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Abstract: This paper models and analyzes the Complementary Metal Oxide Semiconductor (CMOS)
cross-coupled differential-drive (CCDD) rectifier for Ultra-Low-Power ambient radio-frequency
energy harvesters (RFEHs) working in the subthreshold region. In this paper, two closed-form
equations of CCDD rectifier output voltage and input resistance in the subthreshold region were
derived based on BSIM4 models of NMOS and PMOS. The model give insight to specify circuit
parameters according to different inputs, transistor sizes, threshold voltages, numbers of stages, load
conditions and compensation voltages, which can be used to optimize the rectifier circuit. There
is a good agreement between the simulation results and these models, and these models have a
maximum deviation of 10% in comparison with the simulation results in the subthreshold region.
The measurement results of a single-stage CCDD rectifier reported in a previous paper were adopted
to verify the model. The output voltage and input resistance predicted by these models provide
excellent consistency with corresponding measurement results. The model can be employed to
optimize the CCDD rectifier without expensive calculation in the design stage.

Keywords: RF energy harvesting; cross-coupled differential-drive rectifier; optimization; power
conversion efficiency; subthreshold region

1. Introduction

Due to the elimination of batteries and lifetime limitations, radio-frequency energy
harvesting (RFEH) is becoming a viable solution to substitute batteries and scale down
sensors’ cost and size [1,2]. The major weaknesses of RFEH in CMOS implementation are
the restricted amount of energy that can be scavenged from ambient RF sources [3-6] and
the low power conversion efficiency (PCE) of rectifiers at low input power levels [7-9].
The available RF energy in free space is confined due to the limited maximum allowed
transmitted signal strength, the rapid attenuation of signals over distances, and the limited
size of receiver antennas [4]. A previous study performed outdoor dynamic measurements
in core areas of Montreal, Canada, to study the ambient RF power density. This study
concluded that the power available to the RF energy harvester in each frequency band is
small and the GSM/LTE 850M cellular communication band has the highest average power
level in Downtown Montreal, which is —35.50 dBm. This low voltage value at the input
of the RF energy harvesters, even boosted by the impedance-matching networks, is not
high enough to produce large overdrive voltage for CMOS transistors. These transistors
all operate in the subthreshold region, resulting in high conduction losses; therefore, the
efficiency of CMOS rectifiers is low at low input power levels [7].

The dominating rectifier topologies commonly employed are Dickson and CCDD, and
they can be realized by discrete components or CMOS transistors. For RFEH, the main
advantageous component is the Schottky diode due to its low forward voltage drop, low
power losses, and high switching speed [8]. However, it has a bulky size and cannot be
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integrated into a CMOS chip. The CMOS CCDD rectifier is a more popular choice for RFEH
compared to Dickson because it provides dynamic threshold compensation to reduce dead
zones, which severely decrease the PCE when input voltage amplitudes are low [10-13].
To increase the efficiency of these rectifiers, some gate biasing techniques were utilized to
compensate Vth and reduce the ON resistance of transistors by changing the gate-source or
gate-drain voltage of transistors in CMOS rectifiers [14-18]. Some other papers studied the
body biasing of PMOS transistors integrated into a CCDD rectifier, which allows PMOS
transistors to have a scalable Vth [19-21]. Using zero-threshold or low-threshold transistors
is another method to reduce dead zones. Regrettably, these transistors are very sensitive
to process variations and their leakage current is high, making them unfit for integration
with digital blocks [22,23]. Due to the nonlinear behavior of the rectifier, optimization of
this circuit and making a good tradeoff among all parameters for RFEH are challenging.
An iterative numerical method can be used to optimize it, but computationally expensive
simulation is needed [16,24]. On the other hand, we can optimize this circuit by using an
exact analytical model for this rectifier to make optimum choices of parameters to achieve
the required gain [25,26]. However, the comprehension of CCDD topology is still deficient,
and no exact and practical analytical mathematical model or optimization guidelines are
available in previous papers.

The first compact mathematical model of CCDD rectifiers in the subthreshold region
was proposed in [27]. However, this model was based on several assumptions, such as the
characteristics of this circuit being ideally symmetrical, which is not realistic, especially
with low input RF voltage swing, and the sizes of transistors were set to given values.
These assumptions also caused the ranges of variables (W /L and threshold voltages) to be
constrained, which affected the optimization of these rectifiers. In addition, there were some
flaws in the model. Firstly, they allege that V4 = Vcoswt — Vpc, but the common-mode
voltage Vcy generated by a rectification operation acts as a static gate biasing voltage,
compensating V'th to increase the drain current of PMOS and NMOS in CCDD rectifiers [28].
The effect of V¢, which plays an important role in improving sensitivity in low input
RF voltage swing, is not taken into account in the analytical derivation process in [27].
Secondly, they suppose that the rectifier’s resistance R, = Rg = 50 , but this assumption
is in contradiction to [29]. Post-layout simulations in [29] show that the rectifier input
resistance Rj, increases greatly at low Vj, as transistors enter the subthreshold region.
Refs. [16,24] also support the results of [29]. Thirdly, they conceive that the (Isg/W) of
the device in the adopted process is 4.7686 pA/um and the width is 50 um. Thus, I is
238.43 pA, which is much larger than the same parameter in [16] and is in contradiction to
the application scenario. Another analytical model was presented in [16]. It models the
behavior of a CCDD rectifier connected to two square-wave signals in opposite phases and
employs an analogy method to rewrite the equation of output DC voltage, which can be
made between sinusoidal signals and square-wave signals according to [30]. The analogy
method presented in [30] was based on a half-wave rectifier using Shockley diodes, and
the feasibility of the analogy in [16] was not verified by experiments. Furthermore, the
proposed model also assumed the characteristics of the circuit were ideally symmetrical.
The other analytical model is proposed in [31]. However, the authors assumed that NMOS
and PMOS had the same absolute threshold voltage. Obviously, this assumption does not
hold in reality. Moreover, the Vpc is given in integral form, which is more complex and the
model should be further simplified. There are also some other analytical models [32] based
on the Dickson charge pump; nevertheless, the model of the Dickson charge pump cannot
be directly applied to a CCDD rectifier.

In addition, compensation voltages used in CCDD rectifiers were not modeled and
analyzed in previous papers. The sensitivity of rectifiers was strongly dominated by V'th,
and several Vth compensation techniques have been proposed by changing the gate-source
voltage to increase the efficiency of CCDD rectifiers at low input power levels. Although
the effect of the compensation voltage in Dickson rectifiers was taken into account in [33],
the model of Dickson rectifiers cannot be applied to the CCDD rectifier directly. The
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effect of the compensation voltage in CCDD rectifiers was mentioned in [16], but the static
compensation voltage was confused with the dynamic compensation voltage and no more
detailed analysis was conducted. Beyond that, what would be an optimum compensation
voltage for specified transistors to provide the highest efficiency at low input power levels
is unclear. Also, IoT sensors work in duty-cycled mode [16,33] in practice, which means
the harvester circuit has a large capacitor to store the RF energy, and once the voltage of
the capacitor reaches a pre-specified threshold value, the harvester circuit starts to operate
and discharges the capacitor in a short time. Consequently, the load connected to the
output of the rectifier is only a voltage sensor during the energy charging and accumulating
time, and its current consumption is in the order of several 100 nA. Therefore, to analyze
and design a harvester circuit for ambient RFEH, a model that characterizes the CCDD
rectifier’s operation behavior with a heavy load at very low input powers should be built,
which is not mentioned in previous works. Furthermore, previous papers modeled the
drain current of transistors using the weak inversion expressions of long-channel devices.
Therefore, the small-geometry effects, such as short-channel effects and quantum effects,
were not included in them. The mainstream CMOS processes for RFEH sensors are in deep
submicron sizes (0.13 pm, 90 nm, and 65 nm), and all deep submicron MOSFETs suffer the
conventional short-channel effects [34].

In this paper, an analysis model of a CCDD CMOS rectifier with dynamic and static
compensation voltages is proposed to accurately predict the output voltage and input
resistance. The model made substantial improvements compared to previous studies,
which can be summarized as follows:

e  The model is based on few assumptions. The previous papers were based on several
assumptions, such as NMOS and PMOS having the same absolute threshold voltage,
which is not realistic. The model is based on the charge conservation principle and the
BSIM4 current model flowing through the PMOS and NMOS transistors of the CMOS
CCDD rectifier at a steady state. There are no presumptions in the mathematical
derivation of the model except that transistors were working in the subthreshold
region. Therefore, the adaptability of this model is enhanced.

e  Some overlooked phenomena of NMOS and PMOS working in the subthreshold
region were discovered and some new insights were put forward from them. For
instance, the rectifier input resistance R;, working in the subthreshold region is much
larger than that working in the strong inversion region. As another example, the load
connected to the output of the rectifier is often heavy during the energy charging
and accumulating time in duty-cycled mode. Therefore, the accuracy of this model
is improved.

e  The detailed effect of the compensation voltage on the output voltage and the input
resistance of the CCDD rectifier was precisely modeled. We define the dynamic
compensation voltage as the bias voltage generated by the cross-coupled differential
circuit to automatically minimize the turn-on voltage in forward-bias conditions
and increase the turn-on voltage in reverse-bias conditions. V¢ in this paper is
dynamic compensation voltage. Other bias voltages relying on voltages at nodes of
the rectifying chain or external circuits and distributed to other gate terminals were
classified as static compensation voltages. The static compensation voltage and the
dynamic compensation voltage were first differentiated and described in this paper.
Consequently, the most popular circuits to compensate for the Vth of the CCDD
rectifier proposed in recent papers can be modeled and evaluated.

The rest of the paper is organized as follows: Section 2 presents our scheme of the
CCDD rectifier with four external compensation voltages. The detailed mathematical
derivation of output voltage is proposed in Section 3 and the derivation of input resistance
is proposed in Section 4. Sections 5 and 6 present the simulation results and measurement
results of some rectifiers alongside the derived outputs from the model. Section 7 presents
a brief discussion of the model and finally, Section 8 provides the main conclusions of
this work.
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2. CCDD Rectifier with Compensation Voltages

Figure 1 shows the CMOS CCDD rectifier, which consists of two n-channel primary
MOSFETs and two p-channel primary MOSFETs. In this schematic, an RF signal or power
flows across the transistors differentially to decrease the dead-zone area, and these gates
of transistors are dynamically biased by a differential mode signal. When the voltage
at VR, is positive, the voltage at Vgr. is negative. Then, the gate of Mp; connects to a
negative voltage, and its source connects to a positive voltage, so Mp; is ON in this case.
Concurrently, the gate of My, connects to a positive voltage, and its source connects to a
negative voltage, so My is ON too. In this case, a loop appears in the circuit, and the input
power is rectified and charges the output capacitor. Equally, when the circuit operates in
the negative cycle, My; and Mp, are ON and these two transistors form another loop to
charge the output capacitor. The DC components of gate voltages, Vx and Vy, are both
probably half of the output DC voltage Vpc under the steady-state condition, which acts as
a kind of static gate bias voltage or compensation threshold voltage [5].

Vies

Figure 1. Schematic of the CCDD rectifier with compensation voltages.

In order to further reduce the forward voltage dropping across the transistor, a static
DC bias offset V¢ at the gate of the transistor can be performed to compensate Vth, such
as in [14-16]. In addition, such compensation technology can be ideally implemented by
supplying a static bias offset V¢ between the gate and drain terminals of transistors. So,
four battery symbols are added to the gate terminal of these primary four transistors to
compensate Vth. By adding these static voltages (V.c n(p)) to the bias of these four primary
transistors, the effective turn-on voltage decreased, reducing the forward dropping voltage
across the corresponding transistor, at the expense of increasing the reverse current and
creating more chip areas.

3. Output Voltage Model of CMOS CCDD Rectifier with Compensation Voltages

The transistors in the CCDD CMOS rectifier at low input power levels all operate in
weak inversion, and current mainstream CMOS processes are deep submicron for RFEH.
Therefore, the BSIM4 MOSFET model is adopted in our model [35]. The drain current
equation in the subthreshold region for NMOS and PMOS is expressed as (1) and (2):

144 NDEN _, “ViN_YoffN vgs _ps
Ipsup,N = uNTZI\j %ZZTV%e nvr e [1 —e T ] 1)
S
W, NDEP _, Ymp~Toffp vsc _¥p
Ipsub,p = MPLTI: qss’zTV%e wWro eVt [1 —e T } 2)
S

pnep) is the mobility of the charge carrier of N(P)MOS. Wyyp) and Lyp) are the
N(P)MOS’ width and length of the channel, respectively. g represents the elementary
charge, and ¢;; = 11.7¢) is the dielectric constant of silicon. NDEN(P) represents the channel
doping concentration at the depletion edge for zero body bias of N(P)MOS, and @ is the
surface potential coefficient. Vth yp) is the threshold voltage of N(P)MOS. V' is the thermal
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voltage defined by kT/g, and n is the slope factor, which is commonly approximated as 1.
Vo is the offset voltage, which determines the channel current at vgg = 0. Obviously, the
bias voltage applied to the gate of the transistor (vg) was the sum of its DC (V) and AC
(vg) components.

We defined the following:

‘NDEN “VinN—Voff,N
qSSlz(ps V%e g )

.NDEP _, Ynr Yorrp
Isp = upy/ ‘”S}Tv%e T @)
S

Therefore, Ipsup,N(p) can be given by

Isn =un

Wy %Gs _%Ds
Ipsup,n = Is Y emVr [1 —e VT ] (5)
Ly
Wp “sc _%p
Ipsub,p = IS,PTPEWT [1 —e T ] (6)
P

When the circuit in Figure 1 is in steady state, these equations hold according to [28]:

Qr mN1 — Qr MN1 = Qr MmP1 — Qr MP1 = Q1 (7)
Qr Mn2 — Or M2 = Qr MmP2 — Qr M2 = Q2 (8)
Ql + QZ = ILoadT (9)

where Qr Mmn1, QF MN2, QF Mmp1, and Qr wvp2 are the number of charges transferred in the
forward direction through M1, Mn2, Mp1, and Mp; during one unit period T, respectively.
Here, Qr MN1, Qr MN2, OQr Mp1, and Qr mp2 are the number of charges transferred in the
reverse direction through M1, Mnp, Mp1, and Mp, during the same period T, respectively.
Q1 and Q, are the number of charges transferred in the forward direction through the
top path composed of My and Mp; and the bottom path composed of My, and Mpy,
respectively. Equation (9) expresses that the total number of charges transferred in the
forward direction is equal to charges flowing to the output load. The DC voltages of V,
Vy and Vpc converge to hold these equations.

We assume the top path and bottom path are ideally matched, and that Vx and Vy are
equal and are the same as the common-mode voltage Vcy. Meanwhile, Qp equals Q, and

they are defined as Q.
IroaaT

QU =Q=0=—7 (10)
It is proposed in [28] that if the characteristics of NMOS and PMOS are ideally symmet-
rical, the DC voltages of Vx and Vy become just half of Vpc in the steady state. But in fact,
this statement does not always hold in the subthreshold region, which is beyond the scope
of [28]. The DC voltages of Vcy and Vpc are shown in Figure 2. The measurement was
carried out with P, at —25 dBm; there is an evident difference between Vpc and 2V .
To model the circuit behavior, we analyze the voltage waveforms of the rectifier circuit,
which is shown in Figure 3. The input voltage is connected to a sinusoidal waveform,
expressed as Vi, = Vacos(wt), where V, is the amplitude of the sinusoidal input voltage.
Vpc is the output voltage across the capacitor Cr, and the load Ry.. Generally speaking, Vpc
is smaller than V,. The current waveform of the rectifier is show in Figure 4.
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Figure 2. Output voltage and common-mode voltage of the rectifier in the subthreshold region.
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Figure 3. Voltage waveform of CCDD rectifier in subthreshold region.
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Figure 4. Current waveform of CCDD rectifier in subthreshold region.

We first analyze the M path, att = t3, Vin(t) = Vpc, and Vpg of the transistor is equal
to zero. Hence, the transistor’s current is also equal to zero. After that, in the interval
between t3 and t4, the input voltage is higher than the output voltage. We call the forward
current in the subthreshold region Ipg,N1f,- The drain-source current of the transistor in
the interval ([f3, t4]) is shown in Figure 5. The gate-source and drain-source voltages of the
transistor in this interval are as follows:

vgs = Ve n + 2V, cos(wt) (11)

vps = Vacos(wt)—Vepm (12)

IpsubNifw

1 "
" °_||_T

Figure 5. Subthreshold forward conduction of Myj.

We can obtain the current of the transistor in [t3, t4], which works in the subthreshold
region according to (11) and (12):

WN Vi, N +2Vacos(wt) ~ Vacos (wt)=Vep
IDsub,N,fw = IS,N LN e "r 1—e v (13)
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After t4, in the interval between t3 + T, the input voltage is larger than the output
voltage and the source and drain terminus of the transistor switch for it. Therefore, the
transistor begins to conduct in the reverse direction. Then, the I, N1y flows in the reverse
direction, as shown in Figure 6. Thus, in [f4, t3 + T], the gate-source and drain-source
voltages are

vgs = Ven +Vem +Va cos(wt) (14)

vps =Vem — Vacos(wt) (15)

IpsubNirv

L
;yo_||—T

Figure 6. Subthreshold reverse conduction of Myj.

Vx

The transistor also works in the subthreshold region; the reverse current can be

written as )
Ve, N+VemtVacos(wt Vepr—Vacos(wt)
Wy ) — - Vr

IDsub,N,rv = IS,NTE 1—e (16)
N

Based on the transistor’s current equations in both forward and reverse conductions,
the charge conservation principle is adopted to analyze the circuit. Charges delivered by
transistors in both top and bottom paths in the forward direction to the load capacitor C,
are equal to charges delivered by these transistors in the reverse direction and charges
flowing through the load. For one transistor, charges delivered in the forward direction are
equal to charges delivered in the reverse direction and one-half of the charges flow through

the load. Both of them are calculated by integrating the corresponding current:

ta BT t3+T
/ IDsub,N,fwdt: f[ %ﬂd dt + ff IDsub,N,rvdt (17)
s 3 4

The transistors currents can be substituted by (13) and (16). The resulting equation is

ty W Ve, N+2Vacos (wt) _ Vacos (wt)=Vepm
f IS,NLTA]]‘? nvr |:1 —e VT :|df =
5 (18)
t3+T W Ve N+VemtVacos (wt) _ Vem—Vacos (wt) t3+T I
[ Isn L—ge mvr [1 —e VT ] dt+ [ “gddt
ty t3
After some manipulation, the above equation is
t3+T Wy V({/,N 2Vgcc‘>/s (wt) Vacos(ar‘if/)+VCM t3+T Lo
YWN,n n _ n _ 110ad
tf IsNTre™ |e ™7 e T dt = tf gud it (19)
3 3

Because the interval in (19) constitutes a full period, we can calculate the integrals over
[0, T] instead of [t3, t3 + T]. Fortunately, the result is irrelevant to the actual value of t3 and
ty. Working out (19) for V¢, we can obtain

. W Ve N
1%
IO(nV;—w ) _ILoad/ 2IS,N LI\I\]]E‘ "

to(t )

VCM = I’lVTli’l (20)
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I is the zero-th order modified Bessel function of the first kind, defined as
1 Vs
- JCCOS 21
Ry e
0
Also, we analyze the Mp; path following the above method and obtain
“Vep
IO<3TT) ILuad/ (21513 LII;e TnVp o ) (22)
Vboe = Vem +nVrln 7
to(at)
Substituting (20) into (22), we can obtain
Ven —Verp
[Io(an) Tpoaa/ (215 N 12\/ b ) HIO<5VT) Ipoaa/ (215 P LP e T ) ]
VDC = nVTln (23)

Wp
Ppn =2Igp5—e - Va
Lp

Py = 2NIsp e iy, 11(

Consequently, the output voltage of an N-stages CCDD CMOS rectifier Voyr is given
as VOUT =N VDC-

4. Input Resistance Model of CMOS CCDD Rectifier with Compensation Voltages

To analyze the input resistance of the rectifier, we analyze and calculate the power
dissipation of each transistor first. For a single stage, the drain-source voltage and the
transistor current are multiplied in both forward and reverse directions for these four
transistors. Then, each voltage—current product is integrated into its interval. Therefore,
the sum of these two integrals divided by the period T is the average consumed power
dissipation in a single stage.

Py = 2(Pmp1 + Puni) (24)
1 t tl-i:T
Pvp1 = 7 / Vsp,p,fw!Dsub,p, fwdt + / Vsp,p,roIDsub,p,rodt (25)
2
134T
Pyt =% / Vbs,N, fwlDsub,N, fwdt + / VD3N rolDsub,N rodt (26)

t4

The voltages and currents in the above equations are already obtained. The result is

Ypc—Vem Ven Vem
{h <2V,,) —e "I 11( Va )} —&-ZIS,N%e "W V(I (ZVg) —e™r Iy (%)] —Vbpclioas (27)
N T

n VT VT n VT

The power dissipation of the N-stage rectifier Py is obtained by the power dissipation
in the single-stage P47 multiplied by N. The power derived from the input AC source
Pinn equals the power dissipated in the N-stage rectifier Pqn added to the load power
consumption Pp 4.

Pinn = NPyj1 + Proad (28)

Also, the load voltage Vpc and the load current I1 .4 are multiplied to obtain P q.q.
Then, we obtain
“Yer Ven
IO(%)JL"“"/GIS""%{)E " ) v, ’0(%)*’L0m/ (2’5,NVLL‘NV€ T
)~ i (%) | +2NIsn e vl (2 ) n(% ) (29)
IO(HVTﬂT> 1\ wvr SNTy al’1\ wvp IO(HVTHT) 1\ nvr




Energies 2024, 17, 5356

90f17

To obtain the maximum possible power from the AC source antenna, the input
impedance of the rectifier should be matched to the output impedance of the antenna.
Unfortunately, the impedance of the rectifier circuit is affected by the parameters of this
circuit and the input power. Firstly, a closed-form equation of the input resistance is pro-
posed. Based on the basic power formula, the input power and the amplitude of the input
signal are used to calculate the input resistance:

2
PN = 22 (30)

Rinn

So, we have

RmN = —Ver
2N15,p"LL§e wr

V“IO(nVT”T) 31)

Wy 7
N

“) - [10(%) - ILnad/(ZIS,P%E#VC]:K>]Il(,,VTHT) +2N15,N%6%[10(%)11(%) - [Io(%) - (mmﬂ]ll(&)]

2Is N

As analyzed in [16], the input capacitance of the rectifier (Cj,) is mainly composed of
various parasitic capacitances, the input coupling capacitors (Co), and the gate capacitance
of N(P)MOS transistors (Conp))- These capacitances are connected in series. To avoid
any significant RF voltage dropping over C., and transfer the full RF signal to the gate of
the transistors, high-capacity capacitances are generally selected to be the input coupling
capacitors, which are much higher than the gate capacitance. According to the series
capacity formula of capacitors, the effect of C, in the input capacitance can be neglected.
So, we approximate the input capacitance of the rectifier as

CinN = NCin1 + Cpar (32)

where Cpar is the total parasitic capacitance connected to each of the RF inputs. The authors
of [16] presented that the value of CiN in post-layout simulations was much higher than
the value in schematic simulations, which indicated that the total input capacitance Cinn
was dominated by parasitic capacitance Cpagr. Therefore, when we design the impedance
matching network, the value of Ci,N obtained in post-layout simulations should be se-
riously considered to maximize the power transferred from the antenna to the input of
the rectifier.

5. Simulation Results
5.1. Simulation Setup

Cadence Spectre simulation results with single- and N-stage COMS CCDD rectifiers
configured with various specifications in the TSMC standard 65 nm CMOS process are
used to verify the model. In order to enable low-power and low-leakage IoT applications,
the low-power (LP) process portfolio is adopted. These four transistors are both high-
threshold transistors. The threshold voltage Vo of NMOS when the body bias is zero is
420 mV, and the threshold voltage Vy,o of PMOS is —370 mV, which are both retrieved
from Spectre library files. We focus on comparison between the deduction results of the
output voltage model and input resistance model and simulation results. Some param-
eters of our model are determined based on the BSIM4 4.8.2 MOSFET Model User’s
Manual [30,31], such as Vt=26mV, un = 240.734 cm?/(Vs), up = 101.835 cm?/(Vs),
PN =09743 V, D5 p = 09738 V, Vg = —103.68 mV, Vg p = —68.06 mV, NDEN = 6.5 x 10%7,
and NDEP = 6.3687 x 10"

These input capacitors C are set to 1pF and load capacitors Cy, are set to 1pF, the same
as other papers. As mentioned in the Introduction, the mode describes the CCDD rectifier’s
duty-cycled behavior with a heavy load at very low input powers. Therefore, Ry, is set to
0.45 MQ), 1 MQ), 5 MQ), and 20 MQ).
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5.2. The Single-Stage Rectifier

Figure 7 shows a comparison between the model [16,27] and the simulation results
for the output voltage at different RF power levels when the operating frequency is set to
915 MHz and the load Ry, is set to 0.45 MQ), 1 MQ}, 5 M(}, and 20 MQ). The peak voltage
is still below the threshold of the adopted process, upholding subthreshold operation. It
can be seen that the model and [16] are in accordance with the simulation results, and the
model has the smallest deviation from the simulation results, especially with heavy loads.
The maximum deviation is less than 10%.

800 800
—A-Voyr . \
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E 600 Vyr - Chong+2019 D E 600 out - Chong+2019
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s s
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e e
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Figure 7. Output voltage of a single-stage rectifier vs. input voltage. Wy = 960 nm; Ly = 60 nm;
Wp =960 nm; Lp = 60 nm; Ve n =0; Ve p = 0; (a) Rpgag = 0.45 MQ [16,27]; (b) R oaq = 1 MQ [16,27];
(€) Rpoad =5 MQ; [16,27] and (d) Ry gaq = 20 MQ [16,27].

Figure 8 shows output voltages as a function of the input power with two compensa-
tion voltages from extra circuitries. Vi is set to 100 mV and V¢ p is set to —150 mV. It can
also be seen that the model and [16] are in accordance with the simulation results, and our
model has the smallest deviation from the simulation results, especially with heavy loads.
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Figure 8. Output voltage of a single-stage rectifier vs. input voltage. Wy = 960 nm; Ly = 60 nm;
Wp=960nm; Lp = 60 nm; Vcn = 100 mV; Vcp = —150 mV; (a) Rigeg = 0.45 MQ [16];
(b) Rppad = 1 MQ [16]; (€) Rppaq =5 MQ [16]; and (d) R aq =20 MQ) [16].
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5.3. The N-Stage Rectifier

The number of stages is set to 10. Figure 9 shows output voltages as a function of
the input power of a 10-stage rectifier when Ry, was set to 0.45 M(Q), 1 MQ), 5 M(}, and
20 MQ) without compensation voltages. Figure 10 shows output voltages as a function of
the input power of a 10-stage rectifier with compensation voltages. These yielded similar
conclusions.
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Figure 9. Output voltage of 10-stage rectifier vs. input voltage. Wy = 960 nm; Ly; = 60 nm; Wp = 960 nm;
Lp = 60 nm; Ven = 0 mV; Vep = 0 mV; (a) Rygaq = 045 MQ [16,27]; (b) Rigaq = 1 MQ [16,27];
(€) Rppag =5 MQ [16,27]; and (d) Ry paq = 20 MQ [16,27].
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Figure 10. Output voltage of 10-stage rectifier vs. input voltage. Wy = 960 nm; Ly = 60 nm;
Wp =960 nm; Lp = 60 nm; Ve = 100 mV; Vep = —150 mV [16]; (a) Rioaq = 0.45 MQ [16];
(b) Rioad = 1 MQ[16]; () Rpoa = 5 MQ [16]; and (d) Rygq = 20 MO [16].

Figure 11 is the comparison results of the input resistance between the model [16] and
the simulation results at different RF power levels when the operating frequency was set to
915 MHz and the load Ry, was set to 0.45 M(), 1 M(), 5 M(), and 20 MQ). The peak voltage
is still below the threshold voltage of the adopted process, holding subthreshold operation.
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It can be seen that the model is in accordance with simulation results. Although [16] shows
good agreement when the input is relatively large, the deviation increases when the input
is small. Meanwhile, this result is consistent with the conclusion of [29] that the rectifier’s
input resistance Rj, increases greatly at low Vi, as transistors enter the subthreshold region.
Because compensation voltages make no difference to input resistance, the results of input
resistances with compensation voltages are not mentioned.
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Figure 11. Input resistance of 10-stage rectifier vs. input voltage. Wy = 960 nm; Ly = 60 nm;
Wp =960 nm, Lp =60 nm;, VC,N = 0; VC,p = 0; (a) RLoad = 0.45 MQ [16], (b) RLoad =1MQ [16];
(€) Rpoag =5 MQ [16] and (d) Rpaq =20 MQ) [16].

5.4. PVT Variation Effects

PVT is an acronym for process, voltage, and temperature. Chip designers model
chips at various process, voltage, and temperature corners in order to make them function
after manufacturing in all scenarios or conditions. PVT variations are mostly considered,
and most other variation is swallowed up in the process part. In the rectifier, the supply
voltage is supplied from an antenna with a matching network. The incident RF power of
the antenna is unpredictable and has a large dynamic range. So, Va is taken into account
in our simulations, and other factors causing supply voltage variation are ignored. For
process corners, we run simulations at FF, S5, and TT corners. For temperature, we run
simulations at 0 °C, 25 °C, and 70 °C.

Figure 12 shows output voltages as a function of the input power of a single rectifier
when T was set to 0 °C, 25 °C, and 70 °C, respectively, without compensation voltages.
uN, Up, VinN, VofiN, Vinp, and Vg p were set according to different temperatures. Tem-
perature variations have a certain influence on the differences between the model and
simulation results, but this influence was in an acceptable range. Figure 13 shows input
resistances as a function of the input power of a single rectifier when T was set to 0 °C, 25 °C,
and 70 °C, respectively, without compensation voltages. Temperature variations have a
certain influence on the differences between the model and simulation results, but this
influence was in an acceptable range. When the process is set to TT, the effects are minimal.

Figure 14 shows output voltages as a function of the input power of a single recti-
fier when process was set to FF, TT, and SS, respectively, without compensation voltages.
Figure 15 shows input resistances as a function of the input power of a single rectifier when
process was set to FF, TT, and SS, respectively, without compensation voltages. We obtain
the same results.
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6. Measurement Results

The CCDD rectifier was fabricated in the 65 nm standard CMOS technology by the
authors of [15] and the measurement results were reported in [15]. Rectifier transistors
are low-threshold transistors, and the rectifier was optimized separately for its optimum
performance. In this experiment, Wy is set to 1480 nm, Ly is set to 180 nm, Wp is set to
4000 nm, Lp is set to 100 nm, frequency is set to 433 MHz, and the load Ry, is set to 0.1 MQ),
according to [15]. The measurement setup consists of a vector network analyzer and a
digital multimeter. A GSGSG differential prober with a reference plane set to the on-chip
pads of the rectifier’s input is used to probe and sweep the chip. When the output RF
power of the vector network analyzer is swept, the corresponding S-parameters and output
voltage at the load are recorded. The instantaneous input power delivered to the rectifier
is calculated by subtracting the transmission and the reflection losses from the RF power.
The measurement setup is popular and commonly utilized in related articles, and a block
diagram of the measurement setup is given in Figure 16. So, these measurement results
are adopted to verify the model. Meanwhile, we use the proposed model and the model
of [16] to predict the output voltages and input resistance.

Probe Vour
- Network Analyzer o v
,"\ cooo cooo RF+,
I\ s888 () @888 GSGSG c Multi
A [\ oooo oooo . . i »
\J \ 8888 L., 89288 Differential Rectificer| =
7 Nex 8888 888 8888 RF Probe 4 meter
- cooe 222 oooo : =
BRRE R Vre
oo oo ® ®
L Probe

Figure 16. The block diagram of the measurement setup used in [15].

Figure 17 shows the measured output DC voltages of [15] and results predicted by the
proposed model and the model of [16] versus the input powers. The threshold voltage of
NMOS is around 379 mV and the threshold voltage of PMOS is around —429 mV. Both of
them are found in simulation data. The measured results, predicted results of the model,
and predicted results of [16] are consistent where the input powers are below —25 dBm (the
peak voltage is still below the threshold of the adopted process). Furthermore, the proposed
model matches the measured results better than the model of [16] in the subthreshold range.

800

_A_VOUT
——Vour- Noghabaei+2022

D
o
o

_'_Vou‘r - Measured

Output Voltage(mV)
&
o

[hS]
(=]
(=]

P, (dBm)

Figure 17. Measurement output voltages and predicted output voltages by the proposed model and
the model of [16].

Due to the lack of input resistance data in [15] and input resistance being reflected
from PCE according to the derivation process, the PCE results of [15] are adopted to verify
the model. Figure 18 shows the measured PCE of [15], and the PCE predicted by our model
and the model of [16] versus the input powers. The measured results, predicted results of
the model, and predicted results of [16] are consistent where the input powers are below
—25 dBm. Furthermore, the proposed model matches the measured results better than the
model of [16].
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Figure 18. Measurement of PCE and predicted PCE by the proposed model and the model of [16].

7. Discussion

For a single stage, the deviation is relatively large when the input voltage is near
150 mV. This is due to the fact that our model is based on BSIM4, which is only valid in
particular regions of operation, and several approximate models were connected mathe-
matically to provide a continuous model. The transistors were working at the junction of
the depletion region and weak inversion region when the input voltage was near 150 mV.
Therefore, the regional approach leads to inaccuracy between regions.

In addition, the Vth compensation technique is effective in limiting the “dead zone”,
but it has no significant impact on the final output voltage. Evaluating the effects of the
Vth compensation technique and finding the optimum (V¢ N, Vc p) pair to maximize the
output voltage at a given input power level in any specific process are our future plans and
will be proposed in our next paper.

Finally, the model is specific to the topology in Figure 1. CCDD topology is a large
class of commonly utilized rectifiers, and a great number of new rectifiers are based on
CCDD topology. It is very easy to model and analyze them on the basis of our model.
Certainly, the model cannot be adapted to other topologies, such as Dickson.

8. Conclusions

In this paper, we successfully modeled a CMOS CCDD rectifier in the subthreshold
region for an Ultra-Low-Power ambient RF energy harvester. The effect of the compensation
voltages was also considered in this model. This model was validated with the simulation
results with CCDD rectifiers (with or without compensation voltages). Each rectifier was
tested over four different loading conditions with an external resistive under different
ambient RF levels. The results derived from our model had excellent consistency with
simulation results. Some measurement results reported in previous papers were also used
to verify our model. This model can be applied to implement a non-iterative algorithm to
make an optimum choice of parameters to achieve the optimized gain.
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