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A  H i g h - P u r i t y ,  F a s t - S w i t c h i n g  S y n t h e s i z e d  S i g n a l  G e n e r a t o r ,  b y  R o l a n d  H a s s u n  L o w  
phase no ise and h igh f requency ag i l i ty  are  usual ly  conf l ic t ing requ i rements .  

D ig i t a l  Con t ro l  f o r  a  H igh -Per fo rmance  Prog rammab le  S igna l  Genera to r ,  by  Hami l t on  C .  
C h i s h o l m  m i c r o  i n t e r n a l ,  a n d  r e m o t e  c o n t r o l  o f  a  c o m p l e x  i n s t r u m e n t  c a l l s  f o r  a  m i c r o  

processor -based cont ro l le r .  

8 6 6 2 A  P o w e r - O n  a n d  S e l f - T e s t  S e q u e n c e s ,  b y  A l b e r t  W .  K o v a l i c k  T h e  R O M  a n d  R A M  
tests have some c lever  twists.  

Low-Noise RF Signal  Generator  Design,  by Dieter  Scherer ,  Bi l l  S.  Chan,  Fred H.  IvÃ©s,  Wi l  
l i am J .  i nnova  J r . ,  and  Dona ld  W.  Math iesen  Seven  phase- locked  loops  and  some innova  

t ive techniques d id  the job.  

A  S w i t c h i n g  P o w e r  S u p p l y  f o r  a  L o w - N o i s e  S i g n a l  G e n e r a t o r ,  b y  G e r a l d  L  A i n s w o r t h  
An unusual  choice,  because of  swi tch ing noise,  but  the benef i ts  outweighed the problems.  

A  H igh-Pur i t y  S igna l  Genera to r  Outpu t  Sec t ion ,  by  Dav id  L .  P la t t  and  Dona ld  T .  Borowsk i  
Th i s  l eve l  supp l i es  a  l ow-no i se  ou tpu t  w i t h  unp receden ted  l eve l  accu racy .  

P roduc t  Des ign  f o r  P rec i s i on  and  Pu r i t y ,  by  Robe r t  L .  DeVr i es  Sh ie l d i ng  and  r e l i ab i l i t y  
are major  considerat ions.  

Ver i f y ing  H igh  Spec t ra l  Pur i t y  and  Leve l  Accuracy  in  P roduc t ion ,  by  John  W.  R ichardson  
The question is how to testa state-of-the-art product without losing production-l ine eff iciency. 

In this Issue: 
The qual i ty of a precision laboratory signal generator is measured by how l i t t le noise and 

spu r ious  s igna ls  a re  p resen t  i n  i t s  ou tpu t  a long  w i th  the  s ing le - f requency  s igna l  t ha t ' s  
supposed to be there. No noise at all is an impossible ideal, but the subject of this issue, Model 
8 6 6 2 A  s i g n a l  S i g n a l  G e n e r a t o r ,  c o m e s  a s  c l o s e  t o  t h e  i d e a l  a s  a n y  s i g n a l  g e n e r a t o r  
now avai lab le in  i ts  f requency range,  which is  0.01 to 1280 megahertz .  

Where are such super-clean, stable signals needed? Mostly in communicat ions and radar 
transmitters and receivers, and for testing this kind of equipment. In these systems, informa- 

I  t i o n  t h e  c a r r i e r ' s  o n  a  s i n g l e - f r e q u e n c y  c a r r i e r  s i g n a l  b y  m o d u l a t i n g  t h e  c a r r i e r ' s  
amplitude, frequency, or phase. A noisy carrier, one whose phase or amplitude j i t ters signif icantly, can severely 
l imit the measurement of a system. Phase noise tends to be particularly troublesome, and so the measurement of 
phase noise has become especial ly important.  For phase-noise measurements,  the 8662A is used as a stable 
source wi th  which to  compare the equipment  under  test .  These measurements are done in  the development  
l abo ra to ry ,  i n  p roduc t ion  (where  the  8662A 's  p rog rammab i l i t y  makes  au tomat i c  tes t i ng  poss ib le ) ,  and  in  
maintenance. 

In receiver testing, an important measurement is adjacent channel selectivity, aimed at f inding out how well a 
rece iver  p icks up a weak s ignal  in  one of  i ts  channels  when there are s t rong in ter fer ing s ignals  in  ad jacent  
channels. A clean interfering signal is needed for this test so the performance that 's measured is the receiver's 
and not accommodate signal generator's. Today, channels are being made narrower in an attempt to accommodate more 
customers the an increasingly crowded electromagnetic spectrum. The narrower the channels,  the cleaner the 
test  s ignal  must  be;  hence the need for  the 8662A.  

M a n y  e v e n  l i e  a b o v e  t h e  8 6 6 2 A ' s  f r e q u e n c y  r a n g e ,  b u t  e v e n  i n  t h e s e  c a s e s ,  t h e  8 6 6 2 A ' s  o u t p u t  c a n  
often be multiplied, to the needed frequency and sti l l  be clean enough, even though its phase noise is multiplied, 
too. Our multiplier suggests an application like this. The 8662A feeds a step-recovery diode multiplier to provide the 
transmit ted signal in a pulsed Doppler radar system. ( In pract ice, a pair  of  8662As would be used to generate 
both signal). transmitted signal and the receiver local oscillator signal). The radar scope in the foreground belongs to 
the U.S. actual ly Aviat ion Administrat ion's Oakland TRAGÃ“N (Traff ic Control) .  This radar actual ly operates at  
1030 MHz,  wi th in  the 8662A's  f requency range.  We thank the FAA for  le t t ing us photograph i t .  

- f l .  P .  Do/an 

Editor, Richard P. Dolan â€¢ Associate Editor,  Kenneth A, Shaw â€¢ Art Director, Photographer, Arvid A. Danielson 
I l lustrator,  Nancy S. Vanderbloom â€¢ Administrat ive Services, Typography, Anne S- LoPrest i  â€¢ European Product ion Manager,  Dick Leeksma 
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A High-Purity,  Fast-Switching Synthesized 
Signal  Generator  
When the lowest possible noise is a cri t ical requirement for 
a  p rogrammable  f requency  source ,  th is  genera to r  can  do  
the job. Rapid switching and high output- level accuracy are 
two of  i ts  other advantages.  

by Roland Hassun 

REQUIREMENTS ON SIGNAL SOURCES used as test 
signals or directly in communications systems have 
escalated substantially. Spectral purity, which was 

barely mentioned in signal generator data sheets a 
dozen or so years ago, has now become a focal point in 
the description of the product. Indeed, it represents a 
major portion of the design and test efforts. 

Many of the latest mobile communication systems rely on 
frequency switching executed in a few milliseconds. Test 
sources must therefore exceed this rate, while maintaining 
high levels of spectral purity. 

Hewlett-Packard's answer to these needs is Model 8662A 
Synthesized Signal Generator, Fig. 1, a high-purity, high- 
accuracy, fast-switching, programmable source of frequen 
cies between 10 kHz and 1280 MHz. The spectral purity of 
this new generator challenges the performance of mechani 
cal and cavity-tuned generators such as the well known HP 

8640B. At 160 MHz, for example, single-sideband (SSB) 
noise is < â€” 144 dBc/Hz at 10 kHz offset from the carrier and 
- 113 dBc/Hz at 10 Hz, with a broadband noise floor of - 1 50 
dBc/Hz. Nonharmonic spurious signals are greater than 100 
dB below the carrier. The key to this exceptional spectral 
purity is a new switched-inductance oscillator of novel 
design that produces a quiet free-running signal even be 
fore stabilization with phase-locked reference signals. The 
synthesized reference signal chain also has two separate 
crystal filter sections to clean up an already quiet 10-MHz 
crystal reference oscillator. 

Unprecedented Level  Accuracy 
The 8662A output level range is +13 dBm (overrange to 

+ 16 dBm) to -139.9 dBm with a resolution of 0.1 dB. The 
internal microprocessor ensures that all levels between +13 
and â€”120 dBm have an absolute level accuracy of Â±1 dB. 

F i g .  1 .  E x c e p t i o n a l l y  l o w  p h a s e  
no i se  and  spu r i ous  ou tpu t  make  
Mode l  8662A Syn thes ized  S igna l  
G e n e r a t o r  s u i t a b l e  f o r  s u c h  d e  
manding app l ica t ions  as  rece iver  
ad jacent  channe l  se lec t i v i t y  mea 
s u r e m e n t s  w i t h  c l o s e l y  s p a c e d  
channels and low-noise local  osci l  
l a t o r  s e r v i c e .  F a s t  f r e q u e n c y  
s w i t c h i n g  a n d  s w e e p  c a p a b i l i t y  
m a k e  t h e  8 6 6 2 A  u s e f u l  i n  
f r e q u e n c y - a g i l e  a n d  s w e p t  l o c a l  
o s c i l l a t o  a p p l i c a t i o n s .  A l l  f u n c  
t ions are remotely programmable. 
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Spectral Purity 

Spectra l  pur i ty  is  a measure of  how much the spectrum of  the 
output of a signal generator deviates from that of a pure sine wave. 
Factors af fect ing spectra l  pur i ty  are:  

Phase noise,  mani fested as random f luctuat ions of  zero cross 
i n g s  i n  t h e  t i m e  d o m a i n  a n d  s p e c t r u m  s p r e a d i n g  i n  t h e  f r e  
quency  doma in  

i  AM no ise ,  man i fes ted  as  enve lope  f luc tua t ions  in  the  t ime do  
ma in  and  spec t rum spread ing  in  the  f requency  domain  

â € ¢  N o n h a r m o n i c a l l y  r e l a t e d  d i s c r e t e  s i d e b a n d s ,  s o m e t i m e s  
ca l led spurs  

â € ¢  H a r m o n i c a l l y  r e l a t e d  s i d e b a n d s  c a u s e d  b y  h a r m o n i c  
distortion. 
Phase noise is of particular importance in establishing the l imits 

o f  many modern communicat ions systems.  Harmonic  d is tor t ion,  
on the other hand, is not an important factor for the great majori ty 
o f  app l i ca t i ons  i n  commun ica t i ons  sys tems .  I t  can  be  subs tan  
t ia l ly  reduced by means of  s imple low-pass f i l te r ing.  

AM noise levels are general ly at least 10 dB below phase noise 
leve ls  in  most  s ignal  sources.  Fur thermore,  many operat ing sys 
t e m s  r e l y  o n  a n g l e  m o d u l a t i o n  ( p h a s e  o r  f r e q u e n c y )  a n d  a r e  
therefore not  sensi t ive to AM noise.  

D i s c r e t e  s i d e b a n d s  c a n  c a u s e  b o t h  a m p l i t u d e  a n d  p h a s e  
m o d u l a t i o n  b u t  o c c u p y  a  m u c h  m o r e  r e s t r i c t e d  p o r t i o n  o f  t h e  
spectrum than random modulat ion caused by random phase and 
ampl i tude f luctuat ions.  

The to ta l  unwanted power  occupy ing  a  par t i cu la r  communica  
t i on  channe l  cons i s t s  o f  t he  sum o f  t he  powe r  i n  t he  d i sc re te  
s idebands  p lus  the  i n teg ra l  o f  t he  no i se  power  i n  the  channe l  
bandwid th .  Both  components  there fore  need to  be  min imized.  

Phase Noise 
The  spec t rum sp read ing  o f  the  ca r r i e r  tha t  i s  caused  by  the  

existence of phase noise extends from less than 1 Hz offset f rom 
the carr ier to wherever the ef fect  of  addi t ive noise â€” thermal or 
act ive device noise â€” begins to dominate. This could be several 
MHz away from the carr ier.  Close-in phase noise is understood to 
inc lude  o f fse ts  w i th in  5  kHz  o f  the  car r ie r ,  wh i le  fa r -ou t  phase  
no ise  is  unders tood to  be tha t  beyond 5  kHz.  

Phase noise,  or  more general ly ,  s ideband noise ( i .e . ,  a  combi  
na t i on  o f  phase  and  AM no ise ) ,  i s  respons ib le  fo r  l im i t i ng  the  
resolving power of heterodyne systems such as FM receivers and 
spec t r um ana l yze r s .  Reso l v i ng  powe r  i n  t h i s  case  means  t he  
abi l i ty to detect a small  signal in the presence of a large one (see 
Fig. 1). 

Mos t  mob i le  communica t ions  sys tems o f  the  f requency  mu l t i  
plex kind have channel spacingsthat exceed 5 kHz. For exam pie, 
6 .25-kHz  channe l  spac ing  i s  now used  in  some a reas  hav ing  a  
h igh  dens i t y  o f  commun ica t ions  t ra f f i c .  The  sys tem 's  ab i l i t y  to  
ex t rac t  a  des i red  low- leve l  s igna l  f rom an undes i red  h igh- leve l  
one (a nearby transmitter, for exam pie) is l imited by the sideband 
noise IF the receiver  local  osc i l la tor  and the select iv i ty  of  the IF 
s y s t e m .  I t  i s  a s s u m e d  i n  F i g .  1  t h a t  t h e  r e c e i v e d  s i g n a l s  a r e  
spectral ly pure. In fact, any sideband noise on the undesired high- 
level s ignal has the same effect as noise on the local osci l lator.  

Se lec t i v i t y  tes ts  on  h igh-qua l i t y  mob i le  FM rece ivers  requ i re  
low-noise sources to  s imulate the undesi red h igh- level  s ignal .  

Receiver  Front  End 

Received 
Signals 

C lean LO 

Fig. the . Sideband noise on the local oscillator output limits the 
resolv ing power of  heterodyne receivers.  

Close- In  Phase Noise 
M a n y  m o d e r n  d e v e l o p m e n t s  h a v e  c r e a t e d  a  n e e d  f o r  g o o d  

long- term stabi l i ty  and low c lose- in phase noise.  Moving- target-  
ind icator  radars,  navigat ion systems (e.g. ,  Navstar) ,  very- large-  
basel ine Â¡nterferometry and PSK (phase-shi f t  keying) represent 
s o m e  o f  t h e  a p p l i c a t i o n s  w h e r e  c l o s e - i n  p h a s e  n o i s e  p l a y s  a  
major role. 

T h e  m e a s u r e m e n t  o f  c l o s e - i n  p h a s e  n o i s e  o n  R F  a n d  m i  
crowave sources is  becoming a very  fundamenta l  one,  because 
some c ruc ia l  aspec ts  o f  pe r fo rmance  i n  t he  above -men t i oned  
systems are related to th is ef fect .  

A common appl icat ion for a low-noise signal generator such as 
the 8662A is as a reference source in phase-noise measurement 
setups.1  The 8662A's  combinat ion o f  good long- term phase s ta  
bi l i ty,  excel lent close-in phase noise and very good far-out phase 
noise makes i t  possible to test  s ignal  sources at  of fsets f rom the 
carr ier  ranging f rom f ract ions of  a  her tz  to  many MHz.  

Frequency Agi l i ty  
Severa l  new communica t ions  ne tworks  have an add i t iona l  re  

qu i remen t  f o r  f r equency  sw i t ch ing  on  the  o rde r  o f  seve ra l  m i l  
l iseconds. To provide dynamic test  condi t ions for these systems, 
i t  i s  necessary  fo r  the  tes t  s igna l  source  to  se t t le  to  a  new f re  
quency in  somewhat  under  a  mi l l i second.  

The combinat ion of this level of agi l i ty,  low close-in and far-out 
noise and spurious sidebands represents an unusual engineering 
cha l lenge.  How these ob ject ives were ach ieved in  the 8662A is  
d iscussed in  the  accompany ing ar t ic le .  

Reference 
1 .  D .  N o i s e  " D e s i g n  P r i n c i p l e s  a n d  T e s t  M e t h o d s  f o r  L o w  P h a s e  N o i s e  R F  a n d  
Microwave Sources, "  Hewle t t -Packard  RF and Microwave Sympos ium,  1979.  

-Ro land Hassun 

This is accomplished by measuring the actual level with an 
accuracy of Â±0.5 dB at a large number of frequencies, de 
termining the proper error correction, storing this informa 

tion in ROM, and then using it to correct the errors in output 
level as a function of frequency and attenuator setting. The 
8662A's unprecedented level accuracy is essential for accu- 
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rate receiver sensitivity measurements. 
Although primarily designed for high signal purity, the 

8662A's indirect-type oscillator swatches frequency with a 
typical 12 ms total switching time (to within 100 Hz). RF 
settling time is 0.5 ms. For testing frequency-agile receiv 
ers, a special learn mode may be used with the HP-IB 
programming bus to drive frequencies directly from the 
bus, with 500-jiS switching speed. 

All other front-panel functions are programmable via the 
HP-IB, which is a standard feature. The microprocessor also 
provides powerful diagnostic and error routines to aid the 
user and service routines to aid in maintenance. 

Flexible Control 
A major design objective of the front-panel layout was to 

improve measurement efficiency so that engineering and 
production test productivity could be increased. Key func 
tions are grouped centrally. Frequencies are key-set to 0.1 
Hz (or 0.2 Hz) and levels to 0. 1 dB resolution. Values can be 
incremented or decremented with up/down keys or a rotary 
knob after keying in the desired step size. A store/recall 
function allows up to nine complete front-panel control 
settings to be retained and recalled singly or in a sequence 
of up to 10 steps. 

Most increment and sequence steps can be triggered by 
rear-panel inputs. A series of pins available on a rear-panel 
connector allows certain commands to be executed when 
one of the pins is connected to ground (a debounce circuit is 
provided internally) or pulsed with a negative-going TTL- 
compatible pulse of at least 5-Â¿Â¿s duration. This allows out 
puts to be tied back to inputs directly, thus creating a se 
quential system, or through decision-making logic. For 
example, if the sweep output is tied to the step-up pin, the 
whole frequency range of the 8662A can be sequentially 
swept in specified increments. If a detector circuit and some 
logic are also used, then the sweeping action can be stopped 
whenever a signal is detected. 

Powerful sweep capability that preserves synthesizer 
stability, resolution, and accuracy makes the 8662A ideal 
for characterizing high-stability components such as crys 
tal filters. Start/stop or span sweeps can be selected. Five 
key-set markers plus linear or log sweep are available. By 
using the sequence function, multiple sweeps can be ob 
served simultaneously. 

Full signal-generator capability is provided, with high- 
performance AM and FM modulation. AM rates to 40 kHz 
are possible depending on modulation depth and carrier 
frequency. FM deviations to 200 kHz and rates to 100 kHz 
are available for external modulation inputs. A 400 or 
1000-Hz internal source can be selected. 

Architecture 
The architecture of the 8662A reflects the major design 

goals, which included low phase noise close to the carrier 
(less than 5 kHz offsets), low phase noise far from the car 
rier, submillisecond frequency switching speeds, spurious 
sidebands more than 90 dB below the carrier, 0.1-Hz fre 
quency resolution, and quality modulation capability. 
The phase-locked loop approach to frequency synthesis 
was chosen because these objectives could be met with 
a lower level of product complexity. Fig. 2 is the 8662A 
â€¢Compatible with IEEE 488. 

block diagram. 
Divide ratios have been chosen so that noise on any of the 

reference signals going into the phase detectors does not 
undergo multiplication by more than 2 at the output. The 
use of 12) divider techniques (see article, page 12) 
allows the achievement of a specific frequency resolution 
while maintaining a wider loop bandwidth (leading to 
higher switching speed) than would be possible without 
the use of fractional-N. At the same time, the divide ratio is 
kept small. 

Sidebands caused by reference signals leaking into the 
VCOs (voltage-controlled oscillators) are kept below -100 
dBc on the output signal in the majority of cases. This is 
accomplished by filtering, isolation, and shielding. 

The provision of frequency modulation required the ad 
dition of two phase-locked loops in the block diagram. One 
loop is used to generate the frequency modulated signal by 
applying the modulating signal to the VCO. The loop 
bandwidth is less than the lowest modulating signal fre 
quency. The other loop is used to sum the modulated signal 
into the system. 

Fig. 3 shows typical 8662A single-sideband phase noise. 
Below 10 kHz, phase noise of the reference section domi 
nates. From 10 to 500 kHz the reference loop and sum loop 
determine the phase noise performance, while beyond 500 
kHz the sum loop oscillator is the dominant phase noise 
source. 

This noise profile indicates that the HP 8662A is not only 
an RF synthesizer with exceptional close-in noise perfor 
mance, but that it can also compete well at farther-out offset 
frequencies where cavity oscillators were traditionally far 
superior. With its switching speed of 500 /as (RF settling 
time), the HP 8662A meets the usually conflicting require 
ments of low phase noise and high frequency agility. 

Assuring Reliabi l i ty 
The required improvements in signal generator spectral 

purity and switching speed have made the 8662A an ex 
tremely complex product. The design philosophy for com 
plex products must include reliability and serviceability to 
achieve operating cost levels acceptable to the user. There 
fore, reliability and serviceability goals were an integral 
part of the early 8662A definition along with performance 
and cost objectives. Reliability was the subject of significant 
planning throughout the course of the project. Management 
support at all levels was inspirational in steadfastly pursu 
ing a goal that is difficult to measure. 

A number of steps were taken to make a substantial im 
provement in reliability. A series of educational sessions for 
the project team were held by the corporate and divisional 
reliability groups. The strong commitment of all team 
members to reliability was a significant factor in maintain 
ing the emphasis over a period of several years. 

The main thrust of the reliability effort in the develop 
ment phase was the creation of an environment within the 
product that would favor component longevity. It was de 
cided very early to limit semiconductor junction tempera 
tures to less than 110Â°C when the ambient temperature is at 
the specified maximum of 55Â°C. Junction temperature is a 
parameter that is directly related to semiconductor failure 
rate. It was measured by making body temperature mea- 
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High Frequency Loops 
Output Sum Loop 

M i x e r  v c o  
vv-3 

O u t p u t  S e c t i o n  
D o u b l e r  B a n d  
320-640  MHz 

A f = 0 . 1  H z  D o u b l e r  !  M o d u l a t o r  
O u t p u t  

A m p l i f i e r  
M i d  B a n d  

120-640 MHz 

3 1 0 1 0  6 2 0  M H z  A f = 1 0  M H z  

D o w n -  
C o n v e r t e r  B a n d  M i x e r  
5 2 0 . 0 1 - 6 4 0  M H z  0 . 0 1 - 1 2 0  M H z  

R e f e r e n c e  S u m  L o o p  
M i x e r  V C O  

Reverse  
Power  

A G C / A M  P r o t e c t i o n  
S u m m i n g  
A m p l i f i e r  R F  

O u t p u t  
3 2 0 - 6 4 0  M H z ,  A f = 2 0 H z  

Ex t  I npu t  
( S o t  t O  M H z )  

O u t p u t  
1 0 M H z  120  MHz 

F r o m  R e f e r e n c e  S e c t i o n  3 2 0 - 6 4 0  M H z ,  A f = 2 0  M H z  
t o  R e f e r e n c e  S u m  L o o p  
5 2 0  M H z  t o  O u t p u t  S e c t i o n  M o d u l a t i o n  S e c t i o n  
1 2 0  M H z  t o  F M  L o o p  

E x t  M o d  
S w i t c h i n g  

20  MHz (CW) to  FM Sum Loop 
10  o r  20  MHz  to  

M o d u l a t i o n  
I n p u t  

R e f e r e n c e  S u m  L o o p  
1 0  M H z  t o  N  L o o p  

1 0  M H z  t o  M o d u l a t i o n  S e c t i o n  

1 0  M H z  t o  F r a c t i o n a l - N  L o o p  O v e n  V o l t a g e  
f r o m  

P o w e r  S u p p l y  

F r e q u e n c y  r e a d o u t ,  e t c .  

F r e q u e n c y  L o o p s  C o n t r o l  

M o d u l a t i o n  C o n t r o l  

A m p l i t u d e  C o n t r o l  

F M  L o o p  

V C O  M i x e r  K e y b o a r d  
C o n t r o l s  

A u x i l i a r y  O u t p u t s :  S w e e p  D / A ,  
A M  M a r k e r ,  Z - A x i s  B l a n k i n g / M a r k e r  
X /Y  P lo t t e r  Pen  L i f t  

1 0  M H z  f r o m  R e f e r e n c e  S e c t i o n  

M o d u l a t i o n  S e c t i o n  a n d  F M  L o o p  

N  L o o p  
20  MHz 

(w i th  FM)  

120-220 MHz 
A f = 1  H z  

L o w - F r e q u e n c y  L o o p s  F r a c t i o n a l - N  L o o p  

1 0  M H z  f r o m  
Re fe rence  Sec t i on  

2 0  M H z  ( C W )  f r o m  
Reference Sect ion  

1 0  M H z  f r o m  
Refe rence  Sec t ion  

Fig. frequency meets A block diagram. The phase-locked loop method of frequency synthesis meets the 
per fo rmance ob jec t ives  w i th  min imum produc t  complex i ty .  
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surements using thermocouples on well over 100 compo 
nents at several stages throughout the development cycle. 
Junction temperature was then computed with the knowl 
edge of the power dissipated in the device and its published 
junction-to-body thermal resistance. The goal was met with 
the exception of a microwave transistor chip used in the 
output amplifier, whose junction temperature can reach 
125"C (computed) in the very worst case. The use of a 
high-efficiency switching regulated power supply that 
saves approximately 70W and a carefully planned thermal 
design approach were necessities in achieving the junction 
temperature goal. 

Another step taken was the reduction of electrical stress 
on the components used. Power dissipation, voltage and 
current were checked on all transistors and passive compo 
nents. The reliability group helped establish safe derated 
limits to which the designers adhered. Design margins on 
such crucial parameters as phase-locked loop acquisition 
ranges were made very substantial. 

Humidity and condensation tests carried out in the 
course of a battery of environmental tests revealed some 
harmful chemical action. Growth of a clear, amorphous, 
nonconducting substance gave rise to intermittent contact 
between printed circuit board connector fingers and their 
sockets. The microprocessor-based controller was espe 
cially vulnerable to this, since missing a single pulse can 
change a legitimate instruction to an unintelligible stream 
of information. A task force consisting mainly of product 
assurance and printed circuit board processing groups 
traced the problem to contaminants in the water used in 
the wash cycle. They were eliminated and the problem 
went away. 

A number of assemblies containing novel designs were 
put through life tests. This included prolonged periods of 
operation at elevated ambient temperature (55Â°C). Two of 
four switched reactance oscillators exhibited identical fail 
ure modes on the tenth and eleventh days of testing. A thin 
layer of insulation was punched through causing a mal- 

Carr ier  Frequency =  500  MHz 

Typical  
Receiver 
Channel  
Spacing 

I  

- 1 5 0  
1  H z  1 0  H z  1 0 0  H z  1 k H z  1 0 k H z  1 0 0 k H z  1  M H z  

Offset  from Carrier  

Fig.  3 .  Typ ica l  8662/4 phase no ise per formance.  

function. The condition was corrected. The life tests proved 
very useful in identifying a number of systematic problems 
that generally only show up after lengthy periods of time 
and may not be diagnosed as problems when not viewed in 
the context of a disciplined test. 

Furthermore, a sufficient number of prototypes were 
built,  operated almost continuously, and exercised 
whenever possible to uncover weaknesses. This intensive 
search for problems proved quite effective. 

Most of the semiconductors used in the product are 
burned in according to a program developed by HP's Stan 
ford Park Division product assurance group. A 5:1 reduc 
tion in failure rate has been observed in a pilot program. 
Failures detected are carefully analyzed and when system 
atic patterns emerge, the suppliers of the faulty devices 
are notified. 
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Digital Control for a High-Performance 
Programmable Signal Generator 
by Hami l ton  C.  Chisholm 

A CURRENT PRODUCTION INSTRUMENT, the 
Hewlett-Packard 8660A Synthesized Signal  Gen 
erator,  successfully demonstrates the concept of  

keyboard control of a signal generator.  By means of the 
Hewlett-Packard Interface Bus (HP-IB), it also provides a 
means of solving many instrumentation problems calling 
for remote control. This previous development served as a 
guide in the planning of the 8662A Synthesized Signal  
Generator .  Many enhancements  were  developed to  pro 
vide full control of all parameters. The panel arrangement 
provides the operator with easily understood parameter 
control. Interaction with a responding parameter display 
reinforces the learning of short key sequences. Where func 
tion control is not obvious from the front panel, a pullout 
card beneath the instrument quickly provides assistance. 

The 8662A is basically a signal source of sinusoidal fre 
quencies  wi th  except ional  pur i ty .  With the  addi t ion of  
amplitude control and selectable amplitude and frequency 
modulation, the source becomes a signal generator. With 
step time and step frequency control, the generator is en 
hanced with frequency sweeping capabilities. 

Control ler  Design 
The block diagram of the digital control unit of the 8662 A 

is shown in Fig. 1. The controller has latched driver outputs 
for eleven digits of frequency from 10 kHz to 1.28 GHz with 
0.1-Hz resolution (0.2-Hz resolution above 640 MHz). Four 
digits of amplitude in either dBm, mV, or /nV units are also 
latched out for the control of electronic and electromechan 
ical attenuation. Modulation drive in the form of two binary 
control words is latched out for either AM or FM. The HP 
Interface Bus signals are conducted to the rear panel. An 
additional set of external inputs can be used to control the 
functions increment up, increment down, start sweep, stop 
sweep, single sweep, and sequence. Also, a set of lines from 
the linear circuits provides the controller with information 
pertaining to malfunctions of these circuits. All told, 132 
lines are exercised by the digital control unit. 

The choice of the 6800 microprocessor for the 8662A 

'Compa t ib le  w i th  IEEE 488-1978  

control unit was based on the 6800's advanced 8-bit con 
cep t ,  a  sys tem of  components  tha t  inc ludes  the  6820  
Peripheral  Interface Adaptor and compatible ROM and 
RAM devices, and availability within HP of suitable assem 
bler and loader programs that operate in HP computers. 

The 8662A control system is designed with modularity 
for servicing in mind. Access to all circuit boards is assured 
by clever configuration of the card frame and by a tilt-down 
front panel. The microprocessor circuitry and a few com 
ponents for signature analysis are on the processor control 
board. Two boards with 12 kilobytes each of IK x 8 PROM 
constitute major memory. The RAM board with 2 kilobytes 
of CMOS RAM provides nonvolatile memory for variables, 
stored parameters, and stored information for nine blocks of 
front-panel data (more about this later). 

An input board provides malfunction inputs and the in 
terface to the keyboard and the set of external inputs. Two 
output boards contain the latched drivers for frequency and 
modulat ion.  The display board contains  la tching LED 
numer ic  d isp lays  and  la tched  dr ivers  for  backl ighted  
nomenclature. Readout control is nonscanning to avoid any 
radio frequency interference. All of the circuitry necessary 
for the HP-IB, including 2 kilobytes of program memory, is 
on a card that can be removed from the controller without 
impairing normal local-mode operation. 

The keyboards have specially designed keys to meet re 
quirements of random positioning, low profile, minimum 
spacing, and control LED lighting. The keystroke is short 
and has positive tactile feel. Gold plated, bifurcated spring 
contacts make reliable, wiping contact with printed circuit 
pads on boards that are readily serviceable. 

Keyboard Operat ions 
The central portion of the keyboard, on the sloping panel, 

contains the major function qualifier keys and the numeric 
keypad. The expected key sequence is left to right: selection 
of function, then numeric data, followed by execution with 
a units key such as MHz. The numbers are visible in the 
function display as entered. When the units key is held 
down, the justified entry is held visible. This is useful in the 

HP-IB 
Keyboards 

Keycode 
Board 

â€¢ Address | â€¢f Bus 
  

D a t a  B u s  

C o n t r o l  B u s  

M i c r o p r o c e s s o r  
D e c o d e  
B o a r d  

Da ta  Bus  

C o n t r o l  B u s  

Fig .  1 .  D ig i ta l  con t ro l  un i t  o f  the  
8 6 6 2 / 4  S y n t h e s i z e d  S i g n a l  
Genera to r  exe rc i ses  132  con t ro l  
lines. 
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8662A Power-On and Self-Test 
Sequences 

by Alber t  W.  Koval ick  

With  the  in t roduct ion  o f  microprocessor -based "smar t "  ins t ru  
m e n t s ,  m a n y  c o n v e n i e n c e s  w e r e  g a i n e d .  H o w e v e r ,  s o m e  f e a  
t u res  o f  wo r th  we re  l os t .  A  t yp i ca l  i ns t rumen t  w i t hou t  a  smar t  
control ler has the abil i ty to remember user sett ings by virtue of i ts 
f ron t -pane l  mechan ica l  sw i tches  and  d ia l  se t t ings .  Mos t  smar t  
ins t ruments ,  on the o ther  hand,  requ i re  the user  to  key in  most  
f ront -panel  set t ings each t ime power  is  swi tched on.  An a l terna 
tive is to use the HP-IB and program the instrument externally. For 
s i m p l e  o f  a p p l i c a t i o n s ,  h o w e v e r ,  m a n u a l  i n i t i a l i z a t i o n  o f  
the inst rument  is  a  drawback.  

The 8662A Synthesized Signal  Generator  so lves th is  problem 
by using a CMOS RAM powered by a bat tery to keep a record of  
al l  front-panel sett ings. When the user turns off the synthesizer or 
the power  fa i ls ,  the ex is t ing f ront -panel  se t t ing  is  saved.  When 
power is  restored the last  saved f ront-panel  set t ing is  restored.  

Power-on Sequence 
When the 8662A is  swi tched on,  a  hardware power-on c i rcu i t  

resets a l l  hardware funct ions and causes the contro l ler  program 
to  beg in .  Be fo re  the  se t t i ngs  a re  res to red  a  checksum i s  com 
pu ted  f r om the  saved  f ron t -pane l  da ta .  Th i s  i s  compared  to  a  
r e f e r e n c e  c h e c k s u m .  I f  b o t h  c h e c k s u m s  m a t c h ,  a  s o f t w a r e  
rou t i ne  res to res  a l l  f r equency ,  modu la t i on ,  and  amp l i t ude  se t  
t i ngs .  I f  the  checksums d isagree ,  RAM da ta  has  been  a l te red .  
This is  unl ikely,  but  i t  can occur i f  the bat tery discharges.  In th is 
event, mem first valid front-panel setting from the store/recall mem 
ory  i s  reca l led .  I f  a l l  n ine  se t t i ngs  con ta in  a l te red  da ta  then  a  
de fau l t  se t t i ng  o f  100  MHz  and  -30  dBm i s  used .  

RAM Test ing 
Testing of the entire 2K bytes of RAM is performed each time the 

ins t rument  i s  sw i tched  on .  Th is  power -on  RAM tes t  checks  fo r  
stuck data. in every RAM location without destroying any RAM data. 
Be fo re  the  tes t  can  beg in ,  a  sma l l  sec t ion  o r  ke rne l  o f  RAM is  
tested.  This kernel  is  needed to perform the larger 2K-byte test .  
Each bits of RAM is now tested for the ability to toggle. If any bits are 
f ound  a  a  use r  code  i s  d i sp layed  to  i nd i ca te  t h i s .  By  use  o f  a  
special function code, a user may access this same test and run it  
when desi red.  

A second, more extensive test is accessible by cal l ing a routine 
in the diagnostics ROM. It is different from the simpler test in three 
ways .  F i r s t ,  i t  checks  f o r  t he  case  o f  mu l t i p l e  ch i ps  enab led .  
Second, it tests for CMOS memory fade problems. Last, i t  tests for 
row /co lumn  decod ing  e r ro rs  i n te rna l  t o  t he  ch ips .  Th i s  t es t  i s  
exhaustive. I t  runs for about 1 .5 minutes and pinpoints any faulty 
chips. 

The test  for  mul t ip le  ch ips enabled must  be per formed before 
decoding problems can be detected.  I f  more than one RAM chip 
is enabled, a read or wri te wi l l  affect more than the desired RAM. 
The test  is  st ructured as fo l lows. 
1 .  A l l  memory c leared to zero 
2. Store a single RAM ID number in each RAM. RAM 1 (0-255) has 

a sol i tary 1 stored. RAM 2 (256-51 1) has a 2 stored and so on 
(see Fig. 1a). 

3.  The contents of  the RAMs are now summed indiv idual ly .  I f  the 
sum of each RAM is equal to i ts or iginal RAM ID number, then 
no RAMs are se lec ted out  o f  the i r  address range.  

4 .  I f  one or  more RAMs are se lected out  o f  the i r  address space 

then  the  RAM da ta  w i l l  no t  sum to  the  va lue  o f  the  RAM ID  
number (see Fig.  1b) .  The bad chip is  now ident i f ied and the 
fau l ty  RAM number  is  d isp layed.  

I f  no mult iple read/wri te problems are detected then an exhaus 
t ive test  for  in terna l  row/co lumn decoding is  per formed.  F i rs t ,  a  
memory  l oca t i on  i s  se t  t o  a  known  va lue .  Nex t ,  a l l  r ema in ing  
l oca t i ons  i n  each  RAM a re  checked  fo r  a l t e ra t i on .  I f  any  da ta  
al terat ion is found, then the bad RAM is ident i f ied. Each memory 
cel l  is similar ly tested. 

F i n a l l y ,  a  d a t a  f a d e  t e s t  i s  p e r f o r m e d .  D u e  t o  t h e  i n h e r e n t  
capacit ive memory effect of CMOS memory, i t  is possible to store 
a 1 or 0 even though a given RAM cel l  is bad. This is a temporary 
m e m o r y  e f f e c t ,  a n d  i n  t i m e ,  t h e  d a t a  f a d e s  a w a y  b e c a u s e  o f  
leakage. We detect  a fade problem by test ing data over a per iod 
greater  than one second.  

ROM Test ing 
The 8662A has 26 ROMs that  conta in  the operat ing program.  

T h e  t r a d i t i o n a l  m e t h o d  u s e d  t o  t e s t  a  R O M  i s  b y  u s e  o f  a  
checksum. The reference checksums are usual ly stored in known 
locat ions and compared to  ca lcu lated checksums for  each ROM 
to  p rove  ROM va l id i t y .  Th is  techn ique  has  the  d isadvantage o f  
storing the reference checksum. I f  i t  is stored in a known location 
ou ts ide  the  ROM,  then  when  a  ROM is  mod i f i ed ,  i t s  re fe rence  

(b) 
Location 

Fig .  1 .  (a )  To  detec t  mu l t ip le  ch ips  enab led ,  each RAM has 
only one number stored. The value is the same as i ts RAM ID 
number .  Each s tored va lue is  a t  a  d i f ferent  locat ion to  avo id  
over lap ,  (b )  Example  o f  mul t ip le  ch ip  se lec t ion .  RAM 3 was 
selected dur ing RAM 2 addressing due to a faul ty chip select  
decoder .  The sum of  RAM 3 data is  5 ,  not  3  as i t  should be.  
Because of  inherent wired- ANDing on the RAM data bus, the 
sum of  RAM 2 is  2 ,  even though RAM 3 is  se lec ted.  
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checksum mus t  a l so  be  changed .  Hence ,  two  ROMs may  need  
c h a n g i n g .  O n  t h e  o t h e r  h a n d ,  i f  e a c h  R O M  h a s  i t s  c h e c k s u m  
stored wi th in  i t ,  then an exact  locat ion is  requ i red and th is  may 
in ter rupt  the program code.  

We have chosen to al locate the negative value of the checksum 
dynamica l l y .  Suppose  a  sequence  o f  assemb ly  l anguage  code  
cou ld  be produced that  wou ld  not  a f fec t  p rogram operat ion  and 
wou ld  ra re l y ,  i f  eve r ,  be  p roduced  by  a  p rog rammer .  A  b ranch  
around a MOP (no operat ion)  fa l ls  into th is category.  

d u e  t o  t h e  b r a n c h .  C o m p u t i n g  t h e  c h e c k s u m  o f  a  g i v e n  R O M  
yie lds zero as a resul t  i f  a l l  data is  val id.  The programmer never 
n e e d s  t o  w o r r y  a b o u t  t h e  v a l u e  o f  t h e  c h e c k s u m  o r  t h e  M O P  
locat ion. To al low for easy ROM ident i f icat ion the actual  value of  
t he  to ta l  compu ted  checksum can  be  one  fo r  ROM #1 ,  two  fo r  
ROM #2,  and so on.  This a l lows for  easy detect ion of  mis loaded 
ROMs. 

B R A  + 3  
NOP 

PROGRAM CODE 

PROGRAM CODE 

Once the program development is  a lmost  complete,  th is  two- l ine 
code segment  is  inser ted roughly  in to  the midd le  o f  each ROM. 
A f te r  assemb ly  i s  comp le te  the  mach ine  code  i s  run  th rough  a  
second  p rogram to  loca te  the  two- l i ne  segment .  Nex t ,  th i s  p ro  
gram computes the checksum of al l  ROM data excluding the NOP. 
T h e  N O P  i s  t h e n  r e p l a c e d  b y  t h e  t w o ' s  c o m p l e m e n t  o f  t h e  
checksum. The contro l ler  program is not  af fected by th is  change 
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frequency mode where the display may be configured for 
sweep display while a new parameter is entered. Should the 
operator begin an entry but not complete it, the display can 
be restored by striking any function select key. 

The INCR SET key is common to all function keys and a 
function key qualifies its use in entering increment values. 
The justified value may be viewed on entry by holding the 
units key down. An increment value may be viewed at any 
time by selecting the function, then holding the INCR SET 
key down. 

The right-hand position of the keyboard contains mod 
ifiers in the form of increment up and down keys and a 
rotary control for manual tuning. The increment up and 
down keys are qualified by the selected function. Holding 
either key down will cause a succession of increments at a 
rate of two per second. The rotary RESOLUTION control is 
enabled for every new function by pressing either the x 10 or 
^10 key. Holding either of these down will enable blinking 
of a digit that denotes the resolution digit to which the 
rotary control will apply. The digit may be moved by re 
peatedly keying x 10 or n-10 to get ten times more or less 
resolution. 

The increment value previously entered via the INCR SET 
key may be used by the rotary control as its entry value. This 
mode is enabled by pressing the blue key and then the ^10 
key, which has the shifted function INCR printed beside it. 
Another useful mode is the separation of rotary control 
operation from the increment key operation with respect to 
function. For example, while in the amplitude mode, the 
blue key and shift key HOLD ( x 1 0) are pressed in succession. 
Then when frequency is selected as the operating function, 
the amplitude may be adjusted with the rotary control and 
the frequency incremented with the increment up and 
down keys. 

Sweep Control  
The left-hand keyboard contains all the sweep parameter 

keys. Either a start/stop sweep or a span-type sweep may be 
selected. Parameters are entered, for instance, by keying 
START FREQ, numerics and units. 

The start/stop sweep may be reversed by giving start a 
larger frequency value than stop. The sweep step size and 
step time keys indicate the selected value with integral 
LEDs. Once selected, the values are remembered. A change 
from span to start/stop sweep, with different step size and 
time values, will be indicated by the LEDs in the keytops. 
Execution of AUTO or SINGLE sweep will cause a split dis 
play in the frequency window, five digits for each of the two 
frequency parameters. When MANUAL sweep is selected, a 
full eleven-digit sweep frequency display is presented. 
Control of the sweep is provided by dedicated use of the 
rotary knob in the right-hand portion of the keyboard. Any 
signal generator parameter value may be changed while in 
the sweeping mode. 

Up to five digital sweep frequency markers are selectable. 
Each marker is entered as a frequency. The rear-panel out 
put for sweep markers provides Z-axis beam intensifying 
potential to give a bright CRT spot on an oscilloscope. Each 
spot may be identified on the CRT by holding the selected 
marker key down. Each marker may be moved on the CRT 
by means of the increment keys or the rotary control. When 
a marker key is held down, its frequency value is displayed. 

Front-Panel  Storage 
To ease user operation of the 8662A, nine front-panel 

configurations can be stored in memory. Each stored con 
figuration includes every parameter set on the front panel. 
Thus at any time, any of several totally different panel 
configurations can be recalled. This helps to reduce test 
setup time. 
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Coupled with the store recall feature is a sequence opera 
tion. A sequence is the order in which the user desires to 
recall previously stored settings. For example, assume there 
is a linear s%veep in store 1. a logarithmic sweep in store 3 
and a frequency modulated carrier in store 7. These may be 
useful for a given series of tests. The sequence 137 can now 
be stored in the sequence memory, and each time the SEQ 
key is pressed the next front panel, as ordered by the se 
quence memory, will be recalled. 

Status Indication 
The 8662A features a STATUS key, which is LED-lighted 

to signal the operator. Whenever it lights up and the key is 
pressed and held, Ã  double-digit code appears in the fre 
quency window. The code can be interpreted by referring to 
the pullout card beneath the instrument. Status messages 
may concern the condition of the crystal oven temperature, 
or indicate that an external oscillator standard is being 
used. Operator guidance messages are typically concerned 
with parameters out of range for the operating conditions. 

The status indicator flashes for malfunctions detected 
internally. Examples are a loop unlock condition or a fault 
detected by a circuit monitoring a set of interface lines. The 
latter provide extensive information about approximately 
80 lines passing between controller and mainframe circuits. 
These give early indications of circuit or cabling failures. 

Servicing 
The operator may call for a check on ROM or RAM with a 

special function key sequence. The ROM test (see page 9) is 
based on checksum routines and responds in case of a ROM 
1C failure with a double-digit code in the display, defining 
the failed part. The RAM test will do the same for some 
bit-type failures. More subtle failures require more detailed 
testing, which is available in servicing routines. The latter 
are part of a switch selectable set, which also includes rou 
tines for signature analysis testing with the HP 5004A Signal 
Analyzer. Basically, control unit servicing is performed 
using signature analysis. For extreme conditions where the 
instrument does not respond to power-on, a fundamental 
free-run test permits checks of the microprocessor board, 
which is the key to further operation. This can be done 
without any other boards in the system, thus aiding discov 
ery of stuck address and data buses and control lines. With a 
correctly operating processor board, the special diagnostics 
ROM and a program select switch on the board are used to 
select a routine to stimulate the other system boards. Signa 
tures to significant circuit points quickly give direction to 
the service person and lead to discovery of the offending 
component on the failed system board. 

Production Test ing 
Production testing of the 8662A control unit uses signa 

ture analysis techniques almost exclusively. These 
techniques are aided by using an HP 9825 Computer as 
memory for all the circuit mode signatures and as a testing 
guide. The technician instructs the computer with inputs 

defining the system board and the integrated circuit under 
test. As the device pins are probed, the computer reads the 
input signature via the HP 5004A with a special modifica 
tion. A comparison is made with the known good signature 
in memory. An audible beep announces that the signature is 
good and the technician can proceed to the next node with 
out looking away from the circuit. When an errant signature 
is encountered, the computer prints out the node location 
on its paper tape. 

A further testing development uses the computer with a 
special multiplexer that can select any one of over 200 lines. 
Suitable cabling connects all the control output interface 
lines into the multiplexer. Computer programs are accessed 
for a series of tests that automatically monitor all the cabled 
lines and record information on any failures. This test has 
special merit, since it tests driving circuits, connectors, and 
cables in the signal path, any of which can experience 
difficulties in the assembly operations. 
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Low-Noise RF Signal Generator Design 
by Dieter Scherer,  Bi l l  S.  Chan, Fred H. IvÃ©s, Wil l iam J.  Cri l ly,  Jr . ,  and Donald W. Mathiesen 

IN THE RF DESIGN of the 8662A Synthesized Signal 
Generator, novel techniques had to be developed to 
combine low phase noise and low spurious signals with 

the usually conflicting goal of high frequency agility. The 
design was governed by the following objectives: 
â€¢ Excellent spectral purity. Phase noise and spurious sig 

nals were to be low enough to allow, for example, re 
ceiver out-of-channel testing previously only possible 
with very pure cavity-tuned signal generators. 

i High frequency agility. RF settling was to occur in less 
than 500 /Â¿s. 

â€¢ Economic frequency resolution. 0. 1-Hz resolution was to 
be achieved with a minimum number of loops and 
minimum parts count. 

Fig. 2 on page 6 shows the basic blocks of the resulting RF 
design. These include the following functional blocks: 
i The reference section 

The reference sum loop 
â€¢ The output sum loop 
â€¢ The low-frequency loops 
â€¢ The fractional-N loop 
â€¢ The doubler, dividers and down-converter of the output 

section. 
All frequencies are directly or indirectly generated from a 
10-MHz crystal oscillator or an external 5 or 10-MHz refer 
ence source. The reference section transforms the 10-MHz 
reference signal into an RF reference signal that can step 
from 320 to 640 MHz in 20-MHz steps. 

In the reference loop this spectrum is filtered and ex 
panded into a 310-to-620-MHz range with 10-MHz steps. 
The output sum loop combines this with a lO-to-20-MHz 
signal with 0.1-Hz steps generated in the low-frequency 
loops, yielding the 320-to-640-MHz baseband with 0.1-Hz 
resolution. This band is then heterodyned, divided down 
and doubled to produce the 10-kHz-to-l 280-MHz output of 
the synthesizer (see article, page 22). 

320 to  640  MHz 
20-MHz Steps 
To  Reference  

Sum Loop 

ÃT7T7 
IF 

T T 

Fig.  1 .  The reference sect ion d i rect ly  synthesizes low-noise 
re ference s igna ls  fo r  the  8662 A '  s  phase- locked loops.  The 
3 2 0 - t o - 6 4 0  M H z  b a n d  i s  g e n e r a t e d  w i t h  a  m i x e r  a n d  e i g h t  
f requenc ies,  as  shown.  

Direct  Synthesis Reference Sect ion 
The reference section provides the following group of 

frequencies: 
1. 320 to 640 MHz every 20 MHz. 
2. A switched 520 MHz to the output section down- 

converter. 
3. Switched 20 and 120 MHz to the FM sum loop. 

Select Logic 

6 4 0  

Bandpass 
Fi l ter  

To  Output  
Section 
T o  F M  
Loop 

320  to  640  MHz 
every  20  MHz to  
Reference Loop 

20  MHz to  
FM Sum Loop  

N Loop 
Fract ional -N Loop 
FM Loop 
Rear Panel  

10  MHz  

Fig.  2 .  8662A reference sect ion der ives var ious f requencies 
by mul t ip ly ing,  d iv id ing,  and mix ing the output  of  the internal  
crysta l  reference osci l la tor  or  an external  s tandard.  
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4. A selectable 10 or 20 MHz to the reference sum loop. 
5. 10 MHz distributed to five other sections. 
It was considered important that these frequencies be ob 
tained with as low a noise contribution as achievable and 
with undesired signals down 40 dB at the 320-to-640-MHz 
reference output. 

As Fig. 1 shows, the 320-to-640-MHz band may be gener 
ated with a mixer and eight frequencies. Using dc allows 
the 320, 480, or 640-MHz signal to pass through the mixer. 
Otherwise, two RF frequencies are generated (fjyr = ÃLO â€” 
f IF), and the undesired frequency is eliminated by the refer 
ence sum loop. Fig. 2 explains the generation of reference 
signals in more detail. 

Noise and Undesired Signals  
Particular care was exercised in the design of the 

amplifier and multiplier stages immediately following the 
crystal oscillator to keep from degrading its noise perfor 
mance. The amplifiers and doublers at higher frequencies 
are not so critical since the phase noise of the 10-MHz 
standard is increased by 6 dB each time the frequency is 
doubled. 

The multiplier selected is essentially a full-wave rectifier 
circuit using Schottky diodes. This arrangement was 
selected for the repeatability of low-noise performance, in 
herent rejection of the driving frequency (alleviating some 
filtering problems), and convenience in generating a fre 
quency at every octave of 10 MHz. 

The amplifiers operate with low currents and high 
voltages to keep the 1/f noise current of the device low. 
RF emitter degeneration decreases device nonlinearity, 
which partly prevents 1/f noise from being converted to the 
signal frequency. 

The reference block has two stages of crystal filtering at 
40 and 160 MHz. The filters serve the dual purpose of 
removing 10 and 20-MHz sidebands not rejected by the 
doublers and filtering the multiplied noise of the frequency 
standard beyond approximately Â±0.008% of center fre 
quency. Multiplying 10 MHz to 640 MHz would result in a 
36-dB phase-noise increase. The crystal filters must sup 
press the 10 and 20-MHz sidebands such that these 
sidebands on the 520-MHz output are 90 dB below the 
carrier, since they would be translated directly to the output 
in the heterodyne band. Two-pole monolithic quartz filters 
were chosen for their compactness and low cost. 

A problem associated with the use of these narrow-band 
filters is their high susceptibility to vibration. To combat 
this problem, the filters are shock mounted on a separate, 
small circuit board. 

Sources of noise that contribute to the residual noise of 
the reference section include the following: 
â€¢ Additive noise and 1/f noise in transistors, most promi 

nently in the first stages of multiplication 
â€¢ Leakage currents in capacitors and Schottky diodes 
â€¢ Thermal effects on various materials 
â€¢ Phase changes caused by cables and connectors 
â€¢ Crystal filter noise and microphonic noise. 

Noise of the reference section is typically -110 dB below 
the carrier at 10 Hz offset with the noise floor approximately 
-148 dBc at 10 kHz and farther out. 

+5 
1C 

100 

320  MHz 

â€”S) Â°utPut 

1 0 0  1 0 0  

+ 5 - V  
1C 

100 

480  MHz 

1 0 0  1 0 0  

+  5  - V  

100 

1C 

640 MHz Oâ€” 

1 0 0  1 0 0  

Fig .  3 .  The h igher  f requenc ies  in  the  re fe rence sec t ion  a re  
switched by a form ofECL mult iplexer using several monoli thic 
d i f ferent ia l  pa i rs  connected to  a common col lector  res is tor .  

Switching 
It was necessary to find ways of switching frequencies 

with a minimum of complexity since the reference section 
uses direct synthesis. ECL multiplexers were found to have 
inadequate pin-to-pin isolation. Discrete forms of PIN diode 
switches require multiple diodes and drivers all properly 
shielded. A form of ECL multiplexing using several 
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O u t p u t  S u m  
L o o p  P h a s e  

D e t e c t o r  R e f e r e n c e  
10  t o  20  MHz  
0.1 -Hz Steps 

O u t p u t  S u m  
L o o p  O u t p u t  

320  t o  640  MHz  
0.1 -Hz Steps 

F r e q u e n c y  
Se lec t  

Re fe rence  
S u m  L o o p  O u t p u t  

31 Oto  620 MHz 
i n  10 -MHz  S teps  

Fig. 4. voltage-controlled block diagram of the output sum loop, high-frequency voltage-controlled 
osci l la tor  (HF VCO),  and ROM contro l ler .  

monolithic differential pairs connected to a common col 
lector resistor was found to be the most effective solution at 
the highest frequencies. The schematic for this switch is 
given in Fig. 3. 

Isolation in the off state is approximately 35 dB for fre 
quencies up to 1 GHz. A switch is turned off by removing 
the current from a differential pair, causing the transcon- 
ductance to drop to a low value. 

Inexpensive PIN diodes are used for the low-frequency 
switches, since there is less off-state leakage due to 
shunt capacitance. The driving circuit is a simple TTL 
demultiplexer. 

Reference  and Output  Sum Loops 
The output signal of the reference section contains un 

wanted sidebands, multiples of 10 MHz, as high as â€”40 
dBc. The reference loop acts as a narrow-band tracking 
filter, cleaning up this spectrum with minimum deg 
radation of its low-phase-noise quality. Summing 10 or 
20 MHz also adds 10-MHz steps to the 310-to-620-MHz 
output signal. 

The output sum loop has similar input signals. It com 
bines the 310-to-620-MHz reference loop output with the 
lO-to-20-MHz signal stepping in 0.1-Hz steps. The re 
quirements on phase noise and switching speed are identi 
cal for both loops. Therefore, it was possible to use inter 
changeable phase-lock circuits and oscillators for both 

DIW -*-ik- 

T / N T / S T / s T / s T  
PIN 

D iode  
X \  S w i t c h  

A f  -  

L o o p  C o n t r o l  
Vo l t age  

Pre tune  

i 
Frequency Select  

Fig. 5. The VCO in the output sum 
l o o p  i s  t h i s  3 2 0 - t o - 6 4 0 - M H z  
sw i t ched  reac tance  osc i l l a t o r .  I t  
meets  requ i rements  o f  low phase 
noise and low tuning sensi t iv i ty .  
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loops. Fig. 4 shows a simplified block diagram of the output 
sum loop including the YCO with its ROM control. 

Starting with the high-frequency YCO. the output sum 
loop is designed with two paramount objectives. First, low 
phase noise of the free running oscillator is essential. In 
phase-locked operation the phase noise of the YCO is sup 
pressed by the loop gain. Close to the band edge, where the 
loop gain approaches zero, and outside the bandwidth, 
VCO noise dominates. Second, low tuning sensitivity is 
required to minimize the effect of unavoidable noise on 
the tuning line of the VCO. These two objectives led to 
the concept of the switched reactance oscillator pictured 
in Fig. 5. 

The resonator consists of five inductor arrays. Switched 
by a ROM in binary fashion, they provide 32 frequency 
steps. A varactor tunes between the frequency intervals to 
give continuous frequency coverage. Compared to a con 
ventional VCO with a varactor covering the entire 310-to- 
640-MHz range, this switched scheme results in drastically 
reduced tuning sensitivity. It also allows operating the var 
actor at high bias levels where its Q is maximal. 

High Q of the total resonator, a prime requirement for low 
phase noise, was further achieved by realizing the inductor 
arrays as shorted transmission lines in a low-loss stripline 
structure and by switching them with low-resistance PIN 
diodes. Q varies between 150 and 250 over the frequency 
range. The nature of the resonator also allows high RF 
signal levels (Â±10V peak), fast switching, and precise pre- 
tuning. The active circuit consists of a source follower feed 
ing a common-gate FET stage. 

Single-sideband phase noise of the free running VCO in 
a 1-Hz bandwidth was measured as -120 to -130 dBc at 
20 kHz offset, and -138 to 145 dBc at 100 kHz offset. 

Lock Acquisi t ion 
Fig. 6 shows the working of the output sum loop in more 

detail. The circuitry is divided into two major blocks which 
relate to the two operating modes of the loop, lock acquisi 
tion and locked operation. The function of achieving lock 
will be discussed before the locked loop circuitry. 

The two phase detector references are limited in ECL 

Output 
Sum Loop  

Phase Detector  
Reference 

Loop IF 
Phase Detector  

Reference 
To  Loop 

Down-Converter  

Fig.  6 .  Funct iona l  d iagram of  the output  sum loop.  
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limiters to remove amplitude differences. These limiters 
drive a phase detector consisting of a high-level mixer; they 
also drive the frequency detector circuitry. 

With the loop out of lock, the phase detector produces an 
output containing a beat note at the difference between the 
two input frequencies. This signal is filtered by a seven- 
MHz low-pass filter and an active 150-kHz high-pass filter 
to remove components other than the difference frequency. 
It is then converted to TTL levels in a high-speed com 
parator circuit to trigger the out-of-lock digital dis 
criminator, diagrammed in Fig. 7. 

The out-of-lock digital discriminator signals are derived 
from the period of the beat note. Assume the D flip-flop is 
reset. The beat note will clock monostable Ml on a rising 
edge. Monostable Ml will go high one gate delay after the 
rising edge of the beat note. Since this signal is also timing 
the D flip-flop and monostable M2, they both stay in the 
reset of If the next rising edge comes after a time delay of 
5 /xs, Ml will have already reset and the same state will 
result. This case happens when the loop is within 200 kHz 
of lock. 

If the beat note happens with a period of less than 5 Â¿is the 
D flip-flop is set and the out-of-lock signal is produced by 
the next rising edge of the beat note. The out-of-lock signal 
controls several functions, one of which is to enable 
monostable M2 to act as a digital discriminator, producing a 
pulse of 400-ns width at the rate of the beat signal. At a rate 
of 2.5 MHz (400-ns period) and higher, M2 will be on all the 
time. Below 2.5 MHz the duty cycle of the pulse signal out 
of M2 will decrease proportionally with the period of the 
beat signal. The average output voltage of the digital dis 
criminator is diagrammed in Fig. 8. This discriminator sig 
nal provides themagnitude of the feedback to steer the loop 
into lock. 

By digitally AND-gating the out-of-lock and dis 
criminator signals, a signal is produced to control a current 
source and sink that rapidly charges or discharges the in 
tegrator capacitor to steer the loop into lock. With the loop 
more than 2.5 MHz from lock the correction current is fully 
on. The magnitude of the correction current decreases 
proportionally as the loop approaches lock. With the loop 
closer than 200 kHz, the out-of-lock signal disappears and 
the entire block of lock acquisition circuitry is switched off. 
The phase-locked loop now rapidly completes lock acquisi 
tion, since the beat note is well within its capture range. 
With the proportional feedback from the digital dis- 

OL (Out-of-Lock)  

T2=400 ns 

D (Discriminator)  

F ig .  7 .  The  ou t -o f - l ock  d i g i t a l  d i s c r im ina to r  gene ra tes  t he  
out -o f - lock  s igna l  (OL)  that  cont ro ls  severa l  funct ions in  the 
output sum loop. I t  a lso produces a signal  (D) that represents 
the dif ference between the loop input and output frequencies. 

o >  

I 
. 2  1  2  2 . 5  

Beat  S ignal  Frequency (MHz)  

Fig. is Average value of the digi tal  discr iminator 's D output is 
a  func t ion  o f  the  bea t  o r  d i f f e rence  f requency  be tween  the  
input and output of  the output sum loop. This s ignal  provides 
the magni tude of  the feedback to  s teer  the loop in to  lock.  

criminator the loop is able to acquire lock very rapidly for 
any size frequency step. Total lock acquisition time is less 
than 75 Â¿ts. 

Locked Operat ion 
Below the dotted line in Fig. 6 is the circuitry that is 

active in locked operation. The phase detector output is 
low-pass filtered and sent to the integrator. The output of 
the integrator is summed with the pretune voltage in a 
nonlinear shaper to compensate for the varactor tuning 
curve of the VCO. This signal is sent through the loop gain 
adjust circuit, which compensates for oscillator gain 
changes caused by inductor changes when switching oscil 
lator bands. The signal is then low-pass filtered again and 
buffered to drive the VCO tune line. 

With a locked loop there is no beat note from the phase 
detector and the entire lock acquisition circuitry is put in a 
static mode to eliminate spurious signals from this source. 
The low-pass filtering of the phase detector signal is ac 
complished in three distinct filters. This allows an op 
timum balance between bandwidth and rejection to get 
maximum suppression of spurious reference sidebands. All 
spurious responses in the loop are below -100 dBc. 

The action of the pretune circuit, nonlinear shaper, and 
loop gain adjust circuit allows precise control of the oscil 
lator. A loop bandwidth of 250 to 500 kHz can be main 
tained. To take advantage of this high loop bandwidth to 
suppress close-in oscillator noise, each of the circuits in the 
loop gain path had to be designed for low noise. An exam 
ple is the discrete integrating amplifier, which has two 
low-noise transistors in its front end. Also, because of the 
variation in VCO tuning sensitivity when switching induc 
tor bands, the loop gain adjust circuitry serves a dual role. It 
attenuates pretune circuit and shaper noise as well as con 
trolling loop gain. The pretune circuit switches are de 
signed with low-noise JFETs and the shaper is designed for 
low noise. 

The result of these design considerations is an extremely 
low phase-noise floor in the locked system. Excluding re 
ference phase noise, the phase-locked loop achieves a noise 
floor of -140 to -143 dBc as close as 1 kHz to the carrier. 
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F r o m  D C U  

1  
D - t o - A  C o n v e r t e r  

100-200 MHz 
1 -Hz Steps 

From Digi tal  Control  Unit  

Fig. and signal A low-frequency section has four phase-locked loops and produces a signal f rom 10 
to 20 MHz in 0.1 -Hz steps. 

Low-Frequency Sect ion 
The fine frequency steps of the 8662 A are synthesized in a 

multiple loop system that produces a signal covering 10 to 
20 MHz in 0.1-Hz steps. Fig. 9 is the block diagram of the 
low-frequency section. 

The lO-to-20-MHz signal is summed directly into the 
output sum loop, so the spectral purity and frequency 
switching time requirements are the same as those of the 
320-to-640-MHz sum loop output. A well known tradeoff in 
synthesizer design is between frequency resolution on the 
one hand and spectral purity and frequency switching time 
on the other. For indirect, or phase-locked loop synthesiz 
ers, this tradeoff occurs because the need to filter spurious 
sidebands that are offset from the carrier by the frequency 
resolution limits the maximum loop bandwidth. The 
maximum loop bandwidth then limits the loop gain avail 
able to reduce oscillator noise sidebands. The frequency 
switching speed is also determined by the loop bandwidth. 
In the 8662A, a significant improvement to this tradeoff is 
achieved by using a fractional-N loop with correction cir 
cuits that effectively cancel the spurious sidebands, rather 
than filtering them with a phase-locked loop. By setting a 
loop bandwidth that exceeds the minimum frequency res 
olution and employing digital-to-analog converters to can 
cel spurious signals at the phase detector, high resolution 
and good spectral purity are achieved simultaneously. 

At present, fractional-N loop technology is capable of 
good spectral purity and switching speed. However, to ex 
ceed the signal quality of the output sum and reference 
loops and reference section, the output of the fractional-N 
loop must be divided down to 100 to 200 kHz, referred to the 
output. As a signal's frequency is divided, phase noise 
modulation is reduced by the divide number. As a result, a 

lOO-to-200-MHz fractional-N loop signal after division by 
1000 exhibits excellent spectral purity. 

Since the output sum loop requires 10 to 20 MHz and the 
fractional-N loop provides only 100 to 200 kHz, a system of 
two phase-locked loops is used to synthesize the increased 
frequency range. This synthesis is accomplished with a first 
loop that generates 122 to 221 MHz in 1-MHz steps and a 
second loop that sums the fractional-N loop, after division 
by 100, with the first loop. The result is a frequency cover 
ing 120 to 220 MHz in 1-Hz steps. A third phase-locked loop 
subtracts a 20-MHz signal that can have frequency mod 
ulation. The output of this loop is then 100 to 200 MHz in 
1-Hz steps with frequency modulation capability. This 
100-to-200-MHz signal is divided by ten, providing 10 to 20 
MHz in 0.1-Hz steps, with FM capability and excellent 
spectral purity. By generating a signal at 100 to 200 MHz 
and then dividing it by ten, a high loop bandwidth can be 
maintained for these loops. Compared to a set of loops 
operating at 10 to 20 MHz, the frequency switching time of 
the higher-frequency loops is reduced by a factor of ten 
because phase or frequency settling time is inversely pro 
portional to loop bandwidth. 

Fract ional-N Loop 
The fractional-N loop of the 8662A provides the lower 

six decades of frequency resolution. The fractional-N 
technique1'2 is able to meet noise and switching speed 
performance requirements that would otherwise require 
three phase-locked loops. The output of the fractional-N 
loop has a frequency of 100.0001 MHz to 200 MHz in 
100-Hz steps. This is divided by 1000, giving 0.1 Hz steps at 
the output of the 8662A. 

The loop has a bandwidth of approximately 9 kHz. 
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Divider  Output  

Phase 
Correction 

Signal 

Accumulator  
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Fig. frequency 0. Fractional-N loop provides the lower six decades of frequency resolution. Its output has 
a frequency of 100. 000 1 to 200 MHz in 1 00-Hz steps. This is divided by 1 000 to give 0.1 -Hz steps 

at  the 8662A output .  

Worst-case switching transient time to within 1 MHz (1 kHz 
at the 8662A output) of the final frequency is 250 /xs. Set 
tling occurs at a rate of about one decade reduction in offset 
per 150 /us. The single-sideband phase noise of the 
fractional-N loop is more than 10 dB below the instrument's 
noise at its output, making the noise contribution of the 
fractional-N loop less than 1 dB. 

Although the fractional-N loop block diagram, Fig. 10, is 
similar to conventional divide-by-N phase-locked loops, 
there are many differences. The output frequency (f0) of a 
phase-locked loop is N times the reference frequency (fr). 
The fractional-N divider allows f0 to have a step size less 
than fr. A fractional-N divider is an integer frequency di 
vider whose divide number (N) can be altered by one (N, 
N + l or N,Nâ€” 1) at a desired duty cycle (D). This makes 
the average divide number (M) for an N,Nâ€” 1 divider 
a non-integer. 

D = (Number of VCO cycles counted with Nâ€” 1 per base period) 
-=- (Total number of VCO cycles counted per base period) 

M  =  N  -  D  

The average output frequency is M times fr. The output 
also has spurs because the instantaneous frequency varies. 
These spurs are caused by the phase shining of the divider 
output by changing N. The phase shifting results in ripple 
on the output of the phase detector. The ripple can be 
reduced by filtering, but this approach requires that the 
loop bandwidth be less than the minimum step size. To 

maintain fast switching in the 8662A, the ripple is reduced 
by the following method, which does not require a narrow 
loop bandwidth. 

The time and amount of phase shift is determined by the 
accumulator that generates the divider modulus control 
signal at the desired duty cycle. The deviation of the 
fractional-N divider output phase from a reference 100 kHz 
that is due to the fractional-N process is known and is 
corrected for. A correction circuit generates a signal that is 
equal and opposite to this deviation. This is added to the 
output of the phase detector. The resultant signal is sam 
pled once per reference period and is used to control the 
voltage-controlled oscillator (VCO). This VCO control sig 
nal contains feedback information that removes the spuri 
ous ripple. 

Fast switching speed is an important performance 
characteristic of the 8662A. The fractional-N loop has 
specific circuitry to address this need. Three major speed 
up circuit functions are performed: pretuning the VCO con 
trol voltage, phase detector transient reduction, and loop 
gain (bandwidth) control. 

A voltage-dependent variable-gain amplifier is used to 
linearize the VCO tuning characteristic. The VCO is set in 
4-MHz increments (4-kHz at 8662A output) by the digital 
control unit by means of a digital-to-analog converter 
(DAC). The DAC output is filtered for noise reduction. 
When a DAC output change is detected the filter output is 
speeded up by turning on a FET that is in shunt with the 
series resistor of the filter. 
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To minimize the transient applied to the phase detector 
filter (loop compensation) the phase detector is disabled, 
the current summing amplifier offset bias is removed, and 
the reference divider and fractional-N divider are halted in 
a reset state. This is done while the pretune transient is 
settling {20 /xs. two reference periods). After the pretune 
settling time, the fractional-N loop is returned to normal 
operation. The reference and fractional-N dividers are 
started in phase. This insures that the first output of the 
phase detector compares full reference and fractional-N 
counter periods. This output then reflects the necessary 
correction needed to lock the loop. 

For fractional-N loop output frequencies 160 MHz and 
higher, an attenuator in the phase detector is switched out. 
This increases the loop gain and partially compensates for 
the loop gain reduction that results from an increasing 
divide number. The loop settling time is reduced as the loop 
gain is increased. 

122-to-221 -MHz Loop (N Loop) 
The phase-locked loop that synthesizes 122 to 221 MHz 

in 1-MHz steps with good spectral purity presented a 
number of design challenges. The conventional approach 
for such a loop is to lock a voltage-controlled oscillator to a 
1-MHz reference. A programmable divider that covers 122 
to 221 would then be required. Within the band width of the 
phase-locked loop, the output phase would follow the re 
ference phase, multiplied by 221. This represents a degra 
dation of reference phase noise sidebands of about 47 dB. 
Even with the lowest-phase-noise dividers and phase detec 
tors available, excellent spectral purity cannot be achieved 
with such a high divide number. The solution to this prob 
lem was to use a fractional-N divider that has divide num 
bers is 12.2 to 22.1 in steps of 0.1. The reference frequency is 
changed to 10 MHz and the output frequency steps are 0.1 
times 10 MHz or 1 MHz. A phase noise enhancement of only 
22.1 or 27 dB preserves excellent output spectral purity. 
The spurious signals at multiples of 1 MHz are reduced by 
placing a series of notch filters in the loop between the 
phase detector and the VCO control voltage. 

input 

Divider Output 
f iN  ^ (12  to  23)  

Fig .  11 .  Th is  12- to -23  in teger  d iv ide r  i s  used  in  the  phase-  
locked loop tha t  genera tes  122 to  221 MHz in  1-MHz s teps .  
A  sepa ra te  c i r cu i t  con t ro l s  a  f r ac t i ona l  d i g i t  t o  g i ve  d i v i de  
numbers of  12.2 to  22.1.  

F ig.  12.  The low-f requency sum loop combines the output  o f  
the 122- to-221 -MHz loop wi th  the output  o f  the f ract ional -N 
loop  wh ich ,  a f te r  d iv is ion  by  100,  has  a  f requency  o f  1  to  2  
MHz. 

The programmable divider in this loop is made up of a 
12-to-23 integer divider and a separate circuit that controls 
a fractional digit, so that a total divide number of 12.2 to 
22.1 is obtained. This 12-to-23 integer divider presented a 
substantial design challenge. Not only are MSI ECL count 
ers unable to operate at such a high frequency, but ECL 
+ 10/11 prescalers do not allow divide numbers of 12 to 23. 
A variable-ratio prescale divider was developed using SSI 
and MSI ECL devices (Fig. 11). 

The design is split into two parts, a variable-ratio pre- 
scaler and a control for the modulus of the prescaler. Since 
the lowest overall divide number is 12, and a relatively 
simple prescaler was desired, division by 3 or 4 was 
selected. For example, to divide by 13, the prescaler is 
programmed to divide the input by 3 for three cycles of the 
output of the prescaler and by 4 for one cycle of the output of 
the prescaler. A total of 3x3 + 4X1 or 13 pulses are input 
for every output pulse, and a division by 13 results. The 
control circuit that selects the modulus of the divider is 
critical because of the short time available to change the 
modulus, about 10 nanoseconds. The control circuit uses a 
shift register as a ring counter. The last flip-flop in the shift 
register is used to detect a terminal state and load the shift 
register from its parallel data inputs. One of the outputs 
of the shift register is connected to the modulus of the 
3-or-4 divider by a selector. The output of the selector is a 
signal with programmable duty cycle and pulse length that 
controls the number of divide-by-three or divide-by-four 
cycles. 

Sum Loop 
To combine the output of the 122-to-221-MHz loop, also 

called the N loop, with the l-to-2-MHz fractional-N signal, a 
sum loop is employed (Fig. 12). The oscillator output signal 
is mixed with the N loop output to an IF equal to the 
frequency of the fractional-N loop VCO divided by 100. 
During frequency switching the IF can be well outside the 
loop bandwidth, leaving the loop unable to lock. Two solu 
tions to this problem are required. One is a frequency detec 
tor that drives the VCO towards the desired frequency for 
initial offsets of about 1 MHz. The second part of the phase 
lock problem is more subtle and difficult to deal with. When 
the sum loop VCO is properly locked, it is always lower in 
frequency than the N loop VCO. However, if during fre 
quency switching the sum loop VCO is driven above the 
sum of the N loop frequency and the phase detector input 
frequency, the frequency detector operation inverts and 

FEBRUARY 1981  HEWLETT-PACKARD JOURNAL 19  

© Copr. 1949-1998 Hewlett-Packard Co.



A Switching Power Supply for a 
Low-Noise Signal Generator 

by Gerald L.  Ainsworth 

T h e  u s e  o f  s w i t c h i n g  r e g u l a t e d  p o w e r  s u p p l i e s  i n  s i g n a l  
gene ra to rs  has  no t  been  the  usua l  p rac t i ce ,  pe rhaps  because  
t h e s e  t h e  a r e  r e l a t i v e l y  n e w ,  b u t  m o r e  l i k e l y  b e c a u s e  o f  t h e  
l i n e - r e l a t e d  a n d  s w i t c h i n g  r i p p l e  v o l t a g e s  p r e s e n t  i n  t h e s e  
supp l ies .  Cer ta in ly  one does not  want  swi tch ing  t rans ien ts  in  a  
low-noise s ignal  generator  l ike the 8662A. However,  in  an instru 
ment made up of  more than 5000 components,  wi th the rel iabi l i ty  
o f  e a c h  c o m p o n e n t  d e c r e a s i n g  e x p o n e n t i a l l y  w i t h  i n c r e a s i n g  
temperature, there is powerful incentive to minimize the operat ing 
temperature. The eff ic iency of the switching supply minimizes the 
heat i t  generates, causing i ts own components to remain cool and 
helping keep the other components cool as well .  Other benefi ts of 
th i s  a  o f  supp ly  a re  compac tness ,  the  ab i l i t y  to  opera te  over  a  
wide range o f  input  vo l tages and f requenc ies ,  and the ab i l i ty  to  
supply the substant ial  power requirements of the 8662A whi le the 
power supply components are loaf ing in a derated environment.  

8662A Supply  Character is t ics  
In the 8662A's switching regulated supply,  switching transients 

are minimized by using very h igh-qual i ty  f i l ter  components,  keep 
ing switching current loops t ight,  and minimizing areas with large 
voltage rates of change. To minimize l ine-related spurs, we use an 
ext remely  h igh-ga in  "s low loop"  that  suppresses mul t ip les o f  60 
Hz out  to  a f requency of  about  2 kHz.  L ine-re lated r ipp le compo 
nents  are  a l l  less  than 100 /W rms,  and swi tch ing r ipp le  is  less  
t h a n  3 0 0  Â ¿ t V  r m s  ( 1 0  d B  l o w e r  o n  t h e  l i n e a r  s w i t c h i n g -  
preregulated outputs) .  

Al l  outputs are l imited in voltage and current to protect both the 
synthesizer and the supply.  The l ine inputs are protected against  
h igh  and low vo l tages .  A  h igh- tempera tu re  shu tdown sys tem is  
included. 

For  good EMI (e lectromagnet ic  in ter ference) per formance,  the 
h igh-power  swi tch ing  components  are  iso la ted  f rom the  case.  

Torture  Tests  
One o f  t he  p ro to types ,  a f fec t i ona te l y  known  as  "B ismarck , "  

opera ted  e igh t  days  a t  80Â°C and  th ree  days  a t  -20Â°C in  an  
e n v i r o n m e n t a l  c h a m b e r .  T h e s e  t e s t s  t e r m i n a t e d  w h e n  t h e  
chamber â€” not the supply â€” failed. Five pilot-production units op 
erated at  30% over load for  n ine months,  24 hours per  day.  They 
w e r e  a n d  t o  h i g h  l i n e  a n d  l o w  l i n e  v o l t a g e s  w i t h  s h o r t s  a n d  
opens app l ied regu lar ly  a t  the outputs .  The temperature  var ied 
between 25Â°C and 55Â°C. 
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drives the sum loop VCO to a frequency determined by a 
latched amplifier. To prevent this condition, the N loop 
VCO and sum loop VCO frequencies are divided by 10 and 
compared in a frequency detector. If the sum loop VCO is 
above the N loop VCO, it is driven by the frequency detector 
to the lower side of the N loop VCO where it can lock 
properly. Accurately tuned VCOs are therefore not required 
and there is no degradation of frequency switching speed. 
To improve frequency switching speed the oscillators in the 
loops are tuned by digital-to-analog converters to frequen 
cies close to their desired lock frequencies (pretuning). To 
reduce the sensitivity of the VCO tuning voltage to noise 
from this source, an attenuator, Fig. 13, is placed in series 
with the tuning voltage line. To reduce the time required to 
charge the 0.33-/M.F capacitor, a switch bypasses the normal 
path to the VCO and then opens before acquisition begins. 

Frequency Modulat ion 
Frequency modultion is translated to the carrier in the 

8662A by means of a wide-bandwidth phase-locked loop. A 
20-MHz signal with the desired FM is subtracted from the 

120-to-220-MHz sum loop output in a 2-MHz-bandwidth 
loop. The FM signal at the 20-MHz reference to this FM sum 
loop has equivalent peak phase modulation of 10 radians at 
a 100-kHz rate, corresponding to an FM deviation of Â± 1 
MHz. The mixer used as a phase detector in this loop is 
capable of handling about Â± 1 radian of phase modulation at 
its input. By having adequate loop gain at 100 kHz (greater 
than 10), feedback reduces the 10-radian input phase mod 
ulation to less than 1 radian of phase difference between the 
phase detector inputs. All of these phase differences are 
peak deviations at a 100-kHz rate. 

Spurious Evaluat ion and Opt imizat ion 
A major 8662A design task was the elimination of spuri 

ous signals on the output of the signal generator. With eight 
oscillators and seven phase-locked loops, it was im 
mediately realized that troubleshooting spurious problems 
would be a tedious process. Several innovative approaches 
were taken that simplified the task. First, as an aid to rapid 
troubleshooting and servicing, all important RF signals and 
interconnects are available on coaxial cable lines between 
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F ig .  13 .  An  ac  a t tenua to r  i n  the  tun ing  vo l tage  l i nes  o f  the  
low-frequency sect ion osci l lators reduces sensi t iv i ty  to noise 
f rom the d ig i ta l - to-analog conver ters used for  pretuning.  

RF modules. The inspection of signals and replacement of 
entire modules is rapid and straightforward. Second, the 
generation of spurious signals was treated on the instru 
ment level as a myriad of internal communication paths. 
Basically, almost all spurs result from the unwanted cou 
pling of a signal from one area to another. For example, a 
VCO signal can couple into a phase detector, which senses 
an equivalent phase modulation that possibly cannot be 
filtered. A matrix of possible couplings was constructed 
assuming that VCOs and reference frequencies represent 
spur transmitters, and VCOs and phase detectors are spur 
receivers. Once the system of phase-locked loops was as 
sembled, each of the elements of the matrix was analyzed 
for potential spur coupling and measured level of coupling. 
Based on the results of this study, isolation, filtering and 
required shielding were determined. 

In addition to these coupling mechanisms for spur gener 
ation, some other potential problems are signal harmonics, 
mixer intermodulation spurs , and the conversion of spurs at 
one offset from the carrier to another by sampling 
mechanisms. Each of these areas required careful design 
attention. 

A third significant development in the troubleshooting of 
spurs was a high-dynamic-range programmable spectrum 
analyzer system, assembled from a 21.4-MHz spectrum 
analyzer IF and an 8662A as a swept local oscillator. Spur 

Spectrum 
Analyzer 

Vertical 
Output  

Fig. 14. System to measure the spurious output of the 8662 A 
uses a 21 .4-MHz spectrum analyzer IF sect ion and a second 
8662 A as a swept local oscil lator. The second 8662 A improves 
the analyzer 's  phase noise.  

measurements to -105 dB at greater than 40 kHz from the 
carrier can be made rapidly on this system. 

Fig. 14 is a diagram of the spurious signal measurement 
system. Previous solutions to this problem involved the use 
of narrow-bandwidth (less than 10 Hz) receivers, carefully 
tuned to the spur frequencies. Narrow bandwidths were 
required to be able to measure spurs below the phase noise 
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of the unit under test and the spectrum analyzer's local 
oscillators. Since the 8662A has an extremely low sideband 
noise level, it became possible to use wider bandwidths up 
to 1 kHz. 

The second 8662A is used as an LO to improve the spec 
trum analyzer's LO phase noise. Spurious signals on the LO 
generally are suppressed if the offset of the spur changes as 
the LO is swept. This is because the spur itself is swept in 
frequency through the 21.4-MHz filter faster than the IF is 
designed to respond. It is therefore reduced in level before 
being detected. By stepping the frequency of the 8662A 
under test many spur mechanisms can be quickly measured 
without tedious calculations to uncover their exact offset 
frequencies. A high level of measurement confidence is 
thus obtained for this important specification. 
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A High-Purity Signal Generator 
Output Section 
b y  D a v i d  L .  P l a t t  a n d  D o n a l d  T .  B o r o w s k i  

THE TASK OF CONVERTING the 320-to-640-MHz 
range of frequencies synthesized by the 8662A 
Synthesized Signal Generator's phase-locked loops 

to the full range of 10 kHz to 1280 MHz is the function 
of the output section. Amplitude modulation capability 
and leveling are also provided by this section. The fre 
quency conversion is done by forming three separate 
bands: 10 kHz to 120 MHz, 120 to 640 MHz, and 640 to 
1280 MHz (see Fig. 1). All three bands converge at the in 
put of the final wideband output amplifier. Each band 
has a separate level modulator and separate signal han 
dling circuits to maintain a high signal-to-noise ratio and 
freedom from spurious signals. 

Special design consideration was given to the reduction 
of AM noise introduced by the output section. If the AM 
noise is not sufficiently below the phase noise floor of the 
instrument, it will increase the broadband noise floor and 
degrade the sensitivity of adjacent-channel tests on receiv 

ers. Furthermore, AM noise can be converted to phase noise 
by a variety of mechanisms. 

AM noise can be classified into two categories: multi 
plicative and additive. The multiplicative component re 
sults from AM modulation of the carrier by the leveling 
loop. The sources of this modulation can be the drive cir 
cuits or the internally generated noise of the modulator 
control diodes. The additive component occurs if the level 
of the carrier is allowed to drop too close to the thermal 
noise floor. 

Throughout the design of the output section, a Schottky 
barrier peak detector using a low-impedance video load 
was used to monitor the level of the AM noise on various 
signal paths. The low-impedance loading on the detector 
minimized the noise contribution of the detector diode, 
allowing AM noise measurements to â€” 1 58 dBm/Hz. A typi 
cal AM noise measurement system is shown in Fig. 2. The 
system is calibrated by summing the outputs of two sources, 
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320-640  MHz 
PIN Diode 

Multiplexer 

Modulator 

120-640 MHz 
520-640  MHz 
1 0 k H z - 1 2 0  M H z  

10 kHz-1280 MHz 
To 140-dB 

Step Attenuator  

Fig. from . phase-locked A output section converts the 320-to-640-MHz signal from the phase-locked loops to 
the fu l l  range o f  10 kHz to  1280 MHz.  I t  does th is  by  forming three bands o f  f requenc ies  that  

converge a t  the  input  o f  the  w ideband output  ampl i f ie r .  

with one output 60 dB below the other. This simulates a 
single source with AM sidebands at -66 dBc. 

Output  Sect ion Operat ion 
As shown in Fig. 1, the signal from the high-frequency 

phase-locked loops is passed through two ECL limiters to 
minimize power fluctuations. Following the limiters the 
signal can be selectively applied to two ECL dividers to 
obtain frequencies between 80 and 640 MHz. Since the 
dividers also divide the FM deviation previously intro 
duced, only frequencies down to 120 MHz are used. The 
heterodyne band produces frequencies below 120 MHz. 

Because the dividers produce approximately square- 
wave output signals, low-pass filtering is used to remove 
harmonics. Because of the lack of flatness of the dividers 
and filters, there is a local leveling loop to flatten the output. 
This is important because power fluctuations would cause 
loop gain variations in the leveling loop that follows. 

The 120-to-640-MHz signal is amplified to +12 dBm be 
fore application to the AM and leveling modulator. This 
prevents the output signal of the modulator from being 
degraded by the broadband noise floor when the instrument 
is in its low-power vernier setting. 

The level modulator uses PIN diodes because of their low 

Unit  Under 
Test  Low-Noise 

Amplif ier 

Spectrum 
Analyzer 

66 dB 

AM S idebands  

10 kHz 

Fig.  2 .  Schot tky  barr ier  peak detector  wi th  a  low- impedance 
v ideo load was used dur ing the design phase to measure AM 
n o i s e  d o w n  t o  - 1 5 8  d B m / H z .  

parasitics. These low parasitics allow the 40-dB dynamic 
range needed for 95% AM and power leveling from 5.1 dBm 
to 16 dBm. The low parasitics also reduce AM-to-PM con 
version. However, there is one main disadvantage to PIN 
diodes and this is their high sensitivity. When the AM 
modulator is very sensitive, thermal noise sources can 
cause incidental modulation. Noise sources can include the 
modulator drive circuits and shot noise generation in the 
diode junctions. The 8662A's AM bandwidth is controlled 
by an integrator immediately preceding the modulator's 
input. This stage rolls off any noise contributions of the 
drive circuits. Also, the modulator's low-frequency circuit 
shunts some of its shot noise current away from its junction. 
Since PIN modulators produce RF harmonic distortion, a 
switchable low-pass filter follows the modulator. 

The Heterodyne Band 
The heterodyne range of 10 kHz to 120 MHz is developed 

by mixing a 520-to-640-MHz portion of the local leveling 
loop's output with a fixed 520-MHz signal from the refer 
ence section. Extreme care was taken to adjust signal levels 
going to the double balanced mixer to keep the in-band 
spurious mixing products from becoming objectionably 
large. The principal spurious is the 5x4 mixing product 
which crosses the carrier at 104 MHz output. 

The local oscillator (LO) signal is harmonic filtered, 
padded to improve the LO match, and applied to the mixer 
at 17 dBm. In general, the lower the RF level going to the 
mixer, the lower the spurious level with respect to the 
desired output. However, too low an input level will cause 
the output signal to be degraded by noise. 

In the 8662 A the level modulator that gives vernier power 
control and AM capability is placed ahead of the mixer in 
the RF line since this input is at a single frequency (520 
MHz). If the RF level to the mixer had been varied to obtain 
the vernier range of 10.9 dB, the output signal-to-noise ratio 
would have become unacceptable. Instead, a switchable set 
of attenuators preceded by a low-noise amplifier is placed 
after the mixer. When a change of power levels is pro 
grammed, these attenuators change, and the modulator- 
mixer level changes very little. This keeps the output level 
of the mixer at -16 dBm Â±1 dB with no modulation 
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Fig. realized thin-film A output amplifier is a two-stage feedback amplifier realized as a thin-film microcir- 
cu / ' t  on  a  sapphi re  subst ra te .  I t  p rov ides 17 dB ga in  f rom 10 kHz to  1280 MHz.  

applied. Since the switchable attenuators are inside the 
leveling loop, the loop gain and therefore the AM 
bandwidth are affected by them. This effect is compensated 
by a gain switching circuit in the dc control portion of the 
loop. 

The low-pass filter following the mixer is designed to 
terminate IF sum products (1040-1160 MHz) instead of re 
flecting them back into the mixer. This further reduces 
spurious generation. 

The Output  Ampl i f iers  
The three frequency bands converge at a PIN diode mul 

tiplexer. Multiplexing before the single output amplifier 
maintains fast frequency switching speed with low-level 
switching. Using only one output amplifier makes it easier 
to keep RF radiation low and junction temperatures down 
for high reliability. 

The 17-dB gain, lO-kHz-to-1280-MHz output amplifier is 
a two-stage feedback amplifier using interstage mismatch 
ing realized on a sapphire thin-film substrate (Fig. 3). The 
substrate is mounted in an aluminum package which is 
attached to the instrument's frame for removal of heat from 
the transistor junctions. 

Since the use of negative supplies with emitter bypassing 
is difficult over such a wide band, a single power supply 
( + 20V) is used. A special bias supply stage was developed 
to keep the bias points stable without appreciably loading 

the signal line. This stage is shown in Fig. 3 as bias supply 
#2. Bias supply #1 in Fig. 3 is the same circuit without the 
noise shunt. 

The bias stage operation is as follows. Emitter follower 
Q2 monitors the heavily filtered dc voltage at point A. This 
voltage is compared with the base bias voltage of Q3 caus 
ing the collector current of Q3 (which is the base current of 

Input 
320-640 

MHz 

Voltage- 
Tunable  

Bandpass 
Filter 

Voltage- 
Tunable  

Bandpass 
Filter 

AM and 
Leveling 

Output  
640-1280 

MHz 

Frequency 
Data 

Fig.  4.  Frequency doubter  system provides the top octave of  
the  8662A f requency range.  
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Fig. 5. When a ful l-wave diode recti f ier is used as a frequency 
doubler,  mismatches between the posi t ive and negat ive sides 
o f  the c i rcu i t  can cause an imbalance (dot ted l ine)  and sub-  
harmonic  components  in  the output .  

the RF transistor) to vary. The varying RF transistor base 
bias causes the collector current to change, resulting in a 
change of voltage at point A. The negative feedback of this 
loop causes the collector voltage of the RF transistor to be 
stabilized and determined by a resistor divider. 

The RF choke inside the microcircuit cannot remain a 
high enough impedance for output frequencies below 20 
MHz. For this reason, a quasi-choke is formed using Ql. At 
dc the circuit is an emitter follower and causes the dc 
collector current of the RF device to be fixed by the base bias 
voltage of Ql and the stabilized voltage at point A. At 
frequencies where capacitor Cl has a low reactance, the 
emitter and base voltages are driven in phase by any voltage 
applied at the emitter. This causes the impedance seen 
looking into the emitter to be high and determined by the 
base biasing resistors of Ql. 

The level of the RF is monitored by a peak detector 
formed by Dl and C2. However, a peak detector sampling 
the output of a broadband amplifier can cause a problem. 
The 1/f noise corner of high-performance RF transistors can 
extend to 100 kHz. When the peak detector samples the RF 
carrier, it also samples the 1/f noise. The noise in the output 
of the detector is then modulated onto the RF carrier by the 
leveling loop. For output frequencies above 1 MHz this 
problem is greatly reduced by switchable noise shunts, 
which short the 1/f noise to ground, preventing its being 
sampled by the detector. 

Frequency Doubler  System 
The top octave of the output frequency range of the 8662 A 

is provided by an internal doubler. The complete doubler 
system is illustrated in Fig. 4. 

The first stage is an active frequency doubler driven at a 
constant level. Two voltage-tunable bandpass filters follow, 
separated by an amplifier. The filters reject the harmonics 
and subharmonics present at the output of the doubler. A 
modulator (current-controlled attenuator) is next, con 
trolled by the AGC loop to provide AM and leveled RF at the 
output. The final amplifier compensates for the loss of the 
modulator. 

The read-only memory (ROM) contains the tuning 
voltage-versus-frequency data for the voltage-tuned filters. 
This information is sent to the digital-to-analog converter 
(DAC) which in turn provides the tuning voltage to the 
filters. 

Act ive Frequency Doubler  
Diodes connected as a full-wave rectifier are commonly 

used as frequency doublers. The positive and negative half 
cycles of the doubler's input waveform appear at the output 
with the same polarity (see Fig. 5). 

If the diodes or the sections of the drive transformer in the 
conduction paths of the positive and negative half cycles are 
not matched, the output cycles caused by the positive input 
half cycles will not match those caused by the negative 
input half cycles (dotted line in Fig. 5). This introduces in 
the output a signal whose fundamental is one-half the out 
put frequency and contains harmonics at three halves, five 
halves, etc. of the output frequency, that is, subharmonics 
of the output frequency. Typically, the lower-order sub- 
harmonics are 20 dB below the output frequency in a 
diode doubler. 

An input signal with even-order harmonic distortion will 
cause similar effects at the output. For example, the ratio of 
the one-half subharmonic to the doubled frequency is six 
dB higher than the ratio of the second harmonic to the 
fundamental at the input. 

In a lossless doubler, the power at the doubled frequency 
is 7.4 dB below the input power, with the rest of the power 
appearing at dc and harmonics of the doubled frequency. 

To obtain better balance (therefore lower subharmonics), 
and gain rather than loss, an active doubler circuit using 

input 
320-640 MHz 

+ 1 dBm Output  
640-1280 MHz 

+ 5  d B m  

F i g .  6 .  A c t i v e  d o u b l e r  p r o v i d e s  
be t te r  ba lance  and  lower  subhar  
m o n i c s  t h a n  a  d i o d e  r e c t i f i e r .  I t  
also provides gain instead oÃ­ loss. 
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Tune  Vo l tage  

F ig .  7 .  Vo l tage - tunab le  bandpass  f i l t e r  cons is t s  o f  two  res  
onators  coup led by a  shunt  capac i tance.  The tun ing vo l tage 
changes  the  capac i tance  o f  the  d iodes .  

monolithic transistor pairs was designed (Fig. 6). 
The input transformer provides balanced differential 

drive to the differential transistor pair on the left. This pair, 
along with the adjustable base bias, provides a well bal 
anced drive to the second pair, connected as a push-push 
doubler. The adjustable emitter bias corrects any residual 
imbalance. The subharmonic is typically 30 dB below the 
doubled frequency. The output power is about 5 dBm for a 
1-dBm input. 

Vol tage-Tunable  Bandpass F i l ter  
The voltage-tuned bandpass filter consists of two res 

onators coupled by a shunt capacitance (Fig. 7). The filter is 
a thin-film circuit on sapphire. The transmission lines at the 
input and output are 90-ohm microstrip lines. 

The capacitance of the diodes changes by a factor of four 
over the range of the tuning voltage, allowing the filter to 
tune over an octave. The shunt diodes keep the coupling 
constant between the two resonators such that bandwidth is 
proportional to the center frequency. 

The inductance in series with the shunt coupling diodes 
is selected to series-resonate at 1.5 times the center frequency. 
This produces a notch that tracks the three-halves subhar 
monic and hence increases rejection at that frequency. 

RF voltage across the tuning diodes modulates the 
capacitance and can result in harmonic generation. To 
minimize this effect, the diodes are used in pairs and placed 
in opposite directions. The RF voltage appearing across 
each diode pair tends to cause one diode to increase in 
capacitance and the other to decrease. The net effect is a 
much smaller variation in capacitance compared to a single 
diode, thereby minimizing harmonics. 

Note that all of the resistors in Fig. 7 are for providing the 

tuning voltage to the diodes. Thus they are not RF circuit 
elements. 

Acknowledgments  
We wish to thank Roger Graeber who contributed greatly 

to the realization of the RF circuits and development of 
individual components in the output section. 

Donald T .  Borowski  
Don Borowski was born in Pulaski ,  Wis 
consin.  He at tended the Univers i ty  o f  
Wisconsin at  Madison for  two years,  
spent a year at the Instituto TecnolÃ³gico 
y de Estudios Superiores de Monterrey, 
Mex ico ,  and  then  re tu rned  to  the  Un i  
versity ofWisconsin, receiving his BSEE 
degree in 1973 and his MSEE in 1975. 
For h is  master 's  research project ,  he 

'  * 3 ' " " ' i  H P ^  â € ”  m m  s P e n t  t w o  m o n t h s  i n  A n t a r c t i c a .  H e  
W ^ , .  j 0 Â ¡ n e d  H P  i n  1 9 7 5  a n d  d i d  R F  a n d  

ana log des ign for  the 8662A Signa l  
Generator  output  sect ion.  Now wi th 
HP's Spokane,  Washington Div is ion,  
he's a member of  IEEE and NSPE. His 

in terests  inc lude voca l  per formance,  main ly  Gregor ian chant  and 
Renaissance po lyphony,  b icyc l ing,  co l lec t ing v in tage e lect ron ics,  
and bui lding an Ital ian virginal (a harpsichord). Don says that during 
his f ive years in California he never owned an automobile, but now in 
Spokane,  a las ,  a  car  has become a necess i ty .  

David L. Platt  
Dave Plat t  is  a nat ive of  Madison,  Wis 
consin.  He at tended the Univers i ty  o f  
Wiscons in,  rece iv ing h is  BSEE degree 
in 1971 and his MSEE degree in 1972. 
Wi th  HP s ince 1972,  he 's  served as a  
des ign  eng ineer  fo r  the  8542B Au to  
mat ic  Network Analyzer  and as pro ject  
engineer  for  the output  sect ion of  the 
8662A Signa l  Generator .  He 's  now a 
pro ject  manager  wi th  HP's  Spokane,  
Washington Div is ion.  Dave is  marr ied,  
has two sons and l ives in  Veradale,  
Washington. His interests include home 
computing, amateur radio, and bui lding 
radio-control led cars.  

26  HEWLETT-PACKARD JOURNAL  FEBRUARY 1981  

© Copr. 1949-1998 Hewlett-Packard Co.



S P E C I F I C A T I O N S  
H P  M o d e l  8 6 6 2 A  S y n t h e s i z e d  S i g n a l  G e n e r a t o r  

FREQUENCY 
RANGE:  10  kHz to  1280 MHz (1279.9999998 MHz) .  
RESOLUTION:  0 .1  Hz (0 .2  Hz above 640 MHz) .  
ACCURACY AND STABIL ITY:  Same as  re fe rence  osc i l l a to r .  

R E F E R E N C E  O S C I L L A T O R  
INTERNAL:  10  MHz quar t z  osc i l l a to r .  Ag ing  ra te  <5x io~10 /day  a f te r  10  day  warm-up  

( typical ly 24 hr in normal operat ing environment) .  
S P E C T R A L  P U R I T Y  

R E S I D U A L  S S B  P H A S E  N O I S E  I N  1  H z  B W  ( 3 2 0  s f c  < 6 4 0  M H z ) :  

FM DEVIATION: 

S S B  B R O A D B A N D  N O I S E  F L O O R  I N  1  H z  B W  A T  3  M H z  O F F S E T  F R O M  C A R R I E R :  
< -146  dBc  fo r  f c  be tween  120  and  640  MHz a t  ou tpu t  leve ls  above  +  10  dBm.  

SPURIOUS SIGNALS:  

OUTPUT 
LEVEL RANGE: +13 to  -139.9  dBm (1  V to  0 .023 nVrrns Â¡hto  50 SI ) .  
RESOLUTION: 0 .1  dB.  
L E V E L  A C C U R A C Y  A N D  F L A T N E S S :  N o t e  t h a t  t h e  8 6 6 2 A  u s e s  m i c r o p r o c e s s o r  c o r  

rect ion to achieve Â±1 dB absolute output level  accuracy between +13 and -120 dBm. 
Correction is not avai lable in the sweep mode. Correction can be defeated via a special 
keyboard function. 

A B S O L U T E  L E V E L  A C C U R A C Y :  Â ± 1  d B  b e t w e e n  + 1 3  a n d  - 1 2 0  d B m  (  +  1 5 Â °  t o  
+45Â°C) .  Â±3 dB be tween -120  and  -130  dBm.  Inc ludes  f la tness ,  a t tenua to r  e r ro r ,  
detector  error  and measurement uncerta inty.  

FLATNESS (referenced to 1 00 MHz without correct ion down to - 1 20 dBm): To 640 MHz, 
Â±1.5dB; to 1280MHz,  Â±3.5 dB.  

A M P L I T U D E  M O D U L A T I O N  
DEPTH: 0 to 95% at output levels of +8 dBm and below ( + 10 dBm in uncorrected mode). 

AM avai lable above these output  levels but  not  speci f ied.  
RESOLUTION:  1%,  10  to  95% AM;  0 .1%,  0  to  9 .9% AM.  
I N C I D E N T A L  P M  ( a t  3 0 %  A M ) :  0 . 1 5 - 6 4 0  M H z ,  < 0 . 1 2  r a d i a n s  p e a k ;  6 4 0 - 1 2 8 0  M H z ,  

<0.09 rad ians peak.  
I N C I D E N T A L  F M  ( a t  3 0 %  A M ) :  0 . 1 5 - 6 4 0  M H z ,  < 0 . 1 2  x  f m o d ;  6 4 0 - 1 2 8 0  M H z ,  

<Â°-Â°9 x 'mod- 
INDICATED ACCURACY: Â±5% of reading Â± 1% AM. Applies for rates given in table below, 

internal or external mode, for depths Â«90%. 
RATES AND D ISTORTION WITH INTERNAL  OR EXTERNAL MODULATING S IGNAL :  

F R E Q U E N C Y  M O D U L A T I O N  
FM RATES (1 dB bandwidth):  External  ac,  20 Hz to 100 kHz; external  dc,  dc to 100 kHz. 

INDICATED FM ACCURACY:  r8% o f  read ing  p lus  10  Hz  (50  Hz  to  20  kHz  ra tes ) .  
FM RESOLUTION:  100  Hz  fo r  dev ia t ions  <10 kHz,  1  kHz fo r  dev ia t ions  >10 kHz.  
I N C I D E N T A L  A M  ( A M  s i d e b a n d s  a t  1  k H z  r a t e  a n d  2 0  k H z  d e v i a t i o n ) :  < - 7 2  d B c .  

f c  <640  MHz :  < -65  dBc ,  f c  Â»640  MHz .  
FM D ISTORTION:  <1 .7% fo r  r a tes  <20  kHz ,  <1% fo r  r a tes  <1  kHz .  
C E N T E R  F R E Q U E N C Y  A C C U R A C Y  A N D  L O N G  T E R M  S T A B I L I T Y :  

ac mode:  same as C W mode.  
D I G I T A L  S W E E P  F U N C T I O N S  

START-STOP SWEEP:  Sweeps be tween two se lec ted  f requenc ies .  
SPAN SWEEP:  Symmetr ica l  sweep about  center  f requency se lec ted.  
S W E E P  i n s t r u  D e t e r m i n e d  b y  f r e q u e n c y  r e s o l u t i o n  a n d  f r e q u e n c y  r a n g e  o f  i n s t r u  

ment;  i .e . ,  0.1 Hz to 1280 MHz. 
STEP va lue  Cho ice  o f  100  o r  1000  po in ts  pe r  sweep ,  o r  se t tab le  to  any  va lue  w i th in  

the frequency resolut ion of  the instrument.  
S W E E P  m s  F i v e  s e l e c t a b l e  s p e e d s :  0 . 5  m s ,  1  m s ,  2  m s ,  1 0  m s  a n d  1 0 0  m s  p e r  

s t e p .  ( 0 . 5  m s  i s  n o m i n a l  v a l u e  w h i c h  w i l l  v a r y  d e p e n d i n g  o n  u s e  o f  m a r k e r s  o r  
log sweep.) 

L O G  S W E E P :  T w o  c h o i c e s  a v a i l a b l e  i n  i n c r e a s i n g  s t e p s  o f  1 0 %  o r  1 %  o f  t h e  l a s t  
frequency. 

FREQUENCY MARKERS: Five digital markers. Resolut ion and accuracy same as RF output. 
INTENSITY MARKERS:  Z  ax is  modula t ion  o f  CRT d isp lay .  
AMPLITUDE MARKERS: Rear-panel  s igna l  (5  kHz t r iang le  wave)  can be appl ied to  AM 

input connector to provide adjustable ampl i tude markers.  
M A R K E R  b e  S t a r t s t o p  s w e e p s  b e t w e e n  a n y  t w o  f r e q u e n c y  m a r k e r s  c a n  b e  

selected. 
DISPLAY BLANKING: 250 /Â¿s posi t ive pulse (TTL levels)  avai lable at  rear panel  for  dis 

play blanking dur ing frequency switching. 
SWEEP approximately 0 to 1 0 V nominal stepped ramp. Zero at start of sweep; approximately 

+ 10 V maximum. end of sweep regardless of sweep width. 10,000 points maximum. 
D I G I T A L  S W E E P  M O D E S  

AUTO: Sweep repeats  automat ica l ly .  
SINGLE: Single sweep act ivated by f ront  panel  keyboard.  
MANUAL: Sweep contro l led by f ront  panel  knob.  

R E M O T E  P R O G R A M M I N G  
INTERFACE: HP-IB (Hewlet t -Packard 's  implementat ion of  IEEE Standard 488) .  
F U N C T I O N S  C O N T R O L L E D :  A l l  f u n c t i o n s  c o n t r o l l e d  f r o m  t h e  f r o n t  p a n e l  w i t h  t h e  

excep t ion  o f  t he  l i ne  sw i t ch  a re  p rog rammab le  w i th  the  same accu racy  and  reso lu  
t ion as in  manual  mode.  

R E A R  P A N E L  A U X I L I A R Y  C O N T R O L  C O N N E C T O R  
CONNECTOR:  14-p in .  
FUNCTIONS CONTROLLED:  

STEP UP/STEP DOWN:  Same as  inc rement  keys  on  keyboard .  
STOP SWEEP:  Pu ts  sweep in  manua l  mode 
CONTINUE SWEEP:  Puts  sweep in  au to  mode.  
SINGLE SWEEP: In i t ia tes s ingle sweep.  
SEQUENCE:  Same as  sequence key  on  keyboard .  
INPUT REQUIRED: Contact  c losure to ground or  5 f j .s  negat ive- t rue TTL pulse.  In ter  

nal ly  instal led jumper determines mode. 
OUTPUTS: 5 /AS negat ive-true TTL pulse output under fol lowing condit ions: 1) change 

in signal parameter (for example frequency, amplitude, modulation). 2) end of sweep. 
OPERATING TEMPERATURE RANGE: O1 to + 55-C. 
LEAKAGE: Meets radiated and conducted l imits of  MIL STD 461A methods RE02 and CE03 

as well diameter VDE 0871. Furthermore, less than 1 ^V is induced in a two turn, 1 inch diameter 
loop 1 receiver. away from the front panel and measured into a 50 ohm receiver. 

P O W E R  V A  1 1 5 ( 9 0 -  1 2 6 )  V  o r  2 3 0  ( 1 9 8  -  2 5 2 )  V ;  4 8  t o  6 6  H z ;  4 2 0  V A  m a x .  
WEIGHT: Net 30 kg (65.5 Ib); shipping 36 kg (80 Ib). 
PRICES IN U.S.A.: 

8662A Synthesized Signal Generator, $29,000. 
1 1714A Service support kit (required for service), $500. 
11 721 A Frequency Doubler for operation to 2.56 GHz, $285. 

MANUFACTURING DIVISION:  STANFORD PARK DIVISION 
1501 Page Mil l  Road 
Palo Alto, California 94304 U.S.A. 
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Product Design for Precision and Purity 
b y  R o b e r t  L  D e V r i e s  

IN AN INSTRUMENT of the complexity of the 8662A 
Synthesized Signal Generator, the circuit design is of 
the utmost importance in achieving a signal of precision 

and purity to the degree specified. Much careful thought 
and sophisticated engineering went into the circuit design 
of the various modules. To provide the proper environment 
for these complex circuits to perform to expectations under 
various environmental conditions, a lot of care also went 
into the product design of the 8662A. 

Some of the items given special attention were shielding, 
modularity, grounding, decoupling, reliability, power con 
sumption, serviceability, human factors, and environmen 
tal testing. 

Shielding and Modular i ty  
A frequency synthesizer has the general characteristic of 

having many frequencies present at one time in the various 
modules. Under some conditions of modulation and/or 
sweeping these many frequencies are rapidly changing. 
Unless a good job of shielding, decoupling, and isolation is 
achieved, there will be some unwanted frequencies at the 
output along with the desired frequency. 

We wanted a shielding system that would give us the 
necessary shielding, low cost, and a modular approach. As 
the circuit design evolved we wanted to be able to adjust the 
volume of the shielded compartments to get maximum use 
of space without great expenditures in tooling for die- 
casting changes. As a result we designed a family of inter 
locking extrusions (Fig. 1). These include full-width, 
half-width, three-thirds, one-third/two-thirds, and end- 
plate extrusions. These may be assembled in any combina 
tion to best suit the circuit designers' needs and optimize 
board layout requirements. 

~*P"*I, 

. 
* ! . â € ¢ Â »  â€¢ 

To seal the gaps where the extrusions interlock, we de 
signed a shearing wedge that is inserted into an opening in 
the extrusion (Fig. 2). Pressure is applied to both ends of the 
wedge. It shears, wedges, and seals the joint at the extrusion 
interface. The shielding effectiveness at this joint is as good 
as if it were cast. 

The shielding is further enhanced by using a ground 
plane on the extrusion side of the motherboard. On as 
semblies that have greater potential for leakage and radia 
tion the motherboards are multilayer with a ground plane 
on the extrusion side, a ground plane on the other side, and 
dc and logic traces sandwiched between. 

Along the edges of the extrusions we have a screw every 
30 mm to minimize the gap length between the screws and 
reduce the possibility of leakage from the extrusions. To 
further minimize leakage we have included copper waffled 
gaskets at the interfaces between the extrusion covers and 
the extrusions, and between the extrusions and the mother 
boards to compensate for any irregularities at these inter- 

F ig .  1 .  I n te r l ock ing  ex t rus ions  p rov ide  a  l ow-cos t  modu la r  
approach to  in terna l  sh ie ld ing in  the 8662A Synthes ized S ig  
nal  Generator.  

Fig.  2.  Shearing wedge seals the gaps where extrusions inter 
lock. 
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Fig .  3 .  Copper  waf f led  gaskets  sea l  the  in te r faces  be tween 
the ext rus ions and the ext rus ion covers  and motherboards.  

faces (Fig. 3). 
The motherboards and extrusions covers are extra thick 

to make them stiff and eliminate any tendency to bow and 
create gaps between the extrusion screws. 

Grounding and Decoupl ing 
In general, the high-frequency signals are routed by coax 

ial cable to the various circuits and connected at the top 
cover connectors. The low-frequency or dc signals are 
routed by means of multiconductor cables or motherboards. 
The more critical or sensitive plug-in boards get additional 
grounding by means of spring ground straps secured to two 
edges of the plug-in boards, which insert into the grooves in 
the extrusions (Fig. 4). These ground straps provide two 
important benefits. First they give us an intimate grounding 
scheme between the plug-in board ground plane and the 
extrusion wall. Next, they provide a very effective thermal 
path to carry the heat away from the board, to the extrusion, 
and then to the outside. 

The RF and dc portions of the plug-ins are shielded and 
decoupled from each other by means of a beryllium-copper 
shield on the connector end of the board, which covers the 
decoupling network, surrounds the interface connector, 
and grounds the shield to the motherboard ground plane 
when the board is inserted (Fig. 4). 

Reliability 
Reliability was foremost in our minds throughout the 

project. High component temperatures generally mean 
high failure rates. To insure a lower operating temperature 
we have a cooling system that pulls air in through the rear 
panel, builds up a pressure through the center of the 8662 A 
to force the air through and around the extrusions, and 
exhausts out the perforated side covers. The air cooling the 
power supply comes in the rear, goes past the heat sinks, 
and exhausts out the perforated side cover. 

To insure reliable operation at any combination of line 
voltage and line frequency we selected a fan that would 
provide adequate air flow with minimum vibration and 

noise. To minimize phase noise we gave careful considera 
tion to the vibrations caused by the fan. We shock mounted 
the fan, the crystal reference, and the crystal filters that are 
sensitive to vibration. We provide thermal isolation and 
baffling to the reference oscillator. We intentionally do not 
cool the oven, since this would waste power and make 
control of the oven temperature more difficult. To reduce 
the power dissipated in the 8662A we are using a 
switching-regulated power supply. A thermal cutout in the 
power supply turns the instrument off in case of a fan failure 
or if the temperature gets too high. 

Reliability is further insured by using prescreened 
semiconductors and a more efficient power supply, derat 
ing of components, and careful thermal profile evaluation. 

Serviceability 
In addition to reliability, serviceability got special atten 

tion as the product was being developed. For such a com 
plex instrument, the 8662A is easy to service. In addition to 
the error codes on the front panel and the internal loop- 
unlocked lights, all the plug-in boards are accessible from 
the top, test points are provided, extender boards are avail 
able, and the front panel pulls out and tilts down for access 
to the attenuator, filter, and panel components. 

The motherboards are in one plane, clearly marked, and 
very accessible. The major assemblies are removable with a 
minimum of effort. Each assembly is mechanically inde 
pendent. The operating and service manual that accom 
panies the instrument is thorough, complete and com 
prehensive. 

The rear-panel covers are easily removed for access to the 
power components, fan, VCO, and reference oscillator. 
Sturdy rear feet are provided for the user who wishes to 
operate the instrument standing vertically. 

Human Factors 
The front panel is designed for ease of operation. The 

sweep and marker functions are on the far left. 
Function, data, and increment keys are in the center sec- 

Ground Strap Decoupling Shield 

Shock-Mounted 
Crystal Fi lter 

Ground Strap 

Fig. for Spring ground strap provides addit ional grounding for 
s e n s i t i v e  o r  c r i t i c a l  b o a r d s .  A  b e r y l l i u m - c o p p e r  s h i e l d  d e  
couples the RF and dc c i rcu i ts .  
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tion. This section is used most often and is tilted to provide 
a more natural feel for the user. The connectors are on the far 
right to keep cables away from the keyboard area. Generally, 
the operating parameters are input working from left to 
right across the keyboard. 

The rotary pulse generator (large knob on the right) has 
been included for those users who still like to tune a signal 
source by turning a knob. 

Environmental  Test ing 
The completed instrument is rugged and strong and has 

gone through repeated vibration, shock, and package drop 
tests. The tests have included temperature and humidity, 
environmental extremes, radiated and conducted interfer 
ence, magnetic radiation and susceptibility tests and many 
other tests. The switching power supply went through sev 
eral hundred hours of life tests, on/off cycling, high/low line 
operation, shorted outputs to ground, shorted outputs to 
each other, overvoltage and overcurrent testing. The objec 
tive of all of this testing and careful design is an instrument 
that should give the user years of trouble-free service. 
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Veri fy ing High Spectral  Pur i ty  and Level  
Accuracy in  Product ion 
by John W.  R ichardson 

A PERPLEXING SITUATION usually exists with the 
introduction of a new, state-of-the-art product such 
as the 8662A Synthesized Signal Generator. How 

does one test, with sufficient margin, the various critical 
performance specifications without losing production line 
efficiency? 

For the 8662A, two critical specifications are spectral 
purity and output level accuracy. In both cases no existing 
equipment is available to measure these parameters effi  
ciently with acceptable measurement error. Spectral purity 
(phase noise and spurious) is difficult to measure without a 
suitable low-noise receiver to resolve low-level signals near 
the carrier. Output level accuracy presents a problem be 
cause of difficulty in accurately measuring RF power over a 
150-dB range. The solution to these measurement prob 

l ems ,  a long  wi th  the  so lu t ions  fo r  mos t  o the r  s igna l  
generator specification measurement problems, has taken 
the shape of the HP-IB test system shown in Fig. 1. 

Measurement of spectral  puri ty requires a spectral ly 
clean, low-noise receiver or spectrum analyzer with noise 
performance at least equal to that typical of the 8662A. 
Existing spectrum analyzers have noise performance about 
20 dB worse than the 8662A for offsets less than 100 kHz 
and require a 30-Hz bandwidth to measure the 90-dB spuri 
ous specification with sufficient signal-to-noise ratio. Mea 
surement of very low output power levels also requires a 
receiver or spectrum analyzer with a sensitive, low-noise 
input. Such a receiver has been incorporated in the HP-IB 
test system. 

The heart of this distributed test system and the key to 
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making spectral purity measurements is the local oscillator. 
The LO establishes the receiver noise floor and is a potential 
source of internally generated spurious signals. Another 
8662A fulfills this low-noise, low-spurious need. For spec 
tral purity measurements, the receiver input is a high-level 
mixer whose output can be routed through various paths to 
a multiplexer, which selects one of three pieces of mea 
surement gear. RF input signals are routed using semirigid 
coaxial cable and switching is done using 8761A Micro 
wave Switches. Impedance discontinuities associated with 
the input are almost insignificant. Post-mixer routing is 
done with flexible triple-shielded coaxial cable and switch 
ing is done with lower-frequency coaxial relays. 

Power Meter  
System 

Calibrator 
Output  

RF Subst i tut ion Attenuator  
and Preamp 

HP 33321  G  and  K  
At tenuator  Bank 

System Input  
f rom Unit  

under  Test  
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Measurement  
Equipment 

3044 
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F ig .  1 .  8662  A  pe r fo rmance  i s  t es ted  i n  p roduc t i on  by  th i s  
HP-IB ( IEEE 488) test system. 

Passed 

r a Â ¿ Â £ 8 d  

P t t S E  - :  v  

Fig .  2 .  Typ ica l  phase  no ise  measurement  resu l ts  p roduced 
by the system of Fig.  1.  

The system mixer is used as a phase detector when 
measuring phase noise by adjusting the relative phases of 
the two inputs to a quadrature relationship. The 3495A 
Scanner connects the mixer output directly to the 3437A 
DVM. Phase shifting is accomplished by incrementing the 
local oscillator 0.2 Hz for an appropriate period of time 
while the 343 7A and the 982 5A continuously monitor the 
mixer output. When the mixer output approaches 0V 
within acceptable limits, the computer signals the LO to 
decrement 0.2 Hz, causing the mixer output to be fixed at 
this voltage. (The 8662A is phase-continuous when switch 
ing the least-significant six digits.) Now the mixer output is 
switched to path three and the tracking spectrum analyzer 
(HP 3044A) is selected as the measurement instrument. 
Phase noise is characterized at offsets from 10 Hz to 1 MHz 
for each of 13 different carrier frequencies, thoroughly 
checking all 8662A internal signal paths. 

Measurement accuracy of this system is enhanced in sev 
eral ways. First, since phase noise is specified as a ratio with 
respect to the carrier, the carrier level is measured, effec 
tively calibrating out frequency-dependent mixer conver 
sion loss and system insertion loss. Second, since analyzer 
noise characteristics differ from sine wave characteristics, 
calibration factors for analyzer Gaussian random noise re 
sponse are loaded into the program. (These factors are dis 
cussed in HP Application Notes #207 and #150-4.) Third, 
since the mean value of a random process is desired, some 
amount of averaging must be done. Depending on what IF 
bandwidth is used in the 3044A, enough independent 
analyzer readings are taken so that there is about a 70% 
confidence that the mean value is known within Â±0.32 dB. 
This numerical averaging results in a post-detector 
bandwidth of approximately 0.4 Hz. A printout showing 
the results of an actual noise measurement at a 639.9-MHz 
carrier frequency is shown in Fig. 2. 

A second critical aspect of spectral purity is spurious 
content. Although some calibration factors associated 
with input mixer frequency response and spectrum 
analyzer nonlinearity are loaded into the computer pro 
gram, the primary measurement advantage here is one of 
high speed without sacrificing confidence. High speed is 
achieved by using wide bandwidths and high confidence is 
achieved by performing swept spectral analysis rather than 
spot measurements. 

*See page 20 tor  fur ther  d iscuss ion o t  spur ious measurement .  
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I    F R E Q U E N C Y  ( M H z : )    r  I â € ”  S P U R    

8 6 6 2 f i  C F  L O  C F  S U P  C F  M E C H f l N I S M  
-- LEVEL <dBc>- 

SPEC HERS 

F ig .  3 .  A  pa r t i a l  p r i n tou t  o f  an  8662A tes t  sys tem spu r ious  
analysis. The far r ight column shows maximum spurious levels 
de tec ted by  the  ana lyzer .  

Referring to the test system block diagram, post-mixer 
path 3 is taken, with the analyzer vertical output digitized 
by the 343 7 A Sampling Voltmeter. The burst of readings is 
transmitted to a buffer register in the 9825 A. Various correc 
tion factors are applied and the result is checked against 
specifications. Part of a spurious analysis is shown in Fig. 3. 

Verifying the Â±l-dB level accuracy specification down to 
-120 dBm aptly demonstrates the leverage available with a 
computer-controlled test system over separate, non- 
systemized instruments. Because of the extremely wide 
dynamic range involved, two different groups of instru 
ments are used. High levels are measured with an 8482A/ 
436A Power Meter system, while low levels (< â€” 15 dBm) 
are measured in a variable-bandwidth receiver identical to 
the phase-noise receiver. 

Accuracy of the high-level system is enhanced using 
three different techniques involving standards laboratory 
calibration. First, net system insertion loss is adjusted to 
0 dB at 50 MHz. This is done by inserting a known power 
level and adjusting the 436A calibration control (hardware 
correction). Second, system frequency response is charac 
terized and correction factors are loaded into the computer 
program. This is done by inserting a known power level 
over the frequency range of 0.1 to 1300 MHz (software 
correction). Third, the incremental attenuation for each 
10-dB step of a 90-dB RF attenuator bank is measured and 
loaded into the computer program. These known attenua 
tion factors are used in a transfer method to calibrate the 
3044A Spectrum Analyzer over most of its dynamic range 
(software correction). 

Absolute level calibration and frequency response for the 
3044A Analyzer are determined by comparing swept read 

ings from the lowest range on the power meter ( - 1 5 d Bm ) to 
those taken at the same power setting on the analyzer and 
computing a difference correction factor for each fre 
quency. At lower power settings, the receiver is expected to 
have unchanging frequency response and the level accu 
racy is determined from attenuation transfer. The 982 5 A 
generates new correction factors to compensate for the re 
ceiver's dynamic range nonlinearity before each measure 
ment sequence. 

It takes about one-half hour to perform the level transfer 
calibration and measure approximately 670 points for each 
8662A on the production line. This process is repeated in 
the quality assurance area. Root sum squared measurement 
uncertainty for this measurement at -120 dBm is Â±0.22 dB. 
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