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Usage of small unmanned aerial vehicles (UAVs) for spectrum sensing, especially in urban areas, has
numerous advantages over the use of ground-based stations for radio frequency (RF) emitters detection and
location. In order to develop spectrum sensing equipment for UAVs, it is necessary to establish a number
of requirements for it. One of the main requirements is the necessary throughput capacity. The purpose of
the article is to improve the methodological apparatus to establish requirements for UAVs spectrum sensing
equipment. To describe the density of RF emitters distribution, it is proposed to use a nonhomogeneous
Poisson spatial process in combination with parametric or nonparametric distribution functions. The density
function of this distribution reflects the average number of RF emitters that are within energy accessibility
and can be detected. Using a quantile of a given Poisson distribution level, in which the density function
is used as a parameter, allows to estimate maximum number of RF emitters. The signal flow from each
RF emitter is described using a nonstationary Poisson process. The moments of time of broadcast and
the duration of signal emission are exponentially distributed. Estimates of the average intensity of RF
emitters during analyzed time interval of a given frequency band for a single-channel multi-antenna system
have been obtained. The methodology for estimating the required throughput capacity of RF sensor and
recommendations for using the proposed methodological apparatus in conditions of a priori uncertainty
regarding the density of RF emitters distribution and signal flow intensity are presented. Using the values
of the maximum number of RF emitters within the energy availability range for the entire spectrum sensing
area, the average intensity of RF emitters, and the analysis time of the instantaneous frequency band, it was
obtained an estimate of required throughput capacity of RF sensor.
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Introduction

The rapid development of unmanned aerial systems
allows them to be used for a wide range of tasks,
including spectrum sensing [1, 2]. The use of small
unmanned aerial vehicles (UAVs) to detect and assess
the location of radio frequency (RF) emitters has
a number of significant advantages over stationary
radio monitoring devices [3-5]. Complete coverage of
RF emitters can be ensured by establishing requi-
rements for the necessary throughput capacity of RF
sensor, which determines the number of receiving
frequency channels that must be created for real-time
analysis of RF signals within the energy accessibility
range. To do this, it is necessary to develop mathemati-
cal models of the spatial distribution density of RF
emitters and signals flow from them, as well as a
methodology for estimating the number of RF emitters
that need to be detected and evaluating their spatial
parameters.

Related works

A significant number of scientific publications are
devoted to model spectrum sensing processes using
UAVs, in particular, to the development of mathemati-
cal models of RF emitters density distribution on
a plane. In [6], it is shown that under general conditi-
ons, the position of RF emitters can be described using
a Poisson distribution. For modeling nonhomogeneous
radio networks of base stations, [7] proposes using
a Poisson cluster process. In [8; 9], a point Poisson
process is used to model interference in heterogeneous
radio networks. To model a radio network with cluster-
ing properties in [10] was proposed to use Gaussian-
Poisson process, which has a simpler structure than
the general Poisson point process. In [11], it is proposed
to model interference fields using the Poisson process.
In [12], a point Poisson process is used to model the
spatial distribution of RF emitters, with the restricti-
on that two emitters cannot be located closer than
a certain distance to each other. Also some papers
devoted to problems of sensors throughput capacity
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[13-15]. In [16] it is shown that it is difficult to achieve
a large data collection rate because sensors usually
have limited energy and communication resources. In
[17] throughput of underwater wireless sensor nodes is
investigated.

An unresolved issue remains the assessment of the
required throughput capacity of RF sensor for UAVs
using mathematical modeling of spatial distribution
density of arbitrary types of RF emitters and signals
flow from them over relatively large areas of terrain.

Problem statement

The purpose of the article is to improve the
methodological apparatus to establish requirements
for UAV based RF sensors by taking into account
mathematical models of the spatial-temporal distri-
bution of RF emitters signals.

1 Spatial distribution of FR emi-
tters modelling

To estimate the required throughput capacity of
UAV based RF sensor, let us consider parametric and
non-parametric mathematical models that can be used
to represent the density of the spatial distribution of
RF emitters on a plane in a given area (Fig. 1). The
density of RF emitters placement (shown as a heat
map) is directly related to population density. Since the
latter is nonhomogeneous, the density of RF emitters

Trajectory of UAVs’ flight

will also be nonhomogeneous, especially in large urban
areas.

For a parametric model, the density of RF emitters
distribution on a plane can be represented analytically
as a two-dimensional function A\(x,y), which takes only
positive values over the entire domain.

Kernel estimates are often used for nonparametric
representation of distribution density [18]. The
parameters for implementing this method are kernel
type (window) and smoothing bandwidth h. The
Gaussian kernel is most often used [19] because it provi-
des the best smoothing. The choice of h is a compromi-
se because it determines the degree of smoothing. Too
small value of h will result in the display of uni-
mportant sample details. Choosing a large value of
h will result in the loss of some information due to
excessive smoothing. The kernel estimate of the RF
emitters distribution density can be written as follows:

L
1 T—T; Y—Yj
j=1

where

K() — kernel function;

L — kernels number used to describe the density distri-
bution of RF emitters in spectrum sensing area.

Let us assume that for the given parameters of RF
sensor, at a certain typical signal-to-noise ratio, the
detection range of signals is R. Then the area in which
RF emitters will be detected will approximately be
S = 7R

Spectrum sensing area

Fig. 1. Placement of detection region within the spectrum sensing area
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The density function describing the average number
of RF emitters N,; falling within the i-th circle with
area S will be calculated using the following equation:

E (Nt (8)) = A = / Na—zi,y—y)dady,  (2)
S

where

x; = xg + 1Az, y; = yo + iAy — coordinates of i-th
spectrum sensing region;

Zg, Yo — coordinates of the point of UAV entry into
spectrum sensing region;

Az, Ay — distances that UAV move during sensing
time;

(Az)? + (Ay)? = (AR)?> — UAV displacement to
calculate the new density function value.

To simplify calculations, it is advisable to switch
to the polar coordinate system with some angle ¢. We
will select the value of AR based on the following consi-
derations: when the circle is moved, the density of RF
emitters distribution should not change significantly.
When the UAV is moved by a distance of AR, the
previous and subsequent detection areas will intersect
by the following amount in relation to the detection
area:

58 = <)O_Sin(<p)7 (3)
T
where the value of angle ¢ is calculated in radians
according to the following equation:

(4)

AR
= — < < .
© Qarccos<2R>, 0<AR<2R

According to expression (4), when AR = 0,1R,
the detection areas will overlap by 93%, and when
AR = 0,5R, they will overlap by 68%. As we can see,
even with a relatively large displacement of the UAV,
the degree of intersection of the detection areas will be
quite high, which will ensure a smooth change in the
density function (2).

In polar coordinate system, the calculation of the
integral (2) is significantly simplified:

R VRZ—z?
Amz/dx / AMw —xi,y —yi)dy =
KR -
27 R
- / dy / RA(R)R, (5)
0 0

where
x=Rcosp, y=Rsiny and dzdy = RdpdR. (6)

If the density of RF emitters distribution is specifi-
ed as a set of points {x, yi} describing the coordinates
of RF emitters placement in spectrum sensing area,

their number falling within a circle with radius R is
calculated using the following equation:

(Vei—af +e-wi<r), @

where
# — designation of the number count;
M — total number of RF emitters within spectrum
sensing.

For the general case of RF emitters placement on
a plane, it can be represented as a nonhomogeneous
Poisson point process or Cox process, which is a
generalization of the Poisson process, and for which the
density function is random [20-22]. Then the probabi-
lity density distribution of RF emitters number N;
falling within an area S can be written according to
the expression describing the Poisson distribution [23]:

N... A _ Agzel —AR; 8

p (Nei, Ri)_me . (8)

This density depends on the position of circle center

(x4, y; coordinates) with radius R in spectrum sensing

area. We will seek the estimate of the maximum value

of RF emitters number N,,,; for each position of the

UAYV in spectrum sensing area as the quantile of the

Poisson distribution of a certain level «, for example

0.99 (0.95 or 0.9) according to the following equation
[24]:

Nemi AL
_ Ri —ARpi __
Pa(NeiSNemi)—Z l' € R =
=0
r Nemi 1a A i
— e 20 o N, )

where I'(, ) — incomplete Gamma-function.

The value of the expected maximum number of
RF emitters calculated according to this equation will
provide a reliable estimate of the required throughput
capacity of RF sensor.

It is quite difficult to express the value of Ngp,;
in analytical form from equation (9). Figure 2 shows
the numerically obtained dependence of the maximum
number of RF emitters Ne,,; on the value of the density
function Ag;.

The approximation of the dependence of Nep;
Poisson distribution quantile value on parameter
corresponding to the density function Ag;, shown in
Fig. 2, can be described by the following polynomial:

4
Nemi (ARi) - Z anATJL%ia (10)
n=0

where the values of the coefficients a,, for some a are
given in Table 1.

Approximation of a fourth-degree polynomial (10)
is sufficient for calculating any values of Ng,,; for any
AR;.
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Table 1 Values of polynomial coefficients for expression (10)

o an aq a9 as ayq
0,99 3,201 1,542 8,988 -1073 9,213 105 3.567 -10~7
0,95 2,266 1,352 5,115 -1073 4,710 -10~° 1,661 1077
0,9 1,361 1,307 5,193 -103 5,274 1077 2,000 1077

120 1

100 ~

0 20 40 60 80 100
Nri
Fig. 2. Dependence of maximum RF emitters number
Nemi on ARZ’

Thus, knowing the density of RF emitters distri-
bution and the detection radius of a typical emitter
R, it is possible to estimate the maximum number
of emitters that can enter the detection region of RF
sensor.

This estimate is the upper limit of maximum
number of RF emitters. Since not all emitters that
fall within the energy accessibility region of RF sensor
emit radio signals simultaneously, the number of acti-
ve emitters at any given moment will be less than
the maximum. This number depends on the average
intensity of their emission. Therefore, at any given
moment, only a fraction of the maximum possible
number of emitters will radiate RF signals.

2 RF signals flow modeling

We will consider a single-channel RF sensor, for
which one receiver is connected sequentially to Ng,; di-
rectional antennas. In [5], it is shown that for a channel
with small-scale fading, which is typical for spectrum
sensing using UAVs, time for signal analysis in the
receiver band can be calculated using the following

equation:
c

~ b
20NgntVUmaz fmax

T, (11)

where
¢ — speed of light;

Umaz — UAVS’ maximum speed;
fmaz — maximum frequency of analyzed bandwidth
Al

Then, the time required to scan the entire

AIl band with a single-channel receiver with an

instantaneous bandwidth AF when connecting N,
antennas sequentially (without taking into account the
time required to switch them) is:

(12)

ATI
Ta~TyNontd, J=|—1.
A t \‘AFJ

Let us consider the signal flow in instantaneous
bandwidth of RF sensor, where are N;; RF emitters
in j-th band, and

<

ZNij = Nemi -
i=1

For each instantaneous bandwidth, the signal flow
is a random process. We assume that all RF emitters
radiate independently. Therefore, the start and stop
times, as well as the duration of radiation of each
emitter, are random variables with an exponential di-
stribution [24]. The randomness of the time parameters
of signals is also due to the influence of small-scale
fading and shadowing during the movement of UAV
relative to emitters.

We will describe the operation of RF emitter in
the ¢-th detection region using a nonhomogeneous Poi-
sson process with some random intensity Ap(t), k& =
1, 2,..., Nemi, which characterizes the intensity of RF
emitter radiation. Then, the average number of events
corresponding to the beginning or stopping of radiation
for the i-th emitter in a time interval T, will be:

T

ML) = [Nty

0

(14)

To estimate the required throughput capacity of RF
sensor, we are interested in how many RF emitters will
be active in time interval T, = t5 —t1, i.e., at least one
signal fragment will be observed in this time interval.
We will denote the number of separate emitter radiati-
on session as n.. Possible cases of time intervals of RF
emitter radiation are shown in Fig. 3.
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Fig. 3. Time intervals of RF emitters activity

The probability that RF emitter will radiate at least
once during the time interval 7}, is calculated using the
following equation:

0
Me—mm
0!
=1— e M(Ta)

Pne>1,A;(To)=1—

(15)

Figure 4 shows the time-frequency of scanning the
analyzed frequency band ATl for the case of using three
antennas Ng,; = 3, which are sequentially switched
to one receiver. The instantaneous bandwidth of the
receiver for the given diagram is four times smaller than
the analyzed frequency band. All frequency bands with
a width of AF are scanned sequentially. In one band,
signal analysis is performed during N,,; time intervals,
each lasting T,. When using a multi-channel signal
processing scheme, where each antenna is connected
to a separate receiver, the analysis time is reduced by
Nynt times.
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Fig. 4. Time-frequency diagram of frequency band

scanning

Since RF emitters radiate independently, using
the superposition principle for Poisson processes, the
average number of broadcasts of all N,,,; emitters in
the i-th position of the UAV at time interval T, can be
written as follows:

Nemi Nemi TU'
Api= Y A (To) = A (t)dt.  (16)
k=1 k=1

Then, similarly to expression (15), the probability
that all N,,,; emitters will be active in the i-th position
of the UAV during time T, will be:

P (Nemi, Ari) =1 — e A7i, (17)

Then, the maximum number of RF emitters N,,q.
that will fall within a circle with area S across the

entire search area can be estimated using the following
equation:

Nmaz = argmax (P (NemivATi)) P(NemiaATi) . (18)
Nemi

3 Estimating the required

throughput capacity of RF
sensor

Thus, the method for calculating the required
throughput capacity of the RF sensor consists of the
following steps:

1) calculate maximum number of RF emitters that
fall into i-th region of energy accessibility according to
equation (10);

2) estimate average number of active emitters in i-
th region of energy availability according to equation
(16);

3) calculate probability of location the maximum
number of emitters in i-th region in an active state
according to equation (17);

4) determine maximum number of simultaneously
active emitters in i-th region according to equation
(18);

5) calculate required throughput capacity of RF
sensor as the ratio of maximum number of RF emitters
that may be in circle of radius R when flying over a
given sensing area to analyzed time 7T, according to
the following equation:

Y= Npaz/Ta - (19)

Estimation throughput capacity in accordance with
the above methodology requires a large amount of a
priori information about density of RF emitters distri-
bution and their activity. Therefore, when discussing
the results of mathematical modeling, there will be
made assumptions for calculations under conditions of
a priori uncertainty.
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4 Results of mathematical
modeling and discussions

We will use the Python programming language
to model the process of estimating the required
throughput capacity of RF sensor. The parameter
values for modeling are given in Table 2.

Table 2 Parameters values of UAV based RF sensor

Parameter Value
R, km 10
Umaz, M/ 30
fmaac, GHz 6
Nant 6
AF, MHz 50
AIl, GHz 5,5
Ty, ms 0,138
AR =0,5R, km 5
Q@ 0,95

We will model the density of RF emitters distributi-
on as a nonhomogeneous Poisson point process [25] in a
square with sides of 100 km by 100 km using a mixture
of four two-dimensional normal distributions according
to the following equation:

4 _(mmi)®(y—wi)?

p(zay)zzbie o )

=1

(20)

where values of density parameters are given in Table 3.
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Table 3 Values of parameters for the expression (20)

i b;, km | z;, km | y;, km | o;, km
1 0,25 15 15 20
2 0,25 -20 -30 15
3 0,5 35 -35 10
4 0,1 -35 -25 15

The density of emitters location, the area of their
energy availability (marked with green circles), and the
area for which the throughput capacity is calculated
(marked with a red circle) are shown in Fig. 5a. The
total number of emitters in the spectrum sensing area
is M = 630. In Fig. 5b is depicted real locations of
1732 cell towers in one of Ukrainian regions from [26].
As we can see in first approximation simulated data
correspond to real life data.

We assume that when switching directional
antennas to the receiver, only level of received si-
gnal from each emitter will change due to anisotropy
of antenna’s directional pattern, and the number of
emitters will remain unchanged. That is, in each
of antennas, signal level will exceed the detection
threshold. Then, the signal flow from the m-th emitter
will be described according to the following equation
[25]:

Am(t) = dm [L+sin (ept)], m=1,...

?M? (21)

where d,,, ¢;, — uniformly distributed random vari-
ables.

Figure 6 shows the dependencies of maximum
number of emitters N,,,; into the i-th circle with radius
R when UAV moves, as well as the average number of
emitters Ap; that will be active during time T, within
detection area, and probability value P(Nepmi, Ari).

[T
o

(b)

Fig. 5. Area of detection of RF sensor and simulated density of emitters location (a) and real data of cell towers
in one of Ukrainian regions (b)
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Fig. 6. Dependencies of Ng,i, Ap; and P(Nepi, Ar;) of UAVS’ position i for d,,, = T, (a) and d,,, = 0,017, (b)

Maximum number of emitters that can si-
multaneously radiate within a given sensing area in
time interval T, is 84 and is marked with a black square
in Fig. 6. Then, the required throughput capacity of
RF sensor, calculated according to equation (19), is
v = 6,08 - 10° RF emitters (channels) per second for
d,, = T, (Fig. 6a) and v = 5,2 - 10* RF emitters for
dm = 0,017, (Fig. 6b).

In practice, a priori descriptions of emitters distri-
bution densities and signal flow intensity from them
are often not available. Therefore, in absence of a pri-
ori information, it is advisable to make the following
assumptions:

1) emitters distribution density is homogeneous
Poisson point process throughout sensing area with a
maximum value of parameter \g;

2) the intensity of emitters radiation is a stationary
Poisson process, with maximum value of parameter A,
which is the same for all emitters in sensing area.

In this case calculation of required throughput
capacity of RF sensor is greatly simplified as there
is no need to search spatial and temporal densiti-
es of RF emitters. It is expected that in this case
we will need greater throughput capacity as in case
of nonhomogeneous Poisson processes with the same
maximal parameters values.

Conclusions

The scientific novelty of the obtained results
includes improved mathematical models of RF emitters
distribution density on a plane and the flow of signals
from them using nonhomogeneous Poisson processes.
It was also developed a methodology for estimating
the required throughput capacity of UAV based RF
sensor. Obtained results may be used when designing
RF sensors for small UAVs, particularly in establishing
requirements for their throughput capacity. Prospects
for further research in this area are development of
structures and algorithms for single-channel and multi-
channel UAV based RF sensors.
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OminfoBaHHd HeOOXiZHOI MTPOMYyCKHOT
3IaTHOCTI 3ac00y paaiOMOHITOPUHTY AJis
0€e3MiJIOTHOrO JITAJTHLHOTO armapara

Byeatios M. B.

Bukopucranusa Maaopo3MipHuX OE3IMLIOTHHAX JIITAJIbHIX
anaparis (BuJIA) mus Benenus pasiomonirvopuury (PM),
0c00/IMBO B ypOaHi30BaHIN MICIEBOCTI, BOJIOIE PsIIOM Tie-
peBar ImOpiBHAHO i3 BUKOPHUCTAHHAM Ha3eMHHUX 3aC00iB BHU-
fBJICHHSI Ta OLIHIOBAHHS IIapaMeTPiB CUTHAJIB JKepesl pa-
miosunpominioBannd ([IPB). dna po3pobaents 3acobis PM
ans BuJIA meob6ximao cdhopmyBaTh pPsiji BUMOT JI0 HBOTO.
OpHi€0 13 OCHOBHUX € HeOOXi/lHA IIPOIYCKHA 3/aTHICTb.
MeTo10 CTaTTi € yAOCKOHAJIEHHA METOOUYTHOIO allapaTy Ijid
dopmysanns BUMor A0 po3miniernx Ha BrJIA 3aco6is PM.
st onmey minprOCTL po3noxiny JIPB 3ampononoBano Bu-
KOPUCTOBYBaTHA HEOAHOPIMHU TTpocTopoBwmii mporec Ilyac-
COHA y TIOE€IHAHHI i3 MapaMeTpUIHrMHU ab0 HermapaMeTpud-
auvMu GyHKOigMu po3noainy. PyHKOiS IMIJIBHOCTI JAHOTO
po3moiny Bimobparxkae cepemnio Kinbkicts IPB, mo 3ma-
XOJIATHCA B M€XKaX €HEePreTUYHOl JOCTYIHOCTL, 1 MOXKYTb
OyTu BuzBjeHi. BukopucTanHs KBAaHTWIA 335aHOTO DiBHA
posnoziny IlyaccoHa, B gaKOMy AK mapaMeTp BHKOPHCTAHO
GbYHKITIO MIIFHOCTI, JJ03BOJISIE OIIHUTH MAKCUMAJIbHY KiTb-
kicts JIPB. Iorik curnanis Bix okpemux JIPB onucano 3a
JOTIOMOT0I0 HeomHopizuoro mponecy Ilyacconma. MomenTun
Jacy BUXOY B edip Ta TPUBAJICTH BUMIPOMIHIOBAHHS CUTHA-
JIIB LiIOPA/IKOBAHI €KCIIOHEeHIiaibHOMY po3uoaiiry. Orpu-
MaHO OIIHKY CepeIHbOl iHTeHCHBHOCTI Buxoay B edip IPB
TPOTATOM IHTEPBAJLY AaHATI3Yy 3aaHOI CMYTH YacTOT IS
OTHOKAHAJILHOI OaraToaHTeHHOI cuctemu. HaBemeHO MeTo-
UKY OIiHIOBAHHS HEOOXiTHOT IPOITyCKHOI 3JaTHOCTI 3aC00y
PM Ta pekomeHmarii moa0 BUKOPUCTAHHS 3aIIPOIIOHOBAHO-
TO METOIWYHOTO AlapaTy B yMOBaX AlpiOpHOT HEBU3HAUE-
HOCTI 1070 MIHHOCTI po3noxiny IPB ta imTencuBHOCTI
TMOTOKY CHUTHAJIIB. BUKOpPUCTAaHHS 3HAYEHH MAKCHMAJIHHOL
kinpkocTi [IPB B Mexkax eHepreTHvHOI TOCTYITHOCTI 32 BCi-
€10 obnactio Bementst PM, cepeHbol iHTEHCUBHOCTI BHXOLY
B edip IPB 1a gacy anasizy METTEBOI CMyTH 9aCTOT JO3BO-
JINJIO OTPUMATH OINHKY HEOOXIiTHOI MPOIMyCKHOI 3JaTHOCTI
3acoby PM.

K406t cao6a: TKepenao paJIioBUMPOMIHIOBAHB; pa-
JIOMOHITODHHT; IIPOIYCKHA 34aTHICTB; Iporec llyaccona;
MLIBHICTH IIPOCTOPOBOr0O PO3MINIEHHS; IIOTIK CATHAJIB; 6e3-
TJTOTHUH JITAJIBHAN amapaT


https://ieeexplore.ieee.org/document/7447787
https://ieeexplore.ieee.org/document/7447787
https://ieeexplore.ieee.org/document/7557010
https://ieeexplore.ieee.org/document/7557010
https://ieeexplore.ieee.org/document/7997052
https://ieeexplore.ieee.org/document/7997052
https://www.crfs.com/blog/how-many-radio-frequency-sensors-do-i-need-for-my-project
https://doi.org/10.3390/s17102206
https://ieeexplore.ieee.org/document/7561155/similar#similar
https://ieeexplore.ieee.org/document/7561155/similar#similar
https://ieeexplore.ieee.org/document/6153393
https://ieeexplore.ieee.org/document/6153393
https://www.ijeetc.com/index.php?m=content&c=index&a=show&catid=194&id=1242
https://www.ijeetc.com/index.php?m=content&c=index&a=show&catid=194&id=1242
https://www.atlantis-press.com/proceedings/icence-16/25860923
https://www.atlantis-press.com/proceedings/icence-16/25860923
https://www.atlantis-press.com/proceedings/icence-16/25860923
https://www.itm-conferences.org/articles/itmconf/abs/2018/08/itmconf_sam2018_00037/itmconf_sam2018_00037.html
https://link.springer.com/chapter/10.1007/978-3-540-38175-4_1
https://dash.gallery/dash-world-cell-towers/

	Introduction
	Related works
	Problem statement
	Spatial distribution of FR emitters modelling
	RF signals flow modeling
	Estimating the required throughput capacity of RF sensor
	Results of mathematical modeling and discussions
	Conclusions
	References

