
Citation: Ba, X.; Liu, T.; Jiang, W.;

Wang, J.; Cai, B.; Chai, L.; Liang, K.

Design of Universal Code Generator

for Multi-Constellation

Multi-Frequency GNSS Receiver.

Electronics 2024, 13, 1244. https://

doi.org/10.3390/electronics13071244

Academic Editor: Christos J. Bouras

Received: 14 January 2024

Revised: 19 March 2024

Accepted: 22 March 2024

Published: 27 March 2024

Copyright: © 2024 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

electronics

Article

Design of Universal Code Generator for Multi-Constellation
Multi-Frequency GNSS Receiver
Xiaohui Ba 1,2,3,* , Taibin Liu 1 , Wei Jiang 1,2,3, Jian Wang 1,2,3, Baigen Cai 1,2,3, Linguo Chai 1,2,3

and Kun Liang 1,2,3

1 School of Automation and Intelligence, Beijing Jiaotong University, Beijing 100044, China;
23120233@bjtu.edu.cn (T.L.); weijiang@bjtu.edu.cn (W.J.); wangj@bjtu.edu.cn (J.W.); bgcai@bjtu.edu.cn (B.C.);
lgchai@bjtu.edu.cn (L.C.); liangk@bjtu.edu.cn (K.L.)

2 State Key Laboratory of Rail Transit Control and Safety, Beijing Jiaotong University, Beijing 100044, China
3 Beijing Engineering Research Center for Electromagnetic Compatibility and Satellite Navigation,

Beijing 100044, China
* Correspondence: baxiaohui@163.com

Abstract: A multi-constellation, multi-frequency Global Navigation Satellite System (GNSS) receiver
is capable of simultaneously receiving signals from multiple satellite constellations across various
frequency bands. This allows for increased observations, thereby enhancing navigation accuracy,
continuity, effectiveness, and reliability. The spread spectrum code structures used in satellite naviga-
tion signals differ among systems. Compatible code generators are employed in multi-constellation,
multi-frequency GNSS receivers to support tasks such as signal acquisition and tracking. There are
three main types of spread spectrum code structures: Linear Feedback Shift Register (LFSR), Legendre
sequences, and Memory codes. The Indian Regional Navigation Satellite System (IRNSS) released the
L1-SPS (Standard Positioning Service) signal format in August 2023, which utilizes the Interleaved
Z4-linear ranging code (IZ4 code) as its spread spectrum code. Currently, there is no universal code
generator design compatible with the IZ4 code. In this paper, a proposed universal code generator is
based on the hardware structure of the IRNSS IZ4 code generator. It achieves compatibility with all
LFSR-based spread spectrum codes and enables parallel generation of multiple sets of GNSS signal
spread spectrum codes, thereby improving hardware utilization efficiency. The proposed structure is
implemented and validated using FPGA design, and resource consumption is provided as part of the
validation results.

Keywords: GNSS; IRNSS IZ4; universal code generator; FPGA

1. Introduction

With the establishment and advancement of the four major global satellite navigation
systems, namely GPS, Galileo, GLONASS, and BDS, alongside regional navigation systems
like India’s IRNSS and Japan’s QZSS, the satellite navigation system has evolved into
a multi-constellation navigation ecosystem with over 130 satellites offering navigation
services. Each satellite navigation constellation broadcasts multiple civilian signals. For
instance, the third-generation global Beidou system transmits various civil signals including
B1C, B1I, B2a, B2b, and B3I.

A receiver that supports multiple satellite constellations and multiple frequency bands
is capable of receiving signals concurrently from these constellations. This allows for
the receiver to acquire additional measurements, enabling multi-mode integrated posi-
tioning. Such integration improves the precision, continuity, effectiveness, and reliability
of navigation.

The proposed universal spread spectrum code generator can be applied to the design
of multi-mode and multi-frequency GNSS receiver chips in order to enhance compati-
bility and minimize design costs. However, the introduction of IZ4 has increased hard-
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ware complexity. Therefore, it is crucial to address the resulting increase in hardware
structure complexity.

Significant global research has been conducted on the design of compatible code
generators [1–5]. The linear feedback shift register (LFSR) is widely used for generating
a majority of GNSS signals. In Ref. [2], a universal ranging code generator is proposed,
comprising two 14-bit linear feedback shift registers (SR1 and SR2). These shift registers
can be combined to form a 28-bit shift register. Additionally, this paper presents a struc-
tural scheme for the GPS L2C ranging code generator using the Fibonacci configuration.
By setting different initial values to determine the feedback tap position, an m-sequence
structure is achieved. In Ref. [3], a memory-based approach is proposed for generating
spread spectrum codes. This approach replaces the previously used dedicated logic mod-
ules and instead precomputes and stores the respective spread spectrum codes for each
signal in a memory unit. When the receiver receives a signal, it retrieves the corresponding
spread spectrum code from memory for processing. The exception to this memory code
method is GPS L2CL, which has a code length of 767,250. As a result, the required memory
size per channel increases. Each common channel necessitates a minimum of two blocks
of 16 kbit RAM and a 27-bit LFSR as essential resources. Ref. [4] presents the design
of a spread spectrum code generator architecture that supports multi-constellation and
multi-frequency signals. The code generator accommodates three types of spread spectrum
codes: linear feedback shift register (LFSR)-based codes, memory codes, and Weil codes.
It uses two M-long shift registers to support the generation of spread spectrum codes for
satellite signals through time division multiplexing. In Ref. [5], an area-efficient universal
code generator based on linear feedback shift registers is proposed. It can be configured
with shift registers and tap positions to generate different signal spread spectrum codes,
resulting in significant savings of hardware resources. However, its support for signals is
not comprehensive, as the code generator cannot handle IRNSS, QZSS L6, and other related
signals. Furthermore, the four major navigation systems, namely GPS, Galileo, GLONASS,
and BDS, require separate code generator structures.

In August 2023, India publicly released the NavIC Interface Control Documentation
(ICD) for L1 SPS [6], which uses the Interleaved Z4-linear (IZ4) ranging code as its spread
spectrum code. The IZ4 code comprises two 55-bit shift registers and a 5-bit shift register.
Notably, the code generator for IZ4 has a significantly longer shift register length compared
to other satellite navigation systems. Currently, there are no studies on the compatibility
design of the IZ4 code with other satellite navigation systems. In this paper, a spread
spectrum code generation scheme is proposed, incorporating the IZ4 code and based on
LFSR structure. The structural characteristics of IZ4 are leveraged to support the parallel
generation of spread spectrum codes in multi-channel scenarios.

This paper is structured as follows: the first section introduces the background and
research status of compatible code generators, Section 2 discusses spread spectrum code
generation schemes for all signals, Section 3 is divided into two parts presenting existing
shift register-based schemes and a proposed scheme supporting various shift register
structures, Section 4 provides experimental results on the accuracy of generated spread
spectrum codes and resource utilization using an FPGA module, and finally, conclusions
and future work are presented in the Section 5.

2. Introduction to GNSS Spread Spectrum Codes
2.1. Introduction to Spread Spectrum Codes

There are three primary methods for generating spread spectrum codes in GNSS
signals: LFSR-based codes, memory-based codes, and Weil codes. LFSR is the predominant
method used for generating spread spectrum codes in most satellite navigation signals [7].
Memory-based codes involve storing pseudo random noise (PRN) codes in memory and
retrieving them for use when the receiver receives the signal. This method is employed
for generating Galileo E1B/C and E6B/C signals. Currently, Weil codes are exclusively
utilized in GNSS systems for generating GPS L1C and BDS B1C signals [8–10].
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The majority of signals in GPS, GLONASS, Galileo, and BDS can be generated using
LFSR structures [11–14]. Table 1 provides the spread spectrum code generation methods for
each signal, including BDS B1I, B2I, B3I, B2a-d, B2a-p, B2b-I, GPS/QZSS L1C/A, L2 CM, L2
CL, L5I, L5Q, Glonass L1OF, L2OF, L1OCd, L1OCp, L2OCp, L3OCd, L3OCp, Galileo E5a-I,
E5a-Q, E5b-I, E5b-Q, IRNSS L5-SPS, S-SPS, L1-SPS, QZSS L1S, L5S, L6D, L6E, and SBAS L1,
L5 [15]. These codes can be generated by configuring LSFR to produce the corresponding
spread spectrum code sequences for each signal.

Table 1. GNSS Spread Spectrum Code Characteristics.

GNSS Bandwidth Signal Code Structure Code Type Length Code Rate Note Markings

BDS

B1 B1I LFSR (11b, 11b) Gold code 2046 2.046 Mcps 1
L1 B1C Legendre sequence Weil code 10,230 1.023 Mbps 2

B2 B2I LFSR (11b, 11b) Gold code 2046 2.046 Mcps Code generator is
the same as B1I 3

L5 B2a (B2a-d/B2a-p) LFSR (13b, 13b) Gold code 10,230 10.23 Mcps
The subcode of

B2a-p is the Weil
code

4

B2b-I LFSR (13b, 13b) Gold code 10,230 10.23 Mcps 5
B3 B3I LFSR (13b, 13b) Gold code 10,230 10.23 Mcps 6

GPS/QZSS

L1 L1C/A LFSR (10b, 10b) Gold code 1023 1.023 Mcps 7
L1C Legendre sequence Weil code 10,230 1.023 Mcps 8

L2

L2CM LFSR (27b) Equivalent
m-sequence [2] 10,230 0.5115 Mcps 9

L2CL LFSR (27b) Equivalent
m-sequence [2] 767,250 0.5115 Mcps 10

L5 L5I LFSR (13b, 13b) Gold code 10,230 10.23 Mcps 11
L5Q LFSR (13b, 13b) Gold code 10,230 10.23 Mcps 12

GLONASS

L1
L1OF LFSR (9b) M-sequence 511 0.511 Mcps 13

L1OCd LFSR (10b, 10b) Gold code 1023 0.5115 Mcps 14
L1OCp LFSR (12b, 6b) Kasami code 4092 0.5115 Mcps 15

L2 L2OF LFSR (9b) M-sequence 511 0.511 Mcps Same as L1OF 16
L2OC (L2OCp) LFSR (14b, 7b) Kasami code 10,230 0.5115 Mcps 17

L3 L3OC
(L3OCd/L3OCp) LFSR (14b, 7b) Kasami code 10,230 10.23 Mcps 18

Galileo

E1 E1 Memory code Memory code 4092 1.023 Mcps 19

E5 E5a (E5a–I/E5a–Q) LFSR (14b, 14b) Gold code 10,230 10.23 Mcps 20
E5b

(E5b–I/E5b–Q) LFSR (14b, 14b) Gold code 10,230 10.23 Mcps 21

E6 E6B/C Memeory code Memeory code 2046 5.115 Mcps 22

IRNSS

L5 L5-SPS LFSR (10b, 10b) Gold code 1023 1.023 Mcps
Code generator is
the same as GPS

L1C/A
23

S S-SPS LFSR (10b, 10b) Gold code 1023 1.023 Mcp
Code generator is
the same as GPS

L1C/A
24

L1 L1-SPS LFSR (55b, 55b, 5b)
Interleaved

Z4–linear (IZ4)
sequences

10,230 1.023 Mcp Has the longest
shift register 25

QZSS

L1 L1S LFSR (10b, 10b) Gold code 1023 1.023 Mcps
Code generator is
the same as GPS

L1C/A
26

L5 L5S LFSR (13b, 13b) Gold code 10,230 10.23 Mcps
Code generator is
the same as GPS

L5I and L5Q
27

L6 L6D LFSR (20b, 10b) Kasami code 10,230 2.5575 Mcps 28
L6E LFSR (20b, 10b) Kasami code 10,230 2.5575 Mcps 29

SBAS

L1 L1 LFSR (10b, 10b) Gold code 1023 1.023 Mcps
Code generator is
the same as GPS

L1C/A
30

L5 L5 LFSR (13b, 13b) Gold code 10230 10.23 Mcps
Code generator is
the same as GPS

L5I and L5Q
31

2.2. Spread Spectrum Code Generation Methods Based on LFSR

The LFSR-based spread spectrum code generator primarily comprises a shift register
and a feedback tap circuit. Based on the specific configuration of LFSR, the GNSS PRN
generation method utilizing LFSR can be categorized into m-sequence, Gold code, Kasami
code, and IZ4 code [16].
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2.2.1. m-Sequence

The m-sequence is a pseudo-random sequence of length 2N − 1 using a register of
length N shifted by linear feedback. The m-sequence has good autocorrelation and cross-
correlation characteristics.

Signals that utilize m-sequence codes include GPS L2C [2], GLONASS L1OF, and
L2OF signals. The structure of the spread spectrum code generated by the m-sequence
is typically simpler. For example, the GLONASS L1OF signal [12] employs the simplest
PRN code generator structure, as depicted in Figure 1. It consists of a 9-bit shift register
with feedback taps at Positions 5 and 9. The register is initialized with a value of one.
The generated sequence corresponds to an m-sequence. The period of this sequence is
L = 29 − 1 = 511 chips.

1 2 3 4 5 6 7 8 9

1

＋

Code

Figure 1. Schematic Diagram of the Glonass L1OF/L2OF Code Generator.

For the GPS L2C signal, its ranging code is a truncated m-sequence. The code generator
consists of a 27-bit shift register that generates different pseudocodes for different satellites
by configuring different initial phases. It should be noted that the output of the last bit of the
code generator is fed back to both the first bit and the intermediate bits. The code generator
specified in the ICD [13] uses the Galois configuration (as shown in Figure 2), while most
generators use the Fibonacci configuration. Each Fibonacci LFSR has an equivalent Galois
LFSR that produces exactly the same output sequence [17,18]. The Fibonacci configuration
is achieved by configuring the shift register with the correct initial phase to fix the position
of the feedback taps, maintaining consistency with previous m-sequence structures.

To simplify the hardware structure of the code generator, the Fibonacci configuration
is used in this paper. To convert to a Fibonacci configuration, the correct initial phase of
the m-sequence shift register must be found. Therefore, we used a generator in the form
of a 27-bit LFSR in Ref. [2] (Figure 3). The feedback tap for this register is given by the
polynomial f (x) = 1 + x3 + x4 + x5 + x6 + x9 + x11 + x13 + x16 + x19 + x21 + x24 + x27.
The output sequence is taken from the last bit of the register.

2 13 Out33 3 3 2 2 3 1 1

Figure 2. Structure of the GPS L2C Ranging Code Generator in Galois Configuration.

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27
code

＋

Figure 3. Structure of the GPS L2C Ranging Code Generator in Fibonacci Configuration.

2.2.2. Gold Code

The Gold code is a modulo-2 sum generated by two N-length shift registers with
distinct feedback polynomials and initial values. Notably, GPS L1C/A, GPS L5, BDS B1I,
GLONASS L1OC, Galileo E5a, E5b, etc., employ the Gold code. In the case of the GPS
L1C/A code generator [13], it comprises two registers of identical length (as depicted in
Figure 4). The feedback taps are selected from different positions within the two registers.
G1 represents the modulo-2 sum of the 3rd and 10th bits, which feeds back into Register 1
with a feedback polynomial of f (x) = 1 + x3 + x10. Similarly, G2 is the modulo-2 sum of
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the 2nd, 3rd, 6th, 8th, 9th, and 10th bits, also feeding back into Register 1 with a feedback
polynomial of f (x) = 1 + x2 + x3 + x6 + x8 + x9 + x10. The output sequence is obtained
by performing a modulo-2 sum of the sequences stored in Registers G1 and G2.

1 2 3 4 5 6 7 8 9 10

1

＋

＋

1 2 3 4 5 6 7 8 9 10

The first 10 chip codes for G2.

＋

C/A 
code

Figure 4. Schematic Diagram of the GPS L1C/A Code Generator.

2.2.3. Kasami Code

Both Kasami and Gold codes are generated as modulo-2 sums of two register se-
quences. The Kasami code is generated using a shift register of length N and a shift register
of length N/2, with a maximum length not exceeding 2N − 1 [19,20]. The Kasami code is
employed by signals such as GLONASS L1OCp, GLONASS L2OCp, GLONASS L3OC, and
QZSS L6. In the case of the GLONASS L1OCp code generator [12], it comprises a 12-bit
shift register G1, a 6-bit shift register G2, and a feedback tap. The feedback polynomial
for G1 is f (x) = 1 + x6 + x8 + x11 + x12 specified as shown in Figure 5, while the feedback
polynomial for G2 is f (x) = 1 + x + x6. The initial values of G1 and G2 are stored in
the initial registers, and the initial value of G2 varies with the number of satellites. The
modulo-2 sum of the outputs from Register 12 of Shift Register G1 and Register 6 of Shift
Register G2 yields the GLONASS L1OCp spread spectrum code.

1 2 3 4 5 6 7 8 9 10

G1

＋

＋

1 2 3 4 5 6

G2

＋

11 12

code

Figure 5. Schematic Diagram of the GLONASS L1OCp Code Generator.

In particular, the QZSS L6D/L6E code generator [15] is introduced, where the struc-
ture of L6D is identical to that of L6E except for the initial value of the register. The
signal number generator comprises a 20-bit shift register G1 and a 10-bit shift regis-
ter G2, both with feedback taps. The feedback polynomial for G1 is f (x) = 1 + x14 +
x16 + x19 + x20 specified as shown in Figure 6, while the feedback polynomial for G2 is
f (x) = 1 + x3 + x4 + x5 + x6 + x9 + x10. The initial value of G1 is stored in the initial regis-
ter, while the initial value of G2 is fixed at one. By setting and executing the predetermined
feedback polynomial and initial value, the modulo-2 sum of the outputs from the 20th bit
of Shift Register G1 and the 10th bit of Shift Register G2 yields the spread spectrum code of
QZSS L6D/L6E.
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1 2 3 4 5 6 7 8 9 10

G1

＋

＋

1 2 3 4 5 6

G2 Initial Phase Register=all 1's

＋

11 12

Code 

7 8 9 10

13 14 15 16 17 18 19 20

Figure 6. Schematic Diagram of the QZSS L6D/L6E Code Generator.

2.2.4. Interleaved Z4-Linear (IZ4) Ranging Code

In August 2023, India publicly released the Interface Control Document (ICD) for
the L1 frequency SPS space signal. As depicted in Figure 7, the code generator structure
employed by India is based on the IZ4 scheme. It comprises two 55-bit shift registers,
namely R0 and R1, along with a 5-bit shift register denoted as C. The initial value of the
register is determined by the input PRN number. The spread spectrum code is generated
using the following method [6].

The feedback value of register R0 is determined by the following feedback polynomial:

R0(54) = R0(50)⊕ R0(45)⊕ R0(40)⊕ R0(20)⊕ R0(10)⊕ R0(5)⊕ R0(0) (1)

In the above equation, the term on the right represents the value of Register R0 at time
t, while the term on the left corresponds to the feedback value received by the register at
time (t + 1). Initially, at t = 0, all registers are initialized, and subsequently, the registers are
shifted at each time interval.

For Register R1, the feedback value is obtained by output value R1A of Shift Register
R0 and the calculated value R1B of the feedback tap of Register R1. The R0 output,
denoted as R1A, is composed of three sub-components: σ2A, σ2B, and σ2C. The resulting
modulo-2 sum of R1A and R1B is fed back to the 54th bit of Register R1, denoted as R1(54).
The equation below outlines the calculations required to generate the feedback value for
Register R1:

σ2A = [R0(50)⊕ R0(45)⊕ R0(40)] AND [R0(20)⊕ R0(10)⊕ R0(5)⊕ R0(0)] (2)

σ2B = ([R0(50)⊕ R0(45)] AND R0(40))⊕ ([R0(20)⊕ R0(10)] AND [R0(5)⊕ R0(0)]) (3)

σ2C = [R0(50) AND R0(45)]⊕ [R0(20) AND R0(10)]⊕ [R0(5) AND R0(0)] (4)

σ2 = σ2A ⊕ σ2B ⊕ σ2C (5)

R1A = σ2 ⊕ [R0(40)⊕ R0(35)⊕ R0(30)⊕ R0(25)⊕ R0(15)⊕ R0(0)] (6)

R1B = R1(50)⊕ R1(45)⊕ R1(40)⊕ R1(20)⊕ R1(10)⊕ R1(5)⊕ R1(0) (7)

R1(54) = R1A ⊕ R1B (8)

All quantities in Equations (2)–(7) are in-register values corresponding to time t. For
Equation (8), the quantity on the left side of the equation represents the value of Register
R1 at time (t + 1), the 55th register, i.e., R1(54), which is obtained by modulo-2 summing the
values of the right variables R1A and R1B at time t. At time t = 0, all registers are initialized
and the registers are shifted at each time period.

The IZ4 spread spectrum code is obtained by performing a modulo-2 sum between
the first bit of R1, denoted as R1(0), and the first bit of the 5-bit cyclic shift register known
as the C register. The C register undergoes a cycle of 10,230 shifts, during which its first bit
is directly fed back to the fifth bit. The generator for this process is illustrated in Figure 7.
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54 53 52 …… 2 1 0

Feedback for R0
(XOR)

R2A computation
(XOR and AND)

55 54 53 52 2 1 0

54 53 52 …… 2 1 0

Feedback for R1using R1A and R1B

R2A computation
(XOR and AND)

55 54 53 52 2 1 0

R1
A

R0 Register

R1 Register
＋

4 3 2 1 0

4 3 2 1 0
C Register

IZ4
Spreading

code

R0 Register
Initial

Conditions

R1 Register
Initial

Conditions

C Initial

Conditions

Figure 7. IRNSS IZ4 Code Generator.

The signal spread spectrum code generator is considered as a more complex com-
ponent within the existing satellite navigation signal generator structure. However, the
generation of only the IZ4 signal leads to a relatively lower utilization rate of the hardware
structure. Therefore, improvements are required in its structure to enhance the utilization
of its hardware resources. Additionally, leveraging this register in combination with other
GNSS signals will support the generation of spread spectrum codes for all GNSS signals,
further optimizing the hardware utilization.

3. Code Generators
3.1. Universal Code Generators Based on LFSR

Reviewing the relevant literature reveals that currently available universal code gener-
ators typically exhibit the following structure:

1. Universal Ranging Code Generator;
2. Area-Efficient Universal Code Generator;

3.1.1. Universal Ranging Code Generator

The Universal Ranging Code Generator, as presented in reference [2] and depicted in
Figure 8, comprises two 14-bit linear feedback shift registers, namely SR 1 and SR 2. The
initial state of each shift register is stored in their respective CODE STATE 1 and CODE
STATE 2 registers. The bitmasks stored in the CODE BITMASK 1 and CODE BITMASK 2
registers control the feedback switches. Similarly, the bitmasks stored in the CODE OUT
BITMASK 1 and CODE OUT BITMASK 2 registers determine the output switches.

To maximize the utilization of resources within the universal code generator structure,
the structure employs two operational modes.

1. Two separate 14-bit registers (as shown in Figure 8);
2. The two registers are combined to form a 28-bit shift register (as shown in Figure 9).
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13 SR 2 0

13 CODE OUT BITMASK 2 0

13 CODE BITMASK 2 0

＋

＋

13 SR 1 0

13 CODE OUT BITMASK 1 0

13 CODE BITMASK 1 0

cons

＋cons

code

CODE STATE 1CODE STATE 2

Figure 8. Universal Ranging Code Generator.

0123456789101112130123456789101112
code

＋

13

SR1SR2

CODE Bitmask 1CODE Bitmask 2

Figure 9. Merged Code Generator.

In the first structure, the PRN code generator comprises two m-sequence generators.
Each generator corresponds to a specific PRN number, resulting in distinct initial states and
feedback points. During each code cycle, the feedback value is obtained through modulo-2
operations on the bits specified by CODE BITMASK 1 and CODE BITMASK 2 registers.
Subsequently, Registers SR 1 and SR 2 undergo left shifts at each cycle, followed by writing
the obtained feedback values into the lowest-order bits of SR 1 and SR 2, respectively.

In the second mode, the two shift registers are combined into a single 28-bit shift
register, enabling the generation of spread spectrum codes for signals that utilize 27-bit
registers (as depicted in Figure 9). During each operational cycle, Shift Registers SR 1
and SR 2 undergo left shifts, with the highest-order bit of SR 1 being written into the
lowest-order bit of SR 2. The feedback value is calculated through modulo-2 summation
using the bits specified by the CODE BITMASK 1 and CODE BITMASK 2 registers, and the
resulting feedback value is written into the lowest-order bit of SR 1.

In each mode, the output sequence is formed by taking the modulo-2 sum of the bits
specified by the bit masks stored in the CODE OUT BITMASK 1 and CODE OUT BITMASK
2 registers.

3.1.2. Area-Efficient Universal Code Generator

The conventional universal code generator [5] is characterized by a sophisticated
hardware architecture that configures specific initial ROMs, feedback ROMs, and output
ROMs for each register bit. By inputting different signal types and satellite numbers, code
generators SR1 and SR2 are assigned with their respective initial ROMs, feedback ROMs,
and output ROMs. These feedback and output ROMs are utilized by a multiplexer to
select different taps for XOR operations, ultimately generating the feedback and spread
spectrum codes.

Conventional universal code generators have the capability to generate multiple
spread spectrum codes using a single LFSR. However, the configured ROM contains nu-
merous redundant configuration items. The proposed multi-frequency universal code
generator in Ref. [5] eliminates unnecessary ROM, MUX, and XOR resources by elimi-
nating unused bits and directly connecting relevant configuration bits. In comparison to
conventional multi-frequency universal spread spectrum code generators, this approach
significantly reduces redundant hardware resources.

Table 2 presents a summary of the binary ROM values for the spread spectrum code
generator, using GPS as an illustrative example. Unused bits are represented as zero,
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utilized bits as one, and non-fixed bits as x. Based on the numerical summary, numerous
bits are fixed at zero or one, enabling significant reduction in hardware resources. If the
shift register corresponds to bit zero, the ROM, MUX, and XOR can be directly removed.
On the other hand, if the shift register corresponds to bit one, the ROM and MUX can be
eliminated by configuring a direct XOR connection. Therefore, the greater the number of
fixed bits at zero and one, the more unnecessary hardware resources can be removed.

Table 2. Fixed Parameters of the GPS Signal Spread Code Generator.

Codes Feedback ROM1
(13 bit)

Feedback ROM2
(14 bit)

Output ROM1 (13
bit)

Output ROM2 (14
bit)

Initial ROM1 (13
bit)

Initial ROM2 (14
bit)

L1C/A 0001000000100 00001110100110 0001000000000 0000xxxxxxxxxx 0001111111111 00001111111111
L2CM 1001001010010 01010100111100 1000000000000 00000000000000 xxxxxxxxxxxxx xxxxxxxxxxxxxx
L2CL 1001001010010 01010100111100 1000000000000 00000000000000 xxxxxxxxxxxxx xxxxxxxxxxxxxx
L5 I 1101100000000 01100011101101 1000000000000 01000000000000 1111111111111 0xxxxxxxxxxxxx
L5 Q 1101100000000 01100011101101 1000000000000 01000000000000 1111111111111 0xxxxxxxxxxxxx

Summary xx01x0x0x0xx0 0xxxxxxx1xx1xx x00x000000000 0x00xxxxxxxxxx xxxxxxxxxxxxx xxxxxxxxxxxxxx

As depicted in Figure 10, literature [5] proposes a compatible type code generator
structure that enables the generation of spread spectrum codes for GPS, Galileo, GLONASS,
and BDS navigation systems. This structure corresponds to four sets of independent code
generator structures, one for each system. For example, the code generator designed for the
GPS system can generate compatible spread spectrum codes such as GPS L1C/A, L2CM,
L2CL, and L5I/Q. Similarly, the code generator tailored for the BDS system can produce
compatible spread spectrum codes including BDS B1I, B2I, B3I, B2a, and B2B.

I1,1

1 2 3 4 5 6 7 8 9 10 11 12 13

I1,2 I1,3 I1,4 I1,5 I1,6 I1,7 I1,8 I1,9 I1,10 I1,11 I1,12 I1,13

F1,2 F1,3 F1,5 F1,7 F1,9 F1,12 F1,13

＋ ＋ ＋ ＋ ＋ ＋ ＋

O1,13 O1,13

＋

I2,1

1 2 3 4 5 6 7 8 9 10 11 12 13

I2,2 I2,3 I2,4 I2,5 I2,6 I2,7 I2,8 I2,9 I2,10 I2,11 I2,12 I2,13

F2,1 F2,2 F2,4 F2,7 F2,8 F2,11 F2,12

＋ ＋ ＋ ＋ ＋ ＋

O2,9 O2,13

＋

F2,5

＋

F2,9 F2,10

＋ ＋

F2,13

＋ ＋

14

I2,14

O2,8O2,7O2,6O2,5O2,4O2,3O2,2O2,1

＋ ＋ ＋ ＋ ＋ ＋ ＋ ＋ ＋

O2,10

＋

＋

Feedback ROM1

Initial ROM1

Output ROM1

Feedback ROM2

Initial ROM2

Output ROM2

TYPE

CODE

Figure 10. Schematic Diagram of the GPS Universal Code Generator in Ref. [5].

3.2. Proposed Universal Code Generator

In this paper, a register structure is proposed to support the generation of spread
spectrum codes based on GPS, BDS, GLONASS, Galileo, QZSS, and IRNSS systems. The
register structure is based on the LFSR structure derived from the IZ4 code generator,
as depicted in Figure 11. The number of register bits adopts the 55-bit shift register of
IZ4, and on this basis, the structure shown in Figure 8 is employed. This allows for the
division of registers into different bit lengths, including 6, 7, 9, 10, 11, 12, 13, 14, and 27 bits,
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enabling the parallel generation of spread spectrum codes for different signals. For example,
simultaneous generation of L5 signal data and the pilot channel spread spectrum code can
be achieved, or multiple spread spectrum codes for L1C/A signals and L1C/A and BDS
B1I signals can be generated simultaneously by selecting the appropriate control mode. By
adopting this approach, not only is the generation of the 55-bit IZ4 spread spectrum code
supported, but so is the simultaneous generation of multiple GNSS signal spread spectrum
codes, fully utilizing its complex hardware structure.

54 53 27 12 0

Feedback ROM

R2A computation
(XOR and AND)

55 54 53 27 12 0

Feedback for R1using R1A and R1B

R2A computation
(XOR and AND)

R1A

R0 Register

R1 Register
＋

4 3 2 1 0

4 3 2 1 0
C Register

GNSS、IZ4
Spreading

code

R0 Register
Initial

Conditions

R1 Register
Initial

Conditions

C Initial

Conditions

55

…CONSCONSCONS

Mode 
selec
tion

…… CONS CONS CONS CONS

… … …

54 53 27 12 0

54 53 27 12 0

…CONSCONSCONS …… CONS CONS CONS CONS

… … …

Figure 11. Universal Code Generator.

Table 3 shows the signal generation status according to the selection of the universal
code generator mode designed in this paper. The generation of the spread spectrum code is
performed by selecting the mode. In mode 0000, the spread spectrum code of the IZ4 data
and pilot components can be generated by configuring different initial registers. In mode
0001, the first 0–12 bits of R0 and R1 are configured to generate B2a data components, while
bits 13–25 are configured to generate B2a pilot components, and bits 26–38 are configured to
generate B2b-I branch components. In mode 0010, bits 0–13 of R0 and R1 are configured to
generate E5-I components, and bits 14–27 are configured to generate E5-Q components. In
mode 0011, configuring bits 0–12 of register R0 generates the L5 XA sequence, configuring
bits 0–12 of R1 generates the L5 XBI sequence, and configuring bits 13–25 of R1 generates
the L5 XBQ sequence. In mode 0100, the universal code generator simultaneously generates
five GPS L1C/A spread spectrum codes (or IRNSS L5-SPS, S-SPS, SBAS L1C/A spread
spectrum codes). It configures bits 0–9, 10–19, 20–29, 30–39, and 40–49 in R0 and R1
to generate five groups of L1C/A signals. In mode 0101, the generator simultaneously
generates four groups of B3I signals by configuring bits 0–12, 13–25, 26–38, and 39–51 in R0
and R1. If the mode is 0110, it generates four groups of L2C signals using the Fibonacci
configuration by configuring bits 0–26 and 27–53 in R0 and R1. In mode 0111, configuring
bits 0–9 of R0 and R1 registers generates the secondary code of the IZ4 pilot component.
In mode 1000, configuring bits 0–9 and 10–19 of R0 and R1 generates two sets of L1C/A
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signals, while configuring bits 20–30 of R0 and R1 generates B1I or B2I signals. In mode
1001, two sets of L1OCd and L1OCp are generated by configuring bits 0–43 of Register
R0 and bits 0–31 of R1. In mode 1010, the structure of L2OCp, L3OCd, and L3OCp code
generators is completely identical, generating different signal spread spectrum codes by
configuring bits 0–41 in R0 and bits 0–20 in R1. In mode 1011, configuring bits 0–13 of R0
and R1 generates E5b-I components, while configuring bits 14–27 of R0 and R1 generates
E5b-Q components. In mode 1100, configuring bits 0–39 in Register R0 and bits 0–19 in R1
generates a spread spectrum code for both L6D/E channels.

Table 3. Mode Configuration Table for Universal Code Generators.

Mode Generate Signal Information

0000 IZ4 Data and Pilot Component Generation (55 bits)

0001 B2a Data and Pilot Components (R0 and R1 0–25 bits) B2b-I branch (bits R0 and R1 26–38)

0010 E5a-I and Q components (R0 and R1 0–27 bits)

0011 Simultaneous generation of two L5 XA sequences (R0 bits 0–25) Simultaneous generation of two groups of L5 XB_I and Q (R1 bits 0–51)

0100 Simultaneous generation of five groups of L1C/A
(bits R0 and R1 0–49)

0101 Simultaneous generation of four groups of B3I
(R0 and R1 bits 0–51)

0110 Simultaneous generation of four L2C groups
(R0 and R1 bits 0–53)

0111 IZ4 pilot component secondary code
(bits R0 and R1 0–9)

1000 Two groups L1C/A (R0 and R1 bits 0–19) B1I or B2I (R0 and R1 20–30 bits)

1001 Two groups of L1OCd and L1OCp were generated
in parallel (R0 0–43, R1 0–31)

1010 Simultaneous generation of three L2OCp or L3OCd, L3OCp
(R0 0–41, R1 0–20)

1011 E5b-I and Q components (R0 and R1 bits 0–27)

1100 Simultaneous generation of L6D/E (R0 0–39, R1 0–19)

4. Experimental Results
4.1. FPGA Verification Results

In this paper, the proposed universal code generator structure is implemented using
Verilog HDL and simulated using Vivado 2018.3. To test and validate the experimental
results, the spread spectrum code generation for all the code generators is implemented
using MATLAB R2021a. The generated codes are then compared with the spread spectrum
codes produced by the FPGA, confirming the accuracy of the generated codes. Figure 12
illustrates a partial spread spectrum code waveform obtained from the FPGA, where each
rising clock edge corresponds to the output of one bit of the spread spectrum code.

4.2. Resource Consumption

In the experiment, synthesis was performed using Xilinx Vivado 2018.3, where
the FPGA chip was Zynq-xc7z100ffg900-2. A comparison was conducted between the
previous code generator and the code generator proposed in this paper, yielding the
following results:

Compared with the previous code generator, the code generator proposed in this
paper features a more sophisticated hardware structure. It supports various GNSS signal
spread-spectrum codes, including IRNSS IZ4, QZSS L6, and others, based on an LFSR
structure. Additionally, it has the capability to generate multiple sets of spread-spectrum
codes in parallel, such as simultaneous generation of L5 signal data and pilot channel
spread-spectrum codes, or the simultaneous generation of five groups of L1C/A signal
spread-spectrum codes and other configurable modes. Table 4 provides a comparison
between the number of supported spread-spectrum codes by existing universal code
generators and the proposed universal code generator in this paper. The results demonstrate
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a significant improvement in the compatibility of the proposed scheme. Figure 13 displays
the comprehensive resource utilization of FPGA implementation.

(a) IZ4

(b) L1C/A

Figure 12. FPGA Simulation Results Based on LFSR.

Figure 13. FPGA Comprehensive Resource Results.
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Table 4. Comparison of the Number of Signals Supported by This Paper and Previous Code Generators.

Supported Systems BDS GPS GLONASS Galileo IRNSS QZSS SBAS Summary

Supported
Signals

Previous
[6]

1 – 4
6

7
9 – 12

13 – 18 20 21 23 24 26 27 30 31 Table 1
shows the
markingsProposed 1 – 6 7

9 – 12
13 – 18 20 21 23 – 25 26 - 29 30 31

5. Conclusions

This paper analyzes the generation structure of GNSS spread spectrum codes and
proposes a universal code generator structure that supports the IZ4 ranging code in the
L1-SPS signal newly released by IRNSS in India. It enables the generation of all LSFR-based
spread spectrum codes listed in Table 4. By segmenting the structure of the IZ4 code
generator, reconstructing the tap selection, and comparing it with the previous universal
spread spectrum code generator, this paper improves the utilization and compatibility of
the IZ4 code generator. Due to the additional support for IZ4 signals, this paper proposes a
more complex universal spread spectrum code generator compared to the previous version.
However, it maintains compatibility with various GNSS signal spread spectrum code
generation techniques. The proposed code generator can simultaneously generate multiple
sets of GNSS signal spread spectrum codes, such as L5 signal data and pilot channel spread
spectrum codes, or five groups of L1C/A signal spread spectrum codes, four groups of
B3I signal spread spectrum codes, and other mode options. This significantly enhances
hardware utilization efficiency.
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