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ABSTRACT 

This paper discusses modeling and simulation of a multi-bit fourth-order cascade of 
resonator with multiple feedbacks (CRFB) delta-sigma modulator analog-digital converter 
(ADC). A higher order loop filter considered to shape more quantization noise. An analysis 
of low oversampling (OSR) for wide band applications and higher OSR for small bandwidth 
also studied. An ideal model of the modulator having ideal integrators inside the loop 
filter and multi-bit quantizer without mismatch is considered. For small signal bandwidth 
and higher performance consideration the OSR is 64 selected, with signal-to-noise-ratio of 
140dB for three-bit quantizer.  The modulator can achieve SNR of 169dB for OSR of 128. 
The modulator also simulated with large signal bandwidth application having OSR of 8, the 
SNR about 59.5dB with ideal integrator having maximum quantization noise suppression. 
To consider the small signal bandwidth for higher OSR, the modulator simulated with NTF 
zero optimization technique to suppress further the quantization noise. The limitation of 
the switched-capacitor circuit implementation also simulated, and results are presented. 
The modulator also simulated for non-ideal effects of the switched-capacitor 
implementation and limited open loop DC gain and limited slew-rate, limited GBW. The 
complete fourth-order modulator also implement the front-end switch-nonlinearity effect 
and the feedback digital-to-analog (DAC) mismatch effect. The modulator implements the 
integrator inside the loop filter with operational amplifier (op-amp) having DC gain of 40, 
60, 80, 100 dB. Finally, a fourth-order multi-bit modulator simulated to investigate the 
performance degradation for small bandwidth application.       

Keywords:  Analog-to-Digital Converter, Operational Amplifier, NTF zero, Multi-bit 

quantizer, Delta-Sigma Modulator. 

 

1. INTRODUCTION  

CMOS growing much faster due to ease of 

digital design techniques and support of 

analog design techniques. The reduction 

of supply voltage put many challenges on 

the analog circuit design due to smaller 

swing and circuit non-ideal effect 

directly degrade the performance. At the 

same time the digital circuits are 

becoming much easier to design and 

implement.  Analog front-end circuit 

block is still challenging due to low 

power, high performance constraint. 

Smaller area allows ease of integration 

with other circuit blocks. Analog-to-

digital converter (ADC) is a basic building 

block and demanded in many 

applications. Delta-sigma modulator ADC 

popular for low bandwidth applications 

and now can achieve higher performance 

at the wideband applications too. An 

operational amplifier (op-amp) is a basic 

building block for the Delta-sigma 

modulator. High gain op-amp consumes 

high power as a result ADC will be power 

hungry. Delta-Sigma modulator have 

implementation as discreate-time (DT) as 

well as continuous-time (CT). The DT 

design uses switches and capacitor with 

op-amp to implements integrator inside 

the modulator. Due to the CMOS 

technology the switched-capacitor 

implementation allow accurate 



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

2 
 

implementation of coefficient of the 

modulator. While CT design uses 

resistors, capacitor with op-amp to 

implement the active RC integrator. Due 

to the large variation in the value of 

resistor in CMOS technology that changes 

the coefficient of the modulator, special 

technique needs to be adopted to 

adopted [1]. Higher order modulator 

cascade more integrators inside the loop 

filter to achieve high performance but 

causes stability issues. Single-bit higher 

order modulator are difficult to be stable 

as compared to multi-bit implementation 

[2]. The high order modulator requires 

small stable amplitude (MSA) and need 

careful design of noise transfer function 

(NTF). The NTF zeros placement also 

important to enhance the performance. 

To address the issue of stability of NTF, 

the Bode sensitivity integral required to 

studied. The loop filter with distribute 

feedback have cascade of resonator with 

multiple feedback (CRFB) allows higher 

stability with multiple feedback. The op-

amp requires large DC gain dues to higher 

swing inside the loop filter. As the signal 

as well as quantization noise both are 

processed by the loop filter as there is no 

feedforward inside the modulator 

structure.  There is also approach with 

multi-stage and multi-quantizer delta-

sigma modulator possible by breaking 

larger loop filter in to smaller and stable 

loop filter with ease of implementation. 

The multi-stage noise shaping (MASH) 

structure allows to break higher order of 

loop filter into smaller loop with 

maximum stability. The noise leakage in 

these structure causes the performance 

degradation [3].  A 2-1-1 cascaded 

modulator structure designed with signal 

bandwidth of 2.2 MHz for dynamic range 

of 86 dB with oversampling ratio (OSR) of 

16 with power dissipation of 180 mW.  

The low OSR allows to achieve large 

signal bandwidth, while the large OSR 

results in smaller bandwidth [4]. A high 

order single loop CT modulator designed 

for signal bandwidth of 2.2 MHz signal 

bandwidth with signal-to-noise-plus-

distortion ratio (SNDR) of 90.4 dB. The 

modulator uses fourth order modulator 

with feedforward structure incorporating 

the continuous-time self-coupled 

technique. To reduce the size of the 

modulator, this design uses residual 

signal for excess loop delay (ELD) 

compensation. Also to improves the 

linearity, a low-ripple DAC latches and 

low-toggle-rate dynamic element 

matching (DEM) algorithm are adopted 

and fabricated in 55 nm LP CMOS 

technology. The modulator can achieve 

92dB of dynamic range with smaller chip 

area of 0.09mm2.  [5]. Another CT 

Sturdy-MASH delta-sigma modulator 

design for signal bandwidth of 50 MHz 

with 1.8 GHz sampling frequency in the 

28 nm CMOS Technology. The modulator 

can achieve dynamic range of 85 dB, 

peak signal-to-noise-plus-distortion ratio 

(SNDR) of 74.9 dB. The CT 2-1 SMASH 

modulator with first loop consists of 

third-order feedforward loop filter, a 15 

level quantizer. Three RC integrators are 

used for the third-order loop filter. The 

second loop consists of an op-amp with 

embedded low pass filter, a series R-C 

load, digital-to-analog converter (DAC) 

for second and third stage and a seven 

level quantizer. The proposed modulator 

circuit technique allows better 

quantization noise suppression to achieve 

higher performance in nanometer CMOS 

Technology with power consumption of 

80.4 mW [6].   

The paper proposes multi-bit fourth order 

CRFB modulator with smaller bandwidth 

as well as large bandwidth application by 

utilizing the OSR. The modulator 

performance for due to large OSR and 

low value of OSR analyzed. The 



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

3 
 

modulator also simulated with large 

signal bandwidth application having OSR 

of 8, the SNR about 59.5dB with ideal 

integrator having maximum quantization 

noise suppression. To consider the small 

signal bandwidth for higher OSR, the 

modulator simulated with NTF zero 

optimization technique to suppress 

further the quantization noise. The 

limitation of the switched-capacitor 

circuit implementation also simulated, 

and results are presented. The modulator 

also simulated for non-ideal effects of 

the switched-capacitor implementation 

and limited open loop DC gain and 

limited slew-rate, limited GBW. The 

complete fourth-order modulator also 

implement the front-end switch-

nonlinearity effect and the feedback 

digital-to-analog (DAC) mismatch effect. 

The modulator implements the integrator 

inside the loop filter with operational 

amplifier (op-amp) having DC gain of 40, 

60, 80, 100 dB.      

After the introduction, the second 

section discuss the design of the 

modeling for the fourth order multi-bit 

delta-sigma modulator with CRFB 

structure, while the third section 

describes the simulation of the 

modulator. Finally, the section four 

concludes the paper. 

  2. FOURTH-ORDER MODULATOR 

The fourth-order multi-bit modulator 

modeled using Delta-Sigma Toolbox [7] in 

MATLAB. All the integrator is assumed 

ideal for the modeling, with op-amp 

having infinite DC gain to suppress the 

quantization noise. The out-of-band-gain 

(OBG) of the modulator set to 2.5 with 

three quantizer without NTF zero 

optimization technique results in SNR of 

129 dB with OSR of 64. While with NTF 

zero optimization technique, it can 

achieve 140 dB SNR with OSR of 64. The 

Figure 1: Output PSD with OSR = 64 with Vi 

= 6.1 V 

Figure 2: Output PSD with OSR =128 with Vi 

= 7.9 V 

 

Figure 3: STF & NTF plot 

 



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

4 
 

output PSD of the modulator shown in 

Figure 1. To enhance the SNR 

performance of the modulator, the OSR 

of the modulator increased and as results 

modulator without NTF zero optimization 

can achieve SNR of 155 dB with OSR of 

128. The modulator SNR performance 

with NTF zero optimization can achieve 

SNR of 169dB for OSR of 128 as modulator 

output PSD is shown in Figure 2. To 

understand the effect of noise shaping, 

the NTF and signal-transfer function 

(STF) also plotted as shown in Figure 3. 

The NTF is a high pass filter that shapes 

more in-band quantization at high 

frequencies as OBG =2.5. The coefficient 

of the fourth order three-bit quantzier 

proposed CRFB modulator is shown in 

Table-I. The feedback coefficients are 

a1, a2, a3, a4, feed-in coefficients are 

b1, b2, b3, b4, b5. The resonator 

implemented as g1 and g2. The value of 

resonator for the CRFB topology very 

small and difficult to implement. The 

inter-stage coefficients are given as c1, 

c2, c3, c4.    The output stages of the 

modulator loop filter four-integrator 

shown in Figure 4. Due to the CRFB 

structure, the output stage of each 

integrator inside the loop filter, as this 

topology allows multiple feedback DAC. 

The Figure 5 plots the NTF poles and 

zeros, where the zeros lies on the DC 

with maximum quantization noise 

suppression with 2.5 OBG. Due to higher 

order modulator a smaller OBG selected 

for higher stability. While the poles lie 

Table I: Modulator Coefficients 

Parameter Values 

a1 0.093 

a2 0.372 

a3 0.928 

a4 0.840 

b1 0.093 

b2 0.372 

b3 0.928 

b4 0.840 

b5 1 

g1 0.0002 

g2 0.001 

c1 1 

c2 1 

c3 1 

c4 1 
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inside the unit circle in z-domain for high 

stability. Figure 6 shows the output PSD 

plot for OSR of 8, which is quite small 

OSR for wide bandwidth application. This 

shows difference between small 

bandwidth and wideband with larger OSR 

value to smaller value of OSR. 

3. SIMULATION 

To realize the actual circuit with non-

ideal affect after the modelling of the 

fourth-order modulator simulated using 

Sigma-Delta Toolbox 

[8],[9],[10],[11],[12]. The Table-I 

coefficient use to build the modulator 

with front-end none-delaying real 

integrator while rest of them are all ideal 

integrators. The front-end integrator has 

DC gain of 60 dB with GBW of 15 MHz. 

The front-end sampling capacitor are 

assumed to be 3.5 pF to achieve large 

SNR performance for signal bandwidth of 

80 kHz. The modulator can achieve SNR 

of 118 dB for signal bandwidth of 80 kHz 

with an OSR of 64 as shown in Figure 7. 

The Figure 7 output includes thermal 

noise and flicker noise effect. It is shown 

very clearly that modulator performance 

degrades from 140 dB to 118dB.  

Due to the multi-bit implementation of 

the quantizer, DAC mismatch also 

simulated. The Figure 8 shows the output 

PSD for considering DAC mismatch, 

thermal noise and flicker noise. The 

performance of the modulator degrades 

to 81dB with op-amp DC gain of 60 dB. 

With the finite DC gain of op-amp of 40 

dB, SNR drops to 72 dB. With DC gain of 

80 dB, modulator can achieve 89 dB SNR. 

4. CONCLUSION 

A fourth order with three-bit quantizer 

CRFB modulator designed for signal 

bandwidth of 80 kHz with SNR of 118 dB 

with circuit non-ideal effects. The 

modulator uses OSR of 128, 64 and 8 for 

the target signal bandwidth. The 

modulator modeling with non-ideal effect 

of thermal noise and flicker noise 

simulated. Also, the DAC mismatch 

considered to find the estimated SNR 

performance of the modulator with 

 

Figure 4: Output swing of integrators 

 

Figure 5: NTF poles and zeros 

 

Figure 6: Output PSD with OSR=8 
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different DC gain values of the op-amp.  
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