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Abstract—The number of wireless network users has re- improve the overall average throughput for the network
markably grown by recent advances in wireless communication  compared to a method without spectrum sharing.
technologies such as WiFi and WiMAX. This has led to a lack of However, the proposed method assumed that the WiMAX

spectrum resources, which has therefore become an important d WIEi i ted 10 i th I
issue. To overcome this problem, spectrum sharing technology, an Il providers cooperated 1o improve the overall av-

whereby a WiFi system temporarily uses a spectrum band €rage throughput. Therefore, if the WiIMAX provider and
of a WIMAX system, is receiving much attention. Although  WIiFi providers do not cooperate and pursue only their own
existing work assumes that the WiMAX and WiFi providers interests, this method might not work.

are cooperative, it may not be realistic. In addition, user An alternative auction-based method has been proposed
behavior model is too simple. In this paper, we propose a 4 hich adopt .. del for lendi h |
spectrum sharing method that behaves properly even if the [ ]{ which adopts a pricing mo .e or len '_ng ¢ ar,me S.
WIMAX provider, WiFi providers, and users are mutually ~ This method can behave appropriately even if the WIMAX

uncooperative. Finally, we confirm the effectiveness of the provider and WiFi providers do not cooperate. However,

proposed method by simulation experiments. because this method focuses on the WIMAX provider’s
Keywordsspectrum sharing; uncooperative providers; satis-  Profit, the improvement in the average throughput may not
faction; WiFi; WiMAX; user model be optimal.
To address these problems, we propose a spectrum-sharing
I. INTRODUCTION method that behaves properly even if the WiMAX provider,

WiFi providers, and users are mutually uncooperative. This

In recent years, users have had access to various wireleBsan extended version of[5].
systems such as cellular, WiFi, and WiMAX. With in-  The rest of this paper is organized as follows. In Section
creased bandwidth becoming available, multimedia services, we introduce some existing methods and point out their
via wireless networks are now widely used and the trafficoroblems. In Section IlI, we elaborate our proposed method.
demand is increasing. Section IV shows the excellent performance of the proposed

However, with available spectrum resources being finitemethod by simulation experiments. Finally, Section V makes
techniques that use wireless resources more effectivelyome conclusions and indicates future work.
should be considered. As one approach to this problem,
cognitive radio [1], [2] is receiving attention. Cognitive radio
is a technology whereby wireless devices can select betweeh Integrated Wireless Networks
a number of independent wireless systems according to Although several wireless systems such as cellular, WiFi,
the condition of each system. The frequency spectrum caand WiMAX have been developed, each system is used
then be used more efficiently than by using these systemisdependently. However, if these were to be integrated, users
independently. could access services seamlessly. Therefore, WiFi/WiMAX

For cognitive radio, a spectrum-sharing method has beemtegrated networks [6], [7] have been investigated recently,
proposed [3], in which a WiFi system temporarily uses aaiming to improve quality of service (QoS) and load balanc-
spectrum band of a WIMAX system. In this method, theing between the WiFi and WiMAX systems by using each
WiFi access points (APs) that are to use the additionabystem selectively according to the condition of the systems
WIMAX channel are decided according to the “load”, where and the demands of user applications. The coverage area for
the “load” is defined as the total number of users connecting WiFi AP is about 100 meters, whereas that for a WiMAX
to the WiFi AP. It was confirmed that this method could base station (BS) is a few kilometers. As shown in Fig. 1,

II. RELATED WORK
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Figure 1. Network Model

C. Spectrum-sharing Method Based on an Auction

There is a spectrum-sharing method that uses the model of
this means that two or more WiFi APs may exist inside aan auction [4]. In this method, if WiFi providers receive an
WIMAX service area. additional channel from the WiMAX provider, they pay for

As an alternative, a spectrum-sharing method that temthat channel. As shown in Fig. 2, each WiFi provider can
porarily assigns a spectrum band of a WiMAX system tomake an offer for a channel. By considering these offers,
WiFi system APs has been proposed. Here, the same speitie WIMAX provider selects an assignment pattern that
trum can be used repeatedly without causing interferencenaximizes the WiMAX provider’s revenue.
between adjacent WiFi APs. This enables more efficient This enables the WIMAX provider to obtain additional
utilization of the spectrum, thereby providing users with profit by lending channels and the WiFi providers to increase
higher-throughput services. their effective bandwidth and user throughput. Furthermore,

. this method can behave appropriately even if the WiMAX
B. Spectrum-sharing Method to Improve Overall Through'provider and WiFi providers are uncooperative.

put However, because this method focuses only on increasing

In [3], a spectrum-assignment method for improving thethe WiMAX provider's profit, more effective assignment
overall average throughput in the network was proposed. lpatterns may be overlooked, which implies that the im-
this method, the assignment of a WiFi AP to an additionalprovement in average throughput is not optimal. Moreover,
channel in the WiIMAX system is decided by using a geneticfor some of these proposed methods, the offered prices
algorithm (GA). The number of users who connect to thefor an additional channel are decided randomly, which is
assigned target WiFi AP is used as the evaluation value andnrealistic.
the channel assignment is carried out under the constraint
that adjacent WiFi APs cannot be assigned the same channel I1l. PROPOSEDMETHOD
simultaneously. It was confirmed that this method improved
the overall average throughput for the network. Moreover, irfA"
[8], a spectrum-assignment method that also minimized the To overcome the problems described above, we propose a
difference in throughput between WiFi and WIMAX users spectrum-sharing method that behaves properly even if the
was able to provide higher throughput. This method not onlyWiMAX provider, WiFi providers, and users are mutually
improved the overall average throughput but also reduced thencooperative. To achieve this, we introdisaisfactionas
coefficient variance. an indicator of users’ behavior. In this method, we assume

However, for these methods, the WIMAX system has tothat the user arrival rate at WiFi APs and the WiMAX system
lend channels to WiFi APs without itself receiving any direct varies according to the user satisfaction. Furthermore, given
reward. This implies that either there is one provider of thethat the WiIMAX provider and WiFi providers are not
WIMAX and WiFi services or that the separate providersexpected to cooperate, the WiFi providers must pay for
are prepared to cooperate. In reality, providers do not alwayeeceiving an additional channel from the WiMAX provider,
cooperate, preferring to pursue their own profit. Thereforeand must decide for themselves how much they are prepared
an effective spectrum-sharing method that behaves propertp pay. The WiMAX provider will select the assignment
even if the WiFi and WiIMAX providers do not cooperate is pattern that maximizes its own profit via a GA method,
needed. using the WiFi APs’ offered prices and the constraint that

Summary of the Proposed Method
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consider both revenue and payment in deciding whether to
borrow a channel. If a WiFi provider wants to borrow a
single channel, they can calculate the appropriate payment

L using Eqg. (1). For multiple channels, the same calculation
will be repeated.

Pr x E; * a, Q)

where Pr, F; and « refer to the price that WiFi providers
impose on users, the estimated number of increased users,
and the expected profit to the WiFi provider, respectively.
E; is calculated by Eq. (2), assuming that the satisfaction
changes frons to s'.

0.0 I’/ 1 1 1

0 20 40 60 80 100
Satisfaction

Figure 3. Relation between Satisfaction and Magnificalion
B; = Ap T+ (Wp(s') — Wr(s)), @

where A\ and T' are the arrival rate at the WiFi AP,
adjacent WiFi APs cannot be assigned the same channghd the interval times for spectrum assignment, respectively.
simultaneously. Wr(s) is the magnification of the arrival rate, as shown
In the following subsections, we first introduce the con-in Fig. 3. Therefore,Wr(s') — Wr(s) indicates by how
cept of satisfaction. We then describe how the WiFi APsmuch the number of users connecting to the WiFi AP will
decide about payments and the algorithm for spectrunincrease by borrowing additional channels. Whenever a WiFi
assignment. provider judges, using this equation, that it can increase
its revenue, it offers the calculated payment for borrowing

additional channels. Otherwise, it does not seek to borrow
Satisfaction is associated with each WIMAX and WiFi any additional channels.

AP according to the throughput, and may vary from 0 to )
100. APs have increased satisfaction as the user throughpBt Procedure for Channel Assignment
increases. We now explain the procedure for channel assignment.
In general, users hope to connect to an AP with as higi'lhe WiMAX provider decides on the number of assignment
a throughput as possible. On the other hand, WiMAX andchannels and the APs of the assignment targets according
WiFi providers hope to increase the number of connectingo the WiFi APs’ offer prices described in Section IlI-C.
users, which increases their profit. Therefore, WiMAX andHowever, the assignment of channels to WiFi providers will
WiFi providers aiming to increase their profit will improve cause the throughput of the WiMAX provider to decrease.
satisfaction. Therefore, the WIMAX provider’s satisfaction will change
The details are as follows. We assume that the userfrom s to s/, which causes a decrease in both arrival rate
arrival rate changes as a function of the satisfaction a@nd revenue. Because of this, the WiMAX provider should
each AP. Fig. 3 shows the magnificatid¥i of the arrival ~ perform channel assignment by considering the difference
rate as a function of the satisfaction. The arrival rate ofoetween the revenue decline and the payment from the WiFi
APs increases according to the magnificatidn as the APs in terms of Eq. (3).
satisfaction increases.

B. Satisfaction

Estimated Decreased RevendeP,, * E,, 3)
C. Calculation of the WiFi Providers’ Offer Price here £ and P, refer to the estimated number of
. . . A . W d M

This subsectpn explqms how WiFi providers calculqte thedecreased users and the price that the WIMAX provider
payment for being assigned a channel from the WlMAXirnposes on users, respectively, is calculated by Eq. (4)
provider. As explained in Section IlI-A, the WiFi providers ' B
decide for themselves how much they are prepared to pay. /
For the WiFi providers, increasing the number of connected Ea =+ T (Waa(s) = W (), )
users leads to increased profit. Therefore, WiFi providers where )\, is the arrival rate for the WIiMAX system.
need to raise their user satisfaction. If WiFi providersWy,(s) — Wy (s’) indicates the decrease in the number
receive an additional channel from the WiIMAX system, theof users connecting to the WIMAX system because of the
throughput and the satisfaction will both increase, and amlecrease in available channels.
increase in revenue would therefore be expected. The APs of the assignment targets and the number of

However, WiFi providers must pay the WiMAX provider assignment channels are decided according to the following
for the assigned channels. Therefore, WiFi providers mussteps.
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1) WiFi APs calculate the payment required to borrow Now, as described in Section 1lI-B, the arrival rate would
channels. change according to the magnificatidn of the initial arrival

2) WIMAX provider selects the assignment pattern thatrate. Therefore, the actual arrival rates for WiMAX,() and
maximizes the sum of payments offered by WiFi APs.per WiFi AP area {r) satisfied the following equations.

3) WIMAX provider calculates the estimated revenue

decrease from lending channels. A = Ny Wy @)
4) If the revenue from lending channels exceeds the ,

estimated revenue decrease, then perform the channel Ar = Ap * Wr (8)

assignment. It followed that the arrival rates\; (without WiFi AP)

5) Repeat Steps 1 to 4 until all channels are lent or theand X2 (with WiFi AP) were calculated by the following
estimated revenue decrease exceeds the revenue frqgauations.

the target WiFi APs.

Note that, in Step 2, we use the algorithm proposed in [8]. A= A\ 9)
IV. PERFORMANCEEVALUATION Ao =Ap + Au (10)
A. Simulation Model If a new user arrived in an area with a WiFi AP, the

In this subsection, we evaluate the performance of théyStem with the higher throughput was used. Otherwise, the
proposed method by simulation experiments. The networfVIMAX BS was used. In addition, users would stay in the
model assumed that WiFi and WiMAX were able to carry &rfival area until the end of their download.
out spectrum sharing. There was one WIMAX BS, whose e chose two other methods for comparison. One method
area was divided intd0 x 10 = 100 small areas. 50 small Was the spectrum-sharing method described in Section II-B,
areas were selected at random, each having a WiFi ApYhich improved the overall average throughput. In this
The spectrum bandwidth for the WiIMAX system was set toPaper, we call this method the “existing method”. The
100[MHz] and divided into channels of 20[MHz] each. Each Other method did not share any spectrum. As performance
WiFi AP can use one or more additional channels assignefl1éasures, we observed the average time to complete the
from the WIMAX system. The WiMAX system was assumed download (download time) and the revenue for the WIMAX
to provide 40[Mbps] per channel in accordance with the@nd WiFi providers. o _

WIMAX Forum [9]. The WiFi systems were assumed to Under the same conditions as described above, we ran
provide 17.5[Mbps] per channel according to preliminaryfive sw_nulaugns with various initial overall arrival rates;;.
experiments that used the ns2 discrete-event simulator [10["€ simulation ended after 250,000 calls were completed.

In addition, the interval time” for spectrum assignment Ve set the parameter to 0.1. Wr(s) and Wa(s) are
was set to 300[sec]. The price that the WiMAX provider Iogarlthm_lc functions of_ the satisfactiop. As explained
imposes on its users was 100, and the price that Wi,:gbove,_wnh t_:hannel aSS|_gnment, the Fhroughput changes and
providers impose on their users was set to 80. The WiFi APsine satisfaction of the WiIMAX and WiFi providers changes
price was lower because the coverage for WiFi is narroweffom s to ', where s’ is calculated from the following
than that for WiMAX. We considered the example of a useréduations.
downloading a 10 MByte file. R

In this simulation, calls occured according to a Poisson s' (WiFi) = s+190/s (11)
arrival process, with each area having its own arrival rate. ' (WiMAX) = s — 25/s (12)
Because WiFi APs tend to be set up in places where people
gather, such as offices, rail stations, and cafes, the call arrival Note that, we assume that the satisfactions also a
rate for a WiFi AP was assumed to hetimes that for logarithmic function of throughputI(p), as defined in Eq.
WiIMAX. We defined the arrival rate for the whole network 13.
as A\qu. The initial arrival rate per WiFi AP area\{,) and

that for WiMAX (\},) were then calculated by Eq. 5 and s =T0xlog((Tp+5)/5) (13)
Eq. 6.
a B. Simulation Results
Ny = A * (5) Fig. 4 shows the average download times as a function of
50(z +1) the initial overall arrival rate.
1 This indicates that both of the existing method and the
M = Aan kF —————— (6) proposed method improve the average overall throughput,
100(z + 1) . : . o
since the capacity of the system increased by assigning one
In this simulation, we set = 3. or more channels from the WiMAX BS to several WiFi APs.
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The average throughput of the proposed method is almost
equal to that of the existing method. Therefore, this means
that our proposed method behaves properly even if the
WIMAX provider, WiFi providers and users are mutually
uncooperative.

Figs. 5-7 show the sum of the revenues of the WIMAX
provider and WiFi providers, the WIMAX provider’s rev-
enue, and the WiFi providers’ revenue as a function o
the initial overall arrival rate, respectively. There is not so
much difference between the overall revenue of the existin
method and that of the proposed method, whep is
up to 13.75. However, the overall revenue in the propose
method becomes much higher whip; is bigger than 15.0.

WIMAX provider is smaller than that of the non-sharing
method when the arrival rate is small. In this simulation,
when a new user arrives at an area with WiFi AP, he/she
fchooses a system with higher throughput. In the methods
with spectrum sharing, the throughput of the WiMAX users
ecreases because of the decrease in its available channels.
his might cause the situation that more users connect to a
HViFi AP rather than WIMAX BS. The proposed method
avoids this situation by consideration of the satisfaction.
ponsequently, when\,; is large, the revenue for the

Moreover, Fig. 5 and Fig. 6 indicate that the revenues OW’MAX er in th q hod is hiaher th
the WIiMAX provider and that of the WiFi providers are IMAA provider in the proposed method is higher than
r}l%at in the existing method.

increasing. This is because the proposed method conside

the change of the revenue adequately to assign an additional These results indicate that the proposed method achieves

channel assignment based on satisfaction. well spectrum sharing even if the WiIMAX provider, WiFi
However, from Fig. 6, we can see that the revenue of theroviders, and users are mutually uncooperative.

Copyright (c) IARIA, 2013.  ISBN: 978-1-61208-245-5 19



ICN 2013 : The Twelfth International Conference on Networks

500 T T T T T T T T
Proposed Method —=—
No Share -----

400 | ,

300

Download Time [s]

100 - k

0 1 1 1 1 1 1 1 1
04 06 08 1 12 14 16 18
X

2

Figure 8. WiMAX: Mean Download Time with Variable X\(= 20)

500 T T T T T

T T T
Proposed Method —=—
No Share ---x---

\\v// ,

400

300

Download Time [s]

100 k

O 1 1 1 1 1 1 1 1
04 06 08 1 1.2 14 16 1.8

Y

Figure 9. WiFi: Mean Download Time with Variable YA (= 20)

C. Robustness

In this simulation, we assumed that WiIMAX and WiFi

providers exactly knew the relationship between satisfaction
and the arrival rate. Therefore they can expect the change

of the number of uses properly. However, this is difficult in
fact.

To confirm this robustness, we verified the case where

WIMAX (WiFi) provider misestimated the change of users
X (Y) times more than the actual value. In other words, if
X'is 1.0, WIMAX provider can expect the change properly.

Figs. 8 and 9 show the average download times as a

function of the parameter X (or Y) compared with the no
spectrum assignment method. We sej; 20. Fig. 8
indicates that even if WiIMAX provider expects about 50%

. 9
more or less, the proposed method can improve the averagé ]

throughput. Similarly, when the differece between what WiFi

V. CONCLUSION AND FUTURE WORKS

In this paper, we proposed a new spectrum sharing method
that works well even if WIMAX provider, WiFi providers,
and users are mutually uncooperative. It introduces the
satisfaction as an indicator of users’ behavior. Furthermore,
it was confirmed that the proposed method could keep the
average throughput compared with the existing method and
improve the revenues.

In a future work, we evaluate the sensitivity of each
parameter.
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