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Abstract: Range Doppler Algorithm (RDA) is the most commonly used imaging algorithm
for synthetic aperture radar (SAR) and synthetic aperture sonar (SAS). The multi-receiver
SAS has a higher complexity than SAR, and there is little literature on multi-receiver SAS
imaging algorithm in the squint mode. This paper studies RDA of the multi-receiver SAS
in the squint mode.1, The “ non-stop-go-stop” signal model is established for squint multi-
aperture SAS. 2, A squint multi-receiver range doppler algorithm (SVIRRDA) is
proposed.3, The simulation experiments and the measured data show that the signal
model presented in this paper is correct and SMRRDA is effective.
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1. INTRODUCTION

Multiple receiver apertures have been suggested to overcome the inherent limitations of
the synthetic aperture imaging system to achieve imaging with high resolution and a high
coverage rate [1, 2]. The “stop-go-stop” hypothesis, which often used in SAS, is no longer
applied in multi-receiver SAS.

In 1999 and 2002, respectively, Tang [3] and Callow [4] derived the accurate
expression of the “non-stop-go-stop” time. It is a formula that shows that the “non-stop-
go-stop” time is a two-dimensional variable function involving range and azimuth time.
Banifant [5] expounded the approximation problem of “non-stop-go-stop” time firstly and
proposed the use of delay at the center of the whole scene instead of the “non-stop-go-
stop” time, but this method does not consider the spatial variability of range. Yang [6]
proposed the use of time with the range variable instead of the “non-stop-go-stop” time,
but this method does not consider the spatial variability of azimuth. All these methods are
based on the side-looking multi-receiver SAS, but so far, no imaging algorithm for
processing squint multi-receiver SAS data has been reported.

The range Doppler algorithm (RDA) was developed in 1976-1978 for processing
SEASAT SAR data [7, 8]. The first digitally processed spaceborne SAR image was made
with this algorithm in 1978, and it is still in wide spread use today. The algorithm is
designed to achieve block processing efficiency, using frequency domain operations in
both range and azimuth, while maintaining the simplicity of one-dimensional operations.
It take advantage of the approximate separability of processing in these two directions,
allowed by the large difference in time scales of the range and azimuth data, and by the
use of range cell migration correction (RCMC) between the two one-dimensional
operations.  This article propose a squint multi-receiver range doppler algorithm
(SMRRDA), which is used to handle data from the squint multi-receiver synthetic aperture
sonar. In the following sections, SAS refers to multi-receiver SAS.

This article is organized as follows. Section 2 presents the model of the accurate
instantaneous slant range and signal model of a point target. Section 3 deduces the
SMRRDA . In Section 4, some simulations are performed to verify the proposed
algorithm. In Section 5, some comments are given.

2. MODELING THE SQUINT SAS

In this section, we evaluate the model of the accurate instantaneous slant range for
squint SAS based on a general squint multi-receiver geometry, as shown in Fig. 1.
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A
Fig.1: Geometry model of the squint SAS

The symbols in Fig. 1 and their definitions are given as follows.

v: Platform velocity,

di : The baseline between the transmitter and the i th receiver,

O: The starting point of the slow time,

P : The point target,

6 : The yaw angle,

6 : The look-down angle,

r: The slant range between the transmitter and the point target at the beam center

crossing time,

e rr: The slant range between the i th receiver and the point target at the beam center
crossing time,

® 0y:The squint angle of the transmitter at the beam center crossing time,

e 0Oy : he squint angle of the i th receiver at the beam center crossing time,

e t:The slow time,

e t': The accurate delay of thei th receiver,

e R (t;r): The instantaneous slant range from the point target to the transmitter,

e Rx(t;r): The instantaneous slant range from the point target to the i th receiver,

B Transmit-receive sharing antenna,
[J: Receive aperture antenna.

.. According to the geometry model in Fig. 1, the accurate instantaneous slant range to the
point target (P) is given by.
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R*(t;r)=Rr(t;r)+ Ra (t;1)
= \Jr? V22 —2\tr sin O (1)

+\/rF§i +V2 (1) —2v(t+1 ) ra sin s

where sin 6 is (rsin g —di coséha) /1= , I represents frz+d: , and t is the “non-stop-go-

stop” time and expressed by (2), which is shown at the bottom of the page. Considering
the complexity of (2), t* is approximated as 2r/c.

V2 — VI sin O +Cy/12 + V212 — 2Wtr sin By
- c2 _v2 (2)
\/(tv2 —WIx sin Oy +c\/r2 + V212 — 2Wir sin By )2 +(c2 —\2)(2vtdh cos bk +0? )
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Because two square root terms are included in (1), the analytical point of stationary
phaset cannot be obtained easily. To circumvent this limitation, R’ (t;r)is approximated as

follows:
R(tr)~ Rr(t+%+diczo—\sle°a;r)+AR(r;di) 3)
AR(r;di ) =1 +4/rw2 +4r2v2/C? — 4VrTw sin O /C — \/2 2 2(t —rsi ’ (4)
;di) = Ri R SiN O /C — 2412 €082 O +V2 (1, —T sin s /V)
The phase error, which is caused by the approximation of R (t;r), is given by
. [R(tr)-R(tr)
"‘”{f 5)

The simulation result of & is shown in Fig. 2. The simulation parameters are 1 =0.02m,
V:3m/S, di:3my and 493q:20.
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Fig.2. Phaseerror.

After demodulation to baseband, the received signal of the i th receiver comes from the
point target (P) (as shown in Fig. 1), which is approximately expressed as

ss(z,t;r) = p(r—wj-%(t)oexp{jﬂk(r—mj }-exp{—j@R (t;r)} (6)

c

where r is the fast time, p(.) is the pulse envelope, @ (.)is the antenna weighting, kis the
FM rate, cis the speed of sound, and fois the carrier frequency.

3. THE DERIVATION OF SMRRDA

The SMRRDA proposed in this paper is used to focus the squint multi-receiver SAS
data, and is shown in the thick-lined boxes in Fig.3.
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Fig.3. Functional block diagram of the SMRRDA.

A. Multi-receiver data processing

The phase correction is based on an analysis of the multi-receiver signal’s phase
compared to the phase of a monostatic and uniformly-sampled signal. The phase
correction function is given by

b= EXp{j 27::](0 AR(r;di )}

(7)

The range cell migration corresponding to AR(r;di)/c is greatly affected by the range

and squint angle, which is proportional to the range and inversely proportional to the
angle. This range migration cannot be ignored. Here, phase multiplication is used in the
range frequency domain to correct this term on the reference range. The range cell
migration correction (RCMC) function is given by

27 fe
Wi(fr):exp{JTAR(rreTQdi )} (8)

where f. represents the range frequency, and r« represents the reference range. After
the phase correction and RCMC, the signal is given by
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s 27 (fo+fr) r dicoséha
Ss(fr,t;r) =W (fr )wa(l)- —-j— -] ————R(t+—+ ;T
( ) ( ) ()GXP{J k}eXp{J c ( c v ) )
where W (.)represents the range frequency envelope.
B. Reconstruction azimuth data
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Fig.4. Displaced phase centre antenna.
After multi-receiver data processing, the instantaneous slant range can be written by
Rt;r) = 2\/r2 + (vt +v£+i)2
c 2 (10)

The concept of Displaced Phase Centre Antenna (DPCA) is introduced to multi-

receiver side-looking SAR [1]. Assume the size of sub-receiver A =0 —d  and the
platform velocity Vare fixed, the multi-receiver SAS/SAR can be taken to be a single
receiver SAS/SAR, which has a specific PRF to fulfill the timing constraint for uniform
sampling.

PRE = 2V

| Ad (11)

where | is the number of receivers as shown in Fig.4. For the nonuniform DPCA
sampling case, the reference [2] provides a solution. After DPCA sampling, the azimuth
data can be obtained by (12) and the sampling frequency is 2v/Ad .

ss(z,t;r) = p(r—@j-wa (t)-exp{jﬁk(r—@j }exp{—j 27;“ R(t;r)} (12)

Where
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lr2 Iy
R(t;r)=2,/r +(vt+vc) (13)

C. Doppler centroid frequency shift

In the squint condition, the signal energy is wraparound in the azimuth frequency
domain [9]. The problem can be resolved by multiplying the linear phase
exp(—j2rfat), According to (1), the Doppler centroid frequency fa is given by

¢ __ldR (t;r)| _Vsin(@sq)+Vsin(€sqi)
T a |, 2 2 (14)

=0

In(14), A is the wavelength. In general case, I is much longer thandi, so fq4 can be approximated by

2vsin(6s)/ 4 .
D. Range Cell Migration Correction

This signal is transformed into the 2-D frequency domain by applying the principle of
stationary in the azimuth time domain. Then the signal is given by

SS(fr, fa;r) =W (Fr)Wa (fa)exp{ jO(fr, fa;r)} (15)

where Wi (e) represents the azimuth frequency envelope, f. represents the azimuth
frequency, 6(f:, fa;r) represents the phase of S(fi, fa;r). To facilitate the development of
processing algorithm, we expand &(f,, f.;r) around f. . The expanded series are truncated at
the second-order term and expressed as follows:

4zrr cos(fy,) f 2r cos(6, 16
71O b (£ )4 20ath, 27 2 O) 7 g (1o
C cD( f,) K

o(f., ;1) =

where At is r/c—rsin(6% )/V+NAd cos(é=)/2v, D(fa)is the migration factor, and ks( fa;r)is
the range-frequency rate. They are given as follows:
41 cos(d,) 2r cos(0,) pa (17)

ocf,f;r)= D(f )+2zAtf, 27———3°f - f?
(r’ a7r) C (a)+ T a T CD(fa) r kS r

Where
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c? fa?
D(fa)= 1—4\/2f02 (18)
1 _2rcos(6’sq)(i_ij+l (19)
ke(fasr)  cfo D D) k

The range inverse Fourier transform of(15), can be evaluated approximately by the
principle of stationary phase. The range Doppler domain can then be shown to be

SS(z, fa;1) =W (7)Wa( fa)exp{ jO(z, fa;r)} (20)

0. farr) = _47Trcoi(€g:|)f0

2
D+zﬂfaAt+,,k{r_2r%WLj 1)

D

According to (21), the amount of range cell migration to correct is given by

Ape 2rcos(t95q)( 1 j (22)

—-—1
c D

4. SIMULATION RESULTS

To verify the validity of the squint multi-receiver RDA in the paper, simulations are
carried out in this section. The system parameters are listed in Table 1.

Carrier frequency 150kHz Antenna length(transmitter) 0.08m
Bandwidth 20kHz Antenna length(receiver) 0.08m
Pulse width 10ms Velocity 2.5m/s
PRI 200ms Receiver number 25
Target coordinate (126,12) Squint angle 0,2°

Table 1. Sas System Parameters.

Fig. 5 shows the result of processing one simulated point target for different squint
angles. Table II summarizes the point target analysis for cases with the different squint
angles. The simulation results in Fig. 5 and Table II show that the
range resolution, the azimuth resolution, the sidelobe ratio, and the target location all
reach the value.

Page 1057



UACE2017 - 4th Underwater Acoustics Conference and Exhibition

Magnitude(dB)
S 5 b o

T T T

o

o

-t -t -t -

o

o
(RIS

—

—
11T
]

— o

L

Magnitude(dB)

S S b o

T T T

o
T

o

o
T T

o
j%*t“r‘f
W
I
BTy

T Oer) AR (LT VRO NS b 08| B
3l \\W i
-;;jj ]2‘5\'.8]\'.&9 126j> lZiﬁ; g 126.2)7 %{).3 jl(s‘li\ﬁ/DI ﬁlqﬁ\‘[ : 11”.9 _71327 12.1\ l\lﬁ?}i:ﬁlgéi
(aiag;m) Azimuth(m)
: S

Azimuth(m)

Azimuth(m)
S8 BB &
—T— 1 T 1

T 1

—t T | |
== 4 — 7

I — i L
_ =
==ttt +
——
[ A N
[ I I
[ —

T |
Ptlj_\b\

ﬂf> |
T |

I——

|
[——— |
B ——

1 -4 40, 1 l l
?24 1245 125 1255 126 1265 127 127.5 128 1257 1258 1259 126 126.1 1262 1263 e 117 118 11.9 12 121 122 123 124
Range(m) Range(m) Range(m)

Fig. 9. Smulated SAS data processed using different squint angles. The sub-images
from left to right in each row correspond to the image of point target, magnitude of range
dice, and the magnitude of azimuth dlice. The squint anglein (a) is0° andin (b) it is 2°.

Analyzed Parameters Measured

Squint angle 0° 20
Range resolution 0.97 cells 1 cells
Azimuth resolution 1.1 cells 1.1 cells
Range PSLR -14.6dB -13.3dB
Azimuth PSLR -15.9dB -15.8dB

Table 2: Parametersimage Quality Parameters.

S. CONCLUSION

In this paper, the “non-stop-go-stop” signal model is established, and the SMMRDA is
proposed. The key steps of SMMRDA are deduced, and the simulations show that the
SMMRDA can handle SAS data with small squint angle accurately and effectively. This
algorithm is conducive to the development of motion compensation for SAS and multi-
receiver SAR.
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