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Abstract Several researchers have developed various models for
MIMO radar and provided their interpretation of MIMO
Time reversal explores the rich scattering in a multipath radars (see, e.g., [2, 4, 5]). In this paper, we consider a
environment to achieve high target detectability. MIMO MIMO setup in a rich scattering environment where mul-
radar is an emerging active sensing technology that usestipath propagation for targets is sufficient. There are many
diverse waveforms transmitted from widely spaced anten-mechanisms that cause multipath in radar detection, for ex-
nas to achieve increased target sensitivity when comparedample, the presence of a large number of scatterers in the
to standard phased arrays. In this paper, we combine vicinity of the target of interest, or tracking and detection
MIMO radar with time reversal to further improve the per- of low-angle targets over a flat surface [6, 7], etc. Multi-
formance of radar detection. We establish a radar target path affects the level of the energy return from the target
model in multipath rich environments and develop likeli- due to coherent combining of the return signals. As a re-
hood ratio tests for the proposed time-reversal MIMO radar sult, we will observe fades and enhancements relative to the
(TR-MIMO). Numerical simulations demonstrate improved level that is expected in a free-space environment. In gen-
target detectability compared with the commonly used sta- eral, the overall target response is characterized by the tar-
tistical MIMO strategy. get's radar cross section, the multipath propagation due to
the surrounding scatterers, and the antenna’s aspect angle.
The unknown nature of the complex target reflection makes
1 Introduction the overall target response appear tadmedomeven for a
point target Therefore, we adopt a statistical model for the
In time reversal (phase conjugation in the frequency do- target in this paper. Although our MIMO model is somehow
main), a short pulse, for example, transmitted by a sourcesimilar to what is used in [2], the difference is clear. In [2],
through a dispersive medium, is received by an array, the randomness of the target is caused by many reviewing
then time reversed, energy normalized, and retransmittedangles fromextendedargets; in our case, the randomness
through the same medium. If the scattering channel is recip-of a (point) target response is the result of multipath.
rocal and sufficiently rich, the retransmitted waveform refo- We combine time reversal with MIMO radar and develop
cuses on the original source. Our recent work, [1], con- the binary hypothesis detector. We provide analytical ex-
siders signal detection using time reversal with a pair of pressions of the test statistics. Time reversal implements
transmit/receive antennas. We demonstrate that the time rematched channel filtering on the transmitter and exploits
versal generalized likelihood ratio detector (TR-GLRT) sig- multipath propagation to its advantage. In previous work
nificantly improves detection performance when compared[1, 8], we showed that time reversal offers higher resolution
with the conventional detection. and improved detectability over conventional methods . In
MIMO radar explores multiple-input multiple-output this paper, we demonstrate that a MIMO radar combined
techniques for adaptive transmit and receive beamform-with time reversal (TR-MIMO) improves target detectabil-
ing [2, 3]. The key aspect of a MIMO radar system is the ity when compared with statistical MIMO (S-MIMO).
use of a set of orthogonal waveforms simultaneously trans-
mitted from its sparsely placed antennas towards a targe?2 MIMO Modeling
area. In a MIMO radar, if the antennas are far enough, the . . .
target radar cross sections (RCS) for different transmitting e consider the problem of detecting a stationary or
paths become independent random variables. Thus, each o/OWly moving target immersed in a multipath rich scatter-
thogonal waveform carries independent information about!Nd €nvironment. Such scenarios occur in many radar ap-
the target; spatial diversity about the target is thus created Plications, for example, detection through tree canopy or
Exploiting the independence between signals at the arra ow-angle detection and tracking. In this section, we derive
elements, a MIMO radar achieves improved detection per-the MIMO radar model.
formance and increased radar sensitivity. Thisisin contrast2,1  Multipath propagation model
with a conventional phased array that presupposes a high
correlation between signals either transmitted or received
by an array.

We consider an active multiple antenna system with a pair
of stationary antenna arrays A and B. Each antenna array
is composed ofV omnidirectional antenna elements with
*This work is funded by the Defence Advanced Research Projects uniform inter-element spacing The two arrays are pIaced

Agency through the Army Research Office under grant no. Wo11NF-04- at different locations, which yields a multi-static configura-
1-0031 tion. Fig. 1 illustrates a two-way radar propagation model




in multipath. For simplicity, this model considers a two- Transmitting
array A

path propagation with only a single reflected ray emanating =K
from a virtual target image. The two-path propagation is 0 =|k1
caused by scatterers between the receiving array B and the i
target. this model can be extended to the more general sce-
nario with multiple path propagation due to scatterers in the :
fields of view of both the transmitting array A and receiving Ya:
array B. :
The propagation medium between the radar and the target
can be characterized by its Green’s function, i.e., the chan-
nel response at locatianto an impulse at location’. An
example of a Green'’s function is the free space direct path

Green’s function [9], SS ¥irtual
“oimot Target

Receiving
array B

1opy - r7(2) /
G(r,r's f) = —0.25jHy™ (flr — 1’| /), @ Figure 1. Multipath propagation model.

whereH(()Q) is the zeroth-order Hankel function of the sec- .

ond kind, and- is the medium propagation velocity. Here 2-2 Radar signal model

we assume that the medium is reciprocal, i.e., the Green’s We use discrete frequency sampfesq =0,--- ,Q — 1.

function satisfies theeciprocity relation G(r,r’; f) = The numberQ is chosen byQ = B}gﬂy where B, is the

G(r',r; f). For a transmit signab(f), the noise-free re-  coherence bandwidth of the multipath chand@ly is the

ceived signal at the-th element of array B due to atransmit - gygtem bandwidth. The samples taken at frequencies one

antenna at array A is given by B, apart are considered to be independent. Wegf,)
denote the channel response matrix between the transmit

ra(f) = &e IRVXTHYa—Y)? (efjk' X2+ (Yp—Y:)? array A and the receive array B #. For simplicity, each

array hasV antennas. Thus, thg, j)-th entry of H(f,),

ﬂ-k,/xu(ywyt)?) i.e., the channel response from antenhao antennaB,;,

+Are (%), (2) can be written as follows:
— .. ~ 2

where: Y,, Y3, andY; are the azimuth coordinates of the [H(fo)lis = hij(fq) ~ CN(0,07). )
antenna at A, the antenna gt B, and the target, respectivelyThe transmitted signak(¢) is a wideband signal with

X is the target rangef = = is the wavenumber and Fourier representatiofi( f,) at angular frequency,. The

is the wavelength at frequenc; and¢,, is the complex Q-1 2 . .
amplitude due to target characteristics. The complex ampli—energy ISE, = 24:0 |5(f)I". The signal vector received

tudes of the direct and reflected rays are simply related byat array B for the-th data snapshot fs

a complex multipath reflection coefficierdt;. Employing —H i ' 5
the approximation/I + z ~ 1 + /2 for = < 1, Eqn. (2) yz.(fq) . (Ja)salfa) vl(fq) ®)
becomes wheres 4 ( f,) is the signal vector transmitted from array A
2 et “ee T
1 (F) = eV KT kX 1+ 2y o sa(fa) = [S1(fe), -+ Sn(f]" - ®)

Conventional detection processes the data received at ar-
ovvy L ) ray B. With time reversal, the received radar return at array

wherern, = &,(1 4+ Ae”7*7x ") is the combined com- B back to array A. So, each data vecsof f,) is time re-

plex amplitude of the direct and reflected rays. With a large versed, energy normalized, and retransmitted back into the

number of scatterers and A,, p = 1,---, L, multipath  scattering medium. Th&/ x 1 received signal vector at
reflection coefficients, the overall target reflectivity is the array A is

randomvariable
Xl(fq) = HT(fq)[kl}’l(fq)}*erl(fq)
s <1+i Ak> @ = CUUSH) + BET GV () +wilhy),

wherew,(f,) ~ CN(0,021) andv,(f,) ~ CN(0,021)

are independent complex Gaussian noise vectors. The trans-
This analysis implies that, even for a point target, the multi- pose(-)” is used due to the reciprocity condition of the scat-
path effect induces fades and enhancements in returned sigiering medium

nals relative to the free space returned signals. The trans- A T .

mit and receive antennas provide independent information C(fq) = kiH" (fo)H"(fy), Q)
about the target due to their different viewing angles' We IHere, we assume for the moment that the clutter returns due to dom-

apply the MIMO strategy to this multipath rich environ-  inant surrounding scatterers can be subtracted out. Therefore, only the
ment. target response is present.

p=1




whereC; ;(fq) = ki Zn 1 hai(fg) by, (fg) is the (4, j)-th We notice thaE{C};(f,)} is frequency independent, hence
entry of C(f,). The scalar; is the energy normalization

factor E{Cin} = YD E{Ci;(f)}S;(f)S5(fa)
kl:\/NEs/Znyl(fq)n?. ®) ‘Y

For the ideal case where the noise vector contained in the
time-reversed signal i8(f,) = 0, we have, = QE{Cin(fo)}, (16)

i.e., the transmitting waveforms are quasi-orthogonal. We
ey =k = \/NES/Z IH(f,)s4(f,)12. ) then use the following approximation:

q=0

>_E{Ci(fo)}Qd(n - j)

Such an assumption simplifies the mathematical develop-
ment. Forv(f,) # 0, we rely on numerical means to eval-

uate the detection performance. In particular, from the diagonal components< n) of the

2.3 Wideband orthogonal waveforms matrix C( f,), we obtain the real-valued data
Radar systems typically utilize wideband waveforms to -1 N
achieve fine range resolution. In our problem, the simulta- =k Z Z |hii ()% (18)
neously transmitted waveforms occupy the same frequency
range. To achieve the orthogonality (or quasi-orthogonality)
among the transmitted waveforms, we adopt phase codingeqn. (18) indicates that, by time reversal, the diago-
schemes, [10]. One such design uses complex orthogonahal entries of the time-reversed target channel response
phase vectors,, by setting its entries to are focusedand become dominant compared with the
(complex valued) off-diagonal entries. This observation
Sm(fq) = eﬂﬂ?”!]/Qp(fq)? ¢=0,1,---,Q—1 (10) yields a simpler detector by considering only thiago-
nal terms given by (18). Groupinng,ii} into N by 1

q=0 j=1

form =1,---,M < QandP(f,) = 1, Vq. For transmit  vectors yieldsrl = [Rz 1, Rigz, - Rinn]”, € =
antennasn andn, it is straight forward to show that [0117 CNN] , [Wr e W 7. The bi-
nary hypothesrs test for TR-MIMO usrng dragonal terms (
Q-1 terms) is given by
> Smlf)Si(fe) = Q5(m —n). (11) o
=0 Hy: P = ¢eP+wp (19)
Ho : I‘lD = ‘,)VVID

3 Time Reversal MIMO Detector _
Certainly, one can use all the elements of the mairfx,).
Letx;(f,) = [Xi,1(fq)s -+, Xin(fy)]" be the collection  In this case, the binary hypothesis test for TR-MIMO using
of N received srgnals af, for thel-th data snapshot, where  all terms (N2 terms) is given by

N H : tf = & +wF
Xl,i(fq) = Zcij(fq)s;(fq) + Wl,i(fq)- (12) Ho : rlF = V~VlF'

J=1

(20)

where the N? by 1 data vectors are rl =
Matched filtering the received signals with the orthogonal (R, |, R, a2, Rww]” € =[C11,C12,-++ . Cwn]T,
waveforms and collecting all the frequency components, we wF

obtain the following signals: - [Wl 11 Cl?’ WZ’NN]T' Later, in Section 5, we

show that the performance difference between these two
cases, i.e., (19) and (20), is small. However, the mathemat-
Ryin = Z Xi1:(fq)S = Cin + Wi, (13) ical analysis for (19) is easier. Thus, we provide analytical
results for (19) only and examine the performance of (20)
by numerical means.
where For S-MIMO, we construct the detector similar of the de-

tector given in [2]. Lety;(f,) = [Yia(fy), -, Yin(f)]F

Cin = ZZC” (f)8;(f)S:(f,),  (14) be the collection ofV received signals, where
N
Wiin = ZWM (a5 (fa)- (15) Yiifo) = D hij(£a)Si(fa) + Veilfo)- (D)
q

Jj=1



Matched filtering the received signals by orthogonal wave- This also implies tha[j L 02 ~ ‘PX?V( %), where the

=10
forms yields non-centrality parameter ig? ZN % = N2, The
" ~ ~ binary hypothesis test given in (19) can be writgaproxi-
Ulin = ZYl,i(fq)Sn(fq) = hin + Viins (22) ma’[eK/agp J ( ) P
where trr = |[tP|2 ~ { Q‘I’XN( )+ QFxsy M (30)
’!L 2
= 2 X 0
hin = ZZhU f)Si(f)Sh(fa),  (23) “w

Notice that the test statistic undgy is the weighted sum of
V. = V. 24 a non-central chi-squared random variable and an indepen-
Lin Z 1i(fa)Sn(fo) (24) dent central chi-squared random variable. A closed form
for the distribution of the test statistics is difficult to obtain.

We notice thaE{h;;(f,)} is frequency independent, hence e Wish to approximate it in the forg (£2). By modify-

ing Theorem 3.1 in [11], we obtain the following equivalent
~ . binary hypothesis test for TR-MIMO given in (30):
E(hin} = D> E{hy(f)}Si(f2)Si(fe)
a ) H
ba=lepp~ { 25E T

Z E{hi;(f)}Q5(n — j) = QE{hin(fy)}. ny2y Ho

) . . where the scaleg and the degrees of freedotnare given
Again, the transmitting waveforms are quasi- by

orthogonal We use the following approximation: 9 9 9 212
Z " hin(f,). Grouping Up;,, into N2 x 1 g= M, h— M, (32)
vectors y|elds w = [Uu, Uz, U], 21 Viki 21 Uik
h~l = g, bz, uwn)”,  and ¥ = where? = ®Q%/g, v1 = N, vy = 2N, A} = &, Ay =
Vi1, Viae, - ,Vl,NN]T. Thus, the binary hypothe- o2 /2. Next, we examine the detection probability and the
sis test for S-MIMO is given by false alarm rate.
_ TR-MIMO Letn denote the decision threshold, we have
Hi:wy = h+v
HO: u = ?l. (25)

2
Pea = Pr(trr > n[Ho) = P (x3y > 077) (33)

4 Performance Analysis

In this section, we derive the test statistics for (19) and 1he threshold for TR-MIMO can be obtained by
(25). A closed form for the probability density function

is often difficult to obtain. Thus, we will rely on approx- on _
imations. In what follows, we usg?,(x) to represent the TR-MIMO = wx(w 0)(1 Pen), (34)
Chi-squared distribution withl/ degrees of freedom and
non-centrality parameter. In (18), |hq;(f,) )2 ~ X are Wherez/; 2 s )( ) is the inverse cumulative distribution func-
The symbok- stands for “distributed as.” Let's define freedom and non- centrality paramefiefThe probability of
detection is given by
2
Zi(f) 2 kS hi (f)l2 ~ T2y 26
(fq) ;| J(fq)| 2 X2N» ( ) PSR _ PT(ZTR > 77|H1) _ P7’(9X%L(£2) > ,’7)
_ o = 14 n
wherek = E{k}. The sequencéZ;(f,),q} is i.i.d, with Xenven \ g
finite variance. By the central limit theory, the sequence o2y 1— Pra)
{Z:(f,)} is asymptotically Gaussian, i.e., _ 1 Xfan,0) FA (35)
. N X(2n.€2) 29
ﬁcii ~ N(,uv (I))? (27)
S-MIMO The binary hypothesis test (25) for S-MIMO is
where given by (using the fullv by N channel matrix)

E Zi q :EN 37 28 L i
" {Z:i(f)} o (28) ts = [|u| N{ (22 + 5 )xsnn Hi (36)

Var{Z;(f,)} = k' No*. (29) X5

KA
|

NN 0
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Figure 2. ROC for TR-MIMO vs. S-MIMO

The detection probability is given by
aﬁ + 02
PS = Pu(ts>nlHy) = P(Q 9 Xonn > 1)
2n
= 1- ¢X?2NN,U) (Q(Jg —+ O'%))
U%w;?lzzvz\r 0) (1 N PFA)
= 1- wX?QNN,(J) o2+ o2 .(37)

5 Numerical Simulations

In this section, we carry out numerical simulations to eval-

[2]

[3]

[4]

uate the performance of the proposed detectors. We use two

transmit antennas and two receive antenés= 2). We
choose the number of frequencigs= 4 for simulation pur-
pose. The signal-to-noise ratio is defined as SNR? /o2.

The false alarm rate iBra = 0.001. Fig. 2 depicts the ROC
curve for TR-MIMO vs. S-MIMO for the ideal case where
the noise vector in the time-reversed signal is zero. The
analytical results are consistent with the Monte Carlo sim-
ulation results. The proposed TR-MIMO has about 5 dB
gain over S-MIMO. As anticipated, the TR-MIMO using
diagonal terms (19) has almost identical performance to the
TR-MIMO using all terms (20). Fig. 3 depicts the ROCs of
TR-MIMO vs. S-MIMO where the time-reversed signal is
contaminated by noise. In this case, we still observe about

3 dB gain of TR-MIMO over S-MIMO.

6 Conclusion

This paper develops the time reversal MIMO radar detec-
tor and provides an approximate closed-form for the proba-
bility distribution of TR-MIMO. The algorithm we develop
is robust in rich multipath environments and shows a signif-

icant gain over the statistical MIMO detector.
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