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1. INTRODUCTION

For the Global Navigation Satellite System (GNSS), one 

of the major issues is the design of ranging code. Global 

Positioning System (GPS) (Dunn 2013), GALILEO (European 

Union 2010), and BeiDou (China Satellite Navigation Office 

2013) have a tiered code structure that consists of a primary 

code and a secondary code. A tiered code structure is used 

in GNSS because it has advantages compared to an existing 

code structure in terms of signal acquisition/tracking and 

data demodulation.

A GPS L5 signal consists of a data channel and a pilot 

channel. For the secondary code, the data channel 

u s e s  N e u m a n  H o f f m a n  ( N H )  w i t h  a  l e n g t h  o f  1 0 

(NH10=0000110101), and the pilot channel uses NH with a 

length of 20 (NH20=00000100110101001110). The secondary 

code of BeiDou also uses NH code with a length of 20, which 

is identical to that of GPS L5. When NH code is used, the 

signal becomes robust to narrowband interference. This 
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is because the power of narrowband interference can be 

decreased by 10 or 13 dB through the despreading of NH 

code. Also, when the correlation of primary code length is 

performed with and without NH code, the auto- and cross-

correlation side peak protection margins can be additionally 

obtained by 0.4 and 1.7 dB, respectively, when NH code 

is used. Lastly, the data bit synchronization performance 

can be improved. However, NH20 code is vulnerable to 

frequency offset as the difference between the maximum 

value and the second maximum value is 2.59 dB in an 

environment with a frequency offset of 30 Hz. To overcome 

this problem, various studies have been performed (Yang et 

al. 2004, Zou et al. 2009).

Kim et al. (2014) suggested Tiered Polyphase Code 

(TPC) by replacing a secondary code with the Zadoff-

Chu sequence in the signal structure of GALILEO E5a-I. 

The Zadoff-Chu sequence has Constant Amplitude Zero 

Auto Correlation and robust to frequency error. It was 

demonstrated that when the same Zadoff-Chu sequence 

was used as a secondary code for all satellites, there was 

no cross-correlation interference when the transmitted 

signals between the satellites were apart by more than the 

length of the primary code. In addition, Kim & Ahn (2013) 

showed that when the primary code epoch rate was 1 kHz, 
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signal acquisition was possible without frequency offset 

compensation in an environment with a frequency offset 

of 700 Hz. However, the Zadoff-Chu sequence is a complex 

number type code, and thus the index of the maximum 

correlation value is affected by time delay and frequency 

offset. In other words, the starting position of a primary 

code can be found from the obtained signal, but the starting 

position of a secondary code can be accurately known only 

when the frequency offset is precisely estimated.

In the case of TPC, the starting position of a secondary 

code cannot be known after signal acquisition, and thus 

there is difficulty in the frequency estimation method using 

a primary code. To estimate frequency using a secondary 

code, a method in which all the 20 secondary code values 

are substituted needs to be used. Thus, the complexity 

increases, and the range in which frequency offset 

estimation is possible is also limited. To overcome this 

limitation, a new signal structure is needed.

In this study, the experiment results for the navigation 

signal based on orthogonal Tiered Polyphase Code (OTPC) 

and the signal acquisition and frequency estimation methods 

suggested by Kim (2014) were theoretically analyzed. Also, 

an additional experiment was performed for the frequency 

estimation method, and the results were presented. TPC is a 

complex number type code. Thus, to use TPC as the code of 

a pilot channel, a method that is different from the method 

in which a data channel and a pilot channel are sent by 

dividing them into in-phase and quadrature in an existing 

navigation system is required. For the suggested navigation 

signal, a data channel and a pilot channel were separated 

using an orthogonal code (e.g., Walsh code) which makes the 

correlation between different codes become 0. The results of 

the simulation indicated that the advantage of existing TPC 

was maintained during signal acquisition, and signal tracking 

was possible as precise frequency offset estimation was 

enabled using a data channel.

In Chapter 2, the frequency estimation method using 

TPC and the limitations were presented; and in Chapter 3, a 

navigation signal structure where TPC is used as the code of 

a pilot channel was proposed. In Chapter 4, the correlation 

characteristics and signal acquisition performance of the 

proposed signal and the frequency estimation method and 

performance using a data channel were examined; and 

conclusions were included in Chapter 5.

2. FREQUENCY OFFSET ESTIMATION 
LIMITS OF TIERED POLYPHASE CODE

In the tiered code (TC) used for GALILEO E5a-I, the 

chip rates of the primary code and secondary code are 

10.23 MHz and 1 kHz, respectively, and the code lengths 

are 10230 and 20, respectively. TPC where the secondary 

code was replaced with the Zadoff-Chu sequence in the TC 

of GALILEO E5a-I is appropriate for a satellite navigation 

signal system because it has no interference effect between 

satellite signals constituting the same system and is robust 

to frequency offset. However, the starting position of a 

primary code that is received at 1 ms intervals through 

signal acquisition can be accurately known; but to figure out 

the starting position of a secondary code that is repeated 

at 20 ms intervals, frequency offset needs to be accurately 

estimated. However, in the case of polyphase code, the 

code is a complex number and has a phase component. 

Thus, if the starting position is not known, there is a limit in 

estimating the phase component added to the continuous 

primary code. Eq. (1) expresses a received signal that has 

been received with a frequency offset defined for frequency 

offset estimation.
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where the first exponential term is the Zadoff-Chu sequence, and it changes depending on the order of the 
primary code constituting the received TPC. The second exponential term is the frequency offset. The 
term for the despreading process using the Zadoff-Chu sequence for the received signal is expressed in Eq. 
(2), and the despreading process is expressed in Eq. (3). 
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where n is the code index, and k  represents the polyphase code set shown in Fig. 1 which is the set of 
secondary codes that can be applied to the corresponding time. For example, in the case of 0k  , 
despreading for the received signal is performed using secondary codes whose secondary code indices are 
0, 1,…,18,19; and in the case of 1k  , despreading for the received signal is performed using secondary 
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where n is the code index, and k represents the polyphase 

code set shown in Fig. 1 which is the set of secondary codes 

that can be applied to the corresponding time. For example, 

in the case of k=0, despreading for the received signal is 

performed using secondary codes whose secondary code 
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indices are 0, 1,…,18,19; and in the case of k=1, despreading 

for the received signal is performed using secondary codes 

whose secondary code indices are 1,2,…,19,0. When the 

despread received signal goes through the delay and 

multiply process for obtaining frequency offset, it can be 

expressed as Eq. (4).
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However, among the 20 primary codes constituting TPC, the position at which the received signal is 
located cannot be known, and thus a method in which all the 20 secondary code values are substituted 
needs to be used as shown in Fig. 1. 
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For a complex number which is the result of Eq. (5), the phase can be obtained using an arctangent 

function, etc.; and based on this, frequency offset can be accurately estimated. However, if a wide 
integration interval of 20 ms is used for this method, estimation is impossible because the phase rotates 
more than 180 degrees when there is a frequency offset of more than ±25 Hz as shown in the frequency 
offset term of the result of Eq. (5). 
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(4)

However, among the 20 primary codes constituting TPC, 

the position at which the received signal is located cannot 

be known, and thus a method in which all the 20 secondary 

code values are substituted needs to be used as shown in 

Fig. 1.

The process for obtaining the frequency offset component,  

Δf, based on the result of Eq. (4) as shown in Fig. 1 can be 

expressed as Eq. (5).

codes whose secondary code indices are 1,2,…,19,0. When the despread received signal goes through the 
delay and multiply process for obtaining frequency offset, it can be expressed as Eq. (4). 

 

   
 2 1 2

50 50* 1 exp
20 20

2
50exp

20

f f
n k n k

R n R n j jk k

f
k

j

 



 
  

   






      
            

   
      
  

    
 
  

                                (4) 

 

However, among the 20 primary codes constituting TPC, the position at which the received signal is 
located cannot be known, and thus a method in which all the 20 secondary code values are substituted 
needs to be used as shown in Fig. 1. 

The process for obtaining the frequency offset component, f , based on the result of Eq. (4) as 
shown in Fig. 1 can be expressed as Eq. (5). 
 

   

 

19 19
*

0 0

19 19

0 0

2
501 exp

20

2 2 2exp exp 2
20 20 50 20 50

exp 2 exp 190 ,  exp 19 1
50 10

exp 2
50

k k
k k

k k

i

fk
R n R n j

f fj k j k j

fj j j

fj C



   

 



 

 

        
 
  

                         
              
       

 

 

qjC

         (5) 

 
For a complex number which is the result of Eq. (5), the phase can be obtained using an arctangent 

function, etc.; and based on this, frequency offset can be accurately estimated. However, if a wide 
integration interval of 20 ms is used for this method, estimation is impossible because the phase rotates 
more than 180 degrees when there is a frequency offset of more than ±25 Hz as shown in the frequency 
offset term of the result of Eq. (5). 
 
3. NAVIGATION SIGNAL BASED ON TIERED POLYPHASE CODE 
 

Most currently developed satellite navigation signal systems including GALILEO from the European 
Union consist of a pilot channel that can bring accurate correlation values at regular intervals and a data 
channel that is transmitted at the same intervals or at a period of integer multiple and sends information 

 

(5)

For a complex number which is the result of Eq. (5), 

the phase can be obtained using an arctangent function, 

etc.; and based on this, frequency offset can be accurately 

estimated. However, if a wide integration interval of 20 ms 

is used for this method, estimation is impossible because 

the phase rotates more than 180 degrees when there is 

a frequency offset of more than ±25 Hz as shown in the 

frequency offset term of the result of Eq. (5).

3. NAVIGATION SIGNAL BASED ON 
TIERED POLYPHASE CODE

Most currently developed satellite navigation signal 

systems including GALILEO from the European Union 

consist  of  a pilot  channel that can bring accurate 

correlation values at regular intervals and a data channel 

that is transmitted at the same intervals or at a period of 

integer multiple and sends information such as navigation 

message. In the case of the GALILEO E5 service shown 

in Fig. 2, E5a transmits an F/NAV message that supports 

the GALILEO Open service, and E5b transmits an I/NAV 

message that supports the Safety of Life service, GALILEO 

system integrity, and Open service. Each message, D, is 

multiplied by the ranging code of the in-phase axis of the 

complex plane, forming a data channel; and is multiplied 

by the ranging code of the quadrature axis, forming a pilot 

channel. They are then transmitted at the same time using 

the AltBOC modulation technique.

As mentioned above, the pilot/data channels of a general 

satellite navigation system transmits data generated 

through the in-phase/quadrature channels, respectively. 

However, in the case of TPC, channels cannot be divided 

based on this method since the polyphase code consists of a 

complex number. Therefore, for the navigation signal based 

on TPC proposed in this study, a data channel is generated 

and transmitted using an orthogonal code which makes 

the cross-correlation between different codes become 0, 

such as the Walsh code which is used in the code division 

multiple access technique. Fig. 3 shows the navigation 

signal generation method using TPC.

As shown in Fig. 3, existing TPC is used for a pilot 

channel, and the primary code repeated by the Np unit is 

multiplied by the orthogonal code with the same length and 

by the data repeated at NpNs intervals. Then, a data channel 

P(n) P(n+1) P(n+2) P(n+19)

Polyphase code set(0~19)

…

Polyphase code set(1~0)
…

Polyphase code set(19~18)

Fig. 1. Frequency offset estimation method of TPC.
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CE5b-Q(t)

F/NAV :

I/NAV :
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Fig. 2. Signal structure of GALILEO E5.
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is added, and they are transmitted through the pilot/data 

channels. Another advantage of using a signal system where 

pilot and data channels are divided is that frequency offset 

can be estimated in a synchronization process through the 

data channel. When a signal is first acquired through the 

pilot channel and accurate period of the primary code is 

obtained, frequency offset can be estimated using the data 

channel with the use of the delay and multiply process 

which is a general frequency offset estimation algorithm. 

Additionally, a technique that can precisely estimate 

the frequency offset component within a ±25 Hz range 

explained in Chapter 2 can also be used.

4. SIMULATION

Table 1 summarizes the parameters of the OTPC for the 

simulation.

4.1 Signal Acquisition

For the TPC of the proposed navigation signal, pilot and 

data channels are separated through an orthogonal code. 

Thus, in the presence of this orthogonality, it needs to be 

examined if the received signal of the pilot channel shows 

characteristics that are the same as when only TPC exists.
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where oC  is the orthogonal code that is commonly applied to all the satellites. The receiver input signal 
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where pC  is the primary code, oC  is the orthogonal code, and N  is the length of the primary and 
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where k  is the number of satellites, and k  is the simplex time delay of the received satellite signal. 

When a correlation for Eq. (11) and the primary code of satellite 1 is performed, it can be expressed as Eq. 
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where k is the number of satellites, and λk is the simplex time 

delay of the received satellite signal. When a correlation for 

Eq. (11) and the primary code of satellite 1 is performed, it 

can be expressed as Eq. (12).
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According to the definition of Eq. (7), there are only two 

consecutive v values where the term underlined in Eq. (12) 

is not 0, as shown in Fig. 4 (vk,τ and vk,τ+1).

clock
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code

polyphase 
code/Np fcs

fc
clock rate fc orthogonal 

code

/NpNs

fc

data
fcs

Data 
Channel

Pilot 
Channel

Fig. 3. Signal structure based on TPC.

Table 1. Simulation parameters.

Component Code
Rate

(MHz)
Length
(chips)

Period
(ms)

Primary code
Secondary code
Orthogonal code

Gold likely code
Zadoff-Chu sequnece
Walsh code

10.23
0.001
10.23

10230
20

10230

1
20
1
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Thus, Eq. (12) can be arranged as shown in Eq. (13).
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In this regard, 0≤n+τ-λk-vk,τNp<Np needs to be satisfied, 

and thus it is as follows.
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The second correlation function that is performed using the first correlation function,  1V  , is 

expressed in Eq. (19). 
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In this regard, , ,pk vN kv v v    , and thus Eq. (19) is as follows. 
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The second correlation function that is performed using the first correlation function,  1V  , is 

expressed in Eq. (19). 
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In this regard, , ,pk vN kv v v    , and thus Eq. (19) is as follows. 
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In this regard, , ,pk vN kv v v    , and thus Eq. (19) is as follows. 
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The second correlation function that is performed using the first correlation function,  1V  , is 

expressed in Eq. (19). 
 

     

 

    
    

    

1
*

2 1
0

, , 1
1

*
, , 1

0 1

, 1
0

mod

1 mod

mod

s

p

s

p

N

p
v

l
k vN p k k p

N K
r

k vN p k k p p
v k

k d k p k p

V m v V vN

m v R N

m v m v R N N

d P vN N





 

 

 

 









 





 

 
 
 
     
 
 
   
 



 



                    (19) 

 
In this regard, , ,pk vN kv v v    , and thus Eq. (19) is as follows. 
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The second correlation function that is performed using 

the first correlation function, V1(τ), is expressed in Eq. (19).
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The second correlation function that is performed using the first correlation function,  1V  , is 

expressed in Eq. (19). 
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In this regard, , ,pk vN kv v v    , and thus Eq. (19) is as follows. 

 (19)

In this regard, vk,τ+vNp
=vk,τ+v, and thus Eq. (19) is as follows.
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In the case of 1   and 1, 0v   , when the relative time delay between satellite 1 and other 

satellites, k , is larger than pN , k, 0v   . Thus, Eq. (20) can be expressed as follows. 
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If the secondary code is the Zadoff-Chu sequence, it has characteristics shown in Eq. (22). 
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Using Eqs. (6, 22), Eq. (21) is calculated as follows. 
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The  m v  in Eq. (23) is a complex code type mentioned in Eq. (1). Thus, the inphase component 

and quadrature component that constitute a complex code value need to be transmitted by being included 
in the inphase component and quadrature component of the carrier. This signal cannot be transmitted 

 (20)

In the case of τ=λ1 and v1,τ=0, when the relative time delay 

between satellite 1 and other satellites, λk, is larger than Np, 

vk≠0. Thus, Eq. (20) can be expressed as follows.
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If the secondary code is the Zadoff-Chu sequence, it has characteristics shown in Eq. (22). 
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Using Eqs. (6, 22), Eq. (21) is calculated as follows. 

 

       

      

1
*

2 1 ,11
0

1
*

, 1 1
0 2 0

0

mod

s

s

N
l
p

v

N K

k d k k p
v k

V m v m v R

m v d P N



 





 

  



    



  
                                   (23) 

 
The  m v  in Eq. (23) is a complex code type mentioned in Eq. (1). Thus, the inphase component 

and quadrature component that constitute a complex code value need to be transmitted by being included 
in the inphase component and quadrature component of the carrier. This signal cannot be transmitted 
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If the secondary code is the Zadoff-Chu sequence, it has characteristics shown in Eq. (22). 
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Using Eqs. (6, 22), Eq. (21) is calculated as follows. 
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The  m v  in Eq. (23) is a complex code type mentioned in Eq. (1). Thus, the inphase component 

and quadrature component that constitute a complex code value need to be transmitted by being included 
in the inphase component and quadrature component of the carrier. This signal cannot be transmitted 
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If the secondary code is the Zadoff-Chu sequence, it has characteristics shown in Eq. (22). 
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Using Eqs. (6, 22), Eq. (21) is calculated as follows. 
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The  m v  in Eq. (23) is a complex code type mentioned in Eq. (1). Thus, the inphase component 

and quadrature component that constitute a complex code value need to be transmitted by being included 
in the inphase component and quadrature component of the carrier. This signal cannot be transmitted 
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The m(v) in Eq. (23) is a complex code type mentioned 

in Eq. (1). Thus, the inphase component and quadrature 

component that constitute a complex code value need to be 

transmitted by being included in the inphase component and 

quadrature component of the carrier. This signal cannot be 

transmitted using the general BPSK modulation technique, 

and a receiver channel using the QPSK modulation technique 

needs to be organized. In the case of the BPSK modulation 

technique, two correlator channels (I and Q) are needed; 

but for the signal acquisition of the proposed signal, four 

correlator channels (Ii, Iq, Qi, and Qq) are required.

m(vk,τ) m(vk,τ+1)

Cp,1

… …

Fig. 4. Correlation process using primary code.
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Fig. 5 shows the first correlation result of the navigation 

signal based on OTPC. It is a case where K = 1 in Eq. 

(18); and based on one satellite signal, despreading was 

performed using the primary code of the satellite signal. Fig. 

6 shows the result of despreading using the secondary code 

from the result of Fig. 5, and it presents the result of Eq. (23) 

in a figure. There was an interference effect of about -41 dB, 

compared to the correlation result where only TPC exists. 

However, the correlation characteristics are outstanding 

compared to the TC of GALILEO E5a-I which has a side 

lobe of up to about -14 dB considering the difference from 

the main lobe, and it is expected that the interference effect 

on the other satellite signal constituting the same system 

would be small. If there are two satellite signals constituting 

the same system that are received with a time delay of 3 

ms, it corresponds to a case where K= 2 in Eq. (18). Fig. 7 

shows the result of despreading using the known primary 

codes when two satellite signals are received with a relative 

time delay of 3 ms assuming that the primary codes of the 

two satellite signals are known. Fig. 8 shows the result of 

despreading using the secondary code from the result of 

Fig. 5, where the interference effect of only about -37 dB was 

observed.

Based on the above results, it was found that the 

navigation signal based on OTPC was free from the 

interference effect between satellite signals constituting 

the same system of TPC. To examine the robustness to 

frequency offset that was suggested as another advantage of 

TPC, the ambiguity function of the navigation signal based 

on OTPC was observed as shown in Fig. 9.

Fig. 9 shows the result of the despreading of one 

navigation signal based on OTPC using Eq. (23) when there 
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Fig. 5. First correlation result of orthogonal TPC.
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Fig. 7. First correlation result of orthogonal TPC (2 satellite signals relative 
delay of 3 ms).
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Fig. 6. Second correlation result of orthogonal TPC.
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was a frequency offset of 0 to 500 Hz. As the frequency offset 

increased, the despreading result value decreased; but 

although there was a frequency offset, there was always a 

peak value on the time axis. In other words, even though 

there is a frequency offset of 500Hz, long-time integration 

(20 ms) is possible without compensating this error.

In Kim & Ahn (2013), the signal acquisition performances 

for the TC of GALILEO E5a-I and TPC were compared when 

there was a frequency offset. In the case of signal acquisition 

from the received signal through a long-time integration 

(20 ms), the TC could not perform signal acquisition when 

there was a frequency offset of 25 Hz, while the TPC had 

a missing probability of 10-2 at a signal-to-noise ratio of 

-35 dB when there was a frequency offset of 250 Hz. This 

indicates that when signal acquisition is performed through 

long-time integration in a weak signal environment, the 

existing GALILEO E5a-I TC is capable of signal acquisition 

only when the frequency offset is less than 10 Hz, and the 

TPC is capable of signal acquisition although the frequency 

offset is more than 250 Hz. Fig. 10 shows the result of the 

missing probability when the 20 ms integration result was 

normalized to a TPC length of 204,600 for signal acquisition 

and it was considered a successful signal acquisition when 

the square of the absolute value was above a threshold 

value of 0.6. In this regard, OTPC is the orthogonal tiered 

polyphase code, TPC is the tiered polyphase code, and FO 

is the frequency offset. The OTPC showed a performance 

difference of about 3 dB compared to the TPC. However, 

the strength of a signal decreases by 

using the general BPSK modulation technique, and a receiver channel using the QPSK modulation 
technique needs to be organized. In the case of the BPSK modulation technique, two correlator channels 
(I and Q) are needed; but for the signal acquisition of the proposed signal, four correlator channels (Ii, Iq, 
Qi, and Qq) are required. 

Fig. 5 shows the first correlation result of the navigation signal based on OTPC. It is a case where K 
= 1 in Eq. (18); and based on one satellite signal, despreading was performed using the primary code of 
the satellite signal. Fig. 6 shows the result of despreading using the secondary code from the result of Fig. 
5, and it presents the result of Eq. (23) in a figure. There was an interference effect of about -41 dB, 
compared to the correlation result where only TPC exists. However, the correlation characteristics are 
outstanding compared to the TC of GALILEO E5a-I which has a side lobe of up to about -14 dB 
considering the difference from the main lobe, and it is expected that the interference effect on the other 
satellite signal constituting the same system would be small. If there are two satellite signals constituting 
the same system that are received with a time delay of 3 ms, it corresponds to a case where K = 2 in Eq. 
(18). Fig. 7 shows the result of despreading using the known primary codes when two satellite signals are 
received with a relative time delay of 3 ms assuming that the primary codes of the two satellite signals are 
known. Fig. 8 shows the result of despreading using the secondary code from the result of Fig. 5, where 
the interference effect of only about -37 dB was observed. 

Based on the above results, it was found that the navigation signal based on OTPC was free from the 
interference effect between satellite signals constituting the same system of TPC. To examine the 
robustness to frequency offset that was suggested as another advantage of TPC, the ambiguity function of 
the navigation signal based on OTPC was observed as shown in Fig. 9. 

Fig. 9 shows the result of the despreading of one navigation signal based on OTPC using Eq. (23) 
when there was a frequency offset of 0 to 500 Hz. As the frequency offset increased, the despreading 
result value decreased; but although there was a frequency offset, there was always a peak value on the 
time axis. In other words, even though there is a frequency offset of 500Hz, long-time integration (20 ms) 
is possible without compensating this error. 

In Kim & Ahn (2013), the signal acquisition performances for the TC of GALILEO E5a-I and TPC 
were compared when there was a frequency offset. In the case of signal acquisition from the received 
signal through a long-time integration (20 ms), the TC could not perform signal acquisition when there 
was a frequency offset of 25 Hz, while the TPC had a missing probability of 10-2 at a signal-to-noise ratio 
of -35 dB when there was a frequency offset of 250 Hz. This indicates that when signal acquisition is 
performed through long-time integration in a weak signal environment, the existing GALILEO E5a-I TC 
is capable of signal acquisition only when the frequency offset is less than 10 Hz, and the TPC is capable 
of signal acquisition although the frequency offset is more than 250 Hz. Fig. 10 shows the result of the 
missing probability when the 20 ms integration result was normalized to a TPC length of 204,600 for 
signal acquisition and it was considered a successful signal acquisition when the square of the absolute 
value was above a threshold value of 0.6. In this regard, OTPC is the orthogonal tiered polyphase code, 
TPC is the tiered polyphase code, and FO is the frequency offset. The OTPC showed a performance 
difference of about 3 dB compared to the TPC. However, the strength of a signal decreases by √1/2 
during channel division, and thus it showed the same performance while having no interference effect. 
 

4.2 Frequency Offset Estimation 
 

For TPC where the starting position of a primary code that is received at 1 ms intervals through 
signal acquisition can be accurately known but there is a limitation in frequency offset estimation for 
figuring out the starting position of a secondary code that is repeated at 20 ms intervals as mentioned in 
Chapter 2, it was shown that the frequency offset could be estimated in a synchronization process by 
adding a data channel through orthogonality. Fig. 11 shows the frequency offset estimation method using 

 during channel 
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For TPC where the starting position of a primary code 

that is received at 1 ms intervals through signal acquisition 

can be accurately known but there is a limitation in 

frequency offset estimation for figuring out the starting 

position of a secondary code that is repeated at 20 ms 

intervals as mentioned in Chapter 2, it was shown that the 

frequency offset could be estimated in a synchronization 

process by adding a data channel through orthogonality. 

Fig. 11 shows the frequency offset estimation method using 

a data channel. After signal acquisition, the receiver can 

figure out the starting point of the primary code based on 

the data channel. For the result obtained by the despreading 

of the primary code of the data channel, R(n), the frequency 

offset is estimated using the delay and multiply technique.

The equation for frequency offset estimation after 

separating pilot and data using an orthogonal code can be 

Fig. 9. Ambiguity function of orthogonal TPC.
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expressed as Eq. (24).

 

a data channel. After signal acquisition, the receiver can figure out the starting point of the primary code 
based on the data channel. For the result obtained by the despreading of the primary code of the data 
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Fig. 12 shows the frequency estimation performance using the primary code of the data channel. 

When the average receiving power of the signal was assumed to be -130 dBm, the bandwidth to be 20.46 
MHz, the thermal noise to be -174 dBm/Hz, and the noise figure to be 6 dB, the operating point of the 
receiver was -35 dB based on the signal-to-noise ratio. To obtain a frequency offset of less than 25 Hz at 
-35 dB, the delay and multiply process result values need to be accumulated eight times. If the frequency 
offset is narrowed within a range of less than 25 Hz through the data channel, frequency offset 
compensation is enabled using the TPC of the pilot channel, and thus more precise frequency offset 
estimation is possible. This indicates that the structure of the navigation signal based on OTPC has no 
interference effect, has signal acquisition performance that is robust to frequency offset, and is capable 
of frequency offset estimation using a general method after signal acquisition. In addition, by separating 
pilot/data channels, navigation signals can be transmitted along with precise signal tracking. 

 
5. CONCLUSIONS 

 
In this study, a navigation signal based on TPC with a structure that can separate pilot/data channels 

using an orthogonal code and can estimate frequency offset was proposed. The proposed signal has no 
interference effect between satellite signals constituting the same system of TPC, and is robust to 
frequency offset. Also, it is capable of frequency offset estimation using a data channel based on the delay 
and multiply technique which is a general frequency offset estimation algorithm, overcoming the 
disadvantage that a frequency offset of more than ±25 Hz cannot be estimated in a signal acquisition 
structure with a coherent wide integration interval using TPC. Based on correlation characteristics, it was 
shown that the navigation signal generated through orthogonalization maintained robustness to 
interference effect and frequency offset, which is the advantage of TPC. Also, it was found that the signal 
acquisition performance using a wide correlation interval through a pilot channel in an environment with 
a frequency offset was also identical. It is expected that the ambiguity of the starting position of a 
secondary code, which has been problematic during TPC signal acquisition when there is a frequency 
offset, would be resolved with the development of hardware. However, TPC is a complex code type, 
rather than a binary code that is used in an existing satellite navigation system. Therefore, the amount of 
calculation could increase in a satellite signal generation part and a receiver local signal generation part, 
and it could be operated in the nonlinear interval of a high power amplifier since the constant envelop 
characteristic cannot be satisfied. Thus, additional studies for overcoming this issue will be performed in 
the future. 
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the structure of the navigation signal based on OTPC has no 

interference effect, has signal acquisition performance that 

is robust to frequency offset, and is capable of frequency 

offset estimation using a general method after signal 

acquisition. In addition, by separating pilot/data channels, 

navigation signals can be transmitted along with precise 

signal tracking.

5. CONCLUSIONS

In this study, a navigation signal based on TPC with a 

structure that can separate pilot/data channels using an 

orthogonal code and can estimate frequency offset was 

proposed. The proposed signal has no interference effect 

between satellite signals constituting the same system of 

TPC, and is robust to frequency offset. Also, it is capable 

of frequency offset estimation using a data channel based 

on the delay and multiply technique which is a general 

frequency offset estimation algorithm, overcoming the 

disadvantage that a frequency offset of more than ±25 Hz 

cannot be estimated in a signal acquisition structure with 

a coherent wide integration interval using TPC. Based on 

correlation characteristics, it was shown that the navigation 

signal generated through orthogonalization maintained 

robustness to interference effect and frequency offset, 

which is the advantage of TPC. Also, it was found that the 

signal acquisition performance using a wide correlation 

interval through a pilot channel in an environment with 

a frequency offset was also identical. It is expected that 

the ambiguity of the starting position of a secondary code, 

which has been problematic during TPC signal acquisition 

when there is a frequency offset, would be resolved with 

the development of hardware. However, TPC is a complex 

code type, rather than a binary code that is used in an 

existing satellite navigation system. Therefore, the amount 

of calculation could increase in a satellite signal generation 

part and a receiver local signal generation part, and it 

could be operated in the nonlinear interval of a high power 

amplifier since the constant envelop characteristic cannot 

be satisfied. Thus, additional studies for overcoming this 
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Fig. 12. Frequency offset estimation performance.
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