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Abstract. This paper addresses the problem of estimating target
detection probabilities in surveillance radar systems operating with scanning
antenna beams. Reliable evaluation of detection characteristics is a key task
in radar engineering, since it determines the effectiveness of radar systems in
monitoring airspace and detecting moving objects. Traditionally, such
characteristics are obtained through large-scale experimental testing
involving operational radar systems and numerous real targets. However,
these experiments require substantial financial and time resources. Therefore,
the development of theoretical and computational methods for estimating
detection probabilities is of significant practical importance. The aim of this
study is to develop a method for calculating unconditional probabilities of
target detection for a surveillance radar system performing periodic scanning
of a solid angle using a narrow beam. The research considers the detection of
signals reflected from targets with random amplitude and initial phase, which
corresponds to realistic radar observation conditions. The proposed
methodology is based on radar detection theory and the Neyman — Pearson
criterion. At the first stage, the radar energy potential is calculated using the
radar equation in order to ensure a specified probability of correct detection
under a fixed probability of false alarm. Based on these parameters,
conditional detection probabilities are calculated for targets located at
different distances within the radar operating range. In the second stage, a
method is developed to determine unconditional detection probabilities that
account for the cyclic scanning of the radar beam and the motion of the target
toward the radar with constant velocity. The target trajectory is divided into
small segments corresponding to radar scan cycles, and the cumulative
probability of detection is calculated using an iterative probabilistic
approach. The proposed method was implemented in computer programs that
calculate conditional and unconditional detection probabilities for a wide
range of radar parameters. Numerical experiments demonstrate the influence
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of target velocity and scanning time on detection probability and detection
range boundaries. The results show that increasing the target velocity or the
radar scanning period significantly reduces the effective detection range. The
developed method provides a practical tool for evaluating radar detection
performance without conducting expensive field experiments.

Keywords: radar detection, probability of detection, surveillance
radar, radar equation, Neyman—Pearson criterion, radar signal processing,
radar performance modeling.

1. Introduction

Radar systems are a fundamental component of modern surveillance, navigation, and
defense infrastructures, ensuring reliable detection and tracking of objects under various
environmental and operational conditions. The effectiveness of radar systems is primarily determined
by their detection performance, which is commonly characterized by the probability of detection
under a constraint on the probability of false alarm [1]. This metric directly affects the reliability of
decision-making processes in both civilian and military applications.

The theoretical basis of radar detection is grounded in statistical signal processing and
detection theory. In particular, the Neyman—Pearson criterion provides an optimal framework for
signal detection in noise by maximizing the probability of detection for a fixed false alarm rate [2].
For fluctuating targets, whose reflected signals exhibit random amplitude variations, probabilistic
models such as the Swerling models are widely used to describe detection performance under realistic
conditions [3]. These models form the foundation for calculating conditional probabilities of target
detection.

The received signal power in radar systems is determined by the radar equation, which
establishes a relationship between transmitted energy, propagation conditions, antenna parameters,
and target radar cross-section [1]. This relationship enables the evaluation of the radar energy
potential required to ensure specified detection characteristics at a given range. Practical aspects of
radar signal processing, including detection threshold selection and signal-to-noise ratio estimation,
are extensively discussed in [4, 5].

In modern surveillance radar systems employing scanning antenna beams, the detection
process is inherently temporal. The radar periodically scans the observation space, and a target may
be detected over multiple observation intervals. System-level parameters such as scanning strategy,
revisit time, and antenna beamwidth significantly influence detection performance [6]. Under these

conditions, it is necessary to distinguish between conditional detection probability, defined for a
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single observation, and unconditional detection probability, which accounts for multiple independent
detection attempts during repeated scans.

Recent studies have explored detection performance in multi-scan radar systems,
emphasizing how integrating observations across multiple scans enhances detection capability,
especially for weak or low-SNR targets. For example, multi-frame track-before-detect (MF-TBD)
algorithms that accumulate signal energy over successive scans have been shown to improve
detection performance and robustness in automotive and moving platform radar systems compared
to single-scan processing [7]. In parallel, system-level aspects of detection and tracking in dynamic
environments have been extensively studied in [8-10], highlighting the necessity of incorporating
temporal dynamics into radar performance analysis.

In recent years, there has been growing interest in data-driven approaches to radar signal
detection. Deep learning—based methods have demonstrated promising results in detecting low-
probability-of-intercept (LPI) radar signals and improving robustness in complex noise environments
[11, 12]. However, despite these advances, analytical methods based on classical statistical detection
theory remain essential due to their interpretability, lower computational complexity, and suitability
for system-level design and performance prediction.

Experimental methods for evaluating radar detection characteristics are highly reliable but
require substantial financial, technical, and organizational resources, particularly when full-scale
radar systems and real targets are involved [13]. Consequently, analytical and computational
approaches for estimating detection probabilities without large-scale experimental testing remain an
important and active area of research.

However, existing approaches predominantly focus on conditional detection probability or
simplified multi-scan models and often do not fully account for the combined influence of cyclic
antenna scanning and target motion within a unified probabilistic framework.

The novelty of this work lies in the development of an iterative probabilistic method for
estimating unconditional detection probability that explicitly incorporates both antenna scanning
periodicity and target motion dynamics. The proposed approach enables the evaluation of cumulative
detection probability over multiple observation cycles and reveals the functional relationship between
system temporal parameters and detection performance.

The proposed model is based on several simplifying assumptions. The target is assumed to
move toward the radar along a rectilinear trajectory with constant velocity, while successive radar
scan cycles are considered statistically independent. These assumptions make it possible to derive

analytical expressions for cumulative detection probabilities. Although real radar scenarios may
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involve maneuvering targets and correlated observations, the proposed model provides a useful first-
order approximation suitable for theoretical performance assessment.

The study focuses on analyzing radar detection methods, calculating the radar energy
potential, and developing methodologies for computing both conditional and unconditional detection

probabilities, as well as implementing computational algorithms for these calculations.

2. Analysis of Methods for Radar-Based Object Detection

Radar technology is a branch of radio electronics that provides information about objects by
means of reception and analysis of radio waves [1]. Objects of radar observation may include aircraft,
missiles, ships, and automobiles, as well as natural objects such as clouds and planets.

The technical means for obtaining information about objects via reception and analysis of
radio waves are called radar stations (RS) or radars [1].

The process of obtaining information about objects using radars can be divided into the
following stages:

e detection of objects;

e measurement of coordinates and motion parameters;

e resolution;

e recognition of objects.

Detection involves making a decision concerning the presence or absence of an object in
each designated region of space while maintaining minimally acceptable probabilities of erroneous
decisions. Measurement consists of generating estimates of the coordinates and motion parameters of
objects with minimally acceptable errors. Resolution involves performing detection and measurement
tasks for a selected object in the presence of other objects. Recognition entails determining the
classification of an object (for example, civilian aircraft, military fighter, or bomber) [1].

In radar technology, information about an object is obtained through the perturbation of the
medium by the object, in particular via the effect of the object emitting radio waves [1]. Various types
of radio-wave emission by an object exist: secondary emission, re-emission, and intrinsic emission
of radio waves. In the first two cases, the radar transmits a powerful probing radio signal toward the
object; in the latter case, irradiation of the object is not required.

Radar operation using secondary emission and re-emission (relay) is referred to as active
radar, whereas radar operation utilizing the intrinsic emission of the object is referred to as passive

radar [1].
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In general, an object is not required to emit or re-emit radio waves, which makes secondary
emission necessary in many situations to obtain radar information about the object. The radar’s
probing signal, incident on the object (primary electromagnetic wave), induces forced oscillations of
electric charges within the object, causing it to generate its own electromagnetic field similarly to an
antenna. This field constitutes a secondary, i.e., reflected, electromagnetic wave - the radar signal
received by the radar and carrying information about the object.

The amplitude of the signal partially characterizes the size and reflective properties of the
object. The time delay of the received signal relative to the start of the probing signal is used to
measure the distance R, and the frequency of oscillations, due to the Doppler effect, provides
information about the object’s velocity. The direction of arrival of the reflected wave contains
information about the object’s angular coordinates [1].

Active radar systems can be classified as co-located or separated. In a co-located radar, the

transmitting and receiving devices are positioned together (Figure 1) [1].

U | Transmitting E :—’——Z—”’")
E device ;/
i Receiving 46 :

device

Radar System

Fig. 1 — Combined radar station.

In a separated radar system, the transmitting and receiving devices are positioned at a

distance d from each other (Figure 2) [1].

Transmitting ( ”—’,Z'—”/? C@
device

Receiving E
device

Fig. 2 — Distributed radar system.

In the case of passive radar, the object is not irradiated by electromagnetic waves.

Electromagnetic oscillations are generated by the elements of the object itself: its heated parts
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(thermal emission in the infrared or millimeter-wave range), radio-technical communication,
navigation, and radar devices, as well as oscillating particles and ionized regions of the atmosphere
in the vicinity of the object (radio emission during missile launch or a nuclear explosion) [1].
Reception can be performed by one or several separated receiving devices.

The present work focuses on a co-located radar station utilizing the secondary emission of
radio waves by the object.

As a result of the radar detection process, a decision must be made regarding the presence
or absence of an object within the resolution cell of the radar coverage area. The decision is made
under two mutually exclusive hypotheses:

A;- the object is present

A,- the object is absent

The decision is made by a detector (either a device or a human operator) based on the
analysis of the signal y(t), received from the resolution cell and processed by the radar receiver.

If an object is present within the resolution cell, the radar receiver input contains a mixture
of the useful signal s(t) (resulting from the secondary emission of the object) and interference n(t)
(noise that is always present at the input due to the thermal motion of charge carriers):

y(©) = s(t) +n(t) (2.1)

This formulation corresponds to the classical problem of statistical signal detection in [1, 2].

If no object is present within the resolution cell, only interference is received at the radar
receiver input:

y(&) =n(t) (2.2)

Due to noise and fluctuations of the useful signal, each hypothesis (4;,4,) may correspond
to two possible decisions:

A7 -object present

Aj-object absent

Thus, four possible combinations of the random events “decision” and “hypothesis™ arise in
the detection process:

(Al; A,) - correct detection;

(Ap; Ay) - missed detection;

(A1 Ap) - false alarm;

(Ap; Ap) - correct rejection.

The performance measures of detection under the condition that the object is present are

defined as:
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D = P(A7|A,)- probability of correct detection,

D = P(A}|A;) -probability of missed detection.

The performance measures under the condition that the object is absent are defined as:

F = P(Aj|Ay) - probability of false alarm,

F = P(Aj|A,) - probability of correct rejection.

Since

D+D=1
F+F=1

it is sufficient to consider only the conditional probabilities of correct detection D and false
alarm F.

In radar detection theory, the Neyman—Pearson criterion, adopted from mathematical
statistics, is widely used. According to this criterion, the optimal detector maximizes the probability
of correct detection for a given constraint on the probability of false alarm [1, 2].

The value of the probability of false alarm for a resolution cell is determined based on
practical considerations. Since a radar system scans a large number of resolution cells, the probability
of false alarm is typically set to low values in order to avoid frequent false alerts, usually in the range:

F=10">+10"8

[1].

In the initial data for the present study, the value

F=10"°

is specified.

Various methods for processing received signals and detecting objects are employed in radar
systems. These include correlation processing, filtering, and correlation—filtering methods for
coherent signals, as well as noncoherent signal processing and noncoherent digital integration, among
others [1].

In the present work, particular attention is given to coherent signal processing methods and
their optimal detection according to the Neyman—Pearson criterion. It is well established that the
optimal detector makes a decision regarding the presence or absence of an object in a resolution cell

based on the value of the correlation integral:

o)

z = fy(t)s(t)dt (2.3)

— 0o
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This formulation corresponds to the matched filter approach, which is optimal for signal
detection in additive noise under the Neyman—Pearson criterion [1, 2].
If the value of the correlation integral exceeds a threshold zy, i.e.,
Z 2 Z
the detector decides that an object is present in the resolution cell; if
z < Z
the detector decides that the object is absent. The threshold value z; is selected based on the
specified probability of false alarm for the resolution cell [2].
For the case of coherent signal processing and optimal detection, several scenarios are
possible: the signal may have completely known parameters, or a random initial phase, or random
amplitude and initial phase. The case of a signal with fully known parameters is considered below.

In this case, the probabilities of false alarm and correct detection are given by:

F=05(1-®(q0)) (2.4)
D =0,5(1-®(q0— ) (2.5)
where:
x2
d(u) = \/% f; ez dx - is the probability integral (Gaussian distribution function),

qo = /%ZO - is the normalized threshold level,
0

, 2E .
q= [+~ the detection parameter.
0

The detection parameter q is equal to the signal-to-noise ratio in terms of voltage at the
output of the optimal (matched) filter, where E is the energy of the signal received by the radar and
N, is the noise power spectral density at the receiver input [1, 2].

Detection of a signal with random initial phase. In this case, the probabilities of correct

detection and false alarm are given by:

o]

2+X2
D= fxlo(qx)e_ 2 dx (2.6)
do
[ = _%
F=fxe 2dx=¢e 2, (2.7)
do

where:
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2m
Iy(w) = % f pUcos(x=xo) gy (2.8)
0
is the modified Bessel function of the first kind of zero order.
Thus, in this case, the normalized threshold level is directly determined from the probability
of false alarm:
o = V-2InF
These expressions correspond to the classical results of statistical signal detection theory for
noncoherent detection with unknown phase [2].
Detection of a fluctuating signal with random amplitude and initial phase. In this case, the

probabilities of false alarm and correct detection are given by:
2
Fee 2 (2.9)

D = FIFE/N; (2.10)
Signals received by radar systems from real objects (such as aircraft, missiles, ships, and
automobiles) located at random ranges typically exhibit random amplitudes and initial phases. In
accordance with the specifications of the present study, the signal is also assumed to have random
amplitude and initial phase.
These expressions correspond to classical models of fluctuating targets in statistical radar

detection theory [1, 2].

3. Calculation of the radar energy potential

In accordance with the research specifications, it is required to calculate the energy potential of a

radar system with the following characteristics:
e Radar antenna aperture area: S, = 6 m?;
e Antenna utilization factor: k, = 0.6;
e Antenna noise temperature: t, = 1;
e Wavelength of the transmitted signal: 1 = 5 cm;
e Receiver noise figure: F. = 3;
e Minimum radar range: R,,;, = 20 km;
e Maximum radar range: R4, = 200 km
e Total signal losses during propagation and in the equipment: 101gL = 13 dB.

The radar operates against a target with an effective radar cross-section (RCS) of ¢ = 2m?2.
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Calculating the energy potential of the radar system involves determining the required
energy of the transmitted signal so that the target can be detected at the maximum range with the
specified detection performance, namely a conditional probability of correct detection D given a
conditional probability of false alarm F. For this task, the assigned values are:

D=03andF =10"°

The task requires calculating the energy potential of the radar system for a signal reflected
from a target with random amplitude and initial phase.

The calculation is based on the radar equation, which relates the energy of the received signal
E, to the energy of the transmitted signal E, the target range R (distance from the radar to the target),

and the characteristics of both the target and the radar system:

E.GoA
r = GnRHL 3.1

where:

G - antenna gain of the radar system,

A - effective antenna aperture,

L - total signal losses during propagation and in the equipment,

o - effective radar cross-section (RCS) of the target.

This formulation corresponds to the standard radar energy budget used in radar engineering [1].

According to signal detection theory, in order to ensure the required detection performance
(a probability of correct detection Dfor a given probability of false alarm F), the energy of the
received signal E, must exceed the receiver noise power spectral density Ny by a factor of the
detectability coefficient v:

E, = voN, (3.2)

For the case of detection of a signal with random amplitude and initial phase, the detectability

coefficient corresponding to the specified detection characteristics (D and F) is determined from the

equation:
1
D — F1+V0

from which it follows that:
_lgF

Vo = 1gD

(3.3)

Substituting equation (3.2) into the radar equation (3.1) yields the relation for the required

transmitted signal energy:
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" (47TRZ)02:V0N0 (3.4)

These expressions are based on the classical radar energy budget and statistical detection
theory for fluctuating targets [1, 2].

Relation (2.4) must hold for targets located at any distance within the radar’s operational
range. Therefore, for the calculation of the radar’s energy potential, the maximum range R,,,, should
be used. For shorter ranges, the detection performance will inherently be better (higher probability of
correct detection D for a fixed probability of false alarm F).

According to noise theory, the power spectral density N, is calculated as:

No = kT°(E. + t, — 1) (3.5)
where:

k = 1,38-10723 J /K is Boltzmann’s constant, and

T? is the absolute temperature in Kelvin (typically T° = 300 K).

Since the antenna gain G and effective aperture A are related to the antenna aperture area S,

by:
A = kASA (3.6)
41
G = = (3.7)

the required transmitted signal energy can be expressed as:

(4mR%,4,)°L (Fl — 1) kT°(E. +t,— 1)

gD

E > = (3.8)
0=z (kaSa)?

After simplification, this becomes:
Am (AR, \°  /1gF
Ek>2—|—F— L——l)kTOF t,—1 3.9
t o (kASA (lgD (T+ a ) ( )

Substituting the specified values into equation (3.9) gives:

. 10-2 . 10332\ 2 -6
t 24_7r 5-107=(200-10°) 1013 1g10
2 0.6-6 1g0.3

- 1) 1,38-10723-3003+1—-1)=5]

Thus, by selecting a transmitted signal energy of E; = 5], the required detection
performance at the maximum radar range R,,,, = 200 km is ensured: a conditional probability of
correct detection D = 0.3 for a conditional probability of false alarm F = 107°.

These calculations are based on the classical radar energy budget and statistical detection

theory for fluctuating targets [1, 2].
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From the radar equation (3.1), it follows that as the target approaches the radar (i.e., as the
target range R decreases), the energy of the signal received by the radar increases. Consequently,

according to equation (2.10), the conditional probability of correct target detection also increases.

4. Calculation of conditional probabilities of object detection

In accordance with the detection characteristics for a signal reflected from a target with
random amplitude and initial phase (2.9), (2.10), the conditional probability of correct detection D

for a target located at a range R from the radar is calculated as:
1
D = FI+E(R)/N, (4.1)

where:
F is the specified conditional probability of false alarm (F = 1079)
N, is the receiver noise power spectral density (3.5), and

E(R) is the energy of the signal received from the target, calculated using the radar equation:

E(R)=E, = _EGod (4.2)
(4mR2)2L

These expressions allow determining the variation of the probability of correct detection
with target range for signals with random amplitude and phase [1, 2].

Using relations (3.6) and (3.7), which link the antenna gain G and effective antenna aperture
A to the antenna aperture area S, and utilization factor k,, the conditional probabilities of correct
target detection were calculated over the range of distances from R, ;;, to R4, according to equations
(4.1) and (4.2).

The calculations were performed using a computer, and the results are presented in the graph

(Figure 3).
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Fig. 3 — Conditional detection probabilities across the radar operating range.

Analysis of the graph indicates that at the maximum range, the conditional probability of
correct detection is D = 0.3, which is consistent with the calculated energy potential of the radar
system. As the target approaches the radar, the conditional probability of detection increases, reaching

a value of 1 at the minimum range.

5. Development of a method for calculating unconditional probabilities of object
detection
It is required to calculate the unconditional probabilities P(R) of detecting a target over the
range of distances Ry, < R < R4y for the radar and target motion models described below.

The radar performs a scan of the solid angle QO using a narrow beam (Figure 4).

o
E:'iADAR

Fig. 4 — The radar scans a solid angle €.
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The time required for the radar to complete a single scan of the solid angle Q, is Tg.4,,. After
completing one scan of €, the radar immediately begins the next scan, and so on.

The target starts moving toward the radar at a constant speed V' from a distance exceeding
the radar’s maximum range R,,,,. During motion, the target remains within the solid angle Q, and
does not change its angular position. As it approaches the radar, the target becomes available for
detection starting from range R,,,,. However, the radar may fail to detect the target at R,,,,, because,
at the moment the target enters the radar coverage area, the beam may be directed toward a different
part of the solid angle Q).

Once the radar completes a full scan of Q) after the target enters its coverage, the radar beam
is guaranteed to make a single contact with the target. The first contact of the radar beam with the
target occurs at a distance within the range from R,y — VTscan 10 Ripax- Since the probability of
detection is low at long ranges, the target may not be detected during the first scan cycle.

The radar still has the opportunity to detect the target in the second scan cycle, at a distance
within the range from R4 — 2V Tscqn 10 Rinax — VTscan; in the third scan cycle, at a distance from
Rinax — 3V Tscan 10 Ryax — 2V Tscqn; and so on, until the target leaves the coverage area, approaching
the radar to a distance less than R,;,;;,.

The unconditional probabilities P(R) of detecting a target can be determined in two ways:

Conduct experiments, based on their results, construct a graph of the estimated unconditional
probability of detection Py, (R).

Calculate the unconditional probabilities P (R) theoretically.

The aim of this work is to calculate the unconditional probabilities of target detection
theoretically. However, it is useful first to understand the methodology for constructing the graph of
the estimated unconditional probability P,,, (R) based on experimental results.

The experiments consist of performing a series of a large number N of independent trials
(ideally, N — o). In each trial, the target moves toward the radar at a constant speed V from a distance
exceeding the radar’s maximum range R,,,,. The radar performs a scan of the solid angle (), using
a narrow beam, attempting to detect the target. The time required for the radar to complete a single
scan of Qg 18 Ts.qn. After completing one scan, the radar immediately begins the next scan, and so
on. During motion, the target remains within the solid angle Q, and does not change its angular
position.

Independence of the trials implies that in each trial, the moments when the radar starts its
periodic scan of the solid angle and when the target begins to move are independent. Therefore, the

ranges at which the radar detects the target in different trials are also independent.
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Let R, denote the range at which the radar detects the target in the n-th trial. After performing
Nindependent trials, an array of detection ranges is obtained: Rq, R,, R3, ..., Ry. Without loss of
generality, assume that the array is ordered such that R; = R, = R; = --- > Ry; otherwise, the trials
can simply be renumbered.

The experimental results can be represented graphically (Figure 5).

n A
iN/Ni :
N T : (N =1)/N|
e e
E ‘ ! 3/N . :
o 1 1 1 )) 1 1 1
3 T | < L 2/N | ;
2T | ' : % ! PO1/N
1 - ‘ . : 7e : : :
! | | > | | | 0 I »
0 T ] T 7¢ T I I \ >
0 Rmin RN RN—] R3 Rz Rl Rmax R

Fig. 5 — Results of object detection experiments.

In the graph shown in Figure 5, for each trial n (n = 1,2,3, ..., N, the trial number plotted
along the vertical axis), a horizontal line segment represents the range of distances from R,, (the range
at which the target was detected in the n-th trial) down to the minimum radar range R,,;,. For each
distance R within the interval R,,; < R < R,, the relative number of detected targets n/N is
indicated above the horizontal segment. This value serves as the estimate of the unconditional
probability P,,, (R) of detecting the target at distance R based on the experimental results. It should
be noted that the values shown in Figure 5 represent cumulative unconditional detection probabilities.
For a given distance R, the probability corresponds to the fraction of trials in which the target has
already been detected before reaching that distance.

The interval R,,,; < R < R,, corresponds to distances at which exactly n targets out of N
have already been detected. Therefore, the estimated cumulative unconditional probability within this
interval is equal to n/N. For distances greater than R_n, the n-th target has not yet been detected,
whereas for distances smaller than R, , at least (n + 1) targets have already been detected.

Using the graphical representation of the experimental results, it is straightforward to
construct the graph of the estimated unconditional probability of detection P, (R). For this, for each

distance interval R,,; < R < R,,, the relative number of detected targets n/N from the series of
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experiments is plotted along the vertical axis, and a horizontal line segment is drawn at this level

(Figure 6).

P_exp (R) o

1 —

N -1)/N |+ ——\—‘—2
~N-2)/N - 0
3/N - ¢
2/N

1N |

| | | > | | | >

0 | T T ¢ 1 | I >
Rmin  Rn Rt R3 R R Rmax R

Fig. 6 — Graph of the estimated unconditional detection probability derived from a series of experiments.

Let Rgeqn = V * Tgeqn denote the distance traveled by the target during the time of a single
radar scan of the solid angle.

The first scan-cycle segment, corresponding to the distance traveled by the target during the
first radar scan cycle after entering the radar coverage area, from R, — Rscan t0 Rimax, 18 divided
into m subsegments of length Ar = Rg.,,,/m (Figure 7). It is assumed that the subsegment length Ar
is sufficiently small so that the conditional probability of detection can be considered constant over
this segment:

D; = D(Rjpax — (i — DAr) = D(Rjpqx — iAr) where i = 1,2,3,...,m

| | 02 | | |
l | [€4 | | 1

Fig. 7 — Subdivision of the first scan-cycle segment into m subsegments.

The number of trials /; in which the radar detects the target on the first subsegment, from

Rinax — AT to R4y, 1s calculated as:
Ar

l1:N' .Dl

scan

where:
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Ar

N -

is the number of trials in which the radar had contact with the target while it moved

scan

along the first subsegment, and D, is the conditional probability of detecting the target on the first
subsegment, given that the radar had contact with it.

The quantity N - Ar/Rg.qn does not represent the cumulative number of radar contacts
accumulated over several scan cycles. Instead, it represents the number of trials in which the target is
located within the considered subsegment at the moment of a radar contact. Since the first contact
position within each scan-cycle segment is assumed to be uniformly distributed over the interval
Rgcan, the expected number of such contacts is identical for all subsegments and equals N - A1 /Rgcqn-

Additional contacts occurring during subsequent scan cycles are taken into account through
the recursive terms Q4+, @2m+i, and so forth, rather than through the factor N - Ar /R4 itself.

The probability of detecting the target on the first subsegment is

Ly Ar 1

Pi=Q === Dy =—-D 5.1
1 Ql N Rscan 1 m 1 ( )

The number of trials [, in which the radar detects the target on the second subsegment, from

Rpax — 241 10 Rypgy — Ar
Ar

l2:N' 'D2

Rscan
and the probability of detecting the target on the second subsegment is
l, Ar

1
=2= D, =—"D 5.2
N R D2=m D (5.2)

Q2

The probability of detecting the target on either the first or second subsegment is

L+ 1
2=1N2=P1+Q2 (5.3)

By the same reasoning, the probability of detecting the target after it passes all m

subsegments, i.e., by the time it reaches the distance R, — Rscans 18:

ll + l2 + "'+lm
m= N

=Pp_1+0Qn (5'4)

The second scan-cycle segment over which the target moves during the second radar scan
cycle, from R4 — 2Rgcan 10 Rpmax — Rscan, 18 also divided into m subsegments, which are
numbered from m + 1 to 2m (Figure 8). The numbering of the subsegments corresponding to the

second scan cycle continues sequentially.
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Dam D2 D1

1 I 2 2 I 1 |

I [ 43 I I 1

Rmax - 2Rsccm Rmax - Rscan

Fig. 8 — Subdivision of the second scan-cycle segment into m subsegments.

In the last equality, the number of trials [;, in which the target was detected on the first

ar in which the radar had contact with

subsegment, is subtracted from the total number of trials N -

scan

the target on the (m + 1)-th subsegment, since only the trials in which the target is detected for the
first time on this subsegment are considered.
The probability of detecting the target on the (m + 1)-th subsegment is

L, 1
O =22 = (== @) D (55)

Lo /1
Om+1 = n]l\; :(E_Ql).DmH

The probability of detecting the target by the time it has passed all (m + 1) subsegments,

i.e., at a distance Ry,qx — Rgscan — AT, 1

L+ +-+1,+1
Ppy1 = : 2 N = m+1:Pm+Qm+1 (5.6)

Similarly, the number of trials [,,,,, in which the radar first detects the target on the (m +

2)-th subsegment, i.e., at a distance from R,,,5, — Rscan — 2A7 t0 Ryax — Rscan — AT, 18

Ar

lms2 = (N ’ R - lz) "Dins2

scan
and the probability of detection on this subsegment is

I 1
Qm+2 = 1\;2 = (E - Qz) *Dinya 5.7)

The probability of detecting the target by the time it has passed all (m + 2) subsegments,

1.e., at a distance Ryqx — Rscan — 247, 18

L+ + -+ +1
m+2 = — N T = m+1 T Oma2 (5.8)

For the last, 2m-th subsegment of the second scan cycle, the number of trials [, in which

the radar first detects the target is

Ar
lom = (N' - lm) "Dom

Rscan

the probability of detection on this subsegment is
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Qo =2 = (-~ Q) Do (59)

and the probability of detecting the target by the time it has passed all 2Zm subsegments, i.e.,

at a distance R4 — 2Rscqn, 18

_ l]_ + lZ + +l2m_1+l2m

2m N = Pym—1+ Q2m (5.10)

The third scan-cycle segment over which the target moves during the third radar scan
cycle, from R4 — 3Rscqn 10 Rimax — 2Rscqn, 18 also divided into m, which are numbered from
2m + 1 to 3m (Figure 9). The numbering of the subsegments corresponding to the previous scan

cycles continues sequentially

D3m D2m+2 D2m+1

| | 22 | I |
[ [ <C I I |

Rma_x - 3Rsca71 Rmax - 2Rscan

Fig. 9 — Subdivision of the third scan-cycle segment into m subsegments

The number of trials l,,,,1 in which the radar first detects the target on the (2m + 1)-th

subsegment is
Ar

lamsr = (N ' R -l - lm+1) "Doms1

scan
In the last equality, the number of trials [;, in which the target was detected on the first

subsegment, and the number of trials L,,,,,, in which the target was detected on the (m + 1)-th
Ar

subsegment, are subtracted from the total number of trials N - , since only trials in which the

scan

target is detected for the first time on the (2m + 1)-th subsegment are considered.
The probability of detecting the target on the (2m + 1)-th subsegment is

Lom+1

1
Q2m+1 = T = (E —0Q1— Qm+1> *Dam+1 (5.11)

The probability of detecting the target by the time it has passed all (2m + 1) subsegments,

i.e., at a distance R4y — 2Rscan — AT, 18

l1+l2++lz +lz 1
Pyms1 = N ULMRCLAES Pom + Q2ms1 (5.12)

Similarly, the probability of detection on the (2m + 2)-th subsegment is

Lam+a

1
Q2m+2 = T = (E — Q- Qm+2) *Doms2 (5.13)

and the probability of detecting the target by the time it has passed all 2Zm + 2 subsegments

1S
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L+ L+ +homertlomse

Pom+z = N = Pym+1 + Qam+2 (5.14)
Continuing this reasoning, the probability of detection on the 3m-th subsegment is
lim 1
Qzm = T = (; —Qm — QZm) D3 (5.15)

and the probability of detecting the target by the time it has passed all 3m subsegments is

l1 + lz + +l3m_1+l3m
3m = N

= P31+ Q3m (5.16)

The fourth scan-cycle segment over which the target moves, from R4, — 4Rgcqn t0 Rinax —
3Rgcan, 1s again divided into m subsegments, numbered from 3m + 1 to 4m.

For the probabilities of detecting the target on these subsegments, obtain:

1

Qumi1 = (== @1 = Qs = Qomer ) Damas (5.17)
1

Q3m+2 = (a — Q2 —Qmsz2— Q2m+2> *Damyir (5.18)
1

Q3m+3 = (a — Q3 —Qms3z — Q2m+3> *Damys (5.19)

1
Qum = (E —Qm — Q2m — Q3m) *Dym (5-20)

For the probabilities of detecting the target by the time it has passed these subsegments and

all preceding subsegments:

P3ms1 = P3m + Q3maa (5.21)
Psmyz = Pamy1 + Q3maz (5.22)
P3mys = Pamyz + Q3mas (5.23)

Pym = Paym—1 + Qam (5.24)

The fifth scan-cycle segment is again divided into m subsegments, and the probabilities of

detecting the target on these subsegments are computed as:

1

Qsms1 = (a — Q1= Qms1— Q2ms1 — Q3m+1) *Dymsq (5.25)
1

Qsmaz = (E — Q2 = Qm+2 — Q2ma2 — Q3m+2) *Dymya (5-26)
1

Qam+z = (E — Q3 — Qmaz — Qamys — Q3m+3) *Damys (5.27)
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1
Qsm = (== Om = Qam = Qs = Qum) D (5.28)

The probabilities of detecting the target by the time it has passed all these subsegments, and

all previous subsegments are:

Pyms1 = Pam + Qam+1 (5-29)
Pym+z = Pama1 + Qamaz (5-30)
Pymsz = Pymaz + Qamas (5.31)

Ps = Psjpo1 + Qs (5.32)

These derivations allow us to formulate the algorithm for calculating the unconditional
probabilities P(R) of detecting a target within the range R, < R < Ryt
Divide the distance interval R4, — Rjuin into M scan-cycle segments of length. In what
follows, the term scan-cycle segment refers to a path interval of length R.,,, whereas the term
subsegment refers to a subdivision of a scan-cycle segment of length Ar.
Rscan =V * Tsean

where:

Rmax_Rmin
M=| e MR
e

scan

and number the scan-cycle segments from right to left — see Figure 10.

M 2 1
| | 2 | |

Rmin Rmaz - MRscan Rmax - ZRscan Rmax - Rscan Rmax

Fig. 10 — Subdivision of the range interval R, — Rpnin into M scan-cycle segments.

Each resulting scan-cycle segment corresponds to the path traveled by the target during one
radar scan cycle. If the values Ry,qx — Rimin and Rg.qn are not multiples of each other, then dividing
the interval R, — Rmin 1nto scan-cycle segments of length R.,, Will produce a remaining interval
of length R4y — Rimin — M Rscan, Which is smaller than Rg.qs,.

Each scan-cycle segment is further divided into m subsegments of length Ar = Ry, /m
(see Figures 7-9).

In the computer program used for numerical calculations, m = 75 was adopted. This value

provides sufficiently small subsegments so that the conditional probability of detection may be

Bulletin of the Polytechnic Institute of lasi, vol. 71(75), no. 3-4, 29-56, 2025



50

ANDREI SIDOROV, TATIANA MOROZOVA and VIKTORIA GELMIAROVA
THEORETICAL ESTIMATION OF TARGET DETECTION PROBABILITY IN SCANNING RADAR SYSTEMS

considered approximately constant within each subsegment. Additional refinement of the subdivision
was found to have a negligible effect on the calculated unconditional probability curves.

Test calculations were performed for m = 50, 75 and 100. The differences between the
resulting unconditional probability curves were negligible; therefore, m = 75 was selected as a
compromise between computational accuracy and execution time.

Let’s assume that the length of the subsegment Ar is small enough that the conditional
probability of detecting the target on this subsegment can be considered constant, i.e.,

D(j—1ym+i = D(Rmax = G=1)Rscan — (i = 1)Ar) =
~ D(Rmax = ( = 1) Rscan — iAT)
where: j = 1,2,3,...,M;i = 1,23, ...,m.
The conditional probability D(j_1ym4; of detecting the target at a distance R = Rpqy —

(J—D)Rgeqn — (i — 1)Ar given that the radar beam is directed at the target, is calculated as:

1

D(j-1ym+i = F1+E(R)/No

where:

F = 107° is the given probability of false alarm,

R = Ryax — =D Rscan — (i — 1)Ar is the target distance,

E(R) is the signal energy received from the target by the radar, given by equation (4.2),

N is the noise power spectral density of the receiver, given by equation (3.5).

The unconditional probabilities P(j_1ym4; of detecting the target at the distance R = Ry —

(G—1)Rscan — (i — 1)Arare calculated using the formulas:

Pii—tym+i = P(j—vym+i-1 + Q(j—1)ym=+i (5.33)
j—-1
1
Qi-1ym+i = i Z Qk-1ym+i |PD(j—1ym+i (5.34)
=1
j=123,..M; i=1,23,..,m (5.35)

When using these formulas, it should be assumed that

0
Py=0and ) Qurmei =0
k=1

Using the developed calculation methodology, a computer program has been designed and
tested that allows calculating the conditional probabilities of detection over the radar’s range for given
radar and target characteristics.

The program takes the following input data:
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Eomit = 5] — energy of the emitted signal;

S, = 6 m? — antenna aperture area of the radar;

k, = 0.6 — aperture utilization factor of the antenna;

t, = 1 —relative antenna noise temperature;

A =5 cm — wavelength of the emitted signal;

F, = 3—receiver noise factor of the radar;

Rppin = 20000 m — minimum radar range;

Ripax = 200000 m — maximum radar range;

F = 107° — conditional probability of false alarm;

10lgL = 13 dB, L — total signal energy losses due to propagation and radar processing;
o = 2 m? — effective radar cross-section (RCS) of the target.

The program calculates and outputs the conditional probabilities of target detection across

the radar range from R,,;,, t0 R4y in the form of a graph. The results of the program are shown in

Figure 3.

By modifying the radar parameters and the target’s RCS, the program can be used to

calculate conditional probabilities of detection for any scenarios of interest to the developers.

When specitying the input data, the program requires parameters similar to those used in the

calculation of conditional probabilities, as well as additional data on:

the target closing velocity relative to the radar, V = 700 m/s;
the duration of a single radar scan cycle over the solid angle, Ts 4, = 15 s.

The results of the program for the specified input data are presented in Figure 11.

P
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0.7
0.6
0.5
0.4
0.3
0.2
0.1
0.0

0 20 40 60 80 100 120 140 160 180 200 R

Fig. 11 — Unconditional probabilities of object detection over the radar operating range.
Object speed V = 700 m/s, scan time Ty, = 15 s.
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During a single radar scan cycle over the solid angle, the target travels a distance:
Recan =V " Tgeqn = 10.5 km

During the first scan cycle (the first one after the target crosses the boundary R,,,, =
200 km), the radar is guaranteed to have contact with all N targets involved in the N experiments.
Since the conditional probability of detection at maximum ranges is close to 0.3 (see Figure 3), the
radar will detect approximately 30% of the targets during the first scan cycle.

The data in Figure 11 confirm this: at the end of the first scan cycle:

R = Rpax — Rscan = 189.5 km

the unconditional probability of detection is equal to 0.3.

At the end of the second scan cycle

R = Rpmar — 2Rseqn = 179 km
the probability of detection is approximately
1—(1-0.3)-(1—0.45) = 0.615

where:

(1 — 0.3) is the probability of not detecting the target during the first scan cycle;

(1 — 0.45) is the probability of not detecting the target during the second scan cycle.

According to Figure 11, at the end of the second scan cycle

R = Ry — 2Rseqn = 179 km

the unconditional probability of detection is equal to 0.61.

The graph of unconditional detection probabilities makes it possible to determine the range
thresholds at which the radar will detect a given proportion of targets with certainty.

For example, as follows from Figure 11, by the range of 180 km the radar detects 60% of
all approaching targets, by 160 km — 90%, and by 120 km — 100% of the targets.

By varying the radar parameters, the target radar cross-section (RCS), the target velocity,
and the scan time of the solid angle, the unconditional probabilities of detection can be calculated
using the developed program for any scenarios of interest.

Figure 12 presents the unconditional detection probabilities calculated by the program for
input data that differ from those used for Figure 11 only in the target velocity: in Figure 12, the target
velocity is increased by a factor of 5, from 700 m/s to 3500 m/s.
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Fig. 12 — Unconditional probabilities of object detection over the radar operating range.
Object speed V = 3500 m/s, scan time Ts.q, = 15 s

As follows from Figure 12, an increase in the target velocity leads to a reduction in the range
thresholds at which the radar is capable of detecting the target with a given probability.

Thus, with a probability of 0.6, the radar detects the target at a range of 135 km (instead of
180 km, as shown in Figure 11), and with a probability of 0.9 — at a range of 95 km (instead of

160 km).

A further increase in the target velocity from 3500 m/s to 7000 m/s (see Figure 13) brings
the detection thresholds even closer to the radar. It should be noted that at such high target velocities,
there is a probability of 0.05 that the radar will fail to detect the target over the entire range interval.
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Fig. 13 — Unconditional probabilities of object detection over the radar operating range.
Object speed V = 7000 m/s, scan time Ts.q, = 15 5.

A decrease in the target velocity from 700 m/s to 350 m/s (see Figure 14) shifts the detection

range thresholds farther away from the radar.
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Fig. 14 — Unconditional probabilities of object detection over the radar operating range.
Object speed V = 350 m/s, scan time Ty.q, = 15 5.

It is also of interest to analyze how the scan time of the solid angle affects the detection range

thresholds.

Figure 15 presents the unconditional detection probabilities calculated by the program for
input data that differ from those used for Figure 11 only in the scan time of the solid angle: for Figure

15, the scan time is increased by a factor of 5, from 15 s to 75 s.

A comparison of Figures 11 and 15 shows that an increase in the scan time also leads to a

reduction in the detection range thresholds.

It should be noted that the curves of unconditional detection probabilities in Figures 15 and
12 are identical. Thus, increasing the target velocity or, equivalently, increasing the scan time by the

same factor has the same effect on the unconditional probabilities of detection.
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Fig. 15 — Unconditional probabilities of object detection over the radar operating range.
Object speed V = 700 m/s, scan time Ty.q, = 75 S.
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6. Conclusions

The present study developed a theoretical and computational framework for estimating both
conditional and unconditional probabilities of target detection in surveillance radar systems
employing scanning antenna beams.

At the first stage, the radar energy potential was determined using the radar equation under
the Neyman—Pearson criterion for a specified probability of false alarm. This ensured the required
conditional probability of correct detection at the maximum operational range. Based on this energy
potential, conditional detection probabilities were calculated as functions of target range, confirming
the expected monotonic increase in detection probability as the target approaches the radar.

At the second stage, a novel method for calculating unconditional detection probabilities was
proposed. The method accounts for the temporal nature of radar operation, including cyclic beam
scanning and target motion. By discretizing the target trajectory into segments corresponding to scan
cycles and applying an iterative probabilistic approach, the cumulative detection probability was
derived.

The scientific novelty of the work lies in the development of an iterative probabilistic
framework that explicitly integrates antenna scanning periodicity with target motion, enabling the
estimation of unconditional detection probability under realistic operational conditions. In contrast to
traditional approaches focused primarily on single-scan or conditional detection models, the proposed
method captures the cumulative effect of multiple observations over time.

Numerical experiments demonstrated that:

+ the unconditional probability of detection significantly exceeds the conditional
probability due to multiple observation opportunities;

* increasing target velocity leads to a reduction in effective detection range, as the number
of observation opportunities decreases;

* increasing the radar scan time produces an equivalent effect to increasing target velocity,
reducing detection performance;

* the combined influence of scan period and target dynamics is a critical factor in
determining detection efficiency.

The results confirm that both target motion parameters and radar scanning characteristics
play a decisive role in system-level detection performance. A key contribution of the study is the
identification of the functional equivalence between scan time and target velocity in their impact on
detection probability, which provides an important practical insight for radar system design and

optimization.
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The proposed method provides a practical alternative to costly experimental evaluations and
can be used for performance prediction, parameter optimization, and system design of modern
surveillance radar systems.

Future work may include extending the model to account for target maneuvering, non-
uniform scanning strategies, correlated detection events, and the integration of modern data-driven

detection techniques
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