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Expanding Synthesized Signal Generation
to the Microwave Range
Here are two broadband, programmable, high-spectralpurity microwave signal sources, a 2-to-18-GHz
synthesized signal generator and a 2-to-6.2-GHz
synthesizer. Both are single, compact, 13-cm-high
instruments.
by James L. Thomason

FREQUENCY SYNTHESIZERS are signal sources
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
capabilities, 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 frequency synthesizers have been
available in the VHF/UHF range since 19641. In 1971
the HP 8660 family of instruments introduced the
concept of a synthesized signal generator with modu
lation and output level control.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 1975 the broadband HP 86290A Sweeper PlugIn was the first to cover the entire 2-to-18-GHz range
with a single YIG-tuned oscillator followed by a YIGtuned 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

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 modulation ranges and two metered

Cover: Model 8672A Syn
thesized Signal Generator
works like a well rehearsed
orchestra: four phase-locked
loops (1-4) and an RF output
assembly (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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Fig. 1. Model 8671 A Synthesizer
(top) generates precise frequen
cies between 2 and 6,2 GHz. It has
1-kHz resolution and minimum
output power (unleveled) of +8
dBm. It can be frequency mod
ulated. Model 8672A Synthesized
Signal Generator (bottom) has
1 -kHz resolution from 2 to 6. 2 G Hz,
2-kHz resolution from 6.2 to 12.4
GHz, and 3-kHz resolution from
12.4 to 18.6 GHz. Its RF output
power is internally leveled and
calibrated from +3 dBm to -120
dBm. It has AM and FM capability.
Both instruments are HP-IB com
patible.

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-488-1975)
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):
the digital control unit (DCU)
the frequency synthesis section
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 oscillators and an
oven-controlled 10-MHz crystal oscillator for longterm stability. To improve spectral purity, a 100-MHz
voltage-controlled crystal oscillator is phase-locked
to the 10-MHz crystal oscillator and the reference
frequencies used in the instruments are all derived
from this oscillator.
The M/N phase-locked loop and the 20-to-30-MHz
low-frequency synthesizer loop translate the stability

of the crystal oscillators to the 2-to-6.2-GHz range. A
YIG-tuned oscillator (YTO) is phase locked to the M/N
and low-frequency synthesizer loops and provides
the output of the frequency synthesis section.
The RF output section of the 8671 A 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 18.6 GHz by means of a YIGtuned multiplier (YTM) and the circuits required to
drive it. In the 2-to-6.2-GHz range, 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 filter. In the 6.2-to-12.4-GHz and
12.4-to-18.6-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 amplifier 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 output power 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 8671A and the 8672A can be
frequency modulated at rates from 50 Hz to 10 MHz.
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Applications of a Microwave
Synthesized Signal Generator
Model 8672A Synthesized Signal Generator is designed to
satisfy many applications in automatic test, communications,
spectrum surveillance, 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 8672A has 9,366,666 possible
output frequencies! As soon as possible, 8672A 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. Finally, several 8672As were included in
desktop-computer controlled test systems for research and
production.
The 8672A is particularly well suited for production test appli
cations. Many microwave instruments and components must be
tested very accurately over broad frequency ranges. Complete
programmability allows the testing to be controlled-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
stability and accuracy, which are needed to keep the signals
within the bandwidth of the receiver. Measurements of the
spectral purity of microwave oscillators 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 generally require local oscillators
with receivers long-term stability and spectral purity for receivers
and transmitters. In addition, the frequency resolution and con
trol must permit easy selection of all required channels. Fre
quency sources with the same criteria are required to test these
systems. In satellite communications, where the up-link and

Spectral purity and frequency accuracy are main
tained in the FM mode because the system remains
phase locked and the loop bandwidths are not altered.
A companion instrument, Model 11720A Pulse
Modulator (see page 6), makes it possible to pulse
modulate the output of the 8672A for applications
requiring RF pulses.

down-link transmission frequencies are often separated by sev
eral hundred megahertz or more, the 8672A can perform as a
local the or test stimulus generator in either part of the
system. Many systems require backup equipment in case of
failures. Costs can often be significantly reduced by using a
single for synthesized signal generator as the backup for
several instruments.
Spectrum Surveillance
Another application for a broadband synthesized signal
source such as the 8672A is in the area of spectrum surveillance
and signal simulation. Here the ability to switch frequencies
rapidly while maintaining accuracy and spectral purity is
paramount. Used as the local oscillator for a receiver, the pro
grammable synthesizer makes it possible to scan the required
band quickly and examine signals of interest to the user. As a
signal stimulator, the synthesized signal generator can rapidly
test the response of surveillance or other communications
equipment to many different signals and frequencies, with or
without modulation.
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; all stops and band selection have been eliminated. In
stead of coarse and fine tuning knobs, four buttons control the
resolution of the single rotary pulse generator used for tuning.
Unlike other digitally controlled instruments, the 8672A does not
lose its memory after a power interrupt. The advent of desktop
computers as instrument controllers has made programmability
a real asset to the designer. The 8672A is programmed with
single character codes, and provides status feedback to the
controller for error detection and analysis. With the large number
of HP-IB programmable instruments already available, the de
signer can quickly configure a desktop-computer controlled
system including one or more 8672As to greatly enhance mea
surement capability.

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.
Serviceability and Reliability

Lower Frequencies and Higher Resolution

When frequency coverage below 2 GHz is needed,
the 8671 A/72 A 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 8671A/72A, provision has been made
to substitute an external 20-to-30-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

An important consideration in the design of a
sophisticated instrument such as the 8671A/72A 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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ratings of all components. Temperature profiles of the
entire instrument were taken at major prototype and
pilot run checkpoints to assure that adequate air flow
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 10Â°C above
outside ambient, air temperatures inside castings are
less than 5CC higher than in the rest of the cabinet, and
series-pass elements in the 200-watt power supply
exhibit case temperatures less than 30Â°C above the
outside ambient temperature.
All the power supplies are designed with internal
current limiting and overvoltage and undervoltage
protection, and are individually fused. This prevents
minor power supply malfunctions or accidental
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 +85Â°C and restart at 55Â°C.
The instruments are designed so that, in many
cases, careful analysis of the front panel, the front-

Fig. 2. Models 8671 A and 8672A
have the same frequency syn
thesis section and digital control
unit. Model 8672 A's RF output as
sembly contains a YIG-tuned mul
tiplier to extend the frequency
range.

HP-IB
Controller

86SO/86603A
1 MHz to/'
2 GHz

1 MHz-18 GHz
1,2,3-Hz
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© Copr. 1949-1998 Hewlett-Packard Co.

Fig. 3. To extend its frequency coverage down to 1 MHz, the
8672A can be combined with an 8660 Synthesized Signal
Generator as shown here. Frequency resolution is 1 ,2, or 3 Hz
from 1 MHz to 18.6 GHz.

A Fast 2-to-18 GHz Pulse
Modulator
Model 1 1 720A Pulse Modulator (Fig. 1 ) is a high-performance
2-to-18-GHz instrument suitable for adding pulse modulation
capability to many microwave signal sources, such as the
8671A Synthesizer and the 8672A Synthesized Signal
Generator. It employs a novel method of achieving fast pulse
transition times while maintaining a good impedance match
over the 2-to-1 8-GHz frequency range. It also achieves low loss
and high on/off ratio. Typical rise and fall times are less than 5
ns. Loss is typically less than 4 dB to 1 2 GHz and 7 dB to 1 8 GHz.
Typical on/off ratio is greater than 90 dB.

and the shunt diodes off. The 50Ã1 resistor is then shunted by the
low impedance of the modulator's forward-biased series diode.
This a 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 essentially zero
when are output RF is turned off. The resulting reflections are
seen as perturbations on the leading and trailing edges of the
pulse and can seriously degrade performance.
Many series-shunt modulator systems have slower transition
times than the shunt variety because of the series diode, but this
is not the case with the 1 1 720A. The shunt diodes are driven by
an 1C driver in the conventional manner while the series diode is
driven through a bias T by a separate driver. This driver delivers
fast, properly timed 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 follows.
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
positive pulse out of driver 2 then rapidly increases forward bias
on the series diode to force it into full conduction. The RF output
pulse now reaches its full steady-state value. When the input
pulse This to zero, the driver 1 output swings positive. This
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 it out of
conduction, so the RF output is turned off.

Fig. 1. Model 11 7 20 A Pulse Modulator
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The 11720A 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 50ÃÃ resistor in parallel with the
diode. The output RF is turned on by biasing the series diode on

Series-Shut Modulator

Bias T

son

-Ronald Larson
High-Pass
Filter

son

2-18 GHz

Fig. four provides series-shunt configuration, using one series diode and four shunt diodes, provides
good impedance matching and fast transition times.

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 unleveled. 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
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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 like phase-locked loops consist
ing of voltage-controlled oscillators, mixers, dividers,
and phase detectors can sometimes be difficult to
troubleshoot to the correct subassembly. In the
8671A/72A the simplest phase-locked loop, the
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 correct
subassembly or printed-circuit board without remov
ing any circuits. RF input, output, and feedback sig
nals are tested by pulling off snap-on connectors
(8MB 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 facilitate 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

HP Model 8671 A Synthesizer
FREQUENCY CHARACTERISTICS
FREQUENCY RANGE: 2.0-6.2 GHz (6.199999 GHz).
FREQUENCY RESOLUTION: 1 kHz
TIME BASE: Internal 10MHz (-5x 10" 10/day aging rate) or external SortOMHz.
SWITCHING TIME: --15 ms lo be within 1 kHz.
HARMONICS: ^-15dB.
SINGLE-SIDEBAND PHASE NOISE ft Hz BW. CW mode):
_'--â€¢

100 Hz

10 kHz 100 KHz

SPURIOUS (CW MODE):
Non-Harmonically Related: â€¢ -70 dB
PowerLine Related and Spurious Due to Fan Rotation Within 5 Hz
Below Line Frequency, and Multiples:
Offset from FC <300 Hz 300 Hz >1 kHz
to 1 kHz
-50 dB -60 dB -65 dB
OUTPUT CHARACTERISTICS
POWER (UNLEVELED): +8 dBm (min.). 15 to 35Â°C.
FLATNESS: -6 dB total variation across full frequency band
SOURCE IMPEDANCE: 5011, - 1.7 SWR.
FREQUENCY MODULATION
PEAK DEVIATION Â¡MAX): 10 MHz or fmodx5, whichever is smaller.
RATES (3 dB BW): 50 Hz lo 10 MHz typical.
GENERAL
REMOTELY PROGRAMMABLE FUNCTIONS: frequency, FM. RF on/off
PHOGRAMMING FORMAT: HP-IB.
POWER: 100. 120. 220, or 240 V. +5, -10%; 48-66 Hz; 300 VA max.
WEIGHT: net, 24 kg (53 Ib); shipping 29.5 kg (65 Ib}.
DIMENSIONS: 613mm D Â«425mm W x 146mm H, (24 1 m â€¢ 16 Sin x 5 Bin)
PRICE IN U.S.A.:S17.600.

HP Model 8672A Synthesized Signal Generator
FREQUENCY CHARACTERISTICS
FREQUENCY RANGE: 2.0-18.0 GHz (with overrange to 18.599997 GHz)
FREQUENCY RESOLUTION: 1 kHz to 6.2 GHz, 2 kHz to 124 GHz 3 kHz lo
18.0 GHz.
TIME BASE:intemal!OMHz(-5'lO-10/day aging rateJorexternalSorlOMHz.
FREQUENCY SWITCHING TIME: -MS ms to oe within 1 kHz. 2-6.2 GHz;
2 kHz, 6.2-12,4 GHz; 3 kHz, 124-18 GHz.
SPECTRAL PURITY
HARMONICS, SUBHARMONICS AND MULTIPLES (Â«IS GHz)- <-25 dB
SINGLE-SIDEBAND PHASE NOISE (1 Hz BW, CW MODE)
Frequency
Range
(GHz)
2.0-6.2
6.2-12.4
12.4-18.0

Oflset Irom Gamer

-58dB
-52dB
-48 dB

-68 dB
62 dB
â€¢58dB

-83 dB -103 dB
-79 dB -99 dB
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(SMA type) then remounting the entire assembly on
the chassis sheet metal for active troubleshooting.
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ABRIDGED SPECIFICATIONS
SPURIOUS Â¡CW AND AM MODES):
Non-Harmonically Related; <-70 dB, 2.0-6.2 GHz
< -64 dB, 6.2-12.4 GHz
<-60dB, 12.4-16.0 GHz
Power Line Related and Spurious Due to Fan Rotation Wit
Below Line Frequency and Multiples:
Frequency Offset from Carner
Range
(GHZ) <300 Hz 300 Hz to 1 kHz >1 kHz
2.0-6.2 -50 dB
6.2-12.4 -44 dB
12.4-16.0 -40 dB

-60 dB
-54 dB
-50 dB

-65 dB
-59 dB

OUTPUT CHARACTERISTICS
OUTPUT LEVEL (15 TO 35Â°C): +3 !o -120 dBm.
TOTAL INDICATED METER ACCURACY (15 to 35Â°C)
Frequency
Range
(GHz )

HP Model 11720A Pulse Modulator

Output Level Range
0

dBm

-10dBm -20dBm

2.0-6.2 Â±1.75 dB Â±2.25 d

-30 dBm
and below

Â±1.75dB
=0.3 dB per
Â±2.45 dB 10 dB step
below 0 dBm
range
Â±2.0 dB
Â±0,3 dB per
=2.7 dB 10 dB step
below 0 dBm
range

12.4-18.0 Â±2.25 dB 3:2.8

Â±2.25 dB
Â±0.4 dB per
Â±3.05 dB 10 dB step
below 0 dBm
range

FLATNESS (15"C TO 35'C): Â±0.75 dB. 2.0-6.2 GHz; Â±1.00 dB, 2.0-12.4 GHz;
Â±1.25 dB, 2.0-18.0 GHz.
OUTPUT LEVEL SWITCHING TIME: <20 ms.
SOURCE IMPEDANCE: 5011, <2.5 SWR.
AMPLITUDE MODULATION
AM DEPTH (FOR RF OUTPUT METER HEADINGS sO dB, 15 TO 35CC):
0-75%, 2.0-6.2 GHz,
0-60%, 6.2-12.4 GHz.
0-50%, 12.4-18.0 GHz
SENSITIVITY: 30%/V. 100%/V ranges. Max input 1 V peaK into 60011
RATES (3 dB BW): 10 Hz-100 kHz.
DISTORTION (RATES siOkHz, RF output Â«0 dB. 15TO35Â°C): -3% at 30%
deplh
FREQUENCY MODULATION
PEAK GHz (MAX): the smaller of 10 MHz of f,^ > 5, 2.0-6.2 GHz
fmod'10' 6.2-12.4 GHz
'mod*15' 12-4-18.0 GHz
SENSITIVITY: 30, 100, 300 kHz/V and 1, 3. 10 MHz/V ranges Max input
1 V peak into SOU.
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RATES (3 dB BW):
30, 100 kHz/V Ranges: Typically 50 Hz to 10 MHz.
300 kHz/V and 1, 3. 10 MHz/V Ranges: Typically 1 kHz lo 10 MHz.
DISTORTION: â€¢â€¢ 12% for rates <3 kHz decreasing linearly with frequency to 5%
at 20 kHz; <5% lor 20 kHz to 100 kHz rates.
GENERAL
REMOTELY PROGRAMMABLE FUNCTIONS' frequency oulpul level AM
FM. RF on/of), ALC source.
PROGRAMMING FORMAT: HP-IB.
POWER: 100, 120, 220, 240 V. +5. -10%; 48-66 Hz; 300 VA max.
WEIGHT: net 27 kg (60 Ib). snipping 32.5 kg (72 Ib).
DIMENSIONS: 613mm D x 425 mm W x 146 mm H, (24.1 in x 16.8 in x 5.8 in),
PRICE IN U.S.A.: $26,900,

FREQUENCY RANGE: 2 lo 18 GHz.
ON/OFF RATIO: -80 dB
INSERTION LOSS: 2 lo 12.4 GHz: <B dB.
2 to 18 GHz: -10 dB.
RISE AND FALL TIMES: 10 ns.
MAXIMUM RF INPUT POWER: -20 dBm
MINIMUM RF PULSE WIDTH:' - 50 ns
PULSE WIDTH COMPRESSION: <20 ns.
MAXIMUM PULSE REPETITION RATE: >5 MHz.
MAXIMUM DELAY TIME: â€¢ 60 ns.
VIDEO FEEDTHROUGH: â€¢ 50 mV peak-lo-peak.
OVERSHOOT. RINGING:1 <0.2.
PULSE INPUT
NORMAL MODE: >3 V (on), <0.5 V (off),
COMPLEMENT MODE; <0.5 V (on), >3 V (off).
IMPEDANCE- 50 Ãœ nominal.
DAMAGE LEVELS
RF INPUT: ac: 2 wans ( +33 dBm).
dc: 40 volts.
PULSE INPUT: Â±6 V peak (torn ^50 ii source.
+6 V peak, -0.5 V peak from <50 tl source
CONNECTORS:
RF (IN AND OUT): Type N Female.
PULSE INPUT: BNC Female.
GENERAL
OPERATING TEMPERATURE: 0Â°C lo +555C.
HF LEAKAGE:3 Meets radiated and conducted limils of MIL-I-6181D
POWER: 100, 120. 220. 240 V; +5%, -10%. 48-440 Hz- 50 VA max
PRICE IN U.S.A.: $2500

'Off time must be *140 ns.
:0verslioot and nnging may be reduced oy operating al --10 dBm RF input and >+15Â°C
ambient temperature
3For pulse repetition rales â€¢ 1 MHz

MANUFACTURING DIVISION: STANFORD PARK DIVISION
1501 Page Mill Road
Palo Alto. California 94304 U.S.A.
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Frequency Synthesis in a Microwave
Signal Generator
by Kenneth L. Astrof

THE SPECTRAL PURITY of a signal generator is
among its most important characteristics. High
spectral purity is a combination of long-term fre
quency stability, 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
(amplifiers, phase detectors, dividers, multipliers,
and the oscillators themselves). There are also undesired discrete signals, such as power line 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
8671A/72A spectral purity. The noise is total singlesideband noise, including AM noise from the
amplifiers, multiplier, and ALC system, for two in
struments measured together. However, the noise is
predominantly phase noise from the oscillators and
phase-locked loops.

Synthesizer Section Organization

The block diagram of the frequency synthesis sec
tion of the 8671A/72A is shown in Fig. 3. A 10-MHz
frequency standard and four phase-locked loops, in
cluding three voltage controlled RF oscillators and a
microwave YIG-tuned oscillator (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.
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Fig. 1. Model 8672A Synthesized Signal Generator total
single-sideband noise measured at 6.1 GHz with 3-Hz
bandwidth. Noise is primarily phase noise but includes line
related spurious and AM noise. The 6.1 -GHz carrier 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 dB/div.

Specifications
Offset from FC 10 Hz 100 Hz 1kHz 10kHz 100kHz
2.0-6.2 GHz -58 dB -68 dB -78 dB -89 dB -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 8671A/8672A single-sideband
noise in a 1-Hz bandwidth. Graph shows typical performance
of two 8672/4 's af a carrier frequency of 6. 1 GHz. Noise in
creases by 6 dB for 6.2 to 12.4 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
177.5 and 197.5 MHz:
FM/N = 200 - (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 10 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 lowfrequency synthesizer (LFS) loop, which tunes from
20.001 to 30.000 MHz with 1-kHz steps. The output
frequency is
YTO

= N-FM/N - F LFS
= 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 1 , 2, or 3 by the YIG-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, 10-MHz
crystal oscillator with 5xlO~10/day frequency stabil
ity and high spectral purity, including low phase
noise and spurious responses. An external 5-MHz or
10-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
8671A/72A 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 200-Hz offset from the
carrier. Within 200 Hz of 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 400MHz signal that is used in the M/N loop as the basic
microwave frequency reference for the instrument.
The 100-MHz VCXO output is also divided down to
provide 10 and 20-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 (10 MHz 4- 10,000) and a frequencycounter-type divide-by-N circuit, where N would
vary from 20,001 to 30,000. The loop output fre
quency would then be Nxl kHz, or 20.001 to 30.000
MHz in steps of 1 kHz.
Two circuit refinements are used in the 8671A/72A
synthesizer to achieve the required phase noise and
frequency resolution in a single-loop phase-lock sys
tem (see Fig. 4). 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
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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 not without
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. Higherspeed, 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 -MO/n-ll ECL prescaler with
a high-speed T2L controller that switches between
-^10 and -Ml by swallowing pulses.
Arbitrarily 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
divide by 2000.1, 2000.2, 2000.3, ..., instead of the
integers 20,001, 20,002, 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
sions of (9x2000 + 1x2001)^10 = 2000.1. The ref
erence frequency is raised from 8 to 80 kHz because
the phase detector sees ten zero crossings (ends of
count) every 125 /Â¿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.

output phase noise by 6 dB, then the M/N 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 goldplated copper or brass except the resonator housing
which is alodined aluminum. Resonator taps for the
oscillator 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 M/N 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
M/N 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 M/N VCO. The tuning sensitiv
ity of the M/N 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 M/N loop, is used to
reduce the effective M divide number by a factor of
four to realize a 12-dB improvement in the loop
signal-to-noise ratio.

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
11 to 32 asthe 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 M/N loop before
multiplication. The specified single-sideband phase
noise in a 1-Hz bandwidth at 10 kHz offset from the
carrier for the 8671A/72A 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 10-dB margin between component and in
strument specifications and noting that the divideby-2 circuit following the M/N VCO improves the M/N

YTO Loop

The YTO loop serves as the final summing loop for
the instrument and transfers to the RF output the
frequency accuracy, stability, resolution, phase noise,
and spurious performance of the M/N loop, the lowfrequency 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 transfer the spectral purity of the lowfrequency references to the RF output, while the farout (>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-locked loops and
10
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Low-Frequency Synthesizer (LFS)
160.008240.000
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N1 = 2000.1-3000.0
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FLFS =20.001-30.000 MHz
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NxFMN = (Nx200-Mx10) MHz '

Fig. section. phase-locked diagram ol the 8671A/8672A frequency synthesis section. Four phase-locked
loops transfer the stability of a 10-MHz crystal frequency standard to the output YIG-tuned
oscillator (YTO).

variable frequency oscillators) over a direct synthesis
technique (adding and multiplying fixed reference
frequencies). 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).
YIG-tuned oscillators are magnetically tuned de
vices and are normally designed with high and lowsensitivity electromagnetic coil windings. In the
8671A/72A the main coil or high-sensitivity winding
is used to coarse-tune the YTO. It has 40-MHz/mA
tuning sensitivity, power dissipation of 1.1 watts, and
a relatively slow tuning rate. The tickler coil or lowsensitivity winding (200 kHz/mA) has 10-MHz fre

quency response and is used for frequency modula
tion and phase-lock purposes.
Reducing pretune circuit noise can be ac
complished merely by placing a large capacitor
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 filter 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 acquisition for any frequency step greater
than about 5 MHz (see Fig. 6).
The sampler used to down-convert the YTO output
11
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An Improved 2-to-6.2-GHz
YIG-Tuned Oscillator
The 2-to-6.2-GHz YIG-tuned oscillator used in the 8671 A/72A
is an improved version of the YIG-tuned oscillator used in the
86290A RF Plug-In.1 It is a high-performance microelectronic
component designed for low manufacturing cost and high relia
bility. Achieving these objectives required special attention to
three different areas: a circuit design emphasizing low phase
noise, a mechanical design that stressed high performance at
low cost, and assembly and test techniques that would reduce
the time required and still provide the necessary performance
verification.

to-noise ratios of 85 dB in a 1-kHz bandwidth 10 kHz from the
carrier.
YTOs are tested by a desktop-computer controlled HP-IB
(IEEE 488-1975) system. The system steps the YTO in 1 00-MHz
steps, checks and fine tunes for lock with a 1 00-MHz VCXO, and
proceeds to measure power output, FM noise, harmonics, and
linearity (if 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 times considerably, but provides all the
data needed to determine device trends and performance
margins.
Mechanical Design
To reduce cost and improve ease of assembly and repair,
earlier oscillator package designs were modified with emphasis
on looser part tolerances, precision assembly fixtures, adjust
able or replaceable elements using threaded fasteners, and
0-ring seals for hermeticity. For example, the original 2-to-6.2GHz YTO center body, or package, was assembled using a
series of brazing and soldering processes for the circuit shelf,
the RF RF barrel, the glass-to-metal seals, and the RF
bypass capacitors. The design was changed to allow one-stage
assembly of all except the RF connector barrel, using 218Â°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 alignment for the YIG support rod and thermally insu
lates rod 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 tightened. The screws that provide the
clamping force also hold down the substrate carrier for precise
positioning and good thermal contact from circuit to heat sink.
One of the screws also fastens the FM coil support. The clamp
parts are precisely molded from a creep-resistant, glass-filled
thermosetting plastic.
A final example of the new approach is in sealing 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 tight diameter tolerances (for
alignment), slow assembly, and difficult 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 rings. Assembly, removal, and replacement of
magnets is now greatly simplified. Also, hermeticity is attained
more easily and reliably. The O-ring was chosen for low per
meability, flexibililty over a wide temperature range, and chemi
cal compatibility.

100-MHz
VCXO

10 MHz

Fig. 1. System to measure 8671A/8672A YTO phase noise.
The 10-MHz signal is down-converted to 100 kHz, passed
through a 16-dB carrier notch filter, and measured by a spec
trum analyzer.
Circuit Design
The YTO design uses a YIG sphere and HP 35820 bipolar
transistors in a thin-film 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 output power.
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 zerotemperature-coefficient axis, and maintained at 85Â°C by a selfcontained 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 floor is far enough below the carrier
level. This was assured by computer modeling the oscillator
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 is of the system is shown in Fig. 1 . The oscillator is
phase-locked to a harmonic of an extremely clean 100-MHz
crystal oscillator (VCXO) signal with a 10-MHz offset. The loop
bandwidth is 1 kHz. The difference frequency of 1 0 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
1 6-dB carrier notch filter, and displayed on an 8556A Spectrum
Analyzer system. The system is capable of measuring carrier-
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tween the sampling signal and harmonics of the
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Other considerations in the YTO loop design were
that the phase detector, dc amplifier, integrators, and
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Fig. 4. Evolution of the low-frequency synthesizer loop. Two
refinements to the. basic divide-by-N loop improve its phase
noise performance by more than 20 dB. Increasing the refer
ence frequency increases 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:
Mixer sampling efficiency and IF noise figure must
achieve a 110 dB/Hz signal-to-noise ratio over the

Fig. 6. Typical switching characteristics of the 8671A/8672A
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 change from 999 to 1000 kHz is equivalent to a
change in the 1-MHz digit.) Specification (band 1): <1 kHz
error at 15 ms. For bands 2 and 3, multiply offsets by 2 and 3,
respectively.
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Dealing with Microphonic
Sidebands
Fan vibration can be a pesty source of line related spurious
signals. Fig. 1 shows the microphonic sidebands that appeared
on the microwave output of an early prototype 8672A 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 vibrational energy that reached the 1 0-MHz frequency standard. Fig.
2 shows these accelerations.

(Sideband Level Relative
,061 -GHz Carnee I = 20 'Â°9

requency Deviation N
of 10-MHz Standard /
x610
2 x Deviation Rate

= Sideband Level at 10 MHz + 56 dB

Although this kind of fan is not used in the 8672A, it de
monstrates the need for taking steps to prevent fan-generated
spurious signals. In general, the vibrations a fan can couple into
an instrument are not limited to just 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. 1. Microphonic sidebands caused by a high-slip fan.
Horizontal scale: 10Hz/div. Vertical scale: 10 dB/div. Carrier
frequency: 6100 MHz.
Fig. 3. Typical radial vibration components of a freely sus
pended 50/60-Hz fan similar to those used in the 8672A.

Direct observation of the output of the frequency standard
would show sidebands 92 dB below the 10-MHz carrier 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-tuned oscillator, which is phase-locked
via the M/N loop to the 10-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 following equation applies:

shows the radial acceleration components generated by a fan 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 flexible mounts resonate when fan vibrations coincide by the natural frequency of the system, which is given by
VK/M, where K is the effective spring constant of the mounts
and M is the fan mass. The resulting vibration level transmitted to
the instrument chassis can be 1 5 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 8672A, the resonant frequency of the fan and its mounts
is 58 Hz in the radial direction and 1 1 6 Hz in the axial direction.
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 10-MHz refer
ence standard. This oscillator's microphonic susceptibility is
specified at less than 2 x 10~9 Hz/Hz/g. If a worst-case, faninduced chassis vibration of 0.06 g at 58 Hz were coupled
directly to the oscillator assembly, the resulting 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 flexible 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.

Fig. of The sidebands represent the fan-induced vibrations of
the 10-MHz reference oscillator assembly that caused the
sidebands shown in Fig. 1 .

14
© Copr. 1949-1998 Hewlett-Packard Co.

Provided that the source is stable enough, measuring
vibration-induced spurious signals on a microwave source is
relatively easy now that low-frequency spectrum analyzers with
1-Hz IF bandwidths are available (for example, the HP 3580A).
The 8672A's long-term stability is 5 x 10~10/day, so two of
these synthesizers can be heterodyned together to generate a
signal containing the same vibration sidebands that are present
on the a output, but at a frequency within the range of a
low-frequency spectrum analyzer.
-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 phaselocked 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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Signal Generator Features for a
Microwave Synthesizer
by Bradley C. Stribling

THE STABILITY AND SPECTRAL PURITY of syn
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.

variable-frequency signals. Therefore, an easy-to-use
tuning control was considered a must. However,
since the 8672A consists of four phase-locked 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

Tuning Controls

The 8672A is primarily a source of precision
15
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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 year.

1 0 2 0 4 0 1 0 0 2 0 0 4 0 0 1 0 0 0
Rotational Speed (Revolutions per Minute)

Fig. 1. The 8672 A Synthesized Signal Generator's single ro
tary tuning control permits tuning from 2 to 18.6 GHz without
band switching, yet provides resolution as fine as 1 kHz. The
tuning control is a rotary pulse generator. The adaptive resolu
tion to shown here adjusts the control's tuning sensitivity to
its speed of rotation, providing rapid tuning between widely
spaced frequencies 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 120 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

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
instrument'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 voltage. 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 8672A. Another was wideband linear AM capabil
ity. Both of these features depend on the automatic level control
(ALC) of in the RF output module. A simplified diagram of
the 8672A 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 by in the diagram, is held constant to a value determined by
the reference and AM inputs. This is accomplished by feedback
action via the PIN modulator to compensate for variations in
oscillator output, amplifier gain, YTM conversion 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 responds to harmonics as well as the fundamental.
The YTM attenuates harmonics to at least -30 dBc, so their
effect is negligible.
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 function of either the RF voltage or the RF
power con 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 in from a digital-to-analog converter, can be linear in
dB, simplifying the digital control of output power.
The external leveling input goes to an absolute value convert
er (gain = Â±1, depending on input polarity), then to a
2-6.2 GHz PIN
Oscillator Modulator

Exponential
Driver

Power
Amplifier

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
linear, calibrated AM, independent of RF output level and mod
ulation depth.
Constant Gain for Wideband AM
To maintain a high AM bandwidth it is necessary to hold the
ALC loop gain fairly constant. There are several sources of gain
variation. PIN modulator gain is proportional to oscillator output
voltage as well as being a strong nonlinear function of the drive
current. The power amplifier is driven close to saturation. The
YTM is very nonlinear on the multiplying bands, and the detector
has a square-law characteristic.
Variations caused by the detector are corrected by the detec
tor logarithmic amplifier. Its output is a constant 6 mV/dB inde
pendent of RF output level. This amplifier operates over an
80-dB range of input voltages while maintaining a minimum
bandwidth of 1 MHz. Its temperature coefficient is less than 2
jU,V/Â°C and its bias current is less than 10 nA. The amplifier itself
is a discrete design with a gain-bandwidth product of 500 MHz.
The PIN modulator transfer characteristic is of the form
log
where I is the modulator drive current. If I0 is removed, the
graph of this function is a straight line on log-log paper. The

Attenuator

YTM

D) 0.2
dB/mV
(Band 1)

Detector
Logarithmic
Amplifier

Reference
Input
2dB/V

External Leveling
Logarithmic Amplifier

Fig. 1. Simplified diagram of the 8672A ALC loop.
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slope, n, changes slightly with frequency. With the amplifier and
YTM included, the line is not so straight, because n also
changes with power level. The use of self-biasing on the step
recovery diode Â¡n 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.
If the PIN modulator is driven from an exponential current
source

older point-contact types, it has improved resistance to physi
cal shock and lower video resistance (given by kT/qls, where ls
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 ls
doubles every 20Â°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/Â°C to 0.2
dB/Â°C.
The resistance of a thermistor is an exponential function of
temperature, as is ls. A properly specified thermistor Â¡n a voltage
divider network will match the coefficient of 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 amplifier, this appears as gain variation with a tem
perature dependence of + 1 1 00 ppm/Â°C. A logarithmic amplifier
with its offset drift cancelled exhibits a gain drift of +3300
ppm/Â°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/Â°C, thereby
matching the drift of the detector and logarithmic amplifier. The
overall temperature dependence, allowing for component toler
ances, is typically within Â±0.015 dB/Â°C for output power up to
+5 dBm and circuit temperature from 10Â°C to 70Â°C.

then the modulator transfer function becomes
log p2^ = K, - n
'

V n -

Thus the modulation characteristic can be expressed as N
dB/mV, relatively constant over power and frequency within one
band. Band switching simply results Â¡n a gain change, easily
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, N2 mV/dB,
or N,N2, a dimensionless constant. This allows a minimum AM
bandwidth of 500 kHz on the fundamental band and about 300
kHz on the multiplying bands, with no gain adjustments required
for varying operating conditions.
Temperature Compensation
The detector uses a low-barrier Schottky diode. Compared to

-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 the input signal, thereby achieving
amplitude modulation. This is also done in the
8672A, except that the modulating signal is preshaped before being impressed on the reference.

There are two reasons for this. First, as in all signal
generators, the output level detector has certain nonlinearities, 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 8672A 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
precisely what is needed to account for the
logarithmic characteristic of the shaped detector.
Fig. 3 shows the AM frequency response of the
8672A.

External
ALC

Directional
Coupler

Device
under Test

Fig. 2 8672 A RF output power is internally leveled. An exter
nal ALC input makes it possible to level the power actually
delivered to the load. A coupler anda power meter or detector
serve as the power sensor at the load.

Frequency Modulation

A common annoyance when frequency modulating
18
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Fig. 3. 8672/4 AM flatness. Specified 3-dB bandwidth for
amplitude modulation is 10 Hz to WO kHz.

Fig. 4. 8672A FM flatness relative to 100 kHz. Both the 8671 A
and the 8672 A can be frequency modulated at rates up to 10
MHz with peak deviations as high as 10 MHz, depending on
the FM rate.

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-locked
loop's bandwidth is no problem. But if the modula
tion frequency is less than the loop's bandwidth, the
loop will 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 8672A circumvents this problem with some
innovative design. For low frequencies, 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 phaselocked loop bandwidth.
Operation of the 8672 A's FM system is described in
the box on page 20. Fig. 4 shows the 8672A's FM
frequency response.

The 8672A is equipped with the HP interface bus
(IEEE-488). It can be interfaced quickly with a desktop
computer or other controller, along with digital
power meters, counters, DVMs, and so on, to imple
ment a flexible and sophisticated test system.
Programming the 8672A 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 followed 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 8672 A automat
ically sequences through the addresses until told to
stop by a specific address code.
The 8672A 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. The
8672A can place various status
indicators on the interface bus. If
any fault condition occurs a ser
vice request is automatically
generated.
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A Calibrated 50-Hz-to-10-MHz
FM System
FM in the 8672A is applied to the FM coil of the YTO while it is
phase-locked. At the FM input one volt peak gives maximum
deviation on each of the six FM ranges, which are 10, 3, 1 , 0.3,
0.1, and 0.03 MHz per volt peak. Deviation varies linearly with
the modulation input between zero and one volt peak.
Fig. 1 is a block diagram of the FM system and YTO phaselocked 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 prevent this reduction of modula
tion, a signal equal in magnitude to the error signal from the
phase detector is used to cancel the phase detector error sig
nal. above technique results in essentially flat FM response above
a n d b e lo w the Y T O l o o p b a n d wi d th .
The error voltage, Ve, from the phase detector is proportional
to the phase difference of its two inputs, that is, Ve = KD</>, where
<t> 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:

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 amplitude by a factor of 1 , 2, or 3 to compensate for the
deviation multiplication that occurs in the YTM, so deviation is
independent of the YTM multiplication number. For example, in
the 6.2-to-12.4-GHz frequency band, the YTM multiplies its
input frequency by two. Deviation is multiplied by the same
factor, so the modulation amplitude is divided by two to maintain
constant deviation independent of microwave output fre
quency.
The FM amplifier has adjustable gain for calibrating the sys
tem. at its provides isolation between the band attenuator at its
input are 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, 1 0, 20, or 30 dB of attenuation. The
second part consists of 40 dB of switchable attenuation located
at one input to the FM coil driver. The third part provides a
switchable 40-dB gain reduction at the output of the FM inte
grator. Locating the 40-dB pad at the output instead of the input
of the 0.1 integrator improves the signal-to-noise ratio in the 0.1
and 0.03-MHz ranges.
FM frequency response of the 8672A 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 signifi
cant until 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 1 4 MHz. To maintain constant coil current as the
FM frequency approaches the resonance of the coil, the coil and

ud(t)]dt
where <uc is the carrier frequency and tod(t) is the instantaneous
deviation, usually expressed as Asinajmt for sinusoidal modula
tion. The deviation is proportional to the modulating voltage,

<"dW = KFM VFM(t).
The error voltage from the phase detector is then:
ve = KD/K + KFMVFM(t)] dt = KD/wcdt + KDKFM/VFM(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. If
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 8672A, the FM signal
B a n d F M
Attenuator Amplifier

30-dB
Range
Attenuator

40-dB
Range
Attenuator

FM
Input
Metering
Peak Detector

Overmodulation â€¢ Overmodulation
Comparator I Detector

Synthesized Frequency
Modulated Output

From M/N Loop

HP-IB
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Fig. 1. Block diagram of 8671 Al
8672A FM system and YTO loop.

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 Â±2ir radians and therefore limits the modulation
index at the phase detector input to 2-n. A divide-by-two circuit
ahead of the phase detector increases the maximum modula
tion index of the YTO to 4w. If 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
maximum modulation index allowed is half the 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 dc that monitors the input voltage and outputs a dc
level to to the input voltage. This dc voltage is used to
drive the front-panel meter and the overmodulation comparator.
Overmodulation in the 8672A can occur if the maximum de
viation exceeds 10 MHz or if the modulation index exceeds the
specified value of 5 (which allows some margin below the
theoretical value of 2-n). 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 2-n is
reached. Both detector outputs are combined to indicate
whether an overmodulation condition exists.
-Robert Dildine
-Ronald Larson

Feedthrough Capacitor
Plus Cable and Circuit
Capacitance

Fig. 2. To maintain constant FM coil current to the YTO as the
FM rate approaches the coil resonance (14 MHz), the coil and
its feedthrough capacitor are incorporated into a low-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 before the short circuit, the coil
current is the same as the output current and is maintained
constant as frequency increases. The filter cutoff frequency is
only slightly higher than the highest modulating frequency, 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 1 0 MHz. Because of
the high sensitivity (10 MHz per volt on the most sensitive
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
will result in 60-Hz sidebands 40 dB below the carrier. Because
of the inevitable ground loops that occur as a result of connect
ing the 8672A to FM sources, the low-frequency cutoff is
specified as 1 kHz for FM deviation ranges greater than 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

service request is generated.
The status indicators 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 III:
Inverse 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

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.

BEGINNING WITH THE HP-35,1'2 all HP personal
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.

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"1 A|, the input
argument is | A | , or | tan 6 , where 6 is the unknown.
Letting tan 6 = Ya/X1; |A| can be expressed as |A /I,
where Y: = A| and Xl = 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
0Â¡, counting the number of rotations for each angle,
until the Y2 component approaches zero. If qÂ¡
denotes the number of rotations for 8i then

Inverse Trigonometric Functions

This article will discuss the method of generating
sin"1, cos"1, 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.4
To minimize program length, the function tan-1A
is always computed, regardless of the inverse trigonometric function required. If sin-1A is desired,
A/V 1-A2 is computed first, since
sin

\6\ = q0 + ql6l +...+ qiflj +...
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-,

A = tan - i

Direction of Rotation

For cos A, sin A is computed as above and then
cos"1 A is calculated using
cos"1 A = 7T/2 - sin"aA.
Cos"1 is found in the range 0=Â£0=Â£7r and sin"1 and
tan"1 are computed for the range -^12^6^17/2. The
tan"1 routine solves only for angles between 0
and 77/2, since -tan A = tan (-A). Thus A may be

Fig. 1. Vector rotation.
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and Xa. 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 Ya = | A| .
Now comes the vector rotation (see Fig. 1). If the vec
tor R is rotated in a clockwise direction, Y2 becomes
smaller and smaller until it passes zero and becomes
negative. As soon as Y2 becomes negative, we know
that we have rotated R just past the desired angle 0.
Thus to find 6, R is simply rotated clockwise until
Y2 becomes negative. The amount of rotation is re
membered and is equal to the desired angle 0 =
tan"1 A | . To rotate R, the following formula is used.

x

2 = X-i + Y! tan 02 = X2'

COS0

(11
Y2

= Y! -Xjtan02 = Y2' .

metric routine. Thus:
6 = q0 tan"1 (I) + qi tan"1 (0.1)
+02 tan"1 (0.01) +...+r
Each coefficient qÂ¡ refers to the count in a particular
pseudo-quotient digit.
The result of this summation process, also called
pseudo-multiplication, is an angle 6 that is equal to
tan"1 A , where A | is the input argument to the tan"1
routine. At this point the original sign of A is appended
to 6. For tan"1 this angle is normalized, converted
to degrees or grads if necessary, and displayed. Re
call that for sin"1, A/Vl-A2 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
returns sin"1. Cos"1 is then simply found as
Summary

This equation is the same as equation 1 of the
article on trigonometric functions,4 except that the
plus and minus signs are exchanged because R is
rotated in the opposite direction. As before, tan 02 is
chosen such that the implementation requires a simple
shift and add (tan 62 = 10"'). To find 6, R is initially
rotated with tan 82 = 1 (02 = 45Â°). Y2' soon becomes
negative and the number of successful rotations is
stored as the first digit of what is known as the pseudoquotient. Y2' is then restored to the last value it had
before becoming negative and R is rotated again, this
time through a smaller angle, i.e., tan 62 = 0.1
(02 = 5.7Â°). 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, Y2 is multi
plied by 10 to preserve accuracy.

In summary, the computation of inverse trigono
metric functions proceeds as follows:
1. Calculate A/V 1-A2 if the desired function is
sm A or cos 1 A.
2. Place A | 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-multiplication process of
equation 2, sum all of the angles used in the ro
tation to form 1 0 1 .
5. Append the proper sign to the answer and cal
culate cos"1 A = 77/2 -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. -

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 Y2'. Since the residual angle is small,
we would like to say Y2' = sin r = r. However,
this is true only if X2' = 1. Unfortunately, X2' in this
case is the product of all the I/cos d terms result
ing from several applications of equation 1. How
ever, Y2' is this same product times Y2. Thus
Y2'/X2' = Y2/l. Therefore, the final Y2' is divided by
the final X2' 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, 6 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
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Viewpoints
Tom Hornak on Fiber-Optic Communications
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 low-cost, short-link 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 1014 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
creases 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 Con 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 Japan. fibers, first introduced by Nippon Electric in Japan.
Here, of 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 thus 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 250 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 5 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 5-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.

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 â€” beginning with essentially manto-man messages and now encompassing transmission of complex
information, computation, instrumentation, and control data â€” 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 Ã¯ dB/km, much lower than
that until 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 light During the 1960s, developments in solid-state light
sources by such companies as General Electric, IBM, Bell Tele
phone Labs, Hewlett-Packard and Monsanto â€” coupled with the
availability of solid-state optical detectors â€” contributed 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 Atlanta 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.)
Fiber-Optic Basics

An optical fiber is basically a cylindrical waveguide made of a
transparent material, glass or plastic, with a diameter ranging from
50 to 400 p.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% less). Because of the higher velocity of
propagation where the index of refraction is lower, light 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 in and ranges up to 20Â° for fibers with a step change in

Convenient Size

The size and weight of a fiber-optic cable leads to an important
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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
100Â¿tm 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 crosssection so the coupling problem would not be so severe, and also to
avoid complete loss 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 a 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.

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 (LED-like) emission. In this region, a typical
solid-state laser generates about 5 mW of output power (per face)
with a time 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 10Â° to 22Â° 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
arrangement for controlling the laser current. This, added to the
higher to 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 10~9, which is equiva
lent to a peak-to-peak-signal-to-rms-noise ratio of 12:1. The re
quired signal power would be about -44 dBm (40 nW) for a PINdiode receiver and one-tenth of that for an avalanche-diode re
ceiver. Assuming a laser with 5 mW (7 dBm) output power and 50%
(-3 dB) coupling efficiency, the loss in the cable could be 48 dB for
the PIN-diode receiver. Allowing -3 dB for splices, this represents
a respectable 9-km repeater spacing with a 5-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.

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 ap these properties are advantageous in heavy industrial ap
plications (control 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 securing data transmissions against elec
tromagnetic eavesdropping. Using clandestine taps for eavesdrop
ping tap 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 30 MHz. The light output of an
LED is nearly proportional to its drive current, 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%. Only 5 to 25% 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 /Â¿m in diameter. This leads to current
densities as high as 10,000 A/cm2, 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

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 small 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
(continued 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-performance
large-scale integrated circuits.
by Joseph E. DeWeese and Thomas R. LigÃ³n
Undertaking NMOS

THE MOST DRAMATIC IMPACT of LSI (largescale 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-film 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.

Previously described in these pages was a central
processing unit (CPU) built on a single chip for main
frame computer systems by an HP-developed
CMOS/SOS process.1 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 982 5 A Desktop Computer with a CPU
that has the speed and power of the HP Model 2100A
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
(Fig. 2).
Why MOS? LSI circuits use MOS (metal-oxidesemiconductor) field-effect transistors more often
than not because thousands of these devices can be
packed on a single silicon 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

Fig. 1. Hybrid microcircuit has a CPU chip, an input-output
chip, an extended-math chip, and four bipolar interface buf
fers to form a 16-bit parallel processor that has the speed and
power of a minicomputer.
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device cost to yield Y, explains why the sizes of chips
at the present time 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 limited size.
There are additional advantages to reducing device
size. Scaled-down devices have less of the arearelated 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. 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 8-chip hybrid
substrates give Model 9845/4 an extremely powerful central
processor and an exceptionally large mass memory. Other
NMOS LSI chips drive the thermal 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 $100. 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 larger 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 area) by the expression:
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Cost = Cp â€” x â€”
Aw Y
Cp= Package cost ($2)
Cw= Cost of completed wafer ($100)
Aw = Wafer area (for a 3-inch wafer)
Ac = Chip area
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Y = Yield (l=fc=)
D = Defect density
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Fig. 3. Curves plot typical device cost as a function of chip
area A for two values of defect density D, showing why very
large 1C chips are uneconomical. These curves are fora 3-inch
wafer with arbitrarily selected values of package and proces
sed wafer costs.
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The steep rise in the curves of Fig. 3, which relates
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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, principally sodium, migrate to the silicondioxide/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 9810A/
20A/30A series. It was believed that the performance
benefits of NMOS justified 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 this facility enabled the
9810A/20A/30A family of desktop computers to have
far greater capabilities than any similar products
available at the time.

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
Si02
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The central processor in the 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 capability
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 initial 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 limit on
speed.
The smallest feature size in the process at that time
was 7fj,m. Therefore, to achieve a 50% reduction in
device area, dimensions needed to be reduced to
about 5 (Jim. This would also halve the capacitance
area.
Obtaining a 30% reduction in linear dimensions
was not a simple matter. As active portions of devices

Gate Growth

Mask and Etch
Contacts

Metalization
Sio2 and Passivation

Fig. 4. Drawings of magnified cross-sections of a silicon
wafer show steps in the NMOS II process. The vertical scale is
exaggerated f or clarity; the depth of the phosphorous diffusion
(P-Si) is actually less than 2 Â¡tm.
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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. 4). Silicon-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 1000Â°C, which can
complicate a process by causing more than the de
sired effect). P 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
proper conditions phosphorous-doped silicon
oxidizes several times 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 photoemulsion on glass. These were not well suited to the
NMOS II process for two reasons: (1) the edge defini
tion is not sharp enough forthe 5 Â±0. 5 /xm line defini
tion wanted, and (2) repeated clamping and aligning

of the masks to the wafers soon damages the emul
sion, leading to the generation of defects. Hardsurface 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 siliconsaturated aluminum reduces this "alloy- through."
The addition of copper 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 300Â°C,
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 "getter" for

Fig. 5. Scanning electron micrograph of NMOS II 1C shows
sidewall containment of diffusion (magnification: 8800 x).
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Applications of the NMOS-II
Process
internal functions itself, 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 parallel processor capable of executing 59 unique
instructions. It has a memory address space of 32K 16-bit
words. With NMOS II 16K ROMs organized in a 1K x 16-bit
structure, the BPC forms a controlling processor that operates
with a 6-MHz clock supplied by an external 2-phase, nonoverlapping clock source. The processor controls the accelera
tion, print and deceleration of the motors that position the print
wheel and it determines the hammer force according to the
density of the character selected. Many features, such as selftest, automatic tabulation, plotting, and character substitution,
were added at little cost simply by including them in the
firmware.
The first totally NMOS II LSI-based desktop computer was the
Model 9825A3 introduced in January 1 976. The heart of this DTC

The first use of the NMOS II process described in the main text
was for mask-programmable 16K ROMs used in the Model
981 5A Desktop Computer1 (DTC), introduced in September
1975. These ROMs are organized in a 2K x 8 structure for
operation with a commercially available 8-bit microprocessor. In
addition to providing four times as much firmware as the 4K
ROMs used in earlier DTCs, the NMOS II 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 affecting access time significantly.

V

Model 981 5 A
The increased storage capability provided the Model 981 5A
by the NMOS II ROMs enabled the standard machine to have as
part of its standard language many of the math functions and
other options that were available only as add-on ROMs for the
previous generation DTC's.
The first use of an NMOS II microprocessor was in the Model
9871A Impact Printer,2 also introduced in 1975. Use of ROMcontrolled processor logic gave the flexibility needed to improve
performance at low cost. By enabling the printer to perform its

Model 9825A
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
tions DTC control of all communications between the DTC
and peripherals via the I/O port. The three processor chips are
isolated from the electronics in the rest of the DTC by four bipolar
interface buffers, minimizing the capacitance that the processor
chips must drive. This allows 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 allow multiplexing of addresses and data. The
three-state arrangement reduces the overall capacitance on the
parallel address-data bus by cycling non-addressed ROMs into
a high impedance (low capacitance) state.
In addition to the processor and 16K ROMs, NMOS II 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 all operations of these "internal peripherals"
and the data communications between them and the micro
processor. It generates key scans, allows for key debounce
delay, generates repeat-key timing, and communicates keycode data to the microprocessor. It shifts and clocks data to the
printer registers and controls paper advance and the burn tim
ing of the thermal printhead. It shifts display dot character
information to the LED display, controls display scan rate, and
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sodium ions. However, the procedures used to
achieve other desired features, such as the selfaligned 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 400Â°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 line,
it has proved to be relatively high yielding. Besides
providing the hardware basis for the 9815A/25A/45A
desktop computer family and its many highperformance peripherals, it is also finding its way
into other kinds of products, such as the new Model

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 of NMOS II LSI is in the recently an
nounced 9845A 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 A the mainframe electronics and peripherals. A
new BPC chip was designed for these microprocessors with
four times 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 a TTL-level clock input and
generating a 1 2V, two-phase non-overlapping clock capable of
charging 300 pF to above 10V in less than 30 ns.
The firmware memory of the 9845A has 16K ROMs on 8-chip
hybrid substrates. Each of these ROMs has its own power-pulse
transistor on the chip rather than using external bipolar transis
tors for this function as the earlier NMOS II 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, resulting in improved speed of operation.
Another random-logic NMOS II 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 II chip,
taking the place of a previously used bipolar chip, shifts and
stores the data to the 80-character, page-width printer-plotter,
directly driving the thin-film thermal printhead thin-film resistors
with NMOS power transistors that are capable of sinking 1 50 m A
with less than 6 ohms ON resistance.
Thus, it can be seen that the NMOS 1 1 process is not limited 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 capability and
greater flexibility in less space for enhanced performance.

Joseph E. DeWeese
Joe DeWeese has devoted five
years to the NMOS-II process, be
ginning in 1972 with development
of prototype process equipment
and going on to development of
products, production equipment
and process monitors. The past
two years, he was project mant* ager for NMOS II LSI product supV' i port. He is now a project manager
^ff jJEt^ 'n *ne R and D Lab. A native of
f ^ Clinton, Kentucky, Joe earned a
BSEE degree at the University of
Illinois and is working towards an
' MSEE degree at Colorado State
University. In off hours, he does some woodworking and he also
participates in the HP Golf League and intramural basketball.
He and his wife have one small boy and a baby girl.

Thomas R. LigÃ³n
After obtaining BS and MS de
grees in physics from Oklahoma
State University in 1966, Tom
LigÃ³n joined Hewlett-Packard,
working initially on the develop
ment of precision high-frequency
wirewound resistors, then the 17layer printed-circuit ROM used in
the Model 9100A Calculator, and
finally integrated circuit develop
ment. He left HP in 1 970 to pursue
a private business venture but re
turned two years later to work on
the NMOS-II process develop
ment, becoming project manager
in 1 973. A native of Wewoka, Oklahoma, Tom, his wife and three
children live on a 1!/2 acre tract in Loveland, Colorado, raising
fruits, vegetables, chickens, rabbits, and an occasional calf or

Microphotograph of NMOS II 16K ROM.
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8568A Spectrum Analyzer.

numerous to mention here, contributed significantly
to the success of the process and products. S
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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 before the "gain" in the volumecost-demand "loop" becomes great enough to create a steep in
crease in production and a drop in cost, as occurred 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 10-year life span, more com
monly opera today, should be quite sufficient for reliable opera
tion.
The Future

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 of power, the faces of
the adjoining fibers must be of equal size, in line, parallel, and as
close control 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 cable. dB, equivalent to a substantial length of low-loss 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 im without conversion to electrical signals. The im
pact of this technique will be far-reaching.
Tom Hornak ;s Manager of the Applications and Engineer
ing Department within the Solid-State Lab of HP's central
research laboratories where he is responsible lor R and D on
LSI circuits and optoelectronic systems. He holds a Dipi.
Ing. degree from the Slovak Technical University and a PhD
degree from Czech Technical University and worked on
radar, instruments and memories before joining HewlettPackard in 1 968. He has published over two dozen papers
on electronics and holds a like number of patents.

No doubt about it, wide-scale use of optical communications is
coming, not only for telephone transmissions, 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 bit and receivers now are designed for specific bit
rates and link lengths. Large-scale integration, and possibly trade
offs in receiver sensitivity and maximum bit rates, will result in
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