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A Nano-power Switched-capacitor Voltage Reference
Using MOS Body Effect for Applications in
Subthreshold LSI

Hao Zhang, Meng-Shu Huang, Yi-Meng Zhang, and Tsutomu Yoshihara

Abstract—A nano-power CMOS voltage reference is
proposed in this paper. Through a combination of
switched-capacitor technology with the body effect in
MOSFETs, the output voltage is defined as the
difference between two gate-source voltages using
only a single PMOS transistor operated in the
subthreshold region, which has low sensitivity to the
temperature and supply voltage. A low output, which
breaks the threshold restriction, is produced without
any subdivision of the components, and flexible
trimming capability can be achieved with a composite
transistor, such that the chip area is saved. The chip is
implemented in 0.18 pm standard CMOS technology.
Measurements show that the output voltage is
approximately 123.3 mV, the temperature coefficient
is 17.6 ppm/°C, and the line sensitivity is 0.15 %/V.
When the supply voltage is 1 V, the supply current is
less than 90 nA at room temperature. The area

occupation is approximately 0.03 mm’.
Index Terms—CMOS voltage reference, low power,

low output, subthreshold, switched-capacitor, body
effect

1. INTRODUCTION

Interest in subthreshold CMOS circuits with power
supply voltages below V), (the transistor threshold
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voltage when other effects are neglected) is growing
because reducing the operating voltage can effectively
achieve ultra-low-power dissipation [1-4]. For these
circuits, the reference voltage decreases as the supply
voltage is reduced. Hence, a voltage reference (VR) that
produces a low output voltage (< V,) and consumes
power in the sub-uyW range is required. However, few
studies have been explored to meet such requirements in
VRs. Several reported VRs use only MOSFETs and
allow for nano-power consumption [5-8]. The outputs of
these VRs are above the threshold voltage while the 7,
of the MOS diodes are used as the absolute voltage
reference source. When process variations are considered,
a low enough temperature coefficient (T.C.) and
accuracy of the output voltage are not sufficient because
the trimming procedures are not implemented for these
structures.

Resistive dividers are commonly used to achieve low
output (< V) [9-11]. However, operation is difficult with
nano-power dissipation because a trade-off between the
design area and power consumption (low current requires
large resistor) always exists, the resistor network
required for trimming implementation occupies a large
area of the chip.

Recently, several solutions employ two devices with
different V,, values to achieve a low output [12-14].
Because the bandgap reference source is used in [12], the
output voltage is larger than the threshold voltage, and
the power dissipation is still high because resistors are
used. In [13, 14], ultra-low-power dissipation can be
achieved. However, these designs require a process with
multiple-V,;, values. The output voltage depends entirely
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on the V,, difference from two distinct devices. Thus, the
value is constrained by the process technology chosen,
and the impact of process variations is increased.

A new method for the design of a low reference
voltage (<V,,) through the use of the body effect in
MOSFETs is proposed in [15]. Fig. 1 shows the circuit
by which a VR with low T.C. can be implemented by
using the reverse-bias body effect in transistor M1. The
output voltage (V,), which is based on the difference

between the two gate-source voltages (V. = V1 —Vie2),

is independent of V,,. However, the typical structure has
the following drawbacks: the supply current remains
large (1.2 pA); and the output suffers from the offset of
the amplifier; the performance is degraded when the
value of the resistor varies with the process, the large
resistor occupies more chip area; the output voltage and
the T.C. are subject to component mismatches and
deviations resulting from process variations; the
deviations and the mismatches are not well discussed,
and the trimming procedures are not considered.
Generally, the switched-capacitor (SC) technique is
popular for the design of bandgap VRs [16-18] because
of the following advantages [19]: the offset of the
amplifier can be canceled; instead of two transistors, only
one transistor is used to generate the output voltage,
thereby reducing the chip area and avoiding mismatch
between transistors; the capacitors match better and
occupy less area; and the low current does not require
A CMOS-based

voltage reference (SCVR) [20] is proposed to improve

large resistors. switched-capacitor

the design in [6]. Low output is produced through
capacitive subdivision instead of the resistive subdivision

Vdd

Md1

Ml

Fig. 1. Prior art: VR using the body effect in MOSFETs [15].

used in [11], and nano-power dissipation can be achieved.
The trimming capacitors can be adjusted for process
variations to obtain a low T.C.. However, this operation
conventionally requires three capacitors, and the
capacitive subdivision requires a large value. Thus, this
operation occupies more chip area. Therefore, a method
that combines the SC-based technology with the body-
biasing technology in MOSFETs is explored in this paper
to solve the aforementioned problems. Low output (< V;)
is produced and can be scalable with standard CMOS
technology, and the method achieves power and area
savings. The remainder of this paper is organized as
follows: Section II describes the operating principle of
the proposed SCVR. In Section III, implementation of
the circuit is presented. Considerations for this design
and simulations are discussed in Section IV, and
measurement results are demonstrated in Section V.

Finally, Section VI provides the conclusions.

II. OPERATING PRINCIPLES
OF PROPOSED SCVR CIRCUIT

The proposed SCVR circuit shown in Fig. 2 is based
on a sample and hold structure [19]. The circuit is
composed of a bias current circuit, a core circuit,
switched capacitors, and an operational trans-
conductance amplifier (OTA). The switches Sy;-Sy;g are
controlled by non-overlapping clock signals (@, @,, s,

®,, ®s). The core circuit inputs two different gate-source
voltages (and V") in M1 to the OTA during @, = 1

and @, = 1, respectively. If the clock signals @, and @,
overlap, M1 will be biased at a state where the body of
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Fig. 2. Proposed SCVR using MOS body effect.
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M1 is connected to its source and to the source of M2
during the overlap. As a result, an invalid gate-source
voltage of M1 will be stored in C, and the invalid voltage
will degrade the accuracy of the reference voltage
because the reference voltage appears during @, = 1.
Meanwhile, more power will be dissipated during the
overlap. Hence, the dead time between @®, and ®, is
necessary to ensure accurate output and to preserve
power dissipation. @5 is designed to turn off the switch
before @, so that the stored voltage in capacitor C; will
be immune to the input-dependence charge injection
from the switch; In addition, ®5 should be turned off
before @®; to avoid charge injection and storage on
capacitors C,; and C,.

The dead-time region between @, and @, prevents the
accuracy of V. from being impacted by the charge
injection effect.

The equivalent structure of the proposed SCVR circuit
is presented in Figs. 3(a) and (b). During the sampling
state (@, = 1 and @, = 0), the PMOS transistor M1 is
biased at m/ (m is the ratio between the two different
currents), and a gate-source voltage V', is stored in
capacitor C,. Capacitor C, is connected to the ground.
During the hold state (@, = 0 and @, = 1), M1 is biased
at / and another gate-source voltage is provided as input
to C,, while C, is connected to the output to form a
negative feedback loop. The charges (and AQ,) on each
capacitor in terms of the offset voltage V,; of the OTA
are given by Eqgs. (1) and (2)

AQ1 :C1 (V’sgl_VOff)_Cl (V"Xgl_Voff)
= CI(V'sgl_V"Sgl) M
A0, =C, (Y )=C(Vy =Vy ) =-CVyy (@)

From the equations, V,; can be eliminated by storing

the capacitors, which is auto-zeroing technology.
According to the law of conservation of charge, the

charges must be equal to each other

AQ1+AQ2=0 (€))

From Egs. (1) and (2), the output voltage can be
expressed as

C ' "
Vref :F](V sgl_ V sgl) (4)
2

Vref

0O Vet
Ml O
V"sgl }_l —=CL

T

(b)

Fig. 3. Equivalent schematic of the proposed SCVR circuit (a)
when ®@; =1 and ®, =0, (b) when ®; =0 and &, =1.

The load capacitor C;, which is usually off-chip [16-
18, 20], ensures that the output is valid during the
sampling period. The control circuit of the switches for
the non-overlapping clock signals is presented in Figs.
4(a) and (b). The operation is shown in Fig. 5. The result
is the difference between the two gate-source voltages

(AV,) of M1 during the two phases.

The gate-source voltage V,, of the PMOS transistor in
the subthreshold region can be expressed as (V,; > 4V7)

1
ng = Vrh + nVT lIl |:K_§,i| (5)
Ir = Iup (n - 1)CoxVT2 (6)

where [, is the drain current, » is the subthreshold slope
factor, V; (= kT/q, where k is Boltzmann’s constant) is
the thermal voltage, K (= W/L) is the aspect ratio of the
transistor, C,, is the oxide capacitance per unit area, and
1, s the hole mobility.
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Fig. 4. Control circuit for switches (a) The non-overlapping
clock unit, (b) The whole circuit for the clock signals.
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Fig. 5. Gate-source voltage of M1 during the two phases.

As shown in Figs. 3 and 5, the body of MI is
connected to the source of M2 during the sampling state

'

(@, = 1) to form a reverse-bias connection; thus, Vi, is

defined as

, , ml
Ve =V'u+tnV; IH{K_} @)

17t

V' =Vio + 720, 4V, —20,) (®)

where Vy, is the threshold voltage when V,,, =0, 7 is
the body-effect coefficient, @; is the Fermi potential, and
Vi1 1s the source-substrate voltage of M1. During the

hold state (@, = 1), Vstgl can be given by

" " 1
V sg = V thl + nVT 1n |:E:| (9)

17t

V" = Vo (10

With Egs. (7) to (10) and V= V,,, Eq. (4) can be
presented as

v, = %[ y(\/z% +V, g, —20, )+ nv, 1n(m)J
(11)

ml
I/ngZI/th2+nV7"1n|:K1:| (12)

2%t

In Eq. (11), the first term inside the square brackets is
complementary to the absolute temperature (CTAT) and
achieves a negative T.C. [15]. The second term is
proportional to the absolute temperature (PTAT) and
implements a positive T.C.. Because of the body-biasing
effect from the bias voltage V,,, the CTAT term is
achieved with two distinct threshold voltage levels
( and ). Therefore, the absolute value of Vi in V. is
canceled. Under the assumption that C; = C,, a low
output voltage (V,,; < V) is obtained.

The proposed SCVR has advantages as follows: The
operation only requires two capacitors (C; and C,),
whereas other SCVRs require more [18, 20]. Based on
Egs. (4) and (11), the low output does not require
capacitive subdivision; furthermore, the ratio C,/C, can
be used to determine the scale of the output. The
reference voltage is implemented with only one transistor
(M1) in the standard process, such that the component
matching errors are decreased, and the chip area is saved.
The input offset of the amplifier can be canceled. The
bias currents only require nano-ampere levels because
M1 and M2 work in the subthreshold region, and the
current ratio m can be selected to obtain a zero T.C., as
demonstrated in the next section.

II1. IMPLEMENTATION OF PROPOSED SCVR C
IRCUIT

Fig. 6 shows the proposed SCVR circuit composed of
the start-up circuit, the bias current circuit, the core
circuit, and the OTA.
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Fig. 6. Proposed switched-capacitor voltage reference circuit.

1. Nano-ampere Bias Current Circuit

The cascode current-bias circuit [21] can generate a
nano-level current that is insensitive to technology,
thus,
dissipation can be ensured. Transistors M5 and M6

temperature, and supply voltage; low-power
operate in the subthreshold region, whereas M7 and M8
work in the linear region and the saturation region,
respectively. Current mirrors in the cascode structure
improve line sensitivity; however, the structure increases
the minimum supply voltage. For the subthreshold
operation in current mirrors and the saturation operation
in M8, the minimum supply voltage must ensure V,; >
4V and Vy > Vi Thus, the minimum supply voltage
can be redistributed as the sum of two drain-source
voltages V, and a gate-source voltage Vs in the

branches of the circuit (Vdd >V,  +8V,).

2. Control of T.C.

The core circuit consists of transistors M1 and M2,
switches, and capacitors. The zero T.C. is satisfied by

ov,

RSN

poe (13)

|T:T0 =

where T, is room temperature. Thus, the temperature
SCVR can be obtained by
differentiating Eq. (11) with respect to temperature and

dependence of the

can be given by

OTA

%{g{(mfg(m%(m);[z

2

—(20, (T, ))‘% (2 a;p;ﬁ H = n%ln(m)} =0

orT

0Py, oV,
oT

(14)

In this work, the T.C. of @; is approximately -0.7
mV/°C , the T.C. of V, is approximately -1.25 mV/°C,

@p is approximately 0.35 V, 7 is approximately

0.5 \/_ , n is approximately 1.2, and V, is
approximately 0.31 V. For Eq. (14), the first term in the
brace has a negative T.C., whereas the thermal voltage V'
has a positive T.C. (= 0.087 mV/°C) [22] in the second
term. Hence, a zero T.C. can be achieved by choosing an
adaptive biased-current ratio m that is the size ratio
between M3a (M3b) and M4a (M4b). With the value of
the parameters in Eq. (14), the value of m can be
calculated from

1
m= exp{;i [2@5 (T,)2 [2 8(I>Bj

a or

R0} ang
~(20,(%)+7,2 (%)) (28—T+8—Tm (15)

3. OTA Circuit

The OTA [23] consists of the transistors M,;-M,;. The
input offset resulting from asymmetries and process
variations is canceled by the use of the switched-
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capacitor network. The transistors M,; and M, form the
cascode amplifier, and M,; and M, constitute the
feedback loop to increase the output impendence and
boost the gain of the OTA, thereby enhancing the
precision and speed of the switched-capacitor amplifier.
The OTA can be operated with a nano-current supply.
From simulations, the gain of the OTA is approximately
70 dB when Vdd = 1 V at room temperature.

IV. DESIGN CONSIDERATIONS AND
SIMULATIONS

1. Charge Injection Effects and Clock Feed-through

The switched-capacitor circuit suffers from charge-
injection errors and clock feed-through, which influences
the precision. The priori method is the transmission gate
at the switch [22]. The charge injection and clock feed-
through effects can be effectively eliminated with the
complementary structure because the opposite charge
packets (holes and electrons) injected from the PMOS
and NMOS cancel each other, and the on-resistance in
the switch can be reduced to achieve high-speed
operation.

2. Operational Clock Frequency

For SC circuits, the output is not valid in one phase
because of the discrete-time nature of these circuits; the
solution is to use an output filter capacitor. However, a
droop of the output voltage across the load capacitor is
caused by leakage current that mainly consists of the
switch leakage current and bias current of amplifier.
Thus, a ripple always exists at the output. The value of
the ripple (V) is expressed by [24]

1
V.o = Tleak 1
ripple C . f;lk ( 6)

where 1, is the leakage current that flows in or out of
the hold capacitor when the sampled and hold amplifier
is in hold mode, and f; is the clock frequency. There is a
trade-off between the clock frequency and power
consumption; the lower the frequency, the less the power
dissipated. However, lower frequency can result in larger
voltage ripples and can degrade the accuracy of the

e

€ 1.0]

o

o

]

£o0s

L

£

w

0.0

118
%117 |
c = 1= L= L 7 L
¢ 1164
g I

115 Vripple ~0.5mV

15 16 17 18 19 20

Time (ms)

Fig. 7. Simulated output waveforms when C; is 100 pF at 80 °C.

output voltage according to Eq. (16). Hence, the
operational frequency must not be too small. With our
design used in analog-digital converter (ADC) [4], the
output voltage is not allowed to droop by more than 1/2
LSB. With a large leakage current at 80 °C, the transient
analysis is simulated to evaluate the performance, as
shown in Fig. 7. The ripple is approximately 0.5 mV with
a 100 pF output capacitor when the clock frequency is 1
kHz.

3. Process Variations and Trimming

Process variations are generally distinguished between
within-die (WID) variations and die-to-die (D2D)
G Vy, O WIL)
cause mismatch between transistors of the same chip and

variations [7]. WID variations (e.g.,

transistor
A I/thr
A W/L) influence the absolute accuracy of the transistor

influence the relative accuracy of the

parameters, whereas D2D variations (e.g.,
parameters. For the core circuit in this study, the
influence of WID variation (V) decreases because only
one transistor is used for the voltage reference generator.
The zero T.C. is primarily determined by the size ratio
between M3a (M3b) and M4a (M4b); thus, the mismatch
of W/L (o W/L) between transistors results from WID
variations. This effect can be effectively reduced because
of the careful layout techniques and large sizes of
transistors [22].

However, D2D variations cannot be avoided. The
influence of AV, is dominant because V, is poorly
controlled in a manufacturing environment. As shown in

Eq. (12), Vi, suffers from AV, because of process
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Fig. 8. Simulated V. as a function of temperature at different
corners. TT: typical PMOS/typical NMOS; SS: slow
PMOS/slow NMOS; FF: fast PMOS/fast NMOS.

variations. Thus, according to Eqgs. (11) and (14), the
process variations result in spreads in the output voltage
and in the T.C.. In particular, the T.C. is more
significantly impacted. To investigate the impact, Fig. 8
shows the simulated results for the T.C. when Vdd = 1.5
V and C, = C, = 600 fF. Because V,,(S) > V,(T) > Vu(F),

Vi2(S) > Vigo(T) > Vo(F) at room temperature T, for M2.

Thus, from Egs. (14) and (15), if the adaptive size ratio m
between M3a (M3b) and M4a (M4b) is set to achieve a
zero T.C. for TT, then the absolute value of the negative
T.C. is equal to that of the positive T.C.. For SS, V,»(S)
causes a decrease in the value of the negative T.C. in
accordance with Eq. (14), such that the absolute value of
the negative T.C. is smaller than that of the positive T.C.,
and the output voltage shows a positive temperature
variation. Conversely, V,,(F) leads to an increase in the

M:za, MZb

value of the negative T.C., such that the absolute value of
the negative T.C. is larger than that of the positive T.C.
for FF, and the output voltage exhibits a negative
temperature dependence. Therefore, current trimming
(changing the T.C. of the PTAT term) is used to correct
the slope (compensate for the T.C. variation in the CTAT
term); thus, the size ratio m should be adjustable after
chip fabrication. One solution is the use of a composite
transistor [25], Fig. 9(a) presents the trimming network.
The trim range and the resolution are determined from
the simulations shown in Fig. 8. The aspect ratios of M3a
and M3Db can be changed by digital logic control to adjust
the T.C., as shown in Fig. 10. The solid lines show the
temperature characteristics for the typical code of
“111000” (S; to S¢: 111000, where “1” indicates that the
switch turns on, whereas “0” means the switch turns off).
The trimming performance is shown by the dashed lines
in Fig. 10. For SS, the temperature characteristics have a
negative variation with the lowest code of “000000,” and
the temperature characteristics for FF have a positive
variation with the highest code of “111111.” Hence, the
resolution of 2% is enough for adjustment to obtain a
zero T.C. within the range of variation because SS and
FF are the worst cases in this process, and the spread of
V. is also minimized. The adjustable range of m has
little impact on the power dissipation and the signal-to-
noise ratio because the bias circuit generates a bias

current of several nano-amperes.
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Fig. 9. (a) Composite structure in M3a and M3b for trimming, (b) implementation of scalable output for C; and C,.
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Table 1. Programmable outputs by digital code S, to S¢
Vier (mV)
99.8
102.2
104.5
106.8
109.1
111.5
113.8
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118.5
120.9
123.5
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Fig. 10. Simulated corner analysis under different code
conditions.

Based on Eq. (11), the programmable outputs can be
implemented by adjusting the ratio between C; and C,;
the method can also effectively reduce the output voltage
spread. Fig. 9(b) shows such an adjustment with 2%
resolution. Six digital control bits are used to satisfy the
requirement of increasing or decreasing the output value.
Table 1 shows the simulated programmable outputs for
TT at room temperature, the value is scalable from 99.8
mV to 135.0 mV by changing the ratio between C,; and
C,.

In our work, the purpose of the trimming process is to
obtain the zero T.C. as well as the minimum output
spread. The detailed trimming procedures are as follows.
First, the circuit is fabricated with the typical trimming
code for the initial state; then, the voltage reference is
measured from -40 °C to 80 °C in 20 °C intervals. With

these collected data, the T.C. is obtained. If the T.C. is
not equal to zero because of process variations; then, the
T.C. curve has a slope S,,. From Eq. (14), the slope S, can
be defined as

S, =g—;[N+nV—;ln(m)} (17)

where

| A ed, oV,
NZE?{(KDB(TO)"_VW(TO)) 2[2 6TB+ 6;2]

om0 (%]

To obtain the zero T.C., m should be adjusted to
compensate for the slope; then, Eq. (17) is expressed by

Q[N-i—nﬁln(m+Am)}:0 (18)
5 T

where Am is the required range for trimming. The n
and T.C. of V' are assumed to have minimal sensitivity to
the process variation, and capacitors are assumed to
match very well. With Egs. (17) and (18), the required
trimming code can be calculated by

C.S
A_m:exp[_z—pq]_l (19)

After obtaining the zero T.C., the output voltage
spread can be reduced by changing the ratio between C,
and C,.

NMOS transistors are used as switches (S; to S¢, S, to
S¢). In production lines, one-time-programmable (OTP)
memories such as fuses can be used to control the
switches with minimal power consumption [26].

4. Effects from Noise

The noise performance should be considered in the
SCVR circuit. The most critical noise sources are the
non-zero resistance switches, the active transistors inside
the OTA, and the noise induced by the clocks. The high-
frequency noise is folded back into the signal’s baseband
in sampled data networks clocked at the same frequency
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as f.; because of fold effects in sampled noise [27],

For OTA, thermal noise can be reduced by designing a
large trans-conductance g,y in M, and a small trans-
conductance g,,sy in M,s because the noise is
proportional to g,,,5/Eme1y [22]. The use of transistors
with large widths and lengths can decrease flicker noise.

For the switches Sy;-Swg shown in Fig. 2, the noise
analysis is as follows. During the sampling mode (®, =
1), the switches Sy, Sws, Sws; and Sy, turn on; thus, the
contributor of the noise is the on-resistors of the switches
Swi>» Swa, Swi and Syy. Then, the total input-referred
noise variance is sampled by the capacitors C,; and C,,
which can be expressed by [22]

kT kT
V:ie— 4+ — 2
o te (20)
With the closed-loop gain in OTA (4, = -C\/C,),

during hold mode (®, = 1), the total output noise
variance contributed by the switches Sy, Sw», Sw; and
Sws 1s given by

T
LAy < B L L M S
C] C2 CZ C2

During the hold mode (®, = 1), the switches Sys, Swe,
Sws and Syg turn on; thus, the noise is from the on-
resistors Rs, R, R; and Ry of the switches Sys, Swe, Swr
and Sy, respectively. Fig. 11 illustrates the equivalent
small signal model for noise analysis. C;, is the input
parasitic capacitance, G,, is the trans-conductance of
OTA, R,, is the output resistance, and Vs, Vs, V,7 and
V,s are the noise sources that model thermal noise of Rs,
Rg, R; and Ry, respectively. The output noise variation
due to Ry is kT/C;; then, the total output noise variance
contributed by the switches Sys, Swes, Sw7 and Sy can be
calculated by [28]

no2

C

C

L

- (kTRCZZ

+kTR, ij + kT{ GG, } kT

CL (CLCn +C2Cm) c,
(22)

where B,, = G, C,AC,C,+C,C,), with C,, = C,+C;, and
C, = C,+C,+C,,, is the bandwidth of the circuit in Fig.
11 with R, >> (C,+C,)/C,G,,, and R = RsRs/(Rs+Ry).
All on-resistors of switches are assumed to have the same

R7 Vw
—=C2
Vs Rs  Ci OTA
! — +
Rs
Vns Re
i Vix C) é Vs
- Cm GI'HVX ROU'.
W ] T CL

Fig. 11. Equivalent small signal model for noise analysis due to
the switches Sys-Sws.

value. From Egs. (21) and (22), with the folding effects,
the total noise variance from the switches Sy;;-Syg can be
expressed by [29]

2o
Viror = (Vi Vs )[l +f—] (23)

clk

where f,, is the cutoff frequency of the switched-
capacitor amplifier.

V. MEASUREMENT RESULTS

The proposed SCVR circuit is fabricated in the CMOS
0.18 um process. For this circuit, capacitors C; and C,
are approximately 600 fF, Fig. 12 shows the chip
micrograph, and the chip area is approximately 0.03
mm? . The clock frequency is 1 kHz, and the off-chip
capacitor C; used for the output filter capacitor is 100 pF.
The measured output waveforms are shown in Fig. 13.

Fig. 14 shows the plot of the output voltage as a
function of temperature (-40 °C to 80 °C) with the
simulated and test results, the measured T.C. after
trimming is approximately 17.6 ppm/°C at Vdd = 1.5V,
and the output voltage is approximately 123.3 mV.
Additionally, the temperature characteristics of V,, when
the supply voltage ranges from 1 V to 3 V, are presented
in Fig. 15. Based on the measurements at -40 °C , proper
operation is obtained for Vdd >1 V. The measurement
line sensitivity is approximately 0.15 %/V when Vdd
varies from 1 V to 3 V at room temperature. Fig. 16
shows a plot of the supply current as a function of
temperature at different supply voltages, the supply
current is approximately 90 nA at room temperature
when Vdd is 3 V, and the operating currents of the biased
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Fig. 12. Chip micrograph of the proposed SCVR.
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Fig. 13. Measured output waveforms of the proposed SCVR.
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Fig. 14. Measured and simulated temperature dependence at
Vdd=1.5V.
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Table 2. Comparison with other reported low-power CMOS voltage references
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Fig. 15. V., as a function of temperature for different supply
voltages.

This work Ref[20] Ref[11] Ref[13] Ref[14]
Process 0.18-um 0.35-um 0.35-um 0.18-um 0.13-um
Vi =-0.383 Vi =-0.7 Vi =-0.75 Vi =-0.456
Threshold voltage (V) Vi = 0.459 Vi =055 Vi = 0.45 Vi =033 N/A
Supply voltage (V) 1to3 1to4 1.5t04.3 045t02 0.5t03
Supply current @
room temperature <0nA@1V 250nA@ 1V 1200nA@ 1 V 7nA @045V S9pA@O0.5V
Vier (mV) 1233 190.1 168 2575 176.1
T.C. (ppm/°C) 17.6 16.9 25 165 5.3-47.4
Temp range (°C) -40 to 80 -40 to 80 0to 80 0to 125 -20 to 80
Line sensibility (%/V) 0.15 0.76 0.95 0.44 0.036
Chip area (mm?) 0.03 0.049 0.08 0.043 0.0093
Component subdivision - Capacitors Resistors - -
Trimming components E;a;;éigz Capacitors Resistors - Transistors
Output voltage Scalable Scalable Scalable Constrained Constrained
Device type Standard Standard Standard High-V, Native

circuit, the core circuit, and the OTA are approximately
15 nA, 30 nA, and 45 nA, respectively.
The measured results of the SCVR for the three

trimmed samples are

shown in Fig. 17. The average

voltage variation is approximately 1 mV, and the T.C.
from the three samples are 19.5 ppm/°C, 17.6 ppm/°C ,
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and 15.6 ppm/°C, respectively.
The output noise spectrum is measured with a 100 pF
output capacitor at room temperature, as shown in Fig.

18. The peak value is approximately 367 4V /~/Hz at 1

kHz.

Table 2 compares the proposed SCVR with other
reported low-power CMOS VRs with low output (< V).

The results show that the SCVR circuit can be
implemented in standard CMOS technology and that,
low output, under threshold voltage, is achieved without
using any component subdivision, and is scalable. The
output voltage has satisfactory sensitivity to the
temperature and supply voltage. The circuit also has
advantages in nano-level power dissipation and compact

silicon occupation.

VI. CONCLUSIONS

A CMOS switched-capacitor voltage reference with
body biasing technology at subthreshold operation is
proposed in this paper. The low output voltage, which is
below the threshold voltage, can be achieved with
standard technology and without using any component
subdivision. In addition, the value can be made scalable.
The T.C. is 17.6 ppm/°C, the line sensitivity is
approximately 0.15 %/V, and the circuit consumes power
at the nano-level and occupies a small area. The
influences resulting from process variations can be
effectively suppressed, and the proposed trimming
procedure with a composite transistor improves the T.C.
when the circuit suffers from D2D variations. The design
can ensure a precise voltage reference for applications in
subthreshold integrated circuits.

ACKNOWLEDGEMENTS
This work is supported by VLSI Design and Education

Center (VDEC), University of Tokyo, in collaboration
with Cadence Design System, Inc.

REFERENCES

[1] S. Narendra, J. Tschanz, J. Hofsheier, B. Bloechel,
S. Vangal, Y. Hoskote, S. Tang, D. Somasekhar, A.

Keshavarzi, V. Erraguntla, G. Dermer, N. Borkar, S.

(2]

(3]

(4]

(3]

(6]

(7]

(8]

(9]

[10]

Borkar, and V. De, “Ultra-low voltage circuits and
processor in 180 nm to 90 nm technologies with a
swapped-body biasing technique,” Solid-State
Circuit Conference, 2004. ISSCC 2004. Digest of
Technical paper. IEEE International, pp.156-518,
Feb., 2004.

S. Hanson, B. Zhai, M. Seok, B. Cline, K. Zhou, M.
Singhal, M. Minuth, J. Olson, L. Nazhandali, T.
Austin, D. Sylvester, and D. Blaauw, “Exploring
variability and performance in a sub-200-mV
processor,” Solid-State Circuits, IEEE Journal of,
vol.43, no.4, pp.881-891, Apr., 2008.

T.H. Kim, J. Liu, J. Keane, and C. Kim, “A 0.2 V,
480 kb subthreshold SRAM with 1 k cells per
bitline for ultra-low-voltage computing,” Solid-
State Circuit, IEEE Journal of, vol. 43, no. 2, pp.
518-529, Feb., 2008.

D. Daly and A. Chandrakasan, “A 6-bit, 0.2 V to
0.9 V highly digital flash ADC with comparator
redundancy,” Solid-State Circuits, IEEE Journal of,
vol.44, no.11, pp.3030-3038, Nov., 2009.

G. De Vita, G. Iannaccone, and P. Andreani, “A
300 nW, 12 ppm/°C voltage reference in a digital
0.35 pm CMOS process,” VLSI Circuits, 2006.
Digest of Technical Papers. 2006 Symposium on,
pp-81-82, Jun., 2006.

G. De Vita and G. Iannaccone, “A sub-1-V, 10
ppm/°C, nanopower voltage reference generator,”
Solid- State Circuits, IEEE Journal of;, vol.42, no.7,
pp-1536-1542, Jul., 2007.

K. Ueno, T. Hirose, T. Asai, and Y. Amemiya, “A
300 nW, 15 ppm/°C, 20 ppm/V CMOS voltage
reference circuit consisting of subthreshold
MOSFETs,” Solid-State Circuits, IEEE Journal of,
vol.44, no.7, pp.2047-2054, Jul., 2009.

L. Junghyup and C. S. Hwan, “A 210 nW 29.3
ppm/°C 0.7 V voltage reference with a temperature
range of -50 to 130 °C  in 0.13 pum CMOS,” VLSI
Circuits (VLSIC), 2011 Symposium on, pp.278-279,
Jun., 2011.

K. N. Leung and P. Mok, “A CMOS voltage
reference based on weighted A V,, for CMOS low-
dropout linear regulators,” Solid-State Circuits,
IEEE Journal of, vol.38, no.l, pp.146-150, Jan.,
2003.

G. Giustolisi, G. Palumbo, M. Criscione, and F.
Cutri, “A low-voltage low-power voltage reference



JOURNAL OF SEMICONDUCTOR TECHNOLOGY AND SCIENCE, VOL.14, NO.1, FEBRUARY, 2014 81

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

(21]

based on subthreshold MOSFETSs,” Solid-State
Circuits, IEEE Journal of, vol.38, no.1, pp.151-154,
Jan., 2003.

G. De. Vita and G. Iannaccone, “An ultra-low-
power, temperature compensated voltage reference
generator,” Custom Integrated Circuits Conference,
2005. Proceedings of the IEEE 2005, pp.751-754,
Sep., 2005.

A. J Annema and G. Goksun, “A 0.0025 mm’
bandgap voltage reference for 1.1 V supply in
standard 0.16 pum CMOS,” Solid-State Circuits
Conference, 2012. ISSCC 2012. Digest of
Technical Papers. IEEE International, pp.364-366,
Feb., 2012.

L. Magnelli, F. Crupi, P. Corsonello, C. Pace, and
G. Iannaccone, “A 2.6 nW, 0.45 V temperature-
compensated  subthreshold CMOS  voltage
reference,” Solid-State Circuits, IEEE Journal of,
vol.46, no.2, pp.465-474, Feb., 2011.

M. Seok, G. Kim, D. Blaauw, and D. Sylvester, “A
portable  2-Transistor  picowatt temperature
compensated voltage reference operating at 0.5 V,”
Solid-State Circuits, IEEE Journal of, vol.47, no.10,
pp.2534-2545, Oct., 2012.

J. Pan, Z. Inoue, Z. Huang, and W. Huang, “A low-
power sub-1 V low-voltage reference using body
effect,” IEICE TRANS. Fundamentals, vol.E90-A,
no.4, pp.748-755, Apr., 2007.
B. Westwick, “Switched
reference circuit having a time multiplexed bipolar
transistor,” U.S. Patent 5,059,820, Oct.22, 1991.

B. Gilbert and S. Shu, “Switching bandgap voltage
reference,” U.S. Patent 5,563,504, Oct.8, 1996.

B. Gregoire, “Switched capacitor voltage reference

capacitor bandgap

circuits using transconductance circuit to generate
reference voltage,” U.S. Patent 6,819,163, Nov.16,
2004.

D. John and K. Martin, “Analog Integrated Circuits
Design,” Wiley, New York, 1997.

H. W. Huang, C. Y. Hsieh, K. H. Chen, and S. Y.
Kuo, “A 1 V 169 ppm/°C 250 nA switched-
capacitor CMOS voltage reference,” Solid-State
Circuits Conference, 2008. ISSCC 2008. Digest of
Technical Papers. IEEE International, pp.437-439,
Feb., 2008.

H. Oguey and D. Aebischer, “CMOS current
reference without resistance,” Solid-State Circuits,

[22]

(23]

[24]

[25]

(26]

(27]

(28]

[29]

IEEE Journal of, vol.32, no.7, pp.1132-1135, Jul.,
1997.

B. Razavi, “Design of Analog CMOS Integrated
Circuits,” McGRAW-HILL, 2001.

U. Gatti, F. Maloberti, and G. Torelli, “A novel
CMOS linear transconductance cell for continuous-
time filters,” Circuits and Systems, 1990. IEEE
International Symposium on, pp.1173-1176, vol.2,
May., 1990.
W. Kester,
Tutorial, Analog Devices, 2009.

C. Galup-Montoro, M. Schneider, and I. Loss,
“Series-parallel association of FET’s for high gain
and high frequency applications,” Solid-State
Circuits, IEEE Journal of, vol.29, no.9, pp.1094-
1101, Sep., 1994.

E. Ebrard, B. Allard, P. Candelier, and P. Waltz,
“Review of fuse and antifuse
CMOS
Microelectronics Journal, vol.40, no.12, pp.1755-
1765, Dec., 2009.

J. H. Fischern, ‘“Noise sources and calculation

“Sample-and-Hold ~ Amplifiers,”

solutions for

advanced  standard technologies,”

techniques for switched capacitor filters,” Solid-
State Circuits, IEEE Journal of, vol.17, no.4,
pp-742-752, Aug., 1982.

A. Acharya, P. J. Hurst, and S. H. Lewis, “Thermal
noise from switches in a switched-capacitor gain
stage,” Mixed-Signal Design, 2003. Southwest
Symposium on, pp.121-126, 2003.

W. K. Chen, “The Circuits and Filters Handbook,”

CRC Press, 2002.

Hao Zhang received B.E. and M.E.
in Microelectronics from Lanzhou
University, Lanzhou, China in 2007
and 2010, respectively. He is now a
Ph.D candidate
school of Information, Production

in the Graduate

and System, Waseda University,

Fukuoka, Japan. His research interests is low-power low-

voltage analog integrated circuits.



82 HAO ZHANG et al : ANANO-POWER SWITCHED-CAPACITOR VOLTAGE REFERENCE USING MOS BODY EFFECT FOR ...

Meng-Shu Huang received B.E. in
Communication Engineering from
Fudan University, Shanghai, China
in 2007, M.E. and Ph.D degrees from
Graduate

school of Information,

Production and System, Waseda
University, Fukuoka, Japan in 2009
and 2012, respectively. He is currently involved in the
research on the on-chip power supply technology,
especially on the charge pump circuits.

Yi-Meng Zhang received the B.S.
degree in Electronic Science and
Technology from Tsinghua
University in 2005, M.E. and Ph.D
degrees in Information, Production
. and  Systems from  Waseda
Ejniversity, Fukuoka, Japan in 2007 and 2012,
respectively. His research interests include low energy

dissipation circuits structure, especially AC power supply
circuits.

Tsutomu Yoshihara received the
B.S. and M.S. degrees in physics and
the Ph.D. Degree
engineering from Osaka University,
Osaka, Japan, in 1969, 1971, and
1971, He
Laboratory  of

in electronic

1983, respectively. In
ULSI
Mitsubishi Electric Corporation, Hyogo, Japan, where he

joined

has been engaged in the research and development of
MOS LSI memories. Since April 2003, he has been a
professor in the Graduate School of Information,
Production and Systems, Waseda University, Fukuoka,
Japan, and is currently involved in research on system
LSI. He is a member of the Institute of Electronics,
Information and Communication Engineering (IEICE) of
Japan and IEEE Solid-State Circuits.



