
 

 

  
Abstract—The Null Convention Logic (NCL) based 

asynchronous circuits have eliminated the disadvantages of 

the synchronous circuits, including noise, glitches, clock 

skew, power, and electromagnetic interference. However, 

using NCL based asynchronous designs was not easy for 

students and researchers because of the lack of standard 

NCL cell libraries. This paper proposes a solution to design 

a semi-static NCL cell library used to synthesize NCL based 

asynchronous designs. This solution will help researchers 

save time and effort to approach a new method. In this 

work, NCL cells are designed based on the Process Design 

Kit 45nm technology. They are simulated at the different 

corners with the Ocean script and Electronic Design 

Automation (EDA) environment to extract the timing 

models and the power models. These models are used to 

generate a *.lib file, which is converted to a *.db file by the 

Design Compiler tool to form a complete library of 27 cells. 

In addition, we synthesize the NCL based full adders to 

illustrate the success of the proposed library and compare 

our synthesis results with the results of the other authors. 

The comparison results indicate that power and delay are 

improved significantly. 

 

Keywords—NCL Cell Library, Threshold Gate, 

Asynchronous method, Null Convention Logic.  

I. INTRODUCTION 
HE synchronous circuits are pretty popular, and they 

often use a clock signal to control their operations [1]. 
These circuits have played a significant role and have 
dominated the semiconductor industry [2]. This industry has 
continuously reduced the feature size of transistors and wires 
for decades. As a result, a high-density number of transistors 
was integrated into a single chip [3]. However, the 

 
 

 

semiconductor industry must face clock pulse related issues 
such as noise, power consumption, clock skew, electromagnetic 
interference, and the complexity of the clock network layout. 
These issues are considered as the technological challenges that 
the semiconductor industry must encounter in the future [4].  

In contrast to the synchronous circuit models, the 
asynchronous circuit models do not employ a clock signal 
because they communicate through a local handshake protocol 
to eliminate the clock-related issues as presented above [5]. 
Among the asynchronous circuit models, NCL is a Quasi-
Delay-Insensitive (QDI) logic model chosen to design 
asynchronous circuits and realize commercial applications 
because of its delay-insensitive advantages [6]. In recent years, 
researches based on NCL have shown outstanding performance 
compared with studies based on the synchronous method [5], 
[7]-[10]. Additionally, researchers study NCL for various 
purposes such as synthesis of QDI combinational circuits using 
NCL based on elemental Gates [1], comparison of NCL 
threshold gate models [5], Efficient Muller C-element 
implementation for asynchronous designs [11], a solution to 
replace bus for asynchronous designs [12], Design and 
detection hardware trojans in asynchronous circuits [13], low 
power circuits [14]-[17], and some relevant studies can be 
found in [18]-[21]. In most of NCL based researches mentioned 
above, authors synthesized their designs in three approaches. 
The first approach is to use a full-custom design flow, which is 
not feasible for some complex structures. The second is to 
synthesize designs based on conventional synchronous libraries 
[16]. Design based on such a library makes the NCL based 
asynchronous design not achieve optimal performance. The last 
approach is to use mapping tools to convert from synchronous 
to asynchronous designs [22]. However, these tools are difficult 
to optimize for large-scale structures. In addition, the semi-
custom design of the QDI circuits always uses threshold gates 
that are not available in the commercial standard cell library. 
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This lack of the NCL cell library would be a significant barrier 
to the research and development of the NCL based 
asynchronous design method. 

In the state-of-the-art researches of NCL cell library designs, 
there are several suggested flows to design NCL based 
asynchronous libraries [23]-[24]. These flows are pretty 
complex and use some own tools of the authors. These tools 
could cause difficulties for users to install or use if any errors 
appear. Therefore, in this paper, we propose a simple flow to 
design the NCL cell library with threshold gates using only the 
main commercial tools and use the semi-static structure as an 
example to analyze and experiment. This flow helps researchers 
by themselves to generate new NCL cell libraries and update 
new cells easily. 

The remains of this article are organized as follows: Section 
II presents an overview of NCL, the standard NCL cell library 
design flow, and the cell characterization. Results and 
discussions are given in Section III. Finally, Section IV 
provides conclusions of the proposed solution to design the 
NCL cell library. 

II. MATERIALS AND METHODS 

A. Null Convention Logic 

NCL is not only a QDI logic model but also a symbolically 
complete logic model. NCL is a new logic design model that 
does not use a clock signal and intends for asynchronous 
circuits [25]. The NCL-based asynchronous circuits execute 
correctly regardless of component and wire delays and use dual-
rail logic [9]. Therefore, an NCL logic signal is formed by two 
rails. Table I shows the conversion of a conventional logic 
signal to a dual-rail signal [7]. Both A1 and A0 rails cannot be 
in the ‘1’ state simultaneously because these two rails are 
mutually exclusive. 

 

 
NCL-based circuits use a set of threshold gates, including 27 

threshold gates shown in Table II [7], [9]. Fig. 1(a) depicts the 
general symbol of the thnm threshold gate, where n is the 
threshold value that means at least n of m inputs transition to 
‘1’ state before the output transitions to ‘1’ state, and m is the 
total number of inputs. A different kind of threshold gate 
denoted as thnmWz1z2…zm is a weighted threshold gate, 
where the input weights are z1, z2, …, and zm. An example of 
the weighted threshold gate, th23W2, is shown in Fig. 1(b). 

 

 
As presented above, NCL-based asynchronous circuits are 

formed by threshold gates. The typical paradigm of a static 
CMOS threshold gate with latency comprises five function 
blocks (reset, set, hold null, hold data, and an inverter), as 
depicted in Fig. 2. In this structure, the reset block complements 
the hold data block [6], and Fig. 3 shows their general 

Table. I Dual rail signal 
Code 

Dual-rail logic A1 A0 

DATA0 0 1 

DATA1 1 0 

NULL 0 0 

ILLEGAL 1 1 
 
 
 

 
Fig. 1 The threshold gate 

Table. II 27 threshold gates 
No NCL gates Boolean Functions 

1 th12 X + Y 

2 th22 XY 

3 th13 X + Y + Z 

4 th23 XY + YZ + ZX 

5 th33 XYZ 

6 th23w2 X + YZ 

7 th33w2 XY + XZ 

8 th14 X + Y + Z + W 

9 th24 XY + XZ + XW + YZ + YW +     
ZW 

10 th34 XYZ + XYW + XZW + YZW 

11 th44 XYZW 

12 th24w2 X + YZ + YW + ZW 

13 th34w2 XY + XZ + XW + YZW 

14 th44w2 XYZ + XYW + XZW 

15 th34w3 X + YZW 

16 th44w3 XY + XZ + XW 

17 th24w22 X + Y + ZW 

18 th34w22 XY + XZ + XW + YZ + YW 

19 th44w22 XY + XZW + YZW 

20 th54w22 XYZ + XYW 

21 th34w32 X + YZ + YW 

22 th54w32 XY + XZW 

23 th44w322 XY + XZ + XW + YZ  

24 th54w322 XY + XZ + YZW 

25 thxor0 XY + ZW 

26 thand0 XY + YZ + XW 

27 th24comp XZ + YZ + XW + YW 
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structures. According to these structures, threshold gates with 
the same number of inputs have the same reset block and hold 
data block. Similarly, the set block complements the hold null 
block, but their actual structures depend on the number of inputs 
and the threshold value. 

In Fig. 3, the reset block is active when all inputs are in the 
‘0’ state. In contrast, the hold data block is active when at least 
one or more inputs are in the ‘1’ state. Note that the reset block 
and the hold data block are always in their standard forms. 

 

 
 

 
Similar to the typical paradigm of the static threshold gate, 

Fig. 4 shows a standard paradigm of the semi-static threshold 
gate [25]. This gate includes three function blocks (a reset 
block, a set block, and a weak feedback inverter at the output). 
When both set and reset networks are off, the logic level on 
node Y is kept unchanged at this inverter output. In addition, 
noise on node Y will influence the weak inverter if it is too 
small.  

 
In many applications related to real-time computing, such as 

signal processing, the input data flow is continuous at the 
minimum speed. In these cases, a feedback mechanism is not 
essential to maintain the state information. Therefore, we can 
remove the weak feedback inverter from the semi-static 
structures. As a result, a new paradigm is formed and is called 
a dynamic threshold gate. Fig. 5 depicts the general structure of 
the dynamic threshold gates [25].  

 

B. The proposed flow to design a standard NCL Cell 

Library 

This subsection presents a simple flow to design the NCL cell 
library with threshold gates using only the main commercial 
tools. The proposed flow depicted in Fig. 6 comprises eight 
steps from the schematic design step to the RTL synthesis test 
step. In this work, the semi-static NCL cell library is 
implemented by our flow because the semi-static NCL cell 
library is one of the most fundamental libraries for university 
students and researchers. This library that comprises 27 cells 
are threshold gates. 

Firstly, to design a cell circuit schema, we begin with the 
general paradigm of the semi-static NCL cells, as depicted in 
Fig. 4. For example, designing the th23 threshold gate, in this 
cell, the reset block is in its standard form shown in Fig. 3. Their 
circuit diagram depends on the number of cell inputs. As the 
th23 gate has three inputs, the circuit diagram of the reset block 
will comprise three PMOS transistors connected in series. 
Subsequently, we design the circuit diagram of the set block. 

 
Fig. 2 Common paradigm of a static CMOS threshold gate 

 

Q2

Set Hold Data

Hold Null

Y Z

Q1

Vcc

Reset

 
Fig. 3 General structure of Reset block (a) and Hold data block (b) 

 

 
Fig. 4 Common model of a semi-static CMOS threshold gate 

 

Vcc

WeakReset

Y Z
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Fig. 5 The common paradigm of a dynamic CMOS threshold gate 
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This block is only active when any two of the three inputs (i.e. 
(A and B) or (A and C) or (B and C)) go to the high level. For 
this condition, its switching expression also describes the cell 
function, as presented in Table II and explicitly mentioned by 
(1). To reduce the number of NMOS transistors used to generate 
the set block, we convert (1) to (2). Finally, we design the weak 
feedback inverter. Because of the weak inverter, the transistor 
size in this inverter must be smaller than that of the other 
transistors. Therefore, we keep the pair of transistors that make 
up this inverter at the standard size and change the width of the 
remaining transistors. This phase has to be closely coordinated 
with the simulation phase to test the cell operation. Fig. 7 is the 
complete circuit of th23, and its symbol is in Fig. 8. 

 

 
                             FSET = AB + AC + BC (1) 
                      FSET(A, B, C) = A(B + C) + BC (2) 
 

After designing the schematic circuit of the cell, we simulate 
it to check its function. If the simulation results of the cell are 
correct, this process will move to the simulation step at the 
corners. Otherwise, we have to recheck the schematic circuit 
design step. 

Next step, we implement the cell simulation at corners to 
measure the leakage power and the input capacitances. 
Subsequently, we carry out the cell characterization to extract 
the power models and the timing models to create a *.lib file 
(this step will be covered in detail in subsection 2.3). This file 
complies with Synopsys standards. We use the Library 
Compiler tool of Synopsys to convert a *.lib file to a *.db file 

which is one of the vital files in the libraries. It contains the 
essential parameters of threshold gates. 

Finally, the design synthesis step is implemented to check if 
the cell library works appropriately. This step will write a piece 
of RTL code and synthesize it at the gate level. If the synthesis 
results are sound, we will complete the NCL cell library. 
 

 

C. NCL cell characterization  

Cell characterization is one of the most important steps in our 
flow because, in this step, cell models are generated to form the 
library. We perform characterization for all cells in Table II, 
and the quantities of cell rise delay, cell fall delay, rise 
transition, fall transition, rise power, fall power, leakage power, 
and input capacitance. Twenty-seven cells in the library will 
employ the same load capacitance CLoad (1.4 fF, 2.54 fF, 4.61 
fF, 8.37 fF, 15.2 fF, 27.6 fF, 50.0 fF), the same fall time, and 
the same rise time of the input voltage waveform (0.01 ns, 
0.0192 ns, 0.0368 ns, 0.0707 ns, 0.136 ns, 0.261 ns, 0.5 ns). To 
simulate all the cases, we must implement the tasks manually 
because there are no options and powerful instructions in the 
graphic user interface to implement repetitive tasks, which is 
one of the significant disadvantages of the ADE. Additionally, 
there is no method to characterize an ordinary cell. Therefore, 
in this section, Ocean language is used to support automatically 
executing simulations within Cadence because it is one of the 
powerful script languages. In addition to the Ocean script, the 
calculator of Virtuoso to perform cell characterization is also 
used. The above-mentioned parameters such as load 
capacitance, fall time, and rise time of the input voltage must 
be determined clearly in the *.ocn file to execute the simulation 
of the 49 times and compute the dynamic power and the timing 
paradigm, including the rise transition, the fall transition, the 
cell fall delay, and the cell rise delay. We do not use the Ocean 
script to assist in measuring the input capacitance and the 
leakage power because it is only used to measure a range of 
values. The testbench circuit is used to characterize the th23 cell 
depicted in Fig. 8. 

 
Fig. 6 Standard NCL Cell Library Design Flow chart 

 

 
Fig. 7 The schematic circuit of th23 
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Pin capacitance can be determined at all inputs and outputs. 

In most cases, it is only specified at input pins. That means that 
the output capacitance of a cell is equal to zero [26]. The input 
capacitance value is calculated according to (3), which shows 
the relation between voltage, current, and capacitance. 

 
                                          I = C

dV

dt
 (3) 

 
By providing pulse voltage to the input pin and taking the 

current measurements at the same point, we will calculate the 
input capacitance value (4). 

 

                                    Cinput =
∫ Idt

t+Δt
t

∫ dV
t+Δt

t

  (4) 

 
Where I is the current at an input pin, and is generated by 

charging and discharging the charge via the input capacitance. 
The cell timing paradigms are used to give precise timing for 

different cell scenarios in the design environment. Non-linear 
delay models are used to create a *.lib file because these models 
are accurate even if used for the sub-micrometer technology 
[26]. The timing paradigms are calculated for every timing arc 
of the cell. The timing and delays are table paradigms, which 
have to define detail for all the cells in the library. The transition 
time at the output pin and the latency via the cell for different 
combinations of the input transition time at the cell input and 
total output capacitance at the cell output pin are recorded by 
the table paradigms [26]. Fig. 9, Fig. 10, and Fig. 11 depict 
determining time values of the timing paradigms (transition 
time and latency). Percentages (30%, 70%, 10%, 90%) are 
threshold values determined clearly at the top of the liberty file 
[27]. 

Cell rise delay is the period of time from when the input 
reaches 70% of VDD at the first falling edge until the output 
reaches 70% of VDD at the first rising edge in case the timing 
arc of the cell being considered is negative unate. When the 
timing arc of the cell being considered is positive unate, cell rise 
delay is the period of time from when the input reaches 30% of 
VDD at the first rising edge until the output reaches 70% of 
VDD at the first rising edge. 

 

 

 

 
 
Cell fall delay is the period of time from when the input 

reaches 30% of VDD at the first rising edge until the output 
reaches 30% of VDD at the first falling edge in case the timing 
arc of the cell being considered is negative unate. When the 
timing arc of the cell is positive unate, cell fall delay is the 
period of time from when the input reaches 70% of VDD at the 
first falling edge until the output reaches 30% of VDD at the 
first falling edge. 

 
Fig. 8 The testbench circuit 
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Fig. 9 Cell rise delay 

a. Timing arc is negative unate 
b. Timing arc is positive unate 

 

 

 

 
Fig. 10 Transition time at output pin 

a. Rise transition, 
b. Fall transition 

 

 
Fig. 11 Cell fall delay 

a. Timing arc is negative unate 
b. Timing arc is positive unate 
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Rise transition is the period of time that the output is between 
10% VDD and 90% VDD at the rising edge. Similarly, fall 
transition is the period of time that the output is between 90% 
VDD and 10% VDD at the falling edge of the output. 

Dynamic power comprises fall power and rise power. Fall 
power is calculated in case the output changes from high to low. 
Similarly, rise power is calculated in case the output changes 
from low to high. The dynamic power is calculated according 
to (5). 

 
                Pdynamic  =  

Vdd

T
∗  ∫ i("/V0/PLUS")dt

t+∆t

t
 (5) 

 
Most normal cells only dissipate power when the output 

changes. However, other powers are consumed as the cells are 
supplied with the voltage but are not active because the leakage 
current is not zero. The tunneling current through the gate oxide 
of metal-oxide-silicon devices or the sub-threshold current 
causes the leakage [26]. The leakage power is calculated by (6).  

 
                               PLeakage = ∑ ILeakage VDD (6) 
 

To calculate the leakage power, we first list all input 
combinations of that cell and then calculate the leakage power 
of every case by connecting the voltage supply line to the 
ground when inputs are low (pulled-down) or connecting the 
voltage supply line to VDD when inputs are high (pulled-up). 
The leakage power of a standard cell is equal to the average of 
all cases. 

III. RESULTS AND DISCUSSIONS  
In this section, we present and discuss our implemented 

results. These results are from the processes mentioned in 
Section II, including checking the cell function, performing cell 
characterization, and checking the feasibility of the library 
created in this work by using this library to synthesize the RTL 
code. 

A. Function Verification 

It is essential to check cell functionality before performing 
cell characterization. The simulation results to test its function 
are shown in Fig. 12.  

Theoretically, when two of the three inputs transition to high, 
the th23 gate output will become high. When all three inputs 
transition to low, the output will become low. Fig. 12 indicates 
that the circuit works correctly. 

 

 

B. The Simulation Results of The Cell Characterization 

To perform cell characterization, we use an Ocean script to 
help measure 49 cases, as mentioned in subsection 2.3. Fig. 13 
is the simulation result of those 49 cases (with Pin A supplied 
Vpulse, pin B, and pin C connected GND). Similarly, Fig. 14 
and Fig. 15 show the simulation results for the remaining cases. 
The tables (from Table III to Table XI) show the parameters of 
cell fall, cell rise, rise transition, fall transition, rise power, and 
fall power. 

 
(a) 

 
(b) 

 

 
(c) 

Fig. 12 Function test results of th23  
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Fig.13 The simulation result with Pin A supplied Vpulse, pin B 

and pin C connected GND 

 
Fig.14 The simulation result with Pin A supplied Vpulse, pin B 

connected GND and pin C connected VDD 

 
Fig.15 The simulation result with Pin A supplied Vpulse, pin B 

connected VDD and pin C connected GND 

Table. III Cell fall delay (A = Vpulse, B = 0, C = 0) 

 
 

 

 

 

Table. IV Fall transition (A = Vpulse, B = 0, C = 0) 

 
 

 

Table. V Fall power (A = Vpulse, B = 0, C = 0) 

 
 

 
Table. VI Cell rise delay (A = Vpulse, B = 1, C = 0) 

 
 

Table. VII Rise transition (A = Vpulse, B = 1, C = 0) 

 
 

 
Table. VIII Rise power (A = Vpulse, B = 1, C = 0) 

 

Table. IX Cell rise delay (A = Vpulse, B = 0, C = 1) 

 
 

 
Table. X Rise transition (A = Vpulse, B = 0, C = 1) 
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C. The Synthesis Results of The RTL Code  

In this section, we use the full adder model [17] as an 
example for testing the library. This model includes two gates 
th23 and two gates th34w2, and we synthesize it using the 
Design Compiler tool and the library generated by our proposed 
flow. The typical parameters of the library are temperature 
(25oC), voltage (1.25 V), process (ff). 

 

 
 

 

 
 

 
The synthesis results in figures (From Fig. 16 to Fig. 19) 

show that the full adder is synthesized successfully with the 
library created by our proposed flow. In addition, we make 
comparisons between our full-adders and the full adders in [17]. 
Table XII and XIII show that our power and delay results are 
better than the results in [17]. In terms of area of the designs 
without registers, our designs and the designs in [17] have the 
same area because both designs use the same semi-static 
structure. In case of registers, the area of our designs is larger 
than that in [17]. However, this difference can be improved 
because the actual area depends on the layout. About the power 
and delay, our designs show better results when compared to 
designs in [17]. These synthesis results are outstanding thanks 
to the optimization support of the Design Compiler tool. 
Furthermore, the designs in [17] follow a full-custom flow, 
which can be challenging to optimize for complex designs. 
Therefore, using semi-custom flow helps researchers save 
much time and effort.  

 

 

 
 

 

Table. XI Rise power (A = Vpulse, B = 0, C = 1) 

 
 

 

 
Fig. 16. The netlist file after synthesis 

 

 
Fig. 17 The area report result 

 

 
Fig. 18 The power report result 

 

 
Fig. 19 The delay report result 

 

 

 

Table. XII 1-bit full adder comparison results  

Design 

Area 

(Transistor 

Count 

without 

registers) 

Area 

(Transistor 

Count with 

registers) 

Power 

(mW)  

Delay 

(ns) 

Ours 54 315 0.034 0.72 

[17] 54 193 7.46 5.097 
 

 

 

 

Table. XIII 4-bit full adder comparison results 

Design 

Area 

(Transistor 

Count 

without 

registers) 

Area 

(Transistor 

Count with 

registers) 

Power 

(mW)  

Delay 

(ns) 

Ours 216 913 0.095 1.04 

[17] 216 602 20.44 10.58 
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IV. CONCLUSION 
In this paper, the semi-static NCL cell library is implemented 

based on our proposed flow. This library could be used for the 
synthesis of the NCL-based asynchronous designs at 
universities. The flow given in this work would be easy for 
researchers to implement. This flow also could help them 
update new cells and approach new design methods quickly. In 
addition, with this flow, we could solve the problem of the lack 
of standard NCL cell libraries that makes it difficult for students 
and researchers. The complete cell library includes 27 semi-
static NCL cells, which are designed using 45nm CMOS 
technology and are used for the synthesis of the NCL based 
asynchronous designs by the Design Compiler tool of 
Synopsys.  
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