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no longer satisfy the demand for wireless communication. Just for this reason, many
spectrum resources become spectrum holes because they are allocated but not used.
Cognitive radio is now becoming one of the most important techniques for high utility
of these spectrum holes. If the holes available to cognitive users are abundant over a
certain time, it is a worth consideration to increase network throughputs by orthogo-
nal multiplexing as many as spectrum holes. A multi-transceiver configuration is one
of the possible solutions for this purpose. With such a schema, all transceivers within a
cognitive user work in a concurrent or parallel mode, by which the throughput of the
network can be increased. However, co-site working cognitive radios may incur electro-
magnetic interference between each other. When more cognitive radios are equipped,
much electromagnetic interference may be incurred. Many techniques are proposed
to mitigate such so-siting interference; however, none of them have addressed the
probability that the interference will happen. If the probability could be estimated in
advance, the user will make a better planning on the configurations of the co-siting
working radios. Based on an elaborated n-fold multiple integral model, we propose a
novel method to decide how many cognitive radios can be installed for one cognitive
user at most. This is our main contribution with this work, providing an enhanced abil-
ity to determine the optimal number of cognitive radios installed within each cognitive
user. We make a strict deduction on electromagnetic compatibility probability with
various parameters of cognitive radios. Simulations are performed and the results show
that the electromagnetic compatibility of the simulated cognitive radio system meets
the deducted probability by this method very well.

Keywords: Cognitive radio, Cognitive radio network, Electromagnetic compatibility,
Co-channel/adjacent channel interference, Frequency difference

1 Introduction

With the development and wide applications of wireless communication technology, the
limited spectrum resources and the fixed spectrum allocation policy could no longer sat-
isfy the demand for wireless communication. The concept of cognitive radio (CR) was
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firstly proposed by Joseph Mitola [1] as a new solution to this problem. By 2005, Simon
Haykin proposed a cognitive cycle model [2] as a guidance on the development of cogni-
tive radio system.

Based on CR techniques, a CR network (CRN) has wits to detect spectrum holes with-
out interference to the primary user and then to automatically configure the system
according to the current electromagnetic environment [3, 4]. Sometimes the spectrum
holes may be very abundant. In such cases, the secondary users have many spectrum
candidates for communication. This provides a good chance for cognitive users to
improve network throughputs. A simple but possible way is to integrate multiple trans-
ceivers into each cognitive user to transmit user data in a concurrent mode. These trans-
ceivers within one user work in a co-site mode. That is, they are located within short
distance between each other and use different spectrum holes for communication simul-
taneously [5].

When multiple transceivers work simultaneously, there may produce various kinds
of interference between each other [6—9], such as intermediate frequency interference,
Hermitian image interference, and co-channel/adjacent channel interference [10] caused
by transmitters. It may also produce harmonic interference, intermodulation interfer-
ence [11], and cross-modulation interference caused by the nonlinear mixing in either
transmitters or transceivers [12]. Generally, the more cognitive radios are equipped
co-site by a cognitive user, the more possibility of electromagnetic interference may
happen. For the system users, they expect that the possibility of electromagnetic inter-
ference should not exceed a threshold value. This implies that the number of transceivers
installed for one cognitive user should not exceed a certain number. To decide such an
optimum number of co-site transceivers, the implicit relation between the number of
transceivers and the possibility of electromagnetic compatibility (EMC) should be clari-
fied. Polak recently gave a good reference from an experimental view [13]. He empha-
sized the importance of frequency planning for radios located at the same object (co-site
work) and assignment of frequencies for co-site radios, and the model used by [13] and
our work are similar for the scenario where the distance between co-site antennas is less
than 1 km. The difference is the number of observed radios. Polak measured interfer-
ence on only two radios and did not discuss problems for scenarios with more than two
radios, which is the object by our work.

This paper deals with this problem in our cognitive radio network [14—17] which is
master-slave self-organized. The secondary user in the network is equipped with multi-
ple transceivers [18], allowing using multiple different channels to communicate. For the
cognitive radios in our system, intermediate-frequency interference could be suppressed
by the double conversion or increasing the quality factor of IF filter. Hermitian image
interference can be suppressed by choosing high IF frequency or increasing the quality
factor of transceiver-amplifier [19]. Therefore, both kinds of interference are not taken
into consideration in analysis of electromagnetic compatibility. Cross-modulation inter-
ference only occurs when the interference is an amplitude modulated signal [19] which
is not used in our system and thus such interference will not be discussed in this paper.

If the signal from a transmitter is near to the receiving frequency, the signal will reach
the receiver and generate interference to the receiver. This is so-called co-channel/adja-
cent channel interference while adjacent channel interference is related to the transmit
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filter and the IF filter in a receiver [20], both of them need to be prevented because they
cannot be avoided. From the results of the simulation for our system, we found that the
co-channel/adjacent channel interference plays the most important role [21]. The possi-
bility of co-channel/adjacent channel interference is much higher than that of harmonic
interference and intermodulation interference, accounting for about 95% or more in all
cases of interference. In addition, the harmonic interference can be effectively avoided
or suppressed by algorithms [22, 23]. Therefore, this paper will focus on the analysis on
the possibility of co-channel/adjacent channel interference to decide the optimum num-
ber of transceivers installed in a cognitive user. As far as we know, there have no such
studies to address this cognitive radio planning problem based on electromagnetic com-
patibility probability analysis. Currently, increased studies are addressing co-site inter-
ference mitigation, such as how the cognitive engine-based dynamic spectrum access
cloud services approach can include co-site interference mitigation as a subset of cloud
services without an excessive increase in computational complexity [24], the approach
for the mitigation of co-site interference in vehicular communication systems [25, 26],
wideband co-site interference cancellation based on single-tap structure [27], suppres-
sion of the electromagnetic interference from satellite communication on-the-move sys-
tem [28], and so on. Tokgoz proposed a method for the prediction of co-site interference
between aperture antennas on a faceted convex surface [29]. The method by Salau, etc.,
may be useful towards prediction of co-site interference between monopole antennas
[30]. As for frequency planning for radios located at the same object (co-site work) and
assignment of frequencies for co-site radios, Polak gave an experimental but good refer-
ence [13].
Our contributions by this paper are summarized as follows:

1. We present a method to estimate EMC probability for a cognitive user working in a
co-site multi-transceiver model for the first time.

2. We conduct complete simulations to evaluate the performance of the proposed
method. The results show that our method can achieve high accuracy.

3. Our method provides the system manager of a CRN with a new ability to determine
the optimal number of cognitive radios installed within each cognitive user.

The structure of this paper is as follows. Section II discusses the model of our system.
Section III gives the analysis on EMC in detail. Section IV presents the simulations of
EMC probability for our system in use. The conclusion is given in the last section.

2 Methods

We took a mathematical method in this work to build a model for estimating EMC
probability for a cognitive user working in a co-site multi-transceiver mode. We intro-
duced an n-fold multiple integral model into the work of the estimation of electromag-
netic compatibility probability. This mathematical method meets the EMC model very
well. Then we designed a simulation framework based on the parameters of radios we
used. The detailed settings can be found in Section Simulations. The simulations frame-
work consists both parts. The first part mainly focused the mathematical model, but
with concrete radio related parameters. In the second part, we demonstrate what EMC
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probability will be in different radio configurations. In both parts, we also give theoretic
results to be compared. By comparing the results of the mathematical model to that by
simulations, we checked the validness of our mathematical model.

3 Therelated models

3.1 The system model

Our system takes a topology in which some cognitive users are the parent nodes of other
cognitive users. Taking Fig. 1 as an example, there are three cognitive users where one
user, PSU (Parent Secondary User), is the parent of two users, CSU-1 (Child Secondary
User 1) and CSU-2. Each user has two transceivers each of which uses a different spec-
trum for communication. Those transceivers using the same spectrum make a structure
called a cluster, such as C; (the polygon with solid lines) and C; (the dotted polygon) in
Fig. 1.

If one transceiver can contribute certain network throughputs, then two transceiv-
ers may double the throughputs if they can work simultaneously without interference
between each other. Therefore, the multi-transceiver model may increase the through-
puts for the network.

The system user may expect a level of electromagnetic compatibility for the system to
work normally. We denote this expected EMC level by Pgjic which is the probability of
no electromagnetic interference among transceivers of one cognitive user. Therefore, the
system model can be expressed by (1) where EMC({TX;}) is the probability of no elec-
tromagnetic interference among all transceivers of one cognitive user, denoted by {TX;}.

Pr{EMC{TX:})} = Pemc (1)

Certainly, we can find that the model by (1) works not only for the system presented by
this paper, but also for other systems as long as multiple co-site radios are configured for
the system.

3.2 Model of electromagnetic compatibility
Generally, the electromagnetic compatibility of the system is related not only to the
interference signal strength, but also the receiver’s ability to suppress the interference.
Suppose the frequency of an interference signal is f;. The receiver will produce a cer-
tain suppression on the interference signal after it reaches the receiver, denoted by R,
a discrete random variable with the range {ry, ..., r;}. Generally, R is a step function of
Af, which is the absolute value of the difference between f; and receiving frequency f;,
denoted by R(Af), as shown in (2) where the intervals (§;, 8;1+1] and each r; is determined
by the receiver itself.

PSU - i
@\ O
C; . ) . CZ\
{‘ csu-i“@"% N/ CSU-2
Fig. 1 The network structure of our system consisting of two subnets (clusters) C;and C;
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Fig. 2 The antenna-feeder system which attenuation L is composed of the horizontal isolation L, and the
feeder attenuations L; and L,

R(Af) = {rildi < Af = |fe = fr[ < 8} 2)
The probability distribution of R can be written as (3).
Pr{R=r;} =Pr{s < Af <811} (3)

Suppose the power of interference signal reaching the receiver is Py, then the non-inter-
ference function is

_ J1L,Pi—L—-R<T;
APy, L,R) = { 0, otherwise ®

where T is the anti-interference threshold of receiver determined by the receiver itself
and L is the attenuation of the interference signal through the antenna-feeder system,
which will be addressed in the next subsection. If the value of the function is zero, the
signal will interfere with the receiver thus having an effect on its normal work. Con-
versely, the interference signal will not affect the normal work of the receiver.

3.3 Model of attenuation of antenna-feeder system
The attenuation L of an antenna-feeder system is denoted by

L=L,+L;+1L, (5)

where Ly, is the horizontal isolation between transmitter and receiver antennas. L; and L,
are the feeder attenuations of transmitter and receiver, respectively. We adopt a method
in [31] to calculate Ly, (dB) by

fd
Ly= 22+ 20lg (C“> — (G¢+Gy) — (Se+5Sr) (6)

where f (Hz) is the frequency of the interference signal, C (m/s) is the speed of light,
the dj (m) is the horizontal distance between antennas, G; (dBi) and G, (dBi) are the
direction gain of maximum radiation of transmitter antenna and receiver antenna,
respectively, and S; (dBp) and S, (dBp) are the 90° to the direction of sidelobe level of
transmitter antenna and receiver antenna, respectively. In this paper, we suppose that
omnidirectional antennas are used, so S; = 0and S, = 0.

The antenna-feeder system and related parameters are sketched in Fig. 2.
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4 EMC probability analysis

4.1 Probability calculation of EMC

Based on the non-interference model by (4), we can calculate the probability of no co-
channel/adjacent channel electromagnetic interference between g co-site transceivers
{TX;{I <l< q}using

% [ Prp (8 8k1,9) * A(PTi Ljsri) | . 7)

Pr{EMCU{TX/})} = - >
i 1k=1

pn

n
i=1j=
In (7), we suppose that the power of the interference signal is a uniform distributed
discrete variable with the range {PTl,PTg, e ,PTP} where p is the number of possible
transmitting powers used by a transceiver.

Because the antenna-feeder attenuation is closely related to the frequency of a trans-
mitting signal, we use ; to indicate such an attenuation of a signal with corresponding
frequency f; and the total number of all possible frequencies is #. We assume that each
transceiver uses the same antenna and feeder thus L; is independent of both the length of
the feeder and the type of the antenna.

The most important item in (7) is Pgp which is a probability distribution function of fre-
quency difference among ¢ transceivers. This distribution function will be discussed in the

next subsection.

4.2 Probability analysis on frequency difference
To define item Prp (Sk, Sk+1» q) in (7), we firstly introduce Pprp (di, q) as

N 5
Pyrp(dy, q) = Pr {dk = min { Af } > %k } ®)

fa=h T f—h

where dj are normalized to a real number between 0 and 1, f; is the maximal work-
ing frequency and fj is the minimal one and thus [f,f,] form the spectrum scope of
transceivers.

The meaning of Pyirp(dy, ) can be explained by the meaning of its complementary form
(1 — Pprep(dy, q)) which is the volume of a defined polyhedron. When g = 2, it becomes
the area of a defined g-dimension polygon which is shown by Fig. 3.

E
d

(0,0)g
d 4 1y
Fig. 3 The 2D form of (1 — Pyep(d, 9)) which is the area of hexagon ABCDEF
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Based on (8), Prp ((Sk, Sk+15 q) is defined as (9) which means what probability of the mini-

mum difference among g random real numbers within [0, 1] falls into the range [ 7 5_" v fi kjjll }

Prp (8k, 8k41,9) = Pumrp (i, @) — Paiep (A1, q) 9)

4.3 Deduction on minimum difference probability
Simply, we use h(d, n) to denote Parrp(dy, q) and thus as inspired by Fig. 3, we can cal-
culate /(d, n) by an integral expression:

1 x—dx—d x—

d
h(d,n):n!// /'n/dx-udxdx (10)
d 0 0 0 n

To calculate /(d, n) , we firstly prove a lemma below.

x—d x—d x—d
Lemma 1 f(x,n)=n!6f bf [ dx--dxds=(x—d)x—dn+ D" for

0 n

neN,0<d<1l

1 Proof
(with induction)

For the case of n = 1, we have

x—d x—d x—d d

(%, 1) = 1! e dxdr = [ dx=x—d
f@n ngof [ dx , Of (11)

0 n

Therefore, this lemma holds for the case of n = 1.

Suppose that the lemma holds for #, and then with the method of integration by parts
we have the following equation for the case of (n + 1):

fx,n+1)
xfdxfdxjd xjd

=m+1)! dx - - - dxdxdx
0 0 0 0o T~

x—d !
=21 [ (v — d)d[x — d(n+ 1)]"

0
=@x—d)x—dn+2)"
Based on Lemma 1, we can prove a theorem below to calculate 4(d, n).
} x]d xjd x]d ) a1
h(d,n) = n! cee dx - -dxdx = (n — D" (—=d)"+ (1 —dn)"™
d 0 0 0 N

n

(12)
forne N,0<d <1
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1 Proof
hd,n+1)
1 x—dx—d x—d
=m+ 1! dx - - - dxdxdx
( )L{Of J /

0 0 M

1
(n+1) [(x—dx—dn+D]" 'dx
d

1
=" [(x —d)d[x — d(n+1)]"
d

[1—dn+D]"+ L(—dnH!
=n"(—d)"" + 1 —d(n+1)]"
5 Simulations

We performed two simulations, one for the minimum frequency difference probability
and the other for the EMC probability. The parameters for simulations are introduced
in the part ‘Parameters for Simulation, and the details of both simulations are given in
following parts, respectively. Note that all the settings for simulation are specific for
our system, and that all the settings can be changed whenever necessary. Nevertheless,
the simulation process will be the same and the main conclusion based on simulations
will be not changed. With the first simulation, our aim is to check the correctness of
Lemma 1. The smaller the difference between the theoretic result by Lemma 1 and the
simulated result is, the better the model by Lemma 1 is. For the second simulation, the
theoretic model by (7) is evaluated. The performance metric is similar to that for the first

simulation.

5.1 Parameters for simulation
The electromagnetic compatibility related parameters of the cognitive radio used for our
system are listed in Table 1.

As shown in Table 1, the anti-interference threshold of the radio receiver T is —80 dB.
There are 5 candidates for the radio to select transmitting power, that is p = 5. The work-
ing frequency f; will be set from 30 to 300 MHz with a uniform spacing of 25 kHz, that
is, the band of a channel is 25 kHz and there are 10800 channels in total. This spectrum
section is widely used in mountainous areas for tactical networking [16]. The distance
between radios is set to 10 m. The gain factor of the antenna used is assumed to 5 dB.
With frequency difference Af varying from 25 kHz to 4 MHz, the receiver’s restraint on
the interference varies from 0 to 160 dB. In particular, the restraint value 0 implies that
the receiver has no any restraint on signals very near to the receiving signal. Thus, the
minimal Af implies the minimal electromagnetic compatibility probability.

5.2 Simulation for minimum frequency difference
We performed a simulation for frequency difference distribution. The process is
described in detail below.

Step 1: Forg = 2....15/* for different number of radios */

Step2: Fork=1...6
ps[k] <= Op¢[k] < O;/*initialization*/
EndFor

Step 3:  For pass=1..10,000 /*repeat 10,000 times*/




Liao J Wireless Com Network ~ (2021) 2021:164 Page 9 of 16

Step 4: Fori=1...g
generate radio i with random frequency f;.
EndFor
Step 5: calculate the minimum frequency difference d,st.d < |fi = fil,i # /1 <ij<q
Step 6: selectk, st.d < f‘:kj%,ps[k] <~deltalk]+1
Step7: Fork=1...6
ps[k] «<—deltalk]/10,000
EndFor
Step8: Fork=1...6
pelK] < calculate h(dk, q) with (12), dy = 72
EndFor
Step9: Fork=1...6
calculate error and output: |p:[k] — ps[K]|
EndFor

EndFor/*end of the program */

First, we generate g(q € [2...15]) cognitive radios each with a random frequency over
the spectrum scope f; ~ f,,(n = 10,800).

Then the minimum difference between frequencies of these radios is calculated and
normalized. Repeat both steps for 10,000 times and make a statistic analysis to get how
many times the normalized minimum difference falls into
10727 | G5k € 161,82, 83,81, 85, 86)).

After simulation, we calculated theoretic values Pyrp with (12) to be compared with
simulated results (Step 9). The simulated results are shown in columns marked ‘S’ in
Table 2 and the theoretic results are shown in adjacent ‘T’ columns. Specially, we chose
data with fn’sfkfl varying from 1/270, 2/270 to 4/270 to be demonstrated in Fig. 4 for abso-
lute errors between theoretically calculated probabilities and the simulations.

Finally, tuples of (T,S) for each g and §; are output to a file. We can obtain results from
the file.

From the results in Table 2 and the absolute errors shown in Fig. 4, we can see that
the data exhibit sound consistency between simulated values and deduced ones by

0.006
0.005
5 0.004
=
=
£ 0.003
S ®
2 ®
< 0.002
o ©
°® €] ]
0.001 ®
°
p it 8 P
0 @
0 4 8 12 16
number of co-site cogintive radios (¢)
01270 2270 ©4/270
Fig. 4 The absolute errors between theoretically minimum frequency difference probability and simulations
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6 7 8 9 10 11 12 13 14 15

number of co-site cognitive radios (q)

Fig. 5 The probability of no interference between g co-site cognitive radios

Table 1 Parameters and settings for simulation

Parameters Definitions Settings
Ts Anti-interference threshold of a radio receiver —80dB
PTy ~ PT,  Possible transmitting power used by a transceiver 5,10, 15, 25,30dBm
fi ~f, The minimal working frequency and the maximal one 30, 30.025,..,300MHz
dp The horizontal distance between antennas (m) 10m
Gt, Gy Direction gain of maximum radiation of tx, rx antenna ~ 5dB
(dBi)
R Suppression of a receiver on the interference signal 0dBif Af < & =25kHz

30dBif 25 kHz=81 < Af < 8, = 50kHz

50dBif 50 kHz=81 < Af < 83 = 100kHz
90 dBif 100 kHz=81 < Af < 84 = TMHz
100 dB if 1 MHz=8; < Af < 85 = 2MHz
120 dBif 2 MHz=81 < Af < 85 =4 MHz
1600 dB if Af > 85 = 4 MHz

Theorem 1, and that the errors between theoretically calculated probabilities and the

simulations are very little (0.1-0.6% ) for all cases of cognitive radio parameters and

can nearly be negligible.

Note that the most frequently used values for g are from 2 to 8 in our actual cogni-

tive radio networks.

5.3 Simulation of EMC probability

This simulation is to examine what is the probability of no electromagnetic interfer-

ence between g cognitive radios. The details are as follows.

Step 1: Forg = 2... 15/*for different number of radios */
pr < 0/* zero interference probability */
Step 2: For pass= 1... 100000 /*repeat 100,000 times*/
emc < 0/* Initialization for EMC counter®/

Step3: Fori=1...g/*construct a CRN system*/

Page 10 of 16
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generate radio / with random frequency f; and random power P; (i)
EndFor
Step4: Fori=1...9
Forj=i+1...g-1
calculate A(P¢ (1), L(f), R(|f; — £;])) with (4) where L is defined by (6), and R is defined by (2)
If 2 = 1Then emc < emc + Tand break
EndFor
EndFor
EndFor
Step5: emc < emc/100000
Step6: Fori=1...p/*forall possible powers */
For j =1...n/*all n possible frequencies */
Fork = 1...6/*all possible restraints */

PeD 8k, k11, 9) < Purp(dk, 9) — Purp(di1, @), dh = 72
pr < pr + Prp(8k, Sk41,9) x A(Pe(i), Lj, Ry)
EndFor
EndFor
EndFor
pr < pr/p/n
Step 7: Output pr and emc for each g
EndFor /* End of for(q) */

In this simulation, we set parameters for each radio with random values listed in
Table 1 and check whether they interfere with each other according to (4). Then we cal-
culate such EMC probability defined by (7) with (12) (Step 6). While the program ends,
the program outputs tuples of (p;, emc) for each number of radios () to a file, by which
we can obtain the simulation results.

Both deduced probability (denoted by emic) and simulated results (denoted by p,) are
shown in Table 3. From the data, we see that the theoretic results are closely near to that

Table 3 Contrast between theoretical and simulated EMC results

Number of cognitive radios Theoretical EMC probability Simulated
EMC
possibility

2 0.99883 0.99853

3 0.99606 0.99561

4 0.99212 0.99128

5 0.9864 0.98558

6 0.97953 0.97859

7 0.97193 0.97039

8 0.96398 0.96108

9 0.95273 0.95076

10 0.9422 0.93954

1 0.93115 0.92754

12 0.91767 0.91486

13 0.90357 0.90161

14 0.88902 0.88789

15 0.87581 0.87379
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of simulation. We make Fig. 5 to show how the consistency reaches. Therefore, if the
system user expects a probability of no interference between co-site cognitive radios,
the user can use the data in Table 3 to decide the optimal number of co-site radios. For
example, if 0.96 is expected, then at most 8 radios can be used for concurrent commu-
nication. With more than 8 co-site radios installed, the probability of electromagnetic
interference may increase to an intolerable level. From the point of view of spectrum
utility, 8 radios are an optimal configuration if only EMC-related factors need to be
taken into consideration under the condition of abundant spectrum holes.

6 Results and discussion

The simulation section provides us both results. One is related to the probability of min-
imum frequency difference, which is listed in Table 2. In this table, the number of co-
siting radios (g) is varying from 2 to 15. For each value of g, the minimum frequency
difference between the g radios will fall into a certain range (3;). By setting the param-
eters of these radios with different parameters at random for some times, we get how
much probability the minimum frequency difference will be in each range and compare
it with the theoretic result. From the results in Table 2 and the absolute errors shown in
Fig. 4, we can see that the errors between theoretically calculated probabilities by (12)
and the simulations are within 0.1-0.6% for all cases of cognitive radio parameters. The
other result is related to the probability of no interference between g co-site cognitive
radios. From the deduced and simulated results shown in Table 3, we can see that the
theoretic results are closely near to that of simulation. The errors between theoretically
calculated probabilities and the simulations are still very little (0.1-0.5%) for all cases of
cognitive radio numbers.

We can discuss the results as below. First of all, both absolute and relative errors in two
simulations are very stable and are irrelevant to the number of co-site radios (g). This
indicates us a sound belief in the proposed models. Most important is for the user. The
system user can use the models to calculate the number of co-siting radios or directly
use the results in Tables 2 and 3 if their system parameters are similar to ours. If the
system user expects a probability of no interference between co-site cognitive radios, the
user can use the formula (7) with (12) to decide the optimal number of co-site radios.
For example, if 0.96 is expected, then at most 8 radios can be used for concurrent com-
munication in our scenario. However, in a real world, other than EMC, we have many
factors should be considered for installing multiple CRs in the same site, e.g., the power
supply, the network management, and so on. Therefore, we suggest the method and sim-
ulation results related to EMC and optimal number of CRs be referred an important but
not only guidance for CRN setup.

7 Conclusion

A cognitive radio network can increase data throughputs by configuring multiple
transceivers for each radio to utilize as many as spectrum holes simultaneously. Such
co-site transceivers may incur electromagnetic interference between each other. The
requirement is to decide how many transceivers can be installed according to the
level of acceptable electromagnetic interference. For this problem, we presented an
elaborated n-fold multiple integral model to calculate the probability of frequency
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difference distribution, and based on this model we proposed a method of electro-
magnetic probability estimation for multiple co-siting transceivers. The absolute and
relative errors between the theoretically calculated probability and the simulated one,
regardless of in frequency difference distribution and EMC estimation, are all at a
negligible level of about 0.1-0.6%. Therefore, the electromagnetic interference level
among multiple transceivers can be pre-determined with our methods proposed in
this paper. Thus, our method can provide the system manager of a CRN with a new
ability to determine the optimal number of cognitive radios installed within each cog-
nitive user. This technique has made us get sound work achievements in our in-use
cognitive radio system which is supporting 4 co-siting radios without obvious inter-
ference. As far as we know, it is the first time to address such cognitive radio plan-
ning problems based on electromagnetic compatibility probability analysis. As for our
future work, we will extend our work to other scenarios with different parameters
such as different distance between antennas, various feeder attenuations, and other
spectrum bands. Furthermore, we will extend our approaches to thread collision pre-
diction in computer science and other similar applications.
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