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ABSTRACT 

This paper presents a noise transfer function (NTF) zero optimization effect on the 
performance of fifth-order, sixth order and seventh-order modulators for single-bit and 
multi-bit quantizer. Also cascade of integrators with multiple feedforward (CIFF) and 
cascade of integrator with multiple feedback (CIFB) studied considering the noise shaping. 
The out-of-band gain (OBG) also varied to considering to boost the performance of the 
modulator. Due to higher order modulator, stability of the modulator also studied. The 
large input signal swing also causes un-stability as many integrators inside the loop filter 
for CIFF and CIFB structure. The CIFF utilizes feedforward techniques to reduce the signal 
swing inside the loop filter, even an extra power-hungry amplifier required in front of 
quantizer. The higher order modulator may have stability issues for CIFF structure due to 
single bit feedback DAC. This allows CIFF structure to utilize low power operational 
amplifier due to small signal swing. The CIFB structure allow much higher stability due to 
multiple feedback path for higher order modulator. Higher performance demanded for 
wideband application that is only possible by using higher order modulator at low 
oversampling ratio. The single-bit quantizer inside a high order modulator may also cause 
un-stability due to single bit digital-to-analog (DAC) switching. Finally, multibit quantizer 
is the only choice that enhance the performance of the higher order modulator. A fifth-
order four-bit noise shaping ADC can achieve signal-to-noise ratio (SNR) of 77 dB with 
oversampling ration (OSR) of 16, while for OSR of 8, it can achieve SNR of 43 dB.   

Keywords: Analog-to-Digital Converter, Noise-Shaping, Noise Transfer Function, Thermal 

Noise, Stability. 

 

1. INTRODUCTION  

Currently, the demand of the low-power 

and high-resolution analog-to-digital 

(ADC) has increasing either for wirelines 

as well as wireless applications. The 

noise shaping feature along with 

oversampling have raised the popularity 

of the sigma-delta modulator in the 

signal processing of the ADC. Noise 

shaping is a key concept in the delta-

sigma modulator ADC either at the low as 

well as high bandwidth applications. The 

oversampling and noise shaping allow to 

achieve higher performance. The noise 

shaping depends on the noise transfer 

function (NTF). While the NTF, it 

depends on the pole of the integrator as 

the zeros of the NTF are the poles of the 

loop filter. The loop filter includes all the 

integrator of the loop filter. The zeros of 

the integrator become poles of the NTF, 

these poles must lie inside the unit circle 

in z-domain for the higher stability. 

While the zeros of the NTF must lies on 

the unit circle in the z-domain. These 

zeros of the NTF help to remove in-band 

quantization noise, that mean it will 

shape more quantization noise from the 

signal band. The effect of the shifting 

these zeros of the NTF results in higher 

performance of the modulator. This NTF 

zeros optimization technique result in 

higher performance. As the number of 

the integrator inside the loop filter 
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defines the order of noise shaping of the 

modulator. The process of shaping the 

quantization noise from signal band, 

results to achieve higher performance 

[1]. There are several methods in noise 

shaping ADC to increase the signal-to-

noise ratio (SNR) of the modulator, 

increase the number of integrators inside 

the loop filter, also may increase the 

oversampling ratio but that will lead to 

much smaller bandwidth, this will be 

bottleneck. Also, it is also known that in 

wideband delta-sigma modulators the 

oversampling cannot be larger as it will 

increase the power consumption in the 

amplifiers [2]. The voltage-controlled 

oscillators (VCO) based modulator have 

achieve higher SNR for its intrinsic first 

order noise shaping and recommended 

for high speed processing with very little 

power budget with relatively higher 

oversampling ratio (OSR) [3]. To raise the 

performance of the modulator further, a 

zero-optimization technique is adopted in 

higher order modulator. A local feedback 

with small coefficient is introduced in the 

loop filter for better location of the zeros 

in the NTF [4]-[5]. Another approach 

presented with NTF zero-optimization 

scheme for noise coupling modulator to 

improve the in-band quantization noise 

shaping [6]. All these techniques adopted 

local feedback coefficient of that is 

inversely proportional to the OSR value, 

it will imply higher implementation 

complexity, that results in allowing zero 

optimization only to be feasible for low 

OSR. A novel loop filter second-order 

delta-sigma modulator with embedded 

NTF zero optimization is feedforward 

topology presented. The proposed NTF 

zero optimization structure allow the 

relaxation of the requirement of the local 

feedback coefficient. Also, the key 

advantages of the zero optimization are 

quite compatible with high OSR as it is 

compared to traditional loop filter. As 

the practical implementation exhibits 

less sensitivity to the capacitor ratio 

mismatches The modulator can achieve 

signal-to-noise ratio (SNR) of 70 with OSR 

of 12 while at OSR of 48, can achieve SNR 

of 99 dB for signal bandwidth of 10 MHz 

and also the corresponding coefficient in 

the local feedback is about 0.4 to 0.34 

respectively [7]. An NTF zero 

compensation technique for passive 

sigma-delta modulator proposed with 

increase in the SNR of 18dB in second-

order modulator. The proposed technique 

only demands an adder across each 

passive switched-capacitor integrator, so 

that the leakage effect from the transfer 

function of the passive integrator should 

be removed ideally for fully passive loop 

filter case as well as hybrid loop filter 

includes one amplifier. The proposed 

technique employed in second-order 

multi-bit in MATLAB and third single-bit 

design in switched-capacitor 

implementation [8], [9], [10].   

The paper proposes designing and 

analysis of NTF zero optimization 

technique for higher order loop filter 

considering fifth-order, sixth order and 

seventh-order modulator. Both structure 

of the modulator CIFB and CIFF analyzed 

with OBG variation.  After the 

introduction, the second section discuss 

the design of the NTF zero optimization 

technique for the modulator with CIFB 

and CIFF structure, while the third 

section describes the modeling and 

simulation of the modulator and explain 

the performance enhancement and non-

ideal effect of circuit simulation for the 

fifth-order, sixth-order and seventh-order 

modulator for NTF zero optimization 

technique. Finally, the section four 

concludes the paper. 

   

2. NTF ZERO OPTIMINIZATION  
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Higher order modulators have key 

advantage of higher SNR with constraints 

of stability. The NTF zero optimization 

provides enhanced SNR by shifting the 

zeros of the third-order of modulator 

from DC (ω = 0) to an optimized value 

equal to 
  

√   
 , that result in a significant 

improvement in SNR about 8 dB. Even 

higher SNR can be achieved by optimizing 

the location of the zeros of the higher 

order NTF. The main principal of 

optimization remains the same, the 

normalized noise power, given by the 

integral of the squared magnitude of the 

NTF over the signal band, is minimized 

with respect to the values of all its zeros. 

The optimal zeros are found by equating 

the partial derivatives of the integral to 

zero. Also, it is known that optimization 

process giving these zeros assumed that 

the quantization noise is white, and that 

the poles of the NTF have no significant 

effect on the in-band noise. t has been 

observed that for fifth-order modulator 

the NTF zero optimization technique 

provides 18 dB SNR enhancement. The 

sixth order modulator have 23 dB SNR 

enhancement and seventh-order 

modulator have 28 dB SNR enhancement. 

Higher the order of the modulator that 

resulted in higher order of SNR 

enhancement with NTF zero optimization 

technique.      

3. MODELING AND SIMULATION   

A fifth-order modulator multi-bit 

modulator delta-sigma modulator 

modeled for low OSR using Delta-Sigma 

Toolbox [11].   The fifth-order modulator 

with four-bit quantizer modulator 

selected for low OSR due to higher 

stability of multibit modulator for 

wideband application. The Figure 1 shows 

the output PSD plot for the fifth-order 

modulator with OBG of 1.7 with an 

oversampling ratio of 16 with an input 

amplitude of 1.16 Vp-p.  Due to stability 

issue the OBG of the modulator kept 

lower. Higher order modulator causes 

stability issue due to large number of 

integrators inside the loop filter and 

large full scale of applied at the input of 

the modulator. The modulator also 

simulated for the low OSR of 8, with SNR 

improvement of about 11 dB due to 

smaller OBG of 1.6 for higher stability as 

shown in Figure 2. The ideal integrator 

has pole at the DC with assumed infinite 

DC gain with ideal conditions that may 

cause stability constraints in the negative 

loop. The real model of the integrator 

includes the real operational amplifier 

with finite DC gain, finite slew-rate and 

finite GBW. Both CIFB and CIFF structure 

of the fifth-order modulator have similar 

performance. Figure 3 shows the effect 

 

Figure 1: CIFB Output PSD with OSR = 16 

 

Figure 2: Unit circle poles and zeros 
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of the NTF zero optimization technique 

with and without NTF zero optimization 

technique. Figure 4 shows the NTF poles 

and zeros effect on the unit circle, as 

five zeros on the DC shifted due to NTF 

zero optimization technique. While five 

poles lie inside the unit circle for higher 

stability. 

 

Figure 5: CIFF Output PSD with OSR = 

16 

Figure 6: NTF poles and zeros 

Figure 7: STF poles and zeros 
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The sixth-order modulator simulated with 

OBG of 6 and OSR of 16. Figure 5 shows 

the output PSD plot with NTF zero and 

without NTF zero optimization technique. 

Figure 6 shows the NTF poles and zero 

plot on the unit circle in z-domain. The 

zeros are on the DC while poles lie inside 

the unit circle for higher stability of the 

modulator. Figure 7 shows the STF poles 

and zeros plot on the unit circle in the z-

domain. Figure 8 shows the sixth-order 

modulator with OSR of 8, while Figure 9 

shows the poles and zeros of the NTF on 

the unit circle. There are six zeros 

shifted on the DC for higher 

performance. While Figure 10 shows the 

poles and zeros of the STF on the unit 

circle in the z-domain. All poles and 

zeros lie inside the unit circle for higher 

stability. It is found that at low OSR, the 

performance enhancement is much less 

as compared to high OSR. Finally, 

seventh-order modulator with four-bit 

quantizer modeled and simulated for the 

NTF zero optimization technique for high 

and low OSR.   Figure 11 show the output 

PSD plot with SNR improvement for the 

case NTF zero optimization technique 

with OSR = 16. Figure 12 shows the poles 

and zeros of the NTF of the modulator. 

All the poles lie inside the unit circle. All 

zero are optimized due to the NTF zero 

optimization technique. The Figure 13 

shows the output PSD plot for the OSR = 8 

for NTF zero optimization technique.  

Figure 14 shows the poles and zero 

implementation on the unit circle in the 

z-domain.   

4. CONCLUSION 

 

Figure 3: CIFB Output PSD with OSR = 8 

 

Figure 4: Unit circle poles and zeros 

 

 

Figure 8: CIFF Output PSD with OSR = 

8 

 

Figure 9: NTF poles and zeros 

 

Figure 10: STF poles and zeros 

 

 

Figure 11: CIFF Output PSD with OSR 

= 16 

 

Figure 12: Unit circle poles and zeros 
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High order modulator modeled and 

simulated for NTF zero optimization 

technique for high OSR and low OSR in 

CIFB and CIFF architecture. It is found 

that fifth order modulator with four-bit 

quantizer can achieve 14 dB SNR. The 

sixth-order modulator can achieve 20 dB 

SNR enhancement. While for the seventh 

order modulator the SNR enhancement is 

about 33 dB. It is also known that at 

higher OSR SNR enhancement is much 

higher, while at the low OSR, SNR 

enhancement is low. 
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