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ABSTRACT Fifth-generation (5G) of wireless networks are expected to accommodate different services
with contrasting quality of service (QoS) requirements within a common physical infrastructure in an
efficient way. In this article, we address the radio access network (RAN) slicing problem and focus
on the three 5G primary services, namely, enhanced mobile broadband (eMBB), ultra-reliable and low-
latency communications (URLLC) and massive machine-type communications (mMTC). In particular, we
formulate the joint allocation of power and resource blocks to the heterogeneous users in the downlink
targeting the transmit power minimization and by considering mixed numerology-based frame structures.
Most importantly, the proposed scheme does not only consider the heterogeneous QoS requirements of
each service, but also the queue status of each user during the scheduling of resource blocks. In addition,
imperfect Channel State Information (CSI) is considered by including an outage probabilistic constraint into
the formulation. The resulting non-convex problem is converted to a more tractable problem by exploiting
Big-M formulation, probabilistic to non-probabilistic transformation, binary relaxation and successive
convex approximation (SCA). The proposed solution is evaluated for different mixed-numerology resource
grids within the context of strict slice-isolation and slice-aware radio resource management schemes via
extensive numerical simulations.

INDEX TERMS RAN resource slicing, power minimization, resource block allocation, mixed-
numerologies, eMBB, URLLC and mMTC.

I. INTRODUCTION

THE UPCOMING fifth-generation (5G) of wireless
networks are expected to manage a wide variety

of verticals with different requirements such as high
data-rate, low-latency, and reliability [1]. According to
International Telecommunication Union Recommendations
(ITU-R), three generic usage scenarios, namely enhanced
mobile broadband (eMBB), ultra-reliable low-latency com-
munications (URLLC), and massive machine-type commu-
nications (mMTC) are expected in the 5G multi-service
wireless network [2]. Out of these, eMBB is a direct

extension of the current 4G broadband services, which
requires stable connections with higher data rates to support
applications like virtual reality (VR) [3] and high defi-
nition (HD) video [4]. URLLC aims to support the low
latency transmissions of small packets with high reliability,
and it covers applications such as industrial automation [5],
vehicular communications [6], and real-time tactile Internet
services [7]. Furthermore, mMTC [8] supports the services
that connect a massive number of devices, where each device
is intermittently active and sends small packets of data. It
covers applications like smart cities and sensor networks for
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farming [9]. However, the current one-size-fits-all network
architecture is not sufficiently flexible to accommodate these
services [10].
Accommodating eMBB, URLLC, and mMTC within the

same radio access network (RAN) architecture while ensur-
ing their potential co-existence is extremely challenging due
to their contrasting quality-of-service (QoS) requirements. In
5G, to overcome this problem, different services are allowed
to co-exist within the same network architecture by using
the so-called network slicing mechanism [11]. Network slic-
ing is a resource allocation mechanism that dynamically
shares the available computing, communication, and storage
resources among the existing services while guaranteeing
their isolation and required performance levels. This slicing
process can be executed on both the core network (CN) and
the radio access network (RAN) to create the end-to-end
logical networks or slices. In this article, we focus on the
optimization of the RAN slicing mechanism, which involves
the efficient allocation of physical radio resources available at
the base station. In particular, we concentrate on the transmit
power and the time-frequency unit or resource block (RB)
assignment.
On the other hand, the conventional uniform RB grid

definition considering single numerology currently utilized
by the 4G Long-Term evolution (LTE) has been shown to
be unsuitable for the heterogeneous verticals expected in
5G [12]. Since a standard underlying physical layer should
provide a multitude of different services simultaneously, a
separate radio architecture design for each service is not prac-
tical due to the complexity and additional cost. In addition,
it is not viable to design a one-fits-all solution to achieve
the requirements of all services [13]. To this end, flexible
mixed numerologies have been recently proposed for the 5G
air interface in 3GPP Release 15 [14]. As a result, each ser-
vice can choose an appropriate numerology to allocate its
data transmission while satisfying the stringent requirements
of each service [15].
Although mixed-numerologies enable enhanced flexibil-

ity, they also introduce new challenges related to the RAN
slicing mechanism. In particular, the dynamic allocation of
mixed-numerology-based RB and associated transmit power
in accordance with the instantaneous user traffic loads rep-
resents a major challenge. Furthermore, the effectiveness of
different resource slicing strategies such as slice-isolation
and slice-aware [16] need to be studied in the context of
resource allocation for various services with varying traffic
demands. Hence, in this article, inspired by [16], we firstly
consider slice-isolation and slice-aware radio resource allo-
cation schemes for allocating the RAN resources to users
with heterogeneous requirements. Later, we address the asso-
ciated resource allocation problems by jointly assigning the
transmit power and radio RBs with mixed numerologies to
the different users according to their requirements and queue
status. In the following sub-sections, we briefly review the
related works from the literature and highlight this article’s
contributions.

A. RELATED WORKS
Dynamic multiplexing of eMBB, URLLC, and mMTC
services using the slicing based RAN resource allocation
mechanisms has recently received a significant research
interest in the literature. Some of the relevant studies are
discussed briefly in the following.
The radio-channel and QoS aware resource scheduling

technique has been proposed in [17] for the dynamic alloca-
tion of the radio resources to the eMBB and URLLC users
according to their stringent QoS requirements. In [17], by
interacting with the link adaptation process, the proposed
scheduling mechanism adjusts the block error probabil-
ity (BLEP) of URLLC transmissions by following the
instantaneous traffic load in the cell. Also, a new channel
quality (CQ) measuring mechanism has been investigated
to enhance the efficiency of the URLLC link adaptation
process. Furthermore, the authors of [18] have investigated
the packet-size and control channel aware radio resource
allocation mechanism to improve the performance of the
scheduler proposed in [17]. A communication-theoretic
model has been introduced in [19] to provide a view on
non-orthogonal and orthogonal slicing of radio resources for
the dynamic co-existence of eMBB, URLLC and mMTC
services on the same physical network infrastructure. In [19],
the authors have considered the puncturing technique to
place the URLLC traffic on the ongoing eMBB transmis-
sions. The joint scheduling algorithm for the URLLC and
eMBB services has been designed in [20], where the URLLC
data traffic is scheduled on the eMBB resources to satisfy
the stringent latency requirement of URLLC service while
maximizing the utility of eMBB. In [21], the authors have
explored a risk-sensitive approach for the efficient schedul-
ing of radio resources to the URLLC and eMBB service.
Particularly, they considered a chance constraint to ensure
the URLLC reliability and conditional value at risk function
to measure the risk for eMBB users. Moreover, the afore-
mentioned works [17]–[21] prioritize the URLLC service
and schedule the URLLC traffic arrivals on the assigned
resources of eMBB service that leads to performance degra-
dation of eMBB in terms of data rate and reliability at
the higher URLLC traffic. Also, the proposed puncturing
based mechanisms increase the decoding complexity at the
receiver and control channel (CCH) overhead due to the
overlapping of services. Further, most of the works consid-
ered fixed numerology based time-frequency resources for
the scheduling process.
On the other hand, the radio resource allocation mech-

anisms with mixed-numerologies in time and frequency
domains have received increasing research attention due
to its flexibility in supporting different services within the
same transmit band. Optimization methods for the alloca-
tion of radio resources with variable RB structures (i.e., also
referred to as frame tailing approach) to the services with
different QoS requirements have been studied in [22], [23].
The authors of [22] considered the resource optimization
problem for capacity enhancement, and in [23], the authors
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investigated a resource allocation problem to maximize
the number of admitted users. However, the proposed
works [22], [23] assume that the time-frequency resources
mapping process is to be done at the pre-processing stage,
and it is decoupled from service scheduling. Further, at the
dynamic traffic demands, this frame tailing approach sub-
stantially increases the co-existence overhead by improving
the number of boundaries between numerologies.
Moreover, the works [13], [24] have investigated the

multiplexing of services in the frequency, time domains to
analyze the compatibility and support for the co-existence
of different services. In [24], the authors have confirmed the
efficiency of multiplexing of different numerologies in the
frequency domain through experimented field trails for the
performance evaluations of OFDM based 5G waveforms.
A multi-numerology and shortened time-slot based

resource allocation scheme has proposed in [25] to assign
the resources for different priority services. In this work,
the authors assumed that each time-slot chooses single
numerology according to the requirements of service type.
The selection of unique numerology in every time-slot can
avoid the effect of inter-numerology interference (INI) and
the occurred spectrum wastage due to the utilization of
guard-bands. By considering the RAN slices with differ-
ent numerologies, the authors have analyzed the trade-off
between the flexibility and overhead related to their poten-
tial co-existence in [26]. The slicing problem has been
considered in [27] to show how time-frequency resources
with different numerologies can be allocated to serve the
users in a 5G system. In [28], a resource optimization
method has investigated the allocation of radio resources
with mixed-numerologies to multiple users from latency
sensitive and latency tolerant services. Furthermore, in our
previous work [29], we have investigated the slice-aware
RAN resource allocation mechanism to optimize the LTE
standard radio resources (i.e., 0.5ms each transmission time
interval (TTI), 1ms sub-frame and 10ms frame) between
eMBB and URLLC services according to their stringent QoS
requirements. Also, in [29], we considered the modulation
coding scheme (MCS) based link adaptation process and dif-
ferent queue models for the allocation of resources to eMBB
and URLLC users.
However, the works mentioned earlier have not targeted

to design the resource slicing algorithms for energy-efficient
communication in OFDMA systems. Further, in the lit-
erature, many works extensively studied energy-efficient
resource allocation algorithms in 4G communication sce-
narios. Reference [30] investigated a resource optimization
problem for energy-efficient communication in OFDMA
systems with limited backhaul capacity and shown the trade-
off between energy efficiency and network backhaul capac-
ities. In [31], the authors have studied the energy-efficient
resource optimization in OFDMA heterogeneous networks
by considering the minimum data rate, rate fairness, and
BSs’ transmit power budget constraints. However, the works
in [30], [31] are not directly applicable to the upcoming

5G wireless networks, which support multiple services with
heterogeneous requirements. Besides, the energy-efficient
resource allocation algorithms have been majorly assumed to
allocate resource blocks with fixed numerology to the users
requesting a single service. In other words, the performance
efficiency of mixed numerologies within the context of RAN
resource allocation strategies for OFDMA systems has not
been investigated until today. Furthermore, none of the works
mentioned earlier studied the joint optimization of trans-
mit power and RBs of mixed-numerologies to the eMBB,
URLLC, and mMTC users while guaranteeing their stringent
QoS requirements. Moreover, most of the earlier mentioned
works did not consider the link adaptation process to select
true MCS.

B. MAJOR CONTRIBUTIONS
Motivated by these aforementioned observations, in this
work, we propose strict slice-isolation and slice-aware RAN
slicing strategies to ensure the efficient co-existence of
eMBB, URLLC, and mMTC services in the OFDMA
network. Furthermore, we jointly allocate the transmission
power and RBs with mixed-numerologies to the users by
considering the MCS based link adaptation process, differ-
ent traffic arrival patterns (i.e., queue models), and imperfect
channel state information (CSI). Importantly, we formulate
these RAN slicing problems as optimization problems to
minimize the consumed power of BS while satisfying the iso-
lation constraints, outage constraint, and QoS requirements
of users requesting different services. The main contributions
of the study are summarized as follows:

• Firstly, we formulate the joint power and RB allocation
problem to minimize the overall transmit power at the
BS while satisfying the isolation constraints, minimum
Signal-to-Noise Ratio (SNR) constraints, and latency
related constraints. Each service’s reliability require-
ments are ensured via adaptive MCS tailored to the
corresponding Block Error Probability (BEP). Due to
the presence of product terms in the objective functions
and binary optimization variable used for the allocation
of RBs, the formulated optimization problems are highly
non-convex and of combinatorial nature, which are very
difficult to solve in polynomial time. Therefore, a low-
complexity sub-optimal approach is proposed to jointly
address the power and RBs allocation problem using
the successive convex approximation (SCA) algorithm.

• Secondly, mixed-numerology based time-frequency
resource grid models are considered to allocate the
radio resources to the different users according to
their queue status and stringent QoS requirements.
Further, we compare the effectiveness of the different
mixed-numerology based resource grid models with the
conventional fixed-numerology based resource grid via
numerical simulations.

• Thirdly, strict slice-isolation and slice-aware radio
resource allocation mechanisms are considered for
multiplexing the users from URLLC, mMTC, and
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FIGURE 1. Illustration of DL single-cell cellular network serving URLLC, eMBB and
mMTC users according to their data traffic storage buffers (or queue status).

eMBB services efficiently on the same RAN infrastruc-
ture. In the slice-isolation scheme, a dedicated number
of resources are allocated to each slice, and no resource
sharing option is available among them. On the con-
trary, in the slice-aware scheme, the slices share the
available resources with the other slices by considering
the slice-specific control parameters. Further, through
the extensive simulation campaign, the performances of
slice-isolated and slice-aware resource allocation mech-
anisms with different mixed-numerologies are compared
in terms of achievable data rates, packet latencies, and
queue status, respectively.

• Fourthly, to achieve robustness to partially known chan-
nel uncertainties, we model the imperfect CSI at the
base station (BS) by including a probabilistic outage
constraint into the problem formulation.

The remainder of the paper is organized as follows.
The system model, channel model with and without CSI
and time-frequency resource grid models are discussed in
Section II. The power minimization problems based on
slice-isolated and slice-aware radio resource allocation mech-
anisms are formulated in Section III. The joint solution to
the power and RBs allocation is presented in Section IV. The
numerical evaluations are provided in Section V and finally,
conclusions are drawn in Section VI.

II. SYSTEM MODEL
We consider the orthogonal frequency division multiple
access (OFDMA) downlink (DL) scenario, where a BS pro-
vides coverage to K number of eMBB users, L number of

TABLE 1. Summary of notations.

URLLC users, and M number of mMTC users (i.e., over-
all K + L + M number of users) that are randomly located
across the network area as shown in Fig. 1. The users associ-
ated with the eMBB service, indexed by UE = {1, 2, . . . ,K}
generate the continuous traffic (i.e., full-buffer) with infinite
packet size. The users from URLLC service, indexed by
UL = {1, 2, . . . ,L} are assumed to generate bursts of small
packets of B bytes according to the FTP3 model [2] with
the arrival rate of λU [packets/sec]. The users belonging to
mMTC service, indexed by UM = {1, 2, . . . ,M} are assumed
to generate bursts of small packets in the range of 20 bytes
to 200 bytes by following the Pareto distribution [32]. The
complete details of the traffic models are given in Section V.
Also, we consider that all the data from higher layers are
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received at the BS and stored in their respective user-specific
transmission buffers until they get served as shown in Fig. 1.
Note that in this work we assume the optimal data buffer
sizes that equal the bandwidth delay product and do not
cause the buffer bloat problems.
The BS serves the set of all active users {1, 2, 3, . . . ,K+

L + M} in the cell by allocating the time-frequency radio-
resource blocks (RBs) with optimized powers. The complete
details of time-frequency frame numerologies are discussed
in the following section.

A. TIME-FREQUENCY FRAME NUMEROLOGIES
Unlike the 4G LTE system, the 5G wireless system adopts
the scalable numerologies to satisfy the QoS requirements
imposed by different services include eMBB, URLLC, and
mMTC. Due to the utilization of scalable numerologies, the
5G’s RB can have the bandwidth equal to 2μ times of RB’s
bandwidth in 4G LTE system (i.e., 180 KHz) and the time-
slot interval equal to T = 1

2μ ms, where μ = {0, 1, 2}
represents the numerology index. Also, each time-slot has
14 OFDM symbols in the time-duration of T ms. Further,
the RB is defined as the minimum resource allocation unit
that comprises of one mini-slot and 12 sub-carriers with
SCS of 2μ × 15 kHz. Therefore, the bandwidth of an RB
varies from 180 KHz to 720 KHz depending the value of μ
(i.e., numerology index). The complete details of the scalable
numerologies are also summarized in Table 2.
In addition, to satisfy the requirements of critical latency

services, we consider a mini-slot based frame structure where
each time-slot is further divided into two mini-slots. Each
mini-slot consists of 7 OFDM symbols in the time interval
of T/2 ms. The slot and mini-slot based frame structures
are shown in Fig. 2.
Herein, we assume that eMBB, URLLC, and mMTC

services are simultaneously provided by a single cell.
According to [33], lower numerologies are more appropriate
for mMTC due to its support for a large number of simul-
taneously connected devices with lower power. Intermediate
numerologies are suitable for eMBB, which requires higher
data rates. Higher numerologies are more suitable for
latency-critical applications of the URLLC service since
they transmit short bursts of data packets. Therefore, for
the mixed-numerologies case, eMBB service would priori-
tize Numerology 2 with SCS of 30 kHz and 0.25ms of TTI
duration (i.e., SCS index μ = 1), mMTC service would pri-
oritize Numerology 1 with SCS of 15 kHz and 0.5ms of
TTI duration (i.e., SCS index μ = 0), and URLLC service
would prioritize Numerology 3 with SCS of 60 kHz and
0.125ms of TTI duration (i.e., SCS index μ = 2).

1) MULTIPLEXING OF MIXED NUMEROLOGIES IN
FREQUENCY DOMAIN

In this model, the available carrier bandwidth for the DL
transmissions is divided into many bandwidth parts (BWPs).
It depends on the requirements of assigned service to the
BWP that selects the suitable numerology. Note that the

FIGURE 2. (a) Slot based frame and (b) Mini-slot based frame.

TABLE 2. 5G NR frame numerology.

BWP represents a dedicated time-frequency resource slice
for a specific service. In this article, we assumed that proper
BWP design have been already established based on the
expected usage of the BS.
According to the chosen numerology, each BWP is par-

titioned into Fi number of sub-bands, indexed by fi =
{1, 2, . . . ,Fi} in the frequency-domain and Ti number of
TTIs, indexed by Ni = {1, 2, . . . , Ti} in the time-domain.
Therefore, a total Fi × Ti number of RBs are available for
the service using the ith numerology. While this scheme
does not require strict time synchronization procedures, the
INI arises due to the utilization of different numerologies in
the adjacent sub-bands. Thus, a fixed guard band is placed
between the two adjacent numerologies (i.e., sub-bands) to
suppress INI. This time-frequency resource grid model is
shown in Fig. 3(a).

2) MULTIPLEXING OF MIXED NUMEROLOGIES IN TIME-
DOMAIN

In this model, the multiplexing of the different services is
done in time-domain, where every sub-frame of a frame is
assigned to a specific service. Further, each sub-frame selects
unique numerology to achieve the requirements of assigned
service as shown Fig. 3(b). Similar to the frequency-domain
multiplexing, we assume that the time division of the frame
into different numerologies is already optimized in advanced
based on the expected usage of the BS.

VOLUME 1, 2020 1587



KORRAI et al.: JOINT POWER AND RB ALLOCATION FOR MIXED-NUMEROLOGY-BASED 5G DOWNLINK UNDER IMPERFECT CSI

FIGURE 3. (a) Different numerologies in Frequency-domain, (b) different
numerologies in time-domain and (c) Fixed Numerology.

This model suppresses the INI and wastage of spec-
trum due to the implementation of guard bands in the
adjacent numerologies. However, the multiplexing in time

translates into some time periods between numerologies
which may negatively affect the performance of certain
services (e.g., URLLC latency requirements may not be
satisfied if μ = 2-numerology is widely separated in time.

Now by using the frame numerology, the available trans-
mission bandwidth is divided into multiple sub-bands, and
the time-duration is slotted into multiple mini-slots (or TTIs),
as shown in Fig. 3(b). Further, the same frame numerology
assignment process is applied to all the sub-frames of a
frame according to the assigned service. In this model, the
utilization of the same RB structure for the complete dura-
tion of the sub-frame maintains the orthogonality between
the consecutive RBs.
By following the chosen numerology, the available time-

frequency resources in the sub-frame are divided into Fi×Ti
number of RBs. The sets of sub-bands and time-slots are
indexed by fi = {1, 2, 3, . . . ,Fi} and Ni = {1, 2, 3, . . . , Ti}.
Note that each sub-frame represents a dedicated resource
slice for a particular service.

3) FIXED NUMEROLOGY

Fixed numerology based resource grid is currently used in
the 4G LTE systems, where each RB comprises of 12 consec-
utive sub-carriers (i.e., for a complete bandwidth of 180KHz
with 15KHz SCS) and 7 OFDM symbols in a time-slot of
0.5 ms. It is also one of the candidate numerologies for the
upcoming 5G NR systems (i.e., μ = 0).

In this model, the available frequency bandwidth for the
DL transmissions is divided into F sub-bands indexed by f =
{1, 2, . . . ,F} and the time interval is slotted into transmission
time intervals (TTIs) indexed by t = {1, 2, . . . ,N} as shown
in Fig. 3. The complete resource time-frequency resource
grid consists of F × N numbers RBs, where each RB from
the resource grid utilizes the same numerology with a fixed
SCS and a fixed time-slot duration as shown in Fig. 3 (c).

B. CHANNEL MODEL
In most of the previous works, the resource scheduling mech-
anism is investigated by assuming the perfect CSI at the
BS. However, in practice, due to some limitations such as
limited (or delayed) feedback, quantization errors, CSI esti-
mation errors, it is challenging to obtain perfect CSI at the
BS. Hence, in this work, we propose a new optimization
framework which takes into account the imperfect CSI.
In particular, we assume that the imperfect small scale

fading channel is estimated at the BS before performing
the resources optimization. In the following, since the large
scale fading path loss and shadowing parameters are slowly
varying and we assume that these can be estimated at the
BS perfectly [34]. By utilizing the minimum mean square
channel estimation error technique [35], the perfect channel
coefficient between the BS and scheduled user on the RB
(ti, fi) of numerology i is modeled as

huti,fi = ĥuti,fi + euti,fi (1)
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TABLE 3. Modulation and coding schemes (MCS) for eMBB, URLLC and mMTC services with different BEPs.

where ĥuti,fi ∼ CN (0, 1−σ 2
e ) and e

u
ti,fi

∼ CN (0, σ 2
e ) represent

the estimated CSI and estimated error, respectively. When
the BS acquires the perfect CSI, the achievable SNR of the
user ‘u’ on the RB (ti, fi) is computed as

ϕuti,fi =
∣
∣
∣huti,fi

∣
∣
∣

2
puti,fid

−ν
BS,u

σ 2
o

(2)

where puti,fi is the allocated power to the each RB, dBS,u
is the distance between the user and the BS, ν is the path
loss exponent, and σ 2

o is the noise power. Now, according to
Shannon’s theory, the maximum scheduled data rate of the
user ‘u’ on the RB (ti, fi) is expressed as

Cuti,fi = Buti,fi · log2

(

1 + ϕuti,fi

)

(3)

where Buti,fi is the bandwidth of the RB with numerology
‘i’. Further, the achievable SNR of the user ‘u’ on the RB
(ti, fi) with imperfect CSI can be computed

γ uti,fi = Suti,fi
σ 2
o

(4)

where Suti,fi = |ĥuti,fi |2puti,fid−ν
BS,u. The achievable data rate of

the user ‘u’ on the RB with the imperfect CSI is written as

Du
ti,fi = Buti,fi · log2

(

1 + γ uti,fi

)

(5)

When the resource scheduling process is executed based
on the imperfect estimated CSI, the scheduled data rate may
exceed Shannon’s data rate (i.e., maximum data rate). In this
scenario, the transmission may fail, which results in data out-
age [36]. Therefore, the outage probability is considered as a
metric to measure the performance of case when the achiev-
able data rate with imperfect CSI exceeds the scheduled data
rate with perfect CSI (i.e., Shannon’s data rate). Further, the
outage probability condition imposed by imperfect CSI can
be expressed as

Pr
(

Cuti,fi < Du
ti,fi

)

≤ �out (6)

where 0 < �out < 1.

C. LINK ADAPTATION PROCESS
In this process, first each user estimates the channel quality
indicators (CQIs) for all the available RBs and feeds back
its CQIs to the BS. If the RB is scheduled to the particular
user, the MCS method enables the wireless system to select
the suitable coding scheme according to the obtained CQI.
Based on the BEP, and the received CQI feedback from
the user, the minimum SNR threshold is set to achieve the
appropriate MCS. Now, the data bits that can be transmitted
on each RB of numerology i is computed as [29]

Ru
ti,fi = PRB · I

(

γ uti,fi

)

(7)

where PRB is the number of resource elements (REs) per
RB after accounting the reference signals, and I(.) is the
spectral efficiency (SE) of the selected MCS from Table 3
according to the estimated SNR. The reliability requirements
of eMBB, URLLC, and mMTC are different from each other.
Therefore, in our study, three distinct MCSs are considered,
and the corresponding SNR levels of MCS for different BEP
targets are given in Table 3 [29], [37]. Particularly, BEPs
BM = 10−1,BE = 10−3, and BU = 10−5 are considered for
mMTC, eMBB and URLLC, respectively.
Then, the bit-rate of user that belongs to the service eMBB

or URLLC or mMTC can be computed as

Ru
s =

∑

i∈{1,2,3}

Ti∑

ti=1

Fi∑

fi=1

xuti,fiR
u
ti,fi ,

∀u ∈ UE : s = mbb
∀u ∈ UL : s = llc
∀u ∈ UM : s = mtc.

(8)

III. POWER MINIMIZATION BASED RADIO RESOURCE
SLICING MECHANISMS
In this section, the following two approaches are consid-
ered for slicing the RAN resources at a sub-frame level for
services with different QoS requirements.

• Strict slice-isolation: In this approach, a dedicated num-
ber of radio resources are assigned to slices without
sharing options among services. In other words, each
service is associated to a specific numerology, and
cannot operate in other numerologies.
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• Slice-aware: In this approach, slices share the avail-
able radio resources with other slices under specific
constraints. These constraints ensure the performance
guarantees of individual slices without adversely affect-
ing each other’s performance. Therefore, the services
would be preferably assigned to a specific numerology
but their operation in other numerologies is allowed.

Although the complexity of implementation and manage-
ment of the slice-aware method is higher as compared to
the slice-isolation scheme, it improves the resource utiliza-
tion by efficiently allocating them to services according to
its dynamic traffic arrivals.
By invoking the aforementioned mechanisms, the available

RAN radio resources in the network are divided into multiple
resource slices where each resource slice is assigned to the
specific service. Further, the available RAN radio resources
of each slice are allocated to requested users according to
its traffic arrivals. Notice that the RAN radio resources
considered for allocation in this work are transmit power
and RBs.
In this work, we are interested in investigating (1) how to

efficiently schedule the resources among eMBB, URLLC and
mMTC to minimize the consumed power at the BS, thereby
maximizing the energy efficiency while ensuring their spe-
cific QoS requirements; (2) how much transmit power is
needed at the BS to support the users requesting different
services in the network to achieve their specifications under
the consideration of CSI imperfections and different traffic
loads. Motivated by these interests, the joint power and RBs
allocation problems are formulated as power-minimization
problems in this section.
Furthermore, the resource allocation is performed at the

sub-frame level. Thus, each sub-frame has
∑

i(Fi×Ti) num-
ber of RBs for the selected time-frequency resource grid. It is
important to note here that the RBs can have different frame
numerologies (i.e., SCS 30 KHz) to satisfy the requirements
of users.
In the power minimization problem, the joint allocation of

RBs and power to the users is considered with the objective
of minimizing the total transmit power consumption at the
BS subject to the following constraints:

• Scheduling constraint: With the help of a Boolean vari-
able xuti,fi which represents the association between the
user ‘u’ and RB (ti, fi) of numerology i, the binary
scheduling constraint is mathematically formulated as,

xuti,fi =
{

1; If RB (ti, fi) is allocated to user ‘u’
0; Otherwise

}

(C1)

• Orthogonality constraint: To comply with the require-
ment of OFDMA systems that an RB can only be
allocated to a single user, we impose the following
orthogonality constraint as

K+L+M
∑

u=1

xuti,fi ≤ 1; ∀i, ti, fi, u. (C2)

• Slice-isolation constraint: In strict slice-isolation based
resource allocation scheme, sharing of resources among
slices is not allowed; this is compactly referred to
as slice isolation constraint. By using xuti,fi , the slice
isolation constraint is formulated as

xuti,fi = 0;
⎧

⎨

⎩

∀u ∈ {UE ∪ UL}, t3, f3 or
∀u ∈ {UM ∪ UL}, t2, f2 or
∀u ∈ {UE ∪ UM}, t1, f1.

⎫

⎬

⎭
(C3)

• Channel outage constraint: To account for the channel
imperfections, the channel outage probability constraint
is considered per RB as given below,

Pr
(

Cuti,fi < Du
ti,fi

)

≤ �out,∀u, ti, fi, i. (C4)

where Pr(Cuti,fi < Du
ti,fi
) represents the probability of the

achievable data rate of the user on the scheduled RB
with perfect CSI is lesser than the achievable data rate
of the user on the scheduled RB with imperfect CSI.

• Minimum SNR constraint per RB: Every active user
from a URLLC or eMBB or mMTC service has to at
least achieve a corresponding minimum level of SNR
(i.e., γ sth, s ∈ {E,L,M}) on the assigned RB; this is
simply referred to as minimum SNR constraint per RB.
The minimum SNR constraint per RB is expressed as,

γ uti,fi ≥ xuti,fiγ
s
th;
⎧

⎨

⎩

∀u ∈ UM, t3, f3,
∀u ∈ UL, t1, f1,
∀u ∈ UE, t2, f2.

⎫

⎬

⎭
(C5)

This constraint helps the user to transmit the required
number of bits on the scheduled RB according to its
requesting service. Note that this constraint can be mod-
ified later on in the text by taking the outage requirement
into account.

• QoS Constraint for eMBB: Every scheduled eMBB
user must receive at least eu number of RBs for
every sub-frame to satisfy its overall minimum data
rate requirement; this is simply referred to as QoS
Constraint for eMBB. The QoS Constraint for eMBB
is expressed as

T2∑

t2=1

F2∑

f2=1

xut2,f2 ≥ eu; ∀u ∈ UE (C6)

• QoS Constraint for URLLC: Every scheduled URLLC
should receive at least βu number of RBs from the
dedicated URLLC slice to vacate the available packets
in the queues of URLLC users; this is referred to as
QoS constraint for URLLC, which is expressed as

T1∑

t1=1

F1∑

f1=1

xut1,f1 ≥ βu; ∀u ∈ UL (C7)

where βu = min(	u,wu), wu is the number of available
packets in uth URLLC user’s queue and 	u is the utmost
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available number of RBs for each URLLC user. Further,
	u is obtained by

	u = wu
∑L

u=1 wu

l (9)

where 
l represents the number of available RBs in the
URLLC slice.

• QoS Constraint for mMTC: Every scheduled mMTC
user should receive at least αu number of RBs from
the dedicated mMTC slice to transmit the available data
packets of mMTC users; this is called as QoS constraint
for mMTC, which is written as

T3∑

t3=1

F3∑

f3=1

xut3,f3 ≥ αu; ∀u ∈ UM (C8)

where αu = min(ψu, τu), τu is the number of available
packets in uth mMTC user’s queue and ψu is the at
most available number of RBs for each mMTC user.
Further, ψu is obtained by

ψu = τu
∑M

u=1 τu

m (10)

where 
m represents the number of available RBs in
the mMTC slice.

• Power-related constraints: The transmit power of the
scheduled RB should be positive, and the sum of
assigned transmit powers to all the scheduled RBs
should not be more than the maximum available trans-
mission power (i.e., budget power) at the BS; these
are referred to as power-related constraints, which are
expressed as

puti,fi ≥ 0; ∀ti, fi, u (C9)

∑

i∈{1,2,3}

K+L+M
∑

u=1

Fi∑

fi=1

xuti,fip
u
ti,fi ≤ PMax,∀ti (C10)

The objective function, the overall power consumption of
the BS for each sub-frame, is then given by

Ptot =
∑

i∈{1,2,3}

Ti∑

ti=1

Fi∑

fi=1

K+L+M
∑

u=1

xuti,fip
u
ti,fi . (11)

A. SLICE-ISOLATION BASED POWER AND RB
ALLOCATION PROBLEM
The complete slice-isolation based power minimization
problem is formulated as

(P1:) min{

xuti,fi
, puti,fi

} P tot

subject to

(C1): xuti,fi ∈ {0, 1}; ∀i, ti, fi, u

(C2):
K+L+M
∑

u=1

xuti,fi ≤ 1; ∀i, ti, fi

(C3): xuti,fi = 0;
⎧

⎨

⎩

∀u ∈ {UM ∪ UL}, t2, f2;
∀u ∈ {UE ∪ UL}, t3, f3;
∀u ∈ {UE ∪ UM}, t1, f1;

⎫

⎬

⎭

(C4): Pr
(

Cuti,fi < Du
ti,fi

)

≤ �out,∀u, ti, fi, i;

(C5): γ uti,fi ≥ xuti,fiγ
s
th;
⎧

⎨

⎩

∀u ∈ UM, t3, f3;
∀u ∈ UL, t1, f1;
∀u ∈ UE, t2, f2;

⎫

⎬

⎭

(C6):
T2∑

t2=1

F2∑

f2=1

xut2,f2 ≥ eu; ∀u ∈ UE

(C7):
T1∑

t1=1

F1∑

f1=1

xut1,f1 ≥ βu; ∀u ∈ UL

(C8):
T3∑

t3=1

F3∑

f3=1

xut3,f3 ≥ αu; ∀u ∈ UM

(C9): puti,fi ≥ 0; ∀ti, fi, u

(C10):
∑

i∈{1,2,3}

K+L+M
∑

u=1

Fi∑

fi=1

xuti,fip
u
ti,fi ≤ Pmax,∀ti

(12)

Remarks:

• The value of SNR threshold γ sth requires to select from
the MCS table according to the individual requirement
of each service.

• The constraints (C5) and (C6) help the eMBB users
to maintain the minimum rate requirement for every
sub-frame. For instance, assume that the feasible SNR
threshold (i.e., γ Eth in (C4)) for eMBB service is 17.8dB,
the minimum number of required RBs (i.e., eu in (C5))
for each eMBB user is 5, MCS13 is the respective
coding scheme to the provided SNR threshold, and
the SE of MCS13 is 3.90 bits/symbol. As a result,
every user from the eMBB service transmits at least
60 × 3.90 = 234 bits per RB. Finally, each user can
transmit at least 234 × 5 = 1170 bits for a sub-frame.
Similarly, the constraints (C5) and (C7) together take
the advantage to vacate the queues of URLLC users,
and also, the combination of constraints (C5) and (C9)
satisfies the QoS requirement of mMTC users.

• We point out that the considered optimization problem
might be infeasible because of the constraints related
to the QoS requirements. In this case, an appropriate
parameter setting for such constraints is essential to
obtain a feasible problem formulation. We choose the
parameters γ sth, eu, βu, and αu appropriately as like [23].
Importantly, it is essential to consider admission control
in addition to the power and RBs assignment into the
problem formulation to avoid the issue of infeasibility,
but this is out of the scope of this article.

The strict slice-isolation based radio resource alloca-
tion mechanism cannot fully utilize the the available radio
resources of a slice under low traffic conditions. Moreover,
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this mechanism does not share the underutilized resources
with other slices that strive for more resources. Therefore, in
the following section, we also formulate the slice-aware radio
resource allocation mechanism to improve the utilization of
radio-resources.

B. SLICE-AWARE POWER AND RB ALLOCATION
PROBLEM
In this approach, as mentioned in the previous section, slices
share the available radio resources with the other slices.
Therefore, the constraint (C3) for the slice-isolation is not
required for this optimization problem. Furthermore, when
the scheduled URLLC user requires some additional RBs
because of its traffic demand, then it takes the required
number of RBs from other slices. In order to get some
additional RBs from the other slices, the following constraint
is considered for every user as,

Ti∑

ti=1

Fi∑

fi=1

xuti,fi ≥ ζi,u; ∀u ∈ UL, i ∈ {2, 3} (C11)

where ζu = min(κ, ξu) for the mixed numerologies in time
domain, and ζu = �min(κ, ξu)/2	 for the mixed numerolo-
gies in frequency domain, where ξu = max(0,wu −	u) and
κ is a threshold value that is provided in the simulation
section.
Similarly, for the mMTC users, in order to access the RBs

of other slices, the constraint (C12) is written as

Ti∑

ti=1

Fi∑

fi=1

xuti,fi ≥ ηu; ∀u ∈ UM, i ∈ {1, 2} (C12)

where ηu = min(ρ, χu) for the mixed numerologies in time
domain, and ηu = �min(ρ, χu)/2	 for the mixed numerolo-
gies in frequency domain, where χu = max(0, τu − ψu).
In order to improve the data rates, the eMBB users may
access the underutilized resources of other slices using the
following constraint as

Ti∑

ti=1

Fi∑

fi=1

xuti,fi ≥ Ei,u; ∀u ∈ UE, i ∈ {1, 3} (C13)

where E1,u = max(0, �
U−∑L
u=1 βu−

∑M
u=1 ηu

K 	) , and E3,u =
max(0, �
M−∑L

u=1 ζu−
∑M

u=1 αu
K 	).

The complete slice-aware resource allocation problem is
mathematically formulated as

(P2:) min{

xuti,fi
, puti,fi

} P tot

subject to

(C1), (C2), (C4)− (C10) in (P1)

(C11):
Ti∑

ti=1

Fi∑

fi=1

xuti,fi ≥ ζu; ∀u ∈ UL, i ∈ {2, 3}

(C12):
Ti∑

ti=1

Fi∑

fi=1

xuti,fi ≥ ηu; ∀u ∈ UM, i ∈ {1, 2}

(C13):
Ti∑

ti=1

Fi∑

fi=1

xuti,fi ≥ Ei,u; ∀u ∈ UE, i ∈ {1, 3} (13)

The formulated optimization problems (P1) and (P2) are
combinatorial and highly non-convex due to the binary
constraint (C1) and the objective functions, probability
constraint (C4), and constraint (C10), respectively. These
problems are generally referred to as mixed-integer non-
convex optimization problems, which are not easy to solve
optimally in polynomial time. In general, the exhaustive
search or brute-force method is essential for attaining the
globally optimal solution (i.e., close to the analytical solu-
tion). However, such a technique has exponential complexity
with respect to RBs, which is computationally infeasible
even for lower dimensions. In order to avoid the higher
computational complexities, in the next section, we propose
low-complex sub-optimal solutions based on a successive
convex approximation to the aforementioned problems.

IV. SOLUTION TO POWER MINIMIZATION BASED
RESOURCE ALLOCATION SCHEMES
In this section, we provide solutions to the aforementioned
slice-isolation and slice-aware resource optimization prob-
lems, where each solution comprises of four major steps as
outlined in the following.

A. SOLUTION TO SLICE-ISOLATION PROBLEM
• Step 1 (Big-M Formulation): A reason for the non-
convexity of (P1) is the presence of product term (i.e.,
xuti,fip

u
ti,fi

) in objective function and constraint (C10).
Towards addressing this issue, we introduce the follow-
ing scheduling constraint based on big-M formulation
theory to ensure that if xuti,fi = 0, then puti,fi = 0 [38],

0 ≤ puti,fi ≤ xuti,fiPmax (14)

By using (14), the optimization problem (P1) is refor-
mulated as

(P1a:) min{

xuti,fi
, puti,fi

} P̂tot

subject to

(C1)− (C8) in (P1)

(C9): 0 ≤ puti,fi ≤ xuti,fiPMax; ∀ti, fi, u

(C10):
∑

i∈{1,2,3}

K+L+M
∑

u=1

Fi∑

fi=1

puti,fi ≤ Pmax,∀ti

(15)

where P̂tot = ∑

i∈{1,2,3}
∑Ti

ti=1

∑Fi
fi=1

∑K+L+M
u=1 puti,fi .

Remarks:

– The constraint (C9) is valid for both xuti,fi = 1 and
xuti,fi = 0. When xuti,fi = 0, it leads to no power
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assignment to the RB and at most Pmax of power
is assigned to RB if xuti,fi = 1.

• Step 2 (Probabilistic to Non-Probabilistic
Transformation): The probabilistic constraint (C4)
is a cause for the non-convexity of (P1a). To address
this issue, the probabilistic constraint needs to be
transformed into the non-probabilistic constraint. In this
context, we use the following approximation [34], [39]
to transform the probabilistic constraint into a
non-probabilistic as

Pr
(

Cuti,fi < Du
ti,fi

)
(a)= Pr

(

ϕuti,fi < γ uti,fi

)

= Pr

[∣
∣
∣huti,fi

∣
∣
∣

2
puti,fid

−ν
BS,u < Suti,fi

]

= Pr

[
∣
∣
∣huti,fi

∣
∣
∣

2
<

Suti,fi
puti,fid

−ν
BS,u

]

= F∣
∣
∣huti,fi

∣
∣
∣

2

(

Suti,fi
puti,fid

−ν
BS,u

)

(16)

(a) gives that the outage probability is bounded by
Pr(ϕuti,fi < γ uti,fi) [39]. Since Pr(Cuti,fi < Du

ti,fi
) ≤ �out,

Suti,fi = F−1
∣
∣
∣huti,fi

∣
∣
∣

2(�out) p
u
ti,fid

−ν
BS,u (17)

where F−1
|huti,fi |2

(·) is the inverse cumulative distribu-

tion function (CDF) of a non-central chi-square with

non-centrality parameter
2|ĥuti,fi |

2

σ 2
e

and 2 degrees of free-
dom [34]. By using (17), the achievable SNR of user
‘u’ on the RB with the estimated CSI is written as

γ̃ uti,fi =
F−1
∣
∣
∣huti,fi

∣
∣
∣

2(�out)puti,fid
−ν
BS,u

σ 2
o

(18)

By using (18), it is possible to incorporate the out-
age constraint (C4) into the minimum SNR constraint
(C5). Now, the power-minimization problem (P1a) is
reformulated as

(P1b:) min{

xuti,fi
, puti,fi

} P̂tot

subject to

(C1)− (C3) in (P1a)

(C5): γ̃ uti,fi ≥ xuti,fiγ
s
th,∀ti, fi, u

(C6)− (C10) in (P1a) (19)

• Step 3 (Penalized Formulation): The optimization
problem (P1b) is combinatorial due to the binary con-
straint (C1). To circumvent the combinatorial nature of
the optimization problem (P1b), we relax the binary
variable xuti,fi between 0 and 1; this relaxation ren-
ders (P1b) as a convex problem. However, the relaxed
problem is not guaranteed to obtain the binary solutions
for xuti,fis. In the context resource allocation attaining

Algorithm 1 Successive Convex Approximation for
Resource Allocation Problem

1: Initialization: Tolerance: μ = 10−5, ϒ = 1, P(0)tot = 0, penalty
parameters: λ1, λ2, j = 1, and initial point : (xuti,fi)

(0)

2: while ϒ ≥ μ do
3: (i) Obtain P(j)tot and {(xuti,fi)

j, (puti,fi)
j} by solving (P1d) for

the slice-isolation resource allocation problem.
4: (ii) Obtain P(j)tot and {(xuti,fi)

j, (puti,fi)
j} by solving (P2d) for

the slice-aware resource allocation problem.
5: Update: ϒ = |P(j)tot − P(j−1)

tot |
6: Set j = j+ 1
7: end while
8: Output: (xuti,fi)

∗ = (xuti,fi)
j

9: (puti,fi)
∗ = (puti,fi)

j for (xuti,fi)
j = 1, and else 0.

strict binary solutions for xuti,fi is paramount. Therefore,
to promote the binary xuti,fis, the relaxed problem is
further penalized as follows

(P1c:) min{

xuti,fi
, puti,fi

} P̂tot − λ1

∑

i

∑

ti

∑

fi

∑

u

Y
(

xuti,fi

)

subject to

(C1): 0 ≤ xuti,fi ≤ 1; ∀ti, fi, u
(C2), (C3) and (C5 − C10) in (P1b) (20)

where λ1 is a penalty factor and Y(xuti,fi) is penalty
function for promoting binary solutions. We consider
Y(xuti,fi) = (xuti,fi)

2 − xuti,fi as a penalty function [40],
which is convex in the region of [0,1]. This function
induces no penalty at the value of xuti,fi is either ‘0’
or ‘1’, and increases the penalty as the value of xuti,fi
moves away from ‘0’ or ‘1’ with the maximum penalty
at xuti,fi = 0.5. With appropriate value for λ1, the binary
nature of xuti,fis in (P1c) can be ensured.

• Step 4 (DC Programming): Now, the problem (P1c)
is a class of DC problem, since the objective func-
tion of (P1c) is a difference of two convex functions
and constraint are linear and convex. In this regard,
we utilize the successive convex approximation (SCA)
algorithm to the DC problem in (20). In this algorithm,
the following two steps are performed iteratively until
the convergence:
(i) Convexification by Taylor series approximation:
Assume (xuti,fi)

j−1 is the estimate of xuti,fi in the (j−1)th

iteration. In the jth iteration, the concave part of
the objective in P1c, i.e., −∑i

∑

ti

∑

fi

∑

u Y(x
u
ti,fi
) is

replaced by its first order Taylor approximation around
the estimate of (xuti,fi)

j−1

− Y
(

xuti,fi

)

≤ −Y
((

xuti,fi

)j−1
)

−
((

xuti,fi

)

−
(

xuti,fi

)j−1
)

∇Y
(

xuti,fi

)

(21)
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(ii) Optimization: The next update (xuti,fi)
j+1 is acquired

by solving the convex problem given in P1d. Notice that
the objective in (P1d) is an upper bound to P1c. Hence,
the problem (P1d) is an upper bound to the problem in
(P1c) where the bound is tight at the current iteration.

Feasible initial point (FIP) selection: Since a possible ini-
tial point is essential for the SCA-based algorithm’s efficient
performance, we obtain a feasible initial point (FIP) that con-
verges to a stationary point of the problem P1c using the
following steps:
Step 1: Allocate the equal transmit powers to all the

available RBs (i.e., puti,fi = Pmax/
∑3

i=1 Fi).
Step 2: Solve the following optimization problem

(FIP1:) min{

xuti,fi

} P̂tot

subject to

(C1): 0 ≤ xuti,fi ≤ 1; ∀ti, fi, u
(C2), (C3), and(C5)− (C8) in (P1b) (23)

By solving the above optimization problem, we obtain the
FIP for solving the strict slice-isolation problem. Note that
the FIP need not to be binary, but it must satisfy all the
other optimization problem constraints.

B. SOLUTION TO SLICE-AWARE PROBLEM
The similar approach as of to solve the problem (P1) is also
applied to solve the problem (P2). By following the simi-
lar procedures given in Step 1-Step 3 of the slice-isolation
solution, the optimization problem for slice-aware approach
is reformulated as

(P2c:) min{

xuti,fi
, puti,fi

} P̂tot − λ2

∑

i

∑

ti

∑

fi

∑

u

Y
(

xuti,fi

)

subject to

(C1): 0 ≤ xuti,fi ≤ 1; ∀ti, fi, u
(C2), (C5), (C6)− (C10) in (P1b),

(C11)− (C13) in (P2) (24)

To solve the problem (P2c), we need to apply the steps
(i) Taylor series approximation and (ii) update of feasible
point, which is done by solving the problem (P2d).
In order to solve the problem (P2d), we need an FIP that

can be obtained by using the following two steps:

Step 1: Allocate the equal transmit powers to all the
available RBs (i.e., puti,fi = Pmax/

∑3
i=1 Fi).

Step 2: Solve the following optimization problem

(FIP2:) min{

xuti,fi

} P̂tot

subject to

(C1): 0 ≤ xuti,fi ≤ 1; ∀ti, fi, u
(C5) in (P1b)

(C2), (C3), (C6)− (C8), (C11)− (C13) in (P2)

(26)

Optimization problems in (22) and (25), as shown at the bot-
tom of the page, are convex because objective functions are
convex, and constraints are linear and convex. Thus, these
problems can be solved easily by using standard convex
optimization tools like CVX [41]. Algorithm 1 briefs the
steps of an iterative procedure involved in solving problems
(P1c) and (P2c). This algorithm provides the improved fea-
sible solution in every iteration until convergence to local
optimum points of problems (P1c) and (P2c) in polynomial
time. Further, this algorithm converges to a stationary point
typically within 5 − 7 iterations.

C. COMPUTATIONAL COMPLEXITY ANALYSIS
Since the proposed scheduling algorithm is an SCA based
iterative algorithm, its complexity depends on the complex-
ities of following two procedures: (i) the convex-concave
procedure involved in the convex problem (P1d) or (P2d),
and (ii) the procedure for the selection of the initial feasible
point using the convex problem (FIP1) or (FIP2).
Assume that variables Ui, and U represent the users asso-

ciated with numerology ‘i’, and total number users in the
network, respectively.

1) COMPLEXITY OF STRICT SLICE-ISOLATION SCHEME

• With mixed-numerologies in the frequency domain: The
convex problem (P1d) has 2(LT1F1 +KT2F2 +MT3F3)

decision variables, 5(LT1F1 + KT2F2 + MT3F3) +
(T1F1 + T2F2 + T3F3) + U linear constraints, and
T1 + T2 + T3 convex constraints. Thus, the compu-
tational complexity of the convex problem (P1d) is
O((2(LT1F1+KT2F2+MT3F3))

3(T1(F1(5L+1)+1)+
T2(F2(5K+1)+1)+T3(F3(5M+1)+1)+U)) [42]. The

(P1d:) min{

xuti,fi
, puti,fi

} P̂tot − λ1

∑

i

∑

ti

∑

fi

∑

u

((

xuti,fi

)

−
(

xuti,fi

)j−1
)

∇Y
(

xuti,fi

)

subject to (C1)− (C3), (C5 − C10) in (P1b) (22)

(P2d:) min{

xuti,fi
, puti,fi

} P̂tot − λ2

∑

i

∑

ti

∑

fi

∑

u

((

xuti,fi

)

−
(

xuti,fi

)j−1
)

∇Y
(

xuti,fi

)

subject to (C1), (C2), (C5 − C13) in (P2c) (25)
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convex problem (FIP1) has (LT1F1 +KT2F2 +MT3F3)

decision variables, and 3(LT1F1 +KT2F2 +MT3F3)+
(T1F1 +T2F2 +T3F3)+U linear constraints. Thus, the
computational complexity of the convex problem (FIP1)
is O(((LT1F1 +KT2F2 +MT3F3))

3(T1(F1(3L+ 1))+
T2(F2(3K + 1))+ T3(F3(3M + 1))+ U)).

• With mixed-numerologies in the time domain: The con-
vex problem (P1d) has 2(UiTiFi) decision variables,
5(UiTiFi)+(TiFi)+Ui linear constraints, and (Ti) con-
vex constraints. Thus, the computational complexity of
the convex problem (P1d) is O((2(UiTiFi))

3(TiFi(5Ui+
1) + Ui)). The convex problem (FIP1) has 2(UiTiFi)

decision variables, 3(UiTiFi)+ (TiFi)+Ui linear con-
straints. Thus, the computational complexity of the
convex problem (FIP1) is O((2(UiTiFi))

3(TiFi(3Ui +
1)+ Ui)).

2) COMPLEXITY OF SLICE-AWARE SCHEME

• With mixed-numerologies in the frequency domain: The
convex problem (P2d) has 2U(T1F1 + T2F2 + T3F3)

decision variables, (5U+1)(T1F1 +T2F2 +T3F3)+3U
linear constraints, and (T1+T2+T3) convex constraints.
Thus, the computational complexity of the convex
problem (P2d) is O((2U(T1F1 +T2F2 +T3F3))

3((5U+
1)(T1F1 + T2F2 + T3F3)+ 3U +∑3

i Ti)). The convex
problem (FIP2) has U(T1F1 + T2F2 + T3F3) decision
variables, and (3U + 1)(T1F1 + T2F2 + T3F3) + 3U
linear constraints. Thus, the computational complexity
of the convex problem (FIP2) is O(((U(T1F1 +T2F2 +
T3F3)))

3((3U + 1)(T1F1 + T2F2 + T3F3)+ 3U)).
• With mixed-numerologies in the time domain: The con-
vex problem (P2d) has 2(UTiFi) decision variables,
5(UTiFi)+(TiFi)+U linear constraints, and (Ti) convex
constraints. Thus, the computational complexity of the
convex problem (P2d) is O((2(UTiFi))

3(TiFi(5U+1)+
U)). The convex problem (FIP2) has 2(UTiFi) decision
variables, 3(UTiFi)+(TiFi)+U linear constraints. Thus,
the computational complexity of the convex problem
(FIP2) is O((2(UTiFi))

3(TiFi(3U + 1)+ U)).
From the complexity analysis, it is evident that the slice-

isolation scheme’s complexity is lower than the slice-aware
scheme. In particular, the proposed algorithm’s complexity
with mixed-numerologies in the time domain is lower than
the others. Also, the computational complexity of proposed
algorithms is higher for the larger dimensions. However,
the upcoming 5G systems foresee to utilize the cloud-
computing technology, which can efficiently handle the
higher computational complexities, including the proposed
resource-scheduling algorithm’s complexity.

V. NUMERICAL EVALUATIONS
In this section, simulation results are provided to compare the
performances of the proposed joint allocation of power and
RBs technique for both slice-isolation and slice-aware radio
resource scheduling mechanisms, and with fixed and mixed-
numerologies to the active eMBB, URLLC and mMTC users

in the OFDMA based DL wireless network. Importantly, we
compare the performance of the proposed scheduling tech-
niques in terms of achievable data rates, latency in delivered
packets, and queue status (i.e., key performance indicators
(KPIs)) for eMBB, URLLC, and mMTC users, respectively.

A. SIMULATION ENVIRONMENT
In the considered DL wireless network, a BS is located at the
center of the cell coverage area with the radius of 250m and
UEs from different services are uniformly distributed across
the total coverage area of the cell. In this scenario, we con-
sider the small scale Raleigh fading channel coefficients (i.e.,
drawn from CN (0, 1 − σ 2

e ), σ
2
e = 0.1 or 0.01) between the

BS and users and the 3GPP urban path loss model with the
path loss exponent of 3.76. Further, the channel estimation
errors at the BS have entries drawn from CN (0, σ 2

e ). The
total simulation time considers 10 sub-frames (i.e., 10 msec),
where the radio resource optimization is executed at every
sub-frame (i.e., 18MHz × 1msec) taking into account the
actual user queue status. Furthermore, mini-slot based frame
structure is considered where each slot comprises of 7 OFDM
symbols.
Mixed numerologies in frequency domain: The complete

transmission bandwidth (i.e., 18 MHz) is divided into 58
sub-bands, where 34 sub-bands have frame Numerology-1
(μ = 0), 16 sub-bands have Numerology-2 (μ = 1) and 8
sub-bands have Numerology-3 (μ = 2). Moreover, the con-
secutive sub-bands with different numerologies are separated
by a guard-band of 180 KHz. Therefore, the RB grid within
a sub-frame is composed of 34 × 2 RBs for μ = 0, 16 × 4
RBs for μ = 1, and 8 × 8 RBs for μ = 2.
Mixed numerologies in time domain: In this case, each

sub-frame of 1 msec duration operates under a specific
numerology. For Numerology-1 (μ = 0), the RB grid within
a sub-frame is composed of 100×2 RBs; for Numerology-2
(μ = 1), the RB grid within a sub-frame is composed of
50 × 4 RBs; and for Numerology-3 (μ = 2), the RB grid
within a sub-frame is composed of 25 × 8 RBs.
Fixed numerology: In this model, all the available RBs

utilize the same Numerology-1 (μ = 0). Therefore, the RB
grid within a sub-frame is composed of 100 × 2 RBs.

The complete set of the simulation parameters are sum-
marized in Table 4.

B. RESULTS AND DISCUSSIONS
We initially assume a scenario with L = 5 URLLC users,
M = 15 mMTC users and K = {5, 10} eMBB users and
we evaluate the achievable user data rate of eMBB users.
In Fig. 4 and Fig. 5, we show the empirical cumulative
distribution function (ECDF) of achievable transmission data
rates of eMBB users on every sub-frame (i.e., time-duration
of 1ms) by using the considered slice-isolation and slice-
aware resource scheduling mechanisms for allocating the
time-frequency radio resources with mixed-numerologies in
frequency and time domains. In particular, Fig. 4 focuses on
the mixed numerologies in frequency domain, while Fig. 5
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TABLE 4. Simulation parameters.

FIGURE 4. CDF of achievable data rates for eMBB users using slice-isolation and
slice-aware resource allocation mechanisms with mixed numerologies in frequency
domain and fixed numerology. (L = 5, M = 15, σ2

e = 0.01, �out = 0.1, ρ = 1, κ = ξu ).

focuses on the mixed numerologies in time domain. Also, for
the comparison, we show the performance of the resource
scheduling scheme with the conventional fixed-numerology
based time-frequency resources grid model.
As expected, the results in Fig. 4 and Fig. 5 confirm

that the slice-aware resource allocation scheme outperforms

FIGURE 5. CDF of achievable data rates for eMBB users using slice-isolation and
slice-aware resource allocation mechanisms with mixed numerologies in time domain
and fixed numerology. (L = 5, M = 15, σ2

e = 0.01, �out = 0.1, ρ = 1, κ = ξu ).

the slice-isolation based resource allocation scheme in terms
of the achievable eMBB data rates. This is because the
slice-aware resource allocation scheme first allocates the
resources to the eMBB users from its dedicated resource
slice. Later, it assigns some of the underutilized resources
to the eMBB users from the other slices. On the contrary,
the slice-isolation scheme only assigns the resources to the
eMBB users from its dedicated resource slice. As a result,
the eMBB users cannot achieve the higher data transmission
rate.
From the results in Fig. 4, we observe that allocating

the RBs of mixed-numerologies in the frequency domain
using the slice-aware resource scheduling scheme achieves
almost the same rate performance as of the performance of
fixed-numerology for eMBB users. This was expected, as
the fixed-numerology scheme was designed particularly for
the eMBB service. As shown later on in this article, fixed-
numerology fails in satisfying other services requirements.
Also, we observe that by allocating the radio resources

using the slice-isolation resource scheduling algorithm, every
scheduled eMBB user achieves almost the same transmission
data rate on every sub-frame. Through the slice-isolation
scheduling scheme, eMBB service receives the dedicated
number of radio resources that are equally allocated to the
scheduled eMBB users to maintain the fairness between users
in the allocation of resources. Also, every RB is scheduled
to the user with optimal power to obtain a certain SNR
threshold. Because of these two factors, every scheduled
eMBB user achieve similar data rate on every sub-frame.
Further, as expected, it is observed that the achievable rate
of each eMBB user reduces when the number of active
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FIGURE 6. CDF of achieved latency in delivered URLLC packets using the
slice-isolation and slice-ware scheduling algorithms with the different frame
numerology models. (K = 5, L = 5, M = 15, λU = 4 packets/1ms, σ2

e = 0.01,
�out = 0.1, ρ = 1, κ = ξu ).

eMBB users in cell increases. This is justified by the fact
that resources need to be distributed across a higher number
of users.
Similar conclusions are extracted for the mixed numerolo-

gies in the time domain results shown in Fig. 5. It is evident
that by performing the slice-isolation scheduling scheme for
allocation of RBs with the mixed-numerologies in time, the
eMBB users cannot obtain the minimum data rate on most
of the sub-frames. With the mixed-numerologies in time,
the slice-isolation scheme assigns every sub-frame of 1ms
time duration to a specific service with unique numerol-
ogy. Therefore, the eMBB users cannot receive the resources
from the slices assigned to the other services. In contrast to
this case, by using the slice-aware scheme, the eMBB users
achieve data rates on every sub-frame through accessing the
underutilized resource of other slices.
In particular, slice-aware scheme with the mixed-

numerologies in time achieves a slightly better performance
in terms of data rate for eMBB users compared to the mixed-
numerologies in frequency and fixed numerology. With the
mixed-numerologies in frequency domain, some resource
blocks are wasted for the guard bands between two consec-
utive numerologies. This is one of the reasons to receive the
lower eMBB rates with mixed numerologies in the frequency
domain. However, this gain comes at a cost of complexity
in synchronization, as discussed in Section II.
Next, we evaluate the performance of the proposed tech-

nique in terms of URLLC QoS satisfaction. In particular, we
illustrate the ECDF of achievable latency in the delivered
URLLC packets in Fig. 6, by performing the considered
slice-isolation and slice-aware resource scheduling schemes

FIGURE 7. Consumed power vs the number of users with varying channel outage
probabilities using the SI and SA scheduling algorithms with the mixed-numerology in
time. The CSI estimation error is set to σ2

e = 0.01.

with different time-frequency RB grids. Herein, the latency is
computed as the gap of the time that the packet has entered
the queue and the time that the packet has been sched-
uled and vacated from the queue. Thus, the complete packet
latency is estimated as the accumulation of the packet waiting
time in the queue, the time required for the RB assignment,
and the data transmission delay. From Fig. 6, it is clear
that considering mixed-numerologies in frequency domain,
the proposed algorithm provides lower URLLC latencies as
compared to the fixed numerology. For the considred traffic
arrival rate λU = 4, the mixed numerologies in frequency
domain achieve the best performance, with similar latencies
with both slice-aware and slice-isolation radio resource allo-
cation mechanisms. This evidences that for relatively low
traffic loads, the continuous use of high numerologies (i.e.,
μ = 2) of the frequency domain mixed-numerologies is
preferable to the intermittent user of numerologies of the
time mixed-numerologies.
In order to show the impact of the imperfect CSI on

the overall consumed power of the proposed slicing based
resource scheduling scheme, we evaluate the effect of the
imperfect CSI using the channel outage probability.
Fig. 7 and Fig. 8 illustrate the power consumption of the

BS versus the number of active users in the cell with the
different channel outage probability levels, for the mixed
numerologies in time and frequency domains, respectively.
Focusing on Fig. 7, the power consumption of the BS
increases when the channel outage probability decreases. For
instance, when the number of active users in the cell is 35,
the consumed power of the BS using the fixed-numerology
based resource scheduling scheme with �out = 0.1 is 52%
more than that with �out = 0.3. This was expected, as the
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FIGURE 8. Consumed power vs the number of users with the mixed-numerology in
Frequency under different channel outage probabilities. The CSI estimation error is
set to σ2

e = 0.01.

system requires a larger amount of power to achieve better
channel outage probability. This power consumption differ-
ence is more pronounced by using the slice-aware resource
scheduling algorithm with the mixed-numerologies. By com-
paring the curves of slice-aware scheme with �out = 0.1
and �out = 0.3, it can be observed that with �out = 0.1
the scheme consumes 2 times more power than that with
�out = 0.3. The required transmit power also increases with
the total number of users in the system.
Also, the results in Fig. 7 and Fig. 8 show that the slice-

isolation scheme consumes less power than the slice-aware
scheme. Due to the allocation of fewer RBs to the users, the
slice-isolation scheme consumes less power than the slice-
aware scheme. In particular, by comparing the results in
Fig. 7 and Fig. 8 illustrate that the slice-aware resource
allocation scheme with mixed-numerology in time con-
sumes more power than that with the mixed-numerology in
frequency. With the mixed-numerology in the time domain,
the slice-aware scheme allocates the RBs of every sub-frame
to the active users from different services. In this scenario,
some users may get the RBs with poor channel conditions
that consume more power to achieve the particular QoS
requirements. On the contrary, with mixed-numerologies in
the frequency domain, the slice-aware scheme allocates the
RBs to the users from its dedicated resource slice according
to their requesting service. Later, it assigns the underuti-
lized RBs to the users from other slices if required. Mostly,
due to less traffic load, the URLLC and mMTC users can-
not access the RBs from other slices, while eMBB users
take the underutilized RBs from other slices because of
their data rate requirement. Therefore, most users receive
RBs with the best channel conditions that consume less

FIGURE 9. Consumed power vs number of users with varying CSI estimation error
variances. The channel outage probability is set to �out = 0.3.

power to satisfy their QoS requirements. Further, different
from mixed-numerologies in the time domain, with mixed-
numerologies in the frequency domain, some of the resources
are wasted for guards, which is also one reason for less power
consumption.
Also, it is clear from the results in Fig. 7 that the algo-

rithm with fixed-numerology shows less power consumption
than the slice-aware scheme with mixed-numerologies in the
time-domain. With mixed-numerologies in the time-domain,
the available number of RBs is varied (i.e., 25, 50, and
100) according to the chosen numerology. On the contrary,
with the fixed numerology (i.e., with SCS 15kHz), the same
number of RBs (i.e., 100) is available for allocation in every
time-slot. Therefore, more users get right channel conditions
on scheduled RBs due to the availability of a large set of RBs
with fixed numerology that leads to less power consumption
than mixed-numerologies in the time-domain.
In Fig. 9, we evaluate the performance of the proposed

algorithms in the power consumption of BS versus the num-
ber of users with different CSI estimation error variances.
From the results in Fig. 9, it is noticed that by increas-
ing the CSI error variance, the power consumption of the
system increases. For example, when the number of active
users in the cell is 35, by using the slice-aware resource allo-
cation, the power consumption of the BS with σ 2

e = 0.01
is almost 3 times lesser than that with σ 2

e = 0.1. From
these results, it is confirmed that the channel estimation error
can degrade scheduling algorithms’ performance in terms of
power consumption.
Fig. 10 illustrates the accumulation of the queue sta-

tus (i.e., unscheduled packets) of mMTC users on every
sub-frame after executing the scheduling process using the
proposed algorithms with mixed-numerologies and fixed
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FIGURE 10. Queue status of mMTC users with mixed numerologies in frequency,
time domains, and with fixed-numerology.

numerology. As can be seen from the results in Fig. 10, it is
clear that with mixed-numerologies in frequency and fixed
numerology, the scheduling algorithms allocate the resources
to vacate the mMTC queues. But, with mixed numerolo-
gies in time, the slice-isolation scheme fails to provide the
resources to mMTC users on every sub-frame while slice-
aware provides some resources to mMTC user on every
sub-frame to vacate the mMTC queues. Further, by tuning
the control parameter (i.e., ρ), the slice-aware scheduler may
allocate the more number of resources for mMTC service
to vacate the complete queues at the cost of eMBB rates.
The simulation results in Fig. 4 to Fig. 10 show the trade

off between the power consumption and performance of the
users from different services. Using the slice-aware schedul-
ing scheme, the eMBB users achieve the higher data rates,
the URLLC users achieve the better performance in terms
of latency and mMTC queues are vacated while consum-
ing the more power at the BS. In contrast, slice-isolation
based scheduling scheme consumes the less power, but
fails to achieve the higher data rates for eMBB users and
also fails to achieve low latencies for URLLC users, and
unable vacate the mMTC queues on every sub-frame with
the mixed-nuemrologies in time. In particular, the slice-
aware scheme with the mixed-numerologies in frequency
shows the approximately same performance as of the other
schemes in terms of eMBB rates. It outperforms the other
slice-aware scheme with mixed numerologies in time and
fixed-numerology in terms of latency in URLLC pack-
ets’ delivery. It also shows the same performance as the
performance of slice-isolation with mixed-numerologies in
frequency, fixed numerology. It outperforms the scheduling
schemes with mixed-numerologies in time in terms of vacat-
ing the queues of mMTC users. Importantly, it achieves

the lowest power consumption as compared to the mixed
numerologies in time and fixed numerology. Therefore, a
slice-aware scheduling scheme with mixed-numerologies in
frequency is the right choice to satisfy users’ requirements
from different services with less power consumption.

VI. CONCLUSION AND FUTURE DIRECTIONS
In this article, we have studied the slice-isolation, and
slice-aware RAN radio resource assignment schemes for
the efficient multiplexing of eMBB, URLLC, and mMTC
services by considering the mixed-numerology based time-
frequency resource grids. Mainly, we have considered the
joint power and RBs allocation problems and formulated
these resource allocation problems as power minimization
problems to minimize the power consumption at the BS
while satisfying the different QoS requirements of the users
from the three services. Besides, the channel outage probabil-
ity model was considered to study the impact of the imperfect
CSI on the proposed radio resource scheduling algorithms.
The formulated problems are combinatorial and non-convex
optimization problems, which are complex to solve. In this
regard, we provided low-complexity sub-optimal solutions
to the formulated problems using the penalized formulation,
DC programming and successive convex approximation.
We illustrated the performance of slice-isolation and

slice-aware resource scheduling schemes with the different
time-frequency resource grids through the simulation results.
With the mixed-numerologies in the frequency domain, the
slice-aware scheduling scheme achieves better performance
in terms of eMBB data rates, URLLC packet latencies, and
mMTC queues by consuming the lower power.
By exploiting the multiple antennas at the BS, we can

easily extend our work to investigate the optimization
of the number of antennas jointly with the transmit
power and resource blocks of mixed-numerologies to the
eMBB, URLLC, and mMTC users for the energy-efficiency
maximization. Specifically, different beamforming tech-
niques are necessary to satisfy URLLC, eMBB, and mMTC
users’ QoS requirements. Therefore, a study on RAN slicing
problems by considering beamforming techniques and frame
structures with mixed numerologies can be also envisaged
to analyze its performance in the next-generation networks.
Future works must investigate the optimal data buffer

sizes, TCP flow and congestion control mechanisms to avoid
the buffer bloat problems in the 5G wireless networks.
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