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Abstract Power dissipation becomes a decisive parameter in VLSI design in
modern-day ultra-low-power applications. Sub-threshold has shown its potential as
more efficient logic for ultra-low energy-consuming circuits. Circuits using sub-
threshold logic have more timing delay comparable to conventional CMOS logic.
Here, code converter circuits are realized using sub-threshold adiabatic logic (SAL)
by deploying Cadence 45 nm technology. An extensive simulation study has been
carried out, and our study validates the improved circuit performance using sub-
threshold adiabatic logic. The present work will facilitate researchers for circuit
realization for energy-efficient code converter circuit applications.
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1 Introduction

Adiabatic logic is a concept which reduces the power dissipation excessively as
compared to conventional CMOS logic. Low power consumption will be achieved
by providing a supply that has a gradually varying voltage. Sub-threshold adiabatic
logic has very less total power dissipation compared to conventional CMOS logic.
The word adiabatic is derived from Greek which is referred to as a thermodynamic
activity in which there is no exchange of energy with the surroundings and there-
fore concluded no power dissipation loss. The transistors count will be nearly half
in adiabatic logic as compared to conventional CMOS logic design. Area required
and delays are also comparatively lower in adiabatic logic as compared to conven-
tional CMOS logic. Energy recovery loss is another name for adiabatic logic. Low
power dissipation can be achieved by the adiabatic technique through charging and
discharging the nodes using adiabatic nature. Energy stored in the load capacitor is
reused in adiabatic logic circuits [1–3].
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1.1 Adiabatic Logic

Time-varying voltage source or constant current source as shown in Fig. 1a is used for
charging the capacitor in adiabatic switching. ON resistance of the PMOS network
is represented by R. Some fraction of the total energy gets stored in the capacitor
which can later be claimed back by reversing the current source direction, and thus,
the charge gets switch from the capacitance back into the supply.

Adiabatic switching during discharging phase is shown in Fig. 1b. Therefore,
adiabatic logic circuit requires time-varying voltage source as a supply voltage. For
charging the load capacitance, a constant voltage source is used in conventional
CMOS logic, whereas it gets charged by constant current source in adiabatic logic.

Supply voltage applied to the adiabatic logic changes gradually (e.g., ramped
waveform). The potential drop across the resistor becomes very less due to the ramp
waveform voltage. As a result, the energy dissipation across the resistance during
the charge–discharge operation decreases. Power is represented as P = ETotal/T =
CLVDD

2 f if the supplied voltage is a rampedwaveformwith period T (i.e., frequency
f = 1/T ). Total energy consumption for both operations in the above case is given
by

Eadiabatic = k(PT ) = k I 2RT = k(CLVDD/T )
2RT (1)

Fig. 1 Adiabatic switching a during charging and b during discharging
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Fig. 2 Circuit diagram with
ramp voltage source (used in
adiabatic logic)

where k is the shape factor, and shape of the clock edges decide the value of k. It can
be concluded here that when the period of signal T is adequately large, the energy
consumption in adiabatic logic is considerably less as compared to CMOS logic.
Both of these transistors can be modeled as ideal switches in series with a resistor
and load capacitanceCL, as shown in Fig. 2. The channel resistance of each transistor
is equal to the resistor.

Sub-threshold Adiabatic Logic The analysis of ID − VGS characteristics of an
NMOS transistor (W/L ratio:45 nm/45 nm) suggests that at VGS = VT (where VT

is the threshold voltage of MOSFET), drain current is not equal to zero because
MOS already conducts at VGS < VT. This region is known as the “sub-threshold” or
“weak-inversion” conduction region. Leakage current in sub-threshold logic flows
between drain and source regions in MOSFET and is expressed as

Io = µCOX(W/L)(n − 1)V 2
T (2)

Ids = Ioe(VGS − VTH)/nVT (3)

where µ is the mobility, Cox is gate oxide film capacity, VT is the thermal voltage
which is equal to 26 mV at 300 K, W&L is width and length of channel, respec-
tively, n is sub-threshold slope parameter [4–9]. The main component of leakage
in sub-threshold devices is sub-threshold leakage current, and many other leakage
components which are nearly equal in magnitudes are dependent on the device
design parameters. The delay of the circuit increases quickly since the driving current
reduces exponentially. Therefore, SAL logic can only be applied to confined areas
where performance is not of primary importance. Sub-threshold conduction is very
small for long-channel devices in OFF state [10–16]. It is a considerable factor
when transistor size, as well as supply voltage, is scaled down. Delay in SAL logic is
comparable to conventional CMOS logic. SAL logic can be used where performance
is not the key.
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2 Code and Code Converter

2.1 Gray Code

Gray code is an ordering of the binary number system in such a manner that each
incremental value can only differ from the previous value by only one bit. It is also
known as cyclic code as each successive code word differs from the preceding one
in only one bit position. It is also a popular example of reflective codes. It is widely
used in digital communication for error correction. Gray codes are used in linear and
rotary position encoders instead of weighted binary encoding. This means that while
using gray code in rotator shaft encoder, only a single bit differs in successive bits;
so if multiple bit differs, it will be easy to detect errors.

2.1.1 Binary-to-Gray Code Converter and Gray-to-Binary Code
Converter

This converter is a combinational circuit that converts binary code to equivalent gray
code. The leftmost bit of gray code is equivalent to the leftmost bit of the given binary
code. The second leftmost bit of the gray code is the EX-OR of the leftmost and the
second leftmost bit of given binary number. The third leftmost bit of the gray code is
the EX-OR of the second leftmost and third leftmost bit of given binary number. And
in this manner, binary code to gray code conversion goes on. The gate-level circuit
implementation for binary-to-gray code converter is shown in Fig. 3.

This converter is a logical circuit that converts gray code to equivalent binary
code. The leftmost bit of binary code is equivalent to the leftmost bit of given gray
code. The second leftmost bit of the binary code is the XOR of the leftmost and
second leftmost bit of the given gray code. The third leftmost bit of the binary code
is the XOR of the second leftmost bit of gray code and third leftmost bit of given
binary code. Hence, in this manner, gray code to binary code conversion goes on.

Fig. 3 Gate-level circuit of
binary-to-gray code
converter
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Fig. 4 Gate-level circuit of
gray-to-binary code
converter

The gate-level circuit implementation for gray-to-binary code converter is shown in
Fig. 4.

2.1.2 Excess-3 Code and Binary-to-Excess-3 Code Converter

Excess-3 code is a non-weighted code, where each digit binary code word is the
combination of corresponding 8421 code word and 0011. Non-weighted are codes
that are not assigned fixed values. It is a biased representation. It is also a self-
complementary code. It overcomes the difficulties faced during arithmetic operation
in 8421 BCD code. Another major advantage of this representation is that the 0000
and 1111 codes are not used for representation of any digit. It is a logical circuit which
converts binary-coded decimal to excess-3 code converter. Binary-coded decimal can
be converted to excess-3 code by adding 0011 to the given code. Logical expression
for this conversion is given below.

Y3 = B3 + B2 · B1 + B2 · B0 (4)

Y2 = B ′
2B1 + B ′

2B0 + B2B
′
1B

′
0 (5)

Y1 = B1B0 + B ′
1B

′
0 (6)

Y0 = B ′
0 (7)

where binary and excess-3 codes are given by B3B2B1B0 and Y3Y2Y1Y0, respectively.

3 Simulation Result and Discussion

The simulation analysis results presented are obtained on 45-nm Cadence Virtuoso
using SAL logic [17, 18]. Figure 5 demonstrates the output waveform of SAL binary-
to-gray code converter. In this figure, the first plot is of supply voltage; the second,
third, fourth and fifth plots are of B3, B2, B1 and B0, respectively, where B3B2B1B0 is
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Fig. 5 Output waveform of
SAL binary-to-gray code
converter



Power-Efficient Code Converters Using Sub-Threshold … 117

the binary code data. The fifth, sixth, seventh and eighth plot are of G3, G2, G1 and
G0, respectively, where, G3G2G1G0 is the gray code data. Figure 6 shows the output
waveform of SAL gray-to-binary code converter. Here, in this figure, the first plot is
of supply voltage; the second, third, fourth and fifth plots are of G3, G2, G1 and G0,
respectively, where G3G2G1G0 is the gray code data. The fifth, sixth, seventh and
eighth plot are of B3, B2, B1 and B0, respectively, where B3B2B1B0 is the binary code
data. Figure 7 shows the output waveform of SAL binary-to-excess-3 code converter.
Here, in this figure, the first plot is of supply voltage; the second, third, fourth and
fifth plots are of B3, B2, B1 and B0, respectively, where B3B2B1B0 is the binary code
data. The fifth, sixth, seventh and eighth plot are of Y 3, Y 2, Y 1 and Y 0, respectively,
where Y 3Y 2Y 1Y 0 is the excess-3 code data.

From Tables 1, 2 and 3, it can easily be observed that power dissipation in SAL
logic is approximately 10−3 times lower that of power dissipation in CMOS logic.

For binary-to-gray code converter bit G3, the adiabatic circuit has a considerably
low power dissipation of 2.71 pWagainst CMOS logic, 3.495 nW. For gray-to-binary
code converter bit B0, the adiabatic circuit has a considerably low power dissipation
of 27.52 pW as compared to conventional CMOS logic, 8.11 nW. For binary-to
excess-3-code converter bit Y 3, the adiabatic circuit has a considerably low power
dissipation of 129.06 pW against conventional CMOS logic, 3.86 nW. It can easily be
observed that power dissipation in SAL logic is approximately 10−3 times lower that
of power dissipation in CMOS logic. The detailed performance comparison of SAL
and CMOS-based converter circuit is shown in Tables 1, 2 and 3. For CMOS circuit
and SAL circuit, the peak DC voltage connected and peak ramp voltage applied are
1 V.

4 Conclusion

Binary code to gray code converter, gray code to binary code converter and binary
code to excess-3 code converter are realized using sub-threshold adiabatic logic
(SAL) and compared with conventional CMOS logic in this paper. From the above
simulation results, we conclude that SAL reduces appreciable amount of energy as
in parallel with conventional CMOS logic. Scaling down of power dissipation in
adiabatic circuits is mainly because of recycling of energy stored in the capacitive
loads. SAL is preferred for application which requires low frequency. This proposed
sub-threshold adiabatic logic can be used in energy-efficient converter circuit.
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Fig. 6 Output waveform of
SAL gray-to-binary code
converter
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Fig. 7 Output waveform of
SAL binary-to-excess-3 code
converter
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Table 1 Comparison of total
power dissipation of
binary-to-gray code converter
using SAL logic and CMOS
logic

BITS SAL logic (pw) CMOS logic (nw)

G3 2.71 3.495

G2 2.714 1.84

G1 2.452 2.08

G0 2.306 2.07

Table 2 Comparison of total
power dissipation of
gray-to-binary code converter
using SAL logic and CMOS
logic

BITS SAL logic (pw) CMOS logic (nw)

B3 2.716 3.495

B2 2.714 1.86

B1 13.52 5.117

B0 27.52 8.11

Table 3 Comparison of total
power dissipation of
binary-to-excess-3 code
converter using SAL logic
and CMOS logic

BITS SAL logic (pw) CMOS logic (nw)

Y3 129.06 3.86

Y2 87.12 2.418

Y1 2.316 2.96

Y0 1.68 2.89
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