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Abstract. Recent progress on the prototyping of reversible digital cir-
cuits, have shown that adiabatic reversible dual-line pass-transistor logic
can be used for special purpose applications in reversible computation.
This, however, raises new issues regarding the compatibility between this
adiabatic logic implementation and conventional CMOS logic. The great-
est difficulty is brought by the difference in signal shape used by these two
logic families. Whereas standard switching CMOS circuits are operated
by rectangular pulses, dual-line pass-transistor reversible circuits are con-
trolled by triangular or trapezoidal signals to ensure adiabatic switching
of the transistors. This work proposes a simple technical solution that al-
lows interfacing reversible pass-transistor logic with conventional CMOS
logic, represented here by an FPGA embedded in a commercial Xilinx
Spartan-3E board. All proposed solutions have successfully been tested,
which enables the FPGA to perform calculations directly on a reversible
chip.

1 Introduction

Conventional computing is based on logically irreversible elementary operations,
which leads to information destruction and an increase in entropy [112]. Elim-
inating the irreversibility of computations is possible. It was first shown by
Bennett [3], whome theoretically enabled calculation processes with zero en-
ergy dissipation at finite speed. At the circuit level, this is only possible using
reversible logical “machines” that perform thermodynamically reversible com-
putations. Such “machines” have been conceptually proposed by Fredkin and
Toffoli [4] and later extended for a quantum mechanics based computational
model by eg. Feynman [5]. CMOS implementations of these logic operators were
proposed by De Vos et al. [6] using dual-line pass-transistor (DLPT) circuits.
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This CMOS dual-line pass-transistor technology is demonstrated to be ener-
getically efficient; results of simulations show energy consumption down to only
5 % of conventional CMOS [7]. In effect, biases are only used for substrate and
wells polarization, while the necessary energy used for computation is brought
only by the input signals. Moreover, the complementary signals ensure that the
charge flowing in the circuits can be reused at next step of the computation,
instead of being thrown away as in conventional restoring electronics. By oppo-
sition, restoring electronics makes use of biases to perform the computation and
restore the signal at the same time, throwing away a large amount of energy at
each clock cycle.

Whereas the classical digital CMOS switching technology uses square-wave
waveforms to define logic “0” and logic “1”, DLPT with adiabatic switching ne-
cessitates two complementary signals. Furthermore, it is mandatory that the two
signals change gradually to ensure accurate adiabatic switching of the circuits [§]
(see Fig.[M(a)). These signals are often triangular or trapezoidal waveforms. We
refer to these signals by the name adiabatic signals.

Another advantage of adiabatic signals, is that these also avoid calculation er-
rors, possibly caused by delays appearing between signals when classical rectan-
gular shape signals involve steep transition slopes. The undesired pulses are then
filtered when the smooth triangular slope amplitude is lower than the threshold
voltage of the pass-transistor gates, thereby lowering the undesired artifacts [§]
(output pulse shown in Fig. {(b)).

We expect that, in its first “commercial” applications, reversible electronics
will appear in ASICs and will be embedded in an environment of conventional
CMOS circuits. Interfacing irreversible restoring logic and adiabatic logic has
been proposed by Amirante et al. [9]. But their implementation is based on a
different adiabatic logic family, by which their results can not be transfered di-
rectly to the reversible DLPT logic we are using. In this work, we propose a
solution for interfacing a commercial FPGA, first with a reversible CMOS re-
versible binary adder [8[I0/IT] and then later with a reversible ALU [I2]. First,
in Sect. [2] we present the possibilities and the limitations caused by the Xil-
inx Spartan 3E FPGA [13]. Then, in Sect. [3] the proposed technical electronic
solutions are detailed. Finally in Sect. [d] we conclude.
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Fig.1. (a) Typical square-wave and adiabatic dual-line inputs. (b) Experimental
measurements of one dual input and one dual output using the a reversible binary
adder in reverse calculation.
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2 FPGA Capabilities and Limitations

Modern FPGA boards are much more than a simple chip of programmable hard-
ware with a small memory and a parallel port to load the program. Even smaller
FPGA starter-boards include a wide range of connector devices, which can be
interfaced directly from the FPGA in a more or less simple way.

For the purpose of connecting the reversible chip with a digital circuit, it
suffices to use an FPGA with a low number of logic cells. Therefore, the cheap
(less than 200 euros) Xilinx Spartan®-3E FPGA Starter Kit Board from Digilent
is used for this proof-of-concept. This board has a large number of input and
output devices, a good manual, and, as it is a popular starter board, it is easy
to find example implementations of device interfaces in both VHDL and Verilog.
The on-board devices we are using are

— the clock generator: the standard clock source with a frequency of 50 MHz,

— the DAC: the digital-to-analog convertor, used to generate the adiabatic
signals for the reversible chip inputs,

— the FX2 100-pin expansion connector for connecting the digital inputs and
outputs to the connector board,

— the LCD display, used to show the results of the calculations, and

— the buttons, switches and the knob for controlling the board while executing.

The detailed use of each device will be described in the following sections.

2.1 Signal Generation

The adiabatic signal is normally generated with an accurate full-wave rectifier
connected to a waveform generator [8]. This setup ensures a powerful and precise
signal that is necessary for performing accurate measurements, but the setup is
too big to be used in computers and especially small devices. This work only
focuses on interfacing the reversible chip with classical CMOS circuits. We there-
fore need to ensure that the functionality of the reversible chip is correct, while
the full computing circuit still gains the benefits of the reversible chip and the
adiabatic switching. We use the DAC (included on the FPGA board) to gener-
ate the adiabatic signals. The DAC (presented in Fig. ) is a Lineal Technology
LTC2624. Tt has four outgoing pins, that can be controlled individually or all at
once. By default, two of the outputs (pins A and B) have a reference] voltage
of 3.3 V, while the two other pins (pins C and D) have a reference voltage of
2.5 V. The DAC output voltage is linearly controlled through a Serial Peripheral
Interface (SPI). The accessible voltage values range between 0 V and 3.3 V or
2.5 V depending on the chosen pin and a value represented by a 12 bit number.
The given voltage accuracy is 5 %.

! The default reference voltages of the DAC can be changed, but this requires desol-
dering of two resistors, and direct interfacing of two pins. Therefore, we have chosen
to use the default settings.
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Fig. 3. Generation of the trapezoid signal for adiabatic switching

Often, a triangular waveform is used for adiabatic switching. But, as we will
see in Sect. 2.2 it can be beneficial to use a trapezoidal shape instead. The
steps to generate both these waveforms are illustrated in Fig. Bl First, we make
a saw-tooth by incrementing a value in each clock cycle (1). By doing the incre-
menting modulo some maximum numbe we have the sudden value drop that
is a characteristic of the saw-tooth waveform. Second step, is to make a trian-
gular waveform and this is done by subtracting the most significant half of the
saw-tooth waveform from the least significant half (2). Finally, the trapezoidal
waveform is obtained by removing the tops from the triangular waveform (8).
This is a simple greater-than check and the upper limit can be used to control
the slope of the trapezoid waveform.

The period of the adiabatic signals are, of course, limited by the DAC. For
each change of voltage level by the DAC, we need to send a 32-bit value through
the SPI. Four FPGA clock cycles are needed in order to send each bit. As about
50 points are necessary to generate a well-defined adiabatic waveform for each
of the two DAC outputs, and because the FPGA runs at 50 MHz, then the
maximum reachable frequency for the adiabatic signal is about 4 kHz. This is
not much, but it is fast enough for this proof-of-concept, which aims to show the
possibility to interface the two technologies.

2 The modulo 2" operation is done automatically when using an n-bit adder circuit.
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Fig. 4. Analog signals generated from the DAC
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Fig. 5. Two-level memory interfacing the adiabatic input and the digital output signals

2.2 Interfacing and Timing with Internal Clock and Memory

The adiabatic waveforms are periodical and, therefore, have a build-in clock
period. Moreover, both the digital circuits and the reversible chip must commu-
nicate at the same frequencyl’. Setting the phases between the signals from the
FPGA and the adiabatic signal is not obvious when we want the circuits to run
in a correct adiabatic way. We need to pay particular attention to the interfacing
between the adiabatic signal and the conventional memory.

For the adiabatic signal a logic value is well-defined, either if its amplitude
voltage exceeds the mean value by a quarter of the total signal range, or if it
reduces by the same voltage gap (illustrated in Fig. H). If trapezoidal waveforms
are used then the signals are best defined during the constant plateau situated
between the raising and falling transitions. If triangular waveforms are used, then
the signal is best defined during a shorter time ranging from half the raising time
to half the falling time of the triangular waveforms.

This is in contrast to digital circuits, where the well-defined logic values are
situated just before the clock ticks and the logic value is changed. It is therefore
not possible to make an interface with a single memory element and an approach
using a two-level memory as in Fig. [3l must be applied.

The idea is that the first flip-flop reads the adiabatic signal at the clearest
logic value, while the second flip-flop is updated at the change of the adiabatic
signal. This interfacing works best if we are using a trapezoidal waveform, as
these can be interpreted at their constant plateau as either digital logic “1” or
a digital logic “0”.

To have an optimal timing between the two flip-flops, we must therefore have
two separate internal clock signals. Using more clock signals to control energy-
efficient circuits with adiabatic switching, is not a new idea. The split-level charge

3 Other parts of the FPGA, such as the generation of the adiabatic signal and control
of devices, will run with the standard 50 MHz clock.
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Fig. 7. Simplified interfacing with a single clock signal that is in-phase with the period
of the adiabatic signal. The first flip-flop is updated at rising clock-edge whereas the
second one at falling clock-edge.

recovery logic (SCRL) [14], which was used to implement the Pendulum processor
[15], is controlled with up to 7 different clock signals. Both in SCRL and in our
approach timing of the clock signals are essential. Therefore, we must consider
the setup time, hold time, and propagation delay of the memory.

Fig. [0] illustrates a detailed timing diagram. This diagram does not consider
signal propagation in the combinatorial circuits that has to be added to the
minimum clock period. The figure is only intended to show that the trapezoidal
adiabatic signal can uphold the timing constraint of the digital memory, while
still ensuring adiabatic switching.

In the current setup, the maximum frequency of the adiabatic waveform is
many times larger than the time constraints of the FPGA memory and the
detailed timing is, therefore, not necessary. It is acceptable to make a simplified
implementation with a single clock signal that is in-phase with the period of
the adiabatic signal (shown in Fig.[). The first flip-flop is updated at the rising
clock-edge, where there is a clear adiabatic signal while the second flip-flop is
updated at the falling clock-edge, where the adiabatic signal is switching.

2.3 1I/0 Programming

To transfer the input and output values for reversible circuits from/to the FPGA,
a 100-pin Hirose FX2 connector is used. Most of these 100 pins have a special
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purpose, leaving only 38 I/O pins and 5 input-only pins. As the connecting
signals are digital and not complementary dual-line signals, we can control up to
21 inputs and 21 outputs to the reversible chip. The last pin from the connector
will be used to control the execution direction on the chip, such that the FPGA
can exploit the chip’s reversibility, and not only the energy savings.

3 The Interface Board

In the design of the interface board, four electronic challenges have to be ad-
dressed.

— First, to convert classical rectangular signals into dual adiabatic signals, in
order to transmit data to the inputs of the reversible chip.

— Second, the opposite, i.e. to transmit the computed information back to
the FPGA in the form of a classical rectangular signal, starting from the
dual-line adiabatic outputs of the chip.

— Third, to exploit the reversibility of the chip by making computation in both
directions; the same chip may perform both the do-calculation (addition in
this paper) and the undo-calculation (subtraction).

— Fourth, to synchronize the signals at the output interface.

3.1 Bringing the FPGA Commands to the Reversible Inputs

The conversion from classical square-wave signals to dual-line adiabatic signals
(shown in Fig.Bh) can be done using a double 1 — 2 pass-transistor multiplexer:
e.g. the commercial MUX SN74CBTLV3257. As the multiplexer is made of pass-
transistor gates, it can be used in both directions.

The command inputs to the multiplexer are the enable ce input and the
selection bit s. When ce is “1”, the circuit is placed in high-impedance such that
no input signal can be transmitted to output. When ce is “0”, the selection bit s
will act as the control to a switch and redirect the input signal to one of the two
outputs. By applying the logical signal coming from the FPGA as the selection
bit s, it is possible to connect the input to either output A if s = “0” or else
output B if s = “1”. Then, by adequately connecting the four outputs to the
adiabatic logic “1” and logic “0” for the two first outputs and then logic “0”
and logic “1” for the two next, we can obtain the mandatory dual-line adiabatic
signals: logic “0” if s = 0 and logic “1” if s = 1.

The advantage of this solution is that it is already implemented with pass-
transistor gates (Fig.Bb). In total, three pass-transistor gates are needed for each
data signal coming from the FPGA. Therefore, if one wants to use a reversible
circuit as an integrated part of an irreversible restoring logic circuit, this solution
can easily be implemented. It will also reduce the number of contacts in the
packaging. Even the classical enable ce and selection inputs s may be directly
used. One only needs to provide the reversible chip with dual signals built at
the conventional circuit side using, for example, two inverters to obtain the
complementary signal. The two signals s and oe can be either constant values or
adiabatic signals.
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Fig. 8. (a) Demultiplexer used as signal converter. The adiabatic signals corresponding
to the desired logic value defined by s, are routed from the DACs to the output, by
the multiplexer. (b) Corresponding schematic using pass-transistor gates.

3.2 Bringing the Results of the Calculation to the FPGA

Remodeling the result represented by the adiabatic signal to a digital square-
wave signal for the FPGA is less trivial. It corresponds to implement a threshold
detector, which can be done using an operational amplifier. This solution is ex-
pensive, both in terms of energy consumption and surface area. In effect, if one
of the dual-signal can easily be thrown away or the energy reused by implement-
ing energy-recovering circuits, it will necessitate a buffer for impedance adaption
cascaded to an operational amplifier for each signal to be send to the FPGA.
This may reduce the interest for implementing reversible circuits, as the surface
area or the consumption of this interface becomes bigger than the reversible
circuit itself.

Instead, we can interface the adiabatic signal directly with the FPGA, as
described in Sect. This, of course, raises the question of what to do with the
negated value of the dual-line adiabatic signal. To throw it away, as done in the
current implementation, would dissipate energy — so perhaps this energy could
be harvested with energy-recovering circuits.

3.3 The Problem of Reversibility

Controlling execution direction of the computation is essential in order to exploit
the reversibility of the reversible chip, and by this way, choose the function to
be performed; in this case an addition or a subtraction. A technical solution for
controlling execution direction is again to use 1 — 2 multiplexers to route each
line of the adiabatic signals to either an input or an output of the reversible chip.

The schematic in Fig.[@ presents this solution. As previously, the input enable
allows to isolate the outputs from the inputs of the multiplexer. The selection
input s is used as a selection bit for the execution direction. This control comes
directly from the FPGA, as it is a digital signal.

Each dual-line wire of the input information is routed either to an input or
to an output of the reversible chip, depending on the value of s. Our solution is
simply to connect the multiplexer’s first output to the reversible chip’s inputs
and the multiplexer’s second output to the reversible chip’s outputs. The inverse
is done to read the computed information: the multiplexer’s second output is
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Fig.9. Schematic showing how to use the circuit in reverse calculation. Inputs and
outputs are swapped.

connected to the reversible chip’s inputs and the multiplexer’s first output to the
reversible chip’s outputs. In this configuration, the unused multiplexer outputs
act as high-impedance nodes such that no short circuit occurs between the inputs
and outputs of the reversible chip.

3.4 Clocking the Signals

In classical switching technology an external clock is often used. This clock signal
is in the reversible DLPT technology somewhat “embedded” in the triangular
shape of the input signals. The full computation performed in the reversible
chip is “synchronous”, but the signals propagate in an asynchronous manner
from one gate to the next. In other words, the triangle waves propagate through
the different gates and should arrive at the same time at the next stage of
computation, without the intervention of an external clock. In practice this can
not be completely guaranteed.

The clocking interfacing from the classical CMOS computing stage to the
reversible computing stage, may be done by generating the dual-line triangular
adiabatic signal from the classical clock, by, first, using an integrator circuit to
generate one triangular pulse V;,, followed by a full-wave rectifier to generate
the adiabatic logic ”1” pulses. A simple solution to transform triangular pulses
into dual-line adiabatic ones is presented in Fig. [8]. These pulses are then
redirected afterwards, following the method described in Section Bl

To synchronize the adiabatic signals coming out of the reversible stage to
the classical stage is more complicated. As a solution, the amplitude of one
chosen output is detected using a threshold detector and stored until the data
is used. This can be done externally using flip-flops in the classical stage, after
converting the adiabatic signal into classical square-wave signal, as explained in
Section
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Fig. 10. Schematic of the simple circuit experimentaly used to generate the dual-line
adiabatic triangular pulses from one simple triangular input

4 Conclusion

We proposed in this paper, several possible answers to the most important ques-
tions regarding the interfacing of reversible adiabatic dual-line pass-transistor
CMOS chips with classical restoring circuits:

— the conversion of the pulse shape,

— the transmission of the computed information back to the FPGA,
— the reversibility of the computation,

— and the synchronization of the signals at the output interface.

For each one of these questions, at least one simple solution has been detailed
and experimented, proving that embedding reversible adiabatic chips into con-
ventional restoring circuits may be a viable yet simple solution for both, energy
saving and reversibility of computation.
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