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' Abstract

To meet the booming development of diversified services and new applications in the future, the fifth-generation mobile communi-

cation system (5G) has arisen. Resources are increasingly scarce in the dynamic time-varying of 5G networks. Allocating resources

effectively and ensuring quality of service (QoS) requirements of multi-services come to be a research focus. In this paper, we uti-

lize effective capacity to build a utility function with multi-QoS metrics, including rate, delay bound and packet loss ratio. Taking

advantage of opportunity cost (OC), we also propose a multi-QoS guaranteed resource allocation algorithm for multi-services to con-

sider the future condition of system. In the algorithm, according to different business characteristics and the theory of OC, we pro-

pose different selection conditions for QoS users and best effort (BE) users to choose more reasonable resources. Finally, simula-

tion results show that our proposed algorithm achieves superior system utility and relatively better fairness in multi-service scenarios.
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1 Introduction

he rapid development of the mobile Internet has

driven the demand of users for higher speed, larg-

er data traffic and more intensive network cover-

age. Therefore, the fifth-generation of mobile com-
munication system (5G) has emerged. With the explosive
growth of business demands in 5G, more services which have
diverse quality of service (QoS) requirements appear. Due to
the scarcity of resources in mobile communication systems, the
importance of resource allocation in system performance is de-
cisive. The conflict between limited wireless resources and the
ever - increasing QoS needs has become increasingly acute.
Therefore, we call for a resource allocation strategy that can im-
prove overall network performance as well as support high
quality multi-services.

Researches on resource allocation for QoS guaranteed under
multi-service hybrid scenarios have increasingly become a re-
search hotspot. The authors of [1] solved the distributed - re-
source allocation problems in 5G cellular systems. They uti-
lized the concepts of stable matching, factor-graph-based mes-
sage passing, and distributed auctions. The authors of [2] inves-
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tigated the problem of power allocation and sub - channel as-
sighment in heterogeneous small cell network. They consid-
ered cross-tier interference mitigation, energy harvesting and
incomplete channel state information. In [3], the optimal objec-
tive function proposed in the wireless resource allocation algo-
rithm is introduced. The time delay is taken into as a con-
straint to guarantee QoS. The size of the delay constraint value
can be set according to the priority and quality of service re-
quirements. In [4], the researchers proposed a heterogeneous
QoS -driven resource allocation scheme by the multiple input
multiple output-orthogonal frequency-division multiple access
(MIMO -OFDMA) based relaying scheme. Given the heteroge-
neous statistical QoS constraints, the authors derived the effec-
tive capacity under developed optimal power - allocation poli-
cies. The authors of [5] proposed a QoS scheduling strategy for
multi - users and multi - services. They considered the service
type, channel quality, buffer size and fairness based on carrier
aggregation.

In this paper, we consider multi-services whose QoS metrics
include bandwidth requirements, as well as delay, packet loss
ratio, etc. [6]. Therefore, we firstly analyze different typical ser-
vices’ business characteristics. To consider the variety of QoS
metrics, we combine the theory of effective capacity (EC) with
unified utility function to well characterize multiple QoS con-
straints [7]-[8]. EC is the maximum constant data rate that a
given service rate can support subject to a QoS exponent [9].
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Besides, in order to consider the dynamic time-varying condi-
tions of 5G ultra-dense networks, the paper introduces the op-
portunity cost (OC) model. In economics, the original concept
of OC is the maximum benefit that can be gained from other us-
es after the resource is put into a particular use [10]-[11]. As
the theory of OC evolves and expands, the opportunity cost is
used in not only economics, but also multi-service resources al-
location scenarios. According to OC, we propose a multi-ser-
vice QoS guaranteed resource allocation algorithm, which can
improve the system utility while guaranteeing the QoS require-
ment of multi-users within a long-time frame.

The contributions of this paper can be summarized as fol-
lows:

1) Our scheme invites effective capacity based utility function
to establish a multi- QoS optimization strategy that put the
system utility as the objective function.

2) We introduce opportunity cost to take future network condi-
tion into account, which can lead multi-services to make ra-
tional choices to conduct resource allocation within the tol-
erance of delay requirement.

3) The schemes and simulation results show that our algorithm
can achieve superior overall user satisfaction and fairness.
The correciness of the proposed utility is also evaluated,
which could be used as references for related studies.

The rest of this paper is organized as follows. Section 2 pro-
vides the system model, EC-based utility function and opportu-
nity cost for multi-service scenarios. Section 3 formulates the
multi-service QoS guaranteed resource allocation problem. By
comparing opportunity cost and current data rate of QoS users
and BE users respectively, we come to the conditions users
choose more suitable resources to get better system perfor-
mance. Simulation results are given and discussed in section
4. Finally, section 5 draws conclusions.

2 System Model

We consider the downlink scenario of multi-service cellular
networks as shown in Fig. 1. The scenario depicts N base sta-
tions (BSs), the power of which is limited by P, respectively.

Small cell
Q

TCP. user D [ i‘
N []
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TCP: Transmission Control Protocol
VolP: Voice over Internet Protocol

HTTP: Hypertext Transfer Protocol
IPTV: Internet Protocol television

AFigure 1. The system model of wireless network for multi-QoS mobile
services.
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There are multiple users, which are categorized into four class-
es: conversational class (VoIP), streaming class (IPTV), interac-
tive class (HTTP) and background class (TCP). The number of
VolP, IPTV, HTTP and TCP users are K, K,, K, and K,
respectively, and the sum of the four kind of users is equal to
K. The resource pool has M resource blocks (RBs), which we
allow each BS to use. We assume that in each scheduling cy-
cle, a RB m can only be assigned to one user £ at most.
Be{0, 11N is the RB assignment matrix, where B;,.,=1 i-
ndicates the assignment RB and B,.,., =0, otherwise.

The Signal to Noise Ratio (SNR) between k-th user and n-th
BS on RB m is formulated as follows:

2

SNR H

/(N,B), (1)

= .
k,m,n Pk,m.n k,m,n

2
denotes the

where P;,.. denotes the transmit power. ‘Hk_

m,n

channel gain. Ny is the power spectral density of noise and B
is the bandwidth of each RB.
Based on Shannon’s capacily formula, the rate between the

k-th user and the n-th BS on RB m is given by (2):

Ry, ,=Blogl+P,, -Cp ), (2)

k.m.,n

2

=‘H

where C /(N,B) . The total data rate that user k

k,m,n km,n

gets from BS n is expressed as:

M
Rk,n, = Zlﬁk,m,n.Rk,m,n' (3)

2.1 Effective Capacity Based Utility Function

To measure user satisfaction, utility function is proposed.
The higher the value of U(r), the higher the user satisfaction.
To analyze different service characteristics, the utility curves
of four typical classes are introduced in Fig. 2 [12].

From the research of [13], we use the effective capacity
based utility function to consider multi-QoS requirements. The
function combines the effective capacity with a uniform utility
function, which is expresses as

UE.O,)N)=UP,, ..Bhmn0.) 4)

where £¢(0,.,) is the effective capacity with the parameter of
QoS exponent 6.

The utility function U(r) can be set by different parameters
to form different curves adapted to different typical classes [8].

_ 1
V=g D (5)

where r is the resource parameter. Parameters A, B and D
mainly affect the range of the utility function. C affects the
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A Figure 2. The utility function trend of four classes.

slope of the curve. And d is the inflexion of the function.
The effective capacity is expressed as following:

_ 1 —OTR]i|
E6)= —ﬁlog(E [e ])7 (6)
where R[i] represents the instantaneous channel capacity dur-
ing i-th frame. T represents the frame duration.

Moreover, the probability that the delay bound D, must
be below a certain packet loss ratio & is expressed as (7):

Pr{D@)>D J=¢ = ™<eg, (7)

max}
where A represents the service arriving rate.

2.2 Opportunity Cost

Multi - service resource allocation provides corresponding
service quality assurance for different user terminals under the
condition of limited resources. By allocating available resourc-
es such as subcarriers and power properly, we use resource al-
location to maximize user satisfaction, system throughput and
the efficiency of resource utilization. If a user selects a base
station’s resources, it will lose the opportunity to access other
base stations. If a base station chooses a user to provide ser-
vice, it will lose opportunity to allocate resources to other us-
ers. In summary, the scenario of multi-service resource alloca-
tion meets the three preconditions of opportunity cost: scarcity,
diversity and decision rationality of resources.

In this paper, we divide users into QoS users and BE users
to research multi-service resource allocation scheme. We as-
sume that choices are made rationally by users aiming to maxi-
mize system utility.

For QoS users, when the EC of a QoS user is greater than
the expected effective bandwidth, increasing the rate will not
greatly improves the utility. However, for BE users, as user da-
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ta rate continues to increase, their utility will continue to im-
prove. Therefore, if QoS users select the current resource, they
may lose the better suited resource when the delay is tolerable.
It is also possible that the waiting time exceeds the delay limit
so that a serious decline in channel quality causes calls drop.

For BE users, if they choose the current resource, they may
lose the larger expected transmission rate that can be obtained
when its latency is tolerable. If BE users drop the connection,
it is also possible to drop the call. Therefore, from the above re-
source allocation, the user needs to make a choice to select or
abandon a certain resource.

We come to the definition of opportunity cost for resource al-
location as follows: the opportunity cost of a user is defined as
the expected value of the service transmission rate that the us-
er chooses to wait within the delay allowed by the service.

By introducing the concept of opportunity cost, we can not
only allocate according to the current resource situation, but al-
so consider the future changes of the system and maximize the
utility value of the system through the rational choice of users.

3 Multi-Service QoS Guaranteed Resource
Allocation Based on Opportunity Cost

In this section, we study the multi-service QoS guaranteed
resource allocation algorithm based on opportunity cost aiming
to improve system utility.

Taking advantage of opportunity cost, taking the opportunity
cost into consideration can consider the advantages of the fu-
ture situation of the system and put forward a more reasonable
resource allocation algorithm.

3.1 Problem Formulation

To optimize multi-service resource allocation algorithm, we
aim to maximize system utility, that is, the sum utility function
of each user. The objective function is shown in the following
formula:

max zUk (P noBrmns Hk,n)' 8)
T

In this paper, we suppose users are sorted by the delay
bound D,..; from the smallest to the largest. It is easy to find
that user sequence meets {keK.kekK, keK,keK,}. Mean-
while, the channel transmission capabilities of BSs are sorted
from the largest to the smallest. And the corresponding chan-
nel transmission capabilities of the base stations are
{EcIn=1,2,...N} _ Without loss of generality, we suppose
E,ZE >..2E,

Assume the user’s service duration has an exponential dis-
tribution with parameter 7 [14]. The distribution function of
the service duration T of each user in the base station is as fol-

lowing,
t

Fly=Pr<p={1~¢ >0, ©)
0, other
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For a full-loaded BS, the probability that the BS will have
free resources, that is, at least one user ends the service leav-
ing within the duration ¢, can be expressed as

PW)=1-P(T,>t,T,>t,...T; >1). (10)

Supposing the service duration of user is mutual indepen-
dent of each other, the probability is written as

PO)=1-(") = 1=, (11)

From the above analysis, the probability that the
BS-i=1,2,....,N will have free resources is ] —¢ respec-
tively, where K; represents the number of users served by the
i-th BS and K,=0.

Assuming that the resource is pre-assigned without consider-
ing the future condition of the system, the power pre-allocated
to the user is P,;,,M . And if the user occupies the RB m on
the BS 7, it is denoted as ,3;;’"1_,,, =1. For QoS users, we sup-
pose the allocated data rates all satisfy FE (P . ,,,.,,,,3,;,,,,5,,,,0,%,,)
=E/ keK,K, . Effective bandwidth E; is defined as the min-
imum service rate to meet the QoS requirements [15] Accord-
ing to the utility characteristic of QoS users from Fig. 2, when
the effective capacity of QoS users is larger than their effective
bandwidth, increasing the rate does not greatly improve their
utility. Therefore, it is better for QoS user k to obtain desired
data rates smaller but meets its QoS requirement during its
waiting time ¢ which is less than the delay tolerance range
D, . Therefore, the resources can be assigned to other users,
so as to enhance the overall effectiveness of the system and the
system fairness. The condition QoS users choose to wait as

shown in (12):
Ebk g EQOS[EC( 0 )] g EC(Pl;.m,n’Bl;m.n’0k,n)’ (12)

Therefore, QoS users only consider the base station whose
transmission capacity is lower than n' to save more resources.
We can conclude the expected transmission rate that can be
obtained in the waiting time ¢ for QoS users in (13):

N K > K

z T
E,f[E0)]= Y (1=e ")e ™ E(P,, .B..-0.) (13

i=n+1

What is different from QoS users, when BE user is provided
more resources, is that BE user satisfaction can still be im-
proved. Therefore, if the opportunity cost of BE user £ after the
waiting time ¢ is greater than the pre-allocated resources, BE
users may choose to wait to access a higher transfer rate, as
shown in the following equation:

EBE[Ec(a )]2 E(](Pl;,m‘n7Bl;(m,n’0k.n)' (14)

Unlike QoS users, BE users only consider base stations with
transmission capability higher than n" in order to obtain more
data rates to improve their utility. The expected transmission
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rate that can be obtained in the waiting time ¢ is as follows:

_Ke - K, it

n-1

D= e T E (P, BribL) (15)

i=1

EyE0)]=

If there are multiple users waiting in line for a certain BS
service, the waiting queue length is set as J; (the user is
ranked J;) and J,=0. The probability that the user can get
service within the tolerable waiting time range is equal to the
probability that at least Jj; users leaving within the time frame.
It can be seen that the time interval for the user to leave the
system obeys the negative exponential distribution of parame-
ter A, =K,/7 .

Therefore, the number of users leaving the system in time
obeys Poisson distribution. The probability of the user getting
the service is converted to (16):

P, +t,+...+t,<t)=P(k=j)=
J ok
A -a

1_k=20ﬂe .

Thus, the expected transmission rate that QoS users can

(16)

wait for access is:

N ok

N Ji /\k 0 A N
EolBc®1= 3, (=3 e WIT Qe W EPeiobrnisbid (17)

i=n+1 s=i+1l k=0

The condition QoS users choose to wait is shown as follow-
ing:

k' e_)‘()}.E/;(Pkﬁm,iVB/fﬁm,i’elc,i)S

E (P BrreOr) (18)

—

The expected transmission rate that a BE user can wait for
access is:

i\ Jii /\k o
EBE[EC(‘Q)]:_ (I_Z*!e ){ (_ ];E‘e .])}.E(»(Pk,m,i’ﬁk,m,i’0!;.1)’ (19)

The condition BE users choose to wait is shown as following:

el ik L Ak "

Z(l _zk;e ){H(z ];; e " WEP,iB.n0:)=

i=1 k=0 ft: s=1 k=0 1

Ec(P B Or) (20)

In addition, users need to tolerate delay during the waiting
of the queuing. And each user has the maximum delay limit
D,...., beyond which the user’s service quality will be affect-
ed. Therefore, the duration a user chooses to wait should be
less than its maximum delay limit. When user & queues for the
service of a selected base station n, we assume the length of
waiting queue is J, . The probability distribution of the user’s



Special Topic N

Multi-QoS Guaranteed Resource Allocation for Multi-Services Based on Opportunity Costs

service duration obeys the exponential distribution with param-
eter 7. According to the characteristic of exponential distribu-
tion, the expected duration is 7. So the user’s queue waiting
delay is J,T . Therefore, J, needs to satisfy the following for-
mula:

. Dmax k
L=<l—"} (21)

T
where [x] represents an integer not greater than x .
3.2 Problem Solution

Based on the above analysis, a multi-service QoS guaran-

teed resource allocation optimization model based on opportu-
nity cost is formed as follows:

max ZU/L (PrnsBrnns01)s
"

E/I: z 1‘Zk, PAlnl’Bknxt’ S
s.t. 1) i=n'+1 s=i+l L 0
Er(PL mn’BLmn’ A”) kEK K,,
=1 )lk 7/\
=27 WE (P ioBrmis01.) =
2) ; “ k. ks k,

(22)
Ec(Pk m, u’Bk m, u’em)sk € K3,K4,

uf[“ﬁnﬂwm

;gmm\m
5) 22 Brnn < 1By, €10, 1)
k n

The algorithm flow is designed as follows:

1) First, we calculate the channel transmission capacity of
each base station and sort it from high to low, numbered
L, ...,n,...N . The users are sorted according to their maximum
delay limit from low to high, numbered as 1, ...k, ... K. Then
when k=1,...K +K, step 2 is performed for a QoS user;
when k =K1 +K2 + 1,

2) When k=1,..,
of QoS users. The algorithm finds the value of n that satisfies
the limit conditions 1) and 3) in (22) To make the system utili-
ty higher, set n =argmax{n}, BM =1, Jj,+ 1. If not, then
make k+1.

3) When k=K +K,+1,...K | we calculate the opportunity
cost of BE users. And then the algorithm finds the value of n
that satisfies the limit conditions 2) and 3) in (22) To make the
system utility higher, set n’=argmaxin}, ,Bj =1, . +10f
not, then make k+1.

4) After traversing all the users, the resource allocation is
completed. And the power matrix and the allocation matrix are
updated when each n is taken.

K, step 3 is performed for a BE user.
K, +K,, we calculate the opportunity cost

4 Simulation Results and Analysis

4.1 Simulation Parameters
In this section, simulation results about the utility-based re-
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source allocation for multi - QoS services with EC are given.
There are multiple BSs deployed in a coverage area of 2 kmX3
km. All BSs connect with the controller. There are total 50
files and the size of each content is a normal random variable
with the mean of 30 Mbits. The requests of users follow a Zipf
distribution with Zipf parameter g=0.5. Generally, g indicates
the degree of skewness of popularity distribution, a larger g
means the content requests are more centralized into popular
files. Besides, we let the users of the four classes have the
same proportion. More details of simulation environment set-
tings and QoS settings are listed in Tables 1 and 2 respective-
ly. The QoS parameters are set according to 3GPP TS 23.203
[6]. The four classes have different QoS parameters, such as de-
lay bound and packet loss ratio. Besides, VolP users and IPTV
users have effective bandwidth bound, because they are QoS
users who have minimum bandwidth requirement.

4.2 Results and Analysis

According to the proposed resource allocation algorithm,
QoS users are expected to seek more suitable resources instead
of blindly seeking for better resources by comparing opportuni-
ty cost with current resources favorably. In this paper, we com-
pare sum utility, system throughput and fairness between the
proposed OC algorithm, the max utility algorithm without OC

VY Table 1. Simulation setting: system parameters

System parameters

Number of BSs 7
Number of Subchannels 50
Maximum power of BSs 46 dBm

Carrier Frequency 2 GHz
Bandwidth 10 MHz
Cell average radius 500 m

Pathloss model PL=128.1+37.6log,,d,d(km)
Shadowing standard deviation 8 dB
Shadowing correlation distance 50 m
Fast fading Rayleigh fading
-174 dBm/Hz

Noise density

Average arriving rate 150 kbit/s

BS: base station

VTable 2. Simulation setting: QoS parameters

Traffic Type Effective bandwidth (kbit/s) Delay bound (ms)  Packet loss ratio

VolP 150 [20, 50] 107
IPTV 200 [50, 100] 107
HTTP -- [100, 200] 107
TCP -- [300, 500] 10°
HTTP: Hypertext Transfer Protocol ~ TCP: Transmission Control Protocol
IPTV: Internet Protocol television VolP: Voice over Internet Protocol

QoS: quality of service
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(No-OC) and the Reference Signal Receiving Power (RSRP) al-
gorithm.

Fig. 3 depicts the sum utility versus number of users. Since
the sum utility is the cumulative result of users” utility, all
three algorithms are monotonically increasing. The OC algo-
rithm and the No-OC algorithm always give higher utility val-
ues than the RSRP algorithm, because they guarantee the QoS
requirements of the more efficient QoS users. When the num-
ber of users is small, the OC algorithm has almost the same
utility value as the No-OC algorithm. As the number of users
increase, the utility value of the OC algorithm is significantly
higher than that of the No-OC algorithm. This is because, when
the number of users is small, the resources are sufficient, and
both strategies can meet the needs of almost all users. Howev-
er, as the number of users increases, BE users in the No-OC al-
gorithm cannot be met, while the QoS users in the OC algo-
rithm can obtain more reasonable resources based on the op-
portunity cost to save more resources for the BE users to imple-
ment higher system utility.

Fig. 4 shows the system throughput versus the number of us-
ers. The throughput of the three algorithms depicts an increas-
ing trend with the increase of the number of users. The pro-
posed OC algorithm is between No-OC and RSRP algorithm.
This is due to the OC algorithm sacrificing some of the QoS us-
er data rates. When the rate of QoS users meets their require-
ments, the utility value will not increase any more. Therefore,
the resources allocated by QoS are allocated to BE users by
OC algorithm to obtain higher system utility. Therefore, the to-
tal system throughput is somewhat lower than the No-OC algo-
rithm.

The fairness versus the number of users is shown in Fig. 5.
The fairness factor is defined as the user-derived data rate nor-
malized variance. The lower the fairness factor indicates, the
greater the variance and the more unfair the algorithm are. We

—#— Proposed OC
30L —©— No-OC
—*— RSRP

28

26

24

System throughput (Mbit/s)

14 . . . . . . . . . .
35 40 45 50 55 60 65 70 75 80

Numbre of users

OC: opportunity cost ~ RSRP: Reference Signal Receiving Power

AFigure 4. System throughput versus the number of users.
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Numbre of users

OC: opportunity cost ~ RSRP: Reference Signal Receiving Power

0.50 1

—#— Proposed OC
0.45F —e—No-0C
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35 40 45 50 55 60 65 70 75 80
Numbre of users
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A Figure 3. Sum utility versus the number of users.
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AFigure 5. Fairness versus number of users.

observe that the fairmess of OC algorithm is better No-OC algo-
rithm. Because the No-OC algorithm always guarantees the
QoS requirements of the QoS users and does not consider the
BE users well. The OC algorithm takes advantage of the oppor-
tunity cost so that the BE users and the QoS users can make
constant calculations and thus have better fairness. For RSRP
algorithm, all users are equal without distinguishing different
users with different QoS requirements. Therefore, its fairness
is better than OC algorithm and No-OC algorithm.

S Conclusions

In conclusion, the proposed multi-QoS guaranteed resource
allocation algorithm for multi - services based on opportunity
cost can achieve a well-done balance between user satisfaction
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and system fairness. We first formulate a unified utility func-
tion with effective capacity, which is able to represent the QoS
requirements of delay and packet loss rate, to describe the
multi-QoS metrics of different services. Then we invite the the-
ory of opportunity cost in economy to form the concept of op-
portunity cost applied into the multi-service resource alloca-
tion scenario by analyzing the utility characteristics of QoS us-
ers and BE users respectively. In the multi-services resource
allocation scheme, QoS users and BE users make different pref-
erences rationally to maximize system utility. From business
characteristic of different users, if boosting the service rate of
QoS users when their lowest data rate is met, system utility will
not be effectively increased. Meanwhile, BE users always look
for a higher data rate to enhance system utility. Therefore, by
calculating opportunity cost, QoS users tend to choose resourc-
es that have smaller data rates but meet their QoS require-
ments within delay limits. And BE users prefer resources that
provide higher transmission capacity within delay limits. Final-
ly, the simulation results show that our algorithm can achieve
superior overall user satisfaction and the algorithm also balanc-
es fairness and throughput in a good way.
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