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Interference Analysis for Secondary Coexistence in TV White Space
Angela Sara Cacciapuoti, Member, IEEE, and Marcello Caleffi, Member, IEEE

Abstract—In this letter, the interference among mobile, het-
erogeneous and independently-operated secondary networks over
shared TV white space is studied. Specifically, a probabilistic
model for the secondary coexistence is developed, and, stemming
from this, closed-form expressions of the coexistent interference
probability are derived. The analytical results show that the
coexistent interference is a non-linear function of the following
key parameters: (i) the number of secondary networks roaming
within a geographic area; (ii) the number of users belonging to
each secondary network; (iii) the traffic pattern of each secondary
network; (iv) the mobility pattern of each secondary network;
(v) the interference range of each secondary network. The pro-
posed analysis is crucial and preliminary for designing any coexis-
tence protocol, since it discloses the intrinsic relationship between
environmental and system parameters. Furthermore, closed-form
expressions of necessary and sufficient conditions assuring that
the coexistent interference is bounded by a given threshold are
derived. Simulation results validate the theoretical analysis.

Index Terms—Coexistence, TV white space (TVWS), cognitive
radio.

I. INTRODUCTION

TO ACCOMMODATE rapidly increasing demand for wire-
less broadband services, regulatory efforts are currently

ongoing in many countries to enable secondary access to
channels of the TV spectrum temporarily unused by the li-
censed users, referred to as incumbents [1]–[3]. This group of
non-contiguous vacant channels is known as TV white space
(TVWS). Secondary communications in TVWS are condi-
tioned by regulators on the ability of the secondary users (SUs)
to avoid harmful interference to incumbents. To this aim, the
general consensus among Ofcom, the FCC, and CEPT’s SE43
working group is on the adoption of geolocation databases [4],
known as White Space Databases (WSDBs), for replacing the
spectrums sensing functionality [5].

However, there are no legal requirements for the coexistence
among heterogeneous and independently-operated secondary
network (SN) over TVWS [6]. Hence, any SN satisfying the
regulations for incumbent protection can freely access to the
TVWS. Consequently, multiple SNs can select the same TVWS
channel for their operations and may create interference to
each other, leading so to a performance degradation. This issue
becomes even more severe in areas with high wireless network
penetration and dense population, e.g., urban areas, due to the
limited number of available TVWS channels. Fig. 1 exemplifies
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Fig. 1. Interference among Multiple Secondary Networks.

an interfering scenario where multiple heterogeneous and in-
dependently operated SNs are closely located in a certain area,
and are using the same portion of the TVWS declared available
by the WSDB. Specifically, the receiver s j of the j-th SN
experiences interferences from the i-th SN, since it is located in
the overlapping portion of the coverage areas of both the SNs.
A similar reasoning holds for the receiver sk of the k-th SN.

In this letter, we study the interference among mobile, het-
erogeneous and independently-operated SNs using the same
portion of the TVWS, with the objective to determine the
parameters that affect the secondary coexistence. Specifically,
we develop a probabilistic model for the SU coexistence and,
stemming from this, we derive closed-form expressions of
the interference probability. The analytical results show that
the interference among coexisting SNs is a non-linear func-
tion of the following key parameters: (i) the number of SNs
roaming within a certain geographic area; (ii) the number of
SUs belonging to each SN; (iii) the traffic pattern of each
SN; (iv) the mobility pattern of each SN; (v) the interference
range1 of each SN. The derived results disclose the intrinsic
relationship between environmental and system parameters.
Hence, our analysis is crucial and preliminary for designing any
effective coexistence protocol. Furthermore, stemming from the
developed theoretical model, we derive necessary and sufficient
conditions assuring that the coexistent interference is bounded
by a given threshold. Such conditions are expressed in terms
of two key parameters, i.e., the interference range and the
number of SUs of an arbitrary SN. Simulation results validate
the theoretical derivations. To the best of our knowledge, this is
the first work that reveals the non-linear dependence of the SU
coexistent interference on all the aforementioned parameters.

II. NETWORK MODEL AND PRELIMINARIES

In a geographic area A, K mobile, heterogeneous and
independently-operated SNs use the same portion of the TVWS
declared available by the WSDB. The traffic of the i-th SN

is modeled thought the parameters Pon
i and P

on
i

Δ
= 1 − Pon

i ,

1A formal definition of interference range is provided in Section II.
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representing the probability of an arbitrary SU belonging to the
i-th SN being active and inactive, respectively.

Definition 1: Ni denotes the number of SUs belonging to
the i-th SN. The Ni SUs move according to a general mobility
model whose steady-state spatial distribution has a probability
density function (pdf) denoted with fSi(s).

Remark 1: In the following, we assume that different SNs
can move independently of each other according to different
mobility models to confer generality to the analysis.

Definition 2: M j denotes the number of receivers belonging
to the j-th SN.

Definition 3 (Coexistent Interference Range): Let Si(t) ∈ A
be the position at time instant t of an arbitrary SU, say si,
belonging to the i-th SN, and let S j(t) ∈ A be the position at
time t of an arbitrary receiver, say s j, belonging to the j-th
SN. si may interfere s j at time t whenever they are within a
distance rCI

i, j referred to as coexistent interference range, i.e.,

Di, j(t)
Δ
= ||Si(t)−S j(t)|| ≤ rCI

i, j .

Remark 2: The value of rCI
i, j mainly depends on the si

transmission power, the s j sensitivity, and the adopted channel
model [7]. Hence, the widely-adopted geometric model [7],
[8] in Def. 3 allows us to account for the aforementioned
system/environmental parameters.

Definition 4: ICI
i, j denotes the event: “The i-th SN interferes

the j-th SN,” i.e., at least one SU belonging to the i-th SN is
active and it is within the coexistent interference range of at
least one receiver belonging to the j-th SN.

Definition 5 (Coexistent Interference): ICI
j denotes the event:

“The j-th SN is interfered by at least one of the other K−1 SNs
coexisting in the same portion of the TVWS.”

Definition 6 (Coexistent Interference Constraint): The Co-
existent Interference Constraint γCI

j denotes the maximum value

of the coexistence interference probability P(ICI
j ) that the j-th

SN tolerates, i.e., P(ICI
j )≤ γCI

j .

III. COEXISTENT INTERFERENCE ANALYSIS

To derive the coexistent interference probability P(ICI
j ), the

preliminary results in Lemma 1 and Proposition 1 are required.
Lemma 1: Let si be an arbitrary SU of the i-th SN and s j be

an arbitrary SU of the j-th SN. They move according to two
arbitrary mobility models in the area A assumed, without loss
of generality, either as a line or as a square. The probability
P(LCI

si,s j
) that, at the arbitrary time instant t, si and s j are within

the coexistent interference range rCI
i, j is given by:

P(LCI
si,s j

) =

⎧⎪⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎪⎩

rCI
i, j∫

0
2( fSi ⊗ fS j)(ν)u(ν)dν, A = [0,a]

rCI
i, j∫

0
4
[
( fSi ⊗ fS j)(ν)⊗

( fSi ⊗ fS j)(ν)
]

u(ν)dν, A = [0,a]2

(1)

where u(·) denotes the step function, and ( fSi ⊗ fS j)(·) de-
notes the convolution between the pdfs of the one-dimensional
steady-state spatial distributions of the SUs belonging to the i-th
and j-th SNs, when they move within a line, i.e., A = [0,a].

Proof: By accounting for Def. 3, it results P(LCI
si,s j

)
Δ
=

P(Di, j(t) ≤ rCI
i, j) =

∫ rCI
i, j

0 fDi, j(ν)dν, with fDi, j(·) the pdf of Di, j.

For lines A = [0,a], by using the Random Variable Trans-
formation Theorem [9], and by reasoning similarly to [10],
fDi, j(·) is equal to 2( fSi ⊗ fS j)(ν)u(ν). For squared areas A =

[0,a]× [0,a]
Δ
= [0,a]2, by using the independence and identical

distribution of the random variables representing the distances
in each dimension, fDi, j(·) is the convolution of the pdf of Di, j
within a line. Hence, by using the result obtained for the one-
dimensional case, the proof follows. �

Remark 3: P(LCI
si,s j

) does not depend on t since the SUs are
moving according to their steady-state spatial distributions.

Proposition 1: The j-th SN is interfered by the i-th SN with
a probability P(ICI

i, j ) given by:

P(ICI
i, j ) =

Ni

∑
n=1

(
Ni

n

)
[Pon

i ]n
[
P

on
i

]Ni−n
n

∑
v=1

(
n
v

)

×
[
1−P(LCI

si,s j
)M j

]v
P
(

LCI
si,s j

)M j(n−v)
(2)

where P(LCI
si,s j

)
Δ
= 1−P(LCI

si,s j
) is derived in Lemma 1.

Proof: To prove the proposition, we first need to evaluate
the probability P(LCI

si, j
) of an arbitrary si of the i-th SN to be

within the coexistent interference range rCI
i, j of at least one

receiver s j of the j-th SN. By exploiting the independence
of the SU movements, the identical steady-state spatial
distribution of the SUs belonging to the same SN and Def. 3,

it results P(LCI
si, j

) = 1 − ∏
M j
l=1[1 − P(LCI

si,sl
)] = 1 − P(LCI

si,s j
)M j ,

with P(LCI
si,s j

)
Δ
= 1 − P(LCI

si,s j
) given in (1). Now we can

evaluate P(ICI
i, j ). By exploiting Def. 4 and the independence

of the traffic and mobility patterns, one has P(ICI
i, j ) =

∑Ni
n=1

(Ni
n

)
(Pon

i )n(P
on
i )Ni−n ∑n

v=1

(n
v

)
P(LCI

si, j
)vP(LCI

si, j
)n−v with

P(LCI
si, j

)
Δ
= 1 − P(LCI

si, j
). By substituting the expression of

P(LCI
si, j

) in the above equation, the proof follows.
Remark 4: In Proposition 1, we assume the SUs belonging

to the same SN being identical distributed, since this is very
reasonable and widely adopted in literature. Nevertheless, this
assumption can be removed and, in such a case, P(ICI

i, j ) can be

obtained by using P(LCI
si, j

) = 1−∏
M j
l=1 P(LCI

si,sl
).

Theorem 1: The j-th SN is interfered by at least one of the
other K −1 SNs with a probability equal to:

P
(
ICI

j

)
= 1−

K

∏
l=1
l �= j

[
P

on
l +Pon

l P
(

LCI
sl ,s j

)M j
]Nl

(3)

where P(ICI
l, j) is given in Proposition 1.

Proof: According to Def. 5, it results P(ICI
j ) = 1 −

∏K
l=1
l �= j

[1−P(ICI
l, j)]. By substituting (2) in the above equation and

by exploiting the Binomial Theorem [11], one has: P(ICI
j ) =

1−∏K
l=1
l �= j

{1−∑Nl
n=1

(Nl
n

)
(Pon

l )n(P
on
l )Nl−n[1−P(LCI

sl ,s j
)nM j ]}. By

using the notable equality ∑N
n=1

(N
n

)
pn(1− a)Kn(1− p)N−n =

(1− p)N(((−p(1−a)K + p−1)/(p−1))N −1) in the previous
equation, (3) follows. �

Remark 5: The compact and elegant closed-form expression
of P(ICI

j ), derived In Theorem 1, allows us to disclose:
i) all the parameters affecting the coexistent interference,

i.e., the number K of SNs roaming within the area A, the
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number Nl of SUs belonging to the l-th SN, the number
M j of receivers belonging to the j-th SN, the SU traffic
patterns through {Pon,l}, the SU mobility patterns through
the pdfs { fSk(sk)} of the steady-state spatial distributions
and the coexistent interference ranges through {P(LCI

sl ,s j
)};

ii) the non-linear dependence of the coexistence interference
from the aforementioned key parameters.

In the following, we exploit the result derived in Theorem 1
for specializing the constraint P(ICI

j )≤ γCI
j in terms of two key

parameters, i.e., Ni and rCI
i, j .

Proposition 2: A necessary and sufficient condition assuring
the coexistent interference constraint P(ICI

j ) ≤ γCI
j on the j-th

SN is that the number Ni of SUs belonging to the arbitrary i-th
SN satisfies the following inequality:

Ni ≤

ln
(

1− γCI
j

)
−

K
∑
l=1
l �= j
l �=i

Nl ln

(
P

on
l +Pon

l P
(

LCI
sl ,s j

)M j
)

ln

(
P

on
i +Pon

i P
(

LCI
si,s j

)M j
) . (4)

Proof: By substituting (3) in P(ICI
j ) ≤ γCI

j , with al-

gebraic manipulations, it results [P
on
i + Pon

i P(LCI
si,s j

)M j ]Ni ≥
1−γCI

j

∏K
l=1
l �= j
l �=i

[Pon
l +Pon

l P(LCI
sl ,s j

)
M j ]Nl

when ∏K
l=1
l �= j
l �=i

[1 − P(ICI
l, j)] �= 0 i.e.,

P(ICI
l, j) �= 1 with l ∈ {1, . . .K}, l �= i, l �= j. By applying the log-

arithm function with basis {P
on
i +Pon

i P(LCI
si,s j

)M j} to the above
inequality and by recognizing that this logarithm is a decreasing
function of its argument since {P

on
i +Pon

i P(LCI
si,s j

)M j} ≤ 1, the
proof follows. �

Corollary 1: A necessary condition assuring the coexistent
interference constraint P(ICI

j ) ≤ γCI
j on the j-th SN is that

the number Ni of SUs belonging to the i-th SN satisfies the
following inequality:

Ni ≤
ln
(

1− γCI
j

)
ln

(
P

on
i +Pon

i P
(

LCI
si,s j

)M j
) . (5)

Proof: Since P(ICI
j )≥ P(ICI

i, j ), by exploiting the coexistent

interference constraint, it results P(ICI
i, j ) ≤ γCI

j . This inequality
represents a necessary but not sufficient condition to assure
P(ICI

j ) ≤ γCI
j . By reasonings as in Prop. 2 and by substituting

(2) in P(ICI
i, j )≤ γCI

j , the proof follows. �

Proposition 3: A necessary and sufficient condition assuring
the coexistent interference constraint P(ICI

j ) ≤ γCI
j on the j-th

SN is that the coexistent interference range rCI
i, j satisfies the

inequality (6), shown at the bottom of the page.
Proof: By reasoning similarly as in Prop. 2, one rec-

ognizes that P(ICI
j ) ≤ γCI

j is equivalent to: P(LCI
si,s j

) ≤ 1 −

M j

√√√√√√ Ni

√√√√√√(1−γCI
j )

K
∏

l=1
l �= j
l �=i

[Pon
l +Pon

l P(LCI
sl ,s j

)
M j ]−Nl−Pon

i

Pon
i

, with Pon
i �= 0 and

P(LCI
si,s j

) derived in Lemma 1. If rCI
i, j << a, i.e., the coexistent

interference range is smaller than the dimension of the area A,

as reasonable, P(LCI
si,s j

)�

⎧⎨
⎩

2rCI
i, j
a , A = [0,a]

π(rCI
i, j)

2

a2 , A = [0,a]2
. By substitut-

ing these in the derived inequality, the proof follows. �
Corollary 2: A necessary condition assuring the coexistent

interference constraint P(ICI
j ) ≤ γCI

j on the j-th SN is that

the coexistent interference range rCI
i, j satisfies the following

inequality:

rCI
i, j ≤

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

a
2

⎡
⎢⎣1−

M j

√
Ni

√(
1−γCI

j

)
−Pon

i

Pon
i

⎤
⎥⎦ , A = [0,a]

√√√√√√ a2

π

⎡
⎢⎣1−

M j

√
Ni

√(
1−γCI

j

)
−Pon

i

Pon
i

⎤
⎥⎦, A = [0,a]2.

(7)

Proof: The proof follows by reasonings as in Prop. 3 and
by observing that, for K > 1, P(ICI

j )≥ P(ICI
i, j ). �

IV. VALIDATION OF THE THEORETICAL RESULTS

Here, we validate the theoretical results through Monte Carlo
simulations, along with real-world application examples. We
consider K = 3 SNs moving according to the Random Walk
mobility model [8]. For each SN, we generate 104 topologies
by placing the users randomly in a squared region A. Then,
for each topology, we let the users move according to the
adopted mobility models for enough time to reach a steady-state
distribution. The simulation setting is: rCI

2,1/a = 0.01, rCI
3,1/a =

0.02, Pon
2 = 0.75, and Pon

3 = 0.5.
Fig. 2 shows the probability P(ICI

1 ) of the coexistent inter-
ference induced by the 2-th and 3-th SNs on the 1-th SN,
as the number M1 of receivers belonging to the 1-th SN

rCI
i, j ≤

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

a
2

⎡
⎢⎢⎢⎣1−

⎛
⎜⎜⎝ Ni

√√√√√
(

1− γCI
j

) K
∏
l=1
l �= j
l �=i

[
P

on
l +Pon

l P
(

LCI
sl ,s j

)M j
]−Nl

−P
on
i

⎞
⎟⎟⎠

1
M j

(Pon
i )

− 1
M j

⎤
⎥⎥⎥⎦ , A = [0,a]

√√√√√√√√ a2

π

⎡
⎢⎢⎢⎣1−

⎛
⎜⎜⎝ Ni

√√√√√
(

1− γCI
j

) K
∏
l=1
l �= j
l �=i

[
P

on
l +Pon

l P
(

LCI
sl ,s j

)M j
]−Nl

−P
on
i

⎞
⎟⎟⎠

1
M j

(Pon
i )

− 1
M j

⎤
⎥⎥⎥⎦ , A = [0,a]2

(6)
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Fig. 2. P(ICI
j ) vs M j .

Fig. 3. Coexistent Interference Constraint: Optimal Ni.

increases, when N2 = 10 and for three values of N3. First,
we note that the theoretical results (Theorem 1) matches very
well the simulation results. Then, when M1 increases, P(ICI

1 )
increases as well, since the probability of at least one out of
M1 receivers being inside the interference ranges of at least
one SU belonging to the 2-th and/or the 3-th SNs increases.
Similar comments hold when N3 increases. Furthermore, Fig. 3
shows P(ICI

1 ) as N2 increases, when N3 = 10, M1 = 10 and

the coexistent interference constraint γCI
1 = 0.1. The results

validate the theoretical analysis of Proposition 2, since when
N2 is greater than the upper bound derived in (4) and denoted in
the figure with Nmax

2 , P(ICI
1 )> γCI

1 .
Case of Study: To further discuss the derived results, we

consider the real-world application scenario described in [6],
where IEEE 802.15.4m in 50 kbps mode, IEEE 802.11af in
6.5 Mbps mode and IEEE 802.22 in 4.54Mbps mode systems
are co-located in the same TVWS band within an area A =
[0,a]2 with a = 1 Km. By setting the interference ranges in
agreement with the experimental results reported in [6], our
analysis reveals that a IEEE 802.11af network can accommo-
date at maximum Nmax

2 = 17 users to satisfy the interference
constraint γCI

1 = 0.1 on a IEEE 802.15.4m network constituted
by 10 receivers, when in A there is one transmitter IEEE 802.22.
If the side area grows to a = 2 Km, Nmax

2 is equal to 70.
Furthermore, if the interference constrained is stressed and set
equal to γCI

1 = 0.05 without changing the other parameters, the
IEEE 802.11af network can accommodate in an area of side
a= 1 Km at maximum Nmax

2 = 8, whereas if the side area grows
to a = 2 Km, Nmax

2 is equal to 33.
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