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Abstract — There are two main drawbacks in the ECRL (Efficient Charge Recovery Logic) circuits. The first one is that the delay 
of the circuit is long, and the other one is that its non-adiabatic power consumption increases with the increasing of its loads. In this 
paper, a clocked transmission-gate bootstrapping adiabatic circuit is presented, which utilizes the bootstrap effects to realize fully-
adiabatic driving for its load by adding a clocked transmission-gate between the output and power clock. The energy consumption 
of the proposed clocked transmission gate adiabatic circuits is analyzed and compared with the ECRL and static complementary 
CMOS counterparts. A decimal counter using the proposed clocked transmission-gate bootstrapping adiabatic logic is realized and 
demonstrated with the PTM (Predictive Technology Model) 32nm process. The simulation results show that the proposed decimal 
counter can save 73% and 41% power consumption, respectively at the 100 MHz operating frequency, compared with the static 
complementary CMOS and ECRL counterparts, respectively.  

Keywords - Adiabatic logic; bootstrapping; low power; sequential circuit 

 
 

I. INTRODUCTION 

With the continuous reduction of IC manufacture process 
feature size, the power issue has become increasingly 
prominent, which has brought the circuit reliability and 
packaging problems [1].  

For the traditional static CMOS circuit, the dynamic 
power consumption accounted for more than 80% of the total 
power consumption. The traditional methods to reduce 
power consumption are lowing power supply voltage, 
reducing load capacitance, and reducing the redundant jump 
[2]. Although these methods in reducing power consumption 
have made some achievements, the above methods to reduce 
power consumption is limited because of the circuit 
manufacturing process, noise to tolerance, and other special 
requirements, and thus still cannot meet the needs of low 
power consumption [3-6].  

In order to solve the problems above, the researchers 
have proposed adiabatic logic circuits, which use alternating 
power supply charge and discharge the output node, and 
recycling the node charge to the power supplies to achieve 
energy recovery [7]. The existing research shows that 
compared with the traditional static CMOS circuit, the 
adiabatic circuit can save a lot of dynamic power 
consumption [8].  

Usually, adiabatic circuits can be divided into full 
adiabatic and half-adiabatic ones. The full-adiabatic circuits 
can realize theoretically full energy recovery of the circuits, 
but required complex circuit structure. For the half-adiabatic 
circuit, simply circuits can be realized, but it would wastes a 
large number of the energy [9].  

In this paper, a clocked transmission-gate bootstrapping 
adiabatic logic is presented, which utilizes the bootstrap 
effects to realize fully-adiabatic drive for its load by adding a 
clocked transmission-gate between the output and the power 
clock. With good waveform transmission and energy 
recovery effect, the circuit realizes fully-adiabatic drive for 

its load. For driving large loads, compared to ECRL logic, 
energy consumption of the proposed scheme has great 
energy savings [10]. 

II. CLOCKED TRANSMISSION-GATE BOOT-STRAPPING 

ADIABATIC LOGIC 

In this paper, a clocked transmission-gate bootstrapping 
adiabatic logic is proposed. It utilizes the bootstrap effects to 
realize fully-adiabatic drive for its load by adding a clocked 
transmission-gate between the output and the power clock, as 
shown in Fig. 1. 

 

 
Figure 1.  Clocked transmission-gate bootstrapping adiabatic logic 

(inverter/buffer and its power clock). 
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The proposed scheme is a dual-rail adiabatic logic family. 
It is composed of two main parts: the logic function circuit 
and the load driven circuit.  The logic function part consists 
of two NMOS transistors (N1, N2). The load driven circuit 
consists of a pair of transmission gates (N3, P1 and N4, P2). 
A pair of transmission-gate (N5, P3 and N6, P4) controls the 
voltage of node A and node B, respectively. Fig. 2 shows the 
simulation waves of the clocked transmission-gate 
bootstrapping adiabatic inverter/buffer. 
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Figure 2.  Simulation waveforms  of the clocked transmission-gate 

bootstrapping adiabatic inverter/buffer. 

During the wait period T1, since the power clock CLK1 is 
low and CLK3 is high, the transistors P1, P2, P3, and P4 are 
off, and both X2 and X2b are low. 

During the pre-charge phase T2, where X1 is "1" and X1b 
is “0", the node X2b is pulled down to "0" (The threshold 
voltage of the N and P transistor is almost equal), and the 
transistor P2 is on, and the power clock CLK1 charges the 
node X2 through the transistor P2. The output node X2 
charges the node B through the transistor N6. When the 
CLK1 voltage rises to VDD +VTP, the transistor P4 is on, and 
the transistors P4 and N6 constitute a transmission-gate, and 
the voltage at node B follows the output node. When CLK1 
raise up from VDD +VTP, to VDD, the transmission gate (P4, 
N6) is still on, and the node B is charged to VDD -VTN.  

During the hold phase T3, the transmission-gate (P4, N6) 
remains on and the output node X2 follows VDD with CLK1, 
while the node B remains. 

During the energy recovery phase T4, when CLK1 drops 
from VDD to "0", the transistors N6 and P4 are off. Because 
node B does not have a discharge path, the voltage of the 
node B remains VDD -VTN. Because of the coupling effect of 
gate-to-drain capacitance of the transistors N4, the voltage of 
the node B can increase with the power clock as long as the 
width-to-length ratio of transistor N4 is reasonable. The node 
X2 is an adiabatic discharge to the node CLK1. When the 
waiting period of the next cycle, the voltage remains in the 
node B, in the form of heat loss.  

Changing the evaluation tree, a variety of basic logic 
gates can be achieved. Fig. 3 shows inverter / buffer, NOR 
/OR gate, NAND/AND gate, XOR/XNOR, and MUX based 
on the proposed clocked transmission-gate bootstrapping 
adiabatic logic.  
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Figure 3.  A variety of basic logic gates based on clocked transmission-

gate bootstrapping adiabatic logic. 

III. ANALYSISIS AND DESIGN METHODS OF THE 

PROPOSED SCHEME 

During the energy recovery phase T4, as the node B does 
not have a discharge path, the voltage of the node B remains 
VDD -VTN. Because of the coupling effect of gate-to-drain 
capacitance of the transistor N4, the voltage of node B 
would be higher than the supply voltage. 

Fig. 4 shows the capacitance distribution of the 
transistor N4. The gate capacitance of the transistor N4 can 
be written as 

gbgdgsB CCCC  

where Cgs, Cgd and Cgb represent gate-source, gate-drain, and 
gate-to-substrate capacitance, respectively.  
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Figure 4.  Capacitance distribution of the transistor N4. 
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As the coupling effect of gate-to-drain capacitance of 
the transistor N4, voltage of node B will raise, especially 
when CLK1 rises to VDD. The increment voltage is related to 
its load capacitance. The relationship can be written as  

DD
LB

B
B V

CC

C
V 


                                       (2) 

In order to ensure the output load is discharged to CLK1 
in non-adiabatic way, the voltage of the node B must be met 
(3), 
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In order to meet increment voltage of the node B, the 
width-to-length ratio of the transistor N4 should meet (4). 
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where CB is the gate capacitance of the transistor N4, CL is 
output load capacitance, VTN is threshold voltage of the 
transistor N4 to consider the effect of the body. 

Let us consider the relationship between the on-
resistance and width-to-length ratio. Since the transistor N4 
works as a switch. During energy recovery stage (Consider 
the short channel effect of the transistor N4), once the drain-
source voltage is reached to VDSAT, the current immediately 
saturated, and the saturation current can be written as (5) 
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 The equivalent on-resistance of the transistor N4 
(considers the average resistance of the transistor N4 in both 
the stable and transition regions of saturation) can be written 
as (6) 
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where COX is the capacitance per unit area, VT is threshold 
voltage of transistor N4, W and L are the width and length of 
the transistor N4, respectively, λ is channel modulation 
factor, VDSAT is saturation drain-source voltage, VGS is input 
voltage, and VDD is power supply voltage, respectively. 

From (6), the on-resistance of the transistor N4 is 
inversely proportional to the width-to-length ratio.  Fig. 5 
shows theoretical and experimental on-resistance of the 
transistor N4 related to width-to-length ratio. The error 
between the theoretical and experimental on-resistances 
ranges from -10.8% to 14.2%. 

Considering bootstrap effects, the voltage of the node B 
can be written as: 

TNDDDD
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B
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C
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    (7) 

where CB is the gate capacitance of transistor N4, CL is the 
load capacitance of the output node X2, and VTN is threshold 
voltage of transistor N4, respectively. 
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Figure 5.  Theoretical and experimental on-resistance of the transistor N4 

related with width-to-length ratio. 

Since the capacitance of the transistor N4 is mainly 
composed of gate capacitance, its capacitance can be written 
as (8) 
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L
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Equation (8) is substituted into (7), the voltage of the 
node B can be written as 
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                         (9) 

From (9), the voltage of the node B is related to width-
to-length ratio. Fig. 6 shows theoretical and experimental 
voltage of the node B with width-to-length ratio. From Fig. 
6, the error between theoretical and experimental ranges 
from -8.2% to 13.6%. 

The non-adiabatic power dissipation of the proposed 
logic can be written as 

22
2 )-(12 TNDD

ox VVL
L

WC
E                                       (10) 

where COX is the capacitance per unit area, VTN is threshold 
voltage of transistor N4. μn is the corresponding ion 
mobility, W and L arethe width and length of the transistor 
N4, respectively.  

 From (10), non-adiabatic power dissipation is 
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proportional to width-to-length ratio.  
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Figure 6.  Theoretical and experimental voltage of the node B related with 

width-to-length ratio. 

Fig. 7 shows theoretical and experimental non-adiabatic 
power dissipation. From Fig. 7, the error between theoretical 
and experimental non-adiabatic power dissipation ranges 
from 10.5% to 9.87%. 

 

0

10

20

30

40

50

60

70

1.5 5 10 15 20 25 30 35

N
on

-a
di

ab
at

ic
 e

ne
rg

y 
di

ss
ip

at
io

n 
(e

-1
8j

)

Experimentally

Theoretically

Width-to-length ratio (W/L)  
Figure 7.  Theoretical and experimental non-adiabatic energy dissipation 

related with width-to-length ratio. 

From Fig. 6 and Fig. 7，if we increase width-to-length 
ratio of the transistor N4, the voltage of the node B 
increases, which can make energy more fully recovered. 
However the non-adiabatic power consumption also 
increases with width-to-length ratio. Therefore, there is a 
trade-off between the non-adiabatic power dissipation and 
the voltage of bootstrapping node B, which requires a 
reasonable width-to-length ratio.  

Here, we attempt optimizing the width-to-length ratio of 
the transistor N4. The total consumption is divided into non-
adiabatic power dissipation and adiabatic power dissipation. 
It can be written as (11). 
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Combining (6), (8) and (11), we can optimize the width-
to-length ratio of the transistor N4 as (12) 
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We get the optimal width-to-length ratio of the transistor 
N4 as (13) 

0253.15)( optL

W
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Generally speaking, the width-to-length ratio is integer, 
and thus the width-to-length ratio is set 15 in this work. This 
optimal width-to-length ratio not only satisfies the 
bootstrapping performance of the logic gates, but also 
minimizes the non-adiabatic power dissipation of the circuit 
as much as possible. 

The power clock CLK1 through the transmission-gate 
charge to output node from" 0" up to VDD, and then down to 
"0", in accordance with the principle of adiabatic formula, 
this part of the energy consumption is written as (16) 

2
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From the analysis above, we can conclude that the 
voltage of the node B rises from" 0" to VDD - VTN, and then 
drops to "0", which causes the non-adiabatic energy 
consumption. The node B has energy lost by the recovered 
charge. The non-adiabatic power consumption can be 
written as (15) 

2
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From (15), the non-adiabatic power dissipation is 
independent of the operating frequency and load capacitance, 
only with the capacitance of the internal node B. The 
capacitance of the internal node B is much smaller than the 
load capacitance, which saves large energy. 

IV. DESIGN OF THE ADIABATIC DECIMAL COUNTER 

As a kind of commonly used sequential circuit, flip-
flops are also indispensable elements in digital circuit. In the 
adiabatic logic, the use of different logic structure, making 
the output signal and the input signal has a different phase 
[11]. For example, for ECRL logic, the phase difference 
between the output signal and the input signal is T/4. (T is 
the power clock period). The phase-shifting characteristic of 
the adiabatic flip-flops is different from conventional 
CMOS logic. 

For a JK flip-flop, assuming that the current state is nQ ，

the next-state is 1nQ , and then the JK flip-flop expression 
can be written as: 
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nnn QKQJQ 1                                              (16) 

From (16), we can use MUX and inverter/buffer to compose 
a JK flip-flop. 

In this paper, JK flip-flop is composed by MUX and 
inverter/buffer using the proposed clocked transmission-gate 
bootstrapping adiabatic logic. Fig. 8 shows the schematics 
of JK flip-flop. 

 

 
Figure 8.  The schematics of the JK flip-flop. 

The JK flip-flop is simulated by using PTM32nm 
process technology. The power clock is a trapezoidal square 
wave. Fig. 9 shows the simulation waveforms of the JK flip-
flop at 100 MHz operating frequency.  
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Figure 9.  Simulation waveforms of the JK flip-flop. 

The counter is the most widely used in digital circuit. In 
this paper, the decimal counter composed of four JK flip-
flops. Combining the equation of state of the decimal 
counter and the characteristic equation of the JK flip-flop, 
we can get the driving equation, as shown in (17) 
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The adiabatic JK flip-flop is pipelined by the drive 
equation (17). Fig. 10 shows the schematics of decimal 
counter. From the Fig.10, the adiabatic decimal counter 
consists of four adiabatic flip-flops. Compared with the 
traditional static CMOS logic, adiabatic logic not only in the 

number of transistors has been greatly reduced, but also 
saves a lot of power consumption. Fig. 11 shows the 
simulation waveforms of the decimal counter. 

 

 
Figure 10.  The schematics of the decimal counter. 
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Figure 11.  The simulation waveforms of the decimal counter. 

In order to highlight the advantages of the clocked 
transmission-gate bootstrapping adiabatic logic, using 
PTM32nm process, comparisons of power consumption, 
delay, power delay product among clocked transmission-
gate adiabatic logic, ECRL, the traditional static CMOS 
logic have been carried out. 

In the load capacitance of 20fF, four-phase power clock 
with a peak of 1V trapezoidal wave and operating frequency 
ranging from 100MHz to 800MHz. Fig. 12 shows the 
average power consumption of JK flip-flop among clocked 
transmission-gate adiabatic logic, ECRL, and the traditional 
static CMOS logic. Fig. 13 shows the power delay product 
of JK flip-flop between clocked transmission-gate adiabatic 
and ECRL logic. 

Fig.14 shows average power consumption of JK flip-flop 
among clocked transmission-gate adiabatic, ECRL, the 
traditional static CMOS logic related to load capacitance, in 
the 100MHz operating frequency, the four-phase power 
clock with a peak of 1V under the trapezoidal wave and load 
capacitance ranging from 5fF to 20fF,. 

Fig. 15 shows the average power consumption of the 
decimal counter related to operating frequency among 
clocked transmission-gate adiabatic, ECRL, the traditional 
static CMOS logic, in the load capacitance of 10 fF, four-
phase power clock with a peak of 1v trapezoidal wave and 
operating frequency ranging from 50MHz to 300MHz.. 
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Figure 12.  The average power consumption of the JK flip-flop among 
clocked transmission-gate adiabatic, ECRL, and the traditional static 

CMOS logic. 
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Figure 13.  The power delay product of the JK flip-flop between clocked 

transmission-gate adiabatic and ECRL logic. 
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Figure14. The average power consumption of the JK flip-flop related to 

load capacitance. 
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From Fig. 12, Fig. 13, and Fig. 14, for JK flip-flop, 

compared with ECRL and static CMOS logic, power 
consumption, delay, and power delay product of the clocked 
transmission-gate bootstrapping adiabatic logic have been 
greatly improved. With the load, frequency increasing, the 
power consumption saves more.  

V. CONCLUSIONS 

To overcome the shortcomings of the ECRL adiabatic 
circuit, a clocked transmission-gate bootstrapping adiabatic 
logic is proposed, which utilizes the bootstrap effects to 
realize fully-adiabatic drive for its load by adding a clocked 
transmission-gate between the output and the power clock. 
And it can avoid the waste of energy. The circuit is fully 
adiabatic driving load and has good waveform transmission. 
In this paper, through HSPICE simulation, JK flip-flop and 
decimal counter based on the clocked transmission-gate 
bootstrapping adiabatic logic function is correctly, and saves 
a lot of power. 
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