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Abstract—We study the problem of maximization of the sum
of weighted rates by determining user equipment (UE) and a
beam for each access point (AP) for concurrent transmissions, in
millimeter wave (mmWave) networks. The inherent directional
nature of communication in mmWave networks, along with the
susceptibility of connections to blockage makes the problem
challenging. In prior works, several attempts have been made
to design algorithms for UE and beam selection in different
mmWave network scenarios. However, only a few works consider
beam and UE selection in mmWave networks having multiple APs
and UEs. In this paper, we design two novel greedy algorithms,
NGUBI1 and NGUB2, for UE and beam selection in mmWave
networks containing multiple APs and UEs. Through extensive
simulations, we show that our proposed algorithms outperform
the most relevant algorithms proposed in prior work.

Index Terms—User selection, user scheduling, beam selection,
millimeter wave networks

I. INTRODUCTION

The volume of data traffic exchanged using wireless net-
works is increasing rapidly, due to an increase in demand
for voice and data services [1], which the existing sub-
6 GHz cellular bands are unable to meet even using ad-
vanced techniques such as massive Multiple Input Multiple
Output (MIMO) and heterogeneous networking [2], [3]. To
meet this demand, millimeter wave (mmWave) bands can be
used, since they have a large amount of unutilized spectrum
available and also have the potential to provide multi-gigabit
data rates [4]. But because of the high carrier frequency,
mmWave communications suffer from significant propagation
loss. Therefore, beamforming needs to be used, which makes
mmWave communications inherently directional. To achieve
effective communication, the characteristics of mmWave net-
works, viz., their directional nature, short transmission range,
and dense deployment of access points (APs), which give rise
to various challenges including blockage, interference, and
frequent handovers, need to be handled by developing novel
strategies [4], [5], [6], [7].

To overcome the above mentioned challenges and to provide
robust connectivity to user equipment (UEs), several algo-
rithms have been proposed to select beams and UEs for each
AP in different mmWave networks [8], [9], [10], [11], [12],
[13], [14], [15], [16]. In [8], [9], [10], mmWave networks with
a single AP and a single UE are considered and algorithms for
beam selection at the AP for the UE are designed such that
the connection remains robust to blockage and UE mobility.
In [11], mmWave networks with multiple cooperating APs and
a single UE are considered and an algorithm is designed to
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select a beam for each AP to make a robust connection with
the mobile UE. In [12], [13], [14], mmWave networks with
multiple APs and multiple UEs are considered and algorithms
are designed to select a beam and a UE for each AP using the
measured received signal strength (RSS) information at each
UE corresponding to each beam of every AP in the network.
The work in [11], [12], [13], [14] performs beam and UE
selection for each AP in two steps. First, they select mutually
exclusive subsets of UEs for each AP. Second, they select
a UE from each subset obtained in the first step. This two-
step selection process may not provide a weighted sum rate
maximizing set of UE and beam pairs for each AP.

In this paper, we consider mmWave networks contain-
ing multiple APs and multiple UEs. We design two greedy
approach-based algorithms, NGUB1 and NGUB2, for beam
and UE selection at each AP. Unlike the work in [11],
[12], [13], [14], our algorithms perform joint beam and UE
selection and thus avoid the above-mentioned inefficiency
of the prior works. As in the prior works [12], [13], [14],
our proposed algorithms use RSS information for beam and
UE selection. However, unlike the above prior works, where
RSS information is obtained through measurement, we obtain
the information using a statistical channel model proposed
in [17], [18], and [19] for mmWave networks. Through
extensive simulations, we show that our proposed algorithms,
NGUBI1 and NGUB2, outperform the most relevant algorithms
proposed in prior works [11], [12], [14].

The rest of this paper is organized as follows. Section II
provides a review of related work. Section III presents the
system model and problem formulation. Section IV describes
the most relevant algorithms proposed in prior work that we
use for performance comparison. Section V describes our pro-
posed novel algorithms. Section VI presents simulation results.
Finally, Section VII provides conclusions and directions for
future research.

II. RELATED WORK

One of the major challenges in mmWave networks is to
design an algorithm to select a beam and/ or a UE at each AP
such that each UE which gets served by some AP obtains a
high data rate. Also, the selection of beam and/ or UE at each
AP should change with time to maintain the quality of service
(QoS) experienced by each UE in the presence of the mobility
of UEs and blockage present in the considered environment.

Several attempts [8], [9], [10], [11], [12], [13], [14] have
been made to design algorithms for beam and/ or UE selec-
tion for each AP in different mmWave networks. Note that
mmWave networks considered in prior work are different in
terms of the number of APs, the number of UEs, blockage
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present in the network environment, and the mobility of UEs.
In [8], Beamspy is proposed to select an alternative beam for
a UE whenever the current beam quality degrades without
costly beam searching. It exploits channel sparsity and spatial
correlation information available at the AP to predict the
outage of the current beam and to suggest a new beam. In [9],
Beamforecast is proposed, which predicts the beam at the AP
for a mobile UE in real time without costly beam scanning. It
exploits spatial correlation in channel profiles for prediction.
In [10], Listeer is proposed which steers the beam at the
AP towards a mobile UE. It acquires direction estimates for
beams at APs using indicator Light Emitting Diodes (LEDs)
on APs and off-the-shelf light sensors at UEs. The work in [8]-
[10] considers mmWave networks having only one AP and
only one UE and designs algorithms for an adaptive beam
selection for the UE such that the QoS of the UE becomes
robust to the mobility of the UE and/ or blockage. However,
in [11], beam selection at multiple cooperating APs for a
mobile UE using pose information— location and orientation of
the UE- is proposed. It maps pose information of the mobile
UE with measured link quality and selects a beam based on
pose information.

In [12], [13], [14], the considered mmWave networks have
multiple APs and multiple UEs. In [12], BounceNet is pro-
posed, which selects a beam and UE for each AP by mapping
the problem to a conflict graph and the selection of beam
and UE corresponds to the selection of a weighted maximum
independent set. In [13], mmMuxing is proposed for joint
user and beam selection using channel measurements in each
schedule. It can determine the user and beam for each AP that
lead to the minimum interference in each schedule. In [14],
MDSR is proposed for a joint user and beam selection and
is an extension of the work in [13]. The authors in [14] also
quantify the impact of interference on network performance
through measurement and conclude that the prediction-based
interference minimizing approach [8], [9], [11] in existing
work is inefficient.

In this paper, we consider mmWave networks containing
multiple APs and multiple UEs. Our proposed algorithms are
robust to UE mobility and the presence of blockage in the
network; also, via extensive simulations, we show that they
outperform the algorithms proposed in prior work [11], [12],
[14].

III. SYSTEM MODEL AND PROBLEM FORMULATION
A. System Model

We consider a mmWave network with N4 APs and Ny
UEs. Each AP has Np beams, and it can communicate with
one UE at any instant of time using one of its beams. Also,
at any instant of time, a UE can communicate with at most
one AP. Each AP in the network is linked to a central
controller via a high-capacity wired Ethernet backhaul link.
Time is divided into slots of equal duration; additionally, a
slot ¢ € {0,1,2,---} is considered to be the duration of time
from time instant ¢7" to time instant (¢ + 1)7". Each slot is
further divided into K schedules of equal duration. We assume
that a UE can move only at the beginning of each slot and
remains static during the slot. Also, the movement of a UE is
independent of the movement of other UEs. We assume that
the APs remain static. Since APs are static and UEs move only

Wired Ethernet

Figure 1: This is an illustration of our system model for an
example scenario in which there are two APs and five UEs.

at the beginning of each slot, the RSS at each UE from each
AP and for each of its beams is computed only at the start of
each slot. The same RSS computed at the beginning of a slot is
used for each of the K schedules of the slot for UE and beam
selection. Note that our goal is to determine a UE and a beam
for each AP for concurrent transmission in each schedule. In
this work, we have used the statistical channel model proposed
for mmWave networks in [17] to obtain RSS information. Fig.
1 illustrates our system model, for an example scenario in
which there are two APs and five UEs. At the time instant
depicted in Fig. 1, UE3 and UE5 are concurrent users.

B. Problem Formulation

Let B:={1,2,--- ,Ng}, U :={1,2,--- ,Ny}, and A :=
{1,2,---, N4} denote the set of beams at each AP, set of UEs,
and set of APs, respectively. Let b, € B (respectively, u, € U)
denote the beam (respectively, UE) chosen at (respectively, for)
AP a € A in a schedule. Let Sj ,, , denote the RSS obtained
at UE v when beam b is used at AP a. Let S := {Sp 4|0 €
B,u € U,a € A} denote the RSS information of a slot. Note
that this information remains the same for each schedule of
the slot. Let w, denote the weight of a UE in a schedule.
The weight of the UE can be assigned in various ways. The
weight of the UE can be based on how urgently data needs to
be transmitted to the UE, equal to the quantity of data that is
waiting in a queue for transmission to the UE, or selected so
as to ensure fairness across different UEs. Note that the weight
of a UE can be changed in each schedule of a slot to ensure
fairness across UEs. Let W := {w,|u € U} denote the set of
the weights of UEs in a schedule. Let P, = {(bq, uq)} be a set
that contains the beam and UE pair that is assigned to an AP
a in a schedule. Note that P, can be the null set in two ways.
First, N4 > Ny and all UEs u € U are scheduled to be served
by APs other than a. Second, Sy, < S¢, Vb € B,u € U,
where S; denotes a RSS threshold. A UE obtaining an RSS
below S; can not communicate. Let A := {a € A|P, # 0}
denote the set of APs selected for transmission in a schedule.
Our objective is to select P,,Va € A for a schedule such that
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the sum of weighted rates

Sbtmua»
NO + Za’GA,a’#a Sba,,ua,a’
(1)

of concurrent transmissions given & and W of the schedule
gets maximized. In the above equation, Ny, B, and w,,
represent noise power, bandwidth, and weightv of UE wu,,
respectively. Also, note that the cardinality of 4 can be less
than Ng4.

Let M = max(Na, Ny) and m = min(N4, Ny). Then
the exhaustive search based method to find a solution to
the above problem requires (*)m!(Np)™ evaluations of the
expression in (1). Since the number of computations grows
exponentially with the increase in m, it is essential to design
algorithms for the determination of P,, a € A, which require
less computation but achieve near-optimal solutions.

Rsw =Y wy,Blog, (1 +
aEA

IV. ALGORITHMS CONSIDERED FOR PERFORMANCE
COMPARISON

In this section, we describe the most relevant algorithms in
prior works, for user and beam selection, with which we have
compared the performance of our proposed algorithms.

Before we describe the algorithms in prior works, let us
state a few notations used in the description of the algorithms.
Recall that Sy 4, q, Uq, be, A denote the RSS at UE u when
beam b is used at AP a, user selected to be served by AP a in
a schedule, beam selected for AP a, and set of APs selected
for a schedule for concurrent transmission, respectively. Let
A, denote a set of UEs that can be served by AP a. Note that
in any schedule, only one UE from the set .4, can be served
by AP a.

A. MDSR [14]

It consists of three steps— user association, user scheduling,
and beam selection.

1) User Association: In this step, the algorithm iteratively
selects A,,Va € A using a matrix (), whose (a, u)th element
represents the weight at UE u from AP a and is defined in [14]
as

SINR(a, u) SINR(a, )
Q(Cl, U) =« + B 7
ZU/EZ/[ SINR(a, u') Za’eA SINR(d/, u)
where, o = NLU and B = NLA and
1
Np S u,a
SINR (a, u) = Ng 2bes S

No+ 2 aza NLB Dpes Shua

In each iteration, a UE is selected for some AP a € A using
the matrix () obtained from the previous iteration. Note that
the matrix () is updated in each iteration after the selection of
the UE by deleting the column corresponding to the selected
UE. Let A} denote the set of UEs associated with AP a till
the end of the ith iteration. Let A" := {a’ € A | |A"!| <
[Ny + N4} denote the set of APs with which UEs can be
associated in the ith iteration. In the ¢th iteration, a UE u €
U\ Uyeq A! is associated with an AP a € A" such that

— N . ! /
<@, U >= ArgmaX, ¢ i ey, , At Qa' ).

2) User Scheduling: In this step, the algorithm selects
UEs {uj,us, -+ ,un,}, where u, € A,, for concurrent
transmissions using the weighted sum rate Rs )y, which is a
function of A and is defined ip (1). Recall that the compugation
of Rsy given u,,Va € A also requires b,,Va € A and
Wy, ,Va € A. Note vthat in MDSR, the weights, g}u,Vu eu
are assumed equal, A is equal to A, and b,, Va € A is selected
using the procedure described in Section IV-A3. Initially, a
UE is selected for each AP a € A at random from the set
of associated UEs A, for concurrent transmission. After that,
in each iteration, an AP is selected in a round-robin fashion
and the weighted sum rate maximizing UE of the selected
AP is chosen for concurrent transmission. Note that, in a
given iteration, the UEs for concurrent transmission at APs
other than the selected AP remain unchanged. This process is
repeated till no further improvement in the weighted sum rate
is observed.

3) Beam Selection: In this step, the beam at each AP is
selected based on the signal-to-leakage ratio (SLR) [14]. The
SLR for beam b, € B at AP a used to serve user u, is defined

as
Sbuuaa
Za/;,ga Sbmua/ ,a

Recall that Sy, ., ,q (respectively, Sy, v ,,q) is the RSS at user
ug (respectively, u,s) associated with AP a (respectively, AP
a’) during concurrent transmission when beam b, is used at AP
a. The beam with the highest SLR is selected for transmission
in this method.

SLR (b, tg, a) =

B. BounceNet [12]

It consists of three steps— user association, direct path
scheduling, and indirect path scheduling.

1) User Association: In this step, the algorithm performs
the association of UEs to APs in an iterative manner. Before
we explain the procedure for the association, let us define
some notation. Let b? denote the best beam at AP a for UE
u based on RSS. Let A denote the set of UEs associated
with AP a till iteration i. Let I2% = max(Stu a,a; Spi u.a)
denote the maximum of two interferences— (i) interference
at UE u due to the best beam at a for UE @ and (ii)
interference at UE 4 due to the best beam at a for UE w.
Let I, = max(I32|V(a,a) s.t. @ € AL and @ # a) denote
the maximum pairwise interference that can happen during
concurrent transmission when UE u chooses to associate with
AP a in the ith iteration. In any iteration ¢, a UE u— not
already associated to any AP, ie., u € (U\U,cqAL)- is
selected randomly and associated with the AP a such that,

a = argmin I, .
a’€eA

2) Direct Path Scheduling: The direct path from an AP
to a UE is defined as the highest RSS beam direction at the
AP for the UE. The direct path scheduling algorithm uses
a conflict graph. A node of the conflict graph represents a
possible direct path. An edge is present between two nodes
if they are mutually interfering. In the first schedule of a
slot, each node is assigned the same weight and it is equal
to some scalar times the number of schedules per slot (SPS).
A weighted maximum independent set is then selected for
that schedule. After each schedule, the weight of each node is
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updated and it depends on the degree (number of interfering
neighbors) of each node. For more details, see Algorithm 2 of
[12].

3) Indirect Path Scheduling: The indirect path from an AP
to a UE is defined as the second-highest RSS beam direction
at the AP for the UE. It is used to serve those UEs which are
not selected in the direct path scheduling and associated with
APs that are not utilized in the direct path scheduling. The
algorithm for indirect path scheduling remains the same as
that for direct path scheduling except for the assignment and
update of the weight of each node, which is done differently.
For more details about the indirect path scheduling, see Section
6.3 of [12].

C. PIA[1]]

It consists of three steps— user association, user scheduling,
and beam selection.

1) User Association: In this step, the algorithm associates
a UE u to an AP a based on the maximum average RSS, i.e.,

Zsbua

bEB

a= argmax

a’e{1,2,- NA}

However, the computation of the RSS array needs to be done
in each schedule by estimating pose information. Also, the
computation of the RSS from an AP a to a UE u considers
only those paths at the UE which fall within the field of view
(FoV) of the UE [11]. Note that the RSS computation for the
other algorithms consider all the paths received at the UE.

2) User Scheduling: For scheduling at each AP a € A, a
UE u € A, is selected based on the outcome of a fair |A,|-
faced coin.

3) Beam Selection: Beam selection is performed in the
same way as in Section IV-A3.

V. PROPOSED ALGORITHMS

Recall that our objective is to design an algorithm that
selects set P,,Va € A for concurrent transmission in each
schedule. In this section, we provide a description of two novel
algorithms, NGUBI and NGUB2, that we designed.

A. NGUBI

Let A’ denote the set of APs that already got a (ug, by ) pair
till the beginning of the (i 4 1)th iteration. Let Z/* denote the
set of UEs that are already associated with some AP in A’
till the beginning of the (i + 1)th iteration. Note that A° = ()
and U° = (). Let b* denote the best beam at AP a for UE
u based on RSS. The algorithm runs in two steps— the first,
Initial Selection, and the second, Improvement over the Initial
Selection.

1) Initial Selection: In the ith iteration,
selects an AP a and a UE wu, such that

the algorithm

< Ug, @ > = argmax Wy, B X )

(u,0)|a€A\AI =1 weU\Ui~1

10g Sb“ ,U,Q
? N0+ZaEA1 1Sb“/ w,a’ .

In (2), v/ is the UE assigned to the AP o’ € A"~!. Note
that the above process of initial selection is complete after
min(Ny4, Ny) iterations. Also, the computation required in
each iteration decreases with the iteration number.

2) Improvement over Initial Selection: In this step, in each
iteration, an AP is selected in a round-robin fashion. A new
UE from the set of free UEs is assigned to the selected AP if
the new UE maximizes, across all the free UEs, the weighted
sum rate and the new weighted sum rate is larger than the
current weighted sum rate, otherwise, the UE does not change
at the selected AP. Note that the UEs at the other APs remain
the same as in the current selection. Let u§ (respectively, u)
denote the current UE (respectively, new UE) for AP a. Let
Uus = U\{ulu = ug, for some o’ € A and a’ # a} denote
the set of free UEs that can replace u; at AP a. Let 7]} .
denote the new weighted sum rate when u¢ is replaced by UE
u. Then,

n
ua

= argmax 71y .
wedg U{ugy "

This step can be terminated in two ways— (i) after a fixed

number of iterations and (ii) after the increment in the

weighted sum rate becomes less than a threshold value after

one complete round over APs. In our simulations, we use the

first stopping criterion.

B. NGUB2

In this algorithm, a Modified Initial Selection step— simi-
lar to [Initial Selection of the NGUBI algorithm with some
modification— is followed some fixed number of times, let us
say J times, where J can depend on N4 and/ or Ny . Each
time the step is followed, it gives a set of pairs {(ba, uq),a €
A}. Let A7 (respectively, R;) denote the set of the beam
and UE pairs (respectively, the weighted sum rate of UEs
corresponding to A7) when the Modified Initial Selection step
is run for the jth time. The algorithm stores Ai along with R;
in memory and after the completion of J runs of the Modzﬁed
Initial Selection step, the algorithm chooses A7 for scheduling
if j = argmax;cy o ... y} R;.

In the 4th iteration of a run of the Modlified Initial Selection
step, the algorithm selects an AP a € A‘~! uniformly at
random and a UE u, such that

argmax Wy B X
ulueU\Ui—1

1 Sb“ ,U,Q
(0] .
g2 NO+Z&EA1 1Su u,a’

Note that the above process of selection is complete after
min(Ny4, Ny) iterations. Also, the computation required in
each iteration decreases with the iteration number.

Ug =

C. Difference between Proposed Algorithms and the Algo-
rithms Described in Section IV

The algorithms proposed in [11], [12], [14] and described
in Section IV perform the task of UE and beam selection in
mmWave networks in two steps. In the first step, they select
mutually exclusive subsets of UEs for each AP. In the second
step, they select a UE from each subset obtained in the first
step. Also, in the second step, they select a beam at each AP
for the selected UE. Note that this two-step process may not
provide an optimal set of UE and beam pairs for each AP.
In contrast, our proposed algorithms, NGUB1 and NGUB2,
jointly select UE and beam for each AP. Also, note that our
proposed algorithms do not restrict themselves to a subset of

424



UEs during UE selection. Intuitively, due to the above reasons,
our proposed algorithms outperform those proposed in [11],

[12], [14], as demonstrated by the simulation results in Section
VI

VI. SIMULATION RESULTS

In this section, we compare the performance of the most
relevant algorithms proposed in prior works with that of our
proposed novel greedy algorithms— NGUB1 and NGUB2- for
UE and beam selection in mmWave networks via simulations.
To show the robustness of our algorithms, we consider dif-
ferent mmWave network scenarios by varying the network
parameters N4, Ny, operating frequency, serving area, and the
number of SPS. We consider N4 = 2,4,6, Ny = 10, 15, 20,
frequency=73 GHz, 28 GHz, 60 GHz, area= (12 m x 10
m), (18 m x 15 m), 24 m x 20 m), and number of
SPS=1, 5, 10. Throughout the simulations, we consider a non
line of sight (NLOS) environment. For all simulations, we
consider the number of slots equal to 20000. We use the
three-dimensional statistical channel model in [17] for RSS
generation and choose the parameters in the model as provided
in [17], [18], [19]. Note that the channel model in [17] is
based on extensive field measurements conducted in different
mmWave network scenarios and the RSS generated by the
model is approximately the same as the original measurement
in the statistical sense. We use per-user average throughput
as a performance metric. In particular, we have plotted the
mean and the standard deviation of the per-user throughput
obtained from 100 runs of the simulation for each algorithm
and for each mmWave network scenario. Note that a run of
the simulation of an algorithm in a given network scenario
gives one per-user throughput value.

The results in Figs. 2-6 clearly show that our proposed
algorithms— NGUBI and NGUB2- for UE and beam selection
outperform the most relevant algorithms— BounceNet, MDSR
and PIA (see Section IV)— for UE and beam selection in prior
work in all mmWave network scenarios.

VII. CONCLUSIONS AND FUTURE WORK

In this paper, we proposed two novel greedy algorithms—
NGUBI and NGUB2- for user and beam selection in
mmWave networks that contain multiple APs and multiple
UEs. We compared the performance of the most relevant UE
and beam selection algorithms available in prior work with
that of our proposed algorithms. Through simulations, we
have shown that our algorithms outperform the most relevant
algorithms for UE and beam selection in prior work.

The most relevant algorithms for UE and beam selection
in prior work as well as those in this work are designed for
the scenario where an AP can communicate with only one
user at any time. However, it may be possible for an AP to
communicate with multiple UEs simultaneously. Extension of
the algorithms designed in this paper to the case where each
AP can simultaneously communicate with multiple UEs is a
direction for future research.
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