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Abstract —This paper proposes a novel algorithm of parameter
dynamic estimation in near-field Bistatic Multiple-Input
Multiple-Output (MIMO) Radar. When a target lies in the near-
field region, the near-field wavefront is spherical, and the plane
waves assumption is no valid. The existing methods and signal
model based on the far-field assumption are not applicable to
this situation. In this paper, we propose a new near-field signal
model in near-field bistatic MIMO Radar. Firstly, Doppler
frequency is estimated dynamically by searching the peak of the
fractional ambiguity function. The method of projection
approximation subspace tracking based on the fractional
ambiguity function is proposed to estimate the azimuth angle
and elevation angle. Furthermore, the Cramé&-Rao bound for
target parameter estimation is derived. Parameter estimation
performances are evaluated and studied theoretically and via
simulations.

Index Terms—Near-Field bistatic MIMO radar, Doppler
frequency, fractional ambiguity function, dynamic estimation

I. INTRODUCTION

Multiple-Input Multiple-Output (MIMO) radar, as a
new type of radar, has become a hot research area owing
to its potential advantages. A MIMO radar system
consists of both transmit and receive sensors, having the
ability to transmit orthogonal waveforms. When multiple
received signals are orthogonal, thus separable, at the
receiver, MIMO processing may be performed to achieve
spatial and signal waveform diversity. At present, target
localization and parameter estimation has received much
research attention in bistatic MIMO radar system [1]-[4].

In the last several decades, target localization is
regarded as a key topic in array signal processing and has
received considerable attention. Numerous algorithms
[5], [6] have been proposed to deal with the problem for
parameter estimation of far-field under the plane waves
hypothesis. However, when a target lies in the near-field
region, the near-field wavefront is spherical, and the
plane waves assumption is no valid. The above
mentioned methods based on far-field assumption are not
applicable to this situation. Thus, the performance of the
conventional method based on plane waves assumption
may degenerate. Recently, numerous methods [7]-[11]
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have been developed for near-field target localization,
such as the maximum likelihood method, the two-
dimensional (2-D) MUSIC method, the path following
method, and the higher-order ESPRIT method [9]-[11].
As mentioned above, these methods have obtained good
performance in terms of parameter estimation when
Doppler frequency is assumed as time-invariant, and
Direction of Arrival (DOA) are estimated non-dynamic.
In fact, due to the three dimensional motion
characteristics of the targets, the received signals may
contain not only a quadratic term but also a cubic term in
their phase functions, and azimuth angle and elevation
angle is dynamic variation. Therefore, it is not
appropriate that Doppler frequency is assumed as time-
invariant and the angle is assumed as non- dynamically
variation [12], [13]. In this case, the existing signal
models and methods can not effectively solve this
problem caused by the 3D motion of the target and
provide an optimal solution. To overcome the drawbacks
of the traditional models and methods, this paper mainly
studies the parameter estimation of time-varying Doppler
frequency and dynamic variation of the azimuth angle
and elevation angle in near-field bistatic MIMO radar
system. This paper proposes a new signal model since the
existing ones are not appropriate to approximate the
parameters in this case.

At present, we seldom find the study of joint dynamic
estimation for Doppler, azimuth angle and elevation
angle in near-field bistatic MIMO radar, which should be
studied deeply for target tracking and target localization.
So, in research background of the problem of interference
localization, we study parameter estimation dynamic in
near-field bistatic MIMO radar.

This paper is organized as follows. In Section I, a new
signal model is proposed. The analysis on the Fractional
Ambiguity Function (FAF) is presented in Section IlI.
The parameter estimation and airplane tracking algorithm
are described in Section 1V. In Section V, the
performance of the proposed method is studied through
extensive numerical simulations. Finally, conclusions are
drawn in Section VI.

Il. THE PROPOSED SIGNAL MODEL

In this paper, the target tracking and localization is
realized by employing the principle of parameter
estimation in near-field bistatic MIMO radar system. Fig.
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1 illustrates the near-field bistatic MIMO radar system.
The considered bistatic MIMO radar is composed of Q
transmit antennas and N receive antennas with an
interelement spacing of 4/2. D is the base line distance
between the transmit reference element and the receive
reference element. 6,(t) and ¢, (t) are azimuth angle
and elevation angle corresponding to the transmit array.
6, (t) and ¢, (t) are azimuth angle and elevation angle
corresponding to the receive array. The transmitting
antennas emit orthogonal waveforms x, (t) The echo of

the nth receiving antenna is
Q L
5, (1)= B2 %, (t )exp(127r(77,t+,u, + it ))
g=1 1= 1)
a1q( tI!(DtI) n(grll¢rl)+wn(t)
where S denotes the radar cross-section, L is the

number of target, 7, , 24 and x, denote the Initial Doppler

Frequency (IDF), Doppler Frequency Rate (DFR) and
Doppler Frequency Rate of Change (DFRC).

8 (O 0)= exp(_jﬁ(q—l)sinﬁt,(t)Cos(pt,(t)) is the
g th element of the transmitter steering vector,

a, (6.04)= exp(—j (ﬁ(n —1)+27[7Djsin 6, (t)cos g, (t))

is the steering vector of the nth element of the receiver.
The noise w,(t) is assumed to be independent, zero-

mean Gaussian white noise with variance o?.

(o, Yp. &)
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Fig. 1. Near-field Bistatic MIMO radar system.

Since the transmitted waves are orthogonal with each
other and orthonormal, there exist two conditions, such as

(%% )=0,g=k and ||xq||2:1, for k=1..,Q and
g=1...,Q. At each receiving antenna, these orthogonal

waveforms can be extracted by Q matched filters. The

output of the mth matched filter at the nth receive antenna
can be expressed as

Yan (t) = ZL:eXp( j277(77|t + it +K'|t3))><

atq( tl'(/)tl) n(grl'gorl)"'wn(t) :

The vector of all output of M matched filter can be
expressed as

Y (t) = AD(7, 11, 5) + W, (t) 3)

)
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where ® is Kronecker product, and

A=A (0.0)®A (0.0)

A (0.0)=[2,(6.9)...a0(0.9)]
8y (9’¢):|:atq (‘9111(011) atq( tLv@tL):I
A (0.0)=[2,(0.9)..ay (6,0)]

rn 9 ¢ |:arn rlv(/)rl) " rn (grqu)rL)]

D (1, 0.) = Y exp( 2 (1, t+ it + )

1=1

I11. FRACTIONAL AMBIGUITY FUNCTION

Assume that the cubic phase signal r(t) is modeled as

rt)=h, exp( j2r(a, +at+a,t? +a3t3))+w(t) (4)

where b, is the signal amplitude, and &,,i=0,1,2,3 are

signal phase factors, the amplitude and phase factors are
real and unknown .

Instantaneous autocorrelation function R, (t,z) of the

signal r(t) is defined by

R (tz)=r(t+5)r (t-5)+R,(t.,7)

=b] exp( j27r(3a3rt2 +2a,rt+ar+ac’ /4)) (5)

+R, (t,7)
where 7 denotes the delay and
R, (L) =r(t+5)w (t—5)+w(t+£)r' (t-3)
+w(t+5)w (t-3)
is treated as random interference [14].
For a given delay 7, R (t,7) has the characteristics of

linear frequency modulation signal, which contains noise.
According to the definition of Fractional Fourier
Transform FRFT [14], [15], fractional ambiguity function

(FAF) of the signal r(t), namely the FRFT of (5),

FAF, (a,m,7) can be written as

FAF, (a.m,7)=[""R (tL7)K,(tm)dt  (6)

where « is the rotation angle and m is the frequency in
FRFT domain, K_(t,m) is the kernel function of the

FRFT. K, (t,m) can be expressed as

J@-jcota) exp( jz(t* cotz-2mt csc:x))

K, (t.m)= .exp(jizm2 cota), a#nr %
5(t—m), a=2nrx
s(t+m), a=0n+)x
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According to (5) - (7), we can see that

FAF, (a,m,7)= boz,f(l— jeotar) exp( jam? cota)x

exp( j;z(2a11+agr3/12))x

8
v cota)t?
j”zexp iz (87 +cota) dt +
T2 +(2a,7-2mcsca)
W (a,m,7)
where W(a,m,z) denotes the FAF of noise. By

searching the peak of FAF, (o, m,z), we can obtain the
following expressions

(.M, ) =argmax| FAF, (a,m,z) ]

FAF (aq,m,,7) = b§T1/(1— jeote,) x
exp(j;r(mzcotocO +2air+a313/12)) ©)

Cota, =—a,7

m, =a,7sing,

IV. PARAMETERS DYNAMIC ESTIMATION BASED ON FAF

In this section, the study of parameter estimation is
made by taking the signal y,, (t) as an example. The

signal y,, (t) denotes the extracted signals y,,(t)

corresponding to the | th target. y,, (t) can be expressed
as

You (1) = exp( j27z(77|t +ut? + K|t3))

(10)
: atq (etl ’ cotl )arn (9” 1¢r| )+Wn (t)
A. Doppler Frequency Parameters Estimation
According to (6) and (10), the instantaneous

autocorrelation function R, (t,z) of signal y,, (t) can
be written as

R,y (.7) = Yau (t+7/2) o (t—17/2)
= of exp( jz (t? + 2p47t)) (11)
'exp(jﬁ(2f|1'+lqz'3/12))+ R, (t.7)
where
Ry (t.7) = Yo (t+7/2)W (t-7/2)+
W(t+7/2)Yq (t-7/2)+
w(t+7/2)w (t—7/2)

is treated as a random interference.
According to (6), the FAF of y,, (t) can be written as

FAFqun (a’ m’T) = j: Ry,l (t, T)Ka (t, m)dt
= o7 \Jl— jcota) exp( j;r(m2 cota+2f 7+ K,f'/lz)). (12)
J:T//;exp( j:r((/qr+cota)t2 +(27—2m CSCa)))dt

+W (a,m, 1)
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where W (a,m,z) denotes FAF of noise. (12) arises the
peak value when « and m meet the conditions shown in

(13), as
cotay =—K7
MTSing =m,
FAF, | (ay.m ) = o7 JA= Jooter) (13)
exp( j;r(ml2 cote, +2f,7+ 1qr3/12))T
According to (13), we can obtain as
K, =—cote, /67 } (19)
W =my/2zsing,
Let
Yo (1) = Yau () exp(—j27(x /6)t° ) (15)

exp(—jZﬁ(y,/Z)tz).
Define R, (t) as the Fourier transform of y,(t) .
Therefore, the IDF 7, can be estimated by

7, = arg max {Y;lp) (f )} (16)

B. Azimuth Angle and Elevation Angle Dynamic
Estimation
Bin Yang [16] proposed the method of projection
approximation subspace tracking (PAST) based on the
least squares estimation. On the base of the study of the
method of PAST, this paper proposes a novel method of
FAF-PAST based on the fractional ambiguity function.

According to (13) and (16), we can define z,, (t) as
Zg (1) = exp( j27r(77,t + ot + /<,t3))+wn (t). @7

The instantaneous cross-correlation function

R,..qu (t.7) between y_, (t) and z,, (t) is defined as
Ryz,qnl (t’ T) = Yo (t +%) Z;nl (t _é)
= exp( j27r(3/<|‘rt2 +2utt+nT +1qr3/4)) (18)
: atq (0“ Py )arn (Hrl 1 Pn )+ Rw (t' T)
where

R, (t.7) =Y (t+7/2)W (t-7/2)+
w(t+7/2)7 (t-7/2)+
w(t+7/2)w (t-7/2)
is treated as random interference.

The cross-ambiguity functions FCAF,

yz,qnl
between y,, (t) and z,, (t) can be expressed as

(a,m,7)

FCAF,, o (cr.m,7)= j: Ry.qn (1.7)K,, (t,m)dt

= \l(l_ jCOt a)atq (Htl Py )arn (erl v Pn )X

exp(jn(m2 cota+277|r+zc,r3/2))><

. 6 cot o )t?
J://;exp{jzz[( K +cotar) +Ddt+

(447 —-2mesca)

(19)

W (a,m,7)
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where W (a,m,z) denotes the fractional

function of the noise. The FCAF,, ., (a,m,z) arises the

peak value when both « and m meet the conditions
shown in (14), and the position of the peak is also located
at (e, m ). The peak value of the FCAF,, ., (a,m,7) is

ambiguity

FCAF

yz,1 (aov mo:z-) :TW(]-_ J Cotao) X

exp(j;z(mz cot +277|T+K|T3/2))>< (20)

a1q (Htl '(ptl )arn (erl ’(Drl )
According to (13) and (20), we can obtain

FCAFyz,I (0!0, mO'T) = a‘[q (Htl !q)tl )arn (grl '(orl )X

FAF, | (a5, My, 7) &)

At (¢, m) , the fractional cross-ambiguity function
MCAF,, (a,m,z) between (2) and (17) can be
expressed as

MCAF

yz,l

(ay,m,7) = FCAF,

v (M, 7)

~SFCAR, (amyr) D

p#l
Because the amplitudes of FCAF of different targets
are very low at (¢, m) in FRFT domain, these signals
are not considered as random interfering. Therefore, (22)
can be rewritten as

MCAFyz,I (al My 'T) =8y (‘9t| ' Py )arn (Hrl 1 Pn )X

(23)
FAF,, (o, m;,7)

Selecting L peak points MCAF

yz,l
I=1,..,L as observed data at the receiver, the output of
the nth receive antenna in the FRFT domain can be
expressed as

(., my,z) for

MCAF(!) =[ MCAFL) (c4,m,7) - MCAR!| (a,m.,7)](24)

The output of all receiving antenna based on FCAF can
be expressed as

FCAF = FCAF,, ; ,...FCAF,, 1y ;...

(25)
FCAF,, o\ ]

FCAF,, o1 5
Both receive subarrays R, and R, constructed in this

paper can be expressed by

R, =[FCAF, FCAF, |=A(8.¢)D+N, (26)
R, =[ FCAF, FCAF, | =A(6.9)D+N, (27)
Next, the proposed method of FAF-PAST is

introduced in detail by taking the subarray R, as an
example.
The matrix W (t) denotes the signal subspace of

observation vector R, . This signal subspace is estimated

©2015 Journal of Communications

by the minimization of a cost function Jgar pasr (W (t)) in
the FAF-PAST algorithm.

Srcsmer (WO)= 34 R ()W Oy} @)

where 0< <1 denotes the factor.

y(n)=W" (t-1)R(n) is projection approximation

forgetting

Vector. Jparpast (W (L)) is minimized if

W (t) :CRly (t)wal(t) (29)
Cay (1) =2 AR (M)y" (0 (30)
= BCq, (t-D)+ R (t)y" (1)
(=2 "y(my" (0 (31)

=BC,, (t-1)+y(t)y" (1)
We apply W (t) to the spatial spectrum of two

dimensional Multiple Signal Classification (2D-MUSIC)
algorithm [16],

1
A" (6,0, )WW A (6,,,)

Searching spectral peak of P(4,,¢,), we can realize

P(6,.9,)= (32)

the azimuth angle 6, (t) and elevation angle ¢, (t)

dynamical recursive estimation.
Similarly, the algorithm of FAF-PAST is applied to
observation vector R, . We can obtain as

1
A" (6.0, )WW"A (6,.9,)
Searching spectral peak of P(6,,¢,), we can realize

P(91’¢’t):

(33)

the azimuth angle 6,(t) and elevation angle g, (t)
dynamical recursive estimation.

C. Cramé&-Rao Bound for the Proposed Signal Model

This section presents the Cramer-Rao bound of
parameter estimation. The vector of all output of M
matched filter can be expressed as

r=K(nux0.6.9,.6)p+N (34)
where ® is Kronecker product

K(n.ux.9,.6,.9,.6,)
=[K (7, 14, K32 s Oy P11 )
s K (70 0 P O 90 O]
r=[hyh Mo |

K, :AD(UI’;UI’KI)

B=[pB]
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A=A (0,0)®A (6,9)

and

A(6.0)=[2,(6.0)..an (6.9)]
A (6.0)=[2,(6.0)....a0 (6.9)]
N =m0y =40 150 14, ]
KZ[KI’KZ""'KL]' ¢t =[¢tl’¢t2""’¢)tL]

6, z[gtl’QtZ""’etL] N =[¢rl’¢r2""1¢rL]
6, :[etl’HtZ""’HtL] ’

N is the noise vector.
The seven parameters to be estimated are the Doppler
frequency parameters 7, g & , the azimuth angle 6, , 6,

r

and elevation angle ¢, , @, , which form the parameters
vector & such that

§=[77;ﬁ6’f,¢rv‘9u¢’r19r]T (35)

where [ ]T denotes the transpose of a vector. Suppose
that the number of snapshots is N, .

The Fisher information matrix (FIM) [18], [19] for
estimating ¢ can be obtained as

_rll 1—‘12 Fl3 1—‘I14 1—‘ZI.S Flﬁ 1—‘I17 ]
er 1—‘22 1—‘23 F24 1—‘25 1—‘26 F27
1—‘31 1—‘32 1—‘33 F34 1—‘35 1—‘36 1—‘37
I'= r41 1—‘42 r43 1—‘44 F45 1—‘46 1—‘47
1—‘51 FSZ 1—‘53 F54 1—‘55 1—‘56 F57
rGl r62 1—‘63 r64 FGS FGG r67
_r71 1—‘72 r73 1—‘74 1—‘75 1—‘76 1—‘77 i

In this case, element i, j of the Fisher information

matrix (FIM) for the N, observations can be shown to be
equal to

H
NS 6K ) ) 1 10 ) 10
Fij:2Rez (77/1"'¢’t t¢r r)ﬂ n—l><
= o¢;
(36)
K(npux.p.60.90.6)8
o¢;
Hence, the expression for the CRB can be expressed as
CRB(¢)=T" (37)

V. SIMULATION RESULTS

The considered bistatic MIMO radar is composed of
M =6 transmit antennas and N =8 receive antennas
with an interelement spacing of 0.5m. The base line
distance between the transmit reference element and the
receive reference element is D=5Km . The azimuth
angle and elevation angle relative to transmit array and

©2015 Journal of Communications 886

receive array, respectively, are obtained by simulation
experiments. The number of Monte Carlo runs is 500 in
all simulations.

Simulation 1: Time series t

In this simulation, the signal to noise ratio is set as
SNR =12dB. Fig. 2 plots the estimation performance of
Doppler. Fig. 3 (a)-(b) show curves of azimuth angle and
elevation angle dynamical recursive estimators with time
t. From Fig. 2 and Fig. 3, we can find that the proposed
method has good estimation performance.

In the following simulation experiments, we study the
resolution capability and estimation accuracy of the
proposed method, the PARAFAC method™ and the
SDOE method ! as a function of the Signal to Noise
Ratio (SNR).
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Simulation 2: Signal-noise-ratio SNR
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Fig. 4 and Fig. 5 show the RMSE of azimuth angle,
elevation angle and Doppler frequency versus SNR. From
Fig. 4, the performance of the proposed method is
significantly better than the SDOE method. From Fig. 5,
we can find that the proposed method has good
performance. From Fig. 5, the performance of the
proposed method is better than the PARAFAC method.

VI. CONCLUSION

In this paper, the fractional ambiguity function in
FRFT domain is applied to the joint estimation of
Doppler frequency parameters, the azimuth angle and
elevation angle in near-field bistatic MIMO radar system.

©2015 Journal of Communications

Since the target has three dimensional motion states, the
received signals reflected from these targets often contain
cubic phase. This paper proposes a new signal model
since the existing ones are not appropriate to approximate
the parameters in this case. For a given delay, the
instantaneous autocorrelation function of the signal with
cubic phase is an expression of linear frequency
modulation signal. Hence, this paper proposes a new
approach to estimate these parameters in FRFT domain.
We estimate Doppler frequency parameters by searching
peak of the fractional ambiguity function. We also
develop two sub-array models to accurately estimate the
azimuth angle and elevation angle by employing the

FAF-PAST algorithm. Furthermore,

we derive the

Cramé&-Rao bound for target parameter estimation. In
Simulation results section, we discuss the effects of
various parameters in terms of the RMSE, including the
number of snapshots, and the SNR. We also compare the
performance of the proposed method with that of the
others. The correctness and effectiveness of the proposed
method are verified with the computer simulation.
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