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ABSTRACT 

This paper presents a wideband continuous-time third-order six-bit quantizer delta-sigma 
modulator with signal bandwidth of 200MHz having oversampling ratio of 16 at sampling 
frequency of 6.4GHz. The architecture of the modulator is cascade of integrator with 
multiple feedback (CIFB) with NTF zero optimization technique implemented on second 
and third integrator. The second and third integrators employ the feedforward to reduce 
the GBW requirement of the operational amplifier. The modulator modeled using MATLAB 
for five-bit quantizer and six-bit quantizer to meet the signal bandwidth of 200 MHz and 
limits the sampling frequency. For the five-bit quantizer in a third-order modulator, the 
ideal estimated signal-to-noise ratio (SNR) of 70 dB and 80 dB for the OSR of 12 and 16. 
While for the six-bit quantizer, SNR of 76 dB and 86 dB for OSR of 12 and 16.  The circuit 
non-idealities for continuous-time modulator are also simulated. The operational amplifier 
gain error and bandwidth error simulated. All the integrators inside the loop utilizes 
operational amplifier with DC gain of 65dB. Due to CIFB architecture having multi-bit 
digital to analog (DAC), current-steering DAC delay and current-steering DAC mismatch 
also simulated. Also, the quantizer comparator offset simulated and estimated the actual 
performance of the modulator. Device noise are also included, first integrator input noise 
also included, first integrator DAC output noise also included. The GWB for the first 
integrator is 2.5 times to the sampling frequency, while second integrator GBW is 1.5 time 
to the sampling frequency. The GBW requirement for the third integrator is 2 times to the 
sampling frequency. Finally, a third-order six-bit quantizer modulator can achieve SNDR of 
66.7dB, effective number of bit (ENOB) of 10.7bit, and SFDR of 89dB for signal bandwidth 
of 200 MHz with sampling frequency of 6.4GHz.   

Keywords: Continuous-Time, Analog-to-Digital Converter, Delta-Sigma modulator, Noise 

Transfer Function, Operational amplifier. 

 

1. INTRODUCTION  

Recently, emerging wireless 

communication standards demands signal 

bandwidth more then 100MHz, high 

dynamic range more than 70 dB with 

SFDR more than 80 dB. The signal 

bandwidth increases more than 50 MHz 

for receivers and nearly 200 MHz for base 

stations, and dynamic range (DR) of 70 dB 

with higher power efficiency demanded 

[1].  The continuous-time (CT) delta-

sigma modulator known as low power 

analog-to-digital converter (ADC) is 

widely used for such applications due to 

oversampling and its intrinsic anti-

aliasing filter, thus the channel selection 

filter in receiver can be simplified. The 

resistive input does not need power 

hungry buffers to drive switched-

capacitor circuits, that releases the 

system power consumption [2]-[9]. The 

single loop modulator has two popular 

architecture topologies the first one is 

cascade of integrator with multiple 

feedback (CIFB) and second is cascade of 

integrator with multiple feedforward 

(CIFF). The CIFB topology allows higher 

stability with multiple feedback while 

higher signal swing processing inside the 
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loop filter. The operational amplifier (op-

amp) in the integrator demands much 

higher DC gain to suppress the circuit 

non-idealities. The CIFF topology allows 

the single feedback digital-to-analog 

converter (DAC), while multiple 

feedforward. The signal swing inside the 

loop filter is small due to feedforward 

structure. The power requirement of op-

amp relaxed due to signal is process 

separately and quantization noise is 

processed separately. The CIFF topology 

can be easily unstable due to the single 

feedback DAC as compared to the CIFB 

topology that offer multiple DAC. Also, 

the demand of op-amp DC gain 

requirement in the CIFB is much higher 

than CIFF. The CIFF topology constraints 

an extra adder in front of the quantizer 

that is power hungry. These reasons 

make CIFF topology much low power as 

compared to CIFB topology. The CIFF 

topology have signal peaking in the signal 

transfer function (STF), while the CIFB 

does not cause this trouble.    To 

overcome the issue of stability, low order 

loop filter structure is preferred [10]-

[11]. 

The CT delta-sigma modulator faces 

many difficulties while targeting higher 

bandwidth application due to low 

oversampling ratio. The sampling 

frequency will be in gigahertz range, the 

modulator becomes power hungry and 

the oversampling ratio cannot be chosen 

to low typically much smaller, that limits 

the signal-to-noise-ratio (SNR) of the 

modulator. To cater this bottleneck 

issue, the order of the loop filter needed 

to increase and the number of quantizer 

bit in a single loop modulator.  Multi-bit 

design faces challenges of better 

matching, as the matching limits the 

performance of the modulator. A time-

interleaved reference data-averaging 

architecture that breaks the speed 

limitation of the traditional dynamic 

element matching (DEM) decoder 

proposed for third-order CT modulator 

that minimizes the output swing and 

power consumption of the ADC for high 

speed operation.  The time-interleaved 

multi-stage quantizer has 13 two-stage 

fully dynamic comparators per channel. 

The amplifiers are implemented with a 

multi-bit quantizer has 13 two-stage fully 

dynamic comparators per channel. The 

amplifiers are implemented with a multi-

stage multipath feedforward topology 

and the unit element of the multi-bit 

DACs is implemented as a fully 

complementary current-steering 

structure. The output impedance of the 

DAC current sources is increased with 

cascode transistors [2]. A fourth-order CT 

modulator with analog ISI-reduction 

technique designed to achieve dynamic 

range of 72 dB for the signal bandwidth 

of 160 MHz with power consumption of 40 

mW. The proposed design has sampling 

frequency of 2.88 GHz and an OSR of 9 

and out-of-band Gain (OBG) of 2.85.  It 

contains four RC integrators a five-bit 

quantizer and two 5b current-steering 

DACs. The inner feedback DAC with a 

delay of a half of clock period and the 

resistor within the fourth integrator 

realize the excess-loop-delay 

compensation [3].  A multi-stage noise 

shaping (MASH) modulators are proposed. 

It provides higher order of noise shaping 

with smaller loop filter having higher 

stability.  But MASH structure also has an 

issue of noise leakage that causes 

degradation of SNR performance of the 

modulator due to imperfect STF and 

noise transfer function (NTF) [4]. A third-

order modulator with sampling rate of 4 

GHz designed that absorbs the pole 

caused by the input capacitance of its 4-

bit quantizer latency. The design 

implemented in 45 nm CMOS and 

achieves 70 dB DR in signal bandwidth of 
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125 MHz, while dissipating 260 mw from 

supply voltage of 1.1/1.8 V. The 

modulator implements four-bit quantizer 

using power hungry 4-bit Flash quantizer 

[5].  A flexible CT modulator designed for 

programmable bandwidth of 5 and 10 

MHz both for low-pass and complex 

bandpass architecture. It utilizes 

flexibility in architecture both in 

architecture level as well as core building 

block levels, scalable power consumption 

obtained for each mode with desired 

performance. It uses an amplifier 

topology with active feedforward, 

antipole splitting, and current reuse 

technique for effective power reduction.  

The proposed modulator can achieve 

signal-to-noise-plus-distortion ratio 

(SNDR) of 65 dB/62 dB with 5 MHz/10MHz 

bandwidth in a low pass architecture [7].   

The paper proposes a low-pass CIFB third-

order six-bit delta-sigma modulator with 

NTF zero optimization technique. The 

modeling and simulation results are 

presented to verify the performance 

enhancement. Also, the circuit non-

idealities of the modulator are performed 

to consider the sensitivity of the 

modulator. The op-amp DC gain of the 

amplifier for all three integrators also 

considered. The finite GBW and limited 

slew-rate also degrade the performance 

of the modulator. Due to the multi-bit 

quantizer, multi-bit DAC also causes 

performance degradation. Hence clock 

jitter issue also considered for the 

performance of the modulator. The six-

bit quantizer implemented by power 

efficient SAR structure that employs only 

one comparator. The modulator can 

achieve SNDR of 66 dB for signal 

bandwidth of 200 MHz.  

After the introduction, the second 

section discuss the design and modeling 

for the modulator with CIFB modulator, 

while the third section describes the 

simulation and results comparison with 

state-of-the-art modulators and non-ideal 

effect for the modulator. Finally, the 

section four concludes the paper. 

  2. CT MODULATOR MODELING  

To enhance the SNR of the modulator, 

the order of the loop filter increased, 

while the quantizer number of levels also 

increased. To consider the stability 

issues, a third order loop filter 

considered with six-bit quantizer, that 

provided a reasonable performance for 

the target bandwidth of 200 MHz. The 

CIFF structure known to be low power 

architecture but avoided due to the 

reason of the stability issue. The large 

quantizer levels are considered to 

improves the performance by very small 

quantizer step. The smaller quantizer 

steps may improves the performance of 

the modulator.  The sampling frequency 

is about 6.4 GHz with an OSR of 16 to 

achieve SNDR of 66 dB with input signal 

amplitude of -1.1 dBFS. Figure 1 shows 

the proposed third-order six-bit quantizer 

delta-sigma modulator with coefficient. 

The Table I shows the modulator 

 

Figure 1: Block diagram of modulator 
 

Table I: Modulator Coefficient 

Parameters Value 

a1 -0.55 

a3 -1.12 

b1 0.55 

c1 0.073 

c2 0.093 

c3 1 

k2 1.34 

g -0.11 

k3 0.67 
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coefficient with inter stage coefficients 

as c1, c2, and c3. The feedback 

coefficient as a1 and a2. The NTF zero 

optimization coefficient is given as g = 

0.11. The second and third integrator 

have feedforward approach to reduce the 

swing of these two integrators. The 

second integrator have feedforward 

coefficient of k2 as 1.34. While the 

second feedforward coefficient of k3 set 

to 0.67. These coefficients are 

implemented as RC active integrators. 

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 with significant 

improvement in SNR. The first feedback 

DAC is important for proper matching 

while the second DAC is completely 

avoided in this architecture of the 

modulator. The third feedback DAC also 

implemented. The excess loop delay 

(ELD) compensation combines with the 

third DAC. The feedforward across the 

second integrator to reduces it swing as 

well as relax its DC gain and GBW 

requirement. The first integrator design 

is difficult for the implementation 

because all the circuit non-ideal factors 

will contribute at the front of the 

modulator. The third-integrator DC gain 

as well as GBW requirement also higher. 

The first integrator requires GBW around 

the 2.5 times the sampling frequency, 

the second integrator GBW requirement 

1.5 times the sampling frequency. While 

the third integrator has GBW requires 

twice to the sampling frequency. The DC 

gain requirement for all the integrator 

about 65 dB, that is high. The NTF zero 

optimization technique across third and 

second integrator   by utilizing the input 

of the second integrator input.         

3. SIMULATION AND DISCUSSION 

A third-order modulator with six-bit 

quantizer modulator can achieve SNDR of 

66 dB for signal bandwidth of 200 MHz. 

The modulator implements integrator 

swing reduction technique by avoiding 

the second feedback DAC.  The third-

order modulator have OSR of 16 for the 

sampling frequency of 6.4GHz. The 

Figure 2 shows the output PSD plot for 

the fifth-order modulator with an 

oversampling ratio of 16. The non-

idealities for the proposed modulator also 

performed. The most critical non-ideal 

factor, that destroy the performance of 

the modulator is clock jitter, that results 

in the SNDR performance drops to 55 dB 

from 66 dB. The modeling of the clock 

jitter simulated clock jitter of 15ps. All 

the noise sources are also included. The 

op-amp in the integrator are also critical 

to suppress the circuit non-idealities. The 

first integrator uses an op-amp open loop 

DC gain of 65 dB. While the second and 

third use about 45 dB. The GBW 

requirement also high for each 

integrator, and it varies by each 

integrator. The op-amp noise also 

included to estimate the performance of 

the modulator. The first op-amp noise is 

about 0.4mV2, while the first stage 

integrator resistor with noise of 0.2mV2 

adopted to estimate the performance of 

Figure 2: Output PSD with OSR = 16 
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the modulator. The input offset of the 

modulator is not considered.  

The comparator offset is also much 

relaxed as the SNR requirement is not 

much high.   The front-end DAC has 

output noise voltage of 80mV. First 

integrator has input noise voltage of 

40mV. The DAC mismatch of 0.003 also 

considered and that does not affect the 

performance loss. The feedback current-

steering DAC inherent delay of about 0.01 

of Ts adopted for the ELD compensation 

and higher performance of the 

modulator.  

4. CONCLUSION 

A low-pass third-order six-bit quantizer 

CIFB delta-sigma modulator modeled and 

simulated for the signal bandwidth of 200 

MHz with an OSR of 16 having sampling 

frequency 6.4 GHz. It can achieve SNDR 

of 66 dB, while with clock jitter it can 

achieves SNDR of 55 dB. The modulator 

implements swing reduction technique 

for second and third integrator. The 

modulator also implements the NTF zero 

optimization technique. The performance 

of the modulator is tolerant for the low 

open DC gain of the integrator. The op-

amp consider DC gain of 65 dB.  
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