jects within composite objects
â€¢ Strict call-by-reference protocol
â€¢ Uniform parameter passing on an unlimited data stack
â€¢ Automatic temporary variable management
â€¢ Quoting operation to allow procedures to be passed as
data
I Full complement of RPN-style control structures.
While we do not expect the RPL operating system to be
used outside of HP's Handheld Calculator and Computer

Operation, we feel that it provides a firm foundation for
advances in software technology for handheld computing
environments.
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A Multichip Hybrid Printed Circuit Board
for Advanced Handheld Calculators
by Bruce R. Hauge, Robert E. Dunlap, Cornells D. Hoekstra, Chong Mum Kwee, and Paul R. Van Loan
WHEN WE BEGAN the search for an 1C packaging
and interconnect system for HP's new series of
calculators, the design challenges were formid
able. Chief among them was achieving an effective com
promise among increased circuit density, reduced package
volume, greater reliability, and lower cost. Ultimately, our
decision was to proceed with a hybrid printed circuit board.
No other packaging technology could meet the combined
requirements of high pin count, low package profile, en
vironmental stability, and low cost.
The use of hybrid printed circuits is not new for HP.
Beginning with development of the HP-41C Calculator
nearly ten years ago, the technology has been designed into
many of our handheld products. This evolution has led to
the hybrid printed circuit board used in the HP-18C and
HP-28C Calculators.
The advantages of hybrid printed circuit boards are:
B High density. The use of high I/O count chips (>100
pads) with less than 25% of the area required by compar
able discrete packages, multichip and multicomponent
applications, and linewidth and spacing geometries of
0.005 inch.
â€¢ Design flexibility. A double-sided board allows flexible
adaptation to layout requirements. Artwork changes are
inexpensive and rapid, selective gold plating for
wirebond areas can be used, and finished via hole diam
eters can be as small as 0.0115 inch.
â€¢ Solderability. Components can be added using a wide vari
ety of surface mount or lead insertion solder processes.
â€¢ High reliability. For example, customer line scrap on the
latest HP-41C hybrid circuits is less than 700 ppm per
1C, and the field failure rate is negligible.
â€¢ Rapid design turnaround. Artwork changes can be done
in five weeks, and assembly prototyping can be done in
one to two weeks.
â€¢ Low cost. The cost of a hybrid printed circuit compares

favorably on a per-pin basis with all other medium-tohigh pin-count package types.
Features

The two-sided hybrid printed circuit board used in the
HP-18C and HP-28C Calculators measures approximately
three inches by 1.5 inches (not including the tab for the
infrared LED, see Fig. 1). The top side of the board (the
side that mates with the liquid-crystal display of the cal
culators) bears three custom ICs, two display drivers, and
a microprocessor, which are epoxy die attached to the board
and connected by a total of 263 gold wire bonds to goldplated pads. The three ICs are encapsulated by an epoxy
layer retained by a dike structure. The reverse side of the
board bears two custom ROM chips in plastic quadpacks
and nine passive surface-mounted components. In addi
tion, four through-hole components are attached, including
an LED for wireless infrared transmission of data to an
accessory printer. The finished hybrid circuit with 18 com
ponents constitutes virtually the entire electrical system
of the calculator.
Technology

In its basic form, a hybrid printed circuit consists of one
or more chips that are attached to a printed circuit board,
wire-bonded, and then encapsulated to provide mechanical
and environmental protection. The early plug-in video
game cartridges, primarily designed to be inexpensive, con
tained a chip mounted on a single-sided board. These
boards required no gold plating except for their edge con
nector, used aluminum wire bonding, and were encapsu
lated with a glob of epoxy over the 1C. Because of their low
cost and minimal environmental requirements, it was more
cost-effective simply to replace defective cartridges, rather
than develop a more reliable assembly. The hybrid process
described here incorporates several improvements over
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these "jelly bean" types of hybrid circuits.
Printed Circuit Board. A high-temperature laminate, either
polyimide or a modified polyimide is used. This allows
the use of high-speed gold thermosonic bonding and pro
vides an additional margin for high-temperature applica
tions.
Nickel/Gold Plating. The etched copper traces are confor-

mally plated with a diffusion layer of nickel. Then highpurity, soft gold is conformally plated over the nickel. The
conformal plating reduces the possibility of exposed cop
per, which could lead to dendritic growth between adjacent
traces. The nickel also provides a hard underlying surface
for wire bonding. The gold plating provides an oxide-free
surface for gold wire bonding and protection in harsh and

Fig. 1 . Front (top) and back (bot
tom) sides of hybrid printed circuit
board. Precisely punched rectan
gular hole is located at upper left
in top view and upper right in bot
tom view.
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moist environments.
Die Attach. A high-purity, silver-filled epoxy is used to
attach the ICs to the board. This provides good thermal
and electrical conductivity to the die-attach pad.
Wire Bonding. Thermosonic (a combination of temperature
and ultrasonic energy) wire bonding is used to connect the
1C pads to the board traces. The use of gold wire with a
diameter of 0.00125 inch and an average pull strength of
15 grams provides extra margin at temperature extremes.
Encapsulation. A low-ionic-content epoxy is used to en
capsulate the ICs and their bond wires. Entrapped air is
minimized by precuring the boards in a vacuum oven. The
thermal coefficient of expansion and the cure cycle are
important aspects of encapsulation that must be carefully
controlled to minimize thermomechanical stresses on the
ICs and bond wires.
Development Program

Because of the high number of wire bonds (263), it is
imperative to obtain the highest yield possible at this oper
ation. Our defect rate goal of less than 100 ppm translated
to a part yield at the wire bond operation of 97.4%. To
achieve this, we needed the expertise of the people at HP's
manufacturing facility in Singapore. Therefore, we added
a Singapore engineer to our design team in Corvallis for
six months to work on the tooling and optimization of the
wire bonder.
Tooling modifications were necessary to allow for bond
ing boards processed in a panel configuration, rather than
a single board at a time. This required changes to the X
and Y travels of the bond head, a much larger heater block,
and a different clamping arrangement.
For the optimization, a partial factorial experiment was
conducted to determine the primary parameters that affect
bond quality. After this experiment was completed, an
operating window study determined the limits of the key
parameters. Table I outlines the results.
Table I
Key Bonding Parameters
Parameter Specification Limits

Temperature
Power
Sink depth
Force
Time

160tol70Â°C
40 to 45 pulses/s (die side)
70 to 75 pulses/s (lead side)
30 to 90 fim (die side)
150 to 250 (Â¿m (lead side)
40 to 50 grams (die side)
90 to 100 grams (lead side)
15 to 25ms (die side)
35 to 45 ms (lead side)

The choice of laminate for the hybrid substrate was nar
rowed to materials that could withstand the wire-bonding
temperatures and times without deterioration. FR-4 boards
are normally not usable for thermosonic bonding since a
high glass-transition temperature (Tg) is required. A modified-polyimide laminate was chosen because of its rela
tively high Tg (180Â°C), and its lower cost and ease of

machinability compared with polyimide laminates.
The mechanical design of the hybrid was determined to
a large extent by the needs of the calculator design group
and by the surface mount process in printed circuit assem
bly. The board thickness was increased from the normal
value of 0.031 inch to 0.047 inch to provide a more rigid
substrate. The height of the encapsulating epoxy must be
kept to less than 0.080 inch because of tight spacing be
tween the board and the LCD assembly. A molded plastic
dike is used to contain the epoxy and maintain a uniform
thickness.
To exploit automated board assembly fully and to
maximize material use, the boards are delivered from the
vendor in a four-board subpanel, using an interdigitated
layout. The parts are kept in subpanel form throughout the
hybrid and surface mount processes. Only at the hand-sol
dering operation are the boards separated from the subpanel.
One of the special requirements is a precisely punched
rectangular hole (see Fig. 1). This hole must be punched
and referenced to the board artwork to an accuracy of
Â±0.002 inch. The purpose is to allow the use of prealigned
display assemblies (LCD plus crimped metal can). This
differs from previous HP calculator assembly techniques
that require the LCDs to be adjusted manually for each
calculator. A vendor was located that had developed equip
ment to achieve this. Once we proved the accuracy of the
machine, we arranged for the precision-punching to be
done by the board vendor.
Some of the more severe tests for hybrid circuits are
moisture resistance, thermal shock, and multicycle vapor
phase soldering. We ran engineering tests to determine
whether we had sufficient margin to pass our qualification
tests. We saw no problems in the thermal shock and vapor
phase soldering tests. However, during the moisture resis
tance test, we discovered some procedural and humidity
chamber design problems. By discovering and correcting
these problems before the final qualification run, we avert
ed any program schedule delays.
Because of differences in the coefficient of thermal ex
pansion between the printed circuit board, silicon chips,
and encapsulating epoxy, mechanical stresses can develop
during heating and cooling. After cooling the subpanel
down to room temperature from an epoxy curing tempera
ture of 150Â°C, a noticeable warpage of the subpanel de
veloped, often greatly exceeding the allowable maximum
of 0.075 inch.
We focused on revising the cure cycle as the method to
minimize the panel warpage. We needed to cure the epoxy
as completely as possible, but not lock in a high state of
stress. Hence, a two-stage cure cycle was implemented.
The parts are cured for three hours at 125Â°C, then ramped
down to 58Â°C over two hours. This results in parts that
consistently pass the maximum warpage criteria.
In a normal printed circuit board manufacturing process,
the areas to be plated are defined by a negative resist on
the copper-clad laminate. The exposed copper areas are
then plated with additional copper, nickel, and gold. After
plating, the resist is stripped off and the exposed copper
between the plated areas is etched away. However, this
results in traces with exposed copper on their sides. The
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exposed copper can react with moisture and an applied
bias to form copper dendritas. Hence, several plating en
hancements were implemented to improve the reliability
and reduce the costs.
The first of these is to process the board in a conformalplating configuration. This means that the copper etching
is done before any plating occurs. Since the sides of the
traces are now exposed during plating, the copper is sealed
in by the nickel and gold plating steps, thereby reducing
the likelihood of dendritic growth.
For conformal plating, all of the features are electrically
bused together. This is normally achieved by running small
traces off the board for connection to the plating bus. How
ever, since this hybrid board will have a metal can crimped
around it to hold the LCD, we risked shorting to these
plating traces. Therefore, an alternative method was de
veloped. A plating ring is set up around each of the three
die-attach pads. Small traces from each bond finger are
connected to these rings, and a single trace is then run off
the edge of the board in a safe area. After plating, a finediameter router is used to cut away each of the plating
rings and open up the shorted plating traces. A solder mask
layer on top of the rings and traces helps anchor them to
the board to minimize any smearing of the copper during
routing.
To reduce the amount of high-purity gold plated on each
board, a selective plating resist is screened on after the
boards receive a flash gold plating 5 to 20 microinches
thick. This resist exposes only the bond fingers, which are
subsequently plated with 40 microinches of high-purity,
soft gold for wire bonding. The resist is then stripped off.
Test Program

The test software and hardware embodies many features
absent in the evaluation of previous hybrid circuits. The
prominent features are a modular test program, the use of
solid-state analog multiplexers to leverage a few available
tester channels for testing continuity on many pins, and a
large free-standing test fixture for testing multihybrid
panels. The test system tests a hybrid circuit with 250 test
points in 25 seconds using a tester with 60 active test pins
and 24 additional pads accessible via multiplexing.
The hybrid test program was developed in two separate
parts with the objective of achieving complete modularity
for the two parts. One engineer wrote the hybrid program,
which contains a shell for insertion of the display driver
portion written by another engineer, a subset of the micro
processor 1C test program (old), a system test (new), and
initialization and exit routines for hardware checkout and
operator interface (new). This engineer was also responsi
ble for interfacing with the fixture designer and doing pro
totype hardware debug. A second engineer was responsible
for the display driver wafer test program (new), the display
driver continuity test (new), the final integration of the
test, documentation, and release to production. Program
ming proceeded in parallel, with each test of the hybrid
circuit able to be debugged independently. As needed, com
mon hooks between the separate portions of the final hybrid
test program were agreed upon to activate debug features
and maintain summary data.
As development proceeded, the display driver portion

of the test program was periodically updated with more
complete code by the transfer of a single block of code from
the middle of the display driver wafer program. This
worked well, and ensured that after release to production
updates to the display driver wafer program could be easily
transferred to the hybrid circuit test program.
Even at the wafer level, the pin count (112) of the display
driver chip was too high to access all pins of the part, even
with multiplexing of the 60 tester channels to the 24 extra
pads. In light of this, the display driver was designed to
allow virtually complete testing of all 92 display pins via
just four specially designed display pins. Using a combina
tion of internal connectivity switching and scan path
methodology, the display pins are tested for functionality,
pin leakage, and pin shorts through these four pins.
At the hybrid level, however, we were confronted with
the need to confirm the presence of wire bonds to the
display pins of the two display driver chips. This con
tinuity check requires a physical connection to each dis
play pin and is done by forcing a current into each pin and
detecting the presence of a diode voltage drop across a pad
protection diode. Originally it was anticipated we would
need to do this test on a separate dedicated commercial
continuity tester. However, we devised a solution that al
lows the continuity test to be done as an integral part of
the total hybrid circuit test. This provides the considerable
advantage of eliminating the need for a separate commer
cial continuity tester and being able to do a complete test
in a single pass.
The solution consists of a box of solid-state analog multi
plexers which use a total of seven tester channels to test
184 pins for continuity in less than 2 seconds. The box
contains two identical circuit boards, each with six 16channel analog multiplexers, one decoder, and one count
er. The boards plug into edge connectors connected to the
display pins and the tester control channels. To access any
pin, the tester increments the counter, which together with
the decoder selects an analog channel connected to a par
ticular pin. Since all display pins are in just two contiguous
groups, the only short circuits that are physically likely
are adjacent pin shorts. Thus to identify shorted pins as
well as open circuits we simply wired the box so that the
multiplexer channels of the two boards are interleaved,
that is, every other display pin is connected to successive
channels on the same board. The tester opens one channel
on each board simultaneously, forces a current into one
channel and forces a zero level on the other. A short to an
adjacent pin then results in a current path from the pro
grammable measurement unit through one multiplexer
board, through the short, and back out through the other
multiplexer board to the tester channel forcing the zero
level. Since the part is designed to allow detection of shorts
via functional testing, no bad parts would be shipped if
this shorts test were not done. However, the ability to iden
tify of circuits directly rather than by interpretation of
functional test data has proven to be indispensable in fail
ure analysis and hybrid process monitoring.
Test Fixture

The design of this hybrid circuit implied some new chal
lenges for the capability of the test fixture. Contact had to
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be made to 250 points distributed on both sides of a printed
circuit board about 3.5 inches long by 1.5 inches wide. The
minimum spacing between LCD pads is 0.016 inch, with
a pad size of 0.016 inch. We strongly desired a single fixture
design that would test the hybrid circuits in both the fourboard panel form during manufacture and the single-board
form during final assembly. A fixture meeting these require
ments was designed and implemented by HP's Handheld
Calculator and Computer Operation. This fixture (Fig. 2)
has also served well for line scrap analysis.
The fixture weighs about 50 pounds and is manually
operated and pneumatically actuated. The four-board panel
(or single board) slides into the fixture on a movable X-Y
stage. The panel or board under test is positioned by
mechanical stops to align closely with the upper and lower
spring-loaded test pin blocks. Activated by a manual
switch, the upper and lower pin blocks then move to the
center and sandwich the panel or board between them. Pre
cision alignment is achieved by the mating of a fixture guide
pin to the precisely punched hole in the hybrid circuit.
Originally the test pins chosen for the fixture were solid
cylinders with a conical cavity at the contact end, yielding
a circular knife edge for contact. This configuration was
chosen to satisfy the need for both a sharp edge to penetrate
oxides and a large potential contact area to make up for
registration errors. These pins performed fine when new,
but soon tended to plug up with particulate contamination.
Several months into prototype production, a switch was
made to more conventional pencil-point, spring-loaded test
pins, 0.027 inch in diameter, with favorable results.
Initially, the connection to the fixture consisted of a
three-foot-long bundle of coaxial cables terminated by con
nectors at both ends, mating at the tester end to connectors

wired to a DUT board mounted on a performance board.
This arrangement was quickly discarded as noise levels
were intolerable, and was replaced by a set of shorter cables
terminated by connectors at only one end, and directly
wired to the performance board at the other end (see Fig.
2). The coaxial cable shields are all soldered to a brass
grounding ring offset from the board. The center wires of
the coaxial cables are soldered directly to the performance
board pads writh strain-relief loops. Wire lengths are kept
to a maximum of 18 inches. Inside the fixture, lines be
lieved to be critical are also wired in coaxial cable to the
spring-loaded test pins, while the remaining lines are
twisted pair. As might be expected, even with this arrange
ment noise is still a problem. This is compensated for by
setting input levels to the rails and output levels to 0.33
and 0.67 VDD. This is acceptable because all parts are tested
to full level specifications at the wafer stage.
Qualification Results

The qualification plan for the hybrid circuit included:
â€¢ 1000 hours of dynamic burn-in at 100Â°C
â€¢ 168 hours moisture-resistance testing at 65Â°C and 90%
relative humidity
â€¢ 200 thermal shock test cycles
â€¢ 5 vapor-phase solder cycles.
The 1000-hour dynamic burn-in is normally done at
150Â°C. We lowered the temperature to 100Â°C because of
thermal limitations imposed by some of the soldered com
ponents. Earlier moisture-resistance testing of hybrid cir
cuits at 85Â°C and 85% relative humidity had shown poor
results; 65Â°C and 90% relative humidity was felt to be an
adequate condition. Table II summarizes the results. To
date, the hybrid circuits in the HP-18C and HP-28C have

Continuity
Box

perrre
Fig. 2. Test fixture for hybrid
printed circuit board.
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performed very well in the field, with no known reliability
problems. This would appear to confirm the validity of our
qualification matrix.
Table II
Hybrid Circuit Qualification Results
(Failures per number tested)
T e s t
Q u a l i t y
P r o c e d u r e C r i t e r i a

R e s u l t s

Dynamic burn-in: 1/129 1/129
100Â°C, 1000 hours
Moisture resistance: 2/105 0/105
65Â°C, 90% R.H.
500 hours
Thermal shock: 5/116 5/116
200 cycles
Vapor phase solder: 0/22 0/22
5 cycles
The six failures from dynamic burn-in and thermal shock
were analyzed. The one failure during dynamic burn-in
failed the self-test on the crimper tester. This part was
subsequently retested on the HP 3065 Circuit Board Test
System and it passed. It was then retested on the crimper
tester and it passed. No further failure analysis was per

formed.
The remaining five units showed LCD pad leakage and
functional failures during the first thermal shock tests.
Examination after decapping showed fractures along the
outside edge of the ICs. These problems were shown to be
stress related, associated with the large size of the ICs and
incomplete die-attach epoxy coverage under the corners.
Additional units were built in Singapore, with particular
care to obtain complete epoxy coverage under the ICs. The
thermal shock test was repeated with no failures and no
evidence of fracturing after decap. Singapore has since in
corporated a screening method for the die-attach epoxy to
ensure process integrity and reliability.
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An Equation Solver for a Handheld
Calculator
by Paul J. McClellan
THE IDEAL EQUATION SOLVER reliably finds all
solutions for an arbitrary variable in any equation
defined by the user. Since this is provably impossible
in general,1 more realistic expectations are to solve for an
arbitrary variable in a wide range of equations, to provide
understandable and reliable diagnostic information should
the solver fail to find a solution, and to provide the means
for using the solver to obtain multiple solutions of an equa
tion if more than one solution exists. These were the design
objectives for the equation solver in the HP-18C Business
Consultant.
A Combination of Direct and Iterative Solvers

The HP-18C employs a combination of a direct solver to
solve simple equations reliably and quickly and an iterative
solver to search for solutions of more-difficult equations.
The direct solver attempts to solve an equation by applying
rules of algebra to isolate the unknown on one side of an

equation. If it succeeds, the value of the other side of the
equation is the solution to the equation. The iterative solver
applies a trial-and-error search procedure to obtain a solu
tion to the equation.
The need for a combination of direct and iterative solvers
became clear early in the development of the HP-18C. Al
though iterative solvers can be applied to a wide variety
of equations, they can, depending upon the starting point,
take an unacceptable amount of time to find a solution or
even fail for trivial equations. For example, consider at
tempting to solve the equation 1/x = -0.1 for x by applying
the secant method to the difference between the left and
right sides of the equation. Fig. 1 illustrates the shape of
the function 1/x + 0.1 near x = 0. With initial guesses -1
and 1 the iterates converge to the pole at x = 0. With initial
guesses 1 and 2 the iterates diverge toward =c. But with
initial guesses -1 and -2, the iterates converge to the
solution at x = - 10. Although a direct solver would handle
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