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1. Introduction 
 
Our environment is full of analog signals that we need to monitor, to capture, to treat, to store, to modify and transmit, 

such as sound, temperature, humidity, light, radio frequency waves, acceleration… The easiest way to treat analog 

signals is to convert them in digital signals. The advantages of using digital techniques called signal processing are the 

programmability, the stability, the repeatability, the accuracy, the noise immunity, but also the ability to implement 

special functions such as linear phase filters, error correcting codes … 

 

Remind that a digital signal is a variable whose possible values are 0 or 1, False or True, High or Low. As the opposite 

an analog signal is a continuous time signal whose response with respect to time is uninterrupted. 

 

The analog to digital converters (ADC) and digital to analog converters (DAC) are the main links between the analog 

signals and the digital world of signal processing.  The ADC viewed as a black box in figure 13-xxx, takes an analog 

input signal "Vin" and converts it to a digital output signal "A". The digital signal "A" is a binary coded representation 

of the analog signal using N bits: AN-1 … A0. The maximum number of codes for N bits is 2N. The digital signal is 

treated by a digital signal processing system (DSP) before being ready to restitute.  The DSP output is "B", which has 

in this case example the same dimension as for the input signal "A". Then, the DAC, which has the opposite function 

compared to the ADC, converts the digital signal to the final analog output signal.  
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Fig. 13-xxx. Basic principle of N bits analog to digital and digital to analog converters. 

 

A typical function of this signal processing circuit is to filter the high frequency components of the input Vin. 

Consequently, Vout only contains the slow-varying portion of Vin. 

As more products perform calculations in the time domain, more sophisticated data converters must translate the digital 

data to and from the analog world. In this chapter we present the basic principles of ADC and DAC, some associated 

circuits and several types and techniques of conversion and their implementation in CMOS technology. The figure 

below shows some target applications of ADC and DAC converters, with the frequency range in X axis and the 

converter resolution in Y axis [Sonia: which reference?]. 
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Fig. 13-xxx. Speed and resolution requirements on ADCs  

 

2. Digital-Analog Converters architectures 
 
Digital-to-analog converters (DAC) traduce a digital number "B" into an analog signal "VOUT*". The output of the 

DAC is not as smooth as we wish, due to a finite number of available analog levels. A low pass filter eliminates the 

higher order harmonics caused by the conversion on the signal "VOUT*", and returns an analog signal "VOUT" (figure 

13-xxx). 
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 Fig. 13-xxx. A four- bits digital conversion including a filter module. 

 
A wide variety of DAC architectures exists, from very simple to complex ones. Each of them has its own merits and 

limits. The digital signal can be provided in many different codes, depending on the final application: binary, 

thermometer, Gray, two's complement , offset binary, and so on.. 

 

Resistor string converter 

 

The most basic DAC is the resistance ladder or resistor string converter. Comprised of a simple resistor string of 2N 

identical resistors, and a binary switch array whose inputs are a binary word. The analog output is the voltage division 

of the resistors flowing via pass switches. The output is connected to at most N switches On and N switches Off. 

In the following example, the digital-analog converter converts a digital three-bit input (B2,B1,B0) into an analog 

value Vout. The supply voltage is 1.2V, which corresponds to the core voltage of the CMOS 0.12µm process. The 

voltage step can be expressed as: 

 

V
V

V N
dac 15.0

8
2.1

2
===∆  (Eq. 13-xxx) 

 
B2 B1 B0 Vout  Analog output Vout 

(V) with Vdac=1.2V 
0 0 0 0/8 Vdac  0.0  
0 0 1 1/8 Vdac 0.15 
0 1 0 2/8 Vdac 0.3 
0 1 1 3/8 Vdac 0.45 
1 0 0 4/8 Vdac 0.6 
1 0 1 5/8 Vdac 0.75 
1 1 0 6/8 Vdac 0.9 
1 1 1 7/8 Vdac 1.05 

  
Table. 13-xxx. The specifications of a 3-bit digital-to-analog converter 
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Fig. 13-xxx. Schematic diagram of the digital-analog converter (DAC3bit.SCH) 

 

Layout considerations 

 

A long path of polysilicon between VDD and VSS may give intermediate voltage references required for the DAC 

circuit. Unfortunately, the polysilicon has a low resistance due to a surface deposit of metal, called salicidation. The 

resistance per square is quite small (Around 5Ohm per square) due to this thin metal coat. In order to increase the sheet 

resistance value, the polysilicon resistor must be surrounded by the specific "Option" layer, that may be found in the 

"Palette".  
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Fig. 13-xxx. Removing the salicidation to increase the sheet resistance 

 

Following a double click in this layer, we have chosen the property "Remove salicide to increase resistance" (Figure 

13-xxx). Consequently, the resistors value has been multiplied by 10 and can be used to design an area-efficient 

resistor network. 

The option layer
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High values of
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obtained

 
Fig. 13-xxx. The sheet resistance is increased by removing the salicide deposit, thanks to an option layer (ADC.MSK) 

 

The resistor ladder generates intermediate voltage references used by the voltage comparators located in the middle. By 

default, Microwind do not take in to account any serial resistor. This means that the resistor ladder layout on the left of 

figure 13-xxx is considered as a short cut between VDD and VSS. To account for the serial resistance distributed along 

the polysilicon path, virtual resistance symbol must be added, which force Microwind to split the ladder into separate 

electrical nodes, and extract the corresponding polysilicon resistance (Figure 13-xxx middle and right). 
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Fig. 13-xxx: Adding a virtual resistor symbol to extract the polysilicon resistance 

 

 
Fig. 13-xxx. Virtual resistor symbols split the polysilicon path into separate electrical regions (ADCRes.MSK) 

 

The resistance symbol is inserted in the layout to indicate to the simulator that an equivalent resistance must be taken 

into account for the electrical extraction and analog simulation. The layout of the digital-analog converter is shown in 

Figure 13-xx. The three inverter circuits generate the signals ~B2,~B1 and ~B0 from signals B2,B1 and B0. The 

transmission gates use minimum MOS device size. The total resistance approaches 24Kohm, which means a stand-by 

current near 50µA. Lower DC currents may be obtained by increasing the size of the polysilicon path. 
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Fig. 13-xx. Layout of the digital-analog converter (DAC.MSK). 

 

The simulation of the R ladder DAC (Fig. 13-xx) shows a regular increase of the output voltage Vout with the input 

combinations, from 000 (0V) to 111 (1.2V). Each input change provokes a capacitance network charge and discharge. 

Notice the fluctuation of the reference voltage "Vref5" (One of the 8 reference voltages) too. This is due to the weak 

link to VDD and VSS through a highly resistive path.  
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Fig. 13-xxx. Simulation of the digital-analog converter (DAC.MSK). 

 

The analog level "Vout" increases regularly with increasing digit input B. The converter is monotonic. However, it 

must be noticed that for a very short period of time, near t=2.0ns, the internal node discharge lead to a voltage 

overshoot close to one voltage step ∆V. 

 

Converter non-linearity 

 

Due to the non-ideal behavior of switches, process fluctuations and various gradient effects, there exist a small 

difference between the ideal analog output "Vout_ideal" and the actual analog output "Vout". The deviation of "Vout" 

from the ideal value "Vout_ideal" is called the integral non-linearity (INL). The normalized integral non-linearity can 

be expressed as [Gustavsson chapter 1]: 

 

V
VoutVout

INL ideali
i ∆

−
=  (Eq. 13-xxx) 

where 

INLi=the integral non-linearity for input i (Relative error between -1 and 1) 

Vout_i=the real DAC output for input i (V) 

Vout_ideal=the ideal DAC output for input i (V) 

∆V=ideal voltage step (V) 

 

The difference between two adjacent analog outputs may be significantly different from the theoretical voltage step. 

This deviation is called the differential non-linearity (DNL). The normalized differential non-linearity includes the 

voltage step ∆V to get the relative error. Figure 13-xxx illustrates the difference between INL and DNL concepts. 
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V
VVoutVout

DNL ii
i ∆

∆−−
= +1  (Eq. 13-xxx) 

where 

DNLi=the differential non-linearity for input i (Relative error, usually between -1 and 1) 

Vouti+1=the real DAC output for input i+1 (V) 

Vouti=the real DAC output for input i (V) 

∆V=ideal voltage step (V) 
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Fig. 13-xxx. The illustration of integrate and differential non-linearity 

 

The illustration of integral non-linearity is given in the simulation of the 3-bit DAC.  The ideal reference voltages are 

placed separately in the layout, as shown in figure 13-xxx. In the simulation mode "Voltage, Current vs. Time", all 

voltage values are placed in the same window. The ladder of reference voltages appears, as well as the simulated 

"Vout" value. It appears clearly that an integral non-linearity exists, which corresponds to the difference between the 

ideal and actual value of the output, for each given input value B. The origin of this non-linearity is the resistor ladder 

design which do not create perfectly regular resistance values. 

 
Fig. 13-xxx. The illustration of integral and differential non-linearity (DacNonLinearity.MSK) 
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Fig. 13-xxx. A zoom at the analog voltage Vout reveals a non negligible integral non linearity (DacNonLinearity.MSK) 

 

R-2R ladder converter 

 

It is not easy to construct a resistor-based DAC with a high resolution, due to the resistance spread, and the needs for 

2N serial resistors. A better choice is the R-2R ladder [Gustavsson chapter 4]. Its configuration consists of a network of 

resistors alternating in value of R and 2R. For a N bits DAC, N cells based on 2 resistors R and 2R are connected in 

serial. The 4-bit and 8-bit implementation of this circuit are reported in figure 13-xxx. At the right end of the network 

is the output voltage "Vout".  

 

 
Fig. 13-xxx. 4-bit and 8-bit DAC converter using the R-2R ladder. 
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We used 7 resistors for the 4-bit implementation of the R-2R DAC, that is twice less than for the previous R-ladder. 

The difference is even more significant in the 8-bit circuit, with only 15 resistors, while the simple ladder would 

require 255 resistors in serial. 

 

The digital input (B3,B2 B1 B0) determines whether each cell is switched to ground tied to Vdac through the resistors 

Each cell's output voltage is a ratio of Vdac because of the voltage division of the ladder network. The final output 

voltage VOUT depends on the value of B, following the given formulation  : 

 

N

N

dacOUT
BVV

2
)2( −

⋅=  (Eq. 13-xxx) 

On this principle, table xxx gives the value of VOUT versus the input code, with Vdac equal to 1.2V. 

 
B3 B2 B1 B0 VOUT 
0 0 0 0 1.2 
0 0 0 1  
0 0 1 0  
0 0 1 1  
0 1 0 0  
0 1 0 1  
0 1 1 0  
0 1 1 1  
1 0 0 0  
1 0 0 1  
1 0 1 0  
1 0 1 1  
1 1 0 0  
1 1 0 1  
1 1 1 0  
1 1 1 1  

Table-xxx. VOUT of the 4 bits R-2R DAC versus Input code B 

<Etienne: complete the table> 

 

Layout considerations:  

 

The resolution of the R-2R DAC is linked with the accuracy of the resistors and the resistance of the switches witch 

must be negligible to avoid a voltage drop and then some non-linearity. It is important to implement a low Ron switch 

(Large width, minimum length), together with large R resistors. In order to compensate the Ron resistance of the nMOS 

device, a dummy switch , whom pass resistance is half Ron, may be inserted inside each cell in serial with R. In figure 

13-xxx, the design of a four-bit digital-to-analog converter is reported. The elementary resistor pattern has a value of 

500 ohm.  
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Fig. 13-xxx. A four bit 2-2R digital to analog converter (DacR2R4Bit.MSK) 

 

 
Fig. 13-xxx. Simulation of the 4-bit 2-2R digital to analog converter (DacR2R4Bit.MSK) 

 

The simulation of the four bit 2-2R digital to analog converter shows a regular decrease of the output voltage "Vout". 

As the Ron of the MOS devices is not negligible, the final value Vout (B=1111) is not zero. This non-linearity may be 

corrected by enlarging the MOS switch and increasing the length of the serpentine resistor. 

 

The Charge scaling  

 

A very popular DAC architecture used in CMOS technology is the charge scaling [Baker p805]. A parallel array of 

binary weighted capacitors is connected to a follower amplifier. The capacitor array totals 2N C. Fig 13-xxx gives an 

example of 3 bits (A0A1A2) charge scaling DAC.  
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Fig. 13-xxx. The charge-scaling digital to analog converter (DacCapacitor.SCH) 

 

The first step is to discharge all capacitors thanks to the reset switch connected to the ground. Then the switch is 

disconnected. After the initialization, the digital switches B0,B1 and B2 connect each capacitor to VDD or to VSS, 

according to the logic value. The output voltage Vout is then a function of the voltage division between capacitors. As 

an example, if the number to convert B= 011, B2 is connected to VSS, B1 and B0 are connected to VDD as shown in 

figure 13-xxx. The equivalent capacitor divider corresponds to a value of the output equal to 5/8Vdd.  

 

 
Fig. 13-xxx. The digital to analog converter at work for B=011 (DacCapacitor.SCH) 

 

Table xx gives the value of Vout versus the input code: 

 
A2 A1 A0 Vout/VDD 
0 0 0 0 
0 0 1 1/8 
0 1 0 2/8 
0 1 1 3/8 
1 0 0 4/8 
1 0 1 5/8 
1 1 0 6/8 
1 1 1 7/8 

 

Layout considerations:  
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The most important problem is the design of precise capacitor, with values from C to 2N.C. As the number of bits 

increases, the ratio of MSB to LSB capacitor becomes difficult to control. Moreover, high value capacitors have an 

important size on the chip. Using metal plates to create them is not realist as the capacitance value per µm2 is very low. 

The solution is to use passive double polysilicon capacitors if available in the CMOS process, which have good 

matching accuracy and high capacitance value per µm2. In 0.12µm CMOS technology, the capacitance between metal 

is around 50 aF/µm2 and rises to 2000 aF /µm2 between polysilicon and poly2.  

 

The implementation of the 3-bit DAC requires 8 sets of capacitor, regrouped in 4xC, 2xC and two separate C. In 

Microwind, the command "Edit -> Generate -> Capacitor" gives access to a specific menu for generating capacitor 

(Figure 13-xxx). The default capacitor is made with poly/Poly2. The typical capacitance value for C is around 1pF. As 

may been seen in the layout shown in figure 13-xxx, a 100fF value for C already lead to a large layout.  

 

 
Figure 13-xxx: The generator menu handles the design of poly/poly2 capacitor and inter-metal capacitors 
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Fig. 13-xxx. Implementation of an array of 100fF capacitor for the 3-bit DAC (DacCapacitor.MSK) 

 

3. Sample and Hold circuits 
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Fig. 13-xxx. The sample-and-hold circuit 

 

Sample and Hold (S/H) circuits are critical in converting analog signals to digital signals. The sample-and-hold main 

function is to capture the signal value at a given instant and hold it until the ADC has processed the information. The 

operation is repeated in time with a regular sampling period. We can notice that during the sampling period, the S/H 

circuit operates alternatively  in dynamic mode (sample) and in static mode (hold), as shown figure 13-xxx. 
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Fig. 13-xxx. Sampling of an analog voltage (sample and hold modes) 

 

The transmission gate can be used as a sample and hold circuit. The schematic diagram of the sample/hold circuit is 

proposed in figure 13-xxx. It corresponds to the classical transmission gate. The only important supplement is the 

storage capacitor, called Cstore, appearing at the output "Vin*", the sampled version of "Vin". The capacitor retains the 

voltage information during the conversion phase. By default, a parasitic capacitance always exist due to diffusion areas 

of the p-channel MOS and n-channel MOS devices. However, the Cstore is a physical capacitor added to the node 

Vin* to limit the parasitic discharge due to Ioff leakage currents.  

 

 
Fig. 13-xxx. Schematic diagram of the Sample-Hold circuit (SampleHold.SCH) 
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Fig. 13-xxx. The transmission gate used to sample analog signals (SampleHold.MSK) 

 

The layout of the transmission gate is reported figure 13-xxx.  

 

The effect of sample and hold is illustrated in figure 13-xxx. The voltage curves have been superimposed by using the 

simulation mode "Current and Voltage vs. Time". When sampling, the transmission gate is turned on so that the 

sampled data "DataOut" reaches the value of the sinusoidal wave "DataIn". 

 

Fig. 13-xxx. Effect of sampling (SampleHold.MSK) 
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When the gate is off, the value of the sampled data remains constant. This is mainly due to the parasitic capacitance of 

the node, which has a value of 0.43 fF, as extracted in a CMOS 0.12µm process (figure 13-xxx), which is sufficient to 

retain the information. 

 
Fig. 13-xxx. The hold effect is related to the parasitic capacitance of the node "SampledData" 

 

Shannon's Sampling Theorem 

 

The critical element in accurately capturing the analog input voltage is the number of sampled data in the considered 

time window. We can also talk about the sampling frequency compared to the input voltage frequency. The Shannon's 

Sampling Theorem gives the minimum frequency required to accurately represent the analog input voltage. The 

minimum sampling frequency fsample must be equal to or greater than twice the highest frequency component of the 

original signal fsignal. To be strictly accurate we should use the term "Bandwidth" rather than highest frequency 

component. 

 

signalsample ff .2≥  (Eq. 13-xxx) 
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Fig. 13-xxx: The sampling frequency is fast enough to comply with Shannon's theorem (SampleHoldShannon.MSK) 
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Fig. 13-xxx. The sampling frequency is too slow. Vin* differs from Vin (SampleHoldShannon.MSK) 

 

Figure 13-xxx shows the sampling of a 500MHz sinusoidal input wave (fsignal) with a sampling frequency fsample of 

2.5GHz which complies largely with the Shannon's Theorem. In figure 13-xxx the sampling frequency fsample is too low 

(600MHz), consequently the sampled output Vin* is significantly different from Vin. 

 

 

4. Analog-Digital Converters architectures 
 

The analog to digital converter is considered to be an encoding device, where it converts an analog sample in into a 

digital quantity with a prescribed number of bits. Figure 13-xxx shows the complete chain from the analog signal to the 

digital data using a sampled and hold module and a 4 bits ADC. 
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Fig. 13-xxx. A 4 bits digital conversion of a sampled analog voltage 

 

The Flash converter Principles 

 

The 2-bit analog-digital converter converts an analog value Vin into a two-bit digital value "A" coded on 2-bits A1,A0. 

The flash converter uses three converters and a coding logic to produce A1 and A0 in a very short delay (Figure 13-

xxx). The flash converters are widely used for very high sampling rates, a the cost of very important power dissipation.  

 
Analog Input Vin C2 C1 C0 A1 A0 
Vin<Vref0 0 0 0 0 0 
Vref0<Vin<Vref1 0 0 1 0 1 
Vref1<Vin<Vref2 0 1 1 1 0 
Vin>Vref2 1 1 1 1 1 

Fig. 13-xxx. The specifications for a 2-bit flash ADC converter 

 
Fig. 13-xxx. The schematic diagram of the 2-bit flash ADC converter (AdcFlash2bits.SCH) 

 

A schematic diagram for the 2-bit flash converter is proposed in figure 13-xxx. The resistor scale produce reference 

voltages Vref0, Vref1 and Vref2. Three comparator circuits compute the difference between Vin and the reference 

voltage. Their outputs "C2,C1,C0" are almost logic signals. The main problem of the comparator-based architecture is 

that the output A1,A0 is not directly available. The comparator produces 2(N-1) values (Here C0..C2) which represent 

the "thermometer coding" of the input. The ones propagate from C0 to C2 as the input "Vin" rises, as shown in table 

13-xxx. A conversion circuit from thermometer code to binary code is needed. In the case of a 2-bit flash converter, the 
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circuit is quite simple, as detailed in figure 13-xxx. The complex gate used for a compact design of the AND-OR 

function. 

 

 
Fig. 13-xxx. The thermometer to binary coder (AdcFlash2bits_coder.SCH) 

 

For a 3-bit flash converter, the logic circuit starts to rise in complexity. A proposed implementation of the thermometer 

decoding is proposed in figure 13-xxx. 

 

 
Analog Input Vin C6 C5 C4 C3 C2 C1 C0 A2 A1 A0 
Vin<Vref0 0 0 0 0 0 0 0 0 0 0 
Vref0<Vin<Vref1 0 0 0 0 0 0 1 0 0 1 
Vref1<Vin<Vref2 0 0 0 0 0 1 1 0 1 0 
Vref2<Vin<Vref3 0 0 0 0 1 1 1 0 1 1 
Vref3<Vin<Vref4 0 0 0 1 1 1 1 1 0 0 
Vref4<Vin<Vref5 0 0 1 1 1 1 1 1 0 1 
Vref5<Vin<Vref6 0 1 1 1 1 1 1 1 1 0 
Vin>Vref6 1 1 1 1 1 1 1 1 1 1 

Table. 13-xxx. The specifications for a 3-bit flash ADC converter 

 

A 3 bit flash converter requires 7 converters and a more complex logic circuit to converter the thermometer code into a 

binary code, as specified in table 13-xxx. The 8-bit flash converter would require 255 comparators and a very complex 

logic decoder. An interesting approach is to use a 7x3 MOS array for the encoding, taking into account the specific 

condition of the thermometer coder: a 0 on C4 and a 1 on C3 means that Vref3<Vin<Vref4, which is a sufficient 

condition to produce A=4 at the output. The implementation of the 3-bit coder is detailed in figure 13-xxx. 
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Fig. 13-xxx. The thermometer to 3-bit binary coder using a logic array (AdcFlash3bits_coder.SCH) 

 

Flash converter Implementation 

 

 

The resistor ladder generates intermediate voltage references used by the voltage comparators located in the middle of 

the layout. An unsalicide option layer multiplies the sheet resistance of the polysilicon ladder for an area-efficient 

implementation. The resistance symbol "R(poly)" is inserted in the layout to indicate to the simulator that an equivalent 

resistance must be taken into account for the analog simulation. Open-loop amplifiers are used as voltage comparators. 

The comparators address the decoding logic situated to the right and that provides correct A0 and A1 coding. 
 



DEEP SUBMICRON CMOS DESIGN  13. Converters 

 

13-23 E.Sicard, S. Delmas-Bendhia 21/03/03 

 
Fig. 13-xxx. Design of the analog-digital converter (ADC.MSK). 

 

In the simulation shown in Figure 13-xxx, the comparators C0 and C1 work well but the comparator C0 is used in the 

lower limit of the voltage input range. The generation of combinations "01", "10" and "11" is produced rapidly but the 

generation of "00" is slow.  
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Fig. 13-xxx. Simulation of the analog-digital converter (ADC.MSK). 

 

 

Signal-to-Noise Ratio 

The signal-to-noise ratio (SNR) of an analog to digital converter is the ratio between the power of the signal Ps and the 

power of quantization noise Pn. The signal-to-noise ratio can be calculated using the expression [Gustavsson Chapter 

1] 13-xxx.  

 

N

n

S

P
P

SNR 225.1 ×==   (Eq. 13-xxx) 

dBN
P
P

SNR
n

S
dB 76.102.6)log(10 +×==   (Eq. 13-xxx) 
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6. EXERCISES 
 

Design of a 3-bit thermometer to binary coder according to the schematic diagram shown in figure 12-xxx 

Design a 3-bit flash converter using the thermometer coder and a set of 7 comparators. 
 

 


