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ABSTRACT

In this paper authors have presented a new approach to
improve the performance of the glitch free cascadable
adiabatic logic (GFCAL) circuit by replacing the triangular
power supply with sinusoidal and trapezoidal power supplies
(that control the charging and discharging of the capacitive
load) and by sizing of transistors. A simulative investigation
and performance analysis of proposed approach based 3 bit
GFCAL counter, GFCAL JK flip flop and GFCAL 6T-SRAM
circuit have also been done. The triangular power supply
produces very large delay at the outputs of GFCAL circuits
thus it will be very difficult to cascade larger circuits. A
solution to provide cascadability is optimization of the delay.
In the proposed approach the delay of GFCAL counter for
triangular supply has been improved about 40% and 60%
whereas for JK flip flop it is 46% and 49% and for 6T SRAM
it is 17% and 91% with sinusoidal and trapezoidal power
clocks respectively.
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1. INTRODUCTION

Many methodologies have been proposed so far to reduce
power dissipation [1]-[4], among them adiabatic logic
technique [5] is promising alternative. Energy dissipated in a
circuit depends on how fast the circuit switches or charges and
discharges. Lower the rate of charging, the lesser amount of
power is drawn from the source that means efficiency of
charging depends on how slowly the capacitance is charged.
Adiabatic circuit is based on the same principle; the clock
transient time T is kept much larger than intrinsic time
constant RC,_ of the device [6] and due to this one can reduce
power dissipation in a switching transition. Adiabatic circuits
are also based on recovering the energy stored in nodal
capacitances [7]. Most of the energy that was used for
charging the load capacitances is recovered during
discharging and stored for further use, while some amount is
dissipated as a resistive drop. In adiabatic logic families time
varying ramp voltage supply is use to charge the load
capacitance, whereas in CMOS logic we use constant voltage
source to charge the capacitive nodes. ‘Adiabatic’ term has
been taken from a thermodynamic process which is reversible
in nature, where after transformation no gain or loss of heat or
energy occurs. Ideally it is assumed that the heat or energy
loss can be made almost zero by making the transformation
process sufficiently slow. Large number of adiabatic logic
architectures proposed over the years work on the same
principle but differ in the structure and complexity. The quasi-
static energy recovery logic (QSERL) circuit [8] overcomes
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the drawbacks of the previous reported ERL families but it
suffers  from in-robustness and output  floating.
Complementary energy path adiabatic logic (CEPAL) have
better performance in terms of improvement in robustness and
throughput to the QSERL circuit [9] but it have some
drawbacks also, i.e. one extra MOSFET diodes in charging
and one in discharging path produces a little bit larger power
dissipation. In GFCAL circuit [10] for a logic gate of M
inputs, it requires 2M transistors and 2 diodes and is operated
by a single triangular power source and does not need multi-
phase clocks. The triangular power supply causes lowest
power dissipation than the other types of power clocks
(sinusoidal and trapezoidal). The drawback is that the
triangular power supply causes large delay at the output this
can be tolerated in small circuits but in larger circuits like
counters, multipliers etc this delay prevents the cascadability.

In this paper, authors propose a solution to improve the
performances of GFCAL based circuits along with their
simulation results and performance evaluations. All these
circuits have been found to save approximately 50% or above
power compared with CMOS circuits. The paper is organized
into eight sections. Section 1 deals the introduction part.
Section 2 describes the CMOS circuit and adiabatic circuits.
In section 3 & 4 authors have review of reported adiabatic
circuits & problems in existing GFCAL circuit respectively.
Section 5 includes proposed approach for performance
improvement and 6 and 7 gives performance analysis &
discussion and conclusion respectively. In section 8 relevant
references are shown.

2. CMOS CIRCUIT VERSUS
ADIABATIC LOGIC CIRCUIT

2.1 CMOS Circuits

In CMOS circuit dominant source of power dissipation is due
to the switching operation. During the switching operation
power is dissipated in charging or discharging the parasitic
capacitances during the voltage transition of the nodes. A
node capacitance C, is charged from 0 to Vg4, and an amount
of V4Q (=C Vi) energy drawn from the supply. In charge
up phase one half of this energy i.e. ¥ C Vg4 ® dissipated as
heat in conducting pMOS transistor, and other half energy i.e.
Y C Vg is stored in load capacitances. The energy which
was stored in output load capacitance is dissipated in nMOS
transistor in charge down phase. One can reduce this
switching energy dissipation by reducing the supply voltage
and physical capacitance. But there is a limitation, while
reducing Vqq4 sub threshold leakage current increases. Physical
capacitances may be decreased by reducing the sizes of
devices but this affects the driving capability and speed.
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2.2 Adiabatic Logic Circuits

In adiabatic switching for charge up phase, the output load is
charged very slowly compared to its’ time constant such that
the voltage drop across the switching pMOS transistor is very
small. In this way the energy dissipation which occurs due to
the finite rate of change of driving voltage is decreased.

In charge down phase instead of ejecting the charge to ground
in each clock cycle, circuit is designed so that the charge can
flow back to the power clock. In the circuit of Fig. I(b), the
supply Ve, swings gradually from 0 to V44 . The peak current
can be significantly reduced by ensuring uniform charge
transfers over the entire available time. Due to this there will
be very little voltage drop across the channel of pMOS
transistor, and hence very small amount of energy is
dissipated. A simple method to estimate the power dissipation
in this case is:
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Vdd
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Vin|

(a)

fong ©

m aig

I
I
I
I
I
. I
Vin I
I
|
\i

.«
discharging recovery

(b)

Fig. 1. A model showing charging and discharging (a)
CMOS circuit, (b) Adiabatic logic circuit
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Where R is the channel resistance and T is the input transition
time. It is well known that RC< 1 ns for a moderate fan out,
and T =I/f, thus Ediss will be very small when the operating
frequency f =10 MHz.

3. REVIEW OF REPORTED
ADIABATIC LOGIC CIRCUITS

In this section authors will review some quasi adiabatic logic
circuits, QSERL, CEPAL, 2PASCL, and GFCAL. The quasi-
static energy recovery logic (QSERL) and complementary
energy path adiabatic logic (CEPAL) circuits are shown in
Fig.2(a) and Fig.2(b) respectively, QSERL circuit has two
complementary sinusoidal power clocks with two phases
(evaluate and hold). Due to the alternate hold phases it have
drawback of floating output. Although the floating output may
be eliminated by connecting a clocked feedback keeper to
each logic circuit, unwanted losses still occurs.

By using CEPAL circuit, one can achieve improved driving
ability and robustness than QSERL circuit. Its’ throughput
does not depend on the frequency ratio and is better (twice)
than QSERL circuit. It has some problems like having extra
diodes in its charging and discharging path, which causes
larger area and a bit larger power dissipation than QSERL
circuits [11].

In 2PASCL [12] circuit as shown in Fig.2(c), during charging,
the current flows only through the pMOS transistor because it
does not have diode in the charging path. This will reduce the
non adiabatic losses due to the cut in voltage of diodes.
Different from the other discussed quasi adiabatic logic
circuits where ramp or sinusoidal power clocks were used
here two split level sinusoidal power clocks are used, which
have reduced voltage difference between the electrodes hence
reduced power dissipation may be achieved. It lacks in
performance because of diodes in pull up (connected in
parallel with pMOS) and pull down (connected in series
below the nMOS) network for recycling the charges stored in
the load capacitances.

The GFCAL circuit has a triangular power clock and diodes in
the charging and discharging path as shown in Fig.2 (d).
Triangular power clocks have lesser power dissipation than
the sinusoidal and split level sinusoidal power clocks. But this
type of power clock causes comparatively a large delay at the
output node. Also due to the voltage drop across the diode,
power dissipation (non adiabatic losses) occurs when current
flow across it. Since it is well known that, diode based circuits
suffers from output amplitude downgrading, thus performance
becomes poor. It may be said that GFCAL have very less
power dissipation in comparison to other adiabatic logic
families but it suffers from very large delay and amplitude
degradation at its output.
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Fig. 2. Adiabatic logic inverter circuits and their
simulation waveforms (a) QSERL, (b)CEPAL,
(c)2PASCL, (d)GFCAL

4. PROBLEMS IN EXISTING GFCAL
CIRCUITS

4.1 GFCAL Inverter Circuit Description &

Operation

The circuit consists of one p channel MOSFET (T1) followed
by a diode (D1) in same path, and one n channel MOSFET
(T2) with a diode (D2) in parallel as shown in Fig. 2(d). The
supply voltage Vyq(t) is a slowly varying triangular waveform.
When V(1) is rising and input is LOW, T1 ON and T2 OFF.
The path T1 D1 allows the capacitor to charge upto the peak
value Vg producing logic HIGH. When Vy4(t) falling and
input LOW, capacitor remains charged due to the diode
(reverse biased) and output logic retains its state. When Vyq(t)
rising and input is HIGH,T2 ON and path T2 D2 allows
discharging when the output is higher than Vg4 (t). This
discharge happens only for a small duration. When V()
falling and input is HIGH, the output capacitor gets
discharged in case it was previously charged.
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4.2 Comparison of Performances of
GFCAL Inverter to the Reported Adiabatic

Inverters & Problem Formation

To compare the performance of GFCAL inverter with other
reported adiabatic inverters all the inverters are simulated with
same W/L ratio (240nm/180nm) using VIRTUOSO
SPECTRE SPICE simulator of cadence. The MOS model
used is BSIM3v3.2. Performances of these inverters have
been evaluated in terms of power and delay with variation in
input frequency and load capacitances. For frequency analysis
load capacitance is set to 20fF and for load analysis,
frequency of power clock and input is set to 80 MHz and
40MHz respectively.

It may be observed from the Fig.3 (a) that as frequency
increases power dissipation in all the adiabatic inverters
increases, whereas QSERL and GFCAL inverters have lower
power dissipation up to 100MHz than others. However
QSERL has lowest power dissipation among all but it has
output floating related problem, so GFCAL is a good choice
as far as power efficiency is concerned. In Fig.3 (b) we may
observe that GFCAL has largest delay throughout the whole
observed frequency, so it may be concluded that it cannot be
used in high speed devices. From the Fig.3(c) and Fig.3 (d) it
is observed that GFCAL have poor performance with the load
capacitance so there is a scope of performance improvement
in terms of delay with load capacitance and frequency in
GFCAL by some design modifications.
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Fig. 3. Comparison of performances of reported adiabatic
inverters to the GFCAL inverter with variation in
frequency and load capacitance.

5. PROPOSED APPROACH FOR
PERFORMANCE IMPROVEMENT

Based on the discussions of previous sections we know that
the major drawback of GFCAL circuits is the large delay at its
output. The approach to delay reduction attempts to ensure
that the supply voltage is a sinusoidal or trapezoidal instead of
triangular ~ power  clock. Also by sizing of
charging/discharging transistors and by increasing the
frequency ratio (power clock frequency to the input
frequency) delay is reduced further. In the following section
authors will observe and improve the performance of reported
GFCAL circuit by the proposed approach.

In recent years various adiabatic logic styles have been
proposed which emphasis on combinational circuits like CLA,
ALU and multipliers etc. [12]-[26]. Since it is known that
sequential circuits like flip-flops, counters and memory
circuits are also very important in digital circuit design and it
is not possible to design adiabatic sequential circuits [27]-[29]
using conventional method, so the proposed approach is based
on these circuits and their performance improvement.

5.1 Negative Edge Triggered GFCAL JK
Flip Flop

The latches are generally designed by connecting two
inverters or two NAND/NOR gates in a cross coupled
manner. The GFCAL master slave JK flip flop had been
implemented using GFCAL NAND gates (two 3 input and six
2 input) and a GFCAL inverter as shown in Fig. 4(a). The
structure of GFCAL NAND gate is already shown in [10].
The inputs are J and K along with the clock signal CLK. Q
and Qbar are the outputs where Qbar is the complement of Q.

Simulated timing waveforms are shown in Fig.4(b). The
combination of inputs at each negative edge of clock pulse
‘10, 11, 01" are given in the form of strings. The output Q and
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Qbar changes according to the inputs at each negative edge of
clock pulse. Q= ‘1’ and Qbar= ‘0’ when J="1" and K= 0’.
Similarly Q= ‘0’ and Qbar= ‘1’ when J= ‘0’ and K= ‘1°.
Output Q will be complemented when J= ‘1’ and K= ‘1.
Further the outputs Q and Qbar are latched to their
corresponding values other than the negative edges of clock
pulses. It may be observed that the waveforms of outputs Q
and Qbar have ripples that are due to the continuous charging
and discharging through the time varying triangular power
clock.

5.2 GFCAL based 3 bit UP Counter

The 3 bit binary up counter has been implemented using 3
GFCAL negative edge triggered master slave JK flip flop for
each binary bit as shown in Fig. 5(a). This counter will
increment once for every clock cycle and count from zero to
seven before it overflows.

Simulated timing waveforms of 3 bit up-counter are shown in
Fig. 5(b). Q2 is always toggle at each negative edge of clock
pulse (J and K are HIGH). Q1 is toggle at negative edge of
Q2. Similarly QO is toggle at negative edge of Q1. Supply
clock is triangular waveform. The combination of outputs
(Q2Q1Q0) at different negative edge of clock pulse is
€000,001,010,011,100,101,110,111".
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Fig. 4. GFCAL JK flip flop (a) circuit diagram, (b) its
simulation waveforms
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Fig. 5. GFCAL based 3 bit counter (a) circuit diagram, (b)
its simulation waveforms

5.3 GFCAL based 6T-SRAM

Read write memory circuits are designed to access
modification of the data bits to be stored in the memory array.
The GFCAL 6T-SRAM may be implemented using two
GFCAL inverters connected in a cross coupled manner where
the output potential of each inverter V2 and V1 is fed as input
into the other. This feedback loop stabilizes the inverters to
their respective state. Two active nMOS pass transistors are
used to pass the bits. To access read and write (the data
contained/to be contained in the memory cell) two bit lines

(BL anda) are used. The nMOS pass transistors are
controlled by word line (WL) as shown in Fig. 6(a).

When word line is low, turning the access transistors off. In
this state the inverters are in complementary state. When the
p-channel MOSFET of the left inverter is turned on, the
potential V2 is high and the p-channel MOSFET of inverter
2nd is turned off, V1 is low. To write information the data is
imposed on the bit line BL and the inverse data on the inverse

bit line, BL then the access transistors are turned on by setting
the word line to high. As soon as the information is stored in
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the inverters, the access transistors can be turned off and the
information in the inverter is preserved. Simulated timing
waveforms of 6T SRAM are shown in Fig.6 (b).

6. PERFORMANCE ANALYSIS &
DISCUSSIONS

The presented 3 bit counter is asynchronous counter thus its
delay will be large but due to its simplicity it have been
frequently used in literature. As authors observed in the JK
flip flop circuit (shown in fig. 4) that triangular power clock
produces such a large delay at the output that one cannot get
proper output of larger circuits. So authors used sinusoidal
and trapezoidal power clocks one by one keeping other
parameters same as before. It is observed that delay with
sinusoidal and trapezoidal power clocks reduced in a
significant amount and result is a proper correct output.

Vdd BL
BL Vaa(t) 0N
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T2 TL P . 'J
1LT2 T1
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Fig. 6. GFCAL based 6T SRAM (a) circuit diagram, (b) its
simulation waveforms
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For performance analysis authors have taken the supply
voltages as slowly varying triangular, sinusoidal and
trapezoidal waveforms. Frequency of power clock is set to 40
times to the frequency of input signal also the sizes of nMOS
transistors (W/L=0.72/0.18 nm) is kept larger than the sizes of
pMQOS transistors (0.24/0.18 nm) to reduce such a large delay
at the flip flop output. The simulations have been done in
0.18um CMOS/BSIM3v3.2 process in VIRTUOSO
SPECTRE SPICE simulator of CADENCE.

The comparison of a GFCAL based JK flip-flop, 3 bit counter
and 6T SRAM circuits with similar circuit parameters
(fin=12.5 MHz, f,;=500MHz and Vpp=1.8V) and different
shapes of power clocks has been shown in Table 1. Here it
should be noted that since CMOS circuits are operated by DC
power supply so authors used a 1.8V DC source for all the
CMOS based circuits.

It is observed that GFCAL based counter, JK flip flop and 6T
SRAM cell exhibits a power saving of up to 73%, 54.7% and
66% respectively with an increase in delay to their respective
CMOS circuits but this increased delay has been reduced by
proposed remedies like by using sinusoidal and trapezoidal
power clocks and by transistor sizing (Width of transistors is
increased). The delay of GFCAL based JK flip flop for
triangular power clock have been reduced to 46%, 49%
respectively for sinusoidal and trapezoidal power clocks.
However the delays of GFCAL based counter for triangular
power clock have been reduced to 40%, 60% sinusoidal and
trapezoidal power clocks respectively and for GFCAL based
6T-SRAM it is reduced to 17% and 91% over sinusoidal and
trapezoidal power clocks respectively.

Table 1. Comparison of GFCAL based sequential circuits

Adiabatic Power supply DC
Triangular | Sinusoidal | Trapezoid | power
supply
GFCAL JK flip flop CMOS
JK flip
flop
Power 4.2 4.64 7.01 15.6
dissipation
in 8
cycles(uW)
Delay (ns) 7.89 4.2 4 0.38
GFCAL 3 bit counter CMOS
3 bit
counter
Power 8.33 105 17.5 184
dissipation
in 8
cycles(uW)
Delay (ns) 14 8.4 5.6 1.36
GFCAL 6T SRAM CMOS
6T
SRAM
Power 0.4 1.02 1.3 1.2
dissipation
in 8
cycles(uW)
Delay (ns) 0.12 0.1 0.01 0.13
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7. CONCLUSION

In this paper authors have presented a GFCAL based JK flip
flop, 3 bit up counter and 6T SRAM circuit and its
performance with different type of power clocks have been
evaluated in terms of power dissipation and delay. It is
concluded that GFCAL based circuit with sinusoidal and
trapezoidal power clocks have very less delay than the
triangular power clock based circuits with a very small
incremented power dissipation however overall PDP is very
less compared to conventional CMOS circuits.
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