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Abstract—The problem of wide bandwidth management in ultra-high
resolution SAR systems can be solved by adopting stepped chirps and
applying synthetic bandwidth approach. However, high resolution
SAR image formation is a non-separable 2-D impulse compression
processing, so the synthetic bandwidth procedure should be modified
correspondingly with the image formation algorithm adopted. This
paper demonstrates the application of synthetic bandwidth approach
in SAR Polar Format Algorithm (PFA) using the deramp technique.
The problem of motion compensation between the sub-pulses within a
burst is discussed, and the signal processing flows are investigated in
detail. The presented approach is validated by point target simulation.

1. INTRODUCTION

The Synthetic Aperture Radar (SAR) is an all-weather imaging tool
that achieves fine along-track resolution by taking the advantage of
radar motion to synthesize a large antenna aperture [1]. The basic
principle of Synthetic Aperture Radar (SAR) has been outlined in
reference [2, 3]. SAR has been shown to be very useful over a wide range
of applications, including target detection [4], target discrimination
[5, 6], target recognition [7], velocities measurement [8], identification
of landmine-like objects [9, 10], snow monitoring [11], classification of
earth terrain [12] etc.

There is a growing demand for SAR systems with an ultra-high
resolution in the recent couple of years. In Germany FGAN-FHR
has built up an experimental system: PAMIR [13–18], the Phased
Array Multifunctional Imaging Radar with the very high resolution
in the order of one decimeter. Range resolution is determined by
the bandwidth of the transmitted pulse, so for such a resolution, the
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transmitted bandwidth has to be at least 1.8 GHz. The need for such a
large bandwidth leads to a lot of problems to be solved. One problem
is the broadband beam-former for the phased array with the need
for a great number of switchable true time delays (TTD). And the
antenna has to have excellent transient response for ultra wideband
(UWB) signals [19]. Also the generation of wideband waveforms and
the construction of the receivers with high speed A/D-converters are
nontrivial engineering tasks. Therefore, it would be a good choice
to adopt stepped chirps to reduce the instantaneous bandwidth and
sampling rate requirements of the radar system. It means that the total
wide bandwidth is split over a certain number of pulses with relative
narrow bandwidth (sub-pulses) belonging to one burst. A series of
bursts of these narrowband pulses are transmitted. Adequate post-
processing is required to process the received signals to form an image
with high resolution. Some methods are purposely for dealing with
the stepped chirps to form an image [20, 21], but the most common
and simple processing way is using the synthetic bandwidth technique
to realize the combination of the sub-bands first, and then processing
the synthesized signal with existing standard SAR image formation
algorithms.

Bandwidth synthesis can be completed either in the time
domain [22] or in the frequency domain [23], or by using the deramp
technique [24] which will be discussed in the following. There is a
limit for swath width while using deramp technique, but a method
to make the technique applicable for arbitrary wide swath has been
demonstrated in [25, 26].

In the next section, the waveform model of stepped chirps in
SAR is given, and the received signal when using deramp technique
is formulated. The relative motion between the radar and target
from one sub-pulse to another within a burst is considered, and the
compensation method is discussed in Section 3. In Section 4, the
application of synthetic bandwidth approach in SAR Polar Format
Algorithm (PFA) using the deramp technique is demonstrated, and
the signal processing flows are discussed in detail. Simulation results
validating the presented approach are shown in Section 5.

2. WAVEFORM MODELING

Figure 1 indicates the signal frequency variety of the transmitted
stepped chirps in SAR as a function of time. Assume that the step
number is N , the time interval between two subsequent sub-chirps
is PRI, and the N sub-chirps belonging to one burst are used to
construct a single wide-bandwidth chirp with centre frequency fc, total
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Figure 1. The frequency diversity of the transmitted stepped chirps
in SAR.

bandwidth B, chirp rate γ and pulse duration Tp, then the centre
frequency of the sub-chirps should be stepped by a constant increment
fstep to cover the whole synthesized bandwidth, where fstep = B

N .
Therefore, the center frequency of the kth (k = 0, 1, 2, . . . , N − 1)
sub-chirp is given by

fc(k) = fc + (k + 1/2 − N/2)fstep. (1)

Here define

∆fk = (k + 1/2 − N/2)fstep (2)

Each sub-chirp should have bandwidth Bn = fstep, chirp rate γ, pulse
duration Tpn = Tp

N , and the baseband chirp signal is formulated as:

p(τ) = rect
(

τ

Tpn

)
exp

[
jπγτ2

]
(3)

where τ is the fast (range) time, and rect( τ
Tpn

) represents a rectangular
function of duration Tpn centered at τ = 0.

In spotlight SAR, a SAR sensor mounted on a moving platform
traveling a relatively linear path at a fixed velocity transmits a series of
the bursts of the narrow-bandwidth chirps defined above to illuminate
a target area. Assume the burst number is L. The kth (k = 0, 1, 2,
. . . , N −1) sub-chirp belonging to the mth (m ≤ L) burst is expressed
as

st(τ, k;m) = rect
(

τ

Tpn

)
exp [j2πfc(k)τ ] exp

[
jπγτ2

]
(4)

Assume there is a specific point target j in the illuminated area, and
the instantaneous distance between it and the antenna phase center
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(APC) at this sub-chirp’s transmission time is marked as rj(k;m).
The demodulated echo signal backscattered from target j has the form

sb(τ, k;m) = rect(
τ − 2rj(k;m)/c

Tpn
) exp

[
−j2πfc(k)

2rj(k;m)
c

]

exp
[
jπγ(τ − 2rj(k;m)

c
)2

]
(5)

where c is the speed of light.
While the deramp-on-receive approach is employed, the reference

signal for mixing is

sref (τ, k;m) = exp

[
jπγ

(
τ − 2rref (k;m)

c

)2
]

(6)

where rref (k;m) represents the instantaneous distance between the
APC and the reference point target (typically the scene center point)
at the same sub-chirp transmission time.

The deramped signal that results from mixing the received signal
of (5) and the complex conjugate of the reference function of (6) is
only dechirped in range and is a mono-frequency signal formulated as

sde(τ, k;m) = rect
(

τ − 2rj(k;m)/c

Tpn

)
exp

[
−j4πfc(k)

rj(k;m)
c

+jπγ

(
τ − 2rj(k;m)

c

)2

−jπγ

(
τ − 2rref (k;m)

c

)2
]

= rect
(

τ − 2rj(k;m)/c

Tpn

)
exp

{
j2πγ

[(
2rref (k;m)

c

−2rj(k;m)
c

)
τ

]
− j4πfc(k)

rj(k;m)
c

+jπγ

[(
2rj(k;m)

c

)2

−
(

2rref (k;m)
c

)2
]}

(7)

and the frequency is slant range dependent since targets at different
ranges correspond to different frequencies.

After applying the deramp technique to the sub-pulses one by one,
the mono-frequency sub-signals are prepared for the concatenation via
the synthetic bandwidth approach.
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3. COMPENSATION OF THE RELATIVE MOTION
BETWEEN SUB-PULSES WITHIN A BURST

The bandwidth synthesis starts with (7), but before the synthetic
bandwidth technique is applied, it should be declared that synthetic
bandwidth theory requires that the range between the APC and each
target should be fixed within a burst, i.e., rj(k;m) and rref (k;m) in (7)
should have fixed values for a certain ‘m’ regardless of k. Nevertheless,
SAR sensor moves along with the carrier and both rj(k;m) and
rref (k;m) change with k from sub-pulse to sub-pulse. If theN sub-
pulses were combined directly, that would cause much error. Therefore,
this change in range from one sub-pulse to another should be accounted
for and compensated first.

However, for different point targets in different locations, this
change in range between sub-pulses is different, i.e., this change
is space-variant. Therefore, it is difficult to compensate for the
change completely point by point. We can merely choose to do a
space-invariant compensation to all targets according to the relative
motion between the APC and the reference point target, i.e., do the
compensation according to rref (k;m).

Within a burst, we choose to compensate each sub-pulse’
transmission location to the first sub-pulse’ (k = 0) transmission
location. It means rref (0;m) is chosen as the reference range for
the mth burst, and the compensation is done sub-pulse by sub-pulse
according to the difference between rref (0;m) and rref (k;m) for each k,
including time-shift and phase compensation. The appropriate time-
shift is given by

∆tlocation(k;m) =
2[rref (0;m) − rref (k;m)]

c
(8)

and the phase compensation factor is given by

φlocation(k, m) = exp
[
j4πfc(k)

rref (k;m) − rref (0;m)
c

]
(9)

Although this compensation is only exact for the reference point
target, it might be adequate for all targets in the illuminated area when
the imaged scene radius is selected to limit the quadratic phase error
induced by range curvature within π/2 [27].

Afterwards, it is appropriate to assume that the SAR sensor
doesn’t move within a burst, but stops at the transmission location
of the first sub-pulse transmitting the N sub-pulses within this burst
one by one, and then moves to next position to transmit next burst
of sub-pulses. After the compensation is done to (7), all rj(k;m)
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and rref (k;m) in (7) can be substituted by rj(0;m) and rref (0;m)
respectively, and (7) is changed to

sde loc(τ, k;m) = rect
(

τ − 2rj(0;m)/c

Tpn

)
exp

{
jπγ

[
2τ

(
2rref (0;m)

c

−2rj(0;m)
c

)]
− j4πfc(k)

rj(0;m)
c

+jπγ

[(
2rj(0;m)

c

)2

−
(

2rref (0;m)
c

)2
]}

(10)

4. THE APPLICATION OF SYNTHETIC BANDWIDTH
APPROACH IN SAR POLAR FORMAT ALGORITHM

After the compensation of the relative motion between sub-pulses
within a burst, synthetic bandwidth approach can be applied to
combine the N sub-pulses (k = 0, 1, 2, . . . , N − 1) in virtue of
Equation (10). The N mono-frequency sub-pulses within a burst can
be concatenated to a long mono-frequency signal via two steps, time-
shift and superposition. (For simplicity, the common argument m is
omitted in the following expression). Denote

φj = jπγ

[(
2rj(0)

c

)2

−
(

2rref (0)
c

)2
]

(11)

Reset the phase terms in (10) [24, 25], it can be formulated as

sde loc(τ, k) = rect
(

τ − 2rj(0)/c

Tpn

)
exp

{
j2π

[
γ

2rref (0)
c

τ

−γ
2rj(0)

c

(
τ +

fc(k)
γ

)]
+ φj

}
(12)

It has to be shifted in the time-domain by

∆t(k) =
∆fk

γ
(13)

Using the expression ∆fk = (k + 1
2 − N

2 )Bn, Bn = γTpn and fc(k) =
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fc + ∆fk, the time-shifted version of Equation (12) becomes

s1(τ, k) = sde loc

(
τ − ∆fk

γ
, k

)

= rect
(

τ − (k + 1/2 − N/2)Tpn − 2rj(0)/c

Tpn

)

exp
{
j2π

[
γ

2rref (0)
c

τ−γ
2rj(0)

c

(
τ +

fc

γ

)
−∆fk

2rref (0)
c

]
+φj

}
(14)

It can be noticed that there is only one phase term different for
each sub-pulse

exp
[
j2π∆fk

2rref (0)
c

]
(15)

If this phase term is compensated, different sub-pulses in this burst
would have exactly the same expression except the rect(·) function
part. Considering about the azimuth processing in PFA afterwards,
the phase compensation factor is chosen as

φ(k) = exp
(

j2πfc(k)
2rref (0)

c

)
(16)

for the purpose of doing azimuth dechirp at the same time, and this
is the key point to apply synthetic bandwidth approach to PFA. After
multiplying (14) by φ(k), the signal becomes

s2(τ, k) = s1(τ, k) ∗ φ(k)

= rect
(

τ − (k + 1/2 − N/2)Tpn − 2rj(0)/c

Tpn

)

exp
{

j2π

[
γ

2rref (0)
c

τ − γ
2rj(0)

c

(
τ +

fc

γ

)

+fc
2rref (0)

c

]
+ φj

}
(17)

It is obvious that two neighboring sub-pulses have exactly the
same phase term, and they are just aligned having neither overlap
nor gap in time. Each sub-pulse lasts for a period of Tpn, and two
neighboring sub-pulses are shifted in time by Tpn. Thus, all of the N
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sub-pulses in a burst can be added linearly

ssyn(τ) =
N−1∑
k=0

s2(τ, k)

= rect
(

τ − 2rj(0)/c

NTpn

)
exp

{
j2π

[
γ

(
2rref (0)

c
− 2rj(0)

c

)
τ

+fc

(
2rref (0)

c
− 2rj(0)

c

)]
+ φj

}
(18)

The bandwidth synthesis is completed till this step. N sub-pulses
within a burst are synthesized to one single signal. The synthetic signal
is still a mono-frequency signal in range, but the duration is N times
longer, which brings the improvement of range resolution which is N
times higher.
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Figure 2. Graphical explanation of the signal concatenation (for
N = 2).

Figure 2 takes N = 2 as an example and indicates the graphical
explanation of signal concatenation for two point targets i, j at
different ranges. Two mono-frequency signals were synthesized
corresponding to these two targets respectively. Note the frequency-
dependent skew in time, which has to be handled afterwards.

Notice that (18) can be formulated as

ssyn(τ ;m) = rect
(

τ − 2rj(0;m)/c

NTpn

)
exp

{
j
4πγ

c

[
fc

γ
+τ− 2rref (0;m)

c

]

[rj(0;m)−rref (0;m)]+j
4πγ

c2
[rj(0;m)−rref (0;m)]2

}
(19)

in which the argument m is displayed again. It is clear and desirable
that a signal dechirped both in range and azimuth is constructed, which
shows that the bandwidth synthesis process not only accomplishes the
signal concatenation but also accomplishes dechirp in azimuth as well.
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Figure 3. The flow chart.

After the bandwidth synthesis approach is executed to the L
bursts one by one, L dechirped signals are synthesized which can be
processed directly by PFA. But the last phase term in (19) has to
be handled first before polar formatting. This phase term is called
Residual Video Phase (RVP), and it would cause distortion to image
when the illuminated area is large or the resolution is high. So the
removal of RVP should be done first. The problem of frequency-
dependent skew discussed above can also be solved via this procedure,
and the echoes returned from different ranges are aligned, which is
referred to as the range deskew. Then, the data can be stored in the
polar format, followed by the 2-D interpolation. Finally, 2-D IFFT will
convert the data into the 2-D focused image.

5. SIMULATION RESULTS

In this section, point target simulation is employed to validate the
presented approach. A spotlight SAR system adopting stepped
chirps in the step of 4 (N = 4) and operating in the broadside
imaging geometry is assumed. Echo signals with deramp-on-receive are
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Table 1. Parameters in the simulation.

Step

number

Total

bandwidth

Sub

bandwidth

Fr equency

step size

Center

frequency

Sub- chirp cente r

frequency

Scene

radius

4 1.5 GHz 375 MHz 375 MHz 10 GH z 9.4375 G-1.05625 G 88 m

simulated. Parameters outlining the simulation are listed in Table 1.
According to the parameters above, the theoretical resolution

should be 0.1 ∗ 0.1 m.(azimuth*range). The imaged scene radius is
selected to limit the quadratic phase error induced by range curvature
within π/2 [27], and 9 point targets are assumed to be distributed as
Fig. 4 indicates.

The processed image via the presented approach is shown in Fig. 5.
The impulse response function(IRF) in range and azimuth of two
selected point targets, point O in the scene center and point A on

O

A

88m

88mazimuth

ra
ng

e

Figure 4. Simulated scene geometry.

 

Figure 5. SAR image processed with PFA.
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the scene border in the upper left corner, are presented in Fig. 6 and
Fig. 7. Table 2 summarizes the measured resolutions and Integrated
Sidelobe Ratio (ISLR), Peak Sidelobe Ratio (PSLR) in both range and
azimuth dimension.

(a) (b)

Figure 6. Impulse response function of the point at the scene center,
(a) range profile, (b) azimuth profile.

(a) (b)

Figure 7. Impulse response function of the point on the scene border,
(a) range profile, (b) azimuth profile.

It can be observed that the focusing is nearly perfect for the point
at the scene center corresponding to the theoretical values, and slightly
distorted in range for the point on the scene border as its range profile
appears slightly non-symmetrical in Fig. 7(a). This is resulted from
the motion compensation between sub-pulses within a burst, which is
only exact for the scene center point. However, the distortion is not



458 Nie, Zhu, and Zhu

Table 2. Point target impulse response characteristics.

Point at the scene center Point on the scene border

Range Azimuth Range Azimuth

Resolution measured 0.0923 0.1059 0.0974 0.0993

ISLR (dB) �-9.96297 -�9.86119 �-9.45427 �-8.76849

PSLR (dB) �-13.2334 - 13.2684 �-12.5496 �-12.0572

serious at all, and the simulation results prove that the application of
synthetic bandwidth approach in SAR Polar Format Algorithm using
deramp technique is feasible.

6. CONCLUSIONS

In this paper, the application of synthetic bandwidth approach in the
Polar Format Algorithm in spotlight SAR using deramp technique is
demonstrated. The relative motion between the APC and targets from
one sub-pulse to another within a burst is considered first and the
compensation method is discussed. The signal processing flow of the
application is induced in detail. The presented approach is validated
by point target simulation finally.
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