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ABSTRACT

In this paper a spectrum sharing scheme is proposed to max-
imize the successful transmission probability of a single-hop
cognitive network coexisting with a random primary network.
Both cognitive and primary networks exhibit randomness in
topologies and endure imperfect wireless channel conditions.
For a given primary outage probability bound, the maximum
secondary transmit power is determined and then the maxi-
mum transmission capacity of the cognitive user is derived.
Numerical results show that the proposed spectrum sharing
scheme indeed boosts the transmission capacity of the cog-
nitive network dramatically whilst having little performance
loss of the primary network.

Index Terms— Cognitive network, spectrum sharing,
random geometric networks, transmission capacity

1. INTRODUCTION

Spectrum sharing has been proposed to enhance spectrum uti-
lization efficiency when a cognitive network (CN) could make
use of the spectrum belonging to a primary network (PN),
as long as the CN is transparent to the PN. However, hidden
primary user (PU) problem makes it difficult for the CN to
explore and exploit the spectrum resource. Due to the hid-
den PU problem, the CN loses precious access opportunities
when false alarm happens, and causes the interference to the
PU when missed detection occurs.

To limit the harmful interference with the PU, the max-
imum transmission range of CN is studied in [1], where the
locations of PN is assumed to be known. Moreover, it has
been verified that primary location information is beneficial
to improve opportunities detection and transmission capacity
[2]. In practice, however, the location information of prima-
ry users may not be easily obtained by the CN. In particular,
for the large random geometric wireless network, e.g., ad hoc
network, it poses a great challenge in obtaining the location
information for the CN. Therefore, spectrum sharing with-
out location information is a highly challenging issue. In [3],
the maximum interference-free power of secondary transmit-
ter (ST) without knowing the position of PUs was investigat-
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ed, but only one primary transmitter (PT)-primary receiver
(PR) pair was considered. Moreover, the PT-PR pair is as-
sumed to be active all the time. In [4], the authors proposed
a cooperative spectrum sensing method to detect random PN,
but did not indicate how to determine the detection area or
how to share the spectrum. Besides, the locations of CN was
assumed to be known in [4].

In this paper, we aim to enhance success probability of a
single-hop transmission in a random geometric CN while pro-
tecting a random geometric PN coexisting in the same band.
Location information of both networks is not assumed, but
the node densities of the networks are known. A spectrum
sharing scheme is proposed to enhance CN transmission ca-
pacity by carefully designing optimal ST transmitting power.
Numerical results show that CN transmission capacity is sig-
nificantly improved with minor sacrifice to PN transmission
capacity.

The rest of this paper is organized as follows. System
model is introduced in Section 2. The spectrum sharing
scheme and performance analysis are given in Section 3. Nu-
merical results and discussions are presented in Section 4.
Finally, we conclude the paper in Section 5.

2. SYSTEM MODEL

A PN and a CN are assumed to cover randomly the two-
dimensional plane R? and share the same spectrum with unit
bandwidth.

For any time slot, each PU transmits or receives indepen-
dently by adopting ALOHA as medium access control pro-
tocol. Therefore, the distribution of PUs follows a homoge-
neous Poisson point process (PPP) of density \. Let p be the
probability that a PU is allowed to transmit, and 1 — p be the
probability that a PU acts as a PR. Hence, the locations of
PTs and PRs form two independent PPPs of density A and
A(1 — p), respectively [5]. Let II; = {X;} and II; = {Y}}
denote the location sets of PTs and PRs, respectively, where
X; € R? is the coordinate of PT i, and Y; € R? is the coor-
dinate of PR j. Considering practicality and tractability, a PT
supports maximum transmission distance 7.

One ST and multiple potential secondary receivers (SRs)
consist a single-hop transmission CN, i.e. any SR correctly
receiving the signals from ST will lead to a successful trans-

ICASSP 2012



mission. ST locates at O, which is the original of the coor-
dinates. The distribution of SRs follows another independent
homogeneous PPP of density As. Let II3 = {Z;} denote the
location set of SRs, where Z;, € R? is the coordinate of SR
k.

All the transmissions are omnidirectional. Considering
path-loss effect and Rayleigh fading, the received power P, ;
at node b from node a is given by

Pa,b = Pa . Ha,b . (Da,b)_a (1)

where P, is the transmitting power from node a. All the PTs
employ the same given transmitting power Fy. ST transmit-
ting power P will be designed adaptively. H, ; is Rayleigh
fading component from node a to node b, which is exponen-
tially distributed with normalized mean. All the Rayleigh fad-
ing components are independent and identically distributed
(ii.d.). D, is the distance between node a and node b. « is
the path-loss exponent, which is assumed to be constant.

3. SPECTRUM SHARING BETWEEN WIRELESS
NETWORKS

3.1. Spectrum Sharing

The goal of the proposed spectrum sharing scheme is to max-
imize the success probability ps of the CN single-hop trans-
mission while guaranteeing the success probability p,, of the
PN transmission to be above a level. It can be formulated as
the following optimization problem.

max Ds
st. pp>21—g, )

where ¢, is a predefined PN outage probability bound.

The success probability p,, of PN transmission is the prob-
ability that the achievable rate is no less than the target trans-
mission rate b, = log(1l + (), where 3 is the predefined
signal-to-interference and noise-ratio (SINR) threshold. E-
quivalently, p,, is the probability that the SINR at the refer-
ence PR is larger than or equal to 3. We set this reference PR
as the closest PR to ST, termed as Y{, in Fig. 1. We also set
the corresponding reference PT at X, which is r-away from
the reference PR. Let random distance Doy, = L, we have

Px, v,
=P[—>_ > 3
Dp [Il+IQ+N07/8] (3)
where Ny denotes the noise power, the received signal power
is
Pxyyy = Fo- Hxoyo -1 %, )
the internal interference from other transmitting PTs to the

reference PR is

L= Y PR-Hx,y, - D%, )

X; €1\ Xo
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Fig. 1: Illustration of spectrum sharing problem between random
geometric single-hop CN and random geometric PN

and the external interference from ST to the reference PR is
Iy =P -Hoy, L™ (6)

Note that the reference X(-Y) pair is typical of the overall PN
due to its worst SINR condition. Firstly, the received power
from X to Yy is the lowest considering r is the maximum
transmission distance. Secondly, the internal interference Iy
from all the other transmitting PTs is equal throughout the
whole PN. This will be verified in section 3.2. Thirdly, the
external interference /5 from ST is the largest.

In the absence of the CN, the success probability of PN is

Px, v,
/:]P) 0,10 > 7
28 [711 TN Al M

The success probability ps of CN single-hop transmission
is the probability that the achievable rate is no less than the
target transmission rate by = log(1++y), where  is the prede-
termined SINR threshold. Equivalently, p, is the probability
that the SINR at the reference SR is larger than or equal to ~.
We set this reference SR as the nearest SR to ST, represnted
as Zp in Fig. 1. Let random distance Do z, = (), we have

ps =Pl Igpii;o > 1), ®)
where the received power is
Po,z,=P1-Hoz,-Q“ ©)
and the interference is
Isy= Y Py-Hx,z, D% (10)

X;elly

3.2. Maximum ST Power

Next, we show the existence of the maximum ST power P;
under the constraint of PN outage probability bound ¢,,.



From (3) and (4), we get

pp = PlHx,y, > ur®(ly + I + No)]
= Eplexp(-ur®h)] - Ep, [exp(—ur®ly)]
~exp(—ulNor?®) (11)

where u = /Py. According to (3.4) in [5] and (61) in [7],
we further get

Ej, [exp(—ur®l)] = exp[—Qk)\pB%TQ] (12)

where k = m2a~1/sin(27 /). It can be seen that the expect-
ed internal interference I; is irrespective to the location of the
reference PR. Also, we have
Ej, [exp(—ur®Iy)]
= IEL{EHQYO [exp(—ur®P L™ - Ho v,)|}
= Ep[l/(ur*P L™ +1)] (13)
Since L is the distance between the ST and its closest PR, the

probability density function (pdf) of L is [6] f1.(I) = 2w A(1—
p)lexp[—A\(1 — p)7i?]. Therefore,

27A(1 — p) eXp[—Qk)\pﬁ%TQ} - exp(—uNor®)

< - exp[—A(1 — p)l?]
/0 e (14)

Pp =

Note that p,, reduces with increasing P;. Rewrite (14) as
pp = g1(P1). Then, for a given PN outage upper bound ¢,
the maximum ST power is given by

max(P;) = gy ' (gp) (15)

In the absence of CN, from Eq. (7), the success probabil-
ity of PN is equal to

p; = exp[—2k)\p6%r2] - exp(—uNor®) (16)

3.3. Spectrum Sharing Performance Gain

In this subsection, we show the maximum success probability
and transmission capacity obtained by the spectrum sharing.

From (8) and (9), the success probability of CN single-
hop transmission can be expressed as

ps = PlHo,z, > vQ%(I3+ Np)]
= Eo{Er[exp(-vQ"I3)] - exp[-vNoQ"]} (17)

where v = 7/ P;. According to [5] and [7], we have
Ep, [exp(—vQ°I5)] = exp[-2kAp(vPy)5 Q% (18)

where k is given in (12). The pdf of the distance @) be-
tween ST at O and its nearest SR at Zy is [6] fo(q) =
27\ sq exp(—Asmq?). Consequently,

ps = 271\, / {exp{[~2kAp(vPy) & — TAs)q?
0

—vNoq®} - q}dq (19)
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Fig. 2: The optimal ST power P} against the PN outage probability
bound ¢, with different PN densities \.

Note that ps increases with larger P;. Rewrite (19) into
ps = g2(P1). Then, the solution to the proposed optimization
problem in Eq. (2) is

ps*(ep) = g2(PF) = ga(max(P1)) = g2(g7 '(gp))  (20)

Transmission capacity represents spectrum efficiency per
unit area [7]. The transmission capacity of CN ¢, is defined
as the product of CN density A, transmission data rate b and
the maximum success probability of CN single-hop transmis-
sion under the constraint of PN outage probability bound ¢,,.

cs(ep) = As - bs - pilep) = A -log(1 +7) - pi(ep) (2D

The corresponding transmission capacity of PN ¢, is defined
as the product of PN density A, transmission data rate b,, and
success probability p,,.

cplep) =X by -pp=A-log(1+p5) (1 —¢p) (22)
In the absence of the CN, the transmission capacity of PN is
¢, = X-log(1+ ) -p, (23)

where p;, is given in (16).

4. NUMERICAL RESULTS

In this section, some numerical results are presented. The
following parameters are used: the probability of allowed PT
transmission p = 0.1, path-loss component o« = 3, target
SINR threshold for PN g = 10 dB, target SINR threshold for
CN ~ = 10 dB, PT power Py = 30 dB, noise power Ny =
0 dB, PN transmission distance » = 0.1 m.

In Fig. 2, we show the optimal ST power P} in terms
of PN outage probability bound ¢,,. As shown in the figure,
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Fig. 3: The optimal success probability p; of CN single-hop trans-
mission against the PN outage probability bound ¢, with different
PN densities A and CN densities \s.

P} increases monotonically over ¢,,. This is because PN with
larger outage probability tolerates more interference from C-
N. It can also be observed that larger PN density A leads to
smaller P;*. It shows us that for large density PN, the internal
interference I; is already sufficiently large. Then, the exter-
nal interference /5 must be reduced accordingly to ensure the
outage not exceeding the given bound €,. Consequently, Py
is smaller for larger \.

In Fig. 3, the maximum success probability of CN single-
hop transmission p} is shown in terms of of PN outage proba-
bility bound ¢,,. It can be seen from the figure that p increas-
es monotonically over ,. This is because higher ¢, allows
ST to employ higher transmitting power and then improve
the success probability of CN. Moreover, it can be found that
denser CN increases p}, because SR at Zj is closer to ST.
However, denser PN will decrease p%, because interference
15 is larger.

In Fig. 4, we show the CN transmission capacity c;, the
PN transmission capacity c¢,, as functions of PN outage prob-
ability bound €,. As shown in the figure, PN transmission
capacity is reduced by less than 0.25. However, CN transmis-
sion capacity is significantly improved from 1.1 to 2.4, for PN
outage probability varying from 0.05 to 0.15.

5. CONCLUSIONS

We proposed a spectrum sharing scheme for a random ge-
ometric single-hop CN coexisting with a random geometric
PN. No location information were assumed for both network-
s. To maximize the success probability of single-hop trans-
mission, the ST uses the maximum power under the primary
outage probability constraint. Numerical results show that the
CN transmission capacity is greatly improved with marginal
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Fig. 4: The CN transmission capacity cs, the PN transmission ca-
pacity ¢;, without CN and the PN transmission capacity ¢, with CN
against the PN outage probability bound ¢,,.

loss of the PN transmission capacity.
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