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Design of Switched-Capacitor Voltage Boost Converter for
Low-Voltage and Low-Power Energy Harvesting Systems

Tetsuya HIROSE™®, Member and Yuichiro NAKAZAWA', Nonmember

SUMMARY  This paper discusses and elaborates an analytical model
of a multi-stage switched-capacitor (SC) voltage boost converter (VBC) for
low-voltage and low-power energy harvesting systems, because the output
impedance of the VBC, which is derived from the analytical model, plays
an important role in the VBC’s performance. In our proposed method, we
focus on currents flowing into input and output terminals of each stage and
model the VBCs using switching frequency f, charge transfer capacitance
CF, load capacitance Cy, and process dependent parasitic capacitance’s pa-
rameter k. A comparison between simulated and calculated results showed
that our model can estimate the output impedance of the VBC accurately.
Our model is useful for comparing the relative merits of different types
of multi-stage SC VBCs. Moreover, we demonstrate the performance of
a prototype SC VBC and energy harvesting system using the SC VBC to
show the effectiveness and feasibility of our proposed design guideline.
key words: Internet of Things (IoT), energy harvesting, voltage boost con-
verter, output impedance

1. Introduction

The development of ultra-low power LSIs is expected to
lead to the expansion of the next-generation Internet-of-
Things (IoT) era. IoT devices will be a promising commu-
nication platform for collecting and delivering information
throughout the world [1]-[8]. As shown in Fig. 1, a huge
number of distributed IoT edge nodes will be installed ev-
erywhere to measure various types of physical data in our
surroundings, store and process the measured data, and out-
put the data on demand. To realize such a society, [oT edge
nodes must operate with low power because they will prob-
ably be used under conditions where they have to draw nec-
essary energy from poor, less-than-ideal energy sources.
Energy harvesting has been studied and gained in-
creasing attention as a means of enabling battery-less and
maintenance-free systems [9]-[20]. Table 1 summarizes the
typical characteristics of various energy sources. As shown
in Table 1, the harvesters can supply approximately several
tens of micro-watts. However, we cannot use the output
voltages of the harvesters directly because they are too low
to operate LSIs or battery chargers. Therefore, an ultra-low
power and highly efficient power management circuit with a
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Fig.1 10T society with huge number of distributed edge nodes.

Table 1  Characteristics of various energy sources
Energy source Output voltage | Output power density
Light (indoor) ~0.6V ~10s yW/cm?

Vibration ~10s V ~10s pW/cm?

Thermal energy ~10s mV ~10s uW/cm?

voltage boost converter (VBC) is required.

As a VBC, switched capacitor (SC) VBCs are widely
used to boost the output voltage of harvesters because the
SC VBCs can convert a low-voltage input to a high-voltage
output efficiently and can be implemented on a chip without
using external off-chip components. In addition, a higher
output voltage can be obtained easily by connecting SC
VBCs in cascade [17]-[26].

Analytical models of multi-stage SC VBCs are use-
ful for investigating and estimating the VBCs’ perfor-
mance [27], [28]. Although conventional models using sim-
ple SC VBCs have been discussed in [29], [30], few reports
on a model using more practical SC VBCs can be found. In
addition, although the conventional models use the switch-
ing frequency f and flying capacitance Cr to model a VBC,
a load capacitance C and complementary SC configuration
are not taken into account. Therefore, the modeling accu-
racy is insufficient for use in actual VBCs.

In this paper, we develop and elaborate an analytical
model of a multi-stage VBC. In our model, we focus on
currents flowing in input and output terminals of each stage,
and then the output impedance is derived by using switching
clock frequency f, charge transfer flying capacitor Cg, and
load capacitor Cp. A complementary SC configuration is
also taken into account. By deriving the output impedance
of the VBC, we can estimate and design a highly efficient
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multi-stage SC VBC. We also discuss the effect of non-ideal
parasitic capacitance and resistance, and we conduct a dedi-
cated performance comparison using ideal, short-, and long-
channel MOS switches. Moreover, a prototype SC VBC
and energy harvesting using the SC VBC are developed to
show the effectiveness and feasibility of our proposed design
guideline.

This paper is organized as follows: Sect. 2 describes the
operation of the SC VBC. Section 3 explains our modeling
method. The effects of parasitics on the SC VBC are dis-
cussed and some key performance metrics are derived theo-
retically. Section 4 shows the effectiveness of the model and
demonstrates a prototype SC VBC and energy harvesting
system using the SC VBC. Section 5 concludes the paper.

2. Switched-Capacitor VBC

Figure 2 (a) shows a schematic of a simple SC VBC. It can
generate an (n + 1) times higher V,,,, from an input voltage
Vin by connecting n-stage SC VBCs in cascade. However,
many stages are needed to generate a higher V,,; because the
clock (CLK) has the same voltage as Vij,.

Figure 2(b) shows a schematic of a modified SC
VBC. The VBC consists of a flying metal-insulator-metal
(MIM) capacitor Cr and switches, which are driven by non-
overlapping control clock signals. The VBC accepts two
different voltages of Vg and Vi, which are different from
Fig.2 (a), and generates a higher Vs with a lower number
of stages. When SW1 and SW2 are ON and OFF, respec-
tively, Cg is charged with Vi, — V. After that, when SW1
and SW2 toggle, the top potential of Cr can be expressed as

(D

because the bottom potential of Cr becomes V. This way,
we can obtain a higher output voltage.

However, the V, is disconnected from Cr when SW2
is OFF. This causes the output voltage to reduce and de-
grades the power conversion efficiency (PCE). A comple-
mentary circuit configuration is often adopted to cope with
this problem [31]-[34]. Figure 3 (a) shows a schematic of
the complementary circuit configuration including a load ca-
pacitor Cr. The complementary block is added to Fig. 2 (b).
Figure 3 (b) shows its circuit symbol.

To generate a higher V,,, we can use multi-stage SC
VBCs. As aforementioned, only one way can be utilized to
obtain a higher V,,; when we use simple VBCs [Fig. 2 (a)].
However, several ways are possible when we use modified
VBCs [Fig.2 (b)] because we can use intermediate output
voltages at each stage as Vg and Vi. For example, three
ways can be utilized to obtain 3 X Vj, as shown in Figs. 4 (a)—
4 (c). However, judging which topology is the best is quite
difficult without performing SPICE simulations. Therefore,
we need a design guideline to develop a highly efficient
VBC.

Vour = Vin + Vu = V1,

WA

V., b—o oTo o—DV,,

SW2

SW1

(b)
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Fig.2  Schematics of (a) simple and (b) modified SC VBCs.
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4  Topologies of 2-stage VBC (Vout = 3 X Vip).

3. Modeling for Multi-Stage SC VBC

3.1

Preliminaries

In this section, we discuss a method for modeling



448

V1(t1) i : :
0 1z 1!

v, : i

Vi) |- | |

‘/2(t1) D ————————D>i
i phase 1 phase 2 E=t

0 T/2 T

Fig.5 Output waveforms of 1st (top) and 2nd stages (bottom).

multi-stage SC VBCs by taking Fig. 4 (a) as an example. In
our modeling method, we suppose the following conditions.

1. All switches are ideal switches.

2. Parasitic capacitance can be ignored.

3. Currents flowing into the input terminals can be esti-
mated from the output current.

4. The non-overlapping period of the clocks is extremely
small.

Note that, with these conditions, output waveforms of each
stage can be regarded as ideal sawtooth waves as shown in
Fig.5 when the output load current is I;,, where T (= 1/f)
is the clock period, f is the clock frequency, V,(0), Vi(T/2),
and Vg are the maximum, minimum, and average output
voltages of the 1st stage, and V»(0), V(T /2), and Vy, are
the maximum, minimum, and average output voltages of the
2nd stage. From Fig. 5, the average output voltages of each
stage can be expressed as

_ Vi) +Vi(T/2)

Vi1 = > , 2)
V2(0) + Vo (T/2)

Vi = ——————, (3)

and the ripple voltage Vi, at the output can be expressed as

Viip = V2(0) = Vo (T/2). “)

Figure 6 shows currents flowing into the input and output
terminals when SW1 and SW2 are OFF and ON, respec-
tively. As shown in Fig. 6, when the load current ;. flows
into the output, the same current /;, flows from Vy. In addi-
tion, I, also flows from V,, to V.. Therefore, we obtain the
following equation as

LT

Vi) = —. (&)

Cr(Vin - >
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Fig.7 Equivalent topology of Fig. 4 (a) considering load current.

As depicted in Figs.4 (a)—-4 (c), we can estimate currents
flowing into each terminal.

3.2 Equivalent Model of SC VBCs

Figure 7 shows an equivalent topology of Fig. 4 (a) consider-
ing load current. We can divide the circuit into two circuits
by using each output current and output voltage of the 1st
stage as current and voltage sources as shown on the bottom
in Fig. 7. By dividing a circuit into each stage, we can derive
the output impedance.

Figure 8 (a) shows time domain circuits in each phase.
The configuration in both phases are almost the same, except
for ON switches (e.g., S1B is ON in phase 1, while S1A is
ON in phase 2) because the SC VBC utilizes the comple-
mentary circuit configuration. From Fig. 8 (a), we can re-
draw frequency domain circuits as shown in Fig. 8 (b). Ini-
tial voltages for the capacitors are expressed by the voltage
sources, and their voltages are determined by the voltages at
the end of each phase. We analyze phase 1 in the frequency
domain because the VBC alternately operates in phase 1 and
phase 2.

Figures 9 (a) and 9 (b) show the frequency domain cir-
cuits of the 1st and 2nd stages, respectively. The output volt-
age of the st stage can be solved using Kirchhoff’s current
law (KCL) because the output current of the 1st stage is 211,
as depicted in Fig. 4 (a). From the KCL for node VA (s), we
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Fig.9  Frequency domain circuits of Fig. 4 (a): (a) 1st and (b) 2nd stage circuits
can obtain the following equation us to analyze the 2nd stage using Eq. (9)
Via(s)— (Yo Vm) 2 Via(s)— L2 Er0@ the KCL for node V,4(s), we obtain the following
s s =0. (6) equation:
1/sCg S 1/sCL Wy W v (T/2)
Therefore, VA(s) is expressed as Vaa(s)— ( s ) +I_L " Vaa(s)— == =0. (10
o Vi) 24 ; H/sCr s G
1a(s) = @ 5 e~ (Cr +CL) @ Therefore, Vaa(s) is expressed as
where @1 = Cg/(Cg + C1) and a, = Cp/(Cg + C). From v _ (2Via Vi VZB(T/2) Iy 1
Egq. (7), we obtain the time domain voltage ViA(Z) as 24(8)=a PR A T R2(CpiCL) (11
Via() = 12Viy + axVin(T/2) - ZILC (8) From Eq. (11), we obtain the time domain voltage V4 (?) as
Att = T/2, Eq.(8) can be expressed by Vaat)=a1(2ViA(T/2)=Vin)+a2Vap(T/2)- LCL t. (12)
2h Z, 9) Att =T/2, Eq.(12) can be expressed by
. SILT
Voa(T/2) = 3Vip — ——, 13
24(T/2) "G 2 (13)

Via(T/2) = 2Vi, — —
1a(T/2) "G 2
because V5(7/2) is equal to VA (T'/2) due to the symmetri-
cal VBC’s operation. From the aforementioned analysis, we

obtain the output voltage of the 1st stage, thereby enabling because Vop(7/2) is equal to Voa(T/2)
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Fig.10  Equivalent circuit model of Fig. 4 (a).

Table2  Output impedance of each topology (2-stage VBC)
2-stage VBC (Vou = 3Vin) | Output impedance
Fig.4 (a) %
Fig. 4 (b) %
Fig.4(c) %

From Egs. (3), (12), and (13), the average output volt-
age V2 is given by

9C]: + IOCL

Vier =3Viyy — ———1..
a2 4fCR(Cr+CL) ©

14
From Eq. (14), we can derive an equivalent circuit model of
Fig.4 (a) as shown in Fig. 10. The model consists of a volt-
age controlled voltage source, output impedance, and load
current. The second term of Eq. (14) stands for the conduc-
tion loss of the VBC, and, thus, we can model the perfor-
mance of the multi-stage VBC.

Table 2 summarizes the calculated output impedance
of each topology [Figs.4 (a)-4(c)]. As can be seen, the
output impedance of Fig.4 (a) is the largest, while those
of Figs.4 (b) and 4 (c) are the smallest and the same. This
means that the circuit topology shown in Fig. 4 (a) is inap-
propriate due to the large output impedance. In addition, we
can find that the two input terminals of Vi, and Vy of the
stage are exchangeable because the output impedances of
Figs. 4 (b) and 4 (c) are the same.

3.3 Modeling with Parasitic Capacitance

In Sect. 3.2, we ignore the parasitic capacitance of the VBC
to simplify the analysis. However, we must consider para-
sitic capacitance to develop an accurate model. Figure 11
shows a modified schematic of Fig. 3 (a) with bottom-plate
parasitic capacitances Cy, and C,.. The parasitic capacitance
can be expressed as Cp, = kCg and Cy = kCyL, where k is
the process dependent parasitic capacitance’s parameter.

3.3.1 Output Voltage

Figure 12 shows time and frequency domain circuits of in-
cluding bottom plate parasitic capacitance. We ignore Cy,
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Fig.11  Schematic of complementary VBC with bottom plate parasitic
capacitance.

because the bottom plate voltage of Cy. is kept at 0 V. With
the same procedure as discussed in Sect.3.2, the average
output voltage of the 2-stage VBC is given by

(9-4k)Cp+(10-4k)CL
4fCr(Cr + CL)

Compared with Eq.(14), we find that parasitic capaci-

tance reduces the maximum output voltage and its output

impedance (the details of the derivation are discussed in
Appendix).

Vi = (3—4k+k*)Vin—

L. (15)

3.3.2 Output Impedance and Ripple Voltage with Area
Constraint

Each stage of the VBC has two Cgs and one Cp, and, thus,
the total capacitance Cyyy per stage is 2Cg + Cr.. The output
impedance Z,, and ripple voltage Vy;, can be expressed by

7o - 28 + 1)((9 — 4k)B + (10 — 4k))
4B(B + 1)f Croma ’
I _ (Zﬁ + l)IL
2f(Cr+CL) 2B+ 1) fCior’
where S is the ratio of Cr and Cr, (i.e., 8 = Cg/CL). From
Eqgs. (16) and (17), Z,y decreases and Vj;, increases as 3 in-

creases. Therefore, we have to pay attention to the trade-off
between the output impedance and ripple voltage.

(16)

Vrip =

a7

3.3.3 Power Conversion Efficiency (PCE)

We can derive the PCE 7 using our model, which is ex-
pressed as

Pout _ POllt
Pin Pout + Plossr + Plossb

n= (13)
where Pj, and P,y are the input and output power, and Pjogs;
and Pjop are the impedance loss and bottom-plate parasitic
loss, respectively. From Egs. (15) and (16), Poy and Pjossr
are expressed as

Poy = Vaer I, (19)
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bottom plate parasitic capacitance.

Piossr = outl]% (20)

Possb can be obtained as follows. From Fig. 11, when SW1
or SW2 are ON, Cy, (= kCp) is charged with Vy. After that,
when SWs toggle, the charge is discharged to V.. Therefore,
Piossb can be expressed as

Piossh = fKCEVE + fKCr(Via(T/2)* = V2), 1)

where the first and second terms are the loss in the first and
second stages, respectively. Therefore, from Eqgs. (18), (19),
(20), (21), and (A-4) (see Appendix), the PCE can be ex-
pressed as
(3 =4+ k)Vip — CEE0 G 1 )
n= n 4fCr(Cp+CL) . Q2

= kI?
(3= 8k+3K2)Vinly + (2= k2 fKCE V2 + &b

From Eq. (22), we find that the maximum PCE will be de-
termined by not only the load current /i, but also the clock
frequency f.

4. Results
4.1 Simulation Results

We evaluated the accuracy of our model by using SPICE
with a set of 65-nm standard CMOS process parameters.
We designed 3-stage VBCs that generate 6 X Vj,. Figure 13
shows the circuit topologies we evaluated. Four topolo-
gies are possible. Table 3 summarizes the calculated output
impedance of each topology. From Table 3, we can estimate
that Fig. 13 (a) has the smallest output impedance.
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Fig.12  (a) Time domain circuits and (b) frequency domain circuits of Fig. 11 in each phase with
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Fig.13  Four possible topologies of 3-stage VBC (Vout = 6 X Vip).

In the following simulations, the input voltage Vi,
switching frequency f, process dependent parasitic capac-
itance’s parameter k, and on- and off-resistance of the ideal
switches were set to 120 mV, 20 kHz, 0.005, 5 Q, and 1 TQ,
respectively. The voltage swing of the non-overlapping
clock signal for MOS switches was set to 1.0 V for a fair
performance comparison of the different topologies. We set
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Ciotal (= 2Cg+Cy) to 150 pF and investigated three different
capacitance conditions: (Cg, Cr) = (20, 110 pF), (50, 50 pF),
and (70, 10 pF).

Figures 14, 15, 16, and Table 4 show and summarize
the comparison results. The results revealed that the output
impedance of Fig. 13 (a) had the smallest output impedance
as expected. Therefore, we found that Fig. 13 (a) was the
most suitable configuration. Figure 14 shows the output
voltage as a function of load current when we used ideal
switches. We compared the simulated results with the cal-
culated results, which were obtained using our proposed
model. As shown in Fig. 14, the simulated and calculated
results were almost the same in all cases, demonstrating that
our proposed model could estimate the output impedance

Table3  Output impedance of each topology (3-stage VBC)
3-stage VBC Output impedance
Fiel3 | 4oipoaucroc
Fig. 13 (b) (2(17k)(107k)1f1)CCF}EE£2+(E/§)(107k)+2)CL
Fig. 13 (c) (2(2—k)(8—k);;éc}:;a(i(é;/)c)(8—/f)—4)CL
Fig. 13 (d) (2(2—k)(10—4k)zjl_)cc;lzgiz+(é;/;)(10—4k)+2)CL
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of the multi-stage VBC accurately. We also found that a
larger Cr widens the load current range. Figure 15 shows the
output voltage as a function of load current when we used
short-channel MOS switches. The channel length was set
to 60 nm. The simulated output voltage slightly decreased
as a whole, compared with the calculated results. In addi-
tion, as can be seen in Fig. 15, the output impedances of the
VBCs slightly decreased. This was because we used non-
ideal MOS switches. We set the rogs of the ideal switches
to 1 TQ. However, the rygs of the MOS switches were less
than the ideal ones. The MOS switches could not be suffi-
ciently turned off. Therefore, the output voltages and out-
put impedances decreased. Figure 16 shows the output volt-
age as a function of load current when we use long-channel
MOS switches. The channel length was set to 200 nm.
As channel length L increases, rons and rogs increase [35].
Therefore, the output voltage was close to the calculated
results.

We investigated the output impedance and ripple volt-
age of Fig.13(a). We set Cia (= 2Cr + Cr) and load
current /1. to 150 pF and 20 nA, respectively. Figure 17
shows the simulated and calculated output impedance as
a function of Cg/Cy. The output impedance decreased as
Cp/Cy increased. The simulated output impedance showed
good agreement with the calculated results. Figure 18 shows

-O=sim. [Fig. 13(a)] —v— Sim. [Fig. 13(0)
= = Calc. [Fig. 13(a)] == Calc. [Fig. 13(c)]
—&—Sim. [Fig. 13(b)] = Sim. [Fig. 13(d)]
0.6 - - Cal. [Fig. 13(b)] - — Calc. [Fig. 13(d)]
>0.4
02 ["=O-Sim. [Fig. 13(a)] =%~ Sim. [Fig. 13(c)] __o:glan;c- {Eg E}:H t gg"c H;:g ngH
— —Calc. [Fig. 13(a)] — Calc. [Fig. 13(c)] =& Sim. [Fig. 13(b)] =0 Sim. [Fig. 13(d)]
| =&~ Sim. [Fig. 13(b)] =¥ Sim. [Fig. 13(d)] = =Calc. [Fig. 13(b)] === Calc. [Fig. 13(d)]
- ~Cal. [Fig. 13(b)] == Calc. [Fig. 13(d)]
0 ! ! ! 0 1 1 1 1 1 1 1 1
0 10 20 30 40 50 0 10 20 30 40 10 20 30 40 50
I, [nA] I [nA] I [nA]
(a) (b) (c)
Fig.14  Output voltage of VBC using ideal switches as function of load current. Cioa (= 2Cr + CL)
was set to 150 pF. Capacitances (Cg, CL) were set to (a) (20, 110 pF), (b) (50, 50 pF), and (c) (70,
10 pF).
=O-Sim. [Fig. 13(a)] =%~ Sim. [Fig. 13|
= Gele-[Fi. 13(a
0.6 o b)] + — Calc. [Fig. 13
>04}
02 - _—o:(sllar?c {E:g Bf:ﬂ _: (S::I‘c [Elg 1%8}
~&~Sim. [Fig. 13(b)] == Sim. [Fig. 13(d)]
- Calc. [Fig. 13(b)] === Calc. [Fig. 13(d)]
0 L L = L L L L L L L
0 10 20 30 40 10 20 30 40 10 20 30 40 50
I, [nA] I InAl IL InA]
(a) (b) (c)
Fig.15  Output voltage of VBC using MOS switches (L=60 nm) as function of load current. Ciota

(= 2Cg + Cp) was set to 150 pF. Capacitances (Cg, C1) were set to (a) (20, 110 pF), (b) (50, 50 pF), and

(c) (70, 10 pF).
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~O—Sim. [Fig. 13(a)] —¥= Sim. [Fig. 13(c)]
e
0.6 (b)] - = Calc. [Fig. 13(d 0.6
=04 >0.4
0.2 0.2 D280 e Be) 2 fRe 30 22 [Be e = a e )
—&—Sim. [Fig. 13(b)] =~ Sim. [Fig. 13(d)] ~&—Sim. [Fig. 13(b)] = Sim. [Fig. 13(d)]
= =Calc. [Fig. 13(b)] === Calc. [Fig. 13(d)] = =Calc. [Fig. 13(b)] *=== Calc. [Fig. 13(d)]
0 L L 0 Il Il Il Il Il Il Il Il
0 10 20 30 40 50 0 10 20 30 40 10 20 30 40
I [nA] I [nA] I, [nA]
(a) (b) (c)
Fig.16  Output voltage of VBC using MOS switches (L=200 nm) as function of load current. Ciota
(= 2Cf + CL) was set to 150 pF. Capacitances (Cg, C1,) were set to (a) (20, 110 pF), (b) (50, 50 pF), and
(c) (70, 10 pF).
Table4  Comparison of output impedance
Output impedance [MQ]
Topology (Cg, CL) = (20, 110 pF) (Cg, CL) = (50, 50 pF) (Cp, CL) = (70, 10 pF)
Calc. Sim. Sim. Sim. Calc. Sim. Sim. Sim. Calc. Sim. Sim. Sim.
(ideal) | (L=60nm) | (L=200nm) (ideal) | (L=60nm) | (L=200nm) (ideal) | (L=60nm) | (L=200nm)
Fig.13(a) | 11.1 11.2 10.8 11.0 4.36 4.39 4.34 4.33 3.04 3.13 3.10 3.01
Fig. 13(b) | 13.6 13.7 13.3 13.5 5.35 5.39 5.34 5.33 3.75 3.85 3.82 3.73
Fig.13(c) | 173 17.6 17.1 16.9 6.85 6.84 6.82 6.78 4.83 4.86 4.85 4.72
Fig. 13(d) | 26.0 25.6 24.1 25.1 10.3 10.1 9.91 10.0 7.31 7.24 7.09 7.09
— 10
G
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Fig.17  Output impedance as function of Cr/CL. Fig.18  Ripple voltage as function of Cy/CL..

the simulated and calculated ripple voltage as a function of
Cg/CL. The ripple voltage increased as Cg/Cy increased.
However, the simulated results increased more than the cal-
culated results. This was because of the non-overlapping
period of the clock generator. The Cgs were disconnected
from the Cy, during the non-overlapping period. In this situ-
ation, the ripple voltage was determined by not only Eq. (17)
but also Cy, I, and non-overlapping period. The simulated
ripple voltage increased because Cy. decreased as Cg/Cy in-
creased. From Figs. 17 and 18, we have to pay attention to
the trade-off between the load range and ripple voltage.

We evaluated the PCE of Fig. 13 (a). We set Cg, Cy,
and I, to 50, 50 pF, 20 nA, respectively. Figure 19 shows
PCE as a function of frequency. Compared with the cal-
culated results, the simulated results using ideal and MOS
switches were lower than the calculated results. This was
because of the on- and off-resistance of the MOS switches.
In our calculated model, we ignored ro, and ro. How-
ever, in a higher frequency range, the power loss in r,, and
roff increased, and the PCE degraded. We also found that
there was a suitable clock frequency that maximizes the PCE
when the load current was fixed.
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4.2 Experimental Results

A prototype SC VBC using Fig. 13 (a) was fabricated with
65-nm CMOS process technology. The load capacitance
was set to 30 pF. The input voltage was set to 0.5 V, which
was supplied by the voltage source. Figure 20 shows the
chip micrograph (area: 0.46 mm?) including the SC VBC
and other peripheral circuits.

Figures 21 and 22 show the measured output voltage
and efficiency as a function of load current. The load range
that could generate a voltage higher than 1.2 V was 0 to
1.46 uA. The maximum PCE was 68.3% at Iy = 0.4 uA.
The power dissipation of the VBC was 126 nW.

Figure 23 shows the measured voltage conversion ratio
(VCR) as a function of the input voltage when unloaded. We
defined the minimum supply voltage as the input voltage
at which the VCR was higher than 5.5. From Fig. 23, the
minimum input voltage was 220 mV.

To demonstrate the feasibility of our energy harvesting
system, we used a small-size photovoltaic (PV) cell as an en-
ergy harvester. Figure 24 shows a micrograph of the silicon
PV cell we used and its measured characteristics. The size

IEICE TRANS. ELECTRON., VOL.E103-C, NO.10 OCTOBER 2020
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Fig.23  Measured voltage conversion ratio as function of Vj,.

of the PV cell was 2.5 x 2.5 mm. The open circuit voltage
and the maximum output power of the PV cell were 0.33 V
and 400 nW, respectively, at a room light intensity of 850 1x.
Figure 25 shows the measured output voltage as a func-
tion of load current, with and without a maximum power
point tracking (MPPT) control circuit. The MPPT control
circuit reported in [17], [20] was adopted in this design
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Fig.25 Measured output voltage as function of load current.

(details of the MPPT are not discussed in this paper). As
can be seen, the load range increased significantly thanks to
the MPPT circuit. The output voltage with the MPPT circuit
was lower than that without the MPPT circuit in a light load-
current region. This was because the output voltage of the
PV cell decreased to 0.26 V due to the current dissipation of
the MPPT circuit.

5. Conclusion

This paper presented an analytical model of a multi-stage
SC VBC for low-voltage and low-power energy harvest-
ing. In our proposed method, we focus on currents flowing
into input and output terminals of each stage and model the
VBCs by using switching frequency f, charge transfer ca-
pacitance Cr, load capacitance Cy, and process dependent
parasitic capacitance’s parameter k. A comparison between
simulated and calculated results showed that our model can
accurately estimate the output impedance of the VBC. By
using our model, we can achieve a highly efficient VBC. A
prototype SC VBC and energy harvesting using the SC VBC
were also developed to show the effectiveness and feasibility
of our proposed design guideline.
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Appendix:

Equation (15) can be obtained in the same manner as deriv-
ing Eq. (14). Details are as follows.

From the KCL for node Vj4(s) in Fig. 12 (b), we obtain
the following equation:

Via(s) = (B + Loy op

+

1/sCg s

Via(s) — Vis(T/2) Vin
L+ 2 =0 A-1
l/SCL l/SkCF ( )
Therefore, Va(s) is expressed as
2-k)Vin . Vis(T/2) 2L
Vv = + — , (A2

1a(s)=ar— @ 2ot ) (A-2)

where a1 = Cg/(Cg + Cr) and @, = Cr/(Cg + Cp). From
Eq. (A-2), we obtain the time domain voltage V;4(f) as

21,
Via®) =a12-k)Vi, Vig(T/2)— ————t. (A-3
1a(0) =a12-k)Vin +aaVis(T/2) CotCy (A-3)
Att=T/2, Eq.(A-3) can be expressed by
2L T
Via(T/2) = 2 = k)Vin - 5. (A-4)
Cr 2

This is because Vi5(7T/2) is equal to Via(T/2) due to
the symmetrical VBC’s operation. From the aforemen-
tioned analysis, we obtain the output voltage of the Ist
stage, thereby enabling us to analyze the 2nd stage using
Eq.(A-4).

From the KCL for node V;4 (), we obtain the following
equation:

Vaoa(s) — (2\/%_\/_?) I

1/sCr 3
Vou(s) — Y2 Vin0/2)
5 + N — O A' 5
I/SCL l/SkCF ( )

Therefore, V,4(s) is expressed as

((2 —Via Vin)
s

s

Vaa(s) = ay
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ta Vas(T'/2) L,
T s2(Cg + CL)’

(A-6)

From Eq. (A- 6), we obtain the time domain voltage V;a(?)
as

Voa(®) = a1 (2 = k)Via(T/2) = Vi)

I
T/2)— ———t. A-7
+a,Vop(T/2) Crt CLt (A7)
Att=T/2, Eq.(A-7) can be expressed by
5-20IL T
Voa(T/2) = (3 — 4k + K} Vip — g—. (A-8)

Cr 2

This is because V,5(7/2) is equal to V4 (T/2).
From Egs. (3), (A-7), and (A-8), the average output

voltage V., is given by

(9 - 4k)Cg + (10 — 4k)CL
4pr(CF + CL)

Vi = (3 — 4k + kK*)Vip — L.

(A-9)
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