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Abstract—In this paper, we deal with cognitive design of the signal-dependent clutter (modeled as a collection of ieceit
transmit signal and receive filter optimizing the radar detection  gcatterers) and signal-independent disturbance (duenimga,
performance w!thout affecting s_pectre_ll compatibility with some Electromagnetic Interference (EMI) and noise), consitgri
licensed overlaid electromagnetic radiators. We assume &t the . . . 4
radar is embedded in a highly reverberating environment and the Slg_nal to Interfere_nqe plus Noise Ratio _(SINR) as theaégu
exploit cognition provided by Radio Environmental Map (REM), ~ Of merit, and constraining the amount of interference eperg
to induce spectral constraints on the radar waveform, by a produced on reserved frequency bands. We also enforce an
dynamic environmental database, to predict the actual scaring  energy constraint and a similarity constraint with a pribsct
scenario, and by an Electronic Support Measurement (ESM) \yaveform, so as to control some relevant characteristitiseof
system, to acquire information about hostile active jammes. At . o
the design stage, we develop an optimization procedure whic Wave_form, such as range-Doppler resolution and variations
sequentially improves the Signal to Interference plus Nois Ratio  the signal modulus.

(SINR). Moreover, we enforce a spectral energy constraintrad a The devised constrained optimization procedure sequen-
similarity constraint between the transmitted signal and aknc_)wn tially improves the SINR. Each iteration of the algorithm
radar waveform. At the analysis stage, we assess the effa@ess oqires the solution of two hidden-convex optimizationkpr
of the propos_ed technique to optimizing SINR while providirg lems. The resulting comoutati | lexity is i hwit
spectral coexistence. . ing computational complexity is linearhwi
the number of iterations and polynomial with the receive
|. INTRODUCTION filter length. At the analysis stage, we assess the perfarenan

The ever growing demand of both high quality wirelessf the proposed algorithm assuming a homogeneous clutter
services and accurate remote sensing capabilities isasioigg  environment, and considering a signal-independent diathaoe
the amount of required bandwidth, making the spectral cproduced by interference sources from licensed telecommu-
existence among radar and licensed radiators a primarg issication systems and unlicensed active jammers. The sesult
[1], [2]. Several papers in the open literature have comsidle show that considerable SINR improvements (with respect to
the problem of synthesizing radar waveforms with a suitablee not optimized code) can be obtained by jointly optimiz-
frequency allocation [3], [4]. Most of them do not directlying the transmitter and the receiver, while ensuring spéctr
account for signal-dependent interference at the desmestcoexistence with the overlaid licensed radiators.

[5], [6], [7]. The paper is organized as follows. In Section I, we describe
In the present paper, we consider a radar operating inttee system model. In Section Ill, we formulate the consadin
highly reverberating environment, and propose a joint deptimization problem for the design of the radar code and the

sign of the transmit signal and receive filter, ensuring theceive filter, and propose a sequential optimization pioce
coexistence with overlaid licensed radiators and optingzi to solve it. In Section IV, we assess the performance of the
radar detection performance. Precisely, we assume that pheposed algorithm. Finally, in Section V, we draw conabusi
radar system exploits a Radio Environmental Map (REM)nd discuss possible future research tracks.

[8] to get spectrum cognition about the licensed radiators, )

and a dynamic environmental database [9] (including féF- Notation

instance a geographical information system, digital terra We adopt the notation of using boldface for vecter@ower
maps, previous radar experiences, and spectral clutter modse), and matricegl (upper case). Theé-th element ofa

els) to predict the actual scattering scenario [10]; moeeovand the(m,[)-th entry of A are respectively denoted i)

we suppose that the information concerning hostile jammeasd A(m, ). The transpose, the conjugate, and the conjugate
(unlicensed radiators) are acquired by means of an Eldctrotranspose operators are denoted by the symppis (-)* and
Support Measurement (ESM) system. Hence, making use(off respectively. tf-) and rank-) are the trace and the rank
the above information, we devise a suitable radar code aoidthe square matrix argument. and 0 denote respectively
receive filter for a point-like stationary target embeddad ithe identity matrix and the matrix with zero entries (thenes



is determined from the context}: andH" are respectively and

the sets of theV-dimensional vectors of complex numbers fh— fk if m =1,
and N x N Hermitian matrices. For anA € HY, A = 0 RE(m, 1) = ei2rfs(m=1) _ g2mfi(m=10)

means thatA is a positive semidefinite matrix4 > 0 for A - if m #£1,(m,l)
positive definiteness). The Euclidean norm of the veatads j2m(m —1) c{.. NP

denoted by||z||. The letter;j represents the imaginary unit (4)
(ie. j = v~1). For any complex number, |z| and argz) Notice that, by suitably choosing the coefficients > 0,
represent the modulus and the argument.d [ denotesthe ;. _ 1 different weights can be given to the coexisting
statistical expectation. Finally, for any optimizatioroplem \yireless networks, for instance based on their distance fro

P, v(P) represents its optimal value. the radar and their tactical importance. It is worth poigtinut
that radar systems can exploit a REM to get cognizance of the
Il. SYSTEM MODEL licensed radiators (e.g. their spatial location and badtwi

) . . . occupation), a dynamical environmental map to predict the
We consider a monostatic radar system which transmits gy o, reverberating scenario (i.8,, ¥ # 0) and an ESM

coherent busgt ofV sub-pulses. TheV-dimensional column gy qtem to obtain awareness of the hostile unlicensed cagiat
vectorv € C* of the fast-time observations, from the range-

azimuth cell under test, can be expressed asars+c+n, [1l. CoDE DESIGN

with s € CV the fast-time radar codexr a complex |n this section, we deal with the joint design of the radar
parameter accounting for the response of the target witfén transmit waveform and receive filter in order to maximize
range-azimuth bin of interest; € C the vector of clutter the SINR providing a control both on the interfering energy
samples, andh € CV the vector of the signal-independenproduced in the licensed bands and desirable features of the
interference samples. In particular,accounts for both white transmitted signal. Specifically, we assume that the veator
internal thermal noise and interfering (licensed and emged) the observations € CV is filtered throughw € CV, so that
radiators, and it is modeled as a complex, zero-mean, aiflgul the SINR at the output of the filter can be written as:
symmetric Gaussian random vector, with covariance matrix

2
E[nn'] = Ring. As toc, it is the superposition of the returns lar|* |w's|

. SINR = , 5
from the range cells adjacent that under test, namely [11]: w' [ (8) + Rind) w ©®)
N-1 whereX, (s) = E [ccl] = i\[:—fN+17k¢() BrJyssTJT.
c= Z apJis, D Furthermore, to ensure coexistence among the radar and
k=—N+1 wireless telecommunication infrastructures sharing thmes

k#£0 .
spectrum, we enforce the transmitted waveform to be com-
where Jy, k = +1,...,+(N — 1) denotes the shift matrix pliant vyith the constrai_nt (2). Besidgs, _other than_ an energ
Ji(l,m) = 1if I —m =k, Ji(l,m) = 0 elsewhere, with constralnt||s||2 = 1, we impose a similarity constraint with a
(1,m) € {1,...,N}2, and {ay}rzo represent the scatteringUnit energy reference codg, namely||s — sol* < € (where
coefficients of the range cells adjacent that under testetedd € = 0 rules the size of the similarity region), so as to indirectly

Gaussian random variables wiit|ay|2] = . (such as its range resolution). Thus, the joint design of the

As to the licensed radiators coexisting with the radar (51';1dar code and the receive filter can be formulated in terms of

interest, we suppose that each of them is working over! following constrained optimization problem:

frequency band), = [ff, f5], k =1,..., K, where f{’ and lar|? |wTS|2

f% denote the lower and upper normalized frequencies for the max Ty R
k-th system, respectively. To guarantee spectral com{igtibi P st ﬁ"’s H£ “e (13) + Ring] w . ©6)

with the overlayed telecommunication services, the radar h
to control the amount of interfering energy produced on the
shared frequency bands. From an analytical point of vieis, th

STRIS S E]
s —s0ll* <e

is tantamount to forcing the following constraint [4] As highlighted in [4], not all the pair§E;,¢) produce
a feasible problenP. Nevertheless, the set of paif&y,e)
s'R;s < Ej, (2) associated with feasible problems, in the following reddrr

to as I/S achievable region, can be determined with arlitrar
where E; denotes the maximum allowed interference whicprecision (see [4] for further details).

can be tolerated by the coexisting telecommunication net-Notice that problen is a non-convex optimization prob-

works, lem, since the objective function is a non-convex functiod a
X the constraint|s|> = 1 defines a non-convex set. Therefore,
— following the guidelines in [5], we aim to derive optimized
R; =) wR} 3) g the g [] P

= solutions toP via a sequential maximization procedure. The



idea is to iteratively improve the SINR, controlling, at thé\lgorithm 1 : Algorithm for Radar Code Optimization

same time, the total amount of energy injected in the licgénsenput :
bandwidth, as well as radar waveform features. Specificalut put :

givenw ™1, we search for an admissible radar cad® at

stepn |mprovmg the SINR corresponding to the receive filter

w~1 and the transmitted signal”—Y. Whenevers(™ is
found, we fix it and search for the filteo™) which improves
the SINR corresponding to the radar cad® and the receive
filter w(™~Y, and so on. Otherwise stated;™ is used as
starting point at step + 1. To trigger the procedure, the
optimal receive filterw(®), for an admissible code(©), is

considered. Notice that the proposed optimization proeedu
requires a condition to stop the iterations; to this end, an

iteration gain constraint can be forced, namely
ISINR™ — SINR™ V| < ¢,

where¢ > 0 is the desired precision.
From an analytical point of vieww) can be computed
solving the optimization problem

| |? ‘wTs(”)

Pw'™ { max )
vl [Ec (s(”)) + Rind} w
whose optimal solution, for any fixesl™), is given by
-1
e (8™) + Rina| ™
w(n) _ [ ( ) } (8)

st [gc (Sm)) + Ry, d}’ s
On the other hands(™ is an optimal solution to the following
non-convex optimization probler®,™):

|aT|2|w(n I)TS|2
w VT3, (s) + Ringl w
[s]* =1
sTR;s < E;
l[s = s0l|* <€

max

E] (n—1)

Ps" )

S.t.

It is possible to show that probler®,™) is a hidden-
convex optimization problem. Precisely, its optimal siont

M; Qv Rlv S0, 56; Er.
An optimal solutions™ to P, (™),
1: solve SDPP; finding an optimal solutiori.S*, ¢*) and the
optimal valuev*;

2: let S* .= S*/t*;

3 i f rankS*) =1then

4. perform an eigen-decompositidit = s*(s*)T and get
s*.

5. el se

6: apply the rank-one decomposition theorem [12,

Theorem 2.3] to the set of matrice6S*,Q —
v*M, sos)), I, Rr) and gets*;

end

outputs(™ := g*eiars(s*'s0)

7.

8: and terminate.

* Ep = 0.0017, ¢ = 0.089;
x Ep=0.0017, ¢ = 0.1;

* By =0.0017, e = 0.15;
¢ E;=0.0017, e5 = 0.3;

Figure 1: I/S achievable region.

As to the computational complexity of the iterative pro-
cedure, it is linear with respect to the number of iterations
N, whereas, in each iteration, it includes the computation
of the inverse of. (s™) + Ring and the complexity effort
of Algorithm 1. The former is in the order o®(N?3). The
latter is connected with the complexity of SDP solution, i.e
O(N35).

IV. PERFORMANCEANALYSIS
In this section, we assess the performance of the proposed

can be computed in polynomial time (resorting to the rankyaveform design technique in terms of achievable SINR,
one matrix decomposition theorem [12, Theorem 2.3)),ist@rt waveform spectral shape, and disturbance rejection festur
from an optimal solution to the semidefinite programmingve consider a radar whose baseband equivalent transmitted
(SDP) problem signal has a two-sided bandwidth of 810 KHz and it is sampled

max tr (QS) at f, = 810 KHz: As to the signgl—dependept interference,
St we assume a uniform clutter environment with = 8 dB,
st (M S) = k = +1,...,+(N — 1). Moreover, we model the covariance
P tr (S) = , (10) matrix of the signal-independent interference as
tr (R[S) <tEy
tr (SoS) >t o
>(0 5),; Rlnd—UOI+Z Ik ZUJkRJk7

with ¢ an auxiliary variable SO = sos), S € HY, Q
_ ,w(n l)w(n 1)]L M = Zk77N+1 k0 ﬁk Jk w(n 1)
w(” Dt g, + w(” DI Ripgw ™ DI, ands, = (1 — €/2)2.

where: 1)oy = 0 dB is the thermal noise level; 2y = 2 is the
number of licensed cooperative radiatorsp3), accounts for
the energy of thé&-th coexisting telecommunication network

Algorithm 1 summarizes the procedure leading to an optimaperating on the normalized frequency bdrd, /5] (o7, =

solution s(™ of P,

10dB, k=1,...,K); 4) A fr, = f¥ — fF is the bandwidth



associated with thg-th licensed radiator, fot = 1,..., K; 5)
K ; = 2 is the number of active and unlicensed narrowbar
jammers; 6)o;%, k = 1,...,K;, accounts for the energy
of the k-th active jammer €;; = 25 dB, 052 = 30 dB);
7) Ry = rJykrT]’k, k = 1,...,K,, is the normalized
disturbance covariance matrix of theth active unlicensed
jammer, with 75, (i) = e?™foni/fs i = 0,...,N — 1, ; :gjg-ggg:jg};_
where f;;, denotes the frequency shift of theth jammer o — B — 00017, 6 =03 |
(fr1/fs = 0.7, and f;2/fs = 0.75). As to the overlaid and S T SO S
foreseen telecommunication systems, which spectrallyisbe
with the radar of interest, we consider the baseband eaunval
radar stop-band®; = [0.05,0.08] andQ2, = [0.4,0.435], and
suppose that they have the same relevance, namely 1, for

k =1, 2. Furthermore, we model the reference wavefagas

a unit norm Linear Frequency Modulated (LFM) pulse, namely
so(i) = 1/V/Nes2wK<(i/1)* i =0 ... N—1, with a duration

of 148 usec and a chirp rat&’; = (750 x 103)/(148 x 1075)
Hz/sec (which results inN = 120 samples due to the
considered sampling frequency), and assume a Signal t@Nois ‘

Ratio (SNR)|ar|?/|oo| = 10 dB. In the exit condition, we emany 0T

set( =107°.

In Figure 1, we represent the I/S achievable region for thejgyre 2: a) SINR; b) ESD (stop-bands shaded in light gray);
considered scenario, and highlight some possible chomes frown curve: reference code; blue curve: starting sequence
the pairs(£p, €) (referred to in the sequel as operative points}(0): yed curve:s* for By = 0.0017, ¢; = 0.1; magenta curve:
Notice that the radar designer can properly select the tpera s for £, — 0.0017, e, = 0.15; black curve:s* for E; =

points to suitably control spectral coexistence, destrabtlar () 017, ¢; = 0.3.
features and achievable SINR of the system.
In Figure 2a, we plot the SINR behavior versus the numbeTable 1 ISL and PSL of the CCFs for the transmit waveform
of iterations, for the operative pointsr,e,), p = 1,2,3, s(™ and the receive filtenv™), for iteration numbem =
with E; = 0.0017, ¢, = 0.1, &2 = 0.15, e = 0.3 As 1,10,30,50 and (E7, e3) = (0.0017,0.3).
expected, increasingis tantamount to improving the optimal
value of the SINR, since the feasible set of the optimization [ S L E LIS H L
problem becomes larger and larger (with performance ggins u PSL [dB] | —19.03 | —21.53 | —22.02 | —22.05
to approximatively 1.6 dB). IrFigure 2b, with reference to
the same operative points Bfgure 2a, we report the Energy
Spectral Density (ESD) of the synthesized signals verses ifeceive optimization procedure to sequentially achievitebe
normalized frequency, together with that of the refereramtec and better signal-dependent disturbance suppressiols.leve
so. The stop-bands in which the licensed systems are located,
are shaded in light gray. The curves show that the proposed
technique is capable to suitably control the amount of en-In this paper, focusing on a radar which operates in a highly
ergy produced over the shared frequency bands. Additipnalieverberating environment, we considered the cognitisigte
increasing the similarity parametey namely increasing the of the transmit signal and the receive filter in a spectrally
available degrees of freedom, smarter and smarter disititgi crowded environment, where some frequency bands are shared
of the useful energy are achieved. In fact, there is a pregyes among the radar and other telecommunications systems. We
reduction of the radar emission in correspondence of tegploited the cognition provided by a REM to get spectral
shared frequencies, as well as an enhancement of the jamawareness of the licensed radiators, a dynamic envirorahent
rejection capabilities. Finally, inTable 1, we provide the database to predict the actual scattering scenario, ankh E
Integrated Sidelobe Level (ISL) and the Peak Sidelobe Lewaistem to obtain information about active jammers. Then, we
(PSL) for the Cross-Correlation Functions (CCFs) of thearadproposed an iterative procedure which sequentially imgsov
codes and receive filters, corresponding to the operatiirt padhe SINR, while controlling the interference energy proetlic
(Er,e3) = (0.017,0.3), for different values of the iteration in the licensed bands. At each step, the proposed procedure
number ¢ = 1,10, 30,50). Interestingly, the values in therequires the solution of two hidden-convex optimizationlpr
table reflect the capability of the proposed joint transmitems, with a computational complexity which is linear with
the number of iterations and polynomial with the receivefilt

1We set the starting sequensé”) as that corresponding to the operativel€Ngth. At the analysis stage, we assessed the performance

point A of Figure 1 (namely, E; = 0.0017, ¢p = 0.089). of the devised waveform and filter in terms of achievable

—FE;=0.0017, ¢ =0.1; | |
— By = 0.0017, ¢, = 0.15;
—FE; =0.0017, e3 = 0.3;
—s0);

So;

V. CONCLUSIONS



SINR and spectral compatibility; furthermore, we showeel th
capability of the joint transmit-receive optimization pealure

to achieve better and better signal-dependent interferenc
suppression levels at each iteration step.
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