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Abstract

Past few decades have seen a phenomenal growth in wireless multimedia and data

applications. Recent forecast (via Cisco) suggested that the overall mobile data

traffic could reach 24.3 exabytes per month by 2019. As a consequence, there is

a perpetual need for novel spectrum access techniques to alleviate the problem

of spectrum scarcity. This dissertation investigates two solutions to enhance the

capacity of the wireless/cellular networks: cooperative spectrum sharing (CSS)

and device-to-device (D2D) communication.

In a conventional CSS protocol, the secondary system (a cognitive user) acts

as an amplify-and-forward (AF) or decode-and-forward (DF) relay for the primary

system to achieve the target quality-of-services (QoS) of the primary system in ex-

change for spectrum access by the secondary system. However, most of the existing

CSS protocols are interference limited and performance of the system may degrade

due to interference from one system to another. To mitigate the interference, we

propose orthogonal frequency division multiplexing (OFDM) based opportunis-

tic spectrum sharing (OSS) for cooperative cognitive radios. According to the

scheme, secondary system helps the primary system via two phase DF relaying in

exchange of OSS. Both primary and secondary systems employ OFDM modulator

and demodulator at transmitter and receiver, respectively. If the primary system
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is unable to achieve its target rate, then the secondary transmitter (ST) forwards a

few subcarriers to the primary receiver (PR) to fulfill the quality-of-services (QoS)

requirement of the primary system and the remaining subcarriers can be used by

the secondary system for its own data transmission. Thus, OSS can be achieved

by the secondary system without interfering to the primary system, since primary

and secondary subcarriers are orthogonal to each other.

To further boost the performance of both primary and secondary systems, we

propose an adaptive subcarrier sharing scheme for OFDM-based cooperative cog-

nitive radios. According to the scheme, ST uses adaptive mode of transmission to

relay the primary signal with higher throughput while maintaining the bit-error-

rate (BER) constraint of the primary system. At PR, a BER based selection

combining (BER-SC) scheme is employed to combine the signals received in two

phases. Closed-form analytical expressions for BER and outage probability of pri-

mary and secondary system for a Rayleigh flat fading channel have been derived.

Results show that the outage probability with the proposed scheme (for dissimi-

lar modulation) outperforms direct transmission and conventional maximal ratio

combining scheme (for similar modulation).

Recently, D2D communication has been incorporated as a part of long-term-

evolution advanced (LTE-A) Release 12 and 13 to avail the high capacity benefits

to the cellular users with minimal constraints on infrastructure maintenance. In

a generic D2D framework, two cellular users living in proximity can form a direct

link for data transmission without routing it through the evolved node B (eNB) /

base station (BS). Utilization of available resource allocation frameworks to facil-

itate D2D communication while maximizing the throughput of both cellular and

D2D users is an open issue. In this dissertation, we propose the rate and out-

age trade-offs for orthogonal frequency division multiple access (OFDMA) based
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D2D communication frameworks where multiple D2D users coexist with the cel-

lular users in the same cell. Analytical expressions of outage probability for three

D2D frameworks namely underlay, overlay and cooperative D2D (C-D2D) have

been derived. Specifically, for underlay framework, a minimum value of the angle

(an angle between a cellular link and D2D interference link) is derived for which

the target rate and outage probability constraint of both cellular and D2D users

are satisfied. For overlay and C-D2D frameworks, an optimal subcarrier sharing

scheme is proposed which not only helps the cellular users to achieve the target

QoS, but also helps the D2D users to communicate with each other. In addition

to above, benefits involved in employing one framework over other have also been

investigated. Our results show that for a higher outage probability constraint

of the cellular user, the C-D2D framework outperforms the underlay and overlay

frameworks.

We augment the development of C-D2D framework by incorporating the best

D2D user selection scheme. As per the proposed scheme, among M available D2D

pairs, a D2D transmitter (DT) that can achieve the largest QoS improvement

for uplink cellular transmission is selected to serve as a user relay for the cellular

transmission. In addition, a novel round robin process with priority cube method is

proposed to facilitate the fair distribution of available resources among M DTs. In

particular, closed-form expressions of the outage probability for two different cases:

with and without direct cellular link are derived. Results show that the proposed

best D2D user selection improves the QoS of the cellular user as compared to the

conventional C-D2D framework.

Another issue related to D2D communication is the lack of measurement results

for proof of concept demonstration and performance assessment in a realistic sce-

nario. We try to resolve this issue by designing and developing a software defined
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radio (SDR) based test-bed implemented on National Instruments (NI) Universal

Software Radio Peripheral (USRP) platform. The performance of the testbed has

been validated by obtaining received signal to noise ratio (SNR) and symbol er-

ror rate (SER) for both cellular and D2D users. The measurement results show

that the proposed frameworks significantly improves the performance of cellular

network in both line of sight (LOS) and non-line of sight (N-LOS) scenarios.
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Chapter 1
Introduction

1.1 Motivations and Objectives

Driven by increase in new wireless services and applications, as well as the addition

of new wireless users, the demand for radio spectrum has grown day by day. It

has led to an acute problem of spectrum scarcity. However, as some studies have

shown [1], spectrum scarcity is primarily due to inefficient frequency allocations by

government regulatory agencies rather than a physical shortage in the spectrum.

The federal communications commission (FCC) has reported the temporal and

geographic variations in spectrum utilization ranges from 15% to 85% [2].

As a consequence, researchers over the years have proposed alternative dynamic

spectrum access techniques to improve spectral efficiency and capacity in radio

communication environment, leading to the notion of cognitive radio. According

to [3], “cognitive radio is a radio that employs model based reasoning to achieve

a specified level of competence in radio-related domains”. Conceptually, cognitive

radios have the capabilities to co-exist with the licensed users without degrading

their performance. This technique allows the cognitive (unlicensed) user to acquire

the authorized frequency band which is allocated to the primary (licensed) user

without inflicting any undesirable interference to the primary signal transmission.

In recent times, cooperative relaying has been conceived in cognitive radio for

“sensing and sharing” [4], [5]. In cooperative relaying, a relay can be used as

a virtual antenna to improve the performance of a wireless system by achieving

spatial diversity. A relay can acts as an amplify-and-forward (AF), decode-and-
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forward (DF) or compressed-and-forward (CF) relay. Cooperative relaying for two-

hop cognitive environment is considered in [6]. The cooperative cognitive system

where a subset of the relay is used to create transmission opportunities via sensing

the radio is considered in [7]. Cognitive radio networks support opportunistic

spectrum sharing (OSS) [8] via granting secondary system (low priority) to share

the spectrum of the primary user (higher priority) to utilize the radio spectrum

more efficiently. Practical implementation of OSS for long term evolution-advanced

(LTE-A) standard with carrier aggregation technique has been proposed in [9].

Furthermore, LTE in unlicensed band (LTE-U) has physical layer topology to do

OSS in underutilized Wi-Fi bands, specifically in 5 GHz band [10], [11]. Here OSS

plays a significant role in improving the spectrum use in Wi-Fi bands and provides

new paradigm for the coexistence of LTE and Wi-Fi technologies.

One model to realize an OSS framework is through cooperative spectrum shar-

ing (CSS) protocols [12, 13, 14]. In a conventional single carrier CSS protocol, the

secondary system helps the primary system by acting as a relay for the primary

system to achieve the target rate of communication in exchange for OSS by the sec-

ondary system. Some existing work on CSS is also based on interference limited

systems [15], where the primary system can handle additional interference from

other systems without affecting its quality-of-service (QoS). Most of the existing

single carrier CSS protocols are interference limited and performance of the system

may degrade due to interference from one system to another.

To cope with the problem of interference, in [16] a combination of multi-carrier

modulation such as orthogonal frequency division multiplexing (OFDM) and DF

relaying has been proposed for selective subcarrier pairing and power allocation.

Specifically, more secondary system power is provided to the better channel by

using subcarrier sharing and power allocation algorithms. In [17], a multi-carrier

CSS protocol utilizing OFDM and AF relaying has been proposed. In this work, a

joint optimization problem is formulated for selective subcarrier pairing and power

allocation, wherein the secondary system uses a fraction of its subcarriers to boost

the performance of the primary system. Results are shown for outage probability

with respect to the transmission power of the secondary system. However, the

analysis in [16], [17] is limited to optimizing the secondary system performance.

Hence, the exact number of subcarriers relayed via the secondary transmitter to the
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primary receiver has not been computed. Furthermore, no adaptive modulation

has been used in the secondary transmitter to optimize the performance of the

primary and secondary system.

Figure 1.1. Mobile data traffic growth forecast [18]

Apart from acute spectrum scarcity, the phenomenal growth of bandwidth-

exhaustive network applications (a.k.a. “Apps”) are also pushing the limits of

existing cellular networks. The mobile data traffic is increasing rapidly, and quan-

titative studies [18] expects that the exponential growth would continue in the

future as shown in the Fig. 1.1. Besides accommodating massive data traffic,

service providers also need to focus on the QoS. Existing technologies may offer

acceptable QoS in selected areas; however, they can not meet the huge capacity

demands on the future wireless networks when cellular users are densely populated

or are in close-proximity to each other, such as inside an office building, shopping

malls, inside a stadium [19]. It lays the motivation to develop next generation

cellular technologies which can provide higher data rate, low latency, and wider

connectivity as compared to its predecessors.

Recently, device-to-device (D2D) communication [20] has been incorporated
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as a part of LTE-A Release 12 and 13 to address some of the above challenges

[21, 22]. D2D is also foreseen as one of the core technology of 5G to improve

the spectral efficiency by leveraging the neighborhood information [23], [24]. In

hindsight, D2D communication provides high capacity benefits to cellular users

with minimal constraints on network up-gradation and maintenance. In a generic

D2D framework, two cellular users living in proximity can form a direct link for

data transmission without routing it through the evoloved node B (eNB) / base

station (BS). However, control or signaling information between the users is still

carried out by the BS [25], [26].

Two commonly used D2D communication frameworks for the cellular networks

are underlay and overlay D2D communication [27]. In underlay D2D communica-

tion, both cellular and D2D users simultaneously share the licensed cellular spec-

trum while maintaining the interference threshold, analogous to underlay cognitive

radio communication [28]. However, in a D2D scenario, unlike cognitive radio, a

D2D user belongs to the same cellular network, so it may not necessarily have

low priority. Compared to underlay, in overlay D2D communication, BS allocates

dedicated spectrum or time slots to D2D link as long as the QoS of the cellular

user’s is not compromised [29]. Although this eliminates the mutual interference

between cellular and D2D link, however, it results into the inefficient utilization of

available spectrum resources.

Underlay and overlay D2D frameworks are studied extensively in the literature,

whereas, the cooperative D2D (C-D2D) framework is yet to be thoroughly inves-

tigated. In the C-D2D framework, a point-to-point D2D communication link is

split into multiple phases among multiple entities in a coordinated way to achieve

spatial performance gains. Fine-grained resource allocation for single channel C-

D2D communication in the cellular network is proposed in [30]. In [30], a relay

can cooperate with mobile users by either frame-by-frame or slot-by-slot schedul-

ing. Further, the interference region of each node is defined to avoid collision

with nearby transmitters. Results show the performance improvement in terms of

minimum transmission rate if large number of channels are available. However,

the scheme proposed in [30] is limited to the performance improvement for nearby

mobile users (D2D) only. No insights were given for integration of cellular and

D2D users to achieve spatial diversity.
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In addition, most of the recent works on C-D2D framework have been restricted

to the deployment of single or multiple user’s equipment (UE) relays to offload the

cellular traffic [31]. A systematic analytical model of the best D2D user selection

scheme and number of D2D users that can be supported by a cellular user while

satisfying the QoS of all engaged users has not been investigated yet.

Another issue related to D2D communication is the lack of D2D prototype

testbeds to demonstrate the practical performance of such protocols. As a result,

the performance evaluation of the existing D2D frameworks is limited to the com-

puter simulations. However, most of the simulation models are unable to replicate

the real wireless environment. Thus, analytical work on D2D communication can

not be verified.

Although researchers have explored and investigated the domain of cognitive

radio and D2D communication to improve the performance of existing cellular net-

works; however, there is the dearth of literature on utilizing cooperative cognitive

radios and cooperative D2D communication for existing cellular networks. From

the above discussion, it is evident that the CCR and C-D2D will further enhance

the performance of cellular networks and will lay the foundation for next genera-

tion of cellular networks presumably 5G. Hence, the major objectives of the thesis

are summarized below.

• Investigate the various OFDM based CSS protocols proposed for the cogni-

tive radio system and identifying their pros and cons.

• Propose new subcarriers sharing schemes to enhance the primary and sec-

ondary performance and comparing it with conventional CSS protocols through

simulation and analytical results.

• Investigate various radio access frameworks to facilitate D2D communication

in cellular networks. Identify their pros and cons, and propose new methods

to improve them.

• The trade-offs involved in incorporating one framework over another for in-

tegrating D2D communication in cellular networks.

• Among multiple available D2D users, identify the best D2D user to cooperate
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with cellular user in order to achieve the required QoS. Investigate outage

probability trade-offs between cooperation and without cooperation.

• As a proof-of-concept demonstration and performance assessment, designing

and developing a software defined radio (SDR) based radio frequency (RF)

testbed on the proposed D2D communication frameworks.

• Highlight the obtained analytical and measurement results under different

scenarios and discuss the potential impact of such results on the next-generation

cellular networks.

1.2 Major Contributions of the Thesis

Some of the major contributions of the thesis are summarized below along with

the relevant publications.

• Proposed an OFDM-DF based opportunistic subcarriers sharing scheme for

cooperative cognitive radios. According to this scheme, if secondary trans-

mitter (ST) is located within the critical distance from the primary transmit-

ter (PT), it can allocate few successfully decoded subcarriers to the primary

receiver (PR) while remaining subcarriers can be used for secondary commu-

nication. Analytical expressions of outage probability for the primary and

secondary system with critical distance have been derived [32], [33].

– N. Gupta, V. A. Bohara, “A cognitive subcarrier sharing scheme for

OFDM based decode-and-forward relaying system”, in Proceedings of

10th International Conference on cognitive radio oriented wireless net-

works and communications, CrownCom 2015, pp. 334-345, Doha, April

2015.

– N. Gupta, V. A. Bohara, “Outage analysis of cooperative OFDM re-

laying system with opportunistic spectrum sharing” in Proceedings of

International Conference on Advances in Computing, Communications

and Informatics (ICACCI), Sept 2014, pp. 2803-2807.

• Proposed an adaptive subcarrier sharing scheme for OFDM-based cooper-

ative cognitive radios, which deduces the exact number of subcarriers that
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need to be relayed by ST to PR to fulfill the target QoS of the primary

system. In other words, the proposed scheme not only helps the primary

user to achieve the target QoS but also helps the secondary user to utilize

the remaining subcarriers for its own communication. We also derived the

closed-form expressions for bit error rate (BER) and outage probability of

the primary and secondary systems which employed OFDM based adaptive

CSS protocol and bit error rate selection combining (BER-SC) as a signal

combining technique [34, 35].

– N. Gupta, V. A. Bohara, “An Adaptive Subcarrier Sharing Scheme for

OFDM-Based Cooperative Cognitive Radios”, in IEEE Transactions on

Cognitive Communications and Networking, vol. 2, no. 4, pp. 370-380,

Dec. 2016.

– S. Mittal, N. Gupta, V. A. Bohara “A BER Based Selection Combin-

ing Protocol for Adaptive Cooperative Cognitive Radios”, in Wireless

Personal Communications (Springer Journal), June 2017.

– S. Mittal, V. A. Bohara, N. Gupta,“A BER Based Selection Combining

Protocol for Adaptive Cooperative Cognitive Radios”, poster in Eu-

ropean Conference on Networks and Communications (EUCNC-2016),

Oulu, Finland, 2016.

• Investigated the rate and outage trade-offs for OFDMA based underlay, over-

lay, and C-D2D communication frameworks. Specifically, for underlay D2D

framework, we proposed an angle constrained D2D communication for which

the optimal distance between the cellular user (CU) and base station (BS) as

well as the minimum value of angle θ (an angle between a cellular link and

D2D interference link) is derived. It has been shown that as long as the angle

between the cellular link and D2D interference link is greater than the opti-

mal value of θ, the target rate and outage probability constraint of both the

cellular and D2D users will be satisfied. We have also investigated the impact

of CU-BS distance, angle θ, and cellular user outage probability constraint

on different frameworks. By leveraging the above results, BS can select the

cellular user which facilitates D2D communication while maintaining its QoS

[36, 37].
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– N. Gupta, V. A. Bohara, “Rate and Outage Trade-offs for OFDMA

based Device to Device Communication Frameworks”, in IEEE Access

Journal, vol. 5, pp. 14095-14106, 2017.

– N. Gupta, V. A. Bohara, “OFDMA Based Angle-Constrained Under-

lay Device-to-Device Communication”, accepted in Proceedings of IEEE

GLOBECOM 2017, Singapore, Dec. 2017.

– N. Gupta, V. A. Bohara, “Subcarrier sharing scheme for overlay and

cooperative D2D communication in cellular networks”, in Proceedings

of IEEE International Conference on Advanced Networks and Telecom-

munications Systems (ANTS) 2016, Bangalore, 2016, pp. 1-6.

• Proposed a best D2D user selection scheme for an OFDMA based C-D2D

framework, wherein multiple D2D pairs co-exist with a cellular user in a

cell. Specifically, a subcarrier sharing scheme is proposed that facilitates

M available D2D users to do D2D communication by sharing the spectrum

of the single CU while satisfying the target QoS of the CU. The proposed

scheme leads to considerable performance improvement for both cellular and

D2D users. In addition to above, for fair distribution of available subcarriers

among M D2D users, a novel round robin process with priority cube method

is proposed. The proposed method helps the BS in fair allocation of resources

to all D2D transmitters for D2D communication [38, 39].

– N. Gupta, V. A. Bohara, “Angle-Constrained Underlay and Coopera-

tive Device-to-Device Communication Frameworks”, submitted to IEEE

Transactions on Cognitive Communications and Networking, Nov. 2017.

– N. Gupta, D. Kumar, V. A. Bohara, “User Selection and Resource Al-

location for OFDMA based Cooperative Device-to-Device Communica-

tion Framework”, submitted to IEEE ICC, 2018

– N. Gupta, D. Kumar, V. A. Bohara, “Cooperative D2D Communication

in Unlicensed Spectrum: Best User Selection and Resource Allocation”

(under preparation).

• For proof of concept demonstration and performance assessment of the pro-

posed adaptive and non-adaptive subcarrier sharing schemes, the C-D2D
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framework has been implemented on an SDR based NI-USRP platform. Mea-

surement results in a realistic indoor lab environment were obtained. Results

show that the symbol error rate (SER) performance of the cellular user im-

proves significantly with C-D2D. Further, there is a net increase in received

signal to noise ratio (SNR) at BS. Hence, C-D2D framework facilitates D2D

communication with acceptable SER [40, 41].

– N. Gupta, V. A. Bohara, V. K. Singh, “Design and measurement results

for cooperative device to device communication,”, accepted as a book

chapter in Resource Allocation in Next-Generation Broadband Wireless

Access Networks by IGI-Global, 2016

– S. Sharma, N. Gupta, V. A. Bohara, “Insights from the Measurement

Results for Adaptive and Cooperative D2D Communication Frame-

work”, accepted in Proceedings of IEEE WCNC, Barcelona, Spain, 2017.

– N. Gupta, V. K. Singh, S. Sharma, V. A. Bohara, “A proof-of-concept

demonstration of cooperative D2D framework based on SDR”, accepted

in Proceedings of IEEE International Conference on Advanced Networks

and Telecommunications Systems (ANTS) 2017, Bhubaneswar, 2017.

– S. Sharma, N. Gupta, V. A. Bohara, “OFDMA-based Device-to-Device

Communication Frameworks: Testbed Deployment and Measurement

Results”, submitted to IEEE Access Journal, Jan. 2018.

1.2.1 Other contributions

The author of this thesis has also contributed to the following publications.

• S. Mittal, N. Gupta, V. A. Bohara, “A Cooperative Spectrum Sharing Pro-

tocol for Cognitive Two-way AF Relaying System” accepted in Proceedings

of IEEE TENSYMP, Cochin, 2017.

• N. Gupta, A. D. Singh, P. Shrivastava, V. A. Bohara, “A Two-Way Coop-

erative D2D Communication Framework for a Heterogeneous Cellular Net-

work”, submitted to Wireless Personal Communications (Springer Journal),

Dec. 2017.



10

1.3 Organization of the Thesis

The remainder of the thesis is organized as follows. The remaining part of chapter

1 provides the necessary background knowledge about the cooperative relaying,

cognitive radio, cooperative cognitive radio, and cooperative spectrum sharing. It

is followed by a discussion on OFDM based CSS protocols and highlighted their

pros and cons. Chapter 1 also discusses the concept of D2D communication for

next generation cellular networks. Further, based on the integration of cellular and

D2D users, several D2D communication frameworks such as underlay, overlay, and

cooperative D2D are discussed. Apart from above, existing D2D based prototype

testbeds are also showcased for performance assessment of D2D communication in

a realistic scenario.

In Chapter 2, subcarrier sharing scheme for OFDM based cooperative cognitive

radio is proposed. BER and outage probability of the primary and secondary

systems which employ OFDM based CSS protocol is derived. Outage probability

of the OFDM based nonadaptive CSS protocol is also derived. Analytical and

simulation results are shown to validate the proposed schemes.

In Chapter 3, an OFDMA based angle constrained D2D communication is

proposed. We analyze the performance of the underlay, overlay and C-D2D frame-

works by deriving the closed-form expressions of outage probability for cellular and

D2D users. Trade-offs involved in employing one framework over another are also

investigated.

In Chapter 4, a best D2D user selection scheme for OFDMA based C-D2D

framework is proposed. Closed-form expressions of the rate and outage probability

for two cases i.e. with and without cellular link are derived. For fair distributions

of subcarriers among M available D2D pairs, a novel round robin process with

priority cube method is proposed. Analytical and simulation results for cellular

and D2D users are provided to validate the proposed scheme.

Chapter 5 showcases the testbed for proof-of-concept demonstration and per-

formance assessment of the proposed adaptive and non-adaptive C-D2D commu-

nication protocols. Measurement results are provided to validate the proposed

frameworks.

Chapter 6 concludes the thesis and outline the possible directions for future
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research.

1.4 Background and Preliminaries

1.4.1 Cognitive radio

It has been repeatedly said that next generation wireless standards will trans-

form the way people access and communicate information. However, each new

access technology puts an additional burden on the already constrained spectrum

resources. As a consequence, there is an acute need for alternative spectrum ac-

cess technique which will increase the spectral efficiency and capacity of wireless

communication systems.

The term cognitive radio first mentioned in [3] has emerged as a promising spec-

trum sharing technology which allows spectrum reuse in space, frequency and time

to solve the problem of spectrum scarcity. This technology allows the unlicensed

(cognitive) user to acquire the authorized frequency band which is allocated to the

primary (licensed) user without causing any hazardous interference to the primary

signal transmission. Specifically, cognitive radio is an intelligent transceiver which

is able to sense the surrounding communication environment and adapts the radio

resources dynamically to provide acceptable QoS to the secondary user without

affecting the QoS of the primary user [43]. The key elements of a cognitive radio

network are highlighted in Fig. 1.2.

• Spectrum Sensing: A cognitive radio monitors the available spectrum bands

to detect the spectrum holes. A spectrum hole is a part of the licensed

spectrum with no or reduced primary user activity as shown in Fig. 1.3.

Spectrum sensing also allows a cognitive radio to adapts its transmission

parameters as per current RF environment knowledge.

• Spectrum Analysis: Cognitive radio estimates the characteristics of the de-

tected spectrum holes to optimize the performance of both licensed and cog-

nitive users.

• Spectrum Decision: A cognitive radio computes the transmission parameters

such as mode of transmission, data rate, transmit power and the transmission
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Figure 1.2. Cognitive cycle [42]

bandwidth. Then, an appropriate spectrum band is selected as per the user

requirements and spectrum characteristics.

By following the cognitive cycle specified in Fig. 1.2, a cognitive user can utilize

the spectrum holes for its communication. However, a cognitive radio should

keep the track of RF environment which can change over time and space. If

current spectrum becomes occupied for the next cycle then spectrum mobility

[42] (switched to appropriate frequency band) must be performed for seamless

transmission.

The success of a cognitive radio transmission primarily depends on the spec-

trum sharing process [44]. False sensing results can lead to the collision between

the primary and secondary users (if detected unoccupied) or inefficient spectrum



13

Figure 1.3. Spectrum hole [42]

utilization (if detected occupied) [7, 45, 46]. Thus, accurate spectrum sensing is

prominent need to ensure the reliable communication. However, due to inconsisten-

cies involved in wireless channels, spectrum sensing cannot promise the optimum

reliability. Another limitation with a conventional cognitive radio network is in-

competence in dense urban scenarios where the spectrum is generally crowded, and

spectrum holes are tough to obtain.

1.4.2 Cooperative cognitive radio

Recently, cooperative relaying has been incorporated to facilitate spectrum sharing

schemes in cognitive radios [47, 48]. It exploits the time and space diversity to

combat multipath fading and shadowing effects in the wireless channel which leads

to the performance improvement in cognitive radio network. The advantages of

cooperative communication in cognitive radios are high throughput, better network

coverage, and high reliability.
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1.4.2.1 Cooperative relaying

Figure 1.4. Cooperative relay network

In cooperative relaying, single or multiple relays are used to improve the per-

formance of the wireless system by utilizing space and time diversity. A simplified

cooperative relay network consists of a source, a destination, and a relay as shown

in Fig. 1.4. According to the protocol, source to destination transmission is di-

vided into two phases. In Phase I, the source transmits its data to the destination

which is overheard by the relay. In Phase II, the relay forwards the source data to

the destination. Thus, two-phase communication inheres spatial diversity making

the source-destination communication reliable against transmission errors.

Depending on the data forward strategy, a relay can act as an AF, DF, or CF

relay.

• AF: In AF relaying, a relay overhears the source data transmitted in Phase

I. In Phase II, relay amplifies the source signal and retransmits it to the

destination. At the destination, a signal combining technique such as MRC

is employed to combine the signals received in two phases. AF relay is simple
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to implement; however, its performance may suffer due to error propagation.

• DF: In DF relaying, a relay attempts to decode the source signal received

in Phase I. If decoding is successful, relay regenerates the source signal and

transmits it to the destination in Phase II. The destination employs a signal

combing technique to combine the signals received in two phases. In DF

relaying, no error propagation from the relay to the destination since relay

decodes the source data before forwarding it to the destination. However,

complexity is higher as compared to AF relay.

• CF: A CF relay is used when the relay node is unable to decode the source

transmission received in Phase I. In such scenario; a reasonable alternative

is to have a relay which describes its source transmission observations to the

destination. In CF relay, the relay node first compresses its observation of the

received signal and then forwards this compressed version to the destination.

In contrast to DF relay, a CF relay performs better when it is close to the

destination.

1.4.2.2 Cooperative spectrum sharing

The cooperative spectrum sharing (CSS) incorporates cooperative relaying in the

cognitive radio network to increase throughput and reliability of the overall system.

In CSS, when the target rate of the primary system falls below the particular

threshold, then secondary system granted opportunistic spectrum sharing (OSS)

to share the spectrum of the primary users. The schematic of a conventional CSS

framework is shown in Fig. 1.5. Here, primary system comprises the primary

transmitter (PT) and primary receiver (PR), while secondary system comprises

the secondary transmitter (ST) and secondary receiver (SR). If primary system

is unable to achieve its target rate of transmission by conventional direct PT-PR

communication, then ST which acts as an AF or DF relay for the primary system

will adopt two phases transmission protocol. In Phase I, PT broadcasts its data

to PR which is overheard by ST and SR. In Phase II, ST linearly combined its

own data with primary data and forwards it to PR and SR. AT PR, MRC is

employed to receive the signals in two phases. At SR, the interference component
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Figure 1.5. A simplified CSS protocol

of the primary signal can be canceled by successful decoding of the primary signal

received in Phase I. Thus OSS is achieved by the secondary system.

Cooperative spectrum sharing for single carrier system has been proposed in

[12, 13]. In [12], the regenerated primary signal at the secondary transmitter is

combined with the secondary signal by providing a fraction of secondary power

to the primary signal and remaining power to the secondary signal. A DF relay

based two-phase hierarchical CSS protocol has been proposed in [49], wherein ST

is equipped with multiple antennae. The proposed protocol does not require the

transmit channel state information (CSI). Out of available M antennae, the signal

can be transmitted from the randomly selected antenna, thus achieving significant

performance improvement in terms of primary system outage probability. A relay

based CSS protocol with multiple primary and secondary users with incomplete

information is proposed in [50]. According to [50], each primary user (PU) offers

a matching theory based relay power and spectrum access time combination to

attract potential secondary user (SU). Utilizing matching theory, each SU mapped
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with most suitable PU for maximizing its utility.

The above-proposed CSS protocols are limited to single carrier communication

and non-adaptive mode of transmission. In addition, the outage performance of the

single carrier based CSS protocols is degraded due to secondary signal interference

at PR.

1.4.2.3 OFDM-based CSS protocol

To cope with the secondary user interference at the primary receiver, the combi-

nation of multi-carrier modulation such as OFDM and DF relaying is proposed in

[16]. Here, primary and secondary user transmission is carried out on the orthog-

onal sets of subcarriers. Hence, no interference at PR due to secondary signal.

A survey on radio resource management in cooperative OFDMA based cognitive

radio network is presented in [51]. An overview of various resource allocation algo-

rithm with fixed DF relays to enhance the performance of communication system

is provided in [51]. The optimization of subcarrier power to maximize the cog-

nitive system throughput without providing excessive interference to the primary

system has been proposed in [52]. Similarly, in [17], a multi-carrier CSS protocol

utilizing OFDM and AF relaying has been proposed. Here, the secondary system

uses fraction of its subcarriers to boost the performance of the primary system.

However, the above OFDM based CSS protocols are nonadaptive in nature

and analysis is limited to the computation of outage probability only, bit error

rate (BER) for two phases DF protocol is not derived.

Incorporation of adaptive modulation in wireless communication systems has

improved the receiver performance against fluctuating channel conditions [53], [54].

Adapting the transmission as per channel state information increases the average

throughput and reduces the average probability of error. In adaptive modulation,

the transmitter switches between multiple modulation schemes or constellation

sizes depending on the channel conditions1 while maintaining an acceptable BER

performance [53]. For instance, if channel conditions are favorable, it can transmit

signal with large constellation size to achieve high data rate, however, if channel

conditions deteriorate, it can switch to small constellation size in order to maintain

1It is assumed that CSI is available at the transmitter, or transmitted by the receiver to the
transmitter through a feedback path [55],[56].
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an acceptable BER. Incorporation of adaptive modulation in cooperative relaying

requires BER analysis of combined signal received at the destination from source

and relay [57], [58]. A detailed BER analysis of DF relaying has been given in [59].

However, the analysis is nonadaptive and limited to binary phase shifting keying

(BPSK) modulation. Another work based on adaptive power and modulation has

been demonstrated in [60] which is limited to AF relaying. In [61] BER analysis

for adaptive DF relaying system has been proposed with bit error rate-selection

combining (BER-SC) diversity scheme. However, the analysis is limited to single

carrier cooperative relaying only and no secondary spectrum sharing has been

considered. As evident from above, adaptive modulation has been actively used

to enhance the performance of cooperative relaying protocols, however, to the

best of our knowledge, its impact on OFDM based CSS protocols has not been

investigated.

1.4.3 D2D communication

Figure 1.6. A simplified D2D communication integrated in a cellular network [62]

Similar to the cognitive radio, D2D communication is among the key technolo-

gies that can improve the spectrum utilization and capacity of next generation

cellular networks [63]. Due to advent of new multimedia applications, there is

an increasing demand to improve the capacity of 4th generation (4G)/beyond 4G

cellular networks (i.e. next generation 5G cellular networks). One of the possible

solutions to achieve high capacity is small cell networks (eg. micro-BS, femto-BS)

[64]. In small cell network, cell size is reduced to increase the spectrum reuse
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factor. Cellular user and BS are in close proximity to achieve high data rate and

lower delay. However, there are issues based on construction and maintenance cost

(eg. the backhaul bottleneck) [65].

Recently, the concept of D2D communication has been proposed for cellular

networks [25], [26] to avail the high capacity benefits to cellular users with mini-

mal constraints on maintenance and construction. In a generic D2D framework,

two cellular users living in proximity can form a direct link for data transmission

without routing it through the base station (BS). However, control or signaling

information between the users is still carried out by the BS. A simplified form of

integration of D2D communication in a cellular network is shown in 1.6. Tradi-

tionally, D2D technologies were restricted to short-range communication networks

such as WiFi-Direct and Bluetooth working on unlicensed 2.4 GHz band [66]. The

unlicensed bands are generally crowded with a large number of interferers; thus

traditional D2D technologies do not provide the QoS and security as expected in

the cellular networks. Several applications of D2D like proximity-based services,

emergency communication, cellular traffic offloading, Internet-of-things (IoT) en-

hancement, etc. make it a viable candidate for next-generation 4.5G and 5G

cellular networks [67],[68].

For resources utilization, D2D communication is categorized as inband and

outband D2D communication. A schematic view of resource utilization for D2D

users is shown in Fig. 1.7.

• Inband D2D Communication: In inband D2D, a user can share the licensed

spectrum of the cellular user either in uplink or downlink of the cellular trans-

mission as shown in Fig. 1.8. Inband D2D communication is also referred as

LTE direct [69]. A D2D user can access the licensed cellular spectrum either

in underlay (also known as non-orthogonal mode) or overlay (also known as

orthogonal mode).

• Outband D2D communication: In outband D2D, the D2D communication

takes place by exploiting the unlicensed spectrum such as industrial, scien-

tific, and medical (ISM) bands (IEEE 802.11) or Bluetooth (IEEE 802.15).

In terms of network control, the D2D communication is classified as:
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Figure 1.7. Resource allocation for D2D communication [69]

• Network assisted D2D: It is also known as infrastructure assisted D2D com-

munication. In this mode, the BS is responsible for D2D discovery, resource

allocation, connection setup, security and mobility management.

• Autonomous D2D: In this mode, similar to the Ad hoc network, the BS has

no control over D2D communication. Such mode can be esteemed useful

during the infrastructure failure.

The most common D2D communication frameworks for the cellular networks

are underlay and overlay D2D communication [27].

1.4.3.1 Underlay D2D communication

In underlay D2D communication, both cellular and D2D users simultaneously share

the licensed cellular spectrum while maintaining the interference threshold. The

schematic of an underlay D2D communication framework is shown in Fig. 1.9.
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Figure 1.8. D2D using cellular uplink and downlink resources

Here, a D2D user shares the uplink resources of the cellular user, thus cellular

and D2D transmission causes interference to each other. Specifically, at same

time/frequency resource block, a cellular user and D2D Tx transmit their data

to BS and D2D Rx respectively. Thus, BS receives interference from D2D Tx,

whereas D2D Rx receives interference from the cellular user. Hence in underlay

D2D framework, the biggest concern is to manage the interference caused by the

cellular to D2D user and vice-versa. In [20], authors studied the interference man-
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Figure 1.9. Underlay D2D communication

agement for underlay D2D framework in LTE-A cellular networks. In [70], the

resource sharing between the D2D user and the cellular user is optimized while

satisfying the individual power constraints. Distance constrained resource sharing

criteria for underlay D2D cellular network is considered in [71]. Specifically, au-

thors have formulated an analytical approach to find an optimum distance between

the cellular user and D2D receiver to mitigate D2D interference.

1.4.3.2 Overlay D2D communication

Compared to underlay, in overlay D2D communication, BS allocates dedicated

spectrum or time slots to D2D link as long as the QoS of the cellular user is not

compromised [29]. It eliminates the mutual interference between cellular and D2D

users. However, it may not utilize the available spectrum resources efficiently. A

schematic of overlay D2D communication framework is shown in Fig. 1.10. Here,

a D2D user shares the cellular uplink resources in an uninterrupted way. Specifi-

cally, if target QoS of the cellular uplink transmission is satisfied by the fraction

of available time/frequency resource block, then BS allocated D subcarriers (or T1

time) to the cellular user for BS transmission while remaining N −D subcarriers
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Figure 1.10. Overlay D2D communication

(or T − T1 time) can be used for D2D communication. It is quite obvious that

there will be no interference between cellular and D2D links, as both use orthog-

onal sets of subcarriers. A spectrum sharing protocol for D2D communication

overlaying cellular mode is proposed in [72]. According to [72], the D2D users can

assist bi-directional communication between the cellular users and BS, and at the

same time communicate through a direct link with each other. Further, improved

sum-rate derivation with power control mechanism for the cellular and D2D users

are provided. A stochastic geometry approach to evaluating the performance of

the D2D network over generalized fading channels is proposed in [73]. Closed-

form expressions for spectral efficiency and outage probability are derived for the

overlaid D2D network. However, the analysis in [72], [73] is limited to the D2D

communication overlaying cellular networks. Comparison with underlay and other

frameworks has not been discussed.

1.4.3.3 Cooperative D2D (C-D2D)

The C-D2D framework, a subclass of D2D communication has been recently pro-

posed in [74, 75, 76, 77, 78]. In the C-D2D framework, a point-to-point D2D
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Figure 1.11. Relay based C-D2D communication [74]

communication link is split into multiple phases among multiple entities in a coor-

dinated way to achieve spatial performance gains. In particular, a single or multiple

nodes act as an AF or DF relay to increase the throughput of a C-D2D network.

A schematic of relay based C-D2D framework is shown in Fig. 1.11. Here, the

cellular uplink transmission is divided into two phases. In Phase I, cellular user

broadcasts the signal to BS, overheard by D2D Tx. D2D Tx acts as a DF or AF

relay for cellular transmission. In Phase II, D2D Tx decodes the received cellular

signal and forwards it through the fraction of available time/frequency resource

block to BS. D2D Tx can use the remaining time/frequency resource block for

D2D communication to D2D Rx. In [74], authors introduce an adaptive mode

selection scheme for D2D communication to ensure performance improvement for

both cellular and D2D users. Numerical results in [74] demonstrate that the C-

D2D framework outperforms the underlay and overlay D2D frameworks [79], [80]

in terms of spectral efficiency. A cooperative beamforming and relay selection

strategy to facilitate D2D communication in case of failure of communication in-

frastructure is proposed in [63]. However, the analysis in [63], [74] is limited to

numerical results. Closed-form expression of outage probability is not derived.
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Furthermore, the above proposed schemes are limited to single D2D pair.

1.4.3.4 C-D2D framework with multiple D2D users

Figure 1.12. M UE Relay based C-D2D communication

Conventional cooperative diversity frameworks incorporate M user equipment

(UE) relay nodes to provide spatial diversity. However, each relay node must

transmit on orthogonal channels (either time or frequency) to avoid interference

with each other, which results in inefficient utilization of the available resources

[81]. The performance of the conventional cooperative diversity network can be

further enhanced by incorporating UE relay selection [82], [83]. As a consequence, if

M relays are available, only the optimal relay will participate to transmit the source

data to the destination. A schematic of M D2D relay based C-D2D framework is

shown in Fig. 1.12.

A DF relay-based cooperative diversity network with best relay selection has

been proposed in [83]. A closed form expression for outage probability and average

channel capacity are also derived. Results show that the best relay selection scheme

outperforms the conventional cooperative diversity networks even at low SNRs.
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In the context of C-D2D, the coverage area or service range of an eNB can be

extended by selecting an in-coverage UE as a relay node to relay the information

between eNB and out-coverage UE [21]. The timing and synchronization signals

required to achieve the above as per LTE-A Release 12 and 13 are specified in [21].

A power efficient relay selection problem for the relay-assisted D2D network is

formulated in [84] to minimize the resource requirement for D2D communication.

However, relay nodes are assumed to be full duplex, thus limiting its practical

significance. In [85], a relay-assisted D2D communication framework is proposed

wherein D2D transmitter acts as a relay for the cellular link while simultaneously

employing superposition coding in the downlink for D2D communication. In [86], a

relay node is utilized to improve the QoS of D2D communication. An optimization

problem is formulated to allocate resources to a relay in a multi-relay OFDMA

based cellular network. The results obtained are compared with an underlay D2D

communication. However, the scheme incurs overhead in terms of deployment of

additional relay nodes to enhance D2D communication. Moreover, the analysis

is limited to relay assisted D2D communication, the impact of D2D link on the

performance of the cellular network is not considered.

1.4.3.5 Measurement results for D2D prototype testbed

The majority of the previous literature focuses on the numerical and analytical

evaluation to perform resource allocation and throughput maximization for the

D2D communication system. Analytical and simulation results can give useful in-

sights on the performance of a particular scheme. However, most of the simulations

models are unable to replicate the exact nature of wireless medium. This neces-

sitates design and development of a testbed to verify the proposed algorithms.

Thus, in order to augment the development of D2D communication, proposed

schemes and protocols should be implemented and validated on a real world sce-

nario through experimental testbed. Following are the purpose to be served by the

experimental testbed:

• It can bridge the gap between simulation results and real experiment results.

• Practical demonstration can also address the interference from cellular to

D2D users and vice versa.
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• It will be able to highlight the strength and weakness of the proposed schemes

that are hard to gauge in simulations.

Some of the requirements of a D2D communication testbed are:

• Software reconfigurability: A testbed should be software reconfigurable to

control the physical or medium access control (MAC) layer functionality

through software. For e.g., modulation, source coding, channel coding, in-

terleaving can be implemented in software so that these parameters can be

changed as per user’s requirement.

• Cross layer support: The software should be able to integrate the function-

ality of all layers of the protocol stack.

• A testbed should be adaptive with respect to the communication environ-

ment. Thus, the real and controlled experiment can be performed in the

different wireless environment.

• High speed analog to digital converters (ADC)/ digital to analog converters

(DAC): A testbed should have high-resolution ADC and DAC to support

computationally larger and complex algorithms.

• Multiple radio support: A testbed should be able to support multiple radios

that can be used as a cellular or D2D users.

Recently, few testbeds have been developed to illustrate the performance of

D2D communication in realistic scenario [87], [88]. For instance, in [88], a soft-

ware defined radio (SDR) based channel opportunistic experimental analysis of

outband D2D is proposed. Specifically, a throughput maximization problem de-

fined as D2D opportunistic relay with QoS enforcement (DORE) is implemented

to perform relay selection for D2D enabled user’s equipment (UE). Results show

notable performance improvement even with few active D2D relays. However, the

implemented algorithm is limited to outband D2D.

An SDR based single hop D2D prototype is implemented in [87]. Measurement

results were taken for direct and single hop D2D communication protocol, which

showed that D2D communication reduces the transmission power of a cellular

network. However, the implemented prototype was not tested on different D2D
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modes. In [15], a testbed was designed and developed on the NI PXIe platform for

the performance assessment of the CSS protocol. The performance of the system

was quantified by measuring packet error rate (PER) and the spectrum access

probability for the secondary system. However, the proposed CSS protocol was

non-adaptive in nature.

1.5 Conclusion

In this chapter, we presented the motivation and objectives behind this thesis. We

have also highlighted the major contributions of the thesis. Further, background

knowledge about some of the prominent wireless techniques such as cognitive ra-

dio, cooperative relaying, and cooperative cognitive radio and their impact on the

wireless networks were also discussed. In addition, CSS protocol is demonstrated

to address the incompetence of conventional cognitive radios in the dense urban

scenario. The contributions of the existing literature on conventional CSS and

OFDM based CSS were also provided.

Further, it has been showed that how D2D communication can be integrated

with existing cellular networks to achieve the capacity requirement of next gen-

eration cellular networks. Based on resource utilization, three different spectrum

sharing frameworks (underlay, overlay, and C-D2D) were discussed, and their chal-

lenges to satisfy the performance constraint of both cellular and D2D users were

also emphasized. The resource allocations for the C-D2D framework with multiple

D2D users were also depicted. Apart from above, we have listed the requirement

and purpose to be served by D2D based experimental testbed. We also discussed

the issues with existing D2D based prototype testbed.



Chapter 2
Subcarrier Sharing Schemes for

OFDM-based Cooperative Cognitive

Radios

From discussion and conclusion in chapter 1, it is quite obvious that the exist-

ing cooperative spectrum sharing schemes are interference limited and their per-

formance may degrade due to interference from one system to another. In this

chapter, in order to alleviate the above, we propose an OFDM-based subcarrier

sharing scheme for cooperative cognitive radios [32]. By adopting the proposed

scheme, opportunistic spectrum sharing can be achieved by the secondary system

without interfering with the primary system since primary and secondary data

are forwarded on orthogonal subcarriers. To further boost the performance of pri-

mary and secondary systems, we propose an adaptive subcarrier sharing scheme

for OFDM-based cooperative cognitive radios [34]. The results show that outage

probability with the proposed (adaptive) scheme outperforms the direct transmis-

sion and non-adaptive subcarrier sharing scheme.

2.1 Introduction

Incorporation of OFDM in cooperative cognitive radio networks facilitates sub-

carrier sharing to achieve spatial diversity with opportunistic spectrum access.
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In this chapter, we have proposed the OFDM based subcarriers sharing scheme

for cooperative cognitive radios. We have computed the outage probability as a

performance metrics for primary and secondary systems for different numbers of

subcarriers. Both primary and secondary systems are equipped with single an-

tenna1 and employ OFDM modulator-demodulator. Primary system comprises

of primary transmitter (PT) and primary receiver (PR) while secondary system

consists of secondary transmitter (ST) and secondary receiver (SR). According to

the scheme, if the primary system is unable to achieve its target rate due to the

poor link quality, then the secondary (cognitive) system helps the primary system

via two phase DF relaying. The proposed scheme is classified into two categories:

• Non-adaptive CSS with maximal ratio combining (MRC) diversity

• Adaptive CSS with bit error rate selection combining (BER-SC) diversity

2.1.1 Non-adaptive CSS with MRC

In non-adaptive CSS with MRC diversity scheme, ST behaves as a DF relay for the

primary system. In phase I, PT broadcasts the primary signal over N subcarriers

to PR and ST. In Phase II, PT remains silent, and ST forwards the successfully

decoded D subcarriers to PR in order to satisfy the target rate requirement of

the primary system. The remaining (N − D) subcarriers can be used by ST to

transmit its own signal to SR. Hence, the secondary system while working as

a relay for the primary system gets opportunistic spectrum access in exchange

of fulfilling the target rate requirement of the primary system. The number of

subcarriers (D) allocated to the primary system depend on the required target

rate or QoS of the primary system. If primary system target rate changes, D also

changes. Here we assume that the primary and secondary systems are following

the same radio protocols. Results interpret the requirement of subcarriers relayed

via ST to PR to fulfill the target rate of the primary system. As number of relayed

subcarriers increases, primary outage probability decreases while secondary outage

probability increases. Outage probability also depends on the distance between

the PT and ST. As shown later, there will be a distance, conventionally defined

1This is a reasonable assumption if we assume that both primary and secondary systems are
small sized sensor node or a mobile terminal.
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as a critical distance between PT and ST beyond which no spectrum sharing is

possible. Critical distance2 determines the limitations and region of validity of the

proposed scheme. The significance of critical radial distance can be interpreted as

if ST is located within this region; it is always possible to find a desired number

of subcarriers at ST so that QoS of the primary system will not be compromised.

Theoretical and simulation results are provided for outage probability for both

primary and secondary systems. It has been shown through the results that, as

long as ST lies within the critical distance, outage probability of proposed scheme

will be less as compared to the direct transmission. Good agreement between the

theoretical and simulation results validate the analytical results of the proposed

scheme.

2.1.2 Adaptive CSS with BER-SC

In adaptive CSS with BER-SC diversity, it is assumed that the primary system

uses the conventional nonadaptive mode of transmission wherein the subcarriers

are modulated using BPSK modulation3, whereas, ST employs adaptive M−QAM

modulation. According to the scheme, in Phase I, PT broadcasts the primary signal

with BPSK modulation over N subcarriers which is received by ST and PR. In

Phase II, ST forwards the decoded subcarriers to PR with larger constellation size

(M) to fulfill the target rate requirement of the primary system without violating

the BER constraint of PR. If ST uses M -ary quadrature amplitude modulation

(M -QAM) to modulate the subcarriers before forwarding them to PR, then the

maximum number of subcarriers that needs to be forwarded in order to maintain

the target rate by ST to PR would be N/log2(M). The remaining N−(N/log2(M))

subcarriers can be used by ST to transmit its own data to SR. Hence, OSS is

achieved by the secondary system while working as a relay for the primary system.

However, as symbols coming from source and relay have dissimilar constellation

size (M), maximum ratio combining (MRC) cannot be applied at destination [61].

Furthermore, the conventional selection combining (SC) cannot be applied either,

2It can also be termed as a critical radial distance [12].
3For ease of analysis, we have assumed that PT modulates the subcarriers with BPSK; how-

ever, the proposed analysis can be extended to the cases where PT uses some other form of
modulation.
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since branch with high SNR may not be the most reliable one as different con-

stellation sizes have different error resistance capabilities. Hence, in the proposed

scheme, at PR, BER-SC is employed to combine the signals received in two-phases.

Specifically, PR decodes the signal of the branch having less BER. BER of each

branch can be estimated a priori by received SNR level and transmitted constel-

lation size (M).

In the proposed work, ST adapts its constellation size as per the normalized

distance between ST and PR 4. In particular, ST modulates the subcarriers with

large constellation size if the distance between ST and PR decreases. Thus, the

primary system outage probability will reduce substantially with the increase in

M . It is because, as M increases, constellation size increases and the number of

bits per subcarrier also increases. In other words, instantaneous data rate with

BER-SC increases, consequently outage probability decreases. However, with every

increase in M , there would be a corresponding increase in BER, hence for a given

distance and BER constraint, M cannot be increased beyond a point. To the

best of our knowledge, proposed work is the first to investigate the impact of

adaptive modulation on OFDM based CSS protocol. The main contributions of

the proposed scheme are summarized as follows:

• Closed form expressions for outage probability of the primary and secondary

systems which employ OFDM based nonadaptive CSS protocol and conven-

tional MRC as a signal combining scheme has been derived.

• Closed form expressions for BER and outage probability of primary and

secondary systems which employ OFDM based adaptive CSS protocol and

BER-SC as a signal combining scheme has been derived.

• Proposed scheme deduces the exact number of subcarriers that need to be

relayed by ST to PR to fulfill the target QoS of the primary system. In other

words, it not only helps the primary system to achieve the target QoS but

also helps the secondary system to utilize the remaining subcarriers for its

own communication.

4Through control signalling involved, PR will be aware of the modulation scheme that will be
used by the ST in Phase II [89], [90].
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• Proposed scheme ensures the performance of secondary system irrespective

of the availability of spectrum holes. Hence, the proposed scheme will be

extremely attractive in dense urban scenarios where the spectrum is generally

crowded and spectrum holes are hard to obtain.

The remainder of this chapter is organized as follows. Section 2.2 discusses

system model and protocol description. Rate and outage probability of the primary

and secondary system for adaptive and non adaptive CSS are provided in Section

2.3 and 2.4 respectively. Simulation results and discussion are provided in Section

2.5 and finally chapter is concluded in Section 2.6.

2.2 System Model and Protocol Description

Figure 2.1. System model

The system configuration of the proposed subcarrier sharing scheme is shown in

Fig. 2.1. The channels over the nodes are modelled as frequency non-selective

Rayleigh block fading with Ψi,k ∼ CN (0, ζ−li ), i = 1, 2, 3, 4, where ζ is the normal-

ized distance between transmitter and receiver, and l is path loss exponent. Nor-

malization is done with respect to distance between PT→PR, hence, ζ1 = 1. The

channel coefficient corresponding to PT→PR is Ψ1,k over subcarrier k(1 ≤ k ≤ N).

Similarly channel coefficients between PT→ST, ST→PR and ST→SR is denoted
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by Ψ2,k,Ψ3,k,Ψ4,k respectively. The instantaneous channel gain for each subcarrier

over different nodes can defined as γ1,k = |Ψ1,k|2, γ2,k = |Ψ2,k|2, γ3,k = |Ψ3,k|2 and

γ4,k = |Ψ4,k|2. The additive white Gaussian noise (AWGN) at each receiver PR,

ST and SR is denoted as n1,k, n2,k, n4,k ∼ CN (0, σ2
i ), i = 1, 2, 4 respectively. The

primary and secondary signal is denoted as sp,k and ss,k respectively with zero

mean and E{s∗p,ksp,k} = E{s∗s,kss,k} = 1.

The protocol description for adaptive CSS with BER-SC diversity scheme is

summarized in Algorithm 2.1. In the algorithm, RN denotes the instantaneous

rate5 of the primary system with N subcarriers whereas, RT denotes the target

rate of the primary system. D denotes the number of subcarriers forwarded by

ST to PR in Phase II and ηBER−SC denotes the average BER for BER-SC scheme.

PT checks whether it is able to achieve the target rate, RT , by using conventional

mode of transmission, else it broadcasts cooperative right-to-send (CRTS) message

which includes RT . PR responds to CRTS by cooperative clear-to-send (CCTS)

message which includes the BER constraint of the primary system. ST overhears

both CRTS and CCTS and if it is able to fulfill the target rate requirement of

primary system then it transmits cooperative clear-to-help (CCTH)6 message to

PT and PR. Consequently, the primary system switches to a two phase cooperative

DF relaying protocol, where ST serves as a relay. However, if ST is unable to

assist the primary system then it remains silent, and the primary system retains

its transmission from PT-PR.

2.3 Rate and Outage Probability of Primary Sys-

tem

In this section, we derive the rate and outage probability of the primary system for

three different scenarios, i.e. when primary system is working without cooperation,

primary system is utilizing adaptive CSS protocol (in this case BER-SC will be

applied at PR), and primary system is utilizing nonadaptive CSS protocol (in this

case MRC will be applied at PR).

5Rate refers to the data rate in bits/s/Hz unless otherwise specified.
6Control messages like CRTS, CCTS and CCTH are implemented in medium access control

(MAC) layer with an assumption of error free reception at corresponding receiver.
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Algorithm 2.1 Protocol description

PT broadcasts primary signal sp,k over N subcarriers.

if RN < RT then
The system switches to adaptive CSS protocol and two-phase transmission

ensues.

• Phase I

Step 1. PT transmits CRTS which indicates RT .

Step 2. PR receives CRTS and responds by CCTS (includes CSI and BER
constraint of the primary system).

Step 3. ST overhears CRTS and CCTS.

Step 4. ST estimates channel gain of PT-ST, ST-PR link and size of M as
per BER constraint, where M = 2k; k = 2, 4, 6.
i = 1

for k = 6 : −2 : 2 do
M(i)← 2k

compute ηBER−SC
if ηBER−SC ≤ BER constraint then

return M(i)
Break

end if
i← i+ 1

end for

Step 5. If ST meets the given constraints then it transmits CCTH to PR
which includes the constellation size M and number of subcarriers, D,
else remains silent.

• Phase II

Step 1. ST transmits D subcarriers to PR and remaining N−D subcarriers
to SR with M -QAM.

Step 2. PR calculates BER as per received SNR level and size of M . It
applies BER-SC to combine signals received in two time phases.

else PT-PR retains direct transmission.

2.3.1 Primary system outage probability without cooper-

ation

In Phase I, sp,k is transmitted by PT, received by PR. The received signal at PR

over subcarrier k is denoted as φpr,1k and is given by,

φpr,1k = (pp,k)
1
2 Ψ1,ksp,k + n1,k . (2.1)
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The instantaneous rate without cooperation for all N subcarriers can be given as,

RN =
N∑
k=1

log2

(
1 +

pp,kγ1,k

σ2
1

)
, (2.2)

where pp,k is the power of kth subcarrier at PT and σ2
1 denotes noise variance at PR.

The target rate of the primary system is RT and outage occurs if RN < RT . When

pp,k = pp,∀ k and γ1,k = γ1,∀ k, the outage probability for the direct transmission

can be defined as,

Pout = 1− exp

(
−σ

2
1(2RT /N − 1)ζ l1

pp

)
, (2.3)

where ζ1 is distance between PT and PR and l is path loss exponent.

2.3.2 Primary system rate and outage probability with

adaptive CSS (BER-SC)

With cooperation, ST behaves as an adaptive DF relay so as to provide diversity

gain to the primary system. In Phase I, PT broadcasts N OFDM subcarriers

which carry N bits of data7 to PR and ST. Signal received by ST in Phase I is,

φst,1k = (pp,k)
1
2 Ψ2,ksp,k + n2,k, (2.4)

where, n2,k is the AWGN over subcarrier k. The instantaneous rate of signal

received at ST can be given as,

RPt−St
N =

1

2

N∑
k=1

log2

(
1 +

pp,kγ2,k

σ2
2

)
, (2.5)

where, factor 1
2

is included as the transmission is divided into two phases and σ2
2

denotes the AWGN variance at DT. When, pp,k = pp,∀ k and γ2,k = γ2,∀ k, (2.5)

will reduce to,

RPt−St
N =

N

2
log2

(
1 +

ppγ2

σ2
2

)
. (2.6)

7As subcarriers are BPSK modulated.
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If ST successfully decodes N subcarriers received in Phase I, it will use adaptive

modulation to retransmit primary data to PR in Phase II. In Phase II, ST forwards

D subcarriers to PR using M -QAM modulation (a larger constellation size than

used by PT)8. PR will choose either to decode the signal from PT or ST. In the

conventional cooperative relaying system, PR uses MRC to maximize the received

SNR from various diversity branches. However, in order to apply MRC, all diversity

branches should carry data belonging to same constellation size. MRC cannot be

employed when PT and ST use different constellation sizes. For the case of adaptive

modulation in two separate branches, one can use conventional SC which selects the

branch with best SNR. However, when different constellation sizes are employed,

the branch having maximum SNR may not necessarily be the most reliable branch

due to different error probabilities of different constellation sizes. In this work,

BER-SC (BER based SC) scheme is employed. In BER-SC, the receiver calculates

BER of each branch (using SNR and constellation size) and then decodes the signal

from the branch that has minimum BER. BER-SC reduces to conventional SC if

same constellation size is employed in both PT and ST.

The instantaneous rate at PR after employing BER-SC of two phases trans-

mission can be given as,

RBER−SC =


1
2

∑D
k=1 log2(M)log2

(
1 +

ps,kγ3,k

σ2
1

)
+1

2

∑N−D
k=1 log2

(
1 +

pp,kγ1,k

σ2
1

)
; ηST < ηPT

1
2

∑N
k=1 log2

(
1 +

pp,kγ1,k

σ2
1

)
; otherwise

, (2.7)

where, ps,k denotes the kth subcarrier power at ST, ηST denotes the BER between

ST-PR link and ηPT denotes the BER between PT-PR link.

Without loss of generality, it is assumed that the power is uniformly distributed

across all subcarriers

pp,k = pp,∀k; ps,k = ps,∀k; γx,k = γx,∀k. (2.8)

From (2.7) and (2.8), we can deduce,

8ST verifies whether it is possible to transmit primary data using larger constellation size
than used by PT otherwise it will stick to same constellation size as used by PT (in this case ST
will be pure relay and no secondary spectrum access will be possible).
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RBER−SC =


1
2
Dlog2(M)log2

(
1 + psγ3

σ2
1

)
+1

2
(N −D)log2

(
1 + ppγ1

σ2
1

)
; ηST < ηPT

1
2
N log2

(
1 + ppγ1

σ2
1

)
; otherwise

. (2.9)

On the other hand, if ST is unable to decode the primary signal received in

Phase I then there will be no retransmission from ST to PR in Phase II. In order to

transmit primary data from ST to PR, the maximum number of subcarriers that

needs to be allocated for primary signal transmission will be, D = N/log2(M).

For instance, the maximum value of D when ST is using 4−QAM and 16−QAM

will be N/2 and N/4 respectively.

The primary system outage probability with cooperation is,

P p
out =Pr

(
RPt−St
N > RT

)
Pr (RBER−SC < RT )

+ Pr
(
RPt−St
N < RT

)
Pr

(
1

2
RN < RT

)
. (2.10)

Proposition 2.1 The outage probability of the primary system with BER-SC di-

versity when using an adaptive CSS can be derived in closed form as:

P p
out = e

− ζ
l
2σ

2

pp
ρ1(1− ζ l1χ) +

(
1− e−

ζl2σ
2

pp
ρ1

)(
1− e−

ζl1σ
2

pp
ρ1

)
. (2.11)

Proof : Proof of Proposition 2.1 is given in Appendix A.

2.3.2.1 BER-SC analysis

In BER-SC, the receiver decides to decode the signal from the branch having

minimum BER by calculating the BER of individual branch using received SNR

and constellation size. For Gray coded square M -QAM system, BER for each

subcarrier conditioned on γi can be given as [91],

ηMiD
(γiD) ≈ kMi

Q
(√

2d2
Mi
γiD

)
, (2.12)
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where γiD stands for instantaneous channel gain between i node and destination,

kMi
=


1 Mi = 2

2

(
1− 1√

Mi

log2
√
Mi

)
Mi ≥ 4

, (2.13)

and

dMi
=


1 Mi = 2√(

3
Mi−1

)
Mi ≥ 4

. (2.14)

The average BER for BER-SC scheme can be written as [61],

ηBER−SC = ϕPT−ST ηPT−PR + (1− ϕPT−ST ) ηcomb−PR, (2.15)

where, ϕPT−ST denotes the average packet error rate between PT-ST. ηPT−PR

denotes the average BER for PT-PR link, and ηcomb−PR denotes the average BER

at PR using BER-SC. The average BER for M -QAM, Rayleigh fading channel can

be approximated as [91],

ηij ≈
∫ ∞

0

kMi
Q
(√

2d2
Mi
γij

) 1

γ̄ij
exp

(
− 1

γ̄ij
γij

)
(2.16)

=
1

2
kMi

(
1−

√
d2
Mi
γ̄ij

1 + d2
Mi
γ̄ij

)
, (2.17)

where, γ̄ij = E[γij]. Hence,

ηPT−ST ≈
∫ ∞

0

kMPT
Q
(√

2d2
MPT

γ2

) 1

γ̄2

exp

(
− 1

γ̄2

γ2

)
=

1

2
kMPT

(
1−

√
d2
MPT

ζ−l2 Γ

1 + d2
MPT

ζ−l2 Γ

)
, (2.18)

where, Γ = pp
σ2 = ps

σ2 .

Without loss of generality, it is assumed that all subcarriers in an OFDM

symbol are independent of each other; hence packet error rate can be calculated
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as,

ϕPT−ST = 1− (1− ϑPT−ST )
N

log2(MPT )

= 1−

(
1− 1

2
kMPT

log2(MPT )

(
1−

√
d2
MPT

ζ−l2 Γ

1 + d2
MPT

ζ−l2 Γ

)) N
log2(MPT )

, (2.19)

where, ϑPT−ST denotes the symbol error rate between PT and ST, and ϑ ≈
ηPT−ST log2(MPT ). MPT denotes the constellation size of the symbol transmit-

ted by PT.

The average value of ηcomb−PR can be obtained as [61],

ηcomb−PR ≈
1

2
kMPT

(
1−

√
d2
MPT

ζ−l1 Γ

1 + d2
MPT

ζ−l1 Γ

)
+

1

2
kMST

(
1−

√
d2
MST

ζ−l3 Γ

1 + d2
MST

ζ−l3 Γ

)

−

(
1

2

kMPT
d2
MST

ζ−l3 + kMST
d2
MPT

ζ−l1

d2
MPT

ζ−l1 + d2
MST

ζ−l3

)(
1−

√
λ

1 + λ

)
, (2.20)

where, λ =
d2
MPT

ζ−l1 Γd2
MST

ζ−l3

d2
MPT

ζ−l1 +d2
MST

ζ−l3

and MST is defined as a symbol constellation size from

ST-PR.

After substituting (2.18), (2.19) and (2.20) into (2.15), we will get ηBER−SC .

ηBER−SC

≈
(
1−

(
1− log2 (MPT ) ΘMPT

(
ζ−l2 Γ

)) N
log2MPT

)
ΘMPT

(
ζ−l1 Γ

)
+
(
1− log2 (MPT ) ΘMPT

(
ζ−l2 Γ

)) N
log2MPT

×

[
ΘMPT

(
ζ−l1 Γ

)
+ ΘMST

(
ζ−l3 Γ

)
−

(
1

2

kMPT
d2
MST

ζ−l3 + kMST
d2
MPT

ζ−l1

d2
MPT

ζ−l1 + d2
MST

ζ−l3

)(
1−

√
λ

1 + λ

)]
.

(2.21)

where,

ΘM(ζ−lΓ) =
1

2
kM

(
1−

√
d2
Mζ
−lΓ

1 + d2
Mζ
−lΓ

)
. (2.22)
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From (2.21), we can calculate the BER performance of the primary system

with BER-SC. Furthermore we can simplify (2.21) for high Γ(i.e Γ → ∞). The

asymptotic BER expression for BER-SC is given as Proposition 2.

Proposition 2.2 A simplified asymptotic BER expression for BER-SC is,

ηBER−SC
Γ→∞
≈ 1

(ZBER−SC Γ)2 , (2.23)

where,

ZBER−SC =4d2
MPT

d2
MST

√
ζ−l1 ζ−l3

(
k2
MPT

d4
MST

τ−1

+ 3d2
MPT

d2
MST

(kMPT
+ dMST

)

)− 1
2

,

(2.24)

τ =
1

N

ζ−l2

ζ−l3

, (2.25)

Proof : Proof of Proposition 2.2 is given in Appendix B.

2.3.2.2 Critical distance for BER-SC

For a given target rate there will always be a critical distance ζ2,B (distance between

PT and ST) beyond which no spectrum sharing is possible. In other words, if ST is

located ≥ ζ2,B from PT then primary system outage probability with cooperation

will always be greater than outage probability with direct transmission, even if ST

works as a pure relay. Hence, critical distance is defined as,

1− e
(
−σ

2
1(2RT /N−1)ζl1

pp

)
< e

− ζ
l
2σ

2

pp
ρ1(1− ζ l1χ)

+

(
1− e−

ζl2σ
2

pp
ρ1

)(
1− e−

ζl1σ
2

pp
ρ1

)
. (2.26)

From (2.26), we can deduce,
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ζ2,B =

[
pp
ρ1σ2

ln

(
Φ4 − Φ2

Φ3 − Φ2

)] 1
l

, (2.27)

where, Φ4 = (1− ζ l1χ),Φ2 =

(
1− e−

ζl1σ
2

pp
ρ1

)
and Φ3 = 1− e

(
−σ

2
1(2RT /N−1)ζl1

pp

)
.

From (2.27), the critical distance ζ2,B for different target rates can be calculated.

The critical distances for some of the predefined target rates with pp/σ
2 = 20 dB,

ps/σ
2 = 20 dB are given in Table I.

Table 2.1. ζ2,B for predefined target rate RT

RT 8 16 32 64

ζ2,B 1.95 2.08 2.15 1.86

2.3.3 Primary system rate and outage probability with

nonadaptive CSS ( MRC)

Out of total N subcarriers received from PT, ST decodes and forwards only D

subcarriers to PR. The primary and secondary system will use conventional non-

adaptive mode of transmission. The instantaneous rate at PR after maximal ratio

combining (MRC) of two transmission phases with a condition of successful de-

coding of primary signal sp,k at ST is,

RMRC
PR =

1

2

D∑
k=1

log2

(
1 +

pp,kγ1,k

σ2
1

+
ps,kγ3,k

σ2
1

)

+
1

2

N−D∑
k=1

log2

(
1 +

pp,kγ1,k

σ2
1

)
, (2.28)

where, factor 1
2

is due to two phase transmission. From (2.8), (2.28) reduces to,

RMRC
PR =

D

2
log2

(
1 +

ppγ1

σ2
1

+
psγ3

σ2
1

)
+
N −D

2
log2

(
1 +

ppγ1

σ2
1

)
. (2.29)
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Proposition 2.3 The outage probability of the primary system for nonadaptive

CSS (with MRC) can be derived in closed form as,

P p
out = e

− ζ
l
2σ

2

pp
ρ1(1− e−ζl1α − ζ l1Υ1) +

(
1− e−

ζl2σ
2

pp
ρ1

)(
1− e−

ζl1σ
2

pp
ρ1

)
, (2.30)

where,

Υ1 =

∫ α

γ1=0

e

δ2γ1− δ1

γ
N
D
−1

1


dγ1, (2.31)

δ1 =
ζ l3Λ

1
D

psp
N
D
−1

p

, and δ2 =
ζ l3pp
ps
− ζ l1. (2.32)

Proof : Proof of the proposition 2.3 is given in Appendix C.

2.3.3.1 Critical distance for MRC

At critical distance ζ2,M or beyond, the primary system outage probability with

MRC will always be greater than outage probability with direct transmission.

1− e
(
−σ

2
1(2RT /N−1)ζl1

pp

)
<e
− ζ

l
2σ

2

pp
ρ1(1− e−ζl1α − ζ l1Υ1)

+

(
1− e−

ζl2σ
2

pp
ρ1

)(
1− e−

ζl1σ
2

pp
ρ1

)
. (2.33)

From (2.33), the critical distance with MRC can be derived as,

ζ2,M =

[
pp
ρ1σ2

ln

(
Φ1 − Φ2

Φ3 − Φ2

)] 1
l

, (2.34)

where, Φ1 = (1− e−ζl1α − ζ l1Υ1).

Similarly, from (2.34), the critical distance ζ2,M can be calculated. The critical

distances for some of the predefined target rates with pp/σ
2 = 20 dB, ps/σ

2 = 20

dB and best possible value of D with MRC are given in Table II.
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Table 2.2. ζ2,M for predefined target rate RT

RT 8 16 32 64

ζ2,M 2.86 2.9 2.56 1.92

2.4 Rate and Outage Probability of Secondary

System

In transmission Phase II, ST transmits adaptively modulated D subcarriers to PR

via Ψ3,k link and remaining N −D subcarriers to SR via Ψ4,k link. Signal received

by SR in Phase II is,

φsr,2k = (ps,k)
1
2 Ψ4,kss,k + n2,k, (2.35)

where, ss,k is a M -QAM modulated secondary signal whereas order of M depends

on the BER constraint. The average BER for Gray coded square M -QAM system

can be calculated from (2.16).

The instantaneous rate at SR is given by,

RS =
1

2

N−D∑
k=1

log2(M) log2

(
1 +

ps,kγ4,k

σ2
4

)
. (2.36)

Assuming, ps,k = ps,∀ k and γ4,k = γ4, ∀ k, (2.36) can be deduced as,

RS =
1

2
(N −D) log2(M) log2

(
1 +

psγ4

σ2
4

)
. (2.37)

If the target rate for secondary system is defined as RTs, then the outage will occur

when Pr(RS < RTs).

Pr(RS < RTs) = Pr

(
γ4 <

ρ2σ
2
4

ps

)
= 1− e−

ζl4σ
2
4

ps
ρ2 , (2.38)

where, γ4 ∼ exp
(
ζ l4
)

and ρ2 = 2
2RTs

log2(M) (N−D) − 1.
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2.5 Simulation Results and Discussion

In this section, we show the results for BER with respect to ζ2 (distance between

PT-ST) and outage probability with respect to D (number of subcarriers forwarded

by ST to PR). For ease of simulation, the nodes PT, ST, SR, PR are considered to

be co-linear [12]. The PT is located at the location (0,0) in the two-dimensional

plane while PR is located at (1,0) i.e. ζ1 = 1. SR lies in between PT and PR on

coordinates (0.75,0), and ST moves along the X-axis. We have chosen target rate

for both primary and secondary system RT = N = 64, where N denotes the total

number of subcarriers forwarded by PT to PR and ST. The subcarrier power has

been normalized with respect to receiver noise variance i.e. pp/σ
2 = ps/σ

2 = 20 dB

and the path loss exponent has been set to l = 4.
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Figure 2.2. Primary system BER vs distance between PT-ST

Fig. 2.2 shows the BER (for BER-SC) vs ζ2 for different constellation sizes. For

M = 2 and 0 < ζ2 < 0.3, BER decreases with increase in ζ2. This phenomenon can

be explained as follows. As the distance between PT-ST increases, the distance

between ST-PR decreases, thus overall average BER, (2.15), also reduces. When



46

ζ2 = 0.3 and M = 2, ϕPT−ST attains some small value, and consequently major

contribution in ηBER−SC is due to ηcomb−PR which is decreasing with decrease

in distance between ST-PR. However, for ζ2 > 0.3, BER increases continuously

with respect to ζ2, consequently, the value of ϕPT−ST increases, thus decoding of

subcarriers at ST becomes the limiting factor for BER.

For larger constellation sizes like M = 4, 16 or 64, BER increases with increase

in M . This phenomenon is quite obvious since for M -QAM modulation with

fixed bandwidth and power, the probability of error increases with M . From Fig.

2.2, we can see that, BER decreases first with increase in ζ2 for all values of M

i.e M = 2 , 4, 16, 64. However, after reaching a certain distance between PT-ST,

BER increases. In order to quantify this behavior of BER, we have introduced

the term ”transmute distance” ζ2,T . It is defined as a distance between PT-ST

beyond which BER increases instead of decreasing. This phenomenon occurs at

ζ2,T because ϕPT−ST attains significantly higher value. In other words, successful

decoding of subcarriers at ST decreases when ST is located at ≥ ζ2,T , consequently

BER increases. The transmute distance for different values of M has been given

in Table III.

Table 2.3. ζ2,T for predefined constellation size M

M 2 4 16 64

ζ2,T 0.3 0.4 0.5 0.6

For ζ2 > 0.8, there is no change in BER with any subsequent change in constel-

lation size at ST, as beyond this distance ϕPT−ST would attain a very high value

and thus saturating ηBER−SC .

Fig. 2.3 shows the theoretical and simulation results of the primary system

outage probability (BER-SC) (2.11) with respect to the number of subcarriers

required for cooperation. To find the outage probability, the target rate of the

primary system has been set to RT and adaptive modulation is applied at ST for

BER constraint of 10−4. From Fig. 2.3, it is quite obvious that as the number of

forwarded subcarriers ‘D’ from ST-PR increases, the outage probability decreases.

For ζ2 = 0.2, M = 4 and D > 10, the outage probability with cooperation is

less than direct transmission. Hence, ST needs to forward only 10 subcarriers
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Figure 2.3. Primary system outage probability (BER-SC) vs D subcarriers

to PR, to keep the primary system performance same as direct transmission. As

a consequence, secondary system can use the remaining ‘N −D’ subcarriers to

transmit its own data to the secondary receiver. It creates a win-win situation for

both primary and secondary system, as the primary system can achieve its target

rate of communication in exchange for allowing secondary user to access part of its

spectrum. For instance, ST can forward N/log2(M) (32 for 4-QAM) successfully

decoded subcarriers to PR while remaining N − (N/log2(M)) subcarriers can be

used for secondary communication. It proves that proposed scheme is beneficial

for both primary and secondary systems.

However, for D > 23, M = 4, outage probability gets stagnant. It is due to the

fact that, when D attains a particular value i.e. (D = 23, M = 4), Pr(RBER−SC <

RT ) attains a very small value and decoding of primary signal at ST becomes the

bottleneck for outage probability. Thus, any subsequent increase in D will not

have any significant impact on the primary system outage probability.

Let us put a BER constraint of 10−4 for the primary system. An interesting

observation that can be made from Fig. 2.2 is that, at ζ2 = 0.4, all the values

of M except M = 64 satisfy this BER constraint. Hence, if we select M = 16, we
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get maximum throughput while fulfilling the BER constraint. It is also evident

from Fig. 2.3 that for the case, D > 4, outage probability with cooperation would

be less than direct transmission. Here, ST can forward maximum 16 subcarri-

ers (corresponding to 16, 16-QAM symbols) to PR thus remaining 48 subcarri-

ers can be used for secondary communication. Similarly, at ζ2 = 0.6, BER for

M = 2, M = 4, M = 16, M = 64 is less than 10−4, consequently, we can choose

M = 64 to obtain maximum throughput. In this case, only 2 subcarriers (corre-

sponding to 2, 64-QAM symbols) are required to achieve same outage probability

as direct transmission and remaining subcarriers (64− 2 = 62) can be used for

secondary transmission. From the above discussion, it is quite obvious that the

number of subcarriers available for secondary communication is directly propor-

tional to the constellation size used by ST for primary data transmission. Hence,

for a given ζ2 and BER constraint, if the value of M increases, corresponding

throughout of secondary system also increases.

Figure 2.4. Primary system outage probability with MRC vs D subcarriers

Fig. 2.4 shows the theoretical and simulation results of the primary system

outage probability with MRC with respect to the number of subcarriers required for

cooperation. A trend similar to BER-SC is also observed in Figure 2.4, i.e. outage
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probability decreases with the increase in the number of subcarriers. However,

unlike BER-SC, adaptive modulation cannot be applied at ST when PR uses MRC

to combine the signals9. With MRC, for ζ2 = 0.2, D > 19 subcarriers10 are required

to achieve the outage probability less than direct transmission, whereas in case of

BER-SC, to achieve same outage performance the number of subcarriers required

were D = 5. Hence, BER-SC with adaptive modulation at ST outperforms MRC.

Similarly, for ζ2 = 0.4 and ζ2 = 0.6, the required number of subcarriers with MRC

are D > 16 and D > 12 respectively, whereas with BER-SC it is D > 4 and D > 2

respectively. For ζ2 = 1.92, which is defined as a critical distance with MRC, no

OSS is possible, as outage probability with cooperation is always higher than direct

transmission.

Figure 2.5. BER (secondary system) vs ζ2 (distance between PT-ST)

Fig. 2.5 shows BER of secondary system with respect to ζ2 for different constel-

lation sizes. From Fig. 2.5, it is quite obvious that BER decreases with increase in

9As stated earlier, in order to apply MRC, the transmitted signals from PT and ST should
have same constellation sizes, which might not be feasible if constellation size at ST changes
adaptively.

10Assuming both PT and ST are using conventional nonadaptive BPSK mode of transmission.
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ζ2. As discussed earlier, SR is located at coordinates (0.75, 0) in a two-dimensional

plane while ST is moving along the x axis. Therefore as the distance between

PT-ST increases, distance between ST-SR decreases, thus decreasing the BER at

SR. In addition, BER increases with increase in the value of M .

Figure 2.6. Outage probability of secondary system vs subcarriers N −D

Fig. 2.6 shows the outage probability of secondary system with respect to

N −D subcarriers for ζ2 = 0.4 and ζ2 = 0.6. The target rate and BER constraint

for the secondary system have been set to RTS = N and 10−4, whereas pSS
σ2 = 20 dB.

Outage probability decreases with the increase in N −D subcarriers. As discussed

earlier, for ζ2 = 0.4, the maximum value of subcarriers, D, that can be forwarded

by ST to PR would be equal to 16. Hence N −D = 48 subcarriers are available

at ST for secondary data transmission. Here, ST is using 4-QAM modulation

scheme to transmit its own data to SR while fulfilling the BER constraint of 10−4.

For ζ2 = 0.6, the distance between ST and SR gets reduced, i.e., ζ3 = 0.15,

thus there is a huge improvement in terms of outage probability. Moreover, at this

distance ST can use M = 64 constellation size to further increase the instantaneous

rate while fulfilling BER constraint of the secondary system. Hence, a substantial

improvement has been observed in the outage probability. For instance, at ζ2 = 0.6
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and N −D = 60, Pr(RS < RTs) ≈ 10−6.

2.6 Conclusion

In this chapter, an subcarrier sharing scheme has been proposed in which the

secondary system gains opportunistic spectrum sharing by assisting the primary

system to achieve its target rate of communication. In particular, ST by acting as

a DF relay allocates some of its subcarriers for primary data transmission. ST uses

the remaining subcarriers for its own transmission. As a primary contribution, the

closed form expressions of the outage probability for the primary and secondary

systems for adaptive (BER-SC) and nonadaptive (MRC) CSS protocol has been

derived. Analytical expression of critical distance which is defined as a distance

between PT and ST nodes beyond which no spectrum sharing is possible has also

been computed. Critical distance determines the limitation and region of validity of

the proposed scheme. The proposed scheme is applicable in dense urban scenarios

where the spectrum is generally crowded, and spectrum holes are hard to obtain

as the performance of the secondary system can be maintained regardless of the

availability of spectrum holes. Good agreement between the theoretical expressions

and simulation results verify the results obtained in this paper.



Chapter 3
Subcarrier Sharing Schemes for

OFDMA-based Device to Device

Communication Frameworks

3.1 Introduction

As we showed in the previous chapter, the performance of the cooperative cognitive

radio system can be improved by adopting OFDM-based adaptive subcarrier shar-

ing scheme with BER-SC diversity. In D2D scenario, unlike cognitive radio, D2D

user belongs to the same cellular network, thus it may not necessarily have low

priority. Besides, most of the previous works on D2D communication have been

restricted to only one framework; trade-off involved in employing one framework

over other has often been overlooked.

Motivated by above, in this chapter, we analyze the underlay, overlay and

C-D2D frameworks for the cellular network. Specifically, we assess the benefits

involved in selecting one D2D framework over another when multiple D2D users

coexist with the cellular users in the same cell. The proposed system architecture

consists of a circular cell with a BS in the center of a cell operating on a licensed

frequency band. OFDMA has been used as an access technology through which

allocated spectrum is divided into a number of orthogonal subcarriers with same

subchannel bandwidth. Each cellular link (from BS to CU or vice versa) has been
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assigned a number of subcarriers (e.g., N) for its communication. It is assumed

that BS supports operator controlled D2D communication [92], wherein apart from

the cellular links between mobile users and BS, there exist couples of mobile users

which when given an opportunity would like to communicate directly via D2D link

[20]. In the present context, mobile user in a cellular link is denoted by the cellular

user (CU), and two mobile users which would like to do D2D communication are

denoted as D2D transmitter (DT) and D2D receiver (DR) respectively. DT-DR

exists as a D2D pair. On a specified time-frequency resource block, one D2D pair

can share the spectrum of the CU by one of the specified frameworks i.e. underlay,

overlay or C-D2D. It is worth mentioning that BS is still responsible for peer

discovery, link establishment and subcarrier allocation to the D2D user over D2D

link [74].

The major contributions of the proposed work are summarized as follows:

• Investigate the rate and outage trade-offs of OFDMA based underlay, overlay,

and C-D2D communication frameworks.

• Specifically,

– For underlay framework, we proposed an angle constrained D2D com-

munication for which the optimal distance between the CU and BS as

well as the minimum value of angle θ (an angle between a cellular link

and D2D interference link) is derived. It has been shown that as long as

the angle between the cellular link and D2D interference link is greater

than the optimal value of θ, the target rate and outage probability con-

straint of both the cellular and D2D users will be satisfied. Further, the

simulation results also show that for fixed ζciB (distance between a CU

and BS), D2D outage probability decreases with increase in θ, whereas

cellular outage probability is independent of θ. By leveraging the above

results, BS can select the CU which facilitates DT-DR communication

while maintaining its QoS.

– For overlay and C-D2D framework, an optimal subcarrier sharing scheme

is proposed, which not only helps the cellular user to achieve the tar-

get QoS but also helps the D2D users to communicate with each other.
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Our results show that the proposed subcarrier sharing scheme leads to

considerable performance improvement for both cellular and D2D users.

• The impact of CU-BS distance, angle θ, and cellular user outage probabil-

ity constraint on different frameworks have been investigated. Through the

obtained results it has been shown that for high cellular outage probability

constraint and large CU-BS distance, C-D2D framework attains less D2D

outage probability as compared to underlay and overlay frameworks. These

results can be utilized by the BS to select an optimal D2D framework while

satisfying the outage probability constraint of cellular and D2D users.

• The performance of all the three frameworks has been quantified by obtaining

closed-form expressions of outage probability for cellular and D2D users.

The remainder of this chapter is organized as follows. Section 3.2 discusses the

system model. Rate and outage probability expressions for cellular and D2D links

with proposed scheme are given in Section 3.3. Simulation results are provided in

Section 3.4, and finally, the conclusion is drawn in Section 3.5.

3.2 System Model and Protocol Description

The system model for underlay, overlay, and C-D2D frameworks are shown in

Fig. 3.1, 3.2 and 3.3 respectively. The system model consists of a small cell

of radius R. The cell has a BS located at the center, M cellular users, and R

D2D (or DT-DR) pairs. Specifically, a cellular user is denoted as CUi, where

i=1,2,..,M and a DT-DR pair is denoted as DTj-DRj, where j=1,2,..,R. In line

with LTE-A cellular standard, OFDMA has been used as an access technology

through which the available spectrum is divided among the M cellular users by

allocating each of them N orthogonal subcarriers1. A D2D pair may through one

of the above frameworks utilizes the same spectrum as allocated to a cellular user

CUi. Channels over the nodes are modeled as frequency non-selective Rayleigh

1Although the results have been illustrated assuming OFDMA as a multiple access technique,
the results can be easily extended to SC-FDMA whereby assuming that subcarrier mapping for
the cellular users occurs after discrete Fourier transform (DFT).
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fading with Ψxy,k ∼ CN (0, ζ−lxy ), where ζxy is the distance between the respective

transmitter ‘x’ and receiver ‘y’, and l is path loss exponent. x ∈ {ci, tj}, y ∈
{B, tj, rj}; i=1,2,..,M , j=1,2,..,R, where ci denotes the ith cellular user i.e. CUi,

B denotes BS, tj and rj denote jth D2D pair i.e. DTj and DRj respectively. ζciB

denotes the distance between CUi-BS. Similarly, the distance between CUi-DTj,

DTj-BS and DTj-DRj is denoted by ζcitj , ζtjB and ζtjrj respectively. In line with

conventional D2D communication, it is assumed that the distance between DTj

and DRj is negligible as compared to the distance between CUi and DTj, i.e.

ζtjrj � ζcitj , thus CUi is equidistant from DTj and DRj i.e. ζcitj = ζcirj . The

channel coefficient corresponds to CUi-BS link is ΨciB,k over subcarrier k(1 ≤ k ≤
N). Similarly, channel coefficient between CUi-DTj, DTj-BS, and DTj-DRj is

denoted by Ψcitj ,k,ΨtjB,k,Ψtjrj ,k respectively. The instantaneous channel gain for

each subcarrier is defined as γxy,k = |Ψxy,k|2. The AWGN at each receiver BS, DTj

and DRj is denoted as nB,k, ntj ,k, nrj ,k ∼ CN (0, σ2
j ). The cellular and D2D user’s

signals transmitted on kth subcarrier are denoted as sci,k and sdj ,k respectively with

zero mean and E{s∗ci,ksci,k} = E{s∗dj ,ksdj ,k} = 1.

The links between DTj-BS and CUi-BS are separated by angle θij as shown in

the Fig. 3.1. Hence the distance ζcitj can be defined in terms of ζciB, ζtjB, and

angle θij as [93],

ζcitj =
√
ζ2
ciB

+ ζ2
tjB
− 2ζciBζtjB cos θij . (3.1)

In underlay framework, each cellular user can transmit N subcarriers to BS

via ΨciB,k link for uplink transmission as shown in the Fig. 3.1. Since the cellular

user and a D2D user share the same spectrum (or same set of resource blocks), BS

allows a DTj−DRj pair to do D2D communication using the spectrum allocated to

the cellular user as long as interference threshold requirement of both the cellular

and D2D users are satisfied. BS and DRj will receive interference signals from DTj

and CUi through ΨtjB,k and Ψcirj ,k links respectively. However, as ζtjrj � ζciB,

the transmission power requirement for the D2D user will be less as compared

to the cellular user. Thus, the amount of interference at BS from DTj will be

considerably less than that from CUi to DRj. This framework has been evaluated

by deriving the outage probability and optimal value of θij for various ζciB. Thus

from ζciB and θij, BS can find a cellular user that can coexist with DTj-DRj pair.

In overlay framework, a part of the cellular spectrum is allocated for D2D
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Figure 3.1. System model (underlay framework)

communication as shown in Fig. 3.2. For instance, if QoS requirement of a cellular

user ‘CUi’ can be satisfied by few subcarriers (say D < N), then BS allocates

D subcarriers to CUi for transmission via ΨciB,k link while remaining N − D

subcarriers can be used for D2D communication between DTj and DRj. It is quite

obvious that there will be no interference between cellular and D2D links, as both

use orthogonal sets of subcarriers. BS is still responsible for mapping of DTj- DRj

and CUi.

In a C-D2D framework, a D2D user helps a cellular user to achieve the desired

QoS by acting as a relay in exchange for accessing the cellular spectrum. Specifi-

cally, by utilizing spatial diversity, a D2D user helps a cellular user to achieve the

desired target rate, and as quid pro quo D2D user is allowed to access the cellular
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Figure 3.2. System model (overlay framework)

user spectrum. From proposed analysis, BS discovers an optimal CUi which can

form a C-D2D framework with a DTj- DRj to facilitate D2D communication while

satisfying the QoS of both the cellular and D2D user. As shown in Fig. 3.3, for

C-D2D framework, the total transmission is divided into two phases2. In Phase I,

CUi broadcasts signal to BS via ΨciB,k link, which is overheard by DTj via Ψcitj ,k

link. DTj attempts to decode the cellular signal received in Phase I. If the decoding

is successful,3 it helps the cellular user by allocating few subcarriers (for instance

D) for uplink transmission via ΨtiB,k link. The number of subcarriers, D, to be

2Control protocol involved in C-D2D framework is in line with [12], [34], [33].
3If DTj is not able to decode cellular subcarrier in Phase I, then outage will occur, and no

retransmission of cellular signal would be possible in Phase II. However, particular subcarrier
can be used by DTj for D2D communication.
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Figure 3.3. System model (C-D2D framework)

allocated for DTj to BS transmission is selected based on the QoS requirement of

CUi. The remaining subcarriers (N −D) can be used by DTj to transmit its sig-

nal to DRj. Hence, a C-D2D framework represents a mutually beneficial scenario

for both cellular and D2D user. D2D user assists the cellular user in exchange for

accessing the cellular spectrum. We have quantified the performance of C-D2D

framework by deriving the exact number of subcarriers (D ≤ N) that needs to be

allocated for DTj to BS transmission to fulfill the target QoS of the cellular user.
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3.3 Rate and Outage Probability

In this section, closed-form expressions for the rate and outage probability of the

cellular and D2D user for the three frameworks have been derived.

3.3.1 Rate and outage probability with underlay frame-

work

3.3.1.1 Cellular rate and outage probability

In underlay framework, a cellular user CUi transmits N allocated subcarriers to

BS. Signal sci,k is transmitted by CUi, and is received by BS on ΨciB,k link. During

the same time, signal sdj ,k is transmitted by DTj to DRj on Ψtjrj ,k. The received

signal at BS over subcarrier k is denoted as φBSk and is given by,

φBSk = (pcu,k)
1
2 ΨciB,ksci,k + (pdj ,k)

1
2 ΨtjB,ksdj ,k + nB,k

; 1 ≤ k ≤ N, 1 ≤ i ≤M, 1 ≤ j ≤ R (3.2)

where, pcu,k denotes cellular signal power, whereas, pdt,k denotes D2D power on

kth subcarrier.

The instantaneous rate received at BS will be,

Runder
cu =

N∑
k=1

log2

(
1 +

pcu,kγciB,k
σ2
j + pdt,kγtjB,k

)
. (3.3)

If the target rate for CUi to BS is Rc
th, then outage occurs when Runder

cu < Rc
th.

Thus, outage probability for the cellular transmission for underlay framework can

be defined as,

P under
cu,out = Pr{Runder

cu < Rc
th}. (3.4)

Without loss of generality, it is assumed that the power and channel gain are

uniformly distributed across all the subcarriers,

pcu,k = pcu,∀ k; pdt,k = pdt,∀ k; γxy,k = γxy,∀ k. (3.5)
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Thus, from (3.3) and (3.5), (3.4) can be defined as,

P under
cu,out = Pr

{
N log2

(
1 +

pcuγciB
σ2
j + pdtγtjB

)
< Rc

th

}

= Pr

 γciB
σ2
j + pdtγtjB

<
2
Rcth
N − 1

pcu


= Pr

{
γciB < µ

(
σ2
j + pdtγtjB

)}
, (3.6)

where,

µ =
2
Rcth
N
−1

pcu
. (3.7)

As γtjB ∼ exp
(
ζ ltjB

)
, thus,

µ
(
σ2
j + pdtγtjB

)
> 0. (3.8)

To solve (3.6), we need to find out joint probability density function of independent

and exponential random variables γciB and γtjB which can be represented as,

ζ lciBe
−ζlciBγciBζ ltjBe

−ζltjBγtjB . (3.9)

Proposition 3.1 The closed form expression for cellular outage probability with

underlay framework can be given as:

P under
cu,out = 1−

ζ ltjBe
−ζlciBµσ

2
j(

ζ ltjB + µpdtζ lciB

) . (3.10)

Proof :

P under
cu,out =

∫ ∞
γtjB=0

∫ µ(σ2
j+pdtγtjB)

γciB=0

ζ lciBe
−ζlciBγciBζ ltjBe

−ζltjBγtjBdγciBdγtjB

= 1− ζ ltjBe
−ζlciBµσ

2
j

∫ ∞
γtjB=0

e
−γtjB

(
ζltjB

+µpdtζ
l
ciB

)
. (3.11)
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After simplifying (3.11), we obtain (3.10).

Corollary 3.1 ζciB, for a fixed cellular outage probability constraint and fixed pcu,

We can rewrite (3.10) as,

P under
cu,out (ζ

l
tjB

+ µpdtζ
l
ciB

) = ζ ltjB + µpdtζ
l
ciB
− ζ ltjBe

−ζlciBµσ
2
j

ζ lciB(µpdt(P
under
cu,out )) + ζ ltjBe

−ζlciBµσ
2
j = ζ ltjB(1− P under

cu,out ). (3.12)

From (3.12), ζciB is given as,

ζ lciB =
C4 + C1

C3
W
(
−C2C3

C1
e
−C3C4

C1

)
C1

, (3.13)

where,

C1 = µpdt(P
under
cu,out − 1),

C2 = ζ ltjB,

C3 = µσ2
j ,

C4 = ζ ltjB(1− P under
cu,out ).

and W(.) is a Lambert W function [94].

Corollary 3.2 pcu, for a fixed cellular outage probability constraint and fixed ζciB,

From (3.12), the closed form expression of µ is given as :

µ =
A4 + A1

A3
W
(
−A2A3

A1
e
−A3A4

A1

)
A1

, (3.14)

where,

A1 = ζ lciBpdt
(
P under
cu,out − 1

)
,

A2 = ζ ltjB,

A3 = ζ lciBσ
2
j ,

A4 = ζ ltjB
(
1− P under

cu,out

)
.
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From (3.7) and (3.14),

pcu =

(
2
Rcth
N − 1

)
A1

A4 + A1

A3
W
(
−A2A3

A1
e
−A3A4

A1

) . (3.15)

3.3.1.2 D2D rate and outage probability

The received signal at DRj over subcarrier k is denoted as φDRk which is equal to,

φDRk = (pdt,k)
1
2 Ψtjrj ,ksdj ,k + (pcu,k)

1
2 Ψcitj ,ksci,k + nrj ,k

; 1 ≤ k ≤ N, 1 ≤ i ≤M, 1 ≤ j ≤ R (3.16)

where sci,k acts as an interference at DRj. The instantaneous rate received at DRj,

Runder
d2d =

N∑
k=1

log2

(
1 +

pdt,kγtjrj ,k

σ2
j + pcu,kγcitj ,k

)
. (3.17)

The target rate of D2D transmission is Rd
th and outage occurs if Runder

d2d < Rd
th.

Thus, the outage probability for D2D user for underlay framework can be given

as,

P under
dt,out = Pr{Runder

dt < Rd
th}. (3.18)

From (3.5) and (3.17), (3.18) can be rewritten as,

P under
dt,out = Pr

{
N log2

(
1 +

pdtγtjrj
σ2
j + pcuγcitj

)
< Rd

th

}

= Pr
{
γtjrj < β

(
σ2
j + pcuγcitj

)}
, (3.19)

where, β = 2
Rdth
N −1
pdt

. As γcitj ∼ exp
(
ζ lcitj

)
, thus,

β
(
σ2
j + pdtγcitj

)
> 0. (3.20)

Proposition 3.2 Following the steps of (3.10), the D2D outage probability with
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underlay framework can be derived as,

P under
dt,out = 1−

ζ lcitje
−ζltjrjβσ

2
j(

ζ lcitj + βpcuζ ltjrj

) . (3.21)

Corollary 3.3 θij which will satisfy a fixed D2D outage probability constraint. We

can rewrite (3.21) as,

P under
dt,out (ζ lcitj + βpcuζ

l
tjrj

) = ζ lcitj + βpcuζ
l
tjrj
− ζ lcitje

−ζltjrjβσ
2
j , (3.22)

ζ lcitj =
βpcuζ

l
tjrj

(1− P under
dt,out )

P under
dt,out − 1 + e

−ζltjrjβσ
2
j

, (3.23)

ζ lcitj = Z(let) (3.24)

where Z is
βpcuζltjrj

(1−Punderdt,out )

Punderdt,out−1+e
−ζltjrj

βσ2
j
. Substituting (3.24) in (3.1), we obtain θij as,

θij = cos−1
ζ2
ciB

+ ζ2
tjB
− Z 2

l

2ζciBζtjB
. (3.25)

θij is a very useful parameter. For fixed ζciB, D2D outage probability decreases

with increase in θij, whereas cellular outage probability is independent of θij. It

helps the BS to select the CUi which can facilitate DTj−DRj communication with

minimal interference to each other.

Lemma 3.1 Estimating the range of ζcitj

Since, cos(θij) ranges from [-1,1], hence (3.25) can be written as,

−1 ≤
ζ2
ciB

+ ζ2
tjB
− Z 2

l

2ζciBζtjB
≤ 1 (3.26)

−2ζciBζtjB ≤ ζ2
ciB

+ ζ2
tjB
− Z

2
l ≤ 2ζciBζtjB

|ζciB − ζtjB| ≤ Z
1
l ≤ |ζciB + ζtjB|. (3.27)

From (3.24),

|ζciB − ζtjB| ≤ ζcitj ≤ |ζciB + ζtjB|. (3.28)
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3.3.2 Rate and outage probability with overlay framework

3.3.2.1 Cellular rate and outage probability

In overlay framework, BS allocates a part of the cellular spectrum to the D2D user

as long as QoS of the cellular user is not compromised. To determine whether a

part of the cellular spectrum (or set of subcarriers) can be allocated to the D2D

user, BS calculates RN (maximum achievable data rate) of the cellular link by

assuming that all subcarriers participated in CUi to BS communication, and no

subcarriers were allocated to the D2D user. If RN > Rc
th, where Rc

th denotes

target rate of the cellular system, then BS assigns few subcarriers (e.g., D) to the

cellular user, which helps in maintaining the desired QoS with acceptable outage

probability constraint. The remaining N − D subcarriers are allocated for D2D

communication.

Suppose signal sci,k is transmitted by CUi, and received by BS. The received

signal at BS over subcarrier k is denoted as φBSk which is equal to,

φBSk = (pcu,k)
1
2 ΨciB,ksci,k + nB,k ; 1 ≤ k ≤ N, 1 ≤ i ≤M (3.29)

BS first calculates RN by assuming that CUi is transmitting all N subcarriers

to BS.

RN =
N∑
k=1

log2

(
1 +

pcu,kγciB,k
σ2
j

)
, (3.30)

If RN > Rc
th, CUi will transmit D subcarriers to BS. The instantaneous rate

with D subcarriers is given as,

Rover
cu =

D∑
k=1

log2

(
1 +

pcu,kγciB,k
σ2
j

)
, (3.31)

The target rate of uplink transmission is Rc
th and outage occurs if Rover

cu < Rc
th.

From (3.5) and (3.31), the outage probability for the cellular transmission can be

derived as,

P over
cu,out = 1− exp

(
−
σ2
j (2

Rcth/D − 1)ζ lciB
pcu

)
. (3.32)
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3.3.2.2 D2D rate and outage probability

Since for overlay framework subcarrier allocation for cellular and D2D users are

orthogonal; hence there is no interference between the cellular and D2D user. Sig-

nal sdj ,k is transmitted by DTj to DRj. The received signal at DRj over subcarrier

k is denoted as φDRk which is equal to,

φDRk = (pdt,k)
1
2 Ψtjrj ,ksdj ,k + nrj ,k ;N −D ≤ k ≤ N, 1 ≤ j ≤ R, (3.33)

where pdt,k denotes D2D signal power for kth subcarrier. The instantaneous rate

for N −D subcarriers is given as,

Rover
d2d =

N−D∑
k=1

log2

(
1 +

pdt,kγtjrj ,k

σ2
j

)
. (3.34)

The target rate of D2D transmission is Rd
th and outage occurs if Rover

d2d < Rd
th. From

(3.5) and (3.34), the outage probability for D2D transmission can be defined as,

P over
d2d,out = 1− exp

(
−
σ2
j (2

Rdth/(N−D) − 1)ζ ltjrj
pdt

)
. (3.35)

3.3.3 Rate and outage probability with C-D2D

3.3.3.1 Cellular rate and outage probability

In the C-D2D framework, DTj acts as a DF relay between CUi and BS to provide

spatial diversity to the cellular user. In return, BS allows D2D user to access

the cellular spectrum. The C-D2D communication is achieved by adopting the

following two-phase transmission protocol [12]. In Phase I, CUi broadcasts N

subcarriers to BS which is overheard by DTj. Signal received by DTj is,

φ
DTj ,1
k = (pcu,k)

1
2 Ψcitj ,ksci,k + ntj ,k; 1 ≤ K ≤ N, 1 ≤ i ≤M, 1 ≤ j ≤ R. (3.36)

The instantaneous rate at DTj can be given as,

Rcu−dt
N =

1

2

N∑
k=1

log2

(
1 +

pcu,kγcitj ,k

σ2
j

)
. (3.37)
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From (3.5), (3.37) can be deduced to,

Rcu−dt
N =

N

2
log2

(
1 +

pcuγcitj
σ2
j

)
, (3.38)

where the factor 1
2

is due to the fact that the whole transmission is divided into

two phases. DTj attempts to decode the cellular data received from CUi in Phase

I. If the decoding is successful, DTj allocates D subcarriers to cellular data while

remaining N −D subcarriers are allocated for DTj to DRj communication4. The

instantaneous rate at BS after maximal ratio combining (MRC) of two phases

transmission with a condition of successful decoding of cellular signal sci,k at DTj

is,

Rcoop
cu =

1

2

D∑
k=1

log2

(
1 +

pcu,kγciB,k
σ2
j

+
pdt,kγtjB,k

σ2
j

)

+
1

2

N−D∑
k=1

log2

(
1 +

pcu,kγciB,k
σ2
j

)
. (3.39)

From (3.5), (3.39) can be rewritten as,

Rcoop
cu =

D

2
log2

(
1 +

pcuγciB
σ2
j

+
pdtγtjB

σ2
j

)
+
N −D

2
log2

(
1 +

pcuγciB
σ2
j

)
. (3.40)

In a case of unsuccessful decoding at DTj, there will be no transmission from DTj

to BS in Phase II. However, BS may still be able to receive the cellular signal from

CUi-BS link. Thus, the cellular outage probability with C-D2D is,

P coop
cu,out = Pr(Rcu−dt

N > Rc
th)Pr(Rcoop

cu < Rc
th)

+ Pr(Rcu−dt
N < Rc

th)Pr(
1

2
RN < Rc

th), (3.41)

4It is obvious that D ≤ N , for the cases where D = N , DTj will be pure relay [32].
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where RN can be found from (3.30).

Pr

(
1

2
RN < Rc

th

)
= Pr

(
γciB <

ρ1σ
2
j

pcu

)
= 1− e−

ζlciB
σ2
j

pcu
ρ1 . (3.42)

Pr(Rcu−dt
N < Rc

th) = Pr

(
γcitj <

ρ1σ
2
j

pcu

)
= 1− e−

ζlcitj
σ2
j

pcu
ρ1 , (3.43)

where, γciB ∼ exp
(
ζ lciB

)
, γcitj ∼ exp

(
ζ lcitj

)
, and ρ1 = 2

2Rcth
N
−1.

Similarly,

Pr(Rcu−dt
N > Rc

th) = Pr

(
γcitj >

ρ1σ
2
j

pcu

)
= e−

ζlcitj
σ2
j

pcu
ρ1 . (3.44)

Further,

Pr(Rcoop
cu < Rc

th) =Pr

([
1 +

pcuγciB
σ2
j

+
pdtγtjB

σ2
j

]D
[
1 +

pcuγciB
σ2
j

]N−D
< 22Rcth

)
. (3.45)

Let, σ2
j = σ2;∀j, and

pcuγciB
σ2 +

pdtγtjB

σ2 >> σ2, we can rewrite (3.45) as,

= Pr
((
pcuγciB + pdtγtjB

)D
(pcuγciB)N−D < 22Rcthσ2N

)

= Pr

(pcuγciB + pdtγtjB
)
<

(
22Rcthσ2N

) 1
D

(pcuγciB)
N−D
D


= Pr

(
γtjB <

Γ
1
D

pdt (pcuγciB)
N−D
D

− pcuγciB
pdt

)
, (3.46)

where, Γ = 22Rcthσ2N .

Let,
Γ

1
D

pdt (pcuγciB)
N−D
D

− pcuγciB
pdt

= β (γciB) , (3.47)
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where, γtjB ∼ exp
(
ζ ltjB

)
.

Since,

β (γciB) > 0, (3.48)

Γ
1
D

pdt (pcuγciB)
N−D
D

− pcuγciB
pdt

> 0. (3.49)

Simplifying (3.49), we will get,

γciB <
Γ

1
N

pcu
= α (let). (3.50)

As γciB and γtjB are independent exponential random variable, it’s joint probability

density function is given as (3.9). Hence,

Pr
(
γtjB < β (γciB)

)
=

∫ α

γciB=0

∫ β(γciB)

γtjB=0

ζ lciBe
−ζlciBγciBζ ltjBe

−ζltjBγtjBdγciBdγtjB

=

∫ α

γciB=0

ζ l1e
−ζlciBγciB

(
1− e−ζ

l
tjB

β(γciB)
)
dγciB

= 1− e−ζ
l
ciB

α − ζ lciBΥ1, (3.51)

where,

Υ1 =

∫ α

γciB=0

e

ϑ2γciB−
ϑ1

γ
N
D
−1

ciB


dγciB, (3.52)

ϑ1 =
ζ ltjBΓ

1
D

pdtp
N
D
−1

cu

, ϑ2 =
ζ ltjBpcu

pdt
− ζ lciB . (3.53)

(3.52) is intractable, however, if we substitute, ϑ2 = 0 i.e.
ζlciB

ζltjB
= pcu

pdt
, (3.52) can

be reduced to,

Υ1 =

∫ α

γciB=0

e−ϑ1γ
−(ND−1)
ciB dγciB. (3.54)
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Now, substitute γ
−N−D

D
ciB

= t. So (3.54) reduces to,

Υ1 =
D

N −D

∫ ∞
α−

N−D
D

t−
N

N−D e−ϑ1tdt. (3.55)

From [95], (3.55) can be solved as, 5

Υ1 = (−1)n+1 ϑn1
Ei(−ϑ1u)

n!
+
e−ϑ1u

un
(3.56)

where, n = D
N−D , u = α−

N−D
D and Ei stands for exponential integral.

Hence, from (3.42),(3.43),(3.44),(3.51), the outage probability for the C-D2D

framework can be given as,

P coop
cu,out = e−

ζlcitj
σ2

pcu
ρ1(1− e−ζ

l
ciB

α − ζ lciBΥ1) +

(
1− e−

ζlcitj
σ2

pcu
ρ1

)(
1− e−

ζlciB
σ2

pcu
ρ1

)
.

(3.57)

3.3.3.2 D2D rate and outage probability

In Phase II, DRj will receive N − D subcarriers via Ψtjrj ,k link. Hence signal

received by DRj will be,

φDR,2k = (pdt,k)
1
2 Ψtjrj ,ksdj ,k + nrj ,k; 1 ≤ K ≤ N, 1 ≤ j ≤ R. (3.58)

The instantaneous rate at DRj is given as,

Rcoop
d2d =

1

2

N−D∑
k=1

log2

(
1 +

pdt,kγtjrj ,k

σ2
j

)
. (3.59)

If the target rate for D2D communication is Rd
th, then the outage will occur when

Pr(Rcoop
d2d < Rd

th). From (3.5) and (3.59),

Pr(Rcoop
d2d < Rd

th) = Pr

(
γtjrj <

ρ2σ
2

pdt

)
= 1− e−

ζltjrj
σ2

pdt
ρ2 , (3.60)

5In this chapter, we have solved (3.52) numerically to obtain the analytical plots.
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where γtjrj ∼ exp
(
ζ ltjrj

)
and ρ2 = 2

2Rdth
(N−D) − 1.

3.4 Simulation Results and Discussion

Figure 3.4. Simulation model
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Table 3.1. Simulation parameters

N 32 subcarriers

Rc
th 1 b/s/Hz

Rd
th 1 b/s/Hz

σ2 −120dbm

l 4 (urban area)

ζtjB 750m

ζtjrj 50m

In this section, we have plotted the simulation results for the outage probability

of cellular and D2D user for the three frameworks. Further, in order to verify the

analytical derivations, simulation results have also been compared with theoretical

results. Fig. 3.4 depicts the simulation model. As discussed before, the simulation

model consists of a circular microcell of radius R = 800m, where BS is located

at the center of the cell. A D2D user6 lie at the cell boundary, and the distance

between DTj−DRj is assumed to be 50 meters i.e. ζtjrj = 50m. Distance between

BS and a D2D user is set to 750 meters i.e. ζtjB = 750m. The parameters used

for simulation are listed in Table 3.1. We have chosen target rate for both cellular

and D2D link as Rc
th = Rd

th = 1 b/s/Hz, N = 32 is the total number of subcarriers

preassigned by BS to CUi.

6For simulation, a D2D pair is considered which can map to an optimal CUi for subcarrier
sharing by BS. However, the analysis presented in the chapter is applicable for multiple D2D
pairs as each CUi has its individual N allocated subcarrier for uplink transmission.
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Table 3.2. Upper limit of ζciB which satisfies the outage probability constraint of a

cellular user for underlay framework

Fixed pcu to calculate max ζciB

pcu(in

Watts)

P under
cu,out =

10−1

P under
cu,out =

10−2

P under
cu,out =

10−3

P under
cu,out =

10−4

0.1 All values 701.57 393.74 221.41

0.01 714.75 394.52 221.46 124.51

0.001 401.93 221.85 124.53 70.02

Table 3.2 shows the upper limit (maximum value) of ζciB (distance between CUi

and BS) for fixed pcu for the underlay framework, below which the given outage

probability constraint of a cellular user is always satisfied. It can also be seen from

Table 3.2, that for a particular pcu, ζciB decreases with cellular outage constraint.

Essentially, when pcu = 0.1W, to satisfy P under
cu,out = 10−2, ζciB ≤ 701.57m.

Table 3.3. Lower limit of θij which satisfies the Outage Probability constraint of a D2D

User for a fixed ζciB and pcu = 0.1W for underlay framework.

Fixed ζciB and pcu = 0.1 to calculate min θij

ζciB(in

meters)

P under
dt,out =

10−1

P under
dt,out =

10−2

P under
dt,out =

10−3

P under
dt,out =

10−4

750 21◦ 39◦ 73◦ Nil

600 19◦ 41◦ 81◦ Nil

300 All values 26◦ 108◦ Nil

200 All values All values 129◦ Nil

Table 3.3 gives the minimum value of angle θij (in degrees) which satisfies

the given outage probability constraint of cellular and D2D user for fixed value

of ζciB. For instance, when pcu = 0.1 and ζciB = 600, θij ≥ 41◦ is required to

satisfy the D2D outage constraint7 of 10−2. Hence, from Table 3.2 and 3.3, BS

7ζciB = 600 satisfies the cellular outage constraint of 10−2, (see Table 3.2)
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can select an optimal cellular user for underlaying D2D communication to satisfy

the outage constraints for both cellular as well as D2D users. Maximum value

(optimal) of θij is 180◦ i.e. when θij = 180◦, D2D system attains minimum outage

probability. In Table 3.3 , Nil signifies that D2D outage constraint will not be

satisfied irrespective of the value of θij, whereas, All values states that D2D outage

constraint will always be satisfied irrespective of value of θij.
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Figure 3.5. D2D outage probability vs angle θij for underlay framework

Fig. 3.5 shows D2D outage probability with respect to θij (in degrees) for three

distances ζciB = 701, 393, 221 meters for underlay framework. These distances

satisfy the cellular outage constraint of 10−2, 10−3, 10−4 respectively, when pcu =

100 mW (as seen from Table 3.2). D2D subcarrier power pdt has been set to 1 mW.

D2D outage probability decreases with increase in θij. This is quite obvious that

for fixed ζciB, as θij increases, ζcitj also increases, thus CUi moves away from DTj

causing less interference at DTj, consequently D2D outage probability decreases.

For ζciB = 701, if θij ranges from 0 to 50◦, the cellular user will be close to

DTj−DRj pair, thus outage probability is comparatively high. If θij approaches
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180◦, ζcitj becomes large, consequently, CUi will cause less interference to D2D

user, thus resulting in low outage probability. On the contrary, for ζciB = 221, for

low range of θij, D2D outage probability is comparatively low. If θij varies from

50◦ to 180◦, D2D outage probability is higher as compare to other distances.
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Figure 3.6. Cellular outage probability for underlay and overlay frameworks

Fig. 3.6 shows the theoretical and simulation results of the outage probability

of the cellular user for overlay and underlay frameworks. For overlay framework, D

orthogonal subcarriers are used for cellular communication, whereas for underlay

framework, all N subcarriers are used for cellular communication. Results have

been plotted for different CUi−BS distances, i.e. ζciB = 221m, 393m and 701m,

and pcu = 100 mW, pdt = 1 mW (for underlay) and θij = 1800 (best case for

underlay). Overlay outage probability is independent on θij. For overlay frame-

work, when number of subcarriers are allocated for CUi to BS transmission, outage

probability decreases, whereas, for underlay framework, outage probability is inde-

pendent of D. For ζciB = 221m, cellular outage probability for underlay framework

is 10−4, whereas, to achieve same outage probability via overlay framework, BS
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needs to allocate D ≥ 14 subcarriers for cellular communication. However, re-

maining N −D i.e. 18 subcarriers can be used for D2D communication. Similar

observations can be made for other two distances ζciB = 393, ζciB = 701.
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Figure 3.7. Cellular outage probability for C-D2D framework

Fig. 3.7 shows the outage probability of CUi-BS link vs number of subcarriers

allocated by DTj under C-D2D framework. Subcarrier power has been set to

pcu = 100mW. Outage probability has been plotted for three distances, ζciB =

221m, 393m and 701m for different θij (0◦, 90◦, 180◦). Outage probability increases

with increase in ζciB, and decreases with decrease in θij. From Fig. 3.7, it can be

observed that as D increases, outage probability decreases. It is evident as with

the increase in D, rate at BS with MRC increases, consequently outage probability

decrease. For ζciB = 221, if DTj forwards only 2 subcarriers to BS, the outage

probability achieved is less than 10−4. Hence, remaining N −D = 30 subcarriers

are available for D2D communication. If we compare Fig. 3.6 and Fig. 3.7, it is

also evident that C-D2D framework outperforms underlay and overlay frameworks.

Another observation that can be made from Fig. 3.7 is for ζciB = 221, outage

probability is almost constant from D = 1 to D = 13. This can be explained
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as follows. For a low value of D, the outage probability with C-D2D mainly de-

pends on direct CUi-BS transmission rather than relayed transmission. As direct

CUi−BS distance is fixed to ζciB = 221, therefore changes in θij has low impact on

outage probability. However, for higher values of D, more subcarriers are relayed

by DTj to BS, whose impact largely reduces the outage probability. Further, as θij

increases, successful decoding of subcarriers at DTj becomes the limiting factor,

consequently, outage probability increases.

For, ζciB = 701, θij = 180, and D ≥ 20, outage probability decreases slowly and

is almost stagnant. It is due to the fact that at this distance ζciB is quite large, so

again successful decoding of subcarriers at DTj becomes the bottleneck for outage

probability.
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Figure 3.8. D2D outage probability vs subcarriers

Fig. 3.8 shows the outage probability of D2D user for the three frameworks. For

overlay and C-D2D frameworks, N−D orthogonal subcarriers can be used for D2D

communication, whereas for underlay framework, all N subcarriers can be used for

D2D communication. θij has been set to its optimal value, i.e. θij = 180◦. From
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Table 3.4. D2D outage probability corresponding to cellular outage probability con-
straint

Cellular outage constraint 10−2 10−3 10−4 10−5

Underlay Satisfied Satisfied NS NS

Overlay (N −D) 24 18 NS NS

C-D2D (N −D) 31 30 18 6

D2D Outage (underlay) 0.37× 10−3 0.37× 10−3 1 1

D2D outage (overlay) 0.94× 10−7 0.15× 10−6 1 1

D2D outage (C-D2D) 0.19× 10−6 0.21× 10−6 0.67× 10−6 10−4

Fig. 3.8, it can be seen that, for overlay and C-D2D frameworks, as D increases,

outage probability increases, whereas underlay framework is independent of D.

For underlay framework, as ζciB increases, D2D outage probability decreases as

interference generated by CUi to DRj decreases.

Let us assume a scenario in which cellular system would like to maintain an

acceptable QoS by putting a constraint on outage probability, i.e. Pcu,out ≤ 10−4.

For underlay framework, as observed in Fig. 3.6, this cellular outage probability

constraint will be satisfied when ζciB = 221 and θij = 180◦. Further, it can be

seen from Fig. 3.8 that D2D user can obtain an outage probability of ≈ 10−3.

With overlay and C-D2D framework, D ≥ 14 and D ≥ 1 subcarriers are required

respectively to satisfy the cellular outage probability constraint. The D2D outage

probability for D = 14 (overlay) and D = 1 (C-D2D) is 1.51×10−7 and 1.98×10−7

respectively. Hence, overlay and C-D2D frameworks achieve a significantly lower

outage probability for the D2D user as compared to underlay framework.

When ζciB = 394, overlay framework can never satisfy the cellular outage

constraint i.e. Pcu,out ≤ 10−4, even if they use all N subcarriers for cellular. A

similar observation can be made for underlay framework. However, with C-D2D,

only D ≥ 14 subcarriers are required to achieve the cellular outage constraint.

Thus, remaining N −D subcarriers in the C-D2D framework can be used for D2D

communication. Similar pattern appears when ζciB = 701. Hence, from above it

is evident that, for high cellular outage constraint and large CUi−BS distance,

C-D2D framework completely outperforms the other two frameworks.

Table 3.4 compares the D2D outage probability corresponding to the cellular



78

outage probability constraint for underlay, overlay, and C-D2D frameworks. From

Table 3.4, we can observe that,

• For underlay framework, we can achieve the D2D outage probability =

0.37 × 10−3 while satisfying the low cellular outage probability constraint

(i.e. Pcu,out ≥ 10−3). However, we can not satisfy the high cellular outage

probability constraint (i.e. Pcu,out ≤ 10−4). Hence, D2D outage probability

will be 1 for such cases.

• For overlay and C-D2D frameworks, N−D denotes the number of subcarriers

available for D2D communication while satisfying the prescribed cellular out-

age probability constraint. For instance, for cellular outage constraint= 10−3,

the number of subcarriers available for D2D communication with overlay

framework is 18, whereas with C-D2D framework is 30.

• For low cellular outage constraint (i.e. Pcu,out ≥ 10−3), D2D overlay outage

probability is slightly less than the C-D2D outage probability. In this case,

the overlay framework performs better than the other two frameworks.

• For high cellular outage constraint (i.e. Pcu,out ≤ 10−4), the C-D2D frame-

work completely outperforms the underlay and overlay frameworks. For both

frameworks, we can not achieve Pcu,out ≤ 10−4, even if cellular user transmits

all N subcarriers to BS.

3.5 Conclusion

This chapter investigated the OFDMA based underlay, overlay, and C-D2D com-

munication frameworks in cellular networks. By utilizing one of the above frame-

works, a D2D user can share the spectrum of the cellular user. The three frame-

works were evaluated by deriving the closed form expressions of the outage proba-

bility for the cellular and D2D users. The impact of distance between the BS and

cellular users, as well as between the cellular and D2D users was also analyzed on

the basis of outage performance of the cellular and D2D users. Results interpret

that for high cellular outage constraint, the C-D2D framework outperforms the

underlay and overlay D2D frameworks.



Chapter 4
Best D2D User Selection for C-D2D

Framework

4.1 Introduction

In chapter 3, we showed that for high cellular outage probability constraint, C-D2D

framework outperforms the other two D2D frameworks. To further augment the

development of C-D2D communication for cellular networks, in this chapter, we

propose the best D2D UE selection scheme for an OFDMA based C-D2D frame-

work. In the proposed framework, multiple D2D UE pairs coexist with a cellular

user. Further, a subcarrier sharing scheme is also proposed to facilitate D2D com-

munication between cellular and D2D users. The system architecture consists of a

BS which is deployed at the center of a circular cell. The UEs can be segregated

into two types: cellular UEs and D2D UEs. OFDMA has been used as an access

technology through which allocated spectrum is divided into a number of orthogo-

nal subcarriers with equal subchannel bandwidth. It is assumed that BS supports

operator-controlled D2D communication [92], wherein apart from the cellular links

between mobile users and BS, there exist multiple D2D UEs which would like to

communicate directly via D2D link [20].

In the present context, cellular UE is denoted as cellular user (CU), D2D UEs

are denoted as D2D transmitter (DT) and D2D receiver (DR) respectively. DT-

DR exists as a D2D pair. Further, it is assumed that each cell consists of L cellular
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users and each cellular link has been assigned N number of subcarriers for its uplink

transmission. On a specified time-frequency resource block, one cellular link and

M D2D links are active. In line with conventional in-band D2D framework, CU

and M D2D pairs share the same spectrum allocated to a CU by BS. It is worth

mentioning that BS is still responsible for peer discovery, link establishment and

subcarrier allocation to D2D user over D2D link [74].

In a conventional C-D2D framework, the uplink transmission is divided into two

orthogonal time phases. In Phase I, CU broadcasts N allotted subcarriers to BS,

which is also overheard by M DTs. Here we define the decoding set {S} as a set of

DTs which are able to decode the subcarriers successfully received in Phase I. From

set {S}, the best DT is selected based on the received SNR at BS. BS notifies the

CU and other DTs regarding the selected DT UE, denoted as DTs
i . DTs

i acts as a

DF relay for cellular uplink transmission. In Phase II, DTs
i forwards D subcarriers

to BS for uplink transmission. The number of subcarriers D to be allocated for DT

to BS transmission is decided based on the QoS requirement of CU. The remaining

N −D subcarriers are equally distributed among M DTs for D2D communication.

In particular, each DT will be assigned bN−D
M
c subcarriers for D2D communication

in a round-robin (RR) process1, and remaining [(N −D)modM ] subcarriers will

be shared among DTs as per priority cube method explained in later part of

the chapter2. Hence, M D2D users can do D2D communication by utilizing the

spectrum of single CU while satisfying the target QoS of CU. However, please note

that for a fixed D2D outage probability, there will be a trade-off in cellular outage

probability performance and the number of D2D users that can be supported by

a CU.

The major contributions of the proposed work is summarized as follows:

• A best D2D UE selection scheme for an OFDMA based cooperative D2D

framework is proposed. The performance of the proposed scheme has been

analyzed by deriving the closed-form expression for outage probability for

two cases:

– CU-DT-BS link, applicable when no direct cellular uplink communi-

1Round-robin process is adopted so that all the DTs get a fair chance of transmission to their
respective DRs.

2Here mod denotes modulo operator.
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cation is possible.

– CU-DT-BS with cellular link, applicable when direct cellular link is

available along with CU-DT-BS link. In this case, BS applies maximal

ratio combining (MRC) to combine the signal received in two phases.

• A subcarrier sharing scheme is proposed that facilitates M D2D UEs to

do D2D communication by sharing the spectrum of the single CU while

satisfying the target QoS of the CU. As shown later, this leads to considerable

performance improvement for both CU and D2D UEs. Multiple DTs provide

full diversity gain to CU due to the participation of best DT only.

• For fair distribution of N−D subcarriers among M DTs, a novel round robin

process with priority cube method is proposed. The proposed method helps

the BS in fair allocation of resources to all DTs for D2D communication.

• For a given distance and transmit power, the maximum value of M is derived

which satisfies the target rate and outage probability constraint of the D2D

users. This closed-form expression can be utilized by BS to map the optimal

number of DT-DR pair with each CU while satisfying the QoS of CU and

D2D users.

• The proposed work also analyzes the trade-off between the cellular outage

probability constraint and the maximum number of D2D pairs that can be

supported. It has been shown that as M increases, cellular outage probability

decreases whereas D2D outage probability increases.

The rest of the chapter is organized as follows: Section 4.2 discusses the system

model and provides the protocol description. Selection procedure for best DT

UE and priority cube method for subcarrier sharing are also proposed in Section

4.2. Section 4.3 and 4.4 present the derivations and expressions of the rate and

the outage probability for cellular and D2D links respectively. The derivation for

optimal M is also provided in Section 4.4. Simulation results are provided in

Section 4.5, and finally, conclusions follow in section 4.6.



82

4.2 System Model and Protocol Description

The system model for the proposed framework is shown in Fig. 4.1. We consider

a cellular system consisting of a circular cell with radius R. The cell has a BS

located at the center. Multiple CUs and DT-DR pairs exist within a cell. On a

specified time-frequency resource block, a CU and M D2D (or DT-DR) pairs are

active as shown in Fig. 4.1. The channels over the nodes are modelled as Rayleigh

block fading with Ψj,k ∼ CN (0, ζ−lj ) ; j = 1, 2, 3, 4 where ζ is the distance between

transmitter and receiver and l is path loss exponent. The channel coefficient cor-

responding to CU-BS is Ψ1,k over subcarrier k(1 ≤ k ≤ N). Similarly channel

coefficient between CU-DTi , DTi−BS and DTi−DRi is denoted by Ψ2i,k , Ψ3i,k

and Ψ4i,k respectively, ∀ i = 1, 2..M . The instantaneous channel gain for each sub-

carrier is denoted as γxy,k = |Ψxy,k|2. The additive white Gaussian noise (AWGN)

at each receiver BS, DTi and DRi is denoted as n1,k, n2i,k, n4i,k ∼ CN (0, σ2
j ). The

cellular and D2D user’s signals transmitted on kth subcarrier are denoted as scu,k

and sdti,k respectively with zero mean and E{s∗cu,kscu,k} = E{s∗dti,ksdti,k} = 1.

The protocol description for the proposed scheme is summarized in Algorithm

4.2. In the algorithm, P ac
out denotes the acceptable cellular outage probability con-

straint, R2i and R3i denote the achievable rate of CU-DTi and DTi-BS links re-

spectively whereas, RT denotes the target rate of the cellular user. Since all the

CU UEs and DT UEs are part of the same cell, it is assumed that they follow

the same physical layer architecture [96]. Timing and frequency synchronization is

initiated by primary synchronization signal (PSS) and secondary synchronization

signal (SSS) as specified in LTE Release-12. BS facilitates D2D discovery and maps

M DT-DR pair to each CU to share the cellular spectrum based on proximity [97],

[98]. BS broadcasts PSS and SSS signals for frequency and time synchronization,

which also indicates the cell identity, mode of transmission (duplex etc.), and infor-

mation about discovered D2D UEs. After receiving PSS/SSS, each CU transmits

an acknowledgement message with RT and P ac
out to BS. BS estimates the channel

gain and achievable rate of CU-DTi , DTi-BS and DTi-DRi links. It creates a set

S = {i|i = 1, ..,M ,R2i > RT}, of DTi which can successfully decode the cellu-

lar signal. Within S, DTs
i which achieves the maximum SNR at BS is selected

as a best D2D UE to relay cellular data to BS. BS notifies CU and DTs about
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Figure 4.1. System Model with Multiple DTs and Multiple DRs

the selected DTs
i through UE relay confirmation message (URCM). After listening

URCM, two phase transmission takes place where the selected DTs
i serves as a

relay.

For fair distribution of N −D subcarriers among M DTs, we propose a round

robin process with priority cube method. The proposed method has been summa-

rized in Algorithm 4.3. Sdti denotes the number of subcarriers belonging to D2D

user DTi, where 1 ≤ i ≤ M . Sdtj denotes the number of subcarriers belonging

to user DTj, where j denotes the pointer to DT. Initially, bN−D
M
c ×M subcarriers

are equally distributed among all DTs. The remaining (N−D)modM subcarriers

are distributed to DTs as per the indication, given by the pointer j. For next



84

Algorithm 4.2 Selection Procedure of Best DT UE

Step 1. BS broadcasts PSS and SSS.

Step 2. CU transmits a confirmation message with RT and P ac
out.

Step 3. BS estimates channel gain and achievable rate of CU-DTi , DTi-BS and
DTi-DRi links.

Step 4. Create an empty set S.

for i = 1 : 1 : M do
if R2i > RT then

Add DTi to S.
end if

end for

if set S = Ø then
flag = 1

else
DTs

i which achieves maximum SNR at BS is selected as a relay DT
UE. BS also estimates the number of subcarriers, D for which the outage
probability P ac

out satisfied.

for k = 1 : 1 : N do
if Pr(R3i > RT ) == P ac

out then
D = k
break

end if
end for

end if

Step 5. BS sends URCM to CU and DTs.

transmission, the pointer is shifted to j + 1.

To illustrate, let us suppose during the first transmission, N = 32, D = 15, and

M = 5. Hence, N−D = 17 subcarriers are available for distribution among 5 DTs.

If the pointer is set to j = 1 i.e. DT1, each DTi will get 3 subcarriers for D2D

communication, and remaining (N − D)modM = 2 subcarriers will be shared

by DT1 and DT2, since the pointer j showed DT1. For the next transmission,

the pointer will be set to j = 3. Hence, during next transmission, distribution of

(N −D)modM subcarriers will start from DT3.
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Algorithm 4.3 Round robin process with priority cube for subcarriers sharing
between DTs
Create a set Sd = bN−D

M
c ∗M

Create another set Se = (N −D)modM
DTi; 1 ≤ i ≤M
Sdti denotes number of subcarriers belonging to user DTi

Set a pointer j = 1

while Sd is non-empty do
Sdti = Sdti + 1; ∀i

end while
while Se is non-empty do

Sdtj = Sdtj + 1
j = (j modM) + 1
end while

4.3 Cellular Rate and Outage Probability

In this section, closed-form expressions for the rate and outage probability of the

cellular user for two cases i.e CU-DT-BS link and CU-DT-BS with cellular link are

derived.

4.3.1 CU-DT-BS link

Signal scu,k is transmitted by CU, and is received by DTs via Ψ2i,k link. The signal

received at DTi over subcarrier k is denoted as ξDTik and is given by,

ξDTik = (pcu,k)
1
2 Ψ2i,kscu,k + n2i,k, 1 ≤ k ≤ N, ∀ i, (4.1)

where pcu,k denotes cellular signal power over kth subcarrier. The instantaneous

rate of the signal received at DTi with N subcarriers is given as,

RCU−DTi
2i =

1

2

N∑
k=1

log2

(
1 +

γ2i,k pcu,k
σ2

)
, (4.2)

where 1
2

is due to two phases transmission.

In Phase II, out of total N subcarriers received from CU, DTs
i (selected DT

UE) will decode and forward only D subcarriers to BS. The instantaneous rate at
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BS after two phase transmission is given as,

Rc−d2d
BS =

1

2

D∑
k=1

log2

(
1 + max

i=1,2,..M

γ3i,k pdt,k
σ2

)
, (4.3)

where pdt,k is the subcarrier power belonging to DTi.

If RT denotes the target rate of transmission, then the probability that no DTi

is able to decode the cellular signal is given by,

P1 = Pr(RCU−DT1
21 < RT ) Pr(RCU−DT2

22 < RT )...

Pr(RCU−DTM
2M < RT )

=
M∏
i=1

Pr(RCU−DTi
2i < RT ). (4.4)

Without loss of generality, it is assumed that the power and channel gain are

uniformly distributed across all the subcarriers [34],

pcu,k = pcu,∀ k; pdt,k = pdt,∀ k; γxy,k = γxy,∀ k. (4.5)

From (4.2) and (4.5),

Pr
(
RCU−DTi

2i < RT

)
= Pr

(
γ2i <

ρ1σ
2

pcu

)
= 1− e

−ζl2iσ
2

pcu
ρ1 (4.6)

where, ζ2i denotes distance between CU and DTi. Substituting (4.6) into (4.4), we

get

P1 =
M∏
i=1

(
1− e

−ζl2iσ
2

pcu
ρ1

)
. (4.7)

Probability that at least one DTi is able to decode the cellular signal is given as,

P
′

1 = 1− P1 (4.8)
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Substituting (4.7) into (4.8), we get

P
′

1 = 1−
M∏
i=1

(
1− e

−ζl2iσ
2

pcu
ρ1

)
(4.9)

Thus, the outage probability for CU-DT-BS link can be given as,

PBS,out = P
′

1 Pr
(
Rc−d2d
BS < RT

)
+ P1. (4.10)

Further, from (4.3) and (4.5),

Pr(Rc−d2d
BS < RT ) = Pr

(
max

i=1,...,M
γ3i <

(22RT /D − 1)σ2

pdt

)
=

M∏
i=1

Pr

(
γ3i <

ρ2σ
2

pdt

)

=
M∏
i=1

(
1− e−

ζl3iσ
2

pdt
ρ2

)
, (4.11)

where ρ1 = (22RT /N − 1) , ρ2 = (22RT /D− 1) , γ2i ∼ exp(ζ l2i), and γ3i ∼ exp(ζ l3i).

Substituting (4.7), (4.9), and (4.11) in (4.10), we get

PBS,out =

[
1−

M∏
i=1

(
1− e

−ζl2iσ
2

pcu
ρ1

)] M∏
i=1

(
1− e−

ζl3iσ
2

pdt
ρ2

)

+
M∏
i=1

(
1− e(−ζl2iσ2ρ1/pcu)

)
. (4.12)

4.3.2 CU-DT-BS with cellular link

4.3.2.1 For direct CU-BS transmission

In Phase I, CU transmits N subcarriers to BS and each DTi. The received signal

at BS over subcarrier k is,

ξBSk = (pcu,k)
1
2 Ψ1,k scu,k + n1,k , 1 ≤ k ≤ N. (4.13)

The instantaneos rate at BS for all N subcarriers is given as
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RN =
N∑
k=1

log2(1 +
γ1,k pcu,k
σ2

). (4.14)

The target rate of the system is RT and outage occurs if RN < RT . Therefore,

the outage probability for CU-BS link is,

Pout = Pr(RN < RT ) (4.15)

From (4.5) and (4.14),

Pr(RN < RT ) = Pr

(
γ1 <

(2RT /N − 1)σ2

pcu

)
(4.16)

where γ1 ∼ exp(ζ l1). Hence,

Pout =

(
1− e−

(2RT /N−1)σ2ζl1
pcu

)
. (4.17)

4.3.2.2 For transmission with C-D2D

In Phase II, out of total N subcarriers received from CU, DTs
i decodes and forward

only D subcarriers to BS. BS employs MRC [12], [34] to combine the signals re-

ceived in two phases3. The instantaneous rate at BS after two phases transmission

is,

RMRC
BS =

1

2

D∑
k=1

log2

(
1 +

pcu,k γ1,k

σ2
+ max

i=1,2,..M

pdt,k γ3i,k

σ2

)

+
1

2

N−D∑
k=1

log2

(
1 +

pcu,k γ1,k

σ2

)
. (4.18)

When decoding set S = Ø, then there will be no transmission from DTi to

BS in Phase II. However, BS would still be able to receive the cellular signal from

CU-BS link.

3BS has CSI information of DTs
i -BS link.
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Thus, the cellular outage probability for CU-DT-BS with cellular link is defined

as,

Pmrc
BS,out = P

′

1 Pr
(
RMRC
BS < RT

)
+ P1 Pr

(
1

2
RN < RT

)
. (4.19)

Proposition 4.1 The cellular outage probability for CU-DT-BS with cellular link

can be derived in closed form as:

Pmrc
BS,out =

(
1−

M∏
i=1

(
1− e

−ζl2iσ
2

pcu
ρ1

))[
1− e−ζl1α

+ ζ l1

(
−M

1!
Υ1 +

M(M − 1)

2!
Υ2 + ....+

(−1)M
M(M − 1)...(M − (n− 1))

M !
ΥM

)]
+

[
M∏
i=1

(
1− e

−ζl2iσ
2

pcu
ρ1

)](
1− e−

ζl1σ
2

pcu
ρ1

)
. (4.20)

Proof : Proof of the Proposition 4.1 is given in Appendix D.

4.4 D2D Rate and Outage Probability

In Phase II, DTs
i will transmit D subcarriers to BS. The remaining N−D subcarri-

ers will be assigned to all the DTs as per the round robin process with priority cube

as summarized in Algorithm 4.3. This process may lead to two further possibilities:

1. When S = Ø, all N subcarriers can be used for DTi-DRi communication.

2. When card(S) ≥ 1, N −D subcarriers will be transmitted to DRi.

Signal sdti,k is transmitted by DTi over kth subcarrier. The received signal at

DRi is,

φDRik = (pdt,k)
1
2 Ψ4i,k sdti,k + n4i,k (4.21)

If there are M number of DT-DR pairs, the minimum instantaneous rate at

DRi, for S = Ø,
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R1 =
1

2

b N
M
c∑

k=1

log2

(
1 +

pdt,k γ4i,k

σ2

)
. (4.22)

The minimum instantaneous rate at DRi for card(S) ≥ 1,

R2 =
1

2

bN−D
M
c∑

k=1

log2

(
1 +

pdt,k γ4i,k

σ2

)
(4.23)

If the target rate for D2D communication is RTs , then the total outage proba-

bility is,

P d2d
out = P1 Pr(R1 < RTs) + P

′

1 Pr(R2 < RTs). (4.24)

From (4.5), (4.22) and (4.23),

Pr(R1 < RTs) = Pr

(
γ4i <

(22RTsbM/Nc − 1)σ2

pdt

)
=

(
1− e−

ζl4iσ
2

pdt
ρ
′
1

)
, and (4.25)

Pr(R2 < RTs) = Pr

(
γ4i <

(22RTsbM/(N−D)c − 1)σ2

pdt

)
=

(
1− e−

ζl4iσ
2

pdt
ρ
′
2

)
, (4.26)

where, γ4i ∼ exp(ζ l4i), ρ
′
1 = (22RTsbM/Nc − 1) and ρ

′
2 = (22RTsbM/(N−D)c − 1).

Thus, from (4.7), (4.9), (4.25) and (4.26), the total D2D outage probability can

be derived as,

P d2d
out =

M∏
i=1

[
1− e

−ζl2iσ
2

pcu
ρ1

](
1− e−

ζl4iσ
2

pdt
ρ
′
1

)

+

(
1− e−

ζl4iσ
2

pdt
ρ
′
2

)[
1−

M∏
i=1

(
1− e

−ζl2iσ
2

pcu
ρ1

)]
. (4.27)
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4.4.1 Derivation for optimal M

We can determine the maximum value of M that can satisfy the D2D outage

probability constraint.

Assuming, ζ l2i = ζ l2 and ζ l4i = ζ l4 ∀i in (4.27),

P d2d
out = PM

(
1− e−

ζl4σ
2

pdt
ρ
′
1

)
+

(
1− e−

ζl4σ
2

pdt
ρ
′
2

)[
1− PM

]
, (4.28)

where,

P =

(
1− e

−ζl2σ
2

pcu
ρ1

)
.

Rearranging (4.28), we can write,

PM =

P d2d
out −

(
1− e−

ζl4σ
2

pdt
ρ
′
2

)
(

1− e−
ζl4σ

2

pdt
ρ
′
1

)
−
(

1− e−
ζl4σ

2

pdt
ρ
′
2

) . (4.29)

Taking logarithmic on both sides, we get

M =

log2

 P d2dout −

1−e
−
ζl4σ

2

pdt
ρ
′
2


1−e

−
ζl4σ

2

pdt
ρ
′
1

+

1−e
−
ζl4σ

2

pdt
ρ
′
2




log2P

, (4.30)

or,

M = logP


P d2d
out −

(
1− e−

ζl4σ
2

pdt
ρ
′
2

)
(

1− e−
ζl4σ

2

pdt
ρ
′
1

)
+

(
1− e−

ζl4σ
2

pdt
ρ
′
2

)
 . (4.31)

4.5 Simulation Results

This section shows the simulation results for the outage probability for two cases:

CU-DT-BS link and CU-DT-BS with cellular link. Further, in order to verify

the analytical derivations, the simulation results have also been compared with

theoretical results. The radial distance between CU and BS is set to 800 m, i.e.
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ζ1 = 800. DTi−DRi pair lie in between CU-BS, and radial distance between them

is fixed to 50 m, i.e ζ4i = 50. Without loss of generality, it is assumed that each DTi

is equidistant from CU, which is set to 500m, i.e. ζ2i = 500 and, thus ζ3i = 300.

We have chosen the target rate for both cellular and D2D link as RT = RTs =1

bit/sec/Hz and N = 32 denotes the total number of subcarriers. The cellular and

D2D subcarrier power has been set to 100 mW (i.e. pcu = pdt = 100mW), whereas

noise variance, σ2 = −120 dBm, and the path loss exponent has been set to l = 4

(considering urban area).
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Figure 4.2. Cellular outage probability for CU-DT-BS link

Fig. 4.2 shows the analytical and simulation results for the cellular outage

probability vs number of subcarriers D for the case of CU-DT-BS link. The results

have been plotted for M = 1,2,3. As the number of forwarded subcarriers D from

DTs
i to BS increases, the outage probability decreases. The outage probability also

decreases with increase in M . For instance, when M = 3, D = 10, the cellular

outage probability, Pout < 10−6. Hence, remaining N −D = 22 subcarriers can be

shared by DTs for D2D communication. From Fig. 4.2, we can observe that the

outage probability becomes stagnant for a given value of particular threshold (for
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instance D > 15). This phenomenon can be explained as follows. AS DTs
i is a DF

relay, it forwards the successfully decoded subcarriers to BS, hence, as D increase,

Rc−d2d
BS increases, consequently outage probability decreases. For D > 15, decoding

of subcarriers at DTs
i becomes the bottleneck for outage probability due to large

distance between CU-DTs
i , i.e. ζ2i = 500 m. Thus, any further increase in D will

not have any impact on the outage probability.
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Figure 4.3. Cellular outage probability vs number of DTs for CU-DT-BS link

Fig. 4.3 shows the analytical and simulation results of the cellular outage

probability vs number of DTs for CU-DT-BS link case. Results are also plotted

for different number of subcarriers, i.e. D = 5,10,15, and 20. From Fig. 4.3, we can

observe that as number of DTs (M) increases, the outage probability decreases.

Moreover, for a particular M , with increase in D outage probability reduces to a

great extent. For instance, when M = 8, D = 5, outage probability Pout < 10−3,

whereas, for M = 8 , D = 10, Pout < 10−16 , thus outage probability reduces

significantly with increase in M or D. However, for D = 15 and D = 20, Pout is

almost same for all values of M . This occurs due to the phenomenon discussed

earlier for the case of Fig. 4.2. At D = 15, Pout is almost stagnant, and there will



94

be no improvement in outage probability with any further increment in D.
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Figure 4.4. Cellular outage probability for CU-DT-BS with cellular link

Fig. 4.4 shows the analytical and simulation results of the outage probability

vs number of subcarriers D for the case of CU-DT-BS with cellular link. In this

case, MRC is employed at BS to combine the signals received in two phases. A

trend similar to CU-DT-BS link is observed in Figure 4.4, i.e. outage probability

decreases with the increase in D. The results have been plotted for 3 DTi. M = 0

corresponds to direct cellular uplink transmission i.e. without relay. For instance,

M = 1, D = 7, Pmrc
BS,out is slightly less than 10−4, whereas, for M = 2, D = 7,

Pmrc
BS,out ≈ 10−6, thus, Pmrc

BS,out reduces significantly with increase in M . Similar to

Fig. 4.2, outage probability becomes stagnant for D ≥ 15. This is due to the fact

that when D approaches to some high value (i.e. D ≥ 15), Pr
(
RMRC
BS < RT

)
attains

very small value and decoding of the cellular signal at DTi becomes the limiting

factor of Pmrc
BS,out. Thus, further increase in D will not impact the outage probability.

For a particular M and D, outage performance of CU-DT-BS with cellular link

is better than CU-DT-BS link. This is due to the availability of CU-BS link

for MRC. Hence, for CU-DT-BS with cellular link, more number of subcarriers are
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available for D2D communication while satisfying the outage probability constraint

of cellular user.
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Figure 4.5. Cellular outage probability vs number of DTs for CU-DT-BS with cellular
link

Fig. 4.5 shows the analytical and simulation results of the cellular outage

probability vs number of DTs for CU-DT-BS with cellular link. Results are also

plotted for different number of subcarriers, i.e. D = 5 to 25 with interval of 5.

Trend similar to Fig. 4.3 is observed in Fig. 4.5, i.e. for different values of D,

the cellular outage probability decreases with increase in M . For instance, D = 5,

M = 4, Pmrc
BS,out ≈ 10−5, whereas for same D and M , cellular outage probability is in

the order of 10−2 for CU-DT-BS link. For D ≥ 15, there is no further improvement

in the outage probability with respect to M . However, for D = 15, Pmrc
BS,out decrease

very rapidly with respect to M . Even though, for M = 4, Pmrc
BS,out ≈ 10−13. Hence,

for this case, N−D = 17 subcarriers can be shared by DTs for DT communication.

Fig. 4.6 shows the D2D outage probability vs D subcarriers for 3 DTs, i.e.

M = 1, 2, 3. For a particular M , D2D outage probability increases with increase

in D. It is due to the fact that as D increase, N −D decreases, thus subcarriers
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Figure 4.6. D2D outage probability vs subcarriers

available for D2D communication decreases, consequently D2D outage probability

increases. Another trend can be observed from Fig. 4.6 that, as M increases,

P d2d
out also increases. This can be explained as follows. For instance, when D = 16,

N − D = 16 subcarriers are available for D2D communication, that needs to be

shared equally among all M DTs as per the analysis given in Algorithm 4.3. For

D = 16, M = 1, all remaining N −D = 16 subcarriers are used by single DT-DR

pair, and thus P d2d
out ≈ 10−6, whereas, for M = 2, each DT-DR pair has bN−D

M
c = 8

subcarriers available for D2D communication, thus P d2d
out ≈ 10−5. Hence, there is

a trade-off between D2D outage performance and the number of D2D users that

can be supported.

Table 4.1 provides the number of subcarriers D required for cellular transmis-

sion and the respective D2D outage probability corresponding to the cellular outage

constraint. Results have been computed for M = 1,2,3 for both cases i.e. CU-DT-

BS link and CU-DT-BS with cellular link. From Table 4.1, we can observe that

for a particular M , and cellular outage constraint, CU-DT-BS with cellular link

has less D2D outage probability as compared to other cases. Further, for M = 1,
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Table 4.1. D2D outage probability for CU-DT-BS link (case-I) and CU-DT-BS with
cellular link (case-II) corresponds to cellular outage constraint

Cellular outage constraint 10−2 10−3 10−4 10−5 10−6 10−7 10−8

D for M = 1
Case-I 10 - - - - - -

Case-II 1 5 7 - - - -

D for M = 2
Case-I 7 8 9 - - - -

Case-II 1 4 5 6 8 10 -

D for M = 3
Case-I 6 7 7 8 10 11 15

Case-II 1 4 5 6 6 7 8

D2D outage for M = 1
Case-I 4.069× 10−7 - - - - - -

Case-II 1.989× 10−7 2.606× 10−7 3.061× 10−7 - - - -

D2D outage for M = 2
Case-I 2.111× 10−6 2.457× 10−6 2.896× 10−6 - - - -

Case-II 1.031× 10−6 1.423× 10−6 1.608× 10−6 1.833× 10−6 2.457× 10−6 3.463× 10−6 -

D2D outage for M = 3
Case-I 1.038× 10−5 1.275× 10−5 1.275× 10−5 1.593× 10−5 2.642× 10−5 3.526× 10−5 1.568× 10−4

Case-II 4.512× 10−6 7.183× 10−6 8.577× 10−6 1.038× 10−5 1.038× 10−5 1.275× 10−5 1.593× 10−5

Table 4.2. Maximum D2D pairs (M) for different D2D outage probability constraint

D2D outage constraint 10−1 10−2 10−3 10−4 10−5 10−6

N −D = 31 M = 10 M = 9 M = 7 M = 5 M = 4 M = 2

N −D = 27 M = 9 M = 7 M = 6 M = 5 M = 3 M = 2

N −D = 22 M = 7 M = 6 M = 5 M = 4 M = 3 M = 2

N −D = 17 M = 6 M = 5 M = 4 M = 3 M = 2 M = 1

N −D = 12 M = 4 M = 3 M = 3 M = 2 M = 2 -

N −D = 7 M = 3 M = 2 M = 2 M = 1 - -

with CU-DT-BS link, the minimum cellular outage probability can be achieved is

slightly less than 10−2, even if all N subcarriers are used for cellular transmission,

whereas for the case of CU-DT-BS with cellular link, D = 7 subcarriers are re-

quired to achieve the cellular outage constraint of 10−4, thus remaining subcarriers

can be used for D2D communication. Hence for a particular power and target rate

profile, high cellular outage constraint with low D2D outage probability can be

achieved by CU-DT-BS with cellular link. However, there is a trade-off in cellular

outage constraint and D2D outage probability. For high cellular outage probability

constraint, D would be high, thus less number of subcarriers are avaialble to share

among M DTs, consequently D2D outage probability will be high.

From Fig. 4.5 and Fig. 4.6, we can observe that cellular outage probability

decreases with increase in M , whereas D2D outage probability increases with in-

crease in M . Hence, for a particular D2D outage probability constraint, there is
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trade-off in between cellular outage probability and number of D2D pairs (M).

Table 4.2 provides the maximum number of DT-DR pairs (M) that can be used

to satisfy a particular D2D outage probability constraint. Results have been com-

puted for different number of N − D subcarriers available for D2D transmission

i.e. N − D = 31, 27, 22, 17, 12 and 7. From Table 4.2, we can observe that for a

particular N −D, the number of DT-DR pair (M) decreases with increase in D2D

outage probability constraint. For instance, N −D = 27, P d2d
out constraint = 10−3,

the maximum value of M = 6, whereas for same number of subcarriers to achieve

the P d2d
out constraint = 10−5, maximum M = 3. Hence M decreases with increase

in D2D outage probability contraint.

4.6 Conclusion

This chapter proposed a best D2D user selection protocol for cooperative D2D

framework wherein multiple D2D users coexist with a cellular user. In particular,

among the M available D2D pairs, DTs
i (selected D2D user) helps the cellular

user by relaying few of its subcarriers to BS. In return, multiple D2D users shares

the cellular spectrum in a round-robin process with priority cube method to facil-

itate D2D communication. The rate and the outage probability of the proposed

framework has been derived for two cases: CU-DT-BS link and CU-DT-BS with

cellular link. In addition, a closed-form expression for the optimal value of number

of D2D pairs (M) satisfying the target rate and outage probability constraint of

cellular and D2D users is derived. Simulation results verified the accuracy of the

derived expressions. Results show that the proposed best D2D selection framework

outperforms the conventional C-D2D framework.



Chapter 5
Testbed Implementation and

Protocol Analysis for D2D

Communication Frameworks

5.1 Introduction

Most of the prior work in D2D communication has been restricted to either ana-

lytical evaluation or performance assessment through extensive simulation set-up

with very few measurement results. Further, lack of measurement testbeds creates

an ambiguity on the veracity of theoretical/simulation results which tend to make

a lot of assumptions which may not be valid in real world scenarios. Recently

few testbeds have been developed to measure the performance of D2D communi-

cation frameworks in realistic scenarios. For instance, [99] focuses on the design

of compact full duplex multiple-input multiple-output (MIMO) radios which are

implemented in D2D underlaying cellular network. For the full duplex MIMO

operation, proposed coupled structure consists of two components: a compact

and power-efficient, dual-polarization-based analog solution and a LTE-based per-

subcarrier digital self-interference canceller. Normalized synchronized peak (NSP)

index switching algorithm is also proposed to initiate full duplex communications

via a timing synchronization. A major implication from this experimental evalua-

tion is that, even when a user utilizes the maximum transmitted power, full duplex
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MIMO radio designed for users is still able to acquire throughput gain in an indoor

mobile network. However, the implemented prototype was not tested on different

D2D modes, and it was non-adaptive in nature.

In this chapter, as a proof-of-concept demonstration and performance assess-

ment, the C-D2D framework has been implemented on a software reconfigurable

(NI) USRP-2922 platform [100]. The quantitative results are obtained by mea-

suring SER for both cellular and D2D users. Measurement results show that the

SER performance of the cellular user improves significantly with C-D2D. In addi-

tion, there is a net increase in received SNR at BS. Moreover, C-D2D framework

facilitates D2D communication with acceptable SER.

In the second part of the chapter, an adaptive C-D2D framework is proposed

to facilitate D2D communication in the cellular network. Specifically, we employ

adaptive modulation and coding (AMC) in conventional C-D2D framework to en-

hance the performance of both CU and DT. Measurement results shown that the

proposed framework outperforms the conventional C-D2D framework.

In the third part of the chapter, a novel adaptive interference aware underlay

D2D (U-D2D) framework is proposed. By utilizing the proposed framework, it is

possible to protect the cellular user from excessive interference by D2D transmit-

ter, thus maintaining the desired QoS at CU. Measurement results of the proposed

scheme are compared with the conventional underlay D2D framework. Results

show that adaptive interference aware underlay D2D framework improves the BER

and spectral efficiency (SE) of the overall system when compared to the conven-

tional U-D2D framework.

The remainder of this chapter is organized as follows. Section 5.2 discusses the

Implementation and measurement setup for all three proposed frameworks. Mea-

surement results and discussion are provided in Section 5.3, and finally conclusion

is drawn in Section 5.4.

5.2 Implementation and Measurement Setup

The testbed consists of four nodes namely CU, BS, DT, and DR. Each node is im-

plemented on NI USRP-2922 platform. The physical layer modem is programmed

to follow the OFDM standards in IEEE 802.11a. All nodes except DR are time
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synchronized in time division duplex (TDD), which is required to execute two

phases DF protocol.

Measurements were taken in a wireless system laboratory (Shannon laboratory)

within our institute1. The lab has the number of workstations preloaded with NI-

Labview software for the staff and students. The lab environment is fairly dynamic

due to consistent human traffic. A photo of the measurement setup for LOS is

shown in Fig. 5.1. The measurement layout for CU-BS in line-of-sight (LOS) and

non-LOS (NLOS) are shown in Fig. 5.2 and 5.3 respectively. This set-up includes

4 USRPs along with a master control computer connected with a switch. The role

of four USRPs is to provide user defined radio capability as a CU, BS, DT and

DR nodes. All USRP antennas are installed at the height of 1.4m from floor level.

Two types of measurements were taken. In first, CU-BS path is in LOS, and in

second, CU-BS path is obstructed by a wall to create NLOS condition as shown

in Fig. 5.3. DT is in LOS with CU and BS, and DR is in LOS with DT. As a

benchmark for comparison, measurements for direct CU-BS transmission were also

taken. All nodes are transceivers operating in time division duplex (TDD) mode,

except for DR which only needs to receive data. The nodes are time synchronized

through their respective CPU clocks. This time synchronization is necessary for

the execution of the two-phases cooperative D2D protocol.

5.2.1 Protocol implementation (C-D2D)

Field trials were conducted in an indoor lab environment and received SNR and

SER for the cellular and D2D users for different distances were measured to quan-

tify their respective performance.

In Phase I, CU broadcast N QPSK modulated subcarriers to BS and DT.

DT receives the data transmitted by CU and decodes it. In Phase II, DT forwards

QPSK modulated D = N/2 subcarriers to BS, whereas, remaining N/2 subcarriers

are transmitted to DR for D2D communication2. BS will apply MRC to combine

the signals received in two phases. Received SNR and SER have been measured

and calculated for different distances for both cellular and D2D system. In addition

1https : //www.iiitd.ac.in/facilities/labs/shannon lab
2Please note that DT will send only half of the data it received from CU to BS using N/2

subcarriers, remaining N/2 subcarriers are reserved for D2D communication
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Figure 5.1. Measurement setup for LOS

Figure 5.2. Measurement layout for LOS

to above, measurements were also taken for different transmitter gain which can

be varied in USRP. In order to compare the performance of the proposed scheme,

we have also measured the received SNR and SER for direct CU-BS transmission

(i.e. without C-D2D). Results show that the proposed subcarrier sharing scheme

outperforms the direct CU-BS communication as well as it is beneficial for both
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Figure 5.3. Measurement layout for NLOS

cellular and D2D users.

5.2.1.1 Power measurement set-up

The transmit power for the corresponding USRP gain has been measured by CXA

900A signal analyzer. The power measurement set-up has been shown in Fig. 5.4.

The power has been measured from -5 dB to 20 dB Tx gain with an interval of 5

dB. The power corresponding to -5 dB Tx gain is measured to be -47 dBm. Every

5 dB increase in Tx gain results into 5 dBm increase in measured power. Hence

power corresponding to 20 dB Tx gain is measured as -22 dBm.

Figure 5.4. Power measurement set-up

The average path loss value between two nodes for different distances are shown
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Table 5.1. Path Loss with respect to transmit gain

Tx Gain

(dB)

Path Loss (dB)

d=0.5m d=2m d=3m

-5 45.2 58.2 60.2

0 47.6 57.6 62.6

5 49.2 58.2 61.2

10 49.1 57.1 60.1

15 46.2 56.2 59.2

20 42.0 49.1 50.1

in Table 5.1. For instance, Tx gain = 5 dB, d = 3m, the average path loss is

measured as 61.2 dB. From free space path loss equation [101], the path loss

exponent for direct CU-BS link is calculated as 3.5.

5.2.1.2 Frame structure

Each transmitted OFDM frame consists of short training field (STF), long training

field (LTF), and data payload. STF and LTF are used for coarse synchronization

and initial channel estimation respectively. Total data bits per frame are 720,

which are coded with (7, [133 171]) convolution code with the code rate of 1/2.

The coded bits are further QPSK modulated to generate 720 data symbols. Each

frame consists of 15 OFDM symbols, and each OFDM symbol consists of 48 QPSK

modulated data symbols and 4 pilots. A cyclic prefix (CP) of duration 16 samples

is also appended for each OFDM symbol. IFFT/FFT length is 64. Total RF

bandwidth is 20 MHz, and the carrier frequency is 2.4 GHz. Both transmitters

CU and DT use same modulation format, i.e., QPSK.

5.2.2 Protocol implementation (adaptive C-D2D)

Similar to conventional C-D2D framework, the testbed consists of four nodes, i.e.,

CU, BS, DT and DR. The distance between CU-BS, CU-DT, DT-BS, and DT-DR

are denoted as d1, d2, d3, and d4 respectively. In the proposed framework, a DT

helps the CU to achieve its QoS by acting as a DF relay in exchange for cellular

spectrum. In Phase I, CU broadcasts the cellular signal with QPSK modulation
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over N subcarriers which is received by BS and DT. In Phase II, DT forwards

the decoded subcarriers to BS with larger constellation size (M > 4) to enhance

the SE of CU. If DT uses M -QAM to modulate the subcarriers before forwarding

them to BS, then the maximum number of subcarriers that needs to be forwarded

by DT to BS would be N/log2(M). Thus, remaining N − (N/log2(M)) subcarriers

can be used by DT to transmit its data to DR. At BS, BER-SC [34] is employed

to combine the signals received in two-phases. Specifically, BS decodes the signal

of the branch having lower BER.

We have conducted field trials and measured BER and SE in the indoor lab

environment for both cellular and D2D users at different distances. Measurements

have been taken for CU-BS LoS and N-LOS scenarios, whereas, DT is always in

LOS with other nodes. As a benchmark for comparison, BER and SE for direct

CU-BS transmission, i.e., without C-D2D are also measured. It is shown that when

AMC is employed along with BER-SC, it significantly improves the BER and SE

performances of the cellular user.

5.2.2.1 Protocol flowchart

The protocol flowchart for the proposed adaptive C-D2D framework is shown in

Fig. 5.5. In phase I, CU broadcasts QPSK modulated N subcarriers with convo-

lution coding rate (CCR) = 1/2 to BS which are overheard by DT. DT tries to

decode the CU data received in Phase I. In phase II, based on the distance between

CU-DT, i.e., d2, DT will transmit data to BS and DR as per the following cases.

Case I - For d2 = 2.5m, d3 = d4 = 2.5m: D = N/log2(M) subcarriers (where

M = 16) are transmitted from DT to BS.

Case II - For d2 = 3.5m and d3 = d4 = 1.5m: D = N/log2(M) subcarriers

(where M = 64) are transmitted from DT to BS.

At BS, BER-SC [34] is employed to combine the signals received in two-phases.

Specifically, BS decodes the signal of the link having less BER. The results have

been measured for CCR = 1/3, 1/2 and 2/3. For both cases, remaining N − D
subcarriers are transmitted from DT to DR. Thus, proposed scheme facilitates

the D2D communication along with cellular communication while maintaining the

BER constraint of CU.

Here, BS received P number of packets from both CU and DT. BER of each
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Figure 5.5. Measurement flowchart for adaptive C-D2D

packet received from CU and DT are compared, and the packet with less BER is

selected. Let p1 denotes the number of packets of the link I (refer Fig. 5.5) which
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have less BER than link II while p2 denotes the number of packets of link II which

have less BER than the link I, where p1 + p2 = P . Thus, as per BER-SC, BS will

select p1 packets from the link I, and p2 packets from the link II.

Moreover, for a particular distance, measurements were taken for different

transmit gain (Tx gain) of USRP. Further to quantify the performance, we have

also calculated maximum achievable SE. Results show that proposed subcarrier

sharing scheme with AMC outperforms the direct CU-BS communication as well

it is beneficial for both cellular and D2D users

5.2.2.2 Frame structure and power measurement set-up

The physical layer parameters implemented on the system are shown in Table 5.2.

Each transmitted OFDM symbol consists of STF and LTF for synchronization

and channel estimation. Total bits per frame are 720 which are encoded with CCR

= 1/3, 1/2, 2/3 with the constraint length of 7. These coded bits are further

modulated with one of the modulation schemes: QPSK, 16-QAM or 64-QAM to

generate 720, 360 or 240 data symbols respectively. Each OFDM symbol consists

of 48 modulated data symbols and 4 pilots. A CP of duration 16 samples is also

appended with each OFDM symbols.

Table 5.2. Physical layer parameters

Parameters Values

Modulation QPSK, 16 QAM and 64 QAM

CCR 1/2, 1/3 and 2/3

IFFT/FFT length (NFFT ) 64

RF bandwidth (B) 20 MHz

Carrier frequency 2.4 GHz

Subcarrier spacing (BN) 312.5 kHz

Symbol time per subchannel (TN) 4 µsec

Data interval time (Tdata) 3.2 µsec

Guard interval (GI) time (TGI) 0.8 µsec

IFFT/FFT (TFFT ) period 4 µsec

Short training sequence (Tshort) 4 µsec

Long training sequence (Tlong) 8 µsec
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To increase the range of transmitting power, we employ a power amplifier3 (PA)

ADL5545 with DC power supply4 PWS2326 at CU. To increase the Tx gain to 22

dB at CU, DC power supply PWS2326 parameters are configured with voltage V =

4.78 V and current I = 0.056 A. The transmitted power at the USRP output gain

has been measured by CXA 900A signal analyzer. The power has been measured

from 27 dB to 52 dB Tx gain with an interval of 5 dB. The power corresponding

to 27 dB Tx gain is measured to be -38 dBm. Every 5 dB increase in Tx gain

results into 5 dBm increase in measured power. Hence power corresponding to 52

dB Tx gain is measured as -13 dBm.

5.2.2.3 Spectral efficiency

We have taken NFFT = 64. However, only 48 subcarriers are used for data trans-

mission, i.e., Nd = 48. 4 pilot symbols are used for channel estimation. 12 null

subcarriers are also added (including DC) to avoid spectrum leakage to adjacent

bands. The length of the cyclic prefix, µ = 16 samples. Therefore, each OFDM

symbol has Nt total number of samples, where, Nt = NFFT + µ = 80 (including

both data and cyclic prefix). The convolutional code is used as an error correction

code with three possible CCR = 1/3, 1/2 and 2/3.

Since bandwidth, B = 20 MHz (which is equal to sampling rate 1/Ts), thus,

subcarrier bandwidth (BN) is equal to

BN =
B

N
Hz. (5.1)

Each symbol is represented by k bits, where :-

k = log2(M) bits, (5.2)

where M denotes constellation size.

OFDM block duration (OFDM symbol + CP) is :-

TN = Nt × Ts. (5.3)

3PA is manufactured by Analog Devices and has voltage range of 4.75-5.25 V and supply
current of 56 mA

4PWS2326 is manufactured by Tektronix and has voltage range of 0-32 V and current range
of 0-6 A.
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According to [53], maximum data rate (DR) (bps) for an OFDM system with

Nd subcarriers is given as,

DR =
Nd × CCR× k

TN
bps. (5.4)

As discussed above, CU broadcasts P packets which are received by DT and

BS. In BER-SC, BS calculates BER of each link, i.e., CU-BS (direct) and DT-BS

(with AMC) and then decodes the signal of each branch that has minimum BER.

Let the number of packets for CU-BS link which have BER is less than DT-BS

link is p1. Thus, the remaining number of packets in DT-BS link is p2 = P − p1

which have less BER than CU-BS link. Thus, DRav is given as,

DRav =
p1

P
×DR(CU−BS) +

p2

P
×DR(DT−BS) bps, (5.5)

where, DR(CU−BS) and DR(DT−BS) are the average data rate for CU-BS link

and DT-BS link respectively.

Similar to DRav, maximum achievable SE of a proposed AMC model is calcu-

lated in terms of average spectral efficiency SEav. As shown later in results section

SEav of proposed AMC scheme, shows a significant improvement as compared to

the SE of direct D2D communication.

SEav =
p1

P
× SE(CU−BS) +

p2

P
× SE(DT−BS) bps/Hz, (5.6)

where, SE(CU−BS) and SE(DT−BS) are maximum achievable SE of CU-BS and

DT-BS link respectively.

5.2.3 Protocol implementation (adaptive interference aware

U-D2D)

5.2.3.1 Protocol flowchart

The protocol flowchart for the proposed adaptive interference aware U-D2D com-

munication framework is illustrated in Fig. 5.6. Here, we assume that both cel-

lular and D2D system uses the OFDM modulator/demodulator for the transmit-

ted/received signals respectively. The cellular signal from CU interferes to D2D
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Figure 5.6. Measurement flowchart for adaptive interference aware U-D2D

signal at DR while the transmitted signal from DT interferes to cellular signal at

BS. By utilizing the CSI of CU-BS link, DT can estimate the BER of the received

signal at BS.

On the basis of cellular BER threshold (τ) at BS, the OFDM data subcarriers

are divided into three modes:

• U-D2D communication mode - Subcarriers (ς) those BER ranges from

τl (lower threshold) to τu (upper threshold) i.e. τl<BER<τu are categorized

under this mode. Here, CU and DT transmits Nd and D subcarriers to BS

and DR respectively, where Nd = D. Specifically, in this mode, CU transmits

Nd subcarriers to BS and at the same time, DT transmits its data to DR

over same sets of subcarriers, thus interfering with each other.

• Interference aware U-D2D communication mode - In this mode, by
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utilizing the CSI of CU-BS link, DT-DR communication is suppressed par-

ticularly for those subcarriers (δ) which have BER greater than τu, i.e., BER

≥ τu. Thus, there will be no interference at BS for δ subcarriers. Hence,

BER performance at BS will improve. Here, D = Nd − δ.

• Adaptive interference aware U-D2D communication mode - Two

possible cases are discussed below:

Case I - For particular subcarrier, when BER≤ τl, CU adapts its constellation

size with M-QAM as per cellular BER constraint to improve the SE of the

overall system.

Case II - For a particular subcarrier, after adopting Case-I, if BER exceeds

τu, then that subcarrier is transmitted with interference aware U-D2D com-

munication mode only.

To quantify the performance of above modes, we have also measured maximum

achievable SE. Results show that proposed adaptive interference aware U-D2D

communication scheme outperforms the conventional U-D2D communication as

well it is beneficial for both cellular and D2D users.

5.2.3.2 Spectral efficiency

In this section, we calculate the average data rate (DRav) and maximum achievable

SE for the interference aware U-D2D framework.

For the case of adaptive interference aware U-D2D communication mode, CU

broadcasts n1 number of subcarriers with M = 4 (i.e. QPSK), and n2 number

of subcarriers with M = 16 constellation size (i.e. 16-QAM). Hence, average DR

DRav is given by,

DRav =
CCR

TN
× (k1p1 + k2p2) (5.7)

Here, k1=log2(4) and k2=log2(16) for QPSK and 16 QAM modulation, respec-

tively.

Similarly to DRav, maximum achievable SE of a proposed framework is calcu-

lated in terms of average spectral efficiency SEav. As shown later in the results

section, SEav of proposed adaptive interference aware U-D2D communication mode



112

shows a significant improvement as compared to the SE of conventional U-D2D

communication.

SEav =
DRav

B
bps/Hz. (5.8)

The frame structure and measurement setup for U-D2D framework are similar

to the adaptive C-D2D framework (refer Section 5.2.2.2).

5.3 Results and Discussion

5.3.1 C-D2D

In this section, we have shown the measurement results for the proposed framework.

In the measurements, we assume pCU = pDT and the measurements are repeated

with different transmitter gains to obtain the data points for each of the average

received SNR at DR and BS. In order to have a fair comparison with the direct

transmission, the total received SNR is divided by factor 2 for C-D2D. Nodes CU,

DT, BS, and DR are arranged as per the configuration given in Fig. 5.2 and 5.3 for

LOS and NLOS respectively. The distances between different nodes were selected

based on the maximum transmit power and receiver sensitivity of the USRP-2922

[100].

As discussed before, the total transmission was divided into two phases. In

Phase I, 1000 packets were transmitted from CU to BS which is overheard by

DT. In Phase II, DT sends superimposed cellular and D2D data to BS and DR

respectively. Each SER plot is calculated by averaging over 1000 data frames. The

average received SNR at DR and BS is calculated by taking the average of the SNR

received from CU. Noise variance at each node was measured to be -115 dBm.

Table 5.3 and 5.4 shows the received SNR with C-D2D and direct CU-BS for

LOS and N-LOS respectively. d denotes the distance between CU-BS, and DT is

placed in between CU-BS as shown in Fig. 5.3. Received SNR has been measured

for d = 0.5m, 2m and 3m, whereas transmit gain varies from -5 dB to 20 dB with

5 dB interval. From Table 5.3 and 5.4, we can observe that for constant distance,

when transmit gain increases, received SNR for direct and C-D2D also increases.

On the other hand, received SNR decreases with increase in CU-BS distance. It is
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Table 5.3. Received SNR with C-D2D and direct for LOS

Tx Gain

(dB)

Received SNR (dB)

For d=0.5m For d=2m For d=3m

Direct C-D2D Direct C-D2D Direct C-D2D

-5 24 25 9 15 7 10

0 25 27 15 23 17 20

5 29 31 20 23 17 20

10 34 36 26 28 23 23

15 41 41 31 33 28 31

20 55 55 43 46 42 44

Table 5.4. Received SNR with C-D2D and direct for NLOS

Tx Gain

(dB)

Received SNR (dB)

For d=0.5m For d=2m For d=3m

Direct C-D2D Direct C-D2D Direct C-D2D

-5 15 17 7 8 4 6

0 16 19 11 14 9 11

5 19 23 16 17 14 15

10 25 28 22 24 18 21

15 32 33 27 29 25 26

20 37 38 33 35 31 31

worth noting that for the same distance and Tx gain, C-D2D has higher received

SNR as compared to direct transmission. For instance, from Table 5.3, for Tx gain

= 0 dB, d = 3m, received SNR for direct CU-BS is 10 dB, whereas with C-D2D it

is 14 dB. Similarly, from Table 5.4, for same Tx gain and distance, received SNR

for direct CU-BS is 9 dB, whereas with C-D2D it is 11 dB. Further, it can also be

observed that the received SNR for LOS is higher than N-LOS.

Table 5.5 shows the received SNR with respect to Tx gain for DT-DR trans-

mission link for three different distances i.e. d1 = 0.75m, 1m and 1.5m, where d1

denotes distance between DT-DR. From Table 5.5, we can observe that, received

SNR increases with increase in Tx gain, whereas, it decreases as d1 increases. For

instance, Tx gain = 5 dB, d1 = 1m, received SNR is 26 dB. If Tx gain increases
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Table 5.5. Received SNR for DT-DR

Tx

Gain (dB)

Received SNR (dB)

For d1=0.25m For d1=1m For d1=1.5m

-5 26 21 14

0 28 23 18

5 33 26 23

10 38 29 27

15 43 36 33

20 55 48 46

to 15 dB, received SNR increases to 36 dB (for same distance).

Figure 5.7. SER vs Tx gain for C-D2D and direct (LOS)

Fig. 5.7 shows the performance comparison of direct CU-BS communication

(LOS) and communication with the proposed C-D2D framework in terms of SER.

SER is calculated by comparing the received symbols with the transmitted symbols

to find the number of symbols received in error and then normalizing it with

the total number of transmitted symbols. Results have been plotted for SER vs

transmit gain for three different distances. From Fig. 5.7, it is quite evident that
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Figure 5.8. SER vs Tx gain for C-D2D and direct (NLOS)

Figure 5.9. SER vs Tx gain for DT-DR link

as transmit gain increases SER for both direct and C-D2D decreases. For instance,

when d = 1.5m, and transmit gain = 5 dB, SER for direct CU-BS is 0.063 and

with C-D2D it is 0.031. Similar trends are observed for other distances. Hence,
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the proposed C-D2D framework improves SER of the cellular user as compared to

direct CU-BS transmission.

Fig. 5.8 shows the performance comparison of direct CU-BS communication

(NLOS) and C-D2D in terms of SER. Trends similar to LOS is also observed

here, i.e., SER decreases with increase in transmit gain. However, at a particular

distance and transmit power SER with NLOS is higher as compared to SER with

LOS.

Fig. 5.9 shows the SER vs transmit gain for D2D system. Results have been

plotted for three distances (d1 = 0.75m, 1m and 1.5m). From Fig. 5.9, we can see

that the SER decreases with increase in transmit gain. For instance, when d1 =

1.5m, Tx gain = 5, SER≈ 10−1.

5.3.2 Adaptive C-D2D

As discussed before, there are two phases of transmission. In Phase I, 1000 packets

were transmitted from CU to BS which is overheard by DT. In phase II, DT sends

superimposed cellular and D2D data to BS and DR respectively. At BS, BER-SC

is employed, and BER is calculated by comparing the received (demodulated and

decoded) symbols with the transmitted symbols to find the error, and then the

error is averaged over 1000 frames.

Fig. 5.10 shows the performance comparison of direct CU-BS (LOS) commu-

nication and the proposed adaptive C-D2D framework in terms of BER. From

Fig. 5.10, it is quite obvious that as Tx gain increases, the BER for both direct

and C-D2D decreases. For instance, when Tx gain = 37 dB, BER for direct CU-

BS with M = 4 and CCR = 1/2 is 0.0861. On the other hand, for same Tx gain,

BER with M = 16 and CCR = 1/3 is 0.0449 (for adaptive C-D2D). Similar trends

are observed for different constellations and CCR. Hence, the proposed protocol

improves BER of the cellular user as compared to direct CU-BS transmission.

Fig. 5.11 shows the performance comparison of direct CU-BS (N-LOS) with

adaptive C-D2D in terms of BER. Similar to the results of LOS, BER decreases

as Tx gain increases. For instance, when Tx gain = 37 dB, BER for direct CU-BS

with M = 4 and CCR = 1/2 is 0.105. On the other hand, for same Tx gain, BER

with M = 16 and CCR = 1/3 is 0.0582 (for adaptive C-D2D). It is quite obvious
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Figure 5.10. BER vs Tx gain for adaptive C-D2D (LOS) communication

Table 5.6. DR and maximum achievable SE for C-D2D communication

Link, modulation and coding DR (Mbps) SE (bps/Hz)

CU-BS, QPSK (direct), coding 1/2 12 0.6

CU-DT, QPSK, coding 1/2 and

DT-BS, 16 QAM, coding 1/2
16.656 0.8328

CU-DT, QPSK, coding 1/2 and

DT-BS, 64 QAM, coding 1/2
19.392 0.9696

CU-DT, QPSK, coding 1/2 and

DT-BS, 16 QAM, coding 2/3
19.04 0.9520

CU-DT, QPSK, coding 1/2 and

DT-BS, 64 QAM, coding 2/3
21.504 1.0752

CU-DT, QPSK, coding 1/2 and

DT-BS, 16 QAM, coding 1/3
13.812 0.6906

CU-DT, QPSK, coding 1/2 and

DT-BS, 64 QAM, coding 1/3
17.052 0.8526
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Figure 5.11. BER vs Tx gain for adaptive C-D2D (N-LOS) communication

that the BER performance of the proposed scheme for LOS scenario is better than

the NLOS scenario.

Fig. 5.12 shows the BER vs Tx gain for DT-DR link. BER decreases when the

Tx gain increases. Here, DT transmits its data to DR with 16-QAM or 64-QAM

and CCR = 1/3, 1/2, 2/3.

Table 5.6 shows SEav and DRav for CU-BS (direct) and proposed C-D2D

scheme. From Table 5.6, we can observe that SEav calculated for adaptive C-D2D

is greater than SE for CU-BS (direct) communication. For instance, for CU-BS

(direct), M = 4, CCR = 1/2, SE = 0.6 bps/Hz and DR = 12 Mbps, whereas, for

adaptive C-D2D, with M = 64, CCR = 2/3 (for DT-BS (LOS)), SEav = 1.0752

bps/Hz and DRav = 21.504 Mbps. Hence, we can conclude that adaptive C-D2D

improves the SEav and DRav of the cellular user.
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Figure 5.12. BER vs Tx gain for DT-DR link

5.3.3 Adaptive interference aware U-D2D

In this section, we show the measurement results for the adaptive interference aware

U-D2D framework, and for the benchmark of comparison measurement results for

conventional U-D2D are also obtained.

We follow the OFDM specifications5 as laid down in 802.11g standard operating

at industrial, scientific, and medical radio (ISM) band of 2.4 GHz [102].

BER is calculated by an taking average of P number of packets allocated over

Nd subcarriers. The distance between nodes was selected on the basis of transmit-

ting power and receiver sensitivity of USRP-2922 i.e. d1=2m, d2=0.5m, d3=1.5m

and d4=2.25m. The DT Tx gain is fixed at 0 dB. Noise variance at each node was

measured to be -115 dBm. The values of τu and τl are 0.07 and 0.004 respectively.

We have taken NFFT = 64, and 48 subcarriers are used for data transmission i.e.

Nd = 48. Four pilot symbols are used for channel estimation. 12 null subcarriers

5Since it is a proof-of-concept demonstration, we restricted our implementation to OFDM
standards of 802.11g in ISM band of 2.4 GHz. However, these measurements can be reproduced
on any other standard or frequency band.
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are also added (including DC) to avoid spectrum leakage to adjacent bands. The

length of the cyclic prefix, µ = 16 samples. Therefore, each OFDM block has Nt

number of samples, where, Nt = NFFT + µ = 80 (including both data and cyclic

prefix). The convolution code is used as an error correction code with CCR = 1/2.

Table 5.7. Distribution of subcarriers with respect to τ

CU

Tx

Gain

(in

dB)

Number of

subcarriers in

U-D2D

communication (ς)

Number of

subcarriers in

interference

aware U-D2D

communication (δ)

Number of sub-

carriers in adap-

tive interference

aware U-D2D

communication (ζ)

10 29 19 0

15 37 11 0

20 7 5 36

25 6 1 41

30 0 0 48

Table 5.7, shows the number of subcarriers for the different mode of communi-

cation on the basis of BER threshold at BS. From Table 5.7, we can observe as Tx

gain increases, ζ increases, whereas ς, and δ decreases. In particular, when CU Tx

gain=10 dB, ς=29, δ=19 and ζ=0, while when CU Tx gain=25 dB, ς=6, δ=1 and

ζ=41. Hence, for high Tx gain, more subcarriers can be transmitted by adaptive

interference aware U-D2D mode.

Table 5.8. DRav and maximum achievable SEav for adaptive interference aware U-D2D
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Figure 5.13. BER vs Tx gain of CU vs number of subcarriers for adaptive interference
aware U-D2D communication at DT Tx gain=0 dB

Fig. 5.13 shows the performance comparison of interference aware U-D2D com-

munication and adaptive interference aware U-D2D communication mode in terms

of BER. Here, for a particular subcarrier, if BER is lees than τl then it is modu-

lated by 16-QAM, thus increasing SE. If the BER for adaptive interference aware

U-D2D communication mode is greater than τu, then that particular subcarrier is

transmitted with interference aware U-D2D communication mode.

From Table 5.8, we can observe that maximum available SEav increases with

increase in CU Tx gain. For instance, at CU Tx gain=15 dB, selected mode will

be U-D2D only, therefore maximum achievable SEav=0.6 bps/Hz while at CU Tx

gain=25, n1=25, and n2=23. Hence, the maximum achievable SEav increases to

0.8875 bps/Hz. Thus, for high CU gain, the proposed scheme improves SE of CU

as compared to the conventional U-D2D communication mode.
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5.4 Conclusion

An experimental testbed for the C-D2D framework was designed and implemented

using (NI) USRP-2922 devices. The performance of the testbed is measured in

terms of received SNR and SER. Results show that the C-D2D framework improves

the QoS of the cellular user, and in addition pave the way for D2D communication.

Further, an adaptive C-D2D framework is proposed to facilitate D2D communica-

tion in the cellular network. Measurement results show that the adaptive C-D2D

outperforms the conventional C-D2D framework. In addition, an adaptive inter-

ference aware underlay D2D framework is proposed to protect the cellular user

from excessive interference from the D2D user. Measurement results show that

the proposed framework improves BER as well as the spectral efficiency of the

overall system as compared to conventional underlay D2D framework.



Chapter 6
Conclusions and Future Work

The explosion of mobile data traffic raises the problem of spectrum scarcity, and it

is one of primary driving force for the next generation cellular networks. There are

various solutions proposed to increase the efficiency of existing cellular networks.

This thesis investigated two promising solutions to alleviate the above problem:

cooperative spectrum sharing and device to device communication.

The research work presented in the thesis are categorized into four parts. In

the first part, an OFDM based subcarrier sharing scheme is proposed in which the

secondary system attains OSS by helping the primary system to achieve its target

rate of communication. The proposed scheme is classified into two categories: (i)

non-adaptive CSS with MRC diversity (ii) adaptive CSS with BER-SC diversity.

As a primary contribution, for both categories, closed-form expressions of outage

probability for the primary and secondary systems are derived. Analytical expres-

sion of critical distance which determines the region of validity of the proposed

scheme is also derived. The proposed scheme alleviates the problem of secondary

signal interference at the primary system as occurs in single carrier based CSS

protocols. Moreover, incorporation of adaptive modulation at ST increases the

throughput of the primary system while satisfying its BER constraint. Results

show that, depending on the distance between PT and ST, it is possible to find

the exact number of subcarriers that can be forwarded by ST to PR for both adap-

tive and nonadaptive CSS protocols. Thus, remaining subcarriers can be used for

secondary system transmission.

In the second part, we presented the OFDMA based angle constraint D2D
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communication. Rate and outage probability trade-offs of three D2D frameworks:

underlay, overlay, and C-D2D are computed. The closed-form expressions of the

outage probability for all three frameworks are derived. Specifically, for underlay

framework, the optimal distance between CU-BS and the minimum value of angle θ

(an angle between cellular link and D2D interference link) is also derived. By using

above parameters, BS can select a CU which can facilitate D2D communication

while satisfying its QoS. For overlay and C-D2D frameworks, an optimal subcarrier

sharing scheme is proposed which leads to performance gains for the cellular and

D2D users. There is good agreement between the analytical and simulation results.

The results also showed that for high cellular outage constraint, C-D2D framework

outperforms the other two frameworks.

In the third part, we augment the development of C-D2D, by proposing a best

D2D user selection protocol for the C-D2D framework wherein multiple D2D users

co-exist with the cellular users in the same cell. Specifically, among M available

D2D pairs, selected D2D user (based on received SNR) helps the CU by relaying

few subcarriers for uplink cellular transmission. In return, M D2D UE can share

the spectrum of single CU while satisfying the target QoS of CU. In addition, for

fair distribution of remaining subcarriers among M D2D pairs, a novel round robin

method with priority cube is also proposed. The rate and outage probability of

the proposed framework are derived for two cases:

• CU-DT-BS link (without MRC at BS)

• CU-DT-BS with cellular link (with MRC at BS).

For given distance, power and target rate, an optimal value of M is also derived.

By using M , BS maps the optimal number of D2D pairs with each CU while

satisfying the QoS of both cellular and D2D users. Simulation results show that

the proposed best D2D user selection scheme outperforms the conventional C-D2D

framework.

In the fourth part, we have designed and implemented an experimental testbed

for the C-D2D framework on NI-USRP 2922 platform. Further, measurement

results for OFDMA based C-D2D framework are also obtained. In an adaptive

C-D2D framework, we employ adaptive modulation and coding (AMC) at DT to

enhance the throughput of both cellular and D2D users. The measurement results
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are obtained in terms of SER and received SNR. The spectral efficiency of the

proposed scheme is also computed. It is shown that the proposed framework sig-

nificantly improves the SER and BER of both cellular and D2D users as compared

to conventional direct communication.

6.1 Future work

In this section, we present the exciting directions for future work.

• In this thesis, we consider a single cell scenario with an assumption of neg-

ligible inter-cell interference. A straightforward extension of our work is the

investigation of the behavior of proposed scheme in the multi-cell scenario or

multi tier heterogeneous network.

• In this thesis, we assume that all subcarriers carry equal power and wireless

channel is modeled as Rayleigh frequency flat. As a part of future work, the

proposed work can be extended for frequency selective channel with variable

subcarrier power. Apart from above, different level of adaptation such as bin

level, frame level, subcarrier level can be adopted at different wireless nodes.

• For the measurement results, only one D2D pair is considered. As a part of

future work, multiple D2D pairs can be used to scale the performance of the

proposed scheme with the increase in density of devices. In addition, practical

performance of the best D2D user selection scheme for C-D2D framework

proposed in Chapter 4 can be obtained in a realistic scenario. Furthermore,

the experiments have been performed in an indoor laboratory environment.

It would be interesting to see the performance assessment in challenging

outdoor environment.

• Finally, in the higher frequency band (for e.g. mmWave), integration of D2D

communication and massive MIMO would be interesting. The mmWave

system requires directivity gain to counter the severe channel attenuations.

This directionality can lead to performance gains for D2D communication

due to less multi user interference in mmWave network.



Appendix A
Derivation of primary system outage

probability for adaptive CSS with

BER-SC diversity

Proof of Proposition 2.1: From (2.10),

P p
out = Pr(RPt−St

N > RT )Pr(RBER−SC < RT )

+ Pr(RPt−St
N < RT )Pr(

1

2
RN < RT ). (A.1)

where,
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(
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and,
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As γ1 ∼ exp
(
ζ l1
)
, γ2 ∼ exp

(
ζ l2
)
, and ρ1 = 2

2RT
N
−1, we can have

Pr(RBER−SC < RT ) = Pr

((
1 +

psγ3

σ2

)bD (
1 +

ppγ1

σ2

)N−D
< 22RT

)
, (A.5)
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where b = log2(M).

Let ppγ1

σ2 >> 1 and psγ3

σ2 >> 1. Thus, (A.5) can be deduced to,

≈ Pr

((psγ3
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(A.6)
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where,
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As γ1 and γ3 are independent exponential random variable, it’s joint probability

density function can be represented as ζ l1e
−ζl1γ1ζ l3e

−ζl3γ3 .

Therefore,
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After solving inner integral, we will get,
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Threfore,

Pr (RBER−SC < RT ) = 1− ζ l1χ; ηST < ηPT (A.11)

where,
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Hence from (A.2),(A.3),(A.4),(A.11), the primary system outage probability is,

P p
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Asymptotic expression for ηBER−SC

Proof of Proposition 2.2: In this appendix, we present the derivation of asymp-

totic approximation for ηBER−SC . To derive asymptotic expression, we have used

following approximation,

1−
√

a

1 + a

a→∞
≈ 1

2a
− 3

8a2
+ .... (B.1)

where (B.1) is derived by Taylor’s series expansion and after truncation higher

order terms, we can neglect all terms other than 1
2a

in (B.1).

Using above approximation, we can define (2.18) as,

ηPT−ST ≈
kMPT

4d2
MPT

ζ−l2 Γ
. (B.2)

Similarly, (2.19) can be approximated as,
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4d2
MPT
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, (B.3)

In the similar way, (2.20) can be deduce to,
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3

16
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d2
MST

ζ−l1 ζ−l3

1

Γ2
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By substituting (B.1), (B.3) and (B.4) in (2.15), we will get (2.23).
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Derivation of primary system outage

probability for nonadaptive CSS with

MRC

Proof of Proposition 2.3. The outage probability of primary system for nonadaptive

CSS with MRC [32] can be defined as,

P p
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Let ppγ1

σ2 + psγ3

σ2 >> σ2, Now (C.3) deduce to

= Pr
(

(ppγ1 + psγ3)D (ppγ1)N−D < 22RTσ2N
)
, (C.4)
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Simplifying (C.9), we will get,

γ1 <
Λ

1
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pp
= α(let). (C.10)

As γ1 and γ3 are independent exponential random variable, it’s joint probability

density function can be represented as ζ l1e
−ζl1γ1ζ l3e

−ζl3γ3
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where Υ1, and δ1, δ2 has been given in (2.31) and (2.32) respectively.

After substituting (A.2), (A.3), (A.4) and (C.13) in (C.1), we will get (2.30).

(2.31) is intractable, however, if we substitute, δ2 = 0 i.e.
ζl1
ζl3

= pp
ps

, (2.31) can

be deduced to,
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Substitute γ
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Hence, from (A.2),(A.3),(A.4),(C.13) the primary outage probability,
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1However, we have solved (2.31) numerically to obtain the theoretical plots.



Appendix D
Derivation of the cellular outage

probability for CU-DT-BS with

cellular link

Proof of Proposition 4.1: From (4.19)
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Further,
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After simplifying (D.8) we get,
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= α (let).

As γ1 and γ3i are independent exponential random variables, the joint proba-

bility density function can be represented as ζ l1e
−ζl1γ1ζ l3ie

−ζl3iγ3i
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where,
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Hence, substituting (D.2), (D.3), (D.4) and (D.9) into (D.1), we will get Pmrc
BS,out

as (4.20).

Moreover,
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For M = 1, the integral reduces to
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For M = 2, the integral becomes
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Similarly, For M = 3,
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Hence, from (D.14), (D.15), (D.16), the general expression of Pr (maxi=1,..,M γ3i < β(γ1))

will be derived as (D.9).
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1. S. Sharma, N. Gupta, V. A. Bohara, “OFDMA-based Device-to-Device Com-

munication Frameworks: Testbed Deployment and Measurement Results”,

submitted to IEEE Access Journal, Jan. 2018

2. N. Gupta, V. A. Bohara, “Angle-Constrained Underlay and Cooperative

Device-to-Device Communication Frameworks”, submitted to IEEE Trans-

actions on Cognitive Communications and Networking, Nov. 2017.

3. N. Gupta, V. A. Bohara, “Rate and Outage Trade-offs for OFDMA based

Device to Device Communication Frameworks”, in IEEE Access Journal, vol.

5, pp. 14095-14106, 2017.

4. S. Mittal, N. Gupta, V. A. Bohara “A BER Based Selection Combining

Protocol for Adaptive Cooperative Cognitive Radios”, in Wireless Personal

Communications (Springer Journal), vol. 97, issue 2, pp. 24972510, June

2017.

5. N. Gupta, V. A. Bohara, “An Adaptive Subcarrier Sharing Scheme for

OFDM-Based Cooperative Cognitive Radios”, in IEEE Transactions on Cog-

nitive Communications and Networking, vol. 2, no. 4, pp. 370-380, Dec.

2016.
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Resource Allocation in Next-Generation Broadband Wireless Access Networks
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6. N. Gupta, V. A. Bohara, “Subcarrier sharing scheme for overlay and coopera-
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