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Abstract—We analyze the capacity of an opportunistic schedul- ence power at a primary user’s receiver is maintained within
ing system in a spectrum sharing environment where multiple a given constraint. Although this result is very meaningful
secondary users can share a frequency spectrum with multipl 4 4iq not consider channel fading, which inevitably occurs

primary users as long as secondary users do not cause interfe . - . L
ence power exceeding a given threshold to the primary users. I real wireless environments and has a significant effect on

We consider three different power control schemes of secomdy ~Channel capacity [9], [10]. Ghasemi and Sousa [7] _analylzedt
users: fixed transmit power, adaptive transmit power, and irfinite  capacity of a spectrum sharing scheme considering theteffec

transmit power scher_nes. Our nume(ical and s_imulation resus  of channel fading and compared the capacity for Rayleigh
show that the capacity of the adaptive transmit power scheme a4 Nakagami fading models. They also considered multiple
is similar to that of the fixed transmit power scheme in the . L . .
low transmit power region, while the capacity of the adaptie p”maf)’ users and showed that Slgnl_flcant capamty gains can
transmit power scheme is close to that of the infinite transnti D€ achieved when channels are varying due to fading. Gastpar
power scheme in the high transmit power region and is satura&d [6] and Ghasemi and Sousa [7] assumed that both primary
beyond a certain point. and secondary tranceivers have a single antenna each, and
Zhang [8] investigated the channel capacity of a spectrum
sharing system considering multiple antennas and shoved th
Demands for wider frequency spectra have been dramatisignificant capacity gain can be achieved by using multiple
cally increasing because mobile Internet traffic is cordgimly antennas. Although previous studies analyzed the fundiinen
increasing and new wireless mobile applications emerg#ewhchannel capacity of spectrum sharing systems under various
the given spectrum is a limited resource and the spectrigtenarios, they did not consider multiple secondary users,
utilization is generally very low because it is exclusivelyhile it is well known that the performance gain can be
licensed for a single purpose across wide regions. Somehieved through opportunistic scheduling in multi-user e
measurement reports clearly indicate that some portion Wfonments by exploiting channel fluctuations [11] — [13].
the allocated spectrum is never accessed or is accessed fon this context, we analyze the capacity of an opportunistic
only a fraction of time in a certain area [1] — [3]. In ordewscheduling system in a spectrum sharing environment where
to mitigate this spectrum utilization problem, the spewtruthere exist multiple secondary users. The rest of this paper
policy task force (SPTF) presented a conceptspéctrum is organized as follows. In Section Il, both a system model
sharing [1]. With this spectrum sharing technique, secondamgnd three different power control schemes of secondargtran
users can share a spectrum already allocated to primarg usnitters are described. In Section lll, the average achievab
as long as the secondary users’ spectrum sharing interfecepacity of the three different power control schemes is
the primary users’ operation within an allowable interfere mathematically analyzed. In Section IV, numerical resaltes
power constraint. Generally, the quality of primary usershown. Finally, conclusions are drawn in Section V.
communications is degraded by the interference power from
secondary users sharing the primary users’ spectrum. Tus, !+ SYSTEM MODEL AND TRANSMISSION POWER
order to control the interference power from secondaryaiser CONTROL STRATEGIES
primary users, SPTF [1] introduced a concepirdérference  Fig. 1 shows a communication system model whafg
temperaturewhich represents the maximum permissible levelecondary transmitters can share a spectrum which is plymar
of interference power received at the primary users. Theg-sp licensed toN, primary receivers. Any data transmission of
trum sharing mechanism using the interference temperatserondary transmitters should be maintained to cause inter
concept is one application of cognitive radio (CR) which iference power to primary users within a given interference
one of promising technologies in next generation wirelessmperature,@, which represents the maximum allowable
communication systems [3] — [5]. interference power levely; ; and 5; denote the interference
Based on this motivation, there have been several stud@snnel gain from theé-th secondary transmitter to theth
on the spectrum sharing [6] — [8]. Gastpar [6] investigatezl t primary receiver and data channel gain from#ik secondary
channel capacity under a scenario where the receivedentertransmitter to a secondary receiver, respectively. They ar
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whereq; denotes the effective interference channel gain of the
i-th secondary transmitter and is definednasx; <<, o ;-
The probability density function (PDF) ei; can be obtained

é o as [14]
o J o —_o\Np—1
Secondary [5 fai (fU) = Npe * (1 —e€ "C) P
eeerer : Then, the received SNR of the secondary transmitter can be
@ N, represented as
Seconfiary " 0
transmitters Primary ’y-F _ P j; _ P3, o< % @
receivers ¢ o2 0, o > %,

Fig. 1. System model

whereos? denotes the variance of white gaussian noise and is
set to be one for simplicity of mathematical analysis so that
P and @Q can also be considered as the transmit SNR and
assumed to be exponentially distributed random variablggerference temperature-to-noise power ratio, respegti
with unit mean and independent and identically distributgelys. (1) and (2) indicate that a secondary transmitter does n
(i.i.d). Itis also assumed that theth secondary transmitter yransmit any data if its transmission cause interferenceepo
has information about; ;, which can be obtained throughexceeding@ to any primary user. Otherwise, the secondary
measurement of sounding channels from primary receiversyransmitter can transmit data with its peak power. Thus,éif w
In addition, we consider three different power contralonsider a setS, (|S,| = n,0 < n < N,), which consists of
schemes for secondary transmitters according to powera@onkecondary transmitters which can transmit data, the PDF and

capability and peak power constraints: fixed transmit POWEDF of each secondary user’s received SNR in the set can be
adaptive transmit power, and infinite transmit power sclemeptained as

In the fixed transmit power scheme which is suitable for

. . . 1 . )
secondary transmitters that require low complexity, eaat s fﬁ (x) = Fe*F, 1e€S, 3)
ondary transmitter can transmit data with its peak power, _s
‘ o . Fr(z) = 1—e P, i€8,. (4)
P, when its transmission does not cause interference power i

exceeding? to any primary receiver, while the secondary usefhen, a secondary receiver selects one secondary tragsmitt
can not transmit data if its transmission causes |nterﬁﬂ'er‘Nith the best received SNR if,,. The received SNR at the

exceeding) to any primary receiver. secondary receiver from the selected secondary transétte
On the other hand, in the adaptive transmit power schemey@ gptained as

secondary transmitter can adaptively adjust its transowtgp - h

level if its transmission causes interference power exoged Ymaz = gggf% 5 (5)
@ to any primary receiver. Thus, the adaptive transmit power o '

scheme is more complicated, compared to the fixed trans@itd its PDF is given by

power scheme. Finally, we consider the infinite transmit gow n—1

scheme where secondary transmitters can adaptively adjust fre, (@) = nfir(@) (F vF (33))

their transmit power level and the peak transmit power of the _ D3 (1 B e,%)n—l . ©6)
secondary transmitters is assumed to be infinite. This sehem P

can yield a theoretically optimal capacity bound althougis i Using Eq. (6), for a givem, the achievable capacity of the

not practical. fixed transmit power scheme can be derived as
For these three different transmit power control schemes,

each secondary transmitter computes its maximum perrféssif'n £ E [logz(l + ’Yﬂw)]

transmit power level and reports it to a secondary receiver. ‘”1 1 d
Then, the secondary receiver can obtain the received signal ~ /; 0gs (1 +2) for,, (x)dz
to-noise power ratio (SNR) for each secondary transmittdr a n [ . Ceme1
selects one secondary transmitter with the best receivé’l SN = F/o logy (L+a)e P (1—e"P)" da
in order to receive data. - ne1 .
n _x n — k _kx
[1l. CAPACITY ANALYSIS = EA logy (1 +a)e™™ Z( k >(1> e rdx
. . k=
A. Fixed Transmit Power Scheme nei ) - 0
— k+1
In the fixed transmit power scheme, the transmit power of = % > <n N )(—1)’“/ logy (1+ ) e "7 %z
the i-th secondary transmitter is given by k=0 0
n—1 k
P, a<? _ n=1\ (=D s (k+1
PF :{ o > p (1) = nlogQ(e)Z( ) e B |— ). (7)
0, o>9, N\ k) k+1 P



AveragingC,, in Eq. (7) ovem, the overall average achievablecan adaptively reduce their transmit power satisfying a&giv
capacity of the fixed transmit power scheme can be expresgagrference temperature constraint. Thus, a secondeeyves

as selects one secondary transmitter with the best receivé®l SN
N, among N, secondary transmitters. The received SNR at the
ct =R[C,] = Z P, x C,, (8) secondary receiver from the selected secondary transwstte
n=0 be described as
whereP, is t_he probability that the cardinality of,, is n and %frxm — max ,yiA. (13)
can be obtained as 0<i<N,
N, nN, N\ Ve Its PDF can be obtained as
Pn< >(1e§) <1(1e?’) ) . _
n s—
P @=Nefoa@) (Fa@) a4

B. Adaptive Transmit Power Scheme
In the adaptive transmit power scheme, each second4§ind EQ. (14), the overall average achievable capacityoean
transmitter adaptively adjusts its transmit power withis | €xPressed and numerically calculated as
peak power constraint so that a given interference temperat A_ A
. . . g . C =E [1Og2(1 + ’Ymaz)}
constraint is satisfied. Thus, the received SNR at a secgndar

receiver from thei-th secondary transmitter can be described :/ logy (14 ) fya (z)dz. (15)
as 0 e
A PBi, a; < % © C. Infinite Transmit Power Scheme
: L o> %, In the infinite transmit power scheme, secondary transmit-
: ters do not have a peak power constraint, that is, they can use
and its CDF can be expressed as infinite transmit power. Thus, the received SNR at a secgndar
Foa(z) = Pr [ai < Q} (1-eF) ;escewer from the-th secondary transmitter can be described
QP Q QB
+ Pr |: - <zla; > F R (10) f}/ZI = a—Z (16)
QB ]
N, F =Pr |22 <
Pr[aigg}(le_g) ’ v{(:v) r{ai <z
P N,
L /N, -1 1 Q
QB: Q ; ; =N, P —1)7 = — — , (7
andPr [ o < x‘ai > ﬁ} can be obtained, using the result 1); ( ji—1 )( ) {] Qj +x} (17)
of Appendix, as I N
~ (N, —1\ (=1)71!
Q8, Q rao=om Y () (18)
Pr|:a—i§$ Oéi>F Z(> pj:1 j—1 (Q]+I)2
r N, -1 T QR _= where Eq. (17) is derived by replacingwith 0 in Appendix.
— pz p (7]_>] 1@ P | —— e P . . . .
—\ j—1 i Qj+ux In this scheme, all secondary transmitters can transmé. dat
=1 Thus, a secondary receiver selects one secondary trag@smitt
Thus, Eq. (10) can be derived as with the best received SNR amoi§, secondary transmitters.
o\ Ve . The received SNR at the secondary receiver from the selected
Foa (I)Z(l —e P) (I1—e %)+ secondary transmitter can be described as
N,
~(N, —1 ; il « I I
Np Z( .P ) (_1)]—16—% |:_._ Q 6_?:| ) (11) Tmazx Ogl%}zi@ Yi (19)
=\ Jj—1 J Qi+t , _
J and its PDF can be obtained as
It follows that the PDF ofy/* can be obtained as Ny—1
X o it @=Nofyr (@) (P @) (20)
[ya(z)== (1 — e_?) e F 4+ QNpe_% X ) ) i
i P Using Eq. (20), the overall average capacity can be obtained
N :
PN 1 _ 1p ; and numerically calculated as
S (N ¥ LA g
VA P(Qj + ) C'=E [logy(1 + Ypmas)]

Contrary to the fixed transmit power scheme, all sec- 7/00 logy (1+2) fyr (x)da. (21)
ondary transmitters can always transmit data because they 0 Tmaz



IV. NUMERICAL RESULTS

Fig. 2 shows the average achievable capacity versus
peak power of secondary transmitters wh@n= 0 or 3dB
and N; = N, = 10. Monte-Carlo simulation results are also
shown in order to verify our numerical analysis. When the

peak transmit power of secondary transmitters is suffiient —

low compared to a given interference temperature, the fixed

transmit power and adaptive transmit power schemes achieve=Np
almost the same capacity because secondary transmitters ca
use their available peak power with high probability, while =N,

the probability that secondary transmitters can not use the
peak power is negligible. On the other hand, when the peak

power of secondary transmitters is high compared to a given—

interference temperature, the capacity of the adaptivesitni
power scheme approaches that of the infinite transmit power
scheme and is saturated beyond a certain poirit agreases
further. As P increases, the capacity of the fixed transmit

power scheme is seriously degraded because the average

number of secondary transmitters which can transmit data
becomes small. [1]

Fig. 3 shows the average achievable capacity vekgust is
shown that all capacities of the three schemes increaé as [?
increases because of an increased multi-user diversity tai
is also verified that the capacity of the adaptive transmitgro [3]
scheme is similar to that of the fixed transmit power schem!
for P = —10dB, while the capacity of the adaptive transmit
power scheme is close to that of the infinite transmit powel]
scheme forP = 0dB.

Fig. 4 shows the average achievable capacity vergys
The achievable capacities decreaseNgsincreases because
an increase in the number of primary receivers decreas
the effective transmit power of secondary transmitters by
increasing the effective interference channel gain.

(6]

(8]

V. CONCLUSION
El

We analyzed the capacity of an opportunistic scheduling
system in a spectrum sharing environment where there exisf
multiple secondary transmitters so that a secondary receiv
can benefit from multi-user diversity effect. We considerelgl
three different transmit power control schemes of secgndar
transmitters according to power control capability andkpea
power constraints. When the transmit power of seconda{ﬁg]
transmitters is low compared to a given interference teayeri3s]
ture, the adaptive transmit power scheme achieves almest th
same capacity as that of the fixed transmit power schen%ﬁ.]
Thus, it is not necessary to adaptively control secondairystr
mitters’ transmit power in the low transmit power region. OFfL6]
the other hand, the adaptive transmit power scheme appgsach
the infinite transmit power scheme in terms of achievable
capacity when the transmit power of secondary transmitters
is high compared to a given interference temperature becaus
secondary transmitters can not fully exploit their high lpea
power in the high transmit power region, where the effect of
an interference temperature becomes dominant.

et Z
Z < z|X > A] can be derived as

L
e
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