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ABSTRACT High-resolution and wide-swath (HRWS) is an important challenge in synthetic aperture radar
(SAR). Combined SAR with array, the azimuth dual-channel SAR configuration achieves high azimuth
resolution and HRWS in low Pulse repetition frequency (PRF) by doppler band synthesizing technology.
However, low PRF introduces ambiguity to ground moving target indication (GMTI). Interferometry is
performed between two look data in the range frequency domain to resolve the ambiguity by decreasing the
interferometry phase. As a result, the phase becomes insensitive to the radial velocity of moving targets. This
condition brings difficultly in moving target detection. Two channels together with two equivalent channels
are exploited fully to solve these problems. The four-channel interferometry is also conducted to improve the
GMTI performance. Parameters, including system and motion parameters, are estimated unambiguously to
complete HRWS imaging and GMTI. System parameter design is also considered to satisfy the requirements
of HRWS and GMTI simultaneously. Simulations demonstrate the validity of the proposed methods.

INDEX TERMS HRWS, multichannel SAR, SAR-GMTI, low PRF, unambiguous parameters estimation.

I. INTRODUCTION
Synthetic aperture radar (SAR), which has high resolution,
cloud penetrating property, and remote sensing capability, has
been studied intensively in civil and military applications in
recent years [1]-[6]. Simultaneous realization of high resolu-
tion and wide swath (HRWS), which is an important aspect of
SAR image evaluation, is the goal of SAR researchers in pur-
suing efforts [7]-[10]. SAR combined with ground moving
target indication (GMTI) (SAR-GMTI) has been designed to
be an effective and convenient approach to realize moving
target localization and recognition in the well-focused image
domain [11], [12]. HRWS SAR-GMTI can realize GMTI
in a considerably wide SAR scene, and this feature is
beneficial for civilian and military applications. Thus,
HRWS SAR-GMTTI is strongly desirable.

SAR with wide observed swath can achieve HRWS
SAR conveniently. However, the single-antenna SAR cannot
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achieve simultaneous HRWS SAR given the minimum
antenna constraint [8], [13]. High azimuth resolution
demands wide Doppler bandwidth. High pulse repetition
frequency (PRF) is designed to avoid the Doppler spec-
trum ambiguity, whereas low PRF should be used for wide
observed range swath to avoid the range ambiguity. The
tradeoff between high and low PRF restricts the development
of HRWS SAR. The array signal processing technique has
been widely applied in radar, sonar, wireless communications
and so on [14]-[24], which plays a much more important role
in these fields. Based on the array architecture, the multichan-
nel SAR systems offer great potential for HRWS imaging.
Along track multichannel SAR with low PRF to achieve wide
swath is used to suppress the Doppler ambiguity for realizing
HRWS imaging [8]-[10].

Clutter suppression, which requires some spatial degrees
of freedom in azimuth, should be performed in GMTI appli-
cation to detect moving targets. The azimuth spatial degrees
of freedom are also used for HRWS SAR to suppress the
Doppler ambiguity; thus, HRWS SAR together with GMTI is
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difficult to realize when only several azimuth spatial degrees
of freedom are available [8], especially for SAR. Existing
moving target detection methods have some demands for
PRF [7]. For example, the displaced phase center antenna
(DPCA) method expects the PRF to meet the DPCA con-
dition; the space—time adaptive processing method requires
considerably higher PRF than the DPCA method [7]. How-
ever, low PRF is used in the HRWS SAR for wide swath,
and this utilization causes difficulty in balancing the perfor-
mance of HRWS and GMTI. Several authors have investi-
gated and proposed useful methods to solve the problems in
HRWS SAR-GMTIL. In [8], the design of PRF is proposed
to optimize the GMTI performance together with HRWS
imaging. In [22], the optimum method is proposed using
highly non-uniform PRF or ideally suited PRF for clutter
suppression.

In the present study, the frequency band synthesizing
technology, which has been used for range resolution
improvement [25], [26], is utilized in the Doppler spec-
trum to improve the azimuth resolution. A slightly higher
PRF than the Doppler bandwidth is intended to avoid the
Doppler spectrum ambiguity and achieve wide observed
swath. A dual-channel SAR with different Doppler centroids
but the same Doppler bandwidth is synthesized to double the
Doppler bandwidth, which enables low PRF to achieve high
azimuth resolution and wide swath. Under this configuration
of HRWS SAR, the GMTT is primarily analyzed. Interferom-
etry between two look data in the range frequency domain
is conducted to resolve the ambiguity estimation by decreas-
ing the interferometry phase. Dual channels together with
two equivalent channels are exploited fully to improve the
GMTI performance.

The rest of the paper is structured as follows. In Section II,
the signal model of dual channels together with two equiva-
lent channels is provided. In Section III, Doppler band syn-
thesizing technology is proposed to realize HRWS, and the
basic GMTI is analyzed. In Section IV, the parameters are
estimated for HRWS and GMTI, the ambiguity due to fast
radial velocity of moving targets is presented, and two look-
data interferometry methods are utilized to resolve the ambi-
guity. In Section V, a robust method, namely, four-channel
interferometry, is proposed to solve the problem caused by the
two look-data interferometry methods. In Section VI, the sys-
tem parameter design is considered to satisfy the require-
ments of HRWS SAR-GMTI. In Section VII, simulations are
conducted to demonstrate the effectiveness of the proposed
methods.

Il. SIGNAL MODELING

Dual-channel SAR is used as an example, and the proposed
concept can be implemented in multichannel SAR. SAR of
dual along track channels, with channel space of d, is adopted
to realize HRWS. Channel 1 transmits linear frequency
modulation (LFM) signal with carrier frequency of f.1, and
channel 2 transmits that with carrier frequency of f». Channel
isolation is analyzed in Section VI. The transmitted signals of
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TABLE 1. Receiving patterns of dual channels.

Transmit channel Receive channel Signal expression

Channel 1 Channel 1 ) (T, 77)
Channel 2 Channel 2 § (Z‘, 77)
Channel 1 Channel 2 §3 (T, 77)
Channel 2 Channel 1 Sy (Ta n )

channels 1 and 2 can be written as
s (1) = rect [t /T, ] exp (jnfclr +j71K,1'2), (D)
s (1) = rect [t /T, ] exp (jnfcﬂ +jnK,r2), )

where 7 is the fast time corresponding to the range dimension,
K, denotes the LFM ratio of the transmitted signal, 7 is the
pulse width of the LFM signal, and the bandwidth B, can be
obtained by B, = K, T,; rect [x] denotes |x| < 0.5.

The stationary point target P in the center of the observed
scene is analyzed. The instantaneous slant ranges from P to
channels 1 and 2, namely, R (1) and R; (17), can be expressed
by the geometry relationship as

Ry (1) = Ru = vea)® + )2
(vin)

R Ry — vren + 2R, s 3)
Ro () = /Ry b -
v —
%Rn_vreln'i'nZT, 4

where v, is the relative radial velocity [13] between the SAR
and the point target, and R,, denotes the nearest range from
target P to the track. It should be noted that the azimuth
velocity of the moving target is ignored here for simple,
and the effect of the azimuth velocity would be analyzed
in Section V. The approximation is obtained by using the
Taylor expansion. The echoes of the transmitted signals by
channels 1 and 2 can be obtained by the receiving patterns
listed in TABLE 1, and the isolation among different echoes
is analyzed in Section VI.
The received echoes can be given by

sr1 (T, M)

T — 2R
= ocrect —1(77)/6 rect l
T, T,

2
)
)

sp2 (T, M)

T —2R
= ocrect —2(77)/0 rect l
T, T,

2
- exp (jnfcg (‘L’ — 2ch(n))+jnKr <r — 2ch(n)> ),

(6
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sp3 (T, M)
[z — (Ri () + Rz (n))/C} [ Ui ]
= o,rect rect | —
T, T,
(, ( R (T))+R2(77)>>
-expljrfalt — —
2
exp (,K (- Bt e ) @
sr4 (T, M)
B [z — (R1 () +R2 (n))/C} [ U ]
= o,rect rect | —
T, T,
(, ( R (T))+R2(77)>>
-expljrfealt — —
2
- exp (jm (: - “”) ) ®)

where o, denotes the complex reflection coefficient of the
stationary point target and c is the speed of light.

To maintain s,3 (t, n) and s4 (7, ) in the same form as
sy1 (T, n) and 5,7 (1, 1), we let

Ri(n) +Ra(m)
—

By using (3) and (4), (9) can be rewritten as

—d/2)?
(v —d/2)" ZR/) . (10)

Ry () =R4(n) = ©))

R3(n) = R4 () = Ry — Viern +
sr3 (t, n) and s,4 (T, ) can be rewritten as

Sr3 (Ta T’)

T —2R
= o.rect |:—3(77)/Cj| rect |:i1|
T, T,

2
exp (jﬁfcl (r _ @)m& (r - w> )

(11)
sr4 (T, M)

T —2R
= o.rect —4(’7)/6 rect i
T, T,

2
exp (jrrfcz (r - ZR“C(")>+jnK, (r - ZR“C (”)> )

(12)

which are the equivalent channels 3 and 4 for convenience.
After range compression and migration correction,
the received signals can be expressed as [8]

. 2Ry, n
s1(t,n) = ocsinc (B, (t— — ) ) rect | —
c T,

exp (<1 +2fucin — jrKan®). (13)
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. 2R, n
s2(t,n) =ocsinc By |t — — rect | —
c T,

. . . d\?
- exp <—J¢2 + 2mfacon — jrKan (n - ;) )
(

14)
. 2R, n
s3(t,n) =ocsinc| B, |t —— ) | rect | —
c T,

. . . d\?
- exp (—m + 27 fac1n — jr Ka (n - —) )

2v
. 2R, n
s4(t,n) =ocsinc|By |t — — rect | —
c T,

(15)
J\2
- exp | —je2 +j2nfacon — jr K (17 — 5) ,

(16)

where the expressions of constant phase (¢; and ¢»),
the Doppler centroid (fz.1 and fz2), and the Doppler chirp
rate (K, and K,7) can be written as

47 Rufe1 Wieifel 2%,

Y1 = » Jaer = , al = ,an
c c clz?n
4R fo relfe 2vfer

¥ = = fir= "2, K= <. (1)
c c cRy,

Notably, the signals of the four channels, which contain
two equivalent channels (channel 3 s3 (7, ) and channel 4
sa (T, 1)), possess different Doppler centroids and chirp rates.
These properties enable HRWS imaging and GMTI, which
are shown in the next section in detail.

Ill. PROPOSED METHODS

We exploit the same and different properties of different chan-
nels as much as possible to realize HRWS and GMTI by two
channels along with two additional equivalent channels. The
proposed method can break through the PRF restriction due
to the range ambiguity resolving (low PRF required) and the
Doppler spectrum ambiguity resolving (high PRF required).
This condition enables HRWS imaging. The channels are also
used for moving target detection and unambiguous motion
parameter estimation.

Before the proposed methods are presented in detail,
the signals of the four channels are converted to the Doppler
domain by using fast Fourier transform (FFT) in azimuth. The
Doppler domain representations can be given by [8]

O¢ . 2Rn a _fdcl
s1(T,fa) = N sinc|B, |17 — - rect B

. T — )2
- exp (—jy1) exp J()C“K—{dc‘ ’ (19)
a
2R —
52 (T, fa) = \/OI-(C_Z sinc <B, (‘L’ - c”)) rect [ a de02:|
“ a
i T (fa = fac2)?
- exp (—jy2) exp JK—2
a
2 —fac) d
X exp <_jM>’ 20)
v
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O¢ . 2R a _fdcl
s3 (T, fy) = N sinc | By - rect 3
(f

n
. T (fa — fuae)?
- exp (—jg1) exp JK—]
a

( .ﬂ(fa—fdcl)d>
xexp| —j——— |,

e sinc <B <7: — 2Rn)> rect [M}
b Ko ' ¢ Ba
7 (fa — fac2)?
- exp (—jy2) exp K—
a2

( 7 (fa _fa'c2)d>
xexp  —j—————).

Notably, the Doppler spectrum bandwidths of the four
channels are the same as B,, which can be derived by

21

S4 (vaa) =

(22)

212 1L 2vfe1 L
B, = |KuTal = Jet La _ 2%t La
cR, v c R,
2v 2v c 2v
_ fcl Op,y = fcl o _ =2 (23)
c ¢ faD D

That is, the Doppler bandwidth is independent on the carrier
frequency. In (23), L, is the synthetic aperture length and
Opy and D denote the beam width and the azimuth aperture
of the antenna, respectively. By introducing (17)—(18) into
(19)—(22) and correcting the amplitude due to K, (or K,2),
the following expressions can be obtained:

S1 (Tsfa)

. < ( 2Rn>> |: a fdc] i|
=o.sinc| B, | T — rec
c B,
- ex nf“ ex TCa CR"f“Z
p P\J 2,2 o
27 R 2nR
- exp ( ;’:zrelﬂl ) exp ( T nVrelfa)’ (24)

52 (1, fa)

. < ( 2Rn>) |: a fd62i|
= o.sinc | B,
c B,
o (AT R TTCR,f? o 27 RV fir
p\—J - P\ 22 Py —cv2
27R, 2d
. exp < T nVrelfa> exp < ]27.[7 <fa _

2Vrelfc2))
—C s
53 (T, fa)

(25)

2R, _

= o.sinc <B, (r - ")) rect [fa fdcli|

c B,
- eX A Rfer ex TR ex ZnR"—v%eszl
p{—J - py\ 22 pl/ e

27 R d

- exp ( Mﬁa exp ( jzn; <fa —

2Vrelfcl
C b

(26)
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TABLE 2. Channels for different applications.

GMTI
HRWS
Unambiguous case  Ambiguous case
Channel 1 R R N
Channel 2 R - N
Channel 3 - R v
Channel 4 v
S4 (T ’ f Ll)

. ( ( 2Rn>> [ a _fd62:|
=o.sinc|B, |7 — rect
c B,
AR f2 TTCR,f? 27 RV fi
J eXp\U—53 XpV———> —
c 2v4feo cv

2 Rn re 2vreife
. eXP( : : lfa) ( ']2” (a : sz))’
C

27

We prelist the channels used to different applications
in Table 2 to easily comprehend the concept of realizing
HRWS and GMTIL.

A. HRWS
As mentioned earlier, HRWS suffers from difficult designing
of PRF due to the tradeoff between widely observed swath
(low PRF for unambiguous range) and high azimuth resolu-
tion (high PRF for unambiguous Doppler spectrum). In this
subsection, the HRWS imaging is presented in detail by utiliz-
ing channels 1 and 2. In [25], the range resolution is improved
under cross-track channels, where different matched filters
are used for phase compensation to obtain the same phase
term for different channels. This concept is applied in along
track channels to improve azimuth resolution.

In accordance with (24) and (25), the azimuth signal in the
focused range gate of channels 1 and 2 can be rewritten as

51 (fa)
_ |:a fdcli| ( .47TRnfcl>
= o.rect exp | —j
C

exp 27 R fer exp TTCR,f?
U cv? J 2v2fq

X exp ( —j anvrelfa), (28)
52 (fa)
|:fa fd62i| < .477Rnfc2)
= o.rect exp| —J A

e annvrelfCZ ox TCRf?
P cv? P\ 2v2fn

- exp( 2 v’%) (—jzjr? <fa— zv’jfd)),

(29)
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(N—-1)- PRF ot

FIGURE 1. Conditions for Doppler band synthesis.

where the following constraint is supposed to keep the unam-
biguous Doppler spectrum:
B, < PRF. (30)

To compensate different phase terms, the matched function
of channel 1 in the Doppler domain is designed as

San (fa)=recr[“ f"“} exp (—1—4“?”0"‘)

27R Rf2
. exp ( %) exp <j”c wa ) 31)

2v2f
That of channel 2 is designed as

Sa2 (fa)
|:fa _fdc2:| < .47TRch2> (jtcR,ff)
= rect | == lexp | —j— exp | j

2l Jc2
231 RnV c2 2d

: (fa_zvrelfd))’
cv v c
(32)
where d and v, are pre-estimated, and the estimation meth-
ods are discussed in Section IV.
The matched results of channels 1 and 2 can be given by

5/1 (fo) = s1 (fa) *321 (fo)
= o.rect [ a dedi| xp( annvrelfa>, (33)

5/2 (fa) = 52 (fa) * Saz (fa)
= o rect [ a fdc2:| xp( 27TRnVrelfa>, (34)

where (-)* denotes the conjugate transpose operation.
If the Doppler spectra of channels 1 and 2 are neighbor-
hood, that is,

[fac1 — fac2l = Bq (35)
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N -PRF

Jaer (N +1)-PRF

then s} (f,) and s, (f,) can be processed coherently
to synthesize a signal s} 42 (fa) with the bandwidth of 2B,.

Siin (f) = sy (f) + 55 (f)

|: a — (fac1 +fdc2)/2:|
= o.rect
2B,

27R
X exp ( id "vrel fa> (36)
We suppose that the following formula holds:
(faer +fa2) /2 = N - PRF, (37)

where N is an arbitrary integer, as shown in FIGURE 1.
Thus, the condition of (37) is set to ensure that each Doppler
spectrum is not split but complete; otherwise, the case shown
in FIGURE 2 occurs, which brings poor split azimuth com-
pression results.

Accordingly, (36) can be rewritten as

s/1+2 (fo) = Sll (fo) + 5/2 (fa)

27R,
:acrect[zjz i|exp< Tt fa> (38)

The inverse FFT is conducted in azimuth to complete the
azimuth compression. Thus, the following azimuth compres-
sion results are obtained:

s'(n) = IFFT (s115 ()

27 R
= g.sinc <2Ba <17 — w>>
1%

The azimuth resolution is improved twice because the orig-
inal Doppler bandwidth B, is doubled as 2B, by combining
the Doppler bands of different channels. However, the con-
ventional azimuth compression results,

IFFT (s} (f2)

. ( ( 27 Ry Vrel ))
ocsinc By | n — — )
V

(39)

st () =

(40)
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(N-1)- PRF S

FIGURE 2. Case for unsatisfying the condition of (37).

sy (n) = IFFT (55 (fa))

2R
- ocsinc<Ba (n— w» (41)
V

still possess low azimuth resolution.

As described in (35) and (37), the condition due to system
parameters should be satisfied to guarantee the Doppler band
synthesis, and the system parameter designing is analyzed in
Section VI.

B. GMTI
The along track interferometry (ATT) method [1] is used to
detect the moving target because the DPCA technology is
limited by the PRF in the application [27]. The Doppler cen-
troid caused by v,.; should be removed by the estimated v;,;
to reduce its effect on moving target detection. The Doppler
centroid correction technology is similar to the range walk
correction [28]; thus, the detailed process is not presented in
this paper.

After Doppler centroid due to v, is corrected, the range
compression results of channels 1 and 3 can be written as
follows for a moving target with radial velocity of v,:

. 2R, n
s1(t,n) =ogsinc (B, |1 — — rect | —
c T,

cexp (g1 +27fjan —jmKan®),  (@42)
. 2R, n
s3(t,n) =ogsinc|B, {1t — — | | rect | —
c T,

d 2
- exp | —jo1 +27f g1 — jrKai (n - 2—v> ;
(43)

where f;, denotes the Doppler centroid corresponding to the
moving target and can be given by

o
fier = %vr- (44)
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N -PRF

Jaer (N+1)~PRF

In accordance with (24) and (26), the signals of the moving
target can be transformed into the Doppler domain as

§1 (T’fa)

2R — 7
= ogsinc (Br (1’ _ n)) rect [fa fdcl]
c B,

AT Ryfe1 .27[an;%fcl
-exXpl| —J eXp ]—2

c cv
,ncRnff 2R, v,
. —_— — , 45
exp<1 2 )exp( =5 a (45)
S3 (T,fa)

!
= oxsinc (Br (r — 2Rn>) rect [M}
c B,

AT R 2R TCRf?
-exp |—J explji——>5 | exp /53
c cv 2v2feq

2R,V o d 2v
- exp (—j Vzn rfa) exp (—]Zn; (fa_%>).

(46)

If the Doppler centroid and spectrum are not ambiguous, that
is,

fie1| < PRF /2, 47)
B, < PRF, (48)

then the conventional ATI, which uses channels 1 and 3,
can be applied for moving target detection. In accordance
with (45) and (46), the ATI result between channels 1 and 3
can be obtained by

* . Jad
S13 (tafa) =5 (tafa) * |:S3 (T’fa) - eXp <_.127T )]

v
= (os)2 sin ¢2 <Br (r — 215"))

- rect [M} exp (JM)~ (49)
B, cv
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The ATI phase Ag can be given by

_ 4rvefod
o

Ag (50

The radial velocity is zero for stationary targets (or clutter).
Thus, the ATI phase is also zero. By contrast, the nonzero
radial velocity brings the nonzero ATI phase for moving
targets. This condition is helpful for moving target detection.
The phase or joint magnitude and phase [29] can be used
for moving target detection, but the kernel of the methods
includes the different interferometry phases between clutter
and moving targets. Thus, the interferometry phase is mainly
analyzed in this study.

The basic HRWS and GMTI methods have been pre-
sented so far. However, additional information should be
provided. For HRWS imaging, some parameters (d and v;)
and system parameters (PRF, f.1 and f.2) need to be esti-
mated and designed, respectively. For GMTI, the moving
target detection under ambiguous case should be consid-
ered, and the motion parameters of the moving target should
be estimated unambiguously. These analyses are addressed
in Sections IV, V, and VI.

IV. UNAMBIGUOUS PARAMETER ESTIMATION
In this section, channel space and relative radial velocity
(d and v,;) are estimated first to accomplish HRWS imaging.
Then, the motion parameter of the moving target is estimated
for GMTI. The unambiguous estimations in contrast to the
ambiguity case are also presented in this section.

A. CHANNEL SPACE AND RELATIVE RADIAL VELOCITY
ESTIMATION
As mentioned earlier, the channel space and the relative radial
velocity (d and v,.;) in (32) should be pre-estimated to com-
pensate the different phase terms for Doppler band synthesis.
The signals of channels 1 and 3 in the Doppler domain are
used to estimate d and v,,;.

The interferometry between (24) and (26) is conducted to
obtain the following interferometry results:

S13 (‘Cvfa) = ST (‘Cvfa) * 83 (TVfa)

= (05)*sin¢? <Br (T — &>> rect [M}
c B,

d 2
. exp <—j27(— (a— V’e‘f“». (51)
v c
The interferometry phase can be given by
d 2
Ag () = 21~ ( - %) : (52)

Evidently, the interferometry phase Ag¢ (f;) is linearly
trended over the Doppler frequency f,. The slope k between
the interferometry phase and the Doppler frequency f, can be
estimated. The channel space can also be estimated by [30]

d=—kv/2m. (53)
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After the channel space is obtained, the relative radial
velocity v, can be estimated by

~ Ao (fa) v c
rel =\ T~ a5y 54
el (an +f>2fd oY

where V. is supposed to be unambiguous. The ambiguous
case is analyzed in the next subsection, together with the
radial velocity estimation for moving targets.

The parameters are estimated by the phase that is wrapped
around 27. Thus, the estimations of (53) and (54) can be
regarded as the ambiguity-free case. By contrast, the esti-
mation under the ambiguity case is given together with the
motion parameter estimation for moving targets in the next
subsection.

B. UNAMBIGUOUS RADIAL VELOCITY ESTIMATION FOR
MOVING TARGETS

The radial velocity v, of the moving target can be estimated
by the interferometry phase, that is,

v, = chg0/47tfcld, (55)

if the ATI phase A¢ is unambiguous. The ATI phase is
wrapped around 2.

4 d
Ag = mod (ﬂ 271). (56)
cv
The maximum unambiguous radial velocity by the ATI

phase can be calculated as
f’r,max = CV/4fc1d- (57)

When the radial velocity of the moving target is larger
than v, max, the radial velocity estimation result is ambiguous,
which should be avoided for the application of GMTI. How-
ever, the maximum unambiguous radial velocity is generally
less than the interest radial velocities of moving targets. The
parameters of Radarsat-2 [1] (TABLE 3) are used as exam-
ples, and the maximum unambiguous radial velocity can be
calculated as 49.95km / h, which is too slow to unambigu-
ously estimate the radial velocity of fast moving targets.

For the ambiguous case, two look data are constructed in
the range frequency domain, and the interferometry between
the two look data is used to resolve the ambiguity.

The range compression results of (42) and (43) are trans-
formed into the range frequency f, domain by FFT in range.
Accordingly, the signal of the moving target in the Doppler
domain can be written as

51 (frafa)
= oyrect |:f—r:| rect [M}
B B

r a

ox (_.4an(fd +fr>)eX < 7cRufy )
P V22 G i)

.ZﬂRnV% (fer +17) 27 Ry vy
CCXp\J————— 57— | &Xp| J 5 fa )

cv? v

(58)
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TABLE 3. System parameters of Radarsat-2.

Parameters symbols values
Wavelength/m y) 0.0555
Band width/MHz Br 50
Channel space/m d 7.5
Orbital satellite velocity /(m/s) v 7500
Pulse repetition frequency/Hz PRF 1869
Nearest slant range/km Rn 917.1
53 (frs fa)

= o,rect f rect | = fdd
Br B,

o (_.4an(fcl +fr>>ex < 7R )
T P22 G+ 1

271R,,v (fe1 +1+) 2JTRnVr
CeXp |5 — ] exp ——fa

cy

~exp(—]27r ( M)) (59)

ATI is conducted in the (f;, f;) domain to obtain the fol-
lowing interferometry result:

5130 = 5 rofo 33 G- (<220 )|

(04)? rect |:f—r] rect [fa e/ ]
B, B,

X EXp < w> (60)

cy

Two look data are constructed by the sub-band of the range
frequency as

513 (fr — (B /4) . 12)

= (0y)* rect |:f’ _BE§;/4):|
et [fa —f;cl] oxp (j47‘rvr (fo +1 = (B:/4)) d>’
B, cv
(61)
S13 (fr - (_Br/4) vfa)
= (oy)? rect |:J$/Bzr/4)j|
o [fa — } xp <j47'rvr (for + 1 — (—B+/4)) d>’
B, cv

(62)
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By utilizing the following range frequency shift, the two
look data can be rewritten as

5/13 (o fa) = (O'x)2 rect |:Bfr/2j| rect |: a Bjdclil
. exp <j4nvr (fer +JZV_ (Br/4))d>’ 63)

s13 (e fa) = (05) rect |:Bf’/2i| rect [fa ;fm]

exp <j4m, (for + 1 — (—B: /4)) d)

)

cv
(64)

The interferometry between (63) and (64) is performed to
obtain the following two look-data interferometry results:

As13 (fr fa) = S 3 (frofa) * S13 (fr>fa)

_ 4 fr a = Jier
= (o) rect |:Br/2] rect[ B, :|

X exp ( M) (65)

cv

The corresponding interferometry phase is obtained as

4v, (Br/2)d _ Anvifad By

A¢' =
¢ cv cv  2f
Ao 2 (66)
2fcl
Then, the radial velocity can be estimated by

A /
o= 2P (67)

2w B, d

The bandwidth is considerably less than the carrier fre-
quency, that is, B, < f¢1. Thus, the unambiguous interfer-
ometry phase is improved by factor of 2f, / B,. As a result,
the maximum unambiguous radial velocity of the moving
targets is improved by 2f| / B,. The maximum unambiguous
radial velocity can be calculated by the two look-data inter-
ferometry phase as

T cv 2fel _ v 68)
’ 4fc1d By 2dB,

The maximum unambiguous radial velocity estimated by
the two look-data interferometry phase can be calculated
as 3000my/s, with the improved factor of 216.2162, by sub-
stituting the system parameters of Radarsat-2 into (68) and
2fc1 / B,. The estimated maximum unambiguous radial veloc-
ity is considerably larger than the radial velocity of all the
existing ground moving targets. This condition enables unam-
biguous radial velocity estimation for moving targets.

On the one hand, the two look-data interferometry method
is beneficial for unambiguous estimation. On the other hand,
this method decreases the interferometry phase and makes the
phase insensitive to radial velocity. Although the estimated
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maximum unambiguous radial velocity is improved, the inter-
ferometry phase becomes small even for fast ground moving
targets. This condition brings difficulty for ATI method in
detecting moving targets. Thus, the improved factor 2f;; / B,
of the two look-data interferometry phase is designed too
large to detect moving targets in noise and clutter background.
The improved factor should be decreased to realize consider-
ably robust moving target detection, which is presented in the
next section.

V. ROBUST PERFORMANCE ANALYSIS

The robustness of the proposed methods is analyzed in this
section, and the robust method is proposed to improve the
performance.

A. ROBUST MOVING TARGET DETECTION AND
UNAMBIGUOUS MOTION PARAMETER ESTIMATION
METHOD
We propose the robust method to address the unsolved prob-
lem at the end of Section IV by considering the performance
of moving target detection and unambiguous motion param-
eter estimation. The four channels are utilized to decrease
the original improved factor 2f /B, of the two look-data
interferometry method.

The interferometry between (45) and (46) is performed to
obtain the following result:

513 (T, fa) = 87 (v, fa) * 53 (v, fa)

= (05)% sin¢? (Br (t — 2Rn>> rect [f—” _f‘;“}
c B,
(- 20)) e

Similarly, the interferometry result between channels 2 and
4 in the Doppler domain can be expressed as

524 (T, fa) = s; (T, fa) * 54 (7, fa)

s (o (o 2 [
c B,
- exp <—j27‘[g (u _ 2VrfC2>)' a0)
v c

Given azimuth sampling by PRF, the Doppler centroids
of the moving target, namely, f; , and f,, along with the
Doppler spectrum, are located in the range of [-PRF, PRF].
For the unambiguous case, the ATI method can be used
to detect the moving target, and the unambiguous Doppler
centroid can be estimated by (44) and (55). However, for the
ambiguous case, the estimated Doppler centroid is ambiguous
provided the moving target can be detected. Nevertheless,
the estimated ambiguous Doppler centroid can be used to
shift the Doppler spectrum to zero Doppler centroid. That is,
regardless of the existence or non-existence of Doppler cen-
troid ambiguity, the estimated (unambiguous or ambiguous)
Doppler centroids can be used to shift the Doppler spectrum
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of (69) and (70) into zero Doppler centroid as

2R, ))

-rect[ :|exp —j2r —

513 (T, f2) = (05)? sin ¢? (B (

=)
(71)

524 (T, fa) = (as) sin ¢ < ( )
-rect[ :|exp( —j2r — ( %))

(72)

The interferometry between (71) and (72) is performed
to obtain the following interferometry results among four
channels:

51324 (T, fa) = 873 (T, fa) * 524 (T, fa)

= (crs)4 sinc* (B, ( ZRn))
c

4
- rect [f—ai| exp ( mvrd (fe2 _fcl)> (73)
B,
The corresponding interferometry phase can be given by
drv.d
A@1324 (T, fa) = (feo = fe1)
_ 4nvrfcldf62 —Je1 (74)
v Jel

with the improved factor of [fcl / (fe1 — fcg)|. The radial
velocity can be estimated by

o = cVAQ1324
"odr (fo —fe)d
The estimated maximum unambiguous radial velocity is

o cv fe1 _ cv
e 4fcld fcl _fL‘2 4d lfcl _f62| .

If the carrier frequency f,» is set to 3.9 GHz, then the
maximum unambiguous radial velocity and the improved
factor can be calculated as 49.8205m/s = 179.3537km / h
and 3.8462. This condition enables the unambiguous estima-
tion for nearly all of the ground moving targets. Given that
the improved factor is decreased, the interferometry phase
is considerably more sensitive to the radial velocity than
the two look-data interferometry method. The moving target
detection performance should be considerably more robust
than the two look-data interferometry method theoretically,
as demonstrated by the simulation in Section VII.

The performance of moving target detection is improved
by the four-channel interferometry. The unambiguous radial
velocity estimation performance is also not decreased but
improved because of the considerably sensitive phase to
radial velocity. In this section, the ambiguity is resolved by
signal processing, and some new algorithm such as optimiza-
tion methods [31]-[32] and deep learning [33]-[37] may get
much better results, which would be studied in our future
work.

(75)

(76)
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Channel 1

Channel 2

FIGURE 3. Timing diagrams of case 1.

B. EFFECT CAUSED BY THE AZIMUTH VELOCITY OF THE
MOVING TARGET
In general, the moving target possesses not only radial
velocity but also azimuth velocity. As mentioned earlier,
the azimuth velocity of the moving target is not analyzed.
In this subsection, the azimuth velocity is only added into
the signal model of the moving target. The moving target
detection is nearly independent on the azimuth velocity of
the moving target. Accordingly, the effect on radial velocity
estimation is mainly analyzed, and the solution is proposed
to avoid affecting the radial velocity estimation.

When the azimuth velocity of the moving target v, is
analyzed, the signals of (71) and (72) can be rewritten as

S/13 (Tnfa)

= (0y)%sinc? (Br (‘L’ - 21;"))
- rect |:f—a:| exp <—j271 d (fa _ el >>, (77)
B, V— Vg c

S/24 (vau)

2R,
= (US)2 sin ¢? (B, (r — ))
c
" d
- rect |:f—i| exp <—j2n <a —
B, V=14

The four-channel interferometry phase can be given as

4rv,.d
AQ! ) = ————— (o0 — [
@134 (T, fa) O —va) (fe2 — fe1)
_ drveferd fo — fe (79)
c(v=va) fa
The radial velocity can be estimated by
N/ ¢ (V — Vu) A¢i324 (80)

" 47 (for — fe)d

Notably, the radial velocity estimation suffers from the

unknown azimuth velocity, that is, the azimuth velocity
should be pre-estimated prior to radial velocity estimation.

The interferometry result (77) or (78) in the Doppler

domain is used to estimate the azimuth velocity v,. Similar

to the channel space estimation, the slope k’ between the
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interferometry phase and the Doppler frequency is used for
azimuth velocity estimation.

. 2rd

Va =3
where the channel space d is known or pre-estimated. For
the case of unknown d along with ambiguity, the azimuth

velocity can be estimated by utilizing the two look-data inter-
ferometry method.

+ v, (81)

VI. SYSTEM PARAMETER DESIGN
The proposed methods are used to realize HRWS imaging
and GMTI. The ambiguity, which is a key problem of GMTI,
is resolved by the two look-data or four-channel interferome-
try. However, for the HRWS imaging, some constraints, such
as (30), (35), and (37), should be satisfied. In this section,
we devote our efforts to satisfy these constraints by system
parameter design.

For convenience, the constraints are rewritten in this
section as

B, < PRF, (82)
[fac1 — fac2|l = Ba, (83)
(faer +fac2) /2 = N - PRF. (84)

As mentioned earlier, the PRF is difficult to design. Thus,
the system parameters containing PRF, Doppler bandwidth,
and transmitted carrier frequencies should be designed prop-
erly to meet the requirements.

The requirements of the azimuth resolution and the
observed range swath are determined. Our strategy involves
the following steps. First, the PRF range is designed by
the observed range swath. Then, the Doppler bandwidth is
designed as wide as possible in the possible PRF range to
obtain the highest azimuth resolution. Finally, the carrier
frequencies are determined by (83) and (84).

A. PRF DESIGN
Given the observed range swath R; and channel isolation

(i.e., the channels transmit signals in different times), the
PRF can be designed as in FIGURE 3 and 4. PRT denotes
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FIGURE 4. Timing diagrams of case 2.
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FIGURE 5. Timing diagrams of case 3.

the pulse repetition time, At is the time interval of two
transmitting channels, and 2At = PRT is held.

For case 1 in FIGURE 3, channel 1 transmits signals at
At = 0. Moreover, channel 2 transmits signals after the echo
of channel 1 has been received by both channels, i.e.,

PRT { 2(R1+R;) (Ri+R>+2Ry)
AT=——>max ,
c c

}. (85)

Similarly, the transmitting time of channel 1 should be
determined by the echo of the transmitted signals of channel
2, that is,
2(Ry+Rs) (R1+R2+2Ry)

c ’ c

PRT > At+max { } (86)

Substituting (85) into (86) yields the following PRF range
corresponding to case 1:

(BR1+R2+3R;) (R1+3Ry+3Ry)
c ’ c

PRT; > max { } (87)
For case 2 in FIGURE 4, channel 2 transmits signals before
the echo of channel 1 arrives to both channels, that is,

2R (R +R2)}

AT < min
c c

(88)
Channel 1 transmits signals after the echo of channel 1 has
been received by both channels, that is,

2(Ri+R,) (R +R,+2R
PRT>maX{ (l+s)’(l+ ) + 2Ry)

c c

}. (89)
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Meanwhile, the transmitting time of channel 1 should not
be overlapped with the received echoes by both channels
corresponding to the transmitted signals by channel 2, i.e.,

{ (R1+R2) 2R
—

PRT + T, < min —} + At. (90)
c

Then, the PRF range for case 2 can be obtained by com-
bining (88)—(90) as

{ 2(R1 +Rs) (Ri+ Ry +2Ry) }
max ,
C C

(BR1 +R2) (R +3Ry)

< PRT, < min {
c c

} —T.. 91

In the analyses above (FIGURE 3 and 4), channel isolation
is considered to obtain considerably low PRF. The signals
with different carrier frequencies can be separated from each
other in the range frequency domain. Thus, the isolation of
channel level may be ignored by utilizing the isolation of
signal level. The timing of transmitting and receiving by dual
channels can be described as case 3 in FIGURE 5, in which
both channels transmit signals at the same time.

Given that the transmitted signals do not overlap with the
echoes, we should satisfy the following relationships:

2(R1+R Ri+ Ry +2R
PRT3>max{ Ri+R) RitRt S)}, (92)
c c
Ri +Ry) 2R
T, < min{—( s 2),—2}, (93)
c c
where (93) can be satisfied in general.
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Comparing (92) with (87) and (91) shows that FIGURE 5
provides the minimum PRT, whereas FIGURE 3 needs
the maximum PRT. The maximum PRF can be achieved
by FIGURE 5. Notably, all the timing diagrams in
FIGURE 3-5 are designed by considering the same range
swath. In summary, the PRF can be designed in the ranges
of (87), (91), and (92) given the same range swath.

B. DOPPLER BANDWIDTH AND CARRIER FREQUENCY
DESIGN

As mentioned earlier, different PRFs in the ranges of (87),
(91), and (92) can be used to realize the same range swath.
The PRF should be selected as high as possible to avoid
the Doppler spectrum ambiguity for achieving high azimuth
resolution. The sampling ratio by PRF in azimuth is designed
as 1.1-1.4 to reduce the power of Doppler spectrum ambigu-
ity [13]. Then, the Doppler bandwidth can be designed by

PRF PRF
By < —— (94)
1.4 1.1

For convenience, (94) can be rewritten as
1 B,
— <
1.4  PRF 1.1
After the PRF and Doppler bandw1dth are determined,
the carrier frequencies can be designed by (83) and (84). The
isolation of signal level should also be considered for carrier
frequency design. For example, the carrier frequencies are
selected in different wave bands.

(95)

VIl. SIMULATIONS AND ANALYSIS

In this section, simulations are conducted to demonstrate the
effectiveness of the proposed methods. Simulation conditions
are listed in TABLE 3, which keeps the same with that of
Radarsat-2.

A. AZIMUTH RESOLUTION IMPROVING BY DOPPLER
BAND SYNTHESIS

The Doppler spectra of channels 1 and 2 are shown
in FIGURE 6.

FIGURE 6 shows that the Doppler frequency response of
each channel is similar but different. The Doppler centroids
are separated from each other, and the Doppler spectra of
channels 1 and 2 are close to each other by considering the
Doppler bandwidth. Then, the conditions hold for Doppler
band synthesis.

By utilizing the Doppler band synthesizing technol-
ogy, we achieve a doubled Doppler bandwidth, as shown
in FIGURE 7. Notably, the doubled Doppler spectrum is
successive and is thus useful for SAR imaging.

After azimuth compression, the normalized azimuth
pulse response is as shown in FIGURE 8(a) and zoomed
in FIGURE 8(b).

The figure shows that the azimuth resolution is improved
twice using the Doppler band synthesizing technology. The
azimuth compression results are similar to the range compres-
sion results in [25]. This similarity verifies the effectiveness
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FIGURE 6. Doppler frequency response. (a)channel 1; (b) channel 2.
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FIGURE 7. Doppler band synthesizing result.

of improving azimuth resolution by utilizing the Doppler
band synthesizing technology. Moreover, the sidelobe of the
azimuth compression results by using Doppler band synthe-
sis is considerably lower than that without Doppler band
synthesis. The sidelobe actually does not decrease but only
becomes near the mainlobe because of the doubled Doppler
bandwidth.

VOLUME 8, 2020



X. Zhang et al.: Multi-Channel SAR System Design for HRWS and GMTI in Low PRF

IEEE Access

-20 +

-30 F

l il i
I i
‘ |‘ lﬂ “MI‘I w"\. I
10 {485 3 Fa ol |'|'l| hmh' “lul ”ii'r gt
tlliey it ul\ imnl |
Azmuth compression with Doppler
bands synthesizing
Azimuth compression without Doppler

bands synthesizing

] -——— T y - 10— —

Normalized azimuth pulse response (dB)

1 —— T

0o 200 400 600 800 1000
Azimuth gate

(@

.,,"

Er

-40 ‘ Azimuth compression with Doppler
| - bands synthesizing
Azimuth compression without Doppler
bands synthesizing

Normalized azimuth pulse response (dB)

400 450 500 550 600
Azimuth gate
(b)

FIGURE 8. Normalized azimuth pulse response. (a) before zoomed
results; (b) zoomed resuit.

B. GMTI PERFORMANCE SIMULATION AND ANALYSIS
The signal-to-noise ratio (SNR) loss is used to measure the
effect of the ambiguity in quantization on moving target
detection for analyzing the GMTI performance. The SNR
loss, which is the peak power ratio between the zeroth
ambiguous accumulated results and the unambiguous accu-
mulated results, can be calculated by [8]

)/(5:-6))

(96)

SNRloss= 1OIOgIO ((B(z) (Ba’ PRF’f;c) ’ G%

where G and G,, denote the average magnitudes of the two-
way azimuth antenna pattern of the zeroth ambiguous target
spectrum and the entire mainlobe target signal, respectively.
The spectral width of the zeroth ambiguous target spectrum
can be given by [8]

By (Ba, PRF ,f};) = min (B, /2 + f;., PRF /2)
— max (—B, /2+f}., —PRF [2),
7
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FIGURE 9. ATl-based SNR loss.

where . denotes the Doppler centroid located in the range of
fi.. € [=PRF, PRF] and can be calculated by its correspond-
ing unambiguous Doppler centroid as

Jie
| mod (fge, PRF)—PRF  if mod (fgc, PRF)>PRF 2
" | mod (fac, PRF) otherwise,
(98)
where mod (x, y) denotes the modulus after x divided by y.

As mentioned earlier, the ATI-based Doppler centroid due
to radial velocity can be expressed as

2fc
fie = fl V. (99)

The two look-data 1nterfer0metry-based Doppler centroid
can be given by

B, 2 B
_Ya B B (100)
2fc1 c 2fc1 c

The four-channel interferometry-based Doppler centroid
can be calculated by

Ver —feal _ Zfer fer —feol fczl
fie = fao——F——
Jer ¢ fa
2 lfcl _f (,‘2|
= —V;
c

For ground moving targets, the radial velocity of interest
is set as v, € [—60m/s, 60m/s]. Then, the SNR loss of differ-
ent methods can be computed by (96)—(101). The simulated
results are shown in FIGURE 9-11.

As mentioned earlier, the Doppler bandwidth range of
PRF /14 < B, < PRF/1.1 is mainly analyzed. FIG-
URE 9 shows that the SNR loss of the ATI method reaches
the maximum of —6 dB when the radial velocity equals
to the first blind velocity of 27.75m/s as in FIGURE 12.
FIGURE 10 shows that the SNR of the two look-data inter-
ferometry method is not decreased in the range of inter-
ested radial velocities because the interferometry phase is
greatly decreased by 2f.1 / B,. However, as mentioned above,
the small two look-data interferometry phase (FIGURE 12)

féc = fdez7

(101)
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FIGURE 10. Two look-data interferometry-based SNR loss.
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FIGURE 11. Four-channel interferometry-based SNR loss.
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FIGURE 12. Interferometry phases.

causes difficulty in detecting moving targets, especially fast
moving targets. Thus, the four-channel interferometry is
proposed to reduce the improved factor from 2f; / B, to
fe1 / |fe1 — fe2l. As shown in FIGURE 11 and 12, the SNR
loss becomes worse than that by two look-data interferom-
etry. Nevertheless, the phases corresponding to the interested
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FIGURE 14. Two look-data interferometry-based SNR.

radial velocities are increased. This condition is evidently
beneficial for moving target detection.

The SNR is also compared among three methods. The
results are shown in FIGURE 13-16. The comparison curves
in FIGURE 16 are obtained when B, / PRF equals 0.8 due
to (95). FIGURE 13 and 16 show that several blind velocities
exist in the ATI method, and the SNR becomes zero theoret-
ically when the radial velocity reaches the blind velocities.
The radial velocities of the blind velocity areas shown in
FIGURE 16 are close to the blind velocities. Thus, these areas
may miss moving targets during detection due to their low
SNR. FIGURE 14 and 15 show that the SNR results of the
two look-data interferometry and four-channel interferometry
methods are similar to each other. However, they differ in
SNR, as shown FIGURE 16. The SNR of the proposed four-
channel interferometry method is approximately 16.7370 dB
higher than that of the two look-data interferometry method
on average. Thus, the former method is evidently conducive
to moving target detection because of the extra two channels
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FIGURE 16. SNR comparison between the methods.

that introduce the SNR gain. No ambiguous and blind veloc-
ities exist in the range of v, € [—60m/s, 60m/s]. This con-
dition is beneficial for moving target detection and velocity
estimation.

VIil. CONCLUSION

We utilize the Doppler band synthesizing technology to
double the Doppler bandwidth for improving the azimuth
resolution to achieve HRWS imaging with low PRF in dual-
channel SAR. This work can be used under the conditions
that the condition of (37) holds, keeping each Doppler spec-
trum of each channel being not split but complete. Low PRF
introduces ambiguity to moving targets. Thus, two look data
are constructed in the range frequency domain, and the two
look-data interferometry method is proposed to resolve the
ambiguity. However, the ambiguity is resolved by decreasing
the interferometry phase, which results in the insensitivity of
this phase to the radial velocity of the moving targets. This
condition is not helpful for moving target detection. We pro-
pose another interferometry among four channels (two real
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channels and two equivalent channels) to increase the inter-
ferometry phase for overcoming the aforementioned prob-
lems. The increased interferometry phase is unambiguous
for the interested radial velocities of ground moving targets.
Simulations verify the effectiveness of the proposed methods.

The contributions of this study are summarized as fol-
lows. We utilize the Doppler band synthesizing technology
to achieve HRWS imaging with low PRF. Under this configu-
ration, the HRWS SAR-GMTI is analyzed comprehensively.
The analysis provides the theoretical basis for multichannel
HRWS SAR-GMTI. As mentioned earlier, the interferometry
phase is mainly analyzed as the kernel of the moving target
detection methods. However, the analysis on the specific
moving target detection methods require further investigation
that focuses on multichannel HRWS SAR-based detection of
ground moving targets. Moreover, some array signal process-
ing methods [38]-[40] should be considered to improve the
performance further.
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