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Abstract— This paper presents a low-power analog system
with a mechanism which provides a power supply via recharge-
able capacitor. The system is promising for sensor systems with
energy harvesting mechanism. We implement a capacitor-base
power supply using MIM structure, and provide a case study
which a nano-watt op-amp operates in the proposed system. The
simulation results show that the op-amp works for an hour by 1
1F charge to the capacitor.

I. INTRODUCTION

In recent years, sensor systems become to be used in various
fields such as an automatic diagnosis to discover abnormali-
ty and the damage in the building, the measurement of water,
temperature of the soil in the agriculture, and the measurement
of a heart rate and breathing in the medical.

In the development of integrated circuits for such sensor sys-
tems, long life-time, low power consumption become key tech-
nologies. Additionally, an energy harvesting technology for
generating electricity using envionmental energy is promising.
On the other hand, sensor systems require further downsizing,
Therefore, on-chip power supply and electricity generation us-
ing MEMs are studied.

This paper presents a power supply mechanism for an ana-
log circuit based on an on-chip capacitor which is applicable to
sensor systems. We use an low-power op-amp as an example
of analog circuits, and verify the possibility of the proposed
system.

First, we introduce the charging mechanism using MIM-
type capacitor to the power supply, which is comparatively re-
alizable low cost. From the external of the chip, we charge 1
UF electricity to the MIM-type capacitor, and the electricity
is provided to the the op-amp via a virtual power supply wire
with a switch.

We design a nano-watt op-amp with a nano-watt CMOS ref-
erence circuit which are promising to be used in sensor analog
front-end system. In these circuit, several MOSFETSs operate
in the subthreshold region, and are biased as flowing a circuit
nA current. Moreover, both circuits are connected to a virtual
power supply wire, and the electricity are supplied only from
the MIM-type on-chip capacitor.

In this paper, we implement the charging mechanism and
analog circuits on 65nm CMOS process. The simulation result

shows that the op-amp works for an hour by one charging of 1
uF.

The rest of this paper is organized as follows; Section 2 de-
scribes the MIM-type on-chip capacitor and low-power analog
circuits, and Section 3 introduces the proposed system. Section
4 is devoted into describing the characteristic of the op-amp
and its specification. Section 5 reports the simulation result of
the proposed system, and Section 6 concludes our works.

II. PREPARATION

This section explains the element circuits which constitute a
proposed system.

A. MIM-type capacitance

In this work, we adopt the MIM-type implementation as a
typical on-chip capacitor. The sectional view of the MIM-
type capacitor is shown in Fig. 1. The area density when the
MIM-type capacitor in a 65-nm CMOS process is 1.0um?/fF.
Therefore, realizing capacitor of 1.0uF, we need the area of
10°um?, i.e., the on-chip capacitor of 3.3cm x 3.3cm. Although
this area looks huge as an on-chip capacitance, the implemen-
tation of smaller capacitors will be dealt with as a future sub-
ject.

Top Metal(Al)

Global Metal(Cu)

Fig. 1. The sectional view of MIM-type capacitor

B. Low-power Op-amp

In order to drive an analog circuit by the limited electricity
charged in the capacitor, it is important that the analog circuit

- 348 -



itself should be as low power as possible. We adopt a nW class
op-amp circuit which is proposed in [1].
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Fig. 2. Op-amp circuit with adaptive biasing

The circuit diagram of the op-amp is shown in Fig. 2, which
is composed of a two-stage op-amp circuit and an adapta-
tion bias current generation circuit (ABCC). An ABCC cir-
cuit constitutes a feedback loop and it operates depending on
input voltage. If V;y_ = Vjy., Vi is determined such that
Iapp = Ipjas /2. On the other hand, if V;y_ # V., the value
of V), falls and I4pp is amplified. That is, in Vijy- # Viyy,
the amplified I4pp is supplied to an op-amp, and the circuit
operates at the high-speed.

C. CMOS Reference Circuit

Next, in order to generate the reference current used in the
op-amp, we adopt nA reference circuit introduced in [2]. The
circuit diagram of this circuit is shown in Figure 3.

VDD

M5l] Hmui] |>——T—~{ rM7
Al L net3 ]
1\11] b Mi11

4

|

| |
Iref

M8 |——] [ M9

Vref

GND

Fig. 3. nA reference circuit

MI1-M3 in the Figure 3 operate in a subthreshold region,
and they yield a nA current. Moreover, M8 serves a tempera-
ture compensating circuit such that the leakage current of M9
makes it balance, and M5 operates in a cutoff region. Although
[2] proposes as Iref= 2nA, we redesign the circuit to provide
50nA.

III.  Our PROPOSED SYSTEM

In this section, we propose a power supply system with a
MIM-type on-chip capacitor for driving analog circuits.

The structure of the proposed system is shown in Figure 4.
The system is composed of a capacitor C, a switch block, a
virtual power source wire, and an analog circuit (circuit block).
First, connecting a switch to a V,;, side, we charge the capacitor
C. Then, we change the connection of a switch to the virtual
power supply wire side to supply the collected electric charge
to the circuit block side.

Vch
(The power supply for charge )

| A virtual power source wire |
5 4

-»IL

(MIM capacnance ')-|;

Fig. 4. The structure of our proposed system

Following, a switch block and a circuit block are explained.

A. Switch Block

The circuit diagram of a switch block is shown in Figure
5. It consists of the transfer gates for discharging and the P-
MOS switch for charging V,; at the capacitor C. The discharge
means that the electric in the capacitor C moves to virtual pow-
er supply wire V,,,. When charging, the input, V;, of the switch
is set to “0” and the input V,, is set to “1”’. Moreover, when dis-
charging an electric charge to virtual power supply wire V,,;,
the inputs of V,, and V,, are “1” and “0”, respectively.

Vch

Vb o—d
(PMOS switch)

o Vout

£
1 ]

]

Fig. 5. Switch block

Figure 6 shows the simulation result of the switch operation.

1. In the period (1), it performs a charge to the capacitor C
from the external power supply V...
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switch
(V) : t(s)
3.0 v(veh)
= o Veh[V]
0.0 |
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2.0 vivb)
S 10 Vb[V]
0.0 | ee—
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22 v(vsw)
s 10 Vsw[V]
0.0
(V) :(s)
4.0
v(vout)
__ 20 y
2 00 The voltage of
0 a virtual power supply wire [V]
0.0 50, 10D.0 1500 2000 2500  300.0
t(s)
D0 @

Fig. 6. Virtual power supply wire voltage for parameter settings

2. In the period (2), it disconnects the capacitor C to the ex-
ternal. In details, after charing C, it sets V, to be “17,
disconnects C, and sets V,, to “1” to discharge an electric
charge to a virtual power supply wire.

3. In the period (3), it discharges the electric charge in C to
the virtual power supply wire side. However, the connec-
tion to the external remains to avoid exhausting an electric
charge instantly by the start-up of the circuit block. That
is, the switch is a 3-state.

4. In the period (4) and later, it disconnects the circuit block
from the external, and the circuit block drives through a
virtual power supply wire only by the electric charge.

B. Circuit Block

The circuit block consists of an op-amp circuit and a ref-
erence circuit. Moreover, in order to control the amount of
supply a current to the circuit brock as well as to mitigate the
noise on a virtual power supply wire, a plug PMOS is intro-
duced between the virtual power supply wire and the circuit
brock.

This plug PMOS is designed so that the connectoin from the
drain to the source is always a high impedance, and it supplies
the electric charge in C to the circuit block only by the leakage
current. Moreover, the effect for alleviating the noise of the
power supply wire by the capacitor between the drain-source.
can be observed The whole proposed system circuit diagram is
shown in Figure 7.

IV. INpIviIDUAL CHARACTERISTIC OF OP-AMP

In this section, we individually evaluate the op-amp used in
the circuit block about the input dynamic range, the through
rate, and the DC gain by the simulation.

A. Input Dynamic Range

In this evaluation, the op-amp composes a voltage follow-
er as shown in Figure 8. Applying OV-1.2V to the input, we
observe the relation between the input and the output. The ver-
ification result is shown in Figure 9. Looking at the result, the
input common mode range is 0.1V-1.1V.

O[v]~1.2[v], 0.1[v] width
Vin+

1.0[pF]

Fig. 8. The circuit for input dynamic range verification

Input dynamic range
(V) : VOLTS(V)

1.254 (i)

v(vout)
0.754

V)

0.5

0.25

0.0

Fig. 9. Input dynamic range

B. Slew Rate

As described in [1], the slew rate is an important character-
istics to verify the high-speed. The simulation result is shown
in Figure 10.

O[v]~1.2]v], pulse wave
J_L Vin+

Vin—
0.6[v]

1.0[pF]

v

Fig. 10. The circuit for slew rate verification
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VDD

Fo 1

Fig. 7. The whole proposed system circuit diagram with the supply plug PMOS

We define the slew rate such that it is the time for changing
the voltage ratio from 10% - 90 %. The raising time of the
output is shown in Figure 11.

Observing this figure, the slew rate is calculated as;

G+~ 1-0809[V] - 0.1158[V]
" 67.694[us] — 62.159[us]

= 0.1743[V/us]

Compared to the result in [1], SR* = 0.0506[V/us] is about
3.4 times more nearly high-speed.

Slew rate (rise)
(V) :(s)
1.5+
° v(vin)
Level: 1.0809 -
1.0+ X:[67.604u v(vout)
S 05
Level: 0.1158
7
0.0 X 62.159u
-0.5-
I 1 1 1 ]
20u 40u 60u 80u 100u
t(s)

Fig. 11. Slew rate verification (rise)

Next, we evaluate the slew rate when falling. Similarly, the
time for the voltage ratio from 10% to 90 % is obtained as;

Vout

1.0804[V] - 0.1203[V]

R =
S 307.74[us] — 304.37[us]

= 0.2848[V/us].

This is about 4.9 times more nearly high-speed than that in

[1].

Slew rate (fall)
] (V) :t(s)
57 v(vin)
N X: 304.37u
1.0/ Level: 1.0804 v(vout)
S 05
Level: 0.1203 x: 307.74u
0.0 A
-0.5 & ‘ i
280u 300u 320u
t(s)

Fig. 12. Slew rate verification (fall)

C. DC Gain

Next, we evaluate the DC gain of the op-amp, and the circuit
for the evaluation is shown in Figure 13.
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O[v]~1.2[v],
0.6 [v] width sin wave
Vin+ +
————
Vin— ——— —
0.6[v]

1.0[pF]

Fig. 13. The circuit for DC gain verification

The simulation result of the gain-frequency curve is ob-
tained as shown in Figure 14. We found that the op-amp has
only 7 dB DC gain. In fact, in the preliminary verification of
this work, when evaluating the DC gain of an op-amp can be
designed so that it has 30 dB for 1.2 V power supply voltage,
and 50 dB for 3.3V power supply voltage.

In a proposed system incoporating the op-amp with 30 dB
DC gain, however, a current via the plug PMOS is too small to
drive the op-amp.

Therefore, in this work, we re-design the op-amp of the low
DC gain, and embed it into the proposed system. The DC gain
of the op-amp results in 7 dB. Furthermore, although a total
current consumption of 30 dB for an hour is 596nA, it decreas-
es 437nA for 7 dB op-amp.

DC gain
(Params) : f(Hz)

par(gain)

(Params)
n
o
o

N [ [ [ [ [
1.0 100.0 10.0k 1meg100meg 10g
f(Hz)

Fig. 14. The verification result of a low gain op-amp

V. VERIFICATION OF PROPOSED SYSTEM

As described in the previous section, the proposed system
incorporates the op-amp of the low gain (7 dB) as well as the
low current consumption.

In this section, we verify a proposed system according to the
following procedures.

1. Only the op-amp is connected to a virtual power supply

wire. We assume that the Iref is supplied from the exter-
nal.

2. Both of the op-amp and the reference circuit are connect-
ed to a virtual power supply wire.

A. Verification of Only Op-amp

The circuit working time for the simulation is set to be 1
hour. The transition of the voltage of the virtual power supply
wire and the output voltage of the op-amp are shown in Figure
15. The voltage of the virtual power supply wire descends to
1.4V at the time of op-amp starting, and then it becomes mostly
stable. The output of the op-amp swings within OV-1.3V.

The transition of the voltage of the input and output of the
op-amp is shown in Figure 16. It is observed that the output
follows the input when it changing. As well, it is verified that
the circuit works for an hour in the simulation.

Verification(1)
(V) :1(s)
4.0
v(vout)
— 201 F
2
0.0
20 the voltage of virtual power soirce wire[V]
2' (V) :1(s)
01 v(vout1)
— 1.0
2
0.0
10 |output volrage of Op-amp circuit[V]
T \ \ \ \
0.0 1.0k 2.0k 3.0k 4.0k
t(s)

Fig. 15. Verification (1):Transition of the voltage of a virtual power supply
wire, and the output voltage of an op-amp circuit

Verification(1)
) (V) :1(s)
07 v(inp)
= o UUUUULUL
2
0.0
404 input voltage of an Op-amp circuit[V]
) (V) : t(s)
'07\ v(vout1)
— 1.0
=
0.0
10 butput voltage of an Op-amp circuit[V]]
S I I I \
1.8888k 1.889k 1.8892k 1.8894k 1.8896k

t(s)

Fig. 16. Verification (1):Transition of the input-and-output voltage of an
op-amp circuit
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B. Verification of Reference Circuit and Op-amp

As the setting in the previous verification, the simulation
time is set to be an hour. The transition of the voltage of the vir-
tual power supply wire, and the output voltage of the op-amp
are shown in Figure 17. It can be observed that the voltage of
the virtual power supply wire descends to 1.4V, and becomes
mostly stable as similar to the result shown in Figure 15.

The transition of the voltage of the input and output of the
op-amp is shown in Figure 18. We can see that the swing of
the op-amp output is within OV-1.17V, the output follows the
input. We attained that the circuit works for an hour in the
simulation.

Verification(2)
(V) :1(s)
Sl v(vout)
2.0+
S , .
1.0|| the voltage of a virtual power supply wire[v]
0.0
(V) : t(s)
20, v(vout1)
1.0
S
0.0+
output voltage of an Op-amp]v]
1.0/
[ \ \ \ \ \ \ \ \
0.0 500.0 1.0k 1.5k 2.0k 2.5k 3.0k 3.5k 4.0k
t(s)

Fig. 17. Verification (2):Transition of the voltage of a virtual power supply
wire, and the output voltage of an op-amp

Verification(2)
(V) = 1(s)

207 v(inp)

0.0
10J input voltage of an Op-amp circuit[V]
2.0
—~ 1.04

0.0
-1.0-

V)

(V) :(s)

‘ v(vout1)

‘output voltage of an Op-amp circuit[\(]
[ I I 1
2.0552k  2.0554k  2.0556k  2.0558k
t(s)

Fig. 18. Verification (2):Transition of the input-and-output voltage of an
op-amp circuit

VI. CoNCLUSION

This paper proposed a low-power analog system, where
MIM-type on-chip capacitor was used as an independent pow-
er supply. The proposed system has the feature which sup-
plies electric power to analog circuit through a virtual power
supply wire and the supply plug PMOS. Although it chose on

the topic of the super-low-power op-amp as analog circuit and
the proposed system was constituted, when an op-amp was de-
signed by high gain, sufficient current supply was not complet-
ed from the supply plug PMOS, and it did not operate as a re-
sult. Therefore, when an op-amp was redesigned by low gain,
operation of the proposed system was able to be checked. In
future works, we re-design our proposed system to drive op-
amp with a high gain, then apply this system to a sensor IC.
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