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Abstract—In heterogeneous networks (HetNet), the load be-
tween macro-cell base stations (MBS) and small-cell base sta-
tions (SBS) is imbalanced due to their different transmission
powers and locations. This load imbalance significantly impacts
the system performance and affects the experience of mobile
users (MU) with different priorities. In this paper, we aim
to distributively optimize the user association in HetNets with
various user priorities to solve the load balancing problem.
Since the user association is a binary matching problem, which
is NP-hard, we propose a distributed belief propagation (BP)
algorithm to approach the optimal solution. We first develop a
factor graph model using the network topology to represent this
user association problem. With this factor graph, we propose
a novel distributed BP algorithm by adopting the proportional
fairness as the objective. Next, we theoretically prove the existence
of the fixed point in our BP algorithm. To be more practical,
we develop an approximation method to significantly reduce
the computational and communication complexity of the BP
algorithm. Furthermore, we analyze some properties of the factor
graph relevant to the performance of the BP algorithm using the
stochastic geometry. Simulation results show that 1) the proposed
BP algorithm well approaches the optimal system performance
and achieves a much better performance compared with other
association schemes, and 2) the analytical results on the average
degree distribution and sparsity of the factor graph match with
those obtained from the Monte-Carlo simulations.

Index Terms—Heterogeneous networks, user association, user
priority, belief propagation, stochastic geometry

I. INTRODUCTION

Wireless data traffic is expected to increase by a factor
of 40 over the next five years, from current 93 to 3600
Petabytes per month, driven by vast demands from bandwidth-
hungry mobile applications. To cope with the data avalanche,
an efficient solution is to enhance the network capacity by
embedding small cells with low-power base stations (BS) into
existing macro-cell based networks so obtain the so-called
heterogeneous networks (HetNet) to significantly boost the
area spectrum efficiency [1,2].
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In LTE-Advanced, HetNets contain regularly deployed
macro-cell BSs (MBS) and overlapping small-cell BSs (SBS),
e.g., Pico-cells and Femto-cells [3,4]. The aim of these low-
power and flexibly deployed SBSs is to eliminate the coverage
holes and increase the capacity in hot-spots. Usually, the loca-
tions of MBSs are carefully chosen, and properly configured
to minimize the interference among them, while the SBSs are
deployed in a relatively unplanned manner.

Due to imbalanced power and random locations among
various BSs in HetNets, a major issue is how to associate
each MU with a proper BS, namely, user association, to
achieve the optimal trade-off between load balancing and
network throughput. In conventional homogeneous networks,
user association is typically based on the maximum signal-
to-interference-plus-noise (SINR) received at MUs. However,
applying this method to HetNets will lead to a severely
imbalanced load among the BSs because of the disparity in
their transmission power. Many MUs tend to connect to MBSs,
though they are located closer to SBSs. In this case, MBSs may
have difficulty to support too many MUs, while SBSs only
serve a small portion of MUs and become under-utilized. This
imbalanced load will lead to a performance loss and uneven
user experience. Therefore, many efforts have been made on
better user association schemes.

From industrial perspective, an effective association scheme
is to adapt the coverage of small cells to control the number of
MUs connecting to them. For instance, in wireless local area
networks, cell breathing technique is proposed to balance the
load of access points (AP) by tuning transmission power [5,
6]. However, this technique is not suitable for HetNets, since
transmission power is quite different between MBSs and SBSs.
Alternatively, cell range expansion (CRE) is proposed in LTE-
Advanced to enable the offloading of MUs from MBSs to
SBSs by setting a bias value [7,8]. That is, a positive bias
is added to the received power from SBSs before each MU
associates with a BS, which is equivalent to expanding the
coverage of SBSs [9, 10].

From academic perspective, the user association problem
has typically been formulated as an optimization problem.
Different kinds of objective functions are adopted for op-
timizations. For instance, the max-min fairness is adopted
in [11], which distributes resources among all users as equally
as possible, the network throughput is considered in [12], the
topological potential is used in [13], and several different
utility functions are encompassed in [14]. In [15-17], the
proportional fairness is chosen as the objective function for
optimization, which achieves a good trade-off between the load
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balancing, user fairness, and system throughput.

Generally, user association is a binary matching problem,
which is proved to be NP-hard [18]. Since in real systems, it
is very difficult to implement the case that an MU associates
with multiple BSs, most of the works have the constraint that
an MU only associates with one BS. Aiming to solve this
problem with polynomial complexity, many algorithms relax
the binary constraint by assuming that each MU can associate
with multiple BSs simultaneously. This converts the binary
matching problem to a continuous optimization problem. Then
a rounding method is adopted to obtain the final solution [15,
16]. These algorithms will lead to a performance loss due to
the relaxation of the binary constraint. In addition, some works
on this problem are based on centralized algorithms, which
require information of all the BSs and MUs [16, 17]. Authors
in [19] perform localized and distributed optimizations, but
central tuning is still required. Furthermore, the above papers
have not taken into account the user priority when performing
the optimization, while in practice, it is common that MUs
have different priorities. The unequal user priority (weight)
reflects different characteristics among the users. For instance,
in practical cellular network management, users with high QoS
requirements or users who experience a low long-term trans-
mission rate, are given higher priorities. Therefore, unequal
user priority has been widely considered in many scenarios of
wireless communications [20, 21].

In this paper, we aim to distributively optimize the user
association in HetNets where MUs have different priorities. By
utilizing the weighted proportional fairness as the objective,
we propose a distributed belief propagation (BP) algorithm to
solve the optimization problem without relaxing the binary
constraint in order to approach the optimal performance.
The BP algorithm is widely used in artificial intelligence,
signal processing, and digital communications, for instance,
the decoding of LDPC codes, and the interference coordi-
nation in HetNets. To our best knowledge, our work is the
first application of the BP algorithm in the user association
problem. Generally, it can compute various marginal functions
(distribution) derived from a global function (distribution),
after decomposing the complicated global function of many
variables into the product of multiple local functions, each of
which only depends on a subset of the variables [22].

We first develop a factor graph model to represent this user
association problem. Then with this factor graph, a distributed
BP algorithm is proposed to solve the formulated problem
by iterative message passing between the MUs and BSs.
We theoretically prove that the fixed point exists and show
that convergence can be achieved in our BP algorithm. To
be more practical, we also develop an approximated method
to dramatically reduce the complexity of the BP algorithm.
Furthermore, since the factor graph is closely related to the
performance of the BP algorithm, we analyze the average
degree distribution and sparsity of the factor graph based on
the stochastic geometry theory.

Our simulation results show that 1) the proposed BP algo-
rithm can almost achieve the optimal solution via exhaustive
search and that the approximate BP algorithm approaches the
optimal solution with a very small gap, 2) our BP algorithm

outperforms the existing schemes, such as maximum-SINR
and CRE, 3) analytical results on the average degree distri-
bution and sparsity of the factor graph match well with the
Monte-Carlo simulations.

The rest of this paper is organized as follows. Section II
describes the system model and formulates the user association
problem. Section III presents the BP algorithm. The approx-
imate method is given in Section IV. The degree distribution
and sparsity of the factor graph are analyzed in Section V.
Section VI presents the simulations and Section VII draws
the conclusions.

II. SYSTEM MODEL AND PROBLEM FORMULATION
A. System Model

We focus on the downlink of a HetNet, which consists of
multiple MBSs and SBSs with overlapping coverage. Further-
more, we assume that 1) the HetNet is saturated, where the
BSs transmit all the time, 2) each MU can only associate with
one of the BSs, and 3) channels between MUs and BSs are
considered to be static during the optimization process of the
association.

Let M denote the set of MUs and B denote the set of BSs
in the HetNet. Also, we define two sets Z = {1,--- | M|}
and J = {1,---,|B|}, where |-| is the cardinality of a set. We
assume that each BS allocates its transmission power equally
in its entire bandwidth. Then the received SINR of the i-th
MU M; € M from the j-th BS B; € B can be written as

Pj d;ja hij

Y. Pyd;hig +o? ’
q€I\{j}

pij = VieZ,jed, (1)

where P; is the transmission power of B;, o2 is the power
of additive white Gaussian noise. The path loss from B;
to M, is formulated as d;jo‘, where d;; and o represent
their distance and the path loss exponent, respectively. In
addition, h;; denotes the fading power, where the random
channel is modeled as Rayleigh fading. Thus, the spectral
efficiency between M; and B; can be obtained according to
the following formula ~;; = log, (1 + ps;).

We denote by x;; € {0,1} the user association indicator,
where x;; = 1 if M; is associated with B;, and x;; = 0
otherwise. Assuming that M, is associated with B;, we denote
by fi; the fraction of the resource allocated to M; by B;,
and by R;; the rate that M; obtains from B;. We have
R;j = Wry;;B:5, where W is the bandwidth of B;. Since M;
is possible to associate with any BS, the effective transmission
rate of M, can be written as

R; = injRij = sz‘j Wi;Bij- )

jeg JjeT

B. Problem Formulation

We aim at the network-wide optimization of the user
associations x;;, Vi,j, with different user priorities, where
the priority of M, is denoted by w;, namely, priority-based
user association (PUA) optimization. Here, w; is a positive
constant for M,, reflecting its physical feature. We choose the
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objective function based on the proportional fairness, which
has been proved to be associated with the logarithmic utility
function [23]. The utility of M, can be given as

U; (R;)

JET

Noting that w; denotes the priority of M, and U; denotes
the utility achieved by M;, it follows that w;U; can be
viewed as the weighted utility. Therefore, the overall system
utility is formulated as the sum of each user’s weighted
utility [16, 20, 24], i.e., Zi w;U;, which is used as our objective
function. Hence, our optimization problem can be formulated
as maximizing the objective function, i.e.,

max Zwl log R; = max Zwl log ZmUW%]ﬂ”
{wisBis}icz i Piaticr jeT

4
me— =1, VieT, (5a)
JET
Z%jﬁz‘j =1,VjeJ, (5b)
i€
zy; €{0,1},Vie L, je T, (5¢)
BijE(O,l],ViGI,jEJ. (5d)

The constraint (5a) means that each MU can only associate
with one BS, (5b) indicates that the MUs associated with the
same BS share the resource of the BS, (5¢) makes sure that
the association indicator must be binary, and (5d) specifies the
range of the resource fraction allocated to each MU.

Given z;;, Vi € Z, Vj € J, the optimization problem
(4) is equivalent to maximizing [],.z (i} Wi 8i5)°", Vj.
Since Zz’er 24583:;; = 1, the optimal fraction of the resource
assigned to M; by B; can be obtained as 3;; = kaﬂ:}]k%
For further details, please refer to Theorem 3 in [lg]. Thus,
the formulation of our PUA optimization can be rewritten as

w;
max » wi log T W= (6)
Z jez‘y J JZkEI xk‘jwk
» mi=1,Viel (7a)
jeg
zy; €{0,1},Vie L, je J. (7b)

This problem is proved to be a NP-hard problem [16], due
to the nonlinear utility function and the binary association
indicator. Note that if each MU has equal priority, i.e., w; =
wk, Vi, k € Z,i # k, we can obtain that 5;; = z;;/ > Tx;.
kET

€
Then the PUA optimization is reduced to the basic user
association problem in [15].

III. FACTOR GRAPH MODEL AND DISTRIBUTED BP
ALGORITHM

In this section, we propose a BP-based distributed algorithm
to solve the formulated PUA optimization problem in Eq. (6).
To proceed, we first develop a factor graph model according to

[j,l BZ 3 4 5

oo

MM OMOMMOMMM MM,

Fig. 1. Factor graph model for user association based on the HetNet.

the topology of the HetNet. Then we propose a distributed BP
algorithm to efficiently solve the PUA optimization problem
with a near-optimal performance. At the end of this section,
we prove the existence of the fixed point in our BP algorithm.

A. Factor Graph Model

Based on the topology of the HetNet, we develop a factor
graph model G = (V, £), as shown in Fig. 1. The vertex set V
consists of factor nodes and variable nodes, where each factor
node is related to a BS, and each variable node is related to
an MU. To simplify the notations, we use 7 € J to denote
the j-th factor node and use ¢ € Z to denote the ¢-th variable
node. Hence, the vertex set V is composed of Z and 7, i.e.,
V={T,J}.

An edge in the set £ connecting M; and B;, denoted by
(4, 7), exists if and only if the received SINR at M, from B;
is no less than a predetermined threshold 6. The node j is
called a neighboring node of i if there is an edge (i,5). We
use H(v) to denote the set of neighboring nodes of a node
v, v € V. Thus, H(i) is the set of neighboring nodes of M;,
and #(j) is the set of neighboring nodes of B;.

Given a factor graph, our BP algorithm intends to find out
the optimal BS for M, to associate with from the set H(3).
The messages passing in the BP only occurs between a node
and its neighbors, i.e., M; forward messages to its neighbors
Br, Vh € H(i), and B; forward messages to its neighbors
My, Vh € H(j). Now we introduce the details of factor graph
and its relationship with the PUA optimization problem.

1) Factor Nodes: We rewrite the optimization problem in
Eq. (6) as

mauxZo.)Z log R; @ maXZwl log Z x5 Ry

’LEI JET
= max Z Zx”wl log R;;
{IU}JEJ €L 8)

é XZ Z Tijw; log Ry

@ig} JET i€H(j)
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where the function

Wi

D WkTkj
keEH(J)

Z Tizw;log | Wy
1€H(G)

9

is defined as the local utility function at B;. In Eq. (8), step
(a) uses the formulation of R; in Eq. (2). In step (b), we
use the constraints z;; € {0,1} and °; z;; = 1. For step
(c), since only the users in the set of neighboring nodes of
B; are possible to associate with it, ¢ € Z can be narrowed
to i € H(j). From (8), the network-wide system utility in
(6) can be decomposed into multiple individual local utility
functions f; at B;, V4. Thus, in the factor graph, we use the
factor node j to represent the utility f;.

2) Variable Nodes: We define a vector x; for M consisting
of the user association indicators x;, Vh € H(i). The length
of x; is |H(7)|. Due to the association constraint in (5a), i.e.,
M, only associates with one BS, there is only one element in
X; equal to 1, and all the other elements are 0. Thus, x; has
|#(3)| possible values according to |#(%)| different locations
of 1. In the factor graph, we use the variable node ¢ to represent
X;, namely, user association variable.

To illustrate x;, we take Ms in Fig. 1 as an example.
In Fig. 1, M3 can receive signals from By and Bs3. Due
to the constraints (5a) and (5c), the association variable X3
for M3 has two possible values, i.e., 1) x3 = [1,0], that is,
M3 associates with Bs and does not associate with Bs; 2)
x3 = [0, 1], that is, M3 associates with Bs.

We define the set of the variable nodes in the factor graph
as X £ {X1,Xg, -+ ,X|aq| }. Based on the above analysis of
the factor graph model, the network-wide optimization of the
system utility in (8) can be rewritten as

£ Fi( X)),

JET

max F(Xx), F(X) (10)

where X3¢y = {xp,Vh € H(j)} represents the set of the
user association variables corresponding to j’s neighbors. In
the following, we will discuss the maximization of F(X) via
distributed BP algorithm.

B. Transformation of Utility Optimization

Generally, BP algorithm converts the optimization problem
to a marginal distribution estimation problem [25]. In our
optimization problem, we define a probability mass function
(PMF) based on the global utility F (X), ie., p(X) =
— exp (uF (X)), where 1 is a positive number, and Z is a nor-
malization constant. According to [25], the large deviation the-
ory shows that when p — 0o, p (X) concentrates around the
maxima of F' (X)), i.e., lim, o E (X) = argmaxx F (X),
where E (-) denotes the expectation. From this equation, once
we obtain E(X), we will have a good estimation for the
maximization of F (X).

The calculation of E (X)) can be decomposed into the
calculation of the expectation of each element in X, i.e.,
E (x;), Vx; € X. Therefore, the optimization problem is
transformed into estimating the marginal PMF of each variable
node x;, i.e., p (x;), which can be solved by BP algorithm.

C. lterative Message Passing

The PMF p(x;) is the message updated and exchanged
between BSs and MUs. In each iteration, M; updates p(x;)
and forwards it to By, Vh € H (i) while B; updates p(x;) and
forwards it to M, Yh € H(j). There are |’H( )| probabilities
in p (x;) corresponding to |H(¢)| values of x;, representing the
probabilities that M, associates with its |#(¢)| neighbor BSs.
Since By, only considers whether M; is associated with it or
not, the message passing along the edge (¢,k) only carries
the probability that M, associates with By, i.e., Pr(z;; = 1),
which is one of the |# ()| probabilities in p (x;).

In the following, to simplify the notations, we assume
the edge (4,j) exists. We index the iteration by ¢, and let
mgij(xu) and mgzz(xij) denote the messages from M, to
B; and from B; to M, in the t-th iteration, respectively. The
steps for the distributed BP are given as follows.

1) Initialization: The MU M; measures the SINR from all
the BSs and finds out possible serving BSs By, Vi € H(i),
according to the SINR threshold and access policy. Instanta-
neous channel state information (CSI) g; is estimated at M,
which is then fed back to all the B;. At By, the CSI g, is
needed for the update of the messages in each iteration.

2) Message from MU to BS: In the iteration ¢, M; sends
its possible serving B; the probability of choosing it, i.e.,

My (zij =1)
ke (i)\{s}
From (11), we can see that the probability of x;; = 1 is based
on the probabilities of x;, = 0, Yk € H(i)\{j}. This calcu-
lation comes from the constraint that M; can only associate
with one of the BSs in (7). Also in (11), ¢ (x;) is the normal-
ization function which ensures >, 5/ ;ym Yo(zin=1)=1.

i—h
52 ; (x4 = 0) is not needed to be transmitted by

M, since we have mglj (i =0)=1-— ml(-ij (@i =1).

Note that before iterations begin, MUs does not have any a
priori information about associations. Thus, initial messages
are set uniformly. For example, if the M; has 3 possible
serving BSs, i.e., |H(i)| = 3, the initial messages can be set
as m{"), (zin = 1) = 1/3, Vh € H(i).

3) Message from BS to MU: Now, we consider the message
passing from B; to M;. Note that f; is only related to x; in
xp,. We define a vector X4 (;y as consisting of 3, Vh € H(j),
ie., Xy(j) = [, Yh € H(j)]. We have

m; (i)

i

X3¢(j) \{@i;}

>

X3¢(j) \{@i;}

— o (x,) m{" D (ziy, = 0).

Obviously, m

H mg:l}] (xkj )

keH(H)\{i}

exp (1f (Xa(j)))

exp (

pxijw;log (R

Z pariw log (Ry;) +

REH(H)\{i}
(12)

(t)
)Hmk—>7 l'k-]
where me \{a,) Tepresents the summation over all possible
values of X3y given x;;.
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Based on the two values of x;;, B; calculates
mizl (i =0) and mgtln (x;j =1), and then forwards

the two values to M ;. Specifically, we have

>

X3¢(5) @i}

mﬁz (i =0) =

HTj Wk
Wk jwi
Mo mi,, () |
1 > WeTgj ’
REHGNL \ gerG)\{i}
(13)
mgt_)” (Iij = 1) -
HT Wi
Z H Wkjwe
s \zigh \ FEHO)\ i} qeu%)\{z‘}wq% e
Hw;
Wy iw;
Vig m,(:i)j (Tkj) (14)

> WeTqj +wj
q

4) Final Decision: We assume there are totally 7 iterations
in our BP algorithm. After T iterations, the probability that
the M, associates with B; can be calculated as

T
Pr(zi; =1) = ¢ (x;) mﬁz (zij =1)
H mEQZ (x; =0).
keH(i)\{j}

Based on (15), an decision can be made, i.e., M, associates
with the BS Bj such that

15)

j= arg max Pr(z;; =1). (16)

J

D. Fixed Point

The existence of the fixed point is a necessary condition
that our distributed BP algorithm can converge. Based on the
messages in Eq. (11) and (12), the message for each variable
node Xx; in the ¢-th iteration can be obtained from the messages
in the (¢t — 1)-th iteration. That is,

I >

keH(D\{7} X3¢0y \{@ir }

I = @)

g€M(R)\{i}

®

mis; (mij) = (x;)

(exp (ufi (xaer))) (17)

®

Since the message m; ", ;

(x;5) is a probability, we define the
probability set §© 2 {m"), (zin)}, Vi € T, b € H(i),
and thus [S| = >, 7 |H(i)|. Define the message mapping
function ' : RISI — RISI based on (17). Then we have s® =

r(s®b).

Lemma 1. The message mapping function T is continuous.
Proof: Please refer to Appendix A.

With Lemma 1, we have the following theorem.

Theorem 1. A fixed point exists for the proposed distributed
BP algorithm.
Proof: Please refer to Appendix B.

Whether the BP algorithm can converge to a fixed point,
unfortunately, is not well understood yet [26]. Generally
speaking, if the factor graph is sparse and contains no cycles,
the BP algorithm can converge to a fixed point exactly and
efficiently [27]. In Section V, we will analyze the average
sparsity of our factor graph based on the stochastic geometry
theory. From the analysis, we show that the sparsity and the
loops in the factor graph can be controlled by adapting the
SINR threshold 6.

IV. COMPLEXITY REDUCTION VIA APPROXIMATIONS

From the BP algorithm in the previous section, we can
see that its computational and communication complexities
are relatively high. From communication complexity point of
view, the BS B, needs to send two messages, i.e., Eq. (13) and
(14), to each of its potential MUs in a point-to-point manner,
which leads to a heavy communication complexity, especially
when the number of the MUs is large.

From computational complexity point of view, the calcula-
tion on each of the two messages at 3; needs to 1) obtain the
CSI about the channel from B; to M, in order to calculate
Ynj» Yh € H(j), and 2) consider 2/*()I=1 combination cases
to obtain the expectation, which causes a large number of
computations at Bj.

Due to the high complexity of the BP discussed above
(referred to as the exact BP), in this section, we will propose
an approximate BP to significantly reduce the computational
complexity and enable message transmission in a broadcast
manner. At the end of this section, we compare the complexity
between the exact BP and approximate BP algorithms.

A. Approximations

First, we can rewrite the message from M, to B; in Eq.
(11) as

1
W@y =1) = .

m (18)

t—1 *
m{ D (wi=1)

KM@\ () o @ir=0)
only depends on the likelihood ratios

We can see from (18) that the message mgij (xij=1)
=D =
m.itzzl)ix:::(l);’ vk <

7 (i)\{j}. Hence, the two messages sent from B; to M; in

Eq. (13) and (14) can be replaced by their likelihood ratio.

Second, after several approximation steps (please refer to

Appendix C for details), the likelihood ratio of the two

messages from B; to M; can be approximated as

Hwq
m;tlm (xi; =1) - Wryiwi
m{); (zi; = 0) > ey, (g = 1)
keH(5)\{i}
(19)
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where the denominator of the item in the right hand side can
be rewritten as

>

keH(H\{i}

¢ t
Z whmg)_)j (xp; =1) — wimg_)”- (xij =1) +w;.
heH(5)

(20)

From Eq. (19), we can see that the likelihood ra-
tio forwarded from B; to M; can be replaced by
> whmglj (xp; = 1), since the parameters W, 7;;, w;,
heH(j)
and ml(-gj (i = 1) are all known to M;. Then M; can
obtain the likelihood ratio by calculating Eq. (19) with
> whmglj (xp; = 1). In the approximate BP, we use this
n .
itgz(;)s the belief message transmitted by B;, denoted by

m;t) = Z wh,métlj (.C(,‘;Lj = 1) .
heH(j)

21

Intuitively, mgt) can be seen as the expectation of the priority

of the MUs which associate with ;. In the case when all MUs
have the same priority configured as 1, mét) is the expected
load, i.e., the average number of the associated MUs with B;.

It is clear that the message mgt) is common to My,
Vh € H(j). With this property, B; can forward m;t) in
a broadcast manner to all of its neighboring MUs, rather
than in the point-to-point manner to each individual M.
Also note that the calculation of mg-t) at B; does not need
the channel state information from B; to M;. As such, the
message transmission complexity can be dramatically reduced.
Furthermore, the computational complexity at B; is reduced
significantly: Only |H(j)| multiplications and |H(j)| — 1
additions are needed on this item in each iteration.

B. Approximate BP Algorithm

Based on the previous approximations, we propose an
approximate BP algorithm as follows.

1) Initialization: The initialization of the approximate BP
is similar to that in the original BP in Section III except that
the instantaneous downlink CSI is not required at the BSs.

2) Message from MU to BS: In the t-th iteration, the MU

M, calculates the message for B;, i.e., mgij((xij) = 1),
t—1 _

based on Eq. (18), in which, the likelihood ratio w,

my (2 =0)

Vk € #(i)\{j}, is calculated from (19) based on the message
broadcasted by By, i.e., m,:*1 .

3) Message from BS to MU: The BS B; calculates the
message mg-t) based on Eq. (21), and then broadcasts it to
My, Yh € H(j).

4) Final Decision: The final decision is made similar to
that in the exact BP.

C. Complexity Comparisons

1) Communication Complexity: At the MU side, in the
exact BP, M; needs to forward the instantaneous CSI to By,
Vh € H(i) before iterations begin, while in the approximate

TABLE I
COMPLEXITY COMPARISONS FOR THE EXACT BP AND APPROXIMATE BP
IN EACH ITERATION

Number of Distinct Messages
Exact BP Approximate BP
MU M, 10 10]
BS B; [H ()] 1
Instantaneous CSI at BSs Needed Not Needed
Computational Complexity
Exact BP Approximate BP
MU M; O (- O(H@OD
BS B; O MWIH(j)]) O(#H(H)D

needs to send a distinct message, i.e., —=4

individual My, Vh € #(j). Thus, thekﬁﬁmb r of distinct
messages sent from B; is |H(j)| in each iteration. In the
approximate BP, one message in (21) is broadcast to all My,
from B;.

2) Computational Complexity: At the MU side, the com-
putational complexity is O (|H(¢)|) in each iteration for both
the exact and approximate BP. At the BS side, in the exact
BP algorithm, B; needs to calculate 217G combinations in
each iteration and each combination includes O(|H(j)|) mul-
tiplications and additions. Therefore, the overall computational
complexity for B; is O(2/*()I|2£(5)|). In the approximate BP,
the computational complexity at B; reduces to O(|H(j)|) in
each iteration, i.e., only | (j)| multiplications and |#(j)| —1
additions.

Table I shows the detailed comparisons on the computa-
tional and communication complexity between the two BP
algorithms in each iteration as discussed above. As shown in
Table I, the computational and communication complexities
of the BP algorithm critically depend on |# ()| and |H(j)|-
Therefore, in the next section, we will analyze the average
degree distribution of the factor graph, i.e., E(|#H(4)|) and
E(]H(7)|), to provide an insight on the performance of the
algorithm.

We compare the computational and communication com-
plexities of the approximate BP with the scheme proposed
in [15], which also relies on the messages iteratively passing
between MUs and BSs. The computational complexities of
the scheme in [15] at the MU and BS side are O(|#(¢)|) and
O(|#(j)]), respectively, which equal to that of the approx-
imate BP. The numbers of distinct messages of the scheme
in [15] at the MU and BS side are both 1. Therefore, the
number of distinct messages at the MU side of this scheme is
less than that of approximate BP which is |#(z)|. However, in
this scheme, the iteration number needed is much larger than
the approximate BP, and an extra centralized algorithm is used
to calculate the step size in each iteration, which involves the
information in all BSs.

D. BP for Dynamic Scenarios

In this subsection, we extend the approximate BP algorithm
to dynamic scenarios, namely, dynamic BP. The wireless
network changes due to the time-varying channels, arrivals
of new MUs and so on. In these scenarios, new association
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decisions are needed. We denote by ‘new MUs’ those MUs
in the HetNet who need to make or renew their association
decisions, and by ‘existing MUs’ those MUs who keep their
existing association decisions. It is practical by making proper
association decisions for ‘new MUs’ without changing the
associations of ‘existing MUs’.

To achieve this goal, our dynamic BP algorithm is designed
to involve only ‘new MUSs’ and their possible serving BSs.
That is, the belief messages are only exchanged between the
BS B; and its neighboring ‘new MUs’, denoted by H,,(j).

Since the dynamic BP needs to take into account the
association results of the ‘existing MUs’, we assume that each
BS has recorded the load from its associated ‘existing MUs’.
Here, the load of B; is defined as €; £ ZieA(j) w;, where
A(j) is the set of ‘existing MUSs’ associated with 3;. In the
dynamic BP, the message that B; broadcasts is

(t) =Q; + Z w;,mh)_m (xp; =1).
he€Hn(5)

(22)

The messages from ‘new MU’ M; to B; are calculated in the
same way as in the approximate BP algorithm.

V. FACTOR GRAPH ANALYSIS BASED ON STOCHASTIC
GEOMETRY

From the analysis in the previous section, the complexity of
the proposed BP algorithm depends on the degree of variable
nodes and factor nodes, i.e., |H(¢)| and |H(j)|. Aiming to
provide a general understanding of the complexity of the
proposed BP algorithm, in this section, we analyze the average
degree distribution of the factor graph using the stochastic
geometry theory, i.e., E(|H(i)|) and E(|H(j)|). Also, we
investigate the sparsity of the factor graph with the aim to
provide a good indication on the performance of the proposed
BP algorithm.

To be general, we consider a L-tier HetNet. Here, “tier”
represents the set of BSs with the same properties. That
is, the BSs in the [-th tier, VI € £ = {1,---,L}, have
transmission power P, and the path loss exponent ;. Also,
the distribution of the BSs in the [-th tier is modeled as
an independent homogeneous Poisson point process (HPPP)
®; with the intensity A; [28]. Thus, the [-th tier is defined
by {®;, A\, P, oy }. Also, the distribution of the MUs in the
HetNet is modeled as an HPPP &, with the intensity \,.

Note that the tier structure is transparent to our BP algorith-
m, since in the BP all the BSs are treated as independent factor
nodes, and in the factor graph, the existence of the edge (i, j)
depends on whether the received SINR at M; from B; is larger
than the SINR threshold §. Now, we investigate the average
degree distribution of the factor graph. Note that the degree of
a variable node ¢ is defined as the number of its neighboring
factor nodes, i.e., |#(7)|. The degree of a factor node j is
defined as the number of its neighboring variable nodes, i.e.,
|#(j)|- Then we can formulate the following theorem.

Theorem 2. The variable nodes in the factor graph have the
average degree

ZQTI‘)\[Z /\l7P170‘la5)7
=1

(23)

and the factor nodes corresponding to the BSs in the l-th tier
have the average degree

L E(H()]) =27 Z (M, Pryag,6) (24)
where
oo L oxem (6P, *r
Z/\,P,oz,(iz/ exp{ — k<k>
- By 01, 0) 0 p{ kz:l ay P

20 2
B<2 1—2> . L O"}rdr (25)

(673 o P

and the Beta function B(x,y) fo t*=1( t)¥—Ldt.

Proof: Please refer to Appendix D.
Based on Theorem 2, we have the following two corollaries.

Corollary 1. Assuming all the tiers have the equal path loss
exponents, i.e., a1 = -+ = oy, = «, and neglecting the noise,
the function Z (\;, P, aq,0) in (25), can be rewritten as

a (P 1
Z()‘lv-Plva 6) <l> 2 2 L 2"
am\ 0 ) B(21-2)20 WPt
(26)
Then we simplify the average degree of the variable nodes as
D, = A @7

2058 (2,1 2)
and the average degree of the factor nodes related to the BSs
in the l-th tier as

Ao [P 1
Dl = 2 ? B(2 1 Q)ZL )\ P 2
) o’ @ k=1"klk (28)
P
> k=1 AP

Proof: Please refer to Appendix E.

Equations (27) and (28) can be seen as approximations of
(23) and (24), respectively, when noise power is neglected.
These approximations are accurate enough for the HetNets,
since interference is dominant due to the dense deployments
of the SBSs.

From (27), the average degree of a variable node, i.e., D,,
is only related to § and «, while independent of \; and P,.
In other words, the number of potential serving BSs for an
MU is independent of the BSs’ deployment intensities and
transmission powers. An intuitive explanation is that although
increasing the BSs’ deployment intensities or transmission
powers can enhance the MUs’ received signal, the interference
increases at the same time. Since D, keeps constant, the
average computational and communication complexity of the
proposed BP algorithm at the MU side also remains constant,
even when the scale of the network increases.

From (28), the average degree of factor nodes in [-th tier,
i.e., D;, increases with \,. This means that the number of
MUs in the coverage of an BS is proportional to the intensity
of MUs. Also, D; decreases when the deployment intensities
of the BSs increases. That is, the coverage area of an BS
shrinks when the number of BSs increases. Furthermore, D;
increases w1th ,k=1,--- L, and k # [, which means the

0018-9545 (c) 2015 |EEE. Personal use is permitted, but republication/redistribution requires |EEE permission. See
http://www.ieee.org/publications_standards/publicationg/rights/index.html for more information.



This article has been accepted for publication in afuture issue of thisjournal, but has not been fully edited. Content may change prior to final publication.

10.1109/TVT.2015.2488039, |EEE Transactions on Vehicular Technology

coverage area of the BSs in [-th tier depends on the power
ratios between the [-th tier and the other tiers.

Now we focus on the sparsity of the factor graph. Given
a factor graph G = (V,E), the sparsity is defined as the
ratio between the number of existing edges in the graph, i.e.,
|€|, and the number of all possible edges. The latter can be
calculated as |Z| x |J|. Generally, the sparsity of a factor
graph is important to the performance of the BP algorithm. If
the graph is too dense, the complexity will be high, and the
highly correlated messages cause a poor performance due to
a large number of loops. On the other hand, if the graph is
too sparse, messages cannot be effectively conveyed between
nodes, causing a performance degradation.

In the following corollary, we give the expression of the
average sparsity of our factor graph.

Corollary 2. Given the average degree distribution of the
variable nodes, we can express the average sparsity of the
factor graph in the area of R? as

— Du
T oL  °
R2Y N
Proof: Please refer to Appendix F.

(29)

From (29), the sparsity of the factor graph is independent
of the intensity of MUs, i.e., Ay, and inversely proportional
to the number of BSs in the network. That is, the factor
graph is sparser when the scale of the network increase. Also
intuitively, we could control the average sparsity of the factor
graph by tuning the threshold 4.

Remark 1. We observe that in (27) the beta function
B (%, 1-— %) = w when o = 4. Thus, we can have closed

formS for Dy, Dy, and S in (27), (28), and (29), respectively,
when o = 4.

VI. SIMULATION RESULTS

In this section, we first analyze the performance of the
proposed BP algorithm using Monte-Carlo simulations. Then
we present analytical and simulation results for the average
degree distribution and sparsity of the factor graph.

We consider a HetNet consisting of 4 macro cells where
MBSs are deployed at the center of macro cells while multiple
SBSs are randomly distributed. The inter-site distance (ISD)
between MBSs is set to be 500 meters, and the transmission
power of MBSs is 20W [29]. The deployment intensity of
SBSs are 24 per cell and the transmission power of SBSs is
2W [29]. The MUs are uniformly distributed in the network
with the intensity of 30 MUs per cell, and the MUs’ priorities
are modeled as 3 different levels, i.e., w; € {1,2,3}. The path
loss exponent is set to be 4. The SINR threshold is 0.1, and
the noise power is 10~ 13W [29]. The simulations focus on the
spectral efficiency where the bandwidth W = 1. Besides, in
the simulation, ;¢ = 10 and the iteration number 7" = 5.

A. Performance of Distributed BP Algorithms

We consider two BP algorithms proposed in our paper.
One is the original BP algorithm without approximation in
Section III, which is denoted by ‘BP-Exact’. The other is

—o-Optimal
——BP-Exact
——BP—-Approx

CDF

0.2¢

%5 -90 -85

—?60 -120 -100 -80 —-60 —40
System Utility

—140 -20

Fig. 2. Utility comparison between two BP algorithms and the optimal result
by exhaustive search.

the complexity reduced BP algorithm with approximation
in Section IV, which is denoted by ‘BP-Approx’. Also we
compare them with the following user association schemes.

1) Max-SINR (denoted by ‘Max-SINR’): Each MU chooses
to associate with the BS that provides the strongest received
SINR.

2) Cell Range Expansion: A positive bias will be added to
the received power of SBSs before the MU selects the BS
that provides the strongest SINR. Two bias values that are
commonly used are selected for simulations, 4dB and 8dB,
denoted by ‘CRE-4dB’ and ‘CRE-8dB’, respectively [30, 31].

3) Optimal results (denoted by ‘Optimal’): The exhaustive
search method is used to find out the optimal user-association
solution.

Fig. 2 shows the cumulative distribution function (CDF)
curves of the utility obtained by ‘BP-Exact’, ‘BP-Approx’
and ‘Optimal’. Due to the high complexity of the exhaustive
search, Fig. 2 considers one macro-cell with 4 overlapping
small-cells. From the figure, we can see that ‘BP-Exact’ almost
achieves the performance of ‘Optimal’ with 0.086% utility
loss, and ‘BP-Approx’ can well approach ‘Optimal’ with
1.54% utility loss. The reason that ‘BP-Exact’ cannot achieve
the optimal performance is as follows: a) The value of p is
finite; b) There could be loops in the factor graph. Since ‘BP-
Approx’ has a very close performance with ‘BP-Exact’, we
only consider ‘BP-Approx’ in the following simulations due
to its low complexity.

Fig. 3 compares the system utility performance of different
user association schemes: ‘Max-SINR’, ‘CRE-4dB’, ‘CRE-
8dB’ and ‘BP-Approx’. From the figure, we can see that, com-
pared with the traditional ‘Max-SINR’ scheme, ‘CRE-4dB’ s-
lightly improves the system utility by 4.39%. However, ‘CRE-
8dB’ degrades the system utility. Among all the schemes, ‘BP-
Approx’ has the best system performance, which increases the
system utility of ‘Max-SINR’ by 28%.
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Fig. 3. Utility performance of Max-SINR, CRE and BP-Approx with different
user priorities.
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Fig. 4. Comparison of System Ultility Between Dynamic and Static BP

Algorithm with different user priorities.

Generally, the CRE is simple and does not need message
overhead once the bias is fixed. However, selecting a univer-
sally good bias is a non-trivial optimization problem, since it
depends on many factors such as the deployment intensity of
BSs and MUs, the transmission powers of BSs, and so on. The
performance becomes unpredictable for a fixed bias when the
network environment changes. In contrast, our BP is always
near-optimal and robust to network environments. Particularly,
the approximate BP has dramatically reduced the complexity
with little performance loss.

To evaluate the performance of the dynamic BP algorithm,
we apply the dynamic BP to two scenarios, i.e., the first

7
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Fig. 5. Average degree of the variable nodes in the factor graph.

scenario: 80% ‘existing MUS’ with 20% ‘new MUSs’ joining
the network, and the second scenario: 60% ‘existing MUS’
with 40% ‘new MUs’ joining the network. Denoted by ‘DBP-
Approx(80% + 20%)’ and ‘DBP-Approx(60% +40%)’ for the
two scenarios, respectively. For comparison, we also consider
the start-over user association scheme, in which the approx-
imate BP algorithm is applied to all MUs as a whole. This
start-over scenario, denoted by ‘BP-Approx(100%)’, provides
the benchmark with the optimal result.

From Fig. 4, we can see that the performance of the dy-
namic BP algorithm in the two scenarios approaches the ‘BP-
Approx(100%)’ algorithm with a very small gap. Specifically,
the performance gap between 'DBP-Approx(80% -+ 20%)’
and "BP-Approx(100%)’ is only 2.28%, and the gap be-
tween *DBP-Approx(60% + 40%)’ and *BP-Approx(100%)’
is 5.59%. This means that we can rely on the dynamic BP to
establish associations for the ‘new MUs’ with a much lower
complexity, rather than starting over to perform the original
BP algorithm for all the MUs.

B. Degree Distributions of Factor Graph

Fig. 5 plots the average degree of variable nodes in the factor
graph. Here, ¢ is a linear SINR value. First, we can see that the
analytical results in Eq. (27) match well with the simulation
results. The average degree decreases when ¢ increases, which
reduces the complexity at the MU side. This is because that
the number of the BSs, which can provide large enough SINR,
decreases when the SINR threshold increases. From the figure,
when § > 0.4, the average degree of a variable node is
below one. In this case, the BP algorithm cannot perform well
because of the limited association options for each MU. Impor-
tantly, the variable node degree only depends on the threshold
0, and is constant relative to the deployment intensities and
transmission powers of BSs. This property provides a constant
computational and communication complexity at the MU side
once ¢ is determined.
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Fig. 6. Average degree of the factor nodes in Tier-1 (MBSs).
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Fig. 7. Average degree of the factor nodes in Tier-2 (Pico-cell BSs).

In Fig. 6 and Fig. 7, we present the analytical and simulation
results for the average degree of the factor nodes in different
tiers. As shown in the two figures, the analytical results both
match well with the simulation ones. The average degree of
factor nodes in tier-2 is much less than the those in tier-1
because the transmission power in tie-2 is much smaller. The
average degree of factor nodes decreases with the increase
of ¢. Furthermore, we can see that when we increase the
deployment intensities of BSs in tier-2, the degree of factor
nodes in both tiers will decrease, as shown in the two figures.
The reason is that more BSs are contributing to the inter-cell
interference. However, when the transmission power of BSs in
tier-2 increases, the degree of factor nodes in tier-2 increases
as well, while the degree of factor nodes in tier-1 decreases.

10

=4
—
—

—k1=4, P1=20, 7&2=24, P2=1, Analysis

+k1=4, P1=20, X2=24, P2=1, Simulation
—9—}L1=4, P1=20, 7»2=24, P2=2, Simulation
-.e.-}»1=4, P1=20, ?»2=40, P2=1, Simulation

e
—
T

e

o

)
T

e

o

=3
T

S

>

3
:

Sparsity of Factor Graph in Unit Area
e 2 2
> = >
= =

e

o

[
:

S

>

=
:

0'010 0.2 0.4 0.6 0.8 1
SINR Threshold &

Fig. 8. Sparsity of the factor graph in an unit area (1km?2).

Also, we can see that the degrees of factor nodes in all tiers
will increase as the intensity of MUs increases.

Fig. 8 shows the sparsity of the factor graph within a unit
area, i.e., 1 square kilometer. From Eq. (29), we can see that
the sparsity is independent of the transmission power of the
BSs. This can be verified from this figure, i.e., the sparsity
keeps constant when we increase the power of small-cell BSs
P, from 1W to 2W. However, when the intensities of BSs
increases, the sparsity decreases, which can be seen from Eq.
(29), and is also verified by Fig. 8. Also, we can see that the
sparsity is below 0.1 per area, and will decrease significantly
when the area of the HetNet increases. The sparsity also
decreases when the threshold ¢ increases. Thus, if § is close
to 0, the relative high density of the factor graph will affect
the performance of the BP algorithm. We can tune the value
of & to achieve a good BP performance. Practically, 6 = 0.1
will lead to a reasonably good performance.

VII. CONCLUSION

In this paper, we proposed a distributed BP algorithm to
solve the user association problem in HetNets with various
user priorities. In addition, we developed an approximate BP
algorithm to reduce the computational and communication
complexity at the BS side with a slight performance loss.
The computational complexity can be reduced to only |H(j)]
multiplications and |#(j)| — 1 additions, and the messages
are transmitted in a broadcast manner. This is in contrast
with the complexity of the exact BP algorithm, of which
the computational complexity is O(2/*W!|2£(;)|), and the
messages are transmitted in a point-to-point manner. Also
the practical dynamic algorithm is proposed. Furthermore, the
average degree distribution and the sparsity of the developed
factor graph were analyzed based on the stochastic geometry
theory. Simulation results showed that the proposed BP algo-
rithm converged quickly within five iterations. Its performance
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almost overlapped with the optimal result obtained by an
exhaustive search. Compared with the existing schemes, our
proposed distributed BP algorithm improves the system utility
by nearly 30%. The simulations also showed that with the
parameters in 3GPP specification, the average value of | H (7)|,
i.e., the variable node degree D,,, is practically small (around
two), which indicated a low computational and communication
complexity at the MU side. Considering the scenario that each
MU can associate with more than one BS, the constraint
> jTij = 1, Vi, will be relaxed and more potential MU-BS
associations will be involved in to the BP algorithm. Although
the framework of our BP algorithm still works, the detail
messages will be reformulated. Hence, we leave this issue as
our future work.

APPENDIX A
PROOF OF LEMMA 1

To simplify the notation in the proof, we assume that each
MU’s neighbor set is J, i.e., H(i) = J and H(j) = T.
This will not change the proof. Consider two probability sets

St=1 — {m(t_})(xij)} and g(til) = {ﬁl(t_l)(xu)} Then

1—7 1—7
we have the supremum norm
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(30)

The inequality (a) comes from the two following two facts:
1) Given u, the function exp(ufx) is a bounded value, say
upper bounded by a constant NN, since the utility f is always
a bounded value, and 2) | xzs] < > || for arbitrary
zs. The inequality (b) can be obtained from 1) the fact that

> xz\[zsy) 1S the summation of 271=1 items, and 2) the
following inequality.

max H Mgk H Mgk
g€\ {3} g€\ {i}
<(|Z]| -1 — 31
< (171 )qenjl:%?{( Mgk — Mgkl (1)

The proof for (31) is based on the constraint that all the
message values are between 0 and 1. The proof follows
iterative manner by first considering |Z| = 2. Then we plug
the result to the case when |Z| = 3, and so on. To be concise
with the paper, we skipped this iterative process.

From (30), we say that I' is a continuous mapping since
the coefficient (2 Z1=1(|Z| — 1)[()‘"7‘_1 is a finite number,
and this completes the proof. ]

APPENDIX B
PROOF OF THEOREM 1

Let A be the collection of the message set SW. The
mapping function ® maps A to A with the function T.
According to Lemma 1, ® is continuous since I is continuous.
Also, it is clear that the set A is convex, closed and bounded.
According to Schauder fixed point theorem, ® has a fixed
point. This completes the proof. |

APPENDIX C
APPROXIMATION OF THE LIKELIHOOD

The likelihood ratio % can be approximated as
—i\Lij=

follows. To simplify the notation, we assume g = 1 here,
since it is a constant and does not affect the approximations.
My (Tij = 1)
mj—i (45 = 0)

_ E (exp (f;)
E (eXp (fj) |l‘ij=0) €xXp (E [fJ ‘xriJ':O])
Wrykjwi

exp (IE ( > apjwglog = équq+wi>>
keH(G)\{i} aeHGNL) ’

Ez‘jzl))

Iijzl) (a) exp (]E (f]

~
~

exp (]E < > agjwy log %))
keH()H\{i} a€HG\{i}
xexp | E | w;log gt ,
Y Tgjwgtw

q€H(H)\{i}
(32)

where (a) comes from the approximation that E (exp (z)) =
exp (E(x)). Since the priority w; is uniformed distributed
with a relatively small range, e.g., w; € [1,3], we fur-
ther make the approximation on the last equation in (32)

as log > ~ log >
qg€H(H)\{i} qa€H(H\{i}
which is accurate enough when |H(j)| is large. Then (32)

TqjWq + w; LqjWq
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can be rewritten as

Wrijwi
Y. Tgjwg twi
qeH(H)\{i}
exp w; log (W, jw;)

expE (wi log ( Yo xgiwg+ wz>>
a€H )\ {2}
(a) (Wijw;)

aeHG\ (i}

Wrijwi (33)
a > WeMg—j (Tgj = 1) +w; ,
€ HG\ (i)

exp | E | w;log

where (a) comes from the same approximation as in Eq. (32).
This completes the approximation process. ]

APPENDIX D
PROOF OF THEOREM 2

A. The Average Degree of Variable Nodes

Without loss of generality, we conduct the analysis on a
typical MU that is located at the origin and assume that the
potential serving BSs in [-th tier locate at the point z;, VI € L.
The fading (power) is denoted by h,,, which is assumed to
be exponential distributed, i.e., h;, ~ exp(1). The path loss
function is given by ||z;||”®", where ||-|| denotes the Euclidian
distance.

The average number of edges emanated from the typical
MU to the BSs in the [-th tier can be formulated as

N; = / A Pr (p(wl) > 5) dxy, (34)
R2

where p(x;) represents the received SINR at the typical MU
from the [-th tier BS located at x;.

Now, we focus on the probability Pr (p(x;) > ¢) in (34) as
follows.

Ph, o
Pr(p(z;) > 0) =Pr | — tha |21l >0
2 2 Pl o7 + 0
k=1x, €y
§(I+o0?
= Pr hfbl, > (;O——a)l
By
=E; (exp (—sI)) exp (—so?), (35)

. . . A
where zj denotes the locations of interfering BSs, I =

L
S 3T Pihy, ||z " represents the aggregate interference,
k=1xz,€®;,

and s =

Sllme ™
Py
distribution of h,,. Then, we derive E; (exp (

. The last step results due to the exponential
—sI)) in (35) as

follows.

E; (exp (— —sl})

L
HElk exp ) 2 HEq;.k

exp —8Pyhg, ||kl a")exp( hxk)dhxk>

() 1
2 Fow(n [ (-t )
kl;[l ( R2 14+ 8Py ||zg] =™
L
1 2 2 2
= H exp | —2mA,— (SPk)“Zk Bl—,1—-—]],
b1 (677 QL Q.

where I, & 3 Pihy, 2] " . In (36), (a) follows the
T EDy
independence (l)f fIk>k, i.e., the point process of one tier is

independent of other tiers, (b) is based on the indepen-
dence of channel fading, and (¢) follows E (Hu (m)) =

exp (= A fg2 (1 —u(z))dz), where z € ® and ® represents

a Poisson point process in R? with the intensity \ [32].
Based on the derivation above, the average number of edges

emanated from the typical MU to BSs from all the tiers can

be calculated as
(”’*)

(36)

L 2
e )\k (5Pk “k
= 2271')\[/ exp (—22 OTk (Pl)
1=1 k=1
2 2\ 2 do?
B < 1- )r%l 29 al) rdr  (37)
Qe (693 l

It can be seen that the average degree of variable nodes, i.e.,
D, equals to N.

B. The Degree of Factor Nodes in [-th Tier

In this subsection, we assume a typical BS in the [-th tier
that is located at the origin, and assume that an MU is located
at the point x. The average number of edges emanated from
the typical BS to the MUs can be formulated as

N, = Ay Pr(p(z) > 6)dx
R2

(38)

where p(z) represents the received SINR at the MU located
at x from the typical BS, i.e.,

Pr (p(x) > 6) =

Prhg [lx]~™
L —Q
> X Prhay |k —xf| 7 407

k=1lxz,, €Dy

Pr

>s5|, 39

where zj, denotes the location of an interfering BS.
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Since HPPP is a stationary process, the distribution of
||z — || is independent of the value of z, i.e., p(||zx — z||) =
p(||zk||), where p(-) represents the probability density func-
tion. Then, we have similar results with Eq. (35). That is,

Pr(p(z) > &) = Ef (exp (—sI)) exp (—so”) , (40)
where s = %Ual. Then we have
P,
N, = 27r)\u/ exp 22 (6 k)
2 2 20, §g2
Bl—,1——|re ——r® |rdr. (41)
Q. A ljl

We can see that the average degree of factor nodes correspond-
ing to the BSs in the [-th tier, i.e., D;, equals to V,,. Combined
with the results Eq. (36), we completes the proof. ]

APPENDIX E
PROOF OF COROLLARY 1

By plugging a; = --- = oy = « into (25), and ignoring

the noise, we have

Z(/\uphoé )

L
1 [ Py 27 2 2
=— = M| = ZseB( 21— 2t dt
[l k<pl) (21-3)
k=1
B 1
22/\k( B)"msiB(21-2)
2
_ o P
C4nB(2,1- 2)s% L 2
m (a (x) Z )\k (Pk) «
k=1
(42)
By substituting the above Z into (23) and (24), we can obtain
(27) and (28) respectively. This completes the proof. |
APPENDIX F
PROOF OF COROLLARY 2
The density (sparsity) of an undirected graph G = (V, €)
is defined as: e
S = S 43)
VI(v|-1)

where 1|V|(|V| — 1) represents the maximum edges in this
graph. In our factor graph model, the edges only exist between
variable nodes and factor nodes. Thus, the density of our factor
graph can be rewritten as

_ e
Zl|T|
From the perspective of variable nodes Z, it is easy to know

that |€] = . 7 D;, where D; denotes the degree of node 1.
Due to the HPPP distribution of the BSs and MUs, each MU

(44)

13

averagely %a; the same degree, i.e., D; = D. We can obtain
that S = IIHJII = ‘3‘.. .

We consider a typical MU located at the origin, and an
area dz around the position x. The total number of BSs from
all the tiers in this area can be given by Zle Aidz. The
number of possible serving BSs (or the number of edges in the
factor graph) for the typical MU in this area from all tiers can
be formulated as Zlel Adz Pr (p(x, Py) > 0), where p(x, P;)
represents the received SINR at the typical MU from the [-th
tier BS located at z. Then sparsity in dz can be calculated as

Sy M Pr(p(a, P) > §)dx
Zl* )\ld{E

Then we can obtain the average of the sparsity when x ranges
in the whole area R?, i.e.,

S(x)p(z)dx
RQ

S N Pr(p(z, P) > 6)
R2 SN

_/\ZZ)\Z//Pr (6,7, P) > 6)da

D,
<L .\ o
Zz=1 MR

S(x) = (45)

E(S) =

p(z)dz

Sy

(46)
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