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A New Patch Antenna Design for X Band Applications 

 

Cemal İBRAHİMPAŞA1, Saeid KARAMZADEH2 
 

––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––– 
 
Abstract—in the last years the rapid development in the satellite communication and broadcasting 
systems require to develop a low cost, light Wight, easiness in movement and in usage antennas. 
That’s capable of high performance at the same time. In this paper X-band micro-strip antenna has 
been discussed and designed which could be used for many applications and it is consist of radiating 
patch on a Roger RO4003C substrate with a ground patch, and the micro-strip feeding line to the 
patch is set on 50 Ohm. And it will give us 8.45 dB peak gain in X-band Frequency range and wide 
Impedance Bandwidth (IBW) range from 5.8 GHz till 12 GHz.  

Keywords: patch antenna, X-band. 

––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––– 
 

I. INTRODUCTION: 
These days the rapid development in the wireless communication 

n systems and the importance of providing high quality multimedia services for our daily life 
activities requires to keep developing antennas that’s easy to use and easy to fabricate at the same 
time. The huge demands on the satellites communication services require us to develop our systems 
and antennas as it will receive and send the electromagnetic waves to be able to use every possible 
range of frequency [1]. The range of X-Band is (8-12) GHz this band is mainly used by the military 
especially in radar applications but also the X-band is used in civil, and government applications 
such as television broadcasting, weather forecast, and for air traffic control and vehicle speed 
detection. And it has many advantages like not been affected by weather conditions and its high 
throughput which make it very suitable to be used to send High Definition HD videos, voice and 
data [2]. The micro-strip antenna is made of a radiated metallic piece (patch) which is printed or 
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attached on a dielectric material [3]. Also it’s called as dielectric substrate and on the bottom side 
of the dielectric substrate attached a ground patch that will be separated from the upper patch with 
the dielectric substrate, this radiated patch could be designed into many configurations and shapes, 
the most used shapes are the circular and the rectangular patch [4].  

The aim of this letter is to present a single element patch antenna that will be operate on x-band 
frequency and that have a rectangle holes in the ground slot to increase the return lose value and a 
pair of notches had been made on the lower corner of the patch to achieve maximum impedance 
matching [5]. The antenna design and simulation done by using Computer Simulation Technology 
(CST) studio software. 

 

II. ANTENNA DESIGEN: 

The micro-strip antenna substrate is build using Rogers RO4003C material which is a glass 
reinforced hydrocarbon/ ceramic laminates designed for high volume commercial application and 
this material is designed to offer a superior high frequency range performance. Also, comparing 
to the FR4 material the RO4003C has a low dielectric tolerance and loss which gave it the excellent 
performance in the high frequencies. Its relative permittivity 𝛆𝛆𝛆𝛆r = 3.55, and the dielectric loss 
tangent is 𝛅𝛅𝛅𝛅 = 0.0027 [6]. The size of our designed antenna is 40*38*1.524 𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚3 which means 
that the width of the antenna is 40 mm and the length is 38 mm and the antenna thickness of the 
substrate is 1.524 mm. The patch will consist of main rectangular part adjoined by smaller 
rectangular parts to form two notches from both sides on upper face of the substrate to operate 
effectively on the higher estimated frequency and to give us mush enhanced impedance bandwidth 
[7]. While on the ground face of the substrate we have a rectangle patch and a rectangular slot had 
been cut from in addition that the width of the ground slot is not equal to the upper patch to give 
more stability and wider bandwidth response in X-band frequency range. The radiating patch will 
be feed with 50Ω. The antenna feeding done by a using the feed line method where the feed line 
will be attached to the patch on the upper face of the antenna [8] and that will provide a planer 
structure. So, the fabrication will be easier. The antenna design with its first step and the last refined 
design is shown in figure 1 and figure 2 respectively.  

 
Figure 1. The first step of the desgined antenna 

  
  

 
Figure 2. The final design of the antenna 

 
 

Table 1. The Designed Antenna Dimension 

Parameters Values (mm) Parameters Value (mm) 
Sub Width 40 WF 4 
Sub Length 38 LF 16 

Sub high 1.524 WS1 1.5 
W 20 LS1 1.5 
L 19.5 WS2 1 

WC 3.8 LS2 1 
LC 2.7 Mt 0.1 
LS3 2 WS3 13 
LS4 2 WS4 13 
WG 38 LG 16 
WG1 4.5 LG1 10 
WG2 4.5 LG2 10 
WG3 4 LG3 0.5 

 

III. ANTENNA SIMULATICON AND RESULTS: 
 This paper aims to present a single element patch antenna to be used in the X-band frequency 
applications and to check our antenna efficiency within this frequency range. The results will be 
studied and observed of the following antenna parameters.  
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A. Return Lose and VSWR: 
The return loss (S11) shows how good is the matching between the transmission line and the 
antenna [9]. At first, we had the good value only on a very narrow bandwidth; by cutting the side 
edge from the ground slot we got enhanced S11 on much wider bandwidth. Because these cuts 
helped to improve the electromagnetic coupling between the upper patch and the ground slot [10], 
as it shows in the figure 3 that in the first stage the good value of S11 was just close to 9.8 GHz 
with very narrow band while the value was very low for the other frequency range. On the other 
hand, when the ground slot had been refined the S11 value improved to had good value from 5.8 
GHz till 11.8 GHz. Moreover, the return loss result should be less than -10 DB for an effective 
antenna [11]. Figure 4 illustrate the value of S11 in our design. The antenna reference impedance 
is constant on 50 Ohm. 

 
Figure 3 The designed antenna S11 comparison with the result of the same design before the 

ground slots refining. 

 

 

 
Figure 4 The designed antenna S11 Diagram 

As S11 of the designed antenna had been analyzed let’s compare VSWR results in the main step of 
our antenna design with the final shape as we can see in the figure 4 that in the beginning before 
refining the design of the ground slot we had a narrow bandwidth impedance which was between 
9-11 GHz and this small range will not allow us to use our antenna in many X Band application but 

  
  

after the cut of the Ground slot the bandwidth impedance has been improved and we gained a wider 
bandwidth. Ground slot the bandwidth impedance has been improved and we gained a wider 
bandwidth from 5.7 till almost 11.8 GHz. 

 
Figure 5 The designed antenna VSWR comparison with the result of the same design before the 

ground slots refining. 

 

 
Figure 6 The Designed antenna VSWR 

 
B. Radiation Pattern and Antenna Efficencey : 
In the figure 7 the 1-D radiation pattern for our final design of the antenna has been shown as it 
illustrate the statistics of the ideal main lobe value to the side lobe value. 
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Figure 7 the Antenna 1-D radiation pattern 

 
The designed antenna directivity and Gain has been analyzed to see that good values has been 
achieved as it shown in the figure 8 of the 3-D radiation pattern that our antenna peak gain is 8.49 
dB while we can see that the Directivity is equal to 8.72 dBi. 

 

 
Figure 8 The antenna gain and 3-D radiation pattern 

The antenna efficiency is the ratio of the power that delivered to the antenna to the power that 
been radiated from the antenna, we say that the antenna has a high efficiency when most of the 
power that been delivered to the antenna input is been radiated away. The antenna efficiency is a 
number between 0-1 or could be described as a % percentage. Figure 9 shows the designed 
antenna efficiency percentage and that it reach around 0.958 of radiation efficiency. 
 

  
  

 
Figure 9 The antenna Radiation efficency 

C. Surface Current Distribution: 
The last study that had been done on the antenna is the Surface current distribution, to see the 
antenna behavior in the final design. Figure 10 illustrate the importance of the distance that had 
been done between the upper patch and the ground patch which created a current intensity in 
addition to that in the feedline the current is intensely located and finally the rectangle cuts in the 
upper face and in the lower face helped with improving the current flow on the patch surface. 
 

 
Figure 10 The Designed antenna Surface current distribution 

 
At last the proposed antenna had been compared in terms of dimensions gain frequency range 
and S11 values with some of other antenna designs, and this references numbers and values are 
mentioned in the table 
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Table 2 Comparison between the designed antenna and the references antennas 

REF NO Dimensions (mm) Center 
Frequency 

(GHZ) 

Substrate 
material 

Peak 
GAIN 
(DB) 

S11 
(DB) 

Disadvantage 

[12] 12*18*1.6 10.5 FR4 6.25 -18  

[13] 33.10*16.84*1.57 8.2 FR4 8.6 -58.2 VSWR BW is 
very narrow 

[14] 9.12*7.44*1.6 9.49 FR4 4.31 -
23.87 

Low gain 
value 

[15] 21.17*21.17*1.535 9.36 RT5880 7.622 -
18.81 

- 

       [16] 17.79*21.96*1.588     8.9 RT Duriod 8.15 -
16.10 

- 

       [17] 14*16*1.544    9.1 FR4 4.6 -28 Low gain 
value 

      [18] 30*30*3    9.5 FR4 4.6 -18 Low gain 
value 

The 
proposed 
antenna 

40*38*1.524  10.5 RO4003C 8.49 -23  

IV. CONCLUSIONS AND FUTHUER WORK: 
 

In this paper, antenna designing to be used for X-band frequency application had been done by 
using RT 4003C as a substrate material because of its efficiency results on our desired range of 
frequencies, then compared that result that we had with the result that we will got if we used the 
FR4 common material, and found out that the RT 4003C will give better results and stability of this 
design. A refining of the design in the ground slot had been done to achieve better results. Finally, 
our antenna is able to achieve around 8.49 dB peak gain on 10.5 GHz which is a X-band Frequency 
also our antenna has a wide IBW range from 5.8 GHZ till 12 GHZ as the value of VSWR is less 
than 2 within this range so this antenna could be used effectively with the whole frequency band of 
the X-band, later on the current surface distribution of the antenna has been analyzed and found out 
the importance of the rectangular slots that had been done on the radiated patch and on the ground 
slot of the antenna.  
After that a comparing of the results had been done to similar designed antennas that have been 
used for X-band frequencies. In a conclusion our antenna has a very good results in X-band 
frequency range and it could be used in many applications that operate at the band range, TV 

  
  

broadcasting is one of these applications and it could be used in radar applications and many more 
applications. The antenna design and analysis had been done using CST studio simulation 
software. For future work we recommend to use our designed antenna as a single element within 
an array antenna to give a higher gain and to be able to replace other antenna types that give a 
high gain but have a much bigger physical size compared to an array micro-strip antenna such as 
the reflector antenna. 
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Table 2 Comparison between the designed antenna and the references antennas 

REF NO Dimensions (mm) Center 
Frequency 

(GHZ) 

Substrate 
material 

Peak 
GAIN 
(DB) 

S11 
(DB) 

Disadvantage 

[12] 12*18*1.6 10.5 FR4 6.25 -18  

[13] 33.10*16.84*1.57 8.2 FR4 8.6 -58.2 VSWR BW is 
very narrow 

[14] 9.12*7.44*1.6 9.49 FR4 4.31 -
23.87 

Low gain 
value 

[15] 21.17*21.17*1.535 9.36 RT5880 7.622 -
18.81 

- 

       [16] 17.79*21.96*1.588     8.9 RT Duriod 8.15 -
16.10 

- 

       [17] 14*16*1.544    9.1 FR4 4.6 -28 Low gain 
value 

      [18] 30*30*3    9.5 FR4 4.6 -18 Low gain 
value 

The 
proposed 
antenna 

40*38*1.524  10.5 RO4003C 8.49 -23  

IV. CONCLUSIONS AND FUTHUER WORK: 
 

In this paper, antenna designing to be used for X-band frequency application had been done by 
using RT 4003C as a substrate material because of its efficiency results on our desired range of 
frequencies, then compared that result that we had with the result that we will got if we used the 
FR4 common material, and found out that the RT 4003C will give better results and stability of this 
design. A refining of the design in the ground slot had been done to achieve better results. Finally, 
our antenna is able to achieve around 8.49 dB peak gain on 10.5 GHz which is a X-band Frequency 
also our antenna has a wide IBW range from 5.8 GHZ till 12 GHZ as the value of VSWR is less 
than 2 within this range so this antenna could be used effectively with the whole frequency band of 
the X-band, later on the current surface distribution of the antenna has been analyzed and found out 
the importance of the rectangular slots that had been done on the radiated patch and on the ground 
slot of the antenna.  
After that a comparing of the results had been done to similar designed antennas that have been 
used for X-band frequencies. In a conclusion our antenna has a very good results in X-band 
frequency range and it could be used in many applications that operate at the band range, TV 

  
  

broadcasting is one of these applications and it could be used in radar applications and many more 
applications. The antenna design and analysis had been done using CST studio simulation 
software. For future work we recommend to use our designed antenna as a single element within 
an array antenna to give a higher gain and to be able to replace other antenna types that give a 
high gain but have a much bigger physical size compared to an array micro-strip antenna such as 
the reflector antenna. 
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Circularly Polarized Patch Antenna Design For C – Band Applications
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––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––– 

 
Abstract – This work presents a novel design of a compact ultra-wideband (UWB) coplanar 
waveguide (CPW)-fed patch antenna that could that cover C-band frequency band. The antenna 
has a close-packed size of 50 x 50 x 0.8 mm and gives an appropriate impedance bandwidth all 
over the frequency range of 1.6GHz to 7GHz.The antenna gain has been reached to 5dB. The 
steps taken in order to achieve the proposed antenna will be discussed in this paper.  
 
Keywords: Patch antenna, CPW, C - band, UWB 

––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––– 

 
1. INTRODUCTION 

 
In a wireless communication system, the increment of the gain of antennas used for 
communication yields in the increment of the wireless coverage range, minimizes the fallacies, 
rises possible bit rates and reduces the battery utilization of wireless transmission devices. 
Matching the polarization between the emitter and the receiver antenna is one of the main items 
in increasing this gain [1-5]. There are some characteristics that should be the same in both 
transmitter and receiver antennas to reach this polarization matching such as; spatial orientation, 
axial ratio (AR), and the same perception of polarization [3-5]. It is almost impractical to 
continuously match the dimensional orientation of the gadget in transportable wireless application 
where wireless gadget constantly changes their position and direction. Since the radiated waves 
keep on oscillating in a ring that is up-right to the direction of generated waves, circular 
polarization (CP) antennas can be easily matched in a broad scope of orientations [1-6]. 
 
Comparing to other kinds of antennas, micro-strip antennas are most repeatedly utilized in 
applications that require different kinds of polarization. Generally, micro-strip antennas are 
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advantageous because they can operate in at microwave frequencies where other antennas cannot, 
they are cheap, light and easy to analysis [1][4][5].       
 
A micro-strip patch antenna with the frequency range of 1.6GHz to 7GHz will be discussed in 
this paper. This frequency range covers the C-band range which is from 4GHz to 8GHz and also 
covers the UWB frequency range which is from 3.1GHz to 10.6 GHz. However, the main goal of 
this paper is to present a novel design of CP patch antenna for C-band(4-8GHz) applications [1-
6].        
 
In order to reach this novel antenna design, a survey has taken place comparing the effect of 
different patch, ground plane and substrate designs on the radiation features of circularly polarized 
micro-strip antenna. The analyzation of the characteristics parameters such as, VSWR, radiation 
pattern and return loss are done by HFSS 15.0 software. 
 

2. ANTENNA DESIGN 
 

In this part, the geometrical design of the proposed antenna will be discussed in detail with all the 
changes and improvements made in order to achieve the proposed antenna. The proposed antenna 
consists of radiating patch, ground plane, micro-strip feeding line, and a rectangular slot. 
 
Figure1, is an illustration of the proposed antenna, the substrate of this antenna is square-shaped 
and is made of FR4 material. The square shaped substrate has the length of 50 mm and it’s 
thickness is equal to 0.8mm. The dielectric constant of the substrate is equal to Ɛr=4.4. The feeding 
technique that is utilized in this antenna is 50Ω CPW feeding line. The signal strip-line has the 
width of 3.7mm and also the width of the gaps that are located between the signal strip and the 
ground plane have the width of 0.55 mm. In order to achieve a wider bandwidth and better axial 
ratio, an asymmetrical ground plane is designed for this antenna.  
 

 
Figure1: The proposed antenna  

 
3. SIMULATION AND RESULTS 

 
Figure 2(a) shows the uncomplicated and simple design of micro-strip antenna which’s frequency 
band is from 1.698 GHz to 4.199GHz and from 4.98GHz to 6.80GHz.  
 
In this part since geometrical configuration of the antenna are calculated. Some of the important 
characteristic of the antenna such as Return loss (S11), VSWR, Gain, Radiation pattern and Axial 
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ratio (AR) will be discussed. 
 
In order to achieve the final design, three steps have been taken. The first design is shown in Figure 
2(a), In the second step as it is shown in Figure 2(b), to achieve better results than the initial design, 
defected ground structure (DGS) methods have been used by adding a plus shaped and two circular 
shaped cuts in the ground plane of the micro-strip antenna. These cuts in the ground plane improve 
the circular polarization (CP) and also minimizes the inductive characteristics of the patch by 
producing capacitive loads, also produces resistive input impedance which makes the bandwidth 
range increase. 
  
In the third step all the corners and edges of the antenna including patch and the ground plane, 
were rounded. Rounded corners in micro-strip patch antennas yields in a better return loss, flatter 
input impedance, more stable radiation pattern and uniform distribution of the surface wave at the 
same time. Figure 2(c) shows the third step of our proposed micro-strip antenna’s design. 
 

  
(a)                                   (b)                                 (c) 

Figure 2: a) The initial design of the proposed antenna b) Micro-strip antenna with plus and 
circular shaped cuts c)The proposed antenna 

 
This section is comparing some of the general results of all three steps that have been taken to 
achieve the final design. 
The Return Loss ( S11 ) of the three designs has been shown in figure 3. This figure 3(c) indicates 
that the proposed antenna is operating in 1.612 GHz to 7.173GHz. 
 

    
                                         (a)                                                      (b) 
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(c) 

Figure 3: The Return Loss of the a) uncomplicated initial design, b) second design with slots in 
ground plane and c) proposed antenna with rounded edges 

 
 

Figure 4 is a comparison between VSWRs of all three antennas that have been designed to achieve 
the final antenna. As the figure shows, the VSWR bandwidths of these three steps are 5.1GHz, 
5.4GHz and 5.6GHz respectively. And the VSWR of the proposed antenna is smaller than 2 
(VSWR< 2) at the frequency range of 1.55 GHz to 7GHz. 

 
Figure 4: The comparison between VSWRs of all three antennas  

Step1: Basic antenna design, Step2: Second design with cuts in the ground plane, Step3: 
Proposed antenna 

 

For the to Radiation pattern of the proposed antenna, the related measurements have been done at 
the frequency of 4GHz, also phi is equal to 0 degree and theta is 90 degrees. 

As it is shown in figure 5, the last design has the best radiation results comparing to earlier designs. 
Although their radiation pattern shapes may look like each other, the maximum power radiated by 
the proposed antenna is higher than the others. 
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(a)                                                         (b) 

  

 
(c) 

Figure 5: The 3D polar gain plot of the a) initial design b) second design c) final design 

 
As it is mentioned before and shown in figure 6(a), by comparing the results of the three steps, in 
the first design (uncomplicated one) most of current is concentrated throughout the signal strip 
due the creation of capacitive load at a point and other parts of the antenna share a small portion 
of it. 

At the second step by adding the plus-shape and the circle cuts to the ground plane, the surface 
wave distribution becomes more homogeneous on that area, figure 6(b). 

As it is shown in the figure 6(c), in the last step, by rounding all the edges of the antenna a much 
better surface current distribution comparing to the first design is achieved. 

              

                                       (a)                                                                                     (b)            
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              (c) 

Figure 6: Surface current distribution of the a) initial design b) second design c) proposed 
antenna 

 
 

Figure 7 Compares the Axial Ratios of all three antennas designs. As the figure indicates, Circular 
polarization frequency range of the first antenna is very small, for the second antenna with plus-
shaped and circular slots in the ground plane it is from 3.08GHz to 3.90GHz. While Circular 
polarization frequency range of the final antenna is from 3.10GHz to 4.9GHz. 

 

 
Figure 7: The comparison between Axial Ratios of the three antenna designs 

 

Finally, A comparison has been made between the proposed antenna and some other antenna 
designs from the reference part in terms of dimensions, gain and operation frequency band. The 
related results are shown in table 1. As it is obvious from the table, the proposed antenna has a 
way better characteristics than most of them.  

 

Table 1: Comparison of some References designs with proposed antenna in term of dimensions, 
gain and operation frequency band 
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Reference Dimension Operating 
Frequency Gain 

[8] 30x30x1.6 2.69-2.71GHz 3dB 

[9] 70x70x1.6 1.84-2.08GHz 3.5 dB 

[10] 100x100x1.6 3-4.5GHz 3.5dB 

[11] 60x60x0.74 2-3GHz 3-4dB 

Proposed 
Antenna 50x50x0.8 1.5-7GHz 5dB 

 
 
 

4. CONCLUSION 
 

In this work, CPW micro-strip line feed C-band antenna is designed. The simulation and design 
of this antenna was done in the High Frequency Structural Simulator (HFSS) software. This 
antenna is very small with the overall size of 50×50 mm. This antenna is designed on FR4 
substrate with the thickness of 0.8mm. The operation frequency range is from 1.6GHz to 7GHz 
which could cover the C-band frequency range. In conclusion this survey was initially started 
with an uncomplicated design of micro-strip patch antenna. Later, some other changes in the 
initial design have been made in order to minimize the effects of unwanted frequency bands and 
improve the general performance of the antenna. And at the final stage, an optimized design of 
CP micro-strip patch antenna was achieved which is suitable for C-band (4GHz-8GHz) 
applications such as satellite communications, some Wi-Fi devices, wireless telephones, 
surveillance and weather radar systems. 

 

REFERENCES 

 

 

[1]    Constantine A. Balanis,Antenna Theory: Analysis and Design, 3rd Edition, Copyright 

2005 by John Wiley & Sons, Inc. All rights reserved. Published by John Wiley & 

Sons, Inc., Hoboken, New Jersey.Published simultaneously in Canada,2005 

[2]    Kumar, Girish, Ray,KP, Broadband Microstrip Antennas, Artech House, UK, 2008 

[3]    Karamzadeh, S., and M. Kartal. "Circularly polarised MIMO tapered slot antenna 
array for C-band application." Electronics Letters 51, no. 18 (2015): 1394-1396. 

[4]    Karamzadeh, Saeid, and Mesut Kartal. "Circularly polarized 1× 4 square slot array 
antenna by utilizing compacted modified butler matrix and branch line coupler." 



1704

CIRCULARLY POLARIZED PATCH ANTENNA DESIGN FOR C – BAND APPLICATIONS

International Journal of RF and Microwave Computer‐Aided Engineering 26.2 
(2016): 146-153. 

[5]    Karamzadeh, S., et al. "Circularly polarised array antenna with cascade feed network 
for broadband application in C-band." Electronics Letters 50.17 (2014): 1184-1186. 

[6]    Design of CPW-Fed Circularly-Polarized Antenna with Cross Tuning Stub for 
WLAN/ISM Band Applications Sandeep Kr Singh, Rajendra Singh, Himanshu 
Parashar, Vepakomma Kavya Department of ECE, SET, Sharda University, Greater, 
Published: March.2018 

[7]    B. T. P. Madhav, H. Khan, S. K.Kotamraju, “Circularly polarized slotted aperture 
antenna with coplanar waveguide fed for broadband applications,”Journal of 
Engineering Science and Technology Vol. 11, No. 2,pp. 267 -277, 2016 

[8]    Lin, Y. F., H. M. Chen, and S. C. Lin, "A new coupling mechanism for circularly 
polarized annular-ring patch antenna," IEEE Trans. Antennas Propag., Vol. 56, 11-
16, Jan. 2008. 

[9]    Chou, C. C., K. H. Lin, and H. L. Su, "Broadband circularly polarized cross-patch-
loaded square slot antenna," Electron Lett., Vol. 43, 485-486, 2007.  

[10]    Tseng, L. Y. and T. Y. Han, "Microstrip-fed circular slot antenna for circular 
polarization," Microwave Opt. Technol. Lett., Vol. 50, 1056-1058, Apr. 2008. 

[11]    Sze, J. Y. and C. C. Chang, "Circularly polarized square slot antenna with a pair of 
Inverted-L grounded strips," IEEE Trans Antennas and Wireless Propagation Lett., 
Vol. 7, 149-151, 2008. 

 



1705

INTERNATIONAL JOURNAL OF ELECTRONICS, MECHANICAL AND MECHATRONICS ENGINEERING
Vol.9 Num.3 - 2019 (1705-1718)

  
  

 

Synthetic Aperture Radar Signal Processing

Abubakar YAOUBA1, Necip Gökhan KASAPOĞLU2 

–––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––

Abstract - Synthetic aperture radar signal processing is a two-dimensional operation consisting of the range compression and the 
azimuth compression. SAR signal processing is very important for generating and processing of various data products for different 
applications and analysis of the target features. The SAR raw data are 2D array of sampled echoes in complex form. The practicality 
of the algorithms for SAR signal processing are used to compress the energy of the echoes, thereby increasing the resolution of the 
SAR image. In this work, it is shown how the Range-Doppler and Stolt Interpolation techniques are carried out. The implementation 
of the differential azimuth compression (DAC) for the Stolt Interpolation algorithm is presented and analyzed. The Range-Doppler and 
Stolt Interpolation algorithms are demonstrated in Matlab and compared.  

Keywords: Range-Doppler algorithm, Stolt Interpolation algorithm, differential azimuth compression, Range Cell 
Migration Correction, matched filter, Pulse Compression technique

–––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––

1.0 Introduction 

Synthetic Aperture Radar (SAR) is a type of remote sensing technology where the radar uses the motion of a small real 
radar antenna mounted on a moving platform such as airplanes, satellites, high altitude balloons, UAVs or drones to 
synthetically produce a high-resolution 2D or 3D images of objects such as landscapes. It generates and transmits a series 
of coded pulses at a regular interval as the platform moves along its path. The total distance the SAR device covers at a 
time when the radar pulses return to the antenna creates a large synthetic antenna aperture. That is, a large virtual antenna 
is synthesized using the displacement of the real antenna along the track. SAR operates in the microwave band, and it 
interacts with the target and then collects the corresponding echoes followed by imaging. SAR remote sensing is an active 
remote sensing technique that provides a fine spatial resolution 2D data. Fine resolution is independent of the altitude of 
the sensor, so images with the same geometric resolution can be obtained from the satellite as from airplanes. SAR’s day-
and-night imaging capability, weather independence, penetration of radar wave, geometric resolution and independence 
of distance, makes it one of the most popular imaging system for remote sensing.

1 https://orcid.org/0000-0002-8437-8064
2 Department of Electrical and Electronics Engineering, Istanbul Aydin University, Istanbul, Turkey, 
gokhankasapoglu@aydin.edu.tr, https://orcid.org/0000-0001-9649-4751
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2.0 Radar modulation techniques 

Radars are able to determine the distance of an object from their sensors. They are also capable to determine the speed of 
a moving object. This can be done by timing the delay from when the chirp signal is transmitted and to when the echo 
signal is received, or by determining the frequency difference between the transmitted chirp signal and the echo signal. 
The timing of the pulse delay employs the AM technique while the detection of the frequency difference and ranging 
employ the linear FM technique.

2.1        Frequency modulation (FM) technique. 

In Frequency modulation (FM) technique the frequency of the carrier is varied in accordance with some characteristic of 
the baseband modulating signal Sb(t) 

           𝑆𝑆𝑆𝑆(𝑡𝑡𝑡𝑡) = A0exp �j(ωct + α∫ Sb(t)dt)t
−∞ �

Since baseband-modulating signal 𝑆𝑆𝑆𝑆𝑏𝑏𝑏𝑏(𝑡𝑡𝑡𝑡), is normally a sinusoidal function, then 

𝑆𝑆𝑆𝑆(𝑡𝑡𝑡𝑡) = A0exp �j(ωct + α∫ cos (2𝜋𝜋𝜋𝜋𝜋𝜋𝜋𝜋𝑎𝑎𝑎𝑎t)dt)t
−∞ � = A0exp[j(2πfct + αsin𝜔𝜔𝜔𝜔𝑎𝑎𝑎𝑎𝑡𝑡𝑡𝑡)]                  (1)                                       

Where 𝛼𝛼𝛼𝛼 is the maximum value of the phase deviation and is known as modulation index. fc is the carrier frequency. By 
differentiating the instantaneous phase of S(t), we obtain the instantaneous frequency f, as 

             𝜋𝜋𝜋𝜋 = 1
2𝜋𝜋𝜋𝜋� 𝑑𝑑𝑑𝑑

𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑
�𝑤𝑤𝑤𝑤𝑐𝑐𝑐𝑐𝑡𝑡𝑡𝑡 + 𝛼𝛼𝛼𝛼 ∫ 𝑆𝑆𝑆𝑆𝑏𝑏𝑏𝑏(𝑡𝑡𝑡𝑡)𝑑𝑑𝑑𝑑𝑡𝑡𝑡𝑡𝑑𝑑𝑑𝑑

−∞ � = 𝜋𝜋𝜋𝜋𝑐𝑐𝑐𝑐 + 1
2𝜋𝜋𝜋𝜋
𝛼𝛼𝛼𝛼Sb(t)                                                  (2) 

 2.2      Linear Frequency Modulation (LFM) technique. 

The transmitter frequency is either continually increasing or continually decreasing from the reference frequency. The 
transmitted FM is modified in order to be linear with time. 

From the instantaneous frequency obtained in equation 2. 

                                     𝜋𝜋𝜋𝜋 = 𝜋𝜋𝜋𝜋𝑐𝑐𝑐𝑐 + 1
2𝜋𝜋𝜋𝜋
𝛼𝛼𝛼𝛼Sb(t) = 𝜋𝜋𝜋𝜋𝑐𝑐𝑐𝑐 + 𝑘𝑘𝑘𝑘𝑟𝑟𝑟𝑟𝑡𝑡𝑡𝑡,

Where 𝛼𝛼𝛼𝛼Sb(t) = 2𝜋𝜋𝜋𝜋𝑘𝑘𝑘𝑘𝑟𝑟𝑟𝑟𝑡𝑡𝑡𝑡 and 𝑘𝑘𝑘𝑘𝑟𝑟𝑟𝑟 is known as the chirp rate (frequency changing rate) and is given as,

                        𝑘𝑘𝑘𝑘𝑟𝑟𝑟𝑟 = df
dt�

Therefore       S(t) = A0exp �j(ωct + α∫ Sb(t)dt)t
−∞ � = A0exp �j(ωct + ∫ 2𝜋𝜋𝜋𝜋𝑘𝑘𝑘𝑘𝑟𝑟𝑟𝑟𝑡𝑡𝑡𝑡𝑑𝑑𝑑𝑑𝑡𝑡𝑡𝑡

t
−∞ �

                       S(t) = A0exp(j2πfct + jπ𝑘𝑘𝑘𝑘𝑟𝑟𝑟𝑟𝑡𝑡𝑡𝑡2)                                                                                (3) 

There are two common forms of LFM used in radar application: the chirp or the Pulsed LFM and the continuous-wave 
LFM.

2.3       The Pulsed Linear Frequency Modulation (PLFM) Radar 

Lets 𝑝𝑝𝑝𝑝1(𝑡𝑡𝑡𝑡) be defined as
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                                   𝑝𝑝𝑝𝑝1(𝑡𝑡𝑡𝑡) = 𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅 �𝑑𝑑𝑑𝑑−
𝜏𝜏𝜏𝜏𝑝𝑝𝑝𝑝

2�

𝜏𝜏𝜏𝜏𝑝𝑝𝑝𝑝
�

Where the rectangular rect(t) is defined as

                                 rect(t) = �
1,    |𝑡𝑡𝑡𝑡| ≤ 1

2

0,     |𝑡𝑡𝑡𝑡| > 1
2

 , 

and  let   𝑝𝑝𝑝𝑝2(𝑡𝑡𝑡𝑡) = A0exp[j(2πfct + π𝑘𝑘𝑘𝑘𝑟𝑟𝑟𝑟𝑡𝑡𝑡𝑡2)]  

The Pulsed symmetrical LFM signal S(t) with pulse duration 𝜏𝜏𝜏𝜏𝑝𝑝𝑝𝑝 is gotten as follows;

                          S(t) = 𝑝𝑝𝑝𝑝1(𝑡𝑡𝑡𝑡). 𝑝𝑝𝑝𝑝2�𝑡𝑡𝑡𝑡 𝑡
𝜏𝜏𝜏𝜏𝑃𝑃𝑃𝑃

2� �

                                 = 𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅 �𝑑𝑑𝑑𝑑−
𝜏𝜏𝜏𝜏𝑝𝑝𝑝𝑝

2�

𝜏𝜏𝜏𝜏𝑝𝑝𝑝𝑝
� . A0exp �j2πfc �𝑡𝑡𝑡𝑡 𝑡

𝜏𝜏𝜏𝜏𝑝𝑝𝑝𝑝
2� � + jπ𝑘𝑘𝑘𝑘𝑟𝑟𝑟𝑟 �𝑡𝑡𝑡𝑡 𝑡

𝜏𝜏𝜏𝜏𝑝𝑝𝑝𝑝
2� �

2
�                          (4) 

and the Pulsed nonsymmetrical LFM signal S(t) with pulse duration 𝜏𝜏𝜏𝜏𝑝𝑝𝑝𝑝 as;

S(t) = 𝑝𝑝𝑝𝑝1(𝑡𝑡𝑡𝑡). 𝑝𝑝𝑝𝑝2(𝑡𝑡𝑡𝑡) = 𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅 �𝑑𝑑𝑑𝑑−
𝜏𝜏𝜏𝜏𝑝𝑝𝑝𝑝

2�

𝜏𝜏𝜏𝜏𝑝𝑝𝑝𝑝
� . A0exp(j2πfct + jπ𝑘𝑘𝑘𝑘𝑟𝑟𝑟𝑟𝑡𝑡𝑡𝑡2)                                 (5)

The figures below show the time–frequency relation of a pulsed LFM

Figure 1. Lear FM pulsed train 

The pulsed LFM waveform has pulse duration time 𝜏𝜏𝜏𝜏𝑝𝑝𝑝𝑝 where 𝑓𝑓𝑓𝑓𝑚𝑚𝑚𝑚𝑎𝑎𝑎𝑎𝑚𝑚𝑚𝑚 = 𝑘𝑘𝑘𝑘𝑟𝑟𝑟𝑟𝜏𝜏𝜏𝜏𝑝𝑝𝑝𝑝 and the frequency bandwidth is 

                                                                         𝐵𝐵𝐵𝐵 = 𝑓𝑓𝑓𝑓𝑚𝑚𝑚𝑚𝑎𝑎𝑎𝑎𝑚𝑚𝑚𝑚 = 𝑘𝑘𝑘𝑘𝑟𝑟𝑟𝑟𝜏𝜏𝜏𝜏𝑝𝑝𝑝𝑝                                                               (6)
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2.4          Quadrature Demodulator

Considering the LFM signal        𝑆𝑆𝑆𝑆(𝑡𝑡𝑡𝑡) = 𝐴𝐴𝐴𝐴0𝑅𝑅𝑅𝑅𝑒𝑒𝑒𝑒𝑝𝑝𝑝𝑝(𝑗𝑗𝑗𝑗2𝜋𝜋𝜋𝜋𝑓𝑓𝑓𝑓𝑐𝑐𝑐𝑐𝑡𝑡𝑡𝑡 + 𝑗𝑗𝑗𝑗𝜋𝜋𝜋𝜋𝜋𝜋𝜋𝜋𝑡𝑡𝑡𝑡2)

The real value of the signal is represented as

                                           S(t) = A0cos(2πfct + πk𝑡𝑡𝑡𝑡2) = A0cos(2𝜋𝜋𝜋𝜋𝑓𝑓𝑓𝑓𝑐𝑐𝑐𝑐𝑡𝑡𝑡𝑡 + ∅(𝑡𝑡𝑡𝑡))                   (8)

Where ∅(𝑡𝑡𝑡𝑡) = 𝜋𝜋𝜋𝜋𝜋𝜋𝜋𝜋𝑡𝑡𝑡𝑡2 is the phase term presented for illustration purposes. The carrier frequency 𝑓𝑓𝑓𝑓𝑐𝑐𝑐𝑐 generally has a higher 
value as compared to kt. The time varying-phase ∅(𝑡𝑡𝑡𝑡) information is transmitted using the complex-valued signal. After 
transmitting the time-varying phase ∅(𝑡𝑡𝑡𝑡), information, the Quadrature demodulator is then used to acquire the correct 
phase information. As illustrated on figure 2 the in-phase–quadrature-phase demodulator splits any complex-valued 
LFM signal 𝑠𝑠𝑠𝑠(t), into the real or in-phase (I), and imaginary or quadrature-phase Q, components of  ∅(𝑡𝑡𝑡𝑡). Two carriers 
cos(2𝜋𝜋𝜋𝜋𝑓𝑓𝑓𝑓𝑐𝑐𝑐𝑐𝑡𝑡𝑡𝑡) and sin(2𝜋𝜋𝜋𝜋𝑓𝑓𝑓𝑓𝑐𝑐𝑐𝑐𝑡𝑡𝑡𝑡) are locally generated by the system. The LPF filter out high frequency component  4𝜋𝜋𝜋𝜋𝑓𝑓𝑓𝑓𝑐𝑐𝑐𝑐𝑡𝑡𝑡𝑡 +
∅(𝑡𝑡𝑡𝑡) and retain the low-frequency component ∅(𝑡𝑡𝑡𝑡). The A/D converter digitizes the real and imaginary parts of the low 
frequency phase signal ∅(𝑡𝑡𝑡𝑡) to obtain a complex number pair that serves as a row element of the two dimensional image 
the radar data.

Figure 2 Quadrature demodulator

The following intermediate signals 𝑆𝑆𝑆𝑆1𝑠𝑠𝑠𝑠, 𝑆𝑆𝑆𝑆1𝑐𝑐𝑐𝑐, 𝑆𝑆𝑆𝑆2𝑠𝑠𝑠𝑠 and 𝑆𝑆𝑆𝑆2𝑐𝑐𝑐𝑐 are obtained as follows:

                                  S1c(t) = 1
2� (cos(4𝜋𝜋𝜋𝜋𝑓𝑓𝑓𝑓𝑐𝑐𝑐𝑐𝑡𝑡𝑡𝑡 + ∅(𝑡𝑡𝑡𝑡)) + cos (∅(𝑡𝑡𝑡𝑡))), 

                                   S1s(t) = 1
2� (sin (4𝜋𝜋𝜋𝜋𝑓𝑓𝑓𝑓𝑐𝑐𝑐𝑐𝑡𝑡𝑡𝑡 + ∅(𝑡𝑡𝑡𝑡)) + 𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠∅(𝑡𝑡𝑡𝑡)), 

                                   S2c(t) = 1
2� cos (∅(𝑡𝑡𝑡𝑡)), 

                                   S2s(t) = 1
2� sin (∅(𝑡𝑡𝑡𝑡)). 

The time varying signal phase ∅(𝑡𝑡𝑡𝑡) can then be obtained as:

                                                        ∅(𝒕𝒕𝒕𝒕) = 𝐭𝐭𝐭𝐭𝐭𝐭𝐭𝐭𝐭𝐭𝐭𝐭−𝟏𝟏𝟏𝟏 �𝑺𝑺𝑺𝑺𝟐𝟐𝟐𝟐𝟐𝟐𝟐𝟐(𝒕𝒕𝒕𝒕)
𝑺𝑺𝑺𝑺𝟐𝟐𝟐𝟐𝟐𝟐𝟐𝟐(𝒕𝒕𝒕𝒕)

�                                               (9) 
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2.5        Matched Filter and Pulse Compression technique 

Matched filtering is a technique used to regain a signal that was corrupted by additive white Gaussian noise. A matched 
filter is applied on received signal in order to identify a target by determining whether the filter output (compressed pulse), 
exceeds a specific threshold. Different targets produce pulses of different magnitudes and each magnitude depends on 
three factors: targets reflectivity (𝛔𝛔𝛔𝛔), pulse width (𝜏𝜏𝜏𝜏𝑝𝑝𝑝𝑝) and range (R) from the radar sensor to target. The effective width 
of a compressed pulse is determined by the bandwidth and the pulse width 𝜏𝜏𝜏𝜏𝑝𝑝𝑝𝑝 of the received signal

Considering an ideal target with reflectivity 1 and zero signal attenuation between the radar sensor and target area. If the 
input signal is ҳ(t) and the Fourier transform of the input signal is Ҳ (f), then the matched filter Һ(t) and the Fourier 
transform of the matched filter Ӈ(f) can be expressed as follows:

                                       Һ (t)= ҳ∗(t) and Ӈ(𝑓𝑓𝑓𝑓) = 𝑋𝑋𝑋𝑋∗(𝑓𝑓𝑓𝑓)

If f(t) is the output of the matched filter, then                              

𝐹𝐹𝐹𝐹(𝑓𝑓𝑓𝑓) = Ҳ (𝑓𝑓𝑓𝑓)Ӈ(𝑓𝑓𝑓𝑓) = |Ҳ (𝑓𝑓𝑓𝑓)|2

Therefore                  f(𝑡𝑡𝑡𝑡) = Ӻ−1(|Ҳ (𝑓𝑓𝑓𝑓)|2) = ҳ(t) ∗ Һ(𝑡𝑡𝑡𝑡)  = ∫ 𝑒𝑒𝑒𝑒(𝜏𝜏𝜏𝜏)ℎ(𝑡𝑡𝑡𝑡 𝑡 𝜏𝜏𝜏𝜏)𝑑𝑑𝑑𝑑𝜏𝜏𝜏𝜏

For h(t)=𝑒𝑒𝑒𝑒∗(t) , then, f(t) = ∫𝑒𝑒𝑒𝑒(𝜏𝜏𝜏𝜏)𝑒𝑒𝑒𝑒∗(𝑡𝑡𝑡𝑡 + 𝜏𝜏𝜏𝜏)𝑑𝑑𝑑𝑑𝜏𝜏𝜏𝜏 . 

This is the definition of autocorrelation of x(t). That is the matched filtering of any signal ҳ(t) is equivalent to the 
autocorrelation of that signal ҳ(t) with itself. Consider the echo of a non-symmetric LFM signal S(t) to be the echo signal 
from  single target:

                              S(t) = 𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅 �𝑑𝑑𝑑𝑑−
𝜏𝜏𝜏𝜏𝑝𝑝𝑝𝑝

2�

𝜏𝜏𝜏𝜏𝑝𝑝𝑝𝑝
� . A0exp(j2πfct + jπk𝑡𝑡𝑡𝑡2)

If A0 = 1 and  Һ (t)= ҳ∗(t), then the output of the matched filter is given as:

f(t) = ∫ 𝑠𝑠𝑠𝑠(𝜏𝜏𝜏𝜏)𝑠𝑠𝑠𝑠∗(𝑡𝑡𝑡𝑡 + 𝜏𝜏𝜏𝜏)𝑑𝑑𝑑𝑑𝜏𝜏𝜏𝜏𝜏𝜏𝜏𝜏𝑝𝑝𝑝𝑝
0 = �𝑡𝑗𝑗𝑗𝑗𝑗2𝜋𝜋𝜋𝜋𝑓𝑓𝑓𝑓𝑐𝑐𝑐𝑐𝑡𝑡𝑡𝑡 + 𝜋𝜋𝜋𝜋𝑘𝑘𝑘𝑘𝑡𝑡𝑡𝑡𝜏𝜏𝜏𝜏𝑝𝑝𝑝𝑝 + 𝜋𝜋𝜋𝜋𝑘𝑘𝑘𝑘𝑡𝑡𝑡𝑡2��.𝑇𝑇𝑇𝑇.sinc𝑗𝑘𝑘𝑘𝑘𝑡𝑡𝑡𝑡𝜏𝜏𝜏𝜏𝑝𝑝𝑝𝑝�                           (10) 

Since convolving of two signals in the time domain is same as multiplying the two signals in the frequency domain, 
therefore, the matched filter will be implemented by first transforming the received signal and the matched filter function 
into frequency domain using Fast Fourier Transform. The resulting product of the frequency domain functions are then 
converted back to time domain by applying Inverse Fast Fourier Transform. Matched filter function is shorter than the 
received signal because of different ranges of different targets. For this reason, paddings with zeros on the matched filter 
function is required when applying the Fast Fourier Transform on the matched filtering. Figure 3 below shows the block 
diagram of DFT-based pulse compression process.

Figure 3 Block diagram of DFT-based pulse compression
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3.0 SAR raw data generation 

From equation 5, the PLFM radar waveform:

                                   𝑆𝑆𝑆𝑆(𝑡𝑡𝑡𝑡) = 𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅 �𝑑𝑑𝑑𝑑−
𝜏𝜏𝜏𝜏𝑝𝑝𝑝𝑝

2�

𝜏𝜏𝜏𝜏𝑝𝑝𝑝𝑝
� .𝐴𝐴𝐴𝐴0𝑅𝑅𝑅𝑅𝑒𝑒𝑒𝑒𝑝𝑝𝑝𝑝(𝑗𝑗𝑗𝑗2𝜋𝜋𝜋𝜋𝑓𝑓𝑓𝑓𝑐𝑐𝑐𝑐𝑡𝑡𝑡𝑡 + 𝑗𝑗𝑗𝑗𝜋𝜋𝜋𝜋𝑘𝑘𝑘𝑘𝑟𝑟𝑟𝑟𝑡𝑡𝑡𝑡2)  

With a rectangular gate function � 𝑑𝑑𝑑𝑑
𝜏𝜏𝜏𝜏𝑝𝑝𝑝𝑝
� ,  pulse duration time 𝜏𝜏𝜏𝜏𝑝𝑝𝑝𝑝, amplitude of  transmitted signal A0, and PLFM chirp rate 

𝑘𝑘𝑘𝑘𝑟𝑟𝑟𝑟. The chirp  signal starts and end at 𝑡𝑡𝑡𝑡 = 0 and 𝜏𝜏𝜏𝜏𝑝𝑝𝑝𝑝 respectively. Let suppose the gate function is 𝛼𝛼𝛼𝛼(𝑡𝑡𝑡𝑡) and the amplitude 
A0 as 1. Considering the echoes are from I different reflectors, with reflective coefficient 𝜎𝜎𝜎𝜎𝑖𝑖𝑖𝑖 corresponding to ranges 𝑅𝑅𝑅𝑅𝑖𝑖𝑖𝑖,
where 𝑠𝑠𝑠𝑠 = 1, 2, 3, .  .  .  , 𝐼𝐼𝐼𝐼, then the signal S(t) written as the sum of delayed echoes is

𝑆𝑆𝑆𝑆(𝑡𝑡𝑡𝑡) = ∑ 𝜎𝜎𝜎𝜎𝑖𝑖𝑖𝑖𝛼𝛼𝛼𝛼(𝑡𝑡𝑡𝑡 𝑡 2𝑅𝑅𝑅𝑅𝑖𝑖𝑖𝑖 𝑅𝑅𝑅𝑅� )  𝐼𝐼𝐼𝐼
𝑖𝑖𝑖𝑖𝑖𝑖 . 𝑅𝑅𝑅𝑅𝑒𝑒𝑒𝑒𝑝𝑝𝑝𝑝 �𝑗𝑗𝑗𝑗2𝜋𝜋𝜋𝜋𝑓𝑓𝑓𝑓𝑐𝑐𝑐𝑐 �𝑡𝑡𝑡𝑡 𝑡

2𝑅𝑅𝑅𝑅𝑖𝑖𝑖𝑖 𝑅𝑅𝑅𝑅� � + 𝑗𝑗𝑗𝑗𝜋𝜋𝜋𝜋𝑘𝑘𝑘𝑘𝑟𝑟𝑟𝑟 �𝑡𝑡𝑡𝑡 𝑡
2𝑅𝑅𝑅𝑅𝑖𝑖𝑖𝑖 𝑅𝑅𝑅𝑅� �

2
�

                = ∑ 𝛔𝛔𝛔𝛔𝐢𝐢𝐢𝐢𝛂𝛂𝛂𝛂(𝐭𝐭𝐭𝐭 𝑡 𝐭𝐭𝐭𝐭𝐢𝐢𝐢𝐢)  𝐈𝐈𝐈𝐈
𝐢𝐢𝐢𝐢𝑖𝐢𝐢𝐢𝐢 . 𝐞𝐞𝐞𝐞𝐞𝐞𝐞𝐞𝐞𝐞𝐞𝐞{𝐣𝐣𝐣𝐣𝟐𝟐𝟐𝟐𝐣𝐣𝐣𝐣𝐟𝐟𝐟𝐟𝐜𝐜𝐜𝐜(𝐭𝐭𝐭𝐭 𝑡 𝐭𝐭𝐭𝐭𝐢𝐢𝐢𝐢) + 𝐣𝐣𝐣𝐣𝐣𝐣𝐣𝐣𝐤𝐤𝐤𝐤𝐫𝐫𝐫𝐫(𝐭𝐭𝐭𝐭 𝑡 𝐭𝐭𝐭𝐭𝐢𝐢𝐢𝐢)𝟐𝟐𝟐𝟐}                                          (11) 

Where 𝜏𝜏𝜏𝜏𝑖𝑖𝑖𝑖 = 2𝑅𝑅𝑅𝑅𝑖𝑖𝑖𝑖 𝑅𝑅𝑅𝑅� is the echo delay time from the 𝑠𝑠𝑠𝑠𝑡𝑡𝑡𝑡ℎtarget. Considering that the target location at any point (𝑒𝑒𝑒𝑒𝑖𝑖𝑖𝑖 , 𝑦𝑦𝑦𝑦𝑖𝑖𝑖𝑖) with 
radar the position at (0, 0) at an altitude 0,  then 𝜏𝜏𝜏𝜏𝑖𝑖𝑖𝑖 can be calculated as:

                       𝜏𝜏𝜏𝜏𝑖𝑖𝑖𝑖 = 2 �Ri
c
� = 2�

�xi
2+yi

2

c
� and the range is calculated as  𝑅𝑅𝑅𝑅𝑖𝑖𝑖𝑖 = 𝑖

2
(𝑅𝑅𝑅𝑅𝜏𝜏𝜏𝜏𝑖𝑖𝑖𝑖)

The baseband signal 𝑆𝑆𝑆𝑆𝑏𝑏𝑏𝑏(𝑡𝑡𝑡𝑡) can be obtained through the quadrature demodulation process  by first removing the frequency 
of the carrier and applying a low pass filter (LPF). The demodulated baseband signal can be obtained as:

                      𝑆𝑆𝑆𝑆𝑏𝑏𝑏𝑏(𝑡𝑡𝑡𝑡) = ∑ 𝜎𝜎𝜎𝜎𝑖𝑖𝑖𝑖|𝛼𝛼𝛼𝛼(𝑡𝑡𝑡𝑡 𝑡 𝜏𝜏𝜏𝜏𝑖𝑖𝑖𝑖)|2𝐼𝐼𝐼𝐼
𝑖𝑖𝑖𝑖𝑖𝑖 𝑅𝑅𝑅𝑅𝑒𝑒𝑒𝑒𝑝𝑝𝑝𝑝{𝑡𝑗𝑗𝑗𝑗2𝜋𝜋𝜋𝜋𝑓𝑓𝑓𝑓𝑐𝑐𝑐𝑐𝜏𝜏𝜏𝜏𝑖𝑖𝑖𝑖 + 𝑗𝑗𝑗𝑗𝜋𝜋𝜋𝜋𝑘𝑘𝑘𝑘𝑟𝑟𝑟𝑟(𝑡𝑡𝑡𝑡 𝑡 𝜏𝜏𝜏𝜏𝑖𝑖𝑖𝑖)2}                        

If 𝜂𝜂𝜂𝜂 is the time index of the demodulated signal, then the baseband signal 𝑆𝑆𝑆𝑆𝑏𝑏𝑏𝑏(𝑡𝑡𝑡𝑡) can be express in terms of n as:

𝑺𝑺𝑺𝑺𝒃𝒃𝒃𝒃�𝒕𝒕𝒕𝒕𝜼𝜼𝜼𝜼� = ∑ 𝝈𝝈𝝈𝝈𝒊𝒊𝒊𝒊�𝜶𝜶𝜶𝜶(𝒕𝒕𝒕𝒕𝜼𝜼𝜼𝜼 𝑡 𝝉𝝉𝝉𝝉𝒊𝒊𝒊𝒊)�
𝟐𝟐𝟐𝟐𝑰𝑰𝑰𝑰

𝒊𝒊𝒊𝒊𝑖𝐢𝐢𝐢𝐢 𝐞𝐞𝐞𝐞𝐞𝐞𝐞𝐞𝐞𝐞𝐞𝐞 �𝑡𝐣𝐣𝐣𝐣𝟐𝟐𝟐𝟐𝐣𝐣𝐣𝐣𝐟𝐟𝐟𝐟𝐜𝐜𝐜𝐜𝝉𝝉𝝉𝝉𝒊𝒊𝒊𝒊 + 𝐣𝐣𝐣𝐣𝐣𝐣𝐣𝐣𝒌𝒌𝒌𝒌𝒓𝒓𝒓𝒓�𝒕𝒕𝒕𝒕𝜼𝜼𝜼𝜼 𝑡 𝝉𝝉𝝉𝝉𝒊𝒊𝒊𝒊�
𝟐𝟐𝟐𝟐�                              (12) 

with η = 0,1,2, . . ., Ɲ−1.  Where Ɲ is the total number of range samples receive. Ɲ is a function pulse duration time, 
number of targets, and sampling frequency. The signal in 12. is based on a single pulse duration transmitted from a single 
position. Suppose the radar is moving along the azimuth direction (direction perpendicular to the radar beam) emitting 
signal at pulse repetition frequency 𝑓𝑓𝑓𝑓𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃 , then a two dimensional  received data array will be obtain. 

Suppose the moving radar position along the azimuth is 𝑢𝑢𝑢𝑢𝑚𝑚𝑚𝑚, where 𝑚𝑚𝑚𝑚 = 1, 2, 3, .  .  .  , M.      with M as the total number 
of processed azimuth lines and must be greater than or equal to the number of azimuth lines (𝑁𝑁𝑁𝑁𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎) within the length 𝐿𝐿𝐿𝐿𝑠𝑠𝑠𝑠
(synthetic aperture).

Therefore, 12. written in 2D is:

𝑺𝑺𝑺𝑺𝒃𝒃𝒃𝒃�𝒖𝒖𝒖𝒖𝒎𝒎𝒎𝒎, 𝒕𝒕𝒕𝒕𝜼𝜼𝜼𝜼� = ∑ 𝝈𝝈𝝈𝝈𝒊𝒊𝒊𝒊�𝜶𝜶𝜶𝜶(𝒕𝒕𝒕𝒕𝜼𝜼𝜼𝜼 𝑡 𝝉𝝉𝝉𝝉𝒖𝒖𝒖𝒖𝒎𝒎𝒎𝒎𝒊𝒊𝒊𝒊)�
𝟐𝟐𝟐𝟐𝑰𝑰𝑰𝑰

𝒊𝒊𝒊𝒊𝑖𝒊𝒊𝒊𝒊 𝒆𝒆𝒆𝒆𝒆𝒆𝒆𝒆𝒆𝒆𝒆𝒆 �𝑡𝒋𝒋𝒋𝒋𝟐𝟐𝟐𝟐𝒋𝒋𝒋𝒋𝒇𝒇𝒇𝒇𝟐𝟐𝟐𝟐𝝉𝝉𝝉𝝉𝒖𝒖𝒖𝒖𝒎𝒎𝒎𝒎𝒊𝒊𝒊𝒊 + 𝒋𝒋𝒋𝒋𝒋𝒋𝒋𝒋𝒌𝒌𝒌𝒌𝒓𝒓𝒓𝒓�𝒕𝒕𝒕𝒕𝜼𝜼𝜼𝜼 𝑡 𝝉𝝉𝝉𝝉𝒖𝒖𝒖𝒖𝒎𝒎𝒎𝒎𝒊𝒊𝒊𝒊�
𝟐𝟐𝟐𝟐�  (13)

Where 𝜏𝜏𝜏𝜏𝑢𝑢𝑢𝑢𝑚𝑚𝑚𝑚,𝑖𝑖𝑖𝑖 = 2 �
𝑃𝑃𝑃𝑃𝑢𝑢𝑢𝑢𝑚𝑚𝑚𝑚𝑖𝑖𝑖𝑖

𝑐𝑐𝑐𝑐
� is the received signal delay time from the 𝑠𝑠𝑠𝑠𝑡𝑡𝑡𝑡ℎ target with  radar located at the position 𝑢𝑢𝑢𝑢𝑚𝑚𝑚𝑚

4.0 SAR Synthesis Algorithms 
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The received 2D data array synthesized from the waveform of 13 has a waveform of size M by N in both azimuth and the 
range (time) directions. The 2D data array is formed by M bursts of the radar pulse with N samples each. The data spread 
in range is caused by the time duration of the transmitted PLFM signal while the spread in azimuth is due to the fact that 
the target is under illumination by the radar beam during which the radar is collecting echoes in a period which the radar 
covers the synthetic aperture length 𝐿𝐿𝐿𝐿𝑠𝑠𝑠𝑠. 

The main aim of processing raw data is to convert it into a single pixel in the final processing stage. There exist a number 
of SAR signal processing techniques. Each and every SAR signal processing technique has its advantages and 
disadvantages. Some of these SAR signal processing techniques which are based on matched filters include; Range-
Doppler, Wave domain, Omega-K, Chirp Scaling, Spectral Analysis, Stolt interpolation. The Range-Doppler technique, 
the Stolt-interpolation technique and the Chirp scaling technique are implemented and discussed in this work. Each of 
these techniques has its own advantages in high-quality imaging or computation efficiency. For instance, the Range-
Doppler technique is an accurate approximation and computationally efficient for processing radar images while Stolt 
interpolation technique is computationally intensive, but has advantages over the Range-Doppler technique.

 
4.1       Range–Doppler processing of SAR data. 
There are three major tasks when processing SAR data by implemented the typical Range-Doppler processor: firstly, 
the range compression, followed by the cell migration correction, and lastly the azimuth compression. The range 
Doppler technique is displayed in figure 4 

Figure 4. A flow diagram of the Range-Doppler algorithm. 

The 2D raw data (complex data) refers to the quadrature demodulated baseband signal. The range compression is done in 
three steps. First by applying the range Fourier transform on the 2D complex data using the range FFT block, followed 
by Fourier transforming the range reference function using the FFT block and multiplying with each row of the Fourier 
transformed 2D complex data and lastly the is inversely Fourier Transformed using the range IFFT block. The ‘corner 
turn’ transpose the range 2D range compressed complex data from row data to column data for subsequent azimuth 
compression. The transposed 2D complex data is Fourier transformed to Range-Doppler domain using the azimuth FFT 
block. If range cell migration correction is required, then it is applied at this stage. To compress the data in azimuth, first 
the azimuth reference function is Fourier transformed using the FFT block and multiplied with each row of the 2D 
complex data in range Doppler domain and lastly followed by taking inverse azimuth FFT of the product.  After azimuth 
compression, the resulting image is the constructed image of targets that were focused.  

4.2        Stolt interpolation processing of SAR data 

Figure 5. display the block diagram of Stolt interpolation processing of SAR raw data.
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Figure 5   The diagram of Stolt interpolation algorithm processing. 

4.3             Reconstruction algorithm for Stolt interpolation processing. 

To compress the data in range, the 2D raw data 𝑆𝑆𝑆𝑆𝜎𝜎𝜎𝜎(𝑡𝑡𝑡𝑡,𝑢𝑢𝑢𝑢) is 2D Fourier transformed to 𝑆𝑆𝑆𝑆𝜎𝜎𝜎𝜎�𝜔𝜔𝜔𝜔,𝜔𝜔𝜔𝜔𝑑𝑑𝑑𝑑𝑝𝑝𝑝𝑝�.  The 2D Fourier 
Transformed signal 𝑆𝑆𝑆𝑆𝜎𝜎𝜎𝜎�𝜔𝜔𝜔𝜔,𝜔𝜔𝜔𝜔𝑑𝑑𝑑𝑑𝑝𝑝𝑝𝑝�, will then be multiplied with the range matched filter 𝑃𝑃𝑃𝑃𝜎𝜎𝜎𝜎∗(𝜔𝜔𝜔𝜔) to obtain a range compressed 
data 𝑆𝑆𝑆𝑆𝜎𝜎𝜎𝜎𝑐𝑐𝑐𝑐1�𝜔𝜔𝜔𝜔,𝜔𝜔𝜔𝜔𝑑𝑑𝑑𝑑𝑝𝑝𝑝𝑝�. The range compressed data array 𝑆𝑆𝑆𝑆𝜎𝜎𝜎𝜎𝑐𝑐𝑐𝑐1�𝜔𝜔𝜔𝜔,𝜔𝜔𝜔𝜔𝑑𝑑𝑑𝑑𝑝𝑝𝑝𝑝� is then transformed in range–Doppler frequency 
domain data 𝑆𝑆𝑆𝑆𝜎𝜎𝜎𝜎𝑐𝑐𝑐𝑐1�𝑡𝑡𝑡𝑡,𝜔𝜔𝜔𝜔𝑑𝑑𝑑𝑑𝑝𝑝𝑝𝑝� by taking inverse-Fourier-transformed of 𝑆𝑆𝑆𝑆𝜎𝜎𝜎𝜎𝑐𝑐𝑐𝑐1�𝜔𝜔𝜔𝜔,𝜔𝜔𝜔𝜔𝑑𝑑𝑑𝑑𝑝𝑝𝑝𝑝�.

For azimuth compression, the corresponding azimuth matched filter is obtained in following two ways:

1.  By applying 1D azimuth matched filter in slow time t. With frequency changing rate 𝑘𝑘𝑘𝑘𝑎𝑎𝑎𝑎 and the Doppler frequency 
𝑓𝑓𝑓𝑓𝑑𝑑𝑑𝑑𝑝𝑝𝑝𝑝 (𝑓𝑓𝑓𝑓𝑑𝑑𝑑𝑑𝑝𝑝𝑝𝑝=0, for broadside case), the reference function  is obtained as follows:

ℎ𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎(𝑡𝑡𝑡𝑡) = 𝑅𝑅𝑅𝑅𝑒𝑒𝑒𝑒𝑝𝑝𝑝𝑝(−𝑗𝑗𝑗𝑗𝜋𝜋𝜋𝜋𝑘𝑘𝑘𝑘𝑎𝑎𝑎𝑎𝑡𝑡𝑡𝑡2), 

where the frequency changing rate 𝑘𝑘𝑘𝑘𝑎𝑎𝑎𝑎 = −2𝑉𝑉𝑉𝑉2
𝜆𝜆𝜆𝜆𝜆𝜆𝜆𝜆0� and ∆𝑡𝑡𝑡𝑡 = 1

𝑓𝑓𝑓𝑓𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃�

The reference function 𝐻𝐻𝐻𝐻𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎�𝜔𝜔𝜔𝜔𝐷𝐷𝐷𝐷𝑝𝑝𝑝𝑝� is obtained by taking FFT on ℎ𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎(𝑡𝑡𝑡𝑡). 

2.   By applying the 2D azimuth matched filter. The 2D azimuth matched filter is obtained as follows:  

𝐻𝐻𝐻𝐻𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎�𝜔𝜔𝜔𝜔,𝜔𝜔𝜔𝜔𝑑𝑑𝑑𝑑𝑝𝑝𝑝𝑝� = 𝑅𝑅𝑅𝑅𝑒𝑒𝑒𝑒𝑝𝑝𝑝𝑝 �𝑗𝑗𝑗𝑗�4�
𝜔𝜔𝜔𝜔2

𝑅𝑅𝑅𝑅2
� − �

𝜔𝜔𝜔𝜔𝑑𝑑𝑑𝑑𝑝𝑝𝑝𝑝
2

𝑉𝑉𝑉𝑉2
�𝑋𝑋𝑋𝑋C�

Where 𝜔𝜔𝜔𝜔𝑑𝑑𝑑𝑑𝑝𝑝𝑝𝑝 is the Doppler frequency in azimuth direction and 𝜔𝜔𝜔𝜔 is the time domain signal  passband frequency, that is   
𝜔𝜔𝜔𝜔𝑐𝑐𝑐𝑐 − 𝜔𝜔𝜔𝜔0 ≤ 𝜔𝜔𝜔𝜔 ≤ 𝜔𝜔𝜔𝜔𝑐𝑐𝑐𝑐 + 𝜔𝜔𝜔𝜔0, where  𝜔𝜔𝜔𝜔𝑐𝑐𝑐𝑐 and 2𝜔𝜔𝜔𝜔0 are the carrier frequency, and the bandwidth of the transmitting signal 
respectively. The distance 𝑋𝑋𝑋𝑋C , of the radar from the center of the swath is invariant in the coordinates of the radar (0,𝑢𝑢𝑢𝑢)
in stripmap SAR.

In broadside SAR, the 2D azimuth matched filter 𝐻𝐻𝐻𝐻𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎�𝜔𝜔𝜔𝜔,𝜔𝜔𝜔𝜔𝑑𝑑𝑑𝑑𝑝𝑝𝑝𝑝� is approximated to 1D azimuth match filter 𝐻𝐻𝐻𝐻𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎� 𝜔𝜔𝜔𝜔𝑑𝑑𝑑𝑑𝑝𝑝𝑝𝑝�
since no range migration correction is needed while in squint SAR both the 1D and 2D reference functions are applied 
since it require range migration correction. Azimuth compression is carried out by multiplying each column of the range 
compressed data 𝑆𝑆𝑆𝑆𝜎𝜎𝜎𝜎𝑐𝑐𝑐𝑐1�𝑡𝑡𝑡𝑡,𝜔𝜔𝜔𝜔𝑑𝑑𝑑𝑑𝑝𝑝𝑝𝑝� with the azimuth matched 𝐻𝐻𝐻𝐻𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎� 𝜔𝜔𝜔𝜔𝑑𝑑𝑑𝑑𝑝𝑝𝑝𝑝� to obtain 2D compressed data 𝑆𝑆𝑆𝑆𝜎𝜎𝜎𝜎𝑐𝑐𝑐𝑐�𝑡𝑡𝑡𝑡,𝜔𝜔𝜔𝜔𝑑𝑑𝑑𝑑𝑝𝑝𝑝𝑝�. After the 
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azimuth compression, the resulting 2D compressed signal 𝑆𝑆𝑆𝑆𝜎𝜎𝜎𝜎𝑐𝑐𝑐𝑐�𝑡𝑡𝑡𝑡,𝜔𝜔𝜔𝜔𝑑𝑑𝑑𝑑𝑝𝑝𝑝𝑝� is a roughly compressed signal along azimuth 
direction, since only one azimuth reference function is required to perform azimuth compression on the whole data. The  
2D azimuth compressed data 𝑆𝑆𝑆𝑆𝜎𝜎𝜎𝜎𝑐𝑐𝑐𝑐�𝑡𝑡𝑡𝑡,𝜔𝜔𝜔𝜔𝑑𝑑𝑑𝑑𝑝𝑝𝑝𝑝� will next be processed by Stolt interpolation. Stolt interpolation improves the 
quality the image through differential azimuth compression based on.

𝑺𝑺𝑺𝑺𝝈𝝈𝝈𝝈𝟐𝟐𝟐𝟐′ �𝒆𝒆𝒆𝒆,𝒌𝒌𝒌𝒌𝒚𝒚𝒚𝒚� = 𝑺𝑺𝑺𝑺𝝈𝝈𝝈𝝈𝟐𝟐𝟐𝟐�𝒆𝒆𝒆𝒆,𝒌𝒌𝒌𝒌𝒚𝒚𝒚𝒚�𝒆𝒆𝒆𝒆𝒆𝒆𝒆𝒆𝒆𝒆𝒆𝒆 �−𝒋𝒋𝒋𝒋 𝒋
𝒌𝒌𝒌𝒌𝒚𝒚𝒚𝒚𝟐𝟐𝟐𝟐

𝟒𝟒𝟒𝟒𝒌𝒌𝒌𝒌𝟐𝟐𝟐𝟐
�∆𝒆𝒆𝒆𝒆𝒏𝒏𝒏𝒏�

The differential azimuth compression requires the computation of the following terms;

First the computation of range difference  ∆𝑒𝑒𝑒𝑒𝑛𝑛𝑛𝑛 = (𝑒𝑒𝑒𝑒𝑛𝑛𝑛𝑛 − 𝑋𝑋𝑋𝑋𝑐𝑐𝑐𝑐) where 𝑋𝑋𝑋𝑋𝑐𝑐𝑐𝑐 and 𝑒𝑒𝑒𝑒𝑛𝑛𝑛𝑛 are the range values along the range axis. 
The range difference ∆𝑒𝑒𝑒𝑒𝑛𝑛𝑛𝑛 can be calculated as

∆𝑒𝑒𝑒𝑒𝑛𝑛𝑛𝑛 = 𝑅𝑅𝑅𝑅
𝑓𝑓𝑓𝑓𝑠𝑠𝑠𝑠�

(𝑠𝑠𝑠𝑠 − 𝑁𝑁𝑁𝑁𝑟𝑟𝑟𝑟), 

where 𝑁𝑁𝑁𝑁𝑟𝑟𝑟𝑟 corresponds to the range sample at 𝑋𝑋𝑋𝑋𝑐𝑐𝑐𝑐

Second the computation of the constant phase 𝑘𝑘𝑘𝑘𝑦𝑦𝑦𝑦2 4𝑘𝑘𝑘𝑘𝑐𝑐𝑐𝑐⁄ , where 𝑘𝑘𝑘𝑘𝑐𝑐𝑐𝑐 = 𝜔𝜔𝜔𝜔𝑐𝑐𝑐𝑐 𝑅𝑅𝑅𝑅� and the azimuth value 𝑘𝑘𝑘𝑘𝑦𝑦𝑦𝑦 = 2𝜋𝜋𝜋𝜋𝑚𝑚𝑚𝑚𝑓𝑓𝑓𝑓𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃 𝑉𝑉𝑉𝑉𝑁𝑁𝑁𝑁𝑦𝑦𝑦𝑦⁄ ,
with  m = 1, 2, 3, . . . ., 𝑁𝑁𝑁𝑁𝑦𝑦𝑦𝑦. 

For a given m value along the Doppler-frequency axis, the value of  𝑘𝑘𝑘𝑘𝑦𝑦𝑦𝑦 is computed first then followed by the 

multiplication of every range sample 𝑆𝑆𝑆𝑆𝜎𝜎𝜎𝜎𝑐𝑐𝑐𝑐�𝑡𝑡𝑡𝑡,𝜔𝜔𝜔𝜔𝑑𝑑𝑑𝑑𝑝𝑝𝑝𝑝� by 𝑅𝑅𝑅𝑅𝑒𝑒𝑒𝑒𝑝𝑝𝑝𝑝 �−𝑗𝑗𝑗𝑗 𝑗 𝑘𝑘𝑘𝑘𝑦𝑦𝑦𝑦
2

4𝑘𝑘𝑘𝑘𝑐𝑐𝑐𝑐
� ∆𝑒𝑒𝑒𝑒𝑛𝑛𝑛𝑛�.

After the differential azimuth compression is applied, the final image data is obtained by taking the azimuth inverse FFT 
with respect to 𝜔𝜔𝜔𝜔𝑑𝑑𝑑𝑑𝑝𝑝𝑝𝑝. 

5.0 Reconstruction of satellite radar Image using Range-Doppler processing and Stolt Interpolation 
algorithm. 

A satellite-based (ERS) raw data generated by ESA, processed and distributed by German Aerospace Center, DLR will 
be used in reconstructing the radar image using Range Doppler algorithm. The parameters ERS SAR sensor parameters 
are listed on table 1. 

 Parameters Value Unit 

Parameters for range 
compression

Range sampling frequency 𝑓𝑓𝑓𝑓𝑠𝑠𝑠𝑠 18.962468 x106 𝟐𝟐𝟐𝟐−𝟏𝟏𝟏𝟏

Chirp rate 𝑘𝑘𝑘𝑘𝑟𝑟𝑟𝑟 4.18989015x1011 𝟐𝟐𝟐𝟐−𝟐𝟐𝟐𝟐

Chirp length 𝜏𝜏𝜏𝜏𝑝𝑝𝑝𝑝 37.12x10−6 s

Parameters for azimuth 
compression

Velocity parameter V 7098.0194 m/s

Wavelength 𝝀𝝀𝝀𝝀 0.05656 m

Range to target at broadside time t = 0 𝑹𝑹𝑹𝑹𝟎𝟎𝟎𝟎 852358.15 m

Aperture time 𝒕𝒕𝒕𝒕𝒂𝒂𝒂𝒂 0.6 s

Pulse repetition frequency PRF 1679.902 𝟐𝟐𝟐𝟐−𝟏𝟏𝟏𝟏

Table 1. ERS sensor parameters
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Figure 6 shows the ERS data. The Range Doppler technique will be applied to process the raw data.

Figure 6. ERS data

The operation of range compression is performed by first transforming each row of the data into the frequency domain 
by applying range FFT. Since there is 704-time sample for each azimuth line, zero paddings are required for the range 
compression. The Fourier transformed match filter is then multiplied with every row of the frequency domain data.  The 
range compressed data in frequency domain result is transformed back to time domain using range inverse FFT. Figure 7
shows the range compressed data.

Figure 7. Range-compressed signal

To perform the azimuth compression is an azimuth reference function is applied on every column of Doppler frequency 
domain data. First the reference function ℎ𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎(𝑠𝑠𝑠𝑠) is transformed into Doppler frequency domain 𝐻𝐻𝐻𝐻𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎(𝑓𝑓𝑓𝑓) by DFT. Since 
the total sample number of the azimuth reference function is 1008, zero paddings are required to increase the azimuth 
samples number to the total length of 2048 (length of the data). The azimuth reference function  𝐻𝐻𝐻𝐻𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎(𝑓𝑓𝑓𝑓) is next applied 
on every column of the data in range-Doppler frequency domain. An inverse DFT is applied on every column of the 
compressed data to get the processed image. The processed image is shown on Figure 8. 
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Figure 8. Constructed Image

After range compression, the next operation to perform is the azimuth compression. In azimuth compression, each column 
of the range compressed data and the azimuth matched filter are transformed in to Doppler frequency domain by azimuth 
FFT. Since The reference function 𝐻𝐻𝐻𝐻𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎(𝑓𝑓𝑓𝑓) in Doppler frequency domain has the total number of 1008 samples, zero 
paddings are required to increase the azimuth samples number to the total length of 2048 (length of the data). The azimuth 
reference function  𝐻𝐻𝐻𝐻𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎(𝑓𝑓𝑓𝑓) is multiplied with each column of the range-Doppler frequency domain data and the product 
is inversely Fourier transformed using azimuth inverse FFT to get the processed image. The processed image is shown 
on Figure 9. 

Figure 9. Image after multilook and spatial processing

To process the ERS data using Stolt interpolation, the range-compressed data array 𝑆𝑆𝑆𝑆𝜎𝜎𝜎𝜎𝑐𝑐𝑐𝑐1(𝑚𝑚𝑚𝑚,𝑠𝑠𝑠𝑠′) in figure 7 above is 
transformed into rang–Doppler frequency domain �𝑡𝑡𝑡𝑡,𝜔𝜔𝜔𝜔𝑑𝑑𝑑𝑑𝑝𝑝𝑝𝑝�, by applying Fourier transform on each and every column of 
the range compressed data array 𝑆𝑆𝑆𝑆𝜎𝜎𝜎𝜎𝑐𝑐𝑐𝑐1(𝑚𝑚𝑚𝑚,𝑠𝑠𝑠𝑠′). The compressed data in the range-Doppler frequency domain �𝑡𝑡𝑡𝑡,𝜔𝜔𝜔𝜔𝑑𝑑𝑑𝑑𝑝𝑝𝑝𝑝�, will 
then be processed by Stolt interpolation based on wavenumber domain.  

Stolt interpolation starts by performing bulk azimuth compression using 1D and 2D azimuth matched filter and then 
applying differential azimuth compression. Since the ERS data provided is from broadside SAR, the 2D azimuth reference 
function is approximated to 1D reference function 𝐻𝐻𝐻𝐻𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎� 𝜔𝜔𝜔𝜔𝑑𝑑𝑑𝑑𝑝𝑝𝑝𝑝�.

The range compressed data in range-Doppler frequency domain �𝑡𝑡𝑡𝑡,𝜔𝜔𝜔𝜔𝑑𝑑𝑑𝑑𝑝𝑝𝑝𝑝� is transformed to �𝜔𝜔𝜔𝜔,𝜔𝜔𝜔𝜔𝑑𝑑𝑑𝑑𝑝𝑝𝑝𝑝� domain by applying  
FFT on each and every row of  𝑆𝑆𝑆𝑆𝜎𝜎𝜎𝜎𝑐𝑐𝑐𝑐1(𝑚𝑚𝑚𝑚,𝑠𝑠𝑠𝑠) to get 𝑆𝑆𝑆𝑆𝜎𝜎𝜎𝜎𝑐𝑐𝑐𝑐1(𝑚𝑚𝑚𝑚′,𝑠𝑠𝑠𝑠) where 𝑚𝑚𝑚𝑚′ = 1, 2, 3, .  .  . , 2048. The 1D azimuth reference 
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function is then applied to 𝑆𝑆𝑆𝑆𝜎𝜎𝜎𝜎𝑐𝑐𝑐𝑐1(𝑚𝑚𝑚𝑚′,𝑠𝑠𝑠𝑠) to obtain a roughly compressed signal 𝑆𝑆𝑆𝑆𝜎𝜎𝜎𝜎𝑐𝑐𝑐𝑐2(𝑚𝑚𝑚𝑚,𝑠𝑠𝑠𝑠) in �𝜔𝜔𝜔𝜔,𝜔𝜔𝜔𝜔𝑑𝑑𝑑𝑑𝑝𝑝𝑝𝑝� domain. Applying 
a 2D inverse FFT on the bulk compressed data  𝑆𝑆𝑆𝑆𝜎𝜎𝜎𝜎𝑐𝑐𝑐𝑐2(𝑚𝑚𝑚𝑚,𝑠𝑠𝑠𝑠), a roughly constructed image Iσ(𝑚𝑚𝑚𝑚,𝑠𝑠𝑠𝑠) with respect to 
𝜔𝜔𝜔𝜔, 𝑎𝑎𝑎𝑎𝑠𝑠𝑠𝑠𝑑𝑑𝑑𝑑 𝜔𝜔𝜔𝜔𝑑𝑑𝑑𝑑𝑝𝑝𝑝𝑝 is obtained.  Figure 10 displays the roughly constructed image Iσ(𝑚𝑚𝑚𝑚,𝑠𝑠𝑠𝑠) of Stolt interpolation technique.  

Figure 10. Processed image by Stolt interpolation technique without DAC

Comparing 10. by Stolt interpolation technique without DAC and 8 by RDA, it can be seen that the two algorithms 
generate images which are difficult to differentiate in terms of have quality (having similar quality). The quality of the 
roughly compressed image of figure 10 can further be improved by applying differential azimuth correction (DAC).

The bulk compressed data array 𝑆𝑆𝑆𝑆𝜎𝜎𝜎𝜎𝑐𝑐𝑐𝑐2(𝑚𝑚𝑚𝑚,𝑠𝑠𝑠𝑠) in �𝜔𝜔𝜔𝜔,𝜔𝜔𝜔𝜔𝑑𝑑𝑑𝑑𝑝𝑝𝑝𝑝� domain is inversely Fourier transformed to range Doppler 
frequency domain �𝑡𝑡𝑡𝑡,𝜔𝜔𝜔𝜔𝑑𝑑𝑑𝑑𝑝𝑝𝑝𝑝� before applying differential azimuth correction . To design the differential azimuth correction 
function, the range difference ∆𝑒𝑒𝑒𝑒𝑛𝑛𝑛𝑛 and the phase constant 𝑘𝑘𝑘𝑘𝑚𝑚𝑚𝑚𝑐𝑐𝑐𝑐 are computed as:

∆xn = c �n−Nr
𝑎𝑎𝑎𝑎𝑠𝑠𝑠𝑠
� and   kmc = 1

4
�ky

2

kc
�

Where 𝑘𝑘𝑘𝑘𝑦𝑦𝑦𝑦 = 2𝜋𝜋𝜋𝜋𝑚𝑚𝑚𝑚𝑓𝑓𝑓𝑓𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃 𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑦𝑦𝑦𝑦⁄ , kc = 2𝜋𝜋𝜋𝜋𝑓𝑓𝑓𝑓𝑐𝑐𝑐𝑐/𝑅𝑅𝑅𝑅 , m = 1, 2, 3, . . ., 𝑉𝑉𝑉𝑉𝑦𝑦𝑦𝑦, 𝑉𝑉𝑉𝑉𝑦𝑦𝑦𝑦 = 2048, n = 1, 2, 3, .  .  . ,𝑉𝑉𝑉𝑉𝑚𝑚𝑚𝑚, and the reference 
sample Nr , equals to the range value corresponding to the slant range 𝑅𝑅𝑅𝑅0 (or the range sample value at 𝑋𝑋𝑋𝑋𝑐𝑐𝑐𝑐). 

The differential azimuth function  is applied on the compressed data  𝑆𝑆𝑆𝑆𝜎𝜎𝜎𝜎𝑐𝑐𝑐𝑐2(𝑚𝑚𝑚𝑚,𝑠𝑠𝑠𝑠) for the whole range samples from 1 to 
2048 as in the equation form:

                            Iσa(𝑚𝑚𝑚𝑚,𝑠𝑠𝑠𝑠) = 𝑆𝑆𝑆𝑆𝜎𝜎𝜎𝜎𝑐𝑐𝑐𝑐2(𝑚𝑚𝑚𝑚,𝑠𝑠𝑠𝑠) exp(−𝑠𝑠𝑠𝑠 ∗ kmc ∗ ∆xn. )

After differential azimuth compression is computed on the roughly constructed image Iσ(𝑚𝑚𝑚𝑚,𝑠𝑠𝑠𝑠) , then inverse Fourier 
Transform is applied on Iσa(𝑚𝑚𝑚𝑚,𝑠𝑠𝑠𝑠) to obtain the final constructed image as shown in figure 11.
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Figure 11. Processed SAR image

Applying multi-look and special filtering on the Stolt interpolation processed data, the resulting image is shown in figure 
11

Figure 12. Image after multi-look and spatial processing

Comparing the two multi-look and spatial processed images of figure 9 and figure 12 the multi-look and spatial processing 
image figure 12 improves slightly in quality. This slight difference is due to the differential azimuth compression involved 
in the Stolt Interpolation algorithm

6.0        COMPARISON OF ALGORITHMS 

The Range-Doppler algorithm is computationally efficient, flexible, less computational time and is an accurate 
approximation for processing of radar images but has some disadvantages with respect the high computational time to 
obtain good accuracy in the range cell migration correction operation. That is, it becomes computationally heavy when 
an accuracy in range cell migration correction is required

The Stolt interpolation algorithm is very accurate but computationally intensive due to heavy interpolation involved. It 
has advantages over the Range-Doppler algorithm.  

7.0      CONCLUSION 

This work focuses on the Range-Doppler technique and Stolt Interpolation technique in detail and their respective flow 
diagrams and important parameter expressions has been described in detailed. Also, the Range-Doppler technique and
Stolt Interpolation technique were successfully implemented on Matlab to construct the SAR image and the two
algorithms were compared.
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