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Discrete-time analog-to-digital converters (ADCs) implemented using switched-capacitor circuits have been the designer’s
choice for the last few decades. These ADCs offer high precision and accuracy, making them a good selection for
applications like weigh scales, temperature measurement, and biopotential measurement.

Yet recently, continuous-time delta-sigma ADCs have gained popularity in technical journals and the industry. They have
been used in communications chips where inherent anti-aliasing provided by the continuous-time architecture is very
useful.

Related

Lower-Power Delta-Sigma ADC Design.

Understanding Delta-Sigma Modulators

Discrete-Time Delta-Sigma ADCs

Delta-sigma ADCs are oversampling ADCs that sample the signal at much higher rates than a Nyquist rate. For a signal
with maximum bandwidth, fg, the Nyquist theorem states that input must be sampled at a rate > 2fg. The ratio of sampling

frequency (Fg) to twice the signal bandwidth (2fp) is called the oversampling ratio (OSR).

In a discrete-time delta-sigma ADC, sampling of the input signal x(t) occurs prior to the loop filter (Fig. /). The loop filter
H(z) is discrete time, implemented using switched-capacitor integrators. The quantizer generally is low resolution,
somewhere from 1 to 5 bits. The loop filter shapes the quantization noise out of the baseband to higher frequencies.
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The feedback digital-to-analog converter (DAC) is also discrete-time implemented with switched-capacitor techniques.
The loop filter does not shape errors in the feedback DAC, requiring the DAC to be as good as the overall ADC. The
output of the quantizer is low-pass filtered by a decimation filter, which outputs the data at the rate of Fpg.

Figure 2 illustrates the power spectral density (PSD) of the output y[n] of a typical delta-sigma ADC. The noise-shaping
slope depends on the order of loop filter H(z) and is 20*ndB/decade where n is the order of the loop filter. The delta-sigma
ADC achieves high resolution in band fy, by a combination of noise shaping and oversampling. Higher resolution can be

obtained by increasing the order of the loop filter or by increasing the oversampling ratio. !
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Continuous-Time Delta-Sigma ADC

In a continuous-time delta-sigma ADC, the principle of noise shaping and oversampling remains the same as its discrete-
time counterpart (Fig. 3). The key difference is where the sampling operation takes place. In the continuous-time design,
input sampling takes place just before the quantizer. The loop filter is now continuous-time using continuous-time
integrators, often RC or gm/C integrators.
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This is in contrast to the switched-capacitor integrators used for a discrete-time ADC. The feedback DAC can be

)

implemented either in discrete time using switched-capacitor circuits or in continuous time using a current-steering DAC.

The DAC architecture choice is critical and affects the performance of a continuous-time ADC. There are key differences
between a discrete-time DAC using switched-capacitor circuits and a continuous-time, current-steering DAC.

The current-steering DAC is more sensitive to clock jitter than a switched-capacitor DAC. With a switched-capacitor
DAC, the bulk of the charge is transferred to the integrator at the onset of integration phase, and a very small charge is
transferred towards the end on the integration phase (Fig. 4). An uncertainty in the integration time period due to clock
jitter leads to a very small error in total charge integrated in the switched-capacitor DAC.
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For a continuous-time design with current source feedback, a constant charge is transferred to the integration capacitor
during the entire integration phase. This leads to significant noise, if the feedback clock has jitter associated with it. Clock
jitter directly modulates the feedback signal and can cause noise folding over the desired signal bandwidth.

Also, bandwidth requirements on the first integrator operational amplifier (op amp) are relaxed with the use of current-
steering DACs. That’s because there are no step inputs to the op amp with this DAC architecture. With a switched-
capacitor DAC, the op amp sees a step input that must settle within half a clock cycle, leading to high-bandwidth
requirements, which then leads to higher power consumption. Additionally, current-steering DACs are more prone to
intersymbol interference because of asymmetric rise and fall times on the feedback clock versus switched-capacitor

DACs.2

Continuous-time ADCs commonly employ continuous-time DACs in their feedback to reduce power consumption and
enable high-speed operation. However, using a switched-capacitor DAC in a continuous-time ADC architecture can relax
the jitter requirements on the clock significantly.
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Advantages Of Continuous-Time Delta-Sigma ADCs

The input signal x(t) in Figure 1 is sampled at frequency Fg. To prevent the input signal from aliasing back into the signal
bandwidth of interest, the input signal must be band-limited to Fg/2 frequency. This requires an anti-aliasing filter before

the discrete-time ADC to suppress the signal content near Fg and multiples of Fg.

Looking at Figure 3, we observe that the input signal first passes through the loop filter before being sampled. This loop
filter now acts as an anti-aliasing filter, relaxing the requirement on any external anti-aliasing filter. Furthermore, since the
aliased signals are injected at the input of the quantizer, the loop filter attenuates them in the same way as quantization
noise. The order of anti-aliasing achieved depends on the loop filter architecture.

A second-order sinc filter is an example signal transfer function (STF) of a continuous-time ADC with second-order loop

filter with all poles (Fig. 5). For an n'? order loop-filter with all pole transfer functions, nt? order anti-aliasing is obtained.
For loop filters with feed-forward, the path order of anti-alias filtering obtained is reduced. However, at minimum, first-

order anti-alias filtering is always obtained.3 Thus, a continuous-time ADC can be considered a combination of an anti-
aliasing filter and an ADC.
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Also, the discrete-time delta-sigma ADC places stringent settling time requirements on its input driver. The sampling clock
Fg typically is divided into two non-overlapping phases: ¢1 and ¢ (Fig. 6). During the ¢ phase, the sampling capacitor,

Cg, gets connected to the input driver.

http://electronicdesign.com/print/analog/what-s-difference-between-continuous-time-and-discrete-time-delta-sigma-adcs Page 4 of 7



What's The Difference Between Continuous-Time And Discrete-Time Delta-Sigma ADCs? 5/29/14 12:12 PM

Py
U B By
o 2 _ [

Input driver
|

Vem O'/G -4 1/Fg

The act of switching the sampling capacitor causes a step at driver output, causing the driver output to deviate from its
ideal value. The driver must have sufficient bandwidth to settle back to desired accuracy within the ¢ phase. This leads to

increased power consumption in the input driver.

Since the continuous-time design moves the sampling away from the input, the continuous-time ADC doesn’t present a
switching load to the input driver. This relaxes the bandwidth specifications on the driver.

In addition, continuous-time delta-sigma ADCs typically consume less power than discrete-time ADCs for comparable
noise performance. In a discrete-time ADC, the sampling operation with its associated noise foldover places a fundamental
limit on the maximum achievable dynamic range for a given value of the sampling capacitor and oversampling ratio.

The sampling circuit in Figure 6 samples a noise power equal to kT/Cg in the sampling phase. Similarly, in the ¢, phase,

the integrator as well as the switch noise folds over to provide another akT/C term.

The exact value of a depends on the integrator implementation. In the continuous-time ADC, the noise of the op amp in
the integrator does not fold over, which potentially can lower the op amp’s power consumption.

Another factor that helps reduce power is that the integrators in the continuous-time design are not switched. As a result,

they do not have stringent settling and slew requirements, leading to lower power consumptions.4

Note that op-amp bandwidth requirements on the first integrator are relaxed only if the feedback DAC is implemented as
continuous time. If the feedback DAC is implemented as a switched capacitor, the op-amp settling requirements are the
same as they are for a discrete-time ADC design.

In a discrete-time design, the loop filter consists of discrete-time integrators that are clocked at the sampling rate, Fg. The

op amp’s settling time used in these integrators sets an upper limit on the maximum clock frequency for a given
technology node.

In the continuous-time design using a current-steering DAC, only the quantizer is clocked. Since quantizers typically
consist of only open-loop comparators, they can be clocked at a higher clock frequency than the switch capacitor
integrators.

In a discrete-time design, the jitter on the input sampling clock limits the maximum possible signal-to-noise ratio (SNR)

achieved by the ADC. For a Nyquist rate ADC, assuming the jitter noise is white with rms value €, SNR is limited to:>

SNR = —2010g10(23‘l?*8*fIN)
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For the oversampled ADC, the SNR is limited to:

SNR = -20logo(2*e*fN) + 10logo(OSR)

For a continuous-time ADC, sampling takes place after the loop filter, which relaxes the jitter requirement on the sampling
clock. The loop filter shapes the error introduced by the sampling jitter. The continuous-time ADC with switched-capacitor
feedback DAC has a relaxed jitter requirement on both the sampling and feedback DAC clock.

Disadvantages Of Continuous-Time Delta-Sigma ADCs

Continuous-time delta-sigma ADCs can only operate at a fixed clock frequency, Fg. The pole locations of the integrators

do not scale with frequency as in discrete-time design. This limits the use of continuous-time delta-sigma ADCs as a
catalog part where customers expect to use a wide range of clock frequencies in the system. As a result, continuous-time
ADCs are mostly successful as a part of large system-on-chip (SoC) designs where the clock is well defined and not
readily changed.

Additionally, the STF is not flat for a continuous-time ADC (Fig. 5, again). For the discrete-time ADC, the STF for the
analog portion is generally flat and dominated by the magnitude response of the decimation filter. Continuous-time delta-
sigma ADCs also exhibit out-of-band peaking in the STF for feed-forward architectures .

This is especially detrimental because it limits the useful input signal range for the ADC. In communications applications,
with large out-of-band interferers, it can cause the ADC to become unstable. For these applications, it may be necessary to
filter the interferers or sacrifice some of the ADC’s dynamic range, if the feed-forward architecture is used.

Usually, continuous-time ADCs also have a limited common-mode rejection ratio (CMRR) because of mismatch in the
input resistors or input transconductance. The common-mode level at the first integrator inputs directly depends on the
external input common-mode level as well. This may limit the common-mode input range for the continuous-time ADC.

In contrast, the dc common-mode level for the integrator in discrete-time ADCs can be easily decoupled from the input
common-mode level by the sampling capacitor. Also, proper sampling techniques in discrete-time ADCs can provide very
large CMRR.

The feedback DAC path and clock jitter depend on the DAC architecture used in the continuous-time ADC, as discussed
earlier. The most common implementations of continuous-time ADCs use continuous-time current-steering DACs to
reduce power consumption on the integrators. These DACs are more susceptible to clock jitter than a switched-capacitor
DAC. The discrete-time ADC always uses switched-capacitor DACs and does not have a stringent jitter requirement on the
feedback DAC clock.

Summary

The continuous-time delta-sigma ADC design extends the bandwidth achievable with delta-sigma technology. The
industry’s fastest discrete-time delta-sigma ADC, the ADS1610, has a signal bandwidth of 5 MHz. The continuous-time
technology has enabled products like the ADC12EUO050, which can provide alias-free sampling bandwidth up to 22.5
MHz. The continuous-time architecture has the potential to achieve even higher bandwidth by taking advantage of
advanced process nodes.

The continuous-time ADC continues to gain popularity against pipelined ADCs in communication applications because of
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its inherent anti-aliasing feature. Continuous-time designs have not been used extensively yet for precision dc-type
applications where discrete-time delta-sigma designs still dominate. The inability to change the ADC sampling clock as
required by the system is the biggest drawback limiting the use of continuous-time ADCs in dc-type applications.
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