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Design and Performance Test of Pulse X-Ray
Receiver Based on LYSO-S1PM for X-Ray
Communication

Junxu Mu ", Xiaobin Tang"”, Yunpeng Liu

Abstract—X-ray communication (XCOM) is a type of wireless
optical communication technology that uses modulated X-ray beam
as the carrier of data transmission. As a core component of an
XCOM system, the X-ray signal receiver determines the upper
limit of the communication rate and the quality of communication.
A pulse X-ray signal receiver based on an LYSO-SiPM detector
and a field-programmable gate array signal processing module is
designed to solve the problems of considerable background noise
and weak signal strength in the actual XCOM process. The low
bit error rate (BER) at the Mbps rate is realized first for XCOM.
An XCOM performance test system is used to test the receiver’s
signal output characteristics and communication performance.
The communication rate reaches 1.21 Mbps with BER less than
1.0 X 1075, The designed pulse X-ray signal receiver can effec-
tively identify X-ray pulse under high bandwidth and weak signal
receiving power.

Index Terms—LYSO-SiPM, pulse X-ray signal receiver, signal
processing module, X-ray communication.

1. INTRODUCTION

-RAY communication (XCOM) is a wireless optical com-

munication technology using modulated X-ray beam as a
data transmission carrier. In 2007, Dr. Keith Gendreau of the
National Aeronautics and Space Administration (NASA) first
proposed the concept of XCOM and conducted acommunication
verification experiment [1]. Compared with other communica-
tion modes, XCOM has the advantages of high theoretical com-
munication rate [2], small diffraction limit, and good directivity;
it is considered as the “next-generation aerospace communica-
tions technology” [3], [4]. The XCOM on-orbit experiment is
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scheduled to be demonstrated on the International Space Station
by NASA [5] in the spring of 2019.

As a new communication mode, the performance of X-ray
communication can’t be comparable with state-of-the-art laser-
based optical systems. However, as an effective supplementary
extension of conventional communication methods, X-ray com-
munication can exert its unique advantages to realize informa-
tion transmission in some scenarios where traditional communi-
cation methods hardly operate. Considering that X-rays rapidly
attenuate in the thick planetary atmosphere, X-ray communi-
cation is mainly used in environments where the atmosphere
is very thin or absent, such as space, black barrier areas, and
Martian dust storm environments [6]-[9]. Previous studies have
shown that X-rays have strong penetrating capabilities and can
achieve communication in those environments. Hang et al. [6]
demonstrated that the stability of the communication link of
XCOM in the dusty environment of Mars is better than that of
the optical link. Li et al. [7], [8] showed the potential of XCOM
for maintaining real-time communication during the spacecraft
reentry into the Earth’s atmosphere. Zhou et al. [9] showed that
X-rays with energy over 30 keV have incredibly high penetration
even in the high atmosphere of the Earth as well as the plasma
sheath of reentry vehicles and obtained the data rate of 1 Mbps
with the bit error rate (BER) of 10 at the transmitting power
of 140 W. Therefore, XCOM has excellent potential in space
communication and reentry communication.

XCOM uses intensity modulation direct detection to load
and read the signal. The process is shown in Fig. 1. Similar
to optical communication, the critical components of XCOM
are modulated X-ray source, X-ray collimating/focusing optical
system, and pulse X-ray signal receiver.

As a signal transmitter, the performance of modulated X-ray
source directly determines the communication performance. At
present, modulated X-ray sources mainly include light con-
trolled modulated X-ray tube (LMXT) [10], field emission
X-ray tube (FEXT) [11], and grid controlled modulated X-ray
tube (GMXT) [12], which generate X-ray signals by adjusting
light source or grid voltage. X-ray collimating/focusing optical
system affects the transmission distance and power loss of
X-ray signal. Wang et al. [13] designed a hard X-ray collimat-
ing/focusing optical system composed of nested confocal con-
ical supermirrors, and the signal-to-noise ratio (SNR) reaches
71.8 dB at 100 km and 50.1 dB at 1000 km, respectively, when
the transmitting power of X-ray is 100 W.
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Fig. 1. XCOM system in the reentry blackout region.

The pulse X-ray signal receiver determines the communica-
tion rate’s quality and its upper limit. An X-ray signal receiver
should have high bandwidth to support high-speed commu-
nication and high sensitivity to detect weak signals. In the
current research on XCOM, the X-ray signal receivers used for
signal reception are silicon drift detectors (SDD) [14], [15] and
microchannel plate (MCP) detectors [16], [17]. These receivers
have high detection efficiency for X-rays with 10-20 keV energy.
However, the X-ray energy is usually as high as 30-100 keV
in specific applications, such as communications in the black
barrier area and the Martian dust environment. In this energy
range, the detection efficiency of the above detectors is extremely
low, and realizing communication is difficult. Except that, above
detectors are mainly introduced from the X-ray energy spectrum
measurement or pulsar measurement, and they are not specially
designed for the XCOM system, resulting in the communication
rate being limited to 100 kbps.

A pulse X-ray signal receiver based on the coupling of
Iutetium—yttrium oxyorthosilicate (LYSO) scintillator and sil-
icon photomultiplier (SiPM) photodetector is proposed to meet
the requirements of high detection efficiency and high bandwidth
for the signal receiver in XCOM. The signal processing module
of the receiver is designed based on a field-programmable grid
array (FPGA). The communication bandwidth at Mbps level and
BER on the order of 1.0 x 107 are realized.

II. DESIGN OF THE PULSE X-RAY SIGNAL RECEIVER
A. The Design Scheme of the Pulse X-Ray Detector

An LYSO scintillator and a JARY-TP3050-8 x8C SiPM de-
tection array are adopted to form the pulse X-ray detector. Their
parameters are listed in Table I [18]. As shown in Fig. 2, the
emission spectrum curve of LYSO [19] matches well with the
quantum efficiency curve of SiPM. In order to further improve
the collection efficiency of scintillation photons, the photons
emission side of the LYSO crystal is coupled with SiPM by
using optical grease, and the other sides of LYSO are deposited
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TABLE I
THE PARAMETERS OF LYSO AND SIPM

characteristics parameter
Thickness 5 mm
Attenuation time 40 ns
Light yield 28000 ph/MeV
Emission peak 420 nm
refractivity 1.81
Spectral response range 250-950 nm
Peak wavelength 420 nm
PDE eak wavelength 35%
SiPM @ peak & .
Gain 2.5 x10
Pixel size 50 pm x 50 um
Number of pixels 215296
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Fig.2. The luminescence spectra curve of LYSO and the PDE curve of SiPM.

with a Teflon reflective layer and wrapped with insulating black
tape. X-rays with less than 40 keV can ultimately deposit energy
in a 5 mm thick LYSO scintillator. Based on the light yield
and emission spectrum of the LYSO scintillator, its energy
conversion efficiency is calculated to be 8.17%. According to
the curves in Fig. 2, the energy conversion efficiency of SiPM is
calculated to be 29.3%. Therefore, the overall energy conversion
efficiency of the detector is 2.42%.

LYSO scintillator is inevitably doped with a small amount
(2.6%) of '"°Lu isotope during preparation. !"*Lu decays by
3 emission accompanied with excited states of '"Hf, and this
process produces a background pulse signal, as shown in Fig. 3.
LYSO spontaneously decays to 202 and 307 keV X-rays due
to the radioactivity of '7°Lu [20]. These X-rays will increase
the number of error symbols in the communication process
and cause signal judgment and clock synchronization errors.
Therefore, the subsequent signal processing module is further
improved to solve this problem.
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Fig. 3. (a) Simplified '7°Lu decay scheme and (b) !7°Lu energy spectrum.
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Fig. 4. Block diagram of pulsed X-ray receiver.

B. Hardware Design

The pulse X-ray receiver is successfully developed, as shown
in Fig. 4. The signal processing circuit includes a signal am-
plifying module, a comparator circuit module, and an FPGA
module.

The signal obtained by the detector is transmitted to the
signal amplifying module through the coaxial RF connector.
The signal boosting module is an amplifying circuit composed
of voltage feedback operational amplifier chip AD8099. This
module mainly performs amplitude amplification on the weak
signal outputted by the detector.

The comparator circuit module performs pulse distinction
and extraction on the amplified signal. This module is mainly
composed of two high-speed comparison chips, LTC6752. The
amplified signal enters the two-threshold distinguished circuits.
The X-ray pulse signal threshold judgment and LYSO back-
ground threshold judgment are performed, and then two output
pulse signals are obtained.

The FPGA module comprises Xilinx KINTEX-7 FPGA chip
XCT7K325TFFG900 and peripheral circuits. The two pulse sig-
nals generated by the comparator circuit module are sampled by
two 65 MHz analog-to-digital converters (ADCs). The ADC’s
LVDS output is sent to the FPGA for digital pulse processing.
Digital signal processing mainly includes background noise
filtering, signal synchronization bit acquisition, signal judgment,
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Fig. 5. Schematic of (a) signal synchronization bit acquisition and (b) signal
judgment.

and other procedures. The binary symbol signal is obtained
and transmitted to the lower computer for demodulation and
decoding through the UDP network communication protocol.

C. Background Filtering

The function of this module is to filter out the background
noise generated by the doped '7®Lu decays in LYSO scintilla-
tor. The signal enters the comparator circuit module and then
into the threshold judgments of the X-ray pulse signal and the
background noise. The pulse signals (1) and (2) with the same
phase are obtained. The signal contains the X-ray carrier and the
background noise, and signal (2) only has background noise.
After the ADC samples the two signals, they enter the digital
terminal and judge whether or not the high signal level (1) is
retained under the high level in signal (2). At a specific time,
when the channel (2) signal is high level and the channel (1)
signal of the first two sampling points is low level, the duration
of this channel (2) high-level pulse is determined as no X-ray
carrier signal. Conversely, when the channel (2) signal is high
level and the channel (1) signal of the first two sampling points at
this time is high level, the duration of this channel (2) high-level
pulse is determined as having an X-ray carrier signal.

D. Signal Synchronization Bit Acquisition

Fig. 5 shows the proposed recovery principle with the time
slot synchronization clock. The transmitter signal uses the gated
periodic square wave signal shown in Fig. 5(a) as the modulation
signal. The receiving end generates several gated clock signals
with the same period and different phases to recover the time slot
synchronization clock at the receiving end. The phase difference
between adjacent gated clock signals is Ap. During the high-
level period of these clock signals, the counter is controlled to
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Fig. 6. Experimental setup of XCOM performance test system.

count the single-photon pulses outputted by the detector. The
count value after multiple cycles is proportional to the width
of the high-level overlap portion (¢1, 2, £3...). The difference
in photon count values corresponding to several gating signals
in several cycles may be unnoticeable due to the fluctuation of
X-ray flux and detection efficiency. The maximum photon count
value must come from the gating signal with the minimum phase
difference from the time slot clock. Therefore, the receiver can
select the gated periodic square wave signal corresponding to the
maximum number of single-photon pulses as the clock signal to
be recovered.

E. Signal Judgment

The proposed data judgment method is shown in Fig. 5(b).
When the edge detection module detects the arrival of the rising
and falling edges of the time slot synchronization clock signal,
it outputs a flag signal into the counter module. Then the counter
resets and recounts the number of single-photon pulses within
the bit interval of the clock signal. Finally, the signal judgment
module determines the bit information corresponding to the
time slot by comparing the number of single-photon pulses in
the synchronization clock signal of each time slot with the rela-
tive size of the set threshold. When the number of single-photon
pulses in the time slot is greater than or equal to the threshold,
the signal judgment module outputs a high level “1”. Otherwise,
the signal judgment module delays the one-time slot and outputs
a low level “0”.

III. PERFORMANCE TEST

An X-ray communication performance test system is built
using the developed pulse X-ray receiver and the laboratory’s
existing grid controlled modulated X-ray tube, as shown in
Fig. 6. The performance testing of the X-ray signal receiver
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Fig. 7. Average photon energy and single bit photon number under different
anode voltages.

is conducted in this XCOM system, which is also employed to
verify the output signal characteristics of the receiver from the
point of the communication performance.

The X-ray signal transmission process is carried out as
follows. First, the upper computer generates a pseudo-random
binary sequence signal and loads the signal to the power ampli-
fier, converting the binary signals to —100V and OV. Second,
the voltage pulse generated by the power amplifier, called gird
voltage, is applied on the grid of the GMXT to produce pulse
electron beam, which hit an anode target driven by the anode
voltage to emit pulse X-rays. Third, after passing through
the air channel, the pulse X-ray signals reach the receiver. In the
end, the binary signal is sent to the lower computer via Ethernet
for offline demodulation and evaluation. During the process, the
pseudo random binary sequence length is 2'3-1 and the estimate
of transmitter on/off extension ratio of the system is 25.63 dB.

A. Power Calculation

In order to obtain the power-efficiency of the X-ray commu-
nication system, we utilize Monte Carlo toolkit Geant4 [21] to
simulate the emission and transmission process of the X-ray
signal and calculate the average energy and flux of the X-ray
photons received by the signal receiver under different anode
voltages, as shown in Fig. 7. The emission power of the X-ray
tube is the product of the anode voltage and the anode current.
In the experiment and simulation, the anode current is fixed at
1.35 A. Obviously, the emission power only depends on the
anode voltage. The received power is the product of the average
X-ray photons energy and the number of X-ray photons per
bit. With the increase of anode voltage, both the number of
single bit X-ray photons and the average photon energy increase.
Under the anode voltage of 20—40 kV, the average photon energy
increases from 14 keV to 22 keV, the single bit photon number
changes in the range of 1250-9785, and the received light power
is maintained at 2.8-30 puW.

B. Eye Diagram Test

For comparison, the signal characteristics of the developed
pulse X-ray signal receiver and the conventional scheme are
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Fig. 8.

tested simultaneously. In the conventional scheme, the signal
generated by the detector is processed by the same amplifier
module and comparator module, and enters the FPGA by ADC.
But, the FPGA module does not include background noise fil-
tering and signal synchronization bit acquisition, and it directly
determines and outputs signals.

Under air channel conditions, a logic analyzer (RIGOL
DS1104Z) is used to detect the changes in the eye diagram
characteristics of the output signal of the X-ray receiver with
the received power and data rat, respectively. The eye diagram
characteristics studied in this paper include jitter, crossing, rise
time, fall time, and Q-factor. Jitter and crossing reflect the degree
of signal synchronization clock loss. The rise and fall times
reflect the available bandwidth and the tolerable error rate ratio.
The Q-factor comprehensively reflects the SNR of the signal.

Fig. 8 illustrates how the quality of the eye diagram changes
with the data rate. In this experiment, the anode voltage of the
X-ray tube is set to 30 kV, and the filament current is set to 1.35
A. As shown in Fig. 8(a), the jitter of the eye diagram gradually
rises with the increase in the data rate, indicating that the timing
noise of the signal continues to increase. This condition is pos-
sible because the intersymbol crosstalk gradually increases with
the data rate. Fig.. 8(b) shows the change in the crossing with
the data rate. When the data rate is less than 1 Mbps, the signal
crossing of the X-ray signal receiver remains between 49% and
53%. The crossing gradually decreases after the data rate reaches
above 1 Mbps. However, it remains above 44%, indicating that
the signal strength of “1” decreases slightly and remains still
within an acceptable range after the data rate reaches 1 Mbps
or more. This X-ray signal receiver’s eye jitter and crossing are
significantly improved compared with the conventional scheme.

Fig. 8(c) illustrates how the rise and fall times change with
the data rate. The rise and fall times of the proposed X-ray signal
receiver are reduced by approximately 10% compared with the
conventional scheme. With the increase in data rate, the rise and
fall times of the eye diagram continue to increase, but they are

05 10 15
Data Rate (Mbps)

Eye diagram characteristics at different data rates: (a) jitter, (b) crossing, (c) rise and fall times, (d) Q-factor.

less than 18 ns, thereby meeting the XCOM rate requirement.
Similar to the experimental results discussed above, the Q-factor
of the eye diagram gradually decreases as the data rate increases
in Fig. 8(d). This phenomenon is mainly because the high data
rate reduces the intensity of the unit pulse signal. The Q-factor
of the proposed X-ray signal receiver is significantly better than
the conventional scheme. The Q-factor of the eye diagram for
the receiver is still higher than 8 dB when the communication rate
is lower than 1.8 Mbps. While, the Q-factor of the conventional
scheme is always lower than 6 dB in tests at all speeds due to
the poor SNR.

The change in eye diagram quality with the received power
of the X-ray tube is shown in Fig. 9. In this experiment, the data
rate is 0.714 Mbps, and the filament current is 1.35 A. When
the received power is below 10 pW, the transmitter’s signal
strength is feeble, making the jitter and crossing poor, as shown
in Figs. 9(a) and (b). With the increase in received power, the
signal crossing of the proposed X-ray signal receiver gradually
increases and remains between 50% and 53% at 10 W or more.
The jitter of the eye diagram gradually decreases. The crossing
and jitter of the proposed receiver are significantly better than
the conventional scheme.

Fig. 9(c) illustrates the change in rise and fall times with the
received power. Compared with the conventional scheme, the
rise and fall times of the proposed X-ray signal receiver are
slightly reduced. With the increasing in received power, the rise
and fall times of the eye diagram decrease. The rise and fall
times are less than 20 ns when the received power is higher than
10 pW. As shown in Fig. 9(d), the Q-factor of the conventional
eye diagram increases with the received power; however, it is
always lower than 6 dB. The signal eye diagram Q-factor of
the proposed X-ray signal receiver illustrates rising and then
falling with the received power. When the received power is low,
the signal strength is weak. Thus, the signal quality gradually
increases with the increase in received power. However, over 10
W, the pulse height of the signal is similar to the pulse height of
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by one to two orders of magnitude compared with the conven-
tional scheme. When the data rate is below 1.21 Mbps, and the
received power is between 6-16 W, the XCOM system’s error
rate is lower than 1.0 x 1073, This result proves that the proposed
pulse X-ray signal receiver can filter high-intensity background

As shown in Fig. 10(b), the system’s BER gradually decreases
with the increase in the data rate under a particular signal
strength. The unit pulse time slot decreases with the increase
in the data rate. The width of the background noise generated
by the scintillator itself is a fixed value. Thus, its proportion

With the increase in received power, the X-ray signal receiver
system’s error rate gradually decreases firstly, reaches the lowest
point at approximately 10 W, and then slowly rises. This result
is consistent with the relationship between the Q-factor and
the received power in Fig. 9(d). This phenomenon is because
the pulse height of the signal is similar to the pulse height of
the background noise generated by the scintillator itself when
the received power is higher than 10 ¢W. Thus, the background
filtering module filters part of the correct signal, increasing the
BER. This problem is caused by the amplitude limitation of
the signal amplification module. This part will be improved in

Fig. 9. Eye diagram characteristics at different received powers: (a) jitter, (b) crossing, (c) rise and fall times, (d) Q-factor.
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scheme, (b) pulse X-ray signal receiver Communication performance test.

the background noise generated by the scintillator itself, causing
the “background filtering module” to filter part of the valid signal
and reducing the Q-factor.

Fig. 10 compares the communication performance of the
XCOM system. Under the same conditions, the error rate of the
proposed X-ray signal receiver system is significantly reduced

The relationship between received power and bit error rate
at different data rates is shown in Fig. 11. It can be seen that
under different bit error rate conditions, the minimum received
power maintains an upward trend as the data rate increases. If the
system’s sensitivity is defined as the minimum received power of
the receiver when the BER reaches 107, the sensitivity remains
at-22.2 to -19.8 dBm at a data rate of 0.2—1.2 Mbit/s, increasing
slowly with increasing speed. When the data rate is much higher
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The relationship between received power and BER under different

than 1.2 Mbit/s, the bit time is close to the output pulse width of
the receiver so that the required received power increases rapidly
at the same BER.

The receiving power is really high in XCOM compared with
the optical communication. The main reason is the low energy
conversion efficiency of the LYSO scintillator to the X-ray
signal. Although the LYSO scintillator can effectively detect
X-rays with energy greater than 30 keV, its energy conversion
efficiency is only 8.17%, resulting in a power waste of -10.8
dB. In the following work, we will try to use scintillators with
better light yield or try to use new semiconductor materials
such as CZT detectors to directly detect X-rays to improve
the receiver sensitivity. In the following work, scintillators with
better optical yield or new semiconductor materials will be tried
to detect X-ray pulse signals to enhance the receiver’s sensitivity.
In addition, the considerable noise power of the receiver is also
one of the reasons for the unsatisfactory sensitivity. In the future
work, we will further improve the performance of the receiver
by improving the noise filtering module.

The experimental results prove that the low BER (<107)
X-ray communication at Mbps rate is realized for the first time
using the X-ray signal receiver designed in this paper. The
existing signal receivers, SDD [15] and MCP [17], used for
X-ray communication, can only achieve X-ray communication
at a 25 kbps rate under the same BER. This comparison result
proves the superiority of the proposed LYSO-SiPM pulsed X-ray
signal receiver.

IV. CONCLUSION

A pulse X-ray signal receiver, including an LYSO-SiPM
detector and signal processing module, is designed for X-ray
communication. The signal processing module of the receiver
is designed based on FPGA. This module realizes background
filtering, signal synchronization bit acquisition, signal judgment,
and other programs. It also solves the problem of poor commu-
nication performance caused by considerable background noise
and weak signal strength in the actual communication process.
Experimental results verify the system’s signal characteristics
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and BER performance at different data rates and received pow-
ers. The Q-factor of the eye diagram of the pulse X-ray signal
receiver is always higher than 6 dB. When the data rate is less
than 1.21 Mbps and the received power is between 6-16 W, the
BER of the pulse X-ray signal receiver is less than 1.0 x 107°.
The proposed solution achieves the filtering of high-intensity
background noise and the detection of low-power signals. The
experimental results prove the feasibility and superiority of the
proposed LYSO-SiPM pulsed X-ray signal receiver.
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