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Introduction in most airborne surveillance radar'' ™. This mode is
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It is known that appropriate system parameters
and signal processing algorithm can make the radar
system reach its perfect performance. However,
recent researches

mainly focus on the signal

processing algorithm of the WAS-GMTI mode and
seldom refer to the WAS-GMTI system design!" '],
Only in the front section of paper'"), which introduces
the WAS-GMTI mode of PAMIR (Phased Array
Multifunctional Imaging Radar) system, the
following three points about WAS-GMTI system
design are discussed.

1. The antenna beam width should be carefully
chosen to find a compromise between the target
positioning accuracy and target revisit time.

2. The theoretical expression for the illuminated
area and azimuth scan angle is derived.

3. The number of look directions should be
chosen to guarantee at least a half overlap of the
footprints of two subsequent azimuth look directions.

In this paper, we make a further investigation on
the WAS-GMTI system design. Firstly, the radar echo
formula (including ground clutter and moving targets)
of WAS-GMTI mode is derived. The formula is more
close to the real condition since the crab angle is
considered in the derivation. Secondly, the expression
of SNR and CNR are presented in the process of
signal processing. The aforementioned derivations
are the foundations for the further discussion. Then,
four key points are investigated, which can be regarded
as the supplements for the discussion in Ref. [1]. These
points include the expression for range walk and
range curvature, the expression for clutter spectrum,
selection of multi-frequency system and multi-PRF
system, selection of number of pulses per burst.
Besides, some conclusions are drawn after each

discussion. The study shows that all these points

should be carefully considered before the real

WAS-GMTI system design.
1 Radar echo formula derivation

The 3-D geometry of an airborne WAS-GMTI
radar system is shown in Fig. 1. There are M receive
channels placed along the y-direction, and the radar
signal is transmitted from the first channel. The
distance between the m th channel and the first
channel is represented as L. Hence, L;=0. Assume
the platform flights with a crab angle &4, away from
the y-direction, and its flight velocity and altitude are
denoted as Vj and H respectively. In the scene, a
moving target moves with a ground velocity V;
toward the platform. The x-component and
y-component velocity of the moving target is
represented as Vi and Vi, respectively, and the angle
between V; and Vi is denoted as ¢ . Besides, the
azimuth angle and elevation angle of the targets are

6, and ¢, relative to the platform, and the starting

distance between the target and the platform is R;.

A

N

’
’
’
,
 Ocrap
’

Fig. 1 3-D geometry of WAS-GMTI radar

Then, the received echo of the m th channel can

be expressed byl 131
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A
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c

Where: m Index of onboard channels, m=1,2,...,M
(M is the number of channels); 7 Range time;
1 Azimuth time; P, Received power of the m th
channel; K Number of pulses in one burst; T, Pulse
repetition time; R, () Range between the m th
channel and the target, m=1,2,...,M ; ¢ Propagating
velocity of light; T, Duration of the transmitted pulse;
A Radar operating wavelength; K, Range frequency
modulation rate; j Complex constant, J-1.
According to the geometry of the WAS-GMTI
system shown in Fig. 1, the square form of R, (77)

can be written as
R} ((17) = (R, x cos(g) x cos(6,) ~V,,
1% c08(0,,, ) —V; x 17 % cos(d ))2 +
H? + (R, x cos(¢,) xsin(6,) +
V, x77 X8I0, ) —Vy x 17 xsin(¢;))” =
th xcosz((/)t)+ H? +
(Vg +V + 2%V XV, X COS(O,y, + ) %

n* —2x R, x cos(¢,) x

(V, xCO8(6) + Oy, +Vy X COS(G —44)) X717 2)

Thus, R, ((7) can be approximated by

Ry «(M =Ry (1) + Ly, -cos()-cos(p)  (3)

Equation (1) presents the radar echo formula of
a moving target. If let V, =0, we can obtain the radar
echo formula of the stationary ground clutter.

After range compression, the radar echo can be

Dec., 2018

given by (neglect range straddling losses)

Zm(Tan):\/ P x (K, ><Trz)XreCt(Kn_l_ JX

a

{ . R ((m+R, (77)}

expy—J x2mx 7 X

. let(77) + Rmit(n)

smc{Kr xT, x[r— c ]} 4)

where K, -T2 represents the coherent integration of the
target in the process of range compression. Compared
with the SAR imaging mode, the WAS-GMTI mode
is often designed with lower range resolution, and

therefore the following approximation is reasonable.

sinc{KrTa (z’ _ R «(m+R, (77)]} N

C

sinc{KrTe1 (T—Mj} (%)

Then, azimuth weighted FFT (Fast Fourier Transform)

is performed to transform the data to the range-Doppler
domain for further processing such as clutter
suppression, CFAR detection and parameter estimation.
If we neglect range walk and Doppler straddling losses

herein, the echo formula can be further expressed by

En(z fq)=\/P7mX(Kr XTrZ)X(iWkJX
k=1

R
sinc{Kr xT, X{T—ZX lt(n)]}x
C

Wa(K><Ta ><< f,7 —2x

(Vp xCOS(G + Oy +V, xc0S(6, — h) ) x cos(g3)
7 (6)

where W, =[W,,W,,...,W, ]" denotes the weighting

coefficient of azimuth weighted FFT. In Equation (6),

K
ZWk represents the coherent integration of the
k=1

target in the process of azimuth weighted FFT.
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2 SNR and CNR derivation P, =k:Ty-B,-F (K, -T?) (12)

Based on the radar equation, Py, can be given by

P =PO'Gt(etaqot)'Gr(gta(pt)'ﬂ’z'o-t (7)
" (4m)’ R, L

Where: Py Transmit power; G,(6,,¢,) Gain of the
radar transmit antenna (relative to the target);
G,(6,,¢,) Gain of the radar receive antenna (relative
to the target); o, Radar cross-section of the target;
Ls System losses.

The data of WAS-GMTI mode are processed per
scan and per antenna look direction respectively "2,
and the observation time allocated to one look
direction is so short that the impact on the radar
equation from the changes of Ry,  can be neglected in
the same look direction. Besides, for the radar
equation, the influence from channel intervals can
also be neglected. Therefore, the received power of
all the channels can be uniformly given by

— PO 'Gt(gt,¢t)‘Gr(9t,¢)t)~},2 'O_t

8
(47)" R L ®
The thermal noise power can be written as
P, =k-Ty-B,-F, )

Where: k Boltzmann constant; Ty Temperature; By
Receiver bandwidth; F, Noise Factor.

Then, the SNR on the receiver can be expressed by
R_FR- G(Ht:¢t) G (6.90)- A Gt( 10)

SNR, =L
P, (4r)-R*L kT, B F

According to Equation (4), after range
compression the power of the target can be calculated
by
R, =
R %G (4,) %G, (G,@)x A" x5
(4m) xR* x L

Since the noise component is non-coherent

x (K, xT2)*(11)

integration in the process of range compression, the

power of the noise component after range

compression can be expressed as follows:

Therefore, the SNR after range compression is
obtained from Equation (11) and (12)
SNR =R, / P

R)XG[(@m)xGr(é’pfmxﬂzxrft
(4n)’ xR* x L xkxT, xB, xF,

(K, xT?) (13)

After azimuth weighted FFT, the target power,
the noise power and SNR can also be obtained, and

they are given as follows:
Py xGi(6,2) %G, (G.0)x A* X0y
(4n)* xR* x L,

2
(K, xTrZ)ZXEEWk] (14)

k=1

P

t_ra

K
ra:k'TO‘Br'Fn'(Kr‘Trz)‘(ZWI%j (15)

k=1
_ra ™ Pt ra/

R xG (Ht’(pt)XG (‘9t>(0t)></1 X0t
(47‘[) ><R x Ly xkxT,xB, xF,

2
(KrXTrZ)X(iij /[iwf] (16)
k=1 k=1

Aside from the calculation of radar cross-section,

the changes of CNR in the process of signal
processing can be obtained in the same way.

To calculate the CNR of one range-Doppler cell,
the radar cross-section of that range-Doppler cell can

be written as (see Fig. 2)
AR

cos(¢,)

where R; denotes the distance of the range-Doppler

o,=0,-R.-AG-

a7

cell, AR and A@ represents the range resolution
and azimuth angle resolution of that range-Doppler
cell respectively, ¢, is the elevation angle of the
range-Doppler cell, o, is the area reflectivity of the
ground clutter at the location of the range-Doppler
cell to be calculated.

Note that the azimuth angle resolution A@

denotes the angular width relative to one Doppler cell
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and it changes with the azimuth scan angle. It is

known that the azimuth frequency resolution is

&KF’ where PRF is pulse repetition frequency, and

it can be written as

2V,
EKF = Tp X cos(&mb +6, +A7€j x cos(@,) —

Y AO

Tp X cos(ﬁcmb +6, —7] xcos(¢,)| (18)
where € is the azimuth angle corresponding to the
Doppler cell.

Solving this equation yields
A-PRF

(19)

0 = .
2Vp -K -COS(§DC) : Sm(ecrab + t90)

Fig. 2 Radar cross-section of one range-Doppler cell

According to Equation (13), (16), (17) and (19),
the CNR of one range-Doppler cell in the process of
signal processing can be calculated. Note that in the
process of SNR and CNR calculation, range
ambiguities and azimuth frequency ambiguities
should also be taken into consideration, which are not

discussed in detail herein.

3 Key points analysis in the system
design of WAS-GMTI1 mode

Before the key points analysis, we want to

RGN AR

Journal of System Simulation

Vol. 30 No. 12
Dec., 2018

discuss about the scan schemes of WAS-GMTI mode.
There are two scan schemes for electronic scanning
system which are shown in Fig. 3. In the first scheme,
the antenna scans from A to B, then it jumps to A and
repeats the operation (A—B, A—B, A—B,...).
However, in the second scheme, after the antenna
scans from A to B, it scans back to A from B, and
then it repeats the operation (A—B, B—A, A—B,...).
Theoretically, a moving target can be detected in
several successive scan periods. The time interval
between the same target detections is almost the same
in the first scheme, but it varies in the second scheme,
especially when the target is near A side or B side. It
is known that the equal time interval between target
detection is more beneficial for target tracking.
Therefore, the first scan manner is preferred in the

real WAS-GMTI system design.

Fig.3 Two scan schemes for WAS-GMTI system

Then we discuss about four key points in the
system design of WAS-GMTI mode. In order to
facilitate the later discussion, a set of typical
parameters of the WAS-GMTI mode is presented in
Tab. 1. Note that these parameters will be used in the

following simulation experiment !,

Tab. 1 Typical parameters of an airborne WAS-GMTI system

Pulse repetition frequency 3 kHz Center frequency 9.45 GHz
Platform velocity 110 m/s Altitude of the platform 6.4 km
Azimuth scan angle 40°~ 140° Step angle 2°
Channel spacing (uniformly distributed) 0.32m Crab angle 7.5°
Window function of azimuth FFT 70 db Chebyshev window Slant range 75 km
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3.1 Range walk and range curvature analysis

To analyze the range walk in the WAS-GMTI
mode, it is helpful to expand the range function

R, {(77) in equation (2) as a Taylor series as follows:
R« =R_((0)+R, ; (0)x 7+

1
_XRI Tt (0) 77 +-
R - (Vp cos(b, +6,,,,) +

Vi xcos(6 — ) x cos(py) x 77 +

| (Vp +VZ + 2%V XV, X c08(Gyqy + )
1 X
2 R

- (20)

In such an expansion, it is often possible to

neglect terms of order higher than the quadratic, and
the linear part of this is range walk and the quadratic

part is range curvature. That is
= (\/p -cos(6, +6,,,,) +
Vi-cos( —4))-cos(p)-n (21)

Prangeiwalk

P

range_curvature =
1 (Vo +ViZ +2xV, XV, X C0S(G,gp + 1))

x 2
2 R " (22)

The maximal value of P,... e With
different 6., and ¢ is
1V +M)?
Prangefcurvaturefmax =—'p—'772 (23)
2 R

According to the aforementioned parameters in
Tab 1, we can obtain the maximal range curvature
results with different target velocities V; and different
integration time per look direction 7.

From Fig. 4(a), it can be seen that range
curvature is so small that it is negligible. In Equation
(21), range walk comprises two components, one
component is from the movement of the platform (it
also denotes the range walk of clutter) and the other

is from the movement of moving targets. That is
Prangeiwalkﬁplatfoxm :Vp : cos(6’t + ecrab) : COS(¢t) n (24)

Prangefwalkftarget = Vt : cos(&t - ¢[) ’ COS(¢I) 7 (25)

—
(]
(=]

—
W
(e}

look direction/ms
R
(@] ()
(e} ()

Integration time in one

[O%]
(]
S

”

Target ve10(:1ty/(m/s)

(a) Range curvature of WAS-GMTI mode in the typical
airborne system parameters (unit: m)

50
100
150
200

250

integration time in one
look direction/ms

300

60 80 100 120 140
Azimuth scan angle plus crab angle/°

(b) Range walk from the movement of the platform (unit: m)

0 20 40 60 80 100

Velocity of moving targets/(m/s)

50

100

150

200

250

300

Integration time in one look direction/ms

(c) Range walk from the movement of moving targets (unit: m)

Fig. 4 Range walk and range curvature analysis

It is easy to find that V, -cos(6, — @) -cos(¢,) 7
denotes the projection of the moving target on the
radial direction (see Fig. 1), and it is maximal value is
V; -cos(@,) -7 . According to Tab. 1, Prange walk platfrom

and  Prnge walk et Can  be  calculated  with
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. . . 2V sin(G,,o, + 6,
corresponding variables. The results are shown in B.(60,) = 7p -cos(@,)- ( .crabg ) k) Oy o (29)
Fig. 4(b) and Fig. 4(c) respectively. sin(0
Depending on different parameters, range walk When Gy, =0, we have
Y
of moving targets can make the power of the targets B.(6,) = Tp-cos(goc) “Gyap o (30)

disperse in several neighboring range cells, which is
unfavorable for moving targets detection. From Fig.
4(b) and Fig. 4(c), it can be seen that range walk
increases with the integration time in one look direction.
Conclusion: To reduce the impact of range walk, the
integration time in one look direction and the range
of azimuth scan angle should be carefully designed

according to the aforementioned derivation.
3.2 Clutter spectrum analysis

The azimuth frequency of clutter component can
be expressed by

£

c

COS(Hcrab + 90) : COS(%) (26)

The width of clutter spectrum changes with

different scan angles, and it can be written as

2V,
B.(6,) = = x cos(&

crab

xc08(¢, ) xsin(@,.,, +6.) x sin(

+6, + —03db2(9° )j xcos(@,) —

2V,
—— XCOs
A

6,

crab

+6. - Ga(@) dbz(ac ) j xcos(@,) =

4V,

Ao (gc)j
2

,

x cos(¢, ) x sin(6,

crab

+6) % Osan (&) 27

where 6,4,(6,) denotes 3db antenna bandwidth, and
it is a function of azimuth scan angle. According to
the basic antenna theory, 6,4,(6;) can be further
expressed by

o.
Orgp (0,) = —20

sin(6,)

(28)

where 6,4, ( is the 3db antenna bandwidth in the
side-looking condition.

Then, equation (27) can be further written as

From equation (30), it can be seen that the
clutter spectrum is insensitive to azimuth scan angle
in this special condition.

According to the parameters list in Tab.1, we
obtain the following result.

According to Fig. 5, the following conclusion

can be drawn.

B

b

g 0

£

£ 2

O
4
6 360
13 340
40 60 80 100 120 140

Azimuth scan angle/°
Fig. 5  Clutter spectrum distribution with the typical

airborne system parameters (unit: Hz)

Conclusion: The fluctuation of clutter spectrum
along the azimuth scan direction depends on the
value of crab angle. When crab angle near or equal
zero, the clutter spectrum will have little or no

variation along the azimuth scan direction.

3.3 Multi-frequency system and multi-PRF
system analysis

It is known that velocity ambiguities and blind
velocities can be solved either by changing the radar
wavelength between two bursts of pulses
(multi-frequency system) or by changing the PRF
(multi-PRF system) since they both depend on a

http: // www.china-simulation.com
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A-PRF

multiple integer of T However, for range

ambiguities, they depend on a multiple integer of
c
2-PRF

be solved by the multi-PRF system and it should be

. This means that range ambiguities can only

avoided in multi-frequency system design.
The range of PRF corresponding to the
maximum unambiguous range R,.x can be calculated

by
Cc

PRF < 31)

max
Then, we can obtain the following curve about

PRF and R, in Fig.6.

&~
()
!

—_— = N NN
S N

S O O

L

D X
[
L

xR O N
o O O
1 L L

[N
(e

Maximum unambiguous range /km
=
(=)
.

~
(e

10001 50020002 5003 0003 5004 0004 5005 000
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Fig. 6 Relation curve between system PRF and maximum
unambiguous range

Therefore, to avoid range ambiguous in the
multi-frequency system, the maximal value of PRF
should decrease as the maximum operating range
(system requirement) increases. This means that for
the multi-frequency system with longer maximum
operating range will have lower system PRF. It is
known that WAS-GMTI system with high-PRF is
more favorable for moving target detection than
low-PRF system. Note that the PAMIR system is a
multi-frequency system with a high PRF (6 000Hz),
because its maximum operating range is short. Thus,

we can make the following conclusion.

Conclusion: For WAS-GMTI system with
relatively short maximum operating range, multi-PRF
system and multi-frequency system are both
selectable. However, for relatively long maximum

operating range, multi-PRF system is preferred.
3.4 Number of pulses per burst analysis

For most WAS-GMTI systems, the same number of
pulses is transmitted per burst in a scan operation.
According to the basic knowledge of the antenna,
transmit and receive antenna gain (G,(6,,¢,),G,(6,,¢))
change with azimuth scan angles. These changes of
antenna gain can lead to the different maximum
operation ranges (since the SNR is affected) along the
azimuth scan direction.

To compensate the aforementioned different
antenna gain, we adjust the number of pulses per

burst along the azimuth scan direction. The object is

2
o moke camraan{3] (3]
i=1 i=1

approximately equal in every azimuth scan direction.

Taking the side-looking direction as the
reference, the number of pulses per burst for
difference scan directions can be designed based on
the parameters list in Tab. 1. The calculated result is

shown in Fig. 7(a).

500
450F
4001
350}
300
250t

Azimuth pulse number

200+

150t

0 60 80 oo 120 140

Scan angle/®

(a) Calculated number of pulsed per burst for different scan
directions
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20’_ _‘ same condition. As shown in Fig. 7(c), CNR is
almost the same for the fixed and varied number of
9y | pulses system, and the reason can be found in
2 I8¢ - Equation (16) and (19).
% Conclusion: WAS-GMTI system with the
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Fig. 7 Number of pulses per burst analysis

It can be seen that more pulses are transmitted as
the system scans away from the side-looking
direction (scan angle is 90° for side-looking).

According to Equation (16), the SNR
distribution of varied and fixed number of pulses per
burst can be calculated in Fig. 7(b). Compared to the
fixed number of pulses per burst, SNR keeps almost
unchanged with the system that transmits different
number of pulses along the azimuth direction. This is
the main reason we design the varied number of

pulses system.

Then, the CNR distribution is investigated in the

4 Discussions and Conclusions

This paper focuses on the problem of system
design in WAS-GMTI radar system. Before our
discussion, radar echo formula of WAS-GMTI mode
and the expression of SNR and CNR are derived.
These derivations are the foundations for the
following research. Then, some key points are
detailedly analyzed, including the expression for
range walk and range curvature, the expression for
clutter spectrum, selection of multi-frequency system
and multi-PRF system, selection of number of pulses
per burst. These four points and other considerations
mentioned in the PAMIR system play an important
role in our real WAS-GMTI system design. Besides,
these key points should not be considered in isolation,
they are mutual connection, mutual restraint. For
example, the number of pluses per burst should be
selected within some limits to reduce the influence of
range walk. Therefore, we should carefully consider

all these points and find a compromise between them.
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