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Abstract—The front-end circuit used in the pulsar acquisition
of the radio telescope determines the availability of the entire
pulsar-based timing framework. However, it would be expensive
and resource consuming to use a real radio telescope in the circuit
design process. To address this issue, in this article, the hardware-
in-the-loop simulation solution is proposed to generate, sample, and
extract pulse signals in real time. The artificial pulse generation
method is first proposed to generate the pulses that are close to real
pulsar signals. Then, three analog front-end circuit architectures
(AFCAs) are proposed to generate the analog pulses, including
the superposition, attenuator, and attenuator-based superposition
structures. The generated pulses are close to the real pulsar signal
in shape, amplitude, and noise level. Next, a pulsar-based timing
synchronization framework that can be used to improve the tim-
ing accuracy of the wide-area monitoring systems is developed to
process the sampled data. Multiple experiments are conducted to
verify the effectiveness of the analog front-end and the pulsar-based
timing synchronization framework using the simulated pulse and
real pulsar signals. The results demonstrated that the designed
AFCAs can generate effective analog pulses, and is convenient and
flexible.

Index Terms—Analog front-end circuit architectures (AFCAs),
hardware-in-the-loop, pulsar-based timing synchronization,
timing accuracy.
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NOMENCLATURE

ADC Analog-to-digital converters.

AFCAs Analog front-end circuit architectures.

AFB Analog front-end board.

ALMA  Atacama large millimeter array.

FAST Five-hundred-meter aperture spherical radio tele-
scope.

FDRs Frequency disturbance records.

FFT Fast Fourier transform.

FPGA  Field-programmable gate array.

GBT Green bank telescope.

GPS Global positioning system.

PPS Pulse per second.

PFB Polyphase filter bank.

RF Radio frequency.

ROACH Reconfigurable open architecture computing hard-
ware.

SKA Square kilometre array.

SNAP Smart network ADC processor.

SNR Signal-to-noise ratio.

WAMS  Wide-area monitoring systems.

I. INTRODUCTION

HE accuracy of synchronized timing is critical for wide-
T area monitoring systems (WAMSs), especially for mea-
surement devices such as phaser measurement units (PMUs) and
frequency disturbance records [1], [2]. For example, to locate
power system disturbances, the calculation of electromechanical
wave propagation speed distribution requires accurate synchro-
nized sampling data in the distribution-level WAMS [3], [4].
Accurate distributed sampling can be achieved by referring to
the disciplined clock reference signal, such as pulse per second
(PPS) [5]. However, due to some geographical factors and the
signal spoofing, near 70% PMUs faces the global positioning
system (GPS) signal loss issues as reported in [6], which reduced
the reliability of the WAMS.

In the past decades, numerous PMUs equipped with GPS
signal receivers have been deployed on the WAMS [7]. The
sampling data of PMUs are transferred based on the IEEE
standard C37.118.2, where its total vector error should be lower
than 1% [6]. However, the GPS signal can be maliciously
defrauded and attacked and would be covered through some
special equipment when the signal is weaker [8]. To solve this
problem, the pulsar-based alternative timing source is proposed
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for the grid measurement [9], [10]. This pulsar-based timing
method claims to achieve a higher timing accuracy for the
WAMS and can withstand cyberattacks. Since the pulse period
of the pulsars is pretty regular and accurate, it opened a way to
the timing-based studies for the relativistic two-body gravitation
and timing source in grid synchronization [11]. For example, the
period drift rates of the millisecond pulsars PSR B1937+214
and PSR J0437-4715 can be reached to 6.74 x 10~'7s ~! and
9.95 x 10~'8 57!, respectively [12]. Therefore, the problem of
sampling clock sources evolved into how to accurately extract
pulse signals from the pulsars.

To achieve the extraction of pulse signals, some signal pro-
cessing methods and tools are designed to efficiently process the
pulsar data. In [13], two types of wavelet-based pulsar features
are proposed to find the newly discovered pulsars. However, the
analysis object of the wavelet method is the extracted pulses,
therefore, it does not contributes to the identification of the
sampling pulsar signal. To this end, some prototype tools are
designed for the professional radio telescope facilities, including
the Green Bank Ultimate Pulsar Processing Instrument (GUPPI)
for the Green Bank Telescope (GBT) [14], PSRCHIVE for the
Parkes observatory [15], and Pulsar Exploration and Search
Toolkit (PRESTO) [16]. The advantages of these open-source
software tools are high integration and easy to use, but the
data format and embedded hardware deployment suffer from
flexibility, and thus, limit their applications. To mitigate this
issue, pluggable programs are needed for the real-time operation
of new applications.

Based on the aforementioned considerations, some pulse ex-
traction hardware frameworks are designed first to sample the
pulsar signals. In [17], the GUPPI is developed to work with
the field-programmable gate array (FPGA)-based interconnect
break-out board (IBOB) and reconfigurable open architecture
computing hardware (ROACH) boards, where the hardware
part consists of analog-to-digital converters (ADC) and FPGA
modules. As the successor to the original ROACH, the ROACH?2
board is designed using the new Xilinx Virtex-6 series of FPGAs,
which has a higher operating frequency and data transfer rate.
One of the characters of the IBOB, ROACH, and ROACH2
is that the ADCs are all pluggable, which not only increases
the flexibility but also increases the instability and complex-
ity. In [18], the analog front-end board (AFB) is presented,
which mainly includes the amplifiers, mixer, and filters. This
AFB is designed for the five-hundred-meter aperture spherical
radio telescope (FAST), therefore, researchers cannot verify
the effectiveness of the hardware before they conduct actual
tests. Moreover, the preliminary basic hardware implementation
framework is built in [9], [19], and [20]. The shortcoming is
that the front-end design has not been considered, which can
provide direct improvement measures for system debugging and
design. It is worth mentioning that there are some famous radio
telescopes already established, including square kilometre array,
FAST, Atacama large millimeter array, and GBT. The advantage
of using radio telescopes to work with hardware frameworks is
that the pulsar data are real. Nevertheless, it is not practical
and convenient to use these radio telescopes for the WAMS
testing during the circuit design process due to the setup cost
and permission cost issues.
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To this end, the analog signal generating unit scheme can
be developed. For example, the dual sideband receivers with a
4-GHz analog front-end was built to test the sideband rejection
of the complex astronomical signals [21]. Clear structure and
reasonable parameters are selected for the designed front-end.
However, it should be noted that these instruments used to
generate signals that are higher than 4 GHz are expensive and
rare due to their wide frequency domain. The pulsar signal
belongs to the electromagnetic signal (such as X-ray), which is
generated by electronic movement. A compact linear accelerator
front end is designed for the free-electron lasers [22]. Fully
simulating electronic motion is very expensive and complicated.
Moreover, the stimulation signal based on the signal generator
is usually clean and may not be able to reflect the characteris-
tics of the real signal, including the profile and noise content.
To more easily verify the usability of the pulsar-based timing
source circuit, an economical but effective circuit, as well as the
hardware-in-the-loop system, is required to achieve a balance
between the cost of radio telescopes and the characteristics of
wide-band pulsar signals. Additionally, this system is expected
to produce a signal-to-noise ratio (SNR) close to the output data
from the radio telescope.

To facilitate the hardware debugging process of a pulsar-based
timing source, the hardware-in-the-loop simulation solution is
proposed to generate simulated pulsar data and extract its pulse.
This article is an extension of the IAS conference article [23].
The primary contributions of this article are as follows.

1) The pulse generation method is introduced to convert the
real pulsar data to the analog signal. It can generate a pulse
whose shape is closer to the real pulsar.

2) Three analog front-end circuit architectures (AFCAs) are
designed to generate the analog continuous pulses for
hardware debugging of the pulsar-based timing system.
The advantages of the AFCAs are the simple structure,
low cost, and the ability to simulate real pulsar signals.

3) A pulsar-based timing synchronization hardware frame-
work is developed to provide the backup timing source
for the WAMSs. The advantage is that the pulsar source
can serve as the backup clock source when the GPS is not
available.

4) Different experiments are conducted to verify the char-
acteristics and effectiveness of these pulse generation
methods and AFCAs. The results show that the period
pulse is accurately extracted.

The result of this article is organized as follows: Section III
introduces the steps of generating the analog pulse signal. Next,
the hardware analog front-end is designed in Section IV. The
timing synchronization framework is presented in Section V.
After that, different experiments are presented in Section VI.
Finally, Section VII concludes this article.

II. FRAMEWORK OF ANALOG FRONT-END-BASED
TIMING SYNCHRONIZATION

The proposed analog front-end-based timing synchronization
is shownin Fig. 1. It can be seen that this process can be classified
into the following three steps.
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1) Artificial signal generation: Utilizing the ArbExpress soft-
ware and arbitrary function generators, the pulsar-based
analog control signal can be generated. Then, it will be
fed into the AFCA circuit as the voltage control or super-
imposed signal.

2) Circuits of AFCAs: To simulate the characteristics of real
pulsar signals, three different AFCA circuits are designed
to generate the analog pulse signal, including the super-
position, attenuator, and attenuator-based superposition
methods. The characteristics of these three circuits are
explored.

3) Pulsar signal sampling and extraction: An FPGA-based
hardware is developed to sample the analog pulsar signal.
Thereafter, the pulse signal is extracted from the sampled
signal using the polyphase filter bank (PFB) and data
quantization.

III. REAL PULSAR-BASED ARTIFICIAL SIGNAL GENERATION

The objective of this section is to generate pulses that are
as close to the shape of the real pulse as possible. It is worth
mentioning that many simulation signal sources have some
built-in pulse signals. For example, the AFG3000 series arbitrary
function generators can generate the rectangular pulse with a
simple configuration. However, this kind of rectangular pulse
does not have a pulse peak, so it is difficult to determine its pe-
riod. Therefore, the real pulsar-based artificial signal generation
method is introduced. The advantage of this method is that the
profile, duty cycle, and period of the artificial signal is very close
to the actual pulsars.

The real pulsar-based artificial signal contains three steps,
including pulse data filtering, data conversion, and data genera-
tion. The pulsar-based artificial signal generation framework is
shown in Fig. 2.

IEEE TRANSACTIONS ON INDUSTRY APPLICATIONS, VOL. 58, NO. 2, MARCH/APRIL 2022

-
T

Pulse I parameter
Pulse V parameter

o
©

Flux density
o o o
o N e [}

V-

0 0.2 0.4 0.6 0.8 1
Pulse phase

Fig. 3. Pulsar flux density of PSR B1737+21. The I and V are total intensity
and circular polarization of the beam in stokes parameters.

The first step is to obtain the desired pulsar data, which
is related to the radio telescope to be tested. Not all pulsars
can be observed due to differences in the location and limited
resolution of radio telescopes. In this section, the Skynet 20 m,
an astronomical telescope with a 20-m diameter [24], is selected
as an example to illustrate the detailed steps.

First, the historical observation data can be queried from
the official website in [25]. Considering that the period of the
millisecond pulsar (period usually less than 10 ms) is more
stable [26] so that the millisecond is preferentially selected.
For instance, the PSR B1737+214 can be selected as the pulsar
source because the 1 x 10~'7s™! period drift rate error can be
reached [11]. The narrower pulsewidth is given priority, which
is helpful for the quick debugging of the simulation because it
is easier to find the peak. During the data conversion part, the
pulsar profiles can be downloaded [27], as shown in Fig. 3. The
difference between [ and V parameters is the amplitude intensity
difference. Here, the I parameter is selected because it has the
largest flux density.

After obtaining the pulsar data, the ArbExpress software [28]
is used to generate the specified format data for signal source,
which supports tfw, wfm, and csv formats. Utilizing the #fw
format pulsar data, the data generation step is implemented in
the signal source by selecting the arbitrary data source. Next,
the analog radio frequency (RF) signal is generated using the
arbitrary data source settings of the signal source.

IV. HARDWARE SOLUTIONS FOR ANALOG RF SIGNAL
GENERATOR IN PULSAR-BASED TIMING OF THE WAMS

In this section, three types of AFCAs are designed and
compared to generate the analog RF signals, including the
superposition, attenuator, and attenuator-based superposition.
The motivation of the RF signal generation of astronomy is to
generate a pulsar signal with strong broadband noise.

A. RF Signal Generator Based on the Superposition Method

The sampling frequency of some ADCs is lower than 1 GHz,
such as the maximum 1000 MHz is set in the SNAP board [29],
so a low-bandwidth RF is designed here. The advantage of this
low-bandwidth RF signal is that it does not require frequency
reduction if the sampling frequency is relatively low. The first
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Fig.4. RFsignal generator based on the superposition method. (a) Structure of
the superposition method. (b) Hardware platform of the superposition method.

designed circuit is based on the superposition method, where
both the noise and pulse signals are superimposed. Therefore,
it is expected to generate a noisy pulse signal, of which the
designed structure is shown in Fig. 4.

As can be seen from Fig. 4(a), the noise source and the
artificial signal are superimposed through the dc bias-tee. Then,
a power splitter is connected after the dc bias-tee to generate two
two-channel signals. There is a 90° phase difference for I and
Q stokes parameters. It aims to simulate multiple channels of a
radio telescope.

The hardware implementation is presented in Fig. 4(b), the
BG7TBL RF noise source is used, which has 0.1 Hz to 3.5 GHz
noise [30]. The artificial signal denotes the pulse signal from the
real pulsar-based artificial signal generation step, with which its
voltage can range from a very low value to a high value. The
output of the dc bias-tee would be the sum of input voltages.
This means that the pulse with noise can be generated. The low-
pass filter can filter the high-frequency signal. And then, two
amplifiers are used to expand the amplified voltage to fit the
ADC input voltage range.

In this circuit, the pulse component belongs to the dc com-
ponent. The generated pulse contains the noise and dc compo-
nents. This means that the dc component may be filtered if the
subsequent circuit components (amplifiers and low-pass filter)
are selected inappropriately.

B. RF Signal Generator Based on the Attenuator Method

To address the potential problem in the first circuit scheme,
an attenuator-based method is proposed. The detailed circuit
and structure are shown in Fig. 5. Compared with Fig. 4, the
difference is that the dc bias-tee is replaced by the attenuator.
This attenuator has two inputs, one is used for noise source input,
and the other is used to control the noise level. Once the pulse
signal is fed into the control terminal, the voltage amplitude of
noise will be retained (or slight drop) for the pulse part with a
higher voltage. And the noise level will decrease sharply in the
lower voltage area. Then, the pulse signal can be generated with
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Fig. 5. RF signal generator based on the attenuator method. (a) Structure of
the attenuator method. (b) Hardware platform of the attenuator method.

different voltage levels. Importantly, different noise frequency
components are retained, and the analog pulse does not belong
to the dc component.

In this circuit scheme, the ZX73-2500-S+ attenuator is se-
lected [31]. The noise power of the output RF signal is controlled
by the control pulse signal. A high control voltage (such as 5 V)
will also result in decreased noise power based on its circuit de-
sign. This leads to the need for a strong voltage output capability
of the pulse signal source, which limits the applicability.

C. RF Signal Generator Based on the Attenuator-Based
Superposition Method

To avoid the dc component and improve the control sensitivity,
the AFCA based on the attenuator-based superposition method
is further proposed. This attenuator-based superposition method
combines the advantages of the dc bias-tee and attenuator, whose
structure is shown in Fig. 6.

It can be seen from Fig. 6(a) that the input of the dc bias-tee
is based on the noise source and attenuator. Different from the
circuit as Fig. 4, the dc component is replaced by the output of the
attenuator. This will make the generated RF signal not contain
any dc component. Compared with the scheme in Fig. 5, a dc
bias-tee is used and this will make the pulse control voltage
more flexible. For example, a control pulse voltage with an
amplitude range of 4-5 V will output an RF signal with the
desired amplitude of -4—4 V for the attenuator method. Here,
the output of the noise voltage is about £5 V. The voltage
control range of the attenuator method is very narrow, causing
inconvenient debugging. Instead, a control pulse voltage with an
amplitude range of 0-5 V of the attenuator-based superposition
method can generate the desired amplitude of —4-4 V pulse
signal. It means that the control voltage is wider, so complex
analog pulse signals can be generated.

Overall, considering the operating frequency range and output
power level, these electronic components need to be selected
appropriately to prevent signal distortion. It should be noted
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that the simulated analog signal belongs to low frequency area,
so it is recommended to select electronic components with a
lower cut-off frequency. For example, the power splitter with
wideband frequency from dc to 2000 MHz can be selected.

D. SNR Analysis

The analog circuit is expected to generate a signal similar to
that of a radio telescope, such data are closer to the real pulsar
signal. To evaluate the difference between the AFCA circuit and
real pulsar signal, one of the critical indicators is the proportion
of noise and pulse in the signal, namely the SNR.

For the AFCA circuit, the control voltage of the attenuator
can be adjusted to change the SNR so that the analog signal has
the same characteristics as real pulsar signals. Here, the SNR is
estimated based on the generated analog pulse signals.

?ignal > (1)
noise

where the Pigna and Ppoise are the power of the analog pulse
signal and noise, respectively. To estimate the SNR, the target

pulse signal can be extracted by the bandpass filter, then the rest
of the signal is the noise.

SNR(dB) = 101log,, (

V. TIMING SYNCHRONIZATION FRAMEWORK
A. Pulsar-Based Timing Source Hardware Framework

Based on the proposed AFCAs, the pulsar-based timing hard-
ware framework is designed for the synchronous measurement
of the WAMS, as shown in Fig. 7. In this framework, the FPGA-
based SNAP is selected in which an ADC with a maximum
1000-MHz sampling frequency is embedded on the board.

As can be seen from Fig. 7, the operation can be summarized
as the following three steps.
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Fig. 7. Pulsar-based timing hardware framework based on the AFCA.
(a) Hardware framework. (b) Pulsar signal processing method.

1) The artificial pulse is generated by the signal source.
Combining with the noise source, these signals are then
fed into the AFCA to generate two-channel analogy pulse
signals.

2) The analogy pulse signal is then fed into the FPGA-based
SNAP. The ADC sampling, PFB, and data quantization are
executed in the SNAP board, where the PFB can be used
to split the signal into multiple frequency channels [32].

3) Finally, the result of the PFB is sent to the data server.
The dispersion and folding are implemented to extract the
pulses [15]. The pulse can be used for hardware, software
debugging, and precise timing for the WAMS.

B. Pulse Extraction Method

After sampling the data from the analog front-end, the PFB
and quantization are developed to process the real-time data
streaming.

The motivation of the PFB is to decompose the pulsar signal
into different frequency bands. The PFB consists of a set of
filterbank and the fast Fourier transform (FFT) [32]. Here,
the filterbank is achieved based on the decimating polyphase
filter, which means the input data are decomposed into different
phases. Then, the FFT can be applied to calculate its spectrum.
This process can be summarized as the following two steps:

M-1
yp(n) =Y hy(m)a, (n—m) )
m=0

where the ), and y, are the input and output of the filter-
bank, respectively. The m € M and hy,(m) are the number of
polyphase taps and coefficients from the prototype low-pass
filter, respectively. n is the sampling points. The output of the
PFB can be derived as

P—1 M-I

Y(kn) =03 hpm)e ™ /P |2, (n—m) ()

p=0 m=0
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Fig. 8. Quantization module and software program. (a) Quantification for the
PFB output. (b) Structure of the quantitative analysis.

where the P denotes the length of the y,,(n). Then, the Y (k, n)
can be squared to obtain its power spectrum, which can be
denoted as |Y (k, n)|.

In the hardware perspective, the data bits of the |Y (k, n)| will
reach 36-bit due to the multiplication and addition operations.
Considering that the 10-GbE module of the SNAP can only
support the 64-bit data transmission, the quantization module is
necessary to increase the data efficiency because the channels of
the ADC may reach 12. This means that only one channel can
be exported if the data are not quantified because the number of
two-channel data will exceed 64 bit. The quantization module
and its corresponding software are shown in Fig. 8.

As shown in Fig. 8, the 36-bit data will first be split into two
18-bit data groups, aiming to ensure the resolution of high and
low data. Then, the 18-bit data will be forcibly converted to
4-bit data with one sign bit, where the 0.875 in Fig. 8(b) is to
prevent data overflow. Finally, two 4-bit data groups from the
high and low data bit parts will be concatenated to form an 8-bit
data group. The advantage of the quantization module is that
it retains the data resolution from the high and low bit parts.
Additionally, if only two ADC channels (I and V parameters)
are used, the 36-bit data can be quantized to 32 bit so that 64-bit
data can be formed.

Next, the quantified data will be sent to the data server, and
then, the dispersion and folding will be implemented. The objec-
tive of the dispersion is to align the data of different frequency
channels from the PFB results because there will be a delay for
different frequency channels. The commonly used dispersion
is called the incoherent dedispersion [19], its principle is to
compensate for a specific time delay At for each frequency
channel, which can be given by

At = egm (fon — f.7) DM 4

C
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where the eg,, and DM denote the dispersion constant and
dispersion measure, respectively. They can treat as the constant
values for a special pulsar. The f.., and the f. are the center
frequency and channel frequency in Y (k,n), respectively. It
is worth emphasizing that the dispersion is necessary for the
real pulsar signal but can be ignored for the analog pulse signal
generated by the AFCA since the delay cannot be simulated.

Thereafter, the folding is required after the dispersion. One of
the challenges of folding is that the longer the series that folded,
the more sensitive the results are to the estimation error [19].
To avoid the number of useless folding, the spectrum analysis is
first conducted to estimate the period of the pulsar signal using
FFT. Finally, segment folding can be achieved by adjusting the
folding period.

C. Quantitative Experimental Analysis

In this section, the quantitative experiment is conducted to
verify the validity of the quantization module. The input is the
output of the PFB, and the output of the quantitative module
is shown in Fig. 9. It can be seen that the maximum value of
Fig. 9(a) is near 25 x 10*, which corresponds to 18 bit of data.
This also means that the high 18-bit data are zero in this test.
After quantification, as can be seen from Fig. 9(b), the output
value is less than 10, which means that only the low 18-bit data
part is quantified since the high data bit part is zero. The result
manifests that the experimental results agree with the program
of the quantization module.

VI. EXPERIMENTS

To verify the validity of the proposed AFCA, different exper-
iments are conducted using both simulated and actual data. Two
types of pulsars are selected to verify the AFCAs, which consists
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Fig. 10.  Quantization module and software program.

of a binary pulsar JO055+5117" and single pulsar J1840+5640.2
For a fairer comparison, the pulse signal periods are set to 5 ms,
and the sampling frequency of the ADC is set to 60 MHz. An
8.29-s dataset is collected for each type of the AFCA. The taps
and the order of the PFB are set to 4 and 1024, respectively.
The AFG 3021B signal source is used and it has a +=1pHz error
in one year. It should be noted that the low-pass filter and the
amplifier are not used since the frequency range is limited by
the attenuator and its output power is sufficient.

A. Pulse Extraction Method Verification Using
Real Pulsar Data

To verify the effectiveness of the pulse extraction method, the
millisecond pulsar J1713 + 0747 is collected from the 20-m GBT
located in West Virginia. A 10 min of data is collected in this
test. The period of J1713 + 0747 is 4.57 ms, and the sampling
time is near 3.495 ms.

Based on the proposed pulse extraction method, the extracted
pulse is depicted in Fig. 10. It can be seen that the pulse is
successfully extracted, as can be seen from Fig. 10(a). The
maximum of the profile value of (a) is shown in Fig. 10(b).
Retained by the sampling rate, the estimated period is about
0.0045699 ms with 1.47 x 10~*ms error. This result can be
improved by using longer time duration pulsar data. So far, the
result still reveals the validity of the pulse extraction method.

B. Pulsar-Based Artificial Signal Generation Verification

In this experiment, the built-in simulation signal generated by
a signal source and pulsar J1840+5640 signal are used to verify

'[Online].  Available: http://www.epta.eu.org/epndb/#gl98/J0055+5117/
g198_1408.epn
2[Online]. Available: http://www.epta.cu.org/epndb/#gl98/J1840+5640/

2198_1408.epn
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Fig. 11.  Pulse extraction result using the built-in simulation pulse with atten-
uator method. (a) PFB result. (b) Extracted pulse after folding, it has 292 points
between the pulse peaks.
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Fig. 12.  Pulse extraction result using the pulsar J1840+5640 via attenuator
method. (a) PFB result. (b) Extracted pulse after folding, it has 293 points
between the pulse peaks.

the effectiveness of the pulsar-based artificial signal generation
method. The results of the PFB and folding results are presented
inFigs. 11 and 12. The sin(z) /2 model is selected for the built-in
simulation scenes.

Comparing Figs. 11(a) and 12(a), it can be seen that both
pulses can be extracted. However, the noise level of Fig. 11(a)
is higher. And the shape of Fig. 12(b) is closer to the real
pulsar scene than Fig. 11(b). Meanwhile, the expected number of
points between the pulse peak should be 60MHz /1024 X 5ms =
292.97. Fig. 12(b) has a higher accuracy than that simulation
signal because only 292 points are obtained in Fig. 11(b). The
results reveal that the introduced real pulsar-based artificial
signal generation can effectively generate the expected pulse.
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points between the pulse peaks for (e) and (f).

C. Performance Comparison With Different AFCAs

Based on the introduced artificial signal generation method,
the AFCAs are further verified using the pulsar JO055+5117
signal, as shown in Fig. 13. It should be noted that the peak-to-
peak value of the control voltage of the pulse source is setto 1 V.
The control voltage of the attenuator circuit is set from 3.5 to
-4.5V, and from 0 to 1 V for the attenuator-based superposition
method.

Obviously, it is hard to find the pulse from the superpo-
sition circuit as shown in Fig. 13(a) and (d). The reason is
that the dc component is filtered by the ADC filter circuit
and the cutoff frequency of the low-pass filter. Additionally,
the binary pulses are successfully extracted in Fig. 13(b) and
(c). The attenuator-based superposition can extract the pulse
because it does not contain the dc component compared with
the superposition circuit. More importantly, the attenuator and
attenuator-based superposition methods show similar shape re-
sults but with 82-83.5 dB and 91.5-93.5 dB power, respectively,
as shown in Fig. 13(e) and (f). The shape and amplitude are
the same compared with the real shape of JO055+5117. Since
the peak-to-peak value of the control voltage is the same, the
attenuator-based superposition method shows better sensitivity
due to its wider power range (2 dB). However, the control voltage
of the attenuator circuit should be higher than 3 V otherwise the
noise level would be pretty low. This will be contrary to the
characteristics of the actual pulsar signal. The control voltage
of the attenuator-based superposition circuit can range from 0
to 5V, so it has a wider adjustment range. This means that
it has the potential to generate pulses with very high noise
levels.

Overall, the superposition-based AFCA is suitable for oc-
casions without filter components. The attenuator circuit is
recommended to use when noise requirements are low, and it
also has a low cost. The attenuator-based superposition method
is recommended to use during the timing synchronization test
for the WAMS, which can be a tradeoff between the cost and
better pulse simulation effect.

PSR B1937+214

10710 | | | |
15 20 25 30
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(a)

Attenuator method

10 15 20
Frequency (MHz)
(b)

Fig. 14. Power spectral density of the collected data. (a) PSR B1937+214.
(b) Attenuator method.

D. SNR Comparison of AFCA and Real Pulsar

To compare the data difference of the AFCA and real pulsar,
the SNR is calculated. Here, the attenuator method is selected
and the voltage is adjusted to just extract the pulse, where the
offset voltage of the control pulse signal is set to 4.6 V and the
amplitude is set to 500 mV. The basis for selecting the control
voltage is that the pulse can just be detected in 4.14-s data
packet. The real pulsar signal comes from the PSR B1937+214,
which is sampled in the Arecibo observatory in 2019. The PSR
B1937+214 is one of the giant pulsars.

The power spectral density of the collected data is first ana-
lyzed, as shown in Fig. 14. It can be seen from Fig. 14(a) that the
power spectral density of PSR B1937+214 is flat distribution.
Compared with PSR B1937+214, the noise of the attenuator
method contains more low-frequency components, which are
due to the noise generator. However, the magnitude of Fig. 14(b)
is lower than Fig. 14(a), this means that the attenuator method
has the ability to generate weaker pulse signals even compared
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Fig. 15. PFB results and the mean pulses under different control voltage. (a)

Peak-to-peak control voltage is 100 mV. (b) Peak-to-peak control voltage is
200 mV. (c) Peak-to-peak control voltage is 400 mV. (d) Peak-to-peak control
voltage is 800 mV.

with the real data so that more analogy pulsar signal can be
generated.

The calculated SNR results are listed in Table I. As can be
seen from Table I, the result shows that the SNR value of the
attenuator method is lower than the SNR of PSR B1937+214.
The main reason is that the PSR B1937+214 is a giant pulsar that
can emit a strong electromagnetic wave signal. This also means
that the analog front-end can simulate a signal with a smaller
pulse intensity.

E. Robustness of AFCA Against Voltage Interference

To demonstrate the robustness of the proposed AFCA circuits,
experiments with different control voltages are conducted. The
attenuator-based circuit is selected as an example to show the
effect of voltage interference; the experiment results are pre-
sented in Fig. 15. In this test, the lowest control voltage of the
pulse source is set to 3 V. The control voltage (peak voltage)
of the attenuator circuit is set from 3.1 to -3.8 V. Four groups
of peak-to-peak control voltages are selected including 100 mV,
200 mV, 400 mV, and 800 mV. As can be seen from Fig. 15(a),
the pulse before and after folding (20th folding times) is not
obvious when the peak-to-peak control voltage is 100 mV. This
reason is that a lower peak-to-peak control voltage will lead to a
smaller pulse amplitude difference. However, Fig. 15(c) and (d)
demonstrates that when peak-to-peak control voltages are 200
and 400 mV, the profile of pulses is clear. These results indicate
that the proposed AFCAs are robust when the peak-to-peak
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control voltage is higher than 200 mV and may need more data
to make the pulse noticeable when the voltage is lower than
100 mV.

VII. CONCLUSION

In this article, the hardware-in-the-loop simulation solution is
designed for the pulsar-based timing synchronization test of the
WAMS. A pulse generation method refers to the actual pulsar
signal that is introduced. The pulse extraction experiment based
on the simulated and actual pulsar signal shows that the actual
pulsar-based generation method is easier to determine the pulse
period. Then, three AFCAs are proposed to simulate the simpli-
fied RF signal from the radio telescope. The results demonstrate
that the attenuator and attenuator-based superposition AFCAs
can efficiently generate accuracy analogy pulses with adjustable
amplitude and wide-band noise. The result of the superposition
method shows that it is not suitable for the application of the
analog front-end. Meanwhile, the pulsar-based timing synchro-
nization hardware framework is developed to provide the backup
timing source when the GPS is unavailable. The quantitative
analysis and real pulsar experiments show the effectiveness of
the hardware framework. The SNR test results demonstrate that
the proposed hardware-in-the-loop system can generate pulses
with a similar SNR to that of real radio telescopes.
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