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AdaptiveNullingin Time-Modulated Linear Arrayswith Min-

iImum Power L osses

L. Poli, P. Rocca, G. Oliveri, and A. Massa

Abstract

The synthesis of adaptive time-modulated linear arrays#atdvith by means of an in-
novative strategy Particle Swarm Optimizer is used to reconfigure the pulse
sequence controlling the static element excitati@swell as the least significant bits of
digital phase shifters to maximize the signal-to-intezfere-plus-noise ratio at the receiver.
The reduction of the power content of sideband generated by the periodic on-off
commutation of switches is addressed by customizing toisatnepic sources a very ef-
fective analytic relationship. A set of selected resultseisorted and discussed to show
and limitations of the proposed approach. Comparisons prigviously

published results are also presented.

Key words. Adaptive Nulling, Time-Modulated Linear Arrays, SidelobbRadiation, Particle

Swarm Optimization.



1 Introduction

Adaptive antenna arrays are key devices for many applsiio radars and communications
[1] because of the need to properly receive a desired signdde presence of interferences
or jammers. Dealing with adaptive phased-arrays, sevechahniques have been proposed to
control the element weights for synthesizing beam pattetts mlong the directions of arrival
(DoAs) of the undesired signals [2]-[5]. For hardwafél{’) architectures with a receiver at
each array element, amplitude and phase weights can beefljcieconfigured by multiplying
the quiescent coefficients by the inverse of the covariarateixi2]. Although very effective,
such a solution has because of thé/ 1/ complexity and the high costs.
Commercial arrays generally have only one output whosesvalaqual to the sum of the power
of the signals impinging on the antenna array. Furthermph@ase-only adaptive strategies
are usually preferred to the use of tunable amplitude wsifBit[5] due to the cheap costs
and the reliability of digital phase shifters. Thereforaavy optimization strategies based on
evolutionary algorithms have beerecd Genetic Algorithms@ As) have been used in [6] to set
the least significant bits of the digital phase shifters farimizing the total output power. It has
been proved that small variations of the phase weights geovery effective nulling results in
different scenarios, while small changes of the positiothefmain beam guarantee a suitable
reception of the desired signak: ; learning strategies exploiting the memory on
the control history have been integrateddm-based approaches [7][8] to increase the time-
reaction of the system. More recently, the Particle Swarninr@per (PSO) has addressed
pattern nulling problems [9outperforming other adaptive algorithms. A memory-enlegnc
version has been investigated also in this case to face mamplex scenarios characterized by
jammers located in both the far-field and the near-field oféoeiving antenna [10].

In years, time-modulated arrays hawg growing interest since they overcome
some classical drawbacks of the amplitude-weight contychibitrarily shaping the radiated
pattern by means of the modulation of the static excitatidig-[18] with a set of radio-
frequency RF) switches. However, the generation of
unwanted harmonic radiations. To address these issueppamagh based on a Hybrid Differ-

ential Evolution { DF) algorithm has been developed for time-modulated lineangdries



(i.e., time-modulated linear arrayd™\/ L As) [19]. The minimization of the total output power
has been carried out as in [6], but here the optimization®fehst significant bits of the digital
phase shifters as well as the pulse sequence controllingtéitie excitations have been opti-

mized.

The sideband levelYB L), namely the peak level of the sideband radiatiofiBg), has
also minimized yielding satisfactory results [19]. However, sucll' 8 L optimization to
compensate th8 R losses presents sFirst, it does not usually consider the total
amount of power losses in harmonic radiations since theuatiah of theSBL is generally
limited to the first harmonic patterns [11][12][19]. Secotlie evaluation of th& BL is cum-
bersome from a computational point of viesince the generation of the whole set of harmonic
patterns is required.

antinnovativeP SO-based adaptive nulling strategy
based on the maximization of the signal-to-interferencs-poise ratio. To deal with th€R
optimization, the relationship derived in [20] an exact computation of
the contribution of the infinite harmonic radiatiorigas been modified to encompass the use
non-isotropic sources, as well. THeSO has been used to optimize the pulse sequence
controlling the static excitations as well as the leastificant bits of the digital phase shifters
whose weights have been supposed with an odd-symmetrstabdtion to achieve the nulling
with minimum perturbation of their phase values [21].
The rest of the paper is organized as follows. The problemathematically formulated in
2, where the adaptive nulling strategy:-is odescribed. The results of a set of numerical
experiments are reported and discusseddntion3 to point out and limitations of
the proposed approach« 3.1) as well as for comparisons with state-of-the-art mgsho

( 3.2).

2 Mathematical Formulation

Let us consider a time-modulated linear array compased point sources witRin § element

patterns (i.e., collinear short dipoles) equally-spadedathez-axis. A desired signal and
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interferences impinge on the antenna fréyrandé;, i = 1, ..., I, different directions, respec-
tively. The electromagnetic signals axe to be narrow-band plane waves with central
angular frequency, = 27 fo. The antenna output when at least one element is time-mtedula
is given by [22] .

F(t,0) = 70! sin@ZanUn(t)em["%%)]dwse (1)

n=1
whereo,, = A,e’%", n = 1,...,N, is then-th complex static excitation4,, and ¢, being
the corresponding amplitude weight and phase weight, céispl. Moreover,d is the inter-
element distance and = = is the free-space wavenumbeieing the speed of light in vac-
uum. Furthermorel/, (t) = U, (t + kT,), h € Z, is a periodic rectangular pulse function of
period T, that models the on-off of an RF' switch used to modulate theth array

element where

1 0<t <771,
Un () = )
0 t> 7,71,

7, € [0, 1] being the normalized duration of the “on” state of tixh element (the so-called
switch-on timg By considering the Fourier expansion of the modulatintsesi U, (t) =
> nez Unn€™ P n =1, N, uy, = TLP OTP U, (t) e~"»tdt being the Fourier coefficient and

Wy = 2T—’; Equation (1) can be expressed as the summation of infinitedrac terms spaced by

w, [22]. More / the term at the central frequendy £ 0) turns out to be
N . N+1
Fy () =sind Z et A= (5 Jdeosd (3)
n=1

wherer,, = u,9, n = 1, ..., N, while theS R contribution is equal to [20]

N
Fsr(0,t) = Z elhert sin@Zanunhejﬁ["f(%)]dcose. (4)
heZ, h#0 n=1

The power at the array elements from the desired signal is

N 2
Ty = |sinfys, Z OznTnejﬁ[nf(%)]dCOS@d 5)

n=1



wheres, is the received signal strength, while the amount of unddgiower collected by the

receiverisY, =T, + T, where

2

I N
T, = Z sin 6;s; Z anTnem["%%)]de % (6)
i=1 n=1

is related to thd interfering signalss;, i = 1, ..., I, being the strength of theth signal, and
T, is the power of the noise modeled asA&W G process.
To maximize the signal-to-interference-plus-noise ré$ib/NV R), the problem at hand is formu-

lated as in [7][9] and the following functional is maximized

Ty(z 0)
Ya(r,9) +Tu (T, 9)

(7)

\I,SINR (Z’ f) —
to determine the two sets of unknowns= {7,, n=1,..,N} andy = {p,, n=1,...,N}.
Dealing with time-modulation, Equation (7) is properlyagtated with a suitable additive term

to take into account the power losses due to the modulatitimedgtatic excitations

Py (z,¢)

2y 8
Piot (L f) ®)

W (n.g) = (ng) +

whereF, (1, ) = P (7, ) — Psr (1, ¢) is the power associated to the pattern at the central

frequency,P,,; and Psy being the total power and the losses in e, respectively. This latter

is computed the relationship in [20] evaluated for point sources
N N .
4 ) .\ [sinc (&) —cos(§)] .
PSR = g ngl {‘Oén| Tn (1 - Tn)}+2 E {Re(aman) |: £2 (T - Tan)

mn=1m%#n

(9)

where¢ = gd (m — n) andt = 7, if 7, < 7, and7 = 7,,,, otherwise. Moreover, Re) and x
denote the real part and complex conjugation, respectively

The optimization of (7) or (8) is carried out by means of thertial weight version of the
PSO algorithm [23] following the guidelines described in [9]chaxtended to the synthesis of

time-modulated arrays in [24].



3 Numerical Results

In this section, a set of numerical experiments is reporteti discussed to assess the effec-
tiveness of the proposed adaptive nulling strategy. Wileatest case, if it is not specified,
the electromagnetic source of the desired signal is asstwnaelin broadside (i.ef; = 90°)
with powerY,; = 0dB and the environment is with a level of noise30 d B below the
strength of the desired signal'{ = —30dB). As far as thePSO is concerned, a swarm of
S =2 x N particles has been used in all the experiments and the ¢parameters have been
set according to the indications given in [25]. Both cogmit{C;) and social ;) accelera-
tion coefficients have been fixed 2pwhile the inertial weight) has been linearly decreased
throughout the iterative optimization frotn9 to 0.4.

The first two numerical experiments are aimed at showingffileeteseness of th&'/ N R-based
approach for adaptive nulling, never considered befor¢éhi@gdoest of the authors’ knowledge)
for the synthesis of time-modulated arrays. Towards this, asotropic sources have been
considered instead of small dipoles [i.e., in (1) and in trelulation the term:nf has been set
equal to one as in [24]] to show tie of the proposed method without any bias related
to the kind of radiating sources. Accordingly, in the firspesment, a single interference
(I = 1) of powerY; = 30dB impinges on a linear array of = 20 equally-spaced elements
(d = 0.5, Ao being the wavelength at the central frequency) figm= 158°. The static array
configuration is characterized by real weight coefficienith winiform amplitudes 4, = 1,
n=1,...,N)and null phases{, = 0,n = 1, ..., N). By optimizingz, the pulse sequences and
the corresponding radiation patternssatand (wy + hw,), h = 1,2 synthesized with thé SO
are displayed in Fig. 1. More specifically, Figurea)i(b) are concerned with the maximization
of the unconstrained /N R functional (7), while the results of the joint optimization the
SIN R and of the sideband power losses are reported in Figs.(d). As expected, since both
setsa,, n =1,...,N,andr,,n = 1,..., N, are real, the patterf,(¢) turns out symmetric.
For completeness, thie of the cost functiorn the optimal solution of
the swarm during the iterative process is given in Fig. 2.

As can be observed, the null is correctly placed along thection of the interferer in both

cases (Fig. 1) and the null depth turns out ta7be@ B and90 d B, respectively (Fig. 3). The



advantages derived from th& z minimization are non-negligible. Orme one hand, the total
amount of power losses in thteR reduces fron.86% down t01.34% of the radiated power.
Moreover, a significant reduction of tht&B L has alsa (e.g., almosti3 dB for
h = 1sinceSBL = —23.6dB goes down taSBL°®? = —36.4dB) as the plots in
Fig. 4 where the sideband level of the fiZd harmonic patternsSBL™, h = 1, ..., 20, are
reported. On the other hand, only one switch is required i@gee the pulse configuration in
Fig. 1(c) and thel6-th element is turned-off, whilé8 switches are necessary when th&
term is not taken into account during the optimization. Asnalfremark, while the sidelobe
level (SLL) of the pattern at the central frequency is slightly impiyalthough not involved
in the optimization) fromSLL = —13.6dB to SLL°® = —14.4dB, it is worth pointing out
that the antenna directivity'soincreases because of the reduction of the power lossesns
out thatDSE = 12.7dB againstD,,,,, = 11.1dBW,
The second experiment deals with a multiple-jamming condigon. Three interferences with
equal powerT; = 30dB, ¢« = 1,2, 3) impinge on the antenna frofy = 4°, #, = 130°, and
03 = 173°. The solutions synthesized at the end of the optimizatiocgsses are given in Fig.
5. Also in this case, the undesired signals are efficienthpsessed and three nulls (Fig. 6) are
located at the convergence in correspondence witlihés of the jammers. As expected, sim-
ilar conclusions to those from the previous example arisedmgparing the solutions with and
without theS R constraining term in the cost function to be maximized. Toegr losses
(PSINP — 6.58% vs. PSIVR57) — 9 750%) and the maximum directivity increases
almost1dB from D,,,, = 11.7dB up to D3% = 12.6 dB. Moreover, theSBL" values
turn out to be always smaller that those without fhi¢ constraint (Fig. 7). As regards tiélV
architecture] than halfthe switches (i.e.4 against9) are required to modulate the array
according to the pulse sequence of Fige) Biistead of using the configuration in Fig.ap(
Since adaptive nulling i’ M LAs has been already dealt with in the literature, the residlts o
some comparisons with the solutions achieved in [19] whieeenulling has been obtained

through the minimization of the total output power with tHeD E-based approach are shown

and discussed in the following. For fair comparisons, skigrbles are considered and the

(1) The directivity values have been computed by exploiting#iationship available in [26].



unknowns to be optimized are now the time duratiansand the phase coefficients,

[19], the phase shifters are characterizeddby 6 bits and only the two least significant & 2)
have been modified during the optimization process. Howawdike [19], anti-symmetric
phases have been consideredferone hand to take into account the same number of degrees of
freedom in the synthesis process and on the other hand yceiploit the suggestion in [6][21]
about nulling efficiency of phase distributidh As for the switch-on times, the admissible
perturbations have been limited 46).237,, (i.e., 7, € [7/""* £0.23], n = 1, ..., N, 7" being
then-th guess switch-on-time).

The first comparison considersial// LA of N = 40 elementsd{ = 0.5),) and two interferers
from u; = cos#, = 0.62 (i.e., #; = 51.68°) anduy, = cost, = 0.72 (i.e., O, = 43.95°)
both with power60 dB over the desired signal({ = 60dB, : = 1,2). The starting pulse
sequence has been set to afford a Dolph-Chebyshev pat@rat[2, with SLL = —30dB
(i.e., rint = 7DC¢ pn = 1., N) and uniform static excitations have been chosép & 1,

n = 1,..., N) to simplify the architecture of the beam forming networkyeell.

The HDE, aimed at reducing th&R losses through thé& BL minimization, required250

iterations (Fig. 8) to place nulls (4%’ ~ —50dB at the interferencéoAs (even
though‘m‘ + T, ~ 10dB, i = 1,2) with SBL#PF = maz;, { SBL#PEM} equal
to —16.7dB [19]. i the proposed”SO-based approach has yielded null depths of

—160 dB, far below the levels reached with tHéD F, just after200 iterations (Fig. 8) by
computing theS R using (9) throughout the optimization process. The pulgeieece and the
phase weights at theSO convergence are shown in Fig. 9, while the radiated patesriise
central frequency and afy, + hw,, h = 1,2, are reported in Fig. 10. As it can be observed
(Fig. 10), the maximum value &f BL has been lowered of more thaw B (SBLL? r or =
—20.2dB), as well. However, the&/LL of the PSO solution turns out to be higher than the
HDE one [19] SLLEPOr ¢r = —16.0dB vs. SLLHPE = —27.0dB). This is not surprising
because of the even distribution about tketreof the H D E phases used to keep low thé. L

of the radiation at, [6][27]. To address th&' L L minimization with odd phase shifts, a

suitable forcing term has been added to (8)

(2) “Lowering the sidelobe levels requires an even phase shofitethe center of the array [27], while nulling
requires an odd phase sh[21]” [6].



|SLL (z,¢)|

SLL| (10)

UINE L (T,p) = UEENE (7, 0) +

Fo(9)

whereSLL £ maXgeogry {m

} andOg, ;, identifies the range of angular directions
outside the main beam region. Following such a strategy ettthg SLL™/ = —30dB, the
patterns shown in Fig. 11 have been synthesized. The jamanetill efficiently suppressed
with nulls deeper thar-100 d B, but now the level of the secondary lobesugtis of the same
orderof magnitudeasthe H DE solution (i.e.,.SLLE?Cr on o1 = —24.8 dB) with a reduc-
tion of more tharg d B compared t&6 BLE? Y, o For completeness, tHeSO pulse sequence
and the phase weights are reported in Figalafd Fig. 126), respectively.

The last experiment is concerned with a larger array Witk= 100 elements and = 0.5).

[19], the performances of theSO adaptive nulling strategy are evaluated when an inter-
fering signal of powefl’; = 54 d B impinges on the array close to the main lobg<£ 88.28°),
while the second onél(, = 46 dB) is generated by a source@t= 43.11°. For comparison
purposes[ = 4 bits among the availablé have been changed as in [19] since placing nulls
close to the main beam is expected to need more significaturpations of the phase weights.
Figure 13 shows the patterns synthesized when optimizi@gk{ constraining the switch-on
times withinz,, € [t +0.23], n = 1,..., N, as in [19] [Fig. 134)] and without constraints
on the switching sequence [Fig. Byl In both cases, the jammers are suitably counteracted
with null depths lower than-80 dB. As for the other pattern features, the synthesized pattern
is characterized by LLYS9 = —14.5dB in the constrained cas& [ L7PF = —17.5dB)
and theSBL is lowered of more thag0dB with respect to théd DE solution SBLHPF =
—20.0dB vs. SBLES9 = —40.5dB). As expected, the unconstrained solution [Fig. G)B(

constr

also improves the sidelobe level (i.6LLP50 = —18.1dB).

unconst ~

4 Conclusions

In this paper, an innovative strategy for the synthesis apéide7 M L As has been presented.
The complexity of the amplitude control for pattern nullihgs been avoided by optimizing

the on-off sequence that modulates the static excitatindglee least significant bits of digital

10



phase shifters by means o5 O-based approach. To deal with the optimization of the power

losses, the standargl/ V R cost function has been integrated with a computationdflgient

expression customized to take into account also non-igimtradiators havingin 6

element pattern. Suitable countermeasures for dealing thé,S L L minimization also with

anti-symmetric phase distributions of the array elemeatseh/sobeen adopted. A selected

set of numerical results as well as representative congeiwith state-of-the-art techniques

have been presented and discussed to point out the efieesis@and reliability of the proposed

approach which seems to represent a useful tool for commatioincand radar devices.
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FIGURE CAPTIONS

e Figure 1. Numerical Validation- Single Interferencd N = 20; [ = 1 -6, = 158,
YT, = 30dB). Plots of the §)(c) pulse sequences and of tH®(f) normalized power
patterns at the central frequendy & 0) and at the harmonic radiatiorts = {1, 2}
synthesized by th& SO approachd)(b) without [Eq. (7)] and €)(d) with SR constraint

[Eq. (8)].

e Figure 2. Numerical Validation- Single Interferencé N = 20; [ = 1 - 6; = 158°,
T, = 30dB). Behavior of the optimum value of the cost function throogtthe iterative

PSO-based optimization.

e Figure 3. Numerical Validation- Single Interferencé N = 20; [ = 1 - 6; = 158°,

Y1 = 30 dB). Behavior of the null depth versus the iteration index

e Figure 4. Numerical Validation- Single Interferencé N = 20; [ = 1 - 6; = 158°,
T, = 30dB) - Plots of the sideband leveBBL™, h € [1, 20], of the PSO solutions
synthesized without [EqQ. (7)] and with ti#&R constraint [Eq. (8)].

e Figure 5. Numerical Validation- Multiple InterferencegN = 20; [ = 3 - 6, = 4°,
0, = 130°, andf; = 173°, T; = 30dB). Plots of the §)(c) pulse sequences and of the
(b)(d) normalized power patterns at the central frequericy=(0) and at the harmonic
radiationsh = {1, 2} synthesized by thé’>SO approach &)(b) without [Eq. (7)] and
(c)(d) with SR constraint [Eq. (8)].

e Figure 6. Numerical Validation- Multiple InterferencegN = 20; [ = 3 - 6; = 4°,
0, = 130°, andd; = 173°, T; = 30 dB). Behavior of the null depth versus the iteration

indexk.

e Figure 7. Numerical Validation- Multiple InterferencegN = 20; [ = 3 - 6, = 4°,
0, = 130°, andds = 173°, T; = 30 dB). Plots of the sideband leve$s3 L"), h € [1, 20],

of the PSO solutions synthesized without [Eq. (7)] and with th& constraint [Eq. (8)].

e Figure 8. Comparative AssessmenMultiple Interferences N = 40; I = 2 -6, =

15



51.68°, 0, = 43.95°, T, = 60dB). Behaviors of the null depths along the interferer
DoAs (uy = cos b, uy = cosby) versus the iteration indek using theP SO approach

with SR constraint [Eq. (8)] and th& D E approach [19].

Figure 9. Comparative AssessmenMultiple Interference N = 40; I = 2 -6, =
51.68°, 0, = 43.95°, T, = 60dB). Plots of the &) pulse sequence and of tha phase

values synthesized by theSO approach withS R constraint [Eq. (8)].

Figure 10. Comparative AssessmenMultiple InterferencegN = 40; I = 2 -6, =
51.68°, 0, = 43.95°, T; = 60 dB). Normalized power patterns at the central frequency
(h = 0) and at the harmonic radiations= {1, 2} synthesized with thé&>SO approach
with SR constraint [Eq. (8)].

Figure 11. Comparative AssessmenMultiple InterferencegN = 40; I = 2 -6, =
51.68° 0, = 43.95°, T; = 60 dB). Normalized power patterns at the central frequency
(h = 0) and at the harmonic radiations= {1, 2} synthesized with thé>SO approach
with constraints on botl§ R andSLL [Eg. (10)].

Figure 12. Comparative AssessmenMultiple InterferencegN = 40; I = 2 -6, =
51.68°, 05 = 43.95°, T, = 60dB). Plots of the &) pulse sequence and of tha phase

values synthesized by theSO approach with constraints on both? and SLL [Eq.
(10)].

Figure 13. Comparative Assessment - Large Arn@y = 100; I = 2 - ; = 43.11°,
YT, =54dB, 0§, = 88.28°, Ty = 46 dB) - Plots of the &)(b) normalized power patterns
at the central frequency:(= 0) and at the harmonic radiations= {1, 2}, (c)(d) pulse
sequences, and)(f) phase values synthesized by th8 O approach [Eq. (10)] withléft

column) and without switch-on-time constraintsght columr).
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Fig. 1- L. Pali et al., “Adaptive nulling in time-modulated linear arrays ...”

17

cos

u

Element Number, n



Functional Value

1.8

1.6

1.4

1.2

0.8

0.6

0.4

PSO Approach -Eq. (7) e

s

Iteration Index, k

Fig. 2- L. Pali et al., “Adaptive nulling in time-modulated linear arrays ...”

18



Null Depth [dB]

_100 1 1 1
0 50 100 150 200

Iteration Index, k

Fig. 3- L. Pali et al., “Adaptive nulling in time-modulated linear arrays ...”

19



sBL™ [dB]

-10

-20

-30

PSO Approach - Eq. (7) - S —
A +:
o 4 " ++ ........ T
10 15

Harmonic Mode, h

20

Fig. 4- L. Pali et al., “Adaptive nulling in time-modulated linear arrays ...”

20



0
S
2

Quiescent Pattern - - - -

Quiescent Pattern - - - -

cos
cos

)

b

15 20

10
Element Number, n
Element Number, n

—

S

i i i i i i i i i
Y ® g v ¥ o a4 =
S o o o o © o S o

QWIY, UQ-YINIMS POZI[EULION QWIY, UQ-YANIMS POZI[EULION

Fig. 5- L. Pali et al., “Adaptive nulling in time-modulated linear arrays ...”

21



'20 T T T
By =47
30 b i
— 40 r i
m
=
& S0 I
=
260 1
70 F
_80 1 1 1
0 50 100 150 200
Iteration Index, k
'20 T T T
el =40
30 | _
— 40 i
m
=
<
= i
]
=)
=
260 1
270 | N
_80 1 1 1
0 50 100 150 200

Iteration Index, k

Fig. 6- L. Pali et al., “Adaptive nulling in time-modulated linear arrays ...”

22



sBL™ [dB]

-20

50 F+

PSO Approach - Eq. (7) - S —

-60 !

10 15

Harmonic Mode, h

20

Fig. 7- L. Pali et al., “Adaptive nulling in time-modulated linear arrays ...”

23



Null Depth [dB]

90 r PSO Approach - Eq. (8): uy=0.62 - i
HDE Approach: u;=0.62 ——
120 1 HDE Approach: uy=0.72 e 1
-150 4
-180 4
-210 L L L ! .
0 50 100 150 200 250

Iteration Index, k

Fig. 8- L. Pali et al., “Adaptive nulling in time-modulated linear arrays ...”

24



0.9
0.8
0.7
0.6
0.5
0.4

0.3

Normalized Switch-On Time

0.2

0.1

10

15 20 25

Element Number, n

(a)

20

15

10

Phase [deg]
o

-5

-10

-15

Fig. 9- L. Pali et al., "“Adaptive nulling in time-modulated linear arrays ...

XXX

X X X

15 20 25 30 35 40

Element Number, n

(b)

25



Normalized Power Pattern [dB]

h=0 ——
h=] ----eeee-
h=2 -eeeeeeeees
-10 E Quiescent Pattern - - - - |
SLLE G, sg=-16 dB $ i
20 SBLgiip.sg=-20.2dB [ |

~=ea

T
T ——

R N T T

Fig. 10- L. Poli et al., “Adaptive nulling in time-modulated linear arrays ...”

26



0
1
2

[l
e P e P =

Quiescent Pattern - - - -

I I

o S

— [\l
] )

[gp] uraned 1omod PazZIjeutioN

cosO

u=

Fig. 11- L. Poli et al., “Adaptive nulling in time-modulated linear arrays ...

27



0.9
0.8 [ 4 vy oo

0.7 [
06 LML L
05 Fg
0.4 g
03 -

0.2

o1t

Normalized Switch-On Time
(e) —
T
—_
oséms L. ... |
e S S S
| S S S S S S
I S
) S S
s I 2 S S
I S £ £ S S S S
. ... ... . ]
S S
) . ... ... ... |
L Y 1 O S S S S
< : : : : : : : :
i i i i i

35 40

Element Number, n

(a)

20 T T T T T T T

15 | a

10 | §

XXX X X HKAXXAKXXAKXXX XX X X XXX X -

Phase [deg]
o
X

5t ]
-10 F ]

-15 1 §

XXX XXX X X

_20 1 1 1 1 1 1 1
0 5 10 15 20 25 30 35 40

Element Number, n

(b)

Fig. 12 - L. Poli et al., “Adaptive nulling in time-modulated linear arrays ...”

28



Normalized Power Pattern [dB]

Phase [deg]

Normalized Switch-On Time

|

Quiescent Pattern - - - -

0.9

0.8
0.7
0.6
0.5
0.4
0.3
0.2
0.1

20

25 30 35

Element Number, n

(©

40

45

50

!

! !

!

!

50

60 70

Element Number, n

(€)

80

90

100

Normalized Power Pattern [dB]

Phase [deg]

-10

Normalized Switch-On Time

Quiescent Pattern - - - -

|

0.9

0.8
0.7
0.6
0.5
0.4
0.3
0.2
0.1

10 15 20 25 30 35 40 45
Element Number, n

(d)

50

DK KK XK R KRR IR RARRRHK KK K KR

f ! ! ! !

20 30 40 50 60 70 80 90

Element Number, n

(f)

Fig. 13- L. Poli et al., “Adaptive nulling in time-modulated linear arrays ...”
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