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In this work, we constructed a two-transmitter, two-receiver array based on grid-controlled modulated X-ray
tubes and plastic-scintillator-coupled SiPM detectors to improve the communication rate of X-ray communication
(XCOM) systems. The effects of various working parameters, and array dimensions on the bit-error-rate of the
system were investigated. We derived the relationship between array dimensions and spatial correlation coef-

ficient theoretically, and pointed out that a higher spatial correlation coefficient is the main reason affecting
system performance experimentally. The array communication system achieves a communication data rate of
3.6 Mbps under a 12.5 cm laboratory atmospheric channel with a moderate spatial correlation coefficient of 0.5.
The array XCOM system can effectively increase the data rate compared with previous work. This study can
provide an experimental foundation and design reference for the establishment of a multiple-input, multiple-

output array XCOM system.

1. Introduction

X-ray communication (XCOM) is a wireless optical communication
method that loads information on the characteristic parameters of X-
rays for information transmission [1,2]. With the advantages of
extremely high theoretical bandwidth, a narrow diffraction limit, and
good directionality and confidentiality, XCOM has high application
prospects in reentry blackout communication, intersatellite communi-
cation, and aircraft navigation. Therefore, XCOM is known as “the
next-generation aerospace communications technology [3,4]”. A typical
XCOM system consists of transmitters, such as the grid-controlled
modulated X-ray tube (GMXT), light-controlled modulated X-ray tube
(LMXT), and field emission X-ray tube (FEXT) [5,6], receivers, such as
silicon drift detectors (SDD) [7], the scintillator lutetium-yttrium oxy-
orthosilicate (LYSO) couple with silicon photomultiplier (SiPM) de-
tectors [8], and avalanche photodiode detectors (APD) [9], and
focusing-collimating devices [10]. Current research on X-ray commu-
nications is mainly based on the single-input, single-output (SISO)
communication mode [11]. Li et al. achieved a data rate of 200 kbps in a
wavelength division multiplexing system [12]. Timofeer et al. achieved
a rate of 0.7 Mbps based on a photocathode X-ray source [13]. Xuan [6]

and Liu [8] used different detectors to achieve data rates of 100 kbps
with bit error rate (BER) at 9.21E-2, and 1.21 Mbps with BER at 1E-5,
respectively. The bandwidth of current modulated X-ray tubes is typi-
cally several megahertz, and the fastest time resolution of X-ray de-
tectors used in XCOM is approximately a few hundred nanoseconds [14,
15]. These two parameters limit the further improvement in commu-
nication data rate of the SISO-XCOM system. The solution to further
improve the XCOM system rate is to build a multiple-input, multi-
ple-output (MIMO) X-ray communication system. A typical
MIMO-XCOM system consists of multiple pulsed modulated X-ray
sources, focusers/collimators, and multiple pulsed X-ray detectors, as
shown in Fig. 1. MIMO uses the degrees of freedom in the spatial
dimension to improve communication reliability [16-18]. The MIMO
system divides the high-speed input signal into multiple low-speed sig-
nals. The low-speed signals are modulated and transmitted by different
pulse transmission sources, and then received and demodulated by
corresponding receivers to achieve high-speed signal transmission [16].
Since the fading process experienced by photons in different channel
links is different, the MIMO system can also effectively combat link
fading by selecting an appropriate signal combining method. However,
since the photon beam reaching the receiver drifts and broadens, and
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Fig. 1. Structure diagram of MIMO-XCOM.
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Fig. 2. (a) Photograph of the a two-receivers and two-transmitters array XCOM performance test system, (b) layout of the array detector, (c) GMXT, and (d) plastic

scintillator coupled SiPM detector.

both the transmitter and the receiver need to be miniaturized, this array
structure is bound to be affected by spatial correlation and signal
crosstalk [19,20]. Therefore, it is essential to investigate the factors
affecting the performance of array XCOM systems.

In this study, we analyzed the feasibility of array XCOM by con-
structing an array system using two GMXTs as transmitters and two
plastic scintillators coupled with SiPMs as receivers. The relationship
between the system’s BER and the anode voltage, filament current, and
array dimensions was analyzed, respectively. We clarified the relation-
ship between array size and the correlation coefficient theoretically and
demonstrated the impact of the array correlation coefficient on
communication performance experimentally. We achieved a 3.6 Mbps
communication rate while maintaining BER below the forward error
correction (FEC) threshold.

2. Design of the array XCOM system
2.1. Experimental setup

The experimental setup diagram of the MIMO system is shown in
Fig. 2. The grid-controlled modulated X-ray tube is well known for its

mature process and affordable price. It was used as a transmitter in this
experiment. Plastic scintillators have high transparency, short decay

time, and high optical output, which offer the possibility of high-
frequency X-ray detection. Thus, the plastic scintillator detector
coupled with SiPM was selected as the receiver. On-off keying (OOK)
modulation was employed in this experiment. A pseudorandom
sequence was generated by an arbitrary waveform generator. The
generated pulse voltage signal was amplified by a power amplifier and
loaded on the grid of a GMXT, which generated produced pulse X-rays
by bombarding the anode target with the electron beam. The on/off of X-
rays can be controlled by switching the grid voltage. When the signal is
“0”, the grid voltage is —65 V, cutting off the electron beam completely
and preventing the emission of X-rays. when the signal is “1”, the grid
voltage is 0 V, and the electron beam passes through the grid to bombard
the anode target, generating X-rays. The energy and flux of X-ray pho-
tons are controlled by the anode voltage and filament current, respec-
tively. The practical application scenario of XCOM is the low-density
upper atmosphere and vacuum atmosphere, which is equivalent to the
attenuation of long-distance transmission X-ray through the high-
density lower atmosphere in the laboratory [21]. After passing
through the air channel, the X-rays were detected by a plastic scintillator
detector, and the resulting electrical pulse signal was recorded by a
digital oscilloscope before being demodulated via threshold judgment
and analyzed offline.
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Fig. 3. Structure of a two-receivers and two-transmitters array XCOM system.

2.2. The spatial correlation coefficient of arrays

Currently, XCOM primarily adopts intensity modulation to load in-
formation. Signal demodulation is accomplished at the receiver by
detecting the radiation intensity information. The cross talk between
different links is bound to exist in a system with multiple transmitters
and receivers. We used the spatial correlation coefficient to characterize
the ability of different receivers to transmit signals in parallel. The
structure of a two-receivers and two-transmitters array XCOM system is
shown in Fig. 3. The channel gain h is defined as the ratio of the received
power P, to the transmitted power P;.

P,

h:Ft’ (€9)

For a system with multiple transmitters and multiple receivers, the
channel matrix H can be expressed as
P, = Hx+Py, (2)

where H is the channel transmission matrix, and h; represents the link
gain received by the i-th receiver to the j-th transmitter.

hll h12 e hlm

H _ h21 h22 b h2m 7 (3)
. . hy

hnl hnZ b hnm

where h;; can be written as [22]
1 A, cos(py)
hy = 2 &2 “11,Ro (5); )
27 [, Ro(p)sin(p)dp ~ *

where A, is the detector area, 6, is the maximum beam half angle, d; is
the distance between the transmitter and receiver, 7, is the link atten-
uation coefficient, ¢ is the angle between the detector and the X-ray
source normal, ¢ is the phase angle of the detector located at the X-ray
source normal, and Ro(¢) is the power spectrum distribution.

The intensity of the X-rays produced by GMXT is uneven because of
the structural design and packaging method. The non-uniformity of X-
ray intensity distribution caused by the “heel effect” results in a large
error when the conventional Lambert emission model is used to
construct the emission pattern of GMXT. Given that the intensity of the
X-rays emitted by the reflective X-ray tube shows a cosine distribution,
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Fig. 4. BER versus filament currents and anode voltages.

the Gaussian function is used to fit the relative intensity function. The
maximum beam half-angle is set to 7/13. Ro(¢) can be modified as [22]

Ro(p) =10 + {‘1()'(;()/2)1/2]63‘1’{2<¢ao%)}7 (5)

where
co=17.347, ¢, = —3.303°, ap = 14.355, ry = 0.0505.

The spatial correlation coefficient pj; of the array system is defined as

2
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For an array of two transmitters and two receivers, p}, is given by

hi1hiz + harhyy

Pha = ) @
\/hil +h3; % \/hfz +hi,
The system is left right symmetric. Thus,
hll = h221 h12 = h217 (8)

The spatial correlation coefficient is expressed as follows by recti-
fying the above equation

1
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3. Results and discussion
3.1. BER versus filament current and anode voltage

The electrical parameters of the GMXT directly affect the perfor-
mance of the transmitter, so we first discuss its impact on communica-
tion performance. The transceivers of the array system are 10 cm apart,
whereas the detectors are 5 cm apart. The communication rate is 1.8
Mbps, and the FEC threshold is 3.8E-3. We tested the performance of the
array system under different anode voltages and filament currents, and
the results are shown in Fig. 4. As the anode voltage increases, the en-
ergy of the X-ray photons increases. The BER of the two GMXT systems
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Fig. 5. BER versus geometric dimensions (The red line represents the perfor-
mance of the array system at different GMXT distances with D = 15 cm; the
dark blue line represents the performance of the array system at different de-
tector distances, with L = 10 cm).

shows a downward trend when the filament current is 1.40 A and 1.45 A,
while the system BER decreases first and then increases when the fila-
ment current is 1.50 and 1.55 A. For the GMXT, the filament current
determines the flux of the X-ray photons, and the anode voltage de-
termines the energy of the X-rays. The two together determine the in-
tensity distribution of the X-ray photons in space. As the intensity of the
X-rays increases, the pulse amplitude of the detector gradually increases,
and the threshold judgment becomes more accurate, so the BER will
decrease. However, as the intensity increases, the detector is increas-
ingly interfered by signals from different receivers. The detector
simultaneously detects X-rays from multiple transmitters and superim-
poses them on the output signal waveform, causing some "0" signals to
be mistakenly understood as "1" signals, resulting in an increase in the
system BER. The source of the final system BER change is the competi-
tive relationship between the two. At the same time, we noticed that at
anode voltages, such as 35 kV, the system’s BER changes significantly
with the change in filament current. This is because the plastic scintil-
lator detector is more sensitive to X-ray flux. When the filament current
is 1.40 A, the anode voltage increases from 30 kV to 40 kV, and the
detector pulse amplitude only increases by about 10 mV, and the pulse
amplitude after the increase is about 50 mV. When the tube voltage is 40
kV, the filament current increases from 1.40 A to 1.50 A, and the de-
tector output pulse amplitude increases by about 150 mV, and the pulse
amplitude after the increase is about 200 mV. Because in the actual
communication process, the plastic scintillator pulse amplitude has a
certain random jitter effect (the jitter amplitude is generally around 15
mV), when the pulse amplitude is low, this jitter poses a great challenge
to the accuracy of the threshold judgment. As the pulse amplitude in-
creases, the impact of this effect can be eliminated by setting a higher
threshold voltage.

3.2. BER versus geometric dimension

The dimension of the array is one of the important parameters of the
array structure, and its impact on communication performance is
crucial. Fig. 5 shows the performance of the array system with different
geometric dimensions. Here D is the distance between the detectors, and
L is the distance between the GMXT and detector. The array system only
has two GMXTs and detectors. Thus, changing the distance between
them independently has the same spatial effect. In this experiment, the
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Fig. 6. Simulation result of spatial correlation coefficients p for different geo-
metric dimensions base on Matlab (L is the distance from the GMXT to the
detector, and D is the distance between the two detectors.).

anode voltage is 40 kV, the filament current is 1.45 A, and the array’s
communication rate is 1.8 Mbps. The distance between the GMXT and
detector is 10 cm. When the detectors are close together, the detectors
will receive signals from different GMXTs simultaneously, affecting the
signal determination. As D increases, the BER improves. However, when
D is larger than 15 cm, the detector gradually deviates from the field of
view of the transmitters, the number of received photons decreases, and
the BER starts to increase again gradually. As the distance L increases,
the number of X-ray photons received by the detector decreases, the
generated pulse waveform decreases, and the amplitude of the output
signal strength weakens, thereby increasing BER.

3.3. BER versus spatial correlation

Owing to the OOK modulation used in this experiment, we determine
whether the signal is “0” or “1” by the intensity change of the X-rays. The
ideal situation for an array system is that the receiver only receives the
signal from its corresponding transmitter, and the signals from different
transmitters do not interfere with each other in space. However, the X-
ray signals from various transmitters are superimposed inevitably in
space. Moreover, the XCOM system channel is a line-of-sight (LOS) link,
and the X-rays emitted by GMXT have a divergence angle, exacerbating
the array system’s spatial correlation. On the basis of the analysis in
Section 2.2, we used the spatial correlation coefficient to describe the
system’s ability to transmit signals independently and parallelly. The
correlation coefficients p of the array system with different geometrical
dimensions were simulated by MATLAB. The results are shown in Fig. 6.
When D is certain, the differentiation of the X-ray signals received from
different transmitters gradually decreases as L increases, and the spatial
correlation coefficient increases. When L is certain, the influence of the
transmitter on the noncorresponding receiver gradually decreases as D
increases, and the spatial correlation coefficient decreases.

We change the spatial correlation coefficient of the system by
adjusting the array size. Although both XCOM and visible light
communication (VLC) have a high correlation coefficient [19,23], VLC is
frequently affected by photon scattering in different paths [24], whereas
this effect is insignificant in XCOM due to X-rays’ high penetration.
Therefore, even if the correlation coefficients of those two types of
communications are the same, the impact of the correlation coefficients
on communication performance is different. Since the transmitters must
be miniaturized in actual deployment, the situation of p = 0 is difficult to
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Fig. 7. Experimental result of BER versus spatial correlation coefficient.

achieve. To illustrate the effect of different spatial correlation co-
efficients on system performance, a test was done under various spatial
correlation coefficients of p = 0.3, 0.6, and 0.9, respectively, and the
experimental results are shown in Fig. 7. In this experiment, each BER
point tested about 6 M bits. When there is no error bit, it is recorded as
1E-7 in the logarithmic coordinate graph, as shown in Figs. 7 and 8. As
the correlation coefficient increases, the overall performance of the
system decreases. At the same data rate, when p = 0.3 the system’s BER
is 1-2 orders of magnitude lower than that of p = 0.9. Similarly, at the
BER of 3.8E-3, when p = 0.3, the system’s data rate increased by
approximately 1Mbps compared to p = 0.9.

3.4. BER versus data rate

The maximum communication data rate is an important criterion for
evaluating a communication system’s performance. Owing to the need
for miniaturization design of multiple transceivers in actual
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communication processes, there is inevitably a certain correlation in the
system. Taking a medium correlation coefficient of p ~ 0.5 with L =
12.5 cm, and D = 10 cm as an example, we tested the maximum data rate
when the anode voltage was set to 50 kV and filament current was 1.50
A. The results are shown in Fig. 8. The performance of the experimental
system in SISO mode and MIMO mode are shown as black lines and red
lines respectively. Array system can bring a gain of 1.6 Mbps to the
XCOM system. Compared with previous works of Refs. [8], [12], [22],
and [25], the array system is able to effectively increase the data rate.
Under the condition that the bit error rate is 3.8E-3, the data rate of the
developed array system is increased by 1.7 Mbps. Even when the data
rates are all about 1.2 Mbps, the BER of the array system is significantly
low. This result that despite the presence of correlation interference, the
developed MIMO-XCOM system still has good performance.

The eye diagram is one of the most effective means to detect signal
integrity. An eye diagram test on the scintillator output signal was
performed at 1.2 and 3.6 Mbps, as shown in Fig. 8(b) and (c), respec-
tively. The eye diagrams of the two detectors are relatively similar at the
same data rate, so we only show one of them here. The interference
between adjacent bits at a low rate is minimal. Thus, the eye diagram
features are relatively intact. The interference between two adjacent bits
becomes obvious when the data rate reaches up to 3.6 Mbps. Moreover,
the high level has obvious fluctuation, and the low level does not return
suitably to the “0” position. Thus, demodulating the signal based on
threshold judgment becomes difficult. Finally, the communication rate
of the array system reaches 3.6 Mbps with an FEC threshold of less than
3.8E-3.

4. Conclusion

In this work, we used a MIMO approach in constructing a two-
transmitter, two-detector array XCOM to improve the system’s perfor-
mance. The effects of various working parameters and array dimensions
on the BER of the system were investigated. The spatial correlation co-
efficient of the array system was calculated theoretically. Compared
with the system’s BER when p = 0.3, that when p = 0.9 increases by 1-2
orders of magnitude and the corresponding maximum communication
data rate decreases by 1 Mbps. The array system achieves a communi-
cation data rate of 3.6 Mbps in a 12.5 cm laboratory air channel with

1E+0
E (a) This Work
1E-1 .
1E-2 I_360 kbps@3.8E-3 Eﬂin =1.6 Mbps 1
R e . .
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Fig. 8. (a)BER versus data rata of XOCM, (b) eye diagram at data rata is 1.2 Mbps and (c) eye diagram at data rata is 3.6 Mbps
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spatial correlation coefficient at 0.5 and BER below the FEC threshold of
3.8E-3. Compared with previous works, under the same BER, the data
rate of the array system is increased by 1.7 Mbps. The array system still
has advantages in BER even at the same data rate. To the best of our
knowledge, this is the first experiment to build a multi-input multi-
output XCOM system. This study proposes a new idea to increase data
rate and lays the foundation for the design of a MIMO array XCOM
system.
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