Project 1868 | May 2019

) RPN MINETA
S l ' SAN JOSE STATE v TRANSPORTATION
UNIVERSITY g INSTITUTE

Underpinnings of User-Channel Allocation in
Non-Orthogonal Multi-Access for 5G

Shabnam Sodagari, PhD

California State University CALIFORNIA STATE UNIVERSITY
Transportation Consortium LONG BEACH

transweb.sjsu.edu/csutc



MINETA TRANSPORTATION INSTITUTE

Founded in 1991, the Mineta Transportation Institute (MTI), an organized research and training unit in partnership with the
Lucas College and Graduate School of Business at San José State University (S)SU), increases mobility for all by improving the safety,
efficiency,accessibility,and convenience of our nation’s transportation system.Through research, education, workforce development,
and technology transfer, we help create a connected world. MTI leads the four-university. MTI leads the four-university California

State University Transportation Consortium funded by the State of California through Senate Bill I.

MTT’s transportation policy work is centered on three primary responsibilities:

Research

MTI works to provide policy-oriented research for all levels of
government and the private sector to foster the development
of optimum surface transportation systems. Research areas
include: bicycle and pedestrian issues; financing public and private
sector transportation improvements; intermodal connectivity
and integration; safety and security of transportation systems;
sustainability of transportation systems; transportation / land use /
environment; and transportation planning and policy development.
Certified
Certification requires an advanced degree, generally a PhD,

Research Associates conduct the research.

a record of academic publications, and professional

references. Research projects culminate in a peer-reviewed
publication, available on TransWeb, the MTI website (http://

transweb.sjsu.edu).

Education
The Institute supports education programs for students seeking a
career in the development and operation of surface transportation
systems. MTI, through San José State University, offers an
AACSB-accredited Master of
Management

Science in  Transportation

and graduate certificates in Transportation
and High-Speed Rail

Management that serve to prepare the nation’s transportation

Management, Transportation Security,

managers for the 21st century. With the

active assistance of the California Department of Transportation
(Caltrans), MTI delivers its classes over a state-of-the-art
videoconference network throughout the state of California
and via webcasting beyond, allowing working transportation
professionals to pursue an advanced degree regardless of their
location. To meet the needs of employers seeking a diverse
workforce, MTI’s education program promotes enrollment to
under-represented groups.

Information and Technology Transfer

MTI utilizes a diverse array of dissemination methods and
media to ensure research results reach those responsible
for managing change. These methods include publication,
seminars, workshops, websites, social media, webinars,
and other technology transfer mechanisms. Additionally,
MTI promotes the availability of completed research to
professional organizations and journals and works to
integrate the research findings into the graduate education
program.MT/’s extensive collection of transportation- related
publications is integrated into San José State University’s
world-class Martin Luther King, Jr. Library.

Disclaimer

The contents of this report reflect the views of the authors, who are responsible for the facts and accuracy of the information

presented herein. This document is disseminated in the interest of information exchange. The report is funded, partially

or entirely, by a grant from the State of California. This report does not necessarily reflect the official views or policies
of the State of California or the Mineta Transportation Institute, who assume no liability for the contents or use thereof.
This report does not constitute a standard specification, design standard, or regulation.



REPORT 19-07

UNDERPINNINGS OF USER-CHANNEL ALLOCATION IN
NON-ORTHOGONAL MULTI-ACCESS FOR 5G

Shabnam Sodagari, PhD

May 2019

A publication of

Mineta Transportation Institute
Created by Congress in 1991

College of Business
San José State University
San José, CA 95192-0219



TECHNICAL REPORT DOCUMENTATION PAGE

1. Report No. 2. Government Accession No. 3. Recipient’s Catalog No.
19-07

4. Title and Subtitle 5. Report Date

Underpinnings of User-Channel Allocation in Non-Orthogonal Multi-Access for 5G May 2019
6. Performing Organization Code

7. Authors 8. Performing Organization Report
Shabnam Sodagari, PhD CA-MTI-1868

9. Performing Organization Name and Address 10. Work Unit No.
Mineta Transportation Institute
College of Business 11. Contract or Grant No.
San José State University ZSB12017-SJAUX
San José, CA 95192-0219

12. Sponsoring Agency Name and Address 13. Type of Report and Period Covered
State of California SB12017/2018 Final Report
Trustees of the California State University -
Sponsored Programs Administration 14. Sponsoring Agency Code
401 Golden Shore, 5th Floor
Long Beach, CA 90802

15. Supplemental Notes

16. Abstract
Non-orthogonal multiple access (NOMA) is a part of 5th generation (5G) communication systems. This article presents the
underpinnings and underlying structures of the problem of NOMA user-channel allocation. The results are guaranteed to converge
to a solution, which is stable. Specifically, the deployment of results to cellular vehicular communication systems is shown as a
use case of 5G technology in smart transport. Generally, the results apply to any NOMA system. Unlike the orthogonal frequency
division multiple access (OFDMA) resource allocation problem, the core matching is not the solution to NOMA resource allocation.
The conditions under which the fix-point NOMA resource allocation is guaranteed to be stable from the viewpoint of both the base
station and the NOMA users are described. In addition, relationships of NOMA user-channel resource allocation to game models
and subgame perfect Nash equilibria are elucidated.

17. Key Words 18. Distribution Statement
Vehicle to infrastructure No restrictions. This document is available to the public through
communications; mobile The National Technical Information Service, Springfield, VA 22161
communications systems; dedicated
short-range communications

19. Security Classif. (of this report) 20. Security Classif. (of this page) 21. No. of Pages 22. Price
Unclassified Unclassified 23

Form DOT F 1700.7 (8-72)




Copyright © 2019
by Mineta Transportation Institute
All rights reserved

Mineta Transportation Institute
College of Business
San José State University
San José, CA 95192-0219

Tel: (408) 924-7560
Fax: (408) 924-7565
Email: mineta-institute@sjsu.edu

transweb.sjsu.edu


http://www.transweb.sjsu.edu/

ACKNOWLEDGMENTS

Shabnam Sodagari is with the Electrical Engineering Department, California State
University, Long Beach, CA 90840, e-mail: shabnam@csulb.edu.

This work was supported in part by the NSF Award ECCS-1642536 and in part by the
State of California SB1 2017/2018 through the Trustees of the California State University
(Agreement #ZSB12017-SJAUX) and the California State University Transportation
Consortium.

The authors thank MTI staff, including Executive Director Karen Philbrick, PhD; Deputy
Executive Director Hilary Nixon, PhD; Research Support Assistant Joseph Mercado;
Executive Administrative Assistant Jill Carter; and Editing Press for editorial services.

Mineta Transportation Institute



TABLE OF CONTENTS

Executive Summary
I. Introduction

Il. System Model
Differences with OFDMA
NOMA User-Channel Allocation as a Bargaining Game
Stable NOMA User-Channel Allocation
Stability Analysis and Convergence of Algorithm 1

lll. Simulation Results

IV. Conclusion
Abbreviations and Acronyms
Endnotes
Bibliography
About the author

Peer Review

~N o o M

11

12

16

17

18

20

21

22

Mineta Transportation Institute



Vi

LIST OF FIGURES

The Subgame Played by the Set of Users and the Set of Channels
Related to Setwise-Stable NOMA Resource Allocation

Sum Rate of the Vehicles vs. Average SNR for the Proposed
User-Channel NOMA Allocation and OFDMA

Average Rate of Each Vehicle in Bits/S/Hz vs. Average SNR for the
Proposed User-Channel NOMA Allocation and OFDMA

Sum Rate of the Vehicles in Bits/S/Hz vs. Average SNR for the Proposed
User-Channel NOMA Allocation and OFDMA

The Average Rate per Vehicle in Bits/S/Hz vs. Average SNR for the
Proposed User-Channel NOMA Allocation and OFDMA

Sum Rate of Vehicles in Bits/S/Hz vs. Average SNR for the Proposed
User-Channel NOMA Allocation and OFDMA

Average Rate of Each Vehicle in Bits/S/Hz vs. Average SNR for the
Proposed User-Channel NOMA Allocation and OFDMA

12

13

13

14

14

15

Mineta Transportation Institute



EXECUTIVE SUMMARY

Non-orthogonal multiple access (NOMA) is a part of 5th generation (5G) communication
systems. This article presents the underpinnings and underlying structures of the problem
of NOMA user-channel allocation. The results are guaranteed to converge to a solution,
which is stable. Specifically, the deployment of results to cellular vehicular communication
systems is shown as a use case of 5G technology in smart transport. Generally, the results
apply to any NOMA system. Unlike the orthogonal frequency division multiple access
(OFDMA) resource allocation problem, the core matching is not the solution to NOMA
resource allocation. The conditions under which the fix-point NOMA resource allocation
is guaranteed to be stable from the viewpoint of both the base station and the NOMA
users are described. In addition, relationships of NOMA user-channel resource allocation
to game models and subgame perfect Nash equilibria are elucidated.
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|. INTRODUCTION

Vehicular communication is an important element of smart cities, where connected
vehicles can be remotely controlled." It is an application of the Internet of Things (loT)
that is anticipated to be a part of the 5G technology for smart transport. One advantage of
cellular vehicle to everything (V2X) communications is deploying the long-term evolution
(LTE) infrastructure that is already in place in ubiquitous areas.

Cellular V2X (C-V2X) is preferred to IEEE 802.11p according to 3GPP Release 14. The
standard IEEE 802.11p is a WiFi-like standard for vehicles. It belongs to the family of IEEE
802.11 standard series. The US Department of Transportation (USDoT) had previously
proposed DSRC (Dedicated Short-Range Communications), based on IEEE 802.11p.
However, C-V2X offers wider coverage for vehicles on both freeways and intra-city roads,
lower delays, and higher reliability.2 Therefore, a paradigm shift in vehicular communications
is in progress from WiFi-like technologies toward LTE-like solutions, since the cellular
infrastructure is already available. The onboard safety features of vehicles can benefit
from C-V2X communications, e.g., for blind spots, road hazard information dissemination,
left turn assist (LTA), active rollover protection (ARP), etc.

On the other hand, the 5G cellular systems are adopting non-orthogonal multiple access
(NOMA) over the conventionally used orthogonal frequency division multiple access
(OFDMA).® The same principle applies to C-V2X with the ever-increasing number
of vehicles that are vying to connect to the network and to other vehicles for different
services, such as the onboard safety features mentioned above or passengers’ multimedia
services. Orthogonal multiple access methods fall short in terms of accommodating the
large number of users envisioned for 5G. For example, in C-V2X, the users are vehicles.
Consequently, NOMA is a solution that can provide for lesser delays and congestion, and
can meet network traffic demands.* Specially, delay is an important parameter in vehicular
communications for the timely avoidance of accidents.

Due to high speeds and channel variations in vehicular communications, NOMA ties
between channels and vehicles are rapidly broken. Another benefit of the NOMA LTE
systems is higher spectral efficiency compared to orthogonal multiple access.

Two major premises of NOMA are power domain multiplexing and code domain multiplexing.
In power domain NOMA, different users are allocated different power levels according to
their channel state information. The difference between power levels and channel gains
allows for successive interference cancellation (SIC) at the decoder to cancel interference.
In code domain multiplexing NOMA, different codes are assigned to different users to
enable for multiuser communications. With this fact in mind, the code domain NOMA is
similar to code division multiple access (CDMA).5

This paper presents a stable user-channel allocation scheme for NOMA LTE cellular V2X
systems. This paper aims to present a user-channel allocation NOMA scheme that always
converges to a solution. In addition, the scheme always leads to a stable and optimal
solution in which no channel could be allocated to a user with better conditions and no
user could be assigned to transmit over a better channel if they deviate from this scheme.
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Introduction 3

The rest of the paper is organized as follows. Section |l presents results on the novel user-
channel allocation scheme in NOMA cellular V2X communications. Section Il includes the
numerical results supporting the effectiveness of the proposed solutions. Finally, Section
IV provides a conclusion for the paper’s findings.
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Il. SYSTEM MODEL

In our scheme, NOMA allows each channel to be allocated to more than one vehicle and
each vehicle can use more than one channel. This paper has further aimed to study the
underlying structures of the problem of user-channel allocation in NOMA.

We denote the set of users (here, vehicles) by V and the set of channels by C. We denote
the power set, i.e., the set of all subsets of V and C by P(V) and P(C), respectively. Using
NOMA, the base station allocates every channel to a subset of vehicles, i.e., an element
of P(V). Additionally, every vehicle is allocated to a subset of channels, taken from P(C).
The base station has geolocation information of the users. The allocation can be based on
various criteria, such as geolocation data, maximum data rate, minimum error rate, etc. To
this end, we note that every vehicle v € V has a preference P(v) over P(C), which means
preferring a subset of channels over another subset of channels. Similarly, every channel
¢ € C has a preference P(c) that prefers a subset of vehicles to another subset of vehicles,
e.g., according to the vehicles’ ergodic capacity, geolocation, etc. For any vehicle v € V,
the set of allocations is a subset of C, and for any channel ¢ € C, the set of allocations is
a subset of V.

We denote the NOMA user-channel allocation by the matching M. We note that a NOMA
user-channel allocation is called individually rational if neither the base station nor the
user prefers to cancel some of the channel allocations.¢ Not all matches can be suitable
user-channel allocations in NOMA. A good NOMA user-channel allocation should not be
blocked. Blocking can involve the following case called pairwise blocking: There is a
user-channel pair in which the user in this pair would like to add a new channel or drop a
previously allocated channel, or the base station would like to cancel a channel allocated
to the user and allocate this channel to another user. A lack of pairwise blocking leads to
pairwise stability. NOMA user-channel matching is pairwise stable if it is individually
rational and there exists no user-channel pair that can pairwise block the matching.

In some cases, if the NOMA user-channel allocation is not effective, more than just one
user-channel pair is involved in the blocking. This leads us to consider setwise blocking,
where a set of channels and users would like to implement a new set of allocations amongst
themselves while possibly cancelling other allocations. Setwise blockings also require that
the blocking allocation is individually rational, i.e., none of the members of the blocking
coalition has an incentive to cancel the allocations unilaterally.”

For individually rational allocations, an example of a setwise block is a coalition block.
The coalition block comprises a group of users and channels such that the members of
the coalition get better connection services by adding some new matches M’ within the
coalition while possibly canceling the current NOMA resource allocations, as determined
by M. As such, the vehicles and channels outside of the blocking coalition are not assigned
new matches, but it is possible that some of their matching allocations are canceled by
members of the blocking coalition. This shows that if the NOMA resource allocation is not
optimal, it will be fragile in that the members of the blocking coalition prefer rearrangements
to obtain new resources that were not provided to them by the scheduling algorithm. The
matching M’ is called a blocking allocation for the matching M, since M’ setwise blocks M.

Mineta Transportation Institute



System Model 5

For all the members of the blocking coalition, the new resource allocation M’ is preferred
to the old set of matching M. The new matching M’ is implemented among the members
of the blocking coalition only. The user-channel pairs outside of the blocking coalition
preserve their old allocations, as determined by M. The user-channel pairs inside the
blocking coalition all receive a better and individually rational set of allocations. In fact, this
is the main incentive for the formation of the blocking coalition among a subset of users
and a subset of channels.

After defining the individual rationality and blockings for user-channel allocations, we are
now ready to define a stable NOMA user-channel allocation, which is a robust and efficient
allocation. A stable NOMA user-channel allocation is individually rational (as defined
above) and does not involve any blocking. It is important for the NOMA resource allocation
algorithm to be stable. In addition, being individually rational is a necessary condition for
the stability of NOMA resource allocation.

The NOMA user-channel assignment consists of allocating more than one user to a channel
while any user can transmit over several channels, as long as the user’s transceiver has the
hardware/software radio capabilities for transmission over multiple channels. Therefore,
this problem can be cast to many-to-many matching. It is shown that in many-to-many
matching, the core is not the same as the set of (setwise) stable matchings, unlike one-to-
one matching. This is a consequence of the fact that in the core allocation, the users have
an incentive to unilaterally cancel their allocations.® Therefore, the core is not a solution to
NOMA user-channel resource allocation. Accordingly, to derive a stable NOMA resource
allocation, we need to eliminate blockings as defined above in this paper. Specifically, we
need to find matchings that are both pairwise-stable and setwise-stable, i.e., that have
neither pairwise blocks nor setwise blocks. In this regard, we consider the concept of
substitutability and then relate it to finding the solution of stable NOMA resource allocation.

In simpler words, the notion of substitutability implies that if the base station (on behalf
of a particular channel) does not choose a vehicle from some set of vehicles, then that
vehicle is still not chosen by the base station from a larger set of vehicles. Similarly, if the
preference P(v) of a vehicle v € V does not choose a channel from some set of channels,
then that channel will not be chosen from a larger set of channels.®

In other words, the preference P(v) of a vehicle v € V (or P(c) of a channel ¢ € C) is called
substitutable if it meets the following condition: when a vehicle v (or channel c) selects a
channel (vehicle) among some set of channels (vehicles), then the same channel (vehicle)
will be chosen by v (or ¢) from a smaller set of channels (vehicles).

In strong substitutable preference conditions, if a vehicle v prefers a channel ¢ among
some set of channels, then that vehicle selects the same channel ¢ from a worse set
of channels that includes channel c. In other terms, if the vehicle v does not select a
particular channel from some set of channels, then that channel will not be selected by v
from a set of better channels for v, according to the preference profile P(v).
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System Model 6

Strong substitutability is a sufficient condition for substitutability. The reason we are
interested in strong substitutability is due to its relation to stability of NOMA resource
allocations. If preferences are strongly substitutable, then the set of pairwise stable
allocations is equal to the set of setwise stable resource allocations."

DIFFERENCES WITH OFDMA

In OFDMA, only one user is allocated to every channel, whereas in NOMA multiple users
are allocated to one channel. What is more, each user can transmit over two or more
channels, as long as the user has the necessary configurations. Therefore, in OFDMA,
core matching is a solution for channel allocation, since it is individually rational and
pairwise stable. However, unlike OFDMA, in NOMA wherein multiple users transmit over
a channel and multiple channels are allocated to a user (many-to-many matching), core
matching is not a solution, since it may not be individually rational. In other words, the core
channel allocation may provide a solution in which a user v, € V may get better quality of
service (QoS) over another channel ¢, € C compared to its current assigned channel C €
C (by core matching) and at the same time the allocation of ¢ to another user v, € V
would provide for a better performance than allocating it to user v,. This violation of
pairwise stability shows us that unlike OFDMA, in NOMA, core matching is not a stable
solution to the channel allocation problem.

The solutions for the NOMA channel allocation problem can be divided into the following
categories:

1. setwise stable channel/user allocations, i.e., individually rational channel/user
allocation that cannot be blocked by a coalition;™

2. individually rational core: the set of individually rational matchings that cannot be
blocked;™

3. a user-channel allocation that meets pairwise stability property, i.e., without any
pairwise blocking; and

4. the set of fix-points of a function:* In the matching that is described in this paper,
each user v (or the base station on behalf of a channel c) is selecting the most
preferred channels (or users), among the set of potential channels (or users) that
also prefer to be matched to v (or c).

NOMA USER-CHANNEL ALLOCATION AS A BARGAINING GAME

Another interpretation of NOMA user-channel resource allocation is a non-cooperative
bargaining game.' The subgame perfect Nash equilibrium is used for sequential games.
It implies that not only the outcomes of the game need to be in a Nash equilibrium, but in
every subgame the strategy profile needs to be in a Nash equilibrium.® A subgame is the
piece of a game that is played starting at any point at which the complete history of the
game played so far is common knowledge."
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The main reason behind this model as shown in Fig. 1 is that the set of subgame perfect
Nash equilibrium (SPNE) outcomes of the game has the setwise stability property
considering a complete-information setting. As mentioned before, stability is an important
factor for NOMA resource allocation.

The two types of players of this sequential extensive-form game are the channels
(represented by the cellular base station) and the NOMA users (here the vehicles). The
strategy of each player involves the selection of a subset of the other type of players. In the
first round, the base station simultaneously sends messages (on behalf of every channel ¢)
to a subset of vehicles. This strategy can be based on a criterion, such as the geolocation
information of the users, available at the base station. After the vehicles receive the base
station message, each vehicle takes part in the second round of the subgame by selecting a
subset of channels, based on desired QoS requirements. Finally, a matching M is achieved
by matching a vehicle v to a channel c if and only if, v is in the subset for c in the first round
of the subgame and c is in the sub-set for v in the second round.

Figure 1. The Subgame Played by the Set of Users and the Set of Channels
Related to Setwise-Stable NOMA Resource Allocation

STABLE NOMA USER-CHANNEL ALLOCATION

The details of the stable NOMA user-channel allocation scheme are outlined in Algorithm 1.
To clarify Algorithm 1, we consider the following example.
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System Model

Algorithm 1 Stable NOMA User-Channel Resource Allocation

1:

N

Input: P(v). P(c).Yv e ¥ .Yc €€ » Preference ordering of channels and vehicles based on
base station geolocation data and hardware/software radios of the vehicles.
Step 1: Match M(c) =0, M(v) =€ > Initialization
Step 2: Find Ul(ce, M) > The set of vehicles that are willing to transmit on channel ¢,
possibly after dropping some of the channels, assigned by M(v).

Find V(v.M)  » The set of channels that the base station is willing to allocate to v,
possibly after dropping some of the vehicles, assigned by M(c).
Step 3: Find TM(c) » channel ¢’s optimal set of vehicles among those willing to transmit
on c.

Find TM(v) > The set of channels preferred by v, among channels that the base
station is willing to allocate to v.
Update M(c) « TM(c) and M(v) « TM(v)
[terate until two iterations give identical results. When two iterations are identical, stop.
Step 4

Return M(c), M(v) > Stable NOMA resource allocation

Example: Consider a NOMA user-channel allocation with vehicles v,, v,, v,, v,, v, and
channels c,, c,, ¢,. The preferences of each vehicle and each channel are as in Eq. 1.

P(v,) = cc,c,, c,c,, c,C,, C,C

17273 173 7273 C1’02’ CB (1)

c,.c, C._C

123’ 273 271 31’C

(0)

P(v,) =c,c . C

2’ 1

P(v,) =c,c,c,, c,c,, C,C

17273 371 7372 12’C

(0]

3’ 1’

C,, C

P(v,) =c,c,c,, c,C,, c,C »

172730 Y3¥2r Y3y Mqvar Va

P(v,) =c,c,c,, c,c,, c,C

173 7172 32’C

(0)

1’ 3’

P(c,) =V,V,,V,V,,V,V,,V,V,,V,,V,,V,,V,,V,

P(c,) =V,V,,V,V,,V,V,,V,V,,V,,V,,V,,V,,V,

P(c,) =V,V,,V,V,,V,V,,V,V,,V,,V,,V,,V,,V,
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System Model g

Step 1: First, we initialize the algorithm by allocating all the channels to every vehicle and
allocating no car to any channel, i.e.,

M(v,)=M(v,)=M(v,)=M(v,)=M(v,)=c,c.c, (2)
M(c,) = M(c,) = M(c,) = ¢

Step 2: For every vehicle v and every channel c, using the matching M, derive the sets
U(c, M) and V(v, M) as in Eq. 3.
U(c,, M) =U(c,, M) = U(c,, M) =v,v,v,v,v, (3)

172737475

V(v,, M) = V(v,, M) = W(v,, M) = V(v,, M) = V(v,, M) = c,c,c,

Step 3: For every vehicle v and every channel c, using the matching M, find the sets TM(v)
and TM(c) as in Eq. 4 and update the current matching M(.) using the value of TM(.).

TM(v,)=c,c,c,—M(v,) (4)
TM(v,) =c,c,c,— M(v,)
TM(v,) = c,c,c,— M(v,)
TM(v,) =c.c,c, — M(v,)
TM(v,) =c.c,c, — M(v,)
T™M(c,) = v,v, — M(c,)
T™M(c,) = v,v,— M(c,)
T™(c,) = v,v,— M(c,)

In the second iteration of the algorithm, use the new values of matching M obtained at the
end of the previous iteration and restart from Step 2 in Algorithm 1 as in Eq. 5.

U(c,,M)={v,,v,,v,,v,,v.} (5)

17727

U(c,, M) ={v,,v,,v,,v,, v.}

U(e,, M) ={v,,v,,v,,v,, v.}

(v,, M) =c,
v, M)=c,c,
V(v,, M) =c,
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System Model
10

v, M) =c,
v, M) =9

Next, we move to Step 3 to update the values of NOMA resource allocation M(c) and M(v)
for every channel ¢ and every vehicle v, as in Eq. 6.

TM(v,) = ¢, —M(v,) (6)
TM(v,) = c,c, — M(v,)
TM(v,) = ¢, — M(v,)
T™M(v,)=c,—M(v,) TM(v,) = @ — M(v,)
TM(c,) = v,v, — M(c,)
T™(c,) = v,v, — M(c,)
T™(c,) = v,v, — M(c,)
In the third iteration, we restart from Step 2 of Algorithm 1 as in Eq. 7.
U(c,,M)=v,v,v,v,v,(7)
U(c, M) =v,v,v,v,v,
U(c,M) =v,v,v,v,v,
(v,, M) =c,
V(v,,M) = c,c,
V(v,,M) = c,c,
V(v,, M) =c,
(v, M) =0
The matching M(.) is updated according to Step 3 of Algorithm 1 as follows:
TM(v,) =c,—M(v,) (8)
T™(v,)=c,c,—M(v,)

T™(v,) =c,c,—M(v,)
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System Model 11

TM(v,) = ¢, — M(v,)
TM(v,) = @ — M(v,)

TM(c,) = v,v, — M(c,)
TM(c,) = v,v, — M(c,)
TM(c,) =v,v, — M(c,)

In the fourth iteration, the same results are obtained as in the third iteration. It shows that
the algorithm has converged to a stable solution.

STABILITY ANALYSIS AND CONVERGENCE OF ALGORITHM 1

The gist of NOMA resource allocation in Algorithm 1 is finding the fix-points of a function
TM(.) using the matching M.® The fix-points of a function are values in the domain of
the function that are mapped to the same equal value (i.e., to themselves) in the range.
Algorithm 1 finds the fix-points by iteration. As soon as two iterations are the same, the
fix-point has been found, and the result is a stable matching.

Even for non-substitutable preferences of users and channels, the matching returned by
Algorithm 1 is always pairwise stable.” In other words, this NOMA resource allocation is
robust even if neither the vehicles’ preferences P(v), Vv € V nor the channels’ preferences
P(c), Yc € C meet the substitutability property.

If only the preferences of the vehicles P(v), Vv € V are substitutable, while the preferences
of the channels P(c), Vc € C are not substitutable, the NOMA resource allocation returned
by Algorithm 1 is stable and coincides with the subgame perfect Nash equilibrium of the
game described in Section Ill.B and Fig. 1. By symmetry, the same result holds if only the
preferences of the channels P(c), Vc € C are substitutable, while the preferences of the
vehicles P(v), Vv € V do not satisfy the substitutability property.»

Asymptotically, in the limits, if one side, i.e., P(c), Vc € C is substitutable and the other side,
e.g., P(v), Vv € Vs strongly substitutable, the resource allocation returned by Algorithm
1 is always guaranteed to be setwise stable. For example, this might happen in practice
when a quota is imposed on the maximum number of NOMA users per channel to restrict
the complexity of the SIC decoder at the receiver. In this case, strong substitutability may
be challenging to implement for P(c), V¢ € C. However, with the advent of advanced
NOMA decoders that can handle massive number of users per channel, a setwise stable
NOMA resource allocation is always guaranteed to exist.

To ease the above-mentioned condition on strong substitutability, if we let both sides, i.e.,
P(c), vc € C and P(v), Vv € V be substitutable only, the NOMA user-channel allocation
scheme described in Algorithm 1 is guaranteed to converge to an answer, which is
pairwise stable.?
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lll. SIMULATION RESULTS

Simulations were conducted in MATLAB. The channels were considered to follow Rayleigh
fading. Accordingly, the signal-to-noise ratio (SNR) quantities followed an exponential
distribution with different expected values. Since NOMA requires successive interference
cancellation (SIC) at the receiver, the number of users per channel was limited to reduce
the complexity of the decoder.

Fig. 2 shows that the proposed user-channel allocation for NOMA outperforms OFDMA in
terms of the total sum rate for vehicles. Here, we are considering two users per channel.
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Figure 2. Sum Rate of the Vehicles vs. Average SNR for the Proposed User-
Channel NOMA Allocation (for a maximum of two users per channel) and OFDMA

Additionally, Fig. 3 demonstrates the results of the average rate per vehicle for the proposed
user-channel allocation with superposition coding for a maximum of two NOMA users on
each channel and OFDMA.
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Figure 3. Average Rate of Each Vehicle in Bits/S/Hz vs. Average SNR
for the Proposed User-Channel NOMA Allocation (for a maximum
of two users per channel) and OFDMA

Figs. 4 and 5 demonstrate the superior performance as compared to OFDMA for three
users per channel.
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Figure 4. Sum Rate of the Vehicles in Bits/S/Hz vs. Average SNR for the Proposed
User-Channel NOMA Allocation (maximum of three users per channel) and OFDMA
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Proposed User-Channel NOMA Allocation (maximum of three users per
channel) and OFDMA

Fig. 6 compares the total sum rate using the proposed scheme for three users per
channel and two users per channel. As expected, three users per channel yielded a higher
throughput as compared to two users per channel. However, the increased throughput
comes at the cost of a higher decoder complexity.
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Figure 6. Sum Rate of Vehicles in Bits/S/Hz vs. Average SNR for the
Proposed User-Channel NOMA Allocation and OFDMA
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Simulation Results

Finally, Fig. 7 compares the average sum rate of each vehicle obtained through the
NOMA user-channel resource allocation in Algorithm 1, for different numbers of maximum
allowed users per channel, with that of OFDMA. As expected, the results for three users
per channel are higher than for two users per channel, which is higher than OFDMA, at the

expense of a higher SIC decoder complexity.
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Figure 7. Average Rate of Each Vehicle in Bits/S/Hz vs. Average SNR for
the Proposed User-Channel NOMA Allocation and OFDMA
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IV. CONCLUSION

This paper has aimed to investigate the problem of NOMA resource allocation for a set
of users and a set of channels. Every channel can be allocated to more than one user by
utilizing superposition coding. Each user can operate on multiple channels simultaneously
as long as this is allowed by the hardware/software radio transceiver configurations of the
user. The proposed resource allocation was studied for cellular V2X. The base station
holds the vehicles’ geolocation information. The conditions for the stability of resource
allocation were further discussed in this paper. Additionally, a stable NOMA user-channel
allocation algorithm was used that is individually rational. Unlike OFDMA, the stable NOMA
user-channel allocation algorithm circumvents nonoptimality of core allocations.
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ABBREVIATIONS AND ACRONYMS

5G 5th Generation
ARP Active Rollover Protection
C The set of channels

CDMA Code Division Multiple Access
C-V2X Cellular Vehicle to Everything
DSRC Dedicated Short-Range Communications

loT Internet of Things

LTA Left-Turn Assist

LTE Long-Term Evolution

M A NOMA user-channel allocation

M’ A blocking user-channel allocation to M

NOMA Non-Orthogonal Multiple Access
OFDMA  Orthogonal Frequency Division Multiple Access

P(C) The set of all subsets of C

P(c) The preference ordering of channel ¢ defined over P(V)
P(V) The set of all subsets of V

P(v) The preference ordering of vehicle v defined over P(C)
QoS Quality of Service

SIC Successive Interference Cancellation

SNR Signal-to-Noise Ratio

SPNE Subgame Perfect Nash Equilibrium

T M(c) Channel c¢’s optimal set of vehicles among those willing
to transmit on ¢

T M(v) The set of channels preferred by v among the channels
that the base station is willing to allocate to v

U(c, M)  The set of vehicles that are willing to transmit on
channel ¢ even after dropping some of the channels,
assigned by M(v)

USDoT  United States Department of Transportation

4 The set of vehicles

V2Xx Vehicle to Everything

V(v, M)  The set of channels that the base station is willing to
allocate to v even after dropping some of the vehicles,
assigned by M(c)
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