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Preliminary Simulation on Spaceborne Sparse Array Millimeter Wave 
Radar for GMTI
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Abstract

Spaceborne sparse array radar for ground moving targets indication (GMTI) has outstanding advantage over full 
array radar for constructing ultra-large aperture. Rapid development of millimeter wave (MMW) technology make it 
possible for realizing MMW GMTI radar, which is much more sensitive to slow moving ground target. The paper 
presented the system model of a multi-carrier frequency sparse array MMW radar as well as preliminary simulation 
results, which showed future application of the system is very promising.
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Ⅰ. Introduction

Ground moving targets indication (GMTI) by using 
spaceborne sparse array radar has been proposed as an 
effective way to resolve the slow ground moving target 
detection problem in principle [1～4]. The outstanding 
advantage of sparse array is high spatial resolution, 
which is helpful for improving the capability of slow 
target indication, but the undersampling of sparse array 
will cause the blind-zone and angle-ambiguity problems 
of detection due to grating lobes. These problems can be 
mitigated by using multi-carrier-frequency technique [2 
～6]. Because of the high sensitivity to slow moving 
target with MMW radar, we proposed to construct space-
borne sparse array MMW radar for GMTI application. 
Although clutter is also more sensitive to more high 
frequency, the main-beam width of radar and the 
Doppler spread of main-beam clutter become narrower 
than that of lower frequency. Therefore, MMW is more 
helpful for clutter suppression and GMTI than lower 
frequency. We expect to obtain high performance by 
taking the advantages of MMW in GMTI.

In the following, Section 2 analyzes the system model 
for the MMW radar in the multi-carrier-frequency mode. 
Section 3 presents simulation results based on the model 
developed in section 2. The paper ends in section 4 after 
drawing some preliminary conclusions.

Ⅱ. The System Model

2-1 Sparse Array Radar

Fig. 1. The radar geometry.

For radar moving with velocity v, as shown in Fig. 1, 
the clutter return from the center of the beam will have 
a Doppler shift ql sin)/(2 vf d = .

For an antenna of transverse length L and a beam of 
angular width L/lq =D , the main-beam clutter has a 
Doppler spread qcos)/2( Lvf d =D  about df . A target in 
the main beam, moving with ground velocity tv , para-
llel to v, will similarly generate a Doppler frequency ql sin)/2( tddt vff +=

ql sin)/2( tddt vff += . To be detectable, the target Doppler 
has to be outside of the clutter-Doppler spread, dfD , lea-
ding to the condition ddt ff D> .

At last, the minimum detectable velocity(MDV) of mo-
ving target is as follows:

ql ctgv
L

MDV )(=
(1)

The high platform velocity of spaceborne radar results 
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in a large main beam clutter spread, which limits the 
MDV of moving target. With typical values of v= 7,600 
m/s and θ=45°, to obtain MDV=2 m/s, we need L≥
3,800 λ, which represents spaceborne GMTI radar need 
large aperture. However, it is impossible for a large filled 
aperture. Therefore it is a good solution using sparse 
array radar for spaceborne GMTI.

For the same MDV=2 m/s, the lengths of spaceborne 
sparse array need 836 m at the λ=0.22 m (L band), 114 
m at the λ=0.03 m (X band) and 30 m at the λ=0.008 
m(Ka band) from equation (1).

2-2 Synthetic Pattern of Sparse Linear Array

Let’s assume a sparse linear array as [0, k1, k2,…,ki, …, 
kmax—1, kmax], in which the first aperture is a reference 
point that spatial sampling frequency is zero. Thus the 
actual position of the ith aperture can be calculated by

max/ kBkx ii ×= , where B is the longest baseline, ik  is the 

 

(a)  ULA
 

 (b)  MRA

Fig. 2. Construction of synthetic pattern for sparse linear 
array.

ith normalized spatial sampling frequency and maxk  is 
the max normalized spatial sampling frequency.

The synthetic pattern can be written as the product of 
array factor and aperture pattern: synthetic_pattern= 
array_factor*aperture_pattern [1]. We consider the follo-
wing two configurations of sparse linear array in the 
paper (8 apertures as an example):

a) Uniform linear array (ULA): [0, 1, 2, 3, 4, 5, 6, 7]
b) Minimum redundancy array(MRA) : [0, 1, 4, 10, 

16, 18, 21, 23]
For comparison, we set B=30 m, the center carrier fre-

quency is 35 GHz. 
Fig. 2 plot the synthetic pattern of ULA and MRA, 

The mainlobe of synthetic pattern becomes narrower than 
that of aperture pattern, which will decrease the mini-
mum detectable velocity (MDV) of target and improve 
the GMTI performance. At the same time, we can see 
that there are many grating lobes due to undersampling 
of sparse array, which will cause angle ambiguities of 
target detection. Comparing (a) and (b), it is obvious 
that MRA reduces grating lobes, because the special 
layout of MRA will get the maximum spatial sampling 
frequency and minimum redundancy at the cost of the 
same elements and baseline.

Fig. 3 shows the grating lobe locations depend on 
transmitted frequency at the same element configuration, 
but the mainlobe location doesn’t change with the di-
fferent transmitted frequency. By integrating different 
signals transmitted at sufficiently different carrier fre-
quencies, performance of target detection can be im-
proved. So, the ambiguities of target can be mitigated 
by multi-carrier-frequency technique.

According to reference [8], spaceborne sparse array 
MMW radar can be designed on a single large satellite. 
Because of the advantage of MRA, MRA is adopted in 
the spaceborne sparse array MMW radar simulation.

2-3 STAP

Space time adaptive processing (STAP) combines spa-
tial domain and temporal domain information to su-
ppress the levels of the undesired interferers well below 
the small, desired signal returns [7]. STAP has proved 
to be one of the best techniques capable of detecting 
weak moving targets in strong clutter environment and 
has been widely applied in airborne GMTI radar. It is an 
effective method of clutter suppression in GMTI method.

2-4 System Model and Multi-Carrier-Frequency STAP

Fig. 4 briefly illustrates the working procedure of a multi- 
carrier-frequency radar system (the number of carrier fre-
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(a) ULA

(b) MRA

Fig. 3. Effect of four different carrier frequencies(fc1=35 
GHz, fc2=37 GHz, fc3=39 GHz, fc4=41 GHz).

quency K=3). In the multi-carrier-frequency system, band- 
pass filters(BPFs) are used to isolate signals from diffe-
rent band, at the same time each receiver can process K 
independent signal sets. We need design enough isola-
tion of BPFs for system to avoid mutual coupling, which 
may affect antenna pattern and then decrease system 
performance.

Assume the number of carrier frequency is K (K≤N), 
STAP processor receives a train of M pulses from each 
of N antenna elements with all K different frequencies 
collected over L range bins. So, we get the K×N×M×L 
data cube in multi-carrier-frequency STAP instead of the 
well known N×M×L 3-D data cube in traditional STAP. 
The received data of the multi-carrier-frequency STAP 
system is described as Fig. 5. The principle of multi- 
carrier frequency STAP is as follows [3].

Consider the spaceborne sparse array radar as Fig. 6. 
In Fig. 6 we set K N= . We assume that one aperture 
transmits and all N apertures receive the reflected signal 
in a single-carrier-frequency mode. Each aperture trans-

Fig. 4. Receiver structure of multi-carrier-frequency radar 
(The number of carrier frequency K=3).

  

Fig. 5. Receiver data of multi-carrier-frequency STAP (The 
number of carrier frequency K=3).

mits signal, all N apertures receive the reflected signal 
transmitted by its own and other aperture transmitter in 
multi-carrier-frequency mode. 

Assume the ith aperture transmit signals of the form:

)2exp()()( tfjtAtS ciiTi p= (2)
                      

Where )(tAi  is amplitude factor, for simplicity, we set 
Ai(t)=1, fci is the ith carrier frequency. Let {xi} denotes 
the positions of the N elements, each with corresponding 
carrier frequency {fci}, i=0, 1, 2,…, N—1. Each aperture 
receives and processes the signals from all other N 
transmitters.
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(a) Single-carrier frequency   (b) Multi-carrier frequency

Fig. 6. Spaceborne radar for sparse linear array.

Consider each element transmits M pulses within a 
single coherent processing interval (CPI) at pulse repeti-
tion frequency of prf. We assume that prf is low enough 
to ignore range ambiguities, which may bring up Do-
ppler ambiguities. Due to N transmissions, the return sig-
nal from a single target can be formed as a vector with 
length of N2M. For a single target at the relative 
azimuth angle θp, at the kth carrier frequency fk, space- 
time steering vector of length NM can be written as a 
Kronecker product of time steering vector vt and space 
steering vector vs:

stk vvv Ä=  (3)
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We assume that clutter in each range bin obeys 

Gaussian distribution independently, and the clutter sig-
nal for the kth carrier frequency fk, space-time steering 
vector of length NM can be written as:

ck k ct csz= Äv v v (6)
                             

where kz  is the amplitude of the clutter unit. The length 
N2M space-frequency-time steering vector of clutter is

TT
Nc

T
ck

T
c

T
cc ]......[ )1(10 -= vvvvv (7)

            
Noise is modeled as a white complex Gaussian ran-

dom variable for all frequencies, pulses and elements. 

The overall received signal, is therefore given by,

( ) ( ) nvvX ++= )(, lvl ctttt qa (8)
                   

where ta  is the amplitude of target, ( ),t t tv qv  is target 
steering vector, and n  is complex Gaussian noise vec-
tor. l denotes the lth  range bin.

By using the signal in equation (8), we can imple-
ment a multi-frequency STAP algorithm. We select the 
optimal STAP where the N2M elements of the received 
signal are processed using a weight vector

1
/l opt l t

-=w R v (9)
                               
In equation (9) above, Rl is the clutter plus noise 

covariance matrix. In practice, Rl is unknown. We need 
to estimate it using equation (9).

å
¹=

=
L

lmm

H
mml L ,1

1ˆ XXR
(10)

                           
Thus the STAP output of the lth range bin in 

multi-carrier-frequency mode is 
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In this analysis, to illustrate interference (clutter plus 
noise) suppression effect, SINR loss factor ( )dPs fL ,1, q  is 
plotted as a function of azimuth angle [7].

( ) ( )
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where SNRelement is the element signal-to noise ratio,  2
ss  

and 2
ns  are power of signal and power of noise, res-

pectively. 
By using multiple different carrier frequencies, an addi-

tional diversity gain can be obtained on top of the ad-
vantages of spatial diversity. Therefore, these ambiguity 
problems can be mitigated through multi-carrier-fre-
quency STAP. 

In the following simulation, the numbers and the off-
set of carrier frequency are traded off in order to obtain 
the better performance and less computation.

Ⅲ. Simulation Results

Now we analyze the simulation results of optimal 
STAP for spaceborne sparse array MMW radar. Here 
we assume the system has eight apertures distributed 
along track and the longest baseline is B=30 m. The 
main parameters for radar system simulation are listed 
in Table 1. The system uses multi-carrier-frequency mo-
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Table 1. Simulation parameters.

Parameters Numerical value

Numbers of elements 8

Pulses in CPI 16

Center frequency 35 GHz

The number of carrier frequencies 4

The offset of carrier frequency 2 GHz

PRF 2,100 Hz

Subarray 1.5*1.5 m2

H 800 km

Satellite platform velocity 7,435 m/s

CNR 30 dB

Target azimuth angle —0.1°

Target velocity 2 m/s

Range bin of target 150

SNR 0 dB

(a) SINR loss

(b) Detection result of target after clutter suppression

Fig. 7. Multi-carrier-frequency STAP (ULA).

des (In practice, the design of carrier frequency offset 
should consider many factors, such as the element num-
bers and configuration of sparse array, the number of 
carrier frequencies, antenna scanning scope, computation 
complexity, etc).

We study the two configurations of sparse linear array 
in the paper:

a) Uniform linear array (ULA): [0, 1, 2, 3, 4, 5, 6, 
7], its actual positions of the 8 elements are [0, 
4.2857, 8.5714, 12.8571, 17.1429, 21.4286, 25.7143, 
30.0000] (m)

b) Minimum redundancy array (MRA): [0, 1, 4, 10, 
16, 18, 21, 23], its actual positions of the 8 
elements are [0, 1.2857, 5.1429, 12.8571, 20.5714, 
23.1429, 27.0000, 30.0000] (m)

From Fig. 7(b), we can see the serious angle and 
Doppler ambiguities of target with the ULA configura-
tion. Comparing Fig. 7 and Fig. 8 corresponding to the 
SINR loss and target detection results with two con-
figurations, it is clear that MRA get a better result than 
ULA, because MRA meets the largest spatial sampling 
frequency and reduces the sparse degree at the same 

(a)  SINR loss

(b) Detection result of target after clutter suppression

Fig. 8. Multi-carrier-frequency STAP (MRA).
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elements and baseline. Therefore, performance of MRA 
is better than ULA. 

Ⅳ. Conclusion

The paper studied spaceborne sparse array radar wor-
king at millimeter wave (MMW) frequency for GMTI 
application. Based on the model of sparse linear array, 
the paper firstly simulated synthetic pattern of ULA and 
MRA, and then analyzed the system model and optimal 
STAP for spaceborne sparse array with multi-carrier- 
frequency mode. At the same time, MRA was consi-
dered to mitigate the ambiguity problems. Finally, the 
paper presented preliminary simulations to show that 
spaceborne sparse array MMW radar with MRA configu-
ration for GMTI has a promising future.

Comparing with centimeter wave radar, MMW radar 
had the advantage of high angular resolution, wide band-
width, large Doppler shift and small antenna in physical 
dimensions, but its disadvantage is relatively severer atmo-
spheric absorption, therefore, MMW radar usually needs 
larger transmission power. It is expected that with the 
development of MMW technology, much high efficiency 
MMW device would be available in the future to obtain 
larger output power with lower cost, which can help to 
solve this problem.
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