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Analog-to-digital converters (ADCs) and digital-to-
analog converters (DACs) play an important role in the
design of data acquisition systems. ADCs are used to
convert analog signals like the output from a temperature
transducer, a radio receiver or a video camera into digital
signals for processing. Conversely, DACs are used to con-
vert digital signals back to analog signals. For example,
the DAC accepts a digital video signal and outputs analog
video to drive a monitor CRT, video amplifier or LCD
monitor display. Convenience, cost, power dissipation,
resolution, speed, supply voltage and ease of use drive
the selection of a particular ADC/DAC. Ideally, designers
will select an appropriate low-power serial or parallel
input CMOS DAC, apply data and control signals to the
device and have differential or single-ended analog out-
puts. Similarly, the requirements for low-power CMOS
ADCs include being able to connect single-ended or differ-
ential input and control signals to the device and have
accurate digital data at the output. It turns out that this is
a non-trivial issue because of the wide range of input signals.

Signal processing challenges

A composite video signal has negative horizontal and
vertical synchronization signals. The signal level must be
shifted before applying it to the input of a CMOS ADC
operating with a +5-V AVDD supply if the intent is to digi-
tize the video and synchronization signals. In radio com-
munication systems the analog input signal is buried deep
in noise, and interference signals from an adjacent chan-
nels can interfere with the in-band RF signal. To help
maintain signal quality, modern radio communications

systems use a digital receiver to process the RF input.

A typical digital receiver circuit chain (see Figure 1) con-
sists of an antenna, a low-noise amplifier (LNA), RF unit,
bandpass filter, an ADC, a digital mixer, a decimating low-
pass filter, a digital signal processor (DSP) and a DAC
connected to an audio amplifier. The ADC is used to bring
the RF signal into the digital domain for processing by the
DSP. This application note provides a functional specifica-
tion for designing analog-to-digital converter data acquisi-
tion systems.

Common ADC architectures

The common ADC architectures include successive
approximation register (SAR), dual-slope, sigma-delta,
flash, semi-flash and pipeline.

SAR and dual-slope

The SAR and dual-slope architectures are mainly used
in applications requiring high resolution (10 to 22 bits)
and low conversion speed in the range of 100 sps (samples
per second) to 2 Msps. The SAR converter is the most
popular general-purpose ADC and is used in low-to-medium
frequency time domain applications. The key to SAR
architecture is that it is based on a single comparator. To
achieve N bits of resolution, a successive approximation
converter must perform N comparator operations, each
stored sequentially in the architecture’s register. A succes-
sive approximation ADC with 12 bits of resolution would
execute 12 comparisons on each input signal. An ADC
based on a single comparator leads to a very small die
size and low power consumption, however, SAR sample

Continued on next page

Figure 1. Simplified block diagram of a digital receiver
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rates are inversely proportional to resolution because the
conversion method requires one clock cycle to produce
each bit of resolution in the output data.

Sigma-delta

The sigma-delta ADC architecture is capable of much
higher resolution than the SAR. The typical range is 16 to
24 bits. The tradeoff comes in the form of slower sam-
pling speeds. The sigma delta architecture’s sampling
speed is limited to approximately 100 ksps. Sigma-delta
converters use a technique called oversampling that is
based on the theory that a very fast, low-resolution con-
verter can be used to take a large number of samples on
an analog signal. The outputs from this oversampling
process are then combined into groups, and the groups
are averaged using a digital filter like an accumulator-
adder. This averaging operation can increase the accuracy
of the conversion as long as the input signal does not vary
any faster than the sampling rate. This process also elimi-
nates any in-band noise present in the ADC by spreading
the noise across the entire sampling frequency band.

Flash

Flash ADCs are very fast with typical sampling speed
ranging from 20 Msps to 800 Msps, with 6- to 8-bit resolu-
tion; however, the device power consumption and input
capacitance (12 to 30 pF) are high compared to a SAR.
The input capacitance issue makes it necessary to drive
the flash ADC input with an op amp with very low output
impedance. Flash ADCs perform multiple word-at-a-time
conversions in parallel. The input signal is connected to a
bank of fast comparators. For a flash converter to reach an
effective resolution of N bits, the flash architecture must
incorporate 2N-1 comparators. The input capacitance is
also very high due to the 2N-1 comparators in parallel.

Semi-flash

To achieve higher resolutions in the range of 10 tol2
bits, a multi-step flash or semi-flash architecture has been
developed. This architecture divides the input signal
range into a number of sub-ranges through the use of
banks of comparators, much like the flash architecture.

Figure 2. CDMA signal and noise power
relative to the blocker
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Pipeline

Pipeline ADCs are used chiefly for medium- to high-
speed conversion in the range of 1 to 80 million samples
per second, with resolutions of 8 to 16 bits. A pipeline
ADC is made up of n stages + n sampler. Each stage car-
ries out an operation on the input sample and provides
the output for the following sampler. Each stage consists
of an SHA, an ADC, a DAC, a subtractor and an amplifier.
A topic that has received much attention in the last few
years is the use of high-speed pipeline ADCs for IF sam-
pling in the implementation of software radio.

System requirements

The starting point for an electronic system design is the
specification. Assume that the goal is to process the following
code-division multiple-access (CDMA) baseband IF signal:
e 100-dB blocker at 250-kHz at the edge of the pass band
e 4 to 5 bits of resolution in the baseband—translates to

an 80-dB spurious-free dynamic range (SFDR)
e An IF signal of 18 MHz (second harmonic from IF at

36 MHz)

e 6- to 12-dB attenuation of second harmonic from op amp
e The digital downconverter has a process gain of 22.4 dB

e The in-band thermal noise power at 25°C is approxi-
mately —-98.4 dBm

e The sampling rate is 65 MHz

e A radio noise figure of 2 to 4 dB

e An antenna noise bandwidth of 35 MHz
e Eb/No =5 dB

Selecting the data converter
The in-band thermal noise power

Gn=kTB=1.38x10723x300x35x10°
=-128.4dBor —98.4 dBm

where
k = Boltzmann’s constant, 1.38 x 1023 (J/K),
T = temperature (K),
T(K) = T(°C) + 273.15 and
B = equivalent noise bandwidth of the system (Hz).

Figure 2 shows a representation of the power relative
to the blocker.

From the specification and Figure 2 it is clear that the
blocker (in-band interference signal) dominates the signal
power of —124 dBm. For a typical converter full-scale
(FS) input of 2Vp-p the RMS voltage required at the con-
verter input is —3 dB. The total signal power is approxi-
mately equal to the blocker power component (-3 dB).
Relating all other power components to the blocker
power makes a useful simplification. Hence, the thermal
noise is =77.4 dB (-98.4 dBm + 21.0 dBm) down from the
blocker. The radio noise is introduced by adding the radio
noise figure of +2 dB to the thermal noise = —75.4 dB.
The thermal noise + the radio noise is reduced by the
radio filter and decimating low-pass filter by an amount

= (baseband output B/W)+(antenna input B/W)
=5x 100+ 35 x 108

=0.143

= -8.45 dB.
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The system thermal noise becomes
~75.4 dB - 8.45 dB - 3 dB = -86.85 dB.

As a first cut, use a 14-bit A/D converter with a signal-
to-noise ratio (SNR) relative to the received signal power
of 76 dB, and the digital downconverter and low-pass fil-
ter will reduce the ADC noise by a factor

= (baseband output B/W)+(A/D converter output B/W)
=5x10%+ (35 x10°% =+ 2)

=5+325

=0.154

=-8.13 dB.

Therefore, the new dB down for the ADC is
-76 dB - 8.13dB -3 dB = -87.13 dB.*
The total noise
= thermal noise + ADC code noise = -84 dB.

The in-band signal power level relative to -3 dB (full-
scale) = —103 dB. The signal-to-noise ratio can be deter-
mined from

SNR = -103 dB + 84 dB = -19 dB.

The process gain for Figure 1 is 256 chips/bit or 24 dB. In
such a case

Eb/No =24 - 19 = 5 dB.

The calculated converter noise is close to the system
thermal noise; therefore, a 14-bit A/D converter with a
SNR = 76 dB, SFDR = 100 dB, and a sampling rate of
65 Msps is a good choice. Figure 3 shows thermal noise
contribution to the band-limited baseband noise.

In the given example of the ADC dynamic performance
specifications, how well the pipeline ADC is able to digi-
tize a high-frequency signal is the key for frequency domain
applications. Other important dynamic specifications are
the signal-to-noise ratio with distortion (SINAD) and
effective number of bits (ENOB). Generally, designers
should consider these and other performance characteris-
tics such as the type of interface the device presents to
the DSP before deciding on the ADC. New CMOS data

*The theoretical SNR of a converter = 7 bits x 6.02 + 1.76 dB.

Figure 3. CDMA signal and ADC thermal noise
contribution to the baseband noise
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converters are eliminating many of the compromises
designers have faced and some of these devices are able
to operate on lower voltages and still provide high through-
put and resolution. For example, one such device is the
TI THS1265, with12 bits of resolution and a sampling rate
of 65 Msps.

Interfacing the data converter
Figure 1 illustrates a conventional digital receiver.

Signal conditioning op amp selection

In the type of application shown in Figure 1, the op
amps perform the critical function of conditioning signals.
The designer must be careful that the op amp does not
introduce any additional electrical noise and distortion
into the system. As was the case with data converters, a
lower voltage level reduces the effective speed of an op
amp. This adversely effects the device’s output signal
slew rate, bandwidth, the settling times and the maximum
value of ADCs input capacitance the op amp can drive.
An op amp with unity gain 3-dB bandwidth of
450 MHz, SFDR range of 100 to 110 dB, SNR of 90 dB,
THD (total harmonic distortion) of —95 dB, slew rate of
1500 V/ps and 40-ns settling time would be a good choice
for driving 3 to 15 pF of converter input capacitance. The
higher an op amp’s slew rate (SR = 2piVpBw), the more
accurately the device’s output signal will conform to its
input signal. An op amp with a fast slew rate means that
after a signal transition from high to low or low to high,
the signal will transition into its new state quickly with
little noise-generating signal bounce. A fast settling time
reduces signal bounce following a transition and limits
any ringing in the signal. The op amp bandwidth affects
the signal phase shift through of the device. The first-
order low-pass filter at the output of the op amp is used
to attenuate the 18-MHz IF signal second harmonic com-
ponent by 8 dB. The filter’s 3-dB cutoff frequency is set
to 20 MHz.

Issues of hoard layout

Limiting the electrical noise as well as the electromag-
netic interference (EMI) on the analog voltage plane of a
data acquisition system is always important because
ADCs use the supply voltage as a reference point for con-
verting analog waveforms into digital signals. Electrical
noise can interfere with the supply voltage and perturb
the ADC’s reference voltage. One common design mistake
is failing to isolate the analog voltage plane from the digi-
tal plane. When this happens, the voltage fluctuations in
the digital plane can couple to the analog plane and inter-
fere with the accuracy and performance of the system’s
ADCs. ADCs operate most efficiently from a very clean,
steady power supply.
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IMPORTANT NOTICE

Texas Instruments Incorporated and its subsidiaries (Tl) reserve
the right to make corrections, modifications, enhancements,
improvements, and other changes to its products and services at
any time and to discontinue any product or service without notice.
Customers should obtain the latest relevant information before
placing orders and should verify that such information is current
and complete. All products are sold subject to Tl's terms and
conditions of sale supplied at the time of order acknowledgment.

Tl warrants performance of its hardware products to the
specifications applicable at the time of sale in accordance with Tl's
standard warranty. Testing and other quality control technigues are
used to the extent Tl deems necessary to support this warranty.
Except where mandated by government requirements, testing of
all parameters of each product is not necessarily performed.

Tl assumes no liability for applications assistance or customer
product design. Customers are responsible for their products and
applications using Tl components. To minimize the risks
associated with customer products and applications, customers
should provide adequate design and operating safeguards.

Tl does not warrant or represent that any license, either express or
implied, is granted under any Tl patent right, copyright, mask work
right, or other Tl intellectual property right relating to any
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products or services does not constitute a license from Tl to use
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accompanied by all associated warranties, conditions, limitations,
and notices. Reproduction of this information with alteration is an
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liable for such altered documentation.

Resale of Tl products or services with statements different from or
beyond the parameters stated by Tl for that product or service
voids all express and any implied warranties for the associated Tl
product or service and is an unfair and deceptive business
practice. Tl is not responsible or liable for any such statements.
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Safe Harbor Statement: This publication may contain forward-
looking statements that involve a number of risks and
uncertainties. These “forward-looking statements” are intended
to qualify for the safe harbor from liability established by the
Private Securities Litigation Reform Act of 1995. These forward-
looking statements generally can be identified by phrases such
as Tl or its management “believes,” "“expects,” “anticipates,”
“foresees,” “forecasts,” “estimates” or other words or phrases
of similar import. Similarly, such statements herein that describe
the company's products, business strategy, outlook, objectives,
plans, intentions or goals also are forward-looking statements.
All such forward-looking statements are subject to certain risks
and uncertainties that could cause actual results to differ
materially from those in forward-looking statements. Please
refer to Tl's most recent Form 10-K for more information on the
risks and uncertainties that could materially affect future results
of operations. We disclaim any intention or obligation to update
any forward-looking statements as a result of developments
occurring after the date of this publication.
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