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Sistemas de adquisición de datos. Conversores. 

 Errores de los conversores. 

 Error de offset

 Error de ganancia

 Errores de linealidad

 Error absoluto: no exactitud o error total.

 Errores de cuantificación.
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 Relación señal ruido y distorsión armónica (SINAD, Signal-to-Noise and 
Distortion)

 Número efectivo de bits (ENOB, effective number of bits).

 Distorsión de intermodulación (IMD, Intermodulation Distortion).

 Rango dinámico libre de espurios (SFDR, Spurious Free Dynamic Range).
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Sistemas de adquisición de datos. Conversores. 

 Errores de los conversores. 

 Cuantifican las diferencias de las funciones de transferencia ideales y reales. Pueden 
expresarse en valores absolutos o relativos. Generalmente se expresan en bits o LSB 
(Least Significant Bit), que equivale a un escalón de cuantificación q.

 Error de offset

 ADC: Diferencia entre el punto de conmutación ideal (q/2) y el real. 

 DAC: Diferencia entre la tensión de salida ideal y real para el código 0. 

Errores de los conversores.
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Sistemas de adquisición de datos. Conversores. 

Errores de los conversores.

 Error de ganancia

 ADC: Diferencia entre las pendientes de las rectas ideal y real. Si se expresa en bits 
indica la diferencia a fondo de escala una vez eliminado el error de offset.

 DAC: Diferencia entre la pendiente ideal y real. En bits igual que el ADC.
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Sistemas de adquisición de datos. Conversores. 

 Errores de linealidad

 Error de linealidad diferencial (DNL, Differential Nonlinearity Error)

 ADC: Diferencia máxima entre el tamaño del escalón de cuantificación real y el 

ideal.

 DAC: Diferencia máxima entre el incremento que se produce en la salida ante un 

incremento unitario del código y el valor teórico del escalón de cuantificación.

Errores de los conversores.
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Sistemas de adquisición de datos. Conversores. 

 Error de linealidad integral (INL, Integral Nonlinearity Error)

 ADC, DAC: Diferencia máxima de la función de transferencia real (ajustada en 

offset y ganancia) y la recta representada por la función de transferencia ideal.

 Códigos omitidos (Missing codes): Pérdida de uno o mas códigos en la salida del ADC 
como consecuencia de que la DNL es inferior a -1LSB. En un problema, por ejemplo, si 
el sistema de procesamiento espera un valor dado de código para realizar una acción.

 Error de monotonicidad: Se produce en un DAC con errores de linealidad DNL<-q. 
Produce un cambio puntual del signo de la pendiente en la función de transferencia. En 
este caso, al incrementar el código en 1q, la tensión de salida se reduce en lugar de 
incrementarse. Puede ser un problema, por ejemplo, en algunos sistemas de control.

Errores de los conversores.
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Sistemas de adquisición de datos. Conversores. 

 Error absoluto, o no exactitud, o error total.

 Máxima diferencia entre la función de transferencia real y la recta ideal, sin corregir ni 
offset ni ganancia. Este error, al estar comparado con una recta, en el caso del ADC 
incluye el error de cuantificación. Representa el error total del dispositivo sin ajustes.

Errores de los conversores.
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Sistemas de adquisición de datos. Conversores. 

 Error de cuantificación.

 El error de cuantificación tiene una distribución uniforme entre ±q/2 

 La potencia de la señal de ruido es igual a su varianza. Es equivalente a calcular la 
potencia de la componente alterna de una señal en diente de sierra de amplitud ±q/2.

 La relación señal/ruido especificada por los fabricantes se calcula para una señal de 
entrada senoidal de amplitud pico a pico igual al fondo de escala del ADC.

Errores de los conversores.
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Sistemas de adquisición de datos. Conversores. 

 Error de cuantificación.

 Esto permite concluir, que con cada bit de resolución adicional se mejora la SNR en 
≈6dB, independientemente de la forma de onda y amplitud de la señal de entrada.

 La distribución espectral del ruido de cuantificación es uniforme entre 0 y la frecuencia 
fs/2 (ruido blanco). 

Errores de los conversores.
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Sistemas de adquisición de datos. Conversores. 

 Distorsión armónica (THD, Total Harmonic Distortion).

 Los errores de linealidad introducen componentes frecuenciales en la salida no están 
presentes en la entrada. La distorsión armónica relaciona la potencia de los armónicos 
con la del tono fundamental.

 Relación señal ruido y distorsión armónica (SINAD, Signal-to-Noise and 
Distortion)

 Combina ambos efectos, al ser errores incorrelados, su valor se calcula como la raíz de 
la suma de los cuadrados. En decibelios estaría determinado por la expresión siguiente.

 La diferencia de signos en los exponentes es debida a que SNR expresa el cociente 
entre la señal y el ruido, mientras que THD expresa el cociente entre el error y la señal.

 Número efectivo de bits (ENOB, effective number of bits).

 Representa el número de bits de un ADC ideal con una SNR igual a la del ADC real. 
Este parámetro se calcula para una señal senoidal y es función de su frecuencia.

 Distorsión de intermodulación (IMD, Intermodulation Distortion).

 Relación entre la potencia de las frecuencias de salida no presentes en la entrada y la 
de las señales de entrada. Se obtiene aplicando dos tonos senoidales.

Errores de los conversores.



12Enrique Santiso, Fco. Javier Meca. Departamento de Electrónica. Universidad de Alcalá

Sistemas de adquisición de datos. Conversores. 

 Rango dinámico libre de espurios (SFDR - Spurious Free Dynamic Range).

 Es un parámetro relativo a la distorsión y se obtiene introduciendo un tono de amplitud 
máxima a la entrada. Representa la diferencia en dB entre el tono ideal y el armónico 
de mayor potencia.

Errores de los conversores.
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Sistemas de adquisición de datos. Conversores. 

 DAC: Digital to Analog Converter

 Circuito mixto: digital-analógico.

 Esquema genérico de un DAC

 D: Código digital de entrada de N bits.

 Señales de control: Funciones de interfaz o 
configuración.

 VSD, GNDD: Terminales de alimentación de los circuitos 
digitales.

 VSA, GNDA: Terminales de alimentación de los circuitos 
analógicos.

 VREF: Tensión de referencia, determina el fondo de 
escala y el escalón de cuantificación.

 VOFF: Si está presente, permite desplazar la 
tensión de salida si es necesario.

 Vo: Tensión de salida. También son comunes las 
salidas en corriente.

Conversores DAC.
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Sistemas de adquisición de datos. Conversores. 

 Tipos de DAC

 DAC de 1 bit. Convierte un código digital en una tensión. Vo=B·VREF

 Divisor Kelvin (string DAC). DAC de 3 bits.

 Vo= q·D,  q=VREF/8

 De forma general q= VREF/2
n

Conversores DAC.
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Basic DAC Architectures I: String DACs and  

Thermometer (Fully Decoded) DACs 
 

by Walt Kester 
 
INTRODUCTION 
 
Rather than simply treating DACs as black boxes having a digital input and an analog output, it 

is much more useful to understand the fundamental DAC architectures in use today. This can 

also aid in the selection process which can be somewhat daunting considering the sheer number 

of DACs currently on the market.  
 

This tutorial examines the most fundamental DAC architectures, the "string" DAC and the 

"thermometer" DAC. String DACs had their origin with Lord Kelvin, who invented the Kelvin 

divider in the mid-1800s. String DACs are popular today, especially in applications such as 

digital potentiometers where resolutions of 6 to 8 bits are typical. Because of their relative 

freedom from code-dependent switching glitches, thermometer DACs are popular building 

blocks in low distortion segmented DACs as well as in pipelined ADCs.  

 
THE SWITCH: A SIMPLE 1-BIT DAC 
 

It is reasonable to consider a changeover switch (a single-pole, double-throw, SPDT switch), 

switching an output between a reference and ground or between equal positive and negative 

reference voltages, as a 1-bit DAC as shown in Figure 1. Such a simple device is a component of 

many more complex DAC structures, and is used, with oversampling, as the basic analog 

component in many of the sigma-delta DACs we shall discuss later. The simple switch is also 

very easy to implement in standard CMOS processes. Nevertheless it is a little too simple to 

require detailed discussion, and it is more rewarding to consider more complex structures.  
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Figure 1: 1-Bit DAC: Changeover Switch (Single-Pole, Double Throw, SPDT) 
 
THE KELVIN DIVIDER (STRING DAC) 
 

The simplest DAC structure of all, after the changeover switch mentioned above, is the Kelvin 

divider or string DAC  as shown in Figure 2. An N-bit version of this DAC simply consists of 2
N
 

equal resistors in series and 2
N
 switches (usually CMOS), one between each node of the chain 
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and the output. The output is taken from the appropriate tap by closing just one of the switches 

(there is some slight digital complexity involved in decoding to 1 of 2
N
  switches from N-bit 

data, but digital circuitry is cheap). The origins of this DAC date back to Lord Kelvin in the mid-

1800s, and it was first implemented using resistors and relays, and later with vacuum tubes in the 

1920s (See References 1, 2, 3). 
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Figure 2: Simplest Voltage-Output Thermometer DAC: 
The Kelvin Divider ("String DAC") 

 

This architecture is simple, has a voltage output (but a code-dependent output impedance) and is 

inherently monotonic—even if a resistor is accidentally short-circuited, output n cannot exceed 

output n + 1. It is linear if all the resistors are equal, but may be made deliberately nonlinear if a 

nonlinear DAC is required. Since only two switches operate during a transition, it is a low-glitch 

architecture. Also, the switching glitch is not code-dependent, making it ideal for low distortion 

applications. Because the glitch is relatively constant regardless of the code transition, the 

frequency content of the glitch is at the DAC update rate and its harmonics—not at the 

harmonics of the fundamental DAC output frequency. The major drawback of the string DAC is 

the large number of resistors and switches required for high resolution, and as a result it was not 

commonly used as a simple DAC architecture until the recent advent of very small IC feature 

sizes made it very practical for low and medium resolution DACs. Today the architecture is quite 

widely used in simple DACs, such as digital potentiometers and, as we shall see later, its current-

output version, the thermometer DAC, is also used as a component in more complex high 

resolution segmented DAC structures.  

 

The output of a DAC for an all "1"s code is 1 LSB below the reference, so a string DAC 

intended for use as a general purpose DAC has a resistor between the reference terminal and the 

first switch as shown in Figure 2. 
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Sistemas de adquisición de datos. Conversores. 

 El DAC anterior proporciona una salida de tensión entre 0 y VREF-1LSB.

 Para conseguir salidas que alcancen el valor de VREF se recurre a una modificación como 
la siguiente, donde q=VREF/(2

N-1).  Con VA= VREF y VB=0, 0≤Vo≤VREF para 0≤D≤7.

 De forma general, en este tipo de DAC Vo= VB+ D·(VA- VB)/(2
N-1). 

Conversores DAC. 
MT-014

 

In an ideal potentiometer, on the other hand, all "0"s and all "1"s codes should connect the 

variable tap to one or other end of the string of resistors. So a digital potentiometer, while 

basically the same as a general purpose string DAC, has one fewer resistor, and neither end of 

the string has any other internal connection. A simple digital potentiometer is shown in Figure 3.  
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Figure 3: A Slight Modification to a String DAC Yields a "Digital Potentiometer" 
 

The simplest digital potentiometers are no more complex than this, and none of the 

potentiometer terminals may be at a potential outside the 5-V or 3-V logic supply. But others 

have more complex decoders with level shifters and additional high voltage supply terminals, so 

that while the logic control levels are low (3 V or 5 V), the potentiometer terminals have a much 

greater range—up to ±15 V in some cases. Digital potentiometers frequently incorporate 

nonvolatile logic so that their settings are retained when they are turned off.  

 

It is evident that string DACs have a large number of resistors (2
N
 for an N-bit DAC as we have 

already seen). It is not practical to trim every resistor in a string DAC to obtain perfect DNL and 

INL, partly because they are too many, and partly because they are too small to trim, and mainly 

because it's too costly. Because of the physical size, pure string DACs  are primarily limited to 

resolutions of 8 to 10 bits.   

 

CURRENT OUTPUT THERMOMETER (FULLY DECODED) DACs 
 

There is a current-output DAC analogous to a string DAC that consists of 2
N
–1 switchable 

current sources (which may be resistors and a voltage reference or may be active current sources) 

connected to an output terminal, which must be at, or close to, ground. This architecture is 

commonly referred to as a "thermometer" or "fully decoded" DAC. Figure 4 shows such a 

thermometer DAC which uses resistors connected to a reference voltage to generate the currents.  
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Sistemas de adquisición de datos. Conversores. 

 Ejemplo:

 En el DAC de la figura la tensión de salida sigue la expresión Vo= q·D,  q=VREF/256. 

1. Calcule el valor del escalón de cuantificación si VREF=2,5V.

2. Calcule VREF si se quiere que la tensión de salida varíe entre 0V y 2,5V

Conversores DAC.

 Solución:

1. n=8 bits, q=2,5V/256=9,76mV

2. Vomáx=255·q=2,5V  q=2,5/255=9,8 mV  VREF= 256·q =2,5098V
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Sistemas de adquisición de datos. Conversores. 

 DAC con salida en corriente. 

En el segundo circuito no es necesario que la salida esté conectada a una masa virtual, 
además, se reduce el efecto de la resistencia de los switches. El direccionamiento de 
las corrientes entre dos puntos con continuidad permite reducir el tiempo de 
establecimiento en el paso de las fuentes de corriente de abierto a establecer I.

 El problema de los DAC anteriores es que necesitan 2n resistencias o fuentes de 
corriente, lo cual no es factible para un número elevado de bits.

Conversores DAC.
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Figure 4: The Simplest Current-Output Thermometer (Fully-Decoded) DAC 
 

If active current sources are used as shown in Figure 5, the output may have more compliance, 

and a resistive load used to develop an output voltage. The load resistor must be chosen so that at 

maximum output current the output terminal remains within its rated compliance voltage.  
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Figure 5: Current Sources Improve the Basic 
Current-Output Thermometer DAC 

 
Once a current in a thermometer DAC is switched into the circuit by increasing the digital code, 

any further increases do not switch it out again. The structure is thus inherently monotonic, 

irrespective of inaccuracies in the currents. Again, like the Kelvin divider, only the advent of 

high density IC processes has made this architecture practical for general purpose medium 
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resolution DACs, although a slightly more complex version—shown in the next diagram—is 

quite widely used in high speed applications. Unlike the Kelvin divider, this type of current-

mode DAC does not have a unique name, although both types may be referred to as thermometer 
DACs or fully-decoded DACs. 

 

A DAC where the currents are switched between two output lines—one of which is often 

grounded, but may, in the more general case, be used as the inverted output—is more suitable for 

high speed applications because switching a current between two outputs is far less disruptive, 

and so causes a far lower glitch than simply switching a current on and off. This architecture is 

shown in Figure 6.  
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Figure 6: High Speed Thermometer DAC with 
Complementary Current Outputs 

 

But the settling time of this DAC still varies with initial and final code, giving rise to intersymbol 
interference (ISI). This can be addressed with even more complex switching where the output 

current is returned to zero before going to its next value. Note that although the current in the 

output is returned to zero it is not "turned off"—the current is dumped when it is not being used, 

rather than being switched on and off. The techniques involved are too complex to discuss in 

detail here but can be found in Reference 4. 

 

In the normal (linear) version of this DAC, all the currents are nominally equal. Where it is used 

for high speed reconstruction, its linearity can be improved by dynamically changing the order in 

which the currents are switched by ascending code. Instead of code 001 always turning on 

current A; code 010 always turning on currents A & B, code 011 always turning on currents A, B 

& C; etc., the order of turn-on relative to ascending code changes for each new data point. This 

can be done quite easily with a little extra logic in the decoder. The simplest way of achieving it 

is with a counter which increments with each clock cycle so that the order advances: ABCDEFG, 

BCDEFGA, CDEFGAB, etc., but this algorithm may give rise to spurious tones in the DAC 

output. A better approach is to set a new pseudo-random order on each clock cycle—this requires 
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Sistemas de adquisición de datos. Conversores. 

 DAC con resistencias ponderadas o fuentes de corriente ponderadas.

 Emplea tantas resistencias como número de bits. 

 Tiene el problema de la exactitud en la relación entre resistencias cuando el 

número de bits es grande por lo que no es usado.

Conversores DAC.
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Figure 2: Current-Mode Binary-Weighted DACs 
 

If the MSB current is slightly low in value, it will be less than the sum of all the other bit 

currents, and the DAC will not be monotonic (the differential non-linearity of most types of 

DACs is worst at major bit transitions). This architecture is virtually never used on its own in 

integrated circuit DACs, although, again, 3- or 4-bit versions have been used as components in 

more complex structures.  

 

However, there is another binary-weighted DAC structure that has recently become widely used. 

This uses binary-weighted capacitors as shown in Figure 3. The problem with a DAC using 

capacitors is that leakage causes it to lose its accuracy within a few milliseconds of being set. 

This may make capacitive DACs unsuitable for general purpose DAC applications, but it is not a 

problem in successive approximation ADCs, since the conversion is complete in a few µs or 

less—long before leakage has any appreciable effect. 

 

The successive approximation ADC has a very simple structure, low power, and reasonably fast 

conversion times. It is probably the most widely used general-purpose ADC architecture, but in 

the mid-1990s the subranging ADC was starting to overtake the successive approximation type 

in popularity because the R-2R thin-film resistor DAC in the successive approximation ADC 

made the chip larger and more expensive than that of a subranging ADC, even though the 

subranging types tend to use more power. The development of sub-micron CMOS processes 

made possible very small (and therefore cheap), and very accurate switched capacitor DACs. 

These enabled a new generation of successive approximation ADCs to be made small, cheap, 

low-power and precise, and thus to regain their popularity (such as the Analog Devices' 

PulSAR® family, for example). 
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Sistemas de adquisición de datos. Conversores. 

 Un DAC puede realizarse con capacidades ponderadas. Este tipo es muy usado porque
permite realizar un ADC de aproximaciones sucesivas con muestreador incorporado. Se
conoce como DAC de redistribución de carga.

 En modo DAC, S1 a S3 no tendrían la entrada de AIN, S4 estaría a masa y SC abierto.
Entonces la tensión en el punto A representa la salida del divisor de tensión capacitivo
sobre la VREF indicado por el código que actúa sobre S1-S3.

Conversores DAC.
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Figure 3: Capacitive Binary-Weighted DAC in 
Successive Approximation ADC 

 

The use of capacitive charge redistribution DACs offers another advantage as well—the DAC 

itself behaves as a sample-and-hold circuit (SHA), so neither an external SHA nor allocation of 

chip area for a separate integral SHA are required.  

 

R-2R DACs 
 

One of the most common DAC building-block structures is the R-2R resistor ladder network 

shown in Figure 4. It uses resistors of only two different values, and their ratio is 2:1. An N-bit 

DAC requires 2N resistors, and they are quite easily trimmed. There are also relatively few 

resistors to trim.  
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Figure 4: 4-Bit R-2R Ladder Network 
 

There are two ways in which the R-2R ladder network may be used as a DAC—known 

respectively as the voltage mode and the current mode. They are sometimes called "normal" 
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Sistemas de adquisición de datos. Conversores. 

 DAC serie de redistribución de carga. Sigue el principio del anterior pero con sólo dos 
condensadores y el código digital se aplica bit a bit en serie, comenzando por el bit de 
menor peso.

 Secuencia de funcionamiento

1. C1=C2

2. S0=0, S1=ON, S2=OFF, S3=ON  VC1=VC2=Vo=0

3. S3=OFF, S0= B0

4. S1=OFF

5. S2=ON  

Se repite la siguiente secuencia para el resto de bits

6. S2=OFF

7. S0=B1, S1=ON (En ocasiones sucesivas B2, B3, ..Bn-1

8. S1=OFF

9. S2=ON

 Este conversor no está limitado en bits, no obstante, a más bits más tiempo de 
conversión.

Conversores DAC.
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Sistemas de adquisición de datos. Conversores. 

 DAC con escalera R-2R.

 La misma estructura, en función de cómo se excite se puede comportar como un 

DAC con salida en tensión o en corriente. 

Conversores DAC.
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mode and "inverted" mode, respectively, but as there is no consensus on whether the voltage 

mode or the current mode is the "normal" mode for a ladder network, so this nomenclature can 

be misleading. Each mode has its advantages and disadvantages. 

 

In the voltage mode R-2R ladder DAC shown in Figure 5, the "rungs" or arms of the ladder are 

switched between VREF and ground, and the output is taken from the end of the ladder. The 

output may be taken as a voltage, but the output impedance is independent of code, so it may 

equally well be taken as a current into a virtual ground. As mentioned earlier, this architecture 

was proposed by B. D. Smith in 1953 (Reference 3).  
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Figure 5: Voltage-Mode R-2R Ladder Network DAC 
  

The voltage output is an advantage of this mode, as is the constant output impedance, which 

eases the stabilization of any amplifier connected to the output node. Additionally, the switches 

switch the arms of the ladder between a low impedance VREF connection and ground, which is 

also, of course, low impedance, so capacitive glitch currents tend not to flow in the load. On the 

other hand, the switches must operate over a wide voltage range (VREF to ground). This is 

difficult from a design and manufacturing viewpoint, and the reference input impedance varies 

widely with code, so that the reference input must be driven from a very low impedance. In 

addition, the gain of the DAC cannot be adjusted by means of a resistor in series with the VREF 

terminal.  

 

In the current-mode R-2R ladder DAC shown in Figure 6, the gain of the DAC may be adjusted 

with a series resistor at the VREF terminal, since in the current mode, the end of the ladder, with 

its code-independent impedance, is used as the VREF terminal; and the ends of the arms are 

switched between ground (or, sometimes, an "inverted output" at ground potential) and an output 

line which must be held at ground potential. The normal connection of a current-mode ladder 

network output is to an op amp configured as current-to-voltage (I/V) converter, but stabilization 

of this op amp is complicated by the DAC output impedance variation with digital code. As was 

previously mentioned, this architecture is sometimes referred to as an "inverted R-2R" DAC.  
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Figure 6: Current-Mode R-2R Ladder Network DAC 

Often Used in Multiplying DACs 
  

Current-mode operation has a larger switching glitch than voltage mode since the switches 

connect directly to the output line(s). However, since the switches of a current-mode ladder 

network are always at ground potential, their design is less demanding and, in particular, their 

voltage rating does not affect the reference voltage rating. If switches capable of carrying current 

in either direction (such as CMOS devices) are used, the reference voltage may have either 

polarity, or may even be ac. Such a structure is one of the most common types used as a 

multiplying DAC (MDAC).  

 

Since the switches are always at, or very close to, ground potential, the maximum reference 

voltage may greatly exceed the logic voltage, provided the switches are make-before-break—

which they are in this type of DAC—and the resistors must be thin film. It is not uncommon for 

a CMOS MDAC to accept a ±30 V reference (or even a 60-V peak-to-peak ac reference) while 

working from a single 5-V supply.  

 

In all DACs, the output is the product of the reference voltage and the digital code, so in that 

sense, all DACs are multiplying DACs. But some DACs use an external reference voltage which 

may be varied over a wide range. These are "Multiplying DACs" or MDACs where the analog 

output is the product of the analog input and the digital code. They are extremely useful in many 

different applications. A strict definition of an MDAC is that it will continue to work correctly as 

its reference is reduced to zero, but sometimes the term is used less stringently for DACs which 

work with a reference range of 10:1 or even 6:1—a better name for devices of this type might be 

"semi-multiplying" DACs. 
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Sistemas de adquisición de datos. Conversores. 

 Con la misma filosofía se puede realizar un DAC con generadores de corriente, con las 
ventajas descritas anteriormente. 

Conversores DAC.
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Figure 10: Binary-Weighted 4-Bit DAC: 
R/2R Ladder Network Current Setting Resistors 

 
Figure 11 shows how three AD550 quad switches with 16:1 inter-stage attenuators are connected 

to form a 12-bit current-output DAC. Note that the maximum required resistor ratio of 16:1 is 

manageable. This monolithic "quad switch" (AD550 µDAC) along with a thin film resistor 

network (AD850), voltage reference, and an op amp formed the popular building blocks for 12-

bit DACs in the early 1970s before the complete function was available in IC form several years 

later. The concept for the quad switch was patented by James J. Pastoriza (1970 filing, Reference 

6).  
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Figure 11: 12-Bit Current-Output DAC Using Cascaded Binary "Quad Switches" 
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Sistemas de adquisición de datos. Conversores. 

 DACs multipicadores.

 Se denominan así aquellos que admiten una tensión de referencia variable, siendo 

por tanto la salida variable y proporcional al código digital.

 DAC no lineal.

 Existen DAC comerciales con función de transferencia no lineal que se empleaban 

comúnmente en audio.

 Esquema interno de un DAC comercial

 El propio DAC lleva incorporada una resistencia de realimentación RFB para 

convertir con exactitud la salida de corriente en tensión mediante un operacional.

Conversores DAC.



24Enrique Santiso, Fco. Javier Meca. Departamento de Electrónica. Universidad de Alcalá

Sistemas de adquisición de datos. Conversores. 

 Ejercicio. Diseñe el circuito conversor corriente-tensión para el DAC anterior.

 Ejercicio. Calcule la corriente de salida de los siguientes circuitos en función de los 
códigos digitales D1 y D2. Los DAC son de 4 bits y tienen un escalón q= VREF/(16·R).

Conversores DAC.
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Sistemas de adquisición de datos. Conversores. 

 ADC: Analog to Digital Converter

 Circuito mixto, analógico-digital.

 Esquema genérico de un ADC

 VI+, VI-: Tensión de entrada diferencial.

 VREF: Tensión de referencia, determina el fondo de escala 
y el escalón de cuantificación.

 D: Código digital de salida de N bits.

 Señales de control: Funciones de interfaz, configuración y 
control. Destacan entre estas las de inicio de conversión (indica 
al ADC que inicie el proceso de conversión) y fin de conversión 
(el ADC indica que el dato de salida es válido).

 VSA, GNDA: Terminales de alimentación de la etapa analógica.

 VSD, GNDD: Terminales de alimentación de la etapa digital.

 En los ADC con entrada simple se convierte la amplitud de dicha 
señal respecto a masa.

 En algunos ADC con redondeo se toma q=VREF/(2
N-1) para evitar 

las diferencias a fondo de escala

Conversores ADC.
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Sistemas de adquisición de datos. Conversores. 

 Tipos de ADC.

 Conversor Flash

 Emplea un divisor resistivo de 2N resistencias y 2N-1 comparadores. La salida de los 

comparadores se codifica con un codificador con prioridad de 2N a N.

 Se emplean para un número de bits pequeño (6-8 bits), ya que para un gran 

número de bits se encarece en exceso.

 El tiempo de conversión TC es pequeño.

 Son los conversores más rápidos.

Conversores ADC.

  BASIC LINEAR DESIGN 

 

6.50 

 
Flash Converters 
 

Flash ADCs (sometimes called parallel ADCs) are the fastest type of ADC and use large 

numbers of comparators. An N-bit flash ADC consists of 2N resistors and 2N�1 

comparators arranged as in Figure 6.50. Each comparator has a reference voltage which 

is 1 LSB higher than that of the one below it in the chain. For a given input voltage, all 

the comparators below a certain point will have their input voltage larger than their 

reference voltage and a �1� logic output, and all the comparators above that point will 

have a reference voltage larger than the input voltage and a �0� logic output. The 2N�1 

comparator outputs therefore behave in a way analogous to a mercury thermometer, and 

the output code at this point is sometimes called a thermometer code. Since 2N�1 data 

outputs are not really practical, they are processed by a decoder to generate an N-bit 

binary output. 

 

 

Figure 6.50:  3-Bit All-Parallel (Flash) Converter 
 

The input signal is applied to all the comparators at once, so the thermometer output is 

delayed by only one comparator delay from the input, and the encoder N-bit output by 

only a few gate delays on top of that, so the process is very fast. However, the 

architecture uses large numbers of resistors and comparators and is limited to low 

resolutions, and if it is to be fast, each comparator must run at relatively high power 

levels. Hence, the problems of flash ADCs include limited resolution, high power 

dissipation because of the large number of high speed comparators (especially at 

sampling rates greater than 50 MSPS), and relatively large (and therefore expensive) chip 

sizes. In addition, the resistance of the reference resistor chain must be kept low to supply 
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Sistemas de adquisición de datos. Conversores. 

 Conversor de aproximaciones sucesivas.

 Realizan una búsqueda binaria del valor de entrada.

 Determinan el valor de entrada en un número de ciclos igual al número de bits. A 

mayor N, mayor TC.

 ADC de aproximaciones sucesivas con DAC de redistribución de carga.

Conversores ADC.

 CONVERTERS 
ANALOG-TO-DIGITAL CONVERTER ARCHITECTURES 

6.45  

Successive Approximation ADCs 
 

The successive approximation ADC has been the mainstay of data acquisition for many 

years. Recent design improvements have extended the sampling frequency of these ADCs 

into the megahertz region.  

 

The basic successive approximation ADC is shown in Figure 6.45. It performs 

conversions on command. On the assertion of the CONVERT START command, the 

sample-and-hold (SHA) is placed in the hold mode, and all the bits of the successive 

approximation register (SAR) are reset to �0� except the MSB which is set to �1.� The 

SAR output drives the internal DAC. If the DAC output is greater than the analog input, 

this bit in the SAR is reset, otherwise it is left set. The next most significant bit is then set 

to �1.� If the DAC output is greater than the analog input, this bit in the SAR is reset, 

otherwise it is left set. The process is repeated with each bit in turn. When all the bits 

have been set, tested, and reset or not as appropriate, the contents of the SAR correspond 

to the value of the analog input, and the conversion is complete. These bit �tests� can 

form the basis of a serial output version SAR-based ADC.  

 

 

 

 

Figure 6.45: Basic Successive Approximation ADC 
(Feedback Subtraction ADC) 

 

 

The fundamental timing diagram for a typical SAR ADC is shown in Figure 6.46. The 

end of conversion is generally indicated by an end-of-convert (EOC), data-ready 

(DRDY), or a busy signal (actually, not-BUSY indicates end of conversion). The 

polarities and name of this signal may be different for different SAR ADCs, but the 

fundamental concept is the same. At the beginning of the conversion interval, the signal 

goes high (or low) and remains in that state until the conversion is completed, at which 

time it goes low (or high). The trailing edge is generally an indication of valid output 

SHA

CONTROL

LOGIC:

SUCCESSIVE

APPROXIMATION

REGISTER

(SAR)DAC

TIMING

CONVERT

START

EOC,

DRDY,

OR BUSY

OUTPUT

ANALOG

INPUT COMPARATOR

 CONVERTERS 
ANALOG-TO-DIGITAL CONVERTER ARCHITECTURES 

6.47  

It should also be noted that some SAR ADCs require an external high frequency clock in 

addition to the CONVERT START command. In most cases, there is no need to 

synchronize the two. The frequency of the external clock, if required, generally falls in 

the range of 1 MHz to 30 MHz depending on the conversion time and resolution of the 

ADC. Other SAR ADCs have an internal oscillator which is used to perform the 

conversions and only require the CONVERT START command. Because of their 

architecture, SAR ADCs generally allow single-shot conversion at any repetition rate 

from dc to the converter's maximum conversion rate.  

 

Notice that the overall accuracy and linearity of the SAR ADC is determined primarily by 

the internal DAC. Until recently, most precision SAR ADCs used laser-trimmed thin-film 

DACs to achieve the desired accuracy and linearity. The thin-film resistor trimming 

process adds cost, and the thin-film resistor values may be affected when subjected to the 

mechanical stresses of packaging.  

 

For these reasons, switched capacitor (or charge-redistribution) DACs have become 

popular in newer SAR ADCs. The advantage of the switched capacitor DAC is that the 

accuracy and linearity is primarily determined by photolithography, which in turn 

controls the capacitor plate area and the capacitance as well as matching. In addition, 

small capacitors can be placed in parallel with the main capacitors which can be switched 

in and out under control of autocalibration routines to achieve high accuracy and linearity 

without the need for thin-film laser trimming. Temperature tracking between the switched 

capacitors can be better than 1 ppm/ºC, thereby offering a high degree of temperature 

stability.  

 

 

Figure 6.47:  3-Bit Switched Capacitor DAC 
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Sistemas de adquisición de datos. Conversores. 

 ADC pipelined.

 Emplea conversores flash de un número pequeño de bits y un DAC para calcular el error de 

conversión. Este error de conversión es cuantificado por la siguiente etapa. 

 Están pensados para aplicaciones con resoluciones mayores que los flash y tiempos de 

conversión inferiores a los SAR.

 El restador de cada etapa calcula el error de conversión VIN-VODAC, que estará comprendido entre 

0 y q. Este error es amplificado y convertido de nuevo, realizando la misma operación en las 

etapas sucesivas. Esta técnica puede ser empleada incluso con conversores de 1 bit (k=1).

Conversores ADC.
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Sistemas de adquisición de datos. Conversores. 

 Conversor integrador de doble rampa.

 Integra la señal de entrada VIN durante un tiempo constante (T) y calcula el tiempo necesario 

para anular el resultado integrando una tensión de referencia VREF de polaridad contraria.

 El contador registra el número de pulsos del reloj (OSC) necesarios para que la señal de salida 

del integrador cruce por cero. El tiempo empleado (tx) es proporcional a la amplitud de la señal 

de entrada.

 Son ADCs de gran resolución y exactitud, pero de baja velocidad. Han sido desplazados por los 

Sigma-Delta, aunque se siguen empleando en algunas aplicaciones. 

 El tiempo tx es el que aporta la información de la amplitud de entrada y, como se aprecia, su 

exactitud viene únicamente determinada por la exactitud del reloj y de la tensión de referencia.

 La respuesta a frecuencias múltiplos de 1/T es cero, lo cual puede ser empleado para filtrar 

frecuencias de entrada indeseadas, típicamente, los 50-60Hz de la red eléctrica.

Conversores ADC.
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6.73  

Dual Slope/Multi-Slope ADCs 
 

The dual-slope ADC architecture was truly a breakthrough in ADCs for high resolution 

applications such as digital voltmeters (DVMs), etc.  A simplified diagram is shown in          

Figure 6.80, and the integrator output waveforms are shown in Figure 6.81. 

 

 

Figure 6.80:   Dual slope ADC 
 

 

 

Figure 6.81:   Dual Slope ADC Integrator Output Waveforms 
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Sistemas de adquisición de datos. Conversores. 

 Conversor delta-sigma.

 Modulación Delta. Permite codificar una señal con un solo bit, el cual indica si la 

amplitud actual de la señal es mayor o menor que su estimación anterior.

 El esquema de modulación es el siguiente. La señal representa la aproximación 

obtenida de la entrada analógica. 

 El conversor delta-sigma cambia la posición del integrador.

Conversores ADC.
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Sistemas de adquisición de datos. Conversores. 

 Ejemplo de diagrama interno y señales en un conversor delta-sigma.

 La potencia del ruido de cuantificación de estos ADC’s es la misma que en un ADC 

normal, pero su distribución espectral cambia.

 Con un ADC clásico, si se quiere reducir el ruido de cuantificación se aplican 

técnicas de sobremuestreo seguidas de un filtrado digital. Esta misma técnica 

empleando un ADC sigma-delta produce resultados espectaculares gracias a la 

distribución espectral del ruido.

Conversores ADC.
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Sistemas de adquisición de datos. Conversores. 

 En los ADCs sigma-delta el ruido de cuantificación se produce después de la 

integración, por lo que su espectro no es plano.

 Por este motivo el sobremuestreo es más eficaz en la reducción de ruido. 

 Existen múltiples estructuras que permiten cubrir diferentes aplicaciones con 

requerimientos muy variados de resolución y velocidad de muestreo.

Conversores ADC.


