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Summary 
This work analyzes the performance evolution over time for monolithic A/D-Converter (ADC) 
implementations reported in scientific publications. The work is based on an exhaustive 
search of IEEE journals and conferences central to the field from 1974 to spring 2012, and 
thus represents a near-exhaustive survey of reported scientific ADC data. Using the full set 
of historical data, empirically observed evolution trends are analyzed for all key performance 
parameters, including linearity, thermal noise, sampling jitter, and effective resolution. 
Evolution of power efficiency in terms of two commonly used figures of merit is also 
investigated. Performance parameters that appear to be in saturation have been identified. 
The results can be used to predict the state-of-the-art specifications of future ADCs. 

About the document 
This document is an almost exact replica of a Converter Passion  article spanning a 
series of blog posts published in mid 2012. As the intention with this document is to present 
these blog posts in a more organized and reader-friendly format, it has not been revised to 
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not all of the results from this survey still apply, even if the state-of-the-art for some 
parameters have been nudged slightly. Visit Converter Passion for the latest development of 
some key parameters. The original online content was published here: 
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You are not allowed to make it available for download on a web site or other network – put a 
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1. Introduction 
Monolithic A/D-converter integration has evolved exponentially over nearly four decades. In 
the early days it was a major achievement to implement full converter functionality within a 
single die, and power dissipation was high although resolution and speed were modest in 
comparison with today’s expectations [1]-[7]. Thanks to the early work of pioneers and the 
continuously increasing effort of the research community, ADC performance has shown an 
exponential improvement with respect to many key parameters that closely resembles 
Moore’s Law for the maximum number of components on a digital IC [8]-[9]. As more and 
more of electronic systems move into the digital domain, the evolution of A/D-converter 
technology is an essential enabling factor for a wide range of applications: Low power and 
small chip area allows the ADC to be integrated into a larger system-on-chip (SoC), while 
advancing the sampling rate at a given resolution or the resolution at a given sampling rate 
improves system performance or enables entirely new kinds of systems to be built. From a 
system point-of-view, it is therefore crucial to understand the rate of ADC performance 
evolution, so that system-level roadmaps can be adapted to what is realistically expected 
from ADC technology at any given time. 

 

Figure 1.1. Other ADC surveys. 

Several authors have presented works that blend evolution surveys and derivations of 
theoretical physical limits to various degrees. One of the more widely cited publications is the 
survey by Walden [10], examining the performance evolution estimated from 150 commercial 
and scientific ADCs reported between 1978 and 1997. Walden’s survey, which had been 
partially presented in an earlier publication [11], was the first survey based on a larger set of 
empirical data, and the observed trends for “SNR-bits” was compared to a set of theoretical 
limits including thermal noise, jitter, comparator metastability, and Heisenberg’s principle of 
uncertainty. An average evolution rate of 1.5 “SNR-bits” every 8 years was estimated from 
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the data set. Approximately one decade later, Walden published two updated versions of the 
survey in [12] and [13] based on slightly larger data sets. Le et al. examined the performance 
of nearly 1000 commercial ADCs released over a period of 20 years [14], and the survey by 
Murmann [15] is a significant recent contribution to the field, including approximately 260 
scientific ADCs reported 1997–2008. Merkel and Wilson surveyed 150 commercial and 
scientific ADCs with specifications suitable for defense space applications [16]. ADC 
performance vs. CMOS scaling was investigated by the author in a survey based on 1100 
scientific papers in [17], and an analysis of ADC performance evolution was also presented 
in [18]. Other relevant work is found in [19]-[25]. For more on prior art ADC surveys, see 
Appendix: A survey of ADC surveys on page 35. 

 

 

Figure 1.2. ADC paper distribution by source. Only papers reporting measured ADC implementations 
have been included. Data until Spring 2012. 

1.1  About this survey 
This work reviews the evolution of several key performance parameters based on a set of 
over 1700 scientif ic publications  published from 1974 to spring 2012. It represents a 
near exhaustive survey of experimental ADC performance data reported in scientific 
publications. A steadily increasing number of ADC implementations have been reported in 
the scientific literature, growing from a handful to well over 100 publications per year. This 
trend is an indication of the significance given to ADCs, as well as the effort invested in the 
field. The distribution of publications over time is shown here, and the distribution by source 
is shown above. Data was collected from an exhaustive survey of ADC papers in the IEEE 
Journal of Solid-State Circuits and IEEE Transactions on Circuits and Systems, as well as 
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the following conferences: ISSCC, ESSCIRC, CICC, Symposium on VLSI Circuits, A-SSCC, 
GaAs IC Symp, and BCTM. Additional papers from non-exhaustive searches of other 
sources have also been included. To the best of the author’s knowledge, this makes it the 
largest and most comprehensive survey of reported scientific ADC implementations to this 
date. The work presented relates to general performance trends over time, and parameters 
that impose similar performance limits on a broad range of architectures. As an additional 
dimension, the data is frequently divided into its delta-sigma modulator (DSM) and Nyquist 
subsets. A deeper analysis of power-performance trade-offs would require a full breakdown 
by architecture, since there are significant differences between various architectures [14], 
[25]. Such a study of architectural differences is well beyond the scope of this work and will 
be treated elsewhere. The overall conclusion of this survey is that many parameters have 
improved or evolved exponentially, but several noise-related performance measures appear 
to have saturated. 
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2. CMOS node adoption 
The rate at which scientific ADC implementations migrate to newer CMOS technology is 
discussed in this section. It was previously observed in [18], using a more one-dimensional 
approach and data until March 2010. Here, updated ADC survey data is used, and the 2-D 
distribution of scientific ADC implementation papers over CMOS node and publication year is 
analyzed. The result is illustrated by the “heat contours” in Figure 2.1. Starting with dark blue, 
the colors represent paper counts of 0, 1, 2, 5, 10, 15, … and 40/year, respectively. 

 

Figure 2.1. Distribution of CMOS nodes used for scientific ADCs over time. Color represents number 
of publications. The early adopter state-of-the-art data points ( ) are superimposed along with a 

scaling trend estimated from 1995–2011 data. 

2.1  Observation of technology adoption 
Figure 2.1 illustrates several key aspects of how the scientific ADC community has adopted 
new process technology: 

• The lower edge of the contours represents the early adopters. It defines the state-of-
the-art scaling front for ADCs. In [18] it was estimated that this front scaled by an 
average factor of two every 5.4 years until 1995. After 1995, the adoption rate 
increased to 2× every 3.75 years, which is illustrated by the exponential trend fit. The 
data points used for the trend estimations are superimposed onto the contour plot. 

• The “center-of-mass” illustrates the average node-adoption by the main body of ADC 
scientists. Although a highly subjective visual estimation, my impression is that 
the mainstream adoption rate is higher from 180 nm and below. 
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• The horizontal extension of each node reveals its lifetime in scientific publications. 
Popular nodes can remain active for well over a decade. Therefore, the correlation 
between CMOS node and publication year is weak. In other words: you can’t make a 
good observation of the effects of scaling by simply looking at how something evolves 
over time. Because of the long lifespan of major nodes, they also have time to 
undergo a maturing process as the collective understanding of how to best use the 
node accumulates. ADC performance vs. scaling and the concept of maturing nodes 
was treated in [17]. 

• 180 nm appears to be the all-time favorite node for CMOS ADC designs to this 
date. This was also observed in [17]. 

• Nodes as old as 0.35 µm are still active in publications. 

2.2  Adoption rates, systems on chip, and the scaling gap 
Traditionally, there has been a lag – or “scaling gap” – between analog/mixed and digital ICs. 
Digital ASICs have nearly always benefited from using the most recent technology, whereas 
analog/mixed ICs have faced new design challenges for every step of scaling. 
Consequentially, ADC designers have lingered in older, or custom, technologies where they 
knew they could meet the spec, while digital ASIC designers switched to new nodes as soon 
as possible. This approach was acceptable – perhaps even optimal – as long as ADCs were 
used as stand-alone components. Moving into the age of the SoC (system on chip), the 
scaling gap is increasingly unacceptable. The A/D-converters must be on the same chip as 
the rest of the circuit, and migrating the digital parts backwards is almost never an option. 
Therefore the gap must close. 

Personally, I believe that this SoC-driven need to close the scaling gap is the most likely 
explanation for the increased rate of early adoption observed in [18] and mentioned above. 

2.3  Future ADC scaling 
If the current scaling trend should continue, early adopters would implement ADCs in 5.5 nm 
CMOS by 2020. As mentioned in [18], that is well below the technologies predicted available 
for RF/AMS design by 2020 [26]. As the gap closes between analog and digital, we will 
therefore see a slowdown in adoption rate. In fact, the RF/AMS data in [26] suggests that the 
scaling gap is already quite small. A minimum L = 24 nm for HP logic in 2011 should be 
compared with the most deeply scaled ADC in 32 nm CMOS, presented by a team from 
Intel [27]. Since a small lag between digital and RF/AMS ASICs (as well as between 
technology “year of production” and ADC “year of publication”) may be inevitable, a 
slowdown in early-adoption ADC scaling could be just around the corner. 
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3. Low-voltage operation vs. scaling 
As analog-to-digital converter implementations migrate to scaled-down CMOS technologies, 
they also face the inevitable downscaling of supply voltages (VDD), and hence signal swing 
[26]. A signal chain with a weak signal is more likely to suffer from noise than one with a 
strong signal. The scaling trends for VDD are therefore important as a background to the 
A/D-converter noise performance trends that will be treated in a few subsequent sections. 
There are also other reasons for a circuit designer to keep an eye on the evolution of supply 
voltage, such as the considerable challenges for high-gain OP-amp design or sampling 
linearity under low-voltage operation, so I hope you’ll find this section useful even on its own. 

 

Figure 3.1. Two-dimensional view of CMOS scaling: Channel length and VDD. 

3.1  Voltage scaling: Stragglers, mainstream and pioneers  
Contrary to the minimum channel length (L), we can choose to go lower than the nominal 
supply voltage specified for a process. Possibly at our own risk, but at least it can be done. It 
has therefore been possible to scale VDD “ahead” of the node you actually use. Unless you 
have direct access to a semiconductor fab, you can’t do that with respect to L. This degree of 
freedom – at least for experimental ADC designs – has lead to the situation illustrated by 
Figure 3.1: 

• Some (or as we shall see below, most) designs use the nominal supply voltage 
recommended for any given CMOS node. 

• Others may use the same node, but the design is not “fully scaled”. It relies on higher-
than-nominal VDD, and possibly optional process steps that effectively recreate older 
and less scaled device technology as well. 

• A third category not only embraces the full scaling, but actually use a more 
aggressive scaling of supply voltages. These are the low-voltage pioneers. 

This section will observe how supply voltage distribute over CMOS node for scientifically 
reported ADCs, and attempt to extract evolution trends and trajectories for VDD vs. L. 
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3.2  ADC supply voltage vs. CMOS node 
As pointed out in [17], the reported supply voltage can vary as much as one order of 
magnitude within the same node for scientific A/D-converters. This is illustrated by the scatter 
plot of {L, VDD} for the entire CMOS ADC data set in Figure 3.2. The VDD used in the plot is 
the highest supply voltage applied to each ADC, and the evolution of low-voltage state-of-
the-art over CMOS nodes has been highlighted. Wismar, et al., reported a 90 nm VCO-
based ∆-∑ modulator implementation running at 0.2 V supply voltage (operational @ 0.18 V), 
which is the lowest VDD published to this date [28]. 

Note that Figure 3.2 differs from a similar graph in [17] in that the graph here is based on two 
more years of empirical data, and the plot in [17] shows the lowest VDD applied to each 
design instead of the highest. Also, the trajectory for the de facto nominal supply voltage vs. 
CMOS node is overlaid in Figure 3.2. It is not necessarily the “official” VDD, but instead it 
was derived from the supply used by the majority of designs reported for each node. For 
nearly all nodes, the choice was abundantly clear. In 65 and 90 nm, however, there were 
significant subsets of designs using 1 V instead of the 1.2 V used by the majority. 

Starting at 1.2 µm, the ultra-low voltage state-of-the-art appears to have followed a distinct 
trend of evolving as approximately one fifth of the nominal VDD. Because of the slowdown in 
nominal VDD scaling, that trend still holds in relation to the 0.2 V reported by Wismar. 

 

Figure 3.2. Supply voltages used for scientific ADCs vs. CMOS node. The low-voltage state-of-the-art 
data points ( ) have been highlighted, and the nominal/majority VDD trajectory ( ) superimposed. 

Although the scatter in Figure 3.2 shows all reported combinations of {L, VDD}, it does not 
reveal the distribution across scientific ADC papers. This is done in Figure 3.3, where color 
contours represent the number of papers falling into a certain two-dimensional histogram bin. 
The bins used in this plot have been selected manually in order to create a meaningful, yet 
readable plot, so that bin centers align with major nodes on the L axis, and the most 
frequently used or otherwise interesting values on the VDD-axis. Furthermore, a non-linear, 
truncated, ad hoc mapping of contour levels was applied to handle the steep peeks at certain 
bins while still retaining visibility of all non-zero bins. The contours thus yield a simplified view 
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of the actual distribution, and cannot be used to derive the actual bin counts or exact 
distribution. For completeness, Figure 3.4 shows the full distribution of all unique 
combinations of {L, VDD} reported for scientific ADC implementations until Q1-2012. 

Figure 3.3 and Figure 3.4 show that the vast majority of experimental ADCs reported in 
scientific papers use the nominal supply voltage for each CMOS node, even if there is a 
large spread of actual VDD values used in each node. The variation extends significantly 
below and above the nominal values. We can also observe that the scaling rate for nominal 
supply voltage with CMOS node appears to have leveled out after 130 nm. Projected VDD 
for future nodes are found in [26]. 

In the next section we will look at the trends for VDD over time. 

 

Figure 3.3. Distribution of supply voltage used for scientific ADCs vs. CMOS node. Color contours 
indicate density of publications. The low-voltage state-of-the-art data points ( ) are superimposed 

along with the nominal VDD trajectory ( ). 
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Figure 3.4. Distribution of all unique combinations of VDD and L (node) reported for CMOS ADC 
implementations in scientific papers until Q1-2012. Bin grid is not to scale. 
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4. Low-voltage operation over time 
In the previous section we observed the trends for supply voltage (VDD) vs. process scaling 
(L). In this second part we will complete the picture by looking at VDD trends over time. The 
timing for introduction of new process technology, and the nominal supply voltage for future 
nodes, are reasonably well defined through the continuously updated International 
Technology Roadmap for Semiconductors (ITRS) [26], but at least two ADC-related aspects 
are not controlled by the ITRS scaling roadmap: 

• The rate at which mainstream ADC research activities will migrate to newer CMOS 
technology. 

• To what extent the ADC research community will attempt to push the envelope with 
respect to ultra-low voltage operation. 

Regarding the former, it was observed in section 2, “CMOS node adoption”, that the number 
of early adopters for each node is very small. In any year, the absolute majority of 
experimental ADCs have so far been implemented in technology being 2–5 generations 
behind the scaling front. How the “mainstream” will behave in the future is next to impossible 
to predict, as it is influenced by future industrial needs, research grant policies, research 
community group dynamics, journal and conference publication targets, as well as many 
other hard and soft parameters of which we know very little today. 

The latter depends on a handful of pioneers choosing to explore the outer limits of ultra-low 
voltage ADC operation. It was seen in the previous section that there have been rather few 
attempts to push in this direction, which reveals that only a few groups have historically 
chosen this focus. If no one decides to have a shot at the current world record – the 0.2 V, 
VCO-based ∑-∆ modulator presented by Wismar et al. in [28] – we may never see it nudged. 
It is therefore very difficult to predict the future VDD trends for analog-to-digital converters, 
both with respect to the ultra-low voltage state-of-the-art, and the mainstream supply voltage. 
What we can do, however, is to observe historical trends and use them as a reference. 

 

Figure 4.1. Supply voltages used for scientifically reported CMOS ADCs over time. Data points 
representing the evolution of low-voltage state-of-the-art have been highlighted ( ). Trend line fit to 

1985-2007 data. 
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Figure 4.2. Voltage supplies used for scientific ADCs over time. Color represents number of 
publications. The low-voltage state-of-the-art data points ( ) are superimposed along with a scaling 

trend estimated from 1985–2007 data. 

4.1  Observation of supply voltage trends 
Figure 4.1 shows the voltage supplies reported for CMOS A/D-converters reported in 
scientific publications until Q1-2012. The graph shows the highest supply voltage applied to 
the circuit. It means that, if a circuit used several independent supplies, then 
VDD = max(VDD1, VDD2, …, VDDn), so that true low-voltage operation is promoted. The 
evolution of low-voltage state-of-the-art has been highlighted. 

A similar graph in [18] shows data for all ADCs (CMOS, as well as bipolar and BiCMOS) but 
with data only to Q1-2010. Focusing on CMOS, and adding two more years of empirical data 
yields a different scatter. Nevertheless, the low-voltage state-of-the-art sequence here is 
nearly identical to that in [18] because the global state-of-the-art almost completely coincides 
with CMOS ADCs, and also did not improve since 2006. As observed in [18], the lowest 
reported VDD remained unchanged at 5 V until 1985, after which it started to follow a noisy 
but distinct scaling trend for 20 years. Fitting to the state-of-the-art data from 1985–2007, 
yields that the lowest reported VDD was scaled by ~2× every five years during this period. 

Figure 4.2 shows the distribution of scientific ADC implementations over supply voltage and 
publication year as a contour plot. The state-of-the-art data points and trend fit from Figure 
4.1 have been superimposed for reference. Just as in the previous section, manually 
selected bin centers and non-linear contour levels have been used in order to render a 
meaningful and readable (but simplified) plot. The main purpose is to illustrate the difference 
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between mainstream VDD and state-of-the-art low-voltage operation each year. It is 
observed that: 

• Mainstream focus remained at 5 V for over 20 years. 

• The state-of-the-art VDD scaling front started to go below 5 V around 12–15 years 
before any noticeable change in the mainstream focus. 

• The low-voltage scaling front appears to be approximately 5–6× below, and 10–15 
years ahead of the mainstream VDD for each year. 

• Supply voltages from 5 V and down seem to have an extremely long lifetime in 
publications. 

4.2  Future VDD scaling for ADCs 
I’m very aware that there are good reasons why ultra-low VDD scaling may not be able go 
much further, so please note that I’m not saying here that it will. Perhaps it is physically 
impossible, or functionally meaningless to go significantly further than the 200 mV operation 
achieved by Wismar, et al. On the other hand, I’m old enough to have heard one “hard” limit 
after another being suggested for MOST scaling, and we’re still scaling them. So, let’s just 
see where we would end up if it should turn out to be possible also for the voltage supply: 

If the current trend for ultra-low voltage ADCs should be maintained, the low-voltage 
pioneers would have to publish ADCs according to the following approximate schedule: 

 

Year VDD 

2015 73 mV 

2020 36 mV 

2025 18 mV 

Table 4.1. Projections of lowest supply voltage at current rate of scaling. 

Again, I’m not saying that it will happen. But I still found it interesting to see what kind of 
supplies the historical trend is projecting towards. Does anyone dare to predict a hard limit 
for A/D-converter supply voltage? Will we ever see an ADC operating at 73 mV? Is 36 mV 
impossible? What are the possibilities in context of the impossibilities? In case anyone wish 
to make their own projections, the trend fit expression is: 

Eq 4.1    VDD = 10−0.061011× year+121.7998  
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5. Thermal noise 
In the quest for high-resolution, high-bandwidth ADCs it’s got to hurt when you hit the noise 
floor. Looking at the evolution trends for several noise-related parameters in scientific ADC 
publications, it certainly looks as if we’ve already touched that floor, or at least are very close 
to smack into it. We’ll look at performance trends for absolute and relative noise, as well as 
sampling jitter over a series of three sections so you can make your own assessment. But 
before diving into the thermal noise evolution below, I will first serve up some background 
theory: 

5.1  Separation of noise sources 
Quantization errors, thermal noise, flicker noise, switching transients and sampling jitter all 
contribute to the noise power observed at the ADC output. In order to enable a deeper 
analysis of noise performance, it is desirable to separate different contributors from each 
other. A first step is to separate ideal quantization errors inherent to the algorithm from actual 
circuit noise. 

5.1.1  Quantization vs. circuit noise 
The ideal quantization error is often treated as a noise component, although in reality it is a 
deterministic signal with a large number of harmonics yielding a noise-like spectrum for 
ADCs with a sufficient number of bits N [29]-[30]. The ideal signal-to-quantization-noise ratio 
(SNRQ) in dBFS is defined as 

Eq 5.1   
  
SNRQ = 6.02 × N +1.76

Any noise above the ideal quantization noise level is due to the actual circuit implementation, 
and is referred to as “circuit noise” in this treatment. It originates from both analog and digital 
circuits, and can be further subdivided as described in the following subsections and 
sections. Using Eq 5.1 for SNRQ, the signal-to-circuit-noise ratio (SNRC) is estimated by 
noise power subtraction based on reported signal-to-noise ratio (SNR) and resolution N as 
described by Eq 5.2. 

Eq 5.2  
  
SNRC = −10log10 10

−
SNR
10 −10

−
6.02+1.76

N
⎛

⎝⎜
⎞

⎠⎟
 

Since SNR and N were simultaneously reported in only 22% of all publications, SNR was 
used instead of SNRC when N was not available, and the signal-to-noise-and-distortion ratio 
(SNDR) was used as a conservative estimate of SNR when the latter was not explicitly 
reported. Using these conservative approximations, 86% of all reported ADCs could be 
assigned an SNRC estimate. 

Although Eq 5.2 gives a better view of circuit noise, some caution needs to be exercised 
when the reported SNR is very close to the ideal quantization noise. In such a case the 
subtraction in Eq 5.2 becomes numerically unsound, and small rounding errors can have 
great impact on the estimated SNRC. 
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5.1.2  Noise sources excluded from this survey 
Some well-known noise sources are unfeasible to analyze from ADC survey data, and will 
not be included in this treatment. These are: 

• Flicker noise 

• Switching noise 

• Noise due to non-zero DNL errors 

The effects of flicker noise [31] can be suppressed by chopper techniques [32] or the use of 
correlated double sampling [33]-[34]. Very few ADC publications report flicker noise 
performance explicitly, and in many wide-band applications the flicker noise is not of 
particular concern. Thus it is not included in this study. 

On-chip switching noise result from transients caused by the switching of analog and digital 
circuits during normal operation. Such interference propagates as transients on power supply 
lines, through the substrate, or by inductive and capacitive coupling. Its effect can be 
suppressed using supply separation, decoupling, guard-rings, electromagnetic shielding, and 
by controlling the slope or timing of dominating transients such as those generated by digital 
output pins. In a large circuit with many simultaneously switching elements, any deterministic 
relations between input signal and on-chip state changes are likely to be obscured by the 
large amount of switching nodes. Switching interference is then observed as an increased 
total noise level, possibly indistinguishable from thermal noise. Switching noise is usually not 
reported explicitly in ADC publications, and is difficult to estimate from other data typically 
reported. Therefore it is not treated in this survey. 

Due to component mismatch, real ADC implementations have finite (non-zero) differential 
non-linearity (DNL) errors. Such DNL errors cause a non-uniform distribution of decision 
levels that increase the quantization error power above that of the ideal quantizer described 
by Eq 5.1. The exact amount of additional noise depends non-trivially on the magnitude and 
distribution of DNL errors across the converter code range, and not only on the worst-case 
DNL error normally reported. Furthermore, because of the difficulty to define a “typical” DNL 
error magnitude that would correctly represent the entire gamut of ADC implementations 
surveyed, “DNL-noise” is not included in the treatment. 

5.1.3  Thermal Noise 
Unlike non-linear distortion, memory effects, etc., thermal white noise is entirely random from 
sample to sample and thus impossible to predict or compensate for by calibration. It is 
therefore a more fundamental limitation of ADC performance than non-linear distortion or 
memory effects. A simplified model of ADC noise refers the noise to a noisy input source 
resistance Rn while assuming the rest of the signal path to be noiseless [10]. The mean 
squared thermal noise over Rn in a bandwidth BW = fs/2 is [10], [31] 

Eq 5.3  vn
2 = 4kTRn fs 2  

where k is Boltzmann’s constant (1.38×10-23 J/K) and T is the absolute temperature in 
Kelvin. Assuming a full-scale peak-to-peak input swing of VFS, the equivalent single-tone 
SNR is 

Eq 5.4  
  
SNR = 10 × log10

VFS
2

16kTRn fs

⎛

⎝
⎜

⎞

⎠
⎟  
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Eq 5.4 defines a theoretical limit on the achievable SNR for an ADC with a given input swing 
and impedance level. Assuming fixed values of T and VFS, the theoretical limits for different 
Rn can be added to SNR or effective number-of-bits (ENOB) vs. fs plots of reported 
experimental data as a visual guide, e.g., as done by Walden [10]. In section 9, “Sampling 
rate and resolution”, something similar will be done with the ADMS Design survey data set. It 
should be noted, however, that VFS vary between 5 mV [35] and 20 V [32] in the data set. 
This corresponds to a 72 dB variation in Eq 5.4, and simply assuming a fixed VFS therefore 
gives a very coarse approximation of Rn. Hence the reported values of VFS were also 
accounted for in this treatment. It was additionally compensated for the fact that ideal 
quantization noise is not contributing to the thermal noise, and Rn was therefore estimated 
from the estimated circuit noise rather than the total noise, as described by Eq 5.5. As far as 
the author is aware, this compensation for quantization noise and full-scale range (FSR) was 
not applied in any other ADC survey when estimating thermal noise performance from 
empirical data. 

Eq 5.5  
  
Rn =

VFS
2

16kTfs

×10
−

SNRC

10 =
VFS

2

16kTfs

× 10
−

SNR
10 −10

−
6.02×N +1.76

10
⎛

⎝⎜
⎞

⎠⎟
 

 

Figure 5.1. Evolution of absolute thermal noise levels as represented by equivalent input-referred 
noise resistance Rn in scientific publications. The state-of-the-art envelopes for ∆-∑ modulator ( ) and 

Nyquist ( ) ADCs have been highlighted. 

5.2  Observation of ADC thermal noise trends 
The evolution of Rn over time is shown in Figure 5.1 for an assumed T = 300K, and the state-
of-the-art envelope for delta-sigma modulator (DSM) and Nyquist ADCs are highlighted. As 
explained above, the value of Rn reflects the absolute noise present in the circuit with ideal 
quantization errors removed. The lowest absolute noise level reported for ∆-∑ modulators to 
this date is equivalent to Rn ≈ 2.5 kΩ for the DC measurement ADC in [36] by Thomsen et 
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al., and the best Nyquist converter is the 250 MS/s, IF-sampling, 16-b, pipeline ADC by Ali et 
al. [37] with Rn ≈ 6.2 kΩ. 

Note that the estimation of SNRC in Eq 5.2 and Eq 5.5 becomes sensitive to numerical errors 
when the reported SNR is close to the ideal quantization noise limit. In order to not 
overestimate the flatness of the saturation/slowdown region, three designs [38]-[40] were 
treated as potential (but not certain) outliers, possibly created by numerical problems in the 
estimation of SNRC, and therefore the main state-of-the-art envelope was drawn inside of 
these designs. As an example, a peak ENOB of  ~7.97-b is reported for the 8-b folding ADC 
design by van Valburg et al. [38]. It corresponds to an ADC with almost nothing but ideal 
quantization noise, and hence a design that has extremely low analog noise levels in 
comparison with its overall spec. The same applies to the designs by van de Plassche et al. 
[39] and Garuts et al. [40]. For completeness, the Rn values estimated for these designs 
have been added to Figure 5.1, together with the alternative state-of-the-art bound resulting 
from their inclusion. 

 

Figure 5.2. Evolution of equivalent input-referred noise resistance Rn over node geometry (any 
technology) according to scientific publications. The state-of-the-art envelopes for ∆-∑ modulator ( ) 

and Nyquist ( ) ADCs have been highlighted. 

It is further seen from Figure 5.1 that absolute noise levels have not improved after year 
2000 for delta-sigma modulators, and only improved by less than 3× since the 17 kΩ 
achieved in 1997 [41] for Nyquist ADCs. From what is seen in Figure 5.1, it is highly likely 
that absolute noise power performance is currently in a state of saturation, or significant 
slowdown, where only moderate improvements are reported over time. Observing how Rn 
evolves over technology scaling, as shown in Figure 5.2, gives further reason to believe in 
such saturation. It seems that the state-of-the-art Rn is almost independent of technology 
node, which is in line with [42], where it is suggested that the absolute noise in devices may 
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remain constant over scaling. Similar trends of saturation will be shown for other noise-
related performance parameters in two subsequent sections. 

In the next section we will examine the evolution of A/D-converter jitter performance. 

5.3  Additional remarks 
• Please note that what we believe to be Australia’s first1 – the 20 MHz bandwidth, LC 

bandpass delta-sigma ADC in 40 nm CMOS by Harrison et al. [43] – is also one of 
the ADCs currently defining the state-of-the-art envelope for Rn vs. node scaling. 
Now, doesn’t that seem like a good way to introduce yourself? I think so. 

• The apparent increase in Rn below 90 nm is not necessarily due to physics: There are 
too few designs below 65 nm to assess these nodes. In particular, the effort by 
Carlton et al. [27] is the only 32 nm ADC so far. The higher Rn in 65 nm can be a 
temporary setback (as also observed for 130 nm). 

• It should be understood that the Rn values in this section are estimates of thermal 
noise under the assumption that the remaining noise is dominated by thermal noise 
(at low input frequencies) when quantization noise is removed. For the designs with 
state-of-the-art noise performance, this is a reasonable assumption. 

• Survey data used in this work has a near-exhaustive coverage of all scientifically 
published ADCs, but did not include commercial parts. It is sometimes suggested that 
the inclusion of commercial parts would paint a completely different picture. At least 
when it comes to noise-related performance, they don’t seem to do that. Although 
commercial parts may settle to a slightly different (usually better) noise-level, they 
show a similar slow-down and saturation behavior over time. 

• The term “Node Geometry” used in Figure 5.2 indicates a more liberal inclusion of all 
survey data points for which a process technology “feature size” was reported. In 
contrast, the more discriminating “Channel Length” is sometimes used in other 
sections. 

 

                                                      
1 See http://converterpassion.wordpress.com/2012/05/14/australias-first-scientific-adc/  

http://converterpassion.wordpress.com/2012/05/14/australias-first-scientific-adc/


A/D-converter performance evolution | Doc No: T-13:001 | Rev: 1.1 | Date: 2013-01-07 18 
 

6. Jitter 
In the previous section we observed the evolution of absolute thermal noise levels in ADCs. 
In this second noise-related section out of three, we will look at sampling time uncertainty, 
commonly referred to as jitter. The future evolution of A/D-converter jitter performance will 
have great impact on the development of advanced communications infrastructure, or any 
other application where you wish to sample at radio frequencies (RF) or beyond. A thorough 
assessment of past and present jitter evolution trends is therefore a highly valuable reference 
for system-level strategists, as it gives an indication of what kind of ADC performance to 
expect in the future. 

 

Figure 6.1. Evolution of SNR-vs.-fin envelope for Nyquist ADCs: Current state-of-the art ( ) is 
compared to state-of-the-art envelopes at 1980 ( ), 1990 ( ) and 2000 ( ). Theoretical SNR limits 

for jitter are indicated. 

6.1  Observation of ADC jitter trends 
Sampling a single-tone input with frequency fin and rms sampling time uncertainty σt in an 
otherwise ideal system yields a jitter-defined SNR in dBc defined by Eq 6.1. 

Eq 6.1  
  
SNRJ = 20 × log10

1
2π finσ t

⎛

⎝⎜
⎞

⎠⎟
 

An ADC where the circuit noise is dominated by sampling jitter has a circuit signal-to-noise 
ratio SNRC ≈ SNRJ. (SNRC as defined by Eq 5.2.) Observing the SNR achieved at a 
particular input frequency therefore leads to a worst-case estimate of sampling jitter, and 
looking at the SNRC vs. fin progress for the entire body of scientific Nyquist ADC data thus 
renders a conservative estimate of jitter performance evolution over time. Figure 6.1 shows 
the state-of-the-art envelopes for SNRC vs. fin at 1980, 1990, and 2000 compared to present 
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day (~Q1 2012). By using SNRC instead of SNR, the ideal quantization noise component that 
would falsely add to the jitter estimate is removed. For data points where the effect of jitter 
has fully kicked in, this actually makes little difference. Since not all papers report 
performance at such high input frequencies, the use of SNRC instead of SNR still gives a 
better jitter estimation. 

An SNRJ vs. fin jitter raster according to Eq 6.1 has been included as a visual guide in  
Figure 6.1 for jitter values of 0.01, 0.1, 1, and 10 ps. The state-of-the-art in 1980 is defined by 
only a few designs and therefore difficult to interpret. By 1990, a much larger number of 
attempts have been made, and the high-frequency roll-off is almost perfectly aligned with the 
theoretical SNR limit for 8–10 ps jitter. Garuts et al. achieves 5.5 ps at 1 GHz input with a 
4-b, 1 GS/s ADC (9.8 ps without quantization error subtraction) [44]. During the following 
decade, the lowest jitter estimate was reduced by almost exactly ten times to the 0.53 ps 
reported by Singer et al. for an IF-sampling 12-b, 65 MS/s ADC in [45]. A slight slowdown is 
then observed for the last 11 years, when the jitter evolution front progress by less than a 
factor of ten across most of the frequency range. Current state-of-the-art is defined by the 
14�b, 125 MS/s, RF/IF-sampling ADC reported by Ali [46]. The 88 fs rms jitter estimated at 
500 MHz fin is a six times improvement over [45]. Looking at Figure 6.1, it is evident where 
the main effort was focused. Whereas the state-of-the-art boundary is almost straight at 
1990, there is an obvious “bump” in the 50–200 MHz range by 2000, which has migrated to 
100–500 MHz to this date, and a secondary bump has emerged recently at 1–2GHz, defined 
by data reported in [47]. Although there are other applications matching these frequency 
ranges, the progress of the evolution front aligns very well with the evolution of requirements 
for wideband communications infrastructure. The current state-of-the art boundary is largely 
defined by publications stating wireless or digital communication as the target application. 
Hence it is concluded that communications applications have been a main driver for jitter 
performance over the last two decades. A point of concern for the communications 
industry could be that the current state-of-the-art [46] was achieved in 2005, using a 
0.35 µm BiCMOS process. Observing the state-of-the-art estimate of σt (at any fin) over time, 
as shown in Figure 6.2, jitter performance appears to be in a state of saturation. A closer 
inspection of the underlying data set gives further reason to assume saturation of jitter 
performance: Figure 6.3 shows the evolution of jitter performance vs. technology scaling. 
Although it’s possible that jitter eventually starts to improve in deeply scaled nodes, the 
current trend clearly supports the assumption of jitter performance saturation. 

In the third and final section on noise performance evolution, we will study the evolution of 
A/D-converter relative noise floor. 
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Figure 6.2. Evolution of worst-case jitter estimate for Nyquist ADCs in scientific publications. The 
state-of-the-art envelope has been highlighted. 

 

Figure 6.3. Evolution of worst-case jitter estimate for scientific Nyquist ADCs over node geometry (any 
technology). The state-of-the-art envelope has been highlighted. 
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6.2  Additional remarks 
• Note that jitter was analyzed by observing Nyquist ADCs. Bandpass delta-sigma 

modulators can achieve much better combinations of SNR and input frequency. The 
current state-of-the-art is a continuous-time bandpass delta-sigma modulator by Luh 
[48]. A significant part of the sampling jitter in a delta-sigma modulator is suppressed 
either by the noise transfer function or when selecting a band-of-interest in the 
subsequent signal processing. An arbitrarily small jitter estimate could be achieved 
simply by choosing to measure the SNR over a lower bandwidth. Delta-sigma, and 
other narrowband ADCs were therefore excluded from the jitter observation, but are 
included in both the previous and the subsequent noise-evolution sections. 

• Designs that could influence the state-of-the-art envelope, but possibly suffered from 
numerical problems in the SNRC estimation (for reasons described in section 5), were 
handled as follows: (a) All data points for which N – ENOB < 0.05 were filtered out 
before generating Figure 6.1, and  (b) The design by van Valburg [38] was left outside 
the main estimation of state-of-the-art envelope in Figure 6.2. No special handling 
was necessary for Figure 6.3. 

• ADCs using some form of optical or optoelectronic solution may be able to sample 
with considerably lower timing uncertainty. As of yet, such ADCs are quite rare, and 
mostly implemented in unusual or purely experimental technology. Optoelectronic or 
all-optical solutions may very well be the way forward if classic electronic sampling 
saturates at unacceptable jitter levels. The survey here, however, did not cover 
optically sampled A/D-converters. 
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7. Relative noise floor 
We have in the previous sections studied the evolution of absolute thermal noise levels, and 
sampling jitter for analog-to-digital converters (ADC). Finally, the overall noise performance 
evolution is observed with all noise contributors included. Whereas the two previous sections 
analyzed two fundamental noise components in isolation, this section looks at the actual 
noise performance achieved with everything included. This is the ADC performance you 
actually get. 

 

Figure 7.1. Evolution of relative noise-floor for DSM ( ) and Nyquist ( ) ADCs over time. 

7.1  Observation of ADC noise floor trends 
The ADC survey data spans a very wide range of converter specifications. An SNR of x dB in 
20 kHz bandwidth is not as impressive as achieving the same in a 1GHz band. Using the 
relative noise-floor nr in dB/Hz derived by Eq 7.1 allow ADCs with widely different Nyquist 
bandwidths (BW) to be compared with respect to noise performance. 

Eq 7.1  
  
nr = − SNR +10 × log10 BW( ) 

Figure 7.1 shows the evolution of nr for delta-sigma modulators (DSM) and Nyquist ADCs 
over time. A similar plot, based on less data, and not differentiating between DSM and 
Nyquist ADCs is found in [18]. From a linear fit of the state-of-the-art data points, it is seen 
here that ADC noise-floor for has evolved at an average rate of ~2.2 dB/year until year 2000 
for DSM, after which it has remained in saturation. Nyquist ADCs have developed at a slower 
rate of ~1.3 dB/year until 2010. The current state-of-the-art is approximately the same for 
both: –162 dB/Hz for DSM [34], and –161 dB/Hz for Nyquist [49]. Since the state-of-the-art 
for Nyquist converters was so recently reported, it cannot be concluded only from Figure 7.1 
that the noise floor for Nyquist ADCs is in saturation. A likely explanation for the DSM trend 
is, however, the lower signal swing, and thus higher relative noise-floor, implied by the 
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continuous scaling of semiconductor technology [50], [17]. This is also seen in Figure 7.2. 
Although the absolute noise-floor may remain constant in devices [42], the relative noise-
floor is raised when signal swing is reduced. New technologies may allow higher bandwidths, 
but the simultaneous combination of SNR and bandwidth has not improved for a decade due 
to this inherent dynamic-range limitation of nanometer technology [17]. It is likely to assume 
that Nyquist converters will suffer from this limit at least as much as delta-sigma modulators 
do. Noise-performance normalized to signal bandwidth therefore seems to have reached the 
physical limits of process technology defined by the available signal swing. Expecting a 
further reduction in signal swing [26], future ADCs could very well fail to maintain the current 
state-of-the-art in noise performance. 

 

Figure 7.2. Evolution of relative noise-floor for DSM ( ) and Nyquist ( ) ADCs vs. node geometry 
(any technology). 

7.2  Conclusion: ADC noise performance trends 
Over the last three sections, it was seen that the overall state-of-the-art with respect to 
absolute noise power, sampling jitter, and relative total noise floor has not improved during 
the last 5–10 years. It is therefore concluded that all significant aspects of ADC noise 
performance appear to have reached saturation. This is an expected, yet significant result of 
the study as it clearly confirms the commonly raised concerns regarding analog design and 
dynamic range in scaled technologies, e.g., in [15], [17], [20], [42], [50]. 

My conclusion is that A/D-converters have already hit the noise floor – at least its softer 
upper coating. 
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7.3  Additional remarks 
• As commented in section 5, the trends of degradation observed below 65 nm in 

Figure 7.2 may be due to lack of reported attempts, and not necessarily due to 
physics. 

• Using a circuit design that allows for large input signal swing can help a lot in 
improving relative noise floor performance. As an example, the state-of-the-art design 
by Hurrell et al. [49] reports an 8.2 V peak-to-peak input full-scale range. 

 

 

© ADMS Design AB  http://www.admsdesign.com 



A/D-converter performance evolution | Doc No: T-13:001 | Rev: 1.1 | Date: 2013-01-07 25 
 

8. Linearity (SFDR) 
After observing trends for technology scaling, voltage scaling, and noise, we have arrived at 
linearity. As far as the author is aware, there has been no large survey on A/D-converter 
linearity evolution published to this date, except for a recent work by Walden [12], where an 
“SFDR-bits” vs. fin scatter plot illustrates the state-of-the-art movement between 1999 and 
2007 for the outermost corner/edge of the data, based on approximately 175 ADCs. In this 
work we will instead observe the migration of the entire envelope (state-of-the-art) for SFDR 
vs. input frequency (and sampling rate) in order to observe how SFDR evolved across 
multiple frequency ranges between 1990, 2000 and present (~Q1-2012). We will also slice 
through the data set, and specifically observe SFDR evolution at four very different speed 
grades of minimum sampling rate. The underlying data is from a survey of 1708 scientific 
ADC papers published between 1974 and Q1-2012. 

8.1  ADC linearity trends: SFDR-vs-frequency envelope 
While SNR, or an aggregate noise-and-distortion measure such as SNDR, is a sufficient 
measure of ADC performance for some applications, there are other applications where non-
linear distortion is independently specified. Such applications include high-end audio and 
many wireless communication systems. Wireless communication systems often need to cope 
with the presence of a strong interferer in the form of a neighboring channel or carrier, while 
correctly interpreting a weak signal of interest. Without a sufficiently linear signal path, the 
interfering signal will generate harmonics or intermodulation products that may completely 
block the in-channel signal. The evolution of ADC linearity is therefore as important as the 
noise and ENOB evolution. 

State-of-the-art envelopes for single-tone spurious-free dynamic range (SFDR) vs. input 
frequency fin and Nyquist sampling rate fs have been plotted in Figure 8.1 and Figure 8.2 
respectively. Current state-of-the-art at ~Q1-2012 is compared to that of 1990 and 2000 in 
order to illustrate the evolution over all frequencies. Starting with the envelopes at 1990, the 
linearity vs. fin and fs is evenly distributed across almost straight lines representing the 
increasing difficulty to achieve high linearity as the input frequency and sampling rate is 
increased. The first of the two noticeable performance peaks in Figure 8.1 coincide with the 
20 kHz audio bandwidth, and the second peak is defined by video and instrumentation ADCs 
in the frequency range 10-100 MHz. It is evident from both plots that most of the progress 
from 1990 to the current state-of-the-art was achieved in the first decade 1990-2000 when 
SFDR vs. fin was improved by 20-40 dB across all input frequencies in the 100 kHz to 1GHz 
range, and SFDR vs. fs increased by 5-30 dB for the same range of sampling frequencies. 
Although state-of-the-art linearity has been increased by 5-10 dB over many segments of the 
frequency range during the last 11 years, Figure 8.1 and Figure 8.2 clearly show that there 
has been a slowdown in the evolution of linearity over a broad range of frequencies and 
speed grades. One noticeable exception is the 30 dB performance lift in the 100-250 MS/s 
speed range, which reflects the specifications of the more recent wideband radio base-
stations (RBS). It was concluded in section 6, “Jitter”, that the evolution of communications 
standard requirements has been a strong driver for ADC jitter performance. Observing that 
the strongest push of the linearity envelopes also occurred at frequencies and sampling rates 
matching the specifications for wideband RBS, e.g., [37], [51]-[53], it is concluded that 
communications applications have been a key driver for ADC linearity as well. This is 
also the conclusion of Walden in [12]. Another significant achievement during the last decade 
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has been to improve performance at the high-frequency end of the spectrum, with sampling 
rates above 4 GS/s and input frequencies beyond 1 GHz [54]-[62]. Again, a similar 
observation was made in [12]. 

 

Figure 8.1. Evolution of SFDR-vs.-fin envelope for scientifically reported ADCs: Current state-of-the art 
( ) is compared to state-of-the-art envelopes at 1990 ( ) and 2000 ( ). 

 

Figure 8.2. Evolution of SFDR-vs.-fs envelope for scientifically reported ADCs: Current state-of-the art 
( ) is compared to state-of-the-art envelopes at 1990 ( ) and 2000 ( ). 
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Figure 8.3. Scientifically reported ADC implementations: Peak SFDR evolution over time for minimum 
sampling rates of 10k ( ), 1M ( ), 100M ( ), and 1GS/s ( ).  

8.2  ADC linearity trends: SFDR by speed grade 
Figure 8.3 shows the evolution of peak SFDR at minimum speed grades of fs ≥ {10k, 1M, 
100M, 1G} samples/s. The curves show the monotonically improving upper edge for each 
subset of survey data. What is included in each subset is defined by the four minimum 
sampling rate constraints. As in Figure 8.1 and Figure 8.2, the overall scatter is removed for 
readability. 

My interpretation of Figure 8.3 is as follows: 

• 1MS/s ADCs appear to have saturated at an SFDR of 108 dB [63], and have not 
improved since 1996. 

• 100 MS/s ADCs has slowed-down evolution beyond 100 dB to ~6 dB/decade or less. 
Current state-of-the-art is 102 dB SFDR [53]. 

• At very low, and very high sampling rates there are no signs of saturation yet. For 
ADCs with fs ≥ 10 kS/s, there has been an almost constant progress of ~9dB/decade 
from 1992 [64] to 2009 [65]. 

• ADCs with fs ≥ 1 GS/s are currently evolving at an accelerated rate of ~3 dB/year. If 
this rate is maintained, gigasample ADCs could go from 75 dB [66] to upwards of 
100 dB SFDR by 2020. 

• The accelerated rate of evolution seen at different times for different speed grades 
may reflect how research activities migrate to higher and higher sampling rates 
depending on what applications are in focus. Previously more of a niche product, 
gigasample ADCs are now becoming a mainstream necessity. 
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8.3  Commercial ADC parts 
Although not shown here, the results were also compared with the data from 595 
commercially released ADC parts. Current state-of-the-art envelope for both sets align well 
across most of the speed range, with one significant exception: There are already 
commercial parts with significantly better SFDR than their scientific counterparts at 2 MSPS 
and below, e.g., AD7766 [67] and AD7986 [68]. Commercial ADCs appear to have evolved 
beyond their experimental siblings in later years within this speed segment. 

Another difference is in the paths each subset has followed towards today’s (mostly similar) 
state-of-the-art. In the GSPS range there is for example MAX 104 [69], specifying 69 dB 
SFDR at fin = 125 MHz almost a decade before the scientific publication by Taft [70], while 
scientific efforts seem to have been ahead in other frequency ranges (e.g., below 2MS/s) 
during earlier years2. 

Linearity trends are therefore more difficult to interpret, and to some degree depend on what 
products were reported scientifically and not. Such dependency could not be observed for 
any noise-related parameter analyzed in this work. 

 

                                                      
2 Please note that these statements on commercial ADCs are only my best guesstimates, as the 
commercial data set (although large) is not as exhaustive as that for scientific ADCs. 
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9. Sampling rate and resolution 
Previous sections analyzed noise and linearity separately. Another common approach is to 
review the overall ADC performance in terms of sampling rate and effective resolution 
ENOB. In Figure 9.1, the current state-of-the-art at ~Q1-2012 is compared to the envelopes 
for 1990 and 2000 in order to show the simultaneous evolution of the two parameters 
throughout the entire parameter space. SNR-only results have been excluded from this plot 
because ENOB is not fully defined by SNR. Hence, there is no experimental data available 
before 1980. By 1990 the curve has assumed the expected shape. Between 1990 and 2000 
there is a 1-4 bits improvement across the full range of sampling rates. The main advances 
were in the 200kS/s – 100MS/s speed range. This corresponds to typical 
telecommunications specifications – from single-carrier GSM to multi-carrier WCDMA 
receivers. From year 2000 to present day, the more significant advances were at 12.5 MS/s 
[49], from 100–250 MS/s, [37], [71], at 3 GS/s [72], and above 10 GS/s [54], [60], [62]. 

 

Figure 9.1. Evolution of ENOB vs. fs envelope for scientifically reported ADCs. Current state-of-the art 
( ) is compared to state-of-the-art envelopes at 1990 ( ) and 2000 ( ). Theoretical limits for thermal 

noise @ VFS = 1V (dotted) and jitter (dashed) are indicated. 

The thermal noise limits according to Eq 5.4 have been included as a visual guide, using 
VFS = 1V, T = 300 K, and Rn = {50, 2000} Ω. Similarly, the theoretical jitter-limited ENOB at 
fin = fs/2 according to Eq 6.1 has been added for σt = {0.1, 1, 10} ps. The Rn and σt values 
were deliberately chosen to simplify comparison with a similar plot in Walden’s survey [12] 
(see also Additional remarks below). Although the jitter limits should preferably be observed 
from SNR vs. fin (as done in section 6, “Jitter”), the shape of the state-of-the-art envelopes in 
Figure 9.1 clearly indicate the regions where ADC performance is limited by thermal noise 
and jitter respectively. The design by Naiknaware et al. [34] is limited by thermal noise, while 
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those by Poulton et al. [54] and Greshishchev et al. [62] are limited by sampling jitter (and/or 
metastability [10]). At the boundary between thermal noise and jitter limited designs are the 
ADCs that suffer from both noise sources in equal amount, such as the design by Ali et al. 
[37]. Designs in this corner put strict demands on the simultaneous design for jitter and 
thermal noise. 

9.1  Additional remarks 
• It may seem that the state-of-the-art thermal noise according to Figure 9.1 is 

equivalent to less than 2 kΩ for some designs. This would obviously be in 
contradiction to the 2.5 and 6.2 kΩ state-of-the-art reported for delta-sigma modulator 
and Nyquist ADCs, respectively. The thermal noise limits in Figure 9.1 are only valid 
for VFS = 1 Vpp, and the apparently better results here are because of a larger full-
scale range, e.g., 2.5 V for [37]. The correct noise-resistance estimations are found in 
section 5, “Thermal noise”. 

• The corresponding jitter limits in [12] have a 0.5-bit offset because it appears that 
Walden derives the rms-signal to peak-noise ratio by assuming that the signal is 
always sampled where the slope is greatest, i.e., in the zero-crossings [10]. In reality, 
the signal is sampled anywhere along the waveform for all but pathological cases, 
and therefore the rms slope should be used instead, as was done in this treatment. 

• In [18], the evolution trends for peak sampling rate at fixed minimum ENOB grades 
{4, 8, 12, 14} bits, and the complementary peak ENOB at fixed minimum sampling 
rates {10k, 100k, 1M, 100M, 1G} S/s are shown in a style similar to Figure 8.3. 
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10. Walden figure-of-merit (FOM) 
A work on A/D-converter performance trends would not be complete without an analysis of 
figure-of-merit (FOM) trends, would it? We will therefore take a look at the two most 
commonly used FOM, starting with the by far most popular: 

Eq 10.1  FA1 =
P

2ENOB × fs

 

where P is the power dissipation, fs is Nyquist sampling rate, and ENOB is the effective 
number of bits defined by the signal-to-noise and-distortion ratio (SNDR) as: 

Eq 10.2  
  
ENOB =

SNDR −1.76
6.02

 

FA1 is sometimes referred to as the Walden or ISSCC FOM and relates the ADC power 
dissipation to its performance, represented by sampling rate and conversion error amplitude. 
The best reported FA1 value each year has been plotted for delta-sigma modulators (DSM) 
and Nyquist ADCs in Figure 10.1. Trajectories for state-of-the-art have been indicated, and 
trends have been fitted to these state-of-the-art data points. The average improvement trend 
for all ADCs (2×/2.6 years) is included for comparison. 

 

Figure 10.1. Evolution of best reported Walden FOM for delta-sigma modulators ( ) and Nyquist 
ADCs ( ). Monotonic state-of-the-art improvement trajectories have been highlighted. Trend fit to 
DSM (dotted), and Nyquist (dashed) state-of-the-art. Average trend for all designs (dash-dotted) 

included for comparison. 
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By dividing the data into DSM and Nyquist subsets, it is seen that delta-sigma modulators 
have improved their state-of-the-art FOM at an almost constant rate of 2×/2.5 years 
throughout the existence of the field – just slightly faster than the overall average. State-of-
the-art Nyquist ADCs have followed a steeper and more S-shaped evolution path. Their 
overall trend fits to a 2× improvement every 1.8 years, although it is obvious that evolution 
rates have changed significantly over time. A more accurate analysis of Nyquist ADC trends 
should probably make individual fits of the early days glory, the intermediate slowdown, and 
the recent acceleration phase. This was done in [18] where evolution was analyzed with 
DSM and Nyquist data merged. However, for simplicity I’ll just stick to the more conservative 
overall Nyquist trend. [I wouldn't want anyone to suggest that I'm producing "subjective" or 
"highly speculative" trend estimates, would I? ☺] 

Still, if anyone is curious to know, the state-of-the-art data points fit to a 2×/14 months trend 
between 2000 and 2010. That’s actually faster than Moore’s Law, which is traditionally 
attributed a 2×/18 months rate [8]-[9]. A new twist on “More than Moore”, perhaps? Even the 
more conservative overall 2×/21 months trend is close enough to conclude that the state-of-
the-art FOM for Nyquist ADCs has developed exponentially in a fashion closely resembling 
Moore’s Law. And that’s got to be an impressive trend for any analog/mixed circuit 
performance parameter. 

Irrespective of what’s the best fit to data, it should be evident from Figure 10.1 that Nyquist 
ADCs broke away from the overall trend around year 2000, and has since followed a steeper 
descent in their figures-of-merit. They have also reached further (4.4 fJ) [73] than DSM 
(35.6 fJ) [74]. The overall trend projects to a 0.2 fJ ADC FOM in 2020. Whether or not that’s 
possible, we’ll leave for another time. A deeper look at the data also reveals that: 

• The acceleration in state-of-the-art is almost completely defined by successive-
approximation (SAR) ADCs [73], [75]-[80], accompanied by a single cyclic ADC [81]. 
The superior energy efficiency of the SAR architecture was empirically shown in [24]. 

• A significant part of the acceleration can be explained by the increased tendency to 
leave out, for example I/O power dissipation when reporting experimental results – a 
trend also observed by Bult [82]. The FOM in the graph was intentionally calculated 
from the on-chip rather than total power dissipation because: (a) ADCs are 
increasingly used as a system-on-chip (SoC) building block, which makes the stand-
alone I/O power for a prototype irrelevant, and (b) Many authors don’t even report the 
I/O power anymore. 

• FA1 has a bias towards low-power, medium resolution designs rather than high-
resolution, and thus benefits from CMOS technology scaling as shown in [17], [25]. 
An analysis of the underlying data shows that, for the best FA1 every year, the 
trajectories for ENOB and P follow distinct paths towards consistently lower power 
and medium resolution [83]. You simply gain more in FA1 by lowering power 
dissipation than by increasing resolution because Eq 10.1 does not correctly describe 
the empirically observed power-resolution tradeoff for ADCs [17], [25]. 

In order to compare high-resolution ADCs limited by thermal noise, it has therefore been 
proposed to use a slightly different FOM, sometimes labeled the “Thermal FOM” [52], [84]. 
This figure-of-merit will be the topic of the next section. 
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11. Thermal figure-of-merit (FOM) 
As mentioned in the previous section, a slightly different FOM, sometimes labeled the 
“Thermal FOM” [52], [84], has been proposed in order to better compare high-resolution 
ADCs limited by thermal noise. The thermal FOM, FB1, is expressed as 

Eq 11.1  FB1 =
P

22×ENOB × fs

 

The thermal FOM considers error power rather than amplitude (as in the Walden FOM), and 
therefore the value of FB1 improves by 4× (rather than 2×) for every additional bit of 
resolution. This matches the theoretical 4× minimum increase in power if ENOB is limited by 
kT/C-noise [15] and the architecture remains unchanged [82]. It was shown in [25] that the 
thermal FOM represents a better description of the state-of-the-art power-resolution tradeoffs 
according to empirical data than the Walden FOM for ENOB ≥ 9. As seen in Figure 11.1, 
there is a significant difference between DSM and Nyquist ADCs with respect to FB1. With the 
exception of two early 14-b designs [64], [85], the global state-of-the-art is defined entirely by 
delta-sigma modulator implementations while Nyquist ADCs lag distinctly behind. A possible 
explanation could be that the thermal FOM favors converters whose power dissipation is truly 
limited by thermal noise, and that high-resolution ∆-∑ ADCs are more distinctly driven into 
the thermal noise limit than their Nyquist counterparts. Another point is that many scientific 
DSM implementations use an off-chip (i.e., zero power) decimation filter implemented in 
software. This will give DSM an unfair advantage over Nyquist, although it can hardly be the 
only explanation for a one order of magnitude FOM difference. 

 

Figure 11.1. Evolution of best reported thermal FOM for delta-sigma modulators ( ) and Nyquist 
ADCs ( ). Monotonic state-of-the-art improvement trajectories have been highlighted. Trend fit to 
state-of-the-art points for DSM [1984–2000] (dotted), and Nyquist [1982–2012] (dashed). Average 

trend for all designs (dash-dotted) included for comparison. 
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Since the thermal FOM for Nyquist converters has evolved over a rather uneven path, I’ll not 
make any elaborate interpretations of its shape. The trend (dashed) is simply fitted to all the 
state-of-the-art points from 1982–2012, revealing an average improvement rate of 2× every 
two years. The DSM envelope appears to have three main segments with breakpoints at 
1990 and 2000, respectively. For simplicity, a single trend was estimated for the envelope 
until Naiknaware [34], after which the thermal FOM has evolved significantly slower. From 
Fiedler [86] to Naiknaware, the average improvement rate is 2× every 17 months (1.4 years) 
– again faster than Moore’s Law [8]-[9] – whereas from year 2000 to present day [74], the 
state-of-the-art points fit to a more modest 2×/5.5 years slope. Even if the latter is from a fit 
of only four data points, and the exact slopes can be discussed, it is clear from Figure 11.1 
that the thermal FOM for DSM experienced a distinct slowdown after year 2000. This 
coincides with the breakpoint where the relative noise floor – approximately the denominator 
in Eq 11.1 – also goes into saturation3. It can further be noticed that it coincides with the 
accelerated evolution of FA1 as well4. A possible, but perhaps speculative interpretation is 
that the ADC community first focused on thermal noise performance and related design 
optimization, and after hitting the noise floor around year 2000 moved on to focus on power 
efficiency. 

As a small postlude, a list of known prior art ADC surveys are included in the appendix for 
those of you that (like myself) have an insatiable appetite for technology trend estimations 
and empirical data dots. 
 
 

                                                      
3 See section 7, “Relative noise floor”. 
4 See section 10, “Walden figure-of-merit (FOM)”. 
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12. Appendix: A survey of ADC surveys 
If the A/D-converter survey just concluded did not fully satisfy your desire for scatter plots 
and tech trends, then this appendix will provide a list of prior ADC survey works as 
suggested “further reading”. In fact, I’d recommend everyone serious about data-converter 
technology trends to get hold of these documents. The list will also serve as a brief history of 
the ADC survey field. But first some thoughts on surveys: 

 

Figure 12.1. Accumulated publication count for scientifically reported ADC implementations in 
mainstream IEEE sources. The number of publications equivalent to 20% of total is indicated for 

reference. 

12.1  Survey characteristics 
When is it a “survey”? — I’m not going to spend too much energy on a stringent definition 
of a “survey”. My guideline is that a survey should be based on a significant amount of data, 
and that the visualization, discussion and interpretation of the data is the main work. Many 
scientific papers nowadays include a scatter plot that compares a particular design with 5–20 
relevant prior efforts. While it’s a good idea to do so, these papers are not considered 
surveys in this context. Others use large amounts of empirical data to validate or derive a 
model, but the focus is more on the model. 

What is “a significant amount of data”? — The size of the survey should be related to the 
total amount of data available at the time of the survey. A survey of 200 papers would have 
been exhaustive in 1990. Today it represents less than 12% of all scientific publications. The 
accumulated amount of scientific papers over time is shown in Figure 12.1. While this is not 
the absolute total number of ADC publications, it covers the ADC implementations reported 
in nearly all journals and conferences central to the A/D-converter field, and shall for 
simplicity be referred to as the “total” amount here. The number of sources equivalent to 20% 
of the accumulated total at any given time is also shown in Figure 12.1. 

So, how much of the total do I need? Well, it depends on what you’re trying to do. When it 
comes to survey data, I’m a firm believer in “the more the merrier”, but there are tasks which 
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can be done with a fairly small subset. For example, if you want to get an idea of the overall 
trend for one parameter vs. another or just make a quick sanity check. 

Small subsets do have some limitations though. For the subset to function as a reasonably 
generic approximation of the exhaustive set, its data must span roughly the same chunk of 
parameter space, and have similar distribution of values in all dimensions. This is difficult to 
achieve unless you make a random sampling of the exhaustive set. A smaller set also risks 
running out of data, for example when dividing it further according to some parameter such 
as resolution or architecture. 

How quickly will a survey become dated? — I really don’t know. I guess it depends on 
what you wish to study. But we can observe, as in Figure 12.2, how the accumulated total at 
any given time relates to the overall total (here 1708 papers), and what percentage of 
currently available works were yet unpublished at any given time (e.g., at the end year of a 
particular survey). It is seen that approximately 50% of all currently available papers 
(~Q1-2012) were published in the last 8–8.5 years, i.e., after 2003, and almost 30% were not 
yet published in 2007. By the end of 1997, 70% of today’s body of empirical data was still 
unpublished. 

You can use Figure 12.2 to assess how old a survey can be before it’s no longer useful for 
your purpose. Can you make business decisions based on trend estimates where the most 
recent half of the data set is missing? Probably not. Most recent 30/20/10%? If so, you need 
a survey that’s less than approximately 4/3/1 years old. 

It is clear that continuously updated surveys, such as Murmann’s, or the one used by 
Converter Passion/ADMS Design AB are preferable over single-shot attempts, since the 
former allows for continuously updated trend estimations. 

 

Figure 12.2. Paper “yield”. The fraction of current total already published (blue) and yet to be 
published (red) at the end of any given year. 
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12.2  Known ADC surveys 
 

Author Size Years Type What Ref 

Walden 100 ≤ 1994 Both Performance limits, FOM [11] 

Walden 150 1978-1997 Both Performance limits, FOM, jitter, evolution [10] 

Merkel 150 1993-2002 Both Performance limits, SFDR, power, VDD, scaling, 
device, architecture 

[16] 

Le 1000 1983-2004 Parts Performance limits, jitter, cost, architecture, 
no. channels, N 

[14] 

Walden 175 1978-2007 Both Update++ [12] 

Walden n/a 1978-2008 Both Update [13] 

Murmann ~260 1997-2008 Sci Performance limits, VDD, scaling, FOM, 
evolution 

[15] 

Jonsson 1400 1974-2010 Sci Performance, VDD, scaling, FOM, evolution [18] 

Jonsson 1100 1976-2010 Sci Performance & FOM vs. CMOS scaling, 
evolution 

[17] 

Fuiano 5540 1970-2010 Sci Data-converters, research/patent correlation [87] 

Jonsson 1400 1974-2010 Sci Energy/sample by architecture [24] 

Jonsson 1500 1974-2011 Sci Area efficiency by architecture [88] 

Murmann ~350 1997-2012 Sci Online survey data [89] 

Jonsson 1700 1974-2012 Sci Performance, VDD, scaling, jitter, SFDR, FOM, 
evolution 

[90] 

Table 12.1. Known ADC surveys. 

12.3  About the surveys 

12.3.1  Walden 
The “mother of all ADC surveys”, and the most frequently cited of all, is the pioneering work 
by Walden [10] where 150 scientific and commercial ADCs were analyzed, and performance 
trends were extracted. An earlier version was published already in 1994 [11], but this 
extended work became “The Walden Survey” to most of us. Although the 150 source 
documents originated from a mix of commercial and experimental designs, the Walden 
survey had a size equivalent to 30% of all scientific publications available at the time. The 
methods introduced in [10] are still useful, but Figure 12.1 and Figure 12.2 suggest that the 
trends extracted in [10] are unlikely to be valid and applicable today. At least they would have 
to be confirmed using more recent data. Two updated versions of the survey were published 
in 2008 – one covering 175 ADCs and data until 2007 [12], and one with an unspecified 
survey size and data until 2008 [13]. It is unclear how the 175 converters included in [12] 
were selected. During the time from Walden’s classic survey to 2007, the academic output 
alone generated another 715 new sources – commercial parts not counted. The +25 
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increase in source data therefore seems surprisingly incremental. Still, some of the results in 
[12] align very well with Converter Passion data, so apparently it was a carefully chosen 
subset. 

12.3.2  Merkel & Wilson 
Merkel and Wilson surveyed 150 commercial and scientific ADCs with specifications suitable 
for defense space applications [16]. Their data appear to span from 1993–2002, and the 
selection criteria for inclusion in the survey was a sampling rate fs ≥ 1 MS/s, and nominal 
resolution N ≥ 12 bits. The paper does not reveal the mix between scientific papers and 
commercial parts, but gathering 150 sources must have been quite an effort by the authors. 
The total scientific output matching these specs and the time period is no more than 81 
papers, and only 59 in the two sources (ISSCC, JSSC) the authors mention as primary. An 
additional minimum of 69–91 commercial parts must have been included to reach 150 
sources. It is therefore assumed that the Merkel & Wilson data set was close to exhaustive 
for the spec range surveyed, and exhaustive data sets are always applauded here at 
Converter Passion. 

The analysis and discussion itself is geared towards the stated application and focused on 
linearity (SFDR) to the extent that noise parameters are not treated at all. Power dissipation, 
supply voltage, speed, device type, scaling and architecture were observed. 

12.3.3  Le, Rondeau, Reed & Bostian 
An enormous data set, covering nearly 1000 commercial ADC parts from 1983–2004 was 
used in the survey by Le, Rondeau, Reed and Bostian [14]. As a comparison, the scientific 
output from the same years (not included in their survey) is 900 papers. The work is firmly 
rooted in the Walden tradition, but also considers parameters such as the number of 
channels per package and cost vs. performance. Additionally, the treatment separates the 
data by architecture, which adds an interesting extra dimension. Because of the larger 
volume and time span of the data set, part of the focus is to establish differences between 
this work and the classic Walden paper. Unfortunately, some exponentially improving 
parameters were plotted along linear axes, which makes many results from the survey 
difficult to see or interpret. Nevertheless, the contribution by Le et al. is a gigantic work and a 
key reference. 

12.3.4  Murmann 
The survey by Murmann [15] is a significant recent contribution to the analysis of empirical 
performance data. It covers approximately 260 scientific ADCs reported 1997–2008 at the 
two conferences VLSI Circuit Symposium and ISSCC. The work analyzes ADC performance 
trends with a focus on energy per sample and signal-to-noise-and-distortion ratio (SNDR). 
The impact of process and voltage scaling is considered. If you don’t have this paper 
already, you should definitely head over to IEEE Xplore and get it right now. 

Murmann’s survey has further benefits in that it is continuously updated and the data set is 
available online [89]. The latter opens up a lot of possibilities for anyone wishing to analyze 
the data in their own way, and makes the survey a very important contribution to the field. It 
currently includes around 350 sources. 

© ADMS Design AB  http://www.admsdesign.com 



A/D-converter performance evolution | Doc No: T-13:001 | Rev: 1.1 | Date: 2013-01-07 39 
 

12.3.5  Fuiano, Cagnazzo & Carbone 
A rather different angle is taken in [87], where Fuiano, Cagnazzo and Carbone use survey 
data to analyze the correlation between scientific literature and patent activity. Compared to 
more “Waldenesque” surveys, this is a rather different animal. It nevertheless appeals to me 
as it illustrates an attempt to mine large amounts of survey data for something more unusual 
than ENOB, fs and FOM. 

12.3.6  Jonsson 
The ADMS Design data set used at Converter Passion has also been used in five scientific 
papers, of which four are “surveys”: 

• ADC trends and performance evolution over time was analyzed in [18]. 

• The impact of CMOS scaling on ADC performance was empirically analyzed in [17]. 

• ADC architectures were compared with respect to energy efficiency in [24]. 

• Area-efficiency of ADC architectures was surveyed in [88]. 

The largest survey for which this data set has been used so far is the recently published 
Converter Passion article [90] of which this document is a slightly edited copy. 

12.4  Other survey-related literature 
A few other prior publications that are “survey-ish”, or otherwise use a large set of empirical 
data for their analysis are listed here: 

• Vogels and Gielen used a multidimensional regression fit to derive an ADC power 
dissipation model/FOM based on ≥ 70 empirical data points divided by architecture 
[91]. A similar approach was recently used by Verhelst and Murmann to analyze 
power dissipation and area vs. scaling based on Murmann’s data set [92]. 

• Sundström, Murmann, and Svensson derived theoretical power dissipation bounds in 
[23], and used the Murmann set to compare theory with empirical reality. 

• In [25], the author illustrated how the quality of a figure-of-merit (FOM) can be 
assessed by testing it against a large set of empirical data. 
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