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Abstract. We first show that for some kinds of signals a ‘‘bandwidth and time duration reduction technique’’ can

be used to simulate waveform distortions caused by moving targets, that is, it is correct to measure the waveform

distortions at very large TB with relatively small � by reducing TB and increasing � while keeping TB�

unchanged, where T is the duration of the transmitted signal, B is the bandwidth and � is the relative speed of

targets. We then study the waveform distortions in SAR signals caused by moving antenna. Based on the

bandwidth and time duration reduction technique, a lot of time and memory are saved in simulations. We then

confirm by simulations that waveform distortions do pose problems when processing very large bandwidth and

long duration SAR data using conventional SAR processing methods. Finally we propose the concepts of

wideband and narrowband processing of SAR data. Models are set up for wideband and narrowband SAR data

processing, and new methods are presented for reconstructing targets using the proposed models. Simulations

show that the methods can improve the quality of the simulated SAR images.
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1. Introduction

The common mode of operation for conventional SAR is like this: while an aircraft

carrying a SAR sensor is flying along a particular path, an antenna transmits a short

duration waveform (pulse), then receives an echo corresponding to this pulse, transmits

another pulse and so on. Due to the motion of antenna, relative motion of targets during

transmission and reception of a pulse always exists. This relative motion causes distortions

(dilations) in the received waveforms. In conventional SAR, since the pulse duration is

very short, this distortion can be ignored. This makes traditional SAR signal processing

relatively easy and explains the fact that currently most (if not all) practical SAR systems

use very short pulses as their waveforms for transmission [13]. On the other hand, using

large bandwidth and long duration waveforms do have some advantages. First, low
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probability of interception (LPI) may be achieved. It is relatively easy for an intercept

receiver to detect the radiated signal of conventional radars at long ranges [1], [10], [19].

To reduce a radar’s detectability to a hostile intercept receiver, its peak power should be

made as low as possible. The radiated energy should be spread over a wide angular, over a

long time interval, and over a wide frequency band [12]. So, if a SAR system can transmit

a long duration waveform, the instantaneous power of the transmitted signal will be

reduced and LPI be achieved. Second, large bandwidth and long duration waveform leads

to large time-bandwidth product and may improve the resolution of SAR imaging [5],

[14]. Ultra high carrier frequency waveform can be used to improve the cross-range

resolution. The Twin-Otter SAR developed at the Sandia National Laboratories can oper-

ate on frequency band as high as in the Ka (14 to 16 GHz) and Ku (32.6 to 37 GHz) bands

[15]. Its spotlight resolution can reach higher than 1 meter. The central carrier frequency of

the currently used millimeter-wave radar can be larger than 10GHz [7], [9], [18]. Such

kind of radars have been widely used in many areas [7], [9], [18]. We believe large

bandwidth and ultra high carrier frequency could be used in future SAR systems.

For a SAR system with large bandwidth, ultra high carrier frequency and large time

duration, the waveform distortion (dilation) due to relative motion of targets during

transmission and reception of a pulse cannot be ignored anymore, especially when the

speed of the platform is very high such as in spaceborne radar [3], [4], [6], [8]. Since

traditional signal processing methods for SAR ignore such distortions, they may not be

valid anymore here. There are many auto-focus and motion compensation algorithms [2],

[13], [16]. However, since each of them has its own purpose and is based on its own

conditions, they cannot be used for our case directly. For example, most known motion

compensation algorithms have the following assumptions [2], [13] (for example, see [13],

section 6.7, pp. 465–477): (a) the speed of the targets are constant; (b) the speed is so

small that the targets can be treated as motionless during transmission and reception of a

pulse. These two assumptions are obviously not valid in our case. In SAR, the relative

speeds of targets with respect to the antenna are dependent on the location of the antenna

and the location of the targets. In large bandwidth and long duration case, dilations in

received SAR signal cannot be ignored based on our simulations. This means that targets

cannot be treated as motionless during transmission and reception of a pulse. So the

problem discussed by us is much more difficult and new methods must be proposed. The

purpose of this paper is to investigate the waveform distortion in SAR and seek methods to

improve the distorted images.

The rest of paper is organized as follows. We first propose a ‘‘bandwidth and time

duration reduction technique’’ in section 2. In order to reduce the computational complex-

ity for simulation purpose, we show that for some kinds of signals it is correct to measure

waveform distortions for very large TB with relatively small � by reducing TB and

increasing � while keeping TB� unchanged, where and henceforth T is the duration of the

transmitted signal, B is the bandwidth and � is the relative speed of the target. We then

study the waveform distortion due to the moving antenna in section 3. Simulations are

done to show waveform distortions in very large bandwidth and long duration SAR data

by using conventional SAR processing methods. The concepts of wideband and narrow-

band processing of SAR data are proposed in section 4. We present new methods for
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reconstructing targets using the proposed models. Simulations show that the methods can

improve the quality of the simulated SAR images.

2. Bandwidth and Time Duration Reduction Technique

2.1. Waveform Distortions Due to Moving Targets

It is well known that when a transmitter/receiver and an object (target) reflecting the

transmitted waveform have relative motion, the received waveform will be distorted. The

amount of distortion depends on the waveform, the relative motion and the speed of

propagation of the signal [17]. Assume that the transmitted signal is p(t) and the target is

moving at a constant velocity �. It has been shown [17] that the echoed signal of a single

point-target at distance R0 (the distance of the target at time 0) is

sðtÞ ¼ pðaðt � �ÞÞ; ð1Þ

where

� ¼ 2R0=c; a ¼ c� �

cþ �
; ð2Þ

and c is the speed of the light. When the transmitted signal is a narrowband signal, the time

scaling can be further approximated by the Doppler shift. More accurately, if the

‘‘narrowband condition’’ [11], [17] is satisfied, that is,

TB � 0:1c

�
: ð3Þ

or

TB� � 0:1c; ð4Þ

the echoed signal can be approximated by

sðtÞcpðt � �Þe�j2p fd ; ð5Þ

where fd ¼ 2�
c
fc is the Doppler frequency shift and fc is the central carrier frequency.

However, for wideband signals we have to consider the more general case of time scaling,

that is, the time scaling (dilation) factor a must be considered and it should not be

approximated by a Doppler shift.

2.2. Bandwidth and Time Duration Reduction Technique

Before carrying out actual simulations, it is noticed that for signals with large time

bandwidth product, the amount of data to be processed will be huge. For wideband signal

of frequency bandwidth B and time duration T, at least 2TB discrete samples are required
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to represent the signal. If T ¼ 10�3 (s) and B ¼ 1000 (MHz), at least 2 million samples are

required! In SAR applications, we also need to sample the synthetic aperture domain. The

number of samples depends on the size of the synthetic aperture, the radar frequency and

the size of the cross range in the illuminated area. If 1000 samples are chosen in the

synthetic aperture, we have totally 2 � 109 samples. This will require considerable amount

of processing time as well as huge memory. In order to reduce the complexity for

simulating the waveform distortion in SAR, we propose a ‘‘bandwidth and time duration

reduction technique’’ in the following to simplify the simulation process.

It is observed that for certain waveforms such as chirps, the shape and properties of the

waveforms will be preserved after the bandwidth of waveforms is reduced while the time

duration keeps unchanged. Since the main concern here is waveform distortion, it suffices

to show that waveform distortion remains unchanged for both signals with the original

bandwidth and with a reduced bandwidth. Notice the factors causing waveform distortion

are given in expression (3). Hence if the bandwidth B is reduced 10 times, and the velocity

of aircraft is at the same time increase 10 times, condition (3) remains unchanged and the

amount of waveform distortion, if any, will remain unchanged. We show this in the

following when the transmitted signal is a chirp.

Let the transmitted signal be an up-chirp, pðtÞ ¼ e j�tþ j�t2 ,where � is the carrier

frequency and � is the chirp rate. When the speed of the target is �, the received signal

s(t) is described in (1). If the target is stationary, the received signal is then s1(t) ¼ p(t � �),
where � is the same as that in (1). For the investigation of waveform distortion, � can be

assumed to be 0. So, the difference between s(t) and s1(t) is then

sðtÞ � s1ðtÞ ¼ e ja�tþ ja2�t2 � e j�tþ j�t2 : ð6Þ

Since � << c, we have a ¼ c��
cþ�c1� 2�

c
. Furthermore, a2c1� 4�

c
. Therefore,

sðtÞ � s1ðtÞce j�tþj�t2ðe�j2�
c
�t�j4�

c
�t2 � 1Þ: ð7Þ

AsðtÞ � s1ðtÞAcAe�j2�
c
�t�j4�

c
�t2 � 1A: ð8Þ

We know that the bandwidth B of the signal is approximately �T and the central carrier

frequency is nearly � þ �T/2. If we keep the ratio of the bandwidth and carrier frequency

to be constant, that is, the relative bandwidth �T
�þ�T=2 is a constant q, and also keep the

product of the speed of the target and bandwidth, B�, to be constant, we know that the

difference in (8) remains unchanged. In fact, since � ¼
�
1
q
� 1

2

�
�T ¼

�
1
q
� 1

2

�
B and

�� ¼ B
T
�, (8) can be turned to

AsðtÞ � s1ðtÞAcAe�j2B�
c

1
q
�1

2ð Þt�j4B�
cT

t2 � 1A; ð9Þ

where B�, q and T are fixed. So, the difference is constant. That is, we can measure the

waveform distortion by keeping B� to be constant and allow B to be small while � very

large.
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Simulations are conducted to test this observation, and it works even when the bandwidth

is reduced as much as 1000 times! There are some small deviations due to the finite data

length effect, which are insignificant for the investigation on waveform distortion. For

example, to investigate waveform distortion for a signal with bandwidth 20GHz, and the

velocity of target being 300 m/s, it is equivalent to do the same for a signal with bandwidth

20MHz, and the velocity of target being 300 Km/s! Of course there is no aircraft in the real

world can travel at such a high speed. But it works well if we just want to know the effect of

time-bandwidth product on waveform distortion. We use the up-chirps for our simulations.

The simulations result are listed in Table 1. In our simulations, the center carrier frequency

is the same as the bandwidth, that is, q ¼ 1. The table gives the mean square error of the

distorted signal with respect to the undistorted signal (� ¼ 0), that is,

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiX
i

As1ðtiÞ � sðtiÞA2
r

=
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiX
i

As1ðtiÞA2
r

: ð10Þ

We assume that we have one target at distance 2000 meters. As can be seen from Table 1,

the relative errors caused by waveform distortions are significant and hence cannot be

ignored.

This observation is also valid for step chirp signals. We can prove this theoretically

similarly as we did for chirp before. For other signals, this observation must be checked

carefully. A major problem is that for most other kinds of signals, bandwidths depend on

time durations. That is, when the bandwidth increase the time duration usually must be

shortened. For example, for a biphase signal, its bandwidth depends on the width of each

subpulse, say Ts. If the time duration of the signal is fixed, say T, then to keep with the

increase of the bandwidth, the number of subpulses, say N, must also increase so that the

reciprocal of the width of each subpulse, N/T, is proportional to the increased bandwidth.

When the bandwidth increase from B to 10B, the number of subpulses must also increase

form N to 10N. However, in practice, in order to achieve good auto-correlation function

only certain types of biphase signals are useful such as Barker code. If we use the Barker

code, when the time duration of the signal T is fixed, the length-N Barker code is very

different from the length-10N Barker code since the Barker code is chosen randomly.

So, how can we compare the distortions of the received signals if the transmitted signals

Table 1. Mean square error of the distorted signal (Chirp).

Bandwidth Duration Speed of targets Error

20MHz 10	s 3000Km/s 1.4161

200MHz 10	s 300Km/s 1.4046

2GHz 10	s 30Km/s 1.4035

20GHz 10	s 3Km/s 1.4034

20MHz 100	s 300Km/s 1.4234

200MHz 100	s 30Km/s 1.4026

2GHz 100	s 3Km/s 1.4033

20GHz 100	s 300m/s 1.4140
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are very different? It is meaningless to compare the distortions on such cases. Furthermore,

it is very difficult to get the Barker code for large number of subpulses. Frank code is easy

to be used since we can easily produce any length Frank code. We have done some

simulations on this code (see Table 2). Here we use the width of the mainlobe as the

bandwidth of the signal. Therefore, if the time duration is fixed to be 10	s, 20MHz

bandwidth corresponds to N ¼ 100 subpulses. For the step frequency code, such as Costas

code, this observation also seems nearly correct. Table 3 gives the simulation results,

where the length-24 Costas code is used.

Another observation is that for certain waveforms such as chirps, the impact of

waveform distortion on the reconstructed image quality is almost unchanged if we fix B

and the product T� respectively while letting T and � vary. We have done some simulations

to support this observation in one-dimensional range radars. We assume the following

scene. The transmitted signal is an up-chirp. There are four targets in the area. The distance

of the center of targets is 2000m (meter) and all targets are located in [2000 � 50, 2000 þ
50] m. Three targets are at distance 2000m, 2035m and 1975m respectively, which are

independent on the radar parameters. Another targets is at distance 2035 þ 2 * dx m,

where dx is the sampling interval in the range domain which depends on the bandwidth.

The bandwidth and the central carrier frequency are 200MHz. In Figure 1-a, we assume

that the targets are stationary and the time duration of transmitted signal is 10	s. In Figure

1-b to 1-d, we assume the speed of the targets is 300Km/s, 30Km/s and 3Km/s

respectively, and the time duration of the signals are 10	s, 100	s and 1000	s respectively.
From Figure 1-b to 1-d, we see that the images of the reconstructed targets are almost

unchanged. So, for simulation purpose, in order to save time and memory, we can replace

long time duration by high speed. For example, to investigate the impact of waveform

distortion on the quality of reconstructed image when the time duration is 1000	s and the

velocity of target is 3 Km/s, it is equivalent to do the same for a signal with time duration

of 10	s and the velocity of target being 300 Km/s!

Table 2. Mean square error of the distorted signal (Frank code).

Bandwidth Duration Speed of targets Error

20MHz 10	s 3000Km/s 1.4050

80MHz 10	s 750Km/s 1.4029

320Hz 10	s 187.5Km/s 1.3906

1.28GHz 10	s 46.875Km/s 1.3908

Table 3. Mean square error of the distorted signal (Costas code).

Bandwidth Duration Speed of targets Error

20MHz 10	s 3000Km/s 1.3796

80MHz 10	s 750Km/s 1.4136

320Hz 10	s 187.5Km/s 1.4148

1.28GHz 10	s 46.875Km/s 1.4151
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Figure 1. (a) Range reconstruction via matched filtering (B ¼ 200MHz, T ¼ 10us, � ¼ 0). (b) Range reconstruc-

tion via matched filtering (B ¼ 200MHz, T ¼ 10us, � ¼ 300Km/s). (c) Range reconstruction via matched filtering

(B¼ 200MHz, T¼ 100us, �¼ 30Km/s). (d) Range reconstruction via matched filtering (B¼ 200MHz, T¼ 1000us,

�¼ 3Km/s). (e) Range reconstruction viamatched filtering (Frank code) (B¼ 200MHz, T¼ 0.25us, �¼ 1200Km/s).

(f ) Range reconstruction via matched filtering (Frank code) (B ¼ 200MHz, T ¼ 16us, � ¼ 18.75Km/s).
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This observation is also true for step chirp signal. For other types of signals, this

observation must be checked carefully. For Frank code, this observation seems nearly

correct. To keep the bandwidth unchanged, we keep the ratio N/T to be constant. In our

simulations, the bandwidth is fixed at 200MHz. When T ¼ 0.25	s, N is chosen to be 5.

Figures 1-e to 1-f are the simulation results.

In general, for some signals like chirps the impact of waveform distortion on the quality

of reconstructed image is nearly unchanged if we keep TB� constant while letting � be

very large and TB be relatively small. This bandwidth and time duration reduction

technique will enable us to save a large amount of time and memory for simulations in

large bandwidth and long duration SAR signal processing.

3. Waveform Distortion in SAR Due to Moving Antenna

For large bandwidth and ultra high carrier frequency SAR applications, the waveform

distortion due to the moving antenna may not be ignored. We consider the following

model for SAR [13]: the transmitted signal is p(t), the aircraft is moving at a constant

velocity �, and the speed of propagation of the signal is c. The targets are located at (xn, yn)

(n ¼ 1, 2, : : :, N ), where xn is the slant-range and yn is the cross-range (see Figure 2). For

simplicity, all the targets are assumed motionless. The aircraft is flying along the y axis and

its location is then (0, u), where u 2 [�L, L]. 2L is the length of synthetic aperture.

Figure 2. System Model for SAR.
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From Figure 2, we see that

sinhn ¼
yn � uffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

x2n þ ð yn � uÞ2
q : ð11Þ

The reflected signal by target (xn, yn) is then

snðt; uÞ ¼ 
npð�nðt � �nÞÞ; ð12Þ

where 
n is the reflective coefficient of target (xn, yn),

�n ¼
cþ � sinhn
c� � sinhn

; ð13Þ

�n ¼ 2

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
x2n þ ð yn � uÞ2

q
=c: ð14Þ

So, the received signal should be

sðt; uÞ ¼
XN
n¼1

snðt; uÞ ¼
XN
n¼1


npð�nðt � �nÞÞ: ð15Þ

A major difference between the dilation �n here and the dilation a in one dimensional case

in (1) is that �n not only depends on the speed � but also on the direction of the target. This

causes the wideband processing method for SAR which will be discussed in the following

section much more difficult.

In current SAR practice, the scale factors �n are ignored, that is, the received signal is

approximated by [13]

sðt; uÞ ¼
XN
n¼1

snðt; uÞ ¼
XN
n¼1


npðt � �nÞ: ð16Þ

We will show that such a simplification may lead to big errors sometimes when the

bandwidth of the transmitted waveform is very large and the time duration of the waveform

is long. We have done some simulations for spotlight SAR by using the wavefront recon-

struction method and M. Soumekh’s Matlab programs ([13], chapter 5, pp. 319–372)

and the above received signal formulae (15) and (16). As discussed above, we know that

the waveform distortion is determined by the time bandwidth product TB and the relative

speed �. Furthermore, based on the derivation in section 2, we know that for some

waveforms such as chirps, the impact of waveform distortion on the reconstructed image

remains almost unchanged if we keep TB� constant while letting � be very large and TB be

relatively small. To save computational time, we would like TB to be as small as possible.
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So, in our simulations, we keep TB to be small while letting the speed � be very large. This

is of course not the case in practice. However, the results are almost the same when TB is

very large while � is relatively small. We give three examples in the following.

(I) For Figures 3-a to 3-b, the basic parameters are as follows:

B ¼ 200MHz (bandwidth)

fc ¼ 200MHz (central carrier frequency)

Xc ¼ 200m (target center in slant range)

X0 ¼ 30m (2X0 is the length of slant range)

Yc ¼ 300m (target center in cross range)

Y0 ¼ 60m (2Y0 is the length of cross range)

L ¼ 200m, T ¼ 0.1	s.

The results for � ¼ 0, � ¼ 40,000Km/s are shown in the Figures 3-a to 3-b respectively.

When � ¼ 40,000Km/s, the TB� is then 8 � 108 m/s. If we consider the ordinary speed for

aircraft, that is, � ¼ 200m/s, then, to keep the TB� unchanged, we need TB to be 4 � 106.

We can choose B to be 4GHz and T to be 1ms, or other pairs of values for B and T. This is

practical.

(II) For Figures 4-a to 4-b, the basic parameters are the same as those in Figure 3-a and

Figure 3-b except that the speed of the aircraft is reduced to � ¼ 400Km/s and the time

duration is raised to T ¼ 10	s. The results for � ¼ 0, � ¼ 400Km/s are shown in the

Figures 4-a to 4-b respectively. It is clearly seen that the reconstructed image in Figure 4-b

is of the same quality as that in Figure 3-b. The TB� here is the same as that in the previous

example. We can imagine that similar results occur when the aircraft flies at the ordinary

speed, � ¼ 200m/s, while the bandwidth B is 8GHz and T is 0.5ms. In spaceborne radar

[3], [4], the speed can be as high as � ¼ 10Km/s. Hence we can expect similar results occur

Figure 3. (a) Reconstructed SAR image (B ¼ 200MHz, T ¼ 0.1us, � ¼ 0). (b) Reconstructed SAR image (B ¼
200MHz, T ¼ 0.1us, � ¼ 40,000Km/s).
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for spaceborne radar when B ¼ 800MHz and T ¼ 0.1ms, which is reasonable in the near

future.

(III) For Figures 5-a to 5-b, the basic parameters are as follows:

B ¼ 2GHz, fc ¼ 2GHz, Xc ¼ 200m, X0 ¼ 20m

Yc ¼ 300m, Y0 ¼ 30m, L ¼ 50m, T ¼ 0.1	s.

The results for � ¼ 0, � ¼ 20,000Km/s are shown in the Figures 5-a to 5-b respectively.

When � ¼ 20,000Km/s, the TB� is then 4 � 109 m/s. If we consider the ordinary speed for

Figure 4. (a) Reconstructed SAR image (B ¼ 200MHz, T ¼ 10us, � ¼ 0). (b) Reconstructed SAR image (B ¼
200MHz, T ¼ 10	s, � ¼ 400Km/s).

Figure 5. (a) Reconstructed SAR image (B ¼ 2GHz, T ¼ 0.1	s, � ¼ 0). (b) Reconstructed SAR image (B ¼
2GHz, T ¼ 0.1	s, � ¼ 20,000Km/s).
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aircraft, that is � ¼ 200m/s, then, to keep the TB� unchanged, we need TB to be 2 � 107.

We can choose B to be 20GHz and T to be 1ms, which are reasonable in SAR.

The simulations show that the waveform distortion cannot be ignored when the

bandwidth of the transmitted waveform is very large and the time duration of the

waveform is long. We should develop methods to deal with the problem.

4. Wideband and Narrowband Processing for SAR Signals

As discussed in the previous section, we need new methods to deal with the waveform

distortion in SAR signals. Unlike ordinary range radars, SAR detect targets in two- or

three-dimensional space. This leads to much higher complexity in signal processing

algorithms for SAR signals. The wideband and narrowband processing methods for one-

dimensional signals are no longer valid for SAR [11], [17]. Although there are many auto-

focus and motion compensation algorithms, as explained in the introduction they cannot

be used here directly. New methods should be proposed. In this section, based on the

analysis of the received SAR signal, we will propose new methods for the problem. Like

one-dimensional case, we call a method which considers the dilation of the received SAR

signal a wideband processing method for SAR signals.

We now further analyze the received SAR signal. For � << c,we have

�nc1þ 2�

c
sin hn;

1

�n

c1� 2�

c
sin hn: ð17Þ

So, by using (17) and the first order approximation in the Taylor series expansion, we have

sðt; uÞ ¼
XN
n¼1


npð�nðt � �nÞÞ

c
XN
n¼1


np 1þ 2�

c
sin hn

� �
ðt � �nÞ

	 


c
XN
n¼1


npðt � �nÞ þ
XN
n¼1


npVðt � �nÞ
2� sin hn

c
ðt � �nÞ: ð18Þ

Let S(!, u) be the Fourier transform of s(t, u) with respect to fast time t and P(!) be the

Fourier transform of p(t). We get

Sð!; uÞ ¼
XN
n¼1


n=�nPð!=�nÞe�j!�n

c
XN
n¼1


nPð!=�nÞe�j!�n
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c
XN
n¼1


nP !� 2� sin hn
c

!

� �
e�j!�n

c
XN
n¼1


n Pð!Þ � PVð!Þ 2�
c

yn � uffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
x2n þ ð yn � uÞ2

q !

2
64

3
75e�j!�n

cPð!Þ
XN
n¼1


ne
�j!2

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
x2nþð yn�uÞ2

p
=c

�!PVð!Þ
XN
n¼1


n

2�

c

yn � uffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
x2n þ ð yn � uÞ2

q e�j!2
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
x2nþð yn�uÞ2

p
=c: ð19Þ

Since the currently available methods (see [13], e.g.) for detecting targets (xn, yn) all ignore

the last term in the equation (18) or (19), errors are inevitable. Suitable methods for

compensating the impact of the term must be found.

Like narrowband processing in the one-dimensional case [6], [8], we can also replace the

dilation by Doppler frequency shifts. However, in SAR the Doppler frequency shifts are

not only related to the speed of the vehicle, but also related to the direction of the targets.

This makes the problem much more difficult. When TB � 0:1c
� , a narrowband processing

for SAR signals is as follows.

Let fd
n be the Doppler frequency shift, that is,

f nd ¼ 2� sin hn
c

fc; ð20Þ

where fc is the central carrier frequency. If the narrowband condition (3) is satisfied, we

have

sðt; uÞc
XN
n¼1


npðt � �nÞe j2pf
n
d
ðt��nÞ: ð21Þ

In frequency domain, we have,

Sð!; uÞc
XN
n¼1


nPð!þ 2pf nd Þe�j!�n

c
XN
n¼1


nP !þ 4p�f0
c

yn � uffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
x2n þ ð yn � uÞ2

q
0
B@

1
CAe�j!2

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
x2nþð yn�uÞ2

p
=c: ð22Þ

As discussed above, either wideband processing or narrowband processing for SAR

signals is very different from that in the one-dimensional case. The known methods for the

one-dimensional case (see [17], e.g.) cannot be used directly. In the following, we give two

iterative methods which can be used to improve the quality of reconstructed SAR images.
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From (16) and (18) we see that

sðt; uÞ ¼
XN
n¼1


npðt � �nÞ

¼ sðt; uÞ �
XN
n¼1


npVðt � �nÞ
2� sin hn

c
ðt � �nÞ: ð23Þ

If we can get s(t, u), we can use the currently known methods such as the wavefront

reconstruction method [13] to locate the targets (xn, yn) and find the reflective coefficient


n. In practice, what we get is the received signal s(t, u). Due to the impact of the second

term in (18), using known methods such as the wavefront reconstruction method on the

received signal s(t, u) cannot get images in good quality, which are shown in Figures 3–5.

However, when we get a rough estimation of (xn, yn)and 
n, we can use them to improve

the quality of the image. If the rough estimation of the targets and the reflectivities are (x~~n,
y~~n) and 
~~n respectively (n ¼ 1, 2, : : :, N ), we get an approximation for s(t, u) by

sðt; uÞcsðt; uÞ �
XN
n¼1

~~
npVðt �~~�nÞ
2� sin ~~hn

c
ðt � ~~�nÞ; ð24Þ

where

sin ~~hn ¼
~~yn � uffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

x~~2n þ ð y~~n � uÞ2
q ; ð25Þ

~~�n ¼ 2

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
x~~2n þ ð y~~n � uÞ2

q
=c: ð26Þ

We call this method ‘‘Wideband Compensation’’.

We have done simulations based on the above method. An example is shown below. We

first use the wavefront reconstruction method [13] on the received signal s(t, u) to get a

rough image of the targets (Figure 4-b). From the rough image, we get an estimation of the

location of the targets and the reflectivities. Then we use (24) to get an approximation for

s(t, u). Finally, the wavefront reconstruction method is used again on s(t, u) to get an

image (Figure 6-a). The process can be done iteratively until we get a satisfactory image.

Simulations have shown that this method can improve the quality of the image. The radar

parameters here are described in the example (I) of section 3. Figure 4-a is the

reconstructed image when the speed of the aircraft � ¼ 0. Figures 7-a to 7-c are the

corresponding 3D images of Figure 4-a, Figure 4-b and Figure 6-a respectively, where

the values are normalized so that they are in the interval [0,255]. The mean square error

(MSE) between Figure 7-a and Figure 7-c is 0.0207. The mean square error (MSE)

between Figure 7-a and Figure 7-b is 0.0398. So after one iteration, the MSE is reduced by

nearly one half.
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When the narrowband condition is satisfied, we can also improve the image quality

using the approximation (21). Based on (21) and the first order approximation of the

Taylor series expansion, we have

sðt; uÞc
XN
n¼1


npðt � �nÞ þ
XN
n¼1


n j2pf
n
d ðt � �nÞpðt � �nÞ: ð27Þ

So,

sðt; uÞ ¼
XN
n¼1


npðt � �nÞ

csðt; uÞ �
XN
n¼1


n j2pf
n
d ðt � �nÞpðt � �nÞ: ð28Þ

As discussed above, we can use the wavefront reconstruction method to reconstruct the

image if we have a good approximation of s(t, u). When we get a rough estimation of (xn,

yn) and 
n, we can use them to improve the quality of the image. If the rough estimation of

the targets and the reflectivities are (x~~n, y~~n)and 
~~n respectively (n ¼ 1, 2, : : : , N ), we get an

approximation for s(t, u) as

sðt; uÞcsðt; uÞ �
XN
n¼1

~~
n j2p ~~f
n
d ðt � �nÞpðt � ~~�nÞ; ð29Þ

where

~~f nd ¼ 2� sin ~~hn
c

fc; ð30Þ

Figure 6. (a) Wideband compensation SAR image (� ¼ 400Km/s). (b) Narrowband compensation SAR image

(� ¼ 400Km/s).
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and sin~~n and �~~n are defined in (25) and (26). We call this method ‘‘Narrowband

Compensation’’.

We have also done simulations based on the ‘‘Narrowband Compensation’’ method. A

simulation result is given in Figure 6-b, where the signal is chirp. The case used here is the

same as the example discussed above for ‘‘wideband compensation’’ method. Figures 7-d

Figure 7. (a) Reconstructed SAR image (� ¼ 0). (b) Reconstructed SAR image (� ¼ 400Km/s).
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is the corresponding 3D images. For this example, the ‘‘Narrowband Compensation’’ is

sufficient. But for some other examples, the ‘‘Narrowband Compensation’’ is not

efficient. To save space, we will not show them here.

From the simulation, we see that for some wideband SAR signals, sometimes the

‘‘Narrowband Compensation’’ method is valid even if the narrowband condition (3)

Figure 7. (c) Wideband compensation SAR image (� ¼ 400Km/s). (d) Narrowband compensation SAR image

(� ¼ 400Km/s).
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is violated. This may be due to the fact that the dilation caused by the speed of the

vehicle is different in different directions. The narrowband condition should also be

changed according to different directions. Narrowband condition (3) is only the worst

case.

An advantage of ‘‘Narrowband Compensation’’ over ‘‘Wideband Compensation’’ is

that the ‘‘Narrowband Compensation’’ can be used for any type of signals even if the

signals are non-continuous, while the ‘‘Wideband Compensation’’ requires that the

signals are smooth (have at least first-order derivative). At present time, our method is only

valid for a small number of separated point-targets. For large number of closely located

targets, the method needs to be improved further.

5. Conclusions

It has been shown that in SAR, due to the motion of the aircraft, waveform distortion

always exists. For large bandwidth and long duration SAR systems, which we believe

could be the future SAR systems, waveform distortions due to moving antennas cannot be

ignored. Huge amount of time and memory are needed to simulate the processing of large

bandwidth and long duration SAR signals. In order to reduce the computational complex-

ity and memory for simulation purpose, we have shown that for some kinds of signals it is

correct to measure waveform distortions for very large TB with relatively small � by

reducing TB and increasing � while keeping TB� constant. Based on this observation, we

are able to run simulations on SAR waveform distortions using general personal

computers. The concept of wideband and narrowband process of SAR data are proposed.

New method are presented for reconstructing targets using the proposed wideband and

narrowband SAR model. Simulations have shown that the methods can improve the

quality of the simulated SAR images.

The study is only concerned with the signal processing aspect. There are additional

problems associated with large bandwidth and long duration SAR systems, such as the

leakage of transmitted signals into received signals. The investigation of these problems

and the search of more efficient wideband SAR processing algorithms will be our future

works.
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