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Linear feedback shift register (LFSR) is the basic building block of the
communication system used in different coding, error detection and
correction codes, such as gold, low-density parity check (LDPC), polar, and
turbo codes. There are simple shift register-based n-bit counters with a few
XOR gates that behave pseudo-randomly. The LFSR is used in chip
hardware for high-speed operations, error control, and the generation of
pseudo-random numbers. The hardware chip design and performance
estimation of the LFSR is the problem for specific communication system.
The motivation of the work is to generate the Gold code sequence by the
integration of two LFSR. The article proposes the hardware chip design and
simulation of two 5-bit LFSR modules used for the gold sequence generator
applicable for the communication systems. The novelty of the work is that
the design is scalable and can be extended based on the requirements of the
systems which is synthesized and experimentally verified on the Zyng-7000
field programmable gate array (FPGA) board. The concept of this design is
programmable and can be extended to n-bit based on the applications. The
work is supported, and formulated using very high speed integrated circuit
hardware description language (VHDL) programming in Xilinx ISE 14.7
software.
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1. INTRODUCTION

The linear feedback shift register (LFSR) is essentially a shift register that moves data from one
register to the next with each clock signal [1]. Linear feedback is formed by XORing some bits of the shift
register to drive the input values of the LFSR. The selected bits in the preceding states influence the input bits
and are referred to as taps. The feedback loop is formed by XORing a series of such taps that are dependent
on the feedback polynomial. A lot of work is carried out in the direction to make the reconfigurable LFSR
which can be future utilized for Gold code, different communication systems, and switching applications.
Reconfigurability and speed are the essential properties to make the system suitable for coding and
communication. Reconfigurability refers to re-programmability that provides the platform to the
reprogrammable generators with significant capabilities to control LFSR operations at the same speed [2].
The extraordinary advancements in optical components and devices in current years have resulted in major
efforts in implementing optical signal processing methods. LFSR played an important role in classical
electronics, such as circuits that generate encryption and decryption, pseudorandom binary sequence (PRBS),
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and a bit error rate measuring system [3], [4]. Optical LFSRs, which have the advantage of speed, are
predicted to provide benefits in similar types of applications. Optical fiber shift registers [5] with the
integration of XOR gate [6], [7] and semiconductor optical amplifier (SOA), having low transferring energies
and advanced switching speeds (>40 Gb/s) proved to achieve this goal. The enormous length of optical shift
registers limits the usefulness of optical LFSRs because of the complexity of programming while generating
the regulated PRBSs.

In the scheme of grouping numerous concurrent transmissions for a multichannel network using the
same physical link, the bandwidth of optical fiber can be utilized properly. In a network setting, this goal can
be met by employing multiple access techniques, like code division multiple access (CDMA) and frequency
division multiple access (FDMA) probably in conjunction with logical communication techniques. CDMA
[8] has been used to address multiple users in a rational optical network, while [9] proved the practical
viability of a spreading dispreading [10] electro-optic modulator. Gaussian approximation was proposed for
the random variable in the deficiency of noise to solve the interferer effect and the performance of a CDMA
system with Gold sequences was evaluated in [11]. The flaws in both assumptions have been thoroughly
examined in recent papers for optical and wireless communication. In the disparity to the particulars of
electro-optical conversion, it is an essentially random behavior that can be experienced in the presence of
shot noise. The non-existence of noise provides error-free transmission in the case of a small population of
interferers. The feedback parameters are acquired by a matrix transformation from the control LFSR output.
The disparity between the controller and controlled FSR in the design provides the period benefits over the
suggested approach of varying feedback shift resisters [12]. The ability to use arbitrary feedback functions
for the controlled FSR and an arbitrary controller additionally increases our design's degree of freedom.
Variable feedback has been implemented earlier. The switch-controlled feedback sequentially moves a single
There is no change in speed between the control and the reconfigured FSR, and the reconfigured FSR is
confined to an LFSR. As a result, complexity is highly promising for a simple method.

Decimation has been used to create variable characteristic polynomials in a variety of ways, the
simplest of which is the stop-and-go generator, in which the output of one LFSR controls the clock of
another. For example, when the output of a controlling LFSR is ‘1°, an LFSR may step through one cycle of
its clock, but not when the output is ‘0’. The study examined several clock-controlled LFSR designs
"including cascades of LFSRs driven by the same clock source. Due to the necessity that each LFSR has
several gates, this requirement may be a challenge for optical logic implementation due to gate count
constraints. Another type of clock-controlled sequence is the LFSR-based shrinking generator but these
generators are insecure when the feedback functions contain a small number of nonzero terms. However,
optical memory is built by circulating bits rapidly through fiber and has few points of access for users. The
feedback function will utilize the majority of bits in the register, i.e. the optical memory, at any one time. As
a result, the feedback function will contain a high proportion of zeros, which is precisely the limitation one
wants to avoid in the taps and the feedback function. The speed differential concept was discussed between
two FSR [13], in which the outputs of two LFSR operating at different speeds are combined nonlinearly but
the speed difference between the two sequences ‘m’ is not reconfigured. This fiber has previously been
demonstrated to be insecure. The approach is different from the reconfigurable FSR in the absence of a
sequence-controlled FSR.

The gold sequence generator is using the two identical input sequences of LFSR output which are
XORed. The two input sequences should have the same phase connection until all of the additions are made.
A completely different gold sequence occurs from even a slight phase modification in one of the input
sequences. This behavior is depicted in Figure 1.

Gold

Sequence-1
Gold
XOR
Operation Code
Gold

Sequence-2

Clock—»|

Figure 1. LFSR and Gold code output

LFSRs are frequently used in stream ciphers to produce pseudorandom sequences which are further
used in data security encryption and decryption. The novelty of the study is that it offers a platform for chip
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designers and researchers to replicate the capability of scalable LFSR and gold sequence generator on high-
end field programmable gate array (FPGA), ensuring the integration of the same chip for the next generation
of communication systems, such as 5G and 6G. The data size of the LFSR used in the simulation is 5-bit.
Therefore, the datapath size is 5-bit as one-bit storage is applicable to one flip-flop. The objective of the work
is to perform the simulation for the same functionality.

The organization of the manuscript is as: the section 2 presents the proposed method of LFSR in
serial and parallel execution levels. Section 3 presents the implementation architecture of the 5-bit sequence
and methodology. Section 4 presents the results and discussions part with the possible simulation test inputs
and FPGA board experimental verification followed by conclusions in section 5.

2. PROPOSED ALGORITHM

The serial implementation of a linear feedback shift register [14], [15] is depicted in Figure 2. It is
clear from the system behavior that the serial architecture has two drawbacks: first, every clock causes the
entire structure to become time-locked, and second, only one information bit is produced. It is possible to
overcome these issues by utilizing a parallel design in which one or two cells are synchronized at the same
time. LFSR circuit has a large number of connections between its structure and the XOR tree because all the
taps [16] are connected to the flip-flops (FFs) individually for the circuit to function properly.

REG J

| I I T N N O I I O N B e

Reset, clock and synchronization O
A

REG K

Figure 2. The basic principle of serial LFSR

Figure 3 depicts an example of parallel LFSR architecture. Individual cells in the register remain
unchanged in this configuration unless updated once in every ‘N’ clock cycle. Taps generally move in the
direction following the preceding cell with each clock cycle, but the bits contained within the memory
elements remain unchanged. As a result, the tap which was previously connected to cell number 6 has been
moved to cell number 5, and the tap previously connected to cell number 5 has been moved to cell number 4,
while the tap earlier connected to cell number 1 (initial cell) has been moved to the cell number 7.

The tap initially connected to cell number 1 (initial cell) has been reconnected to cell number 7 (last
cell). It is similar to the impact of bits being redistributed to the next higher cell [17] in traditional
architecture. The control unit [18] instructs the switches to update every cell in sequential order with the
values, which is obtained from the XOR tree on each clock cycle. The array memory elements only transition
once as a result, and the remaining FFs stay static and use no power. While this architecture consumes more
hardware than traditional architecture, it switches less circuitry per clock cycle, resulting in lower power
dissipation of the system. A large number of components are required in this architecture, as each XOR tree
tap must first scan the entire array and it should be connected to each memory cell, totaling N (cells number)
x M switches (taps number). Besides this, the total number of components can be reduced to (N+M). Only
one transistor is required to physically implement each switch.
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Figure 3. Basic principle of the parallel LFSR

3. METHOD

Gold codes [12] are created by XORing two maximum-length sequences having the same length.
These sequences are added to the computer chip using synchronous clocking. The difference in the phase
position of two generated m-sequences results in the generation of a fresh sequence. A Gold code is produced
using specially chosen m-sequences, also known as preferred m-sequences. A LFSR has two (2n-1) states
[19], [20], where ‘n’ is the LFSR's register count. At the start end of each clock edge, the contents of the shift
registers are moved one position to the right [21]. Preset registers or register taps are used in conjunction with
the register to provide feedback. These will use an XNOR or XOR gate to provide feedback to the leftmost
register. When employing XOR feedback, it is forbidden to have a value of all 1s or all Os because doing so
would result in the counter becoming trapped in this state. LFSRs can be used to convert narrowband signals
into simulated noise. LFSRs are used to convert a narrowband signal to a wideband signal, which generates
pseudo-noise in the process. The feedback function of an LFSR is one of the device's two fundamental
components, the other being the shift register. Shift registers are primarily used to relocate register contents
into neighboring positions inside a register, or out of the register if the position is at the end of the register.
The area will remain empty unless fresh content is provided to the register's other end.

In Gold code generators, LFSRs are the most fundamental functional block. When ‘N’ registers are
used in the LFSR, it cycles through (2n-1) states, which is a prime number. As shown in the diagram, each
clock cycle causes the contents of the registers to be moved from one position to the right. The rightmost
register is produced by XORing the leftmost register with feedback from predetermined registers or taps.
When designing LFSRs, the number of taps in each feedback route, as well as the number of steps in the shift
register, must be taken into account. Another variable is the shift register stage or the location of each tap. To
function efficiently, a class of spreading codes in a multiple-access system must have the minimum possible
value of mutual interference. The technique uses the Gold subclass of PN sequences [21]. These are chosen
such that the cross-correlation scores between the codes in a specific set are uniform and bounded across the
entire set. The addition of the code sequences occurs one at a time using synchronous clocking. The length of
the generated codes is equal to the length of the two m-sequences added together. One advantage of using
Gold codes is their ability to generate a large number of codes. Consider the following case:

01(X) and g2(X) are assumed to be the desired primitive polynomial pair of degree ‘n’, in which the
respective shift registers produce a maximal length sequence of the period 2(n-1), whose cross-correlation
function is less or equal to 1.

n+1
27 +1 for n is odd 1
2(+2)/241 for n is even 2
If the preceding condition is met, g»(X) will produce 2(n+1) distinct sequences, each having a duration of

2(n-1). The process of making a Gold set is featured in the illustration in Figure 4 that follows the Gold code
sequence generator with shift register of length m=5.
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Figure 4. Gold code sequence generator with shift register of length m=5

It is proposed to use linear feedback shift to reduce the length of a sequence to its shortest possible
length [21], [22]. The length of the register is m=5. The feedback taps are chosen from the sets (5, 2) and (5,
4, 2, 1) as shown in Table 1. Table 1 illustrates the evolution of maximal length sequences, where the
generator returns to its initial state after 31 iterations, assuming the initial state is 20000.

Table 1. The maximum length sequence of LFSR with 5-bit input data 10000
State LFSR-1Tap (5,2) Output LFSR-1 LFSR-2Tap (5,4,2,1) Output LFSR-2 Gold sequence

0 10000 0 10000 0 0
1 01000 0 01000 0 0
2 00100 0 00100 0 0
3 00010 0 00010 0 0
4 00001 1 00001 1 0
5 10100 0 11101 1 1
6 01010 0 10011 1 1
7 00101 1 10100 0 1
8 10110 0 01010 0 0
9 01011 1 00101 1 0
10 10001 1 11111 1 0
11 11100 0 10010 0 0
12 01110 0 01001 1 1
13 00111 1 11001 1 0
14 10111 1 10001 1 0
15 11111 1 10101 1 0
16 11011 1 10111 1 0
17 11001 1 10110 0 1
18 11000 0 01011 1 1
19 01100 0 11000 0 0
20 00110 0 01100 0 0
21 00011 1 00110 0 1
22 10101 1 00011 1 0
23 11110 0 11100 0 0
24 01111 1 01110 0 1
25 10011 1 00111 1 0
26 11101 1 11110 0 1
27 11010 0 01111 1 1
28 01101 1 11010 0 1
29 10010 0 01101 1 1
30 01001 1 11011 1 0
31 10000 0 10000 0 0

The design technology of the work is as follows. The chip functionality follows the steps of the chip
design, and simulation modeling. The Verilog hardware description language (VHDL) programming is used
to design the LFSR-1 chip that accepts the 5-bit input stream with the tap sequence (5, 2). After that, the
LFSR-2 chip is designed that also accepts the 5-bit input stream with the tap sequence (5, 4, 2, 1). The
waveform simulation is carried out for both the LFSRs in which the test cases are verified. The real-time
verification is done on the FPGA board to check the feasibility of the design. The methodology for the same
is given in Figure 5.
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*Design: The design constraints and size are decided first such as the data inputs for LFSR-1
and LFSR-2. The tap values are fixed for the LFSR-1 and LFSR-2. In the design the size of
Step-1 | the LFSRs is 5-bit

*Model: The LFSR-1 and LFSR-2 are followed using the dataflow model and finally gold code
generator is followed using structural modeling with the help of VHDL programming in
Step-2 | Xilinx ISE.

+Simulation: The functionality of the design is checked for the different input test cases as
checked in the ISIM simulation waveforms. The function simulation is also checked for the
integrated chip of gold codes.

Step-3
+Pin Assignment: The design synthesis is followed by the Zyng-7000 FPGA board for which
Step-4 the pins assignment is done based on the inputs and outputs to lock the pins in FPGA board.

+ Verification: The synthesis is run in real-time to confirm the simulation results using
switches and inputs on the FPGA board, and the relevant output is received on LEDs. The
synthesis process includes the logic placement, routing, floor planning, and logic

Step-5 implementation in FPGA. The bit file the code is burned into FPGA board and functionality

of the design is verified.

Figure 5. Methodology

4. RESULTS AND DISCUSSIONS

The simulation of LFSR-1, LFSR-2, and the Gold code generator is done in Xilinx ISE 14.7. The
register transfer level (RTL) of the same module is depicted in Figure 6, which presents the inputs and
outputs pins used in the design. The details for the pins utilized are listed in Table 2. In the design, the 5-bit
input sequence is processed and controlled using the tap sequence. The tap bit positions are (5, 2) and (5, 4,
2, 1) for LFSR-1 and LFSR-2 respectively.

Gold_code_generator

Shift_Data_in_LFSR1(4:0 Gold_output(30:0)
Shift_Data_in_LFSR2(4.0)
Tap_Sequence LFSRI1(4:0

L FSR1_Output(30-0)
Tap_Sequence_LFSR2(4:.0
Clock

Reset LFSR2_Output(30:0)

Gold_code_generator

Figure 6. RTL of Gold code generator with 5-bit input

Table 2. Pins details of the LFSR and Gold code generator
Pins Function
Shift_data_in_LFSR1(4:0) It presents the 5-bit input to the LFSR-1 module given as the sequence-1 input
Shift_data_in_LFSR2(4:0) It presents the 5-bit input to the LFSR-2 module given as the sequence-2 input
Tap_Sequence_LFSR1(4:0)  The taps are the bit positions that have an impact on the subsequent state. It presents the bit
position for feedback, and the output bit is sent back into the leftmost bit after each tap is
successively XORed with it. It is the 5-bit input given to the LFSR-1 module.
Tap_Sequence_LFSR2(4:0) It presents the bit position for feedback for the LFSR-2 module, in which the output bit is sent
back into the leftmost bit after each tap is successively XORed.

Clock (1-bit) Click is the input given to LFSR-1 and LFSR-2 to work on the active edge of the clock signal.
In the design, 50% duty cycle is used.
Reset (1-bit) Presents the input applied for the rest of the LFSR contents as zero.
LFSR_out1(30:0) The output of the LFSR-1 module is derived as the 31-bit simulated output.
LFSR_out2(30:0) The output of the LFSR-2 module is derived as the 31-bit simulated output.
Gold_out(30:0) The output of the gold sequence module, which is derived from the 31-bit XORed output
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The simulation of the LFSR-1 is shown in Figure 7, the simulation of LFSR-2 is shown in Figure 8,
and the Gold code simulation output waveform is shown with the help of Figure 9. The simulation waveform
is taken from the Xilinx ISIM simulator [23], [24]. The simulation provides the hardware and timing reports
for further analysis [25]. The test inputs and outputs help to understand the functionality of design.
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Figure 9. Gold sequence output
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Test input for LFSR-1: sequence input, Shift data in LFSR1 (4:0)=10000", Tap inputs [5, 2] as
Tap Sequence LFSRI (4:0)=“01001”, the output of LFSR-1(30:0)=000 0100 1011 0011 1110 0011 0111
0101 (in binary)=04B3E375 (hexadecimal). Test input for LFSR-2: sequence input, Shift_data_in_LFSR2
(4:0)=10000", Tap inputs [S 4 2 1] as Tap_Sequence LFSR2 (4:0)=11011", the output of LFSR-
1(30:0)=000 0111 0011 0111 1101 0001 0010 1011” (in binary)=04B3E375 (hexadecimal). The output of
the gold sequence is Gold_out (30:0)=<000 0011 1000 0100 0011 0010 0101 1110” (in binary)=0384325E
(hexadecimal).

Figure 10 shows the simulation data verified in the real-time environment for that the FPGA kit is
configured with the pin assignment as depicted in Figure 10(a) and Figure 10(b). The bit file is burned into
FPGA as shown in Figure 11. The FPGA synthesis comprise the steps of technology mapping, pins mapping,
logic placement, and routing in the targeted device. The switches are applied inputs and “01001”, and
“11011” for both cases respectively, and the corresponding output is verified on LED output byte by a byte
which is “00000100 10110011 11100011 01110101” and “0000 0111 00110111 11010001 00101011~
respectively. The verified gold output on the kit is “00000011 10000100 00110010 01011110
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Figure 11. Experimental verification on FPGA

The performance of the design is compared with the existing work. Saravanan et al. [26], the
reported delay is 7.205 ns and the frequency is 74.464 MHz on Xilinx Virtex-6 FPGA. Our design provides a
maximum delay of 2.192 ns, and 215 MHz clock frequency, which means minimum delay and good
frequency in comparison to existing work. Moreover, Diligent manufactured Zed board FPGA provides a
number of expansion connectors that provide simple user access to the processing system and programmable
logic 1/0s.
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5.  CONCLUSIONS

The LFSR shift register shifts the signal from one bit to the subsequent most significant bit (MSB)
and the outputs are connected in an exclusive OR fashion to form a feedback loop. The XOR operation is
used to generate a linear feedback shift register by combining the outputs of two or more flip-flops and then
feeding those outputs back to the flip-flop's inputs. The behavior is used in different communication system
coding, error correction, and detection methods. In this work, we have simulated the same behavior for the
Gold code sequence generator. The VHDL simulation of the LFSR modules is done successfully in the
Xilinx ISE 14.7. The RTL and waveform simulation verify the functionality of the chip design. The behavior
of the LFSR-1 and LFSR-2 is verified for the test input given in the simulation and test benches created for
the testing of the designed chip functionality of the chip. The behavior model-based simulation is carried out
for both LFSR and further applied for the gold sequence generator to provide 31bit output. The design is
scalable and reprogrammable which can be extended based on the need of the communication system. The
final design reports are verified in the simulation environment and the reported delay is 2.192 ns, and 215
MHz clock frequency. The reported frequency is significant for the high-speed communication system with
the optimal delay reported. In the future, we are planning to implement large-scale input LFSRs with tap
sequences that will produce a larger Gold code sequence generator. Future wireless communication provides
everyone with a marginal throughput regardless of the complexity of the scenario or the density of the area.
The LFSR produces sequences that are easily foreseeable due to their periodic character. The logic synthesis
can be carried out on high-end FPGA so that it can support fast-switching communication systems with
optimum hardware utilization in chip design.
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