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Module-3: Data Converters

2

Main Reference: CMOS Analog Circuit Design by Allen and Holberg, Oxford Indian Edition
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Different performance characteristics of DAC:

• Static characteristics: Easy to estimate, important in low frequency operation

• Dynamic charactersistics: Difficult to estimate, important for medium and high frequency
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• Resolution: Equal to no. of bits

• The Full Scale (FS): (Analog output when all bits 

are one –Analog output when all bits are zero)

• Full Scale Range (FSR)

• Dynamic Range (DR): Ratio of FSR to the smallest 

difference that the DAC can resolved.

Static Characteristics of Digital to Analog Converter
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• Monotonicity: Whenever digital input codes 

of the DAC increases, if the analog output 

never exhibits to decrease, then the 

converter gives monotonic characteristics
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Sample and Hold 

1. Important block in many data acquisition system.

2. It is used to sampled the input analog signal and hold for some time while ADC 

converts the digital equivalent output.

3. Two categories:

a) S/H without feedback

b) S/H with feedback

 Feedback enhances the dc accuracy with sacrificing speed.
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Practical S/H without feedback
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Practical S/H without feedback
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Practical S/H without feedback
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Practical S/H with feedback
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Practical S/H with feedback
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Q2 and Q3 prevent the first op-

amp from entering into 

saturation.
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Practical S/H with feedback
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Practical S/H with feedback
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Analog to Digital (A/D) Converter

The operation of ADC is inverse of DAC function: Apply some sampled analog signal to generate the equivalent digital code.

• Quantization noise is the inherent uncertainty in digitizing an 

analog value with a finite resolution converter

• Quantization noise=Analog o/p of finite resolution 

characteristic- Analog o/p of infinite resolution characteristic
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1. SNRmax(dB) provides the best possible SNR for an N-bit ADC.

2. However, actual SNR (i.e. SNRActual)decreases from the SNRmax for a reduced 

signal level.

3. For example: in a 10 bit ADC, SNRmax=(60.2+1.76) dB=61.96 dB

If the input signal becomes half (i.e. 0.5VREF), then 

SNRActual=SNRmax-20log2=61.96-6.02=55.94 dB

ENOB=(55.94-1.76)/6.02=9
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ADC

Serial ADC

1.Stepwise (2N iteration)

2.Bitwise (N iteration)

Parallel ADC Oversampling ADC

/Delta-Sigma ADC
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Stepwise Serial ADC: Single Slope ADC

Advantage: 

1. Simple

Disadvantages:

1. Error in ramp rate leads to gain error in ADC

2. Comparator offset introduce error

3. High conversion time

4. Result drifts by CLK variation/jitter
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Stepwise Serial ADC: Dual Slope ADC

Advantages: 

1. Result does not drift by CLK variation.

2. Ramp rate variation does not introduce error.

Disadvantage:

1. Worst conversion time 2nrefT for Vin=Vref.
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Bitwise Serial ADC (Medium Speed): Successive Approximation ADC 

Basic Principle: First guess and then verify
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Parallel ADC (High Speed): Flash ADC 

1. In many application, smaller conversion time is 

preferred. 

2. In Flash ADC, it is one clock cycle having 2 phases.

a) First phase: sampling and comparison

b) Second phase: Decoder produce the equivalent 

digital word as output.

3. Advantage: Very fast.

4. Disadvantages: 

a) Requires 2N equal resistors; occupies more area

b) Requires (2N-1) comparators; e.g., for N=6, 63 

comparators are required; occupies more area 

and power.

c) Low input bandwidth as the input is driving (2N-

1) comparators.

d) Input CM of comparators differ, may have 

different delay.
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Oversampling ADC

Two categories of ADCs depending on the rate of sampling. 

1. Nyquist rate ADC where  fS = 2fB where fB is the bandwidth of the signal and fS is the sampling rate. 

a) Very fast, resolution is limited to 10-12 bits due to limited matching

2. Oversampling ADC where fS > 2fB

a) Different class of ADCs and does not require precise component matching.

b) Digital signal processing techniques are used in place of precise analog components.

c) The accuracy of the converter does not depend on the component matching, precise sample-and-hold 

circuitry, or trimming, and only a small amount of analog circuitry is required. Switched-capacitor 

implementations are easily achieved, and, as a result of the high sampling rate, only simplistic anti-aliasing 

circuitry needs to be used. 

d) However, because of the time required to sample the input signal, the throughput is considerably less than 

the Nyquist rate ADCs. 

e) It provides much higher resolution than the Nyquist rate converters. 

f) Two key principle used in oversampling ADCs: oversampling and noise shaping
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Difference between Nyquist rate and oversampling ADCs

1. Antialiasing filter requirement in oversampling 

ADC is much more relaxed than Nyquist rate ADC.

2. No dedicated S/H circuit is required in 

oversampling ADC

3. Quantization is performed in the modulator and 

encoding takes place in digital filter.
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ΣΔ Modulator

1. The ΣΔ modulator provides the quantization in the form of a pulse-density

modulated signal.

2. The density of the pulses represents the average value of the signal over

a specific period. For the peak of the sine wave, most of the pulses are

high. As the sine wave decreases in value, the pulses become distributed

between high and low according to the sine wave value.

3. If the frequency of the sine wave represented the highest frequency

component of the input signal, a Nyquist rate converter would take only

two samples.

4. The oversampling converter, however, may take hundreds of samples

over the same period to produce this pulse-density signal.

5. Digital signal processing is then used, which has two purposes: 

a) To filter any out-of-band quantization noise and to attenuate any 

spurious out-of-band signals. 

b) The output of the filter is then down-sampled to the Nyquist rate so 

that the resulting output of the ADC is the digital data. 
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The first order ΣΔ Modulator

1. Only one integrator is used, hence first order.

2. 1-bit ADC is nothing but a comparator.

3. 1-bit DAC uses comparator output y[kT] to determine if

+Vref or –Vref is summed with input x[kT]

4. If u[kT] is positive, y[kT]=High, q[kT]=+Vref and u[kT]

moves in negative direction.

5. As u[kT] becomes negative, y[kT]=Low, q[kT]=-Vref and

u[kT] moves to positive direction.

6. Integrator accumulates the error between x[kT] and

q[kT] and negative feedback tries to make integrator’s

output zero.

7. Local average of x[kT] at a particular instant should be

equal to the local average of the quantizer output.

8. This produces a pulse density modulated signal for a

sine wave.
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The first order ΣΔ Modulator
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Here, quantization noise is getting reduced by 

previous value. That is the real power of ΣΔ Modulator
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Frequency domain analysis of the first order ΣΔ Modulator
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1. Quantization noise is pushed to higher frequency: noise shaping

2. Low pass filtering is then performed in digital filter to remove out-

of-band quantization noise.

3. Then, we down-sampled to yield final high resolution output.
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Implementation of the first order ΣΔ Modulator
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Second order ΣΔ Modulator

1. Higher order ΣΔ Modulator use more no. of integrators and provide a greater amount of 

noise shaping
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Try Yourself!

y[kT]=x[kT-T]+Qe[kT]-Qe[kT-T]-{Qe[kT-T]- Qe[kT-2T]}

y[kT]=x[kT-T]+Qe[kT]-2Qe[kT-T]+ Qe[kT-2T]
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Second order ΣΔ Modulator
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1. As the order increases, more of the 

noise is pushed out into the higher 

frequencies, thus decreasing the 

noise in the signal bandwidth. 

2. The ΣΔ modulators do not attenuate 

noise at all. In fact, they add 

quantization noise that is very large at 

high frequencies. 

3. The ΣΔ modulator should not be 

construed as a filtering circuit.

Note: A high-order ΣΔ modulator with many integrators. However, as with any system employing 

feedback, stability becomes a critical issue. 
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Try yourself!

1. Find the resolution for a DAC if the output voltage is desired to change in 1 mV increments while using a reference 

voltage of 5V.

2. From any non-ideal characteristics of the DAC converter, find out INL and DNL in terms of LSBs.
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Try yourself!

3. Draw a serial DAC circuit. Show the conversion process with operating waveform when a digital word b1b2b3b4=1010 

is applied to the serial DAC. Assume b4 is LSB and b1 is MSB. No need to describe the operation. 

4. Assume M=2 and K=2, find out the transfer characteristic of this DAC if the scaling factor of the LSB sub-DAC is 3/8 

instead of 1/4. Assume Vref=1 V. What is the ±INL and ±DNL for this DAC? Is this DAC monotonic?
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Try yourself!

5. An 8-bit ADC has a reference voltage Vref=4V. Find the RMS value of the quantization noise. Also find SNR of the ADC 

for full scale sine wave input and half scale sine wave input.

6. Prove that the following block gives you an integrator operation

7. Draw a second-order Σ-Δ modulator and derive the expression of its output. 
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