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Abstract. In this paper, a novel coherent integration algo-
rithm, i.e., two-dimensional frequency domain second-
order keystone transform (FDSOKT), is proposed to detect
a weak maneuvering target based on bistatic radar config-
uration. To eliminate range migration and Doppler fre-
quency migration, the radar echoes are transformed into
two-dimensional frequency domain firstly, and then a se-
ries of rescaling transforms, matched filter functions and
compensation functions are performed respectively. With
the elimination of the couplings between range frequency
and azimuth frequency caused by radial velocity and
acceleration, the energy of the echoes is focused in two-
dimensional time domain, which improves the detection
performance of weak target. In addition, to deal with Dop-
pler ambiguity, different Doppler ambiguity cases are
discussed and could be solved well. At last, some simula-
tion experiments are provided and the effectiveness of
FDSOKT is proved by the results.
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1. Introduction

With the rapid development of technology, radar
cross-section (RCS) of stealth aircrafts is reduced greatly,
which threatens radar systems and affects radar detection
performance. To improve the capability of detecting these
targets, long time coherent integration is an effective meth-
od [1-3]. However, range migration (RM) and Doppler
frequency migration (DFM) are inevitable during long time
observing weak maneuvering target [4]. Hence, compen-
sating RM and DFM is very important.

To solve RM, some effective algorithms have been
proposed, such as Keystone transform (KT) [5-9], Radon
Fourier transform (RFT) [10], [11] and axis rotation mov-
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ing target detection (AR-MTD) [12] and so on. Without
a prior knowledge of moving targets, KT can correct range
walk (RW), which is induced by target’s radial velocity.
RFT overcomes RW by Radon transform i.e., jointly
searching along range and velocity dimensions and realizes
coherent integration via Fourier transform. AR-MTD elim-
inates RW by rotating two-dimensional echoes data plane
and realizes coherent integration via MTD. In addition,
second-order Keystone transform (SOKT) [13], [14] is
proposed to compensate the range curvature (RC), which is
induced by target’s radial acceleration. To compensate RM
and DFM simultaneously, Generalized Radon-Fourier
transform (GRFT) [15], [16], Radon-Fractional Fourier
transform (RFRFT) [17], [18] and Radon-Lv’s distribution
(RLVD) [19], [20] etc. are proposed respectively. Due to
the high speed motion of targets or the relative low pulse
repetition frequency (PRF) of the radar, Doppler ambigui-
ty, which seriously deteriorates the detection performance,
happens frequently and should be taken into consideration.

Compared with monostatic radar, bistatic radar has
the advantages of flexible configuration, longer detection
range, better anti-stealth and anti-interference ability.
Thereby, based on bistatic radar configuration, a novel
weak target integration detection algorithm in frequency
domain is proposed in this paper, i.e., frequency domain
second-order keystone transform (FDSOKT). Similar to
SOKT, FDSOKT can eliminate RM via applying different
rescaling transforms in the two-dimensional (2-D) frequen-
cy domain and can compensate DFM via constructing
phase matched function. The remainder of this paper is
organized as follows. The target’s motion model and the
signal model are given in Sec. 2. In Sec. 3, the principle of
FDSOKT algorithm is introduced. Finally, some simulation
results and conclusions are provided in Sec. 4 and Sec. 5,
respectively.

2. Bistatic Radar Signal Model

Suppose that the radar transmits a linear frequency
modulated (LFM) pulse signal s(f), which modulated by
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radar carrier frequency f., may be written as

s(t)=p(t)exp(imks* Jexp(j27 fit) (1)
<1 /2

1
where = AN
p(1) rect(Tp] {O, (<72

pulse duration, k; indicates the frequency rate of the LFM
signal.

, t is time, T, is

A general bistatic radar geometry is shown in Fig. 1.
In XOY plane, P is a moving target with a constant acceler-
ation a and an initial velocity V, T is a radar transmitter, R
is a radar receiver. R; and R; are the initial range from the
transmitter and receiver to the target respectively. a is the
angle between the target moving direction and x axis, £ is
the bistatic angle, and ¢ is the angle between the target
moving direction and the bistatic angle bisector. The in-
stantaneous range sum R(#m) between the point target and
the radar may be written as

R(7,)=R (t,)+R, (t,)

1
R} +(Vt_ + Eaz;)2

2R, (Vtm - lati}cos(& — ﬁj
2 2
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2 2

where f, is slow time. Ry(tm), R(tm) and R, R, are the
instantaneous range and initial range from the transmitter
and receiver to the target respectively.

@)

Perform Taylor series expansion at #t, = 0 and then (2)
may be written approximately as

R(t, )~ R +R =2Vt +agt, 3)

where the radial velocity V; and the equivalent acceleration
a. are defined as follows.

Vr=Vcos5cos§, 4
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After coherent demodulation, the two-dimensional
received baseband signal may be given as

2

Fig. 1. Bistatic radar geometry.
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where 7 is fast time and ¢ =7 + t, ¢ is the speed of electro-
magnetic wave. After pulse compression (PC) and substi-
tuting (3) into (6), the echoes may be represented as

s (f.1,) = Asinc(B(f—%(Rr +R -2Vt +act§l)jj(7)

2
xexp(—J”—f“(Rr YR -2Vi tarl )j
C

where A4 is the constant complex amplitude of the echoes,
B =k:x T}, is the bandwidth of the transmitted signal.

According to (7), it can be observed that RW and RC
are all happening. And the instantaneous Doppler frequen-
cy of the target can be written as

1 dR(Zm) — 2Vr _2aetm
A dt, A

filtn)= ®)

From (8), it is shown that the Doppler frequency is
time-varying, which will cause DFM inevitably.

3. Proposed Algorithm

3.1 Case of No Doppler Ambiguity

Perform Fourier transform along fast time dimension
on (7) and then the echoes in range frequency-slow time
domain can be written as

S (ﬁ,tm)=P(fr)zexp[—j%(t"’)(mm} ©)

where f; is the range frequency.
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Then, based on principle of stationary phase [21], (9)
may be transformed into 2-D frequency domain via FT
(i.e., range frequency-azimuth frequency domain)

2 jref]
eXp[2ae(fr +fc)j

Xexp[_ (. +fc)(R0 _VZB (10)
C
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con{ L2
a

Sa (/1) =|P(£)
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where f, is the azimuth frequency, initial range sum
Ro=Ri+ R..

From (10), it is shown that there is a coupling be-
tween f; and f; in the first exponential term, which brings
RC. Similar to time domain SOKT [22], FDSOKT is pro-
posed to correct RC in 2-D frequency domain. Firstly, f; is
rescaled to f; by the following transform (i.e., rescaling
transform I):

f; + f;: f'

f‘c a

To ensure the rescaling accuracy in frequency domain

[23], the number of zeros, which equals the number of

pulses, should be added in the Siw(f: , f2) along the azimuth

frequency domain before FDSOKT is performed. Substi-
tuting (11) into (10), we can obtain
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It is shown from (12) that the coupling between f; and
fa in the first exponential term is eliminated.

Secondly, a frequency domain-matched filter function
is constructed as

(13)

Then, we can have
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According to (14), a new coupling between f; and fa’
is introduced in the second exponential term, which shows
that RW still exists.

Lastly, rescaling transform II, i.e., fa = L f21 ",

It

is substituted into (14). Then
Su(fis2)=|P(£)
xexp[_ jz(f. Jrj’c)[R0 _V_ZD (15)
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Compared with (10) and (14), (15) shows that the
coupling between f; and f,” is eliminated and the target
could be detected in 2-D time domain after 2-D IFFT.

3.2 Case of Happening Doppler Ambiguity

For high-speed moving targets, Doppler ambiguity
may happen [24]. As shown in Fig. 2, Doppler spectrum
distributions mainly include two cases: I) the signal spec-
trum locates entirely in one PRF band; II) the signal spec-
trum is distributed in two neighboring PRF bands.

I) For Case I, the 2-D spectrum can be retrieved by
shifting the spectrum with M PRFs along the azimuth fre-
quency. Substituting f,+ M - PRF for f, in (10), we may
have

S. (£ 2)=|P(1)

) (jzrc(fa +M-PRF)2}
exp
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Then, substituting (11) into (16), we can have
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The ambiguity number M could be well estimated by
[25], [26]. Therefore, after match filtering and Doppler
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(M+1)PRF
ambiguity compensating, we can have
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Because of Doppler ambiguity, the last term in (19)
Fig. 2. Echoes spectrum along azimuth dimension. (a) Case I:
spectrum is entirely in a PRF band. (b) Case II: jﬂ'Cf' fr+fc (f +M~PRF)
spectrum spans over two adjacent PRF bands. may be rewritten as ? fc dum ,
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It can be shown from (20) that RM and DFM have

Then, a Doppler ambiguity compensation function is
been removed together.
1) Compared with the Case I, the signal spectrum in

Case II is composed of two parts: the first part is located in

constructed as follows
. ' +
jrcf, MM - PRF
- (18)
the Mth PRF band and the second part is in the (M + 1)th
PRF, which is shown in Fig. 2(b). If Doppler band is less

C

a.(fi+1.)
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than PRF/2, the signal spectrum will locate in a single PRF
band after shifting the spectrum with PRF/2.

Thus, a compensation function is constructed as

jz-PRF(f. +fc)tm} o
2.

H4(fr,tm)=exp[

Then, we can have
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Perform FFT on (22) along slow time dimension and
adopt the similar processing steps in Case I to deal with the
RM and DFM. Subsequently, let V.= V;+ 1 - PRF/8, the
spectrum in 2-D frequency domain can be written as
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Finally, the coupling between f; and £," is eliminated
and the target could be detected in 2-D time domain after
2-D IFFT. Based on the analysis above, the flowchart of
FDSOKT is given in Fig. 3.

PC echo l Maneuvering target

detection

Rescaling transform I
Range FFT

Doppler ambiguity Range [FFT
Case II? Azimuth IFET
Yes
H,(/,:4,)—® kY

Rescaling transform IT

|

Azimuth FFT

Fig. 3. The flowchart of FDSOKT.

Carrier frequency 5.5 GHz
Pulse repetition frequency 2000 Hz
Pulse width 50 us
Bandwidth 2 MHz
Coherent integration time 1s
Sampling frequency 2 MHz
Or n/4 rad
Or 25.71/90 rad
o n/18 rad

Tab. 1. Simulation parameters.

4. Simulation and Analysis

In this section, some numerical simulations are pro-
vided to verify the performance of FDSOKT. According to
Fig. 1, suppose that an air moving target with a constant
acceleration appears at the coordinate (100 km, 100 km).
The transmitter and receiver of radar locate at (0 km, 0 km)
and (20 km, 0 km) respectively. The other simulation pa-
rameters are given in Tab. 1.

4.1 Weak Target Detection Based on
FDSOKT

I) In the first simulation example, suppose that the ini-
tial velocity of the target /= 1020 m/s, and the accelera-
tion a =50 m/s’>. For the sake of clarity, the FDSOKT
algorithm is adopted to detect weak targets without noise.
Firstly, the echoes after PC are shown in Fig. 4(a), in
which RM is happening. Subsequently, the DFM can be
observed in Fig. 4(b) after the echoes are transformed into
the Range-Azimuth frequency domain. At the same time,
the Doppler frequency of the target is distributed in a PRF
band. Then, the FDSOKT algorithm is applied to process
the echoes and the RM is eliminated as shown in Fig. 4(c).
In Fig. 4(d), a peak of coherent integration is formed in
2-D time domain after DFM has also been compensated.

Echoes after PC
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Echoes in Range-Azimuth frequency domain

50

]
2
£ 100
S
=
o)
[¢]
3 150
c
©
o
200
250
500 1000 1500 2000 2500 3000 3500 4000
Azimuth Frequency Cell
(W]
RM is eliminated
50
o
2
£ 100
S
=
ko)
[¢]
3 150
c
©
o
200
250
500 1000 1500 2000 2500 3000 3500 4000
Azimuth Frequency Cell
©
Coherent integration output
4000
3000
2000
1000
0
300
4000
100 2000
1000
Range Cell Number 0 o Pulse Number

Fig.4. Results of FDSOKT without spectrum span.
(a) Echoes after PC. (b) Echoes are shown in Range-
Azimuth frequency domain. (¢) RM is eliminated after
performing FDSOKT. (d) Coherent integration output.
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Fig. 5. Results of FDSOKT with spectrum span. (a) Echoes
are shown in Range-Azimuth frequency domain when
the spectrum spans over two adjacent PRF bands.
(b) Echoes are shown in Range-Azimuth frequency
domain after compensating spectrum span.

IT) In the second simulation example, suppose that the
initial velocity of the target /= 1049 m/s, and the accelera-
tion @ =50 m/s?. Compared with the first simulation, Fig-
ure 5(a) shows that the echo of the target spans the adjacent
PRF band in the Range-Azimuth frequency domain. Sub-
sequently, Figure 5(b) shows that the FDSOKT algorithm
applies a compensation function to adjust the Doppler
spectrum into a PRF band. Then, the subsequent pro-
cessing has a same way with the first simulation.

4.2 Comparison of Detection Ability

In the third simulation, the detection performance of
SOKT, GRFT, RFRFT, RLVD and FDSOKT are com-
pared.

When the false alarm probability Pr, equals 10 and
the number of Monte Carlo trials is 10, the detection prob-
abilities of various algorithms under different single pulse
input SNRs are shown in Fig. 6(a). When the single pulse
input SNR is fixed on —41 dB, the receiver operating char-
acteristic (ROC) curve is given in Fig. 6(b). It is obvious
that FDSOKT has a better detection performance than
other algorithms.

Detection probability curve

Pd




166 Z.LEl, X. RAO, P. JIN, ET AL., TWO-DIMENSIONAL FREQUENCY DOMAIN SECOND-ORDER KEYSTONE TRANSFORM ...

ROC curve

Pd

/ GRFT
5 RFRFT

01 L X —

2 SOKT

Fig. 6. Comparison of detection performance. (a) Detection
probability curve. (b) ROC curve.

5. Conclusion

Inspired by time domain SOKT, a novel coherent in-
tegration algorithm FDSOKT for the detection of weak
maneuvering target based on bistatic radar configuration is
proposed in this paper. A series of rescaling transforms,
matched filter functions and compensation functions are
performed respectively in two-dimensional frequency do-
main to eliminate RM and DFM. Finally, some simulations
verify the effectiveness of FDSOKT. Thus, a conclusion
may be drawn that for the weak moving target with a con-
stant radial acceleration, FDSOKT has a better detection
performance, which benefits from the fact of frequency
domain processing having a better ability of anti-noise.
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