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Bit error rate analysis of the spatial X-ray communication system
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Abstract: Since the concept of X—ray communication was introduced, there is a great deal of research on
the core components, such as X-ray source, receiving antenna and X-ray detectors. However, few people
focus on the theoretical basis. Therefore, this paper aims at establishing a primary theoretical model of
X-ray communication. At start, the power transmission process that to establish the link power equation
was analysed. In addition, bit error ratio model based on Poisson distribution was established by analysing
major noise sources. After that, the core parameters of X—-ray communication, such as transmitting speed,
communication distance, bit error ratio can be decided by a giving transmission power. Finally, in order
to verify the bit error ratio model and link power equation, the signal photons of micro channel plate
detector output under various X -ray anode voltage and modulations was testified. Experimental results
accorded well with the theoretical analysis, OOK and 4—PPM modulation model can achieve 10~ to 107
bit error ratio level. These models would improved the transmission theory and laid foundations for the
application of future spatial X—ray communication to some extent.
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0 Introduction

X —rays is a form of electromagnetic radiation.
Most X —rays have a wavelength ranging from 0.01
to 10 nm. X-ray communication(XCOM) is a method
to transmit

which applying X —ray as carriers

information in space''!. Compared with other space
communication methods, XCOM has following merits.
Firstly, because of the high frequency characteristic,
XCOM offers larger available band, higher system
bandwidth, as well as the strong anti-interference
ability. Secondly, considering the small divergence
angle of X —ray source and X —ray focusing optics,
high

transmission become possible 7?1 Specifically, Porter

secure  communication  and speed data

George thinks that the maximum theoretical rate of
XCOM can reach 40 000 Tbps'™!.

The
Administration (NASA) first introduced the concept of

National Aeronautics and Space
XCOM in 2007 and regarded it as a "revolutionary
concept". In NASA’s method, an UV LED is set to
generate modulated electrons, then electrons are
multiplied and accelerated to bombard the anode target
to generate X-ray. In terms of the receiving side, the
modulated X—ray will be captured by a PIN detector.
In 2016, NASA proposed their new technology, called
"NavCube’, a computing platform, which will be used
to modulate X -ray source and demonstration XCOM

in space in 20187,

Gird-control X-ray tube
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Transmitting device

Free space

At
Standford University proposed a different emitting

the meantime, Catherine Kealhofer from
method which applying a femtosecond laser to modify
the field emission to generate modulated X —ray P
This method has advantages of small size and fast
modulation but a limited X-ray photons.

In 2012, Zhao proposed a space XCOM scheme
based on a grid —control X —ray tube and the MCP
detector™. As the modulation part, Grid—control X-ray
tube can cut off electrons flow and this method increases
the X-ray transferring efficiency! dramatically.

Researchers have developed a number of studies
on key devices such as transmitting devices and
detectors since the concept was introduced®". However,
there is little research on the transmission theory of
XCOM. Therefore, factors that affecting core parameters,
such as communication distance, communication rate
and the bit error ratio(BER) are still uncertain ™!,
Therefore, it is necessary to investigate more details

about transmission theory in order to have a good

understanding of XCOM.

1 XCOM system analysis

1.1 Power transmission process of XCOM

Similar to other wireless communication systems,
the XCOM system is consists of the transmitting
the The

schematic of space X-ray Communication is depicted

device, antennas and receiving device.

in Fig.1.

transmission

Focusing optics

Receiving device

Antenna part

Fig.1 Schematic of space X-ray communication system
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In the transmitting part, Grid-control X—ray tube
can switch on and switch off electrons flow to load
digital signal 1 or O into X-ray carriers, then the X-—
ray photons pass through antenna (collimation optics

and focusing optics), received by the detector.
Specifically, the power transmission process can be
show as follows:

The emit power of X -ray source P; is decided
by electron power of X -ray source P, and electron-
photon conversion efficiency m, that is P=P*n.

The effect

divergence angle of emitted X -rays,

of antenna is to minimum the
it can be
represented by the collimation gain Ge.

In the long distance space transmitting between
collimation optical and focusing optical, signal X-ray
power experienced the free space attenuation, which is
inversely to the distance square. L is transmitting
distance, w/2 is divergence angle after collimation,
then the power per unit area P, at the focusing optics

part can be represented as:
p=—Lle (M
w

q-r(Ltanz—)
The role of focusing optics is to increase the
number of X-ray photons in the receive part. It can

be measured by the effective collection area Ap.
The detector converts X -ray photons into
electrical signal, it can be represented by the detector
efficiency m,. The detected X -ray power P, can be

expressed as:
PD: PTGCAE”d 5 (2)
w
T (Ltanz—)

where P, is another form of communication speed, in
other words, communication speed was restricted by
the detected X —ray power P, then the relationship
between speed can be
established.
1.2 XCOM system BER analysis

The BER of XCOM system can be expressed as

the probability of errors in each single bit"". BER of

transmitting distance and

OOK modulation comes from the misjudgment of

received photons, as each one photon appears at a

certain probability, the BER formula can be listed as

follow:
PE:%—(PEI1>+;—<PEIO> (3)

For a photon counting detector, the received
photons according to the Poisson distribution in which

(PEI1) and (PEI0) can be expressed as:

ki
k —(k, +k,)
(PEIL)=Y, 7("2“"‘") e (4)
k=0 .
- k-
(PEIO>=2(I]§%)e (5)
k=k, K-
In a IM/DD (Intensity ~ modulation/direct

detection) system, k, represents the number of received
signal photons per bit, k, represents the average noise
photons per bit, k, is the threshold. When k,=k,, the
receiver outputs logic 1. If k,<k, the demodulation
(PEI1) and (PEIO) represents
the probability of misjudgment.

BER of XCOM system can be

part exports logic 0.

As a result,

described as:

PE=1—<PEI1>+1—<PEIO>=

z (k +k )k —(k,+k,) z (kn)k —(k,,) (6)

This formula indicates that BER was determined
by k,, k, and k. However, in experiments we cannot
distinguish the MCP output whether resulting from X-
or MCP noise.

acknowledge the exact value of k, and k,. So we

ray photons Namely, we cannot
provide a new method to calculate k, by transfer the
dark current at MCP output side into equivalent X —
ray photons at MCP input side. The electrons multiple

process in a MCP detector was shown in Fig.2.

Electron multiplication
process

Collect anode
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Fig.2 Electrons multiple process in the MCP detector
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2 BER theoretical analysis

2.1 MCP detector noise analysis

The noise of MCP detectors are mainly comes
from photocathode dark current and thermal noise!™"".
Photocathode dark current can be determined by
formula (7):

i=aATexp [—le } (7)

where a is a coefficient decided by cathode material,

A is the area of photocathode, 7 is material
temperature in Kelvin, W is work function of the
material and k& is Boltzmann constant respectively.

The thermal noise of MCP detectors can be

determined by formula (8):

2 _ 4kTAv

lnL }?L (Ei)

where R, is equivalent load impedance, Av is
bandwidth and 7 is temperature in Kelvin.

Since the multiplication in the channel is a
random process, the MCP detectors will add additional
noise to the multiplied signal, and factor F is introduced
to describe the SNR

change before and after

multiplication™!, it can be determined by formula (9)
and (10).
SNR,,=SNR,/\/F 9)
/ D |
p=d1. (1+j) (10)
Y K

where vy is the open air ration of the MCP detectors,

D? is the variance of output electrons and K is the
average gain of MCP detectors.
In terms of our XCOM system, the equivalent

cathode noise can be shown as:

in=aATexp{—%} ~NF +\/4"]€¢/T< )
L

In this system, MCP was aligned in a Z shape
and provide gain more than 10° level. The MCP
detectors has a 50 mm diameter, R, =50 ) equivalent
load impedance, y=0.7 open air ration, 18.4 ns time
resolution and 5.4 x10" Hz bandwidth respectively.

Usually, for a 120 nm thickness CsI photocathode, the

least energy required to produce a secondary electron
is 7eV P When T=300K, according to formula (11),
in the MCP input part, the number of equivalent X—
ray noise photons per second Ky can be calculated as
formula(12):
Ky=1-78_x10" cps (12)
E-K

where E is the average energy of incident X —ray

photons, which is related to the anode voltage, K is
the average gain of MCP detectors. From this
formula, we have built the relationship between BER
and MCP equivalent noise. Then we simulate the
relationship between K and K, versus different incident

X-ray energy E, which can be shown in Fig.3.

4.0
—#—5SkeV incident X-ray

@ TkeV incident X-ray
] 3.0 —0— 10 keV incident X-ray
2 3.

€

N

w
=

= a
© 1.5F =
. a
‘e
e
.

e
Z 0.5F s tteseean,
+

0 . . . L
2x10°  4x10° 6x10° 8x10° 10x10°

Gain of Z-stack MCP

Fig.3 Relationship of K and K, against different incident

X-ray energy

When use a Z-Stack MCP, K is in 107 level ™",
E is 10 keV. The average number of noise photons
per second should less than 2. Then we tested the
average dark count rate of the Z-Stack MCP against
different anode voltage. The MCP detector is
Hamamatsu F1217 type, a GYU-6T high voltage power
was used to supply the voltage of Z —Stack MCP
detectors, each voltage is —300, —1 100 and -2 400 V
respectively. Then a 10 minute dark count rate was
counted under 1.3 x10 ™ Pa by three steps, regulate
voltage, count the dark count rates and turn off the
testing system. In order to achieve the dark count rate
under 5, 7 and 10 keV X —ray photons, the anode
voltage should be double, that is 10, 14 and 20 kV

respectively. Experiment results can be shown in Tab.1,
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theoretical analysis accords to the experiment results at

a certain extent.

Tab.1 Z-Stack MCP dark count rate versus

different anode voltages

Theoretical dark Experiment results

Anode voltage/kV

count rate/cps /cps
10 4-3 5-3
14 3-2 4-2
20 2.5-1.5 3-1

2.2 BER simulation of XCOM system

Normally, dark count rate is used to evaluate a
MCP detector, MCP detectors perform a low dark
count rate compared with other detectors, typical value
should be 0.5-2cps . For instance, when transmitting
signal in several kbps, for example 5 kbps, the dark
count ratio k, is about 4x10™*—1x10~" counts per bit,
far less than the received signal photons k, per bit, so

formula (6) can be expressed as follows:

k

L ko —=(k +k, d -k,
PE=(PEI1)= ), (k.x;'kn)fe By k' e (13)

k=0 . k=0 k

Then we can calculate the required X -ray
photons k, against a changeable threshold k&, which

can be show in Tab.2.

Tab.2 Number of required k, versus different

k; (OOK)
k, 102level 1072 level 107" level 107°level 107° level
1 7 10 12 14 16
2 9 12 14 17 20
3 11 14 16 19 22
4 12 15 18 21 24
5 14 17 20 23 26

Similarly, BER level in the form of L —PPM

modulation can be shown as formula (14):

ki k

k
. 1 (kek,): k) 1 k,
PE=(PEN)=— Y Ktk ~ 14
<'>L§ Koc L &n e b

where L is the carry digit, L=2"
which

(n is any positive

integer), represents the number of bits

(Minimum transmission unit) contained in a baud

(Basic  transmission unit). Usually, a L -PPM
modulation has an average emission power of P/L, in
which P is the optical power when transmitting a
symbol 1.

Using 4 PPM modulation, L =4, then the
relationships between different BER level and k, can

be shown in Tab.3.

Tab.3 Number of required k, versus different

k; (4PPM)
k, 1072level 107 level 107" level 107°level 107° level
1 3 6 8 11 13
2 4 7 10 13 15
3 5 9 12 15 18
4 6 10 13 17 19
5 7 11 15 18 21

3 Experiment

The schematic of BER testing model can be
shown as Fig.4.
modulated by OOK, 4 PPM individually, then the

grid-control X —ray tube sent X —ray photons as

Firstly, the input signal was

streams. After that the X—ray photons were collimated
and focused by Nested X -ray focusing optics
(NXFO), then detected by a MCP detector placed on
the remote focus. Finally, digital signal processing
demodulated the MCP output and rebuilt the logic
signal. This logic signal was connected to the FPGA -
based BER counting module with a reference signal
(initial BER

output), and the counting module

provided error numbers at per period.

Grid
. Fs control MCP Demodule BER
Signdl X-ray NP detector:>{ part |:>| display
tube

Compare

Fig.4 Schematic of BER testing

The BER testing experiment condition is 15 kV
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anode voltage, 2.4 A filament currency and —148 mV
threshold voltage (k, =1) with OOK modulation,
theoretical BER can be calculated by formula (13).
When k=1, theoretical and experimental BER results

can be shown in Tab.4.

Tab.4 Theoretical and experimental BER against
OOK modulation

BER Experimental ~Signal photons Theoretical

V/kb
PS " Lumber  BER level  per bit (k)  BER level
156 18/65536  2.70x10™ 14 1.2x107
3.125  16/65536  2.44x10~ 12 7.9%107
6.25  34/65536  5.18x10" 10 4,510
125 103/65536  1.57x10° 9 1.2x10°
25 365/65536  5.50x10° 8 3.0x107

With 4 PPM modulation, theoretical BER can be
calculated by formula (14). When k, =1, theoretical

and experimental BER results can be shown in Tab.5.

Tab.5 Theoretical and experimental measured BER

against 4 PPM modulation

V/kbps BER Experimental ~Signal Photons Theoretical
number BER level per bit (k) BER level
1.56 17/65 536 6.48x107° 13 7.9%x107°
3.125  12/65 536 4.57x107° 12 2.0x107°
6.25 27165 536 1.03x10™" 10 1.2x10™*
12.5  148/65536  5.64x107* 8 2.8x107"
25 421/65 536 1.60x107* 7 7.5%107

Our experimental results demonstrated that the
BER level of XCOM system accorded well with
theoretical calculation, PPM modulation has a less
BER than OOK modulation. In low
communication (V <6.25 kbps), BER of

XCOM system can get 10 =10 level. When the

level speed

situations

communication rate was about 25 kbps, BER of OOK
and PPM modulation was about 10~ level because the

limited transmission power.

4 Conclusion

In this paper, we establish a theory that contains

two models. Model 1 gives the relationship between
transmission rate and distance. Model 2 gives the
relationship between transmitting X —ray power and
BER. Experimental results show that to achieve 107°
BER level, we need at least 13 photons; to achieve
the rate of 100 kbps communication and 10 km
transmitting distance, we need 27 mW transmitting X—
ray power. These models can be used to describe the

performance of X-ray communication system, and the

experiment results could provide foundations for
optimizing core parameters of XCOM system in our

future works.
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