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Abstract—The increasingly diversified Quality-of-Service
(QoS) requirements envisioned for future wireless networks call
for more flexible and inclusive multiple access techniques in 6G
for supporting emerging applications and communication sce-
narios. To achieve this, we propose a multi-dimensional multiple
access (MDMA) protocol to meet individual User Equipment’s
(UE’s) unique QoS demands while utilizing multi-dimensional
radio resources cost-effectively. In detail, the proposed scheme
consists of two novel aspects, i.e., selection of a tailored multiple
access mode for each UE while considering the UE-specific
radio resource utilization cost caused by non-orthogonal inter-
ference cancellation; and multi-dimensional radio resource allo-
cation among coexisting UEs under dynamic network conditions.
To reduce the UE-specific resource utilization cost, the base
station (BS) organizes UEs with disparate multi-domain resource
constraints as UE coalition by considering each UE’s specific
resource availability, perceived quality, and utilization capability.
Each UE within a coalition could utilize its preferred radio
resources, which leads to low utilization cost while avoiding
resource-sharing conflicts with remaining UEs. Furthermore,
to meet UE-specific QoS requirements and varying resource
conditions at the UE side, the multi-dimensional radio resource
allocation among coexisting UEs is formulated as an optimiza-
tion problem to maximize the summation of cost-aware utility
functions of all UEs. A solution to solve this NP-hard problem
with low complexity is developed using the successive convex
approximation and the Lagrange dual decomposition methods.
The effectiveness of our proposed scheme is validated by numeri-
cal simulation and performance comparison with state-of-the-art
schemes. In particular, the simulation results demonstrate that
our proposed scheme outperforms these benchmark schemes by
large margins.

Index Terms— 6G, multi-dimensional multiple access, resource
utilization cost, individualized QoS provisioning.
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I. INTRODUCTION

HE continuous momentum of data traffic growth and

dramatic expansion of diverse services and vertical appli-
cations are bringing many challenges to the development of the
envisioned 6-th generation (6G) wireless networks. On the one
hand, with the anticipated seven-fold growth of mobile data
traffic in 2022 compared to 2017 [1], future 6G networks are
expected to support significantly higher data rates. On the other
hand, a wide variety of emerging services and applications are
expected to be supported by 6G, e.g., smart manufacturing,
augmented reality, which require diverse, application-specific
and individualized service provisioning in terms of data rate,
latency, reliability, and power consumption [2], [3].

A. Motivation

Given the heterogeneity and dynamic resource constraints
of future networks and wireless devices, designing highly
efficient and intelligent multiple access techniques becomes
critical for 6G. As a result, individualized quality-of-service
(QoS) provisioning, rather than current scenario-specific solu-
tions adopted in 5G, as well as the cost-effectiveness of
User Equipment (UE) operation, are envisioned as the key
features of 6G to fulfill its role as a multipurpose platform
and foundation of a connected society [4]. Current attempts for
achieving individualized QoS provisioning in 6G are primarily
focused on incorporating recent technological advancements
in operation/management, e.g., network slicing and mobile
edge computing [5], [6], which may not be practical due to
the increased system complexity. Meanwhile, by adopting a
bottom-up alternative, we believe that the design of next gen-
eration of multiple access schemes that can efficiently utilize
multi-dimensional radio resources with situational awareness
capability could play a vital role in the individualized service
provisioning for 6G [7], [8].

In achieving individualized QoS provisioning cost-
effectively, next generation multiple access protocols are
expected to offer finer servicing granularity for diverse QoS
provisioning by exploiting multi-dimensional radio resources,
including frequency, time, space, power and code domains,
while considering the specific resource conditions and
specific QoS requirements of each UE. To this end, several
additional factors, e.g., UE hardware capabilities, and radio
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resource utilization cost, have to be considered to improve the
effectiveness of intelligent multiple access for individualized
QoS provisioning. Recently, several new multiple access
techniques, particularly —multiple-input  multiple-output
non-orthogonal multiple access (MIMO-NOMA) [9] and
rate-splitting multiple access (RSMA) [10], have been
proposed to explore additional degrees of freedom in spatial
and power domains to improve spectral efficiency and system
multiplexing capability. However, these multiple access
schemes follow the existing scenario-specific practice in 5G
and still face many challenges to fulfill the individualized
demands and specific situation of each UE due to the failure
for addressing the following three crucial issues:

o UE-specific resource constraints and heterogeneous
resource utilization costs in different domains. Each UE
is inherently limited by utilization costs in multiple
radio resource domains. Ideally, all UEs are expected
to be equipped with powerful processing capabilities
and abundant resources. However, in practice, UEs
have heterogeneous hardware capabilities, including sig-
nal processing/computing capability, storage limits, and
power/battery supply, which results in inherent hardware
constraints and heterogeneous radio resource utilization
cost in different domains [11], [12]. For instance, some
low-cost devices have poor successive interference can-
cellation (SIC) capability due to limited computing capa-
bilities and power supply, which restricts their perfor-
mance for employing the power-domain NOMA.

o UE-specific perceived value of radio resources in dif-
ferent domains, which is determined by both perfor-
mance gains of communication service and resource
utilization cost. Each UE experiences distinguishing
resource constraints, i.e., a different level of resource
availability and quality for multi-dimensional radio
resources due to the distinctive channel conditions of
UE. The perceived value of allocated multi-dimensional
radio resources will be UE-specific due to different
UEs’ capabilities and induced cost when utilizing such
resources. This observation offers a new intelligent
multiple access design to achieve individualized and
opportunistic multi-dimensional radio resources alloca-
tion among coexisting users.

o UE-specific, diverse, and individualized QoS require-
ments. Through coarsely classifying all services into
Enhanced Mobile Broadband (eMBB), massive Machine
Type Communication (mMTC), and ultra-Reliable and
Low Latency Communication (uURLLC), the scenario-
specific multiple access schemes in 5G networks face
many challenges for satisfying the dramatically increased
service heterogeneity and diversity due to the wide variety
of applications and devices [13]. Consequently, new 6G
designs are expected to meet the distinctively different
QoS requirements from each UE. The UE-specific QoS
requirements can be translated into resource requirements
in different radio resource domains. This inspires us to
explore intelligent radio resource allocation in different
domains for more effective multiple access and individ-
ualized service provisioning designs.
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Motivated by these observations, we aim to create
a multi-dimensional multiple access (MDMA) scheme,
which can flexibly and opportunistically orchestrate multi-
dimensional radio resources by unifying orthogonal multiple
access (OMA), power-domain NOMA, and spatial-domain
NOMA based on the individualized communication needs of
each UE. Specifically, this paper aims to achieve the following
two technical goals: a) jointly exploiting distinctive situations
and disparate constraints in multiple radio resource domains
among coexisting users to improve overall network com-
munication outcome; and b) enabling individualized service
provisioning for each UE by comprehensively considering
both the gains achieved by fulfilling UE-specific QoS demands
and the utilization cost of multi-dimensional radio resources
at the UE side.

B. Related Works

With ongoing wireless evolution, future 6G networks are
expected to integrate more advanced techniques for support-
ing services beyond current mobile use scenarios. To meet
this objective, researchers have focused on different ways of
enhancing multiple access techniques for 6G. These efforts
can be roughly classified into two directions: a) joint utiliza-
tion of all dimensional radio resources in a non-orthogonal
paradigm; and b) design of new multiple access considering
the multi-dimensional radio resource utilization costs. In the
following, a concise literature review for two aspects men-
tioned above is presented with involved details and designing
principles. We then discuss our solution that intelligently
reflects all these considerations and objectives.

Joint utilization of multi-dimensional radio resources in
a non-orthogonal paradigm offers significant potential for
improving network performance. Following this direction,
researchers designed a hybrid multiple access method by
jointly engaging NOMA and OMA for the purpose of
improving resource utilization and access efficiency under
different network conditions [14]. MIMO-NOMA scheme
combining both spatial-division multiple access (SDMA) and
power-domain NOMA are adopted to reduce the inter-user
interference and improve system throughput [9], [15], [16].
The authors in [17] investigated a multi-dimensional resource
allocation strategy in a multi-cell multi-subcarrier downlink
MIMO-NOMA network, including a spatial user-clustering
design and an optimization algorithm for summed utility
maximization. Simulation results demonstrate MIMO-NOMA
outperforms multiple access schemes that only multiplex users
in a single domain. On a parallel pathway, the authors in [10]
proposed a rate-splitting multiple access (RSMA) scheme,
which treats SDMA and NOMA as two special cases by
combining linearly precoded rate splitting at the transmitters
and SIC modules at the receivers. Furthermore, the works [18],
[19] studied the sum-rate maximization issue in a single cell
downlink network that employs RSMA to serve multiple users
simultaneously, in which the numerical results demonstrate
performance improvement compared with traditional NOMA
schemes. Though these works provide a generalized frame-
work for multi-dimensional radio resource utilization, there is
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a lack of analysis for resource characteristics, perceived value
and utilization cost in different resource domains experienced
by individual users.

However, most of existing multiple access schemes assumes
that users exhibit no hardware constraints and resource uti-
lization costs for the implementation, which is unrealistic
in real environments. To address this issue, a new direction
is to model the utilization cost of user devices due to the
hardware capabilities and channel conditions and consider it
in the design of new multiple access schemes. In [11], a utility
function that takes account of “utilization cost” is proposed to
reflect the complexity of power-domain NOMA imposed on
different users.

Meanwhile, our previous works [20], [21] have
developed Multi-Dimensional Intelligent Multiple Access
(MD-IMA) scheme, which is based on the observation that
non-orthogonality introduced by NOMA will induce different
level of utilization costs in different radio resource domains.
We proposed a novel metric called total non-orthogonality
to estimate the power consumption at all UE devices caused
by adopting NOMA. The total non-orthogonality consists
of non-orthogonal resource allocation effects in all resource
domains of whole network, e.g., the spatial-domain non-
orthogonality and power-domain non-orthogonality. By using
total non-orthogonality as metric, our proposed MD-IMA
can dynamically change the type of MA by unifying OMA,
power-domain or spatial-domain NOMA according to the
network situation.

Recently, instead of optimizing the network-wide perfor-
mance, we designed a user-centric multi-dimensional resource
allocation scheme, which manages to maximize each UE’s
QoS performance and minimizes potential resource sharing
conflict among co-exiting UEs [22]. However, this work has
following limitations: a). it does not consider distinctively
different characteristics of coexisting UEs, including their
channel conditions and hardware capabilities; b). it neglects
the fact that the severity of non-orthogonality and corre-
sponding utilization costs in the different resource domains is
different. Thus, new multiple access schemes should consider
UE-specific resource conditions and multi-dimensional radio
resource utilization costs.

Based on our literature review and analysis, the above
works have two fundamental limitations: a). Most existing
studies focus on simply increasing the overall spectral/energy
efficiency to a higher level without considering UE-specific
resource conditions, hardware constraints, and QoS demands.
b). These works only utilize one or two radio resource domains
without fully exploring all available multi-dimensional
resources in improving the cost-effectiveness of multiple
access.

C. Contributions

In achieving individualized QoS provisioning in 6G, we pro-
pose a flexible MDMA scheme in this paper, which can be
viewed as a converged multiple access technique of OMA,
power-domain NOMA, and spatial-domain NOMA. For a
given UE, our proposed scheme can determine the most
advantageous and suitable multiple access mode for it based
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on the evaluation of its distinctive radio resource utiliza-
tion costs, conditions, and constraints in multiple domains.
Specifically, the multi-dimensional resource utilization cost is
defined to reflect the power consumption and complexity at
UE side incurred by non-orthogonal interference cancellation
of spatial- and power-domain NOMA. The main technical
contributions of this paper can be summarized as follows:

e Proposal of MDMA for individualized service provi-
sioning while considering resource utilization cost. The
newly developed MDMA scheme can be used to choose
a multiple access mode (a cost-effective way to explore
additional performance gain in the multiple resource
domains) for each UE that can strike a balance between
its resource utilization cost and the performance gain
of fulfilling its specific QoS demands. In detail, it con-
sists of two stages: i.e., cost-aware selection of multiple
access mode and situation-aware multi-dimensional radio
resource allocation of users. Firstly, the base station (BS)
adaptively organizes UEs with disparate multi-domain
resource constraints as a coalition to reduce potential
utilization costs. Then, multi-dimensional resource allo-
cation is achieved by maximizing the sum of UEs’ utility
functions under individual UE’s resource constraints and
QoS requirements.

o Formation of UE coalitions to reduce UE-specific radio
resource utilization cost while fully utilizing the available
multi-dimensional radio resources. According to UE’s
individual preference of resource and associated utiliza-
tion cost, BS organizes mutually beneficial UEs into
cooperative coalitions, that is, coexisting UEs can be
multiplexed in any combinations of multi-dimensional
resources with suitable multiple access mode to achieve a
low resource utilization cost. The UE coalition formation
algorithm is designed based on the two-sided many-
to-one matching theory. The proposed algorithm can
guarantee the exchange stability and only operates at a
coarse time granularity, keeping UE coalitions unchanged
for a relatively long period and thus reducing complexity.

e Management of multi-dimensional resource to meet
UE-specific QoS requirements. Solving the resource
allocation problem for the proposed MDMA scheme
is non-convex and NP-hard, which is computationally
intractable. This paper applies the successive convex
approximation method to transform the original resource
allocation problem into a concave optimization problem,
for which existing convex optimization-based approaches
can solve. Then, using the Lagrange dual decomposition
method, this problem can be decomposed into indepen-
dent sub-problems with closed-form solutions. Moreover,
an iterative algorithm is proposed to further reduce the
computational complexity.

The rest of the paper is organized as follows: Section II
describes the system model employing MDMA schemes, then
introduces the corresponding problem formulation. Section III
presents several adopted strategies to solve the non-convex
utility sum maximization optimization problem. Finally,
Section IV presents the simulation results and Section V
concludes this paper.
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II. SYSTEM MODEL AND PROBLEM FORMULATION

The purpose of this paper is to design a MDMA
scheme that can flexibly and opportunistically orchestrate
multi-dimensional radio resources to meet each UE’s specific
service demands cost-effectively. In this section, to capture
the influence of UE’s specific resource situations on the
MDMA, we will incorporate three essential factors into the
system model, that is, the disparate resource conditions,
heterogeneous resource utilization cost, and individualized
resource constraints of each UE. In detail, Section II-A
(channel model) is set up to reflect the resource availabil-
ity and constraint in the multi-dimensional radio resource
domains. Then, Section II-B (cost-aware MDMA for indi-
vidualized service provisioning) captures the impact of UE
devices’ radio resource utilization cost and hardware con-
straints on selecting the multi-dimensional multiple access
modes. Based on the established system model, we introduce
the proposed MDMA scheme and corresponding problem
formulation.

Consider the downlink scenario in a cellular network shown
in Figure 1, where a single BS is deployed. Specially, the BS
is located at the origin of a disk with radius R and the BS is
equipped with a uniform linear array, which has /N, antennas.
The total available bandwidth B is divided into M orthogonal
subchannels. Meanwhile, the BS serves a set K of K single-
antenna UEs (K > M). For simplification, each UE only
needs one subchannel to transmit.

A. Channel Model

As shown in Figure 1, the location of UE £ is characterized
by (dy, 0i), where dy; is the distance between uy, and the BS,
and 0, € (—m, ) is the angles of departure (AOD) of UE
k, seen from the broadside direction of the transmit antenna
array, i.e., the physical direction of the line-of-sight (LOS)
path. The channel vector with complex coefficients between
the BS and UE k in the c-th beamspace on m-th subchannel
is defined as

him = V/PL(dy) - ggm € CNeXLRER (1)

where PL(d)) denotes the large-scale fading from BS to the
UE k. Furthermore, this paper assumes that the LOS path
exists in the intra-cell communication links, then vector gj .,
follows uncorrelated Rician fading [23], that is,

gkm—w a(0r)+ \/ “Zem, k€K, (la)

a (0r) =
is accounting for the LOS component, A
is the inter-antenna spacing in the unit of carrier wavelength,
and vector zj,, ~ CN (On,,In,) follows iid. complex
Gaussian distribution.

As a starting point, the spatial domain is coarsely divided
into B beamspaces according to the AoD of UEs (i.e., 0x) [22].
The set of UEs associated with the b-th beamspace is denoted
as BB,, where Ule By, = K and B, N By = @, VbV €
B. The UEs in different beamspaces have enough spatial

where  vector [1,e=72mAsin(0k) .

e —j2m(N¢e—1)A s1n(9k)]

)
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orthogonality. In contrast, the UEs within one beamspace
cannot sufficiently guarantee spatial orthogonality. Dividing
beamspaces can guide the formation of UE coalition through
avoiding certain UEs to multiplex multi-dimensional radio
resources with high utilization cost. In detail, UEs in dif-
ferent beamspaces can only share the same subchannel by
spatial-domain NOMA (beamforming), while two UEs in the
same beamspace can only share the same subchannel by
power-domain NOMA.

B. Cost-Aware MDMA for Individualized Service
Provisioning

1) Proposed MDMA Scheme: In this part, we design a
MDMA scheme,in which BS adaptively choose a suitable
multiple access mode for each UE based on their resource
conditions, constraints, QoS demands, as well as utilization
costs.

Firstly, this paper introduces the concept of UE coali-
tion, that is, several UEs with disparate multi-dimensional
resource constraints can coordinate as resource-sharing coali-
tions to utilize the same subchannel in a cost-effective and
less conflicting way. As shown in Fig. 2, there are four
multiple access modes for each UE, i.e., OMA mode, power-
domain NOMA mode, spatial-domain NOMA mode, and
hybrid multiple access mode. For instance, spatial-domain
NOMA mode would be applied in one subchannel if UEs
within the coalition have large separated AOD. Meanwhile,
power-domain NOMA mode could be used to serve the
near-UE and the far-UE with large channel gain difference,
where the number of users in each power-domain NOMA
pair is limited to 2 [24]. Furthermore, in hybrid multiple
access mode, UEs can share the same subcarrier by using
both spatial domain and power domain NOMA at the same
time.

Definition 1 (UE Coalition): BS chooses mutually benefi-
cial UEs into cooperative UE coalition, in which co-existing
UEs will share and utilize the same subchannel by preferred
multiple access mode to reduce potential radio resource utiliza-
tion costs. Specifically, all UEs are partitioned into a set A/ of
M coalitions according to the UE’s resource utilization costs,
hardware constraints, and perceived value of radio resources.
Specifically, the n-th UE coalition is defined as a UE set
U,,, where UpenU, = K and NyenU, = 2. In particular,
to describe the employed multiple access mode of UEs in n-
th coalition, a binary variable «,, to denote if spatial-domain
NOMA is defined as,

B
o { Lt S BNl 21} > 1,

0, otherwise.
where 1{-} is the indicator function. Meanwhile, let 3, = 1
denote if power-domain NOMA mode is used by UEs belong-
ing to the same beamspace; otherwise, (3, = 0.

|

1, if 3b: |ByNUy| =2,1<b< B,

0, otherwise.
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Fig. 2. Candidate multiple access modes for UE coalition: Each UE can utilize the radio resource in OMA mode with very low utilization cost and

high-quality links, when the network traffic is low. With the increasing of network traffic, orthogonal radio resources are insufficient, UEs with less resource

sharing conflicts can be multiplexed by spatial and power domain NOMA.

Hence, there are four candidate multiple access modes for n-th
UE coalition to multiplex the same subchannel,

, if OMA is set
, if spatial domain NOMA is set

, if power domain NOMA is set
, if hybrid NOMA mode is set

0,0
1,0
0,1
1,1

?

(0,0)

) (1,0

(an; ﬁn) = ( )
(1,1)

Y

2) Signal Transmission Model: Let s, ,, denote the sub-
channel allocation indicator, where s, ,, = 1, when m-th
subchannel is utilized by UE coalition n € A otherwise,
Sn,m = 0. Furthermore, each UE is assigned with a beam-
forming vector to exploit the gain in the spatial domain. Let
v, € CMNe*! denotes the beamforming vector from BS to
UE k. Herein, zero-forcing beamforming is used to serve
UEs associated with different beamspaces, while UEs in the
same beamsapce will share by the same beamforming vector.
Then, the signal-to-interference-plus-noise rate (SINR) of UE
k € Uy, on m-th subchannel is expressed as:

H 2
_ pe[hi v

Yeom = TIo o Ng if Sn,m = 1,

2)

where py, denotes the downlink transmission power of k-th UE,
term NNy is the additive Gaussian noise on each subchannel,
and term I}, ,, in the denominator of the SINR represents the
non-orthogonal interference. As illustrated in Figure 2, there
are four kinds of interference situations,

0, if OMA mode,

PD
Ik’,m’

if power domain NOMA mode,
Is,?na if spatial domain NOMA mode,
IpD 4+ 130, if hybrid NOMA mode,

k,m>

Ik,m =

In the case of the OMA mode, there is no additional inter-
ferences, i.e., I, = 0. In the case of power-domain NOMA
mode, the SIC receiver of “near-UE” k can cancel the inter-
ference from “far-UE” with lower channel gain. Then, the
interference in power-domain (PD), I PD g

k,m>
—ZB H{keB} Y | At v-|2 (2a)
- b1 b ieSy bi | Vi

where 1{-} is the indicator function and S, =
{ili € UpNBs, ||himll2 > ||hk.mll2} is the UE who has
better channel gain than UE k. In the case of spatial-domain

PD
Ik,m
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NOMA mode, I3" is the non-orthogonal interference in the
spatial-domain (SD), caused by the UEs in other beamspaces,

B
R SERTITT S DR TNCS

Moreover, in the case of the hybrid NOMA mode, it will cause
the non-orthogonal interferences in both spatial and power
domains.

Therefore, the data rate of UE k in n-th UE coalition can
be expressed as,

M B
Tk = Zmzl S+ 371082 (L+7km)s k€U (3)

3) Divergent Recourse Constraints Experienced by Each
UE: The proposed MDMA scheme aims to encourage UEs to
explore multi-dimensional radio resources through the selec-
tion of multiple access modes. However, the utilization of
radio resources in different dimensions comes at different
costs of computational complexity, subject to heterogeneous
hardware constraints. Specifically, in NOMA modes, UE will
suffer from the non-orthogonal interference caused by the
partially overlapped signal in the spatial-domain, the power-
domain, or both, which inevitably induces additional power
consumption of UEs for interference mitigation. Therefore,
we have the following definitions of the utilization costs and
resource constraints at the UE side.

i). Radio resource utilization cost of UE. Firstly, the
power-domain NOMA requires the SIC processing at the
“near-UE” (with strong channel gain), which leads to extra
complexity and power consumption at the receiver [20]. The
utilization cost to the power-domain NOMA for the “near-UE”
is inversely proportional to the experienced SINR in the SIC
prodecure [11]. For UE k € U,, on m-th subchannel, if UE k
has strong channel gain in the power-domain NOMA pair, its
utilization cost for SIC is defined as

B .
oy = szl 1{k € By} - Ziexk [0 — p1lg (Vi5.) ]
if sy = 1and B, = 1. )
where term py denotes the constant cost of SIC processing,
X = {Z|Z € U,NBy, ||hk,mH2 > ||hz,mH2} is the UE who
has worse channel gain than UE k, p; is the positive scalar,
and 'y,iiin denotes the SINR experienced by UE k, when UE
k detects the signal of UE 4, i.e., “far-UE,” in presence of
interference from its desired signal, that is,
pl|hgmvl|2
pk|hk},l7mvk|2 + IE]?H + Ny

sic

'Yk,m =

As we can see, w,f_]?n is an increasing function of the inverse
SINR, i.e., ('y,zlcm)_1 Besides, only the UE with strong chan-
nel gain has the additional cost by the SIC processing. Thus,
the far-UE, which does not perform SIC, has no additional
utilization cost in the power domain.

Secondly, for the case of spatial-domain NOMA, the high
spatial correlation between desired signal and interference
signal makes it costly for the UE side to distinguish the
overlapped signals in the spatial domain [21]. The utilization
cost of the spatial domain is determined by the spatial corre-
lation among UEs in different beamspaces sharing the same
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subchannel. For UE k € U,, on m-th subchannel, the spatial
domain non-orthogonality of this UE is defined as

E,E)n, = ZbB=1 1{k §é Bb}
‘ th_’I,m, hi,m,

2icun,? emllz - [Rimll2
if spm =land o, =1 ®))

where term po is a positive scalar related to the additional
costs of using spatial domain NOMA at the receiver. Then,
we quantify the utilization costs of radio resource with respect
to the non-orthogonality in both power and spatial domain,
Definition 2 (Multi-Dimensional Radio Resource Ultiliza-
tion Cost at UE Side): In UE coalition n € N/, the corre-
sponding utilization cost of UE k € U, is defined as

M

gk = Zm:l Sn,m * Jk,m
M
= Zm:l Sn,m * (am : ?ﬂ;z% + Bm : ]%?n) s (6)

If coalition n utilizes m-th subchannel by OMA mode, the
utilization cost of UE k € U, is zero.

ii). Hardware Constraints of UE. ldeally, all UEs are
expected to be equipped with compatible processing capabil-
ities and functionalities for different multiple access modes.
However, in practice, different UE has diversified processing
capabilities and limitations, which may restrict UE’s selection
on specific multiple access modes. Particularly, power-domain
NOMA requires “near-UE” (i.e. UE with strong channel gain)
to perform SIC. However, the SIC capability is not universally
exist considering the heterogeneity of device type.

In this paper, assume that the UEs with SIC capability
as set Ky and the UEs without SIC capability as C,o—sic,
where Kgic U Kuo_sic = K, Ksic N Kno—sic = . If UE k
in n-th UE coalition does not possess SIC ability, it cannot
be selected as the “near-UE” in the power-domain NOMA
pair. This hardware constraint can be mathematically in CI,
as shown at the bottom of the next page.

C. Problem Formulation

1) UE’s perceived Value of Radio Resource: In principle,
we aim at optimizing the UE’s perceived value of radio
resources, which are balancing two conflicting metrics for each
UE, that is, a) performance gain of communication service
(i.e., user’s satisfaction of QoS performance) and b) utilization
costs of multi-dimensional radio resources. For UE k € U,,,
its cost-aware utility function is defined as

U/k’:rk’/Rmax_wk'gkv keun; (7

where Ry ax is the ideal data rate of UE k that experiencing
no inter-user interference with given SNR 30 dB. We use the
fraction of r; and Ry,,x to reflect the performance gain of
communication service, that is, the level of user satisfaction.
On the other hand, wy, is the weighting factor to the radio
resource utilization cost gj. For instance, if UE k is energy-
sensitive (e.g., limited battery), wy will be set to a high value
to restrict the energy consumption at the receiver. In this case,
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UE k£ will prefer OMA mode than NOMA modes to avoid
high resource utilization costs.

Remark: 1t should be noted that the same subchannel might
worth different utility values, i.e., formula (7), to different
UE of different coalitions. By exploiting this feature, we can
utilize multi-dimensional radio resources more efficiently and
opportunistically for individualized QoS provisioning.

2) Target Problem: From the service-provisioning perspec-
tive, the proposed MDMA scheme should satisfy the distinc-
tive recourse constraints and QoS requirements from each
UE. In this paper, the overall objective is to maximize the
total sum of UE’s utility function subject to the hardware and
resource constraints of UE. Thus, it can be formulated as a
maximization optimization problem,

P Y D, ")

B
St CLid o D D s, MK € Ko}
{[hkmlly > [|Piml,} = 0,90 € N,

C2: 1< |Uy| < Liax, W U, = K, 02 U, = 2,

M
C3: Zm—1 Snom = 1, 8nm = {0,1},Vn € N,

C4: Rth é_rk S Rmax;Vk € IC;
: <
C5: Zkerk =~ Pmax;

where Q = {(Un, n, Bn), Sn,m, Pk} 18 UE coalition forma-
tion, multiple access mode selection, subchannel, and power
allocation. Constraint C1 is the hardware constraints of UE.
C2 restricts the UE coalition, that every coalition can have
at lest one UE and at most L,,x UEs. C3 allows every UE
coalition is allocated to one subchannel. C4 ensures that data
rate of UE £ is between the minimum data rate for requirement
satisfaction (i.e., Ry,) and the ideal data rate (i.e. Rpax).
C5 ensures the total transmit power will not exceed maximum
power of BS.

III. PROPOSED SOLUTION FOR TARGET PROBLEM

The target problem P is NP-hard due to its mixed-integer
objective function and complicated constraints. To deal with
its NP-hardness, problem P is divided into two sub-problems,
which are solved separately in two stages. Firstly, based on
the aforementioned MDMA scheme, heterogeneous UEs with
diverse QoS requirements and inherent hardware constraints
are coordinated to share and utilize the same subchannel in
a flexible way, which can greatly improve overall resource
utilization efficiency. However, UEs who share the same
subchannel suffer from a certain amount of non-orthogonal
interference due to the existence of resource sharing conflicts.
Therefore, we initiate problem-solving strategy by creating UE
coalitions with consideration of UEs’ location information,
which aims to group multiple UEs with acceptable intensity
of radio resource sharing conflicts as a coalition. Secondly,
in stage II, according to real-time CSI, we jointly allocate
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subchannel and power to UEs to maximize the total sum of
UE’s utility function.

A. Stage I-UE Coalition Formation

By building a mutually reciprocal paradigm, UEs in the
same coalition will not only meet individual QoS require-
ments, but more importantly, yield acceptable radio resource
utilization costs with suitable multiple access modes.

However, the resource utilization cost defined in (6) is
determined by three factors, that is, real-time radio resource
allocation scheme, real-time channel conditions and hardware
capabilities of co-existing user devices. The calculation of
resource utilization cost requires real-time radio resource allo-
cation scheme and real-time channel conditions as input. This
characteristics makes UE coalition formation intractable. To
deal with this issue, the UE coalition formation problem is
formulated as P;, where g; represents the intensity of radio
resource sharing conflict experienced by UE k when it joins
coalition n € N. Specifically, the intensity of radio resource
sharing conflict of UE k € U,, is defined as an approximation
of radio resource utilization cost (6) in Definition 2, that is,
which is only based on location information of UE (d, 0y).
Remark: The main motivation of UE coalition stage is to
reduce the potential UE-specific radio resource utilization cost.
In this stage, the radio resource utilization cost defined in (6)
is approximated by a new metric, referred to as “intensity of
radio resource sharing conflicts” defined in formula (8), as
shown at the bottom of the next page, which are purely based
on the long-term channel features, i.e., location information
(dk, 01,), and hardware capabilities of UEs. Then, BS organizes
UEs with low intensity of radio resource sharing conflicts as a
coalition. Specifically, the cost to the power-domain NOMA,
i.e., 1/),31?,1/ in (4), is an increasing function of the inverse SINR
at the SIC receiver, i.e., ('yzlcm)’l In formula (8), the SINR
y3i<  is approximated by usiﬁg path-loss information of power-
domain NOMA pair, which is expressed by

PL(d))
PL(di) + NO/PmaX’

where PL(dy) and PL(d;) are “near-UE” k and “far-UE” 1.
By using this approximation in (8) as the objective function of
problem P;, BS can choose multiple UEs with low intensity
of conflicts in the power-domain or spatial domain as a UE
coalition, in which the potential utilization cost is strictly
restricted to a satisfied level.

Furthermore, the intensity of radio resource sharing conflicts
defined in (8) are only based on the long-term channel features,
i.e., location information (dj,6}), and hardware capabilities
of UEs. Normally, in cellular networks, the user devices,
e.g., pedestrian mobility, vehicular mobility in urban scenario,
and static sensors in the factory, do not have high mobility
speed [25]. As a result, the location information typically
changes at a slow timescale (e.g., tens of milliseconds), the

sic
kym ™

B
D et Dares Dicrs, 1€ Knomsich - LAk mlly > [himlly} =0, v € N.

(ChH
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coalition formation can be executed in a coarse time granular-
ity instead of each slot [26].

1) Matching Problem Formulation for UE Coalitions: In
this part, a set of coalitions that may differ in terms of their
capacity and multiple access mode will be formed by various
UEs. Each UE can be allocated to only one coalition of
which the resultant resource sharing conflict and performance
gains should satisfy individual requirements. Hence, the UE
coalition formation process in problem P; can be treated
as a multi-dimensional stable roommate (MD-SR) problem,
where individual agents have to be allocated to dynamically
sized rooms and have diversity preferences over their potential
roommates [27]. In this respect, matching theory demonstrates
its effectiveness when coping with heterogeneous UEs, each of
which has its own type, objective, and constraint. To elaborate,
the two disjoint sets of UEs (K) and coalitions (\) are con-
sidered as agents and rooms. Each UE (agent) chooses to join
coalition (room) according to their diverse tolerance on the
radio resource sharing conflict in each coalition. As formulated
in problem Py, each UE tends to select and form the coalition
which brings about the lowest radio resource sharing conflict.
Before solving problem P;, we first present the definition of
matching as below:

Definition 3 (Coalition Formation): The coalition forma-
tion can be achieved and expressed by a two-sided many-to-
one matching II. Mathematically, matching II is a partition
of I into N disjoint un-ordered sets, i.e., the UE coalitions
N = {U,Us,...,U,}. Let II(k) denote UE k’s matched
coalition in II, then we have II(k) C N,Vk € K and
II(n) C K,Vn € N. The cardinality of coalition U,, |U,|,
is endowed with [ € NT, satisfying 1 <[ < Lpay.

During the coalition formation process, we use prefer-
ence relation to describe the interactions between UEs and
coalitions. As mentioned before, UEs in the same coalition
will have radio resource sharing conflicts that induce radio
resource utilization cost in Definition 2. Each UE k € K
uses preference relation -, to rank the matched coalitions in
strict order of resource-sharing conflicts. Therefore, UEs aim
to choose certain peers that will introduce the least inherent
resource sharing conflicts to form the coalition. On the other
hand, constraint C1 and C2 in P1 restrict the coalition
formation process. If a group of UEs violate ClorC2, they are
not allowed to form a UE coalition and defined as forbidden
coalition. In detail, a binary variable x,, is used to denote the
feasibility and validity of coalition n, x,, = 1 indicates n-th
coalition violates constraint C1 or C2. Considering the cases
of forbidden coalition, UE k prefers coalition n to another
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coalition n/, if g < g,:%/ and x, = 0 are simultaneously
satisfied, that is,

ne-pn gl <gd andz, =0, k e K.

The corresponding MD-SR problem P; is proved to be
NP-complete [28]. Hence, a heuristic two-phase matching
algorithm has been adopted to obtain a feasible coalition
formation and achieve exchange stability.

2) Matching Algorithm Design for Coalition Formation:
Due to the coexistence of diversity preference and forbidden
coalitions, the objectives of matching algorithm design will
not only focus on the establishment of a feasible solution, but
also on the realization of matching stability and optimality.
Hence, the first phase in the designed algorithm aims to obtain
a feasible and valid coalition formation II, i.e., there is no
forbidden coalitions and all UEs/coalitions are matched.

a) Phase I: Firstly, according to the preference relation,
UEs will compete to monopolize each coalition which always
leads to OMA mode with zero resource sharing conflict.
However, since the number of all UEs, K, is larger than the
number of coalitions, /N, this will make certain UEs remain
unmatched and such coalition formation results cannot be
validated. Denote Nempty € A as the set of empty coalitions
that have not been populated by any UEs, and N¢ as the
complementary set of Nempty, Where Nempty N Nc N.
Initially, UEs will be assigned to a random coalition available
in Nempty if Mempty 7 @. Otherwise, UEs will have to search
for the coalitions that occupied by other UEs, and pick the best
one that can bring lowest radio resource sharing conflicts with
no forbidden coalition,

Ny = argmingneney {wr - g5} o+ = 0. 9)

This phase terminates when all UEs and coalitions are
matched. Both the obtained coalition formation IT and multiple
access mode parameters («,, 3, ) for each U, will be returned
to the next phase.

b) Phase II: In the UE coalition formation process, tem-
porary matching result is unstable as some UEs may still
prefer other coalitions to their current UE coalition. Thus,
we introduce the concept of “rotation sequence” to better
describe the inter-dependency of each UE’s selection over indi-
vidual coalitions to further optimize and stabilize the coalition
formation result. We then utilize the inter-dependency of each
UE’s selection over individual coalitions to further optimize
and stabilize the coalition formation result. Specifically, a
rotation sequence is adopted here with two major purposes.

Pl {Mman,,@” {Z“ENZkEU Wy - gk}

S.t.:

~N

9k

po—p1- Zszl HkeB}-)
+P2'Z k¢ By} - Z

1EU,NBy

EU,NBy

C1 Zkeu Zb X Zleumb 1{k € Kno—sic} - 1{PL(d},) > PL(d;)} = 0,¥n € N, C2,

PL(d))
PL(d’L) + NO/Pmax

1{PL(d)) > PL(d:)} - g [

a(0x)"a(0;)], (8)
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It exchanges some UEs’ matching relations with their current
UE coalitions and generate new UE coalitions.

i) Select a certain number of UEs and exchange their
coalitions in a cyclic-shift pattern:

Definition 4 (Rotation Sequence): Rotation sequence &; is
defined by a subset of UEs K, C K and current coalition
formation II,

gs = {[ICT,17 I (Icr,s+1)] P [ICT,Q) IT (ICT,S-’,-Q)] 5
) [ICT,S; II (ICTG)]} B
1<s<S5—1,

where K, = {K, 1,K,2,.... K s}, [Kr| =S > 2 indicating
that there are a total of S selected UEs in the subset, and
s is the index in rotation sequence &, used to define the re-
matching relations. For instance, £, means that UE of C, ; is
rotationally shifted to its s-th contiguous neighbor’s coalition
II (Icr,s-i-l)'

ii) Create traversal for the rotated coalition formation
results as an endeavor to reduce the total weighted resource
sharing conflicts among all UEs, i.e., Zne/\f Zkeun wy - G-
In detail, given a particular UE subset /C, with length of S,
there will be at most S'—1 possible valid coalition formations
in contrast to the original one II. Denote the rotated new
coalition result as Il ¢ and the case of s = S will not be
considered since IIx ¢, will become the same as the original
II. Hence, we can take advantage of the rotation sequence to
reach optimality in an iterative way: for each selected K, and
&5, we compare the weighted resource sharing conflict sum
of each valid coalition formation and keep record of the best
performance, which is given by

ey ¢, = argming <o<s1y ZneN Zkeu Awe - giy-

This process will continue until we have traversed all rotation
sequences with no further improvement. The final coalition
formation result in the rotation phase should converge to
a local optimal point such that stability is achieved. This
prodecure is presented in Algorithm 1.

Proposition 1: Algorithm 1 can guarantee the exchange
stability [29] and converge to the local minimum point of
NP-hard problem P; by the operations defined by rotation
sequences.

Proof: The detailed proof is discussed in the
Appendix A. [ |

3) Computational Complexity: The overall complexity of
the designed matching algorithm has been analyzed with
respect to the total number of rotation operations. In Algo-
rithm 1, the establishment of a feasible solution takes K
iterations to allocate each UE, the complexity is dominated
by the rotation sequence process. Given the maximum number
of iterations Niter, the overall complexity of Algorithm 1 is
bounded by Niter - (S — 1) - Cf( ~ O(Niter - K°), where
S > 2. Specifically, the computational complexity can be
controlled by selecting an appropriate value of S, which
strikes a balance between the algorithm performance and the
acceptable computational complexity. In the implementation
of Algorithm 1, we recommend setting the value of S as 3.
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Algorithm 1 Coalitional Matching Algorithm
Input : The set of UEs K, and set of coalitions V.
Output: A stable matching II* for UE coalitions,
multiple access mode indicators {c, 5} for
each U,, n € N.
1 Initialization: Set Moy, piy = N and N = @. Set the
2 value for the size of UE subset .., denoted by S, and
3 record gﬁost as the total MD radio resource costs as
4 defined in P; for each coalition formation II
sfor k=1:K do
6 | if Nempty # @ then
7 Randomly assign k-th UE to monopolize a
8 coalition in Nompty

9 | else

10 Find n* € N¢ satisfying Equation (9) and
11 constraints @1, C2

12 Assign k-th UE to U~

13 | Update UE assignment information for each U, and
14 | record current coalition formation as II.
15 | Update Nempty and N¢

16 while the new /C,’ has not been searched before do
17 | fors=1:5—-1do

18 if T, ¢, contains no forbidden coalition and
t t
19 gﬁogmgs < g*ﬁos then
st* _ cost
20 Set Gi®' = gfﬁ;r’is
21 Record current matching result with respect to
&s

22 | Remove the examined K, from the candidate list
23 Construct a new UE subset K,/

B. Stage II-Real-Time Multi-Dimensional Resource
Allocation

Upon deriving the UE coalition and its corresponding
multiple access mode (U, o, 87), the original problem P is
reduced to a joint subchannel and power allocation problem,
which is given by

{ZneN Zkeun Uk} , s.t.: C3,C4, Cb.

However, subproblem 7P, is non-concave, since that the
achievable data rate, i.e. equation (4), in the objective function
is a difference of concave functions. For this reason, subprob-
lem Py is difficult to solve efficiently for the global optimal
solution.

1) Subproblem Transformation: Following the idea in our
previous work [20], we restore to an efficient approxima-
tion method, referred to as successive convex approximation
(SCA) [30], and transform subproblem P, into a concave
optimization problem.

Proposition 2 (Transformation of Problem Ps): P> can
be approximated by the following concave maximization
problem, where the transmit power of each UE py, is replaced
by an equivalent form, p; = Z%Zl Spom - e k€ Uy,
and term 7, is the lower bound of the data rate of UE k in

P> : max
{sn,m Pk}
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equation (4), that is
M B
Tk = Zm:l snm - 77~ [k1oge (Yk) +0k] < 7y b € Un,.
(10)

Herein, the constants {ay, b, } are chosen as specified bellow,
!
i

10a
T (10a)

ap —

th

v )
o, (1),

b, = logy (1+74") — (10b)

= 9MEw/B _ 1 g the lower bound of SINR for

where I
UE k.

Proof: Firstly, we consider a relaxation of achievable data
rate in equation (4) to avoid the structure of difference of
concave functions. We make use of SCA to derive inequal-
ity (10). Furthermore, to strictly guarantee constraint C4, the
lower bound of data rate, 7, is tight at 7, = R;*** when
constants {ay, by} are selected above. In the lower bound,
Tk, let us replace the transmit power of each UE, pg, by a
equivalent form p;, = Z%zl Sn,m - €™, k € U,. Then, 7,
is concave with respect to variables {S,, ., Zk.m }»

M B
2
[aklogQ (‘hk},{mvk‘ ) + Ziem — logy (I, m+No) + b |,

since 7 is composed by a sum of linear and concave terms
(log-sum-exp is convex) [31]. In the same way, —wy - gr,m
is also a linear or concave function under all kinds of
multiple access modes. Therefore, apply 7, to subproblem
P2, we can obtain an standard concave maximization prob-
lem P, as shown at the bottom of the page, in variables
{Sn.m» 2kem |Vn € N,k € Up,,m € M }. ]

P, is a concave maximization problem that can be solved
by convex optimization approaches.

2) Lagrange Dual Decomposition Method for Solving Sub-
problem Po: Although subproblem P, is concave, Py is
a mixed-integer optimization problem, which is hard to be
solved. Therefore, to utilize the Lagrange dual decomposition
method, we first form the partial Lagrangian of P, without
considering constraint C3, which is defined in (11), as shown
at the bottom of the next page, where n = {n,Vk} is
the Lagrange multiplier vector associated with the data rate
constraints of each UE in inequality C4, and v is the Lagrange
multiplier related to the maximum transmission power of BS
in constraint C6.
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Then, the Lagrange dual function J(n, u,v) is derived by

solving the following problem,
max ) L(”]a 12288 {Sn,m; Zk’,m});
Sn,m %k, m

subject to C3.

J(n,p,v) =
(12)

Therefore, now the key point is to derive the value of
Lagrange dual function J(n, u,v) by solving problem (12).
The basic track of solving problem (12) is as follows: Firstly,
without considering constraints in problem (12) and setting
Sn,m = 1,Yn, m, then problem (12) can be decomposed into
M? individual problems, which is defined in (12a), as shown
at the bottom of the next page.

If the m-th subchannel is assigned to the n-th UE coalition,
then the optimal power allocation of UEs in coalition n
can be obtained by solving problem (12a). Then, considering
constraint C3, the optimal solution to problem (12) and dual
function value J(n, u,v) can be obtained.

Proposition 3: Given the multiple access mode indi-
cators {aj,0:} for coalition U,, the optimal solution
{#k m |k € Uy, } to problem (12a) is represented by,

o if a), =1 and 3} = 0 (i.e., power-domain NOMA mode
is chosen for U,,), then we have equation (13a) and (13b),
as shown at the bottom of the next page, where ™ =
QMRde/B 1.

e if o =0and 5 =0or1 (i.e., OMA or spatial-domain
NOMA mode is chosen for Uf,), then we have the
following fixed-point equation,

. Dy,
e%km = —,
v + Z Gi,k,m . ryi7m .e Zim
i€Un \{k}
where constants Dy, and G i, are defined to simplify

the notation,

(14)

1 B
Dy — — . _ L2 14
k=19 ( R + Mk Mk) T (14a)

Gi,k,m
_ (L 4 u
" In2 \ Rpax i M }h } '
%,m Ui
(14b)
e if y = 1 and 3; = 1 (i.e.,, hybrid NOMA mode is

chosen for U,,), then we have (15), as shown at the bottom

of the next page, where constants Ey, Fj ym, Gikm

and V; ;s are defined as (15a)-(15h), as shown at the
bottom of the next page.

Proof:  The temporary optimal solution z; , can be

calculated as follows by setting the gradient of the objective

752 : s {Znej\/ Zkeun <Fk/RmaX TR Z:\n/[:

{8n,ms2k,m}
M

1 Sn,m * gk,m> }

St pp = Zm,:l Snom - €5 Nk € Up,n €N,

M

_ B
r. = S - —_
k E e C M

[ak’,mlogQ ('Yk,m) + bk’,m]; Vk € Up,n € N,

Cg, C4: Rth < Tk < Rmax7Vk € ’C7 055
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function in (12a) to be zero. Hence, we can obtain the corresponding power allocation of UEs in each coalition can

fixed-point equation (14). Then, optimal allocation power be given by

can be updated iteratively with the fixed-point equation (14), M

in which convergence is easily guaranteed since the right-hand P = Zm:l Sn,m * €XP (ZZm)

side of (14) is a standard interference function [32]. [ |
After obtaining the optimal solution to individual prob-

lems (12a) based on Proposition 3, we can derive the value

of Lagrange dual function J(n, &, V), flnﬁr%/ {J(n,m,v)}, subject tom > 0,u>0,v>0. (16)
Proposition 4 (Optimal to Problem (12)): Firstly, the o

optimal subchannel allocation for UE coalitions with fixed

(n, p,v) can be decided based on the following criterion,

In this way, the corresponding dual problem to the original
problem P is

By solving problem (16), we can obtain the optimal value
for P, because of the strong duality. Since the dual function
J (n, p,v) is the point-wise infimum of a set of affine func-
It me (N, 18, y)} , tions of Lagrange multipliers, it is a typical concave function,
' which can be solved by standard sub-gradient method.
Since the corresponding dual problem (16) to the original
which fits a maximum weight matching for bipartite graphs problem P is convex, it can be solved by using sub-gradient
and can be solved by the Hungarian algorithm. Then, the iteration method [31]. For readers’ convenience, the processes

S:L,m = arg maX{n’EN,lSm’S]W} {Z
subject to C3,

n’,m

M
L(n, v, {snm: 2k,m}) = ZnEN ZkEU |:Tk/RInax — W - Zm=1 Sn,m 'Qk,m]
+ ZneN Zkeu, M - (P — Ren) — pire - (T — Rmax)]

M
— . . pFk.m
(8 S, S s €5 = P ) (an

B
Jn,m (777 M, V) = {Zk,iﬂggb{n } kg{; |:(1/Rmax + Mk — Mk’) : M : aklOgQ ('Yk) —v-ethm — Wk - gk’mz,:| 5
Yn e N,1<m< M. (12a)
max (N D
min { ’y|hH7(|(2))7 —k} if k£ is near UE in the power domain NOMA pair, (13a)
v v
o — km ka
max (1 D + N, D
min{'y |hI({ k, E 0),—k}, if k is far UE, (13b)
k’mvk, 14
2 D, + E
e = F sic S *Z]i sic -z ? (15)
vt >0 (Fikm Y+ Gikom - Yim) €70+ 50 Vi e i, e
i€l \{k} (&,3) eUn\{k}
P1WE . . . . .
> m10’ if k is the far UE in a power domain NOMA pair, (15a)
E=4 In
0, otherwise, (15b)
H 2
P1WE |hk’,mvk| if ki s f . . A .
P S e b T |2 , if k is near UE and i is far UE in a power domain NOMA pair, (15¢)
Bhm = ko Vi
0, otherwise, (15d)
0, if %k is far UE and 7 is near UE in a power domain NOMA pair, (15e)
2
Gi,k,m = 1 B h?m"’k| .
m . (1/Rmax +ni — ,Uq) . M s Qy e m, Othe]f'Wlse, (15f)
H 2
prwg  |Re el . . .
. if (4,4") is near and far UE in a power domain NOMA pair, (15g)

o — H ) 27
sz,v/,k,m In 10 |hl m Ui’ |

0, otherwise. (15h)
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Algorithm 2 Joint Subchannel and Power Allocation to
UE Coalitions
Input : UE Coalition, {(U;:, «,, 8%),¥n} and channel
conditions of each UE, {hg m,, Yk, m}
Output: subchannel allocation of UE coalition
{87.m»¥n,m}, and power allocation of each
UE {p}. Vk}.
1 Initialization: Set iteration index ¢ = 0. Choose

I/fr?i)n and
2 VI(,?g)LX and set v(9) = 0 and tolerable error e.

3 Set Lagrange multiplier vectors n = p = 0.
4 while |VI(I’2LX — Y | > e do

min

s | while |J® — J¢=D| > cand t > 1 do

6 By using Proposition 3 and Proposition 4,

7 solve Problem (12) obtain the optimal solution

8 {85.m>Px} with fixed value of Lagrange

9 multipliers {n, u, "},

10 Set J) — J (n, p,v V)

11 Update 1, p using the subgradient method,

12 e — N — A - (rj — Rth) ,Vk € Up,n € N,
13 P — e —A-(Rmax —r}), Yk e Un,n e N,
14 where A is the stepsize.

15 | if >, Pi < Puax and t == 0 then

16 | | Break

17 | Update v by v(+0) — [, + 1) 1/2.
18 | if Y, 5 Pi > Pmax then
19 L INARUREYICEY

20 | else
a || D < ey

of solving P, are presented in Algorithm 2. Finally, we solve
problem P, and obtain the optimal UE coalition formation,
multiple access mode selection, subchannel, and power allo-
cation scheme, Q* = {(Uy:, oy, B), Sh s D }-

3) Computational Complexity: In conclusion, for solving
Problem Ps, the computation complexity of each iteration in
Algorithm 2 is divided into three parts: a) using Lemma 3
to solve problem (12a), which involves M 2 parallel streams;
b) using Proposition 4 to perform subchannel and power
allocation under given Lagrange multipliers n, p and v;
c¢) the update of Lagrange multipliers 1, p and v. The main
complexity of Algorithm 2 is induced by part a) and b), which
makes the computation complexity of Algorithm 2 is upper
bounded by O (M2 * Lmax + M‘3)

IV. SIMULATION RESULTS AND ANALYSIS
A. Simulation Setup

In this section, a system-level simulation platform is imple-
mented. Simulation results are provided in this section to eval-
uate the proposed multi-dimensional multiple access scheme.
For simulation parameters and deployments, we consider a
single cell and set the maximum transmit power of BS as
33 dBm, the bandwidth of subchannel as 2 MHz, the number
of subchannels as 12, noise variance as -140 dBm/Hz and the
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Fig. 3. CDF of UE’s cost-aware utility function defined in (7), which can

reflect the cost-efficiency of service provisioning. The higher value of the
utility function means that the multiple access scheme can achieve the satisfied
QoS performance with less utilization cost of UE. As we can see, the proposed
MDMA scheme significantly outperforms the baseline schemes.

maximum number of UEs of one coalition is 3. Moreover, the
default number of UEs is 25. Detailed simulation parameters
are in Table I.

To further evaluate the performance of proposed MDMA
scheme, This paper compares the performance of our scheme
with the following two baseline schemes:

o MIMO-NOMA: This scheme is realized by work [16],
in which all UEs are grouped into multiple clusters.
Within each cluster, UEs are sharing one common beam-
forming vector and served by power-domain NOMA.

e RSMA: Assuming several UEs sharing one subchannel,
BS splits part of each UE’s message (i.e., the private
message) into a common message, which is broadcast
for these UEs. The remaining private messages and
the constructed common message are transmitted via
SDMA. With the aid of SIC, each UE decodes the
common message, subsequently, the intended private
message is successively decoded and combined with part
of the decoded common message [10], [18]. Specifically,
to make RSMA match our framework, we assign UEs to
each subchannel following the paradigm in [22]. Com-
pared to MIMO-NOMA, RSMA provides more flexibility
in mitigating non-orthogonal interference.

Compared to our proposed scheme, the difference lies
in MIMO-NOMA and RSMA tries to utilize spatial and
power domain simultaneously without considering UE-specific
resource constraints and heterogeneous resource utilization
costs in different resource domain.

B. Experiment Result Analysis

Fig. 3 using the cumulative distribution function (CDF)
provides an overview of performance gain achieved by three
different multiple access schemes under the deployment
of 25 UEs. According to the obtained statistical information,
the averaged utility curves for RSMA and MIMO-NOMA
span from a minimal value of 0.22 to a ceiling of 0.64, and
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TABLE 1
DEFAULT PARAMETER SETTINGS
Parameter Assumption
Bandwidth/Number of subchannels 20 MHz/12
Rician fading factor ~ 9

Distance-dependent Path loss (dB)

PL(R) = 128.1 + 37.6 X Ig(R), R in km

Macro cell radius/Cellular UE Distribution

250 m/Uniform in the Marco cell

Maximum transmit power of BS

33 dBm

Number of UEs in the Marco cell 25

Number of antennas

64 TX antenna for BS and 1 RX antenna for UE

Pathloss model

WINNER+ B1 LOS

AWGN power

-140 dBm/Hz

Number of beamspaces 10

Coefficients related to the utilization cost

po = 0.5, p1 = 0.24, pa = 0.5, and wy, = 0.2

1.0
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04 -
Proposed scheme
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3 i ; ; [ MIMO-NOMA
0.0 r==m T I I I I I I
0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0 45

User throughput (bps/Hz)

Fig. 4. CDF of UE’s downlink throughput. In this paper, the QoS performance
is measured by the throughput of UE. The proposed MDMA scheme has better
QoS performance than baseline schemes, which means our proposed scheme
can better exploiting resource dimensions in frequency, spatial and power
domain to fulfill UE’s service demands according to the multi-dimensional
radio resource availability.

the latter from 0.23 to 0.54, respectively. As a contrast, the
proposed MDMA scheme significantly outperforms the form-
ers with distinguished numerical gains, which the increased
upper-bound can prove.

Fig.4 shows the CDF of downlink throughput (in bps/Hz)
experienced by UE. Firstly, the proposed MDMA scheme
has achieved the best results with a relatively small variance
in communication quality. Since the proposed MDMA can
strictly guarantee the data rate of UE is between the minimum
required data rate (R:,) and the ideal maximum data rate
(Rmax), the curve of MDMA has sudden rises at around
1.15 and 3.3 bps/Hz. Though RSMA and MIMO-NOMA
are both well-established multiple-access schemes that have
demonstrated great advantages in certain resource dimensions,
our proposed MDMA is proved to be capable of reaping mul-
tiple dimensional multiplexing benefits according to varying
network situations. In contrast, RSMA and MIMO-NOMA
use fixed multiple access mode for UEs under all kinds of
situations.

In the UE coalition formation stage of our proposed method,
its goal is to reduce the potential UE-specific radio resource
utilization cost by choosing multiple beneficial UEs to form
UE coalition. Specifically, the radio resource utilization (6)
is approximated by a new metric, referred to as “intensity

CDF

— Actual value of utiliztion cost
I —-=- Estimated value of utilization cost

1 1 1 1 1 1 1 1 1
005 0.10 0.15 020 025 030 035 040 045

0.0
0.00 0.50

Resource Utilization Cost at the UE side
Fig. 5. CDF of “utilization cost gz (i.e. actual value of utilization cost) and

“intensity of radio resource sharing conflicts g;;” (i.e., estimated utilization
cost).
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Fig. 6. The CDF of objective function value of UE coalition formation

problem PP with different matching algorithms under different number of
served UEs.

of radio resource sharing conflicts” defined in formula (8),
which are only based on the long-term channel features, i.e.,
location information (dg, 0y ). To validate the effectiveness of
our proposed approximation of the resource utilization cost,
we give new simulation result. As shown in Fig. 5, the intensity
of radio resource sharing conflicts can be seen as the upper
bound of radio resource utilization cost and the estimation
error (i.e., gr — g;) is well controlled.
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Fig. 7. The performance of UE’s resource utilization cost defined in (6),

which is summation of the processing cost of using power-domain and spatial-
domain radio resources at the UE side under different multiple access modes,
network conditions, and hardware capabilities. Our proposed scheme has
lower utilization costs than baseline schemes, which use the fixed multiple
access modes and resource allocation strategy to deal with UE-specific
resource constraints and varying network conditions.

To evaluate the performance of Algorithm 1 for the UE
coalition formation, the state-of-art many-to-one matching
algorithm in related work [20] is chosen as the reference algo-
rithm. Furthermore, to evaluate the effectiveness of matching
algorithm, we choose the objective function of UE coalition
formation problem P;, which is the weighted sum of the
intensity of radio resource sharing conflict experienced by
each UE, ie., ZneN Zkeun wy - gy. As shown in Fig. 6,
it shows the CDF of the objective function of P; under
different user deployment scenarios (reflected by the number
of UEs). It shows that the CDF curve of proposed Algorithm 1
significantly outperforms the reference matching algorithm
in [20] under different number of UEs. The main reason is
that proposed Algorithm 1 can utilize the inter-dependency
of each UE’s selection over individual coalitions to further
optimize and stabilize the coalition formation result, refereed
to as “rotation sequence” in Section-III-(2). Then, more exper-
iments are carried out to analysis the detailed performance
of matching algorithm, which are summarized in Table I,
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Fig. 8. Average UE’s downlink throughput of UE and utilization cost of
radio resources under different multiple access schemes with respect to the
number of served users. The results show our proposed scheme has the lowest
utilization cost and highest throughput (QoS performance), and its “cost-gain”
performance is robust to varying network traffic load.

our proposed algorithm has better performance than reference
algorithm, but at the cost of higher algorithm iteration number.

Fig.7-(a) evaluates the multi-dimensional resource utiliza-
tion costs under different multiple access schemes. Unlike
RSMA and MIMO-NOMA with the medium cost value up to
0.18 and 0.63, the utilization cost under our proposed scheme
remains lower values with an approximate average of 0.13.
As discussed in Section III-A, we designed a UE coalition
strategy to mitigate non-orthogonal interference resulted from
the multi-dimensional resource sharing and UE superposition,
the resource sharing conflicts are largely reduced within each
UE coalition. Hence, the proposed MDMA can adjust benefi-
cial multiple access mode for each UE coalition flexibly.

Meanwhile, Fig. 7-(b) shows a scatter plot of the average
utilization cost of UE in different domains during each simu-
lation drop. Specifically, RSMA and MIMO-NOMA schemes
are less effective in non-orthogonal interference mitigation
process. For MIMO-NOMA method, UEs in each cluster
experience aligned channel directions and a large disparity in
channel strengths, whereas UEs in different clusters experience
orthogonal channels. In consequence, some UEs located at
disadvantageous cell coverage areas may suffer from severe
interference. RSMA has a higher utilization cost than the other
two schemes due to the following three reasons: i). UE needs
to perform SIC to decode its private message, which will
increase the cost in the power-domain especially for UEs with
bad channel conditions; ii). The performance of RSMA is
also relied on the precoder design for broadcasting the com-
mon message. However, the precoder design is an intractable
problem; iii). The UE-subchannel (subcarrier) matching for
multi-carrier RSMA is still an open issue, since different
UE combinations for sharing one subchannel may induce a
tremendous performance difference.

Fig. 8 can be seen as a “cost-gain” comparison of several
multiple access schemes under different user deployment
scenarios, ranging from underloaded network situation to
overloaded (reflected by the number of UEs). Compared with
the SDMA and MIMO-NOMA, our proposed scheme has
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TABLE 11
DIFFERENT MATCHING ALGORITHMS FOR UE COALITION FORMATION

Average iteration number Average intensity of radio resource Average objective function value
Number X . : i . -n
of UEs ] of matching algorithm i sharmg conflict of UE (i.e., Agk) ] of problem Py i
Algorithm 1 Reference Algorithm [20] Algorithm 1 Reference Algorithm [20] Algorithm 1 Reference Algorithm [20]

15 111.4 20.1 0.032 0.057 0.481 0.871

20 145.1 29.6 0.076 0.131 1.513 2.519

25 222 31.3 0.122 0.151 3.022 3.615

30 234.1 4477 0.176 0.231 5.288 6.922

35 260.7 56.7 0.238 0.286 8.323 9.758

the lowest utilization cost and highest throughput, and its
“cost-gain” performance is robust to varying network load
and situation-dependent resource conditions. The reason is that
RSMA and MIMO-NOMA use fixed multiple access mode for
UEs under all scenarios, which will induce insufficient usage
of the available multi-dimensional resource. It also shows that
it is necessary to intelligently adapt multiple access modes
of UE according to each user device’s specific demands and
specific resource situations. Overall, the result conforms to our
expectations of the proposed MDMA scheme.

V. CONCLUSION

This paper has proposed a new multi-dimensional multiple
access (MDMA) scheme to meet the specific QoS demands
and resource situations of each user in 6G wireless networks
cost-effectively. In our proposed scheme, each UE’s QoS
performance and resource constraints are jointly considered
in the UE’s cost-aware utility function. To maximize the
summation of all UEs’ utility functions, coexisting UEs with
diverse QoS heterogeneity and resource diversity can be
served efficiently. The formulated problem is separately in
two stages, that is, cost-aware multiple access mode selection
and multi-dimensional radio resource allocation. Based on
the two-sided many-to-one matching theory, the user-specific
multiple access mode is chosen to fully utilize the available
multi-dimensional resources with acceptable utilization costs
for users. The multi-dimensional radio resource allocation
problem is then solved with moderate complexity based
on convex optimization theory. Simulation results show that
the proposed scheme is more effective than state-of-the-art
schemes and outperforms them in both the users’ QoS perfor-
mance and multi-dimensional radio resource utilization cost.

APPENDIX

A. Proof of Proposition 1
Proof: To prove the convergence of the rotation process in
Algorithm 1, we denote the coalition formation result during
the A-th iteration as II, without loss of generality. Provided
that £ is a valid and optimal rotation sequence under the same
selected K, in (A + 1)-th iteration, which is equivalently to
gﬁ";jﬁ; < gﬁ"ft, then during the next round of iteration, the
coalition formation changes from IIy to IIy4; and we have
IT\+1 = Ik, ¢ . Therefore, the total resource sharing conflicts
is guaranteed to decrease after each rotation operation, and
it will ultimately terminate with a rotation sequence &I as
a convergence point. In other words, no any other rotation
operation can further reduce the utility value defined in P;.
The concept of exchange stability under rotation sequence
context presumes that the only possibility for deviation in cur-
rent coalition formation is that there still exists some switches

(i.e., UEs exchange their matched coalitions, or coalitions
swap their matched UEs) provided that such operations meet
the coalition criteria and can create a better-off situation for
any affected parties (UEs or coalitions). In our case, such
exchange can happen only if it satisfies constraint Cl as
well as C2, and meantime, provides an improvement for P;.
Otherwise, the coalition formation result is acknowledged
to achieve the exchange stability, which means no further
swap (i.e., S = 2) or even more complicated exchanges
(i.e., rotation sequence operations when S > 2) can be
performed to earn a lower value defined in P;. Given the
proved convergence of Algorithm 1, we can say that the final
coalition formation is deemed to be exchange-stable. |

ACKNOWLEDGEMENT

The MATLAB source codes used to obtain the numerical
results in Section IV of this paper are available at https://www.
eng.uwo.ca/electrical/faculty/wang_x/publications.html.

REFERENCES

[1] S. Cicero, C. Cromwell, and E. Hunt, “Cisco visual networking index:
Global mobile data traffic forecast update, 2017-2022,” Cisco, San Jose,
CA, USA, Tech. Rep. C11-738429-01, Feb. 2019.

[2] M. Giordani et al., “Toward 6G networks: Use cases and technologies,”
IEEE Commun. Mag., vol. 58, no. 3, pp. 55-61, Dec. 2020.

[3] X.-H. You et al., “Towards 6G wireless communication networks:
Vision, enabling technologies, and new paradigm shifts,” Sci. China Inf.
Sci., vol. 64, no. 1, pp. 1-74, Jan. 2021.

[4] Y. Liu, X. Wang, and J. Mei, “Hybrid multiple access and service-
oriented resource allocation for heterogeneous QoS provisioning in
machine type communications,” J. Commun. Netw., vol. 5, no. 2,
pp. 225-236, Jun. 2020.

[5] X. Shen et al., “Al-assisted network-slicing based next-generation wire-
less networks,” IEEE Open J. Veh. Technol., vol. 1, pp. 45-66, 2020.

[6] R. Chen and X. Wang, “Maximization of value of service for
mobile collaborative computing through situation aware task offload-
ing,” IEEE Trans. Mobile Comput., early access, Jun. 4, 2021, doi:
10.1109/TMC.2021.3086687.

[7]1 Y. Liu, W. Yi, Z. Ding, X. Liu, O. Dobre, and N. Al-Dhahir, “Developing
NOMA to next generation multiple access (NGMA): Future vision and
research opportunities,” 2021, arXiv:2103.02334.

[8] Y. Liu et al., “Evolution of NOMA toward next generation multiple
access (NGMA) for 6G,” 2021, arXiv:2108.04561.

[9] R. Jiao and L. Dai, “On the max-min fairness of beamspace MIMO-

NOMA,” IEEE Trans. Signal Process., vol. 68, pp. 4919-4932, 2020.

Y. Mao, B. Clerckx, and V. Li, “Rate-splitting multiple access for down-

link communication systems: Bridging, generalizing, and outperforming

SDMA and NOMA,” EURASIP J. Wireless Commun. Netw., vol. 2018,

no. 1, pp. 1-54, May 2018.

M. Baghani, S. Parsaeefard, M. Derakhshani, and W. Saad, “Dynamic

non-orthogonal multiple access and orthogonal multiple access in

5G wireless networks,” [IEEE Trans. Commun., vol. 67, no. 9,

pp- 6360-6373, Sep. 2019.

C. Deng et al., “IEEE 802.11 be Wi-Fi 7: New challenges and oppor-

tunities,” IEEE Commun. Surveys Tuts., vol. 22, no. 4, pp. 2136-2166,

Jul. 2020.

[10]

(11]

[12]


http://dx.doi.org/10.1109/TMC.2021.3086687

1252

[13] J. Mei, X. Wang, K. Zheng, G. Boudreau, A. B. Sediq, and
H. Abou-Zeid, “Intelligent radio access network slicing for service pro-
visioning in 6G: A hierarchical deep reinforcement learning approach,”
IEEE Trans. Commun., vol. 69, no. 9, pp. 6063-6078, Sep. 2021.

A. Ebrahim, A. Celik, E. Alsusa, and A. M. Eltawil, “NOMA/OMA
mode selection and resource allocation for beyond 5G networks,” in
Proc. IEEE 31st Annu. Int. Symp. Pers., Indoor Mobile Radio Commun.,
London, U.K., Aug. 2020, pp. 1-6.

I. Khaled, C. Langlais, A. E. Falou, M. Jezequel, and B. ElHass-
san, “Joint SDMA and power-domain NOMA system for multi-user
mm-wave communications,” in Proc. Int. Wireless Commun. Mobile
Comput. (IWCMC), Jul. 2020, pp. 1112-1117.

J. Wang, Y. Li, C. Ji, Q. Sun, S. Jin, and T. Q. S. Quek, “Location-
based MIMO-NOMA: Multiple access regions and low-complexity
user pairing,” IEEE Trans. Commun., vol. 68, no. 4, pp. 2293-2307,
Apr. 2020.

X. Zhang, X. Zhu, and H. Zhu, “Joint user clustering and multi-
dimensional resource allocation in downlink MIMO-NOMA networks,”
IEEE Access, vol. 7, pp. 81783-81793, 2019.

Z. Yang, M. Chen, W. Saad, and M. Shikh-Bahaei, “Optimization of rate
allocation and power control for rate splitting multiple access (RSMA),”
IEEE Trans. Commun., vol. 69, no. 9, pp. 5988-6002, Sep. 2021.
Z.Li, C. Ye, Y. Cui, S. Yang, and S. Shamai (Shitz), “Rate splitting for
multi-antenna downlink: Precoder design and practical implementation,”
IEEE J. Sel. Areas Commun., vol. 38, no. 8, pp. 1910-1924, Aug. 2020.
Y. Liu, X. Wang, G. Boudreau, A. B. Sediq, and H. Abou-Zeid,
“A multi-dimensional intelligent multiple access technique for 5G
beyond and 6G wireless networks,” IEEE Trans. Wireless Commun.,
vol. 20, no. 2, pp. 1308-1320, Feb. 2021.

Y. Liu, X. Wang, J. Mei, G. Boudreau, H. Abou-Zeid, and A. B. Sediq,
“Situation-aware resource allocation for multi-dimensional intelligent
multiple access: A proactive deep learning framework,” IEEE J. Sel.
Areas Commun., vol. 39, no. 1, pp. 116-130, Jan. 2021.

W. Han, J. Mei, and X. Wang, “User-centric multi-dimensional multiple
access in 6G communications,” in Proc. IEEE Int. Conf. Commun.
Workshops (ICC Workshops), Montreal, QC, Canada, Jun. 2021, pp. 1-6.
L. Sanguinetti, A. Kammoun, and M. Debbah, “Theoretical performance
limits of massive MIMO with uncorrelated Rician fading channels,”
IEEE Trans. Commun., vol. 67, no. 3, pp. 1939-1955, Mar. 2019.

Z. Ding, R. Schober, and H. V. Poor, “Unveiling the importance of SIC
in NOMA systems—Part 1: State of the art and recent findings,” IEEE
Commun. Lett., vol. 24, no. 11, pp. 2373-2377, Nov. 2020.

Study on New Radio Access Technology Physical Layer Aspects, 3GPP,
document RT 38.802, Jun. 2017.

K. Zheng, L. Zhao, J. Mei, B. Shao, W. Xiang, and L. Hanzo, “Survey
of large-scale MIMO systems,” IEEE Commun. Surveys Tuts., vol. 17,
no. 3, pp. 1738-1760, 3rd Quart., 2015.

N. Boehmer and E. Elkind, “Stable roommate problem with diversity
preferences,” 2020, arXiv:2004.14640.

Y. Li, Y. Jiang, W. Wu, J. Jiang, and H. Fan, “Room allocation
with capacity diversity and budget constraints,” IEEE Access, vol. 7,
pp- 42968-42986, 2019.

E. Lazarova, P. Borm, and A. Estévez-Fernidndez, “Transfers and
exchange-stability in two-sided matching problems,” Theory Decis.,
vol. 81, no. 1, pp. 53-71, Jun. 2016.

J. Papandriopoulos and J. S. Evans, “Low-complexity distributed algo-
rithms for spectrum balancing in multi-user DSL networks,” in Proc.
IEEE Int. Conf. Commun. (ICC), Istanbul, Turkey, vol. 7, Jun. 2006,
pp. 3270-3275.

S. Boyd and L. Vandenberghe, Convex Optimization. Cambridge, U.K.:
Cambridge Univ. Press, 2004.

R. D. Yates, “A framework for uplink power control in cellular radio
systems,” IEEE J. Sel. Areas Commun., vol. 13, no. 7, pp. 1341-1347,
Sep. 1995.

[14]

[15]

[16]

(17]

(18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]
[26]

[27]
[28]

[29]

[30]

[31]
(32]

Jie Mei (Member, IEEE) received the B.S. degree
from the Nanjing University of Posts and Telecom-
munications (NJUPT), China, in 2013, and the Ph.D.
degree in information and communication engi-
neering from the Beijing University of Posts and
Telecommunications (BUPT) in June 2019. He is
currently a Post-Doctoral Associate with the Depart-
ment of Electrical and Computer Engineering, West-
ern University, Canada. His current research interests
include intelligent wireless communications, multi-
dimensional intelligent multiple access techniques,
and vehicle-to-everything (V2X) communications. He was a TPC member of
IEEE GLOBECOM 2020.

IEEE JOURNAL ON SELECTED AREAS IN COMMUNICATIONS, VOL. 40, NO. 4, APRIL 2022

Wudan Han received the B.S. degree from Henan
Polytechnic University, China, in 2016. She is
currently pursuing the Ph.D. degree with Western
University, Canada. Her current research interests
are focused on 5G/6G networks, multi-dimensional
radio resource management, and next-generation
multi-dimensional multiple access techniques.

Xianbin Wang (Fellow, IEEE) received the Ph.D.
degree in electrical and computer engineering from
the National University of Singapore in 2001.

Prior to joining Western, he was with Com-
munications Research Centre Canada (CRC) as a
Research Scientist/Senior Research Scientist from
July 2002 to December 2007. From January 2001 to
July 2002, he was a System Designer at STMi-
croelectronics. He is currently a Professor and the
Tier-1 Canada Research Chair at Western University,
Canada. He has over 500 highly cited journal and
conference papers, in addition to 30 granted and pending patents and several
standard contributions. His current research interests include 5G/6G technolo-
gies, the Internet-of-Things, communications security, machine learning, and
intelligent communications.

Dr. Wang is a fellow of the Canadian Academy of Engineering and the
Engineering Institute of Canada and an IEEE Distinguished Lecturer. He has
received many awards and recognitions, including the Canada Research Chair,
the CRC President’s Excellence Award, the Canadian Federal Government
Public Service Award, the Ontario Early Researcher Award, and six IEEE
Best Paper Awards. He was involved in many IEEE conferences, including
GLOBECOM, ICC, VTC, PIMRC, WCNC, CCECE, and CWIT, in different
roles, such as the General Chair, the Symposium Chair, a Tutorial Instructor,
the Track Chair, the Session Chair, the TPC Co-Chair, and a Keynote
Speaker. He has been nominated as an IEEE Distinguished Lecturer several
times during the last ten years. He is currently serving as the Chair for
IEEE London Section and the Chair of ComSoc Signal Processing and
Computing for Communications (SPCC) Technical Committee. He currently
serves/has served as the Editor-in-Chief, the Associate Editor-in-Chief, and
an Editor/Associate Editor for over ten journals.

H. Vincent Poor (Life Fellow, IEEE) received the
Ph.D. degree in EECS from Princeton University in
1977. From 1977 to 1990, he was on the Faculty
of the University of Illinois at Urbana-Champaign.
Since 1990, he has been on the Faculty at Princeton,
where he is currently the Michael Henry Strater
University Professor. From 2006 to 2016, he served
as the Dean for the Princeton’s School of Engineer-
ing and Applied Science. He has also held visiting
appointments at several other universities, includ-
ing most recently at Berkeley and Cambridge. His
research interests are in the areas of information theory, machine learning and
network science, and their applications in wireless networks, energy systems,
and related fields. Among his publications in these areas is the forthcoming
book Machine Learning and Wireless Communications (Cambridge University
Press). He is a member of the National Academy of Engineering and the
National Academy of Sciences and is a Foreign Member of the Chinese
Academy of Sciences, the Royal Society, and other national and international
academies. He received the IEEE Alexander Graham Bell Medal in 2017.




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Black & White)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 0
  /ParseDSCComments false
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo true
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
    /AdobeArabic-Bold
    /AdobeArabic-BoldItalic
    /AdobeArabic-Italic
    /AdobeArabic-Regular
    /AdobeHebrew-Bold
    /AdobeHebrew-BoldItalic
    /AdobeHebrew-Italic
    /AdobeHebrew-Regular
    /AdobeHeitiStd-Regular
    /AdobeMingStd-Light
    /AdobeMyungjoStd-Medium
    /AdobePiStd
    /AdobeSansMM
    /AdobeSerifMM
    /AdobeSongStd-Light
    /AdobeThai-Bold
    /AdobeThai-BoldItalic
    /AdobeThai-Italic
    /AdobeThai-Regular
    /ArborText
    /Arial-Black
    /Arial-BoldItalicMT
    /Arial-BoldMT
    /Arial-ItalicMT
    /ArialMT
    /BellGothicStd-Black
    /BellGothicStd-Bold
    /BellGothicStd-Light
    /ComicSansMS
    /ComicSansMS-Bold
    /Courier
    /Courier-Bold
    /Courier-BoldOblique
    /CourierNewPS-BoldItalicMT
    /CourierNewPS-BoldMT
    /CourierNewPS-ItalicMT
    /CourierNewPSMT
    /Courier-Oblique
    /CourierStd
    /CourierStd-Bold
    /CourierStd-BoldOblique
    /CourierStd-Oblique
    /EstrangeloEdessa
    /EuroSig
    /FranklinGothic-Medium
    /FranklinGothic-MediumItalic
    /Gautami
    /Georgia
    /Georgia-Bold
    /Georgia-BoldItalic
    /Georgia-Italic
    /Helvetica
    /Helvetica-Bold
    /Helvetica-BoldOblique
    /Helvetica-Oblique
    /Impact
    /KozGoPr6N-Medium
    /KozGoProVI-Medium
    /KozMinPr6N-Regular
    /KozMinProVI-Regular
    /Latha
    /LetterGothicStd
    /LetterGothicStd-Bold
    /LetterGothicStd-BoldSlanted
    /LetterGothicStd-Slanted
    /LucidaConsole
    /LucidaSans-Typewriter
    /LucidaSans-TypewriterBold
    /LucidaSansUnicode
    /Mangal-Regular
    /MicrosoftSansSerif
    /MinionPro-Bold
    /MinionPro-BoldIt
    /MinionPro-It
    /MinionPro-Regular
    /MinionPro-Semibold
    /MinionPro-SemiboldIt
    /MVBoli
    /MyriadPro-Black
    /MyriadPro-BlackIt
    /MyriadPro-Bold
    /MyriadPro-BoldIt
    /MyriadPro-It
    /MyriadPro-Light
    /MyriadPro-LightIt
    /MyriadPro-Regular
    /MyriadPro-Semibold
    /MyriadPro-SemiboldIt
    /PalatinoLinotype-Bold
    /PalatinoLinotype-BoldItalic
    /PalatinoLinotype-Italic
    /PalatinoLinotype-Roman
    /Raavi
    /Shruti
    /Sylfaen
    /Symbol
    /SymbolMT
    /Tahoma
    /Tahoma-Bold
    /Times-Bold
    /Times-BoldItalic
    /Times-Italic
    /TimesNewRomanPS-BoldItalicMT
    /TimesNewRomanPS-BoldMT
    /TimesNewRomanPS-ItalicMT
    /TimesNewRomanPSMT
    /Times-Roman
    /Trebuchet-BoldItalic
    /TrebuchetMS
    /TrebuchetMS-Bold
    /TrebuchetMS-Italic
    /Tunga-Regular
    /Verdana
    /Verdana-Bold
    /Verdana-BoldItalic
    /Verdana-Italic
    /Webdings
    /Wingdings-Regular
    /ZapfDingbats
    /ZWAdobeF
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 600
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 600
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 300
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 900
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.33333
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /Unknown

  /CreateJDFFile false
  /Description <<
    /ENU ()
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


