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Admission Control and Network Slicing for Multi-Numerology
5G Wireless Networks

Vu Nguyen Ha
Long Bao Le

Abstract—This letter studies the admission control and
network slicing design for 5G New Radio (5G-NR) systems in
which the total bandwidth is sliced to support the enhanced
mobile broadband (eMBB) and ultra reliable and low latency
communication (URLLC) services. We allow traffic from the
eMBB bandwidth part to be overflowed to the URLLC band-
width part in a controlled manner. We develop a mathematical
framework to analyze the blocking probabilities of both eMBB
and URLLC services based on which the network slicing and
admission control is jointly optimized to minimize the blocking
probability of the eMBB traffic subject to the blocking prob-
ability constraint for the URLLC traffic. An efficient iterative
algorithm is proposed to deal with the underlying problem.

Index Terms—Network slicing, 5G, new radio, numerology.

I. INTRODUCTION

UTURE mobile networks are expected to support a large

number of wireless connections from different applica-
tions with diverse requirements including massive machine
type communications (mMTC), eMBB, and URLLC. To this
end, 5SG-NR has proposed different types of physical resource
blocks (PRBs) via the so-called flexible numerology [1]. As
a result, each service can select a suitable numerology whose
PRBs are assigned for its transmission to meet the require-
ments. Flexible numerology, thus, enables the 5G networks
to effectively support heterogeneous services [2], [3];
however, it presents new challenges for resource
management.

Development of access control mechanisms to effectively
utilize the scarce bandwidth resource in 5G wireless systems
is a major challenge which has been studied in several
recent works [4]-[6]. While Popovski et al. propose network
slicing strategies for three services mMTC-eMBB-URLLC
in [4], the authors in [5] consider the scenario with mixed
eMBB-URLLC traffic. While both papers consider the achiev-
able transmission rates for eMBB and URLLC; only the
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work [4] imposes the throughput constraint for mMTC. The
joint scheduling design for the eMBB and URLLC services is
addressed in [6] where the URLLC traffic is scheduled on the
eMBB bandwidth to meet the URLLC’s low latency require-
ment and maximize the utility of eMBB traffic. However, the
joint design of network slicing, numerology allocation, and
admission control considering the 5G flexible numerology is
not yet studied in these existing works.

This letter aims to fill this gap in the literature. In partic-
ular, we consider the admission control for the eMBB and
URLLC services where the bounding control strategy [8] is
employed to enable the eMBB blocked traffic to overflow
to the URLLC’s pre-assigned bandwidth. Then, an analytical
framework is developed to determine the blocking probabilities
(BPs) of the eMBB and URLLC traffic under this admission
control strategy. Based on this analysis, we study the joint
network slicing, numerology allocation, and admission con-
trol problem which aims to minimize the BP of the eMBB
traffic subject to the BP constraint for the URLLC traffic.
An efficient algorithm is proposed to solve this challenging
problem. Finally, numerical studies are performed to validate
the analytical model and demonstrate the efficiency of the
proposed design. The simulation results also show that the
joint design for network slicing, numerology allocation, and
admission control can reduce the BP of eMBB traffic sig-
nificantly while the BP constraint of URLLC traffic can be
maintained. For easy reference, key notations used in this letter
are summarized in Table I.

II. SYSTEM MODEL

Consider a 5G new radio wireless network serving traffic
flows generated from eMBB and URLLC services where a
traffic flow represents a transmission request of the corre-
sponding service with a data chunk to be transmitted over
the wireless medium. We assume that the eMBB/URLLC
traffic flows arrive according to different Poisson processes
(PP) [71, [9], [10] with arrival rates Ae and Ay, respectively.1
Additionally, the corresponding data lengths of the eMBB and
URLLC flows follow general distributions with average values
of 1/ue and 1/puy, respectively.

We assume that the system bandwidth of Wigg (MHz) is
sliced into two bandwidth portions (BWPs) [11], denoted as
Le and Ly, which serve the eMBB and URLLC services,
respectively. Let We and Wy (MHz) be the bandwidth of
Le and Ly, then We + Wy = Wjga. Various possibili-
ties for numerology selection are allowed for the BWPs Lg
and Ly. In particular, PRBs with high sub-carrier spacing

ITypical use cases for URLLC and eMBB services are Internet of Things
with small packets [9] and SPEED-5G virtual reality (VR) [10], respectively
where the arrivals of their traffic flows are reported to follow the Poisson
process.
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TABLE I
L1ST OF KEY NOTATIONS

[ Notations [ Description |
ay Required minimum BP of the URLLC service
Aes Ay Arrival rates of eMBB and URLLC flows
Ao Arrival rates of eMBB overflow traffic
1/pe, 1 /1y | Average data lengths of eMBB and URLLC flows
Pes Pus Pe Pe = Aele, pu = tudu, pe = teAc
w, ¥y IPP approximate parameters
Q Q:{WhWU’gevglhKU}
Ql Ql — We, Wu]
Qo Qo = gevgu]
e, Gu Potential numerologies for Le, Ly
K, Threshold of eMBB overflow traffic to BWP L,
Le, Ly BWPs of eMBB and URLLC
Wiotal Total system bandwidth
Ne, Ny Numbers of SCs in BWPs L. and L,
THz Normalized data transmission rate per Hz
R(g) R(g) = rv,Wo29
te, tu Average service time of eMBB and URLLC flows
to Average service time of eMBB overflow traffic in L,
We, Wy Bandwidth of Le and L,
Wo Bandwidth of a PRB of 4G LTE system (0.18 MHz)

and short time slot duration are arranged for the BWP L
to support the ultra-reliability and very low latency demands
of URLLC applications while traffic flows from the eMBB
service can adopt a numerology with the sub-carrier spacing
larger than what are available in the 4G system but smaller
than that required by the URLLC service. Therefore, we con-
sider numerology selection options for these two services as
ge €{1,2,3,4} and g, € {5,6} [1] where ge and g, are the
potential numerologies for Le, Ly, respectively.

Each BWP is divided into a number of sub-channels (SCs)
each of which spans over a group of 12 contiguous sub-carriers
in the frequency dimension. In 5G-NR, bandwidth of a SC
corresponding to numerology g (g9 = ge or gy) is 29 times
of 180 kHz which is the bandwidth of a SC in the 4G LTE
wireless system. Without loss of generality, we assume that
one SC is assigned to serve one active flow? and the SC will
be available for other flows when data transmission of the
underlying flow is finished. Let | .| stand for the floor operator,
the numbers of SCs in BWPs Lg and Ly can be expressed,
respectively as Ng = | We/(Wp2%)| and Ny = | W/ Wp29 |
where Wy = 0.18 (MHz). We assume that URLLC data traffic
is only transmitted over BWP L, due to the strict URLLC
requirements while eMBB data traffic can be transmitted over
BWP L¢ and Ly based on an admission control scheme as
follows. When a new eMBB flow arrives, one available SC of
Le is picked to serve this transmission. If there is no available
SC in BWP Lg, the flow is overflowed to and served by a
SC in BWP L if there exists an available SC in BWP L.
In addition, the maximum number of eMBB flows overflowed
to BWP L, is bounded by a pre-determined threshold K,
ie., Ky < Ny, to protect the quality of service (QoS) of the
URLLC service [8].

III. BLOCKING PROBABILITY ANALYSIS

Let ry, (bits/s/Hz) be the normalized data transmission rate
per Hz. Then, the average service time of one eMBB/URLLC

2This assumption can be relaxed where a fixed number of SCs (larger
than 1) is assigned to serve an active flow by scaling down the maximum
number of active flows that can be served for a given number of SCs.
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Fig. 1. The interrupted poisson process approximation.

flow in Le and Ly can be expressed as te = 1/(ueR(ge))
and ty = 1/(puR(gu)), respectively where R(g) = ryz Wo29.
Note that the service time of an overflowed eMBB flow admit-
ted to BWP L, decreases because of the larger bandwidth
of a SC in BWP L. Then, its average service time can be
expressed as 14 = f2(%e—0),

Let us define pe = Aete = Ae/(R(ge)pte). Then, the eMBB
traffic in BWP Lg can be modeled as an M/G/n/n queue with
the offered traffic intensity pe and Ng servers. Hence, the BP
of eMBB data flows in BWP Lg can be calculated from the
Erlang B formula as follows [12]:

Ne
re

- (1)
i=0

Ne
P
PrE ok = B(pe, Ne) = (AZ!)/

1) Overflow Traffic Approximation: Note that the overflow
traffic does not follow PP [13]. To analyze the BP, the over-
flow flows from BWP Lg can be represented by an interrupted
Poison process (IPP) with the arrival rate A, the mean ON-
time and OFF-time of the random switch being 1/ and 1/w,
respectively as illustrated in Fig. 1 [14]. In addition, Kuczura
in [14] has shown that an accurate approximation can be
achieved if )\g, ~, and w are determined as follows:

d2(61 — dp) — do(d2 — 01)
(01 —do) — (62 — 61)

do <)\3_Pe51) w (Ag_Pe(So)
=—(=2——=)andy=—| 22—, 2
AT e\ 5 @

where 6, = on(c)/onti1(c), oolc) = pg/cl, oj(c) =

i=0 Cli—1pe */(c—14)!, and CF = y!/(z!(y — 2)!).

2) Blocking Probability Analysis in BWP L,: We denote
ny and ng as the numbers of eMBB and URLLC flows being
served in BWP L, respectively and z as the state of the ran-
dom switch taking on the value of 1 or 0 depending on whether
the IPP is ON or OFF. We define a three-dimension Markov

chain with the stage space described as follows:

Ae = pe

Su={x=(n1, n2, 2)|0<n; <Ky, 0<na<Ny—nq, z=1or 0}. (3)

The transition probabilities between different states are shown
in Fig. 2 based on which the associated state equations can be
expressed as in (4), as shown at the bottom of the next page.
In (4), py(x) represents the stationary probability of x and 1y,
denotes the indicator function of the event ).

a) Iterative  algorithm to  determine  stationary
probabilities: Using the results in (4), as shown at the
bottom of the next page, the stationary probabilities, py(x)’s,
can be determined by employing the Gauss—Seidel iterative
algorithm [15] as described below. Let pg and p; be the
vector representing all stationary probabilities of the feasible
states when z = 0 and 1, respectively. Then, from (4), we have

(Qo +wI)pg = vp1, and (Q1 +1I)p1 = wpo,  (5)
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Fig. 2. The state transition diagram of three-dimension Markov chain in Sy.

Algorithm 1 Iterative Algorithm
(0)

1: Initialize: Choose Py

= 0, a convergence criterion ¢, and set £ = 0.

2: repeat

3: Determine p(IHI) = ng) and pé”l) = W#HX
4:  Update £ = ¢ + 1.

5: until max(|pg€+1) - p,(zé) l2) <e.

where Qg and Q1 are the transition matrices described as

Qoo Upo 0 -~ 0
0 Qo1 Upy --- 0
Qo= . —_— N (6)
L 0 0 0 Qo,x,
Q1o Uo 0 -+ 0 0
Lig Qi1 Up -~ 0 0
Q= . : . : , (D
Lo 0 0 - Lig, Qug

with Qo m, Q1. € R™ ™ Ug py, Uy, € R X(M7-D),
Ly € ROV =DXM % — Ny +1 — m, and

—4+A —= 0 0
tg+ u ? : ,
U 0
T . ®)
m Nufm
0 0 0 I =
| 26
Ql,m = QO,m+dlag()‘g7 o 7)‘2,0)7 if m < KU7 (9)
o om+1 m+1
Uo,m = Ul,m = —dzag( U TR )7 (10)
e e
Li,m = —diag(\e, ..., Aa). (11)

b) Blocking probability: With stationary probabilities
obtained from Algorithm 1, we can derive the BPs of data
flows in BWP L as

Ku

Prupk = pu(m, Nu—m,0) + pu(m, Ny—m, 1), (12)
m=0
Ky Ny—Ky—1

Prg,blk = Z pu(m7NU_mv 1) + Z pU(KU7 n, 1)7 (13)
m=0 n=0

where Pry i and Pr(léJ pik are the BPs of URLLC and eMMB
flows in Ly, respectively. Then, the overall BP of an eMBB
flow can be calculated as

3) Blocking Probability Characteristics: From (12)-(14),
some specific characteristics of system BPs can be stated in
the following propositions.

Proposition 1: Prg p decreases with the traffic intensity if
Prg,blk decreases.

Proof: As can be seen in (14), the smaller value of PrE bik
results in the reduction of Prep. In addition, depreciating
PrE pik also lessens the intensity of the overflow traffic which,

therefore, reduces its BP in BWP L, F’réJ pik» and hence
reducing the overall BP of an eMBB flow, Pr’e,b”(. |

Proposition 2: Let py = tyAy and pg = {g' Ag. For given \g
and Ny, the bounds of Pry pk can be defined as follows:

B(pu, Nu) < Prypik < B(pu + pg: Nu).

Proof: As can be seen, the lower bound of Pryp can be
obtained when there is no overflow traffic from BWP Lg.
Hence, the BP in such a scenario can be obtained from the
Erlang B formula B(py, Ny). For the upper bound, the over-
flow traffic exercises its strongest influence on URLLC flows
when v ~ 0 and w ~ co and Ky = Ny. In this scenario, there
are two PPs with intensity py and pg in BWP L. Thus, the
upper bound can be defined as B(py + p§, Nu). [

5)

IV. JOINT ADMISSION CONTROL AND
NETWORK SLICING OPTIMIZATION

We study the joint network slicing, numerology allocation,
and admission control optimization problem for BWPs L¢ and
Ly to minimize the BP of eMBB flows while protecting the
QoS of URLLC flows. This problem can be stated as

(16a)
(16b)

(Po) min Prepik(2) s.t. Prypik < au,

We + Wy < VVtotah

From (5), po and p; can be obtained by employing the where Q@ = {We, Wy, ge, gu, Kulge € {1,2,3,4},9u €
iterative algorithm described in Algorithm 1. {5,6},0 < Ky < Ny}, ay is the required minimum BP of the
n1 n9 ny+1 ng +1
(T + =+ Au]ln1+n2<Nu + W)pu(nl, ny, 0) = Tpu(nl + 17 ny, 0)1n1+n2<Nu + —7pu(n17 ng + 170)]1n1+n2<Nu
te tu te & n <Ky tu
+ )\upu(nl7n2 - 170)1n2>0+7pu(n1an271) (43-)
n1 u N9 ny+1
(ET + )‘eln1+n2<Nu + ? + AU]]'TL1+TL2<NU + ’)’)pu(nb ng, 1) = Tpu(nl + 17 n2, 1)1n1+n2<Nu
e & nyi <Ky u e & ni< Ky
ng + 1
7 pu(n13n2+1a1)1n1+n2<]vu +)\gpu(n1 _17n231)1n1>0+>\upu(n17n2 _171)1n2>0+wpu(n17n230) (4b)

tu
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URLLC service. Problem (Py) optimizes three design issues
with their corresponding decision variables: network slicin
(Q1 = [We, Wy]), numerology allocation (22 = [ge, gu)),
and admission control design (K\,). Joint optimization of these
variables results in a challenging mixed integer programming
problem. Hence, we propose to decompose this problem into
several low-complexity sub-problems as follows.

1) Numerology Allocation for BWP Lg: Thanks to
Proposition 1, Prgpk(f2) can be reduced by minimizing
Prg,blk' Therefore, the optimal numerology for BWP Lg for
given Ng can be determined as follows:

go = argmin Prgblk = argmin B<)\e,Ne). 17)
ge€{1,2,3,4} ge€{1,2,3,4} R(ge)ue
2) Admission Control Parameter Design: It can be verified
that for given Ny and gy, increasing Ky, results in the decrease
of PrLeJ,blk which also lessens Pre p(€2). Hence, the optimal
value of K can be determined as

max

K, s.t. Pr < ay.
0< Ko< N, u ublk =~ Gu

v = (18)
3) Network Slicing Design: For given 9 and Ky, the
network slicing problem can be stated as

néin Prepik(€2) s.t. constraints (16a) and (16b). (19)
1

From (16b), the upper bounds of Ng and N, can be given as
Ne < [ Wiotar/(W02%) | and Ny < | Wiotal/(Wo2#)]. (20)

Let B~ !(p,a) be the inverse function of B(p,n), i.e.,
B~ Y(p,a) =minn s.t. B(p,n) < a. It is worth noting that
n

B(p,n) is a monotonic decreasing function with respect to n
for given p; hence, B;, ! (p, ) is unique for given p and cv.

Proposition 3: For given gy, the required bandwidth of I
can be bounded as

W A Ad
B () < Nomppro < (el

—— < B, | =————,au ). 21
Wo29u R(gu)putie u)

Proof: It can be verified that the lower and upper bounds
given in this proposition can be obtained directly from
Proposition 2 to satisfy the constraint (16a) and py + ps =
Aufte+Ag u u

R(gu)pupe * .
he result given in Proposition 3 enables us reduce the

research range for Ny from [0, Wipiq 2~ % /0.18] to
M= {N € N|B;1(Pu7du) <N Brjl(Pu,eydu)} (22)

where pye = pu+pa. Additionally, for a given NNy, the optimal
value of Ng can be expressed as

Ne = L( Wiotal — WONUQQU)/(WOQ%)L

because the larger bandwidth is allocated for Le, the smaller
values of Prg,blk and Prg pjk that can be achieved. The required
range of W, becomes smaller once Ng is updated so that the
intensity of the overflow traffic decreases. Thanks to this obser-
vation, the optimal value of {2; can be obtained by iteratively
updating Ay and N, based on which we propose an efficient
searching algorithm as summarized in Algorithm 2 to obtain
the optimal solution of (Py).

(23)

3According the 5G NR standard, one unique numerology should be
allocated for each bandwidth part [11].
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Algorithm 2 Proposed Searching Algorithm

1: Initialize: Set Pry,, = 1.
2: for gu € {5,6} do

31 Set A§ = de.

4: repeat

5: Choose Ny = Bgl(pu,e,du).

6: Update Ne as in (23), ge as in (17), and AJ as in (2).
7: until Ne is unchanged.

8:  Determine Ny as in (22).

9:  for Ny € Ny do

10: Update Ne as in (23) and (A3, w,~) as in (2).

11: Determine ge, Ku as in (17),(18) and calculate Prg pc(€2).
12: if Pre’b"((ﬂ) < Prg’blk then

13: Set @* = Q and Prg ) = Pro pi(2).

14: end if

15: end for

16: end for

17: Return Q*.

(a) (b)
0.3 0.4
Analysis - eMBB +
~+  Simulation - eMBB
Analysis - URLLC

Analysis - eMBB
+  Simulation - eMBB

— — —Analysis - URLLC
X__ Simulation - URLLC

0.25

X Simulation - URLLC

Blocking Probability
Blocking Probability
o
[N

XX X X e X=X X

0
0.4 0.5 0.6 0.7 02 46 8101214161820222426
1/, (Mbits) K

u

Fig. 3. BPs of eMBB and URLLC traffic vs 1/uy (a) and Ky (b).

V. NUMERICAL RESULTS

In this section, we first validate the accuracy of the proposed
analytical framework presented in Section III via simula-
tion, then, we study the efficiency of Algorithm 2 under
different parameter settings. In the simulation, we consider
the 5G-NR wireless system operating at the frequency band
3.6—3.8 GHz, i.e., Wiotg) = 200 MHz [16]. Assume that the
16-QAM modulation scheme is employed by all traffic flows,
i.e., ryz = 4 bits/Hz [11]. Unless stated otherwise, the parame-
ters are set as follows: A\g = Ay = 40, /e = 1/py = 1 Mbits,
&, = 1073, To obtain simulation results for some specific
values of Ae, Ay, e, pu and §2, we generate over 108 traffic
flow samples for the eMBB and URLLC services following
the corresponding Poisson processes as follows. The arrival
time of a new flow is determined based on the arrival time
of its immediately preceding flow and a random inter-arrival
time that is generated from MATLAB according to an expo-
nential distribution with the corresponding values of e, Ay.
Similarly, the data length brought by a new flow is also gen-
erated randomly according to the exponential distribution with
the corresponding values of ue, piy. The obtained data length
is then used to estimate the completed transmission time. A
traffic flow is assumed to occupy one sub-channel during the
interval between the flow’s arrival instant and the completed
transmission instant. Then, the bounding admission control
strategy described in Section II is implemented and the num-
ber of blocked flows is counted during the simulation based
on which we calculate the blocking probability.

Fig. 3 illustrates the BPs of eMMB and URLLC traffic,
obtained by the proposed analytical framework and simula-
tion for different values of 1/uy and Ky, respectively. As
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Fig. 4. BP of eMBB traffic vs Ay, (a) and &y (b).

(b)

Target URLLC Blocking Probability

bandwidth to the eMBB traffic compared to that due to the
no-overflow scheme, but it delivers better performance, which
again confirms the benefit of adopting our design framework.

VI. CONCLUSION

In this letter, we have proposed a novel design framework
for joint network slicing, numerology allocation, and admis-
sion control to support the eMBB and URLLC services. Using
the bounding admission control strategy, the BPs of eMBB and
URLLC traffic have been analyzed and an efficient searching
algorithm has been proposed to minimize the BP of eMBB
traffic while maintaining the BP requirements of URLLC traf-
fic. Numerical results have confirmed the accuracy of the
proposed analytical framework and the benefit of employing

200 T T T T
[ INo-overflow - A =30
= -Proposed Alg. - A, =30
I
=
o
=
K]
7}
ES
g
2
°
c
<
m

0.01

0.02
Target Blocking Probability of URLLC flows

0.03 0.04 0.05 0.06 007 008 0.09 0.1

Fig. 5. Bandwidth allocated for eMBB traffic vs aw.

can be seen, results achieved by the proposed analysis are
in good agreement with the simulation results which con-
firms the accuracy of the IPP approximation. With K, = N,
Fig. 3-(a) shows that increasing the average data length of
the URLLC flow results in higher BPs for both services. In
addition, Fig. 3-(b) demonstrates that adopting the overflow
strategy can help mitigate the overload of the eMBB BWP
but it degrades the BP of the URLLC service. Interestingly,
both BPs saturate when K| becomes sufficiently large.

Fig. 4 shows the BP of eMMB traffic versus the arrival rate
Ay and target blocking probability of URLLC traffic ay for
two schemes, namely our optimized design using Algorithm 2
with overflow and the conventional scheme with no-overflow
(indicated as “Alg. 2” and “No-OF” in these figures, respec-
tively). For the no-overflow scheme, the minimum value of
Wy is first determined so that B(py, Ny) < ay. Then, the
remaining bandwidth is allocated to serve the eMMB traffic.
The numerology is also optimized in each BWP. As can be
observed, the Prg pjk achieved by our proposed design is much
lower than that due to the no-overflow scheme. In addition, the
Pre pik achieved by both schemes increase as A, increases and
decrease as &y increases. This happens because the higher
arrival rate of URLLC traffic and its lower target BP both
result in higher traffic load at BWP L. This may degrade the
performance of eMBB data transmission.

The network slicing result is illustrated in Fig. 5 in which
the bandwidth of the BWP assigned to eMBB service due to
the proposed algorithm and the no-overflow scheme is plotted
versus &y. Interestingly, our proposed framework allocates less

the overflow strategy in the admission control.
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