




Fig. 4: Schematic of a diode-connected MOS peak detector.

Fig. 5: An RLC model of an LC phase shifter with load.

drain junction diodes are turned on when the junction voltage

exceeds the forward-on threshold, dissipating unnecessary

power due to significant forward bias diode current. Thus, a

peak detector is introduced to avoid the power loss.

A peak detector is a serial connection of a diode-connected

transistor and a capacitance (at the bulk terminals of the pMOS

devices), producing an unregulated DC voltage equal to the

peak value of the applied AC signal, as depicted in Fig. 4.

The output of the peak detector is used to properly bias

the bulk nodes of the pMOS devices. Note that unlike a

conventional rectifier that provides sufficient current at the

output, the current across the peak detector is negligible. Thus,

the peak detector is more power efficient as compared to

conventional rectifiers that need to drive resistive loads. This

issue is further discussed in Section IV-A.

2) Phase Shifter: As shown in Fig. 3(a), the two inductors

within the secondary coupling circuit are configured such that

the two harvested AC signals have 180◦ phase difference,

thereby providing a pair of complementary power-clock sig-

nals (0◦ and 180◦). A phase shifter is required to generate the

remaining two power-clock signals (90◦ and 270◦).

Phase shifters generate a fixed phase angle along a trans-

mission line driven by an electromagnetic wave of a certain

frequency. Switched low pass and high pass topologies are

commonly used in monolithic microwave ICs for achieving a

flat band of 180◦ phase shift [14]. Inspired by this topology,

the low pass arm is extracted from the switched line phase

shifter to generate the four-phase power-clock signals. The

proposed phase shift circuitry can be modeled as a π-LC low

pass network, as shown in Fig. 5.

The values of inductor (L) and capacitor (C) that generate

Fig. 6: Proposed PAL based AC computing system: (a) 2-phase

power-clock generation and signal waveform, (b) schematic of

PAL based inverter, (c) chains of PAL logic gates.

a phase shift of θ are determined from

L =
Z0 sin θ

ω
and C =

1− cos θ

ωZ0 sin θ
, (4)

where Z0 is the parallel impedance to alleviate the effect of

varying load impedance on the output of the phase shifter. In

the RLC model of phase shifter, Z0 is given by,

Z0 = R0 ‖ (RL +
1

sCL

). (5)

B. Wirelessly Powered Pass Transistor Adiabatic Logic (WP-

PAL)

The primary components of the wirelessly powered (WP)

pass transistor adiabatic logic (PAL) based approach is de-

picted in Fig. 6 [15], [16]. Contrary to ECRL where the

nMOS transistors are grounded, in PAL, nMOS transistors

are connected to the AC power-clock signal, as shown in

Fig. 6(b). Thus, full charge recycling (rather than partial)

can be achieved since nMOS transistors can fully discharge

the output capacitance [17]. A PAL inverter consists of two

pass-transistors N1, N2 for the logic function, and a pair of

charging/recovering transistors P1, P2. The operation of the

PAL inverter can be summarized as follows. Assume that

initially, input signal in is at logic high and AC supply PCLK

is rising. A conducting path is formed between outbar and

PCLK since N1 is on. Thus, node outbar follows the PCLK

whereas node out is floating. As the PCLK reaches the

threshold voltage, transistor P1 turns on and fully charges

outbar. Finally, when the PCLK is falling, the charge stored

at outbar node is fully recovered through both N1 and P1.

Note that PAL is a two-phase logic where the AC supply

of each consecutive gate is 180◦ out-of-phase, as illustrated in

Fig. 6(c). Thus, when one of the gates is at the “evaluation”

phase, the preceding gate is at the “hold” phase, maintaining

the input signals stable for the evaluating gate. This behavior

is also a significant advantage over ECRL that requires four-

phase operation. Thus, contrary to ECRL, in PAL based AC

computing for wireless devices, a phase shifter is not needed
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Fig. 7: Schematic of a diode-connected MOS signal shaper.

within the receiver, thereby reducing the overhead power

consumption. Note that the two inductors within the receiver

are configured such that the two harvested AC signals have

180◦ phase difference, which is sufficient for PAL operation.

Despite these advantages, PAL cannot correctly operate

with the harvested AC signal that has both positive and

negative voltage components. To mitigate this limitation, a low

complexity signal shaper is proposed, as described below:

1) Signal Shaper: The proposed signal shaper, as shown

in Fig. 7, consists of a pMOS transistor with the bulk, gate,

and one of the junctions shorted together. The input is the

wirelessly harvested AC signal with -1 V to 1 V whereas

the output is from 0 to around 1 V. The signal shaper lets

the output approximately follow the shape of the input AC

signal, but does not let the output fall below zero volt (thereby

eliminating the negative voltage component). Specifically, the

transistor is sized to act as a voltage divider where the output

signal is always positive.

IV. RESULTS

To quantify the benefits of AC computing methodology, a

bit-serialized SIMON32/64 block cipher is developed using

65 nm CMOS technology in both conventional and proposed

methods. The proposed implementation of SIMON is intended

for data encryption within RF-powered IoT devices with

limited resources. The simulation results are presented in the

following sections.

A. Auxiliary Circuits

Auxiliary circuits refer to the supporting circuitry required

for each approach (such as phase shifter, peak detector and

signal shaper for the proposed approaches). A low-complexity

RF-DC converter/regulator is designed for the conventional

approach. Typical maximum power conversion efficiencies at

low input power levels are in the range of 30 to 40% due to

voltage drop across the diodes [18]–[21]. To ensure a fair

comparison between conventional and proposed approaches,

the RF-DC converter/regulator is designed to achieve a power

efficiency of 32.9%. The output voltage is regulated at approx-

imately 1 V. For WP-ECRL, the output of the phase shifter is

illustrated in Fig. 10, demonstrating 90◦ phase difference. The

peak detector and signal shaper are also designed to maximize

power efficiency.

TABLE I: Performance of the bit-serialized SIMON32/64

cipher implemented in proposed and conventional approaches.

Architecture Conventional Proposed

Logic Static Logic ECRL PAL

Average Power (µW) 9.12 0.91 0.27

Throughput (Kbps) 753 616 616

Efficiency (Kb/sec/µW) 83 677 2281

Transistor (#) 2966 2258 1242

B. Bit-serialized SIMON32/64 Cipher with AC Computing

ECRL and PAL based encryption circuits are supplied with a

sinusoidal signal with an amplitude of 1.2 V. The conventional

static logic is powered by a DC supply of 1.2 V. All of the

circuits run at 13.56 MHz, the standard frequency for silicon

based item-level RF identification [22].

Since adiabatic logic is inherently pipelined, additional

clock phases are introduced within combinational logic. To

guarantee proper functionality, the conventional FIFO-based

SIMON block cipher architecture should be modified, as

illustrated in Figs. 8 and 9 for, respectively, round and key

expansion functions. The dashed-line boxes denote the mod-

ifications/additions in the proposed architecture, as further

described below.

First, the FIFO-based bit-serial implementation uses con-

ventional registers as the memory elements. Due to the multi-

phase operation of selected adiabatic logic, a certain number

of inverters are cascaded to realize the function of registers

for data synchronization.The second modification is merging

the multiplexers with the FIFO blocks, referred to as merged

blocks in Figs. 8 and 9, to ensure that the operation is

completed in one clock cycle. Assume that the round function

is running the first round in Fig. 8. The output of FIFO 1 is

an input for the 4-to-1 multiplexer. Shift register up (SRU) and

FIFO 1 store the upper 16-bit word block in the current state.

When the MSB of the upper block is shifted right by one bit,

the LSB in FIFO 1 should be ready for the computation of

the next bit. To achieve this and maintain the consecutiveness

of bitwise computation, multiplexer is merged with the first

register of FIFO. Otherwise, the LSB in FIFO 1 would

only arrive to the output of the multiplexer since an adiabatic

multiplexor introduces one clock phase. Finally, the additional

clock phases in computing path are compensated by adding the

balanced transfer paths, as depicted in Fig. 8 and Fig 9.

A software implementation of SIMON32/64 in MATLAB is

also developed to verify the correctness of encryption. The in-

put vectors of SIMON32/64 used in the simulation consists of

initial keys 16’h 1918 1110 0908 0100, plaintext 8’h

6565 6877. The correct ciphertext is 8’h c69b e9bb.

The simulated output waveforms of three implementations

are shown in Fig. 11, demonstrating the correct encryption

operation.

The simulation results comparing the proposed implemen-

tation with the conventional approach are listed in Table I

where average power, throughput, and efficiency are listed.

According to the simulation results, the proposed methodology

reduces the average power consumption by up to 34 times at

942



Fig. 8: Proposed adiabatic architecture for round function of the bit-serialized SIMON32/64 cipher.

Fig. 9: Proposed adiabatic architecture for key expansion of the bit-serialized SIMON32/64 cipher.
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