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A B S T R A C T  
 

 

Bit swapping linear feedback shift register (BS-LFSR) is employed in a conventional linear feedback 

shirt register (LFSR) to reduce its power dissipation and enhance its performance. In this paper, an 
enhanced BS-LFSR for low power application is proposed. To achieve low power dissipation, the 

proposed BS-LFSR introduced the stacking technique to reduce leakage current. In addition, three 

different architectures to enhance the feedback element used in BS-LFSR was explored. The pass 
transistor merged with transistor stack method yielded a better reduction in power dissipation 

compared to pass transistor design and NAND gate design. The BS-LFSR was designed in Mentor 

Graphic – TSMC Design Kit Environment using 130nm complementary metal oxide semiconductor 
(CMOS) technology. The proposed 4-bit BS-LFSR achieved an active area of 1241.1588um2 and 

consumed only 53.8844nW with total power savings of 19.43%. The proposed design showed 

superiority when compared with the conventional LFSR and related work in reducing power 
dissipation and area. 

 

 

NOMENCLATURE 
𝐶𝐿  Load capacitance 

𝐹𝐶𝐿𝐾  Clock frequency 

Ileak Leakage current 

Pdyn Dynamic power dissipation 

𝑉𝐷𝐷  Voltage supply 

W Transistor width 

𝛼𝑠𝑤  Activity factor (The average switching activity) 

 
1. INTRODUCTION1 
 

The Bit Swapping Linear Feedback Shift Register (BS-

LFSR) is introduced to enhance the performance of the 

basic LFSR. The BS-LFSR design is mainly focusing 

on reduction of power dissipation by reducing the 

switching activity in a conventional LFSR without 

compromising its function and performance. Similar to 

a conventional LFSR, the BS-LFSR can also produce 

pseudo-random values in the register due to the 

feedback element. The selected parameter of BS-LFSR 

                                                           
*Corresponding Author’s Email: F.Choong@hw.ac.uk (F.Choong) 

such as the seed value, primitive polynomial and tap 

connection will be able to modify the sequence of the 

register [1].    

BS-LFSR is usually used in Built in Self-Test 

(BIST) as a test pattern generator (TPG) which requires 

generating a maximum sequence. BIST method allows 

an integrated circuit (IC) to perform self-check and test 

without requiring any extra hardware [2]. This will lead 

to a reduction in the cost for testing and maintenance of 

an IC by eliminating the test machine and equipment. 

Moreover, it can detect any IC failures in a short time 

interval [3]. Figure 1 shows a basic BIST block diagram 

including the BS-LFSR circuit as a TPG. 

TECHNICAL 

NOTE 

 

 doi: 10.5829/ije.2017.30.08b.03
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The efficiency of the BS-LFSR depends not only on 

the parameters such as the seed value, primitive 

polynomial and tap connection but also can be enhanced 

by reducing the power dissipation of the LFSR. There 

has been extensive research carried out to increase the 

performance and area of very large scale integration 

(VLSI) design [4-9] and thus improved LFSR design 

[10-15]. However, some of these work, though give an 

optimized area and performance, suffers from high 

power dissipation. Power dissipation is an important 

consideration in VLSI circuits as it is required to 

enhance the battery performance and increase the 

reliability of the VLSI circuit [16]. Hence, a new design 

focusing on improving the power dissipation is very 

much needed. 

The basic operation of a bit swapping linear 

feedback shift register (BS-LFSR) is the same as a 

conventional LFSR. The main characteristic of LFSR as 

compared to other shift registers is that it can produce a 

random sequence by choosing a proper feedback 

function [17]. The period of sequence is (2
n
-1) for an n 

bit LFSR with maximum length of 2
n
-1 long states. The 

maximum sequence is continuous and once the 2
n
-1 

different values have occurred, it will repeat for the next 

sequence [18]. A feedback function can be designed by 

adding an exclusive-OR gate (XOR) on the outputs of 

the flip – flop (two or more) and feeding the output into 

the input of the flip – flop, called taps [19, 20]. The 

extra 2 x 1 multiplexers will be added in a conventional 

LFSR to reduce the switching activity or number of 

transitions using bit swapping technique shown in 

Figure 2 [21, 22]. 

The basic idea in a BS-LFSR is to move two 

neighbouring bits on a selected line value of the 

multiplexer. 
 

 
Figure 1. BIST block diagram 

 

 
Figure 2. Bit Swapping LFSR (BS-LFSR) 

Consider one of its outputs as selected line and has a 

specific value of zero (bit n = 0). When n is odd and bit 

n = 0, bit 1 will be swapped with bit 2, bit 3 with bit 4, 

and bit n-2 with bit n-1. If n is even and bit n = 0, bit 1 

will be swapped with bit 2, bit 3 with bit 4, and bit n-3 

with bit n-2. In all cases of the selection line, bit n is 

excluded from the swapping operation. When bit n = 1, 

no swapping will be performed. Table 1 shows the 

comparison of LFSR and BS-LFSR sequence. 

As the number of transitions reduce by 4 of the 

switching activity, it will reduce the dynamic power 

dissipation in BS-LFSR [11]. The dynamic power 

dissipation is the primary source of the power 

dissipation in CMOS circuits. During switching activity, 

the power is dissipated due to the short circuit current 

and also the charging of load capacitances as given in 

Equation (1) [22, 23]; 

𝑃𝑑𝑦𝑛 =  
1

2
𝑉𝐷𝐷

2 𝛼𝑠𝑤𝐶𝐿𝐹𝐶𝐿𝐾  (1) 

where; 𝑉𝐷𝐷 = Voltage supply, 𝛼𝑠𝑤 = Activity 

factor (The average switching activity), 𝐶𝐿  = The load 

capacitance ,  𝐹𝐶𝐿𝐾    = The clock frequency. 

Based on Equation (1), the dynamic power can be 

influenced by three parameters including the voltage 

supply, the clock frequency and an activity factor or 

switching activity. 

 

 
TABLE 1. The comparison of LFSR and BS-LFSR sequence 

[5] 

LFSR output BS-LFSR output 

1 0 1 0 0 1 1 0 

0 1 0 1 0 1 0 1 

1 0 1 1 1 0 1 1 

0 1 1 1 0 1 1 1 

1 1 1 1 1 1 1 1 

1 1 1 0 1 1 1 0 

1 1 0 0 1 1 0 0 

1 0 0 0 0 1 0 0 

0 0 0 1 0 0 0 1 

0 0 1 0 0 0 1 0 

0 1 0 0 1 0 0 0 

1 0 0 1 1 0 0 1 

0 0 1 1 0 0 1 1 

0 1 1 0 1 0 1 0 

1 1 0 1 1 1 0 1 

1 0 1 0 0 1 1 0 

No of transitions 

8 8 8 8 8 4 8 8 

Total no. of transitions 

32 28 
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However, changing the power supply and clock 

frequency to decrease the dynamic power dissipation 

will decrease the efficiency of the circuit. In contrast, 

reducing the switching activity will not decrease the 

performance of the circuit [24].   

This work introduces an enhanced BS-LFSR for low 

power application by applying the stacking technique to 

reduce leakage current. In addition, three different 

architectures to enhance the feedback element used in 

BS-LFSR is explored. The number of transistors, power 

dissipation and layout area of LFSR is varied in 

different architectures. In addition, design 

enhancements such as transistor reverse body bias 

(RBB) and stack implemented on the gate is presented. 

The improved design can be merged with other low 

power techniques for future development in low power 

dissipation. 

The organization of the paper is as follows. Firstly, 

the overview of BS-LFSR including the working 

principles are discussed. Next, the proposed design to 

reduce the power dissipation in BS-LFSR is presented. 

This is followed by presentation of results and 

discussion along with the comparison with related work. 

The paper concludes with a summary and future work. 
 

 

2. METHODOLOGY 
 

This section will introduce the design of the BS-LFSR 

incorporating the stacking technique and several 

enhancements to the feedback element. Figure 3 shows 

the design of XOR gate using NAND gate architecture. 

Four units of NAND gates are used to design the XOR 

gate involving a total of 16 transistors. The use of 

NAND gate will eliminate the problems of contention 

and race in the circuit [25]. However, this design 

consumes a large area due to high number of transistors 

used and also suffers from high power dissipation.  

In contrast, pass transistor architecture is able to reduce 

the number of transistors needed by reducing the 

number of gates. 

This is achieved by removing the switches that are 

connected to the supply. However, if all the transistors 

have the same threshold voltage, then the node voltage 

at the end of the pass transistor will become lower than 

VDD [26]. 
 

 
Figure 3. The XOR gate design using NAND gate 

architecture 

To overcome this problem, the reverse bias body 

method can be applied by raising the threshold voltage 

during standby mode [27]. By applying reverse bias to 

the body of the transistor, the threshold voltage can be 

adjusted due to the body effect. For example, biasing an 

NMOS body with ground, or biasing a PMOS body with 

VDD will increase the threshold voltage. Figure 4 shows 

the feedback element designed using pass transistor 

architecture involving only six transistors.  

In order to further reduce the power dissipation, 

transistor stacking method can be applied to the pass 

transistor design [26, 28]. This will reduce the leakage 

currents hence reduce the static power dissipation. The 

leakage current flowing through a stack of transistors 

connected in series reduces when more than one 

transistor of the stack is turned OFF, known as the 

stacking effect [26]. When two or more transistors that 

are switched OFF are stacked on top of each other they 

dissipate less leakage power than a single transistor that 

is turned OFF as shown in Figure 5 and described by 

Equation (2).  

Ileak1 < Ileak2    (2) 

where; Ileak1 = IleakT1 + IleakT2 + IleakT3, IleakT1 > IleakT2 > 

IleakT3 

Figure 6 shows the stacking effect of a single 

transistor of width W is being replaced by two 

transistors each of width W/2. 

In the proposed design, the enhanced feedback 

element using pass transistors and stacking technique is 

shown in Figure 7. An additional transistor is used in 

this circuit (M7) for creating the stacking effect. The 

total size of M6 and M7 is equivalent to M6 in Figure 6. 

Therefore, the leakage current that flows through M6 is 

higher as compared to the leakage current flowing 

through M6 in Figure 7. 
 
 

 
Figure 4. The XOR gate design using pass transistor 

architecture 
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Figure 5. Transistor stack effect 

 

 

 
Figure 6. Transistor stack effect arrangement 

 

 

 
Figure 7. Feedback element (XOR gate) improved using 

stacking technique 

 

 

3. RESULTS AND DISCUSSION 
 
The proposed architecture is designed using Mentor 

Graphic TSMS Design Kit Environment. CEDEC_KIT 

is an ASIC Design Kit for Mentor Graphic design tools. 

It is used to prepare the BS-LFSR to be fabricated based 

on TSMC 0.13 micron technology. The proposed BS-

LFSR circuit performance is verified using Eldo RF 

simulator of Mentor Graphic and transistor process 

parameters in accordance to Collaborative Micro-

electronic Design Excellence Centre (CEDEC) 0.13um 

standard CMOS process.  

All the simulation results presented are based on the 

4 bit BS-LFSR as shown in Figure 8. The seed value for 

this circuit has been set as ‘1111’ and VDD set at 1.8v. 

The feedback element used in this circuit can be derived 

using a characteristic polynomial f(x) = 1 + x + x
4
. The 

maximum sequence of 4-bit LFSR is (2
4
 – 1) = 15 and 

the taps (feedback function) are Q1 and Q4. Figure 9(a) 

and Figure 9(b) show the output waveform for the 

conventional LFSR and the proposed BS-LFSR 

respectively.  

The transition between LFSR and BS-LFSR has 

been compared and presented in Table 2. The 

comparison is based on the transition occurred in the 

output waveform of LFSR.  

The proposed design reduced the transition activity 

by 12.5% and power dissipation by 8.3589 nW. The 

results correlates to Equation (1) whereby reducing the 

transition activity will reduce the power dissipation of 

the circuit. Based on the comparison, it can be 

concluded that the swapping technique can reduce the 

transition activity hence reducing the power dissipation. 

In addition to the swapping technique, the proposed 

design also considered three different architectures for 

the feedback element as shown in Table 3. The 

performance of the BS-LFSR can be evaluated through 

certain parameters by looking at the various 

architectures of XOR gate. The number of transistors, 

power dissipation and layout area of the XOR gate are 

varied in different architectures. 

 
 

 
Figure 8. The schematic design of a 4 bit BS-LFSR 
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Figure 9(a). Output waveform of conventional LFSR 

 

 

 
Figure 9(b). Output waveform of BS-LFSR 

 

 

Based on Table 3, it is noticed that the power 

dissipation is much lower if pass transistor is used as 

compared to NAND gate with a reduction of 32.17%. 

The same trend is also seen in the number of transistor 

and layout area. The area is reduced to half from the 

NAND gate design. It is also seen that the transistor 

stack method on pass transistor yielded more reduction 

in power dissipation as low as 2.7053 nW.  

TABLE 2. The comparison between LFSR and the proposed 

BS-LFSR  

LFSR output (Figure 9a) BS-LFSR output (Figure 9b) 

Q1 Q2 Q3 Q4 Y1 Y2 Q3 Q4 

1 1 1 1 1 1 1 1 

0 1 1 1 0 1 1 1 

1 0 1 1 1 0 1 1 

0 1 0 1 0 1 0 1 

1 0 1 0 0 1 1 0 

1 1 0 1 1 1 0 1 

0 1 1 0 1 0 1 0 

0 0 1 1 0 0 1 1 

1 0 0 1 1 0 0 1 

0 1 0 0 1 0 0 0 

0 0 1 0 0 0 1 0 

0 0 0 1 0 0 0 1 

1 0 0 0 0 1 0 0 

1 1 0 0 1 1 0 0 

1 1 1 0 1 1 1 0 

1 1 1 1 1 1 1 1 

No of transition 

8 8 8 8 8 4 8 8 

Total no. of transition 

32 28 

Power dissipation 

66.875 nW 58.5167 nW 

 

 
TABLE 3. The comparison of different architecture in design 

of XOR Gate 

Performance 
NAND 

Gate 

Pass Transistor 

(PT) 

PT + Staking 

Method 

No of transistor 16 6 7 

Current (nA) 3.1023 2.1043 1.503 

Power dissipation (nW) 5.5842 3.7877 2.7053 

% Saving - 32.17% 51.55% 

Layout area (um)2 71.5343 35.3509 47.5405 

% Saving - 50.58% 33.54% 

 

 
However, there is a slight increase in the area as 

compared to the pass transistor design. 

For further analysis, different XOR gate design 

implemented in the BS-LFSR are compared and results 

tabulated in Table 4. It is observed that the pass 

transistor combined with staking method yielded a 

higher reduction of power dissipation as compared to 
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pass transistor design and NAND gate design. This 

method reduced the power dissipation to around 

53.8844 nw, a 7.99% reduction as compared to BS-

LFSR using NAND gate design. In conclusion, in order 

to optimize the LFSR for power, the better design will 

be the BS-LFSR incorporating pass transistor and 

stacking method. It will reduce the power dissipation as 

well as reduce the current. 

Finally, the proposed design was compared with 

previous work on BS-LFSR as shown in Table 5. 

 

 

TABLE 4. The comparison of XOR gate design implemented 

in BS-LFSR 

Performance 
NAND 

Gate 

Pass 

Transistor 

(PT) 

PT + Staking 

Method 

Current (nA) 32.5093 30.0211 29.9358 

Power dissipation (nW) 58.5167 54.0379 53.8844 

% Saving - 7.65% 7.99% 

Layout area (um)2 1356.992 1234.32 1241.1588 

% Saving - 9.04% 8.54% 

 

 
TABLE 5. BS-LFSR Performance Comparison 

Performance [10] [11] [12] [13] [14] [15] This Work 

Technology (um) 0.18 0.18 0.90 0.18 0.18 0.18 0.13 

Bit 4 4 8 4 3 5 4 

Supply Voltage (V) 1.8 1.8 1.8 1.8 1.8 1.8 1.8 

Power dissipation   LFSR (W) 8.14E-4 8.6E-2 4.57E-1 7.11E-1 8.49E-6 - 6.6875E-8 

Power dissipation BS-LFSR (W) 3.06E-4 6.30E-2 3.94E-1 3.98E-1 8.05E-6 1.79E-1 5.38844E-8 

Power saving (%) 62.20% 26.70% 13.78% 44.00% 5.2% 55.47% 19.43% 

Total number of transition LFSR 26 32 32 32 32 31 32 

Total number of transition 25 28 28 28 28 15 28 

 
 

It is seen that the design in literature [10] provides a 

much lower power dissipation by implementing an 

additional of two XOR gates and one NOR gate as a 

feedback element. However, this increased the number 

of transistors and layout area. Also, the design only 

managed to reduce the switching activity by one 

transition. The work in reference [15] introduced a 

single inverter to control a clock at each D flip flop 

(DFF) and also used four multiplexers to control the 

output from DFF. This managed to further reduce the 

transition activity to 16 transitions. However, the 

drawback of this design is high power dissipation and 

larger area due to the increased number of transistors. It 

is also seen that implementing a smaller CMOS 

technology does not necessarily lead to a lower power 

dissipation. In reference [12], the design employed a 

90nm and 8 bit BS-LFSR. It can be concluded that the 

proposed BS-LFSR managed to obtain amongst the 

lower power dissipation by implementing the stacking 

method. For the overall design, the number of 

transitions can only reduce to 4 steps by introducing 

multiplexer element.  
 
 

4. CONCLUSION 
 
The bit swapping linear feedback shift register (BS-

LFSR) using pass transistor and stacking method for 

low power application using 130nm CMOS technology 

is proposed. It has an active area of 1241.1588um
2
 and 

consumed only 53.8844nW with total power savings of 

19.43%. The proposed design showed superiority when 

compared with the conventional LFSR and related work 

in reducing power dissipation and area. Future work 

will involve combining the proposed design with other 

power reduction techniques to further optimize its 

performance. 
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 هچكيد
 

 

فيد در يک شيفت رجيستر با  BS-LFSR (Bit Swapping)شيفت رجيستر با فيدبک خطی به صورت جابجايی بيت 

ن را بهبود بخشد. در اين مقاله يک و کارکرد آ بک خطی متعارف بکار گرفته شده است تا تلفات توان آن را کاهش دهد

BS-LFSR  ،بهبود يافته به منظورکاربردتوان پايين پيشنهاد شده است. برای دست يافتن به تلفات پايينBS-LFSR  ارائه

  stackباروش ترانزيستورpass ادغام ترانزيستور تا جريان نشتی را کاهش دهد. را معرفی می کند stackingشده روش 

-BSبدست داده است. NANDو طرح گيت pass ور کاهش توان تلف شده بهتری را در مقايسه با طرح ترانزيست

LFSR  در محيط کيت طراحیMentor Graphic-TSMC با استفاده از فناوریnm CMOS130 صورت گرفته

صرفه جويی  و nW8844/53  رسيده و فقط µm215/1241چهاربيتی پيشنهادی به مساحت فعال  BS-LFSRاست. 

و کارکرد مربوط از نظر کاهش  متعارفLFSR در مقايسه با  پيشنهادیطرح  .مصرف کرده است %43/19 ی معادلتوان

 و مساحت، برتری نشان می دهد. تلفات
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