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Abstract. Shared access to spectrum by several parties seems to become one of
the most promising approaches to solve the problem of radio spectrum shortage.
The framework proposed by ETSI, licensed shared access (LSA), gives the
owner absolute priority in spectrum access, to the detriment of the secondary
user, LSA licensee. The latter can access the spectrum only if the owner’s QoS
is not violated. If the users of both parties need continuous service without
interruptions, the rules of shared access should guarantee the possibility of
simultaneous access. Balancing the radio resource occupation between parties
could take quite a long time compared to the dynamics of the system due to the
coordination process by the national regulation authority (NRA). We examine a
scheme of the simultaneous access to spectrum by the owner and the LSA
licensee that minimizes the coordination activities via NRA. According to this
scheme, when the owner needs the spectrum, the power of the LSA licensee’s
eNB/UEs is limited. From the LSA licensee’s perspective, the scheme is
described in the form of a queuing system with reliable (single-tenant band) and
unreliable (multi-tenant band) servers. We show that the infinitesimal generator
of the system has a block tridiagonal form. The results are illustrated numeri-
cally by estimating the average bit rate of viral videos, which varies due to
aeronautical telemetry corresponding to the owner’s traffic.
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1 Introduction

The demand for mobile broadband services as well as the volume of traffic increases
every year [1, 2]. A considerable amount of frequency resources is needed to provide to
users services with a required level of quality of service (QoS) [3, 4]. The problem of
resource shortage can be solved by means of the shared access to spectrum by several
entities, implemented, for instance, by using the licensed shared access (LSA) frame-
work [5, 6]. LSA framework [7] can improve the efficiency of resource usage and
ensure the access to a spectrum which otherwise would be underused. The spectrum is
shared between the owners (incumbents) and a limited number of LSA licensees (e.g.,
mobile network operators). The LSA licensee has access to both bands – the
single-tenant band assigned only to it and the multi-tenant band assigned also to the
incumbent. The LSA implementation is required to guarantee the QoS for all users, the
strictest requirement being not to interrupt users in service due to the incumbent
accessing spectrum.

For the shared access, ETSI [8] proposes to use the spectrum allocated for aero-
nautical and terrestrial telemetry or specific applications including cordless cameras,
portable video links, and mobile video links. Various policies of interference coordi-
nation between two entities could be considered. The authors of [3] propose three of
them: the so-called ignore policy [8, 9], shutdown policy, and limit power policy. The
latter implies managing the user equipment (UE) power in uplink and eNodeB
(eNB) power in downlink.

In the paper, we consider the case described in [3, 9, 10]. The airport (incumbent)
has a frequency band for telemetry with airplanes (air traffic control, ATC). The mobile
operator (LSA licensee) also has access to it, thus having its own single-tenant band
and the incumbent’s multi-tenant band. We assume the users of the mobile operator to
watch short videos (e.g., viral) [11] in high quality. At the time when the airplane is
communicating with ATC, ATC asks the mobile operator to limit the interference
around the airplane. The interference threshold is achieved by reducing the downlink
power of the eNB creating interference with the airplane (limit power policy). This
results in a bit rate decrease [12] on the multi-tenant band so that the users continue
watching video (but in a lower quality). Note that the users will continue to get service
at a degraded bit rate after the release of the multi-tenant band by the airport. This is
due to the fact that any changes require additional signaling procedures and potential
coordination with the national regulation authority (NRA), which could lead to intol-
erable delays. We also assume that, on the multi-tenant band, new requests are accepted
at the maximum bit rate only when all users at the degraded bit rate have finished
watching videos.

The paper is organized as follows. In Sect. 2, we propose a mathematical model of
the LSA framework with the limit power policy. In Sect. 3, we analyze numerically the
performance measures: the blocking probability, the average bit rate, and the utilization
factor. Section 4 concludes the paper.
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2 Mathematical Model

2.1 General Assumptions and Parameters

We consider a single cell of mobile network with an overlaid LSA framework and one
service that generates streaming traffic. We suppose that the single-tenant band has the
total capacity of C1 bandwidth units (b.u.) whereas the multi-tenant band has the total
capacity of C2 b.u. Each request processed on the single-tenant band is served at the
guaranteed bit rate (GBR) dmax. The number of resources allocated to the request on the
multi-tenant band equals to dmax or dmin depending on the state of the multi-tenant band
– operational or unavailable.

Let the arrival rate k be Poisson distributed and let the service time be exponentially
distributed with mean l�1. Then, we denote the corresponding offered load as q ¼ k=l.
We assume that the multi-tenant band goes into unavailable mode with rate a and
recovers into operational mode with rate b. Recovery and failure intervals follow the
exponential distribution. Let us introduce the following notation:

• n1 – the number of single-tenant band users;
• nmax

2
– the number of multi-tenant band users when the multi-tenant band is

operational;
• nmin

2
– the number of multi-tenant band users when the multi-tenant band is

unavailable;
• s – the state of the multi-tenant band, s equals to 1 if the band is operational and s

equals to 0 if the band is unavailable;

• N1 ¼ C1
dmax

j k
– the maximum number of single-tenant band users;

• N2 ¼ C2
dmax

j k
– the maximum number of multi-tenant band users.

2.2 Limit Power Policy

Let us consider in more detail the policy of reducing the corresponding UE’s uplink
power by the eNB in order to meet the interference constraints. First of all, we
determine the rules for accepting requests for service, provided that the UE’s uplink
power is not yet limited and is at its maximum.

Given the above considerations, when a new request arrives, four scenarios are
possible:

• The request will be accepted for service on the single-tenant band, if the request
finds the single-tenant band having not less than dmax free b.u.

• The request will be accepted for service on the multi-tenant band, if the request
finds the single-tenant band having less than dmax b.u. free, the multi-tenant band is
operational, i.e. s ¼ 1, and having not less than dmax b.u. free.

• Otherwise, the request will be blocked without any after-effect on the corresponding
Poisson process.
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If the power is limited due to the incumbent’s need for resources and the
single-tenant band is totally occupied, then QoS on the multi-tenant band is degraded.
In this case, the multi-tenant band goes into “unavailable” mode and the bit rates of all
requests in service on the multi-tenant band switch from the maximum dmax to the
minimum dmin value. When the multi-tenant band recovers, the bit rates are not
switched back and all users that have been degraded continue to receive service at bit
rate dmin. It should be noted that the multi-tenant band has the following property:
requests can be served at the maximum bit rate, i.e. the multi-tenant band goes into
operational mode, only when the service of all requests at the minimum bit rate is
completed.

2.3 System of Equilibrium Equations

According to the above considerations, we can describe the LSA operation by a

Markov process X tð Þ ¼ N1 tð Þ;Nmax
2

tð Þ;Nmin
2

tð Þ; S tð Þ
� �

; t� 0
n o

on the state space

X ¼ n1 ¼ 0; . . .;N1; nmax
2

¼ 0; . . .;N2; nmin
2

¼ 0; s ¼ 1
n

_ n1 ¼ 0; . . .;N1; nmax
2

¼ 0; nmin
2

¼ 0; . . .;N2; s ¼ 0
o
:

ð1Þ

State space (1) can be subdivided into two subspaces: n1 ¼ 0; . . .;N1; nmax
2

¼
n

0; . . .;N2; nmin
2

¼ 0; s ¼ 1g if the multi-tenant band is operational and requests can
be served at the maximum bit rate, and fn1 ¼ 0; . . .;N1; nmax

2
¼ 0; nmin

2
¼

0; . . .;N1; s ¼ 0g if the multi-tenant band is unavailable and requests continue their
service at the minimum bit rate. Figure 1 shows the structure of the state space,
considering the two subspaces.

The corresponding Markov process X tð Þ, which representing the system’s states, is
described by the system of equilibrium equations

p n1; n
max
2 ; nmin

2 ; s
� �

k � 1 n1\N1ð Þ½ þ k � 1 n1 ¼ N1; n
max
2 \N2; s ¼ 1

� �

þ b � 1 s ¼ 0; nmin
2 ¼ 0

� �þ n2l � 1 nmin
2 [ 0

� �þ n1l � 1 n1 [ 0ð Þþ nmax
2 l � 1 nmax

2 [ 0
� �

þ a � 1 s ¼ 1ð Þ ¼ p n1 þ 1; nmax
2 ; nmin

2 ; s
� �

n1 þ 1ð Þl � 1 n1\N1ð Þ½ �
þ p n1; n

max
2 þ 1; 0; 1

� �
nmax
2 þ 1

� �
l � 1 n1 ¼ N1; n

max
2 \N2; s ¼ 1

� �� �

þ p n1 � 1; nmax
2 ; nmin

2 ; s
� �

k � 1 n1 [ 0ð Þ½ �
þ p n1; n

max
2 � 1; 0; 1

� �
k � 1 nmax

2 [ 0; n1 ¼ N1
� �� �

; n1; n
max
2

; nmin
2

; s
� �

2 X;

ð2Þ

where p n1; nmax
2

; nmin
2

; s
� �� �

n1;nmax
2

;nmin
2

;sð Þ2X¼ p is the stationary probability

distribution.

Queuing Model with Unreliable Servers for Limit Power Policy Within LSA 407



2.4 Infinitesimal Generator

The system probability distribution is numerically computed as the solution of the
system of equilibrium equations p � A ¼ 0, p � 1T ¼ 1, where A is the infinitesimal
generator of Markov process X tð Þ. Let us denote n ¼ 0; . . .;N1 þN2 the number of
users. If the lexicographical order on state space X is defined as

n1; n
max
2 ; nmin2 ; s

� �
\ n01; n

0max
2 ; n

0min
2 ; s0

� �
if and only if n1 þ nmax

2 þ nmin
2 \n01 þ n

0max
2 þ n

0min
2

or n1 þ n2 þm ¼ n01 þ n
0max
2 þ n

0min
2 and n1 [ n01 and n1 ¼ n01 or s[ s0

��
; then

(1) Infinitesimal generator A is a block tridiagonal matrix and has the form

A ¼

N0 K0 0 � � � 0

M1 N1
. .
. � � � ..

.

0 . .
. . .

. . .
.

0
..
. ..

. . .
. . .

.
KN1 þN2�1

0 � � � 0 MN1 þN2 NN1 þN2

2
6666664

3
7777775
:

(2) Blocks Kn, n ¼ 0; . . .;N1 þN2 � 1 of the upper diagonal have the sizes

dimKn ¼
2nþ 2ð Þ � 2nþ 4ð Þ; n ¼ 0; . . .;N2 � 1;
2N2 þ 2ð Þ � 2N2 þ 2ð Þ; n ¼ N2; . . .;N1 � 1;
2 N1 þN2 � nð Þþ 2ð Þ � 2 N1 þN2 � nð Þð Þ; n ¼ N1; . . .;N1 þN2 � 1;

8<
:

Fig. 1. The state space.
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and the following form:

Kn n1; n
max
2 ; nmin2 ; s

� �
; n01; n

0max
2 ; n

0min
2 ; s0

� �� �

¼
k; n01 ¼ n1 þ 1; n

0max
2 ¼ nmax

2 ; n
0min
2 ¼ nmin

2 ; s0 ¼ s or

n01 ¼ n1 ¼ N1; n
0max
2 ¼ nmax

2 þ 1; n
0min
2 ¼ nmin

2 ¼ 0; s0 ¼ s ¼ 1;

0; otherwise:

8><
>:

(3) Blocks Mn, n ¼ 1; . . .;N1 þN2 of the lower diagonal have the sizes

dimMn ¼
2nþ 2ð Þ � 2n; n ¼ 1; . . .;N2;
2N2 þ 2ð Þ � 2N2 þ 2ð Þ; n ¼ N2 þ 1; . . .;N1;
2 N1 þN2 � nð Þþ 2ð Þ � 2 N1 þN2 � nð Þþ 4ð Þ; n ¼ N1 þ 1; . . .;N1 þN2;

8<
:

and the following form:

Mn n1; n
max
2 ; nmin

2 ; s
� �

; n01; n
0max
2 ; n

0min
2 ; s0

� �� �

¼

n1l; n01 ¼ n1 � 1; n
0max
2 ¼ nmax

2 ; n
0min
2 ¼ nmin

2 ; s0 ¼ s;

nmax
2 l; n01 ¼ n1; n

0max
2 ¼ nmax

2 � 1; n
0min
2 ¼ nmin

2 ¼ 0; s0 ¼ s ¼ 1;

nmin
2 l; n01 ¼ n1; n

0max
2 ¼ nmax

2 ¼ 0; n
0min
2 ¼ nmin

2 � 1; s0 ¼ s ¼ 0;

0; otherwise:

8>>><
>>>:

(4) Blocks Nn, n ¼ 0; . . .;N1 þN2 of the main diagonal have the sizes:

dimNn ¼
2nþ 2ð Þ � 2nþ 2ð Þ; n ¼ 0; . . .;N2 � 1;
2N2 þ 2ð Þ � 2N2 þ 2ð Þ; n ¼ N2; . . .;N1;
2 N1 þN2 � nð Þþ 2ð Þ � 2 N1 þN2 � nð Þþ 2ð Þ; n ¼ N1 þ 1; . . .;N1 þN2:

8<
:

and the following form:

Nn n1; n
max
2 ; nmin

2 ; s
� �

; n01; n
0max
2 ; n

0min
2 ; s0

� �� �

¼

a; n01 ¼ n1; n
0max
2 ¼ nmax

2 ¼ 0; n
0min
2 ¼ nmin

2 ¼ 0; s0 ¼ s� 1 or

n01 ¼ n1; n
0max
2 ¼ 0; n

0min
2 ¼ nmax

2 ; s0 ¼ s� 1;

b; n01 ¼ n1; n
0max
2 ¼ nmax

2 ¼ 0; n
0min
2 ¼ nmin

2 ; s0 ¼ sþ 1;

�; n01 ¼ n1; n
0max
2 ¼ nmax

2 ; n
0min
2 ¼ nmin

2 ; s0 ¼ s;

0; otherwise,

8>>>>>><
>>>>>>:
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where � ¼ �ðk � 1 n1\N1f gþ n1l � 1 n1 [ 0f gþ k � 1 n1 ¼ N1; nmax
2

\N2; s ¼ 1
n o

þ
þ nmax

2
l � 1 nmax

2
[ 0

n o
þ nmin

2
l � 1 nmin

2
[ 0

n o
þ saþ 1� sð Þb

�
:

3 Numerical Analysis

3.1 Performance Measures

Having found the probability distribution p n1; nmax
2

; nmin
2

; s
� �

; n1; nmax
2

; nmin
2

; s
� �

2 X,

one can compute the performance measures of the considered scheme: the probability B
that a request is blocked, the average bit rate d, the average bit rate d C2ð Þ on the
multi-tenant band, and the utilization factor UTIL of the bands:

B ¼
XN2

i¼0

p N1; 0; i; 0ð Þþ p N1;N2; i; 0ð Þ; ð3Þ

d ¼

P
n1;nmax

2
;nmin

2
;sð Þ2X= 0;0;0;0ð Þ; 0;0;0;1ð Þ

n1dmax þ nmax
2 dmax þ nmin

2 n1dmin

n1 þ nmax
2 þ nmin

2
� p n1; nmax

2 ; nmin
2 ; s

� �

P
n1;nmax

2
;nmin

2
;sð Þ2X= 0;0;0;0ð Þ; 0;0;0;1ð Þ

p n1; nmax
2 ; nmin

2 ; s
� � ; ð4Þ

d C2ð Þ ¼

P
n1;nmax

2
;nmin

2
;sð Þ2X: nmax

2
6¼0_ nmax

2
6¼0

dmax � p n1; nmax
2 ; 0; 1

� �þ dmin � p n1; 0; nmin
2 ; 1

� �

P
n1;nmax

2
;nmin

2
;sð Þ2X: nmax

2
6¼0_ nmax

2
6¼0

p n1; nmax
2 ; nmin

2 ; s
� � ;

ð5Þ

UTIL � C ¼
X

n1;nmax
2

;nmin
2

;sð Þ2X: nmin
2

¼0; s¼1

n1 þ nmax
2

� �
dmax � p n1; n

max
2

; 0; 1
� �

þ

þ
X

n1;nmax
2

;nmin
2

;sð Þ2X: nmax
2

¼0; s¼0

n1d
max þ nmin

2
dmin

� �
� p n1; 0; nmin

2
; 1

� �
:

ð6Þ

3.2 Numerical Example

Let us assume that users view short video clips, e.g. viral video, the length of which is
about 20–30 s. The video is in high quality at bit rate dmax ¼ 2 Mbps. If a part of the
frequency band has to be returned, the mobile operator reduces the corresponding eNB
uplink power, whereby the bit rate decreases to dmin ¼ 0:7 Mbps. This bit rate dmin also
allows users to browse video, but in lower quality. Finally, let us assume that the
multi-tenant band goes into unavailable mode every hour (3600 s) or every four hours
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(14400 s) on average and the recovery takes around one minute. Table 1 summarizes
the initial data of the example. Note that 1 b.u. for the example under consideration
equals to 1 Mbps.

The figures below show the behavior of each performance measure under exami-
nation – blocking probability B (Fig. 2), average bit rates d and d C2ð Þ serving requests
on both bands or on multi-tenant band respectively (Fig. 3), and utilization factor UTIL
(Fig. 4) – for different values of a�1 (the average time when the multi-tenant band is
available). All three figures show that the less multi-tenant band goes into “unavail-
able” mode, the better the performance metrics that characterize the impact of LSA on
the QoS, namely, the blocking probability is lower, whereas the average bit rate and the
utilization factor are higher.

Table 1. System parameters

Parameter description Notation Value

Peak bit rate for single-tenant band C1 20 Mbps [14]
Peak bit rate for multi-tenant band C2 20 Mbps [14]
Average service time of one user l�1 30 s

Average time when multi-tenant band is available a�1 3540 s,
14340 s

Average time when multi-tenant band is unavailable b�1 60 s [3]

Maximum bit rate dmax 2 Mbps [11]
Minimum bit rate dmin 0.7 Mbps [11]
Offered load q 0� 30

Fig. 2. Blocking probability B for different a�1
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4 Conclusion

We have presented a queuing system for analyzing the simultaneous access to spectrum
under the limit power policy. The selected policy is based on reducing the eNBs’ power
and consequently on degrading the service quality from high to standard definition. We
have obtained the infinitesimal generator as a block tridiagonal matrix. This form is
required for the numerical solution of the system of equilibrium equations and the
calculation of the performance metrics that characterize the impact of LSA on the QoS
– the blocking probability, the average bit rate, and the utilization factor.

Fig. 3. Average bit rates d and d C2ð Þ for different a�1

Fig. 4. Utilization factor UTIL for different a�1
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