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ABSTRACT 

This paper presents charge pump circuits employing inverters operational 
transconductance amplifier (OTA) for second-order single-bit switched-capacitor delta-
sigma modulator for the signal bandwidth of 304kHz with signal-to-noise ratio (SNR) having 
oversampling ratio (OSR) of 164 at the switched-capacitor implementation. The second-
order single-bit modulator modeled for cascade-of-integrator for multiple feedback (CIFB) 
and cascade of integrator with multiple feedforward (CIFF) modulator in MATLAB. The 
noise transfer function (NTF) and signal transfer function (STF) of both architectures are 
derived. The NTF zero optimization technique applied for CIFF and CIFB structure. To 
consider the low power consideration, a CIFF architecture preferred over the CIFB, while 
CIFB provides higher stability with multiple feedback paths. The CIFF structure allow ease 
of feedback digital to analog (DAC) implementation as a single DAC with one extra adder 
demands in front of quantizer. This results in reduced signal swing inside the loop filter 
and a low power architecture operational transconductance amplifier (OTA) maybe 
employed for the charge pump integrator inside the loop filter. The loop filter only 
process quantization noise, while actual signal is feedforwarded in front of quantizer.  The 
CIFB modulator with out-of-band gain (OBG) of 2 and NTF zero optimization can achieve 
SNR of 64 dB,77 dB,93 dB, 95 dB, 105 dB with OSR of 32, 64, 128,164, 256 respectively. 
While the modulator architecture with CIFF structure with OBG of 2 and NTF zero 
optimization can achieve SNR of 62 dB,78 dB,92.6 dB, 96 dB and 105 dB for OSR of 32,64, 
128, 164, 256 respectively. Charge pump integrator utilized to estimate the performance 
of the proposed second order modulator for different OSR. Finally, the charge-pump 
integrator employing inverter will be utilized as first integrator for the proposed delta-
sigma modulator for signal bandwidth of 304 kHz with OSR of 164 can achieve SNR of 41 dB 
having sampling frequency of 100 MHz at the switched-capacitor implementation.   

Keywords: Charge pump integrator, Inverter, Analog-to-Digital Converter, Switched-

Capacitor, Noise Transfer Function. 

 

1. INTRODUCTION  

Low power analog interface switched-

capacitor circuit blocks highly demanded 

for sensor system. Sensors smaller output 

signals constraints for much lower power 

consumption due to limited battery 

lifetime. Always trade-off due to size and 

performance of analog circuit blocks. Due 

to integration of all function would be 

integrated on the single die. The digital 

power reduction already possible due to 

technology scaling. Analog front-end 

circuits like analog-to-digital converter 

(ADC) does not take advantage of power 

reduction [1],[4]. Exponential growth in 

wireless and wireline communication is 

the dominant driver for high performance 

ADC [5]. There are two types of ADC, the 

first one is Nyquist ADC, take sampling 

frequency two times to signal bandwidth. 

While delta-sigma modulator takes 

advantage of noise shaping and 

oversampling to reduce the quantization 

noise in the signal bandwidth. Discreate-

time delta-sigma modulator have 
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switched-capacitor implementation with 

components of capacitor, switches and 

operational amplifier as an integrator. 

The continuous-time (CT) implementation 

uses resistor and capacitor with 

operational amplifier as integrator. The 

Switched-Capacitor implementation 

offers key advantages accurate 

coefficient implementation using 

capacitor ratio rather than resistor and 

capacitor as in the case of CT design [6]. 

To reduce the power of delta-sigma 

modulator, there are several circuit 

design techniques are presented. Double 

sampling technique used in switched-

capacitor delta-sigma modulator circuit 

to achieve high performance with very 

low power consumption. The double 

sampling technique efficiently utilize 

both phases of the clock to sample and 

integrate the input signal. It requires two 

extra sampling capacitors and switches to 

implement the double sampling 

technique. This doubles the sampling 

frequency of the modulator and the 

oversampling ratio (OSR) of the 

modulator, it overall improves the 

performance. Also, the clock frequency 

can have halved, that relaxes the OTA 

settling speed and reduces power 

consumption. One of the key challenges 

in the double sampling technique is due 

to mismatch between two sampling 

capacitors, that causes the modulation of 

the input signal as well as the feedback 

digital to analog converter (DAC) signal. 

Modulation of the wideband DAC signal 

increases the in-band noise power and 

reduces the signal-to noise ratio (SNR) 

considerably [7]-[8].   A digitally assisted 

amplifier designed to reduce the power 

of analog circuit. These circuits are based 

on simplified analog circuits and provides 

functionality to digital signal processing 

to correct for their nonlinearity and 

mismatch. A resistively loaded 

differential pair used as residue amplifier 

in the first stage of a pipeline ADC. As 

there is no feedback, a high gain 

amplifier is not required. Typically, 

distortion in the open-loop structure is 

mainly caused by the nonlinear input 

capacitance, gain compression and 

mismatch of the differential pair. Also, 

the gain of the stage is very sensitive to 

process and temperature variation [9]-

[10].   To reduce power of analog block 

an OTA sharing technique proposed which 

allows to reuse an OTA for opposite clock 

phases. It is well known that Switched-

Capacitor circuit requires OTA only 

during charge transfer phase not 

sampling phased. This technique quite 

popular in pipeline ADCs, and it also 

found application in delta-sigma 

modulator. A 2-2 multi-stage noise 

shaping (MASH) modulator proposed to 

share the OTA horizontally and vertically. 

This allows only two OTA to be used for 

the four OTA, hence two OTA are 

avoided, the power consumption of the 

modulator reduced [11]-[12]. An inverter-

based amplifier designed to provide an 

alternate for the amplifier in the 

integrator of noise shaping ADC [13]-[14].  

A switched op-amp technique proposed 

to be turning off the amplifier for half of 

the clock cycle to save the analog power 

[15]. Comparator-based switched-

capacitor circuit proposed to overcome 

the challenge of power-hungry OTA 

design in nanometer CMOS technologies. 

The only difference between comparator-

based circuit and OTA base circuit is that 

the comparator detects the virtual 

ground condition and triggers sampling, 

while in OTA based circuit the OTA forces 

the virtual ground during the charge 

transfer phase. During the sampling 

phase, there is no difference between 

comparator base circuit and OTA based 

circuit. During the charge transfer phase, 

the comparator-based circuit the output 

voltage is initially shorted to ground by 
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the switch during a short-preset phase. 

The next is current source turn on and 

charges up the capacitor network 

consisting of sampling capacitor, 

feedback capacitor and load capacitor 

until the virtual condition is detected, 

that is the comparator differential input 

voltage become zero. At this time, all the 

sampled charge on sampling capacitor 

has been transferred to feedback 

capacitor and current source is finally 

turned off by the comparator.  These 

circuit blocks use combination of a 

comparator and a current source replaces 

the OTA. Also, comparator based 

switched-capacitor based circuit provide 

an alternate for the op-amp with much 

higher efficient circuit like comparator 

and current source [16]- [17].     

This paper proposed second-order single-

bit modulator with charge pump 

integrator employing inverters. The CIFB 

modulator with out-of-band gain (OBG) of 

2 and NTF zero optimization can achieve 

SNR of 64,77,93, 95, 105 with OSR of 32, 

64, 128,164, 256 respectively. While the 

modulator architecture with CIFF 

structure with OBG of 2 and NTF zero 

optimization can achieve SNR of 

62,78,92.6, 96 and 105 for OSR of 32,64, 

128, 164, 256 respectively. Charge pump 

integrator utilized to estimate the 

performance of the proposed second 

order modulator for different OSR. 

Finally, the charge-pump integrator 

employing inverter will be utilized as first 

integrator for the proposed delta-sigma 

modulator for signal bandwidth of 304 

kHz with OSR of 164 can achieve SNR of 

82 dB having sampling frequency of 

100MHz at the switched-capacitor 

implementation. 

After the introduction, the second 

section discuss the design of the 

modulator with CIFB and CIFF structure, 

while the third section describes the 

modeling and simulation of the 

modulator and explain the charge pump 

integrator and inverter amplifier for the 

second-order single bit for switched-

capacitor implementation. Finally, the 

section four concludes the paper.  

2. MODULATOR DESIGN 

A second-order single-bit modulator 

modeled using Delta-Sigma Toolbox [18]. 

The cascade of integrator with multiple 

feedforward (CIFF) second-order 

modulator with NTF zero optimization 

technique can achieve signal-to-noise 

ratio (SNR) of 95dB with OSR of 164 with 

an OBG of 2. The modulator coefficient 

obtained from the toolbox shown in 

Table-I. The feedback and inter-stage 

coefficient with NTF zero optimization 

shown. The Table II shows the modulator 

SNR performance with different OSR. The 

Figure 1 shows the STF and NTF plot with 

NTF zero optimization technique 

implemented. The dotted plot of NTF 

shows the quantization noise reduction 

from the signal band. The Figure 2 shows 

the output PSD plot for the modulator 

with OSR of 164 having SNR of 95 dB. The 

Figure 3 shows the poles and zeroes 

implementation on the unit circle in the 

 

Table I : CIFB Modulator Cofficient 

Parameters Values 

a1 1.2361 

a2 0.4720 

g 1.2e-04 

b1 1 

b2 0 

b3 1 

c1 1 

c2 1 

 

Table II: CIFB performance 

OSR SNR 

32 62 

64 77 

128 92 

164 95 

256 105 
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z-domain. The NTF zeros lies at the DC 

and little shifted due to NTF zero 

optimization technique implementation, 

that shapes more noise from the signal 

band. All the integrator use ideal 

operational amplifier in the modeling, 

that results in maximum attenuation of 

quantization noise. Table III shows the 

modulator coefficient for the CIFF 

modulator structure. Table IV shows the 

modulator performance for different OSR 

that will results in different bandwidth 

application. 

To realize the practical switched-

capacitor implementation of the 

modulator, circuit non-idealities are 

simulated using SDToolbox [19].  The 

performance of the modulator simulated 

considering the thermal noise or kT/C, 

flicker noise, finite operational amplifier 

gain, finite slew-rate, finite gain-

bandwidth (GBW). The sampling 

capacitor of the front-end integrator set 

to 2.5pF to suppress the quantization 

noise. While to overcome the non-

linearity of front-end integrator, highly 

linear switches are used. The first 

integrator has real integrator with finite 

DC gain, finite GBW and limited slew-

 

Figure 1: STF and NTF plot (CIFB) 

Figure 2: Output PSD plot (CIFB) 

 

Figure 3: NTF Pole and Zeros   

 

Table III : CIFF Modulator Cofficient 

Parameters Values 

a1 1.2361 

a2 0.4720 

g 1.2e-04 

b1 1 

b2 0 

b3 1 

c1 1 

c2 1 

 

Table IV: CIFB performance 

OSR SNR 

32 62 

64 78 

128 92 

164 96 

256 105 

 



 MDSRC - 2019, 26-27 November, 2019 Wah/Pakistan  

5 
 

rate. The second integrator is ideal due 

to the reason that all the circuits non-

idealities will be high shaped at the 

higher frequencies. 

3. SWITCHED-CAPACITOR CIRCUIT 
MODELING AND SIMULATION   

The switched-capacitor implementation 

of second order CIFB modulator with 

coefficient performed. The first 

integrator is realized as charge pump 

integrator, while the operational 

amplifier inside the charge pump 

integrator avoided and inverter-based 

amplifier proposed. All the switches and 

comparator are ideal to consider only the 

effect of charge pump integrator 

employing inverters as amplifier. 

Simulation performed using cadence 

spectre for the signal bandwidth of 304 

kHz with sampling frequency of 100 MHz 

with an OSR of 164.  The proposed 

inverter-based amplifier has three stages 

with open loop DC gain of 18 dB with 

GBW of 48 MHz with power consumption 

of 9.4 nW at the supply voltage of 350 

mV.  

 

4. CONCLUSION 

A second-order single-bit CIFB and CIFF 

delta-sigma modulator modeling and 

simulation result presented with 

switched-capacitor implementation for 

charge pump integrator. The modulator 

can achieve 41dB SNR at the switched-

capacitor implementation. All the 

integrator implemented using inverter-

based amplifier. An inverter-based 

amplifier has dc gain of 18.8 dB with 

GBW of 48 MHz. The modulator system 

level modeling and simulation performed 

for inverter-based amplifier. The 

modulator consumes power of only 18.8 

nW at the supply voltage of 350 mV with 

common mode voltage level of 100mv. 
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