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Preface

BeiDou Navigation Satellite System (BDS) is China’s global navigation satellite
system which has been developed independently. BDS is similar in principle to
global positioning system (GPS) and compatible with other global satellite navi-
gation systems (GNSS) worldwide. The BDS will provide highly reliable and
precise positioning, navigation and timing (PNT) services as well as short-message
communication for all users under all-weather, all-time, and worldwide conditions.

China Satellite Navigation Conference (CSNC) is an open platform for academic
exchanges in the field of satellite navigation. It aims to encourage technological
innovation, accelerate GNSS engineering, and boost the development of the
satellite navigation industry in China and in the world.

The 7th China Satellite Navigation Conference (CSNC2016) is held during May
18–20, 2016, Changsha, China. The theme of CSNC2016 is Smart Sensing, Smart
Perception, including technical seminars, academic exchanges, forums, exhibitions,
and lectures. The main topics are as follows:

S1 BDS/GNSS Application Technology
S2 Navigation and Location-Based Services
S3 Satellite Navigation Signals
S4 Satellite Orbit and Clock Offset Determination
S5 BDS/GNSS Precise Positioning Technology
S6 Atomic Clock and Time-frequency Technology
S7 BDS/GNSS Augmentation Systems and Technology
S8 BDS/GNSS Test and Assessment Technology
S9 BDS/GNSS User Terminal Technology
S10 Multi-sensor Fusion Navigation
S11 PNT System and Emerging Navigation Technology
S12 Standardization, Intellectual Properties, Policies, and Regulations

The proceedings (Lecture Notes in Electrical Engineering) have 176 papers in
ten topics of the conference, which were selected through a strict peer-review
process from 440 papers presented at CSNC2016. In addition, another 193 papers
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were selected as the electronic proceedings of CSNC2016, which are also indexed
by “China Proceedings of Conferences Full-text Database (CPCD)” of CNKI and
Wan Fang Data.

We thank the contribution of each author and extend our gratitude to 237 ref-
erees and 48 session chairmen who are listed as members of editorial board. The
assistance of CNSC2016’s organizing committees and the Springer editorial office
is highly appreciated.
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The Application of Fountain Code
in Satellite Navigation System

Qiao Liu, Wenjing Zhang, Yong Wang and Hui Li

Abstract The research on satellite navigation signal is one of the most essential
topics in satellite navigation system. The enhancement of the signal will
undoubtedly improve the service quality of navigation system. Dealing with this
problem, applying latest emerging coding schemes have been proved to be efficient.
Therefore, we analyze the application of fountain code into satellite navigation
system in this paper. To achieve better transmission, we first propose a modified
encoding algorithm to reduce the minimized transmission packets cost. Further, by
introducing Low-Earth orbit satellite, we concatenate digital fountain code with
traditional channel code. By doing so, we can optimize the utilization of fountain
code in satellite channels. Finally, simulation results are conducted to valid our
theoretical analysis.

Keywords Fountain code � Satellite navigation system � Concatenated code

1 Introduction

The satellite navigation signals are the direct factors to affect the quality of navi-
gation service. However, the navigation signals suffer a bad signal-to-noise con-
dition due to the satellite communication channel properties. Therefore, the
instability of navigation signals is always the bottleneck for the navigation service.
Abundant of solutions have been explored to improve the navigation signal
transmitting. Among them, applying error correction code, including LDPC, Turbo,
and RS code, has been proved to be an efficient way. Following such approach, this
paper applies the latest emerging close Shannon limit code, i.e., fountain code, into
the satellite navigation system.

The idea of fountain code is first proposed over binary erasure channel in 1998,
and this idea is realized into practice by LT code in [4] and Raptor code in [5].
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Following these two well-known fountain codes, the research has been divided
into two directions. One is the code improvement and another is the code appli-
cation. For the fountain code improvement, the degree distribution attracts most
attentions [6]. Besides degree distribution, the encoding and decoding algorithms
have also been analyzed, see [1]. For the application, the usage of fountain code has
been extended into more channel models rather than binary erasure channel, like
Block fading channels [2] and AWGN channels [3]. The fountain code also wit-
nesses its application in different networks, like [7, 8]. In particular, the authors in
[8] apply the LT code into satellite communication with an enhanced decoding
algorithm. We hold an identical motivation with [8] to apply the fountain code into
satellite communication, however, with a different approach.

Besides the error correction code, another technique is also attracted enough
attention to be a promising method to improve satellite navigation, namely
Low-Earth orbit (LEo) satellite. The LEo satellites have a better transmission
channel than the Medium-Earth orbit (MEo) satellite for its low distance to the
Earth surface, where the MEo contains most navigation satellites. Utilizing LEo
satellite in communication becomes a hot topic in the last few years, however the
recent connection between LEo satellites and navigation only lies in the locating of
LEo satellites by the GPS. Thus, a novel scheme is desired to improve navigation
signal with help of LEo satellites.

Following previous discussed motivations, we apply the fountain code into
satellite navigation system. Rather than a naive transplanting, the encoding algo-
rithm is modified to reduce the redundancy cost. Further, by involving the LEo
satellites, the fountain code is concatenated with error correction code. These two
approaches are also the main contributions of this work.

2 Fountain Code

2.1 Overview of the Fountain Code

The fountain code is name after a metaphorical sense in which considers the
transmission as a process of filling water into a bucket. During the transmission, the
transmitter encodes and sends its messages like a fountain, and the receiver,
comparing to a bucket, will continually receive the water until correct decoding.
Thus, one round of information transmitting is completed.

The encoder unit of fountain code is packet. It means that the encoder in the
transmitter will first divides the source file into fixed length packets, and then
encodes each packet. The receiver will continually collect these encoded packets
and make an attempt to recovering all of them.

In practical, the number of the received packets is a little larger than the encoded
packets number but uncertain. Therefor the rate of the fountain code is unfixed. This
property is perfect suitable for the satellite channel. The satellite channel will
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change rapidly with the time varying, so the traditional fixed code rate will either
bring unnecessary overhead when the channel condition is good or suffer incorrect
transmitting when the channel condition is bad. These two problems will be solved
by the fountain code.

Another property belonging to fountain code is message recover inevitability.
This property comes from that the transmitter can unstoppable encode until the
receiver correctly recover the message. With this property, the navigation system
will have no anxiety for the navigation signal missing problem.

2.2 LT Code

Following the concept of the rateless, Luby propose the first rateless code, namely
Luby transform (LT) code. The encoding of LT code contains four steps as
following:

• Step 1: The transmitter divide the original message into k packets with equal
length: l bits each packet. Padding 0 if the last packet is not long enough.

• Step 2: The transmitter randomly picks degree d according to the degree dis-
tribution q ¼ q1; q2; . . .; qkð Þ, which p d ¼ ið Þ ¼ qi.

• Step 3: Random picking d packets from the divided k pickets.
• Step 4: Output a transmitting packet by doing XOr operation for the d picked

packets.

The transmitter will continually generate encoded packets until all the trans-
mitting packages are recovered. In theoretical, the transmitter can generate infinity
encoding packets. However, the generated packets number is a little larger than k in
practical, but this number is uncertain. Thus, the rate of the code is also an uncertain
number, namely rateless.

Then we move on to introduce the decoding part of LT code. Belief propagation
(BP) algorithm has been shown as an accepted efficient method to decode LT.
The BP algorithm is based on the tanner graph of LT code, and we have given a
sample example in Fig. 1. Recall the Step 4 in encoding algorithm, the tanner graph
is defined by connecting the encoded packets with its constituted source packets.

Fig. 1 Tanner graph for LT
code
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After transmission, the encoded packets will become the input packets of the
decoder, so we rename such packets as input packets in the following discussion.

Based on this graph, we introduce the decoding algorithm as following steps:

• Step 1: Find the input packet with one-connected source packet. If there is no
one-connected input packets, the decoder will wait for more input packets.

• Step 2: If one-connected packet exists, recovering the source packet as the input
packet. In the previous example, T1 is the one-connected input packet con-
necting to S1, so the source packet S1 will be decoded as T1.

• Step 3: Delete the recovered source packet and reset the input packets by X or
operation which connected to it.

• Step 4: Update the tanner graph.
• Step 5: Repeat Step 1 to Step 4 until all the source packets are recovered.

The one-connected input packet is come from the degree-one packet in encoding
process. Consequently, the degree distribution will directly influence the tanner
graph. That means the optimization of the degree distribution design will increase
the decoding successful probability. For this reason, a lot of works have focused on
to propose novel optimized degree distribution just as former mentioned. However,
the research on degree distribution has met the bottleneck, in this paper we will give
an optimal encoding algorithm rather than the degree distribution. We will leave the
optimization of the degree distribution for satellite communication as the future
work of this paper.

3 Modification for the LT Code Encoding Algorithm

We have briefly introduced the encoding and decoding algorithm of LT code in the
previous section. With former discussion of the LT code, we can see that the
transmission efficiency is mainly depended on the design of the degree distribution.
However, the research on degree distribution has suffered bottleneck in the last few
years. The new designed degree distribution cannot marginally increase the
encoding efficiency. Consequently, other approaches must be raised to improve the
LT code. Under such motivation, we first analyze the LT encoding algorithm in
detail, and then propose a new algorithm to achieve better performance. Here we
have a note that the encoding algorithm of the Raptor code is mainly based on LT
encoding, hence the improvement of LT Encoding algorithm will undoubtedly
increase the transmission efficiency.

3.1 Analysis for the LT Encoding Algorithm

In the previous section, we have introduced the encoding algorithm for LT code.
From the discussion, we clearly see that different degree distribution function leads
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to different performance. Focusing on Robust Soliton distribution, we first analyze
the encoding and decoding performance.

The Robust Soliton distribution is shown as follows:

lðdÞ ¼ qðdÞþ sðdÞP
d qðdÞþ sðdÞð Þ ; ð1Þ

where q dð Þ is the Ideal Soliton distribution as

q dð Þ ¼ 1=K d ¼ 1
1

d d�1ð Þ d ¼ 2; 3; . . .;K

�
; ð2Þ

and s dð Þ is:

s dð Þ ¼
S
K
1
d ; d ¼ 1; 2; � � � ; KS � 1

S
K log

S
d

� �
; d ¼ K

S

0; d[ K
S

8>><
>>:

: ð3Þ

In Eq. (3), d is the allowed decoding failure possibility, which is a forecasting
number. Usually, d is a very small number for satellite communication, like
d ¼ 0:01. S is defined as: S, c

ffiffiffiffi
K

p
lnðK=dÞ, where c is a constant. In theoretical,

c can be chosen as any real number, but we usually choose c\1 in practical.
Actually, choosing of c determines the performance of LT code crucially. However,
theoretical analysis of determining c is still a hard problem, therefore we demon-
strate the choosing of factor c with fixed d by following simulation result in Fig. 2.

We simulate the decoding successful probability with receive packets under
different c. The original packet is set as 1000. With the simulation results as shown

Fig. 2 Successful probability
comparison with different c
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in Fig. 2, we can see that for Robust Soliton distribution, an optimal performance
can be achieved as c ¼ 0:81. Although this result cannot be proved by theoretical
analysis yet, this simulation is be of great value as a guide to implementation.

Following the simulation instruction, we draw the Robust Soliton distribution
with d ¼ 0:01 and c ¼ 0:81 in Fig. 3. With that we can clearly see that degree = 2
is the most frequently chosen degree; therefore, the modification of the encoding
algorithm under degree 2 case will be of great value. Then we move on to propose a
novel algorithm aiming at improving LT encoding performance under degree 2
case.

3.2 Modified Algorithm for LT Code Encoding

With the analysis in the last subsection, we show that the degree 2 situation case
contains over quarters of the encoded packets for robust degree distribution. If we
could promote the encoding efficiency for degree 2 situation, the LT encoding
algorithm will be undoubtedly improved.

Fixing the degree distribution, another factor also plays an essential role to
enhance LT performance, i.e., packets covering ratio. This ratio means how quickly
the encoded packets will cover all the original packets. This factor is significant
with the reason that all original packets must be covered, otherwise the receiver
cannot recover all original packets. Consider the situation that the well-designed
degree distribution has provided enough available decoding packets in each round;
however, one of the original packets has never been chosen to be transmitted.
Under such situation, the decoding is still a failure. Accordingly, covering the
whole original packets as soon as possible will be effective to reduce the trans-
mitting packets cost.

Fig. 3 Robust soliton
distribution with d ¼ 0:01
and c ¼ 0:21
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Recalling the degree 2 situation, we have shown that this situation occupies over
quarters of whole transmitting packets. Thus, improving the packets covering ratio
under degree 2 will be of great value. Assuming K packets are transmitted, so

primary encoding algorithm costs K
2

� �
solutions to pick 2 packets from the

K packets. To reduce such cost, we predivide the K packets into two groups and

picking one from each. For this proposal, only K
1

� �
� K

1

� �
are cost. Taking K ¼

10; 000 as an example, primary encoding algorithm has 49,995,000 solutions,
however, the improved algorithm only cost 25,000,000 which is less than the half
of the primary algorithm.

The modified encoding algorithm has been shown as follows:

Algorithm: Modified Algorithm for LT Code Encoding

4 The Application of Fountain Code in Satellite
Navigation System

The fountain code was first analyzed in the erasure channel with an impressive
performance. Further, some researchers extend its application into other channel
models as former mentioned. Meanwhile, some features belonging to fountain code,
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like rateless, message recover inevitability are exactly fit the satellite channel
model. Then it is a natural thought that applying the fountain code into satellite
navigation system.

4.1 The Advantage Analysis of Applying Fountain
Code into Satellite Navigation System

Before we analyze the advantage, we first discuss about the channel properties of
the satellite navigation signal.

Two main problems are needed to be deal with the navigation signals. The first
problem is the signal distortion caused by the interference from ionosphere, tro-
posphere, and local surface. The second problem is the frequent consecutive burst
errors, such errors often request large number of redundancies to preventing
transmission failure.

To deal with such problems, the fountain code is an optimal candidate com-
paring with current applying channel code like LDPC in GPS L1C. The reasons are
as follows. First, the message recovers inevitability of fountain code can guarantee
the transmission success. Causer transmitter will unstop to generate transmitting
packets until all the packets are recovered. Second, the rateless feature can reduce
the former mentioned redundancy. Facing the situation that frequent burst errors
often happen, the fixed rate must reserve enough redundancies. However, such
redundancies will be unnecessary when the channel condition is good. Thus, the
rateless code, i.e., fountain code, will improve such waste.

4.2 Preliminaries for Low-Earth Orbit Satellite

With former analysis, we can directly see that fountain code is perfectly suitable
for satellite navigation system. Besides naive transplanting, a recently conducted
experiment in November by NASA provides a brand-new prospect. In that
experiment, LEo satellite is utilized to assistant GPS signal transmitting. This
experiment also forecast that using LEo satellite could be an effective approach to
improve the quality of navigation signals.

The Low-Earth orbit satellite is the satellite that occupies the orbit around earth
with the altitude between 180 and 1240 km. With a closer distance from the Earth’s
surface, the LEo satellite enjoys a better communication than the Medium-Earth
orbit satellite where almost all navigation satellites are belonging to GPS, Galileo,
and Beidou.
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4.3 The Application of Fountain Code in Satellite
Navigation System

We combine two key techniques to realize an equivalent ensure channel, namely
concatenated code and LEo satellites which has been introduced in last subsection.
Further, such equivalent ensures channel that will be perfect for the application of
fountain code in satellite navigation system.

The concatenated code was first presented by Forney in 1966 by naive con-
catenating block code and cyclic code. Forney also prove that the performance
improvement would only be with polynomial-time decoding complexity that is
increasing. Following this idea, we concatenate the fountain code with error-
correcting code. Rather than directly concatenating, we separate the two encoders in
different satellite to form an equivalent ensure channel.

In the transmitter, i.e., the navigation satellite, the original message will be first
divided into packets. Then the transmitter encodes these packets with fountain code
encoding. The navigation satellite will transmit these coded packets to the LEo
satellite. The LEo satellite will not decode these packets, instead it will do the
second-time encoding. LDPC or turbo code is suggested. After the inner encoding,
LEo will forward the packets to the receiver. Here is a note that interleaving is
needed for LDPC against the emerging of burst errors.

The decoders, both the inner and outer, are lying at the receiver. Rather than the
routine sequential decoding, we have different designs. The decoder will first detect
the error for the inner code, and make a judgment. If these errors are in the
threshold, the inner decoder will correct them. Otherwise, this packet will be
ensured. Thus, an equivalent ensures that the channel is generated for the outer
code, which will be fountain code in our scheme. The inner decoder will send the
corrected packets into the outer decoder to accomplish the fountain code decoding.
Waiting for the all original packets recovered, the receiver will send a ACK to the
transmitter to finish this round of message transmitting.

The transmission diagram is shown in Fig. 4.

Fig. 4 Transmission diagram of proposed concatenated code
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4.4 Simulation Result of LT-LDPC Concatenated Code

To perform the proposed concatenated fountain code scheme, we simulate the
situation by comparing the packet error ratio (PER) between the proposed code with
LDPC which is used in GPS L1C. We choose LT code as the outer code and LDPC
code as the inner code. We consider that 1000 packets has been transmitted, and set
the rate of LDPC code as 0.5. Correspondingly, we assume 2000 packets have been
received.

The simulation result is shown in Fig. 5. With the result we can see that with
fixed SNR, the proposed code can correct more errors than LDPC code especially in
high SNR region. Further, the ratelss and message recover inevitability feature
belonging to fountain code makes it perfect suitable for the satellite navigation
system.

5 Conclusions

The navigation signal is a significant factor to influence the quality of navigation
service. However, the signal will suffer a bad distortion due to the satellite com-
munication features. To deal with this problem, we apply the fountain code into
navigation system. First, we briefly overview the fountain code with two practical
scheme, namely LT code and Raptor code. Second, we modified the encoding
algorithm of LT code to reduce the transmitting packets cost. At last, we apply the
fountain code into navigation system with the help of LEo.

Some future work can be considered as follows. First, a novel degree distribution
is desired for the particular satellite communication. Second, determining the fac-
tor c with theoretical analysis in Robust Soliton distribution is also a promising

Fig. 5 Packets error ratio
comparison for fountain code
with LDPC code
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way to improve the fountain code. And last, to improve the application in navi-
gation system, different concatenated code approaches should be analyzed to seek
out the optimal one.
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A Comprehensive Evaluation Approach
of Navigation Signal Performance Based
on Multi-attribute Group Decision Making

Qing Liu, Yanhong Kou and Zhigang Huang

Abstract In the process of comprehensive performance evaluation of
new-structure satellite navigation signals, some problems may be encountered
including the wide varieties of performance indicators/attributes, the lack of a clear
attribute system, the complex relationships and strong correlations among different
attributes, the differences in user preferences of the significances of various attri-
butes, and so on. Based on the comparative analysis of different models and
methods for the fuzzy multi-criteria Group Decision Making (GDM) problems, this
paper proposes a comprehensive signal performance evaluation approach that
integrates multiple methods seamlessly. Firstly, a three-level signal attribute system
is established based on Analytic Hierarchy Process (AHP). Next, the attributes at
the bottom level are decorrelated and reconstructed by Fuzzy Clustering and
Principal Component Analysis (PCA). Then the Technique for Order Preference by
Similarity to Ideal Solution (TOPSIS) is employed to obtain the Relative
Membership Degree (RMD) of each alternative signal option to each attribute unit.
Finally, the overall performance of each alternative is calculated using the
multi-attribute GDM model. The evaluation of six alternative modulations for GPS
L1C signals based on theoretical analysis demonstrates the feasibility and effec-
tiveness of the proposed approach. The approach provides an efficient means for the
comprehensive performance evaluation of satellite navigation signals.

Keywords Satellite navigation signal � Multi-attribute group decision making �
AHP � PCA � TOPSIS � Fuzzy clustering
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1 Introduction

With the development of Global Navigation Satellite System (GNSS), various
novel navigation signal structures have been proposed. Signal structure design is
one of key tasks of GNSS design, and the scientific and comprehensive perfor-
mance evaluation of different signal structures becomes of great importance for the
achievement of function and performance goals of GNSS services.

Multi-criteria/multi-attribute decision making (MCDM/MADM) approaches
have been widely applied in the fields of military affairs, transportation, healthcare,
mining, hydraulic engineering, and so forth [1–7]. Nevertheless, few literatures can
be found about applying these approaches in the evaluation of GNSS signal per-
formances. Several related methods for GNSS signal performance evaluation have
been mentioned/studied in [8], including the radar chart method, the expert scoring
method, the linear weighting method, and the weighted Technique for Order
Preference by Similarity to Ideal Solution (TOPSIS). These methods, however,
need to be improved due to their inefficiency of dealing with subjectivity, lack of
consideration of correlations among the attributes, or lack of quantitative analysis.

In order to solve these problems, this paper first establishes a hierarchical
attribute system for satellite navigation signals. The signal attribute system can be
divided into the following three levels: (1) The bottom level is composed of all the
computable/measurable performance indicators, i.e., the attributes; (2) The middle
level classifies these attributes into several groups, with one group named as an
Attribute Unit (AU); (3) The top level forms the Group Decision Making
(GDM) target and represents the overall performance of the signal. Then a fuzzy
comprehensive evaluation approach is explored to act as the technical means for the
optimal selection of signal alternatives, which takes advantage of Analytic
Hierarchy Process (AHP), Principal Component Analysis (PCA), Fuzzy Clustering
and weighted TOPSIS appropriately. Finally, taking six GPS L1C signal modula-
tion alternatives as a case study [9], the evaluation results select the TMBOC
(6,1,4/33) modulation meeting with the interface specification document
IS-GPS-800.

2 Methodology

The proposed evaluation approach includes the following three steps: (1) to
establish the three-level architecture of the signal attribute system for AHP; (2) to
calculate the Relative Membership Degree (RMD) of each alternative signal option
with respect to each AU; (3) to calculate the overall RMD of each alternative signal
option.
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2.1 Signal Attribute System

There is a wide range of attributes indicating different performances of satellite
navigation signals. On the other hand, the relative importance of these attributes can
vary significantly for different users and applications. As one of the most popular
analytical techniques for complex decision making problems, AHP is firstly con-
sidered in our methodology to well characterize the signal option decision situation
and efficiently incorporate objective as well as subjective attributes into the deci-
sion. Taking account of the definition, application requirements, and relevance of
these attributes, as well as the summary of available theoretical data and test data
for different signal options, a three-level signal attribute system is established for
the decision making among different signal alternatives, as shown in Fig. 1. The
specific attributes corresponding to the raw measurement/analysis data fall into the
bottom level. The second level attributes can be obtained by classifying the
first-level attributes with similar characteristics into an AU, such as the
anti-interference capability, the measurement accuracy, the receiving threshold, and
so forth. The third (top) level is the overall performance indicator corresponding to
the evaluation result. This hierarchical architecture helps to reduce the workload,
difficulty, subjectivity, and arbitrariness for the Experts, User representatives, and
Decision makers (EUD) to assign weights to different attributes because only a few
second-level attributes need to be weighted or, more simply, pairwisely compared
according to the application preferences.

2.2 Fuzzy Optimization Model of One AU

The fuzzy optimization model of one AU includes the following two steps:
decorrelation of the attributes and calculation of the RMD of each alternative to
each AU.

2.2.1 Decorrelation of Attributes

Correlations among the attributes can be captured and reduced by employing fuzzy
clustering and PCA.

AU Fuzzy Clustering

The attribute value (measured/calculated/estimated data) matrix for the decision
problem with m attributes of the kth AU and n alternatives can be expressed as
Eq. (1):
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1kX ¼
1kx11 1kx12 � � � 1kx1m
1kx21 1kx22 � � � 1kx2m
..
. ..

. ..
. ..

.

1kxn1 1kxn2 � � � 1kxnm

2
6664

3
7775 ¼ 1kxij

� �
n�m ð1Þ

where i ¼ 1; 2; . . .; n; k ¼ 1; 2; . . .; t; j ¼ 1; 2; . . .;m; 1kxij denotes the attribute value
at the first level.

To make the attributes dimensionless and larger-the-better, the raw attribute
value matrix can be normalized as follows:

Anti-interference 
capability

= Anti-interference quality factor under 
the interference of 

= Code tracking error under the 
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multi-access

wideband

pulse

narrowband

sweep 
frequency

Overall 
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threshold
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Carrier tracking 
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decorrelation
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RF compatibility

Intra-system

Inter-system
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Area within 
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envelope 

Interoperability

Independent 
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Flexibility 
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Multiplexing 
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Satellite payload 
complexity & power 

consumption

Fig. 1 Attribute system of satellite navigation signal
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1kX
0 ¼

1kx011 1kx012 � � � 1kx01m
1kx021 1kx021 � � � 1kx02m
..
. ..

. ..
. ..

.

1kx0n1 1kx0n1 � � � 1kx0nm

2
6664

3
7775 ¼ 1kx

0
ij

� �
n�m

ð2Þ

where

1kx
0
ij ¼ 1kxij � 1kxj

1kSj
if attribute j is a utility-type attribute ð3Þ

1kx0ij ¼ 1� 1kxij � 1kxj
1kSj

if attribute j is a cost-type attribute ð4Þ

1kxj ¼ 1
n

Xn

i¼1 1kxij

1kSj ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1
n

Xn

i¼1 1kxij � 1kxj
� �2r ð5Þ

The correlation matrix of Eq. (2) is calculated as

1kR ¼ ð1krijÞm�m; 1krij ¼ covð1kxi; 1kxjÞffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Dð1kxiÞDð1kxjÞ

p ð6Þ

Generally, since 1kR is not a fuzzy equivalent matrix, its transitive closure 1kR0

should be further computed. By comparing the elements of 1kR0 with a threshold

1kk, a matrix 1kR
0
k with binary elements (0 or 1) is obtained. The attributes with

value of 1 in one row/column can be classified into the same cluster.
The clustering results depend on the value of 1kk. Assuming that 1kR0

k divides one
AU into mk clusters, c1; . . .; cl; . . .; cmk , where cl (l ¼ 1; . . .;mk) represents the lth
cluster, the evaluation objective function of 1kk can be estimated by Wang et al. [6]:

1kS ¼ 1kd=1kL ð7Þ

where 1kd is the average Hamming distances [10] between the cluster centers and all
the sample attributes, 1kL is the minimum distance between different cluster centers.
By choosing the best 1kk corresponding to the smallest 1kS, efficient and reasonable
clustering can be achieved.

Construction of Composite Attribute of Each Cluster based on PCA

After the process of fuzzy clustering, it is essential to construct a new attribute for
each cluster, which represents the composite performance of all the attributes in the
cluster. The attribute values of the lth cluster of the kth AU are regrouped as
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1kX
00 ¼

1kx0011 . . . 1kx001mc

..

. . .
. ..

.

1kx00n1 � � � 1kx00nmc

8><
>:

9>=
>; ð8Þ

where n is the number of the alternatives, mc is the number of the attributes in this
cluster, 1kx00ij keeps the attribute value of 1kx0ij in Eq. (2) and is reordered in the
cluster. Normalizing Eq. (8) leads to 1kZ ¼ ð1kzijÞn�mc

, where

1kzij ¼ 1kx00ij � 1kx00j
1kS00j

ð9Þ

And

1kx00j ¼
1
n

Xn

i¼1 1kx00ij

1kS
00
j ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1
n

Xn

i¼1 1kx00ij � 1kx00j
� �2

r

Thus the jth column vector of the normalized matrix has a zero mean and a unit
variance Eð1kZjÞ ¼ 0; Dð1kZjÞ ¼ 1.

The correlation matrix of 1kZ is

1kRz ¼ ð1krijÞmc�mc
¼ 1

n� 1 1kZ
T
1kZ ð10Þ

1krij ¼ covð1kZi; 1kZjÞ ð11Þ

Assuming that 1kRz has q eigenvalues greater than zero k1; k2; � � � ; kq
� �

, ki [ 0,
and the corresponding orthonormal eigenvectors are A ¼ a1; a2; � � � ; aq

� �
, q prin-

cipal components can be computed by

Yn�q ¼ y1; y2; . . .; yq
� � ¼ 1kZn�mcAmc�q

y11 � � � y1q

..

. . .
. ..

.

yn1 � � � ynq

2
664

3
775 ¼

1kz11 � � � 1kz1mc

..

. . .
. ..

.

1kzn1 � � � 1kznmc

2
664

3
775

a11 � � � a1q

..

. . .
. ..

.

amc1 � � � amcq

2
664

3
775 ð12Þ

As indicated by Yu [11], the principal components in Eq. (9) are independent

covðyi; yjÞ ¼ 0 i 6¼ j
ki i ¼ j

�
ð13Þ
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The contribution of the principal component yi to the total variance is estimated
as

xi ¼ ki
.Xq

j¼1
kj ð14Þ

Ranking y1; y2; . . .; yq in the descending order of x1 [x2 [ � � �xq, the
cumulative variance contribution of the first mq principal components is:

q ¼
Xmq

i¼1
ki
.Xmc

j¼1
kj ð15Þ

Different value of q yield different reconstructed attribute xnewl ¼ Pmq

i¼1 xiyi as
the composite performance evaluation of the lth cluster. In addition, large q allows
more information kept in the newly constructed attribute.

If several clusters have been generated in the fuzzy clustering process for an AU,
the above process should be repeated to reconstruct a separate attribute for each
cluster.

2.2.2 Calculation of RMD to Each AU Based on Weighted TOPSIS

After the decorrelation of the attributes, a new attribute value matrix 1kxnewð Þn�mk

for the kth AU is obtained. The weights of these reconstructed attributes can be
determined by Wang [2]

1kxj ¼
Xn

i¼1 1krr
new
ij

.Xn

i¼1

Xmk

j¼1 1krr
new
ij ð16Þ

where 1kxj denotes the weight of the jth attribute of the kth AU, and 1krrnewij ¼
1kxnewij �min

i
1kxnewijf g

max
i

1kxnewijf g�min
i

1kxnewijf g is the RMD of 1kxnewij .Using this objective weighting

method, the trouble and arbitrariness of subjective weighting of a large number of
attributes can be avoided.

According to the optimization rule of minimizing the sum of squares of the
weighted distances to both the ideal and negative ideal solutions, the RMD of the
ith alternative to the kth AU can be calculated by Wang [12]

uik ¼ 1
�

1þ
Xmk

j¼1
xj 1� 1krr

new
ij

� �h i.Xmk

j¼1
xj � 1krrnewij

h in o2
	 


ð17Þ

Equation (17) is the fuzzy optimization result representing the composite per-
formance of each alternative to one AU. For an AU without decorrelation process,
the same process of weighting and calculation of the RMD as shown Eqs. (16)–(17)
can be conducted.
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2.3 Multi-level Multi-attribute GDM Model

This model will output the final evaluation results by performing the following two
steps: (1) assembly of the weights of attributes at the second level of AHP
according to the judgements of all the EUDs; (2) calculation of the overall per-
formance RMD of each alternative signal option.

2.3.1 Group Decision of Weights of AUs

In the previous section, one attribute for one AU has been obtained. The t attributes
at the second level of signal attribute system are denoted as O ¼ fo1; o2; . . .; otg.
Scaling the relative importance of the attributes using the Fuzzy degree value
defined in Table 1, the Pairwise Comparison Matrix (PCM) [13] can be obtained

b ¼
b11 b12 � � � b1t
b21 b22 � � � b2t
..
. ..

. ..
. ..

.

bt1 bt2 � � � btt

2
6664

3
7775 ð18Þ

where bkl ¼ 1� blk denotes the importance fuzzy degree of ok relative to ol. When
ok is more important than ol, 0:5\bkl\1; when ok and ol are of the same impor-
tance, bkl ¼ 0:5; Otherwise 0\bkl\0:5.

The mood operators in Table 1 comes from the judgments of the EUDs. Since
the navigation signals of different frequencies lay particular stress on different
applications, different EUDs may be endowed with different weights for a specified
signal. Assuming that ak (k ¼ 1; . . .; p) is the weight of the kth EUD and bk rep-
resents the PCM given by the kth EUD, the p PCMs can be assembled by linear
weighting

�b ¼
Xp

k¼1
akbk ð19Þ

Table 1 Pairwise comparison scale of attributes according to mood operator

MO of the relative
importance

Equally Slightly
more

Moderately
more

Strongly
more

Extremely
more

Absolutely

FD 0.50 0.60 0.70 0.80 0.90 0.10

Annotation “MO” represents “mood operator”, “FD” represents “fuzzy degree”
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The normalized sum of a row in the matrix �b represents the relative importance
of the corresponding attribute

W 0
i ¼

Xt

j¼1

�bij; i ¼ 1; 2; . . .t; i 6¼ j ð20Þ

Wi ¼ W 0
i

.Xt

i¼1
W 0

i ð21Þ

Thus the weight vector of the t AUs is W ¼ ðW1;W2; � � � ;WtÞT .

2.3.2 Calculation of Overall Performance RMD

Now that the RMD of each alternative corresponding to each AU has been given by
Eq. (17) and the weight of each attribute given by Eq. (23), the final decision
making vector can be obtained by simple linear weighting

Un�1 ¼
U1

U2

..

.

Un

2
6664

3
7775 ¼

u11 u12 � � � u1t
u21 u22 � � � u2t
..
. ..

. ..
. ..

.

un1 � � � � � � unt

2
6664

3
7775

W1

W2

..

.

Wt

2
6664

3
7775 ð22Þ

where uij is the RMD of the ith alternative corresponding to the jth AU; Ui is the
overall performance RMD of the ith alternative. So, the alternative with the max-
imum value of Ui represents the optimal signal option with the best overall
performance.

3 Case Study

Taking the selection of GPS L1C signal modulation scheme as a case study, this
section shows the evaluation process of the following six signal modulation
options: BPSK(1), BPSK(2), BOC(1,1), TMBOC(4,1,4/33), TMBOC(5,1,4/33),
and TMBOC(6,1,4/33). The raw value of each attribute is only based on theoretical
calculation, with the preconditions and the attribute values shown in Tables 2 and 3
respectively. Note that only parts of the attributes in Fig. 1 have been taken into
account. As shown in the first column of Table 3, the attributes have been grouped
into six AUs. Additionally, the interoperability performance is calculated using the
method proposed by Liu [14], and other attribute values are obtained according to
the methods introduced in [15].
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The PCMs given by four user representatives has been assembled into

b ¼

0:5 0:45 0:6 0:25 0:35 0:65
0:55 0:5 0:65 0:3 0:4 0:7
0:4 0:35 0:5 0:15 0:25 0:55
0:75 0:7 0:85 0:5 0:6 0:9
0:65 0:6 0:75 0:4 0:5 0:8
0:35 0:3 0:45 0:1 0:2 0:5

0
BBBBBB@

1
CCCCCCA

ð23Þ

Thus the weight vector of the 6 AUs is:

x ¼ 0:1556 0:1722 0:1222 0:2389 0:2056 0:1056ð Þ ð24Þ

The 12 anti-interference attributes of the first AUs in Table 3 need to be
decorrelated and reconstructed. According to Eqs. (2)–(6), the correlation matrix of
the 12 raw attributes is

Table 2 Preconditions of theoretical calculation of signal performance

Parameter Considerations Value

Front-end bandwidth Main lobe bandwidth of the signal Main lobe bandwidth

Correlator spacing d\v=ð2uÞ 0.08 chip

DLL bandwidth Typical receiver design 1 Hz

PLL bandwidth Typical receiver design 15 Hz

Integration time One code period 10 ms

Carrier to noise ratio
(C/N0)

Nominal signal power level and
thermal noise background

44 dB-Hz

Multipath to direct
path ratio (MDR)

Typical value for test and analysis −6 dB

L1 C/A signal power Typical value for test and analysis of
intra-system RF compatibility

−128.5 dBm

Interference to signal
power ratio Cl=Csð Þ

Typical value for test and analysis 40 dB

Interference Typical parameters for test and
analysis

Wideband: bandwidth
covering signal main lobe

Narrowband: 5 % of the
main lobe bandwidth

Pulse: 2 ms period, 200 us
duration

Single frequency: center
frequency of the signal

Sweep frequency: 1 kHz
step, 1 ms period

Annotation “v” and “u” are originated from BOC u; vð Þ signal parameters
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11R ¼

1 0:280 0:036 0:997 1:000 0:528 0:804 �0:053 0:788 0:798 0:789 �0:361
0:280 1 �0:347 0:246 0:280 0:956 0:796 0:108 0:802 0:796 0:802 �0:204
�0:036 �0:347 1 0:043 �0:054 �0:308 �0:214 �0:931 �0:342 �0:248 �0:335 �0:815
0:997 0:246 0:043 1 0:995 0:498 0:783 �0:124 0:757 0:774 0:759 �0:422
1:000 0:280 �0:054 0:995 1 0:530 0:803 �0:038 0:790 0:799 0:791 �0:344
0:528 0:956 �0:308 0:498 0:530 1 0:926 0:042 0:924 0:932 0:924 �0:293
0:804 0:796 �0:214 0:783 0:803 0:926 1 0:006 0:991 0:997 0:992 �0:378
�0:053 0:108 �0:931 �0:124 �0:038 0:042 0:006 1 0:143 0:026 0:136 0:898
0:788 0:802 �0:342 0:757 0:790 0:924 0:991 0:143 1 0:991 1:000 �0:249
0:798 0:796 �0:248 0:774 0:799 0:932 0:997 0:026 0:991 1 0:991 �0:346
0:789 0:802 �0:335 0:759 0:791 0:924 0:992 0:136 1:000 0:991 1 �0:256
�0:361 �0:204 �0:815 �0:422 �0:344 �0:293 �0:378 0:898 �0:249 �0:346 �0:256 1

0
BBBBBBBBBBBBBBBBBB@

1
CCCCCCCCCCCCCCCCCCA

ð25Þ

It can be seen that about 50 % of the elements in Eq. (25) are larger than 0.7. In
the process of fuzzy clustering the minimal 11S ¼ 0:178 (with 11d¼1:49 and
11L ¼ 8:361) can be achieved when using 11k¼0:7. Consequently, two clusters for
the anti-interference AU are generated from the raw 12 attributes. With one attribute

Table 3 Theoretical value of each attribute

Modulation BPSK
(1)

BPSK
(2)

BOC
(1,1)

TMBOC
(4,1,4/33)

TMBOC
(5,1,4/33)

TMBOC
(6,1,4/33)Attribute

D wideband (m) 12.78 4.00 3.17 0.86 0.66 0.54

D narrowband (m) 0.38 0.97 0.22 0.21 0.18 0.18

D single frequency (m) 1.37 0.59 5.99 1.56 1.24 1.05

D multi-access (m) 12.78 4.008 4.22 1.16 0.96 0.78

D pulse (m) 1.73 0.62 0.49 0.23 0.20 0.18

D multi-frequency (m) 2.53 4.11 1.03 1.00 0.78 0.39

X wideband 1.50 1.50 4.02 6.80 7.86 8.93

X narrowband 10.04 10.04 24.75 11.15 9.40 8.17

X single frequency 1 1 2.47 2.71 2.71 2.71

X multi-access 1.50 1.50 3.03 3.59 3.58 4.50

X pulse 1 1 2.24 2.47 2.47 2.47

X sweep frequency 43.31 43.32 45.70 42.18 41.74 41.49

Area within multipath error
envelope (chip ∙ m)

5.72 5.72 3.66 2.38 2.39 1.82

RF compatibility (dB) 0.14 0.10 0.09 0.07 0.07 0.06

Code tracking jitter (m) 0.92 0.46 0.38 0.16 0.14 0.14

Carrier tracking jitter (°) 1.98 1.98 1.98 1.62 1.62 1.62

Code tracking threshold
(dB-Hz)

31.6 31.9 25.1 19.6 19.2 19.2

Carrier tracking threshold
(dB-Hz)

26.47 26.47 26.47 24.73 24.73 24.73

Interoperability 0.32 0.33 0.57 0.57 0.57 0.57

Annotation “D” represents “code tracking jitter under the interference of”; “X” represents
“anti-interference quality factor under the interference of”
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reconstructed for one cluster by employing PCA, the correlation matrix of the new
attribute value matrix 11xnewð Þ6�2 becomes

11R
new¼ 1:0 �0:25

�0:25 1:0

	 

ð26Þ

It can be seen that the fuzzy clustering and PCA can effectively mitigate the
correlation among the attributes and reduce the number of attributes as well.

The RMDs of the six AUs are calculated using weighted TOPSIS as introduced
in Sect. 2.2, and then incorporated into the multi-level multi-attribute GDM model
in Sect. 3. The overall performance RMD vector of the six alternatives is

U ¼ 0:21 0:3094 0:3064 0:8281 0:8258 0:8521ð Þ ð27Þ

Equation (27) ranks the six signal modulation options as follows: {TMBOC
(6,1,4/33), TMBOC(4,1,4/33), TMBOC(5,1,4/33), BPSK(2), BOC(1,1), BPSK(1)}.
The selected TMBOC(6,1,4/33) modulation coincides with the GPS LICP signal
specification in the IS-GPS-800 document.

It is important to note that the short-list of signal attributes and the values of the
attributes affect the evaluation results directly. Not all the signal attributes have
been considered, and only the attribute values theoretically calculated with the ideal
channel assumptions are inputted to the evaluation process of the case study. In
practical applications, the signal performances will be degraded by channel
imperfections to different extents for different signal structures. Nevertheless, the
proposed evaluation approach is still applicable to the comprehensive performance
evaluation of signal structures if complete attributes and practical values of attri-
butes are incorporated. In addition to theoretical data, the testing or measured data
of signal performances can also serve as the raw attribute values.

4 Conclusion

This paper has proposed a multi-attribute GDM approach for the comprehensive
evaluation of the overall performances of satellite navigation signal options. The
approach is an organic combination of AHP, fuzzy clustering, PCA, weighted
TOPSIS, and GDM. On account of the complexity of raw signal attributes, a
hierarchical attribute system has been established for using AHP to characterize the
situation and efficiently incorporate objective and subjective factors into the deci-
sion. Correlations among the attributes are captured and reduced by fuzzy clustering
and PCA. The subjective weighting necessary for the group decision-making is
conducted by pairwise comparison of the relative importance of a few attribute
units. The evaluation process of six GPS L1C signal modulation options has been
shown as a case study. The proposed approach can mitigate the workload, difficulty,
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subjectivity, and arbitrariness, and provide an effective means for comprehensive
performance evaluation of satellite navigation signal options.

Some limitations in this paper and future work should be pointed out here:
(1) Including more signal attributes will improve the reliability of the evaluation
results, such as the receiver/payload complexity and power consumption, whereas
the calculation and estimation of the attribute values are still under investigation.
(2) The change of attribute values with different preconditions should also be
included in the evaluation process, especially the degradations of signal perfor-
mances under various imperfections of satellite payload, propagation, and receiver
channels. (3) Reasonable integration of theoretical analysis, real measurements, and
special test data is also worth exploring.
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Peak Position Detection-Based Acquisition
Algorithm of Multiple Access Interference
Resistance

Weina Hao and Jingyao Chen

Abstract This essay targets multiple access interference environment which is unclear
to the PN sequence and investigates the reinforcing acquisition method of direct spread
spectrum signal. This essay also puts forward peak position detection-based acquisition
method of multi-access interference removal resistance, achieves the position infor-
mation of cross-correlation interference with multi-peak characteristics through mul-
tiple detection decision, so as to remove the multi-access interference. Meanwhile, the
frequency feature of the pseudo code correlation results is applied to reduce the false
alarm probability through multifrequency joint detection. Both theoretical analysis and
simulation results have verified the effectiveness of this method.

Keywords Direct spread signal acquisition � Multiple access interference � Peak
position detection � Multiple frequency joint detection

In the space tracking and control system, the distance between responders and the
ground station results in power differences of different signals, and strong signal
influences the normal reception of weak signal through multi-access interference.
Thus, improving multi-access interference resistance capability of signal acquisition
has become an important research direction of space tracking and control
technologies.

Conventional multi-access resistance algorithm removes interference through
signal estimation, which needs the PN sequence information of multi-access
interference. However, under some circumstances, the PN sequence of multi-access
interference is unclear, so the improved acquisition strategy is needed. First of
all, most research on acquisition algorithm of multi-access resistance makes
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improvement in terms of techniques of detection decision of the correlation value.
Main methods of correlation value detection include maximum detection [1], serial
detection [2] and hybrid detection [3], and hybrid detection is more applicable to
the FFT-based pseudo code parallel acquisition algorithm [4]. The main–sub ratio
detection regards the ratio of maximum to submaximum value of the following
group of frequency point results as detection decision, then compares the detection
decision with detection threshold. The main–sub ratio detection has easy algorithm
and CFAR characteristics, and has been widely applied in practical engineering [5].
The multi-peak detection method in reference [6] can be applied when the PN
sequence of multi-access inteference is unclear. The autocorrelation peak of spread
spectrum signal has only one autocorrelation main peak in a period of spreading
code, while it has many cross-correlation peaks. Based on the cross-correlation
feature of pseudo code, whether the current peak is a cross-correlation peak can be
judged. If receivers make judgement that the current acquisition peak is a
cross-correlation peak, this acquisition will be rejected. Reference [7] mentions to
use the main–sub ratio as the acquisition algorithm of decision, which decreases the
false alarm probability in the situation of interference resistance, yet it does not
analyze the detection probability when strong multi-access signal exists.

When the PN sequence of multi-access interference is unknown, simple rejection
of the cross-correlation peak mentioned in the above method reduces the false alarm
probability of multi-access interference, but it does not significantly improve the
detection probability. Therefore, it is necessary to investigate the acquisition
algorithm when the pseudo code of multi-access interference is unclear.

1 Analysis of Algorithm Principles

The conventional multi-peak detection method makes use of different distribution
features of autocorrelation peaks and cross-correlation peaks of the spreading code,
detects whether cross-correlation interference exists in the process of signal
acquisition, but it does not remove the cross-correlation interference. Thus, the
acquisition performance is not desirable. Targeting this issue, the peak position
information of cross-correlation interference can be applied to conduct interference
zero setting, so as to remove multi-access interference. In addition, the peak
position information can be acquired through multiple decisions by applying the
multi-peak feature of cross-correlation function.

1.1 Detection Method of the Peak Position

The peak position detection-based acquisition method of multi-access interference
removal needs to estimate the peak position information of cross-correlation inter-
ference when the PN sequence ofmulti-access interference is unclear, so as to conduct
zero setting of the corresponding position of cross-correlation peaks in correlation
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acquisition results. After the interference removal is completed, detection decision of
peak-to-average ratio of correlation acquisition results can be performed.

This essay analyzes the algorithm performance by using the pseudo code with
0.1 ms period and 10.23 Mcps bit rate. The initial phase and generating polynomial
of target pseudo code can refer to the PRN1 sequence of GPS satellites, and the
initial phase and generating polynomial of interfering pseudo code can refer to the
PRN2 sequence of GPS satellites.

The cross-correlation function of the PN sequence has the multi-peak feature and
cross-correlation function of target pseudo code and interfering pseudo code has
three possibilities, i.e., 63/1023, 1/1023, and −65/1023. The influence of
cross-correlation function 1/1023 on correlation acquisition results can be omitted,
so the cross-correlation function that needs to be removed is the cross-correlation
peak value 63/1023 and −65/1023. Thus, the position estimation of cross-
correlation peak value can be achieved by applying the correlation value as
detection decision. In the FFT-based pseudo code parallel acquisition method, the
Doppler frequency search applies the serial search method. Under a certain search
frequency point, if the phase deviation of the corresponding pseudo code of
interfering signal and target signal maintains unchanged, the peak position of
cross-correlation interference in the acquisition results will be relatively fixed. Thus,
in order to increase the reliability of position detection of cross-correlation peak
value, it is necessary to conduct multiple detection decision. Main methods of
detection decision include M/N decision, 1 + M/N decision, Tong detection, etc.
This essay does not focus on multiple methods of detection decision, so the rela-
tively simple M/N decision method is selected to conduct analysis here.

However, the correlation peak position achieved through peak position detection
includes both cross-correlation peak and autocorrelation peak. If all correlation peak
positions in the acquisition results are set zero, the autocorrelation peak will be lost
and signal acquisition cannot be completed. Thus, when carrying out zero setting on
the corresponding positions of correlation peaks in the acquisition result, the
maximum of correlation peak should be kept as the acquired autocorrelation peak.
Notably, maximum of the default cross-correlation peak before the multi-access
interference removal represents the autocorrelation peak of target signal. Therefore,
this algorithm can only achieve correct acquisition when the autocorrelation peak
value is higher than cross-correlation peak value.

Based on the analysis above, the fundamentals of the acquisition method of peak
position detection-based multi-access interference removal are as follows: the
acquisition results of all phases in each search frequency point goes through peak
position detection by using the multiple detection decision method in order, and
recording all correlation peak positions. Then, among acquired correlation results
under all frequency points, keeping the maximum value of the correlation peak and
conducting zero setting of other correlation peaks, so as to remove the influence of
cross-correlation peaks on acquisition performance. Next, performing peak–average
ratio detection decision on correlation acquisition results after the zero setting of
cross-correlation peaks and completing the detection period of the peak position
detection-based acquisition method of multi-access interference removal.
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1.2 Multiple Frequency Joint Detection Method

Based on the analysis above, the peak position detection-based multi-access inter-
ference removal algorithm can improve detection probability under fixed decision
threshold. However, if only completing the detection period of the above acquisition
method, the maximum of maintained correlation peaks cannot be ensured as auto-
correlation peaks of target signal instead of cross-correlation peaks introduced by
multi-access interference. Next, the influence of this algorithm on false alarm
probability and its potential false acquisition as well as solutions will be discussed.

To inspect the influence of multi-access interference on corresponding false
alarm probability and detection probability of each detection decision, the following
four hypotheses should be considered:

1. H00 hypothesis: Target signal does not exist and receipt signal only contains
Gaussian While Noise;

2. H01 hypothesis: Target signal does not exist and receipt signal only contains
interfering signal and Gaussian While Noise;

3. H10 hypothesis: Target signal exists and receipt signal only contains target
signal and Gaussian While Noise;

4. H11 hypothesis: Target signal exists and receipt signal contains target signal,
interfering signal, and Gaussian While Noise;

Under the H00 hypothesis, receipt signal only contains Gaussian While Noise
and peak position detection through multiple detection decision does not influence
the peak value, so interference removal is not necessarily conducted and detection
algorithm of correlation acquisition results will not be affected. Thus, the false
alarm probability acquired by signal under the H00 hypothesis is not affected by
peak position detection-based multi-access interference removal algorithm. While
under the H01 hypothesis, in addition to Gaussian White Noise, receipt signal also
contains interfering signal, so cross-correlation peak positions can be detected and
removed through interference. As a consequence, the false alarm probability
acquired under the H01 hypothesis will increase because of the application of peak
position detection-based multi-access interference removal algorithm. Likewise,
under the H11 hypothesis, applying the peak position detection-based multi-access
interference removal might lead to false acquisition.

Under the circumstances of multi-access interference, the intermediate frequency
combined signal model after receivers complete D/A switch can be represented as
follows:

s tð Þ ¼ si tð Þþ sj tð Þþ g tð Þ
¼ Ai � PNi t � sið Þ � cos 2p fI þ fd;i

� �
tþui

� �

þ
XM�1

j¼1
j 6¼i

Aj � PNj t � sj
� � � cos 2p fI þ fd;j

� �
tþuj

� �þ g tð Þ
ð1Þ
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In this formula, si tð Þ is target signal; Ai represents the amplitude of target signal;
PNiðtÞ is the PN sequence of target signal; sj denotes the pseudo code of target
signal; fI is intermediate carrier frequency; fd;i represents Doppler frequency of
target signal; ui is the carrier phase of target signal; sjðtÞ is target signal and Aj is the
amplitude of interfering signal; PNiðtÞ represents the PN sequence of interfering
signal; si is the pseudo code phase of interfering signal; fd;j is the Doppler frequency
of interfering signal; uj represents the carrier phase of the interfering signal;
M denotes the total number of channels of combined signals; gðtÞ is Gaussian White
Noise. It can be seen that the second item in formula 1 represents the multi-access
interfering signal among receipt signals.

According to different frequency characteristics of autocorrelation function and
cross-correlation function of pseudo code, the detection period of the above
multi-access acquisition method of interference removal can be detected by means
of multiple frequency joint detection method. The acquisition results under
multi-access interference include autocorrelation result of target signal, the
cross-correlation result of interfering signal as well as the noise item. The acqui-
sition result Zðŝ; f̂dÞ can be shown below:

Z ŝ; f̂d
� � ¼ 1

2
AiRi Dsið Þsinc pTcohDfd;i

� �
e�jui

þ 1
2Tc

Aje�juj
Xþ1

k¼�1
sinc Dfd;j � k

Tc

� �
Tcoh

� 	X
j6¼i

Ci;j
k
Tc

� �
þ nz

ð2Þ

Next, the results of influence of Doppler frequency deviation on autocorrelation
and cross-correlation are respectively analyzed from the perspective of single period
coherent integration and multi-period coherent integration.

The autocorrelation part in the correlation acquisition result can be represented
as follows:

Zauto ŝ; f̂d
� � ¼ 1

2
AiRi Dsið Þsinc pTcohDfd;i

� �
e�jui ð3Þ

When Dsi � 0; RiðDsiÞ ¼ 1. The coherent integration is one pseudo code per-
iod; i.e., under the circumstance of 0.1 ms, the autocorrelation peak power when the
Doppler frequency deviation is zero is regarded as the benchmark. The attenuation
of autocorrelation peak power of target signals with different Doppler frequency
deviations is shown in Fig. 1. It can be seen that attenuation of autocorrelation peak
power conforms with characteristics of sinc function. When the Doppler frequency
deviation is zero, the autocorrelation peak value is the biggest. When the Doppler
frequency deviation is integral times of 10 kHz, i.e., at the zero point of sinc
function, the autocorrelation peak power attenuation reaches the maximum value.
As the Doppler frequency increases, the peak value of the side lobe of autocorre-
lation peak power function attenuates more.
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When the coherent integration is 20 pseudo code period (2 ms), the autocorre-
lation peak power when Doppler deviation is zero is regarded as the benchmark.
Figure 2 shows the attenuation of autocorrelation peak power of target signal under
different Doppler frequency deviations. Figure 2b is an enlarged scale of details in
Fig. 2a when the Doppler frequency deviates from 0 to 10 kHz. It can be seen that
under multi-period coherent integration, the attenuation of autocorrelation peak
power complies with characteristics of sinc function. However, Tcoh increases, so
the position of the zero point of sinc function changes from the integral times of
10–500 Hz, but attenuation of the side lobe peak value of autocorrelation peak
value still increases with the enlargement of Doppler frequency deviation.
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Fig. 1 Single period autocorrelation peak power attenuation of pseudo code with different
Doppler frequency deviations
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Fig. 2 Attenuation of multi-period autocorrelation peak power of pseudo codes under different
Doppler frequency deviations
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The cross-correlation part in the acquisition result can be represented as
follows [8]:

Zcross ŝ; f̂d
� � ¼ 1

2Tc
Aje�juj

Xþ1

k¼�1
sinc Dfd;j � k

Tc

� �
Tcoh

� 	X
j 6¼i

Ci;j
k
Tc

� �
ð4Þ

When coherent integration is 1 pseudo code period (0.1 ms), for a certain fixed
pseudo code phase difference, the autocorrelation peak power when Doppler fre-
quency deviation is zero is regarded as the benchmark. Attenuation of
cross-correlation peak value of target signal and interfering signal under different
Doppler frequency deviations are shown in Fig. 3. It can be seen that the
cross-correlation suppression capability of target signal on interfering signal is at
worst around 24 dB. Theoretically, when Doppler frequency deviation is zero or
integral times of the reciprocal of pseudo code period, cross-correlation interference
has the strongest influence on correlation acquisition results. However, under single
period coherent integration, attenuation of cross-correlation peak value of pseudo
code under different Doppler frequency deviations does not significantly show the
above characteristics.

When coherent integration is 20 pseudo code periods (2 ms), the autocorrelation
peak power when Doppler deviation is zero is regarded as the benchmark. Figure 4
shows attenuation of cross-correlation peak power of target signal and interfering
signal under different Doppler frequency deviations. Figure 4b is an enlarged scale
of details in Fig. 4a when the Doppler frequency deviates from 0 to 10 kHz. It can be
seen that under multi-period coherent integration, the zero point of sinc function is
situated at the integral times of 500 Hz. Distinct from attenuation of autocorrelation
peak power, attenuation of pseudo code cross-correlation peak value varies peri-
odically with multiple frequency deviations. When Doppler frequency deviation is 0
or the integral times of 10 kHz, the peak power of pseudo code cross-correlation
reaches the maximum value.
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Fig. 3 Attenuation of single
period cross-correlation peak
value under different Doppler
frequency deviations
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Thus, when coherent integration has multiple pseudo code periods, if Doppler
frequency deviation is the integral times of 10 kHz, attenuation of autocorrelation
peak value is themost distinct, while attenuation of the peak value of cross-correlation
is almost the same. Therefore, this feature can be used to distinguish autocorrelation
peak and cross-correlation peak. In order to avoid the acquisition method of peak
value position detection-based multi-access interference removal incorrectly treating
the cross-correlation peaks of multi-access interfering signal as autocorrelation peaks
of target signal, correlation results of all frequency points under corresponding pseudo
code of correlation peaks can go through multifrequency joint detection. If the result
complies with frequency characteristics of pseudo code autocorrelation function, this
correlation peak is the autocorrelation peak and the corresponding Doppler frequency
in the unit cell and the pseudo code phase represents the result of this acquisition.
Otherwise, the correlation peak is the cross-correlation peak of interfering signal and
the current acquisition result should be rejected.

Based on the analysis above, the design thought of multifrequency joint
detection-based acquisition algorithm is as follows: first of all, under each fre-
quency point, using the multi-peak feature of pseudo code cross-correlation func-
tion to detect the position information of cross-correlation interference and remove
cross-correlation peak interference except the maximum value. Then, detecting the
acquisition result and applying different frequency features of autocorrelation peaks
and cross-correlation peaks to conduct multifrequency joint detection on the current
acquisition result. If it is an autocorrelation peak, the acquisition result can be
output; otherwise the acquisition of target signal is unsuccessful.
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Fig. 4 Attenuation of multi-period cross-correlation peak power of pseudo code under different
Doppler frequency deviations
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1.3 Summary of the Algorithm Process

The process of the peak position detection-based acquisition method of multi-access
interference removal is shown in Fig. 5.

Detailed procedures of the process are shown below:

1. When acquisition starts up, the carrier NCO module receives the Doppler
frequency word, the two-path orthogonal local carrier signal is generated and
output to the down-conversion module.

2. The down-conversion module receives local carrier signal and input signal, and
completes the Doppler frequency liftoff through orthogonal down-conversion
algorithm, achieving path I (in-phase) baseband signal and path Q (orthogonal)
baseband signal;

3. Pseudo code generator produces a pseudo code period of target signal with the
length of one pseudo code period and output to parallel correlation modules;

4. In parallel correlation modules, the result of down-conversion and the local PN
sequence produced by the local pseudo code generator go through parallel
correlation, then output the correlation result;

5. Modular square module receives the parallel correlation result and conduct
square algorithm after modular multiplication algorithm, then output the
modular square result to the peak position detection module.

6. The peak position detection module conduct multiple correlation detection
decision on all correlation results and output the acquisition result as well as the
correlation peak result information to the cross-correlation peak zero-setting
module;

7. Based on received information of correlation peak position, cross-correlation
zero-setting module performs zero setting on module square value where cor-
relation peaks appear except the maximum value in the result. Then, output the
zero-setting module square result to the peak–average ratio so as to calculate
modules;

8. Finding out the peak position from the correlation result output by correlation
peak zero-setting module calculated through the peak–average ratio. Using data
except the peak value to calculate the average noise value and output the
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Fig. 5 Process of peak position detection-based acquisition method of multi-access interference
removal
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peak–average ratio (PAR) calculated by peak-to-noise average value to the
decision module;

9. Detecting the peak–average ratio received by the decision module to calculate
the peak–average ratio, and conducting detection decision with the threshold; if
the peak–average ratio is smaller than the threshold, it means no signal has been
acquired, and the Doppler search and control module will be notified; if the
peak–average ratio is bigger than threshold, the peak–average ratio and the
acquisition phase will be output to the Doppler search and control module;

10. In the Doppler search and control module, if the detection decision module
does not exceed the threshold, the output Doppler frequency word will be
updated, then enters procedure 1; if the detection decision module exceeds
threshold, this peak–average ratio will be compared against the maximum
peak–average ratio (the initial value is 0) stored previously. If it is larger than
stored maximum peak–average ratio, maximum peak–average ratio, the
acquisition phase and the current Doppler frequency word will be updated, then
enters procedure 1;
Under the control of the Doppler search and control module, repeating pro-
cedures 1 to 10 till completing searching all Doppler frequency words;

11. After the Doppler search and control module output all Doppler frequency
words, if stored maximum peak–average ratio maintains 0, it means the initial
acquisition is unsuccessful, then back to procedure 1; if stored maximum peak–
average ratio is not 0, it means the initial acquisition is successful, stored
acquisition phase and the acquisition results under corresponding multiple
Doppler frequency points will be output to multifrequency joint detection
modules;

12. Multifrequency joint detection modules conduct detection decision according to
received pseudo code phase and its corresponding correlation results. If the
correlation peak module value is significantly higher than other frequency
points in a certain frequency point, this acquisition is successful, and this
frequency point represents acquired Doppler frequency. The received pseudo
code phase is acquired pseudo code phase and the acquisition result can be
output; otherwise, the acquisition is unsuccessful, then back to procedure 1.

2 Verification of Algorithm Simulation

This section conducts simulation verification on the peak position detection-based
acquisition method of multi-access interference removal through Monte Carlo
simulation. This section also compares the conventional acquisition method with
the peak position detection-based acquisition of multi-access interference removal
(the acquisition method used in this essay), and the parametric setting is shown in
Table 1.
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2.1 Simulation of Pre-detection Peak–Average Ratio

In order to conveniently observe the effect of the peak position detection-based
acquisition of multi-access interference removal, simulation of acquisition corre-
lation result of noise-free signal of interfering signal only in path 1 and
pre-detection peak–average ratio is conducted.

1. No Doppler frequency deviation exists between multi-access interfering signal
and target signal.

Figures 6 and 7 respectively represent the correlation results when no Doppler
frequency deviation exists between multi-access interfering signal and target signal,
and the two-dimensional correlation results acquired by noise-free signal before and
after interference is removed. Applying the peak position detection-based acqui-
sition of multi-access interference removal can remove certain cross-correlation
interference and improve the pre-detection peak–average ratio. Under search fre-
quency points with integral times of 10 kHz of the Doppler frequency difference of
multi-access interfering signal, the influence of multi-access interfering signal on
the acquisition result is the biggest and the correlation peak is kept after removing
interference, among which the autocorrelation peak value of target frequency point
is the largest.

Table 1 Simulation
parametric setting

Parameter Value Unit

PN sequence of target signal PRN1 –

PN sequence of interfering signal PRN2 –

Speed of pseudo code 10.23 MHz

Frequency of intermediate frequency 15 MHz

Coherent integration time 0.5 Ms

Doppler search step 1 kHz

Fig. 6 Acquisition correlation results before and after noise-free signal interference removal (no
frequency difference). a Before interference removal. b After interference removal
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2. Doppler frequency deviation exists between multi-access interfering signal and
target signal.

Figures 8 and 9 respectively represent the acquisition two-dimensional search
correlation results of noise-free signal before and after interference removal and
correlation result of target frequency points when the Doppler frequency difference
between multi-access interfering signal and target signal is 10 kHz. After applying
the peak position detection-based acquisition of multi-access interference removal,
certain cross-correlation interference can be removed under the circumstances of
Doppler frequency difference. Pre-detection signal-to-noise ratio is improved, but
certain cross-correlation peak is still maintained on nontarget frequency points.
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Fig. 7 Acquisition correlation result of signal frequency points before and after noise-free signal
removal (no frequency difference). a Before interference removal. b After interference removal

Fig. 8 Acquisition correlation results before and after removing the noise-free signal interference.
a Before interference removal. b After interference removal
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When Doppler frequency deviation exists between multi-access interfering signal
and target signal, the influence of cross-correlation interference on acquisition cor-
relation results under different Doppler frequency deviations is distinct. Figure 10
shows the comparison between pre-detection peak–average ratio before and after
interference removal under different Doppler frequency deviation. When the
Doppler frequency deviation is 0 or the integral times of 10 kHz, cross-correlation
interference has more significant influence on the acquisition result. The
pre-detection peak–average ratio of conventional detection method is relatively low
and the pre-detection peak–average ratio after interference removal is significantly
increased, so the detection probability is improved. When applying the acquisition
method investigated in this essay, the pre-detection peak–average ratio is the best
when the Doppler frequency deviation is 0 and peak–average ratio increases about
7 dB. When the Doppler frequency deviation is the integral times of 10 kHz, the
effect of interference removal is decreased. However, compared with the unpro-
cessed situation, the peak–average ratio still increases above 3 dB. Under other
Doppler frequency deviations, cross-correlation peaks are relatively small and the
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Fig. 9 Acquisition correlation results of target frequency points before and after removing the
noise-free signal interference. a Before interference removal. b After interference removal
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pre-detection peak–average ratio is high, and interference removal is not necessary.
Thus, the application of the algorithm of this essay does not influence the
pre-detection peak–average ratio.

Based on the analysis above, applying the peak position detection-based
acquisition method of multi-access interference removal can effectively remove
interference and increase pre-detection peak–average ratio. However, when
Doppler frequency difference exists between target signal and multi-access inter-
fering signal and the difference is the integral times of 10 kHz, the effect of
interference removal has certain decline.

2.2 Simulation of False Alarm Probability

In order to ensure the acquisition method in this essay conforms to the requirements
of false alarm probability, the false alarm probability in receipt signal which only
includes interfering signal is conducted simulation verification. Figure 11 shows the
false alarm probability comparison of the peak position detection-based acquisition
method of multi-access interference removal and the conventional acquisition
method under different interfering signal SNR. With the application of the algorithm
in this essay, when the multi-access interfering signal SNR is relatively low, the false
alarm probability is a bit higher than that of conventional acquisition method. This is
because the frequency feature of cross-correlation peaks is influenced by noise so
that the effect of reducing false alarm is compromised. As the signal SNR of
multi-access interference increases, the constant false alarm probability in the
acquisition of this essay gradually declines and conforms to the requirements of
constant false alarm detection. Thus, it is still necessary to compare the detection
probability of conventional acquisition method and the method of this essay.
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2.3 Simulation of Detection Probability

This section focuses on analyzing the acquisition performance of the peak position
detection-based method of multi-access interference removal under the Gaussian
channel. Two situations are considered: no Dopper frequency deviation exists
between multi-access interfering signal and target signal; 10 kHz Doppler fre-
quency deviation exists between multi-access interfering signal and target signal.
The detection probability of the conventional acquisition method and the method in
this essay is compared.

1. No Doppler frequency deviation exists between multi-access interfering signal
and target signal.

Figure 12 compares the detection probability of the conventional acquisition
method and the method of this essay under different target signal SNR when
multi-access interfering signal SNR is 0 dB and no Doppler frequency deviation
exists between multi-access interfering signal and target signal.

In the conventional method, when the target signal SNR is higher than −15 dB,
the detection probability can achieve 90 % above; while the target signal SNR of
this essay is higher than −17 dB, the detection probability can achieve 90 % above.
Thus the acquisition sensitivity increases about 2 dB.

Figure 12 shows the detection probability comparison of the acquisition method
of multi-access interference removal of the conventional method and the method of
this essay under different SINR when the target signal SNR is −15 dB and no
Doppler frequency deviation exists between the multi-access interfering signal and
target signal (Fig. 13).

When the detection probability is above 90 %, the multi-access interference
resistant capability of conventional acquisition method can achieve 15 dB, while
that of this essay achieves around 17 dB. Thus the multi-access interference
resistant capability improves about 2 dB.
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2. 10 kHz Doppler frequency deviation exists between multi-access interfering
signal and target signal.

Figure 14 compares the detection probability of the conventional acquisition
method and the method of this essay under different target signal SNR when
multi-access interfering signal SNR is 0 dB and 10 kHz Doppler frequency devi-
ation exists between multi-access interfering signal and target signal.

In the conventional method, when the target signal SNR is higher than
−15.5 dB, the detection probability can achieve 90 % above; while the target signal
SNR of this essay is higher than −17 dB, the detection probability can achieve
90 % above. Thus the acquisition sensitivity increases about 1.5 dB.

Figure 15 shows the detection probability comparison of the acquisition method
of multi-access interference removal of the conventional method and the method of
this essay under different SINR when the target signal SNR is −15 dB and 10 kHz
Doppler frequency deviation exists between the multi-access interfering signal and
target signal.

When the detection probability is above 90 %, the multi-access interference
resistant capability of conventional acquisition method can achieve 16 dB, while
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that of this essay achieves around 17.5 dB. Thus the multi-access interference
resistant capability improves about 1.5 dB.

Based on the analysis above, simultaneously applying the peak position
detection-based acquisition method of multi-access interference removal can
effectively achieve interference removal under the Gaussian channel, so as to
improve the detection probability of signal acquisition. When the interfering signal
SNR is fixed, applying this method can enhance the acquisition sensitivity; while
when the target signal SNR is fixed, the application of this method can improve the
multi-access interference resistance capability of acquisition. In addition, when
10 kHz Doppler frequency difference exists between multi-access interference
signal and target signal, the multi-access interference resistance capability of this
algorithm has certain decline compared with when no Doppler frequency difference
exists.

3 Conclusion

This essay investigates the acquisition technique of multi-access interference
removal when the PN sequence of interfering signal is unclear. Based on the design
thought of applying cross-correlation interference position to remove interference
and the multi-peak feature of pseudo code cross-correlation function, this essay put
forward the acquisition method of multi-access interference removal based on peak
position detection and illustrates the process of algorithm in detail. In terms of the
increased acquisition false alarm probability and the potential false acquisition
issue, this essay reduces the false alarm probability through multifrequency joint
detection to complete the detection period of acquisition. This algorithm can
improve multi-access interference resistance capability under different Doppler
frequency deviations.
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Overall Performance Comparison
of Three Dual-Frequency Constant
Envelop Modulation Schemes for GNSS

Yang Gao, Chunxia Li, Li Fu and Henglin Chu

Abstract In Global Navigation Satellite Systems, dual-frequency constant envelop
modulation scheme includes ACE-BOC, TD-AltBOC, and AltBOC. The three
modulation schemes have pros and cons on single item evaluation index such as
ranging precision, navigation message demodulation performance, et al., which
cause difficulties for the comparison and final chosen. In this article, a method to
evaluate the overall performance of navigation signals is proposed. This method
takes the minimal signal power that satisfies some positioning precision as the
evaluation index, which requires enough precise ranging as well as enough good
navigation message demodulation at the same time, thus can reflect the overall
performance of the signal in actual using. The overall performance of the three
modulation schemes was compared by bed testing under conditions that the signal
used the mainstream bit rate and channel encoding method. The bed testing results
show that, for 3-D positioning precision better than 10 m, the ACE-BOC need the
minimal signal power, 0.5–2.5 dB lower than that for TD-AltBOC and AltBOC,
thus the ACE-BOC has the best overall performance of the three schemes.

Keywords Global navigation satellite systems � Dual-frequency constant envelop
modulation scheme � Signal overall performance � Minimal signal power

1 Introduction

Dual-frequency constant envelop modulation is one important technique for GNSS
signal design, which can modulate two navigation signals to the upper side band and
the lower side band of a wide band signal to provide individual service as well as
combined service, and usually used for Aeronautical Radio Navigation Service
signal design. Currently, dual-frequency constant envelop modulation schemes
include ACE-BOC [1–5], TD-AltBOC [6], and AltBOC [7] et al. Signal performance
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is one important reference for the final chosen of the three schemes, thus, signal
designers and other researchers have made a lot of comparison [8]. However, this
comparison mostly focused on single item evaluation index like ranging precision,
demodulation performance, multipath performance, and compatibility. While under
the premise of limited power and bandwidth, those items may compete with each
other, for instance, the more signal power assigned to the pilot branch, the better
ranging but the worse demodulation performance, and the more signal power
assigned to the data branch, the better demodulation but the worse ranging perfor-
mance, which may confuse the comparison and make the choice more difficult. Thus,
a method to compare the overall performance instead of single item performance is
needed. This paper suggests a method to compare the overall performance for the
three modulation schemes. By considering the main differences among the three
schemes, this method takes the minimal signal power that meets some positioning
accuracy as the evaluation index, which requires signal ranging and demodulation
performance good enough at the same time, thus can reflect the signal overall per-
formance in actual using. By using this evaluating method, the three schemes per-
formance was compared by bed testing. The bed testing took the mainstream bit rate
and channel encoding method as the signal design conditions, and used navigation
signal simulator and five kinds of receivers to got the minimal signal power (which is
“acquiring threshold” and “tracking threshold” here) for each schemes. The result
shows that, ACE-BOC scheme has the best overall performance, AltBOC, and
TD-AltBOC have the similar overall performance.

2 Schemes and Differences

2.1 Modulation Schemes

To meet the dual-frequency Aeronautical Radio Navigation Service, GNSS needs to
provide two signals in a wide band. Navigation satellites usually emit the two
signals coherently, specifically, the satellite emits a wideband constant envelope
signal, whose lower side band and upper side band provide the two signal service,
and the two can also be received as one signal to get more precise service.
Aeronautical Radio Navigation Service band is 1151–1215 MHz [8], which is
named E5 in Galileo, L5 in GPS and B2 in BDS. Here, we take the name in BDS as
reference, thus the lower side band signal is denoted as B2a, and the upper side
band signal is denoted as B2b.

ACE-BOC, TD-AltBOC and AltBOC can all meet the previous mentioned
Aeronautical Radio Navigation Service signal requirement. They all use
15.345 MHz carrier to modulate the B2a and B2b to the lower side band and the
upper side band, the B2a and B2b signals both consists of data branch and pilot
branch, and all branches use 10.23 Mbps pseudo noise (PN) code. The main
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differences of the three schemes are in the multiplexing method and power
assignment method of data and pilot branches.

TD-AltBOC uses time division multiplexing method, emits the pilot PN code
chip and data PN code chip in even and odd time slots, respectively, thus the power
ratio of pilot and data branches is 1:1 [6].

AltBOC uses phase division multiplexing method, modulates the data PN code
and the pilot PN code on I and Q, respectively, and limited by the constant envelope
constraint, the power ratio of pilot and data branches is 1:1 [7].

ACE-BOC also uses phase division multiplexing method, but different from
AltBOC, it can assign the pilot and data power ratio arbitrary even under the
constant envelop constraint. The concrete ACE-BOC scheme power ratio of pilot
and data branches is 3:1 [1–5].

2.2 Performance Differences

There are many items for navigation signal evaluation, such as ranging precision,
multipath performance, compatibility, demodulation performance etc. While for the
three schemes focused in the paper, the compatibility and multipath performance may
the same as they have the similar PN code rate, bandwidth and spectrum. The main
difference is the power assignment way, comparing with AltBOC and TD-AltBOC,
ACE-BOC assigns more power to pilot branches (the same with the newest GPS L1C
signal [9, 10]), so ACE-BOC provides better potentials on tracking and ranging
(1.76 dB better in theory), but worse ability on demodulation (3.0 dBworse in theory).

3 Overall Performance Evaluation Method

3.1 Evaluation Index Design

As introduced previously, the performance differences of ACE-BOC, TD-AltBOC
and AltBOC are mainly caused by the power assignment ways. ACE-BOC provides
way to assign the power ratio arbitrary, which brings more choices for signal
design. While limited by the total signal power, different power assignment is
essentially the competition of ranging performance and demodulation performance,
so individually comparing the two performances is not important anymore, instead,
in one assignment way, the signal overall performance in practical use is more
significant.

For navigation signal, the overall performance consists of two parts: to provide
enough accuracy ranging (or keeping receiver tracking), to provide right data
demodulation and these two must be satisfied at the same time. For the whole
navigation satellite system, to meet the overall performance, the lower power one
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signal schemes needs, the easier the scheme is for the satellite implement; For the
navigation users, to meet the overall performance, the lower power one signal
scheme needs, the easier the scheme is for the receiver use. Apparently, for both the
system and the users, the minimal signal power to meet the signal use is a key
factor, so it can be taken as the evaluation index to compare the three schemes.

3.2 Evaluation Index Definition

Based on the previous analysis and the way that navigation receiver uses signals,
two kinds of evaluation indexes are defined here, i.e., acquisitioning threshold and
tracking threshold. The acquisitioning threshold is defined as the minimal signal
power one signal scheme needed to make the receiver output specified accuracy
positioning results in specified time in cold start condition. The tracking threshold is
defined as the minimal signal power one signal scheme needed to keep the receiver
output specified accuracy positioning results in specified time.

Here, the acquisitioning threshold reflects the difficulties receivers have to turn to
synchronized state from unsynchronized state when using one signal scheme. The
tracking threshold reflects the difficulties receivers have to keep the synchronized
state when using one signal scheme.

3.3 Evaluation Index Analyzing Method

Signal performance can be analyzed in many ways such as theory, simulation and
actual testing. Theory analysis and simulation method are applicable to the analysis
of the single performance like ranging accuracy and demodulation performance,
and are often under the assumption of single signal processing steady stage. While,
for comparing the overall performance, the proposed evaluation index involves
several signal processing stages, and including many transient stages, thus, the
theory and simulation is not suitable anymore. The proposed evaluation index will
be analyzed by testing ways.

4 Overall Performance Test and Comparison

4.1 Test Conditions

Some conditions must be determined before the acquisition threshold and tracking
threshold test, because the thresholds relates to several factors besides the power
assignment, those factors includes data bit rate, channel encoding method, receiver
RF device and receiver algorithms.

50 Y. Gao et al.


