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The effects of compound K-distributed sea clutter on angle measurement of wideband monopulse radar are investigated in this
paper.We apply the conditional probability density function (pdf) of monopulse ratio (MR) error to analyze these effects. Based on
the angle measurement procedure of the wideband monopulse radar, this conditional pdf is first deduced in detail for the case of
compound 𝐾-distributed sea clutter plus noise. Herein, the spatial correlation of the texture components for each channel clutter
and the correlation of the texture components between the sum and difference channel clutters are considered, and two extreme
situations for each of them are tackled. Referring to the measured sea clutter data, angle measurement performances in various
K-distributed sea clutter plus noise circumstances are simulated, and the effects of compound K-distributed sea clutter on angle
measurement are discussed.

1. Introduction

Monopulse, which uses the sum and difference beams to
estimate the direction of arrival (DOA) of targets, is a
matured technique of target angle measurement. Monopulse
radars are widely used in target tracking area because of
their superior angular accuracy and powerful antijamming
performance [1, 2]. However, when monopulse radar is used
to track the targets on the sea, two problems occur. On
the one hand, sea clutter lowers the signal-clutter-noise
ratio (SCNR), which thereby decreases the radar detection
probability and the angle measurement accuracy. On the
other hand, multipath propagation makes the target and its
image appear simultaneously in themain lobe of radar, which
causes acute errors in the anglemeasurement of targets [2–4].

A complex target can be represented as a set of separate
scattering centers. For wideband monopulse radar, since the
range resolution is very high, these scattering centers can be
effectively separated within different range resolution cells.
Therefore, the wideband monopulse radar is used to restrain
the angular glint effectively [5–7]. On the other hand, for the
multipath propagation, the time delay of a target is smaller
than its image. The wideband radar can use its advantage
of high resolution to resolve the target and its image in the

range profiles. Thus, the multipath interference is controlled
significantly [8, 9]. Due to all the advantages mentioned
above, in recent years, the wideband monopulse radars are
widely applied in various scenarios.

In the monopulse radar system, the angular information
of a target is extracted from the monopulse ratio (MR),
which is the ratio of the difference channel and the sum
channel phasors. For the monopulse radar designers, it is
useful to learn the statistical properties of MR to have a
comprehensive understanding of the angle measurement
performance. Thus, the statistical properties of MR were
studied in many literatures [10–13]. In the literatures [10,
11], Seifer found an ingenious way to quantify the angular
accuracy by calculating the mean and covariance of the real
part of the MR in condition that the sum channel amplitude
exceeds a detection threshold.Nonfluctuating andfluctuating
target cases were considered and compared. In [12], Groves
obtained the joint distribution of the real and imaginary parts
of the MR with arbitrarily correlated Gaussian noise. Using
the general result, the thresholding was considered and the
marginal density function of the real part of the MR was
derived for the case of real correlation between the channels.
In order to obtain more general statistical properties, in [13],
Chaumette presented the statistical prediction of monopulse
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angle measurement where the target fluctuation law was
unknown and multiple observations were available. And the
author successfully derived simple expression of conditional
mean and variance of the MR for the case that only a single
observation was required and the threshold detection was
achieved.

The above research results can effectively describe the
statistical properties of MR in many cases. They are very
instructive for radar designers. Those researches mainly
discussed the narrowband monopulse radar and assumed
that the target was an ideal point target. Only the effects
of Gaussian noise on the MR were considered. However,
when the wideband monopulse radar is applied to track the
complex targets on the sea, the target returns are spread
within different range resolution cells. Other different angle
measurementmethods now need to extract the target angular
information.Meanwhile, the presence of sea clutter will influ-
ence the angle measurement performance. In such cases, the
above research results are no longer appropriate to describe
the statistical properties of MR of wideband monopulse
radar.

Fortunately, the clutter returns for high resolution radars
can bewellmodeled by the compoundGaussianmodel which
consists of the product of two components called “texture”
and “speckle.” In this compound Gaussian model, the local
mean level of the speckle component is determined by the
texture component. When the local mean level is given,
the clutter can be regarded as the Gaussian distribution.
The similar procedure presented by Seifer in literatures [10,
11] can now be applied to obtain the local distribution of
MR. This local distribution of MR is then averaged over all
possible values of the local mean level to compute the overall
distribution of MR. Encouraged by this, we focus on the
effects of sea clutter on angle measurement performance of
wideband monopulse radar.

In the wideband monopulse radar system, the high reso-
lution range profile (HRRP) of sum channel is firstly applied
to accomplish the extended target detection and the posi-
tions of the range cells of the target are determined in the
HRRP. Then, the corresponding HRRP returns in the sum
and the difference channels are utilized to extract the angle
of every one of the range cells of the target till the angles
of all range cells are obtained. Lastly, the geometrical center
angle of the target can be calculated by smoothing all angles.
According to this procedure, the method presented in [10,
11] is developed to deduce the mathematical expression of
conditional pdf ofMRerror for Rayleigh fluctuating extended
target in the background of compound K-distributed sea
clutter plus noise. Using this conditional pdf, the MR con-
ditional root mean square error (RMSE), the conditional
mean, and standard deviation (STD) of theMR error are then
obtained to evaluate the angle measurement performance.
Specifically, considering that the clutter may exhibit the cor-
relation characteristics in the widebandmonopulse radar, the
spatial correlation of the texture components for each channel
clutter and the correlation of the texture components between
the sum and difference channel clutters are considered in
discussion, and two extreme situations are tackled for each
of them.

The rest of the paper is organized as follows: the basics
of statistical analysis, including the radar returns model, the
compound 𝐾-distribution model, and the binary detector,
are introduced in Section 2. In Section 3, we deduce the
conditional pdf of MR error, when the target is submerged in
the compound 𝐾-distributed sea clutter and noise. Through
numerical simulation method, effects of binary detector’s
parameters and K-distributed clutter on the angle mea-
surement performance are analyzed in Section 4. Finally,
Section 5 concludes the paper.

2. Basics of Statistical Analysis

2.1. Wideband Monopulse Radar Returns. The radar returns
in the sum and difference channels can be, respectively,
expressed as

𝑠𝑚 = 𝑠𝑚 + 𝑐𝑠𝑚 + 𝑛𝑠𝑚,𝑑𝑚 = 𝑑𝑚 + 𝑐𝑑𝑚 + 𝑛𝑑𝑚,𝑚 = 1, . . . , 𝐻,
(1)

where𝐻 is the number of the range cells of the target, 𝑠𝑚 and𝑑𝑚 are the target returns in the sum and difference channels,
respectively, when the clutter and noise are absent, 𝑐𝑠𝑚 and𝑐𝑑𝑚 are the clutter components in the sum and difference
channels, respectively, and 𝑛𝑠𝑚 and 𝑛𝑑𝑚 are the noise compo-
nents in the sum and difference channels, respectively. In this
paper, the noise components are the complexGaussian noises
with zero mean and variance 𝜎2𝑛𝑠 for sum channel and 𝜎2𝑛𝑑 for
difference channel. The target returns, clutter, and noise are
assumed to be statistically independent.

A variety of theoretical distribution functions (Rayleigh,
Weibull, 𝐾, Pareto, etc.) were proposed to model the pdf of
the amplitude of non-Gaussian sea clutter [14–16]. Among
these distributions the compound 𝐾-distribution is widely
used to model the clutter and many existing contributions
analyzed the radar performance considering the compound𝐾-distributed clutter [17–20]. For the sea clutter both in the
sum and difference channels, the compound 𝐾-distribution
can not only depict the amplitude distribution accurately but
also explain the scattering mechanism of sea clutter well.
According to the compound𝐾-distribution, the clutter can be
interpreted as the product of two independent components,
such that

𝑐 = 𝑦𝑥, (2)

where 𝑥 is the speckle and 𝑦 is the texture which is
nonnegative random process. The mean level of the speckle
component is modulated by the texture component. The tex-
ture and speckle are considered to be independent processes.
Therefore, the pdf of compound𝐾 distributed sea clutter can
be expressed as

𝑝 (|𝑐|) = ∫∞
0
𝑝 (|𝑐| | 𝑦) 𝑝 (𝑦) 𝑑𝑦, (3)
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where |𝑐| is the amplitude of the sea clutter. 𝑝(|𝑐| | 𝑦) is the
pdf of the speckle component and can be given by

𝑝 (|𝑐| | 𝑦) = 2 |𝑐|𝑦2𝜎2𝑐 exp(− |𝑐|2𝑦2𝜎2𝑐 ) , (4)

where 𝜎2𝑐 = 𝑃𝑐 and 𝑃𝑐 is the average power of sea clutter. The
pdf of 𝑦 can be written as

𝑝 (𝑦) = 2VVΓ (V)𝑦2V−1 exp (−V𝑦2) , (5)

where Γ(⋅) is Gamma function and V is the clutter shape
parameter which embodies the clutter fluctuation degree.
Thus, the clutter in the sum and difference channels are
expressed as 𝑐𝑠𝑚 = 𝑦𝑠𝑚𝑥𝑠𝑚 and 𝑐𝑑𝑚 = 𝑦𝑑𝑚𝑥𝑑𝑚, respectively.
And the clutter average powers are denoted as 𝜎2𝑐𝑠 and 𝜎2𝑐𝑑 and
the shape parameters are denoted as V𝑐𝑠 and V𝑐𝑑.

It is assumed that the target returns in all resolution cells
are randomly fluctuating and follow the same distribution.
Their amplitude pdfs are Rayleigh distributions and their
phase pdfs are uniform distributions. So, 𝑠𝑚 is a complex
Gaussian random variable with zero mean. Its average power
is 𝐴2𝑚. We assume that, ∀𝑚, 𝑛 ∈ [1,𝐻], 𝐴2𝑚 = 𝐴2𝑛 = 𝐴2. Thus,
the target SCNR in the sum channel can be written as

𝜒SCNR = 𝐸 {𝑠𝑚2}𝐸 {𝑐𝑠𝑚 + 𝑛𝑠𝑚2} = 𝐴2𝜎2𝑐𝑠 + 𝜎2𝑛𝑠 , (6)

where 𝐸{⋅} denotes expectation operator. Additionally, the
target conditional SCNR in the sum channel can be rewritten
as

𝜒2 = 𝐸 {𝑠𝑚2 | 𝑦𝑠𝑚}𝐸 {𝑐𝑠𝑚 + 𝑛𝑠𝑚2 | 𝑦𝑠𝑚} = 𝐴2𝑦2𝑠𝑚𝜎2𝑐𝑠 + 𝜎2𝑛𝑠
= 𝜎2𝑐𝑠 + 𝜎2𝑛𝑠𝑦2𝑠𝑚𝜎2𝑐𝑠 + 𝜎2𝑛𝑠𝜒SCNR,

(7)

where 𝑦𝑠𝑚 is the clutter texture in the sum channel.

2.2. Binary Detector. In the wideband radar system, the
binary detector is employed for the effective detection of an
extended target in sea clutter, because it can significantly
decrease the false alarm probability induced by the sea spikes
[21–24]. The binary detector is comprised of two stages. The
first stage is essentially a simplified version of the likelihood
ratio test (LRT)where a detection threshold𝑇 is set according
to the quiescent clutter and noise levels. For the 𝑚th range
cell, the detector output is set to either 1 or 0 according to𝑠𝑚 ⋛ 𝑇 → ℎ(1)𝑚 . (8)

During this stage, all range cell returns are quantified as 1 or0. The second stage detection operates upon these binary-
detected range returns and a range sliding window 𝑁-of-𝑃 detector is used. Suppose that 𝐾 range cell returns are

sampled. We denote that 𝑗 ∈ {0, 1, . . . , 𝐾 − 𝑃 + 1} and𝑀 =∑𝑗+𝑃−1𝑚=𝑗 ℎ(1)𝑚 . Then, this stage is accomplished as

𝑀 ⋛ 𝑁 → ℎ(2)𝑚 . (9)

If𝑀 ≥ 𝑁, this indicates the presence of a target in this range
sliding window, and thus ℎ(2)𝑚 = 1; otherwise this indicates
that the target is not present, and thus ℎ(2)𝑚 = 0. Generally, the
length of range sliding window is not shorter than the size of
target.

For the high resolution radar, the sizes of range cells
are smaller than the scales of large features on the sea
surface. Therefore, the correlation between the sea clutter
from adjacent range cells, that is, the spatial correlation, is
generally more pronounced. Modeling of the spatial corre-
lation characteristics is very important for accurate perfor-
mance prediction of binary detector. For the compound 𝐾-
distribution, the spatial correlation can be characterized by
the correlation properties of the texture and speckle. Due to
the absence of oversampling, the speckle can be considered
decorrelated from one range cell to the next. Here, only
two bounding cases of spatial correlation for the texture are
discussed.

As given in Table 1 by Watts [25], the spatial correlation
length of clutter in the different sea states is several to dozens
of meters. When the length of range sliding window is much
larger than the spatial correlation length of clutter, it can be
assumed that the texture samples are independent within the
range sliding window. This case is denoted as the spatially
independent texture case. On the contrary, when the length
of range sliding window is smaller than the spatial correlation
length of clutter, it can be assumed that the texture samples
are completely correlated in the range sliding window. This
case is denoted as the spatially correlated texture case.

For the spatially independent texture case, the false alarm
probability of the first stage detection, denoted as 𝑃𝑓1, can be
expressed as

𝑃𝑓1 = ∫∞
𝑇
∫∞
0
𝑝 (𝑐𝑠𝑚 | 𝑦s𝑚) 𝑝 (𝑦𝑠𝑚) 𝑑𝑦𝑠𝑚𝑑 𝑐𝑠𝑚

= ∫∞
0

exp(− |𝑇|2𝑦2𝑠𝑚𝜎2𝑐𝑠 + 𝜎2𝑛𝑠)𝑝 (𝑦𝑠𝑚) 𝑑𝑦𝑠𝑚,
(10)

where 𝑝(𝑦𝑠𝑚) is the pdf of 𝑦𝑠𝑚 given by (5). Thus, the
overall false alarm probability for the binary detector can be
computed by summing over the false alarm occurrences of
the binomial pdf as

𝑃𝐹1 = 𝑃∑
𝑚=𝑁

𝐶𝑃𝑚𝑃𝑚𝑓1 (1 − 𝑃𝑓1)𝑃−𝑚 , (11)

where 𝐶𝑃𝑚 is the number of combinations of 𝑃 items taken𝑚
at a time.The detection probability of the first stage detection
can be obtained as𝑃𝑑1 = 𝑝𝑑 {𝑠𝑚 ≥ 𝑇}
= ∫∞
0

exp(− |𝑇|2(1 + 𝜒2) (𝑦2𝑠𝑚𝜎2𝑐𝑠 + 𝜎2𝑛𝑠))𝑝 (𝑦𝑠𝑚) 𝑑𝑦𝑠𝑚.
(12)
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Similar to the computation of the overall false alarm proba-
bility, the overall detection probability for the binary detector
can be expressed as

𝑃𝐷1 = 𝑝𝑑 {𝑀 ≥ 𝑁} = 𝑃∑
𝑚=𝑁

𝐶𝑃𝑚𝑃𝑚𝑑1 (1 − 𝑃𝑑1)𝑃−𝑚 . (13)

However, for the spatially correlated texture case, 𝑦𝑠𝑚
is constant within the range sliding window but varies
evidently with range sliding window locations. Hence, the
calculating methods of the overall false alarm probability
and the overall detection probability in this case are different
from those in the independent texture case. For the first stage
detection, given the local mean level value 𝑦𝑠𝑚, the local false
alarm probability 𝑃𝑓2 and detection probability 𝑃𝑑2 can be
computed as

𝑃𝑓2 = ∫∞
𝑇
𝑝 (𝑐𝑠𝑚 | 𝑦𝑠𝑚) 𝑑 𝑐𝑠𝑚

= exp(− |𝑇|2𝑦2𝑠𝑚𝜎2𝑐𝑠 + 𝜎2𝑛𝑠) ,
(14)

𝑃𝑑2 = 𝑝𝑑 {𝑠𝑚 ≥ 𝑇 | 𝑦𝑠𝑚}
= exp(− |𝑇|2(1 + 𝜒2) (𝑦2𝑠𝑚𝜎2𝑐𝑠 + 𝜎2𝑛𝑠)) .

(15)

Then the overall probability of false alarm and detection for
the binary detector can be computed by summing over the
local probabilities of false alarm and detection of the binomial
pdf and then by averaging over all possible values of the local
mean level. They are given by

𝑃𝐹2 = ∫∞
0

𝑃∑
𝑚=𝑁

𝐶𝑃𝑚𝑃𝑚𝑓2 (1 − 𝑃𝑓2)𝑃−𝑚 𝑝 (𝑦𝑠𝑚) 𝑑𝑦𝑠𝑚, (16)

𝑃𝐷2 = 𝑝𝑑 {𝑀 ≥ 𝑁}
= ∫∞
0

𝑃∑
𝑚=𝑁

𝐶𝑃𝑚𝑃𝑚𝑑2 (1 − 𝑃𝑑2)𝑃−𝑚 𝑝 (𝑦𝑠𝑚) 𝑑𝑦𝑠𝑚. (17)

Once the overall false alarm probability and the parameters
of binary detector are given, the detection threshold of the
LRT in the first stage detection can be determined by (10)
and (11) for the spatially independent texture case and by (14)
and (16) for the spatially correlated texture case. Then, the
aggregated detection probabilities in both these two cases can
be computed.

3. Angle Measurement Performance of
Wideband Monopulse Radar

3.1. Angle Measurement Error of Wideband Monopulse Radar.
Without loss of generality, we do not consider the imple-
mentation type of the monopulse radar. In a practical envi-
ronment, the received radar signal usually contains clutter,
noise, and interference.TheMR is a complex number. In real
applications, the real part of the complexMR(CMR) is widely

used to extract the angle of arrival (DOA) of a target, which
is defined as [1, 10]

𝑟 = Re{𝑑𝑠 } , (18)

where 𝑠 and 𝑑, respectively, are the complex-valued samples
of receiving signals simultaneously obtained from the sum
and difference channels. Re{⋅} denotes the real part of a
complex value. 𝑟 is the monotone function of DOA 𝜃 of the
observed target. Usually, the relationship between 𝑟 and 𝜃 can
be approximated by a linear function; namely,

𝜃 ≈ 𝜃BW𝑘𝑚 𝑟, (19)

where 𝜃BW is the 3 dB beamwidth of the sum pattern and 𝑘𝑚
denotes monopulse slope.

We assume that 𝑀 range cell returns are determined to
have the probable presence of a target and the presence of a
target is determined by the detection process. According to
(18) and (19), we can obtain the angle value 𝜃𝑚 for each range
cell of target. The geometrical center angle of target is then
acquired by weighting processing on all angle values; that is,

𝜃 = 𝑀∑
𝑚=1

𝛼𝑚𝜃𝑚, (20)

where 𝛼𝑚 is weighting operator.The commonly used weight-
ing operators include uniform weighting, linear weighting,
and power weighting. To simplify the analysis, the uniform
weighting method is adopted; that is, 𝛼𝑚 = 1/𝑀.

When clutter and noise are absent, the MR in the 𝑚th
range cell is denoted as 𝜂𝑚 = 𝑑𝑚/𝑠𝑚. It is a real number. The
monopulse slope 𝑘𝑚 is assumed to be constant for all range
cell returns from the same target.Thus, according to (20), the
MR associated with the real geometrical center angle of target
can be written as

𝜂 = 1𝑀 𝑀∑𝑚=1𝜂𝑚 = 1𝑀 𝑀∑𝑚=1𝑑𝑚𝑠𝑚 . (21)

The flare angle of target and the corresponding MR are
denoted as Δ𝜃 and Δ𝜂, respectively. Δ𝜃 is related to the target
size and the radar working range. When radar works in the
far field, we can use the approximations Δ𝜃 ≈ 0 and 𝜂𝑚 ≈ 𝜂.
Here, the angle measurement error induced by the flare angle
of target is ignored. When the target return is submerged in
the sea clutter and noise, the CMR of target return of single
range cell is denoted as

𝜂𝑚 = 𝑑𝑚𝑠𝑚 = 𝑑𝑚 + 𝑐𝑑𝑚 + 𝑛𝑑𝑚𝑠𝑚 + 𝑐𝑠𝑚 + 𝑛𝑠𝑚 . (22)

Then, the CMR error of target can be expressed as

𝜀 = 1𝑀 𝑀∑𝑚=1𝜂𝑚 − 1𝑀 𝑀∑𝑚=1𝜂𝑚 = 1𝑀 𝑀∑𝑚=1(𝑑𝑚𝑠𝑚 − 𝑑𝑚𝑠𝑚 )
= 1𝑀 𝑀∑𝑚=1𝜀𝑚,

(23)
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where 𝜀𝑚 is the CMR error of single range cell. By using 𝜂𝑚 ≈𝜂, 𝜀𝑚 can be expressed as

𝜀𝑚 = 𝑑𝑚𝑠𝑚 − 𝑑𝑚𝑠𝑚 ≈ (𝑐𝑑𝑚 + 𝑛𝑑𝑚) − 𝜂 (𝑐𝑠𝑚 + 𝑛𝑠𝑚)𝑠𝑚 + 𝑐𝑠𝑚 + 𝑛𝑠𝑚 . (24)

The denominator in (24) is denoted as 𝑆𝑚 = 𝑠𝑚+𝑐𝑠𝑚+𝑛𝑠𝑚 and
the numerator is denoted as𝐷𝑚 = (𝑐𝑑𝑚 +𝑛𝑑𝑚) − 𝜂(𝑐𝑠𝑚 +𝑛𝑠𝑚).
Here,𝐷𝑚 represents the error sources of angle measurement,
including the clutter and noise in both the sum and difference
channels. Moreover, the contribution of (𝑐𝑑𝑚 + 𝑛𝑑𝑚) to the
error is given by (𝑐𝑑𝑚 + 𝑛𝑑𝑚)/(𝑠𝑚 + 𝑐𝑠𝑚 + 𝑛𝑑𝑚) and the
contribution of (𝑐𝑠𝑚 + 𝑛𝑠𝑚) to the error is given by 𝜂(𝑐s𝑚 +𝑛𝑠𝑚)/(𝑠𝑚 + 𝑐𝑠𝑚 + 𝑛𝑑𝑚). The effect of the clutter plus noise of
sum channel is related to the location of target in the beam.
Then, we can get 𝐸[𝑆𝑚] = 0 and 𝐸[𝐷𝑚] = 0. The conditional
variances of 𝑆𝑚 and𝐷𝑚 can be represented as

𝑎 = √12 (𝐸 [𝐷𝑚 − 𝐸 [𝐷𝑚]2 | 𝑦𝑠𝑚, 𝑦𝑑𝑚])
= √12 [𝑦2𝑑𝑚𝜎2𝑐𝑑 + 𝜎2𝑛𝑑 + 𝜂2 (𝑦2𝑠𝑚𝜎2𝑐𝑠 + 𝜎2𝑛𝑠) − 2𝜌1𝜂𝑦𝑠𝑚𝜎𝑐𝑠𝑦𝑑𝑚𝜎𝑐𝑑],

𝑏 = √12 (𝐸 [𝑆𝑚 − 𝐸 [𝑆𝑚]2 | 𝑦𝑠𝑚, 𝑦𝑑𝑚])
= √12𝐸 {𝑠𝑚 + 𝑐𝑠𝑚 + 𝑛𝑠𝑚2} = √12 (1 + 𝜒2) (𝑦2𝑠𝑚𝜎2𝑐𝑠 + 𝜎2𝑛𝑠),

(25)

where 𝜌1 is the real part of conditional correlation of clutter
between the sum and the difference channels. This condi-
tional correlation can be represented as

𝜉1 = 𝜌1 + 𝑗𝜍1 = 𝐸 {𝑐∗𝑠𝑚𝑐𝑑𝑚 | 𝑦𝑠𝑚, 𝑦𝑑𝑚}√𝐸 {𝑐∗𝑠𝑚𝑐𝑠𝑚 | 𝑦𝑠𝑚}√𝐸 {𝑐∗𝑑𝑚𝑐𝑑𝑚 | 𝑦𝑑𝑚}
= 𝐸 {𝑦𝑠𝑚𝑦𝑑𝑚𝑥∗𝑠𝑚𝑥𝑑𝑚 | 𝑦𝑠𝑚, 𝑦𝑑𝑚}𝑦𝑠𝑚𝑦𝑑𝑚𝜎𝑐𝑠𝜎𝑐𝑑 = 𝐸 {𝑥∗𝑠𝑚𝑥𝑑𝑚}𝜎𝑐𝑠𝜎𝑐𝑑= 𝜉𝑥,

(26)

where 𝜍1 is imaginary part of 𝜉1. 𝜌1 and 𝜍1 are bounded by𝜌21 + 𝜍21 ≤ 1. 𝜉𝑥 is the correlation between the speckles
of the sum and the difference channels. The superscript ∗
denotes the conjugate operation. From (26), we observe that
the conditional correlation 𝜉1 is equivalent to the speckle
correlation 𝜉𝑥. Then, the conditional correlation between 𝑆𝑚
and𝐷𝑚 is given by

𝜉𝜀 = 𝐸 {(𝑠𝑚 + 𝑐𝑠𝑚 + 𝑛𝑠𝑚)∗ [(𝑐𝑑𝑚 + 𝑛𝑑𝑚) − 𝜂 (𝑐𝑠𝑚 + 𝑛𝑠𝑚)] | 𝑦𝑠𝑚, 𝑦𝑑𝑚}2𝑎𝑏 = 𝑦𝑠𝑚𝜎𝑐𝑠2𝑎𝑏 (𝜌1𝑦𝑑𝑚𝜎𝑐𝑑 − 𝜂𝑦𝑠𝑚𝜎𝑐𝑠)
+ 𝑗𝑦𝑠𝑚𝑦𝑑𝑚𝜎𝑐𝑠𝜎𝑐𝑑2𝑎𝑏 𝜍1 = 𝜌𝜀 + 𝑗𝜍𝜀, (27)

where 𝜌𝜀 and 𝜍𝜀 are the real and imaginary parts of 𝜉𝜀,
respectively, and are bounded by 𝜌2𝜀 + 𝜍2𝜀 ≤ 1. It should be
noted that 𝜌𝜀 and 𝜍𝜀 have 𝑦𝑠𝑚 and 𝑦𝑑𝑚 dependencies, but they
are constant in the Gaussian noise case.

3.2. Exact Solution for Conditional pdf of MR Error. Let us
define

𝐿𝑚 = 𝑠𝑚√𝐸 [𝑐𝑠𝑚 + 𝑛𝑠𝑚2 | 𝑦𝑠𝑚] . (28)

Denote𝑄𝜀𝑚 = 𝐷𝑚/𝑆𝑚. The CMR error 𝑞𝜀 can be represented
by the terms of its real and imaginary parts; namely, 𝑞𝜀𝑚 =𝑟𝜀𝑚 + 𝑗𝑡𝜀𝑚. Thus, the joint pdf of 𝑄𝜀𝑚 and 𝐿𝑚 can be
represented as follows [10]:

𝑝𝑅𝜀𝑚|Δ 1 (𝑟𝜀𝑚 | 𝑦𝑠𝑚, 𝑦𝑑𝑚) = 2𝑙3𝑚𝜋𝜇2 (1 + 𝜒2)2
× exp(−[ 𝑙2𝑚(1 + 𝜒2) + 𝑙2𝑚(1 + 𝜒2) 𝜇2 (𝑟𝜀𝑚 − 𝑎𝑏𝜌𝜀)2
+ 𝑙2𝑚(1 + 𝜒2) 𝜇2 (𝑡𝜀𝑚 − 𝑎𝑏 𝜍𝜀)2]) ,

(29)

where 𝜒2, 𝜌𝜀, 𝜍𝜀, 𝑎, and 𝑏 are defined previously, and

𝜇 = 𝑎𝑏√1 − 𝜌2𝜀 − 𝜍2𝜀 . (30)

It should be noted that the variation of the underlying power
due to the 𝐾-distribution assumption now causes the pdf in
(29) to have 𝑦𝑠𝑚 and 𝑦𝑑𝑚 dependencies.

At the first stage of detection process, Δ 1 = {|𝑠𝑚| ≥ 𝑇}
denotes the event that the radar return of single range cell
in the sum channel exceeds the detection threshold. 𝑙0 =𝑇/√𝐸[|𝑐𝑠𝑚 + 𝑛𝑠𝑚|2 | 𝑦𝑠𝑚] denotes the detection threshold of
the LRT normalized with respect to the conditional root-
mean-squared sum channel clutter plus noise power. It
should be noted that the normalized values of 𝐿𝑚 and 𝑙0 also
have a 𝑦𝑠𝑚 dependence under the𝐾-distribution assumption.
The resulting distribution conditioned on the occurrence of
event Δ 1 is then obtained by integrating with respect to
variables 𝑡𝜀𝑚 and 𝑙𝑚 as follows:

𝑝𝑅𝜀𝑚|Δ 1 (𝑟𝜀𝑚 | 𝑦𝑠𝑚, 𝑦𝑑𝑚, Δ 1)
= 𝜇2𝑃𝑑√𝜋𝐵−3/2
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× {{{{{
√𝜋2 [[[1 − erf( 𝐵𝑙0𝜇√(1 + 𝜒2))]]]

+ 𝐵𝑙0𝜇√(1 + 𝜒2) exp[−
𝐵2𝑙20(1 + 𝜒2) 𝜇2]

}}}}}
= 𝑝𝑅𝜀𝑚 (𝑟𝜀𝑚, Δ 1 | 𝑦𝑠𝑚, 𝑦𝑑𝑚)𝑃𝑑 ,

(31)

where 𝐵 = 𝜇2 + (𝑟𝜀𝑚 − (𝑎/𝑏)𝜌𝜀)2, erf(𝑧) = (2/√𝜋) ∫𝑧0 𝑒−𝑡2𝑑𝑡 is
error function, and 𝑃𝑑 = 𝑃{|𝑠𝑚| ≥ 𝑇 | 𝑦𝑠𝑚} is the detection
probability with the given 𝑦𝑠𝑚 during the first stage detection.

Analogous to the effect on the detection performance, the
spatial correlation of clutter also affects angle measurement
performance of radar. We assume that the spatial correlation
of the difference channel clutter is the same as the one of the
sum channel clutter. In the spatially independent texture case,
the value of 𝑝𝑅𝜀𝑚|Δ 1(𝑟𝜀𝑚 | 𝑦𝑠𝑚, 𝑦𝑑𝑚, Δ 1) is averaged over all

possible values of 𝑦𝑠𝑚 and 𝑦𝑑𝑚 to compute the conditional
pdf of MR error of single range cell return of target (denoted
by 𝑝𝑅𝜀𝑚(𝑟𝜀𝑚 | Δ 1)); that is,

𝑝𝑅𝜀𝑚 (𝑟𝜀𝑚 | Δ 1) = 1𝑃𝑑1
⋅ ∫∞
0
∫∞
0
𝑝𝑅𝜀𝑚 (𝑟𝜀𝑚, Δ 1 | 𝑦𝑠𝑚, 𝑦𝑑𝑚)

⋅ 𝑝 (𝑦𝑠𝑚, 𝑦𝑑𝑚) 𝑑𝑦𝑠𝑚𝑑𝑦𝑑𝑚,
(32)

where 𝑃𝑑1 is the detection probability of the first stage
detector in the spatially independent texture case and is given
by (12). 𝑝(𝑦𝑠𝑚, 𝑦𝑑𝑚) is the joint pdf of 𝑦𝑠𝑚 and 𝑦𝑑𝑚.

It is assumed that𝑀 range cell returns have been detected
to determine the probable presence of a target in the local
range region [𝑗, 𝑗 + 𝑃 − 1) at the first stage of detection
processing. Let 𝑝(𝑟𝜀 | 𝑀) denote the conditional pdf of
MR error when𝑀 range cell returns are used to extract the
DOA of target. It can be assumed that for each range cell𝑝𝑅𝜀𝑚|Δ 1(𝑟𝜀𝑚) is independent and obeys the distribution in
(32). Denoting 𝑟𝜀_sum = ∑𝑀𝑚=1 𝑟𝜀𝑚 and 𝑟𝜀 = 𝑟𝜀_sum/𝑀, the
conditional pdf of 𝑟𝜀_sum can be computed as [26]

𝑝sum (𝑟𝜀_sum | 𝑀) = {𝑝𝑅𝜀1 (𝑟𝜀1 | Δ 1) ⊗ 𝑝𝑅𝜀2 (𝑟𝜀2 | Δ 1) ⊗ ⋅ ⋅ ⋅ ⊗ 𝑝𝑅𝜀𝑀 (𝑟𝜀𝑀 | Δ 1)} , (33)

where ⊗ is convolution operation. Thus, we can obtain 𝑝(𝑟𝜀 |𝑀) = 𝑀𝑝sum(𝑀𝑟𝜀 | 𝑀). Additionally, the probability of𝑀
times occurrences of the event Δ 1 at the first stage detection
processing can be written as 𝑝𝑑{𝑀} = 𝐶𝑃𝑀𝑃𝑀𝑑1 (1 − 𝑃𝑑1)𝑃−𝑀.
Then, we can obtain that

𝑝 (𝑟𝜀,𝑀) = 𝐶𝑃𝑀𝑝 (𝑟𝜀 | 𝑀)𝑃𝑀𝑑1 (1 − 𝑃𝑑1)𝑃−𝑀 . (34)

At the second stage of detection processing, Δ 2 = {𝑀 ≥𝑁} is denoted as the event of the target presence. For the
independent texture case, the pdf ofMR error under the eventΔ 2 can then be expressed as

𝑝𝑅𝜀|Δ 2 (𝑟𝜀) = 𝑝 (𝑟𝜀,𝑀 ≥ 𝑁)𝑝𝑑 (𝑀 ≥ 𝑁)
= ∑𝑃𝑀=𝑁𝐶𝑃𝑀𝑝 (𝑟𝜀 | 𝑀)𝑃𝑀𝑑1 (1 − 𝑃𝑑1)𝑃−𝑀𝑃𝐷1 , (35)

where 𝑃𝐷1 is the overall detection probability in the spatially
independent texture case and is given by (13).

In the spatially correlated texture case, the derivation
process of the conditional pdf of MR error is similar to
that in the spatially independent texture case. The analogous
formulas with (33), (34), and (35) can be obtained by the
simple substitutions of 𝑃𝑑2 and 𝑝𝑅𝜀𝑚|Δ 1(𝑟𝜀𝑚 | 𝑦𝑠𝑚, 𝑦𝑑𝑚, Δ 1)
for 𝑃𝑑1 and 𝑝𝑅𝜀𝑚(𝑟𝜀𝑚 | Δ 1), and they are denoted by 𝑝(𝑟𝜀 |𝑀, 𝑦𝑠𝑚, 𝑦𝑑𝑚), 𝑝(𝑟𝜀,𝑀 | 𝑦𝑠𝑚, 𝑦𝑑𝑚), and 𝑝(𝑟𝜀 | 𝑦𝑠𝑚, 𝑦𝑑𝑚).
They have 𝑦𝑠𝑚 and 𝑦𝑑𝑚 dependencies. Therefore, the overall
conditional pdf of MR error for the spatially correlated

texture case is computed by averaging the MR errors over all
possible values of 𝑦𝑠𝑚 and 𝑦𝑑𝑚; that is,

𝑝𝑅𝜀|Δ 2 (𝑟𝜀) = ∫∞
0
∫∞
0
𝑝𝑅𝜀|Δ 2 (𝑟𝜀 | 𝑦𝑐𝑠, 𝑦𝑐𝑑)

⋅ 𝑝 (𝑦𝑐𝑠, 𝑦𝑐𝑑 | Δ 2) 𝑑𝑦𝑐𝑠𝑑𝑦𝑐𝑑 = 1𝑃𝐷2
⋅ ∫∞
0
∫∞
0

𝑃∑
𝑀=𝑁

𝐶𝑃𝑀𝑝 (𝑟𝜀 | 𝑀, 𝑦𝑐𝑠, 𝑦𝑐𝑑)
⋅ 𝑃𝑀𝑑2 (1 − 𝑃𝑑2)𝑃−𝑀 𝑝 (𝑦𝑐𝑠, 𝑦𝑐𝑑) 𝑑𝑦𝑐𝑠𝑑𝑦𝑐𝑑,

(36)

where 𝑃𝑑2 and 𝑃𝐷2 are the first and second stage detection
probabilities in the spatially correlated texture case and are
given by (15) and (17), respectively.

In the above analysis, the joint pdf𝑝(𝑦𝑠𝑚, 𝑦𝑑𝑚) is involved.
This pdf describes the distribution of the clutter textures
of the sum and difference channels within the same range
cell. Generally, the clutter returns in the sum and difference
channels are from the scattering of the common illuminating
sea surface region. Hence, the correlation of the texture
components of the sea clutter between the sum and difference
channels within the same range cell is also pronounced.
Moreover, because the directions of the sum and difference
patternmain lobes are not consistent and the clutter intensity
is dominated by the antenna pattern gain, the texture cor-
relations are different for different range cells. Herein, two
bounding situations (i.e., 𝑦𝑠𝑚 and 𝑦𝑑𝑚 are independent and
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are completely correlated) are considered separately. When𝑦𝑠𝑚 and 𝑦𝑑𝑚 are independent, 𝑝(𝑦𝑠𝑚, 𝑦𝑑𝑚) can be separated
and can be rewritten as 𝑝(𝑦𝑠𝑚, 𝑦𝑑𝑚) = 𝑝(𝑦𝑠𝑚)𝑝(𝑦𝑑𝑚). When𝑦𝑠𝑚 and 𝑦𝑑𝑚 are completely correlated, the values of 𝑦𝑠𝑚 and𝑦𝑑𝑚 within the same range cell are the same. All involving
pdfs of monopulse angle measurement errors have only a 𝑦𝑠𝑚
dependence. Therefore, the double integrals in (32) and (36)
are reduced to the single integral.

We wish to determine the error in an estimate of target
angle due to the clutter and noise. Using (35) and (36), the
conditional moments of 𝑟𝜀 are then given by

𝐸 [𝑟𝑛𝜀 | Δ 2] = ∫∞
−∞

𝑟𝑛𝜀𝑝𝑅𝜀|Δ 2 (𝑟𝜀) 𝑑𝑟𝜀, 𝑛 = 1, 2, . . . . (37)

For 𝑛 is equal to unity and two, the first and second moments
of 𝑟𝜀 can be obtained by integrating (37), which are denoted
as 𝐸[𝑟𝜀 | Δ 2] and 𝐸[𝑟2𝜀 | Δ 2], respectively. Also, the first
moment is named the mean error (bias). Although each of
the clutter and noise variables has a distribution with zero
mean value, the mean error is not zero and it cannot exceed
the width of the main lobe. The square root of the second
moment is named the RMSE and is denoted by Υ[𝑟𝜀 | Δ 2].
In practice, the RMSE is desired to measure the error and it
is widely used to assess the performance for various kinds of
measurement results. It is the combined effect of the mean
error and the STD from thismean error.The conditional STD
of 𝑟𝜀 is denoted as 𝜎[𝑟𝜀 | Δ 2] and it can be obtained from

𝜎2 [𝑟𝜀 | Δ 2] = 𝐸 [𝑟2𝜀 | Δ 2] − (𝐸 [𝑟𝜀 | Δ 2])2 . (38)

It is interesting to note that, in theory, this conditional STD
of 𝑟𝜀 is infinite when the condition of Δ 2 is removed [1, 10].
In actual practice, however, the conversion from monopulse
ratio to angle is implemented as being within the main lobe
and the target is also presumed to be within the main lobe.
The conditional STD of 𝑟𝜀 is finite and its maximum possible
value is of the order of the beamwidth. Consequently, Υ[𝑟𝜀 |Δ 2] is also finite and its maximum possible value is of the
order of the beamwidth. In our discussion, Υ[𝑟𝜀 | Δ 2] is
applied to assess the performance of the angle measurement
of wideband monopulse radar in clutter plus noise and 𝐸[𝑟𝜀 |Δ 2] and 𝜎[𝑟𝜀 | Δ 2] are applied to determine the main
contributions of the clutter and noise to angle error.

4. Simulation Results and Analysis

4.1. Optimal Binary Detection. Good detection performance
and angle measurement accuracy are two main goals of
wideband monopulse radar design. Generally, only when
the target appears in the detected result, the processing
of monopulse angle measurement is carried out. Herein,
the detection performance of the binary detector is firstly
analyzed in the background of 𝐾-distributed sea clutter plus
Gaussian noise. As in the researches [22, 27], the optimal
parameter settings are defined as the values of the binary
detector parameters which make the detector establish a
given detection probability at a given false alarm probability
with the least SCNR. It is assumed that the parameter 𝑃 of

binary detector in our simulations is optimal. According to
the results given in [22], it can be set to be equal to the target
radial length. This optimal value of 𝑃 is denoted as 𝑃opt.

The 𝐾-distributed sea clutters are generated by using
the spherically invariant random process (SIRP) method.
The 20,000 Monte Carlo experiments are conducted. In
the simulation, the overall false alarm probability is set to10−4 and the required detection thresholds of the LRT are
computed theoretically by (10) and (11) for the spatially
independent texture case and by (14) and (16) for the spa-
tially correlated texture case. Those detection thresholds are
then used to obtain the theoretical and simulated detection
probabilities. The variations of theoretical and simulated
detection probabilitieswith different values of binary detector
parameter 𝑁 for two bounding cases are shown in Figure 1,
where 𝑁𝐼 and 𝑁𝐶 are denoted as the values of 𝑁 for the
spatially independent texture case and the spatially correlated
texture case, respectively.

From Figure 1, we first observe that the simulated detec-
tion probability agrees well with the theoretical detection
probability for both two cases. This demonstrates that equa-
tions (10)–(17) are correct. Second, we observe that, for fixed
values of V𝑐𝑠, in contrast with the spatially independent tex-
ture case, the detection probability of the spatially correlated
texture case decreases. However, the deterioration degree
decreases with the increase of V𝑐𝑠. This can be explained
intuitively that the overall false alarm rate is dominated by
a localized area of high clutter in the spatially correlated
texture case, but it is dominated by the occasional regions
of high clutter in the spatially independent texture case.
Consequently, in order to keep the same overall false alarm
rate, the fixed first threshold of the binary detector in the
spatially correlated texture case is required to set a higher
value than that in the spatially independent texture case.
Nevertheless, the bigger the values of V𝑐𝑠 are, the closer are
the fixed first thresholds of two cases. Thus, the detection
probabilities of the spatially correlated texture case are close
to those of the spatially independent texture case. Similar
results were also obtained in [25].

As mentioned above, the value of 𝑁 is chosen as the
optimal setting of the binary detector second threshold when
the binary detector requires the least SCNR to establish a
given detection probability 𝑃𝐷 = 0.9 at a given false alarm
probability 𝑃𝐹 = 10−4. Therefore, we can see from Figure 1(a)
that𝑁𝐼 = 4 is the optimal parameter setting for the spatially
independent texture case, where V𝑐𝑠 = 1. However, the value
of the optimal binary detector parameter is𝑁opt = 5 for this
case by using the experiential formula in [22]. The reason for
this is that our theoretical and simulated results are obtained
in the background of K-distributed sea clutter plus noise,
but the experiential formula is derived in the background of
only the K-distributed sea clutter. Moreover, in the practical
application, the optimal parameter can be selected within
a reasonable range. In Figure 1(a), the performances of the
binary detectors, of which the parameters are selected as𝑁𝐼 = 4 and 𝑁𝐼 = 5, respectively, are very close when their
detection probabilities satisfy 𝑃𝑑 > 0.6. Thus, it is accepted
that 𝑁𝐼 = 5 is also the optimal parameter setting. When
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Figure 1: Theoretical and simulated radar detection probabilities for 𝜎2𝑛𝑠 = 1, 𝑃𝑓 = 10−4, 𝑃opt = 8, and CNR = 10 dB (black: spatially
independent texture case, gray: spatially correlated texture case.). (a) V𝑐𝑠 = 1; (b) V𝑐𝑠 = 25.
V𝑐𝑠 = 25, the optimal parameter setting is𝑁opt = 3 according
to the experiential formula for the spatially independent
texture case. We can see from Figure 1(b) that the detection
performance of the detector is also optimal when 𝑁𝐼 =3. Similarly, we can see from Figure 1 that 𝑁𝐶 = 2 and𝑁𝐶 = 3 are the optimal settings of the binary detector second
threshold for both V𝑐𝑠 = 1 and V𝑐𝑠 = 25 in the spatially
correlated texture case. It seems that these results are not
consistent with the known results in [27]. This is because in
[27] only the K-distributed sea clutter was considered.

The above simulation demonstrates that the experien-
tial formula given in [22] and the results given in [27]
cannot be referred to in order to determinate the optimal
parameter 𝑁opt of binary detector for the case that the
radar returns include the 𝐾-distributed sea clutter and noise
simultaneously. Although the spatial correlation of texture
components affects the value of optimal second threshold
setting of the binary detector, it should be noticed that, for
large clutter shape parameter, the optimal parameter setting
in the spatially correlated texture case is close to that in the
spatially independent texture case. Moreover, the optimal
parameter setting of 𝑁 in the spatially independent texture
case is also the suboptimal parameter setting in the spatially
correlated texture case for the small shape parameter, such
as 𝑁𝐶 = 4, shown in Figure 1(a). Therefore, in the following
investigation, the optimal parameter setting is discussed only
for the spatially independent texture case.

In Figure 2,𝑁opt is plotted against CNR for different shape
parameters of sea clutter. As we can see from these curves,
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Figure 2:𝑁opt against CNR in different shape parameters, for 𝜎2𝑛𝑠 =1, 𝑃𝑓 = 10−4, and 𝑃opt = 30.
𝑁opt is a monotonously nondecreasing function of CNR. For
each curve, there are three CNR regions, that is, the low
CNR region (e.g., less than −8 dB), the middle CNR region
(e.g., from −8 dB to 15 dB), and the high CNR region (e.g.,
greater than 15 dB). In the middle CNR region, the value of𝑁opt increases with the increase of CNR for the same clutter
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shape parameter. This is because the proportion of the effect
of clutter on detection performance increases as the CNR
increases. In other two CNR regions, the value of 𝑁opt is
unrelated to the CNR. In the low CNR region, the effect
of noise on detection performance is dominant and that of
clutter can be ignored. So𝑁opt is a constant for all cases. On
the contrary, in the high CNR region, the effect of clutter
on detection performance is dominant and that of noise can
be ignored. Thus, the optimal parameter of binary detector
can be selected by using the experiential formula given in

[22]. Based on above analysis, the experiential formula can
be modified to guide the application of the binary detector
when target submerges in the K-distributed sea clutter plus
noise. The modified experiential formula is given as follows:

When CNR < −8 dB,
𝑁opt ≈ round [0.27𝑃opt] . (39)

When −8 dB ≤ CNR < 15 dB,

𝑁opt ≈ {{{{{{{{{
round [(CNR + 8)23 0.65]−0.25𝑃opt + (15 − CNR)23 0.27𝑃opt] , ] < 10,
round [(CNR + 8)23 0.34𝑃opt + (15 − CNR)23 0.27𝑃opt] , ] ≥ 10. (40)

When CNR > 15 dB,
𝑁opt ≈ {{{

round [0.65]−0.25𝑃opt] , ] < 10,
round [0.34𝑃opt] , ] ≥ 10, (41)

where round[⋅] denotes rounding operation. It should be
stated that, under the constraint that the difference of
detection performance is no more than 0.2 dB, this modified
experiential formula can be applied for different𝑃opt, and𝑁opt
can be selected within some ranges so that this formula is
not unique. In addition, although this modified experiential
formula is obtained under the condition that 𝑃𝑓 = 10−4 and𝑃𝐷 = 0.9, it can be confirmed that the validity conditions
of this formula can be extended to 10−4 ≥ 𝑃𝐹 ≥ 10−10
and 0.6 ≤ 𝑃𝐷 ≤ 0.95 according to the further numerical
calculation.

4.2. Angle Measurement Performance. In this section, curves
of 𝐸[𝑟𝜀 | Δ 2], 𝜎[𝑟𝜀 | Δ 2], and Υ[𝑟𝜀 | Δ 2] against relevant
parameters are shown to analyze the angle measurement
performance with wideband monopulse radar. Because the
exact analytical formulas of 𝐸[𝑟𝜀 | Δ 2], 𝜎[𝑟𝜀 | Δ 2], andΥ[𝑟𝜀 | Δ 2] cannot be derived, all results in this section
are obtained by numerical integration method. It is assumed
that the angle measurements in the elevation and azimuth
directions can be regarded to be independent of each other.
Thus, the patterns of the sum and difference channels in
either direction can be represented as two one-dimensional
patterns. A simulated monopulse antenna model is used to
evaluate the performance of anglemeasurement.Thepatterns
in the sum and difference channels can be represented as [13]

𝑔Σ (𝜃) = √4𝜋𝜆 √𝑊[ sin (ℎ (𝜃))ℎ (𝜃) ]
𝑔Δ (𝜃) = √4𝜋𝜆 √3𝑊[ sin (ℎ (𝜃))ℎ (𝜃)2 − cos (ℎ (𝜃))ℎ (𝜃) ] , (42)

where ℎ(𝜃) = 𝜋(𝑊/𝜆) sin(𝜃), 𝜆 is wavelength, 𝑊 is the
dimension of the antenna, and 𝜃 is the deviation angle from

boresight. We set 𝜆 = 8mm and 𝑊 = 32.2 cm. Hence, the
beamwidth is about 1.42 degrees. It is worth pointing out
that, in off-axis measurement, the error of angle estimation
in clutter increases as the deviation angle of off-axis target
increases. Nevertheless, the results of the effect of clutter on
the angle estimation error can exhibit the similar behavior no
matter where the target locates in the main lobe.The analysis
conclusion can be obtained from the results with a given
deviation angle. Hence, in our simulations, the deviation
angle of the off-axis target is set to 0.3 degrees.

4.2.1. Effect of the Binary Detector Parameter 𝑁. The choice
of the binary detector parameter 𝑁 will affect not only
the detection results but also the number of range cells
applied to obtain the angle measurement. Accordingly, the
different values of the binary detector parameter𝑁will bring
the different angle measurement performances. In Figure 3,Υ[𝑟𝜀 | Δ 2] is plotted against SCNR of sum channel for
different values of 𝑁. Four different correlation cases are
investigated. It is assumed that in the simulation the clutter
shape parameters of sum and difference channels are the
same.

It can be observed from Figures 3(a) and 3(b) that in the
spatially independent texture case the performance of angle
measurement can be improved significantly by increasing the
values of 𝑁 when SCNR is low, yet its improvement slows
down when SCNR is high. Instead there are small differences
among the performances of angle measurement for different
values of 𝑁 in the spatially correlated texture case. Compar-
ing Figures 3(c) and 3(d) to Figures 3(a) and 3(b) we see that
the values of Υ[𝑟𝜀 | Δ 2] in the spatially correlated texture
case are higher than those in the spatially independent texture
case for the same SCNR and𝑁. This implies that an increase
in spatial correlation of the texture components results in a
degeneration of the angle measurement performance for the
wideband monopulse radar. On the other hand, comparing
Figures 3(b) and 3(d) to Figures 3(a) and 3(c), we do not
see the significant differences of Υ[𝑟𝜀 | Δ 2] for different
correlations of the clutter texture components between the
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Figure 3: Conditional RMSE of MR in different values of𝑁, for 𝜎2𝑛𝑠 = 1, 𝑃𝑓 = 10−4, 𝑃opt = 8, 𝜃 = 0.3, and V = 1; CNRs of sum and difference
channels are 20 dB and 15 dB, respectively. (a) Spatially independent texture case: 𝑦𝑠𝑚 and 𝑦𝑑𝑚 are independent. (b) Spatially independent
texture case: 𝑦𝑠𝑚 and 𝑦𝑑𝑚 are completely correlated. (c) Spatially correlated texture case: 𝑦𝑠𝑚 and 𝑦𝑑𝑚 are independent. (d) Spatially correlated
texture case: 𝑦𝑠𝑚 and 𝑦𝑑𝑚 are completely correlated.

sum and difference channels.This indicates that the effects of
the correlation of the clutter texture components between the
sum and difference channels on the angle measurement are
very weak and can be ignored. According to the above results,
in order to ensure the optimal radar detection performance
andminimize the error ofmonopulse anglemeasurement, we
can deduce a principle: the maximum among all values of𝑁,
whichmake the binary detector achieve the optimal detection
performance, can be regarded as the optimal parameter
setting.

Figure 4 shows the results of 𝐸[𝑟𝜀 | Δ 2] and 𝜎[𝑟𝜀 | Δ 2]
for different values of 𝑁 when the texture is independent in
range and 𝑦𝑠𝑚 and 𝑦𝑑𝑚 are independent. It can be seen in
Figure 4(a) that the absolute value of 𝐸[𝑟𝜀 | Δ 2] decreases

as the value of 𝑁 increases, and for different values of 𝑁
the differences among the curves of 𝐸[𝑟𝜀 | Δ 2] decrease
as the SCNR increases. However, in Figure 4(b), the value
of 𝜎[𝑟𝜀 | Δ 2] increases as the value of 𝑁 increases in the
high SCNR region. For different values of 𝑁, the differences
among the curves of 𝜎[𝑟𝜀 | Δ 2] are small and decrease
slowly as the SCNR increases. In addition, we can obtain by
comparing Figures 3(a) and 4(a) that the value of Υ[𝑟𝜀 | Δ 2]
approximates to the absolute value of 𝐸[𝑟𝜀 | Δ 2] in the low
SCNR region (e.g., less than 9 dB). Similarly, we can obtain by
comparing Figures 3(a) and 4(b) that the value of Υ[𝑟𝜀 | Δ 2]
approximates to the value of 𝜎[𝑟𝜀 | Δ 2] in the high SCNR
region (e.g., greater than 9 dB). These phenomena indicate
that the main source of the error in monopulse measurement
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Figure 4: Conditional mean and conditional STD of MR error in different values of 𝑁 when the texture is independent in range and 𝑦𝑠𝑚
and 𝑦𝑑𝑚 are independent, for 𝜎2𝑛𝑠 = 1, 𝑃𝑓 = 10−4, 𝑃opt = 8, 𝜃 = 0.3, and V = 1; CNRs of sum and difference channels are 20 dB and 15 dB,
respectively. (a) Conditional mean of MR error; (b) conditional STD of MR error.

is the absolute bias for low SCNR and the standard deviation
for high SCNR, respectively. Consequently, in Figure 3(a),Υ[𝑟𝜀 | Δ 2] decreases as the value of 𝑁 increases in the low
SCNR region and increases in the high SCNR region.

The power weighting scheme is widely applied to estimate
the angle from𝑁 independent samples [28]. In Figures 3(a),
3(b), and 4, the results ofΥ[𝑟𝜀 | Δ 2],𝐸[𝑟𝜀 | Δ 2], and𝜎[𝑟𝜀 | Δ 2]
with respect to the powerweighting scheme are also displayed
to compare with those with respect to uniform weighting
schemes. Visual inspection of these results demonstrates
that the power weighting scheme can provide better angle
measurement than the uniform weighting scheme in our
simulation. Nevertheless, for these two weighting schemes,
there are not very large differences in the angle measurement
errors, and both the improvements of angle measurement
performance with the increase of SCNR and the changes
of angle measurement performance with the variation of𝑁 show the similar tendencies. This means that either of
weighting schemes is used to analyze the effect of the clutter
plus noise on angle measurement of wideband monopulse
radar; the same conclusion can be obtained. Therefore, in
order to simplify the analysis, it can be accepted that the
uniform weighting scheme is adopted in our analysis and
simulation.

4.2.2. Effect of the Shape Parameter of Sea Clutter. It is well
known that the shape parameter of sea clutter affects the
detection performance of radar. Similarly, it also affects the
angle measurement performance. It is necessary to develop
the corresponding analysis to investigate this effect. In Fig-
ure 5, the results of Υ[𝑟𝜀 | Δ 2] are plotted against the SCNR
of sum channel for different clutter shape parameters in four
different correlation cases, and in Figure 6, the results of𝐸[𝑟𝜀 | Δ 2] and 𝜎[𝑟𝜀 | Δ 2] are plotted against the SCNR of

sum channel for different clutter shape parameters in the case
where the texture is independent in range and𝑦𝑠𝑚 and𝑦𝑑𝑚 are
independent. In each simulation, the value of𝑁opt is selected
according to the above principle of the optimal parameter
setting.

Figure 5 shows that, for low SCNR of sum channel, the
angle measurement performance of wideband monopulse
radar degrades with the decrease of the clutter shape param-
eter. The reason is that the clutter has a longer tail for the
smaller shape parameter; hence, the target-like sea spike may
have much higher power, which can cause the bigger bias
between themeasurement and real angles.This phenomenon
can also be observed clearly in Figure 6(a). In addition, in
Figure 5, Υ[𝑟𝜀 | Δ 2] decreases significantly as V increases
from 0.5 to 5 and decreases a little as V increases from 5 to
20. This indicates that improvement of angle measurement
performance slows down as V increases. In Figures 5(a) and
6(b), we can see that both Υ[𝑟𝜀 | Δ 2] and 𝜎[𝑟𝜀 | Δ 2]
do not decrease as V increases in the high SCNR region.
The reason is that 𝑁opt decreases as V increases, but 𝜎[𝑟𝜀 |Δ 2] decreases with the decrease of 𝑁opt. In the high SCNR
region, the decreasing degree of 𝜎[𝑟𝜀 | Δ 2] is greater than its
increasing degree, and 𝜎[𝑟𝜀 | Δ 2] is the main error source
of angle measurement. However, for different clutter shape
parameters, there are not tremendous differences among the
values of 𝜎[𝑟𝜀 | Δ 2].

In Figures 5(a) and 5(c), it should be noticed that as
long as the shape parameters of sum channel clutter are the
same, all results are very close for different clutter shape
parameters of difference channel.Hence, in the preceding and
following simulations, it is acceptable assumption that the
clutter shape parameters of sum and difference channels are
the same. In addition, the comparisons of Figures 5(a) and
5(b) with Figures 5(c) and 5(d) indicate that, for the same
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Figure 5: Angle measurement performance for different clutter shape parameters, for 𝜎2𝑛𝑠 = 1, 𝑃𝑓 = 10−4, 𝑃opt = 8, and 𝜃 = 0.3; CNRs
of sum and difference channels are 20 dB and 15 dB, respectively. (a) Spatially independent texture case: 𝑦𝑠𝑚 and 𝑦𝑑𝑚 are independent. (b)
Spatially independent texture case: 𝑦𝑠𝑚 and 𝑦𝑑𝑚 are completely correlated. (c) Spatially correlated texture case: 𝑦𝑠𝑚 and 𝑦𝑑𝑚 are independent.
(d) Spatially correlated texture case: 𝑦𝑠𝑚 and 𝑦𝑑𝑚 are completely correlated.

shape parameter, the values of Υ[𝑟𝜀 | Δ 2] in the spatially
correlated texture case are higher than those in the spatially
independent texture case. Moreover, for low shape parame-
ters, the decrease of Υ[𝑟𝜀 | Δ 2] with the increase of SCNR
in the spatially correlated texture case is slow. Conversely,
the comparisons of Figures 5(a) and 5(c) with Figures 5(b)
and 5(d) indicate that even though the correlation properties
of the texture components between the sum and difference
channels are completely opposite, there are not the significant

differences of Υ[𝑟𝜀 | Δ 2]. This implies again that an increase
in the spatial correlation of the texture components results
in a degeneration of the angle measurement performance
for the wideband monopulse radar, but the effects from the
correlation of the texture components between the sum and
difference channels are very feeble. If both four different
correlation cases were considered simultaneously in the
following simulations, the similar results should be observed.
It is unnecessary that similar results are obtained repetitively.
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Figure 6: Conditional mean and conditional STD ofMR error for different clutter shape parameters when the texture is independent in range
and 𝑦𝑠𝑚 and 𝑦𝑑𝑚 are independent, where 𝜎2𝑛𝑠 = 1, 𝑃𝑓 = 10−4, 𝑃opt = 8, and 𝜃 = 0.3; CNRs of sum and difference channels are 20 dB and 15 dB,
respectively. (a) Conditional mean of MR error; (b) conditional STD of MR error.

Therefore, the following simulations are carried out only
for the case where the texture components are spatially
independent and 𝑦𝑠𝑚 and 𝑦𝑑𝑚 are independent.
4.2.3. Effect of the Correlation of the Speckle Components of
Clutter. In high resolution radar system, for single range
cell, the clutter of azimuth difference channel is uniformly
distributed across all angle scope of the main lobes of
difference pattern, but the off-boresight angle is bounded for
the clutter of elevation difference channel due to the range
sampling [1].The clutter returns aremodulated by the pattern
gains of the difference antennas.Therefore, the characteristics
of sea clutter are different between the elevation and the
azimuth difference channels. Figure 7 shows the processed
results of the measured clutter data, including the CNR
and correlation curves. Three channels have the same noise
power. In Figure 7(a), we can see that the shapes of CNR
curves are similar between the sum and the azimuth differ-
ence channels, but the one of elevation difference channel
is completely different. This agrees well with the theoretical
analysis.

In addition, Figure 7(c) shows that, in most range cells,
the texture components between the sum and difference
channels are almost completely correlated in elevation direc-
tion and are partially correlated in azimuth direction. How-
ever, there is a sharp drop in the correlation coefficients for
both elevation and azimuth directions in middle range cells.
In these range cells, the texture components are lowly corre-
lated. Hence, it can be accepted in the preceding analysis that
only two extremes cases (i.e., independent and completely
correlated cases) are considered for the correlation between𝑦𝑠𝑚 and 𝑦𝑑𝑚.

The results shown in Figure 7(d) suggest that the speckle
components of clutter between the sum and elevation dif-
ference channels are correlated, but those between the sum
and azimuth difference channels are lowly correlated. It can
be seen from (26), (27), and (31) that in the background of
sea clutter plus noise the angle measurement performance is
related to the correlation of the clutter speckle components
between the sum and difference channels, as discussed in
[1, 10–13] in the background of noise. Thus, Figure 8 is
plotted to illustrate the effects of the correlation coefficients
of the speckle components on the results of Υ[𝑟𝜀 | Δ 2],𝐸[𝑟𝜀 | Δ 2], and 𝜎[𝑟𝜀 | Δ 2]. According to (45) and (49)
in the literature [10], the absolute value of 𝐸[𝑟𝜀 | Δ 2] and𝜎[𝑟𝜀 | Δ 2] decreases as correlation coefficient increases in the
Gaussian noise environment. Similar results are also found
for the K-distributed sea clutter plus noise environment, as
shown in Figure 8. When SCNR is low, the performance
improvement is significant by increasing the correlation
coefficient. But this improvement can be ignoredwhen SCNR
is high. Furthermore, it should be noted that only the real part
of the correlation of the speckle components can significantly
affect the angle measurement performance, but the effects of
the imaginary part are insignificant.

4.2.4. Effect of the Deviation Angle. When multiple targets
occur in the measurement scene simultaneously, only one
target among of them can be set at the radar beam boresight,
and the others will deviate an angle from the boresight.
Thereby, it is necessary to study the effects of deviation angle
on angle measurement performance. The average powers of
the target and of the clutter are modulated by the monopulse
radar antenna gain patterns. For convenience, we assume
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Figure 7: Measured clutter data processing results. (a) CNR of three channels; (b) CNR difference between the sum and difference channel;
(c) the correlation coefficient of the texture components between the sum and difference channels; (d) the correlation coefficient of the speckle
components between the sum and difference channels.

that while the elevation deviation angle varies, the azimuth
deviation angle remains unchanged, and vice versa. 𝐴2 and𝜎2𝑐𝑠 denote the average powers of target and of clutter in
the sum channel at the boresight, respectively. At the off-
boresight angle 𝜃, the average power of target in the sum
channel becomes [|𝑔Σ(𝜃)|2/|𝑔Σ(0)|2]𝐴2 for both the elevation
and azimuth directions. However, the changes of clutter

power with the variation of the off-boresight angle in the
elevation and azimuth directions are different. If in the
elevation direction, the average power of sea clutter within
the same range cell of target becomes (|𝑔Σ(𝜃)|2/|𝑔Σ(0)|2)𝜎2𝑐𝑠
for the sum channel and (|𝑔Δ(𝜃)|2/|𝑔Δ(𝜃𝑑)|2)𝜎2𝑐𝑑 for the
difference channel, respectively, where 𝜎2𝑐𝑑 is the max clutter
power in the elevation difference channel and is obtained
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Figure 8: Performances of angle measurement in different correlation coefficients, for V = 1, 𝜎2𝑛𝑠 = 1, 𝑃𝑓 = 10−4, 𝑃opt = 8, and 𝜃 = 0.3;
CNRs of sum and difference channels are 20 dB and 15 dB, respectively. (a) Conditional RMSE of MR; (b) conditional mean of MR error; (c)
conditional standard deviation of MR error.

when the elevation deviation angle is 𝜃𝑑. But if in the azimuth
direction, the average powers of sea clutter in the sum and
difference channels always remain the initial power.

In Figure 9, Υ[𝑟𝜀 | Δ 2] is plotted against the deviation
angle for different CNRs. In those simulations, the SCNR
and CNR belong to the sum channel at the boresight. The
CNR of azimuth difference channel is set to be the CNR of
sum channel minus 5 dB. The maximum CNR of elevation
difference channel is also set to be the CNR of sum channel
minus 5 dB when 𝜃𝑑 = 0.55∘.

From Figure 9, we can see that, in both the azimuth
and elevation directions, Υ[𝑟𝜀 | Δ 2] is monotonously
increasing function of deviation angle. The target average

power decreases as the deviation angle increases, resulting
in the decrease of SCNR. Hence, the performance of angle
measurement worsens with the increase of the deviation
angle. As mentioned earlier, when the off-boresight angle
occurs in the azimuth direction, the difference and sum
channels CNRs do not vary. When the off-boresight angle
occurs in the elevation direction, the difference and sum
channel CNRs vary with variation of the deviation angle.
Therefore, in Figure 9, the decreasing degree and speed of
azimuth angle measurement performance are greater than
those of elevation angle measurement performance. On
the other hand, in Figure 9(a), the decreasing degrees ofΥ[𝑟𝜀 | Δ 2] with the increase of the elevation deviation angle
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Figure 9: Υ[𝑟𝜀 | Δ 2] against the deviation angle in different CNRs, for SCNR = 12.6 dB, V = 1, 𝜎2𝑛𝑠 = 1, 𝑃𝑓 = 10−4, and 𝑃opt = 8. (a) Elevation
direction; (b) azimuth direction.

are approximately equivalent for different CNRs. However,
in Figure 9(b), the higher the CNRs are, the greater the
decreasing degrees of Υ[𝑟𝜀 | Δ 2] with the increase of the
azimuth deviation angle are.

4.2.5. The Difference of the Effects between Sea Clutter and
Noise. Theeffects of sea clutter onmonopulse anglemeasure-
ment and those of noise are different. In the background of
clutter plus noise, the change of CNR will cause the change
of the angle measurement performance. To illustrate this,
the angle measurement performances in different CNR cases
are analyzed. In Figure 7(b), the CNR difference between
the sum and difference channels in azimuth barely varies
and is approximated to 5 dB, whereas the one in elevation
increases with the decrease of deviation angle and reaches
themaximumon the boresight.When the elevation deviation
angle is small, the CNR of sum channel is always bigger
than those of both azimuth and elevation difference channels,
and the CNR of elevation difference channel is much smaller
than that of azimuth difference channel. Herein, the values
of the CNR of sum channel minus 5 dB and 20 dB are set
as the CNRs of azimuth and elevation difference channels,
respectively. To avoid the effects of target deviation angle, it
is assumed that the deviation angles of target in elevation and
azimuth directions are the same. The results of Υ[𝑟𝜀 | Δ 2],𝐸[𝑟𝜀 | Δ 2], and 𝜎[𝑟𝜀 | Δ 2] are shown in Figure 10, where
the values of CNR are sum channel clutters and the totals of
clutter and noise powers are equal for all cases.

It can be clearly seen from Figures 10(b) and 10(c) that, as
the CNR increases, the absolute value of 𝐸[𝑟𝜀 | Δ 2] increases
and 𝜎[𝑟𝜀 | Δ 2] decreases. Moreover, when the target has low
SCNR, the absolute values of 𝐸[𝑟𝜀 | Δ 2] in high CNR cases
are far larger than those in low CNR cases, but the values
of 𝜎[𝑟𝜀 | Δ 2] in high CNR cases are much smaller than

those in low CNR cases. This confirms that the effects of sea
clutter on monopulse angle measurement and those of noise
are different.The noise mainly affects the standard divination
of angle measurement error. The clutter has a “pulling” effect
similar to that of an unresolved second target. It mainly
affects the mean of angle measurement error. In particular,
the clutter contributes an error mean that can be significant
at low SCNR.

In addition, as the target SCNR increases, the decrease of𝐸[𝑟𝜀 | Δ 2] is very evident for the high CNR cases, whereas
the decrease of 𝜎[𝑟𝜀 | Δ 2] is evident for the low CNR
cases. When the target has high enough SCNR, there are
close values of 𝐸[𝑟𝜀 | Δ 2] for all cases and these values
have a tendency of approaching zero. However, under the
same SCNR condition, 𝜎[𝑟𝜀 | Δ 2] still decreases as the CNR
increases. Consequently, it is clearly shown in Figure 10(a)
that Υ[𝑟𝜀 | Δ 2] increases with increasing CNR when the
target has low SCNR, but it decreaseswhen the target has high
SCNR. In addition, Figure 10(a) suggests that there is a more
serious angle estimation error for the high CNR cases when
the target has low SCNR. Asmentioned above, themaximum
possible value of RMSE is of the order of the beamwidth.
When the monopulse radar has a much wider beamwidth,
the distance error due to the angle measurement error may
easily reach the several lengths of the extended target in the
high CNR case so that the measurement will be used to form
a new track and steal the measurement of the existing track.

On the other hand, it can also be seen that the absolute
values of Υ[𝑟𝜀 | Δ 2], 𝐸[𝑟𝜀 | Δ 2], and 𝜎[𝑟𝜀 | Δ 2] in
elevation are smaller than those in azimuth. This is not
surprising, since the sum channel returns are used together
for the angle measurements in elevation and azimuth, and
the CNR of elevation difference channel is lower than the
one of azimuth difference channel around the boresight.
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Figure 10: Performances of angle measurement for different clutter CNRs, for V = 1, 𝑃𝑓 = 10−4, 𝑃opt = 8, 𝜎2𝑐𝑠 + 𝜎2𝑛𝑠 = 15 dB, and 𝜃 = 0.3. (a)
Conditional RMSE of MR; (b) conditional mean of MR error; (c) conditional standard deviation of MR error.

Meanwhile, the deviation angles of target in elevation and
azimuth are assumed to be the same. This indicates that the
angle measurement in elevation is better than the one in
azimuth when the elevation and azimuth deviation angles
of target are the same and are small. However, although the
CNR of azimuth difference channel is far higher than the one
of the elevation channel, the differences of the performance
between the elevation and azimuth angle measurements are
not obvious.

5. Conclusion

In this paper, according to the angle measurement method
with wideband monopulse radar and the binary detector, we
deduce the conditional pdf of MR error for the targets on the

sea. We consider both the spatial correlation of the texture
components for each channel clutter and the correlation of
the texture components between the sum and the difference
channel clutter. For each correlation of the texture compo-
nents, two bounding cases, namely, the independent and
the completely correlated cases, are discussed. Furthermore,
the modified experiential formula of the optimal parameter
setting for binary detector is developed to apply in the
background of 𝐾-distributed sea clutter plus noise. Then the
effects of relevant parameters of clutter and detector on angle
measurement performance are analyzed. Simulation results
show the following.

(1) The effect of sea clutter on monopulse angle mea-
surement performance is mainly reflected in affecting the
angle-measuring bias and the effect of Gaussian noise
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on monopulse angle measurement performance is mainly
reflected in affecting the angle-measuring standard deviation.
The clutter contributes a bias that can be significant at low
SCNR.

(2) The effect of K-distributed sea clutter on monopulse
angle measurement performance is related to its shape
parameter. The angle measurement performance weakens as
shape parameter decreases when the SCNR of sum channel is
low.

(3) The performance of angle measurement is optimal at
the boresight. It weakens as deviation angle decreases. The
performance deterioration of detection and angle measure-
ment are more serious in azimuth than elevation.

(4) The effects of the correlation between the sum and
difference channel clutter on monopulse angle measure-
ment performance include two aspects: the effects from the
correlation of the texture components are very feeble, and
an increase in the correlation of the speckle components
will result in an improvement of the angle measurement
performance.

(5) The increase in spatial correlation of the texture
components will result in a degeneration of the angle mea-
surement performance for the wideband monopulse radar.

For any radar designer, it is a great challenge to detect and
track the sea surface target by using the widebandmonopulse
radar. Our work provides a comprehensive understanding of
the effect of the design of wideband monopulse radar on the
angle measurement performance in K-distributed sea clutter
plus noise. In this paper, we do not consider the effects of
multipath and flare angle of target. We plan to study these
issues as a future work.
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