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Data converter circuits (ADC and DAC) are essential blocks for
interfacing the analog world and digital systems.
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Data Converters for Audio Range Applications 
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• Applications such as wireless communications and digital audio and video have created the need
for cost-effective data converters that will achieve higher speed and resolution.

• The needs required by digital signal processors continually challenge analog designers to
improve and develop new ADC and DAC architectures.

• There are many different types of architectures, each with unique characteristics and different
limitations.

DACs
1. Resistor String 
2. R-2R 
3. Current Steering 
4. Cyclic 
5. Pipeline 

ADCs
1. Flash 
2. Pipeline
3. Integrating - single slope

- dual slope
4. SAR

Types of Data converters
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Resistor String DAC
1. Resistor string of 𝟐𝑵 identical resistors and switches.

2. N:𝟐𝑵decoder is required to provide the 𝟐𝑵signals to
control the switches.

3. The analog output is simply the voltage division of the
resistors at the selected tap.

4. 𝟐𝑵- 1 switches are off and one switch is on. 
For larger resolutions, a large parasitic capacitance 
appears at the output node, resulting in slower 
conversion speeds.

5. Alternative for the resistor-string DAC is a binary
switch array which ensures that the output is
connected to at most N switches that are on and N
switches that are off, thus increasing conversion speed.
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Ex. Design a 3 bit converter with 𝑽𝑹𝑬𝑭 = 5 V and maximum power dissipation of the converter of 5 mW
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R-2R Ladder Network

1. It is a network of resistors alternating in value of R
and 2R.

2.The resistance looking to the right of any node to
ground is 2R.

3. The digital input determines whether each resistor is
switched to ground (non-inverting input) or to the
inverting input of the op- amp.

4. Each node voltage is related to 𝑽𝑹𝑬𝑭, by a binary-weighted
relationship caused by the voltagedivision of the ladder
network.

5. The total current flowing from 𝑽𝑹𝑬𝑭is constant, since
the potential at the bottom of each switched resistor is
always zero volts (either ground or virtual ground).where Dk is the k-th bit of the input word with a value that is either a 1 or a 0.
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Ex. Design a 3-bit DAC using an R-2R architecture with R = 1 kΩ, RF = 2 kΩ, and VREF= 5 V. Assume that 
the resistances of the switches are negligible. Determine the value of iT0T for each digital input and 
the corresponding output voltage, v0UT.
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Current Steering DAC

A generic current-steering DAC.

Another DAC method uses current throughout the conversion. Known as current steering, this type of DAC requires precision current sources that are summed in various fashions.

1. This configuration requires a set of current sources, each having a
unit value of current, I.

2. Since there are no current sources generating i0UT when all the
digital inputs are zero, the MSB,𝑫𝟐𝑵−𝟏, is offset by two index
positions instead of one. For a 3-bit converter, seven current
sources will be needed, labeled from D0 to D6.

3. The binary signal controls whether or not the current sources are
connected to either i0UT or some other summing node (in this case
ground).

4. The output current, i0UT, has the range of

0 < Iout < (𝟐𝑵-1)I
and can be any integer multiple of I in between.

5. There are 𝟐𝑵 - 1 current sources, the digital input will be
in the form of a thermometer code.



Data Converters

4/22/2020 School Of ECE-Linear Integrated Circuits 10

A current-steering DAC using 
binary-weighted current sources. 1. This architecture uses binary-weighted current sources, thus 

requiring only N current sources of various sizes

2. The input code can be a simple binary number with no thermometer 
encoder   needed.
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Cyclic DAC

2. Summer adds 𝑽𝑹𝑬𝑭 or ground to the feedback signal 
depending on the input bits.

1. Inputs are read in serial fashion (PISO)

3. An amplifier with a gain of 0.5 feeds the output voltage 
back to the summer

4. The output at the end of each cycle depends on   
the value of the output during the cycle before.

5. The conversion is performed one bit at a time, 
resulting in N cycles for each conversion.

and 
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Pipeline DAC

1. Extend the cyclic converter to N stages, where each stage performs one bit of the conversion------Pipeline DAC

2. As each stage works on one conversion, the previous stage can begin processing another.  

∴ Initial N clock cycle delay and there after one conversion per cycle

Operation of each stage:
• If the input bit is a 1, add VR£F to the output of the previous stage, divide by two, 

and pass the value to the next stage. 

• If the input bit is a 0, simply divide the output of the previous stage
by two and pass along the resulting value.
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Flash ADC 1. One comparator per quantization level (𝟐𝑵−1) and 𝟐𝑵resistors

2.  The reference voltage is divided into 𝟐𝑵values

𝟑. The input voltage is compared with each reference value and 
results in a thermometer code at the output of the comparators

𝟒. 𝑰𝒇 𝒗𝒊𝒏 < 𝒗𝒂𝒍𝒖𝒆 𝒐𝒏 𝒕𝒉𝒆 𝒓𝒆𝒔𝒊𝒔𝒕𝒐𝒓 𝒔𝒕𝒓𝒊𝒏𝒈 ; 𝒄𝒐𝒎𝒑 𝒐𝒖𝒕𝒑𝒖𝒕 = 𝒂𝒍𝒍 𝒛𝒆𝒓𝒐𝒔

𝒗𝒊𝒏 > 𝒗𝒂𝒍𝒖𝒆 𝒐𝒏 𝒕𝒉𝒆 𝒓𝒆𝒔𝒊𝒔𝒕𝒐𝒓 𝒔𝒕𝒓𝒊𝒏𝒈 ;𝒄𝒐𝒎𝒑 𝒐𝒖𝒕𝒑𝒖𝒕 = 𝒂𝒍𝒍 𝒐𝒏𝒆𝒔

5.  𝟐𝑵− 𝟏:𝑵 digital thermometer decoder circuit converts the 
compared data into an N-bit digital word



Data Converters

4/22/2020 School Of ECE-Linear Integrated Circuits 14

Ex. Design a 3-bit Flash converter, listing the values of the voltages at each resistor tap, and draw the transfer
curve for 𝒗𝒊𝒏= 0 to 5 V. Assume 𝒗𝑹𝑬𝑭= 5 V. Construct a table listing the values of the thermometer code and the
output of the decoder for 𝒗𝒊𝒏=1.5, 3.0, and 4.5 V.
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Pipeline ADC

1. After the input signal has been sampled, compare it to
𝑽𝑹𝑬𝑭
𝟐

. The output of each comparator is the bit

conversion for that stage.

2. If 𝒗𝒊𝒏 >
𝑽𝑹𝑬𝑭
𝟐

; 𝒄𝒐𝒎𝒑 𝒐𝒖𝒕𝒑𝒖𝒕 = 𝟏;𝒕𝒉𝒆 𝒅𝒊𝒇𝒇𝒆𝒓𝒆𝒏𝒄𝒆 𝒗𝒊𝒏−
𝑽𝑹𝑬𝑭
𝟐

𝒊𝒔 𝒂𝒎𝒑𝒍𝒊fied

If 𝒗𝒊𝒏 <
𝑽𝑹𝑬𝑭
𝟐

; 𝒄𝒐𝒎𝒑 𝒐𝒖𝒕𝒑𝒖𝒕 = 𝟎;𝒐𝒏𝒍𝒚 𝒗𝒊𝒏 𝒊𝒔 𝒂𝒎𝒑𝒍𝒊fied.

𝑻𝒉𝒆 𝒐𝒖𝒕𝒑𝒖𝒕 𝒐𝒇 𝒆𝒂𝒄𝒉 𝒔𝒕𝒂𝒈𝒆 𝒊𝒏 𝒕𝒉𝒆 𝒄𝒐𝒏𝒗𝒆𝒓𝒕𝒆𝒓 𝒊𝒔 𝒓𝒆𝒇𝒆𝒓𝒓𝒆𝒅 𝒕𝒐 𝒂𝒔 𝒕𝒉𝒆 𝒓𝒆𝒔𝒊𝒅𝒖𝒆

3. Amplified signal is then passed to sample and hold of next stage

The pipeline ADC is an N-
step converter, with 1 bit 
being converted per stage.
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Integrating ADC

• Conversion is performed by integrating the input
signal and correlating the integration time with
a digital counter.

• Two types of Integrating ADCs: Single slope- and 
Dual-slope ADCs

• Used in high-resolution applications, slow-speed,  
cost-conscious applications.
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Integrating ADC - Single slope

1. The reference is a negative DC voltage, the output of the
integrator should start at zero and linearly increase with a
slope that depends on the gain of the integrator.

2. At the time when the output of the integrator surpasses
the value of the S/H output, the comparator switches
states, thus triggering the control logic to latch the value
of the counter.

3. The control logic also resets the system for the next 
sample.

4. If the input voltage is at its full-scale value, the counter
must increment to its maximum value of 𝟐𝑵clock cycles.
Thus, the clock frequency must be many times faster than
the bandwidth of the input signal.
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Integrating ADC -Dual slope

1. Two integrations are performed, one on the input
signal and one on 𝑉𝑅𝐸𝐹.

2. The input voltage is assumed to be negative, and the
output is a positive slope during the first integration
(fixed length) dictated by counter.

3. After the counter overflows and is reset, the reference
voltage is connected to the input of the integrator,
whose output discharges to zero at a constant slope.

4. A counter again measures the amount of time for the
integrator to discharge, thus generating the digital
output.
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Successive Approximation ADC

• The successive approximation converter performs basically a binary
search through all possible quantization levels before converging on the
final digital answer.

• An N-bit register controls the timing of the conversion where N is the
resolution of the ADC.

• 𝒗𝑰𝑵 is sampled and compared to the output of the DAC.

• The comparator output controls the direction of the binary search, and
the output of the successive approximation register (SAR) is the actual
digital conversion.
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Successive Approximation ADC

Algorithm
1. A 1 is applied to the input of the shift register. For each bit converted,

the 1 is shifted to the right 1-bit position. 𝑩𝑵−𝟏= 1 and 𝑩𝑵−𝟐 through𝑩𝟎= 0.

2. The MSB of the SAR,𝑫𝑵−𝟏, is initially set to 1, while the remaining bits,
𝑫𝑵−𝟐 through 𝑫𝟎, are set to 0.

3. Since the SAR output controls the DAC and the SAR output is 100...0, the

DAC output will be set to
𝑽𝑹𝑬𝑭
𝟐

.

4. If 
𝑽𝑹𝑬𝑭
𝟐

> 𝒗𝑰𝑵; comparator output = 0 and the comparator resets 𝑫𝑵−𝟏 to 0.

If 
𝑽𝑹𝑬𝑭
𝟐

< 𝒗𝑰𝑵; 𝒄omparator output = 1 and the 𝑫𝑵−𝟏remains a 1.

𝑫𝑵−𝟏 is the actual MSB of the final digital output code.

5. The 1 applied to the shift register is then shifted by one position so that 
𝑩𝑵−𝟐while the remaining bits are all 0.

6. 𝑫𝑵−𝟐 is set to a 1, 𝑫𝑵−𝟑through 𝑫𝟎 remain 0, while 𝑫𝑵−𝟏 remains the value 
from the MSB conversion. 

The output of the DAC =
𝑽𝑹𝑬𝑭
𝟒

(if 𝑫𝑵−𝟏= 0)         or       
𝟑𝑽𝑹𝑬𝑭
𝟒

if  (𝑫𝑵−𝟏=1)
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Perform the operation of a 3-bit SAR ADC with 𝑽𝑹𝑬𝑭= 8. Show the binary search algorithm of the converter for 
𝒗𝑰𝑵 = 5.5V and 2.5 V.
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CMOS Circuit Design, Layout, and Simulation
R. Jacob Baker

Data Converters

Reference
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Thank you

Data Converters
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Course Outcome (CO): Design and analyze the non-linear applications of Op-Amp for  
the given specifications.

PO1.3.1 - Apply fundamentals of Electrical engineering principles and laws 

PO1.4.1 - Apply principles of electronic device

PO1.4.2 - Ability to understand electronic circuits 

PO2.1.2 - Identify engineering systems, variables, and parameters to solve the problems 

PO2.1.4 - Identify the mathematical, engineering and other relevant knowledge that applies to a given problem 
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Non-Linear Mode Applications 

 Output is saturated: 𝒗𝒐 = ±𝑽𝒐,𝒔𝒂𝒕

 Differential input is : 𝒗𝒅 ≥
±𝑽𝒐,𝒔𝒂𝒕

𝑨

 Dominant positive feedback: 𝜷− < 𝜷+
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P01: Determine the oscillation frequency and the condition to sustain oscillations for the circuit shown.
Assume the Op-Amp to be ideal.
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P02: Calculate the load current through RL
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P03: Plot the transfer characteristics of the circuit shown. Assume ideal diodes
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P04: A triangular wave which goes from -12V to +12V is applied to the inverting input of the Op-Amp
Calculate the voltage that switches between the non-inverting input. 
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P05: In the voltage regulator circuit shown op-amp is ideal. BJT has VBE = 0.7V and β=100 and the Zener voltage is 4.7V
Calculate the value of R to have a regulated voltage of 9V
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P06: Vin = 20V ± 20%, Vout = 10V,  Calculate the maximum power dissipation in Q1 if load current through RL is 200mA
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P07: Calculate the value of C to have a sinusoidal frequency of 1kHz
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P08: Calculate the ratio of R2 to R1 to have a sinusoidal frequency of fo kHz at 𝑩 𝒇 =
𝑽𝒇(𝒇)

𝑽𝟎(𝒇)
=

𝟏∠𝟎

𝟔
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P09: Identify the circuit and explain the function of 100KΩ resistor in series with two diodes connected back to back

Ans:
• The circuit shown is a Wein Bridge Oscillator.

• To provide amplitude stabilization by preventing the 
op-amp going into saturation.
This will cause sinusoidal oscillations of fixed amplitude.

• When oscillations grow, diodes conduct, D1—positive cycle
D2—negative cycle.

• 22.1kΩwill come in parallel with 100kΩ, thereby reducing the
effective resistance in the feedback.

• Under equilibrium the loop gain will be unity.



Problems on Non-Linear Applications of Op-Amp

4/20/2020 School Of ECE-Linear Integrated Circuits 13

P10: Find the value of 𝑹𝟏 for generating sinusoidal oscillations. Also find the frequency of oscillations. 

𝑨𝒏𝒔: 𝑹𝟏 = 𝟐𝑹 𝒂𝒏𝒅 𝝎 =
𝟏

𝑪𝑹
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P11: Plot the transfer characteristics of the Precision Rectifier circuit shown.
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Thank you


