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ABSTRACT A hybrid beamforming structure is suggested as one of the solutions to reduce implementation
costs and energy consumption in millimeter-wavemassive multiple-input, multiple-output (MIMO) systems.
In this study, an optimization problem of resource allocation was formulated to minimize the total system
transmission power on downlink under a certain quality-of-service (QoS), such as bit/block error rates and
data rates for each user, and the solution was proposed therein. Our proposed stream incremental algorithm
can dynamically adjust the number of data streams for each user according to the channel state information.
Precoding and combining schemes need to be developed to solve the formulated problem and also are
proposed in this paper to be paired up with the stream incremental algorithm. Our proposed algorithms
consider the practical modulation and coding scheme for transmission in various data stream allocation and
beamforming designs. The proposed algorithms provide beamforming solutions formillimeter-wavemassive
MIMO systems, which achieve comparable performance to that of a fully digital block-diagonalization (BD)
algorithm with a lower implementation cost and outperform those of modified existing hybrid beamforming
algorithms. Simulation results demonstrate the efficacy of the proposed schemes by allocating the different
numbers of data streams for each user according to the channel state information. The simulation results
verified that the proposed method can achieve a good trade-off between complexity and performance on
comparison with the modified existing schemes and the full digital solutions.
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INDEX TERMS Millimeter-wave, massive MIMO, beamforming, hybrid beamforming, adaptive modula-
tion and coding scheme, resource allocation.

I. INTRODUCTION19

Millimeter-wave frequency communication is a promising20

candidate that can deal with the challenge of bandwidth21

shortage for the fifth generation (5G) and the beyond wire-22

less cellular communication systems [1], [2]. Smaller cells23

are attractive for operation at millimeter-wave frequencies24

where the path loss is significantly high. Shorter wavelengths25

associated with higher frequencies are suitable for massive26

multiple-input, multiple-output (MIMO) designs because27

The associate editor coordinating the review of this manuscript and

approving it for publication was Bilal Khawaja .

of decreased antenna spacing and related electronics size. 28

Therefore, massive MIMO can provide a large beamforming 29

gain to compensate for the high path loss by using millimeter- 30

wave frequency carriers [3]. A key challenge is that each 31

antenna in a MIMO system generally requires a dedicated 32

radio frequency (RF) chain [4]. Because of this, a hybrid 33

beamforming structure has been suggested as one of the 34

solutions to reduce the implementation cost and energy con- 35

sumption. In the existing resource allocation related papers, 36

most researches aim to maximize the total throughput subject 37

to specific power constraints. At present, few reports consider 38

the power control problems [5], [6], [7], [8]. However, in the 39
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above papers, a single-carrier transmission method is used;40

the number of user antennas is one. Or, these papers develop41

hybrid beamforming algorithms but do not consider practical42

modulation or coding schemes to transmit data.43

In recent years, more researchers have studied multi-user44

and multi-carrier scenarios. In existing research related to45

millimeter-wave massive MIMO systems, most of the papers46

mainly discuss single-carrier or single-user scenarios, but the47

practical millimeter-wave frequency band has a large amount48

of available bandwidth to support a large number of users, and49

orthogonal frequency-division multiplexing (OFDM) trans-50

mission may be considered. The number of antennas at the51

transmitter may be as high as hundreds, and the number of52

antennas at the receiver may also reach dozens. Due to the53

channel hardening, the subcarrier allocation task would no54

longer be required [9]. On the downlink, a scheduling method55

can be applied to all users in the cell, and the selected users56

can use the entire frequency band. However, extending the57

algorithm of a single-carrier scenario for the application to58

an OFDM system is not a simple task. The analog precoder is59

executed in the time domain and used for the entire band-60

width, while the digital precoder is executed on each sub-61

carrier basis. Therefore, the resulting multi-user broadband62

hybrid precoding problem becomes very complicated [10].63

In view of the above discussion, we investigated multi-user64

and multi-carrier scenarios, adopted the multi-antenna hybrid65

architecture at the transceiver and the receiver, and considered66

the constraints of the data rates along with block error rates67

with practical modulation and coding schemes of each user68

to minimize the transmission power.69

The characteristics of the millimeter-wave channel were70

studied because the channel characteristics are quite different71

from the traditional microwave frequency band [1], [11],72

[12], [13], [14]. Then, scholars considered the single-carrier73

and point-to-point systems [15], [16], [17], [18], [19], [20]74

for simulation and implementation. After some basic prop-75

erties were studied, researchers considered the scenarios of76

either a single-carrier and multi-user [21], [22], [23], [24],77

[25] or multi-carrier and single-user systems [26], [27], [28].78

In recent years, more researchers have studied multi-user79

and multi-carrier systems [29], [30], [31], [32]. For OFDM-80

based systems, the effect of inter-user interference and to81

design a digital beamformer must be considered on a per sub-82

carrier basis, respectively. In hybrid beamforming designs,83

several design criteria can be adopted. One approach may84

include matrix factorization imposed by the phase shifters85

restriction [33]. Another approach is to decompose the design86

of the analog beamformer and the digital beamformer into87

two stages. The analog beamformer harvests array gain,88

and the digital beamformer is responsible for eliminating89

interference [34], [35]. In the analog beamformer design,90

a low complexity approach is followed through codebook91

selection [36]. In one report [34], the authors used the equal92

gain transmission method to design the analog beamformer,93

which leads to some limitations and cannot be used in the94

scenario of data stream adjustment. Particularly, the authors95

in [32] study the single-carrier scenario and use the inter- 96

ference plus noise suppression criteria to design the digital 97

beamformer; the authors in previous reports [37], [38], [39] 98

considered multi-carrier scenarios; these three papers use 99

the criteria of maximizing the signal-to-leakage-plus-noise 100

ratio, weighted sum mean square error minimization, and 101

minimizing mean square error (MMSE) to design the digital 102

beamformer, respectively. These papers mentioned above do 103

not guarantee that all interferences are eliminated to sat- 104

isfy the constraints of bit error rates and block error rates 105

(BERs/BLERs). In addition, although researchers considered 106

multi-carrier andmulti-user scenarios [40] and [41], their user 107

equipment was set to a single antenna, so their methods are 108

not feasible to use in our scenario. In [5], [6], [7], and [8], the 109

authors considered the power control problems for a narrow- 110

band single antenna millimeter-wave massiveMIMO system. 111

We investigated multi-carrier and multi-antenna millimeter- 112

wave massive MIMO systems where data rates, block error 113

rates, practical modulation, and coding schemes of each user 114

are considered. Based on the above discussion, the methods 115

of these papers could not be applied directly to solve the 116

optimization problem of this study and to be compared with 117

the proposed schemes. To the best of our knowledge, the 118

scenario setting along with the problem formulation has not 119

been investigated so far. 120

In this paper, we investigated a resource allocation problem 121

for multi-carrier (OFDM) and multi-user millimeter-wave 122

systems and use a multi-antenna hybrid architecture at the 123

transceiver to design the beamforming algorithm to pair with 124

the resource allocation solution for the formulated problem. 125

The main contributions are summarized as follows. 126

• Common optimization problems in this field include 127

either capacity problems –maximizing the total through- 128

put subject to specific power constraints, or power 129

control problems – minimizing the transmission power 130

under a certain quality-of-service (QoS) for each user. 131

In the millimeter-wave large antenna array systems 132

under consideration, most papers discuss the capac- 133

ity problems. Up to now, only a few studies have 134

investigated the above power control problems. How- 135

ever, in these few studies, a single-carrier transmission 136

method was used; the number of user antennas was one, 137

and the required received SINR of each user was not con- 138

sidered to meet the error rate and data rate constraints. 139

We studied the power control problems for multi-user 140

and multi-carrier and adopted the multi-antenna hybrid 141

architecture at the transceiver. The constraints of the data 142

rates along with block error rates with practical modula- 143

tion, and coding schemes of each user were considered 144

to minimize the transmission power. To the best of our 145

knowledge, the resource allocation problem along with 146

the beamforming design with the above scenario has not 147

been considered yet in the literature. 148

• The existing studies assumed that each user transmits the 149

same number of data streams. If power control regarding 150
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resource allocation is the main purpose, it may be more151

advantageous to offer flexible assignments regarding152

the number of data streams for users. This novel idea153

motivated us to design a resource allocation algorithm154

with the number of data streams adjustment to achieve155

better performance in terms of transmit power. There-156

fore, we proposed a data stream allocation algorithm157

based on an equivalent bit incremental loading idea for158

practical modulation and coding scheme (MCS such as159

in 3gpp) selection.160

• A hybrid beamforming algorithm can be designed based161

on various viewpoints. One of the approaches is to162

find a fully digital beamforming solution first and try163

to minimize the Euclidean distance between the fully164

digital beamforming solution and the hybrid beamform-165

ing solution. In one report [42], the authors imposed a166

semi-orthogonal constraint on the digital beamformer167

and propose an alternating minimization (AltMin) algo-168

rithm. The structure of the analog beamformer was169

adjusted to be the single phase-shifter. Then, the scheme170

was modified in the received digital combiner so that171

the inter-stream interference can be eliminated. After172

the modification and the re-derivation, due to the173

interference cancelation capability, this beamforming174

scheme can be applied to solve the formulated optimiza-175

tion problem in this paper to satisfy the constraint of176

BERs/BLERs by using the practical MCS such as in177

3gpp.178

• The performance of the traditional classic block-179

diagonalization (BD) method is affected by the num-180

ber of transmitting and receiving antennas due to the181

limitation on the serving number of users by the base182

station at the same time owing to the interference effect.183

Therefore, compared with this method, our proposed184

algorithm has better flexibility in the number of serving185

users. In our proposed processing scheme, a parameter186

can be adjusted to reduce computational complexity.187

Simulation results also verify that the proposed algo-188

rithms can achieve a good trade-off between complexity189

and performance compared with these existing schemes.190

The following notations are used throughout this paper.191

The lower-case boldface letter a and upper-case boldface192

letter A stand for a column vector and a matrix, respectively;193

The conjugate, transpose, and conjugate transpose of A are194

represented byA∗,AT , andAH ;max(A) andmin(A) indicate195

the maximum and the minimum values of A, respectively; |a|196

is the amplitude of scalar a; ‖a‖ denote the Euclidean norm197

of a, and ‖A‖F denote the Frobenius norm ofA; rank(A) and198

Tr(A) indicate the rank and trace of A, respectively; A(i, j)199

represent the element in the i-th row and j-th column of A.200

The phase of a complex variable is noted by 6 [·]; Card (A)201

denotes the cardinality of set A;O (·) is the big O notation for202

complexity analysis.203

The remainder of this paper is organized as follows.204

In Section II, we introduce the adopted hybrid beamforming,205

channel model and the problem formulation. In Section III, 206

the two beamforming algorithms are compared, and we 207

proposed a beamforming algorithm as the main contribu- 208

tion to solve the formulated optimization problem. These 209

include the modified phase extraction alternating mini- 210

mization (PE-AltMin) hybrid precoding/combing, the multi- 211

carrier extension of the fully digital block diagonaliza- 212

tion precoding/combing, and the proposed two-stage hybrid 213

precoding/combing. In addition, we also discuss the pro- 214

posed stream incremental algorithm based on the MCS 215

index allocation/equivalent bit incremental loading algo- 216

rithm. In Section IV, the computational complexity for the 217

proposed hybrid precoding/combining schemes are ana- 218

lyzed. Simulation results are presented in Section V. Finally, 219

Section VI presents the conclusion of this paper. 220

II. SYSTEM MODEL 221

A. HYBRID PRECODING AND COMBINING STRUCTURE 222

A downlink multi-user millimeter-wave MIMO-OFDM sys- 223

tem as shown in Fig. 1., was considered. A base station 224

equipped with Nt antennas and NtRF RF chains simultane- 225

ously transmits Ns data streams to serve selected users over 226

K subcarriers using OFDM. And each user equipment is 227

equipped with Nr antennas and NrRF RF chains to receive 228

ns,u data streams, where ns,u is the number of received data 229

streams by the u-th user. The transmitted data streams are 230

allocated to all U users, and the number is ns,1+ ns,2+ . . .+ 231

ns,U = Ns. The existing papers assumed that each user trans- 232

mits the same number of data streams ns,1 = ns,2 = · · · = 233

ns,U . However, allocating different numbers of data streams 234

according to the channel state information of each user may 235

further improve the performance. Therefore, we assumed that 236

the number of data streams allocated to each user would be 237

different. Ns ≤ NtRF < Nt and ns,u ≤ NrRF < Nr should be 238

satisfied to hold the multiplexing of data streams. 239

In the hybrid beamforming structure, input data symbols 240

are precoded by a low-dimension digital precoder FBB [k] ∈ 241

CNtRF×Ns , k = 1, · · · ,K . After digital precoding FBB [k], 242

signals are transformed from the frequency domain to the 243

time domain by NtRFK -points inverse fast Fourier transforms 244

(IFFTs) and added cyclic prefixes (CP). 245

Next, an analog precoder FRF ∈ CNt×NtRF was adopted 246

to generate the final transmitted signal. The analog precoder 247

FRF was executed in the time domain and used for the entire 248

bandwidth, while the digital precoder was executed on each 249

subcarrier basis, thus, complicating the resulting broadband 250

hybrid precoding design problem [10]. 251

The final transmitted signal for the u-th user on the k-th 252

subcarrier is written as 253

xu [k] = FRFFBBu [k] su[k] (1) 254

where FBB [k] = [FBB1 [k] ,FBB2 [k] , · · · ,FBBU [k]] ∈ 255

CNtRF×Ns , s [k] =
[
sT1 [k] , sT2 [k] , · · · , sTU [k]

]T
∈ CNs×1 is 256

the transmit modulated data symbols on the k-th subcarrier 257

with E
[
s [k] sH [k]

]
=

P
KNs INs , and P is the transmit power. 258
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FIGURE 1. Illustration of the downlink multi-user millimeter wave MIMO-OFDM system in which the BS and the UEs both employ the hybrid
beamforming architecture.

Assuming a block fading channel model and perfect carrier259

frequency offset synchronization, the received signal over a260

MIMO channel for the u-th user on the k-th subcarrier is261

yu [k] = Hu [k]
U∑
j=1

xj[k]+ zu [k] (2)262

where Hu[k] ∈ CNr×Nt is the frequency domain channel for263

the u-th user on the k-th subcarrier, and zu [k] ∼ CN (0, σ 2
n
)
is264

the circularly symmetric additive white Gaussian noise with265

power σ 2
n for the u-th user on the k-th subcarrier.266

At the receiver, the received signals were first combined267

by the common analog combiner WRFu ∈ CNr×NrRF . Then,268

it removed CP and transformed the signals from the time269

domain to the frequency domain by NrRFK -points FFT.270

Finally, a low-dimension digital combiner WBBu [k] ∈271

CNrRF×ns,u was employed for each subcarrier. Then, the final272

received signals for the u-th user on the k-th subcarrier was273

ỹu [k] = WH
BBu [k]W

H
RFuHu [k]

U∑
j=1

FRFFBBj [k] sj [k]274

+WH
BBu [k]W

H
RFuzu [k]. (3)275

Particularly, the analog precoder FRF and the analog com-276

biner WRFu, u = 1, · · · ,U were implemented by phase-277

shifters. We adopted the most common fully connected and278

single phase-shifter architecture [32] in this paper.279

The millimeter-wave propagation can be well charac-280

terized by a cluster Saleh-Valenzuela channel model for281

millimeter-wave systems [43]. The time-domain channel tap282

between the base station and the u-th user can be modeled as283

Ht
u [d] =

Ncl−1∑
l=0

Hu,lδ[d − l] (4)284

where Ncl is the number of scattering clusters, δ[·] is the285

Kronecker delta function, and the l-th tap for the u-th user can286

be modeled as the sum of Nray contributions of propagation287

paths in a cluster, given by288

Hu,l =
1
√
plu

Nray∑
i=1

αi,lar (φri,l)a
H
t (φ

t
i,l) (5)289

where αi,l ∼ CN (0,NtNrPl/Nray) is the complex gain for 290

the i-th propagation path in the l-th cluster; plu is the path 291

loss for the u-th user; φri,l and φ
t
i,l are the angles of arrival 292

and departure for the i-th propagation path in the l-th cluster, 293

respectively. 294

Further, ar (·) and at (·) are the antenna array response 295

vectors for the receiver and the transmitter, respectively. 296

We considered the scenario of Ncl clusters and Nray scatterers 297

per cluster [44] in which the angles of arrival (departure) 298

are generated by following the Laplacian distribution with 299

randommean cluster angels φ̄rcl ∈ [0, 2π ] (φ̄tcl ∈ [0, 2π ]) and 300

angular spreads of θas within each cluster. This paper adopted 301

the uniform linear array configuration with N antennas and 302

antenna spacing d. Therefore, the antenna array response 303

vector was expressed as 304

a (φ) =

√
1
N

[
1, ej

2π
λ
dsin(φ), · · · , ej(N−1)

2π
λ
dsin(φ)

]T
(6) 305

where λ is the signal wavelength and d is usually set to λ
2 . 306

By applying the fast Fourier transform (FFT) to the time 307

domain channel, the frequency domain channel coefficient 308

between the base station and the u-th user on the k-th sub- 309

carrier can be expressed as 310

Hu [k] =
Ncl−1∑
l=0

Hu,le−j2π l(k/K ), k = 0, 1, · · · ,K − 1. 311

(7) 312

B. PROBLEM FORMULATION 313

As the motivation described in Section I, the scenario under 314

consideration is multi-user and multi-carrier, and we adopted 315

the multi-antenna hybrid architecture at the transceiver. 316

We considered the data rate, the block error rate, and the 317

practical modulation and coding scheme of each user to min- 318

imize the transmission power. Based on our observations and 319

due to the channel hardening, subcarrier allocation would be 320

no longer required [9]. With OFDM transmission, each sub- 321

carrier in a massive MIMO system has a property of similar 322

channel gains after beamforming. Therefore, the entire band- 323

width would be employed for each user. We assumed that the 324
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receiver can perfectly obtain the channel state information.325

The optimization problem was formulated as326

minimize
(WRFu)Uu=1,[(WBBu[k])Kk=1]

U
u=1,

FRF,(FBB[k])Kk=1,(nsu)
U
u=1

∑U

u=1

∑K

k=1

∑ns,u

n=1
P
(
ru,n,k

)
327

(8a)328

subject to |FRF(i, j)| = 1, and |WRFu(i, j)| = 1 (8b)329 ∑K

k=1

∑ns,u

n=1
ru,n,k ≥ R, for u = 1, · · · ,U .330

(8c)331

Assume fk (ru,n,k ) is the required receive332

SINR for a particular BLER such as10−1.333

(8d)334

Then, the required transmission power for the n-th data335

stream on the k-th subcarrier for the u-th user can be336

expressed as337

P
(
ru,n,k

)
=

fk (ru,n,k )
∥∥∥wH

BBu,n [k]W
H
RFu

∥∥∥2 σ 2
n∥∥∥wH

BBu,n [k]W
H
RFuHu [k]FRFfBBu,n [k]

∥∥∥2 .338

(9)339

The beamforming weight vectors for the u-th user on the340

k-th subcarrier are denoted as341

WBBu [k] =
[
wBBu,1 [k] , · · · ,wBBu,ns,u [k]

]
;342

FBBu [k] =
[
fBBu,1 [k] , · · · , fBBu,ns,u [k]

]
(10)343

where wBBu,n [k] is the n-th column of WBBu [k], and344

fBBu,n [k] is the n-th column of FBBu [k].345

Based on (8a), we planned to design the hybrid beamform-346

ing weight vectors and allocate the appropriate number of347

data streams for each user tominimize the transmission power348

of the base station. (8b) indicates the hardware limitation due349

to fully connected and single phase-shifter architecture. And350

(8c) means that each user must reach a minimum predeter-351

mined data rate constraint R, where ru,n,k ∈ B, and B is the352

set of available equivalent loading bits defined in Table 1 as353

described later.354

III. PROPOSED HYBRID BEAMFORMING SCHEMES355

The main challenge in this multi-user spectrum sharing356

system was to design the beamformer while consider-357

ing the inter-user interference cancellation. In this section,358

we adapted two beamforming algorithms for performance359

comparison and propose beamforming processing schemes360

as the main contribution to solve the optimization problem.361

These first two beamforming algorithms in the following362

discussions were used as performance benchmarks to be com-363

pared with the proposedmethods described in this Subsection364

C. After developing these three beamforming algorithms, the365

proposed MCS index allocation algorithm was derived to sat-366

isfy the remaining optimization problem constraints. We will367

also develop the proposed stream incremental algorithm to368

achieve better system performance.369

A. MODIFIED PE-ALTMIN HYBRID BEAMFORMING 370

The authors in an earlier report [33] developed an alternat- 371

ing minimization (AltMin) algorithm mainly in a single-user 372

system. If this scheme were extended to multi-user and multi- 373

carrier systems for solving the formulated optimization prob- 374

lem along with the constraints in this paper, adaptation would 375

be required for the application. Due to the use of MCS index 376

selection to satisfy BERs/BLERs, it is required to ensure that 377

the interference effect is eliminated. A cascade digital com- 378

biner is adopted to achieve this purpose. Therefore, a cascade 379

of additional block-diagonalization (BD) precoders based on 380

the effective channel idea to cancel the residual interference 381

was used [42]. For a multi-carrier system design, we arranged 382

precoders, where Fdig =
[
Fdig [1] ,Fdig [2] , · · · ,Fdig [K ]

]
is 383

the Nt ×KN s combined fully digital precoder, for all subcar- 384

riers into a larger matrix and then deal with the optimization 385

problem. After designing the hybrid beamformer through the 386

steps, we defined an effective channel for the u-th user on the 387

k-th subcarrier as 388

Ĥu [k] =WH
BBu [k]W

H
RFuHu[k]FRFFBB [k] (11) 389

where WBBu [k] is the NrRF × ns,u digital combiner for the 390

u-th user on the k-th subcarrier, WRFu is the Nr × NrRF 391

analog combiner for the u-th user, Hu[k] is the frequency 392

domain channel for the u-th user on the k-th subcarrier, FRF 393

is theN t×N tRF common analog precoder, and FBB [k] is the 394

N tRF ×Ns combined digital precoder on the k-th subcarrier. 395

After some derivations, the effective channel Ĥu [k] is the 396

input of the block-diagonalization (BD) algorithm to obtain 397

FBD [k] and WBDu [k] for the cascade digital combiner; it 398

was thus achieved so that the inter-stream interference was 399

eliminated to solve the optimization problem for the compar- 400

ison in this paper. The processing steps are illustrated by the 401

pseudo-code in Algorithm 1, labeled Modified PE-AltMin 402

Algorithm. Although this method has a low complexity, its 403

performance depends on the initial input of the fully digital 404

solutions. 405

B. FULLY DIGITAL BLOCK DIAGONALIZATION 406

BEAMFORMING 407

The fully digital block-diagonalization (BD) algorithm was 408

proposed earlier [45] for a single-carrier scenario. For amulti- 409

carrier system, the following constraint was imposed herein, 410

on each subcarrier to eliminate inter-user interference. 411

Hi [k]Fj [k] = 0 for i 6= j (12) 412

whereHi [k] is the frequency domain channel for the i-th user 413

on the k-th subcarrier, and Fj [k] is the digital precoder for 414

the j-th user on the k-th subcarrier. The processing scheme is 415

illustrated by the pseudo-code in Algorithm 2 labeled Fully 416

Digital BD Algorithm. This scheme is aimed for the compar- 417

ison with the following proposed hybrid beamforming. 418

C. PROPOSED HYBRID BEAMFORMING 419

The above fully digital BD method can achieve good perfor- 420

mance in the traditional rich scattering Rayleigh fading chan- 421
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Algorithm 1 Steps by Using PE-AltMin Algorithm

Inputs: Fdig,H [k] =
[
HT

1 [k] , · · · ,HT
U [k]

]T
, k =

1, · · · ,K .
1: Construct F(0)

RF with a feasible phase and set i = 0.
2: repeat
3: Fix F(i)

RF, compute the SVD of
FHdigF

(i)
RF = U(i)

1 S(i)V(i)H .

4: Update F(i)
BB = V(i)U(i)H

1 .
5: Fix F(i)

BB, and update F
(i)
RF by FRF = ej

6 FdigFHDD .

6: i← i+ 1.
7: until a stopping criterion triggers.
8: Construct the effective channel.
9: According the effective channels, calculate the BD

precoders FBD [k] and combinerWBDu [k].
10: Calculate F̃BB [k] = FBB [k]FBD [k].
11: Calculate WBBu [k] =WBBu [k]WBDu [k].
12: For digital precoder at the transmitter, normalize

FBB[k] =
√
N s∥∥∥FRFF̃BB[k]∥∥∥

F

F̃BB [k].

Outputs: FRF,WRF andWBB [k] ,FBB [k] , k= 1, · · · ,K .

Algorithm 2 Steps by Using Fully Digital BD Algorithm
Inputs: ns,u, u = 1, · · · ,U .

H [k] =
[
HT

1 [k] ,HT
2 [k] , · · · ,HT

U [k]
]T ,

k = 1, · · · ,K .
1: for every k-th subcarrier do
2: for every u-th user do
3: Calculate the null space of the interference

channel.
4: Calculate SVD of the effective channel.
5: Calculate Fu [k] = Ṽu2 [k]Vu1 [k].
6: CalculateWu [k] = Uu1 [k].
7: end
8: end

Outputs: Obtain digital precoder and digital combiner
Fdig [k] = [F1 [k] , · · · ,FU [k]] , k = 1, · · · ,K .
Wdig [k] = [W1 [k] , · · · ,WU [k]],
k = 1, · · · ,K .

nel and the millimeter-wave channel with limited scattering.422

But the condition of Nt ≥ UN r had to be satisfied to find the423

null space of interference for each u ser. This condition led to424

a limitation on the number of users served by the base station425

simultaneously. The fully digital BD algorithm can achieve426

sub-optimal performance in a multi-user MIMO system [34].427

In the millimeter-wave scenario with limited scattering, the428

performance of the hybrid beamforming algorithm may be429

better than that of the fully digital BD algorithm. Due to the430

limited number of clusters, the frequency selective fading431

effect is not obvious. Therefore, it is more likely that an432

analog beamformer appropriately shared by all sub-carriers is433

designed. These observations motivate us to design a hybrid434

beamforming algorithm along with the capability of flexibly,435

adjusting the number of data streams to achieve better perfor- 436

mance. 437

In a single-carrier scenario, the analog precoder design and 438

analog combiner design may be viewed as two independent 439

stages [34], [43]. It assumes that the analog precoder is an 440

optimal para-unitary matrix on a per subcarrier basis [37]. 441

Then the analog combiner is designed to have the largest 442

array gain for each user regardless of the inter-user interfer- 443

ence. The optimal analog combiner for the u-th user can be 444

expressed as 445

Wopt
RFu = argmax

WRFu

1
K

∥∥∥WH
RFuH

(h)
u

∥∥∥2
F

446

s.t. |WRFu(i, j)| = 1 (13) 447

where H(h)
u = [Hu [1] ,Hu [2] , · · · ,Hu [K ]] is the Nr × 448

(NtK ) horizontal tensor unfolding of the three-dimensional 449

matrix. SVD is performed on H(h)
u to have H(h)

u = Ūu6̄uV̄H
u , 450

where Ūu and V̄u are the left and right singular matrices, 451

respectively; 6̄u is the non-negative diagonal matrix consti- 452

tuted by the singular values ofH(h)
u . By expanding the term in 453

the norm, the objective function of (13) can be expressed as 454∥∥∥WH
RFuH

(h)
u

∥∥∥2
F

455

= Tr
{(

WH
RFuŪu6̄uV̄H

u

)H (
WH

RFuŪu6̄uV̄H
u

)}
456

= Tr
{
V̄u6̄

H
u Ū

H
u WRFuWH

RFuŪu6̄uV̄H
u

}
457

= Tr
{
6̄

2
uŪ

H
u WRFuWH

RFuŪu

}
(14) 458

Next, we can partition these two matrices 6̄u and Ūu as 459

6̄u =

[
6̄u1 0
0 6̄u2

]
, Ūu =

[
Ūu1 Ūu2

]
(15) 460

where 6̄u1 is the NrRF × NrRF diagonal matrix, and Ūu1 is 461

the first NrRF columns of the matrix Ūu. It implies that to 462

maximize this function is to set WRFu = Ūu1. By Euclidean 463

projection of Ūu1 onto the feasible set to satisfy the constant 464

modulus norm constraints, we obtained the expression for the 465

solution as 466

Wopt
RFu = ej

6 Ūu1 . (16) 467

After the analog combiners are designed, we regard the 468

result of the multiplication of the analog combiner and the 469

frequency domain channel as an equivalent channel. Then the 470

analog precoder FRF = [FRF1,FRF2, · · · ,FRFU ] is designed 471

to have the largest array gain regardless of the inter-user 472

interference. The derivation process is similar to that of above 473

the analog combiner such that the analog precoder for the 474

u-th user FRFu is the first ns,u columns of the matrix Ṽu 475

expressed as Ṽu1. Then, the phases are fetched to satisfy the 476

constant modulus norm constraints. The entire process of the 477

analog beamformer design is shown by the pseudo-code in 478

Algorithm 3-1 denoted as Proposed Hybrid Beamforming 479

Algorithm (Analog). 480
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Algorithm 3-1 Proposed Hybrid Beamforming Algorithm
(Analog)
Inputs: ns,u, u = 1, · · · ,U .

H [k] =
[
HT

1 [k] ,HT
2 [k] , · · · ,HT

U [k]
]T ,

k = 1, · · · ,K .
1: for every u-th user do
2: H(h)

u = [Hu [1] ,Hu [2] , · · · ,Hu [K ]].
3: Calculate SVD of H(h)

u = Ūu6̄uV̄H
u .

4: Calculate WRFu = ej 6 Ūu1 .

5: H(l)effu =
[(
WH

RFuHu [1]
)T
, · · · ,

(
WH

RFuHu [K ]
)T ]T .

6: Calculate SVD of H(l)
effu = Ũu6̃uṼH

u .
7: Calculate FRFu = ej 6 Ṽu1 .
8: end

Outputs:
Analog precoder FRF = [FRF1,FRF2, · · · ,FRFU ] and
analog combiner WRFu, u= 1, · · · ,U .

After solving the problem in the analog beamformer design481

stage, a baseband equivalent channel is formed by the result482

of the multiplication of the channel and the designed analog483

beamformer. Therefore, the equivalent baseband channel for484

the u-th user on the k-th subcarrier is expressed as485

Hequ [k] =WH
RFuHu [k]FRF. (17)486

Based on this baseband equivalent channel, the low-487

dimension BD digital beamformer discussed earlier may be488

applied to cancel inter-user interference. However, while the489

condition NtRF < UN rRF occurs, the baseband equivalent490

channel could not be used to perform the BD algorithm,491

canceling inter-user interference completely. It means that the492

algorithm could not find all required null spaces to interferers493

for users. Unfortunately, this condition is inevitable if the494

resource allocation algorithm such as flexible data stream495

adjustment is considered. A joint processing idea such as496

[45] called ‘‘coordinated transmit-receive processing’’ was497

proposed for the application to a fully digital beamforming498

system. Herein, a joint transmit-receive processing scheme is499

developed to solve this hybrid beamforming problem under500

consideration to relax the RF chain number constraint based501

on an equivalent channel idea. The proposed scheme is502

derived as follows.503

First, let W̌u [k] be a receiving combiner for the u-th user504

on the k-th subcarrier that will receive data from the base505

station. The new equivalent baseband channel for all users506

is formed to be a block matrix as507

H̃eq [k]508

=

[
H̃T

1 [k] , · · · , H̃T
U [k]

]T
509

=

[
(W̌

H
1 [k]Heq1 [k])

T
, · · · , (W̌H

U [k]HeqU [k] )
T
]T
.510

(18)511

The proposed joint transmit-receive processing scheme 512

is performed on H̃eq [k] instead of the baseband equivalent 513

channel as the input of Algorithm 2. Some inter-user interfer- 514

ence is allowed in the transmit signals; it means interference is 515

not completely canceled in the transmit. The residual interfer- 516

ence is dependent on the nulling of the beam pattern W̌u[k]. 517

In other words, it aims to be canceled after the combiner 518

output. 519

Based on the above discussion, the next step is to determine 520

the expression of W̌u[k]. A baseband equivalent channel is 521

performed by SVD and expressed as 522

Hequ [k] = Ǔu [k] 6̌u [k] V̌H
u [k]. (19) 523

Then, the receiving combiner for the u-th user on the k-th 524

subcarrier may be conjectured as 525

W̌u[k] = Ǔu1[k] (20) 526

where Ǔu1[k] is the first ns,u columns of the matrix Ǔu [k], 527

because the beamformer is temporarily assumed by the trans- 528

mitter on the best combiner structure, and the beamformer is 529

not necessarily the result of the final combiner. 530

After the above processing, the digital beamformer is fur- 531

ther imposed by the following constraint to eliminate the 532

inter-user interference. 533

H̃i [k]Fj [k] = 0 for i 6= j (21) 534

where H̃i [k] is the new equivalent baseband channel for the 535

i-th user on the k-th subcarrier andFj [k] is the low-dimension 536

digital precoder for the j-th user on the k-th subcarrier. 537

Then the new equivalent baseband interference channel is 538

constructed for the u-th user on the k-th subcarrier as 539

H̃u [k] 540

=

[
H̃T

1 [k] , · · · , H̃T
u−1 [k] , H̃

T
u+1 [k] , · · · , H̃

T
U [k]

]T
. 541

(22) 542

The zero-interference constraint makesFu [k] lie in the null 543

space of H̃u [k]. SVD is performed to find the null space of 544

the new equivalent baseband interference channel. 545

H̃u [k] = Ũu [k] 6̃u [k]
[
Ṽu1 [k] Ṽu2 [k]

]H
(23) 546

where Ṽu1 [k] is composed of the first rank
(
H̃u [k]

)
right 547

singular vectors, and Ṽu2 [k] has the lastNtRF−rank
(
H̃u [k]

)
548

right singular vectors associated with zero singular values. 549

Therefore, Ṽu2 [k] forms an orthogonal basis for the null 550

space of H̃u [k]. We project the new equivalent baseband 551

channel H̃u [k] onto the null space to obtain an effective 552

channel without interference expressed as 553

H̃effu [k] = H̃u [k] Ṽu2 [k]. (24) 554

In the absence of interference, the precoder and the combiner 555

can be designed based on SVD performed on this channel as 556

H̃effu [k] = Ûu [k] 6̂u [k] V̂H
u [k] 557
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=

[
Ûu1 [k] Ûu2 [k]

]
6̂u [k]

[
V̂u1 [k] V̂u2 [k]

]H
558

(25)559

where Ûu1 [k] is the first ns,u columns of the matrix Ûu [k],560

V̂u1 [k] is the first ns,u columns of the matrix V̂u [k], and561

6̂u [k] is the non-negative diagonal matrix constituted by the562

singular values of H̃effu [k].563

Finally, the multiplication of Ṽu2 [k] and the first ns,u564

columns of V̂u [k] is considered as the digital precoder to565

cancel some inter-user interference. At the receiver, the mul-566

tiplication of W̌u[k] and the first ns,u columns of Ûu [k] is567

used as the digital combiner to cancel residual inter-user568

interference and inter-stream interference. This proposed pro-569

cessing scheme has greater flexibility in serving the number570

of users because it avoids the above-mentioned constraint571

regarding the serving number of users. the entire process of572

digital beamformer design is shown by the pseudo-code in573

Algorithm 3-2, denoted as Proposed Hybrid Beamforming574

Algorithm (Digital).575

Algorithm 3-2 Proposed Hybrid Beamforming Algorithm
(Digital)
1: for every k-th subcarrier do
2: for every u-th user do
3: Define Hequ [k] =WH

RFuHu [k]FRF.
4: Calculate SVD of Hequ [k] by (19).
5: Define H̃u [k] = ǓH

u1 [k]Hequ [k].
6: end
7: for every u-th user do
8: Define new equivalent baseband interference

Channel by (22).
9: Calculate the null space of the new equivalent

baseband interference channel by (23).
10: Calculate SVD of effective channel by (24).
11: Calculate FBBu[k] = Ṽu2 [k] V̂u1 [k].
12: CalculateWBBu [k] = Ǔu1[k]Ûu1 [k].
13: end
14: end
15: Obtain digital precoder and digital combiner

F̃BB [k] = [FBB1 [k] , · · · ,FBBU [k]], k= 1, · · · ,K
WBB [k] = [WBB1 [k] , · · · ,WBBU [k]],
k= 1, · · · ,K .

16: For digital precoder at the transmitter, normalize
FBB [k] =

√
N s∥∥∥FRFF̃BB[k]∥∥∥

F

F̃BB [k].

Outputs:WBB [k] and FBB [k] , k= 1, · · · ,K .

The above three beamforming algorithms are developed576

to cancel interference for solving the formulated problem577

and particularly for meeting the BER/BLER constraint by578

using practical modulation and coding. One of the key issues579

is that the MCS index allocation algorithm to select appro-580

priate modulation and coding to transmit is required after581

appropriately controlling over all interferences such that the582

switching levels would be applied to satisfy the system’s583

specified BER/BLER. In the next part, the proposed MCS584

TABLE 1. SNR switching levels for modulation and coding schemes
satisfying 10% block error rates.

index allocation algorithm is derived in detail. This consid- 585

eration is rarely investigated in hybrid beamforming systems 586

for multi-user multi-carrier scenarios. 587

D. PROPOSED MCS INDEX ALLOCATION ALGORITHM 588

The issue of the switching levels for modulation and cod- 589

ing is addressed as follows. In the performance curves of 590

SNR-BLER for 5G NR systems are presented. In 3GPP 591

38.212 [46], the LDPC code replaces the turbo code used 592

in the 4G LTE data channels, and the polar code replaces 593

the convolutional code used in the 4G LTE control channels. 594

Once the switching level is obtained, the proposed allocation 595

schemes can be applied, and a similar performance trend is 596

observed. The CQI table for the LDPC code in is adopted here 597

as an example of the modulation and coding schemes. This 598

table provides fifteen schemes, and each corresponds to an 599

MCS index. Five out of these fifteen schemes were extracted 600

and employed for simulation, and the related parameters are 601

listed in Table 1. The target BLER is set to 10% by the 3GPP 602

standard. The SNR of this table provides the switching level 603

for each MCS index satisfying 10% BLER. 604

First, the MCSu is denoted as the MCS index allocation 605

table to indicate the selected modulation and coding schemes 606

used by the u-th user on different data streams and subcarriers 607

and is initialized as 608

MCSu =
[
0ns,u×K

]
. (26) 609

The proposed novel approach is addressed as follows. 610

AnMCS index corresponds to a transmission with equivalent 611

loading bits for performing typical bit loading algorithms. 612

Therefore, the mapping to the spectral efficiency as the 613

equivalent loading bits for the n-th data stream on the k-th 614

subcarrier is expressed as 615

SE (n, k) = gk (MCSu (n, k)) (27) 616

where MCSu (n, k) is the assigned MCS index for the n-th 617

data stream on the k-th subcarrier for the u-th user, and gk (·) 618

is a mapping function for a specific MCS index mapped 619

to equivalent loading bits according to Table 1. The MCS 620

index assignment corresponding to the equivalent loading bits 621

is iteratively evaluated one-by-one until each user achieves 622

the target data rate. The above idea is similar to that of the 623

bit loading process, where the assignment is based on the 624

required minimum transmission power per bit during each 625

MCS index evaluation iteration. 626

VOLUME 10, 2022 101905



B.-Y. Chen et al.: Hybrid Beamforming and Data Stream Allocation Algorithms for Power Minimization

The transmission power increment table is denoted as627

1Pu =
[
0ns,u×K

]
(28)628

where each element in 1Pu represents the increased trans-629

mission power per additional transmit bit on all data streams630

and subcarriers. The expression is631

1Pu (n, k)632

=

1SINRu(n, k)
∥∥∥wHBBu,n [k]WH

RFu

∥∥∥2 σ 2
n

1Ru(n, k)
∥∥∥wHBBu,n [k]WH

RFuHu [k]FRFf BBu,n [k]
∥∥∥2633

(29)634

where 1SINRu(n, k) is the increased SINR for the n-th data635

stream on the k-th subcarrier switched to the next level MCS636

index, and 1Ru(n, k) is the associated increased number of637

bits.638

The entire process of the MCS index allocation algorithm639

is shown by the pseudo-code in Algorithm 4, denoted as the640

Proposed MCS Index Allocation Algorithm.641

Algorithm 4 Proposed MCS Index Allocation Algorithm
1: for every u-th user do
2: bits← b.
3: Define WBBu [k] and FBBu [k] by (10).
4: Initialize the MCS index allocation table by (26).
5: Initialize the transmission power increment

table by (28).
6: Calculate 1Pu (n, k) , for all n, k .
7: repeat
8: (n, k) = argmin

n,k
1Pu (n, k).

9: MCSu (n, k)← MCSu (n, k)+ 1.
10: Obtain spectral efficiency by (27), and calculate

the increased spectral efficiency 1SE(n, k).
11: Update1SINRu (n, k) and1Ru (n, k) to next MCS

index, then update 1Pu (n, k).
12: bits← bits−1SE(n, k).
13: until bits ≤ 0
14: end

E. PROPOSED STREAM INCREMENTAL ALGORITHM (SIA)642

Existing millimeter-wave hybrid beamforming algorithms643

usually assume that all the users transmit the same number644

of data streams. Herein, we propose algorithms to allocate645

different numbers of data streams dynamically for each user646

according to the channel state information of all users. The647

idea of the flexible data stream assignment and the above648

proposed hybrid beamforming along with theMCS allocation649

schemes are integrated to be the proposed processing proce-650

dures, as presented in Fig. 2 to solve the optimization problem651

in this study.652

NSC is denoted as the data stream allocation table for the653

user setC as the number of data streams assigned to the users,654

FIGURE 2. Flow chart of the proposed processing scheme.

which is initialized: 655

NSC =
[
ns,1, ns,2, · · · ,ns,U

]
= [11×U ] (30) 656

where ns,u is the number of received data streams by the u-th 657

user. 658

Nextra = Ns −
∑U

i=1
ns,i. (31) 659

If more available data streams need to be transmitted at 660

the base station, the incremental algorithm is performed to 661

allocate the additional data streams based on the criterion of 662

minimizing the total transmission power. In other words, the 663

case of maximum reduced power is selected while an addi- 664

tional data stream is allocated. This rule is repeated iteratively 665

until all of the available data streams are completely assigned. 666

The received data streams for a user can be demodulated 667

and requires ns,u ≤ NrRF. In running the proposed algorithm, 668

candidate users set C1 for data stream allocation is formed if 669

satisfying 670

C1 =
{
u | ns,u < NrRF, u ∈ C

}
. (32) 671

First, one version of the proposed schemes, called the 672

full version, is performed by running the procedure through 673

the block labeled (a) of Fig. 2. Each candidate user tries to 674

allocate an additional data stream, and the required power 675

associated with the beamformer is calculated. The case with 676

the lowest power requirement is selected to allocate accord- 677

ingly. This process repeats until Nextra = 0. 678

Next, the reduced complexity version is proposed, which 679

is performed through the block labeled (b) in Fig. 2. The 680
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version is proposed based on the observation that there is a681

low probability that multiple data streams would be allocated682

to those users with better channel state information for the683

formulated problem under consideration. Therefore, a few684

users with better channel state information are removed from685

the candidate set at the starting point of the processing. The686

details are as follows.687

Based on the path losses of users, a pass loss table is created688

as689

PLC1 =
[
pl1, · · · , plCard(C1)

]
(33)690

where PLC1 is the path loss table for the users in set C1, and691

plu is the path loss in dB for the u-th user in set C1. The692

value of this path loss may be estimated from the base station693

transmit signal with known power to the user equipment, and694

each user would perform the estimation task and report it to695

the base station.696

A threshold ϒ is set to remove some users with a lower697

probability of obtaining multiple data stream assignments.698

After the screening, the resulting candidate set is expressed699

as700

C2 =
{
u | plu > max(PLC1 )− ϒ, u ∈ C1

}
(34)701

whereC2 is themodified set of the candidates.While setting a702

higher value of ϒ , it will be closer to the performance of the703

version with the full user set, but the complexity increases.704

The performance loss becomes significant if the value of ϒ705

is too small. Therefore, the value ϒ is a trade-off between706

performance and complexity.707

Algorithm 5 Proposed Stream Incremental Algorithm
1: If (Card (C2) = 1) ∩ Nextra > 1
2: k ∈ C2, ns,k ← ns,k + 1.
3: Nextra← Nextra − 1.
4: else
5: Initialize the transmitted power table
P = [p1, p2, · · · , pCard(C2)] = [01×Card(C2)].

6: for every i-th candidate user do
7: ns,i← ns,i + 1.
8: Ntemp = ns,1 + ns,2 + · · · + ns,U .
9: Execute Beamforming Design Algorithm.

10: ExecuteMCS Index Allocation Algorithm.
11: According toMCSu, calculate pi.
12: ns,i← ns,i − 1.
13: end
14: Index = arg

u
min(pu).

15: ns,Index ← ns,Index + 1.
16: Nextra← Nextra − 1.
17: end

The entire process of the stream incremental algorithm is708

shown by the pseudo-code in Algorithm 5, denoted as the709

Proposed Stream Incremental Algorithm.710

IV. COMPUTATIONAL COMPLEXITY 711

In this section, the complexities of the proposed algorithms 712

are analyzed. Regarding the analog beamforming design, 713

the analog combiner WRFu is obtained by calculating the 714

SVD of H(h)
u , and H(h)

u is the Nr × (NtK ) horizontal tensor 715

unfolding of the three-dimensional matrix for all subcarrier 716

channels. According to some numerical analysis skills [47], 717

we do not need to perform the full SVD of WRFu because 718

only the largest NrRF singular values and their associated 719

singular vectors are needed. Therefore, the required com- 720

plexity to calculate WRFu was O (NrRFNrKNt). After all of 721

the analog combiners for all users are designed, the ana- 722

log combiner and the frequency domain channel are mul- 723

tiplied as an equivalent channel H(l)effu to design the analog 724

precoder.H(l)effu =
[(
WH

RFuHu [1]
)T
, · · · ,

(
WH

RFuHu [K ]
)T ]T

725

is the (NrRFK )× Nt longitudinal tensor unfolding of the 726

three-dimensional matrix for all equivalent subcarrier chan- 727

nels. The multiplication of the two matrices is performed 728

K times, so the complexity required to calculate H(l)effu is 729

O (NrRFNrNtK ). After that, the analog precoder FRFu is 730

obtained by calculating the SVD of H(l)effu and taking the 731

first ns,u columns of the matrix Ṽu. Therefore, the required 732

complexity to calculate FRFu isO
(
ns,uKNrRFNt

)
. The above 733

is analyzed per user, and the computation can be performed 734

in parallel. The iteration needs Navg times on average, so the 735

overall complexity of the analog beamformer design is 736

O
(
NavgKNrRFNt (Nr + ns,u)

)
. 737

In digital beamforming design, the baseband equivalent 738

channelHequ [k] is obtained by themultiplication of the chan- 739

nel and the analog beamformer;Hequ [k] =WH
RFuHu [k]FRF. 740

The term WH
RFuHu [k] has been already obtained in the 741

previous step and needs not be calculated again. Then, 742

the complexity of multiplying two matrices is obtained as 743

O (NrRFNtNtRF). H̃u [k] = W̌H
u [k]Hequ [k] is formed as the 744

new equivalent baseband channel, where W̌u[k] = Ǔu1[k] 745

is the one component of the cascaded receiving combiner 746

from the SVD of Hequ [k]. In addition, the largest ns,u sin- 747

gular values and their associated singular vectors are needed. 748

Therefore, the complexity to calculate Ǔu1[k] and H̃u [k] 749

is O
(
ns,uNrRFNtRF

)
. Based on (22), the null space of the 750

constructed equivalent baseband interference channel H̃u [k] 751

is obtained by the SVD of H̃u [k]. Therefore, the complexity 752

to calculate the null space Ṽu2 [k] is O
(
(Ns − ns,u)2NtRF

)
. 753

Then, the projection of the new equivalent baseband channel 754

onto the null space to obtain the effective channel without 755

interference H̃effu [k] = H̃u [k] Ṽu2 [k] requires multiplica- 756

tion of two matrices and the complexity is O
(
n2s,uNtRF

)
. 757

To design FBBu[k] and WBBu [k], the SVD of H̃effu [k] 758

is computed. It follows that the complexity to calculate 759

V̂u1 [k] and Ûu1 [k] is O
(
n3s,u

)
. Finally, the digital precoder 760

as FBBu[k] = Ṽu2 [k] V̂u1 [k] and the digital combiner as 761

WBBu [k] = Ǔu1[k]Ûu1 [k] are formed. Therefore, the com- 762

plexities of multiplying two matrices are O
(
NtRFn2s,u

)
and 763
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O
(
NrRFn2s,u

)
, respectively. The above complexity is analyzed764

for a single user on a single subcarrier basis. It could be765

processed in parallel for U users and K subcarriers, and766

each is performed Navg times on average. Therefore, the total767

complexity of the digital beamformer design is768

O
(
Navg(NrRFNtNtRF + ns,uNrRFNtRF769

+
(
Ns − ns,u

)2 NtRF + n2s,uNtRF + n3s,u + NrRFn2s,u)).770

In the last step of the digital beamformer design, we nor-771

malize to satisfy the power constraint. It has shown in line772

16 for Algorithm 3-2. First, we calculate FRFF̃BB [k]. There-773

fore, the complexity required to multiply two matrices is774

O (NtNtRFNs). Next, we multiply the calculated value with775

F̃BB [k] to complete the normalization. Therefore, the com-776

plexity of multiplying the value and the matrix isO (NtRFNs).777

The above is a complexity analysis for a single subcarrier.778

We then processed K subcarriers in parallel, and each sub-779

carrier is performed Navg times on average; the overall com-780

plexity of digital beamformer normalization is781

O
(
NavgNtRFNs(Nt + 1)

)
= O

(
NavgNtRFNsNt

)
.782

In the MCS index allocation, each element in the783

transmission power increment table is required to be784

calculated. For each element in 1Pu, wH
BBu,n [k]W

H
RFu785

in the numerator is calculated and the complexity to786

multiply these two matrices is O (NrRFNr ). Similarly,787

wH
BBu,n [k]W

H
RFuHu [k]FRFfBBu,n [k] in the denominator is788

calculated and wH
BBu,n [k]W

H
RFu has already been obtained789

in the previous step. Therefore, the complexity to multi-790

ply these matrices is O (NrNt + NtNtRF + NtRF). The above791

complexity is analyzed for calculating the initial value of the792

transmission power increment table. The initialization pro-793

cess is analyzed per user, and the computation is performed794

in parallel and it is executed Navg times on average. In the795

iterative procedure, the worst-case is evaluated so that all796

elements are updated to the last MCS index denoted Imax ,797

where each element in this table may iterate to MCS index798

Imax . So the overall complexity of MCS index allocation is799

O
(
NavgKns,u(NrNt + NtNtRF + NtRF + NrRFNr + Imax)

)
.800

V. SIMULATION RESULTS801

In this section, the performances of the various schemes are802

presented to show the efficacy of the proposed schemes. The803

downlink of the base station is considered to serve the users804

randomly distributed in the cell with a TDDmode. The entire805

channel bandwidth was 3.84 MHz, and it was divided into806

K = 16 subcarriers using the OFDM transmission to combat807

the multipath fading. The subcarrier spacing was 240 kHz.808

The cluster powers Pl, l = 0, · · · ,Ncl − 1 follow the expo-809

nential delay distribution as defined in 3GPP 38.900 [48].810

Moreover, the path loss plu for the u-th user was generated by811

the path lossmodel of the NLOSUMi-Street Canyon scenario812

in 3GPP 38.901 [49]. The remaining simulation settings are813

described as follows:814

TABLE 2. Average number of executions Navg of the proposed schemes
in figs. 3-5.

• Noise density −174 dBm/Hz 815

• Millimeter-wave frequency fc = 28 GHz 816

• Frame duration Tf = 10 ms 817

• Date rate for each user R = 8.4 Mbps 818

• Switch level in Table 1. 819

• Cell radius d = 100 m 820

• Number of BS antennas Nt = 128 821

• Number of BS RF chains NtRF = 5, 8 822

• BS antenna height hBS = 10 m 823

• Number of UE antennas Nr = 16 824

• Number of UE RF chains NrRF = 3 825

• UE antenna height hUE ∈ U ∼ [1.5, 22.5]m 826

• RMS delay spread DS = 66ns 827

• Delay distribution proportionality factor rτ = 2.1 828

• Per cluster shadowing std ς = 3 829

• Number of the cluster Ncl = 5 830

• Number of the ray Nray = 10 831

• Angle spread θas = 10
◦

832

These simulations were categorized into two parts. First, 833

we considered the scenario of the base station transmitting 834

Ns = 5 data streams and simultaneously servingU = 4 users. 835

In the beamforming method, we compared various 836

schemes along with different scenarios in Figs. 3-9. Among 837

these schemes under comparison, one is the fully digital BD 838

beamforming scheme mentioned earlier, which is expected 839

to achieve sub-optimal performance; another is the proposed 840

hybrid beamforming scheme. In the comparison for data 841

stream allocation, three allocation methods were compared, 842

including the random assignment, the stream incremental 843

algorithm (SIA), and the reduced complexity stream incre- 844

mental algorithm. As revealed in the simulation result in 845

Fig. 3, the use of the stream incremental algorithm to dynam- 846

ically allocate resources can reduce the transmission power 847

of the base station. The performance improvement by allo- 848

cating different numbers of data streams for users according 849

to the channel state information is significant. Regardless 850
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FIGURE 3. Relative transmitted power versus γ of different methods for
the 128× 16 OFDM MIMO system; four users, NtRF = 5, Ns = 5, and
NrRF = 3.

FIGURE 4. Relative transmitted power versus cell radius of different
methods for the 128× 16 OFDM MIMO system; four users, NtRF = 5,
Ns = 5, and NrRF = 3.

of whether the beamforming scheme uses the fully digital851

BD or the proposed methods, the total power is reduced852

by approximately 5dB compared with the random assign-853

ment scheme. In addition, the proposed hybrid beamforming854

scheme achieves comparable performance to that of the fully855

digital BD scheme. As observed from the simulation result856

of Fig. 3 and Table 2, while setting ϒ = 10dB, the pro-857

posed reduced complexity SIA can achieve a good trade-off858

between complexity and performance.859

Under this setting, the relative transmitted power by860

base stations in different coverage areas is also evaluated.861

As revealed in Fig. 4, while the cell radius increases, the862

required transmission power of the base station will also863

increase. A base station with a cell radius of two hun-864

dred meters requires approximately 10 dB more transmission865

power than that of a cell radius of one hundred meters on866

average in the system under consideration. In addition, the867

proposed hybrid beamforming schemes achieved a perfor-868

FIGURE 5. Relative transmitted power versus the number of BS antennas
of different methods for the OFDM MIMO system; four users, NtRF = 5,
Ns = 5, and NrRF = 3.

FIGURE 6. Relative transmitted power versus γ of different methods for
the 128× 16 OFDM MIMO system, four users, NtRF = 8, Ns = 8, and
NrRF = 3.

FIGURE 7. Relative transmitted power versus cell radius of different
methods for the 128× 16 OFDM MIMO system, four users, NtRF = 8,
Ns = 8, and NrRF = 3.

mance very close to that of the fully digital BD scheme, where 869

the number of RF chains reduced from 128 to 5. It improved 870

the implementation feasibility and the cost of large antenna 871
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FIGURE 8. Relative transmitted power versus the number of BS antennas
of different methods for the OFDM MIMO system, four users, NtRF = 8,
Ns = 8, and NrRF = 3.

FIGURE 9. Relative transmitted power versus the number of selected
users of different methods for the 192× 16 OFDM MIMO system;
NtRF = 8, Ns = 8, NrRF = 3, and system sum rate = 39.2 Mbps.

array systems. As observed in Fig. 5, as the number of872

transmit antennas increased, the required transmission power873

of the base station decreased. The power of the fully digital874

BD scheme decreased faster than that of the proposed hybrid875

scheme. This reason would be that the performance of the876

fully digital BD beamforming scheme is affected by the877

antenna numbers. When the value of Nt is much larger than878

UN r , the system can achieve better performance. As the value879

of Nt is close to UN r , the overall performance may degrade.880

In the second part of the simulation, we considered the sce-881

nario of the base stationwithNtRF = 8RF chains transmitting882

Ns = 8 data streams and simultaneously servingU = 4 users.883

The other parameters remain unchanged; one more scheme,884

the modified PE-AltMin beamforming scheme, was included885

for comparison. Note that the existing hybrid beamforming886

algorithm designs in the literature assume all users were887

allocated with an equal number of data streams.888

Based on the simulation results in Fig. 6, the benefit of889

the dynamic assignment on the numbers of data streams for890

TABLE 3. Average number of executions Navg of proposed schemes for
figs. 6-9.

users is also verified. In Fig. 6, two schemes use fixed data 891

stream allocation, and the performances are worse than those 892

of the other three schemes. Even though these two schemes 893

use fixed data stream allocation, the transmission power of 894

our proposed hybrid beamforming scheme is about 1.7dB 895

lower than the modified PE-AltMin algorithm. In addition, 896

the proposed hybrid beamforming scheme, even with the 897

reduced complexity version of SIA, outperforms the fully 898

digital BD scheme forϒ = 5, 10, 15, and 20dB, respectively. 899

Similar to the previous simulation, the required transmis- 900

sion power for various cell radiuses were also evaluated. 901

As indicated in the simulation results of Fig. 7, a similar 902

performance trend was observed. A base station with a cell 903

radius of two hundred meters required approximately 10 dB 904

more transmission power than that of the cell radius of one 905

hundred meters on average. Similarly, in Fig. 8, while the 906

antenna numbers increased in the simulation, the required 907

transmission power reduced. These results are consistent with 908

the previous simulation results. 909

Finally, the impact on performance by varying numbers of 910

users was evaluated. An increase in the number of users had a 911

big impact on the performance of the fully digital BD beam- 912

forming scheme, as mentioned before; the results increased 913

significantly in the required power. To avoid this issue, the 914

number of the base station antennas was increased to Nt = 915

192 while the other parameters remained unchanged. The 916

total data rate of the base station was fixed at 39.2 Mbps, and 917

then the system allocated the resources by varying the number 918

of users. Due to the multi-user diversity and the inter-user 919

interference was appropriately controlled, the power require- 920

ment could be reduced. While the amount of interference was 921

beyond the suppression capability of the beamforming mech- 922

anism, it led to an increase in the required power significantly. 923
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From the simulation results in Fig. 9, the required power of924

the proposed method decreased by approximately more than925

1 dB as the number of users increased from four to six. On the926

contrary, the required power by employing the fully digital927

BD beamforming scheme could not be improved by increas-928

ing the number factor of users. Thus, the proposed method929

has better capability in handling the interference effect.930

VI. CONCLUSION931

In this study, we considered the hybrid beamforming and the932

data stream allocation algorithm designs for a multi-carrier933

millimeter-wave massive MIMO system. The formulated934

optimization problem was to minimize the transmission935

power under a certain quality-of-service (QoS), such as936

bit/block error rates and data rates for each user, where the937

switching levels of practical modulation and coding schemes938

were considered. To achieve the goal of the bit/block error939

rates, the interference effect needed to be controlled and940

canceled. Therefore, the beamforming schemes were devel-941

oped. Our proposed hybrid beamforming algorithms aimed to942

harvest the large array gain through the analog beamformer943

design and then cancel the interference by the digital beam-944

former based on an idea of the equivalent baseband channel.945

Our proposed algorithms have better flexibility in serving946

the number of users. Simulation results demonstrated that947

the proposed schemes outperformed the adapted existing948

schemes for the formulated problem. The proposed novel949

idea of allocating different numbers of data streams for users950

was dynamically able to improve performance. Particularly,951

simulation results verified that the proposed schemes with a952

lower implementation complexity could achieve comparable953

performance to those of a fully digital BD algorithm.954
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