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ABSTRACT

A low-voltage CMOS instrumentation amplifier  for
piezoresistive transducer is proposed. An input current sensing
configuration is used to allow the use of a single piezoresistor and low
voltage operation. The amplifier is realized using a 0.35-pm CMOS
technology and operates under a single 1.5-V power supply voltage.
Simulation results show that the amplifier can achieve the maximum

CMRR of 139 dB while dissipating 489 pW.

Keywords: instrumentation amplifier . sensor interface , piezoresistive
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Low-voltage CMOS instrumentation amplifier
for piezoresistive transducer

Suttisak Sangtong, and Apinunt Thanachayanont, Member, IEEE

Abstract—A low-voltage CMOS instrumentation amplifier for
piezoresistive transducer is proposed. An input current sensing
configuration is used to allow the use of a single piezoresistor and
low voltage operation. The amplifier is realized using a 0.35-um
CMOS technology and operates under a single 1.5 power supply
voltage. Simulation results showed that the amplifier can achieve
the maximum CMRR of 139 dB while dissipating 489 pW.

Index Terms—Instrumentation amplifier, sensor interface,
piezoresistive

I. INTRODUCTION

DVANCES in CMOS processing and micromachining
technologies have allowed various types of microsensor
to be integrated with signal processing circuitry in a single
chip. e.g. in [1]. With submicron CMOS technology, there is a
need for instrumentation amplifier that interfaces with on-chip
transducer and can operate under a low power supply voltage.

The aim of this work is to design and realize a low-voltage
fully-integrated instrumentation amplifier for an implantable
blood pressure sensor [2]. The sensor is piezoresistive and its
resistance is change when there is a pressure variation. The
resistance change is traditionally detected by using the
Wheatstone bridge circuit, whose sensitivity depends on the
excitation voltage or current. For decent bridge sensitivity,
high excitation voltage or current is needed, which may
prevent low voltage and low power operation.

In this paper, a new low power low voltage instrumentation
amplifier using a current-sensing topology is proposed. The
organization of the paper is as follows. In Section II,
topologies of resistive readout, including the traditional
Wheatstone bridge and the proposed current-sensing method,
are described. Circuit implementation and simulation results
of the proposed amplifier are presented in Section Il and 1V,
respectively. Finally, conclusion is given in Section V.

I'his work was supported in part by the Thailand Research Fund under
Grant RSA4680027

The authors are with the Faculty of Engineering and the Research Center of
Communications and Information Technology, King Mongkut's Institute of

lechnology Ladkrabang, Bangkok 10520, Thailand (phone: 662-326-4222:
fan 662-739-2398: e-mail. ktapinunfkmitl ac.th).
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[I. INPUT CONFIGURATIONS FOR RESISTIVE READOUT

A Voltage-driven Wheatstone bridge

Traditionally, the voltage-driven Wheatstone bridge
configuration is used for precise measurement of small
resistance changes. It comprises four resistors connected in a
quadrilateral form and an excitation voltage connected across
one diagonal of the bridge. The output voltage of the bridge is
measured differentially between the voltage divider outputs
connected across the other diagonal. The deviation of one or
more resistors in the bridge from a nominal value is measured
as an indication of change in the measured physical variable,
and the output voltage across the bridge indicates the
resistance change.

The bridge can have one, two, or four piezoresistors. whose
values are deviated with the applied physical variable, as
shown in Fig. 1(a)-(d). Typically, in sensor applications, the
nominal values of four resistors are chosen to be equal. The
differential output voltage and the end-point linearity error of
the bridges in Fig. 1 are summarized in Table I, where Vi is
the excitation voltage to the bridge. The linearity error is
calculated as the maximum error in percentage full scale from
a straight line that connects the origin and the end point at full
scale. Table 1 shows that inherent linearity between the
piezoresistance variation and the output voltage variation can
be obtained with the all-element and two-element varying
configurations in Fig. 1(a) and Fig. I(b), respectively.
However, linearity error is not critical because it can easily be
compensated by using software in digital systems. More
importantly, to reduce offset and increase sensitivity of the
sensor, the bridge should have accurate resistance matching
among piezoresistors and equal absolute resistance variation
with pressure. These requirements are difficult to achieve in
the all-element and two-element varying bridges. not to
mention the drawback in terms of larger area and cost. The
aforementioned difficulty can be alleviated by using a single
piezoresistor as shown in Fig. 1(d).

One drawback of voltage-driven Wheatstone bridges is that
the bridge sensitivity is proportional to Vex and inversely
proportional to the nominal piezoresistance value. Therefore,
to obtain high sensitivity, large Viyx and small piezoresistance
are preferred, which may prevent low voltage operation and
lead to considerable power consumption of the bridge.
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Fig. 1. Voltage-driven Wheatstone bridges
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B. Current-driven Wheatstone bridge

The Wheatstone bridges can also be driven by a constant
current source, as shown in Fig. 2. All current-driven bridges
are inherently linear, except for the single-element varying
configuration in Fig. 2(d). The sensitivity of current-driven
bridges is proportional to the excitation current, l;.y. Thus, a
large Igx is required to obtain high sensitivity, which increases
the power consumption of the bridge.

(c) Two-Element Varying (2) (d) Single-Element Varying

Fig. 2. Current-driven Wheatstone bridge

C. Proposed current sensing configuration

In both voltage- and current-driven Wheatstone bridges, the
common-mode voltage of the input amplifier will normally be
in the middle of the power supply voltage (assuming Vgy =
Vopp), as a result of the voltage dropped across the resistors.
Under low power supply voltage (<2 V), it is harder to realize
the input amplifier with an input common-mode voltage in the
middle of the power supply voltage. This can be alleviated by
using by using a current-sensing topology, as shown in Fig. 3.
The current-sensing configuration uses two resistors that are
connected between the excitation voltage (Vi) and a fixed
common-mode input voltage (Vem) of a current amplifier.
When the resistance value is changed as a result of pressure
variation, an input current is generated and amplified by the
current amplifier. In this work, Viy is equal to Vpp and Vi, is
chosen to be close to Vpp to minimize the DC current flowing
through the resistors. The output of the current amplifier can
be converted to voltage by using a transimpedance amplifier.



as shown in Fig. 3.

There may be one or two piezoresistors in the current-
sensing topology, as shown in Fig. 3(a) and Fig. 3(b)
respectively. Both resistors should have equal nominal
resistance under no pressure variation, yielding zero input
current signal (Al = 0). Under a pressure variation, the input
current variation and the linearity error of both current-
sensing configurations can be written as shown in Table . As
mentioned above, linearity error can be compensated easily;
therefore the single-element varying arrangement is preferred
here because the fixed resistor can be used to compensate for
temperature dependence of the piezoresistor.

Vex
b l R, \
u
J —
— o
v
B “‘gﬁ ™ Fully Diffirersial
Fusy Difgerted Clrmert Al Transimpedance Armlifier
Vo
v
o
+-.n_
Al

(a) Single-Hlement Varying

l’“N
0

Fully Differersal
Transinpedance Amplifier

Fuy T e Onet A

Vo

(b) Two-Hlement Varying

Fig. 3. Current-sensing resistive readout configuration

I, CIRCUIT IMPLEMENTATION

The single-element varying current-sensing configuration is
realized by the input current amplifier, shown in Fig. 4, and
the transimpedance amplifier and the output stage, shown in
Fig. 5. Fully-differential circuit operation is used to reduce
common-made noise.

The operation of the current amplifier can be explained as
follows. Low input resistance of the current amplifier is
ensured by the flipped voltage follower circuit [3]. This fixes
the input common-mode voltage of the amplifier, rendering a
constant  voltage dropped across the resistors. Under a

v

pressure variation, the piezoresistor Rp is changedlglsr.l an
input current (Al) flows into Ms, which is also mirrored to M.
and M. On the other hand, Ry, is fixed and does not vary with
pressure, thus a constant common-mode current flows through
My, M, and My. The accuracy of current mirroring is vital to
the linearity and common-mode rejection ratio (CMRR) of the
amplifier. This is achieved by using auxiliary amplifiers, A.
and Ay, (A, and A;) to match the drain-source voltages ot M,
Ms, and M; (My, M, and My). All auxiliary amplifiers are
identical and are realized by using the conventional two-stage
operational amplifier. Transistors M;,-M; realizes cascode
current mirrors that are used to eliminate DC common-mode
current from the desired signal.

The output current of the current amplifier is converted to
voltage by the following transimpedance amplifier. shown in
Fig. 5(a). The flipped-voltage follower is again used for the
input of the transimpedance amplifier. The differential input
current is then converted to a differential output voltage by a
resistor, which is realized by a transistor (M;,) operating in
deep triode region. This resistor can also be realized by using
a polysilicon resistor, if higher linearity is necessary.

Vee ! Voo!

-

Fig. 4. Input current amplifier
voo
o DO
- h|_"2ﬁ llj"_kff_q M6 a
< D M3S
i L_‘ M2t M2z f‘—‘—‘L ! i . . ji—‘L

M3
NO) ? y
A4 -
-4
thy Fully Dafterential Amplhitie

() Transimpedance Amplifier
with souree degeneration

Fig 5 Transimpedance amplifier and output stage



Transistors My, and Mag, which operate in triode region,
provides the common-mode feedback [4] required to regulate
the output common-mode level. The output voltage of the
transimpedance amplifier is amplified further by the source
degeneration amplifier, shown in Fig. 5(b). This increases the
overall differential-mode gain and reduces the common-mode
gain, therefore further enhancing the CMRR of the overall
amplifier.

IV. SIMULATION RESULTS

In this work, the proposed instrumentation amplifier is
targeted for an implantable pressure sensor [2] with the
sensitivity of 5-10 pV/V/mmHg. The nominal piezoresistance
(Rp)is 2.5 KQ and it can vary from 2.0-2.8 KQ due to process
variation. The maximum change in Rp of £1% is expected
from a typical blood pressure range (-50 to +500 mmHg). The
amplifier was designed to operate with a single 1.5-V power
supply voltage. The circuit was simulated using Spectre™
with process parameters from a 0.35-um standard CMOS
technology. The input common-mode voltage of the amplifier
is set to 1.4 V to minimize the quiescent current flowing
through Ry and Rg,.

Under the nominal Rp of 2.5 K, the amplifier achieve a
differential-mode gain is 110.5 dB, a maximum CMRR of 139
dB (up to | kHz), and a maximum nonlinearity of 1.4%. Fig. 6
and Fig. 7 show the differential-mode gain and the CMRR of
the overall amplifier, respectively. Fig. 8 shows the input-
referred noise spectral density of the amplifier, The total input
referred noise over 1.5-MHz bandwidth is 9.6 nA. Table. Il
summarizes the simulated performance of the proposed
amplifier.

V. CONCLUSION

A new CMOS instrumentation amplifier for piezoresistive
sensor has been described. The proposed circuit employs a
current-sensing structure for resistive readout, which enables
low power and low voltage operation. The amplifier can
achieve a high CMRR over wide bandwidth by using current-
mode circuit techniques. Preliminary simulation results
suggest that the proposed amplifier is suitable for implantable
sensor applications.

TABLE |

PERFORMANCE SUMMARY OF THE PROPOSE AMPLIFIER
Parameter Value

Supply voltage 15V
Differential voltage gain 110 dB
CMRR at 1KHz 139 dB
Linearity error (1% change in Ry) 1.4%
Fotal nput-referred noise (1 Hz - 1.5 MHz) 9.6 nA
Power dissipation 489 uW

(1

(2]

[3]

(4]

e K 17K
s (=)

Fig. 6. Dilferential-mode gain of the overall amplifier

Fig.7. Simulated CMRR of the overall amplificr.

Noize Response

208p

( Asgriftis) )

L
S 1 [} 18 k3 aK L 3 I 1w
Ireg ( Hz )
Fig. 8. Input-referred noise spectral density of the amplifier.
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Low-Voltage Current-Sensing CMOS Interface Circuit,
for Piezoresistive Transducer

Suttisak Sangtong and Apinunt Thanachayanont

Faculty of Engincering & Rescarch Center of Communications and Information Technology
King Mong’s Institute of Technology Ladkrabang, Bangkok, 10520 THAILAND
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ABSTRACT

A low-voltage CMOS signal conditioning circuit with
digital output for picsoresistive transducer is proposed.
An input current-sensing configuration is uscd to allow a
sngle piezoresistive  transducer and low voltage
operation. The proposed circuit is realized by using a
0.35-pm CMOS technology and operates under a single
15-V power supply voltage. Simulation resulls are
included to demonstrate the performance of the circuit.

Keywords: Interface circuit. piczoresistive

. INTRODUCTION

Advances in CMOS processing and micromachining
iechnologies have allowed various types of microsensor
1o be integrated with signal processing circuitry in a
single chip, eg in [1]. With submicron CMOS
technology. there is a necd for signal conditioning circuit
{hat interfaces with on-chip transducer which can operate
under a low power supply voltage.

The aim of this work is to design and rcalize a low-
voltage interface circuit for an implantable blood pressure
sensor. e.g. in {2]. The sensor is piezoresistive and ils
resistance is changed when there is a pressure variation.
The resistance change is traditionally detected by using
the Wheatstone bridge circuit, whose sensitivity depends
on the excitation voltage or current. For high bridge
sensitivity. large excitation vollage or current is needed.
which may prevent low voltage and low power operation.
Thus there is a need for the development of small and low
cost sensor interface circuit. In order to facilitate
communication with microcomputers it is desirable for
the interface circuit to offer digital output. This makes the
output signal noise immune and enables the sensor to be
connected directly to a microcomputer without using an
A/D converter [3].[4].[5].

In this paper describes a low-voltage low-power
interface circuit for piczoresistive transducer using
current-sensing topology with digital bitstream output is
proposed.  Section2  describes  the current-sensing
configuration for resistive readoul. Circuit
implementation and simulation results are described in
sections 3 and 4. respectively. Finally. conclusion is given
in section 5.

2. CURRENT SENSING CONFIGURATION

The voltage and current-driven Wheatsonc bridges.
are not suitable for low-voltage operation [6] .This can be
alleviated by using by using a current-sensing opology .
as shown in Fig. 1. The current-sensing configuration
uses two resistors that are connected between (he
excitation voltage (Vgx) and a fixed common-mode input
voltage (Vem) of a current buffer. When the resistance
value is changed as a result of pressure variation, an input
current is generated and buffered by the inpul current
buffer. In this work, Vg is equal 10 Vpp and Vg 1S
chosen to be close to Vpp to minimize the DC current
flowing through the resistors.

There may be onc or two piczoresistors i the
current-sensing topology. as shown in Fig. 1(a) and Fig.
I(b) respectively. Both rcsistors should have equal
nominal resistance under no pressure variation. yiclding
zero input current signal (Al = 0). Under a pressurc
variation. the input current variation and the lincarity
error of both current-sensing configurations can be
written as shown in Table 1. As mentioned above.
lincarity error can bc compensated easily: therefore the
single-element varying arrangement is preferred here
because the fixed resistor can be used to compensate for
temperature dependence of the piezoresistor.

Ve-

i/p current buffer

Is

(b) Two element varying

Fig. 1:Current-Sensing resistive readous configuration
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Table 1: Summuary of the resisiive readout input

configurations
[ Lincarity
Config Output Current crror
(%/%)
Al = (e =Teur ). (AR/R,)
. R, (1+AR/R,)
Fig. 1(a) (Far Vo) 1
A ar cM ) f
R (ARR, )
_sz(l"n'fyuu). (AR/R,,}
. Ro o [1-(afr,)']
Fig. 1(b) V=V ) 0.01
= —T_( AR[R,)

A CIRCUIT IMPLEMENTATION

In this paper, the single element varying structure is
used and the output current of current buffer circuit is
applied to a sigma-delta modulator as shown in Fig. 2.
The sigma-delta modulator is a synchronized charge-
balancing converter suitable for use with smart sensors
because of its simple structure. The operation of circuit
can be described as follows. We assume now that the
comparator is in positive saturation. Thus switch Sw is
open and current Is charges the capacitor C. The capacitor
vollage V.- increases until it reaches the reference vollage
V,. At this moment the comparator will go to the negative
saluration state. Then al the command of clock the flip-
flop takes over the state of comparator. At the same timne
the output of flip-flop becomes low and I, will be

switched on. The current (I;-Is).where I; > Is, discharges
the capacitor C and V.- decreases until it is less than
reference voltage V,, then the comparator falls back into
its tnitial state. At the next positive edge of the clock the
flip-flop will switch-off I, and the capacitor C will be
charged again by the current Is.

From this operation principle can be seen that the
number of the output pulses N. which is the number of the
discharge pulscs, is a measure of the input signal. So the
number N of output pulses during the fixed time interval
T, is proportional to current [, give by

Is  NTo
Ir T

mnt

.

It is obvious from eq .(1) that thc number of
discharge pulse relative (o the total number of clock
pulses is exactly a digital representation of the pressurc.
The pulse output may be counted during a pre-set time
mterval T, using internal or external counters.

The input current buffer can be implemented in Fig.3.
and it operalion can be explained as follows. Low input
resistance of the input current buffer is ensured by the
flipped voltage follower circuit [7]. This fixes the input

comparator Output

} pulse rate
¢ >
JI

D Q

Flip-Flop

181 irp current
bufter

Ir

Fig.2: Proposcd interface circuit

common-mode voltage of the input current buffer.
rendering a constant voltage dropped across the resislors.

Under a pressure variation. the resistance value of
piezoresistor is changed and an input current (Al) flows
into My, which is also mirrored to M. On the other hand,
compensation resistor (Ry) is fixed and does not vary
with pressure, thus a constant common-mode currenl
flows through M; and M. The accuracy of current
mirroring is vital to the linearity and common-mode
rejection ratio (CMRR) of the current buffer. This is
achieved by using auxiliary amplifiers, A, and A. 10
match the drain-source voltages of M, Ms. and M,. M,
All auxiliary amplifiers are identical and arc realized by
using the conventional two-stage operational amplifier.
Transistors Mg-M,; realizes cascode current murrors that
are used to climinatc DC common-modc current from the
desired signal, and the current mirror (M-,-M,,) are used
fix the common-mode voltage at the output of the current
buffer and transmit the output current (Al) to the sigma-
delta modulator.

Voo
T

25

“.! s P

M1 i TP MY Mt 4
g ""‘b'l "‘ﬁum L__I_A
8 i s
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Fig.3: Input current buffer

In Fig. 4 shows the detailed schematic of the first-
order sigma-dclta modulator circuit. The current DAC
converter is realized with a current mirror and two
MOSFET switches transistors that enable or disable the
current mirror. The current integrator is implemented with
a capacitor. whose value is set to prevent nonlinear
clipping at desirable maximum input signal amplitude.
The comparator. which compares the integrator voltage
and a reference voltage and produces the one bit digital
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bistream [8]. The two clock phascs determine the
comparison time and the time at which data is valid. The
comparator consists of a positive fecdback differential
amplifier and a data latch. The comparator output is also
fed back to the DAC to control the DAC fecdback current
which makes the comparator output average track the
average input value.

The proposed circuit is controlled by clock phases
¢l and $2. which are generated by a clock generator
arcuit in Fig. 5. The clock timing diagram shown in Fig.
6. Both clock @1 and $2 enable the proposed circuit in
the wo operation modes: Active and ldle modes.

In active mode. both clock ¢l and @2 are high and
the il current Iy in Fig. 3, is turned on by M»; and Mx
(M=; switched-on and M»g switched-off) and transistors
My and Mas switched-off, which allows the current
buffer to measure signal Al and the sigma-delta modulator
loconvert the current signal to digital pulses.

The idle mode is designed to save low-power
consumption. In this mode both clock @1 and @2 arc
low and the tail current Iy in Fig. 3. is turned off by Ma:
and Mo (M- switched-off and Ma switched-on) and the
piezoresistive transducer and temperature compensation
resistor are shorted by Ma.s and Mg which are switched-
on by #1 . Both current mirrors M;Ms and MM, are
switched-off and their drain-source voltages are zero, due
1o the feedback op-amp Al and A2. In idle mode, clock
#3 and @4 are low, thus the sigma-delta modulator is

disabled and no digital output pulse is generated.

VDD
==

Lald 44 M4 Md5

Fig.4: First-order sigma-delia modulator

4. SIMULATION RESULTS

In this work, the proposed interface circuit is
targeted for an implantable pressure sensor [2] with the
sensitivity of SuV/V/mmHg. The nominal resistance of
piezoresistance (Re) is 2.5 K. The maximum change of
+1% from nominal value is expected from a typical blood
pressure range (-500 to +500 mmHg). The circuit was

designed to operate with a single 1.5-V power supply
voltage. The circuit was simulated using Spectre’ ™ héhth
process paramecters from a 0.35-um standard CMOS
technology. The inpul common-modc voltage of ihc
amplifier is sct to 1.4 V to minimize the quiescent current
flowing through Rg. Under the nominal value of
pizoresistive transducer (2.5 K€). a typical output pulse
rate and its linear regression are shown in Fig.7. A lincar
dependence of number of pulse versus input current from
OnA to 500nA, which corresponds to 1% resistance
variation of its nominal value. The nonlincarity calculated
using a best-fit linc mcthod for absolute maximum crror is
less than 1% (full scale output).

Simulation results with a 30-Hz. 500-nA sinusoidal
input current and 800-kHz clock rate are show in Fig.8
and 9. In Fig. 8 show the integrator voltage and modulator
digital output. The integrator voltage does not exceed 450
mV and does not saturate with maximum input current.
The power spectral density (PSD) of the output digital
data is shown in Fig. 9. The quantization noisc is
“bunched” at higher frequencies, as expected. The 30Hz
sine wave signal can be clearly seen in the binany data
stream and is approximate 60 dB above the adjaccnm
noise, which is equivalent to more than 10 bits of
resolution. Performance of proposed intcrface circuit
show in Table 2.

ol

Clock 2(samping Feguency)
="

Fig.5: Clock generator circuit

ACTIVE MODE IDLE MODE ACTIVE MODE

Fig.6: Timing diagram of proposed circuil
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5. CONCLUSION

A new CMOS interface circuit for piczoresistive
transducer has been described. The proposed circuit
employs a current-sensing structure for resistive readout,
which enables low power and low voltage operation. The
processor performs an A/D conversion with a first order
sigma-delta comeerter which provides output pulse rate is
propartional to the current input by resistance variation of
piczoresistive transducer with small .non-linearity error.
Preliminary simulation results suggest that the proposed
interface  circuit is suitable for implantable sensor
applications.
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Table 2: Ferformance sunmenry of the proposed
interface circuir

Parameters Value
Supply voltage 15V
Maximum Lm.ednl} error 023%
(£1% change in R,
| Power dissipation (Active Mode) 298 uW |
l Power dissipation (1dle Mode) 63.8 uW |

PDF(dB)

-100 4
-110 4
-120
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1400

Number of output pulse
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Low-Voltage Current-Sensing CMOS Interface Circuit for
Piezo-Resistive Pressure Sensor

A new low-voltage CMOS interface circuit with digital
output for piezo-resistive transducer is proposed. An input
current sensing configuration is used to detect change in
piezo-resistance due to applied pressure and to allow low-
voltage circuit operation. A simple 1-bit first-order delta-
sigma modulator is used to produce an output digital
bitstream. The proposed interface circuit is realized in a
0.35 pm CMOS technology and draws less than 200 pA
from a single 1.5 V power supply voltage. Simulation
results show that the circuit can achieve an equivalent
output resolution of 9.67 bits with less than 0.23% non-
linearity error.

Keywords: CMOS amplifier, current amplifier, resistive
readout, interface circuit current sensing, Wheatstone
bridge, piezo-resistive sensor.
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[. Introduction

Recent advances in CMOS processing and micromachining
technologies have allowed various types of microsensor to be
integrated with signal processing circuitry in a single chip [1]-
[3]. The so-called “‘smart sensor” is increasingly employed in
many applications. A smart sensor basically integrates an on-
chip sensor, a front-end readout amplifier, an analog-to-digital
converter, and a digital microcontroller in a single chip. With
the continuing downsizing of submicron CMOS technology
and reduction of power supply voltage, a single-chip smart
sensor would require all circuitry to operate under low power
supply voltage. Therefore, there is a need for a low-voltage
interface circuit, which serves as a bridge between the on-chip
sensor and the backend digital processor.

The aim of this work is to realize a low-voltage interface
circuit for a CMOS piezo-resistive pressure sensor. The sensor
resistance is changed when a pressure variation is applied. The
resistance change is traditionally measured by using the
Wheatstone bridge circuit, the sensitivity of which depends on
the excitation voltage or current. For high bridge sensitivity,
high excitation voltage or current is needed, which prevents
low-voltage and low-power operation.

In this paper, a new low-power low-voltage interface circuit
with digital output is proposed. A current-sensing topology is
used to detect the sensor resistance variation and allows low-
voltage circuit implementation. The paper is organized as
follows. In section I, the circuit configurations for resistive
readout, including the traditional Wheatstone bridge, the
current-mode  Wheatstone bridge, and the proposed low-
voltage current-sensing configuration, are described. Sections
IT and IV describe the architecture and the implementation of
the proposed interface circuit, respectively. Simulation results
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and conclusions are given in sections V and VI, respectively.

II. Input Configurations for Resistive Readout

1. Voltage-Sensing Configurations
A. Voltage-Driven Wheatstone Bridge

Traditionally, the voltage-driven ~Wheatstone bridge
configuration is used for the precise measurement of small
resistance changes. It is comprised of four resistors connected in a
quadrilateral form and an excitation voltage connected across one
diagonal of the bridge. The output voltage of the bridge is
measured differentially between the voltage divider outputs
connected across the other diagonal. The deviation of one or more
resistors in the bridge from a nominal value is measured as an
indication of change in the measured physical variable, and the
output voltage across the bridge indicates the resistance change.

The bridge can have one, two, or four piezo-resistors, whose
values are deviated with the applied physical variable, as
shown in Fig. 1. Typically, in sensor applications, the nominal
values of four resistors are chosen to be equal. The differential
output voltage and the end-point linearity error of the bridges in
Fig. 1 are summarized in Table 1, where Vg is the excitation
voltage to the bridge. The linearity error is calculated as the
maximum error in percentage full scale from a straight line that
connects the origin and the end point at full scale. Table 1

Vex

(c) Two-elern;nt varying (2) (d) Single-eEmen! varying

Fig. |. Voltage-driven Wheatstone bridge configurations.
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Table 1. Summary of input configurations for resistive readout.

Input Linearity error
eonbiguration Output voltage or current (%/%)
AR
Fig. 1(a) | =Vm{—J 0
R,
v, AR
: P =lEX | e
Fig. 1(b) °="5 (RDJ 0
AR 1 AR
i V., = V, x—| — |V,
Fig. 1(c) |V [ZRDMRJ Ex Z(R,,] Ex 0.5
1 AR 1 AR
= V =s| —m—m—m Vo = —| — |V,
Fig. 1(d) 0 2(2RO+AR} EX 4(&,} EX 0.5
Fig. 2(a) | Vo =(AR) gy 0
) AR
Fig. 2(b)&(c) | Vo = TJIF,\» 0
R AR AR
1 y, =2 Ty =— 1§
Fig. 20) |Vo=— [R,,+13;18]” 7 e 025
Fig. 3(a)&(b) | A =1y =13 =(AR/ R, ¢ 0
ar = Wex =Ven) _(AR/Ro)
R, (1+ AR/ Ry)
Fig. 4(a) e —Veny) 1
Ve —Yem) (apiRy)
'RIJ
ar= 2Wex —Vem) (AR Ry)
R 1—(AR/ Ry)?
Fig. 4(b) = fV )[ R R ] 0.01
= 2Vex ~Vem) apypy)

shows that inherent linearity between the piezo-resistance
variation and the output voltage variation can be obtained with
the all-element and two-element varying configurations in Fig.
1(a) and Fig. 1(b), respectively. However, linearity error is not
critical because it can easily be compensated by using software
in digital systems [4]. More importantly, to reduce offset and
increase the sensitivity of the sensor, the bridge should have
accurate resistance matching among piezo-resistors and equal
absolute resistance variation with pressure. These requirements
are difficult to achieve in the all-element and two-element
varying bridges, not to mention the drawbacks in terms of larger
area and cost. The previously mentioned difficulty can be
alleviated by using a single piezo-resistor as shown in Fig. 1(d).

One drawback of voltage-driven Wheatstone bridges is that
the bridge sensitivity (S = V/(AR/Ry) is proportional to Vi
and inversely proportional to the baseline resistance of the
piezo-resistors. Therefore, to obtain high sensitivity, large Vix
and small piezo-resistance are preferred, which prevent low-
voltage operation and lead to considerable power consumption
of the bridge.
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B. Current-Driven Wheatstone Bridge

The Wheatstone bridges can also be driven by a constant
current source, as shown in Fig. 2. All current-driven bridges
are inherently linear, except for the single-element varying
configuration in Fig. 2(d). The sensitivity of current-driven
bridges is proportional to the excitation current, Igx. Therefore,
a large Igy is required to obtain high sensitivity, which increases
the power consumption of the bridge.

2. Current-Sensing Configurations
A. AZKA Cell: A Current-Mode Wheatstone Bridge

As an alternative to the traditional voltage-mode Wheatstone
bridge, a current-mode Wheatstone bridge has been proposed
based on the circuit dualilty concept [6]. A current-mode dual
network for the all-element varying Wheatstone bridge is
shown in Fig. 3(a). It is straightforward to show that the current
difference, Al = I;-I, is linearly proportional to the change in
resistance, AR, as shown in Table 1. Due to the circuit duality,
the currrent-mode Wheatstone bridge inherits all characteristics
and behavior of its voltage-mode counterpart in the current
domain, such as sensitivity, linearity, stability, and so on. The
input sensitivity is proportional to the constant excitation
current value, Igx. Unfortunately, it is not easy to measure Al

(c) Two-elem_eni varying (2)

(d) Single-element varying

Fig. 2. Current-driven Wheatstone bridge configurations.
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practically; thus, the circuit in Fig. 3(a) is seldom used.

A practical current-mode Wheatstone bridge, shown in Fig,
3(b), has been proposed in [6] and is called the AZKA cell. The
circuit uses two resistor elements driven by a constant
excitation current. One end of both resistors is tied together,
while the other end is forced to be equipotential, that is, V|, = V-,
by a differential current or transimpedance instrumentation
amplifier, which can be implemented by a number of

7, X

R.FAR R, AR

lex GD

Ro*AR @ RoT AR
=

(a) Dual network of the Wheatstone bridge

s,, +AR
Vi

Iy Differential
current
amplifier

R.7 AR
(b) AZKA cell: a practical current-mode Wheatstone bridge

Fig. 3. Current-mode Wheatstone bridge configurations.

Vex=Voo

RotAR &
Differential

current amplifier
lLF Al

(a) Single-element varying

Vex=Voo

Differential
current amplifier

(b) Two-element varying

Fig. 4, Proposed low-voltage current-sensing configuration,
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circuitarrangements  with operational amplifiers, second-
generation current conveyors (CCII), or operational floating
current conveyors (OFCC) [6], [7]. It can be shown that the
circuit in Fig. 3(b) exhibits the same properties and behavior as

those of Fig. 3(a), while using only two resistors.

B. Proposed Low-Voltage Current Sensing Configuration

This paper proposes a new current-sensing arrangement
suitable for low-voltage integrated circuit implementations.

The proposed configuration, shown in Fig. 4, uses two
resistors connected between an excitation voltage, Vg, and a
fixed input common-mode voltage, Ve of a current buffer.
Since the voltages across both resistors are fixed, change in
resistance due to applied pressure generates an input current to
flow into the current buffer. In this work, Vg is equal to Vpp
and Ve and is designed to be near Vpp to minimize the DC
current flowing through both resistors. Figures 4(a) and 4(b)
show the proposed configurations with one and two piezo-
resistors, respectively. Both resistors have the same baseline
resistance, Ry under no pressure variation. Under a pressure
variation, the input current signal and the linearity error of both
current-sensing configurations can be summarized as shown in
Table 1. The two-element varying configuration has a much
lower linearity error. However, as previously mentioned,
linearity error can be compensated easily by using backend
digital systems; therefore, the single-clement varying
arrangement is chosen in this work to save cost and area, and to
mitigate the resistance matching requirement. In addition, the
fixed resistor can be used to compensate for temperature
dependence of the piezo-resistor [5].

3. Comparison of Input Configurations

This section compares the input configurations described
above. In voltage-sensing configurations, both voltage- and
current-driven Wheatstone bridges, the DC common-mode
voltage of the following input amplifier is about one half of the
power supply voltage (assuming that Vex = Vpp) due to the
voltage divider effect. Under low power supply voltage (Vpp <
2V), where the transistor’s threshold voltage is a significant
portion of Vpp, it is not easy to realize a high CMRR amplifier
with an input common-mode voltage in the middle of Vpp.
This may be alleviated by using the current-sensing
arrangements shown in Figs. 3 and 4.

Compared with the traditional voltage-mode Wheatstone
bridge, the AZKA cell offers a number of advantages,
including reduction of resistive sensing elements, summation
of sensors’ effects (namely, superposition ability), and simple
linearization technique [6].

However, the input common-mode voltage of the AZKA cell
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is determined by the values of Igx and the sensor’s baseline
resistance, Ro. For high input sensitivity, a large Igx is desired;
this may prohibit the use of the AZKA cell for low-voltage
operation due to the voltage headroom required by Igx.
Furthermore, the voltage at the input coupled node Vj, is varied
with the resistance variation, AR, as described in (1). Due to
finite output resistance, Rgy, Igx will fluctuate with input
pressure variation; this produces an input-dependent and time-
varying non-linearity error, which is not easy to compensate.
Providing that Rg; >> Ry and AR << Ry, this consequence may
be insignificant in many circumstances; however, it may not be
ignored in low-voltage operation when there is not adequate
voltage headroom for Igx and the use of cascode structure is
prohibited, rendering Rgx not much larger than Ry,
A.R2

g
v, =V, +A[R -%J )
ALY &

The input sensitivity of the proposed current-sensing
configuration in Fig. 4 is proportional to (Vex=Vau)/Re, which
is the current through R,. This is similar to the AZKA cell
whose sensitivity is proportional to Igx. However, the
advantage of the circuit in Fig. 4 is that there is no headroom
voltage associated with Iex, making it more suitable for low-
voltage operation under the same required input sensitivity.

Input-dependent and time-varying non-linearity may also
oceur in the circuit in Fig. 4, providing Ry is not much greater
than the Thevenin resistance of the excitation voltage or the
supply voltage. Nevertheless, in many circumstances, a low-
impedance and well-regulated supply voltage is usually and
easily provided. Therefore, under low-voltage operation, the
current-sensing arrangement in Fig. 4 is likely to provide
superior performance.

1I1. Architecture of the Proposed Interface Circuit

Using the low-voltage single-element varying cumrent-
sensing configuration in Fig. 4(a), Fig. 5 shows the simplified
circuit diagram of the proposed interface circuit, which consists
of an input current buffer and a 1-bit delta-sigma analog-to-
digital converter. The piezo-resistor (Rp = Rg+AR, assuming
that Rp increases with pressure variation) and the reference
resistor, Re, are connected between the power supply voltage
and the input of the current buffer. The input common-mode
voltage, Ve, of the current buffer is kept constant due to the
negative feedback within the circuit. Thus the voltages across
the resistors are constant, and when pressure is applied, it
creates a current flow into the current buffer. The current buffer
measures the input current differentially and delivers a single-
ended output current, Is, to charge a capacitor, which functions
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as an integrator of the following delta-sigma converter. The
digital output pulse rate will be proportional to the applied
pressure variation. The delta-sigma converter is a synchronized
charge-balancing converter suitable for an embedded smart
sensor due to its simplicity.

The operation of the circuit can be described as follows.
When no pressure is applied, Is is zero and the capacitor will
not be charged or discharged; thus, there is no digital output
pulse. Assume that the output of the comparator is low, the
switch SW will be open and the current I charges the capacitor.
The voltage across the capacitor increases until it reaches the
reference voltage, V.. At this instance, the output of the
comparator goes to the negative saturation state and the output
of the flip-flop goes LOW at the next rising edge of the clock.
Then, the switch SW is tumed on, thus allowing the capacitor
to be discharged with the current I-Is, where I, is a constant
reference current. The capacitor voltage is discharged until it is
less than V,, at which the output of the comparator goes back to
the positive saturation state. Then, at the next rising of the clock,
the output of the flip-flop goes HIGH and turns off SW and I;
thus, the capacitor is charged again with [s.

It can be deduced that the number of digital output pulses
(N) over a fixed measuring time interval (T,,) is proportional to
the value of Ig as described in (2), where Tciy is the digital
sampling clock period. The output pulses during T;, are
counted by a digital counter, which acts as a first-order digital
decimation filter, and the total number of pulses is the digital
representation of the applied pressure.

1, Mo )

Digital
output
D Q >
Flip-flop
>
Differential
current buffer
I-bit AX
modulator

Fig. 5. Proposed low-voltage current-sensing interface circuit.

V. Proposed Circuit Implementation

1. Differential Input Current Butter

Figure 6 shows the circuit implementation of the differential
input current buffer, which can be described as follows. The
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input section of the current buffer is realized by M,-M, and DC
biased current sources (M;3-May). This kind of circuit has been
called the “flipped voltage follower” [8]. The circuit uses
negative feedback to achieve small input resistance and to fix the
input common-mode voltage, Ve, as given by (2), where pCo
is the MOSFETs transconductance parameter and Vg, I;, Vi,
and (W/L), are the gate voltage, drain current, threshold voltage,
and the aspect ratio of M,, respectively. Thus, the voltages
dropped across both resistors are kept constant to Vpp-Vau.

Under a pressure variation, the piezo-resistance is changed,
creating an input current (Al) into My, which is mirrored to M.
On the other hand, the reference resistor is fixed and does not
vary with pressure; thus, a constant common-mode current
flows through M; and Ms The common-mode curmrent is
subtracted from the input current signal at the output of the
current buffer to produce an output current signal which is free
of common-mode variation. The accuracy of current mirroring
is vital to the linearity and common-mode rejection ratio
(CMRR) of the current buffer. Therefore, two auxiliary
amplifiers, A, and A, are used to match the drain-source
voltages of Mz, Ms, and My, Mg, in order to improve the
accuracy of current mirrors. The two amplifiers are identical
and are realized by using the conventional two-stage
operational amplifier. Transistors Mg-M,, realize a cascode
current mirror used to eliminate the common-mode component
of the input signal.

Note that, although the same circuit functions (that is,
detection of resistance change and differential input current)
may be obtained with a simpler current differencing circuit [9],
which is essentially one of the two identical input sections
shown in the dotted box in Fig. 6 with two DC bias current
sources, and without the NMOS current mirror, Mo-M,,. In this
work, we opted for two identical input sections because they
provide identical and symmetrical low-input impedance to
both inputs, which minimizes input offsets and signal-
dependent voltage variations to enhance accuracy and linearity
at the expense of increased power dissipation and area.

it

A Y 3)
UCox WiL), ™

Veu =Var +

For DC stability of the following delta-sigma modulator, a
DC current, [, is added to the output current signal (Al) by a
current mirror, My-My,, yielding the final output current, I, =
I,+AI. Transistors M, and M,; also realize a flipped voltage
follower to fix the output common-mode voltage of the current
buffer for best matching and accuracy of the current mirror.

Since the bandwidth of the pressure signal is in the order of a
few tens of hertz, the pressure readout can be sampled with a
sufficient sampling rate without any loss of information.
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Fig. 6. Differential input current buffer.

Fig. 7. Clock generator circuit.
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Fig. 8. Timing diagram of clock signals.
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Therefore, the circuit operation is controlled by two non-
overlapping clock signals, ¢, and ¢», rendering two modes of
operation: active and idle modes. In idle mode, ¢; and ¢, are
LOW, Mys and My are turned on shorting both resistors, and
the input bias current I; is turned off to save power and disable
the circuit. In active mode, ¢, and ¢, are HIGH, Mys and My
are turned off, and I, is turned on allowing the circuit to operate
and measure the input resistance variation. This scheme allows
power saving during the idle interval, which is useful for
implantable and battery-operated applications. The clock
signals ¢, and ¢, are generated by the circuit in Fig. 7, and its
timing diagram is depicted in Fig. 8. In this work, the active
sampling clock rate (clkl) and the active time interval (clk2)
are chosen as 800 kHz and 3.3 ms, respectively.

2. First-Order Delta-Sigma Modulator

The output current I of the current buffer is converted to a
digital bitstream by a first order 1-bit delta-sigma modulator as
shown in Fig, 9. The circuit consists of an integrating capacitor,
C; a reference current source, I; and a flip-flop and a dynamic
comparator, M4;-Ms,. The capacitor C performs the integration
of I, yielding the capacitor voltage, Vc. ‘The value of C is
chosen so that non-linear clipping does not occur at the
desirable maximum input signal- amplitude. The dynamic
comparator compares Ve with the reference voltage, V,, and
produces the 1-bit output digital bitstream. The comparator
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Fig. 9. Circuit diagram of the 1-bit delta-sigma modulator.
[10] consists of a positive feedback differential amplifier and a - 55
data latch. Finally, transistors M3; and M, switch the current I, —0- Output pulse rate /\
5 53 . 18001 —=— Absolute error
on and off according to the output digital bitstream; thus, " / [ 20
performing 1-bit digital-to-analog conversion. é R =
5 1600 spussiffpuslis &
: ; 3 ! s
V. Simulation Results g 1o L
§ 14001 i o
In this work, the proposed interface circuit is targeted foran & _—_— <
implantable pressure sensor as in [3], with a sensitivity of < 1200:"' 05
5 uV/V/mmHg. The nominal resistance of piezo-resistance -
(Ro) is 2.5 k. The maximum change of +1% from the e 100 200 300 400 500
nominal value is expected from a typical blood pressure range Input current (nA)

(-500 to +500 mmHg). The circuit was designed to operate
with a single 1.5 V power supply, and was simulated using
Spectre™ with process parameters from a 0.35 pm CMOS
technology. The value of Vi of the input current buffer was
set to 1.4 V to minimize the quiescent current flowing through
Ro. The value of C was chosen to be 20 pF. Each transistor in
the input current buffer was biased to have its drain-source
voltage around 0.4 'V, except for M3-Mg which have 0.1 V.

Main circuit and bias parameters are displayed in Figs. 6 and
7. Bias currents and voltages were provided by on-chip
bandgap voltage reference and a regulated cascode current
generator with a precision external resistor. In the idle mode, all
circuits are powered down, except the bandgap reference,
which remains active in order to allow fast recovery retum to
the active mode.

Figure 10 shows the digital output pulse rate versus the input
current and its linear regression. The maximum absolute error,
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Fig. 10. Number of digital output pulses versus input current.

calculated by the best-fit line method, is less than 0.23% for an
input current range of 500 nA, which corresponds to 1%
resistance variation of Rg.

Figure 11(a) shows the waveforms of the capacitor voltage
and the digital output bitstream, when a 30 Hz 500 nA
sinusoidal current is applied to the input. The capacitor voltage
does not saturate at the maximum input current amplitude, as
desired. Figure 11(b) shows the power spectral density of the
output digital data, and the noise-shaping characteristic of the
delta-sigma converter is clearly displayed. The in-band noise
floor is more than 60 dB below the signal, which is equivalent
to an effective number of bits of 9.67. The input-referred noise
current, integrated over 30 Hz bandwidth, is equal to 288 nA.

Figure 12 shows the layout of the overall interface circuit,
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Fig. 12. Layout of the proposed interface circuit.

which occupies 0.2 mm? of silicon area. Table 2 summarizes
the simulated performance of the proposed circuit. Although
the power dissipation of the proposed circuit is not the lowest,
it is still on par with those of other sensor interface circuits
intended for implantable applications, such as 250 uW in [3].
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Table 2. Performance summary of the proposed interface circuit.

Parameters Value
Supply voltage L5V
Max. linearity error (+1% change in Rp) [0.23%
Effective resolution 9.67 bit
Conversion time 3.3 ms
L 270 pW(Active mode)
Power dissipation
13.4 W (Idle mode)

VI. Conclusion

A low-voltage CMOS interface for a piezo-resistive transducer
has been described. The proposed circuit detects change in
piezo-resistance by using a current-sensing configuration and
employs a simple first-order delta-sigma modulator to convert
the resulting input cwrent to an output digital bitstream.
Simulation results shows that the circuit can achieve a 60 dB
signal-to-noise ratio with less than 0.25% non-linearity emror,
while operating with a single 1.5 V power supply. The proposed
circuit is suitable for a single-chip CMOS smart sensor.
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