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Abstract—In synthetic aperture radar (SAR), increasing the
pulsewidth of signal is an effective way to achieve high signal-to-
noise ratio (HSNR) imaging. However, when the pulse repetition
frequency (PRF) is fixed, increasing the pulsewidth will reduce the
maximum unambiguous swath width of SAR. In order to solve this
contradiction, a method based on continuous pulse coding (CPC)
which increases the average transmit power by multiple pulses with
varying high PRF is proposed in this article. Due to the small
interval between pulses, the echo will have range ambiguity and
occlusion problems. To obtain the complete echo, we first use the
form of CPC signal and the swath width of radar to construct a
linear equation set to model the ambiguous echo of each receiving
window. Next, the established linear equations are split according
to the distribution law of receiving window. Finally, the echo energy
accumulation of multiple pulses is accomplished by solving the split
sublinear equations. Therefore, the echo with both swath width
corresponding to narrow pulse and HSNR corresponding to wide
pulse is obtained to realize HSNR and wide swath SAR imaging.
The experimental results have confirmed the effectiveness of the
method proposed in this article.

Index Terms—Continuous pulse coding (CPC), decoding, high
signal-to-noise ratio and wide swath (HSNR–WS), synthetic
aperture radar (SAR).

I. INTRODUCTION

THE characteristics of synthetic aperture radar (SAR) that
can obtain high-resolution imaging of the target regardless
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of time and weather make SAR has an important application
value in military and civilian [1]. The signal-to-noise ratio (SNR)
is one of the core indexes that are used to measure the quality of
SAR image, which is closely related to the average transmit
power of radar [2]. We usually increase the peak power or
pulsewidth of the signal to increase the average transmit power
of the radar. In this case, the high peak transmit power leads to the
complexity of radar equipment as well as the high peak power
pulse signal is easily intercepted by other jamming equipment.
In addition, the increase of the pulsewidth will reduce the
observation area of radar when the pulse repetition frequency
(PRF) is fixed.

To obtain high signal-to-noise ratio (HSNR) images without
reducing the observation area of SAR, researchers have proposed
many methods based on the multiaperture radar. A method to
improve the SNR of echo utilizing multiple subaperture coherent
accumulation in the pitch dimension was proposed in [3]–[5].
In [6]–[7], an area array SAR system based on two-dimensional
(2-D) intrapulse scanning is used to obtain HSNR echo. The
method of increasing the SNR of the radar in [8] proposed an
azimuth-slow time waveform coding scheme based on Alamouti
space–time coding. But the above methods all use multiaper-
ture radar, which will increase the complexity of the radar
system.

The improvement of SNR in radar can also be achieved by
signal waveform coding. The essence of radar waveform coding
is modulating the time, frequency, and phase of the transmitted
signal. Different modulation methods have different effects on
the performance of the radar system. For example, adding a
random initial phase to the pulse signal [9]–[12], adjusting
slightly the modulation frequency of signal [13]–[15], or chang-
ing the polarity of the modulation frequency rate [16]–[17] using
multicarrier signal [18]–[21] are all effective ways to suppress
interference. Besides, radar waveform coding method is also
applied to clutter suppression [22]–[24], resolution enhance-
ment [25]–[29], and range and azimuth ambiguity suppression
[30]–[34]. Wang et al. [35] proposed a coding signal composed
of multiple pulses transmitted in single-channel SAR. Then,
the multiple complete echoes are recovered in a pulse coding
signal repetition period, and they are coherently superimposed
to improve the SNR of radar echo. But in order to ensure
that the max unambiguous swath width of this coding SAR is
consistent with traditional SAR, it is necessary to reduce the
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Fig. 1. Schematic diagram of observation range corresponding to different
pulse.

coding signal repetition frequency, which may cause azimuth
Doppler ambiguity of radar due to the undersampling.

For this reason, we introduce a continuous pulse coding (CPC)
method in this article, which increases the average transmission
power of radar by continuously transmitting pulse train signals.
This pulse train signal is composed of narrow pulse signals with
varying high PRF. And the contradiction between high average
transmit power and wide swath (WS) can be eliminated accord-
ing to the decoding method to achieve HSNR–WS imaging of
SAR. In addition, due to the continuity of the pulse coding signal
and the periodicity of the decoding method, compared with
the traditional pulse coding method in [35], the CPC method
can equivalently increase the azimuth sampling rate and the
maximum unambiguous Doppler bandwidth of the radar, so
that this new coding method can be applied to radars located
on high-speed platforms.

The rest of this article is organized as follows. In Section II, we
introduce the mathematical model of CPC signal. In Section III,
we analyze and model the echo signal of each receiving window,
and elaborate echo recovery. In Section IV, we briefly introduce
the basic SAR imaging method, and then make a quantitative
analysis of the improvement of SAR image SNR by proposed
method. In Section V, the experiment results are shown to verify
the effectiveness of proposed method in this article. Finally,
Section VI. concludes this article.

II. MODEL OF CONTINUOUS PULSE CODING SIGNAL

As shown in Fig. 1, increasing the pulsewidth is an easy way
to improve the average transmit power of radar, but it will reduce
the observation area of radar. To solve this problem, we propose
a new pulse coding method to increase the average transmission
power of radar by continuously transmitting pulse train signals
composed of narrow pulse signals.

The CPC signal is composed of three symbols, i.e., “0,”
“S,” and “−S,” whose time widths are all Tp. “S” is a linear
frequency modulation (LFM) pulse signal, “0” represents a
receiving window and −S = S · ejπ . The transmitting signal
of radar can be expressed as

St = DS (1)

where D = [d1, d2 . . . , dL]
T , dl = {0,± 1} is determined by

the transmitted signal. L is the number of the symbols in
St. D is used to represent the distribution of the symbols
in St.

The radar continuously transmits a pulse train St, whose
period is the time width of the coded signal. Therefore, the

Fig. 2. Model of continuous pulse coding signal.

Fig. 3. Echo diagram of continuous pulse coding signal.

Fig. 4. Diagram of echo blocking.

repetition frequency of the pulse train in radar can be expressed
as

PRFt = 1/ (L · Tp) . (2)

As shown in Fig. 2, if the time width of each symbol is 5 μs,
the pulse train repetition frequency of radar is 10 kHz according
to (2).

As shown in Fig. 3, owing to the short interval of the subpulses
in coding signal and the work mode of single-channel radar, the
echoes will have ambiguity and occlusion problems. Therefore,
it is impossible to directly utilize the echo in Fig. 3 for SAR
imaging. In next section, how to recover the complete echoes
will be described in detail.

III. ECHO DECODING METHOD OF CPC–SAR

Due to the limitation of radar beam width, the echo length
corresponding to a subpulse is also limited. Assuming that the
longest duration of the target echo corresponding to a single
pulse from the beginning to the end of the reception is T , then
we can obtain the length N of the echo signal x by rounding up
from T/Tp. Therefore, the echo signal is divided into N units,
i.e., x1, x2 . . . , xN , which can be shown in Fig. 4.

When the CPC signal is determined, we define M as the total
number of receiving windows in the transmitted coding signal,
and its size is the product of the number of the receiving windows
in one pulse coding signal repetition period and the number of
coding signal repetition periods. In addition, defineP as the total
number of single pulses in the transmitted coding signal, which
is the product of the number of single pulses in the repetition
period of a pulse coding signal and the number of repetition
periods of the coding signal.
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Without considering the effect of noise, the following lin-
ear equation set Y can be constructed according to the echoes
received by the receiving window located at the symbol “0”:

Y : WX = R (3)

where

R = [r1, r2 · · · rM ]T

X = [X1,X2, · · ·XP ]
T

W =

⎡
⎢⎢⎢⎣

w11 w12 · · · w1P

w21 w22 · · · w2P

...
...

. . .
...

wM1 wM2 · · · wMP

⎤
⎥⎥⎥⎦ . (4)

R represents the aliased target echo received by each receiving
window. Xp represents the complete echo of length N corre-
sponding to the pth pulse in the transmitted signal, which can
be expressed as

Xp =
[
xp1 xp2 · · · xpN

]
, p ∈ [1, P ]. (5)

W is the observation matrix which depends on the echo length
and the form of the CPC signal, where wmp can be expressed
as

wmp =
[
wmp (1) wmp (2) · · · wmp (N)

]
wmp (n) = {0,±1} ,m ∈ [1,M ], n ∈ [1, N ], p ∈ [1, P ]. (6)

wmp(n) represents whether there is annth echoxpn correspond-
ing to the pth pulse in the mth receiving window. If it exists,
then according to the phase of the pth pulse, if the phase is 0,
the value of wmp(n) is 1, otherwise the value is −1, and if there
is no echo xpn in the mth receiving window, the value is 0.

Next, we solve (3) in the following steps:
1) Extract the first Q continuous subequations from (3) to

form the subequation group y1

y1 ∈ Y : w1X = r1 (7)

where

r1 = [r1, r2 · · · rQ]T

X = [X1,X2, · · ·XP ]
T

w1 =

⎡
⎢⎢⎢⎣
w11 w12 · · · w1P

w21 w22 · · · w2P

...
...

. . .
...

wQ1 wQ2 · · · wQP

⎤
⎥⎥⎥⎦ . (8)

By observing the element values of the observation matrix
w1 in (8), we define two variables pmin and pmax, whose values
are, respectively, shown as

pmin = min {p|wmp (n) = ±1} ,m ∈ [1, Q]

pmax = max {p|wmp (n) = ±1} ,m ∈ [1, Q] (9)

that is to say, there are the echoes corresponding to the transmit-
ted pulses sequence number between pmin and pmax in these Q

receiving windows. Therefore, the observation matrix w1 in (8)
can be simplified as

w1 =

⎡
⎢⎢⎢⎣
0 · · · 0 w1pmin

· · · w1pmax
0 · · · 0

0 · · · 0 w2pmin
· · · w2pmax

0 · · · 0
...

. . .
...

...
. . .

...
...

. . .
...

0 · · · 0 wQpmin
· · · wQpmax

0 · · · 0

⎤
⎥⎥⎥⎦ .
(10)

In order to further simplify (7), we introduce the slant range
model of SAR as follows:

R (tm;R0) =

√
R0

2 + V 2t2m

≈ R0 +
1

2

V 2

R0
t2m, tm ∈ [−Ts/2, Ts/2] (11)

where R(tm;R0) represents the distance from the radar to the
target at a certain slow time tm. R0 is the shortest distance from
the target to the radar. V is the speed of the radar platform. Ts

is the time of the synthetic aperture of the radar, which can be
calculated by (12)

Ts = Δθ ·R0/V (12)

where Δθ is the coherent accumulation angle of SAR.
We define the time interval between the pminth and pmaxth

transmission pulses in the CPC signal is Δtm. Then the echo
phase difference Δφ of the echoes corresponding to the pminth
and pmaxth transmitted pulses can be expressed as

Δφ = 2 [R (tm +Δtm;R0)−R (tm;R0)] · 2π/λ

≈ 2π

λ

(
V 2Δt2m + 2V 2Δtmtm

)
R0

, tm ∈ [−Ts/2, Ts/2]

(13)

where λ is the wavelength of the radar signal. When tm = Ts/2,
Δφ has the maximum value. Therefore, the maximum value of
Δφ can be calculated by (12) and (13), which can be expressed
as

Δφmax (Δtm) =
2π

λ

(
V 2Δt2m
R0

+ VΔθΔtm

)
. (14)

Because the value of Δtm is generally at the microsecond
level, V 2Δt2m � R0. Then, (14) can be approximated as

Δφmax (Δtm) ≈ 2π

λ
VΔθΔtm. (15)

In the traditional SAR imaging algorithm, the classic value of
phase compensation accuracy δφ is π/4. We use this compensa-
tion accuracy as a critical value. WhenΔφmax(Δtm) is less than
δφ, we can ignore the phase difference. So we can consider that
the echo signals Xp corresponding to the transmitted pulses
sequence number between pmin and pmax are approximately
equal as shown as

Xp = Xpmin
= Xpmax

, p ∈ [pmin, pmax]

s.t. Δφmax (Δtm) ≤ δφ. (16)
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Substituting (16) and (10) into (7), the sublinear equations y1

can be rewritten as

y1 ∈ Y : w1x̃1 = r1 (17)

where

w1 =

⎡
⎢⎢⎢⎣
∑pmax

p=pmin
w1p∑pmax

p=pmin
w2p

...∑pmax

p=pmin
wQp

⎤
⎥⎥⎥⎦ , x̃1=

⎡
⎢⎢⎢⎣
x̃1

x̃2

...
x̃N

⎤
⎥⎥⎥⎦ . (18)

The solution of (17) can be written as

x̃1=
(
w1

Tw1

)−1
w1

Tr1. (19)

By solving (17), we can obtain the complete echo x̃1 from the
aliased echoes in the Q receiving windows. It should be noted
that x̃1 is a generalized concept, which does not correspond to
any pulse in the transmitted coding signal. In order to make (17)
has a solution, we must ensure that the rank of the observation
matrix is greater than or equal to the complete echo length N ,
which is shown as

rank(w1) ≥ N. (20)

1) In Y , the continuous Q equations are selected with K as
the step size to form a new subequation group y shown
in (21). Repeat the above operation until the last equation
in Y is selected, and simplify the sublinear equations and
estimate the corresponding x̃ according to the operation
in step 1

y ∈ Y : wX = r (21)

where

r = [r1+K , r2+K · · · rQ+K ]T

X = [X1,X2, · · ·XP ]
T

w =

⎡
⎢⎢⎢⎢⎢⎣

w(1+K)1 w(1+K)2 · · · w(1+K)P

w(2+K)1 w(2+K)2 · · · w(2+K)P

...
...

. . .
...

w(Q+K)1 w(Q+K)2 · · · w(Q+K)P

⎤
⎥⎥⎥⎥⎥⎦ . (22)

An equation in (3) represents the aliased echoes of some
subpulses in a receiving window. Since the echoes for CPC
SAR imaging are no longer the echoes within a long receiving
window in each pulse repetition cycle of traditional radar, but the
echoes obtained by specific linear operation of multiple echoes
distributed in discontinuous narrow receiving windows. There-
fore, the PRFr in the subsequent imaging is determined by the
position of the receiving windows selected in the echo recovery
rather than by the pulse train repetition frequency PRFt. In
order to effectively perform SAR imaging, the azimuth echoes
need to be uniformly sampled. So the selection of K should
ensure that the receiving window corresponding to the sublinear
equation group is periodically distributed between groups. If the

Fig. 5. Schematic diagram of pulse coding and decoding process.
(a) Schematic diagram of CPC–SAR. (b) Schematic diagram of traditional
coding SAR.

distribution period of each group of receiving windows is T , the
equivalent PRFr can be approximately expressed as

PRFr = 1/T. (23)

Because the number of the echoes recovered in a pulse train
repetition period is greater than 1, PRFr is generally greater
than PRFt. In addition, with the purpose of showing that the
CPC method will not reduce the swath width of SAR, the
echo length N we set is usually the maximum unambiguous
swath width corresponding to the PRFr calculated by (23) for
traditional SAR.

In the proposed coding method, multiple narrow pulses with
high PRF are used to replace a wide pulse signal to increase the
average transmit power of the radar. By the decoding process, the
echoes energy of multiple narrow pulses are accumulated, so that
we can recover the echo with both the swath width corresponding
to the narrow pulse and the high SNR corresponding to the wide
pulse to achieve HSNR–WS imaging of SAR.

Fig. 5(a) and (b), respectively, shows the coding and decoding
processes of the CPC method and the traditional coding method
when the same coded signal and the same maximum unambigu-
ous swath width are employed in the signal repetition period of
the radar.
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In transmitting and receiving signals, the traditional pulse
coding method needs to ensure that the radar receives the whole
echo of the last subpulse in the current pulse train repetition
period before the next pulse train repetition period. Therefore,
as shown in Fig. 5(b), its swath width will be reduced greatly due
to transmitting the coded signal for a long time. The proposed
coding method does not require that, but continuously transmits
the coded signal with the total time width of the pulse coded
signal as the period. Therefore, compared with the traditional
coding method, the CPC–SAR has larger coding signal repeti-
tion frequency PRFt.

Moreover, due to the continuity of the transmitted signal
in CPC–SAR, the proposed method can make the multiple
complete target signals recovered in each pulse train repetition
period have uniform sampling characteristics in the azimuth
direction after decoding. Therefore, we can regard each re-
covered complete echo as the sampled echo of the CPC–SAR
at a certain azimuth moment, which leads to the equivalent
azimuth sampling ratePRFr of CPC–SAR is several times than
that of traditional coding SAR. Consequently, it is more easily
for traditional coding SAR to occur the problem of spectrum
aliasing in azimuth than CPC–SAR.

In summary, the two coding methods both have the ability
to improve the SNR of radar echoes due to the high average
transmission power, but their differences in the coding and
decoding process result in the traditional coding method not
having a WS imaging capability.

In the actual imaging process, the design and application of
continuous pulse coded signals need to be combined with various
radar parameters to achieve the expected imaging effect. The
processing flow chart of method for HSNR–WS SAR images
based on CPC can be summarized in Fig. 6.

IV. ANALYSIS OF SNR IMPROVEMENT OF SAR IMAGE

A. Principle of SAR Imaging

In order to analyze the improvement of the SNR of SAR image
by the method proposed in this article, we first briefly introduce
the principle of SAR imaging algorithm [1].

The LFM signal transmitted by radar can be written as

st (tr) = ar (tr) exp
(
jπγtr

2 + j2πfctr
)

(24)

where ar(tr) is the window function of the radar LFM signal,
γ is the frequency modulation rate of the signal, and fc is the
carrier frequency of the signal.

The SAR imaging geometric model is shown in Fig. 7, θBW is
the beam width of the radar antenna, the center time of the radar
synthetic aperture is the origin O of the slow time tm, V is the
speed of the radar platform A, and XP is the azimuth coordinate
of the target P at any point. The closest distance between the
target and the radar is R0, and the slant distance from the radar
antenna phase center to the point target at any tm is R(tm;R0).
Then the fundamental frequency echo signal of the point target
can be expressed as

s (tr, tm;R0) = ar

(
tr − 2R (tm;R0)

c

)
aa

(
tm − XP

V

)

Fig. 6. Procedure of HSNR–WS SAR imaging.

Fig. 7. Geometric configuration of radar and target.

× exp

[
jπγ

(
tr − 2R (tm;R0)

c

)2
]

× exp

[
−j

4π

λ
R (tm;R0)

]
(25)

where aa(tm) is the azimuth window function and λ = c/fc is
the wavelength.

If the range window function is a rectangular window, the
received signal of (25) after being processed by range matched
filtering and range migration compensation can be written as

s (tr, tm;R0) = A1 sin c

[
Δfr

(
tr − 2R0

c

)]
aa

(
tm − XP

V

)
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× exp

[
−j

4π

λ
R (tm;R0)

]
(26)

where A1 is the amplitude of the signal after range pulse com-
pression and Δfr is the bandwidth of the chirp signal.

Then perform azimuth matched filtering on the echo in (26).
If the azimuth window function is also a rectangular window,
the echo signal can be rewritten as

s (tr, tm;R0) = A2 sin c

[
Δfr

(
tr − 2R0

c

)]

× sin c

[
Δfa

(
tm − XP

V

)]
. (27)

In (27), A2 is the amplitude of the point target signal after
compression of the range and azimuth and Δfa is the azimuth
Doppler bandwidth of echo.

B. Analysis of Improvement of SNR in CPC–SAR Compared
With SNR in Traditional SAR

It can be seen from the above that the SAR imaging algorithm
is a 2-D matched filtering process in distance dimension and
azimuth dimension. Therefore, we will analyze the improvement
of the SNR in SAR image when the CPC method is applied to
traditional SAR.

We define the SNR improvement factor of CPC method for
SAR image as

I =
S/N

S0/N0
(28)

whereS/N is the SNR at a certain point of the CPC–SAR image,
and S0/N0 is the SNR at the same point on the traditional radar
image.

Due to the presence of noise, the real signal model of the
receiving window should be written as

wx+ n0 = r (29)

wheren0 = [n1, n2 · · · nQ]
T , which represents the noise in any

Q continuously distributed receiving windows. Moreover, these
noises are generally considered to be Gaussian white noises
distributed independently.

Combining (19) and (29), it can be seen that after decoding
method is applied to SAR, the power of recovered target echo
in CPC–SAR is equal to that in traditional SAR, but the noise
signal has changed as follows:

n =
(
wTw

)−1
wTn0. (30)

Therefore, the improvement factor is only related to the noise
power of CPC radar and traditional radar, then (28) can be
simplified as

I = N0/N. (31)

If the length of range matched filter Hr for SAR imaging is
Pr, according to the property of linear convolution, after range
dimension matched filtering, the noiseσr0 in the traditional SAR
and the noise σr in the CPC–SAR at any point (tr, tm) can be

expressed as the inner product of two vectors with length Lr as
follows:

σr0 (tr, tm) = Hr
HSn0 (tr, tm)

σr (tr, tm) = Hr
HSn (tr, tm) (32)

where

Sn0 (tr, tm) =
[
sn0
(
tr−Lr/2, tm

) · · ·
sn0 (tr, tm) · · · sn0

(
tr+Lr/2−1, tm

)]T
Sn (tr, tm) =

[
sn
(
tr−Lr/2, tm

) · · ·
sn (tr, tm) · · · sn

(
tr+Lr/2−1, tm

)]T
. (33)

In (33), Sn0(tr, tm) and Sn(tr, tm) are the noise sampled
signal with length Lr and centered at point tr in the received
echo at a certain slow time tm in traditional SAR and CPC–SAR,
respectively.

Similarly, if the length of the azimuth dimension matched
filter Ha is La, according to the nature of linear convolution,
the echo after distance-dimensional matched filtering is then
subjected to azimuth-dimensional matched filtering. At any
point, the noise σa0 in the traditional SAR and the noise σa

in the CPC–SAR can also be expressed as the inner product of
two vectors of length La as follows:

σa0 (tr, tm) = Ha
Hσr0 (tr, tm)

σa (tr, tm) = Ha
Hσr (tr, tm) (34)

where

σr0 (tr, tm) =
[
σr0

(
tr, tm−La/2

) · · ·
σr0 (tr, tm) · · ·σr0

(
tr, tm+La/2−1

)]T
σr (tr, tm) =

[
σr

(
tr, tm−La/2

) · · ·
σr (tr, tm) · · ·σr

(
tr, tm+La/2−1

)]T
. (35)

In (35), σr0 and σr are azimuth noise signals with (tr, tm) as
the center time and lengthLa in traditional SAR and CPC–SAR,
respectively, which can be calculated by (32).

The ratio of noise power on the traditional SAR and CPC–
SAR images can be calculated by (31) and (34). So the SNR
improvement factor of the CPC method can be written as

I =
E
[
|σa0 (tr, tm)|2

]
E
[
|σa (tr, tm)|2

]

=
E
[
σr0

H (tr, tm)HaHa
Hσr0 (tr, tm)

]
E
[
σr

H (tr, tm)HaHa
Hσr (tr, tm)

] . (36)

In addition, according to the characteristics of the azimuth
matched filter, it can be deduced that HaHa

H is an identity
matrix. Therefore, (36) can be simplified as

I =
E
[
σr0

H (tr, tm)σr0 (tr, tm)
]

E [σr
H (tr, tm)σr (tr, tm)]

. (37)
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We can obtain the relationship between the noise signal
sn(tr, tm) in the complete echo recovered by the CPC–SAR at
any time and the noise signal sn0(tr, tm) of the traditional SAR
according to (30). So the relationship between Sn0(tr, tm) and
Sn(tr, tm) in (33) is as follows:

Sn (tr, tm) = A (tr, tm)Sn0 (tr, tm) (38)

where

A (tr, tm) =

⎡
⎢⎢⎢⎢⎣
a1 (tr, tm) 0 · · · 0

0 a2 (tr, tm) · · · ...
...

...
. . . 0

0 · · · 0 aLr
(tr, tm)

⎤
⎥⎥⎥⎥⎦ .
(39)

The improvement matrix A(tr, tm) in (39) is a diagonal
matrix, and the elements on the main diagonal are uniquely
determined by (30).

Then we substitute (39) into (32), then (32) can be rewritten
as

σr0 (tr, tm) = Hr
HSn0 (tr, tm)

σr (tr, tm) = Hr
HA (tr, tm)Sn0 (tr, tm) . (40)

Therefore, after distance-dimensional matched filtering, the
noise power of the traditional SAR and the noise power of the
CPC–SAR can be expressed as

E
[
|σr0 (tr, tm)|2

]
= E

[
Sn0(tr, tm)HSn0 (tr, tm)

]
E
[
|σr (tr, tm)|2

]
= E

[
(A (tr, tm)Sn0 (tr, tm))H

× A (tr, tm)Sn0 (tr, tm)] . (41)

If we set the variance of independently distributed Gaussian
white noise signalSn0(tr, tm) asσN

2, then (41) can be rewritten
as

E
[
|σr0 (tr, tm)|2

]
= LrσN

2

E
[
|σr (tr, tm)|2

]
= tr

[
AH (tr, tm)A (tr, tm)

]
σN

2 (42)

where tr[AH(tr, tm)A(tr, tm)] is the trace of AH(tr, tm)
A(tr, tm), which can be expressed as

tr
[
AH (tr, tm)A (tr, tm)

]
= |a1 (tr, tm)|2 + |a2 (tr, tm)|2

+ · · ·+ |aLr
(tr, tm)|2. (43)

Finally, substituting (42) and (35) into (37) can get the final
value of improvement factor I , which can be written as

I =
LaLr∑La/2−1

i=−La/2
tr [AH (tr, tm+i)A (tr, tm+i)]

. (44)

Its decibel value can be expressed as

IdB = 10log10(LaLr)

− 10log10

⎧⎨
⎩

La/2−1∑
i=−La/2

tr
[
AH (tr, tm+i)A (tr, tm+i)

]⎫⎬⎭ .

(45)

It can be known from (45) that when the length of the matched
filter of the distance dimension and the azimuth dimension are
fixed, the change of the SNR in SAR image after CPC is only
related to the corresponding improvement matrixA(tr, tm). The
improvement matrix A(tr, tm) reflects the accumulation of the
echo energy of multiple pulses by the echo decoding method.
But this accumulation is not directly superimposed on the echo
signal of multiple pulses. Actually, it can be seen from (38) and
(39) that the improvement matrix only represents the change of
the noise power, so the accumulation here does not change the
energy of the target signal, but reduces the energy of the noise to
achieve the purpose of improving the SNR of the radar image.

C. Analysis of Improvement of SNR in CPC–SAR Compared
With SNR in Traditional Coding SAR

Similarly, referring to (28), we define the improvement factor
of SNR in CPC–SAR image compared with SNR in traditional
coding SAR image as

I ′ =
S/N

ST /NT
(46)

whereS/N is the SNR at a certain point of the CPC–SAR image,
and ST /NT is the SNR at the same point on the traditional
coding SAR image.

As shown in Fig. 5, the traditional coding method directly
superimposes multiple complete echo signals recovered in a
pulse train repetition period in the range dimension and the CPC
method accumulates them in the azimuth direction. Therefore,
the signal energy in the final imaging result of the two coding
methods is the same, then (46) can be simplified as

I ′ =
NT

N
. (47)

Referring to (33), S′
n(tr, tm) is the noise sampled signal with

lengthLr and centered at point tr in the received echo at a certain
slow time tm in traditional coding SAR

Sn
′ (tr, tm) =

[
sn

′ (tr−Lr/2, tm
) · · ·

× sn
′ (tr, tm) · · · sn′ (tr+Lr/2−1, tm

)]T
.

(48)

And referring to (38) and (39), the relationship between
Sn0(tr, tm) and S′

n(tr, tm) is as follows:

Sn
′ (tr, tm)=A′ (tr, tm)Sn0 (tr, tm)

A′ (tr, tm) =

NE∑
nE=1

[A′
nE

(tr, tm)]
H
A′

nE
(tr, tm)

A′
nE

(tr, tm)

=

⎡
⎢⎢⎢⎢⎣
a′1 (tr, tm (nE)) 0 · · · 0

0 a′2 (tr, tm (nE)) · · ·
...

...
...

. . . 0
0 · · · 0 a′Lr

(tr, tm (nE))

⎤
⎥⎥⎥⎥⎦

(49)
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where NE is the total number of the recovered echo of tra-
ditional coding SAR in one pulse train repetition period. And
A′

nE
(tr, tm) is the improvement matrix corresponding to the

nEth recovered complete echo at azimuth time tm.
Therefore, combining (49) with (37) and (42), the improve-

ment factor of the CPC method can be written as

I ′ =

∑La/2/NE−1
i=−La/2/NE

tr
[
A′H (tr, tm+i)A

′ (tr, tm+i)
]

∑La/2−1
i=−La/2

tr [AH (tr, tm+i)A (tr, tm+i)]
. (50)

It should be noted that when the same number of pulse coding
signals are transmitted in the azimuth, the number of azimuth
echoes finally imaged by the CPC–SAR is NE times that of the
traditional coding SAR. Therefore, the number of points of the
azimuth matched filter of the traditional coding SAR in (50) is
La/NE .

Its decibel value can be expressed as

I ′dB = 10 log 10

×
⎛
⎝ La/2/NE−1∑

i=−La/2/NE

tr
[
A′H (tr, tm+i)A

′ (tr, tm+i)
]⎞⎠

−10 log 10

⎛
⎝ La/2−1∑

i=−La/2

tr
[
AH (tr, tm+i)A (tr, tm+i)

]⎞⎠ .

(51)

It can be seen from (51) that the improvement of the SNR in
CPC–SAR compared with the SNR in traditional coding SAR
is only related to the improvement matrix corresponding to the
two pulse coding signals.

V. SIMULATION RESULTS

In this section, we will first use the experimental results to
illustrate the advantage of the CPC method in this article over
the pulse coding method in [35]. Then we carry out the imaging
experiments of CPC–SAR and traditional SAR to verify the ef-
fectiveness of the method proposed in this article for HSNR–WS
imaging.

About the three experimental parameter tables, here are three
explanations. First, the value of the echo length N is the max-
imum unambiguous swath width when the traditional SAR at
PRFt of 20 KHz and pulsewidth of 5 μs. Second, because the
traditional coding method in [35] requires that the echo of the
last subpulse in the current pulse train must be received before
the next pulse train repetition period. Therefore, the pulse train
repetition frequency PRFt in Table I is calculated by (52)

PRFt = 1/ (Tc +N · Tp) (52)

where N is the length of the radar echo and Tcis the transmitted
coding signal length. Third, because both CPC–SAR and tradi-
tional coding SAR can recover two sets of complete echoes in
one pulse train repetition period, the number of azimuth echo in
CPC–SAR is twice as much as that in traditional coding SAR
and the value of equivalent PRF PRFr in CPC–SAR is twice

TABLE I
EXPERIMENTAL PARAMETERS FOR TRADITIONAL CODING SAR

Fig. 8. Range-azimuth two-dimensional spectrum. (a) Spectrum of traditional
coding method. (b) Spectrum of CPC method.

as much as pulse train repetition frequency PRFt in CPC–SAR
according to Fig. 5.

A. Simulation Results Comparison of Traditional Coding SAR
and CPC–SAR

Fig. 8 is the frequency spectrums of the traditional coding
SAR and the CPC–SAR in the range-azimuth dimension. The
platform speed of both CPC–SAR and traditional coding SAR
is 1500 m/s. It can be seen that the spectrum of the echo signal
in the traditional coding SAR is aliased due to the azimuth
undersampling, while the CPC–SAR has no spectrum aliasing.
This is because the equivalent PRF of the CPC–SAR after
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Fig. 9. Point target imaging results. (a) Image of traditional coding SAR. (b) Image of CPC–SAR. (c) Image of traditional SAR.

Fig. 10. Range-dimensional profile of point target imaging results at azimuth center time. (a) Image of traditional coding SAR. (b) Image of CPC–SAR.
(c) Image of traditional SAR.

decoding is larger than that of the traditional coding SAR as
shown in Fig. 5. Therefore, CPC–SAR has a larger unambiguous
Doppler bandwidth than traditional coding SAR.

To eliminate spectral aliasing in traditional coding radar so
that it has the ability to image normally, we reduce the radar
speed to 800 m/s.

Fig. 9(a) and (b) shows the point target imaging results
of traditional coding SAR and CPC–SAR, respectively, under
the same noise power background. Fig. 10(a) and (b) are the
range-dimensional profiles of point target imaging results in
traditional coding SAR and CPC–SAR, respectively. And we
can obtain the comparison of SNR in the two radar images by
Fig. 10(b) and (c) as shown in Fig. 11. It can be seen that the
SNR of the two radars are basically the same. This is because
the traditional coding method directly superimposes multiple
complete echoes recovered in a pulse train repetition period in
the range dimension and the CPC method accumulates them in
the azimuth direction as shown in Fig. 5. According to (51), the
improvement of the SNR of the SAR image by the CPC method
compared with the SNR by the traditional coding method is
−0.0083 dB.

B. Simulation Results Comparison of Traditional SAR and
CPC–SAR

The point/area target imaging results are obtained according
to the experimental parameters in Tables II and III.

Fig. 11. Range-dimensional profile of point target imaging results at azimuth
center time.

Figs. 9(b), (c) and 12 show the imaging results of CPC–SAR
and traditional SAR when the noises with same power are added
to the original echo. It can be seen that the SNR of the SAR image
using CPC method has been significantly improved.

Fig. 10(b)and (c) is the range-dimensional profiles of point
target imaging results in CPC–SAR and traditional SAR, re-
spectively. And we can obtain the comparison of SNR in the
two radar images by Fig. 10(b) and (c) as shown in Fig. 13. It
can be seen that the noise energy of the CPC–SAR is lower than
that of the traditional SAR, which indicates that the CPC method
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TABLE II
EXPERIMENTAL PARAMETERS FOR CPC–SAR

TABLE III
EXPERIMENTAL PARAMETERS FOR TRADITIONAL SAR

Fig. 12. Imaging results. (a) Image of area target in traditional SAR. (b) Image
of area target in CPC–SAR.

Fig. 13. Range-dimensional profile of point target imaging results at azimuth
center time.

Fig. 14. Image results of scene center point of SAR. (a) Two-dimensional
profile of traditional SAR. (b) Two-dimensional profile of CPC–SAR. (c) Range
profile. (d) Azimuth profile.

can effectively improve the SNR of the radar echo. Substituting
the experimental parameters into (45), we can calculate that the
SNR of the radar image is improved by 5 dB, when the CPC
method is applied to SAR.

C. Imaging Focusing Quality Evaluation of CPC–SAR

The CPC method can recover the complete echoes and use
them to perform SAR imaging. Therefore, in order to evaluate
whether this method will affect the focusing effect of radar, we
have performed an imaging quality analysis on the center point
of the scene in traditional SAR and CPC–SAR. The experimental
results are shown in Fig. 14, and the index values used to evaluate
the imaging quality of the center point of the scene in Fig. 9(b)
and (c) are recorded in Tables IV and V.

By comparing Tables IV and V, we can see that the range
and azimuth resolution, the peak sidelobe ratio, and the integral
sidelobe ratio of the CPC–SAR point target are basically con-
sistent with them of the traditional SAR, which shows that the
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TABLE IV
TRADITIONAL SAR IMAGE QUALITY EVALUATION OF CENTER POINT

TABLE V
CPC–SAR IMAGE QUALITY EVALUATION OF CENTER POINT

CPC method will not affect the focusing effect on the scattered
points of radar.

VI. CONCLUSION

This article proposes a novel pulse coding and decoding
method to achieve HSNR–WS imaging of SAR. This coding
method uses multipulse signals to increase the average transmit
power of the radar, and uses the form of coding signal and the
swath width of radar to determine the decoding scheme for com-
plete echo recovery. And the recovered echoes can be equivalent
to the echoes received by the traditional SAR transmitting a
pulse signal with higher peak power without affecting the swath
width of radar. Experimental results verify the effectiveness
of the proposed CPC method. In the following study, we will
make a research on the optimization design of the CPC signal
to make the SNR of SAR imaging best and conduct an in-depth
study on the signal waveform coding method to improve various
performances in SAR system.
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