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ABSTRACT 

This paper presents a low-power second-order single-bit switched-capacitor cascade of 
integrator with multiple feedforward (CIFF) structure delta-sigma modulator analog-to-
digital converter (ADC) for biomedical sensor applications. The modulator structure 
performance optimized with the noise transfer function (NTF) and signal transfer function 
(STF).  To reduce the power of the modulator a low power operational transconductance 
amplifier (OTA) architecture investigated instead of power-hungry operational amplifier 
(op-amp). Due to the multiple feedforward structure of the modulator, is multiple 
feedforward structure, integrators inside the loop filter only process the quantization 
noise rather signal plus the quantization noise. The smaller quantization noise swing inside 
the loop filter requires low   GBW and slew-rate based op-amps for the loop filter. The DC 
gain requirement inside the loop filter for the OTA will be much relaxed.  The proposed 
structure has bulk-driven OTA for the modulator loop filter. The bulk-driven OTA 
implements DC gain of 13.4 dB with GBW of 2.7MHz. The proposed low-pass delta-sigma 
modulator model with oversampling ratio of 128 and out-of-band gain (OBG) of 2 results in 
SNR of 92 dB for signal bandwidth of 50 Hz having ideal integrators. Finally, the bulk-
driven OTA will be utilized as integrator in the loop filter of the proposed second-order 
delta-sigma modulator and performance of the modulator will be evaluated 

Keywords: Bulk-Driven, Operational transconductance amplifier, analog-to-digital 

converter, Delta-Sigma modulator, Switched-Capacitor. 

 

1. INTRODUCTION  

Biomedical sensors provide an interface 

between biological signal and electronics 

circuits, either it can be wearable body 

sensor for health monitoring. An 

important building block for analog signal 

processing application is operational 

transconductance amplifier (OTA).  One 

of the most important application of the 

OTA is analog-to-digital converter (ADC). 

In active filter OTA also used and have 

good linearity, low input referred noise. 

Also, low power OTA utilized as 

integrators inside the noise shaping ADCs. 

Due to constant reduction of CMOS 

technology, the digital design becomes 

much easier, while analog design faces 

more challenges to overcome the 

problem of much smaller swing of analog 

signal.  Many of the linearization 

techniques developed for higher supply 

voltage and for MOS transistor operating 

in strong inversion region are no longer 

valid in very small supply voltage [1].  

There are several circuit techniques 

proposed to overcome supply voltage 

reduction, like inverter-based design, low 

power OTA e. t. c. One of the low power 

OTA technique is Bulk-driven MOS [2]-

[14]. The bulk terminal used as input 

rather than the gate, that results in to 

remove the threshold voltage constraints 

from the signal path, but also extend the 

linear range of the differential input 

stage. It also extends the linear range of 

a differential input stage [2]-[5]. A bulk-

driven operational amplifier proposed 
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with technique that allows inherent small 

transconductance of the bulk-driven 

devices enlarge using positive feedback, 

with improved noise performance. The 

amplifier consumes 130µA at supply 

voltage of 0.8 V in 0.18µm CMOS process.  

The amplifier can achieve open-loop DC 

gain of 56 dB [13]. A PMOS transistor 

input stage bulk-driven amplifier 

proposed with partial positive feedback 

and offer significant improvement of 

input transconductance and noise 

performance.  The proposed modulator 

also achieves extended input common 

mode range at supply voltage of 1 V [14]. 

A power efficient bulk driven OTA design 

for biomedical application with gain of 48 

dB, phase margin of 80º, and gain-

bandwidth of 3.1 kHz. The OTA can 

operate under supply voltage of 0.8 V 

with a power consumption of 59 nW [15]. 

A low power delta-sigma modulator 

proposed with supply voltage of 0.6-V 

and power consumption of 540-nW. The 

proposed modulator can achieve dynamic 

range of 52 dB for signal bandwidth of 

250-Hz for biomedical applications [17]. 

Also, low power data converter designed 

using 0.4 V bulk driven amplifier. It uses 

cross-coupled self-cascode pairs that 

boosts the differential gain. The 

proposed pseudo OTA can achieve DC 

gain of 64 dB with unity gain bandwidth 

of 212 kHz with phase margin of 57º 

driving capacitive load of 10 pF, while 

consuming power of 16 µW [18]. A two-

stage fully differential OTA designed in 

0.18 µm CMOS with supply voltage of 0.9 

V. The bulk-driven and positive feedback 

techniques are employed to increase the 

DC gain about 18.4 dB without any 

change in the power dissipation, unity 

gain bandwidth, phase margin. The 

simulation shows that proposed two-stage 

amplifier can achieve DC gain of 73 dB, 

unity gain bandwidth of 272 MHz and 

phase margin of 64º with power 

dissipation of 2.72mW from supply 

voltage of 0.9 V [19]. A ultra-low voltage 

bulk-driven delta-sigma modulator 

designed in 0.18um CMOS technology at 

supply voltage of 0.3 V. The proposed 

structure of the modulator can achieve 

53 dB signal to noise ratio plus distortion 

(SNDR) with power consumption of 37 

nW. The modulator have signal 

bandwidth of 63 Hz by employing a highly 

linear transconductor and comparator. 

The bulk-driven amplifier can achieve 

voltage of 40 dB for the modulator with 

power dissipation power of 23.9nW with 

input referred offset of 0.4mV [20]. A 

method to enhance the transconductance 

of the low-voltage bulk-driven input 

stage amplifier. It uses current-shunt 

auxiliary amplifier to improve the voltage 

gain from the input to the gates of bulk-

driven pairs. The voltage gain 

enhancement of the auxiliary amplifier 

leads to the improvement of the 

effective transconductance of the input 

stage. The transconductance of the OTA 

using proposed bulk-driven input stage 

improves almost 200% without additional 

power [21]. This work exploits the partial 

positive feedback for bulk-driven 

amplifier. The proposed technique offers 

input stage   basic performance 

improvement including such as input-

referred noise and offset voltage. To 

improve the DC voltage gain of the 

overall amplifier, high input resistance 

common mode amplifier has been 

proposed. The amplifier can achieve 

voltage gain of 60 dB with power 

dissipation of 24 µW, gain bandwidth 

product of 2.18 MHz with 20pF capacitive 

in 50 nm CMOS technology at supply 

voltage of 0.4 V.  

This paper proposed bulk-driven OTA for 

the integrator of the delta-sigma 

modulator to achieve noise shaping for 

the signal bandwidth. The bulk-driven 
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OTA implements DC gain of 13.4 dB with 

GBW of 2.7MHz.     

 

2. DELTA-SIGAM MODULATOR  

A second-order tri-level cascade of 

integrator with multiple feedforward 

(CIFF) modulator modeled and coefficient 

obtained using the Delta-Sigma Toolbox 

[23]. The modulator structure allows a 

single feedback and multiple feedforward 

in front of each integrator inside the loop 

filter. The adder in front of the quantizer 

will allow to feed the signal directly to 

the quantizer, while the quantization 

noise is process by the loop filter. Figure. 

1 shows the proposed second-order 

modulator output spectrum. The 

modulator can achieve signal-to-noise 

ratio (SNR) of 92 dB to keep some margin 

for the circuit level implementation. 

Figure 2 shows the NTF poles and zeroes 

plot of the modulator. The NTF zeroes 

are optimized in the signal band to 

enhance the performance of the 

modulator. The SNR performance of the 

modulator without zero optimization is 

90 dB. The modulator feedback, 

feedforward and inter-stage coefficients 

are shown in Table I. Due to the CIFF 

structure, the modulator only process the 

quantization noise, while signal is 

feedforwarded to the quantizer as the 

coefficient b3 has 1, that feedforward the 

input signal in front of quantizer. The 

NTF zero optimization is obtained using 

the coefficient g, which allows the 

further suppression of the quantization 

noise and improves the SNR performance 

of the modulator. The coefficient c1 

provides the feedback signal to the 

modulator from the digital-to-analog 

 

Figure 1: Output PSD Spectrum  

 

 

Figure 2: Unit Circle  

Table I: Modulator Cofficient 

Parameters Values 

a1 0.77 

a2 0.22 

c1 1 

c2 1 

b1 1 

b2 0 

b3 1 

g 0.0002 

 

 

Figure 3: Modulator Structure  
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converter (DAC). The inter-stage 

coefficient a2 has very small value due to 

being front of the adder in order to avoid 

saturation of signal in front of adder 

block.  

3. SIMULATION RESULTS  

The switched-capacitor implementation 

of the second-order modulator performed 

considering first integrator as 

conventional operational amplifier while 

the second integrator is bulk-driven OTA 

as shown in Figure 4.  The bulk-driven 

OTA has a DC gain of 13.4 dB. The Figure. 

5 shows the DC gain and phase plot for 

the bulk-driven amplifier, which is used 

as second integrator inside the proposed 

CIFF modulator in the Cadence 

simulation.  The complete modulator 

structure simulation shows noise shaping 

feature with SNDR of 54 dB for signal 

bandwidth of 1 kHz. It is also observed 

that much higher performance can be 

achieved with low frequency bandwidth 

50 Hz. The Figure. 6 shows the Power 

spectral plot (PSD) for the second-order 

modulator with SNDR of 54 dB for the 

signal bandwidth of 1 kHz at the circuit 

level implementation. 

 

4. CONCLUSION 

A low power second-order single-bit 

modulator proposed with low-power bulk-

driven OTA. The MATLAB modeling shows 

a SNR performance about 92 dB, while at 

the circuit level simulation in Cadence 

environment can achieve SNR of 54 dB, 

having first integrator as op-amp and 

second integrator as bulk-driven 

amplifier. The modulator can also 

achieve dynamic range of more 60 dB, 
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Figure 4: Bulk-Driven OTA 

 

Figure 5: DC gain and phase plot 

 

Figure 6: Modulator Output PSD plot  
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