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Abstract— This paper describes a low power and low noise 
circuit for resistive Wheatstone bridge sensor readout. The 
proposed readout exploits the bridge configuration of the sensor 
by embedding it into a second-order continuous-time sigma delta 
modulator (RC CTΔΣM). By directly digitizing the output signal 
of a Wheatstone bridge in the current mode, the noise 
performance is dominated by the operational transconductance 
amplifier (OTA) in the first integrator. The proposed readout is 
designed in a 0.35 μm CMOS technology. Simulation results show 
that it achieves an input referred noise power spectral density 
(PSD) of 4.2 nV/√Hz with a current consumption of 860 μA from 
a 5 V voltage supply. This represents a noise efficiency factor 
(NEF) of 4.7. 

Keywords— Wheatstone bridge; Energy-efficient; Low noise 
power density; Continuous time sigma delta modulator. 

I. INTRODUCTION 
Thanks to simplicity and low manufacturing cost, resistive 

sensors are commonly embedded in Wheatstone bridges for 
many industial applications, e.g., to monitor pressure, humidity 
and temperature [1-3]. Fig. 1 shows an example of a MEMS 
piezoresistive differential pressure (MPDP) sensor, which 
senses pressure by measuring the deflection of a silicon 
membrane with high piezoresistivity [4]. With four 
piezoresistors connected in a full Wheatstone bridge, the 
sensitivity can be quadrupled.  
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Fig. 1. MEMS piezoresistive differential pressure sensor (a); Piezoresistors 
that can be used in a full Wheatstone bridge configuration (b). 

Conventional readout methods of bridge sensors consist of 
two main parts: instrumentation amplifiers (IAs) and analog to 
digital converters (ADCs) as shown in Fig. 2(a). An IA is 
typically designed with high input impedance and a large gain 
to boost the signal amplitude of the sensor’s outputs (typically 
several mV) and drive the succeeding ADC stage, which 
converts the results into digital words. This results in a readout 
IC which involves two feedback loops with an overall open 
loop gain far exceeding the necessary closed loop gain. In 
addition to complexity [3, 5], such readouts have lower power 
efficiency. To address these issues, an alternative readout 
topology was proposed, as shown in Fig. 2(b). It embeds the IA 
into the ADC in one closed loop to improve energy efficiency 
and reduce complexity [6, 7]. In this architecture, two feedback 
loops are simplified into one loop by means of an indirect 
current feedback network. The high input impedance of the 
readout ICs is realized by using Gm-C integrators. However, 
additional design effort is needed to accommodate the poor 
linearity of the Gm-C integrators. This results in a large area or 
extra complexity. 

Alternatively, bridge sensor can be read in current mode. In 
the design reported in [8], the bridge sensor is embedded into 
the first RC integrator of a continuous-time sigma delta 
(CTΣΔ) modulator. The output signals of the Wheatstone 
bridge are directly digitized in the current mode. However, the 
resolution of readout is limited by its 1/f noise. Consequently, it 
has a relatively low energy-efficiency. 

In this paper, we describe a readout IC based on second 
order feedforward CTΣΔ with better performance compared to 
the prior art in terms of noise, power dissipation and design 
simplicity. The principle and topology are studied on high 
energy-efficient readout for bridge sensor. Moreover, the 
chopping technique is utilized to reduce the readout’s 1/f noise 
and offset without fold-back of quantization noise to the signal 
band. Compared to state-of-the-art readout ICs for Wheatstone 
bridges [1, 3, 5-8], the proposed solution achieves a lower input 
referred noise PSD with higher power efficiency. 

The rest of the paper is organized as follows. Background 
knowledge on and the principle of the proposed low power 
readout IC will be discussed in Section II. Section III discusses 
the implementation details of the proposed readout IC. The 
performance of the proposed readout IC is then verified with a 
simulation result in Section IV. The paper and the conclusions 
are drawn in Section V. 
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II. CURRENT MODE OPERATION PRINCIPLE 
Bridge sensors are usually read out in the voltage mode, 

which can, ideally, provide the best linearity performance. The 
output, Vout, of the Wheatstone bridge can be defined as 

out
Vdd r

V
R

, 

where R is the bridge resistance and r is varying resistance. 
However, as shown in Fig. 2(a), two amplifiers A1 and A2 in a 
three-opamp IA are normally located close to the bridge 
sensors in the signal chain to provide high input impedance [3]. 
These two amplifiers usually dominate the noise contribution 
of the readout. To obtain better noise performance, more power 
needs to be consumed by these two amplifiers, which 
consequently increases the power consumption of the readout. 
The same statement is valid for indirect current-feedback IAs 
(CFIAs), since the input and the feedback Gm stages are the 
main noise sources of the readout [5]. In the single closed loop 
readout solution, as shown in Fig. 2(b), the power dissipation 
of the readout is thus dominated by two identical Gm stages G1 
and G2. Although single-loop readouts have better energy 
efficiency, the improvement is rather limited [6, 7]. 
Capacitively coupled IAs (CCIAs) have even better energy 
efficiency because they only have a single opamp which 
dominates the noise in the readout circuit of the bridge sensors 
[9]. However, it is difficult to combine a CCIA and an ADC 
into a single loop with proper linearity and simplicity [10].  
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Fig. 2. Typical readout solution for bridge sensor: (a) Two-loop topology; (b) 
Single-loop topology. 

Instead of reading the Wheatstone bridge in the voltage 
mode, an alternative interfacing strategy, which avoids the 
shortcomings of IAs, is to read out the output current of the 
Wheatstone bridge with a transimpedance amplifier (TIA), as 

shown in Fig. 3. The main noise contribution of this circuit 
comes from the OTA because Rf is significantly larger than R. 
The output signal of the TIA can be defined as 

out f2 2

2 Vdd r
V R

R r
. 

It can be found that the output is a non-linear function of r 
as the denominator of the Eq. 2. However, for MPDP sensors, 
the additional nonlinearity due to the variation of r is relatively 
small compared to their natural nonlinearity, since r is much 
smaller than the bridge resistance. 

In addition, the feedback network can be realized digitally 
by using the charge balancing technique in a ΣΔ modulator 
loop. Figure 4 shows the readout which is realized by 
embedding the Wheatstone bridge into a first order CTΣΔ 
modulator. The input referred noise power, which includes the 
noise of the Wheatstone bridge, is given by [11] 

2

noise
f m

8 ( )
4

R
P kTBW R

R g
, 
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Fig. 3. Interfacing the Wheatstone bridge by a TIA. 

with γ being the noise enhancement factor for short-channel 
transistors and gm is the transconductance of the OTA. As 
shown in Eq. 3, the major noise source of this readout circuit is 
the OTA and the source resistance of the bridge. This suggests 
that the proposed architecture can be more power-efficient 
compared to traditional voltage mode readout ICs. 
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Fig. 4. Wheatstone bridge with a first-order CT sigma delta ADC. 

III. SECOND-ORDER CT READOUT IC FOR BRIDGE SENSORS 
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Fig. 5. Proposed readout IC for Wheatstone bridges. 

A. Topology 
In order to meet the resolution specification of the bridge 

sensors with fewer clock cycles, a higher-order ΣΔ modulator 
is preferable. The second order feedforward topology is 
adopted for energy efficiency. The oversampling ratio is set at 
500 so that it can provide enough quantization noise 
suppression for the target resolution. 

The circuit diagram is shown in Fig. 5. It consists of an RC 
as the first integrator and a Gm-C as the second integrator, a 
resistive feedback DAC, a 1-bit quantizer and a Wheatstone 
bridge. A Gm-C integrator is chosen to reduce the power 
consumption. In addition, the Gm-C integrator also helps to 
reduce the power consumption of the first integrator since it 
will not act as a resistive load to the first integrator. The offset 
and 1/f noise of the first integrator are modulated to high 
frequencies by means of chopping. As a result, the input 
referred noise spectrum will be flat and thermal noise limited at 
low frequencies.  

The feedforward coefficient of the second-order sigma 
delta modulator is implemented by adding RZ2 to the Gm-C 
integrator. Thus, the transfer function H(s) from the input of 
OTA2 to output of OTA2 can be expressed as [12] 

m Z2
int 2

1( ) ( )H s g R
sC

, 

where gm is the transconductance of OTA2. 

B. Implementation Details 
In the proposed readout circuit, OTA1 is realized in a 

simple folded cascade topology. It consumes 700 μA and 
provides a more than 80 dB open loop gain with a ± 400 mV 
output swing from a 5 V power supply. 

As shown in Fig. 6, the OTA2 in the second integrator is 
realized in the folded cascode topology with source 
degeneration to accommodate the output swing of the first 
integrator. The common mode feedback in OTA2 is realized 
with two identical transistors M14 and M15. These two 
transistors work in the deep triode region so that the output 

differential signal of OTA2 will be canceled linearly. Since the 
noise of the second integrator is less significant compared to 
the first integrator, the power consumption of OTA2 is only 100 
μA. Moreover, it provides a more than 60 dB open loop gain 
with a ± 600 mV output swing.  
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Fig. 6. Simplified schematic of OTA2 in the Gm-C integrator. 

The readout consumes 860 μA from a 5 V voltage supply. 
The input referred noise PSD of the readout, excluding the 
noise of the Wheatstone bridge, can be given by 

2

nnoise
m1 DAC1 m1

28 ( )
4i

R kT
v kT

g R g
. 

For 5 V transistors in 0.35 μm CMOS technology, γ is 
about 3.5. Since γ/4gm1 >> R2/RDAC, the noise that comes from 
the resistors of the DACs is negligible for this readout circuit. 

Although chopping has been successfully implemented in 
instrumentation amplifiers and discrete-time ΣΔMs 
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(DTΣΔMs), it is known to cause undesirable artifacts when 
used in CTΣΔMs [13,14], namely fold-back of quantization 
noise to the signal band which is mainly due to the charging of 
the parasitic capacitors at the input of the OTA1. This 
quantization noise fold-back can be avoided by chopping the 
first integrator at sampling frequency and its integer multiples. 

IV. SIMULATION AND COMPARISON 
The proposed readout IC is designed in a 0.35μm CMOS 

technology. The key performance and power dissipation have 
been evaluated through simulation in Cadence. In the 
simulation, the bridge resistance is set to 3.5 kΩ and the 
Wheatstone bridge is modeled with 5 pF parasitic capacitance 
at each output node. In order to evaluate the signal-to-noise 
ratio (SNR), four sinusoidally time-varying resistances, which 
change from – 3.8 Ω to + 3.8 Ω at 503 Hz, are added to the 
Wheatstone bridge to model the small varying resistance r. A 2 
mV voltage source, which is obtained from a Monte Carlo 
analysis, is added to the input node of the OTA1 to model the 
input referred offset. The output swings of both integrators are 
limited to within ± 400 mV. 
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Fig. 7. FFT analysis of the bitstream of the proposed readout IC without 
chopping and with chopping. 

As Fig. 7 shows, without chopping, the performance of 
readout ICs suffers from serious deterioration because the 2 
mV offset does not only cause an error around the DC, but also 
makes the second-order modulator unstable due to the larger 
input signal. The performance improves significantly when 
chopping is enabled. 

Figure 8 shows the FFT analysis with the transient noise of 
the readout IC. The readout achieves an SNRIC of 88dB in a 
bandwidth of 2 kHz. The input referred noise PSD of the 
readout IC is 4.2 nV/√Hz since the equivalent input signal 
amplitude from the sensor is 5.4 mV. The overall SNRtotal is 
80dB, which takes into account the noise of the Wheatstone 
bridge. Together with the comparator and the biasing circuits, 
the readout IC consumes 860 μA from a 5 V voltage supply, 
which represents an NEF of 4.7 [15]. 
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Fig. 8. FFT analysis of the bitstream of the readout IC with transient noise. 

TABLE I. PERFORMANCE OF THE READOUT IC VERSUS THE STATE OF THE 
ART. 

 This 
work [1] [5] [7] [10] 

Architecture RC 
CTΔΣM 

IA + 
SAR 

CFIA + 
DTΔΣM 

RC 
CTΔΣM 

CCIA + 
CTΔΣM 

Technology 0.35μm 0.35μm 0.7μm 0.18μm 0.18μm 

Year 2017 2015 2011 2015 2017 

Supply Voltage 
(V) 5 3.3 5 1.5 1.8 

Current 
Consumption 

(μA) 
860a 61b 270b 35b 1200b 

Bandwidth 
(Hz) 2000 50 10 5000 2000 

Input Referred 
Noise PSD 
(nV/√Hz) 

4.2a 191b 16.2b 256b 3.7b 

NEF 4.7a,c 58b 10.4b,c 59b 5b,c 

a. Simulation Results; b. Measured Results; c. Folded Cascode 
 

The key results of this work are summarized and compared 
in Table I to the state-of-the-art results published for 
Wheatstone bridge sensors. 

V. CONCLUSION 
Through this paper, an energy-efficient readout IC for 

MPDP sensors is presented. By digitizing the output signal of 
piezoresistive sensors in the current mode which are 
embedded in a continuous-time sigma delta converter, the 
noise performance is dominated by a single OTA in the first 
integrator. Compared to conventional voltage mode readout, 
the proposed readout IC requires fewer active stages and 
therefore consumes significantly less power. Its key 
performance and the power dissipation have been evaluated 
through simulation in Cadence. The proposed readout IC draws 
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860 μA from a 5 V power supply, achieving an  input referred 
noise PSD of 4.2 nV/√Hz and an NEF of 4. 
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