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ABSTRACT The construction of a navigation constellation with inter-satellite links (ISLs) has become one

of the important development trends for new-generation global navigation satellite systems (GNSSs), and

ISLs currently realize navigation and communication functions through separate low-rate omnidirectional

telemetry, tracking, command and high-rate data service channels, respectively. If the above two functions

are integrated into one channel, this will result in simplification of the onboard equipment, improvement

of the electromagnetic compatibility, power consumption reduction and frequency resources savings, and

we speculate that autonomous navigation will be achieved by ISLs with navigation and communication

fusion. In this paper, a system capable of simultaneous high-data rate communication transmission and

precision ranging is investigated, and a specific scheme is introduced by combining continuous phase

modulation (CPM) and a pseudonoise (PN) ranging code denoted as CPM + PN. The chip pulse is one

of the key factors to design the ranging code, which not only affects the ranging performance but also

influences the properties of the CPM + PN scheme, such as its spectral characteristics, communication

reliability, and acquisition time. To consider the above performance indexes, a new chip pulse based on a

normally distributed wave is proposed. Theoretical analysis and simulation results show that compared to

square-wave and half-sine wave cases, the normally distributed wave attains great advantages in the ranging

accuracy and communication reliability, which become more notable with reasonable selection of the energy

distribution index. Moreover, the proposed chip pulse achieves a similar acquisition time as the traditional

wave. As a result, the normally distributed wave can be used as a better alternative to the ranging chip pulse

for the CPM + PN waveform.

INDEX TERMS GNSS, ISLs, CPM + PN, chip pulse, normally distributed.

I. INTRODUCTION

Inter-satellite links (ISLs) can be used as a bridge between

navigation satellites to connect the satellites as a whole and

form a three-dimensional crossover network through mutual

communication and ranging [1], [2]. ISLs can shorten the

update cycle of ephemeris, realize joint-orbit determination

of the navigation constellation, and notably improve the

orbit determination accuracy [3]; Moreover, ISLs improve

The associate editor coordinating the review of this manuscript and

approving it for publication was Masood Ur-Rehman .

the integrity of a global navigation satellite system (GNSS)

by providing an independent means to assess ephemeris and

clock parameters. The establishment of ISLs enables the nav-

igation constellation to attain a short routing delay and high

communication capacity, which can considerably improve

the measurement and control performance of the satellite

navigation system [4]. Therefore, ISLs been a key technology

to realize autonomous navigation (without the support of

ground stations) for the new generation of GNSSs [5], [6].

GNSSs generally adopt the standard telemetry, track-

ing, command system and spectrum range to transmit
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low-code rate ranging data, and employ binary-phase shift

keying (BPSK) and quadrature-phase shift keying (QPSK)

systems to transmit high-code rate communication informa-

tion [7]. Ranging and communication signals are transmit-

ted through two independent channels, which require not

only a large bandwidth but also two sets of transmitters and

receivers. In reference [8], the unbalanced QPSK system is

adopted to transmit high and low bit rate data simultaneously,

in which the same-phase branch is applied to transmit the

communication data and the orthogonal branch is used to

transmit the ranging data. However, it achieves a low band-

width efficiency and when the communication bit rate is

higher than 2 Mbit per second (Mbps), it cannot meet the

constraint requirements of the space frequency coordination

group (SFCG) across the spatial spectrum [9], [10].

To satisfy the demand for the simultaneous transmis-

sion of high-bit rate communication and ranging data

signals, the National Aeronautics and Space Administra-

tion (NASA) combined the Gaussian-filtered minimum shift

keying (GMSK) system with a pseudonoise (PN) code and

proposed a new information transmission system, which can

be expressed as GMSK + PN [11], [12]. When the commu-

nication bit rate is higher than 2 Mbps, GMSK + PN signals

can still meet the SFCG requirements. The information trans-

mission system is favored by the Consultative Committee

for Space Data System (CCSDS) and the European Space

Agency (ESA) [13]–[18] and has become an area of increased

interest in CCSDS and ESA seminars in recent years.

The main sources of interference between communication

and regenerative PN code ranging include the selection of the

communication modulation signal, data rate of communica-

tion, ranging modulation index, ranging code, ranging code

forming filter and ranging code rate [19]. Similar to GMSK,

multi-h continuous phase modulation (multi-h CPM) has the

advantages of a continuous phase, constant envelope and high

spectrum utilization [20], [21]. In addition, multi-h CPM

attains a greater flexibility [22] and can choose the appropri-

ate shaping pulse function, modulation index and modulation

order according to the system requirements for a suitable

spectrum efficiency and error code performance [23], [24].

Multi-h CPM is also suitable for the multiband combined

navigation approach in future high-precision positioning nav-

igation systems [25]. Therefore, this paper chooses multi-h

CPM for the communication modulation signal of the sys-

tem that combines communication with ranging. In terms

of the ranging code, chaotic sequences achieve a superior

performance, but only for square waves [26], [27]. In the

CCSDS standard, the PN ranging code called Weighted-

voting balanced Tausworthe, v = 2 (T2B) is recommended

for low signal-to-noise links because of its shorter acquisition

time, while the Weighted-voting balanced Tausworthe, v = 4

(T4B) is recommended for high ranging accuracy cases [28].

Therefore, wemainly consider the above two kinds of ranging

sequences in this paper.

The PN ranging chip pulse imposes a great influence on

the communication bit error rate (BER) and ranging accuracy.

However, most studies on the chip pulse only focus on square

and sine waves [29]–[31]. The performance of these two

waves is not ideal when the required ranging accuracy is high.

In addition, these two waves will cause a greater interference

to the communication signal, which will result in a reduced

reliability and the disadvantage becomes more notable when

the proportion of the ranging component is large. This paper

conducts an in-depth analysis of this problem and focuses on

jitter error reduction in the code tracking loop. Finally, a nor-

mally distributed wave with a high accuracy and reliability is

designed.

The rest of this paper is organized as follows. Section II

introduces the system model of the CPM + PN transmitter

and receiver. Section III analyzes the factors that impact

the ranging performance. Section IV designs the chip pulse

based on the normally distributed wave. Section V provides

the simulation results of the designed and traditional waves.

Finally, we conclude the paper in Section VI.

II. SYSTEM MODEL OF THE CPM + PN SCHEME

A block diagram of the CPM + PN transmitter is shown

in Figure 1. A low-density parity check (LDPC) encoder,

shaping filter and integrator are adopted for the communica-

tion input stream to generate the CPM communication phase,

while the PN ranging sequence passes through the shaping

filter and is multiplied with the weighting factor to obtain

the PN ranging phase. After the communication phase and

ranging phase are acquired, phase modulation is performed

to obtain the CPM + PN composite signal.

FIGURE 1. CPM + PN transmitter.

The CPM + PN composite signal at the output of the

transmitter can be described as:
s(t) =

√

2PT cos [ωst + ϕTM (t) + ϕRG(t)] (1)

where PT is the transmission power (W), ωs is the carrier

frequency (rad/s), ϕTM (t) is the phase of the CPM signal with

symbol interval Ts = 1/RTM (s), RTM is the communication

symbol rate (symbol/s), and ϕTM (t) can be written as:

ϕTM =2πhCPM

n
∑

i=0

αiq(t − iTs), nTs≤ t≤ (n+ 1)Ts (2)

where hCPM = K/P is the CPM modulation index, K and P

are the co-prime, αi(0 ≤ i ≤ n) is the M-ary communication
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information sequence, and q(t) is a continuous monotone

function and can be expressed as:

q(t) =
{

0 t ≤ 0

1/2 t > LTs
(3)

The phase pulse can be obtained by integrating the rectan-

gular pulse (LREC) with a duration of LTs, the raised cosine

pulse (LRC) or the GMSK pulse and can be expressed as

q(t) =
∫ t
−∞ g(τ ), where g(t) is the pulse shaping function.

ϕRG(t) is the phase of the PN ranging signal and can be

described as:
ϕRG(t) = mRG

∑

n

cnh(t − nTc) (4)

wheremRG = πh/2 is the peak PN ranging modulation index

in radians (without a subcarrier) and the value of h is set to

0.1, 0.2, etc. to control the division of power between the

communication and ranging signals, and the power can be

described as:
PTM = PT J

2
0 (mRG) PRG = PT 2J

2
1 (mRG) (5)

where Jn(·) is the standard Bessel function.
Figure 2 shows the power variation trend of the communi-

cation and ranging signals with h (the transmission power PT
is assumed to be 1). The value of h determines the communi-

cation demodulation performance and ranging accuracy to a

certain extent. Simulations [32] with real communication and

ranging synchronizers have shown that the system operates

as long as h is maintained between 0.1 (favoring communi-

cation) and 0.2 (favoring ranging).

FIGURE 2. Power variation trend of the communication and ranging
signals.

The pseudorandom binary sequence cn = ±1 is selected

in terms of T2B and T4B according to the recommendations

of the CCSDS standard, where h(t − nTc) is the PN ranging

shaping filter impulse response (square wave, half-sine wave,

etc.), Tc = 1/RRG is the PN ranging chip interval, and RRG is

the ranging chip rate (chip/s).

With the use of familiar trigonometric identities equa-

tion (1) can be decomposed into:

s(t) =
√

2PT cos [ωst + ϕTM (t) + ϕRG(t)]

=
√

2PT cos [ωst + ϕTM (t) + mRGcnh(t)]

=
√

2PT [Q(t) cos(ωst) − I (t) sin(ωst)] (6)

where

I (t) = sin[ϕTM (t) + mRGcnh(t)]

= sin[ϕTM (t)] cos[mRGcnh(t)]

+ cos[ϕTM (t)] sin[mRGcnh(t)] (7)

Q(t) = cos[ϕTM (t) + mRGcnh(t)]

= cos[ϕTM (t)] cos[mRGcnh(t)]

− sin[ϕTM (t)] sin[mRGcnh(t)] (8)

Since cn = ±1, equations (7) and (8) can be simplified as:

I (t) = sin[ϕTM (t)] cos[mRGh(t)]

+ cn cos[ϕTM (t)] sin[mRGh(t)] (9)

Q(t) = cos[ϕTM (t)] cos[mRGh(t)]

− cn sin[ϕTM (t)] sin[mRGh(t)] (10)

A block diagram of the CPM + PN receiver is shown

in Figure 3. The received signal can be passed directly to

the CPM demodulator whereby the ranging signal is regarded

as noise, and it then passes through the LDPC encoder,

shaping filter and FM modulator to obtain the regenerative

communication signal. Via the removal of the regenerative

communication information from the received signal, the PN

ranging information is reproduced.

FIGURE 3. CPM + PN receiver.

The complex envelope of the received signal can be

expressed as:

r̃(t) =
√

2PT exp[jϕTM (t) + jϕRG(t)] + n(t) (11)

where n(t) is the noise. The regenerative communication

signal can be expressed as:

x̂(t) = exp[jϕ̂TM (t)] (12)

Multiple correlation analysis between the received signal and

regenerative communication signal is conducted to generate
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the signal as:

z(t) = r̃(t)x̂∗(t)

=
√

2PT exp[jϕTM (t) + jϕRG(t) − jϕ̂TM (t)] + n(t)

≈
√

2PT exp[jϕRG(t)] + n(t) (13)

The phase of the PN ranging signal can be obtained by

determining the imaginary part after Taylor approximation of

equation (13):

Im {z(t)} = Im
{

√

2PT [1 + jϕRG(t)]
}

+ n(t)

=
√

2PTϕRG(t) (14)

III. RANGING PERFORMANCE ASSESSMENT

The CPM + PN scheme is mainly evaluated from the

power spectrum, communication reliability, ranging acquisi-

tion time and ranging jitter error. The power spectrum and

communication reliability are analyzed from the simulation

results in section V. The acquisition time and jitter error are

derived in the rest of this section.

A. ACQUISITION TIME

References [11] and [12] have studied the evaluation of the

acquisition time for different PN ranging sequences. When

the communication signal is absent, the number of correlation

chips Nchip can be calculated as:

Nchip = η

ERG/N0
= η

erf −1(1 − 2CER)
(15)

where ERG is the ranging chip energy, N0 is the noise power

spectral density of the additive Gaussian noise, CER is the

chip error rate, and η is equal to 4305.3 for T4B and 261.2 for

T2B.

In the ideal case (communication and ranging signals are

both transmitted, but there is no interference between them

and the two signals are orthogonal), the chip error rate CER

can be replaced by [33]:

CER = 1

2
erfc

√

ERG

N0
= 1

2
erfc

√

PRG

N0RRG
(16)

According to the power relationship in equation (5),

the chip energy-to-noise ratio ERG/N0 can be derived as:

ERG

N0
= PRG

N0RRG
=

2J21 (mRG)PT

N0RRG

=
2J21 (mRG)

J20 (mRG)

PTM

N0RRG
=

2J21 (mRG)

J20 (mRG)

Rb

RRG

Eb

N0
(17)

where Eb is the energy per communication bit, and Rb is the

communication bit rate (bit/s). The acquisition time can be

thus determined as:

tobs = NchipTc =
J20 (mRG)

2J21 (mRG)

RRG

Rb

Tcη

Eb/N0

=
J20 (mRG)

2J21 (mRG)

1

Rb

η

Eb/N0
(18)

Equation (18) can be implemented to estimate the acquisi-

tion time from the measured Eb/N0 value when the commu-

nication signal is present, and Eb/N0 must be set to acquire

the target BER.

B. RANGING JITTER

The designed code tracking loop (CTL) is the key module

of the ranging receiver, which determines the range accuracy

to a great extent. The CTL block diagram can be designed

as shown in Figure 4. The mid-phase integrator represents

a solution that estimates the phase error of the CTL input

signal. The ±1 alternate sequence is implemented instead of

the in-phase integral branch (including the transition detector)

considering that PN ranging code sequences with notable

clock components can be regarded as a square-wave with a

few errors. The output of the mid-phase integrator is multi-

plied by the ±1 alternate sequence to provide the right CTL

correction. The chip rate is obtained by adding the carrier loop

error to the nominal chip rate and is adopted to control the

numerically controlled oscillator (NCO) frequency.

FIGURE 4. CTL block diagram.

The input signal of the CTL can be defined as:

r(i) = r(its) = A
∑

n

cn · h(its − nTc − τ ) + Ni (19)

where ts is the sampling interval, A is the amplitude of

the chip, cn is the pseudorandom binary sequence, h(t) is the

ranging chip shaping function, Tc is the chip period, τ is the

random phase to be estimated, and Ni is the zero-mean white

Gaussian noise sample with a variance of σ 2
i = N0/2ts.

A mid-phase integration diagram is shown in Figure 5.

It can be assumed that the input symbols of the CTL change

at the leading edge as · · · nTc + τ, (n + 1)Tc + τ · · · , and
the tracking loop changes at the leading edge as · · · nTc + τ̂ ,

(n+ 1)Tc + τ̂ · · · . The timing error can be expressed as:

ε = τ − τ̂ (20)

S(ε) is defined as the mean value of the error control signal

conditioned on the timing error and can be described as

S(ε) = L · E(Qn|ε) (21)

where E(·) is the mathematical expectation,Qn is the quadra-

ture channel output, and L is the cumulative length of the

accumulator after the orthogonal branch.
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FIGURE 5. Mid-phase integration.

The output of the mid-phase integrator Qn can be deter-

mined as:

Qn =
∑

i∈Cn
r(i) =

∑

i∈Cn
{A[cn · h(its − nTc − τ )] + Ni} (22)

where Cn is the collection of:

i :
(

n− 1

2

)

Tc + τ̂ ≤ its <

(

n+ 1

2

)

Tc + τ̂ (23)

The mean value of Qn can be calculated as:

E(Qn) =
A

∫ ε

−ε
h(t + Tc/2)dt

ts
(24)

It is assumed that the derivative of H (t) is h(t), i.e.:

H ′(t) = h(t) H ′(t + Tc/2) = h(t + Tc/2) (25)

The definite integral of h(t + Tc/2) can be calculated as
∫ ε

−ε

h(t + Tc/2)dt = H (t + Tc/2)|ε−ε

= H (ε + Tc/2) − H (−ε + Tc/2) (26)

The S curve can be expressed as:

S(ε) =
L · A

∫ ε

−ε
h(t + Tc/2)dt

ts

= L · A [H (ε + Tc/2) − H (−ε + Tc/2)]

ts
(27)

The slope of the S curve at the origin represents the CTL

gain Kε:

Kε = ∂S(ε)

∂ε

∣

∣

∣

∣

ε=0

= L · A
ts

∂

[

H
(

ε + Tc
2

)

− H
(

−ε + Tc
2

)]

∂ε

∣

∣

∣

∣

∣

∣

ε=0

= L · A
ts

[

h

(

ε + Tc

2

)

+ h

(

−ε + Tc

2

)]∣

∣

∣

∣

ε=0

= L · A
ts

2h

(

Tc

2

)

(28)

After L times of accumulation, the variance in the white

Gaussian noise at the phase detector output can be defined

as:

σ 2
N = L

Tc

ts
σ 2
i = LTcN0

2t2s
(29)

The spectral density of the additive noise in the CTL can be

obtained as:

SN = σ 2
N · (L · Tc) = L2T 2

c N0

2t2s
(30)

Moreover, the tracking performance of the CTL in terms

of the timing jitter σ 2
ε can be defined as

σ 2
ε = 2BLSN

K 2
ε

= BLL
2T 2

c N0

t2s

t2s

4h2(Tc/2)L2A2

= 1

4h2(Tc/2)

BLT
2
c

PRG/N0
(31)

where BL is the one-side loop bandwidth, PRG = A2 is

the ranging chip power, and PRG/N0 is the ranging power-

to-noise spectral density ratio, which can be converted into

(similar to equation (17)):

PRG

N0
=

2J21 (mRG)

J20 (mRG)

Eb

TbN0
(32)

where Eb is the energy per communication bit, and Tb is the

bit interval.

During the actual operation of the CTL, not all the power

of the ranging signal is applied to track the chip rate because

of the loop filter, and it is necessary to replace PRG with

the ranging clock component. For the ranging codes T2B

and T4B, the attenuation of the ranging clock component to

the whole composite pseudocode power can be expressed as

Lck = 0.3936 for T2B and Lck = 0.881 for T4B. Therefore,

the ranging timing jitter (seconds) can be determined as:

σε = Tc

2h(Tc/2)

√

BL

Lck · PRG/N0

= Tc

2h(Tc/2)

J0(mRG)

J1(mRG)

√

BLTb

2Lck

1

Eb/N0
(33)

where Eb/N0 must satisfy the target BER constraint. Finally,

the one-way ranging jitter (meters) can be written as:

σ = c

2
σε = cTc

4h(Tc/2)

J0(mRG)

J1(mRG)

√

BLTb

2Lck

1

Eb/N0
(34)

where c is the speed of light.

Equation (34) indicates that the ranging jitter is mainly

related to the center peak of the chip pulse, ranging modula-

tion index, tracking loop bandwidth, ranging code sequence

and channel condition. In terms of the ranging chip pulse,

the higher the central peak is, the smaller the ranging jitter

error is.
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IV. RANGING CHIP PULSE DESIGN

The traditional ranging chip pulse mainly includes the square

wave (sq), half-sine wave (sin) and time domain-rising cosine

wave (tdrc):

hsq(t) =
{

1 t = [0,Tc]

0 otherwise
(35)

hsin(t) =
{ √

2 sin(π t/Tc) t = [0,Tc]

0 otherwise
(36)

htdrc(t) =
{

√

2/3[1 − cos(2π t/Tc)] t = [0,Tc]

0 otherwise
(37)

The ranging jitters of the above three waves can be defined

as:

σsq = cTc

4

J0(mRG)

J1(mRG)

√

BLTb

2Lck

1

Eb/N0
(38)

σsin = cTc

4
√
2

J0(mRG)

J1(mRG)

√

BLTb

2Lck

1

Eb/N0
(39)

σtdrc = cTc

8
√
2/3

J0(mRG)

J1(mRG)

√

BLTb

2Lck

1

Eb/N0
(40)

According to equation (34), the ranging jitter σ is inversely

proportional to the value of h(Tc/2), which is the center

peak of the ranging chip pulse. The ranging jitter can be

reduced by increasing the center peak of the ranging chip

pulse, to improve the system ranging accuracy. According

to the above rationale, this paper designs a novel chip pulse

based on the normally distributed wave (nd). In contrast to the

random variable in the normal distribution, the designed chip

pulse only represents a mathematical function, which can be

defined as:

hnd (t) =







And

δ
√
2π

exp

(

− (t/Tc−1/2)2

2δ2

)

t= [0,Tc]

0 otherwise

(41)

where And is the amplitude of the normally distributed wave

and its value must be chosen to ensure that the power of the

wave is equal to 1, and δ is the energy distribution index. The

smaller the value of δ is, the more concentrated the energy

in the center of the wave is, the higher the ranging chip

pulse peak is, the larger h(Tc/2) is and the higher the ranging

accuracy is. Figure 6 shows the values of And and h(Tc/2) as

a function of δ.

For the three traditional ranging chip pulses, the values

of h(Tc/2) can be calculated as 1,
√
2, and 2

√
2/3 with

equations (35) to (37). To obtain a larger value of h(Tc/2),

the maximum value of the energy distribution index is set to

0.2 according to Figure 6. On the other hand, the energy of the

normally distributed wave will be concentrated near the peak

when the energy distribution index is low, which may reduce

the spectral efficiency of the composite signal. Considering

the above factors, values of δ are selected as 0.2, 0.1 and

0.05 in this paper. Accordingly, the values of And are 0.8422,

FIGURE 6. Variation diagram of the energy distribution index.

0.5954 and 0.4210, respectively, and the values of h(Tc/2) are

1.6799, 2.3753 and 3.3591, respectively. Figure 7 shows the

waveform of the above three cases (assuming Tc is 1). Other

values can be selected according to specific requirements.

FIGURE 7. Normally distributed wave.

The ranging jitter of the above normally distributed waves

can be expressed as:

σnd−0.2 = cTc

6.72

J0(mRG)

J1(mRG)

√

BLTb

2Lck

1

Eb/N0
(42)

σnd−0.1 = cTc

9.50

J0(mRG)

J1(mRG)

√

BLTb

2Lck

1

Eb/N0
(43)

σnd−0.05 = cTc

13.44

J0(mRG)

J1(mRG)

√

BLTb

2Lck

1

Eb/N0
(44)
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It is clear that the ranging jitter decreases with decreasing

energy distribution index of the normally distributed wave.

V. SIMULATION RESULTS AND ANALYSIS

In this section, the proposed normally distributed waves and

three reference waves are simulated and analyzed. The simu-

lation parameters are listed in Table 1.

TABLE 1. Simulation parameters.

A. SPECTRAL PERFORMANCE

Figure 8 to 11 show the spectral performance of the six chip

pulses when T2B and T4B are selected for the ranging code

and values of 0.1 and 0.2 are selected for the ranging modula-

tion index, where ‘‘sq’’ is the square wave, ‘‘sin’’ represents

the half-sine wave, ‘‘tdrc’’ indicates the time domain-rising

cosinewave, ‘‘nd’’ is the proposed normally distributedwave,

and 0.2, 0.1, and 0.05 are energy distribution index values.

FIGURE 8. Power spectrum for T2B and h = 0.1.

It is observed that the square and half-sine waves attain a

high bandwidth efficiency, while the spectral performance of

the normally distributed wave is not ideal, especially when

FIGURE 9. Power spectrum for T2B and h = 0.2.

FIGURE 10. Power spectrum for T4B and h = 0.1.

FIGURE 11. Power spectrum for T4B and h = 0.2.

the energy distribution index is 0.05. The reason for this

situation is that the energy of the normally distributed wave is

concentrated near the peakwhen the energy distribution index
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is low, thus resulting in multiple large side lobes in the com-

posite signal spectrum. However, the spectral performance

does not affect the communication reliability when the appro-

priate energy distribution index is chosen for the normally

distributed wave (as shown in Figures 12-15). In addition,

the parameters T2B and h = 0.1 exhibit a high spectral

performance.

FIGURE 12. Communication BER for T2B and h = 0.1.

FIGURE 13. Communication BER for T2B and h = 0.2.

B. COMMUNICATION RELIABILITY

Figures 12 to 15 depict the communication reliability

(in terms of the BER) of the six ranging chip pulses for the

different parameters.

The above simulation figures reveal that the square and

half-sine waves achieve a low BER performance, while the

proposed normally distributed wave exhibits a great advan-

tage when the energy distribution index is selected as 0.1 and

0.2. However, the normally distributed wave attains the worst

performance regarding the error when the energy distribution

index is 0.05 and the ranging code is T4B. This may have

occurred because the energy of the ranging chip pulse is too

FIGURE 14. Communication BER for T4B and h = 0.1.

FIGURE 15. Communication BER for T4B and h = 0.2.

concentrated, which would lead to an enhanced interference

of the communication signal. In addition, the effect of the

different chip pulses on the communication performance is

more notable when the ranging code is T2B or the ranging

modulation index is high. In summary, the normally dis-

tributed wave presented in this paper attains a better commu-

nication performance than the other waves when the energy

distribution index is between 0.1 and 0.2.

For comparison convenience, Tables 2 to 5 provide the

required Eb/N0 values (dB) for the six chip pulses to satisfy

the target BER.

C. ACQUISITION TIME

The relationship between the acquisition time and Eb/N0 (dB)

can be obtained with equation (18), as shown in Figure 16.

The acquisition time of T2B is much smaller than that of

T4B in the same channel environment, and it attains a higher

performance when the ranging modulation index is high.
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TABLE 2. Eb/N0(dB) for T2B and h = 0.1.

TABLE 3. Eb/N0 (dB) for T2B and h = 0.2.

TABLE 4. Eb/N0 (dB) for T4B and h = 0.1.

TABLE 5. Eb/N0 (dB) for T4B and h = 0.2.

When the target BER of communication is 10−2, 10−3 and

10−4, the acquisition time can be calculated, as summarized

in Tables 6 to 9. The acquisition time of the various chip

pulses is roughly the same for the different parameters (they

differ at the 0.1 millisecond level among the different chip

pulses). The main factor that impacts the acquisition time

is the choice of the ranging code, and T2B attains a higher

performance than T4B.

D. RANGING JITTER

The case of T2B and h = 0.1 is selected as a representative

case (the other parameter conditions are similar) to illustrate

the ranging jitter of the six chip pulses for different Eb/N0

values (dB), as shown in Figure 17. The proposed normally

distributed wave exhibits the lowest ranging jitter and the

FIGURE 16. Acquisition time (s) for T2B, T4B and h = 0.1, h = 0.2.

TABLE 6. Acquisition time (ms) for T2B and h = 0.1.

TABLE 7. Acquisition time (ms) for T2B and h = 0.2.

TABLE 8. Acquisition time (ms) for T4B and h = 0.1.

advantage becomes more notable when the channel condi-

tions are poor.

When the target BER of communication is 10−2, 10−3

and 10−4, the ranging jitter can be calculated, as summarized

in Tables 10 to 13.

The normally distributed wave attains the smallest ranging

jitter error, and the lower the energy distribution index is,
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TABLE 9. Acquisition time (ms) for T4B and h = 0.2.

FIGURE 17. Ranging jitter (m) for T2B and h = 0.1.

TABLE 10. Ranging jitter (m) for T2B and h = 0.1.

TABLE 11. Ranging jitter (m) for T2B and h = 0.2.

TABLE 12. Ranging jitter (m) for T4B and h = 0.1.

the smaller the ranging jitter is. In addition, the ranging jitter

error is small when the ranging modulation index is high or

when T4B is chosen as the ranging code.

TABLE 13. Ranging jitter (m) for T4B and h = 0.2.

VI. CONCLUSION

The simultaneous transmission of communication and rang-

ing information is an efficient transmission scheme for the

ISLs of GNSSs. The main factors influencing the ranging

accuracy of the CPM + PN scheme are analyzed in this

paper, and a new ranging chip pulse based on the normally

distributed wave is proposed. The simulation results show

that the proposed normally distributed wave exhibits a great

advantage in terms of the ranging jitter, which becomes more

notable with decreasing energy distribution index. In terms of

the acquisition time, the normally distributed waves achieve

a similar performance to the traditional waves. In addition,

the interference of the normally distributed wave to the com-

munication signal is lower than that of the traditional waves,

and the performance difference in communication reliability

becomes more notable when the ranging modulation index

is high. However, more energy is concentrated in the center

of the wave when the energy distribution index of the pro-

posed chip pulse is very low, which results in a low spectral

efficiency. Considering the above factors, this paper suggests

that the energy distribution index of the proposed normally

distributed wave should be selected as approximately 0.1.

In this case, the normally distributed wave exhibits great

advantages in terms of the ranging accuracy and communi-

cation reliability.
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