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Abstract Wide-spatial radar surveillance missions are challenging tasks, requiring an increased power

budget and agility in transmission aimed at extracting information from multiple targets in different en-

vironments. These requirements necessitate high transmitting degrees of freedom (DOF) to achieve the

objective of multiscale observation for specific tasks in specialized regions of interest. Herein, we exploit

the multiscale observation ability in wide-spatial radar surveillance based on frequency diverse array (FDA)

radar. The proposed method facilitates spatial anisotropic control of multiple radar resources, including the

transmitting waveforms, beampattern, and bandwidth. By utilizing a coherent FDA radar, we offer principles

for the selection of baseband waveforms, in addition to the quantitative design of the beampattern gain and

optimal bandwidth from the perspective of detection. The feasibility of the proposed method is validated

through numerical experiments, thus indicating the potential in wide-spatial radar surveillance. Moreover,

this work can be regarded as a preliminary attempt to gauge the efficacy of the computational array, a novel

academic concept.

Keywords multi-scale observation, wide-spatial surveillance, frequency diverse array (FDA), beampattern

synthesis, frequency diversity gain, computational array

1 Introduction

Wide-spatial surveillance radar involves the extraction of target information (for detection or identifi-
cation) in long-range and large observation fields [1, 2]. The primary benefits of wide-spatial coverage
include excellent detectability of multiple interested targets, angular diversity gain, and enhanced Doppler
resolution, which is especially valuable in being able to distinguish slow-moving targets from clutter and
noise [3]. However, there are several difficulties associated with wide-spatial observation; these issues
arise due to the substantial variability of the characteristics of target, clutter, and interference in com-
plex environments. To overcome these challenges, the advanced surveillance radar system must be able
to not only optimize the power budget but also improve the multiscale observation ability, which implies
the flexible and anisotropic control of multiple transmitting resources, including waveform, beampat-
tern, and bandwidth [4–6]. The main advantages of multiscale observation can be demonstrated through
the following example. Considering a ground-based surveillance radar steering beam in elevation, the
waveform designed for low-altitude regions must encounter strong surface clutter. Meanwhile, for high-
altitude regions, the transmitting waveform must possess sufficient Doppler tolerance to maintain the
detection performance of high-speed aerial targets (such as low-orbit satellites and hypersonic missiles).
Furthermore, from the perspective of wideband observation, a high range resolution is beneficial not
only in target identification and clutter suppression but also in frequency diversity gain [7–12]. Several
studies have demonstrated that the optimal detection bandwidth depends on the number of independent
samples and fluctuation characteristics of targets (from Swerling 0 to Swerling 4) [8–10]. With regard to
the aforementioned factors, multiscale observation may help achieve superior performance in wide-spatial
surveillance. A similar perspective is proposed in a novel research field, referred to as the computational
array [4], which also sheds light on the performance enhancement arising due to high transmitting degrees
of freedom (DOF).

*Corresponding author (email: hefeng@nudt.edu.cn)

http://crossmark.crossref.org/dialog/?doi=10.1007/s11432-022-3816-3&domain=pdf&date_stamp=2024-1-25
https://doi.org/10.1007/s11432-022-3816-3
info.scichina.com
link.springer.com


Yu L, et al. Sci China Inf Sci February 2024, Vol. 67, Iss. 2, 122304:2

To realize wide-spatial coverage, the technique of broadened beam illumination in a transmitter is uti-
lized in a standard digital beamforming (DBF) radar, such as a ubiquitous and holographic
radar [13–15]. For such radar, the transmitting directivity is traded against broad angular coverage,
which means longer integration time, higher Doppler resolution, and better visibility of the fluctuation
target. However, omnidirectional transmission possesses several limitations. First, the broadened beam
results in mainlobe clutter and jamming. Because the directivity in the transmitting side cannot be
utilized, the widened mainlobe weakens the rejection of clutter and jamming by half (only the receive
beamforming can be used to suppress the sidelobe clutter) [3]. Furthermore, widened beam illuminates
identical waveforms in all directions isotropically. As discussed previously, this is not an optimal approach
for wide-spatial observation. Finally, in this situation, once the transmit beampattern is designed, the
transmit power in spatial will be immobilized, which implies that the detectable range is fixed and cannot
be adjusted for emergent situations dynamically.

Another widely researched solution for instantaneous wide-spatial coverage is the orthogonal multiple-
input multiple-output (MIMO) radar, which synthesizes the omnidirectional beampattern by transmitting
orthogonal waveforms in all independent channels [16]. In a more generalized context, the orthogonal
constraint can be relaxed, and the covariance matrix of correlated MIMO waveforms can be optimized
to synthesize the transmit beampattern according to the desired shape [17–19]. The MIMO radar also
possesses several limitations in wide-spatial surveillance. First, it is difficult to realize a strictly orthogo-
nal waveform in practice, which leads to non-uniform distribution of transmitting gain, and the constant
modulus constraint may not be rigorously adhered to in MIMO radar waveform design [20]. Besides, the
computational complexity in the optimization process exponentially increases according to the scale of
transmit elements, further restricting its practicability [21]. Finally, neither the orthogonal nor corre-
lated MIMO radar can specify the transmitting waveforms and bandwidths anisotropically in specialized
directions. Consequently, achieving the ideal multiscale observation in wide-spatial surveillance remains
a challenging task for conventional MIMO radar systems.

Recent studies on waveform diversity array and space-time coding technologies have attempted to
address the aforementioned issues in wide-spatial surveillance [22–35]. Among these studies, the frequency
diverse array (FDA) radar has garnered considerable attention due to its beam agility, computational
convenience, and additional DOF in transmission. By introducing a specialized incremental frequency bias
between the transmit elements, coherent FDA (here, it means that the transmitted baseband waveforms in
different channels are strictly coherent) radar performs intrapulse beam scanning in spatial. Furthermore,
based on a combination with MIMO waveform design, the FDA-MIMO radar may be beneficial in range-
angle joint localization [26, 27], range ambiguous clutter suppression [28, 29], and mainlobe interference
suppression [30–32]. The recent research roughly indicates that the beam agility of coherent FDA radar
can be further exploited [33]. Consequently, coherent FDA radar, capable of increasing target extraction
and identification performance in wide-spatial surveillance systems, serves as an adequate choice for
multiscale observation.

Herein, we focus on the quantitative design of coherent FDA radar developed for multiscale observation
and wide-spatial surveillance by exploiting transmit DOFs. The proposed method not only provides the
solution for spatial waveform diversity but also presents the waveform selection principles in coherent
FDA. Furthermore, the quantitative design of beampattern gain in specialized regions of interest (ROI) is
proposed to achieve the detectable range extension. Finally, based on the prior knowledge of the interested
targets, the theoretical analysis of frequency diversity gain is introduced with the aim of optimizing the
spatial bandwidth allocation of coherent FDA radar. In our previous work [36], a qualitative prospect is
presented. The primary contributions of this paper are listed below:

• A multiscale observation method is proposed and introduced into wide-spatial radar surveillance
based on coherent FDA radar. Principles of waveform selection in coherent FDA radar are provided.

• Based on coherent FDA radar, the quantitative design of beampattern gain in specialized ROI is
first developed and further applied in detectable range extension.

• Based on coherent FDA radar, the quantitative analysis of optimal observation range resolution
and frequency diversity gain is introduced to optimize the spatial bandwidth allocation and subsequently
achieve improved detection performance.

• This work presents a reasonable prototype in the field of computational arrays [4]. In this novel
concept, the idea of high transmitting DOFs and the architecture of “element-module-system” can be
embodied in this work.

The remainder of this paper is organized as follows. In Section 2, the basic properties of coherent
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FDA radar to realize the spatial waveform diversity are introduced, and the principles of waveform
selection in coherent FDA are proposed. In Section 3, the quantitative beampattern design and spatial
detectable range extension method are presented. In Section 4, the practical range resolution in coherent
FDA and the frequency diversity gain are analyzed for spatial bandwidth allocation in a quantitative
manner. Numerical simulations are presented in Section 5. Section 6 provides a detailed explanation of
the relationship between this work and the computational array. Finally, in Section 7, the main conclusion
has been presented.

2 Signal model of coherent FDA radar and spatial transmit waveform diver-
sity

In this section, the signal model of coherent FDA is presented to illustrate its basic characteristics. Then,
the realization of spatial waveform diversity and the principles of waveform selection in coherent FDA
radar are proposed.

2.1 Signal model of coherent FDA radar

Considering an uniform linear array (ULA) with M elements and half-wavelength interspace d, for co-
herent FDA radar, the carrier frequency in the mth transmitting channel is

fm = f0 + (m− 1)∆f, m = 1, 2, . . . ,M, (1)

where f0 is the reference central frequency and ∆f is the incremental frequency bias which is assumed
identical in adjacent elements. The transmitted signal in the mth channel yields

sm(t) = rect

(
t

Tp

)

ϕ(t) exp (j2πfmt) , (2)

where rect(x) =
{

1, |x| 6 0.5

0, |x| > 0.5
is the window function and Tp is the pulse duration. ϕ(t) is the baseband

waveform, which is identical in different channels. With the signal propagation, the integrated signal at
(r, θ) in far-field can be expressed as follows:

x (θ, t− τ ) = ξt ·

M∑

m=1

sm (t− τm)

≈ ξt · rect

(
t− τ

Tp

)

ϕ (t− τ) ·
M∑

m=1

exp

{

j2πfm

(

t− τ +
(m− 1) d sin θ

c

)}

, (3)

where ξt is the propagation coefficient, τ = r/c is the consistent range delay. Based on narrowband
assumption, we have τm = τ − (m− 1) d sin θ/c.

Based on that an approximation is introduced into the accumulation term in (3) and yields

x (θ, t− τ ) ≈ ξt · rect

(
t− τ

Tp

)

ϕ (t− τ) exp (j2πf0 (t− τ )) · Pt (θ, t− τ ) , (4)

where

Pt (θ, t− τ) = exp
{

j (M − 1)π
(

∆f (t− τ ) + d sin θ
λ0

)}

·
sin
(

Mπ

(

∆f(t−τ)+ d sin θ
λ0

))

sin
(

π

(

∆f(t−τ)+ d sin θ
λ0

)) , (5)

where λ0 is the wavelength corresponding to the reference frequency f0.
As is illustrated in (4), Pt (θ, t− τ) appears as a complex-valued beampattern correlated with fast time,

range delay, and angular direction. Compared with phased array (PA) radar, the transmitted signal of
coherent FDA radar is not only spatially modulated by |Pt (θ, t)|, but also temporally modulated by
the complex-valued phase term in (5). A demonstration of space-time coupled beampattern of FDA
and time-frequency diagrams of transmitted signal (assuming the baseband waveform is linear frequency
modulated (LFM)) in three different directions are illustrated in Figure 1.

It is clearly demonstrated in Figure 1 that the mainlobe orientation of the FDA beampattern varies
from −π/2 to π/2 within the pulse duration, which covers the entire observation field and maintains
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Figure 1 Space-time coupled FDA transmit beampattern and the time-frequency diagrams of the transmitted signal in −40◦,

0◦, and 40◦.

transmit directivity at the same time. By further derivation upon (5), the relationship between beam
orientation θ, fast time t and range delay τ can be expressed as

θ = arcsin

[
λ0
d

(k +∆f (t− τ))

]

, k ∈ Z, (6)

where k is an integral variable and Z denotes the set of integer.
It can be seen from (6) that the mainlobe of FDA radar uniformly scans in angular domain with

a sinusoidal angular velocity ωθ = ∂ sin θ/∂t = λ0∆f/d. Let Ω = [sin θmin, sin θmax] represent beam-
scanning interval and Θ = |sin θmax − sin θmin| denote the length of interval, where θmin and θmax represent
the starting and ending point of the interval. Θ is determined by the frequency offset ∆f with the following
relationship:

Θ = Tpλ0∆f/d. (7)

In essential, the spatial and temporal modulation of FDA beampattern acts as a windowing function
on transmitted baseband waveform. As is shown in Figure 1, due to the fast intrapulse beam-scanning,
transmitted baseband waveform in different instantaneous is spatially weighted and illuminated in differ-
ent directions. To illustrate the windowing effect, the time-frequency diagrams of transmitted signals in
three different directions (−40◦, 0◦, and 40◦) are presented in Figure 1. It is demonstrated that in each
direction the practical synthetic signal is actually a piece of the entire LFM waveform, which is led by
the windowing effect in space-time dimensions.

2.2 Realization of spatial waveform diversity and principles of waveform selection in co-

herent FDA

Space-time coupled characteristic of FDA radar motivates us to realize the spatial waveform diversity by
designing an integrated signal consists of multiple subpulses which correspond to different angular sectors.
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In each subpulse, the baseband waveform can be independently designed according to the properties of
targets and environments. The detailed designing process is presented in the following.

Firstly, the entire observation filed is divided into L angular sectors, where Ω =
∑L

l=1 Ωl, Θ =
∑L

l=1 Θl

and Θl = |sin θmax,l − sin θmin,l|. Considering consistent frequency offset in subpulses, the lth subpulse
duration Tp,l =

Θl

2∆f
is determined by the range of angular sector Θl and the frequency offset ∆f jointly.

Following that, the set of subpulse waveforms {ϕ1(t), ϕ2(t), . . . , ϕL(t)} are designed for each angular
sector independently. Finally, integrating all subpulses and the transmitted signal designed for the mth
element is given as follows:

sm(t) =
L∑

l=1

rect

(
t− ηl
Tp,l

)

ϕl (t− ηl) exp (−j2πfmt), (8)

where ηl is the lth time-shift to separate each subpulse, yields

ηl = (−Tp + Tp,l)/2 +

l−1∑

i=1

Tp,i. (9)

Based on the implementations above, the designed multiple waveforms {ϕ1(t), ϕ2(t), . . . , ϕL(t)} are
sequentially transmitted into different angular sectors within the pulse duration and the spatial waveform
diversity is accomplished.

Another important question that has been rarely discussed is the principles of waveform selection in co-
herent FDA radar. Since the intrapulse beam-scanning has different effects on frequency modulated (FM)
and phase-coded waveforms, it is worthwhile to present qualitative principles to instruct the waveform
selection in coherent FDA.

Considering the transmitted signal model in (8), a space-time matched function is designed as
follows [24]:

f (θ0, t) = a
H
t (θ0)S

∗ (−t) , (10)

where at (θ0) = [1, e
−j2π

d sin θ0
λ0 , . . . , e

−j2π(M−1)
d sin θ0

λ0 ]T is the steering vector of transmit array and S(t) =

[s1(t), s2(t), . . . , sM (t)]T is the transmitted signal vector.
Furthermore, ξt = 1 and θ = θ0 are assumed and the matched filtered signal of x (θ, t− τ ) by f (θ0, t)

yields

y′ (θ, θ0, t− τ)|θ=θ0
= x (θ, t− τ )⊗ f (θ0, t)

=

M∑

m=1

∫ Tp/2

−Tp/2

ψ(t)ψ∗ (t− τ) dt

︸ ︷︷ ︸

self-term

+

M∑

m=1

M∑

n6=m

∫ Tp/2

−Tp/2

ψ(t)ψ∗ (t− τ ) · e−j2π(m−n)∆ftdt

︸ ︷︷ ︸

cross-term

,

(11)

where ⊗ denotes the convolution and ψ(t) =
∑L

l=1 ϕl(t) is the integrated baseband waveform.
As is shown in (11), the self-term corresponds to the autocorrelation of baseband waveform, and

the cross-term can be considered as the ambiguity function (AF) of ψ(t) with an equivalent Doppler
frequency fd = (m− n)∆f . As for the FM waveform with oblique ridge-shaped AF, a slight Doppler-
shift in matched filtering will lead to the range-shift in the impulse response. Consequently, the mainlobe
of cross-terms will be shifted along the range and merged into the adjacent sidelobe of self-terms. This
results in the mainlobe expansion, which leads to the degradation of range resolution. In return, the
peak-to-sidelobe ratio (PSLR) will be significantly improved. On the contrary, phase-coded signal with
thumbtack-shaped AF will suffer the PSLR aggravation when it is used in coherent FDA. This is due
to the fact that equivalent Doppler-shift in cross-terms will lead to the dramatic decrease of mainlobe
response and the arise of noise pedestal. Fortunately, as for phase-coded signal in coherent FDA, the
observation range resolution will not be influenced, since the range resolution of phase-coded waveform
is only determined by code width. Furthermore, PSLR aggravation in this case can be mitigated by
mismatched filter design in the receiver.

In summary, the phase-coded waveform with thumbtack-shaped AF will maintain the range resolution
at the price of PSLR aggravation, and the FM waveform with oblique ridge-shaped AF will acquire
significant PSLR improvement but suffer the mainlobe expansion in range. In both cases, the declination
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of time-bandwidth production (TBP) will be introduced. These waveform selection principles of coherent
FDA are quantitatively validated by numerical simulations in Section 5.

2.3 Received signal processing of coherent FDA radar

A collocated half-wavelength ULA with N elements is considered in the receiver. After down conversion
with reference frequency f0, the received signal in the nth element from a target locating at (r, θ) can be
expressed as

yn (θ, t− τr) = ξr · rect

(
t− τr
Tp

)

ϕ (t− τr) exp (−j2πf0τr)

· exp

{

−j2π (n− 1)
d sin θ

λ0

}

· Pt (θ, t− τr) , (12)

where τr = 2r/c is the round-trip range delay and ξr is the round-trip propagation coefficient.

Combining the received signal in all elements, the N -dimensional signal vector is derived as

Y (θ, t− τr) = ξr · ar (θ) rect

(
t− τr
Tp

)

ϕ (t− τr) · exp (−j2πf0τr) · Pt (θ, t− τr) , (13)

where ar (θ) = [1, e−j2πd sin θ
λ0 , . . . , e−j2π(N−1) d sin θ

λ0 ]T is the steering vector of receive array.

Normally, the receive DBF, similar to the ubiquitous radar, can be operated at first for angular
discrimination as follows:

r (θ, θ0, t− τr) = ξr ·w
H
r (θ0)ar (θ) rect

(
t− τr
Tp

)

· ϕ (t− τr) exp (−j2πf0τr) · Pt (θ, t− τr) , (14)

where wr (θ0) = [1, e
−j2π

d sin θ0
λ0 , . . . , e

−j2π(N−1)
d sin θ0

λ0 ]T is the beamforming vector at θ0.

Different from ubiquitous radar, the wide spatial coverage of coherent FDA is achieved by intrapulse
beam-scanning with a pencil-shaped beam. Consequently, the transmitting directivity is preserved and
can be recovered by the following space-time matched-filter [24]:

h (θ0, t) =

M∑

m=1

e
−j2π(m−1)

(

∆ft+
d sin θ0

λ0

)

· ϕ(t). (15)

Actually, h (θ0, t) incorporates the equivalent transmit DBF in spatial and pulse compression in range
simultaneously. The received signal after space-time matched filtering yields

rpc (θ, θ0, t− τr) = r (θ, θ0, t− τr)⊗ h∗ (θ0,−t) . (16)

Note that through receive DBF and space-time matched filtering, the angular discrimination ability
of coherent FDA is equivalent with orthogonal MIMO radar. The complete receive signal processing
procedures of coherent FDA are demonstrated in Figure 2, where Nθ denotes the number of output
signal in receive DBF.

3 Quantitative design for beampattern synthesis and detectable range ex-
tension based on coherent FDA

In this section, a quantitative beampattern synthesis method for coherent FDA radar is proposed, which
enables the designer to alternate beampattern gain in each ROI independently. On this basis, the de-
tectable range extension method in specialized ROI is proposed. That will help the surveillance radar
acquire better visibility in emergent situation dynamically. Compared with the qualitative method in [33],
the quantitative design of beampattern gain in independent ROI is proposed for the first time.
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Figure 2 Receive signal processing procedures of coherent FDA radar.

3.1 Principles of transmit beampattern synthesis based on coherent FDA

Beampattern synthesis in correlated MIMO radar usually requires complicated processes [17–19], includ-
ing the signal covariance matrix optimization, and multi-channel waveforms generation. This kind of
method has at least two limitations. Firstly, the high-dimensional optimization will increase the com-
putational burden, especially for large-scale system. Secondly, the spatial waveform diversity cannot be
further exploited. Essentially, the transmit beampattern synthesis can be resolved in a straightforward
approach. As a matter of fact, the spatial allocation of transmitting energy is determined by the product
of transmit power and the mainlobe illumination time (that also explains why the PA radar has the
highest directional gain).

Increased beam agility of coherent FDA radar provides the opportunity to synthesize transmit beam-
pattern directly. According to (6), the angular velocity of intrapulse beam-scanning is determined by the
frequency offset ∆f . That means by alternating ∆f within the pulse duration, the mainlobe illumination
time in specialized ROI can be prolonged to acquire higher beampattern gain in this ROI. Compared
with MIMO beampattern synthesis, the computational complexity is alleviated and additional DOF in
the waveform domain is released. To realize the quantitative design of beampattern gain in ROI, the
adjustable beam-scanning velocity is required within the pulse duration. That means the frequency off-
sets and the subpulse durations need to be redesigned specifically. The detailed implementations are
presented as follows.

Firstly, considering the set of spatial incontinuous ROI, ΩROI = {Ω1,Ω2, . . . ,ΩK}, andK is the number
of ROI. Thus, the entire observation field is segmented into L′ = 2K + 1 independent angular sectors.
We define Ω̃ROI to represent the set of uninterested regions, which includes K+1 angular sectors outside
of the ROI. The union set of ΩROI and Ω̃ROI is the entire observation field, i.e., Ω = ΩROI ∪ Ω̃ROI. Then,

the subpulse durations are defined as [Tp,1, Tp,2, . . . , Tp,L′] , s.t. Tp =
∑L′

l=1 Tp,l, where Tp,l corresponds
to the mainlobe illumination time in the lth angular sector. Following that the frequency offset in each
subpulse is redesigned as ∆fl = Θl/2Tp,l. Finally, the integrated transmitted signal for the mth element
is expressed as

sm(t) =
L′
∑

l=1

rect

(
t− ηl
Tp,l

)

ϕl (t− ηl) exp (−j2πfm,lt), (17)
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where 





fm,l = f0 + (m− 1)∆fl = f0 + (m− 1)
Θl

2Tp,l
,

ηl = (−Tp + Tp,l)/2 +

l−1∑

i=1

Tp,i.

(18)

For convenience, only the subpulse durations corresponding to the ROI are required to be assigned
specifically and the frequency offset designed for the uninterested angular regions yields

∆fΩ̃ROI
=

Θ̃ROI

2(Tp −
∑K

k=1 Tp,k)
, (19)

where Θ̃ROI =
∑K+1

j=1 Θj and Θj corresponds to the uninterested angular region Ωj ⊂ Ω̃ROI.
Furthermore, for quantitative analysis of beampattern gain, the one-dimensional equivalent beampat-

tern of FDA is proposed and defined as the intrapulse integration in the time-domain as follows:

g (θ) =
1

Tp

∫ Tp/2

−Tp/2

|Pt (θ, t)|
2
dt, (20)

where g (θ) can be explained as the temporal average of Pt (θ, t) and it has the same physical definition
with the array beampattern in traditional meaning. For example, the beampattern of the PA radar
calculated by (20) is equal to the result derived by the steering vector.

Considering the intrapulse beam-scanning property of FDA, the one-dimensional equivalent beampat-
tern g (θ) is able to evaluate the average directional gain in transmission. Analytical expression of g (θ)
is derived by calculating the antiderivative of integral in (20) as follows:

Ξ (θ, t) =
1

Tp

∫

|Pt (θ, t)|
2
dt

=
1

2π∆fMTp

∣
∣
∣e

j2Mπ(∆ft+d sin θ
λ0

)
· 2F1

(

1,M, 1 +M, e
j2π(∆ft+d sin θ

λ0
)
)

+ M ln
(

1− e−j2π(∆ft+d sin θ
λ0

)
)∣
∣
∣

2

, (21)

where 2F1 (a, b, c, z) is the hypergeometric function [37].
An qualitative demonstration is presented in Figure 3 by assuming K = 1 and ROI is [0◦, 20◦]. Accord-

ing to the analysis above, the mainlobe illumination time in ROI is set as Tp,k = 0.3Tp, 0.5Tp, and 0.7Tp,
respectively. Comparisons of transmit beampatterns are demonstrated in Figure 3. It is clearly illustrated
that by prolonging the illumination time in specialized ROI, beampattern gains in these directions are
significantly increased. For example, in the case of Tp,k = 0.7Tp, the beampattern gain in [0◦, 20◦] is
8.98 dB higher than the referenced value (corresponds to the uniform beam-scanning when ∆f = 1/Tp).

3.2 Quantitative design of beampattern gain and detectable range extension in ROI

In the previous discussion, it was revealed that the beampattern gain in specialized ROI can be improved
by introducing the adjustable beam-scanning velocity in subpulses. However, it is only a qualitative
demonstration. In the following, the quantitative design of FDA beampattern gain in ROI is developed
and further applied in detectable range extension.

First of all, the idealized beampattern gain Gid (ΩROI) for ROI are preassigned. Strictly speaking,
Gid (ΩROI) can be designed in any desired shape with reasonable gain. Normally, it is more practical to
shape Gid (ΩROI) into rectangular functions with consistent gain in specific ROI. Then, based on (20),
the iterative operation can be implemented to resolve the following optimization problem:

argmin
[Tp,1,Tp,2,...,Tp,K ]

‖Gid (ΩROI)− g (ΩROI)‖2 + γ
∥
∥Gl − g

(
Ω̃ROI

)∥
∥
2

s.t. Gl < g (ΩROI) < Gu,
(22)

where g (ΩROI) and g(Ω̃ROI) represent the synthesized beampattern within and without the ROI. Gu is
the upper bound of beampattern gain which is calculated in PA mode and Gl is the lower bound value
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Figure 3 Space-time transmit beampatterns of coherent FDA radar with different subpulse durations allocation. (a) Tp,k = 0.3Tp;

(b) Tp,k = 0.5Tp; (c) Tp,k = 0.7Tp; (d) comparison of the one-dimensional equivalent FDA beampatterns.

derived when ∆f = 1/Tp. γ is the regularization parameter. Eq. (22) can be solved by basic sequential
operations. Furthermore, it is revealed that the variables to be optimized are the subpulse durations
correspond to ROI, due to the fact that Tp,k determines the illumination time in the kth angular sector.

Based on the quantitative synthesis of beampattern gain, the detectable range extension in ROI can
be developed according to the Shnidman empirical function [38]. Shnidman function calculates the
minimum single-pulse SNR (signal noise ratio) required for expected detection performance, including
the probability of detection Pd, false alarm probability Pfa, integration number np, and the Swerling type
of target. The detailed structure of the Shnidman function is discussed in Appendix A and it is used to
calculate the minimum required single-pulse SNR in this problem. Finally, the surveillance radar range
equation in (23) is applied to calculate the required beampattern gain Gid (ΩROI) for detectable range
Rid.

R4
id =

Gid (ΩROI) · PavGrλ
2
0δI (np)

(4π)
3
kT0FnLtLf · (SNR)l

· Tr, (23)

where Tr is the pulse repetition time.

As one of the significant differences between FDA and PA surveillance radar, the scan time Tsc in the
traditional definition is equal to Tr, since the intrapulse beam-scanning. It means more returned pulses
from the target can be integrated in the same slow-time interval. This is at the price of lower directional
gain in transmission. Other parameters are defined as follows. (SNR)l is the minimum single-pulse SNR
calculated by the Shnidman function, Pav is the average transmit power, Gr is antenna gain in a receiver,
λ0 is the wavelength, δ is the radar cross section (RCS) of a target, I (np) is the non-coherent integration
gain, k is the Boltzmann constant, T0 is the equivalent noise temperature and Fn is the receiver noise
coefficient. Lt is system loss and Lf is fluctuation loss. Gid (ΩROI) is calculated based on the predefined
values of Rid in each ROI specifically. In the final stage, the sequential optimization can be implemented
to solve (22).
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4 Quantitative design of spatial allocation of observation bandwidth in co-
herent FDA radar

Due to the existence of frequency diversity gain [7–9], high range resolution radar takes the advantages
not only in target identification but also in target detection. Based on coherent FDA, the spatial range
resolution in different ROI can be further optimized by the allocation of transmit bandwidth. In this
section, the quantitative design of observation bandwidth is provided based on wideband detection theory.

4.1 Determination of spatial observation bandwidth in coherent FDA radar

In existent literature, the practical observation bandwidth of coherent FDA radar has not been conclu-
sively discussed, only a rough approximation is given as B′ ≈ B/M [39,40], which is not suitable in many
cases. Consequently, the observation bandwidth of coherent FDA is analyzed at the beginning.

As discussed in Section 2, the intrapulse beam-scanning leads to the reduction of beam dwell time at
a certain direction. It leads to the loss of integrated bandwidth when using FM waveform. Considering
the angular velocity of beam-scanning is ωθ = ∂ sin θ/∂t = λ0∆f/d and the 3-dB beamwidth is θwidth ≈
λ/D = 2/(M − 1), the beam dwell time of signal model in (17) at a certain direction is derived as

Ts,l =
θwidth

ωθl

≈
1

(M − 1)∆fl
, (24)

where an approximation of sin (θwidth) ≈ θwidth is introduced, because the beamwidth is relatively narrow.
Define f ′(t) as the frequency modulating rate of the baseband waveform ϕl (t), the practical observation

bandwidth yields by fast-time integration as follows:

Bs,l =

∫ t0+Ts,l

t0

f ′(t)dt ≈ f ′(t0) · Ts,l. (25)

Considering ϕl (t) is an LFM signal with chirp rate f ′(t) = µl = Bl/Tp,l, the observation bandwidth in
the lth angular sector is Bs,l = µlTs,l ≈

Bl

(M−1)∆flTp,l
. Then, substituting ∆fl =

Θl

2Tp,l
into the equation

and the practical range resolution in the lth angular sector is derived as

ρl =
c

2Bs,l

=
c · (M − 1)Θl

4Bl

. (26)

Eq. (26) indicates that if it is intended to acquire expected range resolution ρl in Ωl, the bandwidth

of LFM waveform in subpulse is required as Bl =
c·(M−1)Θl

4ρl
. It is important to note that the practical

range resolution of coherent FDA is decreased only if the baseband waveform is FM. So far, the conclusive
derivation of practical observation bandwidth and range resolution in coherent FDA are given in (25)
and (26), which can be used to carry out the following analysis.

4.2 Quantitative design of optimal range resolution in target detection

Frequency diversity gain in wideband detection can be explained by Parseval’s theorem, where the non-
coherent summation of the target’s range profile in the time domain is equivalent to integrate the energy
of the target’s frequency response in the frequency domain [8]. Nevertheless, the frequency diversity gain
arises at the price of non-coherent loss. In consequence, with joint consideration of frequency diversity
gain and non-coherent loss, the optimal range resolution dose exist at the “turning point” of SNR gain [9].

In this study, the frequency diversity gain is defined as the anti-fluctuation gain, which means the
mitigation of fluctuation loss compared with the narrowband observation, where the target is located in
a single range cell. The fluctuation loss is defined as the additional required SNR to achieve the same Pd

and Pfa compared with the non-fluctuation target (Swerling 0) as follows:

Lf (Γ, SW(i)) = SNR (Γ, SW (i))− SNR (Γ, SW0) , (27)

where Γ = {Pd, Pfa, nr} is the set of parameters in detection. Note that nr denotes the number of non-
coherent integration samples and the number of range cells on target in detection. Based on the Swerling
and Marcum model, the minimum required SNR (Γ, SW (i)) can be calculated by iterative operation.
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Since the detailed procedures have been provided in [41], no further elaboration is discussed in this
paper.

Based on the definition above, the frequency diversity gain yields

[Gf ]dB = Lf (Γ1, SW (i))− Lf (Γnr
, SW (i)), (28)

where Lf (Γ1, SW (i)) and Lf (Γnr
, SW (i)) denote the fluctuation loss in narrowband and nr-sampling

wideband detection, respectively.

Then, non-coherent integration loss, which is defined as the additional SNR between the nr-sampling
coherent and non-coherent integration, is considered. As for a narrowband radar, the target is located in
one range cell and its impulse response can be considered as a coherent integration of the target’s range
profile. Then, based on [36], the empirical nr-sampling improve factor from the non-coherent integration
is defined as

[I (nr)]dB = 6.79 (1 + 0.253Pd)

(

1 +
log (1/Pfa)

46.6

)

log (nr) ·
[

1− 0.14 log (nr) + 0.01831(log(nr))
2
]

. (29)

Consequently, the non-coherent integration loss yields

[LNC]dB = 10 log (nr)− [I (nr)]dB, (30)

where 10 log (nr) denotes the value of SNR gain in coherent integration.

In general consideration, the SNR gain acquired in wideband detection is the summation of frequency
diversity gain and non-coherent integration loss, which can be expressed as

[GSNR]dB = −[LNC]dB + [Gf ]dB. (31)

Assuming an interested target with 16 m in boresight, numerical simulations are presented to illustrate
the proposed quantitative design of optimal range resolution. Pfa = 10−5 is assumed and the Swerling
1 to Swerling 4 cases are studied. SNR gain acquired in wideband detection as a function of different
numbers of range cells on target are illustrated in Figure 4. Comparison of the entire SNR gain between
Swerling 1/2 and Swerling 3/4 cases indicates that the target with strong fluctuation (Swerling 1/2) will
acquire more frequency diversity gain in wideband detection than weak fluctuation target (Swerling 3/4).
Furthermore, it also indicates that the SNR gain acquired from wideband observation has a positive
relationship with the detection probability Pd (obviously, higher Pd means higher received SNR). When
Pd = 0.95, the highest SNR gain reaches 7.189 dB in Figure 4(a) and 2.326 dB in Figure 4(b). By
counting the turning points corresponding to different Pd values in Figure 4, the optimal numbers of
range cells in wideband detection are illustrated in Figure 5. It is revealed that the optimal number of
range cells arises with the increase of SNR (represented by Pd in Figure 5). When Pd reaches 0.99, the
optimal nr of Swerling 1/2 and Swerling 3/4 arise to 12 and 5, respectively. Based on the fitting curves,
the optimal number of range cells on target n′

r can be determined and the optimal detection bandwidth
yields (under the assumption of LFM waveform)

B′
l =

c · (M − 1)Θln
′
r

4lt
, (32)

where lt is the target length in boresight.

According to the aforementioned analysis, the optimal detection bandwidth can be estimated with the
prior knowledge of the target’s length and Swerling types. This information is usually attainable for
targets of interest in different ROI. Consequently, based on the multiscale observation ability of coherent
FDA radar, the optimized spatial bandwidth allocation can be implemented. Although the rigorous
optimal frequency diversity gain is hard to realize in practice, the quantitative calculation provided in
this section is still meaningful to acquire better detection performance. It also needs to be attention that
the wideband observation discussed in this section means discriminating the target into more than one
range unit. It has a different meaning from the typical definition of wideband signal and it does not
conflict with the narrowband assumption in Section 2.
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Figure 4 SNR gain changing with the number of range cells on target. (a) Swerling 1/2; (b) Swerling 3/4.
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Figure 5 Optimal number of range cells on target in detection changing with Pd. (a) Swerling 1/2; (b) Swerling 3/4.

4.3 Complete process of the multiscale observation method based on coherent FDA

Jointly considering the discussions in the above sections (including spatial waveform diversity, quantita-
tive design of beampattern, and observation bandwidth), the proposed method opens the way to achieve
multiscale observation in wide-spatial radar surveillance. We assume that the maximum transmit band-
width is defined as Bt =

∑L
l=1Bl. Then, the complete implementations of the proposed method are given

in Algorithm 1.

5 Numerical simulations and results

This section validates the effectiveness of the proposed multiscale observation and waveform selection
principles in coherent FDA, as well as the quantitative beampattern synthesis, spatial waveform, and
bandwidth diversity. The system parameters according to a ground-based collocated FDA radar consti-
tuted by ULA are provided in Table 1. The idealized non-directional elements are assumed (the directional
gain of every single element is 0 dB), and the antenna gain is calculated based on array pattern synthesis.

5.1 Multidimensional AF and comparative simulations between different radar systems

The AF is an effective tool that can be used to analyze the waveform characteristics, including the range
resolution, Doppler tolerance, and sidelobe performance. However, it is difficult to evaluate the spatial
diverse waveforms using the traditional AF due to the lack of angular resolution. Consequently, inspired
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Algorithm 1 Quantitative design of multiscale observation in wide-spatial FDA radar surveillance

Input: Specialized ROI ΩROI = {Ω1,Ω2, . . . ,ΩK}. Prior knowledge of the interested target, including Swerling type and target’s

length. Requirements in detection, including Pd, Pfa. Radar system parameters in (23). Required beampattern gain Gid (ΩROI)

or detectable range extension Rid (ΩROI).

Output: Designed signals for M transmit elements [s1(t), s2(t), . . . , sM (t)].

Step 1. Calculate the minimum detectable (SNR)
l
by Shnidman function based on the requirements in detection and the prior

knowledge of interested target;

Step 2. Determine the required beampattern gain Gid (ΩROI) directly or calculate from (23) with the predefined range extension

Rid (ΩROI);

for k = 1 : K do

for Tp,k in [Ts,k, Ts,k + ∆T , . . . , Tp] do

1. Sequentially calculate the cost function in (22) with searching step ∆T in the searching range [Ts,k, Tp];

2. Locate the minimum value of the cost function and record the corresponding subpulse duration as T̂p,k;

end for

3. Calculate the optimal observation bandwidth B′
k by (32) with prior knowledge assistance;

end for

Step 3. Baseband waveforms {ϕ1(t), ϕ2(t), . . . , ϕL(t)} in L subpulses are designed with the consideration of observed environ-

ments in different angular sectors;

Step 4. Calculate the time-shifts ηl and frequency offsets ∆fl based on (18) and (19). Finally, integrate the subpulse waveforms

by (17) and feed the synthesized signal to transmit elements.

Table 1 Coherent FDA radar parameters in simulation

Parameter Symbol Value

Reference frequency f0 10 GHz

Total bandwidth Bt 500 MHz

Pulse duration Tp 10 µs

Average power of transmitter Pav 400 W

Pulse repetition time Tr 5 ms

System loss Lt 15 dB

Receiver noise coefficient Fn 3 dB

Receive antenna gain Gr 33.94 dB

Number of transmit elements M 20

Number of receive elements N 50

Range of surveillance Ω [−90◦, 90◦]

by the space-time matched filter in (10), the multidimensional AF is developed as follows:

|χ (τ, fd, θ, θ
′)|

2
=

∣
∣
∣
∣
∣

M∑

n=1

M∑

m=1

ej(k
T(θ)x(m)−k

T(θ′)x(n))·

∫ +∞

−∞

sm(t)s∗n (t− τ ) · ej2πfdtdt

∣
∣
∣
∣

2

, (33)

where k (θ) = 2π sin θ
λ0

ek is the wavenumber vector and x (m) = (m− 1) d · ex is the relative position
vector. θ represents the direction of received signal and θ′ represents the direction of spatial filtering.

The multidimensional AF is equivalent to the received signal processing of a multi-input single-output
system. The equivalent beamforming is operated in conjunction with pulse compression. Because the
|χ(τ, fd, θ, θ

′)|2 is a four-dimensional function, its bi-dimensional expressions are usually applied to present
the visualized results. χ(τ, fd; θ = θ′) is the range-Doppler AF, which is utilized to evaluate the range
correlation and Doppler tolerance. χ(θ, θ′; τ = 0, fd = 0) denotes the bi-dimensional angular AF, which
illustrates the spatial coverage and angular resolution in transmission. χ(τ, θ; θ′ = θ0, fd = 0) represents
the range-angle AF, which evaluates the angular and range focusing performance according to the equiv-
alent beamforming direction θ0. In the following simulations, the multidimensional AFs are utilized to
analyze the performance of the proposed method.

First, the bi-dimensional angular AF is applied to demonstrate the spatial coverage performance and
establish a quantitative analysis of the relative gain in transmission. Based on the system parameters
highlighted in Table 1, bi-dimensional angular AFs of PA radar, orthogonal MIMO, and coherent FDA
are demonstrated in Figure 6. Observations of the diagonal of bi-dimensional angular AFs reveal that the
PA radar cannot achieve complete spatial coverage. In comparison, both the MIMO and FDA radar yield
high transmitting gain when θ = θ′ ∈ [−90◦, 90◦]. Compared to coherent FDA, the spatial distribution
of transmitting gain in orthogonal MIMO is not uniform because it is difficult to generate the strictly
orthogonal waveform in practical applications.
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Figure 6 Bi-dimensional angular AFs of different radar systems. (a) PA; (b) orthogonal MIMO; (c) coherent FDA.

5.2 Validation of spatial waveform diversity

To validate the spatial waveform diversity, the first simulation is conducted by dividing the entire obser-
vation field into three angular regions: Ω1 = [30◦, 90◦], Ω2 = [−30◦, 30◦], and Ω3 = [−30◦,−90◦]. For
these angular sectors, different types of subpulse waveforms are designed. The time-frequency diagram
of the transmit baseband waveform is displayed in Figure 7. As demonstrated previously, an LFM wave-
form is designed for Ω1, a tangent FM waveform is designed for Ω2, and a phase-coded waveform with
a −40 dB sidelobe level is designed for Ω3. The subpulse durations are calculated by Tp,l = Θl/2∆f .
To realize full-spatial coverage, ∆f = 1/Tp is assumed. Consequently, Tp,1 = 2.5 µs, Tp,2 = 5 µs, and
Tp,3 = 2.5 µs. The code length of phase-coded waveform is set to nc = 120 and the code width yields
tb = Tp,3/nc ≈ 0.021 µs, corresponds to B3 = 48 MHz. The bandwidth of LFM and Tangent FM signals
are set to B1 = B2 = 0.5 (Bt −B3) = 226 MHz.

Furthermore, the range-angle AF is adopted to evaluate the properties of the received signal from three
equivalent transmit DBF directions. In this simulation, the equivalent beamforming is implemented by
setting θ′ = 40◦, θ′ = 0◦, and θ′ = −40◦ in (33), respectively. The three different range-angle AFs
are demonstrated in Figures 8(a)–(c). Detailed illustrations in red dashed squares are placed at the left
corner of subfigures, and a comparison of centered range profiles in these three directions is shown in
Figure 8(d). From Figures 8(a)–(c), it is evident that different impulse responses are acquired when
equivalent boresight varies from Ω1 to Ω3. In Figure 8(a), the sidelobe clutter appears as a result of the
high pedestal of the phase-coded waveform. In contrast, when the boresight is aimed at θ′ = 0◦ and
θ′ = −40◦, the coupled energy from the phase-coded waveform in the third subpulse is suppressed by
the space-time windowing effect of the FDA beampattern. Thus, the sidelobe clutters are substantially
mitigated, as shown in Figures 8 (b) and (c).

A comparison of the range profiles in three directions is illustrated in Figure 8(d). When θ′ = 40◦

corresponding to LFM waveform in the first subpulse, the 3-dB range resolution is 3.05 m, which is

coincident with the theoretical value ρl =
c·(M−1)Θl

4Bl
= 3.15 m. When the boresight aims at θ′ = 0◦, the

practical range resolution of Tangent FM signal is 10.5 m, and the theoretical range resolution, which is
calculated according to (25), is 11.25 m, which are also coincident. For the received phase-coded signal
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Figure 8 Range-angle AFs with different beamforming directions and the comparison of one-dimensional range profiles.

(a) Boresight aiming at θ′ = −40◦; (b) boresight aiming at θ′ = 0◦; (c) boresight aiming at θ′ = 40◦; (d) comparison of

range profiles in these directions.

from θ′ = −40◦, the measured range resolution is 2.85 m, slightly surpassing its theoretical value, which
is 3.125 m. The range resolution of the phase-coded waveform, which is −15.41 dB, is enhanced with the
PSLR elevation. The PSLR aggravation of phase-coded waveform in coherent FDA radar is induced as a
result of the cross terms (m 6= n) in (11). The PSLRs of the LFM and Tangent FM waveforms correspond
to −35.99 and −61.49 dB, respectively. The remarkable improvement in the PSLR of FM waveforms in
coherent FDA radar may be attributed to the range shift of cross terms in (11). The simulation results
in Figure 8 validate the principles of waveform selection proposed in Section 2 quantitatively.
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Table 2 Simulation parameters in this subsection

Parameter Symbol Value

Detection probability Pd 0.9

False-alarm probability Pfa 10−6

RCS of interested target δ 10 m2

Number of integration pulses np 30

Non-coherent integration gain I(np) 11.58 dB

Fluctuation loss Lf (Γ, SW (i)) 1.74 dB

Detectable single-pulse SNR (SNR)
l

21.35 dB

5.3 Validation of quantitative beampattern synthesis and detectable range extension

In this subsection, the quantitative beampattern synthesis and detectable range extension in specialized
ROI are presented. The two spatial distinct ROI are designed as ΩROI = {[−20◦, 0◦] , [30◦, 50◦]}. The
interested target is assumed as a jet aircraft, which is a typical Swerling 2 target, and the related
parameters used in this simulation are demonstrated in Table 2.

The coherent gain of FDA radar in the receiver is equivalent to the PA radar, given that the coherent
synthesis in the received array is the same in these modes. However, the coherent gain of FDA in
transmit is considerably different from PA or orthogonal MIMO radar. Due to the intrapulse beam
agility, the coherent gain of FDA in transmit should be calculated by (20) for quantitative analysis.
According to the system parameters, the lower bound of beampattern gain Gl = 6.88 dB is derived
when ∆f = 1/Tp (used as a reference), and the upper bound of beampattern gain Gu = 26.01 dB is
derived in the PA mode. Therefore, the designable range of beampattern gain is |Gu −Gl| = 19.13 dB.
Then, based on the surveillance radar equation in (23), the lower and upper bounds of the detectable
range are calculated as Rl = 13.24 km and Ru = 39.81 km. In the following simulation, the idealized
range extensions ∆R = Rid − Rl in ROI are set as 2, 4, 6, and 8 km. According to (23), the required
additional beampattern gain ∆G = Gid(ΩROI) − Gl is s 2.44, 4.58, 6.49, and 8.22 dB, respectively.
Another example may be presented by setting ∆R1 = 8 km in [−20◦, 0◦] and ∆R2 = 2 km in [30◦, 50◦],
which demonstrates the ability to synthesize different beampattern gain in different ROI. Qualitative
illustrations of bi-dimensional angular AFs are presented in Figure 9, and quantitative comparisons are
carried out based on one-dimensional equivalent beampattern defined by (20) in Figure 10.

From the diagonal of angular AFs in Figure 9, the transmit beampattern gain in specialized ROI is
gradually strengthened as the predefined range extensions are increased. Furthermore, as is illustrated
in Figure 10, when the detectable range extension [∆R1,∆R2] increases from 2 to 8 km, the maximum
beampattern gain increases from 2.46 to 8.23 dB in [−20◦, 0◦] and from 2.47 to 6.50 dB in [30◦, 50◦],
respectively. The simulation result in Figure 10 validates the feasibility of the proposed method to
synthesize the required beampattern gain precisely according to the predefined range extension. The
slight between the two ROIs is induced by the non-linear relationship between degrees and sines (although
the beam-scanning velocity is constant in sinusoidal form, it will be nonlinearly transformed into degree
form). Considering the uninterested angular sectors, the maximum beampattern loss is −8.55 dB, which
corresponds to ∆R1 = ∆R2 = 6 km. In the case of ∆R1 = ∆R2 = 2 km, the maximum beampattern loss
is −1.75 dB. This means the additional beampattern gain in ROI is traded by the loss of illumination time
in uninterested angular sectors. Furthermore, compared to the beampattern designed by existing studies
in [21], the proposed method capitalizes on the additional DOF, and this further helps quantitatively
design the beampattern gain in ROI.

5.4 Validation of frequency diversity gain and quantitative design in spatial bandwidth

allocation

In this subsection, the frequency diversity gain in wideband detection and the proposed quantitative de-
sign of spatial bandwidth allocation are validated based on real-measured data. The high range resolution
profiles (HRRP) of an airbus A320 in flight are measured at Hefei airport by a wideband monostatic radar
with 200 MHz bandwidth, 250 MHz sampling rate and carrier frequency at f0 = 15.5 GHz. The target
length in boresight is 24 m, and the average received signal SNR per sample is 7.2 dB (estimated from the
HRRP). The narrowband range profiles are generated by sub-band decomposition, and the energy loss
in spectrum split is recovered by non-coherent integration between adjacent pulses. The real-measured
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Figure 9 Bi-dimensional angular AFs with range extensions in [−20◦, 0◦] and [30◦, 50◦]. (a) ∆R = 2 km; (b) ∆R = 4 km;

(c) ∆R = 6 km; (d) ∆R1 = 8 km in [−20◦, 0◦] and ∆R2 = 2 km in [30◦, 50◦].
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Figure 11 Real-measured HRRP data of an airbus A320 in flight. (a) Part of raw data; (b) HRRP with a range resolution of

0.75 m; (c) narrowband profiles with a range resolution of 7.5 m.
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Figure 12 Illustration of SNR gain in wideband detection. (a) Change in SNR gain according to range resolution; (b) change in

SNR gain according to the number of range cells on target.

raw data, HRRP, and narrowband range profiles are demonstrated in Figure 11.
Because the airplane has a linear radial velocity (about 64 m·s−1), the envelope alignment is introduced

at the beginning for convenient extraction of the target’s energy in different pulses. The multiscale sub-
band decomposition is introduced to generate the narrowband range profiles corresponding to different
range resolutions. In this simulation, we set the range resolution as 0.75–21 m, and the average SNR
gain (compared with the narrowband case) in different situations is derived by performing Monte-Carlo
experiments for a total of 500 times. The curves of SNR gain change according to the range resolution,
and the number of range cells on target is demonstrated in Figure 12.

In Figure 12, it is briefly illustrated that the optimal detection range resolution in this data is 7.5 m, and
the optimal number of range cells on target is three. The maximum SNR gain acquired from frequency
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Figure 13 Theoretical analysis of change in SNR gain according to the number of range cells on target.

diversity gain is 1.57 dB. To validate the feasibility of theoretical analysis, the quantitative design of
optimal detection bandwidth proposed in Section 4 is presented. Based on the CFAR detection with
Pfa = 10−5 on this dataset, the single-pulse detection probability is approximately 0.72. Based on prior
knowledge, the jet aircraft, like airbus A320, is a typical Swerling 2 target. The theoretical curve of the
change in SNR gain according to the number of range cells on target is derived using the method proposed
in Section 4, as demonstrated in Figure 13 and compared with the real-measured curves in Figure 12(b).
It is illustrated that the optimal number of range cells in theoretical is three, and the maximum SNR
gain is 1.64 dB, which is in agreement with the experiment results. Further, it can be seen that the
theoretical curve of SNR gain is consistent with the result in Figure 12(b). The comparison between
experimental and theoretical curves validates the effectiveness of the proposed quantitative bandwidth
allocation method.

In summary, the experiments on real-measured datasets validate the presence of frequency diversity gain
and optimal detection range resolution. Consequently, based on prior knowledge of interested targets,
the quantitative results derived from this subsection can be used to carry out the spatial bandwidth
allocation in coherent FDA multiscale observation for better detection performance. It should be noted
that the quantitative design of observation bandwidth can be used not only in coherent FDA systems
but also in other radar applications with sufficient observation bandwidth.

6 Discussion

In this section, we discuss the relationship between this work and the concept of computational array [4],
and we further present two detailed strategies, which will help reduce the computational burden and
subsequently improve the practicality of the proposed method.

First, the idea of the computational array is proposed by integrating the sensing and computing,
especially the unit computing. In that framework, a three-level computing architecture of “element-
module-system” is established. One of the primary benefits of the computational array is the high
transmit freedom [4]. Thus, the proposed multiscale observation of coherent FDA radar can be regarded
as a preliminary attempt of the computational array. In the first place, the high transmit DOFs of coherent
FDA are in conjunction with the computational array. Furthermore, the unit computation can be driven
by coherent FDA radar due to the beam-scanning properties. Finally, because the transmit directivity
can be reconstructed by only one receive unit, the coarse-accuracy information can be acquired from a
single receive unit. By integrating all receiving units, the high-accuracy information can be extracted,
which corresponds to the “element-module-system” architecture.

Second, as discussed in Section 4, the practical observation bandwidth Bs,l in the lth angular sector
is less than the baseband waveform bandwidth in the lth subpulse. As illustrated in (25), the practical
observation bandwidth is determined by beam dwell time and frequency modulating rate. Consequently,
adjustable sampling rates can be applied in the receiver, and it is not necessary to maintain high sampling
rates in all directions. For example, when dealing with the received signal from the lth angular sector (by
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receiving DBF), the sampling rate can be set as F l
s > Bs,l, rather than Bl or Bt. For the same reason,

the bandwidth of the receiver can also be saved to mitigate the power spectrum of thermal noise, and
the constraint is BIF > max {Bs,1, Bs,1, . . . , Bs,L}.

Last, the frequency offset between adjacent elements in coherent FDA can be included in the transmit
baseband waveform (for example, adding a constant frequency term in the transmitted signal) because
the variation of frequency offsets is relatively small. Considering an excessive condition, where Θl =
|sin (90◦)− sin (−90◦)| = 2, and the subpulse duration Tp,l varies from 0.1 to 100 µs, the variation range
of ∆fl is only 0.01–10 MHz. Thus, only a full-digital array with programmable transmitting channels
possesses the ability to realize the proposed multiscale observation method in practice.

7 Conclusion

To deal with different targets from complex clutter and interference environments, wide-spatial surveil-
lance radar necessitates the multiscale observation ability, which subsequently leads to improved perfor-
mance. However, it is difficult to achieve this in conventional wide-coverage radar systems such as the
ubiquitous radar and orthogonal MIMO radar system mainly due to the inadequate transmitting agility.
Thus, a quantitative multiscale observation strategy is proposed for wide-spatial surveillance based on
coherent FDA radar. Further, the realization of spatial waveform diversity and principles of waveform
selection in coherent FDA are presented. Furthermore, the quantitative design of beampattern gain in
distinct ROI is developed and applied in detectable range extension. Further, the conclusive derivation
of FDA observation bandwidth and the quantitative spatial bandwidth allocation are also proposed for
better performance in detection. Last, this work can be regarded as an initial attempt of the computa-
tional array, which is an epochmaking concept. The numerical simulations indicate that with the ability
of multiscale observation, the proposed method provides an opportunity to attain enhanced performance
in wide-spatial surveillance and further indicates a huge potential for use in other applications.
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Appendix A Detailed procedures of shnidman function

In [38], a series of functions are proposed by David A. Shnidman to provide empirical approximation of the required single-pulse

SNR for Swerling mode fluctuation target with certain requirements, including Pd, Pfa and integration number np. Shnidman

function is constructed by a series of equations as follows:

K =



































∞, Swerling 0,

1, Swerling 1,

np, Swerling 2,

2, Swerling 3,

2np, Swerling 4,

(A1)

α =







0, np < 40,

0.25, np > 40,
(A2)

η =
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C1 = {[(17.7006Pd − 18.4496)Pd + 14.5339]Pd − 3.525}/K,

C2 =
1
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(A5)

CdB =







C1, 0.1 6 Pd 6 0.872,

C1 + C2, 0.872 6 Pd 6 0.99.
(A6)

Defining C = 10CdB/10 and the calculated single-pulse required SNR χ1 is given as

[χ1]dB = 10log10

(

C · X∞

np

)

. (A7)

Furthermore, Shnidman function has a wide range of application, which is suitable for 0.1 6 Pd 6 0.99, 10−9 6 Pfa 6 10−3 and

1 6 np 6 100, and its estimation error is less than 0.5 dB. Consequently, in Section 3, the Shnidman empirical function is utilized

to estimate the required single-pulse SNR.
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