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Abstract—This paper discusses the potential of adiabatic cir-
cuits for simultaneously achieving energy-efficiency and security.
Despite the presence of adiabatic logic for more than six
decades, some of the relatively recent improvements demonstrate
the significant benefits that adiabatic circuits can provide in
niche applications such as RF-powered devices. An overview of
these improvements is provided, highlighting the primary design
challenges and opportunities related to adiabatic circuits.

I. INTRODUCTION

Emerging Internet-of-things (IoT) based applications have
emphasized the importance of two design metrics simultane-
ously: energy-efficiency and security. Most computing systems
that target an IoT application should satisfy high efficiency (to
either extend battery life or operate under limited harvested
energy) and at the same time achieve sufficient security charac-
teristics to ensure confidentiality. In addition, these objectives
need to be satisfied under a resource-constrained environment,
further exacerbating the circuit design process.

Adiabatic circuits with AC power supply signals have,
once again, started to receive significant attention to address
these challenges. The primary rationale in leveraging adiabatic
operation lies in its ability to significantly lower power con-
sumption as compared to static CMOS operation and exhibit
enhanced hardware security characteristics such as higher
resistance to side-channel attacks.

Some of the traditional challenges related to adiabatic
operation are mitigated via relatively low complexity IoT
systems that may not demand very high performance and novel
design methodologies that have been proposed during the past
decade. This paper provides an overview of adiabatic circuits
and related challenges that have become limiting factors for
widespread adoption of adiabatic operation. Some of the recent
developments are also highlighted to demonstrate how existing
challenges can be partially mitigated.

II. BACKGROUND ON ADIABATIC CIRCUITS

The introduction of adiabatic circuits dates back to 1960s
when physicist Landauer discussed the concepts of irreversibil-
ity and heat generation for computing systems [1]. In this
context, adiabatic operation refers to a computing process that
does not increase the entropy of the environment [2]. While
achieving a truly adiabatic operation may be challenging and
impractical (due to extremely slow movement of current and
unavoidable static losses in conventional CMOS processes),
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Fig. 1. Illustration of adiabatic charging with a trapezoidal power supply
signal as compared to traditional charging with a constant DC voltage.

various logic families have been proposed to lower power
consumption by leveraging adiabatic operation [3]-[7]. Even
though these logic families exhibit significant differences in
terms of how close they get to fully adiabatic operation,
the primary characteristic is the presence of a variable/AC
power supply signal in the form of a trapezoidal or sinusoidal
waveform. This signal also behaves as a clock signal for the
adiabatic circuit since it synchronizes the flow of data and
typically referred to as power-clock signal.

Consider the equivalent circuit of an adiabatic operation
shown in Fig. 1. R represents the on-resistance of the transistor
and the interconnect resistance of the output wire and C
represents the output load capacitance. The power supply
signal is a trapezoidal waveform with a transition time of
t.. If ¢, is sufficiently long as compared to the RC time
constant, then v.(t) approximately follows wvg4(t), thereby
minimizing the power loss across R. Under this assumption,
the overall switching energy dissipated per cycle (consisting
of both charging and discharging) is

RC
tr
Unlike conventional static CMOS based operation where
switching energy does not depend upon transition time, in
adiabatic operation, a larger transition time reduces the over-
all switching energy, as described by (1). Critical transition
time ¢ at which the switching energy consumed by static
CMOS operation (Ey; = %aCVde) is equal to the switching
energy consumed by adiabatic operation can be determined by

comparing Eg; with (1) and is given by,

JJC

(0%

swi:2

su CVZ,. (1)

crit __
t, =

2)

where « is the switching activity factor. Thus, if ¢, is greater
than ¢¢"*, adiabatic circuits consume less switching energy
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Fig. 2. Single-phase power-clock generator using, (a) stepwise charging
circuit for n-steps, (b) resonant LC' network.

than conventional circuits. As such, applications that operate
at relatively low frequencies and with moderate to high activity
factors are good candidates for adiabatic operation. It is
however important to note that at sufficiently low frequencies,
energy dissipation due to leakage can dominate and increase
the overall energy in adiabatic operation. Thus, the overall
energy reaches a minimum at a specific frequency that is
highly technology dependent. It can vary from KHz range
(for technologies where leakage current is relatively more
controlled) to tens of MHz range (for technologies that are
more prone to leakege current) [8]. Furthermore, since most
adiabatic logic families are dynamic in nature (i.e., the output
charges and recovers in each cycle of the power supply
signal even though input signals remain stable), power gating
adiabatic circuits during idle mode is of practical importance
to minimize energy dissipation. The power gating circuitry
should be developed while considering the design character-
istics of the power-clock generator.

III. DESIGN CHALLENGES AND OPPORTUNITIES
A. Power-Clock Generation

The performance of an adiabatic system is dependent on
both the power-clock generator (PCG) and the adiabatic cir-
cuit load. The energy-efficient generation and distribution of
the power-clock signals is significantly challenging. The AC
power-clock generation from a DC power supply has been
studied extensively and is typically classified under two cate-
gories: (1) step charging capacitive networks and (2) resonant
LC' networks. Fig. 2(a) shows the fundamental structure of
a step-wise charging circuit for a single phase power-clock
signal [9], [10]. The power-clock signal is generated in N-
steps instead of a single step, thus reducing the energy dissi-
pated by a factor of IN. The transistor switches are typically
driven using FSM controllers and should be equally sized. The
circuit is self-stabilized via large tank capacitors (C'r). Multi-
phase power-clock signals are generated by using multiple
instances of the above single-phase block and the switch inputs
are adjusted to generate the respective phases. However, this
method of PCG is considered practically inefficient since: (i)
the size of the tank capacitor must be significantly bigger than
the load to ensure stability, (ii) there is an exponential energy
loss between every step of the ramp, (iii) adiabatic circuits may
operate at frequency ranges where the leakage losses from the
transistors are predominant [10], [11].

The second method of PCG is implemented with resonant
LC network, as illustrated in Fig. 2(b) for the simplest 1IN
single-phase generator [12]. In the figure, the adiabatic circuit
is represented by its equivalent load (resistance, Ry, and capac-
itance, C'1.). The oscillator generates a sinusoidal power-clock
signal with phase ¢; and the frequency and amplitude are
controlled with an external control signal, S. The conversion
efficiency, which is defined as the ratio of energy dissipated
on the adiabatic load to the total energy delivery by the DC
supply, for the above PCG at resonance is 70%. Four-phase
LC resonant PCGs have been presented in [10], [13] for a
trapezoidal power-clock signal. The conversion efficiency has
been shown to be 85% for a 7 MHz power-clock signal [13].
However, the LC resonator circuits discussed thus far use off-
chip inductors. In order to save area and minimize the use
of passive elements, [14] generates four-phase power-clock
signals by using logic gates such as clocked multiplexer and
ring oscillators. However, this approach suffers from signal
degradation and performance losses. Additionally PCGs that
utilize on-chip inductance generally have a low quality factor,
which can significantly impede the energy efficiency [15]. To
address this issue, developing custom resonators using MEMS
technology in an integrated CMOS/MEMS process is an active
research topic. MEMS resonators with a @) factor more than
100 are presented in [15], achieving performance benefits of
50x for adiabatic logic compared to static CMOS.

B. Performance Limits and Impact of Parasitic Capacitance

According to (2), the transition time of the AC power supply
signal should be sufficiently large (as compared to the RC' time
constant) to reduce switching energy. This requirement exists
to ensure a sufficiently slow (i.e. adiabatic) charging process,
thereby minimizing the resistive loss across the driver. This
dependence of energy on transition time unavoidably limits
the performance. More advanced technologies with scaled
RC time constants can be helpful to improve performance of
adiabatic logic while still saving significant switching energy.
For example, in modern technologies with load capacitances
and on-resistances in, respectively, low fF and kOhm range,
less switching energy can be achieved at frequencies in the
GHz range. The energy savings are more considerable in the
hundreds of MHz.

Another important consideration in (1) is the quadratic
dependence of switching energy on capacitance, which is
unlike conventional static CMOS where the dependence on
capacitance is linear. An important implication of this stronger
dependence is the impact of parasitic interconnect capacitances
on the overall switching energy. Particularly for adiabatic logic
families with differential output and cross-coupled structure,
the higher interconnect capacitance at the output nodes can
reduce the switching energy savings. For example, in our work
where we developed a lightweight encryption core using effi-
cient charge recovery logic in 65 nm CMOS technology [16],
we observe that the energy savings as compared to static
CMOS is approximately 8.2 at the schematic level. When the
parasitic interconnect impedances are considered at the post-



layout level, the energy savings are reduced to approximately
4.9x. Optimum cell layouts to minimize parasitic impedances
are therefore essential in adiabatic circuits.

C. Lack of Design Automation

Majority of the work in adiabatic circuits is implemented
as a full custom design, tailoring them to primarily low-
complexity applications. However, in order to envision the
widespread application of adiabatic circuits for larger systems,
it is critical to automate the design process in a robust
fashion. The automation in the synthesis stage of the design
flow was extensively studied for logically reversible adiabatic
circuits with bijective functions [17]. Alternatively, for energy
recycling adiabatic circuits, existing works primarily focused
on physical design process. In [18], [19], an automated design
flow is presented, where standard cell adiabatic gates have
been characterized and used with existing commercial physical
design tools for synthesis, floorplanning, placement, routing
and design verification. The power-clock tree design and
distribution is one of the most crucial design considerations,
as discussed in Section III-A. A balanced H-tree or any
other symmetric clock distribution is recommended for the
power-clock signals in [18]. The placement of the cells is
strategized by creating as many rows as the logic levels to
enable an efficient power-clock distribution and to reduce
the interconnect parasitic impedances. In [19], a power-clock
mesh is employed for each clock phase using the top metal
layers and metal tracks are reserved in every standard cell
to enable automated and efficient placement and routing. The
authors in [20] have designed an energy recycling circuit by
evaluating all the CMOS logic gates at the same time using a
single AC power-clock signal, thereby permitting only minor
modifications to the static CMOS based design flow and hence
improved compatibility with the existing tools. To achieve the
highest energy savings from adiabatic circuits and to enable the
design process of complex IoT systems with many operation
modes, robust EDA methodologies are needed, which remains
as an open problem.

IV. RECENT DEVELOPMENTS
A. Adiabatic Circuits for RF-Powered loT Applications

Adiabatic circuits exhibit a highly encouraging opportunity
for IoT devices that harvest RF power. Some examples to
these applications include RFID-based systems and wireless
sensor nodes that traditionally have highly limited computing
capabilities. An existing digital logic within these RF-powered
devices can be adiabatically driven since the wirelessly har-
vested signal is already in the form of a sinusoidal wave-
form [21], [22]. This approach has several significant benefits
in enhancing energy efficiency of the RF-powered logic: (1)
the challenges related to the generation of the power-clock sig-
nal are partially mitigated, (2) significant power loss related to
rectification process in conventional methods is eliminated, (3)
digital logic runs more efficiently due to adiabatic operation.
An important consideration for this approach is that the carrier
frequency becomes the power-clock frequency for the logic.
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Fig. 3. Harvesting the required power-clock signals of adiabatic logic directly
from a wireless link in a RF-powered application.

For example, for an RF-powered application in the HF RFID
band, the wirelessly powered adiabatic logic needs to run at
13.56 MHz. Thus, the energy-performance requirements of the
application should match with the carrier frequency of power
harvesting, which also affects the antenna size.

In our work, we developed a near-field inductive coupling
based wireless link to adiabatically power an 8-bit arithmetic
logic unit (ALU) designed in various adiabatic logic families
using 65 nm technology [23]. The transmitted power within the
wireless link is 24 dBm at 13.56 MHz. The power efficiency
reaches -37.4 dB at a distance of 6.5 cm, assuming that the
transmitting and receiving coils are aligned. Our simulation
results demonstrate up to 30x reduction in power consumption
as compared to a static CMOS based ALU powered via a DC
voltage obtained after rectification. This significant reduction
in power was achieved with pass transistor adiabatic logic
(PAL) that requires two power-clock signals that are out-of-
phase [23]. These two signals are directly harvested by two
receiving coils configured to produce 180° phase difference,
as shown in Fig. 3. Since the wirelessly harvested signal is
a bipolar sinusoidal waveform, the negative components of
the signal should be removed to ensure correct operation. An
efficient signal shaper consisting of a single transistor and
feedback capacitor was developed for this objective, as shown
in Fig. 3 [24]. An important disadvantage of PAL is that
the output nodes remain floating for a short period of time
during operation, which degrades robustness. We have also
investigated the use of efficient charge recovery logic (ECRL)
for RF-powered applications since it exhibits higher robustness
and permits low voltages (AC signal amplitude) [25]. ECRL,
however, requires 4-phase operation with four power-clock
signals that have 90° phase difference. Thus, a phase shifter is
required with passive LC' components [26]. The size of these
passive devices increases to reduce resistive loss, particularly
at low frequencies. Thus, existing adiabatic logic families
exhibit interesting tradeoffs for RF-powered applications and
new logic families can be developed in future work for
wireless power harvesting.

B. Enhanced Hardware Security via Adiabatic Logic

Adiabatic circuits exhibit enhanced hardware security char-
acteristics, particularly against side-channel analysis attacks.
Since they dissipate much less energy, the amount of side-
channel leakage such as current, power, EMI, and temperature
is lower due to less SNR. Similarly, since the power supply
signal acts as a clock signal that inherently pipelines the



system, the correlation between side-channel data and input
signals is further reduced. These security characteristics have
been studied and novel adiabatic logic families have been
developed to further enhance side channel resistance of adia-
batic logic by minimizing side-channel leakage [27]-[29]. One
such leakage mechanism exists during the recovery phase of
adiabatic operation. Since the recovery typically relies on a
pMOS transistor, some of the charge remains at the output
node since the pMOS turns off when output node reaches
threshold voltage. Thus, less current flows from the power
supply during the following charge cycle, thereby leaking
information on the previous input signals.

In our recent work, we developed an adiabatic lightweight
encryption core based on bit-serial SIMON algorithm [16].
The adiabatic operation relies on ECRL with 4-phase power-
clock signals, designed in 65 nm technology. At 13.56 MHz
power-clock frequency, the encryption efficiency (determined
in Kb/sec/uW) is increased by approximately 5x as compared
to a static CMOS implementation. This significant increase in
efficiency is achieved at the expense of a slight decrease in
throughput (18%) and slight increase in physical area (2%).
Furthermore, we mounted a correlation power analysis (CPA)
attack to determine power-based side channel resistance of
an adiabatic SIMON core. We used a Hamming distance
based power model to calculate the correlation coefficients and
determined the worst-case measurements-to-disclosure (MTD)
to retrieve all of the key bits for both static CMOS and
adiabatic implementations. According to these results, the
MTD for static CMOS based unprotected SIMON core is
1,354 whereas the MTD for unprotected adiabatic version
is 5,718. Thus, adiabatic implementation inherently exhibits
more than 4x higher resistance to power based side-channel
analysis attacks.

V. CONCLUSION

Adiabatic circuits offer more than an order of magnitude
improvement in energy efficiency at frequencies in the range
of tens to hundreds of megahertz in modern technologies.
Furthermore, adiabatic logic is inherently more resistant to
power-based side channel attacks, making it highly applicable
to resource-constrained IoT devices. Some of the recent devel-
opments on power-clock generation, performance limitations,
and design automation were reviewed in this paper. The fea-
sibility of adiabatic logic for wirelessly powered applications
has been demonstrated.
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