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Abstract: This paper presents a novel threshold-compensation technique for multi-stage voltage
multipliers employed in low power applications such as passive and autonomous wireless sensing
nodes (WSNs) powered by energy harvesters. The proposed threshold-reduction technique enables a
topological design methodology which, through an optimum control of the trade-off among transistor
conductivity and leakage losses, is aimed at maximizing the voltage conversion efficiency (VCE) for a
given ac input signal and physical chip area occupation. The conducted simulations positively assert
the validity of the proposed design methodology, emphasizing the exploitable design space yielded
by the transistor connection scheme in the voltage multiplier chain. An experimental validation and
comparison of threshold-compensation techniques was performed, adopting 2N5247 N-channel
junction field effect transistors (JFETs) for the realization of the voltage multiplier prototypes.
The attained measurements clearly support the effectiveness of the proposed threshold-reduction
approach, which can significantly reduce the chip area occupation for a given target output
performance and ac input signal.

Keywords: voltage multiplier; threshold compensation technique; wireless sensing node (WSN);
energy harvesting

1. Introduction

Wireless sensor nodes (WSNs) are valuable burgeoning technologies which have been
ubiquitously adopted in a wide range of applications, such as building monitoring, environment
control, and military systems [1]. The upsurging need for passive and autonomous WSNs demands
advanced technology to scavenge energy from the surrounding environment [2-5]. Energy harvesting
is a promising solution, and can be employed to satisfy the power demand of WSNs.
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Conventional energy harvesters adopt, in sequence: (a) a transducer to scavenge energy from
the environment, (b) an input matching network to minimize the power reflection, (c) a rectifier to
condition the input signal into a constant supply voltage, and (d) a power management unit (PMU) to
store and regulate the harvested energy, as shown in Figure 1.

Due to the low power density of harvesting transducers (<10 mW/ cm? [6]), the input voltage
levels attainable at the matching block output are often below the operational threshold voltage of the
WOSN. Therefore, customary power conditioning interfaces for energy harvesters are suitably designed
to up-convert and regulate the input voltage coherently with the specifications of the target WSN.

Impedance . Power
matching  Rectifier o hagement unit
Yy Pt Wireless
Transducer J_ J_ sensor node
T T
L 1

Harvesting interface

Figure 1. General architecture of a wireless sensor node (WSN) powered by an energy harvester interface.

Voltage multipliers are rectifiers employed to generate a constant output voltage that exceeds
the maximum peak-to-peak voltage of the input ac signal. Unlike conventional dc—dc up-converters
relying on inductive components to boost the output voltage, voltage multipliers comprise only
diodes or diode-connected transistors and capacitors, thereby enabling a better silicon integration [7,8].
Saif et al. [9] proposed a quantitative comparison between capacitor- and inductor-based switched
converters. In [9], two dc—dc converters were designed and prototyped adopting the 1 um Silicon on
Insulator (SOI) fabrication process. Both converters were designed to step up the input voltage from
5V up to 400 V. One converter was implemented with a multistage boost architecture, whereas the
other converter was implemented adopting charge pumps. The boost converter outperformed the
charge-pump-based architecture in terms of power conversion efficiency, output current, and silicon
area; however, in applications where limited performances can be tolerated and packaged volume is a
stringent requirement, voltage multipliers substantiate a better implementation.

Traditional on-chip multipliers are based on the circuit topology proposed by Dickson in [10],
where two non-interleaving clock signals, used as input ac source, are coupled with parallel capacitors
interconnected by diode-connected transistors, as depicted in Figure 2. Dickson-based voltage
multipliers are conventionally adopted to program electrically erasable programmable read-only
memories (EEPROMSs) [11-13] or to reduce the leakage power and the fetch access time in static
random-access memories (SRAMs) and in dynamic random-access memories (DRAMs) [14].
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Figure 2. Circuit schematic of (a) Negative-Channel Metal Oxide Semiconductor (NMOS) and (b) Positive-
Channel Metal Oxide Semiconductor (PMOS) implementations of a multi-stage Dickson rectifier.
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The continuous progress observed in complementary metal-oxide—semiconductor (CMOS)
technology scaling extended the range of possible applications in which voltage multipliers can
be adopted [15]. As result, voltage multipliers can be operated at higher input frequencies and at
lower peak-to-peak ac input voltages. Under the aforementioned operating conditions, rather complex
traditional multiplier topologies, which profitably exploit on-chip clocks to generate a constant output
voltage, are outperformed by simpler rectification designs, when considering the attainable power
conversion efficiency (PCE, defined as the ratio between the input output power during steady state
operation) and voltage conversion efficiency (VCE), estimated considering the ratio between the output
dc voltage and the peak-to-peak amplitude of the ac input voltage.

The Dickson topology can also be readopted to rectify a single ac signal (e.g., RF applications)
by grounding the dc input and one of the two clock inputs [16,17], as shown in Figure 3.
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Figure 3. Circuit diagram of (a) NMOS and (b) PMOS implementations of a multi-stage Dickson
voltage multiplier in the case of a single power source.

The limitation imposed by the Dickson multiplier becomes increasingly noticeable as the input ac
voltage approaches the transistor threshold voltage employed in the multiplication chain, which is
operated in cutoff mode for most of the conduction period. This effect is referred to in the literature as
the input dead-zone of voltage multipliers [18].

Threshold-compensation techniques [19] inevitably entail a physical chip area overhead of
the integrated circuit (IC), and allow a reduction of the input dead-zone imposed by the physical
characteristics of non-ideal MOS transistors (e.g., channel length, insulator thickness). The threshold
reduction (in this article, the expression threshold reduction refers only to boosting techniques
which are used to either increase or decrease the gate voltage of MOS transistors) is achieved
by supplying a bias offset voltage at the transistor gates, resulting in an enhanced transistor
conductivity (i.e., a reduced on-resistance (Rpy)), which, considering Negative-Channel Metal Oxide
Semiconductor (NMOS) transistors operated in saturation, as shown in Figure 4, can be expressed

as [20]:
2L, Vps

~ unCoxWi(Vos — Vra + Viias)2(1 — AVpg)’

where V7 is the threshold voltage of a transistor, Vs is the gate-to-source voltage, Cox is the oxide

Ron

)

capacitance, L, and W, are, respectively, the channel length and width, A is the channel-length
modulation parameter, and j;, is the electron mobility.

The direct consequence of a threshold voltage reduction is the increased leakage current,
which might eventually yield a degradation of the overall PCE.

Therefore, this paper introduces a topological design methodology aimed at maximizing the VCE
through an optimum trade-off among transistor conductivity and leakage losses for a given input
signal and chip area occupation.
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Figure 4. Circuit schematic of an NMOS transistor with a superposed dc bias voltage.

This paper is organized as follows. Section 2 explains the trade-off between the bias voltage
and the total number of stages for a multi-stage voltage multiplier. Section 3 provides an overview
on prior-art Vrg-compensation approaches. Section 4 presents the proposed threshold-cancellation
technique. Section 5 compares the state-of-the-art Vrgy-reduction techniques with the proposed design
methodology. Section 6 shows and discusses the attained measurements. Section 7 concludes the paper.

2. Overview of Passive Threshold-Compensation Techniques

The multiplication efficiency attained by the Dickson rectifier exploiting on-chip clock
signals as input power source does not depend on the number of multiplier stages [10]. Hence,
IC implementations of voltage multipliers are customary based on the Dickson topology [19].
The pumping node voltage expression of the Dickson multiplier is given by [21]:

I
v, = C our

| Ve = =0Ty Ve, 2
n C1Cp A€~ F(C+Cp) TH TH )

where 7 is the number of the considered multiplication stage, V4¢ is the input ac peak-to-peak
amplitude voltage, f is the input frequency, Ioyr is the average current supplied to the load,
C is the capacitance value for the coupling capacitors, and Cp is the strain capacitance relative
to each multiplication stage. Equation (2) was derived neglecting the nonlinear voltage—current
characteristic pertaining to the metal-oxide-semiconductor field-effect transistor (MOSFET) model.
When considering the circuit topology shown in Figure 3, the input ac signal is injected only in half
of the available pumping cells; hence, the rectifier attains a multiplication stage after two ensuing
pumping nodes. Therefore, the output voltage behavior can be expressed as:

N c lour

Vour = = | == — ————=~ —Vru| — Vru, 3
our =75 | e AC T fler gy VT TH @)
where N is the total number of pumping nodes. Equation (3) entails a minimum input voltage condition
given by:
C+CpN+2 Iour
\% \% — 4
ac> —c N Vrat FC (4)

to be fulfilled in order to attain a positive output voltage. Whenever the peak-to-peak amplitude
of the input signal does not fulfill the condition expressed in Equation (4), the problem of the input
dead-zone of voltage multipliers is incurred [18].

At low power levels, the Dickson multiplier topology attains performance rigidly related to the
threshold voltage of transistors in the rectification chain.

The problem of the input dead-zone can be reduced by making specific technological choices like
Schottky diodes, floating-gate transistors, or zero-Vrp transistors as pumping devices, as proposed
in [22-25]. The choice of a non-standard fabrication process intrinsically entails an enhanced fabrication
cost for the rectifier.
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Threshold-compensation techniques, implemented using standard CMOS technology, can be
adopted to provide a bias voltage at the gate terminal of the transistors, as depicted in Figure 5.
One implementation of this technique can be found in [26], where an external battery was
employed to provide the required bias voltage. The proposed system is not passive; therefore,
the threshold-compensation technique in [26] inherently imposes constraints on the possible
target application.
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Figure 5. Circuit schematic of a threshold-compensation technique with ideal dc bias voltages.

One category of threshold-cancellation techniques is based on a self-compensation approach
first disclosed in a patent filed by Dickson in 1980 [27]. The threshold reduction is achieved
by connecting the gate of NMOS transistors to ensuing pumping nodes in the multiplier chain.
The Vrp-reduction technique can be also implemented through backward gate connections for
a Positive-Channel Metal Oxide Semiconductor (PMOS) rectifier topology. The advantage of the
aforementioned Vrp-compensation approach lies in the profitable exploitation of inherent properties
of voltage waveforms in the inner nodes of the Dickson rectifier. The dc voltage component in the
Dickson multiplier raises progressively through the rectifier chain from the ac input to the dc output.
Therefore, the bias voltage can be found in successive nodes of the multiplier chain. An analytical
estimation of the bias voltage generated by employing this threshold-compensation technique is
given by:

Viias = 5 TCPVAC G Vru |, 5)

where @ is the order of the compensation, which indicates the distance of the gate connection from
ensuing or preceding pumping nodes, as shown in Figure 6. In Dickson-based voltage doublers (VDs)
relying on a single power source, only even compensation orders are allowed due to the presence of
alternating phases in the inner nodes of the rectification chain. Under the assumption of a multiplier
chain implemented by maximizing the compensation order (shown in Figure 7), the bias voltage
expression can be rewritten as:

o C Iout

Viias = — | =——Vac — —29L (Vo — Viias) | -
bias 7 C+Cp AC f(C+Cp) (TH bms) (6)

Equation (6) entails a new and less-rigid input voltage condition given by:

C+Cp
C

lour

==L 7
e @)

to be satisfied in order to attain a positive bias and output voltage, thus reducing the input dead-zone

of voltage multipliers.

Vac > (VrH — Vhias) +
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Based on the approach first disclosed in patent [27], all the self-compensated passive
Vrh-compensation techniques generate a static bias voltage to reduce the threshold voltage of
transistors in the rectification chain. The simulated average step voltage, expressed as:

N
(Vn - anl)
VSTEP = % with VO =0

®)

versus the bias voltage for multiple compensated voltage multipliers differing in the total number of
stages is depicted in Figure 8.

The simulations were conducted by connecting an ideal dc source at the input of each transistor
gate, as depicted in Figure 5. The width of the transistors in the multiplication chain and the coupling
capacitors were not scaled along the rectification chain. Although the output voltage increases with the
number of multiplier stages, the maximum step voltage increment across each node tends to slowly
saturate. Furthermore, the number of stages and the optimum bias voltages increase concomitantly.
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Figure 6. Generalized representation of a voltage multiplier with (a) a second order of compensation,
@ = 2, (b) a fourth order of compensation, & = 4, and (c) a sixth order of compensation, = 6.
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Figure 7. Voltage multiplier employing (a) NMOS and (b) PMOS transistors in the rectification chain,
implemented maximizing the compensation order.
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Figure 8. Simulated average step voltage versus the static bias voltage for multiple voltage multipliers
differing in the number of stages. (V4c =500 mV, C =3 pF, L =90 nm, W = 15 uym, f = 1 GHz,
Rour =1 MQ).

The decreasing output voltage behavior is due to the exponential dependence of the reverse
leakage current (or sub-threshold current) to the bias voltage applied at the gate of the transistors in
the multiplier chain [28]. The bias voltage increases both the reverse current and the forward one;
however, the amplitude increment of the latter is slower than the amplitude sweep of the sub-threshold
current [18]. Furthermore, the time period at which the voltage multiplier endures the leakage current
corresponds to more than half of a rectifier conduction cycle [29]. As formulated in Equation (5),
the static bias voltage expression entails a linear dependence on the peak-to-peak amplitude voltage of
the input signal V4¢, and hence an exponential dependence on the leakage current when the transistors
are operated in sub-threshold. An analytical estimation of the forward current Ipg as a function of the
bias voltage can be expressed as follows [17]:

\% Vi Vi 3%
s < b o (252 1) g (S i) 1] 25,

where V7 is the thermal voltage and Ig,; is the saturation current, which—assuming a constant dc

voltage increment along the NMOS multiplier chain—can be derived as:

Ie. — 1nCoxWn (Vs — Ve + Viias)2(1 — AVps) 10
Sat — 2Ln . ( )

3. Prior Art Threshold-Compensation Techniques

Some of the prior-art passive (in this paper, the term passive is reserved for threshold-
compensation approaches relying only on the input power source available during normal operating
condition; therefore, the threshold-cancellation technique proposed in [25] is not considered as passive
because charge was injected in the device to program floating-gate transistors) threshold-compensation
techniques based on [27] are summarized in Figure 9. Voltage multipliers shown in Figure 9a,b are
contextualized to rectify a single ac signal by grounding one of the two non-interleaving clock signals
analogously to the Dickson multiplier topology shown in Figure 3.

The first approach, shown in Figure 9a, consists of paralleling node-by-node the Dickson multiplier
to charge transfer switches (CTSs) comprising the higher-order compensation chain [30]. As the
peak-to-peak ac voltage approaches the transistor threshold voltage, the higher-order compensation
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chain operates in the triode region, whereas the diode-connected transistor chain is still operated in
the sub-threshold region or in cutoff mode. The choice of a double rectifying chain entails an increased
circuit area occupation, and hence there is a possible argument for power dissipation.

Dickson chain with body effect cancellation

Dickson chain
SR A S RNy
RABE I 2 Sk 2> oW | N S L
= —— e - - 747 —— 1-'—-]— J J J J DC
Ac ] L ] T T l I~ out
in Parallel compensated chain Acin 7] 1 ‘_L L
(a) JEuTA e
2L
&= Major pumping circuit
Dcout (b)
Tl
N i S ==
A L [ [ L
ik arnnt " T AEAEAENENE L S5 ] o
AC,, \ \ ) , AC. I I 1 T I T T T
NG D " NMOS starting chain PMOS chain
(c) (d)

Figure 9. Prior-art threshold-compensation techniques for multi-stage voltage multipliers.
(a) Vry-reduction technique through charge transfer switches [30]. (b) Threshold-compensation
through body effect reduction and parallel compensated chain [14]. (¢) Vrg-cancellation technique
through a constant order forward compensated NMOS chain [18]. (d) Vry-compensation technique
realized with NMOS and PMOS transistors forward and backward compensated, respectively [16].

An optimization of the CTS technique is shown in Figure 9b. The objective is to increase the
efficiency of the multiplier by reducing the body effect through small MOSFET transistors connected
to the substrate of the main pumping devices. Another improvement is given by the unbalanced
width and number of transistors in the two chains. Analogously to the previous case, the dual-chain
constitutes the main limitation of the proposed Vrpy-reduction approach.

The threshold-compensation technique proposed by Papotto et al. in [18] is shown in Figure 9c.
The rectifier was designed generalizing the same working principle exploited by the aforementioned
techniques, proposing higher compensation orders depending on the intended threshold reduction.
Unlike all of the previously-discussed approaches, the proposed threshold-rectification comprises only
a single multiplication chain implemented in standard triple-well CMOS technology. The use of a
single chain implies a reduced number of components, and consequently a reduction in the physical
area occupation. The IC area overhead is mainly due to the capacitors and transistors in the dummy
chain. The pumping nodes in the rectifier termination chain are solely employed to generate the bias
voltage for the threshold-compensation technique. Therefore, higher voltage levels generated by the
termination chain are not supplied to the load.

Hameed et al. in [16,31] proposed a threshold-compensation technique (Figure 9d) to overcome
the limitations imposed by the dummy chain in the rectifier design. The technique uses both
forward-compensated NMOS transistors and backward-compensated PMOS transistors in a single
multiplication chain. The dual choice of NMOS and PMOS transistors allows full exploitation of
each pumping node in the rectification chain. Thereby, the output voltage can be directly attained at
the output of the last pumping node, which is implemented by an uncompensated diode-connected
PMOS transistor to reduce the leakage losses. To maintain the incremental voltage constant across the
multiplier chain, proper scaling of the pumping cells was adopted.

4. Lower-Order Compensation Chain

The lower-order compensation chain (LOCC) was devised to allow better control of the trade-off
among transistor conductivity and leakage losses through a gradual degradation of the produced
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bias levels and transistor conductivity. The technique consists of a linear and dual reduction in the
compensation order in the starting or termination chain, as shown in Figure 10. Unlike all of the
threshold-reduction techniques presented in Section 3, the LOCC employs several compensation orders
in a single multiplication chain. The order of compensation in the starting or termination chain can be
finely tuned according to the intended threshold reduction during the rectifier design.

':l
m

— J_ _L 7 1 ¢4 L N :L
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(DO —— (I)Z (I)Z == (I)4 = (I)4 - | (D4 o (D4 o (I)z =L (1)2 - q)(]
) Y 7 ) L 7% 777
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LOCC NMOS starting chain LOCC NMOS termination chain
(a) (b)
- S
Y / v i X
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(DO = (I)-z = (I)-z =4 (D.4 = (I)_4 o —L @ 4 == (I)-4 — (D-Z = q)-z + (D() -l_
ac T Z T - ac L ] |
" LOCC PMOS starting chain LOCC PMOS termination chain

(c) (d)

Figure 10. Circuit schematic of the proposed threshold-reduction technique implemented employing
(a) an NMOS starting chain; (b) an NMOS termination chain; (c) a PMOS starting chain; and (d) a
PMOS termination chain. LOCC: lower-order compensation chain.

Voltage multiplier topologies will be also characterized in a tabular form, where the transistors in
the rectification chain are represented with the relative compensation order. An example of a tabular
form representation pertaining to the circuit topology proposed in Figure 7 is shown in Table 1.

Table 1. Tabular representation of two N-stage voltage multipliers employing maximized compensation chains.

Chain Topoogy Rectifier Tabular Form
NMOS chain N N-2 N-2 N-4 N-4 .. 4 4 2 2 0
PMOS chain 0 -2 -2 —4 —4 .. 4-N 4-N 2-N 2-N -—-N

To estimate the step voltage expression for a given compensated rectifier topology, the concept of
rectifier class ¥ is introduced as:

N
‘If = Z (Dn/ (11)
n=1
where 7 is the transistor index. The average compensation order ®, expressed as:

D= (12)

z|

will also be adopted in the following derivations.
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Both parameters can assume positive and negative values to characterize forward or backward
connections, respectively. Hence, a voltage multiplier topology comprising either NMOS or PMOS
transistors in the rectifier chain can be uniquely identified by one of the two couplets (¥,N), (®,N).

The average compensation order can be normalized as:

)
o

A=1-2"1 (13)

The A coefficient is a real and positive number which can assume values between 0, for a rectifier
with a maximized compensation chain, and 1, for an uncompensated voltage multiplier.

Assuming a suitably circumvented body effect and a constant voltage increment across each
multiplier stage during steady state operation, the output voltage can be expressed as:

apN ., Np—2p

Vour 2B+ N AC 2ﬁ+NVTH/ (14)

where & and p are two dimensionless coefficients given by:

~_ C
C+¢Cy’ (15)

B = Rourf(C+Cp),

14

where Rpyr is the resistance seen by the last pumping node in the rectifier chain. Equation (14) is
attained expressing the output current as the product of the output conductance and the output voltage,
and by eliciting the latter from Equation (3).

Assuming a constant voltage increment along the multiplication chain, the step voltage
expression can be consequently derived considering the difference between two successive nodes
(e.g., Voury — Vourty_,)- The resulting expression is given by:

_ 2ap*Vac — (28* —2B)Vru

VsTEP = (26+N)2B+N—-1) (16)

Equation (16), which is derived from Equation (3), does not inherit the nonlinear voltage—current
characteristic of transistors operated in the sub-threshold region. Consequently, the step voltage
expression in Equation (16) might incorrectly assume negative values, depending on the difference
between the peak-to-peak ac voltage and the transistor threshold voltage.

The step voltage behavior for different rectifier classes, explicated as:

v 20RO Ve — (2B% — 2B)P3Vin
STEP = 2B+N)2B+N-1) '

(17)

avails from two sigmoidal correction parameters—®] for the peak-to-peak ac input voltage and ®3 for
the threshold voltage—to correct the aforementioned unfitness, and to account for the compensation
effect due to forward and backward gate connections. The two sigmoid functions, formalized as:

2A —1 Vac — Vrp®?
CI% = y arctan (AC v TH 1> + !, (18)
TH
P2 —A Vac — Vrp®?
8 q)l VTH

are based on two positive and empirical parameters, ®} expressed as:
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N
;11 2z 1 S
D =5-N ; 5 when N > 10,
n=5-3 (20)
ol = Ly hen N <1
1= (a0 w when N < 10.
and CID%, defined as:
1+A
O =1+-—r), 21
1 +2©%N ( )

which are two real and positive coefficients dependent on the total number of stages only. The effect of
the total stage number on the step voltage will be further discussed in Section 5.

Equations (18) and (19) describe how the normalized average compensation order impacts the
step voltage. The advantage of the LOCC is that the average compensation order can be finely tuned
by changing the number of diode-connected transistors, as depicted in Figure 11.

Complete LOCC Complete LOCC
o | | @] [P ¢i T Dy |4 %L D, ([0 (@] [P dal
SRS e A o o I o SR o ] e e o e A e e o e o o
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== = L
Acin Acm
(a)
Compensated chain Diode chain Compensated chain Diode chain
o (@) | [P ¢i d)l T @ | Pl [P | P4 cpi <l>i tbl D,
S w ol U o i e 3 | TT | 71 SRS o e o g e oy o N N
Nys==Nyq== Ny 3=%Nn-z==NN1 L Ny, = Nyy 2= Nysa=Nys== Ny o= Ny s =Ny, =Ny, T Ny
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(b)
Diode termination chain Diode termination chain
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NN_5==NN4+ Nys==Ny.o==Ny == Ny = N7 == Nys =Ny s-Nu.a =Nis Ny, =Ny, - Ny

Figure 11. Circuit schematic of NMOS termination chains comprising: (a) a complete LOCC, (b) a diode
chain and a compensated chain, (c) only diode-connected transistors.

The proposed LOCC technique and the relative model were validated and tested considering
12 different voltage multipliers, as detailed in Table 2. The simulation and modeling results for the
proposed topologies are summarized in Figure 12. The simulated voltage multipliers were implemented
assuming an n-well fabrication process.

The number of diode-connected transistors in the LOCC affects the step and output voltage
behavior of the rectifier, as shown in Figure 12a. At lower peak-to-peak ac voltage levels, rectifiers
with a higher average compensation order attain a higher output voltage and VCE. Conversely, at high
input voltage levels, voltage multipliers implemented with a lower average compensation order exhibit
a better output asymptotic behavior.

The VCE is shown in Figure 12d. From Figure 12b, it can be noticed that voltage multipliers
implemented with a lower number of stages attain a higher step voltage, whereas when considering
the overall output voltage, rectifiers with a higher stage number generally achieve a better performance.
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Note that t he output voltage behavior is strongly dependent on the compensation order. Therefore,
for certain peak-to-peak values of V¢, rectifiers with a higher number of stages and a higher average
compensation order might be outperformed by topologies with a lower total stage number and a lower
average compensation order.

Table 2. Tabular form of the simulated voltage multipliers.

Voltage Multiplier Topology
N Y [ Rectifier Tabular Form
16 96 6 8x9 6 6 4 4 2 2 0

16 94 5875 8x9 6 6 4 4 2 0x2
16 92 575 8x9 6 6 4 4  0x3
16 88 55 8x9 6 6 4 0x4
16 84 525 8x9 6 6 0x5
16 78 4875 8x9 6 0x6
16 72 45  8x9 0x7
12 54 45 6x7 4 4 2 2 0
12 52 43333 6x7 4 4 2 0x2
12 50 41667 6x7 4 4 0x3
12 46 38333 6x7 4 0x4
12 42 35 6x7 0x5
0.2 0.2
0.15
=
2 0.1
5
>
0.05
0
0.025
0.02
20.015
-4
2
& 0.01
>
0.005
002 04 06 01 02 03 04 05 06
VAC(V) VAc(V)
(c) (d)

Figure 12. Voltage waveforms for (a) the modeled and (b) the simulated step voltage versus V¢,
with (c) error characterization for the proposed model, and (d) simulated voltage conversion efficiency
(VCE) for the different compensation techniques. (N = 16 with | ) | =6,5.875,5.75,5.5,5.25, 4.875, 4.5;
N =12 with | & | =4.5,4.333,4.166, 3.833, 3.5; C =3 pF; L =95 nm; W = 12 ym; f = 1 GHz).

5. Comparison of Threshold-Reduction Techniques

In the following discussion, threshold-compensation techniques will be compared considering
the rectifier class and physical area occupation approximated by the total number of pumping stages
in the multiplier chain. The parallel Dickson chain proposed by the two implementations depicted
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in Figure 9a,b does not affect the resulting rectifier class (® = 0). Therefore, the two Vry-reduction
techniques proposed in [14,30] will not be considered in the following comparison.

The rectifier class expression for a voltage multiplier implemented with a maximized
compensation chain (i.e., the circuit topology represented in Figure 7 and Table 1) is given by

NZ
¥amax| = - (22)

To derive the following class expressions, an equal number of pumping stages employed in the
diode-connected chain, in the NMOS starting chain, in the PMOS termination chain, and in the LOCC
is assumed.

Premising N > 4 and N mod 2 = 0, the maximum rectifier class formulation relative to the circuit
topology proposed in [18] can be derived as:

N%+2N
¥ Papotto| = 2N when N mod 4 =0,

N? : 2N -8 @3)
Y Papotio| = % when (N — 2) mod 4 = 0.

The rectifier class expression pertaining to the threshold-compensation technique proposed in [16]
can be expressed as:

NZ
|‘FHameed| = 5 when N mod 4 =0,
2 24)
N2 2N (
|‘FHameed| = 2 when (N —2) mod 4 =0,

whereas the modulus of the LOCC class can be formulated as:

3N?
|Yiocc| = —4— when N mod 4=0,

315\;]2 AN — 4 25)
[Yroccl = % when (N — 2) mod 4 = 0.

The compensation order modulus was considered in the derivation of the Hameed rectifier class
expression, because the Hameed topology comprises both backward and forward gate connections in
the rectifier chain.

The class expressions versus the number of stages are plotted in Figure 13. The rectifier class gives
a preliminary indication of the expected threshold reduction.

200 ——Hameed
—— Papotto

150 P )
Locc '—1—

100 —— Dickson ‘.—I—ﬁ i

50— t — -
W o '
-50 ‘ "—?%
100~ 3
-150—
4 6“) é 1‘0 12 14 1‘6 18 2‘0 22

Figure 13. Rectifier class versus the number of stages for different threshold-compensation techniques.



Sensors 2018, 18, 1245 14 of 18

It is important to note that the intended threshold reduction design is influenced by the number
of multiplication stages, as depicted in Figure 8. Therefore, the rectifier design should account for
the mutual influence of the rectifier class on the number of stages ¥(N) = N(¥), inclining towards

higher classes of rectification for implementations employing higher numbers of stages.

6. Experimental Verification

The conducted experiments were aimed at validating the theoretical conjectures presented in
Section 4. The LOCC was verified by comparing the proposed technique with the Vry-cancellation
technique introduced in [18] and the uncompensated Dickson rectifier.

The five prototypes (6-stage, 8-stage, 10-stage, 12-stage, and 14-stage) were realized by employing
2N5247 N-channel junction field effect transistors (JFETs) [32] and 470 nF 104 M ceramic capacitors
wire-bounded to FR4 printed circuit boards (PCBs). Each PCB included the three different multi-stage
rectifier implementations. The two threshold-compensation techniques for the four prototypes were
implemented congruously to Equations (23) and (22).

The measurements were attained by considering a single-tone sinusoidal continuous-wave 50-()
source with a nominal frequency of 100 kHz and a 3.9 M(Q) resistive load. The output voltage of the
three implementations was measured at the last multiplier stage.

Figure 14 plots the measured output voltage and VCE versus the input power and voltage,
respectively, for three 8-stage voltage multipliers. The attained measurements agree with the theoretical
conjectures and simulations discussed in Section 4, asserting the output characteristic of compensated
and uncompensated voltage multipliers. Considering the VCE and the output voltage characteristic
when the input power is below 16.5 dBm, the LOCC outperformed both rectifiers with a lower average
compensation order.

The divergence in the attained results for the two threshold compensation techniques increased
with the order of compensation and the number of stages, as shown in Figure 15.

This property resulted in a reduced physical area occupation for a given target performance,
where a 10-stage multiplier realized by employing the LOCC attained similar performance to a 12-stage
rectifier realized with a constant compensation order if the input power was below 17 dBm.

—+ ®=0,N=8 —— ®=2.5,N=8 —— @=4,N=8

7 3.5
6 3
=5
?‘ . / 3 25
5 I / >
2
>° 3 //
15
2
1 1
0 0.5
0 0.5 1 1.5 2 0.5 1 1.5 2
Vac(V) Vac(V)
(a) (b)
7 3.5
6 3
=5
s . 25
5 4 o 2
o >
> 3 1.5
2 1
1 0.5
0 0 ¢
0 5 10 15 20 0 5 10 15 20
P,,(dBm) P;,(dBm)
(c) (d)

Figure 14. Measured output voltage and VCE versus the input power (P;,) and the peak-to-peak input
voltage (V4¢) for different voltage multiplier topologies. (Royr = 3.9 MQ), C =470 nF, f = 100 kHz).
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VOUT(V)
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3 number of stages
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Figure 15. Measured waveforms partaining to (a) output voltage versus the peak-to-peak input voltage,
(b) VCE versus the peak-to-peak input voltage, (c) output voltage versus the input power (P;,,) and
(d) VCE versus the input power. (Roy = 3.9 MQ), C =470 nF, f = 100 kHz).
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7. Conclusions

This paper introduced a threshold-compensation technique for multi-stage voltage multipliers.
The proposed Vrp-reduction technique enables a better control of the trade-off among transistor
conductivity and leakage losses through a topological design methodology, which is aimed at
optimizing the VCE for a given input signal and target output performance. The effectualness of
the threshold-compensation approach was verified and validated through simulations, asserting the
theoretical derivations for the proposed rectifier model. An experimental validation and comparison
of threshold-compensation techniques was performed, and the attained measurements clearly support
the effectiveness of the LOCC, which can effectively reduce the voltage multiplier physical area
occupation for a given target performance and ac input signal compared to previous art Vry-reduction
techniques. Future work will comprise the design, realization, and testing of an IC for the proposed
Vry-reduction technique.

Acknowledgments: This work is supported by the RFF Oslofjordfond projects: (1) Touchsensor for enklere og
raskere urinprevetaking og analyse, No. 234972, (2) Disruptiv Innovasjon for Vannovervaking—Forbedring i
Styringen av Vannkvalitet, No. 272037, (3) Papirbasert kolorimetrisk sensorsystem med integrert polymer-lyskilder
og -detektorer for kvantitativ deteksjon av biomarkerer i spytt, No. 249017, (4) Mikro/nano-strukturerte
overflater for in-situ evaporeringskjoling ved krevende No. 258902, (5) Analyse av biomarkerer i urin
med et avansert kolorimetrisk biosensorinnlegg, No. 255893, (6) Smart-tey for eldreomsorg: Oppfelging
av fysiske aktiviteter og overvakning av fysiologisk status i sanntid, No. 260586. By the Chongqing Key
Laboratory of Micro-Nanosystems Technology and Smart Transducing (No. KFJJ2017087). By the Research
Council of Norway projects: (1) FORNY2020: SENS-U: Et nytt og tidsbesparende produkt for prevetaking
og analyse av urin i bleie No. 268481, (2) NANO2021, No. 263783. By the EU Erasmus+ Capacity Building
in Higher Education: Internationalised Master Degree Education in Nanoelectronics in Asian Universities,
No. 573828-EPP-1-2016-1-BG-EPPKA2-CBHE-JP. By the National Natural Science Foundation of China:
(1) no. 61531008, (2) No. 61550110253, (3) 61650410655, (4) 11702045. By the Chongqing Research Program
of Basic Research and Frontier Technology: No. cstc2015jcyjBX0004. By the Chongging Innovation Team of
Universities and Colleges — Smart Micro-Nano Systems Technology and Application: No. CXTDX201601025.
By the 13th Recruitment Program of Global Experts” (known as “the Thousand Talents Plan”), the Recruitment
Program for Innovative Talents Chinese government, Xinjiang University, Tao DONG. By the Chongqing
Education Commission—Science and Technology Research Program: (1) No. KJ1600602, (2) No. KJ15006XX.
By the Chongqing Science and Technology Commission—the Leader of Science and Technology Innovation:
No. CSTCCXLJRC201702.

Author Contributions: Francesco Dell”’ Anna and Tao Dong performed the study. Mario R. Casu contributed in
the theoretical derivations. Ping Li, Yumei Wen, Mehdi Azadmehr and Yngvar Berg gave technical feedbacks on
the conducted research activity and helped in the manuscript revision as co-researchers and co-supervisors.

Conflicts of Interest: The authors declare no conflict of interest.

References

1.  Roundy, S.; Wright, PX.; Rabaey, J. A study of low level vibrations as a power source for wireless sensor
nodes. Comput. Commun. 2003, 26, 1131-1144.

2. Xu, C.N.; Akiyama, M.; Nonaka, K.; Watanabe, T. Electrical power generation characteristics of PZT
piezoelectric ceramics. IEEE Trans. Ultrason. Ferroelectr. Freq. Control 1998, 45, 1065-1070.

3.  Glynne-Jones, P.; Beeby, S.P.; White, N.M. Towards a piezoelectric vibration-powered microgenerator.
IEE Proc. Sci. Meas. Technol. 2001, 148, 68-72.

4. Poulin, G.; Sarraute, E.; Costa, F. Generation of electrical energy for portable devices: Comparative study of
an electromagnetic and a piezoelectric system. Sens. Actuators A Phys. 2004, 116, 461-471.

5. Richards, C.D.; Anderson, M.].; Bahr, D.F,; Richards, R.F. Efficiency of energy conversion for devices
containing a piezoelectric component. J. Micromech. Microeng. 2004, 14, 717.

6. Tran, L.G.; Cha, HK.,; Park, W.T. RF power harvesting: A review on designing methodologies and
applications. Micro Nano Syst. Lett. 2017, 5, 14.

7. Lee, WS,; Jayakumar, H.; Raghunathan, V. When they are not listening: Harvesting power from idle
sensors in embedded systems. In Proceedings of the Green Computing Conference, Dallas, TX, USA,
3-5 November 2014; pp. 1-10.



Sensors 2018, 18, 1245 17 of 18

10.

11.
12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.
28.

29.

30.

Lim, M.SM.; Islam, M.S,; Jahariah, S.; Yeo, K.H.; Ali, SH.M.; Lim, M.S.M. Comparison of latch-based
charge pumps using low voltage strategies in energy harvesting applications. In Proceedings of the IEEE
International Conference on Semiconductor Electronics, Kuala Lumpur, Malaysia, 17-19 August 2016.
Saif, M.B.; Xu, Y.; Hofmann, K. Comparison of charge pump and boost circuits for high voltage and low
power voltage conversions. In Proceedings of the ELMAR, 2016 International Symposium, Zadar, Croatia,
12-14 September 2016; pp. 67-71.

Dickson, J.F. On-chip high-voltage generation MNOS integrated circuits using an improved voltage
multiplier technique. IEEE ]. Solid-State Circuits 1976, 11, 374-378.

Lin, T.L.; Chao, L. Negative Voltage Generator for Flash EPROM Design. US Patent US5532960A, 2 July 1996.
Umezawa, A.; Atsumi, S.; Kuriyama, M.; Banba, H. A 5-V-only operation 0.6-um flash EEPROM with row
decoder scheme in triple-well structure. IEEE ]. Solid-State Circuits 1992, 27, 1540-1546.

Atsumi, S.; Kuriyama, M.; Umezawa, A.; Banba, H. A 16-Mb flash EEPROM with a new self-data-refresh
scheme for a sector erase operation. IEEE ]. Solid-State Circuits 1994, 29, 461-469.

Lin, H.; Chang, K.H.; Wong, S.C. Novel high positive and negative pumping circuits for low supply
voltage. In Proceedings of the IEEE International Symposium on Circuits and Systems, Orlando, FL, USA,
30 May-2 June 1999; Volume 1, pp. 238-241.

Ibrahim, K.; Ghanam, E.A.E.; Ali, M.; Albasha, L. Efficiency analysis of harvester circuits. In Proceedings
of the IEEE International Conference on Electronics, Circuits, and Systems, Abu Dhabi, UAE,
8-11 December 2013; pp. 799-802.

Hameed, Z.; Moez, K. Fully-integrated passive threshold-compensated PMOS rectifier for RF energy
harvesting. In Proceedings of the IEEE International Midwest Symposium on Circuits and Systems,
Columbus, OH, USA, 4-7 August 2013; pp. 129-132.

De Vita, G.; Iannaccone, G. Design criteria for the RF section of UHF and microwave passive RFID
transponders. IEEE Trans. Microw. Theory Tech. 2005, 53, 2978-2990.

Papotto, G.; Carrara, F.,; Palmisano, G. A 90-nm CMOS Threshold-Compensated RF Energy Harvester. IEEE ].
Solid-State Circuits 2011, 46, 1985-1997.

Rosli, M.A.; Anuar, S.; Murad, Z.; Nazrin, M.; Isa, M. Review of AC-DC Rectifier Circuit Based
on Complementary Metal-Oxide Semiconductor for Radio Frequency Energy Harvesting System.
In Proceedings of the Electronic and Green Materials International Conference, Surabaya, Indonesia,
30 July-1 August 2015.

Staple, B.; Watts, H.; Dyck, C.; Griego, A.; Hewlett, E; Smith, J. SPICE Level 3 and BSIM3v3.1 characterization
of monolithic integrated CMOS-MEMS devices. SPIE Proc. 1998, 3512, doi:10.1117/12.324085.

Witters, ].S.; Groeseneken, G.; Maes, H.E. Analysis and modeling of on-chip high-voltage generator circuits
for use in EEPROM circuits. IEEE ]. Solid-State Circuits 1989, 24, 1372-1380.

Karthaus, U.; Fischer, M. Fully integrated passive UHF RFID transponder IC with 16.7-spl mu/W minimum
RF input power. IEEE ]. Solid-State Circuits 2003, 38, 1602-1608.

Yi, J; Ki, WH.,; Tsui, C.Y. Analysis and Design Strategy of UHF Micro-Power CMOS Rectifiers for
Micro-Sensor and RFID Applications. IEEE Trans. Circuits Syst. I Regul. Pap. 2007, 54, 153-166.

Michelon, D.; Bergeret, E.; Giacomo, A.D.; Pannier, P. Optimization of integrated dickson voltage-multipliers
for RF energy harvesting. In Proceedings of the New Circuits and Systems Conference, Trois-Rivieres, QC,
Canada, 22-25 June 2014; pp. 448-451.

Le, T.; Mayaram, K; Fiez, T. Efficient Far-Field Radio Frequency Energy Harvesting for Passively Powered
Sensor Networks. IEEE ]. Solid-State Circuits 2008, 43, 1287-1302.

Umeda, T,; Yoshida, H.; Sekine, S.; Fuyjita, Y.; Suzuki, T.; Otaka, S. A 950-MHz rectifier circuit for sensor
network tags with 10-m distance. IEEE ]. Solid-State Circuits 2005, 41, 35-41.

Dickson, ].F. Voltage Multiplier Employing Clock Gated Transistor Chain. US Patent 4,214,174A, 22 July 1980.
Vittoz, E.; Fellrath, ]. CMOS analog integrated circuits based on weak inversion operations. IEEE ].
Solid-State Circuits 1977, 12, 224-231.

Rastmanesh, M.; El-Masry, E. A high efficiency 90-nm CMOSRF to DC rectifier. In Proceedings of the
IEEE International Midwest Symposium on Circuits and Systems, Columbus, OH, USA, 4-7 August 2013;
pp. 705-708.

Wu, J.T.; Chang, K.L. MOS charge pumps for low-voltage operation. IEEE ]. Solid-State Circuits 1998,
33, 592-597.



Sensors 2018, 18, 1245 18 of 18

31. Hameed, Z.; Moez, K. Hybrid forward and backward threshold-compensated RF-DC power converter for
RF energy harvesting. IEEE |. Emerg. Sel. Top. Circuits Syst. 2014, 4, 335-343.

32. ONSemiconductor. 2N5457. Available online: https://www.onsemi.com/pub/Collateral /2N5457-D.PDF
(accessed on 3 July 2017).

® © 2018 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
@ article distributed under the terms and conditions of the Creative Commons Attribution

(CC BY) license (http:/ /creativecommons.org/licenses/by/4.0/).



https://www.onsemi.com/pub/Collateral/2N5457-D.PDF
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction
	Overview of Passive Threshold-Compensation Techniques 
	Prior Art Threshold-Compensation Techniques
	Lower-Order Compensation Chain
	Comparison of Threshold-Reduction Techniques 
	Experimental Verification
	Conclusions
	References

