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Abstract

The unique phenomenology of transducers compli-
cates designing the interface of the transducer-to-
pico-network protocol. This paper will explore the
methodologies and issues involved in the design flow
of a mized-signal microchip through a sensor-to-
pico-network design example that has been fabricated
in the AMI 0.5um process. The design methodolo-
gies include a careful decomposition between the dig-
ital and analog sections, as well as between the indi-
vidual analog blocks, which decreases time-to-market
and enhances design reuse. The fabricated design
includes a 4—20mA receiver, a second-order Sigma-
Delta Modulator, fourth-order sinc filter, and an SPI
block.

I. Introduction

The design of the transducer-to-digital-pico-
network interface is a difficult and complex task, pri-
marily because the phenomenology of the transducer
is generally not well characterized over electrical and
atmospheric (temperature, pressure, humidity, etc.)
variations. In contrast, the digital pico-network or
LAN protocol is generally well defined in a specifica-
tion, such as IEEE 1451 [1]. For our discussion, we
will assume that a sensor generates an analog electri-
cal signal that we wish to send over a digital network.
This topology has a large variety of practical applica-
tions where size, power, or weight constraints merit a
single chip design solution and include wireless au-
dio acquisition, blimp mounted video surveillance,
and remote environment monitoring all via a wire-
less connection to a self-configuring pico-network.

Our design example is know as the Nautilus chip,
which is an integrated microchip solution for receiv-
ing a standard 4 — 20mA analog communications
protocol, converting the received analog to 16 — bit
digital words, and transmitting the digital words on
a standard SPI (Serial Peripheral Interface) pico-
network connection. The ADC (analog-to-digital
converter) uses a second- order Delta-Sigma A/D
topology and is followed by a third-order sinc fil-
ter. The SPI core transmits the 16-bit digital words
across a standardized, fully configurable SPI serial
interface as 16-bit/8-bit data. In addition, the SPI

core can receive data for the ADC, such as filter co-
efficients. The chip was fabricated through MOSIS
on AMT’s 0.5um process.
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Fig. 1. Nautilus Chip Block Diagram.

II. Design Flow

This paper will follow the methodologies and is-
sues involved in the design flow shown in Figure
2. At the top, we begin with a behavior model,
such as VHDL-AMS, of the top-level system. This
model is interactively simulated and developed. Ob-
viously, the most important part of this model will
be accurately capturing the interfaces between the
blocks and then ensuring the actual produced design
meet these interface specifications. In addition, this
model should lend directly to initiating the design
of the VHDL for the digital sections.
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Fig. 2. Integrated Mixed-Signal Design Flow Diagram.

Once the top-level model had been solidified, the
mixed-signal design can be broken into the analog
parts and the digital parts. Both the digital section
and the analog section are also interactively simu-
lated and developed. The digital section is developed
with behavioral models in VHDL, while the analog
section is developed at transistor-level with schemat-
ics. Once these designs are solidified, the digital
design goes to layout through an automated syn-
thesis path. In contrast, the analog design goes to



the physical layer through full custom layout, which
can then be extracted with parasitic passives devices
for re-simulation. Finally, the synthesized layout is
inserted into the full custom layout. This final top-
level physical representation of a complete system is
usually too complex to extract and to simulate at
the transistor level, so special mixed-mode simula-
tion tools exist to simulate the digital designs with
behavior model in tandem with simulating the ana-
log sections with approximations of the full transis-
tors models. These mixed mode simulations are pri-
marily intended to prove functionality, rather than
detailed performance.

In our design example, the digital blocks of the
mixed-signal chip were designed as a reusable core
to aid in future projects. These digital designs were
initially developed and tested in behavioral VHDL
using Mentor raphics Tools. This description was
then ported to the behavioral VHDL subset sup-
ported by the Alliance Tools in order to use their
free logic synthesis and automatic place- and-route
tools. The analog section design, simulation, and
layout, as well as top-level layout, were done in the
Cadence Toolset.

III. n log First

The first step in a mixed-signal design is to fix
the resolution that is to be acquired from a sen-
sor or sent to an actuator, which will constrain the
choice of A/D or D/A, respectively. Since the de-
sign methodology for a D/A with actuator is similar
to the sensor with A/D case, we will only consider
the latter. The next step is to specify the interface
between the A/D and the sensor signal conditioning
electronics. For example, we may specify the input
range of our A/D. Then, the full output range of the
signal conditioning should be a subset of the input
range. This subset must balances a trade-o be-
tween keeping the output range wide enough not to
waste resolution of the A /D and narrow enough that
manufacturing variations in the sensor and analog
electronics will not cause a misalignment between
the sensor output and the A/D input, and thus a

dead-zone in the sensor.

This decoupling of the A/D input and signal con-
ditioning output is essential for moving the project
forward more quickly. The design of the A/D can
start once this interface has been specified and is
independent of the exact choice of sensor or its in-
dividual phenomenology. In parallel, a particular
sensor can be chosen and characterized without im-
peding the rest of the design flow. The sensor signal
conditioning can begin to take form as soon at the
interface is specified and can congeal more fully as

the sensor phenomenology is explored.

A c r

The analog section of our mixed-signal chip senses
an incoming current and converts its magnitude to
a digital format. Specifically, we have designed a
receiver for a standard 4 — 20mA current loop and
a second-order Delta-Sigma A/D to generate a dig-
ital pulse density stream of the data on the current
loop. e chose the standard 4 — 20mA current loop
as our sensor data because its electrical signal be-
haves like sensor data which we can explore for its
design methodologies without the overhead of uncer-
tain sensor phenomenology.

Fig. . 2 ecei er Schematic.

The 4 — 20m A receiver is a simplified version of a
topology developed by Burr- Brown [2] and is shown
in Figure . The transfer function for the 4 —20mA
receiver is given by Equation 1 and Equation 2. As
shown by Equation 1, can be adjusted to cen-
ter the range of the receiver’s output within the
A/D’s input range. If is made to be tunable,
then each individual receiver can be tuned within its
assembled 4 — 20m A system to account for inconsis-
tencies in the sensor input or analog block fabrica-
tion.

-— (1)
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Our chip’s A/D design is a second-order Delta-
Sigma Modulator (DSM) A/D whose output is to
be decimated to 16 — bit resolution. A DSM was
chosen because of its high resolution, low die area



consumption, and unique tolerance to fabrication
process variations. Also, using a DSM forces the
use of digital filtering, which can be used to cor-
rect a spurious response that might be found in the
analog section as the design progressed. If other
A /D topologies su ered this problem during design,
a separate DSP would have to be added to correct
spurious response this addition would represent a
major change in the design specification and seri-
ously impact time-to-market. Our design for the
DSM was developed by combining aspects of a third-
order DSM by ohns  Martin [ | and a second-
order design discussed by Mandyam [4], as well as
general topological considerations from Boser [5] and
Shenoi [6].
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Fig. . Second- rder Delta-Sigma Modulator Schematic.

e chose a single-ended design because it is suffi-
cient to explore design methodologies involved with-
out the being encumbered by the design overhead of
a fully di erential architecture. e use a D-flip-flop
as a single bit quantizer, which will guarantee lin-
ear quantization. Our DSM is designed with the AC
ground at a mid-rail bias voltage of . Thus the
feedback voltage is actually midway between a rail
and , which minimizes the maximum quantiza-
tion error. e choose an over-sampling rate ( )
of 128. This topology yields a theoretical maxi-
mum signal-to-noise ratio ( ) of 100.2
(just over 16.5 bits), which is a 4.6  increase in

compared with the same design choices
using a first-order modulation scheme. It might then
seem natural to use an even higher-order topology,
however third- order and higher topologies have di-
minishing returns for and do not have
guaranteed stability [ ].

In our design in Figure 4, the switched-capacitor
structures each form a delaying non-inverting inte-
grator. Thesignals 1and 2 are a non-overlapping
clocking pair, as are 1 and 2 . The signal 1
is a slightly delayed version of 1, which helps atten-
uate signal feedthrough [4]. Assuming ideal integra-
tion, the signal transfer function (STF) is given in
Equation , while the noise transfer function (NTF)
is given by Equation 4. Of course, the pulse density
stream (PDS) must be converted into 16 — bit words
by a decimation filter, which will be discussed in the

next section.
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Also in a parallel design path to the analog blocks,
the digital sections can be developed. Once an auto-
mated synthesis path from VHDL to layout has been
set-up and proved for the project, the digital blocks
can be re-designed and re- simulated in VHDL, with
features being added and dropped, up until the ex-
act time that all of the blocks need to be finished
for top-level integration. In stark contrast, simu-
lation of analog blocks is more complex and takes
longer than their digital counterparts. Even small
changes in the design during the simulation phase
force the designer to re-simulate all of the analog test
benches, which may significantly delay the schedule.
And once custom analog layout has been started,
changes in the design will cause the schedule to suf-
fer an even more serious penalty. iven this insight,
it should be apparent that the design of the analog
blocks of a system of our topology would dictate the
schedule. The analog designs will take the longer
to complete, and thus their interfaces and specifica-
tions need to be decided first. Then each analog and
digital block can be designed in parallel. In fact, as
inherent weaknesses are found in the analog blocks
during their design, often features can be added to
the digital sections to compensate, such as changing
a digital filter to flatten a passband that had been
skewed by an analog block.

I . Digit 1 Design in

A c at tr

The decimation filter section of our chip takes the
pulse density stream provided by the A/D as an in-
put. It then decimates the clock rate by a factor of
128 and yields a 16 — bit value as an output. The
16 — bit output value is finally passed to a bu er
which can be read by the SPI unit at any time. To
achieve this decimation, we implemented a fourth-
order sinc filter based on a design by Hogenauer [ ].
The sinc filter was chosen for its inherent implemen-
tation stability, requiring only digital adders instead
of multipliers and adders.

Our design modified the design example by
Hogenauer to take a bit stream input instead of a
16 —bit input. Our design uses 16 — bit wide columns
of integrators and comb filters to do the decimation.
Each integrator column is comprised of 4 4 — bit
carry-look-ahead adders tied together to create a
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Fig. . Decimation Filter Block Diagram.

16 — bit adder which takes the previous value (stored
in a register) and adds the new input. Similarly the
comb-filter columns are made of four, 4-bit comb
filters with a di erential delay of one. The pulse
density stream (our input) is placed on the least sig-
nificant bit of the first column of integrators.

C

The SPI is essentially a three-wire serial bus for
eight or sixteen bit data transfer applications. The
three wires carry information between devices con-
nected to the bus. Each device on the bus acts simul-
taneously as a transmitter and receiver. Two of the
three lines transfer data (one line for each direction)
and the third is a serial clock. Some devices may
be only transmitters while others only receivers [8].

enerally, a device that transmits usually possesses
the capability to receive data also.

Fig. . S I Block Diagram.

All lines on the SPI bus are unidirectional The
signal on the clock line (SCL ) is generated by
the master and is primarily used to synchronize
data transfer. The master-out, slave-in (MOSI) line
carries data from the master to the slave and the
master-in, slave-out (MISO) line carries data from
the slave to the master [ ], [10].

li ingt e Design ier rc

A rtect

Another separate parallel design path is the col-
lection of cells for the chip’s pad frame, which typ-
ically includes the ESD protection. Almost with-
out exception, the ESD protection cells must be de-
signed through trail-and-error, then tested and doc-
umented. These cells rarely conform to the layout
design rules and cannot be simulated, since ESD is

not accurately modeled. As was the case in our de-
sign example, often the foundry will provide these
cells to encourage designers to use their process, and
also since they will be the most knowledgeable about
their process and how design rules may be violated
and still produce reliable silicon.

A consequence of using irregular cells that do not
pass the design rule check (D C) is that, although
an automatic comparison of the top-level layout to
top- level schematic should be possible, it will not
be possible to fully check the top-level design for de-
sign rule violations (D Vs). The best alternative is
to run the D C on the padframe alone and then on
the actual system layout (with routing to the pad lo-
cations) alone, and finally on the combined top-level
chip. Assuming that the system layout hasno D Vs,
then the D C on the padframe and the complete
microchip should have the same number of D Vs.

hile this method is not without fail, most other
options, such re-writing the D C database, will only
mask the D Vs, which will in fact still exist they
are only known not to be an issue because the ESD
cells have already been fabricated and tested.

In addition to getting ESD structures from out-
side sources, the VHDL for some of these digi-
tal sections may be purchased or acquired for free
from various repositories of digital IP, including
foundries, design houses, microchip manufacturers,
and universities. Often microchip manufacturers
will give away VHDL IP to allow designers to create
an FP A/ASIC that will interface with their mi-
crochips, which is often true with network protocol
chips. Thus, the VHDL for the entire network pro-
tocol section may be readily available for synthesis,
thus expediting design.

st ta ct S

Before any digital section is synthesized those sec-
tions where speed is of concern should be identified
for special treatment. If a regularly used composite
function is causing the speed concern, a custom leaf-
cell can be created to perform the function then in-
cluded in the synthesis library. However, often spe-
cific blocks or sub-blocks will be causing the speed
concern. These blocks should be treated and laid
out like analog blocks, although the standard digital
block pitch should be maintained to facilitate their
interface with the rest of the digital section.

s at t rat

Once the digital sections have been synthesized,
they will have to be spliced together with the analog



sections in the top-level layout. enerally, this is
done in the same tools as the custom analog lay-
out. The most notable issues in this co-location
stem from a variety of noise injection sources, to
which some analog sections will be sensitive. These
sections should be carefully isolated from the noise
sources. One source of noise injection found in bulk
processes is substrate noise. Transistors, and espe-
cially those having signals with (digital) secondary
higher frequency spurs, can inject high frequency
noise into the substrate. In bulk processes, where all
NMOS transistors share a common substrate, this
noise source can easily perturb reference voltages
beyond their required accuracy. Surrounding noisy
blocks (or noise-sensitive blocks) with guardrings
may lessen the disturbance to (from) nearby blocks.
However the guardrings do not completely pene-
trate the bulk, so noise will still travel under the
guardrings, although the impedance seen by noise
to nearby blocks is increased. Since noise will travel
under the guardrings, carefully developing the mi-
crochip’s floorplan to keep noise sources and noise-
sensitive blocks apart becomes critically important.

Another source of noise is crosstalk between elec-
trical conductors, including the substrate, although
usually considered between metal lines. AC signals
on one conductor can inject noise into another con-
ductor through the parasitic capacitance between
them. Again the most e ective method of dealing
with this issue is careful floorplanning, although in-
serting a DC biased (usually grounded) or floating
conductor between the two conductors of concern
will greatly decrease their parasitic capacitance.

A third noise source that often occurs because of
the co-location of analog and digital block in the
top-level layout is power supply/ground noise. Of-
ten digital blocks are designed with a specified power
supply rejection ratio to deal with power fluctua-
tions. However, most data converters and refer-
ence voltage generators use ground as their reference
point, so ground noise can become a serious issues.

I. onclusions

e have discussed design methodologies and is-
sues specific to transducer-to- pico-network appli-
cations. Our decomposition of the design has re-
sulted in well- specified individual blocks, which can
all be designed in parallel and decrease our time-to-
market. In addition, since we now have well specified
independent blocks, we can more easily reuse them
in future revisions or new designs. If testing of the
first spin of a chip reveals that our expectation of the
sensor phenomenology was inaccurate, our decompo-
sition allows us to only modify the analog front-end

block to re-spin the design. In the same manner,
new designs using entirely di erent sensors can be
quickly developed.

e have presented a design example for receiving
a standard 4 — 20mA current loop signal and trans-
mitting its 16 — bit digital representation on an SPI
pico- network. Our design example has been used to
illuminate the design methodologies and issues pre-
sented in this paper. The discussion of the Delta-
Sigma Modulator has shown the advantage of cre-
ating as much of the design in the digital domain
as possible, where signal processing can be designed
more quickly than in the analog domain with robust
behavior tools and without the issues of fabrication
process variation. These chips have been fabricated
and are presently being test with results pending
soon.

Our design example has shown a methodol-
ogy for getting analog information from/to a self-
configuring network. Already there is a demand for
remote sensors to be able to autonomously connect
to an established network and post data automati-
cally. The network may also respond with instruc-
tions for an actuator at the remote site. The demand
for weather station data and (controllable) traffic
camera video on the Internet are trivial examples
of these sorts of applications. As (remote) wireless
applications continue to become more prevalent, the
need for integrated systems of this sort will dramat-
ically increase.
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