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We propose a probabilistic model based on stochastic geometry to analyze
cognitive radio in a large wireless network with randomly located users sharing
the medium with carrier sensing multiple access. Analytical results are derived
on the impact of the interaction between primary and secondary users, on their
medium access probability, coverage probability and throughput. These results
can be seen as the continuation of the theory of priorities in queueing theory to
spatial processes. They give insight on the guarantees which can be offered to
primary users and more generally on the possibilities offered by cognitive radio
to improve the effectiveness of spectrum utilization in such networks.
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1. INTRODUCTION

Bandwidth is well known to become more and more
scarce with the explosion of wireless communications.
Measurements nevertheless show that at any specific
time and location, most of the spectrum is vastly
underutilized [1]. This manifests itself through voids
in either time, space or spectrum. Cognitive radio
aims at exploiting these voids in order to accommodate
extra radio devices (referred to as secondary users) in a
network whose first function is to serve a population of
primary users, e.g. licensed to use the spectrum. The
key requirement is that the primary users ought to be as
little affected as possible by the presence of secondary
users.

There have been many efforts in implementing cognitive
radio to exploit voids in time and spectrum, see
[2], [3] and [4]. The present paper concentrates on
exploiting voids in space by considering cognitive radio
in a wireless network with users distributed in the
FEuclidean plane. The physical layer for cognitive radio
networks has already been considered in e.g. [19] and
[18]. Several Medium Access Control (MAC) layer
protocols were proposed for this setting like Cognet
[11], [12], AMAC [13] and C-CSMA/CA [10]. Other
schemes meant to ensure the preeminence of primary
transmissions are discussed in [15], [14]. If some first
models were proposed in e.g. [3] and [20], it is fair to say
that there is a need for a comprehensive mathematical
framework for analyzing such cognitive radio networks.
Our main contribution is a new probabilistic framework
based on stochastic geometry [8], [7] for analyzing the
performance of MAC protocols within this context.

The protocols we focus on in the present paper are those
using Carrier Sensing as a mechanism for Secondary
Users (SUs) to exploit the spectrum left over by
Primary Users (PUs). This can be explained in simple
geometric terms as follows: each primary transmitter
has a protection zone. If a user located in this zone
transmits at the same time, a collision occurs. Any
user located in this protection zone is hence called a
contender of this transmitter. In most cases, the union
of all primary transmitter protection zones does not
cover the whole space. Thus, one can accommodate
secondary users in the remaining space to better utilize
the spatial resource.

Using the stochastic geometry framework alluded to
above, a quantification of this interaction between the
two classes of users is obtained. In fact, this approach
leads to closed form analytical expressions for the main
performance metrics of interest here, like the Medium
Access Probability (MAP), the Coverage Probability
(COP) and the density of throughput (defined below).
The formulas in question are reminiscent of those in
priority queues [22], although the scheduling is here for
space/spectrum rather than for time/CPU as in the
queuing context. The difference here is that, due to
the pervasive nature of radio transmission, the presence
of SUs is not anymore transparent to PUs as e.g. in
preemptive priority queuing. In fact, if the number of
nearby SUs is large enough, PUs can still suffer from
non-negligible degradation. The models discussed in
the present paper aim at quantifying this degradation
and suggesting policies which can be used to limit it.
The main interest of the derived closed form formulas
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is that they allow one to quantify and hence control
the degradation incurred by primary users due to the
presence of secondary ones as well as to evaluate the
rate obtained by secondary users.

In particular, we will consider the following three
models:

e Single primary user: This is the simplest model

considered in this paper. It focuses on a particular
primary transmitter-receiver pair and can hence
be used as a basic building block for any cognitive
radio network. It is also quite well studied in the
literature. We consider this simple model first for
the sake of clear exposition and to prepare readers
who are not acquainted with stochastic geometry
to more involved models.
The model features a single primary transmitter
located at the center of the plane, together with a
population of secondary users. Each user in this
network has an intended receiver. To protect the
primary transmission, the SUs are only allowed to
transmit when they are not too close to the pri-
mary receiver. This can be guaranteed by Carrier
Sensing (CS): The primary receiver uses a beacon
to announce its presence to the SUs. Whenever
an SU wants to transmit, it should first sense the
channel in order to detect the primary signals. If
the received primary signal is weak enough, the
SU then assumes that it is far from the primary
receiver and that it can hence transmit.

e Multicast primary user: This model is one step
closer to certain practical cognitive radio networks
such as a TV network or a cellular network.

It features a single primary transmitter at the
center of the plane, which has multiple receivers.
In a TV network, one can think of the primary
transmitter and its receivers as the TV station and
the TV receiver antennas respectively. In cellular
networks, the former is the cell base station and
the latter are end-user devices respectively. There
is also a population of secondary wireless devices
which try to use the unused spectrum. As in the
single primary user model, we use CS to protect
the transmissions of PUs. To this end, we consider
two cases: The first one is the passive mode, where
the primary receivers have no beaconing func-
tionality to announce their presence (think of TV
antennas for example). In this case, the SUs have
to rely on the signal from the primary transmitter
to do the carrier sensing. If an SU senses the sig-
nal from the primary transmitter to it very weak,
then it can assume that it is far away compared to
the transmission range of the primary transmitter.
Hence, it is allowed to transmit. The second case
is the active mode, where the primary receivers
can transmit beacons. An example is provided
by cellular networks, where the uplink channels

from the end-user devices to the base station can
be used to transmit beacons. The active mode
is expected to be much more efficient than the
passive one.

Cognitive-CSMA wireless networks: This model
focuses on the scenario where we have a primary
mobile ad-hoc network, together with a secondary
one which tries to utilize the unused spectrum.
Each user in each network has an intended receiver.
CS is used to guarantee that no SU generates too
much interference to any primary receiver.
Furthermore, CS is also used in both (primary
and secondary) networks to control the level of
interference in each class. This results in the
cognitive-CSMA protocol, which is based on the
following principles: Whenever a user in a network
(either primary or secondary) wants to transmit, it
has to use CS to detect the presence of other users
in the network. If this user senses no other user
nearby, it is then allowed to transmit. Otherwise,
it has to wait before transmitting.

As in [7], this cognitive-CSMA protocol is modeled
by a Matérn type model, which is defined as
follows. Let us start with the primary network:
Each PU samples an independently and identically
distributed (i.i.d.) random variable (r.v.), which is
uniformly distributed in [0, 1]. These r.v.s will be
referred to as timers below. Two users are said to
contend with each other if either of the two senses
the presence of the other. In this case, they are not
allowed to transmit at the same time; otherwise
they would interfere and this would corrupt the
reception at each receiver. This exclusion rule is
implemented as follows: a tagged primary user
is allowed to transmit by the CSMA protocol if
and only if (iff) it has the smallest timer amongst
its contenders. For the secondary network, in
order to respect the primary transmissions, a SU
is forbidden to transmit (or blocked) whenever it
senses the presence of a PU. The SUs that sense
the presence of no PU then compete to access
the medium; this is done as above, namely using
random timers and CS.

In this setting, we also consider both the active
mode and the passive mode. In the active mode,
the receivers can transmit beacons so that the
CS can be done more efficiently. This can for
example be implemented by the Request To Send-
Clear To Send (RTS-CTS) handshaking technique:
Whenever a user wants to transmit, it sends an
RTS message to its receiver. Upon receiving
this message, the receiver senses other ongoing
transmissions in the network. If it senses the
medium free, it replies a CTS message to the
transmitter and the transmission takes place. The
passive mode is used when the receivers are not
in a position to contribute to the RTS-CTS
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hand shaking technique or to transmit beacons.
In this case, the CS is carried out by making
the transmitter listen to the signal of the other
transmitters.

For all the models described above, even with the
CS based protection, the aggregated interference from
all the SUs can still have non-negligible impact on
the primary performance. Mathematical tools from
stochastic geometry are then employed to quantify this
secondary to primary interference and its impact on the
performance of primary users.

The paper is organized as follows.  Section 2
introduces the stochastic geometry framework by
analyzing the single primary user model. Section 3
extends this framework to the multicast primary user
model. Section 4 focuses on the cognitive-CSMA model.
Section 5 gathers our conclusions.

Throughout the papper, for all definitions pertaining
to point processes, like planar Poisson point processes
(PPP), Palm distributions, Slivnyak’s theorem, or to
stochastic geometry, like shot noise fields, Matérn point
processes, the readers could refer to [8] or [7].

2. SINGLE PRIMARY USER

In this section we consider a cognitive radio network
model with a single primary user and a population of
secondary users. This models a network where the
primary population is very sparse. Nevertheless, the
presence of secondary users still causes interference to
the primary user due to the pervasive nature of radio
communication. The goal of this section is to quantify
this ’secondary to primary’ interference and its impact
on the performance of the primary user.

In this model, the secondary users employ an ALOHA
based MAC protocol within their class. Each secondary
user independently tosses a coin. If the result is head,
then this user senses the medium to check whether
there is any primary contender. The tagged secondary
user transmits only if it sees the network free of
primary contenders. The bias of these coins is a pre-
set parameter of the protocol.

2.1. User Model

The model features a primary user which is a
transmitter-receiver pair T{, R} and a population of
secondary users (transmitter-receiver pairs) {7/, RI1}.
By abuse of notation we will use also this notation
for the positions of transmitters and receivers. We
assume:

T{ is at the center of the plane.

[Rj| = R.

6! is the angular position of RE.

The set of secondary transmitters who access the
network is here determined by the ALOHA rule,
i.e. it is the subset of transmitters tossing a head.

e The point process of secondary transmitters &7 =
{TH} is assumed to form a realization of a
homogeneous PPP of intensity A/. Below A
will denote the intensity of active secondary
transmitters; namely if one denotes by p the bias of
the coin used by secondary transmitters and by 1!/
the intensity of the total population of secondary
transmitters, then \! = pv!!.

e Each secondary receiver is assumed to be uniformly
distributed on a circle of radius r centered at its
transmitter: R!T = T +r1(6]7), where 6]! is uni-
formly, identically and independently distributed
(i.1.d) in [0, 27], and 1(0) = (cos(0), sin(0)).

. F&;H (Fl{é_l, Fﬁ‘” and FO{EI resp.) denotes
the fading of the channel from T{ to RI (TH to
RL, TH to RJI-I and from T{ to RY resp.). All the
fading variables are assumed to be i.i.d. and to
follow the cumulative distribution function (c.d.f.)
G(.) =P(F < .). We assume Rayleigh fading, i.e.
G(z) =1—e#.

2.2. Retain and transmission model

We assume a deterministic threshold, so that the
indicator variable that secondary user ¢ belongs to the
primary user’s protection zone is

Ui =1, 111 e
¢ Fio |T/T—R{|=>p>

where p is the pre-set threshold.
Interference is treated as noise and the transmission is
successful if the SINR is larger than a pre-set constant
T. The SINRs of the primary user and secondary users
are defined as:
WRE) + Loy (D)
FH=1T fo
i,

W (R + Fo /IR | + Lpirgrs (RT)

SINR/ =

SINR!! =

where W is the power of the thermal noise, ®{f =
{TjH s.t U; = 1} and I=(z) is the Shot-Noise associated
with the point process Z at point x, defined by:

=) = 3 F(X: - ),

X, eE

with f some response function. Particular cases of

interest are:
Loy (R = )
j st Uj=1
II—1 Il Ila
= ZUij,O /|Tj — Ryl”
J
Iq;,II\TiII (RZII) — Z

j#i st Uj=1
= S R

J#i

Fj{£71/|TjII - R;’I|a

FJ{£71/|TJII - R{I|a
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The path loss exponent is a = 3; the fading random
variables are exponential with parameter yu = 10; the
retained secondary users are red crosses while the
blocked ones are blue circles.

Note that the Shot-noise interference can be defined
with any p.p. Z. In the special case where = is Poisson,
we ave the following useful result, the proof of which
can be found in [7] or [8]:

THEOREM 2.1. Suppose that E = {y;} is a PPP with
intensity measure m(x)dx. For all functions v from R?
to [0,1] satisfying [z (1 — v(x))m(z)dz < co, we have:

E [Hv(yi)] — exp {— /a- v(w))m(x)dm} W

2.3. Performance analysis

In this model, the primary user always accesses the
channel. Thus we are only interested in the MAP of
a secondary user, which is P(U; = 1). Furthermore,
because of interference, not every transmission attempt
is successful. We will hence consider the COP, which is
defined as the probability that the SINR of the tagged
user is larger than 7. We will also consider a more
global performance metric, namely the total throughput
(TT), which is defined as the mean number of successful
transmissions in the network per time slot.

The following propositions gather analytical results on
the above metrics for this model.

PROPOSITION 1. Given the position of the primary
receiver, and that of the it" secondary user, the MAP
of the latter is:

1 — exp{—pp|T/" — R{|*}. (2)

Proof.
We have:

=

=
[

=
!

11T
p 115077: Tla <P
T/ " — Ry~

= PR <plT!" = Ry|*)
= 1—exp{—pup|T}" — Rg|*}.
O

Since each SU senses the network independently,
the SUs who gain access to the medium forms an
independent thinning of the process of all SUs with a
thinning probability which only depends on the location
of the SU. As the latter is an homogeneous PPP of
intensity A’!, the former is an inhomogeneous PPP of
intensity measure A! (1 — exp{—pp|z — R§|*}) dz.

PROPOSITION 2. Given the location of the primary
receiver, the COP of the primary transmission is:

péOP:cwaRa)exp{—A“ / g(x,R)dx}, (3)
RQ

with
|lz|*(1 — e—up(TR“Jr\m\“))
B TR + |z|*

e helel®

g(z,R)=1-—
(4)

and with Ly (s) the Laplace transform of the thermal
noise W.

Proof.
We want to compute the following probability:
FI—I R
o0 / ~>T].
W(Ry) + Ip11 (Rp)

P (SINR{ >T) =P <

Using the fact that FOIEI is an exponential r.v. with
parameter x4 and W(.) is independent of everything, we
have:

P (SINR} > T) = E [e—uTR‘%W(Ré)H@M<Ré>>]
0 =
—E [efuTR”W(Ré)} E |:e_MTRaI‘I’M (Ré):|
= Lw (UTR)E [e”TRaI@M(Ré)} ,
For the second term in the last equality, we have:

e% I .
E [e”TR I%%RO)} -E [efuTR“ oy U’F,-’.é—f/\Tf’—Ré\a}

—uTRUIFII=T /|71 R |~
- R HE[GH io /1T ol 1G],
J

where G is the sigma algebra endowed by the positions
of secondary users and where the external expectation

THE COMPUTER JOURNAL VoOL. ?? No. 77, 7777




43 WiUVullAvdilivu JLOUVILD L Iv WLV LD L ULV VUTINLALLIV L LuAULY AV L VYV ULIVIAZWY v

is conditional on the positions of the primary receiver.
Simple calculations give:

B [tV R | g
oY Ir—I II I
—-E |:e—,u,TR le%_I<p\Tj”fR(I)\‘¥FJ.O /1T " =R |g:|
17 I
=1- g(Tj — Ry, R).

Then, using Theorem 2.1 we have:

_ P I
E {e uTR Iéﬁ(Ro)] — exp {_)\U/ gz — R(I),R)dff} :
R2

Applying a change variable from z to x + R} gives us
the desired result.

O

PROPOSITION 3. Given the position of the primary
receiver, the COP of a secondary transmitter at position

Y is:
ly + ()|«
[y + (@) + Tre

I«
17 Tro (1 HPIZ—Rpl™,
e*A Je2 TrO Y z—y—ri(0)]% dwdg.

(5)

péop (Y AT") =

Lo (uTr) /
2 0

Proof.
Let P, . denote the Palm distribution of the secondary
transmitters at y and its receiver at z, which can be
interpreted as the conditional probability of the model
conditioned to having a tagged secondary transmitter
at y and its receiver at z. Without loss of generality
(w.l.o.g.), we can assume that this tagged user is
numbered 1. We have:
P,.(SINR! > T)
=P, [Fl{lfn > Tr® (W(z) + F({III/|2|“+
I@H\y(z))]
=E,. [exp {—uTrO‘ (W(z) + FOIEH/|Z|O‘+
Tpny ()]

— B, e T WEE, [ h T For /11

B, oo T Tarr )]
The first term of the last product is:
Ey7z[e*”TraW(z)] = Lw (pTr*).

For the second term, using the fact that Fj ! is an
exponential r.v. with parameter u we have::

I—1II v
Ey z[e—,u,Tr”‘Foy1 /12]° ]

Tre |2|*
= E — _— = —
oy <”|z|a) |2« + Tre

For the last term:

ETI 2 [eiuTrQIq’”\y(z)]
FJI—II
T il vl
=E,. HE e I | H| |
i£1
where H is the sigma algebra endowed by the secondary

positions. Using Proposition 1, the term inside of the
product can be computed as:

A 1T
E[e Ty
T — 2|~
—1 - B0 + B AT
R e
Tre

—1—(1— —up| T/ —RE | .
( € )|TiII _ Z|O‘ —I—T’I“O‘

Then using Theorem 2.1, we have:

I o
. I T7,a(176—;1rﬂ\z—Ro\
—uTr "I‘p”\y(z):| — e—A fR2 A pr—

E,. e

Putting these terms together and using the fact that z
is uniformly distributed in a circle of radius r centered
at y gives us the desired result.

O

It is easy to see that the total throughput of the
secondary users on the whole plane is infinite. Thus we
consider only the secondary users in a region C' which is
a disk of radius Ryq, > max{R,r} centered at T{. The
intuition behind this choice of C' is that, for secondary
users outside C, the interactions with the primary user
are negligible, so that these secondary users behave like
in a network without primary users.

PROPOSITION 4. Given the position of the primary
receiver, the TT of secondary users within C is:

ST = AT [ pblop (5 X1)(1 = Ry
(6)

Proof.
This is just a corollary of Campbell’s formula (see [8] or
[7]) and the fact that U; and SINR! are independent.

O

2.4. Cognitive radio guarantees

In this subsection we discuss the policies that secondary
users have to comply with in order to provide some
guarantees to the primary user. From (3) we can
see that plop (A1) decreases exponentially fast to 0
as M goes to co. Thus, for 1 > L > 0, there
exists a unique A" such that pLop(A%?) = L. If
one wishes to have a stochastic guarantee that the
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COP of the primary user is at least L, then one
ought to limit the density of secondary users below
AP Within this constraint, the secondary users seek
to optimize their TT, i.e. maximize ST/(A\1). Let
Ama% = arg max{S7!(.)}; the optimal operation point in
this context consists in setting the secondary intensity
equal to A* = min{A\*?, A™**} This can be done in
a distributed way by requiring each secondary user
to adjust its ALOHA coin tossing bias such that the
intensity of secondary users accessing the network is
A*.

3. MULTICAST PRIMARY USER

In this section we investigate a cognitive radio network
model featuring a multicast primary user, i.e. a primary
transmitter with a population of primary receivers, and
a population of secondary users. As in the above model,
the other primary base stations are assumed to be so far
that the inter-cell interference is negligible. Thus, the
only factor that has negative impact on the primary user
performance is the ’secondary to primary’ interference.
As usual, SUs must use CS to guarantee that they do
not cause excessive interference to PUs.

3.1. User model

We use the same notation for nodes and position of
nodes as in the previous model. We assume:

e The primary transmitter T is at the center of the
plane.

e The process of primary receivers {RZI } forms a
realization of a PPP of intensity A/1¢, where C
is the cell of the base station. We assume that C
is a disk of radius R centered at T .

e The process of secondary transmitters &1 = {T11}
forms a realization of a PPP of intensity A/1c.
Thus any secondary user outside C' belongs to other
cells and is not considered.

e The secondary receiver R!! is assumed to be
uniformly distributed on the circle of radius r
centered at T/! i.e. RIT = T 4+ ri(6]7), where
I(.) is defined as above and 6! is i.i.d. in [0, 27].

o FOI;I (FOI;H, FIIJI*I and Fi{JIfH resp.) is the
fading of the channel from T¢ to R! (from T{ to
R{T, T/ to R} and from T/' to R}'). The fading
variables are i.i.d exponential of parameter pu.

e G, is the fading from TY to T}! which is
assumed to be identically distributed to Fol, i_l Iand
independent of everything else in the system. This
fading will be used for the CS in passive mode.

3.2. Retain and transmission model

In this context, a secondary user is allowed to transmit
if it does not cause too much interference to any of the
primary receivers. Namely, the retain indicator of the

it" secondary user is:

Up.i = 1g, /111 1 ja<e in passive mode,

or

Usi = H 1F,f§_I/ITi”*R§|”<p in active mode,
J

where p and £ are pre-set parameters. As above, the
transmission scheme treats interference as noise and a
transmission is successful if the SINR is higher than
T. The SINR is defined for primary and secondary
receivers as:

e In passive mode:

FIT
RIT"
SINR! . = i
Pt W(R]) + Iey (R))
Fl-1
SINRY, = ,,,;‘“

F .
W(R{I) + |RII|"‘ + Iq,AI\TII (RII)

e In active mode:

FI7!
“W(R) + Tem (R))
FI-1T
SINRzlz,Iz = FI- UT(y

W(RiH) + ugff‘a + I<I>(11‘4\Ti” (RiH)

In the above formulas, ®) = {T}// s.t. Up,; = 1} and
M = (T st. U,; = 1} are the point processes of
retained secondary transmitters in passive and active
mode respectively. The Shot-noise fields representing
interferences are defined as:

g (R ZU FI| T - R
Toa\gir (R Z UpiFii M/IT]T = R
J#i
Tgn (RL) = ZU JEN T — R
gy i (R Z Ua jF1T-1 /T = R

J#i

3.3. Performance analysis

In this subsection, the performance metrics of interest
are still the MAP, COP and T'T, the definitions of which
are provided in Section 2.
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The primary receivers are the green dots. The red
crosses are retained secondary users in active mode,
blue circles are blocked ones in active mode. The red
square are retained secondary users in passive mode,
blue diamonds are blocked ones in passive mode. For

the sake of comparison, we put the same sensing
threshold for both passive and active mode, which is
equal to 1.

3.3.1.  Passive mode:
PROPOSITION 5. In passive mode, the MAP of a
secondary transmitter at position y is:

1 — exp{—p€ly|"}.

The proof is similar to that of Proposition 1 and is
hence omitted.

PROPOSITION 6. In passive mode, the COP of a
primary recewer at position y s:

p{),COP()‘Hay) = Lw (uT'|y|*)
Tyl tlnle
II &z
expq —A / — = (1—e* dm}.
{ e T + 7 — g )

Proof.
First using the formula for the SINR and denoting by
Py, the Palm probability at 0 w.r.t. the primary
transmitter and y w.r.t. the point process of primary
receivers, we have:

Foq'
P, [— DT
T\ W) + Lpu ()

{ —/LT\y\O‘(W(y)H(pM(y))}
(& P

= Eo, [ewT\y\“W(m} E, [ fuT|y|“1¢g,(y)} |

Y

The first term is Ly (uT'|y|*). For the second term:

E, [e—/tleI“(Iq)zzy(y))}
Y

I1—-1

o it
—uT|y|*Up,; Tf]f_ o
=Eo, [[]E |e L F
J

with F the sigma algebra endowed with the positions
of secondaries.  Now, using the independence of
Ui, Fjl_ I=I " we can compute the term inside the product
as:

o FHAT
—uT|y|*U; At
e HTlyI"U; T/ —y| |f’

Tly|*
Tyl + T} -yl

=1- (]. - e_‘ungjIIla)

Then using Theorem 2.1 gives us the wanted result.
O

PROPOSITION 7. In passive mode, the COP of a
secondary users at position y is:

2
+Ir(0)]«
11 MLy =2 Tly|® / ly
pp,COP( y) W(M |y| ) 0 T?”a+|y+l’l"(9)|a

2\ T o mE|=|®
e Je2 TR TR =y (1 )d“de.

Proof. Let Qg , . denote the Palm probability at 0
w.r.t. the primary transmitter at y w.r.t. the secondary
transmitter and at z w.r.t. its receiver (w.l.o.g. we
assume that the transmitter-receiver pair at (y,z) is
numbered 1. We proceed as in the proof of Proposition
6:

Q. .(SINR}!, > T)
mAY
= QO,y,z FI—’;?
W (2) + e + Loy (2)

req !t
*H’TT“ (W(z)+w+1¢1]¥\u(z)>
=Eoy.. |€

= Lw (uT'r")

/rOt
LFOI;{’ (MTw) ‘Clq)y\y(z))(:UTTa)v
where Ly denotes the Laplace transform of the r.v. V.
Since Fol, 7' is exponential:

r® |2|*
Loion (pT— ) = —
FOI‘III <M |Z|a> |Z|O’—|—T7”a

For the last term, using Theorem 2.1, we have:

A [ %(1_e*ué\r\a)dm
CI@%f\y(z))(p’Tra) =e€ R :
Putting these together and using the fact that R’ is
uniformly distributed on the circle of radius r centered

at y gives us the wanted result.
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PROPOSITION 8. Under the passive mode, the TT is

SIOV AT = A /C P oopy My, (7)
for primary users and

SETOAT) = AT [ pllcop(u A1 = = )y,
(8)
for secondary users.
Proof. This proof is similar to that of Proposition 4.

O

3.8.2.  Active mode:
PROPOSITION 9. The MAP of a secondary transmit-
ter at location y is:

exp{~A'N(y)}, 9)

where:
N(y) = /c exp{—pply — o|"}dz.  (10)

Proof. Denoting by Po, the Palm probability at
0 w.r.t. the primary transmitter and at y w.r.t. the
secondary transmitter point process, we have:

POJ/(Ua,l = 1) = Ey[Ua,l]

=Eo,y H(1F5’§7[/|y—R§\“<p)
J

-E H(l _ e*uply*Rf\“‘)
J

= exp {—)\1/ e"plmylndx} =exp{-NN(y)},
c

where we have used Theorem 2.1.
O

PRropPOSITION 10. The COP of a primary receiver at
position y 1s:

pg,COP(yv MO = Ly (uTy|™)
exp{—AH/ g(x,y)e_)‘IN(”)dx}. (11)
c
Proof.

This proof is the same as the proof of Proposition 6; we
only have to replace U, ; by U, ;.

O

PRrROPOSITION 11. The COP for a secondary user at
position y 1s:

ly + Ir(0)|*

L (1) /
0

11 I \II
)\ )\ =
Pa,COP(Z/a ) ) o

Tre+ly+ @)

Tre T
NI —A"N(z)
exp{ A /(;Tra+|x—y—lr(9)|a€ dm}d@.
(12)

Proof. This proof is the same as that of Proposition
7; we only have to replace U, ; by U, ;.

O

PROPOSITION 12. Under active mode, the TT is
SEL AT = [l coplu M, (13
ol
for primary users and

Sgl()‘17 AII) = )‘II ‘/cpé,ICOP(ya )\Ia )‘II)e_AIN(y)dya
(14)

for secondary users.

Proof. This proof is similar to that of Proposition 4.

O

3.4. Cognitive radio guarantees

As in Subsection 2.4, we seek for an operation point
that complies with performance guarantees for primary
users and at the same time maximizes the performance
of secondary users. In this section, we only consider
the active mode; the principle is the same for the
passive mode. Here, instead of considering the local
COP of each primary receiver, we consider the global
performance metric: the total throughput. From
(13), we have two important remarks. First, the TT
SN, MY of primary users increases almost linearly
in the primary receivers intensity A. This comes from
2 reasons: increasing AT makes the MAPs of secondary
users decrease exponentially fast as shown in (9)
and thus decreases inter-class interference; increasing
A also increases the number of primary receivers
and makes the TT increase almost linearly. The
second important remark is that SI(AL, A1) decreases
exponentially fast to 0 as A! goes to co. This
means that in spite of the protection zones, inter-class
interference from an over-crowded area of secondary
users can destroy any primary transmission. Thus, a
limitation on the secondary users intensity, which is
similar to that in Subsection 2.4, ought to be applied to
stochastically guarantee an acceptable performance for
primary users.

More precisely, for L > 0, there exists a unique A"P
such that SI(A,\*P) = L. One wants to guarantee a
minimum TT L for primary users; thus the secondary
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users intensity must be smaller than A*P. Within this
constraint, ones should tune the intensity of secondary
users to maximize the secondary total throughput
SN NTY. This can be enforced in an almost
distributed way by requiring each secondary user to
adjust the ALOHA coin bias similarly to that presented
in Subsection 2.4. However, this time the scheme is only
‘almost’ distributed since the tuning of the coin bias
requires that each secondary user knows the ’global’
parameter A .

4. COGNITIVE-CSMA
4.1. Probabilistic model

We now focus on a model featuring two mobile ad
hoc networks (MANETS): a primary and a secondary
one. MANETSs are self-configuring wireless network
such that each user in the network also acts as a relay
to route the traffic of other users. Hence, there can be
many users in the network which transmit at the same
time and cause excessive interference. For this reason,
each MANET in this model employs the CSMA MAC
protocol, a brief description of which is provided in
Section 1, to control the level of interference. To control
secondary to primary interference, CS is employed in a
way which is similar to that of the two previous models.

4.1.1.  General model

The user locations in this network are assumed to be
realizations of two independent marked PPPs &/ =
{1} t!} and ®'1 = {T!1 t!} with intensity A! and A/
respectively, on R2. The model also features infinite
matrices FI—1, =11 glI-1 gl-11 GI-1 GII-II
and GI1=1,

(i) ® = {T!} denotes the position of the PUs.
Each user has an intended receiver R! uniformly
distributed in the circle of radius r centered at this
user.

(i) ®f {T!!} denotes the position of the SUs.
Each user has an intended receiver R!! uniformly
distributed in the circle of radius r centered at this
user.

(iii) {t!}, {t/} arei.i.d. r.v.s representing the timers of
primary and secondary users, which are used by the
CSMA protocol. They are uniformly distributed in

(iv) [1‘9}}]1'1 = (I} FUT = (FICT) RIT
{inr;ir}7 Fl-11 { 11; I, FI T (lej I
Fi{;I, Fi{JI-*H) is the fading of the channel from
transmitter 7} to receiver RJU (from transmitter
TH to receiver RJI- , from transmitter T/ to

receiver RJI» , from transmitter TiI T to receiver RJU
respectively).

(V) GI—I _ {GI I} G_II II _ {G{7§711}a GI—II _
(G5} GIST (G, GISM) s the fading of
the channel from transmitter TiI to transmitter Tj[

(from transmitter T/! to transmitter TjH , from
transmitter T/ to transmitter Tj” respectively).

These fading variables are used in passive mode.

4.1.2.  Retaining model

Passive mode:

We first consider the passive mode, where the receivers
cannot send beacons to announce their presence.
In this case, the condition that a transmitter is
allowed to transmit is encoded in the following retain
indicators:

(i) For a primary transmitter T}:

U;{,i = H 1t{§t§ + 1t{>t§1 alZ! - (15)

i TI-rTe <P

(ii) For a secondary transmitter T/!:

U;’IZ: H]_ I II

‘TI TII‘C( <p

H Lircyrr + 1ol oo . (16)

LA i =] i J ) <p

JFi |oJ T -]
In the above formulas, p is a preset parameter
determining how sensitive the CS should be. In (15),
the first term inside the product corresponds to the case
where the timer of T} is smaller than that of Tj[ . The
second term corresponds to the case where the timer
of T} is larger than that of le , but the signal from
TjI sensed by TiI is smaller than the threshold p. For
(16), the first product corresponds to the condition that
a secondary user must not sense the presence of any
primary user. The explanation for the second product
is the same as that of (15).
Active mode:
In active mode, the receivers can send beacons and
therefore the CS can be carried out more efficiently.
The retain indicators in this case are:

(i) For a primary transmitter T}:

Uz‘jrl = 1t1<f1 + 1t1>f11 pl-T 1 pl-T
i =" i i, <p J.i <p
j

JFi ITf — Rl

(ii) For a secondary transmitter T/

I
Up,l_ Hl II I 1 F‘IfII
<p

<p

J,
j ‘Tu Rz‘a T~ RIT|

| | 1t{IStj[I +1t{I>t§Il pII-II 1 plI—11

oy oK <
i iTf T —RITja S

ot <
P
‘TjII_R{I‘(Y

(18)
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The explanations of these formulas are the same as in
the passive mode, except for the sensed signal. Take for
example (17); the second term inside the product says
that whenever the timer of T}/ is larger than that of TJI
the signal from T} sensed by RJI and the signal from TjI
sensed by R’ should not exceed p. The other formula
can be explained in the same way.

4.1.83.  Transmission model

As in the previous models, transmission is successful iff
its SINR is larger than a preset threshold T'. The SINR
of each user is:

(i) For primary user T} in passive mode:

FI I - REe

] ] n:
W(R;) + I} (R;) + T (R;)

1
SINR! ; =

(ii) For secondary user T!! in passive mode:

FI[—II/|TII _ R[I'a
W(R[T) + TH(R]T) + T (R]T)

11
SINR!/, =

(iii) For primary user 7} in active mode:

FliTF - R
W (RI) +TL(R]) + T (R])

SINR] ; =

(iv) For secondary user T/! in active mode:

Fii )T - R

SINR!L = .
“t W(RH) +TI(RI) + TH(RH)

Here, W(.) is the thermal noise process, which is
assumed to be independent of all other elements of the
model. T[(.), TL(.), TH(.), TL(.) are the aggregated
interference from primary users in active mode, from
primary users in passive mode, from secondary users
in active mode, from secondary users in passive mode
respectively. These interferences can be expressed as:

PI RI ZUI FI I/|TJI—R£|O{,

p.J" gy

J#i
I II I I—-II I I«
F R ZUp]Fjv /|TJ _Ri | )
II I Il pII—-1 II I«
F R ZUPJFJ7 /|Tj _Ri| )
II Iy __ Il ppII—11 II Il
Fp (Rz )_ZUp]sz /|Tj _Ri | ’

i

FI RI ZU&{]FJIZ I/|TJI - RZI|O£,

J#i
I II 1 I—11 I Il
F R ZUa]sz /|Tj_Ri|7

rwwzzww”mwzwﬂ

a,) 7,
J
F(Ill(R{I) _ ZUIIFII II/|TjII

11«
a,j " j,i _Rz| :
J#i

4.2. Performance analysis

The aim of this section is again to investigate the MAP,
the COP and the TT. We begin with the passive mode.

4.2.1.  Passive mode

MAP

In Aloha-like protocols, the MAP is a preset constant.
In Cognitive-CSMA, this probability is not given a
priori and has to be determined. For a typical primary
and secondary users, these probabilities in passive mode
are

P[U,; =1]
PUll =1],

p;la,MAP()‘I A )
p;{;,[MAP(/\I /\H)

respectively. The independently marked homogeneous
PPP is both stationary and ergodic. Hence this
probability is also the proportion of primary and
secondary users in the network who gain access to
the medium. If there is enough mobility, this is also
the proportion of time, namely the frequency, with
which each given user accesses the channel (see the high
mobility discussion in [7]). As stated before, a user is
granted access to the carrier iff it has the smallest timer
among its contenders.

PROPOSITION 13. The MAP for a typical user is

I PN et
)\ ,)\ N —— ) 19
Pp,MAP( ) NN, ( )
for primary users and
1-— e_)‘uﬁ0 I~
IT I N\IT AN
Ppmap(A L A) = ———=—c °, (20)
pM P )\IINO
for secondary users, with
No—/ e el g (21)
R2
Proof.
W.lo.g. we can assume that the typical user is

located at the origin and that the point process of
the other users forms a Poisson point process process
(Slivnyak’s Theorem). Consider first the case of a
primary user 7¢. Then, under the Palm distribution
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P07

Po(Uy=1) =Eo [Uy o]

t’<t1+1t’>t11 Gl-1I
0,7
J#O e
1
=/ E []]
0

1
= / EO H E |:1f§tJI + 1t>tJI-1Gé_71<p|T7.I‘Q:| dt
0 70 ’ '

( t<t! + 1t>t§ 1Géij<ﬂ|Tf\“) dt

(=)

J#

1
:/ Eo {(1—t)+t(1—e*”P‘T.f|")} dt
0
1 [e3
:/ oM Jeo (1 (A=t +t(1—e#21#1%)) Y da g
0

1 [e3
— / eft)\I ng e melel dwdt
0

1 —exp{— )\INO} (22)
ANy

For the case of a secondary user T¢!, doing similarly,
we get:

Py(UL =1)=E, [ULf)] = Eo

H]_ III

‘TII TI‘C( <p

1 Ir Ir 1 II II]. Ir—Ir1
I I tpr<err + Lyprsgrd

. — T T <P
370 iT{T -1 T F

“r (T,
0 - Gé.j11<p‘TjI‘a
J

Eo H (1t61§t§’ + 1t61>t§1 lcéfj—11<l)|TJ11‘a)
J7#0

In the last equality, we have used the fact that ®f
and ®!! are independent. The first term in the last
expression can be computed as:

Eo ché;“@\Tﬂa =Eo HE[lcé;“@\Tf\a}
J J

=Ey H (1 — ef“p‘TJ‘I‘Q)

J

— exp{-A! /}RQ (1 - (1 - e—“f"m‘”)) dz}

= exp{-A"No}.

For the second term, proceed as in the case of primary
user, we get:

E, H (1756195;[ + 1tél>t§1 1Gé'f”<p\T,U|”)
740 | o
_1- exp{— )\HNO}
NN,

Combining these gives us:

—exp{— AHNO}

Po(Ulh =1) = exp{—AIFO} NI

O

As clear from the physics of Cognitive-CSMA, the
MAP of primary users is exactly the same as the MAP
of a user in a CSMA network with only the primary
users. Equation (20) gives us the impact of primary
on secondary users. Simple calculations show that
a secondary user always has a smaller MAP than a
user in a regular CSMA network of the same intensity.
Moreover, if the primary user population is already
dense (large A7), then the loss incurred by secondary
users can be quite large.

COP and throughput

Since the p.p.s in our model are stationary, the COP is
the same for each primary user (and the same for each
secondary user). Hence we can express the COPs using
Palm distributions as:

(i) For a typical primary user T4 :

phcop (N, A1) =PO(SINRL ; > T). (23)

(ii) For a typical secondary user TJ!:

phlcop (N, ATy = PO(SINR] > T). (24)

Unfortunately, the distribution of the interference
created by the retained nodes is not known in closed
form and we have to resort to an approximation to
compute this COP. For this approximation, in order to
have a more unified view on the network, we consider
& = &7 UB!! as the process of all users in the network,
which is a PPP of intensity A = A + X!, For each user
in ®, we define its virtual timer as:

(i) If this is a primary user T/ then the virtual timer
is: tIAL/.

(ii) If this is a secondary user T/! then the virtual
timer is:AL /X + tHNT /)

The virtual timers defined in this way are uniformly
distributed on [0, 1] and this network becomes a CSMA
network where primary users play the role of users
having a timer smaller than A’ /\ and secondary users
play the role of users having a timer larger than A’/\.
Due to the fact that a user is primary or secondary is
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determined by its virtual timer, we can drop all the
superscripts I and II. So, in the new notation, a user
T; in ® has virtual timer ¢;. The fading from 7T; to T} is
G ;, which is equal to G;;. The fading from T; to R;
is F; ;. As above, all fading variables are independent
exponential r.v.s of parameter p. The retain indicator
and the SINR of T; are:

Upvi = H(lti<tj + ]‘tjgt'i]' Gi,j

T <P

i
F;i/r®
SINR,; = —— /"
P W(R@) + Fp(Ri)
F‘],Z
Tp(Ri)=>_T, I = R

J#

The idea now is to approximate the process of retained
users by an inhomogeneous PPP For this, we need the
following proposition:

PRrROPOSITION 14. Assume Rayleigh fading. Condi-
tionally on the fact that the network has two users i and
J such that X; — X; = x, and the fact that user i with
virtual timer t; =t is retained by the Cognitive-CSMA
protocol, the probability h,(\, x,t) that the protocol also
retains user j is:

<1 — e tAG(@) e 1— e(1t)xm> 1 — e—mplz|®

Ap () ANy 1 — te—wplzl®’
(25)

where Cp(z) is defined as:

Cp(z) = /}RZ e HPIYIT (1 — emrelv=2l®y gy, (26)

Proof.
The proof can be found in Appendix A.1

O

This suggests to approximate the Palm distribution of
® 5/, conditioned on the timer ¢ of the user at the center,
by an inhomogeneous PPP with intensity Ah, (A, z, t)dx
and A = A+ M1,

PrOPOSITION 15. If, conditioned on the fact that
the network has a user at the center with virtual
timer t, we approrimate the process of remaining
transmitter by an inhomogeneous PPP of intensity
measure Ahp(A, z,t)dz, the COP of primary and
secondary users are respectively:

(i) for primary users:

>\ (%
P cop(N AT = = Ly (uTr®)

(ii) for secondary users:

N

1
= )\HEW(MTTO‘)/AI e~ TrN0 gt

p{),ICOP()‘Ia AH)
A

1 )\
= WEW(MTTO‘)/ e*TP()"t/)‘)dt,
AI

where:

Tre
T,(\t) =
(A1) /11&2 Tre + |y — ri(0)|

—Ahp(A, Y, t)dy.

Proof.
We first compute the COP of a typical user conditioned
on its timer t. Proceeding as in Proposition 2 and using
the fact that the receiver is uniformly distributed on the
cicle of radius r centered at o, we have:

1 2
PO(SINRO > T|t0 = t) ~ 2—/
0

™

Tre
— ANy, t)dy ¢ d.
eXp{ J e e R )y}

Note that (,(x) = ((2') if |z| = |2’|, we have that
hp(A\ z,t) = hy(A\,2',t) if |z] = |2/|. By a rotation
of angle —@ which is denoted S_gy(.), we have:

Tre
ANy, t)d
/R2 Tro+ |y — ri(0)] (A y,t)dy

Tre
- /R2 Tre +|S-(y) — ri(0)] AR(X, S—-o(y), t)dS—o(y)

ANy, t)dy = Tp(\ t).

_/ Tro
~ Jre Tre + |y — rl(0)]

We can then compute:

I
Phop(A, M) = Py (SINR > Tlto < %)
A A
= 7 Lw(uTr?) | e M,
0

And similarly for secondary users:

)\I
pop(\ AT) = Po(SINRg > Tlty > )

A 1
= Wﬁw(HTTQ)/l

A

By

e~ Tr(At gy,

O

One may also be interested in the global performance
of each class in the network. This can be quantified
using the notion of Spatial Density of Throughput
(SDT), which generalizes TT to the present stationary
setting.  This is defined as the mean number of
successfully transmitted packets in each class per
time slot and per unit surface. It is measured in
packets/s/m?. This tells us how fast the network
functions on a global scale.
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COROLLARY 1. In passive mode, the spatial densities
of throughput of primary and secondary users are:

(i) For primary users:
2 -
Sé()\l, )\”) = )\CW(uTr“)/ e~ MNoe=Tp(Mt) gy
0

Al .
= ,Cw(/J,TT'a)/ e Nog=Tr(\t/N) gt
0

(ii) For secondary users:

1 I
SPH()\I, My = )\,Cw(p,TT'a)/ e MNoe=Tr(M1) gy
AT/A

A —
zﬁw(uTrO‘)/ e~ tNog=Tr(At/A) gt
)\I

with A = AT+ X1,

Proof.
To compute these values, we first fix a 1 x 1 square
C' containing the center o of the plane. Since ® is
stationary, the densities of throughput are respectively:

SIM N =E | ) Ireclui=1lsiNg,>11, a1

LT ed

=)\E, [1U0:1151NR0>T1,50<¥}

SIN N =B > 1X,ieclU,i—1131NRi>T1ti>y}
LT;e®

= A\E, [1U0:1181NR0>T1t02¥} : (27)

For the primary users:

E, {1U0:1181NR0>T1750<%}
A/
= / E, [1y,=11singr,>7|to = t] dt
0
A/
= / P, (Ul = 1|t0 = t)PO(SINRO > T|t0 = t) dt
0

AT/ —
= ,Cw(/J,TT'a)/ e MNoe=Tp(A) g¢.
0

In the third equality we have used the fact that Uy and
SINR are independent conditioned on ty. The formula
for S; follows directly. The case of secondary users is
treated in a similar way.

O

4.2.2.  Active mode
MAP
The MAP of a typical primary and secondary user in
active mode are:
pé,MAP()‘Iv )\H) = P(Ué,i = 1)
p(IL,IMAP(AlvAII) = P(Uﬁ 1),

respectively.

PROPOSITION 16. The MAP for a typical user is

1 —exp{—-M My}

I I II
pa, A ()‘ ’)‘ ) =~ ) (28)
MAP N,
for primary users and
1— 2\, _
Plap VAN = == Mo (29)

)\HMO
for secondary users, with
o= [ (1= @=emhriO)o0.y)) dy, (30
R2
1 [e3
olx,y) = —(1— e Hely+ri(0)—z| )do. (31)
2w

Proof.
We first compute:

PO(U({ = 1|R(I)vt(€) = EO[U;{,0|R(€7t(I)] =

E, H 1té§t§+1té>t§1 pI—1 1 pI—1
J#0 e

=B, | [ (1—th+ 50— e -R1")0(0,7)))
J#0

= exp {_Mté/ (1 - (1= 6_"’”“’_}25‘&)0(071/)) dy} '
R2

Since R{ is uniformly distributed on the circle of radius
centered at o. One can express R{ = ri(6}), with 6,
uniformly distributed on [0, 27] and with (.) introduced
in Subsection 2.1. Note that o(0,y) = ¢(0,y’) for any
y’ such that |y’'| = |y|. Thus, by a rotation S_gz, one
can prove that:

/ (1 —(1- e*up\yfrl(‘)é)\“)a(oyy)) dy
R2
= / (1 — (1 — e mely=rlO" (0, y)) dy = M.
R2
Hence:

p(IL,MAP()‘I7)‘II) =P, (Us = 1R}, 1))

1 - 1— _ IM
- [ ot - LN
0 MM,

For secondary users, using the same kind of arguments
as in the proof of Proposition 13 and in the first part of
this proof gives us the wanted result. The proof is long
but contains no important ideas and is hence omitted.

O

COP and throughput
For analyzing the COP and throughput under the
active mode, we consider again the modified model with
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virtual timers. The notation in this modified model is
as follows:

Usi = [ [(Qtict, + ez, (1 = Leer 1))

i
= H(1 — Li>eler ),
i
T;,Tj) = (——2L— OR (=0
Fii/r®

SINR; = — /"

W(Rq,) + Fa(Ri)

Do(Ri) = Ua,Fji/|Tj — Ril™.
A

In the active mode, we also have the following
proposition regarding the second moment of the process
of retained users:

PRrROPOSITION 17. Conditioned on the fact that the
network has two users i and j such that T; —T; = =,
R, =T, +7rl(0), Rj =T;+rl(¢), and the fact that user
i with virtual timer t; = t is retained by the Cognitive-
CSMA protocol, the probability he(\, z,t,0,0") that the
protocol also retains user j is:

<M LAl L e“‘”“‘)

Ao(,0,0") NS
(1 — e—rele=rl@I%) (1 — e=mole+ri(0)]*)

(1 —t+t(1 — e=rple=rl(®)*)(1 — e=nplatri(®)|*))’

(32)
where (o (2,0,0") is defined as:
ula,0.0) = Tl + [ (1= k(0,2,0)
R2
(1 — e #ely=rlOI7y (1 — e=pely=2=rl@)I%))q,  (33)
I a
Kayz) = 5o [ emmlenon)
(1— efuplyfzfrl(@l”)dg. (34)
Proof.
The proof can be found in Appendix A.2.
O

The above result suggests that, conditioned on a typical
user Ty at the center of the plane which has an intended
receiver at Ry = rl(f) and a virtual timer tg = ¢,
we can approximate the process of remaining retained
users as an inhomogeneous PPP of intensity measure
A5 fo% hao(A\, 2,t,0,0')d0’. Then, using Theorem 2.1,
we have

ProposiTION 18. Conditioned on the fact that a

typical user Ty at the center of the plane which has
an intended receiver at Ry = rl(0) and a virtual

timer to = t, when approxzimating the process of
remaining retained points by an inhomogeneous PPP of
intensity measure )\% fo% ha(\, 2,t,6,0")d8’, the COP
of a typical primary and secondary user is:

(i) For primary users:

)\I
A o
p{uCOP(/\Ia/\H) = V/o Lw (uTr*)e~ Tt gy
1 N
=57 [ LwuTr®)e T3t
0

(ii) For secondary users:
At o
Pa,cop(N AT = F/ﬂ Lo (uTr*)e= YO gy
by

1 A
= 37 [ i) T
)\I

with:

L2 ha (N, 2, 1,6,6')d6’
27(1 — e—mrly=rl(®)])
I27 ha(A, 2, 1,0,0')d6’

27(1 — e—mrly=rl(0)|*)

T8 =2 [ aly=r1(0).7) ay

Y.

=2 [ oty =ri0).7)

Proof. This proof is similar to that of Proposition 15.
O
For the SDT, we have:

COROLLARY 2. In active mode, the SDT of the two
classes are:

(i) For primary users:
S
SEN M) = Ly (uTr*)A / e MMoe=Ta(MD gy
0

A
= ,Cw(MTTa)/ e Mo Ta(Mt/ N gy
0

(ii) For secondary users:

1 _
SN = Lw (uTr)A e MMoe=TeMN gy
A /A
A _
= ,Cw(MTTa)/ e tMoo=Ta(Mt/A) gy
2
Proof.
This proof is similar to that of Corollary 1.

4.3. Cognitive guarantee

A quick review of the formulas of the three performance
metrics shows that they depend on the two key system
parameters (A\! and A!) in a same way for both the
passive and the active mode. Thus, we only discuss
cognitive guarantee policies for the active mode.
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(i) MAP: The MAP of primary users is not affected
by the secondary users. Cognitive -CSMA offers
a perfect guarantee for primary users in term of
medium access in the sense that if a primary
users is selected by the CSMA protocol without
secondary user, it is still selected by cognitive-
CSMA in the presence of secondary users. As
for secondary users, their MAP is e~ Mo times
smaller than their MAP in the case where there is
no primary user.

(ii) COP: Since TYq(A t/A) is decreasing in A,
pL.cop(N M) and plloop (A, A7) are decreasing
functions of A!. Thus, increasing the secondary
users population always has a negative effect on
the COP of both primary and secondary user.

R2

1 — e—Hply+ri(0’ )\ “
1—t+t(1— e—mply+ri(0)]~ (1 - e*up\yfrl(o)lfa)

1 — e—ta(@0.0)  o—tCa(2,0,6")
( c 18 49’ dy,

hm To(\t/A) =

Ca(xvoaa/) MO
Tre)y [N
A}Ilm Pa.cop(\ AT = %/ e T Wat,
0

)\Il}m Do, cop(/\I /\H) 0.

The corresponding limits for passive mode are:

lim T, (0 t/0) = 7,

- [, (S

—tCp(@) Tro(1 — e~ melyl™)
My ) (1 = temmelvl®)(Tre + |y — ri(0)]*)

I
_ M/A T gt
N, !

dy,

M —co

For any L such that

L Tre Al
Pt cop(\,0) > L > %/ e~ Te(t) gy,
0

there exists a unique Aj -op such that
pLcop(N, Xs cop) = L. The secondary users
must use an ALOHA like MAC protocol to
guarantee that their intensity does not exceed
a,COP*

(iii) SDT: Since SL(A, A1) is decreasing in A1 and:

A .
lim ST\, )\H)zﬁw(,uTr“)/ e~ tAMo o =Tal®) gt
0

AT —o0
we have that for any L such that

A -
Sa(A',0)> L > ﬁW(MTra)/ o~ O\Ta o=Ta(t) gy,

0

there is a unique A} g such that: SIA N = L.
To guarantee that the SDT of the primary users
is at least L, the intensity of secondary users
must not exceed A7 g. Given this constraint, the

secondary users optimize their performance by
maximizing SDT SII(AL, A1),

4.4. Some comparisons

As stated at the beginning of the section, the aim of the
active mode is to better control interference. It achieves
this aim by requiring both the transmitter and receiver
to sense the network. Thus, in active mode, users are
more conservative and cause much less interference to
other users. The aim of this subsection is to compare
the active and passive modes using the analytical results
obtained above.

Let us begin with the MAP. In active mode, both
transmitter and receiver sense the network to guarantee
(a) that no user can harm the transmission (receiver
sensing) and (b) that the transmission does not interfere
with others (transmitter sensing). As a consequence,
the MAP of a user is smaller in active mode than in
passive mode. This can be quantified by comparing N
and M,. Note that:

— e=rPle=rlO") gy

m=/21—a(o,x)(1

R
>/ 1-(1-
R2

e—up\m—”(o”n)dg} = No.

In the first inequality we have used the fact that
0(0,z) < 1. In the last equality, we used a change of
variable from z to x—1(0). The formulas for the MAP of
active and passive modes have the same structure with
respect to Ny and My, which are decreasing functions.
So for both primary and secondary users, the MAP is
always larger in passive mode than in active mode.

We now compare the COP and SDT of a typical user
in both modes. The noise terms are the same in both
formulas. So, for the sake of simplicity, we just consider
the case without noise. For this comparison, due to the
complexity of the formulas, we have to rely on numerical
methods. For the active mode, we can assume that
r is very small compared to the network scale (i.e.
r ~ 0). One can then assume that the position of the
transmitter and receiver are identical. The formulas for
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0.2 . . . .
0 . . .

FIGURE 1. Plot of T,(.1,t) and Y4(.1,t), the other
parameters are p = 10, = 3,7 = 1,7 = 15. One can
see that T, (.1,t) is around 50% larger than Y, (.1,t).

active mode can be simplified to
Mo [ 1m0 e
R2

Co(z) = /]Rz(l _ e—up\y\“)z(l —(1- e—uply—ml“)z)dy,

1— ef)\tCa(w) N efAtCa(a:) 1— efAtMo

MCa(T) MMy
(1— e*uplml”)2
1 —t+t(1 —ewrelel™)2’

_ g(z,r)
Ta()\,t) = /]R2 mha(x, A,t)dl‘

ha(z, A1) = (

Apart from these changes, the formulas of COP and
SDT are kept unchanged. For the following set of
parameters: A = .1,u = 10, = 3,7 = 1,T = 15,
T,(At) and T4 (A, t) are plotted versus ¢ in Figure 1.

From this plot one can see that Y,(.1,¢) is
approximately 50% larger than Y,(.1,¢). To see how
this difference impacts COP and SDT, we make a
plot of e~ Tr(1:t) and e~ Tr(1t) which are essential in
the computing of COP and SDT in Figure 2. Then
we can consider a cognitive-CSMA network with total
user intensity A = A + M = 1 and let A /A
be the proportion of primary users in this network.
Then p{),COPO‘17 AT, P{z,COPO‘Iy AT, P{,{cop()‘l’ AT,
pé{cop(x\l, A1) are plotted versus A’ /X in Figure 3, and
S;()\I,)\H), ST N, Séf(/\l,/\n), SITN N are
plotted versus A’ /X in Figure 4. From these plot we get
that, with the chosen set of parameters:

(i) For both primary and secondary users, the COP
in active mode is larger than that in passive mode
(the increase is appr. .1).

0.8

0.1 I I I I

FIGURE 2. Plot of e~ T»(1) and e~ T»(1Y) The set of
parameter is the same as that of fig. 1.
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0.6
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0.4

03r

0.2

0.1 N I I L
0 0.2 0.4 0.6 0.8 1

A"

FIGURE 3. Plot of COP of primary and secondary users
in active and passive mode versus A'/X. The set of
parameter is the same as that of fig. 1.

(ii) For both primary and secondary users, the SDT
in active mode is around 40% larger than that
in passive mode. So, in spite of offering less
MAP, the active mode eventually pays off in term
of SDT by guaranteeing better protection against
interference.

5. CONCLUSION

The main contribution of this paper is the outline of
a generic probabilistic framework based on stochastic
geometry for the analysis of distributed MAC protocols
used in cognitive radio networks. As shown in this
paper, this framework has the potential of allowing the
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FIGURE 4. Plot of SDT of primary and secondary users
in active and passive mode versus A'/X\. The set of
parameter is the same as that of fig. 1.

modeling and the optimization of a large variety of other
network architectures and MAC protocols. Another
contribution of the present paper is the tuning of a
fully distributed CSMA-based MAC protocol allowing
secondary users of a large network to exploit unused
spectrum and to comply with predefined requirements
on the acceptable impact on primary users. The active
version of this protocol using the RTS-CTS handshake
technique provides the best interference control and the
best utilization of the network resources (time, power,
frequency).

Future work will bear upon:

1) Power control. It might be useful to control the
transmission power and/or the sensing threshold of
secondary users in order to further limit the interference
they cause to primary users. A simple scheme would
simply make secondary users transmit at a power level
lower than that of primary users. More sophisticated
schemes would make secondary users decide on their
transmission power depending on the primary signal
strength.

2) Refined schemes.  The schemes proposed and
analyzed in the present paper are rather conservative:
for instance, in the presence of a primary user, even
when the latter is silenced by another primary user,
a secondary user backs off. A refined scheme would
consist in using this momentary time hole for the
secondary user. It ought to be clear that there are
several interesting variants along these lines, which
offer different compromises between channel access and
coverage. Their analysis and comparison should allow
one to determine which one is actually the best in
terms of guarantees to primary users and throughput
for secondary users.

3) Adaptive carrier sensing. In this paper we use a very

simple rule for users to detect contenders. This often
leads to waste of spatial resource when the user channel
to its receiver is strong and offers little protection for
users whose channel to its receiver is weak. One could
consider a more adaptive carrier sensing strategy, which
makes the contention radius of stronger users smaller
and that of weaker users larger.
4) General priority laws. Here is an illustration of
more general priority schemes. Consider a population
of users belonging to n classes. Each class forms an
independent PPP The intensity of users of class i is A;.
With class i, one associates a distribution function with
density h; with support on [0, 1]. The users of all classes
compete for space using CSMA. This competition is
represented by a Matérn interaction based on timers
with distribution h; for class i. Users with a density
h; more centered on the left of the [0, 1] interval have
an advantage compared to those with density more
centered on the the right. A special case is that with
h; having its support on [(i — 1)/n,i/n] which gives full
priority of class i on classi+ 1 foralli=1,...,n — 1.
Let A = >, A\i. Let p; denote the probability that a
typical user of class ¢ and M (x) denote the probability
that a typical user retained by the Matérn scheme (or
more precisely the extension with fading) based on a
PPP of intensity x.

We have the following conservation rule, which can
be seen as an analogue of Kleinrock’s conservation law,
[22] for priority queues:

M) =Y T (3)

As a direct corollary, in the full priority case, one can
determine the p; recursively through the equations

A— A\, An

Al Ao
M(A\ A = —— M\ —o.
(M + A2) SV (1)+/\1+)\2P2

A.1. PROOF OF PROPOSITION 14

W.lo.g. we can assume that ¢ = 0, j = 1, Ty = o,
T = z (o is the center of the plane). The quantity that
we need to compute is:

Po.(UUr =1lto=1t) E,z[UgUilto =]

P, .Uy =1Jtg =1t) E, . [Uolto = ]
First, note that for any i, j
1 cp, + 1t <. 1 i =1—1¢ <41 - .
ti<ty + ti<ts \T,::il’lrgj‘w <p tisti \TiG_z’iJj‘w >p
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We can then compute the denominator as: we have:

Eo,x[UOU1|t() =ttt = 7—] —

E, . [Uolto = ]

= Eo,m

to =

J#0,1

) (1- eiuplmla)Eo,m H (1 — eI T% _ pempolTi—al®
p

(1 _ 1t1§t01GLy(yl>p) H (1 — 1t_7‘§t01 Go. -
T 0

] —|—min{t,7-}e—up(T7~—m°‘+|Tja))‘|

t

=(1- eupw“‘)exp{_)\/ (te*uplyl” + reHely—al®
R2

=B, |(1—terrlzl™) H (1 — te=rPITs1%)

§#0,1 — min{t, T}e_“”(y_maﬂylﬁ))dy}.
1 — te *°1*1"Y exp{—\tNp
= ) = ) Using the following equalities:
Now we move on to the numerator: / e eluI% gy = / e elv=el® gy — Ny,
R2 R2

Eo’m[U()Ul |t0 = t]

/2 e rPUvl™ =21 gy = Ny — ¢, (),
R

H we get:
- Eo,m (1 - ]—t <t 100,1 ) (1 1t <t lc Go,j )
R meze Eo.[UoUilto =t 11 = 7]
— (1 — p—helzl®y = A((t+7)No—min{t,7}(No—(p(2)))
(1 - 1t0St11“30_‘,”1>p) H (]— - 1t1<t11L7(>p) (]‘ e )6 .
) 3#0,1 Now deconditioning on t; gives us:
to = t‘| ) Eo,m[U0U1|t0 — t] — (1 _ e_lt/’|3?|<x)
t _ 1 —
(/ e~ MtNo+79(2)) g1 _|_/ eA(TNothg(w))dT)
0 t
Note that: —tAg(x —t)ANg
ote tha o 1 — e~ trg(z) + o—tha(@) 1— e(:)ANo
Ag(x) AN,
(1- 1t1<t01<‘30‘(3 o)1= 1t0§t11%)—"(32p) - liﬂ‘i < (1 — e~relel™).
Dividing the formula for the numerator by that of the
We get: denominator gives us the wanted result.

E w[U0U1|t0 = t]

O!

(1 Bl ltjgtl ! \Tfi’,z\n >P)

A.2. PROOF OF PROPOSITION 17

W.lo.g, we can assume that ¢ = 0, j = 1 and Ty =
0,77 = x, we then want to compute the following
p) conditional probability:

Eo. |(1— e—up‘l“a) H (1 —14<t0l coy o

70,1

Pm,o(Ua,OUa 1= 1|Ua 0= 1 RO = Tl(o) tg = t)
to = t‘| ' _ Pm,o(Ua OU 1= 1|R0 = Tl(@) 0= t)
B Pa:,o(Ua,O = 1|R0 = Tl(e),t() = t)

We first compute the denominator:

Since:

Pa:,o(Ua,O = 1|R0 = Tl(e),t() = t)
= Em’o[Ua’0|R0 = T’l(@),to = t]

<1 tosul GO\J” >p> <1 - ltjgtll\Tfiﬁ\” >p> =E:o| (1 -1y <tolen,r
, 1<to +C(Tov,T1)

=|1-1p <1 co -1t <,1 6y
( t;<to j’-a >p t; <ty \Tj%:ﬂﬂzp H (1_1tj§t01C(T_7~,To)) RO:rl(9)7t0 =1t].

IT;1
J7#0,1
1 ¢
= W>P
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Since
P(C(T, T)IR) = 1~ 0T, Ty)(1 — e=B Al
and
P(C(T;, Tj)| Ri, R;)
=1-(1— e*HP\Ti*lea)(l _ e*/wlTj*Ri\a)7

we have:

Pm70(Ua70|RQ = Tl(e),t() = t)

=E,, [(1 - t(l -(1- e*uplerrl(G/)l“)(l _ e*up\wfRo\‘l)

)) H (1 —t(1—0o(0,T5)(1 - e—,,,p|T_7._R0a)))}

J#0,1
= exp {—)\t /R2(1 —0o(0,y)(1 — e"plyROQ)dy}
))).

In the proof of Proposition 16, we have proved that

(1 — t(l — (1 _ e*up\w+rl(0')|")(1 _ efuplmfRo

/ (1= 0(0,)(1 — e Rol ) gy =TT,
R

Thus,
P, o(Uaso|Ro =7l(0),to = t) = exp{— My}
(1—t(1—(1- e—up\m+rl(9’)|“)(1 _ e—lmlm—rl(f?)l“))).
We now move to the numerator:

Pm,o(Ua,OUa,l = 1|R0 = Tl(g),to = t)
= Em,o[Ua,OUa,l = 1|R0 = ’I"l(a), tg = t]

=E.o (1= 1t <to1e(m,m)) (1 = Lig<t, Lo(my, 1))

H (1 - 1t.7‘Stolc(Tj,T0)) H (1 - 1t.7‘Stllc(Tj,T1))
Jj#0,1 j#£0,1

Ry = ’I“l(@),to =t,Ri=x+ rl(&’)]

= Ea:,o

J#0,1

Loy, m)

Ry = T’l(@),to =t, R = x—l—rl(G')]

Note that:

E[(l ~ Lzl m) (1= 10 le, m)
‘Ro = rl(0),to =t, Ry = o + rl(e'),Tj]
=1—to(1—0(0,T;)(1 — e~ reITi=rlOy)

—t1(1 = (0, Tj)(1 — efup\ij:rfrl(O’)\a)) + min{to, t;}

(1 —0(0,T;)(1 — eI T=rU Oy _ 5(z,T})

(1- e—/LP\Tf—m—Tl(9')|“) + k(0, z, Tj)(l _ e—/LP\Tf—TlW)\O‘)

(1— G*HP\Tj*JU*Tl(G')l")).

H (1 - 11519010(7“.7‘77“0)) (1 - ltjﬁtllc(T_wal))

Thus:
Pm70 (Ua70Ua71 =1 | R() = ’I“l(@), R1 =+ Tl(el),t() = t, tl)

= exp {—)\t/ (1 —0(0,9)(1 — eﬂplyrl(@)l”))dy}
]R2
exp {—Atl / (1—=o(z,y)(1 - e""’"y“’"”‘e’”))dy}
]RZ

exp{—)\min{t, t1} /2(1 —0(0,y)(1 — e—n,ply—rl(e)la)
R
—o(z,y)(1 — efup\yfx—rl(e’)l“) + (0,2, Tj)

(1 — T =) (1 _ e—mrj—m—rl(9’>|“))dy}.
Now, using the following equalities:
[ = a0 - et yay
R2
N / (1= o(w,y)(1 — e melv===r1O")) dy = Wy
R2

[ = o) emorion)
R2

—o(z,y)(1 — e*uplyfz—rl(e’)\a) + k(0,,Ty)
(1— e—up\Tf—Tl(f?)l“)(l _ e—up\Tf—r—f’l((?')\“))dy

= ﬁo - Ca(xa 9a 9I)7
we have:

Pw’O(Ua,an,l = 1|R0 = 7"1(9), Ri=x+ Tl(gl),to = t,tl)
_ e—)\(t—i-tl)TIoeAmin{t,tl}(Tlo—(a(m,e,e’)).

Deconditioning on t; gives us:
Pw’O(Ua,anyl = 1|R0 = 7"1(9), Ri=x+ Tl(gl),to = t,tl)

= —1 _ e*”‘Ca(w!"!"') —+ e*t)\Ca(m,e,el)il — e(i)AMO
Aa(z,6,6") MM,

(1— efuplwfrlw)l”)(l _ efuplwrrl(@’)l”).
The proposition is derived directly from this.
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