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Abstract

Moore’s law is evident in the fantastic success of the
microprocessor, the variety of inexpensive RF devices, and
wide range of tiny radios and phones now available. On the
other hand, mixed signal devices, like data converters seem
to have fallen behind the Moore-like growth of their
semiconductor counterparts. An analysis of data converter
performance, considering both bandwidth and resolution,
indicates radio architectures are historically uncorrelated
with data converters of the same time period. Data
converters, which are generally fabricated from two distinct
semiconductor materials, diverge from Moore’s law;
however, we illustrate a clear connection between particular
engineering personalities and data converter trends. Two
generational and professional engineering styles are
discussed as b-type and r-type personalities—bandwidth and
resolution. Bandwidth and resolution are controllable
variables from a semiconductor fabrication stance, and
bound a link’s theoretical information capacity—Shannon’s
theory. Analog-to-digital and digital-to-analog converters
(ADC and DAC, respectively) are judged by bits of
resolution and sample rate. Taken individually, digital logic
and analog RF have experienced exceptional growth, but
together have underperformed. The performance predictions
of Moore’s law state that the density of transistors in an
integrated circuit doubles every 18 months, which inversely
relates to speeds; however, data converters haven’t adhered
to that log-linear performance—converters appears
uncorrelated at first glance. Recent developments in parallel
signal processing devices, such as the Virtex series FPGA
from Xilinx, have stimulated the converter market to make
up for lost time, but stylistic preferences are strong. A
generational and occupational model reveals allegiances on
both sides of the resolution-bandwidth divide. Ultimately,
we clarify and define these biases, reveal their roots, and
confirm their impact.

I. Introduction
Data converter performance lags behind the fantastic
advancements of its two subsystems—analog RF and high

speed digital semiconductors. Moore accurately predicted
the trends in transistor densities in 1965 [1]; nevertheless,
composite mixed signal semiconductor technology
underperforms. Trends in RF integrated circuits reveal that
the analog portion in a converter historically trails available
RF specific devices, and digital circuitry reveals a similar
unbalance. The lagging performance of mixed signal
devices is analyzed from a unique angle—engineering
trends forged from the microprocessor success.

The versatility of application and predictable
performance growth of the microprocessor, and subsequent
application specific DSP, have broadly influenced the data
converter market and thus performance—independent of
converter’s unique technological potentials and/or
limitations. More recent parallel processing devices, like the
field programmable gate array (FPGA), have influenced the
ADC and DAC market with evident converter performance
spikes and performance increases.

The balance of this paper looks at: a quick back
ground on transistor densities, RF semiconductors trends
and related performance benchmarks to quantify our
assumptions, section Il. Then in section I, microprocessor
developments are compared against data converter trends to
graphically reveal their relationship. Section 1V discusses
current  state-of-the-art converters, and the field
programmable gate array’s (FPGA) role in recent data
converter performance gains. A very general personality
profile is formed in section V, which will aide the reader to
identify his/her bias toward R or B type decisions—
resolution or bandwidth. We look at a case study of two
hardened R and B type engineers and discusses their
approach to solving the same technical problem, from very
different angles. Finally, we briefly review the various
conclusions and present the unexpected results.

11. Digital Logic and RF semiconductors
Transistor densities and clock speeds in digital logic
semiconductors have increased year to year as predicted by
Moore; similarly, RF silicon devices have decreased in size
and price, while increasing in frequencies, albeit at a slower
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pace. Not unexpectedly, combining two unique and
dissimilar semiconductor technologies—analog and digital,
results in a slower development cycles. This is a reasonable
result since research monies advancing digital logic, and
similar investments into RF semiconductors, has provided
healthy returns on investment. Unfortunately, converters
have gone casually along the middle-ground between its
analog and digital counterparts. The potential performance
of converters is put into perspective by developing weighted
formulas to quantize the individual performance of digital
and analog semiconductors, independently. The figure of
merit for RF integrated circuits (ICs), analyzes the Noise
Figure (F), Bandwidth (BW), and power consumption (P) to
quantize performance. We combine these values into a
single figure that balances contribution of each.

Noise Figure: is the ratio of input SNR over output
SNR. A noiseless device has a 0 dB noise figure, while a
good quality, low noise amplifiers has a 2 dB noise figure.
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Bandwidth: is the range from lowest to highest frequencies
for specified operation, where the input to output signal
undergoes no (or minimal, i.e. -3 dB) distortion.

BW =20-log(f (2.2)

upper fIower)
Combining these equations we arrive at a figure of merit:

wr = 2%

= (23)

The figure of merit, MF, helps us develop a general formula
for a hard to parameterize analog technology.
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Figure 2.1 Amplifier bandwidth (y-MHz) over time(x-year).

Digital electronics are measured against only toggle rates.
While power consumption and cost are significant, they
distract from our goal of identifying potential growth due
available technology. Core clock frequency establishes a
logic fabric boundary, and the log function allows for
clearer graphical illustration.

f, =20-log(f) (2.4)
Both figures 2.1 and 2.2 use a log scale for the y axis,
illustrating analog bandwidth and digital logic toggle
frequencies, respectively [2]. As an example, in 1976,
Analog bandwidths for amplifiers were greater than 50
MHz, and digital logic could toggle at 25 MHz, or 1968
logic toggled at 500 MHz. A Nyquist sample rate for a 50
MHz analog signal is 100 MHz; therefore, it is
technologically feasible that a 100 MHz converter could
have been developed around 1976.
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Figure 2.2 Logic toggle rate, in MHz per year.

Without diving too deep into widely available details of RF
amplifier performance and digital logic speeds, we can get
the general idea that of analog bandwidth, and digital
frequencies grow with time. IT is worth noting that some
milestones in analog or digital technology are reached early,
while not cost effective or reliable, so they have not been
considered, at the authors’ discretion.

I11. Microprocessor — Converter Correlations
Serial processing machines like the microprocessor and
DSP have helped data converters achieve early
technological milestones, while unintentionally stifling a
‘Moore’s law’ like logarithmic growth later on. The enemy
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of great is good enough. Specifically, ADC and DAC
performance was furthered as a result of the fantastic
developments in semiconductor technology fueled by the
MiCroprocessors SUCcess.

When the 4004 Microprocessor hit the market in
1969 with a 4 bit bus and 108 KHz clock rate, converters
were uniquely military, hardwired to hardware, and
substantially faster than 4004 could manage. W.ith the
8080’s release in 1974, the bus width increased to 8-bits and
the operating frequency was 2 MHZ. The converter market
was still incompatible with the microprocessor. The leading
converter in 1974 was the AD7570 with 10-bit resolution
and 50 MHz conversion rate. Clearly, the bus widths were
incompatible and the converters operating frequency was 25
times faster than the processors’. We see that data
converters had too much resolution and too high data rate
for the general microprocessor to manage.
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Figure 3.1a Microprocessor CPU speeds follow a log-linear
curve, as predicted by Moore.

The famous 8086 microprocessor was released and widely
adopted in 1978, sporting a 16 bit bus and 4.47 MHz clock.
Bus resolution was now sufficient, and many lower
frequency converter operations became manageable. The
8086’s was widely accepted and software tools were
quickly developed around the General Purpose Processor’s
(GPP) success. Consequently, computer aided design, and
automated manufacturing were facilitated and led to rapid
developments that further increased clock speeds and
transistor densities. By 1985 the bus widths had expanded to
32-bits and processor clocks reached 33 MHz. A short time
later in 1989, the clock frequencies surpassed 100 MHz.
Following this log-linear growth trend to recent technology,

the Pentium 4 operates with a 32 bit bus at 3 GHz internal
clock rate.

We should also mention that around 1982, while
the speed of the GPP was 4.42 MHz (8086), the application
specific digital signal processing (DSP) chip entered the
data processing market. Differing from the microprocessor,
which could perform a variety of General Purpose Processes
(GPP), the DSP was specifically designed to multiply and
accumulate (MAC), which is the main function in DSP.
Figure 3.1b illustrates the performance of the DSP ASIC
from 1982 to 2003 [3]. While the GPP required several
operations (4-16) to access data and cached coefficients,
then multiply them and accumulate (MAC) the results, the
DSP’s pipelined architecture performed the MAC operation
in only 1 or 2 clock cycles—a 4 to 16 fold advantage.
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Figure 3.1b DSP benchmarks from 1982 to 2002, are very
similar to Intel GPP performances, divided by 4-16.
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Figure 3.2 Converter trends spanning 1984-2002. Y-axis is
resolution in bits; x-axis is sample rate in MHz.
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As previously mentioned, early converter bandwidth’s far
exceeded the GPP throughput capacity. Even 2™ generation
devices like the 8086, with a 16 bit bus and core frequency
of 4.47 MHz, trailed the concurrent MOD-815 and the
MOD-1020 ADCs with their 15 MHZ and 20 MHz data
rates, respectively. Considering the processing cycles
required to compute even a minor filtering operation, the
8086 was 4 to 64 times deficient in processing capability.
Figure 3.2 illustrates some converter development trends
regarding resolution and sample rates from 1984 to 2002.
Superimposing analog, digital, CPU and converter peak
performances on a log axis graph, figure 3.3 helps contrast
the  technological advancements. The  graphical
representations are: analog bandwidth—blue diamonds;
digital logic—magneta dots; converter performances—red
line with black circles; and DSP and microprocessor
performance—green line with yellow triangles.
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Figure 3.3 Analog, Digital, CPU clock speeds and
Converter speeds, 1968 to 2004.

An additional 3" dimension helps conceptualize
the resolution and sample rate relationship over time. We
gain insight into converter trends from figure 3.4’s scatter
like illustrations, color coded by decade (70’s-blue, 80’s-
red, 90’s-magneta, 2000’s-cyan). In addition, the 3D points
are collapsed to the back wall (removing resolution
information), and the DSP performance curve is
superimposed in bold-green.

In a final push for clarity, a log scale comparison
of DSP performance (and similar GPP, CPU performance)
versus converter bandwidths in illustrated in figure 35.
Particularly clear is the performance lag of 10-100 times or

10-15 years. This performance lag illustrates the historical
disconnect of processors and converters.

DSP Frequency vs Sample Rates 1969 - 2004

Resolution, bes

Figure 3.4a and 3.4b illustrates resolution and sample rate
versus year, with a collapsed to 2D view on the back side,
superimposed by the DSP performance (green).

A quick tangent is needed here to formulate a computational
rule of thumb for comparative analysis. We will assume that
our signal processing task, against which all are processes
will be compared, is a 16 coefficient FIR filter. The
appropriate equation is

3.1

s
CMAC Ntaps

Where f,, is the GPP clock rate, Cpy is the Computational
load for a single Multiply and accumulate operation (MAC).
Niaps IS the number of taps, or the number of MACs and f, is
the maximum converter data rate or sample rate.

LT Lo

. BT (3.2)
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