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Abstract— Multi-numerology (MN) providing a flexible
transmission frame structure has attracted a considerable
attention for supporting abundant services for beyond fifth-
generation (B5G) networks. However, mobility induces severe
performance degradation under different numerologies including
temporal and spectral fluctuation, which is not well-investigated
in existing literature. We have conceived an MN-enabled energy
efficiency (EE) problem aiming for alleviating mobility- and
MN-induced interferences through moderate power and sub-
carrier assignment, while considering quality-of-service (QoS)
and latency requirements for different services. We propose a
multi-numerology based power and resource block allocation
(MNPRA) scheme considering time-/frequency-division (TD/MD)
based MN leveraging temporal and spectral features among
numerologies. The original non-solvable problem is theoretically
transformed into a convex one by employing Dinkelbach process,
Taylor approximation and difference of two concave functions
(D.C.). Convergence of proposed MNPRA scheme is analyzed and
verified by simulations. In simulation results, we have evaluated
MNPRA under different service demands, user velocities and
MN types. Our proposed scheme outperforms the conventional
single-numerology framing and existing methods in open litera-
ture, which results in performances of higher EE as well as of
lower throughput/delay outage probability.

Index Terms—B5G, multi-numerology, enhanced mobile
broadband (eMBB), ultra-reliable and low latency communi-
cations (URLLC), resource allocation, energy efficiency, user
mobility.

I. INTRODUCTION

N RECENT decades, there emerge diverse service types
and increasing traffic demands for beyond fifth-generation
(B5G) wireless networks such as latency-aware vehicu-
lar communications, reliability demands for smart applica-
tions, massive connectivity for internet-of-everything, and
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throughput-oriented ultra-high definition [1]. As elaborated in
5G specification, the 3rd generation partnership project (3GPP)
has classified abundant scenarios into three primary use
cases including enhanced mobile broadband (eMBB), massive
machine-type communications (mMTC), and ultra-reliable and
low-latency communications (URLLC) [2]. Furthermore, BSG
promises unprecedented performance enhancement for various
applications of further-eMBB (FeMBB), extremely-URLLC
(EURLLC) and ultra-mMTC (umMTC) [3] providing over ten
times spectrum efficiency and one tenth latency compared to
existing 5G communications.

Accordingly, single-numerology (SN) system, i.e., a single
transmission frame applied for a service type is utilized in
traditional networks, which is potentially nonresilient due to
various service demands. As a prospect mechanism specified
in 5G new radio (5G-NR), it introduces multi-numerology
(MN) that allows flexible transmission framing to supply
ample service types [4]. The term numerology refers to as
the parameterization of physical transmit waveform [5]. Dif-
ferent numerology types possess different sub-carrier spac-
ings (SCSs) and symbol durations in spectral and temporal
domains of resource blocks (RBs). For the latency-critical
requirement, it is intuitive to assign RBs in a numerol-
ogy type with larger SCS and shorter symbol duration, and
vice versa for rate-oriented applications [6], which however
induces potential tradeoff among numerologies. For instance,
short symbol duration with low-latency provokes higher con-
trol overhead and lower signal gain [7], [8], whereas a
larger SCS with high-rate declines the resource utilization.
In papers [9], [10], [11], [12], they consider power-RB allo-
cation under conventional SN mechanism while guaranteeing
quality-of-service (QoS) and latency restriction. Moreover,
papers [13], [14], [15] support high-speed applications under
single-numerology based scheduling. The work in [13] has
conducted a velocity-adaptive power allocation considering the
QoS and fairness among users, whilst papers [14], [15] aim
at maximizing system rate considering channel conditions of
both mobile and static users. The authors of [15] optimize
energy efficiency (EE) for versatile users under high-speed
environments. However, system rate-latency performance can-
not be simultaneously taken into account under plentiful types
of services, which is confined by unavailability of different
numerologies as in [9], [10], [13], [14], and [15].

To conquer the dilemma of SN mechanism mentioned
above, allocation of numerologies for different services
becomes substantially important as investigated in [16], [17],
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[18], [19], [20], and [21]. The authors of [16] have addressed
a scheduling problem by selecting different numerologies for
each user with diversified service demands. The paper [17]
has issued a delay-aware problem of URLLC users while
maximizing the overall system EE. A joint power and RB
allocation problem is investigated in [18] whose target is to
minimize downlink power consumption under a heterogeneous
network. However, the papers of [16], [17], [18] do not
consider the inter-numerology interference (INI) caused by
the overlapped numerologies [19], [20]. As analyzed in [19]
and [20], INI cannot be neglected due to its serious interfered
power induced by non-orthogonal transmission frames. Note
that [19], [20] have analyzed INI and designed mitigation
mechanism on waveforms from the physical layer perspective
under the fixed numerology configuration. To mitigate INI, the
work in [21] has employed multiplexing in time-domain based
numerology rather than in frequency-domain, i.e., a single
numerology type is configured at each timeslot to fulfill spe-
cific service requirement. Nonetheless, it has potentially lower
flexibility compared to the system using frequency-domain
based numerology in [16], [17] and [18]. Therefore, papers [5],
[22], [23] have studied the architecture of multi-numerology
with consideration of INI. The authors of [22] have designed
a heuristic method to minimize INI by adjusting the power
difference of RBs. While, the works of [5], [23] assign
appropriate power to maximize INI-aware throughput. Fur-
thermore, it is noticed that current INI-related works consider
fixed numerology bandwidth ratio (NBR) among different
numerologies, i.e., the number of RBs utilized by a spe-
cific numerology is predefined [19]. Nevertheless, INI can
be possibly leveraged according to different utilized band-
widths compromising service requirements. Different number
of available RBs for the respective numerologies should be
jointly considered with power and RB allocation to mitigate
total INI, which is not considered in most of existing papers.

Moreover, high mobility wireless networks such as vehi-
cle, drone and high-speed railway communications have
attracted compelling attention [24], [25], [26]. Accordingly,
the next-generation wireless network is prospected to flexi-
bly accommodate mobility-aware channels. Under high-speed
scenario, it has to overcome the performance degradation
induced by inter-carrier interference (ICI) from Doppler spread
effect [27]. While, it also requires to conquer inter-symbol
interference (ISI) caused by delay spread [27]. As for multi-
numerology, the system becomes more robust to interference
where flexible RB with large SCS can reduce ICI, whereas
small SCS can be applied against the ISI effect. Addition-
ally, latency limitation is not studied in papers of [5], [13],
[14], [15], [21], [22], which is specifically critical in most
of high-speed wireless networks. The papers [4], [28], [29]
have exploited the scalable numerology structure to meet
the requirement of multi-services. The authors of [28] apply
convex optimization to solve the RB allocation problem for a
MN system with random ISI and ICI effects. In paper [29],
the authors have formulated a two-dimensional (2D) resource
allocation problem, i.e., time and frequency domains aiming at
maximizing the achievable rate while restricting latency-aware
demands. The paper [4] resolves a throughput maximization
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problem considering latency demands, which exhibits the
random INI, IST and ICI impacts on MN. However, actual
channel is not well modeled but utilizing a random variance to
characterize interferences. Furthermore, NBR and appropriate
power assignment are not discussed which potentially generate
higher interference resulting in a lower throughput and EE
performance.

Note that RB allocation represents time-frequency domain
constituted resource grids (RGs), whilst NBR allocation indi-
cates total utilized bandwidth ratios of different numerologies.
However, based on the investigation of state-of-the-art works,
they consider simple models of the MN system without prac-
tical terms of interferences. Moreover, most of existing works
target on the rate optimization, which however may waste
power resource to satisfy the demands. We also extend from
our previous works in [11], [12] and [23], which are focused
on SN-based resource allocation for single and multi-services
as well as for the fixed MN scenario, respectively. To achieve
higher EE, conceiving a flexible MN mechanism becomes
compellingly imperative under comprehensive resource utiliza-
tions and interference considerations for supporting different
service requirements. Motivated by existing works, we aim at
optimizing EE performance with joint power, RB and NBR
assignments under interference factors of INI, ISI and ICI
in a mobility-aware MN-based hybrid services. The main
contributions of this work are summarized as follows.

o« We have studied the mobility-aware MN network sup-
porting hybrid services of eMBB and URLLC users.
Moreover, the proposed signal model reflects all inter-
ference factors of ICI, ISI and INI caused by Doppler
spread, delay spread and inter-numerology influence.
We jointly allocate power, RBs and bandwidth ratio
between numerologies to maximize the system EE while
guaranteeing QoS and latency requirement, which are not
jointly considered in existing literature.

o We have proposed a multi-numerology based power and
resource block allocation (MNPRA) scheme to solve
the EE maximization problem. The original fractional
objective is transformed into a subtractive form by the
Dinkelbach method. Based on the auxiliary integer relax-
ation, it converts the discrete variables into continuous
ones. Moreover, benefited by approximation from dif-
ference of two concave functions (D.C.), the NP-hard
problem becomes a convex one, which is followed by
the convergence and complexity analysis of the proposed
MNPRA scheme.

o We consider two types of mobility-aware MN including
time-division (TD) and frequency-division (FD) leverag-
ing temporal and spectral widths among numerologies.
In TD-MN, it potentially mitigates INI by assigning a
single numerology type at a single timeslot, whereas NBR
is optimized in FD-MN containing multiple numerologies
within a timeslot to compromise induced interferences
and service constraints.

e Simulation results reveal the nature of ISI, ICI and
INI under different configurations. While, MN related
parameters are evaluated under various QoS, latency
constraints, velocity, and scenarios with different numbers
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of eMBB/URLLC users. As a benefit of flexible
mobility-aware MN network, the proposed MNPRA algo-
rithm outperforms the existing benchmarks in open liter-
ature in terms of the lowest power consumption and the
highest throughput/EE performance.

The rest of this article is organized as follows. In Section II,
we present the system model and problem formulation of
considered MN system. The proposed MNPRA scheme is
introduced in Section III. Analysis of MNPRA, including
problem transformation and approximation is demonstrated in
Section III-C. Section IV evaluates the results and benchmark
comparisons, whilst the conclusion is drawn in Section V.

II. SYSTEM MODEL AND PROBLEM FORMULATION
A. System Model

We consider a downlink orthogonal frequency division
multiplexing (OFDM) based base station (BS) serving two
different types of NV = {1,2,...,N} users with eMBB
N ={1,2,...,N.} and URLLC N, = {1,2,..., N, } users.
We define numerology set of Z = {1,2,...,I}, where two
numerologies' are considered as I = 2 with each having
SCS of Af; and corresponding symbol time duration of 7.
Based on [30], Af; - T; is a constant for all ¢ to guarantee
equivalent data amount. We define A f; = 2% x 15 (kHz) and
s; as available SCS levels specified in the new radio (NR)
protocol [30]. Note that we consider Af; < Afs and thus
T1 > T, without loss of generality. We also denote the system
bandwidth as BW and total frame duration as Tiya.

1) Two-Dimensional (2D) Frame Structure: To support
multiple service requirements by utilizing flexible
numerologies, we introduce a 2D frame structure containing
different size of resource blocks (RBs). As illustrated
in Fig. 1, we construct a resource grid (RG) via the
greatest common divisor, i.e., the RG is spanned by 75
in time-domain and by Af; in frequency-domain. The
total bandwidth is further divided into sub-carrier sets of
numerology-1 as 1 = {1,2,..., F1 } and of numerology-2 as
Fo ={1,2,..., F5}. Note that several RGs can generate an
RB. Therefore, two types of RBs are introduced in our system
with one having a larger SCS while the other possessing
longer symbol duration. It can be observed that it becomes
difficult to align symbols in an MN system. Accordingly,
we partition all RBs into L RB groups (RBG) by aligning
Ty as the least common multiplier of symbol duration [31],
and we denote the RBG set as £ = {1,2,...,L}, which
is shown on the left-hand side of Fig. 1. Moreover, RBs
within an RBG are configured in the order from f = 1 to
f = F; and from left ¢ = 1 to right ¢ = T. The
frequency indexes of two numerologies are different due
to distinct SCSs. We denote the RB set in an RBG as

'Here, it would be observable by considering 2 numerologies to know its
nature of interferences and see how they impact on the system performance.
Note that the designed model can be extended to more than 3 numerologies
with more complicate modeling. The key concept is the calculation of indexing
via greatest common divisor (ged) among different numerologies. For general
case extension, we can adjust the ordering equations of (1)—(3) with ¢ > 3,
as well as the INI model in (6) and (7) with additional summation index of
i €.
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Fig. 1. Structure of numerology types in terms of establishment of RBs in
time-/frequency-domains.

K = {1,2,...,K}. Note that as exemplified in
two-numerologies in Fig. 1, indexes for numerology-
2 do not always start from 1 which are replaced

by indexes of numerology-1. Therefore, the k-th RB
with numerology ¢ in the [-th RBG is indexed by the
tuple of {(k mod F;),©(l,i,k)}, where (k mod F;) is
frequency-domain index with module operation mod, whilst
O(l, 14, k) denotes the delay in time-domain given by

%.g i=1
. B Afl 5 B
ok =1 ) ()
k N
ap G-+ g] =2

where [-] is the ceiling function, which means that it may
possess lower delay in numerology-2 when ¢ = 2 as shown in
Fig. 1. Note that the unit of delay (1) is in the unit of RBG
slot with the similar definition as in [16], [17], and [4]. For
example, we have delay in the unit of ©(1,1,k) = 2 RG-
slots and ©(2,1,k) = 4 slots for I = 1 and [ = 2 when
i = 1, respectively. However, when i = 2, ©(1,2,k) =
1,Vk e {1,2,...,F»} and ©(1,2,k) = 2,Vk € {Fo+1, Fo+
2,...,K} are RG-slot delay for RBs using numerology-2
in [ = 1 RBG, whilst we can calculate the following in
similar manner as ©(2,2,k) = 3,Vk € {1,2,...,F>} and
@(2,2,k) :4,\V’k6 {F2+1,F2+2,,K} inl=2.

2) TD-/FD-MN: We consider two kinds of MN includ-
ing TD and FD based configurations. TD-MN allows a
single numerology type within a single time duration, and
different services are multiplexed in time-domain. While,
FD-MN allows co-existence of numerologies at each time
instant, i.e., partial RBs are for numerology-1 and the oth-
ers are for numerology-2. It becomes a compelling trade-
off leveraging INI alleviation under TD-MN and high
flexibility of FD-MN for throughput-oriented or latency-aware
demands [32]. As depicted in Fig. 1, we define Q = ﬁ;ﬁ as the
ratio of two SCSs from the selected numerologies. Note that
@ = 1 indicates that only one numerology is selected which
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Fig. 2. Example for activated RBs with two numerologies with ¢, = 1

5
F; =12 and F> = 6. Note that K7 has numerology-1’s index set {1, 2},
whereas KCJ* has numerology-2’s index set {1, F» + 1}. The activation
RBs are shown in blue and yellow for numerology-1 and numerology-2,
respectively, which follows the condition of £ € K7 when ¢ = 1 and
k € K\K5* when ¢ = 2.

is deemed to be TD-MN, whereas it is FD-MN when @ # 1.
Therefore, we can have different flexible configurations of MN
with various NBR values indicating how many bandwidths are
occupied by a certain numerology type. Due to countable RBs,
all possible NBR values can be acquired as
;—1, where j; € {0, F>},Vj, € Z, if Q =1,

2
%, where 1 < jo < Fy — 1,¥ja € Z, if Q # 1.

2

(2)

Note that M is the total number of possible NBR values with
the total set of M = {1,2,. M} Let us take F» = 6 for
example, we can derive ¢m € {0, 5 6, ..., 1} with M = 8.
As exemplified on the right-hand side of Fig. 1 as well as in
Fig. 2, ¢1 = 0 and ¢o = 1 stands for TD-MN With SCSs
Afy and Afy, respectively. As for FD-MN, ¢35 = = 1nd1cates
two RBs for SCS A f; and the remains for SCS A fg To adjust
NBR, we consider a binary indicator oy, € {0, 1} which
oq,m = 1 implies that we select ¢,, as the NBR in the [-th
RBG. We notice that in each RBG we can only choose a single
Om, 1.€., ZmEM am = 1,VI € L. Accordingly, based on
m and ¢, we can obtain 0 < = > U mPm <
1 as the candidate NBR value in the [-th RBG, that is,
numerology-1 will occupy a ratio of 1; of bandwidth, whilst
numerology-2 takes the rest of a ratio of (1 — 7;). Therefore,
deciding a discrete policy of 7; is equivalent to determining the
indicator «y ,,. We denote w}. as the activation indicator? to
represent whether the k-th RB under numerology i is applying
the m-th NBR value ¢,,,, which can be derived by

m )1, keK{, i=1, or ke K\KY, i =2,
ETl0, ke K\K™, i=1, or ke Ky, i=2,

d)m:

3)

2Note that we could define a compound variable combining both Qlm
and w:"k However, we keep «; ,,, simple and neat and let the non-solvable
expression emerge in wz?flk in the interference model, which benefits the
problem transformation and derivation by depending only on the binary policy
of Al m-
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where K" = {1,2,...,q§mF1} and KJ' = {(¢—1)F> +
L(g—1)F>+2,. (q—l)F2+¢mF2|Vq€Z,1§q§
AfQ} In Fig. 2, we take ¢m = g, F1 =12 and F = 6 for
example with its outcome of K{"’s index set of {1,2} and
K5’s index set of {1,F» + 1}. We can know from Fig. 2
that top two RBs are occupied by numerology-1 with
and the remaining ones are allocated to 5", which follows
the activation condition in the first criterion of (3). According
to the above definition, alﬂnwg’k = 1 indicates that we firstly
select the m-th NBR value ¢, in the [-th sub-RG as o ,,, = 1,
whereas the k-th RB of numerology ¢ in RBG [ is available
to be allocated to users as Wiy = 1

3) Signal Model: We define P, k, as the power allocated to
the n-th user on the k-th RB of numerology ¢ in RBG [.
The channel loss is denoted as h"’ = B ld—e where

ﬂz”kl is Rayleigh small-scale fading and d,¢ indicates the
distance based large-scale fading with dlstance d,, and pathloss
exponent p. The RB assignment indicator is defined as pZLkl S
{0,1}. Note that p:’kl = 1 means that the k-th RB in
numerology i of RBG [ is allocated to user n, and vice versa
for pz k =0.

meg to different mobility-aware channel conditions and
the non-orthogonality induced from MN, interferences from
ICI, ISI, and INI should be jointly alleviated and modelled in
the problem, which are not considered in most of existing open
literature. Inspired by Jakes’ power spectral density model,
we can obtain the ICI function [33] for the k-th RB in RBG
[ under numerology ¢ as

ICT},
1 fe )2
L
2AJ22 Zl Z [f" — (k mod F})] ( c
f! #(k mod F;)
PR Y e @
meM

where v, f. and c are velocity of user n, operating carrier
frequency and the speed of light, respectively. The subscript
f"=F ({FLW — 1) + f’ is the RB index for sub-carrier f’
under numerology . It can be seen that higher velocity and
frequency bands will intrinsically provoke large ICI which can
be compromlsed by assigning proper power P;"; f,,, RB policy
pi,f” and NBR policy «,.,. Based on paper [34], the ISI
function in an MN system can be derived as
) Afi

anl :Lkl < Z QL mW;,
Srvs— &7, [ERMS _
-/ JRECE O
0 ~p tt

meM
A

n,l
1817 =

where &rys 1S the root mean square (RMS) signal delay spread,
~y is the cyclic prefix ratio in OFDM, and Z(¢) is the function
of the channel power delay profile which can be asymptotically
approximated as an exponential distribution based on [35].
According to [36], there arise asymmetric interference impacts
from two different numerology types which should be also
taken into account in INI. We can write out the MN-based
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INI function as the received interference of numerology-2 from
numerology-1 as
N F n N n N

INI1H21€—ZZ lf’ L

§ m
al,mwlyflél—»Q,Wm
— [\
n=1 f'=1

meM

(6)

and interference of numerology-1 from numerology-2 as

INIQ_’lk_ZZ 2f’ 2 Z almwgf’ 2—>1m

n=1 f'=1 FiF meM
N F, Q— 1Pnl n,l

n Z Z Z 2, Faqtf' P2, Fag+

i Fy
x ) az,mwmﬁf(éﬁl,m, (7)
meM
where the pertinent parameters in INI functions are expressed
as (8)—(10), shown at the bottom of the next page. We can
observe from INI models that when () = 1, the values of
sine functions become zero in numerators of both (6) and
(7), i.e., no interference INIf,ﬁi_k = 0 is induced due to
orthogonality property in either TD-MN or single-numerology
system.
Considering all interference factors as defined above, the
received signal-to-interference-plus-noise ratio (SINR) of user
n on RB %k in RBG [ under numerology 1 is formulated as

N Fy Pnl n,l

n,l

n,l m
Pz k hz k pi k-’ meM alﬂnwi,k

ICT!, +ISI + INT,_, \ + No-Af;’

n,l
ol = (11)

where INT f,ﬁi’ & is INI from other numerologies with ¢’ # i,
and N is the noise power spectral density. By determining the
policy set of power P = {Pﬁ,’JNn eN,(leLiel keK},
RB assignment p = {p?kan eN,leLielkeK}and
NBR indicator a« = {ay |Vl € L,m € M}, the throughput
of user n can thus be derived by

I N 10g2(1+F )

IEL i€T keK
(12)

RT} P p,

Note that total transmit data amount is considered for both
eMBB and URLLC users in (12) by leveraging the Shannon
throughput as well as time duration, which is different from
the existing works of [17] and [4] considering only Shannon
throughput. The power consumption of user n in the /-th RBG
is expressed as

Pnl P P,

Xy

nl n,l
77PA ik pz k
i€ keIC

> ame] k)

meM
+ Pcircuitv (13)

where npa is the power amplifier efficiency, and Pejrcyie 1S the
constant circuit power consumption averaged over each RBG.
To characterize the joint performance of throughput and power,
we are able to acquire the system EE according to (12) and
(13) as

Ene./\f Rn(Pa p7 a)
ZT},EN Zle[, Pn,l(P’ P, Cl()

A(P,p,a) = (14)
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B. Problem Formulation

For the optimization problem in a mobility-aware MN
system, we aim at maximizing the system EE by optimally
determining the policy of power, RB and NBR assignments
constrained by available resources and service requirements,
which is formulated as (15a)—(15k), shown at the bottom of
the next page. Constraints (15b), (15¢) guarantee the QoS
requirements of R, and R for throughput-oriented eMBB
and latency-aware URLLC users. Note that without loss of
generality, 7, has a much higher value than that of R .
Moreover, constraints (15d), (15e) confine the latency restric-
tions of both eMBB and URLLC services with 7. and 7,
respectively. Similarly, more stringent service of smaller 7,
for URLLC should be guaranteed, i.e., in general we have
Ty < Te. The limitation of per-RB transmit power and total
BS power are respectively defined as Pp,x in constraint (15f)
and as P% in (15g). Note that (15f) confines per-RB power
to prevent greedy assignment consuming full power from a
certain RB leading to inappropriate candidate solution set.
In (15i) and (15h), we represent the discrete policy of RB
allocation p:’kl and NBR adjustment «; ,,. Constraint (15j)
implies that only one NBR value of ¢,, can be selected in
an RBG. While, constraint (15k) indicates that the activation
of RB k in RBG [ for numerology ¢ is activated, that is,
Zné/\/pz}f’ = Ymem@mwi = 1 means that the RB
is activated and can be allocated to a single user, and vice
versa. We can observe that the optimization problem P1
in (15) is complex and non-solvable due to non-linearity
and non-convexity properties owing to the fractional objec-
tive, the coupled discrete and continuous variables, and the
non-concave throughput function, which is regarded as a non-
convex mixed-integer non-linear problem (MINLP) and hence
an NP-hard problem [37]. Therefore, we will transform the
original problem into a solvable one by proposing the MNPRA
scheme which is elaborated in the followings.

III. PROPOSED MULTI-NUMEROLOGY BASED POWER AND
RESOURCE BLOCK ALLOCATION (MNPRA) ALGORITHM

A. Problem Transformation

To convert the considered complicated problem into a
tractable one, we have to first tackle the fractional objec-
tive, coupled continuous and discrete variables and the
non-convexity caused by interferences of ICI, ISI, and INI.
In the followings, we will introduce some mathematical trans-
formations and variable relaxing methods to handle these prob-
lems. The flowchart of problem transformation for proposed
MNPRA algorithm is summarized in Fig. 3.

1) Transformation of Fractional Objective: Based on the
fractional form in our objective function, we adopt the Dinkel-
bach method to transform a fractional function into a subtrac-
tive and linear expression [38]. We define D as the feasible set
of policy in problem P1 consisting of all possible constraints
in (15b)—(15k). Therefore, under constrained set of D, there
exists an optimal EE A\* which can be expressed as

N = AP, p,
pRax AP.p0)
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Problem Transformation

. / Lemma 1, Remark 1,\
Original Dinkelbach Theorem 1
Problem P2

Pl ~ Fractional Upper Bound

"| Transformation of Interference
P3
Auxiliary Theorem 3
Variables
~ | Advanced Integer P4 Convexity
p, g Relaxation Transformation
Prop. 1, Theorem 2 P5
Algorithm
\
Convergence MNPRA %
Condition SlelhEine P ’ P*7 a*
Power, RB, NBR
Props. 2 and 3
Fig. 3.  The procedure of problem transformation for proposed MNPRA

scheme.

_ ZneNRn(P*ap*aa*)
Zne]\f Zleﬁ Pn,l(P*, P, a*) ’
where the set of { P*, p*, a*} indicates the optimal allocation

policy of power, RB assignment, and NBR adjustment, respec-
tively. We can infer that the optimal EE in (16) is obtained if

(16)
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and only if the following problem holds
P2) : max R"(P,p,a)—
P2 max 3 RP )
x <ZZP”’Z(P,p,a)> (17)
neNleL

= 3 R(P et N

neN
>

>< <
neN leL

Note that in P2, the solution set of D exists as a

non-empty feasible set when min R"(Ppax, p, ) > RZE..,

max G(Zvak)Pz,kl < 7o and D iep Dlier Xokex szl > 1,
Vn € Ng,x € {e,u},l € L,i € T,k € K. Such condition
indicates that under the case at least one RB is assigned to each
user with maximum power, we can acquire a feasible set by
guaranteeing the worst throughput/latency being above/below
the predefined thresholds, respectively. The maximum of EE
with a fractional objective function is transformed into prob-
lem P2 in (17) with a subtractive objective function [39],
[40]. We notice that optimal EE \* can be obtained iteratively
until convergence. However, it still leads to non-linearity and

P* p*, a*)) =0. (18)

) sin [%f’ - ((k mod F5) Q — ¢ Fi — 1)} ©
1—-2,m — ’
sin [Fllf - ((k mod F») Q — 26, F) — 1)}
r 2
" sin %(1+(1—Q) )(f’Q—(k mod Fl)—¢mF1—1)}
62—>17m, = - ’ (9)
sin [Fl( (k mod Fl)—l)}
T 2
@ sin | & (147) (fQ (k mod Fl)—quFl—l)}
8521 = - (10)
sin [FL (f Q — (k mod Fy) — 1)}
(P1): max A(P,p,«) (15a)
P.p,a
st.  R"(P,p,a)> RS, VYneN., (15b)
R"(P,p,c) > Ry, V€ Ny, (15¢)
@(l,i,k‘)pnk <Te, YneN,, leL, i€, kek, (15d)
@(l,i,k‘)pzk <Tu, VneMN,, lel, i€, kek, (15e)
0< P < Pun, YREN, l€L, i€, kek, (15f)
0< > > > > B <P (15¢)
neN IeL i€ keEK
psz{O 1}, VneWN, leLl, i€, kek, (15h)
am €{0,1}, Yie L, meM, (151)
> am=1, ViecL, (15))
meM
pln=> amw, €{0,1}, V€L, i€I, kek. (15k)

neN meM



1718

non-convexity in the first term of throughput function which
is addressed as belows.

2) Auxiliary of Coupled Variables: We can observe from
SINR in (1 1) that the coupled term regarding all policies take
place as P b pz k mem Q,mw;), containing both continuous
and dlscrete variables. To deal with this, we define an auxiliary

parameter denoted by P"kl as

Dn,l
Pk

n,l
0, if p;
- n,l n,l

P N pz k ZmeM az,mwm@, otherwise.

mo __
mem Umw; =0,

19)

Note that (19) implies that we transmit data with power PZ_;’J
once the specific RB and NBR is selected. To ensure the
relationship stated above, a new constraint related to power
constraint (15f) should be equivalently introduced as

~ (a)
n,l n,l
0< Pi,k’ < <Pz k
meM

where (a) holds according to (19) and (b) follows the fact that
(pz i 2mem Amwiy, ) < 1. Note that we neglect the similar
procedure for total power constraint in (15g). Therefore,
we can deduce the following lemma regarding the upper bound
of INI.

Lemma 1: According to the defined auxiliary parameter of
power Pﬁj the MN-based INI function in (6) and (7) can be
derived to be upper bounded by

(b)
Q) mW; k) Phax < Poax, (20)

N R pnl =
1,f’ o
R S S §:<aawa] Cen
n=1f'= 1 meM
and
/\l
INIy 1
N B pnl . =
2. f 1
SIS (0,)]
n=1f'=1 PF mem
N Fy — 2nlg ; @ . %
2q+f7
3y Bl |5 (50,
n=1 f'=1 q=1 meM

(22)

where o is a positive constant indicating the tightness com-
pared to the original INI functions. The parameters of 01_.2 m,
5§21 m and 5él1 m are defined in (8)—(10), respectively.
Proof: Let us first consider the INI function of IN T {Hz, k
Based on the Holder inequality, we can derive the upper bound

of the third summation in INI{_}Q_k as

§ : m
al,mWLf/ 61—>2,m,

meM
3 fonnet)”| | 3

meM meM

IN

1

@ Z Wi lz (51—>2,m)0‘| )

meM meM

(23)
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 ofud 1 o

> 1 satisfying - + - = K
o' | o

m —

[Emem (O‘Lm%,ff) ] =

ZmeM altmw{’ff,) = ZmEM al}mw{’ff, since al}mw{’ff,
is the multiplication of two binary decisions. Substituting
the term P}, ol 3 e v QL@ /01 2.m in (6) by (23)
yields the upper bound of INI%HQ’,C as I/N\IllﬂQ’k in (21).
Additionally, we can prove the upper bound of I N IéHL . as

where o’ 1. The equal-

ity (a) follows the fact that

1
p

/\l

INI,_, ) in (22) according to (23), which is omitted here

due to similar derivations. This completes the proof. U
Remark 1: The functions of E]\z in (4) and ISI in (5)

are respectively substituted by ICI,;, and I SIM having
equivalent values to the original funcnons

Based on (19), Lemma 1 and Remark 1, we can attain the
lower bound of SINR in (11) as

Pf,j R

Fnl ik

7

— (24)
ICIzk+ISIzk +INIi’~>ik+NO'Afi

The corresponding throughput function R"(P ) and power
consumption P™ l(P) can also be acquired in a similar manner
by replacing auxiliary parameters in (19) which are given by

=33 5S"1 Afilog, (1 +f§j;j) , (25)

leL ieT kEIC

Yy

1€T kEIC

PV (P APl + Pireuit- (26)

Subsequently, the problem P2 in (17) is transformed into the
optimization problem formulated as
) (27a)

(P3): max Y R"(P) (ZZP"Z

Ppa neN neN leL

s.t. (15d), (15¢e), (15h)—(15K), (27b)
R"(P)> RS, VneN., (27¢)
R"(P)> R, YneN,, (27d)
0< P < Prax.
VneN, leLl, iel, kek, (27e)
0< Y SN M Py <pa. @)

neN leL ieZ kek

Note that A is a predefined penalty parameter derived from P2.
We can have the following proposition regarding the problem
in (27).

Theorem 1: The maximization of problem P2 in (17) is
equivalent to optimizing its lower bound in problem P3
in (27).

Proof: According to Lemma 1 and Remark 1, izt can be
inferred that f?kl < F?kl due to the fact that I/N\Ii,ﬂ-?k >

— —
INI, ;. ICI;, = ICI., and ISI,, = ISI;,C. The

logarithmic function of throughput is monotonically increas-
ing with the varlable of SINR F” ! and therefore we have

R™"(P,p,a) > R”( ). Furthermore P"l(P) is equivalent
to the original power consumption of P™!(P,p, ). As a
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result, the objective function (27a) is the lower bound of that
in (17). Based on a similar derivation, we can prove that QoS
constraints (27c) and (27d) are also the corresponding subsets
of original ones in (15b) and (15c), respectively. While, the
power constraints (27e) and (27f) possess the same feasible
region as (15f) and (15g), respectively. We can thus prove
that the maximization of problem P2 in (17) is equivalent
to optimizing its lower bound in problem P3 in (27), which
completes the proof. (]

3) Integer Relaxation of Binary Variables: Motivated
by [41], [42], to deal with the binary variables problem,
we relax the RB and NBR assignments within the region
between 0 and 1, i.e., the policies of variable constraints in
(15h) and (151) are alternatively expressed as

b= {ogﬁz;j <1 VnEN,lEE,z’EI,kGIC},(ZS)
a={0<a;, <1 Viel meM}, (29)
respectively. Inspired by [43], in order to approximate the

continuous relaxed variables to zero and one, we design two
penalty functions as auxiliary constraints which are given by

Gip) =3 3D DAk (1-Ak) <0, G0

neN leL i€T kek

GQ(a) = Z Z al,m (1 - 6zl,m) < 0;

leL meM

(€19

where problem P3 in (27) will stay unchanged as proven in
the following proposition.

Proposition 1: The problem P3 stays unchanged with the
employment of integer relaxation, i.e., substitute discrete deci-
sions of {p,a} by {p, &} under constraints (30) and (31).

Proof: We can infer from (30) that ﬁfkl (1 — ﬁfkl) is a
concave function which possesses two roots as ﬁ?kl € {0,1}.
Accordingly, inequality (30) ensures the regions of b\?kl <0
and ﬁfkl > 1. Leveraging the solution of (30) and 0 < ﬁfkl <1
in (28) yields ﬁfkl € {0,1}, which sustains the property of
the original discrete variable p?kl By employing the same
derivation stated above, we can deduce that &\Z’kl e {0,1}
considering (29) and (31). As a result, we can conclude that
problem P3 is unchanged by using integer relaxation of (28)
and (29) with additional auxiliary constraints (30) and (31),
respectively. This completes the proof. (]

We define that D’ denotes a set consisting of all constraints
(27b)—(27f), and integer relaxation in (28) and (29). Benefited
by relaxing discrete variables, the optimization problem in (27)
is equivalent to the following one

ST RY(P) - (Z ZPW?D))

_ max
{(P.pa}eDd’ oy neN leL

(32a)

S, G1(p) <0, (32b)

Ga(@) < 0. (32¢)

Note that the constraints (32b) and (32c) are non-convex,
which can be resolved with the employment of abstract
Lagrangian duality [44]. We transform both constraints into the
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respective penalty terms, and the abstract Lagrangian objective
is given by

Y(P,p,& By, Ba)

=Y RP)-A\ <Z ZP”J(TD))
neN neN leL
- Bl)Gl (ﬁ) - BaGQ (a),

where 3, > 0 and (3, > 0 are denoted as penalty constants.
The transformed problem can be formulated as a primal
problem as

(P4) :

(33)

ming, g, Y(P,p, &, By, Ba).  (34)

_ max
{PpayeD’
Note that the primal problem P4 is in a form of max-min
with 3, and (3, existing in the minimization operator. This
is because minimization of the negative part of the induced
penalties in Lagrangian objective in (33) aims for sustaining
the constraints in (28)-(31) and satisfying the non-penalized
problem in (32).

Theorem 2: The transformed problem P4 in (34) is equiv-
alent to the unrelaxed problem P3 of (27) with the attained
sufficiently large values of 3, and ..

Proof: We can learn from Proposition 1 that the problem
in (32) is unchanged by introducing integer relaxation with its
primal problem of P4 in (34). While, the corresponding dual
problem is a min-max optimization as

Y(P,p, @&, 05 Ba)- (35)

min _ max
BpBa {P,p,&}eD’
We define the optimum of primal problem in (34) as p*,
whereas the optimum for its dual one (35) is denoted as d*.
According to the weak duality theorem, we can obtain the
following relationship as
p* = _ nax min T(ﬁa ﬁv a7ﬁl)a ﬁ(y)
{P,p,ateD’ Bp:Pa
< min v(8,, Ba) = d¥,
< min v(6y, Ba)

prPa

(36)

where the inner maximization problem in the dual problem of
(35) is defined as v(83,, Ba) = Maxp 5 41cp
T(IAD, P, &, B,, Ba). Therefore, we have four possible cases to
be discussed in the followings.
o Case 1: Suppose that we have G1(p) = Ga(a) = 0.
Substituting 3, and f3;, as feasible solutions of the dual
problem yields

d" = v(B,,8,)
= _max _ min Y(P,p,& 0, Ba)
{P.p.ayen’ Frba

= p*.
We can observe from (33) that v(8,,0,) is a
monotonically-decreasing function with respect to both
B, and f3,. Because d* = ming, 5, v(B,,B.) based on
(36), we can derive d* = v(8,,Ba), Y8y > B;,8a >
0%, which implies that the solution of P4 provides the
optimal one of unrelaxed problem P3 for sufficiently
large values of 3, and 3, for 8, > 3} and B, > f3;,
respectively.

(37)
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o Case 2: Let Go(a) = 0 and consider the case of 0 <
ﬁfkl < 1, it reveals that G1(p) > 0 holds accordingly.
Based on Case 1, we can have a deduction that the
converted problem is unchanged via sufficiently large
with fixed [3,. Therefore, we only need to take (3, into
account. Since v(,, 8,) is monotonically decreasing, the
optimum v(37, 3,) will tend to approach —oo, which
contradicts the derivation of weak duality in (36), i.e.,
it should be G1(p) = 0.

o Case 3: Employing the similar proof in Case 2 by setting
G1(p) =0 with 0 < @"k < 1 will result in v(8,, 8) —
—oo. That is, we can conclude Go(@) = 0 under the
inconsistent assumption same as that in Case 2.

o Case 4: By leveraging results of Cases 2 and 3, we con-
sider the situation of 0 < ﬁ"kl < land 0 < @?kl <
1 which provides G1(p ) > 0 and Gy(a) > 0, respec-
tively. Accordingly, v(8;, ;) will have a tendency of
approaching —oo, which also conflicts duality in (36).

Based on Cases 1 to 4, we can conclude that the transformed
problem P4 in (34) is equivalent to the unrelaxing problem
P3 of (27) with sufficiently large values of 3, and f3,. This
completes the proof. U

4) Approximation of Non-Concavity: However, we can
know from problem P4 in (34) that the objective function
T(P p, &, B3,,0,) performs a non-concave form. Hence,
we employ D.C. approximation [45] to convert non-convex
problem into a solvable convex one. First of all, we rewrite
the throughput function into a subtractive form as R”( ) =

R} (P) — Ry (P), where
~ 2~
P) =Y "3 "> TiAfilog, <P;,;,l hi| +1ICT,
leL i€T kek
—n,l ——
+ISI,L"]€ +INIrL/*>z’k+NOAfZ> 9 (38)
1
=Y > TiAfilog, <ICIM,
leL i€T kek

—n,l ——

Therefore, according to (38) and (39), we partition terms in
(33). by defining an alternative D.C. objective function as

F(P p, ) Fl(P p, ) FQ(P p, )where
Fi(P.p,&)= > R}(P <Z ZPW?)),
neN neN el
(40)
F ./15 ﬁ 64 ZR” +5pG1( )+ﬁaG2( ) (41)
neN

We can infer that concavity property does not exactly hold
in F(P,p,a) due to two subtractive concave functions.
Therefore, we employ first-order Taylor approximation [46] on
Fy(P,p,a) to transform concave functions into affine ones.
We first approximate the term R (P) which can be derived
by
Ry (P[j])
= R3(P[j —1]) + Va Ry (P[j — 1])
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(PUj) - PLi-1). 42)

where VL R2 (P ) indicates the first-order partial derivative of
Ry (P ) w1th respect to P. Note that T is transpose operation,
whilst index j means the iteration count. The element of partial
derivative of VITADRS(P) is further expressed by (43), shown
at the bottom of the next page, where the related parameters

are given by the equation can be derived, shown at the bottom
of next page. Similarly, we can derive the remaining terms as

G1(plj]) = G1(plj — 1)) + V3 G1(plj — 1))
(Rl = pli - 1), (44
Go(@lj]) = Ga(@lj — 1)) + VEGa(@lj — 1))
- (alil &l - 11). (45)

where the elements of partial derlvatlves in (44) and (45) are

derived as dGAl”(,?) =1-2p" k and 8&1 = =1- 200, m,»

respectlvely Based on (42), (44) and (45), we can approximate
F 2 (P P, )

ﬁQ(ﬁaﬁaa)

= R3(P) + B,G1(p) + BaGa(&).

We can then define the new objective as F(P,ﬁ,a) =
Fi(P,p,a) — F5(P,p,&). Accordingly, we can transform
P4 into the following problem formulated as

(46)

(P5): max F(P,p,a) (47a)
P,
st (15d), (15e), (15), (15k), (27e), (271),
(28), (29), (47b)
R"(P)> RS, VneN,, (@7c)
R"(P) > Riyn, Yn €N, (47d)

where R"(P) = R}(P) — R2(P). The following theorem
demonstrates that P5 preserves concavity property.

Theorem 3: With the aid of D.C. and Taylor’s first-order
approximation, the transformed problem P35 is convex with a
concave objective and convex constraints. Moreover, converted
QoS constraints preserve the original throughput satisfaction.

Proof: Based on D.C. and Taylor’s first-order approxima-
tion, we can 1nfer from (42), (44) and (45) that the respective
solutions of R”( ). G1(p) and Go(@) are given at previous
iteration j — 1, whereas the only variables are those to be
determined at j-th iteration, which results in affine functions.
Therefore, F(P p,Q ) is concave owing to the summation
of concave function F7( P) and affine one Fy(P). Moreover,
concave function of R™(P) provokes convex constraints of
(47c) and (47d). Therefore, with the aid of D.C. and Taylor’s
first-order approximation, the transformed problem PS5 is
convex with a concave objective and convex constraints. Due
to the concave property of Ry (P) function in (39), we can
know that the inequality R% (P) < R%(P) holds. Accordingly,
it can be deduced that

R"(P) > R"(P)

By comparing (27c¢), (27d), (47¢), (47d) and (48), we can
derive R*(P) > R"(P) > R%,, ¥n € N,, where

min?

(48)
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x € {e,u} indicates either eMBB or URLLC services. As a
result, the new QoS constraints provide a smaller feasible
solution set of the transformed problem PS5, which pre-
serves the original throughput satisfaction. This completes the
proof. (]

B. Proposed MNPRA Algorithm

We can observe from Theorem 3 that problem PS5 is a
convex problem, which can be resolved through arbitrary
convex optimization tools. Owing to the transformations stated
above, we have to iteratively acquire the candidate solution
of the power P, RB indicator p and NBR assignment & in
‘PS5 until convergence. We notice that the solution of PS5 is
equivalently applied in the original problem P1 owing to intro-
duced auxiliary constraints. The overall MNPRA algorithm is
demonstrated in Algorithm 1. First, we initialize the required
inputs including channel gain h:lkl, VneN,leLiel ke
IC, iteration index j = 1, temporary EE parameter A[j] and
initial policy set {P[j], p[j], «[j]}. The EE approximation is
performed at outer loop by calculating A[j] in (18). On the
other hand, the inner loop conducts convex problem resolution
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to derive the optimal solution from the convex problem P35
in (47). Note that both iterations converge when the difference
of the objective between two successive iterations is smaller
than a given threshold. That is,

)‘[j] - /\[J - 1] < Kout (49)

is for EE approximation at outer loop, whereas

F(PLj), ). alj')) - F(Pl — 11,3l — 1].al’ — 1))

< Kin (50)

holds for convergence of the inner loop of Algorithm 1.
We also note that the maximum allowable iterations are upper
bounded by T}, and T, for inner/outer loops, respectively.
Note that as our initial feasible policy of Algorithm 1, we fol-
low the random assignment satisfying the conditions when
min R"(Ppax, p, @) > RZ. ., max @(l,i,kj)pZ’kI < 1,, and
Dier DT Dokek p?kl >1,Vne N,z e{eul,leLlic
T,k € K. Note that each user may be allocated at least one RB
with the maximum allowable power for the worst throughput
case.

K

2.
K=nl i =4 ]

(k' mod Fy)#(k mod Fa)

(Ll +ChuCh) +CLiCE,

if =1,
i ( 1 2 1 5 1 3
n( P CowCip +C k’ck’) + €5, C5,
OBE(P) _ ) e[ 43)
api”]; (k' mod Fy)#(k mod Fy)
’ ifi=2ke Fo,
K
> (C3uChp +CLuCR ) +C,C,
wen [T
(k! mod Fy)#(k mod Fa)
ifi=2keK\F
1 Ti’Afi’
Cirw — —nl ’
In2- (N()Afi/ + ICIi’,k’ + ISIi’,k’ + INI{I\i’}Hi’,k’)
hn,l 2 2
o2 — bk . (ﬁv )
M 9 (Af)2 (K mod Fy) — (kmod Fy)? \c¢ )’
3 nil? ERMS — A’}i’ ErMsS
et = |t ase [ [ = aa
0 A}ﬂ +t
RGN 5 :
CL = : (61—>2,m)a )
F1F2 LmeM
hn,l - L
ik 1 o’
b= | 3 () ] ,
152 LmeM
hn,l r 1
6 _ | bk (2) 7
G = FF Z (5%1’"1) ]
LmeM
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Algorithm 1: Proposed MNPRA Scheme

1: Initialize:
- Channel gain hZ}j,Vn eN,(leLliel,kek
- Iteration index of outer loop j =1
- Allowable iteration upper bounds for inner/outer loops
Tin /Tout
- Threshold of inner/outer convergence Kin/Kout
- Temporary EE parameter A[j]
- Initialize random policy set {P[j], p[j], a[j]} satisfying the
conditions
of min R™(Prax, p, @) > Ry, max ©(1,4, k)pl < 7., and
Zleﬁ ZieI Zkelc P?lj 21,
Vn € Ng,z €{e,ul,leLiicT,kek

2: repeat {EE Approximation}

3: Calculate temporary EE parameter as
Alj] = Snen B (Pi].pli],ali])
N en Siee PHIPLLALLTD
4: Initialize iteration index of inner loop 7' =1
5.  repeat {Convex Problem Resolution}

6: Set temporary solution as
{Pi"],pli"], @li'l} — {Plj], plil, 4]}
7: Calculate Taylor approximation of (46)

8: Solve convex problem P5 in (47) given A[j]
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rewrite

max R"(P,p,a) — Aj
P2ep 3 R P =M

X <Z Z PP, p, a))

neN leL
= > RMP*[j], p*[j], " [4]) (52)
neN
— Al (Z > pPri(Prjl, p* [j],a*[jD)
neN leL
= Alj+1] <Z > prlpr [j],p*[j],a*[j])> (53)
neN leL
— Al <Z ZP’”(P*ULp*[jLa*[j])) >0. (54)
neN leL

The last inequality holds due to the derivation from (51).
Therefore, we can conclude that \[j + 1] > A[j],Vj. We can

9: Obtain policy outcome as {P[j" + 1], p[j’ + 1], &[j’ + 1]} deduce that the solution of outer loop of MNPRA in Algo-

10: Increment of inner iteration index j' «+ j' + 1
11:  until Satisfying (50) or j' > Tip

12: Update {P[j +1], p[j + 1], e[j + 1]} « {P[j'], ply'], &lj]

13:  Increment of outer iteration index j «— j + 1
14: until Satisfying (49) or j > Tous
15: Acquire the optimal solution
P, p",a"} = {P[j], p[j], @[j]} and
corresponding EE performance A(P*, p*, ™)

C. Convergence and Complexity Analysis

Since we convert the original fractional objective function
to a subtractive D.C. form, we should prove that both iteration
loops of Algorithm 1 will converge to its respective optimal
candidate solutions.

Proposition 2: Improved solutions can be obtained from
problem P2 in (17), which results in a convergence of outer
loop of MNPRA in Algorithm 1.

Proof: First, we can infer from (17) that the optimal EE
obtained at j-th outer iteration is greater than zero, i.e.,

n P _ -
(P %R( ,p. ) — A[j]

X (Z Z PP, p, a))

neN leL
> Y RMP[j-1],p°[j-1],a"[j-1])
neN
= Alj] (Z ZP"’l(P*[j—l],p*[j—l],a*[j—l])>
neN IEL
= 0. (51)

Note that \[j| is the optimal EE value obtained by the previous
optimal solution set {P*[j — 1], p*[j — 1], a*[j — 1]}, i.e,
A[j] = Znen RU(Pi—1]p" [j—1],e" [j—1])
EneN EIEL Prl(P*[j—1],p*[j—1],a*[j—1])
Aj] provokes the last equality in (51). Furthermore, we can

. Substituting

rithm 1 will be improved until convergence. This completes
the proof. O

Proposition 3: The solution obtained by problem P5 in (47)
corresponding to the inner loop of MNPRA in Algorithm I will
converge to a local optimum.

Proof: We adopt a similar derivation manner in Proposi-
tion 2 to prove inner loop of MNPRA to converge. Owing to
the concave function of F»(P,p, &), it can be inferred that
the first-order Taylor approximation of F(IAD, p, @) becomes
the lower bound of its original function. Then, we have the
following deduction in the inner loop of Algorithm I, shown
at the bottom of the next page. Note that D" is defined as
a feasible set containing all constraints in P5. Based on the
relationship stated above, we conclude that the optimal value
of P5 in (47) will be improved or stay unchanged. When
j' — oo, we can acquire the optimum by {ﬁ*,ﬁ*,a*} =
lim; 00 F(P[j"],plj"],&lj"]). That is, the solution obtained
by problem P5 in (47) in the inner loop of MNPRA in
Algorithm 1 will converge to a local optimum. This completes
the proof. O

Moreover, we compare the computational complexity of
proposed MNPRA with the global solution. For an MN
system with I numerologies, KX RBs, and N users, the
computational complexity of obtaining the global optimum is
O ((|P] - 2)=UEN+M)) “which is not implementable due to
its exponential complexity. Note that | P| is the searching space
over power assignment. Based on algorithm 1, the proposed
MNPRA scheme has a complexity order of O(|P| - |p| - |&])
with the relaxed continuous solution set size of RB |p| and of
NBR |@|. It can be inferred that | P| = | P|, |p| < 2L75Y and
|a| < 2FM based on convex optimization operation, which
achieves a considerably lower and implementable complexity
order than that of global optimum.

IV. PERFORMANCE EVALUATION

We evaluate the system performance of proposed MNPRA
scheme via simulations. We consider the total bandwidth
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TABLE I
PARAMETER SETTING

System Parameters Symbol Value

System total bandwidth BW 180 kHz
System carrier frequency fe 3.5 GHz
Number of numerologies I 2

Number of sub-RGs L 3

Number of RBs K 12

Number of users (Ne, Nu) (4,4)

SCS of numerology Af; (15, 30, 60) kHz
CP ratio of ISI v 0.07

Channel RMS delay ErMS 28 us

Average velocity of users Vn 60 km/hr
Velocity perturbation - 5% of its average
Noise power spectral density No —174 dBm/Hz
Power amplifier efficiency 7PA 5

Circuit power over sub-RG Pircuit 10 dBm
Maximum per-RB power Prax 20 dBm
Maximum total transmit power P 30 dBm

QoS requirement (Ryin» Rein) (500, 100) bits
Delay restrictions (Te, Tu) (3,1) ms
Penalty of integer relaxation (Bp» Ba) (108,102)
Iteration upper bound (Tin, Tout) (100, 30)
Difference threshold (KinsKout)  (0.1,0.1) bits/J
Monte Carlo runs - 100

Timeslot per run 100

and time duration of MN configurations as 180 kHz and
2 ms, respectively. The two of three selected numerologies
are adopted in our simulation, including numerology-1 with
s1 =0, Afy = 15 kHz, 177 = 1 ms, F} = 12 sub-carriers,
numerology-2 with so = 1, Afs = 30 kHz, T = 0.5 ms,
F5 = 6 sub-carriers, and numerology-3 with s3 = 2, Af,
60 kHz, T3 0.25 ms, F3 = 3 sub-carriers. Note that
all numerologies possess the totally identical bandwidth for
fair comparison. We consider that the channel experiences a
small-scale Rayleigh fading with complex Gaussian distrib-
ution as h?kl ~ CN(0,1). The CP ratio of ISI is set as
v = 0.07, whilst RMS delay is {rms = 28 us. We notice
that throughput is calculated based on the multiplication of
bandwidth, time duration and signal strength resulting in a unit
of bits, whilst energy is in a unit of J, namely Joule. Note that
all users are supposed to have the same velocity. To average
the channel variations, the simulations are performed over
around 100 Monte Carlo iterations with 100 timeslots per
Monte Carlo run. We consider that the BS is capable of
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periodically collecting user velocity information from the
receiver ends with second-level, which is much longer than
channel coherence time with milliseconds. Accordingly, the
velocity is regarded as a constant under the execution of
resource allocation. Nevertheless, due to mechanical pertur-
bation on device, we consider the velocity variance with 5%
of its average value. For example, user with average speed
of 60 km/hr possesses a velocity range of [57,63] km/hr. For
simplicity, we only label the average velocity values in the
simulations. The remaining parameter setting referring [17],
[47] is summarized in Table I.

A. Convergence of MNPRA

We firstly evaluate the convergence of proposed MNPRA
scheme under TD-MN and FD-MN for outer and inner parts
of EE optimization. Note that the Dinkelbach value in the
outer iteration is referring (18). We can observe from Figs. 4(a)
and 4(b) that the FD-MN requires more iterations for converg-
ing its optimal solution due to more flexible numerology struc-
ture simultaneously benefiting all services, whereas TD-MN
having quicker convergence owing to a single transmission
type at a single timeslot. Furthermore, it is observed that the
proposed scheme asymptotically approaches the global opti-
mum in Dinkelbach values with corresponding EE difference
lower than 0.2 x 10 bits/J. As seen in Fig. 4(b), FD-MN
requires more iteration rounds as well as higher computational
complexity order to conduct resource allocation due to severe
INI effect. Moreover, following the same reason, TD-MN may
achieve higher EE performance than FD-MN, i.e., at an EE
difference of around 10° bits/J, which strikes a compelling
tradeoff between the flexibility of resource allocation and
convergence performance.

B. Impacts of INI

We reveal an example for the impact of ICI and INI in
frequency-domain as demonstrated in Fig. 5. Note that similar
figure can be shown for ISI in time-domain, which is neglected
here because of it compellingly smaller influence. We consider
three exemplified signal sources, including signal with SCS
of 15 kHz and that with Doppler effect as well as the one

F(P(j').pli'1. ali")) = Fi(PLj'). pli'). &1)') ~ Fa(P[i'). 8L, &li")
> F(P['],pli"], ali’) — FR(Pli’ — 1], p[j' — 1], &lj’ — 1)
- Y VRBPE -1 - 1.8l - 1) (X[ - X[ - 1)
Xe{Pp,a}
= _max  F(Pp,a) - (P -1]pl - 1.al’ - 1))
{pP,p.ateD”
- > VEBE@E -1, 1.8l - 1) (X - X[ - 1))
Xe{P,p,a}
> F(Pl' =11, plf" — 1],al)' — 1)) = F2(Pj

(55)
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Fig. 5. Tlustration of ICI and INI.

of 30 kHz. As explained previously, Doppler effect will cause
ICI, whilst different numerologies provoke INI between each
other. As observed from the figure, the ICI-induced signal
leads to a smaller degradation than INI. This is because
that different numerologies have totally alternated from their
original orthogonal waveforms to non-orthogonal ones.
Moreover, in Fig. 6, we characterize the INI power and
its upper bound as demonstrated in Lemma 1 by considering

fixed numerology’s NBR n € {%, %, %, %} and parameter
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Fig. 6. Comparison between original INI 1power and INI upper bounds under
different configurations of NBR 7 € {g, %, %, %} and INI upper bound
parameter o € {2,10, 30}.

of 0 € {2,10,30}. Note that power is equally assigned to
all sub-carriers for readily observing effect of INI before
resource allocation. Note that we select numerology-1 occu-
pying the RBs with sub-carriers indexed from 1 to nF}, whilst
numerology-2 utilizes the remaining sub-carriers. Accordingly,
the INI at the left-hand side of each subfigure is termed as
interference generated from numerology-2 and received by
numerology-1, and vice versa for the other side. We can
observe that the boundary sub-carriers suffer from consid-
erable INI degradation, for example, the 2-nd as well as
4-th sub-carriers in Fig. 6(a) have the highest INI peaks in
their respective numerology configuration. Furthermore, the
remote sub-carriers will receive less INI due to adequately
weak sidelobes. We can infer from Figs. 6(b) to 6(d) that INI
generated by numerology-2 periodically fluctuates owing to
discontinuous concatenation of its symbols with twice band-
width compared to numerology-1. Therefore, we should assign
appropriate power and RBs for mitigating such condition.
With the increment of 7, lower INI from numerology-2 can
be acquired, whereas higher interference from numerology-1
occurs due to more allocated resources to that configuration.
Moreover, with the aid of higher value of o, a tighter bound
of INI can be achieved and consequently o = 30 is selected
in our following simulation setting.

The resultant INI of proposed MNPRA scheme is shown
in Fig. 7 by considering two numerologies and fixed NBR
n= {%, %}, where Fig. 7(a) and Fig. 7(b) have demonstrated



SHEN et al.: EE RESOURCE ALLOCATION FOR MN ENABLED HYBRID SERVICES IN B5G WIRELESS MOBILE NETWORKS

35
30 %..
cg .
25 S
E p S e
5200\ [ | @ O o o e— o
3
o
o 15 |
B —©—Numerology-1, n = 1/6
§ 10 F ~@-Numerology-2, n = 1/6
kel —>—Numerology-1, n = 2/6
< 51 ~>¢-Numerology-2, n = 2/6
0

2 4 6 8 10 12
Sub-carrier Index
(a)

1725

30
25 —©—Numerology-1, 7 = 1/6
@ Numerology-2, n = 1/6
g ——Numerology-1, n = 2/6
= 207 - Numerology-2, n = 2/6
E
515+
=
o
©10r
Z
5 L
02 o éé ................ o ”

Sub-carrier Index
(b)
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two numerologies and 7 € {%, %}

x10°

6.5

By S 1
% - -
_A-- —%—TD-MN, RY_ =300 bits
5t -7 - FD-MN, R“ =300 bits
A - - min
—A—TD-MN, R =500 bits
-/ FD-MN, R¥. =500 bits
4.5 ' ‘
0.5 1 1.5 2

URLLC Delay Restriction Tu (ms)
(a)

Fig. 8.
requirement.

the assigned power and the corresponding INI values, respec-
tively. We can know that lower INI can be achieved with the
benefit of lower power assigned. By contrast, more power can
be allocated to those sub-carriers with little interference for
improving rate performance. Moreover, when 7 = %, more
power is required to mitigate interference, as observed by
comparing Figs. 6(b) and 7(a), which results in comparably
smaller INI in Fig. 7(b), i.e., the original non-optimized INI
of around 600 mWatt is reduced to around 13 mWatt at
sub-carrier 4 under MNPRA. However, fixed numerology is
potentially unable to meet the requirement for complex use
cases of multi-service optimization, which will be discussed
in the following simulations.

C. Effect of Service Constraints

In Fig. 8, we have studied the EE performance of pro-
posed MNPRA algorithm under TD-/FD-MN constrained by
different service requirements. As shown in Fig. 8(a), we can
observe an increased EE curve with looser delay constraint
for URLLC services owing to more flexible numerology
assignment. Moreover, FD-MN inducing severe INI leads to
a comparably lower EE due to simultaneous satisfaction of
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Performance of the proposed MNPRA algorithm using TD-/FD-MN under different services constrained by (a) delay restriction and (b) QoS

both URLLC and eMBB services, especially when restricted
by higher QoS demands, which can also be found in Fig. 8(b).
Additionally, little performance difference can be reached
under relaxed requirements of delay and QoS in both results,
i.e., we have an EE difference from 5 x 10° to 10° bits/J
in FD-MN from 7, = 0.5 to 2 ms, as seen in Fig. 8(a).
To elaborate on a little further, we observe from Fig. 8(b) that
higher EE is attained if more power is utilized to flexibly and
properly assign radio resources for alleviating interferences of
ICI, IST and INI, i.e., it improves EE of around 5 x 10 bits/J
by increasing power from 25 to 35 dBm.

D. Impact of User Velocity

We evaluate the performance of user velocity on EE per-
formance of proposed MNPRA scheme considering different
channel delay spread 7rms € {2,28} us under TD-/FD-MN
in Fig. 9. Note that we fix Af; = 15 kHz and adjust different
Afy € {30,60} kHz, i.e., Q = ﬁjﬁf to observe the effect of
different numerology’s setting. Note that () = 1 is for TD-MN
adopting one type of the two numerologies {Af1, Afa} in
each RBG. We can readily observe that EE performance
monotonically decreases with the increment of velocity values
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Fig. 9. The EE performance versus user velocity vy, € [20, 180] km/hr under
different RMS delay spread Trms € {2, 28} ps and numerology configuration
of @ = Afa/Af1 € {2,4}. Note that Q = 1 is for TD-MN adopting one
type of the two numerologies in each RBG.

owing to severe ICI caused by the Doppler shift. Moreover,
we can see that the channel experiencing a longer delay spread
leads to a degradation of EE performance due to the ISI.
It has a better EE of Q = 4 than that of Q = 2 when it
experiences low RMS delay spread of 2 us, which is mainly
caused by lower ICI from wider bandwidth as observed from
(4). However, it performs reversely under high delay spread
of 28 us thanks to simultaneous mitigation of both ICI and
ISI. That is, selection of a smaller SCS @ = 2 is capable
of resolving comparably severe ISI problem in higher delay
spread than that in a lower one. Furthermore, when increasing
user speed, EE difference becomes remarkably larger from
@ = 2 to Q = 4 mainly due to high ICI generated by large
SCS. To elaborate a little further, we compare TD-MN and
FD-MN under delay spread of 28 ps. It is revealed that lower
EE is obtained when configured with FD-MN compared to
that with TD-MN, which is substantially affected by relentless
INL i.e., we observe an EE difference of about 1.5 x 106 bits/J
when SCS as {15,30} kHz and around 2.8 x 106 bits/J when
SCS as {15,60} kHz under most of user velocities. Such high
EE difference is mainly caused by high SCS since SCS with
60 kHz in SCS set of {15, 60} kHz causes larger INI than that
with SCS set of {15,30} kHz spacing.

E. Comparison Between SN/MN Under Different Scenarios

As depicted in Fig. 10, we evaluate the performance of
proposed MNPRA scheme under TD-/FD-MN by compar-
ing SN and fixed MN. Different scenarios are considered,
including low, medium and high as well as hybrid speed
levels, which represent user velocity of 20, 60, 200 and a
hybrid case of {20,200} km/hr, respectively. Note that one of
{15,30} kHz is adopted as SCS in SN, whilst Af; = 15 kHz
is set in MN. We know that large SCS is applicable for
ICI-dominated channels, whereas small SCS benefits ISI-based
environments. Therefore, similar observation can be readily
inferred from both Figs. 9 and 10 that TD-MN outperforms the
other mechanisms in support of flexible assignment of different
numerologies. Nevertheless, FD-MN is compromising its EE
for providing hybrid services, which is mainly degraded by INI
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effect. Moreover, FD-MN with fixed NBR n = % admits the
worst performance due to inflexibility of RB assignment for
different services, which induces even higher INI than flexible
NBR selection, i.e., around 10° bits/J degradation compared to
dynamic NBR allocation. Additionally, under a hybrid-speed
scenario, MNPRA under TD-/FD-MN is able to deal with all
interferences by striking a tradeoff between performance and
different service requirements.

In order to reveal its benefits of FD-MN in our proposed
MNPRA, we further evaluate the scenario with different ratios
of URLLC users to all serving users as {25, 50, 75}%. Note
that outage is calculated if the outcome does not satisfy
either constraints (15b) and (15d) for eMBB service or (15¢)
and (15e) for URLLC users. We can observe that under
fewer URLLC users, i.e., at a ratio of {25,50}%, MNPRA
in TD-MN attains the highest EE in Fig. 11(a) with an
acceptably lower outage probability in Figs. 11(b) and 11(c),
which is benefited by moderate assignment of RB and power.
Nonetheless, EE of SN configuration becomes inadequate by
considerably downgrading the outage performance owing to
little degree of freedom for flexible allocation, i.e., SN with
SCS of 15 kHz leads to around 0.25 throughput outage
and 0.09 delay outage under a ratio of 25% URLLC users.
We now turn to the results of FD-MN, which outperforms
the other mechanisms when 75% URLLC users are served.
This is because FD-MN allows the co-existence of multiple
numerologies within a single timeslot, supporting simultane-
ous throughput- and delay-oriented applications while mitigat-
ing induced interferences. FD-MN offering resilient services
performs a even lower outage below 0.05 than the other
configurations with respect to both throughput and delay
outage probabilities.

F. Benchmark Comparison of MNPRA

In Fig. 12, we compare the proposed MNPRA scheme to
the existing four benchmarks (BMs) in open literature and the
baseline as elaborated as follows.

o BM1: Sliding Window [17] utilizes a fixed-size tempo-
ral sliding window to gradually assign MN-based RBs
to mainly fulfill latency-aware applications. The power
is assigned to meet the essential requirement of rate-
oriented users. Note that the channel fluctuation is not
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(c) Energy versus user velocity vy,.

considered, that is, all RBs are considered to possess the
same channel condition.

o BM2: Priority Greedy [21] performs MN-enabled
resource allocation according to a priority-based greedy
method and queuing conditions. This method assigns
low-delay based numerology’s resources to the time-
critical tasks. The power is allocated to meet the QoS
constraint.

o BM3: SN-PRA [47] conducts EE-based power-RB allo-
cation under conventional SN structure. The problem
is resolved based on D.C. transformation as well as
integer relaxation for tackling binary variables. However,
it induces quantization errors when converting from the
continuous relaxed RB indicator to the discrete one.

« BM4: MNPRA-P employs solely power allocation
scheme in Algorithm 1 under MN, whereas RB is arbi-
trarily assigned. Note that we would like to observe the
improvement of either sub-carrier or power assignment.

o Baseline adopts a round robin method to randomly allo-
cate RBs in an MN-enabled system, whilst the power is
equally assigned constrained by its allowable maximum
transmit power.

Comparison between proposed MNPRA algorithm and other baselines. (a) EE versus user velocity v, (b) Throughput versus user velocity vy,

We can know from Figs. 12(a) and 12(b) that BM3 using
SN-based system experiences a stringent service under inflex-
ible frame structure, which results in a comparably lower
throughput and higher consumed energy than BMs 1 and 2
in an MN-enabled network. Following the same reason, the
difference of the required energy in SN-PRA is higher than
BMs 1 and 2 owing to its fixed framing. Moreover, BM1
reaches a better performance than BM2. This is because
BMI performs local optimization by sliding with a window
size, whilst priority based method will relentlessly sacrifice
the other user demands for supporting a more urgent task.
To elaborate a little further, as shown in Fig. 12(c), it reveals
a compelling performance gap in EE if improper RB policy is
conducted in an MN system, i.e., BM4 has an EE degradation
of around 30% and 45% compared to BMs 1 and 2 as well as
the proposed MNPRA scheme, respectively. Moreover, we can
achieve at least 15% improvement under the optimal power
allocation, i.e., MNPRA attains an enhanced EE compared
to BMs 1 and 2 from 6 x 10° to 7 x 10° bits/J] under
the lowest velocity. In this context, we can summarize from
Figs. 12(a) and 12(b) that the proposed MNPRA achieves
the highest throughput and consumes the lowest energy since
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it appropriately assigns RBs and power to conquer serious
impacts of INI, ISI, and ICI. As illustrated in Fig. 12(c),
MNPRA also results in the highest EE comparing to other
existing methods in open literature.

V. CONCLUSION

In this paper, we have conceived an MNPRA scheme to
resolve the designed EE optimization under a mobility-aware
MN network. We have also characterized the temporal and
spectral interferences of ICI, ISI and INI in MN. The
non-solvable problem is transformed into a convex and solv-
able one with the benefit of Dinkelbach process, D.C. approx-
imation and advanced integer relaxation. The local conver-
gence of MNPRA is proven and validated through theory and
simulation. We can observe that the proposed MNPRA can
strike a compelling tradeoff between EE improvement and
throughput/delay satisfaction under different parameter setting.
Benefited by flexible numerology and resource allocation, the
proposed MNPRA achieves the highest EE and throughput
performance as well as the lowest consumed energy compared
to the other existing benchmarks in open literature.
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