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Featured Application: The direct under-sampling compressive sensing method presented in the
article can be applied to many types of acquisition systems for underwater echo signals.

Abstract: Compressive sensing can guarantee the recovery accuracy of suitably constrained signals
by using sampling rates much lower than the Nyquist limit. This is a leap from signal sampling to
information sampling. The measurement matrix is key to implementation but limited in the acquisition
systems. This article presents the critical elements of the direct under-sampling—compressive sensing
(DUS-CS) method, constructing the under-sampling measurement matrix, combined with a priori
information sparse representation and reconstruction, and we show how it can be physically
implemented using dedicated hardware. To go beyond the Nyquist constraints, we show how
to design and adjust the sampling time of the A/D circuit and how to achieve low-speed random
non-uniform direct under-sampling. We applied our method to data measured with different
compression ratios (volume ratios of collected data to original data). It is shown that DUS-CS works
well when the SNR is 3 dB, 0 dB, —3 dB, and —5 dB and the compression ratio is 50%, 20%, and 10%,
and this is validated with both simulation and actual measurements. The method we propose
provides an effective way for compressed sensing theory to move toward practical field applications
that use underwater echo signals.
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1. Introduction

The core of signal acquisition technology is the transformation of analog signals into digital
signals. The Nyquist sampling theorem [1,2] forms the critical basis of modern approaches to signal
sampling and processing; it requires that the sampling frequency is greater or equal to twice the highest
frequency of the effective signal, thus avoiding aliasing. In this way, the sampled signal can contain
the information of the original signal and can be restored without distortion. In practical applications,
the sampling frequency is usually 5-10 times the highest frequency of the signal. As signal frequency
and bandwidth increase in modern technology (up to MHz rates for some sonars), the Nyquist
sampling rate also increases linearly. This makes the amount of data increase dramatically. Not only
does this bring difficulties to the acquisition system, but for signals with underlying repeatability,
it also generates a large amount of redundant data, which increases the cost of signal transmission,
storage, and processing.

Compressive sensing (also called compressive sampling) [3-6] differs from Nyquist sampling
in that it combines the compression and sampling stages. It utilizes the characteristics of sparse
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representation of signals on a set of bases and realizes the perception of high-dimensional signals
through non-correlated observations of low-dimensional space, low-resolution, and under-Nyquist
sampled data to reconstruct the original signal by combining optimization methods. The compressive
sensing method directly converts the samples from a continuous time signal while discarding redundant
information in the Nyquist sampling. Then optimization is used to process the compressed samples.

How to achieve the sampling of information using compressive sensing theory is a critical
issue that needs a solution at present. Many studies have been carried out on this issue, such as:
the observation matrix construction [7-9], analog broadband signal sampling [10-12], radar signal
compression [13,14], image compression technology [15-18], and ultrasound transducer fields [19].
Some researchers [20-22] designed ultra-high-speed analog-to-digital converters, but their high level
of complexity makes them difficult to implement in practice. Some researchers [11,23] used an AIC
(analog-to-information converter) structure to realize random observations. The main problem is
that the clock frequency of the random symbol function is greater than the Nyquist sampling rate,
which increases the difficulty of frequency mixing. The sampling method of AIC structure is quite
different from the traditional sampling method; there is no compatibility between the AIC structure
circuit and a traditional sampling circuit. Therefore, there is an urgent need for a compressive sensing
acquisition method that is convenient for physical implementation.

In this article, we first present the direct under-sampling compressive sensing (DUS-CS) method,
summarizing the key points of the theory and how they can be implemented in hardware (Section 2).
Next, we apply DUS-CS to simulated high-resolution data and compare different compression ratios
(Section 3). The hardware designed for under-sampling and compressive sensing is presented in
Section 4, and its application is presented in Section 5. The advantages and limits of this approach are
summarized in Section 6.

2. Direct Under-Sampling Compressive Sensing Method

2.1. Basic Theory of Compressive Sensing

Compressive sensing includes three core parts: signal sparse decomposition, uncorrelated
signal observation, and signal reconstruction. The sparseness of the signal is a necessary condition
for compressive sensing, uncorrelated observation is the key to compressive sensing, and signal
reconstruction is the technique of compressively sensing reconstructed signals.

If a discrete signal x € ¢V is sparse or compressible, it can be represented as a linear combination
of a set of standard orthogonal bases

N
x = Z‘Yiai =Ya (€))
i=1

In the formula, ¥ = [¢1, 92, ..., ¢¥n] isan N x N matrix and is considered as the sparse basis of the
signal x. If there are k(k < N) non-zero coefficients in «, then the signal x is called a k-sparse signal under
the sparse basis ¥. Compressive sensing projects a high-dimensional signal onto low-dimensional
spaces through an observation matrix ® = [¢1, ¢, ...,y  using M(M < N) measurements in the
following way

y=dx =dY¥a =0a (2)

where y is the observation and ® = @Y is called the perceptual matrix. According to the M number of
y observations necessary to calculate ¢, this can be expressed as an optimization problem in the sense
of an [j-norm

min||al|g s.t. y=dx =dY¥a =0« 3)
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Equation (3) is an NP-hard problem, so the signal reconstruction solution is transformed into a
li-norm optimization problem with relaxation constraints. It then becomes

min||a|l; s.t. y=0Oa 4)

This problem becomes a convex optimization problem. The typical reconstruction algorithm can
be the greed tracking method [24], convex relaxation method [25], or combination method [26].

2.2. Direct Under-Sampling Compressive Sensing Method (DUS-CS)

2.2.1. Direct Under-Sampling (DUS) Implementation

The direct under-sampling method [27] is modified based on the traditional sampling circuit.
The sampling trigger time is controlled by pseudo-random timing control, which samples along the
rising edge (or falling edge) of each trigger signal, and the corresponding signal is collected in the
data buffer. Compared to traditional sampling, only the design of the sampling circuit is changed.
Applying DUS to the reception of echo signals can reduce both the complexity of the receiving system
and its cost. Before the A/D conversion, the control of the signal sampling time has low speed and is
non-uniform. At each instance, the sampling trigger is initiated at a different location and at different
times, which can ensure the resulting signal is a discrete sample.

2.2.2. Direct Under-Sampling Compressive Sensing (DUS-CS) Method

The basic idea of DUS-CS is that, in combination with the inherent characteristics of the signal,
one can use the prior information sparse matrix [28,29] to represent the original signal. The signal can
be represented by a complete prior atomic library and K-sparse coefficient vector. Then, according to
the implementation method of direct under-sampling and the RIP (restricted isometry property) [30]
condition of the measurement matrix to constructed measurement matrix, signal observation sampling
can be performed to obtain under-sampling observation signals. Finally, based on the orthogonal
matching pursuit method, combined with the block sparse property of the signal, it becomes possible
to reconstruct the original signal (see flow diagram in Figure 1).

Original signal Sparse matrix Under sampling Blocks sparse Reconstructed
J ( t)gn —>  with priori measurement [—| reconstruction —) signal
X information matrix algorithm x(t)

Figure 1. Direct under-sampling compressive sensing method.

As shown in Figure 1, the core of the direct under-sampling compression sensing method lies in
the construction of the measurement matrix and the sparse representation and reconstruction method,
leveraging the prior information. Therefore, the following two parts are described in detail.

(1) Construction of measurement matrix

The direct under-sampling method is used on an input signal x(t), with signal length N, sampling
rate f;, to yield M observation signals

y=1[y1,v2...,ym" 5)

where
Ym = x(tm) (6)

The sampling moment satisfies the following conditions

min([ty, — ty-1|) = kTs ()
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where Ts = 1/ f; is the sampling period of the signal and k > 2 is an integer to ensure that the
under-sampled measurements are low speed and random.

We use the implementation of direct under-sampling and combined with the theory of compressive
sensing to construct the observation matrix. The observable structure of the original signal, x, is
expressed as

y = Px 8)

where y € Ry« is the observed signal and ® € Ryuy is observation matrix (M < N).
According to the Whittaker interpolation theorem [31], continuous signals can be reconstructed
by interpolation of their uniform discrete samples by

(o8]

x(t) = Z Xn sinc(Ti—n) )

n=—co s

So, the observation matrix can be expressed as

dD(m,n):sinc(;,—m—n),lsmSMJSnSN (10)
S

According to the Nyquist sampling theorem, signal reconstruction is obtained by filtering the
periodic spectrum of the signal. Assuming a periodic signal such as Equation (10), each element in the
observation matrix is calculated considering a certain signal period. According to the slow decay and
non-compact support characteristics of the sin ¢ function, the role of other cycles, while not dominant,
cannot be simply ignored directly.

Therefore, the R cycles are accumulated to obtain the observation matrix

) R/2
t t
®(m,n) = Z sinc(?m—n—i—rN): Z sinc(—m—n+rN) (11)
r=—co s r=—R/2+1 s

In this formula, the larger the period R, the higher the calculation accuracy. However, as the
number of cycles increases to obtain high precision, it takes longer to reach convergence of the
Equation (11). In order to guarantee a certain precision, the Poisson superposition summation formula
is used to speed up the calculation summation

i FlE+N) = %]kiw F(%)exp(an%t) (12)

r=—00

In the formula, the function, F, is the Fourier transform of the signal f. Owing to the nature
of the sinc function, the continuous Fourier transform is a finitely supported rectangular pulse.
The measurement matrix now becomes

D(m n)*l % ex ZH'E(tﬂ—n) (13)
, _Nk:—N/2+1 AN

This approach improves the accuracy of observation of the signals and increases the
calculation speed.

(2) Sparse representation and reconstruction method incorporating prior information
@ Sparse representation method incorporating prior information

The key to signal sparse representation is the construction of a sparse dictionary and selection of the
appropriate atom from the dictionary to represent the signal. The more similar the characteristics of the
atom are to the original signal, the better the effect of signal observation and processing. Based on the
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prior information of the incident signal combined with the principle of signal sparse decomposition, it is
possible to construct an a priori complete dictionary. The specific construction method is as follows: the
number of sample points, n generated by one pulse width forms a vector quantity, s,, of size N x 1 and
normalization identity [Isp|l, = 1. This defines the prototype atom s, = [SP(TS), sp(2Ts),...,5p(N Ts)].
Each atom s, is treated as ablock and recorded as Y. Then, by blocking and shifting, the sparse complete

T
dictionary ¥">" = [gblT, 1/);, S 1/15] is achieved. The block sparse decomposition is expressed as

Y11 Y2 o YN a1

Y21 Y2 - Yo (%) ¥

=| : |y, ,an]T (14)
Ym

XN =
YNt PNz o Yan L an
where a is the block sparse coefficient vector in sparse decomposition theory.

@ Reconstruction method of block sparse orthogonal matching pursuit

This is first performed by integrating the block sparseness of prior information into an orthogonal
matching pursuit (OMP) algorithm, to form a block-sparse orthogonal matching pursuit (BOMP)
reconstruction. Then, the most relevant sub-block of the signal is chosen from the sparse complete
dictionary and its projection on the sub-block from the signal is subtracted to obtain a residual signal.
This process is iterated until the energy of the residual signal is less than a given threshold, or the
algorithm reaches its termination condition.

The BOMP algorithm flow is as follows:

T
1)  Initialize the residual 9 = x. The block structure of the dictionary is ¥ = [ Y1 Y2 - Pn ] .

2)  Selection of atomic blocks. On the i-th iteration, select the index to be the largest inner product
value of the residual, such that

index = argmax(mean((@T[i]ri_1|)) iell,K] (15)

3) Update the set of support blocks (choose sub-blocks that best match the signal) and the residuals,
such that
I'=1Iiqa Vi ri=ria—ix (16)

4)  Convergence conditions. When i < k,i = i + 1, return to the step 2 or stop iterating, then output
the reconstructed signal.

The biggest difference between the BOMP algorithm and the traditional method is that the inner
product of each atom block with the current residual is used to select the most correlated atomic block.
Now there is no longer an atom, but an atomic sub-block. This reduces the number of calculations and
improves the reconstruction accuracy.

3. Application of Compressive Sensing Method with Direct Under-Sampling in Underwater Echo
Signals

According to the highlight model [32,33], an echo signal can be represented as the linear
superposition of K sub-echoes

K
x(t) = ZAi*S(t_Ti) 17)
i=1
where s(t) = e7/¢* is the emitted pulse signal, with a pulse time of 0.01 s and a frequency of 30 kHz,
x(t) is the echo signal, A; is the amplitude of a sub-echo, 7; is the time-delay of a sub-echo.

Acoustic echoes are simulated and shown in Figure 2.
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Figure 2. Simulation results of underwater echo signals.

Generally, the probability density function of marine environmental noise obeys Gaussian
distribution, so Gaussian noise is added in the generated signals with different signal-to-noise ratios
(SNRs) to simulate marine environmental noise, and the under-sampling measurement matrix is used
to compress the echo signals. Figure 3 shows the reconstruction of a signal when the compression
ratio is 100% (no compression). Figures 4 and 5 are reconstruction results when the compression ratio
is 50% and 20%, respectively. In Figures 3-5, DCT-OMP represents the combination of the discrete
cosine transformation and orthogonal matching pursuit method and DUS-CS represents the direct
under-sampling compressive sensing method presented in this paper.
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Figure 3. Reconstruction signal at a compression ratio of 100% (no compression). (a) SNR = 3 dB;
(b) SNR = 0 dB; (c) SNR = -3 dB; (d) SNR = -8 dB.
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Figure 4. Reconstruction signal at a compression ratio of 50%. (a) SNR = 3 dB; (b) SNR = 0 dB;

(c) SNR = -3 dB; (d) SNR = —8 dB.
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Figure 5. Reconstruction signals at a compression ratio of 20%. (a) SNR = 3 dB; (b) SNR = 0 dB; (c) SNR

= -3 dB; (d) SNR = -5 dB.
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From Figure 3a, we can see that when the compression ratio is 100% and SNR = 3 dB, both methods
can reconstruct the original signal with a noise reduction effect. When the signal-to-noise ratio is
further reduced to 0 dB, the DCT-OMP method does not reconstruct the original signal as well as before,
while the DUS-CS method still reconstructs the signal well. When the SNR continues to decrease,
the DCT-OMP method can hardly reconstruct the original signal, but the DUS-CS method still performs
well. The correctness and the engineering achievability of the under-sampled measurement matrix
construction have been verified in Figure 3. Figures 4 and 5 are the results of the two methods when
the compression ratios are 50% and 20%, respectively. From the results, the DCT-OMP method is not
ideal for signal reconstruction, but the DUS-CS method reconstructs the original signal well.

To compare the two methods quantitatively, we use the concept of matching rate [34]

Matching_rate = 1 — (IIX’ - X' /11X + X'||2) (18)

In which X is the original signal, X is the reconstruction result, and X’ and X', respectively,
represent the absolute values of X and X. We give the variation of the matching rate with the
signal-to-noise ratio when the compression ratio is 100% and 50%, respectively (Figure 6a,b). It can
be seen that the DUS-CS method has obvious advantages. Therefore, the direct under-sampling
structure can be used to observe underwater echo signals. The framework of compressive sensing can
effectively recover the original signals, which confirms the correctness and effectiveness of the direct
under-sampling observation method.

. . . . . . - i T T T T T 1
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09 1
09 9
————— DCT-OMP
0851 pus-cs | ] P DCT-OMP
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o o
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Figure 6. Variation of the matching rate with the SNR. (a) the compression ratio is 100%;
(b) the compression ratio is 50%.

4. DUS-CS Hardware Design

In the direct under-sampling system, the most vital component is data acquisition (DAQ) hardware.
This is designed according to the receiving, collecting, and transmitting functions of the underwater
acoustic signal. The hardware components include a preamplifier, band pass filtering, programmable
amplifier, ADC (analog-to-digital conversion), the DUS-CS processor and the network interface
(Figure 7). Figure 8 is an image of the signal collection card.

Signal::> . Band Pass Programmable DUS-CS | IN\| Network
Input Preamplifier $ Filtering $ Amplifier i\> ADC i\> Processor [ —1/| Interface Computer

Figure 7. Data acquisition (DAQ) components.
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Hetwork
Interface

Figure 8. Photograph of the collection card.

The preamplifier is the first stage of the collection card, which is controlled with a single resistor
that meets the requirements of the system. The bandpass filter uses a fourth-order high-pass filter and
a fourth-order low-pass filter in cascade implementation. The programmable amplifier is used for
automatic gain control of the underwater acoustic receiver. According to the experimental environment,
it is possible to adjust the amplification factor manually or automatically to improve the signal-to-noise
ratio of the receiver in a better state. The ADC converts the signal from analog to digital and this
function determines the quality of the acquired signal. The processor is the main component of
signal acquisition and control, and it is also the main module of the direct under-sampling method.
The network collection of the DAQ is used for data upload and network protocol conversion.

5. DUS-CS Data Acquisition and Analysis

5.1. Data Acquisition

The direct under-sampling sensing system has multiple collection modes, such as Nyquist
sampling, direct under-sampling, and pseudo-random sampling. Each specific implementation is
defined as follows:

a) Nyquist sampling is directly taken from ADC, and put it into the data cache.
b)  The direct under-sampling is based on the coefficient, n, of under-sampling. Starting the counter,
each time one ADC data is received, the counter is incremented by one. When the number of
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counts equals n, the current number is stored in the buffer and the counter is reset to zero. In this
mode, the amount of data is 1/n of Nyquist sampling.

¢) Pseudo-random sampling is the random acquisition of one element of data from coefficient n.
The specific implementation method is to pre-generate a pseudo-random sequence of numbers.
If the data volume is 1/10 of the Nyquist sampling, and random numbers between 0 and 9 are
generated, then the probability of choosing a random number is the same. Then, the numbers are
saved to the ROM inside the FPGA. The counter is started and the count value is 10, counting
from 0 to 9. When the count value is the same as the output value of the ROM, data is put into the
buffer. When the counter reaches 9, the output of the ROM is moved to the next address. This is
how pseudo-random sampling of data can be achieved.

5.2. Data Processing and Analysis

Firstly, the Nyquist sampling data is compressed, observed, and reconstructed to verify the
correctness of the method. Figure 9 shows the Nyquist sampling data (sampling rate of 500 kHz) and
the reconstruction results of the DCS-OMP method and the DUS-CS method.

5% 10% original signal

>
£, B | [ (]
2 | | | | | L]
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Figure 9. Nyquist sampling and reconstruction results.

To show the reconstruction effect more clearly, we cut off part of the original signal and compared
it to the under-sampling observation and reconstruction performed on the original signal (Figure 10).
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Figure 10. The original signal.

The amount of the data is 20% of the original signal after direct under-sampling. Noise is added
to generate signals with the different SNRs. Then, the original signal is reconstructed using DCS-OMP
and DUS-CS (Figure 11).
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Figure 12 is a compressive sensing signal with a compression ratio of 10% with different SNRs.
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Figure 12. Reconstruction results with compression ratio of 10%. (a) SNR = 3 dB; (b) SNR = 0 dB;
(c) SNR = -3 dB; (d) SNR = -8 dB.
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Figure 11 shows the compressive sensing signal with a compression ratio of 10% with different
SNRs. As for the processing result of the compressive sensing signal, it can be seen from Figure 11 that
when the compression ratio is 20% and SNR = 3 dB, the reconstruction effect of the DCS-OMP method is
poor, but the prior information method works well. As the SNR continues to decrease, the DUS-CS still
reconstructs the original signal very well. When the compression ratio is 10%, the DCS-OMP method
has a poor processing effect, as seen from Figure 12. For the DUS-CS method, as the signal-to-noise
ratio decreases, the amplitude of the reconstructed signal deviates from the original, but the overall
reconstruction effect is still significant. This result shows that the compressive signal obtained by the
direct under-sampling system can recover the original signal, which confirms the correctness and
engineering feasibility of the direct under-sampling compressive sensing system.

6. Conclusions

This paper studies the direct under-sampling compression sensing method from the perspective
of theory and engineering implementation. The DUS-CS method is proposed based on the theory of
compressive sensing and the combination of the characteristics of echo signals with the implementation
of direct under-sampling. Underwater echo simulation data was used to verify the correctness and
effectiveness of the proposed method. Engineering implementation was achieved by improving the
Nyquist sampling circuit with the adoption of pseudo-random sampling timing control. The rising
edge (or falling edge) of each trigger signal was sampled and the signal was stored in the data buffer to
obtain observation signals with compression ratios of 100%, 50%, 20%, and 10%. Then the DCT-OMP
and the DUS-CS methods were used to process the data. The results show that both methods can
reconstruct the original signal well when the compression ratio is 100% (in Nyquist sampling mode).
Based on this, the correctness of the two methods was verified. When the compression ratio was 20%
and below, the reconstruction effect of the DCS-OMP method was weak, but the DUS-CS method
proposed in this paper was found to reconstruct the original signal well, even with the SNR being
exceptionally low. These results confirm the correctness and engineering practicability of the DUS-CS
method and data acquisition system. The method proposed in this paper provides an effective way for
compressive sensing to be employed in practical engineering applications.
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