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ABSTRACT 

This paper discusses modeling and simulation of fourth-order cascaded of resonator with 
multiple feedforward (CRFF) delta-sigma modulator analog-to-digital converter (ADC) for 
image sensor applications. The modeling of the modulator with ideal integrator shows 
higher performance as compared to the real integrator with integrator pole shifted. The 
noise transfer function (NTF) and signal transfer function (STF) of the modulator simulated 
for higher performance. Also, the behavior of STF of the modulator discussed. The NTF of 
the modulator analyzed considering the shift of the integrator pole inside or outside the 
unit circle in z-domain. To cater the switched-capacitor implementation, the effect of 
finite open-loop DC gain and others parameter analyzed.  Due to multi-bit quantizer, 
multi-bit digital-to-analog (DAC) demanded. The out-of-band gain (OBG) of the modulator 
also exploited to enhance the performance of the modulator. To suppress the in-band 
quantization noise the NTF of the modulator optimized.  The fourth-order multi-bit as 2-
bit quantizer delta-sigma modulator can achieve signal-to-noise ratio (SNR) of 125 dB for 
oversampling ration (OSR) of 64. The modulator also can achieve SNR of 100 dB for OSR of 
32. The modulator can achieve SNR of 154 dB for OSR of 128. The proposed modulator 
structure also simulated for circuit non-ideal effects. The non-ideal factors like thermal 
noise, switch non-linearity and DAC mismatched considered for SNR performance of the 
modulator. Finally, the modulator model can achieve 100 dB SNR with OSR of 64 having 
non-ideal effects.         
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1. INTRODUCTION  

Image sensor in CMOS have a variety of 

application either from portable 

smartphone to special purpose designed 

camera. CMOS is popular due to low 

power consumption and ease of 

integration features. Analog information 

in the image needs to be digitized to 

process it by machine, this requires a 

high-resolution analog-to-digital 

converter (ADC). There are several types 

of ADC, like single slope ADC, pipelined 

ADC, Flash ADC, Delta-Sigma modulator 

ADC. Delta-sigma modulator known for 

noise shaping and oversampling 

technique and can achieve high 

resolution. As the order of the loop filter 

increased in the delta-sigma modulator, 

more quantization noise suppression will 

be at the lower frequencies. The high 

frequency out-of-the-band noise is finally 

removed by digital decimation filter. The 

operation of delta-sigma modulator ADC 

used for image sensor have different 

operation as it performs for 

communication.  Since for image sensor, 

conversion is repeatedly performed for 

each pixel, the modulator and filter are 

reset at every conversion. High density 

imaging has grown up drastically and at 

the same time the pixel size is shirking 

that become major concern to achieve a 

high pixel density, high speed 

videography like camcorder and ultrahigh 

definition TV [1].  There is approach to 

use either single or multi-channel analog-
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to-digital converter (ADC) used [2]-[7], 

the frame rate of the sensor is limited to 

high-speed ADC requirement as the 

number of pixels increases. The parallel-

column structure can be classified into a 

single-slope ADC [8]-[9]. It is known from 

last few years that the demand of high 

density imagining. The column-parallel 

delta-sigma modulator also been 

investigated for image sensor [10], [11], 

but can only be applied to the low-speed 

image sensors with large pixel pitch due 

to the complexity of delta-sigma 

modulator and their performance is 

worse than others ADC. Switched-

capacitor delta-sigma modulator known 

for high accuracy due to implementation 

of switches, capacitor and operational 

amplifier (op-amp). It is known that 

delta-sigma modulator provides high 

resolution with less accurate analog 

building block due to the noise shaping 

and multiple sampling technique known 

as oversampling. Delta-sigma modulator 

relaxes the anti-aliasing filter. The order 

of the modulator raised to improve the 

performance of the modulator while 

keeping the high oversampling ratio 

(OSR). The delta-sigma modulator 

process signal using signal transfer 

function (STF) while quantization noise 

shapes at high frequencies using the high 

pass filtering mechanism built-in inside 

the modulator transfer function. There is 

different architecture of delta-sigma 

modulator implementation, cascade of 

integrator with multiple feedback (CFIB) 

and cascade of integrator with multiple 

feedforward (CIFF) technique. The CIFF 

topology also known as low distortion 

feedforward technique due to multiple 

feedforward path inside the loop filter 

and make digit-to-analog converter (DAC) 

easy to implement as it only contains 

single feedback structure [12]. Also, the 

cascade of resonator with multiple 

feedforward (CRFF) technique popular for 

implementing NTF zero optimization to 

further reduce the quantization noise 

inside the signal band and further 

improves the performance of the 

modulator [13]-[14].      

The paper proposes fourth order multi-bit 

CRFF delta-sigma modulator for image 

sensor applications.   The modeling of the 

modulator with ideal integrator shows 

higher performance as compared to the 

real integrator with integrator pole 

shifted. The noise transfer function (NTF) 

and signal transfer function (STF) of the 

modulator simulated for higher 

performance. Also, the behavior of STF of 

the modulator discussed. The NTF of the 

modulator analyzed considering the shift 

of the integrator pole inside or outside 

the unit circle in z-domain. To cater the 

switched-capacitor implementation, the 

effect of finite open-loop DC gain and 

others parameter analyzed.  Due to 

multi-bit quantizer, multi-bit digital-to-

analog (DAC) demanded. The DAC 

mismatch effect of the modulator also an 

important study. The proposed modulator 

also implemented the DAC mismatch and 

study different mismatch shaping 

algorithm. The out-of-band gain (OBG) of 

the modulator also exploited to enhance 

the performance of the modulator. To 

suppress the in-band quantization noise 

the NTF of the modulator optimized.  The 

fourth-order multi-bit modulator can 

achieve signal-to-noise ratio (SNR) of 125 

dB for oversampling ration (OSR) of 64. 

The modulator also can achieve SNR of 

100 dB for OSR of 32. The modulator can 

achieve SNR of 154 dB for OSR of 128. 

The proposed modulator structure also 

simulated for circuit non-ideal effects. 

The thermal noise switch non-linearity 

and DAC mismatched considered for SNR 

performance of the modulator.     

After the introduction, the second 

section discuss the modeling of fourth-
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order multi-bit CRFF modulator, while 

the third section describes the non-ideal 

effect simulation of the modulator. 

Finally, the section four concludes the 

paper. 

2. FOURTH-ORDER MODULATOR   

The fourth-order two-bit quantizer delta-

sigma modulator modeled using Delta-

Sigma Toolbox [15] in MATLAB. The 

modulator has structure of CRFF, a low 

distortion topology. Assuming all the 

integrators are ideal for the modeling, 

also op-amp have infinite DC gain to 

suppress the maximum quantization 

noise. Due to the high order modulator of 

fourth-order modulator, the out-of-band-

gain (OBG) of the modulator kept to 2 for 

higher stability. The modulator with an 

OSR of 128 can achieve 154 dB, SNR with 

NTF zero optimization technique. While 

without the NTF zero compensation 

technique modulator can achieve 146 dB 

SNR at the same OSR of 128. The 

proposed modulator can achieve SNR of 

125 dB with OSR of 64 by NTF zero 

optimization technique. Without NTF 

zero optimization technique modulator 

can achieve SNR of 109 dB with the same 

OSR of 64. The modulator also can 

achieve SNR of 85 dB without NTF zero 

optimization, while with NTF zero 

optimization it can achieve SNR of 100 dB 

with OSR of 32. The coefficient of the 

proposed fourth order modulator shown 

in Table-I.  The NTF of the modulator 

implements two zeros using g1 and g2. 

The output PSD of the modulator with 

OSR of 64 shown in Figure 1. While Figure 

2 shows NTF and STF plot. 

3. SIMULATION 

The proposed fourth-order 2-bit delta-

sigma modulator ADC model simulated 

 

Table I: Modulator Coefficients 

Parameter Values 

a1 0.750 

a2 0.608 

a3 0.198 

a4 0.038 

b1 1 

b2 0 

b3 0 

b4 0 

b5 1 

g1 0.00028 

g2 0.0018 

c1 1 

c2 1 

c3 1 

c4 1 

 

 

Figure 1: Output PSD plot 

 

Figure 2: STF and NTF plot  
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using SDToolbox [16], [17], [18]. The 

circuit non-ideal effect like sampling 

switches non-linearity, thermal noise, op-

amp noise and DAC mismatch simulated, 

and results are presented. The Figure 3 

shows the output PSD plot of the 

modulator with circuit non-idealities like 

jitter sinewave input, thermal noise at 

the input as well as at the feedback of 

the modulator, the sampling switches 

non-linearity, also the flicker noise or op-

amp noise. The modulator with all these 

non-ideal factors can achieve SNR of 117 

dB with an OSR of 64 having sampling 

capacitor of 2.5 pF. The first integrator is 

delaying integrator with real integrator 

having finite DC gain of 100 dB, finite 

GBW of 15MHz, while all other 

integrators inside the loop are ideal 

integrator as the non-ideal factors of 

integrator inside the loop filter will be 

shaped, only the first integrator thermal 

noise and sampling switches are critical 

to consider. The reduced DC gain of the 

op-amp causes the SNR drops, so with DC 

gain of 40 dB SNR of 114 dB can be 

achieved with input signal amplitude of 

1.6 Vp-p. With DAC mismatch the SNR 

performance of the modulator SNR 

further reduced to 100 dB including all 

circuit non-ideal factors simulation.  The 

modulator can also achieve SNR of 155 dB 

with OSR of 128 for the signal bandwidth 

of 100 kHz including all circuit non-

idealities simulated without DAC 

mismatch. The modulator can also 

achieve SNR of 88 dB with OSR of 32 for 

the signal bandwidth of 100 kHz. 

4. CONCLUSION 

A fourth-order two-bit quantizer delta-

sigma modulator modeled, and 

simulation results are presented. The 

modulator with non-ideal effect can 

achieve SNR of 117 dB without DAC 

mismatch, while with DAC mismatch the 

modulator can achieve SNR of 93 dB with 

an OSR of 64 with signal band of 100 kHz. 

The simulated non-ideal factor is jitter 

sine wave input, thermal noise, sampling 

switch non-linearity, finite DC gain of op-

amp, finite GBW of the op-amp and finite 

slew-rate of the op-amp.  
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