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Abstract

In a cooperative intelligent transportation system (C-ITS), sensor-assisted ve-

hicles share the collected data with each other through vehicle-to-everything

(V2X) communications. This enables high-level applications such as safety-

related service and provides a high-quality driving experience. However, the

increasing number of intelligent vehicles leads to serious aggregated interfer-

ence and congested communications. This increases the transmission latency

and degrades the quality of service (QoS). To provide low-latency and re-

liable communications, non-orthogonal multiple access (NOMA) is recently

advocated for V2X communications. By allowing multiple terminals to share

the same time and frequency channel resources, NOMA improves the spec-

tral efficiency and reduce the transmission latency, especially for a high-dense

network. However, the overlapping of signals from multiple users introduces

new challenges to the receiver design. This thesis exploits NOMA operating in

two basic V2X communication scenarios: information exchange in a two-way

relay channel (TWRC) and message broadcasting. Two non-orthogonal tech-

nologies are investigated: physical-layer network coding (PNC) and multiuser

detection (MUD). The major difference between PNC and MUD is the decod-

ing objectives. PNC aims to decode the network-coded messages while MUD

is to recover individual messages.

First, we study a TWRC operating with orthogonal frequency-division mul-

tiplexing (OFDM) modulated PNC and propose an inter-carrier interference
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(ICI) aware approach that jointly achieves accurate channel estimation, sig-

nal detection, and channel decoding. In highly-mobile networks, the carrier

frequency offsets (CFOs) due to high-speed motion will lead to ICI in OFDM

systems. Moreover, the vehicular environment with time-frequency-selective

channels further undermines accurate channel estimation for multiple users.

It is also worth noting that the CFO that exists in OFDM-modulated PNC

cannot be completely eliminated through CFO tracking and equalization as

in conventional point-to-point transmissions. These critical issues can signif-

icantly increase the bit error rate (BER) at the receiver. To address these

challenges, we first express the channel estimation, and detection and decod-

ing as two optimization problems. Then the expectation maximization (EM)

and the belief propagation (BP) algorithms are employed to resolve the two

optimization problems, respectively. Simulation results verify that the pro-

posed approach can efficiently mitigate the negative effect of ICI by exploiting

both pilot and data tones in channel estimation, detection, and decoding.

The proposed ICI-aware approach is further implemented with software-

defined radio (SDR). Experiment along a road-side environment was conducted

on the campus. The V2X trial involved two types of nodes: terminals, which

can be either vehicle or pedestrian, that aim to exchange self-information with

each other, and a relay that is played by a road side unit (RSU). Each node

was equipped with a universal software radio peripheral (USRP) platform for

data transmission. The empirical results further verified that the proposed

ICI-aware approach provides low BER and low latency compared with the con-

ventional algorithm. Besides, the proposed scheme can decode both network-

coded and individual messages. An interesting finding is that when the receiver

fails to decode the network-coded messages, it is of strong possibility to recover

the individual messages. This provides insights into our work on the MUD.

Broadcasting is very common in V2X communications. For instance, it
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involves basic safety messages (BSMs) for safety applications and multimedia

content for entertainment services. In urban areas, dense buildings obstruct

the radio channel between vehicles in different road segments and non-line-of-

sight (NLOS) propagation lowers the received power level. Therefore, messages

that originate from adjacent roads (traveling in non-parallel directions) usu-

ally have weaker signals as compared with messages generated from vehicles on

the opposite road segment (traveling in parallel directions). Besides, the high

vehicular density leads to insufficient orthogonal channel resource and high in-

terference. In this thesis, we propose to apply NOMA for V2X communications

at the road intersection to enhance the spectrum efficiency and improve the

package delivery ratio (PDR) performance. With NOMA, signals from more

than one transmitters are decoded together and the interference from unde-

sired users can be canceled once its message is obtained. This thesis studies two

NOMA-based V2X communication schemes, namely, NOMA-V2X decoded by

successive interference cancellation (SIC-V2X) and NOMA-V2X decoded by

joint decoding (JD-V2X). Based on the tools developed in stochastic geome-

try, we derive and compare the PDR expressions for both NOMA schemes and

the orthogonal multiple access (OMA) scheme. The results indicate that 1)

both NOMA schemes outperform the conventional OMA scheme and the PDR

of LOS/NLOS communications with two-user access increases by 51%/369%;

2) for four-user access, the proposed NOMA scheme shows 375% goodput en-

hancement as compared with the OMA scheme; and 3) the JD-V2X provides

significant PDR enhancement compared with SIC-V2X in the high data rate

regime.

Besides the tractable network model to analyze C-V2X broadcast perfor-

mance operated with NOMA, the feasibility of applying NOMA to C-V2X

communications is studied. Focusing on the PC5 sidelink interface that is

enabled in the 3GPP Release 14 for direct communications, we discuss the im-
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plementation of NOMA in the radio interface and propose two NOMA receivers

based on SIC and JD techniques. Compared with the conventional C-V2X re-

ceiver operated with OMA, modifications are needed at the channel estimator,

equalizer, and demodulator, as well as the inclusion of an interference canceler

so that multiple users can be decoded from the overlapping signals. Besides,

the proposed NOMA receivers support both single-antenna and multi-antenna

systems, and the impact of the number of receiving antennas on the block error

rate (BLER) is studied.

Overall, this thesis investigates non-orthogonal V2X communications. The

research combines the concepts of NOMA and network coding to address the

basic issues and new challenges from the increasingly high-dense vehicular net-

works. The algorithms proposed in this thesis are expected to provide insights

into the development of ultra-reliable and low-latency V2X communications in

future smart cities.
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Chapter 1

Introduction

1.1 Background

The last decades have witnessed the rapid development of Vehicle-to-Everything

(V2X) communications. Since Harry Flurscheim filed the first patent regarding

a radio warning system for vehicles [1], the community kept developing V2X

access technologies. V2X communications enable the information exchange

between vehicles and any entities. It incorporates vehicular communications

such as Vehicle-to-Infrastructure (V2I), Vehicle-to-Vehicle (V2V), Vehicle-to-

Network (V2N) and so on. With the support of V2X communications, vehicles

can share with each other the self information collected by the on-board sen-

sors, and they cooperate with each other to offer a safe and high-quality driv-

ing experience. All together, they form a cooperative intelligent transportation

system (C-ITS) to provide various services, such as smart navigation, infotain-

ment, usage-based insurance, parking search, and reservation, etc [2–6].

As the cornerstone of these high-level applications, V2X is expected to offer

low-latency and reliable communications in high-dense dynamic environments.

Among diverse families of standards, two V2X access technologies attracted

most of the research interest. They are dedicated short-range communications
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(DSRC) and cellular V2X (C-V2X). DSRC applies the IEEE 802.11p standard

to the PHY and MAC layers [7]. C-V2X is initially standardized by the third

generation partnership project (3GPP) group in Release 14 to enable support

from widely deployed Long Term Evolution (LTE) networks for V2X [8]. The

5G Automotive Association (5GAA), an alliance that gathers major telecom

and automobile companies, adopted C-V2X for safety and cooperative driving

as its blueprint [9].

However, the growing number of on-road wireless terminals leads to serious

aggregated interference. This significantly degrades the communication quality

and leads to high latency [10]. Furthermore, the problem deteriorates when

the line-of-sight (LOS) path between the transmitter and receiver is obstructed

by buildings or other obstacles [11], which is common in dense urban areas.

Traditionally, multiple transmitters are supposed to occupy different time or

frequency channel resources in an exclusive manner. A receiver aims to decode

signals from transmitters one at a time. Such an access manner is called

orthogonal multiple access (OMA). When multiple users are using the same

channel resources, the receiver considers this as collision and only the user

with the strongest received power can be decoded in most cases. The radio

waves from other transmitters are regarded as interference. Such a problem can

be mitigated by scheduling multi-user access (MUA), but the waiting time is

fatal since the contact duration for V2X communications is short. For example,

[12] showed that the average contact duration in an inter-bus communication

network is only around 47 s.

To meet the V2X access requests in significant volume, recent emerging

wireless technologies advocate non-orthogonal multiple access (NOMA). Com-

pared with conventional OMA where radio resources are assigned in an orthog-

onal manner, NOMA allows multiple users to share the spectrum resources

concurrently, thus achieving high spectral efficiency and low transmission la-
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tency [13]. This thesis exploits the use of NOMA in V2X communications a

natural form of network coding in the physical layer. Specifically, two non-

orthogonal technologies, which are physical-layer network coding (PNC) and

multiuser detection (MUD), are investigated for V2X communications.

1.1.1 Physical-layer network coding (PNC)

PNC allows the electromagnetic waves from multiple transmitters to super-

impose at the same physical space (i.e., same time and frequency channel re-

sources). Such non-orthogonal mixing of radio waves is regarded as a natural

form of network coding in the physical layer. Instead of decoding the indi-

vidual information, PNC receivers are designed to obtain the network-coded

output of multiple terminals.

The most basic application of PNC in V2X communications is a data ex-

change in a two-way relay channel (TWRC) as illustrated in Fig. 1.1.

Figure 1.1: A TWRC that operates at a road intersection.

Two semi-automated cars A and B want to share with each other the traffic

information recorded within their detection range. However, the radio channel

between them is obstructed by buildings. The two cars thus need a road-
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side unit R to forward the data for them. In traditional scheduling schemes,

the concurrent transmission is not valid due to collision issue. Therefore, one

node is allowed to transmit in one time slot. In the first time slot, car A

sends package 𝑋𝐴 to the relay, then the relay forwards 𝑋𝐴 to B. Similarly,

car B spends two time slots to send packages 𝑋𝐵 to car A. This takes totally

four time slots to finish the package exchange in such a TWRC. This is time-

consuming and not suitable for time-critical nature of V2X communications.

A technique to reduce the latency by harnessing wireless interference is

PNC. Specifically, PNC divides the data exchange into two phases: the uplink

phase and downlink phase. In the uplink phase, two cars A and B simulta-

neously transmit signals 𝑋𝐴 and 𝑋𝐵 to relay R. Undergoing channels A and

B respectively, signals 𝑋𝐴 and 𝑋𝐵 overlap at relay R. Then, R detects and

decodes the overlapped signal to obtain the exclusive or (XOR) output of the

two transmitted signals, 𝑋𝑅 = 𝑋𝐴 ⊕𝑋𝐵. After that, relay R broadcasts 𝑋𝑅

in the downlink phase. Finally, the two cars A and B recover their desired

data with self information (e.g., car A can recover the data from car B via

𝑋𝐵 = 𝑋𝐴 ⊕ 𝑋𝑅). The number of time slots required for the same data ex-

change is reduced from four to two, which indicates a 50% latency reduction.

1.1.2 Multiuser detection (MUD)

In conventional wireless communication systems, multiple terminals get rid

of interference from each other by employing OMA schemes. Time-division

multiple access (TDMA) and orthogonal frequency-division multiple access

(OFDMA) are two examples of OMA schemes [14]. TDMA divides the channel

into time subchannels. Several users share the same frequency channel, but

they are assigned to transmit in different time slots. In OFDMA, multiple users

are allocated with different subcarriers. They can transmit simultaneously
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since the subcarriers are orthogonal to each other. Such orthogonal manner

guarantees that the unwanted signals can be entirely separated from the desired

signal. Thus, the modulation, encoding and decoding schemes can be designed

based on single-user transmission. However, the resources allocation limits the

maximum number of access users to guarantee the orthogonality.

In contrast to the traditional OMA schemes, NOMA allows multiple users

to transmit concurrently on the same frequency channel by either code-domain

or power-domain multiplexing. The signals undergo different radio channels

and then overlap at the receiver. After that, receivers adopt MUD to ex-

tract the information from the target transmitter. Both PNC and MUD are

employed to handle the superimposed signals, the difference is the decoding

objectives. PNC aims to decode the network-coded information while MUD

needs to acquire the individual information from multiple users.

Successive interference cancellation (SIC) is a multi-user decoder (MUD)

technology that was widely considered in NOMA systems. It decodes multiple

users in sequence according to the received signal strengths. The strongest

user who has the highest received power level is decoded first while other

users are regarded as interference. After a user is successfully decoded, the

corresponding signal is subtracted from the superimposed signal for further

decoding. In addition to SIC, another well-known MUD is joint decoding

(JD). In JD, the overlapping signals of all transmitters are jointly decoded.

Fig. 1.2 shows the power regions of a two-user uplink additive white Gaus-

sian noise (AWGN) channel [15]. The definitions of the notations can be found

in Chapter 5. The power region that the two users can be successfully decoded

with SIC is divided into two parts. The upper-left region indicates that user

2 is the strong user while the other region indicates that user 1 is the strong

user. It can be observed from Fig. 1.2 that the power region of JD is larger

than that of SIC. By allowing the power levels of the two users to be bal-
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Figure 1.2: Power region of the two-user uplink AWGN channel.

anced, JD provides larger power region and higher probability to decode the

two users. A similar conclusion was obtained in [16]. Since SIC decodes one

user at one time, the complexity of SIC approximately shows a linear relation-

ship to the number of users. On the other hand, the complexity for JD grows

exponentially with the number of users [17]. Therefore, JD provides better

performance than SIC at the cost of higher complexity.

1.2 Research Motivation and Contribution

The concept of accessing terminals non-orthogonally in vehicular networks

can significantly reduce the transmission latency, especially in a high-dense

dynamic environment for time-critical V2X communications. However, the

superimposition of signals from multiple mobile terminals will create a lot of

issues on channel estimation, signal synchronization, resource allocation, etc.

To exploit the feasibility of non-orthogonal V2X communications, this thesis

first studies a TWRC operated with PNC.

In both DSRC and C-V2X, OFDM was employed to modulate the trans-
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mitted data. Different from the conventional point-to-point (P2P) commu-

nications, carrier frequency offset (CFO) is originated from imperfect local

oscillators at the two end nodes and Doppler spreads are inevitable in PNC sys-

tems (two CFOs from the two end nodes are probably different and thus they

cannot be completely eliminated). It varies the relative channel gain, which in-

cludes phase offset and power difference between the two end nodes and causes

inter-carrier interference (ICI) among OFDM subcarriers [18]. Reference [19]

revealed that the uncontrollable phase offset creates the XOR mapping ambi-

guity regardless of the noise. The minimum Euclidean distance between two

points that belong to different XOR mappings does not only depend on the sig-

nal strength but also the relative channel gain [20]. In this case, ICI can lead

to severe performance degradation. Operating in vehicular networks, these

issues are further enlarged by the time-frequency-selective channels owing to

the multi-path and high-mobility environment [21]. Most previous channel

estimation algorithms for PNC such as linear interpolation [22] are designed

based on the assumption of static networks. They are too simple and only

provide reasonable performance under static network, but cannot track the

rapidly changing channel conditions in V2X communications [21].

Basis expansion model (BEM) [23] is a powerful tool to capture the time-

varying channel with a few modeling coefficients. The model facilitates channel

estimation by significantly reducing the number of unknown parameters to be

estimated. In addition, BEM-based estimator can track channel responses for

not only desired signals but also ICI, thus providing the solution to tackle the

negative effect of ICI. However, the previous BEM-based schemes used only

orthogonal pilots to achieve channel estimation [23–29]. For PNC systems,

multi-user access decreases the number of pilot tones for each user, thus de-

grading the estimation accuracy. With regard to this limitation, this thesis

exploits not only orthogonal pilot tones but also non-orthogonal data tones to
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achieve BEM-based channel estimation and decoding for PNC systems.

The objective of the first part of this thesis is to achieve accurate chan-

nel estimation and mitigate the ICI caused by CFO in signal detection and

channel decoding in highly-mobile PNC channel. This thesis proposes an iter-

ative scheme that can efficiently address the negative effects induced by time-

frequency-selective channels and ICI in V2X communications. The salient

features of the proposed algorithm are three-fold:

1. As far as we know, there is no previous investigation on time-frequency-

selective channel estimation for PNC. However, double-selective channels

must be considered in vehicular environments due to the multi-path na-

ture and the Doppler effect. Based on the expectation maximization

(EM) algorithm [30, 31], we firstly apply the BEM to convert the chan-

nel estimation task to solving a linear problem. Besides, the estimation

is optimized by taking ICI and all tones into consideration.

2. Suffering from the detrimental effects of CFO and double-selective chan-

nels, the distance between two XOR mappings in the constellation can

be very short. In this case, not only noise but also ICI will significantly

affect the signal detection and channel decoding. We exploit the belief

propagation (BP) algorithm [32,33] and an ICI-aware method to mitigate

ICI in the detection and decoding phase.

3. Both the EM and BP algorithms can be enhanced with more number of

iterations, the proposed method iterates between 1) and 2) to improve

channel estimation, detection and decoding progressively. The simula-

tion results show that the proposed approach can converge within three

iterations.

Extensive simulation and experiments are conducted to evaluate the pro-

posed approach and the results reveal that the proposed algorithm outperforms
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the benchmark that simply treats ICI as Gaussian noise. In addition, although

the proposed algorithm is designed for PNC systems, it can decode the indi-

vidual information, which means that the approach can be employed as the

MUD for NOMA systems. The results reveal that the proposed receiver is

possible to acquire the individual information from one transmitter when the

network-coded result cannot be decoded. Such an interesting finding leads to

the next part of this thesis: message broadcasting in C-V2X communications.

Vehicles in C-V2X networks broadcast messages by direct communications.

C-V2X supports both centralized and distributed resource allocations, referred

to as modes 3 and 4 [34]. In mode 3, time-frequency resources are assigned by

an eNodeB, which is an LTE base station in a centralized manner. By contrast,

vehicles autonomously choose the radio resources for direct V2V communica-

tions in mode 4. A suitable MUD technique should be employed to guarantee

acceptable NOMA performance in C-V2X communications.

For SIC, the certain power difference is required among multiple users to

ensure that the interference from the weak users does not fail the signal decod-

ing of the strong user. There is a rich body of papers on resource allocation

and power control algorithms for SIC-based NOMA to guarantee the power

difference [35–37]. Several recent works on NOMA in V2X communications

also considered SIC-based NOMA [36, 38, 39]. They studied the power differ-

ence problem and proposed several algorithms to address the issue, which can

be implemented in C-V2X mode 3 as a centralized control solution.

However, resource allocation and power control algorithms are not always

available in V2X communications. For example, mode 3 is infeasible in areas

without the coverage of eNodeBs. Besides, centralized control requires addi-

tional signaling overheads, which may be fatal for time-critical applications.

For the delivery of relatively small-sized packages, centralized control may seri-

ously degrade the transmission efficiency. In such cases, mode 4 that operates
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in a distributed way is a better choice for V2X communications. However, the

performance of NOMA operation in mode 4 uncoordinated network is unclear.

To fill the gap, this thesis aims to apply NOMA to C-V2X operating in mode

4 and evaluate the performance. Stochastic geometry is exploited to capture

critical performance metrics of the vehicular networks, such as the distribution

of interfering vehicles, the shadow fading, and package delivery ratio (PDR),

by taking the potential geometrical patterns of on-road units into considera-

tion. To this end, this work provides a tractable network model for applying

NOMA to mode 4 C-V2X in an urban area and proposes optimization meth-

ods to maximize the overall network goodput. The main contributions of the

study are summarized as follows:

1. We develop a comprehensive network model with three multi-user ac-

cess (MUA) schemes, including OMA, SIC-based NOMA, and JD-based

NOMA, for C-V2X communications at a road intersection. This model

characterizes the practical vehicular channel by considering the impact

of obstacles. It enables tractable analysis for applying NOMA to C-V2X

efficiently without requiring time-consuming Monte Carlo method.

2. The analytical results obtained from the network model are validated by

extensive simulations, with practical settings. The results illustrate that

the two NOMA schemes outperform the OMA scheme when the target

user suffers poor radio channel, which might be caused by NLOS and

long-distance transmission. The PDR, which is lower than 0.2 with the

use of OMA, increases up to 0.55 and 0.75 with the use of SIC and JD,

respectively. For the strong user with good radio channel, JD provides

up to 20% and 30% PDR enhancement compared with SIC and OMA,

respectively. Overall, both analytical and simulation results reveal that

NOMA can significantly improve communication quality when the target
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radio channel is poor.

3. Based on our analytical results, we propose a data rate optimization

scheme to maximize the overall goodput, by balancing the data rate and

PDR. The formulated optimization algorithm can be implemented very

efficiently, which is feasible for time-critical V2X applications.

4. The implementation of NOMA in C-V2X communications is investigated.

Based on the C-V2X physical layer as specified in the 3GPP Release 14,

three receivers based on various receiving techniques, i.e., the conven-

tioal OMA receiver, SIC-based NOMA receiver, and JD-based NOMA

receiver, are exploited in non-orthogonal C-V2X communications. We

demonstrate that NOMA can be easily implemented on the current C-

V2X communications with minor modifications on the receiver.

1.3 Organization of the Thesis

The remainder of the thesis is organized as follows.

Chapter 2 introduces the basic knowledge of V2X communications, NOMA,

PNC, and MUD. The related works are reviewed, from which we find the

research gap to fill.

Chapter 3 discusses an ICI-aware approach that jointly achieves accurate

channel estimation, signal detection, and channel decoding for OFDM modu-

lated PNC systems in V2X communications. The channel estimation part and

the detection plus decoding part are expressed as two optimization problems.

They are solved with the EM and BP algorithms respectively.

Chapter 4 presents a testbed for non-orthogonal V2X communications. A

TWRC, which is demonstrated in Chapter 3, is implemented using software-

defined radio (SDR) [40]. The V2X trial involves vehicle, pedestrian, and road
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side unit (RSU). Each node is equipped with a universal software radio pe-

ripheral (USRP) platform [41] for data transmission. The ICI-aware approach

proposed in Chapter 3 is deployed for channel estimation, signal detection, and

decoding.

Chapter 5 investigates a tractable network model to analyze the C-V2X

communications operating in mode 4. A road intersection is considered and

the communications involve both LOS and NLOS situations. The PDR of

the C-V2X communications is derived according to the use of different MUD

techniques: conventional OMA receiver, SIC receiver, and JD receiver. In

addition, a data rate optimization algorithm is proposed to maximize the sum

goodput of the three schemes.

Chapter 6 discusses the feasibility of applying NOMA to C-V2X commu-

nications. We show that the conventional OMA-based C-V2X receiver can be

extended to decode multiple transmitters from the overlapping signals. Ac-

cording to the C-V2X communications as specified in 3GPP Release 14, both

the SIC and JD based receivers are implemented and the performance is com-

pared with the conventional OMA receiver.

Chapter 7 concludes the thesis and discusses the future work.
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Chapter 2

Literature Review

This chapter is divided into four sections: the basic knowledge of V2X com-

munications and NOMA is first presented; then we focus on a TWRC that

operates with PNC, the issues caused by carrier frequency offsets (CFOs) and

time-frequency-selective channels are investigated, and some existing solutions

are introduced. After that, we discuss the feasibility of NOMA operating in

C-V2X mode 4 and review some related works.

2.1 V2X access technologies

From 2005 to 2010, 802.11p was developed to provide suitable safety-related

V2X communications against high relative speeds, high dynamics of infor-

mation collection from nearby transmitters, substantial network load, and

non-line-of-sight (NLOS) communications. In addition, 802.11p is expected

to bridge a substantial transmission distance, which is up to 1 km. The 5.85-

5.925 GHz band was allocated to 802.11p by both the US and Europe. 802.11p

is basically derived from IEEE 802.11a for P2P V2X communications. Since

the conventional Wi-Fi standards were designed for low-mobility networks,

802.11p provides improvements against the issues caused by the rapid motion
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of vehicles.

Compared with DSRC 802.11p, C-V2X is a relatively new V2X access

technology. It can benefit from the existing widespread LTE infrastructures.

However, communications through infrastructural nodes potentially lead to

high processing delay, and the LTE network is infeasible when a vehicle is not

in the coverage area of LTE base stations. To cope with these issues, C-V2X

supports direct V2X communications via the deployment of the sidelink chan-

nel over the PC5 interface. In 3GPP Release 14, two new sidelink transmission

modes, which are mode 3 and 4, were proposed to support low latency V2X

communications.

For both DSRC 802.11p and C-V2X, OMA is deployed for MUA. Specifi-

cally, OFDM and single-carrier frequency-division multiplexing (SC-FDM) are

applied to modulate the signals by DSRC 802.11p and C-V2X, respectively. To

avoid interference from undesired transmitters, DSRC 802.11p adopts carrier-

sense multiple access (CSMA) [42] in distributed Vehicular Ad-hoc Networks

(VANETs), and C-V2X applies semi-persistent sensing (SPS) in either cen-

tralized (mode 3) or distributed (mode 4) manner [34].

Broadcasting is the most basic communication scenario in V2X communica-

tions. For instance, all standards define safety-related messages for periodically

broadcasting. In Europe, the European Telecommunications Standards Insti-

tute (ETSI) standardized cooperative awareness message (CAM) to broadcast

the real-time vehicle data at a rate between 1 and 10 Hz [43]. In the US,

DSRC applies the basic safety message (BSM) to share the vehicle informa-

tion such as heading, speed, position with a predetermined frequency [44]. In

vehicular networks, multi-hop forwarding is supported by diverse routing pro-

tocols such as Ad-hoc On-demand Distance Vector (AODV) [45]. The afore-

mentioned TWRC is a special case of forwarding when the communication is

bi-directional.
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Operating in OMA, the overheads that originate from resource allocation

to guarantee the orthogonality increase the transmission latency. When the

resource channels cannot satisfy transmission requests in high-dense dynamic

networks, the average waiting time increases to guarantee the orthogonality.

Otherwise, concurrent transmission on the same resource channel causes col-

lision in OMA. These issues are fatal to time-critical V2X communications.

Thus, NOMA is advocated to decrease the latency for V2X communication by

increasing spectral efficiency.

2.2 Non-orthogonal multiple access (NOMA)

NOMA can be broadly divided into two main categories: power-domain NOMA

and code-domain NOMA. Appling a superposition coding (SC) strategy [46],

power-domain NOMA superposes multiple users in the power domain and

investigate the power difference among them. Employing user-specific spread-

ing sequences, code-domain NOMA multiplexes the competing users in the

code to obtain spares, low-density, and low-correlation properties. At the

receivers, SIC and JD are two well-known MUD to decode the individual in-

formation. SIC is widely considered in the recent papers about power-domain

NOMA [13,47–49] since it distinguishes and removes multiple users in sequence

depending on different power levels.

A JD receiver, as discussed in the previous chapter, provides a higher PDR

by allowing balanced power levels among multiple users. This strategy pro-

vides better decoding performance than SIC at the cost of higher computa-

tional complexity. PNC is a variant of NOMA that exploits network coding

to enhance transmission efficiency. PNC aims to decode the network coded

output of multiple users.

According to information theory, [15] revealed that superposition coding
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based non-orthogonal multiplexing at the transmitter and SIC at the receiver

outperforms conventional orthogonal-multiplexing and achieves the capacity

region of the downlink broadcast channels. To further improve spectral effi-

ciency, the integration of NOMA and MIMO technique is investigated [50–53].

For instance, MIMO-OMA and MIMO-NOMA were compared in [52, 53] and

the advantages of MIMO-NOMA were illustrated analytically, which included

both ergodic sum capacity and sum channel capacity. In additional to theory,

power-domain NOMA was studied from the viewpoint of implementation. [54]

considered practical NOMA schemes, which was named multiuser superpo-

sition transmission (MUST), for downlink transmissions with two users. [55]

discussed several practical considerations such as signaling overhead, multi-

user power allocation, user mobility, and SIC error propagation. An interest-

ing finding was that the throughput gain of NOMA over OMA decreases as

the mobility increases, and the minimum gain is around 22% when the veloc-

ity is 100 km/hr. For PNC, it was initially exploited in a TWRC and the

power levels from multiple users were considered as balanced [56]. Different

from power-domain NOMA where SIC was the most common MUD technique,

PNC receivers were designed based on JD due to the balanced or near-balanced

power levels. Table. 2.1 illustrates the PNC mapping in Fig. 1.1.

Table 2.1: PNC mapping

Symbol 𝑋𝐴 from user A Symbol 𝑋𝐵 from user B Mapping to PNC symbol 𝑋𝑅

1 1 1

1 -1 -1

-1 1 -1

-1 -1 1

In a PNC relay, the above mapping is first obtained through signal de-

tection by comparing the received signal with the four possible combinations.

This indicates that the symbol pair from the two users needs to be detected
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jointly. For the channel decoder, there are three ways to decode the received

symbols: 1) the network-coded symbol 𝑋𝑅 is decoded; 2) symbols 𝑋𝐴 and

𝑋𝐵 are decoded separately; and 3) symbols 𝑋𝐴 and 𝑋𝐵 are decoded jointly,

namely the symbol pair (𝑋𝐴, 𝑋𝐵) is decoded [57]. No matter which scheme is

deployed, the relay would broadcast the network-coded output in the downlink

phase. An interesting point is that the individual information can be decoded

if either schemes 2 or 3 is applied.

The next two sections reviews related works on applying PNC and MUD

in V2X communications.

2.3 Physical-layer network coding (PNC)

Relay transmission is common in vehicular networks to cope with severe path

loss due to NLOS and long-distance transmissions. It can achieve spatial

diversity via node cooperation [58] and extends coverage without increasing

transmission power. There are two common relaying strategies:

1. Amplify-and-Forward (AF): The relay node simply amplifies the received

signal from the source and forwards it to the destination. This protocol

converts the network into a large multiple-input multiple-output (MIMO)

channel to achieve a beamforming gain, but the amplification of noise also

degrades the communication performance.

2. Decode-and-Forward (DF): The relay decodes the message from the source,

and then re-encodes it for the transmission to the destination. On one

hand, this protocol can eliminate the interference from noise compared

with AF. On the other hand, the relay may fail to forward the message

when the source message cannot be decoded.

The idea of PNC was originally proposed in [56] and [59] as a subfield of
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network coding [60,61]. It exploited networking to improve relay transmission

performance. Similar to DF, PNC decodes the messages from the overlap-

ping signals of multiple transmitters, but it aims to obtain the network-coded

output. A simple version of PNC named analog network coding (ANC) was

proposed in [62]. Similar to AF, ANC simplifies the weighted sum and for-

wards it. The easiest way to demonstrate the concept of PNC is a TWRC

illustrated in Chapter 1. The TWRC operated with PNC indicates that the

latency can be reduced by 50% compared with the conventional OMA scheme

without network coding. In addition to the TWRC, PNC is feasible for other

communications scenarios. For instance, [63] proposed nine PNC building

blocks, with TWRC being one of them, and refer them as PNC atoms. Apply-

ing the proposed framework, a general network can be decomposed into the

combination of the nine PNC atoms and achieves around 100% throughput

enhancement compared with the conventional multi-hop scheduling.

VANET is a multi-hop network where relay transmissions are often seen.

This attracts researchers to investigate the feasibility of applying PNC in V2X

communications. The authors of [64, 65] studied the scheduling problem in

PNC-based VANETs and proposed a MAC protocol named VPNC-MAC. The

scheme includes setup and packet exchange phases to ensure reliable and ef-

ficient periodic beacon broadcasting. The feasibility of PNC in V2X commu-

nications was first studied in [66]. The major interest was the effect of CFO

and it was found that in the worst case, PNC in V2X communications suffers

only at most a 3 dB SINR penalty compared with conventional P2P com-

munications. Since OFDM is widely used in the PHY layer of the standards

belong to the 802.11 family, there are many prior works investigates the pos-

sibility of OFDM-modulated PNC [22, 67–70]. For instance, [67, 69] studied

the synchronization problem due to the time difference of arrival between the

two transmitters, [68] analyzed how the frequency-selective channels affect the
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PNC performance. These issues are studied with the assumption of static net-

works. There is a limited study on channel estimation for PNC operating in

high-speed motion.

OFDM divides the frequency band into multiple sub-channels, on which

the data symbol is carried, to deal with non-flat fading. Theoretically, the

fading in each sub-channel is flat when if the sub-channel is narrow enough.

However, the vehicular motion leads to time-frequency-selective channels, and

thus destroys the orthogonality and makes both channel estimation and de-

coding challenging [21, 71]. Admittedly, there exists a large number of pa-

pers that studied the performance of OFDM systems in double selective chan-

nels [21, 23, 71, 72]. Basically, the research interest can be divided into two

parts: 1) channel estimation to accurately track the channel state information

(CSI) against fast fading and CFO; and 2) robust signal detection or chan-

nel decoding against ICI and inter-symbol interference (ISI). To capture the

rapid time-varying channels, there are three widely utilized statistical models:

the classical Jake’s model [73]; 2) the Markov models [74]; and 3) BEM [24].

BEM is employed in this thesis since it can reduce the number of parame-

ters to estimate, thus the complexity can be reduced. There exists a large

number of channel estimation algorithms that depended on these three models

for P2P communications [75–77]. However, for OFDM systems operating in a

non-orthogonal manner such as PNC, the impact of overlapping signals on the

receiver design needs to be studied.

In terms of channel estimation in PNC, [78] customized a joint channel es-

timation and channel decoding framework for PNC systems. This work mod-

eled the radio channels with two independent first-order Gauss-Markov pro-

cesses [79]. The model represents the channels as finite-state Markov chains,

which means that the current channel coefficient depends on the previous one.

The correlations between two successive symbols were investigated via mes-
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sage passing, this requires the perfect correlation coefficient. In addition, this

work only considered single-carrier systems without ICI, this indicated that

the channel model was not feasible for OFDM systems since the correlation

between two subcarriers were not considered and the ICI induced by CFO

could not be modeled.

For OFDM-based PNC, [80] proposed a blind channel estimation algorithm

to capture frequency-selective channels through a non-redundant linear precod-

ing at the two end nodes. The channels were assumed to be constant over a

certain period. Thus, the temporal correlation was not studied. The authors

of [22] adopted time-orthogonal (time non-overlapping) training symbols and

pilots for the two end nodes. In this case, the channel estimation problem in

PNC is reduced to that of traditional communication systems since the two

channels are estimated separately. One problem is that the time-frequency

resources assigned as either training symbols or pilots increases as the number

of terminals ascents. A low-overhead channel precoding system was proposed

for mobile lattice-coded PNC in [81]. Without the reference signal, the pro-

posed scheme uses only temperature-compensated oscillators to achieve accu-

rate channel alignment. However, the approach only considered single-path

channel estimation and the ordinary walking speed in the conducted experi-

ment was to low for V2X communications.

These above works did not consider channel estimation under time-frequency-

selective channels. It is uncertain whether the prior channel estimation schemes

for P2P communications [75–77] are feasible to estimate the overlapped signal

or not. The BEM model, which is exploited in this thesis, is normally utilized

for the discrete-time channel impulse response (CIR). The BEM model rep-

resents the time-varying channel over a short period of time as the weighted

summation of deterministic basic functions. Several bases have been proposed,

including complex exponential (CE) basis [24, 25], polynomial basis [26, 27],
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Karhunen-Loève basis [28], and discrete prolate spheroidal functions [29].

A common method to mitigate ICI induced by CFO is interference cancel-

lation. Before channel estimation and signal detection, ICI is removed with the

use of ICI coefficients and decoded data [82,83]. Therefore, channel estimation

and decoding are assumed to be conducted under the interference-free situa-

tion. The cancellation can be further divided into hard and soft cancellations

depending on whether the data information is obtained from a hard (binary

value) decision or a soft (mean value) decision. In [18], PNC was investigated

in an underwater acoustic (UWA) two-way relay channels. There were two

assumptions considered for the UWA channels: 1) the path amplitude was

fixed as a constant value; 2) with a Doppler rate representing the changing

rate of the delay, the path delay follows a first order kinematic model. The

ICI issue was mitigated by a Gaussian message passing (GMP) based channel

equalization method.

In [84], the effect of CFO was discussed in depth and ICI was considered

in the form of the a posteriori probability (APP). Even though the CFOs

cannot be eliminated, the paper suggested that it can be mitigated via mean-

frequency (MF) compensation. The ICI problem was further mitigated via a

message passing algorithm. The performance under both flat fading and fre-

quency selective fading were analyzed. However, these works focused on CFO

but assumed the channel to be known (i.e., the issue of channel estimation

was not addressed). [85] investigated the use of an expectation maximization-

belief propagation (EM-BP) algorithm to track the phase offset on the target

subcarrier caused by CFO under both flat fading channel and frequency se-

lective channel. However, the ICI induced by CFOs was treated as additional

noise. In addition, the paper only considered the CFO between the crystal

oscillators of the transmitter and receiver without the effect of the Doppler

effect.
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Compared with previous works, this thesis takes both channel estimation

under time-frequency-selective channels, and detection plus decoding under

ICI into account. These two critical issues are addressed for PNC in vehicular

environments.

2.4 Multi-user detection (MUD)

One research objective of this thesis is to employ NOMA for C-V2X com-

munications operating in mode 4, in which the network is uncoordinated and

vehicles independently select radio resources to broadcast messages. In this

case, NOMA is operating in random access networks. For the prior research on

NOMA, which usually refers to power-domain NOMA, requires coordinations

with known CSI to investigate the power difference for multiple access. This is

easy to implement in a centralized network where a BS that obtains the CSIs of

the terminals in its coverage. Besides uncoordinated communications, several

recent works that studied the performance of NOMA random access indicated

that NOMA can be employed for uncoordinated transmissions [86–90].

Choi [86] applied NOMA to multi-channel ALOHA [91, 92] with multi-

ple sub-channels and multiple power levels, and proved that the proposed

scheme achieved higher goodput than the conventional OMA-based multi-

channel ALOHA. A channel-dependent selection for sub-channel and power

level was exploited to mitigate the high transmission power problem. The im-

pact of the proposed scheme on the average transmission power in terms of the

number of power levels was evaluated by an upper-bound on the average trans-

mission power. Seo et al. [87] studied NOMA random access (NORA) with

multiple levels of target power based on channel inversion. This enabled that

the received power at the BS can be one of the two target values to guarantee

the power difference for SIC Compared with conventional random access, the
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proposed scheme improved the maximum goodput from 0.368 to 0.7. NOMA

random channel access with Rayleigh fading channel has been investigated

in [88]. The authors of [89] studied the maximum sum rates of slotted ALOHA

with two SIC receivers: ordered SIC and unordered SIC. Ordered SIC means

that packets are decoded according to the order of the received power levels,

and unordered SIC indicates random decoding order. The study was based

on the assumption that the received SNRs follow exponential distribution. It

revealed that the transmission probability and the encoding rate should be

adaptively adjusted according to the SNR so that the maximum sum rate can

be achieved. Besides, the analysis indicated that ordered SIC outperformed

unordered SIC. [90] considered not only SIC but also JD for random access.

Simulations revealed that the two techniques showed similar performance over

frequency-flat block-fading multiple access channel (BF-MAC), but JD pro-

vided higher outage-limited maximum goodput than SIC. Since NOMA was

mainly studied for cellular networks, [86–90] focused on a single receiver with

the assumption of unicast. However, for common broadcasting in V2X com-

munications, the performance of multiple users within a certain region should

be considered.

When applying NOMA to V2X communications, the characteristics of ve-

hicles need to be captured and studied to ensure the feasibility of NOMA in

vehicular networks. Di et al. [38, 49] applied NOMA to alleviate the perfor-

mance degradation in terms of latency and packet reception probability caused

by the high density of vehicles. Focusing on SIC-based NOMA, they proposed

a scheme including both centralized sub-channel allocation and distributed

transmission power adjustment for V2X broadcasting to minimize the latency

and maximize the packet reception probability. The proposed algorithm was

suboptimal since the formulated problem was NP-hard. Only simulation re-

sults were provided to evaluate the performance. In addition to [38, 49], the
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recent research on NOMA in V2X communications focuses on resource alloca-

tion [36,93–96].

Yoon et al. [93] exploited a resource allocation algorithm, which consisted

of joint sub-channel assignments, user pairings, and power control, to minimize

the total transmission power for all terminals in the network. The problem

was described as a mixed integer linear program and tackled in three low-

complexity steps. In [94], a resource allocation scheme for V2V broadcasting

operated with NOMA was proposed with the goal of optimizing the packets

receive ratio (PRR). The vehicles were divided into multiple groups, where the

members shared the same RBs, according to the moving statuses. A vehicle

was assigned with the same resource unless it changed the status. In [36],

the authors considered heterogeneous vehicular communications consisting of

V2V, V2I, and femto user to femto station (F2FS) links. SIC-based NOMA

was exploited in vehicular networks and an optimized power allocation scheme

was proposed to improve the goodput and reliability. Focusing on a downlink

NOMA-enabled V2X network, [96] considered the resource allocation problem

for both cellular users (CUEs) and V2V users (VUEs). A joint resource al-

location scheme with weighted max-min rate fairness was proposed to satisfy

the fairness and variety requirements of CUEs for data service. Besides, the

scheme could guarantee the reliability of V2V links by imposing minimum

SINR requirements on problem formulation.

The authors in [39] studied the dynamic cell association caused by the

high vehicle mobility and dynamic communication environment. The paper

deployed SIC-based NOMA and proposed an algorithm to jointly optimize

the cell association and power control to maximize the long-term system util-

ity. [47] considered that the strong user served as a relay for the weak user

via exploiting the side information for interference cancellation. Similar con-

cept was extended in [97] by considering multiple-input multiple-output spatial
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modulation (MIMO-SM) and V2V networks. SM was originally derived from

Chau and Yu’s work in [98], where the receiver decodes the signals from dif-

ferent transmitting antenna. [97] indicated that the robustness of SM against

the temporal and spatial effects of the V2V channel had been exhibit im-

proved by NOMA-SM compared with vertical bell laboratories layered space-

time (VBLAST). Di et al. [99] exploited a full duplex (FD) NOMA scheme

operated in decentralized V2X networks. Specifically, V2X communications in

both urban and crowded scenarios were studied by providing the corresponding

exact capacity expressions. Approximate closed-form expressions with arbi-

trary small errors were provided to simplify the exponential integral functions.

The numerical results indicated several interesting points: 1) NOMA power

and Rician factor value lead to better capacity performance as the number of

V2X terminals increases; 2) the channel noise and the FD self-interference de-

termined the effect of FD-NOMA; and 3) FD-NOMA showed the best latency

performance compared with other schemes.

Most of these prior works relied on centralized control and did not consider

any mathematically tractable network model, the proposed algorithms can only

be evaluated via time-consuming simulation. Besides, they primarily focused

on SIC receivers without much discussion on JD-based NOMA. In light of the

inadequacy, it is significant to obtain a tractable network model to study the

feasibility and performance of NOMA in C-V2X communications operating in

mode 4. A comprehensive study should consider not only SIC decoder, which

is widely assumed in NOMA systems, but also JD decoder.

Cooperative intelligent transportation system (C-ITS) Vehicle-to-Everything (V2X) Quality of service (QoS) Non-

orthogonal multiple access (NOMA) Two-way relay channel (TWRC) Physical-layer network coding (PNC) Multiuser de-

tection (MUD) Orthogonal frequency-division multiplexing (OFDM) Inter-carrier interference (ICI) Carrier frequency off-
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to-interference-plus-noise (SINR) Package delivery ratio (PDR) Successive interference cancellation (SIC) Joint decoding
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Chapter 3

An ICI-aware Approach against

CFOs and

Time-frequency-selective

Channels

This chapter studies the TWRC illustrated in Fig. 1.1. Since the downlink

phase can be considered as traditional broadcasting, this work focuses on the

most challenging part: the uplink phase operating in a non-orthogonal manner.

We organize this chapter as follows. The first section describes the system

model of the TWRC. We discuss the proposed method in terms of two parts:

the channel estimation part and the detection and decoding part in the second

section. Then, the third section analyzes the computational complexity of the

proposed algorithm. After that, simulation results are presented and analyzed

in the fourth section. The last section concludes this chapter.
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3.1 System model

In this section, we first depict the mobile radio channels adopted for the two end

nodes. Then the overlapping signal at the relay is discussed and we can see the

negative effect of double-selective channels and CFOs. The third and fourth

subsections study the impact of relative channel gain and ICI on PNC systems.

Finally, the last subsection shows how the BEM transfers the complicated

superimposed signals into a simple linear equation.

3.1.1 Time-frequency-selective channels

In V2X communications, the multi-path environment and high mobility of ve-

hicles create a lot of complexity in the mobile radio channels. The transmitted

signals are propagated through multiple paths and mingle at the receiver. And

the signals from different paths experience different delay and path gain. The

signals suffer from delay spread and the maximum delay can be up to hun-

dreds of ns [100]. Under high speed, signals with different incident angles have

diverse Doppler shifts, and the maximum Doppler frequency in V2X communi-

cations is around 1500 Hz [101]. Previous empirical channel models [100, 101]

indicate that the consideration of double-selective channels in V2X communi-

cations is necessary. In this work, we assume that the signals from the two end

nodes undergo two independent time-frequency-selective channels character-

ized by wide-sense stationary uncorrelated scattering (WSSUS) models [102].

Specifically, the time-variant impulse response can be described as

ℎ𝑖(𝜏𝑖, 𝑡) =

𝑃𝑖∑︁
𝑝𝑖=1

𝑐𝑝𝑖(𝑡)𝛿(𝜏𝑖 − 𝜏𝑝𝑖), (3.1)

where 𝑖 ∈ {𝐴,𝐵} is the label for the two end nodes, 𝑃𝑖 indicates the total

number of propagation paths with different delays. 𝑡 means the time, 𝛿(𝜏𝑖 −
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𝜏𝑝𝑖) = 0 when 𝜏𝑖 ̸= 𝜏𝑝𝑖 and 𝛿(𝜏𝑖−𝜏𝑝𝑖) = 1 when 𝜏𝑖 = 𝜏𝑝𝑖 . For the 𝑝𝑖-th path with

delay 𝜏𝑝𝑖 , we consider non-line-of-sight (NLOS) propagation and the complex

channel gain 𝑐𝑝𝑖(𝑡) is modeled as a Rayleigh process that follows the Jakes’

power spectrum [102] with maximum Doppler frequency 𝑓𝑑𝑖 :

𝑓𝑑𝑖 =
𝑣𝑖
𝑐
𝑓𝑐, (3.2)

where 𝑐 indicates the speed of electromagnetic waves, 𝑣𝑖 is the relative veloc-

ity between the transmitter and receiver (e.g., high speed that is up to 100

km/hr), and 𝑓𝑐 is the carrier frequency. In addition to the Doppler spread,

we assume that the imperfection of the local oscillators used to generate the

radio frequency (RF) at the two end nodes A and B causes frequency offset

𝑓𝛿𝑖 . The imperfect local oscillators and the rapid motion of vehicles make CFO

inevitable in V2X communications.

3.1.2 Superimposed OFDM signals

According to the 802.11p standard, we consider OFDM modulated PNC for

V2X communications. The source data 𝑆𝐴 and 𝑆𝐵, which are binary data, is

first channel encoded, interleaved, and mapped to the constellation via mod-

ulation (e.g., BPSK and QPSK). After that, we obtain channel encoded and

modulated data 𝑋𝐴 and 𝑋𝐵. The inverse fast Fourier transform (IFFT) will

then change the modulated data from the frequency domain to the time do-

main. After adding the cyclic prefix (CP), the time-domain signals are ready

to be transmitted. Here the number of subcarriers is 𝑀 and the length of

CP is 𝐺. An important assumption in this work is that we assume CP can

successfully cover the maximum delay so that the ISI can be eliminated. This

is practicable by setting the length of CP sufficient. Let the bandwidth be 𝐵

and the sampling rate is configured to be 𝐵 = 1/𝑇𝑠, where 𝑇𝑠 indicates the
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sampling interval. The duration of one symbol is 𝑇 = (𝑀 + 𝐺)𝑇𝑠. One data

frame contains 𝐿 symbols. The transmitted time-domain baseband discrete

signals from node 𝑖 at the 𝑙-th symbol are represented as

𝑥𝑖[𝑞 +𝐺+ (𝑙 − 1)(𝑀 +𝐺)] =
1

𝑀

𝑀/2−1∑︁
𝑚=−𝑀/2

𝑋𝑖,𝑙[𝑚]𝑒𝑗2𝜋
𝑚
𝑀

𝑞, (3.3)

where 𝑞 is the time index within a symbol, and 𝑋𝑖,𝑙[𝑚] is the modulated in-

formation mapped from binary bit to the constellation. After up conversion,

propagating through the mobile radio channels described in (3.1), and down

conversion, the baseband signals from the two end nodes A and B overlap at

the relay R, and we can express it as follows

𝑦(𝑡) =
∑︁

𝑖∈{𝐴,𝐵}

(𝑥𝑖(𝑡)⊗ ℎ𝑖(𝜏𝑖, 𝑡))𝑒
𝑗2𝜋𝑓𝛿𝑖 𝑡 + 𝑛(𝑡), (3.4)

where ⊗ denotes convolution operation, 𝑛(𝑡) is the complex white Gaussian

noise with zero mean and variance 𝜎2
𝑡 . In the following, we further consider the

product of ℎ𝑖(𝜏𝑖, 𝑡) and the CFO due to oscillator imperfection 𝑒𝑗2𝜋𝑓𝛿𝑖 𝑡 to be

one single component ℎ𝑖(𝜏𝑖, 𝑡). This is reasonable since the hardware frequency

offset can be regarded as part of the Doppler spread without loss of generality

and this helps to simplify the equation. By performing fast Fourier transform

(FFT) operation, the frequency-domain signal on the 𝑙-th symbol is given by

𝑌 𝑙 = 𝐻𝐴,𝑙𝑋𝐴,𝑙 +𝐻𝐵,𝑙𝑋𝐵,𝑙 +𝑊 𝑙. (3.5)

Here we use bold capital letters to denote arrays (e.g., vector or matrix).

The above equation contains three 𝑀 ×1 vectors, which are 𝑌 𝑙, 𝑋 𝑖,𝑙 and 𝑊 𝑙,

and two 𝑀 ×𝑀 matrices, which are 𝐻𝐴,𝑙 and 𝐻𝐵,𝑙. 𝑌 𝑙 and 𝑋 𝑖,𝑙 include data

information of 𝑀 subcarriers. 𝑊 𝑙 contains the independent noise on each
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subcarrier and the noise is zero mean with variance 𝜎2
𝑓 = 𝑀𝜎2

𝑡 . 𝐻 𝑖,𝑙 contains

the detailed channel gains for one symbol. The diagonal elements 𝐻 𝑖,𝑙[𝑚,𝑚]

denote complex channel responses for desired signals on the target subcarriers,

while other elements are coefficients for ICI. (the non-diagonal elements should

be zero when there is no CFO). The frequency-domain impulse response from

subcarrier 𝑘 to subcarrier 𝑚 can be interpreted as follows:

𝐻 𝑖,𝑙[𝑚, 𝑘] =

𝑃𝑖∑︁
𝑝𝑖=1

𝛼𝑡(𝑚, 𝑘, 𝑙, 𝑝𝑖)𝛼𝑓 (𝑘, 𝑝𝑖), (3.6)

with

𝛼𝑡(𝑚, 𝑘, 𝑙, 𝑝𝑖) =
1

𝑀

𝑀−1∑︁
𝑞=0

𝑐𝑝𝑖((𝑞 +𝐺)𝑇𝑠 + (𝑙 − 1)𝑇 )× 𝑒𝑗2𝜋
𝑘−𝑚
𝑀

𝑞,

𝛼𝑓 (𝑘, 𝑝𝑖) =𝑒−𝑗2𝜋𝑘Δ𝑓𝜏𝑝𝑖 .

(3.7)

The impulse response is the summation of impulse responses from all

paths. For each path, the impulse response is the product of 𝛼𝑡(𝑚, 𝑘, 𝑙, 𝑝𝑖)

and 𝛼𝑓 (𝑘, 𝑝𝑖). 𝛼𝑡(𝑚, 𝑘, 𝑙, 𝑝𝑖) is the output coefficient of the signal on the 𝑘-th

subcarrier to the 𝑚-th subcarrier at the 𝑙-th symbol. It reflects the time-

varying characteristic. 𝛼𝑓 (𝑘, 𝑝𝑖) is a phase rotation caused by delay 𝜏𝑝𝑖 . It

shows the frequency-varying characteristic. Δ𝑓 = 1/(𝑀𝑇𝑠) is the subcarrier

spacing. If only one path exists, the channel is frequency-flat, which means

the amplitudes of impulse responses on all subcarriers are the same. Multi-

path leads to frequency-selective channels. 𝐻 𝑖,𝑙[𝑚, 𝑘] with 𝑚 ̸= 𝑘 indicates

ICI coefficient. Previous work on channel estimation [85] considers ICI as part

of the noise, but here we attempt to achieve an ICI-aware scheme for channel

estimation, detection and decoding to mitigate the negative effect of CFO.
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3.1.3 Relative channel gain in PNC receiver

This subsection studies the impact of relative channel gain in XOR mapping.

Fig. 3.1 plots the received constellation of the superimposed QPSK signals

without neither noise nor ICI.

Figure 3.1: Constellation sample of PNC system (QPSK).

In this sample, the relative channel is
𝐻𝐴,𝑙[𝑚,𝑘]

𝐻𝐵,𝑙[𝑚,𝑘]
= 𝑒𝑗

𝜋
2 . To highlight different

XOR mappings, we purposely set the phase offset slightly larger than 𝜋
2
. The

four points that belong to XOR mapping (1 + 𝑗) overlap with the four points

that belong to (−1 − 𝑗). In this case, the minimum distance 𝑑𝑚𝑖𝑛 of two

different XOR mapping is equal to zero even in the absence of both noise

and ICI. Compared with either SNR or SINR, the power level related to the

minimum distance (referred to as ‘the power level’ in the following), which

is defined as 10 log10(
1
4
𝑑2𝑚𝑖𝑛), can better illustrate the performance of PNC

systems.

Fig. 3.2 and 3.3 show the power level under diverse relative channel gains.

The sum power of the two users is fixed at 0 dBW and the relative channel gain
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𝐻𝐴,𝑙[𝑚, 𝑘]/𝐻𝐵,𝑙[𝑚, 𝑘] varies, then the minimum distance can be calculated

and the power level is obtained. For BPSK modulation, the power level is only

determined by the power difference regardless of the phase offset. It decreases

as the power difference increases. In the region with a large power difference,

the power level depends on the weak user whose power is relatively low. The

power level is maximized when the amplitude ratio |𝐻𝐴,𝑙[𝑚, 𝑘]/𝐻𝐵,𝑙[𝑚, 𝑘]| is

equal to one. For QPSK modulation, the weak user determines the power

level in the region with a large power difference as well. But phase offset

causes serious power level degradation in the power-balanced region, where the

amplitude ratio is between 0.5 and 2. In the near power-balanced region, either

4 degree phase offset from 84 degree to 88 degree or 0.12 amplitude ratio offset

from 0.81 to 0.93 can lead to 10 dB power level degradation. The area where

the power level is lower than -20 dBW is highlighted in Fig. 3.3. Therefore,

XOR mapping is sensitive to the relative channel gain, which includes both

the power difference and phase offset.

Figure 3.2: The power level under dif-
ferent relative channel gain (BPSK).

Figure 3.3: The power level under dif-
ferent relative channel gain (QPSK).
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3.1.4 ICI in PNC receiver

The power of ICI is determined by the maximum Doppler frequency and the

shape of the Doppler spectrum. For simplification, the two end nodes are

assumed to share the same Doppler frequency and apply the Jakes’ power

spectrum. In addition, we only consider the ICI from two adjacent subcarriers

since they dominate the ICI according to our study in [84]. According to Eq.

(3.5) in [103], the power of ICI given normalized received power can be written

as

𝑃𝐼𝐶𝐼 =

∫︁ 𝑓𝑑

−𝑓𝑑

1

𝜋𝑓𝑑
√︀

1− (𝑓/𝑓𝑑)2⏟  ⏞  
Jake’s Doppler power spectral density

×[𝑠𝑖𝑛𝑐2(1− 𝑓) + 𝑠𝑖𝑛𝑐2(−1− 𝑓)⏟  ⏞  
ICI from adjacent subcarriers

]𝑑𝑓.

(3.8)

The first component on the right hand side (RHS) denotes the Jake’s power

spectral density function. The second component represents the interference

from two adjacent subcarriers. The result of (3.8) is plotted in Fig. 3.4. Similar

to Fig. 3.2 and 3.3, the sum power is fixed at 0 dBW.

Figure 3.4: The power of ICI.

For low normalized Doppler frequency 𝑓𝑑𝑀𝑇𝑠 < 0.05 in VANETs, the

power of ICI is lower than -26 dBW, the corresponding SIR is 26 dB. The
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power of ICI reaches -20 dBW when the normalized Doppler frequency is

0.1, and the corresponding SIR is 20 dB. Such SIR is high in conventional

P2P communication systems. However, according to our study of relative

channel gain in Fig. 3.3, -20 dBW ICI could be fatal to PNC systems. In the

highlighted area in Fig. 3.3, ICI with 𝑓𝑑𝑀𝑇𝑠 = 0.1 could already lead to error

in XOR mapping.

Therefore, a robust PNC receiver in VANETs needs to accurately track the

rapidly changing channel and provides ICI-aware estimation and decoding. To

meet the requirement, BEM is applied in this work to facilitate the task.

3.1.5 Basis expansion model

Time-frequency-selective channels are inevitable in vehicular environment and

challenging to estimate. It appears that the 802.11p pilot setup is infeasible to

track the channel in rapid motion [21]. For PNC systems, each user is assigned

with fewer pilot tones, which worsen the channel estimation. A strategy to

address the issue of the insufficient number of pilots is to exploit the data tone

to improve the estimation [78]. The study in the previous two subsections

reveals that the data decoding is more challenging in PNC systems regardless

of noise, the data with errors may deteriorate the channel estimation. This

problem has never been studied in previous papers on BEM. In this work, we

exploit the BEM to approximate the channels and it can transform (3.6) into

a linear equation, which is much easier to solve. Specifically, the polynomial

BEM (P-BEM) is assumed since it provides a better fit for low Doppler spreads.

We can re-write the complex channel gain 𝑐𝑝𝑖(𝑡) of 𝐺𝑧 OFDM symbols by

applying P-BEM as

𝑐𝑝𝑖(𝑞𝑇𝑠) =
𝐺𝑧∑︁
𝑔=1

𝜃𝑝𝑖,𝑔𝑞
𝑔−1 + 𝜉[𝑞], (3.9)
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where 𝜃𝑝𝑖,𝑔 is a polynomial coefficient to establish the target channels, and

𝜉[𝑞] is the approximation error. Compared with estimating 𝑐𝑝𝑖(𝑞𝑇𝑠) under all

possible 𝑞, we can easily compute it once the polynomial coefficients are known.

And thus, the output coefficient 𝛼𝑡(𝑘, 𝑧,𝑚, 𝑝𝑖) can be estimated according to

(3.6). Here, we can completely reconstruct the impulse response matrix 𝐻 if

the delay spread 𝜏𝑝𝑖 is also known. Thus, the channel estimation is equivalent

to calculating the delay spread 𝜏𝑝𝑖 and the polynomial coefficient 𝜃𝑝𝑖,𝑔. The

impulse response in (3.6) can be re-written after applying P-BEM as

𝐻 𝑖,𝑙[𝑚, 𝑘] =

𝑃𝑖∑︁
𝑝𝑖=1

𝐺𝑧∑︁
𝑔=1

{𝑒−𝑗2𝜋𝑘Δ𝑓𝜏𝑝𝑖

𝑀−1∑︁
𝑞=0

(𝑞 −𝑀 + 𝑙(𝑀 +𝐺))𝑔−1𝑒𝑗2𝜋
𝑘−𝑚
𝑀

𝑞}𝜃𝑝𝑖,𝑔.

(3.10)

And we can further transform it into the linear form

𝐻 𝑖,𝑙[𝑚, 𝑘] = 𝛼(𝑚, 𝑘, 𝑙, 𝑖)𝜃𝑖, (3.11)

with

𝛼(𝑚, 𝑘, 𝑙, 𝑖) =[𝛼𝑝1,1(𝑚, 𝑘), 𝛼𝑝1,2(𝑚, 𝑘), ..., 𝛼𝑝1,𝐺𝑧(𝑚, 𝑘)𝛼𝑝2,1(𝑚, 𝑘), ..., 𝛼𝑃𝑖,𝐺𝑧(𝑚, 𝑘)],

𝛼𝑝𝑖,𝑔(𝑚, 𝑘) =𝑒−𝑗2𝜋𝑘Δ𝑓𝜏𝑝𝑖

𝑀−1∑︁
𝑞=0

(𝑞 −𝑀 + 𝑙(𝑀 +𝐺))𝑔−1𝑒𝑗2𝜋
𝑘−𝑚
𝑀

𝑞,

𝜃𝑖 =[𝜃𝑝1,1, 𝜃𝑝1,2, ..., 𝜃𝑝1,𝐺𝑧 , 𝜃𝑝2,1, ..., 𝜃𝑃𝑖,𝐺𝑧 ]
𝑇 .

(3.12)

Here [.]𝑇 indicates transpose, and in the remainder of this chapter we use

[.]𝐻 and [.]−1 to denote hermitian transpose and inverse, respectively. Thus,

we have demonstrated that the channel estimation problem for PNC in time-

frequency selective channels can be considered as resolving a linear problem.

And once the delay spread is known, both 𝜃𝑇 = [𝜃𝐴,𝜃𝐵] and 𝐻 can denote
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the channel information, and thus they can be treated equivalently.

3.2 The proposed ICI-aware scheme

This chapter proposes an iterative method to jointly address two issues. The

first one is to accurately estimate the complicated mobile radio channels with

pilot and data tones. The second one is to detect and decode the transmitted

data 𝑆 = [𝑆𝐴,𝑆𝐵]
𝑇 given channel information 𝐻 and received data 𝑌 . 𝑆

is a three-dimensional array containing element 𝑆𝑖,𝑙[𝑚]. Similarly, 𝑌 is a

two-dimensional matrix including element 𝑌 𝑙[𝑚] and 𝐻 is a four-dimensional

array containing element 𝐻 𝑖,𝑙[𝑚, 𝑘]. Accordingly, we divide the system into

two phases:

Channel estimation phase: Through exploiting the information in pilot and

data tones, this phase aims to obtain the optimal channel information with

the maximum a posteriori (MAP) probability �̂�𝑀𝐴𝑃 = argmax𝐻 𝑝(𝐻|𝑌 ) =

argmax𝐻
∑︀

𝑆 𝑝(𝐻 ,𝑆|𝑌 ). This optimization problem is resolved by applying

the EM algorithm and P-BEM.

Detection and decoding phase: With the MAP channel information �̂�𝑀𝐴𝑃

calculated in the channel estimation phase, the goal of this phase is to find the

MAP probability 𝑝(𝑆|�̂�𝑀𝐴𝑃 ,𝑌 ). The BP algorithm is used in this phase to

mitigate the effect of ICI.

As can be seen, the detection and decoding phase requires the MAP �̂�𝑀𝐴𝑃

calculated in the channel estimation phase. In turn, the calculation of �̂�𝑀𝐴𝑃

requires the APP of 𝑆, which is generated in the detection and decoding phase.

The proposed scheme iterates between the two phases.
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3.2.1 Channel estimation phase

This work aims to estimate time-frequency-selective channels. For time-varying

channels, many previous works on channel estimation [75, 104] characterized

the delay spread as discrete-time channel taps, and the taps can be calculated

with preambles and pilots. In this work, we employ the same model, both

preambles and pilots are separated from the two end nodes. Thus, we can ap-

ply the conventional methods [75] to calculate the delay taps. The complexity

of the delay measurement algorithm is low, and thus feasible for time-critical

applications. Notice that the availability of delay information is commonly

assumed in papers on BEM-based channel estimation [76,104] to focus on the

analysis of BEM. Similarly, in this work, we focus on studying the proposed

algorithm and assume that the number of paths and the corresponding delays

are known in the simulation. For the experiment in the next chapter, the de-

lay measurement algorithm [75] is implemented and the output is fed to the

proposed scheme.

OFDM modulated systems divide the frequency spectrum into multiple

subcarriers to carry information. Subcarriers inserted with known data are pi-

lot tones and others are either data tones or null tones (e.g., the DC subcarrier

is normally unused). The channel information 𝐻 can be estimated more ac-

curately by inserting more pilots, but this reduces the available bandwidth for

data transmission. Owing to the time-frequency-selective channels and CFOs,

it is difficult to track the channel information with pilots only. Our solution

is to take advantage of data tones to optimize channel estimation. It can also

further mitigate the negative effect of ICI.

In the EM algorithm, the transmitted data 𝑋 is the latent (or hidden vari-

able), the received signal 𝑌 is the observed data, and the channel information

𝐻 is the hidden parameter. The auxiliary function in the EM algorithm is

38



CHAPTER 3. AN ICI-AWARE APPROACH AGAINST CFOS AND
TIME-FREQUENCY-SELECTIVE CHANNELS

used to calculate the expected value of the log-likelihood of the desired data

given the current estimated channel. There are three stages as follows:

1. Initialization stage: find the initial channel information 𝐻 𝑖𝑛𝑖𝑡.

2. Expectation stage (E-stage): given the previous estimation 𝐻𝑜𝑙𝑑, eval-

uate the auxiliary function

𝑄(𝐻|𝐻𝑜𝑙𝑑) =
∑︁
𝑆

𝑝(𝑆|𝑌 ,𝐻𝑜𝑙𝑑) log 𝑝(𝑆,𝑌 |𝐻). (3.13)

3. Maximization stage (M-stage): optimize the channel parameters 𝐻𝑛𝑒𝑤

by maximizing the auxiliary function

𝐻𝑛𝑒𝑤 = argmax
𝐻

𝑄(𝐻|𝐻𝑜𝑙𝑑). (3.14)

For the initialization, only pilots are utilized to evaluate the channels. The

procedure is similar to that of the M-stage by removing the data tones. Thus,

we move to E-stage and offer more details to the calculation of the auxiliary

function:

𝑄(𝐻|𝐻𝑜𝑙𝑑) =
∑︁
𝑆

𝑝(𝑆|𝑌 ,𝐻𝑜𝑙𝑑) log 𝑝(𝑆,𝑌 |𝐻)

=
∑︁
𝑋

𝑝(𝑋|𝑌 ,𝐻𝑜𝑙𝑑) log 𝑝(𝑋,𝑌 |𝐻)

=
∑︁
𝑋

𝑝(𝑋|𝑌 ,𝐻𝑜𝑙𝑑) log 𝑝(𝑌 |𝑋,𝐻) +
∑︁
𝑋

𝑝(𝑋|𝑌 ,𝐻𝑜𝑙𝑑) log 𝑝(𝑋).

(3.15)

The source data 𝑆 is replaced with encoded data 𝑋 because we care

about the specific information contained in each subcarrier. The component∑︀
𝑋 𝑝(𝑋|𝑌 ,𝐻𝑜𝑙𝑑) log 𝑝(𝑋) is irrelevant to the channel matrix 𝐻 . It thus

can be neglected and removed in the M-stage. The auxiliary function can be
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re-written as follows:

𝑄(𝐻|𝐻𝑜𝑙𝑑) ∝
∑︁
𝑋

𝑝(𝑋|𝑌 ,𝐻𝑜𝑙𝑑) log 𝑝(𝑌 |𝑋,𝐻), (3.16)

where the component 𝑝(𝑋|𝑌 ,𝐻𝑜𝑙𝑑) is the posteriori probability which can be

calculated during the detection and decoding phase. To better analyze the

auxiliary function, we re-write it as the summation of sub-auxiliary functions

of individual symbols.

𝑄(𝐻|𝐻𝑜𝑙𝑑) =
𝐿∑︁
𝑙=1

𝑄(𝐻 𝑙|𝐻𝑜𝑙𝑑
𝑙 ). (3.17)

The global auxiliary function is equivalent to the summation of multiple sub-

auxiliary functions and the sub-auxiliary functions for individual symbols can

be evaluated based on their corresponding posteriori probability 𝑝(𝑋 𝑙|𝑌 ,𝐻𝑜𝑙𝑑).

We prove in Section III that the channel information 𝐻 is equivalent to

the P-BEM coefficients 𝜃 when the delay spread is known, and we further

assume that the delay taps are obtained in advance in this work. Thus, the

maximization of 𝑄(𝐻|𝐻𝑜𝑙𝑑) is equal to the optimization of 𝑄(𝜃|𝜃𝑜𝑙𝑑). In the

following mathematical derivation, the optimization problem is considered in

a group consisting of multiple sub-auxiliary functions. This means channel

estimation runs in each group, which including 𝐺𝑧 successive symbols. For

one group, the Q function, namely the auxiliary function, is equal to the sum

of 𝐺𝑧 sub-auxiliary function

𝑄(𝐻|𝐻𝑜𝑙𝑑) ∝
𝐺𝑧∑︁
𝑔=1

∑︁
𝑋𝑔

𝑀/2−1∑︁
𝑚=−𝑀/2

𝑝(𝑋𝑔|𝑌 ,𝐻𝑜𝑙𝑑)×

{−|𝑌 𝑔[𝑚]−
∑︁
𝑖

𝑀/2−1∑︁
𝑘=−𝑀/2

𝐻 𝑖,𝑔[𝑚, 𝑘]𝑋 𝑖,𝑔[𝑘]|2/(2𝜎2
𝑓 )}.

(3.18)
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Employing the P-BEM shown in (3.11), 𝐻 𝑖,𝑔[𝑚, 𝑘] in (3.18) can be replaced

with the P-BEM coefficient as follows.

𝑄(𝐻|𝐻𝑜𝑙𝑑) ∝
𝐺𝑧∑︁
𝑔=1

∑︁
𝑋𝑔

𝑀/2−1∑︁
𝑚=−𝑀/2

𝑝(𝑋𝑔|𝑌 , 𝐻𝑜𝑙𝑑){−|𝑌 𝑔[𝑚]−

{
𝑀/2−1∑︁
𝑘=−𝑀/2

[𝛼(𝑚, 𝑘, 𝑔, 𝐴)𝑋𝐴,𝑔[𝑘],𝛼(𝑚, 𝑘, 𝑔, 𝐵)𝑋𝐵,𝑔[𝑘]]}[𝜃𝐴,𝜃𝐵]
𝑇 |2/(2𝜎2

𝑓 )}.

(3.19)

Then associated derivative of the Q function can be written as follows.

𝑑𝑄(𝐻|𝐻𝑜𝑙𝑑)

𝑑𝜃

=
𝐺𝑧∑︁
𝑔=1

∑︁
𝑋𝑔

𝑀/2−1∑︁
𝑚=−𝑀/2

𝑝(𝑋𝑔|𝑌 ,𝐻𝑜𝑙𝑑)(𝑌 𝑔[𝑚]−

{
𝑀/2−1∑︁
𝑘=−𝑀/2

[𝛼(𝑚, 𝑘, 𝑔, 𝐴)𝑋𝐴,𝑔[𝑘],𝛼(𝑚, 𝑘, 𝑔, 𝐵)𝑋𝐵,𝑔[𝑘]]}[𝜃𝐴,𝜃𝐵]
𝑇 )

=
𝐺𝑧∑︁
𝑔=1

𝑀/2−1∑︁
𝑚=−𝑀/2

(𝑌 𝑔[𝑚]− {
𝑀/2−1∑︁
𝑘=−𝑀/2

[𝛼(𝑚, 𝑘, 𝑔, 𝐴) ^𝑋𝐴,𝑔[𝑘],𝛼(𝑚, 𝑘, 𝑔, 𝐵) ^𝑋𝐵,𝑔[𝑘]]}𝜃).

(3.20)

To optimize the above Q function, we make the associated derivative to be

zero as shown in (3.21).

𝐺𝑧∑︁
𝑔=1

𝑀/2−1∑︁
𝑚=−𝑀/2

(𝑌 𝑔[𝑚]− {
𝑀/2−1∑︁
𝑘=−𝑀/2

[𝛼(𝑚, 𝑘, 𝑔, 𝐴) ^𝑋𝐴,𝑔[𝑘],𝛼(𝑚, 𝑘, 𝑔, 𝐵) ^𝑋𝐵,𝑔[𝑘]]}𝜃) = 0.

(3.21)

^𝑋 𝑖,𝑔[𝑘] is the posteriori expectation of the transmitted data after decoding. Let

𝑌 𝐺 contains the received frequency-domain data of a group. Since each group

includes 𝐺𝑧 symbols and each symbol contains 𝑀 tones, 𝑌 𝐺 is a (𝑀𝐺𝑧) × 1
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vector. 𝐴𝐺 is a {𝑀𝐺𝑧} × {(𝑃𝐴 + 𝑃𝐵)𝐺𝑧} matrix with row vector

𝑀/2−1∑︁
𝑘=−𝑀/2

[𝛼(𝑚, 𝑘, 𝑔, 𝐴) ^𝑋𝐴,𝑔[𝑘],𝛼(𝑚, 𝑘, 𝑔, 𝐵) ^𝑋𝐵,𝑔[𝑘]]. (3.22)

Referring to (3.21), each element in 𝑌 𝐺 has the corresponding row vector in

𝐴𝐺. (3.21) can be simplified as

𝑌 𝐺 = 𝐴𝐺𝜃 +Ξ, (3.23)

where Ξ is the estimation error vector due to noise and approximation error

in (3.9). We can maximize the auxiliary function by finding the optimal 𝜃

to minimize the error Ξ. To this end, we use a minimum mean square error

(MMSE) estimator to achieve the optimization. According to Eq. (26) in [105],

the optimal 𝜃 is calculated as

𝜃𝑛𝑒𝑤 = (𝐴𝐺 +Σ𝑛(𝐴
𝐻
𝐺 )

−1Σ−1
𝜃 )−1𝑌 𝐺, (3.24)

where Σ𝑛 and Σ𝜃 are two covariance matrices for noise and 𝜃, respectively.

Since we assume the noise on each subcarrier is independent, the diagonal

elements in Σ𝑛 are 2𝜎2
𝑓 and other elements are zero. Similarly, all propagation

paths are uncorrelated and thus Σ𝜃 is a diagonal matrix in which the 𝑘-th

diagonal element is 𝐸(|𝜃[𝑘]|2). In each iteration of the EM algorithm, the

channel estimation result from the previous iteration is used to calculate Σ𝜃.

So far, we have demonstrated the E-stage and M-stage of the EM algorithm.

In the initialization stage, we can easily remove the data tones in (3.21) and

perform (3.24) to obtain the channel information with pilots only. Besides, the

covariance matrix Σ𝜃 is considered as an identity matrix at the beginning.

ICI compensation and equalization are common in conventional OFDM
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systems, but they are separated from the estimation of channel gains. Unlike

the two methods, the proposed channel estimation takes ICI into consideration

and evaluate the optimal P-BEM coefficient 𝜃 to construct the channel matrix.

Thus, it is ICI-aware channel estimation. After performing channel estimation,

the obtained channel information 𝐻 will be used to conduct detection and

decoding.

3.2.2 Detection and decoding phase

Given the estimated channel information 𝐻 , the proposed scheme conducts

detection and decoding to acquire the transmitted data. Specifically, signals on

each subcarriers are first detected and the APP of encoded data is obtained.

Consequently, the APP is passed to the decoder to calculated the APP of

source binary data. It means that both soft signal detection and channel de-

coding are performed in the proposed scheme. When CFO exists, the received

signal on one subcarrier suffers ICI from other subcarriers. Traditional systems

perform ICI compensation or equalization in advance, then signal detection is

conducted on each subcarrier independently. This work, by contrast, detects

the signal by taking the ICI into account. To study the effect of ICI, we first

construct a Markov network [32, 106] to represent the received signals on one

symbol. Then, the sum-product BP algorithm is employed to conduct the

inference to calculate the marginal probability of the transmitted data. Af-

ter that, channel decoding is performed with the BP algorithm. The Markov

network for signal detection is illustrated in Fig. 3.5.

As can be seen, factors 𝑋 𝑖,𝑙[𝑚] on the upper row are hidden factors while

factors 𝑌 𝑙[𝑚] on the bottom row are observed factors. Each received sig-

nal 𝑌 𝑙[𝑚] is connected to the corresponding subcarrier and two neighboring

subcarriers. The reason why only three subcarriers are connected is that the
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Figure 3.5: The Markov network for signal detection.

received signal on one subcarrier mainly depends on the desired signal on the

corresponding subcarrier and ICI from two adjacent subcarriers according to

our studies in [84]. Connecting more subcarriers cannot significantly improve

the performance but exponentially increases the computational complexity.

The joint APP of encoded data from three successive subcarriers can be cal-

culated and stored in 𝑌 𝑙[𝑚] as follows:

𝑝(𝑋 𝑙[𝑚− 1,𝑚,𝑚+ 1]|𝑌 𝑙[𝑚],𝐻 𝑙) ∝

exp {−|𝑌 𝑙[𝑚]−
∑︁
𝑖

𝑚+1∑︁
𝑢=𝑚−1

𝐻 𝑖,𝑙[𝑚,𝑢]𝑋 𝑖,𝑙[𝑢]|2/2𝜎2
𝑓},

(3.25)

where𝑋 𝑙[𝑚−1,𝑚,𝑚+1] denotes {𝑋𝐴,𝑙[𝑚−1,𝑚,𝑚+1],𝑋𝐵,𝑙[𝑚−1,𝑚,𝑚+1]}

and 𝐻 𝑙 is {𝐻𝐴,𝑙,𝐻𝐵,𝑙}. Thus, the factor 𝑌 𝑙[𝑚] contains the APP 𝑝(𝑋 𝑙[𝑚−

1,𝑚,𝑚+ 1]|𝑌 𝑙[𝑚],𝐻 𝑙) of three successive subcarriers. The APP can be cali-

brated by performing the sum-product message passing algorithm. After that,

marginalization is conducted so that the marginal probability hidden in factor

𝑋 𝑙[𝑚] is obtained. It turns out that the BP algorithm detects the received

signal by considering ICI from two neighboring subcarriers.

Here we provide more details with respect to the BP algorithm. For each

observed factor 𝑌 𝑙[𝑚] in Fig. 3.5, it contains the self-information 𝑝(𝑋 𝑙[𝑚 −

1,𝑚,𝑚+1]|𝑌 𝑙[𝑚],𝐻 𝑙) and passes the self-information to two adjacent subcar-
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riers. The passed self-information is called message, and the self-information

is not passed directly. For instance, when factor 𝑌 𝑙[𝑚] passes a message to

𝑌 𝑙[𝑚+1], since 𝑌 𝑙[𝑚+1] considers subcarriers𝑚, 𝑚+1 and𝑚+2, 𝑌 𝑙[𝑚] only

needs to pass the information related to these three subcarrers. Because 𝑌 𝑙[𝑚]

contains information regarding subcarriers 𝑚 − 1, 𝑚 and 𝑚 + 1, it needs to

eliminate the information about subcarrier 𝑚− 1 by performing marginaliza-

tion. Let Ψ𝑙[𝑚] denotes the self-information in 𝑌 𝑙[𝑚], the message generated

by 𝑌 𝑙[𝑚] and passed to 𝑌 𝑙[𝑘] is indicated by 𝜁 𝑙𝑚→𝑘.

When the BP algorithm begins, messages are passed from the root down

towards the leaves. In this work, the first message 𝜁 𝑙1→2 is generated by 𝑌 𝑙[1]

and passed to 𝑌 𝑙[2], then the shared variables in Ψ𝑙[1] are kept while others

are removed via variable elimination to obtain 𝜁 𝑙1→2. After that, 𝑌 𝑙[2] updates

itself to be the product of 𝜁 𝑙1→2 and Ψ𝑙[2]. Then, 𝑌 𝑙[2] operates variable

elimination and passes the new message 𝜁 𝑙2→3 to the next factors 𝑌 𝑙[3]. By

continuously performing the same operation, the message is passed from the

first factor to the last one. Consequently, the message is passed from the last

factor back to the first one. When the bidirectional message passing is done,

each factor updates itself as follows.

𝛽𝑚 = Ψ𝑙[𝑚]×
∏︁

𝑘∈𝑁𝑒𝑖𝑔ℎ𝑏𝑜𝑟𝑚

𝜁 𝑙𝑘→𝑚, (3.26)

where 𝛽𝑚 is the updated belief, which can be considered as the calibrated APP.

After marginalizing the belief, the marginal probability of hidden factor 𝑋 𝑙[𝑚]

is obtained as the signal detection output. The structure of the factor graph

considers ICI by connecting neighboring subcarriers, then the BP algorithm

can calibrate the APP by mitigating the effect of noise and ICI. The results

are passed to the channel decoder to decode the source data, and the APP of

encoded data can be further calibrated via channel decoding.
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With the APP of encoded data obtained, this work employs a virtual de-

coder [107] to perform the channel-decoding-network-coding (CNC) process.

For the relay R in PNC, it needs to decode the XOR output 𝑋𝑅 = 𝑋𝐴 ⊕𝑋𝐵,

and broadcasts 𝑋𝑅 to the two end nodes in the downlink phase. Therefore,

There are two ways to perform CNC: 1) the XOR APP is first calculated

based on the output of signal detection, then the XOR output of the source

data 𝑆𝑅 = 𝑆𝐴 ⊕ 𝑆𝐵 is decoded and encoded for the downlink phase; 2) the

channel decoding is performed based on the APP, which means that 𝑆𝐴 and

𝑆𝐵 are both decoded jointly. Then according to the decoding results, network

coding and channel encoding are performed. With respect to [107], the two

methods are called XOR-CD and MUD-CD respectively, and it was shown that

MUD-CD outperforms XOR-CD with more than 2.5 dB SNR gain. But the

complexity of MUD-CD is higher, it needs to handles sixteen possible combi-

nation values while XOR-CD has only four possible combinations given QPSK

modulation.. In this work, MUD-CD is preferred since it does not only provide

better performance but also the APP of data from the two end nodes, which

is required in the channel estimation phase. Fig. 3.6 shows that all encoded

data in a frame are connected to the virtual channel decoder to perform CNC

based on MUD-CD.

In CNC, after operating channel decoding, both the improved APP of

encoded data (𝑋𝐴, 𝑋𝐵) and that of source data (𝑆𝐴, 𝑆𝐵) are obtained. For

the last iteration of the proposed scheme, the APP of source data (𝑆𝐴, 𝑆𝐵)

is used to run network coding and channel coding so that the downlink data

is prepared for broadcasting. For other iterations, the APP of encoded data

(𝑋𝐴, 𝑋𝐵) is passed back for the channel estimation of the next iteration.

Since XOR is a linear operation, the virtual channel decoder can easily

apply any linear channel codes such as LDPC code, lattice code, and repeat

accumulate (RA) code. In this work, the RA code is employed, and the RA

46



CHAPTER 3. AN ICI-AWARE APPROACH AGAINST CFOS AND
TIME-FREQUENCY-SELECTIVE CHANNELS

Figure 3.6: Virtual channel decoder based on MUD-CD.

decoder also applies the BP algorithm to decode the received data. However,

any other linear channel codes are feasible in the proposed scheme. So far, the

procedures of channel estimation, signal detection, and channel decoding have

been introduced individually. Fig. 3.7 illustrates the architecture of the whole

system.

The proposed method first estimates the P-BEM coefficient by constructing

matrices 𝐴𝐺, Σ𝑛, Σ𝜃, and 𝑌 𝐺. The four matrices are discussed in (3.21) and

(3.24). Then the full channel matrix 𝐻 can be established according to (3.11),

and the output is used for signal detection. Given the channel information

and received signals, the APP of the encoded data is calculated and stored in

factor 𝑌 𝑙[𝑚]. After that, sum-product message passing is implemented in each

symbol individually and we can observe the forward messages 𝜁 𝑙𝑚→𝑚+1 and the

backward messages 𝜁 𝑙𝑚+1→𝑚. After performing inference, marginalization is

operated to obtain the marginal probability 𝑝(𝑋 𝑙|𝑌 𝑙,𝐻 𝑙). This ICI-aware

signal detection technique mitigates the negative effect of CFO, and then the

APP is delivered to the virtual channel decoder for CNC. Channel coding can
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Figure 3.7: Factor graph of the proposed scheme.
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significantly improve the reliability of the APPs 𝑝(𝑋|𝑌 ,𝐻) and 𝑝(𝑆|𝑌 ,𝐻).

And thus we can apply the enhanced 𝑝(𝑋|𝑌 ,𝐻) to perform better channel

estimation. The proposed system runs iteratively between the above phases

and 𝑝(𝑆|𝑌 ,𝐻) is expected to converge at the true value. Then by simply

performing network coding and channel encoding, the XOR output is prepared

to be broadcasted in the downlink phase.

3.3 Complexity analysis

Here we analyze the computational complexity of the proposed scheme. We

divide the proposed scheme into three parts: 1) The channel estimation part;

2) The signal detection part and 3) The channel decoding part. The com-

plexity is summarized in Table 3.1. In addition to the ICI-aware approach,

a conventional scheme (Conv) is provided for reference. The details of the

algorithm are discussed in the next section. The complexity of Conv is close

to the PNC prototype in [22] and the IEEE 802.11p standard.

Table 3.1: Complexity of one frame

Algorithm ICI-aware Conv

Channel estimation 𝒪(𝑀𝐿𝐺2
𝑧(𝑀 + 𝑃𝐴 + 𝑃𝐵)(𝑃𝐴 + 𝑃𝐵)+ 𝒪(2𝑀𝐿)

2𝑀𝐿(𝑀 +𝑀2𝐺2
𝑧 + 𝑃𝐴𝐺𝑧 + 𝑃𝐵𝐺𝑧))

Signal detection 𝒪(12Ω3
𝐴Ω

3
𝐵𝑀𝐿) 𝒪(Ω𝐴Ω𝐵𝑀𝐿)

Channel decoding 𝒪(𝑀𝐿Ω𝐴Ω𝐵(2Ω𝐴Ω𝐵 − 1)) 𝒪(𝑀𝐿Ω𝐴Ω𝐵(2Ω𝐴Ω𝐵 − 1))

For the channel estimation part, the channel information is calculated

via equation (3.24). Component 𝐴𝐺 needs 𝒪(2𝑚2𝐺𝑧) multiplications, where

𝛼(𝑚, 𝑘, 𝑔, 𝑖) can be precomputed and stored. Similarly, component Σ𝑛 can be

precomputed and component Σ−1
𝜃 is obtained from the previous iteration. We

can see that there are three multiplications, one addition and two inverse op-

erations in (3.24). By assuming the Moore-Penrose pseudoinverse of an 𝑚×𝑛
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matrix that requires 𝒪(𝑚𝑎𝑥(𝑚,𝑛)3) computations, the product of an 𝑚 × 𝑛

matrix and an 𝑛× 𝑘 matrix needs 𝒪(𝑚𝑛𝑘) computations and the addition of

the two 𝑚×𝑛 matrices requires 𝒪(𝑚𝑛) computations, the complexity of (3.24)

is 𝒪(𝑀𝐿𝐺2
𝑧(𝑀+𝑃𝐴+𝑃𝐵)(𝑃𝐴+𝑃𝐵)+2𝑀𝐿(𝑀+𝑀2𝐺2

𝑧+𝑃𝐴𝐺𝑧+𝑃𝐵𝐺𝑧)). The

Moore-Penrose pseudoinverse is the most computationally expensive operation

in the channel estimation part, but we can reduce the complexity by utilizing

faster pseudoinverse algorithm, and the complexity can be further reduced by

replacing the MMSE estimator with LS estimator.

For the signal detection part, based on the constructed graphical model

shown in Fig. 3.5, this part has three steps: APP calculation, message passing,

and marginalization. For one group containing𝐺𝑧 symbol, the APP calculation

requires 𝒪(7𝑀𝐿Ω3
𝐴Ω

3
𝐵) operations, where Ω𝐴 and Ω𝐵 are the alphabet size of

modulation for two end nodes. For instance, Ω𝑖 = 2 when BPSK is applied and

Ω𝑖 = 4 when QPSK is applied. Then, for the sum-product message passing

algorithm, we need to compute the sum and product of APP, this step needs

𝒪(4𝑀𝐿Ω3
𝐴Ω

3
𝐵) computations. The last step is marginalization and it takes

𝒪(𝑀𝐿Ω3
𝐴Ω

3
𝐵) sum operations. Thus, the computational complexity of the

signal detection part is𝒪(12Ω3
𝐴Ω

3
𝐵𝑀𝐿). The major complexity of the proposed

scheme comes from the signal detection part since the factor graph connect

three successive subcarriers as shown in Fig. 3.5. Connecting fewer subcarriers

can significantly decrease the complexity. For instance, we can just connect

one neighboring subcarrier depending on the direction of the Doppler shift or

consider the data from one end node for two neighboring subcarriers [84]. By

doing so, the order of Ω𝐴 and Ω𝐵 will be reduced from three to two.

Coming to the channel decoding part, the complexity of this part bases on

the type of channel code and decoding algorithm we utilize. In this work we

apply RA code and the complexity of is 𝒪(𝑀𝐿Ω𝐴Ω𝐵(2Ω𝐴Ω𝐵 − 1)).

We can see that the configuration affects the complexity. For example, a
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large 𝑀 significantly increases the complexity of the channel estimation, high-

order modulation (e.g., 16-QAM) will make the signal detection dominates

the complexity. We can control or reduce the complexity by adjusting the

parameters in Table 3.1. For instance, we can see that the complexity of

channel estimation shows a linear relationship to the square of the group size

𝐺2
𝑧. We will show in the next section (Fig. 3.8 and 3.9) that when 𝐺𝑧 is

reduced, the degradations in MSE and BER performances are minor.

Compared with the Conv algorithm, the proposed scheme shows higher

complexity in the channel estimation and signal detection parts. However, the

proposed scheme can perform individual channel estimation and signal detec-

tion in 𝐺𝑧 successive symbols, thus the processing time can be significantly

reduced with parallel computing hardware. For the implemented algorithms

in MATLAB, the processing time of the proposed scheme is around 20 times

of the Conv algorithm. This gap can be further decreased with optimized

hardware.

3.4 Simulation results

In this section, simulation is conducted to evaluate the performance of the

proposed scheme. The testbed is implemented with MATLAB and follows the

802.11p standard. Several input parameters are controlled, thus the proposed

scheme is verified under different scenarios. Specifically, we consider the max-

imum Doppler frequency 𝑓𝑑𝑖 , the SNR, the group size 𝐺𝑧 and the number of

iteration. Through controlling the four parameters, we observe the bit error

rate (BER) of the decoded XOR data and the mean square error (MSE) of

the estimated channel gain 𝑐𝑝𝑖(𝑡). We first show the MSE and BER results

with different 𝐺𝑧 and configure a reasonable 𝐺𝑧 for the following simulation.

Then, the convergence speed is studied by observing both the MSE and BER
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after different numbers of iterations. After that, the proposed scheme and

two benchmarks are compared under different 𝑓𝑑𝑖 with both BPSK and QPSK

modulations. In the following subsection, the simulation configuration is in-

troduced.

3.4.1 Simulation configuration

In terms of the time-frequency-selective channels, two independent five-path

Rayleigh fading channels are simulated for the two end nodes A and B. The

empirical parameters of RTV-Urban Canyon and Canyon Oncoming cases in

[101] are utilized to characterize the delay spread and the path power for

the two end nodes. The tap powers of the first path for the two cases are

recored as 0 dB for simplification. Thus, 100 ns delay and -3 dB tap power are

additionally added to all paths for node B. For each path in both A and B,

we assume that the fading spectral shapes are Jakes’ power spectrum with the

same normalized Doppler frequency 𝑓𝑑𝑀𝑇𝑠. Table 3.2 summarizes the fixed

channel parameters for the two end nodes.

Table 3.2: Time-frequency-selective channel parameters

Path no. Power (A) Delay (A) Power (B) Delay (B)

1 0 dB 0 ns -3 dB 100 ns

2 -11.5 dB 100 ns -13.0 dB 201 ns

3 -19.0 dB 200 ns -20.8 dB 301 ns

4 -25.6 dB 300 ns -24.1 dB 400 ns

5 -28.1 dB 500 ns -29.3 dB 500 ns

Besides the Doppler frequency, the hardware frequency offset is considered.

According to our empirical measurement, we set 𝑓𝛿𝐴 = 600 Hz and 𝑓𝛿𝐵 = −600

Hz for the two end nodes. It indicates 0.00864 and -0.00864 normalized CFO

in the simulation.
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Following the 802.11p standard, the simulation adopts 10 MHz bandwidth

and operates on the 5.9 GHz band. The proposed scheme only utilizes pilot

tones to estimate the channel at the first iteration, the number of pilot tones

should be not less than 𝑃𝐴 + 𝑃𝐵 according to (3.24). However, the 802.11p

standard, which assigns only four subcarriers as pilot tones, cannot meet the

requirement. Thus, we modify the pilot and data pattern in this work. Specifi-

cally, each symbol contains 144 subcarriers, which includes 120 data tones and

24 pilot tones. The pilots are time-orthogonal for the two end nodes, 12 pilot

tones are assigned to node A and the other half is assigned to node B. All

pilots are uniformly inserted into the symbol. The length of CP is configured

as nine, which can successfully prevent ISI in the simulation. Both BPSK and

QPSK modulations are considered in the simulation. Note that the 802.11p

standard uses convolutional code with coding rate 1/2, 2/3 and 3/4, which is

feasible for PNC systems as it is a linear channel code. However, we employed

the regular RA code with coding rate 1/3 [78] in this work since the decoder

is optimized for PNC systems by jointly decoding multiple users.

Besides the proposed approach (ICI-aware), two benchmarks are simulated

for comparison. One conventional benchmark (Conv) employs the linear in-

terpolation [108] for channel estimation and regards ICI as noise in detection

and decoding. Specifically, each symbol estimates the channel responses in-

dependently. Two successive pilot tones are utilized to evaluate the channel

responses for the data tones between them. Another benchmark (ICI-com)

applies the same P-BEM as the proposed algorithm to estimate the whole

channel response matrix for desired signals and ICI coefficients. However,

only pilot tones are used for channel estimation as in [104]. In addition, soft

interference cancellation is performed at the beginning of each iteration, the

channel estimation and decoding parts are thus conducted assuming the ab-

sence of interference. For the proposed scheme, the BP algorithm is performed
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once in each signal detection and twice in each channel decoding. Table 3.3

summarizes the control variables considered in the simulation.

Table 3.3: Control parameters

𝐺𝑧 2, 3, 4

Number of iteration 1,2,3,4,5

𝑓𝑑𝑀𝑇𝑠 0.06,0.12

Modulation BPSK,QPSK

3.4.2 Group size study

To select a reasonable 𝐺𝑧 to balance the performance and computational com-

plexity, we simulate the proposed ICI-aware approach with 𝐺𝑧 from two to

four. In this simulation, 𝑓𝑑𝑀𝑇𝑠 is set to be 0.12 and BPSK modulation is

considered. The MSE and BER results after five iterations are shown in Fig.

3.8 and 3.9. We can see that the MSE decreases as the group size 𝐺𝑧 increases

Figure 3.8: Comparison of MSE for
different 𝐺𝑧.

Figure 3.9: Comparison of BER for
different 𝐺𝑧.

since a larger 𝐺𝑧 indicates that a more complicated polynomial approximation

can be constructed for fast time-varying channel. And the differences between

the three curves widen when the SNR ascents. However, the gaps among them

are small, especially in the low SNR regime. Compared with the MSE results,
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the BER results of the three 𝐺𝑧 values are extremely close. The three BER

curves almost overlap together in Fig. 3.9. It reveals that performance with

different 𝐺𝑧 are similar. Considering the computational complexity analyzed

in the previous section, we set the 𝐺𝑧 to be two in the following simulations.

3.4.3 Convergence speed and initialization study

The proposed approach applies an iterative method for channel estimation, de-

tection and decoding. The convergence speed is important since it determines

the number of iterations required for convergence and affects the computational

complexity. Applying the same configuration in the previous subsection, Fig.

3.10 and 3.11 show the simulation results.

Figure 3.10: Comparison of MSE af-
ter different number of iterations.

Figure 3.11: Comparison of BER af-
ter different number of iterations.

In Fig. 3.10, the MSE of the ICI-aware method becomes quite stable after

three iterations. It can be seen that the proposed scheme converges quickly in

the low (e.g., 0 dB SNR) and high SNR (e.g., 12 dB) regimes, even one iteration

is sufficient to converge. The medium SNR regime requires more iterations to

converge. The reason is that in the low SNR regime, the proposed scheme

cannot estimate the channel since the noise is too strong. In the high SNR

regime, the proposed scheme can efficiently evaluate the channel due to the
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weak noise. For the proposed scheme, it can converge within three iterations

even in the worst case for the SNR between 0 and 12 dB. Similar trend is

observed in the BER results shown in Fig. 3.11. We thus confirm that the

proposed scheme can converge shortly, three iterations is already enough for the

medium SNR regime and one iteration is acceptable in the low and high SNR

regimes. The results of the ICI-com method are illustrated for comparison.

We can see that the ICI-com method shows much worse performance and

the results after different number of iterations are quite close in the low and

high SNR regimes. The reason is that the ICI-com method cannot efficiently

evaluate the channel until the SNR reaches 12 dB. When the SNR reaches 16

dB, the ICI-com method can also converge after three iterations. Therefore,

five iterations are sufficient to convergence for both the ICI-aware and ICI-com

methods. We only show the results after five iterations in the remainder of

this thesis.

3.4.4 Impact of velocity on BER and MSE

After studying the group size and convergence speed, this subsection aims to

study the impact of vehicular velocity on BER and MSE. To highlight the

effect of velocity, we consider high SNR at 24 dB and perfect local oscillators

to mitigate the effect of noise and CFOs from oscillators. The results are

demonstrated in Fig. 3.12 and 3.13.

The velocity varies from 10 to 1500 km/hr. According to (3.2), the corre-

sponding normalized Doppler frequency is from 0.0008 to 0.118. The velocity

has a greater influence on the Conv algorithm than the other two algorithms.

In the considered velocity range, the BER of Conv increases around 10 dB

while the BER of the two BEM-based algorithms increases less than 4 dB.

For velocity lower than 500 km/hr (𝑓𝑑𝑀𝑇𝑠 ≤ 0.0393), the MSE and BER of
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Figure 3.12: Comparison of MSE un-
der different velocity.

Figure 3.13: Comparison of BER un-
der different velocity.

the two BEM-based algorithms show slight perturbation. For velocity higher

than 500 km/hr, the gap between the ICI-aware and ICI-com algorithm be-

comes smaller. Generally, the proposed scheme shows the best MSE and BER

performance and is robust against velocity.

3.4.5 Comparison with benchmarks

This subsection focuses on the comparison of the ICI-aware, ICI-com and Conv

methods. The group size and the number of iterations are fixed to be two and

five, respectively. Then simulations are conducted under different normalized

Doppler frequencies and modulations. BPSK modulation is first considered,

the MSE and BER results are illustrated in Fig. 3.14 and 3.15. We can see

that the normalized Doppler frequency is configured as 0.06 and 0.12. Follow-

ing the 802.11p standard, relative velocity 200 km/hr would only cause 0.0157

normalized Doppler frequency. Therefore, 𝑓𝑑𝑀𝑇 = 0.06 and 0.12 are quite

large numbers in vehicular networks and more than sufficient to verify the

performance of the proposed approach. For the MSE, the Conv method does

not evaluate the time-domain channel gain 𝐶𝑝𝑖(𝑡), only the MSE results of the

ICI-com and ICI-aware methods are shown. It can be seen that the MSE of
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Figure 3.14: MSE results under differ-
ent Doppler frequencies (BPSK mod-
ulation).

Figure 3.15: BER results under differ-
ent Doppler frequencies (BPSK mod-
ulation).

the ICI-aware method is much smaller than that of the ICI-com method under

different normalized Doppler frequencies. The MSE of the proposed scheme

is even smaller than 0.01 when the SNR reaches 12 dB. Considering the BER

results in Fig. 3.15, the proposed scheme outperforms the two benchmarks.

Compared with the second-best method, it provides around 4 dB SNR gain

in the medium and high SNR regimes. An interesting point is that the BER

curves of the ICI-aware method under different normalized Doppler frequency

are almost the same. The reason is that the proposed approach can efficiently

estimate the channels with the two Doppler frequencies, the MSE results in

Fig. 3.14 also proves that the estimation is accurate, and the BER is mainly

dominated by noise. In general, the proposed scheme offers the best perfor-

mance.

Most OFDM systems employ high-order modulation such as QPSK and 16-

QAM. We also evaluate the proposed scheme under QPSK modulation. The

corresponding results are shown in Fig. 3.16 and 3.17.

Comparing the results of BPSK and QPSK modulations, the MSE and

BER curves of the three methods show a similar trend. The key difference

is that QPSK modulation suffers around 6 dB SNR penalty. In the low SNR
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Figure 3.16: MSE results under differ-
ent Doppler frequencies (QPSK mod-
ulation).

Figure 3.17: BER results under differ-
ent Doppler frequencies (QPSK mod-
ulation).

regime (e.g., SNR is smaller than 8 dB), the MSE and BER results with QPSK

modulation are considerably high. In the medium and high SNR regimes, the

ICI-aware method outperforms the two benchmarks as with BPSK modulation.

So far, the simulation results verify that the proposed scheme provides the

best performance compared with the two benchmarks. The SNR gain comes

from the consideration of ICI and the employment of data tones in channel

estimation, signal detection, and channel decoding. The fast convergence speed

indicates that the computational complexity can be reduced by performing

fewer iterations. For the high SNR regime, one iteration is acceptable for a

five-path Rayleigh fading channel with 0.012 normalized Doppler frequency.

3.5 Summary

This chapter investigates the application of OFDM modulated PNC in V2X

communications. The idea is to harness wireless interference to reduce latency

and increase throughput in V2X communications. We aim to address two crit-

ical phenomena in this problem: the CFOs between multiple transmitters and

receivers, and the time-frequency-selective channels in the vehicular environ-
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ment. Our solution is to exploit an ICI-aware approach that jointly achieves

accurate channel estimation, signal detection, and channel decoding against

the detrimental effects caused by the two phenomena. The channel estima-

tion and detection and decoding phases are converted into two optimization

problems. The first one is solved by the EM algorithm while the second one is

tackled by the BP algorithm. The effect of ICI is considered in the two phases

and the channel matrix is re-established for decoding, thus we claim that the

proposed overall algorithm is ICI-aware.

Simulations are conducted to evaluate the proposed scheme. We first study

the tradeoff between performance and complexity of the proposed scheme and

verify that the computational complexity can be reduced with minor perfor-

mance degradation. Our results also indicate that the joint algorithm can con-

verge within a small number of iterations (three to five). In the simulation that

considers five-path double-selectively channels, the proposed scheme yields the

lowest MSE and BER when compared with the benchmarks [104,108].
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Chapter 4

A Testbed for Non-orthogonal

V2X communications

In the previous chapter, an ICI-aware approach for PNC systems is proposed

to address the negative effect brought by CFOs and double-selective chan-

nels. The approach was evaluated by simulation. This chapter presents a

V2X testbed to collect practical non-orthogonal signals so that the proposed

approach can be further evaluated by experiment. Besides, this chapter inves-

tigates decoding not only the network-coded messages for PNC systems but

also the individual messages for the conventional NOMA systems.

We organize this chapter as follows. In the first section, the software and

hardware used to implement non-orthogonal V2X communications are intro-

duced. The section also discusses several practical considerations, such as the

frame format. Then, the next section discusses the two receiver schemes de-

coding the network-coded and individual messages, respectively. After that,

the testbed for V2X field trials is shown in the third section. The experiment

results are presented and analyzed. The last section concludes this chapter.

61
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4.1 Implementation of non-orthogonal V2X com-

munications with software-defined radio

The V2X field trials consist of three nodes, which are two transmitters and

one receiver. This achieves the simplest non-orthogonal V2X communications

where two users are sharing the same resource channel. The communications

involve two steps:

1. Synchronization step: The receiver R broadcasts a beacon to the two

transmitters A and B. After successfully identifying the beacon, the two

transmitters prepare to transmit messages to the receiver.

2. Transmission step: The two transmitters transmit the message to the

receiver using the same resource channel. Then, the receiver decodes the

overlapping signals.

The testbed achieves the most basic non-orthogonal communication func-

tion and supports the two V2X communication scenarios in this thesis, which

are information exchange in a TWRC and message broadcasting. The su-

perimposed signals collected by the receiver can be regarded as either the

network-coded messages or individual messages from two transmitters.

The communication functionality is implemented with SDR. The prototype

is based on the implementation of PNC in [22]. It includes the hardware and

software parts.

1. Hardware: The USRP N210 and daughterboard CBX-40 are used as

radio hardware. Each USRP is connected to a laptop T470p for signal

processing. In the experiment, the platform is operated at the 5.9 GHz

band and the bandwidth is 5 MHz.
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2. Software: The software consists of two parts: GNU radio [109] and MAT-

LAB. Specifically, the baseband signal in the synchronization step is

processed by the GNU radio that runs on the laptop T470p. We also

use GNU radio for the two transmitters to transmit messages and the

receiver to collect the overlapping signals in the transmission step. For

comparison among different receiver schemes, the overlapping signals are

collected by GUN radio and processed off-line with MATLAB.

Since the synchronization step is achieved with OMA, we focus on the

transmission step operated in a non-orthogonal manner. After decoding and

recognizing the beacon from the receiver, the two transmitters generate frames

for transmission. Modulated with OFDM, the frame includes a preamble for

synchronization and data symbols as discussed in the previous chapter. The

preamble contains 160 time-domain samples, the two transmitters occupy ei-

ther the first or the last 80 samples. In addition, orthogonal pilots can be

used to estimate the delay spread. Thus, both the synchronization and delay

spread estimation can be achieved with the traditional OMA-based algorithms.

In our prototype, the algorithm in [110] is employed for synchronization and

the ESPRIT method [75] to detect the number of paths and the corresponding

delays.

4.2 Receiver design

The superimposed signals that collected from V2X field trials are processed

with diverse receivers that implemented on MATLAB. In this section, the ICI-

aware approach and the Conv method, which are introduced in the previous

chapter, are employed for the off-line signal processing. In addition to the

network-coded messages decoding, this chapter also considers the individual

message decoding. This section studies four receiver schemes: 1) network-
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coded message decoding with the ICI-aware approach; 2) individual message

decoding with the ICI-aware approach; 3) network-coded message decoding

with the Conv method; and 4) individual message decoding with the Conv

method. The diagrams for the four receiver schemes are shown in Fig. 4.1 to

4.4.

Figure 4.1: Scheme 1: Network-coded message decoding with the Conv
method.

Figure 4.2: Scheme 2: Individual message decoding with the Conv method.

Figure 4.3: Scheme 3: Network-coded decoding with the ICI-aware approach.

Figure 4.4: Scheme 4: Individual message decoding with the ICI-aware ap-
proach.

64



CHAPTER 4. A TESTBED FOR NON-ORTHOGONAL V2X
COMMUNICATIONS

The previous chapter has discussed the channel estimation, signal detec-

tion, and virtual channel decoder blocks. Here we focus on the last block. For

each scheme, the virtual channel decoder outputs the APP of the source data

pair 𝑝(𝑆𝐴, 𝑆𝐵). For a PNC system, the APP is used to obtain the network-

coded messages via network coding. For the traditional NOMA system that

aims to obtain the individual information, we can replace the network-coding

block with marginalization and decision block to acquire the individual source

data 𝑆𝐴 and 𝑆𝐵. Tables 4.1 and 4.2 illustrate the functions of the two blocks.

Table 4.1: Network coding

Output Determination condition

𝑆𝑅 = 0
𝑝(𝑆𝐴 = 0, 𝑆𝐵 = 0) + 𝑝(𝑆𝐴 = 1, 𝑆𝐵 = 1) ≥
𝑝(𝑆𝐴 = 0, 𝑆𝐵 = 1) + 𝑝(𝑆𝐴 = 1, 𝑆𝐵 = 0)

𝑆𝑅 = 1
𝑝(𝑆𝐴 = 0, 𝑆𝐵 = 0) + 𝑝(𝑆𝐴 = 1, 𝑆𝐵 = 1) <

𝑝(𝑆𝐴 = 0, 𝑆𝐵 = 1) + 𝑝(𝑆𝐴 = 1, 𝑆𝐵 = 0)

Table 4.2: Marginalization and decision

Output Determination condition

𝑆𝐴 = 0
𝑝(𝑆𝐴 = 0, 𝑆𝐵 = 0) + 𝑝(𝑆𝐴 = 0, 𝑆𝐵 = 1) ≥
𝑝(𝑆𝐴 = 1, 𝑆𝐵 = 0) + 𝑝(𝑆𝐴 = 1, 𝑆𝐵 = 1)

𝑆𝐴 = 1
𝑝(𝑆𝐴 = 0, 𝑆𝐵 = 0) + 𝑝(𝑆𝐴 = 0, 𝑆𝐵 = 1) <

𝑝(𝑆𝐴 = 1, 𝑆𝐵 = 0) + 𝑝(𝑆𝐴 = 1, 𝑆𝐵 = 1)

𝑆𝐵 = 0
𝑝(𝑆𝐴 = 0, 𝑆𝐵 = 0) + 𝑝(𝑆𝐴 = 1, 𝑆𝐵 = 0) ≥
𝑝(𝑆𝐴 = 0, 𝑆𝐵 = 1) + 𝑝(𝑆𝐴 = 1, 𝑆𝐵 = 1)

𝑆𝐵 = 1
𝑝(𝑆𝐴 = 0, 𝑆𝐵 = 0) + 𝑝(𝑆𝐴 = 1, 𝑆𝐵 = 0) <

𝑝(𝑆𝐴 = 0, 𝑆𝐵 = 1) + 𝑝(𝑆𝐴 = 1, 𝑆𝐵 = 1)

For the network coding block, it is based on the PNC mapping shown in

Table 2.1. The network-coded output is 𝑆𝑅 = 0 given either (𝑆𝐴 = 0, 𝑆𝐵 = 0)

or (𝑆𝐴 = 1, 𝑆𝐵 = 1). And the output is 𝑆𝑅 = 1 if either (𝑆𝐴 = 0, 𝑆𝐵 = 1) or

(𝑆𝐴 = 1, 𝑆𝐵 = 0). The network coding block compares the sum probability
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of the two sets of conditions to determine the final output. For individual

messages decoding, the processing includes marginalization and decision. This

is similar to the network coding block, the difference is that the target output

is changed from 𝑆𝑅 = 𝑆𝐴

⨁︀
𝑆𝐵 to (𝑆𝐴, 𝑆𝐵).

Therefore, the ICI-aware approach that is proposed in the previous chapter

is compatible with traditional NOMA systems by minor modifications.

4.3 Testbed setup

The testbed is on the Hong Kong Polytechnic University campus. A road-side

environment is selected to conduct the experiment. Fig. 4.5 shows the map

view of the testbed. The range of the movement of the vehicles is highlighted,

Figure 4.5: Map view of the testbed.

and the receiver is fixed at the road intersection.

The equipment for the experiment is shown in Fig. 4.6. We consider both

the V2P and V2V communications through a road-side relay node and the

snapshots of the two scenarios are shown in Fig. 4.7 and 4.8 respectively.
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For the V2V scenario, two cars A and B go toward the road junction at a

speed of around 20 km/hr. Meanwhile, they transmit data to the relay R

simultaneously.

Figure 4.6: The V2X experimental setup.

Figure 4.7: The V2P communication scenario.

In the experiment, we apply the PNC prototype in [22] to collect the over-

lapped signal. The experiment is operated at the 5.9 GHz band and the band-

width is 5 MHz. To meet the time-critical V2X communications, we apply

BPSK modulation to reduce the computational complexity. Other configu-

rations are the same as that in the simulation section. As discussed in the

previous section, the relay R broadcasts beacons periodically to the two end
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Figure 4.8: The V2V communication scenario.

nodes. After receiving a beacon, the two end nodes transmit the predefined

data, which apply the same modulation scheme and channel code as that of

the simulation, to the relay R simultaneously. In the uplink phase, the two

end nodes transmit data with the same transmission power, regardless of the

radio channel and background noise. Thus, there is no perfect power control

in the experiment, and the received power from the two end nodes can either

be balanced or unbalanced. This may degrade the performance since PNC

is designed with the power-balanced assumption but can reduce the signaling

overhead. The relay R receives and saves the raw signals from the two end

nodes. We then use the proposed scheme and the Conv algorithm, which are

implemented in MATLAB, to process the raw data.

4.4 Experimental results

We summarize the raw data collected from the two scenarios and process them

with the Conv and ICI-aware algorithms. The two algorithms are evaluated

in terms of the normalized throughput and delay. Compared with MSE and

BER used in the previous chapter, the two performance metrics can better

evaluate the proposed algorithm from the viewpoint of application layer. The

normalized throughput is defined as the ratio between the number of recov-
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ered frames and the number of transmitted frames in the uplink phase. The

communication delay is the average number of time slots, which includes the

time slots for re-transmission when transmission failure happens, to success-

fully transmit a frame in the uplink phase. Ideally, the minimum delay is one

time slot per frame. Compared with the MSE of estimation and BER used

in the previous chapter, the normalized throughput is a better performance

metric to evaluate the proposed scheme from the viewpoint of the application

layer.

According to the collected data, two taps were detected with 600 Hz Doppler

frequency. The SNR varied from 0 to 12 dB. Besides the channel parameters,

the experiment results were possibly affected by other uncertain factors. The

normalized throughput is illustrated in Fig. 4.9.

Figure 4.9: Normalized throughput of the experiment.

The normalized throughput can be divided into four partitions: 1) ABX:

this partition denotes that the individual information of the two end nodes (𝑋𝐴

and 𝑋𝐵) and the XOR output (𝑋𝐴 ⊕𝑋𝐵) are successfully decoded; 2) X: this

partition means that only the XOR output is decoded; 3) A|B: this partition

indicates that only the individual information of either user (𝑋𝐴 or 𝑋𝐵) is

decoded; 4) NONE: the last partition means that no packet is successfully

decoded. For PNC systems, the combination of the ABX and X partitions
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represents the successful decoding rate.

Fig. 4.9 shows that the ICI-aware algorithm provides around 0.5 normalized

throughput for the PNC system. By contrast, the normalized throughput of

the Conv method is relatively low, which is less than 0.04. An interesting point

is that the partition of A|B is fairly large. For the ICI-aware algorithm, the

A|B partition occupies around 20% of the received packets. One reason could

be that we did not perform power control in the experiment, it is possible

that the received power of one end node is too low that the corresponding

data cannot be decoded while the received power of the other user is sufficient

to be successfully decoded. For PNC systems, the partition of A|B indicates

failure since PNC systems only require the XOR output of the two users.

But conventional NOMA [111] systems treat the individual information as

important as well. This leads to our work on the individual message decoding

in non-orthogonal V2X communications.

Communication delay is another significant criterion in time-critical V2X

communications, thus the delay of the two algorithms are evaluated and shown

in Fig. 4.10.

Figure 4.10: Communication delay of the experiment.

As can be seen, the delay of the ICI-aware algorithm is around 2 time

slots/packet, while the theoretical minimum delay is 1 time slots/packet. By
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contrast, the delay of the Conv algorithm is up to 30 time slots/packet, which

is too high for time-critical V2X applications.

4.5 Summary

This chapter presents a testbed to conduct non-orthogonal V2X communi-

cations. The NOMA-based transmitters and receivers are implemented with

SDR. According to the TWRC experiment enabled with PNC on the campus,

the empirical results indicate that the ICI-aware approach proposed in Chap-

ter 3 offers significant performance improvement on the normalized through-

put and delay as compared with the conventional algorithm: the normalized

throughput of the network-coded messages is increased from 0.04 to 0.5 and

the delay is reduced from 30 time slots to 2 time slots. With minor modifi-

cation, the proposed approach can also decode the individual messages. The

partition that only one user can be decoded occupies around 20% of the entire

throughput. This inspires us to work on the NOMA systems that focus on

decoding the individual messages.
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Chapter 5

Stochastic analysis of V2X

communications: Orthogonality

versus Non-orthogonality

This chapter studies the broadcasting performance in urban V2X communi-

cations at the road intersections. Different from network-coded messages as

discussed in Chapter 3, this chapter focuses on decoding the individual mes-

sages. Based on the tools developed in stochastic geometry, we derived the

PDR expressions for OMA, SIC-based NOMA and JD-based NOMA schemes.

The chapter is organized as follows. The network model, channel model,

and receiver design are described in the first section. In the second section,

the analytical expressions of PDR are derived and analyzed using stochastic

geometry. A data rate optimization algorithm to maximize the goodput is also

proposed in the second section. Then, the third section provides numerical

results to validate the network model and evaluate the proposed algorithm.

Finally, we summarize this chapter in the last section.
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5.1 System model

The notations used in this chapter are summarized in Table 5.1.

Table 5.1: Notations

Notations Definition

𝑥𝑜 Distance between the receiver and the center point of the road intersection

𝑥𝑇𝑖
Distance between the receiver and transmitter 𝑇𝑖

𝑟 Communication range of interest

𝐾 Number of users to decode for MUD

Ω𝑗 Distribution of target transmitters on street EW or NS (𝑗 = 1 or 2)

Ω Distribution of target transmitters, Ω = Ω1 ∪ Ω2

Ω𝑆𝐼𝐶
𝑇𝑖

Set of possible transmitter combinations to decode user 𝑇𝑖 with SIC

Ω𝐽𝐷
𝑇𝑖

Set of possible transmitter combinations to decode user 𝑇𝑖 with JD

𝜆 Density of interfering vehicles on each street (one sub-channel)

Φ𝑗 Distribution of interfering vehicles on street EW or NS (𝑗 = 1 or 2)

ϒ The set of distances between transmitters and receiver

𝛼𝑗 Path loss exponent for vehicles on street EW or NS (𝑗 = 1 or 2)

𝜌𝑗 Path loss for vehicles on street EW or NS (𝑗 = 1 or 2)

ℎ𝑇𝑖
Rayleigh fading for vehicle 𝑇𝑖 on either street EW or NS

𝑃𝑡𝑥 Transmitter power

𝑃𝑇𝑖 Received power of transmitter 𝑇𝑖

ℐ𝑗 Aggregated interference from vehicles on street EW or NS (𝑗 = 1 or 2)

ℛ𝑚𝑎𝑥
𝑇𝑖

Maximum achievable data rate of transmitter 𝑇𝑖

𝛽𝑇𝑖 Minimum SINR to decode signal from transmitter 𝑇𝑖

𝑁𝑜 Power level of thermal noise

5.1.1 Network model

To accurately capture the characteristic of V2X communications in urban

areas, this chapter analyzes the performance of the proposed scheme using

stochastic geometry [112]. This powerful tool had been widely used to model

V2X communications including C-V2X [113,114]. We consider a V2X commu-

nication scenario at a road intersection as illustrated in Fig. 5.1.

All vehicles on the road intersection want to broadcast messages, which are

either BSMs to share the local information such as position, heading, and speed
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Figure 5.1: V2X communications at a road intersection.

[44] or multimedia content for infotainment service. We study the PDR of

messages from transmitters within the communication range of interest (ROI)

with radius 𝑟. Without loss of generality, the receiver is considered to be

located on road segment E. The maximum distance between the receiver and

the center point of the road intersection is assumed as 𝑥𝑚𝑎𝑥
𝑜 . We focus on

the case that the ROI involves two users from the two streets NS and EW,

which means 𝑟 ≥ 𝑥𝑚𝑎𝑥
𝑜 , and evaluate the PDR of message on the two segments.

This chapter derives the PDR for MUD given an arbitrary number of target

transmitters, based on which we can study the performance of MUD under

different access scenarios. Let Ω1 and Ω2 denote the sets of target transmitters

on streets EW and NS, respectively.

According to the standard, C-V2X applies single-carrier frequency-division

multiple access and divides the time-frequency resource into multiple resource

blocks (RBs). The RBs constitute sub-channels and subframes as illustrated in

Fig. 5.2. One sub-channel is a group of RBs in the same sub-frame, it is used

to transmit control information and data. According to the functionality, there

are two types of transmissions: sidelink control information (SCI) for control
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Figure 5.2: LTE-V resource blocks.

information transmission and transport block (TB) for data transmission. The

SCIs and TBs are shared by all vehicles as shown in Fig. 5.1 to broadcast BSM

and transmit data. When the vehicular density is high 1, the MAC protocol

can be approximated as ALOHA [113]. LTE-Vehicle (LTE-V) defines adjacent

and non-adjacent schemes for the resource blocks depending on whether the

SCI and TB are transmitted in adjacent RBs or not.

The performance of V2X communications is analyzed using stochastic ge-

ometry in this chapter. Since the transmission range of the vehicles is much

larger than the width of the road, vehicles on the two streets EW and NS can be

modeled by two one dimensional (1-D) homogeneous Poisson point processes

(PPPs) with the density (intensity) 𝜆 on each sub-channel. Besides the set of

target transmitters Ω = Ω1 ∪ Ω2, the sets of interference sources on the two

streets are denoted by Φ1 and Φ2, respectively. Let the Euclidean distances

from the receiver to the center of the intersection and transmitter 𝑇𝑖 be 𝑥𝑜 and

𝑥𝑇𝑖
respectively. We assume that all nodes are uniformly distributed on the

road segments and the cumulative distributive functions (CDFs) of 𝑥𝑜 and 𝑥𝑇𝑖

1The high density scenario is the most concerned since the PDR usually meets the re-
quirement when the density is low.
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are as follows:

𝐹𝑥𝑜(𝑥𝑜) =
𝑥𝑜

𝑥𝑚𝑎𝑥
𝑜

, (5.1)

𝐹𝑥𝑇𝑖
|𝑥𝑜(𝑥𝑇𝑖

|𝑥𝑜) =

⎧⎪⎪⎨⎪⎪⎩
𝑥𝑇𝑖

𝑟
, 𝑇𝑖 ∈ Ω1√︁

𝑥2
𝑇𝑖

−𝑥2
𝑜√

𝑟2−𝑥2
𝑜

, 𝑇𝑖 ∈ Ω2

(5.2)

Hence, the corresponding probability density functions (PDFs) can be writ-

ten as

𝑓𝑥𝑜(𝑥𝑜) =
1

𝑥𝑚𝑎𝑥
𝑜

, (5.3)

𝑓𝑥𝑇𝑖
|𝑥𝑜(𝑥𝑇𝑖

|𝑥𝑜) =

⎧⎪⎪⎨⎪⎪⎩
1
𝑟
, 𝑇𝑖 ∈ Ω1

𝑥𝑇𝑖√︁
(𝑥2

𝑇𝑖
−𝑥2

𝑜)(𝑟
2−𝑥2

𝑜)
, 𝑇𝑖 ∈ Ω2

(5.4)

The PDF of transmitters on street NS (e.g., 𝑇𝑖 ∈ Ω2) depends on the location

of the receiver. Let 𝑇𝐸𝑊 and 𝑇𝑁𝑆 be two transmitters on streets EW and NS

respectively (e.g., 𝑇𝐸𝑊 ∈ Ω1 and 𝑇𝑁𝑆 ∈ Ω2). When the receiver is located

at the center point of the intersection, the PDFs of 𝑥𝑇𝐸𝑊
and 𝑥𝑇𝑁𝑆

become

equivalent. Since the variables 𝑥𝑇𝐸𝑊
and 𝑥𝑇𝑁𝑆

are independent, the probability

that 𝑥𝑇𝐸𝑊
> 𝑥𝑇𝑁𝑆

can be written as

𝑃𝑟(𝑥𝑇𝐸𝑊
> 𝑥𝑇𝑁𝑆

|𝑥𝑜)

=

∫︁ 𝑟

𝑥𝑜

∫︁ 𝑇𝐸𝑊

𝑥𝑜

𝑓𝑥𝑇𝐸𝑊
|𝑥𝑜(𝑥𝑇𝐸𝑊

|𝑥𝑜)

× 𝑓𝑥𝑇𝑁𝑆
|𝑥𝑜(𝑥𝑇𝑁𝑆

|𝑥𝑜)𝑑𝑥𝑇𝑁𝑆
𝑑𝑥𝑇𝐸𝑊

=
1

2
+

𝑥2
𝑜

2𝑟
√︀
𝑟2 − 𝑥2

𝑜

ln (
𝑥𝑜

𝑟 +
√︀

𝑟2 − 𝑥2
𝑜

)⏟  ⏞  
Monotonically decreasing and negative

.

(5.5)

Given 𝑥𝑜 ∈ (0, 𝑥𝑚𝑎𝑥
𝑜 ), the second component of the result is negative and mono-
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tonically decreasing. For cases that 𝑥𝑜 = 0 and 𝑥𝑜 = 𝑥𝑚𝑎𝑥
𝑜 , the probabilities of

event 𝑥𝑇𝐸𝑊
> 𝑥𝑇𝑁𝑆

are 0.5 and 0, respectively. Generally, it is more likely that

𝑥𝑇𝐸𝑊
is smaller than 𝑥𝑇𝑁𝑆

, especially when the distance between the center

of the intersection and the receiver is large. It means that vehicles on the

opposite street suffer longer transmission distance.

5.1.2 Channel and interference models

The transmitted signals from the target vehicles undergo path loss and fast

fading, the received power is denoted as 𝑃𝑇𝑖

𝑃𝑇𝑖
= ℎ𝑇𝑖

𝑃 𝑇𝑖
=

⎧⎪⎪⎨⎪⎪⎩
ℎ𝑇𝑖

𝑃𝑡𝑥𝜌1𝑥
−𝛼1
𝑇𝑖

, 𝑇𝑖 ∈ Ω1

ℎ𝑇𝑖
𝑃𝑡𝑥𝜌2𝑥

−𝛼2
𝑇𝑖

, 𝑇𝑖 ∈ Ω2

(5.6)

where 𝑃𝑡𝑥 is the transmitter power, 𝛼𝑗, 𝑗 ∈ {1, 2} is the path loss exponent

related to the propagation environment, and 𝜌𝑗 denotes the path loss at the

reference distance one meter away. ℎ𝑇𝑖
is caused by Rayleigh fading with unit

mean E(ℎ𝑇𝑖
) = 1, and it follows the exponential distribution 𝑃𝑟(ℎ𝑇𝑖

) = 𝑒−ℎ𝑇𝑖 .

𝑃 𝑇𝑖
denotes the average received power level. When an obstruction exists

between the two streets, the received signal on the other street suffers higher 𝛼𝑗,

and the previous subsection shows that the transmission distance for 𝑇𝑖 ∈ Ω1 is

usually smaller that of 𝑇𝑗 ∈ Ω2. Therefore, 𝑃𝑇𝑖
for 𝑇𝑖 ∈ Ω1 is very likely larger

than 𝑃𝑇𝑗
, for 𝑇𝑗 ∈ Ω2. For OMA receiver, it decodes the message from 𝑇𝑗 and

regards the signal from 𝑇𝑖 as noise, which leads to low SINR and PDR [11].

In addition to the signals from the NOMA group Ω, the signals from other

transmitters lead to interference. Let us focus on one sub-channel, the aggre-
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gated interferences from vehicles on the two streets are

ℐ𝑗 =

⎧⎪⎪⎨⎪⎪⎩
∑︀

𝑇𝑖∈Φ1
ℎ𝑇𝑖

𝑃𝑡𝑥𝜌1𝑥
−𝛼1
𝑇𝑖

, 𝑗 = 1∑︀
𝑇𝑖∈Φ2

ℎ𝑇𝑖
𝑃𝑡𝑥𝜌2𝑥

−𝛼2
𝑇𝑖

, 𝑗 = 2

(5.7)

The signals from interference sources have the same path loss exponents and

reference power as the desired signals given in (5.6).

5.1.3 Receiver design

The current LTE-V applies OMA for V2X communications, most research

works on broadcasting either assume interference-free or regard the interference

from other transmitters as noise. However, the interference-free assumption

is not reasonable when the density of vehicles is high, and when we decode

𝑇𝑗 ∈ Ω2 in Fig. 5.1, the interference from 𝑇𝑖 ∈ Ω1 has a large impact on the

PDR, which will be elaborated later. To exploit the collided signals on the same

sub-channel, NOMA is a potential technique to decode not only the strong user

with higher power level but also the weak user with lower power level. Two

types of NOMA receivers are considered in this work, which are based on

SIC and JD respectively. To study a general case, we consider decoding a set

of users Ω containing 𝐾 transmitters (i.e., |Ω| = 𝐾). The set of distances

between the receiver and the transmitters in Ω is denoted by ϒ. Let us denote

Ω𝑆𝐼𝐶
𝑇𝑖

and Ω𝐽𝐷
𝑇𝑖

as the sets of possible combinations of transmitters including

user 𝑇𝑖 that are successfully decoded by SIC and JD receivers, respectively.

Specifically, the elements in Ω𝑆𝐼𝐶
𝑇𝑖

are vectors 𝜔 with a specific order such as

𝜔 = (𝑇𝑎, 𝑇𝑏, ..., 𝑇𝑖). The vector 𝜔 includes all transmitters decoded before 𝑇𝑖

and 𝑇𝑖 itself. Let 𝜔−1(𝑇𝑗) be the index of transmitter 𝑇𝑗 in 𝜔. The elements

in 𝜔 belong to Ω and the last element is always 𝑇𝑖. Ω𝐽𝐷
𝑇𝑖

is similar to Ω𝑆𝐼𝐶
𝑇𝑖

,

but the difference is that elements in Ω𝐽𝐷
𝑇𝑖

are subsets without a specific order,
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since decoding order is not important in JD.

OMA receiver

For the conventional OMA receiver, it decodes the message from one vehicle

and regards the sum signals from other transmitters as noise. The maximum

achievable rate from the transmitter 𝑇𝑖 is

ℛ𝑚𝑎𝑥
𝑇𝑖

= log2(1 +
𝑃𝑇𝑖∑︀

𝑗∈Ω∖𝑇𝑖
𝑃𝑗 +𝑁𝑜 + ℐ1 + ℐ2

), (5.8)

where 𝑁𝑜 is the noise power. Given the minimum signal-to-interference-plus-

noise ratio (SINR), 𝛽𝑇𝑖
, for successfully decoding user 𝑇𝑖, messages from trans-

mitter 𝑇𝑖 can be decoded when the following constraint is satisfied.

Lemma 1 (constraint of OMA receiver): Transmitter 𝑇𝑖 can be successfully

decoded by the OMA receiver when event ℰ𝑂𝑀𝐴
𝑇𝑖

occurs, which is defined as

ℰ𝑂𝑀𝐴
𝑇𝑖

:
𝑃𝑇𝑖∑︀

𝑇𝑗∈Ω∖𝑇𝑖
𝑃𝑇𝑗

+𝑁𝑜 + ℐ1 + ℐ2

≥ 𝛽𝑇𝑖
. (5.9)

In this chapter, the minimum SINR is assumed to be not less than 0 dB,

i.e., 𝛽 ≥ 1. This is because practical V2X communications normally require a

high data rate, which means high SINR requirement to guarantee that data are

sent within short contact duration. In addition, the assumption helps simplify

the derivation. In this case, at most one transmitter in the set Ω can satisfy

the constraint (5.9) when there is more than one transmitter, i.e., |Ω| > 1.

According to the discussion above, the PDR from 𝑇𝑗 ∈ Ω2 is likely lower than

that of 𝑇𝑖 ∈ Ω1. Therefore, the PDR from 𝑇𝑗 ∈ Ω2 is lower than 0.5 even in

the absence of interference and noise.
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SIC receiver

SIC is widely studied and applied for NOMA due to its low complexity. It

decodes the user with the highest received power first, which is known as the

strongest user, and other users are regarded as interference sources. When the

strong user is successfully decoded, the corresponding signal is removed via

subtraction, then the weak users can be decoded in the absence of the strong

user.

Lemma 2 (constraint of SIC receiver): Transmitter 𝑇𝑖 can be successfully

decoded by SIC receiver when ∃ 𝜔 ∈ Ω𝑆𝐼𝐶
𝑇𝑖

with a specific order such that event

ℰ𝑆𝐼𝐶
𝜔 is satisfied.

ℰ𝑆𝐼𝐶
𝜔 :

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

𝑃𝜔(1)∑︀
𝑇𝑗∈Ω∖𝜔(1) 𝑃𝑇𝑗

+𝑁𝑜+ℐ1+ℐ2 ≥ 𝛽𝜔(1),

𝑃𝜔(2)∑︀
𝑇𝑗∈Ω∖𝜔(1:2) 𝑃𝑇𝑗

+𝑁𝑜+ℐ1+ℐ2 ≥ 𝛽𝜔(2),

...

𝑃𝑇𝑖∑︀
𝑇𝑗∈Ω∖𝜔 𝑃𝑇𝑗

+𝑁𝑜+ℐ1+ℐ2 ≥ 𝛽𝑇𝑖
.

(5.10)

Generally, the SIC receiver decides the decoding order based on the power

levels. For the strongest user, the SIC receiver decodes it in the same manner

as the OMA receiver. According to (5.10), the strongest user is decoded first

and user 𝑇𝑖 is decoded as the last one (𝜔(|𝜔|) = 𝑇𝑖). Compared with the OMA

receiver, the SIC receiver improves the PDR of the weak user and provides

exactly the same performance for the strongest user as the OMA receiver.

JD receiver

Besides the SIC, another well-known NOMA receiver is the joint decoding re-

ceiver, which decodes multiple users simultaneously. Applying the JD receiver,

the constraint to decode 𝑇𝑖 is as follows.
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Lemma 3 (constraint of JD receiver): Transmitter 𝑇𝑖 can be successfully

decoded by the JD receiver when ∃ 𝜔 ∈ Ω𝐽𝐷
𝑇𝑖

so that event ℰ𝐽𝐷
𝜔 occurs.

ℰ𝐽𝐷
𝜔 :

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

𝑃𝜔(1)∑︀
𝑇𝑗∈Ω∖𝜔 𝑃𝑇𝑗

+𝑁𝑜+ℐ1+ℐ2 ≥ 𝛽𝜔(1),

...

𝑃𝑇𝑖∑︀
𝑇𝑗∈Ω∖𝜔 𝑃𝑇𝑗

+𝑁𝑜+ℐ1+ℐ2 ≥ 𝛽𝑇𝑖
,

∑︀
𝑇𝑚∈𝜔 𝑃𝑇𝑚∑︀

𝑇𝑗∈Ω∖𝜔 𝑃𝑇𝑗
+𝑁𝑜+ℐ1+ℐ2 ≥ 𝛽𝜔.

(5.11)

The last constraint corresponds to the decoding of the joint signal, where

𝛽𝜔 =
∏︀

𝑇𝑗∈𝜔(1 + 𝛽𝑇𝑗
)− 1 denotes the minimum SINR of the sum rate. Other

constraints in (5.11) correspond to SINR requirements for each individual user

in the presence of interference from other transmitters in Ω that do not belong

to 𝜔. SIC receiver requires the same SINR for the sum rate by adding up all

the constraints in (5.10). However, the independent power requirements of the

JD receiver are looser than that of the SIC receiver. Therefore, JD receiver

allows the power levels of multiple transmitters to be balanced and provides

higher PDR than SIC receiver.

A research topic on NOMA is to guarantee the power difference between

the strong and weak users, but it requires additional signaling and overheads,

which leads to higher delay in V2X communications. Grant-free transmission

is assumed in this work and the comparison between the two NOMA receivers

is conducted. The performance of the above mentioned three kinds of receivers,

i.e., OMA, SIC and JD receivers, will be analyzed rigorously in the following

sections.
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5.2 PDR analysis

Based on the system model in Section III, three schemes for V2X communi-

cations at a road intersection are studied in this chapter: 1) OMA-V2X; 2)

SIC-V2X; and 3) JD-V2X. The PDR of these three schemes is investigated in

this section.

5.2.1 OMA-V2X

According to the OMA receiver described in the previous section, the PDR of

transmitter 𝑇𝑖 given the location information ϒ when OMA-V2X is applied

can be written as follows.

Corollary 1 (PDR of OMA receiver): The probability of successful decoding

of the signal from transmitter 𝑇𝑖 with the OMA receiver is

𝒫OMA,Ti
(ϒ, 𝑥𝑜) = E[𝑃𝑟(ℰ𝑂𝑀𝐴

𝑇𝑖
)]

=E[𝑃𝑟(
𝑃𝑇𝑖∑︀

𝑇𝑗∈Ω∖𝑇𝑖
𝑃𝑇𝑗

+𝑁𝑜 + ℐ1 + ℐ2

≥ 𝛽𝑇𝑖
)]

(𝑎)
=E[exp(−

(
∑︀

𝑇𝑗∈Ω∖𝑇𝑖
𝑃𝑇𝑗

+𝑁𝑜 + ℐ1 + ℐ2)𝛽𝑇𝑖

𝑃 𝑇𝑖

)]

= exp (−𝑁𝑜
𝛽𝑇𝑖

𝑃 𝑇𝑖

)ℒℐ1(
𝛽𝑇𝑖

𝑃 𝑇𝑖

)ℒℐ2(
𝛽𝑇𝑖

𝑃 𝑇𝑖

)
∏︁

𝑇𝑗∈Ω∖𝑇𝑖

ℒ𝑔(
𝑃 𝑇𝑗

𝛽𝑇𝑖

𝑃 𝑇𝑖

)

=𝒞( 𝛽𝑇𝑖

𝑃 𝑇𝑖

)
∏︁

𝑇𝑗∈Ω∖𝑇𝑖

ℒ𝑔(
𝑃 𝑇𝑗

𝛽𝑇𝑖

𝑃 𝑇𝑖

),

(5.12)

where (𝑎) follows the fact that ℎ𝑇𝑖
∼ exp(1). ℒ𝑔(𝑠) , E(𝑒−𝑠𝑔), ℒℐ1(𝑠) ,

E(𝑒−𝑠ℐ1), and ℒℐ2(𝑠) , E(𝑒−𝑠ℐ2) are Laplace transforms of the random fading

component and random sum interference from the two streets. For simplifica-

tion, 𝒞(𝑠) , exp(−𝑁𝑜𝑠)ℒℐ1(𝑠)ℒℐ2(𝑠) is used to represent the product of the

three components. For the Rayleigh fading component, the Laplace transform
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can be computed as

ℒ𝑔(𝑠) = E(𝑒−𝑠𝑔) =

∫︁ ∞

0

𝑒−𝑠𝑔 × 𝑒−𝑔𝑑𝑔 =
1

1 + 𝑠
. (5.13)

For the interference from street EW, the Laplace transform is

ℒℐ1(𝑠) = E[exp(−𝑠
∑︁
𝑇𝑗∈Φ1

ℎ𝑇𝑗
𝑃𝑡𝑥𝜌1𝑥

−𝛼1
𝑇𝑗

]

=E[
∏︁

𝑇𝑗∈Φ1

exp(−𝑠ℎ𝑇𝑗
𝑃𝑡𝑥𝜌1𝑥

−𝛼1
𝑇𝑗

)]

(𝑏)
= exp(𝜆

∫︁ ∞

0

(E[exp(−𝑠ℎ𝑇𝑗
𝑃𝑡𝑥𝜌1𝑥

−𝛼1
𝑇𝑗

)]− 1)𝑑(2𝑥𝑇𝑗
))

(𝑐)
= exp(

∫︁ ∞

0

−2𝜆

1 + (𝑠𝑃𝑡𝑥𝜌1)−1𝑥𝛼1
𝑇𝑗

𝑑𝑥𝑇𝑗
)

(𝑑)
= exp(−2𝜋𝜆(𝑠𝑃𝑡𝑥𝜌1)

1
𝛼1

𝛼1𝑠𝑖𝑛(
𝜋
𝛼1
)

),

(5.14)

where (𝑏) is obtained from the probability generating function (PGFL) of PPP,

(𝑐) follows the Laplace transform of a random variable with exponential dis-

tribution in (5.13) and (𝑑) is directly from [115].

The Laplace transform of the sum interference from street NS depends on

the location of the receiver. Given the distance 𝑥𝑜 between the receiver and

the center point, the Laplace transform can be computed as

ℒℐ2(𝑠) = E[exp(−𝑠
∑︁
𝑇𝑗∈Φ2

ℎ𝑇𝑗
𝑃𝑡𝑥𝜌2𝑥

−𝛼2
𝑇𝑗

]

= exp(𝜆

∫︁ ∞

0

(E[exp(−𝑠ℎ𝑇𝑗
𝑃𝑡𝑥𝜌2(𝑥

2
𝑇𝑗

+ 𝑥2
𝑜)

−𝛼2
2 )]− 1)𝑑(2𝑥𝑇𝑗

))

= exp (

∫︁ ∞

0

−2𝜆

1 + (𝑠𝑃𝑡𝑥𝜌2)−1(𝑥2
𝑇𝑗

+ 𝑥2
𝑜)

𝛼2
2

𝑑𝑥𝑇𝑗
),

(5.15)

which is monotonically increasing with 𝑥𝑜. This is intuitively correct that the

sum interference decreases as the distance between the receiver and street NS

increases, thus improving the PDR. A lower bound (5.15) can be obtained
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when 𝑥𝑜 becomes zero:

ℒℐ2(𝑠) ≤ ℒ𝐿𝐵
ℐ2 (𝑠) = exp(−2𝜋𝜆(𝑠𝑃𝑡𝑥𝜌2)

1
𝛼2

𝛼2𝑠𝑖𝑛(
𝜋
𝛼2
)

). (5.16)

For the special case when the number of transmitters to be decoded is 2,

i.e., 𝐾 = 2 with 𝑇1 ∈ Ω1, 𝑇2 ∈ Ω2, we have the PDR of 𝑇1 as follows.

𝒫OMA,T1(ϒ, 𝑥𝑜) =
𝑃 𝑇1

𝑃 𝑇1 + 𝛽𝑇1𝑃 𝑇2

𝒞( 𝛽𝑇1

𝑃 𝑇1

). (5.17)

5.2.2 SIC-V2X

When the SIC decoder is applied, the strongest user is decoded in the same

way that of the OMA decoder, thus the same PDR is obtained. For the weak

users, SIC eliminates the signal from the strongest user, and thus increases the

PDR. Applying the SIC decoder, we have the following corollary.

Corollary 2 (PDR of SIC receiver): The probability of successful decoding

of the signal from transmitter 𝑇𝑖 with the SIC receiver is illustrated by (5.18)

and (5.19).

𝒫SIC,Ti
(ϒ, 𝑥𝑜) =

∑︁
𝜔∈Ω𝑆𝐼𝐶

𝑇𝑖

[
∏︁
𝑇𝑗∈𝜔

(𝑃 𝑇𝑗
𝑞𝑇𝑗

)−1]×

[
∏︁

𝑇𝑗∈Ω∖𝜔

(1 + 𝑃 𝑇𝑗

∑︁
𝑇𝑚∈𝜔

𝛽𝑇𝑚𝑞𝑇𝑚)
−1]𝒞(

∑︁
𝑇𝑗∈𝜔

𝛽𝑇𝑗
𝑞𝑇𝑗

),

(5.18)

with

𝑞𝑇𝑗
= 𝑃

−1

𝑇𝑗
+

𝜔(𝜔−1(𝑇𝑗)−1)∑︁
𝑇𝑚=𝜔(1)

𝛽𝑇𝑚𝑞𝑇𝑚 . (5.19)

Proof. Please refer to Appendix A.
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Considering the special case that 𝐾 = 2 with 𝑇1 ∈ Ω1, 𝑇2 ∈ Ω2, we have

the PDR of 𝑇1 as follows.

𝒫SIC,T1(ϒ, 𝑥𝑜) =
𝑃 𝑇1

𝑃 𝑇1 + 𝛽𝑇1𝑃 𝑇2

𝒞( 𝛽𝑇1

𝑃 𝑇1

)

+
𝑃 𝑇2

𝛽𝑇2𝑃 𝑇1 + 𝑃 𝑇2

𝒞( 𝛽𝑇1

𝑃 𝑇1

+
𝛽𝑇2(1 + 𝛽𝑇1)

𝑃 𝑇2

).

(5.20)

The first component on the RHS denotes decoding 𝑇1 as the strong user, which

is the same as (5.17). The second component denotes decoding 𝑇1 as the weak

user, in which 𝑇2 is first decoded as the strong user and then be canceled.

After that, 𝑇1 is decoded without the interference from 𝑇2.

5.2.3 JD-V2X

Based on (5.11), we have the following corollary for the JD receiver.

Corollary 3 (PDR of JD receiver): The probability of successful decoding

of the signal from transmitter 𝑇𝑖 with the JD receiver is shown in (5.21) and

(5.22).

𝒫JD,Ti
(ϒ, 𝑥𝑜) =

|Ω𝐽𝐷
𝑇𝑖

|∑︁
𝑠=1

∑︁
𝜔1:𝑠∈Ω𝐽𝐷

𝑇𝑖
𝜔𝑚 ̸=𝜔𝑛

|𝜔𝑚|≤|𝜔𝑛|
𝑚<𝑛

(−1)𝑠−1
∑︁

𝑇𝑗1
∈𝜔𝐼1

𝜔𝐼1
=𝜔1

...
∑︁

𝑇𝑗𝑠∈𝜔𝐼𝑠
𝜔𝐼𝑠=𝜔𝑠∖𝜔𝑠−1

𝑐(𝜔1:𝑠)
(5.21)
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with

𝑐(𝜔1:𝑠) =

⎧⎪⎪⎨⎪⎪⎩
0, ∃ 𝜔𝑚 ̸⊆ 𝜔𝑛, 𝑚 < 𝑛

𝑎𝑇𝑗1 :𝑇𝑗𝑠
𝒞(𝑏𝑇𝑗1 :𝑇𝑗𝑠

)∏︀
𝑇𝑚∈Ω∖𝜔1:𝑠

(1+𝑃𝑇𝑚𝑏𝑇𝑗1 :𝑇𝑗𝑠
)
, 𝑂𝑡ℎ𝑒𝑟𝑤𝑖𝑠𝑒

𝑎𝑇𝑗1
:𝑇𝑗𝑠

=
𝑠∏︁

𝑚=1

{(
∏︁

𝑇𝑛∈𝜔𝐼𝑚

𝑃
−1

𝑇𝑛

𝑃
−1

𝑇𝑛
+ 𝑏𝑇𝑗1

:𝑇𝑗𝑚−1

)× (
∏︁

𝑇𝑙∈𝜔𝐼𝑚∖𝑇𝑗𝑚

𝑃
−1

𝑇𝑙
+ 𝑏𝑇𝑗1

:𝑇𝑗𝑚−1

𝑃
−1

𝑇𝑙
− 𝑃

−1

𝑇𝑗𝑚

)},

𝑏𝑇𝑗1
:𝑇𝑗𝑠

=
𝑠∑︁

𝑚=1

[𝛽𝜔𝐼𝑚
(𝑃

−1

𝑇𝑗𝑚
+ 𝑏𝑇𝑗1

:𝑇𝑗𝑚−1
) +

∑︁
𝑇𝑛∈𝜔𝐼𝑚

𝛽𝑇𝑛(𝑃
−1

𝑇𝑛
− 𝑃

−1

𝑇𝑗𝑚)].

(5.22)

Proof. Please refer to Appendix B.

For the special case that 𝐾 = 2 with 𝑇1 ∈ Ω1, 𝑇2 ∈ Ω2, we have the PDR

of 𝑇1 as illustrated in (5.23).

𝒫JD,T1(ϒ, 𝑥𝑜)

=
𝑃 𝑇1

𝑃 𝑇1 + 𝛽𝑇1𝑃 𝑇2

𝒞( 𝛽𝑇1

𝑃 𝑇1

) +
𝑃 𝑇1

𝑃 𝑇1 − 𝑃 𝑇2

𝒞(𝛽𝑇1(1 + 𝛽𝑇2)

𝑃 𝑇1

+
𝛽𝑇2

𝑃 𝑇2

)

+
𝑃 𝑇2

𝑃 𝑇2 − 𝑃 𝑇1

𝒞( 𝛽𝑇1

𝑃 𝑇1

+
𝛽𝑇2(1 + 𝛽𝑇1)

𝑃 𝑇2

)− 𝑃 𝑇1

𝑃 𝑇1 + 𝛽𝑇1𝑃 𝑇2

𝒞(𝛽𝑇1(1 + 𝛽𝑇2)

𝑃 𝑇1

+
𝛽𝑇2

𝑃 𝑇2

).

(5.23)

5.2.4 Average PDR at the intersection region

According to the individual analysis of the three receivers, the average PDR

is obtained as follows.

Corollary 4 (Average PDR): For each kind of receiver, the average prob-

ability of successful decoding of the signal from transmitter 𝑇𝑖 at the road
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intersection can be obtained from the individual PDR as

𝒫receiver,Ti
=

∫︁ 𝑥𝑚𝑎𝑥
𝑜

0

∫︁ 𝑥𝑚𝑎𝑥
𝑇𝐾

𝑥𝑚𝑖𝑛
𝑇𝐾

...

∫︁ 𝑥𝑚𝑎𝑥
𝑇1

𝑥𝑚𝑖𝑛
𝑇1

𝒫receiver,Ti
(ϒ, 𝑥𝑜)

𝑓𝑥𝑇1
(𝑥𝑇1)...𝑓𝑥𝑇𝐾

(𝑥𝑇𝐾
)𝑓𝑥𝑜(𝑥𝑜)𝑑𝑥𝑇1 ...𝑑𝑥𝑇𝐾

𝑑𝑥𝑜,

(5.24)

where the integral interval depends on the network topology. For the road

intersection in this chapter, the integral interval of a transmitter depends on

which street it belongs to and the distance between the receiver and the center

point. For instance, the integral intervals of 𝑥𝑇𝑖
, 𝑇𝑖 ∈ Ω1 and 𝑥𝑇𝑗

, 𝑇𝑗 ∈ Ω2

are [0, 𝑟] and [𝑥𝑜, 𝑟], respectively. In the next section regarding simulation

studies, we consider different scenarios and analyze the performance of the

three schemes.

5.2.5 Optimization of the data rate

In practice, a wireless communication system detects the power level of noise

plus interference in the background and prefers an appropriate data rate so

that the goodput can be maximized. The goodput is defined as the number of

useful information bits delivered by the network per unit of time that excludes

re-transmitted data packets as well as protocol overhead bits. For conven-

tional OMA schemes, the optimization aims to maximize the goodput for a

single broadcaster. However, NOMA-based systems decode multiple users si-

multaneously, and thus the optimization needs to jointly satisfy the minimum

SINR for multiple transmitters. To optimize the PDR and common data rate

so that the overall goodput is maximized for multiple users, we propose a data

rate selection algorithm for the three V2X schemes. The optimization problem
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is characterized as follows:

ℛ𝑜𝑝𝑡 = argmax
ℛ

(
∑︁
𝑇𝑖∈Ω

𝒫Ti
)ℛ

𝑠.𝑡.,ℛ ∈ [ℛ𝑚𝑖𝑛,ℛ𝑚𝑎𝑥]

(5.25)

where 𝒫Ti
can be 𝒫OMA,Ti

, 𝒫SIC,Ti
, or 𝒫JD,Ti

depending on the decoder design.

The PDR for the three V2X schemes is expressed in equations (5.12), (5.18),

and (5.21), respectively. The average PDR is difficult to obtain as it involves

multiple integrals. However, the optimization problem in (5.25) only involves

one design variable with a fixed interval, hence we can solve the problem via

the single-variable optimization algorithm [116]. In this chapter, golden section

search and parabolic interpolation are applied to identify the optimal data rate.

5.3 Numerical results

This section discusses the numerical results for the three V2X schemes, and

the analytical results are validated through simulation. In particular, the PDR

performance at an intersection under diverse configurations is investigated, and

the performance of the proposed data rate optimization is evaluated and its

impact is studied. We consider the ROI with radius 𝑟 = 200 m, vehicles

with maximum distance 𝑥𝑚𝑎𝑥
𝑜 = 100 m away from the center point of the road

intersection are studied. All transmitters broadcast with the same transmission

power at 10 dBW with a bandwidth of 10 MHz. The reference path loss is 54.85

dB for LOS propagation and 54.55 dB for NLOS propagation. The path loss

exponent is 1.67 for the LOS case and 1.90 the NLOS case as suggested in [117].

The noise power spectral density is assumed to be −93 dBm/Hz. We define the

reference SNR [118] as the average received SNR from the transmitter located

at the cell edge. For LOS and NLOS cases, the reference SNRs are 10 dB and

89



5.3. NUMERICAL RESULTS

5 dB, respectively. The number of users to decode, 𝐾, is first fixed as two with

𝑇1 ∈ Ω1, 𝑇2 ∈ Ω2, and the scenario with more number of transmitters follows.

For the sake of intuition, 𝑇1 is considered as the LOS user while 𝑇2 is regarded

as the NLOS user.

5.3.1 Impact of interfering vehicular density

In addition to the noise, interference from other transmitters degrades the

PDR performance. To study the impact of interference, we vary the density

of transmitters in single sub-channel and obtain the analytical and simulation

results as shown in Fig. 5.3. Specifically, we consider the C-V2X resource

blocks in Fig. 5.2 with 10 MHz bandwidth and 100 ms scheduling period

according to the standard [34], and assume 100 sub-channels per scheduling

period. By fixing the data rate at 1.6 bps/Hz (𝛽 = 2 according to (5.8)), each

user can transmit 107×0.1×1.6
100×8

= 2000 bytes packet give one sub-channel. This

is sufficient for not only 344 bytes BSM broadcasting [119] but also the HD

720 video streaming when the transmitter is assigned with 25 sub-channels.

The interfering vehicular density on each street varies from 1 car per km to

215 cars per km (e.g., 0.01 car per km per sub-channel to 2.15 cars per km

per sub-channel). This range is sufficient to study the practical density of

interfering vehicles.

For both LOS and NLOS users, the simulation results of the three schemes

match with the analytical results. This validates the theoretical analysis in the

previous section. The gap among the three schemes decreases as the interfering

vehicular density increases. Compared with the NLOS user, the PDR curves

of the LOS user are relatively close under the three schemes. In the low

interference regime (interfering vehicular density is 1 car per km), JD provides

the highest PDR at 0.9, followed by SIC that shows PDR at 0.7. Compared
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Figure 5.3: PDR under different interfering vehicular density.

with the two NOMA schemes, the OMA decoder gives the lowest PDR at

around 0.6. When the interfering vehicular density reaches 100 cars per km,

the three schemes provide similar PDR at around 0.34. For the NLOS user,

the gaps among the three schemes are quite large. The PDR of OMA is lower

than 0.2 even in the low interference regime. The two NOMA schemes provide

better performance. SIC shows 0.55 PDR in the low interference regime, and

JD can provide an additional 0.2 PDR improvement. Fig. 5.3 verifies that

NOMA can significantly improve the PDR of transmitters suffering from NLOS

propagation.

5.3.2 Impact of data rate

This subsection studies the impact of the data rate. For the sake of brevity, the

data rate is denoted in unit Mbps give the 10 MHz bandwidth. For instance,

the data rate is equivalent to 16 Mbps when 𝛽 = 2. We consider interfering

vehicular density at 10 cars per km and vary the data rate from 10 to 35

Mbps (i.e., 𝛽 ∈ [1, 10]). Fig. 5.4 compares the PDR performance of the three

schemes.

Similar to the study on interfering vehicular density, the OMA scheme
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Figure 5.4: PDR under different data rate.

shows low PDR for the NLOS user due to relative low received signal strength

as compared with the LOS user. The maximum PDR of OMA is lower than

0.23 when the data rate is equal to 10 Mbps. In contrast, the two NOMA

schemes have PDR higher than 0.7 given the same data rate. Compared with

the SIC scheme, the JD scheme shows around 0.4 and 0.2 PDR enhancements

for the LOS and NLOS users, respectively. However, the performance gap

between the two NOMA schemes is minor when the data rate is low (e.g., 10

Mbps). The results imply that the JD decoder is preferred for higher PDR,

but the SIC decoder could be a better choice when the data rate is low due to

similar performance and lower complexity.

5.3.3 Impact of the number of users

After studying the two-user scenario, this subsection evaluates the goodput

performance with multiple users. We consider the case with 10 cars per km

and 𝛽 = 2. The number of transmitters to decode on each street varies from

zero to two, and the results up to four users are illustrated in Fig. 5.5.

The analytical results are denoted by the red text while the simulation

results are denoted by the blue text. 𝑁𝑁𝑆 = |Ω2| and 𝑁𝐸𝑊 = |Ω1| denote the
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(a) Goodput with OMA. (b) Goodput with SIC. (c) Goodput with JD.

Figure 5.5: Goodput performance under different number of transmitters. The
analytical results are denoted by the red text and the simulation results are
denoted by the blue text. The maximal goodput results are highlighted with
bold text.

number of access users on streets NS (e.g., NLOS users) and EW (e.g., LOS

users), respectively. This further confirms that our model is feasible for mul-

tiple transmitters. For the three schemes, JD achieved the maximum goodput

at 33.1 Mbps in the three-user case, SIC obtains the maximum goodput at

14.7 Mbps with two-user access, and OMA gets the maximum goodput at 13.5

Mbps with single-user access. Since it is difficult for OMA and SIC receivers

to satisfy the requirement of power difference between the strongest user and

the sum of other users plus noise when the number of users is large, JD is the

best solution when the number of users is larger than two.

5.3.4 Optimal data rate and maximum goodput

This subsection is to evaluate the proposed data rate optimization algorithm.

We first consider the two-user case, the optimal data rate and the correspond-

ing maximum goodput are illustrated in Fig. 5.6 and 5.7.

To maximize the total goodput, we can see that the optimal data rate for

the three schemes are ℛ𝑜𝑝𝑡
𝑂𝑀𝐴 ≥ ℛ𝑜𝑝𝑡

𝐽𝐷 ≥ ℛ𝑜𝑝𝑡
𝑆𝐼𝐶 . Applying the optimal data

rate, the two NOMA schemes show significant improvement compared with

the OMA scheme, especially in the low density regime. When the interfering

vehicular density is lower than 10 cars per km, the JD scheme provides more
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Figure 5.6: Optimal data rate under different interfering vehicular density.

Figure 5.7: Maximum goodput under different interfering vehicular density.

than 100% goodput enhancement compared with the OMA scheme. In the

same regime, the SIC scheme shows around 50% improvement. When the in-

terfering vehicular density is equal to 10 cars per km, the goodput distribution

of the two-user case under different data rate is shown in Fig. 5.8. Via exhaus-

tive search, we can observe that the maximum goodput and the corresponding

optimal data rate match the results provided by the optimization algorithm.

It can be seen that the sum goodput first increases as the data rate increases.

This means that the interference plus noise is acceptable due to the low data

rate, namely low minimum SINR requirement, thus the increasing data rate

leads to better goodput performance. After achieving the maximum value, the

goodput begins to decreases because the high data rate transmission is sensi-
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Figure 5.8: Goodput performance under different data rate.

tive to the interference. In this case, a higher data rate leads to lower PDR

and worse goodput performance. The distribution of the maximized goodput

in Fig. 5.7 is illustrated in Fig. 5.9.

Figure 5.9: Goodput distribution under different interfering vehicular density.

We have the following observations: 1) the goodput of the NLOS user with

OMA receiver is much smaller than others. This is because the OMA scheme

applies the highest data rate to maximize the goodput as shown in Fig. 5.6.

In this case, the majority of the goodput comes from the LOS user, and thus

the goodput of the NLOS user is relatively low; 2) for both the SIC and JD

schemes, it can be observed that the goodput of the LOS and NLOS users

95



5.3. NUMERICAL RESULTS

is close, especially in the low density regime. It implies that the two NOMA

schemes provide better fairness compared with the OMA scheme; 3) in the

high density regime, the overall goodput of the three schemes becomes similar,

and the goodput is mainly from the LOS user (the strong user); 4) points 1) to

3) indicate that the development of a hybrid protocol can potentially enhance

NOMA-based V2X communications for different communication scenarios.

We then fix the interfering vehicular density at 10 cars per km and study

the impact of the number of users. The maximum goodput is shown in Fig.

5.10. For the OMA scheme, the maximum goodput is achieved with single-user

(a) Maximum goodput (b) Maximum goodput (c) Maximum goodput

with OMA. with SIC. with JD.

Figure 5.10: Maximum goodput under different numbers of transmitters with
the optimal data rate.

access from street EW. An interesting point is that the maximum goodput of

the SIC scheme is the same as that of the OMA scheme, but it can be obtained

via not only single-user access but also three-user access (two users from street

EW and one user from street NS). It further proves that SIC provides better

fairness than OMA. Compared with OMA and SIC, the JD scheme offers much

higher goodput, especially for a large number of access users. We can observe

that the maximum goodput of JD is achieved in the four-user scenario. For the

other two schemes, the maximum goodput is obtained with a smaller number

of users. Therefore, it again verifies that the JD scheme is the best choice given

a large number of transmitters. For four-user access, the goodput improvement
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is 375% and 84% when compared with OMA and SIC, respectively.

5.4 Summary

This chapter presents a tractable network model to analyze C-V2X broadcast

performance operating in mode 4. Specifically, the road intersection scenario

is considered and the communications can be divided into two categories: 1)

LOS communications between vehicles on the same street; 2) NLOS communi-

cations between vehicles on different streets. We derive the PDR expressions

of these two types of communications for various receiving techniques, i.e.,

the conventional OMA receiver, SIC receiver, and JD receiver. The analytical

and simulation results reveal that the NOMA schemes generally outperform

the OMA scheme, especially for the users suffering from NLOS propagation

and long transmission distance. Several interesting points are obtained from

the results: 1) For applications requiring high data rate, JD scheme is always

the best choice; 2) For low data rate applications, the SIC scheme requires

relatively low complexity and has similar performance compared with the JD

scheme; 3) In the extremely low SINR regime, all the three receiving schemes

have similar performance and thus the OMA receiver should be applied due to

the lowest complexity; 4) Where there is a large number of users (i.e., 𝐾 > 2),

JD is the best solution to provide high goodput; 5) As implied from points

1) to 4), we note that the development of a hybrid protocol for NOMA-based

V2X communications is valuable to meet the requirements of diverse scenar-

ios. Besides the performance analysis, we also propose a data rate optimization

scheme to maximize the sum goodput. The goodput distribution among the

users implies that both the SIC and JD schemes offer good fairness among

multiple users, which cannot be achieved by the OMA scheme due to the low

PDR of the weak users.
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Chapter 6

Feasibility Study of C-V2X

communications with NOMA

This chapter aims to investigate the integration of NOMA and C-V2X com-

munications. There are two radio interfaces supported by the LTE-V stan-

dard: the cellular interface and the PC5 interface. The first one supports V2I

communications and the second one, which is based on direct LTE sidelink,

supports V2V communications. In this chapter, the PC5 sidelink interface is

deployed to enable direct communications so that the packets are not required

to pass through the eNodeB. We focus on the physical layer and discuss the

implementation of NOMA in the PC5 sidelink interface.

6.1 Physical layer of C-V2X

In C-V2X communications, the time-frequency resource pool is divided into

RBs as shown in Fig. 5.2 in the previous chapter and is modulated with

SC-FDMA. According to the standard, C-V2X supports the 10 and 20 MHz

bandwidth. For each channel, it is divided into sub-frames, RBs, and sub-

channels. The smallest resource that can be assigned to a user is a RB. It
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consists of 12 sub-carriers with 15 kHz bandwidth, thus, the entire bandwidth

of a RB is 180 kHz. In LTE-V, sub-channels are defined as a group of RBs

in the same sub-frame. Depending on the communication requirement, one

sub-channel can be assigned with different number of RBs. Sub-channels are

utilized to transmit control information and data. There are two types of

channels in LTE-V:

1. Physical sidelink shared channel (PSSCH): It is utilized to transmit TBs

that contain a full packet to be transmitted, such as the BSM and multi-

media content for infotainment service. Since the packet size to be trans-

mitted for each user varies, one user can occupy multiple TBs. Thus, the

channel resource cannot be assigned orthogonally in a congested vehic-

ular network, especially when some users are transmitting large packets

for video streaming. To solve the problem, we utilize NOMA for TBs

transmission over PSSCH, and NOMA-based receivers are employed to

decode the overlapping messages from multiple users.

2. Physical sidelink control channel (PSCCH): It is used to transmit SCI

messages. Basically, the information contained in SCI is used for TB

transmission, and all TBs are associated with the corresponding SCIs.

This is also known as the scheduling assignment. For instance, the SCI

contains the PSCCH resource allocation for the TB, the modulation and

coding scheme (MSC) utilized to transmit the TB, and the resource

reservation interval for SPS. The SCI messages include the necessary

information to decode the data in TBs, thus the failure of SCI decoding

means that the corresponding TB transmission fails. Each SCI message

occupies two RBs, the size of SCI is relatively small compared with that

of TBs. Since SCI contains the critical information for TB transmission

and it only needs a small amount of channel resource, we use OMA for
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SCI transmission over PSCCH.

For PSCCH and PSSCH, LTE-V provides two sub-channelization schemes

as illustrated in 5.2: adjacent and nonadjacent schemes.

1. Adjacent scheme: For the adjacent scheme, SCI and the associated TB

occupy adjacent RBs. For each transmission, the first two RBs of the

first sub-channel are allocated to the SCI. And the associated TB is

transmitted in the following RB, it can occupy multiple sub-channels

depending on its size. If the number of occupied sub-channels is larger

than one, the first two RBs of the following sub-channels are also used

for TB transmission.

2. Nonadjacent scheme: For the non-adjacent scheme, the entire resource

pool is divided into two pools for PSCCH and PSSCH. The two pools

are dedicated to transmit either SCIs or TBs.

In the proposed NOMA-based C-V2X communication schemes, the non-

adjacent scheme is employed since OMA-based SCI and NOMA-based TB

transmissions are considered in this work, the non-adjacent scheme enables

independent resource allocations for PSCCH and PSSCH depending on either

OMA or NOMA is used.

In each sub-frame, there are 14 symbols and four of them are dedicated to

demodulation reference signals (DMRSs). Specifically, the third, sixth, ninth,

and 12th symbols are selected as pilot symbols, the receivers use the DMRSs

to estimate the radio channels and combat negative effect caused by the time-

frequency-selective channels. Compared with 802.11p where the first symbol

and four out of 52 sub-carriers in data symbols are allocated for pilots, C-

V2X allocates a larger partition of resource for channel estimation, thus it

is expected to provide better robustness against the negative effect caused

101



6.2. RECEIVER DESIGN

by the rapid motion of vehicles. In terms of modulation, SCIs are always

modulated with QPSK while TBs can be modulated with either QPSK or

16-QAM. Besides, the normal cyclic prefix is employed against inter-symbol-

interference (ISI) and turbo coding is used to improve the block error rate

(BLER) performance.

6.2 Receiver design

After introducing the physical layer of C-V2X, this section aims to investigate

the NOMA-based receiver design. Because the SCI is assumed to transmit

orthogonally over PSCCH, this chapter assumes perfect SCI transmission and

focuses on the non-orthogonal TB transmissions. Firstly, the conventional

OMA receiver is introduced.

6.2.1 OMA receiver for C-V2X communications

Fig. 6.1 shows the block diagram of the conventional OMA receiver.

Figure 6.1: Block diagram of the OMA receiver.

After receiving the signals, the first step is to perform synchronization, the

synchronized signals are then sent to the SC-FDMA demodulation block. Af-

ter that, the DMRSs are extracted to perform channel estimation. Chapters

3 and 4 have proposed and evaluated a robust channel estimation scheme for
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the overlapping signals, we assume perfect channel estimation and compare the

performance of OMA, SIC-based NOMA, and JD-based NOMA receivers. Af-

ter channel estimation, the data on the desired TB is extracted. The resource

allocation information is obtained from the corresponding SCI messages. The

next step is to perform deprecoding, namely the IFFT operation. Then, equal-

ization is conducted to reverse the distortion incurred by the radio channel.

Specifically, a minimum mean square error (MMSE) equalizer is employed in

this work. Let 𝑋 be the transmitted symbol, 𝐻 is the channel, 𝑁 is the com-

plex white Gaussian noise with zero mean and variance 𝑁𝑜, the desired signal

𝑌 is

𝑌 = 𝐻𝑋 +𝑁. (6.1)

Given 𝑀 receiving antennas, 𝐻, 𝑁 , and 𝑌 are 𝑀 × 1 matrices. After the

MMSE equalization, the output signal �̂� is as follows.

�̂� = (𝐻𝐻𝐻 +𝑁𝑜𝐼)
−1𝐻𝐻𝑌. (6.2)

Where 𝐼 is the identity matrix, and we utilize [.]−1 and [.]𝐻 to denote the

inverse and hermitian transpose, respectively. Let 𝑊 = (𝐻𝐻𝐻 + 𝐻𝑜𝐼)
−1𝐻𝐻

and the variance of noise after MMSE equalization as �̂�𝑜 = 𝑊𝑊𝐻𝑁𝑜. The

output signal is then demodulated to obtain the log-likelihood ratio (LLR).

𝐿𝐿𝑅(𝑋(𝑖)) = log [
𝑝(𝑋(𝑖) = 0|𝑌 )

𝑝(𝑋(𝑖) = 1|𝑌 )
]. (6.3)

With

𝑝(𝑋(𝑖) = 𝑗|𝑌 ) ∝
∑︁

𝑋(𝑖)=𝑗

exp (−|𝑋 − �̂�|2

�̂�𝑜

). (6.4)
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Where 𝑋(𝑖) denotes the 𝑖-th bit of the transmitted symbol. To reduce the

computational complexity, we employ a simple log-max approximation as fol-

lows.

𝐿𝐿𝑅(𝑋(𝑖)) = log [
𝑝(𝑋(𝑖) = 0|𝑌 )

𝑝(𝑋(𝑖) = 1|𝑌 )
]. (6.5)

With

∑︁
𝑋(𝑖)=𝑗

exp (−|𝑋 − �̂�|2

�̂�𝑜

) ≈ max
𝑋(𝑖)=𝑗

exp (−|𝑋 − �̂�|2

�̂�𝑜

). (6.6)

The demodulated soft LLR is used for channel decoding and the result is passed

to perform cyclic redundancy check (CRC).

For non-orthogonal C-V2X communications, the receivers need to decode

multiple users from the superimposed signals. We propose two NOMA re-

ceivers based on SIC and JD, respectively.

6.2.2 SIC-based NOMA receiver for C-V2X communi-

cations

The block diagram of the SIC-based NOMA receiver is illustrated in Fig. 6.2.

Figure 6.2: Block diagram of the SIC-based NOMA receiver.
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In terms of the SIC-based NOMA receiver, the block diagram is basically

the same as that of the OMA receiver. For instance, equalization is performed

for the strongest user while the interference from other users is regarded as

noise. Assuming that the overlapping signals from 𝐾 transmitters and the

user index 𝑘 determines the decoding order, namely the received power level

𝑃𝑘 from user 𝑘 follows 𝑃𝑖 ≥ 𝑃𝑘,∀𝑖 ≤ 𝑘, without loss of generality. For user 𝑘,

the MMSE equalization is performed as

𝑋𝑘 = [𝐻𝐻
𝑘 𝐻𝑘 + (𝑁𝑜 +

𝐾∑︁
𝑖=𝑘+1

𝑃𝑖)𝐼]
−1𝐻𝐻

𝑘 𝑌. (6.7)

Where 𝐻𝑘 is the channel information for user 𝑘. The summation of power from

users 𝑘+1 to 𝐾 are regarded as part of the noise. It can be observed that the

channel decoding result is passed to the CRC check. Once the desired packet

of user 𝑘 is decoded correctly, it is used to perform interference cancellation

and thus, the decoding of the remaining users can be performed in the absence

of interference from user 𝑘.

6.2.3 JD-based NOMA receiver for C-V2X communica-

tions

For the JD-based NOMA receiver, the block diagram is shown in Fig. 6.3.

Figure 6.3: Block diagram of the JD-based NOMA receiver.
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For the synchronization, the frame offset of the strongest user is evaluated

and we perform the corresponding synchronization for all users. In this work,

we consider that 𝐾 users occupy the same RBs for TB transmissions, thus

we can conduct the same SC-FDMA demodulation, resource extraction, and

deprecoding for all users. Besides, individual channel decoding is adopted to

reduce the computational complexity. Even though joint channel decoders,

like the virtual channel decoder adopted in Chapter 4, are expected to provide

better performance, this work focuses on the equalization and demodulation

parts and the joint channel decoder design is a potential research direction.

Since it is possible that only a portion of users is successfully decoded after the

first iteration, the JD-based NOMA receiver includes interference cancellation

to eliminate the signals from the decoded users so as to reduce the computa-

tional complexity of the following iterations. When no user can be decoded

after an iteration, the receiver is interrupted.

Since the LLRs of individual users are required to perform the conventional

channel decoding, this work proposes an individual equalization scheme for all

users and performs joint demodulation to obtain the LLRs of individual users

by taking the transmitted signals from remaining users into consideration.

In terms of individual equalization, the proposed scheme makes uses of

the channel information from all users and aims to minimize the mean square

error. For the first iteration, we aim to minimize the mean square error of user

𝑘 as follows.

min
𝑊𝑘

E{(𝑊𝑘𝑌 −𝑋𝑘)(𝑊𝑘𝑌 −𝑋𝑘)
𝐻}. (6.8)

Let 𝐺𝑘 = [𝐻1, 𝐻2, ..., 𝐻𝑘−1, 𝐻𝑘+1, ..., 𝐻𝐾 ] denotes the channel information

of the remaining users. By solving the optimization problem in (6.8), the
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optimal matrix 𝑊𝑘 can be obtained as follows.

𝑊𝑘 = [𝐼 +𝐻𝐻
𝑘 (𝑁𝑜 +𝐺𝑘𝐺

𝐻
𝑘 )

−1𝐻𝐾 ]
−1𝐻𝐻

𝑘 (𝑁𝑜𝐼 +𝐺𝑘𝐺
𝐻
𝑘 )

−1. (6.9)

It can be observed that compared with the SIC-based equalizer in (6.7)

where the average power 𝑃𝑖 over the whole sub-channel from user 𝑖 is regarded

as part of the noise, the proposed JD-based equalizer takes the exact channel

information of all the remaining users into consideration to minimize the mean

square error. Since the optimal transformation matrices for all users can vary,

the transformation matrices 𝑊𝑘 for all users and the signals 𝑌 are sent from

the equalizer to the joint demodulator.

Similar to the joint APP (3.25) in Chapter 3, the proposed joint demodu-

lator obtains the APP for user 𝑘 as

𝑝(𝑋𝑘(𝑖) = 𝑗|𝑌 ) ∝ max
𝑋𝑘(𝑖)=𝑗,𝑋1,𝑋2,...𝑋𝑘−1,𝑋𝑘+1,...,𝑋𝐾

exp (−|𝑊𝑘𝑌 − (
∑︀𝐾

𝑧=1𝑊𝑘𝐻𝑧𝑋𝑧)|2

𝑁𝑜

).

(6.10)

Similar to (6.5), the joint demodulator obtains the LLR for user 𝑘 as follows.

𝐿𝐿𝑅(𝑋𝑘(𝑖)) = log [
𝑝(𝑋𝑘(𝑖) = 0|𝑌 )

𝑝(𝑋𝑘(𝑖) = 1|𝑌 )
]. (6.11)

6.3 Simulation results

After introducing the C-V2X physical layer and the receiver design, we have

shown that NOMA can be easily implemented on the current C-V2X com-

munications with minor modifications on the receiver. This section aims to

evaluate NOMA-based C-V2X communications. The simulation configuration

is first introduced, then the simulation results are shown and the three schemes
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are evaluated.

6.3.1 Simulation configuration

Following the LTE-V standard, we employ 10 MHz bandwidth and the total

number of RBs is 50. QPSK modulation is adopted for TB transmission. The

transmitters are assumed to be equipped with a single transmit antenna and

the receivers are assumed to be equipped with either single or two receiving

antennas. In terms of the radio model, the MIMO multi-path fading model as

specified in TS 36.101 [120] and TS 36.104 [121] is adopted. Specifically, the

delay profile follows the Extended Vehicular A model (EVA) in [120,121]. The

generalized method for exact Doppler spread (GMEDS) in [122] is utilized to

model the Rayleigh fading, and the maximum Doppler frequency is 500 Hz.

Since this work focuses on random access without power control, all transmit-

ters transmits with the same transmission power and the SNR is defined as

the ratio of transmit signal power from each user to the noise power. The

transmitted signals from all transmitters undergo independent radio channel.

For each user, the summation of the powers of the taps defined in the delay

profile follows independent exponential distribution exp(1). When the number

of receiving antenna is larger than one, we consider two types of correlations

between the transmission antenna and receiving antennas: low or no and high

correlations as defined in [120].

6.3.2 Non-orthogonal C-V2X communications with a

single receiving antenna

We first consider the single receiving antenna case, the SNR is varied from

0 to 10 dB. The single-user case with OMA receiver is also simulated as a

benchmark. In this case, the three receivers are expected to provide the same
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performance and the lowest average BLER can be obtained due to interference-

free communications. Then, the number of transmitters is increased from two

to four, the results are illustrated in Table 6.1.

Table 6.1: Average BLER results with a single receiving antenna.

SNR/dB 0 5 10

1-user OMA 0.48 0.18 0.05

2-user

OMA 0.74 0.54 0.44

SIC 0.69 0.37 0.18

JD 0.60 0.23 0.06

3-user

OMA 0.85 0.74 0.68

SIC 0.82 0.58 0.40

JD 0.72 0.35 0.09

4-user

OMA 0.91 0.85 0.82

SIC 0.90 0.77 0.63

JD 0.83 0.52 0.22

It can be observed that the JD receiver provides the lowest BLER among

the three receivers, followed by the SIC receiver. The gaps among the three

receivers increase as the SNR increases. Besides, the gap between the JD

receiver and the other receivers ascend when the number of user increases.

For the 4-user case at 10 dB SNR, the BLER of the JD receiver is 0.22 while

that of the other schemes are higher than 0.6. These results are similar to

our analytical results in the previous chapter. JD receiver is the best choice

given a large number of transmitters. Comparing the single-user case with

OMA receiver and 4-user case with JD receiver, the average BLER difference

is lower than 0.2 given high SNR at 10 dB and is higher than 0.3 given 0 dB

SNR. This indicates that although NOMA can improve the spectrum efficiency

and provides low BLER in the high SNR regime, we should carefully control

the number of access users in the low SNR regime to guarantee reasonable

BLER for practical applications.
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6.3.3 Non-orthogonal C-V2X communications with two

receiving antennas

In addition to the single receiving antenna, the two receiving antenna case is

simulated. We first consider the high correlation between the two inputs and

the simulation results are shown in Table 6.2.

Table 6.2: Average BLER results with two receiving antennas (high correla-
tion).

SNR/dB 0 5 10

1-user OMA 0.25 0.08 0.03

2-user

OMA 0.57 0.42 0.37

SIC 0.45 0.20 0.09

JD 0.35 0.11 0.04

3-user

OMA 0.74 0.66 0.63

SIC 0.62 0.39 0.27

JD 0.46 0.15 0.04

4-user

OMA 0.86 0.80 0.78

SIC 0.79 0.60 0.48

JD 0.59 0.23 0.05

For the results in Table 6.1 and 6.2, the BLER performances of the three

receivers are improved by adopting a larger number of receiving antennas.

Generally, the JD receiver still gives the best performance, but the gap between

JD and SIC receivers is slightly shortened when the number of access users

is lower than four. For instance, the BLER difference of the two receivers

in the 2-user case with 5 dB SNR is reduced by 0.05 as compared with the

single antenna case. This is because the SIC receiver requires certain power

differences among multiple users and multiple receiving antennas increases the

probability that the power difference is met. Then, the correlation between the

two input is configured as low or no, and the results are shown in Table 6.3. We

can observe that performance gap between the SIC and JD receivers is further
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shortened given a lower correlation between the two inputs, within which the

power difference can be met more easily. This reveals that the performance gap

between the SIC and JD receivers can be reduced by employing a larger number

of receiving antennas. Given multiple input channels with low correlation, the

SIC receiver can provide similar performance as the JD receiver while requiring

relatively low computational complexity.

Table 6.3: Average BLER results with two receiving antennas (low correla-
tion).

SNR/dB 0 5 10

1-user OMA 0.22 0.07 0.02

2-user

OMA 0.43 0.28 0.22

SIC 0.31 0.10 0.04

JD 0.27 0.08 0.03

3-user

OMA 0.58 0.46 0.41

SIC 0.41 0.15 0.06

JD 0.32 0.09 0.03

4-user

OMA 0.69 0.60 0.57

SIC 0.51 0.24 0.13

JD 0.38 0.11 0.03

Comparing the three schemes, the JD-based NOMA receiver provides the

best BLER performance at the cost of the highest computational complexity.

By contrast, the traditional OMA receiver requires the lowest computational

complexity but offers the worst BLER performance. According to the simula-

tion results, the selection of the receiver design depends on the computation

capacity of the equipment, the wireless channel state, and the performance

requirement.
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6.4 Summary

This chapter presents the implementation of NOMA in C-V2X communica-

tions as specified in 3GPP Release 14. Based on the PC5 sidelink interface

that supports direct communications without forwarding by the eNodeBs, we

propose two NOMA receivers for C-V2X communications: SIC-based receiver

and JD-based receiver. The two schemes are based on the conventional OMA-

based C-V2X receiver with minor modifications. Several interesting points are

obtained from the simulation results: 1) the results with a single receiving

antenna verify our conclusion in the previous chapter. For example, the JD

receiver provides the best performance as compared with OMA and SIC re-

ceivers, the performance gap is enlarged as the number of users increases; and

2) the performance gap between the SIC and JD receivers can be reduced by

adopting a larger number of receiving antennas, especially when the correlation

among multiple inputs is low.

112



Chapter 7

Conclusion and Future Work

This chapter concludes the main contributions of the thesis and discusses sev-

eral potential future research directions.

7.1 Conclusion

This thesis exploits the application of NOMA in V2X communications to pro-

vide low-latency and reliable communications for time-critical applications in

vehicular networks. By allowing multiple users to transmit concurrently, the

waiting time caused by scheduling MUA can be significantly reduced. By har-

nessing the useful information contained in the superimposed signals, NOMA

is also expected to improve the transmission success rate, especially for the

weak user whose power level is relatively low among others. In this thesis, we

focused on two basic V2X communication scenarios which were information ex-

change in a TWRC and message broadcasting, and that were operated with two

NOMA techniques: PNC and MUD. This was a theoretical-plus-practical in-

vestigation that considered theoretical performance analysis of non-orthogonal

V2X communications and practical NOMA implementation according to the

standards including both 802.11p and C-V2X. The general contributions of
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this thesis are reiterated as follows:

1. In Chapter 3, an ICI-aware approach was proposed to jointly estimate

the channel information, detect the received signals, and perform channel

decoding for PNC systems in V2X communications under the negative

effect of ICI. The work followed the 802.11p standard and thus OFDM

was employed to modulate the transmitted signals. Not only the pilot but

also data tones were exploited to improve the channel estimation perfor-

mance. By taking the ICI caused by CFOs and time-frequency-selective

channels into consideration, we converted the channel estimation and

detection plus decoding into two optimization problems, and they were

addressed by the EM algorithm and the BP algorithm, respectively. The

simulation results indicated that: 1) the proposed scheme could con-

verge in five iterations, the computational complexity could be reduced

by adopting three iterations with minor performance degradation; 2) the

proposed approach yielded lower MSE of estimation results and BER as

compared with the benchmarks given five-path double-selectively empir-

ical channels.

2. In Chapter 4, a testbed for non-orthogonal V2X communications was

presented. We utilized SDR, which included GNU radio as the software

and USRP as the hardware, to implement the NOMA-based transmit-

ters and receivers. The testbed could collect empirical data via vehicle,

pedestrian, and infrastructure, to evaluate the proposed algorithms. In

the conducted experiment, the TWRC as introduced in Chapter 3 has

been achieved by the testbed. Besides the network-coded messages, the

individual messages from the two end nodes were decoded with minor

modification based on the ICI-aware approach. The empirical results

revealed that: 1) the proposed scheme in Chapter 3 yielded higher nor-
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malized throughput and lower latency compared with the traditional al-

gorithm, the normalized throughput gap of the network-coded message

was around 0.45 and the delay of the conventional scheme was 15 times

of that of the proposed approach; 2) The partition that only one user

can be decoded occupied around 20% of the normalized throughput, the

proposed scheme in Chapter 3 can be used for NOMA to decode the

individual messages.

3. In Chapter 5, we have proposed a tractable network model to analyze the

theoretical performance of the broadcasting in C-V2X communications

operating in mode 4. The model supported the traditional OMA receiver

and two NOMA receivers based on SIC and JD techniques. We consid-

ered the road intersection scenario that includes both LOS and NLOS

communications due to the obstruction of buildings, which was com-

mon in the urban areas. The analytical results revealed some interesting

points: 1) the JD scheme was the best solution to provide high PDR

for applications with high data rate; 2) the SIC scheme needs relatively

low computational complexity and provides similar PDR performance as

compared with the JD scheme for applications with low data rate; 3)

for the communications suffering severe interference and noise, the OMA

scheme should be selected due to the lowest complexity and similar per-

formance as the other two schemes; 4) the JD receiver was the best choice

given a large number of transmitters; and 5) to satisfy the requirement

of applications under diverse situations as discussed from 1) to 4), it is

valuable to develop a hybrid protocol for non-orthogonal V2X communi-

cations. In addition, a data rate optimization scheme has been presented

to maximize the sum goodput from multiple transmitters. The results

indicated that the two NOMA schemes provided good fairness among all
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transmitters. The OMA scheme can hardly decode the weak users and

thus it cannot guarantee good fairness.

4. In Chapter 6, we have exploited the feasibility of implementing NOMA

in C-V2X communications. Based on the PC5 sidelink interface that

was specified in 3GPP Release 14 for direct communications, we have

shown that NOMA can be implemented with minor modifications on

the OMA-based C-V2X receivers. Two NOMA receivers based on the

SIC and JD techniques were proposed and evaluated. In addition, the

proposed receivers supported multiple receiving antennas. According to

the simulation results, we found that: 1) given a single receiving antenna,

the simulation results further verified our conclusion in Chapter 5. For

instance, the JD receiver showed the best performance, followed by the

SIC receiver, the OMA receiver provided the highest BLER. Besides,

either a larger number of transmitters or a higher SNR increased the

performance gaps among the three schemes; 2) compared with the single

receiving antenna case, employing a larger number of antennas shortened

the performance gap between the SIC and JD receivers, and the gap was

further shortened when the correlation among multiple inputs was low.

7.2 Future work

After summarizing the previous work on non-orthogonal V2X communications,

several future research directions can be summarized as follows:

1. The proposed network model in Chapter 5 assumes the simple ALOHA

protocol in the MAC layer. We plan to include the SPS as specified

in the C-V2X standard in our model and investigates the corresponding

performance. Furthermore, while cooperating with NOMA, the SPS pro-
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tocol can be optimized, such as to discover the optimal reference signal

received power (RSRP) threshold to harness the interference.

2. Besides the distributed resource allocation in mode 4, the centralized

manner in mode 3 should be exploited for C-V2X communications since

it is expected to provide better performance as compared with mode

4. To satisfy the communication requirements of all users, the eNodeB

that obtains the information of vehicles within its coverage should con-

sider the channel information between the transmitters and receivers,

and carefully control the number of users who share the same resource

channel. Based on the proposed network model, we plan to investigate

a centralized resource allocation algorithm for non-orthogonal C-V2X

communications.

3. Most discussion in this thesis focuses on SISO systems, the MIMO sys-

tems should be exploited for non-orthogonal V2X communications. Chap-

ter 6 shows that the two NOMA schemes are significantly enhanced by

adopting multiple receiving antennas, especially for the SIC-based re-

ceiver. This inspires us to include MIMO in the proposed network model

and ICI-aware approach.
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Appendix A

Proof of Corollary 2

Proof. Since the fast fading follows Rayleigh distribution ℎ𝑇𝑖
∼ exp(1). For

the CDF of the corresponding expected power level can be obtained as follows.

𝑃𝑟(𝑃𝑇𝑖
≥ 𝑋𝑇𝑖

) = 𝑃𝑟(ℎ𝑇𝑖
≥ 𝑋𝑇𝑖

𝑃 𝑇𝑖

) = 1− exp(−𝑋𝑇𝑖

𝑃 𝑇𝑖

). (A.1)

Then we have the PDF of the power level

𝑓(𝑋𝑇𝑖
) = 𝑃𝑟(𝑃𝑇𝑖

= 𝑋𝑇𝑖
) =

1

𝑃 𝑇𝑖

exp(−𝑋𝑇𝑖

𝑃 𝑇𝑖

). (A.2)

According to the inclusion-exclusion principle, the probability of the union

of multiple events in Corollary 2 can be written as

𝒫SIC,Ti
(ϒ, 𝑥𝑜) = E[𝑃𝑟(

⋃︁
𝜔∈Ω𝑆𝐼𝐶

𝑇𝑖

ℰ𝑆𝐼𝐶
𝜔 )]

=
∑︁

𝜔∈Ω𝑆𝐼𝐶
𝑇𝑖

E[𝑃𝑟(ℰ𝑆𝐼𝐶
𝜔 )]−

∑︁
𝜔1∈Ω𝑆𝐼𝐶

𝑇𝑖
,𝜔2∈Ω𝑆𝐼𝐶

𝑇𝑖
,𝜔1 ̸=𝜔2

E[𝑃𝑟(ℰ𝑆𝐼𝐶
𝜔1

∩ ℰ𝑆𝐼𝐶
𝜔2

)]

+ ...

+ (−1)|Ω
𝑆𝐼𝐶
𝑇𝑖

|−1E[𝑃𝑟(
⋂︁

𝜔∈Ω𝑆𝐼𝐶
𝑇𝑖

ℰ𝑆𝐼𝐶
𝜔 )],

(A.3)
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The principle is also feasible for the JD receiver by simply replacing the

set Ω𝑆𝐼𝐶
𝑇𝑖

and event ℰ𝑆𝐼𝐶
𝜔 with Ω𝐽𝐷

𝑇𝑖
and ℰ𝐽𝐷

𝜔 . For the components without

intersection, we assume there are 𝑌 users in 𝜔 and the corresponding power

are denoted by 𝑋𝑇𝑦 for user 𝑇𝑦. In addition, the user index 𝑦 determines the

decoding order. Let 𝑋𝜔 and 𝑋𝜔∖1:𝑦 denote the sum power of the users in set

𝜔 and set (𝑇𝑦+1, 𝑇𝑦+2, ..., 𝑇𝑌 ). According to Lemma 2, the success probability

of event ℰ𝑆𝐼𝐶
𝜔 is calculated as

E[𝑃𝑟(ℰ𝑆𝐼𝐶
𝜔 )] =E[

∫︁ ∞

𝛽𝑇𝑌
𝑁

𝑓(𝑋𝑇𝑌
)𝑑𝑋𝑇𝑌

×
∫︁ ∞

𝛽𝑇𝑌 −1
(𝑁+𝑋𝑇𝑌 −1

)

𝑓(𝑋𝑇𝑌 −1
)𝑑𝑋𝑇𝑌 −1

× ...

×
∫︁ ∞

𝛽𝑇1
(𝑁+𝑋𝜔∖1)

𝑓(𝑋𝑇1)𝑑𝑋𝑇1 ].

(A.4)

where 𝑁 = 𝑁𝑜+ℐ1+ℐ2 is the interference plus noise. For the integral regarding

𝑋𝑇1 , we can easily calculate

∫︁ ∞

𝛽𝑇1
(𝑁+𝑋𝜔∖1)

𝑓(𝑋𝑇1)𝑑𝑋𝑇1 = 𝑒−𝑃
−1
𝑇1

𝛽𝑇1
(𝑁+𝑋𝜔∖1). (A.5)

Then for 𝑋𝑇2 , we have

∫︁ ∞

𝛽𝑇2
(𝑁+𝑋𝜔∖1:2)

𝑒−𝑃
−1
𝑇1

𝛽𝑇1
(𝑁+𝑋𝜔∖1)𝑓(𝑋𝑇2)𝑑𝑋𝑇2

=(1 + 𝑃 𝑇2𝑃
−1

𝑇1
𝛽𝑇1)

−1𝑒−(𝑁+𝑋𝜔∖1:2)(𝛽𝑇1
𝑃

−1
𝑇1

+𝛽𝑇2
(𝑃

−1
𝑇2

+𝛽𝑇1
𝑃

−1
𝑇1

)).

(A.6)

Assuming the integral regarding 𝑋𝑇𝑦 is

[

𝑦∏︁
𝑗=1

(𝑃 𝑇𝑦𝑞𝑇𝑦)
−1]𝑒−(𝑁+𝑋𝜔∖1:𝑦)(

∑︀𝑦
𝑗=1 𝛽𝑇𝑦 𝑞𝑇𝑦 ), (A.7)
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with

𝑞𝑇𝑦 = 𝑃
−1

𝑇𝑦
+

𝑦−1∑︁
𝑗=1

𝛽𝑇𝑦𝑞𝑇𝑦 . (A.8)

(A.5) and (A.6) match (A.7) when 𝑦 = 1 and 2, respectively. Assuming

(A.7) is feasible for user 𝑇𝑦−1, we have the integral of user 𝑇𝑦 as follows.

∫︁ ∞

𝛽𝑇𝑦 (𝑁+𝑋𝜔∖1:𝑦)

[

𝑦−1∏︁
𝑗=1

(𝑃 𝑇𝑗
𝑞𝑇𝑗

)−1]𝑒−(𝑁+𝑋𝜔∖1:𝑦−1)(
∑︀𝑦−1

𝑗=1 𝛽𝑇𝑗
𝑞𝑇𝑗 ) × 𝑓(𝑋𝑇𝑦)𝑑𝑋𝑇𝑦

=

∫︁ ∞

𝛽𝑇𝑦 (𝑁+𝑋𝜔∖1:𝑦)

[

𝑦−1∏︁
𝑗=1

(𝑃 𝑇𝑗
𝑞𝑇𝑗

)−1]𝑒−(𝑁+𝑋𝜔∖1:𝑦)(
∑︀𝑦−1

𝑗=1 𝛽𝑇𝑗
𝑞𝑇𝑗 )

× 𝑃
−1

𝑇𝑦
𝑒−(𝑃

−1
𝑇𝑦

+
∑︀𝑦−1

𝑗=1 𝛽𝑇𝑗
𝑞𝑇𝑗 )𝑋𝑇𝑦𝑑𝑋𝑇𝑦

=[

𝑦−1∏︁
𝑗=1

(𝑃 𝑇𝑗
𝑞𝑇𝑗

)−1]𝑒−(𝑁+𝑋𝜔∖1:𝑦)(
∑︀𝑦−1

𝑗=1 𝛽𝑇𝑗
𝑞𝑇𝑗 ) ×

𝑃
−1

𝑇𝑦
(𝑃

−1

𝑇𝑦
+

𝑦−1∑︁
𝑗=1

𝛽𝑇𝑗
𝑞𝑇𝑗

)−1𝑒−(𝑁+𝑋𝜔∖1:𝑦)𝛽𝑇𝑦 (𝑃
−1
𝑇𝑦

+
∑︀𝑦−1

𝑗=1 𝛽𝑇𝑗
𝑞𝑇𝑗 )

=[

𝑦∏︁
𝑗=1

(𝑃 𝑇𝑗
𝑞𝑇𝑗

)−1]𝑒−(𝑁+𝑋𝜔∖1:𝑦)(
∑︀𝑦

𝑗=1 𝛽𝑇𝑗
𝑞𝑇𝑗 ).

(A.9)

(A.9) matches the assumption of (A.7). Then the final result can be ob-

tained by making 𝑦 = 𝑌 .

We now consider the case with 𝑆 subsets E[𝑃𝑟(
⋂︀𝑆

𝑠=1 ℰ𝑆𝐼𝐶
𝜔𝑠

)]. Given 𝛽 ≥

1, the first user to be decoded must be the strongest user. Thus, the first

element for all subsets must be the same. Otherwise, the corresponding events

cannot happen concurrently. Consequently, all subsets must be the same (i.e.,

elements and the orders are the same), otherwise, the corresponding events

cannot occur simultaneously. Therefore, we come to the conclusion that the

expectation of the intersection of 𝑆 subsets E[𝑃𝑟(
⋂︀𝑆

𝑠=1 ℰ𝑆𝐼𝐶
𝜔𝑠

)] is equal to zero.

According to the above proof, we have (5.18) and (5.19).
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Appendix B

Proof of Corollary 3

Proof. Similar to (A.3), we apply the inclusion-exclusion principle for the JD

decoder.

𝒫JD,Ti
(ϒ, 𝑥𝑜) = E[𝑃𝑟(

⋃︁
𝜔∈Ω𝐽𝐷

𝑇𝑖

ℰ𝐽𝐷
𝜔 )]

=
∑︁

𝜔∈Ω𝐽𝐷
𝑇𝑖

E[𝑃𝑟(ℰ𝐽𝐷
𝜔 )]−

∑︁
𝜔1∈Ω𝐽𝐷

𝑇𝑖
,𝜔2∈Ω𝐽𝐷

𝑇𝑖
,𝜔1 ̸=𝜔2

E[𝑃𝑟(ℰ𝐽𝐷
𝜔1

∩ ℰ𝐽𝐷
𝜔2

)]

+ ...

+ (−1)|Ω
𝐽𝐷
𝑇𝑖

|−1E[𝑃𝑟(
⋂︁

𝜔∈Ω𝐽𝐷
𝑇𝑖

ℰ𝐽𝐷
𝜔 )].

(B.1)

According to Lemma 3, the success probability of event ℰ𝐽𝐷
𝜔 is calculated
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as

E[𝑃𝑟(ℰ𝐽𝐷
𝜔 )]

=E[
∫︁ ∞

𝛽𝑇𝑌
𝑁

𝑓(𝑋𝑇𝑌
)𝑑𝑋𝑌

∫︁ ∞

𝛽𝑇𝑌 −1
𝑁

𝑓(𝑋𝑇𝑌 −1
)𝑑𝑋𝑇𝑌 −1

...

∫︁ ∞

𝛽𝑇1
𝑁

𝑓(𝑋𝑇1)𝑑𝑋𝑇1 −
∫︁ 𝑁(𝛽𝜔−

∑︀𝑌 −1
𝑗=1 𝛽𝑇𝑗

)

𝛽𝑇𝑌
𝑁

𝑓(𝑋𝑇𝑌
)𝑑𝑋𝑇𝑌

×
∫︁ 𝑁(𝛽𝜔−

∑︀𝑌 −2
𝑗=1 𝛽𝑇𝑗

)−𝑋𝜔∖1:𝑌 −1

𝛽𝑇𝐼−1
𝑁

𝑓(𝑋𝑇𝐼−1
)𝑑𝑋𝑇𝐼−1

...

×
∫︁ 𝛽𝜔𝑁−𝑋𝜔∖1

𝛽𝑇1
𝑁

𝑓(𝑋𝑇1)𝑑𝑋𝑇1 ],

(B.2)

where the positive component denotes the probability that all transmitters

satisfy the individual constraints in Lemma 3, and the negative component is

for eliminating the probability that the sum power does not meet the require-

ment regarding the sum rate given that the individual power requirements are

satisfied.

For the positive item on the RHS, we have

∫︁ ∞

𝛽𝑇𝑌
𝑁

𝑓(𝑋𝑇𝑌
)𝑑𝑋𝑇𝑌

∫︁ ∞

𝛽𝑇𝑌 −1
𝑁

𝑓(𝑋𝑇𝑌 −1
)𝑑𝑋𝑇𝑌 −1

...

∫︁ ∞

𝛽𝑇1
𝑁

𝑓(𝑋𝑇1)𝑑𝑋𝑇1

=𝑒−𝑁(
∑︀𝑌

𝑗=1 𝛽𝑖𝑃
−1
𝑇𝑦 ).

(B.3)

For the negative item on the RHS, we have the integral of 𝑋𝑇1 as follows.

∫︁ 𝛽𝜔𝑁−𝑋𝜔∖1

𝛽𝑇1
𝑁

𝑓(𝑋𝑇1)𝑑𝑋𝑇1 = 𝑒−𝑁𝛽1𝑃
−1
𝑇1 − 𝑒−𝑁𝛽𝜔𝑃

−1
𝑇1

+𝑃
−1
𝑇1

𝑋𝜔∖1 . (B.4)
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For 𝑋𝑇2 , we have

∫︁ 𝑁(𝛽𝜔−𝛽𝑇1
)−𝑋𝜔∖1:2

𝛽𝑇2
𝑁

(𝑒−𝑁𝛽1𝑃
−1
𝑇1 − 𝑒−𝑁𝛽𝜔𝑃

−1
𝑇1

+𝑃
−1
𝑇1

𝑋𝜔∖1)× 𝑓(𝑋𝑇2)𝑑𝑋𝑇2

=𝑒−𝑁(𝛽𝑇1
𝑃

−1
𝑇1

+𝛽𝑇2
𝑃

−1
𝑇2

) − 𝑃 𝑇2

𝑃 𝑇2 − 𝑃 𝑇1

𝑒−𝑁(𝛽𝜔𝑃
−1
𝑇2

+𝛽1(𝑃
−1
𝑇1

−𝑃
−1
𝑇2

))+𝑃
−1
𝑇2

𝑋𝜔∖2

− 𝑃 𝑇1

𝑃 𝑇1 − 𝑃 𝑇2

𝑒−𝑁(𝛽𝜔𝑃
−1
𝑇1

+𝛽2(𝑃
−1
𝑇2

−𝑃
−1
𝑇1

))+𝑃
−1
𝑇1

𝑋𝜔∖2 .

(B.5)

Assuming that after the integral regarding 𝑋𝑇𝑦−1 , we have

𝑒
−𝑁(

∑︀𝑦−1
𝑗=1 𝛽𝑇𝑗

𝑃
−1
𝑇𝑗

) −
𝑦−1∑︁
𝑗=1

([

𝑦−1∏︁
𝑚=1,𝑚 ̸=𝑗

𝑃
−1

𝑇𝑚

𝑃
−1

𝑇𝑚
− 𝑃

−1

𝑇𝑗

]

× 𝑒
−𝑁 [𝛽𝜔𝑃

−1
𝑇𝑗

+
∑︀𝑦−1

𝑚=1,𝑚 ̸=𝑗 𝛽𝑇𝑚 (𝑃
−1
𝑇𝑚

−𝑃
−1
𝑇𝑗

)]
𝑒
𝑃

−1
𝑇𝑗

𝑋𝜔∖𝑦−1).

(B.6)

Applying (B.6), we can obtain that the integral regarding 𝑋𝑇𝑦 matches the

assumption. Therefore, the assumption stands and we obtain E[𝑃𝑟(ℰ𝐽𝐷
𝜔 )] in

(5.21).

For the intersection of 𝑆 subsets E[𝑃𝑟(
⋂︀𝑆

𝑠=1 ℰ𝐽𝐷
𝜔𝑠

)] with the assumption

𝛽 ≥ 1, any two subsets 𝜔𝑖 and 𝜔𝑗 cannot occur concurrently when there exists

𝑇𝑎 and 𝑇𝑏 so that 𝑇𝑎 ∈ 𝜔𝑖, 𝑇𝑎 ̸∈ 𝜔𝑗 and 𝑇𝑏 ∈ 𝜔𝑗, 𝑇𝑏 ̸∈ 𝜔𝑖. Assuming |𝜔1| ≤

|𝜔2| ≤ ...|𝜔𝑆−1| ≤ |𝜔𝑆| without loss of generality, the expectation is not equal

zero only when 𝑆 subsets satisfy 𝜔1 ⊆ 𝜔2 ⊆ ...𝜔𝑆−1 ⊆ 𝜔𝑆. Let 𝜔𝐼𝑠 denote

the intersection of 𝜔𝑠 and 𝜔𝑠−1. For 𝑠 = 1, 𝜔𝐼1 = 𝜔1. In this case, 𝜔𝐼1 is

decoded jointly and other users are regarded as noise. After decoding 𝜔𝐼1 ,

𝜔𝐼2 is decoded with the absence of 𝜔𝐼1 and the remaining users are regarded

as noise. This is similar to the SIC decoder in Corollary 2. The expectation

E[𝑃𝑟(
⋂︀𝑆

𝑠=1 ℰ𝐽𝐷
𝜔𝑠

)] is equal to the probability that all subsets 𝜔𝐼𝑠 are decoded

with this strategy.
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Assuming that after the integral regarding 𝜔𝐼𝑠−1 , we have

∑︁
𝑇𝑗1

∈𝜔𝐼1

...
∑︁

𝑇𝑗𝑠−1
∈𝜔𝐼𝑠−1

𝑎𝑇𝑗1
:𝑇𝑗𝑠−1

𝑒
−𝑏𝑇𝑗1 :𝑇𝑗𝑠−1

(𝑁+𝑋Ω−
∑︀𝑠−1

𝑚=1 𝑋𝜔𝐼𝑚
)
, (B.7)

with

𝑎𝑇𝑗1
:𝑇𝑗𝑠−1

=
𝑠−1∏︁
𝑚=1

{(
∏︁

𝑇𝑛∈𝜔𝐼𝑚

𝑃
−1

𝑇𝑛

𝑃
−1

𝑇𝑛
+ 𝑏𝑇𝑗1

:𝑇𝑗𝑚−1

)× (
∏︁

𝑇𝑙∈𝜔𝐼𝑚∖𝑇𝑗𝑚

𝑃
−1

𝑇𝑙
+ 𝑏𝑇𝑗1

:𝑇𝑗𝑚−1

𝑃
−1

𝑇𝑙
− 𝑃

−1

𝑇𝑗𝑚

)},

𝑏𝑇𝑗1
:𝑇𝑗𝑠−1

=
𝑠−1∑︁
𝑚=1

[𝛽𝜔𝐼𝑚
(𝑃

−1

𝑇𝑗𝑚
+ 𝑏𝑇𝑗1

:𝑇𝑗𝑚−1
) +

∑︁
𝑇𝑛∈𝜔𝐼𝑚

𝛽𝑇𝑛(𝑃
−1

𝑇𝑛
− 𝑃

−1

𝑇𝑗𝑚)].

(B.8)

With the similar method in (A.7), the assumption in (B.7) can be proved.

According to the above proof, we have (5.21) and (5.22).
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