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Abstract—TIn this paper, we consider a multiple-input multiple-
output (MIMO) radar system for localizing a target based on its
reflected echo signals. Specifically, we aim to estimate the random
and unknown angle information of the target, by exploiting
its prior distribution information. First, we characterize the
estimation performance by deriving the posterior Cramér-Rao
bound (PCRB), which quantifies a lower bound of the estimation
mean-squared error (MSE). Since the PCRB is in a complicated
form, we derive a tight upper bound of it to approximate the
estimation performance. Based on this, we analytically show that
by exploiting the prior distribution information, the PCRB is al-
ways no larger than the Cramér-Rao bound (CRB) averaged over
random angle realizations without prior information exploitation.
Next, we formulate the transmit signal optimization problem to
minimize the PCRB upper bound. We show that the optimal
sample covariance matrix has a rank-one structure, and derive
the optimal signal solution in closed form. Numerical results show
that our proposed design achieves significantly improved PCRB
performance compared to various benchmark schemes.

I. INTRODUCTION

Multiple-input multiple-output (MIMO) radar can enhance
the localization performance via exploiting the waveform
diversity [1]], thus has attracted significant research attention
over the years. Specifically, a MIMO radar can transmit
noncoherent known signals and receive the reflected signals
(echoes) via multiple antennas. The opportunity to harvest
waveform diversity offers high resolution and sensitivity, good
parameter identifiability, and direct applicability of adaptive
array techniques [2]]. To take full advantage of the degrees-of-
freedom (DoFs) brought by multiple antennas, transmit signal
design is of paramount importance for MIMO radar systems.

Generally speaking, the existing literature on MIMO radar
transmit signal design can be categorized into two classes:
beampattern approximation and direct design for localiza-
tion performance optimization. In the first class, the trans-
mit signals are designed to approximate a desired and pre-
designed beampattern [3]—[5[]. The localization performance
is implicitly reflected by the difference between the desired
beampattern and the approximated beampattern, which cannot
be explicitly quantified. On the other hand, in the second class,
the mean-squared error (MSE) is a commonly adopted metric
to assess the performance of localization. However, since the
minimum possible MSE is generally difficult to characterize,
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Fig. 1. Illustration of target localization via a MIMO radar system.

some lower bounds of the MSE have been proposed, among
which the most well-known one is the Cramér-Rao bound
(CRB) [6]. For MIMO radar systems, the expressions of CRB
for angle estimation [7]] and velocity estimation [8]] have been
derived. With CRB as the performance metric, various works

have studied the transmit signal optimization, e.g., [9], [10].
The vast majority of the existing literature focused on
the case where the location parameters to be estimated are
deterministic. However, in practice, the location parameters
can be random, for which the distributions can be known a
priori. For example, for a mobile vehicle or pedestrian, the
location parameters at the upcoming time slots are generally
functions of the location parameters at the current and previous
time slots, for which the distributions can be obtained based on
the previous localization results and/or by exploiting empirical
data. With the prior information exploited, a so-called poste-
rior Cramér-Rao bound (PCRB) can be derived to characterize
the lower bound of MSE [[11]]. Nevertheless, to the best of
our knowledge, how to optimize the MIMO radar transmit
signals for optimizing the estimation performance of random
parameters by exploiting its prior distribution information is
still an open problem, which motivates our study in this paper.
This paper studies the target localization via a MIMO radar
system with co-located transmit and receive antennas. The
angular location of the target is modeled as a random variable,
which is estimated via the signals sent from the MIMO radar
transmitter, reflected by the target, and received back at the
MIMO radar receiver. To characterize the angle estimation per-
formance exploiting its prior distribution information, we first
characterize the PCRB of the MSE, which is in a complicated
form. We then derive a tractable and tight upper bound for the
PCRB. Based on this, we analytically show that by exploiting
prior distribution information, the PCRB is always no larger
than the average CRB without exploiting the prior information.
Then, we formulate an optimization problem for the sample



covariance matrix of the transmit signal, with the objective
of minimizing the PCRB upper bound. The optimal solution
to the problem is derived in closed form. Finally, numerical
results verify the tightness of the proposed PCRB upper bound
and validate the performance gain of the proposed transmit
signal design over various benchmark schemes.

II. SYSTEM MODEL

We consider a MIMO radar system with N; > 1 transmit
antennas and N, > 1 co-located receive antennas. We aim
to estimate the unknown and random location parameter of
a point target via exploiting the prior information of its
distribution. Specifically, we consider a two-dimensional (2D)
polar coordinate system with the reference point of the MIMO
radar system being the origin, as illustrated in Fig. [T} For the
purpose of drawing essential insights, we assume that every
possible target location has the same distance » > 0 in meters
(m) and a different angle with respect to the origin, where the
common distance (range) information r is known a prioriE]
Thus, the only unknown and random parameter is the target’s
angle denoted by 6 € [0, 27). Motivated by practical scenarios
where the target’s angle distribution is typically concentrated
around one or multiple nominal angles, we assume that the
probability density function (PDF) of 6 follows a Gaussian
mixture model, which is the weighted summation of K > 1
Gaussian PDFs, with each k-th Gaussian PDF having mean
05 € [0,2m), varlance akﬂand carrying a weight of py, € [0, 1]
that satisfies Z w—1 Px = 1. Hence, the PDF of 0 is given by

(6—9§>2
20

Zp mak L ()
Note that the cons1dered Gaussmn mixture model can charac-
terize a wide range of practical scenarios by choosing different
parameters. For example, when K is sufficiently large, the
PDF will tend to be uniform; while when K = 1, the PDF
will reduce to the Gaussian PDF.

To estimate the unknown random location parameter 6, the
MIMO radar transmitter sends a sequence of probing signals,
which will be reflected by the target back to the MIMO
radar receiver; 6 is then estimated by processing the received
echo signals. We consider a line-of-sight (LoS) propagation
environment where no obstruction/scatter exists between the
MIMO radar tranceiver and each possible target location. The
overall channel from the MIMO radar transmitter to the MIMO
radar receiver via target reflection is given by

G(0) = hr(0)yhi (0). )

Specifically, v € C denotes the radar cross-section (RCS)
coefficient, which is an unknown and deterministic param-
eter. hr(d) = “YPp() and hZ(6) YBogH () de-
note the target-receiver and transmitter-target channel vec-
tors, respectively, where [y denotes the reference channel

IThe range information can be either known as prior information of the
target, or estimated efficiently via e.g., time-of-arrival (ToA) methods.

2We consider o.’s that are sufficiently small such that the probability for
under the Gaussian mixture model to exceed the [0, 27) region is negligible.

power at reference distance 1 m; a'’ () and b(f) denote
the transmit/receive antenna array steering vectors given
—jmd(Ng—2i41) sin 6 3

by a;(0) = e~  , i = W Ne, b(0) =

— jnd(Ny—2m+1) sin 0

- x  , m = ., Ny, with d denoting the
antenna spacing in m and A denoting the wavelength in m.
For simplicity, we define o = %w = apr + jar as the overall
reflection gain containing both the two-way channel gain and
RCS, which yields G(0) = ab(f)a’’ (). It is worth noting
that in general, v is an unknown deterministic parameter.

Let L > 1 denote the number of samples of the transmit
probing signal used for the estimation of . Let x; € CN¢*1
denote the baseband equivalent probing signal vector at the [-th
sample. The collection of probing signals over L samples is de-
noted by X = [x1, ..., @], for which Rx = 1 Zz (il =
1 T XX H denotes the sample covariance matrix. Let P denote
the total power constraint among all the MIMO radar transmit
antennas, which yields tr(Ryx) < P. The received signal
vector at the [-th sample is given by

Y, = G(G)wl +mng, I=1,.. L, 3)

where n; ~ CN(0,02Iy,) denotes the circularly symmetric
complex Gaussian (CSCG) noise at the MIMO radar receive
antennas, with o2 denoting the average noise power. The
collection of received signal vectors over L samples is thus
given by

Note that the received signals in Y and consequently the
performance of estimating € are critically determined by the
MIMO radar transmit signal design, particularly for the case
considered in this paper where prior distribution information
about 6 is available for exploitation. For example, the transmit
signals should be designed such that the radiated signal power
is more concentrated over the possible target angles with high
probabilities, to optimally utilize the available transmit power.
In this paper, we will first characterize the performance of
estimating € by exploiting the prior distribution information,
based on which we will then investigate the optimization of
the MIMO radar transmit signals.

YLl =GO)X 4+ [ng,...,ng).

III. ESTIMATION PERFORMANCE CHARACTERIZATION VIA
PCRB

Conventionally, CRB has been widely adopted to charac-
terize the estimation performance of unknown deterministic
parameters, which is a lower bound of the MSE. In this section,
by exploiting the prior distribution information of the unknown
random parameter 6, i.e., pg(6) in @), we propose to derive
the PCRB of the MSE as the estimation performance metric.

A. Derivation of PCRB

We aim to estimate ¢ from the collection of MIMO radar
received signals Y, which is a function of both the unknown
random parameter § and the unknown deterministic parameter
«. Hence, o needs to be jointly estimated with 6 to obtain an
accurate estimation of 6. For ease of exposition, we define { =
[0, ar,ar]’ as the collection of all the unknown parameters.



The joint distribution of the observation Y and unknown
parameter ¢ can be expressed as

where f(Y|¢) denotes the conditional PDF of Y given (;
pz(¢) denotes the marginal distribution of ¢.

Note that since ¢ consists of a random parameter 6 for
which the distribution is known, the information of ¢ can be
extracted by jointly exploiting the conditional PDF f(Y|¢)
of the observation Y and the prior information of 6. Specif-
ically, based on (E]), the Fisher information matrix (FIM) for
estimating ¢ is given by [12]:

F=F,+F, (6)

where F;, represents the FIM from observation given as

dln(f(Y[¢) (om(f(Y[)\ "]
a¢ ( a¢ )] @

F, represents the FIM from prior information given as

- 0ln(pz(¢)) (01n(pz(<)) f
FpEC[ 32 ( 8? > ]

In the following, we derive more tractable expressions of the
FIMs in and (8). First, for Fy, the log-likelihood function
for estimating ¢ from the observation Y is expressed as [6]:

In(f(Y'[¢))

F,=Ey

)

®)

:%Re{tr(XHGH(H)Y)}

_IYIE+IGOX|E
2

— N, Lln(ro?). (9)

o
Since G(6) is a function of a(#) and b(6), F, is a function of
the derivatives of a(f) and b(0) denoted by a(6) and b(6), re-
spectively, with a; () = 2= 7/\2”1) c0s84.(6),i=1,..., N,
and b,,L(H) — —gmdNy fmﬂ)cosebm(ﬁ),m =1,...,N,. Note
that a™ (0)a(0) = 0 and b¥ (0)b(A) = 0. By leveraging this
property, the FIM F, in can be derived as [[13]:

| Jee  Joa
F,= { Jéi T ] (10)
Specifically, Jyg, Jyo, and J,, are given by
2|a|?L 2|a|?LN,
Joo :Ltr(AlRX) + %tT(AzRX% (11
2LN
J@a = tr(AgRX)[aR,al] (12)
2LNT
Ja(x :Ttr(AleX)IQ, (13)
where A; = [||b(0)|a(d)a’ (0 )p 0)do, Ay =
[ a()ak (0)po(0)dd, As — f (6)a™ (6)pe (0)df. and

Ay = [a(8)a (0)pe(0)do.
On the other hand, for F), since ag and oy are deterministic

T
dn(pz (¢ d1n(pe (0 .
(p2(0) { (po >>,0,0} _ which

parameters, we have

_E {<8ln<gg><e>>)

n

yields [Fjl11 } and [Fpm,» = 0 for any

_(9-65)2
(m,n) # (1,1). Let fr(0) = 2;%6 27k denote each k-
th Gaussian PDF in the Gaussian mixture model. Then, [F},]; 1
can be expressed as

B = [ (22000 o

K K 2
5 3 prprafin(O)fil0 >(" - egsz)

k1:1k‘2:1 k2

(14)
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Note that [Fp)1 1 = = k1 2 —p > 0 holds according to (
Therefore, the overall FIM for ¢ is given by

Joo + Z e —p Jpa
J9 Joa

F=F,+F,= (15)

«

Note that the overall PCRB for estimating ¢ is determined by
F~! expressed as
_ S~ D
1_
e
where S € C, D € C'*2, and E € C2*2, Particularly, S is
the Schur complement of block J,,, which is given by

(16)

K

SE oo+ > P — o Feud LT 17
=1 Tk

In this paper, we aim to derive the PCRB for estimating

the target’s angle #, which is only dependent on S, as given

below:

PCRBy = [F '], =571

o’ o’ & Pk
= = - tr(A1 R
2|a|2L/<2|a|2L (kz_l o2 p | +tr(AiRx)

N, [tr(AsRx)|”
tI‘(A4Rx) '

+ Nytr(AsRy) — (18)

B. Tractable Bound of PCRB

Note that the exact PCRB in (I8) has a complicated
expression, which is difficult to analyze and draw insights
from; moreover, it can be shown to be a non-convex function
over the sample covariance matrix Rx of the transmit signal,
which makes it difficult to be used as an optimization objective
function. To overcome these challenges, we propose an upper
bound of the exact PCRB PCRBy, whose tightness will be
verified numerically in Section

Proposition 1 PCRBy is upper bounded as

PCRBy < PCRBY 2



Proof: Please refer to Appendix A. ]
Notice that the PCRB upper bound in (I9) is in a much
simpler form compared to the exact PCRB in (I8). In the
following, we will leverage this upper bound for discussing
the effect of exploiting prior information in the estimation of
0, and for optimizing the sample covariance matrix Ry.

C. Effect of Exploiting Prior Information

In this subsection, we aim to investigate the effect of
exploiting prior distribution information on the estimation per-
formance. Specifically, when the prior distribution information
of ¢ is unknown, CRB can be adopted to characterize a lower
bound of the estimation MSE corresponding to each realization
of 6, which is given as

0_2
CRBy(0) = 1 S 2[a]?L .
Joo—Joadaa Jyl,  ||b(0)]*tr(a(f)a () Rx)
(20)

Moreover, by taking the expectation of CRBy(6) over the
random angle realizations, the average (expected) CRB is
given by

CRBy = Eg[CRBy(0)] = / CRBy(0)po(0)d0, (1)

which can be viewed as a lower bound of the long-term MSE
performance without exploiting prior information. Note that
based on Jensen’s inequality and 22{:1 g—% — p >0, we have

_ 52
CRBy =Eg | — 2lof L
[6(6)*tr(a(f)a” (0)Rx)
L -
> 1 _ 2|a|2L
g, | bOPue@a 0Rr | tH(AIRY)
6 -2
2|a|?2L

>PCRBY > PCRB;. (22)

The above result indicates that exploiting the prior distri-
bution information can achieve a decreased lower bound on
the estimation MSE. Since the CRB/PCRB is generally tight
in the moderate-to-high signal-to-noise ratio (SNR) regime,
this further implies that the estimation performance can be
improved via the exploitation of prior information. Moreover,
according to the properties of Jensen’s inequality [14], the
gap between CRBy and PCRBy generally increases as the
variance of 6 increases. Hence, for scenarios where the pos-
sible target locations are more dispersed, the performance
gain via exploiting prior distribution information will be more
significant.

IV. PROBLEM FORMULATION

In this section, we formulate the problem of optimizing
the sample covariance matrix of the MIMO radar transmit
signals for estimation performance optimization exploiting
prior distribution information. Specifically, since the exact
PCRB is in a complicated form, we aim to minimize the
upper bound of PCRB derived in (I9), subject to a total

power constraint at the MIMO radar transmit antennas. The
optimization problem is formulated as

(P1) minimize PCRBY (23)
Rx

subject to tr(Rx) < P, (24)

Rx >~ 0. (25)

Note that Rx only affects the denominator in PCRBY
shown in (T9), the maximization of which is equivalent to
the maximization of tr(A;Ry). Hence, Problem (P1) is
equivalent to Problem (P2), which is given by:

(P2) max}i{mize tr(A; Rx) (26)
X

subject to tr(Rx) < P, 27

Rx > 0. (28)

In the following, we will obtain the optimal solution to (P1)
via solving (P2).

V. OPTIMAL SOLUTION

Problem (P2) is a semi-definite program (SDP), for which
the optimal solution can be obtained via the interior-point
method or existing software, e.g., CVX. To draw more useful
insights, we present the optimal solution in closed form.

First, since there is only one linear constraint in (P2), there
exists a rank-one optimal solution to (P2) denoted by R} =
w*w*H [15]). This implies that using a constant probing signal
w* for all the samples is already optimal. Consequently, (P2)
can be equivalently transformed into the following problem

for optimizing the constant probing signal denoted by w &
(CNtXli

(P3) maximize wA w (29)
w
subject to |w|?* < P. (30)

To solve (P3), we express the eigenvalue decomposi-
tion (EVD) of A; as A1 = QAQY, where A =
diag{A1, ..., An, }, with Ay > Xy > ... > Ay, > 0; Q =
[q1, -, qn,] is a unitary matrix with QQY = Q¥ Q = Iy,.

Define g £ Q™ w. The objective function of (P3) can be
further rewritten as w”? Ajw = wPQAQHw = gfAg.
The constraint can be represented as ||wl||?> = ||g|* < P.

Hence, (P3) can be equivalently transformed into the following
problem:

(P4) maxigmize g Ag 31)

subject to ||g||* < P. (32)

Note that for any feasible solution w to (P3), g = Q7w is a
feasible solution to (P4) with the same objective value; while
for any feasible solution g to (P4), w = Qg is a feasible
solution to (P3) with the same objective value. Thus, (P4) is
equivalent to (P3) and consequently (P2) and (P1).

Based on (P4), we have the following proposition.

Proposition 2 An optimal solution to (P1) is R% = Pqiq!.



Proof: The objective value of (P4) is upper bounded as
Ny Ny

g"Ag = 19PN <D lgilPA < P (33)
i=1 i=1

The above equalities hold when g = [v/P, 0, ...,0]”, which is
thus the optimal solution to (P4). Hence, the optimal constant
probing signal in (P3) is given by w* = Qg = v/Pq,, where
q; is the eigenvector corresponding to the largest eigenvalue
(i.e., A1) of A;. Thus, R% = Pqiqf’ is optimal to (P1). ®

Note that the complexity for obtaining the optimal solution
to (P1) via Proposition [2| can be shown to be O(N}?) [16],
which is lower than that via the interior-point method for SDP,
i.e., O(N/) [17].

Based on Proposition [2] the minimum value of the PCRB
upper bound with optimized transmit signals is obtained as

1

PCRBY = (34)

2 —p+ 25 gl Arq)

K
2
Tk

M=

k=1

It is worth ngting that the PCRB upper bound decreases as
the term %LL increases, which denotes the overall SNR at

the MIMO radar receiver.

VI. NUMERICAL RESULTS

In this section, we provide numerical results to evaluate
the performance of the proposed MIMO radar transmit signal
design. We consider a MIMO radar system with N, = 10
transmit antennas and [V, = 12 receive antennas, where the
antenna spacing is set as d = % The number of signal samples
is set as L = 25. The transmit power is set as P = 30 dBm.
The average noise power is set as 02 = —120 dBm. For the
PDF of angle 0, we set K = 5; #; = 0.52, 65 = 0.82, 03 =
0.87, 04 = 2.6, 05 = 2.7; 0f = 1074, 03 = 1074, 02 =
1073, 02 = 1073, 02 = 107%; p; = 0.15, po = 0.32, p3 =
0.17, p4 = 0.2, ps = 0.16. For comparison, we consider the
following benchmark schemes for the transmit signal design:

« Benchmark Scheme 1: Heuristic signal design. In this
scheme, we design Rx as a diagonal matrix with signal
power allocated to the first transmit antenna, i.e., Rx =
diag{P,0,...,0} and =; = [V/P,0,...,0]”, VL.

o Benchmark Scheme 2: Highest-probability angle
based signal design. In this scheme, we design Rx
to minimize the CRB in (20) corresponding to the an-
gle with highest probability, i.e., CRBg(fmax) Where
Omax = argmax pe(6). It can be shown in a similar
manner as that in Section [V] that the optimal solution is

\/tha(emax),vz.

First, we show in Fig. J] the radiated power pattern at
distance r with different transmit signal designs and the prior
PDF of 6 over different angles. We set % = —20 dB. It is
observed that the proposed scheme achieves higher radiation
power at all the angles with non-zero probability densities
compared to Benchmark Scheme 1, since the latter yields
an omni-directional radiation pattern with the power wasted
on the angles with zero probability density. Moreover, the

Ry = £-a(nax)a™ (fimax) and a; =

20 7 w — 15
YRy AT ]
£ o014 ] i
1
1YY e W \\( \m/\!m
o >
= -20 | =
5 ! I L
g -40 —Proposed Scheme 1°
- - -Benchmark Scheme 1
\ N Benchmark Scheme 2
-60 : ‘ : — 0
0 1 2 3 4 5 6 27
Angle 6

Fig. 2. Radiated power pattern and pg () over different angles.
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Fig. 3. PCRB versus received SNR.

proposed scheme outperforms Benchmark Scheme 2 for most
angles with non-zero probability densities, at the cost of
only a small power loss around the highest-probability angle.
This shows that the proposed scheme is able to achieve a
more balanced power distribution over the possible angles, by
judiciously designing the transmit signals based on the prior
distribution information.

Next, in Fig. 8] we evaluate the PCRB achieved by different
transmit signal design schemes. We also show the PCRB
upper bound achieved via our proposed scheme. It is observed
that our proposed PCRB upper bound is tight for all SNR
regimes, which verifies the effectiveness of using this upper
bound as the estimation performance metric. Moreover, it is
observed that the proposed scheme outperforms both Bench-
mark Scheme 1 and Benchmark Scheme 2, due to the smart
exploitation of the prior distribution information.

VII. CONCLUSIONS

Considering a MIMO radar system, this paper studied the
angle estimation of a target exploiting its prior distribution
information. The PCRB of the angle estimation MSE was
first derived, for which a more tractable and tight upper bound
was proposed. It was analytically shown that by exploiting the
prior information, the PCRB is guaranteed to be no larger than
the average CRB without exploiting prior information. Next,
the problem of transmit signal optimization was formulated,
with the objective of minimizing the PCRB upper bound.
The optimal sample covariance matrix was revealed to have a
rank-one structure, based on which the optimal solution was
derived in closed form. It was shown via numerical results that



the proposed transmit signal design significantly outperforms
various benchmark schemes.

APPENDIX A
PROOF OF PROPOSITION[I]

By noting that the sample covariance matrix is given by
Rx = %Zle a:lacf{ , we have the following inequality:

(tr(AgRX)tr(A4RX) - |tr(A3RX)|2)L2

L L
— / > 1@ (0)ai |*pe (0)do / > la (0)ai|*pe (0)do
=1 =1

2

L
‘/ZaH(G)wla:Hd(G)p@(Q)dH
1=1
L

L
H(Oa) izl a(0a) || > a (0p)miz) a(6))
=1

1 L L

5 < @™ Gzl )| D la™ ()i
=1 =1

1 L L

2<ZaH(0a)ml|2 > 1a"(0y)21]?| |pe(6a)pe(0s)d0udby
=1 =1

1,. 2
5 a’H(ea)wnwla'H(eb) ’

afl (Ha)a:nmlaH(Hb)

. 2
H(0)znzi16™ (04)] P (0a)pe (05)d0,d0,

e

(35)

By applying (33) on the denominator of (I8), the proof of
Proposition [T] is completed.
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