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Chapter 6

Computer-Aided
Circuit Design

This chapter provides an overview
of computer-aided design (CAD) for
electronic design and PCB layout.
These tools enable the hobbyist to
harness some of the circuit simulation
power employed by professional
electronic and RF engineers in the
product and system design cycle.

Material originally contributed by
David Newkirk, WOVES, addresses
generic circuit simulation tools. Dr
Ulrich Rohde, N1UL, surveys issues
associated with linear and nonlinear
RF simulation and contributes
three extensive papers on the
accompanying CD-ROM. Dale Grover,
KD8KYZ, presents a comprehensive
introduction to the use of PCB design
and layout software.

The purpose of this chapter is
not to provide detailed instructions
for using any particular software
package, but to explain the basic
operations, limitations and vocabulary
for CAD packages commonly used
by amateurs. This chapter covers
circuit simulators and PCB design
tools. Software to aid design and
analysis in specialized areas, for
example filter design, switchmode
power supplies, transmission lines,
and RF power amplifiers, is covered
in other chapters. Schematic capture
is addressed as an element of both
simulation and PCB design.

6.1 Circuit Simulation Overview

Mathematics can predict and analyze the action of electromagnetic signals and the radio-
electronic circuitry we build to produce and process them. Program an electronic computer
— which, at base, is a generic math machine — to do the radio/electronics math in practically
applicable ways, and you're ready to do computer-aided design (CAD) of radio and electronic
circuits. (Program a computer to do radio-electronics math in real time, and you’re ready to
replace radio-electronics hardware with software, as this book’s DSP and Software Radio
Design chapter describes.)

6.1.1 Hobby versus Professional Circuit Simulation Tools

Professional grade circuit simulation software exists to facilitate the construction of tightly
packaged, highly integrated, no-tweaking-required modern electronics/RF products. These
products work predictably well even when reproduced by automated processes in large quan-
tities — quantities that may, with sufficient marketing success and buyer uptake, exceed
millions of units.

Manufacturers of specialized electronic design automation (EDA) software serve the engi-
neering needs of this industry. Through comprehensive CAD suites, one may proceed from
graphical component level circuit and/or IC design (schematic capture), through simulation of
circuit and IC behavior (often using a variant of the simulator called SPICE, but increasingly
with non-SPICE simulators more fluent in issues of RF and electromagnetic design), through
design of PC board and IC masks suitable for driving validation, testing and production.
Comprehensive EDA CAD reduces costs and speeds time to market with the help of features
that can automatically modify circuits to achieve specific performance goals (optimization);
predict effects of component tolerances and temperature on circuit behavior across large
populations of copies (Monte Carlo analysis); and generate bills of materials (BOMs) suitable
for driving purchasing and procurement at every step of the way.

Demonstration or student versions are available for some EDA CAD products at no or
low cost (see Table 6.1), and a subset of these are especially useful for hobby purposes.
Although these demoware tools come to us with a large-scale-production pedigree, they are
greatly (and strategically) feature-limited. Only a relatively few components, often represent-
ing only a subset of available component models, may be used per simulation. Monte Carlo
analysis, optimization, BOM generation and similar enhancements are usually unavailable.
The licenses for these packages often limits the use of the software to noncommercial applica-
tions. Demoware is intended to drive software purchasing decisions and serve as college level
learning aids — learning aids in college study toward becoming electronics/RF professionals
who will each day work with the unlimited, full versions of the demoware. Freeware versions
of simulation and layout software with considerable power are also available and may also
have some restrictions. In either case, read the licensing agreement to become aware of any
obligations on your part.

The radio hobbyist’s circuit simulation needs are much simpler than the professional. Most
of us will build only one copy of a given design — a copy that may be lovingly tweaked and
refined to our hearts’ content far beyond “good enough.” Many of us may build as much with
the intent of learning about and exploring the behavior of circuits as achieving practical results
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Table 6.1

Some Sources of Freeware/Demoware Electronic CAD Software

Address
www.ansys.com

Source
Ansoft (now Ansys)

Cadence Design Systems

www.cadence.com

Resource

Ansoft Designer SV 2 (schematic, linear RF simulator, planar
electromagnetic simulator, layout [PCB] design), more. No longer
available but older copies of the program may be available

OrCAD 16 (schematic, SPICE simulator, layout [PCB] design)

EAGLE schematic and layout design

GPLed suite of electronic design automation tools

CadSoft www.cadsoft.de

www.cadsoftusa.com
9gEDA www.gpleda.org
Kicad

Linear Technology Corp www.linear.com

http://iut-tice.ujf-grenoble.fr/kicad

GPLed full-function schematic and layout design

LTSpice (schematic, SPICE simulator enhanced for power-system design)

with them. A demoware circuit simulator can
accelerate such self-driven exploration and
education in electronics and RF.

6.1.2 The Design Cycle

The components we use to build real cir-
cuits always operate to the full extent of their
actual properties, regardless of our relative
ignorance of what those properties may be
and how and why they operate the way they
do. No real-world component operates ide-
ally. So it is that we may set out to design,
build and publish an amplifier circuit only
to discover at power-up that we have instead
built a persistent oscillator. Orif the prototype
is an oscillator, that for 3 out of every 100
subsequent reader-builders the circuit does
not oscillate at all!

The electrical and electronic components
available in circuit simulators are only math-
ematical models of real world components
— because every modeled behavior of acom-
ponent is only an approximation relative to
the behaviors of its real world counterpart.
Simulated component characteristics and be-
haviors approach those of real world compo-
nents only as closely as science may allow and
only as closely as the model’s description of
the real world behavior.

Were this chapter a textbook, or part of a
textbook, on computer-aided circuit design,
we might begin exploring simulation by re-
viewing the basics of what electronic circuits
are and do, following this with a discussion
of what computerized circuit simulation is
and how it works. An excursion into the ar-
cane world of active device modeling — the
construction and workings of mathematical
electrical equivalents to the transistors, diodes
and integrated circuits that await us at our
favorite electronics suppliers and in our junk
boxes — might follow. Finally, we might sys-
tematically proceed through a series of simu-
lation examples from the basic to the more
complex, progressively building our store of
understood, trustworthy and applicable-to-
future-work concepts as we go.

But this is a chapter in a handbook, not a
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textbook, and following a sequence of abstract
basics to concrete practice very likely does not
reflect the process most of us have followed,
and follow yet, in learning and using what
we know about electronics and radio. More
realistically, our approach is more like this:
We find ourselves in need of a solution to a
problem, identify one, and attempt to apply it.
If it works, we move on, likely having learned
little if we have not had to troubleshoot. If
the solution does not work, we may merely
abandon it and seek another, or — better, if
we are open to learning — we may instead
seek to understand why, with the happily re-
vised aim of understanding what we need to
understand to make the solution work. Even
if we must ultimately abandon the solution
as unworkable in favor of another, we do not
consider our time wasted because we have
further accelerated our deepening intuition
by taking the initiative to understand why.

There is no smell of burning resistor or
overheated transistor in a simulation. The
placement of components on the screen has
no effect on the behavior of the circuit, so a
high gain stage whose input is too close to
its output will never break into oscillation.
The dc power sources are free of ripple and
noise. These effects and many more can only
be experienced (and remedies learned) by
building real circuits.

Fig 6.1 shows the process by which you
really learn circuit design from concept to fin-
ished project. The first step is to select a type
of circuit and describe what it is supposed to
do—these are the performance requirements.
Forexample, an amplifier will need to achieve
some level of gain over some frequency range.
You may need a certain input impedance and
output impedance. Armed with that informa-
tion, choose a circuit and come up with a
preliminary set of component values by using
pencil and paper or a computer design tool.
This is your design.

Next, simulate the circuit’s performance. If
the result satisfies your performance require-
ments, you can move to the next step. If not,
change the circuit in some way (or change
your requirements) until you are satisfied.

Design

Compare Simulate

Build

QS0912-HORO1

Fig 6.1 — Getting the most out of circuit
simulation requires that you compare
what the simulator predicts with how the
actual circuit behaves.

Now build your design as a real world
collection of components and verify that the
circuit works. This is where the real fun be-
gins as the effects of construction and actual
component variation take effect. Are you
done? Not yet!

To soak up every bit of design experience
and know-how, go back and compare your
actual measured performance to what the
simulator predicted, particularly near the lim-
its of the circuit’s function. Look for design
sensitivities by substituting different parts or
values. If the circuit’s behavior diverges from
the simulator’s predictions, now is the time
to take a closer look. You may not be able to
say exactly why differences are present, but
you’ll be aware they exist.

This continual design cycle simultaneously
builds your knowledge of how real circuits
and components behave, how your simulation
tools work, and — most importantly — the
circumstances for which the two are likely
to be different.

The CD-ROM that comes with this book
includes a number of design examples devel-
oped by the original author of this section,
David Newkirk, WOVES. In these examples,
he creates real world circuits, simulates their



behavior, compares it to actual performance,
and explains why there are differences. Laterin
this chapter, a section by Ulrich Rohde, N1UL,
discusses the differences among the different
types of simulation tools used at RF — there
are even differences among the different tools!

6.1.3 Schematic Capture and
Simulation Tools

Almost any circuit-simulation program or
electronic design automation (EDA) suite that
uses schematic circuit capture can serve as a
first rate schematic editor. (See Table 6.1)
Although demoware component library limi-
tations usually restrict the types of compo-
nents you can use — in CAD-speak, place
— in a design, part count limitations usually
operate only at simulation time. Restrictions
in physical size of the output drawing and
layer count will likely apply to whatever lay-
out design facilities may be available. After
all, the main purpose of demoware is to let
students and potential buyers taste the candy
without giving away the store.

Excellent simulation-free schematic cap-
ture and layout design products exist, of
course. The schematic style long standard
in ARRL publications comes from the use
of Autodesk AutoCAD, a fully professional
product with a fully professional price. Long
popular with radio amateurs and professionals
alike is CadSoft EAGLE, a schematic capture
and layoutdesign productavailable in freeware
and affordable full version forms. You caneven
export EAGLE schematics to a SPICE simula-
tor and back with Beige Bag Software’s B2
Spice (www.beigebag.com). The full function

CAD Software and Your Computer’s
Operating System

The OrCAD 16.0 and Ansoft Designer SV 2 demoware packages used in this
chapter, and most other CAD products you're likely to use, are compiled to run under
Microsoft Windows. So what if you want to run RF and electronics CAD software under
Linux or on the Mac?

You're in luck. EAGLE schematic and layout software is available in native versions
for Windows, Linux, and the Macintosh. The GPLed EDA application suite, gEDA, are
primarily developed on Linux, but are intended to run under, or at least be portable to,
POSIX-compliant systems in general. The GPLed schematic and layout editor Kicad
runs natively under Windows and Linux, and has been tested under FreeBSD and
Solaris. Further, the great strides made in the Wine translation layer (www.winehg.
com/) allow many applications written for Windows to run well under the operating sys-
tems supported by Wine, including Linux and the Macintosh.

MicroSim DesignLab 8 (a widely distributed precursor to OrCAD 16 that can run all
of the SPICE examples described in this chapter) and Ansoft Serenade SV 8.5 (a pre-
cursor to Ansoft Designer SV 2) can be run in Wine under Linux with few artifacts and
their expected schematic capture and simulation capabilities intact. Cursor handling in
OrCAD 16 installs under Wine readily enough, but cursor handling artifacts in its sche-
matic editor, at least in the computers tried, seems to preclude its use under Wine for
now. Ansoft Designer SV 2 installs but does not properly start.

All things considered, however, especially as Wine and CAD applications continue to
strengthen and mature, running your favorite Windows based applications under Wine
is well worth a try. You may also consider purchasing an inexpensive used computer
that runs one of the later versions of Windows, such as XP, and dedicating it to running

the simulation

freeware schematic and PCB layout applica-
tion Kicad and the EDA suite gEDA come to
us from the open source community.

The basic drawing utility included with
your computer’s operating system, such as
Paint which comes with Windows, can also
serve as a limited do-it-yourself schematic
capture tool. The ARRL also provides a
limited set of schematic symbols that can

6.2 Simulation Basics

This section is a collection of notes and
illustrations that address various important
circuit simulation concepts. In this section,
conventional SP/CE notation and vocabulary
are used unless specifically noted differently.
Not all simulation tools use exactly the same
words and phrases to label and explain their
features. When in doubt, refer to the soft-
ware’s user manual or HELP system. There
are a number of excellent textbooks about
using SPICE-based simulators Widely used
simulation tools almost always have online
communities of users, all of whom were be-
ginners once, too. Joining one of these groups
is highly recommended.

Simulation tool users groups frequently
develop and maintain a library of tutorials,
Frequently Asked Questions (FAQ), acces-
sory programs and utilities, even models and
complex circuit models. Before you ask ques-
tions, consult the available resources, such as
searchable message archives, to see if your

question has been answered before — it usu-
ally has! The other users will appreciate your
diligence before asking the entire group.

6.2.1 SPICE — History

SPICE — Simulation Program with
Integrated-Circuit Emphasis — originates
fromthe Electrical Engineering and Computer
Sciences Department of the University of
California at Berkeley and first appeared
under its current name as SPICE] in 1972.
“SPICE,” write the maintainers of the offi-
cial SPICE homepage at http://bwrecs.eecs.
berkeley.edu/Classes/IcBook/SPICE “is a
general-purpose circuit simulation program
for nonlinear dc, nonlinear transient, and lin-
ear ac analyses. Circuits may contain resis-
tors, capacitors, inductors, mutual inductors,
independent voltage and current sources, four
types of dependent sources, lossless and lossy
transmission lines (two separate implementa-

be used with PowerPoint at the Hands-On
Radio web page, www.arrl.org/hands-on-
radio. Cutting, copying, moving and pasting
components snipped from favorite graphical
schematic files and adding new connections
as graphical lines is enough to create a picture
of the schematic but without any of the un-
derlying tools or facilities of a true schematic
capture tool.

tions), switches, uniform distributed RClines,
and the five most common semiconductor
devices: diodes, BJTs, JFETs, MESFETsS, and
MOSFETs.”

That SPICE is “general-purpose” does
not mean that its usefulness is unfocused,
but rather that it is well established as a cir-
cuit simulation mainstay of comprehensive
power. A wide, deep SPICE community ex-
ists as a result of decades of its daily use,
maintenance and enhancement by industrial,
academic and hobby users. Many excellent
commercial versions of SPICE exist — ver-
sions that may be improved for workhorse use
in particular sub-disciplines of electronics,
power and RF design.

6.2.2 Conventions
SCALE FACTORS

SPICE’s use of unit suffixes — scale fac-
tors in SPICE-speak — differs from what we
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are generally accustomed to seeing in electri-
cal schematics, and that we have multiple op-
tions for specifying values numerically using
integer and decimal floating point numbers.
The scale factors available in SPICE include:

e F (femto) — 1E~15

® G (giga) — 1E9

e K (kilo) — 1E3

oM (milli) — 1E-3

® MEG (mega) — 1E6

e MIL (0.001 inch) — 25.4E—-6 meter
® N (nano) — 1E-9

® P (pico) — 1E-12

o T (tera) — 1E12

® U (micro) — 1E-6

Specifying the value of a resistor as 1M
would cause SPICE to assign it the value of
1 milliohm (0.001 Q). This would probably
create a wildly different result than expected!
Specifying the value of R1 as IMEG or 1000K
would be correct alternatives. SPICE scale
factors are case insensitive. Until you are thor-
oughly familiar with using circuit simulation,
take the time to double-check component and
parameter values. It will save you a lot of
time tracking down errors caused by mistaken
component values.

Notice that SPICE assumes unit dimen-
sions — ohms, farads, henrys and so on —
from component name context; in specifying
resistance, we need not specify ohms. In pars-
ing numbers for scale factors, SPICE detects
only scale factors it knows and, having found
one, ignores any additional letters that follow.
This lets us make our schematics more read-
able by appending additional characters to
values — as long as we don’t confuse SPICE
by running afoul of existing scale factors. We
may therefore specify “100pF” or “2.2uF”
for a capacitance rather than just “100p” or
“2.2u” —aplus for schematic readability. (On
the reduced readability side, however, SPICE
requires that there be no space between a
value and its scale factor — a limitation that
stems from programming expediency and is
presentin many circuit-simulation programs.)

SOURCES

There are two basic types of sources used in
simulation models— voltage sources and cur-
rent sources — as discussed in the Electrical
Fundamentals and Analog Basics chapters.
Sources can be independent with an assigned
value or characteristic that does not change,
or dependent with a value or characteristic
that depends on some other circuit value. An
example of an independent source would
be a fixed voltage power supply (dc) or a
sinusoidal signal source (ac). An example
of a dependent source is a bipolar transistor
model’s collector current source that has a
value of Blg.

6.4 Chapter 6

COMPONENT MODELS

All real inductors, capacitors, and resis-
tors — all real components of any type —
are non-ideal in many ways. For starters, as
Fig 6.2 models for a capacitor, every real L
also exhibits some C and some R; every real
C, some L and R; every real R, some L and
C. These unwanted qualities may be termed
parasitic, like the parasitic oscillations that
sometimes occur in circuits that we want to
act only as amplifiers. The RF Techniques
chapter discusses parasitics for various com-
ponents.

For simulating many ham-buildable cir-
cuits that operate below 30 MHz, the effects
of component parasitic R, L. and C can usually
beignored unless guidance or experience sug-
gests otherwise. In oscillator and filter circuits
and modeled active devices, however, and as
a circuit’s frequency of operation generally
increases, neglecting to account for parasitic
L, C and R can result in surprising perfor-
mance shortfalls in real world and simulated
performance. In active device modeling real-
istic enough to accurately simulate oscillator
phase noise and amplifier phase shift and their
effects on modern, phase-error-sensitive data
communication modes, device-equivalent
models must even include nonlinear para-
sitic inductances and capacitances — Ls and
Cs that vary as their associated voltages and
currents change.

Figuring out what the circuit of an appropri-
ate model should be is one thing; measuring
and/or realistically calculating real world val-
ues for Rg, Lg and Ry for application in a cir-
cuit simulator is a significant challenge. How
and to what degree these parasitic character-

Ls

§Rp

HBK05_06-009 o~

Fig 6.2 — A capacitor model that aims for
improved realism at VHF and above. Rg
models the net series resistance of the
capacitor package; Lg, the net equivalent
inductance of the structure. R, in parallel
with the capacitance, models the effect of
leakage that results in self-discharge.

istics may cause the electrical behavior of a
component to differ from the ideal depends
on its role in the circuit that includes it and
the frequency at which the circuit operates.

Designers aiming for realism in simulat-
ing power circuits that include magnetic core
inductors face the additional challenge that
all real magnetic cores are nonlinear. Their
magnetization versus magnetic field strength
(B-H) characteristics exhibit hysteresis. They
can and will saturate (that is, fail to increase
their magnetic field strength commensurately
with increasing magnetization) when over-
driven. Short of saturation, the permeability
of magnetic cores varies, hence changing the
inductance of coils that include them, with
the flow of dc through their windings. These
effects can often be considered negligible in
modeling ham-buildable low power circuits.

As active device operation moves from
small signal — in which the signals handled
by a circuit do not significantly shift the dc
bias points of its active devices —to large sig-
nal — in which applied signals significantly
shift active device dc bias and gain—the real-
ity of device self-heating must be included in
the device model. Examples: When amplitude
stabilization occurs in an oscillator or gain
reduction occurs in an amplifier as a result
of voltage or current limiting or saturation.

While manufacturers often provide de-
tailed models for their devices, avoid the
temptation to assume that models will behave
in a simulation just as an actual component
will behave in a real circuit. Absolutely every
desired behavior exhibited by a simulated
device must be explicitly built into the model,
mathematical element by mathematical ele-
ment. A simulated device can reliably simu-
late real world behavior only to the extent
that it has been programmed and configured
to do so. A 1N4148 diode from your junk
box “knows” exactly what to do when ac is
applied to it, regardless of the polarity and
level of the signal. Mathematically modeling
the for-ward and reverse biased behavior of
the real diode is almost like modeling two
different devices. Realistically modeling
the smooth transition between those modes,
especially with increasing frequency, is yet
another challenge.

Mathematical transistor modeling ap-
proaches the amazingly complex, especially
for devices that must handle significant
power at increasingly high frequencies, and
especially as such devices are used in digital
communication applications where phase re-
lationships among components of the applied
signal must be maintained to keep bit error
rates low. The effect of nonlinear reactances
— for instance, device capacitances that vary
with applied signal level — must be taken
into account if circuit simulation is to ac-
curately predict oscillator phase noise and



effects of the large signal phenomenon known
asAM-to-PM conversion,in which changesin
signal amplitude cause shifts in signal phase.
In effect, different aspects of device behavior
require greatly different models — for in-
stance, a dc model, a small signal ac model,
and a large signal ac model. Of SPICE’s
bipolar-junction-transistor (BJT) model, we
learn from the SPICE web pages that “The
bipolar junction transistor model in SPICE is
an adaptation of the integral charge control
model of Gummel and Poon introduced in
the RF Techniques chapter. This modified
Gummel-Poon model extends the original
model to include several effects at high bias
levels. The model automatically simplifies to
the simpler Ebers-Moll model when certain
parameters are not specified.”

As an illustration of device model com-
plexity, Fig 6.3 shows as a schematic the BIP
linear bipolar junction transistor model from
ARRL Radio Designer, alinear circuitsimula-
tor published by ARRL in the late 1990s. This
model worked well at audio and relatively low
radio frequencies. The model must be even
more complex for accurate results in the upper
HF and higher frequency ranges.

Especially in the area of MOSFET and
MESFET device modeling, and large signal
device modeling in general (of critical impor-
tance to designers of RF integrated circuits
[RFICs] for use at microwave frequencies),
SPICE and RF-fluent non-SPICE simulators
include active device models home experi-
menters are unlikely to use. Help in deciding
on what version of a model is appropriate for
your application is another reason to join your
simulation tool’s users group.

Most of us will go (and need go) no further
into the arcanities of device modeling than
using SPICE’s JFET model for FETs such as
the 2N3819,J310,and MPF102, and SPICE’s
BJT model for bipolar transistors such as the
2N3904. OrCAD 16 includes preconfig-
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Fig 6.3 —The linear BJT model, BIP, from ARRL Radio Designer, a now-discontinued
circuit simulation product published by ARRL in the late 1990s.

ured 1N914, 1N4148, 2N2222, 2N2907A,
2N3819, 2N3904 and 2N3906 devices,
among many others, and these will be suffi-
cient formany aham radio simulation session.
Getting the hang of the limitations and quirks
of these models may well provide challenge
enough for years of modeling exploration.
To get parameters for other devices, espe-
cially RF devices and specialty components
like transformers, we must search the Internet
in general and device manufacturer websites

in particular to find the data we need. The
manufacturer sites listed in Table 6.2 will get
you started. Because the use of simulation and
SPICE models is so widespread, manufactur-
ers routinely make those models available
at no cost. The usual place to find them is
via the device’s online data sheet through a
hyperlink or in a special model library on the
manufacturer’s website — enter “models”
into the site’s search function if you can’t
find the models.

Table 6.2

Device Parameter Sources
Source

Cadence Design Systems

Address

California Eastern Laboratories
Duncan’s Amp Pages
Infineon
Fairchild Semiconductor
National Semiconductor
and Texas Instruments
NXP
Freescale

www.ti.com

On Semiconductor

www.cadence.com/products/orcad/pages/
downloads.aspxi#cd

www.cel.com

www.duncanamps.com/spice.html

www.infineon.com

www.fairchildsemi.com

www.nxp.com/models/index.html
www.freescale.com

www.onsemi.com

Resource

OrCAD-ready libraries of manufacturer-
supplied device models

Data and models NEC RF transistors

SPICE models for vacuum tubes
Data and models for Siemens devices
Device data and SPICE models

Data and SPICE models for National and
Texas Instruments op amps

Data and models for Philips devices
Data and models for Freescale

(previously Motorola) devices

Data and models for On Semiconductor

(previously Motorola) devices

Models for any particular device are generally available through a link on the online version of the device’s data sheet. Internet searches for the
device’s part number and “model” usually works, as well.

Computer-Aided Circuit Design
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2N2222
NPN

Is 14.340000E-15
BF 255.9

NF 1
VAF 74 .03
IKF .2847
ISE 14.340000E-15
NE 1.307

BR 6.092

NR 1

RB 10

RC 1
CJE 22.010000E-12
MJE .377
cac 7.306000E-12
MJC .3416

TF 411.100000E-12
XTF 3
VTF 1.7
ITF .6

TR 46.910000E-09
XTB 1.5

CN 2.42

D .87

.model Q2N2222 npn

CJC=7.00E-12

(IS=2.48E-13 VAF=73.9 BF=400 IKF=0.1962 NE=1.2069
+ ISE=3.696E-14 IKR=0.02 ISC=5.00E-09 NC=2 NR=1 BR=5 RC=0.3

+ FC=0.5 MJC=0.5 VJC=0.5 CJE=1.80E-11 MJE=0.5 VJE=1 TF=4.00E-10
+ ITF=2 VTF=10 XTF=10 RE=0.4 TR=4.00E-08)

Fig 6.4 — A list of parameters specified for the Gummel-Poon model of a 2N2222A tran-
sistor and the condensed form usually seen in available model files.

A typical SPICE model is shown in
Fig 6.4. This particular model is for the fa-
miliar 2N2222 A NPN bipolar transistor. Each
parameter in the vertical list (IS, BF, NF and
so forth) is one element of the Gummel-Poon
model for the generic transistorused by SPICE
simulation programs. Typically, the model
is provided as plain ASCII text in the com-
pressed form at the bottom of the figure with
several parameters per line. Every parameter
between the opening and closing parentheses
defines some element of the underlying mode.
(See the SPICE references listed at the end of
this chapter for detailed information about the
syntax of SPICE models.)

NETLISTS

A netlist is a specialized table that names
a circuit’s components, specifies their elec-
trical characteristics, and maps in text form
the electrical interconnections among them.
Uniquely numbered nodes or nets—in effect,
specifications for each of the connections in
the simulated circuit— serve as interconnects
between components, with each component
defined by a statement comprising one or
more netlist lines.

The netlist served as the original means of
circuit capture for all simulators known to the
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writer, including SPICE; schematic capture as
we imagine it today, using graphic symbols,
came later. Further reflecting SPICE’s pre-
graphical heritage is the fact that, to this day a
SPICE netlist may be referred to by long-time
SPICE users as a SPICE deck, as in “deck of
Hollerith punch cards.” InSPICE’s early days,
circuitdefinitions and simulation instructions
(netlist statements that begin with a period [.])
were commonly conveyed to the simulation
engine in punched-paper-card form. Netlists
are still the means of conveying circuit to-
pology and simulation instructions to most
simulators, although they are text files today.
In the models and netlists that you will
encounter, statements that must span multiple
lines include continuation characters (+) to
tell the netlist parser to join them at line breaks.
Asterisk (*) or other non-alphanumeric char-
acters denote comments — informational-to-
human lines to be ignored by the simulator.

SUBCIRCUITS

Fig6.5illustrates the level of detail involved
in more accurate device modeling typical for
devices used at VHF and UHF. The device is
aCalifornia Eastern Labs NE46134, asurface
mount BJT intended to serve as a broadband
linear amplifier at collector currents up to

100 mA and collector voltages up to 12.5 V.

This manufacturer supplied model for the
NE46134 embeds an unpackaged device chip
(NE46100, shown as Q1 in the figure) within
a subcircuit. (Note the .SUBCKT label on the
first non-comment line of the model which
indicates that the following information de-
fines a subcircuit.) The subcircuit includes
Q1 plus the parasitic reactances contributed
by the transistor package, such as CCBpkg —a
collector-to-base package capacitance. The
chip leads themselves are modeled as trans-
mission lines, TB and TE.

Following the lines that define of all of the
subcircuit’s component values that represent
the parasitic reactances, the NE46100 transis-
tor model is provided, beginning with the line
.MODEL NE46100 NPN. That information will
be used to define Q1 when referenced in the
subcircuit model above.

The overall model then appears to the
external circuit like a regular three terminal
transistor with abase, emitter and collector. In
this fashion nested subcircuits can be used to
create arbitrarily complex models that can be
used as components by the designer.

Figs 6.6A and 6.6B show a schematic of a
typical RF circuit — a 7 MHz double-tuned
filter. Fig 6.6A is the usual depiction you
would see in a magazine or book article about
the circuit. It has the usual symbols and vari-
able capacitors of a tunable filter. Fig 6.6B
shows the circuit after schematic capture by
the OrCAD Capture CIS tool. An ac voltage
source, V1, is placed at the input with a 50 Q
series resistor, R1, to create a 50 Q signal
source impedance. The transformers TX 1 and
TX2 actually contain subcircuits consisting
of primary and secondary inductances and a
coupling element with 0.22 Q resistors that
simulate loss resistance. The paralleled fixed
and variable capacitors are combined into
single fixed value capacitors. A 50 Q load,
R2, has been attached to the output. Ground
symbols now have a 0 nearby to indicate zero
voltage.

TIME STEP

Simulators are discrete time devices —cal-
culations are performed throughout the circuit
and results obtained, then time is changed
by a fixed amount (the time step) and the
calculations run again. The size of the time
step can be automatically chosen by the simu-
lator (a usually reasonable value based on
a default setting or some evaluation of the
circuit component values) or set to specific
values by the user.

While using very small time steps makes
for a smooth looking output and wide fre-
quency ranges, it makes the simulation run
slower (less of an issue as computers get
faster) and makes the output data files quite
abitbigger (less of an issue as hard drives get
bigger). While today’s computers make short
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.ENDS

*$

Fig 6.5 — California Eastern Laboratories model of the NE46134 linear broadband transistor. The transistor model is constructed as
a subcircuit consisting of several parasitic components connected to the NE46100 transistor (Q1).

work of simulations that would have brought
the previous era’s mainframes to a halt, there
is no need to generate vastly more data than
you need for the job at hand.

If you set the time step to at least 10 times
smaller than the reciprocal of the highest
frequency in which you’re interested, that
will strike a nice balance. For example, when
simulating an audio circuit, you might be in-
terested in signals out to 100 kHz so a good
time step size would be 70 of 1o kHz or about
1 us. Similarly, if the circuit was supposed to
operate up to 10 MHz, the time step should

be no smaller than 10 ns. Your simulation
software manual will have guidelines for that
particular package as well.

6.2.3 Types of Simulations

Once the circuit has been entered into the
simulator via schematic capture and all error
checks have been completed, simulation can
begin in earnest. There are several ways in
which the circuit can be simulated, corre-
sponding to the various tests that you would
run on a real circuit on the workbench. The

following paragraphs are only definitions —
for a complete description of these simula-
tions and how to perform them, the reader
is directed to the References section of this
chapter and reminded that the software pro-
vider and associated users groups will also
have a lot of information and background
material.

DC OPERATING POINT OR BIAS
POINT

The first step in simulation is usually to
run a DC Operating Point or DC Bias Point

Computer-Aided Circuit Design 6.7
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Fig 6.6 — A is a 7 MHz double-tuned filter as drawn for real world builders. B shows
the filter schematic as it is typically drawn for construction and service.
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Fig 6.7 — A dc operating point simulation allows the designer to verify that the circuit
biasing is realistic for all devices and that all voltages and currents are as expected.

analysis. (Remember that terminology usu-
ally changes from program to program.) In
this analysis, the simulator “applies power” to
the circuit and calculates the dc voltages and
currents for all circuit components.

Fig 6.7 shows the results of a typical DC
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Operating Point analysis for an amplifier
circuit. The labels obscure the circuit ele-
ments a bit in this print image but you can
see a transistor (Qbreakn) in the middle, an
input voltage source at the lower left (V1), the
power supply voltage source at the upperright

(V2), and a variety of components making up
the circuit. The darker labels show voltages
suchas 3.061 V (transistor base voltage) and
46.75 mA (the power supply output current).
The information is generally available as a
text file, as well. Most simulators also allow
you to flag certain points in the circuit for
which voltage and current (ac and/or dc) are
displayed on screen at all times.

It is good practice, particularly for begin-
ning and occasional modelers, to verify that
the dc operating point is as expected for all
circuit components before moving ahead to
the more interesting ac waveform and spec-
trum displays. Many hours have been wasted
troubleshooting a circuit’s simulated ac per-
formance when the problem is really that the
dc operating point isn’t right!

TIME DOMAIN VS FREQUENCY
DOMAIN

Simulators can provide two primary types
of ac simulation results. The time domain
output displays one or more voltages or cur-
rents on an X-Y display as traces with am-
plitude on the vertical axis and time on the
horizontal axis. In other words, it simulates
an oscilloscope type display. Fig 6.8 shows
an example time domain display of an R-C
oscillator starting to oscillate. The single trace
is of the oscillator’s ac output voltage, show-
ing that oscillation begins about 30 ms after
the simulation begins and quickly stabilizes
to a steady sine wave output.

Fig 6.9 shows a frequency domain output
thatlooks very much like a spectrum analyzer
display. This particular simulation is of the
same amplifier shown in Fig 6.7 with two
input signals (the large components at 7 and
10MHz) and uses alogarithmic vertical scale
to show the harmonics and intermodulation
products. SPICE-type simulators first per-
form time domain ac analysis to generate a
waveform then use Fast Fourier Transform
techniques to calculate a frequency domain
output. This technique is often insufficient
to obtain highly accurate frequency domain
simulations, such as noise and intermodu-
lation performance, leading to alternatives
such asharmonic balance simulations that are
called RF-fluent since they give more accurate
results at high frequencies. (See the sections
on RF-Fluent Simulators and Limitations of
Simulation at RF in this chapter.)

TRANSIENT

Transient simulation involves putting the
circuit in a stable, known state and then ap-
plying a controlled disturbance of some sort.
The response to the disturbance is then cal-
culated and displayed over some time period
in either time domain or frequency domain
form. Typical inputs to transient analysis are
steps (a parameter changes very quickly from
one value to another), delta pulses (infinitely
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Fig 6.9 — Frequency domain display of an amplifier undergoing a two-tone test. Amplitude in dB is shown on the vertical axis and
frequency on the horizontal axis. This display is very much like that of a spectrum analyzer.

narrow pulses with some finite energy), rect-
angular pulses, ramps, and various other se-
lectable waveforms.

DC AND AC SWEEPS

Once a circuit is working, it is useful to
characterize its performance over a range
of conditions, called a sweep: power supply
voltage, input voltage, input frequency and
so on. Even temperature can be swept to see

how the circuit behaves in different environ-
ments. Note that this requires the behavior
of components with changing temperature to
be accounted for in the component models.
One of the most common swept simula-
tions for ham radio circuits is a frequency
sweep to determine the frequency response
of an amplifier or filter. Fig 6.10 shows the
insertion loss and return loss (see the Analog
Basics chapter) for the 7 MHz filter in Fig 6.6

across a range of 6.8 to 7.4 MHz. Fig 6.11
shows the gain of the amplifier in Fig 6.7 with

the input frequency swept across a range of
1 to 100 MHz.

6.2.4 RF-Fluent Simulators

SPICE-based simulators can do wonders
in many classes of circuit simulation. For RF
use, however, SPICE has significant draw-

Computer-Aided Circuit Design 6.9
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Fig 6.10 — Insertion loss (A) and return loss (B) of the 7 MHz double-tuned filter in Fig 6.6.

backs. For starters, SPICE is not RF-fluent
in that it does not realistically model physical
distributed circuit elements — microstrip,
stripline and other distributed circuit ele-
ments based on transmission lines. It cannot
directly work with network parameters (S, Y,
Z and more — see the Analog Basics chap-
ter), stability factor and group delay. It cannot
simulate component Q attributable to skin
effect. It cannot simulate noise in nonlinear
circuits, including oscillator phase noise. It
cannotrealistically simulate intermodulation

and distortion in high-dynamic-range circuits
intended to operate linearly. This also means
that it cannot simulate RF mixing and inter-
modulation with critical accuracy.

The feature-unlimited version of Ansoft
Designer and competing RF-fluent simula-
tion products can do these things and more
excellently — but many of these features, es-
pecially those related to nonlinear simulation,
are unavailable in the student/demoware ver-
sions of these packages if such versions exist.

From 2000 to 2005, the free demoware

precursor of Ansoft Designer SV 2, Ansoft
Serenade SV 8.5, brought limited use of non-
linear simulation tools to students and experi-
menters. With Serenade SV 8.5, you could
simulate mixers, including conversion gain
and noise figure of a mixer. Amplifier two-
tone IMD could be simulated as in Fig 6.9.
Optimization wasenabled. Realistic nonlinear
libraries were included for several Siemens —
now Infineon — parts. You could accurately
predict whether or not a circuit you hoped
would oscillate would actually oscillate, and
assuming that it would, you could accurately
predict its output power and frequency. Figs
6.12, 6.13 and 6.14 give some examples of
the power of RF-fluent simulation software,
in this case, Ansoft (now ANSYS) Serenade
Designer SV 8.5.

The harmonic balance techniques used
by Ansoft’s nonlinear solver — and by the
nonlinear solvers at the core of competing
RF-fluent CAD products, such as Agilent
Advanced Design System (ADS) — allowed
you to simulate crystal oscillators as rapidly
as you can simulate lower-Q oscillators based
on LC circuits. (In SPICE, getting a crystal
oscillator to start may be impossible without
presetting current and/or voltages inkey com-
ponents to nonzero values.)

Although these features are no longer
available as student/demoware/freeware, if
you’re serious about pushing into RF CAD
beyond what SPICE can do, see if you can
find a used copy of Serenade SV 8.5 or find
a friend working with the professional tools
who will let you use it occasionally for hobby
applications.

HBK0236
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Fig 6.12 — A two-tone
nonlinear simulation
of third-order IMD
performed by Ansoft
Serenade Designer SV
8.5.

Fig 6.13 — Professional
RF circuit simulators
can also simulate
mixing and the small
signal characteristics
of mixers, such as port
return loss, conversion
gain, and port-to-port
isolation. (Serenade SV

Fig 6.14 — Output
spectrum of a diode-
ring doubly balanced
mixer as simulated by
Serenade SV 8.5. Note
the dynamic range
implicit in this graph:
In a simulation that
includes a local oscil-
lator (LO) signal at 7
dBm, accurate values
are calculated for IMD
products nearly 740
dB weaker without
encountering math-
ematical noise — an
achievement unap-
proachable with SPICE-
based simulators.

Computer-Aided Circuit Design

6.11



6.3 Limitations of Simulation at RF

[Experienced users of circuit simulation
software are wary of using any software near
or outside the boundaries of circuits and pa-
rameters for which it was intended and tested.
RF simulation can present just such situations,
leading to software failure and unrealistic
results. Introduced and summarized in this
section, several detailed papers by Dr Ulrich
Rohde, N1UL, exploring simulationat RF are
provided on the CD-ROM accompanying this
Handbook. The papers are:

® “Using Simulation at RF” by Rohde, a
survey of the issues of RF simulation and
the techniques used in current modeling pro-
grams.

® “The Dangers of Simple Usage of Micro-
wave Software” by Rohde and Hartnagel, a
discussion of inaccuracies introduced by
device parameter measurement and model
characteristics.

® “Mathematical Stability Problems in
Modern Non-Linear Simulations Programs”
by Rohde and Lakhe, presenting various ap-
proaches to dealing with nonlinear circuit
simulation.

Inaddition, there are many online resources
to help you obtain trustworthy simulation re-
sults with a simulator designed for RF. For
the interested reader with some technical
background, the online paper “Introduction
to RF Simulation and its Application” by
Ken Kundert (http://icslwebs.ee.ucla.edu/
dejan/researchwiki/images/3/30/Rf-sim.
pdf) provides an introduction to RF simula-
tion methods and how they account for the
characteristics of RF circuits when generating
common RF measurements. The website The
Designer’s Guide (www.designers-guide.
org) also provides many tutorials, technical
guides, models, and other resources for analog
and RF simulation users.

While the precise lower bound of “RF” is
ill-defined, RF effects start already at about
100 kHz. This was first noticed as self-res-
onance of high-Q inductors for receivers. In
response, Litz wire was invented in which
braided copper wires were covered with cot-
ton and then braided again to reduce self-
resonance effects.

Asfrequencies gethigher, passive elements
will show the effects of parasitic elements
such as lead inductance and stray capacitance.
At very high frequencies, the physical di-
mensions of components and their intercon-
nections reach an appreciable fraction of the
signal wavelength and their RF performance
can change drastically.

RF simulators fall in the categories of
SPICE, harmonic balance (HB) programs
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and EM (electromagnetic) programs. The EM
simulators are more exotic programs. Two
types are common, the 2D (2.5) or 2-dimen-
sional and the full 3-dimensional versions.
They are used to analyze planar circuits, in-
cluding vias (connections between layers)
and wraparounds (top-to-ground plane con-
nections), and solid-shapes at RF. They go far
beyond the SPICE concept.

6.3.1 SPICE-based Simulators

SPICE was originally developed for
low frequency and dc analysis. (Modern
SPICE programs are based on SPICE3 from
University of California— Berkeley.) While
doing dc, frequency, and time domain simula-
tions very well, SPICE-based simulation has
some problems. The time domain calculation
uses the very complex mathematics of the
Newton-Raphson solution to nonlinear equa-
tions. These methods are not always stable.
All kind of adjustments to the program set-
tings may be necessary for the calculations to
converge properly. Knowledge of the specif-
ics of different types of electronic circuits can
assist the user in finding an accurate solution
by specifying appropriate analysis modes, op-
tions, tolerances, and suitable model param-
eters. For example, oscillators require certain
initializations not necessary for amplifiers
and bipolar transistors may need different
convergence tolerances than do MOS circuits.
Generally, SPICE finds a solution to most
circuit problems. However, because of the
nonlinearity of the circuit equations and a
few imperfections in the analytical device
models, a solution is not always guaranteed
when the circuit and its specification are oth-
erwise correct.

The next problem at RF is that the basic
SPICE simulator uses ideal elements and
some transmission line models. As we ap-
proach higher frequencies where the lumped
elements turn into distributed elements and
special connecting elements become neces-
sary, the use of the standard elements ends.
To complicate matters, active elements such
as diodes and transistors force the designer to
more complex simulators. Adding the miss-
ing component elements leads to highly com-
plex models and problems of convergence in
which the simulator gives an error advising of
anumerical problem or more likely by failing
to generate a solution.

SPICE also has problems with very high-Q
circuits and noise analysis. Questions of the
noise figure of amplifiers or phase noise of
an oscillator cannot be answered by a SPICE-
based program accurately. Noise analysis, if
not based on the noise correlation matrix ap-
proach, will not be correct if the feedback
capacitance (Im(Y,), the imaginary compo-
nent of Y-parameter Y,) is significant at the
frequencies involved. Analysis of oscillators

in SPICE does not give a reliable output fre-
quency and some of the latest SPICE programs
resort to some approximation calculations.

6.3.2 Harmonic Balance
Simulators

Harmonic balance (HB) analysis is per-
formed using a spectrum of harmonically re-
lated frequencies, similar to what you would
see by measuring signals on a spectrum ana-
lyzer. The fundamental frequencies are the

frequencies whose integral combinations form
the spectrum of harmonic frequency compo-
nents used in the analysis. On a spectrum ana-
lyzer you may see a large number of signals,
even if the input to your circuit is only one or
two tones. The harmonic balance analysis must
truncate the number of harmonically related
signals so it can be analyzed on a computer.
The modern HB programs have found better
solutions for handling very large numbers of
transistors (>1 million transistors) and their
math solutions are much more efficient, lead-
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Fig 6.16 — (A) is the initial simulation of a SPICE-based simulator. (B) is the correct
response of a pulsed microwave oscillator obtained by harmonic balance simulation
using the Krylov-subspace solution. (C) is the SPICE-based simulation after 80 pulses

of the drain voltage.

Computer-Aided Circuit Design

6.13



ing to major speed improvements. Memory
management through the use of matrix formu-
lations reduces the number of internal nodes
and solving nonlinear equations for transient
analysis are some of the key factors to this
success.

HB analysis performs steady-state analysis
of periodically excited circuits. The circuit
to be analyzed is split into linear and non-
linear sub-circuits. The linear sub-circuit is
analyzed in the frequency domain by using
distributed models. In particular, this enables
straightforward intermodulation calculations
and mixer analysis. The nonlinear sub-circuit
is calculated in the time domain by using
nonlinear models derived directly from device
physics. This allows a more intuitive and logi-
cal circuit representation.

Fig 6.15A diagrams the harmonic balance
approach fora MESFET amplifier. Fig 6.15B
charts a general purpose nonlinear design al-
gorithm that includes optimization. Modern
analysis tools that must provide accurate
phase noise calculation should be based on

the principle of harmonic balance.

Analysis parameters such as Number of
Harmonics specify the truncation and the
set of fundamental frequencies used in the
analysis. The fundamental frequencies are
typically not the lowest frequencies (except
in the single-tone case) nor must they be the
frequencies of the excitation sources. They
simply define the base frequencies upon
which the complete analysis spectrum s built.

6.3.3 Contrasts in Results

The following time domain analysis is a
good example of differences between SPICE
and harmonic balance simulation. A micro-
wave oscillator is keyed on and off and a tran-
sient analysis is performed. When using the
standard SPICE based on SPICE3, the initial
calculation shows an incorrect response after
one iteration as seen in Fig 6.16A. It takes
about 80 pulses (80th period of the pulsed drain
voltage) until the simulation attains the correct
answer (Fig 6.16C) of the Krylov-subspace-

based harmonic balance in Fig 6.16B.

The frequencies involved need not be in
the GHz range. Oscillators, in particular, can
be very difficult to analyze at any frequency
as shown by simulations of a low-MHz phase
shift oscillator and a 10 MHz Colpitts oscil-
lator in the referenced papers.

Validating the harmonic balance approach,
Fig 6.17 shows a BJT microwave oscillator
entered into the schematic capture module
of a commercially available HB simulator
(Ansoft Serenade 8.0); Fig 6.18 compares
this oscillator’s simulated phase noise to
measured data. HB analysis gives similarly
accurate results for mixers.

6.3.4 RF Simulation Tools

PSPICE: This popular version of SPICE,
available from OrCAD (now Cadence
Design Systems, www.cadence.com) runs
under the PC and Macintosh platforms. An
evaluation version, which can handle small
circuits with up to 10 transistors, is freely
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6.4 CAD for PCB Design

[With numerous PCB design software
packages available and low quantity, low cost
PCB manufacturing services accepting orders
electronically, the development of PCBs has
never been easier for the amateur. As with
any assembly or manufacturing process, it is
important to understand the vocabulary and
technology in order to achieve the desired
result. Thus, this section provides a detailed
description of the entire process of PCB de-
sign. — Ed.]

The primary goal of using software for
printed circuit board (PCB) design is the
production of so-called PCB artwork — the
graphic design used to create the patterns
of traces that establish connectivity on the
PCB. Historically, PCB artwork was created
by hand on clear film using black tape and
special decals which were then photographi-
cally reduced. However, free and low cost
programs specifically for the PCB design
process are now widely available. These pro-
grams not only allow the creation of artwork
efficiently and accurately, but produce the re-
quired ancillary files for commercial produc-
tion, exchange information with schematic
capture software, produce Bills of Materials
(parts lists), and even include such features
as three dimensional visualization of the fin-
ished board. While artwork files can be shared
with other people for PCB production, the
“source” files used by the CAD program can

typically only be used by other people who
share the same program.

The decision to produce a PCB must take
into account the nature of the circuit itself (for
example, high frequency, low noise and high
current circuits require additional care). Other
considerations are time available, expense,
available alternatives, quantity required, abil-
ity to share and replicate the design, and non-
electrical characteristics such as thermal and
mechanical, as well as desired robustness.

6.4.1 Overview of the PCB
Design Process

The PCB design process begins with estab-
lishing the list of components in the circuit,
the connections between the components, the
physical outline/size of the board, and any
other physical, thermal and electrical con-
straints or design goals. Much of the connec-
tivity and component information is reflected
in the schematic for a circuit, so in many cases
the PCB layout process begins by entering the
schematic in a schematic capture program
which may be integrated with the PCB CAD
program or standalone. (Schematic capture
is not required for PCB layout.) Once the
schematic is entered, there may be other op-
tions possible such as simulating the circuitas
described in the preceding sections. A clean,
well organized schematic that is easily modi-
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available, such as from www.electronics-
lab.com. Contact Cadence for a full version
or for more information. AIM-spice (WWWw.
aimspice.com)is a PC version of SPICE with
a revised user interface, simulation control,
and with extra models. A student version
can be downloaded. Table 6.1 earlier in this
chapter shows other free SPICE offerings.

There are a number of PC based SPICE
programs in the $1000 range but they are
designed more for switching power supplies
and logic circuits optimization than RF.
ICAP4 (www.intusoft.com/demos.htm)
and MICROCAPY9 (www.spectrum-soft.
com/index.shtm) both have demonstration/
evaluation versions available for download

Agilent, AWR, Ansys, and Synopsis offer
very modern mixed-mode CAD tools and they
combine the concept of SPICE with the ad-
vanced technologies. These are professional
quality tools, but if one can arrange to make
use of them through a friend or associate, the
results are worth investing the time to learn
their use.

fiedis an assetregardless of the circuit produc-
tion and construction methods.

With input from the schematic and other
information, the board outline is created,
mounting and other holes placed, the com-
ponents positioned, and the pattern of traces
created. Once the layout is complete, in
many cases it is possible to run a design rules
check — the equivalent of a “spell checker. ”
Design rules include component connections
and other information to check for problems
related to connectivity and manufacturability.
This step can save a great deal of time and
expense by catching errors that could be fixed
by hand, but would otherwise negate some of
the benefits of a PCB.

The final step in the PCB layout programis
to produce the collection of up to a dozen or
sodifferent files required for PCB production.
In brief, the list includes the artwork for the
pattern of traces, files for producing the board
outline, solder masks, silk screens and holes.

The user then uploads the set of files to a
PCB manufacturer. As quickly as two to three
days later an envelope will be delivered with
the freshly minted boards ready for assembly!
Alternatively, the user may create the board
“in house” using photomechanical or other
processes based on the output files from the
software, as is discussed in the Construction
Techniques chapter along with PCB assem-
bly techniques.
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6.4.2 Types of PCB
Design Software

PCB software varies in features, function
and cost, but for the radio amateur, the most
interesting software for introductory use fall
into the following categories:

1) Open Source: PCB design software such
as GNU PCB (http://pcb.gpleda.org, for
Linux, Mac OS X) and KiCad (http://kicad.
sourceforge.net/wiki/index.php/Main_
Page, for Linux, Mac OS X, and Windows,
includes schematic capture) are free to use
and have no artificial restrictions. Support is
through user forums. Source code is available
for the user to modify. gschem is a schematic
capture sister program to GNU PCB.

2) Free, restricted use/restricted feature
commercial: At least one company makes
a version of their PCB and schematic soft-
ware that is free to use for noncommercial
purposes. Though it is restricted in number
of layers (two) and maximum board size
(4 x 3.2 inches), Eagle PCB “Light Edition”
(www.cadsoftusa.com, for Linux, Mac OS X,
Windows) is very popular among hobbyists.
Files can be shared with others; the resulting
industry standard files can be sent to nearly
any PCB manufacturer. Eagle also contains
a schematic entry program.

3) Free, restricted output commercial:
Several PCB manufacturers offer schematic
and PCB software with a proprietary output
format tied to their PCB manufacturing ser-
vice. PCB123 from Sunstone Circuits (Www.
sunstone.com, for Windows) is one such of-
fering, including schematic capture and lay-
out software with up to four layers and board
sizes up to 12 x 18 inches (double sided). For
an additional fee (per design), industry stan-
dard files can be exported. Schematic entry
isincluded. Express PCB (www.expresspch.
com, for Windows) also provides schematic
capture and PCB layout capability, tied to
the Express PCB board fabrication services,
including the fixed size (3.8 x 2.5 inches)
Miniboard service. Advanced Circuit’s pro-
prietary PCB Artist software (www.4pch.
com, for Windows) includes the ability to
import netlists.

4. Low cost commercial: Eagle and many
other companies offer PCB and schematic
software at arange of prices from $50 to many
thousands of dollars. Several versions are typ-
ically offered from each company, usually
based on limitations on board size, schematic
size/complexity and features such as auto-
routing. Schematic entry may be included in
some packages, or be a separate purchase.

PCB design software manuals and tutorials
discuss the basic operation but also special
keystrokes and other shortcuts that make op-
erations such as routing traces much more
efficient.

The first time designing and ordering aPCB
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can be daunting, so keep the initial job simple
and pay attention to details (and read the in-
structions). When starting to use a specific
software package, join a user’s support group
or forum if one is available. Request sample
designs from other users and experiment with
them to see how they are constructed and what
files are required in the output data set. Once
you are comfortable with the tools, you can
begin on a design of your own.

6.4.3 Schematic Capture

The first step in PCB design is to create
a schematic. It is possible to design a lay-
out directly from a paper schematic, but it is
much easier if the schematic is entered (or
“captured”) in electronic form. Schematic
capture software has two outputs — the visual
schematic and the component and connectiv-
ity data for subsequent PCB layout. These
two separate requirements can make some
operations during schematic entry more com-
plicated than what would seem at first glance
necessary. Bear inmind however, that the user
is creating not only a clear graphic represen-
tation of the circuit, but of the underlying
electrical connectivity.

Schematics are generally entered on a (vir-
tual) page usually corresponding to common
paper sizes — for example, 11 x 17 inches.
More complicated schematics can span mul-
tiple pages, using special labels or compo-
nents to indicate both visual and electrical
connectivity. Often one can group logically
related elements into a module that can then
be referenced as a “black box™ on a higher
level schematic. For complex circuits, these
features are extremely useful and make the
difference between a jumbled diagram that
is difficult to use and an organized, compact
diagram that efficiently communicates the
function and operation of the circuit.

COMPONENTS

The components (resistors, capacitors, etc)
on a schematic are either selected from an
existing library or created by the user and
stored in a custom library. It is also possible
to find components and/or additional libraries
on the Internet, although each program has its
own specific format.

Each componentincludes a great deal more
than shape and pin numbers. A typical com-
ponent library entry includes:

Symbol — This is the graphic representa-
tion shown on the schematic. Many compo-
nents may have the same symbol (eg, the op
amp symbol may be shared by many different
types of op amps)

Pins — For each pin or point of electri-
cal connection, the component model may
specify the pin number, label (eg, “Vpp”), pin
type (inverting, noninverting) or pin functions
(common).

PCB footprint — A given component may
be available in a number of different packages
(eg, DIP or surface mount). Many components
may have the same physical footprint (eg, op
amps, comparators and optoisolators could
all map to the same eight-pin DIP footprint).
Footprints include the electrical connections
(pins) as well as mechanical mounting holes
and pad sizes, and the component outline.

Value — Many components such as re-
sistors and capacitors will have identical in-
formation except for a difference in value.
All ¥4 W resistors may be instances of the
same component, differing only in value and
designator.

Designator — The unique reference to the
component, such as R1, C7, D3. This is as-
signed when the component is used (often
automatically and in sequence).

Source information — Part number, ven-
dor, cost, etc. This information is for the Bill
of Materials.

Components are typically placed on the
schematic by opening a library and searching
for the desired component. It may be tempting
for the beginner to select a component that
looks “about right” when faced by a long list
of components in some libraries. However,
even at this early stage, the physical PCB often
must be taken into account. For example, ei-
ther “1/8 W Resistor, Axial” or “1W Resistor,
Upright” will result in the same neatly drawn
resistor symbol on the schematic but in the
subsequent step of using the component data
to create a PCB, the footprints will be dramati-
cally different.

It is not at all uncommon to add new com-
ponents to the library in the course of cre-
ating a schematic. Since many components
are closely related to existing devices, the
process often consists of selecting an existing
schematic symbol, editing the shape and/or
component data, creating a new label, and
associating the part with an existing foot-
print. Adding a specific type of op amp is
an example. This usually only needs to be
done once since symbols can be saved in a
personal library (and shared with others). It
is usually easier to modify a part that is close
to what is desired than to “build” a new part
from scratch.

Component symbols can generally be ro-
tated and flipped when placing the component
instance on the schematic. Designators (R1,
T34, etc) can be assigned and modified by
the user although the default designators are
usually selected sequentially.

CONNECTIONS

The schematic software will have a mode
for making electrical connections, called
“nets.” For example, one might click on the
“draw net” symbol then draw a line using
the mouse from one pin to another pin, us-



ing intermediate mouse clicks to route the
line neatly with 90° turns on a uniform grid.
Internally, the software must not only draw
the visual line, but recognize what electri-
cal connectivity that connection represents.
So one must click (exactly) on a component
pin to start or end a line or when making a
connection between two lines that intersect,
explicitly indicate a net-to-net connection
(often with a special “dot” component). The
connections on a schematic can often be as-
signed additional information, such as the
desired width of the trace for this connection
on the PCB or a name assigned by the user,
such as “input signal.”

Not all connections on a schematic are
drawn. To make any schematic — electronic
or hand drawn — more readable, conven-
tions are often employed such as ground or
power symbols or grouping similar connec-
tions into busses. Schematic capture software
often supports these conventions. In some
cases, components may be created with im-
plicit power connections; in these cases the
connections may not even be noted on the
schematic but will be exported to the PCB
software. However, as a general rule, software
aimed at beginning PCB designers will not
require the use of these advanced features.

Since it is often possible for component
pins to be assigned attributes such as “power
input”, “output,” “input,” and so on, some
schematic entry programs allow one to do an
early design check. The program can then flag
connections between two outputs, inputs that
are missing connections, and so on. Thisis not
nearly as helpful or complete as the Design
Rule Check discussed below.

Free text can be placed on the schematic
and there will be a text block in a corner for

date, designer, version, title and the other in-
formation that identifies the schematic.

NETLISTS

Once the components are placed and con-
nections made, the schematic may be printed
and any output files for the PCB layout soft-
ware produced. The connectivity and com-
ponent information needed for PCB layout is
captured in a netlist file. The flow from sche-
matic entry to PCB may be tightly integrated,
in which case the user may switch between
schematic and PCB like two views of the
same design (which they are). However, most
schematic software will generate a separate
netlist to be used by PCB layout software,
whether integrated or a separate program.
The netlist can also be exported to an external
circuit simulation program or be used by an
integrated simulator program. (See the first
part of this chapter for more information on
circuit simulation.)

Netlists are often human readable text
files and in most cases it is possible to cre-
ate a netlist file manually. In the absence of
a schematic entry program, this allows the
user to take a hand drawn schematic, extract
the connectivity information, and create the
netlist for the PCB program to perform design
rule checks. However, a netlist is generally
not required for the PCB layout software;
the user will also have the option to create
a PCB on-the-fly, adding components and
connections as they wish.

ANNOTATION AND BILL OF
MATERIALS

The important features of forward and
backward annotation enter at the interface
between schematic entry and PCB layout. Itis

notuncommon during the PCB layout process
to either come across some design deficiency
or realize that a change to the schematic could
produce a design that would be easier to lay
out. Likewise, a review of the schematic part-
way through the PCB layout process could
reveal some needed design change. In the
case of changes to the PCB (perhaps chang-
ing some pins on a connector to make rout-
ing easier), back annotation can propagate
the changes “backward” to the schematic.
The connectivity data will be updated; how-
ever the user may need to manually route the
connection lines to neaten up the schematic.
Likewise, changes to the schematic when the
PCBiisalready (partially) routed are known as
forward annotations and like the schematic,
while the connectivity is updated the user
will likely need to manually route the traces.
Neither forward nor back annotation is neces-
sary, butis useful inkeeping the schematic and
PCB consistent. In their absence, the user is
strongly urged to keep the schematic and PCB
up to date manually to avoid time consuming
problems later on.

Finally, the underlying data in the sche-
maticcanbeusedtoproduceaBill of Materials
(BOM). A BOM lists all the components of
the schematic, typically ordered by reference
designator(s), and may even be exportable for
online ordering.

6.4.4 PCB Characteristics
PCB CONSTRUCTION

It is useful to know a little bit about PCB
construction in order to make sense of the
PCB design process. Fig 6.19 shows the basic
structure of a PCB and some of its design ele-
ments (discussed in later sections). The lami-
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Fig 6.19 — The various elements of PCB construction and specification.
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Fig 6.20 — Via refers to a plated-through
hole that connects one board layer to an-
other. Vias are used for signal, power, or
ground connections and even for ventila-
tion. Different via types include through-
hole (1); blind (2), and buried (3).

nate material provides a stable, insulating
substrate with other known characteristics
(thermal, dielectric, etc). Copper is bonded
to one or both sides and selectively removed
(usually chemically) to leave traces and
pads. The pads provide points of connection
for components. Though electrical connec-
tivity is crucial, it is important to remember
that the solder and pads provide mechanical
and thermal connectivity as well. Pads may
be drilled for mounting through-hole com-
ponents or left undrilled for surface-mount
components.

A separate electrochemical process plates
the inside surface of plated-through holes
to provide connectivity between upper and
lower pads. Plated-through holes whose sole
purpose is to provide electrical connectivity
between layers of a PCB are known as vias,
shown in Fig 6.20. Since they do not need to
accommodate a component lead, their hole
and pad size are smaller.

While two layer boards can mount compo-
nents on either side, most PCBs will have a
primary side called the component side upon
which most of the components will be placed,
and a solder side dominated by soldered pins
and traces. Where high density is required,
surface mount (and sometimes through-hole)
devices are mounted on both sides, but this is
considerably more complex.

Multi-layer boards are essentially a stack
of two or more two-layer boards, with an
insulating layer between each board. Plated-
through holes make connections possible
on every layer, and the laminate material is
proportionally thinner so the entire multi-
layer board is roughly the same thickness
as a regular two-layer board. Vias that join
selected, adjacent copper layers without con-
necting the entire stack of layers are called
“buried” or “blind” vias and are typically
only needed for very dense designs. Multi-
layer boards provide much more flexibility
in routing signals and some other benefits
such as dedicated layers for power distribu-
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tion and grounding, but at often substantial
additional cost.

PCB MANUFACTURING
SPECIFICATIONS

Unless the board is manufactured by the
hobbyist, the PCB files are sent out to be manu-
factured by aboard house. The mostimportant
issue for the amateur may be the pricing poli-
cies of the board house. Board size, quantity,
delivery time, number of layers, number and/
or density of holes, presence of solder masks
and silk screens, minimum trace/separation
width, type of board material, and thickness
of copper will all influence pricing. One cost
saving option of the past, a single-layer board,
may not be offered with low-cost, low-volume
services — two layers may be the simplest
option and it results in a more robust board.
[Note that most ordering specifications use
English units of inches and ounces. Offshore
board houses may use both English and met-
ric units, or be metric-only. English units are
used here because they are the most common
encountered by hobbyists. — Ed.]

The secondissue to consider is manufactur-
ing capabilities and ordering options. These
will vary with pricing and delivery times, but
include the following:

Board material and thickness — FR-4
is the most popular board material for low
volume PCBs; it consists of flame-resistant
woven fiberglass with epoxy binder. Typical
thickness is 0.062 inch (¥ inch), but thin-
ner material is sometimes available. Flexible
laminates are also available at greater cost and
longer delivery time. Special board laminates
for microwave use or high-temperature ap-
plications are also available.

Copper thickness — Expressed in ounces
per square foot, typical values are 1-2 oz
(1 oz corresponds to 0.0014 inch of thick-
ness.) Other values may not be available inex-
pensively for small volumes. Inner layers on
multi-layer boards may be thinner — check
if this is important. Most board designs can
assume at least 1 oz copper for double-sided
boards; trace width is then varied to accom-
modate any high current requirements.

Layers — Two-layer boards are the most
common. Because of the way PCBs are
manufactured, the number of copper layers
will be multiples of two. For quick-turn board
houses, usually only two or four layer boards
are available. PCBs with more than two layers
will always be more expensive and often take
longer to manufacture.

Minimum hole size, number, and density
of holes — Minimum hole size will rarely be
an issue, but unusual board designs with high
hole density or many different hole sizes may
incur additional costs. Be sure to include vias
when specifying minimum hole size. Some
board houses may have a specific list of drill
sizes they support. Note that you can often

just edit the drill file to reduce the number of
different drill sizes.

Minimum trace width and clearance —
Often these two numbers are close in value.
Most board houses are comfortable with
traces at least 0.010 inch in width, but 0.008
and 0.006 inch are often available, sometimes
at a higher cost.

Minimum annular ring — A minimum
amount of copper is required around each
plated-through hole, since the PCB manu-
facturing process has variations. This may
be expressed as the ratio of the pad size to
hole size, but more commonly as the width
of the ring.

Edge clearances —Holes, pads, and traces
may not be too close to the edge of the board.

Board outline and copies — There may
be options to route the outline of the board in
other shapes than a rectangle, perhaps to ac-
commodate a specific enclosure or optimize
space. If multiple copies of a board are or-
dered, some board houses can panelize aPCB,
duplicating it multiple times on a single larger
PCB (with a reduction in cost per board).
These copies may be cut apart at the board
house or small tabs left to connect the boards
so assembly of multiple boards can be done
as a single unit.

Tin plating — Once the traces and pads
have been etched and drilled, tin plating is
usually applied to the exposed copper surfaces
for good soldering.

Solder mask — This is a solder-resistant
coating applied after tin plating to both sides
of the board covering everything except the
component mounting pads. It prevents molten
solder from bridging the gaps between pads
and traces. Solder mask is offered except by
the quickest turn services. Green is the most
common color, but other colors may be avail-
able.

Silkscreen — This is the ink layer, usually
white, on top of the solder mask that lays out
component shapes and designators and other
symbols or text. A minimum line width may
be specified — if not specified, try to avoid
thin lines. All but the quickest turn services
typically offer silk screening on one or both
sides of the PCB.

6.4.5 PCB Design Elements

The schematic may not note the specific
package of a part, nor the width or length
of a connection. The PCB, being a physi-
cal object, is composed of specific instances
of components (not just “a resistor,” but a
“V4' W, axial-lead resistor mounted horizon-
tally,” for example) plus traces — connections
between pins of components with a specific
width and separation from other conduc-
tors. Before discussing the process of layout,
we briefly discuss the nature of components
and connections in a PCB.



COMPONENTS

A component in a PCB design is very
similar to its counterpart on the schematic.
Fig 6.21 shows the PCB footprint of an opto-
interrupter, including graphics and connectiv-
ity information. The footprint of a component
needs to specify what the footprint is like on
all applicable copper layers, any necessary
holes including non-electrical mounting holes
or slots, and any additional graphics such a
silkscreen layer.

Take a common 4 W axial-lead resistor
as an example. This footprint will have two
pins, each associated with a pad, correspond-
ing to the resistor’s two leads. This pad will
appear on both the top and bottom layers of
the board, but will also have a smaller pad
associated with inner layers, should there
be any. The hole’s size will be based on the
nominal lead diameter, plus some allowance
(typically 0.006 inch). The pad size will be big
enough to provide a reasonable annular ring,
but is usually much larger so as to allow good
quality soldering. The pins will be labeled in
a way that corresponds to the pin numbering
on the schematic symbol (even though for this
component, there is no polarity). A silkscreen
layer will be defined, usually a box within
which the value or designator will appear.
The silkscreen layer is particularly useful for
indicating orientation of parts with polarity.

More complicated parts may require addi-
tional holes which will not be associated with
aschematic pin (mounting hole, for example).
These are usually added to the part differently
than adding a hole with a pad — in this case,
the hole is desired without any annular ring
or plating. The silkscreen layer may be used
to outline the part above and beyond what is
obvious from the pads, for example, a TO-220
power transistor laying on its back, or the
plastic packaging around the opto-interrupter
in Fig 6.21.

As with schematic entry, it is not uncom-
mon to have to modify or create a new PCB
footprint. Good technical drawings are often
available for electronic parts; when possi-
ble the user should verify these dimensions
against a real part with an inexpensive dial
caliper. Itis alsouseful to print out the finished
circuit board artwork at actual size and do a
quick check against any new or unusual parts.

TRACES

Traces are the other main element of
PCB construction — the copper pathways
that connect components electrically. PCB
traces are merely planar, flat wires — they
have no magical properties when compared
to an equivalent thickness of copper wire. At
VHF/UHF/microwave frequencies and for
high-speed digital signals, PCB traces act
as transmission lines and these properties
need to be accounted for, and can be used
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Fig 6.21 — The PCB footprint for a component, such as the opto-interrupter shown
here, combines electrical connectivity as defined in the part’s schematic and the part’s

physical attributes.

to advantage, in the design.

There are few constraints on traces apart
from those such as minimum width and clear-
ance imposed by the board house. They are
created by chemical etching and can take arbi-
trary shapes. In fact, text and symbols may be
created on copper layers which may be handy
if a silkscreen is not included. Traces may be
of any length, vary in width, incorporate turns
or curves, and so on. However, most traces
will be a uniform width their entire length (a
width they will likely share with other traces
carrying similar signals), make neat 45° or
90° corners, and on two-layer boards have a
general preference for either horizontal travel
on the component side or vertical travel on
the solder side.

The same considerations when building
a circuit in other methods applies to PCB
design, including current capacity (width of
trace, thickness of copper), voltage (clearance
to other signals), noise (shielding, guarding,
proximity to other signals), impedance of
ground and power supplies, and so on.

6.4.6 PCB Layout

With a schematic and netlist ready and all
of the PCB characteristics defined, the actual
layout of the PCB can begin.

Computer-Aided Circuit Design

BOARD SIZE AND LAYERS

The first step in PCB layout is to create
the board outline to contain not only the cir-
cuit itself and any additional features such
as mounting holes. For prototype or one-off
designs, the board is often best made a bit
larger to allow more space between com-
ponents for ease in testing and debugging.
(Some low cost or freeware commercial PCB
software imposes limits on board size and
number of components.) The board outline
may be provided in a default size that the user
can modify, or the user may need to enter the
outline from scratch.

As discussed above, rectangular board
shapes are generally acceptable, but many
board houses can accommodate more com-
plex outlines, including curves. These out-
lines will be routed with reasonable accuracy
and may save an assembly step if the PCB
needs a cutout or odd shape to fit in a specific
location.

While the software may not require decid-
ing at the start how many layers the PCB will
use, this is a decision the user should make as
early as possible, since the jump from two to
four or more will have a big impact on routing
the traces as well as cost!

For your initial design, start with a two
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layer board for a simple circuit that you have
already built and tested. This will reduce the
number of decisions you have to make and
remove some of the unknowns from the de-
sign process.

COMPONENT PLACEMENT

Good component placement is more than
half the battle of PCB layout. Poor placement
will require complicated routing of traces and
make assembly difficult, while good place-
ment can lead to clean, easy-to-assemble
designs.

The first elements placed should be mount-
ing holes or other fixed location features.
These are often placed using a special option
selected from a palette of tools in the software
rather than as parts from a library. Holes suf-
ficient for a #4 or #6 screw are usually fine; be
sure to leave room around them for the heads
of the screws and nut driver or standoff below.
These will be non-plated-through holes with
no pad (though the board house may plate all
the holes in a board, regardless).

Depending on the software and whether
schematic capture was performed, the board
outline may already contain the footprints of
all the circuitcomponents (sometimes stacked
in a heap in one corner of the board) and the
netlist will already be loaded. In this case,
components may be placed by clicking and
dragging the components to the desired loca-
tion on the board. Most PCB programs have a
“rat’snest” option thatdraws a straight line for
each netlist connection of a component, and
this is a great aid in placement as the connec-
tions between components are apparent as the
components are moved around. (See Fig 6.22)
However, connections are shown to the near-
estpin sharing thatelectrical connection; thus,
components such as decoupling capacitors
(which are often meant to be near a specific
component) will show rats nest connections to
the nearest power and ground pins and not the
pins the designer may have intended. These
will have to be manually edited.

The PCB layout software may offer auto-
placement in which the components are ini-
tially arranged automatically. The beginner
should certainly feel free to experiment and
see how well this tool performs, butitis likely
not useful for the majority of designs.

PCBs need not be arranged to precisely
mimic the schematic, but it is appropriate
to place components in a logical flow when
possible so as to minimize the length of traces
in the signal path. Sensitive components may
need to be isolated or shielded from other
components, and grounding and decoupling
attended to, just as one would do with a point-
to-point soldered version.

If the PCB is being designed “on-the-fly”
or using an imported netlist, components
may need to be selected and placed on the
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Fig 6.22 — The rat’s nest view during
PCB layout shows the direct connections
between component pins. This helps the
designer with component placement and
orientation for the most convenient rout-

ing.

board manually using the libraries of parts
in the PCB software. Not all design software
makes this task simple or fast— in particular,
the description of component footprints may
be confusing. The use of highly condensed
industry standard or non-uniform naming
conventions often means the user needs to
browse through the component library to see
the different types of components. Resistors,
diodes and capacitors seem particularly prone
to a propagation of perplexing options. One
solution is to open an example PCB layoutand
see what library element that designer used
for resistors, LEDs and so on. Here, the PCB
layout software directed at hobbyists may be
superior in that there are fewer options than
in professional programs.

During placement the user will find that
different orientations of components simplify
routing (for example, minimizing the number
of traces that have to cross over each other
or reducing the trace lengths). Components
are generally rotated in increments of 90°,
although free rotation may be an option.
The user is strongly urged to maintain the
same orientation on like devices as much as
possible. Mixing the position of pin 1 on IC
packages, or placing capacitors, diodes, and
LEDs with random orientation invites time
consuming problems during assembly and
testing that can be minimized by consistent,
logical layout.

Placement and orientation of components
can also affect how easily the final PCB can
be assembled. Allow plenty of space for sock-
ets, for example, and for ICs to be inserted
and removed. Components with a mechanical
interface such as potentiometers and switches
should be positioned to allow access for ad-
justment. Any components such as connec-
tors, switches, or indicators (eg, LEDs) should
be positioned carefully, especially if they are

to protrude through a panel. Often this will
involve having the component overhang the
edge of the PCB. (Beware of the required
clearance between copper traces and pads to
the edge of the PCB.)

Components should include a silkscreen
outline that shows the size of the whole
component — for example, a transistor in
a TO-220 package mounted flat against the
PCB should have an outline that shows the
mounting hole and the extent of the mounting
tab. The user should also consider the clear-
ance required by any additional hardware for
mounting acomponent, such as nuts and bolts
or heatsinks — including clearance for nut
drivers or other assembly tools.

Take care to minimize the mechanical
stress on the PCB, since this can result in
cracked traces, separated pads, or other prob-
lems. Utilize mounting holes or tabs when
possible for components such as connectors,
switches, pots. Use two-layer boards with
plated-through holes even if the design can
be single-layer. Component leads soldered to
plated-through holes produce much stronger
mechanical connections than single-layer
boards in which the soldered pad is held only
by the bond between copper and laminate
and is easily lifted if too much heat or stress
is imposed.

When prototyping a new design, add a few
unconnected pads on the circuit board for
extra components (eg, a 16 pin DIP, 0.4 inch
spaced pads for resistors and other discrete
components). Include test points and ground
connections. These can be simply pads to
which cut off leads can be soldered to provide
convenient test points for ground clips or to
monitor signals.

Wires or cables can be directly soldered
to the PCB, but this is inconvenient when
swapping out boards, and is not very robust.
Connectors are much preferred when possible

|
PCB Design and EMC

While amateur projects are rarely
subject to electromagnetic compatibility
(EMC) standards, using good engineer-
ing practices when designing the board
still reduces unwanted RF emissions
and susceptibility to RF interference. For
example, proper layout of a micropro-
cessor circuit’s power and ground traces
can reduce RF emissions substantially.
Proper application of ground planes,
bypass capacitors and especially shield
connections can have a dramatic ef-
fect on RFI performance. (See the RF
Interference chapter for more on RFI.)
A good reference on RFl and PCB de-
sign is Electromagnetic Compatibility
Engineering, by Henry Ott, WA2IRQ.



and often provide strain relief for the wire or
cable. However, if a wire is directly soldered
to the PCB, the user should consider adding
an unplated hole nearby just large enough
to pass the wire including insulation. The
wire can then be passed from the solder side
through the unplated hole, then soldered into
the regular plated-through hole. This provides
some measure of strain relief which can be
augmented with a dollop of glue if desired.

ROUTING TRACES

After placing components, mounting holes
and other fixed location features that limit
component or trace placement, traces can be
routed. That is, to complete all the connec-
tions between pins without producing short
circuits.

Most PCB design programs allow compo-
nents and traces to be placed on aregular grid,
similarly to drawing programs. There may be
two grids — a visible coarse pitch grid, and a
“snap” fine pitch grid, to which components
and other objects will be aligned when placed.
It is good practice to use a 0.1 or 0.050 inch
grid for component placement and to route
traces on a 0.025 inch grid. While the “snap
to grid” feature can usually be turned off to
allow fine adjustment of placement, a board
routed on a grid is likely to look cleaner and
be easier to route.

The trace starts at a component pin and
wends its way to any other pins to which
it should be connected. Traces should start
and end at the center of pads, not at the edge
of a pad, so that the connection is properly
recorded in the program’s database. If a
netlist has been loaded, most PCB software
will display a rat’s nest line showing a direct
connection between pads. Once the route is
completed, the rat’s nest line for that connec-
tion disappears. The rat’s nest line is rarely
the desired path for the trace and often not
the correct destination. For example, when
routing power traces, the user should use good
design sense rather than blindly constructing
a Byzantine route linking pins together in
random order. For this reason, routing the
power and ground early is a good practice.

High speed, high frequency, and low noise
circuits will require additional care in rout-
ing. In general, traces connecting digital cir-
cuits such as microprocessors and memories
should not cross or be in close proximity to
traces carrying analog or RF signals. Please
referto the RF Techniques and Construction
Techniques chapters of this Handbook, and
the references listed at the end of this section.

Manual routing is a core skill of PCB de-
sign, whether or not auto-routing is used. The
process is generally made as simple as pos-
sible in the software, since routing will take
up most of the PCB design time. A trace will
be routed on the copper layer currently se-
lected. For a single-sided board, there is only
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Fig 6.23 — This example shows traces on the side of the PCB for horizontal routing.
Traces are routed between pins of ICs. The smaller pads are for vias to a different

layer of the PCB.

one layer for routing; for a two-layer board
the component side and solder side can have
traces; and for multi-layer boards additional
inner layers can have traces. Often a single
keystroke can change the active copper layer
(sometimes automatically inserting a via if a
route is in progress). The trace is drawn in
straight segments and ends at the destination
pin. When routing, 90° corners are normally
avoided — a pair of 45° angles is the norm.
Fig 6.23 shows some sample traces.

Itis good practice on a double-sided board
to have one side of the board laid out with
mostly horizontal traces, and the other side
laid out with mostly vertical traces. A trace
that needs to travel primarily vertically can
do so on the side with vertical traces and use
a via to move to the other side to complete
the horizontal part of the route.

It is easiest during testing and debugging
to route most traces on the bottom (solder)
side of the board — traces on the component
side often run under ICs or other components,
making them hard to access or follow. It is
often much clearer to connect adjacent IC or
connector pins by routing a trace that leaves
one pad, moves away from the IC or connec-
tor, then heads back in to the adjacent pad to
connect. This makes it clear the connection
on the assembled board is not a solder bridge,
which a direct connection between the two
pads would resemble.

Computer-Aided Circuit Design

It may be the case that no amount of vias
or wending paths can complete a route. The
one remaining tool for the PCB designer is a
jumper — a wire added as a component dur-
ing assembly just for the purpose of making a
connection between two points on the board.
Jumpers are most often required for single-
sided boards; when the “jump” israther small,
uninsulated wire can be used. Jumpers are
usually straight lines, and can be horizontal
or vertical. Professional production PCBs
use machine-insertable zero-ohm resistors
as jumpers. Jumpers on double-sided boards
are usually not viewed very favorably, but
this is an aesthetic and efficiency issue, not
a functional one.

Multi-layer boards clearly offer additional
routing options, but again having some domi-
nant routing direction (vertical or horizontal)
on each layer is recommended, since mixing
directions tends to cause routing problems.
However, itis not uncommon to devote one or
two inner layers to power and ground, rather
than merely be additional layers for routing
signals. This allows power and ground to be
routed with minimal resistance and exposes
the traces carrying interesting signals on the
component and solder sides where they are
available to be probed or modified. It is very
difficult to modify traces on inner layers,
needless to say!

Before routing too many traces, it is help-
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ful to run the Design Rule Check (DRC) on
the board. (See the section on Design Rule
Checking below.) Applied early and often,
DRC can identify areas of concern when it is
easiest to correct. For example, a given trace
width may provide insufficient clearance
when passing between two IC pads.

Some PCB design packages offer auto-
router capability in which the software uses
the component and connectivity data of the
netlist and attempts to route the traces au-
tomatically. There are some circumstances
when they save time, but view these tools
with some caution. Auto-routers are good at
solving the routing puzzle for a given board,
but merely connecting all the pins correctly
does not produce a good PCB design. Traces
carrying critical signals may take “noisy”
routes; components that should have short,
low resistance connections to each other may
have lengthy traces instead, and so on. More
sophisticated auto-routers can be provided
with extensive lists of “hints” to minimize
these problems. For the beginner, the time
spent conveying this design information to
the auto-router is likely better spent manually
routing the traces.

If an auto-router is used, at a minimum,
critical connections should be first routed
manually. These include sensitive signals,
connections whose length should be mini-
mized, and often power and ground (for both
RFI and trace width reasons). Better still is to
develop a sense of what a good layout looks
like (which will come with practice and ana-
lyzing well designed boards), and learn at
what stage the auto-router can be “turned
loose” to finish the routing puzzle.

TRACE WIDTH AND SPACING

All traces will have some width — the
width may be the default width, the last width
selected, or a width provided from data in
the netlist. It may be tempting to route all
but the power traces using the smallest trace
width available from the board house (0.008
inch or smaller), since this allows the highest
density of traces and eases routing. A better
design practice is to use wider traces to avoid
hard-to-detect trace cracking and improve
board reliability. The more common traces
0.012 inch wide can be run in parallel on a
0.025 inch grid and can pass between many
pads on 0.1 inch centers. Even wider traces
will make the board easier to produce “in
house,” though the exact process used (CNC
routing, chemical etching, etc) will limit the
resolution. Note that it is possible to “neck
down” traces where they pass between IC or
connector pads — that is, the regular, thick
trace is run up close to the narrow gap between
the pads, passes between the pads with a nar-
row width, then expands back to the original
width. There is little reason to use traces wider
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Table 6.3

Maximum Current for 10 °C Rise, 1 oz/ft2 Copper
Based on IPC-2221 standards (not an official IPC table)

Trace Max. Current Max. Current Resistance
Width (External Trace) (Internal Trace) (ohms/inch)
(inches) A) (A)

0.004 0.46 0.23 0.13

0.008 0.75 0.38 0.063
0.012 1.0 0.51 0.042
0.020 1.5 0.73 0.025
0.040 2.4 1.2 0.013
0.050 2.8 1.4 0.010
0.100 4.7 2.4 0.0051
0.200 7.8 3.9 0.0025
0.400 13 6.4 0.0013

IPC-2221 Generic Standard on Printed Circuit Design,
Institute for Interconnecting and Packaging Electronic Circuits, www.ipc.org

than 0.030 inch or so for most signals (see
Table 6.3) but power and ground trace widths
should be appropriate for the current.

All traces have resistance, and this resis-
tance is a function of the cross section of the
trace (width times thickness) and the length.
This resistance will convert electrical power
to heat. If the heat exceeds a relatively high
threshold, the trace becomes a fairly expen-
sive and difficult-to-replace fuse. The trace
width should be selected such that for the
worst case expected current, heat rise is lim-
ited to some threshold, often 10 °C. In prac-
tice, power traces (especially grounds) are
often made as wide as practical to reduce
resistance, and they greatly exceed the width
required by heat rise limits alone.

Table 6.3 summarizes maximum currents
for external (component and solder side) and
internal traces for some common trace widths.
Internal traces (on inner layers of multi-layer
boards) can carry only about half the current
of external traces for the same width since
the internal layers do not dissipate heat to the
ambient air like external traces can. (Note that
trace widths are also sometimes expressed in
“mils.” 1 mil = 0.001 inch; it is shorthand for
“milli-inch”, not millimeter!)

There is no upper bound on the effective
trace width. It is common to have large ar-
eas of the board left as solid copper. These
copper fill areas can serve as grounds, heat
sinks, or may just simplify board produc-
tion (especially homemade boards). It is not
a good idea to place a component hole in the
middle of a copper fill — the copper is a very
efficient heat sink when soldering. Instead, a
“wagon wheel” pattern known as a thermal
relief is placed (sometimes automatically)
around the solder pad, providing good electri-
cal connectivity butreducing the heat sinking.
Often, copper fill areas can be specified using
apolygon and the fill will automatically flow
around pads and traces in that area, but can
lead to isolated pads of copper.

In practice, most boards will have only
two or perhaps three different trace widths;
narrow widths for signals, and a thicker width
for power (usually with a healthy margin).

One final note on trace width — vias are
typically one size (ie, small), but multiple vias
can be used to create low resistance connec-
tions between layers. Spacing the vias so their
pads do not touch works well; the pads are
then shorted on both top and bottom layers.

Voltage also figures into the routing
equation, but instead of trace width, higher
voltages should be met with an increased
clearance between the trace and other copper.
The IPC-2221 standard calls for a clearance
of 0.024 inch for traces carrying 31-150 V
(peak) and 0.050 inch for traces carrying 151-
300V (peak); these are external traces with no
coating. (With the appropriate polymer solder
mask coating, the clearances are 0.006 inch
for 31-100 V and 0.016 inch for 101-300 V.
Internal traces also have reduced clearance
requirements.) Fully addressing the safety
(and regulatory) issues around high voltage
wiring is outside the scope of this brief re-
view, however, and the reader is urged to
consult UL or IPC standards.

SILKSCREEN AND SOLDER MASK

The silkscreen (or “silk”) layer contains
the text and graphics that will be silkscreened
on the top of the board, shown in Fig 6.24.
Components will generally have elements on
the silkscreen layer that will automatically ap-
pear, such as designators and values, but other
elements must be created and placed manu-
ally. Common silkscreen elements include:
Circuit name, date, version, designer (and
call sign), company name, power require-
ments (voltage, current, and fusing), labels for
connections (eg, “Mic input”), warnings and
cautions, labels for adjustments and switches.
A solid white rectangle on the silkscreen layer
can provide a good space to write a serial
number or test information.
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Fig 6.24 — The relationship between the
layout’s top copper layer with traces and
pads, the solder mask that covers the cop-
per (a separate solder mask is required
for the top and bottom layers of the PCB)
and the silkscreen information that shows
component outlines and designators.

The board house will specify the minimum
width for silkscreen lines, including the width
of text. Text and graphics can be placed any-
where on the solder mask, but not on solder
pads and holes.

Many quick-turn board houses omit the
silkscreen for prototype boards. As noted
earlier, many of the text elements above
can be placed on the external copper layers.
Component outlines are not possible since
the resulting copper would short out traces,
but component polarization can be noted with
symbols such as a hand-made “+” made from
two short traces, or a “1” from a single short
trace. (Note that some component footprints

HBK0243

Fig 6.25 — A completed microprocessor board as it is seen in a typical PCB layout
editor (Eagle). Solder mask layers are omitted for visibility. Traces that appear to cross
each other are on different sides of the board and are in different colors in the layout
software. The silkscreen layer is shown in white.

follow a practice of marking the pad for pin
1 with a square pad while others are round
or oval.)

The solder maskis a polymer coating thatis
screened onto the board before the silkscreen
graphics. As shown in Fig 6.24, it covers the
entire surface of the board except for pads and
vias. Solder masking prevents solder bridges
between pads and from pads to traces during
assembly and is particularly important for
production processes that use wave solder-
ing or reflow soldering. There is one solder
mask layer for the top layer and another for
the bottom layer. Internal layers do not need a
solder mask. Solder masking may be omitted
for a prototype board, but care must be taken
tokeep solder from creating unwanted bridges
or short circuits.

During the PCB layout process, solder
mask layers are generally not shown because
they donotaffectconnectivity. Fig 6.25 shows
a typical PCB as it appears when the PCB
layout process is complete.

DESIGN RULE CHECK

Ifanetlisthas been provided from the sche-
matic capture program, a design rule check
(DRC) can be made of the board’s layout. The
PCB software will apply a list of rules to the
PCB, veritying that all the connections in the
netlist are made, that there is sufficient clear-
ance between all the traces, and so on. These
rules can be modified based on the specific
board house requirements. As stated above,
it is useful to run the DRC even before all the
traces have been routed — this can identify
clearance or other issues that might require
substantial re-routing or a different approach.

If the user has waited until all the routing
is done before running the DRC, the list of
violations can be daunting. However, it is
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often the case that many if not all of the vio-
lations represent issues that may prevent the
board from operating as wished. Whenever
possible, all DRC violations should be recti-
fied before fabrication.

6.4.7 Preparation for
Fabrication
LAYOUT REVIEW

Once the board has passed DRC, the elec-
trical connectivity and basic requirements for
manufacturability have likely been satisfied.
However, the design may benefit from an ad-
ditional review pass. Turn off all the layers but
one copper layer and examine the traces — of-
ten simplifications in routing will be apparent
without the distractions of the other copper
layers. For example, a trace can be moved
to avoid going between two closely spaced
pins. Densely spaced traces could be spaced
farther apart. There may be opportunities to
reduce vias by routing traces primarily on one
layer even if that now means both vertical and
horizontal travel. Repeat the exercise for all
the copper layers.

Review the mechanical aspects of the board
as well, including the proximity of traces to
hardware. If your prototype PCB does not
have asolder mask, traces that run underneath
components such as crystals in a conductive
case or too close to mounting hardware can
form a short circuit. An insulator must be
provided or the trace can be re-routed.

GENERATING OUTPUT FILES

Once the PCB design is complete, the com-
plete set of design description files can be
generated for producing the PCB. These are:

Copper layers — One file per copper layer.
These are known as Gerber files and were
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text files of commands originally intended to
drive a photoplotter. Gerber was the primary
manufacturer of photoplotters, machines
that moved a light source of variable width
(apertures) from one location to another to
draw patterns on photographic film. While
photoplotters have been replaced by digital
technology, the format used by Gerber has
been standardized as RS-274X and is univer-
sally used except by PCB software tied to a
specific manufacturer. RS-274X is related to
RS-274D (“G-Code”) used by machinists to
program CNC machinery but is an additive
description (essentially saying “put copper
here”), rather than describing the movements
of a tool to remove material. A program is
thus required to translate between Gerber and
G-Code if a CNC machine is used to make
a PCB by mechanically removing copper.
Drill file — The file containing the coordi-
nates and drill sizes for all the holes, plated or
not. Also called the NC or Excellon file, some

board houses may require a specific format for
the coordinates, but these are usually avail-
able to be set as options in the PCB program.
There is only one drill file for a PCB, since
the holes are drilled from one side. (Exotic
options such as buried vias will require more
information.) Like RS-274X apertures, the
drill file will generally contain a drill table.

Silkscreen — Also in RS-274 format.
Some board houses can provide silkscreen
on both sides of the board, which will require
two files.

Solder mask — The solder mask file is
used by the board house to create the solder
mask. One file per side is required.

A Gerber preview program such as Gerby
(gerbv.gpleda.org, open source, Linux, Mac
OS X) or GC-Prevue (www.graphicode.
com, Windows) canbe used toreview the trace
layout Gerber files. This is a good test — the
board house will make the boards from the
Gerber files, not the PCB design file. Gerber
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