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This paper introduces the characteristics of the LYSO-SiPM-based receiver used in X-ray communication (XCOM).
The X-ray signal receiving scheme based on a scintillator and photodetector is an important part of the XCOM
system. However, the inherent characteristics of the scintillator and photodetector hinder the improvement of
the performance of the X-ray signal receiver. Thus, this paper proposes a comprehensive analysis model for
modeling the counting statistical characteristics of the LYSO-SiPM-based receiver, and analyzes the effects of the

receiver’s characteristics on the communication performance of the OOK-modulated XCOM system. Further-
more, the LYSO-SiPM pulse X-ray signal receiver is optimized, and its performance in the XCOM experiment is
tested. The experimental results are consistent with the theoretical analysis trend, indicating that the proposed
analytical model can be used for XCOM performance analysis and optimization.

1. Introduction

X-ray communication (XCOM) technology is a new communication
technology that uses X-rays as a carrier of information transmission [1].
X-ray photons have high energy and strong penetrability, which makes
X-ray communication theoretically have larger bandwidth, lower
divergence, and higher directionality compared to traditional commu-
nication methods. It has good application prospects in the communica-
tion of space, spacecraft reentry blackout, and Martian dust
environments [2-4], especially that have been proved to be able to
penetrate the plasma sheath which the microwave signals are difficult to
pass through [3]. The concept of XCOM was first proposed by Gendreau
of Goddard Flight Center in the United States [5], and a communication
verification experiment was conducted [6]. In our previous study [7],
the XCOM system based on a groove-shaped grid-controlled modulated
X-ray tube and LYSO-SiPM-based receivers can achieve Mbit/s-level
communication capability. XCOM uses intensity modulation direct
detection to load and read signals.

As a critical component of the XCOM system, the pulse X-ray receiver
determines the quality and upper limit of the communication rate of the

system. Our current research uses the LYSO-SiPM-based receiver as an X-
ray signal receiver. In this receiver, the 2 x 2 x 0.5 cm® LYSO scintillator
receives pulsed X-ray signals and generates optical photon pulses. Sub-
sequently, the optical signals are collected by a SiPM (JARY-TP3050-8
x 8C) [8] to create electrical signals. The structure of the
LYSO-SiPM-based receiver is shown in Fig. 1.

X-ray photons interact with the atoms and generate visible light
signals after they enter the scintillator. These stages prolong the time of
photon generation, transmission, and emission so that the time profiles
of the incoming X-ray signal and the outgoing optical signal will no
longer coincide [9,10]. SiPM is a novel high-performance semiconductor
photodetector composed of multiple avalanche photodiodes (APDs)
operating in Geiger mode in parallel [11,12]. APDs operating in Geiger
mode can generate macroscopic currents under a single photon, hence
they are called single-photon avalanche diodes (SPADs). In Geiger
mode, after the avalanche current is generated, the bias voltage needs to
be reduced below the breakdown voltage, and this process is called
avalanche quenching. Subsequently, it is necessary to increase the bias
voltage again to return to the Geiger mode and wait for the next photon
incident. During the SPAD quenching-reset period, the device is unable
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to respond to incoming photons, which is called the dead time. The main
ways to achieve avalanche quenching are passive quenching (PQ) mode
and active quenching (AQ) mode [13]. The dead time of AQ is constant,
whereas, the photons arriving during the dead time can extend their
duration in PQ mode.

The nonideal state of the receiver has been studied in optical
communication. However, relevant research has not been carried out for
X-ray communication. In Ref. [14], the exact expressions for the prob-
ability distribution and moments of photocounts in the presence of dead
time are derived for active quenching (AQ) and passive quenching (PQ)
APDs, and the photocount statistics of an AQ APD receiver with a long
dead time are investigated [15].

Huang et al. [16] proposed a novel detection scheme that utilized the
information extracted from the counts and arrival times of photons for
optimal symbol detection in the presence of nonlinear and random ISI
effects to mitigate the performance degradation effectively. In Ref. [17],
a method for analyzing the bit error rate (BER) performance of the APD
optical receiver is introduced, and the influence of crosstalk and other
effects on the performance of the optical receiver is investigated.
Establishing the photon counting and BER model of the
LYSO-SiPM-based receiver is of great significance to understand its
non-ideality effects thoroughly. This approach is very helpful in iden-
tifying the most limiting effect for further optimizations and, therefore,
is critical to attempt further improvements.

In this work, we establish a mathematical framework to simulate the
photon counting behavior and communication capability of the LYSO-
SiPM pulse X-ray signal receiver precisely. Based on this model, we
provide the exact probability distribution, and mean, to study the effects
of dead time, signal intensity, and quenching mode on the counting
ability of the LYSO-SiPM-based receiver. We study the BER performance
of XCOM links under on-off keying (OOK) modulation. In addition, we
build an XCOM experimental platform to test the communication
capability of the LYSO-SiPM pulse X-ray signal receiver and compare the
theoretical and experimental results.

The remainder of this paper is organized as follows. Section II pro-
poses the nonlinear statistical model of an X-ray signal in the presence.
Section III presents the numerical results and analyzes the relationship
among data rate, counting performance, and BER. Section IV describes
the XCOM experimental testing system model based on the LYSO-SiPM
signal receiver and analyzes the experimental results. Finally, Section V
provides the concluding remarks.

2. Counting statistics and performance evaluation
2.1. Widening of signal profile caused by LYSO scintillator

According to the luminescence mechanism of scintillators and
existing research [18], it is known that after a single X-ray photon is
incident, the luminescence intensity of the scintillator will quickly reach
its maximum value, and then gradually decrease in a single exponential
decay pattern. Its response function can be expressed as:
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t—tr

w(t) = (e(t) —e(t—tr))t£+e(t—t,)e’ =, a

where &(t) represents the step function, ¢ is the rise time of the scintil-
lation light and t is the decay time of the scintillator.

The output light intensity of scintillators can be obtained by
convolving the X-ray input signal intensity with the scintillator response
function, as illustrated in Fig. 2. It is evident that the contour of the
output light signal is distorted. The rising edge of the signal undergoes
approximately 4 times the decay time before reaching its maximum
intensity and maintaining stability. Since signal synchronization during
communication relies on the rising edge, the extended rise time can lead
to synchronization difficulties. Following the termination of the X-ray
signal, the scintillator light response process causes the signal falling
edge to decay in a negative exponential form.

The response function of scintillators is determined by their physical
processes and cannot be altered. To mitigate the impact of output light
signal contour distortion, the X-ray signal waveform of the input scin-
tillator is optimized here. In the initial stage of the signal, in order to
shorten the rise time of the light signal output by the scintillator, it is
necessary to increase the intensity of the X-ray signal by t times at the
initial moment. In order to reduce the impact of the signal falling edge
on subsequent signals, the end time of the signal can be advanced from T
to T — 7, which can be expressed as:

px(t) = Ax((e(t) — e(t — 1 ns))r + e(t — 1 ns) — e(t — (T — 27))), @

where Jx represents normalized X-ray intensity.

The optimized X-ray signal waveform can be convolved with the
scintillation response function to obtain the optimized scintillation light
waveform as shown in Fig. 3. It can be seen that after optimization, the
rising edge of the flicker light waveform is shortened to be the same as t,
(the rise time of the scintillation light after a single X-ray photon is
incident), and the falling edge is also reduced, reducing the impact on
the next signal.

2.2. Counting statistics of LYSO-SiPM-based receiver

The ideal photon count distribution for SPAD follows the Poisson
distribution [19]:
a0k
plkt) = 2 e, ®
k!
where 1 is the photon arrival rate, which is proportional to the intensity
of the incident X-ray signal, t is the measurement time and k is the
number of photons. Due to the existence of dead time (T;), when SPAD
has a photon counting event, its counting process no longer obeys the
Poisson distribution.

2.2.1. Renewal process
In this paper, the renewal process model is introduced to calculate
the actual photon counting probability distribution. The renewal process
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Fig. 1. Schematic of the LYSO -SiPM pulse X-ray signal receiver.
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Fig. 2. The optical waveform output by the LYSO scintillator when irradiating square wave X-ray signals.
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Fig. 3. Optimized optical waveform output by LYSO scintillator.

describes the counting process in which the interval between two
adjacent point events corresponds to independent and equally distrib-
uted random variables. In the process of counting photons in SPAD, the
time interval between two-photon detection conforms to the definition
of the update process. Here S; is used to represent the time interval from
the i — 1 to the i photon count, and its distribution function can be
expressed as:

ROy =Pis <t = [ S0 @

where f(t) is the probability density function of F(t).

Define Tj as the total time spent by k renewals, and N(t) as the total
number of renewals in the interval [0,t], then the probability distribution
Fy(t) of k renewals can be modeled as the k-convolution process of F(t),
and the corresponding probability density function fi(t) of Fi(t) is
defined as:

R0 = [ fuode ®)

Define p(k,t) as the probability of recording k counts in [0, t]:

p(k,t) = P{N(t) =k}
=P{N(t) <k} —P{N(t) <k — 1} (6)
= P{Tyy1 >t} — P{T >t}
= Fy(t) — Fisa (t)

The above formula shows that the counting distribution p(k, t) at [0, t]
can be obtained by solving Fi(t) or fi(t).

In the actual calculation process, f(t) can be obtained directly. To
solve p(k,t) by f(t), we introduce the Laplace transform. Let w(s).
wi(s)s  Fi(s) represent the Laplace transform of f(t). fi(t) and Fy(t),
respectively. It has been mentioned before that fi (t) can be obtained by
the k-convolution of f(t), and Fi(t) is the integral of fi(t), then according
to Laplace’s integral formula and Laplace’s convolution theorem, Fy(s)
can be expressed as:

)

Fi(s) = /0 " Fe(t)etde = % /0 " fuBede = %y/k(s) _¥e

S

The Laplace transform p(k,s) of p(k,t) can be expressed as:
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k

plk.s) = Fils) Y1y ®

By the inverse Laplace transformation of p(k,s), the counting prob-
ability distribution p(k,t) can be obtained.

— Fe (S) =

2.2.2. Counting probability distribution of SPAD in active quenching (AQ)
mode

In AQ mode, following the detection of a photon and the subsequent
output of a count, SPAD experiences a dead time (T;) during which
photons may still reach it, but SPAD will not respond. Assuming that a
photon counting event occurs at time t = 0, the time interval from t = 0
to the occurrence of the next counting event comprises two distinct
phases: (1) SPAD cannot respond to photons during [0, T,] time. (2) After
T4, photons arrive and are counted at time t. Since the process of photons
reaching the SPAD occurs continuously and independently at a constant
average rate, the probability of phase (2) can be calculated from a
negative exponential distribution. So, the probability density function
f(t) for the time between two counting events can be expressed as:

F(t) = (e(t) — e(t — Tg)) % 0 + e(t — Ty)ae T, ©)

Therefore, SPAD is idle at time t = 0, and its counting probability
Paq(k, t) can be expressed as follows: a photon counting event occurs at
the time t;, and the k — 1 counting renewal process matching formula
(9) occurs at the time (t;, t), and its mathematical expression can be
written as:

paglk,t) = 2e ™ @pap(k —1,1), 10)

where ® represents the convolution process and ps ,,(k — 1, t) represents
the photon counting renewal process in AQ mode.

According to equation (7), the Laplace transform of f(t) can be ob-
tained as:

A
—st At— Td —st —_ —sTy
/ f(tye™dt = / e~ dt ) 7€ a1

Combined with formulas (8) and (10), the Laplace transform of AQ-
SPAD counting probability paq(k,t) under can be expressed as:

PAQ / pAQ k t) e tdt

= /oo (Ae’ ‘@papk—1, t))e’“dt
0 k-1
-2 (‘”“) a- w(s)))

s+ s

(12)

Bringing in formula (11), we get the Laplace transform of paq(k,t):

p) —sTy k=1 —sTq k
A e (2 13)
s(s+A) \\s+41 s+4
By applying the Laplace inverse transformation to equation (13), the

total counting probability of AQ-SPAD in an idle state can be obtained (a
detailed derivation process can be found in Appendix A):

X _ k de (kT _q | _
Paq(k,t) =e(t — kTa) Z 1) —e(t

i=0

k-1 i
k-1)Ty (Z (e - (k{ DT,

i=0

PAQ(k,S) =

—A(t=(k-1)Tq)) _ 1) 14)

It can be concluded that the total counting probability of AQ-SPAD
during [0, T] is:
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k k—1
D OX(E AT = kTa)) = > X1, AT = (k= 1)Ta)), k < Kpnax
i=0 i=0
Paq(k,T) =

(15)

where X(a,b) = b%?/a!, kmax = |T/T4] + 1, |x] represents rounding
down.

2.2.3. Counting probability distribution of SPAD in PQ mode

In passive quenching (PQ) mode, following the detection of a photon
and the subsequent output of a pulse, the SPAD also experiences a dead
time of T3. However, its renewal process is different from the AQ mode.
If a photon arrives during the dead time, SPAD will not have a new
counting, but the newly arrived photon will prolong the time when
SPAD cannot work in AQ mode.

The statistical properties of SPAD photon counts are obtained by
constructing a counting renewal process in PQ mode, which is similar to
AQ mode. Here the renewal function M(t) and renewal density m(t) are
introduced to calculate the probability distribution function fi(t) in PQ
mode. The renewal function is the average number of renewals of the
renewal process in (0,t), which can be expressed as:

M(t) = EN(t) = > Fi(t) 16)

The renewal density is the derivative of the renewal function, and its
mathematical meaning can be interpreted as the average renewal rate of
the renewal process in (0, t). By definition, m(t) can be expressed as:

m(t) =M(t) = Y filt) a7

For the renewal process of the PQ-SPAD, the average renewal rate of
the count can be described as after the count occurs att = 0, no photon
counting event will occur in (0, T;). After T4, no photon arrives within
(t— Ty, t), and a photon arrival event occurs at time t. From this, a
mathematical expression for the renewal density m(t) can be
constructed:

m(t) = (£(¢) — et — Ta)) * 0 + (¢ — Ta)e™ T2 = e(t — Ty)e™"

18)

By combining equations (17) and (18), we can obtain:
=e(t — Ty)de ™1 19
To calculate f(t), the Laplace transform is also introduced here. By

applying the Laplace transform to equation (19) and using Laplace in-
tegral theorem, we can obtain:

Z Wipg(s

By replacing and simplifying the summation term in the equation
using formula (21), we can obtain formula (22):

e+

Z Vro(s) = —s (20)

) k+i—1 ) 1
Z X=—p-1<x<1 21D
i=l (]- - X)
( ) le” (s+4)Tq4 le—(sH)Td
s
PQ S+ de Ta <1 n %ef(sﬂ)rd) (22)
S

According to formula (21), replace and simplify the parentheses in
the denominator of the above formula again, and equation (22)
becomes:
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/le—(sM)Td —(s+4)iTyq

S

A
s

Wpq(s) = (23)

< Ze —(s+A)T, )

By calculating the Laplace inverse transform of the above formula,
the probability density function of the interval time between two
counting events of PQ-SPAD can be obtained:

kmax—1

N X( - 1,4(iTg — t))

i=1

£(t) = Je (24)

Similar to AQ mode, here we also construct the Laplace transform for
p(k,t) in PQ mode:

i
Pro(k,$) = —= (Fia(5) ~ Fi(s)) (25)
Substituting formula (23):
2 e~ +)Ta k-1 e +)Ta
_ _ 26
Pro(k. ) s(s+2) (s + Ae~ G+ Td) (1 s+ Ae*(SH)Td) 26)

By calculating the inverse Laplace transform of equation (26), the
total counting probability of SPAD in the idle state can be obtained (see
Appendix B for detailed derivation):

1) Ty — t)))

el
r=0
(27)

It can be obtained that the total counting probability of PQ-SPAD

during [0, T] is:
el )

2.2.4. Counting characteristic analysis

The probability distributions of SPAD counting models in AQ mode
and PQ mode obtained through equations (15) and (28) are plotted in
Fig. 4 with T = 5 ys and 4 = 9 x 10° photon/s. It can be seen that if the
dead time doesn’t exist, the photon counting of SPAD follows a Poisson
distribution. When T; > 0, the SPAD counts in both AQ and PQ modes
don’t follow the Poisson distribution, and the larger the dead time, the
more severe the deviation from the Poisson distribution. As the T, in-
creases, the average counting of SPAD gradually decreases. The main
reason is that the dead time leads to a decrease in effective counting

i—-1

Kmax

5

i=k

Pra(k, 1) .
i—k

kno (1—1

Pro(k, T) =e "y

i=k

1- if:x(r,/l((i 1T, T))

r=0

i—-k
(28)
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time, resulting in a gradual decrease in the average counting.

From Fig. 4, it can also be seen that under the same conditions, the
average counting of AQ mode is higher than PQ mode. To provide a
more intuitive comparison, Fig. 5 shows the counting probability dis-
tribution of SPAD in AQ mode and PQ mode under the same conditions.
It is not difficult to see that the highest counting probability of AQ-SPAD
occursatk =16, and k has a probability of more than 90% falling within
13-18. Under the same conditions, the highest counting probability of
PQ mode occurs at k = 8, with only a 2% probability that k > 12. The
main reason for this phenomenon is that the blocking time (i.e. the time
when SPAD cannot work) of SPAD in AQ mode is constant, while the
blocking time of PQ-SPAD will extend with the arrival of new photons
during quenching. Therefore, the effective counting time of PQ-SPAD is
inevitably smaller than that of AQ-SPAD, causing its counting proba-
bility to shift towards a decrease in k.

Fig. 6 shows the average counting values at different photon inci-
dence rates. It can be seen that under ideal conditions, the photon
counting distribution follows a Poisson distribution, and its mean is
proportional to the photon incidence rate. In reality, due to the existence
of dead time, its counting probability distribution deviates from the
Poisson distribution, and the degree of deviation gradually increases

I AQ SPAD
[ pq spAD

e

Probability

o
=y
o

0.05

1

7 9 11 13 15 17 19 21 23
Number of Photons

0.00

U7

w -

Fig. 5. Comparison of SPAD counting distribution between AQ and PQ modes.
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Fig. 4. Probability distribution of AQ (a) and PQ (b) SPAD counting models.
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Fig. 6. The variation of counting mean value with photon incidence rate under
different counting models.

with the increase of the photon incidence rate. For AQ-SPAD, the
average photon counting gradually increases with increasing photon
rate, but the growth rate gradually decreases. As the photon rate in-
creases, the average counting of PQ-SPAD increases to the maximum
value and then gradually decreases. This is because as the photon inci-
dence rate increases, the blocking time of PQ-SPAD will also be pro-
longed, leading to SPAD saturation and making photon counting
impossible.

2.3. Counting probability distribution in the presence of ISI

The counting probability distribution for an idle SPAD has been
deduced. In a signal period, the arrival of one photon produces dead
time that affects the counting of other photons. Between adjacent signal
periods, the dead time of the previous signal period may still exist at the
beginning of the next signal period, so that the time available for photon
counting in the next signal period is reduced, resulting in a change in the
probability distribution of photon counting in the next signal period,
which is called intersymbol interference (ISI), as shown in Fig. 7.

It can be seen from Fig. 7 that at time t;, the last photon counting
occurs, and the SPAD cannot work for some time thereafter until the

Nuclear Inst. and Methods in Physics Research, A 1065 (2024) 169556

time tg, when the SPAD returns to active state. The tz maybe within this
signal period or fall into the next signal period. If tz falls into the next
signal period, the time available for photon counting changes from T to
—tg , changing the counting probability distribution in the next signal
period from p(k, T) to p(k,T — tg).

To analyze the impact of IS, the average time E(t;) of the last count
within a signal period and the average blocking time E(T;) are calcu-
lated. If tg < 0, means it is within a current signal period, and the next
signal period can start working from time 0. Therefore, t can be written
as:

tg = max{0,E(t;) + E(Tq) — T} 29

2.3.1. Blocking time

In AQ mode, the blocking time T4 44 is equal to Ty. In PQ mode, the
blocking time is a probability distribution of time. Since the probability
density function of the photon counting in PQ mode can be expressed as
the convolution of the photon counting process in SPAD blocking and
idle states, according to the Laplace convolution theorem, the Laplace
transform of the blocking time T4 pq in PQ mode can be expressed as:

Tapo(s) = Wpo(s) _ e (s +2)
Y T PR (30)

s+

The probability density function can be obtained by the inverse
Laplace transformation:

Tapo(t) = e’ﬂdﬁ(t —T,) — Je i ((1)’ k'il X(i—1,A(Tq — t)))

r=1 i=r

(31)

where §(t) is the unit impulse function. The expectation of T4 po(t) can be
obtained through (32):

+00
E(Ty4pq) = /O tTapo(t)dt (32)

2.3.2. Average time of the last counting

Let t;(k, t) represent the time when the last photon counting occurred
within a signal period. As discussed in the previous section, t;(k, t) can be
expressed as SPAD in an idle state, where a photon counting event oc-
curs at the time t;, and a k-1 count renewal process occurs within time
(t1,t), so its Laplace transform is:

, 1 0 1 o
I Y §
S
SPAD
Counﬂngi

Fig. 7. ISI caused by dead time.
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Ay (s)" !
s+ 4

A
t;(k,s) = ka—l(S) = (33)
Substitute the y,,(s) and yp,(s) obtained in the previous section and
calculate the Laplace inverse transformation to obtain the time & 4q(k, t)
and t;pq(k, t) in AQ and PQ modes:

ki (1 _ k-1
tnall.t) = ele— (k = 1)Ty) =gk 34)
kmax-1 (1 —1
tx_pQ(k7 t) = Z < ) ( 1 /161[< ZX le — t))))
i1 \k—2
(35)

The last counting time of 0-k counts within a signal period can be
obtained from equations (34) and (35), and by substituting it into
equation (36), the average time E(t;) of the last count per unit period can
be obtained.

kmax

E(ts):Zp(k,T)*/oTt*Tts(#dt

(36)
= JT (K, tyde

3. Communication performance evaluation
3.1. BER model in OOK modulation

X-ray communication technology currently uses intensity modula-
tion direct detection (IM/DD) to load signals, with the simplest being
on-off keying (OOK) modulation. OOK modulation sends binary infor-
mation through the presence or absence of optical pulses: when the
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N

Hn Zﬂj = Ny, (40)
=
N

612\, = Z o}z = Nagz, 41

The key indicator to measure the reliability of a communication
system is the bit error rate (BER), which can be represented by equation
(42):

Kin kmax

Zpl Z po(k

k =K

BER = - (P(0|1) + P(1]|0)) (42)

1
2
where K, is the decision threshold.

In OOK modulation, it is generally assumed that the probability of
the occurrence of “0" and “1” signals is equal [21]. According to the
maximum likelihood criterion, the optimal decision threshold Ky, for
OOK can be obtained by the intersection of the probability density dis-
tributions of the “0” signal and the “1” signal, which can be expressed as:

)

43

(Kth — Hno ) :
20, N,02

_ (Kth - ﬂm)
2UN,12

1 1
e — = e

where yiy o\ fn1s Ono®. 0wy represent the mean and variance of the
“0" signal and the “1” signal, respectively. By solving this formula, the Ky,
can be obtained as follows:

+In

2
ON,0
on;12

(44)

2 2 2
Hno  Hna 4 o  Hna\" (1 1 Hno~  Hna
2 2 2 2 2 2 2 2
ON,0 ON1 ON,0 ON1 ON,0 ON1 ON,0 ON1
Ky = 1 1
ono?  Ona?

signal source outputs a binary signal “1”, optical pulses are sent; when
the binary signal “0” is output, no optical pulses are sent. Similarly, the
signal receiving end makes judgments based on the intensity of the
received optical pulses. Those above the intensity threshold are
considered as binary signal “1”, while those below the threshold are
considered as binary signal “0".

Pi(k) = Ep(k7 de, Ta, (T — tg(41))) +§p(k7/15, Ty, (T - ts(%0))), (37)
where the ¢ represents a “0” or “1". The mean y, and variance o;> can be
calculated using the following formula:

Kmax

pe =Y Pe(k) * (38)
k=0
Kmax 5
02 = Pe(k)* (k—p) (39
k=0

This study used SiPM to receive scintillation photons generated by
LYSO scintillators. SiPM consists of N independent working SPADs.
According to the central limit theorem [20], when the sample size N is
large enough, the sum of N independent and identically distributed
random variables approximately follows a normal distribution X ~
N(uy,0%), where

3.2. Communication performance analysis

The BER of AQ-SiPM (a) and PQ-SiPM (b) obtained from formula
(42) as a function of data rate and dead time are shown in Fig. 8, where
A1 and Ag are 10 x 10° photon/s, 1 x 10° photon/s respectively. At the
same photon incidence rate, the BER of both modes will gradually in-
crease with the increase in data rate and dead time, the reason is that the
increase of dead time and communication rate will cause a decrease in
the effective counting time of SiPM per period, resulting in a decrease in
the photon counting difference between the “1” signal and the “0" signal,
leading to an increase in BER.

In addition, comparing the two working modes, it can be found that
under the same conditions, the BER of the AQ mode is always lower than
that of the PQ mode, which is consistent with the results discussed in the
previous section. At the same data rate, the BER of the PQ mode shows a
significant upward trend with increasing dead time, while the error rate
of the AQ mode shows relatively insignificant changes with dead time.
The main reason is that under the same conditions, the blocking time of
AQ-SiPM is fixed and directly controlled by external circuits, while the
blocking time of AQ-SiPM significantly increases with the increase of
dead time, resulting in a significant decrease in its signal discrimination.

The variation of BER of AQ-SiPM (a) and PQ-SiPM (b) with 4; and Ao
is shown in Fig. 9, where the data rate is 1.0 Mbit/s and T, is 100 ns. It is
not difficult to see from the figure that as the background light intensity
increases, the BER of SiPM will increase in both operating modes. As the
intensity of the “1” signal increases, the BER of AQ-SiPM will gradually
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Fig. 8. BER versus different dead time and data rate in AQ (a) and PQ (b) modes.
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Fig. 9. BER versus different signal intensity in AQ (a) and PQ (b) counting modes.

decrease. In PQ mode, BER first decreases and then increases with the
increase of “1” signal intensity. The main reason is that the increase in
signal intensity not only increases the probability of counting per unit
time but also increases the blocking time of PQ mode, reducing the
effective counting time of each period. Therefore, for PQ-SiPM, blindly
increasing the signal light intensity does not always improve commu-
nication performance.

4. Experimental test and results

Our previous research has developed the PQ-LYSO-SiPM pulse X-ray
receiver [7]. By adding an active quenching module, the existing X-ray
receiver has been improved, and an AQ-LYSO-SiPM pulse X-ray signal
receiver has been obtained. The active quenching module is mainly
composed of a bias control module based on FPGA and a switch circuit
based on an MOS transistor.

An XCOM performance test system is built using the developed
LYSO-SiPM pulse X-ray signal receiver and the laboratory’s existing
grid-controlled modulated X-ray tube (GMXT) [22], as shown in Fig. 10.
The pseudo-random code is generated by the upper computer and its
signal waveform is optimized according to the method in section 2.1.
The optimized signal waveform was amplified by the power amplifier
(AIGTEK4315) and loaded on the grid of the X-ray tube. The grid’s
electric field can control the electron beam switch bombarding the
anode target to realize the generation of modulated X-ray signals. After

the transmission in the air channel, the pulse X-ray signal reaches the
pulse X-ray receiver. The signal processing module of the pulse X-ray
receiver restores the signal and transmits it to the lower computer for
analysis.

During the BER test, the anode voltage of GMXT was set to 45 kV, and
the filament current was set to 1.5 A. The pseudo-random code PRBS7
was used to test the BER, and the signal received by the receiver was
demodulated offline by the lower computer.

The change of experimental BER with dead time in AQ mode is
shown in Fig. 11(a). The experimental results indicate that in AQ mode,
the increase in Ty and data rate leads to an increase in the BER of the
experimental, which is consistent with the results of numerical analysis.
The change of BER with data rate and quenching mode at Ty = 150 ns
was tested and compared with the analytical value. The results are
shown in Fig. 11(b). In both quenching modes, the BER of the X-ray
signal receiver increases with the increase in data rate. In addition,
under the same data rate, comparing the two quenching modes, it can be
found that AQ mode can achieve better communication performance
than PQ mode. At the BER of 1.0 x 10_3, the data rate of the AQ-LYSO-
SiPM X-ray signal receiver can reach 2.8 Mbit/s, which is 1.0 Mbit/s
higher than PQ-LYSO-SiPM.

However, compared with the calculation results, the BER of the
experimental results under the same conditions is higher. On the one
hand, the experimental process uses a fixed threshold detection signal,
which is different from the optimal communication performance based
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Fig. 10. Experimental setup of XCOM performance test system.
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quenching mode (b), and the snapshots of the analog signal directly from the oscilloscope in PQ mode (c¢) and AQ mode (d).

on the maximum likelihood estimation shown by the theoretical calcu-
lation results. On the other hand, due to the limitations of device per-
formance, the signal waveform emitted by the pulse X-ray source
gradually distorts with the increase of data rate, resulting in a certain
degree of jitter in the amplitude of the X-ray signal. In the future, we will
optimize the experimental parameter settings of the duty period ac-
cording to the theoretical calculation results to improve the communi-
cation performance further.

5. Conclusions

We study the BER performance modeling and analysis based on the
LYSO-SiPM pulse X-ray signal receiver and experimentally verify the
performance of this receiver. This model covers significant nonideal
effects that allow more insights into the overall performance and enable
the evaluation of the contribution to the BER. The influence of the dead
time, signal intensity, and quenching mode on the counting statistics of
the detector was studied, and the expressions of photon counting
probability distribution and BER performance of the LYSO-SiPM-based
receiver were provided. Due to the influence of dead time, the number
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of photons detected by the LYSO-SiPM pulse X-ray receiver over a fixed
time interval does not follow a Poisson distribution. The distorted
counting statistics result in a higher BER. For AQ-LYSO-SiPM,, in order to
maintain communication performance at higher data rates, it is neces-
sary to increase the X-ray signal intensity. However, blindly increasing
signal intensity in PQ mode cannot always reduce the BER. Under the
same conditions, the performance of AQ-LYSO-SiPM is significantly
better than that of PQ-LYSO-SiPM. Theoretically, when the background
and signal photon rates are 0.7 x 10° photon/s and 7.1 x 10° photon/s,
respectively, with a T4 of 150ns and a target BER of 1.0 x 1073, AQ-
LYSO-SiPM can achieve a data rate of 3.2 Mbit/s, while the data rate
of PQ-LYSO-SiPM is only 2.1 Mbit/s. The results of X-ray communication
experiments are consistent with the trend of theoretical analysis, indi-
cating that the BER analysis model in this paper can be used for the
analysis and performance optimization of LYSO-SiPM pulse X-ray signal
receivers.
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The parentheses in the denominator of the above formula are replaced and simplified according to formula (21), which is converted to:

P(k,s)
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By applying Laplace inverse transformation to the above equation, we can obtain:
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Substitute the combination numbers in equation (A.3) with equation (A.4), and simplify it to obtain equation (A.5):
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The right parentheses in the above equation are replaced by formula (A.7) and simplified, and equation (A.8) can be obtained after simplification:
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Appendix B

Equation (26) can be written as:
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B1

Here, formula (21) is used to replace the power term in the denominator of the above formula, we get:

P(k,s) =
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Substitute the (1 + 4/s) again using formula (21):
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Taking the inverse Laplace transform of this formula:
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Replace the infinite series term at the end of the formula with formula (A.7), and after simplification, we can get:
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