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Abstract: An all switched-capacitor structure realized piezoresistive
pressure sensor interface chip for automotive tire pressure monitoring
system is presented. The propose integrated circuit consists of high res-
olution incremental ADC, low noise switched-capacitor amplifier, high
accuracy bangdap reference and low-power relaxation oscillator and
other related blocks. Proposed structure was implemented in standard
0.35 µm CMOS process with an area of 6.1mm2. The experimental
results show that the signal conditioning method provides high accu-
racy of 1% of the full scale output with a battery voltage from 3.6 V to
2.1 V over the full military temperature range. The charge consump-
tion results into 25 mAh in 10 years, including sleep mode and junction
leakage current.
Keywords: pressure sensor, switched-capacitor, CDS, low power,
TPMS
Classification: Integrated circuits

References

[1] US Department of Transportation, National Highway Traffic Safety Ad-
ministration, Federal Motor Vehicle Safety Standards: Tire Pressure Mon-
itoring System; Control and Displays, April 2005.

[2] K. Martin, L. Ozcolak, Y. S. Lee, and G. C. Temes, “A Differential
Switched-Capacitor Amplifier,” IEEE J. Solid-State Circuits, vol. 22,
no. 1, pp. 104–106, Feb. 1987.

[3] J. Chen, G. Li, and Y. Cheng, “Low-power offset-cancellation switched-
capacitor correlated double sampling bandgap reference,” Electronics Let-
ter, vol. 48, no. 14, pp. 821–822, July 2012.

[4] Z. Peng, Y. Wei, Z. Ke, and L. Wenhong, “An offset-insensitive switched-
capacitor bandgap reference with continuous output,” J. Semiconductors,
vol. 30, no. 8, Aug. 2009.

[5] J. Markus, J. Silva, and G. C. Temes, “Theory and applications of incre-
mental ΔΣ converters,” IEEE Trans. Circuits Syst. I, Reg. Papers, vol. 51,
no. 4, pp. 678–690, April 2004.

[6] C. C. Enz and G. C. Temes, “Circuit Techniques for Reducing the Effects
of Op-Amp Imperfections: Autozeroing, Correlated Double Sampling, and
Chopper Stabilization,” Proc. IEEE, vol. 84, no. 11, pp. 1584–1614, Nov.
1996.

[7] [Online] Available: http://www.infineon.com
c© IEICE 2013

DOI: 10.1587/elex.10.20120641
Received August 09, 2012
Accepted August 31, 2012
Published January 09, 2013

1



IEICE Electronics Express, Vol.10, No.1, 1–6

[8] [Online] Avaiable: http://www.freescale.com
[9] C. Kolle, W. Scherr, D. Hammerschmidt, G. Pichler, M. Motz, B. Schaffer,

B. Forster, and U. Ausserlechner, “Ultra low-power Monolithically Inte-
grated Capacitive Pressure Sensor for Tire Pressure Monitoring,” Proc.
IEEE, vol. 1, pp. 244–247, Oct. 2004.

1 Introduction

Nowadays, the increasing accident rate related to incorrect air pressure in
vehicle has attracted public more awareness and a draft bill requiring the
fitting of a tire pressure monitoring system (TPMS) in all vehicles from 2006
in USA [1]. Compared with indirect methods of measuring tire pressure,
the direct way mounted inside the tire can provide a more accurate and
trustworthy results. In order to achieve the required performance of opera-
tion life, at least 10 years, many low power techniques have been proposed
to eliminate the power consumption, such as power manager unit, Timing
optimization. For realization of ultra-low power and high accuracy sensor in-
terface, all switched-capacitor (SC) topology is proposed, not only the incre-
mental Analog-Digital-Convert (ADC), but also low power amplifier (LNA)
and high accurate band-gap voltage reference. Moreover, due to correlated
double sampling (CDS) techniques adopted in band-gap voltage reference
and LNA, op-amp do not require a high output driver and lead to area and
power consumption reducing and simplifying op-amp frequency compensa-
tion. Finally, experiment results are provided to verify the effectiveness of
the topology.
2 The proposed all switched-capacitor topology

Fig. 1 illustrates the proposed all switched-capacitor piezoresistive pressure
sensor signal interface structure. It consists of a low-power differential
switched-capacitor amplifier, a high accuracy band-gap voltage reference,
a high accurate incremental ADC with embedded digital filter, relaxation
Oscillator and digital control unit.

Piezoresistive pressure sensor connected as a Wheatstone bridge is fabri-
cated by Micro-Electro-Mechanical technology. In order to eliminate power
consumption of pressure sensor, the bridge is switched on only during the
pressure measure cycle. The sensor interface features high gain accuracy
LNA to boost the pressure sensor signal prior to digitization by means of a
13 bits ADC for 1% accuracy of full scale output (FSO) of pressure sensor [2].
The ADC employs two-state single-order incremental ΣΔADC structure and
works at one-shot mode [5]. After power-up, the modulator and the deci-
mation filter are reset to a well-define stage. Then, the modulator produces
13 bits binary output. Finally, the incremental ΣΔADC is powered down
again to save power. Since the output of piezoresistive pressure sensor is
seriously dependent on absolute temperature, a temperature sensor is also
realized in system with a inaccuracy of ±1◦C over −55◦C to 125◦C range.
The temperature sensor and pressure sensor share the same LNA for small
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Fig. 1. Block diagram of the proposed sensor interface circuit

signal boost for saving area and power, but the reference voltage of incre-
mental ΣΔADC is different for their distinct ratio metric character. The
temperature sensor uses a band-gap voltage and the pressure sensor adopts
the Wheatstone bridge excitation voltage directly. Multiplexers are designed
to select the input of LNA and reference voltage of incremental ΣΔADC. A
9 bits battery voltage sensor with an accuracy ±100 mV is also included to
remind user about the low battery voltage risk.
2.1 SC CDS Band-gap voltage reference
Compared with conventional SC bandgap voltage reference [4], the proposed
circuit adopts CDS technique to reduce op-amp offset voltage and finite
gain effects. As shown in Fig. 2 (a), the improved structure consists of a
temperature-dependent core, a SC CDS amplifier and some process calibra-
tion blocks [3]. The proportional to absolute temperature (PTAT) voltage
is directly connected to the differential input of the SC CDS amplifier and
the port VBE is linked to one plate of C3, as illustrate in Fig. 2 (b). The
classical feedback reset switch is replaced by the elementary sample-and-hold
branched consisting of capacitor C3 and their associated switches. During
the sample phase (F1), capacitor C1 sample the difference emitter-base volt-
age of the two BJTs while C3 acts as feedback capacitor, which causes the
op-amp output to change only by the op-amp input offset voltage. This is a
much smaller value than the structure [4]. Since the output dynamic range
is reduced, the requirement of slew-rate of op-amp is greatly relaxed and
attractive to low power design. The SC amplifier’s gain factor sets to be K,
compensating the temperature coefficient of base-emitter voltage of the BJT
Q3 to obtain a temperature-independent voltage. The VREF voltage can be
written as equation (1):

VREF = K × ΔVBE + VBE’ = K × ΔVBE + VBE + 1 uA × RARRAY (1)

Since the slope of the base-emitter voltage depends on process parameters,
the absolute value of the collector current and stress effect introduced by
packaging, the calibration after packaging is demanded to meet high accuracy
requirement. In our design, two level trimming is applied. The 5 bits fine
trimming resistance array is used to obtain a trimming resolution of 31 nA
and the total range of 2 uA-7 uA is sufficient to compensate for the practical
process spread and variation of absolute value of biased current.
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Fig. 2. (a) Proposed SC BGR, (b) SC amplifier for SC
BGR, (c) Proposed incremental ΣΔADC topol-
ogy, (d) Integration cycle and offset cancellation

2.2 Incremental ΣΔADC topology
The incremental ΣΔADC includes a ΣΔ modulator and a digital filter, as
shown in Fig. 2 (c). The modulator adopts two-stage single-order structure
with a clock frequency of 20 kHz. Compared with single stage and simple
counter structure demanding 213 periods, only 64 periods are required to
achieve a resolution of 13 bits with a conversion time of 12.8 ms. A fully
differential switched-capacitor implementation is used to suppress common
disturb and improve SNR. In order to avoid saturation of first stage, the
gain factor of the first stage is set to 1/4. Meanwhile, the reference voltage
of the second stage is also required to have the same gain factor. To guar-
antee negligible errors due to finite op-amp gain, a gain-boost folded cascade
implementation with a DC gain of 95 dB is used. The digital filter filters out
the high frequency noise and generates the 13 bits binary output from the
bit-stream of two modulators. For the reason that the input offset voltage of
op-amp in the modulator directly added to the ADC input and drifts along
with temperature and technology process, we have to design a special timing
to eliminate its effects. As shown in Fig. 2 (d), the entire integration cycle is
divided into three parts: first, the modulator works normally in the first part
for 64 periods; After the integration of the first part, the V2 can be shown
as equation (2):

V2 = (i + 1) ∗ i ∗ V in −
i∑

j=1

aj(i + 1 − j) ∗ V ref

−
i+1∑
j=2

bj ∗ V ref + i ∗ (i + 1) ∗ Vε1 + 2 ∗ i ∗ Vε2 (2)
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Where Vε1 and Vε2 are corresponding op-amp offset voltage in the first and
second stage modulators, and i is 64 here. Compared with traditional chop-
ping technique [6], the proposed technique requires not only reverse of the
polarity of input and output ports of both two op-amps, but also some charge
transfer. The charge stored in integration capacitor of the second stage re-
verse and the integration capacitor of first stage is reset to zero; at the third
part, the modulator operates under the same timing as the first part. The
op-amp offset voltages are integrated in the same way as first integration
part, but the residual offset introduced in the first part has been inversed in
the second part, so at the end of third part, the effect of offset voltage has
been eliminated and the effective integration voltage has been doubled. The
Voltage V2 at the end of third part is:

V2 = 2 ∗
⎧⎨
⎩(i + 1) ∗ i ∗ V in −

i∑
j=1

aj(i + 1 − j) ∗ V ref −
i+1∑
j=2

bj ∗ V ref

⎫⎬
⎭ (3)

The error caused by offset voltage is eliminated and the effectiveness of
method is dependent on the correlation of offset voltage during the entire
integration cycle and charge-injection mismatch obviously. The residual off-
set voltage is below 30 µV, meeting the system inaccuracy requirement.
2.3 Switched capacitor low noise amplifier
A fully differential switched capacitor structure is realized in LNA with
13 bits linearity [2]. Since the sensitivity of piezoresistive pressure sensor
is unique between different sensors, the LNA should have function of pro-
grammable gain. By switching the number of sampling capacitor unit, the
ratio of sampling and charging capacitor is programmed and realizes a gain
of 16, 20 and 24. And the error caused by op-amp finite gain is proportional
to A−2 rather than A−1, allowing using low-gain single-stage op-amp without
causing large gain error [2], bringing low power benefit and simple frequency
compensation. In order to satisfy the noise floor requirement limited to 1/2
LSB with 13 bit resolution, the sampling capacitor is choose to 16 ∗ 1.4 pF at
the worse condition.
3 Experiment results

The sensor interface circuit was fabricated in a standard 0.35µm CMOS pro-
cess. A chip microphotograph is shown in Fig. 3 (a). The chip area is 6.1 mm2

Fig. 3. (a) Chip Micrograph of sensor interface, (b) Typ-
ical charge consumption of chip at different mode
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Table I. PERFORMANCE COMPARISON

and temperature compensation was implemented off-chip with FPGA for
testing flexibility. Fig. 3 (b) shows measured current consumptions for the
different measurement mode (@ Vdd = 3 V). Since Pressure and tempera-
ture measurement share the same structure and same ADC inaccuracy, they
both last 12.8 ms for a complete conversion cycle with a current of about
175 µA. For battery voltage sensor, only 3.2 ms is needed for its low accu-
racy requirement. The combined three measurement mode consumes total
5.04 µA-sec. Assume that the cars is running at about a quarter of their
time and the TPMS measurement the data once every 5 seconds averagely,
the overall charge consumption of the pure measurement is about 22.1mAh
in 10 years. Considering the measured 28 nA for low power relaxation oscilla-
tor and junction leakage current, this topology leaves a total of 90% of charge
available for RF-transmission, piezoresisitive sensor an battery self-discharge
with a battery capacity of 250 mAh.

Table I compares the achieved performance with previous works [9]. Since
most work in this field is done in industry, the performances of related spec-
ifications of two commercial TPMS sensor have also been included in the
table [7, 8]. From the table, it can be seen that the topology we realized
has lower power consumption and higher temperature and pressure accuracy
with a larger pressure range.
4 Conclusions

A CMOS piezoresistive sensor with all switched-capacitor structure realized
has been present. The proposed topology produces an accuracy of 1% FSO
over the military temperature range. CDS technique, offset-cancellation tech-
nique, high accuracy gain control and low power optimization were adopted
effectively with the benefit of switched-capacitor structure. Experimental re-
sults show that the chip is capable of operating with a battery capacity of
250 mAh for 10 years, only consuming less 10% charge available.
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