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Abstract—In this paper, we explore the information-theoretic
optimality of treating interference as noise (TIN) in cellular
networks. We focus on uplink scenarios modeled by the Gaus-
sian interfering multiple access channel (IMAC), comprising
K mutually interfering multiple access channels (MACs), each
formed by an arbitrary number of transmitters communicating
independent messages to one receiver. We define TIN for this
setting as a scheme in which each MAC (or cell) performs
a power-controlled version of its capacity-achieving strategy,
with Gaussian codebooks and successive decoding, while treating
interference from all other MACs (i.e. inter-cell interference)
as noise. We characterize the generalized degrees-of-freedom
(GDoF) region achieved through the proposed TIN scheme, and
then identify conditions under which this achievable region is
convex without the need for time-sharing. We then tighten these
convexity conditions and identify a regime in which the proposed
TIN scheme achieves the entire GDoF region of the IMAC and
is within a constant gap of the entire capacity region.

Index Terms—Treating interference as noise (TIN), generalized
degrees-of-freedom (GDoF), interfering multiple access channel
(IMAC), Gaussian networks, capacity region.

I. INTRODUCTION

Transmitter power control in conjunction with treating in-
terference as noise (TIN) at the receivers is a key principle
for interference management in wireless networks. Schemes
based on TIN are attractive in practice due to their relative
simplicity and robustness. From a theoretical point of view,
TIN received considerable research attention mainly due to
its information-theoretic optimality (and near-optimality) in
several settings and regimes. This is best exemplified by the 2-
user Gaussian interference channel (IC), for which the capacity
region remains one of the longest standing open problems in
network information theory. The 2-user IC capacity question,
while formidable in its generality, has been settled for few
special cases; see for example [2, Ch. 6]. One such special
case is the noisy interference regime, in which interference is
sufficiently weak such that a simple TIN scheme, where each
transmitter uses its full power, achieves the exact sum-capacity
[31-L5].

Beyond the sum-capacity of the 2-user IC, e.g. for the entire
capacity region or K-user ICs, the problem of identifying
regimes in which TIN is optimal from an exact capacity
viewpoint becomes significantly more difficult. In such cases,
power control and time-sharing play a pivotal role in achieving
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different rate trade-offs; transmitting at full power is generally
not optimal when TIN is in use, while time-sharing between
different power control strategies generally convexifies (and
enlarges) TIN-achievable rate regions [6]. This resource al-
location problem is known to be hard in general [7], giv-
ing rise to intricate TIN-achievable rate regions which are
difficult to analyse [6], let alone characterizing regimes in
which such regions coincide with corresponding information-
theoretic outer bounds. Nevertheless, it was shown by Geng et
al. [8] that the above challenges can be circumvented by taking
a step away from the exact capacity and instead, pursuing
approximate solutions based on the generalized degrees-of-
freedom (GDoF).

Geng et al.’s approach to the K-user IC TIN-optimality
problem rests on three main cornerstones: 1) relaxing time-
sharing for tractability and relying solely on power control to
achieve different GDoF trade-offs!, 2) focusing on a convex
sub-region of the GDoF region achieved through TIN and
power control, referred to as the polyhedral TIN-achievable
GDoF region, which is explicitly characterized by eliminating
power control variables with the aid of a combinatorial tool
named the potential graph, and 3) establishing optimality of
the polyhedral TIN-achievable GDoF region in the regime of
interest by matching it to a genie-aided outer bound. This
approach proved very successful, leading to the character-
ization of a broad regime of channel parameters in which
TIN achieves the entire GDoF region of the general fully-
connected, fully-asymmetric K-user IC, and is within a con-
stant gap of the entire capacity region [8]. The success of
this GDoF-based TIN-optimality pursuit called for further
investigation, resulting in extensions and generalizations to
other settings including: channels with general message sets
(or X channels) [10], [11], parallel channels [12], multi-state
(or compound) channels [13] and multi-state channels with
opportunistic decoding capabilities [14]. Moreover, Yi and
Caire gave a fresh combinatorial perspective on the original
K-user IC TIN-optimality problem considered in [8] and
identified a new class of partially connected networks for
which TIN achieves the entire GDoF region [15].

A. TIN in Cellular Networks

The optimality of TIN in cellular-like networks has been
considered through the lens of the general X channel [10],
[11]. In [10], the authors showed that under the TIN-optimality
condition identified in [8], operating the X channel as a

Note that this is a key step in simplifying the Han-Kobayashi achievable
region and establishing the “capacity to one bit” result for the 2-user IC in
[9], which also implicitly includes a TIN-optimal characterization.



Fig. 1. An uplink cellular network consisting of K = 3 cells and
Ly = 2, Ly = 1 and L3 = 3 users (transmitters) in cells 1,
2 and 3, respectively. Direct links (between transmitters and their
corresponding receivers) are marked in black and interference links
(between transmitters and non-corresponding receivers) are marked
in red. Note that although cell 2 in the above network is a point-to-
point link and not a MAC, we still refer to such network as an IMAC
as the two remaining cells are interfering MACs.

regular IC and treating interference as noise is optimal from a
sum-GDoF perspective and achieves the sum-capacity up to a
constant gap — for M x N channels with arbitrary M and N,
some nodes are switched off and a cyclic modification of the
condition in [8] is used. Building upon this result, the authors
of [11] considered the sum-GDoF of the M x 2 channel and
expanded the TIN-optimal regime of [10] for this special case.
Nevertheless, for the purpose of understanding the optimality
of TIN in cellular networks, the setting and results in [10]
and [11] offer a high degree of generality, perhaps more than
needed, in one aspect and less generality in another. Specifi-
cally, on one hand, the X channel allows each transmitter to
communicate an independent message to each receiver, e.g. a
cellular scenario where all users transmit independent steams
to all base stations. On the other hand, restricting the analysis
to the sum-GDoF (and sum-capacity) gives limited insights
into the different trade-offs that can be achieved and reveals
little about special cases of the X channel that resemble more
realistic settings, e.g. a classical cellular scenario where each
user associates with the closest base station. In this paper,
we make progress towards a comprehensive and crystalized
understanding of TIN in cellular networks by constraining the
former of the two above aspects and relaxing the latter.

We consider a cellular network in the classical sense,
consisting of an arbitrary number of cells, where each cell
is formed by one base station and an arbitrary number of
users. We further focus on uplink scenarios, in which each
user wishes to communicate an independent message to the
corresponding base station. Such uplink cellular scenarios are
captured by the Gaussian interfering multiple access channel
(IMAC) [16], as illustrated in Fig. 1. Moreover, we seek a
general TIN strategy for the IMAC that achieves the entire
GDoF region (and capacity region up to a constant gap), as

opposed to the sum-GDoF only, under specific TIN-optimality
conditions. The optimality of TIN for a special case of this
channel, named the PIMAC and consisting of a point-to-
point link and a 2-user multiple access channel (MAC) that
mutually interfere, was studied by Gherekhloo et al. in [17]. In
particular, Gherekhloo et al. identified regimes for the PIMAC
in which a simple time-sharing-TIN scheme is sum-GDoF
optimal and achieves the sum-capacity within a constant gap.
However, the specificity of the results and analysis in [17]
to the sum-GDoF of this 2-cell, 3-user network hinders their
extension to more general IMAC scenarios.

A crucial initial step before commencing the pursuit of TIN-
optimality results for the IMAC is establishing an adequate
definition of TIN for such channel. By viewing the K-user
IC as a cellular network with one user in each cell, TIN can
be interpreted as the employment of a single-cell, capacity-
achieving transmission strategy in each cell, while treating all
inter-cell interference as noise. This definition of TIN naturally
extends to the cellular setting at hand. More importantly, a TIN
strategy for the IMAC, in accordance with the above definition,
satisfies the requirement for robustness, as capacity-achieving
strategies for the MAC do not demand channel knowledge
at the transmitters beyond the coarse level assumed to be
available in known TIN schemes.

Next, we move on to presenting an overview of this work’s
main results and contributions. A detailed exposition of such
results, with insights and examples, is given in Section III

B. Main Results and Contributions

1) TIN-achievable GDoF region for the IMAC: We propose
a TIN scheme for the IMAC in which a MAC-type, capacity-
achieving strategy, with Gaussian codebooks and successive
decoding, is employed in each cell while treating all inter-
cell interference as noise?. This scheme is complemented with
power control to manage inter-cell interference and achieve
different GDoF (or rate) trade-offs. We follow the tradition of
disallowing time-sharing for the sake of tractability [8]-[15].
The resulting achievable GDoF region is therefore obtained by
considering all feasible power control strategies and successive
decoding orders in each cell. To distinguish this region from
different restricted versions that appear throughout the work,
we refer to it as the general TIN-achievable GDoF region
henceforth.

To obtain an explicit characterization of the general TIN-
achievable GDoF region, that does not depend on power
control variables, we focus on sub-regions achieved with
fixed decoding orders. We then seek to characterize restricted
(smaller) achievable sub-regions, known as polyhedral TIN-
achievable regions, through a non-trivial application of the po-
tential graph approach in [8], [10]. Polyhedral TIN-achievable
regions are then employed as building blocks in characterizing
the general TIN-achievable GDoF region, which in turn is
shown to be a finite union of polyhedra.

2We focus on TIN schemes that employ unstructured random Gaussian
codes throughout this work. This excludes schemes that use codes with (some)
structure, e.g. the TIN scheme with mixed inputs in [18].



One major challenge in applying the potential graph ap-
proach compared to [8], [10] is identifying and eliminating
redundant directed circuits (and their corresponding GDoF
inequalities), which arise due to the special structure of the
IMAC under the proposed TIN scheme (see Section IV-A).
This step proves crucial for matching the achievable region
with the outer bound derived later on to establish the GDoF
optimality of the proposed TIN scheme in the regime of
interest.

2) Conditions for TIN-Convexity: After establishing a TIN-
achievable GDoF region for the IMAC, the natural question
to ask next is: under what conditions is this achievable region
optimal? As an intermediate step towards answering this
question, we consider the closely related issue of determining
conditions under which this TIN-achievable GDoF region is
a polyhedron®, and hence convex, in its own right without
requiring time-sharing. We identify a regime for which this
holds that is characterized by two conditions referred to as the
TIN-convexity conditions (see Theorem 3 in Section III-C).

The first of the two conditions guarantees that one succes-
sive decoding order for each cell dominates all others in a
GDoF sense, such that it is sufficient to only consider this
decoding order to achieve the entire general TIN-achievable
GDoF region. The second condition is essentially the TIN-
convexity condition of the K-user IC, identified by Yi and
Caire in [15], applied to all possible K -user IC subnetworks
of the considered IMAC. This condition guarantees that the
TIN region achieved through the dominant decoding order is
in itself convex.

3) Conditions for TIN-Optimality: We further strengthen
the TIN-convexity conditions and obtain a set of TIN-
optimality conditions under which the general TIN-achievable
GDoF region is also optimal (see Theorem 4 in Section III-D).
The TIN-optimality conditions are merely stronger versions of
the two aforementioned TIN-convexity conditions and include
the TIN-optimality condition of Geng et al. [8], applied to all
possible K -user IC subnetworks of the considered IMAC.

We prove the TIN-optimality result by deriving an outer
bound which coincides with the general TIN-achievable GDoF
region in the regime of interest. We recall that in the converse
used to establish the TIN-optimality condition for the K-
user IC in [8], each bound featuring more than one user is
obtained by first reducing the channel to a cyclic (sub)network
and then directly applying the Etkin-Tse-Wang (ETW) genie
[9] (see also [19] where the cyclic IC is considered). We
follow in the same general footsteps by first considering cyclic
(sub)networks, where cyclicity is taken with respect to partic-
ipating cells. We then use a non-trivial genie-aided argument
which extends the ETW genie to cope with the multi-user
per-cell setting at hand. In particularly, the genie signal given
for each cell is taken as a noisy linear combination of in-cell
signals, where the weights of such linear combinations (i.e.
the genie channels) are carefully designed to yield the desired
bounds in the regime of interest (see Section VI-B for details).
This outer bound also directly lends itself to showing that

3By a polyhedron, we are referring to a convex set given by the intersection
of a finite number of half spaces. Since we are dealing with GDoF regions,
we only encounter bounded polyhedra which are therefore convex polytopes.

under the identified TIN-optimality conditions, the proposed
TIN scheme achieves the entire capacity region of the IMAC
up to a constant gap.

C. Notation

For any positive integers z; and zo, where 21 < 29, the sets
{1,2,...,21} and {z1,21 + 1,..., 22} are denoted by (z1)
and (z1 : 29) respectively. For any real number a, (a)* =
max{0,a}. Bold lowercase symbols denote tuples, e.g. a =
(a1,...,az). For A = {ay,...,ax}, B(A) is the set of all
cyclic sequences formed by any number of elements in A
without repetitions, e.g.

Z({al,ag,ag}) = {(al), (a2), (as),

(a17a2)a (a17a3)7 (aQa a3)7 (ala a27a3)7 (al, 33782)}.

The complement of set A is denoted by A. The cardinality of
set A is denoted by |.A|, where |@| = 0. The indicator function
on set A is defined as

1, iface A
1 —
Al@) {0, ifad¢ A

We sometimes use the alternative definition of the indicator
function given by

1, if statement is true
0, otherwise.

1(statement) = {

II. SYSTEM MODEL AND PRELIMINARIES

Consider a K-receiver Gaussian IMAC in which each
receiver k, k € (K), is associated with Ly, transmitters. The
k-th receiver is denoted by Rx-k and the [ -th transmitter, I, €
(L), associated with this receiver is denoted by Tx-(Ix, k).
Using the terminology of cellular networks, a receiver and its
associated transmitters are referred to as a cell, operating in the
uplink mode. The set of tuples corresponding to transmitters
(or users) in cell k is given by Kp £ {(Ix, k) : I, € (L)},
k € (K), and the set of all users in the network is given by
K £ Uke(K) K.

The input-output relationship at the ¢-th use of the channel,
t € N, is described as

K L
vit) =Y > nix ) + zi0), vie k), M)

k=11ly=1

where h%f] is the channel coefficient from Tx-(lg, k) to Rx-i,
f(,&lk}(t) is the transmitted symbol of Tx-(Ix, k) and Z;(t) ~
Nc(0,1) is the additive white Gaussian noise (AWGN) at Rx-
i, which is i.i.d over channel uses (time). All symbols are
complex and each transmitter (I, k) is subject to the power
constraint

1¢ Skl |2 ]
n;rE“ka(t)\ } < pll, )

Note that receivers are indexed by the subscript, transmitters
are indexed by the superscript in square parentheses and chan-
nel uses are indexed by the argument in the round parentheses.



Following the standard reformulation in [8], the channel
model in (1) is transformed into

K Lk
ollx]
Vi) = 3 S VPt el XMty 1 Z,(1), i € (K,
k=11x=1

€
where P > 0 is a nominal power value and X,[f"](t) e

~

X ,Elk](t) / P,Ll’“] is the normalized transmit symbol of Tx-
(Ix, k) with power constraint

%i[E [|X,[jk](t)|2} <1. (4)
t=1

In (3), Pt and 0,[3“] are the magnitude and phase of the
link between Tx-(Ix, k) and Rx-i. The exponent agf], known

as the channel strength level, is defined as

0 o log (max {1, \hgf] \2P;£lk]})
ki log P
As shown in [8], avoiding negative channel strength levels
has no impact on the GDoF or the constant gap results.
Therefore, we focus on the equivalent channel model in (3)
henceforth. Furthermore, without loss of generality, we assume
the following order of direct link strength levels

V(e k) e, i€ (K). (5)

all <ol <. <ol vk e (k). 6)

A. Messages, Rates, Capacity and GDoF

Transmitters Tx-(1, k), ..., Tx-(Lg, k) have the messages
W,£1]7 R W,LL’“], respectively, intended to receiver Rx-k. All

messages are independent and |W,£l’“]| denotes the size of the
corresponding message set. For codewords spanning n channel

i) _ log |[W)'H)| :
uses, the rates R, "' = ——+—,V(I}, k) € K, are achievable
if all messages can be decoded simultaneously with arbitrarily
small error probability as n %rows sufficiently large. A rate tu-
ple is denoted by R = (R, ... R . RU . RIEKD)
and the channel capacity region C is the closure of the
set of all achievable rate tuples. A GDoF tuple is denoted
by d = (@), ad L dlE<)) and the GDoF
region is defined as

(k]
P % I
D—{d. d; _plgnoologp’ V(. k) € K, RGC}.
@)

B. Treating (Inter-cell) Interference as Noise

For a single Gaussian MAC, it is well known that the
capacity region is a polyhedron, where the corner points
are achieved using independent Gaussian codebooks with
successive decoding at the receiver, while the remaining points
are achieved by further incorporating time-sharing [20]. In the
TIN scheme proposed for the IMAC, a MAC-type capacity-
achieving strategy with Gaussian codebooks and successive
decoding is employed in each cell, while all inter-cell in-
terference is treated as noise. Furthermore, power control is
employed by transmitters to manage inter-cell interference

levels and achieve various tradeoffs*. Nevertheless, keeping to
the tradition followed in [8]-[15], we prohibit time-sharing.
Although this restriction is mainly motivated by tractability, it
remarkably has no influence on the results in the regimes of
interest as explained in detail further on.

To formalize the above TIN scheme, let P’“l[cl ! be the
(controlled) transmit power of Tx-(Ix, k), where 7',[!’“] <0
denotes the transmit power exponent (or power allocation vari-
able). The tuple of all power allocation variables is given by
r = (7‘&1], e r[lLl], e r[ly, e ,T%K]). On the other hand,
the order in which Rx-k successively decodes its in-cell signals
is given by the permutation function 7 : (Lg) — (Lg),
such that X ,Eﬂk(L’“)] is decoded and cancelled before decoding
X ,[:"”(L’“_l)] and so on. The decoding order across the network
is given by the tuple 7 = (7, ..., 7 ), which is drawn from
the set IT comprising all possible Hfil (L;!) network decoding
orders.

For given 7 and r, Tx-(m(l)), k) achieves any rate sat-
isfying (8). In the GDoF sense, the achievable rate in (8)
translates to (9). Note that both (8) and (9) are given at the
top of the next page. For a fixed w € II, the TIN-achievable
GDoF region, denoted by Pk, is the set of all GDoF tuples
d with components satisfying (9) for some feasible power
allocation vector r < 0. The general TIN-achievable GDoF
region, denoted by P*, is obtained by taking the union over
all possible decoding orders in II and is defined as

P2 P

well

(10)

Note that since time-sharing is not allowed, each GDoF tuple
d € P~ is achieved through a strategy identified by a decoding
order and a power allocation tuple, i.e. (7,r).

Before we proceed, we highlight that we often work with
the identity order w = id in the following sections, where

C. Polyhedral TIN-Achievable GDoF Regions

In this part we introduce a polyhedral TIN scheme for
the IMAC from which we obtain polyhedral TIN-achievable
GDoF regions, which form the main building blocks of GDoF
characterizations obtained in this work. For any decoding
order w € II, the polyhedral TIN scheme is a restricted
version of the TIN scheme described in Section II-B in which
r is chosen such that the second argument of the outmost
max{0, -} in (9) is non-negative. The resulting polyhedral TIN
region, denoted by Py, is hence described by all GDoF tuples
d that satisfy (11)—(13), where it can be seen from (13) that
the outmost max{0,-} in (9) has been dropped. It follows
from this restriction that P, C Px and therefore we have
Uren P= € P*. This inner bound of P* can be further
tightened in general by following along the lines of [8, Th.
5], i.e. taking the union of polyhedral TIN-achievable regions
that correspond to all subnetworks of the original IMAC.

To facilitate the above, we define the more general collec-
tion of polyhedral TIN-achievable regions that correspond to

“Note that such power control is not required to achieve the capacity region
for a single Gaussian MAC [20].



[Wk(lk)]+ [""k(lk)]
[ (k)]

0< Rk R < log<1 + - ka“ . e )] +o/” ]) ()

1+ Zz' - P Fhk + 2k Zz I*
ongW”gmm%me”+aw“”—@m%pm&”””+“””}Q%mwh ) } ©)
i Rl <0 (i, k) € K (11)
d[ﬂ'k(lk)] >0, V(I k) € K (12)

/ +
[M(lk)] < ,r,[ﬂ'k(lk)] + [Tfk(lk)] (max{lrna;c{r[m"(l"‘)] + Lﬂk(lk)]} m;?z(max{’r' [Z5] +a[l ]}}) . V(s k) € K. (13)

/< &

subnetworks of the IMAC. For instance, consider a subnetwork
comprising the subset of users S C K, where S £ K\ S is the
set of all remaining users in the original IMAC. We apply the
polyhedral TIN scheme to the subnetwork S while deactivating
all users in S, i.e. by setting r[ i = —o0, Y(l;,i) € S, from
which we obtain dy] =0, V(lz,i) € S. The corresponding
polyhedral TIN region for decoding order 7 € II is denoted by
Px(S). Note that the polyhedral TIN region described in (11)—
(13) is obtained by activating all users, i.e. Pr = P (K). On
the other hand, by deactivating all users we obtain P () = 0.

It is easily seen that Pr(S) C PL, VS C K, as the
polyhedral TIN scheme over any subnetwork S is a special
case of the original TIN scheme with the same decoding order.
By taking the union over all possible decoding orders, we
establish an inner bound on P* given by

P 2 |J U P=(S)

well SCK

(14)

By swapping the order of the union operators in the above
inner bound, we reveal redundancies in its representation as
shown through the following remark.

Remark 1. Consider a subset of users S C K and the
corresponding family of polyhedral TIN-achievable GDoF
regions given by {73,,(8) twE H}. Some decoding orders
7 € II are redundant, in the sense that they yield the same
polyhedral TIN regions, since varying the order of users in S,
which are inactive, has no influence on P, (S). This type of
redundancy is eliminated by considering the set of decoding
orders for subnetwork S only, which we denote by II(S), and
slightly modifying the definition of P (S) into Pr/(S), where
7’ € TI(K), in which the order of users in S is irrelevant®.
By employing these definitions, we can then easily show that
(14) is equivalent to P* 2 Uscic Unreni(s) Pr (S)- O

III. MAIN RESULTS AND INSIGHTS

In this section, we present the primary results of this work
with insights and illustrative examples. The proofs are deferred
to subsequent sections.

3Suppose that S = U;e A S; for some M C (K) and S; C KC;, i € M.
Each decoding order w’ € II(S) is given by (« : i € M), where 7} :
(IS;]) — S; maps the order s; € (|S;|) to user 7 (s;) € S;. By definition,
we have IT = ITI(K).

A. Characterization of Polyhedral TIN-Achievable Regions

We start by characterizing the polyhedral TIN-achievable
GDoF region P, for any 7 € II. This polyhedral characteri-
zation is at the heart of all subsequent GDoF characterizations.

Theorem 1. For the IMAC described in Section I, the achiev-
able GDoF region through polyhedral TIN with decoding
order © € 11, denoted by P, is given by all tuples d € R‘fl
that satisfy

ST am e <ol v ) e k (15)
Sizl
m li;’ m
'ﬂw sy (1,0) _ lms; 03)))
Z Z S Z ’L]Z] 1]Zj—1 9
j=1si;=1 j=1
Vi, € (Li,), (i1, im) €S((K)),me (2: K), (16)

where 3 ( (K >) is the set of all cyclic sequences of all subsets®
of (K) and a modulo-m operation is implicitly used on cell
indices when dealing with cyclic sequences, i.e. 19 = ip,.

The characterization in the above theorem, given in terms
of the channel strength levels only, is obtained by eliminating
the power control variables in (11)—(13). This elimination in
turn is accomplished through the potential theorem [21] and
builds upon the arguments employed in [8], [13]. Full details
of this procedure are presented in Section IV-A.

From the characterization in Theorem 1, it is evident that
Pr is a polyhedron, which hence justifies the name of the
polyhedral TIN scheme and the corresponding regions. For
the MAC special case, recovered by setting K = 1, this
characterization reduces to a MAC achievable GDoF region
under a decoding order 7w € II. On the other hand, for the
K-user IC special case recovered when L; = 1, Vi € (K),
the characterization reduces to the polyhedral TIN-achievable
region in [8, Th. 2]. In general, the characterization in Theorem
1 inherits features from both the MAC and IC special cases
which are further elaborated in the following remarks.

Remark 2. From the characterization of P, in Theorem 1,
it can be seen that any GDoF inequality that includes dEﬂi(li)]

also includes dE’”(“”, for all I} < I;. This is due to the MAC-
type successive decoding in which Rx-i decodes the signal of

6See the definition and example in the notation part.



Tx-(m;(1;), ) before decoding the signals of Tx-(;(1}), i), for
all I/ < I;. This in turn bounds the maximum achievable sum-
GDoF of such users, ie. Y, . dEﬂi(Si)], by Tx-(mi(l;),4)’s
maximum achievable GDoF. O

Remark 3. The cyclic feature exhibited in (16) is a product
of the power-controlled TIN strategy and has its roots in the
regular IC [8]. From the observation in Remark 2, we may
treat the sum-GDoF d\"* (] = <, ™! a5 the GDoF
of a single user Tx-(;(l;),). With this treatment in mind,
consider a subnetwork of the IMAC which constitutes a K-
user IC. Such subnetwork must consist of one transmitter from
each cell, e.g. Tx-(m;(l;),) for all ¢ € (K). From [8, Th. 1],
the polyhedral TIN-achievable GDoF region of this K -user IC
has the following cyclic inequalities

T ()] e [ ()] [mi. (12.)]
Zdijj ’ SZ%@; ’ _aiﬂjfl] ’
j=1 j=1

(i1, im) € B((K)),m € (2: K)

which are included in (16). In fact, it can be seen that (16)
consists of all cyclic GDoF inequalities resulting from the
polyhedral TIN regions of all possible subnetworks of the
IMAC that constitute K-user ICs, while retaining the above
GDOF treatment of d\"* ('] = >, a0l ¢

Next, we turn our attention to the role of the decoding order
7. First, it can be easily checked that the optimal GDoF region
of the MAC special case is obtained by fixing the decoding
order’ to = id. In this case, the signal of a stronger user
Tx-(l;,1) is received by Rx-i at a higher power level compared
to the signal of a weaker user Tx-(1},4), I; < ;. Therefore, it is
preferable from a GDoF perspective to decode the signal from
Tx-(l;,4) first while treating all signals from Tx-(I},4), I} <
l;, as noise. Contrary to the MAC special case however, the
decoding order id does not always yield the largest polyhedral
TIN-achievable GDoF region for the IMAC, i.e. Pr C Pig
does not hold in general for all = € II. For example, a stronger
user Tx-(I;,4) may also have stronger cross links compared to
a weaker user Tx-(l},4), l; < [;, causing significantly more
inter-cell interference. Tx-(l;, i) may be required to control its
power to an extent that its signal is now received by Rx-: at
a lower power level compared to the signal of Tx-(l},). In
this case, some GDoF points may only be achieved through
a decoding order in which the signal of Tx-(I.,%) is decoded
before that of Tx-(l;,7). To further illustrate the influence of
7, we consider the following simple example.

Example 1. Consider a network of K = 2 cells, where cell
1 and cell 2 comprise L; = 2 and Lo = 1 users, respectively.
This 2-cell, 3-user network, referred to as the PIMAC in [17],
is used as a running example throughout this section as it
captures some of the IMAC’s main features and allows for
GDoF regions that can be visualized. According to Theorem

"Note that this is in contrast to the MAC capacity region, which requires
changing the successive decoding order to achieve different corner points in
general [20]. This difference is highlighted in [22, Fig. 4] for the 2-user MAC
through the linear deterministic model, which shares many features with the
GDoF model.

1, the region Piq for this network is the set of all tuples
(d[11]a d[12]7d[21]) € R? that satisfy

d < of] (17)

d? 4 ' < ol (18)

d < ol (19)

dl +dl <ol — ol 4 alll — ol (0

£ v+ o) <o)~ ol +olfl ol an

In addition to the decoding order id, we have one more
decoding order denoted by id for which Rx-1 decodes the
signal of Tx-(1,1) before decoding the signal of Tx-(2,1).
From Theorem 1, the corresponding polyhedral region Py is

the set of all (d[ll],d[f],d[;]) € RY satisfying

af! < ol (22)

d + d? < o] (23)

i < all (24)

8+ d) <ol ol +ofl ol 9
8+ )+ <ol ol volll—ol) o)

where inequality (22) is clearly redundant. Now let us assume
that the following condition holds

2] 2]

0‘21] < O4[11 — o9 < a[lll] - 0‘[112]' 27

It can be easily verified that under the condition in (27), the
GDoF tuple given by

(.. ) -

(01 = al3) = (a1} = ai)). (1] —af}) — ol ab))  @8)

lies in the region P;g. For this tuple, Tx-(1,2) of cell 2
achieves its full interference-free GDoF of 04[212], and hence
Tx-(1,1) and Tx-(2,1) of cell 1 have to lower their transmit
powers hence limiting their sum-GDoF to (a[111] - ag) - a[211].
It can also be checked that the GDoF tuple in (28) is not in the
region Piq, as the inequality (21) is violated under condition
(27). In particular, for decoding order id, the sum-GDoF of
cell 1 is bounded by (a[121] - 04[122) - 04[211] < (a[lll] - a[112]) - a[zll]
when cell 2 achieves its interference-free GDoF of a[212]. An
illustration of Pjq and Ppz for an instance of the above

network that satisfies (27) is shown in Fig. 2(c). O

The result in Theorem 1 can be easily adapted to charac-
terize the general polyhedral TIN region for any subnetwork
S C K as shown in the following remark.

Remark 4. For any subnetwork & = U;e pS;, where M C
(K) and S; C K; for all 4 € M, the polyhedral TIN region
P (S), where ' € TI(S), is described by all tuples d € R‘fl
that satisfy

di =0, v(1;,5) €S (29)

l;
Z d£ﬂ'l(81)] < CYE;T’(II)], Vi, € <‘Sz|>a 1eM

(30)

Sizl
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(b) (©)

Polyhedral TIN-achievable GDoF regions for the 2-cell, 3-user network from the running example. The regions Piq and P;g are

illustrated in red and blue, respectively. For the instances in (a) and (b), we have Pz C Pia. For (c), we have Pz € Pia and Piq Q Pld

ij

i [x] (s,)]
Z Z dij o~

j:1 S; =1

(i, ()]

ZJ lJ

i ol @)
€ <|Si|>’(ila~'~vlm) € E(M)vm € <2 : |M|>

Note that the definitions of 7" and II(S) are given in Remark
1 (see also footnote 5). O

€2y

B. Characterization of General TIN-Achievable GDoF Region

Following the characterization of polyhedral TIN-achievable
GDoF regions, the natural question to ask next is whether we
can characterize the general TIN-achievable GDoF region P*.
This is settled in the following theorem which makes use of
the results in Theorem 1 and Remark 4.

Theorem 2. For the IMAC described in Section II, the general
TIN-achievable region is equal to

P = U P=(S)

TEN SCK

(32)

The above theorem is proved by essentially showing that
the inclusion in (14) also holds in the opposite direction. Full
details are given in Section IV-B.

The general TIN-achievable region P*, as seen from (32), is
a finite union of polyhedra. While the order of the two union
operators in (32) is set in this manner by construction (see
(14)), and also used in this fashion in the proof (see Section
IV-B), we may swap the order of the operators to eliminate
redundancies as suggested by Remark 1. It follows that (32)

is equivalent to
=U U P=is
SCK 7/ €T1(S)

(33)

We observe that there is a total of 2/ — 1 non-empty subnet-
works of K (including K itself) and each such subnetwork may
be expressed as S = U;exS; = UjemSi, where M C (K),
S C K;and S; = § for all i € K\ M. Therefore, S
admits [II(S)| = [I,c,c(IS:]!) different decoding orders®. It
follows from the representation in (33) that P* is the union of
Yosicry 2oswckg L liex(ISil!) polyhedral TIN-achievable
regions in general.

From the above characterizations, we conclude that when
time-sharing is not allowed, the GDoF region P*, which is
achieved through power control and TIN, is not convex in
general as it is given by a finite union of polyhedra. This is
further illustrated by revisiting our running example.

Example 2. Consider the 2-cell, 3-user network from Example
1. For each of the instances of this network given in Fig.
2, it can easily checked that the polyhedral TIN-achievable
GDoF regions for all subnetworks are included in the 3-user
polyhedral regions Piq and Piz. Therefore, it follows that P*
coincides with Pjq U Prg for the examples in Fig. 2, from
which we observe that P* is convex for the instances in (a)
and (b), and non-convex for the instance in (c). O

The observation that P* is non-convex in general is key in
guiding the path towards establishing conditions under which
P~ is optimal as we show in the following parts of this section.

C. Conditions for TIN-Convexity

Capacity regions of synchronous channels, and therefore
their GDoF counterparts, are known to be convex by virtue of

8Note that we use the conventions || = 0 and 0! = 1.



time-sharing [2]. Hence, for the general TIN-achievable GDoF
region P* to be optimal, it must necessarily also be convex.
Here we identify conditions under which the latter holds, i.e.
where P* is convex in its own right without the need for
time-sharing. This serves as a first step towards establishing
conditions under which P* is also optimal.

From the characterization in (32), it can be seen that the
polyhedrality (and hence convexity) of P* is guaranteed when
at least one of the polyhedral TIN regions in the union contains
all others, i.e. if there exists w* € II and S* C KC such that
the following holds:

Prr(S*) 2 Pr(S), Vwr eIl and S C K. (34)

In the following result, we identify conditions under which
such 7v* and S&* exist.

Theorem 3. For the IMAC described in Section II, if for all
(l;,3) € K and (I},1) € K, such that l; > 1}, the following
conditions are satisfied
[ ] > a[ ]+max {a[l?] _a[l;]}
Jij#i 4 v

alli > max { [t + a[m
T kg iki U

then the general TIN-achievable GDoF region P* is a polyhe-
dron and it is given by P* = Piq. This region, achieved with
a fixed decoding order w = id, is described by (15) and (16)
in Theorem 1 while setting m;(l;) = 1; for all (1;,1) € K.

(35)

apli(k #5) ), 36)

We refer to the conditions identified in Theorem 3 as the
TIN-convexity conditions. To gain insight into these conditions,
we first consider (35) which is equivalently expressed as

Oc,El;'] _ alElji] > agliiz] _ aglj}],

Vi,j € (K), i # j, li,l; € (L
Now consider users Tx-(l;,7) and Tx-(I},¢) from cell i with
the former being the stronger MAC user, i.e. a[l] > a[l]
Moreover, we focus on the interference caused by these two
users to some cell j. The condition in (37) implies that even
after attenuating the powers of Tx-(l;,4) and Tx-(I},4) such
that they cause no interference to cell j above noise level, i.e.
rz[li] = —ayj] and r[l] = [j] Tx-(l;,4) remains stronger
compared to Tx-(I[,7) in the sense that its signal is still
received by Rx-¢ at a higher power level. This extends to all
users such that the MAC order of users in each cell is preserved
under the constraint of reducing inter-cell interference caused
to any subset of cells to noise level. As a wider implication,
we see through the proof of Theorem 3 in Section V that
the condition in (37) is sufficient to guarantee that id is the
dominant order, i.e. for any subnetwork & C K, we have
Pr(S) C Pia(S) for all w € IL.

In addition to order preservation within each MAC, the
following step in establishing Theorem 3 is to show that
Pia(S) C Pia(K) holds for all subnetworks S C K. To
this end, we note that (36) is essentially the TIN-convexity
condition for the K-user IC, identified by Yi and Caire in
[15, Th. 4], applied to all possible K-user IC subnetworks of
the considered IMAC. This condition in conjunction with the

i), l; < li. 37

one in (35) are sufficient to guarantee a monotonic behaviour
of Pia(S)in S,ie. &' €S C K implies Piq(S’) C Pia(S) C
Pia(K). Full details are relegated to Section V.

Example 3. Consider the 2-cell, 3-user network from the
running example. The TIN-convexity condition in (35) of
Theorem 3 is expressed for this network as

afi — oyl = afy — agy. (38)

On the other hand, the IC-type TIN-convexity condition in (36)
is given for this network by the following set of inequalities’:

a[lll] > a[l] + 04[21] 39)
04[212] > a[l] + a[ﬂ] 40)
afl > ol + ab 1)
a%2a§+£ﬂ 42)

It can be verified that the instances of this network given
in (a) and (b) of Fig. 2 satisfy the above TIN-convexity
conditions. This in turn leads to P;gz € Pig and P* being
a polyhedron, and hence convex, as seen in the illustrations.
On the other hand, the instance given in (c) of Fig. 2 violates
these conditions and has a region P* which is non-convex.
This example, however, is far from enough for proving that
the TIN-convexity conditions identified in Theorem 3 are also
necessarily for the convexity of P*. This issue of necessity and
sufficiency of TIN conditions in this work, as well as related
works, is revisited at the end of the section in Remark 8. ¢

Knowing that the convexity of an achievable GDoF region
is a necessary condition for it to be optimal, the main question
that comes to mind at this point is whether the TIN-convexity
conditions identified in Theorem 3, under which the TIN
region P* is convex, also imply the optimality of P*. This
issue is further explored in Remark 7, after presenting the
final main result of this work next.

D. Conditions for TIN-Optimality

In the following theorem, we obtain TIN-optimality condi-
tions under which the TIN scheme proposed in Section II-B,
with power control, successive decoding and no time-sharing,
achieves the entire GDoF region of the IMAC, denoted by D.

Theorem 4. For the IMAC described in Section II, if for all
(l;yi) € K and (I},i) € K, such that l; > 1}, the following
conditions are satisfied

[l] [ il in Lallil g lll _ il
2 oif 4 s i {200 ]} 0
[li] > [_l_i] (k] 44
Q- = 51’1]2;&}5 {a’bj } + (l;f,%?}k(;éz {akz } ) ( )
then the optimal GDoF region is given by D = P* = Piq.

This region, achieved with a fixed decoding order ™ = id, is
described by (15) and (16) in Theorem 1 while setting m;(l;) =
l; for all (1;,7) € K.

Note that these are essentially the TIN-optimality conditions of Geng et al.
[8] applied to each 2-user IC subnetwork of the IMAC in Fig. 2. This holds
since the IC-type TIN-optimality and TIN-convexity conditions are identical
in 2-cell networks (see Theorem 4 and Example 4 in the following part).



In the proof of Theorem 4, we derive an outer bound for
the capacity region C under the assumption that the conditions
in (43) and (44) hold (see Theorem 5 in Section VI). It
turns out that the corresponding GDoF region outer bound,
obtained from the capacity region outer bound, coincides with
the polyhedral TIN-achievable region P;q when (43) and (44)
hold, from which optimality is established. The full details of
the proof are given in Section VI

We turn our attention now to understanding the TIN-
optimality conditions in Theorem 4. It can be seen that the
condition (43) is equivalently expressed by the following
inequalities:

] o] 4 ol

] _ MLl
) 1]
0y U<l

ol (%3] (1]
Qg — QG 2ot o ay, g

Vi,j €(K), i#j, I
The TIN-optimality condition in (43) is reminiscent of the
TIN-convexity condition in (35) in the sense that it provisions
the power level gains of stronger users against weaker users
in each MAC. On the other hand, the IC-type TIN-optimality
condition in (44) is the condition identified by Geng et al.
in [8], applied to all possible K-user IC subnetworks of the
IMAC. By comparing (35) and (43) (for instance through (37)
and (45) respectively), we can see that the latter is stricter than
the former. Moreover, we know from [15, Rem. 4] that (44)
is a stricter version of (36). These observations lead to the
following remark.

2 Q,y
€(L (45)

Remark 5. The TIN-convexity conditions in Theorem 3 are a
relaxed version of the TIN-optimality conditions in Theorem
4. Therefore, if the TIN-optimality conditions (43) and (44)
hold then the TIN-convexity conditions (35) and (36) are
automatically satisfied. O

To gain more insights, we revisit our running example in
the light of the newly established conditions. This is followed
by further remarks and observations.

Example 4. For the 2-cell, 3-user network in previous ex-
amples, the TIN-optimality condition in (43) is given by the
inequalities:

ol —all > ol or (46a)
ol — ol > 208 — ol (46b)

Moreover, it can be easily checked that the IC-type TIN-
optimality condition in (44) for this network is identical to
the IC-type TIN-convexity conditions in (39)—(42).

Next, we look at the regimes of channel strength levels
described by the conditions in Theorem 4 and Theorem 3. To
facilitate this, we fix all direct link strength levels a[lll], oz[fl}
and a[zz] and the cross link strength level a[21] (i.e. interference
caused to cell 1), such that a[n], a[n], [12] > a[211] is satisfied.
We consider the influence of varying the cross link strengths
a[112] and a[122] (i.e. interference caused to cell 2), while assuming
that the IC-type TIN-optimality conditions in (39)—(42) hold. It
can be seen that (39)—(42) confine the set of allowed strengths

(04[12],(1[122]) € R2 to the box given by

0< a[l12] < min {agz,au]} — a[211] “mn

2]
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7
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Fig. 3. TIN-optimality and TIN-convexity regimes for the 2-cell, 3-
: ; : n 2
user network of Fig. 2 in terms of cross link strengths (a12 , au)

(1]

as explained in Example 4. The constants a;5 and afz] are given
U] (1

by a3 = min {a22,a11 asq, I € {1,2}. Different regimes are
highlighted as follows: .AJ in light blue, A%\ .A_ in dark blue, A, \.A,
in light red and A is the entire box.

0< oz[122] < min {a[212],a[121]} - a[211] (48)

which we denote by A (see Fig. 3). We further define the
following sub-regimes of .A:

o Al and A! are given by the intersection of A with (46a)
and (46b) respectively.
o A, is given by the intersection of A with (38).

The above sub-regimes are illustrated in Fig. 3. It is readily
seen that A, = A, U AY is the TIN-optimality regime
identified in Theorem 4, while A}, is the TIN-convexity regime
identified in Theorem 3. Furthermore, the instances of the 2-
cell, 3-user network in Fig. 2(a), (b) and (c) are in the regimes

Ao, Ay \ A, and A\ A, respectively. O

Beyond the 2-cell, 3-user network considered above, to gain
further insights into the broadness of the TIN-convexity and
TIN-optimality regimes in cellular settings with more cells
and users, we resort to numerical simulations. These results
are presented in Appendix A.

Next, in light of Example 4, we explore the relationship be-
tween the TIN-optimality regime in Theorem 4 and the regime
identified in [17] for the 2-cell, 3-user network (PIMAC).

Remark 6. To make the connection between Example 4 and
the results in [17] more apparent, we express the regime A in
terms of the notation and sub-regimes in [17]. In particular, A
here corresponds to the union of sub-regimes (2A), (2B), (2C),
(BC) and (a3 — ey = g1 — @c1) in [17], while imposing
an additional order constraint of ag3 > ag1 (see [17, Fig.
8]). It follows that the TIN-optimality regime here, i.e. A,
corresponds to the union of (2A), (2B) and part of (2C).
Through a direct comparison, it is evident that we arrive
at a smaller TIN-optimality regime compared to the one in



[17]. This is not surprising, since we consider the entire
GDoF region as opposed to only the sum-GDoF considered
in [17]. From the GDoF region perspective, which is more
restrictive, the TIN-optimality regime specified here requires
each transmitter-receiver pair to satisfy the IC-type TIN-
optimality conditions, i.e. (39)—(42), known to be necessary
for the 2-user IC and conjectured to be necessary for the
K-user IC'® [8]. On the other hand, the sum-GDoF TIN-
optimal regime in [17] allows for some of the IC-type TIN-
optimality conditions in (39)-(42) to be violated. For example,
in parts of sub-regime (1B), the weaker MAC user, i.e. Tx-
(1,1), may be causing significant interference to Rx-2 such
that oY > ol — oYl (ie. s > agz — acs ). yet TIN s still
sum-GDoF optimal. In this scenario, which is not in A, or A,
the optimal sum-GDOoF is attained by switching off Tx-(1,1),
hence operating the network as a TIN-optimal 2-user IC. This
luxury of excluding bad transmitters cannot be afforded when
considering the entire GDoF region. O

Remark 7. For instances of the 2-cell, 3-user network that fall
within the regime A identified in Example 4, the sum-GDoF
achieved through TIN is bounded above as

A4+ ) < maxfall—all, o — )+l —all
V(a1 d? dly e Pr. (49)

This holds since (39)—(42) and P* = Pjq U P;g hold through-
out A. Interestingly, it has been demonstrated by Gherekhloo
et al. in [17] that for the sub-regime A\ A,, the TIN-achievable
sum-GDoF upper bound in (49) can be strictly surpassed,
almost surely, using schemes that employ interference align-
ment with common and private signalling!!. Since A}, \ A, is
contained both in the TIN-convexity regime and in A\ A,,
the above observation confirms that the convexity of the TIN
region P* does not necessarily imply its optimality. %

We conclude this section with the two further remarks.

Remark 8. As pointed out in [13, Rem. 1], whether we look
through the lens of the GDoF or the exact capacity, existing
TIN-optimality results are “primarily in the form of sufficient
conditions” and the necessity of such conditions “remains
undetermined in most cases”. The TIN-optimality result in
Theorem 4 is no exception to most existing results in that
regards. Similarly, the TIN-convexity conditions in Theorem
3 are also sufficient and there is no claim of necessity. O

Remark 9. Assuming that the TIN-optimality conditions in
Theorem 4 hold, then it is not difficult to show that the TIN
scheme proposed in this paper achieves the whole capacity
region of the IMAC to within a constant gap of A + log(|K])
bits at any finite SNR, where A > 0 is fixed. This can be
shown using the capacity outer bound obtained in Theorem 5

10Except for a set of channel gain values of measure zero.
Tn the notation and sub-regimes of [17], .A\.Ao defined here corresponds
to the intersection of ag3 > g1 with the union of sub-regimes (3C) and

(g3 — ae3 = g1 — ac1). It is noteworthy that for ag3 — ez = g1 — et
(i.e a[2] — a[Q] a[I] « 1 here), the strict superiority of interference
g 12 = %11 12 p y

alignment holds except for a subset of channel coefficients of measure zero.
For details, readers are referred to [17, Corollaries 6 and 7] and their proofs.

of Section VI in conjunction with the rate bounding techniques
in [8], [10]. Moreover, the constant A can be explicitly
calculated, e.g. see [23, Th. 4] where A is characterized for
an IMAC with K cells and Ly,...,Lg = 2 users per cell.
This calculation can be easily extended to arbitrary numbers
of users in different cells. O

IV. PROOFS OF ACHIEVABILITY

In this section, we provide proofs for the achievability
results, i.e. Theorem 1 and Theorem 2.

A. Proof of Theorem 1

We prove Theorem 1 by constructing a potential graph
[8], [13] for the considered IMAC and invoking the potential
theorem [21]. To avoid cumbersome notation, we work with
Pia- All derivations extend to P, by replacing each superscript
I, with the corresponding 7y (1) ).

The first step towards applying the potential theorem is to
derive the conditions of feasible power allocation. To this end,
we rewrite (13) as

ot}

el _ [lk] [lk] (%] 50
lI/n<l£{’l" + Qg — Qpp }} ( )

(k] : (k] k] _ - . [e] _ [15] (lx]
" Smm{rkk e 71]].[;£n}m{rkk =i oy —

where the three terms inside the outmost minimization in-
corporate no interference, inter-cell interference and intra-
cell interference, respectively. From (50), it follows that the
polyhedral TIN region Piq, described by the inequalities in
(11)—(13) while setting w = id, is equivalently described by
the following inequalities

i <0, V(i k) e K (51)
Ay >0, V(. k) € K (52)
d <ol Dy k) e (53)
Y I N ) N )
V(lk, k), (,5) €K, j#Fk (54)
db] < 0]l lb] Gl
V(. k) € /c, I, € ( ), U< L. (55)
After rearranging (51)—(55), we obtain
At >0, (i k) e K (56)
il <0, (I, k) €K (57)
< alil —d v k) ek (58)
B ag,l,g] g,
T,[j;“] [lk] <a [lk] a%’%] _ d%k]’
V(lk, )e K, U, e (L), I, <lp.  (60)

Hence, a GDoF tuple d € R‘fl is in the polyhedral TIN region
Piq if and only if there exists a power allocation tuple r € RI*
such that (57)—(60) hold.



1) Potential Graph and Potential Theorem: We construct
a directed graph (digraph) G, = (V,€&) with vertices and
directed edges given by

= {vg‘”} U {v,[jk] (k) € /c} 61)
E=&UEUEUEUES (62)
{:{( l[clk]’ ) k’€< >a ;galk€<Lk>a ;c<lk?} (63)
{(Ul[é l[c k€ < >a l;wlk € <Lk:>7 l;c < lk} (64)

2= {0l k), i) e KR £ ©9)

_ {( 01 0y iy, )e/c} (66)
gl — {( 1 01 (1, k) € /c}. 67)

The above digraph, known as the potential graph, consists of
[V| = 1+ |K] vertices: a ground node v([)o] and one node vz[li}
for each user (or message) indexed by (I;,4) € K. An example
is given in Fig. 4. Each pair of distinct vertices is connected
by a pair of edges, and different edges are assigned different
lengths, capturing desired and interfering signal power levels
as we see next.

We define the functions d : £ - R4, o : & — R4 and

w : & — R, such that for any edge (vl[ il J[l ) € &, these
functions take the following values

d(v[h] [l ]) d[l il (68)

a(vz[li]my ]) = [li] (69)

(1], 115 [l] (1], 125

IU(Ui 7vj ) j’L 5’ (( 1 7U] )) (70)
where d}!’ 7ag2)],a£0],a([)]] are all equal to zero, V(l;, ) € K,
while 1 1(( z[ ],vj[l ])) =0,Vi =jand [; < l;, and 1
otherwise. The length function is defined as [ : £ — R, such

that the lengths assigned to different edges of G, are given by
lle) =a(e) —w(e) —d(e), e€ €. (71)

Such lengths are explicitly expressed, for each subset of edges
in (63)—(67), as

Z(U][j;"],v[lk]) _ a%é] _ d%i"],

Vk € (K), U, Ik € (L), U, <l (72)
(ol o) = lti) _ ol _ glt,

Vk € (K), k,lk eL), <l (73

1 1 1 1 L

) = alf) ol ]

v(lkvk) (ljvj) € ICv k 7&,7 (74)
Lol o) = ol —dl¥ v, k) e © (75)
1w o) =0, (i, k) € K. (76)

From the above assignment of lengths and the potential
theorem we obtain the following result.

Lemma 1. The GDoF tuple d € R‘f‘ is in the polyhedral
region Piq if and only if the length of each directed circuit in
the potential graph Gy, is non-negative.

Proof: Note that the length of a directed circuit is the sum
of its traversed edges’ lengths. By definition [21], the function
p :V — R is called a potential if for any pair of vertices
a,b € V such that (a,b) € €, we have [(a,b) > p(b) — p(a).
These conditions depend only on the difference between
potential function values. Therefore, if there exists a valid
potential function, we may assume without loss of Fenerahty
that the ground node has zero potential, i.e. p(vo =
Moreover, the potential theorem (see [21, Th. 8.2]) states that:
there exists a potential function for a digraph G, if and only
if each directed circuit in G, has a non-negative length.

Now for the digraph G,,, we set the value of the potential
function as p(v [l"]) = r,[flk], (I, k) € K. By definition, the
potential function values should satisfy

Pl _pl) < Q] gl

Vk € < >, ;mlk S <Lk>, l;c < lk (77)

T][CIL] _ T}[jk] < an,’;‘.] _ anﬁ;] _ d%"‘],
Vk € <K>a ;i',’lk € <Lk>a l;s <l (78)

Tj['lj] _ T,I[clk] g aél]];] _ ag'l]jc] _ d%k]7
v(lkak)v(ljaj) EK:a J#k (79)
—rl < ol gl g k) e (80)
il <0, V(i k) € K. (81)

The inequalities in (78)—(81) are equivalent to the ones in
(57)—(60). Moreover, the inequality in (77) is redundant as it is
obtained by adding the inequalities in (57) and (58). It follows
that d € lel is in Piq if and only if there exists a valid
potential function for G,. Combining this with the potential
theorem stated above, we conclude that the tuple d € RL’C' is
in Piq if and only if the length of each directed circuit in G,
is non-negative. n

Equipped with Lemma 1, it remains to interpret the non-
negative length conditions as GDoF inequalities. In particular,
each directed circuit in G, is identified by a sequence of ver-

tices (vz[lll],..., Z[l'"],vz[l“l]) where!2 {Uz . [l,L]} c .
n nt1 1
(lnt1,int1) = (I1,41) and n > 2. Alternatlvely, we may

express a directed circuit in terms of its traversed edges as
5l 1y .

(e1,...,€,), where e; = (vl[:]ml[jil]), j € (n). For each

such circuit, the non-negative length condition of Lemma 1

yields a GDoF inequality given by

—w(ej)].  (82)
Next, we closely examine all directed circuits of G, to
obtain an explicit characterization of the GDoF inequalities
describing P;q while eliminating circuits which are necessarﬂ?/
redundant. We often refer to a vertex of the type vk
(Ix, k) € K, as a user in what follows.

2) From Directed Circuits to GDoF Inequalities: A Simple
Example: We start with the simple example in Fig. 4 and
derive insights which prove useful for addressing the general

12In a slight abuse of notation, we use n here as the length of directed
circuits. This should not be confused with the number of channel uses n
defined in Section II-A and used later on in the converse.
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Fig. 4. A 2-cell IMAC with 2 users in each cell (a) and its potential graph (b). The potential graph consists of 5 vertices, one for each user
and a ground node, in addition to the sets of edges: &1 in orange, £ in green, & in red, £ in dashed black and &5 in dashed blue.

. 3-user cnrcuits (2 users from cell 1): these take the form

case. We categorize directed circuits of G, in Fig. 4 into the
following classes:

« Single-user circuits: such circuits take the simple form of
(v([] , l[l ], ([)}), (I;,i) € {1,2}?. From the non-negative
length condition in (82) each 01rcu1t in the class yields an

inequality l(v([)O], v; ) + l( [O]) alid — dy'i] > 0.
This is rewritten as
di < ol (15,1) € (1,2 (83)

We obtain 4 inequalities from this class of circuits.
. . . [0]. .
Multi-user circuits traversing v, : these are given by
1 1] [0 . .
(’U([J], 1[11],... (L] ([)]), (lj,i;) € {1,2}2, j € (n) and

n > 2. GDoF mequalities obtained from this class of
circuits are all redundant. This follows by com arlng the
inequality obtained from (v([)o], vl[l ], . 7”1[21] U ]) using
the non-negative length condition (as shown above), to
the inequality obtained from the corresponding circuits
given by (vz[llll, . ,vl[ln"], vl[llﬂ). Both inequalities bound
the sum-GDoF of the same set of users. However, the
latter is tig[%lt]er s[in}ce it has an extra (negative) interference
1

term w(vl sV, ) on its right-hand-side compared to

( (i} v([)(ﬂ) = 0 for the former. Henceforth, we only

con51der multi-user circuits that do not traverse vgJ].
2-user circuits (same cell): these circuits take the form
(ol ol W) i € {1,2}. From the non-negative length
condition, we obtain 2 inequalities described as

d? +d <ol e (1,2} (84)

’L’L’

Note that given ¢ € {1,2}, the single-user inequality in
(83) with [; = 2, i.e. d?) < al?), is implied by (84), hence
making the former redundant.

2-user circuits (different cells): such circuits have the
form (’Ugll], gQ], g ]) (I1,12) € {1,2}2. From the non-
negative length condition, we obtain 4 distinct inequalities
given by

di+dy < ol —afi+alsl—aly), (11,0) € (1,28
(85)

(o ol o o), @8, 10) € (1,2) ana i} 2 2.
We start with the case where (I1,13) = (2, 1). From the
non-negative length condition, we obtain 2 inequalities
(one for each [) given by

A a4l < ol ol ol ol e (1,2)
(86)

Note that from the right-hand-side of (86), users v%ﬂ and

0%2] appear as a single user with desired signal strength
a121] and received interference a[21] This is because v?]
precedes user v[ Vin the cyclic order, from which we
have l(Ug ] [1]) +l( (1 i [l2i) — a[121] [12] d[2] d[11]
Moreover, the 2-user 1nequa11ty in (85) for li = 2, ie.
d? +d[2l2] <ol — ol ol ol s implied by (86),
which in turn makes the former redundant.

We move on to the case (I1,13) = (1,2), for which we
obtain 2 more inequalities given by

dVpdP+dl? <ol pal o2yl —all 1, e (1,2}
(87)
Note that since vgl] precedes UF] for this case, the 2 users
do not appear as a single user as seen from the right-hand
side of (87). In fact, it turns out that for each I, (87) is
redundant since it is obtained by adding d[f] < a[121 and
d[ll] + d[2l2] < 05[111] - a[glf} + a[le] a[12], obtained from
(83) and (85) respectively.
3-user cm:uits (2 users from cell 2): these take the form
(2! W3 1T 02 a2 1) € {1,2)% and 1} £ 2.
The inequalities are obtained as for the previous class
while swapping the cell subscripts. For the case where
(13,13) = (2,1), we obtain

d[ll1 —|—d[21] + d[22] < oz[llll] - oz[;l] +a[222] - a12 ,l e {1,2}

(88)
from which we conclude that (85), with I, = 2, is
redundant. For the second case where (13,13) = (1,2),
the resulting inequalities are redundant as shown for (87).
4-user circuits (adjacent same-cell users): these take

the form (vgl] gl?]7vgé],vg§],v¥ﬂ), (13,13,13,13) €



{1,2}4, 11 # 13 and 1} # I3, from which we obtain 4
inequalities. We start with the case where (I1,1%,13,13) =
(2,1,2,1), from which we obtain

a5l +a5) —al.
(89)

d 4l a4 aP < ol

Now consider the 3 remaining circuits obtained from
(13,12,13,13), which are given by (1,2,2,1), (2,1,1,2)
and (1,2,1,2). The resulting inequalities are given by

A4+ <ol off — of] + o2 ol
(90)

a[ ] + oz[m] + ozm [122]
On

A )+ <l -

A4+ Sl +of] ol voli+off al)

92)

As in the 3-user case, the inequalities in (90)—(92) have
additional signal strength terms on their right-hand-sides,
compared to (89), since vz[l] precedes vz[z] for at least one
1 € {1,2}. Hence, the redundancy of (90)—(92) can be
easily shown by following the same argument used for
(87). Note that (92) is implied by 3 inequalities: i <
ol and d?! < a[22], obtamed from (83), and d[l] —&—d]g] <
ailll] — [1]2 [1] a12, obtained from (85).
o 4-user 01rcu1ts (non adjacent same -cell users): these take
the form (vgl],vgﬂ, o ol 12 4 ) (13,13) € {1,2}? and
13 # 13. We obtain 2 inequahtles each given by

d[11] _|_d[12] +d[21] +d[2] < 04[111] all2 ]+a[22] a[122]
a[121] a[Qlf] +04[212] a[112] (93)

The above is redundant as it is 1mphed by d[ 4 d[l ]

a[ll] a[zlf] + 04[22] a[112] and d[ ] —|—d[l2] < a[lzl] — 0‘[2l1} +
[13] (2]

Q53" — aj4, where both are obtained from (85).

After removing all redundant inequalities identified above, we
are left with

d <ol (94)

dy! < o) (95)

d? 4 dl < ol (96)

&y + dy) < of) 97)
&)+ d) <ol —alf +ofl —alll o8

B d e <ol ol el o] 9

d + d? + < ol — ol 4 ol — ol (100)
a7+ dl + dY -l < ol - ol + [222] —al aon

By further including d,Eli} >0, (I;,4) € {1,2}2, we obtain the
polyhedral TIN region Piq for the example in Fig. 4, which
coincides with the characterization in Theorem 1.

To summarize the result of the above procedure, the follow-
ing (sub)classes of circuits give rise to redundant inequalities:
e single-user circuits involving a stronger MAC user (i.e. v,[f]),
e all multi-user circuits traversing the ground node, e 2-user

circuits (different cells) which involve any of the stronger
MAC users, e 3-user circuits (2 users from cell k) in which
the weaker MAC user from cell k£ precedes the stronger MAC
user from the same cell in the cyclic order, or the participating
user from cell (3 — k) is the stronger MAC user, o all 4-user
circuits (adjacent same-cell users), except for the circuit in
which the stronger MAC user precedes the weaker MAC user
from the same cell in the cyclic order, e all 4-user circuits
(non-adjacent same-cell users).

One may also translate the above findings into more succinct
and general principles, which are given as follows: 1) multi-
user circuits that traverse the ground node v([)o] are not useful,
2) users belonging to the same cell must be cyclicly adjacent
in 4-user circuits (this holds automatically for 3-user circuits),
3) a circuit traversing 01[2] must also traverse vil , where 01[2]
should precede vz[l] in the cyclic order. Next, we carry out
redundancy elimination for the general case by building upon,
and further generalizing, the above principles.

3) From Directed Circuits to GDoF Inequalities: The Gen-
eral Case: We start by introducing some notation employed in
showing the general case, particularly in the proof of Lemma
2 given in the appendix. We denote each vertex v,[f ey
in this part by its index tuple (I, k) to avoid cumbersome
subscript-superscript notation. Let s” € X(K) be a cyclicly
ordered sequence of n distinct users. s™ can be partitioned
into m single-cell subsequences as

s" = (s’l“, . ,sﬁ{”), such that (102)
S;-lj = ((ljl,lj), RN (l?],lj)) S Z(Kl%),
ij € (K), ij #ij11, Vj € (m) (103)

where a modulo arithmetic is implicitly used on cell indices,
i€ imy1 = 1. It is readily seen that n; < L;, and
Z;ﬁ:l n; = n. Moreover, while two cyclicly adjacent single-
cell subsequences in (102) cannot have the same cell index,
this is not necessary for nonadjacent subsequence. Note that
the partition in (102)—(103) is cyclicly unique (i.e. unique up
to a cyclic shift). Therefore, we always assume that s™ € 3 (KC)
is given in terms of its cyclicly unique single-cell partition.

Sequences in X(XC) map into two types of circuits in Gp,.
The first type is given by

c(s™) 2 (e1,..., et o ey Emm),

s =(s',...,spm) €X(K),n>2 (104)

where each edge e} € £ UEY UE, connects a pair of cyclicly
consecutive users such that

o5 B {((l;’vij% (157,45)), s € (n; = 1), j € (m)
’ ((Z;Lj’ij)a (lgl'+1aij+1)), s=mnj, j € (m)

and (I}, .1, 4m41) = (1, 41) is implicitly assumed. The second
type of directed circuits is defined as

(105)

co(s™) £ (e, €1, v €ty e, emm T el),
s" = (s}',...,sim) € B(K)  (106)



where ¢ 2 (o)), (11,i1)) € & and e £ (175 ,im),v5") €

&}, while the remaining edges are as in (105). We further

categorize circuits in (104) and (106) as follows:

« Single-user circuits: given by co((l;,7)) = (e}, €f).
(I;,3) € K. As in the example of Section IV-A2, from
non-negative length condition we obtain

d <ol (b,

e Multi-user circuits traversing v([)o]: such circuits take the

form co(s™), s™ € X(K) and n > 2. As in the simple

example, it can be easily shown that these circuits are
redundant since circuits of the type c(s™) yield tighter

GDoF inequalities in general.

o Multi-user circuits not traversing v([)} these are the re-
maining circuits which take the form c(s™), s™ € £(K)
and n > 2. Some of these circuits turn out to be redundant
as shown through the following lemma, which proof is
given in Appendix B.

i) € K. (107)

Lemma 2. For any multi-user circuit c(s"), where s™ =
(st*,...,shm) € B(K) and n > 2, the corresponding
GDoF inequality obtained from the non-negative length
condition is necessarily redundant if the circuit fails to

satisfy the two following conditions:

C.1 The sequence of cells (i1, ...,
cyclicly unique single-cell partition (s;"1 yeee
should include no repetitions.

C.2 The sequence of users associated with each single-cell
subsequence S?j = ((ljl-,ij), cee (l;”,z'j)) € X(Ky,),
for all j € (m), must take the descending form
(ljl»,...,l?j) = (nj,nj — 1,,1)

From Lemma 2, it follows that each non-necessarily

redundant multi-user circuit of the form c(s™) is uniquely

identified (up to a cyclic order) by two sequences:

D (i1,...,im) € S((K)), m € (K), which identifies
participating cells and their cyclic order.

2) (Liy,---yli,,) € (Ly) x -+ x (L;, ), which identifies
the number (and identity due to the order in C.2) of
participating users in each of the participating cells.

im ), associated with the
Snm),

r~m

Taking all possible such sequences and specializing the
non-negative length condition in (82), we obtain the
GDoF inequalities given by

Soodr <ol > 2, i€ (K) (108)
si€(l;)
whenever the cycle c(s™) traverses only m = 1 cell,
while for m > 2 cells we obtain
s1 ] ]
Z Z d Z 7‘17’.7 ZJ+JIF;J
JE(m) si; €(liy)
@
Z ZJlJ B 7’JZJ 1’ VZLJ € <LZJ>7
JjE(m)
(i1,...,im) € S((K)), m € (2: K) (109)

where a modulo arithmetic is implicitly used on cell
indices, i.e. t,,+1 = 41 and i9 = %,,, and (a) follows by
rearranging the terms while exploiting the cyclic ordering.

It is notable that the single-user GDoF inequalities in (107)
with [; > 2 are redundant as they are included in the
single-cell multi-user inequalities in (108). After removing
these redundancies, the remaining inequalities, in addition
to the non-negativity constraints dyi] > 0, V(l;,1) € K,
describe the polyhedral TIN region P;q and coincide with the
characterization in Theorem 1.

B. Proof of Theorem 2

In this part, we turn to the characterization of the general
TIN-achievable GDoF region. To prove the equality in (32),
it is sufficient to show that

P=UPrc U UP)

well well SCK

(110)

as inclusion in the other direction is given in (14). The above
is shown by proving that for any decoding order 7w € II, the
inclusion given by Px C UsckPr(S) holds. Therefore, we
focus on a fixed arbitrary decoding order 7 € II henceforth.

Consider an arbitrary GDoF tuple d in the TIN-achievable
GDoF region Pj. We wish to show that there exists S C K
such that d is also in Pr(S). By definition, there exists a
feasible power allocation r < 0 such that the components of
d satisfy (9). For such tuple d, we may partition K into S
and S = K\ S, such that d;:’“(l"‘” > 0 for all (7 (l), k) €S
and d ) = 0 for all (m;(1;),5) € S. It follows that for all
(mk(lk), k) € S, we must have

0 < a0 <

f<max{lmax{r,[:"'(l;“)]Jragfk(l’“)]} maxmax{r +a[l }}}>
o <l i#k
(111)

T,[Cﬂk(lk)] aggrk(lk)]

where the outmost maX{O -} in (9) is inactive, and hence
removed, since d[m‘(l" 'S 0 for such users.
Next, we deﬁne a new feasible power allocation tuple r < 0

such that
L {Tz[li], (li,i)) e S

— 112
—0Q, (lz,l) €. ( )

With this power allocatioq, the TIN scheme of Section II-B
achieves all GDoF tuples d that satisfy (113)—(115), obtained
by plugging r, as defined in (112), into (9). As in (111),
we note that the outmost max{0,-} of (9) has also been
relaxed in (115). This follows because the right-hand-side of
the inequality in (115) is no less than the rightmost-side of
the compound inequality (111). Consequently, the GDoF tuple
d = d is also achieved with the power allocation r.

As a final step, we note that any GDoF tuple d = d achieved
with the power allocation T is also in P, (S). This holds as T
is feasible and (113)—(115) are the inequalities that define the
polyhedral TIN region P.(S) (see Section II-C). Therefore,
we have d € Pr(S) which completes the proof.

V. PROOF OF CONVEXITY

In this section, we present a proof for Theorem 3. We
assume that the TIN-convexity conditions in (35) and (36)



7 =0, (m(1;).5) € S
a7 >0, (mi(le). k) €

chﬂk(lk)] < f}cﬂk(lk)] + a[ﬂk(lk)]

Lk — (max{ max

(7 (1) k) €8:07, <l
V(’]Tk(lk), k) eSS

(113)
(114)
, , ;. . +
Py Qm Dy im0 +a§,§“f”}}) ’
(m515).5) €Sk
(115)

always hold throughout this section. For ease of exposition,
we divide the proof of Theorem 3 into three steps as follows:
o Step 1: We show that under the conditions of Theorem
3 and for any S C K, we have Pr(S) C Pia(S) for all
7 € II. Hence, the general TIN-achievable region in (32)
becomes
Pr = U Pia(S).
SCK
o Step 2: We show that for any S C K, we have Pia(S) C
Pia(Uiem K;) for some M C (K). Hence, the general
TIN-achievable region now becomes

P = U Pia (Uier Ks).
MC(K)
e Step 3: We show that for any M C (K), we have
Pia (UiemKi) € Pia(K). Hence, we have P* = Piq(K)
as stated in Theorem 3.

Before we proceed, we introduce some definitions and notation
that facilitate the proof.

A. Compact Representation of Polyhedral TIN-Achievable
GDoF Regions

For any given decoding order 7 € II, we define Fi(K)
as a family of subsets of K where each member of F(K),
denoted by S, takes the form!?

Sr = {(Fl(sl),l) 18 € <li>, xS M},

for some M C (K) and I; € (L;),j € M. (116)

Moreover, for a GDoF tuple d, we use d(S;) to denote
the sum-GDoF 3~ ycs. d'l, where d() = 0. The char-
acterization of P, in Theorem 1 is given in terms of sum-
GDoF inequalities for all possible subsets of users Sn such
that S € Fr(K). Hence, P, in (15) and (16) can be
represented compactly (yet less informatively) by all GDoF
tuples d € Rl_(_q that satisfy

d(Sx) < fr(Sxr), Sx € Fr(K) (117)

3Considering the 2-cell, 3-user network from the running example of
Section III for instance, the corresponding family of subsets is given by

-7'—#({(1: 1)7 (27 1)7 (172)}) = {{(ﬂ'l(l)’ 1)}7 {(771(1)71)7 (771(2)7 1)}’
{(172)}’ {(7'(1(1)7 1)’ (1’2)}7 {(71'1(1))1)’ (7r1(2)71)7 (172)}}'

where fr : Fr(K) — Ry is a normalized set function (i.e.
f=(0) = 0) given by

a[m(lz‘)]7 S with M| =1

i

|M|
. [ﬂ'z(ll)} [771‘;(11.)]
S.) = g G) iy
fﬂ( 7\') (ih,,.,iﬂl‘?ez(/\/t)j;azjlj Ozlﬂj_71 s
S with [M| > 2.
(118)

More generally, we may define the family F.(S) over any
subnetwork & C K. In particular, suppose that S C K is given
by S = UjemS; forsome M C (K)and S; C K;, i € M. We
define F(S) as the family of all subsets of S which take the
form Sy = {(m(sl),z) €S:s5,<l;,i¢€ M’}, where M’ C
M and I; € (|S;]),4 € M’. This in turn allows us to have
a similar compact representation for general polyhedral TIN
regions P (S) for any S C K.

B. The 3-Step Proof of Convexity

Now we proceed to show the three steps stated above.

Step 1: First, we consider S = K and we show that under the
conditions of Theorem 3, we have P, C Piq for all = € II.
Consider a GDoF tuple d’ € P, for some = € II. Since
d’ > 0, to prove that d’ is also in Pjgq, it is sufficient to show
that the set of inequalities given by

d'(Sia) < fia(Sia), Sia € Fia(K).

Consider some subset of users Sig € Fia(K) where
Sia = {(S“Z) 18 € <l;>, (NS ./\/l} We define Sﬂ-(Sid) =
{(mi(ss),) : s; € (l;), i € M} as the smallest member of
the family F(KC), in terms of cardinality, such that Sig C

Sx(Sia) holds. This set has the following property.

Remark 10. For S;jq and S;(Sia) as defined above, where
(mi(l;), 1) is the user of cell i to be decoded first in Sy (Sia),
we must have (m;(l;),i) € Siq for all i € M. This holds as
the contrary implies that we can choose a smaller Sy (Siq)
which satisfies Sig C Sx(Sia)- O

The above observations lead directly to the following result.

Lemma 3. For Siq € Fia(K) and Sx(Sia) as defined above,
the following inequality holds

[ (Sx(Sia)) < fia(Sia).

Proof: For the case where M = {i} (ie. [M| = 1), we
have the following

o (Sa(Sia) = T <alll = Ra(sia)  (119)



where (119) holds due to (m;(l;),i) € Siq, as shown in
Remark 10, and the order of direct link strength levels in (6).
On the other hand, for | M| > 2 we have

|M|
. [mi; (Li;)] [mi; (Li;)]
™ S‘IT Si = o =y
Jx(Sr(Sia)) (il,.i.,iﬁl\r)lez(M)Jzzl Yigi Xijij
Ml /
;.1 ;.1
< i E A 120
= (i1, ifﬁl‘?eE(M)j:1 aZij azjlj—1 ( )

= fia(Sia)

where the inequality in (120) follows from (m—(li),i) € Siq
and the condition in (35) of Theorem 3 (see also the equivalent
representation in (37)). [ |

Equipped with Lemma 3, we obtain the following inequal-
ities

d'(Sia) < d'(Sx(Sia)) < fr(Sx(Sia)) < fia(Sia)-

By applying the above to every Siq € Fia(K), we conclude
that d’ € P;jq and hence P, C Piq.

Following the same steps above, it can be shown that under
the conditions of Theorem 3 and for any subnetwork S C K,
we have Pr(S) C Pia(S), for all 7. This completes this step.

Step 2: Consider an arbitrary subnetwork & C /C and let
S = UjemS; for some M C (K) and S; C K;, i € M.
Moreover, let S be obtained by augmenting S such that S =
Uiem ;. Using the compact representation in Section V-A,
the corresponding polyhedral TIN regions are given by

Pia(S) = {d e R d(S) < fia(S), S € FalS),

d(s) = 0,¥s € K\ 5} (121)

Pia(§) = {d e R (&) < £ial$). & € Faa(S),

d(s) = 0,Vs € K\ 3} (122)

To show that Piq(S) C Pia(S) holds, consider a GDoF tuple
d’ € Pia(S). It follows that d’ > 0 and d'(s) = 0, Vs € K\S,
where the latter holds due to {K \ S} C {K \ S} and the
equalities in (121). It remains to show that d’ satisfies the rest
of the inequalities in (122).

For any 8’ € Fia(S), let S'(S’) be the largest set in Fig(S)
such that §'(S") € &'. Note that S'(S’) exists and is non-
empty as S is obtained by augmenting S. We denote S’(S”)
by S’ henceforth for brevity. With these definitions in mind,
we present the following lemma.

Lemma 4. For any S’ € Fiq(S) and S’ as defined above, the
following inequality holds

fia(S') < fia(S)).
Proof: We start by expressing S’ as
S = {(si,i) : si € (i), i e M'},
for some M’ C M and [; € (L;),i € M'.
Since 8’ C 8’ N S, it follows that S’ can be expressed as
S'={(s;,i)eS : s;<l, i € M'}, for some I} < l;,i € M.

For M’ = {i} (ie. |M'| = 1), we have fid(g’) = ay;] >
agl{’] = fia(S’) which is due to I <; (see the order in (6)).
On the other hand, for | M’| > 2, we have

[M]
& . (L] L]
a(S) = min a, —a, ]
fd( ) (ilw"yi‘M’l)EE(M,) ; ity jli—1
My Wy
> min ot -t (123)
(i17"'1i‘M’|)EE(M,) = 2% jti—1
= fia(S')
where the inequality in (123) follows from I} < [; and the
condition in (35) of Theorem 3. |

Next, we observe that if S’ C S’ (strict inclusion), then any
user in the non-empty set S’ \ S’ is not in S. This holds as
the contrary implies the existence of a set S” € Fiq(S) such
that 8’ ¢ S” C &', hence contradicting the maximality of S’.
It follows that d’(S’ \ &’) = 0 (see the equalities in (121)).
This observation together with Lemma 4 lead to

d'(§) =d'(S)+d'(S'\S) < fial) < fialS).
The above holds for all S’ € Fiq(S) and therefore Piq(S) C

Pia(S), which completes this step.
Step 3: In this step we show that Pig (Uie m K;) € Pia(K),
for any M C (K), by proving that the set Pia (Ujers K;) is

monotonically increasing in M, i.e. the following holds:

Pid( Uiem /Ci) Q'Pid( Uie Mu{k) /C,;), for any M C(K).
(124)
We assume, without loss of generality, that M C (K) and
k € (K)\ M. To demonstrate that (124) holds, consider a
GDOF tuple d’ € Pig(UiemK;). Since d’ > 0 and d’(s) = 0,
Vs ¢ Uie mugryKCi, we show that d’ satisfies the remaining
inequalities that describe Pid( Usie MU{k} ICi), i.e.

d'(Sia) < fia(Sia), YSia € Fia(Uiemuiny Ki)-
To this end, we present the following useful lemma.

Lemma 5. Consider M C (K) and k € (K)\ M. Moreover,
for each i € M U{k}, consider the set S; = {(s;,1) : s; €
<li>}, where l; € (L;). The following inequality holds

fia(Uiem Si) < fia(Use mugny Si)-

Proof: For the case where | M| = 1, it is not difficult to
show that the above inequality holds. In particular, for any pair
of cells 4, k € (K), i # k, the condition in (36) of Theorem 3
implies the following inequality: oz%’i] < ozglj] Jrozg]’;] — (aylé] +
agf]). Therefore, we focus on the case where |[M| > 2 in
what follows while implicitly assuming that K > 3.

Let (i1, - ifyy) € Z(MU{k}) be a cyclic sequence
that attains the minimum in the definition of fia (Uje mux
S;), i.e. one that satisfies

(125)

IMUARH .
(U ) = A
fid(Uiermogmy Si) Z; o hs (126)
J:
Due to the cyclic nature, we may assume without loss of
generality that iTMU K} = k. Moreover, we denote the index



of the preceding cell 4, and the following cell i; by &’
and k", respectively. Now consider the cyclic sequence given
by (i1, i) = (K45, .., i 1, K'). This sequence is
clearly in E(M) from which we obtain an upper bound on
fid( Uiem Si) given by

Moy, M
fia(UiemS:) < {Z ai;j;}aL/"}l,;l{Zai;j;_l]. (127)
j=1 j=2

From (126) and (127), we obtain

fia(Uiemury Si) — fia(Viem Si)

> ali) = Jalid+ ol - ol

> [lk] _

> oy a%,’é} + ag,"}',;} - a%,’i']j]l(k” £ k’)}

max
K (L K7 ) kK

>0 (128)

where the inequality in (128) follows from the condition in
(36) of Theorem 3. [ |
Now to show that (125) holds, we observe that any Siq €
Fia(Uiemufry Ki) can be expressed as
Sia = Sia U Sia,
for some Sy € fid( Use M lCi) and S{ € Fia (ICk),

where we highlight that S{; or S!; may be equal to ). Since
d e Pid( Uiem lCi), we have d'(S!};) = 0. Combining this
with Lemma 5, we obtain

d'(Sia) = d'(Sig) < fia(Sia) < fia(Sia),

which in turn proves (124). Therefore, we have Pia ( Uie
lCi) C Pia (IC), for any M C (K), which completes this step
and with it the proof of Theorem 3.

VI. PROOF OF OPTIMALITY

The TIN-optimality result in Theorem 4 follows directly
from the following outer bound.

Theorem 5. For the IMAC with input-output relationship in
(3), if the TIN-optimality conditions in (43) and (44) hold,
then the capacity region C is included in the set of rate tuples
satisfying

S RP <log (1 +liP“5lf]) i € (Lq), Vi € (K) (129)
SiE<li>

S R <m, - 1)log(l)

JE(m) si; €(lij)

Syl tg)
+ Z log <1 + (i, +1i, )P % le) )
je(m)
vzu € <L1J>7 (ila ceey

im) €EX((K)),me (2: K). (130)

As noted in Remark 9, the above result leads to a constant-
gap characterization of the capacity region when the TIN-
optimality conditions hold. The remainder of this section is
dedicated to proving Theorem 5. To this end, we start by
presenting two instrumental lemmas.

A. Useful Lemmas
The first lemma is a generalization of [17, Lem. 8] to an
arbitrary number of input sequences.

Lemma 6. Let X7',...,X]" be | independent random se-
quences (input sequences) of length n each, where X' =
Xi(1),....,X;(n), i € (l), satisfies the power constraint
LS E[IXi(8)[?] < Pi. Moreover, let Y and Y, be noisy
output sequences given by

Yo (t) = a1 X1 () + aa Xo(t) + - - + a; Xy () + Zo(t) (131)
Yi(t) = bi X (t) + baXo(t) + - + b X(t) + Zo(t) (132)

where a;,b; € C, Vi € (1), are constants and Z,(t), Zy(t) ~
Nc(0,1) are AWGN terms. Given that

1§HWFS—jwﬂL*WEU> (133)
Piy1|big1]?’
where Py 1|bi11|> = 1, the difference between the output
differential entropies is bounded as
MY = h(Y) S n(l—Dlog().  (134)

The next lemma gives a variant of the TIN-optimality
condition in (43).

Lemma 7. Consider i,j € (K), such that i # j, and the set
(l;), where l; € (L;). Moreover, consider the partition of (l;)
given by

(1) £ {s;’ e{l; —1): ozz[-l;] — az[zi] > 045'/"/]} (135)
(L) & (1) \ (1)) (136)

Given that the TIN condition in (43) holds, then we have
ayj] _ ayj] > ag‘jé] _ ag‘;” + ayjﬂ,

1771

The proofs of Lemma 6 and Lemma 7 are given in Appendix
C and Appendix D, respectively.

B. Proof of Theorem 5

In the following, we use the notation of the channel in (1)
and the channel in (3) interchangeably for convenience. While
doing so, we assume that

[1%]
1< PR = poit (i, k) €Ki e (). (138)

For each cell 4, (129) is a cut-set upper bound which follows
from the MAC capacity region [20] and the order of channel
strength levels in (6). Hence, we focus on the cyclic bounds
in (130). A modulo operation is implicitly used on receiver
indices such that ig = i,, and %,,4+1 = 1.

An arbitrary bound in (130) is identified by the two se-
quences (i1, ...,i,) € B((K)) and (I, ...,1;,) € (L) %

- x (L;,,), describing the cyclic order of cells and the
number of participating users from each cell, respectively.
The corresponding set of participating users is given by
{(si, 1;) : si; € (I;,),5 € (m)}. For every j € (m), we
partition ([;;) as in Lemma 7 into

[lij ] [lij ]
()" 2 {st -

€ <llJ ijij 1 —

-1«

vity

a[]} (139)



<lij>l £ <l21> \ <lij>”'

where the subscript i;_; is omitted from the subsets (/;,)" and
(l;;)" for brevity. Next, we go through the following steps.

(140)

« Eliminate all non-participating transmitters, i.e. (I;,i) €
K\{(si,, ;) : si, € (li;), 5 € (m)}, all non-participating
receivers, i.e. i € (K)\ {i1,...,%n} and the correspond-
ing messages.

« For the remaining network, eliminate all interfering links
except for links from Tx-(s] ,7;) to Rx-i;_1, for every
Jj € (m) and sj € (l;;)".

We end up with a partially connected cyclic IMAC with input-
output relationship given by

= > wx o+

si; €(Lij;)

Uijpa (8)

[sij+1]
tj41i;

X[S'ij+1](t) + Zij (t)

Tj4+1

>

Sijr1 €800

(141)

where U, ., (t) denotes the interference plus noise term at Rx-
1;. Since none of the above two steps hurts the rates of the
remaining messages, the partially-connected channel in (141)
is used for the outer bound.

Next, we define the side information intended to Rx-i; as

=g, > h[s [s’ () + Zi, () (142)
Si. €<llj>
where the gain g;; is given by
[lij]
gt
9i; = —@T (143)

The side information sequence SZ, is given to Rx-¢; through
a genie, which cannot hurt the rates. Using Fano’s inequality,
we bound the sum rate of participating users associated with
cell i; as

n Z REjiJ]

eti,)
I(

[1:[1'].]

11]

(L” Yrsn)

$SE) +

[L:1s,

n 11 ;]
= h(s] ) n(sp W, ")V IsE) (Y2 IS: ")
= h(S5) = h(Z; )+h(3€?\5?j) (Ufll) a4

(i) & vrrl L] .
where W WZ, 7...,I/VZ-J_ . Taking the sum of bounds

in (144) for all Jj e ( ), we obtain a bound on the sum rate
of all participating users as

nz Z joij]—mne

jElm) si € lsy)
< Z [n(s7

< mn(l

h(U5) +h(YISE)

1) log(l;;) +Z {

JE(M)

h(z)|

h(Zg;)} (145)

where (145) follows by bounding each h(S") —h(U}) as
explained next. For all 4; with (I;,) = {l;,}, it is readily seen
that h(S7') — h(U) = 0 as S" U" Otherwise, for i;
such that ( D\l Y £, we apply Lemma 6 by taking S;’
and U ™ as the correspondmg output sequences. It remains to
verify that the condition in (133) holds. From Lemma 7, the
following condition holds

’
[,Si,"] [t
1515—1

Vsij,l;j S

bl _ Gl il _ .
155 1jl5—-1 — ljij 'lejfl’

<lij>/, Si; < l;]

Moreover, from the definition of the partition in (139) and
(140), we have

1515 15051 < ij>/ \ {lij}.

From (138), the conditions in (146) and (147) are rewritten as

(146)

vs% (147)

’L Z )

[si.]y, [si;] (2
Si; Si Pi~ 7 i'i'7~_
0< |gij|2pi[j ]]’h;n]j]ﬁ = t7l§,.]‘ [1]2,.]] : ‘2’
PiJJ ’ ijija'ﬂ‘

Vsij,l;j S <lij>/, (148)

Note that (148) implies the condition in (133) of Lemma 6,
from which we obtain the upper bound h(S") - h(Up) <
n(l;; — 1)log(l;;), which holds for all i;, j € (m

Now we turn our attention to h(Y7|S7;) — h(
For any j € (m), we have

h(YISE) =h(Zr) < > [

te(n)

’
Si; < lz]

J_) in (145).

Y, (0)]Si, (1)) = h(Z,(1))]

< nh(YS|S5) = nh(Zs) (149)
= nlog (U%iglsiq) (150)

where YG and SG are the outputs in (141) and (142) respec-
tively for a single channel use when the in uts are drawn from
independent Gaussian distributions as Xl il ~ N¢ (O,Pl[l ]).
The inequality in (149) follows by employing [3, Lem. 1] and
the i.i.d. noise assumption, where ¢ is omitted from ZZ-J. for
brevity. The variance in (150) is given by

P55 SE VS -E [YSSS) (B [IS$7) E [s$Y].
(151)
Next, we calculate each term in (151). We have
i) 5712 [s7]
E |:|}/7’? 2] = Z ‘hlﬂu i + Z |h" it | Plj

SQJ.E(lij) s” e(l; >”

LD

$ij1 €4z )

E[vosg]=(E[sSvS) =gy 30 [ni PR

Sq‘,j c <lij >

—lg,l? S0 n PR 4L
si.e(li.)’

I J+1]\P[jfl+1]+1 (152)

ij+1j

(153)
E (15517 (154)
From the above, we obtain an upper bound for O‘YG‘ s as

shown in (155), where the last inequality in (155) follows by



ijj+ Z |h

UYG|SG =1+ Z |h1ﬂj

st €Qlij)” Sz €ijg)
<1+ Z |h% A |h
sy €l si;,1 €0 ,)
\h[l }| P[l ;]
<1 (i) g 5
nio R

[3777’] 2 [S’i]’]
[.S_ijfl_]f ‘[_Sij+1] Zsijeaij)’ hiji‘j ‘ Pij
11 1 19i, 12 Esij€< Ly :Z] ‘ P[% +1
[li;112 Slli;]
2 plsij] ’hlﬂJJ‘ Pij ’
P B

1jti—1 ]

(155)

employing the TIN-optimality conditions in (43) and (44). In
particular, the condition in (44) gives us

il s Gl bl

Gty = i1 tj18;
Ui 12 Sl
|h£ Jppl] o ]
J J J ’ 7'J+1 | Sijpn (156)
i 2 R
2717 1 ij

while from the condition in (43), combined with the partition
in (139), we obtain

[ts] (L) (s3]

ii; — Qgigy = Qigiy &
;112 plleyl
’hiji7 ‘ Pij' (57112 _[s7] ” ”
: > |h, i |"B 7, Vs € ()" (157)

15%5—1

! it :
Finally, by plugging the upper bound in (155) into (150),
which in turn, is plugged into (145), the bound in (130) is

obtained. This completes the proof.

VII. CONCLUSION AND FUTURE DIRECTIONS

We considered the problem of TIN-optimality in the Gaus-
sian IMAC, motivated by uplink scenarios in cellular networks.
We proposed an adequate definition of TIN for cellular net-
works in which each cell carries out a power-controlled version
of its capacity achieving strategy while treating all inter-cell
interference as noise. Under this definition of TIN, we derived
a TIN-achievable GDoF region for the IMAC through a novel
application of the potential graph approach. Then we identified
two regimes of interest: 1) a TIN-convexity regime in which
the proposed TIN-achievable GDoF region is convex without
the need for time-sharing, and 2) a TIN-optimality regime,
contained in the TIN-convexity regime, in which the TIN-
achievable GDOF region is optimal and leads to a constant-gap
characterization of the capacity region.

An interesting future direction is to employ the identi-
fied conditions and GDoF characterizations to design effi-
cient scheduling and power control algorithms. TIN-inspired
scheduling algorithms for device-to-device communications,
modeled by the regular K -user IC, were proposed in [15], [24].
Moreover, a number of GDoF-based, low-complexity power
allocation algorithms for TIN in the regular IC were proposed
in [13], [15], [25]. Finding similar efficient scheduling and
power allocation algorithms for the IMAC (and cellular sce-
narios in general) is of great practical importance.

Another interesting direction following this work is to
consider downlink scenarios. Such scenarios are modeled by
the Gaussian interfering broadcast channel (IBC). The TIN
definition proposed here for cellular settings extends to the
IBC, where superposition coding and successive decoding can
be employed in each cell while treating inter-cell interference
as noise. It is of interest to investigate the relationship between
the IMAC and IBC under TIN and whether a form of uplink-
downlink duality holds, from which solving one problem leads
directly to a solution for the other. Some progress along these
lines was recently reported in [26].

APPENDIX A
NUMERICAL EVALUATIONS IN SIMPLE CELLULAR
MODELS

In this appendix, we evaluate the probability that the TIN
conditions, identified in Theorem 3 and Theorem 4, are
satisfied in simple cellular scenarios with fixed base station
locations and random user locations. For simplicity, we restrict
our attention to the influence of distance-dependent path loss
while neglecting shadowing and small-scale fading effects. We
consider the two following cellular arrangements, which are
variants of the classical and modified Wyner models [27], [28]:

(a) Sectorized linear cell-array: In this model, cellular sites
are uniformly ordered in a linear array, where each site
covers a segment of length 2r and is placed at the center
of such segment. We assume sectorization where each
site consists of two base stations, each with a directional
antenna pointing in a distinct direction (left or right).
Hence, a base station covers a cell (or sector) of length
r in its corresponding direction, e.g. Fig. 5(a)-top.
Circular cell-array: In this model, K sites are uniformly
ordered in a circular array. As in the above model,
each site is placed at the center of a 2r long segment.
Unlike the above model however, here we do not assume
sectorization. Instead, each site consists of one base
station with an omnidirectional antenna covering a cell
of length 2r, e.g. Fig. 5(b)-top.

For both arrangements, L users are randomly and indepen-
dently placed in each cell with locations drawn from a uniform
distribution over the cell segment, while excluding a segment
of length 27y about the center of each site. Under distance-
dependent path loss, strength levels of different links are
determined by the corresponding distances. Therefore, the

(b)
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Two simple cellular arrangements: a sectorized linear cell-array in (a) and a circular cell-array in (b). Original arrangements are

given in top figures, while bottom figures show equivalent arrangements sufficient to test for TIN conditions. Users are denoted by their

index tuples for brevity.

above arrangements enjoy the property that desired links are
stronger than interfering links. Moreover, it can be easily
verified that for the purpose of checking GDoF-based TIN
conditions in the above settings, there is no loss of generality
in making the common assumption that interference is limited
to adjacent cells.

In our numerical evaluations, we focus on 2 cells for the
sectorized linear model (see Fig. 5(a)-bottom), as each pair
of interfering cells can be treated as an independent network.
For the circular model, we consider a network with 4 cells
as shown in Fig. 5(b). The distance-dependent path loss is
modeled as PL(d) = 148.1 + 37.61og,,(d) in dB, where d
is the distance in kilometers. Each user has a transmit power
of 23 dBm, while the base station noise floor is given by
—102 dBm (i.e. noise power spectral density: —172 dBm/Hz,
receiver noise figure: 2 dB, and transmission bandwidth: 10
MHz). We set ry to 35 meters, while » and L are varied.
The results of our numerical evaluations are shown in Fig. 6,
where each probability value is calculated from 10* random
user placements.

As a direct consequence of Remark 5, the probability that
the TIN-convexity conditions of Theorem 3 hold in a given
setting is no less than the probability that the TIN-optimality
conditions of Theorem 4 hold in the same setting, which is
clearly exhibited in Fig. 6. Such probabilities decrease with
an increased number of users per cell (i.e. L), which is not
surprising as more users induce more conditions to be satisfied.
We also observe that all probabilities increase with cell size
(determined by site radius r). This is due to the fact that
as the distance between adjacent cells increases, the effects
of inter-cell interference become less pronounced, making
the TIN-convexity and optimality conditions more likely to
hold (e.g. set cross link strengths to small values in (43) and
(44)). For example, under the adopted system parameters, the
cell-edge SNR is about 0 dB for » = 243 meters, enabling
both sets of TIN conditions to hold with probability 1 as
inter-cell interference remains below noise level. The results

in Fig. 6, albeit restricted to simple cellular models, show
the potential broadness of the regimes for which the TIN
conditions identified in Theorem 3 and Theorem 4 will hold
in more realistic cellular settings.

APPENDIX B
PROOF OF LEMMA 2

First, we observe that for any multi-user circuit c(s™), where
s" = (s',...,smm) € B(K) and n > 2, the corresponding
GDoF inequality obtained from the non-negative length con-
dition of Lemma 1 is expressed in terms of the single-cell

partition as

j:l Sj:].

<33 [a(ej’) —wE)]. 158
j=1s;=1

Moreover, it is useful to observe that for intra-cell directed

edges, i.e. edges connecting pairs of users belonging to the

same cell, we have

w(ej")=a(e§"“)1g( ), Vs € (nj—1), j € (m) (159)

which follows from (105), (69) and (70).

Necessity of C.1: To show this, consider a directed circuit
c(s™), as expressed in (104), and suppose that it violates C.1.
For this to hold, we must have n > 4. Moreover, we assume
without loss of generality that iy = iy, for some 2 < k <
n, and that [;* > [7"* (otherwise we rename the indices).
The resulting GDoF inequality obtained from the non-negative
length condition for this circuit is given by (158). We show
that the same set of users traversed by c(s™) can be used to
construct two smaller directed circuits with GDoF inequalities
that imply (158). Let us define

ny £ max {s; € (ny) : [* > 51} (160)

which exists since ;¥ > [7". The first constructed directed

circuit is given by

/

c = (el el e, el ! LER) (161)
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conditions (Theorem 3) and the TIN-optimality conditions (Theorem 4) hold in a sectorized linear cell-array with 2 cells (left) and a circular

cell-array with 4 cells (right).

where ¢ = ((I}*, ix), (Z?I,il)). ¢’ is a valid circuit of G,
which yields the inequality given by
ni k n;
$5 e+ 3 S <
s1=nj j=2s;=1
k—1 nj ni
>3 Jate) —we)] + Y [atert) - wier)]
j=2s;=1 s1=nj
neg— 1
+ 3 Jater) —wiep)] + ate) —aeih)]. (62

Skl

In the above inequality, we have used d(é,*) = d(e;*) and

a(ep®) = aleyr), where e * is traversed by the original
), in addition to w(é}*) = a(e}?) which
> l?l and (159). The second

directed circuit c(s™

follows from i, = i1, I*
directed circuit is given by

n__ (.1 -1 _n} Nk+1 1 n
" = (eg,... e1 B ekt e e
(163)

where &1 = ((I11,41), (I}, 1,4k11)). This is also a valid
directed circuit of G, and its corresponding GDoF inequality
is given by

> de)+ id@?"m[a(e?% w(ep)|+
s1=1 j=k+1s;=1

”il[a(eil)w(eil)}Jri i{a(fijj)w(ejj)} (164)
s1=1 j=k+1s;=1

where we have used d(é?f) d(e?l) and a(é;ﬁ) = oz(e?l),

in addition to w(é}") = w(e}*) which follows from i) = iy
and (70). By adding the inequalities in (162) and (164), we

obtain
A +> Y d(ed) Z Z { )—w(e)|. (165)
j=1ls;=1 j=1s;=1

Since d(e?f) > 0, the inequality in (165) implies the in-
equality in (158), and hence c(s™) is redundant compared to
¢’ and c¢”. Note that users associated with cells 7; and iy
are now cyclicly adjacent in ¢’ and constitute one single-cell
subsequence, while i does not appear in ¢”. If any of ¢’ or

" still violates C.1, we apply the above argument recursively
until all resulting circuits satisfy C.1.

Necessity of C.2: Now we proceed to show the necessity
of C.2 while assuming that the condition in C.1 is satisfied.
Consider an arbitrary subset of users S C K, where |S| =n >
2. Each directed circuit c¢(s™), induced by a cyclic sequence
s" € X(S) spanning all users in S, gives a different inequality
for the same sum-GDoF Z(l,i) cs dy]. Such inequalities take
the form in (158). As a first step, we show that a necessary
condition for the non-redundancy of c(s™) is

>3 > 177, Vj € (m). (166)

That is, apart from the first user in each single-cell sub-
sequence s;”, all following users should be ordered in a
descending manner. Considering the right-hand-side of (158),
we have

isil [a(e } i S]z_:z [a s]+1 (ejj)}

+ i [a(e}) —w(e?) + a(ef)lg (e})} (167)

= in: [a(ei) —w(e;”) a(e?)ls;(e})] (168)
j=1



The equality in (167) uses a(ef) — w(ej) = afeF) e (e),
which is obtained from (159). Note that if n; = 1 for some
j € (m), then a(e?)lg (ej) = 0 by definition of Ig(-),
and j does not contribute to the double summation on the
right-hand side of (167). The inequality in (168) follows from
0< w(e;j) < a(ejﬁl), sj < n; — 1, as seen from (159).
Note that (168) holds with equality when (166) is satisfied,
yielding a tighter GDoF inequality compared to when (166)
is violated.

We proceed by focusing on cyclic sequences s € X(S)
that satisfy both C.1 and (166). The next step is to show that
for any such sequence, if ljl < l? for some j € (m), then
the corresponding GDoF inequality is redundant. Suppose,
without loss of generality, that we have s” = (s]*,...,s/m)
with n; > 2 and [ < I3. The GDoF inequality obtained from
c(s™) is given by

nj

+i[

j=2

) < |aled) —w(e) +a(ed)]
€) +ale)1e(e))] (169)

where we have used (168) in addition to I} < [7. We construct
two smaller directed circuits from the users traversed by c(s™)
and show that their corresponding GDoF inequalities imply
(169). Consider the directed circuit given by

~/ ~1 1 ng

c = (61762,.. e

1 n
N I CH mm)

(170)

where €} = ((11,11), (13, 2)). This directed circuit is valid for
Gp, satisfies C.1 and (166), and yields the GDoF inequality
given by

m Ny

d(e1) + Z Z d(ej-j) < [a

j:2 szl
m
+ Z {a(e}) —w(e;’) +
j=2

where d(é1) = d(el), a(él) = a(el) and w(é}) = w(el?) are
used in (171). Now consider a second directed circuits given
by

(eh) = w(er)]

a(e?)1g; (e;)] (171)

& = (ef,....e 7l EM) (172)
where é7' = ((IT*,41), (1,41)). This is a single-cell circuit

with users ordered in a descending manner. The resulting
GDoF inequality is given by

Zd

512

) < a(ed). (173)

It is readily seen that the inequality in (169) is retrieved
by adding the inequalities in (171) and (173), hence c(s™)
is redundant compared to ¢’ and ¢”. If ljl» < 1]2. for some
j € (2:m) in &', we apply the same steps above recursively,
hence showing that non-redundancy necessitates

>0 > >0, Vje (m). (174)
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We are left with directed circuits c(s™) € X(S) that satisfy
C.1 and (174), for which the corresponding GDoF inequalities
take the form

>3 <3 fote)

j=1s;=1 7j=1

”J)]. (175)

The final step is to show that by 1nclud1ng all users in
§ = {(pi)) : 4 € U \{L. 07} € (m)). we
obtain a GDOF inequality that implies (175) In partlcular
consider the cyclic sequence § = (S7',...,8%") € Z(SUS)
obtained by augmenting each single-cell subsequence sj in
s™ as an = ((13,45), (I = 1,45),...,(1,i5)), Vj € (m). The
correspondmg directed circuit is given by

c(8) =

where edges are defined as in (105), but with respect to
the cyclic sequence s. From the non-negative circuit length
condition, c(S) yields the GDoF inequality given by

35 de) < 32 o) —wid]

j=1s;=1 Jj=1
Note that every user traversed by c(s™) is also traversed by
c(8), which may also traverse additional users. On the other
~ b
hand, we have a(¢}) — w(é;) = a(e}) —w(e ”’) Vi € (m).
Therefore, (177) implies (175), hence showmg the necessity

of C.2.

o -1 -l
€1 €y €F)

@,... (176)

177)

APPENDIX C
PROOF OF LEMMA 6

We start by finding an upper bound for h(Y") — h(Yy")
through the steps given in (178)—(182), where (181) is due to
the independence of all input sequences and noise, and (182)
follows from the data processing inequality [20].

Next, we focus on the difference between the mutual
information terms in (182) for a given ¢ € (/). Defining
bit1 £ v/P;11b; 41, the mutual information term with the
negative sign is bounded below as shown in (183)—(188).
The inequality in (184) follows from \I;i+1|2 > 1 (see (133)
and Py 1|b;1]?> = 1), which makes the output in (183) less
noisy compared to the output in (184). The inequality in
(186) follows by conditioning the differential entropy with
the positive sign and the independence of input sequences
and noise. (188) follows from |a;|? < |b|b i B in (133); this is
similar to a Gaussian degraded broadcast channel with input
X" and outputs a; X" + Z]' and bs X7+ Zp [20].

By combining the bounds in (1842r) and (188), we proceed
as follows

h(Yg') = h(Yy")

l

n n bi"rl n

SZJ(XM,...,X[;—E XTI -
i=1 41

! b
= Z [h(bzﬂxzﬂ +-

i+1 i+1

i+1

o) )
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h(Yy') = h(Yy") = h(Yy") — h(Yy") — h(Zy) + h(Zy)) (178)
= I(X7, . XYY = T(XT, . XY (179)
l
=3 [ RIXE LX) S HXE YT X)) (180)
=1
l
ZXIHXf%XW+~+me+%ﬁ—HX%@Xﬁ+u+me+%ﬂ (181)
i=1
l
gsza%%X“+Zﬁ—mX"bXV+~+mx#+%ﬂ (182)
i=1
(XPS0X] + o+ X[+ 25) = 1( X5 == X] + — 2z} (183)
bit1 i1 bit1
> r(xp DX X ) (184)
bit1 i+1
b; b b;
::h(~ Xr o+ ! Xf-+2?)-h(~+1x3;1+---+~ X’—+Zf) (185)
bz+1 +1 +1 szr
bi n n bi+1 n bl n n
zh(~ X,+&J i(~ X 4 XZ+ZQ (186)
bit1 bit1 bit+1
n bl n n n n bi+1 n n
= (X7 X4 20 ) = (Xl X7 2K+ ) asn
bz—‘,—l b’i+l i+1
b;
ZI(XTJMXTAFZS> ](Xﬁ4, XL n) (188)
bi+1 i+1
l l ol 4 gl
Pj|b; |2
<n§:bgOA-§:Z)”;|2> (189) +oy
i=1 j=itl i1 [bi] > agf’] (193)
l
< nz log (i) (190) Which yields a contradiction since s; ¢ (l:)], and hence (193)
- ] must not hold. Therefore, (192) must hold and we have

where (189) follows by a direct application of the inequality in
[2, (2.8)] and (190) holds because P;|b;|* < Py|by|?,Vj > k
(see (133)). Finally, (134) follows from (190), which com-
pletes the proof.

APPENDIX D
PROOF OF LEMMA 7

From the TIN condition in (43) and the deﬁmtlon of the

partition in (135) and (136), since a[l d Elj] o, Vsl
(1:)5 \ {l:}, then we must have
(23] (23] [s:] [si] | o lls] /
O R o, Vs € (1 i>j \ {l:}. (A91)

As a first step of the proof, we show that (191) holds in a
more general sense, such that

A N 14 N £ RN CA BN 1

(4 1] = i 17 zg’

vsi Ul e

i <li>;‘7 S; < l;'
(192)
Suppose that (192) does not hold for some s; < I} < I;. The

TIN conditions in (43) dictates that we must have a[l ] ayj] >
ag‘:i] instead. Combining this with (191), we obtain
ollid _ gLl 5 Gl Elj'] Jraglj;]

i ij = Ay

@?—@TZQ?—@?+@T
> ol _ ol m m +alld

[s3] _ h] U]

2 m +a

which completes the proof.
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