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Broadband Passive Components for  
Microwave Network Analysis 
I t  t a k e s  m o r e  t h a n  a n  a d v a n c e d  n e t w o r k  a n a l y z e r  t o  m a k e  
a c c u r a t e ,  b r o a d b a n d  d e v i c e - p a r a m e t e r  m e a s u r e m e n t s .  Y o u  
can't  l ike i t  without precision, broadband hardware â€” things l ike 
d i r e c t i o n a l  c o u p l e r s ,  l i n e  s t r e t c h e r s ,  s w i t c h e s ,  a n d  t r a n s m i s  
s ion  l i nes .  I t  a l so  he lps  to  have  every th ing  in  one  ins t rument .  

By Stephen F.  Adam, George R. Kirkpatrick,  and Richard A. Lyon 

THERE WAS A TIME, not very long ago, when microwave 
transmission and reflection measurements were nearly al 
ways magnitude-only measurements. People were inter 
ested in phase, of course, and it would have been most 
desirable to have a system that could measure magnitude 
and phase looking into or through any two-port device. 
But a system that could do this, and do it over very broad 
frequency ranges, conveniently and accurately, would 
have been extremely expensive and complex. 

At Hewlett-Packard, the key to broadband microwave 
measurements proved to be a dc-to-12.4-GHz sampling 
device, developed in 1966.'11 Using the device as a har 
monic mixer, a network analyzer system, Model 8410A, 
was developed and introduced in 1967.'-1 The network 

analyzer is basically an instrument which measures and 
displays the complex ratio of two signals. Specifically, 
it measures the complex reflection and transmission co 
efficients, or s-parameters, of active and passive devices.131 
These parameters characterize the device completely. 

Besides the network analyzer, two other elements are 
needed to measure network parameters. One is a swept 
signal source, and the other is a collection of passive 
components for interfacing the signal source and the net 
work analyzer with the device being tested. Fig. 1 illus 
trates the three elements and their relationships. The 
passive components take the signal from the sweep gen 
erator, isolate part of it for use as a reference signal, and 
direct the rest to one of the ports of the device being 
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i n g  d i r e c t i o n a l  c o u p l e r s ,  l i n e  s t r e t c h e r s ,  s w i t c h e s ,  a n d  d e v i c e s  t o  t a k e  t h e  p l a c e  o f  

f l ex ib le  cab les .  
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tested. They then separate the signals entering each port 
from the signals leaving that or other ports of the device 
and present all of these signals to the complex-ratio- 
measuring instrument, the network analyzer. 

Early in the development of the network analyzer sys 
tem it became apparent that the passive components 
would largely determine how accurate, convenient, and 
broadband the system would be. The signal sources were 
available and, once the sampler was developed, the net 
work analyzer was no longer the limiting factor. But exist 
ing directional couplers, switches, line stretchers, and 
cables were either narrow-band, or had high VSWR's or 
other problems. Their narrow bandwidths alone meant 
that many changes of components would be needed to 
make broadband measurements, and this wasn't a pleas 
ant prospect. Consequently, new components were de 
veloped. Among them are high-directivity directional 
couplers, switches that are highly repeatable, low in 
VSWR, and versatile, a low-loss, low-VSWR line stretch 
er, biasing networks, and devices to perform the function 
of flexible cables. 

Two Instruments Have Al l  Necessary Hardware 
To measure the four scattering parameters of a device 

using separate components, several changes of cabling, 
couplers, line length, and terminations would be needed. 
Connecting, disconnecting, and rearranging components 
would not only eat up time, but would also reduce the 
accuracy of the measurements. To eliminate the need for 
changing components, all of the newly developed compo 
nents that are needed to measure s-parameters have been 
grouped into two precision transducer instruments (Fig. 
2). Model 8745A S-Parameter Test Set operates over a 
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F i g .  2 .  M o d e l  8 7 4 5 A  S - P a r a m e t e r  T e s t  S e t  ( t h i r d  i n s t r u  
m e n t  f r o m  t o p )  a n d  M o d e l  8 7 4 3 A  R e f l e c t i o n - T r a n s m i s  
s i o n  T e s t  U n i t  ( s e c o n d  f r o m  t o p )  c o n t a i n  t h e  d i r e c t i o n a l  
c o u p l e r s ,  s w i t c h e s ,  a n d  l i n e  s t r e t c h e r s  n e e d e d  f o r  n e t  
w o r k  a n a l y s i s .  D e v i c e s  t o  b e  t e s t e d  a r e  c o n n e c t e d  b y  
m e a n s  o f  f l e x i b l e  a r m s  w h i c h  r e p l a c e  i n a c c u r a t e  f l e x  
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a r e  t h e  o t h e r  e l e m e n t s  o f  t h e  n e t w o r k  a n a l y s i s  s y s t e m .  

frequency range of 0.1 to 2 GHz. Its high-frequency 
counterpart, Model 8743A Reflection-Transmission Test 
Unit, operates from 2 GHz to 12.4 GHz. 

Model 8745A S-Parameter Test Set is useful for meas 
urements on microwave hardware, solid-state devices, 
components, and transistors. The two-port device under 
test is connected once to the Test Set, and the parameters 
to be measured and the reference port are selected simply 
by pushing buttons. 

Fig. 3 shows the internal arrangement of the S-Param 
eter Test Set. The two directional couplers in the Test 
Set are mounted so that they can move slightly in any 

*See  a r t i c l e ,  p .  11 ,  on  t rans i s to r  measu remen ts .  
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F i g .  3 .  M o d e l  8 7 4 5 A  S - P a r a m e t e r  T e s t  S e t .  

direction to establish precise connections to various de 
vices and accessories. Rear panel connections for remote 
programming are provided (the Test Set is used in the 
Model 8541 A Computer-Controlled Automatic Network 
Analyzer System). 

For testing devices that require bias, the Test Set con 
tains biasing networks through which dc voltages can be 
applied to the center conductors of both directional cou 
plers. The biasing networks themselves are outside the 
measurement circuit. To keep dc out of the signal source, 
there is a blocking capacitor on the signal-source side of 
these networks. There are also large capacitors next to 
the networks which act as low-impedance paths to 
ground for signals down to 10 kHz. This reduces signals 
below 100 MHz which tend to be troublesome in higher- 
frequency measurements on active devices whenever 
there are long leads present, or when the dc supply being 
used has a high RF impedance. The biasing networks 
have rear-panel connections for bias current and bias 
voltage sensing. 

Model 8743A Reflection-Transmission Test Unit, the 
high-frequency transducer instrument, has a different in 
ternal arrangement from the lower-frequency S-Param- 
eter Test Set. The high-frequency Test Unit can make 
measurements with 10 dB less power at the test port. 
However, it can measure only two s-parameters; the de 
vice under test must be turned around to measure the 
other two. Also, the high-frequency Test Unit contains no 
internal biasing networks. 

Components  Descr ibed  

The following paragraphs describe the directional cou 
plers, line stretchers, switches, and flexible transmission 
lines that are used in the two transducer instruments. 

Many of these components are also being manufactured 
separately. 

Exponent ia l  Di rect ional  Coupler  

When the network-analysis project began, typical di 
rectional couplers had useful bandwidths of only about 
one octave. This was the widest frequency range over 
which these couplers had high directivity (>30 dB) and 
flat coupling. This meant that to cover the analyzer fre 
quency range of 0.1 to 12.4 GHz, seven couplers would 
be requ ired â€” not a very convenient arrangement . Clearly, 
some new couplers had to be developed. 

An idea for a broadband coupler came from a 1954 
paper by B. M. OliverJ4' In this paper, the general form 
of the coupling equation for parallel lines is given as 

""/â€¢<fe, 

where F(<a) is the coupling coefficient as a function of 
frequency, v is the velocity of propagation, w is angular 
frequency, k(z) is the coupling factor (assumed to be 
Â« 1), z is the distance along the coupling members, 
and / is the length of the coupling region. An ideal coupler 
would have F(u>) = constant from dc to infinity. How 
ever, this would require an infinitely long coupler and a 
coupling factor that isn't physically realizable. A more 
tractable coupling factor is an exponential one, that is, 

0 ,  z < 0  
k(z) = 

A>--/-\ z > 0 
where K0 and za are constants. This gives a coupling co 
efficient 

v- 
C Y  I  "  F(<o) = â€” 

1 

1 + 
j2o>Zn 

1 â€” e~l/*> e~ital/v\. 

For / = x the coupling curve is as shown in Fig. 4. It 
is a high-pass curve which, beyond a lower cutoff fre 
quency, is quite flat with frequency. Of course, since 
the length / cannot be infinite, any physically realizable 
coupler will have some ripple in the passband; the allow 
able amount of ripple and the cutoff frequency o>u will 
determine / and zn. The important thing, however, is 
that exponential coupling makes very broadband flat 
couplers possible. 

In  the  HP network-analyzer  labora tory ,  R.  W.  
Anderson and A. G. Ryals recognized that an exponen 
tial coupling factor k(z) could be realized by using a 
slab-line transmission structure with two straight center 
conductors whose separation increased linearly with dis 
tance c. This is because the field in a slab transmission 
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F i g .  4 .  T h i s  i s  a  c o u p l i n g - v e r s u s - f r e q u e n c y  c u r v e  f o r  a n  
i n f i n i t e l y  l o n g  d i r e c t i o n a l  c o u p l e r  w h i c h  h a s  a n  e x p o  
n e n t i a l  c o u p l i n g  f a c t o r .  I f  t h e  l e n g t h  o f  t h e  c o u p l e r  i s  
f i n i t e ,  s o m e  r i p p l e  i s  i n t r o d u c e d  i n t o  t h e  c u r v e ,  b u t  t h e  
c o u p l e r  c a n  s t i l l  b e  v e r y  b r o a d b a n d .  O n l y  t w o  s u c h  
c o u p l e r s  a r e  n e e d e d  t o  c o v e r  t h e  f r e q u e n c y  r a n g e  f r o m  
0 .1  t o  12 .4  GHz .  

line which has a single center conductor decays exponen 
tially with distance away from the center conductor, 
provided that d Â» s, where d is distance away from the 
center conductor and s is the spacing between the cen 
ter conductor and the ground plane. 

Only Two Couplers  Needed 
Using the exponential coupling concept, it was pos 

sible to cover the frequency range of 0.1 to 12.4 GHz 
with only two directional couplers, the low-frequency 
version operating from 0.1 to 2 GHz and the high- 
frequency version from 2 to 12.4 GHz. These couplers 
are built into the Model 8745A S-Parameter Test Set 
and the Model 8743A Reflection-Transmission Test 
Unit, respectively. These couplers have directivities of 
more than 30 dB and coupling coefficients of 20 dB Â± 1 
dB over their frequency ranges. Similar couplers are 
manufactured separately as Models 778D and 779D. 

Fig. 5 is a photograph of the insides of the two types 
of exponential couplers. 

Coupler  Design 
In an infinite slab line an infinite number of waveguide 

modes can propagate. Since the exponential couplers are 
basically slab lines, they had to be designed so that wave 
guide modes would be controlled. In the lower-frequency 
coupler the cross-sectional dimensions are kept small 
enough that no waveguide modes can propagate in the 
frequency band. That is, the slab line is terminated with 
a conducting wall at a point far enough away from the 

center conductors so it has negligible effect on the fields 
around the center conductors, yet close enough so the 
structure cannot propagate waveguide modes below 
2 GHz. 

In the high-frequency coupler the slab is physically 
terminated in a conducting wall, but a layer of polyiron 
is placed next to the wall, making the slab line appear 
electrically infinite at the frequencies where waveguide 
modes could exist. Also, the structure is symmetrical 
around the centerline of the slab line; there are no asym 
metries to produce high-order waveguide modes. 

The low-frequency coupler is plastic-filled to reduce 
its physical length. In this coupler, the abrupt transition 
from k(z) = 0 to k(z) = Ku is produced by a right-angle 
turn on the auxiliary line. The corner is compensated for 
reactance both by the line geometry and by a tuning 
screw. The auxiliary line is terminated with another 
right-angle turn followed by a cylindrical resistor in a 
tapered outer conductor. 

The high-frequency couplers are air-filled and use 
round-rod center conductors. The coupler used in the 
Model 8743A Reflection-Transmission Test Unit is de 
signed to operate from 2 to 12.4 GHz and uses a long 
polyiron load. The Model 779D Directional Coupler 
is designed to operate from 1.7 to 12.4 GHz and uses 

F i g .  5 .  E x p o n e n t i a l  c o u p l e r s  a r e  s l a b  t r a n s m i s s i o n  l i n e s .  
T h e  l i n e a r l y  i n c r e a s i n g  d i s t a n c e  b e t w e e n  t h e  m a i n  a n d  
a u x i l i a r y  l i n e s  g i v e s  t h e  e x p o n e n t i a l  c o u p l i n g  f a c t o r .  
T h e  l o n g e r  u n i t  o p e r a t e s  f r o m  0 . 1  t o  2  G H z ,  t h e  s h o r t e r  
f r o m  2  t o  1 2 . 4  G H z .  
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Fig.  geometry only broadband (dc to 18 GHz) l ine stretcher has slab- l ine geometry so that only 
t h e  c e n t e r  c o n d u c t o r  h a s  t o  m o v e .  T h e  m o v i n g  p a r t  i s  t h e  r o d  s e c t i o n  o f  a  t h i n - w a l l e d  
t u b e - a n d - r o d  a s s e m b l y .  A  s t e p  i n  t h e  s l a b  w h e r e  t h e  t u b e  a n d  r o d  Â ¡ o i n  m a i n t a i n s  a  
c o n s t a n t  r a t i o  o f  c e n t e r - c o n d u c t o r  d i a m e t e r  t o  s l a b  d e p t h ;  t h i s  k e e p s  t h e  c h a r a c t e r i s t i c  

i m p e d a n c e  c o n s t a n t .  

an evaporated 50 Q film termination on a ceramic sub 
strate. The Model 779D is useful down to .5 GHz with 
directivity typically better than 30 dB but coupling fall 
ing off by 3 or 4 dB, and useful above 12.4 GHz although 
directivity is degraded. 

In the high-frequency couplers, separation of the main 
and auxiliary lines at the start of the coupling area is 
achieved by forming both conductors to a 0.250-inch 
internal radius, stepping the ground plane and reducing 
the cross section of the rods as shown in Fig. 5. Separa 
tion is further enhanced by a 'tuning arrow' (see Fig. 5) 
machined to create an interference fit with the slab line. 
Final coupler tuning is done with the slab line loose; 
when good directivity is achieved the tuning arrow is 
clamped in place by the slab line. 

Broadband  L ine  S t re tcher  

Because existing line stretchers were mechanically 
clumsy or lossy or had high VSWR. they were unsuit 
able for use in the network analyzer system. Conse 
quently a new, precision, low-VSWR, constant imped 
ance line stretcher was developed. 

A slabline structure was chosen so the line could be 
stretched by moving only the center conductor. The slab- 
line structure also allows sharp bends to be made in the 
center conductor without dispersion, since fields are con 
centrated above and below the center conductor. A con 
stant impedance of 50 n is maintained by moving the 

rod section of a thin-walled tube-and-rod construction, 
and machining a step in the slab at the joint to pre 
serve a constant ratio of center-conductor diameter to 
slab depth (see Fig. 6). 

The center-conductor tube is only 0.0025 inch thick. 
It is made of layers of gold and copper for high conduc 
tivity and nickel for mechanical rigidity. At the joints 
between the tube and the sliding rod, the tube is slotted 
to form contacting fingers. The slots are on the sides of 
the tube where the fields are lowest, and the ends of the 
tube are specially electroformed so contact is maintained 
without necking down the fingers; both of these tech 
niques help to maintain constant impedance in the criti 
cal joint area. 

Air dielectric is used in the line stretcher, and fields 
are in the TEM mode so electrical length is independent 
of frequency. Waveguide modes are suppressed by using 
polyiron loading at the edges of the slabline cavity; this 
is the same technique that was used in the high-fre 
quency directional coupler to suppress waveguide modes. 
Center-conductor supports are as small as possible and 
are in low-field areas. Precise machining of the ground 
plane compensates for the supports and makes them 
nearly invisible electrically. 

The line stretcher is driven by a zero-backlash, pre 
loaded lead screw, and has a calibrated digital readout. 

Fig. 6 shows the inside of the new line stretcher, which 
is used in the Model 8743A Reflection-Transmission 

6 
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F i g .  a  t h e  a  s l a b  l i n e  w h i c h  h a s  a  t h i n  c e n t e r  c o n d u c t o r  ( i n s t e a d  o f  a  r o u n d  o n e )  t h e  
f i e l d s  g o o d  e x t r e m e l y  c o n c e n t r a t e d .  T h i s  i s  g o o d  i n  a  s w i t c h  b e c a u s e  i t  g i v e s  g o o d  
i s o l a t i o n  b e t w e e n  o u t p u t  p o r t s ,  a n d  b e c a u s e  t h e  f i e l d s  c a n  f o l l o w  t h e  c u r v e  o f  t h e  
c e n t e r  s w i t c h e s  w i t h o u t  d i s p e r s i o n .  F i g .  8 .  B r o a d b a n d  ( d c  t o  1 8  G H z )  c o a x i a l  s w i t c h e s  
t y p i c a l l y  h a v e  i n s e r t i o n  l o s s e s  l e s s  t h a n  0 . 5  d B  a n d  V S W R ' s  l e s s  t h a n  1 . 2 .  I s o l a t i o n  i s  

g rea te r  than  50  dB a t  12 .4  GHz,  and  g rea te r  than  45  dB a t  18  GHz.  

Test Unit and the Model 8745A S-Parameter Test Set, 
and in the older HP reflection and transmission test units. 
It has a frequency range of 0 to 18 GHz, low VSWR 
(typically 1.15 at 12.4 GHz), and low loss (typically a 
change of 0.2 dB for 30 cm of stretch at 12.4 GHz). 

Coaxia l  Switches 

High VSWR, high insertion loss, and limited band 
width in existing switches made it necessary to develop 
a new type of switch for the network analyzer system. 
As in the directional couplers and the line stretcher, 
slab-line geometry provided an answer. 

In a slab transmission line the electric field is con 
centrated above and below the center conductor. If the 
center conductor is a flat, thin plate, perpendicular to the 
slabs, the field is even more concentrated, as shown in 
Fig. 7. The field is strongest near the edges of the center 
conductor. This field concentration is desirable if the 
center conductor has a number of reasonably sharp 
turns, or if the center conductor is movable, as it must 
be in a switch. Keeping the fields concentrated near the 
center conductor also improves isolation between the 
output ports in a switch. 

The new switch developed for the network analyzer 
system uses this type of transmission line. Fig. 8 is a 
photograph showing the inside of the switch. It is a sin 
gle-pole, double-throw switch which has a flexible center 
conductor suspended between two aluminum slabs and 

connected to 7 mm coaxial lines. The transitions from 
the coaxial lines to the special slab line are the contact 
ing areas. The flexible center conductor is made of beryl 
lium copper held to close tolerances to keep the charac 
teristic impedance constant along the line and heat- 
treated to ensure long life. Polyiron blocks inside the 
switch suppress the high-order waveguide modes. 

These switches typically have VSWR's less than 1.2 
from dc to 18 GHz, insertion losses less than 0.5 dB, 
and isolations greater than 50 dB (at 12.4 GHz) be 
tween ports. Besides being used in the Model 8743A 
Reflection-Transmission Test Unit and the Model 8745A 
S-Parameter Test Set, they are manufactured separately 
as Model 8761 A/B. They are available with many differ 
ent connectors, as well as with a built-in 50 n termina 
tion on one port. 

The activating, or drive mechanism for the switch is 
a magnetically latching solenoid. A 12V (or 24V) pulse 
20 ins long or longer will operate the switch, the direc 
tion of switching depending on the polarity of the pulse. 
The switching voltage can be applied continuously if 
desired, but only pulses are required. This is important 
in systems where power requirements and heat must be 
minimized. Switching speed including mechanical bounce 
is typically 30 ms. 

The mechanical design of the switches makes it pos 
sible for one switch to work into two others, as shown 
in Fig. 9. With this arrangement, the unused signal source 

© Copr. 1949-1998 Hewlett-Packard Co.



F i g .  9 .  W h e n  t h r e e  s w i t c h e s  a r e  c o n n e c t e d  a n d  t e r m i  
n a t e d  a s  s h o w n ,  i s o l a t i o n  b e t w e e n  t h e  u n c o n n e c t e d  
p o r t s  i s  d o u b l e d ,  a n d  t h e  u n u s e d  s i g n a l  s o u r c e  i s  a l w a y s  
t e r m i n a t e d  i n  i t s  c h a r a c t e r i s t i c  i m p e d a n c e .  

can always be terminated in its characteristic impedance, 
and isolation between the unconnected ports is doubled. 
Other arrangements of switches are possible. For exam 
ple, a multiplexer unit can be built to switch several 
signal sources onto one line. The switches' low VSWR 
and insertion loss, wide frequency range, good isolation, 
and wide choice of connectors are especially valuable in 
complicated arrangements. 

Swivel  Adapter  

During the early development stage of the network 
analyzer system it became obvious that flexible cables 
would be a problem if they were to be used in the meas 
urement circuit between the measuring instrument and 
the unit under test. One problem is the reflection coeffi 
cient of a flexible cable, which is relatively high. Another 
problem is the change of phase and amplitude of the re 
flected and transmitted signals when the cable is moved. 

A swivel adapter was designed as part of the solution 
to this problem. It consists of two 90Â° bends with a rotat 
ing section between them (Fig. 10). With the adapter, a 
rigid coax line can be rotated to any position in a plane. 
If the connection to the swivel adapter is set to a particu 
lar angle the rigid line can be set to any solid angle. 

The swivel adapter is intended to be used in the meas- 

F ig .  sys tem F lex ib le  cab les  cou ldn ' t  be  used  in  the  ne twork  ana lyze r  sys tem because  they  
have  amp l i t udes  re f l ec t i on  coe f f i c i en ts  and  because  the  phases  and  amp l i t udes  o f  s i gna l s  
c h a n g e  w h e n  t h e  c a b l e s  a r e  m o v e d .  T o  r e p l a c e  c a b l e s ,  t h i s  s w i v e l  a d a p t e r  w a s  d e  
v e l o p e d ,  a l o n g  w i t h  a  r o t a r y  a i r  l i n e  w h i c h  u s e s  t h e  s a m e  d o u b l e - b a l l - j o i n t  c o n s t r u c  
t i o n .  C o m b i n a t i o n s  o f  a d a p t e r s  a n d  r o t a r y  l i n e s  c a n  m a k e  t h e  s a m e  c o n n e c t i o n s  t h a t  

f l ex ib le  cab les  can ,  ye t  have  the  accu racy  o f  r i g i d  coax ia l  l i nes .  
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urement circuit and therefore is built with great care 
to insure a low standing wave ratio which changes very 
little as the swivel is rotated through 360Â°. Typically 
this change, or 'uncertainty vector,' is down 57 dB at 
12.4 GHz (a reflection coefficient variation of 0.0013) 
and down 70 dB below 8 GHz. These are large-angle 
variations, of course; small changes in the angle of the 
swivel normally produce much smaller changes in total 
reflected signal. The uncertainty vector changes trans 
mission characteristics primarily in the form of mis 
match loss; variations of transmitted phase and ampli 
tude are virtually undetectable. 

The swivel adapter's VSWR is below 1.10 from dc 
to 12.4 GHz. Although the VSWR and uncertainty 
vector are not as good at higher frequencies, the swivel 
adapter is useful to 1 8 GHz. 

The swivel adapter center conductor rotates on two 
ball joints with a straight section of center conductor be 
tween them (Fig. 10). The use of two ball joints greatly 
reduces the problem of radial clearance in the mechan 
ical bearing because the center conductor can shift and 
maintain good contact. The outer conductor coupling is 
formed by a thin-walled tube which is slotted to form 
expanding fingers that make contact only along the last 
0.030 inch of each end of the tube. The tube is long 
enough and has enough spring so a small shift of the 
mechanical bearing radially will have very little effect. 

Axial movement of the mechanical bearing is kept 
small and the motion in the center conductor is taken 
up by pre-loading the ball joints. The change in the 
outer conductor which accompanies axial motion or wear 
is a slight increase in the gap at the ends of the tube. 
However, the change is so small and the tube wall so 
thin that the electrical change is insignificant. What's 
more, tests equivalent to three years' normal use have 
produced negligible wear in the bearing. 

Rotary Air  Line 

As often happens, when one problem is solved another 
becomes apparent. Such was the case with the new 
swivel adapter. The adapter was developed for use as a 
laboratory tool and is made only with APC-7 connectors. 
These connectors can tolerate only 1.5 foot-pounds of 
torque across their faces and 2.5 foot-pounds of rota 
tional torque. Unfortunately, the swivel adapter con 
nected to a section of rigid coaxial line forms a wrench 
which can easily exceed these torque limits. The likeli 
hood that this will happen is quite high, since with the 
added degree of freedom an essentially rigid system of 
swivel adapters and air lines no longer feels rigid and 
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the natural tendency is to try to move the assembly in 
any direction. To reduce the possibility of loosening or 
damaging the APC-7 connectors on the swivel adapter 
a rotary air line was developed using the same approach 
that was used for the swivel adapter. The rotary air line 
adds another degree of freedom to the system and elimi 
nates potentially damaging forces while maintaining the 
high performance of the swivel adapter. 

Combinations Make Flexible Arms 

For use separately or with the 8745 A S-Parameter Test 
Set and the 8743A Reflection-Transmission Test Unit, 
swivel adapters, rotary air lines, and slab lines are com 
bined to form the Model 1 1604A Universal Adapter and 
the Model 1 1605 A Flexible Arm (see Fig. 2). Like flex 
ible cables, these units allow for connecting the measur 
ing system to devices of different shapes, sizes, and con 
nector configurations. Unlike flexible cables, they have 
the accuracy of rigid air lines. 

The swivel adapters and rotary air lines are also avail 
able separately as Models 11588A and 11606A. None 
of the rotary devices is intended to be motor driven. 
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S P E C I F I C A T I O N S  
H P  M o d e l  8 7 4 5 A  

S - P a r a m e t e r  T e s t  S e t  
F U N C T I O N :  S u p p l i e s  t h e  c i r c u i t r y  n e c e s s a r y  t o  m e a s u r e  

two-por t  s -parameters  w i th  the  840SA Vec tor  Vo l tmeter  o r  
t h e  8 4 1 0 A  N e t w o r k  A n a l y z e r .  

F R E Q U E N C Y  R A N G E :  1 0 0  M H z  t o  2  G H z  C a n  b e  u s e d  b e l o w  
1 0 0  M H z  s i n c e  c o u p l e r  d i r e c t i v i t y  r e m a i n s  a b o v e  3 6  d B .  

I M P E D A N C E :  5 0  ' . . '  n o m i n a l .  
D I R E C T I V I T Y :  B e l o w  1  G H z .  >  3 6  d B :  1 - 2  G H z .  >  3 2  d B .  
C O U P L I N G :  A b o v e  1 1 0  M H z ,  2 0  d B  n o m i n a l ;  b e l o w  1 1 0  M H z ,  

ro l ls  of f  a t  6 dB/octave.  
INSERTION LOSS; 

F r o m  R F  i n p u t  t o  t e s t  p o r t s .  4  d B  n o m i n a l  
F r o m  l e s t  p o r t s  t o  8 4 0 5 *  o r  8 4 1 0 A  o u t p u t s .  2 0  d B  n o m i n a l  

1 0 0 - 2 0 0  M H z  2 0 0 - 2 0 0 0  M H z  
M E A S U R E D  T E S T  

P O R T  V S W R :  â € ¢  1  2 2  <  1 . 1 3  
E F F E C T I V E  S O U R C E  

M I S M A T C H :  <  1 . 0 6 5  <  1 . 1 2  
E F F E C T I V E  L O A D  

M I S M A T C H :  < 1 . 2 2  <  1 . 1 3  
M A X I M U M  R F  P O W E R :  2 W  
M A X I M U M  B I A S :  5 0 V  d c :  1 . 0  a m p .  
C O N N E C T O R S :  

R F  I N P U T :  T y p e  N  f e m a l e .  
TEST PORTS: APC-7'  prec is ion connectors.  
O U T P U T S  T O  8 4 0 5 A  o r  8 4 1 0 A :  M a t e s  w i t h  A P C - 7 '  p r e c i  

s i o n  c o n n e c t o r s .  
O P T I O N  0 1 .  t y p e  N  t Ã © m a l e  ( l o r  u s e  w i t h  8 4 0 S A  V e c t o r  

V o l t m e t e r ) .  
R E F E R E N C E  P L A N E  E X T E N S I O N :  M a x i m u m  l e n g t h  3 0  c m .  

0 0 1  c m  p r e c i s i o n  E x t e n d s  r e f e r e n c e  p l a n e  0  t o  1 5  c m .  
M I C R O W A V E  C O A X  S W I T C H E S :  

T y p i c a l  s w i t c h i n g  t i m e .  4 0  m s  
Est imated swi tch  l i fe t ime >1 mi l l ion  cyc les .  

REMOTE PROGRAMMING: Remote s-parameter  se lect ion by 
c l o s i n g  2  c o n t a c t s  o f  3 6 - p i n  r e a r  p a n e l  c o n n e c t o r  t o  
ground p in .  Contac t  i s  a t  12  vo l ts  and shor t  to  g round w i l l  

1 2  m A .  
S T O R  B I A S I N G :  B i a s  a n d  b i a s  s e n s i n g  c o n n e c t i o n s  

a r e  m a d e  t o  t h e  b i a s i n g  n e t w o r k s  b u i l t  i n t o  t h e  8 7 4 5 A  v i a  
t h e  3 6 - p i n  r e a r  p a n e l  c o n n e c t o r .  

P R I C E :  $ 3 , 0 0 0 . 0 0  
â € ¢ A m p h e n o l  R F  D i v i s i o n .  D a n b u r y .  C o n n e c t i c u t  

A c c e s s o r i e s  
M O D E L  1 1 6 0 4 A  U N I V E R S A L  E X T E N S I O N  

F U N C T I O N :  M o u n t s  o n  t h e  f r o n t  o f  t h e  8 7 4 5 A  T e s t  S e t  
a n d  c o n n e c t s  c o a x  m i c r o w a v e  c o m p o n e n t s  t o  t h e  t e s t  
w t .  T h e  j o i n t e d  a r m s  o n  t h i s  e x t e n s i o n  a r e  c a p a b l e  o f  
c o n n e c t i n g  t o  a l m o s t  a n y  m i c r o w a v e  c o m p o n e n t .  

F R E Q U E N C Y  R A N G E :  d c  t o  2  G H z .  
T E S T  P O R T  V S W R :  < 1 . 0 7 .  

P R I C E :  $ 8 0 0  0 0 .  
M O D E L  1 1 S 9 9 A  Q U I C K  C O N N E C T  A D A P T E R  

F U N C T I O N :  Q u i c k l y  c o n n e c t s  a n d  d i s c o n n e c t s  t h e  8 7 4 5 A  
a n d  t h e  t r a n s i s t o r  f i x t u r e s  o r  1 1 6 0 4 A  U n i v e r s a l  E x t e n s i o n  

P R I C E :  $ 7 5 . 0 0 .  

H P  M o d e l  8 7 4 3 A  
R e f l e c t i o n - T r a n s m i s s i o n  T e s t  U n i t  

F R E Q U E N C Y  R A N G E :  2  t o  1 2 4  G H z  
I M P E D A N C E :  5 0  o h m s ;  r e f l e c t i o n  c o e f f i c i e n t  O f  u n k n o w n  

t e s t  p o r t s  ' -  0 . 1 3  ( 1 . 3  S W R ) ,  2  l o  1 2 4  G H z  
I N S E R T I O N  L O S S  T O  T E S T  D E V I C E :  2 0  d B .  
D I R E C T I V I T Y :  3 0  d B ,  2  t o  1 2 . 4  G H z .  
R E F E R E N C E  P L A N E  E X T E N S I O N :  C a l i b r a t e d .  0  t o  1 5  c m  f o r  

r e f l e c t i o n ;  0  t o  3 0  c m  f o r  t r a n s m i s s i o n  
C O N N E C T O R S :  I n p u t .  T y p e  N  f e m a l e ,  s t a i n l e s s  s t e e l ,  a l l  

o t h e r  c o n n e c t o r s  A P C - 7 .  
P R I C E :  S 2 . 4 5 0 . 0 0 .  

A c c e s s o r y  
M O D E L  1 1 6 0 5 A  F L E X I B L E  A R M  

I M P E D A N C E :  5 0  o h m s  R e f l e c t i o n  c o e f f i c i e n t  o f  p o r t s :  
0 1 1  I I  2 5  S W R ) .  2  t o  1 2 . 4  G H z .  

C O N N E C T O R S :  A P C - 7  
I N S E R T I O N  L O S S :  A p p r o x  1 5  d B .  

P R I C E :  $ 5 5 0 . 0 0 .  

H P  M o d e l  8 7 6 1 A / B  
C o a x i a l  S w i t c h  

TYPE: Single-pole,  double- throw, break-before make. 
CHARACTERISTIC IMPEDANCE: 50 ÃÃ 
STANDING-WAVE RATIO:  Look ing in to  one of  the connected 

por ts  w i th  50  0  on  the  o ther ;  th i rd  por t  open. *  
â€¢ - â€¢ 

7 - m m  N  3 - m m  
F r e q u e n c y  

dc-12.4 GHz 
12.4-18 GHz 

<  1  2 0  
< 1 2 5  

L o o k i n g  i n t o  o n e  o f  t h e  c o n n e c t e d  p o r t s  w i t h  t h e  b u i i l - o n  
terminat ion on the o ther ;  th i rd  por t  open.*  

8 7 6 1  w i t h  
b u i l t - o n  
termination 

C o n n e c t o r  T y p e  

d c - 1 2 . 4  G H z  
1 2 . 4 - 1 8  G H z  

<  1 . 2 0  
<  1 . 2 5  

< 1 . 2 S  < 1 . 3 0  
< 1 . 3 0  < 1 . 3 5  

"These speci f icat ions apply  when connected por ts  are of  the 
same connector  type;  for  mixed connector  types,  the larger  
of the two VSWR's appl ies. 

INSERTION LOSS: 
d c - 1 2 4  G H z :  <  0 . 5  d B  
1 2 4 - 1 8 0  G H z :  <  0 . 8  d B  

I S O L A T I O N :  
d c - 1 2 4  G H z :  >  5 0  d B  
1 2 4 - 1 8 0  G H z :  >  4 5  d B  

P O W E R :  S a f e l y  h a n d l e s  1 0  W  a v e r a g e ,  5  k W  p e a k  w i t h o u t  
b u i l t - o n  t e r m i n a t i o n ;  b u i l t - o n  t e r m i n a t i o n  r a t e d  a t  2  W  
a v e r a g e .  1 0 0  W  p e a k .  

S W I T C H I N G  E N E R G Y :  1 5  W  f o r  2 0  m s  ( p e r m a n e n t  m a g n e t  
l a t c h i n g ) .  

S O L E N O I D  V O L T A G E S  i d c  o r  p u l s e d ) :  
B 7 6 1 A :  1 2 - 1 5  V  
8 7 6 1  B  :  2 4 - 3 0  V  

S W I T C H I N G  S P E E D :  3 5 - 5 0  m s  ( i n c l u d e s  s e t t i n g  t i m e ) .  
P R I C E :  M o d e l  8 7 6 1 ,  $ 1 5 0  e a c h .  1 - 9 ;  $ 1 4 0  e a c h .  1 0 - 2 4 .  

M o d e l  8 7 6 1  w i t h  b u i l t - o n  t e r m i n a t i o n  o n  a n y  o n e  p o r t  a d d  
$35 each 
P r i c e s  o n  r e q u e s t  f o r  l a r g e r  q u a n t i t i e s .  

H P  M o d e l  7 7 8 D  
D u a l  D i r e c t i o n a l  C o u p l e r  

F R E Q U E N C Y  R A N G E :  1 0 0  M H z  t o  2 0 0 0  M H z  ( u s a b l e  b e l c  
1 0 0  M H z ) .  

D I R E C T I V I T Y :  

A u x i l i a r y  A r m  0 1 - 1 . 0  G H z  I  0 - 2  C  G H z  

36 dB 
30 dB 

32 dB 
30 dB 

C O U P L I N G :  2 0  d B  n o m i n a l .  Â ± 1  d B  c y c l i c  v a r i a t i o n  w i t h  
f r e q u e n c y .  B e l o w  1 1 0  M H z .  r o l l s  o f f  a t  6  d B / o c t a v e .  

TRACKING:  Aux i l i a ry  ou tpu ts  t yp i ca l l y  t rack  w i th in  0 .7  dB .  
P h a s e  t r a c k i n g  t y p i c a l l y  4 * .  

S W R :  P r i m a r y  l i n e :  1 . 1 ;  a u x i l i a r y  a r m s :  1 . 1 .  
M A X I M U M  P O W E R :  5 0  W  a v e r a g e ,  1 0  k W  p e a k .  
C O N N E C T O R S :  C h o i c e  o f  m a i n l i n e  c o n n e c t o r s  ( s e e  O p t i o n s ) ;  

a u x i l i a r y  a r m s  h a v e  T y p e  N  f e m a l e  c o n n e c t o r s .  A l l  t y p e  
N connectors sta in less steel ,  compat ib le wi th MIL-C-39012 
and MIL-C-71. 

PRICE: 
7 7 8 0  ( T y p e  N  c o n n e c t o r s ) :  $ 4 5 0 . 0 0 .  
O p t i o n  1 1  ( A P C - 7  o u t p u t ,  N  f e m a l e  i n p u t  c o n n e c t o r s ) :  

A d d  $ 2 5 . 0 0 .  

H P  M o d e l  7 7 9 D  
D i r e c t i o n a l  C o u p l e r  

F R E Q U E N C Y  R A N G E :  1  7 - 1 2 . 4  G H z .  
M E A N  C O U P L I N G :  2 0  d B  Â ± 0 . 5  d B .  
C O U P L I N G  V A R I A T I O N :  -  0  7 5  d B .  
D I R E C T I V I T Y :  >  3 0  d B  f r o m  1  7  t o  8  G H z ,  >  2 6  d B  f r o m  

8  t o  1 2 . 4  G H z .  
S W R  A N D  ( R E F L E C T I O N  C O E F F I C I E N T ) :  P r i m a r y  l i n e  <  1 . 2  

( 0 . 0 9 1 ) ;  a u x i l i a r y  l i n e  <  1 . 2  ( 0 . 0 9 1 ) .  
I N S E R T I O N  L O S S :  < 0 5 d B .  
M A X I M U M  P O W E R  I N P U T :  5 0  w a t t s .  
C O N N E C T O R S :  I n p u t .  T y p e  N  m a l e ;  o u t p u t ,  T y p e  N  f e m a l e .  

aux i l i a ry ,  Type  N female  
PRICE: Ã550.00 

H P  M o d e l  1 1 6 0 6 A  
C o a x i a l  R o t a r y  A i r  L i n e  

F R E Q U E N C Y  R A N G E :  d c  t o  1 2  4  G H z .  
3 W R :  <  1 . 1 .  
I N S E R T I O N  L O S S :  a p p r o x i m a t e l y  0 5  d B .  
U N C E R T A I N T Y  V E C T O R :  - 5 2  d B  ( d u e  t o  r o t a t i o n ) .  
C O N N E C T O R S :  O n e  7 - m m  p l u g  a n d  o n e  7 - m m  j a c k .  C o m  

b i n a t i o n s  o f  s t a n d a r d  A P C - 7 .  T y p e  N .  a n d  m i n i a t u r e  O S M -  
t y p e  c o n n e c t o r s  a r e  a v a i l a b l e ;  p r i c e s  o n  r e q u e s t .  

L E N G T H :  1 0  c m  
P R I C E :  $ 1 1 5 . 0 0 .  

H P  M o d e l  1 1 5 8 8 A  
C o a x i a l  R o t a r y  J o i n t  

F R E Q U E N C Y  R A N G E :  d c  t o  1 2  4  G H z  

I N S E R T I O N  L O S S :  â € ¢  0  5  d B  
U N C E R T A I N T Y  V E C T O R :  - 5 2  d B  ( d u e  t o  r o t a t i o n ) .  
C O N N E C T O R S :  O n e  p r e c i s i o n  7 - m m  j a c k  a n d  o n e  s t a n d a r d  

A P C - 7 .  
P R I C E :  ( 1 8 0 0 0 .  

MANUFACTURING DIVISION:  HP MICROWAVE DIVISION 
1501 Page Mill Road 
Palo Alto. California 34304 
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Measuring High-Frequency 
Transistor Parameters 

I f  you  have  the  r i gh t  i ns t rumen ts ,  h igh - f requency  t rans i s  
t o r  m e a s u r e m e n t s  a r e  v e r y  s i m p l e .  H e r e  i s  t h e  m e t h o d ,  
a l o n g  w i t h  s o m e  a d v i c e  o n  t a k i n g  a n d  i n t e r p r e t i n g  d a t a .  

By R ichard  H.  Bauhaus  

TRANSISTOR UPPER FREQUENCY LIMITS (f ,) are now in 
the gigahertz range and are getting higher every day. To 
design circuits around these transistors using today's 
techniques, it's essential to be able to make accurate, 
dependable measurements of their s-parameters.M! 

High-frequency transistor measurements are very sim 
ple if you have this equipment: 

â€¢ A network analyzer (HP 8410A) or vector volt 

meter (HP 8405 A) 

â€¢ A compatible signal source (HP 8690B/8699B or 
HP 3200B) 

â€¢ An s-parameter test set (HP 8745A, described near 
the beginning of the preceding article) 

â€¢ Transistor fixtures for the test set (HP 1 1600A and 
11602A) and calibration sets for the fixtures (HP 
llÃ³OlAand 11603A) 

â€¢ A transistor bias supply (HP 8717A). 
Typical measurement setups are illustrated in Fig. 1. 

H P 8 7 1 7 A  
TRANSISTOR 
BIAS SUPPLY 

H P 8 4 1 0 A  
NETWORK 
ANALYZER 

H P 8 4 1 3 A  
P H A S E / G A I N  
INDICATOR 

HP 180AR 
OSCILLOSCOPE 

H P 8 4 1 1 A  
HARMONIC 

FREQUENCY 
CONVERTER HP 8699B 

SWEEPER 
PLUG-IN 

0 . 1 - 4  G H z  

HP 8690A 
SWEEP 

OSCILLATOR 

H P 8 7 4 5 A  
S PARAMETER TEST SET 

H P 1 1 6 0 0 A / 1 1 6 0 2 A  
TRANSISTOR FIXTURE 

H P 8 4 0 5 A  
VECTOR VOLTMETER 

A  B  
( D  O  

H P 8 7 1 7 A  
TRANSISTOR 
BIAS SUPPLY 

HP 908A 
COAX 
TERMINATIONS 
H P 1 1 5 3 6 A  
50  OHM TEE 
H P 1 1 5 2 4 A  
A P C 7 / T Y P E N  
FEMALE ADAPTER 

H P  3 2 0 0 B  
VHF OSCILLATOR 
A N D  H P  1 3 5 1 5 A  

FREQUENCY 
DOUBLER PROBE 

HP 8745 A 
S PARAMETER TEST SET 

H P 1 1 6 0 0 A / 1 1 6 0 2 A  
TRANSISTOR FIXTURE 

F i g .  T h e  a n a l y z e r  s e t u p s  f o r  m e a s u r i n g  t r a n s i s t o r  s - p a r a m e t e r s .  T h e  n e t w o r k  a n a l y z e r  
s y s t e m  v o l t m e t e r  m a k e s  s w e p t  m e a s u r e m e n t s  t r o m  0 . 1  t o  2  G H z .  T h e  v e c t o r  v o l t m e t e r  

s y s t e m  G H z .  m a k e s  f i x e d - f r e q u e n c y  m e a s u r e m e n t s  f r o m  3 0  M H z  t o  1  G H z .  

11 
© Copr. 1949-1998 Hewlett-Packard Co.



F i g .  2 .  T r a n s i s t o r  f i x t u r e s  h a v e  s n a p - o n  p i n  i d e n t i f y i n g  
m a s k s  w h i c h  t e l l  w h e r e  t o  i n s e r t  t h e  t r a n s i s t o r  l e a d s .  
T h e  f i x t u r e s  s w a l l o w  l e a d s  u p  t o  1 . 5  i n c h e s  l o n g  a n d  
t a k e  t h e m  c o m p l e t e l y  o u t  o f  t h e  m e a s u r e m e n t .  

Transistor  Fixtures 

The business end of the measurement setup is one of 
the two transistor fixtures, Fig. 2. One fixture is for tran 
sistors in TO- 18 or TO-72 packages and the other is for 
transistors in TO-5 or TO- 12 packages. Both fixtures 
attach directly to the front of the s-parameter test set and 
are usable from dc to 2 GHz (the s-parameter test set 
operates from 0. 1 to 2 GHz). 

The fixtures are basically precision 50 n transmission 
lines that come right up to the header of any transistor 
whose leads are fully inserted into them. The fixtures 
can swallow up any lead length from 0.03 inch to 1.5 
inches; this takes the leads completely out of the meas 
urement. 

Because the transmission lines are fixed, the transistor 
must be inserted differently depending on which lead is 
to be common and on the relative positions of the emit 
ter, base, and collector leads. To make it easy to insert 
the transistor properly, a pin identifying mask can be 
snapped into place on the fixture and rotated to one of 
three positions, one for each of the common-lead con 
figurations. The mask shows exactly where to insert each 
of the leads. There are standard masks for EBC and BEC 
bipolar transitor headers and for SGD and SDG field- 
effect transistor headers, and other masks are available 
on special order. 

There are also calibration standards for the fixtures â€” 
a short, a 50 n through line, and a 50 Ã) load â€” which 
can be used to establish an accurate reference plane 
for the measurement. The reference plane is where the 
header of the transistor rests when it is fully inserted into 
the fixture. The calibration standards can also be used 
to measure system errors. It then becomes possible to 
achieve very high accuracies by removing these errors 
from the raw data; this is done in the HP 8541A Auto 
matic Network Analyzer System. [41-i5' 

Transistor  Bias Supply 

The transistor bias supply, Model 87 17 A, was devel 
oped to provide a fast, convenient means for applying 
bias to the transistors in the test fixtures. Fig. 3 shows 
the front panel of the bias supply. Bias conditions are 
selected by means of switches and are applied to the 
transistor by pressing the BIAS ON button. The button 
lights when bias is applied. 

Accuracy and stability of the bias conditions are main 
tained by a feedback system in the bias supply. The tran 
sistor being tested is an integral part of this system, even 
when the transistor is as much as 10 feet away. 

For use in computer controlled systems, such as the 
HP 8541 A Automatic Network Analyzer, the transistor 
bias supply can be converted into a digitally program 
mable instrument by installing a plug-in board. 

F i g .  3 .  M o d e l  8 7 1 7  A  T r a n s i s t o r  B i a s  S u p p l y  h a s  s l i d e  
s w i t c h e s  f o r  r a p i d  s e l e c t i o n  o f  b i a s  c o n d i t i o n s .  T h e  
t r a n s i s t o r  b e i n g  b i a s e d  i s  a n  i n t e g r a l  p a r t  o f  a  f e e d  
b a c k  s y s t e m  i n  t h e  s u p p l y  w h i c h  m a i n t a i n s  t h e  a c c u r a c y  
a n d  s t a b i l i t y  o f  t h e  b i a s  c o n d i t i o n s .  

How to  Measure 

Here's how to measure the s-parameters of a transistor 
with the network analyzer setup of Fig. 1 . 

â€¢ Select the proper transistor fixture and mask for 
the transistor being tested. Connect the fixture to 
the s-parameter test set, snap the mask into place, 
and rotate the mask to the common lead configura 
tion you want to use. 

â€¢ With the sweeper sweeping from 0. 1 to 2 GHz. 
calibrate the system. Insert the standard short into 
the transistor fixture. Push the sn button on the 
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s-parameter test set and select the proper input port 
(the mask and the fixture tell which port to select); 
then set the amplitude controls of the network an 
alyzer for a 0 dB gain indication. Next set the ref 
erence plane for the measurement by adjusting the 
line stretcher in the s-parameter test set and the 
network analyzer's phase controls until the analyzer 
shows a constant 180Â° phase shift. 

â€¢ Select the s-parameter you want to measure by 
pushing a button on the s-parameter test set. 

â€¢ Set the bias conditions on the front-panel switches 
of the transistor bias supply. 

â€¢ With bias and RF power off, insert the transistor 
into the fixture. 

â€¢ Apply bias and RF power, and observe the results 
on the network analyzer and the oscilloscope. 

How Much Is  Too Much ? 

The higher the input power in the system of Fig. 1, the 
easier it is for the network analyzer or vector voltmeter 
to lock solidly to the signals that are being measured. 
However, since the s-parameters normally are used to 
characterize a transistor when it is operating as a small- 
signal or linear device, care must be taken in testing the 
transistor to avoid overdriving it and distorting the values 
of the s-parameters. Most of the difficulty is caused by 
driving the input current, h, to levels that result in dis 
tortion or clipping. The greatest variations in input cur 

rent occur when s2i is being measured in the common- 
emitter configuration, so this is when the greatest care is 
called for. 

The quickest and easiest method for determining 
whether distortion is occurring is to measure i2i at the 
lowest possible input power level and compare that to a 
measurement of s-^ at a higher input level. If s-^ changes, 
the transistor is being overdriven at the higher input 
level. Once a good input power level is found for measur 
ing j21, jn should be measured at about the same level. 
Typically, s^ and sl2 can be measured with 10 to 20 dB 
more input power without distorting their values. 

The maximum allowable input power for measuring 
an undistorted s-2l also can be determined by calculation. 
The problem becomes one of estimating the peak input 
current, ILl, where clipping occurs or distortion becomes 
objectionable. A first order estimate of //,, is 

=h /r 
1 ~ 2 V ^ '  

where /< is dc collector current, /?â€ž is dc beta, / is fre 
quency of measurement, and /, is /3-cutoff frequency. 
With this estimate of //,,, the allowable input power for 
an undistorted measurement of jo, in a 50fi system can 
be calculated using this equation: 

2 5 / , , *  

Printed-Circuit Slide Switches 
Save Panel Space 

S m a l l  f r o n t - p a n e l  s i z e  w a s  o n e  o f  t h e  o b j e c t i v e s  i n  t h e  
d e s i g n  o f  t h e  T r a n s i s t o r  B i a s  S u p p l y  d e s c r i b e d  i n  t h e  a c  
c o m p a n y i n g  a r t i c l e .  F a c e d  w i t h  t h e  p r o b l e m  o f  s a t i s f y i n g  
c o m p l e x  s w i t c h i n g  n e e d s  i n  m i n i m u m  s p a c e ,  t h e  i n s t r u  
m e n t ' s  d e s i g n e r s  c h o s e  a  p r i n t e d - c i r c u i t  s l i d e  s w i t c h ,  a l s o  
d e s i g n e d  a t  H P .  

F a b r i c a t i o n  o f  t h e  s w i t c h  s t a r t s  w i t h  a  p r i n t e d - c i r c u i t  
b o a r d  o n  w h i c h  c o n t a c t s  a n d  i n t e r c o n n e c t i o n s  a r e  m a d e  
u s i n g  n e a r l y  s t a n d a r d  p r i n t e d - c i r c u i t  t e c h n i q u e s .  M o l d e d  
n y l o n  r a i l s  a r e  t h e n  r i v e t e d  t o  t h e  b o a r d .  M o l d e d  a c e t a l  
p l a s t i c  s l i d e s  r i d e  i n  g r o o v e s  i n  t h e  r a i l s ,  a n d  a  w i r e  s p r i n g  
p r o v i d e s  d e t e n t  a c t i o n  a l o n g  t h e  m o l d e d  d e t a i l  o n  t h e  r a i l s .  
P a l a n e y  s l i d e  c o n t a c t s  a r e  m o u n t e d  i n  t h e  p l a s t i c  s l i d e s  
a n d  m a k e  c o n t a c t  t o  t h e  p r i n t e d  c o n t a c t s  o n  t h e  b o a r d .  

T h e  s w i t c h e s  c a n  a c c o m m o d a t e  v e r y  c o m p l e x  i n t e r c o n  
n e c t i o n s .  T h e y  a r e  s m a l l ,  i n e x p e n s i v e ,  a n d  h i g h l y  r e l i a b l e .  

C r e d i t  f o r  t h e  o r i g i n a l  c o n c e p t  a n d  d e s i g n  o f  t h e  s w i t c h e s  
g o e s  t o  N e d  R .  K u y p e r s  a n d  L a r r y  L .  R i t c h i e .  
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The value of jn can be obtained from a measurement at 
a very low input power level. This equation should pre 
dict Pa within approximately 3 dB.i"! 
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Recording Data for Computer Analysis 
T h i s  m o d u l a r  d i g i t a l  c o u p l e r ,  t o g e t h e r  w i t h  a  r e c o r d i n g  d e  
v ice,  t rans la tes the d ig i ta l  outputs  o f  vo l tmeters ,  counters ,  and 
o t h e r  i n s t r u m e n t s  i n t o  c o m p u t e r - c o m p a t i b l e  d i g i t a l  r e c o r d s .  

By Will iam J. Steinmetz and Robert L.  Knapp 

How MANY INSTRUMENTS are there in your laboratory 
that have digital outputs? Digital voltmeters typically 
have them. So do counters, nuclear sealers, quartz ther 
mometers, and many other instruments. How often do 
you use the digital outputs? Probably never, if you're a 
typical engineer or scientist using these instruments for 
research and development. Would it help you to use the 
digital outputs? Very often it would. Suppose, for ex 
ample, that you're testing a breadboard discriminator 
with a signal source, a counter, and a digital voltmeter. 
You want to make a series of measurements of various 
input frequencies and the discriminator's corresponding 
output voltages, and then calculate the linearity of the 
circuit. You can, of course, record and analyze the data 
by hand. However, if you have access to a computer or 
to a time-sharing terminal, as most people do, it would 
be much easier if the data could be recorded automat 
ically on punched tape, magnetic tape, or punched cards, 
and then fed into the computer for analysis. The more 
complex the problem, the greater the advantage of re 
cording and analyzing the data automatically. 

Flexib le  Dig i ta l  Coupler  

Automating the data recording process takes a digital 
coupler and a recording device. The coupler translates 
the binary-coded-decimal (BCD) outputs of instruments 
into a serially coded digital record on any one of several 
computer-compatible input media such as punched tape, 
magnetic tape, or punched cards. 

Many couplers are designed to operate with one spe 
cific instrument and to record exclusively on one type 
of recording device. In this respect the new HP Model 
2547 A Coupler (Fig. 1) is quite different. It has modular 
input and output printed-circuit boards which can be 
arranged in a variety of different combinations to meet 
the continually changing data-recording needs of the 
typical laboratory. The new coupler can accept BCD data 
from as many as six instruments, and can drive any one 
of eight recording devices. The recording devices are the 

ASR 33 and ASR 35 Teletypes, the Kennedy 1406 and 
1506 Incremental Magnetic Tape Recorders, the IBM 
526 Card Punch, the IBM Model B Electric Typewriter, 
the Friden 2303 Flexowriter, and the Tally 120 High 
Speed Paper Tape Punch. The HP 5050B Digital Re 
corder can be driven simultaneously with any of the other 
devices. Changing from one recording device to another 
is a simple matter of changing the device and the asso 
ciated printed-circuit output boards in the coupler. 

Contro l lable  Output  Format  
Because different computer programs and program 

ming languages require different data formats, the new 
coupler's output format is controllable. The coupler's 
basic data word can be as long as 20 digits or as short as 
necessary. An internal patch panel arranges the recorded 
characters in any desired order regardless of their rela 
tionship at the output of the measuring instrument. 

* A I I  c a r d  n o r  o u t p u t  o p t i o n s  f o r  t h e  M o d e l  2 5 4 7 A  C o u p l e r  e x c e p t  t h e  c a r d  p u n c h  n o r  
ma l l y  i nc lude  the  reco rd ing  dev ice  as  we l l  as  the  ou tpu t  boards .  Th is  i s  because  mos t  
o f  t h e  p o l i c y  d e v i c e s  a r e  m o d i f i e d  t o  m e e t  H P  s p e c i f i c a t i o n s .  T h i s  p o l i c y  a l s o  p e r  
m i t s  comp le te  fac to ry  checkou t  o f  each  opera t ing  sys tem.  

F i g .  1 .  M o d e l  2 5 4 7  A  C o u p l e r  t r a n s l a t e s  b i n a r y - c o d e d -  
d e c i m a l  d a t a  f r o m  u p  t o  s i x  i n s t r u m e n t s  i n t o  c o m p u t e r -  
c o m p a t i b l e  c o d e  o n  p u n c h e d  t a p e ,  m a g n e t i c  t a p e ,  o r  
p u n c h e d  c a r d s .  
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F i g .  c a r d s  t h e  a r e  c o n n e c t e d  b y  c a b l e s  t o  1 0 - d i g i t  d a t a  c a r d s  w h i c h  p l u g  i n t o  t h e  
M o d e l  2 5 4 7 / 4  C o u p l e r .  W h e n  a  s t a r t - s c a n  s i g n a l  o c c u r s ,  t h e  c o u p l e r  s c a n s  s o u r c e s  1  ,  

2 ,  and  3  i n  o rde r ,  and  reco rds  da ta  f rom any  source  whose  f l ag  i s  se t .  

Spaces can be inserted to make printed copies of the data 
more legible. In simple data logging applications, in which 
the record is a typewritten page, measurements from 
different instruments can be typed in different columns, 
or the data can be arranged in blocks. 

An optional modification of the coupler formats the 
data in the BASIC programming language, m which is 
used in many time-sharing systems. The coupler auto 
matically prefaces the data by statement numbers and the 
word 'DATA' so the recorded data can be entered directly 
into data reduction programs written in BASIC. This use 
of the coupler will be discussed in more detail later in this 
article. Alternatively, records may be formatted without 
the word 'DATA' for storage in BASIC or FORTRAN 
time-share files. 

Expandable  Input  

The coupler's basic input capacity is 10 digits. This 
can be expanded to accommodate as many as six separate 
instruments, each having 10-digit output. The instruments 
are grouped in pairs; when both instruments of any pair 
send record commands to the coupler, the coupler scans 
the three pairs in a fixed order and records data from any 
pair that is ready. Since the order of the scan is fixed, the 
relative priority of the instruments is determined by the 
order in which their printed-circuit cards are placed in 
the coupler's card slots. (The slots are behind the front 
panel.) 

When time is needed as part of the recorded data, an 
optional digital clock can be added to the coupler. An 

other option is manual data entry, which can be used to 
add up to 12 digits of manually-set data to the digital 
record for listing such things as run numbers and dates. 

Besides its use with separate instruments, the coupler 
can also be used to record both measurement data and 
channel identification information in data acquisition 
systems which employ a digital voltmeter and an input 
scanner. With the optional clock, the coupler can peri 
odically trigger the scanner to begin a new scan. 

Set I t  and Forget I t  

The new coupler has been designed to let systems 
control rest in the instruments or scanner connected to it. 
After initial setup, the coupler requires no further atten 
tion. The instruments operate normally, while the coupler 
simply records the data they present. Since the coupler's 
controls are seldom used, they are located behind the 
swing-out front panel. Only the optional manual-data 
thumbswitches and the optional clock display are located 
on the front panel. 

Because it is designed as a system component, the 
coupler has other uses besides its basic one of automating 
laboratory data recording. For example, manufacturers 
of systems which include recording devices may find the 
coupler an attractive alternative to a specially designed 
interface between their data sources and their recorder. 

How I t 's  Used 

The best way to see what the coupler can do is to 
consider a number of examples of its me, The examples 
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F i g .  o f  w i t h  o p t i o n a l  s i x - d i g i t  c l o c k  c a n  b e  u s e d  t o  r e c o r d  t h e  t i m e  o f  d a y  a l o n g  w i t h  
i ns t r umen t  r ead ings .  

that follow are representative, but not exhaustive.121 
Single Instrument. Suppose that data from a single instru 
ment such as a counter or a digital voltmeter are to be 
recorded, as shown in Fig. 2(a). Fig 2(b) shows how the 
coupler's input section would be arranged. A standard 
cable connects the instrument to a 10-digit data card, 
which can be placed in any of the six input slots. In Fig. 
2(b), the card is in the slot corresponding to source 3B. 
The two jumpers on the control card, Wl and W2, are 
positioned as shown, since sources 1 and 2 are not used. 

Measurements can be initiated manually by pressing 
the instrument's reset button, or the instrument can be 
set to make repeated measurements at the rate deter 
mined by its sample rate control. When each measure 
ment is completed, the instrument sends a record com 
mand to the coupler, causing the digital data to be trans 
ferred in parallel to the storage registers of the data card. 
During the transfer, the data card sends a holdoff signal 
to the instrument to inhibit further measurements. The 
transfer takes less than 1.5 milliseconds. After it is com 
pleted, the instrument is free to measure again. 

Transfer of the data also sets a source flag, number 
3 in this case, which in turn generates a start scan signal. 
This tells the coupler to look for and record the data. The 
coupler scans sources 1, 2, and 3 in order. When it finds 
the source which set the flag, the data in the data card 
are transferred to the coupler's formatter, where the char- 

*  T h e  s i g n a l s  t a k e s  p l a c e  a f t e r  a  d e l a y  w h i c h  a l l o w s  t h e  d a t a  s i g n a l s  t i m e  t o  s e t t l e .  
The  de lay  i s  ad jus tab le  f rom 100  Â¿<s  to  1 .5  ms .  The  de lay  requ i red  w i l l  depend  upon  
t h e  a c t u a l  s e t t l i n g  t i m e ,  w h i c h  i s  a  f u n c t i o n  o f  t h e  o u t p u t  i m p e d a n c e  o f  t h e  i n s t r u  
men t  and  the  cab l ing  capac i t y .  

acters are arranged in the desired order, then translated 
serially to the desired recording code and recorded. 
Multiple Instruments. The coupler has three source in 
puts, each of which can accommodate two 10-digit input 
cards. Therefore up to six instruments can be served by 
the coupler. Each instrument would be connected by 
cable to a 10-digit input card in the coupler, and the 
positions of jumpers Wl and W2 would depend upon 
which sources were to be permitted to initiate a scan. 

When two instruments are connected to the same 
source input, the first instrument to issue a record com 
mand is held off until the second issues a record com 
mand. Then the flag for that source is set and the data 
are formatted, serialized, and recorded in one word 
which may be up to 20 digits long. Data from all three 
sources are recorded in the same format which, of course, 
is selectable. 

Normally, all of the instruments must have the same 
BCD output code, although the logic levels may be dif 
ferent. An optional version of the coupler will accept one 
BCD code from one source and a different BCD code 
from the other two. 

If record commands from the instruments don't always 
occur in the same sequence, source identification can be 
provided by installing optional input cables which have 
a source identification digit wired in at one of the ten 
character locations. 
Recording Time with Measured Data. Frequently in the 
measurement of time-varying quantities it is important 
that the time and the measured data be recorded to- 
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gather. The coupler has a clock option which can record 
the exact time of day with each measurement. The clock 
option includes a clock input card, a time-interval out 
put card, and a digital front-panel display. Fig. 3 illus 
trates the use of the clock card for recording the time 
of day along with the data from a single instrument. The 
clock card can be located in source input IB or 2B, and 
the instrument's data card should occupy the adjacent 
source location (1A or 2 A). Because both cards are in 
the same source input, the instrument must have the 
same BCD code as the clock (+8421). 

No record commands are issued by the clock. When 
the instrument issues a record command, the correspond 
ing source flag is set and the coupler begins its scan. When 
it finds the set flag, the coupler records the instrument's 
data and the time of day in the same word. 

Two Instruments With Clock and Timed Control. For ex 
perimental setups which call for periodic measurements, 
the coupler's time-interval output card (part of the clock 
option) can be used to trigger the instrument readings. 
The time-interval card has two independent outputs. In 
Fig. 4(a), a counter and a digital voltmeter are being 
independently triggered to take readings at two different 
preset intervals. The intervals can be Is, 10s, 1m, 10m, 
or Ih, or an integer multiple (1 to 9) of these. When 
two instruments are taking readings at different rates, 
their cards should be placed in different source inputs, as 

shown in Fig. 4(b), so that each instrument can have 
random access to the coupler and the recorder. 

An option can be provided to preface each instru 
ment's recording with the time of day. With this option, 
the setting of either the source 2 flag or the source 3 flag 
simultaneously sets the source 1 flag. Since the coupler 
always scans the sources in order, the clock data from 
source 1 B will be recorded first, followed by the instru 
ment data from source 2B or 3B. 

Source identification may be provided either as de 
scribed in 'Multiple Instruments,' above, or by means of 
the optional manual-data cards as shown in Fig. 4(b). 
When the manual-data cards are installed, front-panel 
thumbwheel switches can be set to record data in the 
source locations corresponding to the card positions (2A 
and 3A in this case). In Fig. 4(b) one digit of manual 
data is being formatted from sources 2 and 3 to identify 
which instrument took which data. Like the clock, the 
manual-data cards require that instruments sharing their 
source locations have the same BCD output code 
( + 8421). 

Data Acquisition System. When many measurements at 
different points have to be taken, an analog input scanner 
and a digital voltmeter can be combined with the Model 
2547A Coupler to make a data acquisition system as 
shown in Fig. 5(a). DC voltage, ac voltage, resistance, 
and frequency can all be measured directly by many dig- 

Fig. command instruments of the clock option is a time-interval card which can command instruments 
t o  t a k e  t h a t  a t  p r e s e t  i n t e r v a l s .  T h e  c a r d  h a s  t w o  i n d e p e n d e n t  o u t p u t s  s o  t h a t  
d i f f e r e n t  i n s t r u m e n t s  ( t h e  c o u n t e r  a n d  t h e  D V M  i n  t h i s  c a s e )  c a n  t a k e  r e a d i n g s  a t  
d i f f e r e n t  i n t e r v a l s .  T h e  m a n u a l - d a t a  c a r d s  a r e  b e i n g  u s e d  h e r e  t o  i d e n t i f y  t h e  s o u r c e  

o f  each  da ta  wo rd .  
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ital voltmeters, and virtually any physical quantity can 
be converted into an electrical equivalent by an appro 
priate transducer. 

For computer analysis, each measurement must have 
a channel identification number recorded with it so the 
computer will know where the data originated. To enter 
this information, a channel-ID card is used in the coupler. 
It is placed in the source input location adjacent to the 
voltmeter data card. In Fig 5(b), it is in source 3A. The 
channel-ID card receives a three-digit channel number 
from the scanner and causes it to be recorded along with 
the voltmeter readings. 

Each time the coupler records a reading it sends a 
channel-advance signal to the scanner. When the next 
channel has been accessed, the scanner commands the 
voltmeter to measure. The voltmeter then measures and 
issues a record command to the coupler. This process 
continues until the end of the scan is reached. 

To permit the system to operate unattended over long 
periods of time, the clock option can be used to trigger 
a new scan at preset intervals. A jumper on the channel- 
ID card can be set to record the time of day before the 
first measurement of each scan. 

Often it is useful to identify a record with run number, 
date, and other information. This information can be in 
serted manually into the record at any time by means 
of the manual-data option. The manual-data cards are 
placed as shown in Fig. 5(b). The data are set on the 12 

front-panel thumbswitches and recorded by pushing a 
button. Manual data can also be entered automatically 
at the beginning of each scan by setting a jumper on the 

channel-ID card. 

BASIC Formatt ing 

When data are to be recorded for processing through 
time-share terminals using the BASIC language, the exact 
coupler configuration will depend upon the particular 
application. The situation illustrated in Fig. 6 is fairly 
typical. A counter and a digital voltmeter are being used 
to test a discriminator circuit, and the coupler is for 
matting the data as follows for use as part of a BASIC 
program which determines the discriminator's linearity. 

D A T A  3 9 4 7 4 7 6 ,  2 8 9 3 2 1  

D A T A  2 8 4 7 9 4 1 ,  2 6 9 4 5 0  

D A T A  2 4 8 4 3 0 5 ,  1 9 6 7 0 3  

Each line has a line number followed by the word 
'DATA', the input frequency of the discriminator being 
tested, and its output voltage. The initial line number 
may be set to any desired value. The coupler's input 
configuration is as shown in Fig. 6(b), and the coupler's 
patchboard formatter is arranged so the counter's read 
ing is recorded first in each line. A modified clock card 

F ig .  fo rm acqu i  Mode l  2547A Coup le r ,  a  scanner ,  and  a  d ig i ta l  vo l tme te r  fo rm a  da ta  acqu i  
s i t i o n  m a n u a l -  T h e  c h a n n e l - I D  c a r d  a d d s  c h a n n e l  n u m b e r s  t o  t h e  d a t a .  T h e  m a n u a l -  
d a t a  c a r d s  a r e  b e i n g  u s e d  t o  i n s e r t  t h e  d a t e  a n d  r u n  n u m b e r  a t  t h e  b e g i n n i n g  o f  t h e  

reco rd .  The  c lock  reco rds  t he  t ime  o f  day  a t  t he  beg inn ing  o f  each  scan .  
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Fig.  6 .  t ime-shar ing data are be ing format ted for  process ing by BASIC- language t ime-shar ing 
t e r m i n a l s ,  a  m o d i f i e d  c l o c k  c a r d  a c t i n g  a s  a  c o u n t e r  g e n e r a t e s  l i n e  n u m b e r s ,  a n d  a  
m a n u a l - d a t a  c a r d  i n s e r t s  t h e  w o r d  ' D A T A '  a f t e r  e a c h  l i n e  n u m b e r .  D a t a  c a n  a l s o  b e  

f o rma t t ed  t o  be  s t o red  d i r ec t l y  i n  BAS IC  o r  FORTRAN f i l e s .  

functions as a counter to generate line numbers; it starts 
at any present number and advances one count for each 
line. The coupler is set to generate the carriage-return/ 
line-feed signals after recording the data from source 3; 
these same signals are used to set source flag 1 so the 
line number will enter first when the next measurement 
initiates another recording cycle. A hard-wired manual- 
data card puts the word 'DATA' into the record, and the 
comma is produced by hard-wiring an unused digit in 
the DVM's output cable. 
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