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ABSTRACT 

The deployment of Device-to-Device (D2D) communication in the millimeter-wave (mm-wave) band has shown 

the potential of significantly improving performance in terms of capacity, energy efficiency, and transmission latency. The 

high mm-wave frequencies offer a broader spectrum, compared to the current cellular networks, which enhances the 

deployment of highly directional antenna arrays to reduce interference problems. However, deployment of D2D 

communication in the mm-wave band is faced with a challenge of signal blockage by obstacles. In addition, if users are 

subjected to some mobility, there will be beam misalignments between the transmitter and the receiver and frequent 

monitoring and handovers. In dense D2D communication in the mm-wave band, there is interference between the multiple 

D2D devices. All these cases increase interference in the mm-wave D2D communication network. Therefore, an effective 

mechanism needs to be developed to reduce this interference to maximize the D2D user capacity by allocating resources 

effectively.  The paper aims to formulate a joint uplink scheduling and resource allocation scheme to maximize the user 

capacity in a MIMO-enabled mm-wave D2D network with user mobility. The developed mm-wave D2D model integrates 

Filter Bank Multicarrier/Offset Quadrature Amplitude Modulation (FBMC/OQAM), MIMO Space-Time Coding (STC) 

and Spatial Multiplexing (SM) which are implemented separately and their performance compared. The developed mm-

wave D2D model is simulated and its results compared with the conventional Orthogonal Frequency Division Multiplexing 

(OFDM) scheme. The results indicate that the FBMC/OQAM outperformed OFDM by an average factor of 2.03 times for 

I=64, LOS, 2.53 for I=64, NLOS, 2.08 for I=256, LOS, 2.45 for I=256, NLOS, 2.08 for STC, LOS and 2.30 for STC, 

NLOS. 
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INTRODUCTION 

The Fifth Generation (5G) wireless technology 

can support different bandwidth-intensive services in the 

millimeter-wave band. The services include augmented 

and virtual reality, video streaming, online gaming, social 

networking, and multimedia file transfers. The mobile 

users in 5G are expected to offer better quality in high 

traffic, high density, and high-speed network scenarios 

which can be experienced in urban residential places, 

offices, social halls, railway stations, and stadiums. These 

network scenarios require instant connectivity at a lower 

latency and multi-giga-bits per second data rate. These 

objectives can only be realized by emerging technologies 

such as heterogeneous networks (HetNets), device-to-

device communications, base stations with a massive 

number of antennas, and high-frequency communication 

as discussed in [1]. However, the mm-wave signals are 

prone to higher path loss compared to the current cellular 

communication signals. In addition, mm-wave 

communication is highly susceptible to blockage against 

solid barriers, such as buildings, human bodies, due to its 

short wavelengths [2, 3]. The potential of millimeter-wave 

being used for cellular communication network design has 

been shown in [4]. The D2D communication can be 

deployed in the mm-wave band and operate in three modes 

i.e. dedicated mode, reuse mode, and the cellular mode 

[5]. In [6] and [7], it has been shown that the high path 

loss problem in mm-wave can be reduced by employing 

beamforming technology which provides high directional 

gains in mm-wave communication. 

The use of highly directional antennas and the 

availability of large bandwidth in the mm-wave band can 

offer a high data rate throughput and reduce the outage 

probability. However, this high data rate throughput can 

be degraded by user device mobility which may cause 

beam misalignment between the transmitter and receiver. 

This would give rise to unstable channel conditions. 

Therefore, to provide higher throughput for the mobile 

user devices, there is a need to develop a scheduling and 

resource allocation (power) algorithm for D2D links in the 

millimeter-wave band by considering the mobility of D2D 

devices operating in cellular mode and mm-wave channel 

conditions. The D2D devices communicate through Base 

Station (BS) when operating under the cellular mode.  

The 5G new radio is characterized by signal 

waveform technologies such as OFDM and 

FBMC/OQAM. The frequencies of the subcarriers in 

OFDM are selected such that the orthogonality property is 

maintained between the subcarriers to mitigate the effect 

of cross-talk between inter-carrier guard bands and sub-

channels. The cyclic prefix is added at the start of the 

OFDM waveform to overcome the problem of 

synchronizing time and frequency at the receiver. A set of 

high spectral selectivity filters are applied in 
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FBMC/OQAM to minimize cross-talk in place of a cyclic 

prefix. The potential of FBMC/OQAM working well in 

practical communication systems has been demonstrated 

in some recent studies for content delivery in next-

generation 5G systems with promising results obtained. In 

[8], the FBMC/OQAM which has been proposed as a 

signal waveform technique by 3GPP for 5G was applied in 

the second generation Digital Video Broadcasting 

Terrestrial (DVB-T2 network and its results compared 

with the cyclic prefix OFDM. The performance was 

analyzed based on a bit error rate performance metric. The 

FBMC/OQAM has also been applied in satellite 

communication networks in related works of [9] and [10] 

by considering some of the 5G requirements. The 

performance comparison between FBMC/OQAM and 

conventional OFDM was based on total degradation with 

varying values of output back off and spectral efficiency. 

The result showed that the FBMC based scheme 

performed better than OFDM by 12.5%. In a similar 

manner the FBMC/OQAM can be applied to D2D 

communication networks to achieve higher data rates as 

shown in [11], which has implemented the D2D 

communication in the microwave band. 

The current study has chosen the FBMC/OQAM 

application to D2D communication networks since it can 

reduce the complexity of the resource allocation 

techniques and offers better spectral localization in the 

frequency domain to minimize inter-user interference. In 

addition, the FBMC scheme can minimize the out of band 

leakage power, does not contain a cyclic prefix which is 

used in OFDM and reduced sensitivity to frequency 

variations as shown in [12].  

In this paper, the performance of D2D users 

communicating in cellular mode is evaluated by 

formulating a dynamic scheduling and resource allocation 

mechanism with user mobility in a single cell. The 

formulated scheduling and power allocation mechanism 

maximizesthe capacity by applying the best channel 

quality indicator (BCQI) scheduling algorithm in a D2D-

enabled millimeter-wave multicarrier communication 

network. In addition, the multicarrier communication 

applied is FBMC/OQAM and the dynamic nature of the 

D2D users is considered by incorporating the mobility of 

the users in an outdoor environment. The FBMC/OQAM 

modulation scheme performance is then compared with 

OFDM which is used in the current cellular 

communication networks. The main contribution of this 

study includes; 

 

a) Formulation of a joint scheduling and resource 

allocation mechanism in an FBMC/OQAM based 

D2D communication network with user mobility. 

b) Integrate MIMO space-time coding and spatial 

multiplexing to the developed FBMC based mm-wave 

D2D model and analyzing the capacity attained. 

c) Demonstrate that the FBMC/OQAM based resource 

allocation reduces interference which improves the 

user capacity compared to the conventional OFDM 

based communication  

 

The paper is organized as; Section 1 gives the 

introduction, Section 2 presents the related work. Section 

3 discusses the system model and problem formulation 

and modeling, Section 4 describes the user mobility and 

blockage models, Section 5 discusses the multicarrier 

communication scheme, Section 6 describes the mmwave 

channel model, Section 7 presents simulation and 

performance evaluation, Section 8 gives the conclusion of 

the study. 

 

RELATED WORK 

In the microwave band, scheduling and resource 

allocation problem has been studied for FBMC/OQAM 

and OFDM multicarrier modulation formats. In [13], a 

cross-layer downlink scheduling and resource allocation 

process was proposed. The greedy scheduling and 

resource allocation algorithm was based on the physical 

layer and queueing model method at the data link control. 

The performance parameters such as delay, fairness, and 

service coverage were considered at 2.1 GHz microwave 

band to analyze FBMC/OQAM and OFDM. This study 

was extended in [14] by integrating dynamic programming 

based cross-layer scheduling and resource allocation 

scheme with FBMC/OQAM for higher spectral efficiency 

compared to OFDM. However, both studies did not 

incorporate the features of mm-wave communication such 

as path loss and shadowing effects. In addition, the served 

users by the base station in the downlink were not 

subjected to any mobility to evaluate its effect on the 

developed scheme. 

An SINR-aware optimization problem was 

formulated in [15] to optimize the outage and bit error 

probabilities and the network capacity. The optimization 

function which was jointly doing mode selection, 

scheduling, and resource allocation was solved by 

applying the greedy heuristic algorithm for dedicated and 

reuse mode. However, this study did not incorporate the 

user mobility model, mm-wave path loss model, and 

multicarrier modulation in the LTE PHY layer signal 

processing. 

In [16], a clustered IoT application based on D2D 

communication was implemented by considering OFDM, 

FBMC, Generalized Frequency Division Multiplexing 

(GFDM), and universal filtered multicarrier modulation 

schemes. The study was done by varying the size of the 

cell and cluster, transmit power of D2D devices, timing, 

and carrier frequency offset. In [17], a potential game-

based distributed iterative power allocation algorithm was 

considered for D2D communications coexisting with 

OFDMA cellular user equipment to optimize the sum-rate.   

The afore-mentioned scheme has been extended to mm-

wave cellular communication networks based on resource 

allocation, scheduling, and interference management either 

jointly or separately in a static or dynamic environment. In 

[18], an outage probability reduction problem was 

analyzed by proposing a power allocation and scheduling 

framework in an outdoor environment with user mobility. 

The outage probability optimization function was 

formulated with a goal of optimizing the aggregate 

number of time slots with a guarantee of throughput 
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requirements for the scheduled users. However, this study 

did not consider the effect of integrating the scheduling 

scheme and power allocation mechanism with multicarrier 

modulation schemes which have the potential of further 

improving the throughput of users in mm-wave 

communication. In [19], a mixed-integer nonlinear 

programming joint scheduling and radio resource 

optimization problem was studied in mm-wave 

heterogeneous networks in a scenario of dense mm-wave 

small cells in a conventional macrocell. The mm-wave 

small cells were operating in time division duplex mode 

and shared resources with the backhaul and access links. 

However, this study did not consider the effect of mobility 

for users in the mm-wave small cells. In [20], a greedy, 

round-robin, and proportional fair scheduling algorithms 

were studied for the effective allocation of resources in the 

physical layer design of a 5G network to minimize 

interference. The study incorporated coded generalized 

frequency division multiplexing (GFDM) for data rate 

improvement. The performance of the developed model 

was analyzed based on the throughput (with varying 

number of cellular users), symbol error rate (with varying 

SINR), path loss (with varying distance of the user from 

the base station and mm-wave carrier frequency) and 

energy efficiency for varying spectrum efficiency. In [21], 

a scheduling scheme was formulated that was based on 

time and space division to perform time-slot allocation to 

maximize the system data rate for each time slot. The 

study applied a resource allocation algorithm based on 

vertex coloring by considering both the main lobe and side 

lobe gains to reduce the side-lobe interference. The 

concurrent communication scenario was also taken into 

consideration in the developed model. However, this 

multicarrier based on GFDM did not consider the power 

allocation problem and the effect of the mobility of the 

user devices. The formulated scheduling and resource 

allocation functions in these studies are mostly nonlinear 

and the solution techniques tend to have high computation 

complexity. The complexity is further increased if the 

scheduling and resource allocation schemes incorporate 

user mobility. Therefore, there is need to apply the 

enabling technologies and mathematical solution 

techniques so they can reduce complexity and give 

optimal results.  

The present work differs from the aforementioned 

studies which have been carried in either the microwave or 

mm-wave band.  This study focusses on a joint scheduling 

and power allocation optimization problem for the 

FBMC/OQAM based mm-wave D2D communication with 

user mobility. In addition, the FBMC/OQAM based D2D 

communication model incorporates MIMO space-time 

coding and spatial multiplexing. The developed mm-wave 

D2D model can be applied in practical systems for video 

streaming applications [22] and digital TV broadcasting 

[10] by modifying the LTE PHY layer to minimize the 

inter-user interference and maximizing the data rate. 

 

MODELING AND PROBLEM FORMULATION 

This section gives the network layout and how 

the users are generated and distributed within the cell. 

Then, a scheduling and power allocation optimization 

problem is formulated to maximize the sum rate.  

 

A. System Model  

Consider a mm-wave multicarrier communication 

network with a transmitter and receiver, with a set of D2D 

users 𝑈 = {1, … , 𝑁} randomly distributed in a single cell 

by a Poisson Point Process (PPP) with a density, λ. The 

study assumed a dual-mode BS which operates in the 

microwave and mm-wave bands [23] and controls all the 

D2D user communication in the uplink and downlink. This 

enables the mitigation of D2D users and cellular users’ 

interference as D2D communication is dedicated to the 

mm-wave band. The BS is responsible for allocating 

resources in uplink and downlink D2D communications. 

The peak transmission power of each device-to-device 

communication user device can be denoted as,  𝑃𝑡 and the 

set of Resource Blocks (RBs) 𝔹 = {1, … , 𝑀} serves the 

D2D users in the network. The D2D user devices are 

mobile and are allowed to enter and exit the network. The 

scheduling and resource allocation is assumed to be 

formulated for uplink data flow from the D2D transmitter 

(DT) device to the BS. The Poisson distribution is used to 

model random D2D user distribution in the cell. The 

probability of the Poisson distribution is given as; 

 

𝑝(𝑥, 𝑦) =
𝑒−𝜆𝜆𝑥

𝑥!
  𝑓𝑜𝑟 𝑥 = 0,1,2                                 (1) 

 

where λ is the average number of users entering the cell in 

a given time. 

The transmission process between an active D2D 

transmitter device and the dual-band BS is arranged in 

time-frequency RBs. Each RB takes a time and frequency 

slot for 𝑁𝑓 subcarriers with the number of resource 

elements contained in each of them. The FBMC/OQAM 

symbols with a symbol period 𝑇𝑠 are contained in each 

RB. The number of FBMC/OQAM symbols for each time 

slot is 𝑁𝑠which have a symbol period 𝑇𝑠 and the subcarrier 

bandwidth is taken as ∆𝑓 =
1

𝑇𝑠
. The time slot size for 

FBMC/OQAM symbol is given as;  

 

𝑇𝑠 = 𝑁𝑠 × 𝑇𝑝                                                (2)  

 

Each resource block for the FBMC/OQAM 

communication system contains in the frequency domain a 

set of  𝑁𝑓 adjacent subcarriers and a transmit time period 

of one transmit time interval (TTI). The study considers 

the performance of different power delay profiles for 

FBMC/OQAM and is consistent over all the available 

subcarriers. The scheduling and resource allocation 

processes are assumed to occur from the start of the 

transmission time interval. 

 

B. Formulation of a Joint Scheduling and Power  

     Allocation Optimization Problem 

The D2D transmitter device has 𝑁𝑇 transmit 

antennas and 𝑁𝑅 receive antennas. Let 𝑔𝑖𝑗 be the link gain 

for D2D transmitter (𝐷𝑇) device 𝑖 (𝑖 ∈ 𝑈) communication 
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to a dual-band base station (BS) on the jth RB. The D2D 

communication in cellular mode utilizes the dedicated 

millimeter-wave band in this base station in an outdoor 

environment. The Friis transmission equation in [24] is 

used to model the link gain as in (3); 

 

𝑔𝑖𝑗 =
𝑔𝑖

𝑇𝑔𝑖
𝑅𝜆2

16𝜋2(
𝑑𝑖

𝑑𝑜
⁄ )𝛼

                                                             (3) 

 

where 𝑔𝑖
𝑇, 𝑔𝑖

𝑅 are the transmit antenna gain and receive 

antenna gain  from user device 𝑖 to BS respectively; 𝑑𝑖 is 

the distance from 𝐷𝑇 , 𝑖 to BS at the jth RB; 𝑑𝑜 is the 

reference distance and α is the user device-to-BS link loss 

parameter. The SINR of user device 𝑖 on the jth RB can be 

determined as in (4); 

 

𝛾𝑖𝑗 =
𝑝𝑖𝑗𝑔𝑖𝑗

∑ 𝑝𝑘𝑗𝑔𝑘𝑗+𝑁𝑜𝑘∈𝑈,𝑘≠𝑖
                                                     (4) 

 

where 𝑝𝑖𝑗 is the transmission power from 𝐷𝑇 , 𝑖 in the jth 

RB, 𝑁𝑜 is noise power, 𝑔𝑖𝑗 is the link gain  from user 

device 𝑖 to BS transmission at the jth RB, 𝑔𝑘𝑗 is the link 

gain for transmission from other 𝐷𝑇  devices. The 

achievable data rate for 𝐷𝑇 , 𝑖 can be computed by (5); 

 

𝑟𝑖𝑗 = 𝑊 𝑙𝑜𝑔2(1 + 𝛾𝑖𝑗)                                                     (5) 

 

Then the total capacity of the network is given by 

(6); 

 

𝑅𝑖𝑗 = ∑ 𝑟𝑖𝑗
𝑁
𝑖=1                                                                    (6) 

 

A scheduling parameter is introduced that shows 

if the resource allocation has been done or not such that 

𝑥𝑖𝑗 = 1, if 𝐷𝑇 , 𝑖 has been allocated RB, j(𝑗 ∈ 𝔹), and zero 

otherwise. The best channel quality indicator (BCQI) 

scheduler solves the radio resource allocation function for 

data rate maximization subject to some constraints. The 

data rate maximization function can then be expressed as 

in (7); 

max
p

∑ ∑ xijRij
M
b=1

N
i=1   

 

subject to 

 

C1: ∑ pij
B
b=1 ≤ pmax, ∀ i ∈ U                                           (7) 

C2: Rij ≥ Ri
min, ∀ i ∈ U  

C3: pij ≥ 0, ∀ i ∈ U, j ∈ 𝔹  

C4: ∑ xij ≤ 1, ∀j ∈ 𝔹N
i=1   

 

The formulated optimization function is a 

nonlinear mixed-integer programming function. The 

constraint C1 shows the maximum transmit power 

requirement from user device 𝑖 to the BS, C2 ensures the 

minimum data rate requirement, C3 governs the range of 

transmit power, and C4 ensures only the available RBs are 

assigned to users. The constraints have a limitation on the 

throughput attained and the transmission power. The 

objective function is a concave function due to its 

fractional form.  

 

C. Problem Solution 

The solution to this type of optimization function 

is determined through the application of convex 

optimization properties. This can involve the application 

of nonlinear fractional programming theory to perform a 

fractional objective transformation to a convex 

optimization function [25]. The Lagrangian associated 

with the sum-rate optimization objective function is given 

as in (8); 

 

ℒ(𝑝𝑖𝑗 , 𝛽𝑖 , 𝜌𝑖) = 𝑅𝑖(𝑝𝑖𝑗) − 𝛽𝑖{𝑅𝑖(𝑝𝑖𝑗) − 𝑅𝑖
𝑚𝑖𝑛} −

𝜌𝑖(∑ 𝑝𝑖𝑗
𝑀
𝑏=1 − 𝑝𝑚𝑎𝑥)                                                        (8) 

 

where 𝛽𝑖 and 𝜌𝑖 are the dual variables for C1 and C2 

constraints respectively; 𝑅𝑖
𝑚𝑖𝑛 is the minimum data rate 

threshold, 𝑅𝑖(𝑝𝑖𝑗) is the achievable sum-rate which is a 

function of power allocated to RBs. The equivalent 

Lagrange dual optimization problem becomes; 

 

𝑚𝑖𝑛
(𝛽𝑖≥0,𝜌𝑖≥0)

𝑚𝑎𝑥
(𝑝𝑖𝑗)

ℒ(𝑝𝑖𝑗 , 𝛽𝑖 , 𝜌𝑖)                                (9) 

 

The optimization function which is now a dual 

function can be split into two optimization functions: one 

solves the power allocation maximization function to 

determine the optimal value of the transmitted power. The 

other part solves the original Lagrange dual optimization 

function to determine the values of the Lagrange 

multipliers which is a minimization function. The optimal 

transmit power can be determined by the Lagrange dual 

decomposition and the Karush Kuhn Tucker conditions. 

For any given value of 𝛽𝑖 and 𝜌𝑖, the solution of the 

optimal value of transmit power is given by (10); 

 

𝑝𝑖𝑗 = [
(1+𝛽𝑖) 𝑙𝑜𝑔2 𝑒

𝜌𝑖
−

∑ 𝑝𝑘𝑗𝑔𝑘𝑗+𝑁𝑜𝑘∈𝑈,𝑘≠𝑖

𝑔𝑖𝑗
]

+

                       (10) 

 

where, [𝑥]+ = max{0, 𝑥}. The equation shows a water-

filling power allocation algorithm to optimize the transmit 

power allocation and minimize inter-user interference 

since it reduces water level. The first and second-order 

partial derivatives are determined by ℒ(𝑝𝑖𝑗 , 𝛽𝑖 , 𝜌𝑖) with 

respect to 𝑝𝑖𝑗 as 
𝜕ℒ(𝑝𝑖𝑗,𝛽𝑖,𝜌𝑖)

𝜕𝑝𝑖𝑗
 and 

𝜕2ℒ(𝑝𝑖𝑗,𝛽𝑖,𝜌𝑖)

𝜕𝑝𝑖𝑗
2  respectively. 

The Newton positive decreasing steps 𝜇𝑖,𝛽(𝜏) and 𝜇𝑖,𝜌(𝜏) 

are determined by getting the ratio of the first derivative 

and second derivative of the Lagrangian function given by 

(11) as [26]; 

 

𝜇𝑖(𝜏) =

𝜕ℒ(𝑝𝑖𝑗,𝛽𝑖,𝜌𝑖)
𝜕𝑝𝑖𝑗

⁄

𝜕2ℒ(𝑝𝑖𝑗,𝛽𝑖,𝜌𝑖)

𝜕𝑝𝑖𝑗
2⁄

                                                (11) 

 

The Newton decrement which is often used as the 

stopping criteria is determined by (12) as; 
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Θ =
(

𝜕ℒ(𝑝𝑖𝑗,𝛽𝑖,𝜌𝑖)
𝜕𝑝𝑖𝑗

⁄ )

2

𝜕2ℒ(𝑝𝑖𝑗,𝛽𝑖,𝜌𝑖)

𝜕𝑝𝑖𝑗
2⁄

                                                   (12) 

 

This shows the optimal solution of (8) can be 

found from Newton’s method [26]. Then, applying the 

sub-gradient method and positive Newton steps, the dual 

variables in (8) can be updated by (13); 

 

𝛽𝑖(𝜏 + 1) = [𝛽𝑖(𝜏) − 𝜇𝑖,𝛽(𝜏)𝑅𝑖(𝑝𝑖𝑗) − 𝑅𝑖
𝑚𝑖𝑛]

+
            (3) 

 

𝜌𝑖(𝜏 + 1) = [𝜌𝑖(𝜏) − 𝜇𝑖,𝜌(𝜏) ∑ 𝑝𝑖𝑗
𝐵
𝑏=1 − 𝑝𝑚𝑎𝑥]

+
          (4) 

 

where 𝜏 is the iteration index, 𝜇𝑖,𝛽, 𝜇𝑖,𝜌(𝜏) are the positive 

decreasing step rules are satisfied, the solution of the 

power allocation optimization problem converges to an 

optimal solution. The algorithm is summarized next. 

 

Algorithm 1: Scheduling and Power Allocation Algorithm  

Input: Set of RBs, D2D users, 𝑝𝑚𝑎𝑥 , 𝑅𝑖
𝑚𝑖𝑛, 𝑔𝑖𝑗, 𝑔𝑘𝑗, 𝛾𝑡ℎ 

Output: Capacity,𝑅𝑖𝑗 , Optimal transmit power, 𝑝𝑖𝑗
∗  

Define 
Iteration number 𝑚 = 1, 𝑝𝑖𝑗 , iteration tolerance 𝜀 > 0, 𝜇𝑖,𝛽 =

0.001, 𝜇𝑖,𝜌 = 0.001, M, 𝛽𝑖, 𝜌𝑖 

Initialize 𝔹 = ϕ, 

 

for 𝑖 ∈ 𝕌, 𝑗𝜖𝔹,  

Compute, 𝛾𝑖𝑗 using (4) 

if𝛾𝑖𝑗 ≥ 𝛾𝑡ℎ, then 

𝔹𝑗 = 𝔹𝑗 ∪ {𝑗} and  

𝔹 = {𝔹𝑖|𝑖 ∈ 𝕌} 

if 𝔹 = 0,  

terminate    

end if 

end if 

end for 

 

for 𝑖 ∈ 𝕌, compute 𝐹(𝑚) using (8) while  |𝐹(𝑚)| ≥ 𝜀 or 𝑚 ≤
𝑀do 

Compute 𝑝𝑖𝑗 using (10); 

If  |𝐹(𝑚)| < 𝜀 

𝑝𝑖𝑗
∗ = 𝑝𝑖𝑗  

else 

update 𝛽𝑖, 𝜌𝑖 using (13) and (14);  𝑝𝑖𝑗(𝑚 + 1),  𝐹(𝑚) 

 

Next iteration, 𝑚 = 𝑚 + 1 

until 𝛽𝑖, 𝜌𝑖 converge 

 end if 

end while 

end for 

return 𝑝𝑖𝑗
∗ , 𝑅𝑖𝑗 

 

D. Resource Scheduling Algorithm 

The formulated power allocation problem was 

combined with a Best Channel Quality Indicator (BCQI) 

resource scheduling algorithm. This algorithm allocates 

RBs to the D2D devices for best channel conditions. The 

mobile device generates the CQI information and feeds it 

to the BS periodically in a quantized form with some 

delay. The value of the SINR is contained in the CQI 

information. The best channel condition given by the 

highest value of the CQI information and it is the one 

selected for the scheduling process. The BCQI scheduling 

algorithm offers higher throughput than round-robin and 

proportional fair resource scheduling algorithms. The 

BCQI algorithm flow-charts is shown in Figure-1. The 

BCQI scheduling can mathematically be expressed as; 

 

 

𝑘 = 𝑎𝑟𝑔 𝑚𝑎𝑥
𝑖,𝑗

𝑅𝑖𝑗                                             (5) 

 

where 𝑅𝑖𝑗 is the instantaneous data rate for the ith𝐷𝑇device. 
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Figure-1. The BCQI Algorithm. 

 

USER MOBILITY AND BLOCKING MODELS 

The random waypoint mobility model which is 

widely used in the simulation of wireless mobile networks 

is adopted in this study. All D2D devices’ have a 

uniformly distributed random initial positions within the 

cell coverage. There is a random and independent 

determination for device destination, the speed at which it 

moves, and its direction. When the user reaches its 

destination, it stays there for some random time duration 

before moving to a new position. Each user moves in a 

random direction within the cell with a constant speed 

ranging from 1-100km/h. The new device position at a 

given time can be given by; 

 

di(t) = di(t − 1) + [(vi(t − 1) × diri(t − 1))] × t     (16) 

 

where 𝑑𝑖(𝑡) gives the location of a 𝐷𝑇device, 𝑖 at time 

t,𝑣𝑖(𝑡 − 1) is the speed of 𝐷𝑇  device, 𝑖 at time 𝑡 − 1and 

𝑑𝑖𝑟𝑖(𝑡 − 1) is the direction of 𝐷𝑇  device, 𝑖 at time 𝑡 − 1. 

The D2D devices are maintained within the cell by using a 

wrap-round model where the user enters the cell from the 

opposite edge when it has reached the cell boundaries. The 

study used line blocking which reduced the signal strength 

and the likelihood of blocking is given by; 

 

𝑝𝑏𝑙 = 1 − 𝑒−𝜆(𝑥−𝑟𝑏𝑙)𝑟𝑏𝑙                                                  (17) 

 

where 𝜆 is the arrival rate of users, 𝑥 is the x-coordinate of 

the 𝐷𝑇device, and 𝑟𝑏𝑙 is the radius of the blocking object. 

 

 

 

 

MULTICARRIER MODULATION 

 

A. FBMC/OQAM and OFDM 

In multicarrier systems, the signal information is 

propagated through pulses having a time and frequency 

overlap. The time-domain representation of a transmitted 

signal in a multicarrier communication system can be 

given as in (15) [27]; 

 

𝑠(𝑡) = ∑ ∑ 𝑔𝑙,𝑘(𝑡)𝑥𝑙,𝑘
𝐿−1
𝑙=0

𝐾−1
𝑘=0                                          (18) 

 

where 𝑥𝑙,𝑘 is the transmitted data symbol for subcarrier 

point 𝑙 and time point 𝑘 which is selected in a QAM signal 

constellation, 𝐾 is the total number of time positions and 𝐿 

is the total number of frequency positions. The basis pulse 

that is transmitted can be given by; 

 

𝑔𝑙,𝑘(𝑡) = 𝑔(𝑡 − 𝑘𝑇)𝑒𝑗2𝜋𝑙𝐹(𝑡−𝑘𝑇)𝑒𝑗𝜃𝑙,𝑘                           (19) 

  

This pulse 𝑔𝑙,𝑘(𝑡) shows the response of the 

prototype filter 𝑝(𝑡) which is shifted in time and 

frequency over a time spacing, T and frequency spacing or 

subcarrier spacing, F. The data symbols received at the BS 

are decoded by projecting the received signal, 𝑟(𝑡)onto the 

basis pulses giving a decoded signal as;  

 

𝑦𝑙,𝑘 =< 𝑟(𝑡), 𝑔𝑙,𝑘(𝑡) >= ∫ 𝑟(𝑡)𝑔𝑙,𝑘
∗ (𝑡)𝑑𝑡

∞

−∞
                 (20) 

 

The basis pulses can be chosen differently for the 

transmitter and receiver as shown in [28]. 

 

B. MIMO Space-Time Coded FBMC/OQAM  

The deployment of multiple antennas at the 

transmitter and/or receiver can improve performance in 

mm-wave communication to provide spatial diversity for 

the network. The space-time block code or the space-time 

trellis coding can be used to implement spatial diversity. 

Due to the challenge of mitigating interference in space-

time trellis coding, it only works well for single time delay 

coding applications. The Alamouti scheme has been 

widely adopted in wireless networks to achieve transmit 

diversity with two transmit antennas and one receive 

antenna [29]. Then, considering a millimeter-wave 

communication network having 𝑁𝑇 and 𝑁𝑅 antennas and 

whose communication based on FBMC/OQAM 

multicarrier modulation; the output of synthesis filter bank 

(SFB) for transmission antennas 𝑡𝑎 can be expressed as 

[30, 31]; 

 

𝑠(𝑡𝑎)(𝑡) = ∑ ∑ 𝑔𝑙,𝑘(𝑡)𝑥𝑙,𝑘
𝑡𝑎𝐿−1

𝑙=0
𝐾−1
𝑘=0                                    (21) 

 

where (𝑙, 𝑘) denotes subcarrier, 𝑙 and FBMC symbol 

having a time position, 𝑘, 𝑥𝑙,𝑘
𝑡𝑎  is the real part of the OQAM 

symbols for an even number of the subcarriers. The 

prototype filter with unit energy has an impulse response,  

𝑔𝑙,𝑘(𝑡) given by (16). The prototype filter has an impulse 

response of length 𝐿𝑔and the phase 𝜑𝑙,𝑘 which can be 

given by; 

Start 

Compute Number of LOS and NLOS 

users 

Compute Bandwidth, B of LOS and 

NLOS Users 

Compute SINR and arrange in 

decreasing order 

Allocate FBMC/OQAM RBs 

Compute Sum Rate (b/s/Hz) 

Stop 
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𝜑𝑙,𝑘 = (𝑙 + 𝑘)
𝜋

2
− 𝑙𝑘𝜋                                                   (22) 

 

The length of the filter usually satisfies the 

condition which is expressed as, 𝐿𝑔 = 𝑂. 𝐿 with O being 

the overlapping factor. Assuming the time-invariant 

systems, the channel from the transmission antenna, 𝑡𝑎, to 

the receiving antenna has a frequency response expressed 

in matrix form as; 

 

𝐻(𝑡𝑎,𝑟𝑎) = [𝐻0
(𝑡𝑎,𝑟𝑎)

𝐻1
(𝑡𝑎,𝑟𝑎)

… 𝐻𝐿−1
(𝑡𝑎,𝑟𝑎)

]
𝑇
                        (23) 

 

The noise signal at the transmitter and receiver 

antennas can be assumed as a zero-mean Gaussian with a 

variance of 𝜎2 with no correlation with one another 

implying temporarily and spatially white noise. Assuming 

the low channel delay spread, the analysis filter bank 

(AFB) has its output at the receive antenna 𝑟𝑎 and 

frequency-time point (𝑝, 𝑞) given by (24) [30]; 

 

𝑦𝑝,𝑞
𝑟𝑎 = ∑ 𝐻𝑝

(𝑡𝑎,𝑟𝑎)𝑁𝑇
𝑡𝑎=1 𝐶𝑝,𝑞

𝑡𝑎 + 𝑤𝑝,𝑞
𝑟𝑎                                    (24) 

 

where 𝑤𝑝,𝑞
𝑟𝑎  is AWGN with variance 𝜎2 with no correlation 

in both time and the frequency, 𝐶𝑝,𝑞
𝑡𝑎  is the transmitted 

symbol which also contains the imaginary interference 

from its first order frequency-time neighborhood and is 

expressed as (25); 

 

𝐶𝑝,𝑞
𝑡𝑎 = 𝑥𝑝,𝑞

𝑡𝑎 + ℐ ∑ 〈𝑔〉𝑙,𝑘
𝑝,𝑞

𝑙,𝑘𝜖𝛺𝑝,𝑞
𝑥𝑙,𝑘

𝑡𝑎       (25) 

 

This can be simplified as (26); 

 

𝐶𝑝,𝑞
𝑡𝑎 = 𝑥𝑙,𝑘

𝑡𝑎 + 𝑗𝑢𝑙,𝑘
𝑡𝑎                                                           (26) 

 

where 𝑢𝑙,𝑘
𝑡𝑎  is the interference term. The received signal 𝑦𝑙,𝑘

𝑟𝑎  

can be expressed as (25); 

 

𝑦𝑙,𝑘
𝑟𝑎 = 𝐻𝑙,𝑘

(𝑡𝑎,𝑟𝑎)
𝐶𝑙,𝑘

𝑡𝑎 + 𝑤𝑙,𝑘
𝑟𝑎                                                 (27) 

 

where 𝐻𝑙,𝑘
(𝑡𝑎,𝑟𝑎)

 denotes channel coefficients between the 

transmitter and receiver antenna at a frequency 𝑙 and time 

instant k, 𝑤𝑙,𝑘
𝑟𝑎  denotes the noise signal received at the 

receiver. The MIMO systems applied in this case has 𝑁𝑇 

antennas to transmit data to 𝑁𝑅 receive antennas of which 

at the frequency-time position (l,k) the received signal can 

be expressed as (28); 

 

𝑦𝑙,𝑘
𝑟𝑎  = ∑ 𝐻𝑙,𝑘

(𝑡𝑎,𝑟𝑎)
𝐶𝑙,𝑘

𝑡𝑎 + 𝑤𝑙,𝑘
𝑟𝑎𝑁𝑇

𝑡𝑎=1                                      (28) 

= ∑ 𝐻𝑙,𝑘
(𝑡𝑎,𝑟𝑎)

(𝑥𝑙,𝑘
𝑡𝑎 + 𝑗𝑢𝑙,𝑘

𝑡𝑎 ) + 𝑤𝑙,𝑘
𝑟𝑎𝑁𝑇

𝑡𝑎=1      

 

This can be expressed in matrix form as; 

 

 

[

yl,k
1

⋮

yl,k
NR

] = [

Hl,k
11 … Hl,k

1NT)

⋮ ⋱ ⋮

Hl,k
NR1)

… Hl,k
NR,ra)

] [

xl,k
ta + jul,k

ta

⋮ ⋮ ⋮

xl,k
NT + jul,k

NT

] +    (29) 

[

𝑤𝑙,𝑘
1

⋮

𝑤𝑙,𝑘
𝑁𝑅

]  

 

The capacity in bits per second for a space-time 

coded FBMC/OQAM can then be given by (30); 

 

C = W. log2 [det (INR
+

ρ

NT
Hl,kHl,k

∗)]                          (30) 

 

where 𝑊 is the total channel bandwidth, 𝐼𝑁𝑅
 is the identity 

matrix with dimensions equal to the number of receive 

antennas. 

 

MILLIMETER-WAVE CHANNEL MODEL 

The aggregate loss of a signal during propagation 

through a channel is the summation of shadowing and 

large scale fading. The path loss experienced by the signal 

when undergoing transmission from the transmitter to the 

receiver is dependent on transmission distance. The 

shadowing is a deviation between the transmitter and 

receiver mean path loss due to the power dissipation of the 

signal through the transmission channel. The Line-of-Sight 

(LOS) and Non-Line-of-Sight (NLOS) components 

contribute to the total path loss experienced by the 

received signal. The path loss model considered in his 

study is the close-in reference distance model developed 

for mm-wave D2D communication and is given as (31) 

[32].  

 

𝑃𝐿[𝑑𝐵] = 20 𝑙𝑜𝑔
4𝜋𝑓

𝐶
+ 10𝛼 𝑙𝑜𝑔 𝑑 + 𝜒                        (31) 

 

where f  denotes carrier frequency of operation in GHz, 𝑐 

is the velocity of light in a vacuum, α represents the path 

loss parameter, and d  denotes the range between transmit 

and receiving device, and 𝜒 represents the shadowing 

standard deviation in dB. 

 

SIMULATION AND PERFORMANCE 

EVALUATION    

The FBMC/OQAM based mm-wave D2D 

communication model was simulated in MATLAB with 

user mobility for a single cell of radius 250m, a system 

bandwidth of 1GHz, 50 resource blocks in every slot and 

one dual-band BS of carrier frequency 28GHz. The arrival 

rate of D2D users varies between 1 and 12. The D2D users 

are randomly distributed in a circular cell by Poisson Point 

Process (PPP). The path loss model for the D2D user links 

is determined according to the NYUSIM model presented 

in [32, 33]. The path loss parameters were taken as; 𝛼𝐿 =
2 for LOS, 𝛼𝑁 = 3 for NLOS.  

The capacity for scheduling and resource 

allocation for the mm-wave D2D communication network 

was determined for FBMC/OQAM by varying the rate at 

which the users enter the cell per unit time from 1 to 12. 
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The study considered an FBMC/OQAM with a modulation 

order of I= 64 and I=256 with an assumption that there is 

no total blockage of the signal for NLOS conditions. The 

parameters used in the simulation of the network are 

summarized in Table-1. 

 

Table-1. Model Simulation Parameters. 
 

Parameter Description Notation Value 

Simulation Area A 500m 

Radius R 250m 

Transmit Power of D2D 

Device 
Pt 20dBm 

Carrier frequency fc 28GHz 

Noise power Spectral 

Density (dBm) 
No -174 

Bandwidth W 1GHz 

Number of Resource Blocks RBs 50 

Arrival Rate (users/sec) λ [1:12] 

Modulation order I 64, 256 

Subcarrier spacing B 15kHz 

No. of antennas at RX NR 4 

No. of antennas at TX NT 4 

User Velocity v 8km/h 

No. of subcarriers Nf 12 

Total number of symbols Ns 30 

Overlapping factor O 4 & 8 

 

Both LOS and NLOS users were considered in 

this study. The users were distributed randomly by the 

Poisson Point Process with the arrival rate varying from 1 

to 12 per unit time. The users were allowed to move 

within the coverage area of the base station. The users’ 

positions were updated by the equations in (32); 

 

𝑥𝑛 = 𝑥𝑛−1 + 𝑑 𝑐𝑜𝑠𝜃                                                      (32) 

𝑦𝑛 = 𝑦𝑛−1 + 𝑑 𝑠𝑖𝑛 𝜃 

 

Since distance is given by the product of user 

mobility velocity and time, then the update equations may 

be re-written as; 

 

𝑥𝑛 = 𝑥𝑛−1 + 𝑣. 𝑡 𝑐𝑜𝑠 𝜃                                                   (33) 

𝑦𝑛 = 𝑦𝑛−1 + 𝑣. 𝑡 𝑠𝑖𝑛 𝜃 

 

where 𝑣 is the velocity at which the user moves in km/hr 

and 𝜃 is the angle between transmitter and receiver 

device., both randomly selected for each user. 

 

A. Scheduling for Equal Power Allocation 

The simulation results for scheduling and 

resource allocation incorporating the best channel quality 

indicator algorithm in mm-wave D2D communication 

with user mobility are given. Figure-2 shows the capacity 

of multicarrier modulation (FBMC/OQAM) against the 

arrival rate of users for D2D-enabled mm-wave 

multicarrier communication for LOS and NLOS with user 

mobility taken into consideration for a modulation order of 

I=64. It shows the capacity of LOS conditions is higher 

compared to the NLOS conditions. This is due to the 

signal blockings for NLOS conditions which degrades the 

signal strength.  

 

 
 

Figure-2. Capacity variation for a modulation order I=64 

with a change in arrival rates. 

 

Figure-3 shows the capacity variation when the 

modulation order is increased to I=256. It shows that the 

capacity starts at 850Mbps for an arrival rate of one 

user/second. The performance of LOS users is still better 

compared to NLOS users which is consistent with that of 

modulation order was I=64.  

 

 
 

Figure-3. Capacity variation for a modulation order I=256 

with a change in arrival rates. 

 

Figure-4 shows the comparison of performance 

for modulation orders of 64 and 256. For the arrival rate of 

between 1-5 users per second the FBMC/OQAM with a 

modulation order of 64 performs better compared with the 

modulation order of I=256 for LOS conditions. After the 
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arrival rate of 5 users/sec, the capacity for LOS remains 

constant at 1000Mbps which is the highest capacity 

attainable for a bandwidth of 1GHz according to 

Shannon’s theorem.  

 

 
 

Figure-4. Comparison of capacity FBMC/OQAM with 

I=64 and I=256. 

 

Figure-5 shows the variation of the capacity of 

the OFDM multicarrier communication scheme with user 

mobility for LOS and NLOS conditions. The LOS 

scenario performs better than the NLOS case since the 

signal blockings degrade the received signal strength.  

 

 
 

Figure-5. Capacity variation for OFDM modulation with 

the change in arrival rates. 

 

The evaluation and demonstration of the 

effectiveness of the proposed algorithm have been given 

by comparing the FBMC/OQAM based communication 

with the conventional OFDM as shown in Figure-6 for 

line-of-sight cases. It is seen that the FBMC/OQAM 

performs better both LOS and NLOS cases compared to 

the OFDM scheme in terms of capacity in D2D enabled 

mm-wave multicarrier communication network with user 

mobility.  

 

 
 

Figure-6. Comparison of FBMC-OQAM and OFDM 

Modulation for LOS. 

 

Figure-7 shows the comparison of capacity for 

FBMC/OQAM and OFDM for the NLOS case. It can be 

seen also that the capacity is better in FBMC/OQAM than 

the OFDM scheme. This makes the FBMC/OQAM 

modulation scheme a more suitable candidate to handle 

the future data capacity which is projected to be very high. 

 

 

 
 

Figure-7. Comparison of capacity variation for FBMC-

OQAM and OFDM for NLOS with the change in 

arrival rates. 

 

B. Scheduling for Space-Time Coded and Spatial  

     Multiplexing Transmission  

Figure-8 shows the capacity of the D2D user 

devices when the Alamouti 2×1 diversity scheme with 

modulation order I=64 considered for FBMC/OQAM. The 

results show that the Alamouti 2×1 scheme improves the 

capacity for LOS users which is almost similar to the 
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result obtained when the modulation order is I=256. This 

implies transmit diversity incorporation for scheduling and 

resource allocation process in D2D communication in 

cellular mode can greatly improve performance.  

 

 
 

Figure-8. Alamouti space-time block coding for 

FBMC/OQAM. 

 

Figure-9 shows the throughput attained by 

incorporating spatial multiplexing with FBMC/OQAM 

multicarrier modulation for mm-wave D2D 

communication. In this case spatial multiplexing with 

maximum likelihood equalization is applied when there is 

no requirement for perfect CSI. It can be shown that 

spatially multiplexed FBMC/OQAM has a better 

performance for LOS compared to NLOS conditions.  

 

 
 

Figure-9. Spatially multiplexed FBMC/OQAM 

modulation. 

 

Figure-10 shows the capacity for spatial 

multiplexing with maximum likelihood equalization when 

perfect channel state information is required. It was shown 

the capacity of D2D devices was degraded when there was 

a requirement for perfect channel knowledge. 

 

 
 

Figure-10. Spatially-multiplexed FBMC/OQAM with 

perfect CSI. 

 

The comparison of the variation of capacity for 

FBMC/OQAM modulation with the change of I-ary 

modulation order and arrival rates is given in Figure-11. 

The results show that space-time coded (STC) 

FBMC/OQAM modulation produced almost the same 

result as that of I=256 but lower than that of I=64for the 

LOS scenario. However, in NLOS scenario 

FBMC/OQAM with I=64 offers the best result, followed 

by that of I=256 and finally space-time block coded 

FBMC/OQAM. Therefore, it can be concluded that the 

space-time block coded FBMC/OQAM can be 

implemented only in LOS scenarios other than increasing 

the modulation order. 

 

 
 

Figure-11. Comparison of capacity for I=64, I=256 and 

STBC-FBMC/OQAM. 

 

The comparison of iterative water-filling power 

allocation and equal power allocation algorithms is given 

in Figure-12. The result shows that the iterative water-

filling algorithm can enhance performance in terms of 

capacity unlike when scheduling is done with an 

assumption of equal power allocation. Since the BCQI 

algorithm performs poorly in terms of fairness, the water 
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filling algorithm can mitigate this by ensuring fairness in 

power allocation.  

 

 
 

Figure-12. Comparison of iterative water filling and equal 

power allocation algorithms. 

 

CONCLUSIONS 

The paper has studied a combined scheduling and 

power allocation problem for a D2D-enabled millimeter-

wave multicarrier communication network in cellular 

mode with user mobility. The FBMC/OQAM multicarrier 

modulation scheme was integrated to the scheduling and 

power allocation optimization problem to maximize the 

capacity of D2D user devices by applying the BCQI 

algorithm. The results showed the performance of joint 

scheduling and power allocation based on FBMC/OQAM 

multicarrier modulation outperformed that of 

OFDM/QAM modulation. The FBMC/OQAM 

performance better by an average factor of 2.03 times for 

I=64, LOS, 2.53 times for I=64, NLOS, 2.08 times for 

I=256, LOS, 2.45 times for I=256, NLOS, 2.08 times for 

STC, LOS and 2.30 times for STC, NLOS compared to 

that ofOFDM/QAM. It was also shown that space-time 

coding offers a performance for LOS conditions which is 

1.786 times that for NLOS conditions. The comparison of 

I=64 and I=256 modulation order shows that space-time 

coding can be implemented for LOS conditions due to its 

poor performance in the NLOS case. The iterative water-

filling power allocation algorithm provided higher 

performance than equal power allocation. The LOS results 

showed a better performance compared to the NLOS 

network scenario for all the cases that were considered due 

to the presence of blockage for the NLOS case. The study 

can be extended to D2D reuse mode by considering the 

effect of interference originating from D2D pairs on the 

cellular user performance when both are implemented in 

the millimeter-wave band with user mobility. 
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