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Abstract—This paper presents an energy-efficient, duty-cycled, 
and spinning excitation bridge-to-digital converter (BDC) suitable 
for measuring the pulmonary artery pressure of heart failure 
patients with an implantable system. The duty-cycled bridge uses 
resistances of 6.2 kΩ and, with a supply of 1.2 V, consumes 0.4 nJ 
excitation energy. A novel spinning method is applied to the bridge 
and the capacitive DAC simultaneously in such a way to achieve an 
offset-independent digital output and to eliminate the need for 
complex instrumentation amplifiers with offset-reduction 
techniques or calibration. The SAR ADC fabricated in 0.18-µm 
CMOS consumes 19 nW at 1.2 V. With a sampling rate of 1 kS/s, 
the converter achieves the ENOB of 9.2 bits. 

Keywords—medical implantable devices, pressure sensors, SAR 
ADC, bridge-to-digital converter, duty-cycled, offset compensation. 

I. INTRODUCTION 
Heart failure (HF) is a serious and progressive clinical 

condition which occurs when the heart is unable to pump enough 
blood to meet the needs of the body. HF is one of the most 
important causes of mortality, disability, and health care 
expenditure in the 21st century, and when it is associated with 
pulmonary hypertension (PH), the risk increases further [1]. HF 
affects more than 64 million people worldwide and is expected 
to rise further due to ageing population [2]. High rate of HF 
hospitalization results in a significant economic burden to the 
health care system and decreases the quality of life of millions 
of patients. In order to adapt treatments based on how the patient 
reacts to prescribed drugs and to reduce and prevent recurrent 
HF hospitalizations, it is crucial to continuously (24/7) and 
accurately monitor the heart activity, in particular, the 
pulmonary artery (PA) pressure [3]. In addition, the remote 
monitoring of HF patients proved to be critical during the 
COVID-19 pandemic since they are in the main risk group. The 
PA pressure (PAP) of HF patients can be accurately measured 
with a remotely powered deep implant, which consists of a 
pressure sensor, its readout circuit, and communication blocks, 
and is placed in a branch of the PA. In addition to the high 
accuracy of the pressure measurement, the remotely powered 
deep implant must have low power consumption and small size.  

 

Fig. 1. Conventional bridge-to-digital converter (BDC). 

Piezoresistive sensors configured in a Wheatstone bridge are 
widely used to measure pressure, humidity, and temperature [4]-
[7], thanks to their simplicity, reliability, small size and high 
accuracy. However, they are power hungry, since the bridge 
resistances are low (usually between 1 kΩ and 10 kΩ). Fig. 1 
shows the conventional readout circuit, known as the bridge-to-
digital converter (BDC), made by a low-noise instrumentation 
amplifier (IA) followed by an ADC. In conventional BDCs, the 
top excitation voltage (VEXT) of the bridge is connected to a DC 
biasing voltage, and the bottom excitation voltage (VEXB) is 
grounded [8]. 

The bridge measurement can achieve high resolution and 
linearity, but its excitation energy consumption is higher than 
the interface circuit conversion energy [6] due to low bridge 
resistances, thus limiting the overall sensor energy-efficiency. 
Moreover, the offset of the IA affects the accuracy, thus 
requiring offset-reduction circuits or calibration. Duty-cycling 
the excitation reduces the bridge excitation energy from 125 
times [4] to 6000 times [5] compared to static biasing. However, 
the limit caused by the offset is still a concern. This paper 
exploits the duty-cycling of the bridge for cancelling the IA 
offset at the same time. The circuit reduces the excitation energy 
consumption by a factor of 640 times and avoids the use of 
complex IAs [6] that foresee offset-reduction techniques or need 
calibration. This method makes the bridge sensor suitable to be 
used in deep implants, since it achieves both high accuracy and 
low energy consumption. 
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Fig. 2. Circuit diagram of the highly duty-cycled and spinnning excitation BDC and its timing diagram.

II. PROPOSED DUTY-CYCLED AND SPINNING EXCITATION BDC 
Fig. 2 shows the circuit diagram of the proposed duty-cycled 

and spinning excitation BDC to measure the PAP of HF patients 
with a remotely powered deep implant. Switches controlled by 
spin+ and spin- signals spin both the bridge excitation (VEXT, 
VEXB) and the capacitive DAC's sampling inputs (VOP, VON). 
Switches reverse the bridge connections so that during one 
phase, the bridge's output is +VBR, and during the other phase, 
the output is equal and opposite –VBR. The result is like the one 
obtained with the chopper-stabilized method; the IA's output is 
the amplification of the chopped signal, plus the amplification 
of the offset of the IA. Instead of using a second chopper [9], the 
circuit uses the following strategy. Half of the positive array of 
the cascaded DAC charges to VOP during the first spin, and half 
of the negative array charges to VON. When the bridge signal 
reverses, the second half of the positive array charges to VON, 
and the second half of the negative array charges to VOP. The 
result is that the total charge on the array depends only on the 
bridge signal and compensates for the offset. However, there is 
a residual offset due to the mismatch between the two halves of 
the capacitive arrays, but this error is negligible if the resolution 
of the SAR ADC is not too high. 

The timing diagram in Fig. 2 shows a spin+ high for 781.25 
ns to connect the top excitation voltage (VEXT) to VDD while the 
bottom excitation voltage (VEXB) goes to GND for generating 
the bridge output +VBR. The spin+ goes low before spin- rises, 
thus avoiding a short circuit. It lasts for another 781.25 ns for 
generating the bridge output –VBR. The biasing of the bridge 
lasts for only 1.5625 µs out of 1 ms conversion time. Therefore, 
the excitation energy consumption is 640 times less than an 
equivalent static DC biasing. When spin+ is high, VOP charges 
the MSB capacitor (16C) of the SAR positive array, while VON 
charges the SAR negative array's MSB capacitor (16C). All the 
other capacitors remain floating during spin+. When spin- is 
high, VON charges the remaining capacitors (equivalent to 16C) 
of the SAR positive array while the MSB is floating. A similar 
operation holds for the capacitors of the negative side. In this 
way, the total charges in the positive and negative DAC arrays 
depend only on the two phases of the bridge signal. The given 
operation performs a correlated double sampling action over the 

IA offset, and compensates for it, since the MSB capacitor and 
the rest of the array have equal value.  

III. SAR ADC PROTOTYPE AND IMPLEMENTATION 
A 10-bit 1 kS/s SAR ADC has been designed and fabricated 

in 0.18-µm CMOS technology. Fig. 2 shows the architecture of 
the proposed SAR ADC. It comprises differential capacitor 
networks, a low power dynamic comparator and a synchronous 
SAR control logic [10]. The dynamic comparator consists of a 
StrongARM latch followed by an RS latch [11]. In addition, the 
prototype includes a spinning control logic that generates spin+, 
spin- and two clock signals at 1 kHz and 10 kHz from a 1.28 
MHz applied clock. A fully-differential architecture was 
employed to suppress the supply noise and to have a good 
common-mode noise rejection. The bridge sensor and the IA in 
Fig. 2 are off-chip components.  

The capacitive DAC uses the VCM-based switching method 
[10] to reduce the switching power. Moreover, the split capacitor 
technique, instead of the full binary-weighted arrays, reduces the 
arrays' total capacitance, thus reducing power and area. For the 
selected technology and 3σ design, the unit capacitance (C) must 
be higher than 17.2 fF. Besides, the capacitive DAC's split 
structure requires a low parasitic capacitance in the array's LSB 
internal node. This circuit employs a relatively large unity value 
of C = 76.8 fF to make the parasitic of the interconnection metal 
lines negligible and relax the kT/C noise limitation significantly. 
The attenuation capacitor (Ca) should be 16/15*C for high 
linearity; however, this value is not suitable for capacitor 
matching since its size is not unity. The chosen solution is to 
have a unity capacitance for Ca and adjust the layout of the top-
to-bottom parasitic (Cpar) of Ca for having an effective 
capacitance (Ca,eff) of 16/15*C ≈ 81.9 fF. 

The sampling action in the capacitive DAC occurs when 
spin+ or spin- is high and lasts only 1.5625 µs. This fast 
sampling with high linearity allows a highly duty-cycled bridge 
sensor and results in a significant reduction in the excitation 
energy consumption of the bridge. The timing diagram in Fig. 2 
shows that the LSB estimation happens during the same period 
than the sampling as it requires only 1.5625 µs and one 
conversion cycle is completed in only 10 clock periods.  



IV. MEASUREMENT RESULTS 
The prototype with the ADC and excitation switches was 

fabricated and tested. Fig. 3 shows the die micrograph whose 
core area is 197 × 181 µm2. The measured FFT spectrum with 
the input frequencies at 199.9 Hz and 479.9 Hz is shown in Fig. 
4. The supply voltage is 1.2 V and the sampling rate is the 
nominal 1 kS/s. At 199.9 Hz input frequency, the measured 
SNDR and SFDR are 57 dB and 66.5 dB, respectively. The 
resultant ENOB is 9.2. At 479.9 Hz, close to Nyquist, the 
measured SNDR and SFDR are 55.3 dB and 61.7 dB, 
respectively, showing a negligible drop of performance. Thus, 
the effective resolution bandwidth (ERBW) is higher than 
Nyquist bandwidth since the SNDR drop is less than 3 dB over 
the entire bandwidth. The DNL and INL are illustrated in Fig. 5. 
At 1 kS/s sampling rate, the peak DNL and INL are +0.3 / –0.36 
LSB and +1.8 / –1.3 LSB, respectively.  

 

Fig. 3. Die micrograph of the prototype. 

 

Fig. 4. Measured 8192-point FFT spectrum at 1 kS/s. 

 

Fig. 5. Measured DNL and INL. 

The test circuit uses multiple supply voltage connections to 
allow a detailed measurement of the power consumption in the 
comparator, capacitive DAC, and SAR logic. The experimental 
verification shows that the comparator, capacitive DAC, and 
SAR logic consume 0.5, 5.8 and 12.7 nW at 1.2 V, respectively. 
Overall, the circuit consumes only 19 nW, at the nominal 1kS/s 
sampling frequency resulting in a figure-of-merit (FOM = 
Power/2ENOB*2*ERBW) of 32.3 fJ/conversion-step. The power 
consumption of the spinning control logic was not considered. 
As an example, if the bridge uses a 47 kΩ thermistor, the bridge 
current is 25.5 µA at 1.2 V. The 640 times power reduction leads 
to a bridge power of 47.9 nW, which is only a few times more 
than the prototype ADC. Table I summarizes the measured 
performance of the prototype ADC.  

The proof of offset-independent output code and negligible 
residual offset results from the measurements with two IAs with 
different input offsets.  Fig. 6a shows the first amplifier's 
(THS4551 [12]) output signals with a peak-to-peak output 
voltage of 511 mV. The output offset is 596.5 mV – 607.3 mV 
= –10.8 mV. Fig. 6b shows the second amplifier's (THS4121 
[13]) output signals with the same peak-to-peak output voltage 
of 511 mV, leading to an output offset of 621.6 mV – 599.8 mV 
= 21.8 mV.  In both cases, the SAR ADC (D9:0) gives the input's 
exact value, showing the offset cancellation, and that the 
possible residual offset does not affect the circuit performance. 

Table II compares the energy performance of the bridge 
sensor excitations only. The conversion energy of the bridge, 
which has been used to compare the performance of different 
bridge excitations, is defined as 

 

EConv_bridge=
Vsupply

2

Rbridge
×�

Tconv

Nduty_cycle
� , 

 
(1) 

where Vsupply, Rbridge, Tconv and Nduty_cycle are the bridge supply, 
bridge resistance, conversion time and number of duty-cycling, 
respectively. The bridge's excitation energy in this work is about 
0.4 nJ/conversion-step, which is better than the state-of-the-art 
and is mainly due to the low supply voltage and the high duty-
cycling. A novel spinning method is applied to the bridge and 
the capacitive DAC simultaneously in such a way to achieve an 
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offset-independent digital output and to eliminate the need for 
complex IAs with offset-reduction techniques or calibration.   

TABLE I.  PERFORMANCE SUMMARY OF THE SAR ADC 

Technology 0.18-µm CMOS 
Resolution 10 - bit 

Sampling Rate 1 kS/s 
Supply Voltage 1.2 V 

SNDR 57 dB 
SFDR 66.5 dB 
ENOB 9.2 - bit 
DNL +0.3 / −0.36 LSB 
INL +1.8 / −1.3 LSB 

FOM=Power/2ENOB*2*ERBW 32.3 fJ/conversion-step 
Power Consumption 

Comparator 0.5 nW 
Capacitive DAC 5.8 nW 

SAR Control Logic 12.7 nW 
Total 19 nW 

 

 

Fig. 6. Output voltages of the first (a) and second (b) amplifiers. 

TABLE II.  PERFORMANCE SUMMARY OF THE BRIDGE EXCITATION AND 
COMPARISON 

 This 
Work 

 [4]  [5]  [6]  [7] 

Bridge Supply (V) 1.2 1.8 3.6 5 1.8 
Bridge Resistance (kΩ) 6.2 1 6 3.7 5 

Bridge Static Power 
(mW) 0.23 3.24 2.16 6.76 0.65 

Duty-cycling Factor ~580x ~17.5x ~4320x Non ~256x 
Conversion Time (ms) 1 1 1 0.5 0.27 
Energy/Conversion of 

Bridge 
(nJ/conversion-step) 

0.4 185 0.5 3378 0.68 

 

V. CONCLUSION 
This paper presented a duty-cycled and spinning excitation 

bridge-to-digital converter suitable for measuring the PAP of HF 
patients with a deep implant. The design exploits the duty-
cycling of the bridge for cancelling the IA offset at the same 
time. The circuit reduces the excitation energy consumption by 
a factor of 640 times and the bridge's excitation energy in this 
work is 0.4 nJ/conversion-step, which is better than the state-of-
the-art. The used spinning method provides an offset-
independent digital output, thus avoiding the use of complex IAs 
that foresee offset-reduction techniques or need calibration. The 
SAR ADC in the BDC was fabricated in 0.18-µm CMOS 
technology and achieved 9.2 ENOB at a sampling rate of 1 kS/s. 
The prototype ADC draws only 19 nW power from the 1.2 V 
supply and has a FOM of 32.3 fJ/conversion-step. The 
measurement results show that the proposed duty-cycled and 
spinning BDC can be used in deep implantable devices that 
continuously monitor the PAP since it can achieve high accuracy 
and low power consumption at same time. 
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