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Small vessels detection is a known issue due to its low radar cross section
(RCS). An existing shore-based vessel tracking radar is for long-distance
commercial vessels detection. Meanwhile, a vessel-mounted radar system
known for its reliability has a limitation due to its single radar coverage. The
paper presented a co-located frequency modulated continuous waveform
(FMCW) maritime radar for small vessel detection utilising a multiple-input
multiple-output (MIMO) configuration. The radar behaviour is numerically
simulated for detecting a Swerling 1 target which resembles small maritime’s
vessels. The simulated MIMO configuration comprised two transmitting and
receiving nodes. The proposal is to utilize a multi-frequency FMCW MIMO
configuration in a maritime environment by applying the spectrum averaging
(SA) to fuse MIMO received signals for range and velocity estimation. The
analysis was summarised and displayed in terms of estimation error
performance, probability of error and average error. The simulation outcomes

an improvement of 2.2 dB for a static target, and 0.1 dB for a moving target,
in resulting the 20% probability of range error with the MIMO setup. A
moving vessel's effect was observed to degrade the range error estimation
performance between 0.6 to 2.7 dB. Meanwhile, the proposed method was
proven to improve the 20% probability of velocity error by 1.75 dB. The
impact of multi-frequency MIMO was also observed to produce better
average error performance.
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1. INTRODUCTION

Detection of small vessels is crucial and one of the vital tasks in maritime radar. Various types of
sea surface monitoring systems have been employed, and each has its pros and cons [1]. However, the known
issue in maritime monitoring is that small vessel attributes reduce the probability of detection of modern
radars, including ship-borne radar [2]. It is due to its low radar cross section (RCS) and low signal-to-noise
ratio (SNR) [2]. A target’s RCS depends on the radar’s operating frequency, signal’s incident angle, target’s
speed, material and geometry [3]. A small vessel such as an inshore fishing vessel produces RCS between 3
and 10 m? at X-band [3], [4]. Small metal ships, fishing vessels and patrol vessels produce RCS up to
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100 m? at the similar band [3], [4]. These vessels fluctuation characteristic are normally categorised between
slow and fast-fluctuating radar cross section (RCS) [5], [6], which leads to this paper discussion on a
Swerling 1 maritime target behaviour. The recent trend of radar studies is working on the convergence of
multiple approaches by exploiting each technique's quality to boost system performance.

In this work, a frequency modulated continuous wave (FMCW) radar topology which is known for
its robustness towards noise and better resolution [7] was proposed by taking advantage of a 2x2 multiple-
input multiple-output (MIMO) configuration. MIMO technique has been a recent interest due to its high
capacity, increased diversity and interference suppression [8]. Thus, the MIMO configuration with multi-
frequency was proposed to be adopted for maritime target’s estimation. Similar to all radar applications, the
proposed configuration works based on the concept of signal reflection by a target of interest [9]-[12].
However, implementing the signal over MIMO requires orthogonality between FMCW signals as presented
by Hinz et al. in their paper [13] , which discussed the advantages and disadvantages of each FMCW MIMO
approach. However, performance-wise of each system was not explained in the report. Some of the available
FMCW MIMO schemes that have been studied by other researchers were time staggered [14], multi-
frequency [15]-[17] and different polarity [6]. Most of the multi-frequency researches were done with regards
to utilisation of antenna array [15], [16], [18]. Reference [19] discussed the improvement brought by MIMO
compared to the SISO configuration in detecting a small static vessel. A more extensive nodes configuration
yields better target estimation and reduces range estimation error [19].

This paper presents a numerical simulation of a 2x2 MIMO radar which comprises two FMCW
triangular waveform nodes applying a multi-frequency approach, in detecting a slow-fluctuating RCS static
and doppler target. The multi-frequency approach was implemented in such the two co-located transmitting
antennas operated at different frequencies with a frequency offset between sub-bands without antenna array
implementation. Each transmitting signal was emitted by an independent antenna. Next, a spectrum
averaging (SA) algorithm was applied to combine multiple received signals, and its performance was
observed and analysed, in terms of probability of error and average error. The effect of the proposed
configuration over a maritime target range estimation was explored, together with a moving vessel's impact.

2. RESEARCH METHOD

A multi-frequency approach was adopted to evaluate the proposed MIMO configuration for
maritime target detection with interval band and SA scheme as per [19], through utilising a Monte Carlo
simulation [20], [21]. The proposed transmitting signal is illustrated in Figure 1. The 2x2 co-located MIMO
FMCW consisted of two transmitting nodes that emit FMCW triangular signals, and two receiving nodes
resided at the same site. The triangular sweep was opted due to its capability to obtain range and velocity
with only one sweep [22], [23]. However, two sweeps were utilised in this paper to increase the resolution by
having more number of samples [24]. The simulation started with baseband generators to produce the FMCW
triangular chirps. In this case, there were two baseband generators with each constructed a baseband at a
different frequency range, bandwidth 1 (BW1) and bandwidth 2 (BW2) as per Table 1. In the simulation,
each baseband signal was modulated with the carrier signal to shift the baseband spectrum to a higher
frequency of 1.3 GHz, suitable for long-range radar systems. It was simulated for 10,000 iterations and a 2 MHz
gap was applied in the case of interval band implementation by considering the filter order and filter delay.

The modulated signals were transmitted and propagated through a free-space path loss (FSPL)
medium. Signals were reflected by a target which located 50 m from the radar. In the doppler target scenario,
a simulation was carried out over a 60 knots target to resemble a motorboat [25]. Reflected signals were
added with additive white Gaussian noise (AWGN) at the desired signal-to-noise ratio (SNR) before acquired
by the MIMO receiver. Simplified diagram of the radar system is depicted in Figure 2. Table 1 summarises
the numerical simulation properties of the setup.

Signals gathered by receivers were demodulated to shift the signal back to basebands. Demodulated
signals were filtered by finite impulse response (FIR) bandpass filter with 100™ filter order utilising
Hamming window to obtain a narrower transition band for MIMO sub-band processing. The 100th order
introduces a filter delay of 50 for high isolation between MIMO sub-bands for better accuracy. A 2 MHz
interval band was applied for the separation to provide a sufficient gap when the received signal shifted in
frequency domain due to doppler, not utilising too large bandwidth. A bandwidth utilisation may increase
with the incremental MIMO configuration, sweep bandwidth and size of the interval. Besides, a smaller gap
requires a higher filter order. Thus, the filter order selection needs to compensate for the narrow transition
band and delay, a trade-off with the bandwidth requirement. Next, each filtered signal was mixed with the
reference baseband signal to produce a beat signal, in the time domain. The beat signal was applied with the
fast fourier transform (FFT) algorithm to convert to a frequency spectral before fused to SA block. As per
Figure 1, there were four FFT outputs resulted from a 2x2 MIMO configuration. Peak detection was applied
to the SA frequency spectral to determine beat and doppler frequencies, for range and velocity computation.
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Figure 2. The proposed MIMO radar block diagram

Analysis was done to observe the radar performance in terms of probability of error and average
error, for range and velocity. The probability of range error indicates the robustness of a system to produce
accurate estimation. In contrast, the average error defines the accuracy of the measurement with the influence
of additive white noise in a free-space path loss (FSPL) environment. In the case of a static target with radial
velocity = 0, beat frequency (f) was sufficed to utilise the maximum peak in the requency spectrum's
positive region as per Figure 3. For a doppler target which radial velocity #0, beat frequency (fy) and doppler
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frequency shift (f3) were calculated as per (1) and (2), respectively [26]. Figure 3 illustrates an example of a
beat signal represented in the frequency-time and frequency spectrum, with values to be utilised for (1) and

).
fo(f) = [ntie (1)

2

fa(f) = 22 )

2

Table 1. FMCW radar simulation properties

Parameters Description/Value
Waveform type/Sweep method FMCW/Triangular
Sweep bandwidth 10 MHz
Interval band
Sweep period (1 triangular) 20 ms
Setup 1 (without interval band)
< Bandwidth 1 (BW1) 0 Hz—-10 MHz
< Bandwidth 2 (BW2) 10 Hz — 20 MHz
Setup 2 (with interval band)
< Bandwidth 1 (BW1) 0 Hz—-10 MHz
< Bandwidth 2 (BW2) 12 Hz - 22 MHz
Sampling frequency 80 MHz
Number of sample 16, 00000
Range resolution 15m
Target RCS Swerling 1.10 m?
Target range 50 m
Target velocity 60 knots
Operating SNR -6 dB to 30 dB
Iteration 10,000
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Figure 3. Example of the beat signal represented in; (a) frequency-time domain, and (b) frequency spectrum
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3. RESULTS AND DISCUSSION
3.1. Received signals spectrogram

Received signals were observed to have the multi-band effect when no interval band introduced
between the two sub-bands. There is frequency overlapping at 10 MHz between BW1 and BW2. The
overlapping increases with the existence of doppler caused by the frequency shift due to the target’s motion.
However, the slight frequency shift by a doppler target is almost unnoticeable through spectrogram display.
Figure 4 displays the example of the receiving BW1 spectrogram after bandpass filter for a moving target,
without and with interval band implemented. There are remaining BW2 frequency components observed
when no interval applied between MIMO sub-bands.
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Figure 4. Spectrogram of receiving signal BW1 after bandpass filter; (a) without interval band
implementation, and (b) with 2 MHz interval band implementation, in detecting a moving target

3.2. SA beat signal frequency spectrum

The interference effects between two sub-bands was further examined through the beat signal’s
frequency spectrum. Figure 5 depicts the output of SA taken at 30 dB. Theoretically, 50 m target’s range will
result in a beat frequency at approximately 333 Hz with the waveform’s parameters as per Table 1. The
frequency spectrum in Figure 5 displays a static-fluctuating target detection, utilised multi-frequency FMCW
with 2 MHz interval band with a positive beat signal of 375 Hz, equivalent to 56.25 m range. This positive
beat frequency is distinct from other peaks for range computation and estimation.
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Figure 5. Result of the proposed spectrum averaging frequency spectral, at SNR=30 dB
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However, a doppler-fluctuating target presents a shift of frequencies peaks due to the vessel’s
motion. It produces a positive peak at 125 Hz and a negative peak at -625 Hz, both without and with the
interval band approach. Utilising (1) resulted in a beat frequency of 375 Hz with a corresponding range of
56.25 m. Besides, both spectrums resulted from a doppler target display high neighbouring peaks, which may
lead to inaccuracy of range or velocity estimation, in case these peaks overshoot the actual peak.

3.3. Range error analysis

The analysis was done on the probability of range error and the average range error. Firstly, the
probability of range error was observed over two setups implementing multi-frequency MIMO signals with
and without 2 MHz frequency offset in detecting a moving vessel, as illustrated in Figure 6. The exercise is
to observe the effect of interval band implementation. In this simulation, a detection was categorised as error
when the difference between the actual and estimated range is more than 7.5 m, which is half of the range
resolution. By utilising (3), range resolution is equal to 15 m for 10 MHz sweep bandwidth.

c
Ar = E (3)
In which Ar is range resolution, c is the velocity of light and B is sweep bandwidth. The maximum
range error, AR, is given by (4) with T is sweep period, fs is the sampling frequency, and Ns is the number of
samples [17]. From the simulation properties in Table 1, it resulted in the maximum range error of 15 m.

AR = Fs 4)

2BN;

Both configurations present along-sided results to each other with a similar curve trend across the
simulated SNR. The result indicates that at the 20% of range error, setup utilising 2 MHz interval displays a
better probability of range error performance at approximately 9.14 dB SNR benefiting from the multi-
frequency effect and FFT magnitude enhancements by the proposed SA. Configuration without interval band
between sub-bands is producing 0.08 dB delay at 9.22 dB.

Next, an analysis was done over the average range error as depicted in Figure 7, for small moving
vessel detection. More significant range error performance is observed between both setup implementation.
A configuration with 2 MHz interval surpasses a configuration without interval across SNR. At 26 dB, setup
with interval band produces an average range error of 6.06 m within the error threshold, while arrangement
without interval produces a high average error of 23.89 m. However, the average error performance for both
setups are still fluctuating and unstable. Setup with and without interval resulted in 6.17 m of average error at
30 dB, below the 7.5 m error threshold.
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Figure 6. Probability of range error implementing
with and without 2 MHz interval between MIMO
sub-bands, for small moving vessel detection
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Following, the range error analysis was also evaluated for configuration with 2 MHz interval band
over the vessel's motion, static and moving. It was to discover the effect of vessel motion on the error
parameters using the proposed schemes. Figure 8 displays the corresponding probability of range error, while
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Figure 9 displays the average range error. Figure 8 shows that the probability of range error performance in
detecting a moving vessel degrades compared to a static vessel, attributable to the doppler's existence that
caused the signal to shift in the frequency domain. Vessel motion is known to increase the difficulty in radar
detection moreover for low observable target [27], [28] as target RCS depends on targets speed. By utilising
a co-located 2x2 MIMO FMCW radar in detecting a static vessel, the 20% probability of range error can
achieve at 6.35 dB, which is 2.79 dB better than a moving vessel. It may worsen with the existence of high
sea-spikes [29], which was not covered in this simulation.

Similar behaviour is monitored over the average range error for moving and static targets. It shows a
similar trend to the probability of range error and resulted in a better error estimation on a small stationary
vessel from 26 dB forward. At 26 dB, the proposed system produces an average range error of 6.06 m for a
moving vessel and 6.25 m for a vessel without motion. Both readings are within the acceptable error
threshold. However, a moving vessel curve fluctuates in performance and reaches 6.17 m at 30 dB SNR.
Meanwhile, a static target detection continuously displays a smoother curve with a consistent reading of
6.25 m up until 30 dB.
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Figure 8. Probability of range error implementing Figure 9. Average range error implementing 2 MHz
2 MHz interval between MIMO sub-bands, for small interval between MIMO sub-bands, for small static
static and moving vessels detection and moving vessels detection

3.4. Velocity error analysis

Further analysis was done to observe the velocity error. This exercise was to observe the impact of
interval band implementation on the velocity error parameters. The velocity error threshold was defined at
5 ms as the maximum velocity error is given by [24].

AV = £ ()

ZfCNS

Denotes, ¢ is the velocity of light, fs is the sampling frequency, f: is the carrier frequency and N;s is the
number of samples.

Figure 10 presents the probability of velocity error in detecting moving vessels using configurations
with and without 2 MHz interval. The setup that utilising a 2 MHz gap outplays the setup without gap,
against the simulated SNR. At 5.75 dB, the setup with interval already achieved the 20% of velocity error
and followed by setup without interval at 7.5 dB, which is 1.75 dB latter.

Figure 11 illustrates the average velocity error for both configurations. Similarly, the average
velocity error performance displays the design with 2 MHz interval is surpassing the configuration without
interval across the SNR. At 24 dB, both setups produce average velocity error within the error threshold, by
having 0.58 ms™ for the setup with interval, and 1.19 ms™ for the setup without interval. However, the setup
without interval is exhibiting unstable readings compare to the other. The setup with interval band is
producing average velocity error consistently within the error tolerance. Finally, these two configurations are
resulting in an average error below 5 ms* at 30 dB.
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4. CONCLUSION

In summary, this paper presented a numerical simulation on a multi-frequency FMCW MIMO radar
in detecting a small maritime target. The simulation was done to oversee the proposed configuration of a 2x2
MIMO radar behaviour in estimation error parameters for a moving vessel by implementing an interval band
between MIMO sub-bands and spectrum averaging for combining the received signals. The performance was
analysed through the probability of error and average error, for range and velocity. Besides, the receiving
signals spectrogram and SA beat frequency spectrum were also examined.

Overall, the multi-frequency MIMO configuration yielded an improvement in performance for range
and velocity estimation. It is benefiting from the combination of multiple independent nodes that formed the
MIMO configuration. By applying the SA, the received signal's quality is enhanced, and it increases the
range estimation accuracy. The proposed scheme surpasses setup without interval band of 0.08 dB at
achieving the 20% probability of range error and 1.75 dB at reaching the 20% probability of velocity error, in
doppler target detection. In addition, the average error for range and velocity estimation also indicates the
merit brought by MIMO implementation over a maritime target. Furthermore, it was also observed that the
existence of a doppler degrades the system's performance in terms of the probability of range error by 2.79
dB and average range error displays unstable performance, compared to a static vessel. Remaining frequency
components exist without interval band implementation. Frequency shifting was observed in the doppler
target SA frequency spectral with slightly higher neighboring peaks, which may cause an inaccuracy in
estimation if these peaks overshoot the main peaks.

Currently, there is no conclusive data with regards to MIMO radar implementation over maritime
small vessel detection. Thus, results gathered from this numerical simulation may lead an important based
and a key in designing a multi-frequency FMCW MIMO radar scheme, while improving the estimation error
in terms of range and velocity. Further works may include numerical simulation with clutter environment and
field experiment validation.
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