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Abstract 

Autofocus is a technique for improving inverse synthetic aper-
ture radar (ISAR) imaging.      

In this paper, an autofocusing method is developed for high-
resolution stepped-frequency ISAR. Non-uniform rotational 
motion is compensated through the proposed combination of 
a conventional coarse range alignment technique and a re-
cently introduced post-processing methodology. In this way, 
the computa-tional cost of polar reformatting process can be 
circumvented. The proposed CPI-split autofocusing process 
results in well focused ISAR images for high angular accele-
ration periods. Emphasis is placed on further reduction of the 
computational cost and the storage requirements by applying 
this post-processing methodology on the range profile history 
data. 

Furthermore, ISAR images entropy dependencies are exami-
ned through various simulation results, leading to an accept-
able range of entropy values for the autofocusing process.   
 
 

1. Introduction 

Inverse synthetic aperture radar (ISAR) is a kind of 
a microwave imaging system that exploits signal 
processing techniques to provide 2-D imaging re-
sults for a non-cooperative moving target and can 
be used for both military and civilian purposes. High 
bandwidth pulses are transmitted, target echoes at 
different aspect angles are received and are proc-
essed coherently to form the target image. One of 
the fundamental steps of the ISAR technique is the 
image focusing or motion compensation [1-8]. 

In real-world ISAR imaging scenarios, the target 
being imaged is often engaged in complicated ma-
neuvers and the motion of the target can be divided 
into translational and rotational motion. The rota-
tional motion contributes to imaging, whereas the 
transla-tional motion introduces unwanted phase 
distortion, which is dependent on the target motion 
parameters [2, 3]. Uniform rotation is necessary to 

attain efficient cross-range resolution, while non-
uniform rotation may significantly degrade the ac-
quired ISAR image quality. Polar reformatting [1] is 
a multi-step interpolation process to compensate for 
rotational motion impair-ment, with considerable 
computational complexity. It is based on rotational 
motion parameters, which are unknown for non-
cooperative radar targets. 

In the context of this paper, a range profile align-
ment technique is combined with an autofocusing 
post-processing algorithm for ISAR image optimiza-
tion. Scatterers’ migration through resolution cells 
(MTRC) due to non-uniform rotation [1] can be cor-
rected by the proposed methodology, and ISAR 
image quality can be improved before further target 
classification or identification procedures are ap-
plied. 

Usually, autofocusing is based upon an image en-
tropy minimization criterion [3, 5], which is also 
adopted in the present study. Alternatively, auto-
focusing can be achieved via image contrast maxi-
mization [6]. In this paper, a conventional coarse 
range alignment technique, which is based on 
cross-correlation, is first applied on raw radar data. 
Following the rotational range migration (RRM) cor-
rection, the recently proposed CPI-split autofocus-
ing method [9] is initiated on aligned range profile 
history data. Small, rapidly maneuvering air targets 
are the typical ISAR imaging scenario we examine. 

Based on an acceptable range of image entropy 
values, the proposed autofocusing algorithm neg-
lects range profiles leading to poor quality ISAR 
images. Numerical results validate the image focu-
sing capabi-lity of the proposed method. In order to 
quantify the ISAR image entropy variation with 
respect to signal-to-noise ratio, aspect angle and 
target angular accele-ration, a thorough statistical 
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analysis is performed based on various Monte-
Carlo trials. 

In Section 2, we briefly describe the basic points of 
the proposed autofocusing method, and in Section 
3 we present simulation results for a typical ISAR 
imaging scenario of a fighter aircraft. Finally, useful 
conclusions are drawn for future research on ISAR 
image autofocus. 

 

2. Proposed autofocusing algorithm 

The conventional range-Doppler technique [1, 2] for 
ISAR image generation is adopted in the present 
study. In case of uniform target rotation, polar 
reformatting process [1] is usually employed to 
counteract the distortion induced by target rotation 
(range and cross-range migration) [10]. This pro-
cess can also be applied to compensate non-uni-
form rotational motion, but it requires the knowledge 
of specific kinematic parameters of the target (itera-
tive search for angular velocity and acceleration) 
and computationally intensive interpolation proce-
dures. 

In our study, we assume that the target size does 
not exceed the practical limit of blur radius [1]. 
Thus, polar reformatting can be avoided for the ca-
se of uniform rotation. In case of non-uniform target 
rotation (constant angular acceleration), we propo-
se a novel, heuristic autofocusing algorithm to com-
pensate for the ISAR image blurring. The entropy 
H  of the power normalized ISAR image is calcu-
lated [8], and, if it exceeds a certain threshold thrH , 

a post-processing methodology is followed to sub-
stitute the received signal part that is affected by 
the target angular acceleration. Range tracking is 
also performed through cross-correlation of range 
profiles with a reference average range profile for 
the first CPI of the examined ISAR data. Due to 
RRM restriction in relative aspect angle difference 

between two range profiles ( s
RRM

D

r
Tθ ∆∆ = , whe-

re sr∆  is the range resolution and DT  is the target 

extent) [11], we select to group range profiles (CPI 
partition) and compute an average range profile for 
each CPI part, which is cross-correlated with the 
reference one to derive the required alignment as 
an integer number of range cells. 

The diagram of Fig. 1 depicts the post-processing 
methodology of the proposed CPI-split autofocusing 
method [9]. It is based on the partition and the con-

catenation of the range profile data matrices of two 
consecutive CPIs. 

Naming the CPI during which accelerated rotational 
motion is exhibited as “unfocused CPI”, two differ-
rent range profile data segments are formed. Con-
catenated parts of the unfocused CPI and the CPI 
preceding it (“previous CPI” in Fig. 1) form “seg-
ment 1”. Similarly, “segment 2” is formed by conca-
tenating parts of the unfocused CPI and the CPI 
following it (“next CPI” in Fig. 1). 

The CPI-split autofocusing method consists of a 

variable number of stages ( stagesN ), associated 

with the split depth as a fraction of CPI. In view of 
hardware implementation cost reduction, the CPI 
divisor is chosen to be a power-of-two number, in-
creasing by a factor of two from stage to stage. By 
applying the proposed method on the range profile 
data, we save the first Fourier transform in conven-
tional range-Doppler imaging and the computational 
complexity is significantly reduced. 

In Fig. 1, the partition and concatenation methodo-
logy of the 3rd stage ( 8

CPI ) of CPI-split algorithm is 

graphically depicted. The main concept is the same 
for all stages of the algorithm ( 2

CPI , 4
CPI , etc.). 

The vertical axis of Fig. 1 includes the burst index 
and the horizontal axis includes the range cell in-
dex. Blue and red, numbered ellipsoids indicate re-
spectively the possible data combinations of seg-
ment 1 and segment 2. The term combination refers 
to the concatenation of data parts of two consecu-
tive CPIs. In general, the two data parts to be com-
bined have different sizes in terms of number of 
bursts, with the exception of 2

CPI – stage. Dashed 

ellipsoids denote those data combinations that are 
already examined in previous CPI-split stages, 
which are excluded for an efficient algorithm imple-
mentation. The number of possible combinations 
per segment for the i - th CPI-split stage is 

( )1
, 2 1, ,i

i comb stagesN i N−= = K               (1) 

In our simulations, we set stagesN  to 4, resulting in a 

total number of 30 examined data combinations. 
For each data combination, an ISAR image is for-
med through two-dimensional Fourier transform and 
its respective entropy value is computed [8]. At 
each CPI-split stage, we can either pick the ISAR 
image with the minimum entropy value or the first 
ISAR image resulting in an entropy value within an 
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acceptable range. By setting an appropriate range 
of acceptable entropy values, the algorithm can be 
stopped at an early CPI-split stage, saving compu-
tational time while still satisfying ISAR image focus 
criteria. 

In order to determine the appropriate values for the 
entropy threshold thrH , as well as the lower ( lowH ) 

and upper ( uppH ) bounds for the acceptable entro-

py range, we perform various Monte-Carlo simula-
tions to quantify the entropy variation with respect 
to signal-to-noise ratio (SNR), aspect angle and 
angular acceleration. 

In Fig. 2, the probability distribution function (PDF) 
of the image entropy is plotted for both uniform and 
non-uniform rotation, for SNR equal to 15dB. The 
angular sector examined is approximately 18.3o, 
corresponding to 10 CPIs. For the non-uniform rota-
tion case, angular acceleration is set to 0.64 rad/ 
sec2. These PDF graphs result from 100 Monte-
Carlo trials. The first graph provides us with the ac-
ceptable entropy bounds, lowH  and uppH , while the 

second graph gives us the appropriate entropy 
threshold thrH . 

 

 

 

 

 

 

Fig. 2. Probability distribution functions of ISAR image 
entropy, for SNR=15dB: a – uniform rotation;  

b – non-uniform rotation 

 

3. Numerical results 

The simulated target geometry is shown in Fig. 3. It 
is a point scatterer model of a Mirage 2000C air-
craft, consisting of 208 scatterers, with length of 
14.5m and wingspan 9.0m. Radar and target mo-
tion parameters for our ISAR numerical simulations 
are included in Table 1. 

 

 

Fig. 3. Geometry of simulated Mirage 2000C target 

Table 1. ISAR simulation parameters 
 

Parameter Value [units] 

initial carrier frequency,   f0 10 [GHz] 

range resolution, ∆rs 0.46875 [m] 

cross-range resolution, ∆rc 0.47244 [m] 

radar bandwidth,  Β 320 [MHz] 

number of frequencies,  M 64 

frequency step,  ∆f 5 [MHz] 

pulse repetition frequency,  PRF 15 [KHz] 

burst duration,  Tb 4.266 [msec] 

coherent processing interval, CPI 0.546 [sec] 

number of bursts,  N 128 

Fig. 1. Post-processing methodology of the proposed  

autofocusing algorithm: 8
CPI −  stage 
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number of CPIs, NCPI 10 

angular velocity,  ω 0.0586 [rad/sec] 

angular acceleration,  γ 0.64 [rad/sec2] 

Backscattered radar data ( ),x m n  are simulated 

through the following formula [3] 

( ) ( ) ( )4

1
, exp cos sin ,

d

k m k n k nc
k

x m n s j f x y u m nπ θ θ
=

 = − − + ∑
 

(2)
                                                                             

here d − the number of scatterers; ks − the scatter-

ing intensity of k -th point scatterer; ( , )k kx y − the 

Cartesian coordinates of k -th point scatterer, with 

respect to the radar position; m − the stepped fre-

quency index ( 1, , )m M= K ; n − the burst index 

( 1, , )CPIn N N= ⋅K  for a number of simulated CPIs 

( )CPIN ; N − the number of bursts during one CPI; 

( ),u m n − the two-dimensional additive white Gaus-

sian noise component.  

The aspect angle nθ  of the target at slow-time in-

stant nt  is simulated as 

( )21
0 2

0

, ( )

,

n n start
n

n

t t t angular acceleration period s

t otherwise

θ ω γθ
θ ω

 + + −=
+

    

(3)
                                   

 

here 0θ − the initial aspect angle of the target, as-

sumed to be at a distance of 10 Km; ω − the angu-

lar velocity; γ − the angular acceleration; startt − the 

time instant at which an angular acceleration period 
begins.  

In our numerical simulations, CPIN  raw data matri-

ces are formed through Eq. (2), assuming uniform 
rotation, except for particular angular acceleration 
periods (4th and 8th CPI). Angular acceleration is 
induced over the specific CPIs through Eq. (3), af-
fecting the respective raw data (rapid angular ma-
neuvers). 

The simulated rotational motion profile is shown in 
Fig. 4, zoomed in the region of the 4th CPI, whose 
start and end time instants are noted by the blue 
vertical lines. Time is indexed in units of burst dura-
tion (slow-time). Angular variation between uniform 
and non-uniform rotation periods is smoothed by 
applying a moving average filter of size 8

N . The 

same profile is also simulated for the 8th CPI. 

 

 

Fig. 4. Simulated rotational motion profile (4th CPI region) 

In our simulation scenario, the ISAR images for 10 
CPIs are reconstructed through range-Doppler 
technique, and the entropy values of the power nor-
malized images are computed [8]. For each CPI 
with image entropy greater than a certain threshold 
( thrH H> ), the proposed CPI-split autofocusing 

algorithm is employed, resulting in a focused image 
with the minimum entropy over a number of possi-
ble data combinations. 

ISAR image entropy variation with respect to SNR 
and γ  is characterized via 100 Monte-Carlo simula-

tions, carried out for both uniform and non-uniform 
rotation. Numerical results for entropy variation are 
shown in Fig. 5. The angular sector scanned is ap-
proximately 18.3o, with 0θ  set to 0o. For uniform 

rotation (angular velocity as in Table 1), strong de-
pendence on SNR is observed (for both mean value 
and standard deviation of image entropy), while the 
effect of CPI index variation is more obvious for 
high SNR levels. For non-uniform rotation, angular 
acceleration γ  is varied in the range [-0.64, 0.64] 

rad/sec2, for SNR equal to 15dB and for two specif-
ic CPI indices (angular acceleration periods).  

The lower and upper bounds for the acceptable en-
tropy range (as a stop condition for the proposed 
autofocusing methodology) can be determined by a 
statistical analysis of Monte-Carlo simulation re-
sults. For constant angular velocity, we define the 
ISAR image entropy function with respect to CPI 

index ( CPIn ), SNR and γ , as ( ), ,CPIH n SNR γ . 

The entropy bounds that guarantee ISAR image 
focus are calculated by 

( ){ }{ }min min , , 0 2
CPI

low CPI H
n SNR

H H n SNR γ σ= = − ⋅     

(4) 

( ){ }{ }max max , , 0 2
CPI

upp CPI H
n SNR

H H n SNR γ σ= = + ⋅    

(5) 
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here { }min
CPIn

x − the minimum value of x  over CPI 

index;
 

{ }min
SNR

x − the minimum value of x , over all 

Monte-Carlo trials, for a particular SNR; Hσ − the 

mean value of the standard deviation of image en-

tropy, over CPI index, for 0γ = ; 2 Hσ⋅ − the select-

ed safety margin for the two entropy bounds. 

The entropy threshold thrH  can be arbitrarily cho-

sen in the range 

( ){ }{ } ,min min , , 2
CPI

upp thr CPI H
n SNR

H H H n SNR γγ σ< ≤ − ⋅
 
  

(6) 

here ,H γσ − the mean value of the standard devia-

tion of image entropy, over CPI index, for the simu-
lated value of γ . 
 

 

Fig. 5. ISAR image entropy: a – uniform rotation, variation 
over SNR and CPI index; b – non-uniform rotation, 
variation over γ, for specific CPIs and SNR=15dB 

 
In Table 2, the selected values of entropy bounds 
and entropy threshold are cited. 

 
Table 2. Selected entropy bounds and entropy threshold 

 

Algorithm Parameter Value 

lower entropy bound, lowH  5.7586 

upper entropy bound, uppH  5.9460 

entropy threshold, thrH  6.0000 

 

In Fig. 6(a) the average range profile for the 1st CPI 
is shown. It is used as the reference profile for the 
cross-correlation based range alignment procedure. 
Similar average range profiles are computed for 
each CPI part. In our scenario, RRMθ∆  is 

approximately 1.88o, leading to averaging over the 
whole CPI in case of uniform rotation and over 

2
CPI  in case of rotational acceleration. In Fig. 6(b) 

the range profile history for the 8th CPI, after range 
alignment application, is shown. In Fig. 7, recon-
structed ISAR images are presented for SNR equal 
to 15dB and γ  set to 0.64 rad/sec2 for the 8th CPI. 

A set of images is included: previous CPI, 
unfocused CPI, next CPI and unfocused CPI after 
the application of CPI-split auto-focusing algorithm. 
We can easily notice that the proposed 
autofocusing process eliminates the significant 
ISAR image smearing (Fig. 7, b). 

The entropy values for the obtained ISAR images 
for both 4th and 8th CPI are included in Table 3. 
Focus improvement is also validated through these 
results. It is remarkable that the algorithm reaches 
the optimum combination (minimum entropy) at 
different CPI-split stages for each unfocused CPI, 
due to aspect angle variation of image quality. 

 
Table 3. Entropy values for presented ISAR images 

 

ISAR Image Case Entropy Minimum Entropy 
Combination 

3rd CPI 
4th CPI, Unfocused 
5th CPI 

5.8814 
6.9807 
5.7726 

 

4th CPI, Focused 5.7696 stage 2, segment 1, 
comb. 1 

7th CPI 
8th CPI, Unfocused 
9th CPI 

5.9072 
7.0197 
5.7563 

 

8th CPI, Focused 5.7621 stage 4, segment 2, 
comb. 8 

 

Conclusions 
 
In this paper, an ISAR autofocusing method is de-
veloped for small, rapidly maneuvering air targets. 
Accelerated rotational motion is compensated 
through the combination of a conventional range 
alignment technique and the proposed autofocusing 
algorithm. In this way, the computational complexity 
of the polar reformatting process can be avoided. 
Based on ISAR image entropy minimization crite-
rion, the proposed algorithm neglects data leading 
to ISAR images of poor quality and uses only data 
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leading to ISAR images of superior quality. Simula-
tion results verify the adaptiveness of the autofocu-
sing procedure to different ISAR imaging conditi-
ons. Moreover, the ISAR image entropy variation 
with respect to aspect angle, signal-to-noise ratio 

and target rotation parameters is quantified. This is 
considered to be the first step towards the automa-
tion of the proposed autofocusing algorithm, for ap-
plication to real field data. 

 

 

Fig. 6. a – Average range profile for 1st CPI (reference range profile for cross-correlation based range alignment);  
b – Range profile history for 8th CPI, after range alignment 

Fig. 7. Reconstructed ISAR images: a – 7th CPI (previous CPI); b – 8th CPI (unfocused CPI); c – 9th CPI (next CPI);  
d – 8th CPI, after CPI-split autofocusing 
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