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Abstract—Frequency diversity array (FDA) can generate range and angle dependent “S” beam
patterns, but there is a problem of range and angle coupling, which can be well solved by using nonlinear
frequency offset in recent years’ research. The rotational symmetry of the arc-shaped structure brings
the beam scanning capability of the array antenna within a range of 360◦, which can realize the all-
round monitoring of the target position, and provides a more flexible method for radar communication.
In this paper, a nonlinear frequency offset based frequency diversity arc array (FDAA) beam scanning
method is proposed, which activates the selection matrix according to the target direction. In order to
form equal phase plane beam scanning, phase compensation between array elements is carried out, and
three kinds of nonlinear frequency bias are introduced to simulate beampattern synthesis. Compared
with the traditional linear frequency offset FDAA, the numerical simulation results verify the feasibility
and effectiveness of the scheme.

1. INTRODUCTION

The concept of non-traditional array antennas such as frequency diversity array (FDA) was proposed
by Antonik et al. in 2006 [1]. Compared with the traditional phased array radar [2], there is a small
frequency offset between the antenna elements [3], so that the phase superposition relationship of the
transmitted signal in the far field changes with the change of the target range, and it forms a beam
pattern related to range, angle, and time [4], which can distinguish the clutter interference of the
target in the range dimension. It has broad application prospects in target location [5, 6], interference
suppression [7, 8], and other fields.

FDA has attracted more and more attention because of its unique range and angular spatial focusing
characteristics [9, 10]. In terms of FDA point beam optimization, [11] uses nonlinear array element
spacing to break the periodicity of the FDA. [12] uses a logarithmically increased frequency offset to
remove the range-angle coupling of the FDA beampattern. Using quadratic and cubic power functions
to increase the frequency offset to focus the transmitted energy [13], compared with the logarithmic
frequency offset, its performance in the range dimension is greatly improved. In [14], a symmetrical
multi-carrier frequency control array based on convex optimization is proposed, which forms a “dot-
shaped” beam pattern and improves the performance of energy focusing and side lobe suppression.
Through the design of a new type of functional frequency offset [15] combining natural logarithm and
sin function and the proposed Hamming window function frequency offset [16], the results of these two
methods are superior to logarithmic frequency bias and other functional frequency bias. Then, methods
such as symmetric logarithmic frequency offset [17], discrete Fourier transform [18], and Taylor window
function [19] have also achieved good results in suppressing sidelobes in the range domain and angle
domain, and obtained a superior spot beam pattern. In terms of FDA beam interference suppression,
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the combination of FDA and multiple-input multiple-output (MIMO) systems can produce the ability
to suppress interference in different scenarios [20]. The Chebyshev window function is used to calculate
the transmit weight coefficient and frequency offset increment coefficient [21], which realizes the low
side lobe of the target beam. A multi-carrier nonlinear frequency modulation system based on pseudo-
random frequency offset is proposed in [22], which can reduce the main lobe width and side lobe level,
and also simplifies the radar system.

Considering the single linear structure of the traditional frequency control array, its beam scanning
has certain angle limitations. Under extreme angle conditions, the antenna gain will decrease [23], and
the main lobe beam will be widened, which is not conducive to target monitoring. For the application
scenarios that require antennas to scan in all directions in various fields, [24–26] have conducted research
on the design of antenna structures. The circular geometry is worthy of the use of antenna beamforming
and application geometry [27–29]. In this paper, we propose a frequency diverse arc array (FDAA) that
achieves 360◦ omnidirectional beam scanning capability by selecting active array elements and precise
phase compensation. By applying additional nonlinear frequency bias to each array element, the method
of controlling the beam orientation pattern in the target range domain and angle domain is provided,
and the selected target region can be comprehensively monitored in the 360◦ range, which makes the
target region locking more accurate and reliable.

The rest of the letter is organized as follows. Section 2 expounds the geometric model and working
element selection method with FDAA. Section 3 constructs the phase compensation of the array elements
on the equiphase plane, introduces three kinds of nonlinear frequency offset functions, and proposes the
FDAA antenna beamforming method based on the nonlinear frequency offset. Section 4 compares
and analyses the experimental results of three nonlinear frequency offset FDAA beams. Finally, the
conclusion is drawn in Section 5.

2. FDAA STRUCTURE ANALYSIS

2.1. Antenna Geometric Model

FDAA adopts an open horn-shaped directed array element with one type of transmitting and receiving.
As shown in Fig. 1, a series of antenna array elements are evenly distributed along the angle direction of
the circular arc to form FDAA. The total number of array elements inside the whole ring is N ; the array
radius is R; the angle interval of adjacent arrays on the ring is ∆ϕ; and the spacing between adjacent
arrays on the ring is dc. The aperture angle composed by activating the selected working element is ϕ.

In order to analyze the structure of FDAA more deeply, as shown in Fig. 2, taking the true north
direction as the reference direction, it is assumed that the angle θ of point P of the far-field target is

Figure 1. The FDAA 3D model diagram. Figure 2. Structural analysis of FDAA.
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the angle between the target direction and the true north direction, and the range of θ is [0, 360◦) .
Set the antenna element with the beam pointing to the true north as the 0th array element, number
the N array elements in the circle clockwise, and add an additional frequency offset between the array
elements, then, the method of selecting element f0 in the true north direction as the reference element
is as follows:

f0 = round

(
θ

∆ϕ

)
= round

(
θ

360/N

)
(1)

Among them, round (·) represents the rounding operation, and ∆ϕ represents the included angle between
adjacent arrays, which can also be called beam hop.

2.2. Activated Element Selection Method

Due to the special curvature effect of FDAA, the nonlinear distribution of spatial phase difference is
caused. As the array main beam direction deviates from the maximum radiation direction, angle of
the array element increases; the radiation field intensity of the array element will decrease accordingly;
and a single array element can only contribute to the gain of the array main beam in a certain region.
Therefore, it is necessary to activate the appropriate array to form the working array under different
scanning angles and use the feed system to select and activate the working array accordingly. According
to the relationship between the horizontal length L of the working array formed by the activated array
and the maximum beam width θBW of the far-field target P in the angle domain:

L = k · λ

θBW
(2)

where k is the 3 dB beam width coefficient; k is usually one of the coefficients in (0.88, 1.2); and λ is
the wavelength. It can be concluded that the aperture angle composed by the active array is:

ϕ = 2arcsin

(
kc

2Rfc θBW

)
(3)

where c is the speed of light, and fc is the carrier frequency. According to the geometric relationship of
the arc structure, the total number of activated arrays can be expressed as:

NA = 2 ·
⌊

ϕ

2 ·∆ϕ

⌋
+ 1 (4)

where ⌊·⌋ represents the integer operation, as shown in Fig. 1, NA = 2M + 1.

3. FDAA BEAMPATTERN SYNTHESIS

3.1. Phase Compensation

Due to the special curved surface structure of FDAA, it is necessary to calculate the phase compensation
of the equiphase plane when scanning the beam in the target azimuth direction. As shown in Fig. 3,
with array element f0 as the central reference array element, the spatial range difference between the
effective working array element and the central reference array element can be expressed as:

Dm = R · (1− cosϕm) (5)

Then, the spatial phase difference between each effective array element and the central reference
array element can be expressed, that is, the required phase compensation to form the isophase plane:

∆φm =
2πfc
c

·Dm (6)

where fc is the frequency of the central reference array element, c the speed of light, and R the radius
of the FDAA antenna. ϕm is the central angle between the mth array element and the central reference
array element.
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Figure 3. Phase compensation of working element.

3.2. Frequency Design

Under the influence of the FDAA structure, a symmetrical frequency offset needs to be designed
according to the position of the central reference array element to achieve precise focusing on a single
maximum beampattern. The equalphase surface shown in Fig. 3 is composed of m activated working
array elements, which have the characteristics of nonuniform spacing. The frequency of the transmitted
signal of the mth array element is designed as:

fm = fc +∆fm (7)

where m = −M, ..., 0, ...,M , ∆fm is the frequency offset of the mth element, and ∆f is a fixed frequency
offset. The following three nonlinear frequency biases, ∆fm1, ∆fm2 and ∆fm3, can be selected.

∆fm1 = ∆f · |sin(m)| (8)

∆fm2 = ∆f ·
[
0.54− 0.46 cos

(
2π |m|
2M

)]
(9)

∆fm1 = ∆f · ln (|m|+ 1) (10)

3.3. Beampattern Synthesis

As shown in Fig. 3, assuming that when the monitoring target is at point P , the monitoring target
satisfies the far field approximation condition at any point, the signal emitted by the mth array can be
written:

Xm (t) = ωm exp (j2πfmt) , 0 < t < T (11)

where ωm represents the complex weight of the mth element, and T represents the duration of the
transmitted pulse. The range between the mth element and the target point should be:

rm ≈ r − xm sin θ ≈ r −R sinϕm sin θ (12)

where r is the range of the target; θ is the angle of the target; f0 ≫ ∆fm; r ≫ R sinϕm sin θ; then the
total signal at the far-field monitoring target P point is:

X (t, r, θ)=

(M−1)/2∑
−(M−1)/2

Xm

(
t− rm

c

)

≈ exp
[
j2πfc

(
t− r

c

)] (M−1)/2∑
−(M−1)/2

ωm exp
[
j2π∆fm

(
t− r

c

)]
exp

(
j2πfc

R sinϕm sin θ

c

)
(13)
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In order to make the monitoring target get a single beam peak at (r0, θ0), we express the complex
weight ωm as:

ωm = exp

[
j

(
2π∆fmr0

c
−R sinϕm sin θ0 −∆φm

)]
(14)

Finally, the FDAA beampattern expression with nonlinear frequency offset introduced is:

B (t, r0, θ0) =

∣∣∣∣ (M−1)/2∑
−(M−1)/2

exp

[
j2π∆fm

(
t− r − r0

c

)]

× exp

(
j2πfc

R sinϕm(sin θ − sin θ0)−R (1− cosϕm)

c

) ∣∣∣∣2 (15)

4. SIMULATION RESULTS

The parameter settings in FDAA’s antenna beampattern simulation experiment are shown in Table 1.
Fig. 4 shows the FDAA with linearly increasing frequency offset. The designed linear frequency offset
is f(m) = |m| · ∆f , and it can be seen that there are multiple peaks in the range domain and a
large interference value in the angle domain. The target beampattern cannot form a single dot-shaped
beampattern. To solve this problem, we designed the FDAA beam simulation diagram of the frequency
offset of the sine function in Fig. 5(a), the frequency offset of the cosine function in Fig. 5(b), and the
symmetrical logarithmic frequency offset in Fig. 5(c).

In Fig. 5(a), there are many interferences around the main lobe. The specific performance is that the
side lobe level in the range domain is irregularly distributed, and the side lobe level in the angle domain
is high, but the difference is not large. Overall, Table 2 shows the comparison of FDAA beampattern

Table 1. Simulation parameters.

Parameters Symbol Value

Carrier frequency fc 10GHz

Frequency offset ∆f 30 kHz

Element number M 33

Element spacing dc λ/2

Array radius R 0.3056m

Array radian ϕ π/2

Target angle θ0 10◦

Target angle r0 25 km

Figure 4. The FDAA with linear frequency offset.



114 Deng et al.

(a)

(b)

(c)

Figure 5. The FDAA with nonlinear frequency offset. (a) Sym-sin FDAA. (b) Hamming FDAA. (c)
Sym-log FDAA.

Table 2. Comparison of FDAA beampattern performance based on different frequency offset.

Frequency offset scheme
3 dB beam width in

range domain (m)

3 dB beam width in

angle domain (◦)
First sidelobe level

Linear frequency offset 24.92 ∼ 25.08 8.37 ∼ 11.62 0.45

Sym-sin frequency offset 23.17 ∼ 26.83 8.37 ∼ 11.62 0.26

Hamming frequency offset 21.12 ∼ 28.88 8.37 ∼ 11.62 0.36

Sym-log frequency offset 23.07 ∼ 26.93 8.37 ∼ 11.62 0.33

performances under different frequency offsets. The coupling between range and angle in Fig. 5(b) is
completely removed. Compared with Fig. 5(a), the main lobe in the range domain is broadened, and
the side lobes in the angle domain are more within ±30◦ of the target. The only advantage is that the
side lobes on both sides of the angle domain are basically 0. It can be clearly seen from Fig. 5(c) that
the FDAA point beam has the best focusing effect; the main lobe width in the range domain is superior;
and the level of the first side lobe is very low. The average is much lower than that in Fig. 5(b).
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5. CONCLUSIONS

In this paper, FDAA, a new structure array antenna, is introduced to achieve 360-degree omni-
directional beam scanning capability by selecting active array elements and phase compensation, which
provides a new idea for radar, communication and target monitoring in specific real-world scenarios.
A novel FDAA beampattern synthesis method based on nonlinear frequency offset is proposed, which
is not restricted to the fixed orientation of the antenna for the scanning of the target point. The
designed nonlinear frequency offset effectively solves the problem of range and angle coupling, reduces
the interference of the sidelobe to the target, and obtains a better point beam and peak side lobe ratio.
Numerical simulation results show that nonlinear frequency bias is a good choice for FDAA. In our
subsequent work, we need to suppress the side lobe around the main lobe, enhance the radar antenna
target location ability, and improve the measurement accuracy and resolution of the radar antenna.
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