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Abstract. We study the problem of parameter estimation in in wideband bistatic MIMO radar system. 
Firstly, we propose  a novel algorithm to estimate Doppler stretch and time delay in fractional Fourier 
transform (FRFT) domain. Secondly, we also construct two sub-array models based on the peaks of 
fractional Fourier transform (FRFT) to accurately estimate the direction-of-departure (DOD) and the 
direction-of-arrival (DOA). Furthermore, the Cramér-Rao bound for parameter estimation is derived 
and computed in closed form. Parameter estimation performances are evaluated and studied 
theoretically and via simulations. The simulation results demonstrate that the proposed method can 
get better estimation accuracy. 

Introduction 

Multiple-Input Multiple-Output (MIMO) system has attracted more and more attention for its 
ability to enhance system performance [1,2]. A MIMO radar system consists of both transmit and 
receive sensors, with the transmit sensors having the ability to transmit orthogonal waveforms. 
However, these existing methods have certain limitations. Qu [3] estimates time delay and Doppler 
stretch for wideband signals based on the wideband ambiguity function. Ma [9] proposes two novel 
methods for broadband chirp DOA estimation, These methods obtain good performance for DOA 
estimation of wideband signal, however, they did not estimate the Doppler and time delay which are 
also very crucial for the determination of the range and velocity of the target in wideband bistatic 
MIMO radar. At present, we seldom find the study of joint estimation for Doppler, time delay, DOD 
and DOA in wideband bistatic MIMO radar, which should be studied deeply for target tracking and 
target localization. So, in this paper, we study parameter estimation of wideband signal model for 
multiple targets localization in the context of wideband bistatic MIMO radar. 

The Proposed Signal Model 
We consider a bistatic MIMO radar system with Q  closely spaced transmit antennas and N  

closely spaced receive antennas. td  and rd  are interelement spacing at the transmitter and the 
receiver respectively. For improving the ability of anti-interference, each transmit antenna transmits 
chirp signal ( ) ( )( )2

0 0exp 2 2q q q qx t A j f t tp µ= +  for 1,...,q Q= . ( ),l lϕ θ  for 1,...,l L= , where lϕ  denotes 
the DOD and lθ  denotes the DOA. The received signal ( )ts , reflected from L  moving targets, can be 
expressed as 

( ) ( )( ) ( ) ( ) ( )T

1

L

l l l l l
l

t a t tβ t ϕ θ
=

= − +∑s x A B n                                                                                         (1) 

where lβ  denotes the Radar Cross-Section, la  and lτ  denote the Doppler stretch factor and the time 

delay, ( )( ) ( )( ) ( )( ) T

1 ,...,l l l l Q l la t - τ x a t - τ x a t - τ =  x , where [ ]T⋅  denotes the transpose matrix. 

( ) ( ) ( )1 ,...,l l Q lA Aϕ ϕ ϕ =  A  and ( ) ( ) ( )1 ,...,l l N lB Bθ θ θ =  B , where ( ) ( )( )texp 2 1 sinq l lA j q dj p j l= −  
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and ( ) ( )( )rexp 2 1 sinn l lB j n dθ p θ l= − .  ( )tn  is assumed to be independent, zero-mean Gaussian white 
noise with variance 2

wσ . 

FRFT analysis of the Proposed Signal Model 
The FRFT of a signal ( )f t  with an angle α  is defined as 

( ) ( ) ( ) ( ) ( ), ,p
pF m F f t m f t K t m dtα

+∞

−∞
= =   ∫                                                                                      (2) 

where pF denotes the FRFT operator, p  for 0 2p< ≤  is the order of the FRFT, and ( , )pK t m is the 
kernel function of the fractional Fourier transform. ( , )pK t m  can be expressed as  

( )2 2exp ( cot 2 csc cot ) ,

( , ) ( ), 2
( ), (2 1)

p

A j t mt m n

K t m t m n
t m n

α p α α α α p

δ α p
δ α p

 − + ≠
= − =
 + = +

                                                                (3) 

Where (1 cot )A jα α= − / 2pα p≡ , m  is the fractional Fourier frequency and n  is an integer. 
FRFT of chirp signal 

According to (2) and (3), the FRFT of chirp signal ( )qx t  with an angle α  is defined as  

( ) ( ) ( )( ) ( )( )2 2
0 00

, exp cot exp 2 csc exp cot .
T

q q q qX m A A j m j t f m j t dtαα p α p α p α m= − +∫                              (4) 

When ( )0 0arccotq qa µ= −  and 0 0 0sinq q qm f α=  , ( )0 ,q qX mα  could achieve its peak at ( )0 0,q qmα . 
Therefore, we can obtain 0 0cotq qµ α= −  and 0 0 0cscq q qf m α= . We can conclude that the rotation angle 
α  is only associated with the chirp rate of the signal. 

Matched filtering in FRFT domain 

The q th band-pass matched filter with suitable bandwidth and central frequency 0qm  is designed. 
Let ( ),q,nR mα  denote the output of the q th matched filter at the n th receive antenna, and 

( ) ( ) ( ), p
q,n q,nR m F r t mα  =   , where  ( ) ( )( ) ( ) ( ) ( ),

1

L

q n l l l q l n l
l

r t x a t A B tβ t ϕ q
=

= − +∑ w , ( )tw  is the output 

noise of the filter in the time domain which could still be approximately regarded as a white Gaussian 
noise. 

Parameter Estimation based on the FRFT 

Joint DS and TD Estimation. 

We can obtain that Equation ( ),q,nR mα  could achieve its peak at ( ),ql qlmα , and its peak value is 

( )2exp cot
qll q ql qlA TA j mαβ p α . According to the relation between ( ),ql qlmα  and ( ),ql qlf µ , Doppler 

stretch factor la  and time delay lτ  are obtained by  

( ) ( )
0

2
0 0

cot

sin sin

l ql q

l q l ql ql q l ql

a

f a m a

am

t ama 

 = −


= −
                                                                                                (5) 

Joint DOD and DOA Estimation. 

We can define ( ) ( )( )2
, exp 2 2q l q ql qly t A j f t tp µ= + . ( ), ,q lY mα  could achieve its peak at ( ),ql qlmα ′ , and 

its peak value is ( )2
, ( , ) exp cot

qlq l ql ql q ql qlY m A A j m Tαα p α= ⋅ . 
According to their peak vlues ( ),q,nR mα  and ( ), ,q lY mα  , we can obtain as 
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( ) ( ) ( ) ( ) ( ) ( ), , , , , ,
1 1

, , , , , ,
L L

q n q n l ql ql q n l q l ql ql
l l

R m R m W m C Y m W mα α α ϕ q α α
= =

′= + = ⋅ +∑ ∑                                   (6) 

where ( )( )( )2

, , , ,( , ) ( , )exp cos 2 cos cot .q n l q n l l ql ql l ql qlC h j mjqjq    p t α t α α′= +   

At ( , )ql qlmα , we can get ( ) ( ) ( ) ( ), , , , ,, , , , .
L

q n ql ql q n l ql ql q n ql ql ql ql
l

R m R m R m W mη
η

α α α α
≠

= + +∑  Selecting the 

data of L peak points , , ( , )q n l ql qlR mα  as observed data at the receiver, the output of the n  th receive 

antenna in the FRFT domain can be expressed as ( ) ( ), , ,1 1 1 , ,, ,q n q n q q q n L qL qLR m R mα α =  R  . 

The output vector of the receiver can be modeled as = +R CY N , where T

,1 ,...q q N =  R R R , 

,1 ,...q q L =  C C C , { },1 1 1 ,diag ( , ) ... ( , )q q q q L qL qLY m Y maa ′ ′=Y , , ,1, ,2, , ,...
T

q l q l q l q N lC C C =  C , ( )diag ⋅  
denotes a diagonal matrix . 

Both receive subarrays are constructed in FRFT domain as follows 1 1 1q= + =R FY N and 

2 2 1q= + ≠R FGY N , where ( )( ) ( )( ){ }1exp 2 1 sin ,...,exp 2 1 sinq q Ldiag j q j qp ρ j p ρ j= − −G , 

1,1 1,2 1,... L =  F C C C ,  ( )( )( )2

, , , ,( , ) ( , )exp cos 2 cos cotq n l q n l l ql ql l ql qlC h j mjqjq    p t α t α α′= + . 

DOA Estimation based on FRFT-MUSIC . As the signal Y  is independent of the noise, the 
correlation matrix 

1 1R RR  of the subarray 1R  can be expressed as 
1 1

H 2
R R YY nσ= +R FR F I , where [ ]H⋅  

denotes the Hermitian transpose, YYR  is the signal covariance matrix and I  is the unit matrix. Spatial 
spectrum of FRFT-MUSIC in fractional Fourier domain can be got based on classical MUSIC 
algorithm, which can be expressed as ( ) ( )H H( ) 1 .N NP = F U U Fθ θ θ  Searching spectral peak of ( )P θ , we 
can get the DOA estimator θ . 

DOD Estimation based on FRFT-ESPRIT. Let 
1 1

2 H
11 R R YYσ= − =J R I FR F  and 

1 2

2
12 R R= −σJ R Z  

H
YY= FGR F , where [ ]0...0 10 ...0;...;0...10= ；Z . Therefore, based on FRFT- ESPRIT algorithm, the DOD 

estimator lϕ  is obtained by ( ) ( )( )tarcsin arg 2 1l q lg q dϕ l π′= − ,  where lg  is the element of the 
principal diagonal of matrix G , ( )arg lg  stands for the phase of lg . 

Cramér-Rao Bound 
 The proposed wideband signal model ( )tr  can also be expressed as ( ) ( ) ( ), , ,t + t=r K a Nt ϕ θ β , 

where ( ) ( ) ( )1 1 1 1, , , , , , , , ,L L L La ,..., aτ ϕ θ τ ϕ θ=   K a k kτ ϕ θ , ( ) ( ) ( ) ( ), , , ,l l l l l l l la aτ ϕ θ τ ϕ θ = ⊗ ak x A B , 
( ) ( ) ( )1 ,..., Lϕ ϕ  A = A Aϕ , ( ) ( ) ( )1 ,..., Lθ θ  B θ = B B , ⊗  is Kronecker matrix product.  
Suppose that the number of snapshots is sN . In this case, element ,i j  of the Fisher information 

matrix (FIM) for the sN  observations can be shown to be equal to[6]  

( ) ( ) ( )H

1

1

, , , , , ,
2Re

N

n
t i j

−

=

  ∂ ∂  =      ∂ ∂    
∑ij

K a K a
ξ Q

ξ ξ
t j θ β t j θ β

Γ                                                                (7) 

Since ( ), , ,K a τ ϕ θ β  and nQ  depend on different elements of ξ , it is clear that FIM will be block 
diagonal with respect to the signal ξ  and noise 2

n w NIσ=Q  parameters. SNR is defined as 
2 2

s wSNR Nβ s= . The expression for the CRB is shown as ( ) −= 1CRB ξ Γ .                                                                                                                 

Simulation results  
The considered bistatic MIMO radar is composed of 2Q =  and 6N =  with an interelement spacing 

of 0.5m . The number of Monte Carlo iterations is 500 in all simulations. 
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Simulation 1: Signal to Noise Ratio 
Fig.1 demonstrate the performance of the proposed method and the other methods versus SNR 

when 1200M = . 
Simulation 2: Detection Performance  
In this simulation, 100kmD =  is the base line distance between the transmit reference element and 

the receive reference element, and the targets is located at the angle ( ), (30 ,80 )ϕ θ = ° ° . We discuss the 
relationship target localization performance with the errors of the DOD and the DOA according to the 
literature [4] in Fig.2.  
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Fig.2 RMSE of DS estimation (a), TD estimation (b) DOD (c) and DOA (d) versus SNR 
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Fig.3 Error of the target localization 
(a) Error of the target localization versus errors of the DOD and DOA, (b) Error of the target localization versus SNR 

From Fig.3 (a), we obtain that the error of target localization increases versus errors increment of 
the DOD and the DOA. When the errors of the DOD and DOA are both 0.1 180π  radians, the error of 
target localization is 171m. From Fig.3 (b), we find that the proposed method has good performance 
of target localization.  

Conclusion 
In this paper, we proposed a novel method for estimating mutil-targets parameters in wideband 

bistatic MIMO radar system. Firstly, time delay and Doppler stretch are estimated by searching peak 
of the FRFT function. Then, we accurately estimate the DOD and the DOA by employing the 
FRFT-MUSIC algorithm and the FRFT-ESPRIT algorithm. Furthermore, we derived the 
Cramér-Rao bound for target parameter estimation in wideband signal model. Simulation results 
demonstrate that the proposed method still has good performance with low SNR.  
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