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Abstract—We focus on the robust joint design of the transmit
waveform and filtering structure for polarimetric radar. As-
suming signal-dependent interference and Target Aspect Angle
(TAA), we consider the worst-case Signal to Interference plus
Noise Ratio (SINR) at the output of the filter bank as the
figure of merit to optimize under both a similarity and an
energy constraint on the transmit signal. We develop an iterative
optimization procedure that monotonically improves the worst-
case SINR and converges to a stationary point. The proposed
method is validated through experimental results and compared
with existing "TAA-aware" alternatives, thus showing its attrac-
tiveness.

I. INTRODUCTION

Recently the increased capability of modern radar systems
has enabled the use of very complex and effective signal pro-
cessing techniques. This has allowed the radar to successfully
adapt transmit waveform and receive filter to the operating
environment in a very sophisticated manner. One attractive
problem surely consists in waveform design for extended
targets motivated by the potentials of modern High-Resolution
Radar (HRR) systems. Moreover, polarization diversity can
potentially improve the radar performance w.r.t. conventional
radar systems. Therefore, based on the aforementioned consid-
erations [1–3], in this paper we consider the problem of jointly
optimizing transmit waveform and receive filter of polarimetric
radars for the extended target in clutter.

Assuming the target aspect angle (TAA) unknown but lying
in a known uncertainty interval, we employ a filter bank [4, 5]
and consider the worst-case SINR at its output as the figure
of merit. We also enforce a similarity constraint to control
the relevant features of the transmitted signal and model the
clutter correlation in both polarization and range domains. The
original design problem is reformulated into an equivalent
form which paves the way to the development of a novel
iterative optimization procedure monotonically improving the
worst-case SINR. The experimental examples illustrate the
effectiveness of the new method and highlight the advantage
of our polarimetric robust design, also in comparison to the
full-polarimetric methods in [3, 6], that are based on the

assumption of known TAA1.

II. SYSTEM MODEL

Assuming that a monostatic fully polarimtric HRR radar
is employed, the overall scattering behavior of the probed
target is completely specified by the Target Impulse Response
Matrix (TIRM). It is well known that the TIRM is strong-
ly dependent on the TAA [1], namely the target scattering
behavior is sensitive with respect to even a small change of
the TAA θ. Therefore, taking into account TIRM variability
w.r.t. TAA represents the key point for an effective transmit-
receive design2. As a consequence, we will explicitly stress
the dependence of the TIRM with respect to the TAA in the
following.

Consider a fast-time full-polarization transmit code consist-
ing of N equally spaced temporal samples as follows

s ,
[(
sH,0, sV,0

)
, . . . ,

(
sH,N−1, sV,N−1

)]T ∈ C2N , (1)

where the subscripts H and V denote the horizontal and
vertical polarization components, respectively.

Let the support interval of the TIRM (corresponding to the
TAA θ) have length Q and the observations be collected over a
discrete interval M , where M = Q+N−1 so that the majority
of the extended target echoes is received. For a certain TAA θ
and range bin n, the full-polarization target scattering matrix

1We adopt the notation CN and CN×N , respectively, for the sets of N -
dimensional vectors of complex numbers and N ×N complex matrices and
use boldface for vectors a (lower case) and matrices A (upper case). The
notation A(i, j) represents the i-th row and j-th column element of the
matrix A. I and 0 denote, respectively, the identity matrix and the matrix
(or vector) of zero entries, with their dimensions being determined from
the context. λmin(X) is the minimum eigenvalue of the Hermitian matrix
X ∈ CN×N . The Euclidean norm of the vector x is denoted by ||x|| and for
the matrix B, ∥B∥2 and ∥B∥F represent its induced 2-norm and Frobenius
norm, respectively. The symbols (·)∗, (·)T , (·)†, E[·], ⊗ and ℜ(·) denote
the conjugate, transpose, Hermitian, expectation, Kronecker product and real
part operators, respectively. diag (a) indicates the diagonal matrix obtained
by placing the components of the vector a along the diagonal. Finally, for any
optimization problem P , v(P) and Ω(P) denote the corresponding optimal
value and feasible set, respectively.

2In this paper we assume that the TIRM is completely specified by the TAA.
Accounting additional uncertainty in the TIRM model will be the object of
future studies.



Tn(θ) ∈ C2×2, being a matrix-valued entry of the TIRM T (θ),
is expressed as

Tn(θ) ,
[
THH,n(θ) THV,n(θ)
TV H,n(θ) TV V,n(θ)

]
, (2)

where θ ∈ [0, 2π), n ∈ {0, 1, . . . , Q− 1}, and TXY,n denotes
the scattering coefficient experienced by transmitted "X"
polarization component received on "Y " polarization at n-th
range bin. Similarly, the clutter scattering matrix associated to
the n-th range bin, being an ensemble of the Clutter Impulse
Response Matrix (CIRM) C, is defined as

Cn ,
[
CHH,n CHV,n

CV H,n CV V,n

]
, n ∈ {−N + 1, . . . ,M − 1}. (3)

After stacking all the observations into a single vector as

r ,
[(
rH,0, rV,0

)
, . . . ,

(
rH,M−1, rV,M−1

)]T ∈ C2M ,

the signal model in compact form is given by

r = αTT (θ)s+ c+ v = αTT (θ)s+Cs+ v, (4)

where αT is a complex parameter that accounts for radar e-
quation, propagation effects, etc, and v is the 2M -dimensional
additive noise

v ,
[(
vH,0, vV,0

)
, . . . ,

(
vH,M−1, vV,M−1

)]T ∈ C2M . (5)

The matrices T (θ) ,
∑Q−1

n=0 Jn ⊗ T n(θ) and C ,∑M−1
n=−N+1 Jn ⊗ Cn are the 2M × 2N -dimensional TIR-

M and CIRM, respectively, with Jn being the M ×
N -dimensional shift matrix defined as Jn(ℓ1, ℓ2) ,{
1 if ℓ1 − ℓ2 = n

0 if ℓ1 − ℓ2 ̸= n
, ℓ1 ∈ {1, . . . ,M}, ℓ2 ∈ {1, . . . , N}.

In the following, we will assume that the clutter and noise
are uncorrelated. Let the noise vector v be zero-mean (i.e.,
E[v] = 0), and circularly symmetric with covariance matrix
Σv = E[vv†] = σ2

vI . Let CHV,n = CV H,n due to the
reciprocity of monostatic scenario. We do not make any
(restrictive) assumption on the multivariate statistical charac-
terization of c. Differently, for the clutter scatterer in the n-th
range bin, assume it to be zero-mean, i.e., E[Cn] = 0 (viz.
E[C] = 0). Also, we account for the clutter correlation in both
polarization and range domains, namely define

rhk(n, n
′) ,

E[Ch,nC
∗
k,n′ ]√

E[|Ch,n|2]
√

E[|Ck,n′ |2]
, (6)

where h, k ∈ {HH,HV, V V }, as the normalized correlation
parameter between the clutter scatterers of the "h" channel
and the "k" channel at n-th and n′-th range bin, respectively.
As to the polarization correlation of the clutter, we exploit the
polarimetric clutter model in [2, Sec. II], namely {σ, ϵ, χ, ρ}.
After some algebraic manipulations, the 2M × 2M clutter
covariance matrix Σc(s) is obtained3.

3The explicit form of the clutter covariance matrix is not shown due to
space limitations.

III. PROBLEM FORMULATION

After filtering the observation vector through w ,
[w(0), . . . , w(2M − 1)]T ∈ C2M , the system output can be
written as

y = w†r = αTw
†T (θ)s+w†Cs+w†v, (7)

with the corresponding output SINR

SINRθ(s,w) , |αT |2|w†T (θ)s|2

E[|w†Cs|2] + E[|w†v|2]
. (8)

which can be further recast as:

SINRθ(s,w) =
|αT |2|w†T (θ)s|2

w† (Σc(s) + σ2
vI)w

. (9)

Hereinafter we will consider a bank of filters at receive side,
whose i-th filter is tuned to the TIRM corresponding to TAA
θi (i.e. T (θi)). Then, denoting with SINRi the output SINR
of i-th filter when the actual TAA corresponds to θi, we will
consider the worst-case SINR as the relevant figure of merit,
i.e., SINR , min

i=1,2,...,K
SINRi. This approach ensures a robust

design of the transmit waveform w.r.t the TAA uncertainty.
Moreover, to control some relevant features of the probing
signal, in addition to a constraint on the transmitted energy,
i.e., ||s||2 = 1, a similarity constraint is enforced on the
transmit sequence ||s − s0||2 ≤ γ, where the parameter
0 ≤ γ < 2 rules the size of the trust hypervolume and s0 is a
prefixed code (||s0||2 = 1). Hence, the optimization problem
for the joint design of full-polarization radar transmit code
and the receive filter bank, under such energy and similarity
constraints, can be formulated as

P

 max
s,{wi}K

i=1

min
i=1,...,K

|w†
iT (θi)s|2

w†
iΣc(s)wi + σ2

vw
†
iwi

s.t. ∥s∥2 = 1, ∥s− s0∥2 ≤ γ

, (10)

in which the term |αT |2 is not included since it does not affect
the optimization problem being investigated.

IV. CODE AND FILTER BANK DESIGN

Aimed at finding a good solution for the aforementioned
problem, we develop an optimization procedure which itera-
tively optimizes [5]

g(s, {wi}Ki=1) , min
i=1,...,K

ℜ
(
w†

iT (θi)s
)

√
w†

iΣc (s)wi + σ2
vw

†
iwi∥s∥2

.

(11)

in an "alternating" fashion, i.e. by keeping s fixed and maxi-
mizing {w(m)

i }Ki=1 and vice versa. To do this, we need the



optimal solutions s(m) and {w(m)
i }Ki=1 to the optimization

problems P(m)
s and P(m)

w respectively, defined as:

Ps(m)



max
s

min
i=1,...,K

ℜ
(
w

(m−1)
i

†
T (θi) s

)
√

w
(m−1)
i

†
(Σc (s) + σ2

v∥s∥2I)w
(m−1)
i

s.t. ∥s∥2 ≤ 1

ℜ
(
s†
0s

)
≥ γ1,

ℜ
(
w

(m−1)
i

†
T (θi) s

)
≥ 0, i = 1, 2, . . . ,K

,

(12)
where γ1 = 1− γ

2 > 0 and

Pw(m)


max

{wi}Ki=1

min
i=1,...,K

ℜ
(
w†

iT (θi) s
(m)

)
√

w†
i (Σc (s(m)) + σ2

v∥s(m)∥2I)wi

s.t. ℜ
(
w†

iT (θi) s
(m)

)
≥ 0, i = 1, 2, . . . ,K

.

(13)

The proposed procedure monotonically converges to the
limit value associated with the employed starting point and that
any cluster point is a stationary point. The former ensures the
algorithm stability (in terms of convergence) while the latter
shows the quality of the obtained solution since it satisfies
necessary optimality conditions.

A. Radar Code Optimization: Solution to Problem Pw(m)

It can be shown that, when s is fixed, optimization of wi

is decoupled and is given explicitly as

w
(m)
i =

(
Σc

(
s(m)

)
+ σ2

v ∥s(m)∥2I
)−1

T (θi) s
(m)∥∥∥∥(Σc

(
s(m)

)
+ σ2

v ∥s(m)∥2I
)−1/2

T (θi) s
(m)

∥∥∥∥2
,

i =1, . . . ,K. (14)

B. Radar Code Optimization: Solution to Problem Ps(m)

Ps(m) is solvable and we exploit results from the Gener-
alized Fractional Programming (GFP) theory [7], which are
summarized hereinafter in the form of a lemma, to obtain an
its optimal solution.

Lemma 4.1: Let X ⊆ CN be a convex compact set,
{fi(x)}Ii=1 be non-negative concave functions over X , and
{gi(x)}Ii=1 positive convex functions over X . Hence, the GFP
problem

PGFP

{
max
x

min
i=1,...,I

fi(x)

gi(x)
, s.t. x ∈ X , (15)

is solvable and an optimal solution can be obtained through
Generalized Dinkelback Algorithm (GDA).

Let us now observe that Ps(m) belongs to the class of GFP
problems. In fact, it can be recast as4

Ps(m)



max
s

min
i=1,...,K

ℜ
(
w

(m−1)
i

†
T (θi)s

)
√

s†
(
Σ̄c(w

(m−1)
i ) + σ2

v∥w
(m−1)
i ∥2I

)
s

s.t. ∥s∥2 ≤ 1

ℜ
(
s†
0s

)
≥ γ1

ℜ
(
w

(m−1)
i

†
T (θi) s

)
≥ 0, i = 1, 2, . . . ,K

.

(16)
It can be seen that the feasible set is a convex compact set and

the functions in the objective comply with the assumptions of
Lemma 4.1. As a consequence, we can apply GDA to get an
optimal solution.

C. Transmit-Receive System Design: Optimization Procedure

The optimization procedure is summarized as Algorithm 1.

Algorithm 1 : Polarization Transmit-Receive System Design

Input:
{
σ2
v

}
, {σn, ϵn, χn, ρn} , rjk(·, ·), {T (θi)} , s0, γ.

Output: A solution
(
s⋆, {w⋆

i }Ki=1

)
to P .

1: set m := 0, s(m) = s0, then the receive filter op-
timizer w

(m)
i is given in Eq. (14), and SINR(m) =(

g(s(m), {w(m)
i }Ki=1)

)2

;
2: do
3: m := m+ 1;
4: construct

(
Σ̄c(w

(m)
i ) + σ2

v∥w
(m)
i ∥2I

)
, i =

1, . . . ,K;
5: solve Ps(m) finding an optimal radar code s(m), via

the use of GDA;
6: construct the matrix Σc

(
s(m)

)
;

7: solve Pw(m) finding an optimal receive filter bank
using Eq. (14).

8: let SINR(m) =
(
g(s(m), {w(m)

i }Ki=1)
)2

;

9: until |SINR(m) − SINR(m−1)| ≤ ζ

10: output s⋆ = s(m) and w⋆
i = w

(m)
i , i = 1, . . . ,K.

The overall complexity of Algorithm 1 is linear
with respect to the number of outer iterations N ,
while, in each iteration, it includes the computation of(
Σc

(
s(m)

)
+ σ2

v∥s(m)∥2I
)−1

and the implementation of G-
DA. The former is in the order of O(K(2N)3) [8]. The latter is
linear with respect to the number of inner iterations while each
iteration corresponds to the complexity required to solve a
SOCP, which is O((2M)3.5 log(1/η)) (see [9, p. 249]), where
η is a prescribed accuracy.

V. NUMERICAL RESULTS

In this section, the performance analysis of the proposed
algorithm is presented. We utilize the Georgia Technology

4Σ̄c(wi) represents the filter-dependent clutter covariance matrix and its
explicit expression is omitted for the sake of brevity.
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Fig. 1: Optimized worst-case SINR vs. outer iterations.

Research Institute publicly released dataset [10] as the fore-
knowledge of the target. The dataset includes a turntable phase
history data of the T-72 tank measured covering a set of
azimuth and elevation angles by a fully polarimetric X-band
radar. More detailed description of the experimental setup
is omitted for the sake of simplicity and it can be found
in [11]. The clutter returns at different range bins share an
exponentially-shaped auto-correlation function rhk(n, n

′) =

a
|n−n′|
hk .
Fig. 1 plots the worst-case SINR versus the number of

outer iterations, for different values of the similarity γ ∈
{0.10, 1.00} and clutter range-correlation a ∈ {0, 0.8}, with
a filter bank with length K = 8 available for TAA un-
certainty set5. Precisely, the TAA belongs to the interval
IT = [25.50◦, 27.10◦], and the corresponding discrete TAAs
θi, i = 1, . . . ,K, are obtained uniformly sampling IT with a
step size 0.20◦, namely θi = 25.50◦+0.10◦+0.20◦× (i−1),
i = 1, . . . , 8, respectively. As expected, the devised method
monotonically increases the lowest SINR at the output of the
filter array. Moreover, as γ increases, the optimized worst-case
SINR value improves since the feasible set of the optimization
problem is enlarged. On the other hand, for the case of range-
correlative clutter, larger values of the worst SINR are obtained
with respect to the range-independent case. This is because, the
higher the clutter correlation the better the clutter suppression.

We compare the performance of our method with those
achieved by the counterparts proposed in [3] and [6]6. We
remark that, differently from our filter bank design, the meth-
ods in [3, 6] employ one filter and the optimally polarimetric
waveform-filter pair is computed based on nominal design,
namely the TIRM is assumed known (i.e., no mismatch).
Moreover, the methods in [3, 6] do not assume a similarity
constraint, so ambiguity function features can not be controlled
in both cases. Besides, we also specify our robust design to
work on the single-polarimetric radar case7 (using only HH
or VV channel) to ascertain whether the fully-polarimetric
radar provides a higher SINR performance than the single

5We underline that the same qualitative results have been observed when
other central azimuth angles, are employed in the plots.

6As stated in Sec. I, the algorithm in [6] can be applied to the polarimetric
radar case by simply setting the number of transmit and receive channels
equal to two.

7The algorithms in such simplified case are obtained considering a single-
polarimetric setup. Clearly in this setup no polarization-correlation parameter
needs to be specified.
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Fig. 2: Proposed method vs. single polarization filter bank
designs (including only HH polarization and only VV polar-
ization cases), the methods in [3] and [6]. SINRmax vs. θ with
TAA uncertainty interval: (a) IT = [25.50◦, 27.10◦] (K = 8),
(b) IT = [25.50◦, 28.70◦] (K = 16).

channel case. To represent the filter bank behaviour, we further
define the metric SINRmax(θ) , max1≤i≤K SINRi(θ) that
provides maximum output SINR of the filter bank with the
TAA θ. In the following, the proposed method and its single-
polarimetric (only HH or VV channel) counterparts, utilize
the same uncertainty set for the TAAs. Moreover, the fully-
polarimetric one filter methods [3] and [6], set the nominal
TAA to 26.20◦. Then Fig. 2(a) depicts SINRmax(θ) for the
aforementioned five methods assuming K=8 uniformly spaced
TAAs. The curves highlight that, although the robust approach
achieves lower SINR values compared to the matched SINR of
the nominal design (methods in [3] and [6]), it exhibits higher
and flatter SINR values over the entire TAA uncertainty set.
Moreover, the results reveal that, the new proposed approach
outperforms both HH and VV channel single-polarimetric
robust design in terms of worst-case SINR. The same compar-
ison is also shown in Fig. 2(b) for the wider TAA uncertainty
interval IT = [25.50◦, 28.70◦] where the same step size as in
Fig. 2(a) has been employed for filter bank methods (K = 16)
and the nominal TAA for methods in [3] and [6] has been set to
27.00◦. The same conclusions as in Fig. 2(a) can be obtained,
thus confirming the effectiveness of the proposed method.

VI. CONCLUSIONS

Robust joint optimization of the transmit signal and receive
filter bank for the extended target of polarimetric radar has
been considered. By assuming the TAA unknown but lying
within a given uncertainty interval, the worst-case SINR at
the output of a filter bank has been considered as the figure of
merit to optimize. A similarity constraint has been enforced on
the transmit code, in addition to the energy constraint, aiming
at enforcing desirable features to the the probing waveform.
Owing to a suitable reformulation of the considered non-
convex design problem, an iterative optimization procedure
over the transmit signal and the receive filter bank has been
devised. Finally, the proposed method has been validated
through experimental results and compared with existing al-
ternatives not accounting for TAA uncertainty, thus showing
its attractiveness in terms of increased robustness.
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