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Dealing with Link Blockage in mmWave Networks:
A Combination of D2D Relaying, Multi-beam

Reflection, and Handover
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Abstract—In this paper, we consider adaptive user equipment
(UE) link selection and user association in millimeter-wave
(mmWave) networks. We formulate a joint optimization of link
selection, resource allocation, and user association, aiming to
maximize the sum logarithmic rate of all UEs. The formulated
problem is solved by decomposing it into two levels of subprob-
lems. The lower-level subproblem is link selection and resource
allocation with a given user association, which is solved by a
three-stage process. In the first stage, we establish the D2D
relaying architecture by assuming that all UEs are served via
D2D relaying. Based on the relaying architecture, we derive
the optimal resource allocation in the second stage. Finally, an
adaptive link selection algorithm is proposed in the third stage to
determine the set of UEs that switch from D2D relaying to multi-
beam reflection. The high-level subproblem is user association,
for which we solve it with a dual decomposition-based approach.
Simulation results indicate that compared to benchmark schemes,
the average data rate achieved by the proposed scheme is
significantly higher than the benchmark schemes and is close
to an upper bound. Besides, the proposed scheme achieves a
good tradeoff between system performance and fairness.

Index Terms—5G Wireless; mmWave; D2D; multi-beam; link
schedule; resource allocation; user association.

I. INTRODUCTION

The emergence of data-intensive mobile applications (e.g.,
ultra high definition video, augmented/virtual reality) has
triggered a growing demand for high data rate services. To
meet such demand, the fifth generation (5G) wireless network
is designed to support the enhanced mobile broadband (eMBB)
use cases by providing 1000x data rate [2]. Millimeter-wave
(mmWave) communication is a key enabling technology of 5G
wireless to achieve multi-Gbps data rate [3], [4]. Operating at
the spectrum band ranging from 30 GHz to 300 GHz, a large
bandwidth is available (e.g., a 850 MHz spectrum at 28 GHz
band was approved by FCC for 5G), resulting in much higher
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data rate compared to traditional cellular networks. Due to
such promising prospects, mmWave bands have been utilized
in commercial 5G networks.

Despite such great potential, mmWave communication is
challenged by its vulnerability to blockage. With short wave-
length, mmWave signals can hardly penetrate obstacles such
as human bodies and walls. As a result, the line-of-sight (LOS)
path between a user equipment (UE) and a base station (BS)
can be easily blocked as UEs move or change orientation [5]–
[7]. When blockage happens, alternative links have to be
established to restore connectivity. There are three possible
approaches for link reestablishment, including (i) device-to-
device (D2D) relaying between UEs, (ii) creating non-line-
of-sight (NLOS) path with beam refection, (iii) handover to
neighboring BSs. Dealing with blockage with one of the
above approaches was considered in existing works. D2D-
based mmWave communication was investigated in [8], [9],
[11], [12], in which MAC protocols that support D2D relaying
were designed. In [13], a multi-beam reflection framework was
proposed to enable NLOS communication via reflection. In
particular, the concept of beamspace MIMO was introduced
and a multiplexing gain was achieved using multiple reflecting
beams. The feasibility of establishing reliable NLOS links
via reflection with commercial mmWave devices was verified
in [35], and a beam switching mechanism was designed to
quickly find the best alternative beam direction when block-
age happens. The handover solution to blockage was also
considered recently (e.g., in [14]–[16]). In [14], the BS-UE
association was optimized based on inter-BS coordination.
In [15], a machine learning-based solution was proposed for
BSs to perform link blockage prediction, which enables proac-
tive handover. In [16], an online machine learning framework
was designed to capture the mobility and blockage patterns of
users, which prevents unnecessary handover and reduces the
signaling overhead.

Although the above approaches can effectively deal with
blockage, the data rate performance is limited by certain
inherent factors. For D2D relaying, a UE needs to share its
communication resource with its relaying UEs. In addition,
during multi-hop relaying, the UE data have to be forwarded
multiple times, which increases the end-to-end delay. The
major limiting factor of multi-beam reflection is the high path
loss NLOS links. While the typical path loss exponent of LOS
links is around 2, the path loss exponent of NLOS links can
reach 4 [18]. Thus, only UEs under favorable conditions (e.g.,
close to BS or with good reflecting surfaces) can achieve sat-
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isfactory performance with multi-beam reflection. Moreover,
as the BS transmission power is split among UEs, the power
allocated to each UE would be small when the number of
UEs is large, resulting in poor quality of service (QoS). The
handover approach, which is easy to be implemented in sub-6
GHz cellular networks, requires intensive interaction between
UEs and BSs as well as coordination between neighboring
BSs. As narrow beams are used in mmWave communications,
discovering alternative BSs and tracking roaming UEs incur
considerable overhead in the control plane, such as that used
for beam sweeping [17]. Besides, uncoordinated handover may
cause imbalanced load distribution among BSs, resulting in
resource underutilization. To fully harness the potential of
these approaches in the presence of their limitations, a com-
bination of multiple approaches with a proper integral design
is highly appealing. This way, the number of UEs served by
each approach decreased, resulting in more communication
resources allocated to each UE. Under this context, how to
properly select the set of UEs that utilizes each approach is
a key design issue that determines the data rate performance,
which has not been previously investigated. Given the nature of
D2D relaying, multi-beam reflection, and handover, optimizing
the use of these approaches is a two-step process. The first step
is determining the set of UEs served by each BS, i.e., user
association, which is equivalent to handover decisions. After
user association is determined, the second step is selecting the
proper link (D2D relaying or multi-beam reflection) for each
NLOS UE.

In this paper, we consider a combination of D2D relaying,
multi-beam reflection, and handover to deal with blockage in
multi-cell mmWave networks [1]. We aim to improve the data
rate performance as well as guarantee fairness among UEs
with adaptive user association and link selection. The main
contributions are summarized as follows.

• We formulate the joint optimization of link selection,
resource allocation, and user association in mmWave
networks as a mixed-integer linear programming (MILP)
problem, aiming to maximize the sum logarithmic rate of
all UEs.

• The formulated problem is decomposed into two levels
of subproblems. The lower-level subproblem is link se-
lection (between D2D relaying and multi-beam reflection)
for each NLOS UE and resource allocation under a given
user association. The higher-level subproblem is user
association.

• The lower-level subproblem is solved with a three-stage
process. In the first stage, we assume that all NLOS
UEs are served by D2D relaying, and establish the
D2D relaying architecture via a beam sweeping-based
approach. Based on the relaying architecture, we derive
the optimal resource allocation in the second stage. Given
the resource allocation, a greedy algorithm is proposed
for the link selection of each NLOS UE. The higher-
level subproblem with a dual decomposition-based ap-
proach, which is implemented with iterative information
exchange between UEs and BSs.

• The performance of the proposed solution is evaluated

with simulations and compared with several benchmark
schemes. The results show that, compared to the case
with a single approach for dealing with blockage, a
proper combination of multiple approaches can signifi-
cantly improve the data rate performance. Besides, the
proposed solution outperforms several heuristic schemes
with considerable performance gain, and the performance
is close to an upper bound. Moreover, fairness among
UEs can be guaranteed, yielding a good tradeoff between
system performance and fairness.

The rest of the paper is organized as follows. We first
review related literature in Section II. The system model and
problem formulation are introduced in Section III. We present
the solution algorithm in Section IV. The simulation results are
demonstrated and analyzed in Section V. Finally, we conclude
this paper in Section VI.

II. RELATED WORK

MmWave communications have drawn considerable atten-
tion in recent years. A fundamental analytical framework
was introduced in [18]. In [19], urban measurements for the
28 GHz band were conducted, based on which a channel
modeling framework and a capacity analysis were presented.
The overviews of PHY layer and MAC layer techniques for
mmWave communications can be found in [20] and [21],
respectively. Compared to traditional wireless systems, a major
feature of mmWave systems is that hybrid beamforming is
used as a cost-effective approach to achieve both antenna gain
and multiplexing gain [22], [23]. Another distinctive feature
of mmWave communications is the need for beam sweeping
during initial access. As narrow beams are used for directional
communication, the transmitter and receiver need to scan
multiple possible directions to discover each other and find
the best Tx & Rx beam pair [24]–[26].

Dealing with blockage in mmWave communications with
relaying has been considered in previous works. In [9], the
effectiveness of D2D relaying in enhancing the coverage of
mmWave cellular networks was analyzed based on a stochastic
geometry framework. Under the context of multi-hop mmWave
vehicular networks with fast varying environments, a deep
reinforcement learning framework was proposed to optimize
relay selection and power allocation [10]. In [11], D2D relay-
ing was employed in mmWave small cell networks to support
efficient multicasting, and a joint design of D2D path planning,
transmission scheduling, and power control was proposed
to improve the system energy efficiency. In the context of
mmWave vehicular communications with vehicle-to-vehicle
(V2V) relaying, a social-aware relay selection scheme was
proposed to fully harness the benefit of relaying in overcoming
blockage [28]. Aiming to enhance the latency and reliability
performance of mmWave multi-hop V2V communications, a
relay selection design that considers channel characteristics,
road topology, and traffic conditions was proposed [29]. From
the perspective of network planning, the placement of relays
was optimized to enhance the coverage of mmWave cells [30].
In [31], joint optimization of relaying selection and transmis-
sion scheduling was proposed to maximize the number of
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transmission flows in relay-assisted mmWave backhauls. In
contrast to these works, we consider combining D2D relaying
with the other two approaches to reduce the traffic load of
each approach. Besides, we specify the process for establishing
D2D relaying architecture, design the transmission pattern, and
optimize the resource allocation to provide a comprehensive
design for D2D relaying, aiming to fully exploit its potential.

Overcoming blockage with reflection was also studied in
existing works. In [32], passive reflectors were employed to
create NLOS links and improve the coverage of 28 GHz
mmWave signals. Besides, the link qualities of NLOS paths
generated by reflectors of different shapes, sizes, and mate-
rials were evaluated. In [33], tunable reflectors were used to
augment vehicle to infrastructure (V2I) communications, and
a deep reinforcement learning-based algorithm was developed
for fast adjustment of reflector angle. From the perspective
of network planning, the placement strategies of base stations
and reflectors were optimized to maximize coverage as well
as minimize the deployment cost [34]. Reflection-based alter-
native link establishment was implemented over commercial
off-the-shelf (COTS) mmWave devices, and a real-time beam-
switching algorithm was proposed for COTS devices to locate
nearby reflectors and estimate their coefficients [35]. Recently,
reconfigurable intelligent surface (RIS) based reflection was
employed to overcome blockage in mmWave cellular systems.
In [36], joint optimization of reflection coefficients and hybrid
precoding/combining matrices was proposed to maximize the
system spectral efficiency. Different from these works, we
focus on the power allocation among UEs that utilize multi-
beam reflection. Moreover, reflection is combined with other
approaches for overcoming blockage, and we propose an
adaptive selection scheme to fully utilize multiple approaches
for performance improvement.

Handover and user association in mmWave systems have
been widely investigated in the literature. To deal with the
challenge of beam alignment caused by narrow beams in
high mobility scenarios, a machine learning-based handover
scheme was proposed in [37], which achieves fast handover
by predicting the mobility of moving vehicles. To realize low-
overhead handover, a multi-armed bandit framework was pro-
posed to capture the user mobility and blockage pattern [38].
Recently, RIS was employed for efficient blockage-aware
handover [39]. By optimizing the beamformers and RIS phase
shifts, the impact of blockage can be mitigated, thus reducing
the number of unnecessary handovers. In [40], user association
was optimized to achieve a good tradeoff between spectrum
efficiency and energy efficiency in mmWave backhaul small
cell networks. In [41], load balancing-aware user association
was investigated. Based on the features of mmWave links,
user association was formulated as a mixed-integer nonlinear
programming problem and solved with a polynomial-time
algorithm. To avoid the high overhead of centralized control,
a multi-agent reinforcement learning-based user association
was proposed in [42], in which each UE acts as an agent
and selects the associated BS based on its local observation,
without having to carry out information exchange. In [43], user
association and resource allocation were jointly optimized for
a multi-band mmWave heterogeneous network, and an iterative
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Fig. 1. Downlink transmissions of an mmWave cellular network supported
by D2D relaying and multi-beam reflection.

framework was proposed to obtain a near-optimal solution.
Our work differs from the above ones in that user association
is used to determine the handover decision, and it is jointly
optimized with link selection between D2D relaying and multi-
beam reflection to achieve load balancing among BSs and
better network-wide performance.

III. PROBLEM FORMULATION

We consider a multi-cell mmWave network with J mmWave
BSs indexed by j ∈ {1, . . . , J} , J , which collectively serve
K UEs indexed by k ∈ {1, . . . ,K} , K. The UEs are subject
to random blockage. The UEs under blockage are served by
the BSs via either D2D relaying or multi-beam reflection. The
user association of UE k is indicated by the following binary
variable1

xk,j ,

{
1, if UE k is associated with BS j,
0, otherwise. (1)

We consider the case that each UE can only associate with
at most one BS, then

∑J
j=1 xk,j ≤ 1,∀k. We also assume

that the number of UEs associated with each BS j is up-
per bounded by Uj (e.g., Uj is the number of channels),
then

∑K
k=1 xk,j ≤ Uj ,∀j. We consider all BSs operate in

time division duplexing (TDD) mode, which enables efficient
channel estimation via channel reciprocity. Since achieving
high downlink data rates is the major objective for many data-
intensive applications (e.g., VR/AR and UHD video), we focus
on the design and optimization of downlink transmissions. The
solution can be applied to the uplink transmissions with minor
modifications. As shown in Fig. 1, we consider the downlink
transmissions. Each NLOS UE has two options for establishing
alternative links, a relaying UE or multi-beam reflection. Since
there is no loop in the D2D relay, the relaying topology can be
modeled as a tree with the BS being the root. Then, a multi-
beam reflection link can be viewed as an alternative connection
from the root to a node (i.e., an NLOS UE).

When UE k is served by BS j, the type of link utilized by
UE k (i.e., multi-hop D2D relaying or multi-beam reflection)
is indicated by two variables αk,j and βk,j , which are defined

1When UE k is blocked, it is associated with BS j if it is connected to BS
j via D2D relaying or multi-beam reflection.
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TABLE I
SUMMARY OF RELATED WORK

Scenario
Approach Relaying Reflection Handover

Relay Transmission Reflector Beamforming User Blockage
selection scheduling configuration association analysis

Cellular network [8], [9] [36] [13], [36] [41]–[43] [15], [38], [39]
V2X communication [10], [28], [29] [33] [37]

Backhaul [31] [31] [40]
Small cell network [11], [12] [40]

TABLE II
SUMMARY OF NOTATIONS

Symbol Definition

xk,j User association indicator of UE k
αk,j and βk,j Link selection variables of UE k when served by BS j
ak,k′,j Entry of descendent matrix of D2D relaying tree of BS j
ρk,j Number of hops needed to transmit the packets of UE k
θk,j Number of transmissions that includes the packets of UE k in a downlink period
ti,qk,j Fraction of time allocated to UE k on its ith hop during the qth transmission
Cik,j Link capacity of the ith hop of UE k when served by BS j
γik,j SINR of the ith hop link of UE k when served by BS j.

hik,j , G
i
k,j , d

i
k,j , p

i
k,j

Small-scale fading factor, antenna gain, propagation distance, and transmission power
of the ith hop transmission of UE k, respectively.

hmk,j , p̃
m
k,j , G

m
k,j , d

m
k,j

Small-scale fading factor, power, antenna array gain, and distance
of the mth path, respectively.

p̃k,j Transmission power allocated to UE k when served by BS j via multi-beam reflection
NLOS,j Number of LOS UEs served by BS j
Mk,j Number of reflecting beams serving UE k

Rk,j and R̃k,j Data rate of UE k when served by BS j via D2D relaying and multi-beam reflection, respectively.
NBS and NUE Number of directions to be swept by the BS and the UE during beam sweeping, respectively.

∆
[τ ]
k,j

Performance gain of all UEs when UE k switches from D2D relaying to multi-beam reflection
at the τ th round of Algorithm 1

by

αk,j ,

{
1, UE k utilizes D2D relaying or LOS link
0, otherwise, (2)

βk,j ,

{
1, UE k utilizes multi-beam reflection
0, otherwise, (3)

Based on the definitions from (1) to (3), we have αk,j+βk,j =
xk,j for k ∈ K, j ∈ J . Note that we have αk,j = 1 for all LOS
UEs since they are part of the D2D relaying architecture. Since
αk,j ≤ xk,j and

∑K
k=1 xk,j ≤ Uj , we have

∑
αk,j ≤ Uj .

Similarly, we have
∑
βk,j ≤ Uj . For UEs served by BS j with

αk,j = 1, their relaying routes are indicated by a descendent
matrix, in which the entries are defined by

ak,k′,j ,

{
1, UE k′ is a descendent of UE k
0, otherwise, (4)

Since {ak,k′,j} are defined for UEs that are involved in D2D
relaying, we have ak,k′,j ≤ αk,j and ak,k′,j ≤ αk′,j for k ∈
K, j ∈ J . Denote ρk,j as the depth of UE k in the D2D
relaying tree, given by

ρk,j =
∑

k′ 6=k
ak′,k,j + 1. (5)

It can be seen that ρk,j is the number of hops required to
transmit the packets of UE k. Let N be the maximum value of

ρk,j , which is the largest number of hops that can be supported
by the network.2 As shown in Fig. 2, to accommodate N hops
of relaying, we divide the downlink transmission period into
N time slots, indexed by i = 1, . . . , N . The ith time slot is
used to transmit packets from the ith-hop UEs (i.e., UEs with
ρk,j = i) to the (i+1)th-hop UEs (i.e., UEs with ρk,j = i+1).
This way, the packets of the N th-hop UEs can be received at
the end of the downlink period. For UEs that are connected to
the BS via multi-beam reflection, the entire downlink period
is utilized for data transmission.

We assume that all UEs can only support half duplex
communication. Thus, adjacent links (i.e., those share the
same UE as Tx/Rx) cannot be utilized for data transmission
concurrently [27]. Given this constraint, the total number of
transmissions that can be implemented during a downlink
period is

⌈
N
2

⌉
. The transmission pattern is as shown in Fig. 2.

The packets of each UE are sent with multiple rounds of
transmissions, each consisting of multiple stages. For example,
after the 2nd stage of the 1st transmission (from 1st-hop

2Theoretically, the maximum number of hops for each route should be dif-
ferent, since it is impacted by channel quality between UEs and the maximum
latency. In our problem, all relaying transmissions must be completed within
the downlink period of a TDD frame, and each time slot a downlink period
is used to transmit one hop of user packets. Thus, the maximum allowable
number of hops that can be supported is determined by the number of time
slots in a downlink period, which is the same for all routes.
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4→5

5,…,N

2→3

3,…,N-2

If N is an even number:

If N is an odd number:

Fig. 2. Transmission pattern of a TDD-based multi-hop D2D mmWave
cellular network.

UEs to 2nd-hop UEs) is completed, the 2nd transmission
can be initiated, since the 1st-hop UEs have completed their
transmissions and are free for reception. As the transmissions
continue and the index of transmissions increases, the packets
of UEs with larger ρk,j are not transmitted, since there is not
enough time to complete these transmissions. Specifically, the
packets of UEs with ρk,j = N − 1 and ρk,j = N are not
included in the 2nd transmission; the packets of UEs with
ρk,j = N − 3, ..., N are not included in the 3rd transmission,
and so on. Let θk,j be the number of transmissions that include
the packets of UE k, it is calculated by

θk,j =

{
N
2 −

⌈ρk,j
2

⌉
+ 1, N is even

N+1
2 −

⌊ρk,j
2

⌋
, N is odd,

(6)

With advanced spatial multiplexing techniques, such as
hybrid beamforming [23], an mmWave BS is can serve mul-
tiple UEs using the same time-frequency resource block. In
contrast, due to hardware constraints, when a UE relays the
packets of multiple UEs, orthogonal time-frequency resource
has to be allocated to these UEs. Without loss of generality,
we consider time division multiple access (TDMA) is applied
when a UE forwards the packets of multiple UEs to the next-
hop UE. Specifically, a fraction of time in each time slot is
exclusively allocated to transmit the data of each UE. Denote
ti,qk,j as the fraction of time allocated to UE k on its ith hop
during the qth transmission. Consider the outflow of a relaying
UE, ti,qk,j should satisfy∑

k′ 6=k

ak,k′,jt
ρk,j+1,q
k′,j ≤ 1,

k ∈ {k |ρk,j ≤ N − 1}, q = 1, ..., θk,j +
⌈ρk,j

2

⌉
. (7)

For UEs with ρk,j = 1, i.e., the LOS UEs, the inflow constraint

is given by∑
k′ 6=k

ak,k′,jt
1,q
k′,j + t1,qk,j ≤ 1,

k ∈ {k |ρk,j = 1}, q = 1, ...,

⌈
N

2

⌉
. (8)

The inflow constraint (8) only applies to the 1st-hop transmis-
sion. This is because the inflow packets received by other hops
(ρk,j > 1) are sent within a fraction of a time slot due to the
TDMA-based allocation at the previous hop. As each relaying
UE only receives packets from one UE (see the D2D relaying
tree shown in Fig. 1), the duration of packet reception is always
shorter than or equal to that of a time slot. Thus, for UEs with
ρk,j > 1, the left-hand side of (8) is always no larger than 1.
Besides outflow and inflow constraints, {ti,qk,j} also follows
constraints result from the data rates of neighboring links.
Specifically, the data rate of the link between the previous
hop and the current hop should be no less than the data rate
of the link between the current hop and the next hop. Thus,
{ti,qk,j} should also satisfy

Cik,jt
i,q
k,j ≥ C

i+1
k,j t

i+1,q
k,j ,

k ∈ {k |ρk,j ≥ 2}, i = 1, ..., ρk,j − 1, (9)

where Cik,j is the link capacity of the ith hop of UE k when
served by BS j, given by

Cik,j = B log
(
1 + γik,j

)
, (10)

where B is the system bandwidth and γik,j is the SINR of
the link for the ith hop of UE k when served by BS j. Note
that, we assume that γik,j remains a constraint over all the
θk,j transmissions, since the downlink period is shorter than
the coherence time of a TDD system.

Based on the SINR model presented in [18], we derive the
SINR expressions for different types of links. When UE k is
served by D2D relaying, the SINR is given by

γik,j =
1

σ2
pik,jh

i
k,jG

i
k,j(d

i
k,j)
−2, (11)

where hik,j is the small scale fading factor, which is a normal-
ized Gamma random variable [18]; Gik,j is antenna array gain;
dik,j and pik,j are the propagation distance and transmission
power for the ith hop transmission of UE k, respectively.
The noise power is σ2. Due to the “pseudo-wired” property
and large propagation loss of mmWave communications, we
neglect the impact of interference in the SINR model. Since
each D2D transmission is under an LOS link, the path loss
exponent is set to be 2 according to [18].

We assume that the transmission power of BS j is equally
allocated to UEs served by BS j with multi-beam reflection
and LOS UEs. Hence, the transmission power allocated to each
UE is given by

p̃k,j =
Pj∑

k βk,j +NLOS,j
, (12)

where Pj is the transmission power of BS j, NLOS,j is the
number of LOS UEs served by BS j. Similar to (11), the SINR
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UE k when served with an LOS link is given by

γ1k,j =
1

σ2
p̃k,jh

1
k,jG

1
k,j(d

1
k,j)
−2
. (13)

Suppose UE k is served by a total number of Mk,j reflecting
beams, indexed by m = 1, ...,Mk,j . Let γ̃mk,j be the SINR of
the mth beam of UE k, it is calculated by

γ̃mk,j =
1

σ2
p̃mk,jh

m
k,jG

m
k,j(d

m
k,j)
−4
, (14)

where hmk,j , p̃
m
k,j , G

m
k,j , and dmk,j are the small-scale fading

factor, transmission power, antenna array gain, and distance
of the mth path, respectively. The interference caused by side
lobes is negelected. The path loss factor of all NLOS reflecting
links is 4. Without loss of generality, we assume p̃k,j is equally
allocated to the Mk,j beams.

Given the SINR expressions, the data rate of UEs under
different links can be derived. When UE k is served by BS
j with D2D relaying, its data rate is the sum of all the θk,j
transmissions. For each transmission, the actual data rate is
the data rate of the final hop divided by the number of hops.
Then, the data rate of UE k when served by BS j via D2D
relaying is given by

Rk,j =

θk,j∑
j=1

1

ρk,j
C
ρk,j
k,j t

ρk,j ,q
k,j . (15)

The data rate of the LOS UEs is a special case of (15) when
ρk,j = 1.

For UEs k served by multi-beam reflection, their data rate
is the sum of data rates of all beams, which is given by

R̃k,j =

Mk,j∑
m=1

B log
(
1 + γ̃mk,j

)
. (16)

In this paper, we aim to maximize the sum logarithm rate
of all UEs with joint optimization of link selection, resource
allocation, and user association.3 Let x, α, β, a, and t be the
vector/matrix forms of {xk,j}, {αk,j}, {βk,j}, {ak,k′,j}, and

3We consider joint optimization of link selection, resource allocation,
and user association since these strategies are coupled. For example, user
association directly determines the traffic load of each BS and the achievable
data rate of each UE when selecting different links, which impact the link
selection strategy. Thus, instead of solving each problem separately, we
formulate and solve the joint optimization of the three strategies.

{ti,qk,j}. The problem is formulated as

P1: max
{x,α,β,a,t}

K∑
k=1

J∑
j=1

xk,j

{
αk,j logRk,j + βk,j log R̃k,j

}
subject to: (7)− (9)∑J

j=1xk,j ≤ 1, k ∈ K, (17)∑K
k=1xk,j ≤ Uj , j ∈ J , (18)

αk,j + βk,j = xk,j , k ∈ K, j ∈ J , (19)∑
k′ 6=k

ak′,k,j ≤ 1, k ∈ {k |ρk,j ≤ 2}, (20)

ak,k′,j ≤ αk,j , k ∈ K, (21)

0 ≤ ti,qk,j ≤ αk,j , k ∈ K, j ∈ J ,
i = 1, . . . , N, q = 1, . . . , θk,j , (22)

xk,j , αk,j , βk,j , ak,k′,j ∈ {0, 1} , k ∈ K, j ∈ J . (23)

Constraint (20) results from the fact that each node can only
have at most one parent node in the D2D relaying tree. All
other constraints have been explained before in this section.

IV. SOLUTION ALGORITHM

Problem P1 is a mixed-integer programming problem with
multiple sets of coupled variables. Solving it with standard
techniques incurs prohibitive complexity. Therefore, we de-
compose Problem P1 into two levels of subproblems. The
lower-level is link selection and resource allocation with a
given user association, and we solve it with a three-stage
process. The higher-level is user association given that the
solution of the lower-level subproblem will be applied, which
is solved by a dual decomposition-based algorithm.

The reasons for decomposing Problem P1 with the above
pattern are as follows. First, as mentioned in the previous
section, link selection and resource allocation are optimized
based on the outcome of user association. Due to this fact,
{αk,j}, {βk,j}, and {ti,qk,j} are defined based on {xk,j}.
Second, link selection and resource allocation are mutually
coupled. Specifically, resource allocation is optimized for the
set of UEs that are served by D2D links, which are determined
by the link selection strategy; the link selection of UEs is
based on the data rates of D2D and multi-beam reflection
links, which depend on the outcome of resource allocation.
Third, user association is determined by the achievable data
rates of UEs when connecting to different BSs, which is
impacted by link selection and resource allocation. Other
ways of decomposing Problem P1, such as optimizing link
selection and user association under given resource allocation
(higher-level subproblem) and resource allocation (higher-level
subproblem), are not reasonable. For example, link selection
would be meaningless for a UE unless its associated BS
has been confirmed, and resource allocation among D2D
UEs cannot be performed before link selection is determined.
Therefore, we set user association as the higher-level subprob-
lem and set link selection and resource allocation under given
user association as the lower-level subproblem.
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A. Link Selection and Resource Allocation with Given User
Association

With a given user association, the link selection and resource
allocation are determined by a three-stage process. In the first
stage, we set all UEs associated with a BS to be served with
D2D relaying, and establish the D2D relaying architecture
(i.e., {ak,k′,j}) with a beam sweeping-based approach. In the
second stage, we derive the optimal resource allocation under
the derived D2D relaying architecture. In the third stage, based
on the outcome of resource allocation, we evaluate the data
rate gains achieved by UEs when they switch from D2D
relaying to multi-beam reflection, and accordingly determine
the set of UEs to be served by multi-beam reflection.

As user association is given, UEs served by different BSs
are independent of each other. Thus, problem P1 can be
decomposed into J independent problems, each corresponds
to the sum logarithm rate maximization of UEs served by
the same BS. Without loss of generality, we consider the link
selection and resource allocation of BS j.

1) D2D Relaying Architecture Establishment: To establish
the D2D relaying architecture, the neighboring UEs need to
discover each other and estimate the link qualities between
them. Due to the directionality of mmWave communication,
beam sweeping is required for UEs to find the best Tx &
Rx beam directions between them. After beam sweeping is
completed, each receiving UE identifies the best Tx/Rx beam
pairs (e.g., the Tx/Rx beam direction with the highest received
power) between itself and various potential relaying UEs, and
records the link qualities under the best beam pairs. Then, each
UE selects the UE with the best link quality as its relaying UE
(i.e., parent node in the D2D relaying tree). The D2D relaying
architecture is established after all NLOS UEs have selected
their relaying UEs.

The detailed process of beam sweeping is described as
follows. As we assume that all UEs can only perform half-
duplex communication, beam sweeping has to be performed
sequentially between BS and LOS UEs and between neigh-
boring hops of UEs, which is similar to the transmission
pattern shown in Fig. 2. Recall that the maximum number
of hops for D2D relaying is N . To support N hops of
relaying, the D2D relaying architecture must be sequentially
established in N steps. To this end, we divide the period for
D2D relaying architecture establishment into N time slots,
indexed by i = 1, . . . , N . The first time slot is used for
beam sweeping between the BS and UEs at the first hop
(i.e., LOS UEs), and the ith time slot (i > 1) is used for
the beam sweeping and relay selection between UEs at the ith
hop and UEs at the (i + 1)th hop. Since the D2D relaying
architecture is based on LOS links, only LOS signals are
evaluated during beam sweeping, which can be identified
via existing approaches [45]. By identifying LOS signals,
each UE obtains its value of ρk,j (i.e., the number of hops
needed to communicate with the BS). Specifically, the UEs
that can receive LOS signals from the BS are first-hop UEs
(i.e., LOS UEs), the UEs that can receive LOS signals from
first-hop UEs are second-hop UEs, the UEs that can receive
LOS signals from second-hop UEs are third-hop UEs, and

21 1 2NBS 

...... ... ...

NBS

BS directions

First UE direction Last UE direction

...

BS directions

21 1 2NUE 

...... ... ...

NUE

UE directions

 First BS direction  Last BS direction

...

UE directions

Round-robin 

Tx at BS

Round-robin 

Rx at UE

Fig. 3. Beam sweeping process between BS and UE.

so on. Considering that the UEs have no prior knowledge
about their values of ρk,j , each UE needs to perform Rx beam
sweeping (i.e., receive with different beam directions) until it
has selected its relaying UE. Specifically, the LOS UEs will
perform one round of Rx beam sweeping in the first time
slot, the 2nd-hop UEs will perform two rounds of Rx beam
sweeping in the first and second time slots, the ith hop UEs
will perform i rounds of Rx beam sweeping from the first time
slot to the ith time slot, and so on.

The beam sweeping between the BS and LOS UEs is
performed by the BS sequentially sending multiple predefined
signals (e.g., synchronization signal blocks in NR) along with
different Tx beam directions. At the UE side, all UEs receive
the LOS components of these signals with different Rx beam
directions, and record the link qualities of all Tx/Rx beam
pairs. Let NBS and NUE be the number of directions to be
swept by the BS and the UE, respectively. The beam sweeping
can be performed in two ways. The first way is shown in the
upper part of Fig. 3, where the BS sequentially sends NBS

copies of signals along with all the NBS directions in a round-
robin fashion, and this process is repeated for NUE rounds.
Within each round, the UE receives a set of NBS signals with
one of the NUE directions; when the next round begins, the
UE switch to the next direction to receive another set of NBS

signals. The second way is shown in the lower part of Fig. 3,
where the BS repeatedly sends NUE copies of signals along
with one of the NBS directions; after that, it sends NUE copies
of signals along the next direction. This process is repeated for
all the NBS Tx directions. At the UE side, the UE sequentially
receives a complete round of NUE signals with all the NUE

directions in a round-robin fashion, and repeat this process
until all the NBS rounds of signal reception are completed.

After the beam sweeping between BS and 1st-hop UE (i.e.,
LOS UE) is completed, the beam sweeping between 1st-
hop and 2nd-hop UEs is performed in the second time slot.
Similarly, the 1st-hop UEs sequentially send predefined signals
along with different Tx directions; then the remaining UEs
receive the LOS components of these signals with different
Rx directions, and record the link qualities of all Tx/Rx beam
pairs. The UEs that have received LOS signals from 1st-hop
UEs identify themselves as the 2nd-hop UEs, and initiate
the beam sweeping in the third time slot by sending prede-
fined signals along with different directions. The remaining
UEs (other than 1st-hop and 2nd-hop UEs) receive the LOS
components of these signals and record the best beam pairs;
the UEs that have received LOS signals from 2nd-hop UEs
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identify themselves as the 3rd-hop UEs, and initiate the next
round of beam sweeping. The above process continues until
the N th-hop UEs have completed their LOS signal reception
and recorded the best beam pair.

To enable the Rx UEs to record the link qualities of various
Tx UEs, the signals used for beam sweeping between UEs
are designed to carry the ID of Tx UEs. Along with ID, the
Tx UEs also attach their selections of relaying UE in the
beam sweeping signals. As all the relaying UEs share their UE
selections to their next-hop UEs, the routing path of each UE
can be obtained by aggregating the selections of the UEs at its
previous hops, which finalizes the process for D2D relaying
architecture establishment. After the relaying architecture is
established, each NLOS UE sends its uplink data and relaying
path information to the BS via the obtained D2D path.

2) Optimal Resource Allocation Under D2D Relaying:
With the D2D relaying architecture, the resource allocation
of BS j when all NLOS UEs are served by D2D relaying is
formulated as the following problem.

P2: max
{t}

K∑
k=1

xk,j log

θk,j∑
q=1

C
ρk,j
k,j t

ρk,j ,q
k,j

ρk,j


subject to: (7)− (9)

The objective function of Problem P2 is convex and all
constraints are linear. Thus, Problem P2 a convex optimization
problem, which can be optimally solved with a Lagrangian
dual method.

3) Greedy Link Selection: Based on the optimal solution
of problem P2, we develop a greedy algorithm to determine
the link selection of NLOS UEs in the third stage. The idea
is to iteratively evaluate the performance gain of UEs when
they switch from D2D to multi-beam reflection, and select
the UE(s) with the largest performance gain to make such
a switching. We denote ∆

[τ ]
k,j as the performance gain of all

UEs when UE k switches from D2D relaying to multi-beam
reflection at the τ th round of the greedy algorithm. When a UE
switches to multi-beam reflection, all of its descendent UEs
in the D2D tree (if there is any) would also switch to multi-
beam reflection. This is because, if the descendent UEs are
not switched, it is necessary to reconstruct the D2D relaying
architecture, which is time-consuming. Besides, these UEs
would become the descendants of other UEs, which brings a
significant change of data rate to these UEs, making the eval-
uation of performance gain inaccurate. The performance gain
of UE k and its descendent UEs when switching from D2D
relaying to multi-beam reflection is calculated by: ∆

[τ ]
k,j =

log R̃
[τ ]
k,j − logR

[τ ]
k,j +

∑
k′ 6=k

ak,k′,j

(
log R̃

[τ ]
k′,j − logR

[τ ]
k′,j

)
.

As UEs switch from D2D relaying to multi-beam reflection,
the available resources (transmission time) of D2D relaying
UEs are increased, while the transmission powers of LOS
UEs and multi-beam reflection UEs are decreased. For D2D
relaying UEs, the values of tρk,j ,qk,j for different UEs would
be close to each other under optimal resource allocation,
since the objective function is the sum logarithm rate, which
achieves proportional fairness. As a result, when an NLOS
UE l switches from D2D relaying to multi-beam reflection,

Algorithm 1: Adaptive Link Selection for UEs Served by
BS j

1 Initialize: αk,j = 1, βk,j = 0, ∀k ∈ Ωj ; Φj = {k |αk,j = 1} ;
2 τ = 1, l = arg max{k∈Φj} ∆

[1]
k,j ;

3 while ∆
[τ ]
l,j > 0 do

4 if ρl,j = 1 then
5 Set βl,j = 1, αl,j = 0 ;
6 Update Φj = Φj − {l} ;
7 for k ∈ Ωj do
8 Update R[τ ]

k,j with (14) by adding t
ρl,j ,q

l,j /
∑
k αk,j

to each t
ρk,j ,q

k,j , k ∈ Φj ;
9 Update R̃[τ ]

k,j with (15) by multiplying p̃k,j with
(
∑
k βk,j +NLOS,j)/(

∑
k βk,j + 1 +NLOS,j);

10 Calculate ∆
[τ ]
k,j ;

11 end
12 else
13 Set βl,j = 1, αl,j = 0 ;
14 Set βl′,j = 1, αl′,j = 0, ∀l′ ∈ ηl,j ;
15 Update Φj = Φj − {l} − ηl,j ;
16 for k ∈ Ωj do
17 Update R[τ ]

k,j with (14) by adding
(t
ρl,j ,q

l,j +
∑
l′ 6=l al,l′,jt

ρl′,j ,q

l′,j )/
∑
k αk,j to each

t
ρk,j ,q

k,j , k ∈ Φj ;
18 Update R̃[τ ]

k,j with (15) by multiplying p̃k,j with
(
∑
k βk,j +NLOS,j)/(

∑
k βk,j + 1 +∑

l′ 6=l al,l′,j +NLOS,j), ∀k /∈ Φj ;
19 Calculate ∆

[τ ]
k,j ;

20 end
21 end
22 l = arg max{k∈Φj} ∆

[τ ]
k,j ;

23 τ = τ + 1 ;
24 end

the “released” resource is approximately equally added to all
the other UEs. Specifically, the values of tρk,j ,qk,j of other UEs

is increased by
t
ρk,j ,q

l,j∑
k αk,j

if UE l does not have any descendent

in the D2D tree and increased by
t
ρl,j ,q

l,j +
∑
l′ 6=l al,l′,jt

ρ
l′,j ,q

l′,j∑
k αk,j

if
UE l has descendent(s) in the D2D tree. For UEs served
by multi-beam reflection, since the BS transmission power
is equally shared among them, the power allocated to each
UE is decreased by a factor of

∑
k βk,j+NLOS,j∑

k βk,j+1+NLOS,j
if UE

k has no descendent in the D2D tree, and decreased by∑
k βk,j+NLOS,j∑

k βk,j+1+
∑
l′ 6=l al,l′,j+NLOS,j

otherwise.
Let Ωj be the set of UEs served by BS j and let Φj

be the set of UEs served by BS j via D2D relaying,
Φj ⊂ Ωj . Define the set of the descendent UEs of UE k as
ηk,j = {k′| ak,k′,j = 1}. The greedy link selection scheme is
summarized in Algorithm 1. In each round of Algorithm 1, the
UE(s) with the largest performance gain is selected to switch
from D2D relaying to multi-beam reflection. The switching
process terminates until none of the UE(s) can achieve a
positive performance gain, since the sum logarithm rate can
not be improved when ∆

[τ ]
k,j ≤ 0.

After link selection is completed, the resource
allocation of UEs served by D2D links is updated
by changing the objective function of Problem P2

to
∑K
k=1 αk,j log

(∑θk,j
q=1

C
ρk,j
k,j t

ρk,j ,q

k,j

ρk,j

)
and solving the

corresponding problem.
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Lemma 1. The complexity of link selection by all BSs is
O(K).

Proof. The time complexity of Algorithm 1 is determined by
the number of UEs with ∆

[τ ]
l,j > 0, which is upper bounded

by the number of UEs associated with BS j, i.e.,
∑K
k=1 xk,j .

Considering all the j BSs, the complexity for each round of
link selection is upper bounded by

∑K
k=1

∑J
j=1 xk,j . Thus,

the total complexity of link selection based on Algorithm 1
by all BSs is O(K).

Lemma 2. The value of objective function achieved by Algo-
rithm 1 is at least 1∑K

k=1 xk,j
of the global optimum.

Proof. The proof is omitted for brevity. The approach is sim-
ilar to the proof of Theorem 1 in our previous work [46].

B. Dual Decomposition-Based User Association

In this part, we present the dual decomposition-based user
association. Aiming to maximize the sum logarithmic rate of
all UEs, each UE needs to select the BS that provides the
highest logarithmic data rate; the traffic load assigned to each
BS should be properly optimized such that load balancing
between BSs can be achieved. To achieve these goals, we apply
dual decomposition to obtain near-optimal user association.

Let αk,j(x) and βk,j(x) be the link selection variables ob-
tained with the proposed link selection and resource allocation
under user association x, respectively. Similarly, we denote
Rk,j(x) and R̃k,j(x) as the data rates of UE k if served by
BS j via D2D relaying and multi-beam reflection, respectively.
Then, the user association problem is formulated as follows.

P3: max
{x}

K∑
k=1

J∑
j=1

xk,j {αk,j(x) logRk,j(x)

+βk,j(x) log R̃k,j(x)
}

s.t.:
J∑
j=1

xk,j ≤ 1, k ∈ K, (24)

K∑
k=1

xk,j ≤ Uj , j ∈ J , (25)

xk,j ∈ {0, 1} , k ∈ K, j ∈ J , (26)

Problem P3 is an integer programming problem, which is
generally NP-hard. To derive a low-complexity solution al-
gorithm, a dual decomposition-based approach is applied to
obtain a near-optimal solution. As discussed, an important
design objective of user association is achieving load balancing
between BSs, which aims to find the optimal load assigned to
each BS. Thus, we set the traffic loads of all BSs, denoted
by L = {L1, . . . , LJ}, as a set of auxiliary variables. Then,
we add a new set of constraints,

∑K
k=1 xk,j = Lj , j ∈ J ,

to the problem. We also relax the integer constraint of {xk,j}
be allowing them to take continuous values in [0, 1]. With the
new constraints, Problem P3 is transformed to the following

problem.

P4 : max
{x}

K∑
k=1

J∑
j=1

xk,j {αk,j(x) logRk,j(x)

+βk,j(x) log R̃k,j(x)
}

s.t.: (24) and (25)
K∑
k=1

xk,j = Lj , j ∈ J , (27)

xk,j ∈ [0, 1], k ∈ K, j ∈ J . (28)

Since we aim to find the optimal BS traffic loads L, a partial
relaxation is applied on the constraints

∑K
k=1 xk,j = Lj , j ∈

J . Then, we have the corresponding Lagrangian function

L (x,λ) =

K∑
k=1

J∑
j=1

xk,j {αk,j(x) logRk,j(x)

+βk,j(x) log R̃k,j(x)
}
−

J∑
j=1

λj

(
K∑
k=1

xk,j − Lj

)
.

(29)

Let g(λ) be the maximum value of L (x,λ) over all possible
x, given by

g(λ) = max
{x}
L (x,λ) . (30)

Then, the dual problem of P4 is to find the λ that minimizes
g(λ), given by

P4-Dual: min
{λ}

g(λ) (31)

where λ is the Lagrangian multiplier for Constraint (27).
At each iteration of the proposed dual decomposition-based

solution, x and λ are iteratively updated by UEs and ENs by
solving the problems given in (30) and (31), respectively.

It can be seen that the problem given in (30) (i.e., maximiz-
ing g(λ)) can be decomposed into K independent subprob-
lems, each to be separately solved by the corresponding UE.
To obtain the optimal solution of the subproblem for UE k at
the t th iteration, UE k selects the optimal BS j∗[t] according
to

j∗[t] = arg max
j∈J
{αk,j(x) logRk,j(x)

+βk,j(x) log R̃k,j(x)− λ[t]j
}
. (32)

In (32), {αk,j(x)} and {βk,j(x)} are obtained via Algo-
rithm 1 by applying x obtained from the previous iteration;
Rk,j(x) and log R̃k,j(x) are calculated based on the obtained
{αk,j(x)} and {βk,j(x)}. Once a UE completes its BS se-
lection, it informs the selected BS by sending a notification
message to the BS. Receiving the messages from the UEs,
each BS j updates the user association variables related to it,
xj = [x1,j , . . . , xK,j ], with the following

x
[t]
k,j =

{
1, j = j∗[t],
0, otherwise.

(33)

Similarly, the problem of minimizing g(λ) (i.e., Problem
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P4-Dual) can be decomposed into J independent subprob-
lems, each to be solved by the corresponding BS. The sub-
problem to be solved BS j is given by

min
{λ}

gj(λj), (34)

where gj(λj) is given by

gj(λj) = max
{x}

{
K∑
k=1

xk,j (αk,j(x) logRk,j(x) (35)

+βk,j(x) log R̃k,j(x)
)
− λj

(
K∑
k=1

xk,j − Lj

)}
.

BS j solves (34) with a gradient approach. At the t th iteration,
BS j updates λ[t]j by

λ
[t+1]
j = λ

[t]
j − s

[t]
j ρ

[t]
j , (36)

where ρ[t]j is the gradient of gj(λj) at the t th iteration, given
by

ρ
[t]
j = L

[t]
j −

K∑
k=1

x
[t]
k,j , (37)

and s[t]j is the step size, given by

s
[t]
j =

g(λ[t])− g∗[t]∥∥ρ[t]
∥∥2 , (38)

where g∗[t] is the estimate for the optimal value of g(λ) at
iteration t, which is obtained by

g∗[t] = min
{0≤t′≤t}

g(λ[t])− ε[t], (39)

and ε[t] is updated by

ε[t+1] =

{
yε[t], if g(λ[t+1]) ≤ g(λ[t]),

max{zε[t], ε}, if g(λ[t+1]) > g(λ[t]),
(40)

where y, z, and ε are predetermined positive constants with
y > 1 and z < 1 [49].

With the updated λ[t]j , BS j updates its traffic load L[t]
j by

L
[t+1]
j = min

{
K∑
k=1

x
[t]
k,j , Uj

}
. (41)

Finally, BS j broadcasts the updated Lagrangian variable λ[t]j
and traffic load L

[t]
j to nearby UEs. Based on the updated

parameters, the UEs then initiate the next iteration of BS
selection. The information exchange between UEs and BSs is
illustrated in Fig. 4. The procedure of the dual decomposition-
based user association algorithm is presented in Algorithm 2.

At each iteration of Algorithm 2, each UE makes one round
of BS selection, and each BS performs one round of parameter
updates. Thus, the complexity of Algorithm 2 is Y (K + J),
where Y is number of iterations.

Lemma 3. Algorithm 2 converges faster than the sequence
{1/
√
t}.

Algorithm 2: Dual Decomposition-Based User Associa-
tion

1 Initialize L and λ ;
2 do
3 for k = 1 : K do
4 UE k selects a BS according to (32) and notifies the

selected BS ;
5 end
6 for j = 1 : J do
7 BS j updates xj with (33) ;
8 Updates ρj with (37) ;
9 Updates λj with (36) ;

10 Updates Lj with (41) ;
11 end
12 t+ +
13 while (x is not converged);

UE BS

Notify selected BS

1. Update user association variable & traffic load

2. Update Lagrangian variable

3. Generate link selection with Algorithm 1

4. Calculate updated data rates

1. Traffic load

2. Lagrangian variable

3. link selection outcome

4. Updated data rates 

BS selection

BS selection

Iterate until convergence

...

BS selection

Notify selected BS

1. Traffic load

2. Lagrangian variable

3. link selection outcome

4. Updated data rates 

1. Update user association variable & traffic load

2. Update Lagrangian variable

3. Generate link selection with Algorithm 1

4. Calculate updated data rates

Notify selected BS

...

...

Fig. 4. Information exchange between UEs and BSs in the dual
decomposition-based user association algorithm.

Lemma 4. Y is upper bounded by 1/ω2, where ω is the
convergence threshold of g(λ).

Proof. The proofs are omitted due to page limit, readers can
refer to our previous work for more details [47]. The key idea
is to analyze the optimality gap of λ and derive an upper

bound for
∞∑
t=1

(
g(λ[t])− g(λ∗)

)2
. Then, the lower bound for

convergence speed of Algorithm 2 can be obtained with proof
by contradiction. After Lemma 2 is proved, the number of
iterations for the algorithm to achieve the optimality gap ω
can be calculated.

With Lemma 3 and Lemma 4, the complexity of the dual
decomposition-based user association is O(K+J

ω2 ).
Since the resource allocation given in Problem P2 is solved

with Lagrangian dual methods, the step size for updating the
Lagrangian variables can be set in the same way as in (36).
Applying Lemma 4, the number of iterations for solving P2
is upper bounded by 1/ζ2, where ζ is the threshold for the
convergence. As P2 is solved by each BS in a centralized
pattern, the complexity for each iteration of parameter update
is
∑K
k=1 θk,j , i.e., O(KN) [48]. Thus, the complexity of

solving P2 by all BSs is O(KNJζ2 ).
Based on the results above, we conclude that the complexity

of the proposed solution is O(KNJζ2 +K+K+J
ω2 ). It can be seen
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that solving Problem P2 incurs the highest complexity among
all the problems, while it is a standard convex optimization
problem that can be efficiently solved. Thus, the proposed
solution can be implemented with real-time operations.

Lemma 5. Let g∗ be the optimal value of g(λ), the optimality
gap of Algorithm 2 satisfies

min
t
g(λ[t])− g∗ ≤ ε. (42)

Proof. The derivative of g(λ) with respect to each λj is given
by ∂g(λ)

∂λj
= Lj −

∑K
k=1 xk,j , which is a bounded value.

According to Proposition 6.3.6 in [49], the optimality gap of
g(λ) is bounded by ε.

1) Performance Bound: To demonstrate that solution ob-
tained by the dual decomposition-based user association is
near-optimal, we derive an upper bound on the performance,
which will be used in simulations for comparison. As the first
step, we exhaustively search all feasible vectors of L. Under
each L, we solve the following linear programming (LP):

P5 : max
{x}

K∑
k=1

J∑
j=1

xk,j {αk,j(x) logRk,j(x)

+βk,j(x) log R̃k,j(x)
}

s.t.: (24), (27) and (28).

Since the traffic load of each BS j (Lj , j ∈ J ) has Uj
possible values, the total number of LPs given in P5 is∏J
j=1 Uj . Among all the

∏J
j=1 Uj LPs, we select the one

that generates the largest value of the objective function under
optimal solution. Then, the value of the objective function of
the selected LP is a performance upper bound.

V. SIMULATION STUDY

The performance of the proposed scheme is validated via
MATLAB simulations. We consider a 200 m × 200 m area
with varying numbers of BSs and UEs distributed in the
area. The UEs can be uniformly distributed or non-uniformly
distributed in the area. For the latter case, the area is divided
into 8 subareas; the number of UEs in each subarea follows
a Poisson distribution, and the UE densities vary across these
subareas. The simulation parameters and settings are based
on that in [18]; the channel model and the distance-based
blockage model are also adopted from [18]. The available
bandwidth is 1 GHz. The UEs are subject to random blockage
and we denote P

(b)
k,j as the blockage probability of UE k

when associated with BS j. P (b)
k,j increases linearly with the

distance between UE k and BS j with coefficient κ, given
as P (b)

k,j = min {κ ·Dk,j , 1}. For example, when κ = 0.05,
a UE that is 10 m away from the BS has a probability of
0.5 to be blocked; for a UE that is more than 20 m away,
it is always blocked. To evaluate the effectiveness of the
proposed adaptive link selection scheme, we compare it with
a heuristic link selection scheme, which is performed in an
iterative pattern. Specifically, in each iteration of the heuristic
link selection scheme, the UE with the largest value of R̃k,j is
selected to be served with multi-beam reflection. The iterative
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Fig. 5. Average sum rate under different numbers of UEs. Uniformly
distributed UEs and κ = 0.02.
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Fig. 6. Average sum rate under different numbers of UEs. Non-uniformly
distributed UEs and κ = 0.02.

process terminates until
∑
k βk,jR̃k,j decreases. To evaluate

the effectiveness of the proposed user association scheme, we
compare it with a heuristic user association scheme, in which
each UE is associated with the BS that has the highest SINR.
Finally, we derive a performance bound to show the optimality
of the proposed scheme. Specifically, we first set the objective
function of Problem P1 to be the sum rate of all UEs, and relax
the integer constraints of x, α, and β, and a by allowing them
to take any value in [0, 1]. We then obtain the optimal solution
of the resulting LP. The objective value under the optimal
solution is an upper bound for the sum rate performance.

Fig. 5 shows the sum rate performance under varying
numbers of UEs for the case of uniformly distributed UEs. We
observe that the multi-beam only scheme achieves the worst
performance among all schemes, which is caused by the high
path loss and increased propagation distance of NLOS links.
The D2D only scheme achieves a better performance than
the multi-beam only scheme, but the data rate is significantly
decreased when more UEs are served. This happens because
the resource has to be shared among more UEs. By combining
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D2D relaying with multi-beam reflection, the heuristic link
selection scheme, the heuristic user association scheme, and
the proposed scheme achieve a higher sum rate, since fewer
UEs are involved in D2D transmission and more resource
is available for each UE. The proposed scheme outperforms
the heuristic link selection scheme, because the proposed
algorithm is based on evaluating the performance of UEs
served by D2D and multi-beam reflection, while the heuristic
link selection scheme only considers UEs served by multi-
beam. It is also observed that the average data rates of these
three schemes first get higher as the number of UEs increases,
since more UEs can provide relaying links to NLOS UEs. As
the number of UEs continues to increase, the average data rates
of these schemes are decreased, which is caused by resource
sharing among UEs. The proposed scheme also outperforms
the heuristic user association scheme since load balancing
can be achieved via interaction between UEs and BSs, which
leads to better system performance. For example, UEs in
the overlapping areas of multiple BSs can handover from an
overloaded BS to a less loaded BS with more communication
resources. The performance achieved by the proposed scheme
is close to that of the upper bound, demonstrating that the
data rate performance loss caused by fairness consideration is
relatively small.

Fig. 6 shows the sum rate performance under varying
numbers of UEs for the cases of non-uniformly distributed
UEs, where similar trends among different schemes can be
observed. For the same number of UEs, the data rates of
all schemes are lower compared to the case of uniformly
distributed UEs. This is because the UEs are less evenly
distributed among the coverage areas of BSs, making it more
likely that some BSs are overloaded. It is also observed that
the performance gaps between different schemes are larger
compared to the case of uniformly distributed UEs, due to the
fact that adaptive link selection and user association provide
higher data rate improvement when the traffic load varies sig-
nificantly across BSs. The results of Figs. 5 and 6 indicate that
the performance of a single approach (D2D relaying only and
multi-beam reflection only) is highly limited by the number
of UEs. In particular, a combination of multiple approaches
with proper UE selection and load balancing among BSs can
significantly enhance the data rate performance.

The data rate performance versus blockage coefficients,
κ, is shown in Figs. 7 and 8. As κ gets larger, the data
rates of all schemes are decreased since the proportion of
NLOS UEs among all UEs is increased. It can also be seen
that the performance of a single approach (D2D relaying
only and multi-beam reflection only) is highly sensitive to
blockage, since the time and power resources are shared by the
increasing number of NLOS UEs. With adaptive link selection,
the heuristic user association scheme and the proposed scheme
achieve considerable performance gain compared to the single-
approach schemes. Comparing Fig. 7 with Fig. 8, it can be
seen that the average data rate is lower when the UEs are
non-uniformly distributed, and higher performance gain can
be achieved with the proposed designs.

Figs. 9 and 10 show the fairness performance of different
schemes with uniformly distributed and non-uniformly dis-

0.01 0.015 0.02 0.025 0.03 0.035 0.04 0.045 0.05

Blockage coefficient 

0

1

2

3

4

5

6

7

8

9

A
v
er

ag
e 

su
m

 r
at

e 
(b

p
s)

10
10

Proposed

Heuristic link selection

D2D only

Multi-beam only

Upper bound

Heuristic user association

Fig. 7. Average sum rate under different values of κ. Uniformly distributed
UEs and the number of UEs is 75.
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Fig. 8. Average sum rate under different values of κ. Non-uniformly
distributed UEs and the number of UEs is 75.
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Fig. 9. Fairness of different schemes with uniformly distributed UEs. The
number of UEs is 75 and κ = 0.02.
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Fig. 10. Fairness of different schemes with non-uniformly distributed UEs.
The number of UEs is 75 and κ = 0.02.

tributed UEs, respectively. We use Jain’s fairness index,

F =

(∑
k αk,jRk,j+

∑
k βk,jR̃k,j

)2
∑
k xk,j ·

∑
k(αk,jRk+βk,jR̃k)2

to measure fairness between different UEs. It can be seen
that fairness is poorer for the case of non-uniformly dis-
tributed UEs. For both cases, the fairness performance is poor
when the objective is set as sum rate maximization. This
is because, under the optimal resource allocation, the links
with better channel condition would be allocated with more
communication resource than the links with worse channel
condition, resulting in large variation of data rate among UEs.
By setting the objective as sum logarithm rate maximization,
the proposed scheme achieves a good tradeoff between sum
rate performance and fairness among UEs.

VI. CONCLUSIONS

In this paper, we considered an adaptive combination
of D2D relaying, multi-beam reflection, and handover to
overcome blockage and improve the data rate performance
of mmWave networks. We proposed a joint optimization
of link selection, resource allocation, and user association
and formulated it as a mixed-integer programming problem.
The formulated problem was solved by decomposing it into
two levels of subproblems. The lower-level subproblem is
link selection and resource allocation under a given under
association, which is solved by a three-stage process. The
higher-level subproblem is user association, and we solved it
with a dual decomposition-based approach. Simulation results
indicate that the proposed scheme achieves higher data rate
than several benchmark schemes, and the performance is close
to an upper bound. The proposed scheme achieves a tradeoff
between sum rate performance and fairness among UEs.
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