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Abstract: Wideband radar has high-range directional resolution, which can effectively reduce the
fluctuation of echo and improve the detection probability of a target under the same detection
probability requirement. In this paper, a unified wideband radar χ2 distribution target model with
more practical significance is innovatively established, on which the probability density function and
detection probability function of Swerling 0, Swerling II and Swerling IV targets are analyzed, respec-
tively. A generalized “frequency diversity gain” of wideband radar is proposed and defined based
on the contradiction between suppression of fluctuation and accumulation loss, which represents
the ratio of Signal-to-Noise Ratio (SNR) gain between broadband signal and reference bandwidth
signal under the same condition (when the reference bandwidth is used, the radar target has only
one range unit), and the mathematical relation equation of the target detection performance and
signal bandwidth (equivalent to the number of distinguishable range elements of the target) is given.
A Monte Carlo simulation experiment is designed. Based on the target model established in this
paper, the optimal number of target range units corresponding to different detection probability
requirements is obtained, which verifies the correctness of the concept proposed in this paper.

Keywords: wideband radar; Swerling distribution; incoherent accumulation; target detection;
frequency diversity gain

1. Introduction

Narrowband radar signal has the advantages of simple processing steps, high SNR
and low hardware requirements, so it is often used in traditional target detection. However,
with the development of wideband radar and its related technologies, wideband signals
are gradually applied to the detection of radar targets [1,2].

Echo accumulation is an important means to improve the performance of weak target
detection. It can be divided into coherent accumulation and incoherent accumulation
according to the different accumulation methods. For narrowband signals, the range
resolution is low, which is usually insufficient to divide the target into multiple extension
units. There is no phenomenon of incoherence between the scattering points of the target,
which means that the echo of the scattering points of the target is processed by coherent
accumulation; that is, it is accumulated before the envelope detection. Wideband signal
has a high range resolution, and can usually distinguish the target into multiple range
units in the range dimensions. The phenomenon of incoherence occurs between the echoes
of each range unit. Generally, only incoherent accumulation can be carried out; that is,
accumulation can be carried out after the envelope detection, so the phase information of
the echo is lost [3,4].

The target echo of a wideband radar is usually superimposed by the echo of multiple
scattering range units of the target, which enables it to have a better suppression ability
of target Radar Cross-Section (RCS) fluctuation. Meanwhile, the incoherent accumulation
loss of the echo of multiple range units of the target is also an important factor affecting
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the detection performance of a wideband radar [5]. If the scattering characteristics of
the target are predicted in advance and matched waveform signals are transmitted or
filtered by matched filters, the same detection performance as narrowband signals can
be achieved on the basis of high resolution [6,7]. However, most of the target scattering
characteristics are unknown and difficult to obtain, so only incoherent accumulation can be
carried out. Although incoherent accumulation brings additional SNR loss, it also inhibits
the fluctuation loss, and the detection performance of the target is the synthesis of these
two factors. Under the influence of the balance of the two factors, it is actually the greatest
bandwidth selection process.

Many scholars at home and abroad have also studied the advantages and disadvan-
tages of wideband radar and narrowband radar in terms of target detection performance.

Dai, F. derived the wideband undulating target model, wideband rayleigh target
model [8], wideband rice target model and their corresponding narrowband echo model,
deduced the radar detection probability under the respective models and, under the
premise of appropriate bandwidth, obtained the conclusion that wideband radar has better
detection performance than narrowband radar. This conclusion can also be seen in many
other similar pieces of literature [9,10].

Xiao, J. et al., proposed that according to the resolution ability of radar signal to strong
scattering points on the target [11], signal bandwidth can be divided into narrowband,
wideband and critical bandwidth. Let the number of scattering points corresponding
to the maximum echo accumulation gain be the number of effective scattering points;
when the increase in bandwidth increases the number of effective scattering points of
the target, it indicates that the increase in bandwidth is beneficial to the detection of the
target. Otherwise, it is not conducive to target detection. However, this paper only gives
the analysis method and thinking of optimal bandwidth, and does not give a specific
calculation and solution to this problem.

Jia, S. suggested that the target from the point target into extended target with the
gradual change from narrowband to wideband signal bandwidth [12], the echo SNR will
present an initial decrease after the increase, and the bandwidth corresponding to the
highest point of the input signal-to-clutter ratio (SCR) of the radar system is defined as the
optimal detection bandwidth. However, the specific theoretical derivation and experimen-
tal results are not given in the paper. Li, Y. et al., proposed that the clutter sidelobe width of
wideband radar echo has a linear relationship with fractional bandwidth [13], and the SCR
will increase significantly with the increase in fractional bandwidth. The specific derivation
process and experimental results were given, but the Equation for the relationship between
signal-to-clutter ratio and absolute bandwidth was not given yet.

In the traditional sense, frequency diversity means that in the process of signal sending
and receiving, multiple transmitters are provided to irradiate the target with a set of
narrowband signals of different frequencies to obtain a set of unrelated echo signals.
These data can effectively reduce the fluctuation loss of echo, so as to improve the detection
performance of the target. Experimental results show that the performance of the traditional
frequency diversity is closely related to the detection probability. When the detection
probability Pd = 0.8, two independent frequencies can provide gain of 2.7 dB, and the gain
of three transmitters is 3.6 dB, and that of four transmitters is 4.1 dB, the cumulative gain
efficiency decreases as the number of transmitters increases. Considering the economic
factors of hardware equipment and the complexity of data processing, generally two
transmitters are used at most [14].

Different from narrowband radar, wideband radar can effectively suppress echo
fluctuation through incoherent accumulation, offset the reduction in SNR caused by ac-
cumulation loss, and improve target detection performance, which can also achieve the
effect of “frequency diversity gain”. Fran, C. et al., analyzed the ability of wideband radar
to eliminate clutter [15]. Through frequency diversity, target fading can be effectively
alleviated, thus improving radar’s detection ability to target [16]. When detecting a 15 m
air target with a detection probability of Pd = 0.8, the target should be resolved into at least



Remote Sens. 2021, 13, 4885 3 of 22

5–10 range units, and the number of distinguishable range units increases with the increase
in detection probability requirements.

The analysis of target detection performance of wideband radar is a traditional and
thorny problem. As in the above analysis, many experts and scholars have also carried
out research; their research shows that the wideband signal in a high detection proba-
bility interval has better detection performance, such as the exact value of the detection
probability interval, the degree of the improvement of the detection performance, the
optimal bandwidth value, etc. The detailed and unified derivation and conclusion are not
given in previous research. Based on the previous work, this paper makes a unified and
in-depth analysis of the detection performance of wideband radar, analyzes the role of
bandwidth in the process of target detection from multiple angles and tries to give specific
and accurate conclusions.

Based on the wideband signal transceiver model and detection theory, the author
analyzes the influence of bandwidth on detection results, deduces the relationship between
the probability of wideband signal target detection and bandwidth size, gives the definition
of wideband radar frequency diversity gain, designs a series of simulation experiments
and obtains the optimal signal bandwidth under specific conditions.

2. Wideband Radar χ2 Distributed Target Model

For wideband radar, the size of the distributed extended target is much larger than
the range dimensional resolution units, so the target can no longer be treated as the ideal
point scattering target. In order to further analyze the influence of radar bandwidth on
target detection performance, a unified wideband radar χ2 target model is established in
this section to study the RCS characteristics of Swerling 0, Swerling II and Swerling IV
targets under different bandwidths.

The independent sample of the target RCS measurement can be obtained from the
frequency domain, so one measurement sample of target RCS can be obtained from each
standard bandwidth. For simple analysis, it is considered that target RCS obtained from
different standard bandwidths obey the same distribution. In other words, the measure-
ment sample of target RCS can be obtained on each range unit of the target. For the sake
of simplicity of analysis, it is still assumed that the target RCS of each range unit obeys
the same distribution. The two ideas are consistent in principle, and both can show the
independence between the target echoes of wideband radar. In order to facilitate analysis,
the second idea is used for research and modeling in this paper.

In order to give a unified representation of target distribution under wideband radar,
a unified target model is established in this section. Assume that the length of the target
is l and there are N scattering points that are independent of each other. Assume that
the number of scattering points in each range unit of the target is the same, and use n to
represent the number:

n =
N
m

=
N
l
ρ

=
N
2lB

c
=

cN
2lB

(1)

where m is the number of target range units, whose value is proportional to signal band-
width B; c is the speed of light and ρ is range directional resolution. Figure 1 shows the
relationship between signal bandwidth and the number of target range units; Bi represents
the bandwidth and ρi is the resolution of range direction corresponding to different band-
widths. With the increase in bandwidth, the range resolution of the signal also increases,
and the number of target-distinguishable units increases, but the number of scattered
points within each range unit decreases.
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Figure 1. Schematic diagram of wideband target range resolution unit.

In the optimal case, each scattering point of the target is separately distinguished into
a range unit by the wideband radar. Theoretically, there will be no fluctuation of the target,
and the target RCS can be expressed as:

σ =
m

∑
i=1

σi (2)

where σi is the RCS of each scattered point, and the RCS of the target is the scalar sum of all
scattered points. In fact, it is impossible for the wideband radar to completely distinguish
each scattering point of the target, and because of the existence of random phase, the signal
of each range unit of the target cannot achieve the complete coherent accumulation, so
it often does not exist in reality. However, the number of targets in each range unit of
wideband radar decreases with the increase in bandwidth, and the fluctuation of RCS can
be effectively suppressed. More generally, there are multiple scattering points in each range
element of the target, so the RCS of the target in a single range element can be expressed as:

σi =

∣∣∣∣∣ ni

∑
j=1

√
aj exp

(
4π jRx(j)

λ

)∣∣∣∣∣
2

(3)

where Rx(j) is the relative position of each scattering point, and Equations (2) and (3) give
the RCS of each range unit of the distributed extended target under wideband radar,
corresponding to a unfluctuating target and a fluctuating target, respectively. For fluc-
tuating targets, different fluctuating distribution will have certain differences based on
Equation (3), and specific analysis and research will be carried out later.

The range units of wideband radar are independent from each other, so their echoes
are also irrelevant. Without coherent matching, the target echo is the sum of range units
(different from the vector sum between the echoes of scattering points of narrowband radar
target), equivalent to the target RCS is the sum of range units, which can be expressed as:

σ0 =
m

∑
i=1

σi =
m

∑
i=1

∣∣∣∣∣ n

∑
j=1

√
aj exp

(
4π jRx(j)

λ

)∣∣∣∣∣
2

(4)

It can be seen from Equation (4) that the RCS of the target is actually composed of two
parts. First, the vector sum of scattered points in each range unit of the target is carried out
to obtain the RCS of each range unit of the target, and then the scalar sum of all range units
of the target is carried out to obtain the RCS of the whole target.
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In each measurement of the target RCS, its value is a certain but unknown constant,
satisfying a χ2 distribution of 2k degrees of freedom:

p(σ) =
k

(k− 1)!σ0

(
kσ

σ0

)k−1
exp

(
− kσ

σ0

)
, σ ≥ 0 (5)

Equation (5) gives the unified expression of the wideband radar χ2 distributed target
model, whose distribution characteristics are determined by the double degree of freedom
K, and the degree of freedom value is determined by the target type and the number of
target range units. When k = ∞, the corresponding Swerling 0 type distribution target
is represented as a non-undulation target, such as the calibration sphere. When k = 1, it
corresponds to Swerling I/II type distribution target, which is represented as the target
with multiple scattering points with similar scattering intensity, and Swerling I is defined
as slow fluctuation (correlated between pulses in a scan), Swerling II is defined as fast
fluctuation (there is no correlation between pulses in a scan). When k = 2, it corresponds
to a Swerling III/IV-type distribution target, which is a target with multiple scattering
points with similar scattering intensity and one strong scattering point. Swerling III is
also defined as slow fluctuation; Swerling IV is defined as fast fluctuation. There are
significant differences between a Swerling fast-fluctuation target and slow-fluctuation
target in azimuth dimension, but not in distance dimension. Therefore, this paper takes the
Swerling fast fluctuation target and the Swerling 0 type target as an example for analysis
and research.

In addition, among the factors affecting the target distribution, the number of range
units has a great influence on the distribution characteristics of Swerling II and Swerling IV.
Of course, m is closely related to the signal bandwidth, indicating that the RCS distribution
of some targets is also related to the signal bandwidth. Although the five types of target
models mentioned above cannot represent all the targets to be detected, they contain the
most common radar targets, especially Swerling 0, Swerling II and Swerling IV distribution
targets. This paper also builds target detection models based on this for analysis, and
specific derivation and calculation will be given later.

3. Wideband Radar Echo and Target Detection Model

We used a wideband Linear Frequency Modulation (LFM) signal as the radar trans-
mitting signal, and then preprocessed the received echo by orthogonal demodulation and
matched filtering [17], used coherent/incoherent accumulation to complete the accumu-
lation and finally the existence of the target was determined by threshold judgment. In
order to clearly display the model established in this paper and the basic flow of specific
operation steps, we established the following frame diagram (Figure 2):

3.1. Wideband Signal Model

The LFM signal is adopted as the transmitting signal and N scattering points are
assumed to exist on the target, then the echo received by each scattering point of the target
can be expressed as:

x(n) =
√

an cos
(
−j2π f0(t− tn) + jπK(t− tn)

2
)
+ ω(n), n = 1, · · · , N (6)

where an is the scattering point RCS, the echo amplitude is the square root value of the
scattering point RCS, f 0 is the signal frequency, K is the signal modulation frequency, t is
the fast time, w(n) is the zero-mean complex Gaussian white noise with the variance of σ2,
tn is the target delay, which can be expressed as:

tn =
2rn

c
=

2(r0 + r1(n))
c

(7)
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where, r0 is the distance between target center and radar, r1 is the distance between target
scattering points and target center.

Figure 2. Wideband signal processing flow chart.

After orthogonal demodulation, the above equation can be rewritten as (See Appendix A
for a detailed derivation):

x(n) =
√

an

2
exp

(
−j2π f0tn + jπK(t− tn)

2
)
+ w̃1(n) (8)

where w1(n) is zero-mean white noise with variance of σ2. Pulse compression is performed
on Equation (8), and the matching filter function is:

h(t) = exp
(
−jπKt2

)
(9)

After pulse compression, the following Equation can be obtained:

x(n) =
√

anT
2

sinc(TK(t− tn)) exp(−j2π f0tn) + w̃1(n) = A(t) exp(−j2π f0tn) + w̃1(n) (10)

The echo can be divided into coherent accumulation and non-coherent accumulation
according to the different accumulation methods. Ideally, if the impulse response of
the target is known in advance, we could match the receiving of the target echo, which is
equivalent to coherent accumulation of each target-scattering echo, in which case the square
envelope detector matching reception can be selected. The SNR after-echo accumulation
is used as the test statistic, that is, the ratio of echo signal energy to noise energy. If
the generalized likelihood ratio detector is selected [18], its detection statistic t can be
expressed as:

t =
2
[

m
∑

i=1
|x(i) exp(−jθi)|

]2

mσ2
0

(11)

where θn = 2πf 0tn is the echo phase of the target scattering point. However, in practice, it is
difficult to know the scattering information of the target in advance, so energy accumulation
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(incoherent accumulation) can only be carried out on the target during echo reception, and
its detection statistic t can be expressed as:

t =
N

∑
n=1

2|x(n)|2

σ2 (12)

To determine the detection statistics, if the value is greater than the threshold, it is
true; otherwise, it is false:

t =
N

∑
n=1

2|x(n)|2

σ2

T
>
<
F

γ (13)

where, γ is the threshold, its value depends on the false alarm probability, as defined below.

3.2. Wideband Radar χ2 Distributed Target Detection Model

SNR is the main factor determining target detection performance, so this section first
analyzes the SNR of echo signal from radar equation. Suppose that in the transmission
process of wideband radar, the input SNR is SNR0:

SNR0 =
PtG2λ2

(4π)3kT0BIFFR4
· σ (14)

where Pt is the radar transmitting signal power, which has been kept constant in the
research and simulation experiment in this paper. G is antenna gain, λ is wavelength, n
is the number of irrelevant pulses, k is the Boltzmann constant, T0 is the equivalent noise
temperature, BIF is the receiver bandwidth, F is the receiver noise coefficient, and R is the
distance between the target and the radar.

After pulse compression, the SNR gain is:

SNR1 = SNR0 · SNRD =
PtG2λ2Dσ

(4π)3kT0BIFFR4
= SNRin · σ (15)

According to the analysis, the target has m range units, so it can generate m different
pulse signals. The target echo satisfies the non-central χ2 distribution with the degree of
freedom of 2 m and the average signal-to-noise ratio as the non-central parameter. The
probability density function can be expressed as:

f (t) =
+∞

∑
i=0

tm+i−1(SNRin · σ)i exp{(SNRin · σ + t)/2}
2m+iΓ(m + i− 1)i!

(16)

Taking the actual SNR of echo as the target detection statistic, the specific expression
is shown in Equation (12), then the detection probability can be expressed as:

PD =

+∞∫
γ

f (t)dt =
+∞∫
γ

+∞

∑
i=0

tm+i−1(SNRin · σ)i exp{(SNRin · σ + t)/2}
2m+iΓ(m + i− 1)i!

dt (17)

Integral operation of Equation (17) can be simplified as:

PD = exp
{
−γ + SNRin · σ

2

}+∞

∑
i=0

1
(i + m− 1)!

(
SNRin · σ

2

)i+m−1 i

∑
k=0

1
k!

(γ

2

)k
(18)
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3.3. Detection Model of Wide-Band Radar Swerling 0 Distributed Target

The Swerling 0 type fluctuation distribution is also called undulating distribution,
corresponding to k = ∞ in Equation (5). The target contains N identical and independent
scattering points, and the scattering point RCS is set as a. The expression of the target
RCS is the same as Equation (2). The detection statistics of the target RCS are shown in
Equation (12). Its non-central parameter is the average signal-to-noise ratio of echo, and
the non-central parameter λ can be expressed as:

λ = 2σ · SNR1 =
m

∑
i=1

ni

∑
j=1

aj · SNR1 = Na · SNR1 (19)

The number of range units of the target is m, satisfies the chi-square distribution with
2 m degree of freedom and λ as non-central parameter, and its probability density function
can be expressed as:

fT(t) = e−t/2e−Na·SNR1
+∞

∑
i=0

1
i!
(Na · SNR1)

i
(

ti+m−1

2i+1(i + m− 1)!

)
, t > 0 (20)

Its detection probability can be expressed as:

PD =

+∞∫
γ

fT(t)dt = e−Na·SNR1 e−
γ
2

+∞

∑
i=0

1
i!
(Na · SNR1)

i
i+m−1

∑
k=0

1
k!

(γ

2

)k

(21)

where, γ is the detection threshold, which is determined by false alarm probability Pfa, in
this paper, the value of Pfa is selected as 10e−6, when the false alarm rate is determined,
the value of the detection threshold can be obtained by Equation (22). In order to facil-
itate calculation, the detection threshold—false alarm probability curve can be drawn
in advance.

Pf a = e−
γ
2

m−1

∑
i=1

(γ

2

)i
1
i!

(22)

3.4. Detection Model of Wide-Band Radar Swerling II Distributed Target

The Swerling I and Swerling II distribution targets are those that include multiple
scattering points with independent and similar scattering intensities, also known as “ex-
ponential distributions” or “Rayleigh-power PDF”. Where Swerling I is not correlated
between scans and is called “scan-to-scan fluctuation” or “slow fluctuation”; Swerling
II, which is correlated between scans and independent between pulses, is called “fast
fluctuation.” The signal studied in this paper is the incoherent accumulation gain problem
of single-pulse signals, and the target is considered to be independent and irrelevant be-
tween the pulses of each range unit. Therefore, the Swerling II distributed target model is
established for analysis in this paper.

For the Swerling II distribution target, the in-phase component and orthogonal com-
ponent of each range element of the target echo are zero-mean Gaussian distribution, and
the sum of the envelope satisfies Rayleigh distribution. M is the number of range elements
of the target, so the sum of the target echo follows a non-center chi-square distribution with
a degree of freedom of 2 m. The probability density function is the same as Equation (5),
where k = m, and Equation (5) can be rewritten as:

p(σ) =
m

(m− 1)!σ0

(
mσ

σ0

)m−1
exp

(
−mσ

σ0

)
, σ ≥ 0 (23)
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Suppose the scattering point intensity is a, and the average target RCS is expressed in
Equation (4), then σ0 can be expressed as:

σ0 =
m

∑
i=1

σi = a ·
m

∑
i=1

∣∣∣∣∣ n

∑
j=1

exp
(

4π jRx(j)
λ

)∣∣∣∣∣
2

(24)

Equation (24) is substituted into Equation (23), and the detection statistic is shown
in Equation (12), whose probability density function is similar to Equation (5) and can be
expressed as:

f (t) =
m

(m− 1)!σ0

(
mt

σ0 · SNRin

)m−1
exp

(
− mt

σ0 · SNRin

)
, t ≥ 0 (25)

The detection threshold is set as γ, its definition is the same as Equation (22), and
the detection probability can be obtained by substituting the detection threshold into
Equation (25):

PD =

+∞∫
γ

f (t)dt =
+∞∫
γ

m
(m− 1)!σ0

(
mt

σ0 · SNRin

)m−1
exp

(
− mt

σ0 · SNRin

)
dt (26)

Integral operation of Equation (26) can be simplified as:

PD = exp
(
− γ

2(σ0 · SNRin)

)m−1

∑
k=0

1
k!

(
γ

2(σ0 · SNRin)

)k
(27)

3.5. Target Distribution Model of Wideband Radar Swerling IV Type

Swerling III and Swerling IV distribution targets include a strong scattering point and
multiple independent weak scattering points with similar scattering intensity, also known
as the “Rician distribution”. Swerling III is not correlated between scans and is called
“scan-to-scan fluctuation” or “slow fluctuation”. The Swerling IV is correlated between
scans and independent between pulses, and is called “fast fluctuation.” As mentioned
above, the Swerling IV distribution target model is established in this section.

In fact, there are certain differences between the Swerling IV distribution target model
and the Rician distribution model. The similar description of the Rician distribution is
more specific and realistic, but the calculation is more complex. The probability density
function can be expressed as follows:

p(σ) =
σ

σ2
0

exp

(
−σ2 + v2

2σ2
0

)
I0

(
σv
σ2

0

)
, σ ≥ 0 (28)

where I0(Z) is the modified zero-order Bessel function of the first class (see Appendix B
for details), and the Rician distribution is usually described by parameter K, known as
rice factor:

K =
v2

2σ2 (29)

The value of K represents the weight of strong scattering points in the target. When
K = 0, the above Equation is equivalent to the Rayleigh distribution probability density
function; when K = +∞, the above Equation is equivalent to the undulating distribution.
Considering the complexity of the Rician distribution, the χ2 distribution can be used
for calculation.

Suppose that the weak scattering point RCS represents a, the strong scattering point
RCS is b, the number of weak scattering points is N, and the target RCS is shown in
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Equation (4), then the scattering echo amplitude of the target within each range unit can
be expressed as:

σi =

∣∣∣∣∣ ni

∑
j=1

√
a exp

(
4π jRx(j)

λ

)
+
√

b

∣∣∣∣∣
2

(30)

The target average RCS can be expressed as:

σ0 =
m

∑
i=1

σi =
m

∑
i=1

∣∣∣∣∣ n

∑
j=1

√
a exp

(
4π jRx(j)

λ

)
+
√

b

∣∣∣∣∣
2

(31)

The Swerling IV fluctuation distribution detector obeys the χ2 distribution with a
degree of freedom of 4 m, and its probability density function is similar to Equation (5),
which can be expressed as:

p(σ) =
2m

(2m− 1)!σ0

(
2mσ

σ0

)2m−1
exp

(
−2mσ

σ0

)
, σ ≥ 0 (32)

The detection threshold was set as γ with Equation (22), and the detection probability
was obtained by integrating Equation (32):

PD =

+∞∫
γ

f (t)dt =
+∞∫
γ

2m
(2m− 1)!σ0

(
2mt

σ0 · SNRin

)m−1
exp

(
− 2mt

σ0 · SNRin

)
dt (33)

After calculation and simplification, Equation (33) can be rewritten as:

PD = exp
(
− γ

2(σ0 · SNRin)

)2m−1

∑
k=0

1
k!

(
γ

2(σ0 · SNRin)

)k
(34)

4. Diversity Gain of Wideband Radar

The traditional radar equation is only applicable to a single-pulse signal, and the
influence of accumulation loss and fluctuation loss must be taken into account when
incoherent accumulation of a multi-pulse signal is carried out. In practice, incoherent
accumulation not only exists between pulses, but also between different distance elements
within pulses. The corresponding incoherent accumulation loss and fluctuation loss are
also numerically the same.

4.1. Diversity Gain Definition

As can be seen from the above analysis, with the increase in radar signal bandwidth,
the range resolution of radar also increases, and the discernable range unit increases. As
shown in Figure 3, on the one hand, the number of target echo incoherent accumulation
increases, and the incoherent accumulation loss increases, which leads to the reduction in
the SNR of output accumulation.

The incoherent accumulation efficiency was defined as E, and the loss caused by signal
bandwidth on target echo accumulation was quantitatively analyzed by using this variable,
the fluctuation loss is L, which is used to analyze the influence of signal bandwidth on
the fluctuation of target RCS. In addition, the RCS of each range unit of the target is also
decreasing, and the fluctuation of the overall RCS of the target will also decrease. In
general, incoherent accumulation efficiency E, undulating loss L and target RCS are used
to uniformly describe the impact of bandwidth on target detection performance. When
the relation between bandwidth B and initial bandwidth B0 (the corresponding bandwidth
when the target has only one resolution unit) is m times, it can be expressed as:

PD(B) = PD(mB0) = f (E(m), 1/L(m), RCS(m)) = f (n1(m), p(m), n2(m)) (35)
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Figure 3. Diversity gain flow chart of wideband radar.

As has been discussed above, we give the definition of generalized frequency diversity
gain: there is a dynamic relationship between the detection performance of the target and
the number of distinguishable range units of the target. When the target has only one range
unit, the corresponding detection performance is the reference benchmark. The ratio of
the corresponding detection performance to the reference when the target is resolved into
multiple range units is defined as diversity gain, which can be expressed as:

E(mB0) =
E(m)RCS(m)L(1)
E(1)RCS(1)L(m)

(36)

When the detection performance is optimal or the SNR gain is maximum, the corre-
sponding diversity gain is optimal diversity gain.

4.2. Diversity Gain of Incoherent Accumulation for Wideband Radar

Conventional wisdom says that due to the non-linearity of the geophone, incoherent
accumulation has accumulation loss and the incoherent accumulation gain of ne pulse is
smaller than that of ne. Traditional experience believes that when ne is large, the gain effect
is approximately ne

1/2.
Extended by Albersheim’s empirical Equation, the gain of incoherent accumulation

can be approximately expressed as [19]:

(S/N)ne
= −5 ln ne +

(
6.2 +

4.54√
ne − 0.44

)
× lg(A + 0.12AB + 1.7B) (37)

where, A = ln (0.62/Pfa), B = ln [Pd/(1-Pd)], ne is the number of effective independent sam-
ples. The error of this equation is less than 0.2 dB in the range of n = 1~8096, Pd = 0.1~0.9,
Pfa = 10−3~10−7. Ei is defined as the accumulation efficiency of incoherent accumulation,
which can be expressed as:

Ei(ne) =
(S/N)1

ne(S/N)ne

(38)
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Substitute Equation (38) into Equation (15) to obtain the following equation

SNR = SNR1 + SNRE = 10 log10

 PtG2λ2TσneEi(ne)

(4π)3kT0F
(

L f

)1/ne
R4

 (39)

where, L (f ) is the fluctuation loss, which can be expressed as:

L f (ne) =
(

L f

)1/ne
(40)

It can be seen from Equation (40) that the fluctuation loss decreases with the increase in
ne; that is, incoherent accumulation can effectively suppress the fluctuation degree of echo.

4.3. Incoherent Accumulation Gain of a Wideband Radar Undulating Target

According to the radar equation, multiple variables can affect the final signal output
SNR: signal transmitting power, signal frequency (wavelength), target RCS, antenna gain,
receiver bandwidth, distance between target and radar, etc. In order to analyze the direct
relationship between bandwidth and target detection probability, the signal transmitting
power, signal frequency and antenna gain are kept constant, and the receiver bandwidth is
equal to the transmitting bandwidth. Therefore, the only factors that determine signal SNR
are target RCS, pulse accumulation mode, number of independent pulses and distance.
Therefore, Equation (39) can be rewritten as:

SNR = 10 log10

(
PtG2λ2T

(4π)3kT0F

)
+ 10 log10(σ) + 10 log10

 neEi(ne)(
L f

)1/ne

− 10 log10

(
R4
)

(41)

The target RCS is related to the signal bandwidth, and the larger the bandwidth, the
higher the radar range resolution. The smaller the size of each range unit, the smaller the
corresponding target RCS fluctuations, satisfying the Swerling distribution. The number
of independent pulses is also related to the signal bandwidth. The larger the bandwidth,
the more independent samples of the target echo from the distance upwards, the lower
the incoherent accumulation gain efficiency and the lower the fluctuation loss. In addition,
distance is also an independent variable that affects the size of SNR and it is independent
of the signal bandwidth.

The following equation is the part of SNR related to bandwidth in Equation (41):

SNRB = 10 log10(σ) + 10 log10

 neEi(ne)(
L f

)1/ne

 (42)

Rcs is defined in Equations (24) and (31), corresponding to Swerling II and Swerling IV
targets, respectively. With the increase in bandwidth, when the result of the above equation
is positive (logarithmic value > 1), it indicates that SNR increases with the increase in
bandwidth. When the result of the above equation is zero, it indicates that the critical
bandwidth has been reached.

As shown in Figure 4, the abscissa is the number of range units of the target, and the
ordinate is the diversity gain efficiency. The figure shows the total incoherent accumulation
efficiency of wideband radar with different bandwidth under different detection probability
requirements. It can be seen that the initial wideband diversity gain efficiency of the target
is one, which means that there is no accumulation loss and fluctuation loss suppression
when the target has only one range unit. For Swerling II-type targets, when the detection
probability requirement is above 80%, the targets should be divided into 4–5 range units.
When the detection probability requirement reaches more than 95%, the target needs to be
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resolved into 6-8 range units; For Swerling IV-type targets, when the detection probability
requirement is above 80%, the targets need to be resolved into multiple range units.

Figure 4. Diversity gain diagram of wideband radar (a) Pd = 0.5; (b) Pd = 0.6; (c) Pd = 0.7; (d) Pd = 0.8; (e) Pd = 0.9;
(f) Pd = 0.95.

There will be differences between the actual target and the model established in this
paper, but as long as the target has a certain fluctuation, this phenomenon will occur, but
the degree will be different. Therefore, the theoretical thinking in this paper can satisfy all
types of targets. As long as the distribution function of the fluctuation characteristic of the
target can be given, the optimal number of range units of the target can be calculated.
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5. Simulation Experiment Verification and Analysis
5.1. Simulation Experiment Parameter Setting

We explore the relationship between signal bandwidth and target detection probability
through the control variable method, but it is obvious that the relationship between the
two variables is not linearly invariant. According to the above analysis, the increase in
signal bandwidth decreases the SNR of the echo signal and the fluctuation degree of the
echo signal, which presents a mutual restriction effect on target detection. When the two
reach a balance, the corresponding signal bandwidth is the optimal detection bandwidth.

Specific simulation parameters are set as follows (Table 1):

Table 1. Simulation experiment parameters.

Parameters Symbol Value

Radar peak power Pt 100 KW
Antenna gain G 24 dB

The signal bandwidth B 200 MHz
Signal carrier frequency fc 1.5 GHz

Receiver bandwidth BIF 200 MHz
Pulse duration T 50 us

Time-bandwidth product D 400
Noise factor Fn 3 dB
System loss Ln 15 dB

Initial target distance R0 50 Km
The target size L 40 m

Target scattering point N 20,000
False alarm rate Pfa 10−6

A group of experiments were designed, each of which adopted different signal band-
width. Firstly, random and unknown targets are generated according to the fluctuation
characteristics of the target. There are 20,000 scattering points in the target, which are
evenly distributed in each range element. The target RCS of each range element is the sum
of the scattering points in the range element. The echo of all range units of the target is
incoherent accumulation, the detection threshold is obtained by the calculation of false
alarm probability and the detection is completed by the threshold judgment.

In each group of experiments, the independent variable was the original SNR of the
signal, and the dependent variable is target detection probability. According to radar equa-
tion theory, the input SNR of echo is closely related to transmitting power and antenna gain,
etc. Therefore, in the experiment of this paper, such parameters are set as fixed reasonable
values to ensure that the input SNR is only related to bandwidth at the same distance.

Different from [20–22], the wideband target model established in this paper includes
a large number of scattering points. In traditional simulation methods, it is customary to
set the target as a collection of a number of strong scattering points, or only one scattering
point exists in each range unit of the target. In fact, the target is composed of numerous
scattering points. Therefore, this paper assumes that the target has 20,000 scattering points.
Even if the radar resolution is high, there are still a certain number of scattering points in
each range unit, which is more realistic than the traditional method.

5.2. Simulation Results and Analysis of Swerling 0 Target

The Monte Carlo simulation is performed on the Swerling 0 distribution target, and
the number of simulation experiments is 1000. For the convenience of representation and
comparison, the detection performance curves of targets under different bandwidths are
put on a graph. The latter two goals are expressed in the same way. The simulation results
are shown in Figure 5:
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Figure 5. Swerling 0 distributed target-detection performance curve.

Figure 5 shows the radar detection performance of Swerling 0 distributed targets
under different bandwidths, where the horizontal coordinate is the input SNR under the
range dominance, that is, the SNR after pulse compression. At the same distance, all
radar parameters except signal bandwidth are at the same level. In this case, signals with
different bandwidth will affect the final detection result from receiving the SNR gain of
subsequent processing. It can be seen that in the whole detection probability interval, the
detection performance of the target gradually decreases with the increase in bandwidth.

However, the scattering points contained in the Swerling 0 distribution target are
unfluctuating, and the fluctuation loss suppression caused by incoherent accumulation
can be ignored, but the gain loss of incoherent accumulation increases with the increase in
bandwidth. Therefore, the phenomenon of a high detection probability interval wideband
being superior to narrow-band does not appear in Figure 5.

5.3. Simulation Results and Analysis of Swerling II Target

Monte Carlo simulation is performed on the Swerling II distribution target. The
simulation results are as follows (Figure 6):

Figure 6. Swerling II distributed target detection performance curve.
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Figure 6 shows the radar detection performance of targets under different bandwidths,
and the coordinate information remains unchanged as shown in Figure 5. It can be seen that
when the signal bandwidth increases, the detection performance of radar becomes worse
in the low-detection probability interval, whereas in the high-detection probability interval,
the detection performance initially becomes better and then becomes worse, indicating that
there is an optimal value of signal bandwidth in this detection probability interval.

According to the experiment of the Swerling 0 target, the detection performance of
wideband radar on an undulating target is worse than that of narrowband radar, because
the gain loss of incoherent accumulation increases with the increase in bandwidth. As
for the Swerling II target, the wideband radar has a better detection probability in the
high detection probability region, so it can be determined that the fluctuation loss gain
performance of wideband radar increases with the increase in detection probability, which
is consistent with the theoretical result and verifies the theoretical derivation in this paper.

Each curve in Figure 7 represents the detection performance of radar at different
distances and bandwidths. When the distance is long, the corresponding input SNR is
small, and the radar detection probability decreases with the increase in bandwidth. When
the distance is small, the radar detection probability increases first and then decreases with
the increase in bandwidth. The two phenomena are gradually changed with the increase in
distance, and the detection probability is not completely synchronized with the increase in
bandwidth with the decrease in distance.

Figure 7. Target detection probability—bandwidth diagram at different distances.

Figure 8 represents the number of target range units under different detection prob-
ability requirements, that is, the bandwidth corresponding to the minimum SNR (the
maximum detection distance) required for target detection under specific detection proba-
bility requirements. When the detection probability requirement is 70% or above, the target
needs to be resolved into multiple range units. The simulation experiment results in the
figure are consistent with the theoretical calculation results, which verifies the theoretical
derivation process of incoherent accumulation gain of the wideband radar equation in this
paper. It also proves the correctness of the derivation of detection performance curve of
Swerling II-distributed targets under wideband radar.
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Figure 8. Swerling II distributed target detection performance curve.

Table 2 shows the number of range units under different detection probability require-
ments of Swerling II distribution targets, which are theoretical values, fitting values and
simulation values, respectively. The data in the table are rounded off.

Table 2. Number of optimal range units in the Swerling II distribution.

Target Pd = 0.6 Pd = 0.7 Pd = 0.8 Pd = 0.9 Pd = 0.95

Experimental 2 2 3 5 8
Fitted value 1 2 3 5 7

Theoretical value 2 3 4 6 9

5.4. Simulation Results and Analysis of Swerling IV Target

The design experiment was the same as above. RCS of the strong scattering point in
the Swerling IV-type target was set as a, and the sum of the energy of the weak scattering
point was set as b and a = b. See Table 1 for other parameters. The following results were
obtained (Figure 9):

Figure 9 is similar to Figure 6, but the correlation between detection probability and
bandwidth is significantly weaker than Figure 6, indicating that the incoherent accumu-
lation of Swerling IV-type targets has a poor inhibition effect on fluctuation loss. In the
high-detection probability interval, the detection probability quickly reaches the maximum
as the bandwidth increases, and the optimal bandwidth is less than the Swerling II-type
target under the same conditions. However, compared with Swerling 0 target, it can be
found that the fluctuation loss of Swerling IV target is suppressed by broadband signal in
the high-detection probability interval. Similarly, the suppression effect of wideband radar
on the undulating target depends on the undulating degree of the target and improves
with the increase in the undulating degree of the target. Therefore, the optimal bandwidth
selection of the fluctuation target is closely related to its fluctuation degree.
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Figure 9. Swerling II-distributed target detection performance curve.

Figure 10 shows the detection capability of signals with different bandwidths for Swer-
ling IV-type targets. The basic performance is similar to Figure 7. The detection probability
also increases first and then decreases in the interval of high SNR (near range interval).

Figure 10. Swerling II distributed target detection performance curve.

Figure 11 shows the number of range units of Swerling IV-type targets under different
detection probability requirements. When the detection probability requirement is 80%
or above, the target needs to be resolved into 2–3 range units. The simulation experiment
results in the figure are consistent with the theoretical calculation results, and the theoretical
derivation is also verified.
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Figure 11. Swerling II distributed target detection performance curve.

Table 3 shows the number of range units under different detection probability require-
ments of Swerling IV distribution targets, which are theoretical values, fitting values and
simulation values, respectively. Because values are generally small, none of the values in
the table are rounded.

Table 3. Number of optimal range units in the Swerling IV distribution.

Target Pd = 0.7 Pd = 0.8 Pd = 0.85 Pd = 0.9 Pd = 0.95

Experimental 1 1 2 2 3
Fitted value 1 1 2 2 3

Theoretical value 1 1 2 2 3

5.5. Comparison and Analysis of Experimental Results

It is given in reference [16] that for a 15 m target, when the detection probability is
0.8, it should be distinguished into 5–10 range units. As shown in Table 2, when the target
detection probability requirement is 0.8, the Swerling II target should be resolved into
3–4 range units, and the Swerling IV target should be resolved into 1–2 range units. This
is different from the literature [16]. For the convenience of analysis, the number of target
range units is defined as the accumulation scale.

(1) The interval of the optimal accumulation scale given in this paper is smaller and
more accurate. Different targets have different undulating characteristics, and the
undulating loss gain brought by incoherent accumulation is also different, so the effect
of diversity gain is also different, and the optimal accumulation scale will change
accordingly. On the whole, the number of optimal target scales increases with the
increase in target undulation.

(2) The optimal scale (2) in this paper, the results show that the target number and is not
related to the target size, but related to the fluctuation characteristics of the target,
and the number of range units of the target depends on the size of the target and
signal bandwidth. Targets with different sizes correspond to different optimal signal
bandwidths. However, for targets with the same distribution, different target sizes
have nothing to do with the optimal accumulation scale.

Theoretical derivation and a series of simulation experiments show that, in the high-
detection probability interval, wideband radar does have better detection performance
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than narrowband radar for undulating targets, but it cannot be considered that wideband
radar has better detection performance than narrowband radar.

First of all, when the detection probability requirement is known, the number of
optimal range units of undulating targets is fixed, so the optimal bandwidth is directly
related to the target size. For large-size targets, radar with 20 MHz bandwidth may be able
to distinguish multiple range units. For small-size targets, a bandwidth of 100 MHz may
not be able to distinguish the target into multiple range units.

Secondly, the problem studied in this paper is the integration of target echo in range
direction during a single scan, and the slow time dimension (azimuth integration) has
not been involved in this paper. These two kinds of accumulation are ways to improve
the detection performance of target echo. When the two are combined, more complex
problems will appear, and more factors need to be considered to determine the optimal
bandwidth. In reference [23,24], several classical radar target azimuth echo accumulation
methods are given. Combining the theory studied in this paper with such methods, the
diversity gain of azimuth can be further studied.

Thirdly, the diversity gain effect of targets with different fluctuation types is different.
The greater the fluctuation degree of targets, the more obvious the diversity gain effect is.
Therefore, the advantages of wideband radar are also greater, otherwise the reverse is true.
As Swerling 0 targets introduced in this paper do not have fluctuations, so the detection
performance of wideband radar is worse than that of narrowband radar.

Finally, the theoretical analysis and simulation experiments in this paper are ideal,
especially the setting of the target model. In practice, the target and its scattering point
distribution are more complicated, so the calculation of the number of optimal range units
is also more complicated. With the change of its fluctuation, the number of optimal range
units is also changing.

6. Conclusions

This paper mainly studies the diversity gain of wideband radar. Firstly, according to
the actual working principle of radar, we established the signal transmitting and receiving
model and deduced the SNR gain problem in the working process of radar from the radar
equation. Secondly, we accumulated the signal after pulse compression, and analyzed
and studied the coherent accumulation and incoherent accumulation. A wide band radar
χ2 target model was established, and then the Swerling target model in three cases was
analyzed and the detection performance curve of the wide band target was deduced. Based
on the radar equation, the influence of bandwidth on target detection performance is
described in terms of incoherent accumulation efficiency (E), undulating loss (L) and target
RCS, and the definition of frequency diversity of wideband radar is given. A Monte Carlo
simulation experiment was designed to obtain the optimal number of resolution elements
under different detection probabilities.

In this paper, on the basis of previous work, the gain performance of incoherent accu-
mulation of wideband radar was studied systematically, a fair experimental environment
was established to analyze diversity gain and the frequency diversity gain of wideband
radar was defined. The optimal diversity gain corresponding to different target types under
different detection probability requirements was given, that is, the number of optimal range
units of different targets. For example, when the detection probability requirement is 0.9,
the Swerling II targets need to be resolved into 5–6 range units, and for a Swerling IV-type
target, the target needs to be resolved into two range units.

In general, in the high-detection probability interval, a wideband signal is more
advantageous; in other words, incoherent accumulation is more advantageous. However,
this does not mean that the wider the signal bandwidth is better. Different targets are
distinguished into a fixed number of range units, corresponding to different bandwidth,
which means that the smaller target is more suitable for the wider signal, whereas the
signal bandwidth required by the large target is much smaller.
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Appendix A

The flow chart of orthogonal demodulation is shown in Figure 1. Using trigonometric
identity, the real and imaginary parts of the signal are, respectively, multiplied by the
corresponding demodulation function; the results are as follows:

sc1(τ, n) =
√

an
2 cos

(
−2π f0tn + πKr(t− tn)

2
)
+
√

an
2 cos

(
−2π f0(2t− tn) + πKr(t− tn)

2
)

ss1(τ, n) =
√

an
2 sin

(
−2π f0tn + πKr(t− tn)

2
)
+
√

an
2 sin

(
−2π f0(2t− tn) + πKr(t− tn)

2
) (A1)

The low-pass filter is used to process Equation (A1), and the results are as follows:

sc2(τ, n) = A′n
2 cos

(
−2π f0τn + πKr(τ − τn)

2
)

ss2(τ, n) =
√

an
2 sin

(
−2π f0tn + πKr(t− tn)

2
) (A2)

Due to the orthogonal relationship between the two signals, Equation (A2) can be
expressed in the plural form as:

sr2(τ, n) = sc2(τ, n) + jss2(τ, n)

=
√

an
2 cos

(
−2π f0τn + πKr(τ − τn)

2
)

+
√

an
2 j sin

(
−2π f0τn + πKr(τ − τn)

2
)

=
√

an
2 exp

(
jπ
(
−2 f0tn + Kr(t− tn)

2
)) (A3)

The parameter definitions in the above Equations can be referred to the paper.

Appendix B

The basic expression of the Bessel function can be expressed as:

Iα(z) =
∞

∑
m=0

(−1)m

m!Γ(m + α + 1)

( z
2

)2m+α
(A4)

where, α is the order of the Bessel function, when α = 1, corresponding to the Bessel
function of the first kind:

I0(z) =
∞

∑
m=0

(−1)m

m!Γ(m + 1)

( z
2

)2m
(A5)

The parameter definitions in the above Equations can be referred to in the paper.
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