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ABSTRACT 

This paper discusses second-order delta-sigma modulator for signal bandwidth of 10 kHz. 
To boost the performance of the modulator the out-of-band gain (OBG) adjusted to 2 with 
corresponding signal-to-noise-ratio (SNR) of 104 dB. All integrators are ideal to suppress 
the quantization noise in the signal band with oversampling ratio (OSR) of 256. The 
number of quantizer level is three to avoid the multi-bit quantizer. The modulator 
implements the architecture of cascade of resonator with multiple feedforward (CRFF). 
The feedforward technique implemented to suppress the signal swing inside the loop 
filter, that results in relax open loop DC gain inside the integrator by operational 
amplifier. The relaxed operational amplifier open loop DC gain will result simple structure 
of operational amplifier. Also, the noise transfer function (NTF) and signal transfer 
function (STF) of the proposed modulator will be derived and simulation results are 
provided. The NTF zero optimization technique also implemented to shape more the 
quantization noise at high frequency. To consider the switched-capacitor realization, the 
circuit non-idealities are also simulated, and results are presented. The op-amp open loop 
DC gain, slew-rate and GBW effect simulated and results are provided to confirm the 
performance enhancement with the required open loop DC gain and GBW. To consider the 
real circuit thermal noise, flicker noise and switch nonlinearity also simulated. Finally, the 
a second-order tri-level modulator can achieve SNR of 104 dB with oversampling ration 
(OSR) of 256 for signal bandwidth of 10 kHz at the modeling.     

Keywords: Delta-Sigma Modulator, Analog-to-Digital Converter, Operational Amplifier, 

NTF zero, Switched-Capacitor. 

 

1. INTRODUCTION  

Technology scaling favors digital design 

techniques, due to smaller swing of 

supply voltage for ease of switching. 

While the analog design techniques 

facing challenges due to limited supply 

voltage. The limited headroom of the 

supply voltage does not allow more 

transistor to be used to boost the gain of 

the MOS transistor in the cascode branch.  

The operational amplifier (op-amp) is a 

key building block in analog circuit 

blocks. A low power and high-resolution 

analog-to-digital converter (ADC) allows 

analog signal conversion to digital signal 

to process the analog signal by the 

machine. There are two types of ADCs, 

Nyquist and Oversampling or delta-sigma 

modulator. The delta-sigma modulator is 

also known as noise shaping ADC, as it 

uses oversampling and noise shaping to 

achieve high resolution. To implements 

the delta-sigma modulator, there are two 

different circuit design techniques are 

popular, discrete-time time (DT) and 

continuous-time (CT) implementation. 

The DT circuits uses switches, capacitors 

and op-amp to implements integrator in 

the delta-sigma modulator. The CT 

design uses resistors, capacitors and op-

amp to implement conventional active RC 

integrator. The switched-capacitor 

implementation recommended for low to 

medium bandwidth applications. The 
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switched-capacitor circuit are easy to 

implements and allows high linearity. The 

resistors are implemented using switches 

and capacitors. It uses two phase non-

overlapping clock, on the first phase, the 

input is sampled, while on the second 

phase the sampled signal is integrated on 

the integration capacitor to allows the 

charge transfer. There are key 

advantages of the switched-capacitor 

circuits like it is easily simulated, it is 

compatible with VLSI technology. It is 

insensitive to clock jitter if full settling 

occurs. Also insensitive to exact shape of 

op-amp settling waveform if full settling 

occurs.     The location of pole zero are 

set by the capacitor ratio, which are 

highly accurate. It is also true that very 

difficult to prototype, large spikes of 

current drawn by capacitors are hard to 

drive from the external source. The 

switched-capacitor circuits are true 

sampler, potentially causing aliasing of 

out-of-band noise. They are thus more 

prone to picking up digital noise. It is also 

true that large capacitors are required 

for high signal-to-noise ratio (SNR). While 

CT design are easy to make but less 

compatible with CMOS technology. SNR is 

not limited by the capacitor size, 

accurate RC time constant not possible 

for without trimming. Also loop filter 

does not scale with clock frequency. The 

op-amp must always remain linear [1]. 

According to topology, the delta-sigma 

modulators have two different 

structures. First is the cascade of 

integrators with multiple feedback (CIFB) 

structure, it allows the multiples 

feedback to the loop filter with higher 

stability. The swing inside the loop filter, 

as the signal and quantization noise both 

process by the all the integrator inside 

the loop filter. To suppress the circuit 

design non-ideal factor, op-amp with high 

DC gain, infinite GBW and large slew-rate 

are required, that is quite power hungry. 

The CIFB topology known as basic 

structure to implement the modulator. 

The second topology is cascade of 

integrators with multiple feedforward 

(CIFF) that implements single feedback 

digital to analog converter (DAC) to 

provide feedback from comparator to the 

modulator loop filter. While this 

structure implements multiple 

feedforward to reduce the swing inside 

the loop filter. The signal is 

feedforwarded to the adder in front of 

the comparator while the quantization 

noise is processed by the loop filter, 

which implements the integrators with 

op-amps. The smaller swing inside the 

loop filter allows to use much lower DC 

gain op-amp inside the loop filter for the 

integrators. Most of the low power and 

high-resolution delta-sigma modulators 

uses feedforward techniques to bypass 

the signal directly in front of the 

comparator, while quantization noise is 

processed by the integrators inside the 

loop filter. Due to single feedback DAC 

stability is issue for the higher order 

modulator. The CIFB structure allows 

multiple feedback DAC with much higher 

stability as compared to the CIFF 

structure for higher order of modulator 

as well as low order of modulator [2].   

The paper proposes a low power second-

order modulator for signal bandwidth of 

10 kHz. To improves the performance of 

the modulator the OBG of the modulator 

increased to 2 to achieve SNR of 104 dB. 

All integrator is assumed to be ideal to 

suppress the quantization noise. The 

proposed modulator implements cascade 

of resonator with multiple feedforward 

(CRFF).  The feedforward structure with 

relax open loop gain DC gain of the 

amplifier inside the loop filter.  The 

circuit non-idealities of the modulator 

also simulated, the op-amp finite DC gain 

limited slew-rate and also the finite GBW 
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limits the performance of the modulator. 

The thermal noise, flicker noise and 

switch non-linearity also simulated. The 

complete modulator with tri-level 

quantizer having OSR of 256 results in 

SNR of 104 dB for the signal bandwidth of 

10 kHz.    

After the introduction, the second 

section discuss the design of the 

modeling for the second order tri-level 

delta-sigma modulator with CRFF 

modulator, while the third section 

describes the simulation of the 

modulator. Finally, the section four 

concludes the paper. 

  2. MODULATOR DESIGN 

The second-order tri-level modulator 

modeled using Delta-Sigma Toolbox [9] in 

MATLAB. All the integrator is assumed 

ideal for the modeling, op-amp have 

infinite DC gain to suppress the 

quantization noise. The noise transfer 

function (NTF) of the modulator and 

signal transfer function (STF) of the 

modulator poles and zeros are analyzed 

accordingly. The proposed CRFF 

modulator coefficient are shown in the 

Table I. As it is shown in the table the 

modulator implements resonator with 

NTF zero optimization technique to 

suppress the quantization in the signal 

band. The coefficient a1 and a2 

implements the feedforward in terms of 

capacitor ratio. While the coefficient c2 

are the inter-stage coefficient. While the 

coefficient c1 implements the feedback 

DAC. The coefficient b3 implement the 

feedforward on the adder to feed the 

input signal in front of the quantizer. The 

coefficient b1 is implemented using the 

input capacitors on the first integrator. 

The modulator simulated and output PSD 

is shown in the Figure 2. Due to the tri-

level quantizer, the modulator output 

have three level quantization. The three 

level quantizer make as ease for the 

implementation and enhance the 

performance of the overall modulator. 

Figure 2 shows the NTF poles and zero 

behavior on the unit circle in z-domain 

for the stability. It is shown that the 

zeros are at the DC for maximum 

suppression of quantization noise, while 

the poles lies inside the unit circle. As 

the proposed modulator topology 

implemented feedforward, the signal 

swing inside the loop filter implemented 

using low power integrators, the output 

swing of the both integrators are shown 

in Figure 4. The modulator STF and NTF 

plot shown in Figure 5. Due to the low 

pass modulator design, the STF have flat 

or unity at the low frequencies. While 

the NTF have high pass response and 

results in shaping more in-band 

quantization noise at high frequencies.           

3. SIMULATIONS 
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This section discusses the circuit non-

ideal effect for the proposed modulator. 

The thermal noise, Flicker noise and the 

limited DC gain of the op-amp simulated. 

The modulator simulation is performed to 

achieve the SNR for smaller bandwidth 

with larger OSR. The modulator can also 

achieve SNR of 91 dB for OSR of 128. 

While modulator achieve SNR of 78 dB for 

OSR of 64. The modulator achieves SNR 

63 dB for the OSR of 32. The modulator 

shows high performance achievement 

using large oversampling ratio. The noise 

shaping feature of the modulator 

depends on the zeros of the NTF, which 

lies on the DC in the unit circle in z-

domain as shown in Figure 3. The OBG of 

the modulator is an important parameter 

to adjust the performance. 

If lower OBG used the modulator SNR 

performance drops to much lower 

value. To allows the maximum stability 

of the modulator, the OBG minimum 

values should be 1.5 for low order 

modulator. The higher the OBG values 

 

Figure 1: Output PSD with OSR = 256 

 

Figure 2: Transient output 

 

Figure 3: NTF poles and zeros on unit circle 

 

Table I: Performance comparison 

Parameter Values 

a1 0.7639 

a2 0.4721 

g 5.0199e-05 

b1 1 

b2 0 

b3 1 

c1 1 

c2 1 

 

 

Figure 4: Output swing of integrators 

 

Figure 5: STF and NTF plot 
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will results much effective the noise 

shaping for the modulator.  The 

modulator with thermal noise considering 

sampling capacitor of 2.5pF, and real op-

amp in the first integrator with flicker 

noise included, also the front-end 

sampling switches non-linearity effect 

simulated, and the performance of the 

modulator drops from SNR = 104 dB to 

SNR = 91 dB. The op-amp has DC gain of 

40 dB, with GBW of 15 MHz. 

4. CONCLUSION 

A second-order tri-level CRFF modulator 

for signal bandwidth of 10 kHz with SNR 

of 104 dB modeled and simulation results 

presented. The modulator uses OSR of 

256 for the target signal bandwidth. The 

NTF and STF poles and zeroes are 

analyzed. The NTF zeroes are shifted on 

the unit circle in z-domain. The 

modulator modeling and simulation 

results are provided with thermal noise 

and circuit non-ideal effect like thermal 

noise and flicker noise and SNR drops to 

91 dB.  
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