117)

=1 j=1 f=0 k=0
0o . %*1 B—1
=S (AavE) 3 () (118)
j=1 F=0 k=0
. cAdA/B . 1— cAqA/B . 1—cP (119)
(1 —cAdA/B)2 1 —cBd 1-c¢
AA/B B
cAdA/ 1-c¢c (120)

T (1= cAdA/B)(1—cBd) 1-c’
which proves (109).

To prove (110), we notice that the two sums in (110) only differ in the terms ¢ = A — 1 + ¢A for all indices i =0, 1,.. ..
In fact, we have

Soet| St albl -S| Lfalil = 5T ] 121
(=1

=1 (=A—1+1iA
1€{0,1,...}
=Y A () aB ! (dA/B) (122)
= Aty () (123)
i=0
cA-1gs—1
= (124)

To prove (113), we use the fact that [5] = | “5%] + 1 which results in

icf MJ a5l = dicf UlJ al =" (125)

=1

o0 !/ ’

D ay V:{lJ al%) (126)
=0

i el IV | o

Dy V:{J al%] (127
=1

A JA/B _ B

(i) ctd cd 1—c

(1 —cAdA/B) (H (1-cBd) 1—c> (128)

where (i) is obtained by setting ¢ = ¢ — 1; step (i¢) holds because V +1J =0 when A > 2; and step (4i7) holds by (109)
and (110).

£=1 (=1
> {41 -1 > 14 -1
— 4 +1 l +1
=S |l - e |l (129)
=1 =1
<0 +2 o 2 e +1 o
— £ 14
—Cd(Zc { y JdLBJ—Zc L " JﬂBJ) (130)
=1 =1
(131)
Since the two sums in the above equation only differ in the terms ¢/ = A — 2 + i A for all indices ¢ = 0,1, ..., similarly to

the proof of (110) we have

a3 |2l | S ) ot 5l a2)

=1 V=A—2+iA
i€{0,1,...}
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zcalio:c“‘_2 (cA)id%_1 (dA/BY (133)

— A-lgh Z( AdA/B)Z (134)
=0
CA 1d13
:71—cAdA/B7 (135)
which proves (114).
Notice next that for any positive B and any ¢ € [0,1) and d € [0, 1],
BcBd l—B B —1)cBtt — BcP
ZC% ‘ c Bl CERELS (136)
l—ch) 1—c¢c (1 =cBd)(c—1)2
which is proved as follows. Represent the summation index as
1
{=|=|B+k 137
{BJ + 137)
for k = ¢ mod B, which lies in {0,1,..., B — 1}. We then write
0o . oo B-—-1 . )
S el Bl =SS I (Bt k) - o (138)
=1 j=1 k=
co B—1 co B—1
=BY Y BG4y N kBT (139)
j=1 k=0 j=1 k=0
0o ABfl 0o ‘Bfl
=B j(cPdy Y+ (Pay Y ket (140)
j=1 k=0 j=1 k=0
BcBd 1—cP B —1)cBt! — BCP
__Befd 1-c7 (B-l) ¢ fe (141)
(I-cBd)?2 1-c¢ (1 =cBd)(c—1)2

which proves (136).

We conclude this appendix with a few summation formulas that can be proved similarly to the above proofs. Notice that:

= 14 ] cAdA/B 1—cP
Sl | S| alE e - :
é:1c {AJ dLB11{{is even } 0= AdA/BY (1 —cBd) 1=’ (142)
o0 B B B+2 B 2
(il %] ) __BPd  1-c (B —2)c — BcP +2¢
gg_lcﬁd 511{¢is even } A_cBaE 1-& + 30— B2 —1)2 (143)
For even values of A and B an integer divisor of A, we further have
o]+
¢
E ¢ {AJ als JIL{£ is even } — E { J J]l{@ is even } = 0. (144)

{=1

Finally, notice that [£] + |£| = ¢ and alsl = qt. ébj. Replacing in (109), (110), and (136), the parameter ¢ by cd, the
parameter d by d~!, and B by 2, we obtain that for any even A

o0 , A JA)2
ZCZ {KJ d|—5-| _ A dM A (1 + ed) (145)

— A (1 —cAdA/2)(1 — c2d)’
= [£] :cd(20+02d+1) 14
;c td RNy T (146)

1 — cAdA/?

S [ ale) - S5 ) v a4
(=1
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APPENDIX B
PROOFS OF THEOREMS 1 AND 2

A. MG results with chosen message assignments

In this subsection, we characterize total MG pairs that are achievable over Wyner’s symmetric network for chosen message
assignments. These results will be used in the next-following sections to derive achievable per-user MG pairs under the random
message-arrival models 1 and 2. For ease of readability of future sections, we denote the number of users in a subnet by £.

In all our schemes LLC messages are only sent by non-consecutive Txs. We thus will make this assumption without further
mentioning it in the titles of the sections.

1) Sending eMBB messages at Txs 2,D,D + 4,2D + 2,2D + 6,3D + 4, ...: We will start with an example of the message
assignment. Choose 7i ¢ as the set of odd integers

71LC g {173753'“}7 (148)
and silence Tx/Rx pairs ,
Totem 2 {c(D+2)} 752, (149)
Choose the set of eMBB Txs as
Temps = K\ (Tsitent U TiLC) - (150)
It can be verified that with this selection no adjacent Txs send LLC messages and the network is split into subnets, so that in
each subnet there is a master Rx (namely Rx (c + 3)D for some integer ¢ € {0,1,..., (DLQ] — 1}) that can be reached by

any other eMBB Rx in the same subnet in D/2 — 1 cooperation hops. Our assignment (148)—(150) thus satisfies conditions
C1 and C2 in Subsection III-A. By (25), the proposed message assignment thus allows to achieve a total sum MG of

l
Msum,full(g) £ I \‘DHJ . (151)
Since every second Tx sends a LLC message, the total LLC MG is
14
MpLc(f) = Lw . (152)

Remark 3: The proposed scheme can easily be adapted to any other LL.C Tx-set 7i ¢ that contains no two successive indices
and that for any ¢ =0, ..., LDL_;_ZJ satisfies’

¢(D+2)+2,¢(D+2)+D ¢ TiLc, (153)

while the definitions in (149) and (150) are mantained. The scheme in Subsection III-A only needs to be adapted in the sense
that in any subnet ¢ the Txs ¢(D 4 2) + 1,¢(D 4 2) + D + 1 should act as LLC Txs even in case they are transmitting eMBB
messages. This is possible by our assumption (153) that the neighbors of these Txs have eMBB messages to send. The same
total sum MG is attained as before, i.e., (151). The total LLC MG is simply

Mircsed(€) 2 [Tircl. (154)

2) Sending an eMBB message at Tx 2 or at Tx D — 1 on a subnet of size £ < D: In this case, no Tx has to be silenced,

i.e., we choose
7;ilent é ) (155)

and we can achieve a total sum-MG of Mgy (€) = 2.

Moreover, by assumption there are no consecutive LLC Txs. The key idea is to treat either Tx 1 or Tx D as a LLC Tx,
irrespective of whether they have LLC or eMBB messages to transmit. Specifically, if 2 € Tompp We treat Tx 1 as if it was
sending a LLC message and if D — 1 € Touss we treat Tx D as if it were sending a LLC message. We can then run the
scheme in Subsection III-A because conditions C1 and C2 are satisfied. In particular, if 2 € Toupg, then Rx % + 1 can act as
a master Rx that jointly decodes all eMBB messages of Txs 2,...,¢. (Recall that in this case Tx 1 acts as a LLC Tx even it
has an eMBB message to send). If / < D or D — 1 € T.ugg, then Rx % can act as a master Rx that jointly decodes all eMBB
messages of Txs 1,...,min{¢,D — 1}. (Recall that in this case if Tx D exists, it acts as a LLC Tx, even if it has an eMBB
message to send.)

2If Condition (153) is violated, then the scheme in Subsection III-A does require an extra cooperation round, thus violating the condition on D. For this
reason, we propose a second scheme for a different message assignment in the next Subsection B-A2.
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B. Achievability Result for S(Y) = 0 under Model 1

In Wyner’s symmetric network, the random user activity cuts the network into smaller non-interfering subnets. The total
eMBB MG of the network is then simply the sum of the eMBB MGs achieved in the various subnets. Moreover, since in each
subnet we send only eMBB messages, we are in the situation of Subsection B-A1, and the total eMBB MG is given by (151).
We can then compute the expected per-user eMBB MG over the entire network as

] K K—k+1
S(e) = Klgnoo E Z Z Pf,k’ . Msum,full(é) (156)
k=1 (=1
1 K K—(+1
= Klgnoo ? ; ];1 PZ,k N Msum,full(g)a (157)

where P, denotes the probability that a new subnet starts at user k£ and is of size ¢, which equals

pf1—p)?2 (<K-—k+1,k>2
pPl-p) (U=K-k+1, k>2)

Py = . 158
ok or ({<K-k+1,k=1) (138)
pK k=1,¢=K
Plugging (158) into (157), we obtain
L 1 K-1 IDK
gﬂ:ggjg;}ﬂLWMKfﬁﬂmfm+®Mmm@+?fMMMM)- (159)

In the remainder of this subsection, we analyze the asymptotic behavior of the expression in (159), where recall that
p€(0,1).
We observe the trivial bound

Msum,full(g) S ga (160)
and thus since pK — 0 as K — oo when p € (0,1), the last term in (159) vanishes as K — oo, i.e.,
K
m P (k| K] =
() o
The trivial bound in (160) also implies
K-1 K-1
0< Pe(l - P)Q(E + 1)Msum an (€) < Z Pé(l - P)Q(EQ +4) (162a)
(=1 (=1
K-1 K—-1
0< ) 20°(1 = p)Maman(€) < Y 20°(1 = p)t, (162b)
(=1 r=1
and since the sums on the right-hand sides of (162) converge, see (106) and (108), the following limit holds:
=
Klgnoo E Z pe(l - p) ((—é - 1)(1 - p) + 2) : Msum,full(f) =0. (163)

Plugging Limits (161) and (163) into (159), we obtain an eMBB per-user MG of

K—-1 e o]
1 ¢
SO = i g 30 Ko (L= pPMamsal®) = 0= 07 (0= | 555 ) (1ed
/=1 {=1
(1—p)pP*2
=P (165)

where the last equation holds by (105) and (111).
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C. Converse Bound under Model 1

The steps described in the previous section can also be used to derive a converse bound on S() + S(®) that holds for all
achievable MG pairs. In fact, Mgy fu also represents an upper bound on the total MG of any subnet of length ¢. Following
the same arguments as above but where we replace S() by S(V) + S(®) we obtain the upper bound

1— D-+2
SO 450 < Lm0 T - _p;]fﬂ . (166)
Combined with the trivial bound
s < P, (167)

this proves Theorem 2 for p € (0,1).
For p = 1 the sum-rate bound follows from the findings in [47], which assumes that all Txs are eMBB.

D. Achievability Result for Large S\V) under Model 1

As before, the user activity pattern A splits the network into multiple disjoint subnets. To ensure that each LLC message
can be transmitted at same rate, we split the blocklength into two equally-long phases and time-share two schemes over the
two phases. In Phase 1 we only send LLC messages on odd Txs and in Phase 2 only from even Txs.

Setting

K1 45{1,3,...,K —1}, (168)
Ko & {2,4,...,K}, (169)
in Phase 1 we choose
Tirc, £ K1 N Kiie (170)
and in Phase 2
Tirce = Ko N Kprc. (171)

The LLC message assignments in both phases satisfy the condition that no two consecutive Txs send LLC messages and
are thus valid. In each of the phases, and for each of the subnets created by deactivated users, we can use one of the two
schemes in Subsections B-A1 or B-A2, depending on the phase and the LLC user activity pattern in the subnet. In particular,
for a subnet that starts at user k and is of length ¢, in Phase ¢ € {1,2} we use:

e Ifke;orifk+(c—1)(D+2)+1,k+c¢(D+2)—3€ Kempp forall c=1,..., [D%;;‘, then we use the scheme in
Subsection B-A1l and achieve a total sum-MG of Mgy fun(€).

« Else if £ < D, we use the scheme described in Subsection B-A2 to transmit. Notice that the way that we defined the LLC
Tx-sets Tirc,; in (170) and (171) and since k ¢ KC; and D even, Tx k + D — 2 (if £ > D — 1) sends an eMBB message
and we satisfy the condition of Subsection B-A2. In this case, we again achieve a total sum-MG of My (€) over the
entire network.

« Else, we desactivate user k 4+ D, use the scheme in Subsection B-A2 to transmit on the subnet consisting of the first D
Tx-Rx pairs k,k+1,...,k+D—1 and the scheme in Subsection B-A1 to transmit on the subnet consisting of the Tx-Rx
pairs k+D+1,...,k+ ¢ —1 (where we notice that for this latter subnet Condition (153) is satisfied in Phase ¢ because
k ¢ IC; and therefore also k + ¢(D + 2),k + c¢(D+2) + D ¢ Tiic,; for all positive integers ¢). In this case, since we
silenced Tx k + D (instead of k£ 4+ D + 1), our scheme achieves at total sum-MG of

+1
Msum,red(g) = l— \‘DHJ . (172)
As previously, the overall scheme achieves a per-user LLC MG of
s _ PPI (173)

2

Moreover, by above considerations, in any subnet that starts at Tx k and is of size ¢ > D, the following expected sum MG is
achievable over the two phases:

_ 1 1 1
Msum(g) = 7Msum,full(€) + §Msum,full(€) . H P[Bj = 1] + §Msum,red(€) . 1- H HD[Bj = 1}

2 jeL JEL
(174)
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(DG NG e

where
_L
Lr2{kt(c—1)D+2)+1L,k+eD+2) -3} A fkk+1,... k+L—1) (176a)
and
Q[D%J if ¢ modD+2e{0,D,D+1}
L2|L] = Q{D%QJ if ¢ modD+2=1 (176b)
2|55 J +1  otherwi
D12 otherwise.
If the subnet is of size ¢ < D then the total sum MG M am(£) = £ is achievable. So (174) is achievable also for ¢ < D.
Similarly to (156)—(159) we then obtain
K K—k+1
(e) (O il
s 450 = Tim — Z Z Py - Mg (0) (177)
X K—Z—',—l B
= lm =3 Py - Mgum(0) (178)
=1 k=1
N 1 K-l _ P _
= | 20 (== D =)+ ) Man) + Msummﬂ .

(179)

We continue to analyze the asymptotic expression in (179), where recall that we assume p € (0,1). Since Mg (€) < £,
following similar steps as in (160)—(165), we can conclude that

5 1 gL — Pl — )My (¢) (180)
=1
() (1— > 1 ¢
N ¢ A _ 2543 1
> ZM ;p {D+2J (1 (1= pp?le)
u—QOg (+1 2541
' ;p D+2 (1 (1— py)2lot ) (181)
o) 2 s
- 2 14 4
= (1=p)* Y o'~ Z” {D+2J
=t =1
2 o0
—7/) ¢ +1 B { 1 2[ 5551
2 ;p QD+2 D+2 (1 (L=pg)7oF ) (152
(”) , ) oo . ¢ B (1 _p)2 . pDJrl
1— )2 D211 _ 3 :
+( 20) P ( Pf) - (183)
— pPH2(1 — py)?o+
(ii) . pD+2(1 -p) (1 p)2 PD+1 i (1- P)2 D+1(1 - pf) (184)
1— pp+2 21— 0P 21— pPr2(1— pg)2
W, P20=p)  (A=p)f (=) (185)
2(1 — pb+2) 2 1—pPT2(1—pp)?’

where in (i) we use that Mg,y an(£) is decreasing in L and we can upper bound L by 2 {D +21, in (4¢) the third term is the
result of using the limiting expression (112) for ¢ = p and A = D + 2, and the fourth term is the result of using the limiting
expression (114) for ¢ = p, A=D+ 2 and B = D + 2; in step (¢i¢) we used the limits (104) and Limit (111); and in step
(iv) we combined the second and third term into a single expression. Using (173), we finally obtain

s© =, pes (L= p)pP (L= p)?pP L - py)?
2 2(1 — pP+2) 2(1—pP2(1—pj)2)

(186)
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APPENDIX C
PROOFS OF THEOREMS 3 AND 4
A. Achievability for S = 0 under Model 2:

We now consider Model 2, where each user either has an eMBB or a LLC message to transmit but never both. For S(t) = 0,
this is equivalent to considering LLC Txs as inactive. In this case, the probability that a subnet starts at Tx k and is of size ¢
now equals

PrL—pp)(L=p(l—ps)? <K-k+1 k=2

p _ )P A=p) (A =p(l=pp)) ((=K-k+1 k=>2)

Lk or (({<K—k+1,k=1)
PE(1—pp)¥ k=1,0=K

In each subnet we can employ the coding scheme in Subsection B-A1 (but without LLC messages) and thus achieve a total
eMBB MG of Mgy fun(€), when ¢ denotes the length of the subnet. Therefore (similarly to (156)) we have

(187)

1 K K—k+1 @)
JE— 2
S(e) - Kh—r>noo ? Z Z Pf,k ’ Msum,full(g) s
k=1 (=1
] K Eoth
= 4m % > P} M un(0) )
(=1 k=1
— [1&
= T X = )= pll = o)) (K = €= 1)1 = p(1 = pp)) +2) M ()
{=1
K] K
+p ( Kpf) 'Msum,full(K) . (190)

For py = 1, obviously S(¢) = 0, which can also be verified on (190). In the following we assume that p ¢ € [0,1). Recall also
that p € (0,1).
To analyze the limiting expression (190) we start by noticing that Mgym run(¢) < ¢ implies

o K 1— K
Klgnoo % . Msum,full(K) = 07 (191)
1 K-1
dim g 3 (L p) (1= py)) (€= 13— pl1= p1) +2) Mman(5) =0 (192)

where the second limit (192) holds by the same arguments that we used to prove (163). Substituting (191) and (192) into
(190), we then obtain

SO =3 p (1= pp) (1= p(1 = ps))*Mamsun (£) (193)
=1
1_ 1 D+2 1— D+2
=p(l—ps) — ( pl(_ plfig)(? _ p(f)sz)f) ’ (194)

where the last equality holds by (104) and (111).

B. Converse Bound under Model 2

The steps described in the previous section can also be used to derive a converse bound on S(¢) that holds for all achievable
eMBB MGs. In fact, Mgym sun(¢) also represents an upper bound on the total eMBB MG of any subnet of length ¢. Following
the same arguments as above we obtain the upper bound

L—p(1 = pp))p° (1 = py)P+?
gﬂSpﬂ—p>—( : (195)
! L= PP2(1 = py)P+2
Combined with the trivial bound
s < P;’f, (196)

this proves Theorem 4.
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C. Achievability for Large S\Y) under Model 2:

As in Subsection B-D, to ensure that each LLC message can be transmitted at the same rate, we split the blocklength into
two equally-long phases and time-share two schemes over the two phases. In Phase 1 we only send LLC messages from odd
Txs and in Phase 2 only from even Txs. We thus reconsider the two LLC Tx sets Tirc,1 and Tiic,2 defined in (170) and
(171). Though we use the same LLC Tx-sets as in Subsection B-D, now under Model 2 the network is split into smaller
subnets, because not only deactivated users decompose the network but also LLC users that are not contained in the LLC Tx
set Trrc,; of the respective Phase . (Under Model 1 these Txs still participated in the communication because besides their
LLC message they also had an eMBB message to send.) We thus have different subnets in the two phases, even though the
user activity pattern is the same.

In particular, in Phase ¢ € {1,2} and for k € K; a subnet starts at Tx k and is of length ¢,

1) for £ even, if Tx k — 1 is LLC or deactivated; Txs k,k+2,...,k+ ¢ — 2 are active; Txs k+ 1,k +3,...,k+/¢—1 are

eMBB and active; and Tx k + ¢ is deactivated;

2) for £ odd, if Tx k — 1 is LLC or deactivated; Txs k,k +2,...,k+ ¢ — 1 are active; Txs k+ 1,k +3,...,k+ ¢ — 2 are

eMBB and active; and Tx k£ + ¢ is LLC or deactivated.
Similarly, for k ¢ K; a subnet starts at Tx k and is of length ¢,

3) for ¢ even, if Tx k& — 1 is deactivated; Txs k,k +2,...,k+ £ — 2 are eMBB and active; Txs k+ 1, k+3,... , k+/—1

are active; and Tx &k + ¢ is LLC or deactivated;

4) for ¢ odd, if Tx k — 1 is deactivated; Txs k,k + 2,...,k + ¢ — 1 are eMBB and active; Txs k+ 1,k+3,..., k+£{—2

are active; and Tx k + / is deactivated.
The probability that in Phase i a subnet starts at Tx k£ and is of length £ is thus given by

Pf,li:{z(lpf)m ane AOREKE g (197)
Bl b iR 2K
with
(1—p(1—pp))?, {<K—-k+1, k>2,¢odd
I-p(1—ps))(l—p), L<K—-k+1, k>2, £even
oy o 1—p(1—pyp), l=K—-k+1,k>2) (198)
' or {<K—k+1, k=1, ¢ odd)
1—p, {< K, k=1, { even
1, k=1, (=K
and
(1—p)?, {<K-—k+1, k>2, £odd
I—-p(1—ps))1l—p), L<K-k+1, k>2, Leven
by 2 1-p, l=K-k+1, k>2) (199)
' or {<K—k+1, k=1, ¢ odd)
1—p(1—py), (<K, k=1, { even
1, k=1, (=K.

In subnets of the form 1)-2), the scheme in Subsection B-Al can be applied and a total sum-MG of Mgy (€) achieved.
The same holds in subnets of the form 3)-4) if # < D or if in a subnet starting at Tx k all Txs in the set L as defined in (176)
send eMBB messages. Otherwise, Tx k£ + D can be deactivated (notice that by our assumptions in 3) and 4), Tx £+ D — 2
is not in 7 c) and the scheme in Subsection B-A2 can be applied to the first D Tx/Rx pairs in the subnet and the scheme in
Subsection B-A1l to the remaining non-silenced Tx/Rx pairs in the subnet. In this case, a sum-MG of Mgy ea(£) is achieved.
For the expected total per-user MG we thus obtain

5@ 4+ s®

1 K—k+1
- —r>n 52 |:Z Z PE(,QIC),i'MSum,full(g)
i=1 keK; (£=1
K—k+1 p p
£330 Pl (Maman(O01 = p7)* 0% 4 Muneall)- (1—(1—pf)2fb+‘”>>} (200)
kgl (=1
K K—k+1

_Klﬂnoo?kzl E:: Maum (£, k) (201)
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| K K—{+1 B
= Jim 2> Maum (€, &) (202)
(=1 k=1
1 K—-2K—/¢ K—-1
= lim — Mgum (4, k) + (Myum (€, 1) + Maum (€, K — £+ 1)) + Mym(1, K)] (203)
K—oo K
(=1 k=2 =1
where

sum(g k) é 5 /(2131—&-]1{16 even} sum,full(g)

£ L
+= P(Qk) 1+]1{k odd} <Msum,full(£)(1 — pf)2|—D+2“ —+ Msum,red(g) (1 — (1 — pf)2|—D+2-‘)) (204)

In the following we analyze above asymptotic limit.
If py =1, then Pf,z , = 0 except for £ =1 and k € K;. In this case, from (200) we have

— 1 1

S(e) + S(L) = Klgn E Z E Z P1(’2k)’z : Msum,full(l) (205)
L kek
— 11
A g w e (20
=L (207)
Since in the described scheme, we generally have

s — %, (208)

trivially we obtain that for py =1 S =0 and S as in (208) is achievable.

If py = 0, we are back to the case with only eMBB messages studied in Subsection C-A.

For the remainder of this section, we assume that both p, ps € (0,1). We notice that Py ; < p" and Mg ran(¢) < £, which
implies that Mg, (¢, k) < p’f. Therefore, by (106)

K-1

— 1 - N y
Klgnoo K ; (Msum(& 1) + Msum(&K —{+ 1)) =+ Msum(vi) =0, (209)
and thus
| K2K-
(e) L — Tim — V
5@ 450 = Tm — Maum (€, £). (210)
=1 k=2
For/e{l,..., K —2}and k € {2 K=t}
M (€, ) = 59" (1= p) L) (1 = p(1 = p))(1 = p+ 14 0dd}pp )M (0
1 ¢
+50' (L= pp) 1211 = p+ 1{C even} pps)(1 - p)
. (Msum,full(g)(l - Pf)ﬂ[’%] + Msum,red(g) (1 - (1 - pf)2“)i;2])> (211)
which does not depend on the index k. We can thus simplify the expression in (210) to
K—2
— K—-0—-1_
(e) L - 1 o
S +5S A 2 I76 Msum (£, 2) (212)
K—2
= lim Mgum (4, 2) (213)
K—o00 =

where the second equality holds because Mgy (¥, 2) < p/ and thus the sum Zz 1 % sum(£, 2) vanishes as K — oo, see

(106).
Substituting (211) into (213), we obtain

S(e) + S(L) = Z Msum(& 2) (214)
=1
1 ) e Y4 .
=3 - (0= | g | ) (0= o0 = ppapsaieis even)
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+;§;pe(1 — pp)ls] (€ - LDEHD (1—p(1—py))*

% ipe(l — o) 511 = p)ppy (1 - (1= Pf>2[$]) (g - VHD 14¢is even }

p D+2
% pra —pp)lE1(1 — p)? (1 —(1- pf)ﬂf)%”) (f - KTQD
% ; (=) B (1= p)pps(1 = py)*lots] (f - LDEHD 1{(is even }
£ 2 o (0 [ 555 ) @15)
©___ 0 2021 —ps) __(PP(L=ps)>
20 =p* (L =p)) \1=p*(L=pp)  1—(p2(1—py))"%
(1- 1—pf ot 2p<1 —p)(1+p)  (+p)(P*(1—ps)F
2(1— (1= pf)) —p*(1 = py) 1— (p2(1—pyp))s
(1-p)? - 21 P = pp) " (L4 p)
2(1_p2(1_pf)) (p(l pf)(2p+2p (1 pf)+1) 1_(p (1_pf))LJ2r2 )

D+6
La —p)?pPt (1 —py) 2 216)
D16
2(1 = pPT2(1 = ps) =)

— —p/();(l ffp)f))Q (A+p)A = p(L = ps))?* = p°p})
p (L= p(1=pp)* + (1= pP(L = ps) (20 +2p°(1 = py) + 1))
2(1 = p*(1 = py))

D42 btz 2
pr(l—pg) L—p
- Sl 573 ((1+p) ((1—p(1—pf))2+( ) ))
2(1 = p*(L=pg)) (X = pP+?(1 = ps) =) P
(1= p)2pP (1 —py) 5" 217)
21— P2 (1= pp) )
where in step (¢) the first summation term of (215) is calculated by (142) for c = p,d =1—py, B =2 and A =D+ 2 and by
(143) for c = p,d = 1—py and B = 2; the second summation term of (215) is calculated by (109) forc = p,d =1—p;, B = 2
and A = D+ 2 and by (136) for ¢ = p,d = 1 — py and B = 2; the third and the fifth summation terms of (215) are first
combined together using the fact that for even values of ¢ the terms L%J 53 +2J =0 and [£] = £ and the resulting term
is calculated by (104) for ¢ = p,/1 — py and by (111) for ¢ = py/1 — py and A = D+ 2 under the assumption that £ is even;
and the fourth and the sixth summation terms of (215) are first combined together and the resulting term is calculated by (145)

and (146) forc =p,d=1—ps, A=D+2 and B = 2 and following the proof of (114). Using (173), we finally obtain

o__ Pd—ps) |
S( ) = (1 _ 02(1 _fpf))g ((]— +p)(1 —p(]_ _ pf))2 . P3pf‘)

WP (1= p(1 = pg))* + (1= p)*(1 = py)(2p + 20°(1 — py) + 1))
2(1=p*(1 = py))

- P20 = p) F e (=P
21— (1 - p)(L— (1~ ) ) R )

WP 2 oo 218)
201 — pPH2(1— pp) %) 2

APPENDIX D
PROOFS OF THEOREMS 5 AND 7

A. Achievability Results for S(Y) = 0 Under Model 1

When SV = 0 and only eMBB messages are transmitted, only Rx-Cooperation is as powerful as Tx-Cooperation. In
particular, in any subnet of size ¢ one can achieve a total eMBB MG of Mym fan(¢). Following the same steps as in
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Appendix B-B, one can thus conclude achievability of the per-user MG pair S(Y) = 0 and S(®) as in (165):

(1—p)pP*+?

sl — p—
1— pP+2

(219)

B. Achievability Results for Large S\) under Model 1

Notice that, when only Rxs can cooperate, it is not possible to precancel the interference of eMBB transmissions on LLC
Txs and thus eMBB Tx interfering LLC transmissions should be deactivated. To achieve SH = %, we schedule each LLC Tx
in K ¢ to send its LLC message over half of the blocklength, during which it is not interfered by any other communication.
We thus split the blocklength in two equally-long phases, where in Phase 1 we only send LLC messages from odd Txs and in
Phase 2 only LLC messages from even Txs. We thus reconsider the two LLC Tx sets Trrc,1 and Tiic,2 in (170) and (171) and
in the scheme of Phase ¢ we deactivate the users adjacent to 7yic ;. This way we split the network into small eMBB-subnets
over which we only send eMBB messages, and thus can achieve an eMBB total MG of Mgy s as described in the previous
Subsection D-A.

So in Phase i € {1,2} and for k € K;, an eMBB-subnet of length ¢ starts at Tx k:

1) for ¢ even, if Tx k — 1 is inactive or its left neighbor Tx £ —2 is LLC ; Txs k,k+2,...,k+ ¢ —2 are eMBB and active;

Txs k+1,k+3,...,k+ /¢ —1 are active; and Tx k + £ is inactive;
2) for £ odd, if Tx k — 1 is inactive or Tx k — 2 is LLC; Txs k,k+2,...,k + ¢ — 2 are eMBB and active; Txs k+ 1,k +
3,...,k+£€—1 are active; and Tx k + /¢ is inactive or its right neighbor Tx k+ ¢+ 1 is LLC .
Similarly, for k& ¢ XC; an eMBB-subnet of length ¢ starts at Tx k:
3) for £ even, if Tx k — 1 is inactive; Txs k,k+2,...,k+ ¢ — 2 are active; Txs k+ 1,k +3,...,k+¢—1 are eMBB and
active; and Tx k + £ is inactive or its right neighbor Tx k + ¢+ 1 is LLC;
4) for £ odd, if Tx k — 1 is inactive; Txs k, k+2,...,k + £ — 2 are active; Txs k+ 1,k +3,...,k+ £ — 1 are eMBB and
active; and Tx k + ¢ is inactive.
The probability that in Phase ¢ an eMBB-subnet starts at Tx & and is of length ¢ > 2 is thus given by

. 1 — p. )51, G if k S
Pri= PP ke ERER s (220)
p(1=pp)lad bye, i k¢ K
with
(1—p(1—pg))?, {<K—-k+1, k>2,¢odd
(I—=p(1—ps))(1—p), L<K—-k+1, kE>2, £even
1—p(1-— (=K—-k+1, k>2
Gy 2 p(L=ps); ( +1, k>2) (221)
' or {<K—k+1, k=1, ¢ odd)
1—p, {< K, k=1, { even
1, k=1,0=K
and
(1-p)?, {<K—-—k+1, k>2, ¢odd
I-p(1—pp))1l—p), L<K—-k+1, k>2, £even
~ — = — >
h,edlor ((=K-k+1,k>2) 02)
' or { < K—k+1, k=1, £ odd)
1—p(1—pyg), (<K, k=1, £ even
1, k=1, (=K.
Under this scheme, SV = 222 and
| K Kkt
S =Tm > > Prri Maman() (223)
[l e
] KRt
= Khm E Z P&k,i : Msum,full(g) (224)
TR S k=
4 {2 [E2KEr
= Jim =0 Pt k.iMsumgun (¢)
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+ Z M sum,futi (£) (FN’Z,M + ISZ,K7E+1,1'> +P1 ki - Mg (K) |- (225)

In the following we analyze above asymptotic limit. ~
If py = 0, trivially St = 0 and we are back to Subsection D-D. If py =1, then Py ; = 0 except for £ =1 when k ¢ K,.
In this case, from (225) we have

2

11 -
(e) _ . e ..
D -
T 1 K 2
= dm o erd 220
p(1—p)*
_re=rr- 228
=S (228)
and
s — g. (229)

For the remainder of this section, we assume that p € (0,1) and (1 — ps) € (0,1). We notice that Pryi < p' and
Msum funn(¢) < ¢, which implies that Msum(é, k) < p’L. Therefore, by (106)

1 2
IR SN

Z M um, funt (€) (ISZ,I,i + ﬁe,K—eH,i) +Piri- Msum,full(K)‘| =0, (230)

and thus

L 1 K-2K—¢
S(e) = Klgnoo = § Z [Z Z P€7k,iMsum,full(€)1 . (231)

i=1 L4=1 k=2

Following the same argument as in (211)—(213), we obtain

S©) = — Zp (1—pp)le! (€ - L)EHD (1= p(1 = py))pps1{Lis even }

é 1
1°° sa=et (o= |5 ]) - ot -

+ ip (1= pp)L 8L (1 = p)ppy (z- {DiQD 1{(is even }

N)

=1
1 I 2 14
+§;P€(1_Pf)bj(l_ﬂ) (ﬁ— {DHJ) (232)
= _p;f;pf(l — pp)Ls! <£— L)f_J) 1{¢ is even }
1 B 14
#3206 (- |55s) ) a et -pny
I TN |t
£y 2 p) (- |5%3]) (33)
@ pri(—py) 2 L Pa—pp)?
20— p2 (L= p) \(L=PP(L=pp))  1— pP+2(1 - py)"5

D+2

(1—pP+2(1—py)"s)
p(1 - p)? ( 20(1—py) | PO <1+p>>
)\« '

P p))(A = p(L = py))? <2p+2p2(1pf)+1 pD“(lpf)g(Hp(lpf)))

(234)

D+2

1—p2(1— py)) (1—=pP2(1—ps) =)
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C. Proof of the Converse Result under Model 1

Fix K and realizations of the sets KCacgive, Kemps, and Ky c. Following the steps in [46, Section V], we can prove that for
each k S ’Cactive,

AU+ R+ R

1 1
<3 log(1+ (| k|* + |heks1]*)P) + 3 log (| k|* + |k kr1]?)

67)

+ max{—log |hg k+1],0} —|— — (235)

where Rg') and R](::gl denote the rates of the LLC message at Rxs k and k + 1, respectively. Recall that in our setup a LLC
rate R,(CL) is equal to 0 if £ € K¢ (i.e., with probability 1 — pp¢) and it is equal to the global LLC rate RWif k4+1¢ Ky
(i.e., with probabili imi (L)

€., probability ppy). Similarly for R/,

Abbreviating the right hand-side of (235) by A, and summing up this bound for all values of k € Cycve, We obtain
S (RO + R+ RE,) < Kaeiel - A (236)
k€Ractive

Taking expectation over the random activity sets Kacive, Kemps, and Kppc of (235) and dividing by K, we further have
E[R®] +RY (pps + p?ps) < p- A, (237)

because the expected number of indices k € lCdcm,e for which R( ) = = RWML equals p - py and the expected numbers of indices
k € Kactive for which Rg‘ 1 =R L) equals p? - p ¢. (For this latter formula, observe that Rk T = = R with probability pp I
however it is counted only if k € Kycive, which happens with probability p.)

Dividing by 1 5 log P and letting P — oo proves Theorem 6.

D. Achievability Results for S") = 0 under Model 2

As mentioned, when we only wish to send eMBB messages, only Rx-cooperation suffices and we can achieve the same

per-user MG pairs as with Tx and Rx cooperation. Thus S(®) = p(1—p;) — U=p (11_;‘[’)’;)2)(‘)1[?;](01);&)DH as in (195) is achievable.

E. Achievability Results for Large S\Y) Under Model 2
As before in Section D-B, we split the blocklength into two equally-long phases, where in Phase 1 we only send LLC
messages from odd Txs in Tirc,1 (see (170)) and in Phase 2 only from even Txs in Tirc,2 ((171)). In Phase ¢ we further
deactivate the users adjacent to 7y ¢, and send only eMBB messages over the remaining eMBB-subnets.
So in Phase i € {1,2} and for k € K; an eMBB-subnet starts at Tx k and is of length ¢,
1) for £ even, if Tx k£ — 1 is inactive or its left neighbor Tx k —2 is LLC ; Txs k,k+1,...,k+ ¢ — 1 are eMBB and active;
2) for £ odd, if Tx k — 1 is inactive or Tx k£ — 2 is LLC; Txs k,k+1,...,k+ ¢ — 1 are eMBB and active; and Tx k + £ is
inactive or its right neighbor Tx k + ¢+ 1 is LLC .
Similarly, for k& ¢ IC; an eMBB-subnet starts at Tx k and is of length ¢,
3) for ¢ even, if Tx k — 1 is inactive; Txs k,k+1,...,k+ ¢ — 1 are eMBB and active; and Tx k + £ is inactive or its right
neighbor Tx k£ + ¢+ 1 is LLC;
4) for £ odd, if Tx k — 1 is inactive; Txs k,k+1,...,k + ¢ — 1 are eMBB and active; and Tx k + £ is inactive.
The probability that in Phase ¢ an eMBB-subnet starts at Tx k£ and is of length ¢ > 2 is thus given by

- f1—pp)t-a if k € K;
P = pe( pf)@ et DEER g, (238)
” pr(L—pg) - bre, ifk¢K;
with ay ¢ and I;M are defined (221) and (222).
Under this scheme, S(U) = P2L and
| K K-kt
gle) — Klﬂnoo*z ; Maum.fu () (239)
o K K-t
= m ) Pek,i + Maum,sun (€) (240)
=1 k=1
| 2. [E=2E-t
= Klg)noo ? 5 Z 72 k,i'V sum,full ‘g)

i=1

o~
I

1 k=2
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+ Z Msumfunt (€ ( 51)1 + Pz(zzf)(—ul,i) + |5f}m’'\/lsum,full(K)] . (241)

In the following we analyze the above asymptotlc limit.
If py =0, trivially St = 0 and we are back to Subsection D-D. If ps =1 then S = .

For the remainder of this section, we assume that p, py € (0,1). We notice that Pﬁlz < p* and Mgmsan(¢) < ¢, which
implies that Mg (4, k) < pzé Therefore, by (106)

2
Er e 1 2 2
K]gnoo — 5 2_; Z Msumfuu (Pg 1) i + PEI)( 041, z) + Pg ;(,i . Msum,full(K)‘| = 0; (242)
and thus
T 1 2 K—2K—¢ ~
S(e) = Kh_Iiﬂoo E . 5 Z : Pé?lz,z . Msum,full(£>' (243)

Following the same arguments as in (211)—(213), we obtain

5 - ;ipfu o (0= s | ) 0 p = ensais even)
+§ipf<1 o (- 5] ) - s = oy

%i (1= pp) (1= P)pry (4— LDKHD 1{lis even }

;2_: (= pp) Q= p)? (E‘L)EHD (244)
p Z (1—py) <£— {Df—QJ) 1{¢is even }
L= ( )) (1-9)’ < : ¢
;pf(l —ps)* <€ - {DHD (245)

s Pf)2 ( 2 PP )

20— p2(1=pp)2) \1=p*(1—ps)? 1= pP+2(1 — py)P+2

p(1=ps) (1= p(1 = pp))* + (1= p)?) 1 PP = pp)PH!
i 2(1 = p(1—=py)) (1 —p(l—py) 1-pPH2(1- pf>D+2) ' (246)

E. Proof of the Converse Results under Model 2
Fix K and realizations of the sets Kevpp and Kpyc. Following the steps in [46, Section V], we can prove that for each
k € Kemes,
1 €n
R + B, < log(1+ ([hirl® + e )P) + =
1
+5 10g (|7 k|* + |k eg1]?) + max{—log |hy r11],0}, (247)

where R,g 41 is the rate of the LLC messages at Rx k + 1, which is either 0 (when k ¢ Kyic, i.e., with probability 1 — ppy)
or equal to the global LLC rate R(®) (when k € KLLc, i.e., with probability ppy).
Abbreviating the right-hand side of (247) by A, and summing up this bound for all values of k € K.vpp, We obtain

> (B + R < Kewss| - A, (248)
k€Kemp
or equivalently
KR®+ Y RO < |Keuss| - A. (249)
k€Kemp
k+1€Kiic
Dividing both sides of (249) by K and taking expectation over the random user activity sets eypp and Kppc, we obtain:
E[R®] + RY (p?ps(1 - py)) < p(1 — py) - A. (250)

Dividing by log P and letting P — oo and K — oo, then proves Theorem 8.
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APPENDIX E
HEXAGONAL NETWORK WITH RX-COOPERATION ONLY: PROOF OF THEOREMS 9 AND 10

A. Achievability Result for SV = 0 under Model 1
Substituting Ty = K and o = 0 into (40) establishes achievability of the eMBB per-user MG Se) = p.

B. Achievability Result for Large SV under Model 1

Reconsider the partition /C1, KCo, K3 C KC given in Fig. 13b, for which each of the three sets /C; only contains non-interfering
cells:
K ¢ IRx,k” and k" ¢ IRXJC’) Vk/, k' e K;. (251)

Notice that the three sets /Cq, Ko, K3 are of equal size.
We time-share three schemes, where in each scheme 7 € {1, 2,3} only Txs in subset 7; are scheduled to send LLC messages
if they have any. So in scheme 7, we set

Tiic, == Ki N Krre. (252a)
Then we silence all Tx/Rx pairs that interfere at Rxs in Tric;:
Teitent,i = {k € K: k" € TiLc,; so that k € Ty}, (252b)
and schedule the remaining Txs to send eMBB messages if they are active
TemB,i := Kacive \(TrLc,i U Tsitent,i)- (252¢)

Since we can use an unlimited number of cooperation rounds, each scheduled eMBB Tx can send at full MG. The probability
of a user k£ to be scheduled as an eMBB user in scheme i is:
o If k€ K; itis p(1 — py). (This is the probability that Tx k has an eMBB but no LLC message to send.)
o If k ¢ K; it is p(1 — ppy)>. (This is the probability that none of the 3 adjacent Txs in K; has a LLC message to send
and Tx k is active.)
By above considerations, the scheme thus achieves the per-user MG pair

(L _ PPs )

S 3 (253)
_ 3 _

(e 2p(1 3PPf) p(1 - Pf)‘ (254)

Time-sharing the described scheme with the scheme in Appendix E-A proves Theorem 9.

C. Achievability Results for S'Y) = 0 Under Model 2
Substituting Thps = K and o = 0 into (41) establishes achievability of the eMBB per-user MG S(¢) = p.

D. Achievability Results for Large S(Y) Under Model 2
We again time-share three schemes, where in scheme ¢, we again choose

Tirc,i == Ki N Kuic (255a)
and ~
Tsitent,i := {k € K: 3k’ € Tirc, so that k € Ty }. (255b)
Under Model 2 however we can only schedule users that have eMBB messages to send:
Temss,i := Kemsa\(7TiLc,i U Tsitent, )- (255¢)

Since we can use an unlimited number of cooperation rounds, each scheduled eMBB Tx can send at full MG. The probability
that a user k& will be scheduled as an eMBB user in scheme i is:
o If k € K; itis p(1 — py). (This is the probability that Tx & has an eMBB but no LLC message to send.)
o If k ¢ K; itis p(1 — ps)(1 — ppys)>. (This is the probability that none of the 3 adjacent Txs in KC; has a LLC message to
send and Tx k has an eMBB message to send.)
By above considerations, the scheme thus achieves the per-user MG pair

(L) _ PP 2
st = 2 (256)
_ 3 _ 2
5®) = p(1 - ppy 222l ML) @s7)

Time-sharing this scheme with the scheme in Appendix E-A proves Theorem 9.
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