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Ubiquitous signal coverage is a basic demand of Internet of Things (IoT) communications, which meets the feature of satellite
communications. Infinite user number is a basic demand of IoT location-based services, which meets the feature of Global
Navigation Satellite System (GNSS). Both of these demands make Satellite Navigation and Communication Integration (SNCI)
an important supporting technology for IoT. Inherited from the satellite communications system, GNSS itself has a certain data
transmission capacity. Thus, enhancing the communication function of the GNSS is a promising means of achieving SNCI.
Considering that a unified signal system cannot currently realize high-precision positioning and high-speed data transmission
simultaneously in SNCI, this project proposes a Correlation Domain Indefinite Pulse Position Modulation (CDIPPM). A pilot
channel and a data channel are introduced in this technology, which are distinguished by Code Division Multiplexing (CDMA).
The synchronization function is provided by the pilot channel, thereby freeing the data channel of this function. The phase of
the pseudorandom code can then be used as the carrier of information. In order to transmit more information, the transmitter
of the proposed technology superimposes on the data channel multiple sets of spread spectrum sequence, which are generated
from one set of spread spectrum sequence by different cyclic shifting operations. The receiver will identify the number and
location of the correlation function peaks by a detection algorithm and recover the message. It can be seen by theoretical
analysis and simulation verification. The technology can significantly improve satellite data transmission rates and maintain the
original positioning function while minimizing change in the original GNSS signal. Therefore, the SNCI system based on this
technology has the following advantages: a unified signal system, high positioning accuracy, high data transmission rate, and a
backward navigation function, and it is easy to promote.

1. Introduction

The idea of SNCI has been explored in previous studies. Both
Globalstar [1, 2] and BeiDou systems have the navigation
capabilities as well as communication services. In the recent
search for the missing Malaysian Airlines flight MH370 [3],
Rolls Royce provided a part of flight path. This path is esti-
mated from the working condition monitoring signal sent
by the engine, which is based on the same principle as GNSS.

Through analyzing the status quo of SNCI technology, it
can be found that the current SNCI research adopts three
main methods. The first one is sending data to users through
an independent satellite communications system. In order to
ensure the consistency of terminals, this kind of satellite sys-

tem tends to use the same frequency points and modulation
modes as the GNSS, and its information rates are also consis-
tent with the corresponding GNSS. Typical instances of this
method include the WAAS [4, 5] of the United States, the
European EGNOS system [6], the Japanese MSAS [7, 8], Jap-
anese LEX signal [9, 10], the Indian GAGAN system [11–13],
and the Russian SDCM system [14]. Therefore, these systems
usually have a lower information rate, which is generally 250
bps. With the growing demand for improvement of the users’
communication capability, most countries have begun to use
common communication satellite systems to send navigation
enhancement information. This solution increases the trans-
mission rate but sacrifices the unity of receiving terminals,
which is supposed to be the technical advantage of SNCI
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systems. Additionally, this method has deviated from the ini-
tial purpose of SNCI technology. A typical case is the HI-GPS
project of Boeing in 2008, supported by the US Army, which
utilized the Iridium satellite system. Similarly, the newly
introduced Hongyan small satellite system of China also
includes the positioning enhancement function in its plan.

The second method to achieve SNCI is by promoting the
range capabilities of the communication signal. However, the
key challenges of communication signal design are increasing
the data rate and the channel quantity while navigation sig-
nals are more focused on range accuracy. Due to the different
design requirements, a single signalling system must com-
promise between the two aspects or be more focused on
one of them. For example, the Globalstar system and the
Inmarsat [15, 16] system of the US have strong communica-
tion capabilities but limited navigational precision and conti-
nuity. China’s BeiDou system provides a different example
where there is strong positioning capability but low informa-
tion transfer rate. By adopting the RDSS positioning scheme,
the amount of data dedicated to navigation services is
reduced in the BeiDou system, leaving more resources for
carrying communication information in each data frame. In
addition, the CAPS [17] system proposed by CAAS National
Astronomical Observatories in 2002 also belongs to this type
of SNCI system [18].

The third method is to combine communication and
navigation functions mechanically on the same platform. At
present, the attempts by industry mostly fall into this cate-
gory. However, in this category, navigation and communica-
tion functions are implemented independently without deep
integration. No matter whether the communication system is
set solely for GNSS or bundles two hardware devices together
mechanically, the spectrum resources are used
independently.

Therefore, compared with the first and third methods,
the second one is more inclined to achieve deep integration
of navigation and communication functions on the signal

layer. Since the signal pattern of communication satellites
may not be able to meet the requirements of timing and rang-
ing, many of the ideas for SNCI are based on existing naviga-
tion satellite systems. This method effectively utilizes the
existing satellite resources and reduces the construction cost.
However, the communication rate of these systems is low
because they are limited by insufficient band frequency and
energy resources. In the future construction of SNCI, the
constellation and spectrum conditions may undergo great
changes, and they may not be limited by the states of the cur-
rent systems. As mentioned above, communication satellite
systems are converging with GNSS in constellation and sig-
nal characteristics while the frequency resources are insuffi-
cient in the satellite-ground link. For this reason, the
operational bandwidth of navigation satellites and communi-
cation satellites has become very close, e.g., both Inmarsat
[19, 20] and GNSS satellites operate on the L-band. This
would allow the two systems to share their existing spectrum
resources for stronger communication and positioning capa-
bilities if they were unified in the future [21].

Furthermore, compared with most of the modern com-
munication systems [22, 23], the transmit speed of GNSS is
too slow. This brought the latency, vulnerability, and low
adaptability to the scene. Many researches are focused in
these problems [24–30], and increasing the transmit speed
problem of GNSS would be helpful to these problems.

In this paper, a method of CDIPPM is proposed. This
method uses the navigation signal as the pilot channel, so
that the pseudonoise (PN) sequence on the data channel
can carry information by code phase. Furthermore, an indef-
inite amount of data channels is combined together to
increase the amount of information that is carried by each
symbol. Thus, the communication rate of the satellite down-
link signal is improved.

The structure of this paper is as follows. The second part
introduces the basic principles of CDIPPM. The third part
describes the signal transmission strategy of the proposal.
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Figure 1: The autocorrelation function of a Gold sequence: a big correlation value can be calculated when the received sequence and local
sequence are synchronized. The position of the correlation peak was changed when the received sequence is cyclically shifted.
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The system performance of this technology is analyzed and
verified in the fourth and fifth parts. The conclusion follows
those parts.

2. Basic Principle of CDIPPM

In Direct Sequence Spread Spectrum (DSSS), correlation
operations are used for signal detection. At the same time,
due to the good autocorrelation of the spreading sequence,
the system also ensures the bit synchronization of the signals
in the process of detection. The correlation property of the
PN sequence is such that if and only if the received sequence
is synchronized with the local sequence, a peak appears in the
correlation function and the receiver establishes the bit syn-
chronization. During the rest of the time, the correlation
functions are at smaller values, as shown in Figure 1(a).
Under the bit-synchronized state, if the PN sequence is cycli-
cally shifted by s bits and then transmitted, the peak would be
found at s position in the correlation function, as shown in
Figure 1(b).

With this feature, the receiving equipment can demodu-
late the information that was carried by the code phase of
the PN sequence. In the modulation process, the transmitter
changes shifting length artificially, and the receiver can
recover this shifting length through the peak position of the
correlation function so as to transmit useful information
[31].

The cyclic shifting operation does not change the spec-
trum spreading capability of the PN sequence. However, after
this cyclic shifting operation, the synchronization function of
the PN sequence is sacrificed. Therefore, a pilot channel is
needed to provide the synchronization capability. A spread-
ing sequence of the same family as the data channel is used
in the pilot channel. The pilot channel works in traditional
DSSS communications mode without any shifting process.
The PN sequence of the data channel is cyclically shifted
before the modulation process, i.e., the code phase is chan-
ged, so that the cyclic shift length can be used to carry useful
information. The bits of the data channel are completely syn-
chronized with those of the pilot channel.

PN sequence in the pilot channel carries binary informa-
tion by bit reversing. In the data channel, an additional set of
data information can be modulated by the cyclic shifting
operation. The total state number of one symbol depends
on the code length. The cyclic shifting operation brings more
status to a PN sequence, which allows it to carry more
information.

In this study, multiple spread spectrum signals are super-
imposed in one data channel to further increase the channel
utilization rate. The PN sequence of every spread spectrum
signal is the same, as shown in Figure 2. The hexagons in
the figure represent a 7-chip length PN sequence, and the
order of these chips is represented by a sequence number.
PN sequence can be bit-reversed to carry binary information,
which is denoted by B0 and B1. The data channels in the sys-
tem, as illustrated in the figure, can carry 7 additional infor-
mation states, denoted as D0-D6.

During the receiving process, the correlator would detect
multiple peaks in correlation functions, as shown in Figure 3.
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Figure 3: The correlation function of the CDIPPM signal: because
the number of subdata channels is indefinite, the peak number of
the correlation function is also indefinite.
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Figure 2: The structure of CDIPPM signal: the number of subdata channels is indefinite.
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These peaks can be identified by the gross error removal the-
ory. As mentioned before, the number of states of a PN
sequence is Nc, which is the code length. When M spread
spectrum signals, with the same PN sequence, are superim-
posed together, the amount of states of each PN sequence will

reach CM
Nc
. If the number of the spread spectrum signals

involved in the superimposition is not a fixed number, the

number of states will be further increased to∑M
i=1C

i
Nc
, thereby

increasing the information transfer speed.
Carrying information through the cyclic shifting of the

PN sequence is essentially pulse-position modulation on
the correlation domain. The amount of pulses used in this
technique is variable, so the technique proposed here is
named CDIPPM.

It is noteworthy that CDIPPM is different from combin-
ing several independent Cyclic Code Shift Keying (CCSK)
signals together [32], because in CDIPPM signal, all the sub-
data channels use the same PN sequence. But if several CCSK
signals with the same PN sequence were combined indepen-
dently, it is impossible to distinguish the correlation peaks by
the corresponding CCSK signals. Also, if two or more corre-
lation peaks of different CCSK signals overlapped together, it
is hard to distinguish them from one single correlation peak.

As the information of CDIPPM signal is transferred via
time delay, this technique is more sensitive to multipath phe-
nomenon. However, since the application of the satellite nav-
igation and communication service is a satellite-ground or
intersatellite link and the multipath phenomenon of such links
is weak and suppressible by the directional antenna, the mul-
tipath phenomenon can be ignored in this application.

It is conceivable that the pilot channels can be designed
like those in conventional navigation satellite signals in the
downlink or in the intersatellite positioning and communica-
tion link of the SNCI system. The pilot channel still provides
traditional, fully backward compatible satellite navigation

services, so the traditional navigation receiver can still main-
tain its positioning functions without modification. The data
channel uses a similar signal system to provide higher-speed
communication services. Under the general trend of
software-based receivers, the receivers can be upgraded with-
out significant change in the hardware, which is beneficial to
the popularization of this technique.

3. Signal Transceiver Strategy

3.1. Modulation. The CDIPPM-based SNCI system is similar
to the traditional GNSS in signal modulation. The traditional
GNSS signal is directly utilized as the pilot channel, while in
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the data channel only a cyclic shift process is added to the
modulation scheme as Figure 4.

The “low speed subchannel 0” stands for the pilot channel,
and the “low speed subchannel 1” to “low speed subchannel K”
are used to control the flip of the peaks. The “high speed sub-
channels” are used to control the shifting process of the PN
code. The information rate ratio between low speed subchan-

nels and high speed subchannels is 1 + R : ð1/KÞ∑K
R=1 log2C

R
Nc
.

3.2. Demodulation. For the receiver, as a traditional DSSS sig-
nal is used as the pilot signal, the demodulation algorithm of
the pilot channel is the same as that of the traditional GNSS sig-
nal, including acquisition and tracking processes. Due to the
cyclic shift operation applied on the PN code, the data channel
loses its self-synchronization capability; the pilot channel is
needed to provide synchronization for the data channel. The
local PN sequence generator of the data channel should be
feedback controlled by the tracking loop of the pilot channel.

Since the PN code of the data channel is cyclically shifted,
the correlation peak of each cycle is always changing, disabling
the delay locked loop of the tracking process. Therefore, for
the data channel, the tracking process is altered from the
receiving algorithm. For the same reason, the serial correlation
algorithm is unavailable in data channel demodulation. Con-
versely, the position of the correlation peak can be calculated
within one cycle of PN code by utilizing the frequency domain
correlation algorithm. Thus, the frequency domain correlation
algorithm is utilized for CDIPPM signal demodulation.

On the other hand, in the data channel, the number of
correlation peaks is indefinite. Therefore, a peak detection
strategy is needed after the correlator to determine the num-
ber of peaks. Since the correlation function contains enough
samples and the maximum number of peaks is known, 3σ
criterion is used for peak number detection. But here, we
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Figure 6: Demodulation strategy of CDIPPM signal.

Table 1: The transmit speed comparison of reformed GNSS signals
(K = 3).

Signal
PN
code
length

Chip
rates
(cps)

Speed of
traditional
signal (bps)

Speed of
reformed signal

(bps)

GPS L1 1023 1.023M 50 30.4587K

BeiDou B1 2046 2.046M 50 31.8248K

GLONASS
L1

511 0.511M 50 25.8174K

Galileo E1 4092 1.023M 250 9.3526K
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make two changes to 3σ criterion. Firstly, nσ is used as the
threshold instead of 3σ, because the peak number is too small
to the total sample number for one PN code. Secondly, sev-
eral largest samples in absolute value could be altered when
calculating the standard deviation. Thus, the influence of
the peak value on the statistical characteristics can be
avoided. The peak detection process is shown in Figure 5.
In summary, the receiving algorithm of CDIPPM is shown
in Figure 6. Figure 6 illustrates that the signal detection strat-
egy of CDIPPM includes the detection strategy of the tradi-
tional GNSS signal so that a CDIPPM receiver can be easily
converted from a conventional GNSS receiver.

3.3. Channel Utilization Analysis. For traditional Binary
Phase Shift Keying (BPSK) signals, the channel utilization
can be calculated by the Shannon formula. However, in the
case of a conventional DSSS signal under BPSK modulation,
one bit is represented by a PN sequence with a code length of
Nc. Thus, when the energy of one bit remains constant, the
bandwidth BN1 of the signal is correspondingly extended
Nc times. So, the channel utilization rate becomes

C

BN1

=
1

Nc

log2 1 +
Eb

N0

� �

, ð1Þ

where C is the channel capacity, Eb illustrates the energy of
one bit, and N0 represents the noise power density.However,

if information is transmitted through the correlation peak
position, since the energy of one bit remains the same in the
horizontal comparison while the amount of information

Table 2: Ideal K values correspond to different Nc:

Nc 3 7 15 31 63 127 255 511 1023

K 1 6 13 29 56 126 250 498 994

Nc 2047 4095 8191 16383 32767 65535 131071 262143 524287

K 1986 7938 15874 31746 63490 126978 253954 507906 1015810
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transmitted in a PN code period is increased from one bit to
1 + log2Nc bit, the period occupied by a PN code should cor-
respondingly expand 1 + log2Nc times to ensure that the
energy of one bit is unchanged. So, its bandwidth BN2 becomes

BN2 =
BN1

1 + log2Nc

, ð2Þ

and the channel utilization rate can be expressed as

C

BN2

=
1 + log2Nc

Nc

log2 1 +
Eb

N0

� �

: ð3Þ

Furthermore, if the number of correlation peaks R is between 1
and K, the amount of information that can be transferred per

code period is also correspondingly increased to R + log2C
R
Nc

bit. The corresponding signal energy is R, so the channel utili-
zation can be expressed as

C

BR

=
R + log2C

R
Nc

Nc

log2 1 +
Eb

N0

� �

, ð4Þ

where BR is the normalized signal bandwidth. For the
CDIPPM transmission system, assuming that the occurrence
probabilities of each symbol are the same, the overall channel
utilization rate for a system with up to K peaks can be
expressed as

C

B
=

1

K
〠
K

R=1

R + log2C
R
Nc

RNc

log2 1 +
Eb

N0

� �

: ð5Þ

It can be seen that the channel utilization of the CDIPPM
signal is improved when compared with that of the conven-

tional DSSS signal.Although its channel utilization rate can-
not exceed the BPSK signal, signal power is reduced due to
the processing gain. The multiple access capability of DSSS
signal also ensures the overall network rate. Assuming the
system bandwidth is constant and both navigation and
communication services are needed, neither the frequency
division mode nor the time division mode can make full
use of bandwidth resources and may require users to equip
both kinds of receivers at the same time. The CDIPPM sig-
nal is similar to the traditional DSSS signal, which is also
used as the pilot channel and provides traditional naviga-
tion services. It can provide both navigation and high-
speed communication services while ensuring that users
occupy all resources and that the receiving terminals guar-
antee consistency.For example, the GPS L1 signal, BeiDou
B1 signal, GLONASS L1 signal, and Galileo E1 signal are
widely used for civil applications. If these signals are
reformed by CDIPPM signal, the transmit speed would be
as shown in Table 1.

Here, we introduce a transmission rate increase factor I
ðK ,NcÞ, to describe the transmission rate increment of a tra-
ditional CDMA signal if it was changed to CDIPPM signal.
The factor IðK ,NcÞ is calculated as

I K ,Ncð Þ = 1

K
〠
K

R=1

R + log2C
R
Nc

� �

: ð6Þ

The relationship between Nc and K is shown in Figure 7.It
can be seen that Nc and the best K , which makes the function
IðK ,NcÞmaximum, is not a monotonic relationship, because
bigger K value brings more states to one symbol by bit flip-

ping. But CK
Nc

and C
N c−K
N c

pervade the same state numbers that

means bigger K value brings fewer states to one symbol, by
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pulse positions. Based on Equation (6), the best K for a cer-
tain Nc is the positive integer that most fulfills

min
1

2
+

1

K K − 1ð Þ log2
Y

K

i=1

Nc − i + 1ð Þ i−1ð Þ

i i−1ð Þ

 !

: ð7Þ

The analytical solution of K is too complex to calculate; here,
we give the ideal K values correspond to different Nc in
Table 2. Notice that some of the speed increases in Table 2
mismatch with Equation (6); that is because one bit of GPS
L1 signal and BeiDou B1 signal is formed by 20 PN sequences.
Also, this ideal K value is only a theoretical result. In the sys-
tem design process, the error characteristics should also be
taken into consideration, because bigger K increases the com-
plexity and self-relation side-lobe interference of the system.

4. Error Probability Analysis

The noise of correlation function corresponds to the Rayleigh
distribution, as

f n vð Þ = v

σ
2
n

e−v
2/2σ2n , ð8Þ

where v represents the correlation value and σn stands for the
standard deviation of the noise. In the fully synchronized sta-
tus, each correlation peak is in line with the Rice distribution,
expressed by

f s vð Þ = v

σ
2
n

e− v2+A2ð Þ/2σ2nI0
vA

σ
2
n

� �

, ð9Þ

where A is the signal amplitude and I0 is the first-order Bessel
function. For any s ≠ 0, when RaðsÞ > Rað0Þ, a symbol error
occurs, where RaðxÞ stands for the x-th value of the autocor-

relation function. Therefore, the Symbol Error Rate (SER) of
one peak should be expressed as

PSER =

ð∞

0

f n yð Þ
ðy

0

f s xð Þdxdy

= 0:5 −

ð∞

0

y

σ
2
n

e−y
2/2σ2nQ1

A

σn

�

,
y

σn

�

dy,

ð10Þ

where Q1 is the Marcum Q-function. When R subdata were
integrated together, the variance of the correlation function
would be increased to Rσ2n. When the number of peaks R is
undefined, assuming that the occurrence probabilities of each
symbol are the same, the overall error rate can be expressed as

PK
SER = 0:5 −

∑K
R=1

Ð∞

0
y/Rσ2n
� �

e−y
2/2Rσ2nQ1 A/

ffiffiffi

R
p

σn

�

, y/
ffiffiffi

R
p

σn

�

dy

K
,

ð11Þ

where K is the total peak number of the system.To verify the
error characteristics of CDIPPM signals, corresponding simu-
lations were carried out using a Gaussian channel. The simu-
lation uses a Gold sequence with a code length of 1023 as a
spreading sequence with an intermediate frequency of 4.096
MHz. The maximum correlation peak number is 3. Since each
PN code period should be considered as a unitary symbol in
the transmission, the commonly used Bit Error Rate (BER)
can be replaced by the SER, both of which are essentially the
same. For each symbol, an error in either the peak number,
the peak position, or the bit polarity is regarded as a transmis-
sion error. Figure 8 shows the simulation results; different n
values are used for peak detection strategy.

For comparison, a set of similar systems is simulated, in
which the total peak number is 1, which corresponds to the
CCSK signal. The simulation results are shown in Figure 9.

Similarly, in this simulation, the system characters are the
same with the CDIPPM system, and SER is used instead of

Control 

Control 

CDIPPM signal

PN code generator 1 Peak location

Synchronization
information 

Information
recovery 

Sampling 

PN code generator 2

Sampling 

CorrelatorSampling 

Peak statistics

Correlator

Figure 12: The signal demodulator.
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BER. Also, corresponding CDMA systems are simulated with
the similar system characters. The simulation results are
shown in Figure 10.

For the sake of fairness, the same detection strategy is
used in these 3 simulations. It can be seen from the figures
that the reliability performance of CDIPPM system is 8~10
dB’s lower than the traditional systems; this is the cost of
improving the effectiveness. And in the aforementioned sys-
tems, the data rate is 1Kbps for the CDMA system, 10.9986
Kbps for the CCSK system, and 30.4087Kbps for the
CDIPPM system (K = 3).

5. Hardware Implementation

In this paper, the baseband transmission practicability of the
CDIPPM signal is verified on FPGA platforms. In order to
realize the signal modulation strategy in Figure 5, the signal
generator is designed as shown in Figure 11. The CDIPPM
signal is composed by a pilot channel and a data channel.
The pilot channel is generated as the traditional GNSS signal.
The data channel is generated by accumulating L CCSK sig-
nals, where L is determined by the communication data.
The CCSK signal is generated by cyclically shifting the local
PN code, which is marked by the dotted line. The local PN

code is stored in a ROM, and the read address is generated
by a loop counter; the initial phase of the loop counter is also
determined by the communication data. The signal demodu-
lator circuit is designed as Figure 12. The signal synchroniza-
tion is obtained by the pilot signal acquisition process, which
controls the local PN code generator. As marked by the dot-
ted line, the pilot signal acquisition is similar with GNSS
acquisition strategy. The structure of the data channel
receiver is similar to that of the pilot channel acquisition cir-
cuit; the only difference is the peak value detector. This detec-
tor selects L maximum correlation values and sorts them in
descending order. If a maximum value exceeds the threshold,
the peak position would be recorded as the information; oth-
erwise, it is regarded as noise interference. The signal demod-
ulator RTL diagram based on FPGA is shown in Figure 13,
where “instPILOT” part is the pilot signal acquisition circuit,
“instCCSK” is the data channel receiver circuit, and “central”
is the core controller circuit. The interaction between the
“instPILOT” and the “instCCSK” and the synchronization
of signals is completed by the core controller.

To verify the error characteristics of CDIPPM signals,
corresponding experiments were carried out using a Gauss-
ian channel. Figure 14 shows the experimental results. The
experiments use a Gold sequence with a code length of
1023 as a spreading sequence with an intermediate frequency
of 4.096MHz. The maximum correlation peak number is 3.

�e signal generator �e signal demodulator

Figure 15: The hardware platform.
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Figure 14: Error feature experiment for CDMA signal.
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Figure 13: The signal demodulator RTL diagram.
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The hardware platform uses Altera’s Stratix IV, and the
clock uses a 16.368MHz temperature-compensated crystal
oscillator. The platform of the baseband communication
experiment is shown in Figure 15, where the left side is the
signal generator and the right side is the signal demodulator.
In order to verify the performance of the system, the demo-
dulated information was stored in an in-system memory
and compared with the transmitted data on the PC.

6. Conclusions

The SNCI is an important part of IoT. In light of the bottle-
neck of SNCI systems, the CDIPPM technology proposed
in this paper carries information by the combination of pulse
position in correlation domain. While maintaining the
spread spectrum gain and the multiple access performance,
the information transmission rate of traditional navigation
signals is enhanced. This makes the signal compatible with
navigation and communication features. The quantity of
the enhancement depends on the total peak number and
the PN code length of the system. Take GPS for example,
CDIPPM technology can enhance the data rate from 50 bps
to 30.4587Kbps, when the total peak number is 3. In the
future, the source coding problem, multipath problem, and
the timing method will be the following research direction
of CDIPPM technology.
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