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T t i  th is  Issue  
The microwave and mi l l imeter-wave port ions of  the electromagnet ic spec 
t r u m  a b o u t  f r e q u e n c i e s  f r o m  a  f e w  h u n d r e d  m e g a h e r t z  t o  a b o u t  3 0 0  

!  g igahertz.  The region is mainly the domain of  radar and communicat ions 
systems.  A bas ic  p iece of  test  equipment  for  such systems and the com 
ponents that  go into them is the sweep osci l lator ,  or  sweeper.  A sweeper 
generates a constant -ampl i tude s ignal  that  var ies in  f requency at  a  con 
stant frequencies. that is, it "sweeps" over a user-selected range of frequencies. 
In the synthe- on page 6, we're introduced to the HP 8360 family of synthe- 

I  s i zed  as  â€ ”  e l even  mode l s ,  some  o f  wh i ch  gene ra te  f r equenc ies  as  
h igh  as  br ie f  GHz,  we l l  in to  the  mi l l imeter -wave range.  That  a r t i c le  inc ludes a  br ie f  h is to ry  o f  
microwave sweepers and the basic problem of  combining smooth sweeping wi th h igh f requency 
accuracy. Before the HP 8360, the best solut ion to this problem was the " lock and rol l"  technique 
of  the HP 8340 synthes ized sweeper ,  which prov ides a  h igh ly  accurate ,  phase- locked s tar t  f re  
quency  th is  by  an  un locked  sweep.  By  add ing  an  end-o f  sweep ca l ib ra t ion  to  th is  techn ique ,  
the  HP 8360 improves swept  f requency accuracy  ten fo ld .  The des ign o f  the  HP 8360 fami ly  is  
cha rac te r i zed  by  ex tens i ve  use  o f  advanced  m ic rowave  techno log ies .  The re  a re  m ic rowave  
monol i th ic  integrated c i rcui ts ,  th ick- f i lm and th in- f i lm hybr ids,  complex microci rcui t  assembl ies,  
new connec t ion  and  packag ing  techn iques ,  and  many  con t r ibu t ions  in  ampl i f i e r ,  f i l t e r ,  m ixer ,  
modulator,  doubler,  and at tenuator design. Two complex microcircui ts cal led the modspl i t ter  and 
the low-band microcircui t  exempl i fy many of the advanced design concepts (see page 36).  Other 
state-of-the-art components include a switched frequency doubler with low spurious outputs (page 
31), two-nanosecond pulse high-speed pulse modulator that provides two-nanosecond pulse rise and fall 
t imes step a 95-dB on-off rat io (page 34), and dc-to-50-GHz programmable step attenuators (page 
47). A improved automatic level control system (see page 24) offers greatly improved leveling perfor 
mance over previous generat ions of  microwave sources,  a long wi th user f latness correct ion and 
sel f -cal ibrat ion capabi l i t ies.  The HP 8360 fami ly has a menu-based user inter face,  as descr ibed 
in the features, on page 6, and many built- in self-test and adjustment features, as described in the 
art ic le on page 17. 

Many already communications, and spectroscopic appl icat ions already exist at frequencies well  
above the 50-GHz upper frequency specif icat ion of the HP 8360 series. To meet the test ing needs 
of  these microwave f requencies up to 1 10 GHz can be generated by teaming an HP microwave 
sweeper l ike the HP 8360 with one of the mil l imeter-wave source modules described in the art icle 
on page band, The HP 83557A covers V band, 50 to 75 GHz, and the HP 83558A covers W band, 
75  to  110  6 ,  These  modu les  mu l t i p l y  the  m ic rowave  sweeper ' s  ou tpu t  f requency  by  4  and  6 ,  
respect ively.  Af ter  a br ief  int roduct ion to the mi l l imeter-wave character is t ics of  the atmosphere,  
the ar t ic le te l ls  why i t 's  bet ter  to mul t ip ly by 2,  ampl i fy ,  and mul t ip ly again by 2 or  3 than s imply 
to mult iply by 4 or 6 directly. I t  then describes the design of an R-band amplif ier doubler, a V-band 
ampl i f ier  doubler,  a W-band ampl i f ier  t r ip ler ,  and a coupler/detector using advanced microcircui t  
technologies and tools.  
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C e l l u l a r  s o  a n d  r a d i o  s e r v i c e s ,  a c c o r d i n g  t o  t h e  a r t i c l e  o n  p a g e  6 5 ,  h a v e  b e c o m e  s o  
popular cellular the currently allocated frequency bands have become saturated. A new digital cellular 
s tandard  has  been  deve loped  tha t  w i l l  a l l ow  more  use rs  i n  a  g i ven  po r t i on  o f  t he  spec t rum.  
Because the new standard requires radios to conform to the o ld analog speci f icat ion as wel l  as 
the new (yes,  system,  i t  is  ca l led the Nor th  Amer ican Dual -Mode Cel lu lar  System (yes,  there 's  
a  d i f fe rent  s tandard in  Europe) .  The new rad ios  wi l l  requ i re  tes t ing  for  both  operat ing modes:  
analog and digi ta l .  The analog tests can be done as they are now. Two new HP products wi l l  a id 
the  d ig i ta l  tes ts .  The  HP 11846A modu la t ion  genera to r  (page  65)  uses  a  s imp le  bu t  e f fec t i ve  
des ign  sys tem,  t o  gene ra te  t he  comp lex  modu la t i on  f o rma t  used  by  t he  dua l -mode  sys tem,  
while the HP 1 1 847A modulation measurement software (page 73), using digital signal processing 
techniques,  accurate ly  ver i f ies the per formance of  d ig i ta l  ce l lu lar  t ransmi t ters .  The HP 11847A 
software provides many valuable opt ional measurements and graphical  output modes in addit ion 
to those required by the standard. 

In software testing, i t 's important that a test exercise al l  of the code so that any defects present 
wi l l  have a chance of  being exposed.  One way to measure the ef fect iveness of  sof tware test ing 
is branch analysis,  which seeks to measure what percentage of  the branches in a program have 
executed a least  once dur ing a test  (branches are the code paths af ter  the decis ion points  in  a 
program).  The HP Branch Val idator  (page 83)  is  a  sof tware execut ion and test  ver i f icat ion too l  
that  instruments programs wr i t ten in the C language and determines which branches have been 
executed.  I t  runs on HP 9000 computers,  e i ther  as a stand-alone appl icat ion or  as a member of  
the Sof tBench envi ronment descr ibed in our  June 1990 issue.  

R.P.  Dolan 
Editor 

Cover: 
Representa t i ves  o f  some o f  the  s ta te -o f - the-a r t  techno log ies  tha t  a re  used  in  the  HP 8360 

family sources. synthesized sweepers and the HP 83557A and HP 83558A millimeter-wave sources. In 
the background is  a photomicrograph of  a microwave monol i th ic  integrated c i rcui t  (MMIC) â€” a 
t rave l ing wave ampl i f ie r .  In  the foreground are  examples o f  th ick- f i lm and th in- f i lm microwave 
h y b r i d  a n d  w a v e g u i d e  c o m p o n e n t s ,  a n d  v a r i o u s  a m p l i f i e r ,  m u l t i p l i e r ,  a n d  m o d u l a t o r  
microcircuit assemblies. 

What's Ahead 
The cover subject of the June 1991 issue wi l l  be the HP 48SX scient i f ic expandable calculator.  

A lso  fea tured w i l l  be  the  HP 3588A,  a  10-Hz- to-1  50-MHz spect rum ana lyzer  tha t  uses  d ig i ta l  
s ignal  process ing techniques to  speed up swept  spect rum measurements by a factor  o f  four  or  
more. Productivity wil l  be three papers from the 1990 HP Software Engineering Productivity Confer 
ence integrated two on software configuration management and one on an integrated computing environ 
ment .  We' l l  a lso have an ar t ic le  on HP GlancePlus,  a computer  system per formance d iagnost ic  
tool, process. a paper on methods of improving the product development process. 
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A Family of High-Performance 
Synthesized Sweepers 
Eleven models offer frequency coverage to 50 GHz in coax, 
extendable to 110 GHz in waveguide with mil l imeter heads. 
Swept frequency accuracy is ten t imes better than previous 
designs. A menu-based user interface simpli f ies operation. 

by Roger  P.  Oblad,  John R.  Regazzi ,  and James E.  Bossal ler  

MICROWAVE FREQUENCIES came into general in 
terest with the advent of radar at the begining of 
World War II in 1939. Signal generators were 

needed to test and develop these early radar systems. The 
first commercial microwave sources used mechanically 
tuned klystrons. The frequency accuracy was only as good 
as the markings on manually operated dials. In 1956, the 
first HP microwave sweep oscillator, the HP 670A, was 
produced by coupling a motor to the klystron drive mecha 
nism. These early sweepers brought advances in measure 
ment technology but were very slow and inaccurate. In 
1958, sweeper performance improved considerably with 
the introduction of the electromagnet-tuned backward 
wave oscillator (BWO). Over the next three decades, the 
sweeper improved further with the use of YIG oscillators 
and microprocessor controls to provide many convenient 
user features. 

The first microwave synthesizer was introduced in the 
early 1970s. With the advent of the synthesizer, it was 
possible to generate extremely stable and accurate CW sig 
nals.1 Over the next ten years, synthesizers were continu 
ally improved in parallel with the improvements made on 
sweepers. 

It still was not possible to have both high frequency 
accuracy and sweep in the same product. Various schemes 
were used to achieve better accuracy in sweepers. Sweepers 
were locked to microwave counters to achieve frequency 
accuracy equal to that of a counter. Crystal markers marked 
precise frequency points in otherwise inaccurate sweeps. 

Improvements were made to synthesizers by adding auto 
matic step-sweep features. This provided accurate sweeps 
but with undesirable step discontinuities and slow sweep 
rates. 

The first true marriage of the features and benefits of 
both the microwave synthesizer and the analog sweeper 
was the HP 8340A synthesized sweeper, which was intro 
duced in 1982. This was a major advance in microwave 
source technology. The HP 8340A used a concept called 
"lock and roll," which was developed for the HP 8566A 
microwave spectrum analyzer.2'3 The synthesized sweeper 
contains a high-performance microwave synthesizer, 
which is phase-locked to the start frequency of an analog 
sweep. After the phase-lock operation, the frequency con 
trol circuits are unlocked and an analog sample-and-hold 
circuit maintains the start frequency. Analog sweep control 
circuits push the frequency over the predetermined sweep 
range. This mode of operation gives the start frequency 
synthesizer accuracy. The accuracy of the rest of the sweep 
is determined by the precision of the analog frequency 
control circuits. 

New Sweeper  Family  
The next-generation synthesized sweeper is the HP 8360 

family, introduced in 1989 (see Fig. I). This family of prod 
ucts improves the accuracy of the earlier lock and roll 
scheme by adding an automatic end-of-sweep calibration. 
The internal synthesizer accurately measures the exact fre 
quency at the end of a sweep. This data is fed back to 

F i g .  1 .  H P  8 3 6 0  s y n t h e s i z e d  
sweep osc i l la to rs  inc lude e leven 
mode ls  tha t  cover  the  f requency  
range f rom 10MHz to 50 GHz. Mi l  
l i m e t e r  h e a d s  e x t e n d  t h e  f r e  
quency range to 7 10 GHz (Model 
83640A shown) .  H igh-power  mod 
e l s  p r o v i d e  1 7  d B m  a t  2 0  G H z .  
Analyzer models have special  net 
w o r k  a n a l y z e r  s y n c h r o n i z a t i o n  
features. 
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frequency control circuits, which correct the sweep inac 
curacies. This automatic calibration feature has resulted in 
a tenfold improvement in swept frequency accuracy. 

A major design objective for the new sweeper family was 
orthogonality of the optional features. This means that op 
tional features are independent and can be chosen without 
compromising other aspects of performance or functional 
ity. This goal required much attention in the design and 
did result in some added cost and complexity. For example, 
the modulation features â€” AM, FM, and pulse â€” can be used 
in any combination. These features work in both CW mode 
and swept mode. This goal also had a significant impact 
on the user interface, both front-panel and HP-IB, as de 
scribed later in this article. 

From a performance point of view, the three biggest de 
sign goals were higher power, larger frequency range, and 
lower harmonics. Other issues such as frequency switching 
time, modulation features, power flatness compensation, 
and an extensive effort to design for quality and low overall 
cost of ownership rounded out the project objectives. 

The HP 8360 family of high-end microwave synthesized 
sweepers currently includes the following models: 
â€¢ HP 83620A: 10 MHz to 20 GHz 
â€¢ HP 83622A: 2 to 20 GHz 
â€¢ HP 83623A: 10 Mhz to 20 GHz High Power 
â€¢ HP 83624A: 2 to 20 GHz High Power 
â€¢ HP 83640A: 10 MHz to 40 GHz 
â€¢ HP 83642A: 2 to 40 GHz 
â€¢ HP83621A:45 MHz to 20 GHz Network Analyzer Model 
â€¢ HP 83631A: 45 MHz to 26.5 GHz Network Analyzer 

Model 
â€¢ HP 83650A: 10 MHz to 50 GHz 
â€¢ HP 83630A: 10 MHz to 26.5 GHz 
â€¢ HP 83651 A: 45 MHz to 50 GHz Network Analyzer Model. 

All of these models have coaxial outputs. With the addi 
tion of the V-band and W-band millimeter-wave heads (see 
article, page 50), the frequency is extended to 110 GHz in 
waveguide. A high-power option provides 1 7 dBm at 20 GHz. 

Improvements in the synthesizer and the associated 
firmware have resulted in <5-ms switching times in step- 
sweep mode. This, coupled with new synchronization in 
terface hardware, provides significant improvements in 
network analyzer performance. This new interface 
hardware is called the "bucket pulse interface." Messages 
pass between the synthesized sweeper and the network 
analyzer on two hardware lines. This allows the two instru 
ments to synchronize the exact points where data is taken 
with the synthesizer's internal sweep calibration and con 
trol circuitry. The result is a tenfold improvement in swept 
frequency accuracy over what was achievable before. 

Other new features include deep AM and a high-perfor 
mance precision leveling system (see article, page 24). A 
simple internal pulse generator is standard, and there is 
an optional high-performance internal modulation genera 
tor. There is also a high-performance pulse modulator op 
tion, discussed in the article on page 34. 

Block Diagram 
The overall HP 8360 block diagram, Fig. 2, contains seven 

blocks: 
â€¢ Microwave components 

â€¢ Synthesizer 
â€¢ Modulation, sweep control, and microcircuit control 

circuits 
â€¢ Frequency standard 
â€¢ User interface 
â€¢ CPU 
â€¢ Power supply. 

The microwave components generate and process all the 
high-frequency signals. These are all located on the RF deck 
except the sampler, which is located inside the synthesizer. 

The synthesizer block (Fig. 3) implements the HP 8360 
indirect synthesis scheme. This scheme uses four key com 
ponents: a 2-to-7.8-GHz YIG-tuned oscillator (YTO) located 
on the RF deck, a sampler covering the same frequency 
range, and two phase-locked loops called the sampler loop 
and the fractional-N loop. A portion of the microwave output 
from the YTO feeds the sampler. Inside the sampler microcir 
cuit, this YTO signal mixes with a high-order harmonic of a 
200-to-220-MHz VCO. This VCO is part of the sampler phase- 
locked loop. The resultant mixing product is an IF signal in 
the 20-to-40-MHz range. A phase detector compares this IF 
signal with the output of the fractional-N synthesis loop. 
The phase detector output is summed into the tuning con 
trol for the original 2-to-7.8-GHz YIG oscillator. This 
achieves the overall phase lock for the synthesizer. 

The sampler loop can be stepped in 500-kHz steps. The 
fractional-N loop can be stepped in 0.001-Hz steps. This 
ultrafine resolution makes it possible for the HP 8360 to 
maintain its 1-Hz frequency resolution even at 110 GHz, 
which is achieved by multiplying a 6. 1 1 -GHz YIG oscillator 
frequency by 18. The modulation, sweep control, and mi 
crocircuit control circuits reside on several of the card-cage 
printed circuit boards. These circuits implement the power 
level and flatness control features and provide all the micro- 
circuit control signals. Sweep control circuits provide the 
analog sweep feature and compensate for the delay and 
tracking characteristics of magnetically tuned microcir- 
cuits. 

Both the sampler and the fractional-N phase-locked loops 
derive their internal reference signals from a precision 
oven-stabilized 10-MHz crystal frequency standard. 

User 
Interface 

HP-IB, MSIB, 
Front Panel 

Modulator ,  Sweep 
and 

Microcircuit 
Control Circuits 

10-MHz 
Standard Synthesizer 

Microwave 
Components  

(RF Deck)  Output 

F i g .  2 .  B a s i c  b l o c k  d i a g r a m  o f  a n  H P  8 3 6 0  s y n t h e s i z e d  
sweeper.  
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Frac t iona l -N  Loop  

125 kHz 
30- to-60-MHz 

VCO 

10-MHz 
Reference 

Input 

R e f e r e n c e  L o o p  

10-MHz 
Reference 

30  to  60  MHz 
0.001 -Hz 

S teps  

10-MHz 
Reference 

O u t p u t  

S a m p l e r  L o o p  

H H  200 to 220 MHz 
0.5-MHz Steps 

V C O  /  S a m p l e r  
J  L C  

^ O u t p u t  

2.0 to 7.8 GHz 

Fig.  3 .  locked at  f requency synthes izer  b lock d iagram.  The phase- locked loops are locked at  
t he  beg inn ing  o f  a  sweep  so  t he  s ta r t  f r equency  has  syn thes i ze r  accu racy .  The  l oops  a re  
un locked  fo r  con t i nuous  sweep ing .  An  end -o f - sweep  ca l i b ra t i on  w i th  syn thes i ze r  accu racy  
prov ides a  tenfo ld  improvement  in  overa l l  swept  f requency accuracy over  prev ious des igns.  

The user interface includes the front panel, the rear 
panel, the HP-IB hardware and firmware on the CPU board, 
and an optional Hewlett-Packard Modular System Interface 
Bus (HP-MSIB) interface. The MSIB interface is compatible 
with the HP modular measurement system (MMS). The 
front panel contains three 8-bit microprocessors of its own 
to provide the required functionality. 

The CPU is a Motorola 68000. It is augmented with 512K 
bytes of RAM, 512K bytes of EPROM, 32K bytes of EEPROM, 
a digital voltmeter, a counter timer system, and specialized 
interface hardware. 

The power supply module contains a large switching 
supply along with a linear standby supply. The supply 
module consists of two preregulator boards in a shielded 
enclosure and one postregulator board, which provides the 
final supply voltages. 

RF Deck 
The microcircuits in the HP 8360 are laid out on a single 

RF deck. This was done to allow assembly and testing of 
the microcircuit assembly separately from the instrument, 
to provide the flexibility to accommodate different micro- 

circuit configurations to meet customer requirements, to 
shorten the length of the microwave connections to mini 
mize power loss, and to ease service. Several alternatives 
were considered to achieve these objectives. A side tip-out 
RF deck was considered but was found unacceptable in 
rack-mount applications. Two alternatives were considered 
to reduce power loss caused by excess cable length. One 
of the alternatives would have resulted in a completely 
different part layout depending on whether the instrument 
had the front-panel or the rear-panel output option. This 
would have reduced cable loss, but would have caused 
both manufacturing and field support problems. Another 
approach was to have the microwave output come from 
the center of the RF deck so both the front-panel and the 
rear-panel options would be equally penalized. 

In the end, the RF deck was configured with a single lay 
out that has the shortest possible path for the high-frequency 
cables. The conversion from front-panel to rear-panel out 
put is achieved by reversing the RF deck. A special RF 
deck interface printed circuit board, which has redundant 
connectors on two sides, makes it possible to install the 
RF deck "upside down". The entire RF deck can also be 
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mounted on top of the instrument on special mounting 
points. This facilitates service and production test and al 
lows access to both sides of the deck (see Fig. 4). 

Basic Model  and Opt ions 
The HP 8360 series synthesizers offer a wide range of 

microwave performance options to the user. By choosing 
the appropriate model within the HP 8360 family and 
specifying a few options, one can tailor the microwave 
performance to match specific measurement needs. The 
foundation of this new family of synthesizers is the Model 
HP 83620A. This source uses a proven low-cost approach 

F ig .  4 .  The  RF  deck  ho l ds  a l l  o f  
t h e  m i c r o w a v e  c o m p o n e n t s .  F o r  
rea r -pane l  i npu t /ou tpu t  op t i ons ,  
t he  deck  i s  r eve r sed  t o  keep  m i  
crowave path lengths as shor t  as 
possible.  

to provide O.Ol-to-20-GHz frequency coverage and +10 
dBm of output power while maintaining harmonics and 
subharmonics below 50 dBc. Higher output power and 
broader frequency coverage are available in Models HP 
83623A and HP 83650A, respectively. Thus, a user can 
purchase only as much performance as is necessary. 

The basic Model HP 83620A, shown schematically in 
Fig. 5, uses a single 2.3-to-7.8-GHz YIG oscillator with a 
combination of heterodyne and multiplier techniques to 
achieve broad frequency coverage. The low band (0.01 to 
2.4 GHz) is generated by mixing the YIG oscillator output 
with a fixed oscillator at 5.4 GHz (see article, page 36). The 

Modulator Splitter 
( M o d s p l i t t e r )  2 . 3 - t o - 7 - G H z  
Microcircuit Power 

AM 

5.4 to 7.8 GHz 

Leveling 
Detector 

?  

40-GHz Doubler  

Fig. 20-GHz models 8360 microwave block diagram, showing the standard 20-GHz and 40-GHz models 
and the h igh-power opt ion.  
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Designing for Low Cost of Ownership 

An investment in microwave test  equipment goes wel l  beyond 
t h e  o r i g i n a l  p u r c h a s e  p r i c e  o f  t h e  p r o d u c t .  I n  t h e  l o n g  t e r m ,  
annual maintenance and repair  costs can easi ly of fset  any di f fer  
ences in purchase pr ice.  When costs re lated to lost  product iv i ty  
a re  inc luded ,  a  p roduc t ' s  cos t  o f  ownersh ip  can  exceed  tw ice  
the or ig inal  purchase pr ice.  

Cost  o f  ownersh ip  is  the sum of  three par ts :  purchase pr ice,  
repair  costs,  and cal ibrat ion costs:  

Annua l  Cos t  o f  Ownersh ip  =  Purchase  Pr ice /Use fu l  L i fe  +  
Annua l  Repa i r  Costs  +  Annua l  Ca l ib ra t ion  Costs .  

The purchase price is spread over the useful l i fe of the product. 
Repa i r  and  ca l ib ra t ion  cos ts  a re  usua l l y  s ta ted  as  year ly  aver  
ages.  lost  repair  and cal ibrat ion,  a major cost  contr ibutor  is  lost  
product iv i ty  ( for  example,  loss of  sh ipments in  a manufactur ing 
envi ronment) .  High re l iab i l i ty  and extensive serv ice and cal ibra 
t ion too ls  ensure maximum upt ime and usefu lness.  

HP 8360 annual  repa i r  and ca l ib ra t ion costs  are  expected to  
be about  40% of  those of  s imi lar  synthesized sweepers.  This  is  
because  low cos t  o f  ownersh ip  was  a  p r imary  ob jec t i ve  o f  the  
HP 8360 series design team. Early in the design phase a service 
and  re l iab i l i t y  eng ineer  was  ass igned  to  he lp  the  des ign  team 
focus on the right issues. In addition, a firmware designer ensured 
that  serv ice-re lated features were inc luded in ear ly  designs.  

Designing for Reliabil i ty 
The key to designing a very re l iab le product  is  f i rs t  to  ensure 

that the object ive is clear to everyone involved in the project and 
t hen  t o  p rov ide  an  env i r onmen t  t ha t  p romo tes  success .  H igh  
v is ib i l i ty  was prov ided by ass ign ing a re l iab i l i ty  engineer  to  the 
design team short ly after design feasibi l i ty was proven. The rel ia 
b i l i t y  eng ineer  p rov ided  each  des ign  eng ineer  w i th  the  des ign  
information and tools necessary for a rel iable design, coordinated 
des ign  rev iews ,  and  p rov ided  the  foca l  po in t  f o r  a l l  r e l i ab i l i t y  
testing. 
Component  Dera t ing .  S t r i c t  adherence to  HP corpora te  compo 
n e n t  p r o  a n d  d e r a t i n g  g u i d e l i n e s  i n  t h e  i n i t i a l  d e s i g n  p r o  
vided the cornerstone for the highly rel iable design. Al l  designers 
were given a review of the derat ing concepts for each component 
t ype  f o rms  capac i t o r ,  t r ans i s t o r ,  e t c . ) .  S t r ess  ana l ys i s  f o rms  
were  deve loped to  a id  in  the  ca lcu la t ions  and ensure  common 
dera t ing  prac t ices .  The types o f  s t resses ana lyzed var ied  w i th  
component type, but typical ly included vol tage, current,  and tem 
perature.  Stress levels were calculated for worst-case operat ing 
cond i t i ons .  Three  componen t  de ra t ing  c lass i f i ca t ions  were  de  
f ined for  each component :  good,  acceptable,  and unacceptable.  
The rel iabi l i ty  engineer worked wi th the designer when an in i t ia l  
investigat ion indicated that good components were not avai lable. 
About 5% of the components used were in the acceptable range. 
Unacceptab le  was prec ise ly  that  â€”  unacceptab le .  Qui te  o f ten 
componen ts  se lec ted  we re  spec i f i ed  t o  ope ra te  a t  more  t han  
twice the st ress levels  encountered in  the HP 8360.  
Design Reviews.  Peer design rev iews were held before sending 
ou t  f o r  f i r s t  p ro to t ype  ha rdware  and  be fo re  any  ma jo r  des ign  
changes.  A l l  par t ic ipants  were g iven a  package that  inc luded a 
design intent, stress analysis results, a parts l ist, a block diagram, 
and  schemat ics .  Genera t ing  th is  package gave  the  des igner  a  
good oppor tun i ty  to  double-check the des ign.  Subjects  covered 
by  the  rev iew team inc luded per formance,  re l iab i l i t y ,  manufac-  
turabi l i ty ,  and serv iceabi l i ty .  Instrument level  rev iews were held 
for  such i tems as a i r f low,  thermal  prof i le ,  and mechanica l  s t ruc 
ture. Key benef i ts der ived from the design reviews were reduced 

component  s t ress ,  reduced par ts  count  (30% fewer  par ts  than 
t h e  H P  8 3 4 0  s y n t h e s i z e d  s w e e p e r ) ,  f e w e r  a d j u s t a b l e  c o m p o  
nen ts  (75% fewer  than  the  HP 8340) ,  and  be t te r  se l f - tes t  and  
service features. Instrument level  design reviews helped ensure 
a wel l -distr ibuted air f low and low internal  temperature r ise whi le 
using a quiet fan that meets the growing noise concerns of users. 
The HP 8360 is  quieter  than the typ ical  overhead pro jector .  
Rel iabi l i ty Test ing. Rel iabi l i ty test ing was done at both assembly 
and instrument levels. The team identif ied two areas they wanted 
to test  r igorously  (power supply  and a lphanumer ic  d isp lay)  and 
star ted test ing before a complete instrument was avai lable.  The 
a lphanumer ic  d isp lay  is  purchased f rom an outs ide  vendor ,  so  
it was important to qualify the part early and work with the vendor 
to  implement  any requ i red des ign changes (see "St r i fe  Test ing 
the A lphanumer ic  D isp lay , "  page 13) .  

One of  the f i rs t  prototype instruments was dedicated for  re l ia  
bil i ty testing. The instrument was subjected to stresses commonly 
seen during normal use (vibration, shock, temperature variat ion). 
The idea was to start at low stress levels where no fai lures occur 
and s lowly  increment  the s t ress leve ls  unt i l  a  fa i lu re  occurred.  
Tha t  fa i l u re  was  then  ana lyzed  and  the  des ign  changed  to  f i x  
the problem. Retest ing at  the same stress level  was required to 
ver i fy  the new des ign before the s t ress leve l  was incremented.  
This cycle was repeated unt i l  stress levels far exceeded commer 
cial  standards. 

Do ing  re l i ab i l i t y  tes t ing  as  ea r l y  as  poss ib le  was  a  de f in i te  
advantage for the HP 8360. The team was able to redesign weak 
areas and not just patch current designs. For example, the ini t ial  
card cage des ign used sheet  meta l .  V ibrat ion test ing ind icated 
many weak areas that required addit ional support.  This feedback 
to the mechanical  engineers 'enabled them to just i fy  the tool ing 
costs to bui ld  the card cage f rom cast  a luminum parts .  This  not  
on ly  resu l ted  in  a  s tu rd ie r  ins t rument ,  bu t  a lso  in  a  lower -cos t  
card  cage.  

Designing for Serviceabil i ty 
Hav ing  a  se rv i ce  eng inee r  ass igned  and  l oca ted  i n  t he  l ab  

du r i ng  ea r l y  deve lopmen t  he lped  t he  des ign  t eam make  dec i  
s ions  tha t  p romoted  se rv i ceab i l i t y .  C lose  a t ten t ion  to  se rv i ce  
abil i ty was carried. throughout the design cycle, including printed 
circuit layout. 

S e r v i c e  f i r m w a r e  w a s  d e s i g n e d  i n  c o n j u n c t i o n  w i t h  t h e  
hardware ,  and  se rv i ce  too ls  were  o f ten  p rov ided  to  a id  in  the  
des ign .  Th is  ensured  a  des ign  tha t  p rov ided  the  mos t  se rv i ce  
capab i l i t y  w i thout  adverse ly  e f fec t ing  des ign t ime or  assembly  
cost. As a result, the extensive self-tests used in conjunction with 
qu i ck  and  s imp le  manua l  d iagnos t i c  p rocedu res  i so la te  more  
than 97% of  fa i lures in  minutes.  The se l f - tes ts  were developed 
for  fast  and easy repai r  a t  the assembly leve l ,  but  a lso prov ide 
a  g r e a t  d e a l  o f  h e l p  i f  c o m p o n e n t  l e v e l  r e p a i r  i s  r e q u i r e d .  
F i rmware-a ided ad justments  improve ad justment  speed and ac 
curacy, reduce test  equipment needs, and require less technical  
ski l l .  For a more detai led descript ion of the service f irmware, see 
the ar t ic le  on page 17.  

The  RF  deck  des ign  desc r i bed  i n  t he  accompany ing  a r t i c l e  
was heavi ly  in f luenced by the design rev iews.  The RF deck can 
be  p laced  in  a  se rv i ce  pos i t i on  on  an  ex tender  board  fo r  t rou  
bleshoot ing and repair .  Performance and conf igurat ion f lexibi l i ty 
goa ls  were not  compromised in  the process.  
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Calibration 
In a reasonably re l iable synthesized sweeper,  i t  would not  be 

uncommon to  have annua l  ca l ib ra t ion  cos ts  exceed four  t imes 
the average annual repair cost.  Designing for improved rel iabi l i ty 
and serv iceabi l i ty  a lso had a posi t ive ef fect  on performance sta 
b i l i t y  The  chance fo r  per fo rmance change over  t ime is  g rea t l y  
reduced w i th  the  lower  component  count ,  conserva t i ve  compo 
nen t  de ra t i ng ,  and  f ewe r  ad jus tab le  componen ts .  The  use  o f  
p lanar  doped bar r ie r  leve l ing  detec tor  d iodes ensures a  h igh ly  
stable ALC loop. Circuits that are subject to dri f t  (e.g.,  frequency 
span accuracy)  are  hand led wi th  user  fea tures  (e .g . ,  span ca l i  
b ra t i on )  tha t  op t im ize  pe r fo rmance  w i thou t  compromis ing  the  
cal ibrat ion.  Taking into account  a l l  these improvements and fea 
tu res ,  and HP 8360 per formance s tab i l i t y  dur ing  deve lopment ,  
the  team agreed tha t  an  ex tended ca l ib ra t ion  cyc le  was  appro  
pr ia te .  An ana lys is  o f  HP 8340 ca l ib ra t ion  h is to ry  showed tha t  
under  norma l  opera t ing  cond i t i ons  i t s  recommended one-year  
cal ibrat ion cycle was conservat ive. Since the HP 8360 is a signif  
icant improvement over the HP 8340, a two-year cal ibration cycle 
for  the HP 8360 is  recommended. Addi t ional  cal ibrat ion savings 
shou ld  be  rea l i zed  because  o f  se rv i ce  f i rmware  fea tu res  tha t  
reduce equ ipment  costs  and lower  techn ica l  sk i l l  requ i rements  
for  instrument cal ibrat ion and adjustment.  

Conclusion 
Low cost  o f  ownersh ip  must  be des igned in to  an ins t rument .  

I t  requ i res  a t ten t ion  ear ly  in  the  des ign  and must  be  a  goa l  o f  
the ent i re design team. High re l iabi l i ty  is  dependent not  only on 
good in i t ia l  design but a lso on act ively looking for  fa i lures whi le 
there is  t ime to correct  problems. 
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high band (2.4 to 20 GHz) is achieved by multiplying the 
oscillator output frequency using a YIG-tuned multiplier. 
The multiplier uses a step-recovery diode to generate sec 
ond and third harmonics. Although a step-recovery diode 
is an efficient harmonic generator, a power amplifier is 
still necessary to boost the signal driving the diode. To 
produce +13 dBm at 20 GHz the drive signal must be 
around one-half watt. There was a time when this would 
have been difficult, but technology improvements in the 
last few years have made this a relatively simple task in 
the 2-to-7-GHz range. A two-sphere YIG filter following 
the step-recovery diode then selects the proper harmonic 
signal for 7-to-12.5-GHz and 12.5-to-20-GHz coverage.4 For 
frequencies in the 2.4-to-7-GHz range, the step-recovery 
diode is forward-biased and the YIG filter passes the oscil 
lator signal straight through. The two-sphere YIG filter en 
sures that the unwanted harmonics are suppressed below 
-50 dBc and provides the HP 83620A with exceptionally 
low broadband noise. The low-band and high-band fre 
quency ranges are combined at a pin diode switch built 
into the multiplier for continuous O.Ol-to-20-GHz coverage. 

Heterodyning and multiplying a single YIG oscillator 
offers three distinct advantages over other common block 
diagrams. The first is low cost. YIG oscillators are expen 
sive, and more than one would typically be required to 
cover the 2-to-20-GHz range. Instruments employing mul 
tiple broadband oscillators to achieve full frequency cover 
age also demand broadband performance in their power 
amplifiers, level control modulators, and frequency stabili 
zing circuits. Often, multiple sets of amplifiers and mod 
ulators are used because of the difficulty of building broad 
band components. This further increases cost. 

A second advantage of this block diagram is that swept 
frequency accuracy is superior using a single oscillator. 
Linearity typically suffers when individual oscillators with 
differing characteristics are multiplexed, and correcting 
these differences while sweeping is difficult. 

A third advantage is that the bandswitch frequencies are 
more flexible in a YIG-filtered system. This can be impor 
tant when measuring narrowband devices with points of 
interest near the instrument's bandswitch frequency. De 
pending on the selected sweep width, the instrument can 
eliminate bandswitch points by using different bands. A 
multiple-oscillator block diagram usually employs a series 
of switchable low-pass filters to remove unwanted har 
monics. In this case, the switch frequencies cannot be 
changed without degrading harmonic performance. This 
is because the corner frequency of each filter is fixed. 

High-Power Model  
Certain measurement applications require more than 

+ 10 dBm of output power from the source. To provide for 
this case, a broadband 2-to-20-GHz power amplifier with 
an integral pin diode switch was designed to follow the 
YIG-tuned multiplier. This extends the output power of 
the basic source to + 17 dBm and is available in the Model 
HP 83623A. Fig. 5 shows this block diagram. The power 
amplifier uses four state-of-the-art traveling- wave amplifier 
ICs to achieve +21 dBm of output power at 20 GHz. The 
final section of this three-stage amplifier employs two cus 
tom HP microwave ICs driven in parallel. This increases 
the available output power by typically 2.5 dB over that 
achievable using only a single 1C. Also, the harmonics gen 
erated are lower since each 1C in the last stage is operating 
at a lower power level. The low-band frequency range is 
added at the integral pin diode switch to deliver continuous 
O.Ol-to-20-GHz coverage as before. 

A clear advantage of offering higher power as a different 
model in the HP 8360 series is cost. Customers with mea 
surement needs satisfied by the standard product are not 
burdened by the higher cost of the broadband component. 

40-GHz Model  
Another performance category receiving considerable at- 
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tention in the past few years is frequency coverage in coax 
ial systems. The HP 8360 series offers Model 83640A, 
which provides O.Ol-to-40-GHz coverage in coax. This is 
achieved by employing a specially designed switchable 
frequency doubler (see article, page 31). The doubler im 
mediately follows the YIG-tuned multiplier of the standard 
model. Fig. 5 shows this block diagram. The doubler allows 
two modes of operation. In the first, the input signals are 
routed straight through. In the second mode, input frequen 
cies in the range of 10 to 20 GHz are doubled, then coupled 
to the output. In this way, continuous coverage from 0.01 
to 40 GHz is available at one coaxial port. The HP 83640A 
is available with a 90-dB step attenuator for applications 
needing very low source power. This step attenuator offers 
low insertion loss at 40 GHz along with high repeatability 
of each step (see article, page 47). The doubler and at 
tenuator both use the industry-standard 2.4-mm coaxial 
connector. These two components have recently been ex 
tended to 50 GHz. 

Each of the three basic models in the HP 8360 series 
offers a variety of options that increase the range of choices 
available to the user. One important option is a high-speed 
pulse modulator that provides pulse rise and fall times 
typically less than 2 ns (see article, page 34). This flexibility 
ensures that users' current measurement needs are met 
while providing a path for expansion as new applications 
arise. 

Other Features 
Each HP 8360 model has a high-capacity switching 

power supply with enough reserve power to handle the 
requirements of extra microwave components. The design 
also provides extra cooling capacity with greatly reduced 
fan noise. This was achieved by improved fan technology, 
specialized geometry of the fan grill, and grill placement 
away from the fan blades. The fan blows air into an open 
plenum which contains the microcircuits. Air is metered 
out of this area through cooling ports that conduct air across 
each of the major printed circuit boards. 

Flexible User Interface 

The user sees the HP 8360 either from the point of view 
of the front panel or as a system element that is controlled 
by a computer. 

Front-Panel  User Interface 
The front-panel interface represents a departure from the 

traditional way of designing user interfaces for instruments 
without a CRT. Since the HP 8360 was designed as a plat 
form for synthesizer products for the decade of the 90s, it 
required an extensible approach to user interfaces. The 
decision to develop a new front-panel user interface was 
greatly influenced by our experience with the previous- 
generation synthesized sweeper, the HP 8340. This product 
had a large number of keys arranged by functional grouping 
for all of the major functions of the synthesizer. This 
method worked well for the functions that could be directly 
associated with one of the keys, but a large number of 
minor features had to be relegated to a shift function. A 
blue shift key was provided to double the number of keys 

available. Most of these shift functions had a logical associ 
ation with a particular set of keys and were allocated from 
the beginning. As new features were added with later re 
leases of firmware, it was very difficult to find an appro 
priate key to which to bind some of the new features. The 
solution to this problem was to develop a menuing system 
that is not only clear and easy to use but also provides 
expandability and flexibility. 

The first element of the user interface to be selected was 
the display, since much of the rest of the system had to be 
designed around this component. The display selection 
criteria we used were gathered from customer feedback, 
requirements of a menuing system, our own experience, 
and environmental and reliability requirements. The dis 
play had to be very reliable so that the overall instrument 
reliability would not be adversely affected, especially since 
we were competing directly with the excellent reliability of 
the HP 8340. It had to have a sufficient number of characters 
and lines to allow a menu structure with menu keys adja 
cent to the display. The characters had to be easily readable 
in both bright and dimly lit areas and had to be readable 
from a distance of several armlengths. We looked at every 
type of display technology that was available at that time 
and settled on the six-line-by-40-character vacuum fluores 
cent display that was available from several manufacturers. 
The display selected did have some environmental con 
cerns, which were resolved by working closely with a single 
manufacturer. 

Keyboard 
The keyboard was specifically designed to address prob 

lems in manufacturing, customer complaints, cost, reliabil 
ity and system requirements. We needed a very reliable 
key technology that was simple to assemble and aestheti 
cally pleasing. We needed to provide RFI shielding around 
the front panel and display. Additionally, we needed to 
block all air flow out of the front to address customers' 
complaints. Taking all of these considerations into account, 
we selected a one-piece rubber keypad that could provide 
all of these functions in a single piece. We were sensitive 
to concerns that various people had expressed that the feel 
of a flexible keypad would not be correct. Our industrial 
design group developed a promising design for an antirock 
mechanism that would give the rubber keys the type of 
stability and feel that was necessary (see "Front Panel De 
signed for Manufacturability," page 15). The final design 
of the keypad provides "soft touch" keys that don't rock 
sideways and have a detent-type feel for tactile feedback 
through the use of the antirock membrane. The keypad 
seals the area around all of the keys so that no air escapes 
to irritate the user. Conductive rubber portions of the part 
reduce the amount of RFI that escapes and prevent air from 
escaping around the display window and the periphery of 
the display casting. 

Layout  and Menus 
The layout of the front-panel functions was influenced 

by the HP 8510 vector network analyzer system, which 
groups similar functions together with a menu select key 
that provides access to similar functions on a menu. Our 
goal was to provide clear single-key access to the most 
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important and most often used features such as basic sweep 
control, basic frequency control, basic power control, and 
necessary system keys such as save and recall. The menu 
keys are placed .under the display so that they are easy to 
associate with a display field that is seven to eight charac 
ters wide by two lines high. Additional menu select keys 
and menu control keys are placed on both sides of the 
display (see Fig. 6). 

The approach to the menuing scheme was to provide a 
simple, elegant, easy-to-understand, and easy-to-use inter 
face for the inexperienced user. At the same time, we 
wanted to provide the power and functionalitythat would 
be demanded by the most sophisticated users. The first- 
level menus are designed to provide all of the features that 

are normally used by a large percentage of customers and 
the less often used (but very powerful) features are placed 
on the lower-level menus. 

A fairly extensive user interface survey was conducted 
to find problem areas with the menuing system. We used 
our prototype instruments and invited a cross section of 
marketing, R&D, production, and field people to try out 
the menuing system. We gave them minimal instructions 
so that we could discover how easy-to-use and self- 
explanatory the system was. We assigned particular areas 
of the system to certain people depending on their areas 
of expertise. One of the lab designers was a silent observer 
and took notes. From this survey a multitude of useful 
changes and enhancements were discovered. As a result, 

Strife Testing the Alphanumeric Display 

To  enhance  t he  use r  i n t e r f ace  o f  t he  HP  8360  syn thes i zed  
sweepers,  a mul t i l ine alphanumeric d isplay was desired.  Af ter  a 
prel iminary invest igat ion, we decided to evaluate vacuum f luores 
cent  d isp lay  techno logy.  A s ix - l ine ,  40-charac ter  a lphanumer ic  
d isp lay,  complete wi th  power supply  and dr ivers ,  was avai lab le  
from several  vendors.  

Hav ing  no  p rev ious  exper ience  w i th  vacuum f luorescen t  d is  
p lay  techno logy ,  we  f i r s t  had  to  de te rmine  what  s t ress  modes  
and leve ls  would be most  benef ic ia l  in  evaluat ing the d isp lays.  
The d isp lay is  bas ica l ly  a  vacuum tube wi th  the p late being the 
d i sp lay  g r i d  ( see  F ig .  1 ) .  V ib ra t i on  p rov ided  a  good  check  o f  
r u g g e d n e s s  f o r  t h e  i n t e r n a l  e l e m e n t s  a n d  t h e  p r i n t e d  c i r c u i t  
board.  Operat ing temperature range provided a measure of  com 
ponent  e lec t r i ca l  dera t ing ,  wh i le  tempera ture  change ra te  had 
i t s  b igges t  e f f ec t  on  the  d i sp lay ' s  vacuum sea l .  Shock  was  a  
g o o d  r e  r u g g e d n e s s  t e s t .  I n i t i a l  t e s t i n g  ( b e f o r e  a n y  r e  
des ign )  was  conduc ted  on  th ree  d i sp lays  f r om each  manu fac  
turer. 

In i t ia l  stress levels chosen were considered minimal and were 
used each a baseline that indicated the display could survive each 
s t ress mode wi thout  any damage.  

Vibration testing consisted of both random and sine wave tests. 
A swept sine wave test was run to f ind any resonant f requencies 
within the display or printed circuit board. Init ial random vibration 
was conducted at  1g rms.  Both tests  were run in  three axes (x ,  
y ,  and  z ) .  Any  resonances  were  no ted  fo r  la te r  re fe rence .  The 
d isp lay was powered dur ing these tests .  

T e m p e r a t u r e  t e s t i n g  w a s  i n i t i a l l y  c o n d u c t e d  o v e r  n o r m a l  
operat ing condi t ions (0 to 55Â°C).  The display was subjected to 
ten  tempera tu re  cyc les  and  was  opera ted  a t  each  ex t reme fo r  
a hal f  hour.  The rate of  temperature change was l imited to 2Â°C 
per minute. 

Filament 

Gr id-  

A n o d e  - ,  

A â€¢ Glass 

Fig.  1 .  Bas/c construct ion of  the vacuum f luorescent display 
used in  the HP 8360 synthes ized sweepers.  

Shock test ing was done in s ix axes wi th an in i t ia l  level  of  30g 
for  a durat ion of  11 mi l l iseconds.  

As  a  resu l t  o f  these in i t ia l  tes ts ,  one manufac turer 's  d isp lay  
was chosen for  the HP 8360.  

Further Testing 
After random vibration testing at 2. 1 g rms, port ions of the cho 

sen  d i sp lay  had  become d immer .  C lose r  i nspec t i on  i nd i ca ted  
tha t  f i l ament  w i res  in  these areas  were  a  d i f fe ren t  b r igh tness .  
D iscuss ion  w i th  the  manufac tu re r  ind ica ted  tha t  the  f i l aments  
were  ox ide  h i t t ing  o ther  e lements  and knock ing  o f f  the i r  ox ide  
coat ing.  Swept  s ine measurements  conf i rmed that  the f i lament  
resonant frequency was within the frequency range of the random 
vibration test. 

Th i s  p rob lem was  found  be fo re  the  f i r s t  p ro to t ype  HP 8360  
ins t rument  was  comp le te .  Th is  gave  us  p len ty  o f  t ime  to  work  
wi th  the vendor  and va l idate any des ign changes.  The resu l t  is  
a  more poten d isp lay.  Addi t ional  test ing uncovered other  poten 
t ia l  prob lems that  were des igned out  and never  became par t  o f  
a  customer 's  HP 8360 synthes ized sweeper .  

At some point,  further increases in stress levels do not provide 
useful  feedback because the fai lures found may not be pract ical  
to  e l im ina te  o r  because there  i s  a  p rac t i ca l  l im i t  on  the  s t ress  
l eve l  t ha t  can  be  app l i ed .  The  max imum s t ress  l eve l s  f o r  t he  
a lphanumer ic  d isp lay were:  

Stress Mode 

Random Vibration 
Temperature Range 
Temperature Rate 
Shock (11 ms) 

Maximum Level 
Passed 

5.5g rms 
-40 to+100Â°C 

5Â°C/min 
55g 

Maximum Level 
Tested 

6 . 0 g r m s ( 1 )  
-40 to+100Â°C 

10Â°C/min(2) 
55g 

Notes: 
1 .  Random v ib ra t ion  tes t ing  a t  6g  caused  a  ge t te r  r i ng  ins ide  
the  d isp lay  to  come loose.  On ly  one d isp lay  was tes ted a t  th is  
level and i t  st i l l  operated. 
2 .  D i s p l a y  l o s t  v a c u u m  ( 2  o u t  o f  3  s u r v i v e d )  w h e n  t e s t e d  b y  
i tself .  Displays instal led in instruments survived 10Â°C/min rates 
because they were iso la ted f rom the chamber  temperature.  

James R.  S tead  
Product  Suppor t  Engineer  

Network Measurements Div is ion 
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Fig. together, select 8360 menu concept. Similar functions are grouped together, with a menu select 
key  as  par t  o f  each  g roup .  The  concep t  p rov ides  c lea r  s ing le -key  access  to  the  mos t  o f ten  

used associated and places the less often used funct ions on the associated menu. 

the character fonts were modified, the information pre 
sented on the display was reorganized, many key labels 
and other text were changed, the user menu feature was 
changed to make it easier to use, and many menus were 
reorganized. Obviously, not all suggestions could be im 
plemented because of other conflicting requirements, de 
sires, or limitations of the hardware, but this process did 
allow a much more thorough discovery of problems that 
would have otherwise gone unaddressed. 

The user-defined menu has turned out to be a very useful 
way to have often used menu functions at a user's finger 
tips. The user simply assigns to the user-defined menu 
those menu items to which immediate access is desired. 
To use one of these selected functions, the user presses the 
user menu key to bring up this custom menu and selects 
the desired function. 

The current status of the instrument is communicated in 
many ways. Dedicated LEDs show sweeping, RF on/off, and 
bus functions. A dedicated line on the display shows the 
status of important features such as AM, FM, unleveled, or 
unlocked. Asterisks near the frequency or power readout sig 
nify that an offset is in effect. An asterisk near an on/off menu 
function signifies that this menu function is on. Thus, the 
status of the most important features is displayed constantly, 
and a user is not bothered by the less significant ones. 

Many customers requested that certain qualities of the 
preset key be changed (for instance, power level, power on 
or off, sweeping or CW). To address these needs, the HP 
8360 has a user-defined preset register, which is similar to 
a save/recall register except that it can be configured to be 
recalled whenever the preset key is pressed. To avoid con 
fusion, a prominent message is displayed in the entry area 
of the display when a user-defined preset as opposed to a 
generic preset is performed. A user can easily put the HP 
8360 back in its factory-preset state by pressing a menu 
key that becomes available after a user-defined preset 

Computer-Control  User Interface 
All remote computer control of the HP 8360 is either by 

the IEEE 488.1 HP-IB interface or the optional MSIB inter 
face. The language support required an extensive firmware 
effort. The HP 8360 follows the very successful HP 8340 
microwave synthesizer and therefore it was considered ab 
solutely necessary that the HP 8360 respond to the same 
programming mnemonics to achieve application software 
compatibility. This compatibility language was also needed 
to support the interface required by vector and scalar 
analyzers. Additionally, a special input parser was needed 
to implement the U.S. Air Force language CIIL which is 
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Front Panel Designed for Manufacturablity 

Fig. 1 shows the front-panel design of the HP 8360 synthesized 
sweep osci l lators. 

A high degree of  integrat ion was achieved by basing the f ront  
panel  design on two key components:  a one-piece rubber ( f lub-  
ber) keypad and a cast ing that incorporates as many mechanical 
fea tures  as  poss ib le .  These par ts  p lus  a  pr in ted c i rcu i t  board ,  
an ant i rock membrane,  and a vacuum f luorescent  d isp lay meet  
al l  of the requirements for the HP 8360 front-panel Interface. The 
to ta l  number  o f  par ts  in  the f ront -panel  assembly ,  not  count ing 
the electr ical components on the printed circuit  board, is 64. The 
f ront  panel  can be assembled in  s ix  minutes.  The prev ious-gen 
erat ion f ront  panel  conta ined 243 par ts  and took 90 minutes to  
assemble.  The front-panel  cast ing alone el iminated the need for 
177 individual parts. 

The front-panel casting contains al l  of the standoffs and mount 
ing provis ions required by the var ious components.  The cast ing 
is  pa inted and s i lkscreened d i rect ly  so that  no addi t ional  dress 
panel  is  required.  A st ippled c lear coat  covers the f ront ,  protect  
ing the surface and giving a long-term blemish-free appearance. 
Assembly  and d isassembly  are very  easy because of  the smal l  
number of  ext ra assembl ies and hardware.  

The feel  of  the keys was important because customers expect 
a qual i ty keyboard on a relat ively expensive product.  A patented 
ant i rock mechanism was developed which al lowed us to achieve 
th is qual i ty  feel .  The ant i rock sheets are precisely cut  p ieces of  
my la r  tha t  g rab  each  key  and  p reven t  i t s  f l opp ing  over  to  one  
s i d e  t o  i t  i s  p r e s s e d .  T h e  a n t i r o c k  s h e e t s  a r e  r e f e r e n c e d  t o  
locat ion pins on the cast ing. The locat ion pins force each key to 
be proper ly a l igned wi th the associated hole in the cast ing.  The 
o v e r c e n t e r  f e e l  i s  p r o v i d e d  b y  m o l d e d  d e t a i l s  i n  t h e  r u b b e r  
keypad.  The f ina l  des ign o f  the keyboard prov ides "sof t  touch"  
keys  tha t  don ' t  rock  s ideways  and  have  a  de ten t - t ype  fee l  fo r  

tact i le feedback. 
Air is prevented from escaping around any of the keys because 

the keypad sea ls  the area around the keys.  Sea ls  are  a lso  pro  
v ided around the d isp lay window and the outer  per iphery of  the 
d i sp l ay  cas t i ng .  A i r  b l ow ing  i n  t he  f ace  o f  a  use r ,  a  common  
complaint  in  the past ,  is  e l iminated wi th th is  new design.  

To meet  cer ta in RFI  emiss ion and suscept ib i l i ty  requi rements 
i t  was  necessa ry  t o  p rov ide  an  e lec t r i ca l  sea l  f o r  t he  d i sp lay  
w indow area and the  s lo ts  a round the  per iphery  o f  the  d isp lay  
cast ing.  This was achieved by speci fy ing that  conduct ive rubber 
be used to mold the keypad in the required areas.  In th is  way a 
s i ng le  mo lded  pa r t  i s  ab le  t o  p rov ide  t he  keypad ,  t he  a i r f l ow  
blocking,  and the RFI shie ld ing funct ions.  

The display f i l ter  is  made from two pieces of  p lexiglass wi th a 
s ta in less  s tee l  mesh be tween them.  The conduct ive  por t ion  o f  
the  keypad ho lds  the  f i l t e r  in  p lace  and  p rov ides  an  e lec t r i ca l  
path between the conduct ive f i l ter  and the cast ing.  

James E.  Bossal ler  
Project  Manager 

Network Measurements Div is ion 

D isp lay  
Pr inted 
C i rcu i t  
Board  

Keypad 

F i g .  1 .  T h e  r u b b e r  k e y p a d  a n d  
t he  spec ia l  cas t i ng  a re  key  com 
p o n e n t s  o f  t h e  H P  8 3 6 0  f r o n t -  
pane l  assembly .  
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used by several customers. 

S C P I  
The largest amount of effort, however, went into a new 

language that was beginning to be developed by HP during 
the early part of the HP 8360 development. This language 
was initially called HP-SL ( Hewlett Packard System Lan 
guage). Later this name was changed to TMSL (Test and 
Measurement System Language) and was proposed to the 
industry as a new standard. As this took place, the admin 
istration of the language development went to a consortium 
of instrument manufacturers. The consortium changed the 
name one last time to SCPI (Standard Commands for Pro 
grammable Instruments). 

This language is based upon the IEEE 488.2 standard, 
which defines recommended communication protocol for 
the IEEE 488.1 HP-IB interface. This standard defines the 
overall syntax structure, the data structures, and the com 
mon system control commands for status, testing, save and 
recall, identifying, and other functions that are needed in 
a system regardless of the type of instrument. The SCPI 
language goes the next step and defines the actual com 
mands that must be used to set, query, or control the fea 
tures of an instrument. In this approach, all instruments 
capable of outputting a signal, for example, will program 
the frequency and other parameters of the signal with the 
same commands. The SCPI language is a tree-structured 
language that has been well thought out and provides the 
capability for the HP 8360 to extend its programming lan 
guage easily as new features are added to the family. 

Some of the major features of the SCPI language are sum 
marized here since the HP 8360 is one of the first major 
instruments to implement the new language fully. 

1. SCPI is a tree-structured language that is extensible to 
whatever degree is necessary to describe a setup or mea 
surement. SCPI commands are human readable. English 
names are used for all commands and regular truncation 
rules are used to shorten the commands if desired. The 
tree structure allows logical placement of commands. 

2. The feature set is orthogonal. In other words, SCPI 
tries to eliminate interactions between settings of functions 
that are supposed to be mutually exclusive. 

3. SCPI requires order independence within a single mes 
sage except for immediate execution commands such as 
synchronization commands and queries. For instance, pa 
rameters that are coupled together in some manner, such 
as FREQ:START, FREQ:STOP, FREQ:CENTER, and FREQ:SPAN, 
can be sent in pairs in any order with the same result. If 
the allowed values of a parameter change based upon a 
mode switch, then the parameter and the mode can be 
programmed in any order within a single message with the 
same result. 

4. All values and settings can be queried without affect 
ing the current state of the instrument. 

5. Capabilities can be set up completely before the func 
tion is turned on. For instance, all parameters related to 
pulse modulation can be specified before pulse modulation 
is turned on. 

6. SCPI contains the synchronization commands *OPC, 
*OPC? and *WAI. *OPC and *OPC? report when a pending 
operation or measurement is complete by setting a bit in 

the standard event status register or by responding to the 
query with a "1", respectively. With these two commands, 
the HP-IB bus will not be held off and additional commands 
can be sent and processed. The *WAI command, on the other 
hand, suspends the parsing and execution of any further 
commands until the pending operation is complete. 

7. SCPI and IEEE 488.2 encourage the use of an input 
buffer for improved system throughput. With an input buf 
fer it is not necessary to wait for one instrument to complete 
an operation before communicating with other instruments 
in the system tied to the HP-IB. 

8. SCPI provides a very complete set of status and service 
request capabilities. Many standard conditions are required 
in all instruments and this status system is expandable to 
any extent required by a particular instrument. The service 
request control consists of an enable for each bit and both 
positive-edge and negative-edge transition filters for maxi 
mum flexibility. 

9. SCPI defines standard conditions for all controllable 
nodes after a *RST command, ensuring that the system is 
in a known state. 

10. SCPI achieves both vertical and horizontal consis 
tency. Vertical consistency is achieved by having instru 
ments in the same class use the same set of commands so 
that all synthesizers, for example, look the same when 
viewed through the HP-IB interface. Horizontal consistency 
is achieved by having similar functions in different classes 
of instruments respond to the same commands. An example 
of this would be FREQ:START <value>, which will have the 
same effect in both a sweeper and a spectrum analyzer. 

The HP-IB language and address can be changed via the 
front-panel system menu. In addition, rear-panel switches 
are available for the option that deletes the display. 
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Built-in Synthesized Sweeper Self-Test 
and Adjustments 
A combination of hardware features and f irmware routines 
makes i t  possib le to iso late most  fa i lures to the assembly 
level  and make many adjustments wi thout  external  test  
equipment.  

by Michael J.  Seibel 

IN THE DESIGN of the HP 8360 synthesized sweep os 
cillators, considerable effort was expended on provid 
ing built-in self-test and service features. The HP 8360 

self-test consists of over 900 analog, digital, and RF 
measurements taken in approximately 45 seconds. More 
than 90% of failures are detected and diagnosed to deter 
mine the most likely fault and a message is presented direct 
ing the operator to a specific entry in the service manual 
for further isolation. Many of the adjustments can be done 
without the aid of external test equipment through the use 
of internal firmware routines. Other firmware routines pro 
vide a collection of service tools to manipulate the 
hardware to facilitate troubleshooting. All of these self-test 
and service features are easily accessible from the front 
panel and over the HP-IB (IEEE 488). 

This level of serviceability required the full participation 
of the HP 8360 design team. As each of the printed circuit 
boards was designed, it was reviewed for serviceability. 
As a consequence of these reviews, most boards required 
the addition of small amounts of hardware or connections 
between pieces of existing hardware. By designing in the 
service hardware early, the risk of disturbing an otherwise 
stable design is avoided. 

Service firmware was designed in conjunction with the 
hardware, and service tools were often provided to aid in 
the design. These service tools perform read/write opera 
tions to devices on boards, read voltages in the instrument, 
control phase-locked loops, and monitor the contents of 
latches. These became very useful during prototyping be 
cause the self-tests provided quick, thorough checks of the 
hardware and digital control of the boards before the nor 
mal instrument firmware had been completed. The service 
tools allowed the designers to manipulate the hardware to 
exercise their prototype boards. These tools remain in the 
HP 8360 and are supported to facilitate troubleshooting to 
the component level. 

Many circuits in the HP 8360 provided the opportunity 
to use digital-to-analog converters (DACs) in place of poten 
tiometers for adjustments. There was concern about the cost 
of the DACs on one hand and about the reliability and long- 
term stability of the potentiometers on the other, so the 
decision to substitute DACs for potentiometers was made 
carefully. DACs were substituted for potentiometers only 
if a single DAC replaced several potentiometers, or if adding 
the DAC allowed an adjustment to be done using internal 

firmware instead of external equipment and procedures. 
The hardware changes made for self-test tend to comple 

ment those made for adjustment. The adjustment routines 
make use of the self-test analog bus and peak detectors. 
The self-tests benefit from the ability to use DAC control 
of some circuits. 

Self-Test 
The full instrument self-test is the most often used service 

feature. This is initiated by a single keystroke from the 
SERVICE menu. It executes all of the assembly-level self- 
tests in the instrument and does a diagnosis of failures, if 
any. A scrolling menu of the self-tests is also provided with 
the tests organized into assembly-related groups. Any of 
these groups or a specific test can be run individually by 
selecting from the menu. The following is an example por 
tion of the self-test menu: 

0  F u l l  i n s t r u m e n t  S e l f  T e s t  
1  Y O  L o o p  F u l l  T e s t  
2  Y O  L o o p  D i g i t a l  I n t e r f a c e  
3  Y O  L o o p  P h a s e  D e t e c t o r  
4  Y O  L o o p  I n t e g r a t o r  
5  S a m p l e r  L o o p  F u l l  T e s t  
6  S a m p l e r  P h a s e  A m p l i f i e r  
7  S a m p l e r  I F  A m p  B i a s  

P a s s e d  
P a s s e d  
P a s s e d  
P a s s e d  
P a s s e d  
P a s s e d  
P a s s e d  
P a s s e d  

Any test in the list can be looped repeatedly. While loop 
ing, a status display is presented showing the cumulative 
numbers of times the test has passed and failed. Each self- 
test typically consists of many internal measurements that 
are checked against high and low limits to determine a 
single pass/fail result. A single component failure can very 
likely cause many of the self-tests to fail, so the diagnosis 
routine examines the pass/fail results in a particular order 
to determine the most independent test that failed, effec 
tively ignoring the subsequent failures. 

There are situations where the self-test measurement data 
is of value to the user. In the production area it is desirable 
to examine the data for analysis of trends, comparison to 
tighter limits, documenting instrument performance, and 
so on. In these cases, the simple pass/fail result code is 
insufficient. To make this measurement data available, the 
self-test firmware is structured to pass all of the measure 
ments through a single procedure to compare them to 
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specifications. The measurement data, specifications, and 
a short description are passed to the procedure. If a data 
logging feature is activated, the measurement data is pre 
sented to the user. The following is an example of the 
measurement data display: 

: . u  L e v e l  C o r r e c t i o n  D f t C  

13.887;' H14 : Ley el Correction DflC 

  data PO i nt   -meas- -m i n- -m< 

B i t  5  s e t  [ m  U ]  - 6 8  - 1 8 2  

. . . .  O p t  i  o n s .  .  .  .  
F l b o r t  L O O P  * L o g  C o n t  

the significant failure. The result of the firmware diagnosis 
is a display that directs the user to a specific diagnostic 
manual section for the suspect module. The following is 
an example of a diagnostic display: 

The test number (213.007) identifies this measurement 
data as part of self-test number 213, the A14 : Level Correc 
tion DAC test. The data point field describes the individual 
measurement, which in this case is the DAC output in mV. 
The measured data (-68) is shown in addition to the limits 
against which it is tested (â€”102 and â€”42). If this were a 
digital type of test, where data is written to a device and 
read back, the minimum and maximum specifications would 
be identical. Thus, the same display and procedure are 
used for digital and analog self-test measurements. 

The user can request all of the self-test measurement data 
or restrict the display to only failed self-test measurements. 
The user can also select the destination of the logged self- 
test measurement data as either the HP 8360 display or an 
HP-IB printer. 

The combination of self-test looping and logging pro 
vides some interesting capabilities. For troubleshooting an 
elusive intermittent failure, one can select the looping op 
tion and log failed measurement data to the printer. When 
the intermittent failure occurs again, the failed self-test 
data will be captured on the printer, revealing what was 
wrong and by how much. If the failures are logged to the 
display, the hardware will be frozen in the state that existed 
when the failure occurred, while the failed measurement 
data is being displayed. This allows the circuit to be 
evaluated in the failed condition. 

The ease of self-test execution is of considerable value 
in Hewlett-Packard's ATE environment. When doing tem 
perature testing of the synthesizers, for example, the self- 
tests can verify the integrity of the hardware in 45 seconds 
without test equipment. Since all of the service features 
are accessible over the HP-IB, they are easy to perform in 
a test chamber where operator intervention is difficult. 

Self -Test  Design Phi losophy 
The goal for the HP 8360 built-in self-tests is to detect 

hardware failures and quickly diagnose the fault to a re 
placeable module. The task of detecting failures and diag 
nosing the probable cause is divided between HP 8360 
self-test firmware and repair documentation, with most of 
the work provided by the firmware. Each of the self-tests 
performs a series of measurements to exercise a small sec 
tion of circuitry and return a single pass or fail result. By 
providing a large number of small tests the tests can be 
kept more localized to a specific portion of the circuitry. 
Because of the many small tests, it is quite likely that a 
single failed component will result in many failed self-tests. 
The firmware then performs a diagnosis procedure to de 
duce which of the potentially numerous failures is actually 

T h e  f o l l o w i n g  s e l  f  - t e s t  h a s  f a i l e d  :  
0 5  :  S w i t c h e d  f l m p l i f i e r  

R e f e r  t o  R S S E M B L V - L E U E L  R E P R I R  M B N U f i L ,  
p a r a g r a p h  0 5 . 8 8 0 ,  f o r  a s s i s t a n c e .  

. . . .  O p t  Â ¡  o n s .  .  .  .  
f i b o r t  L O O P  L o g  C o n t  

The repair manual provides further instructions on how 
to verify that the diagnosed module is indeed bad. In many 
cases the manual instructions will call for replacement of 
the indicated module. In other cases it is necessary to make 
several simple measurements to be certain of the identity 
of the failed module. This is particularly true of compo 
nents in the RF section, where it is difficult to isolate a 
failure to one of several microcircuits in a chain with a 
simple de-level analog bus. In these cases, a power meter 
measurement may be indicated to identify the offending 
microcircuit. 

Examination of field failure reports indicates that a vast 
majority of failures are hardware failures, where a part has 
substantially degraded or failed entirely. Subtle parameter 
related failures, such as phase noise, spurious responses, 
and AM flatness, are not the usual cause of failures. These 
are not intended to be detected by the self-tests and are 
covered by the repair manual. Since most of the failures 
to be detected are the result of a significant change in a 
component, the specifications that the self-tests use to de 
cide the pass/fail result can be rather loose. Loose specifi 
cations allow the self-tests to be less susceptible to false 
failures caused by minor component drift with tempera 
ture, humidity, or aging. 

Self -Test  Hardware Considerat ions 
To isolate failures down to the board level, it was neces 

sary to provide extensive monitoring of the output signals 
of the assemblies. Fig. 1 shows how this is done. 

In Fig. 1, Pi, P2, P3,, P4, and P5 are monitoring points 
for self-test. The symbols Wl, W2, W3, W4, and W5 are 
interconnecting cables. If Pi indicates a good signal, then 
assembly A is functional. If P2 and P3 are then tested, and 
they indicate good signals, then assembly B is functional. 
This continues down the circuit chain with each assembly 
examined only after the detectors supplying its inputs have 
been verified. 

The first failure found is important for diagnosis. Con 
sider a failure on assembly B that causes detector P3 to 
indicate a bad signal. This would likely cause detector P5 
on assembly D to fail. The method of examining the detec 
tors in order, Pi through P5, and stopping the search after 
the first failure is found causes the search to end at the P3 

Fig.  1 .  An example of  fa i lure iso la t ion to  an assembly.  
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Automatic Frequency Span Calibration 

The HP 8360 synthes ized sweep osc i l la tors  use a " lock-and-  
ro l l "  method o f  f requency sweeping s imi la r  to  tha t  used by  the 
H P  8 5 6 6 A  s p e c t r u m  a n a l y z e r  a n d  t h e  H P  8 3 4 0  s y n t h e s i z e d  
sweeper (see ar t ic le,  page 6).  The star t  f requency of  the sweep 
is  synthesized by phase- lock ing the YIG-tuned osc i l la tor  (YTO) 
to a combination of a sampler loop harmonic and a low-frequency 
osci l lator.  The di f ference between the sampler harmonic and the 
YTO f requency  i s  equa l  to  the  f requency  o f  the  low- f requency  
osc i l la tor .  Th is  d i f ference s ignal  is  re fer red to  as the YTO inter  
mediate f requency ( IF) .  Once the phase- lock at  s tar t  f requency 
has been achieved,  the YTO phase- locked loop error  vo l tage is  
ma in ta ined  on  a  samp le -and-ho ld  c i r cu i t ,  t he  loop  i s  opened ,  
and  a  p rec i s i on  cu r ren t  r amp  i s  summed  i n to  t he  YTO tun ing  
co i l .  In  th is  manner ,  the s tar t  f requency er ror  is  e l iminated but  
the remainder of the sweep is subject to small  inaccuracies such 
as gain errors in the tuning ramp, nonlinearit ies in the YIG tuning 
charac ter is t i cs ,  and dynamic  e r ro rs  in  tun ing  the  YIG.  The HP 
8360 reduces these inaccuracies with a new method of frequency 
span cal ibrat ion, which is used in conjunct ion with the lock-and- 
rol l  sweeps. 

F ig.  1 is  a s imple b lock d iagram of  the YTO loop showing the 
IF counter .  At  the s tar t  o f  a  sweep,  the sampler  loop is  needed 
to lock the YTO to the proper f requency.  Once the YTO sample-  
and-hold c ircui t  has been switched to hold mode to maintain the 
YTO loop  e r ro r  vo l tage ,  the  samp le r  l oop  can  be  re tuned  to  a  
d i f f e ren t  f r equency  w i thou t  a f f ec t i ng  the  YTO f requency .  The  
sampler  loop is  reprogrammed in  f requency so that  a  harmonic  

o f  i ts  output  is  equal  to  about  90% of  the YTO f requency span.  
As the YTO sweeps, i t  wi l l  eventual ly pass through the frequency 
o f  t h e  s a m p l e r  h a r m o n i c  a n d  t h e  Y T O  I F  w i l l  r e s p o n d  w i t h  a  
low-frequency (1 0 MHz to 70 MHz) port ion of a frequency sweep 
whi le  the YTO cont inues sweeping.  The sweep t iming of  the HP 
8 3 6 0  i s  c o n t r o l l e d  b y  d i g i t a l l y  g e n e r a t e d  " b u c k e t s "  f r o m  t h e  
sweep generator. There are 1 601 of these buckets in each sweep, 
and  even ts  can  be  se t  up  to  occu r  a t  ce r ta in  bucke ts .  One  o f  
these events  i s  the  enab l ing  o r  d isab l ing  o f  a  ga te  to  a  d ig i ta l  
counter  on  the  YTO IF  pa th .  By  tu rn ing  on  the  YTO IF  counter  
ga te  a t  a  p rec ise  t ime in  the  sweep and leav ing  the  gate  open 
fo r  a  p rec ise  amount  o f  t ime,  the  YTO IF  f requency  can be ca l  
culated by div id ing the counter contents by the gate t ime. Since 
the YTO IF was sweeping,  the resul t ing f requency wi l l  equal  the 
YTO IF f requency a t  the center  o f  the gate  t ime.  Th is  ac tua l  IF  
f requency  can  be  compared  to  an  expec ted  IF  f requency  and  
the er ror  in  the YTO sweep can be ca lcu la ted.  The YTO sweep 
error  is  then corrected on the subsequent sweep by al ter ing the 
s lope of  the tuning current  into the YTO. 

The IF counter  is  formed by prov id ing a 4-b i t  TTL counter  on 
t h e  Y T O  l o o p  b o a r d  a n d  t h e n  s e n d i n g  t h e  c o u n t e r  o u t p u t  t o  
a 16-bi t  counter / t imer on the sweep generator  board.  These are 
combined in f i rmware to produce a 20-bit  counter. The gate t ime, 
ga te  pos i t i on  in  the  sweep,  samp le r  VCO f requency ,  and  ga te  
wid th  are  ca lcu la ted to  produce an IF  counter  read ing that  w i l l  
not overflow the counterfor any conceivable sweep span errors. 

L o w - F r e q u e n c y  
L o o n  V C O  

Phase  F requency  
Detec to r  

Samp le -and -Ho ld  
C i rcu i t  

Y IG  Osc i l l a to r  

Sweep 
Generator  

Div ided IF  
Coun te r  Ga te  

C a r r y  O u t  R e s e t  
Coun te r  Rese t  

T o  P r o c e s s o r  
F r e q u e n c y  C o u n t  

F ig .  1 .  S imp l i f i ed  b lock  d iag ram 
o f  t h e  Y T O  l o o p  s h o w i n g  t h e  I F  
counter. 

detector. The failure at P5 is of no concern since assembly 
B is the likely failure, with cables Wl and W3 being possible 
failures. The failure is isolated to the replaceable assembly 
(either assembly B, cable Wl, or cable W3) by means of 
simple measurements in the manual-guided procedure. 

It is not necessary to provide monitoring points at the 
assembly inputs since these signals were tested previously 
on assembly outputs. To provide both input and output 
monitoring would increase the cost of the self-test hardware 
and provide little benefit. In fact, monitoring the inputs 

adds a degree of confusion to the failure isolation. In the 
unlikely event of a faulty signal detector, output monitoring 
will still correctly identify the assembly with the bad detec 
tor as the most likely failure. With input monitoring, a 
faulty input detector would cause the most likely failed 
assembly to be incorrectly identified as the preceding mod 
ule. The assembly with the faulty detector would be missed 
until the manual-guided procedure detected it. For these 
reasons, the HP 8360 self-test hardware is directed towards 
monitoring the outputs of assemblies. Other monitoring 
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points are used if they are easily available and provide 
access to circuitry that is difficult to cover from the output, 
and to allow possible future fault isolation down to the 
subassembly or component levels. 

The signal detectors in the HP 8360 measure dc voltages, 
RF signal levels, and digital data. For the analog detection, 
a IZVz-bit analog-to-digital converter (ADC) on the main 
instrument processor board is used. This ADC is necessary 
for normal instrument control in addition to the analog 
self-tests. The ADC is connected through a network of dis 
tributed multiplexers to over 100 circuit nodes on the 
printed circuit cards. This analog bus (ABUS) typically 
provides eight monitoring points on each of the printed 
circuit boards. The ADC allows very accurate measure 
ments of dc signals as large as Â±13V. 

To monitor RF signal levels on the printed circuit boards, 
the analog bus is connected to inexpensive diode peak 
detectors. These provide a simple, low-parts-count, high- 
reliability way of determining the presence or lack of RF 
signals. For digital testing, unused bits on data latches and 
buffers are frequently used in the self-test scheme as 
stimulus and feedback circuits. In some cases, inexpensive 
digital buffers were added to the printed circuit boards. 
The cost of this hardware is minimal. 

The analog circuit nodes connected to the ABUS are 
generally low-impedance. By probing low-impedance 
nodes, sensitivity to induced interference from the analog 
bus is reduced. As an added precaution, the node is usually 
isolated from the bus by a l-kÃ­l-to-10-kfi resistor. When it 
isn't being used, the analog bus is placed into a carefully 
chosen idle state that connects all the analog bus lines to 
very low-impedance sources rather than simply disabling 
all the multiplexers and allowing the ABUS lines to float. 
As a result of these precautions, the analog bus has caused 
no interference problems between printed circuit modules. 

Phase-Locked Loop Sel f -Tests 
Phase-locked loops provide a challenge for self-testing 

and fault isolation. In some cases, the hardware of a phase- 
locked loop is split between several boards. In the event 
of a loop that is out of lock, it is difficult to determine 
which board is at fault. The HP 8360 self-test design address 
es this by providing every phase-locked loop with an out-of- 
lock detector and a method of forcing the loop's phase 
detector to both plus and minus extremes. This makes it 
possible to verify the functionality of all portions of the 
phase-locked loop without depending on the loop's ability 
to lock. The loop integrator, for example, can be tested by 
measuring its output when forced to both extremes with 
the phase detector. If it responds correctly, it is assumed 
good. The out-of-lock indicator is also verified by forcing 
an unlocked condition. This simple dc test will detect most 
failures of the op-amp-based loop integrators since the com 
mon failure mode of the amplifiers is to drive the output 
to one power supply rail. 

To verify the functionality of a programmable phase- 
locked loop without any external frequency counters or 
meters, the out-of-lock detector is first checked by forcing 
an unlocked condition and reading the detector. Once the 
out-of-lock detector has demonstrated its ability to indicate 
an out-of-lock condition, it can be trusted if it indicates a 

locked condition. The phase-locked loop is then tuned 
across its entire range. At each frequency, the out-of-lock 
detector and the tune voltage to the oscillator are checked. 
The tune voltage is checked for monotonic (unidirectional) 
changes as the frequency is stepped across its range. In 
many cases the output of the VCO is also monitored with 
a peak detector. This procedure detects output amplitude 
problems and any subtle output frequency problems caused 
by VCO tuning range or digital divider problems. If the 
phase-locked loop can be tuned across its range without 
indicating an unlock, the tune voltage changes monotoni- 
cally, and the output level remains above the detector 
limits, it is unlikely that there is a fault with the phase- 
locked loop. 

The loop out-of-lock detectors are also monitored on a 
continuous basis. This provides ongoing assurance of the 
loops' integrity during normal instrument operation. 

Example Sel f -Test  Design 
A simplified schematic of one of the HP 8360's circuit 

boards is shown in Fig. 2. The function of this circuit is 
to phase-lock a 200-to-220-MHz oscillator to a reference 
signal and to drive a sampler with the oscillator output. 
The sampler down-converts the microwave signal to an 
intermediate frequency (IF), which is also amplified and 
filtered on this board. This board exemplifies many of the 
self-test techniques used throughout the HP 8360 series. 

Testing this board required adding the ability to force 
the phase detector and integrator to either extreme. This 
was done by adding the REF ENABLE, DIVIDER ENABLE, and 
CROSS ENABLE control lines to the input buffers of the phase 
detector. These control lines allow the processor to shut 
off either input to the phase detector and to "cross" the 
reference input over to either phase detector input. Since 
the reference input is an output from a preceding assembly 
and has been verified as functional, it is used as a stimulus 
to test this board. By turning off DIVIDER ENABLE, the phase 
detector can be checked by changing the CROSS ENABLE 
and REF ENABLE control lines and measuring the voltage 
on the PHASE ABUS point. 

By forcing the phase detector to its extremes, the UNLOCK 
digital monitoring point can be examined and its ability 
to detect an unlocked loop verified. 

The loop integrator is tested similarly, by forcing its out 
put to both extremes and measuring the output at the INTE 
GRATOR ABUS point. The CROSS ENABLE and REF ENABLE 
lines are used to change the phase detector to provide a 
stimulus. 

The divider in the loop is used to set the frequency of 
the 200-to-220-MHz VCO. To test it, an inexpensive RC 
filter was added to the output to provide a simple dis 
criminator. The loop is forced to an extreme using the 
CROSS ENABLE and REF ENABLE lines as before, and the 
divide number is varied. As the divide number changes, 
the frequency of the divider output pulses changes and the 
dc voltage on the RC filter changes in a predictable fashion. 

It is important to verify the IF level since it is an output 
of this assembly. An inexpensive diode is used as an RF 
peak detector to measure the IF signal level. The IF LEVEL 
detector is measured with the ABUS while the microwave 
input to the sampler is stepped in very small frequency 
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INTEGRATOR 

Reference 
Input 

IF 
O u t p u t  

Fig .  2 .  Sampler  dr iver  phase- locked loop.  

increments. The peak response of the IF LEVEL detector is 
noted and checked against limits. 

Calibration 
Although the number of manual adjustments in the HP 

8360 has been minimized, further effort was applied to 
make the remaining adjustments easier to perform. In addi 
tion to their use in self-test, the ABUS and the internal 
ADC assist in making these adjustments. Activating inter 
nal firmware procedures allows some of the adjustable 
components on the printed circuit assemblies to be set 
without requiring external test equipment. These proce 
dures set up the HP 8360 in test configurations, measure 
the necessary circuit nodes using the ABUS, and present 
the operator with a display indicating which direction to 
adjust the component. The following shows a display that 
is presented to help the operator adjust the sampler phase- 
locked loop: 

* * *  f i b  S f l M P L E R  U C O  C f i L  >  
t  C 5 5  t o  c e n t e r  t h e  ' n e e d l e '  

A similar display is used for many adjustments. Some 
of these adjustments would have required external voltme 
ters, frequency counters, network analyzers, or spectrum 
analyzers. Through the use of internal firmware algorithms, 
these external pieces of equipment have been avoided and 
replaced with simple dc voltage measurements using the 
analog bus. 

The sampler driver schematic (Fig. 2) is an example of 
how the same monitoring points are used for both self-test 
and firmware-aided adjustments. The nominal VCO tuning 
is provided by an adjustable capacitor, labeled C55. This 
is set using the "needle" display shown above. The internal 
service firmware sets the sampler driver to a known fre 
quency and continuously measures the INTEGRATOR ABUS 
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Accessing a Power Meter for Calibration 

Several calibration-related features of the HP 8360 synthesized 
sweep  osc i l l a to rs  requ i re  an  ou tpu t  power  measurement .  The  
resul ts  of  these power measurements are used by the HP 8360 
to update internal power accuracy tables or to cal ibrate specif ied 
user  f la tness  f requenc ies .  The HP 8360 prov ides  two methods 
of  making these power measurements:  d i rect  HP-IB contro l  of  a 
power  meter  and an HP-IB query/ response protoco l .  

Direct  Power Meter Control  
The HP 8360  can  con t ro l  an  HP 437B power  mete r  over  the  

HP- IB .  By  remov ing  any  o the r  con t ro l l e rs  f rom the  HP- IB  and  
connect ing an HP 437B power meter  wi th  an appropr ia te power 
s e n s o r  ( s e e  F i g .  1 ) ,  t h e  H P  8 3 6 0  c a n  p e r f o r m  i t s  c a l i b r a t i o n  
func t ions  w i thout  any  opera tor  in te rvent ion .  The HP 437B was 
se lec ted  because  o f  i t s  ab i l i t y  to  re ta in  i t s  own  power  sensor  
ca l ib ra t ion  fac tors .  The HP 8360 is  spared the  task  o f  ed i t ing ,  
s to r ing ,  and sav ing  ca l ib ra t ion  fac tor  l i s ts .  When the  user  ac t i  
vates a calibration, the HP 8360 enters a mode that steps through 
the  appropr ia te  opera t ing  cond i t ions  fo r  the  reques ted  ca l ib ra  
t i o n .  A t  e a c h  c o n d i t i o n ,  t h e  H P  8 3 6 0  d o w n l o a d s  t h e  p r e s e n t  
output  f requency,  t r iggers  the power  meter  over  the HP- IB and 
then reads the corrected power level  f rom the power meter.  This 
process repeats unti l all the calibration conditions are measured. 

Query/Response Method 
There are s i tuat ions in  which d i rec t  cont ro l  o f  a  power  meter  

is undesirable or impossible. In some systems i t  would be consid 
e red  dangerous  to  a t low an  ins t rument  to  con t ro l  the  HP- IB  i f  
o t he r  dev i ces  a re  p resen t .  Many  sys tems  do  no t  have  an  HP  
4 3 7 B  t o  m e t e r .  I n  o t h e r  s y s t e m s  i t  m i g h t  b e  i n c o n v e n i e n t  t o  
change HP-IB cabl ing.  In these cases,  another method of  power 
determinat ion is used. 

In the query/response mode, the HP 8360 has the responsibil i ty 
to  conf igure  i tse l f  fo r  var ious  cond i t ions  o f  the  ca l ib ra t ion  and 
not i fy  the user 's program when i t  has set t led on each condi t ion.  
The user 's  p rogram is  no t i f ied  o f  the  ou tput  f requency  a t  each 
point .  The user  has the responsib i l i ty  of  prov id ing a power mea 
surement  rout ine.  S ince th is  protoco l  assumes no spec i f ic  type 
o f  measurement  equ ipment ,  the  user  is  f ree  to  use any type o f  
power  me te r .  Once  t he  use r ' s  p rog ram has  measu red  t he  HP  
8360's  output  and has corrected the reading us ing the suppl ied 
frequency information, the HP 8360 is notif ied of the output power. 

Fig.  1 .  The d i rect  cont ro l  method of  power  ca l ibrat ion.  

This  un t i l  repeats  fo r  each HP 8360 ca l ib ra t ion  cond i t ion  un t i l  
the HP 8360 determines that  i t  has f in ished. 

Since i t  is very l ikely that the user already has a procedure to 
measure power,  i t  is  very s imple to control  the cal ibrat ion in the 
user 's program. The fol lowing HP BASIC code l ines demonstrate 
h o w  t o  I t  t h e  H P  8 3 6 0 ' s  i n t e r n a l  A L C  d e t e c t o r / l o g g e r .  I t  
is  assumed that  the user  has a l ready created a funct ion ca l led 
FNMeasure_power(F) that wil l  return the power in dBm measured 
at the output of  the HP 8360. The frequency (F) is passed to the 
funct ion to a l low cal ibrat ion factors to be appl ied.  

1 0  O U T P U T  7 1  9 ; " * R S T "  !  p r e s e t  t h e  i n s t r u m e n t  
2 0  O U T P U T  7 1 9  I D E T "  

!  i n i t i a t e  t h e  c a l i b r a t i o n  
3 0  I N P U T  7 1  9 ; C a L _ f r e q u e n c y  !  e n t e r  t h e  c a l i b r a t i o n  f r e q u e n c y  
4 0  W H I L E  C a l _ f r e q u e n c y > 0  
5 0  P o w e r _ o u t  =  F N M e a s u r e    p o w e r ( C a l _ f r e q u e n c y )  

!  m e a s u r e  t h e  p o w e r  
6 0  O U T P U T  7 1 9  "  

!  s e n d  p o w e r  t o  H P  8 3 6 0  
7 0  I N P U T  7 1  9 ; C a l _ f r e q u e n c y  

!  g e t  t h e  n e x t  f r e q u e n c y  
8 0  E N D  W H I L E  
9 0  E N D  

In  th is  fashion,  the user  can cal ibrate many of  the HP 8360's  
power  features wi thout  hav ing to  understand any of  the deta i ls  
of  the cal ibrat ion process. 

point. The error in the measurement is presented to the 
operator with the needle display as the operator adjusts C55. 

The IF output of the sampler driver has an adjustable-gain 
amplifier to set the output signal level. Since there is an 
ABUS monitoring point on the output, this can be a firm 
ware-aided adjustment, too. The firmware continuously 
presents the measured IF output level, using the needle 
display, as the operator adjusts the gain potentiometer in 
the IF amplifier. 

The loop integrator is an example of how the internal 
service firmware allows not only improved ease of adjust 
ment, but improved circuit performance as well. The VCO 
used in the sampler driver is very nonlinear. As the VCO 
is tuned across its range, the voltage-to-frequency charac 
teristic varies, which changes the loop gain of the phase- 
locked loop. It is important to keep the loop gain fixed, 
since it is critical to the HP 8360's phase noise performance. 
A more traditional approach to this problem would have 

been to have many factory-selected diode breakpoints de 
signed into a linearization network. This would have re 
quired operator intervention to select and adjust these 
breakpoints for each VCO. In the HP 8360, this problem 
was solved with the use of a DAC. 

The DAC used to adjust the loop gain of the sampler 
driver is formed from seven sections of an eight-section 
analog switch. The main instrument processor writes the 
correct gain number into the DAC at the time it programs 
the sampler VCO frequency. By writing the appropriate 
number into the DAC, the loop gain is kept constant. To 
determine the correct numbers, a firmware routine is used 
that steps the VCO across its frequency range and measures 
the INTEGRATOR ABUS point. The VCO tuning linearity is 
calculated and then used to determine the correct gain 
calibration for each frequency. This takes less than a second 
to complete, and requires no operator intervention or exter 
nal test equipment. 
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The DAC uses only seven sections of the analog switch. 
The remaining unused section is put to use as a DAC-test 
switch. As shown in Fig. 2, the DAC TEST switch and a 
resistor turn the integrator into a fixed-gain amplifier. This 
allows the INTEGRATOR ABUS point to be monitored as the 
DAC number is changed to perform a self-test on the DAC. 
This is a good example of how extra unused pieces of 
hardware are applied to self-test uses where appropriate. 

The sampler VCO signal is applied to the input of a 
microwave sampler through a matching network. To ensure 
maximum signal transfer to the sampler, the matching net 
work must be adjusted. This was traditionally done with 
a spectrum analyzer and an external sweep oscillator, but 
the HP 8360 performs this adjustment using internal 
firmware and no test equipment. The HP 8360 display 
prompts the operator to adjust the two matching capacitors 
while stepping the sampler drive loop across its frequency 
range. At each frequency, the voltage at the SAMPLER DRIVE 
ABUS point is measured and presented as a bar graph to 
the operator. The operator adjusts the matching until the 
bar graphs for all the frequencies are maximized, indicating 
a good power transfer across the entire sampler VCO fre 
quency range. The display looks as follows: 

Hb SHMPLER MHTCH: .__. ___ 
260 MHz 'â€¢ ************ 
207 MHz : ************** 

213 MHz ! ************** 
220 MHz ! ************* 

tor max *s 

Troubleshoot ing Tools 
There are other firmware routines in the HP 8360 to help 

knowledgeable service personnel perform more detailed 
troubleshooting. These include: 
â€¢ Extensive status displays of hardware latch contents, 

frequency band information, and firmware algorithm 
fault detection. 

â€¢ Direct display and control of any phase-locked loop fre 
quency. 

â€¢ The ability to write directly to any hardware latch or 
DAC in the instrument in either binary or decimal fash 
ion. Also, a test pattern consisting of the sequence 1, 2, 
4, 8, 16, 32, ... can be sent. This is much more powerful 
than the traditional memory peek and poke utilities in 
that complex devices such as nibble-loaded DACs can 
be written to easily with a single keystroke rather than 
the usual method of four or more memory pokes. 

â€¢ Direct access to any of the analog bus nodes for reading. 
â€¢ An extra analog bus node connected to a test point. This 

acts as a movable DVM probe for those nodes that are 
not connected to the ABUS. 

â€¢ An external crystal detector that can be connected to 
function as a movable, limited-accuracy power meter 
probe. 

Summary 
The HP 8360's low cost of ownership results in large 

part from the use of internal service related firmware. The 
early integration of service features into the design of the 
HP 8360 has reduced equipment requirements for repair 
and calibration, simplified diagnosis of failures, and had 
minimal impact upon cost and reliability. 

Acknowledgments 
Jim Stead provided no end of support and input through 

out the HP 8360 self-test project. Jon Sigler created the 
diagnostic service manual and helped determine the fault 
isolation sequence. Self-test work done by Mike Wende 
and Dave Engelder on the HP 8642A and HP 8753A pro 
vided inspiration for many of the ideas in the HP 8360. 
Doug Fullmer helped formulate many ideas related to 
phase-locked loop troubleshooting. 

APRIL  1991  HEWLETT-PACKARD JOURNAL 23  

© Copr. 1949-1998 Hewlett-Packard Co.



A High-Per formance Sweeper  Output  
Power Level ing System 
A feed fo rward  ALC des ign  g ives  HP 8360 sweepers  
improved f la tness ,  power  accuracy ,  and modu la t ion  
per formance.  Factory  ca l ibrat ion techniques min imize 
measurement  er rors  so  as  not  to  degrade the  improved 
specif icat ions. 

by Glen M.  Baker ,  Mark N.  Davidson,  and Lance E.  Haag 

THE HP 8360 FAMILY of synthesized sweepers offers 
greatly enhanced leveling performance over previ 
ous generations of microwave sources. The improve 

ments are in flatness, leveling accuracy, AM bandwidth, 
and AM dynamic range. In addition, the ALC design pro 
vides the ability to incorporate such features as user flatness 
correction and self-calibration. 

A L C  L o o p  
Automatic level control (ALC) loops using diode detec 

tors to sense RF output power have been used in many 
microwave sources, such as the HP 8340 synthesized 
sweeper. The ALC loop ensures accurate output power and 
AM performance. Fig. 1 is a simplified block diagram of 

the type of ALC loop used in the HP 8340. 
This type of ALC has three main limitations regarding 

AM modulation performance. First, AM dynamic range 
(depth) is limited to that of the level detector and associated 
circuitry. Typically this range is far less than the range of 
the linear modulator. Second, the AM bandwidth is limited 
by ALC loop delays. Third, pulse amplitude modulation 
(simultaneous AM and pulse) further limits the effective 
AM bandwidth by the duty cycle of the pulse train. 

These limitations can be circumvented by using an un- 
leveled mode called power search. In this mode the detector 
voltage is sampled and held, after which the ALC loop is 
opened. Open-loop operation allows greater AM band 
width or depth. However, the power search must be reexe- 

Pulse Input 

Level 
Reference Voltage 

AM Input  

Detector 

Directional 
Coupler 

Log 
Amplifier 

Log Amplif ier 

Fig. 1 . The type of ALC loop used 
in the HP 8340 synthesized sweep 
oscil lator. 
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cuted whenever the frequency or the power level is 
changed, so the response is slow. Without feedback, the 
power level drifts with time and the AM accuracy is poor. 

Feedforward ALC 
In contrast to previous designs, the HP 8360 incorporates 

a feedforward ALC system (Fig. 2). This is an extension of 
previous designs in which AM and power level information 
is fed directly to the modulator and to the summing node 
of the feedback loop, thereby providing wide AM band 
width (up to 500 kHz) with a relatively low loop bandwidth 
(10 kHz or 100 kHz, selectable). Analog delay compensates 
for delays in the modulator and detector portions of the 
loop. Without this delay a spurious error signal would 
appear at the loop summing node, causing an undesirable 
peak in the AM frequency response. 

Modulation inputs may cause the RF output power to 
be reduced to a level that cannot be accurately measured 
by the diode detector. In this case the range limit com 
parator opens the feedback loop so that the level control 
information in the loop integrator is held. When the RF 
power increases back to a measurable level, the loop is 
again closed. This technique produces linear AM over a 
range of up to 80 dB with an accurate, drift-free carrier 
level. In addition, greater pulse amplitude modulation agil 
ity is provided, since the AM bandwidth is independent 
of pulse duty cycle. 

Digital  ALC Reference 
Frequency related variations in coupling factor, detector 

performance, and attenuator losses require the ALC refer 

ence to vary in a similar manner to achieve flat power at 
the output port. In previous ALC designs, compensation 
for these variations was provided by using offset and slope 
terms derived from the ramp generator. While simple and 
functional, this approach has obvious limitations in that 
it is incapable of compensating for nonmonotonic or non 
linear RF losses. Fig. 3 is a block diagram of this type of 
design. 

The HP 8360 ALC loop is significantly more flexible than 
the previous designs. As shown in Fig. 4, digital circuitry 
(a DAC and an ADC) has been added to the ramp generator. 
This circuitry provides 1601 "buckets" for any sweep. ALC 
correction data, calculated by the microprocessor and 
stored in on-board RAM, is clocked out by these buckets 
to the reference DAC, thereby allowing the production of 
1601 unique ALC reference voltages. In this manner the 
ALC reference is continuously updated during analog 
sweeps to provide flat, accurate output power (Fig. 5). 

In the simplest case, the numbers stored in RAM are 
derived from instrument calibration data (measured in the 
factory and stored in nonvolatile EEROM). The flexibility 
of the digital ALC scheme, however, allows additional fea 
tures such as RF slope, power sweep, and user flatness 
correction to be implemented by appropriately adjusting 
the numbers stored in the RAM. In addition, the HP 8360 
is capable of reading correction data from the HP 83550 
family of millimeter heads via the source module interface, 
thereby extending the enhanced leveling capabilities to 
110 GHz. 

Pulse Input 

Detector 

Microwave 
Output 

Directional 
Coupler 

Log 
Amplifier 

Level 
Reference Voltage 

AM Input 
Log Amplif ier 

F ig .  2 .  Feed fo rward  ALC loop  o f  
t he  HP  8360  syn thes i zed  sweep  
ers. 
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Driver Circuits 

Ramp Generator  

RF Out 

Microprocessor 

F i g .  3 .  A n a l o g  r a m p  g e n e r a t o r  
u s e d  i n  p r e v i o u s  s w e e p e r  d e  
signs. 

User Flatness Correction 
In practice the source is rarely connected directly to a 

DUT. Instead, there are intervening RF components such 
as cables, connectors, and couplers. Flat RF output power 
from the source, therefore, will rarely result in flat RF power 
at the input of the DUT. To achieve flat test-port power 
the HP 8360 incorporates the user flatness correction fea 
ture. The user is able to enter a series of frequency/correc 
tion pairs representing the loss (or gain) from the source 
to the test port. Once this data has been entered and user 
flatness correction has been enabled, the HP 8360 will au 
tomatically interpolate the supplied information and add 
the results to the ALC reference data in RAM, thereby pro 
ducing flat power at the test port. As the user changes start 
or stop frequencies the user data is reinterpolated to yield 
appropriate corrections for any frequency span chosen. 

While the frequency/correction pairs can be entered man 
ually if desired, the HP 8360 also allows the user to specify 
only the frequencies of interest and measure the correction 
automatically by using an HP 437B power meter (see "Ac 
cessing a Power Meter for Calibration," page 22). 

Power Cal ibrat ion Techniques 
The HP 8360's digital ALC correction, stable ALC loop, 

and repeatable, resonance-free 90-dB step attenuator make 
very accurate output power possible over the full â€”110- 
dBm-to- + 20-dBm amplitude range, from 10 MHz to 40 
GHz and beyond. Because measurement uncertainty must 
be taken into account when setting product specifications, 

the test system for calibrating power becomes a key element 
for realizing the full capabilities of the HP 8360's power 
control. The remainder of this article describes the factory 
calibration techniques and presents an analysis of the mea 
surement errors. 
High-Power Measurements. At power levels above â€”20 
dBm, the calibration is done directly with an HP power 
meter, using one or more of four different HP power sensors. 
Software automatically selects the optimum power sensor 
for each power level and frequency range. Because sensor 
load mismatch is a significant contributor to measurement 
error,1 the best sensor for the job is generally the one with 
the lowest input reflections. The input reflections of vari 
ous power sensors were measured by an HP vector network 
analyzer on eight or more samples of each sensor model 
to determine which sensor was best for each frequency 
range. As shown in Fig. 6, for frequencies below 1 GHz 
and power levels below + 10 dBm, an HP 8482A 100-kHz- 
to-4.2-GHz sensor is used. It has superior input match com 
pared to microwave power sensors at the low-frequency 
end. For HP 8360s with APC-3.5 output connectors, the 
HP 8485A is used for frequencies above 1 GHz and power 
levels below +10 dBm. An alternative for these models 
would be an HP 848 7 A with an adapter, which may give 
better input match. For models with 2.4-mm output con 
nectors, the HP 8487A is used above 1 GHz. 

Finally, an HP 8485A that is specially calibrated with a 
10-dB attenuator permanently attached is used to measure 
power levels above +10 dBm. At present, only models 

Driver Circuits 

Ramp Generator  

R F O u t  

F ig .  4 .  The  HP 8360  ramp gener  
a tor  adds d ig i ta l  cont ro l  c i rcu i t ry  
t o  p r o v i d e  1 6 0 1  A L C  r e f e r e n c e  
levels dur ing a sweep.  
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1 . 0  - r  

UncaÃ¼brated 

. 5  1 . 0  1 . 5  2 . 0  
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Fig.  5 .  Swept  power  f la tness o f  the HP 8360.  

with 3.5-mm connectors achieve output levels significantly 
above + 10 dBm. There is no reason the same approach 
can't be taken with the HP 8487A. Measurements show 
that the sensor with pad has better input match than the 
unpadded sensor, especially at low frequencies. The useful 
range of the HP 8485A is extended down to 10 MHz from 
the specified lower limit of 50 MHz. The main reasons for 
using the pad are to prevent the sensor's operating in a 
nonlinear power range and to prevent overload and possi 
ble damage from some HP 8360 models, which can produce 
power levels above +25 dBm at certain frequencies. 

Because the HP 8360 has a very stable ALC system, very 
good incremental power accuracy, and enough correction 
points to remove virtually all the flatness errors, a unit that 
is measured with the same set of power sensors that were 
used to calibrate it will show very small errors, typically 
<0.1 dB worst-case from -10 to +10 dBm.2 This level of 
performance has been measured on HP 8360s after several 
months of worldwide travel, when returned to the factory 
and measured on the original test system. When the per 
formance is measured by different meters with different 
power sensors, the results are significantly worse. This is 
because the input match and calibration error of the second 

meter are different from those of the first. The errors mea 
sured are a random combination of the errors of both me 
ters. Another way to look at this is that the accuracy of any 
power measurement device can be transferred to the HP 
8360 with <0.1 dB error. 
Low-Power Measurements. For power levels less than â€”20 
dBm, an attenuator calibration system was developed. This 
system uses an HP 70000 Series modular spectrum analyzer 
to translate the frequency being measured to a 21.4-MHz 
IF (see Fig. 7). This IF is then measured by an HP 8902 A 
measuring receiver, which delivers state-of-the-art relative 
power measurement accuracy.3'4 The algorithm relies on 
the HP 8360's power accuracy at high power levels and on 
the spectrum analyzer's excellent IF linearity to get an ac 
curate measurement. At each frequency to be measured, 
the HP 8360 is programmed to a power level that has been 
calibrated with a power meter and is therefore known to 
have nearly power meter accuracy. The spectrum analyzer 
is set up with enough input attenuation to keep this refer 
ence power within its linear range, and is left in the same 
state while the HP 8360's output power is set to lower 
levels. The relative power drop is measured by the HP 
8902A at the IF to determine the amount of correction 
required. 

Several measures are taken to minimize error. A 20-dB 
pad is used at the HP 70908A input to improve input match, 
thus minimizing errors caused by changes in source match 
when the attenuator is switched in the HP 8360. For the 
waveguide mixers, 10-dB pads are used with HP 365 Series 
isolators to achieve good input match while improving 
sensitivity. Hardware arrangements and shielding are used 
to minimize interference of the preattenuated signal with 
the signal being measured. IF filtering and small offset 
frequencies are used to prevent interference from residual 
signals in the spectrum analyzer and other sources in the 
test system. 

The power is not actually measured below â€”90 dBm 

.01 2 0  2 6 . 5  
Frequency  (GHz)  

4 0  50  

F i g .  6 .  A  m a p  o f  t h e  e q u i p m e n t  
used for  factory cal ibrat ion of  the 
H P  8 3 6 0  o u t p u t  p o w e r  a n d  t h e  
measurement uncerta inty.  
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M o d u l a r  S p e c t r u m  A n a l y z e r  
S y s t e m  

2 0  G H z  R F I n  

HP 8360 
S y n t h e s i z e d  R F  O u t  

Sweeper  

1 0  M H z  I n  

< 2 0  G H z  
i 
I 

K - B a n d  M i x e r  
A s s e m b l y  i _ 0  O u t  

R - B a n d  M i x e r  
A s s e m b l y  | _ O  O u t  

10  MHz Out  

v R F I n  

HP 8902A 
Measuring 
Receiver M H z  

In  

Fig.  7 .  At tenuator  ca l ib ra t ion sys 
t e m  f o r  c a l i b r a t i n g  t h e  H P  8 3 6 0  
output power at low power levels. 

Mismatch Error Calculation for Relative Power Measurements with 
Changing Source Match 

A re la t ive  power  measurement  is  a  measurement  o f  the ra t io  
o f  t w o  p o w e r  l e v e l s .  I n  c a l i b r a t i n g  t h e  H P  8 3 6 0  s y n t h e s i z e d  
sweeper  a t  low power  leve ls ,  a  re fe rence  power  measurement  
is  taken wi th  the HP 8360 programmed to  an accurate ly  known 
power level .  Then the HP 8360's internal  at tenuator  is  swi tched 
to reduce the output power and cal ibrat ing power measurements 
are taken at  var ious power levels.  

An er ror  is  in t roduced because the source match changes as 
the attenuator is switched. An analysis was done to determine the 
magni tude o f  the er ror .  F ig .  1a shows the conceptua l  b lock d ia  
gram o f  the  measurement  and F ig .  1b  is  the  f low graph.  In  the  
fo l lowing equat ions,  a and b are source and load power,  respec 
t ively.  The Sy are s-parameters and F is ref lect ion coeff ic ient.  

For a s ingle measurement,  

C a b l e  M a t c h  P a d  M i x e r  H a r d w a r e  
H P  8 3 6 0  

Step !  
Attenuator '  

(a) 

[S]c 

(b) 

F i g .  1 .  ( a )  C o n c e p t u a l  b l o c k  d i a g r a m  o f  a  r e l a t i v e  p o w e r  
measurement wi th changing source match. The source match 
changes as the at tenuator  is  swi tched,  (b)  F low graph.  

S 2 1 c s 2  1 p  

a T  '  1 - A  

1  -  A  =  AFS +  B 

A  =  - S 1 1 c - S 2 i c 2 S 2 1 p 2 r L ~ s 2 1 c  S 1 1 p +  S 1 1 c S 2 2 c S 1 1 p  

+  r L S - |  - |  C S 2 2 P  ~  M _ S i  1  c s 2 2 c S 1  1  p S 2 2 p  

V a r i a n c e ^  1  .  e 5 3 8 1 5 B 9 8 9 7 E - 5  

Histogram of Errors: 1 - E r r ratio 
Frequency = .01 -20 GHz 

.  Ã œ 2 5 - .  0 2 - . 0 1 5 - .  0 1 - .  0 0 5  Q  .  3 0 5  . ' 3 1  . 0 1 5  . 0 2  . 0 2 5  

1  -  Ã ­  E  r  r  o  r  R  a  t  i  o  j  
Fig .  2 .  Monte  Car lo  ana lys is  h is togram for  HP 8360 ca l ib ra  
t ion f rom 0.01 to  20 GHz.  The standard dev iat ion is  0 .325% 
and the error is less than 1 .5% at the 99% confidence level. 
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Fig .  3 .  Monte  Car lo  ana lys is  h is togram for  HP 8360 ca l ib ra  
t i on  f rom 20  to  40  GHz .  The  s tandard  dev ia t i on  i s  0 .496% 
and the error  is  less than 2.25% (99% conf idence) .  

B  =  1  - S 2 2 c S 1 1 p - S 2 2 p r L  -  S 2 1 p 2 r L S 2 2 c + r L S 1 1 p S 2 2 p S 2 2 c  

All of the terms in A and B are constant during a relat ive power 
measurement.  

For the relat ive power measurement,  the error rat io is  

bL2 
A r s 1 + B  

Â¡n Â¡Â¡near terms. To calculate the distribution of errors, FS1, rS2, 
s-, ., c, s, -i p, S22c, S22p, and Ts were all modeled as random variables 
w i t h  un i f o rm  phase  and  no rma l  magn i t ude .  The  mode l s  we re  
deve loped  f rom measured  da ta  and  spec i f i ca t ions  on  the  com 
ponen ts .  The  t r ansm iss ion  pa rame te rs  we re  mode led  as  con  
s tants  w i th  a  nomina l  va lue.  In  the case o f  a  d i rec t  connect ion 
to a mixer (no cable),  the cable ref lect ions were put at  zero and 
the cable t ransmission at  uni ty.  

The Monte-Car lo analys is  program picks a value for  each ran 
dom magni tude and phase,  ca lcu la tes  the resu l t ,  and p laces i t  
i n t o  a  h i s t o g r a m .  T h i s  p r o c e s s  i s  r e p e a t e d  s e v e r a l  h u n d r e d  
thousand t imes,  unt i l  the h is togram has a  smooth appearance.  
F igs.  2 and 3 show typical  h is tograms.  

Tak ing the er ror  ra t io  beyond which the h is togram is  zero as 
t he  max imum e r ro r  y i e l ds  an  e r ro r  o f  abou t  Â±  1  . 5% fo r  t he  
0.01 -to-20-GHz frequency range and Â± 2.25% for the 20-to-40-GHz 
f requency range.  Thus the to ta l  power  er rors  used to  ca lcu la te  
the measurement uncertainty (see accompanying art ic le) are 3% 
and 4.5%, respect ively.  

because of system sensitivity limitations. Attenuator input 
power of 0 dBm is used, and 90 dB is the maximum attenu 
ation. Power accuracy below -90 dBm is guaranteed by 
the ALC incremental accuracy. A major advantage of this 
test system is that the spectrum analyzer is available, to 
measure other aspects of performance such as harmonics 
and spurious signals using the same setup. Similarly, the 
other measurements the HP 8902A can make are also avail 
able, such as AM and FM performance and noise. 

Three identical systems exist in the factory, and low-level 
accuracy has been cross-verified between the different sys 
tems. The systems have been found to disagree by less than 
0.1 dB down to -80 dBm, and by less than 0.3 dB down 
to -90 dBm. These results apply over the full 0.01-to-40- 
GHz frequency range. An independent verification using 
a diode power sensor (HP 8487D) down to -60 dBm 
showed less than 0.3 dB of error, which is mostly attribut 
able to calibration and mismatch differences between the 
HP 8487D and the power sensor used to calibrate the HP 
8360 at high power. These are measured results. Specified 
performance accounts for the calculated errors of the test 
system, as well as known environmental performance 
changes over the specified 0-to-55Â°C temperature range.5 

Error Analysis 
To determine the measurement uncertainty of the cali 

bration systems, an error analysis was done using statistical 
models for the error contributors. For errors that add ran 
domly, the standard RSS (root sum of squares) approach 

was used. Systematic (repeatable but unknown) errors were 
added to the RSS totals. For mismatch errors, statistical 
models were developed for the complex reflection coeffi 
cients and a computerized Monte Carlo analysis was run 
to generate the distribution of errors from mismatch. In 
every case, the phase of the reflection was modeled as a 
uniformly distributed random variable over 0 to 360 de 
grees. The magnitude of the reflections was modeled as a 
normally distributed random variable, with the mean and 
variance chosen from measured data and specifications. 
All the variables were assumed to be statistically indepen 
dent in the Monte Carlo analysis. 
High Power. For the power meter error calculation, the 
independent additive terms that are combined using the 
RSS method are reference calibration error, instrumenta 
tion error, and calibration factor error.1 The systematic er 
rors added to the RSS total are the mismatch error from 
the Monte Carlo analysis, and sometimes the nominal loss 
of the adapter used to connect the power sensor to the HP 
8360. The adapter loss's inclusion depends on whether the 
application is for a male or female connection. If the test 
connection has a male connector, the HP 8360 can be as 
sumed to be calibrated at the output of the adapter, which 
is shipped with the HP 8360, and the adapter loss does not 
need to be added. For female test connections, adapter loss 
should be included. A good model for adapter loss for HP 
precision adapters is: 
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Loss in dB = â€” Ã1 + 0.1{Frequency in GHz)). 
300 

The total error is given by: 

eTotai(%) = V A Kb2 + eR2 + e,z + emismatch + Adapter Loss. 

The error resulting from this calculation is <0.2 dB below 
20 GHz and <0.25 dB below 40 GHz excluding the adapter 
loss. The reference error is 0.9%, the instrumentation error 
is 0.5%, the calibration factor error (AKb) is 3.0%, and the 
mismatch power error is 1.5% below 20 GHz and 2.7% 
below 40 GHz. These mismatch errors are much smaller 
than a worst-case analysis would produce, but are beyond 
the 99th percentile of error calculated based on measured 
data. 

Another error that must be considered when testing a 
version of the HP 8360 at a power level where significant 
(>â€” 40 dBc) harmonics exist, is the error in the carrier 
level caused by inclusion of the harmonic energy in the 
power measurement. This is significant only in the HP 
83623A, the HP 83624A below 12 GHz and above +10 
dBm, and all versions below 1.8 GHz and above + 10 dBm. 
This is reflected in the less stringent HP 8360 power accu 
racy specifications above + 10 dBm. 
Low Power. For power levels below - 20 dBm, the error 
is larger because of the additional measurement error of 
the attenuator calibration system. The main contributors 
to the error in this case are reference power calibration 
error as calculated above, HP 8360 power error as measured 
by the calibrating meter, microwave mismatch error caused 
by a change of source match between the reference and 
calibrating measurements, and HP 8902A related errors at 
the IF, including RF mismatch, noise, linearity, range-to- 
range errors, and others.3 

The HP 8902A errors are taken directly from the HP 
8902A specifications, while HP 8360 power error is taken 
from production data on power accuracy verifications. The 
mismatch error distribution was calculated using Monte 
Carlo simulation, as it was for the simple power meter 
measurement (see box, page 28). 

The total measurement uncertainty is calculated using 
an RSS summation of all the applicable errors for the given 
frequency range, attenuator stage, and HP 8902A setting. 
Most of the errors are systematic in nature, that is, they are 
very repeatable but unknown. The only exception is HP 
8902A noise error. It is assumed that all of the systematic 
errors are independent. The total systematic error is calcu 
lated using the RSS method. The random error from noise 
is added to the systematic error to form the total error listed 
in Fig. 6. Notably, the random error applies only for the 
90-dB stage. The mismatch error is included in the RSS 
total in this case because it is composed of two measure 
ments, unlike the mismatch error for the power meter mea 
surement. This causes its error distribution to be closer to 
normal, with large errors very unlikely. 

Fig. 6 if the assumptions made in the analysis are true. 
These assumptions are that the HP 8360 has no flaws in 
its RF output cabling that generate large reflections, that 
the HP 8360 has been calibrated at high power, and that 
the microwave test cabling, pads, isolators, and mixers are 
not generating abnormal reflections. 

The HP 8360 power accuracy specifications include two 
main components: measurement uncertainty and environ 
mental variations over the 0-to-55Â°C temperature range.2 
The small errors contributed by the measurement system 
allow the specifications to reflect the true performance of 
the HP 8360's power control system more closely. 

Using the HP 8360's user flatness correction feature, the 
user can achieve results much better than the HP 8360 
specifications at any point where external leveling 
hardware can be inserted. If the environment is controlled, 
the source match of the leveling setup is good, and a high- 
quality power meter is used for calibration, accuracy even 
better than the results presented here can be achieved. This 
is because the HP 8360's internally leveled source match 
is not as good as what can be achieved with external level 
ing configurations, such as a two-resistor power splitter.6 
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Summary  
There is >99% confidence that the absolute error in a 

single measurement is less than the amounts shown in 
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A 0.01- to-40-GHz Switched Frequency 
Doubler 
This microcircuit doubter has a passthrough mode f or 0.01 
to-20-GHz input  s ignals  and a doubter  mode for  20 to  40 
GHz.  An in tegrated RF swi tch changes modes.  S lot l ine 
f i l te rs  reduce spur ious  ou tpu ts  to  -40  dBc or  less .  

by James R.  Zel lers 

THERE IS SIGNIFICANT DEMAND for microwave 
swept sources that span very broad frequency ranges 
such as 0.01 to 40 GHz. Many of the applications 

require a relatively spurious-free output signal, but this 
has been a limitation of traditional doubler structures. To 
meet such requirements, whether the swept source is used 
in a stand-alone application or as a stimulus for scalar and 
vector network analyzers, a switched doubler microcircuit 
assembly was developed. 

This microcircuit extends the frequency range of existing 
O.Ol-to-20-GHz sources up to 40 GHz. Spurious output in 
the O.Ol-to-20-GHz band is limited by the input signal, and 
is below - 40 dBc in the 20-to-40-GHz band. This microcir 
cuit was first used in the HP 83597A O.Ol-to-40-GHz plug-in 
for the HP 8350 sweeper family and scalar network analyzer 
systems, and in the HP 8516A 0.045-to-40-GHz coaxial test 
set for the HP 8510 network analyzer family. The latest use 
is in the HP 8360 family of synthesized sweepers. 

Fig. 1 shows the block diagram of the switched doubler 
microcircuit assembly. In the O.Ol-to-20-GHz frequency 
band, the doubler is disabled and the input signal passes 
through diode switch Si to the main output line. In the 
20-to-40-GHz doubler band, an input signal in the 10-to-20- 
GHz range is routed through diode switch Si to a 
preamplifier and a power amplifier and is applied to a 

full-wave frequency doubler. The resulting 20-to-40-GHz 
signal is then coupled back into the main output line. A 
broadband O.Ol-to-40-GHz sweep results from sequentially 
sweeping from 0.01 to 20 GHz in the passthrough mode 
and from 20 to 40 GHz in the doubler mode. 

Ampli f iers and Doubler  
In the 20-to-40-GHz band, the lO-to-20-GHz input signal 

is first amplified by a preamplifier and a power amplifier 
to a level sufficient to drive the doubler. The preamplifier 
consists of three GaAs FET amplifier stages with short sec 
tions of low-impedance line used as interstage matching. 
The gain of this preamp was designed to compensate for 
the frequency roll-off in the other system components (dou 
bler, switch, power amplifier, etc.), and is approximately 
5 dB at 10 GHz and approximately 15 dB at 20 GHz. The 
power amplifier consists of a two-stage quadrature 
amplifier driving a second two-stage quadrature amplifier. 
Each stage of the first quadrature amplifier has two GaAs 
FET devices, while each stage of the second has a single 
FET. This power amplifier provides about 9 dB of gain at 
more than +23 dBm output power, and was originally 
designed for millimeter-wave source modules.1 

The frequency doubler itself consists of two beam-lead 
diodes mounted across a quarter-wave section of coplanar 
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n = 3 ,  4 , . . .  S lot l ine  F i l ters  

10-to-20-GHz 
Input 

Fig .  2 .  Doub ler  and s lo t l ine  f i l te r  
structure. 

waveguide transmission line, as shown in Fig. 2. The input 
signal drives the diodes through the coplanar waveguide. 
The output signal is propagated in slotline, a transmission 
line that is essentially a narrow gap in a ground plane. 
During one half cycle of the input signal, when the potential 
of the center conductor of the coplanar waveguide is posi 
tive with respect to its ground plane, diode CRl conducts. 
This leaves a net positive charge on the upper ground plane 
with respect to the lower, and therefore a potential differ 
ence appears across the output slotline. During the other 
half cycle, when the potential of the center conductor of 
the coplanar waveguide is negative with respect to its 
ground plane, diode CR2 conducts. This leaves a net nega 
tive charge on the lower ground plane with respect to the 
upper, and therefore a potential difference appears across 
the output slotline that is of the same polarity as during 
the first half cycle. This results in a signal in the output 
slotline that is a full-wave rectified version of the input 
signal, and is therefore doubled in frequency. 

The output signal can propagate in two directions in the 
slotline: back toward the source and out toward the load. 
The quarter-wave section of coplanar wavequide ensures 
that the main propagation direction is out toward the load, 
and provides balance for the fourth harmonic of the input 
frequency. 

A dc bias voltage is applied to the diodes to extend the 
dynamic range of the doubler and to provide an adjustment 
for optimum balance. Thin-film bypass capacitors are used 
to minimize parasitics. A combination of self and fixed 
bias is used. This extends low-level dynamic range and 
avoids limiting effects at higher power levels. 

Slotl ine-to-Microstrip Transit ion 
In the 20-to-40-GHz band, the slotline output of the dou 

bler is coupled back into the main output line by a slotline- 
to-microstrip transition that was described by Gupta and 
others.2 An RF switch is incorporated into the transition, 
as shown in Fig. 3. The slotline crosses the microstrip line 
at a right angle, extends a quarter wavelength past the cross 
ing point, and is short-circuited at its end. The microstrip 
line also extends a quarter wavelength past the crossing 

point and is open-circuited at its end when diode CRl is 
off. This structure allows the 20-to-40-GHz signal from the 
doubler to be coupled into the microstrip output line when 
diode CRl is biased off. In the 20-to-40-GHz band, diode 
CR2 is biased on to allow the lO-to-20-GHz input signal to 
drive the preamplifier. 

In the O.Ol-to-20-GHz band, diode CRl is biased on and 
CR2 is biased off, thus routing the input signal directly to 
the microstrip output l ine rather than through the 
amplifiers and doubler. Additional diodes are placed 
across the slotline where it crosses the microstrip line, and 
are biased on in this band to short-circuit the slotline and 
avoid ground-plane discontinuities. 

One advantage of this switch design is that the 20-to-40- 
GHz signal is not passed through any series diodes, which 
can be very lossy at high frequencies. Another advantage 
of this technique is that only one switch is required to 

0.01-to-20-GHz 
Input 

 C R 1  

VHN- 
CR2 

10 to 20 GHz 
to Preamp 
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f rom Doubler  

F ig .  RF  S lo t l i ne - to -m ic ros t r i p  t r ans i t i on .  I nc lud ing  the  RF  
swi tch (CR1 and CR2) minimizes loss.  
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switch both input and output, thus reducing signal loss 
over a conventional double-pole double-throw design. 

Spurious Reduction 
The full-wave rectified signal at the doubler output con 

tains the desired frequency component at twice the input 
frequency as well as unwanted spurious signals at multi 
ples n = 1, 3, 4, 5, ... of the input frequency. Filtering 
reduces the level of these spurious signals to less than â€”40 
dBc relative to the desired output. To realize this filtering 
over an octave frequency range, the 20-to-40-GHz band is 
divided into three sub-bands: 20 to 25 GHz, 25 to 32 GHz, 
and 32 to 40 GHz. Diode switching is employed to select 
filters for each sub-band. 

To filter the fundamental feedthrough signal (n = 1), a 
three-stub notch filter was designed for each sub-band. 
Each filter consists of three open-circuited microstrip stubs 
that are switched onto the main output microstrip line, as 
shown conceptually in Fig. 1. Each stub is a quarter 
wavelength long at its desired rejection frequency, and a 
half wavelength long at its desired pass frequency. The 
exact lengths of the stubs and the spacings between them 
were computer-optimized for maximum fundamental feed- 
through rejection and minimum insertion loss over the 
sub-band of interest. Two of the stubs are shared between 
adjacent filters to reduce the total number of stubs required 
for three filters from 9 to 7. 

The higher-frequency spurious products (n = 3, 4, ...) 
are attenuated by switched stub filters in slotline. In the 
20-to-25-GHz sub-band, the filter rejects 30-to-50-GHz sig 
nals. In the 25-to-32-GHz sub-band, the filter rejects 37.5-to- 
50-GHz signals. These filters consist of stubs connected in 
series with the slotline as shown conceptually in Fig. 2. 
The stubs are about a half wavelength long at the desired 
pass frequency. The actual lengths of the stubs and the 
spacings between them are computer-optimized for 
maximum spurious rejection and minimum insertion loss 
over the sub-band of interest. Diodes are used to switch 

the filters in and out: when a diode conducts the corres 
ponding stub is bypassed. An advantage of slotline in this 
application is that since its characteristic impedance is 
relatively high (about 100 ohms), the diodes contribute 
negligible loss. 

In addition to the switched slotline filters, out-of-band 
spurious signals above 40 GHz are further attenuated by a 
fixed 11 -element low-pass filter in the output line having 
a cutoff frequency of approximately 44 GHz. 

All the filters described here were modeled, designed, 
and optimized using a predecessor of the HP 85150 mi 
crowave design system linear simulator. The accuracy of 
the models contributed to the good agreement that was 
obtained between calculated performance and measured 
results, thus reducing the time required to complete the 
final design. 

Package Design 
To reduce size, line loss, and cost, it was decided to 

integrate the major system components (switch, amplifiers, 
doubler, and filters) into one microcircuit package. Fig. 4 
shows the general layout of the switched doubler microcir 
cuit assembly. Thin-film circuits are used throughout. 
Small circuits are epoxied directly to the floor of the 
machined package. A large sapphire substrate that contains 
the doubler and the switched filters is clamped in place. 
Separate carriers hold the preamp and power amplifier 
circuits. Extensive environmental testing was completed 
during both the prototype and production-introduction 
phases to ensure that the design meets all goals for environ 
mental conditions and reliability. 
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Fig. func Interior of the switched doubler microcircuit.  Al l  func 
t ions are integrated into one package to minimize cost,  s ize,  
and transmission loss. 
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A High-Speed Microwave Pulse Modulator 
This opt ional  fast  pulse modulator  uses an unequal ly  
spaced  d iode  topo logy  to  ach ieve  a  w ide  bandwid th  and  
a high on-off ratio without resorting to performance-limiting 
diode saturat ion. 

by Mary K.  Koenig 

FAST PULSE MODULATION, Option 006 for the HP 
8360 synthesized sweep oscillators, offers improved 
pulse modulation performance over the standard in 

strument block diagram. In this configuration, the instru 
ment has an additional pulse modulator at the output of 
the RF deck. Pulse modulating after the YIG multiplier sub 
stantially improves performance. A new wideband mod 
ulator is the key to this improved performance. 

Standard Instrument 
In the standard HP 8360, the modsplitter microcircuit 

performs the pulse modulation (see article, page 36). A 
linear modulator and a pulse modulator cover the 2-GHz-to- 
8-GHz frequency range. These are two-octave modulators. 
They consist of equally spaced diodes shunted across a 
microstrip transmission line. The diodes are turned on to 
attenuate the signal and turned off to pass it. Ideally, these 
circuits have a two-octave attenuation response centered 
on the frequency where a quarter wavelength equals the 
spacing between the diodes. 

In the standard HP 8360, pulse modulation occurs before 
the YIG multiplier, and the bandwidth limitations of the 
YIG multiplier typically result in pulse rise and fall times 
of about 15 nanoseconds. 

Wideband Modulators  
Often applications requiring more than a two-octave 

bandwidth use the equally spaced diode topology. The 
spacing between the pin diodes is set for a quarter- 
wavelength maximum-attenuation response at the high-fre 
quency end of the band. To achieve greater attenuation at 
the low-frequency end of the band, the diodes are driven 
into saturation and have less shunt resistance. The disad 

vantage of this scheme is that the rise and fall times of the 
pulsed waveform depend on the amount of stored charge 
in the i layer of the pin diodes. As the diodes saturate, the 
stored charge in the i layer increases and the modulator 
takes longer to change state. 

The new modulator does not depend on diode saturation. 
Instead, the diodes are spaced unequally so that the 
minimum attenuation of a given set of diodes is cancelled 
by other sets.1 

High-Speed Wideband Modulator  
Fig. 1 shows the block diagram of the fast pulse modula 

tion option. At the input and the output of the modulator 
are high-power amplifiers that provide power, gain, and 
good reverse isolation characteristics. These amplifiers are 
monolithic microwave integrated circuits (MMICs) de 
veloped by the Hewlett-Packard Microwave Technology 
Division. 

Fig. 2 is a photograph of the fast pulse modulator. 
The modulator circuit is constructed on a 0.010-inch- 

thick alumina substrate with laser-cut holes for precise 
diode placement. Chip mesa pin diodes are epoxied to the 
baseplate of the package in these laser-cut holes. Gold mesh 
is used to connect the diode anode to the circuit pattern. 
A bias structure and a video feedthrough filter are added 
to the circuit. The bias circuit extends from the modulator 
to a 0-pF dc feed. The bias circuit consists of a discrete 
five-pole low-pass filter with a cutoff frequency of 700 
MHz. This bias circuit will pass a fast pulse drive waveform 
and reject RF energy in the operating bandwidth of the 
assembly. The video filter is a seven-pole discrete high-pass 
filter. The series capacitors are fabricated with microstrip 
technology on sapphire substrate. Shunt inductors are air- 

Low-Band Port  
0.01 to 2.3 GHz 

Input Isolation 
Amplif ier 

High-Band 
Input Port 

2  to  20 GHz Output 
0.01 to 20 GHz 

Fig .  1 .  B lock  d iagram o f  the  fas t  
pu lse modulator .  
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F i g .  2 .  P h o t o g r a p h  o f  t h e  f a s t  
pulse modulator .  

core coils wound with 0.0015-inch gold wire. A frequency 
dependent attenuation pad follows the video filter to com 
pensate for the gain slope of the component. Following the 
output MMIC amplifier, a 22-GHz low-pass filter improves 
the above-band harmonic response of the component. 

An electronic switch at the output of the modulator multi 
plexes the low-band 10-MHz-to-2.35-GHz frequency range 
and the high-band 2.35-GHz-to-20-GHz frequency range. 

Modulator  Performance 
The fast pulse modulator's performance was charac 

terized at the microcircuit level with the following results. 
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Fig.  3.  Fast  pulse modulator  on-of f  rat io .  
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Fig.  4 .  Fast  pu lse modula tor  power  output .  

On-Off Ratio. Fig. 3 shows the on-off ratio for the pulse 
modulator. The on-off ratio is 95 dB from 2.0 GHz to 20 GHz. 
Output Power. Fig. 4 shows the typical output power of 
the component. 
Gain. Fig. 5 shows the typical gain of the component. 
Pulse Performance. Fig. 6 shows the pulsed waveform 
created by the five-diode pulse modulator. The modulator's 
rise and fall times are typically better than 2 nanoseconds. 

Conclusion 
The HP 8360 with Option 006 offers pulse modulation 

with high power, fast rise and fall times, wide dynamic 
range, and broad bandwidth. The heart of the pulse mod 
ulation system is a new modulator design. The power, gain, 
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Fig.  5 .  Fast  pu lse modulator  ga in .  
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Fig .  6 .  Typ ica l  pu lse  enve lope.  
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and reverse isolation are achieved using HP MMIC traveling 
wave amplifiers. The fast pulse modulator, at the output 
of the RF chain of microcircuits, improves the maximum 
power and pulse performance of the standard HP 8360 
instrument. 
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New Technology in Synthesized Sweeper 
Microcircuits 
A new packag ing  techno logy  us ing  th ick - f i lm hybr ids  and 
contacts  in tegra l  to  the package s impl i f ies  test ing and 
rework and reduces RFI. New circuit designs include a triple 
ba lanced mixer  and quasi -e l l ip t ic  low-pass f i l ters .  New 
approaches  reduce v ideo  feed th rough and harmon ic  
generation. 

by Richard S.  Bischof ,  Ronald C.  Blanc,  and Patr ick B.  Harper  

TWO OF THE NEW MICROCIRCUITS that were de 
veloped for the HP 8360 synthesized sweepers are 
called the low-band microcircuit and the modsplit- 

ter (modulator/splitter). These microcircuits were de 
veloped with the goals of achieving a high level of integra 
tion, improving sweeper performance, and eliminating 
known system problems. This article will first give a brief 
overview of the functions of the low-band microcircuit and 
modsplitter and then discuss how the goals were achieved. 

The low-band microcircuit is used to generate the 10- 
MHz-to-2.3-GHz band in the HP 8360. This band is 
achieved by mixing the outputs of a YIG-tuned oscillator 
(YTO) and a fixed-frequency oscillator. The low-band 
microcircuit receives the YTO input from the modsplitter 
microcircuit and contains all of the other circuits necessary 
to provide the low-band signal. These circuits are a 5.4-GHz 
phase-locked oscillator, an ALC modulator, a pulse modu 
lator, an isolation amplifier, a mixer, an LO amplifier, an 
IF amplifier, and a bridge detector. The operation of some 
of these circuits will be discussed below. Fig. la shows 
the low-band microcircuit. 

The modsplitter microcircuit routes the YTO signal to 
several places in the HP 8360 and provides pulse modula 
tion and ALC capabilities. The input to the modsplitter is 
the YTO output. The modsplitter outputs are: 
â€¢ Sampler output. This output provides the sampler with 

a leveled signal by the use of a preleveler, which will 

be discussed later. 
â€¢ Low-band output. This output provides the low-band 

microcircuit with the required LO frequencies as dis 
cussed above. 

â€¢ High-band output. This output provides the high-band 
signal, which is amplified and multiplied to provide the 
2.3-GHz-to-40-GHz signals. 

The modsplitter includes ALC and pulse modulators that 
have >80 dB of range. Fig. Ib shows a picture of the mod- 
spitter. 

High Level of Integration 
To eliminate as many connections as possible and to 

address the problems of assembly time and loss of reliabil 
ity, a high level of integration for both the final package 
and the circuits was desired. A new packaging technology 
was developed, making it possible to replace a total of nine 
separate microcircuits from previous sweeper designs with 
two microcircuits in the present design. Increases in both 
functionality and performance were realized. There are two 
microcircuits and two packages instead of one because the 
two microcircuits are not both needed in all HP 8360 mod 
els. The packaging technology will be discussed in detail 
later. 

At the circuit level, the higher level of integration was 
achieved largely by a switch from the existing thin-film 
designs, which offered excellent performance at a high cost, 
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Fig .  1  .  ( top)  Low-band microc i r -  
cuit  with cover, (bottom) Modspl i t-  
ter microcircuit.  

to thick-film designs, which are able to deliver similar per 
formance at a greatly reduced production cost and at a 
higher level of integration. For instance, using thick film, 
it is possible to screen-print the necessary bypass and cou 
pling capacitors, which would otherwise have been added 
as chip capacitors. Also, where the old design required 
wire bonds for connections, thick film offers printed dielec 
tric crossovers. Between this and the change to packaged 
devices, it was possible to eliminate bonding operations 
totally from some of the circuits. 

Using a high-K dielectric that provides a capacitance-to- 
area ratio of approximately 10 nF/cm2, it was possible to 
design thick-film capacitors with small enough geometries 
to work well over the 2-GHz-to-8-GHz frequency range 
wherever tight tolerances were not required. A 10-pF-to-60- 
pF decoupling capacitor, 0.025 inch wide by 0.047 inch 
long and built on a 0.025-inch substrate, has excellent 
VSWR and is used extensively. A bypass capacitor 
specified at 10 pF to 60 pF and measuring 0.070 inch square 
including conductive vias and encapsulant works well, but 
the low-impedance path length to ground must be ac 
counted for in the matching structures. Since these thick- 
film capacitors are essentially free and do not require epox- 
ying or wire bonding, the cost savings can become signif 
icant on circuits where many decoupling and bypass 
capacitors are used. The LO amplifier of the low-band mi 
crocircuit (Fig. 2) is a good example of a circuit with no 
wire bonds. 

A further benefit gained from the switch to thick film is 
an economy of scale: the thin-film circuits were generally 
fabricated on substrates with around 2000 mm2 of usable 
area, whereas the thick-film circuits are fabricated on larger 
substrates with about four times as much area. The screen- 

3 6 - 2 3  

F ig .  2 .  The  LO amp l i f i e r  o f  the  low-band  mic roc i rcu i t  i s  an  
example  o f  a  c i r cu i t  w i th  no  bonds .  Connec t ions  a re  made 
by in tegra l  contacts  on the package l id .  
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printing cost is about the same regardless of substrate size, 
and it is inherently much cheaper than the photolithog 
raphy to for thin-film fabrication, so it is possible to 
produce much cheaper circuits with the same functionality 
and equally good performance. 

Still another benefit is that, in general, larger circuits can 
be produced with thick film, further eliminating connec 
tions by placing more circuitry on a single substrate or 
assembly. In the HP 8360, larger circuits are realized both 
as single large substrates and, where needed, as collections 
of smaller substrates on a common carrier. The latter were 
found to be needed primarily when problems of cracking 
of the large substrates were encountered and when mixed 
technology â€” thin and thick film â€” was required. In either 
case, significant reductions in circuit count were achieved. 
For example, the first stage of the modsplitter consists of 
several functions (closed-loop preleveler, splitter, ampli 
fier) all on a single thick-film substrate, where previous 
designs placed each function on its own substrate. Simi 
larly, the modulators used are conventional shunt reflective 
pin diode modulators with quarter-wavelength microstrip 
transmission line segments between them, but are realized 
on a single substrate with laser-drilled holes rather than a 
series of substrates. Hence they are much easier to assem 
ble, offer more consistent performance, require decreased 
handling, and are more reliable. 

Despite the general switch to thick film, some circuits 
were left in thin film because of performance requirements. 
Thin film is capable of generating the fine geometries 
needed at high frequencies, which thick film cannot match. 

New Connect ion and Packaging Technology 
The conventional method of hybrid assembly, which 

clamps or glues all the circuits into a housing and connects 
them with wire bonds, was deemed undesirable in this 
case for two main reasons. First, the process of bonding 
requires that the entire assembly be heated to 150Â°C or so, 
which takes a long time for a packages as large as these 
and also stresses the circuits. Second, with the goal of a 
high yield at top-level assembly, it was desirable to be able 
to test the individual circuits before placing them in the 
final package. To test conventional circuits under realistic 
conditions, it would have been necessary to bond them 
into test packages, which was impractical. To meet the 
requirements of large-scale integration and economy, and 
to overcome the limitations of conventional hybrid packag 
ing, a new packaging and connection technology was de 
veloped. The design of the new package is more compli 
cated than the traditional package. Grooves are needed for 
O-ring and elastomer strips, the circuits are aligned by the 
package itself, and a new type of interconnection called 
integral contacts is used. The integral contacts are both 
aligned and located by the package. 

Integral  Contacts 
To connect the circuits, a plated elastomer contact was 

developed. What was needed was a connector that could 
be pressed into place and would provide good-quality con 
nections at microwave frequencies. What was developed 
is effectively a block of silicone rubber with a small (600 
micrometer) strip of gold on it. Held in the correct orienta 

tion and location by the microcircuit lid, it forms a bridge 
between two circuits with a gold beam. This connection 
scheme, referred to as integral contacts, can be seen in 
Fig. 3. 

The integral contacts make it possible to test the circuits 
before they are enclosed in their final packages. With com 
plex hybrids, such as the low-band microcircuit and mod- 
splitter, and a just-in-time manufacturing process, a high 
yield of good circuits at the final test system is desired. To 
this end, pretests are performed on each of the lower-level 
microcircuits. It is desirable to have the pretest performed 
by the assemblers who have built the circuits, as soon as 
possible after the circuit has been completed. In this way 
the assemblers get instant feedback and the pretest station 
can be used as a statistical quality control tool. For the line 
personnel to perform the tests, the systems must be conve 
nient to use and very repeatable. The pretest stations are 
set up in line with the assembly flow and give a pass/fail 
indication, so no interpretation is necessary. Because of 
their ruggedness and repeatability, integral contacts are 
used in these test fixtures. This also ensures that the test 
environment for the lower-level circuit is the same as its 
final operating environment. 

The integral contacts also proved to be helpful in the 
development of the microcircuits. Traditionally, hybrid cir 
cuit design consists of several design/build/test cycles. Data 
from each cycle is used to adjust the subsequent design. 
The need for large sample sizes must be weighed against 
the cost of each turnaround. Large sample sizes are needed 
to determine the range of performance, but this sometimes 
requires several slightly different versions of a circuit and 
as many different wafers of active devices as possible. Thus 
the cost of large sample sizes can be prohibitive, with test 
package costs being a large part. One method that is used 
is to rework each package with new circuits and/or devices. 
The variability that this rework adds to the performance 
of the circuit can cause extra design cycles. In the HP 8360 
low-band and modsplitter microcircuits, integral contacts 
were used successfully to minimize this problem. The con 
tacts gave repeatable microwave connections and made it 

F i g .  3 .  T h e  m o d s p l i t t e r  m i c r o c i r c u i t  i n  a n  o p e n  p a c k a g e ,  
showing the integral  contacts.  
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possible to test many versions of circuits in the same pack 
age and under the same conditions. It should be noted that 
the mechanical outline of the circuits must be held constant 
for this approach to work. Significant assembly cost savings 
are realized because no circuit-to-package assembly is re 
quired. 

As new versions of the microcircuits are needed or as 
better devices are available, the designer is faced with the 
decision of whether to redesign or add to the existing mi- 
crocircuit. Integral contacts make it relatively easy to config 
ure new versions of the microcircuit as they are needed. 
The designer only needs to keep the same physical outline 
as the existing circuits, but can change any or all of the 
functions. This scheme also allows new devices to be re 
trofit into the microcircuit as they become available. One 
assembly line can build any number of versions of the 
circuits and they can be assembled at the final assembly 
area into the versions needed. 

A complex hybrid such as the low-band microcircuit is 
inevitably going to require rework. With traditional micro- 
circuit design this rework can be very costly because of 
the nature of the construction (epoxy lid seal, epoxy circuit 
attachment, wire bond interconnects). With integral con 
tacts the rework can be done quickly and easily, thereby 
reducing scrap costs. 

Isolat ion and RFI  Concerns 
With separately packaged microcircuits, the potential for 

interference between the various circuits is small, since 
each package can be well-sealed and the packages can be 
interconnected with semirigid coax. Once many circuits 
are placed in a common housing, however, it is much more 
likely that they will interfere with each other, and careful 
design is needed to prevent problems. For instance, in the 
low-band microcircuit, the mixer and the fixed-frequency 
oscillator are separated by two series modulators with a 
dynamic range of >150 dB. For the modulators to use their 
full range, the mixer and the oscillator must be electrically 
isolated by at least that amount, yet in this case are mounted 
in a common package less than two centimeters apart. For 
tunately, it is possible, by proper use of conductive elasto 
mers, to achieve this degree of isolation. 

An O-ring is used for the environmental seal. A strip of 
conductive elastomer (basically silicone rubber with small 
pieces of metal embedded in it) is used for all electrical 
sealing and to clamp some of the circuits in place. In some 
areas, this seal is accomplished with two strips spaced 
some distance apart. This provides >150 dB of isolation 
at frequencies around 5.4 GHz. 

A new screw-body dc feed was designed for the low-band 
and modsplitter microcircuits. The need to do this was 
driven by the need for a 0.050-inch-diameter pin to accom 
modate the integral contact, the need for a superior ground 
ing method for RFI, and the need for better microwave 
rejection. The available knurl-body feeds had two known 
problems. One was knurl grounding. The conflicting re 
quirements of mechanical strength and good RF grounding 
often lead to RFI problems. These feeds also showed a large 
variation in their ability to reject microwave energy. One 
of the early goals for the low-band microcircuit and mod- 
splitter was superior RFI performance. The screw-body dc 

feed contributes to this by providing good mechanical 
strength and good grounding. Grounding is accomplished 
by a mechanical mating of the dc feed to the package much 
the same as a connector is mated to a package. The superior 
microwave rejection was achieved by building a test fixture 
to measure the feeds and working with the vendor on pro 
cess improvements. The 1500-pF dc feed is specified for 
60 dB of rejection from 3 GHz to 8 GHz. 

Low-Band Microcircuit  
The low-band microcircuit is designed to address sys 

tem-level problems and provide performance improve 
ments. The system issues are integration, which has already 
been discussed, and video feedthrough. The two key perfor 
mance improvements obtained are in maximum available 
power and broadband noise. 

Fig. 4 is a block diagram of the low-band microcircuit. 
One major new design is the RF amplifier, which is a gal 
lium arsenide FET monolithic 1C amplifier with a thin-film 
filter. The need for this amplifier and its function can be 
explained by examining the phenomenon known as video 
feedthrough. 

In a system with pulse modulation capability, such as 
the HP 8360, video feedthrough is basically a reproduction 
of the original pulse at the instrument output, not as a 
pulse envelope, but as a pulse at the original frequency. 
For example, if a 1-GHz signal were modulated with a 
1-MHz square wave and the result passed through a 100- 
MHz low-pass filter, ideally nothing should come out. In 
reality, because of many different mechanisms, there will 
typically be some component of the original 1-MHz mod 
ulation signal left. This is termed video feedthrough. 

In many systems, simple filtering will remove video feed- 
through. For instance, if pulses occur at a 10-MHz rate and 
the system only provides signals down to 1 GHz, then a 
simple high-pass filter can quite effectively remove the 
10-MHz signal and leave a clean modulated RF waveform. 
In the HP 8360, however, outputs are down to 10 MHz (or 
lower), so simply filtering the output signal to remove the 
pulses is not practical. 

The dominant video feedthrough mechanism in a down- 
conversion system such as the HP 8360 is interaction be 
tween the mixer and pulse modulator. The LO signal (at 
roughly 20 dBm in this case) leaks across the mixer to some 
extent because of imperfect mixer balance. This leaves a 
reasonably strong signal coming out of the RF mixer port 
and going toward the pulse modulator. This signal is re 
flected from the pulse modulator (it has a shunt reflective 
design), travels back to the mixer, and mixes with the orig 
inal LO signal, generating dc. If the pulse modulator reflec 
tion stayed the same, this would not be a problem, since 
there are several dc blocks in the IF path. However, the 
reflection changes drastically as the pulse modulator is 
turned on and off. This leads to two discrete values of dc 
at the IF output, which form a reconstruction of the original 
pulse â€” that is, video feedthrough. 

Since the IF must be leveled down to - 20 dBm, the 
video feedthrough could be as bad as 10 dB higher than 
the desired signal. In this case one would see at the output 
a large square wave with some RF superimposed â€” hardly 
the pulsed RF signal that is desired. A typical good specifi- 
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A L C  M o d u l a t o r  P u l s e  M o d u l a t o r  
D r i v e  D r i v e  

IF 
Output 

Detector 
Output 

Fig .  4 .  Func t iona l  b lock  d iagram 
of  the low-band microci rcui t .  

cation for video feedthrough is around 1% of the RF signal 
{ - 40 dBc). Hence, at least a 50-dB improvement is needed. 

To achieve this, the reverse isolation of an amplifier is 
used. In this case, a two-stage integrated amplifier with an 
S12 of about 60 dB. A magnetic isolator could have been 
used, as in the HP 8340, but it would have been much too 
large and too expensive for this application. 

While the RF amplifier chip is used primarily for isola 
tion, it is also used to amplify the RF signal slightly. A 
side benefit is that it will generally sharpen any RF pulse 
envelopes sent through it. 

LO Ampli f ier  
To maintain optimum mixer performance, it is necessary 

to provide a very flat ( Â± 1 dB) LO drive signal, controllable 
over about a 10-dB range. The source of this signal is the 
modsplitter, which is not able to meet this flatness require 
ment. Since it was planned to use the low-band microcir 
cuit in other designs, the flatness control is built in. This 
is the function of the LO amplifier circuit. 

The LO amplifier is a two-stage packaged FET circuit 
with lossy matching. It is essentially a limiting amplifier, 
so that the output power is fairly constant and is insensitive 
to the input power. This circuit has about 15 dB of small- 
signal gain, operates with a nominal input of around 10 to 
15 dBm coming from the modsplitter, and provides a nom 
inal output power of around 20 dBm. Thus it is nominally 
5 to 10 dB into saturation and in the worst case can be 

fully saturated (no gain at all). Even fully saturated, it puts 
out a clean signal ( â€” 30 dB harmonics) because of the very 
effective low-pass matching at the output. Output power 
control is achieved simply by varying the drain bias voltage. 
This circuit uses interstage matching optimized for 
minimum sensitivity. A final benefit from this limiting 
design is that any amplitude noise on the signal feeding 
the LO amplifier is reduced quite effectively before it hits 
the mixer â€” just as it is in limiters used in typical FM sys 
tems to eliminate AM. 

The LO amplifier is easy to build as designed, since it 
is insensitive to the devices that make it up. 

Triple  Balanced Mixer  
The triple balanced mixer is the heart of the low-band 

microcircuit. This design was chosen because it allows a 
very high-level drive (20 dBm nominal) and provides good 
spurious performance. The mixer uses a total of eight 
diodes. The power input is distributed among all eight 
diodes evenly (four are turned on at a time with 50% duty 
cycle). With a 20-dBm drive level, only 11 dBm heats any 
given diode, which is acceptable from a reliability 
standpoint. The peak power for each diode is twice this 
level (14 dBm) because of the 50% duty cycle. 

The mixer operation is quite simple in principle. The 
LO signal is used to operate the diodes as switches. The 
switches connect the RF input to the IF output either di 
rectly or 180 degrees out of phase. The RF signal is used 
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Modular Microwave Breadboard System 

One potent ia l  d isadvantage of  the drop- in assembly methods 
used there the modsplitter and low-band microcircuits is that there 
is no easy way to test the individual circuits within these hybrids. 
With the former design method of  p lacing each circui t  in i ts  own 
package,  th is  was not  a  prob lem.  In  the  new des ign,  however .  
the c i rcu i ts  are h idden away ins ide a f ina l  large package and i t  
may not  even be poss ib le  to  ga in  access to  both por ts  o f  a l l  o f  
t he  c i r cu i t s .  A  new techn ique  was  needed  to  t es t  t he  c i r cu i t s  
dur ing development  and in  product ion.  

For tunate ly ,  dur ing development  o f  the microc i rcu i ts ,  the HP 
83040 modular  microci rcui t  package was also being developed.  
T h i s  m i c r o w a v e  m o d u l a r  b r e a d b o a r d  p a c k a g e  c o n s i s t s  o f  a  
ser ies of  end blocks wi th bui l t - in  coaxia l - to-microstr ip launches 
and cen te r  bod ies  o f  var ious  leng ths  fo r  c i rcu i ts  to  be  tes ted .  
Inc luded is  a l l  o f  the  hardware  needed to  connec t  the  var ious  
b l ocks .  The  end  b locks  and  cen te r  bod ies  i n  t h i s  scheme  a l l  
share  a  common mechan ica l  in ter face,  wh ich  is  gender less  so  
tha t  t hey  can  be  connec ted  i n  any  o rde r  and  i n  any  quan t i t y .  
F ig .  1  shows examples o f  modular  breadboard par ts .  

Us ing  th i s  sys tem in  des ign ing  the  mu l t i s tage  l ow-band  m i  
c r o c i r c u i t ,  e a c h  s e p a r a t e  c i r c u i t  ( o r  c i r c u i t  e l e m e n t )  w a s  d e  
veloped and tested In the f inal  microstr ip environment.  Then the 
ind iv idua l  b locks were assembled in to  a  fu l l  c i rcu i t .  The ent i re  
low-band microcircui t  was developed using such a scheme, and 
the in i t ia l  fu l ly  working breadboard was bui l t  using i t .  

Advan tages  o f  t he  HP 83040  modu la r  m ic roc i r cu i t  package  
include: 
â€¢ It offers microcircuit breadboard packaging that is very cost-ef 

f e c t i v e  c o m p a r e d  t o  c u s t o m  p a c k a g i n g  a n d  s a v e s  t i m e  b e  
cause i t  is avai lable off  the shelf .  

â€¢  A l l  env i -  c i r cu i t r y  i s  measured  d i rec t l y  i n  m ic ros t r ip  env i -  

F ig .  1 .  Examp les  o f  m ic rowave  b readboa rds  us ing  t he  HP  
83040 modular  microc i rcu i t  package.  

ronment. 
I t  provides t rue zero- length through cal ibrat ion s ince the end 
blocks can be d i rect ly  connected together.  Deembedding can 
be used to  make prec ise  microwave measurements .  
Ent i re  mic roc i rcu i ts  can be measured and assembled in  any  
combinat ion of  subcircui ts .  

Stan B ischof  
Development  Engineer  

Network Measurements Div is ion 

100% of the time, so no power is lost, as it is in a single 
balanced mixer, which throws away power during half of 
its cycle. 

This type of mixer can be described as a biphase mod 
ulator. Ideally, it performs a time-domain multiplication 
of the RF signal with a square wave at the frequency of the 
LO drive. In the frequency domain, this yields a convolu 
tion of the RF signal spectrum with the spectrum of the 
square wave drive, which contains the fundamental and 
odd harmonics of the drive frequency. Of the many terms 
in the convolution, the principal ones are the fRF- ÃLO and 
IRF + ÃLO terms. The fRF + fLO term is filtered out so that 
the primary term left is the fRF â€” fLO term, which is exactly 
what is wanted for the IF. 

The eight diodes are grouped into two quads, which are 
mounted on the top and bottom of the mixer substrate in 
a symmetric pattern (Fig. 5). 

Fig. 6 shows some of the details of the RF balun. Ideally, 
as described above, the RF path is switched by the LO drive 
such that the signal is directed to the IF output in either 
0Â° or 180Â° phase orientation. Before this happens, the signal 
is split into two halves, relying on symmetry to ensure that 
they are equal in magnitude and phase. This is ac 
complished by two transitions. First, the signal is trans 
formed by a step transition from microstrip line to a 
coupled suspended microstrip format consisting of top 
side and bottom-side electrodes in a symmetric arrange 

ment on the top and bottom of the substrate. Then, on each 
side, two 100-ohm lines are split off in another step trans 
ition. This leaves a total of four leads, two on each side of 
the substrate. Each lead is connected to a diode switch. 
The four diodes in each quad are always connected to the 
IF output in pairs and the IF impedance is 50 ohms, so the 
RF input port, in principle, is a good 50-ohm match. In 
practice, of course, none of the transitions is perfect and 

Upper Diode Quad 

Lower Diode Quad 

Fig .  5 .  D iode quads in  the  t r ip le -ba lanced mixer .  
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the diodes are not ideal switches. 
Each balun line is a quarter wavelength long at the lower 

frequency of 5400 MHz. It is important that all the lines 
be as close to the same length as possible so that the phases 
match. At 5400 MHz, 90Â° of phase shift corresponds to 
roughly 4400 micrometers in this medium. Thus, to get 
phase match of, say, Â± 5Â°, the paths must match within 
Â±250 /am, or about one circuit thickness. 

Fig. 7 shows the LO balun, which is similar in concept 
to the RF balun. It, too, is formed of a microstrip-to-sus- 
pended transition followed by a split into two paths of 
suspended balanced microstrip line. In this case, however, 
the impedances are different. Since the LO provides a large 
enough signal to turn the diodes on fully, each of the two 
arms of the balun is effectively terminated in two series 
diodes. Since each diode has a large-signal impedance of 
about seven ohms, two diodes in series represent around 
15 ohms. For an adequate match, the balun arms are used 
as quarter-wave transformers to make each arm look like 
about 100 ohms at its input. To transform 15 ohms to 100 
ohms takes V 15X100 or approximately 40 ohms. Hence 
each arm is designed to have an impedance of 40 ohms. 

Because of symmetry, the RF and IF paths in the LO 
balun do not, in principle, load down the ends of the balun 
arms, so they need not be considered in the above analysis. 
As in the RF path, there are four leads, which are properly 
terminated. To maintain symmetry, the arms are carefully 
constructed to have the same length. A balun is used at 
the IF port to provide a single-sided output to drive a single- 
sided filter. The high output level of the mixer allows the 
gain of the IF amplifier to be 10 dB less than in previous 
designs. This lower gain gives a corresponding improve 
ment in the broadband noise of the low-band microcircuit. 

IF Amplif ier 
The IF amplifier of the low-band microcircuit is a three- 

stage FET amplifier with 30 dB of gain and 24 dBm of 
output power. The design is a lower-gain version of the IF 
amplifier used in the HP 8753A/B/C spectrum analyzers. 

The IF amplifier makes possible a +17-dBm instrument 
power specification, which is needed for the high-power 
version of the HP 8360, while maintaining the harmonic 
performance. 

Quasi-Ell iptic Low-Pass Fil ters 
Throughout the low-band microcircuit, a number of low- 

pass filters with very high performance are needed. They 
need sharp cutoffs and very broad stop bands. At the same 
time they must be low in cost, repeatable, and as small as 
possible. To do this on microstrip, a new filter was de 
veloped. The design uses spiral inductors and radial trans 
mission lines, and has stop-band zeros to extend the stop 
band. In most cases, the filters are less than a quarter 
wavelength long at the cutoff frequency, so they are quite 
small both physically and electrically. 

One filter of this type, used in the RF path, is designed 
to pass 5.4 GHz. Requirements for this filter were that it 
attenuate the second, third, and fourth harmonics by 40 
dB or more, and that it cut off as rapidly as possible above 
5.4 GHz. This low-pass filter is a microwave implementa 
tion of a simple Chebychev eleventh-order, 0.1-dB ripple, 
L-input ladder filter, with one major difference, as de 
scribed below. As such, it consists of the microwave equi 
valents of six series inductors and five shunt capacitors. 
The inductors are all realized using spiral coils of high-im 
pedance line. The capacitors are realized using radial trans 
mission lines. 

This circuit differs from the conventional Chebychev de 
sign in its behavior outside of the passband. While a 
Chebychev design has all its transmission zeros at infinity, 
this design places transmission zeros at finite frequencies 
within the desired stop band. This is accomplished by 
using the radial transmission lines as shunt resonators. 
Because these transmission zeros are at finite frequencies, 
equal ripple is not achieved in the stop band, as it is with 
a true elliptic filter. Therefore, this filter can be described 
as a quasi-elliptic low-pass filter. 

The reason for using a quasi-elliptic low-pass filter can 
be seen by looking at the response of a typical distributed 

RF Input 

Fig.  6 .  Deta i ls  o f  the RF balun in  the t r ip le-ba lanced mixer .  F ig .  7 .  Deta i ls  o f  the LO balun in  the t r ip le-ba lanced mixer .  
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filter. While the passband can be made to look nearly ideal. 
the distributed elements lead to secondary responses, 
which create secondary passbands. This effect differs from 
filter to filter, but typically at around three times the cutoff 
frequency there is another passband where the response is 
not much below the response in the main passband. The 
quasi-elliptic low-pass filter places zeros within and near 
this secondary passband and is able to keep the response 
low at much higher frequencies than would otherwise be 
possible. 

The inductor design is shown in Fig. 8. It consists of an 
inner bonding pad, a length of high-impedance line ar 
ranged in a spiral, and a bond wire connecting the inner 
end of the spiral to another bonding pad. 

The ground plane is cut away from beneath the inductor 
out to a distance of one substrate thickness. This raises the 
line impedance, or equivalently, removes some of the shunt 
capacitance of the spiral. This accomplishes two things. 
First, since the line impedance is higher, the line need not 
be as long to realize a given inductance. Second, since the 
shunt capacitance is lower, the self-resonant frequency of 
the inductor is higher, rendering the filter response useful 
to higher frequencies. 

These spiral inductors are designed using an empirical 
formula based on the particular geometry and material 
used. The quasi-elliptic low-pass nature of the filter is not 
influenced by the inductors, but is rather set by the radial 
transmission line used as capacitors. Each of the five shunt 
capacitors is realized by a set of two radial transmission 
lines of the type shown in Fig. 9. 

Like a shunt stub, a radial transmission line resonates at 
some frequency to transform its open end into a short cir 
cuit, thereby forming a transmission zero for the line it is 
connected to. While the shunt stub transmission line reso 
nates at the frequency where its length is a quarter 
wavelength, the radial transmission line resonates at a fre 
quency where its length is roughly one sixth of a wave 
length. Thus the radial transmission line is more compact. 
A key advantage of a radial transmission line for this appli 
cation is that it is pointed at one end, so it forms a simple, 
well-defined connection, unlike a typical shunt transmis 
sion line. 

The length of each radial transmission line is chosen for 

Radius 

Radial 
Transmission 

Line 

Fig. 9. Radial transmission l ine resonator used in the quasi-el 
l ipt ic low-pass f i l ters. 

its resonant frequency, and the angle is chosen for the 
parallel-plate capacitance needed to realize the required 
shunt capacitance for the Chebychev filter. As Fig. 9 shows, 
all ten radial transmission lines are different. This provides 
twice as many zeroes to work with and avoids the situation 
of two nearly identical resonators being connected together. 
Using one resonator at each node also works, but this halves 
the number of usable zeroes. 

Since this filter is filtering a narrow-band signal, the 
transmission zeros are clustered in narrow bands around 
the harmonics of the RF (i.e., at 10.8, 16.2, and 21.6 GHz). 
Fig. 10 shows a full quasi-elliptic low-pass filter. 

Modsplitter 
The modsplitter makes a number of contributions to over 

all system performance. Fig. 11 shows its block diagram. 
The modsplitter provides the LO input to the low-band 
microcircuit. Extending this frequency to 7.8 GHz, higher 
than in previous designs, allows the low-band microcircuit 
to improve spurious performance. The higher drive fre 
quency moves the 2/1 spurious response (the 2fRF â€” fLO 
mixer spur) out of band, where it can be filtered. One of 
the contributors to low-band video feedthrough is elimi 
nated by locating the modsplitter's pulse modulator after 
the low-band output. This eliminates the possibility that 

Bond Wire 

Ground Plane 
Relief 

Fig. 8. Deia/7s of the spiral inductor used in the quasi-el l ipt ic 
low-pass fi l ters. 

ôYeTÂ© ToToTo F~ 

Fig.  10.  Fi f teen-pole quasi-e l l ipt ic  low-pass f i l ter .  
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Quasi-Elliptic Low-Pass Filters 

The term quasi-el l ipt ic low-pass f i l ter  is used here to descr ibe 
a  par t i cu la r  t ype  o f  f i l te r  des igned fo r  use  in  the  low-band mi -  
crocircui t  of  the HP 8360 fami ly of  synthesized sweepers.  I t  was 
deve loped  because  i t  o f fe rs  h igh  per fo rmance  in  a  ve ry  sma l l  
a rea  and  i s  rea l i zed  in  m ic ros t r ip  and  i s  the re fo re  compat ib le  
with the rest of  the circui t ry.  

Th is  type o f  f i l te r  i s  d is t r ibu ted,  ye t  ach ieves both  the sharp  
l o w - p a s s  c u t o f f  a n d  t h e  b r o a d  s t o p  b a n d  f r e e  o f  s p u r i o u s  r e  
sponses that are characteristic of ell iptic fi lters. While it has finite- 
frequency zeros to enhance the stop band, i t  is not a true el l ipt ic 
f i l ter  s ince the zeros are not arranged to provide an equal-r ipple 
s top band.  

The e lements  o f  th is  type o f  f i l te r  a re  round sp i ra l  inductors  
and radial transmission l ines. The radial l ines function as paral lel 
p l a t e  a n d  a t  l o w  f r e q u e n c i e s  ( w i t h i n  t h e  p a s s b a n d )  a n d  
as shunt  resonators at  h igh f requencies.  The length of  the reso 
nator  is  chosen to prov ide a zero at  the desi red f requency,  and 
the area (or  angular width) is  chosen to provide the correct  low- 
f requency capaci tance.  F ig.  1  shows a typ ica l  f i l ter .  

Th i s  new  f i l t e r  comb ines  t he  conven ience  o f  f ab r i ca t i on  o f  
microstr ip distr ibuted f i l ters with the spurious-free stop band pre 
v iously achievable only in  lumped f i l ter  designs.  

Design Procedure 
The design procedure is  as fo l lows:  

1  .  De te rm ine  the  needed  capac i tance  and  induc tance  va lues  
from basic low-frequency fi lter tables. For example, a 0.01 -dB-rip- 
p le Chebychev low-pass prototype (1 ohm, 1 rad/s)  requires the 
fol lowing element values (a seven-pole design was chosen based 
on the requi red cutof f  f requency) :  

0.796944 
1 .39242 
1.74813 
1.63313 
1.74813 
1 .39242 
0.796944 

Series Inductor 
Shunt Capacitor 
Series Inductor 
Shunt Capacitor 
Series Inductor 
Shunt Capacitor 
Series Inductor. 

To get  the actua l  C and L va lues,  denormal ize by:  
a)  Scal ing the f requency to 3 GHz (desi red cutof f )  

-  Mul t ip ly L by 1/(2i r f )  
-  Mult ip ly C by 1/(2ir f )  

b )  Sca l ing  to  50-ohm impedance 
-  Mul t ip ly  L by 50 
-  Mul t ip ly  C by 1/50 

The denormal ized values are:  

2.114 nH 
1477 f F 

4.637 nH 
1733 f F 

4.637 nH 
1 4 7 7 f F  

2.114 nH. 

k  
C6 
L7 

2 .  Compute  the  needed induc tor  va lues  f rom empi r i ca l  des ign  
formulas for the inductor model shown in Fig. 2. If T is the number 
of turns, L is the inductance in nH, and C is the capacitance in fF, 

T = (L/1 ,9)062 
C  =  ( 9 0  +  3 0 T ) .  

Fig.  1 .  Typical  f i f teen-pole quasi-el l ipt ic low-pass f i l ter .  F ig .  2 .  Inductor  model  used in  f i l te r  des ign.  

residual signals on the modsplitter pulse modulator bias 
line will cause residual pulse modulation on the LO signal 
to the low-band microcircuit. 

Excessive harmonics generated in the modsplitter can 
cause power holes by canceling with the desired harmonics 
generated by the YIG-tuned step recovery diode multiplier. 
One of the system contributions of the modsplitter is the 
addition of a preleveler modulator, which levels the 8 dB 
of power variation from the YIG-tuned oscillator and keeps 
the input stage of the modsplitter from saturating and 
generating high harmonics over much of its operating fre 
quency range. As a result of this preleveler, along with 
high-power FETs and an overall flat gain response, the 
modsplitter operates with better than - 20 dBc harmonics 
regardless of the YTO output power or th.3 ALC modulator 
state. 

The high-power and correspondingly high-Q 750-jum 
FETs made it difficult to achieve a good input match over 
the entire two-octave bandwidth. The traditional input 
matching of a shunt lossy gate bias line and a lossless series 
low-impedance transformation transmission line results in 
a very low impedance at midband and an impedance 
slightly higher than 50 ohms at the high end of the band. 
Adding a low-value series resistor at this point greatly im 
proves the midband match with minimal degradation of 
the gain or match at the high end of the band. 

Because of the gain unflatness contribution of the high- 
power microcircuits, the HP 8360 requires a wide ALC 
modulator range. In previous designs, the quarter- 
wavelength spacing between the four diodes of the ALC 
modulator was at 8 GHz. This gave maximum attenuation 
at the high end of the band and effectively added a gain 
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ThusLI has 1.05 turns and shunt C of 1 22 fF 
L 3  1 . 7 5  1 4 3  
L 5  1 . 7 5  1 4 3  
L 7  1 . 0 5  1 2 2 .  

The inductor  design is  now f in ished.  
3 .  Mod i fy  the  needed capac i to rs  by  subt rac t ing  the  equ iva len t  
capaci tors f rom the inductor  model  va lues.  The shunt  Cs in  the 
f i na l  Cs  can  be  cons t ruc ted  by  us ing  the  equ iva len t  shun t  Cs  
f rom the above inductor  model .  For  instance,  C2 is  between L,  
and L3, so part  of  C2 can be suppl ied by 122 fF from L, and 143 
fF f rom L3.  Thus the addi t ional  capaci tance needed to  form C2 
i s  1 4 7 7  -  1 2 2  -  1 4 3  =  1 2 1 2  f F .  

Capacitance Needed 
C21477fF  
C4 1 733 
Cf i1477 

Amount  f  rom Inductors Addi t ional  
1 2 2 + 1 4 3  =  2 6 5  1 2 1 2  
1 4 3  +  1 4 3  =  2 8 6  1 4 4 7  
1 2 2  +  1 4 3  =  2 6 5  1 2 1 2  

4 .  D e t e r m i n e  t h e  l e n g t h s  o f  t h e  r a d i a l  t r a n s m i s s i o n  l i n e s  b y  
select ing the desired resonant f requencies (zero locat ions) and 
get t ing the lengths f rom empir ica l  design tables.  

Frequency 
(GHz) 

4.5 
5.5 
6.5 
7.5 
9.0 

11.0 

Outer Radius 
(Â¿tm) 
3750 

3100 

2700 

2300 

2000 

1700 

Capacitance 
(fF/degree) 

51.0 
34.9 
26.6 
19.3 
14.7 
10.6 

The  capac i t ance  shown  i s  pu re  pa ra l l e l  p l a te  capac i t ance ,  
wh ich  works  here  because  on ly  low- f requency  e f fec ts  need  to  
be considered. The distr ibuted and fr inging ef fects are not seen 
unt i l  wel l  above the passband.  
5 .  Ass ign  rad ia l  t ransmiss ion  l i nes  to  the  va r ious  capac i to rs .  
Determine the angular widths of the capacitor plates based upon 
the paral le l  plate capacitance and the needed total  capacitance. 
C2 wil l  use two radial transmission l ines with 5.5-GHz and 9-GHz 
resonators and angular  s izes of  25 and 23 degrees:  

C2 =  1212fF  =  3100(34 .9  fF /degree) (25  degrees)  
+ 2000(1 4.7 fF/degree)(23 degrees).  

Similarly, 

C4 = 1447ÃF = 3750(51.0 fF/degree)(25 degrees)  
+  1700(10.6 fF /degree)(16 degrees) .  

C6  =  1212fF  =  2700(26 .6  fF /degree) (25  degrees)  
+  2300(19.3  fF /degree) (28 degrees) .  

Stan B ischof  
Development  Engineer  

Network Measurements Div is ion 

slope to the modulator to provide some filtering of the 
troublesome second harmonic at 8 GHz. Since the mod- 
splitter preleveler eliminates this harmonic problem, the 
quarter-wavelength spacing between the ALC diodes is 
readjusted to the midband for improved modulator range. 
Further improvement in ALC modulator range is achieved 
by the use of a lower-resistance pin diode. The midband 
quarter-wavelength spacing also results in a flatter attenu- 
ation-versus-frequency characteristic for the modulator. 
Modulator flatness is improved by adding padding before 
and after the ALC modulator to minimize the VSWR in 
teraction between the FETs and the ALC modulator. The 
flatter modulator contributes to better AM performance in 
the HP 8360. 

RFI leakage from the modsplitter microcircuit can couple 
back into the RF path after the pulse modulator and cause 
deterioration in pulse performance. Using 50-pF package 
dc feeds instead of 0-pF 8MB connectors for the ALC and 
pulse modulator bias lines decreases RFI emissions. When 
the instrument is leveling at low power, the ALC modulator 
is in a high-attenuation state and there is less RF energy 
after the ALC modulator to radiate and escape from the 
package. Since the 50-pF feeds are not good RFI filters and 
since the HP 8360's pulse on-off ratio is more sensitive to 
RFI failures at low leveled power, the ALC modulator bias 
package dc feed is placed in the package cavity following 
the ALC modulator to minimize radiation during low 
leveled power states. Similarly, during pulse modulation, 

2 d B  

2 d B  
2 d B  2 d B  

3 d B  

Preleveler 
Modulator 

T 
IKreieveier 

D e t e c t o r  2  d B  

12 dB Two-Sphere  
YIG-Tuned 
Multiplier 

To  Sampler  To  Low-Band 
Microcircuit 

F i g .  1 1 .  F u n c t i o n a l  b l o c k  d i a  
g ram o f  t he  modsp l i t t e r  m ic roc i r  
cu i t  i n  t he  s tandard  HP 8360  RF  
section. 
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the power level following the pulse modulator is extremely 
low and therefore sensitive to RFI leaking back into the RF 
path at that point. Therefore, the 50-pF dc feed for the 
pulse modulator bias is located in the package cavity before 
the pulse modulator. There are 15,000-pF dc feeds, which 
would have provided much better RFI filtering and are not 
location-sensitive, but they cannot be used for fast control 
signals. 

The YIG-tuned oscillator will change its frequency if the 
load match it is driving changes with time. Therefore, iso 
lation between the YTO and the ALC modulator is impor 
tant to avoid frequency pulling when the power level is 
changed and to avoid AM-to-PM conversion. The modsplit- 
ter provides two stages of FET amplification before the 
ALC modulator. This provides high isolation and mini 
mizes frequency pulling problems. 

With good harmonic performance under all instrument 
conditions, extended bandwidth, extended ALC modulator 
range, controlled gain flatness with ALC modulation, high 
YTO isolation for minimal AM-to-PM conversion, low RFI 
radiation and susceptibility, and elimination of residual 
pulse modulation on the LO drive, the modslpitter reduces 
or eliminates a number of the system problems inherent 
in the broadband multiplier RF chain. 
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DC-to-50-GHz Programmable Step 
Attenuators 
Based on HP's  proven edgel ine technology,  these 
at tenuators  prov ide the HP 8360 sweepers wi th  up to  90 
dB of  at tenuat ion in 10-dB steps.  

by David R.  Veteran 

COAXIAL ATTENUATORS are simple enough in 
concept but not so easy to design when the required 
frequency range is dc to 50 GHz. This is especially 

true when switchability and high repeatability without loss 
of accuracy and match are required. 

A few years ago, type N and SMA were the connectors 
of choice for coaxial devices. Their maximum upper fre 
quency limit was about 18 Ghz. Then came the 3.5-mm 
connector and the upper limit moved up to 26.5 GHz. Now 
we have moved up again with the advent of the 2.4-mm 
connector and its 50-GHz capability. 

The move to ever higher frequencies for broadband mea 
surements has created the need for a whole new generation 
of coaxial devices. Adapters, pads, terminations, opens and 
shorts, and air lines came first. They made it possible to 
make accurate coaxial measurements to 50 GHz, an impor 
tant first step. Then came broadband sources and test sets 
which required step attenuators for level control. For the 
HP 8360 synthesized sweep oscillators, new 50-GHz at 
tenuators were developed. These attenuators are also avail 
able separately as the HP 33324/26/27 programmable step 
attenuators (Fig. 1). 

F ig .  1 .  The  p rog rammab le  coax ia l  a t t enua to rs  used  i n  t he  
HP 8360 synthesized sweepers are a lso avai lable as the HP 
33324/26/27 programmable  s tep  a t tenuators .  They opera te  
f r o m  d c  t o  a s  h i g h  a s  5 0  G H z  a n d  p r o v i d e  u p  t o  9 0  d B  o f  
at tenuat ion in  s teps of  1 dB or  10 dB.  

Edgeline Configuration 
As a starting point it was decided to base the new at 

tenuators on the edgeline cascaded configuration 
pioneered by HP 20 years ago. A lot of experience has been 
gained over the years with these attenuators and they have 
proven to be very reliable. 

In the edgeline system, the center conductor is a flat 
ribbon suspended between and at right angles to a pair of 
parallel conducting planes that serve as the outer conduc 
tors. The center conductor can be flexed from one contact 
to another to switch signal paths without changing the 
transmission line impedance. A big advantage of the 
edgeline system is that the outer conductor remains fixed, 
unlike a turret system, in which both inner and outer con 
tacts are broken each time the device is switched. 

In the edgeline attenuator the flat flexible center conduc 
tor is bent in one direction to make contact to a thin-film 
attenuator card and in the opposite direction to contact a 
short length of transmission line that establishes a straight- 
through path or bypass (Fig. 2). Because electric fields are 
concentrated along the edges, attachment holes and push- 
rods can be placed in the center with little negative effect. 

To ensure mode-free performance to 50 GHz, the critical 
internal dimensions of the new attenuators could be no 
larger than one half that of the HP 26.5-GHz attenuators. 
Direct scaling of the larger attenuator was not possible be 
cause the stiffness of mechanical parts does not scale 
linearly with size. Also, it was a goal to reduce the residual 
loss in the new design, and that meant some new thinking 
would be required on some of the parts. Along with low 
loss, good environmental performance was a must, including 
long life. Refinement of these concepts led to the new family 
of attenuators. 

A t t e n u a t o r  D e s i g n  
The basic structure of the new attenuators is shown in Fig. 

Edgeline Center 
Conductors 7 Attenuator Card 

Fig .  2 .  A t tenuat ion sect ion  wi th  ground p lanes removed.  
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-Edgel ine Center  
Conductor 

Bypass Center 
Conductor 

Pushrod 

F i g .  3 .  C u t a w a y  s i d e  v i e w  o f  a  
th ree -sec t ion  a t tenua to r  w i th  so  
lenoids removed. 

3. Attenuator sections are cascaded and switched in or out 
in combinations to give the desired attenuation. 

The attenuator cards use a single-crystal sapphire substrate 
with tantalum nitride resistors and plated gold conductors. 
The resistor pattern is in a 7r-like configuration. Plated gold 
center conductor pads on the ends provide contacts for the 
edgeline switches. The cards are clamped into a common 
body that forms the outer conductor of the edgeline structure. 

The center conductors are mounted on a common support 
structure, which is molded from two different materials. The 
towers to which the center conductors are attached are 
molded from a modified PPO plastic. The base material of 
the support structure is molded from a low-expansion com 
posite that has the ability to absorb unwanted modes. This 
center conductor support assembly fits into a T slot in the 
housing and is spring-loaded for accurate alignment and good 
shock resistance. 

The edgeline conductors are driven by pushrods that attach 
in the middle where there is little effect on the fields (Fig. 
3). The pushrods are made from polyamideimide plastic 
which is very stable with temperature and very strong. The 
center conductors are slightly overbent after making contact 

to provide a wiping action and ensure a repeatable contact. 
A finite element analysis program was used to optimize the 
conductors for low stress with minimum length. HP has re 
cently developed some very useful microwave modeling pro 
grams, which were helpful in optimizing the edgeline dimen 
sions for low loss and good match. 

The transition from edgeline to coax at the ends is done 
through an electroformed metal bellows. This provides 
mechanical isolation between the coax center conductor and 
the edgeline conductors inside. 

The 2.4-mm connectors are mounted on the ends coaxially. 
They have a flange-type mount with an O-ring RF gasket 
under the flange. This design makes it easy to mount other 
types of connectors such as 3.5-mm and 2.9-mm for lower-fre 
quency applications. 

The solenoids are mounted in a precision common frame 
that is keyed to the main housing to ensure accurate align 
ment. The coil leads are brought out on a circuit board that 
also has the deenergizing switches mounted on i t .  The 
solenoids are a short-stroke design with rubber cushions 
at the stops for silent operation and longer life. 

The main body is machined from brass and is gold plated. 

F ig .  4 .  Exp loded  v iew  o f  a  f ou r -  
sect ion attenuator.  

48 HEWLETT-PACKARD JOURNAL APRIL  1991  

© Copr. 1949-1998 Hewlett-Packard Co.



This costs a bit more than aluminum but has outstanding 
long-term resistance to corrosion and contributes to the 
low residual loss of the device. A circular-cross-section RF 
gasket material is used between the cover and the body to 
ensure low leakage. External parts are nonstructural and 
are used for appearance and protection only. On three sides 
polycarbonate moldings are used, and the remaining area 
is enclosed by a sheet-metal dust cover. Mounting holes 
are provided in the main body with access through holes 
in the dust cover. 

Performance 
The performance of this attenuator design has proved to 

be excellent. The following are typical values: 
â€¢ Frequency range: dc to 50 GHz 
â€¢ Attenuation: 90 dB in 10-dB steps 
â€¢ Residual loss: 1.3 dB at 26.5 Ghz and 2.3 dB at 50 Ghz 
â€¢ Life: 5 million cycles minimum 
â€¢ Attenuation accuracy: Â±2% 
â€¢ Repeatability: 0.01 dB 
â€¢ SWR: 1.3 to 26.5 GHz 
â€¢ Environmental performance: Exceeds requirements. 

The HP 8360 attenuator has four sections with values of 
10 dB, 20 dB, 30 dB, and 30 dB, for a total of 90 dB. The 
same attenuator design is available as a component in these 
and other values including 1-dB steps. Other connector 
options are also available for lower-frequency applications. 

Fig. 4 shows an exploded view of a four-section at 
tenuator. 
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50-to-110-GHz High-Performance 
Mil l imeter-  Wave Source Modules 
State-of-the-art  microcircuit  technologies and development 
tools were employed to produce a W-band amplif ier tr ipler, 
a  V-band ampl i f ie r  doubler ,  an R-band ampl i f ie r  doubter ,  
and a  coupler  detector  for  two new f requency mul t ip l ie r  
modules. 

by Mohamed M.  Sayed and Giovonnae  F .  Anderson 

THE MILLIMETER-WAVE PORTION of the elec 
tromagnetic spectrum lies between the microwave 
and far infrared regions. Generally, millimeter-wave 

frequencies are between 30 and 300 GHz (wavelengths from 
10 to 1 mm). The main applications for millimeter- wave 
systems are in communications, radar, and spectroscopic 
observation. 

Millimeter waves are attenuated by atmospheric con 
stituents and gases at different rates for different frequen 
cies (see Fig. 1). Frequencies where gaseous absorption is 
a minimum are called atmospheric windows. Regions of 
maximum absorption are called absorption bands. The 
main millimeter-wave atmospheric windows are centered 
at 35, 94, 140, and 220 GHz, and the main absorption band 
is around 60 GHz. 

The bandwidths of the atmospheric windows are wide â€” 
16, 23, and 26 GHz for the windows at 35, 94, and 140 
GHz, respectively. In addition, millimeter-wave losses in 
these windows are low compared to infrared transmission 
in rain, fog, and smoke. These are advantages of millimeter- 

3 0  
W a v e l e n g t h  ( m m )  

1 0 . 0  8 . 0  6 . 0 5 . 0  4 . 0  3 . 0  

1 5  2 0  2 5  3 0  4 0  5 0 6 0 7 0 8 0 9 0 1 0 0  1 5 0  2 0 0 2 5 0 3 0 0 4 0 0  
F r e q u e n c y  ( G H z )  

Fig.  1 .  At tenuat ion of  mi l l imeter waves for  one-way transmis 
sion through the atmosphere. There are atmospheric windows 
a t  35 ,  94 ,  140 ,  and  220  GHz  and  abso rp t i on  bands  a t  60 ,  
120,  and 182 GHz.  

wave transmission. Other advantages are that millimeter- 
wave components are small, and a given antenna aperture 
yields a narrower beamwidth, higher precision, and better 
resolution than at microwave frequencies. For example, a 
12-cm-diameter antenna produces a 1.8-degree beamwidth 
at 94 GHz, compared to 18 degrees at 10 GHz. Table I shows 
the key millimeter-wave characteristics for the windows 
at 35, 94, and 140 GHz.1 

Table I  
Mil l imeter-Wave Characterist ics 

for  Three Atmospher ic  Windows 

New Mi l l imeter-Wave Sources 
Millimeter-wave sources are essential instruments for 

developing almost all millimeter-wave systems and for ex 
tending the range of microwave systems. The requirements 
for these sources are high output power, full waveguide 
band coverage, low output harmonics, and compatibility 
with other HP microwave sources. 

The HP 83557A and HP 83558A millimeter-wave source 
modules have been developed to complete the waveguide 
coverage of the millimeter- wave range up to 1 1 0 GHz. These 
source modules take the output of an HP microwave source, 
such as an HP 8360, and multiply it to millimeter-wave 
frequencies. They are members of the HP 8355xA series, 
which was originally introduced in May 1985. 2'3 Fig. 2 
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Fig. 2.  The HP 83557 'A 50-to-75- 
G H z  s o u r c e  m o d u l e  ( l e f t  f o r e  
ground) and the HP 83558 A 75-to- 
1 1 0 - G H z  s o u r c e  m o d u l e  ( r i g h t  
f o reg round)  a re  shown  w i th  com 
p a t i b l e  H P  m i c r o w a v e  s o u r c e s :  
HP 83624 A, HP 8350B/HP 83550 A, 
a n d  H P  8 3 5 0 B / H P  8 3 5 9 5 C  w i t h  
H P  8 3 4 9 B  ( n o t  s h o w n  i s  t h e  H P  
8 6 7 3 C / D  w i t h  H P  8 3 4 9 B ) .  T h e  
m i l l ime te r -wave  source  modu les  
r e c e i v e  1 2 . 5 - t o - 1 8 . 7 5 - G H z  s i g  
na ls  f rom the microwave sources 
and multiply the frequencies to the 
mi l l imeter-wave range. 

shows the two new source modules and the microwave 
sweep oscillators and synthesized signal generators with 
which they can be used. The HP 8355 7 A covers the V-band 
range of 5 0 to 7 5 GHz andtheHP83558A covers the W-band 
range of 75 to 110 GHz. These two sources have high out 
put power: + 3 dBm for the HP 83557A and 0 dBm for the 
HP 83558A. Also available is the narrower-bandwidth 
HP 83558A Option H03, which supplies +3 dBm from 88 
to 98 GHz. These new source modules can be used for 
either scalar or vector network analyzer applications. 

The challenge in designing the new source modules was 
to supply state-of-the-art performance using the latest 
technologies and the features of the latest microwave 
sources such as the HP 8360 family (see article, page 6), 
without sacrificing backward compatibility with HP micro 
wave sources introduced before 1985. 

Design Phi losophy 
Design goals for the two new modules were: 

â€¢ Higher output power than other sources on the market 
â€¢ Frequency coverage of an entire waveguide band 
â€¢ Low output harmonic content for use in scalar applica 

tions 

â€¢ Use of the millimeter-wave source interface already de 
fined for the rest of the HP 8355xA family before 1985 

â€¢ Use of the same mechanical package as the rest of the 
HP 8355xA family 

â€¢ Leveled output power with specifications equal to or 
better than other HP 8355xA modules 

â€¢ Use of many of the user interface features offered by the 
HP 8360 family of sources. 
The input frequencies for these two source modules were 

to be supplied by an HP 83550A millimeter-wave driver 
or other HP microwave sources along with an HP 8349B 
microwave power amplifier, which has a bandwidth less 
than 20 GHz. Thus the multiplier number was determined 
to be 4 for the HP 83557A and 6 for the HP 83558A, as 
shown in Fig. 3. 

Two alternatives were then available: multiply by 4 or 
6 directly or multiply by two and then amplify and multiply 
by two for V band and by three for W band. Output power, 
input dc power, and harmonics are very different for the 
two alternatives. Table II compares these two alternatives 
for V-band and W-band source modules. For example, to 
obtain + 3 dBm output power in W band by multiplying 
by 6 directly, an input dc power of over 33 dBm or 2 W is 

HP 83558A 
Option H03 

- - 1 1 0  

HP 83558A 

HP 83557A 

+ 5  + 3  + 2  + 1  0  - 1  - 2  - 3  - 4  - 5  
PO (dBm) 

1 1  1 2  1 3  1 4  1 5  1 6  1 7  1 8  1 9  2 0  
Input Frequency f ,  (GHz) 

F i g .  3 .  O u t p u t  p o w e r  a n d  f r e  
q u e n c y  r a n g e s  o f  t h e  n e w  m i l l i  
meter -wave source modules.  
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R-Band Amplif ier/  
Doubler 

Microwave 
Signal 
Source 

(a) 

x  
V-Band Amplif ier /  

Doubler 

W a v e g u i d e  
Output 

*  5 0  t o  7 5  G H z  
+ 3  d B m  

Coupler/Detector 

Microwave 
Signal 
Source 

(b) 

Waveguide 
Output 

^ 7 5  t o  1 1 0  G H z  
0  dBm 

W-Band Ampli f ier /  
Tripler 

Coupler/Detector 

Fig .  4 .  B lock  d iagrams o f  (a)  the  
HP 83557 A 50-to-75-GHz source 
m o d u l e  a n d  ( b )  t h e  H P  8 3 5 5 8 A  
75-to-110-GHz source module.  

required below 20 GHz. Assuming 20% conversion gain 
for the microwave amplifier at 20 GHz, over 10W dc is 
required from the HP 83550A source or HP 8349B. How 
ever, the power supply from either the HP 83550A or the 
HP 8349B to the HP8355xA millimeter-wave source mod 
ule family is less than 8W. Therefore, the second alternative 
of multiplying by two, then amplifying and multiplying 
again was chosen. This alternative is called 2A2 or 2A3 in 
Table II. The input frequency of 12.5 to 18.75 GHz is first 
doubled to 25 to 37.5 GHz, then amplified and multiplied 
again to cover either V-band (with a doubler) or W-band 
(with a tripler). This method is also efficient in using the 
available dc power, since for a given amount of dc power, 
more gain can be obtained at 25 to 37.5 GHz than at 12.5 
to 18.75 GHz. 

Table I I  
Comparison of  Mult ipl icat ion Alternat ives 

for  Mi l l imeter-Wave Source Modules 

M u l t i p l i e r  I d e a l  R e a l i s t i c  
Number  Con vers ion  Convers ion  

L o s s ( d B )  L o s s ( d B )  

Band F r e q u e n c y  H a r m o n i c  
(GHz) 

To make maximum use of the design tasks and compo 
nents previously developed for earlier HP 8355xA source 
modules, the HP 83557A and HP 83558A use an R-band 
amplifier doubler as shown in the block diagram, Fig. 4. 
This component was designed for the HP 83554A (26.5 to 
40 GHz). Since the ratio of the input frequency at the begin 
ning of V band to that at the beginning of W band is exactly 

2/3, a V-band amplifier doubler and a W-band amplifier 
tripler can be used with the same R-band amplifier doubler. 
This reduced the development time dramatically. 

Although the harmonics are the same for direct multi 
plication by 4 and for the 2A2 method â€” or 6 and 2A3 â€” the 
2A2 and 2A3 methods offer two more degrees of freedom 
to reduce the mixing harmonics. As explained later, the 
harmonics of the R-band doubler can control the 5/4 and 
7/6 harmonics of the V-band and W-band sources. In addi 
tion, the frequency response of the V-band amplifier dou 
bler and the W-band amplifier tripler can control and may 
eliminate the 3/4 and 5/6 harmonics of the V-band and 
W-band modules, respectively. The sources used to drive 
the HP 83557A and HP 83558A have very low harmonic 
content, better than â€”50 dBc. 

Another challenge to the design team was the physical 
size of the source module and the available dc power sup 
ply from the source. With no increase in the maximum RF 
input power and dc power supply, the project team had 
to deliver the same output power at higher frequencies ( + 3 
dBm from 50 to 75 GHz for the HP 83557A). As Fig. 4 
shows, this module is actually two sources in one package. 
These challenges made necessary a high-efficiency ampli 
fier doubler for the V-band module and a high-efficiency 
amplifier tripler for the W-band module. 

An external coupler detector is used to deliver high- 

vout 

RF 
Inpu t  
O    

V  

Detector 
Diode 

Chip  
Capac i t o r  

Detector 
Diode 

Ch ip  
Capac i t o r  

F ig .  5 .  Schema t i c  d i ag ram and  mechan i ca l  l a you t  f o r  t he  
detector  por t ion of  the coupler  detectors used in the V-band 
and W-band source  modu les .  
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performance output power leveling. This coupler has 
superior directivity and therefore a superior source match 
is achieved. Higher unleveled output power can be ob 
tained by removing the external coupler detector. 

For use with the new HP 8360 synthesized sweepers (see 
article, page 6), a nonvolatile RAM containing calibration 
data is included in the source modules. This can be read 
directly by the HP 8360 family to improve the leveling 
flatness of the system (see "Flatness Correction," page 59). 

V-Band and W-Band Coupler  Detectors  
For maximum flexibility in using the source with or with 

out leveling, the coupler detector was designed to be sepa 
rate from the V-band or W-band multiplier. (In the earlier 

HP 83554A, HP 83555A, and HP 83556A source modules, 
the coupler detectors were integrated with the multipliers). 
The coupler was designed and is manufactured in-house to 
obtain superior performance, ruggedness, and mechanical 
strength. (Special versions of the HP V752C and HP W752C 
are used). The schematic diagram and the mechanical lay 
out for the V-band and W-band detectors are shown in Fig. 5. 

The RF energy travels through a waveguide taper and 
impinges on a beam-lead diode at the end of the guide. 
One end of the diode is attached to a 6-pF capacitor, which 
rectifies the RF signal. The other end of the diode is at 
tached to ground. The device used for this detector is a 
beam-lead planar doped barrier diode fabricated on a GaAs 
substrate with a 40-^im2 active area. 

The Use of the HP Microwave Design System in the W-Band Tripler Design 

To ach ieve  the  max imum convers ion  e f f i c iency  o f  the  t r ip le r  
descr ibed in  the accompanying ar t ic le ,  i t  was necessary  to  pro 
vide a very good match to the diode at the tripler input frequencies 
(25  GHz to  36 .66  GHz) .  An  impedance  match ing  f i l t e r  was  de  
signed using the Microwave Nonl inear Simulator (MNS) which is 
a  par t  o f  Hewle t t -Packard 's  Mic rowave Des ign  Sys tem (MDS) .  
The design of  the f i l ter  took place in three stages:  
â€¢ Developing and s imulat ing a model  o f  the nonl inear  dev ice 

used for mult ip l icat ion 
â€¢ Designing and optimizing the fi lter 
â€¢ Verifying the design experimentally. 

The nonlinear model for the diode is shown in Fig. 1 . The diode 
is a 20-f j .m2 beam-lead device fabricated in an n + + LPE epitax 
ia l  layer on a GaAs substrate.  The model was developed to take 
in to account  the paras i t ic  inductances,  capaci tances,  and res is  
tances o f  the  beam- lead d iode ch ip .  Va lues fo r  these paras i t i c  
elements were calculated from the geometrical layout of the chip. 
Values for  the diode parameters,  such as saturat ion current and 
breakdown vo l tage,  were  de termined by  measurement  and ca l  
culat ion. Fig.  2 shows the return loss of  th is device predicted by 
the nonl inear MDS model  wi thout any matching c i rcui t .  Because 
o f  our  used in  the  la rge-s igna l  behav ior  o f  the  d iode,  we used 
a  harmon ic  ba lance  s imu la t ion  to  de te rmine  the  re tu rn  loss  o f  
the unmatched device at three power levels: 1 8, 20, and 22 dBm. 
As  one can see,  the  pred ic ted  re tu rn  loss  o f  a round -3  dBm is  
qui te s igni f icant .  A n ine-element Chebyshev f i l ter  was designed 
using purpose stubs and microstrip transmission lines. The purpose 

O K I  
^  P - 0  d  b  

PHf lSE-0.0  
FUND= I 
HARM'! 

T R I P L E R  

- 0 . 6 - ! -  

m â€¢o 

- 2 . 6  
37.5 

Frequency (GHz) 

F i g .  2 .  D i o d e  r e t u r n  l o s s  p r e d i c t e d  b y  t h e  H P  M i c r o w a v e  
Design System at  three power levels.  

R ' 1 . 5  O H  L - 5 0 p H  L = 3 0 p H  

L " 3 0 p H  C - l O p F  

Fig. 1 .  HP Microwave Design Sys 
tem nonlinear tripler diode model. 
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Fig. f i l ter. Schematic layout of a nine-element Chebyshev low-pass f i l ter. 

- 2 5 . 0  
Frequency (GHz) 

Fig.  4.  Predic ted opt imized return loss of  the f i l ter .  

37.5 

o f  th i s  f i l t e r  i s  two fo ld :  to  p rov ide  an  impedance  match  to  the  
diode and to control  the harmonics generated by the diode.  The 
f i l ter  has a cutof f  f requency of  45 GHz. The last  capaci tor of  the 
f i l ter is a 0.006-pF chip capacitor.  This ensures the presentat ion 
of a short circuit to the higher harmonics of the diode. A schematic 
layout of  the f i l ter  is shown in Fig.  3.  MDS was used to opt imize 
the outer  radius of  the stubs and the length of  the t ransmiss ion 
l ines.  The opt imized return loss of  the f i l ter  c i rcui t ,  predicted to 
be between -  1 5 dB and -  23 dB, is  shown in Fig.  4.  The c i rcui t  
is  real ized on a 0.005- inch sapphire substrate.  Return loss mea 
s u r e m e n t s  w e r e  m a d e  u s i n g  a n  R - b a n d  t r a v e l i n g  w a v e  t u b e  
ampl i f ier  leveled at  22-dBm input power.  Measured data (Fig.  4)  
showed  reasonab le  ag reemen t  w i th  t he  p red i c ted  da ta  a t  t he  
low end of  the band but  deviated at  the high end.  The deviat ion 
was caused by const ra in ts  on l ine widths and rad ia l  s tub spac-  
ings in the microcircui t  substrate fabr icat ion.  

G/ovonnae Anderson 
Development  Engineer  

Network Measurements Div is ion 

The waveguide taper acts as an impedance matching 
circuit. It reduces the height of the guide from 0.074 inch 
to 0.006 inch for the V-band detector and from 0.050 inch 
to 0.005 inch for the W-band detector. The V-band detector 
employs a linear (straight line) taper, but the W-band detec 
tor uses an exponential cosine taper for improved input 
match.4 The taper in the W-band detector also contains a 
high-pass filter, which attenuates below-band harmonics 
which would have degraded flatness. Fig. 6 shows the V- 
band and W-band coupler detector output voltages as func 
tions of frequency. 

W-Band Ampl i f ier  Tr ip let  
Odd harmonics are typically generated by symmetrical 

distortion of an incoming waveform. For example, if an 
ideal sinusoidal waveform is clipped symmetrically by a 
circuit, then the output of that circuit will contain only 
odd harmonics. The circuit used for the W-band tripler is 
shown in Fig. 7. The diode used is a 20-/u.m2 beam-lead 
device5 fabricated on an n+ + epitaxial layer on a GaAs 
substrate. 

The filters are designed for proper signal routing. The 
design of the low-pass filter is crucial to the multiplier 
design since it provides the impedance match to the diode 
and a short circuit to the higher harmonics generated in 
the multiplier.6 For more discussion on the design of this 

o- - 
_  - 2 0 - -  
g  - 4 0 - -  
~  - 6 0 - -  
S 1  - 8 0 -  ^  
0 - 1 0 0 - -  
Ã - 1 2 0 - -  
I - 1 4 0 - -  

I - 1 6 0 - -  
Q - 1 8 0 - -  

-200- â€” 

9 0  9 5  
Frequency (GHz) 

100 105 110 

(b) 
5 0  5 2  5 4  5 6  5 8  6 0  6 2  6 4  6 6  6 8  7 0  7 2  7 4  

Frequency (GHz) 

F i g .  6 .  O u t p u t  v o l t a g e  o f  t h e  W - b a n d  ( a )  a n d  V - b a n d  ( b )  
coup le r  de tec to rs  f o r  a  sou rce  modu le  ou tpu t  power  o f  - 5  
dBm. 

54  HEWLETT-PACKARD JOURNAL APRIL  1991  

© Copr. 1949-1998 Hewlett-Packard Co.



" l o a d  

Fig.  7.  Diode t r ip ler  ant iparal le l  conf igurat ion.  

filter, see "The Use of the HP Microwave Design System 
in the W-band Tripler Design," page 53. The final design 
is realized as a nine-element modified Chebyshev filter 
with a cutoff frequency of 45 GHz. The last element of the 
filter is a chip capacitor fabricated in-house with a value 
of 0.006 pF. This chip capacitor gives the filter excellent 
out-of-band response because it presents an excellent short 
circuit to the higher harmonics. The output of the tripler 
is ac-coupled to the waveguide. The high-pass filter is an 
exponential cosine taper in the waveguide, similar to the 
one used in the detector; it provides an open circuit at the 
plane of the diode to frequencies below 70 GHz. The taper 
also reduces the height of the guide at the diode end to 
lower the impedance to 45 ohms to provide a better match 
to the third harmonic. The physical layout of the multiplier 
is shown in Fig. 8. 

When the source power is too low there is insufficient 
drive to turn on the diodes and the conversion efficiency 
is degraded. When the source power is too high, the conver 
sion efficiency is also degraded because the diodes con 
tinue to clip at a voltage determined by the barrier height. 
These effects are shown in Fig. 9 (unbiased curve). Another 
consequence of increasing power in this circuit is very high 
diode current which can result in poor device reliability. 

The output power from the multiplier is specified at 
+ 3 dBm at 110 GHz with a conversion efficiency of better 
than 19 dB. Self biasing of the multiplier diode is necessary 
for this goal to be achieved. The bias circuit for the tripler 

Waveguide 
Output 

Tripler  Diode 

RF 
Input 

Low-Pass 
Filter 

is shown in Fig. 10. The RC time constant is made purposely 
long in comparison to the RF signal driving the circuit. 
This results in rectification of the RF and the presence of 
a positive or negative dc voltage on the internal nodes. The 
magnitude of the dc voltage depends on the magnitude of 
the incoming signal. For very high RF drive levels, the dc 
voltage increases. The diodes will not conduct until the 
RF voltage exceeds one diode drop above the dc voltage. 
This means that clipping of the incoming signal occurs at 
higher voltages and conversion loss is improved. The con 
version efficiency is shown in Fig. 9 for biased and un 
biased circuits. The conversion efficiency at +18 dBm is 
about the same as before. For higher power levels, however, 
the conversion efficiency is improved and remains rela 
tively constant until device failure occurs. The resistor and 
capacitor values are chosen to allow adequate charge to be 
bled off the internal node while the diodes are reverse 
biased by the RF. 

Because the diodes now conduct over a smaller portion 
of the RF cycle, there is a smaller component of direct 
current flowing in them. This results in less metal migration 
than in the unbiased tripler. However, because of the pres 
ence of the self-bias voltage, the reverse voltage across the 
diodes is increased. To prevent breakdown, the diodes were 
redesigned to maintain the same overall capacitance and 
series resistance. 

Bias is also needed to improve the conversion efficiency 
at low drive levels. For low signal levels, the diode will 
not turn on as it does in the unbiased tripler. To level the 
multiplier at -5 dBm a trickle current of about 100 /Â¿A is 
required. The dc voltage across the diodes can be adjusted 
to improve the harmonic balance of the multiplier. Because 
of the sensitivity of the input filter circuit to an additional 
bond wire, there is no center tap to ground for the multi 
plier. Therefore, the diodes cannot be independently bi 
ased. 

O o  Biased 

Fig.  8.  Physical  layout  of  the d iode t r ip ler .  

Input  Power (dBm) 

Fig .  9 .  Convers ion  e f f i c iency  o f  unb iased and b iased d iode 
triplers. 
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The amplifier portion of this component is a thin-film 
circuit with integrated capacitance fabricated on a 0.005- 
inch sapphire substrate using a laser milling process. The 
amplifier has eight stages of amplification to supply the 
required RF power to the W-band tripler stage. A unit cell 
of this amplifier is shown in Fig. lla. It consists of a two- 
stage GaAs FET amplifier with input, output, and interstage 
matching networks. This unit cell is used to achieve the 
required power as shown in Fig. lib. The same amplifier 
is also used in the V-band amplifier doubler.3'7'8 

For a discussion on the design of the W-band tripler 
package, see "The Use of HP ME 10/30 in the W-Band 
Tripler Design," page 57. 

V-Band Ampl i f ier  Doubler  
Basic doubling action occurs when a sinusoidal 

waveform is transformed into a fully rectified output. The 
output waveform contains only even-order harmonics. This 
is achieved in both the R-band doubler and the V-band 
doubler by using a coplanar waveguide-to-slotline struc 
ture. The basic structure is shown in Fig. 12. 

The fundamental signal is input to the doubler via the 
coplanar waveguide. The characteristic impedance of the 
coplanar waveguide input line is 50 ohms at the coax tran 
sition, but is transformed down to 30 ohms at the narrowest 
part of the gap to present a better match to the diode. The 
coplanar waveguide structure is particularly useful for at 
taching a beam-lead diode to the circuit. Wire bonds con 
nect the ground planes together, and the unbalanced mode 

0 2  
0 1  

Input 

(a )  

Fig .  10 .  W-band t r ip le r  w i th  b ias  
circuit. 

that exists in coplanar waveguide propagates through these 
wire bonds unaffected. The fundamental signal is termi 
nated by the doubler diode. Charge flow through the diodes 
results in the balanced mode across the slotline, giving rise 
to only even harmonics. The wire bonds are attached to 
the ground plane approximately one quarter wavelength 
(doubled frequency) away from the diode, so any second 
harmonic propagating towards the input on the coplanar 
waveguide line is reflected in phase with the output. A 
thin-film capacitor provides RF continuity for the funda 
mental and doubled signals, while allowing biasing capa 
bility for the diode. The second harmonic propagates 
through the slotline transition and into the next part of the 
circuit. 

The placement of the wire bonds that connect the ground 
planes is crucial. These bonds are close enough to the diode 
to appear as an inductive backshort, which resonates with 
the junction capacitance of the diode. Movement of the 
diode also affects the 3/2 harmonic of the doubler, since 
the phasing can be either positive or negative. Movement 
of the wire bonds closer to the diode will, in general, give 
a slight improvement of the conversion efficiency at the 
expense of the unwanted harmonics. The wire bonds ex 
tend well up the coplanar line. In the case of the V-band 
doubler, the wire bonds extend up the entire line. Removal 
of bonds near the RF pin usually results in reduced conver 
sion efficiency. 

Bias is used with both doublers to improve conversion 
efficiency at higher powers, and to provide leveling loop 

Output 

s o n  

Input 

(b) 

F i g .  1 1 .  ( a )  U n i t  c e l l  a m p l i f i e r  
O u t p u t  ( U C A )  f o r  t h e  a m p l i f i e r  p o r t i o n  o f  

t he  W-band  amp l i f i e r  t r i p /e r .  ( b )  
A m p l i f i e r  p o r t i o n  o f  t h e  W - b a n d  
amplif ier tr ipler. 

56  HEWLETT-PACKARD JOURNAL APRIL  1991  

© Copr. 1949-1998 Hewlett-Packard Co.



Th in -F i lm  
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Inpu t  
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Capac i t o r  

Fig.  12.  Coplanar  waveguide input  s t ruc ture.  

stability at lower drive levels. Thin-film capacitors are used 
as dc blocks for bias currents. Because of the nature of the 
coplanar structure, a ground return can be added from the 
center RF line to the ground plane with no degradation of 
the multiplier. This allows each diode to be balanced sepa 
rately. 

In V band, the doubled signal propagates through a slot- 
line/finline transition and into waveguide, as shown in Fig. 
13. The finline circuit dielectrically loads the waveguide, 
and it is possible to set up surface modes called longitud 
inal section electric or LSE modes. These modes appear in 
the output power as sharp, high-Q dips. Three possible 

.  S lo t l i ne -  Exponent ia l  
Cos ine  

T r a n s i t i o n  

F in l ine/  
W a v e g u i d e  
T rans i t i on  

Fig.  13.  S lo t l ine- to- f in l ine t rans i t ion in  the V-band ampl i f ie r  
doubter. 

The Use of HP ME 10/30 in the 
W-Band Tripler Design 

The use of  draf t ing tab les,  penci ls ,  and paper  for  des ign and 
d ra f t i ng  a t  HP  i s  r ap id l y  d i sappea r i ng  and  be ing  rep laced  by  
compute rs ,  d i sp lays ,  and  keyboards .  The  p r imary  mechan ica l  
des ign sof tware is  HP ME 10 for  two-d imens iona l  work  and HP 
ME 30 for  sol ids model ing.  

The package for  the W-band t r ip ler  microc i rcu i t  descr ibed in  
t he  accompany ing  a r t i c l e  was  des igned  us i ng  ME 10 .  The  re  
quired views were constructed with exact geometry so that other 
areas invo lved in  documentat ion and manufactur ing would  see 
the correct  conf igurat ion.  This f i le  was then e lectronical ly  t rans 
fer red to  the model  shop for  the fabr icat ion o f  pro to type par ts .  
S i n c e  t h i s  p a c k a g e  i s  r e l a t i v e l y  c o m p l e x ,  c o n s i s t i n g  o f  f o u r  
mach ined par ts ,  i t  was t rans la ted in to  an ME 30 so l id  body for  
better visual izat ion. The tapered waveguide equation, developed 
us ing  the  HP Mic rowave Des ign  Sys tem (MDS) ,  was  a lso  sen t  
to  the  in to  shop,  rou ted  th rough a  t rans la to r ,  and  en tered  in to  
the ME 30 so l id  body.  

Al l  of  the ME 30 informat ion was routed through another t rans 
la to r  and  then  the  p ro to type  packages  were  mach ined us ing  a  
computer-contro l led machine tool .  Once necessary rev is ions or  
correct ions to the package were implemented, the f i le was trans 
fe r red  to  the  dra f t ing  area,  where  a  s imp le  command in  ME 30 
generated al l  s ix views of a part and the part was formally dimen 
s ioned and format ted for  manufactur ing speci f icat ions.  The pro 
duct ion machin ing area was a lso ab le to  impor t  these f i les  in to  
i ts  own system wi th very l i t t le  t ime for  product ion programming 
restructuring. Fig. 1 shows the flow chart of the procedure used. 

Reference 
1. S. Innovation, "Changing World Markets: the CAID Mandate at HP," Innovation, Vol.  
8,  no.  2,  Spr ing/Summer 1989,  pp.  26-29.  

Roy Marciu l ionis 
Development  Engineer  

Network Measurements Div is ion 
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Fig.  1.  F low char t  of  the process leading f rom ME 10 design 
to f inal  draf t ing and product ion.  
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methods of suppressing these modes are: changing the sub 
strate to a lower-dielectric material, changing the substrate 
thickness, and reducing the height of the waveguide to 
push the cutoff frequency above-band. 

This problem is overcome by changing the substrate from 
0.010-inch sapphire (er = 9.6) to 0.010-inch fused silica 
(er = 3.2) and reducing the height of the waveguide. The 
choice of material and substrate thickness is a compromise 
between the need to suppress the LSE modes, the imped 
ance requirements for achieving the proper input match to 
the diodes, and the feasibility of fabricating the thin-film 
capacitors necessary for diode biasing. The waveguide 
height is reduced from 0.074 inch to 0.070 inch to ensure 
that the cutoff frequency is above-band. The doubling de 
vice for both the R-band and the V-band doublers is a 
40-/xm2 Schottky diode on an n+ + liquid phase epitaxy 
layer on a GaAs substrate. 

Placing the dielectric circuit into the waveguide is 
mechanically difficult. For this reason, a split block ap 
proach is employed. As shown in Fig. 14, the waveguide 
housing is in two parts, and one part includes machined 
cavities above and below the waveguide. These cavities 
are one quarter wavelength (at midband) from the wave 
guide and filled with polyiron. The polyiron ensures that 
no modes can exist in the cavities. The cavities themselves 
present an open circuit, which transforms to a short circuit 
at the edge of the waveguide. 

R-Band Ampl i f ier  Doubler  
The input signal of 12.5 GHz to 18.75 GHz (maximum 

input power = 15 dBm) is first amplified by an MMIC 
(microwave monolithic integrated circuit) amplifier. This 
amplifier is a reactively matched two-stage MESFET 
amplifier designed to give 22-dBm output power from 12 
GHz to 20 GHz. The amplifier roll-off below 12 GHz pro 
vides rejection for the lower harmonics coming from the 
source. Like many amplifiers, this one had a tendency to 
oscillate if the input and bias leads were of any significant 
length. Therefore, several large monoblock capacitors were 
added around the circuit to keep it from oscillating. The 
multiplier operates on the previously discussed frequency 

P o l y i r o n  ^ -  
C a v i t i e s  ^  

ZO^MS 

F i g .  1 5 .  S l o t l i n e - t o - m i c r o s t r i p  t r a n s i t i o n  o f  t h e  R - b a n d  
ampl i f ier  doubter wi th c i rcui t  model .  

doubling principle. The circuit is realized on a 0.010-inch 
sapphire substrate. The frequency-doubled signal propa 
gates down the slotline and through a transition (trans 
former) into microstrip line. The slotline-to-microstrip 
transition and its model are shown in Fig. 15. It is formed 
by overlapping the slotline and the microstrip line. 

A m p l i f i e r  M u l t i p l i e r  P e r f o r m a n c e  
Typical output power performance data for the W-band 

amplifier tripler, the V-band amplifier doubler, and the 
R-band amplifier doubler is shown in Fig. 16. The different 
technologies, devices, and thin-film parameters used in 
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Fig.  14.  SP/ /Ã b lock des ign of  the f in l ine- to-waveguide t ran 
s i t ion of  the V-band ampl i f ier  doubler .  

Fig.  16.  Typical  output power of  the W-band ampl i f ier  t r ip ler .  
the  V-band ampl i f ie r  doub ler ,  and the  R-band ampl i f ie r  dou 
bler. 
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component development for the HP 83557A and HP 83558 A 
millimeter-wave source modules are shown in Table HI. 

Table I I I  
Technology Used for  Components  of  the  

HP 83557A and HP 83558A Source  Modules  

Source Module System Evaluat ion 
Once the individual components were developed and 

met their specifications, the source module was assembled 
with the component bias board and the source interface 
board. A few challenging issues were discovered and re 
solved by the project team for the source and the system 
to meet specifications. 
Dynamic Range. The V-band source module is specified 
to deliver leveled output power between + 3 dBm and - 2 
dBm. The maximum output power, + 3 dBm, determines 
the required minimum input power to the source module. 
For the HP 83624A and HP 83550A sources, the minimum 

6 - r  

- 8  
1 2 . 5  1 3  1 3 . 5  1 4  1 4 . 5  1 5  1 5 . 5  1 6  1 6 . 5  1 7  1 7 . 5  

W-Band Source Input  Frequency (GHz)  

1 2 . 5  1 3  1 3 . 5  1 4  1 4 . 5  1 5  1 5 . 5  1 6  1 6 . 5  1 7  1 7 . 5  1 8  1 8 . 5  
V-Band Source Input  Frequency (GHz)  

Fig. 1 7. Input power for -  2-dBm output power for the V-band 
source module and for  -  5-dBm output  power for  the W-band 
source module.  

Flatness Correction 

Among the many features of the HP 8360 family of synthesized 
sweep osc i l la to rs ,  the  f la tness  cor rec t ion  capab i l i t y  o f fe rs  the  
mil l imeter-wave source module user better output power f latness 
through the module 's  own in terna l  f la tness cor rect ion data and 
an HP 8360 user-def inable f latness cal ibrat ion rout ine.  

The d ig i ta l  f la tness correct ion for  the mi l l imeter-wave source 
modules works in much the same manner as the internal f latness 
co r rec t i on  tha t  i s  s tanda rd  i n  a l l  HP  8360  se r ies  syn thes i zed  
sweepers.  The f la tness correct ion array is  s tored in  nonvolat i le  
RAM in  each mi l l imeter -wave module.  I t  conta ins of fset  factors  
in  dB to  compensate for  the unf la tness of  the module 's  coupler  
and detector .  These numbers  are  s tored a t  f requency in terva ls  
co r respond ing  to  the  modu le ' s  mu l t i p l i ca t ion  fac to r  t imes  100  
MHz (nominal).  The V-band module, for example, is a x 4 module 
and car r ies  o f fse t  da ta  every  400 MHz.  The W-band modu le  i s  
x6  and has  cor rec t ion  da ta  every  600 MHz.  Th is  a r ray  is  read 
i n t o  t h e  H P  8 3 6 0 ' s  m e m o r y  w h e n e v e r  a  m i l l i m e t e r  m o d u l e  i s  
connec ted  and  an  ins t rument  p rese t  i s  execu ted .  The  modu le  
f la tness cor rec t ion then res ides in  a  spec ia l  a r ray  in  the ins t ru  
ment.  The HP 8360 uses this information to correct the module's 
coupler  and detector  f la tness a t  a  f in i te  number  o f  f requenc ies 
ac ross  the  m i l l ime te r  wavegu ide  band .  L inear  i n te rpo la t ion  i s  
performed in the HP 8360 for f requencies between each f latness 
correction point, result ing in some f latness errors typical ly on the 
order of 0.2 dB. Another source of flatness error is the nonlinearity 
of the detector and logger. The f latness correct ion data is stored 
a t  the  spec i f i ed  max imum leve led  ou tpu t  power .  As  the  power  
is  lowered,  smal l  f la tness  er rors  occur ,  w i th  approx imate ly  0 .2  
dB e r ro r  a t  the  m in imum spec i f i ed  ou tpu t  power .  However ,  a l l  
f la tness  er ro rs  over  the  power  leve l  and f requency  ranges  are  
less than 0.5 dB,  leaving only the uncerta inty of  the power mea 
surement in quest ion. 

I f  bet ter  f latness than th is is  required ei ther across the ent i re 
wavegu ide  band  o r  ove r  a  sma l l e r  subse t  o f  f r equenc ies  one  
can choose to implement  the user  f la tness correct ion.  The user  
f latness capabi l i ty  a l lows the operator to set  the user correct ion 
array start /stop frequencies with up to 505 frequency points. The 
user  power  correct ion is  per formed at  the current  output  power  
set t ing,  a l lowing the operator  the choice of  output  power  leve l .  
Wi th  an  HP 437B power  mete r  connec ted  to  the  HP 8360  over  
the HP-IB interface and the power sensor connected to the output 
o f  t he  m i l l ime te r -wave  modu le ,  t he  HP 8360  can  measure  the  
power  and  s to re  the  f l a tness  o f f se t  da ta  in to  i t s  user  f l a tness  
a r r a y  p r o  A l t e r n a t i v e l y ,  a  u s e r - w r i t t e n  c a l i b r a t i o n  p r o  
g ram and  any  power  mete r  can  be  used .  Once  the  ca l i b ra t ion  
is  complete the operator  can choose any subset  o f  f requencies 
within the user f latness correct ion array and cont inue to use that 
port ion of  the user correct ion array.  

Lon Dearden 
Development  Engineer  

Network Measurements Div is ion 

power is + 17 dBm at 18.75 GHz. For other sources that 
deliver lower power than +17 dBm at 18.75 GHz, the HP 
8349B amplifier is recommended. The minimum output 
power, -2 dBm, determines the required minimum set- 
table power to be delivered by the source. This power is 
-5 dBm for the HP 83550A, HP 83595C, and HP 83592C 
without the attenuator option. Therefore, the source mod- 
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ule is tested with + 15-dBm input power to deliver output 
power of +4.25 dBm from 50 to 75 GHz, taking into con 
sideration the leveling loss and the measurement uncer 
tainty. The source module is also tested for â€” 2-dBm output 
power with the minimum sellable power from the source 
of -5 dBm from 12.50 to 18.75 GHz. The module's gain 
and gain flatness are adjusled to meel Ihe specificalion. 
The typical input power to the source module lo meet its 
-2-dBm specification is shown in Fig. 17. A similar lesl 
is performed for Ihe W-band source module. 
Leveling Sensitivity. The V-band source module can be 
configured wilh HP 8360, HP 8673C/D, HP 83550A, HP 8340/ 
41B, and HP 8359x sources. The conversion efficiency of 
the YIG-tuned multiplier of each of these sources is linear 
in the normal operating output power range. However, at 
very low outpul power, il can become nonlinear, which 
can cause ALC peaking and leveling loop oscillalions. Os- 
cillalions can also occur if Ihe conversion efficiencies of 
the R-band amplifier doubler and Ihe V-band amplifier 
doubler change rapidly wilh output power variations. 
Therefore, the V-band source module was also lesled with 
a sample of all applicable sources to verify ils ALC slability. 
The output frequencies were varied and the input power 
variation was monitored. The worst-case output frequency 
is used to lest every source module to guarantee source 
system slabilily. Typical leveling sensitivity of the V-band 
source module is shown in Fig. 18, which is for 62.5 GHz. 
The 0.5V/GHz tuning voltage is used to adjust the source 
module gain and gain shape to meel Ihe required system 
parameters for slability. A similar tesl is also performed 
for the W-band source module. 
Harmonic Analysis. The outpul harmonic content of the 
V-band source module is generated by the 3/4, 5/4, and 
6/4 harmonics as shown in Table II. The desired 6/4 or 3/2 
harmonic is generated within the V-band doubler and can 
be measured and adjusted separately on the subassembly 
level. The analysis for Ihe 3/4 and 5/4 harmonics is shown 
in Fig. 19. The desired mulliplied signal from the R-band 
doubler is fa and the unwanled signal is 3/2 fj or f2. Both 
signals are amplified and doubled again to generate the 
wanted signal f0. However, two unwanled signals are gen 
erated within the V-band doubler and propagated to the 
output. The upper portion of f2 (50 to 56.25 GHz) is 3/4 f0. 

- 1 0  - 9  - 8  - 7  - 6  - 5  - 4  - 3  - 2  - 1  
Output  Power (dBm) 

Fig.  18.  Level ing sensi t iv i ty  of  the V-band source module.  

Since the multiplier is a very efficienl mixer, fj and f2 mix 
wilh each other and with the wanled oulput signal to gen 
erate 5/4 f0. The 3/4 f0 product is easily eliminated since 
Ihe amplifier portion of the V-band amplifier doubler has 
high attenuation in that frequency range. The 5/4 f0 signal 
is directly relaled to the third harmonic of Ihe input fre 
quency or f2 and can also be adjusted by luning Ihe R-band 
amplifier doubler. This is a major advanlage of Ihe 2A2 
scheme of multiplying over the straight x 4 scheme. 

For the W-band source module, the unwanted output 
signals are 5/6 f0, 7/6 f0, and 8/6 f0 as shown in Fig. 20. The 
8/6 f0 or 4/3 f0 product is generated within the W-band 
tripler and can be measured and adjusted separately at Ihe 
subassembly level. Again, because Ihe tripler is an efficient 
mixer, it adds and sublracts the fa and f2 signals to produce 
5/6 f0 and 7/6 f0. The 5/6 f0 producl is proportional to the 
gain of Ihe amplifier portion of the W-band amplifier tri 
pler. Since this gain is really an attenualion al 50 lo 55 
GHz, Ihe 5/6 f0 producl is less than â€”40 dBc. However, 
Ihe 7/6 f0 producl is proportional to the amplifier gain at 
25 and 37.5 GHz, which is high. Thus the R-band amplifier 
doubler is adjusted to reduce the f2 signal output, which 
in turn reduces the 7/6 f0 output. 
Output Power Level Flatness. The output power can vary 
by about + 3 dB wilhout any correction. Thus an eight-break 
point scheme is used to correct for Ihe output power flat 
ness. For better than + 1-dB flatness, nonvolatile RAM in 
side the source module contains corrections for level flat 
ness and can be read by the HP 8360 synthesized sweeper 

62.5 
Fig. 1 9. Harmonic analysis for the 
V-band source module.  
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1 2 . 5  1 8 . 3 3  

87.5 1 1 0  
Fig. 20. Harmonic analysis for the 
W-band source module.  

High-Power W-Band Source 
Module 

The output  power  o f  the W-band source module is  a  funct ion 
of the sum of the conversion losses of the R-band ampl i f ier dou- 
bler, Since W-band amplifier tripler, and the coupler detector. Since 
these convers ion or  inser t ion losses are opt imum in  the middle 
of  the W-band region,  h igh output  power can be obtained in th is 
region.  The HP 83558A Opt ion HO3 source module was created 
to satisfy the need for high power around the 94-GHz atmospheric 
w indow.  The  ou tpu t  power  i s  max im ized  by  op t im iz ing  the  W-  
band ampl i f ie r  t r ip ler  between 88 to  98 GHz and is  h igher  than 
+  3  dBm.  The  5 /6  and  7 /6  ha rmon ics  a re  ou t -o f -band  fo r  t h i s  
model .  The f latness is  a lso bet ter  for  th is f requency range.  Fig.  
1 shows the output power and f latness of  the HP 83558A Opt ion 
HO3. 

Mohamed  Sayed  
Project  Manager  

Network Measurements Div is ion 
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Â ° -  6  -  

4 -  -  
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9 6  9 8  

Fig.  1 .  Output  power  and f la tness o l  the HP 83558 A Opt ion 
HO3 source module.  

family as described on page 6. 

Source Module Performance 
To test the two new source modules, a production test 

system was designed. This test system is an extension of 
the one already used to test the HP 83554A, HP 83555A, 
and HP 83556A. The challenge was to measure the output 
power and harmonic level accurately and traceably. Each 
subassembly of the production test system is calibrated 
separately. Typical subassemblies include a directional 
coupler with a load on the straight arm and a power sensor 
on the coupler arm, a directional coupler with a load on 
the straight arm and a harmonic mixer on the coupler arm, 
a switch, and a variable short. Since no primary standards 
were available from the U.S. National Institute of Standards 
and Technology at the time,9 in-house capabilities for sec 
ondary standards had to be developed. Typical perfor 
mance of the V-band and W-band source modules, as mea 
sured by the production test system, is shown in Figs. 21 
and 22. 

Scalar  Analysis  Appl icat ion and Performance 
A typical W-band scalar network analyzer system is 

shown in Fig. 23. The performance of a bandpass filter, as 
measured by this system, is shown in Fig. 24. The traces 
for ac and dc detection are almost identical, which implies 
that the error caused by overshoot on the square wave 
modulation is very small. For devices with a high quality 
factor (QJ, the dc detection scheme is recommended. 

Vector  Analysis  Appl icat ion and Performance 
A typical W-band vector network analyzer system, 

the HP W85106B, is shown in Fig. 25. The measured per 
formance of 90-GHz device under test is shown in Fig. 26, 
which shows that the measurement system has a dynamic 
range of over 95 dB at W band. 
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F i g .  2 1 .  T y p i c a l  p e r f o r m a n c e  o f  t h e  H P  8 3 5 5 7  A  V - b a n d  
source  modu le ,  (a )  Typ ica l  un leve led  ou tpu t  power ,  (b )  Typ 
i c a l  l e v e l e d  o u t p u t  p o w e r ,  ( c )  T y p i c a l  f l a t n e s s  a t  + 3 - d B m  
o u t p u t  p o w e r ,  ( d )  T y p i c a l  h a r m o n i c  p e r f o r m a n c e  ( 5 / 4  h a r  
monic). 

F i g .  2 2 .  T y p i c a l  p e r f o r m a n c e  o f  t h e  H P  8 3 5 5 8 A  W - b a n d  
source module ,  (a )  Typ ica l  un leve led output  power ,  (b )  Typ 
ical leveled output power, (c) Typical f latness at 0-dBm output 
power, (d) Typical mixing harmonic (7/6). (e) Typical mult ipl ier 
harmonic (4/3).  
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F ig .  26 .  Bandpass  f i l t e r  cha rac te r i s t i c  measu red  w i t h  t he  
HP W85106B network analyzer system. 
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Fig. sca Bandpass f i l ter character ist ic measured with the sca 
lar analyzer system of Fig.  23. 
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An Instrument for Testing North American 
Digital  Cellular Radios 
The HP 1 1846 A is designed to produce filtered rr/4 DQPSK 
modulated I and Q baseband signals needed to test digital 
cellular radios. 

by David M.  Hoover 

RAPID GROWTH IN THE DEMAND FOR AMPS (Ad 
vanced Mobile Phone Service) cellular radios in 
North America has caused saturation in current 

analog cellular frequency bands. This has spurred the de 
velopment of a new digital cellular standard that will 
increase the spectrum efficiency of cellular radios to allow 
more users to share the same frequency spectrum. The 
Telecommunications Industry Association (TIA) has com 
missioned a group to define this next-generation cellular 
radio system. Known as the TR 45.3 committee, this group 
of industry representatives has issued specifications defin 
ing the new digital cellular system. The new system requires 
radios to conform to the old AMPS analog specification as 
well as the new digital system, hence the name North Amer 
ican Dual-Mode Cellular System (NADMCS). The dual na 
ture of the radios was deemed necessary to ensure compati 
bility with current cellular systems. These radios will oper 
ate as analog AMPS radios in areas that do not require the 
increased capacity offered by the digital system, and in the 
digital mode in high-use areas. The new dual-mode radios 
will require testing for both the analog and digital operating 
modes. The analog tests can be made with currently avail 
able test equipment. The HP 11846A 77/4 DQPSK I-Q 
generator and the HP 11847A 77/4 DQPSK modulation mea 
surement software are two products designed to test the 
radios' digital mode. 

The NADMCS uses a digital modulation format known as 
77/4 DQPSK. This system is a time-division multiple-access 
system that allows up to six users access to a given fre 
quency channel concurrently. Because of the backwards 
compatibility with the current AMPS cellular system, the 

channel spacing continues to be 30 kHz. The digital infor 
mation symbol rate is 24.3 kHz, and to control the spectral 
energy from the digital transmission, a square root raised 
cosine filter with a roll-off factor of 0.35 is used to smooth 
the phase transitions. The HP 11846A rr/4 DQPSK I-Q 
generator is designed to produce filtered I-Q baseband sig 
nals needed to create the modulation format used by the 
NADMCS. The HP 11846A approach for implementing this 
modulation format yields a simple yet effective technique 
for generating 77/4 DQPSK modulation. When used with 
an I-Q generator, such as the HP 8780A vector signal gen 
erator,1 the HP 11846A can provide accurate 77/4 DQPSK 
modulated signals for testing North American dual-mode 
digital receivers. An overall block diagram of the HP 
11 846 A is shown in Fig. 1. 

The HP 11 84 7 A 77/4 DQPSK modulation measurement 
software performs accurate verification of the RF perfor 
mance of cellular transmitters conforming to the TR 45.3 
committee recommendations. This software package uses 
digital signal processing techniques to demodulate the RF 
signals, recover the data, and measure the modulation accu 
racy. The HP 11 84 7 A digital signal processing techniques 
result in excellent modulation measurement accuracy and 
repeatability. 

This article provides some background information 
about digital modulation format and raised cosine filters, 
and then covers the implementation of the HP 11846A fil 
tered 77/4 DQPSK modulation scheme. The HP 1 1847 A mea 
surement software is described in the article on page 73. 

4 8 . 6 - k H z  
C l o c k  

F i g .  1 .  H P  1 1 8 4 6 A  - n l 4  D Q P S K  
generator  b lock d iagram. 
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Fig .  2 .  (a )  The  I -Q p lane ,  (b )  S igna ls  o f  va ry ing  phase ,  (c )  
Thei r  I -Q d iagram.  Th is  type of  I -Q d iagram is  a lso ca l led a  
constel lat ion diagram. 

Digital  Modulation 
The modulation format chosen for the NADMCS system 

is 7T/4 differential quadrature phase shift keying (77/4 
DQPSK). To understand how this modulation format 
works, we will look at some basic building blocks for digital 
modulation. 
I-Q Diagrams. I-Q diagrams are frequently used to analyze 
the performance of digital communication systems. The 
modulation signal has two components, called in-phase (I) 
and quadrature (QJ. The I axis and the Q axis form a coor 
dinate system that presents the magnitude and phase of 
the signal being analyzed. The length of the vector from 
the origin represents the magnitude of the signal, and the 
angle of the vector referenced from the positive I axis indi 
cates the phase of the signal (Fig. 2). To determine the 
phase and magnitude of a digital signal, a reference signal 
must be available. On the transmitting side, the reference 
signal comes from a local stable oscillator. On the receiving 
side, the reference is usually derived from the incoming 
phase-modulated signal. Fig. 2b shows four signals of vary 
ing phase and their associated I-Q diagram. 

Digital communication systems use a combination of RF 
signals of specific phase and magnitude to represent spe 
cific bit patterns. The simplest method of doing this is 

0 State 1 State 

Fig.  3 .  On/of f  key ing I -Q d iagram.  

180Â° 

R e f e r e n c e  

(a )  

Reference 

270Â° 

State 1 1 
H= 180Â° 

State 10 
0 = 270Â° 

(b) 

Fig. 4. (a) I-Q diagram of QPSK modulat ion, (b) QPSK t iming 
diagram. 
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on/off keying. In this method a digital one is transmitted 
\vhen the radio carrier is on for one data clock period and 
a digital zero is transmitted when the carrier is off for one 
period. The I-Q diagram for on/off keying is shown in Fig. 3. 
Note in Fig. 3 that there are two states, one for each bit of 
information transmitted. 
QPSK Modulation. QPSK. or quadrature phase shift keying, 
uses one of four phase states to represent a particular data 
symbol. An I-Q diagram of QPSK is shown in Fig. 4. The 
reference chosen for zero degrees is arbitrary. In this sys 
tem, two bits are required to define the possible phase 
states, because for any data symbol, there are four potential 
phase states. As shown in Fig. 4b, determining the phase 
relationships of digital bit patterns requires a known phase 
reference for comparison. 
DQPSK Modulation. DQPSK, or differential quadrature 
phase shift keying, is a modification of QPSK modulation. 
This format also has four potential phase states, which 
require two bits per data symbol. The difference here is 
that the phase states are defined relative to the last phase 
state. This means that the absolute phase of the system is 
not required because the phase of the current symbol is 
determined from the phase state of the previous symbol. 
The phase state of a symbol is determined by the phase 
transition defined for that symbol. For example, consider 
the phase transitions defined for the following symbols. 

Symbol 

oo 
01 
10 
11 

DQPSK Phase Transition 

oÂ° 
90Â° 

-90Â° 
180Â° 

Based on these definitions, symbols arriving in the follow 
ing order would have the associated phase states, assuming 
an initial state of 0Â°. 

Arrival 
Time 

t 
t + 1 
t + 2 
t + 3 

135Â° 

Symbol 

00 
10 
10 
00 

180Â° 

New Phase 
State 

oÂ° 
-90Â° 
180Â° 
180Â° 

45Â° 

0Â° I 

225Â° 315Â° 

270Â° 

Thus, the phase state of the current symbol is dependent 
on the phase state of the previous symbol and the phase 
transition defined for the current symbol. 
77/4 DQPSK Modulation. The - /4 DQPSK modulation sys 
tem is very similar to DQPSK, in that it is a differential 
quadrature phase shift system. The difference is that in the 
I-Q plane, the possible phase states rotate 45 degrees for 
each symbol. Table I compares the phase transitions for 
DQPSK and 77/4 DQPSK. 

Table I  
Compar ison between DQPSK and 
i r /4  DQPSK Modulat ion Formats 

Symbol 
DQPSK Phase 

Transition 
Ti/4 DQPSK Phase 

Transit ion 

The constellation of points on the I-Q diagram now has 
a total of eight points, but only four are possible for any 
given symbol. Fig. 5 shows the possible constellation of 
points for 77/4 DQPSK. If the initial phase is at 0 degrees, 
the possible phase states could be 45, 135, 225, and 315 
degrees. For the next symbol, the possible phase states 
would be 0, 90, 180, and 270 degrees. This pattern con 
tinues, allowing a total of 8 phase states for 77/4 DQPSK. 

The key advantage of 77/4 DQPSK modulation is that the 
spectral energy can be contained to a fairly small 
bandwidth for a given data rate compared to other modula 
tion formats. In 77/4 DQPSK modulation, in which the phase 
transitions are Â±45 degrees and Â±135 degrees, spectral 
energy can be controlled by keeping the phase transition 
per symbol low, and also by reducing the signal amplitude 
during large phase transitions. Fig. 6 shows unfiltered 
phase transition trajectories for 77/4 DQPSK. The Â±45-de- 
gree rotations have small amounts of phase rotation, so the 

135Â° 45Â° 

180Â° 

225Â° 315Â° 

Fig .  5 .  I -Q d iagram of  i r !4  DQPSK modula t ion .  

270Â° 

Fig.  6.  Unf i l tered phase t ransi t ions for  - r r /4  DQPSK. The t ra 
jector ies ins ide the octagon represent  135Â° t ransi t ions.  For 
example, from 0Â° there can be a transition to 135Â° or 225Â°. 
The arrows around the outside of the octagon represent 45Â° 
transitions. 
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amplitude remains virtually constant. During the larger 
Â±135-degree transitions, however, the amplitude is signif 
icantly reduced, which helps control the spectral energy. 

Filtering 
The unfiltered phase transitions for ir/4 DQPSK shown 

in Fig. 6 produce sharp trajectories in the I-Q plane, which 
result in a large amount of spectral splatter during phase 
transitions. To control the spectral splatter, filtering is 
applied to the baseband I-Q signals. The filter used in the 
NADMCS is a square root raised cosine filter with an a 
(roll-off factor) of 0.35. The raised cosine filter not only 
minimizes spectral splatter, but also reduces intersymbol 
interference. Intersymbol interference is caused by the 
effects of all the filtering at various locations (transmitter, 
channel, and receiver) throughout a typical baseband digi 
tal system (see Fig. 7). This makes data detection more 
difficult, and filtering is applied to reduce intersymbol in 
terference. 

The theoretical minimum system bandwidth needed to 
detect 1/T symbols/s without intersymbol interference can 
be shown to be 1/2T Hz. For this case, a rectangular filter 
shape in the frequency domain is required. This type of 
filter is difficult to approximate, but if the filter bandwidth 
is increased, the approximation task is made much easier. 
This modification to the filter bandwidth is defined by a 
term called the filter roll-off factor, or a. Let W0 represent 
the theoretical minimum bandwidth, 1/2T Hz. Let W rep 
resent the bandwidth of the filter. The roll-off factor is 
defined to be a = (W - W0)/W0. The roll-off factor specifies 
the required excess bandwidth divided by the filter's â€” 6- 
dB bandwidth. Fig. 8a shows the frequency response of a 
raised cosine filter for several values of a. Notice how the 
amplitude response is 6 dB down at the theoretical mini 
mum bandwidth point, regardless of the value of a. 

O v e r l a p p i n g  R e c e i v e d  
Pu lses  

x ,  x 2  Pulse -\ Pulse  2  

De tec to r  

Sys tem F i l t e r i ng  

I n p u t  P u l s e s  

Fig .  7 .  In te rsymbo l  in te r fe rence .  The  incoming  pu lses  over  
lap, making data detection more diff icult.  H(f) is the equivalent 
transfer function for al l  the f i l ter ing effects in the system (i .e.,  
t he  t ransmi t t i ng  f i l t e r ,  t he  channe l  f i l t e r ,  and  the  rece iv ing  
filter). 

Fig. 9 shows the impulse response of a raised cosine 
filter with an a of 0.35. By examining this response, one 
can see that the impulse response crosses through nulls at 
symbol decision points. This implies no intersymbol 
interference when this filter is used. 

To achieve optimum signal-to-noise ratio, a matched fil 
ter situation must be used. This implies a similar filter in 
the transmitter and receiver. To accomplish this, the raised 
cosine filter frequency response is modified by taking the 
square root of this function. This yields a square root raised 
cosine filter. The a of the filter is the same as the original 
raised cosine filter. Fig. 10 shows the impulse response of 
a square root raised cosine filter with an a of 0.35. Notice 
that this impulse response does not have nulls at symbol 
decision points. This indicates that there will be intersym 
bol interference for this filter characteristic. The intersym 
bol interference problem is rectified because the receiver 
has another square root raised cosine filter. When the trans 
mitted data is filtered by the receiver's square root raised 
cosine filter, the received data should have no intersymbol 
interference. This is the filter arrangement chosen for the 
NADMCS. Fig. 1 1 shows a better comparison of the impulse 
response of the raised cosine and square root raised cosine 
filters. 

"Decision points are the times when the RF data is demodulated to determine the transmitted 
data.  The in teger  va lues a long the abscissas in  F igs.  8 and 9 represent  decis ion points .  

1 . 0  - r  

(a) â € ”  \ A /  W  
0  F r e q u e n c y  ( H z )  

h(t)/2W0 

Fig. 8. Raised cosine f i l ter characteristics, (a) System transfer 
f u n c t i o n  f o r  s e v e r a l  v a l u e s  o f  a .  T h e  a  =  0  r o l l - o f f  i s  t h e  
min imum bandwidth  case,  (b)  System impulse response.  
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o. 
<  

- 1 . 0  
3 4 5 6 7  

Number of  Symbols 
9  1 0  

Fig .  9 .  Impu lse  response o f  a  ra ised cos ine  f i l te r  w i th  an  a  
of 0.35. 

Fi l tered W4 DQPSK Modulat ion 
The HP 11846 A generates a square root raised cosine 

filtered I-Q output using an FIR (finite impulse response) 
type of digital filter. The HP 11 846 A implementation uses 
a ROM-based FIR filter, which allows a fairly simple hard 
ware design. The block diagram of a conventional ROM- 
based filter for 77/4 DQPSK is shown in Fig. 12. The incom 
ing data bits are input to the serial-to-parallel converter 
which separates the first and second bit of each symbol 
into separate data paths. The symbol data is then differen 
tially encoded and enters a shift register. The length of the 
shift register is determined by the FIR filter length. In the 
case of the HP 1 1 846 A, the FIR filter length is eight, making 
the output of the shift registers eight-bit parallel data. Out 
puts from both shift register banks are applied to the ROM 
address lines, giving 16 address bits. The ROMs perform a 
convolution of the input data with the filter's impulse re 
sponse to produce the I-Q output data. The box on page 
71 provides more detail about the ROMs' convolution op 
eration. 

The HP 1 1846A updates the I-Q outputs at a rate 1 6 times 
the NADMCS symbol rate. This allows the HP 11 846 A to 

generate a smooth I-Q trajectory between symbol decision 
points, which is necessary to control unwanted spectral 
energy. For 16 subintervals per symbol, four address bits 
are required to be presented to the ROM address line. Add 
ing the 16 address bits mentioned above, this implies a 
total ROM address space of 20 bits, or 1M bytes of address 
space. For 16-bit-output ROMs, this implies 16M bytes of 
storage for both the I and Q ROMs, for a total of 32M bytes 
of ROM storage. This amount of ROM was impractical, so a 
different approach to a ROM-based filter was implemented. 

Fig. 13 shows the filter block diagram used in the HP 
11 846 A. The key difference is that the I and Q ROMs have 
been replaced by cosine and sine ROMs. The I and Q out 
puts are now generated by an addition and subtraction of 
the sine and cosine ROM data. The key to being able to 
use this type of approach was recognizing that 77/4 DQPSK 
can be generated from DQPSK by a 45-degree rotation every 
symbol. By using a coordinate transformation technique, 
the I and Q outputs are broken down into their cosine and 
sine components (see the box on page 71). The result is 
that the address bits required for any of the ROMs in this 
implementation are: 

Number of Bits 

8 

3 

4  

Description 

Bits from shift register, either 
the first or second bit per symbol. 
Bit counter. This counts the 
45-degree rotation modulo 8. 
Subinterval counter. 

The number of address bits to any given ROM is therefore 
15. In this implementation, four ROMs (two ROMs for the 
I channel and two ROMs for the Q channel) are required, 
compared to the two ROMs in the conventional filter 
implementation. The overall result is a reduction by a factor 
of 16 in the memory required to implement the FIR filter. 
This reduction of memory not only saves cost, but signifi 
cant printed circuit board area. In addition, since all of the 

â€¢220 b i ts  o f  address space for  the convent ional  approach versus 216 b i ts  (215 x  2)  o f  
address space for  the HP approach.  

. 

<  

3 4 5 6 7  
N u m b e r  o f  S y m b o l s  

10 

F ig .  10 .  Impu l se  r esponse  o f  a  squa re  r oo t  r a i sed  cos i ne  
f i l ter with an a of 0.35. 

,  S q u a r e  R o o t  
/  R a i s e d  C o s i n e  

0 1  2 3 4  5 6 7  
N u m b e r  o f  S y m b o l s  

Fig. 1 1 .  Comparison of raised cosine and square root raised 
c o s i n e  f i l t e r  w i t h  a  =  0 . 3 5 .  

APRIL  1991  HEWLETT-PACKARD JOURNAL 69  

© Copr. 1949-1998 Hewlett-Packard Co.



Incoming 
S y m b o l s  f  F i r s t  B i t  o f  S y m b o l  

Bits 

4 Bits for Subintervals 

Serial- 
To -  

Parallel 
Converter  

Differential 
Encoder 

Second Bi t  of  Symbol  

Serial-to- 
Parallel 

Shift  Register 

Serial-to- 
Parallel 

Shin Register  

â€¢ Total ROM Address 
20 Bits 

F ig .  12 .  B lock  d i ag ram o f  a  con  
ventional ROM-based FIR f i l ter for 
ir /4 DQPSK. 

Incoming 
Symbol 

Bits 

Serial- 
To-  

Parallel 
Converter  

4  B i t s  f o r  S u b i n t e r v a l s  7  
3 Bits for Bit  Counter 

-  First Bit of Symbol 

Differential 
Encoder 

Second Bi t  of  Symbol  

Serial-to- 
Parallel 

Shift  Register 

Senal-to- 
Parallel 

Shift  Register 

I  Output 

filter information is stored in ROM, as new communication 
systems come on line, potentially with different filter 
characteristics, only a ROM change is required to meet the 
needs of these systems. 

Measurement Specif icat ions 
The Ti/4 DQPSK modulation format required a new 

method for measuring modulation accuracy. In conven 
tional analog modulation, FM for instance, the figures of 
merit are distortion and deviation. Therefore, if the devia 
tion, rate, and distortion can be precisely measured, the 

Measured 
Signal 

Phase Error -> 

Actual Received 
Data 

- -  Length  o f  th is  
Vector Represents 
the Vector Error 
Desired Decision 
Point 

Reference Vector 

F ig .  14 .  I -Q  d iag ram show ing  the  pa ramete rs  used  to  com 
pute the vector  error .  

Q Output 

F i g .  1 3 .  H P  1 1 8 4 6 A  R O M - b a s e d  
FIR f i l ter block diagram. 

transmitter is accurately characterized. 
In digital modulation systems, such as the NADMCS, 

phase accuracy at the decision points is the main figure of 
merit. However, since Tr/4 DQPSK is not a constant-ampli 
tude system, both the amplitude accuracy and the phase 
accuracy are important. The TR 45.3 committee has recom 
mended that this modulation be measured in terms of mag 
nitude of vector error. In an I-Q diagram, the vector error 
is measured by plotting the desired decision point and the 
measured value at the decision point. The vector error is 
computed by measuring the vector length between the two 
points (see Fig. 14). In the NADMCS, the phase of the vector 
error is not deemed to be important, but only the magnitude 
of the vector. The HP 11846A has typically less than 1% 
vector error magnitude for its I-Q outputs. This compares 
with the NADMCS system modulation accuracy specifica 
tion of less than 12.5%. 

Conclusion 
The HP 11 846 A provides a highly accurate and efficient 

implementation of Tr/4 DQPSK modulation. This I-Q source 
can be used to verify the performance of the new NADMCS 
radio receivers. The HP 11847A analysis software allows 
characterization of the NADMCS transmitters for modula 
tion accuracy. Additional test equipment is required to 
characterize NADMCS radios fully, but these two products 
test the heart of this new system. The NADMCS system 
provides almost a six-to-one improvement in capacity over 
the current analog AMPS cellular system. Because of the 
increased spectral use, digital modulation formats such as 

(cont inued on page 72)  
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HP 11846A Filtering Technique 

The implementat ion of  the d ig i ta l  f i l te r ing scheme for  the HP 
1 1846A is shown in the detai led block diagram shown in Fig.  1 
The  inpu t  b i t  s t ream a*  fo r  the  U.S .  ce l lu la r  sys tem is  a t  48 .6  
kbi ts /s .  The n/4 DQPSK modulat ion has two bi ts /symbol ,  so the 
ser ia l - to-para l le l  b lock separates the f i rs t  and second b i ts .  The 
d i f ferent ia l  encoder b lock per forms phase rotat ions of  the input  
s y m b o l  r e l a t i v e  t o  t h e  c u r r e n t  p h a s e  s t a t e .  T h e  d i f f e r e n t i a l  
encoder  b lock  i s  imp lemented  fo r  DQPSK modu la t ion ,  no t  i r !4  
DQPSK modulat ion. Transfer to uni t  c i rc le is a scal ing operat ion 
t h a t  t h e  t h e  I - Q  p h a s e  s t a t e s  t o  a  u n i t  c i r c l e .  B e f o r e  t h e  
phase rotat ion block the modulat ion is  st r ic t ly  DQPSK and af ter  
phase oper  i t  becomes 77/4 DQPSK modulat ion.  The f ina l  oper  
at ion is to take the desired f i l ter characterist ic, which is a square 
roo t  f i l t e r  cos ine  f i l t e r ,  convo lve  the  i npu t  da ta  w i th  the  f i l t e r  
impulse response,  and generate  the des i red I  and Q outputs .  

To  he lp  unde rs tand  t he  symmet r y  used  f o r  t h i s  modu la t i on  
format,  refer to Table I  on page 67 which compares the effect on 
a g iven input  symbol  for  the two modulat ion formats.  Related to 
regular DQPSK, the 7r/4 shift represents a coordinate shift of ir/4 
r ad ians  eve ry  symbo l  pe r i od .  Th i s  r o ta t i on  i s  desc r i bed  as  a  
modulo 8 characterist ic,  since after eight symbols the 77/4 shif ts 
have increased the phase 360 degrees.  

To generate 77/4 DQPSK, the fol lowing coordinate t ransforma 
t ion  i s  per fo rmed on  the  DQPSK fo rmat ted  da ta  (Ck  and Dk in  
Fig. 1). 

lk = Ckcos(k7T/4) - Dksin(k77/4) 
Qk = Cksin(k7T/4) + Dkcos(k77/4), 

where Ck and Dk represent the I and Q components of the DQPSK 

4 Bit  Subinterval  Counter  (4  LSB's of  ROM Address)  
3 Bit  Counter for  45 Degree Rotat ion 

modulat ion, lk and Qk represent the I  and Q components of  77/4 
DQPSK modulat ion, and k represents the kth symbol.  These two 
equat ions show a rotat ion of  77/4 radians per symbol .  The argu 
ment  k77 /4  repea ts  every  e igh t  symbo ls ,  s ince  a t  th i s  po in t  a  
rotat ion of  2 i r  radians has occurred.  

Generat ing ROM Lookup Data  
To generate the ROM lookup data and thus the desired output 

data, the input data must be convolved with the impulse response 
o f  t h e  i s :  f i l t e r .  A  s t a n d a r d  e q u a t i o n  f o r  t h i s  p r o c e s s  i s :  

Y ( n )  =  S k X ( k ) h ( n - k ) ,  - *  <  k  <  Â » ,  

where X(k) is the discrete data input stream, h(n - k) is the impulse 
response of  the desired f i l ter ,  and Y(n) is  the output  at  the t ime 
of the nth sample. 

For  the  fo l low ing  d iscuss ion  g( t )  represents  the  square  roo t  
raised cosine impulse response, which is the 7r/4 DQPSK f i l ter 's 
impu lse  response.  A  p lo t  o f  th is  impu lse  response is  shown in  
F ig .  10  on  page 69.  Note  tha t  fo r  conven ience,  the  impu lse  re  
s p o n s e  h a s  b e e n  s h i f t e d  i n  t i m e  t o  g o  f r o m  z e r o  t o  t h e  f i l t e r  
length.  This choice prevents having any negat ive t ime represen 
tations for the fi l ter impulse response equations. Given this choice 
the cont inuous t ime outputs for  the I  and Q channels are:  

l ( t )  =  2 k l k g ( t - k T )  
Q ( t )  =  S k Q k g ( t - k T ) ,  

where T is  the sample t ime and k is  the kth e lement of  lk  or  Qk.  
Subst i tut ing in the expressions for the coordinate transformation 

ROM Block-  

Serial- 
To- 

Parallel 
Converter 

Differential 
Encoder 

â€¢ Serial-to- 
Parallel 

Shift  Registers 

â€¢ Serial-to- 
Parallel 

Shift  Registers 

* The length of the serial-to-parallel  shift  register is 
determined by the FIR f i l ter length 

**  These funct ions are contained in the ROM Block 

Fig .  1 .  HP 11846A de ta i led  b lock  d iagram.  
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f rom DQPSK to 7r/4 DQPSK yields: 

l ( t )  =  T ,  C k c o s ( k i r / 4 ) g ( t - k T )  -  V ,  D k s i n ( k T T / 4 ) g ( t  -  k T )  
^ k  * * k  

Q(t)  =  T,  Cks in(k i r /4)g( t -kT)  + V,  Dkcos(k i r /4)g( t -kT)  
^ " * k  ^ ^ k  

where  k  =  ( t /T -L+1)Â«kÂ« ( t /T )  and  L  i s  the  leng th  o f  the  f i l te r  
response in symbols.  

When these  l im i ts  o f  summat ion  a re  re fe r red  to  the  impu lse  
r e s p o n s e  t h e n  g ( t - k T )  h a s  l i m i t s  o f  g ( ( L - 1 ) T )  t o  g ( 0 ) .  T h e s e  
l imits agree with Fig. 1 0, which has the impulse response defined 
from Oto L. From these equations, we can determine the minimum 
in fo rmat ion  needed to  compute  the  I  and  Q f i l t e r  ou tpu ts .  The  
informat ion needed is:  
â€¢ The the re lat ive to the last  data symbol  c lock t ime ( i .e. ,  the 

subinterval  posi t ion wi th each data b i t )  
â € ¢  T h e  p a s t  L  d a t a  b i t s ,  C n , C n _ . ,    C n _ L _ l T  a n d  D n , D n - ,    

D n - L - 1  
â€¢ kTT/4 modulo (2n). 

I f  we let t  = t-,  + nT, 0 < t,  < T, the resolution of t  is determined 
by the desired number of  subintervals that  should be computed. 
In the case of  the HP 1 1846A, we chose to implement 16 subin 
terva ls  per  symbol .  The benef i t  o f  comput ing subinterva l  po ints  
i s  t ha t  t he  phase  t r ans i t i on  be tween  symbo l  i n te r va l s  can  be  
smoothed and the spect ra l  energy  cont ro l led .  S ix teen sub in ter  
vals has proven to al low a very smooth transit ion between symbol 
phase states. 

With for  above def in i t ion for  t - , ,  we can state the fo l lowing for  
the f irst term of l(t).  

l i ( t , )  = ^Cn_mcos((n-m)i t /4)g( t1 + mT),  

s u m m e d  o v e r  m  =  O t o m  =  L - 1 .  
The in format ion needed to  compute th is  term inc ludes:  

â€¢ t, , which is the time from the most recent data symbol occurring 
a t  t  =  nT .  S ince  we  a re  us ing  16  sub in te rva l s ,  f ou r  b i t s  a re  

requi red for  the lookup ROM address.  
â€¢ Cn, which is the most recent input bit. Cn^L_1 is the input bit 

the  fa r thes t  in  the  pas t .  We a re  us ing  a  to ta l  o f  L  va lues  o f  
Cn_m in this computation. 

â€¢ n, which is the input bi t  counter.  Since cos((n-m)77/4) has a 
per iod of  e ight ,  the input  b i t  counter  can be counted modulo 
8 .  Th i s  imp l i es  tha t  t h ree  add ress  b i t s  a re  requ i red  fo r  t he  
ROM address.  

The  HP  11846A  uses  16  sub in te r va l s  and  a  f i l t e r  l eng th  o f  
e ight ,  wh ich resu l ts  in  requ i r ing 15 address b i ts  fo r  the lookup 
ROMs. 

From the above discussion,  the f inal  design equat ions for  the 
lookup ROMs are:  

l ( t i )  =  ^ C n _ m c o s ( (  n  -  ,  +  m T )  
m = 0 

Dn_msin( (n-m)7r /4)g( t ,  +  mT)  
m = 0 

Cn_msin ( (n -m)7r /4 )g ( t1  +  mT)  

Dn-mcos((n-m)irÃ­4)g(Ã­, + mT), 

where t - ,  =  t  -  nT and nT < t  <  (n  + 1 )T.  T is  the symbol  per iod 
and n is  a b i t  counter .  

The sine and cosine ROMs shown in Fig. 1 contain the summa 
t ion terms for  the I  and Q equat ions descr ibed above.  

the NADMCS system will be the communication systems 
of choice for the future. 
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Measur ing  the  Modu la t ion  Accuracy  
of  77/4 DQPSK Signals for  Digi tal  
Cel lu lar  Transmit ters  
Using digi ta l  s ignal  processing techniques, th is software 
accurately ver i f ies the RF performance of digi tal  cel lular 
transmitters conforming to the North American Dual-Mode 
Cellular System standard. 

b y  R a y m o n d  A .  B i r g e n h e i e r  

THE HP 11847A TT/4 DQPSK modulation measure 
ment software performs accurate verification of the 
RF performance of cellular transmitters conforming 

to the standard for the North American Dual-Mode Cellular 
System (NADMCS). The standard was prepared by the TR 
45.3 subcommittee of the Electronic Industries Association 
and Telecommunications Industries Association (EIA/ 
TIA). Included in the standard are specifications for the 
maximum carrier frequency error and the modulation accu 
racy of the transmitter. The modulation accuracy is charac 
terized by the rms error vector magnitude averaged over 
the detection decision points of a burst. The error vector 
magnitude is the phasor difference as a function of time 
between an ideal reference signal and the measured trans 
mitter signal after it has been compensated in timing, 
amplitude, frequency, phase, and dc offset (see Fig. 1). The 
rms error over a single burst and the first ten symbols of 
ten consecutive bursts emitted within a one-minute inter 
val are also specified in the standard. 

The HP 11847A software uses digital signal processing 
techniques to measure carrier frequency error, modulation 
phase and amplitude error, and error vector magnitude. In 
addition, it generates valuable graphs of the demodulated 
signal. These graphs include I-Q diagrams, phase and 
amplitude graphs, phase- and amplitude-error graphs, and 
the error vector magnitude graph. Other supplied measure 
ments include measurements of TDMA (time-division mul 
tiple-access) amplitude characteristics and FFT measure 
ments of the error vector data. 

This article provides an overview of the HP 11847A mea 
surement system and the signal processing techniques used 
to demodulate RF signals, recover the data, and measure 
the modulation accuracy of the signal under test. 

M e a s u r e m e n t  M e t h o d  
The method used in the HP 11 84 7 A measurement system 

to measure the frequency error and error vector magnitude 
with a measurement error very small compared to the error 
specification of the transmitter consists of the following 
steps. 
1. An internal reference signal is established by detecting 
data from the transmitter signal under test. 

2. The parameters of the transmitter signal are estimated 
and used to compensate the transmitter signal. 
3. The in-phase (I) and quadrature (OJ components and 
the magnitude and phase are calculated as functions of 
time for both the reference signal and the transmitter signal 
under test. 
4. The in-phase and quadrature components of the refer 
ence signal and the signal under test are compared to deter 
mine the error vector magnitude as a function of time. 

This method also compares phase and magnitude func 
tions of the reference signal and the signal under test to 
determine phase and magnitude errors as a function of 
time. From the error functions, the rms values of the mag 
nitude error, phase error, and error vector magnitude are 
calculated. 

To generate an estimate of the ideal reference signal, the 
data sequence over the signal burst must be detected, and 
to compensate the transmitter signal, the signal parameters 
of the transmitter must be estimated. The parameters 
required are the transmitted signal's clock delay, carrier 
frequency, carrier phase, amplitude scale factor, amplitude 
droop factor, and I-Q origin offset. These six parameters 

â € ¢ T h e  o f  d r o o p  f a c t o r  i s  t h e  r a t e  o f  d e c a y  i n  t h e  m a g n i t u d e  o f  t h e  s i g n a l  b u r s t  i n  
uni ts  of  dB per  symbol .  I -Q or ig in of fset  is  a dc of fset  caused by carr ier  feedthrough.  

Magnitude Error 

Error Vector 

Reference Signal 

F i g .  1 .  A  r e p r e s e n t a t i o n  o f  t h e  e r r o r  v e c t o r ,  w h i c h  i s  t h e  
phasor di f ference asa funct ion of t ime between the measured 
t ransmit ter  s ignal  and an ideal  reference s ignal .  
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(HP 8656B, 8657A/B 
8642A/B, 8644/45/65 

8662/63) 

are estimated by finding values that minimize the rms error 
vector magnitude averaged over the decision points of a 
burst. 

System Overview 
The block diagram of the hardware portion of the HP 

11 84 7 A measurement system is shown in Fig. 2. Shown is 
the HP 7091 2 A/B down-converter fed by a local oscillator 
such as an HP 8656B synthesized signal generator, which 
down-converts the transmitter signal under test to a 220- 
kHz IF signal. This IF signal is digitized by the HP 70700A 
digitizer and fed to an HP 9000 Series 300 computer in 
which the signal processing algorithms described in this 
paper are executed. The output of the signal processor can 
be displayed on the CRT monitor of the computer or output 
to a printer. 

The signal processing system flow diagram is shown in 
Fig. 3. The input to the flow diagram is a discrete-time IF 
signal derived from the transmitter signal under test. The 
transmitter signal is down-converted and digitized to pro 
duce the discrete-time signal fed through the IF bandpass 
filter (Â© in Fig. 3). The purpose of the IF bandpass filter 
is to eliminate harmonics of the IF signal that may be pro 
duced when the transmitter signal is down-converted, and 
to reduce quantization noise created by the digitization 
process. A significant reduction in quantization noise is 
realized by initially sampling the IF signal at a high rate 
(Â«* 41.15 times the symbol rate specified for U.S. digital 
cellular radios). The sampling rate then is reduced by a 
factor of four from the input to the output of the IF bandpass 
filter. 

The clock delay, which is the time interval from the first 
sample from the IF bandpass filter to the leading edge of 
the first full symbol interval following this first sample, is 
estimated in the clock-delay estimator @. In the clock-delay 
estimator, the modulated IF signal from the output of the 
IF bandpass filter is squared to produce a signal component 
at a frequency equal to the symbol clock rate. This squared 
IF signal is then fed through an FIR bandpass filter that is 
tuned to the symbol rate. The phase of the signal at the 
output of this filter provides a very accurate estimate of 
the symbol clock delay. 

After the clock delay, T, has been estimated, the IF signal 
is resampled by a Nyquist interpolation filter Â®. The 
purpose of resampling is to provide an integral number of 
samples per symbol interval and to provide samples pre- 

Fig.  2 .  The modula t ion measure 
ment  system hardware b lock d ia  
gram. 

cisely at the detection decision points. To minimize the 
amount of arithmetic necessary following the resampler, 
and to minimize signal processing errors that contribute 
to measurement inaccuracy, a rate of five samples per sym 
bol was chosen for the resampler. 

The output of the resampler provides the basic discrete- 
time IF signal used by the remainder of the signal processor. 
The uncertainty of the symbol clock phase has been removed 
so that these samples occur at a rate of five samples per 
symbol with every fifth sample accurately located at a 
detection decision point in time. 

Three Passes 
Following the resampler, the signal processing functions 

are performed in three passes. To understand the need for 
multiple passes, consider the signal originating at the trans 
mitter. This signal passes through a square root raised 
cosine filter in the transmitter and, for a matched receiver, 
it passes through another square root raised cosine filter 
in the receiver. The cascading of the two square root raised 
cosine filters produces the Nyquist frequency response 
necessary to avoid intersymbol interference. To perform 
square root raised cosine filtering, the receiver must know 
the precise frequency of the transmitter. In the signal pro 
cessor described here, the data is detected and the param 
eters of the transmitter signal are estimated in the first pass 
during which noncoherent processing of the IF signal at 
the output of the resampler is performed. The initial esti 
mates obtained in the first pass are used in the second pass 
to perform coherent baseband processing. 

In the second pass, the IF signal is coherently down-con 
verted to in-phase and quadrature baseband signals which 
are passed through square root raised cosine filters. The 
square root raised cosine filtered signals are used again to 
detect data and obtain refined estimates of the signal param 
eters. The detected data from the two passes is compared 
for consistency. A difference implies bit detection errors. 
The detected bits are used to generate an ideal reference 
signal, and the refined estimates of signal parameters are 
used to correct the I-Q origin offset, carrier frequency and 
phase, and amplitude scale and droop factors of the signal 
under test. The compensated signal under test and the refer 
ence signals are compared to obtain measurements of rms 
magnitude and phase errors and rms error vector mag 
nitude. 

During pass 2 only one sampled value per symbol at the 
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IF 
Bandpass  

Fi l ter 

C lock-De lay  
Es t ima to r  

Â© Â® 
Square Root 

Raised Cosine 
Low-Pass Filter 

-A0e"Â°"Cos [(il,+ no)k+Â»0] 

-A0e"Â°k Sin [(il,  + no) k + Â»0] 

Square Root 
Raised Cosine 
Low-Pass Filter 

Parameters: 
A0, ITO, Ã10, 
e0, >â€ž, QÂ» 

Fig. 3. The HP 11 847 A signal pro 
cessing f low diagram. 

decision points is used. This provides measurements of 
carrier frequency error and error vector magnitude in a 
minimum amount of time. Detailed plots of various signals 
as a function of time over the duration of a burst are calcu 
lated in the third pass using up to 20 points per symbol. 
In addition, Fourier transforms of various signals can be 
computed in the third pass. 
Pass 1. The first pass begins after the signal under test has 
been resampled to produce an IF signal with five samples 
per symbol and samples located at the detection decision 
points. In the discussion that follows, the discrete time 
variable, k, is the sample number after the clock delay. 
Relative to the time instant at which the first time sample 
in taken by the digitizer, time is given in units of symbol 
intervals as: 

time = clock delay + 0.2k. 

After resampling is complete, the signal is fed through 
a Hilbert transformer @ to provide the quadrature compo 
nents of the signal. From the in-phase component, I(k), and 
the quadrature component, Q(k), the magnitude 

and the phase 

e ( k ,  =  t a n Â »  

where flj is the nominal IF frequency, are computed in 
the data phaser Â©. The difference in phase 0(k) - 0(k- 5) 
is used in the data detector Â© to detect the data symbols as 
shown in Table I. 

Table I  
Phase Dif ference and Detected Symbols 

0(k) - 0(k - 5} Detected symbols 

a(k) = Qz(k) 

After the data bits are detected, they are correlated with 
a unique 28-bit synchronization word in the synchronizer 
Â© to establish the interval of the burst over which the 
measurements are to be made. The synchronizer establishes 
the beginning of the sequence of detected bits to be used 
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in calculating the reference signals. 
After the timing reference has been established and the 

data bits are detected, symbols are generated in the symbol 
generator (Â§). The symbol generator performs the serial- 
to-parallel conversion and differential encoding and map 
ping to a circle necessary to convert a serial data stream 
to symbols that drive a quadrature modulator to generate 
the 77/4 DQPSK modulated reference signal (see the article 
on page 65 for a description of how a 7T/4 DQPSK signal 
is generated). The symbol generator provides the input to 
the reference signal generator @ in which the square root 
raised cosine reference amplitude aref(k) and reference 
phase 0ref(k) are calculated. aref(k) and 9re[(k) and the 
amplitude a(k) and the phase 0(k) of the signal under test 
are the inputs to the parameter estimator (To), which calcu 
lates estimates of the transmitter amplitude scale factor A0, 
phase 00, frequency error Ã10, 1-component offset I0, Q-com- 
ponent offset Qo, and amplitude droop factor <TO. 

The parameter estimator determines the optimal values 
of A0, 00, O0, I0, Qo, and aa to minimize the mean-square 
error vector magnitude, which is 

- W]-B0-aref(k)e'*Â·'(k)|2 

where 

B O  =  

(1) 

(2) 

The optimal values of the parameters can be found to a 
very good approximation by minimizing: 

? = Â£ a(k)aref(k)eCTÂ°k{[lnA0 + cr0k + lna(k) - lnaref(k)]2 
k 

+ [0 (k ) -0 re f (k ) -Ã­ i0k -<y2}  (3 )  

with respect to A0, a0, 00, and fi0. After the parameter 

values that minimize are found, I0 and CL are calculated 

using the equations: 

and 

0k+ 60 - 0(k)] - aref(k)cos0ref(k)} 
(4) 

- aref (k)sin0ref(k)} 
(5) 

where N is the number of decision points. 
In the event that the I-Q origin offset is large, an offset 

as given by equations 4 and 5 is removed from the output 
of the resampler. If this is required, then pass 1 is repeated 
with the process returning to the input of the Hubert trans 
former, repeating the calculations in blocks five through 
ten of Fig. 2. For very large I-Q origin offsets it may be 
necessary to repeat pass 1 several times to ensure reliable 
estimates of the optimal parameter values by minimizing 
equation 3. 

HP 11847A MEASUREMENT RESULTS: Single Burst Error Vector Magnitude Test 
COMMENTS : 

Captured peak signal level at digitizer input was approximately -4.94 dBm 
Clock delay =.066 symbol intervals from first time sample 

DEMODULATED DATA IS: 

1  1 1  2 1  3 1  4 1  5 1  

0000000000 0000000001 0001111011 1101100110 0000000000 0000000000 

6 1  7 1  8 1  9 1  1 0 1  1 1 1  

0000000010 1011001100 1010001110 1010100100 0101100111 0010110100 

1 2 1  1 3 1  1 4 1  1 5 1  1 6 1  1 7 1  

1110101000 0101011110 1000000110 1000100001 1100100001 1111000011 

1 8 1  1 9 1  2 0 1  2 1 1  2 2 1  2 3 1  

0100011100 1000010100 0000101101 0101000110 0011101111 1100111000 

2 4 1  2 5 1  2 6 1  2 7 1  2 8 1  2 9 1  

1010111000 0100111011 0011100000 0001010000 1010010100 0010111011 

3 0 1  3 1 1  3 2 1  

0111011110 1100 

Burst Amplitude Droop = -.0001 dB per Symbol 

Carrier Frequency Error = -4.794 Hz 

I/Q Origin Offset (carrier feedthrough) = -39.76 dB 

TEST RESULTS 

Magnitude error = .792 percent RMS at decision points 

Phase error = .444 degrees RMS at decision points 

Error Vector magnitude = 1.108 percent RMS at decision points 

Fig .  4 .  A  pr in tout  o f  HP 11847 A 
measurement results. 

76 HEWLETT-PACKARD JOURNAL APRIL  1991 

© Copr. 1949-1998 Hewlett-Packard Co.



220 kHz I-F SIGNRL 
MRGNITUDE SPECTRUM 

frequency (kHz) 

(a) 

MRGNITUDE SPECTRUM 
30 kHz IF SIGNRL 

(b) 
f r e q u e n c y  ( k H z )  

Fig.  5.  HP 11 847 A p lots of  (a)  a 
spect rum for  a  220-kHz IF  s igna l  
and  (b )  a  spec t rum fo r  a  30 -kHz  
IF signal. 
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Pass 2. After optimal signal parameters have been estimated 
in pass 1, the signal processor proceeds to pass 2. The first 
step in pass 2 is the baseband conversion of the IF signal 
to be measured at the output of the resampler. Baseband 
conversion is performed in blocks eleven through fourteen 
of Fig. 2 in which coherent local oscillator signals 
(n) given as: 

and 
(6) 

(7) 

are multiplied Â© with the output signal from the resam 
pler. I0 and Qo are then subtracted Â© from these products 
to compensate for the I-Q origin offset. The resulting signals 
are passed through square root raised cosine filters Â©to 
produce in-phase and quadrature components of the trans 
mitter signal under test. The outputs of the filters are the 
baseband signal components representing the transmitter 
signal after it is coherently down-converted to baseband, 
scaled in amplitude by A0, compensated for amplitude 
droop by the factor eCTÂ°k, corrected for I-Q origin offset (re 
sidual I-Q origin offset remaining after pass 1) by subtract 
ing I0 and Q-,, and then passed through the square root 
raised cosine filters. At this point, I(k) and Q(k) are the 
baseband components of the compensated transmitter sig 
nal with full Nyquist filtering. The full Nyquist filtering is 
a result of cascading a square root raised cosine filter in 
the transmitter with the square root raised cosine filter (il) 
in the receiver as mentioned before. 

The next step in pass 2 is the calculation of the magnitude 

and phase of the baseband signal at the detection decision 
points in the data phaser. The binary data is again detected 
from the phase difference 0(k) - 0(k-5) for the baseband 
signal according to Table I, and then compared to the binary 
data detected during pass 1. If there are no differences in 
the detected bits from the first and second passes, then the 
next step is the generation of Nyquist reference signals in 
the reference signal generator @. In the event there are 
differences in the detected bits, synchronization and sym 
bol generation are repeated in blocks Â© and (g) before the 
Nyquist reference signals are generated. 

During pass 2 the reference signal generator calculates 
the amplitude aref(k), phase 0ref(k), in-phase component 
Iref(k), and quadrature component O^k) of the Nyquist 
reference signal. aref(k), 0ref(k) and the magnitude and 
phase, a(k) and 0(k), of the Nyquist baseband signal under 
test provide the input to the parameter estimator@ to cal 
culate refined estimates of the transmitter signal parameters 
as given in equations 1 to 5. The refined estimates of the 
signal parameters are used in the baseband converter 
(blocks @ to @] to recalculate the in-phase and quadra 
ture components, I(k) and Q(k), of the baseband signal. The 
signal components obtained from pass 2 are then used to 
calculate the error vector magnitude as a function of time 
using: 

) - v[i(k) - i (8) 

and the rms value of the error vector magnitude averaged 
over the decision points is computed using: 

MRGNITUDE SPECTRUM 
ROOT-NYQUIST FILTERED RT BRSEBRND 

f r e q u e n c y  ( k H z )  

Fig. 6.  A typical  HP 11 847 A plot  
o f  the  spec t rum o f  a  s igna l  tha t  
h a s  b e e n  d o w n - c o n v e r t e d  a n d  
p a s s e d  t h r o u g h  a  s q u a r e  r o o t  
raised cosine fi l ter. 

78 HEWLETT-PACKARD JOURNAL APRIL 1991 

© Copr. 1949-1998 Hewlett-Packard Co.



=  V ( l / N g < E Z ( k )  (9) 

The magnitude and phase errors and the rms values of 
these errors are computed using equations similar to equ 
ations 8 and 9. 
Pass 3. The signal processing may conclude with the com 
pletion of pass 2 when the rms errors are the only desired 
outputs. When waveforms as a function of time or mag 
nitude spectra of waveforms are desired, the processor pro 
ceeds to pass 3. In pass 3 the operator selects the number 
of points per symbol (1, 2, 4, 5, 10, or 20 points) at which 
the waveforms will be calculated. The processor then pro 
ceeds to compute signal components for the baseband sig 
nal under test and the reference signal for the number of 
points selected. From these signal components it is possible 
to obtain plots of eye diagrams, I-Q diagrams, magnitude, 
magnitude error and droop in dB, phase, phase and fre 
quency error, magnitude error, and error vector magnitude. 
In addition the processor has an FFT routine that allows 
the computation and display of the spectra of the IF signals , 
the square root raised cosine filtered baseband signal, and 
the vector error. 

-P 
Nâ€” f 

0  

Typical  Output Plots 
Figs. 4 to 9 show typical outputs from the HP 11847A 

measurement system. Fig. 4 presents a summary of the 
measurement results for a single burst of 157 symbols. 
Listed are the peak signal level at the digitizer input and 
the clock delay relative to the first time sample. The other 
measurement results summarized in Fig. 4 are the detected 
data bits, burst amplitude droop rate, carrier frequency 
error, I-Q origin offset and rms values of the magnitude 
error, phase error, and error vector magnitude averaged 
over the detection decision points of the burst. 

Fig. 5 presents typical spectra of the IF signals. Fig. 5a 
shows the spectrum of the 220-kHz IF signal which is the 
signal fed from the digitizer to the signal processor shown 
in Fig. 3. This signal is sampled at a rate of 1 megasample 
per second so the entire spectrum up to the folding fre 
quency is presented. The 220-kHz IF signal is fed through 
a bandpass filter (Â© in Fig. 3) and resampled at a rate of 
250 kilosamples per second to produce a 30-kHz IF signal. 
The 30-kHz signal is resampled again by the resampler ((Â§) 
in Fig. 3) at a sampling rate of five samples per symbol, 
which is a rate of 121.5 kilosamples per second for U.S. 
digital cellular radios. A typical plot of the spectrum of a 
30-kHz IF signal is presented in Fig. 5. 

After a coherent local oscillator has been established by 

I - Q  P R T T E R N  
P i / 4  D Q P S K  

_ l  _ ! _ ! _ ! _  L  L  J L  1  _ T J  J  _ I _ J  

r  T  " T  " 1  

IC t  )  
Fig. 7. A typical -Â¡r/4 DQPSK I-Q 
diagram. 
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the signal processor, the 30-kHz IF signal is down-con 
verted to baseband and passed through square root raised 
cosine low-pass filters in the baseband converter {(rj) 
through @ in Fig. 3). A typical plot of the spectrum of the 
square root raised cosine filtered baseband signal is pre 
sented in Fig. 6. The tight tolerances on the square root 
raised cosine filter are evident from the low sidelobes seen 
by comparing Figure 6 to Fig. 5b. 

Fig. 7 shows a typical plot of the quadrature component, 
Q(t), of the transmitter signal plotted against the in-phase 
component, I(t). For the ir/4 DQPSK signal there are eight 
constellation points equally spaced 45 degrees apart. Ide 
ally, the transmitter signal should pass precisely through 
the constellation points. If it does not, then this is an indi 
cation of intersymbol interference introduced by modula 
tion errors of the transmitter. 

Another indication of transmitter errors that would give 
rise to intersymbol interference can be seen from the eye 
diagrams. Fig. 8 shows a typical I-channel eye diagram. At 
the detection decision points, which are integer values on 
the time axis of Fig. 8, the I-channel signal should have 
precisely one of the five values seen on the diagram. Any 
deviation from this condition is indicative of intersymbol 
interference introduced by modulation errors of the trans 
mitter. 

Figs. 9a to 9d show magnitude error, phase error, and 
error vector magnitude as a function of time. The vertical 
bars which are most obvious on the error vector magnitude 
plot in Fig. 9c show the errors at the detection decision 
points. It is only the errors at these decision points that 

are used in the calculation of the rms errors presented in 
Fig. 4. A feature of the software allows the user to zoom 
in on any of the time plots to examine a particular anomaly 
more carefully, as shown in Fig. 9d. 
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Fig.  9.  HP 1 1847 A plots (a)  mag 
n i tude er ror  and (b)  phase er ror .  
(F ig.  9 cont inued on next  page.)  
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Fig. 9 (continued).  HP 11 847 A 
p/ois of (c,) error vector magnitude 
and (d)  an expanded v iew of  the 
first 20 symbols of the error vector 
magnitude shown in (c).  
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A Test  Ver i f icat ion Tool  for  C and C ++ 
Programs 
The HP Branch Val idator provides an automated tool  that  
enables software developers to test and verify the branch 
coverage of  their  modules as they are created. 

b y  D a v i d  L .  N e u d e r  

SOFTWARE PRODUCT TESTING takes different 
forms throughout the software development cycle. 
Fig. 1 shows the opportunities for testing. The proj 

ect schedule, the type of software product, and other factors 
determine whether testing is performed at every phase and 
how intense it is. Executable modules are usually tested, 
either individually (module-based testing) or collectively 
(integration testing), regardless of the type of software prod 
uct. Module-based tests are written at the same time the 
code is written and as such they tend to be more complete 
because of the developer's immediate familiarity with the 
code. Properly constructed module tests can be very effec 
tive in reducing undetected defects and side effects result 
ing from code changes. The problem with module-based 
testing is that without some automated assistance, it is 
time-consuming for developers to write the code to test 
every module, and it is difficult to measure the effective 
ness of such testing.1 

The HP Branch Validator is a software execution and 
test and tool that uses branch analysis to assist and 
increase the effectiveness of module-based testing. It instru 
ments C programs and validates, in a Boolean manner, 
which branches of a software application have been exe 
cuted. Branches are defined as the paths after the decision 
points in the code. Each of the various paths after a decision 
point becomes a branch of the application. The HP Branch 
Validator determines if these branches have executed at 
least once. Fig. 2 illustrates branches after decision points 
of program flow. 

The HP Branch Validator makes use of the Encap- 
sulator1'2 to provide a friendly window interface which 
speeds up the process of analyzing branch coverage results. 
This interface allows the HP Branch Validator to be run as 
a stand-alone product or as an integrated member of the 
Softbench environment.2 In addition, the HP Branch Val 
idator can be used in a command-line interface to produce 
branch coverage reports similar to the SoftBench reports. 
This second interface is valuable for the customer who 
desires to run the HP Branch Validator on a terminal. 

The native and embedded versions of the HP Branch 
Validator are hosted on HP 9000 Series 300, 400, and 800 
computer systems. The embedded version supports AxLS 
C language for embedded microprocessor development ap 
plications. The native version supports both HP-UX C and 
C+ + . 

The HP Branch Validator is designed to work on C pro 

grams. For it to work with C++ programs, the C++ files 
must be compiled to C files and then the HP Branch Val 
idator can be run on the C files. Choosing the appropriate 
options with the C+ + compiler allows this compile process 
from C++ file to object files to occur in one step. The 
results obtained will reflect back to the original C+ + 
source files. 

The HP Branch Validator consists of three components: 
The HP Branch Validator preprocessor, the HP Branch Val- 
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Fig. 1 .  Opportuni t ies for test ing dur ing the software develop 
ment process.  
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I f -E lse Swi tch-Case Whi le  Do-  Whi le  For  Loops 

Branch -  

Decision 
Point 

- B r a n c h  
Decis ion -  

Po in t  

Branch -  

- B r a n c h  

Fig .  2 .  Dec is ion po in ts  and branches in  program f low.  

idator report generator, and the HP Branch Validator 
SoftBench interface. Fig. 3 illustrates the HP Branch Val 
idator SoftBench interface. 

The Preprocessor 
The HP Branch Validator preprocessor replaces the C 

preprocessor (ANSI or non- ANSI) to instrument C or C+ + 
code for branch analysis. The preprocessor inserts array 
definitions and statements into the source file to record 
which branches are executed in the file. In addition, the 
preprocessor generates a map file that contains information 
necessary to map a specific branch to an associated line in 
the source file. As an example of the operation of the pre 
processor consider the following small source file. 

extern int goodbye; 

yousay(hello) 
int hello; 
{ 

i f  (hel lo = = goodbye) 
goodbye  =  he l lo  +  3 ;  

else 
goodbye  =  he l l o  -  5 ;  

Instrumenting this file with the HP Branch Validator 
will yield the following intermediate file which is then 
compiled. 

1 
2 
3 
4  
5 
6 
7 
8 
9 

10 
11 

12 
13 
14 
15 
16 
17 
18 
19 
20  
21 
22  

23  
24  
25  
26 
27  
28  
29  
30  
31 

s t a t i c  u n s i g n e d  c h a r  _ b A  _  a r r a y [ 3  ]  =  { 0 } ;  
extern int goodbye; 

yousay(hello) 
int hello; 
{ 

_bA_array [0 ]  =  1   (he l lo  =  =  goodbye)  
{ _ b A _ a r r a y [ 1 ]  =  1  =  h e l l o  +  3  

else 
{ _ b A _ a r r a y [ 2 ]  =  1   =  h e l l o  -  5  

s t r u c t  _  b A  _  p r o b e  _  s t r u c t _  {  
unsigned char insertprotocol; 
char mapsuffix; 
char sourcemodtime[9]; 
unsigned char options[4]; 
unsigned int numentries; 
unsigned char *dataarray; 
char *sourcepath; 

s t r u c t  _ b A _ _ p r o b e _ s t r u c t    b A _ e y b d o o g _ 2 o m e d _ c r s _  
abb   tse tws   =  
Branch Validator internal version */ 

6, 
Map file extension */ 
W ,  

/  Date of  compi lat ion (encoded) * /  
{'B', '{', Ã, 'p', ' ', 'g', 'M', 'b', 'p'}, 

/  Branch Val idator  compi le opt ions * /  
{Oxa7, 0x05, 0x02, 0x00}, 

/  Number  o f  b ranches  * /  

S o f t B e n c h  -  B B A  

B B A  A c t i o n s  E d i t  S e t t i n g s  H e l p  
C o n t e x t :  h p l s d l n : / u s r / h p 6 4 0 0 0 / d e m o / b b a / d e m o 2 /  
F i l e / F u n c t i o n :  [ N e x t ]  [ P r e v i o u s ]  [ i g n o r e ]  | S o u r c e [  [ U p d a t e ]  [ E r r o r s ]  
P e r c e n t    H i s t o g r a m    F u n c t i o n    _Fi le 

0 
3 3  
71 

k e y c o n v e r t  
b i t p o s  
e r r o r  
aetkeyvalue 

twobits 

convert. c 

convert . c 

driver. c 

getkey. c 

multibits. c 

S o f t B e n c h  â € ”  B B A  
S o u r c e  o f  F u n c t i o n :  g e t k e y v a l u e  i n  F i l e :  g e t k e y .  c  
B r a n c h :  [ N e x t ]  [ P r e v i o u s ]  [ i g n o r e ]  [ A d d  P r a g m a ]  |  C l e a r ]  [ C l o s e  |  

51 
52 / First test: if both horiz and vert are 0, just return 

(1) conditional of 'if1 was never TRUE 

if ((horiz == 0) && (vert == 0)) 
54 

55 

56 

57 

58 / Second: if more than one key pressed, return an error 

59 if ((twobits(horiz) != 0) 

return(KEY_NONE); 

Fig .  3 .  The HP Branch Va l ida tor  
in a SoftBench interface. 
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32 
33 
34 
35 
36 
37 

3, 
Pointer to Branch Array */ 
_bA_ar ray ,  

Path to this file */ 
7swtest/bba/src/demo2/goodbye.c", 

This intermediate file shows the additional statements 
that the HP Branch Validator preprocessor has added to 
the original source. These additional statements include a 
branch array (char_bA_array [3 ] = {0}; defined on line 1), 
branch execution statements (_bA_array [x] = 1 ; defined on 
lines 7, 8, and 10) and a branch validator structure. The 
branch array on line 1 records the branches that have been 
executed. An array element is set to 1 when the correspond 
ing branch is executed. The statements _bA_array[x] = 1 ; on 
lines 7, 8 and 10 set the appropriate elements of the branch 
array to 1 when they execute. Note that the branch state 
ments are inserted so that they do not change the logic of 
the original program. The first statement on line 7 is used 
to record if this function is ever called. The statement on 
line 8 records whether the then part of the if condition exe 
cutes. The statement on line 10 records whether the else 
part of the if condition executes. The preprocessor automat 
ically includes the { and } symbols to maintain the logic of 
the original program. The use of these simple assignment 
statements and the character branch array keeps the 
performance time and memory space intrusion per branch 
to a minimum (typically the time and memory increases 
will be less than 20%). Finally on lines 13 to 36, the prepro 
cessor adds a structure definition and a data structure for 
use by the HP Branch Validator report generator. This data 
structure records the date, filename, compile options, and 
a pointer to the branch array. This data structure will be 
dumped into a file at the appropriate time for processing 
by the report generator. The map file generated from this 
file is shown in Fig. 4. 

This map file contains the information needed to map 
branch array elements to the source text of the branch. 
Each branch array element is designated by a line denoted 
:probe. The numbers associated with each probe completely 
describe for each branch the type and scope of the branch, 
source line and column ranges of the branch, and source 
line and column ranges of the statements the branch con 
trols. Lastly, each branch statement in this file contains 
the text that is used as the controlling statement for the 
branch. This text is used to determine if a branch should 
be ignored. 

T h e  T w o  P r e p r o c e s s o r s  
The HP Branch Validator preprocessor is actually two 

preprocessors, which are called serially. The first prepro 
cessor is essentially an ANSI C preprocessor with a special 
option to improve source referencing. The special source 

referencing option provides information about how macros 
are expanded to the second preprocessor. As an example, 
consider the following macro definition and macro call: 

#de f i ne  IF_GREATER_5_  SQUARE(a )  i f  ( a  >  5 )  {  a  =  a  *  a  
IF_GREATER_5_SQUARE(c ) ;  

This results in the following code segment: 

"Aif(c>5){c = c*c;} ~BIF_GREATER_5_SQUARE(c) "C; 

The "A," B and "C (control-A, B, and C) are used to de 
termine column and line positions of the original macro 
source when a macro is called. This information is used 
to map the branches associated with a macro to the original 
macro text. The first preprocessor also adds line number 
information to help match the line numbers of the pro 
cessed text to the original text. 

The second preprocessor parses the results of the first 
preprocessor. Using yace and lex utilities, this second pre 
processor interprets the file produced by the first prepro 
cessor and adds the appropriate branch statements and 
array definitions. In addition, this second preprocessor gen 
erates the map file which contains the information neces 
sary to map a specific branch to an associated source file. 
The following source program is used to show how the 
preprocessors operate. 

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12 

13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 

/  Sample function showing many types of branches */ 

#de f ine  IF_GREATER_5_SQUARE(a)  i f  (a  >  5 )  {  a  =  a  *  a ;  }  

main() 
{ 

in t  a  = 0;  
in t  b  = 0;  
in t  c  = 0;  

/  I f  statement with an else */ 
i f  (a  = = 0)  

else 
C + +; 

/  I f  statement with no else */ 
i f  (b  =  =  0)  

b + +; 

/ Switch statement with empty case, a case with fall-through 
execution, and a default */ 

switch(a) 
{ 
case 0: 
case 1: 

:id Basis Branch Analysis Source Mapping File 

: protocol 6 
:options 205A7 :cppver @(A.01.00 030ct90)@ 
Â¡source O /swtest/bba/src/demo2/goodbye. c -.modtime B{jp'gMbp 

:probe 1100275 7 24 :ctl 0 6 2 6 22 @if (hello == goodbye) 

:probe 2200295 9 24 :ctl 0 6 2 6 22 @if (hello == goodbye) 

:probe 0000162 10 0 : f name 0 3 0 3 12 @yousay@ 

F i g .  4 .  A n  e x a m p l e  o l  a n  H P  
Branch Val idator map f i le.  
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27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 

break ;  
d e f a u l t :  b + + ;  

/  S w i t c h  s t a t e m e n t  w i t h  n o  d e f a u l t  * /  
sw i t ch (a )  

c a s e  0 :  b  +  +  ;  /  n o n - e m p t y ,  n o  f a l l - t h r o u g h  * /  
b reak ;  

/  n o  d e f a u l t  * /  

/  W h i l e  s t a t e m e n t  * /  
w h i l e  ( b  ! =  0 )  

b - - ;  

/  F o r  l o o p  * /  
f o r  ( c  =  0 ;  c  <  b ;  c +  + )  

b - - ;  

/  C o n d i t i o n a l  a s s i g n m e n t  * /  
c  =  ( a  =  =  0 )  ?  1 2 3  :  3 2 1 ;  

/  D o - w h i l e  l o o p  * /  
do  

b  +  + ;  
w h i l e  ( b  ! =  0 ) ;  

/  M a c r o  c o n d i t i o n a l  * /  
I F _ G R E A T E F L _ 5 _ S Q U A R E ( c ) ;  

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 

The results of calling the first preprocessor would be: 

# p r a g m a  C U R R E N T _ D A T E  , 1 9 9 0 , 0 6 , 1 2 , 1 2 , 4 5 , 5 4  
# 1  " s a m p l e . c " , 1 9 9 0 , 0 6 , 1 2 , 1 2 , 4 1 , 1 0  
/  S a m p l e  f u n c t i o n  s h o w i n g  m a n y  t y p e s  o f  b r a n c h e s  * /  

ma in( )  
{ 

i n t  a  =  0 ;  
i n t  b  =  0 ;  

Lines 1 f i le through 55 are identical to l ines 9 through 53 of the source f i le 

56 
5 7  /  M a c r o  c o n d i t i o n a l  * /  
5 8  " A i f ( c > 5 ) { c  =  c * c ; }  
5 9  }  

B I F _ G R E A T E R _ 5 _ S Q U A R E ( c )  " C ;  

Note that except for "A, "B and "C, this would be similar 
to the results of calling the standard C preprocessor. The 
results of calling the second preprocessor (to instrument 
the source file for branch analysis) would be: 

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 

31 
32 
33 
34 
35 
36 
37 
38 

39 
40 
41 
42 
43 
44 
45 

46 
47 
48 
49 
50 
51 
52 

53 
54 
55 
56 
57 

#  1  " s a m p l e . c "  
s t a t i c  u n s i g n e d  c h a r  _ b A _ a r r a y [ 2 0  ]  =  {  0  } ;  
s t a t i c  u n s i g n e d  c h a r  _ _ b A _ t e m p _ [ l  ]  =  {  o  } ;  
#  1  " s a m p l e . c "  
/  S a m p l e  f u n c t i o n  s h o w i n g  m a n y  t y p e s  o f  b r a n c h e s  * /  

ma in( )  

{ 
i n t  a  =  0 ;  
i n t  b  =  0 ;  
i n t  c  =  0 ;  

/  I f  s t a t e m e n t  w i t h  a n  e l s e  * /  
_ b A _ a r r a y [ 0 ]  =  1   =  =  0 )  
{ _ b A _ a r r a y [ 1 ]  =  1  + +  
e lse  

{ _ b A _ a r r a y [ 2 ]  =  1   

/  I f  s t a t e m e n t  w i t h  n o  e l s e  * /  
i f  ( b  =  =  0 )  
{ _ b A _ a r r a y [ 3 ]  =  1   +  +   _ b A _ a r r a y [ 4 ]  =  1  ;  

/  Swi tch  s ta tement  w i th  empty  case,  a  case wi th  fa l l - th rough 
e x e c u t i o n ,  a n d  a  d e f a u l t  * /  

sw i tch(a )  

case  0 :  
_ b A _ a r r a y [ 5 ]  =  1  ;  g o t o  _  b A _  s w i t c h _ l a b e l _ 1 _ 1   1  :   
_ b A _ a r r a y [ 6 ]  =  1   1  _ 1  : b  +  +  ;  

b reak;  
d e f a u l t :  _ b A _ a r r a y [ 7 ]  =  1  + ;  

/  S w i t c h  s t a t e m e n t  w i t h  n o  d e f a u l t  * /  
sw i tch(a )  
{ 
c a s e  0 :  _ b A _ _ a r r a y [ 8 ]  =  1   b A _  s w i t c h _ l a b e l _ 1 _ 3 : b  +  +  ;   

/  n o n - e m p t y ,  n o  f a l l - t h r o u g h  * /  
b reak ;  

/  n o  d e f a u l t  * /  
d e f a u l t : _ b A _ a r r a y [ 9 ]  =  1   

/  W h i l e  s t a t e m e n t  * /  
_ b A _ t e m p _ [ 0 ]  =  0  ( b  ! =  0 )  

{ _ b A _ a r r a y [ 1  0 ]  =  1  \ _  b A _ t e m p _ [ 0 ]  =  1   -  -   
i f ( _ b A _ t e m p _ [ 0 ]  =  =  0 ) _  b A _  a r r a y [ 1  1  ]  =  1  ;  

/  F o r  l o o p  * /  
f o r  ( c  =  0 ;  c  <  b ;  _ b A _ a r r a y [ 1  2 ]  =  1  , c  +  +  )  

{ _ b A _ a r r a y [ 1  3 ]  =  1   -  -   

/  C o n d i t i o n a l  a s s i g n m e n t  * /  
c  =  ( a  =  =  0 )  ?  ( _ J b A _ a r r a y [ 1 4 ]  =  1 , 1 2 3 )  :  

( _ b A _ a r r a y [ 1 5 ]  =  1 , 3  

/  D o - w h i l e  l o o p  * /  
d o  

b  +  + ;  
wh i le  ( (b  I  =  0)?(_bA_ar ray [16]  =  1  ,1  ) : (_bA_ar ray [1  7 ]  =  1  ,0 ) ) ;  
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58 
5 9  /  M a c r o  c o n d i t i o n a l  * /  
6 0  i f ( c > 5 ) { _ b A _ a r r a y [ Ã ­ 8 ]  =  1  =  c * c ; e l s e _ b A _ a r r a y [ 1 9 ]  =  1 ; ;  
6 1  _ b A _ l a b e l :  _ b A _ d u m p ( ) ;  
6 2  { s t r u c t  _ b A _ p r o b e _ s t r u c t _  
6 3  u n s i g n e d  c h a r  i n s e r t p r o t o c o l ;  
6 4  c h a r  m a p s u f f i x ;  
6 5  c h a r  s o u r c e m o d t i m e [ 9 ] ;  
6 6  u n s i g n e d  c h a r  o p t i o n s [ 4 ] ;  
6 7  u n s i g n e d  i n t  n u m e n t r i e s ;  
6 8  u n s i g n e d  c h a r  " d a t a a r r a y ;  
6 9  c h a r  * s o u r c e p a t h ;  
7 0  } ;  
7 1  s t r u c t  _ _ b A _ p r o b e _ s t r u c t _  

_ b A _ e l p m a s _ 2 o m e d _ a b b _ o m e d _ 0 0 0 4 6 p h _ r s u _ 2 _ c s i d _  
7 2  /  B r a n c h  V a l i d a t o r  i n t e r n a l  v e r s i o n  * /  
7 3  {  6 ,  
7 4  /  M a p  f i l e  e x t e n s i o n  * /  
7 5  ' M ' ,  
7 6  /  D a t e  o f  c o m p i l a t i o n  ( e n c o d e d )  * /  
7 7  { ' B ' ,  ' { ' ,  ' m ' ,  '  ' ,  ' h ' ,  ' F ' ,  T ,  ' Y ' ,  '  '  } ,  
7 8  { O x f f ,  O x f f ,  0 x 0 3 ,  0 x 0 0 } ,  
7 9  /  B r a n c h  V a l i d a t o r  c o m p i l e  o p t i o n s  * /  
8 0  2 0 ,  
8 1  /  N u m b e r  o f  b r a n c h e s  * /  
8 2  _ b A _ a r r a y ,  
8 3  /  P o i n t e r  t o  B r a n c h  A r r a y  * /  
8 4  " / d i s c . 3 7 . 2 / u s r / h p 6 4 0 0 0 / d e m o / b b a / d e m o 2 / s a m p l e . c " ,  
8 5  /  P a t h  t o  t h i s  f i l e  * /  
8 6  } ;  

The second HP Branch Validator preprocessor does the 
following: 
â€¢ Creates an array with one entry for each branch. Each 

entry in the array is initialized to 0. Line 2 shows that 
20 branch entries are initialized to 0. 

â€¢ For each branch that is located: 
n An array entry is assigned to the branch. 
D An assignment statement is inserted as the first execut 

able statement within the branch. The assignment 
statement sets the associated array entry to 1, showing 
that it was executed. Also, the assignment statement 
is inserted on the same line as the first executable 
statement so that debuggers can report the correct line 
numbers of the source statements. Line 17 shows that 
array element 1 is set when the true condition of the 
if (a = = 0) branch is executed. Line 19 shows that array 
element 2 is set when the false condition of the if (a 
= = 0) branch is executed. 

Ã¼ An entry into a map file is created for that array entry. 
The entry into the map file specifies what type of 
branch it is (e.g., an if statement or a for loop) and the 
associated line number and column numbers of the 
branch. 

â€¢ At the end of the newly created source file an environ 
ment data area is created on lines 62 through 85. This 
data prevents mismatching the map files, and allows 
changes in the source file to be monitored. The data area 
specifies the date of compilation, number of branches, 
and other parameters. 

â€¢ Finally, the second preprocessor inserts calls to a branch 

analysis dump routine. The dump routine (line 61) 
dumps the data contained in the data arrays to a dump 
file when the routine exits. An additional feature allows 
this dump routine to be called in response to an HP-UX 
system signal or before a specified routine. 
The second preprocessor will add branch analysis assign 

ments for a variety of conditions, including: 
â€¢ Functions. An array assignment is added as the first 

executable statement of a function. Line 16 shows that 
array element 0 is set to 1 when the function is executed. 

â€¢ If Statements. An array assignment is added as the first 
executable statement of the then part of any if statement. 

â€¢ Else Statements. An array assignment is added as the 
first executable statement of the else part of any if state 
ment. Optionally, else conditions and array assignments 
can be added in the locations where else statements have 
not been written. 

â€¢ While Statements. An array assignment is added as the 
first executable statement within any while loop. Optional 
tests can be performed to determine if a while loop always 
executes (never skipping the loop) or if a do-while loop is 
executed more than once. Lines 44 to 45 and 55 to 57 
illustrate the complete testing of the while loop. Note that 
the while loop on lines 44 to 45 makes use of a temporary 
variable to verify that the loop is sometimes skipped. 

â€¢ For Statements. An array assignment is added as the first 
executable statement within any for loop. Optional tests 
can be performed to determine if the third statement of 
a for loop is ever executed. The third statement of a for 
loop may be skipped if the for loop contains a break or 
a return. 

â€¢ Case and Default Statements. An array assignment is added 
as the first executable statement following a case or default 
statement within a switch statement. Optional tests can 
be added to detect if the code of a given case or default 
statement is executed because of fall-through from a 
higher-level case statement or a direct call to the 
specified case. In addition, cases with no defaults can 
detect the execution of a default by adding a default and 
observing if the default is ever executed (line 41). 

â€¢ Conditional Assignments. Two array assignments can be 
optionally added to detect when conditional assign 
ments evaluate TRUE and FALSE. 
Additional features of the preprocessor allow the user 

to exclude or ignore specified branches from analysis, or 
to alert the user if a particular branch is ever executed. The 
map file contains this information and will direct the report 
generator to take the appropriate actions when either of 
these conditions is found. All of these different measure 
ments can be selected at compile time using command line 
options. 

After the HP Branch Validator's two preprocessors finish, 
the code is ready to be compiled with the standard C or 
ANSI C compiler. After compilation and linking in the HP 
Branch Validator dump utility (which knows how to dump 
the HP Branch Validator data of each file), the resulting 
executable is executed and run through a series of tests. 
When the executable exits or is instructed to dump its data, 
it will generate a dump file. This file is interpreted by the 
report generator to generate summary and source level re 
ports about the branch coverage results. 
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The Report  Generator  
The HP Branch Validator report generator produces sum 

mary reports that show the number and percent of branches 
executed or hit in each of the functions instrumented by 
the preprocessors, and source reports that provide informa 
tion about the individual branches that are executed. The 
report generator uses the information stored in the branch 
arrays during program execution combined with the pre 
processor-generated map files to produce its reports. A typ 
ical summary report looks like: 

2 2  o u t  o f  3 4  r e t a i n e d  b r a n c h e s  e x e c u t e d  ( 6 4 . 7 1 % )  
[  2 3  b r a n c h e s  w e r e  i g n o r e d  ]  

In this example, the function keyconvert in file convert.c 
had 66.67 percent of its branches executed or 8 out of 12. 
The total branch coverage was 64.71 percent or 22 out of 
34 branches for all five of these functions. Twenty-three 
branches were ignored during this analysis. 

The source report portion of the report generator presents 
information about the individual branches of a function 
that are not executed. The information presented includes 
the line number of the branch, the text of the branch, and 
information describing what part of the branch did not 
execute. A typical source report looks like: 

k e y c o n v e r t  c o n v e r t . c  
( 1 )  c o n d i t i o n a l  o f  ' i f  w a s  n e v e r  T R U E  

3 6  -  >  i f  ( k e y c o d e  >  K E Y _ 9 )  /  s p e c i a l  c a s e  f o r  0  k e y  * /  

( 1 )  c o n d i t i o n a l  o f  ' i f  w a s  n e v e r  F A L S E  ( n o  ' e l s e '  s t a t e m e n t )  
4 4  -  >  i f  ( h o r i z  =  =  1  )  

( 1 )  c o n d i t i o n a l  o f  ' d o  w h i l e '  w a s  n e v e r  T R U E  
4 9  - >  w h i l e  ( h o r i z  ! =  0 ) ;  

( 1  )  c o n d i t i o n a l  o f  ' d o  w h i l e '  w a s  n e v e r  F A L S E  
4 9  - >  w h i l e  ( h o r i z  ! =  0 ) ;  

8  o u t  o f  1 2  b r a n c h e s  e x e c u t e d  ( 6 6 . 6 7 % )  

In this example, the function keyconvert in file convert.c 
had four branches that were not executed. First, the branch 
on line 36 was never TRUE (the value of keycode was never 
greater than KEY_9). Second, the branch on line 44 was 
never FALSE (the value of horiz always equaled 1). The state 
ment no 'else' statement is an informational message stating 
that there was not an else condition in the original code. 
Finally, the two branches on line 49 are the same branch. 
The fact that the branch was never TRUE and never FALSE 
is an implicit way of saying that this branch was never 
executed at all. A return statement must have occurred 
before this branch. 

If an entire group of branches is controlled by a single, 
higher-level branch, the controlling branch will be the only 

one indicated as not executed. The number in parentheses 
with the description indicates the number of hidden 
branches that are not executed because of the controlling 
statement. For example: 

( 3 )  ' t h e n '  p a r t  o f  ' i f  w a s  n e v e r  e x e c u t e d  
5 2  /  F i r s t  t e s t :  i f  b o t h  h o r i z  a n d  v e r t  a r e  0  * /  
5 3  i f  ( ( h o r i z  =  =  0 )  & &  ( v e r t  =  =  0 ) )  
5 4  {  
5 5  - >  i s _ e r r o r  =  c h e c k _ e r r o r ( ) ;  
5 6  i f  ( i s _ e r r o r )  
5 7  r e t u r n ( K E Y _ E R R O R ) ;  
5 8  e l s e  
5 9  r e t u r n ( K E Y _ N O N E ) ;  
6 0  }  

The fact that this branch did not execute implies that 
the three underlying branches did not execute. There are 
three branches, one for the then part of the if ((horiz = = 0) 
&& (vert = = 0)) branch, one for the then part of the if (is_error) 
branch, and one for the else part of the if (is_error) branch. 
Observe also that this example shows that the source report 
can present more lines of text about the branches of interest 
if desired. 

Each execution of an HP Branch Validator instrumented 
program will append the data stored in the branch arrays 
along with the environment data to the dump file. 

The report generator then examines the dump file and 
the map files of each source file to find the information for 
generating summary and source line reports. In particular 
the report generator cycles through each branch array of 
each of the instrumented source files. Each element of the 
array is mapped back into the source mapping file, which 
defines the type of branch and the expected value of the 
array element for the branch to be executed. If a particular 
branch has not executed, the type of branch and the reason 
it did not execute will be reported. The text surrounding 
the branch is determined from the line numbers of the 
branch saved in the mapping file. The text of the branch 
is then read back from the original source file. As an exam 
ple: 

( 4 )  c o n d i t i o n a l  o f  ' i f  w a s  n e v e r  T R U E  
5 3  -  >  i f  ( v a l u e  =  =  0 )  i f  ( v a l u e  >  1 0 0 )  

The then part of the branch if (value = = 0) may have been 
assigned array element 35. Because this branch did not 
execute, the value of array element 35 was zero. When the 
report generator found array element 35, it mapped it back 
to the then part of an if conditional statement. The mapping 
also provided the report generator with the line number 
for this branch, the column range of the text for the if con 
ditional, and the number of branches (4) affected because 
this branch did not execute. 

The objective of using the HP Branch Validator is to 
achieve a branch coverage percent that is as high as possi 
ble. Adding additional test suites is the primary method 
of creating a higher coverage percent. But some branches 
do not lend themselves to being easy to test or perhaps 
they have already been fully tested by another user. In 
either case it may become important to ignore these 
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S o f t B e n c h  -  B B A  G 

B B A  A c t i o n s  E d i t  S e t t i n g s  H e l p  
C o n t e x t :  h p l s d l n : / u s r / h p 6 4 0 0 0 / d e m o / b b a / d e m o 2 /  
F i le /Funct ion:  [Next ]  Â¡Prev ious]  |  Ignore  |  [Source]  [Update]  
_ S u m m a r y    H i t    T o t a l    %    I A _ F u n c t i o n    

c o n v e r t .  c  

T o t a l s  

T o t a l s  

2  /  
3  /  
5  /  

0  /  
0  /  

1 2  (  1 6 . 6 7 )  
9  (  3 3 . 3 3 )  

2 1  (  2 3 . 8 1 )  

1  (  0 . 0 0 )  
1  (  0 . 0 0 )  

k e y c o n v e r t  
b i t p o s  

e r r o r  

5 out of 22 retained branches executed (22.73%) 

[ 23 branches were ignored ] F i g .  5 .  A  f i l e  a n d  f u n c t i o n  s u m  
mary report.  

branches or exclude entire functions from branch coverage 
percents. A mechanism exists in the HP Branch Validator 
that enables the user to tell the report generator to ignore 
files, functions, and branches while it is creating reports. 
To use this capability the user enters the names of files, 
functions, and branches to be ignored into an ignore file. 
When the report generator is preparing a report it will 
examine the ignore file and remove from the report any of 
the specified items (files, functions, and branch statements) 
listed. The report generator does this by entering each of 
the items in the ignore file into an ignore hash table. When 
each file, function, and branch is sequentially examined it 
will first be checked to see if it is in the ignore hash table. 
If the item exists in the ignore hash table it will be ignored 
(or skipped). To ignore a branch the user must enter a pre 
defined sequence of characters that represents the control 
ling statement of the branch. To ignore branches, the report 
generator matches the controlling statements for each 
branch contained in the map file with the controlling state 
ments in the ignore file. For example, if the ignore file 
contains the information: 

/users /cc /d r iver .c  
/use rs /cc /conver t . c  :  keyconver t  
/ use rs /cc /conve r t . c  :  b i t pos  :  case  32 :  

the following branches will be ignored: 
â€¢ All of the branches in the file /users/cc/driver.c 

â€¢ All of the branches in the function keyconvert in the file 
/users/cc/convert.c 

â€¢ The branches associated with case 32: in the function 
bitpos in the file /users/cc/convert.c. 

The SoftBench Interface 
The SoftBench interface is a friendlier user interface than 

the command-line interface of the HP Branch Validator. 
The SoftBench interface allows the user to examine the 
results of the branch coverage interactively, find unexe 
cuted branches quickly, and take appropriate actions to 
improve the branch coverage results. By simply clicking 
the mouse button, the user is able to perform operations 
such as ignoring a branch, editing a source file containing 
a missing branch, or positioning the sprite on the next or 
previous unexecuted branch. 

The SoftBench interface provides three primary reports: 
a file and function summary report, a function histogram 
report, and a source report. The file and function summary 
report is similar to the standard report generator report 
except that it provides summary information about the 
number of branches executed on a file level as well as 
function level coverage information. Fig. 5 illustrates the 
file and function summary report. The function histogram 
presents the same function summary information in a his 
togram format (see Fig. 6). The function histogram report 
helps the user quickly determine the functions that do not 
meet specified branch coverage criteria. 

B B A  A c t i o n s  E d i t  S e t t i n g s  H e l p  

C o n t e x t :  h p l s d l n : / u s r / h p 6 4 0 0 0 / d e m o / b b a / d e m o 2 /  
F i l e / F u n c t i o n :  Â ¡ N e x t |  Â ¡ P r e v i o u s ]  [ i g n o r e ]  [ S o u r c e ]  [ U p d a t e ]  
P e r c e n t    H i s t o g r a m _ _    F u n c t i o n    . F i l e .  

keyconvert 

bitpos 

error 
getkeyvalue 

twobits 

convert . c 

convert. c 
driver . c 

getkey. c 

multibits.c 
F i g .  6 .  A  f u n c t i o n  h i s t o g r a m  r e  
port. 
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S o f t B e n c h  -  B B A  
S o u r c e  o f  F u n c t i o n :  k e y c o n v e r t  i n  F i l e :  c o n v e r t .  c  
B r a n c h :  [ N e x t ]  [ P r e v i o u s ]  ( i g n o r e ]  A d d  P r a g m a ]  [ c i e a r ]  

P  

(1) switch never went to '. 

29 keycode = bitpos(horiz) + KEY_Fj 
3 0  b r e a k ;  

(1) switch never went to 'case' 

->31 case 4: / Pressing third column of keys */ 

keycode = bitpos(horiz) + KEY_1 ; 
3 3  b r e a k ;  

(3) switch never went to 'case' 

->34 case 8: / pressing fourth column of keys */ 

35 keycode = bitpos(horiz ) + KEY_6; 

The source repor t  combines  the  descr ipt ions  of  the  
missed branches and the complete text  of the selected 
source file or function into a source listing. This source 
listing allows the user to see the missed branches in the 
context of the complete file or function more clearly. Fig. 7 
shows the selected source report and the missed branches 
in the context of the selected function. 

The SoftBench interface uses the report generator and 
various filters to produce these summary, histogram, and 
source reports. When the user selects a summary or histo 
gram report, the report generator is run to produce a sum 
mary report which is then passed through a filter to produce 
the corresponding summary or histogram report. When the 
user selects a source report, the report generator is run to 
produce a source report. A second filter program combines 
the statements about the missed branches with the source 
file. The location of the source file and the range of text 
for a function are read from the map file. 

The Encapsulator was used to build the Softbench inter 
face. The Encapsulator provided many benefits, perhaps 
the foremost being that we could produce a mouse-driven 
OSF/Motif3 style interface quickly for an existing com 
mand-line-driven product. We were able to demonstrate 
many of the features of the HP Branch Validator six weeks 
after we started using the Encapsulator. A second benefit 
of the Encapsulator is the SoftBench message server.4 The 
message server allowed us to simplify our interactions with 
the SoftBench edit and builder tools. We could simply send 
an edit command and not be concerned about the type of 
editor the user might want to use and the appropriate com 
mand to start the editor. 

A third benefit we found in using of the Encapsulator is 
the Encapsulator description language. The Encapsulator 
description language provides a tool developer with the 
capability of defining menu buttons and their associated 
operations very easily. This feature enabled us to try vari 
ous features and develop the proper look and feel for our 
product. As an example, the following text defines a pull 
down menu to show the HP Branch Validator histogram. 

m a k e _ _ o b j e c t ( m e n u ,  " s h o w / H i s t o g r a m " ,  M e n u B u t t o n ,  " S h o w  H i s t o  
g r a m " ,  N U L L ,  m a k e _ e v e n t ( U s e r ,  " S e l e c t " ,  b b a _ J i i s t o g r a m ( ) ) ) ;  

F i g .  7 .  A  s o u r c e  r e p o r t  f o r  t h e  
function keyconvert. 

Observe that even without explaining the details of the 
Encapsulator description language or how menu buttons 
work, the meaning of the above command is almost intui 
tive. This text defines a menu button with the text "Show 
Histogram". The object will be named "showHistogram", and it 
will call the function bba_histogram() when the user selects 
this menu item. 

In addition, the Encapsulator makes it easy to define 
display windows where text is to be displayed. For exam 
ple, the following text describes the window to display the 
summary text. 

r e s u l t s  =  m a k e _ o b j e c t ( p a n e ,  " s u m m a r y L i s t " ,  L i s t ,  N U L L ,  
( X O F F S E T  :  0  W I D T H  :  6 7 8  H E I G H T  :  2 5 5 ) ,  
m a k e _ e v e n t ( U s e r ,  " S e J e c t " ,  l i n e _ s e l e c t ( ) ) ) ;  

This text declares an object to be a list widget with the 
specified width and height in pixels. The object is to be 
named summaryList and will call the function line_select() 
when the user selects a line. The list widget contains the 
methods (functions) that know how to scroll and do all of 
the appropriate operations for a listing display. When it is 
necessary to write information to the list widget, a file is 
loaded and the widget handles the rest. Invoking the load 
command (i.e., load_file(results, tmp_summary)), results in 
loading the contents of the file tmp_summary into the object 
defined as results (i.e., the list widget). 

A fourth benefit of the Encapsulator is the capability for 
a process to send commands to a hidden shell or subprocess 
and get called when the command completes. This feature 
is used to send report generator and filter commands to a 
hidden shell. This is perhaps not the most technical feature, 
but the fact that the commands can execute quickly and 
that an application can be informed at the completion of 
a command was another factor in saving development time 
in producing an HP SoftBench interface to the HP Branch 
Validator. 

Along with the benefits of using the Encapsulator there 
are a few drawbacks. The primary drawback is the limited 
set of widgets that can be used and the fact that they must 
be used in fairly rigid ways. One of the problems associated 
with the list widget (the widget that allows the user to 
display textual information) is that it is hard to determine 
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exactly which line a user has selected because the text of 
the line is returned but not the line number. If there are 
two identical lines of text on the screen, it is impossible 
to know which line the user selected. To work around this 
problem, we added a line number to each line. The numbers 
are appended to the end of each line of text in an area of 
the list widget that is typically off-screen. The user can 
observe these numbers if the list widget is scrolled to the 
right, but in typical situations they are not shown. When 
the line of text that a user selects is read in, the line number 
is also read to determine which line the user selected and 
which line to go to next. A second problem with the Encap- 
sulator is not being able to specify a multiple-word label 
directly as the name of the application. The HP Branch 
Validator cannot be named the "Branch Validator" on the 
display because the Encapsulator will only accept a con 
tiguous character string as a name. In addition, the name 
should be about 9 characters or less. To get around this 
problem, we elected to use the name BBA which reflects 
the underlying technology of the HP Branch Validator, 
specifically basis branch analysis. 

In general, the Encapsulator provided the HP Branch 
Validator with an easy-to-implement graphic interface. 
This dramatically reduced our time to market while allow 
ing us to maximize the number of features. In addition, 
porting the HP Branch Validator SoftBench interface to 
other platforms has required only a simple recompilation 
of the Encapsulator file. However, porting the HP Branch 
Validator preprocessor and the HP Branch Validator report 
generator has not been quite as simple. 

C + +  B r a n c h e s  
The HP Branch Validator can also provide information 

about C++ branches that are not executed. The way to get 
C++ to work with the HP Branch Validator is to compile 
the C++ into C files and then let the HP Branch Validator 
compile the C files. Using the C++ +i compiler option in 
coordination with other options allows the compilation of 
C+ + source files to object files to occur in one step. During 
the process of compiling C+ + to C files, line and file direc 
tives about the C++ file are put into the standard C file. 
The HP Branch Validator preprocessor will pick up these 
line and file directives and reference a branch in the C file 
back to the original C++ source line that caused the branch. 

The results of C++ branch analysis can be seen via the 
command-line or SoftBench interface. Since the HP Branch 
Validator is primarily a C tool and the C+ + function names 
that it sees are encrypted, the command-line version of the 
HP Branch Validator must be run through the c+ +filt(1) util 
ity to produce more readable function calls. The following 
is an example of a C++ summary report. 

_ h i l    t o t a l    %    I A    f u n c t i o n _  fi le 
1 /  1  ( 1 0 0 . 0 0 )  B o a r d R e c : : S e t P i e c e ( P i e c e R e c * )  b o a r d . c  
1 /  1  ( 1 0 0 . 0 0 )  B o a r d R e c : : C l e a r ( )  b o a r d . c  
1 /  1  ( 1 0 0 . 0 0 )  B o a r d R e c : : R e p a i n t ( S c r n R e c * )  b o a r d . c  
3 /  3  ( 1 0 0 . 0 0 )  B o a r d R e c : : R e p a i n t ( )  b o a r d . c  
2 1  3  (  6 6 . 6 7 )  D o R e p l a c e ( v o i d * )  b o a r d . c  
3 /  3 ( 1  0 0 . 0 0 )  D o P a i n t M e ( v o i d ' )  b o a r d . c  

1 9 /  2 1  ( 9 0 . 4 8 )  P a i n t ( i n t , i n t , D i r e c t i o n ,  D i r e c t i o n ,  Â ¡ n t )  f l o w . c  
1 0  /  1 1  ( 9 0 . 9 1  ) T r i p F l o w ( v o i d * )  f l o w . c  

6 /  7 ( 8 5 . 7 1 ) F l o w R e f l g u r e D e l t a s ( )  f l o w . c  
4 /  5 ( 8 0 . 0 0 ) F l o w R e p a i n t ( )  f l o w . c  
2 1  3 ( 6 6 . 6 7 ) F l o w F a s t ( )  f l o w . c  
1 /  1  ( 1 0 0 . 0 0 )  F l o w S t a r t O  f l o w . c  
5 /  5 ( 1  0 0 . 0 0 )  I n i t L e v e l O  Â ¡ n i t . c  
2 1  3 ( 6 6 . 6 7 ) P i e c e R e c : : P a i n t ( S c r n R e c * , i n t , i n t )  p i e c e . c  
7 1  9 ( 7 7 . 7 8 ) S c r n R e c : : R e f i g u r e S i z e s ( )  s c r e e n . c  
1 /  1  ( 1 0 0 . 0 0 )  S c r n R e c : : G e t P i e c e C a c h e ( P i e c e R e c * )  s c r e e n . c  

A portion of the HP Branch Validator source report for 
the above file would look like: 

DoRep lace (vo id * )  boa rd .  C  
( 1 )  c o n d i t i o n a l  o f  ' i f  w a s  n e v e r  F A L S E  ( n o  ' e l s e '  s t a t e m e n t )  

[cont ro l  l ines ]  
56  
57  
5 8  s t a t i c  v o i d  D o R e p l a c e ( v o i d  * ) {  
5 9  -  >  i f  ( n e w p i e c e )  {  
6 0  n e w b o a r d  -  > S e t P i e c e ( n e w p i e c e ) ;  
6 1  n e w p i e c e  =  N U L L ;  
6 2  }  

Paint( int , int ,Direct ion,  Direct ion,  int )  f low. C 
( 1 )  ' c a s e '  c o d e  w a s  n e v e r  e x e c u t e d  

7 4  X F i l l R e c t a n g l e ( d p y ,  w i n d o w ,  g c ,  x O  +  s s i z e  
-  i p i x ,  

7 5  y O  +  I s s i z e ,  i p i x ,  f l o w w i d t h ) ;  
7 6  b r e a k ;  
7 7  c a s e  B a d D i r :  
7 8  - >  P u n t ( " B a d  i n  d i r e c t i o n  i n  P a i n t ! " ) ;  
7 9  }  
8 0  }  
8 1  o p i x  =  n u m p i x  -  i p i x ;  

( 1 )  ' c a s e '  c o d e  w a s  n e v e r  e x e c u t e d  
X F i l l R e c t a n g l e ( d p y ,  w i n d o w ,  g c ,  x O  +  h s s i z e ,  y O  
+  i s s i z e ,  

op i x ,  f l oww id th ) ;  
b reak ;  

c a s e  B a d D i r :  
Pun t ( "Bad  ou t  d i r ec t i on  i n  Pa in t ! " ) ;  

97 

98 

99 

100 

101 -> 

102 

103 

104 } 

Note that the only inconsistency in the command-line 
interface of the HP Branch Validator is in the filenames 
reported in the summary reports. The filenames reported 
are the C filenames and not the C++ filenames. Simply 
replace the C extension with the C++ extension to deter 
mine the C++ filename. In this example replace .c with .C 
or board.c with board.C. 

The command-line interface has one additional problem 
that appears when trying to ignore branches. To ignore a 
specific branch the C filename plus the entire C++ en 
crypted function name and encrypted branch must be en 
tered into the ignore file. For example, to ignore the case 
statements on lines 78 and 100 the sequence: 

/ d i s c . 1 4 . 4 / g a m e s / x p l u m b / f l o w . c :  P a i n t  F i T I 9 D i r e c t i o n T 3 T 1  : c a s e  - 1 :  
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C o n t e x t :  h p l s d l n : / u s r / l o c a l / s r c / g a m e s / x p l u m b /  
F i l e / F u n c t i o n :  | N e x t |  [ P r e v i o u s ]  |  I g n o r e  |  [ S o u r c e ]  [ U p d a t e )  
P e r c e n t    H i s t o g r a m    F u n c t i o n    

S o f t B e n c h  -  B B A  

B B A  A c t i o n s  E d i t  S e t t i n g s  H e l p  

D o P a i n t M e ( v o i d * )  b o a r d .  C  
BoardRec: :ButtonDown( ) board. C 
B o a r d l n i t O  b o a r d .  C  

Paint (int, int, Direct i on, Direction, 

T r i p F l o w ( v o i d * )  f l o w .  C  

int 

S o f t B e n c h  -  B B A  
Source of Funct ion: BoardRec: :ButtonDown() in Fi le: board. C 
Branch:  f f j  P r e v i o u s )  [ i g n o r e ]  A d d  P r a g m a )  [ d e a r )  

75 void BoardRec: :ButtonDown( ) { 

(1 ) conditional of 'if was never TRUE 

if ( ! removable newpiece II fastflow) return: 
(1J conditional of 'if was never FALSE ('else' never executed) 

->77 if (piece == PieceNone) { 

7 8  p i e c e  =  q u e u e - > P o p (  )  ;  

7 9  R e p a i n t O ;  

8 0  }  e l s e  {  

81 newpiece = queue->Pop( ) j 

8 2  n e w b o a r d  =  t h i s ;  
F i g .  8 .  A  p o r t i o n  o f  a  C + +  p r o  
gram as i t  would appear in an HP 
Branch Val idator  Sof tbench inter  
face. 

must be entered into the ignore file. This becomes a little 
difficult because so many characters have to be typed into 
the ignore file and because the file flow.c must be examined 
to determine the branch function name and statement as 
the HP Branch Validator sees it. 

The SoftBench interface overcomes these deficiencies by 
using the map files and various filters to produce the correct 
C++ results. All C files are mapped back to C++ files if 
they exist. In addition, the effort to ignore a branch is simply 
the click of a mouse button. The SoftBench interface reads 
the map files and determines the proper filename, function 
name, and branch string of functions and branches to ig 
nore. Fig. 8 shows an example of a portion of a C++ pro 
gram being examined using the HP Branch Validator 
SoftBench interface. This shows the benefits of using the 
Encapsulator to overcome deficiencies and greatly enhance 
the capabilities of a command-line interface. 

Conclusion 
The HP Branch Validator provides a mechanism to quan 

tify the level of testing that has occurred on a software 
product. This quantification lets the user rapidly define 
software test sites that provide an acceptable level of soft 
ware testing. In addition, the HP Branch Validator indicates 
"logically dead" code (branches that are never executed) 
and can be a useful tool in the reverification of an existing 
software product. 

The HP Branch Validator can operate through a Soft- 
Bench encapsulated interface or through a command-line 
interface. The SoftBench interface will work independently 
of SoftBench or in conjunction with SoftBench version 
A. 01. 00 or greater. The HP Branch Validator works well in 
8M bytes of memory when it is used in stand-alone mode 
with the SoftBench encapsulated interface. However, 12M 
bytes of memory are required when the HP Branch Val 

idator is used with SoftBench. The command-line interface 
does not have any major memory constraint. The com 
mand-line interface provides the same branch coverage in 
formation as the SoftBench interface but without some of 
the convenience provided by an OSF/Motif graphical user 
interface. 
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