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Abstract: In this work ISAR (Inverse Synthetic Aperture Radar) multifunctional Inverse Synthetic
Aperture Radar (ISAR) system and image reconstruction concept based radar parameters measurement is
considered. Main geometric and kinematic characteristics are derived. LFM (Liner Frequency Modulated)
emitted waveforms is used while modeling reflected ISAR returns Signal formation and image reconstruction are
analytically described and interpreted as direct and inverse projection operation while image reconstruction is
interpreted as totally motion compensation procedure. High precision image reconstruction algorithm based on
spatial correlation is derived.
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MHOT'O®YHKIIMOHAJIHA PAINOJIOKAIIMOHHA CUCTEMA ChC CUHTE3UPAHA
AIIEPTYPA: OCHOBHH OBPABOTBAIIIN AJITOPUTMU

Anomauus: B masu 00knad ce npedcmaes KOHYenyust 34 6b3CMAHOBABANE HA U300PAdICEHUs, NOTYYEeHU
6 paouonokayuonna cucmema ¢ ungepcha cunmesupana anepmypa (ISAR), xamo ce usnonzeam damnu om
uzMepsanuama Ha napamempume Ha obexma ¢ cucmemama. Jluneino-vecmomno (LFM) modyaupan cuenan ce
U3N0N36a 3a MOOeIUpane Ha ompaseHume om obexma cucHanu. HM3eedeHu ca OCHOBHUME 2OMempPUyHU U
Kunemamuunu xapakmepucmuku. Onucanu ca anarumuuno npoyecume Ha Gopmupane Ha 1SAR cuenara u
6b3CMAHOBAE6AHE HA U300PANCEHUEMO, UHMEPNPEMUPAnHU Kamo npasda u UHEEpCHa NPOeKyUoHHa onepayus. B
O0ONbIHEHUe, b3CMAHOBABAHEMO HA 00pa3a ce UHMEPRpemupa Kamo NbiHA KOMNEHCAyus Ha gasume Ha
CUSHANA, UHOYYUDAHU OM OBUINCCHUCNO HA 0OeKma, m.e. NbJHA KOMNEHCAyus Ha O8UdICeHUemo Ha 00eKma.
Ipeonodicern e  BUCOKO-PE30TIOYUOHEH —AN2OPUMBM 34  6b3CIMAHOSA8AHEe HA 00pasa Ha 6azama Ha
nPOCMPancmeena Kpoc-Koperayusl.

1. Introduction

More than twenty years Inverse Synthetic Aperture Radar (ISAR) theory and practice, systems and
technology are in focus of researches over the world. Methods and algorithms have been developed to meet ever
growing requirements in respect of resolution and power budget. The implementation of ISAR concept will
enlarge the aria of application and improve substantially the functionality of imaging radars and moving target
recognition.

ISAR imaging is a technique to extract high quality images of moving objects from ISAR returns. The
signal formation and image extraction processes are both coherent processes. The target is illuminated by a
sequence of coherent pulses that are amplitude and phase modulated by the object surface an obtained by
receiver during relative motion of the target with respect to the ISAR system, placed in the origin of the
coordinate system of observation. High range resolution of the image can be achieved by ISAR transmitted
signals with a large bandwidth. High azimuth resolution can be realized using large synthetic aperture length
during relative motion of the object in respect of the ISAR system of observation.

A classical ISAR image reconstruction technique is a range-Doppler compression accompanying with
phase compensation [1,2]. Based on the spectral description of ISAR signals high effective signal processing and
image reconstruction methods as parametric and semi-parametric methods are suggested in [3,4]. Joint time-
frequency transform for radar range-Doppler imaging and ISAR motion compensation via adaptive joint time-
frequency technique and adaptive Fourier transform are presented in [5-7]. A range profiling technique for
synthetic wideband radar is suggested in [8]. Image enhancement autofocusing algorithms for ISAR image
processing based on entropy minimization and contrast maximization are developed in [9, 10].

Despite many detailed descriptions of imaging techniques in literature where the imaging process is
decomposed into two main stages, motion compensation and image reconstraction it is not underlined that in its
essence the image reconstruction is a motion or phase compensation, i.e. removing all signal phases induced by
motion of the target. Moreover, in that sense the signal formation and image extraction can be considered as
direct and inverse projections with one and the same operator. As a consequence the imaging algorithm can
derived as a spatial correlation procedure that requires target parameters measurement, including current slant

10



Cnucanue .. Komnorbspan Hayvku M komyHukanuun”, Tom 5, No 2 (2016), GCY. Byprac

range distance, radial velocity and position angles, elevation and azimuth angles. The present paper addresses
these problems.
The main goal of the paper is to define signal polar formation and image extraction in the field of LFM ISAR
data and based on the interpretation of signal formation and image extraction as direct and inverse space
transformations.

The remainder of the paper is organized as follows. In Section Il ISAR geometry and measuring target
parameters are defined, in Section 111 a LFM waveform and ISAR signal formation is described. In Section 1V an
image reconstruction cross-correlation algorithm is derived. In Section V results of numerical experiments and
their interpretation are given.

2. Geometry and target parameters measurement

The crucial step in development of ISAR imaging algorithms is implementation of precise target
characteristic measurement as target position and the velocity. Target position is defined by range and two
angular coordinates, relative to the radar position. The angular coordinates are elevation angle relative to the
local horizontal plane, and azimuth angle, measured relative to North or to array broadside azimuth in case of
phased arrays.

There are many time, frequency and phase methods to measure a radial distance to the target. The
accuracy of slant range measurement is achieved by using wideband coherent emitted signals as LFM
waveforms with an appropriate pulse repetition frequency that satisfies range unambiguity measurements
requirements.

Radar angular measurements are made using mono-pulse receive antennas that produce simultaneous
receive beams slightly offset in angle to either side of the transmit beam. Other angle-measurement techniques
involve transmission and reception of multiple signals at different angles around the target with rotating search
radar, Target angular position with scanning radar may be measured by finding the center of a series of pulse
returns as the antennas weeps past the target.

Target radial velocity may be measured in two ways: from the Doppler-frequency shift of the received
signal, and from multiple range measurements.

Measurements using Doppler-frequency shift almost always give significantly better accuracy than non-coherent
processing of range measurements.

2.1. Two-dimensional ISAR geometry

Consider two dimensional ISAR scenario depicted in Fig.1. The current position of the mass-center, point B is
defined by the vector R (p), oriented on OB direction. The current position of arbitrary point D is defined by
the vector R,,(p), oriented on OD direction. The target is moving rectilinearly in a two-dimensional
coordinate system Oxy of observation in the origin of which the ISAR system is placed.

Fig. 1.

With the measurement unit of the ISAR system current trajectory parameters of the mass center of the target,
point O', are evaluated as the slant range distance Ry (p) and azimuthal angle ®(p) at the moment p, the index

of emitted pulse. Projections Xy(p)and yg(p)of Ry(p)on coordinates axes Ox and Oy are calculated by
expressions
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Xo'(P) = Ry (p).cos®(p)

_ : )
Yo' (P) = Ro:(p).sin®(p)
Based on trajectory equation of the target mass center
Xo'(P) = Xg(0) +Vy.p.Tp;
)

Yor(p) = Yo' (0)+Vy pTp,

where T, is the period of measurement or pulse repetition period, X,(0) and y,(0) are initial coordinates of the
mass center defined at the moment p =0, coordinates of the linear vector velocity can be defined, i.e.

v, _ (D) =% (0

p-Ty
®)
v. = Yo(P)~ Yo (0)
y pT,
Then the module of the vector velocity is defined by
1
V=V V12, @)
The angle of the vector velocity is defined by
V
o =arctan—L ©®)
V

X

2. LFM waveforms and ISAR signal model

LFM waveforms
The ISAR emits to the direction of a moving target a series of linear frequency modulated waveforms,
each of which is described in a complex form as

$(t) = rect%exp[— j(ot +bt?)] ©)

where o= 21':% is the angular carrier frequency; C= 3.10% mis is the speed of the light; A is the wavelength of

2nAF

the signal; T is the time duration of a LFM pulse; b= is the LFM rate. The bandwidth (2AF) of the

transmitted pulse provides the dimension of the range resolution cell AR =c/2AF .

LFM ISAR signal model

First, consider propagation of spherical electromagnetic waves and a generic point scatterer of the target with a
position vector defined by

Rmn(P)=Ro(P) +Rmn- (7)

where Ry (p) = [xo-(p),y@(p)Ir is the current vector position of the mass center defined in coordinate system

Oxy, Rjj = [X mns Ymn ]T is the distance vector of the generic point in the object’s coordinate system O'Xy .

Based on geometry in Fig. 1, equation (2) can be rewritten in matrix form as

|:an([)):| |:X0(p):| |: cosa Sina:||:xmn:|
= + . , (8)
ymn(p) yo(p) —Sina Cosa Ymn
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where Xo(P) =Xy (0) +V,.pT,, Yo (P)=Yo(0)+V,.pT,, Vy=Vcosa, V,=Vsina, X, =mAX,
Yo =NAY .

From matrix equation (8) follows

Xmn(P) = Xg'(P) + Xmn €O 0L+ Yppp-Sina
Ymn(P) = Yo (P) = Xmn-Sina+Yyn.cosa’

where o isthe velocity angle.

©)

Define a new coordinate system of wave propagation with a radial axis — line of sight of the mass center of the
target, and orthogonal to the line of sight axis that lies on the wave front, and with the origin, point O'with initial

coordinates X, (0), Y, (0) in coordinate system Oxy. The angle between the line of sight and Ox axis is ®(p)

defined by @(p) = arctanyo'—(p) , with initial value ® = ®(0) = arctan Yo (0)

Xo(P) Xo(0)
coordinates of the mass center of the target. The axis O'X of the target coordinate system is oriented along the
vector velocity, thus the angle between O'X and Oxis .

, where Xo(0) and y:(0) are initial

Then the distance to the particular point scatterer is defined by
1

IR (0)] = [ (9% + (Yo (P22 - (10)

Consider plane electromagnetic waves propagating in the particular radial direction. The scalars - angular
frequency and LFM rate are transformed in co-linier vectors, angular vector velocity and angular vector
acceleration with one and the same unit vector, pointed in the direction that the wave is traveling. Based on plane
wave approximation (Fig.1) the module of the vector position of the generic point is defined by

|Rmn(P)| = Ror(P) + X COS[180— 01+ D( )]+ Yy, SIN[180 — 01+ D( p)] (11)

or |Rmn(p)| = Ry (P) = Xpn cos[ae —D(p)]+ Y sinfo.— P (p)] -

The deterministic component of the ISAR signal reflected by the target’s generic point and registered in polar
coordinates: radial range direction defined by unit vector n pointing in direction that the wave is traveling (fast
time axis t), and azimuth polar coordinate angle on the cross range direction (discrete slaw time axis p) can be
presented as

: t-t .
Smn(p,t) = apq.rect Tmn eXp{’ j[co(t _tmn)+b(t _tmn)z]} (12)

t 1'0§m
where rect——m0 = ot ¢
O,ﬂ<0,and ——mn 1

T T

<1,

2'|Rmn ( p)|

c
signal from the ij-th point scatterer, R, (p) =Ry (p)+ R, Where Ry (p) is the current position vector to

the mass center of the target, R, is the distance vector of the generic point. t = [Knmin (P)+K]AT is the time

where a,, is the reflection coefficient of the mn-th point scatterer; t,, = is the time delay of the

dwell the ISAR signal, fast time on the range direction, k =1, [Kmnmax (P) —Kmnmin (P)1+ K is the sample number

of a LFM pulse; K =AT—_|_ is the full number of samples of the LFM pulse, AT is the time duration of a LFM

sample, Kmnmin (P) :[WW is the number of the radar range bin where the signal, reflected by the nearest

2-|Rmnmin (p)|
C

point scatterer of the target is detected, tynmin (P) = is the minimal time delay of the ISAR signal

reflected from the nearest point scatterer of the target, K(p) =K. max(P) —Kmnmin (P) is the relative time
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dimension of the target; kmnmx(p)z{ww is the number of the radar range bin where the signal,

is the maximum time

2R
reflected by farthest point scatterer of the target is detected; tynmax (P) =M
c

delay of the ISAR signal reflected from the farthest point scatterer of the target, R (p)is the module of the
range distance vector to the mn-th point scatterer of the target.

The deterministic components of the ISAR signal return from the target are defined as a superposition of signals
reflected by all point scatterers, i.e.

S(p.t)= Zsmn( p.t) :Z amnreCtt_trprﬁeXp{’ j[(”(t _tmn(p))"‘ b(t — tn( p))z]}- (13)

Frequency demodulation (de-chirping) of the ISAR signal return is performed by multiplication of the left and
right parts with a complex conjugated emitted waveform, i.e.

S(p.0).exp[- (0t +bt2)]=$(p.) = 3 a0t ~trn (P)) + bt~ trn (P T} exp[- (ot +b12)]  (14)

which yields
$(p.) =Y amnexpt- Jl(@+ 200tmn(P) ~bltmn(P)?Y] - (15)

Denote w(t) =+ 2bt , where o is the carrier angular frequency, t =k.AT is the discrete time parameter, where

k =0,K —1 can be considered as the frequency sample number as well, AT is the sample time duration. Then

the current discrete angular frequency can be expressed as @(k) =+ 2b.K.AT .
Then expression (15) can be rewritten as

J.Zco(t).|Rmn(|o)|_k{z.|Rmn(|o)|J2 |
c

S(p.t) =D amn.exp| - . (16)
m,n
In discrete form (16) can be written as
2
: : IRun(P)| | [ 2|Rmn(P))
S(p,k)= > amn.exp| — j| 2a0(K). —b, , 17
<p>m2mmnp1(w(> . ; (1

where
|Rmn(p)| =Ry (P) = Xmn cosfo. —D(p)]+Ypyp sinfa. = D(p)], Xpp =mMAX, Yppn =n.AY .

Ro(p) = Do (P)P +Iyo () . B(p) = arctan ZOEB

0"

» X (P) = %o (0) +V,.pT, Yo (P) = Yo (0) +V, pT,

Expression (17) can be considered as a direct projection of a two-dimensional (2D) image function on to 2D

2.|Rmn(|o)|J2

C

. . - . |Rmn(p)|
ISAR signal plane with projection operator, exp| — j| 2aw(k). . —h.

ISAR image reconstruction as cross-correlation procedure

ISAR image reconstruction is an inverse projecting procedure. Based on the expression (17), the target
image can be extracted by the following equation

c

2
amn = > S(p.k).exp| 2a)(k).|Rmn(p)|—b. 2RmP || (18)
bX :

which can be rewritten as

14



Cnucanue .. Komnorbspan Hayvku M komyHukanuun”, Tom 5, No 2 (2016), GCY. Byprac

2
amnzz.§(p,k).exp j —b{wJ .exp{j{Zm(k).wH, (19)

p.k

wherem=0-(M-1) ,n=0-(N-1), Mis the full number of point scatterers on OX axis, N is the full
number of point sctterers on QY axis in the object space.
Expression (18) can be considered as an inverse projection of a 2D ISAR signal into 2D image function by

2-|Rmn( p)| jz

c

R
projection operator, exp| j Zm(k).| mn (P) —b,[
c

2
T 9 Q@ - 2-|Rmn(p)| :
Moreover, multiplication S(p,k)=S(p,k).exp| j| —b| ——— removes quadratic phases from
c

demodulated ISAR signal registered in each range cell, k = 0— (N — 1), in the interval p=1—- M.

The image function can be rewritten as

amn =Z§(p,k).exp(12‘”7(k)|Ro(p)|]

Pk (20)

20(K)

><exp{j(—zm—(m.cos(a—fb(p)).xmn + .sin(oc—d)(p)).Ymnﬂ
c
In addition, multiplication with first exponential term,exp(jzm—(k)|Ro(p)|] in (20), compensates the radial
c

displacement of the mass-center of the object induced by radial velocity.
Multiplication with exponential term

exp{j[—z%"‘).cos(a ~0(p) X + 22 sin(a —cb(p)).vmnﬂ |

compensates radial displacements of mnth point scatterer from the object space. Consequently, the computational
procedure for image extraction from ISAR returns can be considered as total motion compensation of all phase
components in ISAR signals induced by all kind of object motion.

Conclusion

In the present work ISAR multifunctional Inverse Synthetic Aperture Radar (ISAR) system and image
reconstruction concept based radar parameters measurement have been analysed. Main geometric and kinematic
characteristics are derived. Signal formation and image reconstruction are analytically described and interpreted
as direct and inverse projection operation while image reconstruction is interpreted as totally motion
compensation procedure. LFM emitted waveforms have been used to describe the structure of reflected ISAR
returns. High precision image reconstruction algorithm based on spatial cross-correlation has been derived.
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