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Dealing With Link Blockage in mmWave Networks:

A Combination of D2D Relaying, Multi-Beam

Reflection, and Handover
Mingjie Feng , Shiwen Mao , Fellow, IEEE, and Tao Jiang , Fellow, IEEE

Abstract— In this paper, we consider adaptive user equipments1

(UE) link selection and user association in millimeter-wave2

(mmWave) networks. We formulate a joint optimization of link3

selection, resource allocation, and user association, aiming to4

maximize the sum logarithmic rate of all UEs. The formulated5

problem is solved by decomposing it into two levels of subprob-6

lems. The lower-level subproblem is link selection and resource7

allocation with a given user association, which is solved by a8

three-stage process. In the first stage, we establish the D2D9

relaying architecture by assuming that all UEs are served via10

D2D relaying. Based on the relaying architecture, we derive11

the optimal resource allocation in the second stage. Finally,12

an adaptive link selection algorithm is proposed in the third13

stage to determine the set of UEs that switch from D2D relaying14

to multi-beam reflection. The high-level subproblem is user15

association, for which we solve it with a dual decomposition-16

based approach. Simulation results indicate that compared to17

benchmark schemes, the average data rate achieved by the18

proposed scheme is significantly higher than the benchmark19

schemes and is close to an upper bound. Besides, the proposed20

scheme achieves a good tradeoff between system performance21

and fairness.22

Index Terms— 5G wireless, mmWave, D2D, multi-beam, link23

schedule, resource allocation, user association.24

I. INTRODUCTION25

T
HE emergence of data-intensive mobile applications26

(e.g., ultra high definition video, augmented/virtual real-27

ity) has triggered a growing demand for high data rate28

services. To meet such demand, the fifth generation (5G)29
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wireless network is designed to support the enhanced mobile 30

broadband (eMBB) use cases by providing 1000x data 31

rate [2]. Millimeter-wave (mmWave) communication is a key 32

enabling technology of 5G wireless to achieve multi-Gbps 33

data rate [3], [4]. Operating at the spectrum band ranging 34

from 30 GHz to 300 GHz, a large bandwidth is available 35

(e.g., a 850 MHz spectrum at 28 GHz band was approved 36

by FCC for 5G), resulting in much higher data rate com- 37

pared to traditional cellular networks. Due to such promising 38

prospects, mmWave bands have been utilized in commercial 39

5G networks. 40

Despite such great potential, mmWave communication is 41

challenged by its vulnerability to blockage. With short wave- 42

length, mmWave signals can hardly penetrate obstacles such 43

as human bodies and walls. As a result, the line-of-sight (LOS) 44

path between a user equipment (UE) and a base station (BS) 45

can be easily blocked as UEs move or change orientation 46

[5]–[7]. When blockage happens, alternative links have 47

to be established to restore connectivity. There are three 48

possible approaches for link reestablishment, including 49

(i) device-to-device (D2D) relaying between UEs, (ii) cre- 50

ating non-line-of-sight (NLOS) path with beam refection, 51

(iii) handover to neighboring BSs. Dealing with blockage 52

with one of the above approaches was considered in exist- 53

ing works. D2D-based mmWave communication was inves- 54

tigated in [8], [9], [11], [12], in which MAC protocols that 55

support D2D relaying were designed. In [13], a multi- 56

beam reflection framework was proposed to enable NLOS 57

communication via reflection. In particular, the concept of 58

beamspace MIMO was introduced and a multiplexing gain 59

was achieved using multiple reflecting beams. The feasibil- 60

ity of establishing reliable NLOS links via reflection with 61

commercial mmWave devices was verified in [35], and a 62

beam switching mechanism was designed to quickly find the 63

best alternative beam direction when blockage happens. The 64

handover solution to blockage was also considered recently 65

(e.g., in [14]–[16]). In [14], the BS-UE association was 66

optimized based on inter-BS coordination. In [15], a machine 67

learning-based solution was proposed for BSs to perform 68

link blockage prediction, which enables proactive handover. 69

In [16], an online machine learning framework was designed 70

to capture the mobility and blockage patterns of users, which 71

prevents unnecessary handover and reduces the signaling 72

overhead. 73
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Although the above approaches can effectively deal with74

blockage, the data rate performance is limited by certain75

inherent factors. For D2D relaying, a UE needs to share its76

communication resource with its relaying UEs. In addition,77

during multi-hop relaying, the UE data have to be forwarded78

multiple times, which increases the end-to-end delay. The79

major limiting factor of multi-beam reflection is the high path80

loss NLOS links. While the typical path loss exponent of81

LOS links is around 2, the path loss exponent of NLOS links82

can reach 4 [18]. Thus, only UEs under favorable conditions83

(e.g., close to BS or with good reflecting surfaces) can achieve84

satisfactory performance with multi-beam reflection. More-85

over, as the BS transmission power is split among UEs, the86

power allocated to each UE would be small when the number87

of UEs is large, resulting in poor quality of service (QoS). The88

handover approach, which is easy to be implemented in sub-689

GHz cellular networks, requires intensive interaction between90

UEs and BSs as well as coordination between neighboring91

BSs. As narrow beams are used in mmWave communications,92

discovering alternative BSs and tracking roaming UEs incur93

considerable overhead in the control plane, such as that used94

for beam sweeping [17]. Besides, uncoordinated handover may95

cause imbalanced load distribution among BSs, resulting in96

resource underutilization. To fully harness the potential of97

these approaches in the presence of their limitations, a com-98

bination of multiple approaches with a proper integral design99

is highly appealing. This way, the number of UEs served by100

each approach decreased, resulting in more communication101

resources allocated to each UE. Under this context, how to102

properly select the set of UEs that utilizes each approach is103

a key design issue that determines the data rate performance,104

which has not been previously investigated. Given the nature of105

D2D relaying, multi-beam reflection, and handover, optimizing106

the use of these approaches is a two-step process. The first step107

is determining the set of UEs served by each BS, i.e., user108

association, which is equivalent to handover decisions. After109

user association is determined, the second step is selecting the110

proper link (D2D relaying or multi-beam reflection) for each111

NLOS UE.112

In this paper, we consider a combination of D2D relaying,113

multi-beam reflection, and handover to deal with blockage in114

multi-cell mmWave networks [1]. We aim to improve the data115

rate performance as well as guarantee fairness among UEs116

with adaptive user association and link selection. The main117

contributions are summarized as follows.118

• We formulate the joint optimization of link selection,119

resource allocation, and user association in mmWave120

networks as a mixed-integer linear programming (MILP)121

problem, aiming to maximize the sum logarithmic rate of122

all UEs.123

• The formulated problem is decomposed into two levels of124

subproblems. The lower-level subproblem is link selec-125

tion (between D2D relaying and multi-beam reflection)126

for each NLOS UE and resource allocation under a given127

user association. The higher-level subproblem is user128

association.129

• The lower-level subproblem is solved with a three-stage130

process. In the first stage, we assume that all NLOS131

UEs are served by D2D relaying, and establish the 132

D2D relaying architecture via a beam sweeping-based 133

approach. Based on the relaying architecture, we derive 134

the optimal resource allocation in the second stage. 135

Given the resource allocation, a greedy algorithm is 136

proposed for the link selection of each NLOS UE. The 137

higher-level subproblem with a dual decomposition-based 138

approach, which is implemented with iterative informa- 139

tion exchange between UEs and BSs. 140

• The performance of the proposed solution is evaluated 141

with simulations and compared with several benchmark 142

schemes. The results show that, compared to the case with 143

a single approach for dealing with blockage, a proper 144

combination of multiple approaches can significantly 145

improve the data rate performance. Besides, the proposed 146

solution outperforms several heuristic schemes with con- 147

siderable performance gain, and the performance is close 148

to an upper bound. Moreover, fairness among UEs can 149

be guaranteed, yielding a good tradeoff between system 150

performance and fairness. 151

The rest of the paper is organized as follows. We first 152

review related literature in Section II. The system model and 153

problem formulation are introduced in Section III. We present 154

the solution algorithm in Section IV. The simulation results are 155

demonstrated and analyzed in Section V. Finally, we conclude 156

this paper in Section VI. 157

II. RELATED WORK 158

MmWave communications have drawn considerable atten- 159

tion in recent years. A fundamental analytical framework 160

was introduced in [18]. In [19], urban measurements for 161

the 28 GHz band were conducted, based on which a channel 162

modeling framework and a capacity analysis were presented. 163

The overviews of PHY layer and MAC layer techniques for 164

mmWave communications can be found in [20] and [21], 165

respectively. Compared to traditional wireless systems, a major 166

feature of mmWave systems is that hybrid beamforming is 167

used as a cost-effective approach to achieve both antenna gain 168

and multiplexing gain [22], [23]. Another distinctive feature 169

of mmWave communications is the need for beam sweeping 170

during initial access. As narrow beams are used for directional 171

communication, the transmitter and receiver need to scan 172

multiple possible directions to discover each other and find 173

the best Tx & Rx beam pair [24]–[26]. 174

Dealing with blockage in mmWave communications with 175

relaying has been considered in previous works. In [9], the 176

effectiveness of D2D relaying in enhancing the coverage of 177

mmWave cellular networks was analyzed based on a stochastic 178

geometry framework. Under the context of multi-hop mmWave 179

vehicular networks with fast varying environments, a deep 180

reinforcement learning framework was proposed to optimize 181

relay selection and power allocation [10]. In [11], D2D relay- 182

ing was employed in mmWave small cell networks to support 183

efficient multicasting, and a joint design of D2D path planning, 184

transmission scheduling, and power control was proposed 185

to improve the system energy efficiency. In the context of 186

mmWave vehicular communications with vehicle-to-vehicle 187

(V2V) relaying, a social-aware relay selection scheme was 188
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proposed to fully harness the benefit of relaying in overcoming189

blockage [28]. Aiming to enhance the latency and reliability190

performance of mmWave multi-hop V2V communications,191

a relay selection design that considers channel characteristics,192

road topology, and traffic conditions was proposed [29]. From193

the perspective of network planning, the placement of relays194

was optimized to enhance the coverage of mmWave cells [30].195

In [31], joint optimization of relaying selection and trans-196

mission scheduling was proposed to maximize the number197

of transmission flows in relay-assisted mmWave backhauls.198

In contrast to these works, we consider combining D2D relay-199

ing with the other two approaches to reduce the traffic load of200

each approach. Besides, we specify the process for establishing201

D2D relaying architecture, design the transmission pattern, and202

optimize the resource allocation to provide a comprehensive203

design for D2D relaying, aiming to fully exploit its potential.204

Overcoming blockage with reflection was also studied in205

existing works. In [32], passive reflectors were employed to206

create NLOS links and improve the coverage of 28 GHz207

mmWave signals. Besides, the link qualities of NLOS paths208

generated by reflectors of different shapes, sizes, and mate-209

rials were evaluated. In [33], tunable reflectors were used to210

augment vehicle to infrastructure (V2I) communications, and211

a deep reinforcement learning-based algorithm was developed212

for fast adjustment of reflector angle. From the perspective213

of network planning, the placement strategies of base stations214

and reflectors were optimized to maximize coverage as well215

as minimize the deployment cost [34]. Reflection-based alter-216

native link establishment was implemented over commercial217

off-the-shelf (COTS) mmWave devices, and a real-time beam-218

switching algorithm was proposed for COTS devices to locate219

nearby reflectors and estimate their coefficients [35]. Recently,220

reconfigurable intelligent surface (RIS) based reflection was221

employed to overcome blockage in mmWave cellular systems.222

In [36], joint optimization of reflection coefficients and hybrid223

precoding/combining matrices was proposed to maximize224

the system spectral efficiency. Different from these works,225

we focus on the power allocation among UEs that utilize226

multi-beam reflection. Moreover, reflection is combined with227

other approaches for overcoming blockage, and we propose an228

adaptive selection scheme to fully utilize multiple approaches229

for performance improvement.230

Handover and user association in mmWave systems have231

been widely investigated in the literature. To deal with the232

challenge of beam alignment caused by narrow beams in233

high mobility scenarios, a machine learning-based handover234

scheme was proposed in [37], which achieves fast handover235

by predicting the mobility of moving vehicles. To realize low-236

overhead handover, a multi-armed bandit framework was pro-237

posed to capture the user mobility and blockage pattern [38].238

Recently, RIS was employed for efficient blockage-aware239

handover [39]. By optimizing the beamformers and RIS phase240

shifts, the impact of blockage can be mitigated, thus reducing241

the number of unnecessary handovers. In [40], user association242

was optimized to achieve a good tradeoff between spectrum243

efficiency and energy efficiency in mmWave backhaul small244

cell networks. In [41], load balancing-aware user association245

was investigated. Based on the features of mmWave links,246

user association was formulated as a mixed-integer nonlinear 247

programming problem and solved with a polynomial-time 248

algorithm. To avoid the high overhead of centralized control, 249

a multi-agent reinforcement learning-based user association 250

was proposed in [42], in which each UE acts as an agent 251

and selects the associated BS based on its local observation, 252

without having to carry out information exchange. In [43], user 253

association and resource allocation were jointly optimized for 254

a multi-band mmWave heterogeneous network, and an iterative 255

framework was proposed to obtain a near-optimal solution. 256

Our work differs from the above ones in that user association 257

is used to determine the handover decision, and it is jointly 258

optimized with link selection between D2D relaying and multi- 259

beam reflection to achieve load balancing among BSs and 260

better network-wide performance. 261

III. PROBLEM FORMULATION 262

We consider a multi-cell mmWave network with J mmWave 263

BSs indexed by j ∈ {1, . . . , J} � J , which collectively serve 264

K UEs indexed by k ∈ {1, . . . , K} � K. The UEs are subject 265

to random blockage. The UEs under blockage are served by 266

the BSs via either D2D relaying or multi-beam reflection. The 267

user association of UE k is indicated by the following binary 268

variable1
269

xk,j �

(

1, if UE k is associated with BS j,

0, otherwise.
(1) 270

We consider the case that each UE can only associate with 271

at most one BS, then
PJ

j=1 xk,j ≤ 1, ∀k. We also assume 272

that the number of UEs associated with each BS j is upper 273

bounded by Uj (e.g., Uj is the number of channels), then 274

PK
k=1 xk,j ≤ Uj, ∀j. We consider all BSs operate in 275

time division duplexing (TDD) mode, which enables efficient 276

channel estimation via channel reciprocity. Since achieving 277

high downlink data rates is the major objective for many data- 278

intensive applications (e.g., VR/AR and UHD video), we focus 279

on the design and optimization of downlink transmissions. The 280

solution can be applied to the uplink transmissions with minor 281

modifications. As shown in Fig. 1, we consider the downlink 282

transmissions. Each NLOS UE has two options for establishing 283

alternative links, a relaying UE or multi-beam reflection. Since 284

there is no loop in the D2D relay, the relaying topology can be 285

modeled as a tree with the BS being the root. Then, a multi- 286

beam reflection link can be viewed as an alternative connection 287

from the root to a node (i.e., an NLOS UE). 288

When UE k is served by BS j, the type of link utilized by 289

UE k (i.e., multi-hop D2D relaying or multi-beam reflection) 290

is indicated by two variables αk,j and βk,j , which are defined 291

by 292

αk,j �

(

1, UE k utilizes D2D relaying or LOS link

0, otherwise,
(2) 293

βk,j �

(

1, UE k utilizes multi-beam reflection

0, otherwise,
(3) 294

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

TABLE II

SUMMARY OF NOTATIONS

Fig. 1. Downlink transmissions of an mmWave cellular network supported
by D2D relaying and multi-beam reflection.

Based on the definitions from (1) to (3), we have αk,j +βk,j =295

xk,j for k ∈ K, j ∈ J . Note that we have αk,j = 1 for all LOS296

UEs since they are part of the D2D relaying architecture. Since297

αk,j ≤ xk,j and
PK

k=1 xk,j ≤ Uj , we have
P

αk,j ≤ Uj .298

Similarly, we have
P

βk,j ≤ Uj . For UEs served by BS j with299

αk,j = 1, their relaying routes are indicated by a descendent300

matrix, in which the entries are defined by 301

ak,k′,j �

(

1, UE k0 is a descendent of UE k

0, otherwise,
(4) 302

Since {ak,k′,j} are defined for UEs that are involved in D2D 303

relaying, we have ak,k′,j ≤ αk,j and ak,k′,j ≤ αk′,j for k ∈ 304

K, j ∈ J . Denote ρk,j as the depth of UE k in the D2D 305

relaying tree, given by 306

ρk,j =
X

k′ 6=k
ak′,k,j + 1. (5) 307

It can be seen that ρk,j is the number of hops required to 308

transmit the packets of UE k. Let N be the maximum value of 309

ρk,j , which is the largest number of hops that can be supported 310

by the network.2 As shown in Fig. 2, to accommodate N hops 311

of relaying, we divide the downlink transmission period into 312

N time slots, indexed by i = 1, . . . , N . The ith time slot is 313

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

used to transmit packets from the ith-hop UEs (i.e., UEs with314

ρk,j = i) to the (i+1)th-hop UEs (i.e., UEs with ρk,j = i+1).315

This way, the packets of the N th-hop UEs can be received at316

the end of the downlink period. For UEs that are connected to317

the BS via multi-beam reflection, the entire downlink period318

is utilized for data transmission.319

We assume that all UEs can only support half duplex320

communication. Thus, adjacent links (i.e., those share the321

same UE as Tx/Rx) cannot be utilized for data transmission322

concurrently [27]. Given this constraint, the total number of323

transmissions that can be implemented during a downlink324

period is
�

N
2

�

. The transmission pattern is as shown in Fig. 2.325

The packets of each UE are sent with multiple rounds of326

transmissions, each consisting of multiple stages. For example,327

after the 2nd stage of the 1st transmission (from 1st-hop328

UEs to 2nd-hop UEs) is completed, the 2nd transmission329

can be initiated, since the 1st-hop UEs have completed their330

transmissions and are free for reception. As the transmissions331

continue and the index of transmissions increases, the packets332

of UEs with larger ρk,j are not transmitted, since there is not333

enough time to complete these transmissions. Specifically, the334

packets of UEs with ρk,j = N − 1 and ρk,j = N are not335

included in the 2nd transmission; the packets of UEs with336

ρk,j = N −3, . . . , N are not included in the 3rd transmission,337

and so on. Let θk,j be the number of transmissions that include338

the packets of UE k, it is calculated by339

θk,j =











N

2
−
lρk,j

2

m

+ 1, N is even

N + 1

2
−
jρk,j

2

k

, N is odd,
(6)340

With advanced spatial multiplexing techniques, such as341

hybrid beamforming [23], an mmWave BS is can serve342

multiple UEs using the same time-frequency resource block.343

In contrast, due to hardware constraints, when a UE relays the344

packets of multiple UEs, orthogonal time-frequency resource 345

has to be allocated to these UEs. Without loss of generality, 346

we consider time division multiple access (TDMA) is applied 347

when a UE forwards the packets of multiple UEs to the next- 348

hop UE. Specifically, a fraction of time in each time slot is 349

exclusively allocated to transmit the data of each UE. Denote 350

ti,qk,j as the fraction of time allocated to UE k on its ith hop 351

during the qth transmission. Consider the outflow of a relaying 352

UE, ti,qk,j should satisfy 353

X

k′ 6=k

ak,k′,jt
ρk,j+1,q

k′,j ≤ 1, k ∈ {k |ρk,j ≤ N − 1}, 354

q = 1, . . . , θk,j +
lρk,j

2

m

. (7) 355

For UEs with ρk,j = 1, i.e., the LOS UEs, the inflow constraint 356

is given by 357

X

k′ 6=k

ak,k′,jt
1,q
k′,j + t1,q

k,j ≤ 1, k ∈ {k |ρk,j = 1}, 358

q = 1, . . . ,

�

N

2

�

. (8) 359

The inflow constraint (8) only applies to the 1st-hop transmis- 360

sion. This is because the inflow packets received by other hops 361

(ρk,j > 1) are sent within a fraction of a time slot due to the 362

TDMA-based allocation at the previous hop. As each relaying 363

UE only receives packets from one UE (see the D2D relaying 364

tree shown in Fig. 1), the duration of packet reception is always 365

shorter than or equal to that of a time slot. Thus, for UEs with 366

ρk,j > 1, the left-hand side of (8) is always no larger than 1. 367

Besides outflow and inflow constraints, {ti,qk,j} also follows 368

constraints result from the data rates of neighboring links. 369

Specifically, the data rate of the link between the previous 370

hop and the current hop should be no less than the data rate 371

of the link between the current hop and the next hop. Thus, 372

{ti,qk,j} should also satisfy 373

Ci
k,jt

i,q
k,j ≥ Ci+1

k,j ti+1,q
k,j , 374

k ∈ {k |ρk,j ≥ 2}, i = 1, . . . , ρk,j − 1, (9) 375

where Ci
k,j is the link capacity of the ith hop of UE k when 376

served by BS j, given by 377

Ci
k,j = B log

(

1 + γi
k,j

)

, (10) 378

where B is the system bandwidth and γi
k,j is the SINR of 379

the link for the ith hop of UE k when served by BS j. Note 380

that, we assume that γi
k,j remains a constraint over all the 381

θk,j transmissions, since the downlink period is shorter than 382

the coherence time of a TDD system. 383

Based on the SINR model presented in [18], we derive the 384

SINR expressions for different types of links. When UE k is 385

served by D2D relaying, the SINR is given by 386

γi
k,j =

1

σ2
pi

k,jh
i
k,jG

i
k,j(d

i
k,j)

−2, (11) 387

where hi
k,j is the small scale fading factor, which is a 388

normalized Gamma random variable [18]; Gi
k,j is antenna 389

array gain; di
k,j and pi

k,j are the propagation distance and 390

transmission power for the ith hop transmission of UE k, 391
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respectively. The noise power is σ2. Due to the “pseudo-wired”392

property and large propagation loss of mmWave communica-393

tions, we neglect the impact of interference in the SINR model.394

Since each D2D transmission is under an LOS link, the path395

loss exponent is set to be 2 according to [18].396

We assume that the transmission power of BS j is equally397

allocated to UEs served by BS j with multi-beam reflection398

and LOS UEs. Hence, the transmission power allocated to each399

UE is given by400

p̃k,j =
Pj

P

k βk,j + NLOS,j

, (12)401

where Pj is the transmission power of BS j, NLOS,j is the402

number of LOS UEs served by BS j. Similar to (11), the SINR403

UE k when served with an LOS link is given by404

γ1
k,j =

1

σ2
p̃k,jh

1
k,jG

1
k,j(d

1
k,j)

−2
. (13)405

Suppose UE k is served by a total number of Mk,j reflecting406

beams, indexed by m = 1, . . . , Mk,j . Let γ̃m
k,j be the SINR of407

the mth beam of UE k, it is calculated by408

γ̃m
k,j =

1

σ2
p̃m

k,jh
m
k,jG

m
k,j(d

m
k,j)

−4, (14)409

where hm
k,j , p̃m

k,j , Gm
k,j , and dm

k,j are the small-scale fading410

factor, transmission power, antenna array gain, and distance411

of the mth path, respectively. The interference caused by side412

lobes is negelected. The path loss factor of all NLOS reflecting413

links is 4. Without loss of generality, we assume p̃k,j is equally414

allocated to the Mk,j beams.415

Given the SINR expressions, the data rate of UEs under416

different links can be derived. When UE k is served by BS417

j with D2D relaying, its data rate is the sum of all the θk,j418

transmissions. For each transmission, the actual data rate is419

the data rate of the final hop divided by the number of hops.420

Then, the data rate of UE k when served by BS j via D2D421

relaying is given by422

Rk,j =

θk,j
X

j=1

1

ρk,j

C
ρk,j

k,j t
ρk,j ,q

k,j . (15)423

The data rate of the LOS UEs is a special case of (15) when424

ρk,j = 1.425

For UEs k served by multi-beam reflection, their data rate426

is the sum of data rates of all beams, which is given by427

R̃k,j =

Mk,j
X

m=1

B log
(

1 + γ̃m
k,j

)

. (16)428

In this paper, we aim to maximize the sum logarithm429

rate of all UEs with joint optimization of link selection,430

resource allocation, and user association.3 Let x, α, β, a,431

and t be the vector/matrix forms of {xk,j}, {αk,j}, {βk,j},432

3We consider joint optimization of link selection, resource allocation, and
user association since these strategies are coupled. For example, user associ-
ation 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.

{ak,k′,j}, and {ti,qk,j}. The problem is formulated as 433

P1: max
{x,α,β,a,t}

K
X

k=1

J
X

j=1

xk,j

n

αk,j log Rk,j + βk,j log R̃k,j

o

434

subject to: (7) − (9) 435

PJ
j=1xk,j ≤ 1, k ∈ K, (17) 436

PK
k=1xk,j ≤ Uj, j ∈ J , (18) 437

αk,j + βk,j = xk,j , k ∈ K, j ∈ J , (19) 438

X

k′ 6=k
ak′,k,j ≤ 1, k ∈ {k |ρk,j ≤ 2}, 439

(20) 440

ak,k′,j ≤ αk,j , k ∈ K, (21) 441

0 ≤ ti,qk,j ≤ αk,j , k ∈ K, j ∈ J , 442

i = 1, . . . , N, q = 1, . . . , θk,j , (22) 443

xk,j , αk,j , βk,j , ak,k′,j ∈ {0, 1} , 444

k ∈ K, j ∈ J . (23) 445

Constraint (20) results from the fact that each node can 446

only have at most one parent node in the D2D relaying 447

tree. All other constraints have been explained before in this 448

section. 449

IV. SOLUTION ALGORITHM 450

Problem P1 is a mixed-integer programming problem 451

with multiple sets of coupled variables. Solving it with 452

standard techniques incurs prohibitive complexity. Therefore, 453

we decompose Problem P1 into two levels of subproblems. 454

The lower-level is link selection and resource allocation with 455

a given user association, and we solve it with a three-stage 456

process. The higher-level is user association given that the 457

solution of the lower-level subproblem will be applied, which 458

is solved by a dual decomposition-based algorithm. 459

The reasons for decomposing Problem P1 with the above 460

pattern are as follows. First, as mentioned in the previous 461

section, link selection and resource allocation are optimized 462

based on the outcome of user association. Due to this fact, 463

{αk,j}, {βk,j}, and {ti,qk,j} are defined based on {xk,j}. 464

Second, link selection and resource allocation are mutually 465

coupled. Specifically, resource allocation is optimized for the 466

set of UEs that are served by D2D links, which are determined 467

by the link selection strategy; the link selection of UEs is 468

based on the data rates of D2D and multi-beam reflection 469

links, which depend on the outcome of resource allocation. 470

Third, user association is determined by the achievable data 471

rates of UEs when connecting to different BSs, which is 472

impacted by link selection and resource allocation. Other 473

ways of decomposing Problem P1, such as optimizing link 474

selection and user association under given resource allocation 475

(higher-level subproblem) and resource allocation (higher-level 476

subproblem), are not reasonable. For example, link selection 477

would be meaningless for a UE unless its associated BS 478

has been confirmed, and resource allocation among D2D 479

UEs cannot be performed before link selection is determined. 480

Therefore, we set user association as the higher-level subprob- 481

lem and set link selection and resource allocation under given 482

user association as the lower-level subproblem. 483
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A. Link Selection and Resource Allocation With Given User484

Association485

With a given user association, the link selection and resource486

allocation are determined by a three-stage process. In the first487

stage, we set all UEs associated with a BS to be served with488

D2D relaying, and establish the D2D relaying architecture489

(i.e., {ak,k′,j}) with a beam sweeping-based approach. In the490

second stage, we derive the optimal resource allocation under491

the derived D2D relaying architecture. In the third stage, based492

on the outcome of resource allocation, we evaluate the data493

rate gains achieved by UEs when they switch from D2D494

relaying to multi-beam reflection, and accordingly determine495

the set of UEs to be served by multi-beam reflection.496

As user association is given, UEs served by different BSs497

are independent of each other. Thus, problem P1 can be498

decomposed into J independent problems, each corresponds499

to the sum logarithm rate maximization of UEs served by500

the same BS. Without loss of generality, we consider the link501

selection and resource allocation of BS j.502

1) D2D Relaying Architecture Establishment: To establish503

the D2D relaying architecture, the neighboring UEs need to504

discover each other and estimate the link qualities between505

them. Due to the directionality of mmWave communication,506

beam sweeping is required for UEs to find the best Tx &507

Rx beam directions between them. After beam sweeping is508

completed, each receiving UE identifies the best Tx/Rx beam509

pairs (e.g., the Tx/Rx beam direction with the highest received510

power) between itself and various potential relaying UEs, and511

records the link qualities under the best beam pairs. Then, each512

UE selects the UE with the best link quality as its relaying UE513

(i.e., parent node in the D2D relaying tree). The D2D relaying514

architecture is established after all NLOS UEs have selected515

their relaying UEs.516

The detailed process of beam sweeping is described as517

follows. As we assume that all UEs can only perform half-518

duplex communication, beam sweeping has to be performed519

sequentially between BS and LOS UEs and between neigh-520

boring hops of UEs, which is similar to the transmission521

pattern shown in Fig. 2. Recall that the maximum number522

of hops for D2D relaying is N . To support N hops of523

relaying, the D2D relaying architecture must be sequentially524

established in N steps. To this end, we divide the period for525

D2D relaying architecture establishment into N time slots,526

indexed by i = 1, . . . , N . The first time slot is used for527

beam sweeping between the BS and UEs at the first hop528

(i.e., LOS UEs), and the ith time slot (i > 1) is used for529

the beam sweeping and relay selection between UEs at the ith530

hop and UEs at the (i + 1)th hop. Since the D2D relaying531

architecture is based on LOS links, only LOS signals are532

evaluated during beam sweeping, which can be identified533

via existing approaches [45]. By identifying LOS signals,534

each UE obtains its value of ρk,j (i.e., the number of hops535

needed to communicate with the BS). Specifically, the UEs536

that can receive LOS signals from the BS are first-hop UEs537

(i.e., LOS UEs), the UEs that can receive LOS signals from538

first-hop UEs are second-hop UEs, the UEs that can receive539

LOS signals from second-hop UEs are third-hop UEs, and540

so on. Considering that the UEs have no prior knowledge541

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

about their values of ρk,j , each UE needs to perform Rx beam 542

sweeping (i.e., receive with different beam directions) until it 543

has selected its relaying UE. Specifically, the LOS UEs will 544

perform one round of Rx beam sweeping in the first time 545

slot, the 2nd-hop UEs will perform two rounds of Rx beam 546

sweeping in the first and second time slots, the ith hop UEs 547

will perform i rounds of Rx beam sweeping from the first time 548

slot to the ith time slot, and so on. 549

The beam sweeping between the BS and LOS UEs is 550

performed by the BS sequentially sending multiple predefined 551

signals (e.g., synchronization signal blocks in NR) along with 552

different Tx beam directions. At the UE side, all UEs receive 553

the LOS components of these signals with different Rx beam 554

directions, and record the link qualities of all Tx/Rx beam 555

pairs. Let NBS and NUE be the number of directions to be 556

swept by the BS and the UE, respectively. The beam sweeping 557

can be performed in two ways. The first way is shown in the 558

upper part of Fig. 3, where the BS sequentially sends NBS 559

copies of signals along with all the NBS directions in a round- 560

robin fashion, and this process is repeated for NUE rounds. 561

Within each round, the UE receives a set of NBS signals with 562

one of the NUE directions; when the next round begins, the 563

UE switch to the next direction to receive another set of NBS 564

signals. The second way is shown in the lower part of Fig. 3, 565

where the BS repeatedly sends NUE copies of signals along 566

with one of the NBS directions; after that, it sends NUE copies 567

of signals along the next direction. This process is repeated for 568

all the NBS Tx directions. At the UE side, the UE sequentially 569

receives a complete round of NUE signals with all the NUE 570

directions in a round-robin fashion, and repeat this process 571

until all the NBS rounds of signal reception are completed. 572

After the beam sweeping between BS and 1st-hop UE 573

(i.e., LOS UE) is completed, the beam sweeping between 574

1st-hop and 2nd-hop UEs is performed in the second time slot. 575

Similarly, the 1st-hop UEs sequentially send predefined signals 576

along with different Tx directions; then the remaining UEs 577

receive the LOS components of these signals with different 578

Rx directions, and record the link qualities of all Tx/Rx beam 579

pairs. The UEs that have received LOS signals from 1st-hop 580

UEs identify themselves as the 2nd-hop UEs, and initiate 581

the beam sweeping in the third time slot by sending prede- 582

fined signals along with different directions. The remaining 583

UEs (other than 1st-hop and 2nd-hop UEs) receive the LOS 584

components of these signals and record the best beam pairs; 585

the UEs that have received LOS signals from 2nd-hop UEs 586

identify themselves as the 3rd-hop UEs, and initiate the next 587

Authorized licensed use limited to: Auburn University. Downloaded on August 24,2023 at 05:10:31 UTC from IEEE Xplore.  Restrictions apply. 



FENG et al.: DEALING WITH LINK BLOCKAGE IN mmWave NETWORKS 6753

round of beam sweeping. The above process continues until588

the N th-hop UEs have completed their LOS signal reception589

and recorded the best beam pair.590

To enable the Rx UEs to record the link qualities of various591

Tx UEs, the signals used for beam sweeping between UEs592

are designed to carry the ID of Tx UEs. Along with ID,593

the Tx UEs also attach their selections of relaying UE in594

the beam sweeping signals. As all the relaying UEs share595

their UE selections to their next-hop UEs, the routing path596

of each UE can be obtained by aggregating the selections of597

the UEs at its previous hops, which finalizes the process for598

D2D relaying architecture establishment. After the relaying599

architecture is established, each NLOS UE sends its uplink600

data and relaying path information to the BS via the obtained601

D2D path.602

2) Optimal Resource Allocation Under D2D Relaying: With603

the D2D relaying architecture, the resource allocation of BS j604

when all NLOS UEs are served by D2D relaying is formulated605

as the following problem.606

P2: max
{t}

K
X

k=1

xk,j log





θk,j
X

q=1

C
ρk,j

k,j t
ρk,j ,q

k,j

ρk,j





607

subject to: (7) − (9)608

The objective function of Problem P2 is convex and all609

constraints are linear. Thus, Problem P2 a convex optimization610

problem, which can be optimally solved with a Lagrangian611

dual method.612

3) Greedy Link Selection: Based on the optimal solution613

of problem P2, we develop a greedy algorithm to determine614

the link selection of NLOS UEs in the third stage. The idea615

is to iteratively evaluate the performance gain of UEs when616

they switch from D2D to multi-beam reflection, and select617

the UE(s) with the largest performance gain to make such618

a switching. We denote ∆
[τ ]
k,j as the performance gain of all619

UEs when UE k switches from D2D relaying to multi-beam620

reflection at the τ th round of the greedy algorithm. When a UE621

switches to multi-beam reflection, all of its descendent UEs622

in the D2D tree (if there is any) would also switch to multi-623

beam reflection. This is because, if the descendent UEs are624

not switched, it is necessary to reconstruct the D2D relaying625

architecture, which is time-consuming. Besides, these UEs626

would become the descendants of other UEs, which brings a627

significant change of data rate to these UEs, making the eval-628

uation of performance gain inaccurate. The performance gain629

of UE k and its descendent UEs when switching from D2D630

relaying to multi-beam reflection is calculated by: ∆
[τ ]
k,j =631

log R̃
[τ ]
k,j − log R

[τ ]
k,j +

P

k′ 6=k

ak,k′,j

�

log R̃
[τ ]
k′,j − log R

[τ ]
k′,j

�

.632

As UEs switch from D2D relaying to multi-beam reflection,633

the available resources (transmission time) of D2D relaying634

UEs are increased, while the transmission powers of LOS635

UEs and multi-beam reflection UEs are decreased. For D2D636

relaying UEs, the values of t
ρk,j ,q

k,j for different UEs would637

be close to each other under optimal resource allocation,638

since the objective function is the sum logarithm rate, which639

achieves proportional fairness. As a result, when an NLOS640

UE l switches from D2D relaying to multi-beam reflection,641

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 = argmax{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 /
P

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

(
P

k βk,j + NLOS,j)/(
P

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, ∀l0 ∈ 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 +
P

l′ 6=l al,l′,jt
ρl′,j ,q

l′,j )/
P

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

(
P

k βk,j + NLOS,j)/(
P

k βk,j + 1 +
P

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 642

the other UEs. Specifically, the values of t
ρk,j ,q

k,j of other UEs 643

is increased by
t
ρk,j ,q

l,j�
k

αk,j
if UE l does not have any descendent 644

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

l,j
+
�

l′ �=l al,l′,jt
ρ

l′,j
,q

l′,j�
k αk,j

if 645

UE l has descendent(s) in the D2D tree. For UEs served 646

by multi-beam reflection, since the BS transmission power 647

is equally shared among them, the power allocated to each 648

UE is decreased by a factor of
�

k βk,j+NLOS,j�
k

βk,j+1+NLOS,j
if UE 649

k has no descendent in the D2D tree, and decreased by 650�
k βk,j+NLOS,j�

k
βk,j+1+

�
l′ �=l

al,l′,j+NLOS,j
otherwise. 651

Let Ωj be the set of UEs served by BS j and let Φj be 652

the set of UEs served by BS j via D2D relaying, Φj ⊂ Ωj . 653

Define the set of the descendent UEs of UE k as ηk,j = 654

{k0| ak,k′,j = 1}. The greedy link selection scheme is summa- 655

rized in Algorithm 1. In each round of Algorithm 1, the UE(s) 656

with the largest performance gain is selected to switch from 657

D2D relaying to multi-beam reflection. The switching process 658

terminates until none of the UE(s) can achieve a positive 659

performance gain, since the sum logarithm rate can not be 660

improved when ∆
[τ ]
k,j ≤ 0. 661
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After link selection is completed, the resource662

allocation of UEs served by D2D links is updated663

by changing the objective function of Problem P2664

to
PK

k=1 αk,j log

�

Pθk,j

q=1

C
ρk,j

k,j
t
ρk,j ,q

k,j

ρk,j

�

and solving the665

corresponding problem.666

Lemma 1: The complexity of link selection by all BSs is667

O(K).668

Proof: The time complexity of Algorithm 1 is determined669

by the number of UEs with ∆
[τ ]
l,j > 0, which is upper bounded670

by the number of UEs associated with BS j, i.e.,
PK

k=1 xk,j .671

Considering all the j BSs, the complexity for each round of672

link selection is upper bounded by
PK

k=1

PJ
j=1 xk,j . Thus,673

the total complexity of link selection based on Algorithm 1674

by all BSs is O(K). �675

Lemma 2: The value of objective function achieved by676

Algorithm 1 is at least 1�
K
k=1

xk,j
of the global optimum.677

Proof: The proof is omitted for brevity. The approach678

is similar to the proof of Theorem 1 in our previous679

work [46]. �680

B. Dual Decomposition-Based User Association681

In this part, we present the dual decomposition-based user682

association. Aiming to maximize the sum logarithmic rate of683

all UEs, each UE needs to select the BS that provides the684

highest logarithmic data rate; the traffic load assigned to each685

BS should be properly optimized such that load balancing686

between BSs can be achieved. To achieve these goals, we apply687

dual decomposition to obtain near-optimal user association.688

Let αk,j(x) and βk,j(x) be the link selection variables689

obtained with the proposed link selection and resource690

allocation under user association x, respectively. Similarly,691

we denote Rk,j(x) and R̃k,j(x) as the data rates of UE k if692

served by BS j via D2D relaying and multi-beam reflection,693

respectively. Then, the user association problem is formulated694

as follows.695

P3: max
{x}

K
X

k=1

J
X

j=1

xk,j {αk,j(x) log Rk,j(x)696

+βk,j(x) log R̃k,j(x)
o

697

s.t.:

J
X

j=1

xk,j ≤ 1, k ∈ K, (24)698

K
X

k=1

xk,j ≤ Uj, j ∈ J , (25)699

xk,j ∈ {0, 1} , k ∈ K, j ∈ J , (26)700

Problem P3 is an integer programming problem, which is701

generally NP-hard. To derive a low-complexity solution algo-702

rithm, a dual decomposition-based approach is applied to703

obtain a near-optimal solution. As discussed, an important704

design objective of user association is achieving load balancing705

between BSs, which aims to find the optimal load assigned to706

each BS. Thus, we set the traffic loads of all BSs, denoted707

by L = {L1, . . . , LJ}, as a set of auxiliary variables. Then,708

we add a new set of constraints,
PK

k=1 xk,j = Lj , j ∈ J , 709

to the problem. We also relax the integer constraint of {xk,j} 710

be allowing them to take continuous values in [0, 1]. With the 711

new constraints, Problem P3 is transformed to the following 712

problem. 713

P4 : max
{x}

K
X

k=1

J
X

j=1

xk,j {αk,j(x) log Rk,j(x) 714

+βk,j(x) log R̃k,j(x)
o

715

s.t.: (24) and (25) 716

K
X

k=1

xk,j = Lj, j ∈ J , (27) 717

xk,j ∈ [0, 1], k ∈ K, j ∈ J . (28) 718

Since we aim to find the optimal BS traffic loads L, a partial 719

relaxation is applied on the constraints
PK

k=1 xk,j = Lj, j ∈ 720

J . Then, we have the corresponding Lagrangian function 721

L (x, λ) 722

=
K
X

k=1

J
X

j=1

xk,j {αk,j(x) log Rk,j(x) 723

+βk,j(x) log R̃k,j(x)
o

−
J
X

j=1

λj

�

K
X

k=1

xk,j−Lj

�

. (29) 724

Let g(λ) be the maximum value of L (x, λ) over all possible 725

x, given by 726

g(λ) = max
{x}

L (x, λ) . (30) 727

Then, the dual problem of P4 is to find the λ that minimizes 728

g(λ), given by 729

P4-Dual: min
{λ}

g(λ) (31) 730

where λ is the Lagrangian multiplier for Constraint (27). 731

At each iteration of the proposed dual decomposition- 732

based solution, x and λ are iteratively updated by UEs 733

and ENs by solving the problems given in (30) and (31), 734

respectively. 735

It can be seen that the problem given in (30) (i.e., maximiz- 736

ing g(λ)) can be decomposed into K independent subprob- 737

lems, each to be separately solved by the corresponding UE. 738

To obtain the optimal solution of the subproblem for UE k at 739

the t th iteration, UE k selects the optimal BS j∗[t] according 740

to 741

j∗[t] = arg max
j∈J

{αk,j(x) log Rk,j(x) 742

+βk,j(x) log R̃k,j(x) − λ
[t]
j

o

. (32) 743

In (32), {αk,j(x)} and {βk,j(x)} are obtained via Algorithm 1 744

by applying x obtained from the previous iteration; Rk,j(x) 745

and log R̃k,j(x) are calculated based on the obtained 746

{αk,j(x)} and {βk,j(x)}. Once a UE completes its BS selec- 747

tion, it informs the selected BS by sending a notification 748

message to the BS. Receiving the messages from the UEs, 749

each BS j updates the user association variables related to it, 750
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xj = [x1,j , . . . , xK,j ], with the following751

x
[t]
k,j =

(

1, j = j∗[t],

0, otherwise.
(33)752

Similarly, the problem of minimizing g(λ) (i.e., Problem753

P4-Dual) can be decomposed into J independent subprob-754

lems, each to be solved by the corresponding BS. The sub-755

problem to be solved BS j is given by756

min
{λ}

gj(λj), (34)757

where gj(λj) is given by758

gj(λj)759

= max
{x}

(

K
X

k=1

xk,j (αk,j(x) log Rk,j(x)760

+βk,j(x) log R̃k,j(x)
�

− λj

�

K
X

k=1

xk,j − Lj

�)

. (35)761

BS j solves (34) with a gradient approach. At the t th iteration,762

BS j updates λ
[t]
j by763

λ
[t+1]
j = λ

[t]
j − s

[t]
j ρ

[t]
j , (36)764

where ρ
[t]
j is the gradient of gj(λj) at the t th iteration, given765

by766

ρ
[t]
j = L

[t]
j −

K
X

k=1

x
[t]
k,j , (37)767

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

768

s
[t]
j =

g(λ[t]) − g∗[t]

 

 ρ[t]
 

 

2 , (38)769

where g∗[t] is the estimate for the optimal value of g(λ) at770

iteration t, which is obtained by771

g∗[t] = min
{0≤t′≤t}

g(λ[t]) − �[t], (39)772

and �[t] is updated by773

�[t+1] =

(

y�[t], if g(λ[t+1]) ≤ g(λ[t]),

max{z�[t], �}, if g(λ[t+1]) > g(λ[t]),
(40)774

where y, z, and � are predetermined positive constants with775

y > 1 and z < 1 [49].776

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

[t]
j by

777

L
[t+1]
j = min

(

K
X

k=1

x
[t]
k,j , Uj

)

. (41)778

Finally, BS j broadcasts the updated Lagrangian variable779

λ
[t]
j and traffic load L

[t]
j to nearby UEs. Based on the780

updated parameters, the UEs then initiate the next iteration781

of BS selection. The information exchange between UEs782

and BSs is illustrated in Fig. 4. The procedure of the dual783

decomposition-based user association algorithm is presented in784

Algorithm 2.785

Algorithm 2 Dual Decomposition-Based User Association

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);

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

At each iteration of Algorithm 2, each UE makes one round 786

of BS selection, and each BS performs one round of parameter 787

updates. Thus, the complexity of Algorithm 2 is Y (K + J), 788

where Y is number of iterations. 789

Lemma 3: Algorithm 2 converges faster than the sequence 790

{1/
√

t}. 791

Lemma 4: Y is upper bounded by 1/ω2, where ω is the 792

convergence threshold of g(λ). 793

Proof: The proofs are omitted due to page limit, readers 794

can refer to our previous work for more details [47]. The key 795

idea is to analyze the optimality gap of λ and derive an upper 796

bound for
∞
P

t=1

�

g(λ[t]) − g(λ∗)
�2

. Then, the lower bound for 797

convergence speed of Algorithm 2 can be obtained with proof 798

by contradiction. After Lemma 2 is proved, the number of 799

iterations for the algorithm to achieve the optimality gap ω 800

can be calculated. � 801

With Lemma 3 and Lemma 4, the complexity of the dual 802

decomposition-based user association is O(K+J
ω2 ). 803

Since the resource allocation given in Problem P2 is solved 804

with Lagrangian dual methods, the step size for updating the 805

Lagrangian variables can be set in the same way as in (36). 806
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Applying Lemma 4, the number of iterations for solving P2807

is upper bounded by 1/ζ2, where ζ is the threshold for the808

convergence. As P2 is solved by each BS in a centralized809

pattern, the complexity for each iteration of parameter update810

is
PK

k=1 θk,j , i.e., O(KN) [48]. Thus, the complexity of811

solving P2 by all BSs is O(KNJ
ζ2 ).812

Based on the results above, we conclude that the complexity813

of the proposed solution is O(KNJ
ζ2 +K+ K+J

ω2 ). It can be seen814

that solving Problem P2 incurs the highest complexity among815

all the problems, while it is a standard convex optimization816

problem that can be efficiently solved. Thus, the proposed817

solution can be implemented with real-time operations.818

Lemma 5: Let g∗ be the optimal value of g(λ), the opti-819

mality gap of Algorithm 2 satisfies820

min
t

g(λ[t]) − g∗ ≤ �. (42)821

Proof: The derivative of g(λ) with respect to each λj is822

given by
∂g(λ)
∂λj

= Lj −
PK

k=1 xk,j , which is a bounded value.823

According to Proposition 6.3.6 in [49], the optimality gap of824

g(λ) is bounded by �. �825

1) Performance Bound: To demonstrate that solution826

obtained by the dual decomposition-based user association is827

near-optimal, we derive an upper bound on the performance,828

which will be used in simulations for comparison. As the first829

step, we exhaustively search all feasible vectors of L. Under830

each L, we solve the following linear programming (LP):831

P5 : max
{x}

K
X

k=1

J
X

j=1

xk,j {αk,j(x) log Rk,j(x)832

+βk,j(x) log R̃k,j(x)
o

833

s.t.: (24), (27) and (28).834

Since the traffic load of each BS j (Lj, j ∈ J ) has Uj835

possible values, the total number of LPs given in P5 is836

QJ
j=1 Uj . Among all the

QJ
j=1 Uj LPs, we select the one837

that generates the largest value of the objective function under838

optimal solution. Then, the value of the objective function of839

the selected LP is a performance upper bound.840

V. SIMULATION STUDY841

The performance of the proposed scheme is validated via842

MATLAB simulations. We consider a 200 m × 200 m area843

with varying numbers of BSs and UEs distributed in the844

area. The UEs can be uniformly distributed or non-uniformly845

distributed in the area. For the latter case, the area is divided846

into 8 subareas; the number of UEs in each subarea follows847

a Poisson distribution, and the UE densities vary across these848

subareas. The simulation parameters and settings are based849

on that in [18]; the channel model and the distance-based850

blockage model are also adopted from [18]. The available851

bandwidth is 1 GHz. The UEs are subject to random blockage852

and we denote P
(b)
k,j as the blockage probability of UE k853

when associated with BS j. P
(b)
k,j increases linearly with the854

distance between UE k and BS j with coefficient κ, given855

as P
(b)
k,j = min {κ · Dk,j , 1}. For example, when κ = 0.05,856

a UE that is 10 m away from the BS has a probability of857

Fig. 5. Average sum rate under different numbers of UEs. Uniformly
distributed UEs and κ = 0.02.

0.5 to be blocked; for a UE that is more than 20 m away, 858

it is always blocked. To evaluate the effectiveness of the 859

proposed adaptive link selection scheme, we compare it with 860

a heuristic link selection scheme, which is performed in an 861

iterative pattern. Specifically, in each iteration of the heuristic 862

link selection scheme, the UE with the largest value of R̃k,j is 863

selected to be served with multi-beam reflection. The iterative 864

process terminates until
P

k βk,jR̃k,j decreases. To evaluate 865

the effectiveness of the proposed user association scheme, 866

we compare it with a heuristic user association scheme, 867

in which each UE is associated with the BS that has the highest 868

SINR. Finally, we derive a performance bound to show the 869

optimality of the proposed scheme. Specifically, we first set 870

the objective function of Problem P1 to be the sum rate of all 871

UEs, and relax the integer constraints of x, α, and β, and a 872

by allowing them to take any value in [0, 1]. We then obtain 873

the optimal solution of the resulting LP. The objective value 874

under the optimal solution is an upper bound for the sum rate 875

performance. 876

Fig. 5 shows the sum rate performance under varying 877

numbers of UEs for the case of uniformly distributed UEs. 878

We observe that the multi-beam only scheme achieves the 879

worst performance among all schemes, which is caused by the 880

high path loss and increased propagation distance of NLOS 881

links. The D2D only scheme achieves a better performance 882

than the multi-beam only scheme, but the data rate is signif- 883

icantly decreased when more UEs are served. This happens 884

because the resource has to be shared among more UEs. 885

By combining D2D relaying with multi-beam reflection, the 886

heuristic link selection scheme, the heuristic user association 887

scheme, and the proposed scheme achieve a higher sum rate, 888

since fewer UEs are involved in D2D transmission and more 889

resource is available for each UE. The proposed scheme 890

outperforms the heuristic link selection scheme, because the 891

proposed algorithm is based on evaluating the performance 892

of UEs served by D2D and multi-beam reflection, while the 893

heuristic link selection scheme only considers UEs served by 894

multi-beam. It is also observed that the average data rates 895
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Fig. 6. Average sum rate under different numbers of UEs. Non-uniformly
distributed UEs and κ = 0.02.

of these three schemes first get higher as the number of896

UEs increases, since more UEs can provide relaying links897

to NLOS UEs. As the number of UEs continues to increase,898

the average data rates of these schemes are decreased, which899

is caused by resource sharing among UEs. The proposed900

scheme also outperforms the heuristic user association scheme901

since load balancing can be achieved via interaction between902

UEs and BSs, which leads to better system performance. For903

example, UEs in the overlapping areas of multiple BSs can904

handover from an overloaded BS to a less loaded BS with905

more communication resources. The performance achieved by906

the proposed scheme is close to that of the upper bound,907

demonstrating that the data rate performance loss caused by908

fairness consideration is relatively small.909

Fig. 6 shows the sum rate performance under varying910

numbers of UEs for the cases of non-uniformly distributed911

UEs, where similar trends among different schemes can be912

observed. For the same number of UEs, the data rates of913

all schemes are lower compared to the case of uniformly914

distributed UEs. This is because the UEs are less evenly915

distributed among the coverage areas of BSs, making it more916

likely that some BSs are overloaded. It is also observed that917

the performance gaps between different schemes are larger918

compared to the case of uniformly distributed UEs, due to the919

fact that adaptive link selection and user association provide920

higher data rate improvement when the traffic load varies sig-921

nificantly across BSs. The results of Figs. 5 and 6 indicate that922

the performance of a single approach (D2D relaying only and923

multi-beam reflection only) is highly limited by the number924

of UEs. In particular, a combination of multiple approaches925

with proper UE selection and load balancing among BSs can926

significantly enhance the data rate performance.927

The data rate performance versus blockage coefficients,928

κ, is shown in Figs. 7 and 8. As κ gets larger, the data929

rates of all schemes are decreased since the proportion of930

NLOS UEs among all UEs is increased. It can also be seen931

that the performance of a single approach (D2D relaying932

only and multi-beam reflection only) is highly sensitive to933

Fig. 7. Average sum rate under different values of κ. Uniformly distributed
UEs and the number of UEs is 75.

Fig. 8. Average sum rate under different values of κ. Non-uniformly
distributed UEs and the number of UEs is 75.

blockage, since the time and power resources are shared by the 934

increasing number of NLOS UEs. With adaptive link selection, 935

the heuristic user association scheme and the proposed scheme 936

achieve considerable performance gain compared to the single- 937

approach schemes. Comparing Fig. 7 with Fig. 8, it can be 938

seen that the average data rate is lower when the UEs are 939

non-uniformly distributed, and higher performance gain can 940

be achieved with the proposed designs. 941

Figs. 9 and 10 show the fairness performance of different 942

schemes with uniformly distributed and non-uniformly distrib- 943

uted UEs, respectively. We use Jain’s fairness index, 944

F =

�

P

k αk,jRk,j+
P

k βk,jR̃k,j

�2

P

k xk,j ·
P

k(αk,jRk+βk,jR̃k)2
945

to measure fairness between different UEs. It can be seen 946

that fairness is poorer for the case of non-uniformly distrib- 947

uted UEs. For both cases, the fairness performance is poor 948

when the objective is set as sum rate maximization. This 949
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Fig. 9. Fairness of different schemes with uniformly distributed UEs. The
number of UEs is 75 and κ = 0.02.

Fig. 10. Fairness of different schemes with non-uniformly distributed UEs.
The number of UEs is 75 and κ = 0.02.

is because, under the optimal resource allocation, the links950

with better channel condition would be allocated with more951

communication resource than the links with worse channel952

condition, resulting in large variation of data rate among UEs.953

By setting the objective as sum logarithm rate maximization,954

the proposed scheme achieves a good tradeoff between sum955

rate performance and fairness among UEs.956

VI. CONCLUSION957

In this paper, we considered an adaptive combination958

of D2D relaying, multi-beam reflection, and handover to959

overcome blockage and improve the data rate performance960

of mmWave networks. We proposed a joint optimization961

of link selection, resource allocation, and user association962

and formulated it as a mixed-integer programming problem.963

The formulated problem was solved by decomposing it into964

two levels of subproblems. The lower-level subproblem is965

link selection and resource allocation under a given under966

association, which is solved by a three-stage process. The967

higher-level subproblem is user association, and we solved it 968

with a dual decomposition-based approach. Simulation results 969

indicate that the proposed scheme achieves higher data rate 970

than several benchmark schemes, and the performance is close 971

to an upper bound. The proposed scheme achieves a tradeoff 972

between sum rate performance and fairness among UEs. 973
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