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ABSTRACT

Due to highly directional communication links, millimeter-wave
networks are often considered to be noise-limited. However, in
dense networks with a small inter-site distance, a large number
of users, and many serving beams, the inter- and intra-cell inter-
ference cannot be neglected. In this work, we aim to address this
issue by proposing an optimization framework for joint user asso-
ciation and beam scheduling in dense millimeter-wave networks.
The framework considers a sub-network of base stations that can
serve multiple users at the same time using directional beams. The
users with specific rate requirements can also steer multiple beams
to enable spatial multiplexing or connect with more than one base
station at a time. The framework includes an NP-hard combina-
torial optimization problem that aims to maximize the number of
associated users with satisfied rate requirements using a minimal
number of intelligently scheduled non-interfering beams. We pro-
pose a low-complexity sub-optimal algorithm to solve the NP-hard
problem, and then we numerically evaluate the proposed solution
and demonstrate its advantages over the conventional association
approaches that do not manage the interference.
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1 INTRODUCTION

Due to large available bandwidth, communication at millimeter-
wave (mmW) frequencies is seen as the key enabler of high data
rates in the fifth generation of cellular systems [1]. However, the
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use of mmW frequency bands comes at the cost of a higher prop-
agation loss [2], which must be compensated for using a dense
network deployment with a small inter-site distance and large an-
tenna arrays at both base stations (BS)s and user equipments (UE)s.
Antenna arrays enable high-gain directional communication links
between BSs and UEs. When a BS is equipped with multiple radio
frequency (RF) chains, it can steer multiple directional beams to
serve multiple UEs simultaneously. On the other hand, a UE can
leverage its own RF chains to boost the achievable rate through
spatial multiplexing or to increase the robustness to the link block-
age by connecting to multiple BSs at the same time, which is often
referred to as multi-connectivity [3]. In dense mmW networks with
a large number of UEs and serving beams, the power of inter- and
intra-cell interference can increase significantly, which makes it
challenging to satisfy UEs’ data rate requirements.

Data rate requirements of UEs will be a crucial characteristic
of next-generation cellular networks. For applications like aug-
mented reality, virtual reality, high resolution video streaming, a
strict requirement on data rates will be necessary. Thus, unlike
the traditional approach of the network sum rate maximization,
we must focus on maximizing the number of users whose rate
requirements are satisfied.

In this work, we consider a system where the BSs are connected
to a centralized processing unit (PU) with high computational
power. In this setup, we propose an optimization framework which
performs user association and beam scheduling simultaneously in
dense mmW networks. In our proposed framework, we aim to: 1)
maximize the number of UEs with satisfied rate requirements; 2)
use minimal number of beams to do so; 3) intelligently schedule
serving beams to avoid inter- and intra-cell interference from the
main-lobes. We formulate a combinatorial optimization problem for
these objectives and explain that it is NP-hard. Hence, we develop
a sub-optimal algorithm to solve it efficiently in polynomial time.
Our proposed solution allows moderate mobility of the UEs as we
can repeatedly run our polynomial-time algorithm at regular time
intervals. Using numerical simulations, we demonstrate that the
proposed framework significantly reduces directional interference
in the network and leads to a higher number of UEs with satisfied
rate requirements compared to existing association schemes.

2 PREVIOUS WORK

The majority of previous work on user association [4-6] and re-
source allocation [7-12] in mmW networks used single-criterion
objectives that maximize the network sum rate.

The work in [4] considered a user association framework which
maximizes the rate of enhanced broadband UEs, while guaranteeing
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Table 1: Notation Summary

Ngs, NES‘ Ngg Number of BSs, BS antennas, and BS RF chains

Nug, N{‘}E, Ngg Number of UEs, UE antennas, and UE RF chains
Egs Number of BSs that are known to each UE
Pr, PN Transmit power and noise power
f,BW Carrier frequency and bandwidth
Ny Power spectral density of noise
d Inter-site distance
T Number of time slots
A Scaling parameter in multi-criterion objective function
€ Threshold for initial rounding
Q Total number of optimization variables
U B, LT Sets of all UEs, all BSs, all links, and all time slots
u, bl t Indices for UEs, BSs, links, and time slots
A V. W, Sets of associated UEs, UEs that require n links,

and UEs that require more than n links
Uy Required number of links for UE u
Rate requirement of UE u, minimum possible rate

Rus Resin, Rnax requirement, and maximum possible rate requirement
H.p Channel matrix between UE u and BS b
vfl b WL b Precoder and combiner on link / between UE u and BS b
Ii b Interference on link [ between UE u and BS b
c‘ll b Capacity on link [ between UE u and BS b
T Set of UEs that have at least one of
u their BS beams in common with UE u
Association variable that indicates if
Su rate requirement of UE u is satisfied
Lt Association variable that indicates if link [
Xub between UE u and BS b is used in time slot ¢
+ Association variable that indicates if UE v/ is allocated at
Yy least one BS beam that belongs to UE u in time slot ¢
Sus zht vat Values of association variables after initial rounding
wb’ “uu
Sus ~1l4,tb’ df‘ o Temporary values of association variables
Sus Lt vat o, Feasible values of association variables after proposed alg.
wb® Yy prop g

the reliability constraints for low-latency UEs. In [5] and [6], the au-
thors proposed user association schemes with BS load balancing in
mmW networks and heuristic algorithms to solve the optimization
problems in polynomial time. However, users’ rate requirements
have not been considered in [4-6].

In mmW networks, resource allocation includes the distribution
of beams, frequencies, and power resources. A joint allocation of all
of these resources represents a very complex optimization problem.
Thus, many previous algorithms aimed to either allocate only a
subset of resources or provide a good sub-optimal solution to the
joint allocation. In [7], the authors studied mmW beam training in a
single-cell scenario and they proposed a scheme for beam allocation
and conflict avoidance. While this scheme can eliminate the inter-
ference within the considered cell, inter-cell interference remains a
problem. In contrast, [11] introduces a recursive polynomial-time
algorithm that minimizes the number of inter-cell beam collisions
between two BSs. The work in [8] and [9] proposed a sub-optimal
sequential allocation of the system resources. System resources
can also be allocated through a sub-optimal bisection-based greedy
approach, as previously proposed in [10]. A recent work in [12] pro-
posed a near interference-free beam scheduling scheme to minimize
the amount of unfulfilled UEs’ requirements. However, the authors
assumed that the UEs had already been associated with the BSs,
which limits the network performance optimization. Additionally,
the network scenario considered in [12] is optimistic in terms of
the beam interference since it assumes that all UEs have only one

V. Boljanovic, S. Sarkar, and D. Cabric

Sub-network

Figure 1: A simple illustration of the sub-network with
Nps = 3 and Nyg = 12. In general, the sub-network can have
irregular shape with different inter-site distances.

RF chain and that they do not support spatial multiplexing and/or
multi-connectivity.

In contrast to the previous work, we introduce a new joint user
association and low-interference beam scheduling optimization
framework that considers multi-RF chain BSs and UEs. The frame-
work has the objective to maximize the number of the UEs with
satisfied rate requirements, while suppressing the main-lobe inter-
ference in downlink.

3 OPTIMIZATION FRAMEWORK

In this section, we introduce the system model and the proposed
user association and beam scheduling framework. Important nota-
tion is summarized in Table 1.

3.1 System Model

We consider downlink communication in one part of a mmW cellu-
lar network consisting of Npg BSs from the set 8 and Nyg UEs from
the set U. The BSs are connected to a centralized PU with high
computational power. A simple illustration of the sub-network with
Nps = 3and Nyg = 12is provided in Fig. 1. All communication links
operate at the same carrier frequency within the bandwidth BW.
Each BS has N2, antennas and NXF RF chains, i.e., it can steer N}Ig

BS
beams simultaneously. Similarly, each UE has Njj; antennas and

NII}E RF chains, where Ngg < N}g . Each UE u has a specific data
rate requirement R;,. We assume that each UE has already estimated
the channel matrix between itself and Egs, Egs < Npg, closest BSs.
Using the control links, the channels estimates are reported to the
corresponding BSs, which pass the estimates further to the PU. The
channels and their estimates are assumed to be constant over a
short period of time, e.g., the next scheduling period.

Let the matrix H,, ;, represent the channel estimate between the
UE u and BS b. The PU can determine the set £ of N(l}]l; links be-
tween u and b by using discrete Fourier transform (DFT) beamfom-
ing matrices to estimate N[I}E most dominant propagation directions
in the channel. Thus, all transmit DFT beams at the BSs and all re-
ceive DFT beams at the UEs are determined through digital process-
ing. The complexity of doing this scales as O(NUENgEBSNSENES)A
The PU can also identify the interfering (completely overlapping)
DFT beams, i.e., conflicted links, at all BSs and UEs.
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» be DFT beams that correspond to the I-th link

between u and b Assumlng that the transmit power Pr is split
1

Let v/ wb and W

between Nllg RF chains, the corresponding capacity c, , is given
as follows
H 2
|Wl Hu bvlll’b| Pr

¢l =BWlog, |1+ (1)

1 RF

Iu, pt+ Py Ngg
where Py is the post-combining noise power. With the noise power
spectral density No, the noise power is defined as Py = Nj;BWNp.

The interference power I I is calculated as I!
u,b u,b

Pr
= 2yl rE X
Nps

|W »Hu bzv where u’ # u, b’ goes over Egs BSs that are

u b’|
known to the UE u, and I’ goes over all links that belong to the
UE u’ and that are not conflicted with the link I. Note that with
this definition of interference power, (1) represents a pessimistic
capacity estimate because BSs are unlikely to use all of the links
that do not have a conflict with [ at once. If the channel between

the UE u and BS b is not estimated, the capacity is ci p =0 Vi

3.2 Proposed Framework

The existing frameworks for user association and resource alloca-
tion are often based on maximization of the network sum rate. In
such frameworks, the available system resources are mainly allo-
cated to the UEs with high-capacity links. Thus, many UEs may
be left out with unsatisfied data rate requirements. Additionally, a
large number of serving beams in a dense network can cause signif-
icant interference and further reduce the effective data rates. In this
paper, we propose a novel framework which aims to maximize the
number of users with satisfied data rates using a minimal number
of beams (links) that are scheduled in space and time such that the
interference from the main-lobes is suppressed.

Let 7 be a set of T time slots over which the scheduling is done.
Let s be a vector of Nyg binary association variables, where s, is 1 if
the rate requirement of the UE u € U is satisfied over the period of

T slots, and 0 otherwise. Let x be a vector of TNUEN £ NBs binary

association variables for all links in the network, where x”b is 1

is the UE u is served by the BS b using the link [ in the time slot ¢,
and 0 otherwise.

Based on the system model, the UEs and BSs can steer up to
NLI}E and Ngslf beam simultaneously in any time slot ¢, which can
be expressed as the following constraints

(C1): Y xbh < Nffsu, Vue e, (2)
bl

(C2) : in <N vbeBteT. 3)
u,l

The variable s, in (C1) ensures that beams are not allocated to the
UEs whose rate requirements cannot be satisfied. Based on (C1), it
is straightforward to see that a UE can get up to TNII}E links over T
time slots.

Each UE has EgsN{jp RE potential links and thus EBSNRF potential
BS beams in every time slot As described in Section 3.1, the PU can
identify the conflicted beams at each BS. Namely, for each u € U,
the PU can create an interfering group, i.e., a set 1, of the UEs that
have at least one of their EBSN[}R]I; BS beams in common with u. Let
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the BS index b’ and the link index !’ correspond to a beam that
u’, u’ € I,, has in common with u. Let a be a vector of binary
association variables, where the element a o is 1 if a UE u’ is
allocated at least one of the BS beams of the UE u in the time slot £,
and 0 otherwise. Given the variables xu b and indices b’ and ', the
variable a ,+ €an be mathematically modeled as a logical OR using
the followmg set of constraints:

(C3): af

uu’

<Zx,b,,Vu€ﬂu el teT, (4)
v

(C4): ay, >0t VueU el teT, b, (5)

u u b”
(C5) : 0<auu,_l, YueUu' €T,teT. (6)
With this definition of a > We can introduce a constraint that

suppresses the main-lobe 1nterference at the BS side

(C6):afw+a <L VuelUw eluzru,teT. (7)

uu

The constraint in (C6) ensures that the BS beams that correspond
to the links of the UE u cannot be allocated to both u and u’,u’ €
I, \{u}, in the same time slot.

Similarly, the PU can identify the conflicted beams at each UE.
Let a conflicted beam at the UE u be common for the links defined by
the indices b”” and I””. Then the interference suppressing constraint
for this beam can is expressed as

(C7);Zx’b€,gl VuelteT. (8)
bl/’l/l

Note that the number of (C3) - (C7) constraints depends on the
number of conflicted beams at the BSs and UEs, and it may change
from one scheduling period to another depending on the network
density and topology.

Each associated UE u needs to satisfy its rate requirement Ry,.
This constraint can be expressed using the capacities in (1) as fol-

lows
1 Lt
(C8) : Z CubXub
b,Lt

> Rysy, Yue U. 9)

Under the described interference suppressing constraints, our
multi-criterion objective is to maximize the number of UEs with sat-
isfied rate requirements using a minimal number of serving beams
to do so. By reducing the number of serving beams, we also reduce
the power of side-lobe interference, which is not suppressed by the
constraints. The number of UEs with satisfied rate requirements
and the number of serving beams (links) can be expressed as ., sy

and 3, 51+ xitb respectively. Thus, the objective can be formulated

Lt
- . 1
max s A D, 10

u,b,lt

as follows

The parameter A is obtained through scalarization [13]. It can be
shown that A = K+l ,where K = mln{NUE(TNRE —1)+1, NBSNllg X
(TN[I}E -1)/ Nll}g + 1}, guarantees that the number of satisfied UEs
is maximized using a minimal number of serving beams. For the
sake of brevity, we omit the details of scalarization.
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Algorithm 1 Proposed greedy rounding algorithm

: Inputs: s, x, €
2§y «— 1ifsy > €, 5, <« 0 otherwise

Jt Lt _Lt .
S 1if x> b 2 p <0 otherwise

1
2
3
4 Determine a based on X
5. if §, X, and a are feasible then
6 S5, X—xXx

7: else

8:  Initialize: § «— 0, X < 0,4 « 0, A = {0}
9 Determine vy, Yu

10: forn=1: TNSE do

11 Determine set V,, = {u | vy, =n, u ¢ A}

12: Determine set W, = {u | v, > n, u ¢ A}

13: for Each u in V,, do

14: Temporary variables: § <~ §, X« X, a«a
15: Sy 1, ;zfjb xbt Vb, 1.t {n links}

16: Update a based on current X

17: if §, X, and a are feasible then

18: Su < Su, fcitb N” , Vb, Lt

19: A—AVu

20: end if

21: end for

22: Repeat 13-21 for UEs in ‘W), using their n best links
23 end for

24: end if

25: Outputs: §, X

Finally, given the constraints and the objective, the linear opti-
mization problem can be formulated as follows

Lt
ISI?)?,;{ Z -2 xu b
u u,b,l,t
st (C1)— (cs), an
Sus xi b Q€ {0,1}, Vu,u’,b, 1 t.

The optimization problem in (11) is a binary integer program
(BIP), which is known to be NP-hard. This means that even a small-
size problem with a few BSs and a moderate number of UEs and
time slots has prohibitive computational complexity. To solve this
linear optimization problem in polynomial time, we propose a low-
complexity solution based on relaxation and greedy rounding in
the next section.

4 PROPOSED ALGORITHM

We relax the BIP in (11) and formulate the following program with
continuous optimization variables

max -2 Xt
s, X,a wb
u u,b,Lt
0 < sy, xllltb a;’u, <1, Vuu' blt.
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Let Q be the total number of variables in (12). The relaxed linear
optimization problem can be solved in polynomial time. Specifi-
cally, the computational complexity scales as O(QF), where k is the
algorithm-dependent exponent. The solution to (12) is fractional,

and a v are not necessarily

bt bt
equal to 0 or 1. For example, a UE u that experlences good channels
can satisfy its rate requirement using only a fraction of its link
of the selected links
may be significantly lower than 1. However the proposed user
association and beam scheduling framework requires all variables
to be rounded to either 0 or 1.

Here we propose a low-complexity greedy rounding algorithm.
We first obtain the vector of associated UEs §, where each element
5, is set to 1 if s, > €, and to 0 otherwise. Similarly, we obtain

the vector of used links % by setting x 'I t p to1 1fx >

meaning that the values of s;, x

capacities, i.e., the corresponding variables x

€, and to
0 otherwise. The elements of the Vector a are calculated based on
the elements of %. To avoid missing the links where only a fraction
of the capacity is used, we assume that € is a small constant value,
e.g., € = 0.1. However, with a small ¢, it is likely that too many
links will be considered as ‘used’ and that the vectors §, X, and a
will violate multiple constraints and thus represent an infeasible
solution. To obtain feasible vectors §, X, and 4, we design a greedy
algorithm, which aims to first associate the UEs that require only
one link, then the UEs that require two links, and so on. We start by
initializing the vectors § = 0, X = 0, & = 0, and define an empty set
of associated UEs A = {0}. Based on X, we determine a pessimistic
estimate of the required number of links v, for each u. Then we
loop overn =1, .. TNUE’ which represents all possible values of
vy, Yu. For each n, we determine the set V,, of all UEs for which
oy =n,ie, V, ={u|vy, =n u¢ A} Similarly, we determine
the set W, = {u | vy > n, u ¢ A}. Next, we loop over all UEs
in V), to associate the UEs that satisfy the feasibility constraints.
With every new associated UE, the vectors §, X, &, and the set A are
updated. Since the estimates vy, Vu, are pessimistic, we loop over
all UEs in W}, as well to check if any UE can be satisfied using their
n best links, i.e., n links with the highest capacity. The proposed
rounding algorithm is summarized in Algorithm 1. Note that the
proposed algorithm always converges because the nested for-loops
in Algorithm 1 have a finite number of iterations. The outer loop
in line 10 has TNII}E iterations. The inner loops for the sets V}, and
Wy depend on vy, Yu. In the most demanding case when all UEs
require the maximum number of links, i.e., when v, = TNU}I; Yu,
only one of the inner loops is executed. Specifically, the loop for
W, is executed forn = 1, ..., TNLI}E — 1, while the loop for Vj, is
executed for n = TN&I;. Regardless of n, the number of iterations in
the executed inner loop is Nyg. Thus, in the worst case, the nested
for loops have TNUENSE iterations.

5 NUMERICAL EVALUATION

In this section, we numerically evaluate the proposed framework
and we compare it with existing association frameworks, including
the maximum sum rate and maximum signal-to-interference-plus-
noise ratio (SINR). The objective of the maximum sum rate is to
associate the UEs such that the overall data rate in the network is
maximized. On the other hand, in the maximum SINR association,
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Figure 2: Difference in average interference power per link
between the proposed framework, proposed framework with-
out interference suppressing constraints, and benchmark
frameworks.

each UE selects a BS based on the maximum SINR, and then the
BSs allocate their resources to the best UE candidates. We compare
the frameworks in terms of the average interference power per
scheduled link and the average number of UEs with satisfied rate
requirements. It is worth noting that the interference power model
from Section 3.1 was used only to calculate pessimistic capacity
links, while here we consider the actual interference power from
the scheduled links at all BS. The link capacities used to determine
if a UE can satisfy its requirements are calculated based on the
actual post-association interference power.

We consider a sub-network of Ngs = 3 BSs, similar as in Fig. 1.
The inter-site distance is assumed to be d = 200 m. There are Nyg
UEs and their positions are generated randomly within the triangle
formed by the BSs. We consider an urban micro scenario with real-
istic mmMAGIC channels between the BSs and UEs. We generate
the channels using the Quadriga simulator [14]. Based on the mm-
MAGIC channel model, the UEs can experience either line-of-sight
or non-line-of-sight scenarios with the BSs. We assume the operat-
ing frequency f = 28 GHz, transmit power Pt = 30 dBm, bandwidth

— : : _ dB
BW = 200 MHz, noise power spectral density No = 174 57,
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Figure 3: Average number of UEs with satisfied rate require-
ments for the proposed and benchmark frameworks.

a  _ RF _ : a
NUE = 8 UE antennas, NUE = 2 UE RF chains, NBS = 32 BS anten-

nas, and a varying number Nllg of BS RF chains. The rate require-
ments are drawn uniformly from Ry, ~ U(Ryin, Rmax), Yu, where
Rumin = 0.2 Gbps and Rpay is the maximum possible requirement.
For our study of the average interference power in the network,
we consider T = 1 time slot for simplicity and we assume Nyg = 40
and Rmax = 1.5 Gpbs. The results are presented in Fig. 2, where
we highlight the difference in the average interference power per
link between the proposed and benchmark frameworks. Numeri-
cal simulations are performed for different values of NII;SF , which
is the the number of RF chains at each BS, and Egs, which is the
number of BSs that are known to each UE. Our results demonstrate
that the proposed framework with low-interference beam sched-
uling leads to a significantly lower interference power per link

than the benchmark frameworks that do not manage interference.
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This is especially apparent when the number of RF chains (serving
beams) at the BSs increases, which leads to more interference in
the network. In interference-limited networks, a 20 dB decrease in
interference power can increase the link capacity around 6x based
on Shannon’s formula. Additionally, Fig. 2 reveals the benefits of
coordinated interference management. Namely, when the UEs es-
timate the channels with Egg = 1 BS, only intra-cell interference
can be suppressed. On the other hand, with Egs = Npgs, both inter-
and intra-cell interference can be suppressed through coordinated
scheduling among the BSs.

We assume T = 8 and Nyg = 20 and we compare the frame-
works in terms of the average number of UEs with satisfied rate
requirements in Fig. 3. Numerical simulations are performed for
different values of Ngg , Rmax, and Egs. The results indicate that
the proposed framework leads to a higher number of satisfied UEs
than the benchmarks. With Epg = 1, each UE is limited to only one
BS and thus the problem of user association and beam scheduling
can be considered on a cell-level. For this reason, the proposed
low-complexity solution based on sequential greedy rounding is
close to the optimal solution obtained by directly solving (11) using
CVX [15]. On the other hand, with Egg = Nps = 3 and knowledge
of the channel between any BS-UE pair, the performance gap be-
tween the proposed and optimal solutions increases. Nevertheless,
the proposed low-complexity solution still performs better than
the benchmarks. When the BSs have a low number of RF chains,
the performance of the proposed framework is marginally affected.
The reason for this is intelligent beam scheduling which can be
leveraged to satisfy the UEs’ rate requirements over time. On the
other hand, an increase in the maximum rate requirement Rpyax
leads to a slightly smaller number of satisfied UEs, as expected.

6 CONCLUSIONS AND FUTURE WORK

In this work, we proposed and mathematically formulated a new
framework for user association and low-interference beam sched-
uling that maximizes the number of UEs with satisfied rate require-
ments. We also developed a sub-optimal low-complexity algorithm
to solve the formulated NP-hard optimization problem. Numerical
results showed that the proposed framework significantly reduces
the directional interference and leads to a higher number of satisfied
UEs compared to the benchmarks.

The results in this work represent a good starting point for
the development of a more comprehensive framework. There are
several important questions that need to be addressed in future
work. First, if there are still available system resources, can they
be allocated in a fair way to the UEs that could not satisfy their
rate requirements? If so, can the benefits of low-interference beam
scheduling be preserved after association of new UEs? Finally, given
the allocated links and UEs’ rate requirements, can power allocation
at BSs be optimized on a sub-network level?
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