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Abstract—The utility optimization problem of radio access
network-slicing aided mobile systems is formulated considering
both throughput and delay demands from a mobile network
operator’s perspective, whilst relying on stochastic geometry and
Lyapunov optimization. Then a joint virtual resource optimiza-
tion algorithm is proposed to dynamically allocate both virtual
spectral and the power resources. Our numerical results support
both the high-throughput slice and the low-delay slice and
quantify the associated throughput vs. delay trade-off. Moreover,
we compare the proposed algorithm with the benchmark one,
which ensures better utility.

Index Terms—radio access network slicing, utility, stochastic
geometry, Lyapunov optimization.

I. INTRODUCTION

As a salient 5G networking technique, network slicing [1],
[2] is proposed for supporting diverse customized services
with various resource constraints. The Radio Access Network
(RAN) slicing [3], [4] constitutes an important part of the
end-to-end network slicing, which is capable of dynamically
allocating the RAN resources, such as the virtual base stations
(vBSs), as well as the spectral and power resources.

There is rich literature on the resource management and
performance analysis of RAN slicing [5]-[9]. Specifically,
Sallent et al. [5] analyze the radio resource management
functionalities of the RAN slicing in a multi-cell network,
which can be used for splitting the radio resources among
the RAN slices. Moreover, there are numerous performance
metrics for characterizing a virtual slicing aided network.
For example, Zhang et al. [6] consider the flow-rate over
the link as the optimization objective function of network
slicing. Shi et al. [7] carry out the tradeoff analysis between
energy efficiency and delay in wireless network virtualization,
whilst guaranteeing the users’ quality of service. However,
with the diverse requirements of the slices, it is a challenge to
comprehensively characterize several slices using only a single
performance metric.

In fact, RAN slices may also be considered as a set of
virtual sub-networks based on the same physical network,
and ideally a unified criterion is needed to describe the
performance of the entire network. Therefore, Caballero et
al. [8] define the concept of utility gains for quantifying
the users’ rate improvement gleaned from dynamic resource

Guorong  Zhou, Ligiang Zhao and Kai Liang are with
the State Key Laboratory of  Integrated Service Net-
works, Xidian University, Xi’an 710071, China (e-mail:

guor_zhou@ 163.com; lqzhao@mail.xidian.edu.cn; kliang @xidian.edu.cn).
Gan Zheng is with the Wolfson School of Mechanical, Electrical and
Manufacturing Engineering, Loughborough University, Loughborough LE11
3TU, U.K. (e-mail: g.zheng@Iboro.ac.uk). Lajos Hanzo is with the School of
Electronics and Computer Science, University of Southampton, Southampton
SO17 1BJ, U.K. (e-mail: Ih@ecs.soton.ac.uk).

sharing across RAN slices. Similarly, Ye er al. [9] study the
optimal network utility dependence on the different traffic
statistics in a dynamic radio resource slicing aided framework.
However, there is a paucity of literature on the utility analysis
considering both throughput and delay demands in RAN slices,
which is hence the focus of our work.

Firstly, we will study the optimal utility of both the high-
throughput and the low-delay slices from the perspective
of mobile network operator (MNO) by invoking stochastic
geometry theory. Secondly, by using Lyapunov optimization,
a joint virtual resource optimization algorithm is proposed
for maximizing the utility, which dynamically allocates both
virtual spectral resources and the vBSs’ power. Finally, nu-
merical results will demonstrate that a pair of customized
RAN slices can be supported, which ensures better utility than
the benchmark algorithm. Simultaneously, there is the tradeoff
between delay and throughput in both the slices once the QoS
requirement is satisfied.

II. SYSTEM MODEL
A. High-throughput Slice and Low-delay Slice

Without loss of generality, we consider the downlink of a
RAN, in which N physical base stations (BSs) and multiple
user equipment (UE) are randomly distributed in the Euclidean
plane having an area of Sj,¢,. We rely on the homogeneous
Possion Point Process (PPP) ¢p having a density of Ap and
o1 to model the BSs and UEs deployment respectively [10],
where N = A\pS,.cq. Furthermore, a buffer is attached to each
physical BS for the data queues. The bandwidth of the system
is B and the power of each physical BS is Pp. We define the
time slots as a time interval [¢,¢ + 1), where ¢ € {0,1,2,...}
and the duration of every slot is 7.

In this system, the MNO needs to provide a pair of slices
for the users’ high-throughput and low-delay services. Firstly,
a physical BS may be mapped into one or two vBSs, each of
which is associated with a specific service by virtualization.
And the communication resources in the system are abstracted
into virtual resources to realize sharing. Next, the MNO
determines the vBS deployment as well as the vBS’s power
and virtual spectrum allocation for each service at slot ¢ for
creating a high-throughput slice and a low-delay slice, defined
as Slice 1 and Slice 2, respectively.

Specifically, we define the activation probability p,(t)' to
indicate a particular vBS’s deployment in slice s (s € {1,2})
at slot ¢, the vBS’s power allocation factor 7, (t) as the vBS’s
power ratio of slice s at slot ¢ and the virtual spectrum alloca-
tion factor ps(t) as the ratio of spectral resources allocated

'Note that s (s€{1,2}) in all symbols represents slice 1 and slice 2.



to slice s at slot ¢. Since the two slices are independent
of each other, the location of the vBSs and of the UEs
in the RAN slice s at slot ¢ can be represented by the
dynamic homogeneous thinning PPP ¢! associated with the
density of A\YB(t) = p,(t)A\p and ¢F with the density of
A (t), where ps(t) € (0,1]. Furthermore, we can express
the power of each vBS in slice s at slot £, which is given

as PSVB(t)k = % — ngg Pp. Additionally, we have
ps(t) = %, where b (t) indicates the spectra allocated

to each user in slice s at slot ¢ by the MNO, and \*(¢) /AV5(t)
represents the number of users associated with a vBS in
slice s at slot ¢. Hence the bandwidth allocated to slice s
at slot ¢ is p,(t)B. Let us assume that there is no intra-cell
interference, and that the bandwidths assigned to the two slices
do not overlap with each other in every slot, hence there is no
interference between the slices, which is an explicit benefit of
their isolation.

B. Utility Definition of RAN Slices

Without loss of generality, each UE in slice s is associated
with the closest VBS at slot ¢ and 7%™"(t) represents the
distance between them. Hence, for a typical user % in slice s
at slot ¢, the signal to interference plus noise ratio (SINR) can
be expressed as:

PSVB(t)hI;,VBi (t) (Tf,min (t)) —a

k

where h¥VBi(t) is the channel gain between user k and its
nearest vBS VDB, in slice s at slot ¢, which follows an
exponential distribution with unit mean, « denotes the path
loss exponent, while o2 is the noise power, and I%(t) is the
interference arriving from other vBSs in slice s at slot ¢, which
is expressed as:

LO=>" s, P Bynt " (1) (r?’VBJ' (t)) IR

To indicate the vBS’s dynamic deployment density, the
activation probability ps(t) of the vBSs in slice s at slot ¢
is evaluated according to the users’ SINR status in the current
slot, defined as the probability that the users in slice s achieve
the current target SINR 7. As a special case, when o =4, the
activation probability can be derived as:

ps(t)=ps [Ts,ns (1), ps ()]
—E, {P [SJNR_’:(t) >T. r_’:*mi"(t)] }

_ /oo » T (™" (1)) (I (1) +0%) Tf,mm(t)]
0 3)

PY5(t)
¢, Mmin 2 . .
. efﬁ)\XB(t)(r.]: (t)) 27I_A;/B(t)r§,mzn(t)drf,mzn(t)

a=4 T o ds? (t) ds (t)
" VemP <4es (t)> © < 2es (t)) ’

where d (t) = 14 p, (t) VT (g—arctan (ﬁ*)) es (t) =

o'zTi

Tz and Q (z) = = [ exp (~42/2) dy repre-
sents the standard Gaussian tail probability. As we can see,
ps(t) is inversely proportional to 7,(¢) and ps(t), respectively.

pE VB S

According to the classic Shannon formula and stochastic
geometry theory [10], the data rate R¥(¢) that the RAN slice
s can provide for user k at slot ¢t when av=4 is given as:

RE(t) =bs(t) - E [1og, (1+ SINRE(1)) |
as (z,t)

=ha Voo (iGs)e < 2. r t)) s

where as (z,t) = 14 ps(t)ve*—1 (g—arctan( 1 ))

Vver—1
2/
and cg (x,t) = % Consequently, the downlink

throughput in RAN slice s at slot ¢ may be expressed as:
B3 (8) = R [ (6), s (), A% (1)
= AL (1) Sarea [RE (n: (0), 02 ()]

The time-averaged expectation of the throughput can be de-
fined as

B e ()0 (0] = Jim - ST B{RET (D). ©)

t—o00 t

(&)

At the same time, we can express the power consumed at
slot ¢ by the physical network as:

Psym (t) = Psum [m (t) ,m2 (1))
= PP () AP () Sarea + Py 2 () A3 P (t) Sarea ©)
= [m (¢) +m2 ()] NPp.

The bandwidth used at slot ¢ is:

Bsum ()= Bsum [p1 (1) p2 ()] =[pr () +-p2 ()] B. (8)

Next we analyze the delay of RAN slice s. Let the
vectors A,(t) = {AL(t), A%(t),..., AF(t),..} and Qs(t) =
{QL(1), Q(t),...,Q%(t), ...} represent the processes of ran-
dom data arrivals and current data queue backlogs in RAN
slice s at slot ¢, respectively, where A () is independent and
identically distributed (i.i.d.) over time, as governed by the
arrival rate ,. Naturally, the data arrival rate of slice 1 is
higher than that of slice 2, i.e. 73 > 72. We model the queuing
process of the data requested by user k of slice s at slot ¢ as

QL(t+1) = max[QL(t) — RE(t)r,0]+AL(t),Vh,s.  (9)

A network is stable, when all these discrete queues QF(t)
are mean rate stable, i.e. they satisfy the following condition
[12]:

B{QL(W)[}

lim ——————= =0.
t—o0 t

(10)

When the network is stable, based on Little’s Theorem [11],
we can get the average delay of the two slices according to
the average data queue length:

., D=0/, (1n
where Q" = Jim 1 > E{Q%(7)} is the time-averaged data
=0 " =0

queue length of user k£ in slice s. Furthermore, ﬁf =
t—1

Jim 1 > E{D¥(r)} is the time-averaged delay of user k

—oo ¥ T

in slice s and D¥ (t) is the queuing delay of user k at slot ¢
in slice s.

From the MNQO’s perspective, utility is defined as the
difference between the income represented by the gain gleaned



and the cost of the entire network. More specifically, for the
throughput-guaranteed slice 1, we define the utility as the
difference between the income defined by the throughput gain
and the cost quantified in terms of the power and spectral
resources in slice 1, formulated as:

Ur (t) =maR"™ (t) — [Bm () NPp + dp1 (t) B],

where m; is the unit price of throughput gain charged by the
MNO, while 5 and § are the power and spectral resource unit
prices, respectively. For the delay-guaranteed slice 2, we define
the utility as the income defined by the delay gain minus the
cost in terms of the power and spectral resources in slice 2,
namely:

Uat)=3_, ) [6-m2@5(8)] ~9ma(t) NPa-+6p2(t) B, (13)

where mo is the unit price of delay gain charged by the
MNO, while 7 is the initial maximum benefit of slice 2 [13].
Furthermore, K5(t) =\5(t)S,rco denotes the total number of
users in slice 2 at slot ¢. Therefore, we have the system-wide
utility for the whole network, which is the sum of the utility
for each slice:

U(t)=Us (t) + Uz (t)
{ml R (0430 [1-ma@h (1)] }
—[BPsum (£)+0Bsum (t)] -

Similarly, the time-averaged expectation of the utility is given
by

Ulna () ,m2 (8) 1 (2)

12)

(14)

]—hm Z

"E{U (1)}, (15

III. PROBLEM FORMULATION AND SOLUTION

In this section, we develop the optimal utility under specific
throughput and delay constraints. Mathematically, the problem
can be formulated as

U (m (t),m2 (t), p1 (t), p2 ()
st.  C1:R)"™ > R, Vs,

C2: D5 < ws, Yk, s,
C3:m(t) +n2(t) < 1,ms(t) € (0,1), Vs,
C4: pr(t) + p2(t) < 1,ps(t) € (0,1), V1, s,

where R2Y and ws denote the minimal average throughput and
the maximal tolerable delay requested by the users in slice s,
respectively. To elaborate, C'1 is used to satisfy the average
throughput R%" requested by users, while C2 guarantees the
stability of the queues and limits the average delay in RAN
slices. Furthermore, C'3 and C'4 represent the non-negativity
and the value range of the vBS’s power allocation factor and
the virtual spectrum allocation factor, respectively.

Based on the general Lyapunov theory [12], we transform
the average rate requirement C'1 in (16) into a virtual rate
queue stability problem C1 in (19). The virtual rate queue is
defined as G*(t), where G¥(0) = 0 and

GE(t +1) = max|[GF(t) + RZY — RE(t),0],Vk, t, 5.

max

(16)

a7

By jointly taking into account the constraint C'2 and the data
queuing process (9), when the delay exceeds ws, the received

information becomes stale. Hence the network temporarily
refuses to process new arrivals. Then the constraint C2 in
(16) can be equivalently written as C2:

k k k .ok
_ <ws,
QN (t+1) = max[QI: (t) R: (t)7, 0]+ Ag (t), if D, <w (18)
max[Qs (t)— R (t)7,0], otherwise.
Then, (16) can be equivalently reformulated as:
max U [p1 (t),p2 (t),m (t),n2 ()]
st.  C1:G* (t) is mean rate stable, Vk, s, (19)

C2,C3,C4.

To tackle C'1 and C2 in (18), a combined vector, o(t) =
[Qs(t), Gs(t)], is defined for representing the queuing states
of all queues, where Qs (t) and G(t) are virtual queue sets.

Then, we can get the conditional Lyapunov drift A[O(¢)]:

Ale@®)] = E{L[B(t+1)] - LOW)]|0(1)}, (20)

where L[O(t)] is the Lyapunov function given by

Zpl 3 {( ) + (G’:(t))2]. 1)

The drift-plus-penalty expression here can be obtained as
F(t) = AlB@®)]-V-E[U1)], (22)
where V' >0 is the weight factor between the utility and delay.

We can then express the upper bound of F(¢) by invoking
Lyapunov’s optimization theory [12] as:

Fi<B+Y ) S {eQtmE [akmie)]}
DS ) (ke [Re ~ RE (1 1e@)] b~
ZQZK etwe [REmrem]}-v-EU@em),

(23)

where & is a function of Q¥(t). If Q%(t)<w,, & = 1,
otherwise, & = 0, which satisfies C?2 in (19). Furthermore,
B >0 is a constant.

Specifically, the optimal solution of the above problem in
(19) can be obtained by minimizing the upper bound of F'(t)
slot by slot with the aid of stochastic optimization theory [12],
i.e., by solving the problem below:

miny " S [@Qs A5(0)+GE@) (R —RE ()]
-3 S QbR ()] -V v W)

st. C3:m(t) +ma(t )_1,ns(t) € (0,1),Vt,s,
C4: pi(t) + pa(t) =1, ps(t) € (0,1), V1, s.

At this point, we have transformed the challenging original
problem (16) into the problem (24) that is easier to solve.
However, to ensure that the optimal solution is obtained, the
constraint C'3 and C4 must be converted into C'3 and C4,
respectively. Therefore, we can propose an efficient joint vir-
tual resource optimization algorithm based on the classic drift-
plus-penalty algorithm of [12] as summarized in Algorithm 1.
Here we are assuming that the power- and spectral-resources
in the network are sufficient to satisfy the users’ average
data rate and delay requirements. In particular, the solution
of (24) can be found using the DIRECT algorithm of [14] at

(24)



Algorithm 1 Joint virtual resource optimization algorithm to
solve (16).

1: Initialization: Q¥(0)=0, G*(0)=0, and U(0)=0, Vk, s.

2: Repeat:

3. Update vBS’s deployment density A} Z(¢) according to (3).

4: Update vBS’s power allocation factor 7ns(¢) and the virtual
spectrum allocation factor p,(t) according to (24).

cLett=t+ 1.

6: Update Q¥ (1),
respectively.

7: Stop when ¢t = T, where T is the total number of time slots.

W

G* (t) and U (t) according to (18), (17) and (14),

a complexity order of O(TW?), where W =max[ny(t), ps(t)]
is the maximum of the sampling number 74(t) and pg(t).
Furthermore, the theoretical bounds of the utility can be
derived.
Theorem 1: The utility in (16) is bounded by

U2 T =Tl (1), (1)1 (6,02 (0] 2 U = 2 09)
where U°P! is the theoretical optimal value of U.

Proof: Assume that R¥*(t) and U*(t) result from a
feasible virtual resource allocation policy {ps(t),ns(t), ps(t)}
of problem (16) at slot ¢. The following conditions can be
obtained for any § > 0 and ¢ > 0 according to stochastic

optimization theory [12]:

E[AL(t) — R (1)7]0(t)] = E[AL(t) — RY"()7] < =, (26)
E[U*()|6(1)] = E[U" ()] > U™ +3, @7)
E[RY(1)|©(1)] = E[RY (1)] > 7s + &, (28)

E[RS" - RU(D|O(1)] = B[R — RE' (1] <6, (29)

Upon substituting (26)-(29) into the right-hand side of (23)
and letting  — 0, we arrive at the following inequality:

mle() 1<22 S 6 @t
—VU+B.

AlO@#)]-VE[U
_ 25_1 ZK s(t)

Taking the expectation of both sides of (30), and using the
telescope sum over ¢ € {0,1,..., H—1} for the result as well
as exploiting the fact that Q’;(t) >0 and &—1<0, we have

0)]}— VZE

where H represents the number of time slots.
Dividing both sides of the above inequality by VH yields
the following:

—E{L[®

R - g

Upon letting H — oo and considering the equation
E{L[©(0)]} >0, we arrive at the following conclusion

— B

Thus, (25) is proved. |

(30)

E{L[O(H)}—E{L[© SHB—HVU™ (31)

H- —1

—Uert, (32)

()] > U — (33)

IV. NUMERICAL RESULTS AND DISCUSSIONS

In this section, we provide numerical results for validating
the theoretical analysis. We assume that the transmission
power of a physical BS is Pp=40W and the bandwidth
available in the system is B=18MHz. In addition, we set
Aw=0.00025(/m?), Ap=0.00001(/m?), Sareca=2kmx2km
and 7 = 1ms/slot. For ease of analysis, we set the
unit prices are m1=0.001(s/bits), mo=1(/bits), 5=50(/W),
0=0.005(/Hz) and the initial maximum benefit is ¢»=800.
Furthermore, we set the thresholds to =900 M bps,
R5"=400Mbps, w1=10ms and wo=2.5ms. Moreover, we
compare our proposed algorithm to the benchmark algorithm
of the even resources allocation between two slices [15], which
is defined as the “even allocation based algorithm”.

Fig. 1 shows several utility curves versus the data arrival
rate y; and 7. The system-wide utility and the utility of
slice 1 are seen to increase near-linearly, but then they tend
to gracefully saturate upon further increasing v; beyond 800
Mbps. This indicates that as expected, the MNO could get
a higher utility at higher traffic loads. However, if the traffic
load is excessive, its utility remains unchanged because of the
associated resource limitation. By contrast, as 5 increases,
the system-wide utility and utility of slice 2 decrease near-
linearly. This is because the increase of traffic loads leads to
the escalation of delay in slice 2, which has a detrimental
impact on both the utilities. Observe that the system-wide
utility obtained by the even allocation based algorithm is
much lower than that obtained by our proposed algorithm, so
our algorithm guarantees that the MNO gets a higher utility.
Finally, because slices 1 and 2 are isolated from each other,
the traffic load of one slice has little effect on the utility of
another slice.

Fig. 2 and Fig. 3 depict the throughput and delay of slice
1 and 2 versus the data arrival rate v, and -, respectively.
As expected, upon increasing ;, the throughput of slice 1
gradually increases first and then saturates when the users’
arrival rate becomes excessive, which is a consequence of the
inherent resource limitation. At the same time, the delay of
slice 1 increases near-linearly with ~; under the limit of wq,
which indicates that our proposed algorithm gives priority to
a high throughput for slice 1 even at a high traffic load. The
trends of slice 2 are similar to those of slice 1. However, slice
2 avoids exceeding the max tolerable delay 2.5 ms, which is
much lower than the delay of slice 1. The throughput of slice
2 is also much lower than that of slice 1. It is worth noting that
since the two slices are isolated from each other, the change
of one slice’s traffic load does not affect the QoS of the other
slice.

Fig. 4 shows the throughput versus average delay of slices
1 and 2. Observe in Fig. 4 that increasing the throughput
is always at the expense of increasing the delay of slice 1.
Similarly, the minimization of delay is always accompanied
by a throughput-reduction in slice 2. There is an inevitable
tradeoff between the delay and throughput in both the slices,
once the QoS requirement is satisfied.
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Figure 1. Utilities versus data arrival rate y; and 2.
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V. CONCLUSIONS

In this paper, the optimal utility considering both throughput
and delay demands of RAN slicing has been analyzed. Firstly,
the problem was formulated relying on stochastic geometry
theory to maximize the utility. Then, by using Lyapunov
optimization, we carried out joint virtual resource optimization
by integrating the virtual spectrum and power allocation.
Finally, the numerical results verified that both the high-
throughput slice and the low-delay slice could be supported
and the associated throughput vs. delay trade-off could be
struck. Also, our proposed algorithm ensured better utility than
the even allocation based algorithm.
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