Fig. 6. HP-28C plot of f (x) = (x/(3x-1))3- 1.
solution as a warning that the solution is not exact.
HP-28C Iterative Solver
The HP-28C's iterative solver assumes a higher level of
sophistication on the part of the user. It also searches for
a real solution to an equation or a real zero of an expression.
It differs from the HP-18C version only in the manner that
the user specifies initial guesses, how the solver displays
current iterates, and the solver's termination display.
The HP-28C uses the initial contents of the unknown to
obtain up to three initial guesses, with zero as a default.
The user specifies one initial guess by storing a real or
complex number in the unknown. The HP-28C takes the
real part of a complex number as an initial guess. The user
can specify one, two, or three distinct initial guesses by
including those guesses in a list and storing that list in the
unknown. The HP-28C uses up to the first three distinct
real numbers or real parts of complex numbers in the list.
The reason for handling complex numbers in this way is
to facilitate the user's specifying initial guesses obtained
by digitizing points from plotted equations.
The iterative solver is faster if it does not need to display
iterates, so by default the HP-28C solver does not do so.
However, the user can trigger the display of current iterates
by pressing any key other than ATTN. Additional pressing
of such keys has no effect and the solver purges the key
buffer when it terminates. Pressing ATTN always aborts the

iterative solver, which then returns a list of the three current
iterates on the display stack and stores the list in the un
known.
If the HP-28C cannot obtain at least two values in the
domain of f(x) using the initial guess(es) of the unknown,
then it leaves the unknown unchanged and displays Bad
Guess(es). If the HP-28C cannot obtain a slope, then it leaves
the unknown unchanged and displays Constant. Otherwise,
the HP-28C overwrites the initial contents of the unknown
during the search process. When the search is complete,
the solver returns a message and an exact or approximate
solution on the display stack and stores the solution in the
unknown. The HP-28C displays the message Extremum if it
exhausts the search interval without finding a change of
sign. If it finds a change of sign but not an exact numerical
solution, it displays Sign Reversal. If it finds an exact nu
merical solution, it displays Zero.
The solver application menu has labeled softkeys that
can be pressed to evaluate the left and right sides of the
current equation for the current values of the equation's
variables. The user can use these keys to inspect the quality
of a solution in more detail.
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Electronic Design of An Advanced
Technical Handheld Calculator
by Preston D. Brown, Gregory J. May, and Megha Shyam

THE DESIGN of an advanced handheld calculator
such as the HP-28C requires solutions of some spe
cial problems: how to package the system in a limited
space, how to provide power from three small batteries for
six months, how to keep the cost down, and how to release
the new design in less than 18 months. These challenges
were met by designing three custom CMOS ICs, packaging
the electronics using chip-on-board and surface-mount
technologies, and using powerful design aids. The HP-28C
includes a four-line liquid-crystal display (LCD), 128K

bytes of ROM, 2K bytes of RAM, a clock, and an infrared
transmitter for sending data to an optional detached printer.
The HP-18C Business Consultant contains the same elec
tronics, but only one ROM.
The electronic design (Fig. 1) of the HP-28C provides a
20 x improvement in computational speed over its pre
decessor, the HP-15C. Custom ICs and custom packaging
were required to achieve this functionality on a small cir
cuit board measuring 3 by 1.5 inches.
A hybrid board design (see article on page 25] is used
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Fig. 1 . System block diagram.

for the entire system. Two display drivers and the CPU are
bonded directly to the front of the printed circuit board
using 263 bonds. Two ROMs in flatpacks and the rest of
the discrete components are placed on the back of the
board. Pressure contacts are made from the board to the
LCD on the front, and from the board to the keyboard on
the back. The use of chip-on-board technology has proven
to be reliable and cost effective.
Custom Microprocessor

Commercially available microprocessors have a number
of limitations that make them unsuitable for use in a cal
culator. They require too much power, many support chips,
regulated supplies, or a wide system bus which takes up
too much room on a printed circuit board. Hence, a custom
microprocessor was developed for the HP-28C to avoid
these problems.
The processor used in the earlier HP-71B Handheld Com
puter1 was an excellent starting point for the design; this
processor already met the low-power and interconnect re
quirements, but it would not run at 3V (the minimum bat
tery voltage). By porting the design into the newer, smaller
CMOSG process, the part price and the power supply re
quirements were reduced and the speed was increased.
At the same time, new instructions were added to improve
data manipulation and the interrupt structure was en
hanced.
The instruction set of the processor is highly optimized
for binary-coded decimal operations on both integer and
real numbers. The main working registers in the processor
are 64 bits long and are broken into three fields: the expo
nent, the mantissa, and the sign fields. Individual nibbles
or bytes of the registers can be handled independently.
The processor has 16 input pins and 12 general-purpose
output pins, some of which are used to scan the keyboard.
Most of the work of scanning the keyboard is the responsi
bility of the firmware including the scan sequence, key
debouncing, and type-ahead buffer. Hardware is kept simple.

Bus Definition

To reduce printed circuit board area, the bus width must
be limited. A four-bit multiplexed command and data bus
may seem to be an extreme solution, but is necessary to
save space. The challenge is to maintain reasonable perfor
mance with a four-bit bus. Each 1C in the system maintains
its own copy of the 20-bit program counter (PC) and a data
pointer (DP) which are only broadcast on the bus when
necessary. After a read operation to an address pointed to
by the PC, each 1C automatically increments its copy of
the PC. Therefore, the PC need only be updated if a branch
is taken. In this case, the PC must be reloaded. The com
mand LOADPC is placed on the bus followed by the five
nibbles of the new address. The other fifteen bus commands
include starting reads and writes to the address pointed to

VON

LCD LC1 LC2 â€¢â€¢â€¢ LC91

LCD Drivers

Fig. 2. Layout and architecture of display driver chip.
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by the PC or DP, loading the DP, and resetting and configur
ing the system.
Another feature of this bus definition is soft configura
tion, which allows the memory space to be allocated as
desired. A daisy-chain signal is routed from one 1C to the
next. If an 1C has not yet been configured, it drives its
daisy-out (DO) line low. When its daisy-in (Dl) line is high,
the 1C responds to identification and configuration com
mands which place it in the address space. Once config
ured, the IC's DO line goes high so that the next chip in
the chain can be configured.
The bus consists of 10 pins: data (pins 0 to 3), CDN (signals
if the transfer is a command or data), STRN (system strobe),
Dl, DO, VDD, and GND. The bus supports data transfer at up
to one megabyte/second. However, in the HP-28C the trans
fer rate is limited to 325 kilobytes/second because of other
limitations.

1.8V

Display Drivers

The liquid-crystal display requires 184 drivers. Since
there are too many pins to be driven by a single 1C, two
identical display driver ICs (Fig. 2) are used, each driving
92 lines. Each driver 1C also requires 20 additional pins
for a total of 112 pins per 1C. Other system needs are also
integrated onto the display drivers; the CPU and ROM are
the only features that would not fit because of area limita
tions.
The 32-way multiplexed (see waveforms in Fig. 3) liquidcrystal display requires up to nine volts peak-to-peak to
operate. This presented some difficulty since the CMOSG
process allows only seven volts maximum because of two
problems. First, the process' polysilicon field threshold
runs around 12V and there would be significant subthreshold conduction at nine volts. Second, although a
p-channel transistor can handle the high electric fields pro
duced, an n-channel FET would only last a short time
before it was damaged. To live within these constraints,
restricted layout rules and circuit designs were developed
to allow nine-volt operation. The layout rule changes in
cluded increasing the minimum gate length, increasing the
polysilicon-to-diffusion spacing, eliminating polysilicon
p-well crossings, and not allowing two transistors to share
the same gate polysilicon. By making use of a supply level
already needed for the display, VM!D (1.8V), two n-channel

â€” -4.5V

(b)

Fig. circuit (a) High-voltage inverter, (b) Nine-volt interface circuit
for supplying display drivers.

devices can be placed in series and biased to maintain a
voltage drop of less than seven volts across each of them
(see the high-voltage inverter in Fig. 4a).
While the majority of the system is powered by three
N-cell batteries (4.5V), the display drivers need nine volts.
Therefore, an interface circuit was necessary to provide
Â±4. 5V. The high-voltage inverter could allow a 0-to-4.5V
logic input to produce a Â±4. 5V output, but current drains
would be high since both the pull-up and pull-down tran
sistors are on when the input is at ground. However, by
incorporating two high-voltage inverters into a latch (Fig.
4b), the full voltage swing is placed across the inputs of
both inverters, and no dc current flows.

488 MS

Fig. 3. Multiplexed waveforms for
driving liquid-crystal display.

Row 1 Pixel ON
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Bit

Bit

Bit 2

Programmable Switching Supply

The power supply uses only three discrete components
and a 50-to-150-kHz clock signal to generate a negative
display supply (VDREF, -4.5V) from a 2.7-to-6V input. The
other display voltages are generated by buffering voltages
from a resistor divider strung between VDD (4.5V) and VDREF.
The negative supply is adjusted versus ambient tempera
ture by comparing the voltage from a string of three parasitic
npn transistors to the voltage from a switched capacitor
divider driven by VDREF. A 5-bit register which directly
varies the ratio of this divider gives the user control of the
display contrast by altering the negative supply voltage
with respect to VDD.

Fig. 5. Static RAM cells, (a) Tra
ditional static RAM. (b) HP-18C
and HP-28C display RAM cell.

+75Â°C.
Display control logic handles the display refresh and
synchronization of multiple chips.
A 32-bit crystal-controlled timer provides a real-time
clock and other timing functions.
A flexible I/O pin allows TTL-level serial communica
tions and several other I/O possibilities. In the HP-18C and
HP-28C Calculators, this pin drives an infrared LED trans
mitter for sending data to an optional printer with an in
frared receiver. The timer and I/O sections provide minimal
hardware support for these features; as much of the com
plexity as possible is handled by the firmware.
512K-Bit ROM

System Functions

Other features necessary to complete the system are in
tegrated onto the display driver (see Fig. 2). A two-port
RAM consisting of ninety-two 32-bit words is used for a
display bit map. The read-only second port is formed by
the addition of a second word line, a second bit line, and
two transistors to the basic static RAM cell (see Fig. 5).
Each display driver also provides IK bytes of system RAM.
In the low-battery detection circuit, the supply voltage
VDD is divided down and compared to a bandgap reference.
The reference produces 1.3VÂ±15 mV over process vari
ations and the operating temperature range of -30 to

The third custom 1C used in the HP-28C is a 512K-bit
ROM. One or two ROMs in flatpack packages are soldered
to the back of the hybrid circuit board. The ROMs are not
bonded directly to the board for three reasons. First, by
placing the ROMs in separate packages the HP-28C and all
language versions of the HP-18C can be produced by simply
loading the boards with a different ROM. Second, that
much ROM would consume a large amount of tester mem
ory and is best tested separately. Third, the CPU and display
drivers require most of the room on the front of the board,
and directly bonding chips to both sides of the board is
not practical.

Predecoders

Fig. 6. Architecture of 512K-bit
ROM chip.
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Early in the development cycle it became apparent that
a high-density CMOS process was essential to help keep
the cost of the product at realistic levels. Hence, this ROM
chip was designed using a third-generation CMOS process
developed at HP's Northwest Integrated Circuits Division.
The chip architecture (Fig. 6) consists of four 128K-bit
quadrants, each organized in 512 rows and 256 columns.
The data from each quadrant is read four nibbles at a time.
Considerable design effort went into minimizing power
supply drain by the ROM in both the operating and standby
modes. Our design approach incorporates decoded virtual
ground drivers so that only part of each quadrant is active
at any time. The use of virtual ground drivers minimizes
precharge current contribution to the operating current.
Our choice for the ROM core cell is the so-called X core,
where the polysilicon word line snakes around the island
line at 45Â° angles. The traditional diffusion resistance to
ground is not present in this design, which eliminates
periodic ground bus lines. Data from the ROM core is
sensed by special differential sense amplifiers that detect
the difference between the selected cell and a dummy cell.
The ROM is island programmable, which implies that a
one or zero is detected by the presence of an island complet
ing the transistor. The design calls for the ROM to operate
from 3.0 to 5.5 volts with 200-ns access time at 65Â°C.
The ROM interfaces to the CPU using the 4-bit data bus
and two control lines. For proper operation, the chip needs
only 11 pads. The chip was designed to be configurable in
the address space of the CPU either by hard configuration
(i.e., the address is predefined and set) or soft configuration
(i.e, the address can be mapped anywhere in the CPU ad
dress space). The interface of the ROM core with the CPU
consists of a command decoder and two 20-bit program
counter and data pointer registers.
The CMOS process development played a key role in
the availability of the ROMs. Some of the principal charac
teristics of this new CMOS process are:
â€¢ It is an n-well process, as contrasted to previous p-well
processes.
It uses p-type epitaxial silicon on a p + substrate instead
of a monocrystalline silicon structure.
â€¢ 5 x optical steppers are used for all critical lithography
levels.
â€¢ The metal interconnection layers (first and second) have
a linewidth-spacing pitch of 4.0 /am.
â€¢ The polysilicon lines are drawn 2.8 Â¿tin wide and are
placed at least 1.2 /am apart.
The islands that define p-channel or n-channel transistor
widths are 2.8 /am wide.
â€¢ The n-channel and p-channel threshold voltages are
0.75V and symmetrical.
â€¢ The effective size of a minimum-geometry device is 1.8
fan wide and 1.3 /am long.
The maximum operating voltage is 5.5V.
ESD and EMI Design Considerations

From the very beginning of the project, the design goal
for electrostatic discharge (ESD) protection was to elimi
nate any breakdowns through the case with the calculator
placed on a reference ground plane for discharges up to
25 kV. Hence, the emphasis on sealing the product with

an RTV compound was partly because of ESD require
ments. However, the problem with that design philosophy
is that any one entry point can eliminate all chances of
success. In this case, the weak point was the battery door.
Interestingly enough, the observed arc path was from the
battery door to the battery case and over through the elec
tronics to the CPU key lines. The reason for this was sim
ple â€” the keyboard provides a larger capacitance to refer
ence ground than anything else in the product (i.e., the
highest charge path is through the electronics). The solu
tion is to isolate the keyboard using a series resistance and
to provide an alternate path for this charge with an appro
priately placed ground plane. The keyboard-to-ground
capacitance is reduced by inserting a grounded metal shield
between the keyboard and the reference ground. This de
sign at the same time provides an alternate, more desirable
charge path to this internal ground plane because of its
predominant capacitance to the reference ground. This
technique has proven to be quite successful in previous
projects.2
Electromagnetic interference (EMI) generation was not a
problem, mainly because of an early emphasis on proper
printed circuit board layout. Possible RF sources are elimi
nated by minimizing the physical loop areas created by
the signal and ground return paths, and by laying out the
power and ground lines first on the hybrid. This is an
extremely quiet product, considering its speed capabilities.
Tools

An aggressive schedule was met with this project. Since
the CPU was a redesign, the display driver and ROM were
the most critical 1C designs. Three months were required
for design, schematic entry, and simulation. Our first pro
totypes, built six months later, were fully functional.
The Hierarchial Custom Design System, developed at HP
for in-house use, is a highly integrated set of tools running
on HP 9000 Computers. The schematic capture system pro
duces a net list which is fed to the circuit (HP Spice) or
logic simulator. The logic simulator handles CMOS designs
including bidirectional transmission gates and circuit
fights created, for example, when overdriving crosscoupled inverters to load a latch. A high-level, Pascal-like
language is used to develop all the test patterns. This lan
guage can then be compiled for the logic simulator or for
the 1C test system. Often the output of the simulator is used
to create the production test patterns, but recompiling the
high-level language has three benefits. First, changes in the
test patterns can be implemented quickly, without having
to resimulate the entire 1C. Second, the test patterns are
well documented. Finally, the features of the language re
duce the time required to develop test patterns for both
simulation and production testing.
Standard cells were used whenever possible, but some
layout was done manually while the RAM was drawn by
a module generator. All design rule and electrical errors
in the layout were caught with a hierarchical design rule
check (DRC) and schematic compare program. One error
was caught in the module generator's work. With thousands
of dollars of mask charges and months of debugging time
at stake, correct by construction is a nice goal, but it can
not beat correct by double checking. The DRC and compare
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program ran quickly and produced concise listings of any
errors.
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