Wang et al. / Front Inform Technol Electron Eng 2019 20(10):1429-1444 1429

Frontiers of Information Technology & Electronic Engineering
www.jzus.zju.edu.cn; engineering.cae.cn; www.springerlink.com
ISSN 2095-9184 (print); ISSN 2095-9230 (online)

E-mail: jzus@zju.edu.cn

FITEE

Dot-shaped beamforming analysis of subarray-based sin-FDA’

Bo WANG™!, Jun-wei XIE', Jing ZHANG?, Jia-ang GE'

!dir and Missile Defense College, Air Force Engineering University, Xi’an 710051, China
“Shaanxi Vocational and Technical College of Transport, Xi’an 710018, China
"E-mail: wb_wangbo1991@163.com
Received Nov. 14, 2018; Revision accepted June 23, 2019; Crosschecked Oct. 10, 2019

Abstract: Phased array (PA) radar is one of the most popular types of radar. In contrast to PA, the frequency diverse array (FDA)
is a potential solution to suppress range-related interference because of its time-range-angle-dependent beampattern. However, the
range-angle coupling inherent in the FDA transmit beampattern may degrade the output signal-to-interference-plus-noise ratio
(SINR). We propose a dot-shaped beamforming method based on the analyzed four subarray-based FDAs and subarray-based
planar FDAs using a sinusoidally increasing frequency offset with elements transmitting at multiple frequencies. The numerical
results show that the proposed approach outperforms the existing log-FDA with logarithmical frequency offset in transmit energy
focus, sidelobe suppression, and array resolution. Comparative simulation results validate the effectiveness of the proposed

method.
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1 Introduction

Phased array antennas have been widely used for
several decades in civil and military applications to
improve signal processing performance (Fenn, 2008;
Hansen, 2009; Keizer, 2011). However, the range-
dependent interference cannot be directly suppressed
by beamforming without multiple antennas or a
multibeam antenna based on a phased array (PA). The
frequency diverse array was initially designed to form
arange-dependent beampattern (Antonik et al., 2006a;
Wicks and Antonik, 2008, 2009). In contrast to the PA,
the frequency diverse array (FDA) employs a tiny
frequency increment relative to the carrier frequency
across the antenna elements, resulting in a
range-angle-dependent beampattern (Antonik et al.,
2006b; Wang et al., 2012; Basit et al., 2015; Xu et al.,
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2015). Due to the additional controllable degrees of
freedom of the array, FDA has sparked many inter-
esting investigations (Baizert et al., 2006; Shin et al.,
2013; Cetintepe and Demir, 2014; Hu et al., 2017;
Zhang et al., 2017).

However, the range and angle of the FDA cannot
be exclusively determined at the output of the array
because of the range-angle-coupled transmit beam-
pattern. To eliminate the inherent range-angle-
coupled relationship, useful achievements have been
obtained, which can be divided into two categories.
One category is based on the design of the frequency
increment or transmit weight (Khan et al., 2014, 2015,
2016a, 2016b; Wang et al., 2016; Basit et al., 2017; Li
et al., 2017). Another category is based on the design
of the array configuration (Jones and Rigling, 2012;
Sammartino et al., 2013; Wang WQ, 2014; Wang and
So, 2014; Wang WQ et al., 2014; Xu et al., 2017,
Wang SL et al., 2018). In fact, the best decoupling
approach is to form a dot-shaped beampattern rather
than an S-shaped beampattern, which generates the
maxima at multiple ranges and angle values (Liu,
2016; Shao et al., 2016).
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The essence of subarray-based FDA (SB-FDA)
is to divide the uniform linear array FDA (ULA-FDA)
into multiple subarrays, which employ the same or
distinct frequency increments. In this study, we pro-
pose a cross SB-FDA to achieve the dot-shaped
transmit beampattern. It is difficult to obtain the de-
sired results based only on the design of the array
configuration. Therefore, we introduce a sinusoidally
increasing frequency offset into the FDAs and planar
FDAs, which transmit multiple frequencies to achieve
the dot-shaped beam steering to the desired range and
angle pair.

2 Data model
2.1 Uniform linear array FDA

The configuration of the basic ULA-FDA is
shown in Fig. 1. The frequency radiated from the n"
element is expressed as

fo=fo+nAf, n=0,1, .., N-1], (1)
where f; is the carrier frequency (also the radiation
frequency of the reference element), Af the frequency
offset, and N the number of antenna elements. Under
the narrowband assumption, the monochromatic
continuous signal transmitted by the n™ element can
be given as

sn(t):exp(j2nfnt), n=0,1,..,N-1. 2)

ro r r2 In-1=ro—(N—1)dsin 6
¢}
d
f; f, fn-1

fo

Fig. 1 Basic uniform linear array frequency diverse array
(ULA-FDA)

The signal received by a specific far-field loca-
tion with an angle # and a slant range R for the first
element is a superposition of the delayed and attenu-
ated version of the transmitted signal, expressed as

s, (1 —i) = exp{ 2nf, (z —r—"ﬂ, 3)
C C
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where 7,=R—ndsin 0 is the range of the target from the
n™ antenna element, d denotes the element spacing,
and c is the speed of light. Hence, the total electric
field (E7) observed at the far-field point (R, 6) is
computed as

c

N-1 s
E, =z%fe(a)0+nAa)) . exp{ﬂnfn(t—£ + ndsm&ﬂ
n=0 C

n=0

+2jnn(Aft+f°dsme _%JrnAfdstH’

C C C

= g%fe(wo + nAw) exp{ﬂnf0 (t —gj

(4)

where f, represents the directional function of the
element. Considering that a target locates at (R, ), the
steering vector a(R, 6) can be expressed as

[ 2mfydsing  2mAfdsing ZﬂRAf]
PR

a(R,0) = [1, J

c c c

c c c

. H
7}.[27:;1, (N=1)*dsing 2mAf(N=1)dsing  2xR(N—-1)* Af ] }
. .

©)

According to Eq. (5), 2(N—1)*Af-dsin 6/c can be
approximated as a function of the number of array
clements, expressed as w=2m(N—1)*Afdsinb/c
(Fig. 2). Fig. 2 shows that if the number of array el-
ements is no more than 60, then y will be smaller than
/4, implying that the approximation errors are
ignorable.

0 10 20 30 40 50 60
N

Fig. 2 ¥ changes as a function of the number of array
elements

Considering the assumption that fo(w¢tnAw)=
fe(wo), which denotes the array directional function,
Eq. (4) can be rewritten as
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E, = Jo(@) exp{jZthO (t —ﬁﬂ
R c

~§exp{j2nn(Aﬁ+M—ﬂﬂ.

n=0 c c

(6)

The array factor (AF) at the target position (R, )

can be derived as
ndsinﬁﬂ
c

AR, dfosinaﬂ e

“1 R
AF(t;R,0) = Z—exp {jann (t -——+
¢

n=0 'y
C

| dfisin® ’
C

where ¢y=2nf{t—R/c)—t(N—1)(Aft—dfosin G+AfR).
Fig. 3 shows the transmit beampattern of the
basic FDA using the simulation parameters listed in

) sin {Nn (Aﬁ
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Fig. 3 Transmit beampattern based on a one-dimensional
array structure: (a) ULA-FDA transmit beampattern;
(b) PA transmit beampattern

Table 1 Simulation parameters

Parameter Value
ULA-FDA element number 20
Subarray element number 10
Carrier frequency 10 GHz
Frequency offset 2 kHz
Array element spacing d c/(2fo)

Target location (R, ) (200 km, 30°)

2.2 Planar frequency diverse array

Considering the reality of radar signal pro-
cessing, which requires implementation in a higher
dimension than ULA-FDA, upon which existing
works are mainly based, the beamforming theory for
an FDA was extended to planar array geometries as
proposed in Jones and Rigling (2012) with array el-
ements in equidistant distribution in x and y axes as
shown in Fig. 4.

(X0, Yo, Z0)

Fig. 4 Planar frequency diverse array (PFDA)

The transmitted signal corresponding to the el-
ement (n, m) in the planar frequency diverse array
(PFDA) can be expressed as

Sun (1) = exp(j2nf,,, 1), (8)
where f,,=fotnAf+tmAf,, n=0, 1, ..., N-1,m=0, 1, ...,

M—1. The signal arriving at the far-field target can be
written as

S (t - ﬂj =exp {jannm (t — ﬁﬂ 9
c c

Considering a far-field target (xo, yo, zo), the Ry,
@0, and 6, of the target can be reached. Taking the
element (0, 0, 0) as the reference of the array, the
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range between the reference element and the observed

point is R, =+/x; + y; + z, . Then the range between
the element (n, m) and the observed far-field target

can be expressed as Rn,n:[(xo—x,,)2+(yo—ym)2+202]1/ 2,
The overall signal observed at (xo, yo, zo) in the far
field can be written as

D %) an
0°>Y% Sum -
m=0 C

N-1

M-1

> 2 |(R-0,.,)

gﬂfexp {j2nfnm {t—M
c

0

S(t;R0>005¢0) =

n=0 m=0

nd, (sin@ocosgo0 — sind,cos @, )

+
¢
nd, (siné’osingoo —sing,singd, )}}
c

(10)

where a( Ro,éo,(i)o) denotes the transmit steering

vector. Consider that a target is located at (50, 50,
150) km, Af,=1 kHz, Af,=10 kHz, and N=M=9. Fig. 5
shows the PFDA transmit beampattern.
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Fig. 5 Transmit beampattern based on a two-dimensional

array structure: (a) PFDA transmit beampattern;
(b) planar PA transmit beampattern

The regularity of the beampattern as a function
of range and angle is shown in Fig. 3. This is different
from that of a conventional PA, which can be easily
intercepted and captured by the enemy, because the
beam steering is fixed at one angle for all ranges. The
FDA provides a possibility to control the transmitted
energy distribution or suppress/detect range-
dependent interference/targets.

3 Subarray-based FDA radar

There is range-angle coupling inherent in the
transmit beampattern of the basic ULA-FDA because
of the linear incremental synchronization between the
element spacing and the fixed linear frequency offset.
The way to eliminate the inherent range-angle cou-
pling is the premise of accurate beam control. To
eliminate the synchronization, it is suggested to adopt
a specially designed FDA configuration to decouple
the beampattern in the range and angle dimensions. In
this section, we analyze four SB-FDA radar configu-
rations based on ULA-FDA.

3.1 Single-sided subarray-based FDA

As shown in Fig. 6, the single-sided SB-FDA
divides the basic ULA-FDA into two adjacent
subarrays.

Ta(N-1)
Thm-1)

fo fa fa fav-1y  Too 1 Fou-1)

Fig. 6 Single-sided subarray-based frequency diverse
array (SB-FDA)

Take the leftmost element as the reference for
each subarray. Subarray a, with N antenna elements,
uses the frequency offset of Af,. Subarray b, with M
antenna elements, uses the frequency offset of Af.
Then the frequency radiated from the n™ element in
subarray a and the m™ element in subarray b can be
expressed as

n=0,1 .., N—1,

= f. +nAf,,
fu=fy b o
m=0,1, .., M-1.

Jon = Joo + M,
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The transmit steering vector of the array can be
represented by

D ) — —jo, —J20, —iN-Da,
a(R,H)_I:L € » © , 0, € ’

1.61‘@., e—j(w(.m,,)’ efj(w(.+2w,,)’ . e*j[w(.+(M—]){,;b]:|T’
(12)
where
2nf,dsin@  2mAf,R
a)a = - )
c c
2nf,dsin@  2mAf,R
b - 5
c c
2nNf,d sin @
0, =—""-.:
c

3.2 Centrosymmetric subarray-based FDA

Taking the central element as the reference el-
ement, the centrosymmetric SB-FDA divides the
basic ULA-FDA into two subarrays that are symmet-
ric about the reference element (Fig. 7).

In-1 Tv-1

f-1 fo fmt fo fomr  fm fi-1

Fig. 7 Centrosymmetric subarray-based frequency di-
verse array (SB-FDA)

Subarray 1, with N antenna elements, uses the
frequency offset of Afi. Subarray 2, with M antenna
elements, uses the frequency offset of Af;. Then the
frequency radiated from the n™ element in subarray 1
and the m™ element in subarray 2 can be expressed as

n=0,1 .., N-1,

m=0,1, ..,M-1.

{fln =Jo + iy, (13

f'2m :f;) +mA-f2’

The transmit signal of the n™ element in subar-
ray 1 and the m" element in subarray 2 can be written
as

{sl(t)=exp(j2nflnt), n=0,1,..,N-1, (14)

s,(t) =exp(j2nf,, t),m=0,1, .., M —1.
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The signal received by a specific far-field loca-
tion (R, ), which is transmitted by the n" element in
subarray 1 and the m™ element in subarray 2, can be
written as

Sln: eXp |:J2nfin (t - er j:li n= 07 1; e
C

s2m: eXp|:j2nf2m (t _R_mjila m= O, 1; e
C

>N_17

, M —1.

(15)
The total electric field of subarrays 1 and 2 ob-
served by the far-field point (R, 8) can be written as

. [ Ny,
N1 o Sin 5 ) @
E1T= Zﬁfe (a)o)ej(wot— oRo) 2
n=0

sin (71)
2

M (16)
M—ll A Sin( 272) JM
E2T: Z_f; (a)o)eJ(’”o’-knRo) N2 )
ok sin(%j
2
where
71=2R(Aﬁ;_ﬂ+M),
y : 17
AfLR d fsinﬁj
=27| A t__2+L ‘
7 ( - AR s

3.3 Overlapping subarray-based FDA

Taking the leftmost element as the reference, the
configuration of the overlapping SB-FDA is shown in
Fig. 8.

Fig. 8 Overlapping subarray-based frequency diverse
array (SB-FDA)

It is observed that the basic ULA-FDA is divided
into N—M+1 overlapping subarrays, denoted as {S,},
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{S5}, ..., {Sn-a+1}, each of which consists of M ele-
ments. That is to say, the total element number of this
array is N. The signal radiated by subarray / toward
the specific far-field target (R, 8) can be expressed as

x,(t,0,R)=w,'u,(0,R)s, (1), (18)

where si(f) denotes the transmit signal of the m
subarray, w; the weight vector, and u; the steering
vector.

u,(H,R) - |:ejﬂ|,l , ejﬂzA/ A ejﬂM./ ]’ (19)
R L )
C C

3.4 Cross subarray-based FDA

Take all the odd array elements of the basic
ULA-FDA to make up subarray a and all the even
array elements to form subarray b. Then the basic
ULA-FDA is divided into the cross SB-FDA (Fig. 9).

ro Tt Ta(n-1)
o I'ho I Th(m-1)
d S Sh
fo fro fa1 fin fan-1y  Tom-1)

Fig. 9 Cross subarray-based frequency diverse array
(SB-FDA)

Under narrowband conditions, the signal arriv-
ing at the far-field observation point (R, 8), which is
transmitted by the n™ element of subarray ¢ and the
m™ element of subarray b, can be written as

Son = exp[ 2n(f, + n2Af)(t —Wﬂ, 21)
C

s exn] (e maa) - B |
C

(22)

where Af represents the frequency offset, d is the
element spacing, and N and M represent the number
of array elements of subarrays a and b, respectively.

4 Subarray-based dot-shaped beamforming
4.1 Nonlinear frequency offset

To decouple the FDA range-angle-dependent
beampattern, the best way is to form a dot-shaped
beampattern without periodicity in the maximum
rather than the trailing beampattern of log-FDA. This
can be achieved by the array configuration design as
well as the frequency offset design. The beampattern
decoupling method based on nonlinear frequency
offset is the premise for suppressing range-related
interference. In this subsection, we analyze the range-
angle joint estimation performance of the FDA using
four different nonlinear frequency offsets.

Considering L targets located in the space, the
FDA array received signal obtained by the matched
filtering can be given as

L
x(06,r,7) =Z a,(0,r,r)w'a(0,r,7)+n(0,r,7), (23)
=1

where a; denotes the target reflection coefficient, n
the Gaussian white noise, a the steering vector, and
w,=a the reception weight vector.

When the target position is determined, the delay
7 can be formulated by the target azimuth 6 and the
slant range 7. Eq. (23) can be rewritten as

x(0,r)= ia, @,r)w'a(0,r)+n0,r), (24)

where
a(d,r)= [1, e, .., e et ]
4 = 2n[f0ndsmt9 A . nAfndsmé’)
C c c

The received signal covariance matrix is ex-
pressed as

R = E{x(@,r)xH(H,r)} = U-E{aaH} U'+ol,
(25)

where o is the noise mean square error, I denotes

the unit matrix, and U=[a(6,, r1), a(6», 1), ...,
a(eLn I”L)].
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Then the eigenvalue decomposition of the co-
variance matrix is performed. The eigenvalues are
rearranged according to their values. The eigenvec-
tors corresponding to the eigenvalues are regarded as
the signal subspace. The remaining eigenvectors are
regarded as the noise subspace. Finally, we calculate
the peak of the spectral function by

1
a'(0.0U U"a, (6,t)

n-n

P0,r) = (26)

where a,(0, f) denotes the steering vector and U, the
signal subspace.

Consider a far-field target located at (0°, 500 km).

Fig. 10 shows the multiple signal classification
(MUSIC) spectrum of the basic ULA-FDA with log-
arithmic, sinusoidal, cubic, and reciprocal frequency
offsets. The FDA with sinusoidally increasing fre-
quency offset, called sin-FDA, has remarkable per-
formance advantages. Therefore, we introduce a si-
nusoidally increasing frequency offset into SB-FDA.

& O & 0
S ol 2
! $-40 :
100 10 100 .
0 5 0 g 10
Angle (*) 1000 Range (x10°m)  Andle () 100 ORange (x10° m)
a
g J
5 o]
: g
o o

0 -
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Angl - 0
Range (x10° m) ngle ()-100 Range (x1
(c) (d)

10
Angle (°) =100 0 0°m)

Fig. 10 MUSIC spectrum when #=0° and R,=500 km: (a)
log-FDA; (b) sin-FDA; (c) cubic-FDA; (d) reciprocal-FDA

Signals transmitted by the n™ element of sin-
FDA can be expressed as

s, (t,0,R) = exp {jZn[fo + sin(n)Af](t - ”_n)} (27)
c

We can control the maximum of the transmit

beam to the desired target location ( ﬁo,éo) by opti-

mizing the complex weight «, ( ]Qo,éo ), expressed as

a (1%0,630) = exp{—jzn{foko _ fonalsiné0

C C (28)

| SinODAR, _sin(n)Afndsind }}

C C

The signal arriving at the target is expressed as

su(t:R,,0,) =2 (R,.6,)s,(.0.R), (29)

where []" denotes the conjugate operator.
4.2 Elements transmitting at multiple frequencies

The basic ULA-FDA radar transmits an identical
baseband waveform at each element with a coherent
single frequency. In this study, we use multi-carrier
frequencies on each element of the four analyzed
subarray-based sin-FDAs to decouple the transmit
beampattern.

The signal of the n™ element of sin-FDA simul-
taneously transmitting the ™ frequency component
can be written as

X, (1) =w, exp [J?ﬂfnz (f - r—ﬂ (30)
c

where f,=fo+Af,+Af; denotes the radiation frequency
of the n™ element and the /™ frequency component,
Af,=sin(n)Af (n=0, 1, ..., N—1) is the frequency offset
between the n™ element and the reference element, N
is the array number for the given array aperture,
Af=sin(D)Af (=0, 1, ..., L—1) represents the frequency
offset of each array element transmitting the /™
frequency component, and L is the total number of
frequency components transmitted by each array
element.

The total signal received by the far-field obser-
vation target can be expressed as

N-1 L

X, (ROEYD x, (1)
1 W, exXp {j2nf"1 [z‘ — r—”ﬂ
¢ (31)

>
w, {j27t [fO+Af(sinn + sinl)]

_ I_R—ndsiné’j}

c

M- 2D -
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where w,; is the transmit weight for each array ele-
ment, and (R, ) is an arbitrary far-field observation
point. The transmit beampattern of sin-FDA trans-
mitting multiple frequencies can be expressed as

B(t,R,0) =

N-1 L :

Z Z WnleXp(fOnd sin (9]

n=0 /=0 C

Y (32)

. exp(jZnAf(sinn +sin Z)(t ——D .
c

5 Dot-shaped beamforming of subarray-
based PFDA

Most existing works on dot-shaped beamform-
ing focus only on ULA-FDA. In practice, radar ap-
plications require the ability to beam steer in high
dimensions, which will exceed the capability of the
one-dimensional uniform linear array. In this section,
we divide the basic PFDA proposed in Jones and
Rigling (2012) into three subarray-based PFDAs

(Fig. 11).

o e
XSubarray 2

Subarray 1
() (d)

Subarray 2

Fig. 11 Four subarray-based PFDAs: (a) basic PFDA;
(b) symmetric subarray-based PFDA; (c) single-sided
PFDA; (d) cross PFDA

The dot-shaped beam can be achieved by em-
ploying both positive and negative nonlinear fre-
quency offsets proposed in Jones and Rigling (2012)
between the array elements in the x and y axes of the
subarray-based sin-log-PFDA. The carrier frequency

of the antenna element (n, m) is f,,=fotsin(n)Afi+
log(m+1)Af,, where f,=10 GHz. The offset frequen-
cies of subarray 1 are Af,=1 kHz and Af, =10 kHz, and
the offset frequencies of subarray 2 are Af,=—1 kHz,
Af,=—10 kHz, Af,=sin(n)Af,, and Af,,, =log(m+1)Af,.
The far-field target locates at (50, 50, 150) km. The
transmit beampatterns of the three proposed subarray-
based PFDAs (SB-PFDAs) and the basic PFDA are
presented in the next section.

6 Simulation and results

In this section, simulation is performed to verify
the effectiveness of the proposed approach. We as-
sume a basic ULA-FDA of 20 sensors spaced a half-
wavelength apart. The rest of the parameters are listed
in Table 1.

Example 1 Transmit beampattern of the four SB-
FDAs with a fixed frequency offset

The transmit beampattern of the four SB-FDAs
analyzed above can be physically explained as a joint
interferometry effect caused by different amplitude
responses of the subarrays in the target position.
Figs. 12-16 show the transmit beampattern of the
centrosymmetric SB-FDA, the single-sided SB-FDA,
the overlapping SB-FDA, the cross SB-FDA, and the
log-FDA, respectively.

Fig. 12 shows that, unlike the coupled S-shaped
range-angle beampattern of ULA-FDA, the centro-
symmetric SB-FDA can form a dot-shaped beam at
the target position. Fig. 13 shows that the beampattern
of the single-sided SB-FDA is not significantly dif-
ferent from that of the basic ULA-FDA. There exists a
mainlobe distortion at the target position. Figs. 14 and
15 show that the overlapping SB-FDA and the cross
SB-FDA both form a trailing beam in the scanning
position, which has a certain effect on eliminating the
inherent range-angle coupling. However, it is similar
to the decoupling method with logarithmically in-
creasing frequency offset shown in Fig. 16, which
achieves poor resolution in both the range and angle
dimensions. Comparing the beam width of the four
SB-FDAs in both angle and range dimensions, it is
obvious that the overlapping SB-FDA has the highest
precision. However, the realization of the overlapping
SB-FDA is difficult in a physical implementation.
Considering the frequency changes across the array
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Fig. 12 Centrosymmetric SB-FDA transmit beampattern: (a) range and angle dimensions; (b) range dimension at the
target position; (c) angle dimension at the target position
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elements, the design of the transmitter and receiver
will be difficult. Considering the multiple maxima at
different ranges in the beampattern of SB-FDAs,
which are easily disturbed, the decoupling method
based on the array configuration design requires fur-
ther optimization to remove the periodicity in the
maximum.
Example 2  Transmit beampattern of the four SB-
FDAs with a sinusoidal frequency offset

It can be seen from Fig. 17 that the transmit
beampatterns of the single-sided SB-FDA, centro-
symmetric SB-FDA, overlapping SB-FDA, and cross

Wang et al. / Front Inform Technol Electron Eng 2019 20(10):1429-1444

SB-FDAs are all range-angle decoupled by forming a
dot-shaped beam in the target position: (1) Consid-
ering the overlay airspace of the mainlobe,
Sp>S>S>S,; (2) Considering the sidelobe’s magni-
tude, the performance of the overlapping SB-FDA is
the most ideal; (3) Considering the shape of the
beampattern, all the four SB-FDAs can form a
dot-shaped beam in the target position. The perfor-
mances of the overlapping SB-FDA and the centro-
symmetric SB-FDA are relatively ideal. Considering
that the dot-shaped beam of the single-sided SB-FDA
is accompanied by high sidelobes and that the image
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Fig. 16 Log-FDA transmit beampattern: (a) range and angle dimensions; (b) range dimension at the target position;

(c) angle dimension at the target position
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Fig. 17 Transmit beampattern of the four subarray-based sin-FDAs: (a) single-sided SB-FDA; (b) centrosymmetric

SB-FDA; (c) overlapping SB-FDA; (d) cross SB-FDA
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mainlobe beam exists in the beampattern of the cross
SB-FDA, the sidelobes requires further optimization.

Example 3  Transmit beampattern based on four
subarray-based sin-FDAs transmitting multiple
frequencies

On the basis of Example 2, further analysis
concerning the transmit beampatterns of the single-
sided SB-FDA, centrosymmetric SB-FDA, overlap-
ping SB-FDA, and cross SB-FDA transmitting mul-
tiple frequencies is presented in Fig. 18. In Example 3,
the total number of frequency components transmit-
ted by each array element is 3. The frequency offset is
shown in Table 1. It can be seen that there is only one
single maximum at the target location, which can
focus the transmit energy in a desired spatial region:
(1) Considering the overlay airspace of the target
position, S;>S>S.>S,; (2) Considering the mainbeam
peak-to-sidelobe ratio, the performance of the over-
lapping SB-FDA is the most ideal; (3) Considering
the beam shape, apart from the single-sided SB-FDA
without remarkable improvement, the other three
SB-FDAs can all form a dot-shaped beam at the target
position. The sidelobe disturbances of the cross

Angle (°)

0 100 200 300 400 500
Range (km)
(a)

Power (dB)

0 100 200 300 400 500
Range (km)

(c)
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SB-FDA, overlapping SB-FDA, and centrosymmetric
SB-FDA are reduced. The peaks lying in the image
position formed by the cross SB-FDA are removed.
The essence of SB-FDA is to divide the basic ULA-
FDA into multiple subarrays, employing the same or
distinct frequency increments. As a result, the target’s
range and angle based on the proposed method will be
directly estimated from the transmit-receiver beam-
forming output peak with high accuracy.
Example 4  Comparison of the angle and range
dimensional beampatterns

We examine the resolution in the range and angle
dimensions of log-FDA and compare the four
subarray-based sin-FDAs transmitting multiple fre-
quencies in Fig. 19. The beampattern of log-FDA has
wide spread in the maxima, which may result in an
ambiguous tracking performance. Figs. 19a—19¢
show that the beamwidth in the angle of the four
subarray-based sin-FDAs transmitting multiple fre-
quencies is between 10° and 20°, while that of the
log-FDA 1is several times that of the four SB-FDAs.
Figs. 19f-19j show that the beamwidth of the four
subarray-based sin-FDAs is much smaller than that of

o
o °
° &
=] 8
< o
0 100 200 300 400 500
Range (km)

1.0

0.8
5 06 %
g 2
o
04

0.2

0 100 200 300 400 500
Range (km)

(d)

Fig. 18 Transmit beampattern of the four subarray-based sin-FDAs transmitting multiple frequencies: (a) single-sided
SB-FDA; (b) centrosymmetric SB-FDA; (¢) overlapping SB-FDA; (d) cross SB-FDA
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log-FDA. We can conclude that the proposed SB-
FDA scheme can produce narrow dot-shaped beam
steering to the target. With the same total frequency
offset, the centrosymmetric SB-FDA and the cross
SB-FDA have better decoupling performance in both
angle and range dimensions. It can be seen in Fig. 20
that the signal-to-interference-plus-noise ratio (SINR)
of the proposed SB-FDA is better than that of
log-FDA. Thus, the proposed system has better ro-
bustness against interference. Fig. 21 shows the de-
tection probability versus the signal-noise ratio (SNR)
for the proposed SB-FDA and log-FDA. The pro-
posed FDA exhibits better detection performance
compared with log-FDA. The improvement in per-
formance in terms of SINR and the detection proba-
bility can be attributed to the sinusoidal offset across
the transmit array.
Example 5 Dot-shaped beamforming for SB-FDA
with different array elements

In Example 5, we take the centrosymmetric
SB-FDA transmitting multiple frequencies as an
example to analyze the influence of parameters, such
as the number of array elements, the frequency offset,
and the total number of frequency components

60 T T 4
--EF- Log-FDA : :

50 —&— Single-sided SB-FDA
—*+— Centrosymmetric SB-FDA
40[ —&— Cross SB-FDA

30 —P— Overlapping SB-FDA
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(o EEEE

10t
]

-20 | i i i i
-20
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Fig. 20 Performance comparison of the SINR of different
FDA radars
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transmitted by each array element on the performance
of the transmit beampattern. Fig. 22 shows the
transmit beampattern when N=10, A/~1 kHz, and L=3.
Fig. 23 shows the transmit beampattern when N=30,
Af=3 kHz, and L=3. Fig. 24 shows the transmit
beampattern when N=20, Af=2 kHz, and L=5. Based
on the comprehensive analysis of Figs. 22-24, the
proposed method can form a dot-shaped beam with
low sidelobes and much concentrated mainlobe en-
ergy at the target position. As the number of array
elements increases, the frequency offset increases and
the total number of frequency components transmit-
ted by each array element also increases.
Example 6 Dot-shaped beamforming for the
subarray-based PFDA

Fig. 25a shows the 10-dB beamwidth of the
mainbeam of the basic PFDA with carrier frequency
of fun=fotlog(n+1)Aftlog(m+1)Af, and Af=Af=
2 kHz. Figs. 25¢-25d show the 10-dB beamwidth of
the mainbeam of the three subarray-based PFDAs
with carrier frequency f,,=fot+sin(n)Af+log(m+1)Af,.
It can be seen from Fig. 25 that the transmit beam-
pattern of the three subarray-based PFDAs can form a
dot-shaped beam in the target position:
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Fig. 21 Detection probability versus SNR
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Fig. 22 Transmit beampattern of the centrosymmetric SB-FDA when N=10, Af=1 kHz, and L=3: (a) top view; (b) left

view; (c) front view
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(1) Considering the overlay airspace of the mainlobe,
a>b>d>c; (2) Considering the sidelobe magnitude,
the single-sided subarray-based PFDA is the most
ideal; (3) Considering the directional gain, b>c=a>d.
The symmetric SB-PFDA beam pointing has the
highest directional gain at the target location. It can be
seen in Fig. 26 that the SINR of the symmetric
SB-PFDA is better than that of the other three PFDA
arrays. The conclusion can be used to suppress the
range-related interference.
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Fig. 26 SINR versus SNR performance

7 Conclusions

FDA radar has received increasing attention in
recent years because of the controllable degrees of
freedom. In this study, a dot-shaped beam based on
SB-FDA is realized. Comparisons of the proposed
subarray-based sin-FDA transmitting multiple
frequencies with log-FDA in simulations showed
improvement in the transmit beampatterns. The
subarray-based structure simplified the processing
and assembly of the array, providing a wide signal
bandwidth. It has wide application potential in the
fields of range-angle joint estimation, front-view
detection, and imaging of radar targets. Furthermore,
research will be carried out based on the
time-invariant SB-FDA.
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