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Fifth generation (5G) of communication systems is expected to satisfy a wide

variety of requirements with regards to different applications. Flexibility, low la-

tency, low power consumption are the most important ones. Using another wave-

form other than orthogonal frequency division multiplexing (OFDM) waveform

which avoids the disadvantages of OFDM can help to satisfy the requirements. In

the literature, there are multiple research works about proposing new waveform.

One of the most important thing which needs to be satisfied by the 5G waveform

is the flexibility. The first part of the thesis is focused on the proposing two

flexible waveform. The first proposed waveform is DFT-s- ZW OFDM which has

similar transceiver to ZT DFT-s-OFDM. In DFT-s-ZW OFDM instead on zeros

in ZT DFT-s-OFDM in time domain we create those zeros at the tail of output

of IFFT. With this approach the flexibility of ZT DFT-s-ODM in terms of guard

interval length is kept but the problem of ISI is solved.

Device-to-Device (D2D) communication plays an important role in the next

generation of communication systems. Enabling D2D communication decreases

latency and expands the coverage of a cell in cellular networks. Additionally,

D2D underlaying cellular users benefits from high spectral efficiency. However, it

creates interference to cellular communications. In the second part of this thesis,

we propose a genetic algorithm-based method to minimize the interference and

maximize the spectral efficiency. One of the advantages of genetic algorithm is

that it escapes from local maximums and evolves toward global maximum by

searching different parts of search space simultaneously. Since D2D underlay

cellular network degrades the signal to interference plus noise ratio (SINR), a
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minimum SINR is considered for cellular users. Numerical evaluations demon-

strate the superior performance of the proposed technique in terms of spectral

efficiency and interference mitigation.

In wireless networks, the need for accurate and low complexity localization

methods are growing. Although many positioning methods based on signals’ time

difference of arrival (TDOA) and angle of arrival (AOA) have been proposed,

these methods require multiple base stations (BS) and calculations with high

complexity. Furthermore, the distance between a target and the BSs are usually

larger than the distance between different BSs, which causes geometric dilution of

precision (GDP) problem. In third part of this thesis, to circumvent these issues,

we propose a novel and linear method for positioning by only one BS. Our method

uses both AOA and TDOA of incoming signals and called “positioning using one

BS (PuOB)”. In this method, we take measurements from one BS at different time

instances instead of taking measurements from multiple BSs simultaneously. The

ability to estimate the mobile transmitter position accurately by using one BS

is the highlighted advantage of the PuOB over the conventional methods. The

positioning accuracy of PuOB for different BS numbers are presented. According

to simulation results, PuOB outperforms TDOA and AOA methods using three

and two BSs, respectively.

Keywords: Device to device communication, out of band emission, resource allo-

cation, Spectral efficiency, Waveform.



ÖZET

5G ZORLUKLAR: DALGA BİÇİMİ TASARIMI VE D2D
İLETİŞİMİ

Hengameh Takshi

Elektrik-Elektronik Mühendisliği ve Siber Sistemler, Yüksek Lisans

Tez Danışmanı: Prof. Dr. Hüseyin Arslan

Tez Eş Danışmanı: Doç. Dr. Gülüstan Doğan

Temmuz, 2018

Beşinci nesil (5G) iletişim sistemlerinin, farklı uygulamalarla ilgili çok çeşitli

gereksinimleri karşılaması beklenmektedir. Esneklik, düşük gecikme, düşük güç

tüketimi en önemli olanlardır. OFDM’nin dezavantajlarını ortadan kaldıran or-

togonal frekans bölmeli çoğullama (OFDM) dalga formundan başka bir dalga

formu kullanmak, gereksinimlerin karşılanmasına yardımcı olabilir.

Cihazdan Aygıta (D2D) iletişim, gelecek nesil iletişim sistemlerinde önemli bir

rol oynar. D2D iletişimini etkinleştirmek, gecikmeyi azaltır ve hücresel ağlarda bir

hücrenin kapsamını genişletir. Ek olarak, D2D’nin hücresel kullanıcıları destek-

lemesi, yüksek spektral verimden faydalanır. Ancak, hücresel haberleşmelere

müdahale oluşturur.

Kablosuz ağlarda, doğru ve düşük karmaşıklık yerelleştirme yöntemlerine olan

ihtiyaç artmaktadır. Her ne kadar sinyallerin ’varış zamanı (TDOA) ve varış açısı

(AOA)’ na dayanan birçok konumlandırma yöntemi önerilmişse de, bu yöntemler

çoklu baz istasyonları (BS) ve yüksek karmaşıklık gerektiren hesaplamalar gerek-

tirir.

Anahtar sözcükler : Cihazdan cihaza haberleşme, bant dışı çıkış, kaynak tahsisi,

spektral verim, dalga biçimi.
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Chapter 1

Introduction

1.1 5G waveform

Fifth generation (5G) of mobile communication demands for a faster (low latency)

and more flexible with a higher capacity mobile communication. In order to

achieve this, waveform design can help a lot. Orthogonal frequency division

multiplexing (OFDM), as forth generation waveform has lots of advantages but

suffers from a number of disadvantages such as large out of band (OOB) emission

and peak to average power ratio (PAPR). Also, requiring a fix cyclic prefix (CP) in

a system makes OFDM not flexible for most of 5G scenarios. These disadvantages

motivates researchers to propose a new waveform which satisfies the requirements.

Some OFDM-based waveforms have been proposed for 5G in order to overcome

these drawbacks; however, they have their own disadvantages. A waveform like

filter-bank-multi-carrier (FBMC) [19], although has a high spectral efficiency, it

has long length filtering which increases latency for short data bursts. Also the

use of OQAM modulation makes it inappropriate to adapt with different schemes

in 5G. Universal filtered multi-carrier (UFMC) can be considered as a generalized

form of filtered-OFDM (f-OFDM) [34],[41]. It has good OOB emission, but re-

quiring zero guard (ZG) between symbols in time domain and having intercarrier
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interference (ICI) in small groups of subcarriers are its disadvantages. DFT-s-

OFDM is currently used in LTE-uplink [6] has good PAPR but still needs CP

and has large OOB emission.

For a system with time varying channel, a fixed length CP does not work. How-

ever, having different CP lengths in one system destroys orthogonality between

OFDM symbols. Therefore, a flexible CP is heavily required.

1.2 Joint Optimization of Device to Device Re-

source and Power Allocation based on Ge-

netic Algorithm

Next generation of mobile communication systems comprises of wide variety of

applications. Internet of things (IoT) is one of these applications that connects

a tremendous number of devices and users to each other [53]. By increasing the

number of IoT-based applications, communicating through a base station (in cel-

lular network) imposes a huge load on the network. It also increases the latency of

the communication and decreases the quality of service. Device to device (D2D)

communication is proposed to overcome these problems. This type of commu-

nication allows the nearby devices to communicate directly, independent of base

station, to each other [5, 9, 29]. Therefore, D2D communication decreases the

load of the network and expands the coverage of the base station by enabling

multi-hop transmission.

D2D communication in spite of simplicity has some challenges. Choosing the

spectrum for D2D communications is one of the challenges[37, 33]. Based on the

used spectrum by D2D users and their impact on the cellular users, D2D commu-

nication can be classified as shown in Figure 1.1 [4]. One approach is that D2D

users use unlicensed spectrum such as TV white space[26, 50]. In this case, there

is no interference from D2D users to cellular users using licensed spectrum and

2



D2D Spectrum Sharing Approaches 

Licensed Band Unlicensed Band 

Overlay Underlay 

Fig. 1.1: Classification of D2D communication based on the spectrum sharing.

vice versa. However, due to the limited rules over the unlicensed spectrum, it is

difficult to control it and usually not preferable. The other approach is that D2D

users along with cellular users utilize the licensed spectrum [25]. This category

is also classified into two subgroups of overlay and underlay. In overlay, the D2D

users and cellular users utilize orthogonal time/frequency resource blocks (i.e. the

smallest unit of resources that can be allocated to a user) [51, 8]. In other words,

the resources are divided into two groups, one for cellular users and the other one

for D2D users. Due to the orthogonality of the resources, there is no interference

from one user to other users. However, in the overlay, the spectrum is not utilized

efficiently, because there might be some unused resources in one group while there

are not enough resources in the other group. Despite the overlay, in underlay,

D2D users utilize the same spectrum as the cellular users [13, 48, 49, 54, 47].

Therefore, more users can be served within a fixed spectrum compared to the

overlay. Note that although the spectrum is used more efficiently in underlay,

there is interference between the communications who share the same resource

blocks. Thus, the importance of an interference management and intelligent re-

source allocation method is increased. Interference mitigation results in efficient

spectrum utilization.

In the literature, a significant effort has been done related to the resource

allocation and interference mitigation in underlay D2D communication[49, 54,

47, 40, 39, 52, 1, 21, 2, 22, 36, 38, 44, 45]. In [49], the authors presented a joint

mode selection, channel assignment and power control to maximize the spectral

efficiency. They proposed three different modes under which a D2D pair can

either reuse a resource of a cellular user or a use a dedicated resource. In the case

3



of reusing, only one D2D pair shares a resource block with a cellular user which

restrict the number of served userd. In the other hand, the maximization is done

in two steps: 1) power control 2) channel assignment. These two steps are done

independently which results in not a very optimized solution.

In [54], a greedy algorithm is proposed for resource allocation for D2D unde-

laying cellular networks. The authors assumed that the number of cellular users

is larger than the D2D pairs which is not a realistic assumption for the new gen-

eration of communications. In [47], another greedy algorithm is presented which

is used only for resource allocation. However, the users either transmit with the

maximum power or they do not have a transmission. In other words, the effect

of transmission power on the interference is not considered. Also, the authors

assumed that a single pair of D2D users can only share the resource block with

a cellular user. Thus, the number of served users is also limited. Furthermore,

the greedy algorithms often stuck in local optimum solutions and do not evolve

toward the global optimum solutions.

The purpose of the resource allocation in [40] is to have longer battery life at

each device. Resource allocation is done to enable the users to transmit with a

minimum power. However, efficient spectrum usage is not considered. In [39], an-

other resource allocation method for increasing the energy efficiency and battery

life of user equipment is suggested. For this purpose, an iterative combinatorial

auction algorithm is used where D2D pairs and cellular users are as bidders and

auctioneer, respectively.

Authors in [52] suggested to use different algorithms for resource allocation in

multiple input multiple output (MIMO) systems under different conditions. First,

they proposed an algorithm based on random search that search a huge search

space randomly for finding a sub-optimal solution. Then, the use of game theory

is suggested for the cases that users has incomplete information. Moreover, an

iterative algorithm based on best response dynamic structure and an algorithm

using sum-rate reinforcement mechanism is proposed as alternatives for solving

4



the game theoretic problem.

In [1], authors minimized the interference while maximizing the spectral effi-

ciency using only resource allocation and does not consider transmission power.

Moreover, only one D2D pair is allowed to share a resource block with a cellular

users.

Authors in [21], used resource allocation done by a proposed two-phased al-

gorithm, to minimize the interference for a given spectral efficiency. Thus, the

result is not the optimum solution in terms of spectral efficiency.

Authors in [2] aimed to maximize spectral efficiency per unit network power

consumption. Authors formulated the optimization problem as a non-linear frac-

tional programming problem. Then, They converted it to the concave optimiza-

tion problem using Charmes-Cooper transformation. In order to solve the concave

optimization problem outer approximation algorithm is proposed. Therefore, in

[2] maximizing the over all spectral efficiency is not considered.

In [22], the authors suggest minimizing the interference from D2D users to

the cellular by decreasing the power of D2D users, and the interference from the

cellular users to D2D users by choosing the best resource. In their research one

resource block can be shared with one cellular user and one device to device user

at most, which can prevent using the resources efficiently.

In [36], multiple different game algorithms for resource allocation are presented.

The non-cooperative and cooperative behaviors of mobile users are analyzed to

control the transmission power for underlay D2D communication. Then, the

power control is done by a non-cooperative static game profiting from Game

theory. Additionally, Stackelberg game is used for resource allocation while the

5



resources for cellular users are assumed to be known. Authors also proposed com-

binatorial auction for resource allocation of both cellular users and D2D users.

However, a suitable resource allocation highly depends on the transmission power

of the user. Therefore, since the resource allocation is done independent of the

power control, the result is not well-optimized.

Stackelberg game is also suggested in [38] to coordinate the resource alloca-

tion and power assignment. The authors used the downlink resources. However,

due to the heavy load of download links and high power of base station, sharing

downlink resources is not preferable. Also sharing a cellular user resource block

with only one D2D pair is considered which restricts the number of served users.

In [44], authors suggested to use sequential second price auction as a method

for resource allocation. However, the result is not an optimal solution because in

the resource allocation, the effect of assigning different resources to cellular users

is not considered. In other words, the resource allocation for cellular users is done

before the optimization.

In [45], a genetic algorithm-based joint resource allocation and user matching

scheme (GAAM), is proposed. Genetic algorithm, unlike the greedy algorithms,

escapes from the local maximums by adding some randomness to the search space.

The probability of the added randomness should be small. Otherwise, the search

gets similar to a random search. However, huge mandatory randomness is added

in the algorithm in [45] which degrades the performance of the algorithm. Also,

GAAM shares a resource block of a cellular user with only one D2D pair without

power control.

All of the mentioned algorithms are in the category of the interference aware

algorithms. They require knowledge of global channel state information (CSI) be-

tween different pairs at all the transmission time intervals (it is usually obtained
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by feedback from users to base station). Achieving this information causes a huge

load on the network. Although authors in[54, 47, 40, 39, 52, 1, 21, 2, 38, 44, 45]

did not highlight this problem, a periodically update method for CSI is suggested

in [22]. However, it makes the information not useful due to delay caused by

feedback or collecting the information periodically which affects the performance

of the algorithms. Also in [36], a method based on local CSI is proposed, but

in the next generation of communications, there is a huge number of users and

devices even in local areas. Therefore, the number of channels required to be

known and imposed load due to it are still huge.

In this chapter, we propose a joint optimization for resource allocation and

power assignment based on the genetic algorithm to maximize the spectral ef-

ficiency of the network. Moreover, a minimum SINR for the cellular users is

guaranteed. Also, there is no restriction on the number of D2D users that can

share a resource block with a cellular user. Furthermore, in order to reduce the

overhead of CSI knowledge, we suggest to use a channel prediction method to

reduce the overhead significantly while the performance is preserved.

1.3 A Novel One-Base Station Hybrid Position-

ing Method

Positioning and tracking of mobile transmitters are important parts of new wire-

less navigation systems and cellular radio networks. A positioning method re-

quires to satisfy the imposed requirements, such as high reliability and accuracy

along with keeping the costs and complexity low. Methods based on time of

arrival (TOA) , time difference of arrival (TDOA), angle of arrival (AOA) and

received signal strength (RSS) of the signals [20, 32, 30] are the most significant

and well-known approaches.
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The TOA method requires knowledge of the time instances that a signal is

transmitted and received; on the other hand, TDOA requires only the time dif-

ference of arrivals at different receivers. In this study, we mainly focus on cellular

networks thus Base Stations (BS) are considered as receivers. It is worth men-

tioning that both TOA and TDOA methods need an accurate synchronization

between different BSs which increases complexity of the methods. In [23] and

[43], authors removed the need of synchronization between BSs by considering

the location of mobile transmitter in two different time instances, while requiring

the utilization of multiple BSs for the estimation of the location of the trans-

mitter. The AOA method unlike the TOA and TDOA methods uses angles of

received signal in different BSs. For AOA measurements, either directional an-

tennas or antenna arrays at each BS are required [35]. Although AOA have some

advantages over TDOA, it is not precise in non-line of sight (NLOS) scenarios

thus TDOA is preferred more by systems designers [35]. RSS method is another

method utilizing the known power of transmitted signal for positioning; however,

its precision is less than the previous methods due to multipath fading [7].

For the mentioned methods number of BSs and cost are significant issues. The

minimum number of required BSs that AOA and TDOA methods require for

3-dimensional (3-D) positioning are two and four BSs, respectively.

Recently, in [28, 46, 31] new methods are introduced, requiring at least two

BSs to have an accurate estimation. The methods are inspired from previous

positioning methods like AOA and TDOA. In [28], the authors proposed a method

in which direction of the transmitter is estimated using TDOA while AOA method

is used to have the initial range. Although the method given in [28] proposes a

linear hybrid method and solves the non-convergence problem of TDOA utilizing

AOA method, it does not consider number of BSs and cost. In [46], authors

proposed a combined TDOA-AOA positioning (TAP) method. Measurements

from AOA and TDOA and the unknown position of the transmitter are used

to construct mathematical relations in order to find the unknown position. The

performance of this method highly depends on AOA measurements. In [31], an

approach based on AOA is proposed considering Doppler shift for positioning

of a mobile source. Instead of estimating at the BSs, the unknown position is

8



estimated at the mobile target in [31]. The method requires LOS transmission

like AOA method with using two BSs in 2-D coordinates. Consequently, it is

necessary to have more BSs for 3D-positioning estimations.

In addition, most of the mentioned methods suffer from a problem called geo-

metric dilution precision (GDP) happens when the distance of transmitter from

BSs is more than distances between BSs. It causes to lose the precision in esti-

mations or even make the position finding equations non-solvable [28]. Although

some of the methods like the method in [28] try to decrease GPD problem, it

increases the complexity and cost.

In this study, a novel positioning method is proposed to solve the mentioned

restrictions in order to estimate the location of a distant mobile transmitter based

on unknown received signal power at only one BS. Thus, there is no necessity of

synchronization between different BSs. In addition, we propose a highly reliable

positioning method called positioning using one BS (PuOB). The new method

is based on AOA and TDOA measurements which are taken at one BS in different

time instances.
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Chapter 2

5G Waveforms

2.1 DFT-s-ZW-OFDM

The transceiver of the proposed waveform is shown in Fig. 2.1. The transmitter

is similar to the transmitter of DFT-s-OFDM. There is a difference between

DFT and IFFT. In the proposed waveform, DFT-s-ZW-OFDM, some redundant

subcarriers are added. The data on these subcarriers is calculated in a way that

at the output of IFFT there is a zero word. The length of zero word is equal

to number of redundant subcarriers. Because The size of the IFFT is fixed, the

orthogonality is saved even with different size of zero word.
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(a) Transmitter side

(b) Receiver side

Fig. 2.1: DFT Spread Zero Word OFDM

The mathematical operations in DFT-s-ZW-OFDM can be summarized as

d̃(N×1) = D(N×N) × d(N×1), (2.1)

where d(N×1), D(N×N) and d̃(N×1) are data in time domain, DFT matrix and

corresponding data in frequency domain, respectively.

r̃(Nr×1) = T(Nr×N) × d̃(N×1)

= T(Nr×N) ×D(N×N) × d(N×1). (2.2)

where r̃(Nr×1) and T(Nr×N) are the redundant subcarriers and transformation

matrix. Transformation matrix calculates the value on the redundant subcarri-

ers based on the data. Then, redundant subcarriers are permuted between the

data subcarriers using P(N+Nr)×(N+Nr) all the subcarriers (redundant and data

subcarriers) are mapped to the IFFT using a mapping matrix called BL×(N+Nr).
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the output signal of the transmitter is named as x and is calculated as:

x = F−1L x̃L×1 =

M︷ ︸︸ ︷
FL
−1BP

[
I

T

]
DNd (2.3)

M can be divided into four submatrices and can be written as M =[
M11 M12

M21 M22

]
. As mentioned earlier the tail of output of the IFFT contains

zero there fore we can rewrite x as

[
xnon tail

xtail

]
=

[
xnon tail

0

]
. We can have

[
xnon tail

0

]
=

[
M11(N×N)

M12(N×Nr)

M21(Nr×N)
M22(Nr×Nr)

][
DNd

r̃

]
, (2.4)

and r̃ can be rewrite as

r̃ = −M−1
22 M21

d̃︷ ︸︸ ︷
DNd . (2.5)

Thus transformation matrix is

T = −M−1
22 M21. (2.6)

Fig. 2.2 shows the transmitted signals in time domain for DFT-s-OFDM, ZT

DFT-s-OFDM and DFT-s-ZW OFDM.
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Fig. 2.2: Transmitted signals in the time domain.

The PAPR comparison between CP-OFDM, UW-OFDM, DFT-s-ZW-OFDM,
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ZT-DFT-s-OFDM and DFT-s-OFDM is shown in Fig. 2.3. The redundant sub-

carriers is the reason for the increase in PAPR.
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Fig. 2.3: PAPR comparison without considering tails.
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Fig. 2.4 shows the power spectral density comparison and shows the superior

performance of the DFT-s-ZW OFDM
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Fig. 2.4: Power spectral density comparison.
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2.2 A Flexible Hybrid Waveform

Zero tail DFT spread OFDM (ZT DFT-s-OFDM) is one of the waveforms that

has attracted lots of attention because of low OOB, lowPAPR and flexible guard

intervals. However the non zero tail (despite of its name) cause ISI in the disper-

sive channels. DFT-s-ZT OFDM has zero tail thus there is no ISI at dispersive

channel but due to redundant subcarriers it has higher PAPR in comparison to

ZT DFT-s-OFDM. We propose a new waveform which can be either one of these

waveforms or a combination of both.
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(a) Comparison of symbol power and tail power in ZT-DFT-s-OFDM, DFT-s-ZW-OFDM and

Hybrid model.

(b) Co-existence of two waveforms as two Sub-RBs with equal symbol periods and guard inter-

vals.

Fig. 2.5: Proposed hybrid waveform.

Fig. 2.5 shows the proposed hybrid waveform. This hybrid model can be

customized according to user requirement. In a situation that channel is highly

dispersive more subcarriers can be assigned for DFT-s-ZW OFDM and less or

none to ZT DFT-s-OFDM.

Fig. 2.6
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Fig. 2.6: Co-locating ZW and ZT subcarriers without a guard between them.

The trade-off between symbol power and tail power is shown in Fig. 2.7. The

hybrid model has lower power tail than ZT DFT-s-OFDM due to use of DFT-

s-ZW OFDM. The power of tail increases as the number of subcarriers assigned

to ZT DFT-s-OFDM increases. However, the symbol power decreases as the

number of subcarriers assigned to ZT DFT-s-OFDM increases due to use of less

redundant subcarriers.
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(b) Symbol power of hybrid model is decreasing as Nzw increasing.

Fig. 2.7: Power evaluation. Trade-off between symbol power and tail power.
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Fig. 2.8: BER performance of the hybrid waveform in Rayleig fading channel
with uniform PDP distribution, τ = 21.

Fig. 2.8 shows the BER performance of hybrid waveform with different ratio

of assigned subcarriers to ZT DFT-s-OFDM and DFT-s-ZW OFDM.
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Fig. 2.9: Power spectral density comparison.

In Fig. 2.9 the power spectrum of hybrid waveform and CP-OFDM is shown.

The superior performance of the hybrid waveform is demonstrated in Fig. 2.9.
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Chapter 3

Joint Optimization of Device to

Device Resource and Power

Allocation based on Genetic

Algorithm

3.1 System Model and Problem Formulation

A cellular cell with one base station in the center and a number of users are con-

sidered as shown in Figure ?? (a). The users are randomly distributed around

the base station. Users are classified into two groups of cellular users and D2D

users. Although the cellular users communicate through the base station, in D2D

communication, a device communicates directly to another close by device. Two

communicating devices form a D2D pair. The set of communications are defined

as N = {U1, U2, ..., UV , UV+1, ...UV+K}, where Ui shows the ith communication. V

and K are the total number of cellular users and D2D pairs, respectively. There-

fore, the first V elements are cellular users and the next K elements are D2D

pairs. In other words, the set of cellular users is denoted by M = {U1, U2, ..., UV }
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and the set of D2D pairs is defined by D = {UV+1, UV+2, ..., UV+K}. The band-

width is divided into narrow resource blocks. R = {RB1, RB2, ..., RBQ} indicates

the set of the resource blocks. RBi and Q denotes the ith resource block and total

number of resource blocks, respectively. Also, A = {ai,r}, A ∈ {0, 1}(V+K)×Q is

resource assignment matrix. ai,r = 1 means ith user utilizes rth resource block and

ai,r = 0 shows that the rth resource block is not used by ith user. It is also worth

mentioning that since the downlink resources are almost fully occupied by high

power transmitted signals from base station to the cellular users, the uplink re-

sources of the cellular users are shared with D2D users in the proposed algorithm.

In Figure ?? (b), a directed graph based on the cell in Figure ?? (a) is created.

The graph shows the interference between each pair of communications. Nodes in

this graph represent a communication, either a cellular or a D2D communication.

The edges are interference between two connected nodes. Ii,j is the edge weight

which indicates the set of interference value from ith node to jth node at different

resource blocks which is defined as:

Ii,j = {Ii,j,1, Ii,j,2, ..., Ii,j,Q}, (3.1)

where Ii,j,r is the interference from ith node to jth node at rth resource block.

It is worth mentioning the dashed line between U1 and U2 shows that sharing a

resource block between two cellular users is not allowed. Since their receiver is

the base station, if they share a resource block the receiver cannot differentiate

the signals. Thus, there is no interference between cellular users.

Maximum spectral efficiency of ith communication at rth resource block, either

cellular user or D2D pair, is denoted by Sei,r and defined based on Shannon

formula as

Sei,r = log2(1 + SINRi,r), (3.2)

where SINRi,r is the signal to interference plus noise ratio. The SINRi,r in (3.2)
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is expressed as

SINRi,r =
ai,rpi,rgi,i,r
σ2 + Iri

. (3.3)

In (3.3), pi,r is the transmission power of the ith node at rth resource block and

gi,j,r is the channel gain between transmitter of the ith node and receiver of the jth

node at rth resource block. σ2 denotes the noise power. Iri is the total interference

from other nodes to ith node which can be written as

Iri =
V+K∑
j=1,j 6=i

aj,rIj,i,r =
V+K∑
j=1,j 6=i

aj,rpj,rgj,i,r. (3.4)

By substituting (3.4) in (3.3), we obtain

SINRi,r =
ai,rpi,rgi,i,r

σ2 +
V+K∑
j=1,j 6=i

aj,rpj,rgj,i,r

. (3.5)

The goal is to maximize the spectral efficiency of the network, which can be

written as

Senetwork =
V+K∑
i=1

Q∑
r=1

Sei,r =
V+K∑
i=1

Q∑
r=1

log2(1 + SINRi,r). (3.6)

As (3.6) shows, Senetwork depends on SINRi,r. Moreover, as shown in (3.5), in

addition to resource allocation which determines the interfering users, transmis-

sion power of the users determines the amount of the interference and affects the

SINR and consequently the spectral efficiency. Therefore, optimizing the trans-

mission power of the users helps maximizing the spectral efficiency of the network

and managing the interference. It is also evident that both cellular users and D2D

users, have an upper limit for their transmission power. Cellular users also should

meet a minimum SINR to prevent a severe reduction in spectral efficiency while

sharing their resource block. Thus, maximization problem can be formulated as

follows
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S = arg max
p,a

V+K∑
i=1

Q∑
r=1

log2(1 + SINRi,r)

= arg max
p,a

V+K∑
i=1

Q∑
r=1

log2

1 +
ai,rpi,rgi,i,r

σ2 +
V+K∑
j=1,j 6=i

aj,rpj,rgj,i,r

 (3.7)

subject to



C1 :
V∑
i=1

ai,r ≤ 1, i ∈M,∀r ∈ R

C2 : pi < pd max, i ∈ D

C3 : pi < pc max, i ∈M

C4 : SINRi,r ≥ SINRmin, i ∈M, ∀r ∈ R

(3.8)

where C1 shows that there is at most one cellular user in each resource block. C2

and C3 limit the power of the users to their upper limits. pd max , pc max are max-

imum transmission power of D2D users and cellular users, respectively. C4 shows

that SINRmin is minimum SINR for the cellular users. It is worth mentioning

that there is no restriction in the number of D2D users in one resource block as

long as C4 is met.

Finding a solution for an optimization problem with more than one constraint,

similar to (3.7), is not possibly practical. Exhaustive search also is not applicable

in engineering implementations due to the huge size of the search space. There-

fore, to solve the constrained optimization problems, Genetic algorithm is a well

known method [11]. In the next section, a new Genetic algorithm-based method

is proposed to solve the multi-constrained problem in (3.7).
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𝑼𝟐 𝑼𝟑 𝑼𝟒 

    𝑝2 𝑝3 𝑝4 

𝑼𝟏 𝑼𝟓 

𝑝1 𝑝5 

RB1 

RB2 

Fig. 3.1: A sample chromosome representation: RB1 is shared by U2, U3 and U4

with power of p2, p3 and p4, respectively. Also RB2 is shared by U1 and U5 with
power of p1 and p5, respectively. M = {U1, U2} and D = {U3, U4, U5} are cellular
users and D2D pairs, respectively.

3.2 Algorithm Description

Genetic Algorithm emulates the process of natural selection. The algorithm starts

with a set of candidate solutions (chromosomes). A chromosome presents dedi-

cated powers and resource blocks to communications. Figure. 3.1 shows a sam-

ple chromosome, where two resource blocks are dedicated to five communications

(V = 2 and K = 3), each with a specific transmission power. Additionally, each

chromosome should satisfy the constrains of the optimization problem in (3.7).

The set of chromosomes is called a generation. The generations are changed iter-

atively. At each iteration, chromosomes of the current generation are chosen to

be parents and produce the children (offspring) for the next generation. The fit-

ter chromosome, in terms of spectral efficiency, has higher chance to be selected

as a parent. After series of iterations, the generation evolves toward the opti-

mal chromosome. Moreover, the algorithm works with three operators to form

a new generation based on the current generation: 1) proportional selection, 2)

crossover, 3) mutation.

In the following, first, a metric for the fitness of a chromosome is given. Then,

the operators based on the problem in (3.7) are defined.
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3.2.1 Determining fitness function and power assignment

3.2.1.1 Fitness function

Fitness function measures the fitness of a chromosome. Since the purpose of the

algorithm is maximizing spectral efficiency of the network, the fitness value of

a chromosome equals to spectral efficiency of the network with respect to the

chromosome. Therefore, fitness value of a chromosome can be written as

fchromosome =
V+K∑
i=1

Q∑
r=1

log2

1 +
ai,rpi,rgi,i,r

σ2 +
V+K∑
j=1,j 6=i

aj,rpj,rgj,i,r

 . (3.9)

3.2.1.2 Power assignment

Power of the users is also optimized during calculating fitness value. For this pur-

pose, at each iteration, one D2D communication in each resource block (if there

is any) is selected randomly. Power of the selected communication is optimized

to maximize spectral efficiency of the desired resource block. Furthermore, the

SINR of the cellular user of the resource block (if there is any) is set to SINRmin

in order to serve more D2D users. Then, the power of ith cellular user at rth

resource block is assigned based on (3.5) as

ipi,r = SINRmin ×
(σ2 +

V+K∑
j=1,j 6=i

aj,rpj,rgj,i,r)

ai,rgi,i,r
. (3.10)

Additionally, if a resource block is used by only one communication, the trans-

mission power of the communication is set to its maximum value. Algorithm 1

shows the pseudocode for fitness calculation and power assignment. Inputs to the

algorithm are a chromosome (resource allocation matrix and transmission power

vector). Also, the outputs are fitness value of the chromosome and optimized

transmission power vector.
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Next, we focus on mentioned operators and show that how they fit in the frame-

work of our proposed method.

3.2.2 Proportional selection

Proportional selection operator selects the chromosomes based on their selection

probabilities to be parents of next generation. The selection probability of a

chromosome is based on its fitness value and can be expressed as

prs(x, t) =
fchromosome(x)

max(fit(t))
, (3.11)

where x is a chromosome and prs(x, t) is the probability of selecting x at tth

generation as a parent. fchromosome(x) is the fitness value of the chromosome x.

Additionally, fit(t) is the set of fitness values at tth generation as

fit(t) = {fchromosome(x1), fchromosome(x2), ...., fchromosome(xNt)} (3.12)

where xi and Nt are ith chromosome and the total number of chromosomes in tth

generation, respectively.

3.2.3 Crossover operation

Crossover operator combines two parents and produces offspring for the next gen-

eration. At the beginning, a random length is dedicated to each resource block of

the offspring where the sum of the lengths must be equal to total number of com-

munications. This length shows the number of potential communications that can

be supported in the intended resource block. Also, a random number in the range

of [1, V +K] is selected which is called crossover point. It determines the number

of communications which are taken from each parent (e.g crossover point = 3

means three communications and their transmission powers are taken from par-

ent 1 and the others are taken from parent 2). Figure 3.2 shows an example of
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crossover operation, where pi j shows the transmission power of ith user of jth

parent. In the figure, M = {U1, U2},D = {U3, U4, U5} and lengths of resource

blocks in the offspring are randomly selected to be 4 and 1, respectively. Also,

the crossover point equals to 2. Therefore, first U2 and U4 are chosen from parent

1 and as the results of first and second moves, the two communications are set as

the first two communications of the first resource block of the offspring. Other

communications of offspring are taken from the second parent. First element of

second parent is U1, but it cannot be set as the third communication of the off-

spring. The reason is that there is another cellular user (U2) at the first resource

block. Thus, in the third move, U1 is added to the stack. As fourth move, U5 is

added to the offspring as the third communication. Since U4 and U2 already exist

in the offspring, they are not added again. The last element in second parent

is U3 which as fifth move will be set as fourth communication of the offspring.

The communications of the first resource block of the offspring is completed.

The next communication is at the second resource block. Although there is no

remaining elements in parent 2, the stack has one element. Thus, in the sixth

and the last move, the element in the stack will be the only communication of

the second resource block of the offspring. Moves are shown by numbers in the

Figure 3.2. The pseudocode of crossover operation is given in Algorithm 2. Two

chromosomes (parents) are the inputs to the algorithm and produced offspring is

the output.

3.2.4 Mutation

In order to escape from local optimum solutions, the genetic algorithm adds a

random change to chromosomes with a low probability [11]. For applying a ran-

dom change in a chromosome, two users are selected randomly and swapped. In

order to follow the first constraint in (3.8) (C1), if the first selected user is among

the D2D pairs (cellular users), the second one should also be selected among the

D2D pairs (cellular users). Note that the probability of the mutation should be

low to prevent a random search.
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Combination of proportional selection, crossover operation and mutation is

called select and reproduce. The pseudocode of select and reproduce function is

given in Algorithm 3.

3.2.5 Optimization using genetic algorithm operators

The optimization algorithm, as shown in Algorithm 4, starts with a random

generation. Random generation generate Nt random chromosomes as the first

generation. Power of the users is set to their upper limit in the beginning. Then,

fitness value of all the chromosomes in the generation is calculated. Next, the

select and reproduce function is called. In the function, parents are selected ac-

cording to their fitness value and then, offspring are produced. Mutation is also

applied on the offspring at this step. Therefore, generation is updated and al-

gorithm is repeated rep times. Tuning the mutation rate and crossover rate is

usually done by means of trail-and-error [24].

In order to assign the resource blocks and transmission power of users effi-

ciently, having the prior knowledge of interference between the users is required.

In other words, CSI is required to be known prior to the resource and power

allocation. In the following section, we describe a channel prediction algorithm

which results in a lower transmission overhead.

3.3 Channel prediction

Performance of adaptive communication systems depends heavily on knowledge

of CSI. Interference aware resource allocation is also an adaptive system. Knowl-

edge of the CSI in adaptive systems, is usually provided through feedback. After

establishing a connection between the intended users, the receiver estimates the

channel and then, feeds it back either to the transmitter or the base station. This
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process does not only result in a huge load on the network, but also the fed back

information can be outdated due to delay caused by the feedback. An error in

CSI or an outdated information results in a wrong decision in the system. Thus,

instead of feeding back the CSI from each user or using outdated CSI by peri-

odically collecting CSI, a prediction method at the base station for CSI is used

[3, 14, 15, 42, 18, 16].

In our system model, we assume a flat fading channel. The reason lies in di-

viding the bandwidth into small and narrow bands. Therefore, users experience

a flat fading channel. Taps of a channel act as sum of the sinusoids [17]. This

sum of sinusoids can be modeled as an autoregressive (AR) process. Let yt de-

note the received data at the tth time. ht is the complex quantity of time-based

channel impulse at tth time instance and bt is the transmitted modulated data

(e.g. BPSK). yt can be defined as:

yt = htbt + zt, (3.13)

where zt is the Added White Gaussian Noise (AWGN). Then, predicting the

(n + 1)th sample based on the previous L samples can be done using a linear

prediction.

hn+1 =
L∑
i=1

wihn+1−i, (3.14)

where the w is the predictor coefficient and is calculated as

w = R−1r (3.15)

where R is the autocorrelation matrix with coefficient Rij = E[hn−ih
∗
n−j] and r

is the autocorrelation vector with coefficient rj = E[hnh
∗
n−j] [16].

In the next section, the performance of the algorithm is evaluated using nu-

merical simulations.
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Table 3.1: System Numerical Parameters

System Parameters Corresponding value
Cell radius 500 m

Channel model Winner model
Carrier frequency 1.8 GHz

Bandwidth of resource blocks 180 KHz
Number of resource blocks 8
Number of cellular users 4

Maximum distance between D2D pairs 10 m
Maximum power of D2D transmitters 23 dBm

Maximum power of cellular users 23 dBm
Noise power density -174 dBm

Number of repetition in genetic algorithm 50

3.4 Simulation Results

In this section, the performance of the algorithm under different scenarios is

evaluated. The evaluations include: A) network spectral efficiency evaluation,

B) cumulative distribution function (CDF) comparison, C) network interference

power evaluation. In all the simulations, radius of the cell is assumed to be 500

m. There is a base station in the center of the cell. The users are distributed

randomly around the base station. Maximum distance between D2D pairs is set

to 10 m [12]. Carrier frequency, resource blocks bandwidth and maximum power

of users (D2D transmitters and cellular users) are set as in long term evolution

(LTE) to 1.8 GHz, 180 kHz and 23 dBm, respectively [55]. The parameters used

in simulation results are given in Table 3.1, unless otherwise specified. Each user

is assumed to have an omni-directional antenna. Without loss of generality for

the case of simplicity, for all the scenarios, an indoor channel model according

to Winner model is considered. In the case of outdoor, due to the significant

difference in antenna height for base station and users (cellular and D2D users)

two different channel models should be considered, one for cellular users and one

for D2D users. The channel gain consists of large scale pathloss and small scale

fading. Large scale pathloss, denoted by PL, based on Winner model is defined
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[27] as

PL(dB) = 22.7 log10 d+ 27 + 20 log10 fc. (3.16)

The small scale fading is assumed to be Rayleigh fading and is modeled by jakes

model as

hI(t) = 2

N0∑
n=1

(cosφncoswnt) +
√

2cosφNcoswdt (3.17)

and

hQ(t) = 2

N0∑
n=1

(sinφncoswnt) +
√

2sinφNcoswdt, (3.18)

where hI(t), hQ(t), φn and φN are the real and imaginary components of channel

at tth time instance, initial phases of the nth doppler shifted sinusoid and maxi-

mum doppler frequency (fm) shifted sinusoid, respectively and wd = 2πfm with

wn = wdcosφn [10]. The model is used to obtain L channel samples and the next

samples are predicted using (3.14).

3.4.1 Network Spectral Efficiency Evaluation

This subsection is divided into three comparisons. The first is the comparison of

the throughput of the proposed algorithm, GAAM[45], orthogonal[51], and ran-

dom resource allocation. Figure 3.3 shows the outperformance of the proposed

algorithm compared to GAAM, orthogonal, and random resource allocation. In

this figure, Q = 8, V = 4 and K is varied from 2 to 18. In GAAM, a resource

block is shared by a cellular user and a D2D pair. Thus, when Q equals to 8 at

most 8 cellular users and 8 D2D pairs are served. Since V = 4, the maximum

number of served communications is 4 + 8 = 12. Thus, the curve for GAAM

is increasing until number of communications equal to 12, and after that it is

almost constant. In the orthogonal resource allocation, first, the 4 of 8 resource

allocation is assigned to 4 cellular users. Then, the other resources are assigned

to random D2D pairs. Therefore, after 8 number of communications, the slope of

the curve decreases significantly. In the random and the proposed algorithm, as

the number of communications increases, the spectral efficiency increases as well.

The reason lies in having flexible number of D2D pairs in a resource block. It is
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shown that even the random resource allocation can do better than GAAM and

orthogonal resource allocation in dense and crowded environment.

The second comparison in this subsection evaluates the effect of number of

resource blocks on the spectral efficiency. In Figure 3.4, the number of cellular

users is fixed, V = 8 and K is varying from 7 to 152. It is shown that as the

number of resource blocks - Q- increases, the spectral efficiency increases. The

reason is that as more resource blocks results in less interference between the

users. The difference in spectral efficiency for lower number of K is less than

higher numbers of K due to the minimum SINR that each cellular user should

met. There is a trade-off between having better performance or lower number

of resource blocks. Having more resource blocks leads to higher cost and better

performance. The trade-off depends on the minimum expected spectral efficiency

and number of communications expected to be served.

Third comparison is with respect to the repetition parameter of the genetic

algorithm, denoted by rep. The parameter shows the number of produced gener-

ations. In Figure 3.5, spectral efficiency for different values of rep is shown. As

rep gets larger, algorithm results in a better optimization. Higher number for

repetition makes the algorithm finds a better solution but the algorithm needs

to be run longer. Therefore, there is another trade-off between having higher

performance or lower number for repetition. However, when rep is large enough,

e.g. rep = 50, result of the algorithm is an acceptable solution and good enough.

As the figure shows the curves for rep = 50, 100, 200 are very close.

3.4.2 CDF Evaluation

Figure 3.6 shows the CDF curves of the proposed algorithm, GAAM [45], orthog-

onal [51] and random resource allocations. In the simulations, Q, V and K are

assumed to be 8, 4 and 8, respectively. The CDF curves shows the ranges of the

output algorithms. As Figure 3.6 shows, the proposed algorithm outperforms the
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other methods. It also shows that random resource allocation can even perform

better than orthogonal resource allocation. Moreover, random resource allocation

has the widest range.

3.4.3 Interference Evaluation

Figure 3.7 shows the amount of the intra-cell interference for the proposed algo-

rithm with different repetitions. The parameters for this simulation is the same

as Figure 3.5. It is shown that for higher number of repetition, There is less inter-

ference. In other words, at each iteration a better and more optimized solution is

found. Considering Figures 3.5 and 3.7, the proposed algorithm results in higher

spectral efficiency at each iteration by mitigating the interference.
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Fig. 3.2: Crossover operation. Parent 1 and Parent 2 produce offspring. crossover
point randomly is selected and equals to 2. Moreover, length of two resource
blocks, which are randomly selected, equal to 4 and 1, respectively.
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Algorithm 1 Fitness Calculation and Power Assignment

1: procedure Fit Calc (resourceVector, powerVector)
2: Output fitness value, powerVector
3: Initialization: sum vector = ∅; cellVector = ∅;
4: for RB member each row in resourceVector
5: if there is any D2D pair in RB member
6: Select optd randomly among D2D pairs of
7: RB member
8: for All possible values popt for power of optd
9: temp ← powerVector

10: Update temp with popt for optd
11: if there is any cellular user in RB member
12: cell← cellular user in RB member
13: p(cell) ← required power for SINRmin

14: Add p(cell) to cellVector
15: if p(cell) ≤ pc max
16: Update temp with p(cell)

17: rate ← sumrate of RB member
18: with respect to temp
19: else
20: rate ← −infinity
21: end if
22: else
23: rate ← sumrate of RB member with
24: respect to temp
25: end if
26: Add rate to sumVector
27: end for
28: sumrate(RB member) ← max(sumVector)
29: else
30: p(cell) ← pc max
31: Update powerVector with p(cell)

32: sumrate(RB member) ← sumrate of
33: RB member with respect to powerVector
34: end if
35: end for
36: fitness value ← sum(sumrate)
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Algorithm 2 Crossover

1: procedure Crossover (Parent1,Parent2)
2: Output offspring
3: Initialization: i = 1 and done = 0
4: select Len = {len(1), len(2), ..., len(Q)} randomly in a way that len(1) +

len(2) + ...+ len(Q) = V +K
5: crossover point← random number 1 to V +K.
6: for rb = 1 to Q
7: while done = 0
8: if i ≤ crossover point
9: temp← ith communication of the Parent1.

10: else
11: temp← (i− crossover point)th communication of the Parent2.
12: while temp is already taken from Parent1
13: i← i+ 1
14: temp← (i− crossover point)th communication of the Parent2.
15: end while
16: for pos = 1 to len(rb)
17: If pos is for a D2D pair and temp is a D2D pair

offspring(rb,pos)← temp
18: i← i+ 1
19: done = 1
20: else if pos is for a D2D pair and temp is a cellular user
21: Add temp to the Cell Stack
22: i← i+ 1
23: else if pos is for a cellular user and temp is a cellular user
24: offspring(rb,pos)← temp
25: i← i+ 1
26: done = 1
27: else if pos is for a cellular user and temp is a D2D pair
28: if Cell Stack is not empty
29: offspring(rb,pos)← Cell Stack(1)
30: Delete the first element in Cell Stack.
31: done = 1
32: else
33: offspring(rb,pos)← 0
34: done = 1
35: end if
36: end if
37: end while
38: end for
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Algorithm 3 Select and Reproduce

1: procedure Sel Rep (gen, fit)
2: Output new gen
3: max fit← max(fit)
4: for each chromosome in gen
5: prs(chromosome) = fit(chromosome)

max fit

6: end for
7: for chr = 1 to Nt

8: p1,p2 ← choose two parents based on the probability
9: new in ← Crossover(p1,p2)

10: mut← random number 0 to 1
11: if mut ¡ 0.2
12: mut gen ← Choose two cellular users or two
13: D2D pairs and swap them
14: Add mut gen to new gen
15: else
16: Add new in to new gen
17: end if
18: end for

Algorithm 4 Optimization

1: procedure Optimization (rep)
2: Output best individual
3: Initialization: ;
4: (initial generation)← random generation
5: i← 1
6: do:
7: fit = ∅
8: for each chr in next gen:
9: (fit chr, Power) ←

10: Fit Calc(chr.resourceVector,chr.powerVector)
11: chr.powerVector← Power
12: Add fit chr to fit
13: end for
14: next gen← Sel Rep(fit, next gen)
15: i← i+ 1.
16: while i < rep
17: best individual← max(fit)
18:
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Chapter 4

A Novel One-Base Station

Hybrid Positioning Method

4.1 System Description

The PuOB method utilizes AOA and TDOA positioning methods in order to

achieve a highly reliable and low cost hybrid positioning estimation and tracking

method.

The first and second parts of the system description is dedicated to TDOA and

AOA equations used in this work. The third part describes the PuOB method.

Notation : M and N are the total number of assumed BSs in an arbitrary

positioning method and total number of time instances that the measurements are

taken, respectively. ‖.‖ and (.)T denote the L2-norm operation and the transpose

operation of a matrix, respectively. Let c denote the velocity of the transmitted

signal.
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4.1.1 Time Difference of Arrival (TDOA) Method

The conventional TDOA method uses the time of arrival differences between a

received signal at different BSs. As shown in Fig. 1, each BS acts as a focus of a

hyperbola in conventional TDOA method. The intersection of these hyperbolas

provides the estimated location of the transmitter.

Let Sm denote mth BS located at [xm, ym, zm]T ∈ R3 in Cartesian coordinates

where m = 1, 2, ...,M . The coordinates of the mobile transmitter at the time of

tn, n = 0, 1, ..., N is defined as Pn = [xn, yn, zn]T ∈ R3. Then, in the absence of

measurement noise, distance rm,n between the transmitter at time instance of tn

and mth BS can be modeled as

rm,n = cTm,n = ‖Pn − Sm‖ (4.1)

=
√

(xn − xm)2 + (yn − ym)2 + (zn − zm)2, (4.2)

where Tm,n is the duration for the signal to travel from the transmitter to the BS.

By considering two BSs as foci of a hyperbola, the distance difference between the

transmitter and the two BSs, mth and (m−1)th BSs, can be given as d(m,m−1),n =

c(Tm,n − T(m−1),n) = rm,n − r(m−1),n, where d(m,m−1),n is fixed-difference property

that can be used for positioning on hyperbolas (|rm,n − r(m−1),n| = d(m,m−1),n for

every point on the hyperbolas). As shown in Fig. 4.1, for a simple hyperbola, at

least two BSs are required. In order to have a TDOA positioning estimation of a

transmitter in 3-D coordinates, at least 3 hyperbolas produced by measurements

at 4 BSs are necessary.

4.1.2 Angle of Arrival (AOA) Method

In this part, we extract the relations of AOA which is used in the PuOB method.

Sm is assumed to be in the origin of Cartesian coordinates, in rn,m distance of Pn

as given in (4.2). The unit vector from BS toward the transmitter is the resultant
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of three vectors in each Cartesian axis,

Pn − Sm = rm,n

[
cosαm,n cos βm,n cos γm,n

]T
, (4.3)

where αm,n, βm,n and γm,n are the angles of received signal with x, y, z axes. In

order to measure the angles of arrival at each axis, similar to [32], we assume

antenna arrays are used. As shown in Fig. 2, for measuring αm,n which is the

angle of received signal with x-axis at mth BS, there is a simple antenna array in

x-direction. So, αm,n is defined as αm,n = cos−1
(
c|t2−t1|

`

)
, where t1 and t2 are the

time instances of received signal to antenna 1 and antenna 2, respectively. ` is

the known distance between two antennas. βm,n and γm,n can be found like αm,n

with a 3D antenna setup.

Equation (4.3) presents that the vector Pn−Sm is equal to rm,n multiplied by

the unit vector of Pn − Sm. Let bm,n denote the unit vector,

Pn − Sm = rm,nbm,n. (4.4)

According to (4.3) and Fig. 3, bm,n in Spherical coordinates is defined as:

bm,n =
[

sin θm,n cosφm,n sin θm,n sinφm,n cos θm,n

]T
(4.5)

In (4.5), θm,n ∈ [0, π] and φm,n ∈ [0, 2π] are defined as

Am,n =

 φm,n

θm,n

 =

 tan−1(
cosβm,n

cosαm,n
)

tan−1(

√
cos2 αm,n + cos2 βm,n

cos γm,n
)

 , (4.6)

where Am,n denotes the AOA measurements matrix.

4.1.3 Positioning using One Base Station (PuOB) Method

Fig. 3 depicts how a BS and position of a transmitter in two time instances can

be used by the PuOB method. The transmitter in two time instances plays the
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Fig. 4.1: Hyperbola made by TDOA measurements in two BSs located at Sm and
Sm−1 as fuci and the target located at Pn.

Fig. 4.2: The x-D antenna array of the mth BS for measuring angle of arrival
αm,n.

role of foci in a hyperbola and the BS is located on hyperbola. In order to find the

unknown position of Pn, AOA and TDOA measurements are gathered in matrix

km,n ∈ R3 as km,n ,
[
dm,(i,n) AT

m,n

]
, where Am,n is the same as in (8) and

dm,(i,n) can be defined as

dm,(i,n) = rm,n − rm,i. (4.7)

where rm,i is the distance of the transmitter at the time instance ti (i < n)

from mth BS. It is worth mentioning that m in this method, the PuOB, is one

(M = m = 1), because only one BS is required.

The noisy version of km,n, denotes as k̂m,n at the mth BS is received as

k̂m,n = km,n + e, (4.8)

where e is zero mean additive white Gaussian noise with the standard deviations

of TDOA and two AOA measurements equal to [σd σφ σθ]
T , respectively .

By considering mth BS and N measurement time instances, the mea-

surements at the BS can be defined as K ,
[

k̂m,1 k̂m,2 · · · k̂m,N

]
=
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[
d̂m,(0,1) ÂT

m,1 · · · d̂m,(N−1,N) AT
m,N

]
, where matrix K ∈ RN is the com-

plete system measurements in mth BS and all the time instances.

A matrix G ∈ R3×2 is defined in [46] in a way that its columns are an orthogonal

basis of the plane orthogonal to the unit vector of the transmitter position with

respect to the corresponding BS. We require a similar Gm,n to have

GT
m,nbm,n = 0, (4.9)

where

Gm,n =


sinϕm,n cos θn,m cosϕn,m

− cosϕm,n cos θm,n sinϕm,n

0 − sin θm,n

 . (4.10)

Then, by substituting (4.4) for bm,n in (4.9),

GT
m,n(Pn − Sm) = 0. (4.11)

This results in

GT
m,nPn = GT

m,nSm. (4.12)

Equation (4.12) can be written for any time instance, thus for tthi time instance,

GT
m,iPi = GT

m,iSm. (4.13)

Adding (4.12) and (4.13) for two different time instances results

GT
m,nPn + GT

m,iPi = GT
m,nSm + GT

m,iSm. (4.14)

For the time instances of tn and ti based on orthogonality of both (bm,n−bm,i)

and (bm,n + bm,i) vectors [46] through (4.5), we have

rm,n(bm,n − bm,i)
T (bm,n + bm,i) = 0. (4.15)

By using the expression of rm,n(bm,n + bm,i) in (4.15) and rm,n = rm,i + dm,(i,n)
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Fig. 4.3: The PuOB positioning of a target located at Pn with one BS located at
Sm.

obtained from (4.7), we have

rm,n(bm,n + bm,i) = rm,nbm,n + rm,nbm,i

= rm,nbm,n + rm,ibm,i + dm,(i,n)bm,i. (4.16)

Equation (4.17) is achieved by substituting rn,m(bm,n + bm,i) from (4.16) into

(4.15)

(bm,n − bm,i)
T [ rm,nbm,n︸ ︷︷ ︸

Pn−Sm

+ rm,ibm,i︸ ︷︷ ︸
Pi−Sm

+dm,(i,n)bm,i]

= (bm,n − bm,i)
T [ Pn + Pi − 2Sm + dm,(i,n)bm,i] = 0. (4.17)

Therefore:

(bm,n − bm,i)
T (Pn + Pi) =

(bm,n − bm,i)
T (2Sm − dm,(i,n)bm,i). (4.18)

Equations (4.14) and (4.18) define the necessary equations for PuOB esti-

mation. Estimated multiplier matrix of unknown transmitter position at time

instance tn is denoted by F̂m,n ∈ R3×3 which can be extracted from (4.14) and

50



0
0.5

1
1.5

2
2.5

x 10
4

0

1

2

x 10
4

0

100

200

300

400

x distance (m)y distance (m)

P
o
s
it

io
n
in

g
 e

rr
o
r 

(m
)

317.6 m

229.9 m220 m

(a) PuOB method with Ui =
U0.

0
0.5

1
1.5

2
2.5

x 10
4

0

1

2

x 10
4

0

1

2

3

4

x 10
4

x distance (m)y distance (m)
P

o
s
it

io
n
in

g
 e

rr
o
r 

(m
)

32 490 m

19 090 m 23 950 m

(b) AOA method using two
BSs.

0
0.5

1
1.5

2
2.5

x 10
4

0

1

2

x 10
4

0

1

2

3

x 10
4

x distance (m)y distance (m)

P
o
si

ti
o
n
in

g
 e

rr
o
r 

(m
)

28 790 m

20 910 m20 090 m

(c) TAP method using two
BSs.

Fig. 4.4: Average localization error of PuOB, AOA and TAP methods, for differ-
ent x,y locations of a target. (The height of the target, σTDOA and [σφ σθ]

T are
set to 1000 m, 30 ns and [0.5 0.5]T degrees, respectively.)

(4.18)

F̂m,n =

[
(b̂m,n − b̂m,i)

T

ĜT
m,n

]
, (4.19)

and similarly F̂m,i for known transmitter position at time instance ti. Then we

will have:

F̂m,nP̂n + F̂m,iP̂i = D̂, (4.20)

where D̂ ∈ R3 using (4.14) and (4.18) is obtained as

D̂ =

[
(b̂m,n − b̂m,i)

T (2Sm − d̂m,(i,n)b̂m,i)
ĜT
m,nSm + ĜT

m,iSm

]
. (4.21)

Finally, the estimated position of the transmitter can be obtained from:

P̂n = F̂−1m,n

(
D̂− F̂m,iPi

)
. (4.22)

Note that in (4.19) to (4.22), (̂.) denotes the estimated values obtained from the

measurements.
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4.2 Performance Evaluation

In this section, we compare the performance of the PuOB method utilizing one BS

with AOA and TAP methods utilizing two BSs in order to have a fair comparison

according to the least number of BSs. In AOA and TAP methods the BSs are

located in 400 meters apart from each other, the same distance as it is common

in urban cellular networks (S1 = [0 0 0]T and S2 = [400 0 0]T meters). The

BS used in PuOB is located at S1 = [0 0 0]T . We consider four simulation

scenarios. In the first two, the location of the transmitter is varied in order to

observe the performance of the methods in terms of distance between transmitter

and BSs. During the first simulation scenario, position of the transmitter is var-

ied from P0 = [1 000 1 000 1 000]T meters till PN = [20 000 20 000 1 000]T

meters. σTDOA = σd/c denotes the standard deviation of time difference of arrival

measurements and it is assumed to be 30 ns with respect to the distance between

BSs in urban cellular networks and [σφ σθ]
T are set to [0.5 0.5]T degrees based

on the range of signal diffraction in [46]. Figs. 4(a), (b) and (c) show the average

error performance of PuOB, AOA and TAP methods based on different positions

of transmitter. The results present that PuOB and TAP methods are more sta-

ble than AOA method with respect to the position of transmitter. The AOA

method estimation highly depends on the position of transmitter with respect

to the position of BSs. It is shown that σφ,θ = 0.5 degree in pure AOA method

leads to large error in far distances. As shown in Fig. 4(b), the estimation in

x-direction, where two BSs are located, is getting worse because of narrowness

and similarity of the AOA measurements in both BSs. But in y-direction it has

better performance than x-direction because of having different and clear angles

in two BSs located in x-axis. Both of the PuOB and TAP methods are more

symmetric and stable in different angles due to the nature of using hybrid AOA

and TDOA measurements. In fact, TDOA measurements in PuOB and TAP can

decrease the dependency on AOA measurements; however, TAP method utilizes

more AOA measurements than PuOB causing more dependency on AOA mea-

surements than PuOB. In addition, in case of GDP problem, PuOB outperforms

two other methods. At maximum distance, average error observed by PuOB is

317.6 m, while in AOA and TAP methods, average errors reach up to 32 km and
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28 km, receptively.

In the second scenario, the PuOB method is initialized with three different

initial positions (Pi). The transmitter’s position is varied in y-direction and

other parameters such as σTDOA and [σφ σθ]
T are the same as the first scenario.

In other words, this simulation shows what Fig. 4 provides in y-direction with

different initializations in PuOB. Three different initial transmitter’s positions

are: I The exact position of transmitter at t0, (Pi = P0), II The estimated

position of transmitter by AOA method at t0 (Pi = P0,AOA), III The estimated

position of transmitter by AOA method at tn−1, (Pi = Pn−1,AOA). As shown

in Fig. 5, with all three initial positions, the PuOB method outperforms other
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methods considered in this work. According to results, if the distance between

the initial position and intended position is more than 5000 m, the dependency of

PuOB estimation on initial position will be reduced. Furthermore, as mentioned

in first scenario, AOA method performs slightly better than TAP method in y-axis

positioning because of clear AOA measurements of transmitter at BSs located in

x-axis. However, Figs. 4 (b) and (c) show that TAP method performs better

than AOA method generally.

In the third scenario, we assume that σTDOA is variable while the locations

and [σφ σθ]
T are fixed.

σTDOA is varied from 0 to 200 ns to observe the performance of the PuOB

method and TAP methods. The location of the transmitter is fixed in Pn =

[2 000 1 000 1 000]T and P0 is set to [1 000 1 000 1 000]T . [σφ σθ]
T are

fixed as [0.5 0.5]T degrees. Two cases of initializations are considered like the

first two initializations in the second scenario. Fisrt, Pi = P0 and and second,

Pi = P0,AOA. Fig. 6 depicts that the PuOB method with both of initialization

procedures outperforms TAP method. Even if PuOB method is initialized by

erroneous position obtained by AOA estimation, its performance approaches to

the estimations initialized by the exact position of the transmitter. Furthermore,

TAP method results in a relatively constant error performance in low variations

of σTDOA due to its low dependency on TDOA measurements.

The last scenario is reserved to study the effect of [σφ σθ]
T variations on

the performance of localization methods. We assume [σφ σθ]
T vary from 0.25

degrees to 5 degrees. σTDOA is set to 30 ns. The position of the transmitter

and initial positions (Pi) are the same as the third scenario. As shown in Fig.

7, PuOB method outperforms AOA and TAP methods. It is worth mentioning

that both of the initialized PuOB estimation cases approach to each other in high

[σφ σθ]
T variations. Furthermore, the TAP method outperforms AOA method

after [σφ σθ]
T = [1 1]T degrees.
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and TAP methods (σφ = σθ).
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Chapter 5

Concluding Remarks

5.1 Summary

In this dissertation, we investigated the design of new waveform design and new

symbol boundary alignment to avoid the drawbacks of current waveform and

symbol boundary alignment in 5G.

In chapter ??, we proposed Two flexible waveform in terms of CP length (guard

interval). The proposed waveforns have lower PAPR and OOB in comparison to

OFDM. In DFT-s- ZW OFDM the ISI problem of ZT DFT-s-OFDM is solved.

Thus, the highlight features of the waveform is adaptive ZW and lower ISI in

dsipersive channels. We also proposed a hybrid waveform which is a co-existence

waveform of ZT DFT-s-OFDM and DFT-s ZW OFDM. The hybrid waveform

has the advantages of both but can avoid disadvantages of them.

In chapter 3, a novel genetic algorithm-based method is proposed to optimize

the resource allocation and power assignment of D2D communication underlaying

cellular communication. Contrary to orthogonal resource allocation and GAAM,

the algorithm is presented with respect to the flexible number of D2D and cellular

communications. Therefore, larger number of users can be served with a limited
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number of resource blocks. Also, a minimum SINR is considered for the cellular

communications to guarantee the quality of service of them. Moreover, despite

GAAM, operators of the genetic algorithm are defined to produce an acceptable

offspring at each iteration. Therefore, no additional randomness is added to the

algorithm. It results in superior performance and fast converging of the proposed

method compared to GAAM.

Finally, in chapter 4, a simple and linear positioning method, namely PuOB is

introduced, which requires only one base station to track the location of mobile

transmitters. Simulation results indicate that PuOB with one base station has

superior positioning performance than the angle-of-arrival and hybrid time and

angel of arrival methods with two base stations. Additionally, PuOB is robust

against errors in angle and time measurements.
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