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ABSTRACT 

This paper discusses modeling and simulation of third order tri-level Cascaded of 
integrator with multiple feedforward (CIFF) delta-sigma modulator analog-digital 
converter (ADC) for signal bandwidth of 1 kHz with SNR of 120 dB. The ideal model of the 
modulator modeled with oversampling ratio (OSR) of 128. The out-of-the-band-gain (OBG) 
of the modulator lower to 1.5 due to the third order structure.  The quantizer level are 
raised to improve the performance of the modulator. The noise transfer function (NTF) 
and signal transfer function (STF) of the modulator performance also studied. The NTF 
zero optimization technique also implemented to remove quantization noise from the 
signal bandwidth.  The loop filter performance also optimized for higher signal-to-noise 
ratio (SNR) with ideal integrator. The operational amplifier (op-amp) insides the 
integrators are optimized for higher performance. The op-amp open loop DC gain, slew-
rate, and GBW simulated and analyzed for the proposed modulator. The op-amp loop DC 
gain varied from the 40dB, 60dB, 80 dB and 100 dB to estimate the performance of the 
modulator. The circuit non-ideal effect like thermal noise, switch non-linearity and 
digital-to-analog (DAC) mismatch also simulated to estimate the actual performance of the 
modulator.  Finally, the third-order tri-level modulator can achieve signal-to-noise ratio 
(SNR) of 120 dB for with oversampling ratio (OSR) of 128, while the performance will 
further be degraded by including the non-ideal effects.         
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1. INTRODUCTION  

Analog signal processing demands 

conversion to digital value before being 

used by microprocessor. All signals in the 

nature are analog and analog-to-digital 

converter (ADC) demanded for almost all 

sensors. There are two types of ADC 

conversion technique popular. The first 

technique is Nyquist ADC while the 

second is delta-sigma modulator, that 

adopted the noise shaping and 

oversampling to achieve high resolution. 

Discreate-time implementation quite 

poplar due to high accuracy and ease of 

implementation at the circuit level. 

While the continuous-time 

implementation will result in large 

variation in the value of resistor, that 

changes the coefficient of the modulator. 

Delta-sigma modulator employs 

operational amplifier (op-amp) as 

integrator in the loop filter inside the 

negative feedback with quantizer [1].  

There are two different topologies of the 

modulator, the first is multiple feedback 

approach with cascade of integrator with 

multiple feedback (CIFB) and second is 

cascade of integrator with multiple 

feedforward (CIFF) architecture. The 

CIFB allow feedback to each integrator in 

the feedback loop. While the CIFF 

architecture only single feedback DAC to 

only first integrator in the loop filter. 

The order of the loop filter can be 

increased by cascading more integrators, 

that improves the noise shaping of the 
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modulator that is built-in feature. First 

order delta-sigma modulator employs 

only one integrator and have noise 

shaping order of 20 dB/decade. While the 

second order modulator have two 

integrators inside the loop filter and 

shapes more quantization noise and have 

noise shaping slope of 40 dB /decade and 

so on and so forth. The increase of loop 

filter order also increases the resolution 

of the modulator by removing more 

quantization noise from the signal band 

[2]. An OSR also key parameter to control 

the performance of the modulator, large 

OSR results in smaller bandwidth, while 

small OSR causes the large bandwidth. 

The OSR also help to reduce the effect of 

the thermal noise. Also, the number of 

levels inside the quantizer improves the 

resolution. Higher the number of levels 

inside the quantizer, that results in much 

smaller step of quantization level. Single 

bit quantizer have large quantizer step 

like one or zero. The classification of the 

delta-sigma modulator can be expressed 

based on the number of integrators inside 

the loop filter and number of quantizer 

level. The second-order single-bit 

quantizer delta-sigma modulator have 

two integrators inside the loop filter and 

two-level switching quantizer, the level 

of quantizer switching is 1 or 0. Single bit 

modulators are ease to design and 

implement digital to analog converter 

(DAC). The single-bit DAC is always linear 

and does not degrade the performance, 

that why the single-bit design is 

preferred. High order modulators are 

found to be unstable with single-bit 

design due to reason many integrators 

inside the negative loop and quantizer is 

switching either 1 or 0. The overcome 

the problem of single-bit high order 

modulator unstable, multi-bit modulator 

designed, that results in mismatching 

issue in DAC and degrades the 

performance of the modulator and 

requires special techniques of DAC 

matching. To avoid these matching 

techniques and increase the order of 

level of quantizer to utilize the tri-level 

quantizer, it is easy to implement and no 

need of DAC matching. As the DAC 

mismatch causes the non-linearity in the 

signal band of the delta-sigma modulator 

and as results the performance of the 

modulator will be degraded. The tri-level 

quantizer that will provide 3-dB 

reduction of quantization noise without 

the dynamic element matching (DEM). A 

second-order low pass delta-sigma 

modulator achieve signal-to-noise-plus-

distortion-ratio (SNDR) of 94 with 

dynamic range of 98 dB for the signal 

bandwidth of 25 kHz with sampling 

frequency of 12.8 MHz having an 

oversampling ratio of 256 [3]. A third-

order tri-level delta-sigma modulator 

proposed to achieve signal-to-noise-ratio 

(SNR) of 82 dB,  signal-to-noise-plus-

distortion-ratio(SNDR) of 81 dB for the 

signal bandwidth of 25 kHz with sampling 

rate of 3.2 MS/s with power consumption 

of 1.14-µW with supply voltage of 1.8 V 

in 0.18 µm CMOS Technology [4].  A low 

power and low voltage 16-bit audio sigma 

delta modulator proposed for signal 

bandwidth of 22 kHz with power 

dissipation of 360 µW at the supply 

voltage of 0.9 V.  The proposed 

modulator uses third order single loop 

structure that decreases the power 

dissipation. A double boost switch is 

proposed in the design to decreases the 

on-resistance. Also, low power class-AB 

operational transconductance amplifier 

(OTA) designed with self-adapted bias 

circuit, the proposed OTA can tolerate 

higher common mode input voltage than 

that with transitional bias circuit [5].   

The paper proposes third order tri-level 

delta-sigma modulator with CIFF 

architecture with signal bandwidth of 1 
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kHz with SNR of 120 dB. The modulator 

uses an OSR of 128 for OBG of 1.5 for 

higher stability.  The quantizer level are 

raised to improve the performance of the 

modulator. The noise transfer function 

(NTF) and signal transfer function (STF) 

of the modulator performance also 

studied. The NTF zero optimization 

technique also implemented to remove 

quantization noise from the signal 

bandwidth.  The loop filter performance 

also optimized for higher signal-to-noise 

ratio (SNR) with using ideal integrator. 

The operational amplifier (op-amp) 

insides the integrators are optimized for 

higher performance. The op-amp open 

loop DC gain, slew-rate, and GBW 

simulated and analyzed for the proposed 

modulator. The op-amp loop DC gain 

varied from the 40 dB, 60 dB, 80 dB and 

100 dB to estimate the performance of 

the modulator.   

After the introduction, the second 

section discuss the modeling of third-

order tri-level CIFF modulator, while the 

third section describes the non-ideal 

effect simulation of the modulator. 

Finally, the section four concludes the 

paper. 

2. THIRD-ORDER MODULATOR  

The third-order tri-level delta-sigma 

modulator modeled using Delta-Sigma 

Toolbox [7] in MATLAB. All the 

integrators are assumed ideal for the 

modeling, with op-amp having infinite DC 

gain to suppress the maximum 

quantization noise. The out-of-band-gain 

(OBG) of the modulator set to 1.5 for 

higher stability of the third modulator. 

The single bit modulator avoided only to 

cater the stability of the higher order 

modulator. The modulator with an OSR of 

128 can achieve 120 dB,  SNR with NTF 

zero optimization technique. The 

modulator can also achieve 100 dB SNR 

without NTF zero optimization 

techniques.  The third order modulator 

output PSD shown in the Figure 1. The 

 

Figure 1: Output PSD with OSR = 128 

 

Figure 2: Transient input & output  

 

Figure 3: NTF poles and zeroes 
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transient simulation for three level 

quantizer shown in the Figure 2, that 

clear shows that the input signal is 

quantized into three level of the 

quantizer. The input signal also shown to 

confirm the operation of the modulator. 

The modulator modeling coefficient are 

shown in the Table I. The coefficient of 

the modulator shows that modulator 

allows feedforward technique 

implementation. The c1 implements the 

first DAC, while c2 and c3 are inter-stage 

gain coefficient. The input signal feeds 

with b1 while b4 known as the adder 

coefficient in front of quantizer. The 

modulator can achieve 139 dB SNR for 

OSR of 256 and can also achieve 156 dB 

SNR for OSR of 512. The higher the OSR, 

the smaller will be the bandwidth and 

higher will be the performance of the 

modulator. The OSR of 64 results in SNR 

of 90 dB. The OSR of 32 results in SNR of 

72 dB.  

3. SIMULATION 

The modulator non-ideal effect will be 

modelled in this section. The complete 

modulator utilizes the coefficient value 

of Table I. To realize the finite DC gain, 

finite GBW and slew-rate for each 

integrator inside the loop filter of the 

modulator using the SDToolbox [8]. There 

are several approaches to realize the 

delta-sigma modulator with non-ideal 

effect with basic building block [9], [10], 

[11], [12]. The Figure 5 output PSD plot 

considering all circuit non-ideal effect to 

see the performance degradation to SNR 

of 109 dB. This includes thermal noise 

and flicker noise effect, finite DC gain of 

the op-amp, finite GBW and finite slew-

rate of the amplifier. The DC gain of 20 

dB assumed, GBW of 15 MHz. The 

modelling also assumed the front-end 

sampling capacitor of 2.5 pF. The front-

end sampling switches also assumed to 

have non-linearity effect and that also 

degrades the performance of the 

modulator. The quantizer mismatch also 

simulated but does not observe the 

 

Table I: Modulator Coefficients 

Parameter Values 

a1 0.799 

a2 0.287 

a3 0.043 

b1 1 

b2 0 

b3 0 

b4 1 

g 3.614e-04 

c1 1 

c2 1 

c3 1 

 

 

Figure 5: Output PSD with non-ideal effect 

 

Figure 4: STF and NTF plot 
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performance degradation.  

With DC gain of op-amp of 60 dB, the 112 

dB SNR achieved. The SNR of 113 can be 

achieved with DC gain of 80dB, while 100 

dB DC gain results in SNR of 113.5 dB. 

4. CONCLUSION 

A third order tri-level quantizer modeled 

and simulation with non-ideal effect are 

presented to shows the performance for 

22 kHz bandwidth by achieving SNR of 

109 dB with all non-ideal effect. The 

modulator uses OSR of 128 for the 

required signal bandwidth. The op-amp 

non-ideal effect like finite DC gain, 

limited slew-rate, limited GBW also 

simulated and results are considered. 

Also, the DAC mismatch simulated and 

does not found the performance 

degrades, also switch non-linearity 

simulated and included in the complete 

modulator non-ideal effect.  
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