


Expanding Synthesized Signal Generation
to the Microwave Range
Here are.two broadband, programmable, high-spectral-
purity microwave signal sources, a 2-to-1 8-GHz
synthesized signal generator and a 2-to-6.2-GHz
synthesizer. Both are single, compact, 13-cm-high
instruments.

by James L. Thomason

tr REQUENCY SYNTHESIZERS are signal sources
l' that produce a selected output frequency by

some type of arithmetic operation on a stable refer-
ence signal, which is usually derived from a quartz
crystal oscillator. The synthesizer's major advantages
are the accuracy and stability of its output frequencies.
A signal generator, on the other hand, is a signal
source that produces a selected output frequency
directly from a tunable oscillator. It usually has a
calibrated output level and flexible modulation
capabil it ies, and these are its major advantages.
The synthesized signal generator, a combination of
these two types of signal sources, offers many of the
advantages of both.

Broadband f requency synthesizers have been
available in the VHF/UHF range since 19641.In 1971
the HP aOOO family of instruments introduced the
concept of a synthesized signal generator with modu-
lation and output level contol.2 In 1975 the maximum
frequency range of the 8660 family was raised to 2.6
GHz and phase modulation was included.3

In the microwave range, frequency sources have
generally been narrow-band instruments, often cov-
ering one communication band or one octave. Wider
frequency coverage has been obtained by means of
collections of oscillators that can be switched on and
off. In tgZS the broadband HP 862904 Sweeper Plug-
In was the first to cover the entire 2-to-18-GHz range
with a single YlG-tuned oscillator followed by a YIG-
tuned harmonic multiplier.4

The new 8671A Synthesizer  and 8672A Syn-
thesized Signal Generator, Fig. 1, combine frequency
synthesis techniques with improved versions of the
86290A components to provide extremely accurate
frequency coverage in the 2-to-18.6-GHz range. The
two instruments share a common 2-to-6.2-GHz fre-
quency synthesizer and differ only in their frequency
coverage and output signal level control capabilities.
The 8671A spans 2 to 6.2 GHz with 1-kHz resolution,
can be frequency modulated, and provides more than
+8 dBm of unleveled power. The 8672A has an inter-
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nal YIG-tuned multiplier and provides 2-to-18.6-GHz
frequency coverage. 8672A RF output power is inter-
nally leveled and calibrated from *3 dBm to -120

dBm. It may also be externally leveled. Six metered
frequency modulat ion ranges and two metered

Cover: Model 86724 Syn-
thesized Signal Generator
works like a well rehearsed
orchestra: fou r phase-locked
loops (1-4) and an RF output
assemb/y (5) are conducted
by a digital control unit (6).
The four loops are the ref-
erence loop (1),  the MIN

loop (2), the low-frequency synthesizer (3), and
the YTO loop (4).
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amplitude modulation ranges are provided for FM
rates to 10 MHz and AM rates to 100 kHz. Both the
8671A and the 8672A are HP-IB ( IEEE-488-197SJ
programmable. All control settings are indicated on
the front panel in either local or remote control mode.

Organization and Operation
Internally, the 8671A Synthesizer and the 8672A

Synthesized Signal Generator are organized in three
sections (Fig. 2):
r the digital control unit (DCU)
r the frequency synthesis section
r the RF output assembly.
These sections are discussed briefly here and in more
detail in the articles that follow.

The DCU takes information from the front-panel
switches and tuning control in local mode, or the
HP-IB interface in remote control mode, and stores
this data. Then it calculates the required frequencies
of the oscillators in the frequency synthesis section,
and the internal switch settings (FM sensitivity, RF
output power, etc.) for the rest of the instrument.

The frequency synthesis section of the instrument
consists of four phase-locked oscil lators and an
oven-controlled 10-MHz crystal oscil lator for long-
term stability. To improve spectral purity, a 100-MHz
voltage-controlled crystal oscil lator is phase-locked
to the 10-MHz crystal oscillator and the reference
frequencies used in the instruments are all derived
from this oscil lator.

The M/N phase-locked loop and th@20-to-3o-MHz
low-frequency synthesizer loop translate the stability

Fig. 1. Model 8671 A Synthesizer
(tap) generates precise frequen-
cies between 2 and 6.2 GHz. lt has
1-kHz resolut ion and minimum
output power (unleveled) of +B
dBm. lt can be frequency mod-
ulated. Model 86724 Synthesized
Signal Generator (bottom) has
1 -kHz resolution f rom 2 to 6.2 GHz,
2-kHz resolution from 6,2 to 12.4
GHz, and 3-kHz resolution from
12.4 to 18.6 GHz. lts RF output
power is internally leveled and
calibrated from +3 dBm to -120
dBm. lt has AM and FM capability.
Both instruments are HP-IB com-
patible.

of the crystal oscil lators to the 2-to-6.2-GHz range. A
YlG-tuned oscillator (YTO) is phase locked to the IWN
and low-frequency synthesizer loops and provides
the output of the frequency synthesis section.

The RF output section of the 8621A consists of a
peripheral mode isolator in the RF path and two sen-
sitivity settings for FM. In the 8672A, the frequency
range is extended to 18.0 GHz by means of a YIG-
tuned multiplier (YTM) and the circuits required to
drive it. In the 2-to-6.Z-GHZ rarrge, the YTM is tuned
to the same frequency as the YTO and the multiplier
diode is biased on continuously so the circuit func-
tions as a tuned fi l ter. In the 6.2-to-12.4-GHz and
1,2.4-to-1,8.6-GHz ranges, the YTM is tuned to the
second and third harmonics of the YTO, respectively,
and the diode is biased to perform its harmonic mul-
tiplier function. The power amplif ier provides a
high-level signal to the YTM for maximum efficiency
and output power.

RF power level is controlled by the automatic level
control (ALC) circuit and the output attenuator. Level
adjustment from *3 dBm to -10 dBm is done by the
ALC loop, and an additional 110 dB of attenuation is
available from the attenuator in 10-dB steps. Un-
specified higher outputpower may be achieved in the
overrange mode.

Facilities for wide-range amplitude and frequency
modulation are built into the output section of the
8672A. Allowable AM rates are 10 Hz to greater than
100 kHz, and modulation percentage is independent
of output level. Both the 8621,{ and the 867ZA can be
frequency modulated at rates from 50 Hz to 10 MHz.



Applications of a Microwave
Synthesized Signal Generator

Model 86724 Synthesized Signal Generator is designed to
satisfy many applications in automatic test, communications,
spectrum survei l lance, and research and development.

Test Systems
During the design of the 8672A a recurring problem was the

lack of a microwave source that had the accuracy and spectral
purity required to test the prototype instrument. This was further
complicated by the fact that the 86724 has 9,366,666 possible
output frequencies! As soon as possible, 86724 prototype units
were used to test each other, and desktop computers were
added so that testing could be more thorough and test times
could be reduced. Final ly, several B672As were included in
desktop-computer controlled test systems Jor research and
production.

The 86724 is particularly well suited for production test appli-
cations. Many microwave instruments and components must be
tested very accurately over broad frequency ranges. Complete
programmabil i ty al lows the test ing to be control led,rapidly and
precisely. Low-power-level measurements, such as receiver
sensitivity or attenuator accuracy, require narrow bandwidths to
separate the signal from the noise that is always present. These
measurements benefit from the 8672A's excellent frequency
stabi l i ty and accuracy, which are needed to keep the signals
within the bandwidth of the receiver. Measurements of the
spectral puri ty of microwave osci l lators or signals can be made
by comparison with a reference signal. The spectral purity of the
8672A makes it a good local oscillator or reference signal for
heterodyning other signals to lower frequencies to make these
measurements

Communications Systems
Communications systems general ly require local osci l lators

with superior longlerm stability and spectral purtty for receivers
and transmitters. In addit ion, the frequency resolut ion and con-
trol must permit easy selection of al l  required channels. Fre-
quency sources with the same criteria are requtred to test these
systems. In satel l i te communications, where the up-l ink and

down-link transmission frequencies are often separated by sev-
eral hundred megahertz or more, the 86724 can perform as a
local osci l lator or test st imulus generator in either part of the
system, Many systems require backup equipment in case of
fai lures. Costs can often be signif icantly reduced by using a
single mult iband synthesized signal generator as the backup for
several instruments.

Spectrum Surveillance
Another applrcation for a broadband synthesized signal

source such as the 86724 is in the area of spectrum survei l lance
and signal simulat ion. Here the abi l i ty to switch frequencies
rapidly while maintaining accuracy and spectral puri ty is
paramount. Used as the local osci l lator for a receiver, the pro-
grammable synthesizer makes i t  possible to scan the required
band quickly and examine signals ol interest to the user, As a
signal st imulator, the synthesized signal generator can rapidly
test the response of survei l lance or other communications
equipment to many dif ferent signals and frequencies, wrth or
without modulat ion.

Research and Development Laboratory Uses
A primary goal in the design of the 8672A was to create an

easy-to-use microwave signal generator for laboratory bench
use. Frequency tuning is accomplished by turning a front-panel
knob; al l  stops and band selection have been el iminated. In-
stead of coarse and fine tuning knobs, four buttons control the
resolut ion of the single rotary pulse generator used for tuning.
Unlike other digital ly control led instruments, the 86724 does not
lose its memory after a power interrupt, The advent of desktop
computers as instrument control lers has made programmabil i ty
a real asset to the designer. The 86724 is programmed with
single character codes, and provides status feedback to the
control ler for error detection and analysis. With the large number
of HP-lB programmable instruments already avai lable, the de-
signer can quickly configure a desktop-computer control led
system including one or more B672As to greatly enhance mea-
surement capabil i ty.

Spectral purity and frequency accuracy are main-
tained in the FM mode because the system remains
phase locked and the loop bandwidths are notaltered.

A companion instrument, Model 117204 Pulse
Modulator (see page 6), makes it possible to pulse
modulate the output of the 8672A for applications
requiring RF pulses.

Lower Frequencies and Higher Resolution
When frequency coverage below 2 GHz is needed,

the 867 7Al7 2A may be used with another generator to
provide frequencies as low as 1 MHz. Also, because
finer frequency resolution may be required than is
provided by the 8671A172A, provision has been made
to substitute an external zo-to-go-MHz signal for the
low-frequency synthesis loop. Fig. 3 shows a system
in which an 8672A is combined with an 8660 Syn-
thesized Signal Generator, two coaxial switches, a

relay actuator, and a controller to provide 1,2, or 3-Hz
resolution from 1 MHz to 18.6 GHz. The result is a
fully automatic source, with a single output connec-
tor, that provides calibrated wide-range output level
along with calibrated AM, FM, and phase modula-
tion.

Serviceabil ity and Reliabil ity
An important consideration in the design of a

sophisticated instrument such as the 8671,N72A is
that the mean time between failures (MTBF) must be
long enough to allow effective use of the instrument
or any system in which it may be included. The in-
strument must also be capable of being serviced
rapidly so down time is minimized when repairs are
necessary.

During the early design stage, a great deal of atten-
tion was paid to the thermal, current, and voltage
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.",-rt"r", l components. Temperature profi les of the
entire instrument were taken at major prototype and
pilot run checkpoints to assure that adequate air f low
and heat sinking were provided to all components.

Heat sinks range from simple commercially avail-
able thermal dissipators on metal-can transistors and
ceramic integrated circuit packages to a specially de-
signed "Swiss cheese" heat sink for the series-pass
transistors in the power supply regulators. As a result,
the internal temperature rise is less than 10'C above
outside ambient, air temperatures inside castings are
less than 5'C higher than in the rest of the cabinet, and
series-pass elements in the 200-watt power supply
exhibit case temperatures less than 30'C above the
outside ambient temperature.

All the power supplies are designed with internal
current l imiting and overvoltage and undervoltage
protection, and are individually fused. This prevents
minor  power supply mal funct ions or  acc identa l
shorts or overloads during troubleshooting from be-
coming major secondary problems. To avoid failures
that might result from overheating, a thermal shut-
down circuit turns the dc power off in the event of
excessive heat buildup inside the instrument. The
circuit is designed to trip at +85'C and restart at 55'C.

The instruments are designed so that, in many
cases, careful analysis of the front panel, the front-
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Fig. 2. Models 8671 A and 86724
have the same frequency syn-
lhes/s secllon and digitai control
unit. Model 8672A's RF output as-
sembly contatns a YlGluned mul-
t ipl ier to extend the frequency
range.
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Fig. 3. fo extend tts f requency coverage down to 1 MHz, the
86724 can be combined with an 8660 Synthesized Signal
Generator as shown here. Frequency resolutton ts 1 ,2, or 3 Hz
from 1 MHz to 18.6 GHz



Model 1 17204 Pulse Modulator (Fig. 1) is a high-performance
2{o-18-GHz instrument suitable for adding pulse modulat ion
capabil i ty to many microwave signal sources, such as the
8 6 7 1 A  S y n t h e s i z e r  a n d  t h e  8 6 7 2 4  S y n t h e s i z e d  S i g n a l
Generator. l t  employs a novel method of achieving fast pulse
transit ion t imes while maintaining a good impedance match
over the 2-to-18-GHz frequency range. l t  also achieves low loss
and high on/off rat io. Typical r ise and fal l  t imes are less than 5
ns. Loss is typical ly less than 4 dB to.12 GHz and 7 dB to 1B GHz.
Typical on/off ratio is greater than 90 dB.

Fig. 1. Model 117204 Pulse Modulator

The 117204 uses a series-shunt modulator that has one
series diode and four shunt diodes (Fig. 2). In this type of
modulator the output RF is turned off by turning on the shunt
diodes and simultaneously turning off the series diode. The
input RF is then terminated by the 50O resistor in paral lel with the
diode, The output RF is turned on by biasing the series diode on

A Fast 2-to-18 GHz Pulse
Modulator

Series-Shut Modulator

and the shunt diodes off.  The 50O resistor is then shunted by the
low imoedance of the modulator's lorward-biased series diode.

This system avoids the severe reflections that can occur in a
shunt modulator system because of the large mismatch pro-
duced by the shunt diodes when they are turned on. In a shunt
modulator the input and output impedances are essential ly zero
when the output RF ls turned ofl .  The result ing ref lect ions are
seen as perturbations on the leading and trai l ing edges of the
pulse and can seriously degrade performance.

Many series-shunt modulator systems have slower transit ion
times than the shunt variety because of the series diode, but this
is not the case with the 1 1720A. The shunt diodes are driven by
an lC driver In the conventional manner while the series diode is
driven through a bias T by a separate driver. This driver del ivers
iast, properly t imed pulses to the series diode to reduce the
transition time to that of a shunt modulator system.

The sequence of developing an RF output pulse is as fol lows.
On the leading edge of the TTL pulse input, the output of driver 1
goes negative. This negative voltage begins to turn off the
modulator 's shunt diodes and turn on the series diode. The
posit ive pulse out of driver 2 then rapidly increases forward bias
on the series diode to force i t  into ful lconduction. The RF output
pulse now reaches i ts lul l  steady-state value. When the input
pulse returns to zero, the driver 1 output swings posit ive. Thts
turns on the modulator 's shunt diodes and starts to turn off the
series diode, The negative pulse out of driver 2 now rapidly
reverse-biases the series diode via the bias T, forcing i t  out of
conduction, so the RF output is turned off.
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panel status indicators, and the internal LED indi-
cators can quickly locate a problem to a particular
module. The front panel status indicators notify the
user of error conditions such as unlock, oven cold,

frequency out of range, overmodulation, and un-
leveled. These indicators can also be reported via the
HP-IB to a system controller. Inside there are LED
indicators on all the dc power supplies to indicate



their "on" state, a thermal shutdown LED indicator,
and LED "lock" indicators for all the phase-locked
loops. A CMOS logic probe is built into the DCU to
help determine whether the correct digital informa-
tion is being transmitted to the rest of the instrument.

Complex circuits l ike phase-locked loops consist-
ing of voltage-controlled oscil lators, mixers, dividers,
and phase detectors can sometimes be diff icult to
t roubleshoot  to the correct  subassembly.  In  the
867LA |72A  the  s imp les t  phase - l ocked  l oop ,  t he
VCXO loop, involves two printed circuit boards, and
the most complex, the YTO loop, involves four boards
and five microwave subassemblies. All of these loops
have been designed for troubleshooting to the conect
subassembly or printed-circuit board without remov-
ing any circuits. RF input, output, and feedback sig-
nals are tested by pull ing off snap-on connectors
(SMB type) and by using commonly available instru-
ments such as counters and spectrum analyzers to
verify signal frequencies and levels. VCO tuning volt-
ages are brought outside castings on feedthrough
capacitor terminals to facil i tate troubleshooting. Ac-
cess to the YTO loop assembly (two boards inside a
casting and five microwave assemblies) is gained by
removing three screws and one coaxial connection
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ISMA typeJ then remounting the entire assembly on
the chassis sheet metal for active troubleshooting.
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control unit design, and Mike Ammirato and Bob
DeVries, who did mechanical design. Overall con-
tributors include Dan Derby, who was responsible for
the industrial design, and Charlie Sallberg, Randy
White, and Cliff Wing, who did the environmental
testing. Ron Larson designed the circuits for the
1172OA Pulse Modulator. Marc Saunders and Bob
Rands provided marketing information that helped
define the instruments. Brian Unter served as pro-
gram manager in the later stages of the project, and Rit
Keiter and |ohn Page provided valuable advice and
counsel as we progressed. Many others were involved
in the project, and I am grateful to all of them for their
contributions. @
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Synthesizer Section Organization
The block diagram of the frequency synthesis sec-

tion of the 8671A1724 is shown in Fig. 3. A 10-MHz
frequency standard and four phase-locked loops, in-
cluding three voltage controlled RF oscil lators and a
microwave YlG-tuned oscil lator (YTO), are used to
generate a 2-to-6.199999-GHz signal with 1-kHz fre-
quency resolution while maintaining the high spec-
tral purity required in a microwave signal generator.

Fig. '1. Model 86724 Synthesized Signal Generator total
single-sideband noise measured at 6.7 GHz with 3-Hz
bandwidth. Nolse rs primarily phase noise but includes line
related spurious and AM noise. The 6.1-GHz carrrer is the
large peak at the left, and the right side of the screen is about 2
kHz above the carrier frequency. Vertical scale: 10 dBldiv.

Frequency Synthesis in a Microwave
Signal Generator
by Kenneth L. Astrof

rTr Hf SPECTRAL PURITY of a signal generator is
I among its most important characteristics. High

spectral purity is a combination of long-term fre-
quency stabil ity, low phase noise, and low spurious
responses. The 8671A Synthesizer and the 8672A
Synthesized Signal Generator have this combination
to a high degree, along with good frequency reso-
lution, and therefore represent significant contribu-
tions to the state of the art in microwave signal
sources.

Factors affecting the spectral purity of any syn-
thesizer are the noise performance of the frequency
reference, and the noise contributions of the fre-
quency control, conversion, and generation elements

famplif iers, phase detectors, dividers, multipliers,
and the oscil lators themselves). There are also unde-
sired discrete signals, such as power l ine related
spurious and non-harmonically related spurious sig-
nals. It is possible for these discrete effects to be so
large that they mask any claimed benefits of low
phase noise.

An important objective for the 8671A and 8672A
was that the instruments' excellent phase noise per-
formance should not be degraded by spurious signals.
Figs. 1 and 2 show measured, specified, and typical
8677A172A spectral purity. The noise is total single-
s ideband  no i se ,  i nc lud ing  AM no i se  f rom the
amplif iers, multiplier, and ALC system, for two in-
struments measured together. However, the noise is
predominantly phase noise from the oscil lators and
phase-locked loops.



Specifications

Offset trom Fc 10  Hz 100 Hz 1 kHz 10 kHz 100 kHz

2.0-6.2 GHz -58 dB -68 dB -78 dB -89 dE -109  dB

6.2-12.4 GHz -52 dB -62 dB -72 dB -83 dB -103 dB

12.4-18.0 GHz -48 dB -58 dB -68 dB -79 dB -99 dB
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Fig. 2. Specified and typical 8671 4186724 single-sideband
noise in a 1 -Hz bandwidth. Graph shows typical perf ormance
of two 8672A's at a carrier frequency of 6.1 GHz. Noise rn-
creases by 6 dB for 6.2 to 1 2.4 GHz and 10 dB for 12.4 to 18.6
GHz.

The principle of operation is to phase lock the YTO
output frequency to the outputs of two narrow-band
low-frequency synthesizers, the M/N loop and the
LFS loop. The M/N loop generates a signal between
1.77.5 and 197.5 MHz:

FrwN : 2oo - (M/N)'10 MHz,

This is multiplied in a harmonic mixer to produce a
broad comb of widely spaced frequencies. By design,
the desired Nth comb frequency is an integer multiple
of tO MHz and moves in 10-MHz steps.

The YTO is coarse-tuned to the desired output fre-
quency by a digital-to-analog converter [DAC), and a
portion of the YTO output is mixed with the desired
Nth comb frequency. The resulting intermediate fre-
quency is phase locked to the output of the low-
frequency synthesizer (LFS) Ioop, which tunes from
2O.OO7 to 30.000 MHz with I-kHz steps. The output
frequency is

F y r o : N ' F w r . r - F l n s

: 200N - 10M - (20.001-30.000) MHz.

Thus this signal is tuned from 2000 to 6199.999 MHz
with 1-kHz frequency resolution. In the 8672A, this
signal is then multiplied by I,2, or 3 by the ylG-tuned
multiplier to provide the 2-to-18.6-GHz output in
three bands.

The digital control unit generates the required M
and N numbers, the data programming signals for the
low-frequency synthesizer and the DAC, and the band
information for the YTM, based on the frequency in-
formation displayed on the front panel.

Reference Frequencies
The frequency standard for the instrument is a vi-

bration-isolated, temperature controlled, rO-MHz
crystal oscillator with 5 x 10-10/day frequency stabil-
ity and high spectral purity, including low phase
noise and spurious responses. An external S-MHz or
1O-MHz frequency standard with 0-dBm signal level
may also be used if either greater stability or common
use of a single reference is desired. Any number of
8671A172A synthesizers may share a common fre-
quency standard. Each unit has a rear-panel buffered
output derived from the reference loop voltage con-
trolled crystal oscillator (VCXO).

The 10-MHz standard frequency goes to the refer-
ence phase-locked loop, which serves as a cleanup
loop for the frequency standard. The 100-MHz VCXO
in this loop is optimized for low phase noise and
spurious responses beyond a ZOO-Hz offset from the
carrier. Within 2OOHzof the carrier the good tempera-
ture stability and low aging rate, phase noise, and
spurious response of the frequency standard are
transferred to the 100-MHz VCXO. The 100-MHz sig-
nal is quadrupled to produce a spectrally pure 400-
MHz signal that is used in the IWN loop as the basic
microwave frequency reference for the instrument.
The 100-MHz VCXO output is also divided down to
provide 10 and 2O-MHz reference frequencies for the
rest of the instrument.

Low-Frequency Synthesizer Loop
The low-frequency synthesizer provides the in-

strument's 1-kHz frequency resolution over any
10-MHz range by repetitively cycling between 20.001
and 30.000 MHz in 1-kHz steps, If.the loop had been
designed as a simple divide-by-N phase locked loop
then the circuit would have involved a 1-kHz fre-
quency reference (L0 MHz + 10,000) and a frequency-
counter-type divide-by-N circuit, where N would
vary from 2O,OOI to 30,000. The loop output fre-
quency would then be Nx t  kHz, or 20.001 to 30.000
MHz in steps of 1 kHz.

Two circuit refinements are used in the 867IAl7ZA
synthesizer to achieve the required phase noise and
frequency resolution in a single-loop phase-lock sys-
tem (see Fig. a). The first refinement is the conven-
tional technique of increasing the reference fre-
quency to the loop phase detector by a factor of eight
and then dividing the VCO output by the same factor,
thus retaining the original frequency resolution. The
phase detector reference frequency that must be fil-
tered from the VCO tuning line to avoid spurious



sidebands is increased from 1 kHz to 8 kHz, so the
loop bandwidth can be increased by the same ratio,
thereby increasing the frequency range over which
negative feedback can be used to improve the oscil-
lator's performance. This improvement is notwithout
cost, since the VCO frequency range, previously
20.001 to 30.000 MHz,  is  increased to the much
higher range of 160.008 to 240.000 MHz. Higher-
speed, higher-cost ECL digital ICs must now be used
for the divide-by-8 function and the first stage of the
divide-by-N counter is a +1.0/+11 ECL prescaler with
a high-speed T2L controller that switches between
+10 and +11 by swal lowing pulses,

Arbitrari ly increasing the loop bandwidth in a

phase-lock system will improve the phase noise per-

formance of the VCO close to the carrier where the
noise is high. However, if N in the divide-by-N

counter is so large that VCO noise sidebands are at-

tenuated below the divider or phase detector noise
floor, then the familiar noise pedestal problem of

many phase-locked loops appears. The second circuit

refinement, a technique called fractional division,
overcomes this problem by allowing non-integer di-
vision. In the LFS this technique makes it possible to

div ide by 2000.1,  2OOO.2,2000.3,  . . . ,  instead of  the
integers 20,OO1, 20,OO2,20,003,  . . . .  For  example,  to

divide by 2000.1, the circuit divides by 2000 nine

times and by 2001 once, for an average over ten divi-

s i ons  o f  ( 9x2000+1x200 .1 )+10 :2000 .1 .  The  re f -

erence frequency is raised from 8 to B0 kHz because

the phase detector sees ten zero crossings (ends of

count) every 125 trr,s instead of the one zero crossing

associated with dividing by 20,001. Thus the average

divide-by-N number is decreased by a factor of ten.

Also, the LFS signal-to-noise ratio improves by 20 dB

because the system noise floor remains constant

while the dc output of the phase detector increases by

the same factor of ten as the input zero crossings.

M/N Loop
The M/N loop provides a high-spectral-purity sig-

nal that, after multiplication to microwave frequen-
cies, serves as the wideband reference frequency for
the instrument. The multiplication factor ranges from
77 to 32 as the YTO frequency changes from 2 to 6.190
GHz. Multiplication by 32 creates a 30.1-dB increase
in phase noise and spurious responses of the YTO
output relative to the output of the IWN loop before
multiplication. The specified single-sideband phase

noise in a 1.-Hz bandwidth at 10 kHz offset from the
carrier for the 8677A172A is 89 dB below the carrier
(89 dBc/Hz). With the output frequency at 6.190 GHz
and N : 32, the M/N output single-sideband phase

noise must be 119 dBc/Hz to meet specifications. Al-
lowing a 1O-dB margin between component and in-
strument specifications and noting that the divide-
by-2 circuit following the M/N VCO improves the M/N

output phase noise by 6 dB, then the IWN VCO must
have single-sideband phase noise of 123 dBc/Hz. The
resonator element in this oscillator is a foreshortened
coaxial cavity.

To achieve this level of performance in a voltage
controlled oscillator that is varactor tuned from 355 to
395 MHz requires careful design and manufacturing
procedures. To maintain low resonator losses and
thus high Q, all resonator parts are made of gold-
plated copper or brass except the resonator housing
which is alodined aluminum. Resonator taps for the
oscil lator and output transistor are designed for
minimum loading to maintain a high loaded Q for the
oscillator circuit. The oscillator employs a low-noise
oscillator transistor and two high-quality microwave
varactors in parallel. The varactors are selected for
high circuit Q (low RF loss) and low diode noise
(internal noise can be caused by leakage current, 1/f
noise from diode surface effects, and noise from diode
rectification current caused by large RF swings on the
varactor). To maintain this level of performance
throughout the manufacturing cycle requires not only
careful design but also sophisticated assembly and
testing procedures. Each IWN VCO is factory tested
for phase noise performance, output power level, and
tuning sensitivity before it is installed.

In addition to the careful design of the M/N VCO,
several other design innovations can be seen in the
IWN loop. The values of the M and N numbers used in
the digital dividers were selected to reduce the over-
all tuning range of the N,I/N VCO. The tuning sensitiv-
ity of the IWN VCO varies as a function of frequency,
This is balanced within a factor of two by the change
in the feedback divide number (M : 8 to 27), thereby
keeping loop gain and loop bandwidth nearly con-
stant. Finally, fractional division, which was origi-
nally devised for use in the \21lN loop, is used to
reduce the effective M divide number by a factor of
four to realize a 72-dB improvement in the loop
signal-to-noise ratio.

YTO Loop
The YTO loop serves as the final summing Ioop for

the instrument and transfers to the RF output the
frequency accuracy, stabil ity, resolution, phase noise,
and spurious performance of the M/N loop, the low-
frequency synthesizer loop, the reference loop, and

the internal frequency standard. The use of a wide-
band low-noise YTO as the final output device makes
it possible to use a carefully optimized phase-locked
loop to t ransfer  the spectra l  pur i ty  of  the low-
frequency references to the RF output, while the far-
out (>20 kHz) phase noise and broadband noise floor

of the YTO offer far superior performance to that of a

multiplied or up-converted synthesizer technique.
This is a major performance advantage of an indirect
synthesizer (one that uses phase-Iocked loops and

10



Reterence Loop

177.5-197.5 MHz
(10/N)-MHz Steps

N = 1 1-32i 5-45 MHz

r,,n = [eoo- $ 'ro] ux'
400 MHz

Fr-rs = 20.001-30.000 MHz
1-kHz Steps j

FM (From RF Module)

2000-61 99.999
MHz ,

1-kHz Steps
To RF Module

Low.Frequency Synthssizer (LFS)

NxF1;6 = (ilx200*Mx10) MHz

Flg' 3' Block diagram of the 8671418672A frequency synthes/s seclion, Four phase-tocked
loops transfer the stability of a 10-MHz crystal frequency standard to the output YtGluned

oscillator (YTC/,

variable frequency oscillators) over a direct synthesis
technique (adding and multiplying fixed reference
frequenciesJ. Because the far-out phase noise perfor-
mance of the instrument depends on the YTO, it has
been carefully designed to perform well in this regard
(see box, page 12).

YlG-tuned oscillators are magnetically tuned de-
vices and are normally designed with high and low-
sensitivity electromagnetic coil windings. In the
8677Al72Athe main coil or high-sensitivity winding
is used to coarse-tune the YTO. It has 4O-MHz/mA
tuning sensitivity, power dissipation of 1.1 watts, and
a relatively slow tuning rate. The tickler coil or low-
sensitivity winding (200 kHz/mA) has 10-MHz fre-

quency response and is used for frequency modula-
tion and phase-lock purposes.

Reduc ing  p re tune  c i r cu i t  no i se  can  be  ac -
compl ished merely  by p lac ing a large capaci tor
across the YTO main coil. However, a synthesizer
must also have fast switching speeds. The speed-up
circuit shown in Fig. 5 is designed to allow large
tuning changes quickly, but low-pass fi l ter the tuning
voltage for small pretune error signals (i.e., noise).
The DAC and YTO main coil driver use this circuit to
achieve low noise performance while maintaining
fast lock acquisit ion for any frequency step greater
than about 5 MHz (see Fig. O).

The sampler used to down-convert the YTO output

1 1



An Improved
YIG-Tuned

The 2{o-6.2-GHz YIG-tuned osci l lator used in the 8671p/72A
is an improved version of the YIG{uned osci l lator used in the
86290A RF Plug-ln.t  l t  is a high-performance microelectronic
component designed for low manufacturing cost and high rel ia-
bility, Achieving these objectives required specral attention to
three different areas: a circuit design emphastzing low phase
noise, a mechanical design that stressed high performance at
low cost, and assembly and test techntques that would reduce
the time required and still provide the necessary performance
verification.

10  MHz

Fig. 1. Sysfem to measure 86714186724 YTO phase noise.
The 10-MHz slgna/ ls down-converted to 100 kHz, passed
through a 16-dB carrier notch filter, and measured by a spec-
trum analyzer.

Circult Deslgn
The YTO design uses a YIG sphere and HP 35820 bipolar

transistors in a thinJi lm circuit  on a sapphire substrate. The
oscillator stage uses inductive feedback in the transistor base
circuit .  The YIG sphere serves as the high-Q tuning element in
the emitter circuit. A two-stage amplifier provides buffering and
the desired outDut oower.

Selection and application of the YIG sphere are critical to the
performance of the oscillator. The sphere has a diameter of 0.66
mm, a saturation magnetization of 550 gauss, and a typical line
width of 0.8 oersted. To obtain good frequency stability the
sphere is oriented to a 100 crystallographic axis, mounted onto
a sapphire rod, rotated during assembly close to a zero-
temperature-coefficient axis, and maintained at 85'C by a self-
contained heater.

To achieve low phase noise it is necessary to present the
proper collector match across the band. RF currents must be
low enough not to excite noise sidebands in the resonator and
high enough so the noise f loor is far enough below the carr ier
level. This was assured by computer modeling the osci l lator
stage to determine the optimum matching impedance.

Testing
Some of the phase-locked loop circuitry of the 8671A/72A

was used in a system to measure the phase noise of the YTO. A
block diagram of the system is shown in Fig. 1. The osci l lator is
phase-locked to a harmonic of an extremely clean 100-MHz
crystal osci l lator (VCXO) signal with a 1O-MHz offset, The loop
bandwidth is 1 kHz. The dif ference frequency of 10 MHz has the
VCXO's phase noise characteristics for offsets less than 1 kHz
from the carrier, and the YTO's characteristics beyond that. This
10-MHz signal is down-converted to 1 00 kHz, passed through a
16-dB carr ier notch f i l ter, and displayed on an 8556A Spectrum
Analyzer system. The system is capable of measuring carrier-

2-to-6,2-GH;z
Oscillator

to-noise rat ios of 85 dB in a 1-kHz bandwidth 1O kHz from the
carrier.

YTOs are tested by a desktop-computer controlled HP-IB
(IEEE 488-1 975) system. The system steps the YTO in 100-MHz
steps, checks and f ine tunes for lock with a 1 00-MHz VCXO, and
proceeds to measure power output, FM noise, harmonics, and
l inearity ( i f  desired), then plots the measurements. 43 points
between 2 and 6.2 GHz are plotted in less than two minutes, The
system not only cuts test t imes considerably, but provides al l  the
data needed to determine device trends and performance
margins.

Mechanical Design
To reduce cost and improve ease of assembly and repair,

earl ier osci l lator package designs were modif ied with emphasis
on looser part tolerances, precision assembly fixtures, adjust-
able or replaceable elements using threaded fasteners, and
O-ring seals for hermeticity. For example, the original 2-to-6.2-
GHz YTO center body, or package, was assembled using a
series of brazing and soldering processes for the circuit  shelf,
the RF connector barrel,  the glass{o-metal seals, and the RF
bypass capacitors. The design was changed to allow one-stage
assembly of al l  except the RF connector barrel,  using 218'C
solder and precision locating fixtures. Part tolerances are looser
and part costs and assembly times have been improved. The
connector barrel and its mating hole were threaded to ease later
assembly and repair. The YIG sphere itself and its support rod
are held in place by a mechanical clamp that allows easy
adjustment of the sphere during testing and easy replacement if
necessary. The clamp, a small  but complex device, provides
precise al ignment for the YIG support rod and thermally insu-
lates the rod to allow heating to a constant temperature. The rod
heater, which is also part of the clamp structure, contacts the
rod when the clamp is t ightened. The screws that provide the
clamping force also hold down the substrate carr ier for precise
posit ioning and good thermal contact from circuit  to heat sink.
One of the screws also fastens the FM coi l  support.  The clamp
parts are precisely molded from a creep-resistant, glassJilled
thermosett ing plast ic.

A f inal example of the new approach is in seal ing the magnets
to the center body. Previously, epoxy was used to fasten and
seal these joints, and clamps were added for mechanical rein-
forcement. The drawbacks were ttght diameter tolerances (for
al ignment), slow assembly, and dif f icult  removal and cleanup
when repair was needed. The use of O-rings in place of the
epoxy allows looser diameter tolerances, thanks to the center-
ing action of the r ings. Assembly, removal, and replacement of
magnets is now greatly simpli f ied. Also, hermetici ty is attained
more easi ly and rel iably. The O-ring was chosen for low per-
meabil i ty, f lexibi l i l ty over a wide temperature range, and chemi-
cal compatibi l i ty.
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contains a section describing how YIG tuning works.
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Fag.4. Evolution of the low-frequency synthesizer loop. Two
refinements to the. basia divide-by-N loop improve lts phase
noise performance by more than 20 dB. lncreasing the reter-
encefrequency rncreases the loop bandwidth. Fractional divi-
sion decreases the value of N.

to the 20-to-30-MHz range is a sophisticated balanced
harmonic mixer. Some of the requirements placed on
this component and its associated driver and IF
amplifier are as follows:
r Mixer sampling efficiency and IF noise figure must

achieve a 110 dB/Hz signal-to-noise ratio over the

Q1,Q2:Vae(on)-600 mV

Fig. 5. Speed-up circuit  al lows large YTO frequency
changes quickly, but low-pass filters the YTO tuning voltage
for small error signals (noise). Wnen lV,n-Vol is smatt, e1 and
Q2 are off and the amplifier bandwidth is about 160 Hz. When
lVir-Vol>3 mV, either Q1 or Q2 is on, R1 is bypassed, and
Cl charges rapidly. Thus V oreaches the desired tevel quickly.
Then Q1 (or Q2) turns off and the bandwidth is aoain 160 Hz.

RF frequency range of 2 to 6.2 GHz
r Feedthrough of the high-level sampling signal

(177.5 to 797 .5 MHz) and its harmonics, which ex-
tend past 8 GHz, must be B0 dB below the RF
output signal level.

r Intermodulation products between the sampling
signal and the IF signal (20 to 30 MHz), and be-
tween the sampling signal and harmonics of the
YTO, must also be 80 dB below the sampler IF level.
Other considerations in the YTO loop design were

that the phase detector, dc amplifier, integrators, and

1 kHz -- -  10 MHz
- - - . 1 0 k H z  - - - - 1 0 0 M H z

-100 ft!12 -- Max
-  l M H z

Flg.6. Typical switching characteristics of the 86714186724
in band 1 (2-6,2 GHz). Each curve is a plot of frequency offset
versus time for a change of one unit in the frequency digit
shown. (Note: a changefrom ggg to 1000 kHz is equivalentto a
change in the 1-MHz digit.) Specification (band 1): <1 kHz
etror at 15 ms. For bands 2 and 3, multiply offsets by 2 and 3,
respectively.

Fo = 20.001-30.000 MHz

N1 = 20,001-30,000

a) Simple Divide-By-N Phase-Locked Loop

8 kHz
Reterence

Y
dc

Amplif ie.

160.008-240.000 20.001-30.000
MHz MHz

8-kHz Steps

Nl = 20,001-30.000

b) Increasing Reference Frequency (x8)

Loop BW Increases

Increases x10 Nl = 2000.1-3000.0
S/N lmproves x10

c) Adding Fractional Division

Loop S/N Increases

80 kHz
Reference
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Dealing with Microphonic
Sidebands

Fan vibration can be a pesty source of line related spurious
signals. Fig. 1 shows the mrcrophonic sidebands that appeared
on the microwave output of an early prototype 86724 Synth-
esized Signal Generator when it was operated with a high-slip
fan at a 50-Hz line frequency. The sidebands were 30 Hz from
the carrier and 36 dB below it. They were caused by the vibra-
t ional energy that reached the 1O-MHz frequency standard. Fig.
2 shows these accelerations.

Fig. 1, Microphonic sidebands caused by a high-slip fan.
Horizontal scale: 10 Hzldiv. Vertical scale: 10 dBldiv. Carrier
frequency: 6100 MHz.

Direct observation of the output of the frequency standard
would show sidebands 92 dB below the 10-MHz carr ier level.
The corresponding sideband levels in the microwave output are
56 dB higher. This is because the 6.1-GHz microwave output is
generated by the YIG{uned oscillator, which is phase-locked
via the M/N loop to the l0-MHz standard, so in effect any
frequency deviation on the standard is multiplied by the ratio of
the microwave frequency to 10 MHz, or by 610 in this example.
The fol lowing equation applies:

I

a I lt
F |ti[rtT t*la. U ru t '

Fig.2. The sidebands representthe fan-induced vibrations of
the 1)-MHz reference oscillator assembly that caused the
sidebands shown in Fig. 1.

(' i""TT"*:"Jff rll'"") :,0,"n
= Sideband Level at 10 NrHz + 56 dB.

Although this kind ol fan is not used in the 8672A, it de-
monstrates the need for taking steps to prevent fan-generated
spurious signals. In general,  the vibrat ions a fan can couple into
an instrument are not limited to iust the slip frequency, such as
the 30-Hz rate illustrated in Fig. 1. Vibration rates up to 1 kHz are
typical for fans operated from a 50-Hz or 60-Hz power line. Fig. 3

Fig.3, Typical radial vibration components of a freely sus-
pended 50160-Hz fan similar to those used in the 8672A.

shows the radial acceleration components generated by afan of
the type used in the 8672A, These fans are balanced and
individually tested to assure low vibrational acceleration levels.

Flexible mounting is the usual technique for preventing
higher-frequency fan vibrations from reaching the instrument
chassis. Natural rubber and neoprene mounts are readily avail-
able for this purpose. However, there is a potential problem: the
fan and its
cide with the natural frequency of the system, which is given by
\.fiN, where K is the effective spring constant of the mounts
and M is the tan mass. The result ing vibrat ion leveltransmitted to
the instrument chassis can be 15 to 20 dB greater than it would
be with a rigidly mounted fan. Care must be taken to insure that
improved performance at frequencies above resonance is not
gained at the expense of degraded performance at resonance.

In the 86724, the resonant f requency of the fan and its mounts
is 58 Hz in the radial direct ion and 116 Hz in the axial direct ion.
Consequently, vibration rates above 116 Hz are effectively de-
coupled from the chassis. At the two resonant frequencies, the
only subassembly requiring extra attention is the 1O-MHz refer-
ence standard. This osci l lator 's microphonic susceptibi l i ty is
speciiied at less than 2 x 10-e HzlHzlg. lf a worst-case, fan-
induced chassis vibration of 0.06 g at 58 Hz were coupled
direct ly to the osci l lator assembly, the result ing sideband on a
6-GHz output would be 40 dB below the carrier, slightly lower
than the sideband in Fig. 1, and at 58 Hz. Using f lexible mounts
for assembly and selecting the mounts so that resonance oc-
curs below 30 Hz. the potential -40 dB sideband is lowered to
at least -60 dB,
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Prov ided tha t  the  source  is  s tab le  enough,  measunng
vibration-induced spurious signals on a microwave source is
relatively easy now that low-frequency spectrum analyzers with
1-Hz lF bandwidths are avai lable (for example, the HP 3580A).
The 8672A's long-term stability is 5 x 10 

-19lday, 
so two of

these synthesizers can be heterodyned together to generate a
signal containing the same vibration sidebands that are present
on the microwave output, but at a frequency within the range of a
low{requency spectrum analyzet.

-Carl Enlow

FM coil driver should also have signal-to-noise ratios
and spurious responses consistent with the above
objectives, and that the instrument should be capable
of calibrated frequency modulation inside the phase-
locked loop bandwidth without degrading the overall
phase noise or spurious responses. How the FM re-
quirements are met is discussed in greater detail
in the article that follows.
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variable-frequency signals. Therefore, an easy-to-use
tuning control was considered a must. However,
since the 8672A consists of four phase-Iocked loops,
each requiring its own special code to generate the
proper frequency, and since it is a multiband instru-
ment, thus requiring a division and roundoff al-
gorithm, a certain amount of circuit sophistication is
required to achieve simple operation. The necessary
control functions are vested in the digital control unit
(DCU).

For frequency selection, a single rotary tuning con-
trol is used. While it retains the feel of a mechanically
tuned generator and permits tuning from 2.0 GHz to

Signal Generator Features for a
Microwave Synthesizer
by Bradley C. Stribling

r|N HE STABILITY AND SPECTRAL PURITY of syn.
I thesized frequencies are required for many ap-

plications. However, for a synthesizer to be truly use-
ful as a laboratory instrument and for the broadest
scope of applications, it needs certain signal genera-
tor features. These include precision leveling, modu-
lation, and convenience of operation. These and other
capabilities are provided by the digital control unit
and RF output section of the 8672A Synthesized Sig-
nal Generator.

Tuning Controls
The 86724 is pr imari ly a source of precision
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Flg. 1. Ihe 8672A Synthesized Signal Generator's single ro-
tary tuning control permits tuning from 2 to 18.6 GHz without
band switching , yet ptovides resolution as flne as 1 kHz. The
tuning control is a rotary pulse generator. The adaptive resolu'
tion circuit shown here adjuststhe control's tuning sensitivity to
Its speed of rotation, providing rapid tuning between widely
spaced f requencies and slower tuning when approaching the
desired frequency.

18.6 GHz in a single operation without range or band

switching, it easily affords resolution as fine as 2 kHz.
This control is actually a rotary pulse generator,
sometimes called an incremental shaft encoder. Its
output pulses either increment or decrement a dedi-
cated register in the DCU. The contents of this regis-
ter are processed to generate the proper programming
signals for the loops and the multiplier.

An adaptive resolution feature enhances the con-
venience of the tuning control. When tuning rapidly
between frequencies, the control produces 12O fre-
quency steps per revolution. Approaching the de-
sired frequency, when tuning is slower, the control
generates fewer frequency steps per revolution.
Fig. 1 shows the adaptive resolution circuit and its
function.

Tuning in fine-resolution steps across the entire
frequency range would take a long time. To save time,
the tuning resolution can be prescribed by one of four
pushbuttons. Special light bars underscore the num-
erals of the digital frequency display to indicate
which digits will respond to the tuning action, either
directly or via carries. For example, with the finest
resolution selected, all numerals from 1 kHz on up
are underscored. With the coarsest resolution se-
lected, only the 100-MHz digit and above are un-
derscored, the lower ones being frozen (except that

they are affected by the roundoff algorithm in the
third band).

There is also a HoLD button that electrically disables
the tuning control to prevent inadvertent mistuning.
A 3.0-GHz PRESET button provides a convenient start-
ing point for selecting new frequencies.

Since the frequency is digitally specified, some
means of protecting it during accidental loss of power
is required. The frequency register, a low-power MOS
latch, is protected by a small NiCad battery pack,
which is normally trickle-charged from the power
line. In the absence of power, frequency memory can
be retained for about one vear.

Level Control
Accurate control  of  the output level is ac-

complished by three mechanisms. First, an internal
automatic level control (ALC) assures output power
flatness and stability. Second, a continuous vernier
can vary the output over a 13-dB range, with the
effects monitored on a front-panel meter. Third, a
10-dB step attenuator adjusts the final output, with its
settings displayed on a front-panel numeric readout,
These features combine to give accurate control of the
output power level from -120 dBm to +3 dBm.

The ALC loop (see box, page 17) determines the
inshument's output level stability and flatness with
frequency, and its vernier and AM capabilities. A
number of novel approaches are used. For example,
the vernier linearly controls the output level ex-
pressed in dBm. In most instruments, the vernier
varies the output voltage linearly, so setting a pre-
scribed power level in dBm is very touchy at low
levels, and the meter scale is very crowded there. The
8672A circumvents this by shaping the level detec-
tor's output to make it a logarithmic function of the
output vol tage. This yields the desired control
characteristic.

In many applications it is desirable to level the
power delivered to the load, instead of just to the
output connector, to reduce the effects of reflections
and cable losses. This is done by connecting a suitable
power sensor at the load, such as a coupler and a
crystal detector or power meter, and feeding the re-
sulting sense voltage back to the signal generator to
accomplish level correction (see Fig. 2). To this end,
the 8672A provides for external ALC. The input cir-
cuitry of the ALC loop automatically adapts to ac-
commodate either polarity of crystal or power meter,
and can accept the bandwidths of all standard HP
power meters. The instrument can be calibrated from
the front panel so that an externally leveled setup
retains good metered output accuracy.

Amplitude Modulation
Most high-quality instruments that provide AM
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A High-Performance Microwave
Power Leveling Loop

Accurately calibrated output power was one of the design
goals for the 86724. Another was wideband linear AM capabil-
ity. Both of these features depend on the automatic level control
(ALC) circuitry in the RF output module. A simplified diagram of
the 86724 ALC loop appears below.

A portion of the RF output is fed to the detector by means of a
broadband directional coupler. The dc output of the detector'
point A in the diagram, is held constant to a value determined by
the reterence and AM inputs. This rs accomplished by feedback
action via the PIN modulator to compensate for variations in
oscillator output, amplifier gain, YTM converslon efficiency, and
various mismatches. With the detector output held constant, the
output level accuracy depends on the RF flatness of the detec-
tor, the coupler, the attenuator, and the connecting hardware
following the coupler. Detector temperature coefficient is a seri-
ous problem and is compensated in the ALC circuitry.

The leveled output is affected by harmonic content because
the detector resoonds to harmonics as well as the fundamental.
The YTM attenuates harmonics to at least -30 dBc, so their
effect is negl igible.

Only a small amount of RF power is coupled to the detector, so
the detector operates in its square-law region. Thus the voltage
at point A is not a linear f unction o1 either the RF voltage or the RF
power expressed in dB. The detector logarithmic amplifier con-
verts the detector's output to a voltage at point B that is linear
with RF output expressed in dB, Thus the loop's reference input,
which comes from a digitalto-analog converter, can be linear in
dB, simpli fying the digital control of output power.

The external leveling input goes to an absolute value convert-
e r  ( g a i n :  + 1 ,  d e p e n d i n g  o n  i n p u t  p o l a r i t y ) ,  t h e n  t o  a

2-6.2 GHz PIN
Oscillator Modulator

Power
Amplifier

2-6.2 GHz

+20V 20Rl

3 mV/dB

=. Logarithmic
Amplifier

+4400 ppm/'C

External Leveling
Logarithmic Amplifier =

Fig. 1. Sinplified diagram of the 8672A ALC loop.

logarithmic amplifier. Therefore, any square-law detector or
linear power meter can be used for external leveling without
affecting the accuracy of the front-panel level indicators.

The AM input is also logarithmically shaped and fed to the
loop summing point (C) with appropriate gain. This permits
l inear, cal ibrated AM, independent of RF output level and mod-
ulat ion depth.

Constant Gain for Wideband AM
To maintain a high AM bandwidth tt is necessary to hold the

ALC loop gain fairly constant. There are several sources of gatn
variation. PIN modulator gain is proportional to oscillator output
voltage as well as being a strong nonlinear lunction of the drive
current. The power ampli f ier is driven close to saturation. The
YTM is very nonl inear on the mult iplying bands, and the detector
has a square-law characteristic.

Variations caused by the detector are corrected by the detec-
tor logarithmic ampli f ier. l ts output is a constant 6 mV/dB inde-
pendent of RF output level.  This ampli f ier operates over an
80-dB range of input voltages while maintaining a minimum
bandwidth of 1 MHz. lts temperature coefftcient is less than 2
pVl 'C and i ts bias current is less than 10 nA. The ampli f ier i tself
is a discrete design with a galn-bandwidth product of 500 MHz.

The PIN modulator transfer characterist ic is of the form

r P  . ' l
l o s l # l : t < - n l o g ( l + l o )-  L r r n  -

where I is the modulator drive current. l f  lo is removed, the
graph of this function is a straight l ine on log-log paper. The

Attenuator

2-18.6 GHz

Detector

AM
Input

Thermistor

Absolute
Value

Converter
External
Leveling
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slope, n, changes sl ightly with frequency. With the ampli f ier and
YTM included, the l ine is not so straight, because n also
changes with power level, The use of self-biasing on the step
recovery diode in the YTM reduces variations in n to less than
2:1 over any one band. Changing the harmonic band of the yTM
changes n considerably more.

l f  the PIN modulator is driven from an exponential current
source

; = ; , " v 0 / v o .

then the modulator transfer function becomes

l o q l s c ' : r ' - n h-  t r i n  '  V o '

Thus the modulation characteristic can be expressed as N
dB/mV, relatively constant over power and frequencv within one
band. Band switching simply results in a gain change, easi ly
handled by switching gains elsewhere. The gain from point D to
point B is the product of the modulator characteristic, N, dB/mV,
and the detector logarithmic amplifier characteristic, N, mV/dB,
or NtNr, a dimensionless constant. This al lows a minimum AM
bandwidth of 500 kHz on the fundamental band and about 3OO
kHz on the mult iplying bands, with no gain adjustments required
for varying operating conditions,

Temperature Compensatlon
The detector uses a low-barrier Schottky diode, Compared to

older point-contact types, it has improved resistance to physi-
cal shock and lower video resistance (given by kT/q1., where l,
is the diode saturation current). Lower video resistance im-
proves the detector bandwidth, but has a detrimental effect on
temperature coefficient. The diode junction sees only a portion
of the open-circuit RF voltage because of a voltage divider
consisting of the RF source resistance, some resistors on the
detector 's substrate, and the diode video resistance, Since l .
doubles every 20'C, the division factor changes with tempera-
ture. The resulting temperature coefficient is a function of both
temperature and power level, and varies from 0.03 dB/.C to 0.2
dBfc.

The resistance of a thermistor is an exponential function of
temperature, as is 1", A properly specif ied thermistor in a voltage
divider network will match the coeificientof the detector, leaving
a small residual drift that is a function of power level but linear
with temperature. Referred to the output of the detector
logarithmic ampli f ier, this appears as gain vanation with a tem-
perature dependence of +1100 ppm/'C. A logarithmic ampli f ier
with its offset drift cancelled exhibits a gain drift of +3300
ppm/'C, and this adds to the residual detector drift.

The reference voltage feeding the summing point (C) is de-
rived from a network with a TC of +4400 ppm/"C, thereby
matching the dri f t  of the detector and logarithmic ampli f ier. The
overall temperature dependence, allowing for component toler-
ances, is typical ly within +0.015 dB/'C for output power up to
+5 dBm and circuit  temperature from 10'C to 70.C.

-Stephen Sparks

capability accomplish the modulation by impressing
the AM signal on the ALC loop reference. This has the
effect of raising and lowering the output level in re-
sponse  to  t he  i npu t  s i gna l ,  t he reby  ach iev ing
ampl i tude modulat ion.  This is  a lso done in the
8672A, except that the modulating signal is pre-
shaped before being impressed on the reference.

Crystal
Detector

Fig,2 86724 RF output power is internally leveled. An exter-
nal ALC input makes lt possib/e to level the powet actually
delivered to the load. A coupler and a power meter or detector
serve as the power sensor al the load.

There are two reasons for this. First, as in all signal
generators, the output level detector has certain non-
linearities, which falsely represent the power level
and distort the AM. Second, since the 8672A level is
controlled linearly in dBm, the detector characteristic
is pre-shaped as described earlier, so the output level
fluctuates exponentially in response to variations on
the reference. Pre-shaping the AM signal in the
8672A not only achieves low-distortion linear AM,
but also constant AM percentage as the output level is
changed.

The 86724 provides two ranges for AM operation,
100% per peak volt and 30% per peak volt. The front
panel meter monitors the amount of modulation.

Achieving wideband AM in a signal generator re-
quires maintaining the ALC loop gain as constant as
possible. This is a demanding task when there are
devices in the loop with nonlinear dynamic charac-
teristics. In the 8672A, the YTM characteristic is
made more linear by self-biasing. The PIN modulator
in the loop is driven from an exponential current
source, and the resulting composite characteristic is
prec ise ly  what  i s  needed to  account  fo r  the
logarithmic characteristic of the shaped detector.

Fig. 3 shows the AM frequency response of the
86721^.

Frequency Modulation
A common annoyance when frequency modulating
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Flg. 3. 8672A AM flatness. Specified 3-dB bandwidth for
amplitude modulation is 10 Hz to 100 kHz.

many signal generators is their inherent frequency
drift in the FM mode. Synthesizers can get around
this problem by modulating while phase-locked. But
this approach also has its drawbacks. Frequency
modulation at rates well above the phase-Iocked
loop's bandwidth is no problem. But if the modula-
tion frequency is less than the loop's bandwidth, the
loop wiII act to eliminate the perturbation, which is
precisely the loop's purpose. Since in most synthe-
sizers the loop bandwidths are intentionally wide, the
useful FM range is substantially impaired.

The 86724 circumvents this problem with some
innovative design. For lowfrequencies, the FM signal
is integrated, inverted, and then summed with the
phase-detector's output. The result is cancellation of
the loop error voltage generated by the desired FM,
thereby allowing low-rate FM inside the phase-
Iocked loop bandwidth.

Operation of the 8672A's FM system is described in
the box on page 20. Fig. 4 shows the 8672A's FM
frequency response.
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Flg.4. 8672A FM flatness relative to 100 kHz. Both the 8671 A
and the 8672A can be frequency modulated at rates up to 10
MHz with peak deviations as hlgh as 10 MHz, depending on
the FM rate.

The 86724 is equipped with the HP interface bus
(IEEE-488). It can be interfaced quickly with a desktop
computer or other controller, along with diSital
power meters, countets, DVMs, and so on, to imple-
ment a flexible and sophisticated test system.

Programming the 867z{is designed to be as simple
as possible. Each internal function (such as a fre-
quency digit, the output attenuation, or the modula-
tion function) has its own internal address. These are
generally the letters A through P. Programming is
accomplished by the controller's transmitting the ad-
dress fol lowed by the desired value (a BCD or
hexadecimal digit). Where a large number of ad-
dresses are to be programmed, for example, in setting
all digits of the output frequency, the 8672A automat-
ically sequences through the addresses until told to
stop by a specific address code.

The 86724 can also output certain information
onto the bus. This information is mainly status or
fault data, For example, the instrument may be inter-
rogated as to whether it is out of lock, unleveled, or
programmed out of range. This can be important to a
test system that must wait until a certain condition
(such as phase-lock) exists before making its mea-
surement. It can also avoid misleading data should a
failure occur. Five fault conditions are included in the
status byte (Fig. 5). If one or more of these occurs, a

Remote Operation
To be truly versatile in today's technology, an in-

strument must be easily interfaced for remote pro-
gramming in computer-based automatic measure-
ment systems or easily-configured desktop-computer
controlled test setups. Remote programming also
eases diagnosis and testing of the instrument itself.

Fig. 5. HP interface bus (IEEE
488) programmability makes it
easy to configure systems. Ihe
86724 can place various status
indicators on the inbrtace bus. lf
any fault condition occurs a ser-
vice tequest is automatical ly
generated.

Bit Number 8 7 6 J 4 3 2 1

Decimal Value 128 64 32 1 6 I 4 2
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FM in the 8672A is appl ied to the FM coi l  of the YTO while i t  is
phase-locked. At the FM input one volt peak gives maximum
deviat ion on each of the six FM ranges, which are 10, 3, 1 ,  0,3,
0.1, and 0.03 MHz per volt  peak, Deviat ion varies l inearly with
the modulation input between zero and one volt peak.

Fig. 1 is a block diagram of the FM system and YTO phase-
locked loop. The noise performance of the synthesizer is pre-
served while frequency modulating by maintaining the YTO loop
bandwidth at 20 kHz. When modulation is applied to the YTO FM
coil at frequencies lower than 20 kHz, it is reduced by the
feedback action of the loop. To preventthis reduction of modula-
t ion, a signal equal in magnitude to the error signal from the
phase detector is used to cancel the phase detector error sig-
nal. This technique results in essentially flat FM response above
and below the YTO loop bandwidth.

The error voltage, Vu, from the phase detector is proportional
to the phase difterence of its tvvo inputs, that is, V" : Ke{, where
0 is the phase of the YTO with respect to the reference signal
and KD is the phase detector gain. The phase of the YTO signal
with FM is:

,
6 = J [ r " + o , o ( t ) ] d t

where or" is the carrier frequency and or6(t) is the lnstantaneous
deviat ion, usually expressed as Asinomt for sinusoidal modula-
tion. The deviation is proportional to the modulating voltage,
Vev(t):

ro6(t) : Kpy Vey(t),

The error voltage from the phase detector is then:

f f f
Vu: KoJ [or" + KpyVpy(t)]  dt = KDJ ar"dt + KeKpyJ VFr/(t)dt.

The first term is the error voltage that keeps the loop locked and
the second term is the error voltage caused by the applied FM, l f
a voltage proportional to the integral of the applied FM signal is
used to cancel the phase detector error voltage produced by
the FM, the loop is transparent to FM. In the 86724, the FM signal

30-dB
Range

Attenuator

A Calibrated 5o-Hz-to-10-MHz
FM Svstem

40-dB
Range

Attenuatol

40-dB
Range

Attenuator

I Vrm(t) Loop- 
- Integratot

Synthesized Frequency
Modulated Output

From M/N Loop

is integrated, inverted, and summed into the YTO loop just after
the phase detector,

The band attenuator at the FM input divides the modulation
signal ampli tude by a factor ot 1,2, or 3 to compensate tor the
deviation multiplication that occurs in the YTM, so deviation is
independent of the YTM mult ipl icat ion number. For example, in
the 6.2-to-12.4-GHz frequency band, the YTM mult ipl ies i ts
input trequency by two. Deviation is multiplied by the same
factor, so the modulation amplitude is divided by two to maintain
constant deviat ion independent of microwave outout fre-
quency.

The FM ampli f ier has adjustable gain for cal ibrat ing the sys-
tem. lt also orovides isolation between the band attenuator at its
input and the range attenuator at its output. Both attenuators are
resistive dividers switched by CMOS analog switches.

The FM range attenuator allows calibrated and metered FM at
sensitivities that normally would not show up on the meter. This
attenuator is divided into three main parts. The first part, located
after the FM amplifier, has 0, 10, 20, or 30 dB of attenuation. The
second part consists of 40 dB of switchable attenuation located
at one input to the FM coi l  dr iver. The third part provides a
switchable 40-dB galn reduction at the output of the FM inte-
grator. Locating the 40-dB pad at the output instead of the input
of the FM integrator improves the signal-to-noise ratio in the 0.1
and 0.03-MHz ranges.

FM frequency response of the 86724 is 50 Hz to 10 MHz.
Frequency response inside the YTO loop bandwidth depends
on how well the FM integrator performs and how well the phase
detector error signal resulting from FM is cancelled. Actually,
the FM integrator performance is important to several octaves
beyond the loop bandwidth, because the error signal is signif i-
cant unti l  the loop gain has dropped to well  below unity. Fre-
quency response in the range of .10 kHz to 10 MHz is further
affected by a gradual loss of FM coil sensitivity that amounts to
about 6 dB over the three-decade range. This loss is compen-
sated by a frequency shaping network in the FM driver.

The FM coil and its feedthrough capacitor are resonant at
approximately 14 MHz. To maintain constant coi l  current as the
FM frequency approaches the resonance of the coil, the coil and

Band FM
Attenuator Amplitiel

Fig. 1, Block diagram of 8671A1
8672A FM system and YTO loop.



Feedthrough Capacitor
Plus Cable and Circuit

Capacitance

Flg,2. To maintain constant FM coil current to the YTO as the
FM rate approacfles the coil resonance (14 MHz), the coil and
its feedthrough capacitor are incorpuated into a /ow-pass
filter.

its feedthrough capacitor are incorporated into a low-pass filter
designed to be terminated by a short circuit (see Fig. 2). Since
the FM coil is the last inductance belore the short circuit, the coil
current is the same as the output current and is maintained
constant as frequency increases. The filter cutoff lrequency is
only sl ightly higher than the highest modulat ing f requency, help-
ing to reduce harmonic distortion at high modulation rates.

FM frequency response variation is typically less than 1 dB
from 1 00 Hz to 3 MHz and less than 2 dB at 10 MHz. Because of
the high sensit ivi ty (10 MHz per volt  on the most sensit ive
range), extremely small line related signals or noise at the input
of the FM system result in noticeable sidebands on the output.
For example, only 60 nanovolts of stray 60-Hz signal at the input
wil l  result in 60-Hz sidebands 40 dB below the carr ier. Because
of the inevitable ground loops that occur as a result of connect-
ing the 8672A to FM sources, the lowJrequency cutoff is
specif ied as 1 kHzfor FM deviat ion ranges greaterthan 0.1 MHz
per volt. Response extends down to 50 Hz for FM deviation
ranges 0.1 MHz per volt and below.

The frequency modulated signal from the YTO appears at the

input to the phase detector. Therefore the instantaneous phase
excursions must not exceed the range over which the phase
detector can operate. The phase detector used in the YTO loop
has a range of +2z radians and therefore limits the modulation
index at the phase detector input to 2zr. A divide-by-two circuit
ahead of the phase detector increases the maximum modula-
tion index of the YTO to 4a. lJ this modulation index is exceeded,
the phase detector output becomes unsymmetrical and the
resulting dc offset causes the loop to false-lock at a frequency
offset that is an integral multiple of the FM rate. For the loop to
recover reliably, the modulation index must be reduced to ap-
proximately half the maximum theoretical value. Therefore, the
maxrmum modulation index allowed is half lhe available range
of the phase detector. This assures that transients in the FM
signal or transients due to frequency changes of the synthesizer
do not cause false locking

FM deviation metering is accomplished with a broadband
peak detector that monitors the input voltage and outputs a dc
level proportional to the input voltage. This dc voltage is used to
drive the f ront-panel meter and the overmodulation comparator.

Overmodulation in the 86724 can occur if the maximum de-
viation exceeds 10 MHz or if the modulation index exceeds the
specitied value of 5 (which allows some margin below the
theoretical value of 2z'). The maximum modulation index at the
output of the instrument increases on bands 2 and 3 because of
the multiplication of the YTM. Two separate detectors are used
to indicate overmodulation. The first detector is a comparator
that monitors the dc level in the metering circuit and is actuated
whenever the input signal exceeds one volt peak. The second
detector monitors the phase excursions in the YTO loop and is
actuated whenever a modulation index of approximately 2z is
reached. Both detector outputs are combined to indicate
whether an overmodulation condition exists.

-Robert Dildine
-Ronald Larson

I FM coil

* Current

service request is generated.
The status indicatbrs can also be used to speed up

operation in an automatic test system. For example,
the 8672A's specified switching time between any
two frequencies is 15 ms, but it often switches faster
than this. The system controller can interrogate the
8672A to determine when switching is complete, in-
stead of having to wait the full 15 ms between fre-
quency steps.
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Personal Calculator Algorithms lll:
lnverse Trigonometric Functions
A detailed description of the algorithms used in
Hewlett-Packard hand-held calculators to compute
arc sine, arc cosine, and arc tangent.

by William E. Egbert

El EGINNING WITH THE HP-35,1'2 all Hp personal
I-f calculators have used essentially the same al-

gorithms for computing complex mathematical func-
tions in their BCD (binary-coded decimal) micro-
processors. While improvements have been made in
newer calculators,3 the changes have affected primarily
special cases and not the fundamental algorithms.

This article is the third of a series that examines
these algorithms and their implementation. Each
article presents in detail the methods used to imple-
ment a common mathematical function. For sim-
plicity, rigorous proofs are not given, and special
cases other than those of particular interest are
omitted.

Although tailored for efficiency within the environ-
ment of a special-purpose BCD microprocessor, the
basic mathematical equations and the techniques
used to transform and implement them are applicable
to a wide range of computing problems and devices.

Inverse Trigonometric Functions
This article will discuss the method of generating

sin-l, cos-l, and tan-1. An understanding of the
trigonometric function algorithm is assumed. This
was covered in the second article of this series and
the detailed discussion will not be repeated here.a

To minimize program length, the function tan-1A
is always computed, regardless of the inverse trig-
onometric function required. If sin-lA is desired,
N\R is computed first, since

s i n - 1  A : t a n - l - I  .
t/ t-Az

For cos-lA, sin-1 A is computed as above and then
cos-l A is calculated using

c o s - l  A : r r l 2 - s i n - l A .

Cos-1 is found in the range 0<g<z and sin-1 and
tan-1 are computed for the range -zrl2<d<z/2. The
tan-1 rout ine solves only for angles between 0
and nl2, since -tan A : tan (-A). Thus A may be

assumed to be positive and the sign of the input argu-
ment becomes the sign of the answer. All angles are
calculated in radians and converted to degrees or
grads if necessary.

General Algorithm
A vector rotation process similar to that used in the

trigonometric routine is used in the inverse process
as well. A vector expressed in its X and Y components
can easily be rotated through certain specific angles
using nothing more than shifts and adds of simple
integers. In the algorithm for tan-1lAl, the input
argument is lA l , or l tan 91 , where B ii the unknown.
Lett ing tan d :  Y1Xr, lAl  can be expressed as lAl l r ,
where Yt : lAl and Xr : 1. A vector rotation pro-
cess (see Fig. 1) is then used to rotate the vector clock-
wise through a series of successively smaller angles
01, counting the number of rotations for each angle,
unt i l  the Y, component approaches zero. I f  q1
denotes the number of rotations for 01 then

l0 l  :  q "  *  q r0r  + . . .+  q i0 i  + . , .

This process is described in detail below.

Vector Rotation
To initialize the algorithm, A and 1 are stored in

fixed-point format in registers corresponding to Y,

Fig.'1, Vector totation
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and Xl. This is done in such a way as to preserve as
many digits of A as possible when the exponent of A
differs from zero.

At this point the sign of A is saved and Yt : lA | ,
Now comes the vector rotation (see Fig. 1). If the vec-
tor R is rotated in a clockwise direction, Y, becomes
smaller and smaller unti l i t passes zero and becomes
negative. As soon as Y, becomes negative, we know
that we have rotated R just past the desired angle 0.
Thus to find 0, R is simply rotated clockwise until
Y, becomes negative. The amount of rotation is re-
membered and is equal to the desired angle 0 :

tan-1 lA | . To rotate R, the following formula is used.

x2
cosd"  K t  +  Y t tan  oz :xz '

(11
Y2 - Y1 X, tan oz : Yz'

cos 0,

This equation is the same as equation t of the
article on trigonometric functions,a except that the
plus and minus signs are exchanged because R is
rotated in the opposite direction. As before, tan d, is
chosen such that the implementation requires a simple
shift and add (tan 0, : 1g-i1. To find g. R is initially
rotated with tan 0z : 1 (02 : 45"). Yr' soon becomes
negative and the number of successful rotations is
stored as the first digit of what is known as the pseudo-
quotient. Yr' is then restored to the last value it had
before becoming negative and R is rotated again, this
t ime through a smal ler angle, i .e. ,  tan 0z :  o.1,
(02 - 5.7"). This process is repeated with the angle of
rotation becoming smaller and smaller until five
pseudo-quotient digits have been generated.

At the end of each series of rotations, Y, is multi-
plied by 10 to preserve accuracy.

Pseudo-Multiplication
It is now time to shift gears and add up all the small

angles represented by the pseudo-quotient digits.
There remains a residual angle ,r, represented by the
final X2' and Yr'. Since the residual angle is small,
we would like to say Y2' = sin r : r. Howevet,
this is true only if Xr' = 1. Unfortunately, X2'in this
case is the product of all the 1/cos d terms result-
ing from several applications of equation 1, How-
ever ,  Yr '  i s  th is  same produc t  t imes Y2.  Thus
Yz'lx2' : Yzl7. Therefore, the final Yr' is divided by
the final Xr' and the result is sin r, which for small
angles in radians is approximately equal to r, the
residual angle.

With the residual angle as the first partial sum, 0 is
generated by adding the angles represented by the
digits of the pseudo-quotient. This is exactly the re-
verse of the pseudo-division operation in the trigono-

metric routine. Thus:

0 : eo tan-1 (1) + q1 tan-1 (0.1)

*q2 tan-1 (0.01)  +. . .+,  
Q)

Each coefficient ql refers to the count in a particular
pseudo-quotient digit.

The result of this summation process, also called
pseudo-multiplication, is an angle 0 that is equal to
tan-1 lA | , where ln I is tfre input argument to the tan-l
routine. At this point the original sign of A is appended
to L For tan-1 this angle is normalized, converted
to degrees or grads if necessary, and displayed. Re-
call that for sin-l, NVT-7E was first generated.
Thus for sin-1, the result of the tan-1 routine is again
simply normalized, converted to degrees or grads if
necessary, and displayed. For cos-1, the tan-1 routine
re tu rns  s i n - l .  Cos -1  i s  t hen  s imp ly  f ound  as
ifl2-sir '- lA.

Summary
In summary, the computation of inverse trigono-

metric functions proceeds as follows:
1. Calculate N\/ 1-A2 if the desired function is

s in -1  A  o r  cos -1  A .
2. Place lAl and 1 in fixed-point format into ap-

propriate registers, while preserving the sign
of A.

3. Repeatedly rotate the vector with A:Y and 1:X
clockwise using equation 1 until Y approaches
zero. The number of rotations and the amount
of each rotation is stored as a pseudo-quotient
along the way.

4.  Using the pseudo-mul t ip l icat ion process of
equation 2, sum all of the angles used in the ro-
tat ion to form ldl.

5. Append the proper sign to the answer and cal-
culate cos-1 A : rrl2 -sin- 1 A if required.

6. Convert to the selected angle mode, and round
and display the answer.

The calculator is now ready for another operation.E

References
1. T.M. Whitney, F. Rod6, and C.C. Tung, 'The Power-
ful Pocketful': An Electronic Calculator Challenges the
Slide Rule," Hewlett-Packard fournal, Iune 7972.
2 .  D .S .  Coch ran ,  "A lgo r i t hms  and  Accu racy  i n  t he
HP-35," Hewlett-Packard Journal, Jvne 7972.
3.  D.W. Harms,  "The New Accuracy:  Making 23:8,"
Hewlett-Packard Iournal, November 1976.
4.  W.E.  Egbert ,  "Personal  Calculator  Algor i thms I I :
Trigonometric Functions," Hewlett-Packard fournal, June
1,977.

Bill Egbert is o project moncger ot HP's Corvollis
(OregonJ Division.



Viewpoints

Tom Hornak on Fiber-Optic Communications

Much is being said in the technical press these days about fiber-
optic communications. By now, it would seem, all electronics
engineers are aware of the great advantages that optical fibers have
over coaxial cable as a transmission medium, namely, a drastic
reduction in weight and size for a given bandwidth, electrical
isolation, immunity to electromagnetic interference, and a capabil-
ity for secure transmission of information. So, in view of the explo-
sive growth of communications-beginning with essentially man-
to-man messages and now encompassing transmission of complex
information, computation, instrumentation, and control data-the
question arises: why are fiber-optic links not in high-volume use?

Before addressing that question, a brief review of the present
state of fiber-optic technology is in order. The concept of com-
municating via a light beam in air has been known for many years,
but range, dependability, and general usefulness were limited by
atmospheric absorption of light and the need for line-of-sight
transmission paths. A way around these limitations was developed
over 20 years ago by N.S. Kapany at the Imperial College of the
University of London, who proposed the use of glass fibers as
optical waveguides for conducting light waves around corners. A
few years later, scientists at the Standard Telecommunication Labs
in England determined the theoretical limits of attenuation in glass
fibers to be in the neighborhood of only 1 dB/km, much lower than
that available in glass fibers at the time. However, it was not until
1970, when the Corning Glass Works developed a low-loss glass
fiber with an attenuation of 20 dB/km, that large-scale develop-
ments in fiber-optic communication systems got under way.

Another necessary ingredient for a practical fiber-optic com-
munications system is a highly concentrated but convenient-to-use
light source. During the 1960s, developments in solid-state light
sources by such companies as General Electric, IBM, BeII Tele-
phone Labs, Hewlett-Packard and Monsanto-coupled with the
availability of solid-state optical detectors-conhibuted towards
the realization of practical optical communication systems. pre-
sently, fiber-optic communication links are being tested by the
military and the telecommunications companies for the purpose of
exposing all components of the system to a real-life environment,
and to gather operational experience. Western Electric's Atlanta
and Chicago experiments, GTE's link in California, used in regular
telephone service, and other installations here and abroad involve
multi-kilometre links using repeaters with transmission rates up to
more than 100 Mb/s. (Present systems transmit information in digi-
tal form to permit noise-free regeneration at each repeater. Analog
transmission, as in multichannel CATV, is used only where wide
analog signal bandwidths preclude digitization by inexpensive
means.)

Flber-Optlc Baslcs
An optical fiber is basically a cylindrical waveguide made of a

transparent material, glass or plastic, with a diameter ranging from
50 to 400 1,r.m. It is made in such a way that the index of refraction, is
maximum at the cylinder axis (about 1.5) and minimum at the
circumference (about 1/o less). Because of the higher velocity of
propagation where the index of refraction is lower, Iight waves that
are not exactly parallel to the fiber's centerline are bent back to-
wards the center as they approach the circumference of the
waveguide and thus follow undulating paths along the fiber. A
fiber's maximum acceptance angle for light waves increases with
greater variation in the refractive index, measured along the radius
of the fiber, and ranges up to 20'for fibers with a step change in

refractive index.
Attenuation minima exist in glass fibers at light wavelengths

around 820 and 1060 nm. The 820-nm wavelength is quite compat-
ible with existing light sources and detectors. plastic fibers, suita-
ble for Iow-cost, shortJink applications, have a minimum attenua-
tion of approximately 350 dB/km at a wavelength around 655 nm.
With contributions from many companies worldwide, a steady
improvement in fiber "transparency" is taking place with fibers
made of high-purity silica, using processes comparable to those of
the semiconductor industry, achieving attenuations approaching
theoretical limits.

The bandwidth capability of an optical waveguide is one of its
most striking characteristics. With the "carrier" frequency of a
light source being greater than 3 x 101a Hz, attenuation is indepen-
dent of modulation frequencies up to many GHz. By contrast,
attenuation in coaxial cables, typically 6 dB/km at 10 MHz, in-
cteases with the square root of frequency, requiring the use of
complex equalization networks for wideband transmissions.

The principal bandwidth limitation in commonly used fibers
results from the fact that all light rays captured by a fiber at its input
do not experience the same delay in traveling to the output. Con-
sequently, a zero-rise-time change in light intensity at the input has
a finite rise time at the output. This is known as pulse dispersion
and results from two phenomena.

The first, called modal dispersion, occurs because rays of differ-
ing angles of entry within the acceptance angle propagate over
different path lengths to the output. Modal dispersion, being the
largest for a fiber with a step-index profile, increases with accep-
tance angle, which in turn is determined by the variation in refrac-
tive indexes. Modal dispersion can be minimized by use of graded
index profile fibers, first introduced by Nippon Electric in lapan.
Here, the increase of path length with a ray's increasing angle of
entry is compensated by the higher average propagation velocity as
the ray's path extends into areas that have increasingly lower
refractive index.

The second phenomenon, called material dispersion, is caused
by the variation of refractive index as a function of wavelength,
which affects propagation velocity. Material dispersion is thus
proportional to source line width, which is typically 35 nm for
LEDs and 2 nm for solid-state lasers.

Some examples will illustrate the effects of these dispersion
mechanisms. Modal dispersion in a step-index fiber is about 35
ns/km, limiting the bit rate of a 1-km link to about 25 Mb/s, and it
exceeds material dispersion using either LED or laser sources. In a
silica fiber material dispersion with an LED source is larger than
modal dispersion with a graded-index profile, and is about 3.5
ns/km. It would limit bit rate to about 2 S0 Mb/s in a 1-km link. With
a laser source, however, material dispersion in the same fiber drops
to 0.2 ns/km so bit rate is then limited by modal dispersion to about
1 Gb/s in a 1-km link. In a single-mode fiber (one in which the
diameter of the higher-index core is comparable to the source's
wavelength) bandwidth is limited by material dispersion, even
with a laser source. For a 1-km link, maximum bit rate would be 5
Gb/s or, in view of the present practical limits on laser modulation,
1 Gb/s on a S-km link. However, the active core of a single-mode
fiber is only a few micrometres in diameter and the resulting
difficulty in splicing and connectoring is a practical obstacle to
widespread use of these fibers.

Convenlent Slze
The size and weight of a fiber-optic cable leads to an important

24



contribution of this technology to communications: the ease of
installation and the savings in duct space. The inherent mechani-

cal strength of thin glass fibers is surprisingly high. Any initial
weakness is caused by surface scratches and other flaws along the
fiber. Work is being done to better understand the long-term be-

havior of these imperfections and how the environment affects

them. Clean-room techniques and coating the fiber with a protec-

tive plastic during the pulling operation lead to mechanical
strengths greater than 0.7 GN/m2, equivalent to the stress on a fiber

100prm in diameter when suspending a 0.5-kg weight. Fibers are
usually combined with additional strength members into cables
that can withstand the tensions encountered during installation in
ducts. The diameter of a fully protected cable is still very small,
however, being on the order of 2.5 mm. This is a significant reduc-
tion in size and weight compared to a coaxial cable of equivalent
bandwidth and attenuation.

It is possible, of course, to combine several fibers into a common
protective cable assembly. This was done in the early days of
fiber-optic communications to increase the waveguide cross-
section so the coupling problem would not be so severe, and also to

avoid complete Ioss of communication in case a single fiber breaks.
Because of progress in fiber reliability and coupling technology,

this approach is now used mainly for high-risk, short-link applica-
tions only. On the other hand, each fiber could be dedicated to a
separate communication channel. This is possible because of the
almost total absence of cross-coupling between adjacent fibers.

Zero Electrical Conductivity
The dielectric nature of the fiber contributes many advantages.

An optical-fiber link maintains practically complete electrical iso-

lation between transmitter and receiver, effectively eliminating
ground loops. It is also immune to electromagnetic interference.

Both of these properties are advantageous in heavy industrial ap-
plications Icontrol systems, data acquisition systems, distributed

computer links, etc.).
A fiber-optic link itself does not radiate electromagnetic en'ergy.

Therefore it is suitable for carrying signals near sensitive electronic
equipment or  for  secur ing data t ransmissions against  e lec-

tromagnetic eavesdropping. Using clandestine taps for eavesdrop-
ping is also difficult because the optical power diverted into the tap
will be noticed as a drop in signal level at the legitimate receiver.

Sources
Concurrent with developments in fibers, a great deal of de-

velopment work is being devoted to light sources. Two are com-
monly used, both based on GaAlAs and both emitting around 820
nm. LEDs are generally used for lower cost applications where

bandwidth requirements are below 3o MHz. The light output of an

LED is nearly proportional to its drive cunent, leading to simple

drive circuits.
The disadvantages of LEDs are their relatively large response

time (on the order of nanoseconds) and linewidth, both leading to

bandwidth limitations. Furthermore, LEDs emit light with no ex-
pressed directionality so light rays exceeding the fiber's accep-
tance angle are not utilized. A typical LED for fiber-optic applica-
tions generates an output power of 1 mW with a quantum efficiency
of around 3/o. Only 5 to 2 5% of the output power is coupled into the
fiber.

To match light-emitting area to fiber cross-section, efforts have
been directed towards developing high-radiance LEDs in which
the current flow, and hence the light generation, is concentrated
into an area less than 100 g,m in diameter. This leads to cunent
densities as high as 10,000 AJcm2, requiring elaborate structures
with good heat-sinking capabilities to assure long life, such as the
LED developed by Burrus of Bell Telephone Laboratories.

The solid-state laser, a high-current-density, multilayer device

fabricated by liquid-phase epitaxy, is the preferred source for
high-performance links where the emphasis is on distance and/or
bandwidth. When the drive current is above a certain threshold
value, light generation in a laser is the result of stimulated rather

than spontaneous (LEDJike) emission. In this region, a typical

solid-state laser generates about 5 mW of output power (per face)
with a differential quantum efficiency of 30% and a response time

of less than 1 ns. Bandwidth is limited more by the driving circuits
than by the laser itself.

The solid-state laser emits light in a cone with half angles vary-
ing from IO' lo 22" from an emitting area of micrometre size,
considerably smaller than the typical fiber cross-section. Coupling
efficiency, about 50%, is superior to that of a LED.

On the other hand, the threshold current of a solid-state laser is
susceptible to ambient temperature and varies from device to de-
vice. To avoid destruction of the laser while maintaining stimu-
lated emission, the drive circuit must include an optical feedback
arangement for controlling the laser current. This, added to the
higher cost of the laser itself, limits the use of solid-state lasers to
high-performance systems where cost is a secondary considera-
tion.

At the Far End
The maximum length of a fiber-optic link is determined by

source power, fiber attenuation, and the minimum power required
by the receiver, which is a function of receiver noise only because
of the fiber's immunity to external interference.

Two types of detectors are in common use. One is a simple PIN
diode in which photons generate electrical carriers with quantum

efficiencies of typically 80%. The subnanosecond response time
and the low bias requirements make the PIN diode easy to use. The
main source of noise is usually the post-detector amplifier.

The other detector is an avalanche photodiode. The avalanche
process amplifies the photon-induced current about 100 times but
also generates noise, so overall improvement in signal-to-noise
ratio is about tenfold. The disadvantage of the avalanche diode is
the high optimum bias, about 100 V, and its temperature depen-
dence.

For illustration, let us consider a high-grade fiber-optic link

operating at 50 Mb/s with a bit-error rate of 10-e, which is equiva-
lent to a peak-to-peak-signal-to-rms-noise ratio of 72:7. The re-
quired signal power would be about -44 dBm (a0 nW) for a PIN-
diode receiver and one-tenth of that for an avalanche-diode re-
ceiver. Assuming a laser with 5 mW (7 dBm) output power and solq
(-3 dB) coupling efficiency, the loss in the cable could be +8 dB for
the PIN-diode receiver. Allowing -3 dB for splices, this represents
a respectable 9-km repeater spacing with a S-dB/km cable. With an
avalanche diode receiver, repeater spacing could be 11 km. Pulse
dispersion is not a limiting factor if the cable is a silica fiber with a
material dispersion of 0.2 ns/km (because of the laser) and with a
graded-index profile that gives a modal dispersion of 1 ns/km.

The Deterrents
So with the major technical problems solved and no significant

breakthrough required, why are fiber-optic links not yet in high

volume use? The reason lies in the fact that fiber-optic communica-

tion is a totally new approach, not a refinement of an existing

technique where only a smaII part of the system would be subject to

innovation. This reflects in a lack of standardization in fibers,

cable, connectors, wavelengths, and power levels. Without stan-

dardization, communication is possible only between equipment

of common origin.
Standardization is usually not achieved by decree. It is a natural

process that occurs when one design clearly exceeds the others in

cost and performance and becomes widely used because of its

merits. The fiber-optic equivalents of RG58/U cable and the BNC

(cont inued on back Page)
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An NMOS Process for High-Performance
LSI Circuits
Fast 16-bit microprocessors, 16K read-only memories, and
a variety of special-purpose random-logic chips are the
result of an NMOS process that produces high-pertormance
large-scale integrated circuits.

by Joseph E. DeWeese and Thomas R. Ligon

,T|HE MOST DRAMATIC IMPACT of LSI (large-
I scale integration) in recent years has been on

computers and calculators. While the development of
hand-held calculators has been highly visible to all,
what has happened and continues to happen with
their larger and more sophisticated cousins has been
little less than profound. While the further integra-
tion of TTL and other small and medium-scale inte-
grated circuits has in some cases resulted in much
smaller machines consuming less power, more sig-
nificantly it has led to much greater functional density
allowing dramatic increases in performance for a
given volume. Thus it is that the newer desktop
calculators use more complex and powerful lan-
guages, contain more memory, and are able to solve
more complex problems in a shorter time than their
predecessors. Their new capabilities class them more
properly as desktop computers.

Obtaining these advanced capabilities in HP desk-
top computers was not simply a matter of adapting
available off-the-shelf LSI devices to meet objectives.
This would have stretched development time since
new devices must be made available before product
design can be undertaken. With circuit design, LSI
process development, and product design proceed-
ing simultaneously on parallel paths, the result can be
products based on LSI devices that are years ahead of
anything available on the market. The products thus
achieve exceptional performance/cost ratios. This is
the approach used by Hewlett-Packard.

Developing an LSI process is a major undertaking (a
process as used here refers to the procedure by which
an integrated circuit is fabricated beginning with the
bare silicon wafer). The technologies employed for
forming or modifying particular parts of the structure,
such as oxidation, diffusion, ion implantation, photo-
lithography (pattern formation), and various types of
thin-fi lm deposition, are all complex subjects in
themselves. What makes process development par-
ticularly challenging is the high degree of interaction
that can and almost always does occur between the
various steps in forming the device.
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Undertaking NMOS
Previously described in these pages was a central

processing unit (CPU) built on a single chip for main-
f rame  compu te r  sys tems  by  an  HP-deve loped
CMOS/SOS process.l We would now like to describe
an NMOS process that was developed to meet the
needs of desktop computers. This process provides
the HP Model 9825A Desktop Computer with a CPU
that has the speed and power of the HP Model Z1,OOA
16-bit Computers on a hybrid circuit (Fig. 1) small
enough to fit in a vest pocket.2 Two of these hybrids
are used in the new Model 9845A Desktop Computer
(Fis. 2).

Why MOS? LSI circuits use MOS fmetal-oxide-
semiconductor) f ield-effect transistors more often
than not because thousands of these devices can be
packed on a single sil icon chip of reasonable size.
While bipolar devices (NPN and PNP transistors) are
used in some LSI circuits, their manufacture requires
several diffusion steps and the electrical isolation
from the common substrate required by each device

Flg. 1. Hybrid microcircuit has a CPU chip, an input-output
chip, an extended-math chip, and four bipolar interface buf-
f ers to f orm a 16-bit parallel processor that has the speed and
power of a minicomputer.



Fig.2. Recently-announced Model 9845A Desktop Compu-
ter uses two hybrid microprocessors similar to that shown in
Fig. 1 . These plus NMOS 16K ROMs mounted on B-chip hybrid
substrales give Model 98454 an extremely powerful central
processor and an exceptionally large mass memory. Other
NMOS LS/ chips drive the thernal printhead and control the
tape driver.

has been a serious constraint on dense packing. MOS
devices in most cases require only a single diffusion

step and they are inherently self-isolating so they can

be packed more closely.
There are powerful incentives for packing more

devices on each chip, the primary incentive being an
economic one. At today's prices the cost of a fully
processed, 3-inch wafer might range from around $50
to $roo. The wafer may have some hundreds of chips
but only a fraction of that number will be sufficiently
free of defects to be acceptable. The contents of each
chip may range from a few hundred transistors, for
simple logic or driving circuits, to well over 10,000
transistors for a microprocessor chip. The point is, the
cost of chips may vary by a factor of only 10, depend-
ing on yield, process complexity, and so on, so pro-
cesses that can put thousands of transistors on a
single chip achieve substantial reductions in the cost
per function.

Using a Iarger chip to allow more devices per chip
may not be cost effective because the chances of a
defect occurring on each chip then increases, with a
consequent drop in yield.  This is further com-
pounded by the reduction in the number of chips per
wafer, Given a particular defect environment, the
yield Y can be related to active chip area A and defect
density D (defects per unit areal by the expression:

v :  [1-,{^o] '. A D '

The steep rise in the curves of Fig. 3, which relates

device cost to yield Y, explains why the sizes of chips
at the present t ime seldom exceed 25 to 30 mm2 in
even the most carefully controlled processes. Hence,
major efforts are being made to make devices smaller
so more can be placed on chips of l imited size.

There are additional advantages to reducing device
size. Scaled-down devices have less of the area-
related capacitance that slows switching times. With
more devices on a chip, more of the interconnections
occur on the chip rather than between chips, resulting
in better system speed and less power loss.

Why NMOS?
MOS devices exist in two basic types. In one,

NMOS, the source and drain are doped n-type and the
channel between them is p-type.A positive voltage
applied to the gate causes the channel to turn n-type,
allowing conduction between source and drain. In
the other type, PMOS, the source and drain are p-type
and the channel is n-type. A negative voltage applied
to the gate then enables conduction between source
and drain.

NMOS devices are faster because conduction is

Fig. 3. Curves plot typical device cost as a functton of chip
area A for two values of defect density D, showtng why very
large lC chips are uneconomical. These curves arefor a3-inch
waf er with arbitrarily selected values of package and proces-
sed waler costs.
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Cp= Package cost ($2)
C*= Cost of completed wafer ($100)
A*=Wafer area (for a 3-inch wafer)
Ac=ChiP area
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D = Defect density

D=2Dlcm2

D = 10/cm2

Chip Area, A" (mm2)

27



predominately by electrons whereas conduction in
PMOS devices is by holes, which are less mobile.
However, NMOS devices have been harder to make.
This is largely because mobile ions from contamin-
ants,  pr inc ipal ly  sodium, migrate to the s i l icon-
dioxide/silicon interfaces and tend to invert them (in-
duce turn-on), giving rise to leakage currents.

In the late 1960's, a number of manufacturers were
developing MOS memories to meet the anticipated
demand that the substantial size and cost advantages
of solid-state memories would generate, but none of
the available devices met the particular needs of a
new family of desktop computers being concep-
tualized at HP. Thus, the development of an NMOS
process was undertaken at HP's Loveland, Colorado,
facility for the purpose of manufacturing read-only
memories (ROMs) for this family, the HP 98104/
20AJ30A series. It was believed that the performance
benefits of NMOS justif ied the additional process
complexity.

The problem of contamination-caused leakage cur-
rents was largely reduced by the use of "back-gate"
bias, a voltage applied to the substrate itself to coun-
teract the potential caused by contaminating ions. As
a result, HP was one of the first, if not the first, man-
ufacturer to produce NMOS devices in quantity. The
4K ROMs developed in th is  fac i l i ty  enabled the
9810A/20Al30A family of desktop computers to have
far greater capabil it ies than any similar products
avai lable at  the t ime.

The Next Generation
The  cen t ra l  p rocesso r  i n  t he  9810A /20A /30A

machines included a number of off-the-shelf ICs oc-
cupying a good-sized printed-circuit board. Looking
beyond the 9810A/20A|30A family, it was realized
that if all this circuitry could be integrated on a large
scale, the next generation machines could have a sig-
nificant increase in processing speed and capabil ity
with a concurrent reduction in cost and size.

Using the experience gained with this first NMOS
process, it was decided to develop a new NMOS LSI
process that could enable integration of the central
processor. The init ial objectives were straightfor-
ward: twice the density of the current process with at
least three times faster operating speeds. These objec-
tives are complementary to a degree since small size
means lower capacitance, the principal l imit on
speed.

The smallest feature size in the process at that time
was 7pm. Therefore, to achieve a 50% reduction in
device area, dimensions needed to be reduced to
about 5 g,m. This would also halve the capacitance
area.

Obtaining a 3oo/o reduction in l inear dimensions
was not a simple matter. As active portions of devices

are brought closer together, undesired effects quickly
arise. Two of these are the "short-channel" effect, in
which gate-voltage control of the channel conductiv-
ity is degraded, and "punch-through", where con-
duction occurs between two depletion layers. Com-
pounding these problems is the need to maintain
more accurate dimensional control so the same al-
lowable degree of dimensional error can be main-
tained. Tight tolerances must be obtained at each step
in the process, otherwise there can be a surprisingly
broad range of device parameters in finished chips,
and since the designer must make allowances for the
worst case, he sacrifices speed and efficiency if toler-
ances are too loose.

For the above reasons, and others, new and more
controllable technologies had to be employed. The
process that ultimately emerged, known within the
company as NMOS II, makes use of the following

Fig. 4. Drawings of magnified cross-sections of a sihcon
wafer show steps in the NMOS //process. The vertical scale rs
exaggerated f or clarity; the depth of the phosphorous diff usion
(P-St) is actually less than 2 ptn.
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technologies.
Local Oxidation of Silicon. Rather than oxidize the
entire wafer and then etch away the oxide where the
devices are to be formed, this technique first covers
the wafer with a layer of silicon nitride and then
removes it everywhere except where the devices are
to be formed (Fig. +). Sil icon-dioxide is then grown on
the exposed areas while the silicon nitride prevents
the underlying areas from oxidizing. As shown by the
cross-sectional drawing of Fig. 4, the growth of the
oxide into the wafer forms partial sidewall contain-
ment for subsequent diffusions (Fig. 5), providing a
margin against punch-through between adjacent dif-
fusions, and it gives more gentle steps on the surface
for metal passover. Furthermore, since the first etch is
made through a thin layer of silicon nitride rather
than through a relatively thick SiO2 layer, better de-
finition of device features is achieved.

Ion implantation (I2). This technique employs a par-
ticle accelerator to implant dopant ions into the sili-
con in a highly controlled manner (solid-state diffu-
sions, such as that used for the source and drain,
require temperatures around 1000'C, which can
complicate a process by causing more than the de-
sired effectJ. 12 is used in NMOS II primarily for dop-
ing the gates of selected FETs so they are lightly
depleted. These devices are then used as load resis-
tors with the advantage that they are much smaller
than resistors of equal value created by diffusion of a
long, narrow area.
Self-aligned gates. This technique minimizes overlap
of the gate structure onto the source or drain diffusion
areas. Overlap results in a small gate-to-source or
-drain capacitance that is magnified by the Miller
effect, slowing switching speeds.

A number of techniques are used for self-alignment
but a highly effective one was developed for the
NMOS II process. It is based on the fact that under the
p rope r  cond i t i ons  phospho rous -doped  s i l i con
oxidizes several t imes more rapidly than undoped
silicon. After the source-drain diffusion, the protect-
ing silicon nitride in the gate region is etched away,
then the gate oxide is grown. The source-drain oxide
forms simultaneously but at about five times the rate.
The gate oxide is then centered perfectly between
source and drain (see Fig. 4). Subsequent gate-metal
placement is relatively uncritical. Furthermore, the
feature size can be made smaller since less allowance
is needed for aligning the gate to the source and drain.
Hard-surface masks. Until the time that the NMOS II
process was being developed, the masks used to
transfer patterns to the wafer were made of photo-
emulsion on glass. These were not well suited to the
NMOS II process for two reasons: (1J the edge defini-
tion is not sharp enough for the 5 -f 0.5 pm line defini-
t ion wanted, and (z) repeated clamping and aligning

of the masks to the wafers soon damages the emul-
sion, leading to the generation of defects. Hard-
surface masks are not so easily damaged. This was a
brand-new technology at the time, so many difficul-
ties were encountered in obtaining the required qual-
ity for the NMOS II process. Materials successfully
used have been thin films of silicon and of iron oxide
on glass.
Cu-Si-Al metalization. Aluminum is the standard
material for making surface interconnections, one
reason being that it alloys with silicon, providing
good, low-resistance connections. On the other hand,
with the shallow doping used in the NMOS II process,
this alloying can extend through the doped silicon,
shorting the contact to the substrate. Using silicon-
saturated aluminum reduces this "alloy-through."
The addition ofcopper to the alloy suppresses crystal-
lization, smoothing the silicon-aluminum alloy. The
smoothed alloy also covers steps more uniformly.

The Major Problems
The "alloy-through" was one of the most trouble-

some problems that had to be overcome. The boiling
points of silicon and aluminum are quite different,
making composition control difficult when using the
evaporative technique of depositing thin-film con-
ductors. Conventional sputtering techniques, while
allowing easy composition control, are too slow and
raise the temperature of the wafers to around 300oC,
causing further problems with separation and crystal-
lization of the alloy materials.

A new technique, commonly referred to as
planar-magnetron sputtering, was developed. In P-M
sputtering, a magnetic field in the plasma region
causes electrons to follow spiral paths which results
in more efficient ionization. Consequently, there is a
large improvement in both deposition rate and a reduc-
tion in the substrate heating that was caused by
secondary electron currents. P-M sputtering is now
generally used throughout the industry.

Another troublesome area involved the problem of
leakage. The introduction of phosphorous into sili-
con dioxide can be a good way to solve this problem
because phosphorous is a rather effective "gettet" for

Fig.5. Scannlng electron micrograph of NMOS ll lC shows
sidewall containment of diffusion (magnification : 8800 x)
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Applications of the NMOS-II
Process

The f irst use of the NMOS l l  process described in the main text
was for mask-programmable 16K ROMs used in the Model
9815A Desktop Computerl  (DTC), introduced in September
1975. These ROMs are organized in a2K x 8 structure for
operataon with a commercial ly avai lable 8-bit  microprocessor. In
addit ion to providing four t imes as much l irmware as the 4K
ROMs used in earl ier DTCs, the NMOS l l  ROMs decreased
power consumption by turning themselves off when not being
accessed by the microprocessor. This dynamic "power-pulse"
operating mode decreased ROM power dissipation by a factor
of greater than 10 without affect ing access t ime stgnif icantly.

Model 9815A
The increased storage capabil i ty provided the Model 9815A

by the NMOS l l  ROMs enabled the standard machine to have as
part of i ts standard language many of the math functions and
other options that were avai lable only as add-on ROMs for the
previous generation DTC s.

The f irst use of an NMOS l l  microprocessor was in the Model
9871A lmpact Printer,2 also introduced in 1975, Use of ROM-
control led processor logic gave the f lexibi l i ty needed to improve
performance at low cost. By enabling the printer to perform its

internal functions i tself  ,  the processor also reduced the amount
of communications needed between the DTC and printer.

This processor, known as the Binary Processor Chip (BpC), is
a 16-bit  paral lel  processor capable of executing 59 unique
instructions. l t  has a memory address space of 32K 16-bit
words. With NMOS l l  .16K ROMs organized in a 1K x l6-bit
structure, the BPC forms a control l ing processor that operates
with a 6-MHz clock supplied by an external 2-phase, non-
overlapping clock source, The processor controls the accelera-
t ion, speed, and decelerat ion of the motors that posit ion the print
wheel and i t  determines the hammer force according to the
density of the character selected. Many features, such as self-
test, automatic tabulat ion, plott ing, and character substi tut ion,
were added at l l t t le cost simply by including them in the
firmware.

The f irst total ly NMOS l l  LSI-based desktop computer was the
Model 982543 introduced in Januarv 1 976. The heart of this DTC

I

Model 98254

is the seven-chip hybrid microprocessor mentioned in the main
text. Three of the chips are processors (a BPC, an IOC chip, and
an extended math chip) that among them execute 86 instruc-
t ions including control of al l  communications between the DTC
and peripherals via the l /O port.  The three processor chips are
isolated f rom the electronics in the rest of the DTC by four bipolar
interface buffers, minimizing the capacitance that the processor
chaps must drive. This al lows the processor to operate at clock
rates above 6 MHz.

Firmware is contained in 16K ROMs, organized 1K x 16.
Besides saving energy with the power-pulsing (automatic self
turn-off) feature, these ROMs have "three-state" ( input, output,
off) pins that al low mult iplexing of addresses and data. The
three-state arrangement reduces the overall capacitance on the
paral lel address-data bus by cycl ing non-addressed ROMs into
a high impedance ( low capacitance) state.

ln addit ion to the processor and 16K ROMs, NMOS l l  is used
in the Model 9825A in a random-logic chip that controls the
operation of the keyboard, LED display, and thermal printer,
This chip controls al l  operations of these "internal peripherals"
and the data communications between them and the micro-
processor. l t  generates key scans, al lows for key debounce
delay, generates repeat-key t iming, and communjcates key-
code data to the microprocessor. l t  shif ts and clocks data to the
printer registers and controls paper advance and the ourn nm-
ing of the thermal printhead. l t  shif ts display dot character
information to the LED display, controls display scan rate, and
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generates the display cursor. The character set used by the
display and printer is contained in a mask-programmable ROM
on this chip, enabling alternative character sets, such as
Katakana, to be generated simply by changing photomasks
during chip fabrication.

The most recent use ol NMOS l l  LSI is in the recently an-
nounced 98454 Desktop Computer (to be described in a forth-
coming issue of the HP Journal).  The processor in this DTC was
expanded to include two hybrid microprocessors of the type
used in the Model 9825A. One processor executes the lan-
guage processing while the other is dedicated to communica-
tions between the mainframe electronics and peripherals. A
new BPC chip was designed for these microprocessors with
four t imes the addressing space of the original BPC chip. The
new BPC chip also makes use of NMOS power transistors for the
processor's clock drivers, accepting aTTL-level clock input and
generating a 12V, two-phase non-overlapping clock capable of
charging 300 pF to above 10V in less than 30 ns.

The firmware memory of the 98454 has 16K ROMs on B-chip
hybrid substrates. Each of these ROMs has its own power-pulse
transistor on the chip rather than using external bipolar transis-
tors ior this function as the earl ier NMOS l l  ROMs did. Each of
the memory hybrids is isolated from the mainframe electronics
by bipolar interface buffers to reduce the capacitance the
ROMs must drive, result ing in improved speed of operation.

Another random-logic NMOS l l  chip controls the operation of
the minicartridge tape drive and data transfer between main-
frame electronics and the tape, performing tape read-and-write
control and detecting interrecord gaps. Another NMOS l l  chip,
taking the place of a previously used bipolar chip, shif ts and
stores the data to the 8o-character, page-width printerplotter,
direct ly driving the thinJi lm thermal printhead thin-f i lm resistors
with NMOS power transistors that are capable of sinking 1 50 mA
with less than 6 ohms ON resistance,

Thus, i t  can be seen that the NMOS l l  process is not l imited to
memory and microprocessor applications but is branching out
to encompass the whole array of desktop computer circuits,
giving the designers of desktop computers more capabil i ty and
greater f lexibi l i ty in less space for enhanced pertormance.

Microphotograph ot NMOS ll 16K ROM.
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sodium ions.  However,  the procedures used to
achieve other desired features, such as the self-
aligned gate, did not allow the easy introduction of
sufficient phosphorous into the field oxide. The solu-
tion was to dope an oxide layer with phosphorous
while the layer is deposited chemically at 400"C as the
final passivation layer at the end of the process.

With the more sharply defined features, the shal-
lower dopings, the self-alignment technique, and the
use of depletion load transistors, plus refinements in
circuit design, circuit speed improved by a factor of
10 with the factor-of-2 area reduction. During the two
and a half years the NMOS II process has been on l ine,
it has proved to be relatively high yielding. Besides
providing the hardware basis for the 9S15A/25Al45A
desk top  compu te r  f am i l y  and  i t s  many  h igh -
performance peripherals, it is also finding its way
into other kinds of products, such as the new Model
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connector have not yet arrived.
Standardization is also a prerequisite of high-volume produc-

tion. Because of low-volume developmental manufacture, the pre-
sent costs of fiber, cable, solid-state lasers and LEDs are an order of
magnitude higher than that considered economically feasible. It
will take one or two years yet belore the *gain- in the volume-
cost-demand "loop" becomes great enough to create a steep in-
crease in production and a drop in cost, as occuned with integrated
circuits.

Then there is the usual reluctance of reliability-minded en-
gineers to abandon highly developed, well proven systems for a
totally new technology, with the active light source in the transmit-
ter being particularly suspect. Material defects appear to be the
major limiting factor on the life of LEDs and lasers. The specific
failure mechanisms are being studied in a number of laboratories
throughout the world with assurance of many solutions. Recent
reports from Bell Laboratories cite an extrapolated life of up to 106
hours for a solid-state laser, corresponding to an uninterrupted
service of about 100 years. Even a lO-year life span, more com-
monly achieved today, should be quite sufficient for reliable opera-
t ion.

The Future
No doubt about it, wide-scale use of optical communications is

coming, not only for telephone hansmissions, cable TV, and dis-
tributed computer networks, but also for such short-haul applica-
tions as pc-board-to-pc-board signal transfer within an instrument.
Most transmitters and receivers now are designed for specific bit
r+tsand-link lengths. Large-scale integration, and possibly trade-
offs in receiver sensitivity and maximum bit rates, will result in

compact circuits that will be able to accommodate a wide range of
link lengths and bit rates without requiring any adjustments. This
will facilitate the economical application of fiber-optics to a wide
range of applications.

In the immediate future, we can see further developments in
splices and connectors. To avoid undue loss ofpower, the faces of
the adjoining fibers must be of equal size, in line, parallel, and as
close to each other as possible. This leads to strict diameter control
in fiber production and, given the small diameter of the fiber,
requires a precision in the micrometre range for the connectors and
splices. At present, the optical power loss in a typical connector is
0.5 to 2 dB, equivalentto a substantial length oflowloss fiber cable.
The use of connectors or splices in a system therefore must be
carefully planned, quite a different situation than that encountered
with communications over metallic wire.

Farther in the future we anticipate developments in single-mode
fibers and also in integrated optics, the optical equivalent of
semiconductor ICs. These will consist of solid-state components,
usually based on thin-film technology, in which optical rather than
electrical signals are switched, amplified, modulated, and pro-
cessed directly without conversion to electrical signals. The im-
pact of this technique will be far-reaching.

Tom Homak is Manager of the Applications and Engineer
ing Department within the Sord-Stale Lab of HP's central
research laboratoties whereheis rcsponsible lot R and D on
LSI circuits and optoelectronic systems. He holds a Dipl.
lng. degrce lrom the Slovak Technical University and a PhD
degrce from Czech fechnical University and worked on
radat, instruments and memories before joining Hewlett
Packatd in 1 8. He has published over two dozen paperc
on electrcnics and holds a like number of Datents.
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