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Abstract 

Introduction. The problem of aircraft recognition can be solved on the basis of the formation of radar portraits that re-

flect the characteristic structural features of aerial vehicles. Radar portraits based on images of the propellers of aerial 

vehicles have high informativeness. On the basis of such images, the number and relative position of the propeller 

blades, as well as the direction of their rotation, can be determined. Such images may be obtained on the basis of math-

ematical models constructed from reflected signals. 

Objective. The aim of the work is to develop mathematical models for the radar signal reflected from the main rotor 

of a helicopter applied to inverse synthetic aperture radar (ISAR). 

Methods and materials. ISAR processing is used to produce a radar image of a rotor in a radar with a monochro-

matic probing signal. The rotor blades in the models are approximated by different geometric shapes. The models 

used to describe the reflection from the rotors of helicopters differ significantly from those used to describe fixed-wing 

aircraft propellers. In the process of moving through the air, each helicopter rotor blade performs characteristic 

movements (flapping, lead-lag motion, torsion), as well as flexing in a vertical plane. Such movements and flexings of 

the blades influence the phase of the radar signal deflected from the main rotor. When developing an ISAR algorithm 

for imaging the main rotor, the phase change must accurately account for the reflected signal. 

Results. In the centimetre wavelength range, the mathematical model of the signal reflected from the main helicopter 

rotor as a system of blades is most accurately described if each blade is represented as a set of isotropic reflectors lo-

cated on the leading and trailing edges of the main rotor blades. The distinct features of the actual signal are more 

closely approximated by a model that takes the flapping movements and curved shapes of the blades into account. 

Conclusion. The developed model, which takes the flapping movements and flexes of the helicopter main rotor blades in-

to ac-count, can be used to improve the ISAR algorithms that provide radar imaging of aerial vehicles. 
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МАТЕМАТИЧЕСКИЕ МОДЕЛИ РАДИОЛОКАЦИОННОГО СИГНАЛА, 

ОТРАЖЕННОГО ОТ НЕСУЩЕГО ВИНТА ВЕРТОЛЕТА, 

В ПРИЛОЖЕНИИ К ОБРАЩЕННОМУ СИНТЕЗУ АПЕРТУРЫ 

Аннотация. 

Введение. В основе решения задачи распознавания летательных аппаратов лежит формирование радио-

локационных портретов, отражающих конструктивные особенности этих аппаратов. Высокой инфор-

мативностью обладают портреты, представляющие собой радиолокационные изображения винтов ле-

тательных аппаратов. Они позволяют различать количество и взаимное расположение лопастей винта, 

а также направление его вращения. В основе получения таких изображений лежат математические мо-

дели отраженных сигналов. 

Цель работы. Рассмотрение математических моделей сигнала, отраженного от винта вертолета, в 

приложении к обращенному синтезу апертуры антенны (ОСАА). 

Методы и материалы. Обращенный синтез используется для построения радиолокационного изображе-

ния винта в радиолокационном датчике с монохроматическим зондирующим сигналом. Лопасти винта в 

моделях аппроксимируются разными геометрическими формами. Модели, используемые для описания от-

ражений от винтов вертолетов и винтовых самолетов, имеют существенные отличия. В процессе пе-

ремещения каждая лопасть несущего винта вертолета совершает характерные движения (маховое дви-

жение, качание, закручивание), а также изгибается в вертикальной плоскости. Такие движения и изгибы 

лопастей оказывают влияние на фазовую структуру сигнала, отраженного от несущего винта. При раз-

работке алгоритма построения изображения несущего винта на основе ОСАА необходимо максимально 

точно учесть закон изменения фазовой структуры отраженного сигнала. 

Результаты. Установлено, что в сантиметровом диапазоне длин волн математическая модель сигнала, 

отраженного от несущего винта вертолета как системы лопастей, наиболее точно описывается пред-

ставлением каждой лопасти набором изотропных отражателей, расположенных на передней и задней 

кромках лопасти. Учет маховых движений и изогнутых форм лопастей в модели сигнала, отраженного от 

винта вертолета, позволяет максимально приблизиться к особенностям реального сигнала. 

Заключение. Разработанная модель, учитывающая маховые движения и изгибы лопастей несущего вин-

та вертолета, может использоваться для совершенствования алгоритмов ОСАА, обеспечивающих по-

строение радиолокационных изображений летательных аппаратов. 
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Introduction. Considered as an object of radar 

surveillance, the movements of a single-rotor helicop-

ter's primary elements are complex, consisting not on-

ly the translational motion of the fuselage, but also of 

the translational-rotational motions of the main rotor 

(MR) and tail rotor, during which the angles of attack 

of their blades change. When developing Inverse Syn-

thetic Aperture Radar (ISAR) algorithms for imaging 

the rotors of different helicopters, it is necessary to ac-

count for the laws describing changes in the phase 

shifts of signals reflected from the elements of each 

rotor. The most commonly-used mathematical model 

of reflected signals (RS) for MR, in which the blades 

are represented as cylinders [1], only partially meets 

this requirement. Therefore, in the present study we 

set out to develop mathematical models for signals re-

flected from helicopter main rotors differing in the 

form of their blades. In order to proceed with the 

modelling, it is assumed that an aircraft can be repre-

sented as a complex of reflectors [2] in the centimetre 

wavelength range of radio-waves with the overall sig-

nal reflected from it consisting in a superposition of 

signals reflected from each reflector. 

Model of the temporal structure of a signal re-

flected from a helicopter's main rotor. A rectangu-

lar coordinate system  0XYZ  is bounded with a ra-

dar sensor (RdS) (Fig. 1), with its origin coinciding 

with the centre of the RdS and axis 0X  parallel to 

the helicopter velocity vector v. Fig. 1 shows nota-

tions: C   the MR rotation centre with coordinates 

 ,  ,  ,C C Cx y z  where C Cz h  is the flight altitude 

and Cr  is the distance from RdS to the centre C. The 

helicopter's MR (Fig. 2) is considered as a system of 

b.rotN  blades having an angular spacing 

rot b.rot2 ,N    rotating clockwise (top view) 

with frequency rotF  in the plane parallel to ,XOY  

and moving along the axis 0X  with a constant ve-

locity. Blades are numbered along the rotation direc-

tion: b.rot b.rot1,  ,n N  starting from the blade with 

minimal positive angle relative to the axis 0 .X  
Let us introduce the local rectangular coordinate 

system 1 1 1CX Y Z  with an origin in point C; axis 1CX  

directed to the helicopter tail; axis 1CZ  coinciding 

with the MR axis of rotation and directed upward. 

The angular position of b.rotn th blade relative to the 

axis 1CX  at moment t could be determined using the 

angular spacing of the first blade  b1 ,t  which ini-

tial angular position 0  at the moment t =0 is  

      
b.rotb b1 rot b.rot 1 ,n t t n       (1) 

where 

 b1 rot 0 b.rot b.rot2 ,  1,  .t F t n N       

Defining  rot b.rot1 ,t F N   we transform ex-

pression (1) into the form: 

 
   

 
b.rotb rot b.rot b.rot 0

rot b.rot 0

2 1 2

2 1 .

n t F t n N

F t n t

        

         (2)
 

The signal reflected from the rotor is represented 

as a combination of signals reflected from point-

isotropic reflectors located on the surfaces of b.rotN  

blades. In general, the mathematical RS model on an 

antenna output is described by the expression [3]–[6]: 

 

 

 

    

b.rot ref

b.rot ref

b.rot ref

b.rot ref b.rot ref

RS
1

0 rep d, ,

1 1 0

, 0 ,exp .

N N L

n n

n n l

n n n n

u t

U t lT t t

E t i t t



  



     
 

     
 

  

(3)

 

 

Fig. 1. Model of the helicopter’s movement Fig. 2. Model of the helicopter’s main rotor 
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where refN  – the quantity of the reflectors on a sin-

gle blade;  0U t  – the modulation law of a single 

probing signal (PS); L, repT  – the quantity and the 

period of repetitions of the single signals in the emit-

ting PS;  
b.rot ref, ,n nE t   

b.rot ref,n n t , and 

 
b.rot refd, ,n nt t  – the laws of change of the amplitude, 

phase and delay time of the signal reflected from 

refn th reflector on the b.rotn th blade, 0 02 f    – 

the PS carrier frequency. 

A complex RS envelope [3]–[6] in the case of a 

monochromatic probing signal (MCPS) is described 

by the expression: 

 

 

    
b.rot ref

b.rot ref b.rot ref

b.rot ref

b.rot

, ,

1 1

exp .

N N

n n n n

n n

U t

E t i t

 



  
   (4)

 

The laws governing changes of amplitude, phase 

and delay time of a signal reflected from refn th re-

flector on the b.rotn th blade could be represented in 

the form: 

 

   

 
 

   

   

   

b.rot ref b.rot ref

b.rot ref

b.rot ref

b.rot ref

b.rot ref b.rot ref

b.rot ref b.rot ref

, ref, ,

2
0 t r , н

ref, , 3 4
,

, ,

d, , ,

2 ;

;
4

2 ;

2 ,

n n n n

n n
n n

n n

n n n n

n n n n

E t P t

P G G t
P t

r t

t kr t

t t r t c



    




 



 (5) 

where 
b.rot refref, ,n nP  – the power of RS reflected 

from the refn th reflector on the b.rotn th blade; 0P  – 

the power of PS; t ,G  rG  – the gain coefficients of 

the transmitter and receiver antennas, respectively; 

 
b.rot ref, нn n t     – the radar cross-section (RCS) of 

the refn th reflector on the b.rotn th blade at an angle 

 н ;t  
b.rot ref,n nr  – the distance to the refn th reflector 

on the b.rotn th blade; 2k     – the wave number; 

  and c  – the wavelength and the velocity of PS 

propagation, relatively. 

In order to ensure accurate radar imaging, it is 

necessary that the RS phase be represented correctly. 

Expressions (3)–(5) show that this phase is deter-

mined by the laws of change of the distances to the 

reflectors on the blades of the MR during rotation. 

The primary reflections from the MR are produced 

by the edges of its blades. Taking this into account, 

we will assume that the reflectors are placed not over 

the entire plane of the blade, but rather on its edges. 

Let us consider the laws of the change of the distanc-

es to the reflectors relative to the phase centre of RdS 

antenna for three options of the blade representation: 

Option 1 – as a combination of isotropic reflec-

tors located on a straight line whose length corre-

sponds to the blade length; 

Option 2 – as a combination of reflectors located 

on straight lines corresponding to the leading and the 

trailing edges of the blade; 

Option 3 – as a combination of reflectors located 

on the lines, which is bent due to flapping and nonu-

niform blade bending. Blade feathering is not con-

sidered. 

The reflectors on the edges of the blades are iso-

tropic in the range of hemispheres directed toward 

RdS for Options 2 and 3. 

It is worth mentioning that a helicopter moves 

according to the orientation and magnitude of the 

thrust force vector of the main rotor with respect to 

the gravity force vector. One may assume that the 

thrust force vector is oriented perpendicular to the 

plane of the base of the cone described by the mov-

ing main rotor blades except when the orientation of 

this plane is changed by a pilot using a swashplate. 

The reflected signal model, which takes the orienta-

tion of the blade system into account; its slope and 

form during horizontal flight with constant altitude 

relating to RdS is of interest in the application of ra-

dar imaging techniques for the main rotor. 

The distance to the reflector in the case of 

blade representation according to Option 1. Re-

flectors are located (Fig. 3) in the range from minR  

to maxR  with a step of 4,R    therefore the re-

flector with the number refn  is located in the dis-

tance of  
ref min ref 1 ,nR R n R     ref ref1,  n N  

from the centre of rotation C. 

At the beginning of the analysis, the centre of rota-

 

Fig. 3. Option 1 of the representation of the blade 
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tion is placed at the point having coordinates 

 0 0 0,  ,  С С Сx y z  (Fig. 4). The flight velocity v of 

advancing to RdS helicopter is negative. The dis-

tance to the refn th reflector on the b.rotn th blade is 

determined by the expression: 

 

 

     

b.rot ref

b.rot ref b.rot ref b.rot ref

,

2 2 2
, , ,

,

n n

n n n n n n

r t

z t y t x t



  
(6) 

where 

   
b.rot ref ref b.rot, 0 bcos ;n n C n nx t x vt R t    

 
 

   
b.rot ref ref b.rot, 0 bsin ;n n C n ny t y R t   

 
 

 
b.rot ref, 0.n n Cz t z  

Distance to reflector in case of representation of 

the blade according to Option 2. Let us label reflec-

tors on the leading and trailing edges by numbers 

ref.ldn  and ref.trn  respectively  ref.ld ref.trn n   

ref1,  N  (Fig. 5). The distance from the reflector 

with number ref.ldn  to the centre of rotation C is equal 

to  
ref.ld min ref.ld 1 .nR R n R     The distance from 

the centre of rotation C to a projection of the reflector 

with number ref,trn  on the leading edge is calculated 

using the same formula. Coordinates  
b.rot ref.ld, ,n nx t  

 
b.rot ref.ld,n ny t  and  

b.rot ref.ld,n nz t  of ref.ldn th reflec-

tor (Fig. 6) are determined by the expressions analogous 

to the expressions in (6). Coordinates of ref.trn th re-

flector are determined by the expressions: 

 

   

   

 

 

b.rot ref.tr

ref.tr b.rot b.rot

b.rot ref.tr ref.tr b.rot

b.rot

b.rot ref.tr

, 0

b b b

, 0 b

b b

, 0

cos sin ;

sin

cos ;

,

n n C

n n n

n n C n n

n

n n C

x t x vt

R t b t

y t y R t

b t

z t z

  

     
   

    
 

  
 



 

where bb  – the blade chord. 

The distance to the reflectors of the blade with 

respect to the change of reflection characteristics dur-

ing advancing and retreating of the blades relating to 

RdS is described by the expressions: 

 

 

     

b.rot ref.ld

b.rot ref.ld b.rot ref.ld b.rot ref.ld

,

2 2 2
, , ,

n n

n n n n n n

r t

x t y t z t



 
(7) 

during advancing, and 

 

 

     

b.rot ref.tr

b.rot ref.tr b.rot ref.tr b.rot ref.tr

,

2 2 2
, , ,

n n

n n n n n n

r t

x t y t z t



 
(8) 

retreating. 

An expression for the condition corresponding to 

the change of the reflecting edges during advancing 

(retreating) of the blades for clockwise rotation di-

rection (top view) (see Fig. 2) is 

– when 

     
b.rotн b н2 3 4nt t t        

the b.rotn th blade retreats from RdS and its trailing 

edge reflects; 

– when 

   
b.rotb н0 2n t t      и 

   
b.rotн b3 4 2nt t       

this blade advances to RdS and its leading edge reflects. 

 

Fig. 4. Determination of the coordinates of the reflector 

for Option 1 
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Fig. 6. Determination of the coordinates of the reflector 

for Option 2 
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The distance to the reflector in the case of rep-

resentation of the blade according to Option 3. 

The main rotor of the helicopter creates a lifting 

force and a horizontal thrust force. In general, each 

MR blade is installed on the central rotor head by a 

horizontal (flapping) hinge (FH), a vertical (drag 

hinge (DH) and a feathering hinge (FrH), with re-

spect to which flapping movements (FM), dragging 

(lead-lag) and feathering (change of pitch angles) are 

carried out (Fig. 7) [7]–[10]. 

A blade flapping angle reaches the values of 12–15º 

that leads to the end of the blade being lifted to a 

sufficient height with respect to the rotation plane of the 

rotor head and influences the RS phase in centi-metre 

range. In addition, the free end of the blade bends in the 

vertical plane during rotation of the MR leading to a 

change of the backscattering diagram and the phase of 

refractions from the edges*. 

Description of the flapping movement and fea-

tures of blade construction. We will assume for 

simplification that the helicopter is oriented horizon-

tally during the flight and that the rotation plane of 

the rotor shaft is parallel to the Earth's surface at the 

point at which the helicopter is located. With respect 

to this, a coordinate system 1 1 1CX Y Z  (Fig. 8), whose 

centre is the rotational centre of the rotor, is used for 

                                                        
* By the phase structure of the signal reflected from the blade edge is 

meant a distribution of phases of the signals reflected from the edge 
fragments. 

describing FM. Axis 1CX  is in the rotation plane of 

the rotor head parallel to the axis 0X and directed to-

ward the helicopter tail; axis 1CZ  is directed along 

the upward vertical axis. The position of the blade on 

the rotation plane is determined by angle b ;  flap-

ping angle b ;  blade section setup angle b ;  shift 

of the flap hinge from the rotor shaft axis b .e  

It is worth mentioning that the angle of the blade 

section setup is the pitch angle of the blade cross-

section chord relative to the rotation plane, which is 

perpendicular to the propeller rotation axis. 

The flapping angle and pitch angle of the blade 

in a stationary state of flight comprises the periodic 

functions of its angular position b .  Therefore, this 

can be expanded in a Fourier series with respect to 

this parameter [7], [8], [11]: 

     
   

     
   

b b 0 1c b 1s b

c b s b

b b 0 1c b 1s b

c b s b

cos sin

cos sin ;

cos sin

cos sin ,

m m

m m

n n

n n

         

    

           

     

 

where  0 b b    – the coning angle, determined 

by the average value of the flapping angle b ;  c ,m  

s ,m  1,  2,  ...m  – the Fourier-harmonics for the 

flapping angle; 0  – the common step of the pitch 

angle; c ,m  sm  – the Fourier-harmonics for the 

pitch angle. 

In general, one should use only the first harmon-

ics for description of this movements [7]–[14]: 

     b b 0 1c b 1s bcos sin ;        

     b b 0 1c b 1s bcos sin .       
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Fig. 8. Flapping motion of the blade 
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It is shown by the authors of this paper that in-

fluence of the pitch angle b  on the RS phase is very 

low, thus, let us consider only flapping angle b .  

Coefficients of the flapping angle b  expansion are 

determined according to the equilibrium conditions 

of the inertial moments, centrifugal moment and aer-

odynamic forces of the blade relative to FH. It is 

possible to obtain the equation of blade flapping os-

cillations relative to FH from the equation of the 

moment’s equilibrium [7], [8], [11]: 

 

 
 

 
max

2
b b 2 2

F b rot b b2

b b b b

0

,  ,

R

s s s

d t
J J t

dt

T r t r dr

   
       

    

 

(9)

 

where FJ  – the mass inertia moment of the blade 

relative to FH; rot rot2 F    – the angular velocity 

of the propeller rotation;  F b F1 S e J    – the 

nondimensional frequency of the blade flapping self-

oscillations relative to FH; maxR  – the main rotor 

radius;  b b,  sT r t     – the blade aerodynamic force 

per unit length; bsr  – the radius of the analysis point, 

and FS  – the static moment of the blade relative to FH. 

Solving equation (9) is complicated task. In the 

considered case, one could use the results obtained in 

the paper [11] assuming that a feathered blade is in 

the rectangular form, while a flapping controller is 

absent and the distribution of inductive velocities 

along the sweep away disk is uniform. 

For these conditions: 
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where 

4
b max

F2

b R

J


   

– the blade mass characteristic; 

 rot
rot

rot max

cosv

R


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
 

 – the flight regime characteristic; 

 rot 1
rot

rot max

sin
,

v

R

  
 


 

– the flow characteristic, and   – the air mass densi-

ty;   – the derivative of the lifting force coefficient 

in the blade section with respect to the setup angle; 

rot  – the incidence angle of the propeller rotation 

plane (the cone base plane) relative to the horizontal 

plane; 1  – inductive flow velocity. 

An alteration in the general step of the pitch an-

gle 0  using the swashplate (SP) leads to a change 

in the lifting force and, consequently, to a change of 

the coning angle 0.  The change of the cyclic step of 

the pitch angle 1c  by deviation of the SP plate for-

ward or backward (in pitch) leads to a change of the 

incidence angle of the cone base 1c.  An analogous 

change of the cyclic step of pitch angle 1s  to the 

right or to the left (in roll) leads to a change of the 

incidence angle 1s .  

The MR blades have the following construction 

features. The base of the blade is a longeron forming 

a leading part of the blade profile. The trailing part is 

attached to this longeron. All-metal blades could be 

divided into two groups: (1) – with a tube steel longe-
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ron (Mi-6 and Mi-26), and (2) – with a extruded light 

alloy longeron (Mi-2, Mi-8, Mi-24) [12]–[14]. The 

trailing part of the blade is made in form of a split 

construction for decrease the influence of a variable 

strains, and usually consists of sections, which are 

not bounded rigidly. These sections are based on cel-

lular structures with rubber inserts between them 

(Fig. 9) [12]–[14]. In the case of longeron defor-

mation the trailing part is not stressed. Use of sepa-

rate sections in the blade construction allows the 

blade to be feathered and the relevant section to be 

replaced in the case of damage [12]–[14]. 

Model of the signal reflected from the main ro-

tor with respect to the flapping movements and 

bends. The rectangular coordinate system 0XYZ is 

used during the simulation (see Fig. 1). The edges of 

the main rotor are represented as a set of reflectors 

placed on the edge lines. Leading and trailing edges 

are described by a piecewise linear function within 

this model. For example, the leading edge of the main 

rotor of the Mi-2 helicopter is approximated (Fig. 10, 

a) by two sections whose lengths are ld1R  and ld2R , 

respectively; the incidence angle of the second section 

relative to the first section is ld2 ; the trailing edge 

(Fig. 10, b) is approximated by four sections, whose 

lengths are tr1,R  tr2 ,R  tr3,R  tr4R , respectively, 

while the incidence angles of the second, third, and 

fourth sections relative to the first section are tr2 ,  

tr3,  tr4 ,  respectively. The incidence angle of the 

first approximation section of leading and trailing edges 

corresponds to the current flapping angle  b b .   

Let us define the distance from the center of rota-

tion С to the ref.ldn th reflector as 
ref.ld

,nR  and the 

distance from the centre of rotation to the projection 

of ref.trn th reflector on the leading edge as 
ref.tr

.nR  

Projections of these distances on the rotation plane of 

the rotor head is defined as 
ref,ldp,nR  and 

ref.trp, ,nR  

respectively (Fig. 10). Let us assume that the reflec-

tors are placed on the edges at regular intervals .R  

The quantity of the reflectors on the sections is de-

termined by the rounding function: 

ld ld

tr tr

2 4

ref ld ld
1 1

ceil ;  1,  2;

ceil ;  1,  4;

.

N R R

N R R

N N N
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     
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Projections 
ref.ldp,nR  and 

ref.trp,nR  is the functions 

of b ,  because b  is the function of the b .  These 

projections are calculated using of 
ref.ld

,nR  
ref.trnR  

and the incidence angles of the linear sections. 

The angular position could be represented as a 

time function  b1 rot 0.t t     Let us assume that 

the helicopter is moving to the RdS along the trajec-

tory parallel to axis 0X with constant velocity v at 

fixed height (see Fig. 1). The laws of change of the 

coordinates of the ref.ldn th reflector is described by 

the expressions: 
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Fig. 9. Blade design features 
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Fig. 10. Approximation of the rotor blade edges: a – the leading edge; b – the trailing edge 
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 (10) 

and coordinates of the ref.trn th reflector by the ex-

pressions: 
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It is worth mentioning that flight velocity v is nega-

tive during the helicopter's advancement to RdS and 

positive during retreat. 

The distance to an arbitrary reflector with respect 

to the change of reflecting edges of the first blade 

during its advancing and retreating is described by 

the general expressions (7), (8) using new coordi-

nates (10), (11) and substituting the angular position 

of the first blade by the angular position of the 

b.rotn th blade, which is derived using expressions 

(1) and (2). The change condition of the edges' re-

flecting characteristics remains the same. 

Simulation results for the main rotor of a Mi-2 

helicopter. The following variable values were used 

during the simulation: rotation frequency of the propel-

ler rot 4.119 Hz;F   number of blades b.rot 3;N   

blade radius max 7.25 m,R   min 0.9 m;R   blade 

chord b 0.4 m;b   initial coordinates of the rotor 

centre 0 206.8 m,Cx   0 209.2 m,Cy   

0 52.8 m;Cz   flight velocity 7 m/s;v   initial an-

gular position of the first blade 0 30 ;    

21.25 10  m;    probing signal – MCPS, ADC 

sampling rate s 96 kHz.F   All reflectors are iso-

tropic within the approximation region. 

The RS power for the leading edge is higher than 

the power for the trailing edge in the case of a heli-

copter moving away, and vice versa [15]–[18]. Thus, 

the RCS of the single reflector of the leading edge 

for Options 1–3 is set to be 

 
b.rot ref.ld

3 2
, 4.5 10 m ,n n t     while the RCS of the 

single reflector of the trailing edge for Options 2, 3 is 

set to be  
b.rot ref.tr

3 2
, 5 10  m .n n t     The lengths 

and the incidence angles of sections are 

ld1 ld2 max min0.5( );R R R R    ld2 4.5 ;    tr1R   

tr2 tr3 tr4 max min0.25( );R R R R R      tr2 2.5 ;    

tr3 4.5 ;    tr4 6.5 .    Empirical data on a Mi-2 

helicopter presented in [9], [10] was used for calcu-

lating the flapping movement coefficients: the blade 

mass characteristic 0.762;   the blade inertial mo-

ment relating to FH 
2

b 804 kg m ;J    the blade stat-

ic moment relating to FH b 197 kg m;S    the FH 

shift b 0.102 m;e   the incidence angle of the main 

rotor rotation plane relating to the horizontal plane 

rot 5 ;    the inductive flow velocity 1 9 m s;   

the pitch angle steps 0 7 ,    1c 5.73 ,    1s 0 .    

The simulation results in the blade approxima-

tion according to Option 1 are shown on Fig. 11: а – 

real part of RS b.rotRe ,U  b – the fragment of this 

signal – two pulses of RS, c – RS for the advancing 

blade, d – RS for retreating blade, e – energy spec-

trum of RS S, and f – its fragment*. 

Simulation results in the blade approximation 

according to Option 2. Fig. 12 shows: а – real part of 

RS, b – the energy spectrum of RS, c – RS for the 

advancing blade, and d – RS for the retreating blade. 

Simulation results in the blade approximation ac-

cording to Option 3. Fig. 13 shows the dependence of 

the flapping angle on the blade's angular position for 

                                                        
* Df  – the Doppler frequency of the RS reflected from MR.  
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different flight velocities. Fig. 14 shows the simula-

tion results: а – real part of RS, b – the energy spec-

trum of RS taking into account flapping movements 

and blade bending at flight velocity 7 m/s, c – RS for 

an advancing blade, d – RS for a retreating blade. 

Analysis of the simulation results. RS for 

multiblade structure of MR comprises a set of pulses 

with frequency modulation. Each RS pulse consists 

of the chirp pulses adjacent to each other in the case 

of the piecewise linear approximation according to 

Option 3. Its quantity and modulation parameters are 

defined by the quantity of linear sections, their posi-

tion on the edge, and propeller rotation frequency. 

RS pulse frequency is defined by multiplication of 

the blade quantity and the rotation frequency 

b.rot rotN F  of the propeller (see Fig. 11, а; 12, а; 14, а). 

The spectrum structure of the signal reflected from 

the MR is discrete (see Fig. 11, f). Spectrum compo-

nents are divided by the intervals b.rot rot .N F  Peaks 

in the RS spectrum observed during simulation for 

approximation according to Option 3 (see Fig. 14, b) 

are caused by a longer accumulation of the reflected 

signals in the area of blade backscattering diagram 

sidelobe. Analogue peaks present in the RS spectra 

obtained during the experimental investigation are 

additionally represented. 

Results of the experimental investigation for a 

Mi-2 helicopter. The experimental conditions were as 

follows: the hovering helicopter slowly moves side-

ways to the RdS at a distance range from 40 to 30 m at 

a height of 3 m. Probing signal is MCPS with circular 

polarisation and 0.0125 m.   The RS sampling rate 

 
 

 a b 

 e f 

Fig. 11. Simulation results in the approximation according to Option 1: 

Reflected signals: a – from the main rotor; b – from the main rotor (fragment); c – from the approaching blade; 

d – from the retreating blade. Energy spectrum: e – full; f – fragment 
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is 48 kHz. Fig. 15 shows the results of investigation of 

the signal reflected from MR after compensation of 

the signal reflected from the helicopter body and the 

disturbing reflections. Coherent accumulation time 

(spectrum formation) а 1.365 s.T   

The figures show the real part of RS for MR (a – 

general view, b – fragment), RS for advancing (c) 

and retreating blades (d), the energy spectrum of MR 

RS (e – general view, f – fragment). 

Correlation of results. A comparison of the 

simulation data and the experimental results shows 

that the RS model of the helicopter MR, which takes 

into account the flapping movements and the bended 

blade forms, is close to the real RS. Each pulse of the 

RS complex envelope (see Fig. 14, c and d; 15, c and 

d) consists of short pulses adjacent to each other. The 

quantity, duration and modulation parameters of 

these pulses are determined by the quantity, position, 

and orientation of linear sections on the correspond-

ing edge. In particular, RS of the leading edge of the 

Mi-2 helicopter rotor consists of two pulses (see Fig. 

14, c) during its advancement to RdS, while the RS 

of the trailing edge during its retreat from RdS con-

sists of four partial pulses (see Fig. 14, d). The partial 

pulse duration is determined by the backscattering 

diagram sidelobe from the corresponding linear sec-

tion of the blade edge (see Fig. 11, c and d; 12, c and 

d; Fig. 14, c and d; 15, c and d). Since the spectra of 

the signals reflected from advancing and retreating 

blades are placed symmetrically relative to the Dop-

pler frequency signal reflected from the helicopter 

body, they have different levels (Fig. 12, b; 14, b; 15, e). 

Conclusion. In the centimetre wavelength range, 

the mathematical model of the signal reflected from the 

main rotor considered as a system of the blades is de-

scribed most precisely by representing of each blade as 

a set of isotropic reflectors located on leading and trail-

ing blade edges. Taking the flapping movements and 

the bended forms of the blades into account allows the 

actual signal features to be maximally approximated, 

describing the signal phase structural change law more 

precisely, and, consequently, increasing the quality of 

the propeller radar imaging. The developed model 

could be used for improving the ISAR algorithms used 

to support the radar imaging. 

 

 a b 

Fig. 12. Simulation results in the approximation according to Option 2: 

а – the reflected signal from the main rotor; b – energy spectrum of the reflected signal; 

c – reflected signal from the approaching blade; d – reflected signal from the retreating blade 
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Fig. 13. The dependence of the flapping angle on the angular 

position of the blade (approximation according to option 3) 
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Fig. 14. Simulation results in the approximation according to Option 3: 

а – the reflected signal from the main rotor; b – energy spectrum of the reflected signal; 

c – reflected signal from the approaching blade; d – reflected signal from the retreating blade 
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Fig. 15. Experimental results 

Reflected signals: а – from the main rotor; b – from the main rotor (fragment); c – from the approaching blade; 

d – from the retreating blade. Energy spectrum: e – full; f – fragment 
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