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To improve the link efficiency and decrease the payloads in space explorations, a novel simultaneous communication
and ranging method based on x-ray communication (XCOM) is proposed in this paper. A delicate signal symbol structure is
utilized to achieve simultaneous data transmission and range measurement. With the designed symbol structure, the ranging
information is imbedded into the communication signal and transmitted with it simultaneously. The range measurement
is realized by the two-way transmission of the range information. To illustrate the proposed method, firstly, the principle
of the method is introduced and the signal processing procedure is presented. Then, the performance of the proposed
method is analyzed theoretically in various aspects, including the acquisition probability, the bit error rate, the ranging jitter,
etc. Besides, numerical experiments are conducted to verify the proposed method and evaluate the system performance.
The simulation results show that the proposed method is feasible and that the system performance is influenced by the
parameters concerning the signal symbol structure. Compared with the previous methods, the proposed method improves
the link efficiency and is beneficial for system miniaturization and integration, which could provide a potential option for

future deep space explorations.
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1. Introduction

With the development of space explorations, large vol-
umes of data are generated in various formats. These data need
to be transmitted rapidly for timely processing. Therefore,
how to guarantee a high-rate data transmission link becomes
a critical issue.l!) On the other hand, range measurement,
an essential characteristic in space exploration, has found its

23] satel-

application in various areas, such as navigation,!
lite constellation configuration,*>! spacecraft navigation and
control,® etc. Since the transmission environment changes
frequently in deep space, the duration of the available link is
limited. Thus, high efficiency in the utilization of the link is
critical, and simultaneous operation could be an option. Si-
multaneous communication and ranging not only saves the
power and the bandwidth, but also efficiently takes advantage
of the link availability. Besides, simultaneous communication
and ranging can provide lighter and cheaper onboard equip-
ment, which is beneficial for system miniaturization and inte-
gration.

There are several works in the literature focusing on de-
veloping a composite system for simultaneous communication
and ranging.!"~°! However, the present composite system can-
not fully achieve simultaneous operations. It is actually a time-
sharing system, which conducts the communication and the
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ranging at different time periods. This will lead to a low link
efficiency and a waste of the system resource. In Ref. [10],
Andrews et al. proposed a telemetry-based ranging method.
The most notable feature of this method is that the downlink
signal is replaced by a telemetry signal while the uplink signal
remains in its original form. By estimating the delay between
the arrival time of the uplink signal and the emitting time of
the telemetry signal and sending the delay to the ground sta-
tion, the range could be obtained. The flaw of this method
is that the data can only be transmitted along the downlink,
limiting its application. Sun et al. demonstrated the simulta-
neous communication and ranging between the satellite laser
ranging (SLR) station at NASA’s Goddard Space Flight Cen-
ter (GSFC) and the Lunar Reconnaissance Orbiter (LRO).[!1]
The communication was carried out by a 4096-ary pulse posi-
tion modulation and the ranging measurement was conducted
by recording the pulse arrival time and sending it back to the
emitter. In the system, an extra microwave link was required to
send the time information back to the emitter, which consumed
the link power and bandwidth and needed an extra microwave
equipment.

Given the flaws of the available methods, in this paper,
we propose a novel simultaneous communication and ranging
method based on the x-ray communication (XCOM). XCOM
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is a revolutionary concept of deep space communication pro-
posed by NASA,"?l which utilizes x-ray as the medium to
convey information. The development in areas such as x-ray

16.17] etc. has inspired the further

source, 3151 x-ray detector,!
application of x-ray. Similar to XCOM, the proposed method
also utilizes x-ray as the transmission medium and adopts the
circular polarization method to modulate the signal. Differ-
ent from the previous methods, the proposed method can re-
alize the communication and the ranging simultaneously with
a unique signal format in both uplink and downlink. With the
designed signal format, the ranging and communication infor-
mation is integrated and sent at the same time, which enhances
the link efficiency. Besides, the communication and the rang-
ing share the same equipment, providing the potential of sys-
tem miniaturization and integration.

In this paper, the proposed method is analyzed in detail.
In Section 2, both the principle of the proposed method and
the structure of the designed signal symbol are presented. The
signal modulation scheme and the signal processing proce-
dure are also discussed. Then, the detailed analysis of the
system performance, both mathematically and numerically, is
presented in Section 3. Finally, a conclusion is made in Sec-
tion 4.

2. Simultaneous communication and ranging
2.1. Basic principle

In the range measurement, the ranging signal is used to
inform the signal arrival and can be regarded as a trigger sig-
nal for the receiver. Thus, the form of the uplink signal can
be diverse, not necessarily the pure ranging signal. To conduct
a range measurement, the ranging information is imbedded in
the ranging signal and transmitted between objectives. The
ranging information could also be integrated into the commu-
nication signal and would have little interference on the com-
munication data transmission. Thus, there is a possibility that
the communication and the range measurement can be per-
formed simultaneously.
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Figure 1(a) presents the time scheme of the simultaneous
communication and ranging method and figure 1(b) indicates
the designed signal symbol structure. It should be noted that
the uplink and downlink signals share a similar symbol struc-
ture. For the uplink signal, there is an uplink symbol identifier
at the head of the symbol. Following the identifier is the com-
munication data. The symbol identifier contains two parts: the
synchronization sequence and the sequence number (SN). The
synchronization sequence is generally a pseudo random code
with a fine autocorrelation property, used for the acquisition of
the symbol. The SN is the unique identifier of the symbol that
is used for the time synchronization of the range measurement.
The SN is transmitted to the slave station and sent back to the
master station. By pairing up the received SN with the local
SN at the master station, we could obtain the arrival time of the
specific SN. Knowing the emitting time of the specific SN, we
could acquire the two-way light travel time 7. Subsequently,
the range can be calculated by

R=c1/2, €))
where c is the speed of light.

2.2. System structure

The flow charts of the signal processing procedures in the
master station and the slave station are presented in Figs. 2 and
3, respectively. It can be seen that the master station and the
slave station share some similarities in the signal processing
procedure. In the following sections, we discuss the system
structure by analyzing the key points of the proposed method.

2.2.1. Modulation scheme

The proposed method utilizes the circular polarization
modulation to modulate the x-ray signal. Polarization is the
unbalanced vibration of the light vector on the plane perpen-
dicular to the light propagation direction.!'8! A polarization
state shows fine stability in space propagation,[!®?01 which
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Fig. 1. Simultaneous communication and ranging method: (a) time scheme of the proposed method, (b) signal symbol structure.
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Fig. 2. Flow chart of signal processing in the master station.
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Fig. 3. Flow chart of signal processing in the slave station.

makes it a proper choice for space communication.[>!??l The
circular polarization modulation is to convert binary codes into
circular polarization states. To describe the circularly polar-
ized signal, the Stokes vector is adopted
et
x Ty
2A Ay cos &
2AA,sin &

where A, and A, are the amplitudes of the light components,

S(Ax,Ay,8) = 2

and 6 is the phase error between the two light components,
i.e., 0=6, — 6y, with 6, and 6, being the phases of the light
components indicated in Fig. 4. The & determines the type of
polarization state. Then, we can express the circularly polar-
ized signal as

C ={Si(Ax,A),P(s(1))}, ieN, i< M, 3)
where M is the length of the signal sequence,
[ m/2+2nx, k=1,
¥l = { “xj2+omm, k=0, "L @
and s(¢) is the signal wave defined as
s(t) =Y dig(t —iT), (5)
i

where T is the slot duration, g(r) is the gate signal, and {d,} is
the signal in binary form.

The detection of the circularly polarized signal is realized
with a series of optical devices and the differential detection is
adopted to mitigate the noise interference. The details in de-
tecting the circularly polarized signal will be presented in the
sections of performance analysis.

AY
E,= Ajcos(wt+6,)

! i

‘E/ N : :
¥

E, = A,cos(wt+0,)

Fig. 4. (color online) Light vector components of polarized light.

2.2.2. Signal synchronization

Signal synchronization aims at separating one signal sym-
bol from another and setting the boundaries of the symbols.
The synchronization is conducted by correlating the synchro-
nization sequence of the symbol with the local sequence. The
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property of the correlation process determines the quality of
the signal acquisition. Thus, choosing a proper synchroniza-
tion sequence becomes an issue of great importance.

The m-sequence and Gold sequence are widely used syn-
chronization sequences in various areas, such as spread spec-
trum communication, navigation, signal synchronization, etc.
The Gold sequence is generated by the modulo-2 addition of
two m-sequences.'?>! As to the correlation property, the m-
sequence has a better auto-correlation property than the Gold
sequence while the Gold sequence shows better performance
in cross-correlation, as shown in Fig. 5. For the proposed
method, we are concerned more about the autocorrelation
property of the sequence. Thus, the m-sequence is chosen as
the synchronization sequence for the proposed method.

T T T T T T T
1.0 .
—x—Gold sequence
- -o- - m-sequence

0.8F

Nnormalized autocorrelation results
=
=
T
i

0.2
0
—0:2 —-60 —40 -—20 0 20 40 60
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Fig. 5. (color online) Normalized autocorrelation property of the m-
sequence and the Gold sequence. The generation of the m-sequence
is based on a simple sequence register generator (SSRG) with an or-
der of 6, and the Gold sequence is generated with two m-sequences
with the order of 6 using the parallel generation structure.>>2#! For the
m-sequence, the ratio of the correlation peak value to the second peak
value, termed as the peak ratio, is 10.5, while for the Gold sequence it
is only 3.7. It means that the m-sequence has a better autocorrelation
property for detection than the Gold sequence under the same condition.

2.2.3. Signal regeneration

For the proposed method, the regeneration pattern is used
for the downlink signal generation. Compared with the trans-
parent pattern, which generates the downlink signal by reflect-
ing the uplink signal, the regeneration process is to regenerate
the downlink signal based on the received uplink signal. The
regenerated signal shares the same structure with the uplink
symbol. The difference is that the SN is extracted from the up-
link signal and is reassigned to the downlink symbol instead of
local generation. Besides, to distinguish the downlink from the
uplink, the synchronization sequence of the downlink symbol
is the reverse of that of the uplink. With the regeneration pro-
cess, the signal-to-noise ratio (SNR) of the downlink signal is
raised, which consequently improves the system performance.

2.2.4. Signal pair-up and time calculation

The time synchronization between the master station and
the slave station is achieved by the pair-up of SNs. An SN,

denoted as SN, is generated at the master station and assigned
to an uplink symbol. SN; satisfies SN; € [0, 2/sN — 1] and
SN; € N. In a sense, we can use SN; to represent the uplink
symbol. Based on the flow charts shown in Figs. 2 and 3, the
time delay can be calculated. When the symbol is transmitted,
its emitting time is recorded by correlating the signal with the
local synchronization sequence. Through transmission, at the
slave station, the uplink signal is received and SN; is extracted.
Then, SN; is reassigned to the downlink symbol during the re-
generation process and sent back to the master station. Back
at the master station, the downlink signal is correlated with the
local synchronization sequence to determine the arrival time of
the downlink symbol, and the downlink SN is paired up with
the local SN. Thus, by pairing up SNs, we know the emitting
time and the arrival time of a specific symbol. By measuring
the travel time of SN;, we can obtain the two-way time delay
T.

3. Performance analysis
3.1. Repetition rate and data rate

As shown in Fig. 2, an SN generator is used to generate
SN for the signal symbol. The function of SN is for the time
synchronization in the system. It should be noted that SN in-
creases monotonically when generated. The repetition rate of
the SN generator is defined as frep sy = 1 / 2IsN | where Iy is
the length of SN. It should be noted that the repetition rate is
not directly related to time, but to the length of SN. On the
other hand, the ranging repetition rate is related to the length
of the symbol, defined as frep range = 1/MT, where M is the
length of the signal symbol in units of slots and T is the slot
duration. To guarantee a proper ranging repetition rate, the
length of the symbol is limited.

As shown in Fig. 1, the data region of the signal symbol
has a length of M — Iss — IsN, where Igg is the length of the
synchronization sequence. As the signal is modulated by the
circular polarization modulation method, the data transmitted
by one symbol is M — Iss — Isn bits. Thus, the data rate (bit/s)
is defined as

M —Iss —Isn
Vo= =y
_ L sty
T M
1
= T (lSS + lSN)frepjange~ 6)

From Eq. (6), we know that the data communication rate is
related to the symbol structure and the slot duration. Besides,
the data communication rate conflicts with the ranging repe-
tition rate. Therefore, there should be a balance between the
data communication rate and the ranging repetition rate.
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3.2. Maximum unambiguous range

As discussed in the previous section, the length of SN de-
termines the repetition rate of SN, fiep_sn. Further, frep sy in-
fluences the maximum unambiguous range (Rpyax ). The max-
imum number of symbols marked by SN is Ngy = 2/sN. For
the proposed method, the maximum unambiguous range is de-
fined as half of the maximum range that the symbol travels
before another symbol with the same SN is emitted. Then, the
maximum unambiguous range Ly, can be expressed as

1
Ly = 5cNSNMT = 2Isn—lepT

Isn—1
— & (7
fi’epJange

Based on Eq. (7), with a larger IsN, a longer Ry could be
obtained. It can also be concluded that Ry, is in conflict with
the range repetition rate. To obtain a long Ry, the ranging
repetition rate is limited. Besides, it should be noted that SN
only contributes to the ranging process and has little impact on
the communication data transmission.

3.3. Signal acquisition property

For the proposed method, an m-sequence with a length of
Iss is adopted as the synchronization sequence, which is used
for the signal symbol acquisition. We define the synchroniza-
tion sequence as

Y, mig(t—iT), ®)

where {m;, i=0,...,Iss — 1} is the m-sequence code and g(t)
is the gate function defined as

_ [ telo, 1],
8(t) = { 0, others. ®)

Passing through the deep space channel, sss(#) is influenced
by noise and becomes

Isg—1
sss(t) =Y mig(t —iT)+n(r), (10)

i=0
where n(z) is a zero-mean additive Gaussian white noise with
a two-sided power spectral density of Ny/2. To acquire the
signal symbol, the received synchronization sequence is corre-
lated with the local synchronization sequence. The correlation

between sss(7) and sgq(¢) can be written as

]Eorr
Reore(k) = / SISS (t)sss(t — kT)dt

Teorr

(SSS (t) + I’l(l‘))SSS (t — kT) dr

72)01”['

SSS (I)Sss (l — kT) dt

Il
S— 5— S

+ /Tmn(t)sss(t —kT)dt
0
= pss(k) +Ess(k), an

where T.o; is the correlation time and &gg is the influence of
noise on the correlation. We have

TCOKT
Soslk) = [ n(0)sss(e—kT) (12)

The &ss(k) is a Gaussian variable with zero mean value. As
n(r) has a two-sided power spectral density of Ny/2, the vari-
ance of &g (k) is NoTeorr/2.
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Fig. 6. (color online) Impact of noise on synchronization: (a) average
correlation peak values, (b) peak ratio of the correlation results under
different SNR.

A simulation is performed to show the impact of noise
on the synchronization. For the simulation, m-sequences with
different orders (n = 7,8,9,10) are used and additive Gaus-
sian noises with different power levels are added to the m-
sequences. Then, the noise-interfered m-sequence is corre-
lated with the local sequence without noise. The slot duration
is set to T = 10 ns. Figure 6(a) shows the average correlation
peak values. For each SNR in the figure, the peak values of
the correlation results are averaged over 100 trials. It can be
observed in Fig. 6(a) that the correlation peak is high and fluc-
tuant at lower SNR. The high and fluctuant correlation at low
SNR is caused by the high noise power. When SNR is large,
the peak values become steady, which indicates the weak in-
fluence of noise. Figure 6(b) is the peak ratio of the correlation
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results under different SNR. Here, we define the peak ratio as
Pr = Pin—phase/ Pmax> Where pin_phase is the peak value of the
correlation result when the two sequences are in-phase, termed
as the in-phase peak, and pp,y is the peak value of the correla-
tion results excluding the in-phase peak. Similar to Fig. 6(a),
for each SNR, the correlation process is performed 100 times
and the peak ratios are averaged over the 100 trials. It can be
seen that as the SNR increases, the peak ratio increases ac-
cordingly, which means with high SNR, the peak value can be
clearly separated. At low SNR, the peak ratio is small because
of the influence of noise. When the SNR is extremely low, the
peak ratio is under 1. The reason is that the in-phase peak is
overwhelmed by noise and then the in-phase peak value cannot
be correctly detected.

Besides the correlation results, the acquisition probabil-
ity, denoted by Pyq, is utilized to evaluate the acquisition per-
formance. The acquisition probability is defined as the proba-
bility of successfully acquiring the peak value of the correla-
tion results. Then, we have the following expression:

Pacq = P(R(O) > max{R(k),O <k<lIlsn— 1})
= P(R(0) >R(k),0 <k <Isn—1)

Isn—1

= [] P(R(0) > R(k))

k=1
Isn—1

[T P(pss(0) +&ss(0) > pss (k) + &ss (k)
k=1

= JT P(Ess(k) = &ss(0) < pss(0) — pss (k). (13)
Though &ss(0) and Egg (k) are both Gaussian distributions with
zero mean value, it should be noted that £ss(0) and Ess(k)
are not independent. This is because sss(t — k7') and sss ()
are coupled by the time delay. Since the length of the syn-
chronization sequence is limited and the influence of the cou-
pling on the integration can be ignored, £ss(0) and &gs (k) can
be considered to be approximately independent. Therefore,
Ess(k) — &ss(0) follows a Gaussian distribution with a zero
mean value and a variance of NyT¢orr, and

P(&ss (k) — Ess(0) < pss(0) — pss(k))

_ 11 (Pss(0) —pss(k)
—2+2erf< T ) (14)

Then equation (13) can be rewritten as
U1 1 pss(0) — pss (k)
- (22
e kljl { 22 2NoTcore

1 e { (Pss (0) - Pss(k)> }
= — l+erf| —————=] 7. (15)
2l kl;ll \% 2NoTcorr
Figure 7 shows the acquisition probability under differ-
ent SNR. In the simulation, m-sequences of different orders

(n=15,6,7,8) are used and Gaussian white noises of different
power levels are added to the sequences. Then the acquisi-
tion probability is calculated. As shown in the figure, under
low SNR, the synchronization is influenced by the noise and
the acquisition probability is small. With increasing SNR, the
acquisition probability rises accordingly because of the weak
noise influence. It can also be concluded that a longer syn-
chronization sequence shows better performance in acquisi-
tion. The reason is that the long synchronization sequence has
better correlation performance and anti-noise property.
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Fig. 7. (color online) Acquisition probability under different SNR.

3.4. Bit error rate

Because of the noise in the communication channel, the
signal is distorted during the propagation. To evaluate the dis-
tortion, the bit error rate (BER) is commonly used. As for
BER, it varies with different choices of the modulation meth-
ods. Besides, passing through the deep space channel, x-ray
scintillation occurs. The x-ray scintillation will influence the
intensity of the light and consequently have an impact on the
BER.

For the
available.”>! The most widely used models are the Lognor-
mal distribution model, the K-distribution model, and the

scintillation, there are several models

Gamma—-Gamma distribution model. The Lognormal distri-
bution model is a simple model used to analyze the light
scintillation, which is defined as

_(n/D+0?/2)’ } 16

207

1
P(]l) = ——ex
5 (1) ol p{

where I is the irradiance of the light, I is the mean of /1, and oy
denotes the scintillation index. The K-distribution is defined
as

2a
T(a)
where I' is the Gamma function, K; is the modified Bessel
function of the second kind,*?”) and « is a parameter con-

R(I) = = (1) * V2Ky_(2Val), 1>0, (17)

cerning the effective number of discrete scatters, satisfying
a > 0. Here o determines the order of the Bessel function.
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In Eq. (17), we assume that the light irradiance is proportional
to the detector output current. The K; can be defined as

_ (x) —L(x)

K@) =3 it

(18)

?

where I;(x) is the modified Bessel function of the first kind.
Finally, the Gamma—Gamma distribution is

(a-+B)/2
P(I) = MI(“HWZ’IKQ,[; (2v/aBI), I>0.(19)

It can be seen in Egs. (17) and (19) that these two models share
some similarities. Actually, when 8 = 1, the Gamma-Gamma
distribution becomes the K-distribution. The Lognormal dis-
tribution generally applies to the conditions of weak fluctaua-
tion. When the turbulence turns stronger and different scatter-
ing effects occur, the K-distribution finds its application. The
Gamma—Gamma distribution is a widely used model in vari-
ous cases, which connects its paramaters with the propagation

I'(o)I(B) channel conditions.
hotoelectric
WP analyzer P
S Q PBS Y detector
/ 1
L | ,L'l . . Ai
!/ differential ?
- > il —> ¥ demodulator >
D ’f
2
analyzer F I
photoelectric Iy
detector

Fig. 8. Differential detection of circularly polarized signal.

To calculate the BER, we should know the detection of
the circularly polarized signal besides the scintillation model.
For the circularly polarized signal detection, the differential
detection method is adopted, which is shown in Fig. 8. The
circularly polarized signal at the receiver side has the form

S ={S5/(Av,A,P(r(t—7)))}, ieNi<M, (20)

where r(z) is the received signal in the binary format and 7’
is the one-way time delay after the space propagation. Being
through a quarter wave plate (QWP), S becomes

L={S{(AA¥(r(t—7)))},ieNi<M, (21
where
Si(Ax Ay, P (r(t = 1))
— dowr (3 ) 814w, #(r(t )
= [242,0, —24%sin%, 0], (22)

and Jowp is the Mueller matrix of QWP. (281 Apparently, L is
a linearly polarized signal. Then, L passes through a polar-
ization beam splitter (PBS). The PBS aims at separating two
orthogonal light components into two independent channels,
which are denoted as channels /; and I, respectively. For
channel /;, we have

L = {STj(Av, AP (r(t— 7))}, ieNi<M, (23)
= A(1+sin®)[10 -10]". (24)

Similarly, for channel /5, we have

Ly = {S5(Av, Ay, (r(t— 7))}, i eN,i <M, (25)
Sy =A*(1—sin®)[1010]". (26)

Thus, with the left-hand polarization state received, S7; =
242[10 —10]" in channel /; and S% = [0000] in
channel /. On the other hand, with the right-hand polariza-
tion state transmitted, there is S, [O 000 } Tin channel / 1
and S5, =242 [1 0 1 0]" in channel /. At the same time, the
output current of the photoelectric detector is proportional to

the light intensity. Thus, by calculating the current difference
between the two photoelectric detectors, we can demodulate
the polarized signal. Take the left-hand circular polarization
state as an example. When the left-hand polarization state is
received, the output current is

{

where i is the current caused by the input light, and i, and i

i1 =1is+1i

.l .s + a1, (27)
12 = 1n2,
are the detector noises which follow a Gaussian distribution
with a zero mean value and a variance of 2. The differential
current Aij can be defined as

Aiy =iy —ip = i+ in] — ip2. (28)

By assuming that i, and iyy are independent, i;; — iny follows
a Gaussian distribution of N(0,26;2). Similarly, for the right-
hand circular polarization state, we have

Aiy =101 —ip = —ig+1in1 — In2. (29)

094215-7



Chin. Phys. B Vol. 24, No. 9 (2015) 094215

Then, the probability density function of the differential cur-
rent caused by the left-hand and the right-hand polarization
states can be written as

. 1 _ <Ai1—;s>2
fap) = me don | (30)
. -
f(Ai) = m e don . 3D
For the left-hand polarization state, the BER is
Pa = P({Ai <0})
0 1 _ @iy _
= /_ _ 7@ V2o, e o dAj
= %erfc <2in> , (32)

where erfc is the complementary error function. Similarly, for
the right-hand polarization state, there is

Py =P({Ai; >0}) = %erfc (;; ) . (33)

Taking the scintillation effect into account, we can define the
average bit error rate as

+o SNR
P =2 Ps(I)Py| —=1 ) dI
BER 0 s()e](\ﬁ )
400

= % (I )erfc (%I) di, 34)
0

where SNR is the signal-to-noise ratio defined as SNR =
is/V/20y, and iy is the average output current of the photoelec-
tric detector. As indicated by Eq. (34), Pggr is influenced by
the SNR. This can also be illustrated by the simulation results,
which is shown in Fig. 9.

Figure 9 shows the BER calculated under different scin-
tillation models. Apparently, the BER is influenced by both
the parameters of the scintillation models and the SNR. For
the Lognormal distribution in Fig. 9(a), its performance is in-
fluenced by the scintillation index o;. A smaller o leads to a
lower BER curve. For the K-distribution in Fig. 9(b), it is in-
fluenced by the order of the Bessel function. However, the dif-
ference caused by the order is small. For the Gamma—Gamma
distribution, there are two key parameters o and 3. Differ-
ent combinations of o and f lead to different BER curves.
The Gamma—Gamma model is actually an extension of the
K-distribution. When = 1, the Gamma-Gamma distribu-
tion becomes the K-distribution, which can be known from
Figs. 9(b) and 9(c). It can be seen from all the figures that a
high SNR leads to a low BER, indicating the effects of noise
on the BER. It can also be observed that the BER curves share
a similar tendency under the same SNR conditions and that
there is only a tiny difference between the BER curves of
different scintillation models. Because of the complex and

changeable deep space circumstances, no model can perfectly
describe the scintillation effects. As described in Ref. [25],
these models have varying degrees of success. Thus, the scin-
tillation model is generally chosen based on the condition of
the propagation channel.
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BER
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BER

SNR/dB

1.0 T T T T

0.8
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BER
Q
I
»
=
Il
=)
o0

0.4 G=38=08

0.2

0 -
21 —14 -7 0 7 14 21 28
SNR/dB

Fig. 9. (color online) BER under different scintillation models: (a) the
Lognormal distribution, (b) the K-distribution, (c) the Gamma-Gamma
distribution.

3.5. Ranging jitter

As discussed in Subsection 2.1, the ranging process is
conducted by matching the SN from the downlink with the
local SN. Thus, the synchronization process will have an im-
pact on the ranging jitter because the inaccurate synchroniza-
tion will lead to the time synchronization error for the range
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measurement.

The synchronization sequence is defined in Eq. (8) and
the signal passing through the propagation channel is ex-
pressed by Eq. (10). For the synchronization process, the aim
is to find k with the maximum value of Reor(k), i.€.,

K= mlflx{Rcorr(k)} = mlflx{pss (k) +&ss(k)}- (35)

As Egs (k) is a random variable, thus x can be seen as a random
variable. Apparently, k is influenced by the noise of the syn-
chronization sequence. Then, the variance of kT, G,ET, con-
tributes to the ranging jitter. The ranging jitter, denoted as og,
can be presented as

B cOxT
T2
Because we cannot have an analytical form for Eq. (35), we

OR (36)

use the Monte Carlo simulation to analyze the variance of K
and give the relation between the ranging jitter and the SNR.

In the simulation, the Monte Carlo method is used to an-
alyze the impact of the synchronization error on the ranging
jitter under different SNR levels, and m-sequences of differ-
ent orders are used. For each SNR, 1000 correlation trials
expressed by Eq. (35) are conducted and the variance of xT
is calculated. Based on Eq. (36), the ranging jitter is calcu-
lated and presented in Fig. 10. From the figure, we can see
that when the SNR is low, the synchronization error causes a
large ranging jitter, indicating the impact of the noise on the
range measurement. As the SNR increases, the ranging jitter
goes down. We can also know that an m-sequence of high or-
der has a better ranging jitter performance. The reason is that
the high order m-sequence has a better synchronization perfor-
mance, which has been demonstrated in the previous sections.
It should be noted that under lower SNR, the ranging jitter
of the high order m-sequence is larger than that of the lower
order one. The reason is that at lower SNR, the noise con-
tributes more to the correlation process of m-sequences with
high order than those with the low orders, which influences
the in-phase judgment. This is also the reason for the high
correlation peak at low SNR in Fig. 6(a).

. T T T T T

1.25F —s—n=25 i
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Fig. 10. (color online) Ranging jitter.

3.6. Interference of ranging on communication

For the proposed method, the ranging signal and the com-
munication signal are integrated into a single signal symbol
structure. Thus, the impact of the ranging signal on the com-
munication signal mainly lies in the macroscopic aspects, such
as the power consumption, the data rate, etc. In the following,
we analyze the interference mainly from these aspects.

The power consumption depends on the signal symbol
structure. Because of the existence of the synchronization se-
quence and the SN sequence, the power is not entirely assigned
to communication. We define the power efficiency 1 as the ra-
tio of the power assigned to communication to the total signal
power. Based on the signal symbol structure, 1) can be ex-
pressed as

_ lsn+Iss
T

Apparently, large Isn and Igs will decrease the communica-

n=1 (37

tion power efficiency when the symbol length is fixed. Small
Isn will improve the communication power efficiency, but it
will in turn decrease the ranging repetition rate and lower the
ranging jitter performance.

When it comes to the data rate, we have given an analy-
sis in Subsection 3.1. As indicated in Eq. (6), the SN for the
range measurement occupies part of the symbol and the in-
creasing length of SN will decrease the data rate. The length
of SN also influences the maximum unambiguous ranging dis-
tance. Shorter SN leads to a smaller Ry,,x, Which is indicated in
Eq. (7). The interactive influence between different parameters
indicates that the signal symbol structure design contributes to
the system performance and that the balance of different pa-
rameters should be considered.

4. Conclusion

We have documented the design and analysis of a new
simultaneous communication and ranging method for deep
space exploration. The proposed method drew inspiration
from x-ray communication and utilizes x-ray as the trans-
mission medium. The simultaneous operation is achieved by
transmitting the ranging information together with the data
with an elaborately designed signal. Compared with the avail-
able methods, the proposed method can enhance the link ef-
ficiency under changeable space conditions and is helpful for
the system miniaturization and integration. In the paper, we
presented the principle of the proposed method, and conducted
the detailed analysis of its performance, both mathematically
and numerically. From the analysis and the corresponding nu-
merical simulations, we knew that the signal acquisition prob-
ability is greatly influenced by the level of the noise and that
high level noise results in a low acquisition probability. Be-
sides, the bit error rate is influenced by both noise and the
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choice of the scintillation model, and the scintillation model
should be chosen considering the practical conditions. What
is more, the ranging jitter is related to the correlation property
of the synchronization sequence in the signal symbol and a
longer synchronization sequence leads to a better range mea-
sure performance. Other characteristics, such as the repe-
tition rate, the data rate, the maximum unambiguous range,
the noise effect on synchronization, etc., were also analyzed.
From the detailed analysis, we could conclude that the simul-
taneous communication and ranging method is feasible and
that it is suitable for deep space exploration. With the increas-
ing demand for the range measurement and the large volume
data transmission, simultaneous communication and ranging
would find its application in future deep space exploration.
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