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A System for Automatic Network Analysis 
By Douglas Kent Rytting and Steven Neil  Sanders 

WITH THE ADVENT OF new, highly sophisticated micro 
wave devices and systems, there has developed a need 
for fast, accurate, and complete characterization of the 
networks that comprise them. Two popular techniques 
exist for characterization of microwave networks. They 
can be broadly classified as fixed-frequency or swept- 
frequency techniques. The power of the fixed-frequency 
technique is that the mismatch, tracking, and directivity 
errors of the measurement system can be minimized by 
'tuning out' the residual errors, achieving high accuracy. 
Fixed-frequency techniques, however, are slow and some 
what tedious. Swept-frequency techniques in general offer 
a fast means of gathering data across broad bandwiths, 
and the advantage of intuitive insight into the device being 
tested. Normally, it is difficult to account for all errors, 
when using the swept-frequency technique, since they 
can not be completely 'tuned out' in the broadband case. 
The question is, can we somehow devise a microwave 
measurement system which will provide the advantages of 
the above two techniques without incurring any of the 
disadvantages? Before answering, let's take a broader 
look at the total microwave measurement field. 

What should we list as desirable characteristics of a 
microwave measurement system?1 
1 . Complete device characterization capability 

a. linear (amplitude and phase) 
b. non-linear 
c. noise 

2 .  Accuracy 
3 .  Speed  
4. Flexibility 
5. Ease of use 

A system aimed at achieving many of these character 
istics is the HP Model 8542A Automatic Network Ana 
lyzer shown in Fig. 1 . The effort has been to combine the 
advantages of the fixed-frequency and swept-frequency 

techniques. The Automatic Network Analyzer uses a 
stepped-CW sweep rather than a continuous one, so a 
finite number of points for measurement and error cor 
rection results. Instead of tuning-out the system errors 
at each frequency point, the systematic internal errors are 
first measured, then taken into account as the device is 
measured. The internal system errors are vectorially sub 
tracted from the measurement data, correcting the meas 
urement and leaving only the true characteristics of the 
device. System errors need only be characterized at the 
beginning of a set of measurements. A complete error 
model of the Automatic Network Analyzer can be con 
structed by measuring appropriate standards. The stand- 
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ards used are such devices as shorts, opens, and sliding 
loads, which are relatively easy to characterize and manu 
facture to accurate tolerances. 

To recap, the system measurement procedure is as 
follows: 1) calibration, 2) measurement, and 3) correc 
tion of the data. 

Clearly, data storage and mathematical manipulation 
are required. A relatively small instrumentation computer 
will provide this function elegantly.2 Blending the micro 
wave instruments, computer, and software programming 
will yield a powerful and flexible system which well 
achieves many of the desired characteristics. 

1. Linear device characterization. 
What is the best way to characterize a microwave 

network? There are many sets of parameters available. 
The [z], [h], [y], [ABCD] matrices are popular low- 
frequency characterizations. In recent years a set has 
been developed that is more practical, easier to use, 
and easier to measure at microwave frequencies. This 
set is the family of s-parameters.3 They need not be 
confined to microwaves, being also valid to represent 
networks at low frequencies. 

2. Accuracy 
To insure that the error-correcting procedure is 

F ig .  unusua l  o f  au tomat i c  ne twork  ana lyze r  sys tem in  th i s  pho to  has  an  unusua l  number  o f  
r e a d o u t s  â € ”  n o t e  X - Y  r e c o r d e r ,  o s c i l l o s c o p e  d i s p l a y s ,  a n d  t e l e p r i n t e r .  T h e  n u m b e r  o f  

p o s s i b l e  c o n f i g u r a t i o n s  i s  a l m o s t  u n l i m i t e d .  
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valid, accurate microwave instrumentation with good 
repeatability is required. Inaccuracies in the system 
are then minimized by the error correction technique 
given earlier. The residual system errors, all of second- 
order importance, then are only those caused by im 
perfect repeatability of connectors and switches, noise 
in the system, system drift, and errors in the standards 
used for calibration. 

It is important to measure both magnitude and phase 
to achieve accuracy in characterizing networks at 
microwave frequencies. Even when the intent is only 
to measure magnitude, phase information is required 
for high accuracy. For example, when measuring the 
transmission of a filter, trying to correct for mismatch 
errors without knowing the phase of the mismatch 
terms can cause a large ambiguity in the amplitude 
measurement, no matter how accurate the amplitude 
detecting device. 

3. Speed 
The computer can easily control all the instrument 

functions normally operated by the user. Then, too, 
the calculating power of the computer greatly shortens 
the time required for complete network characteriza 
tion. 

4. Flexibility 
S-parameters are the parameters most easily meas 

ured at microwave frequencies. However, they may 
not be the desired output from the system. S-param 
eters comprise a total characterization of the network. 
Therefore, the computer can transform from the s- 
parameter set to any other consistent parameter set 
one may wish. Not only can h, y, or z parameters be 
determined, but also group delays, VSWR, return loss, 
or substantially any other desired format. Transforma 
tions into other domains are also feasible, such as 
determining time domain response from frequency 
domain data. After accurately determining just one 
set of parameters, the system, with its software, opens 
an enormous range of measurement capabilities. Flex 
ibility expands further when the Automatic Network 
Analyzer is augmented with computer-aided design 
programs. Once a device is characterized by the sys 
tem, the resulting data can then be used by a computer 
to synthesize optimum networks for the device.4 

It is also important that the instrumentation and 
software structure of the Automatic Network Analyzer 
be modular, so the system can easily be expanded 
without altering its original configuration or operation. 
This simplifies adding computer peripherals or instru 
mentation options. 

5. Ease of use 
Since the computer controls the instruments, makes 

the measurements, and manipulates the data, the user 
is relieved of the mundane and difficult parts of the 
measurement procedure. The imagination of the R&D 
or production engineer is not merely supplemented; it 
is indeed amplified by the system, and furthermore his 
ideas, now in software, are made usable by many peo 
ple. More time becomes available and more desire is 
created to do the long and difficult measurements 
needed for imaginative design. It is important that in 
teractive hardware and software interfaces be provided 
between the system and the user. This requires appro 
priate programming language and a good programming 
structure. Then, too, the user/hardware interfaces 
must be simple and effective. 

Basic System 

The HP Model 8542A Automatic Network Analyzer 
concept is shown in Fig. 2. The system has three main 
sections, source, measurement, and computer. 

The signal generator provides the RF power from 0. 1 
to 1 8 GHz required to test the unknown device. The fre 
quency is computer-controlled and can be stabilized 
(phase-locked) with at least 650,000 stable, repeatable 
frequency points across an octave band. An automatic 
leveling control circuit provides level power and a good 
source match. 

RF from the signal generator is applied to the device 
under test via the s-parameter test set.5 With Sj and S2 set 
as shown in the diagram, the ratio of the test to reference 
channels is proportional to s,, of the device being tested. 
If Sj and S- are both switched, we measure s22 of the 
device. If S j or S2 are switched separately, we measure s12 
or SL>I of the device, respectively. 

The "complex ratio detector" measures the complex 

ratio, i.e. the amplitude ratio and phase difference be 
tween the reference and test channels.0 This information 
is digitized and routed to the computer via the instrument 
interface. 

The computer takes the s-parameter data and stores it 
as either calibration data, if measuring standards, or raw, 
uncorrected data if measuring a device. Output from the 
computer can be routed to the display, or to other com 
puter peripherals. 

There are two basic systems, phase-locked and non- 
phase-locked, and two possible modes of operation in 
each, manual or automatic. In the manual mode, the 
system operates as a group of standard instruments with 
out computer control. 
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S o u r c e  S e c t i o n  M e a s u r e m e n t  S e c t i o n  

C o m p u t e r  S e c t i o n  
F i g .  2 .  F u n c t i o n a l  d i a g r a m  
s h o w s  i n t e r r e l a t i o n s  a m o n g  t h e  
e l e m e n t s  o f  A u t o m a t i c  N e t w o r k  
Ana lyze r  sys tem.  

Operation 
When discussing the operation of the system, we will 

consider only the phase-locked version operating in the 
automatic mode. A block diagram of the source and 
measurement sections of the system is shown in Fig. 3. 

The total measurement sequence can be broken down 
into two steps. The first is to prepare the system to make a 
measurement. The second is to measure and digitize the 
high-frequency s-parameter data for storage in the com 
puter. 
Typically, this is the preparation sequence: 
1 . The desired s-parameter is selected in the s-parameter 

test set. 
2. The multiplexed signal source is phase-locked to the 

reference oscillator via the high-frequency phase lock 
circuitry. 

3. When the system is phase-locked, a phase-lock status 
indication is sent through the instrument interface to 
the computer. The system will not take a measurement 
until phase-lock has occurred. 

4. The magnitude of the test signal into the detector is 
adjusted so as to be within an optimal 5 dB range, to 
enhance measurement accuracy. 

5. DC offset and drift in the system are measured for later 
correction by the computer. 

Now that the system is prepared, the high-frequency 
s-parameter data are converted into an equivalent digital 
form: 
1 . The s-parameter test set puts out reference and test sig 

nals proportional to the desired s-parameter. 
2. The reference and test channel signals are translated to 

a fixed IF of 20.278 MHz by the harmonic frequency 
converter.7 Amplitude and phase information are not 
altered in this down conversion. 

3. The automatic gain control in the IF strip normalizes 
the test channel amplifier to the reference channel am 
plifier. The reference and test channels are then further 
down-converted to 278 kHz for optimum detection. 

4. The synchronous detector decomposes the real and 
imaginary components of the test channel signal into 
an equivalent dc form. 

5. This dc voltage is digitized by the A/D converter. 
Fig. 3 shows the source section and measurement sec 

tion overlapping. Actually, the same circuitry is used for 
both functions. The s-parameter test set and frequency 
converter used by the measurement section are also used 
by the source section for phase-locking. This eliminates 
using a separate phase-lock loop to establish the 20.278 
MHz IF in the measurement section, and actually im 
proves system performance. 
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High Frequency  Phase  Lock  Loop 
Perhaps the high frequency phase lock can be better 

understood with a qualitative look at its operation. The 
phase lock loop shown in Fig. 4 compares the phase of 
the two inputs into multiplier A. The two relative phase 
inputs are zero and & degrees. If the signal source FM in 
put is disconnected and re-connected, the two inputs into 
multiplier A, u>iF and *>'IF will initially be at different fre 
quencies. After transients have disappeared O/IF = MIF, 
and 6 is forced to a constant value, the phase offset of the 
loop 60. The locking phenomenon obeys a non-linear, 
second order differential equation which will not be dis 
cussed here. 

age required by the signal source, to keep Â«>s constrained 
t O  t o s  â € ”  ( o r  ^  < t > i p .  

The phase lock loop described above becomes more 
complicated when the signal source must cover a range 
from 110 MHz to 18.0 GHz. The reference oscillator 
cannot cover a bandwidth this broad, so the signal source 
must phase-lock to harmonics of the reference oscillator. 
This is accomplished by replacing multiplier B with a 
sampler, and generating harmonics of the reference os 
cillator beyond 18.0 GHz as shown in Fig. 5. Case 1 
transforms to locking above a harmonic by the amount 
fIF and Case 2 transforms to locking below a harmonic by 
fIP. In Fig. 5, the phase error 6 is approximately 90Â° for 
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Fig.  Automatic Network diagram of source and measurement sect ions of  the Automatic Network 
Ana lyzer  sys tem.  

To get a feel for the operation of the phase lock loop 
in steady state, consider Case 1 of Fig. 4. Assume the 
steady state value of 0 is 00 s; 90Â°. If for some reason 
UI'IF = <us â€” ujr > Â«IF, d starts to increase because 9 = 

(Â«'IF â€” iÃ¼IF) t -)- #0 radians. This causes ve to go negative, 
and this reduces UJB and <u'IF. A reduced w'IF causes 0 to 
increase at a slower rate. This negative feedback reduces 
w'IF to Â«IF. For Case 2, notice that 

6 )  =  C O S [ ( W  â € ”  o > , ) t  â € ”  0 ] ,  u > r  â € ”  0  

which shows that phase information is reversed compared 
to Case 1 . This phase reversal must be compensated with 
another phase reversal if the loop is to be stable. This 
is accomplished as the loop automatically shifts 00 by 
180Â°, which changes the sign of the slope for multiplier 
A's characteristics. In general ve adjusts itself to the volt- 

fs = nfr -f fIF (upper sideband Case 1), or close to 270Â° 
for fs = nfr â€” fIF (lower sideband Case 2). n is a har 
monic number of the reference oscillator. 0 is delayed by 
90Â° and applied to phase detector E. Its output will be 
approximately cos 180Â° for Case 1 and cos 0Â° for Case 
2. This polarity change is sensed, causing Sa to open for 
the upper sideband case. Thus ambiguity concerning the 
source output frequency is eliminated. The source now 
phase locks when nf r â€” fs = fIF as shown in Fig. 6. 

The computer is given a source frequency fs by the 
user. It programs the reference oscillator to 

fr = (f, + flf)/n MHz. 

The reference oscillator then phase-locks with the accu 
racy and long-term stability of a crystal standard. This 
accurately defines the comb spectrum nfr shown in Fig. 6. 
The computer also controls the coarse tuning of the signal 

6 

© Copr. 1949-1998 Hewlett-Packard Co.



COS ( i ' |Ft)  

Mul t i p l i e r  A  

0  (Outpu t )  

c o s  (  ' I F t  +  a )  =  
C O S [ ( Â « s - < ' r ) t  +  ' . ]  :  

C O S [ (  - c * ) t - Â « ]  

Mul t i p l i e r  A  Charac te r i s t i c  

360Â° 

Casel  

,  â€”  a i ,  =  lo ' f f ,  i a t  >  l a ,  

Upper  S ideband  

360Â° 

Case 2 

r  â€ ”  LJs  =  W ' |FÂ»  Â° r  >  <Â»% 

Lower  S ideband 
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source frequency fs. Because frequency errors in coarse 
tuning may be large, perhaps 40 MHz, a search generator 
is added to the phase lock loop, which increases its fre 
quency locking range. The search generator systemati 
cally changes fs symmetrically about the coarse tuned fre 
quency. When f s passes a possible lock point, phase lock 
occurs and the search generator is turned off. To prevent 
the phase lock loop from locking on the wrong harmonic 
(harmonic skipping), the search generater should search 
less than Â±fr/2 about the coarse tuning frequency, and 
the coarse tuning must be closer than Â±f r/2. These con 
straints are most important at the lowest reference fre 
quency used. If harmonic skipping occurs, the source 
frequency f â€ž is offset an amount f r, typically 1 20 MHz. The 
symmetrical clipping network and 0.2% coarse tuning 
accuracy eliminate the possibility of harmonic skipping. 

The IF frequency, f,F-, could be eliminated and the 
signal source can still be stabilized. This would also elim 
inate the sideband sensing circuitry. This is not done be 
cause s-parameter information is translated to an inter 
mediate frequency, and some means of IF stabilization 
must also be provided. Two phase lock loops could be 
used, but one will work more simply. If the reference 
channel IF strip is connected to the filtered output of 
multiplier B, the signal source and reference channel IF 

Phase 
U p p e r  S i d e b a n d  D e t e c t o r  
Re jec t ion  Swi tch  

A 
cos(Â») 

S i  

COS(Â«>'IFt + 0) 

Freq.  Coarse 
T u n i n g  

(Compu te r  
Con t ro l  Word )  

and Band Se lec t  

HARMONIC 
G E N E R A T O R  f r  

*  i , o m r o (  
]  W o r d  

^  F i n e  F r e q .  
Cont ro l  

F i g .  5 .  D e t a i l e d  b l o c k  d i a g r a m  
o f  h i g h - f r e q u e n c y  p h a s e  l o c k  
loop. 
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About the hardware . . . 
E a c h  a r t i c l e  i n  t h i s  i s s u e  o f  t h e  H e w l e t t - P a c k a r d  J o u r n a l  
d e a l s  w i t h  s o m e  a s p e c t  o f  a u t o m a t i c  n e t w o r k  a n a l y s i s .  T h e  
H P  M o d e l  8 5 4 2 A  A u t o m a t i c  N e t w o r k  A n a l y z e r  i s  n o t  a  s i n g l e  
p r o d u c t  o f  f i x e d  c h a r a c t e r i s t i c s ,  b u t  i s  i n s t e a d  a  m o d u l a r  
o p t i o n  s y s t e m .  E a c h  s y s t e m  p r o d u c e d  i s  t a i l o r e d  t o  i t s  u s e  
b y  i n c o r p o r a t i n g  a p p r o p r i a t e  c h o i c e s  a m o n g  o p t i o n s .  T h e r e  
are  cho ices  o f  s igna l  sources ,  tes t  se ts ,  de tec tors ,  computers ,  
a n d  c o m p u t e r  p e r i p h e r a l s .  

T h e  s p e c i f i c  s y s t e m  d e s c r i b e d  t h r o u g h o u t  t h i s  i s s u e  i n  
c o r p o r a t e s  t w o  i m p o r t a n t  o p t i o n s  f o r  h i g h e s t  a c c u r a c y ,  a  
f r e q u e n c y - s t a b i l i z e d  s i g n a l  s o u r c e ,  a n d  a  n e w  p r e c i s i o n  
d e t e c t o r .  T h e  a c c u r a c y  c u r v e s  g i v e n  b y  H a n d  a r e  t y p i c a l  o f  
s y s t e m s  o p e r a t i n g  b e t w e e n  2 . 0  a n d  1 2 . 4  G H z  w i t h  t h e  o p  
t i o n s ,  b u t  o f  c o u r s e  a r e  n o t  t y p i c a l  o f  o t h e r s .  T h e  n e w  p r e c i  
s ion  de tec to r  w i l l  be  ava i l ab le  to  upda te  ea r l i e r  HP au tomat i c  
a n a l y z e r s  o f  t h e  8 5 4 2 A  f a m i l y .  

M a n y  H e w l e t t - P a c k a r d  d i v i s i o n s  c o n t r i b u t e d  d i r e c t l y  t o  
t h e  s y s t e m ' s  d e v e l o p m e n t .  S o m e  i n s t r u m e n t s  c o u l d  b e  d i  
r e c t l y  p l a c e d  i n  t h e  s y s t e m  w i t h  n o  m o d i f i c a t i o n s .  O t h e r s ,  
w h i c h  w e r e  n o t  o r i g i n a l l y  d e s i g n e d  w i t h  d i g i t a l  i n t e r f a c e s ,  
w e r e  u p d a t e d .  T h e  s o u r c e  a n d  m e a s u r e m e n t  i n s t r u m e n t s  
w e r e  m o d i f i e d  t o  a c c e p t  t h e  b r o a d b a n d  p h a s e - l o c k i n g  c a p a  
b i l i t y .  T h e  p e r f o r m a n c e  c h a r a c t e r i s t i c s  o f  o t h e r  i n s t r u m e n t s  
w e r e  i m p r o v e d  t o  m e e t  t h e  a c c u r a c y  r e q u i r e m e n t s  o f  t h e  
s y s t e m .  A  n u m b e r  o f  n e w  i n s t r u m e n t s  w e r e  d e s i g n e d  e s p e  
c i a l l y  f o r  t h e  A u t o m a t i c  N e t w o r k  A n a l y z e r .  

are simultaneously stabilized in frequency. The reference 
channel IF voltage is maintained relatively constant by 
the ALC feedback loop in the signal source. This pro 
vides a low-noise, high-level feedback point to connect 
the high-frequency phase-lock loop. 

Reference Osci l la tor  and System Noise  Considerat ions 

The reference oscillator provides the stable reference 
frequency (fr) required by the high frequency phase-lock 
loop. The frequency range for f,. is from 60 to 140 MHz 
in 100-Hz steps, synthesized from a crystal standard.8 
The synthesis process is controlled by a fine-frequency 
control word from the computer. To achieve the high 
spectral purity requirement of the system, the broadband 
AM and PM noise out of the synthesizer is reduced by 
using an oscillator phase-locked to the output frequency 
of the synthesizer. This phase-lock loop really comprises 
a tracking filter. The box on page 9 explains how the 
phase-lock loop can perform in this way. 

The tracking filter cannot respond to a phase noise 
input which lies outside the phase-lock loop bandwidth, 
as demonstrated mathematically in the box. It can also be 
seen that there is no steady-state frequency error caused 
by the tracking filter. A bandpass filter is thus formed, 
which is centered about the reference frequency (fr), and 
which tracks the reference frequency over the 60 to 
140 MHz range. 

There are two other sources of noise which contribute 
to the output power spectrum of the reference oscillator 
besides the noise from the synthesizer. One is the noise 

A m p l i t u d e  " H a r m o n i c  S k i p p i n g "  

DC 2f ,  ( n - l ) f ,  n f ,  ( n - t - l ) f ,  
â€” Freq.  

  R e f e r e n c e  O s c i l l a t o r  C o m b  S p e c t r u m  
Poss ib le  f ,  Locked Frequency  
Des i red fs  Locked Frequency 

Necessary  1 ,  Coarse Tun ing Region 
P h a s e - l o c k e d  C o n d i t i o n :  n f ,  -  f s  =  f I F  =  2 0 . 2 7 8  M H z :  
C o n s t r a i n t s :  1 1  G H z  f s  1 8 . 0  G H z  

6 5  M H z  f ,  1 4 0  M H z  
1  n  1 5 0  ( p r a c t i c a l )  

Fig. 6. Source phase-locks when nf,  â€” f ,  = ÃIF. 
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-  Synthes izer  Noise 

fr 
(Synthes izer )  

Relat ive 
Power  Dens i ty  
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Synthes izer  
Noise 

VTO Noise 

(T rack ing  F i l t e r )  

F ig .  7 .  Power  spec t ra l  dens i t i es .  
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from the phase detector and dc amplifier in the phase- 
lock loop of the tracking filter. Careful low-noise design 
minimizes this source of noise. The other source of noise 
is the phase noise of the VTO. Let us see how this noise 
is reduced. 

The loop is a high-pass filter to the phase noise pro 
duced by the VTO. Therefore, the VTO noise within the 
loop bandwidth will be reduced by the high-pass filter, 
but noise outside the loop bandwidth will pass. A high- 
quality varactor-tuned VTO was therefore designed to 
minimize the phase noise outside the loop bandwidth. 

We thus have a typical engineering tradeoff. The noise 
of the synthesizer is reduced by decreasing the loop band 
width, but decreasing the loop bandwidth increases the 
noise contribution of the VTO. An optimum bandwidth 
exists which will minimize the sum of the two noise 
sources. There also is a requirement for minimum lock-up 
time, which is a function of the loop bandwidth. In the 
light of these factors, it was possible to pick a best com 
promise for loop bandwidth. The synthesizer output spec 
trum and the resulting spectrum, after passing through 
the tracking filter, are shown in Fig. 7. 

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

f, = 60-140 MHz 

e,m 
X,(t) 

S + a 
S + b  

Phase 
Detector 

f r  =  6 0 - 1 4 0  M H z  

e0(t) 
X0(t) 

The s igna l  input  to  the  f i l te r  i s  
X,(t) = Ac cos [2*f,t â€¢ 

where  0 , ( t )  i s  any  inpu t  phase  func t ion  w i th  ze ro  mean  wh ich  
has the spectrum *Â¡( f ) .  

Let  Â« i f f ;  *  2Tr t , t  +  f , ( t ) .  
T h e  t w o  t e r m s  o n  t h e  r i g h t  h a n d  s i d e  a r e  n o t  c o r r e l a t e d .  

The  t rack ing  f i l t e r  responds  on ly  to  the  to ta l  a rgument  Â» , ( t ) ,  
a n d  h e n c e  t o  t h e  p h a s e  m o d u l a t i o n ,  b u t  i t  w i l l  n o t  r e s p o n d  
t o  t h e  a m p l i t u d e  m o d u l a t i o n .  T h e r e  i s  a  s m a l l  a m o u n t  o f  
A M - t o - P M  c o n v e r s i o n ,  b u t  i t  m a y  b e  r e g a r d e d  a s  n e g l i g i b l e .  

T h e  t r a n s f e r  f u n c t i o n  f o r  t h e  t r a c k i n g  f i l t e r  i n  t h e  d i a  
g ram i s  

Q , ( S )   U / O I  k ( S  +  a )  m  
^ 7 S )  =  H ( S )  =  S >  +  ( k  +  b ) S  +  k a '  

w h i c h  i s  a  l o w - p a s s  f i l t e r  f u n c t i o n .  I t  f o l l o w s  t h a t  
e , ( t )  =  2 - f , t  +  0 f  W  +  < t > , ( t ) * h ( t ) ,  

w h e r e  
h ( t )  =  t he  i nve rse  Lap lace  t r ans fo rm  o f  [H (S ) ]  

< t>e( t )  =  t rans ient  and s teady s ta te  phase er ror  
be tween the  inpu t  and  ou tpu t  o f  the  f i l t e r  
and 

<f>, ( t ) -h( t )  =  convo lu t ion o f  <Mt)  w i th  h( t ) .  

The output  s ignal  Xo( t )  w i l l  be 
Xjt) = Be COS/27i7tf + 0 e (t) + <f>:(t)'h(t)], 

where Bc is  an arb i t rary  constant .  
Us ing  the  Four ie r  t rans fo rm and  assuming  
</>,( t )  *  h(t)  is smal l ,  the two-sided sfeady-sfafe spectrum is 

X, ( t )  =  i  

i [ t - , ( f  -  f , ) H ( f  -  t J  -  

+  S ( f  +  f j  

+  t < ) H ( f  +  (2) 

whe re  
< j> l (7  _  f , )H ( f  -  f , )  =  f i l t e red  ou tpu t  t r ans la ted  t o  I ,  

<t> Â£ = steady state phase error, and 

S( f  â€”  f , )  =  s inusoida l  component  a t  f r .  

T h e  o n e - s i d e d  p o w e r  s p e c t r u m  o f  X , , ( f )  f o l l o w s  f r o m  E q .  2  
a n d  i s  s h o w n  b e l o w .  

I n  s u m m a r y ,  E q .  1  g i v e s  t h e  l o o p  t r a n s f e r  f u n c t i o n ,  a n d  
E q .  2  i s  t h e  r e s u l t a n t  s t e a d y - s t a t e  s p e c t r u m .  T h i s  a p p r o x i  
m a t e s  t h e  t y p i c a l  r e s p o n s e  s e e n  o n  a  s p e c t r u m  a n a l y z e r . 9  
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This discussion applies to the high-frequency phase- 
lock loop as well as to the tracking filter. 

One more question remains, regarding the total phase 
noise measured by the computer. There are three main 
sources of this noise: (1) The reference oscillator noise 
multiplied by the harmonic number n, (2) multiplexed 
signal source noise, (3) noise produced by components in 
the high-frequency phase-lock loop, primarily the sam 
plers. The noise from (1) and (2) is reduced by the high- 
pass filter characteristic of the high frequency phase-lock 
loop, but the equivalent noise created by the sampling 
process is not reduced. All three noises are then reduced 
by a 10-kHz low-pass filter in the detector, by the inte 
grating A/D converter, and by computer time averaging. 
The resultant noise figure of the system is mainly deter 
mined by the noise figure of the samplers. 

Future 
Future automatic systems may become measurement 

terminals, much like those of the computational time 
sharing services now available. In this type of system, 
digital data and high level commands are transferred be 
tween the measurement terminal and the central proc 
essor, linking the user with the power of a large central 
computer. S 
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Software for the Automatic 
Network Analyzer 
By Wil l iam A. Ray and Warren W. Wil l iams 

SUCCESS IN DESIGNING COMPUTER-OPERATED SYSTEMS 

depends as much on software â€” the set of detailed pro 
gram instructions â€” as upon hardware. The software 
package is often designed and written to solve only one 
special problem. However, in keeping with the overall 
objectives of the HP automatic network analyzer systems, 
software objectives had to take on an unusual degree of 
generality: 
1) Make the collection of instruments act like one very 

powerful instrument. 
2) Give the engineer the ability to expand software flexi 

bility in graduated steps. 
3) Make it easy to add instrumentation or computing 

power to existing systems. 
These objectives led to designing a library of building 

blocks or program routines, each performing some spe 
cialized function, these blocks combining together effi 
ciently to perform complete measurements. 

Standard Measurement  Sof tware 
An 8542A is installed initially with a set of general 

purpose programs ready to make most linear network 
analysis tests. Table I lists such a package for a 2-port 
test set. 

A series always begins with system calibration. The 
program asks the user to connect a series of known de 
vices, such as short circuits or through connections, at 
the system's test ports. The program then measures these 
devices, storing the differences between their apparent 
and ideal parameters. The reflection from a short, for 
instance, is affected by source match and coupler track 
ing. After measuring the magnitude and phase of the 
apparent reflection, the computer can calculate these 

error terms. Later, measurements can be corrected auto 
matically for these effects, so the user can concentrate on 
his device instead of on the microwave measurement 
problems. 

Once the system has been calibrated, the other pro 
grams in Table I can be loaded to make specific tests. 
These all have access to the calibration data in a reserved 
section of the computer memory. 

Fig. 1 shows the teletype print-out and plot from a 
typical session. The system has been calibrated and is 
now ready to perform as a transistor test set. It is only 
necessary to load the transistor test program. The system 
signifies it is ready by typing 'CONN DEVICE: Once the 
user has inserted the transistor, he types in some logging 
information for his own use (underlined) and presses car 
riage return. The system then automatically measures, 
corrects and saves the s-parameter description of the 
transistor. This fundamental system measurement is for 
ward and reverse reflection and transmission with 50 
ohm loads and sources. The description is a complete 
one in the sense that the other 2-port parameters â€” -h, y, 
and z â€” can be derived from it1. The listings and plot in 
Fig. 1 were all derived from the same measurement, re 
quested just by selecting a task number from a table. The 
entire sequence, including calibration and type-out, re 
quired only a few minutes. 

Thus the system acts like an instrument. The user con 
nects his unknown device, then specifies actions through 
the teletype keyboard and a switch panel. He need not 
be concerned about the array of knobs and dials before 
him; the computer controls all their settings. By using a 
programmed test sequence, the computer system becomes 
easier to run than a manual set up. 

U  
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C O M P L E X  U i ,  
l l u  M I L L I M H 0 5  

F R E O U E N C T  I N  M H l  

F i g .  1 .  T y p i c a l  s e s s i o n  r u n  w i t h  
s t a n d a r d  s o f t w a r e  b y  t h e  A u t o  
m a t i c  N e t w o r k  A n a l y z e r .  A f t e r  
t a k i n g  a  f u l l  s e t  o f  s - p a r a m e t e r  
m e a s u r e m e n t s  t h e  i n s t r u m e n t  
h a s  t h e n  c a l c u l a t e d  v a r i o u s  
g a i n  p a r a m e t e r s  i n  d B .  U  i s  a  
u n i l a t e r a l  g a i n  t a c t o r ;  K  i s  a  
c r i t e r i o n  o f  s t a b i l i t y .  Y n  ; ' s  o n e  
o f  a  n u m b e r  o f  c o m p l e x  p a r a m  
e t e r s  w h i c h  c a n  b e  c a l c u l a t e d  
a n d  d i s p l a y e d  a t  w i l l .  

BASIC Interpreter  
Eventually, the user will desire some special test not 

available in the standard programs supplied. Often this is 
simply a different way of displaying the fundamental 
s-parameter data, so he can take advantage of the stand 
ard 8542A calibration/corrected measurement routines. 
For many such purposes, he can use an interactive lan 
guage, BASIC-. 

BASIC is a simplified subset of such full programming 
languages as ALGOL or FORTRAN. BASIC is alge 
braic and easy for technical people to learn, requiring 
only a few hours even on one's first exposure to com 
puter programming. As each line of program is typed 
in, it is immediately checked for errors: misspelling, miss 
ing punctuation, etc. This is an ideal teaching method 
because incorrect responses are caught and corrected 
right away. Other types of errors which involve the logic 
of the program rather than its syntax only become appar 
ent when it is run. Again, BASIC has an advantage be 
cause it is an interpreter, that is, it runs the program from 
BASIC statements instead of converting to machine lan 
guage. So one can run the program and immediately go 
back to an editing mode to fix any errors. 

In the 8542A, BASIC is normally used for special out 
puts. A standard calibration tape is used and the data 
transferred to a reserved area. The user then reads in 
BASIC plus an s-parameter measurement program sup 
plied, finally typing in his special display coding. 

Fig. 2 shows such a sequence for a reflection test, plot 
ting return loss on the rectangular CRT. Note how the 
program can be run, errors fixed and then run again. 
Once BASIC was loaded, no additional paper tapes were 

required. 
Statements are identified by the line numbers on the 

left. Lines beyond 9000 were a standardized reflection 
measurement routine. The only programming required 
was lines 100 through 240 which called the measurement 
routine (GOSUB 9000) and then displayed the plot (line 
210). 

FORTRAN 
In any computer there will come a time when the 

memory capacity is exceeded. At this point one must 
trade some convenience or capability for more program 
space. For the automatic network analyzer, this means 
trading the convenient interactive programming features 
of BASIC for a compiler language like FORTRAN. The 
compiler checks for syntax errors and translates to 
machine-language instructions once, as a separate opera 
tion from running the program. Thus one does not have 
to keep editing and interpreting intelligence in the com 
puter when making measurements; the space is available 
for a more elaborate measurement program. The com 
piled program runs faster than an interpreter program 
because the translation has been done previously. 

Note that although one gives up editing interaction 
while writing the program, the resulting programs can 
still interact with the user. The standard measurement 
programs are all written in FORTRAN; they interact 
through switches and teletype as shown in Fig. 1 . 

The transition from BASIC to FORTRAN is straight 
forward because the two languages are similar in many 
ways, simply using different words to say the same thing. 
Fig. 3 shows a FORTRAN listing which performs the 
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- C O M V E O T  T O  K T U R N  U W S  

- W 3 Â « J W  H "  D O T  

- W A O  R E F L E C T I O N  

F i g .  2 .  S e q u e n c e  f o r  a  r e f l e c  
t i o n  t e s t ,  r u n  w i t h  s t a n d a r d  
B A S I C  l a n g u a g e  p a c k a g e .  P r o  
g r a m  p l o t s  r e t u r n  l o s s ,  a  f u n c  
t i o n  n o t  i n c l u d e d  i n  s t a n d a r d  
s y s t e m  p r o g r a m m i n g .  T h e  o n l y  
p r o g r a m m i n g  n e c e s s a r y  f o r  t h i s  
spec ia l  f unc t i on  was  tha t  shown  
in  l i nes  100-240 .  

same function as the BASIC program in Fig. 2. Unlike 
BASIC, it required a half-hour's work to convert the 
FORTRAN language program to a machine language 
program, a process which must be repeated each time a 
change is made in the program. Besides allowing for 
bigger programs, FORTRAN has two advantages over 
BASIC. Variable names are easier to read (CALI B in 
stead of C for the calibration data array) and true sub 
routines are available (call CORRI instead of GOSLJB 
9000). 

The availability of true subroutines is very impor 
tant because it makes modular software possible. In the 
BASIC program, the code between 9000 and 9140 was 
executed by a GOSUB from another part of the pro 
gram. This is the same function as call CORRI in the 
FORTRAN program. In both cases the main program 
can transfer to the routine from any number of places, 
and have it return automatically when done. The differ 
ence is that the BASIC corrected measurement routine 
shared the same variables as the rest of the program, 
while any CORR 1 variables are totally isolated from any 
other routine. This is not very important with simple 
programs because one can keep all the names straight. 
However, programs may grow until they become too 
complicated to treat as one entity. Now true subroutines 
are needed to isolate functional modules so they can be 
written and verified â€” 'debugged' â€” once, then added to 
one's personal library. In the program shown, the user 
need only know how to call for the corrected measure 
ment; he cannot affect its reliability by using one of its 
variable names or accidentally changing a statement. 

This capability has been used in the 8542A software 
to build a modular hierarchical package, so constructed 
that an engineer need only re-write a portion to meet his 
special needs. Figure 4 shows the subroutine hierarchy for 
the example program in Figure 3. The main measurement 
program RPLOT has access to this package through the 
high level commands noted on the arrows which are the 
names called in RPLOT (see Fig. 3). Each of these 
routines calls in turn another layer of more specialized 
routines down to those which communicate with the 
instruments. Most, such as the instrument supervisor, are 
common to all the 8542A software. 

The entire library that is needed to write the standard 
software is available for others writing new test programs. 
Of course the engineer is not restricted to writing main 
programs; as his needs and capabilities increase he can 
call, modify or replace any portion of the package. For 
example, he may want to change the test frequency rule 
from linear steps to logarithmic spacing, or perhaps to a 
table of critical frequencies. Since this information has 
been concentrated in one short routine (CALF3), he need 
replace only it, rather than re-writing the many routines 
which call it up. This is what is meant by functional soft 
ware modularity. 

Growth Capabi l i t ies 
The software has been designed to grow, either by add 

ing additional instruments (bias supplies, X-Y recorders, 
etc.) or adding computing power. The standard 8542A 
system uses a computer of 8000-word memory. This 
memory can be expanded with 4000-word internal core 
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i d  H M  

W i l l  

P  K O R H A h  RPLUT 
U  ME wÃ² l  i )N  (<n< )  ( t  2R  }  ,  I  B lÂ · iF  (  1  2 f t  I  
U O M M J N  i J Ã  i a i ,  C A I  I t t < 3 , i 2 f )  

iNlTlALUh H*|1.UUT AND FPFO SCALE 

CAÃ L OftILl 

CALL CALF3 (4,M,F2) 
KSCL " V1!)* ,Â» / < F?-> 1 Ã 

ANO MA17 FUR npEWATDK ANSWER 

1  ( t  r t -  I  1  t ,  1 ^ , 1 1  
1  1 - Ã ¼ S Ã  H A T  ( / /  " N t X T  n e V I C E  - " )  

HEAD i  i  ,  *  )  DMY 

n/Â¿j 
H ^  J  A  

ENU 

L CÃ¼NVtWT TU HFf'IKU LOSS AND PLOT 

C 

d * 1 

C A L L  b f r  1  P J  I I  Â ¿ U F  ,  1 ? H  I  
i  f iÃ¯, CAI. t  CALF j i  ?,M, F ) 

1 F  ( f  }  H ) ,  1  1  W  
1 1 Â ¿  C A L L  C P U L 2  (  R H l J l  M  )  , M r  A  t  

I Y  â € ¢  - 3 . 2  *  8 . 6 1 1 6  *  A L O G I P l  
1 X m FSTL * I F-lÂ· 1 ) 

CALL HL IPt MX, I Y I 

M â€¢ M 4 I 

F i g .  3 .  F O R T R A N  p r o g r a m  f o r  
s a m e  f u n c t i o n  a s  F i g .  2 .  T h e  
c a l l s  t o  C O R R 1  a n d  C A L F 3  a c  
c e s s  s u b r o u t i n e s  i n  p l a c e  o f  
t h e  B A S I C  c o d e  b e t w e e n  l i n e s  
9 0 0 0  a n d  9 9 9 9 .  

B A I L l  
PLTP1 
SETP1 

Teletype 

Software 

Ne two rk  
Ana lyzer  
In ter face 

Signal 
Source 

Osci l loscopes 

F i g .  R P L O T  3 .  o f  r o u t i n e s  u s e d  b y  t h e  e x a m p l e  F O R T R A N  p r o g r a m  R P L O T  o f  F i g .  3 .  
H e r e  t h e  s p e c i a l  t e s t  p r o g r a m  u s e d  o n l y  t h e  u p p e r  l a y e r s ,  t h r o u g h  a  f e w  h i g h - l e v e l  
c o m m a n d s .  T h e  l a y e r e d  s t r u c t u r e s ,  h o w e v e r ,  c a n  b e  a c c e s s e d  a t  a n y  l e v e l  t o  s u i t  t h e  

app l i ca t ion  a t  hand .  
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memory increments or with hundred-thousand word discs, 
allowing much more complex programs. 

In the FORTRAN discussion above, the trade-off be 
tween convenience and memory size was mentioned. With 
increased memory, this trade-off is altered drastically. In 
fact, a 16K (16,000- word) computer is roughly 5 times 
as powerful as an 8K version because both FORTRAN 
and BASIC require so much of the smaller memory for 
utility routines. Only 2000 to 3000 words out of 8000 
are available for test programs and data, while the large 
machine has 10,000 words available because it does not 
add to the overhead. This makes it possible to combine 
an entire series of standard programs (such as the one in 
Table I) into a single program, plus doubling the data 
capacity. Similarly, much more sophisticated BASIC 
programs can be written. 

A disc memory which records data magnetically on a 
rotating surface adds a different kind of capability. With 
internal core memory, the computer can access any piece 
nf Hata within ") nsp.r With the disc, it mav take up to 
30 msec to access the first word of a data block. However, 
the disc economically provides much larger storage â€” 
176,000 or more words. The 8542A network analyzer 
disc system saves a number of FORTRAN and BASIC 
programs on the disc which can be read into memory 
in 100 msec instead of the full minute which it takes to 
read a paper tape. BASIC or FORTRAN programs can 
call one another, so the user can add BASIC tasks to 
standard FORTRAN programs. A task in the stand 

ard program can call up a user's BASIC program after 
leaving the measured data on the disc. The BASIC pro 
gram can now analyze the data and return to the standard 
program for the next test. The user is not even conscious 
of the exchange, since it happens in a fraction of a second. 
Now the measurements are made with the efficiency of a 
compiled program, but the analysis program can be writ 
ten in the convenient interactive mode of BASIC. 

Future 
Although the 8542A software is a unique package for 

bringing software flexibility to microwave engineers, it 
does so within the framework of conventional computer 
languages and techniques. This experience has uncovered 
a number of new requirements for further instrumenta 
tion software, particularly for improvements in languages 
and programming systems. Implementing for these needs 
will soon make it even easier for the engineer to engage 
the computer's full capabilities. 
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Developing Accuracy Specifications for 
Automatic Network Analyzer Systems 

By B.  P.  Hand 

IN THE USUAL MEASUREMENT SYSTEM either those few 
instrument specifications which directly affect accuracy 
are added linearly, or one predominates and is taken as 
the system error. In microwave measurement systems, 
however, the number of sources of error is so much 
greater that adding them linearly results in too pessimistic 
an error figure â€” one which is extremely unlikely to 
occur. Furthermore, automatic measurement systems re 
move various frequency-dependent errors which are usu 
ally the major ones. As a result, many of the more subtle 
errors which are usually neglected as having unimportant 
effect must be considered. 

Establishing accuracy specifications for the various 
8542A systems, then, has involved examining and in 
cluding many additional sources of error and developing 
means to combine them in realistic fashion. A general 
technique has been evolved which appears to be appli 
cable in principle to any automatic measurement system. 

Reviewing The Ideal  Case 
Before any discussion of the technique and its results, 

it is in order to review the whole method of operation of 
the system, insofar as accuracy is concerned â€” the cali 
bration process, the model set up as a result, the measure 
ment process, and the correction of the measurement data 
to yield the final results. A general case will be consid 
ered, in which both reflection and transmission coeffi 
cients are measured. A representative system would 
involve, for example, completely characterizing a coaxial 
attenuator in the range from 2 to 1 2.4 GHz. Other cases, 
such as measurements below 2 GHz, or of reflection only, 
differ only in detail. 

The test unit includes two directional couplers for 
sampling the incident signal (Reference) and the reflected 
or transmitted signal (Test). Externally, it has an 'Un 
known' port, to which the device under test is connected. 

and a 'Return' port, to which two-port devices are also 
connected. The model set up in the calibration process 
includes the properties of this unit, plus some of the 
errors due to the other instrumentation. 

Calibrat ion Process 
The calibration process involves making sufficient 

measurements with standards and conditions of known 
characteristics to determine all these properties. Fig. 1 is 
a signal flowgraph of the system model, with the various 
model coefficients identified. 

The s-parameters of any device connected to the Un 
known or between Unknown and Return ports are repre 
sented by Su, $21, s,2, 822 in the usual notation. 

Flowgraph analysis results in the following general 
expressions for the ideal measured values of reflection 
(MR) and transmission (MT) coefficients: 

M R  =  

T    ^ 3 0  1 ^  - \  i  
1    " 1 1 ^ 1 1    " 2 2 ^ 2 2    " 2 1 "  1 2 ^ 1  1 ^ 2 2  | ~  

Using D, for the common denominator: 

g = e00 

= Â£30 + D  

The calibration measurements are as follows: 
1 . Reflection with a sliding load. The computer measures 

the reflection as connected, and then, three times, di 
rects the operator to slide the load and makes another 
measurement. It then constructs a circle through these 
four values and finds the center of the circle, so that, 
effectively, Sn -= 0, s21, s,2 and sL>2 are also zero, of 
course, so 

M, = eon 

16 

© Copr. 1949-1998 Hewlett-Packard Co.



Reference B32 

Â«22 

'Return' 

Test 
(Mr )  

F i g .  1 .  S i g n a l  f l o w p a t h  o f  s y s t e m  m o d e l .  

2. Transmission without a through connection (both 
measurement ports terminated). 

s o  M - ,  =  e  3 0  

3. Reflection with a direct short. 

^ 1 1  =    A  j  $ 2 1    - ^ 1 2    S 2 2    \ ) f  

s o  M 3  = =  e n n  -  

4. Reflection with an 'Offset Short' (a shorted coax line 
one-quarter wavelength long at midband). 

j,! = â€”e-'-V, where I is the length 
of the short. For convenience, 
I P *    f f - i - f l l  â € ”  T ' c  r  â € ”  c  â € ”  r  â € ”  O  I C l  â € ”    1  J .  0 2 1    " 1 2    " 2 2    " >  

so t = e00 
Tsen-Â¡ 

1 â€” Ts e  ̂

5. Reflection with a through connection. 

J l l  ^  Ã 2 2  =  O ,  Ã J 1  â € ”  J i 2  =  I  .  

so =  g 0 0  - f  

6. Transmission with a through connection. 

S 11 -  t$22 -  UÂ» i$21 -  "^12 â€” '  â€¢ 

These six equations are solved by the computer to give 
the desired model parameters: 

rs(Mt - Ma) + (M, - M J 
Ts(M, - M,) 

Ts(M:t - M J 

M ,  â € ”  M ,  

At the end of the calibration process, these six values are 
stored for use in correcting all subsequent measurements. 

Measurement  Process 
On an unknown, reflection and transmission measure 

ments are made, then either the device is reversed be 
tween ports, or internal switching reverses the direction 
of signal flow, depending on which test unit is used, and 
the two measurements are made again. The flowgraph 
analysis is essentially the same in either case. The meas 
urements result in four ideal values as follows: 

oÃd-** = eao + 

Mr, = e 3H + 

+  

R, = e,m 
D, 

where DL, is D, with the s-parameters interchanged: 

D2 = 1  â€” ^22^11   Jn^22 â€” Ã¯ l2*Ã¯lÃu*M+Ã22*l lÃ l lÂ«23 

This corresponds to reversing the device. 

Correction Process 
The computer then solves the equations above for sn, 

s21, s^j, and s2a. No explicit solution is given here, since 
it would be very complex. The computer uses an iterative 
process which has been demonstrated to have negligible 
error. 

Sources of  Error  
The above process takes into account only some of the 

possible sources of error. There are a great many others, 
but these may be conveniently grouped into three types: 
1 ) Imperfections of the three calibration standards. These 
are carefully manufactured to very close tolerances, but 
the tolerances do exist and must be taken into account. 
Besides diameter and length variations, other factors con 
sidered are plating, skin depth, eccentricity, surface 
roughness, and air dielectric. 
2) Noise. This, of course, enters into every measurement. 
Its effect is reduced by averaging multiple measurements 
â€” at least two at high signal levels and up to twelve at 

lower levels. 
3) 'Gain Error'. This is a catch-all term to include all 
other sources of error, mainly in the instrumentation, 
which directly affect the magnitude and phase of a meas 
ured signal. Whereas noise adds, gain error multiplies. 
Some of the major sources are the IF attenuator, RF con 
nectors, and switch repeatability errors. 

Actual  Relat ions 
Considering now what actually happens in the whole 

process, it can be seen that the effect of noise and gain 
error must be included in every measurement, while 
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errors in the calibration standards enter into their corre 
sponding measurements. Referring again to the six cali 
bration measurements, and using primes to indicate 
actual values: 
1) Instead of M, â€” e,,,,, the computer gets a value 

S Â « 0 1  

Here e, is the gain error, N, the noise, and S the reflection 
coefficient of the sliding load. S is not necessarily zero; the 
Z, of the line may not be exactly 50 ohms and the center- 
finding process is affected by noise. 
2) No standards are involved, so 

M,' = (\+e2)(e30+N,) 

3) The errors of the direct short itself turn out to be 
negligible, so 

4) The offset short reflection coefficient can be in error 
in both magnitude and phase, so 

5) and 6) No standards are involved, so 

M /  =  ( i + e j  f e o o - f / 2 2 / "  + N S )  

and Me' = 

These then are the actual measured values from which 
the computer derives the model parameters. Re-desig 
nating the computer quantities, with ideal quantities in 
parentheses: 

( e 0 0 )  L  =  M S  

( e *  J  R  =  

( e a i )  T  =  

Ts(M3'â€”MS) 

( \ + r s )  ( M S - M S )  ( M S - M S )  

Ts (MS-MS)  

( e 3 n )  L I  =  M '  

< e 2 2 )  R l  =  T  + % 7 ^ Â ¿ . ) R  

(e3s) Tl = (M,, '-M,r) (1â€”RRl) 

In the measurements on an unknown, gain error and noise 
enter again, so 

1) (e,m 

MTS=(l+eT1)(e3n 

MT2' = 

R,J (eon 

The correction then is made by solving for the s-param- 
eters, using these actual measured values and the actual 
stored values for the model parameters. The problem is to 
determine the possible error in the resulting calculated 
s-parameters. 
Problem Solution 

It can readily be seen that any attempt at a complete 
explicit solution is pointless since, while the maximum 
magnitudes of the various terms are known, their phases 
are, in general, quite unpredictable. Various approaches 
were taken involving the combining of random-phase 
terms in the root of the sum of the squares (RSS), or the 
assignment of phase in steps to different variables in turn. 
These were all felt very unsatisfactory, because of the 
interlocking and implicit relations between the terms and 
because there was no way of determining what the con 
fidence level was. 

Finally, it was decided to solve the problem statis 
tically, taking advantage of a computer-driven random- 
number generator. This is the technique that has resulted 
in the current accuracy specification. 

Each of the random-phase variables â€” the six model 
parameters and all the gain error and noise terms â€” is 
assigned a phase angle between 0 and 2- at random. The 
magnitudes of the parameters and the noise are assigned 
random values between an estimated minimum and the 
maximum allowed in production testing of the instru 
ments, while the gain error magnitude is the RSS of all the 
individual contributions. The desired input magnitudes of 
the s-parameters of the unknown are assigned in the de 
sired steps while their phases are also random. For con 
venience, s,, and Sjj have the same magnitude, while s21 
and s,L, are equal in both phase and magnitude. 

The whole process gone through by the 8542A is 
written into a general-purpose error-analysis program. 
Actual rather than ideal values are used in all calcula 
tions. This yields a set of calculated s-parameters which 
are compared with the input values to determine their 
errors. The entire calibration-measurement-correction- 
comparison process is carried out 100 times, new random 
magnitudes and angles being assigned each time. The 
errors in s,, and sju and in s21 and s,., are compared with 
previous errors and the maximum values are stored. At 
the end of 100 cycles, the 9 worst values are stored. The 
program then discards the 8 worst and prints out the 9th 
worst. Since sn and SJL. have the same nominal values, in 
effect there are 200 calculated values of the same quantity 
compared. Thus the worst 4% are discarded and the 
printed values correspond to a 96% confidence level. The 
same applies to s-., and sr,. 
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Results 
The advantages of this technique are that it gives re 

sults of predictable confidence level and that the con 
fidence level may be set at whatever value desired. A 
smoother set of data can readily be obtained by taking 
more samples. The curves of Fig. 2 show the complete 
results for the 8743A in the range from 2 to 12.4 GHz. 
These curves were obtained with the standard software 
averaging of from 2 to 12 measurements, depending on 
signal level. To reduce the effect of noise at low level, the 
programs may readily be modified to average more meas 
urements. The dotted curve in Fig. 2b was obtained by 
reducing the noise level by a factor of 10, corresponding 
to averaging 100 measurements. It shows the substantial 
improvement in accuracy to be expected. 

The results obtained with this technique apply to all 
8542A systems in general. A particular system at a given 
frequency may be consistently better or worse, since some 
errors taken as random in the general case are systematic 
in the individual case. However, this suggests the next 
logical step. Any user with the necessary equipment may 
determine his own system parameters and put these into 
the error-analysis program, substituting known magnitude 
and phase for random magnitude and phase wherever 
possible. The result after running this program will be 
an accuracy specification applying to that particular sys 
tem. The more variables thus processed the better the 
resulting specification. 

Acknowledgement  
The constant encouragement and assistance of Richard 
E. Hackborn are gratefully acknowledged. S 

B. P.  Hand 
Phi l  Hand has  been w i th  
Hewle t t -Packard  s ince  1947.  H is  
d e g r e e s  i n c l u d e  t h e  B a c h e l o r ' s  
in  EE f rom Santa  C lara  and 
the Master 's ,  a lso in  EE,  f rom 
S tan fo rd .  The  l i s t  o f  HP  
p roduc ts  t o  wh ich  he  has  made  
s ign i f i can t  con t r i bu t ions  i s  
l ong .  Among  o the r  m ic rowave  
p roduc t s ,  he  was  assoc ia ted  
w i th  the  430-ser ies  o f  power  
meters ,  and the  370,  375,  and 
382 a t tenuators  dur ing  the  
1950 's .  In  charge of  the 
H e w l e t t - P a c k a r d  M e a s u r e m e n t  

S tandards  Labora to ry  f rom 1957 to  1968,  he  recen t l y  was  
named  sen io r  t echn i ca l  spec ia l i s t  t o  t he  M ic rowave  
D iv i s ion .  An  au tho r i t y  and  a  pe r fo rmer  on  the  reco rde r  and  
o ther  anc ien t  mus ica l  ins t ruments ,  Ph i l  i s  a lso  an  
en thus ias t i c  w ine - tas te r  and  b i rd -wa tche r .  

Magnitude 
Error 

Â±.025 

Â±.020 

Â±.015 

Â±.010 

Â±.005 

2 - 1 2 . 4  G H z  
APC-7 Precision 7mm Connectors 

GPS2 Series Software 

0 .1  dB 

10 dB or More 

> Attenuation of Two-Port 

. 4  . 6  
|S , , | , |S22 |  

1.0 

Â±30 

Â±25 

Â±20 

Phase 
Error  Â±15 
Deg. 

Â±10 

Â±5 
.IdB 

10 dB or More 

. 4  . 6  
|Su l , |S22 l  

1.0 

Â±.60 

Â±.50 

M a g -  Â ± . 4 0  
nitude 
Error 

d B  Â ± . 3 0  

Â±.20 

Â±.10 

2 . 0 - 1 2 . 4  G H z  
APC-7 Connectors 

(GPS2) Series Software 

Â±4.0 

Â±3.0 

Phase 
Error 

Â±2.0 

Â±1.0 

10 2 0  3 0  4 0  
|S2,| . |S12|-dB 

50  60  

F i g .  2 .  C u r v e s  s h o w  c o m p l e t e  a c c u r a c y  r e s u l t s  f o r  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  S e t  i n  t h e  
r a n g e  2 . 0  t o  1 2 . 4  G H z .  D o t t e d  c u r v e  o f  F i g .  2 b  s h o w s  
i m p r o v e m e n t  i n  a c c u r a c y  o b t a i n e d  w h e n  n o i s e  i s  r e  
d u c e d  b y  a  t a c t o r  o f  1 0 .  

© Copr. 1949-1998 Hewlett-Packard Co.



Applications of the Automatic 
Network Analyzer 

By Brian Humphries 

T H E  P O W E R  O F  T H E  A U T O M A T I C  N E T W O R K  A N A L Y Z E R  

lies in its ability to characterize RF and microwave de 
vices completely, accurately, and rapidly, then to process 
and present the information in almost any way desired. 
The consequences of this power are perhaps best made 
evident with examples. 

Automat ic  Component  Pre- test ing 
A key ingredient in some recent advances in micro 

wave microcircuitry has been the ability of the automatic 
network analyzer to fully characterize both active and 
passive components before they are committed to final 
circuits. Some new, small, mechanically tuned oscillators 
for X and Ku bands use negative resistance devices such 
as Gunn or Impatt diodes in miniature cavities. It is pos 
sible to assure they will perform as desired by analyzing 
both the devices and the cavities before assembly. To 
make best use of each diode, one wants to know the fre 
quency range within which its impedance is negative real, 
and the bias current for optimum negative resistance. 
Measuring the diode's reflection coefficient in a 50-ohm 
system, as a function both of frequency and bias, gives 
the whole story. This fully reveals regions of potential 
instability, and of optimum behavior. It requires very 
many tests and calculations, which the automatic analyzer 
quickly and easily performs. The information can imme 
diately appear on a scope face, if desired, or a teleprinter 
will make a tabulated record. 

The analyzer also speeds the task of tuning the cavity 
to the desired frequency, and determining the impedance 
seen by the diode at resonance. The oscilloscope photo 
graph in Fig. 1 shows how the analyzer displays the real 
and imaginary parts of input impedance from 12.5 to 
18.0 GHz, with data displayed every 150 MHz. The in 

strument repeatedly sweeps the band, measuring reflec 
tion coefficient at each frequency. It continually calculates 
impedance and presents the information. The cavity now 
can be adjusted in real time, with full knowledge of the 
effect. 

F i g .  1 .  S c o p e  s h o w s  r e a l  a n d  i m a g i n a r y  c o m p o n e n t s  o f  
t u n i n g  c a v i t y  i m p e d a n c e .  R e s o n a n t  f r e q u e n c y  i s  e a s i l y  
d e t e r m i n e d ,  a s  i s  v a l u e  o f  i m p e d a n c e  a t  r e s o n a n c e .  
V e r t i c a l  s c a l e  + 4 0  t o  â € ” 4 0  n ,  h o r i z o n t a l  s c a l e  1 2 . 5  t o  
1 8 . 0  G H z  w i t h  o n e  d o t  f o r  e a c h  1 5 0  M H z .  

Automatic Testing for Production Control  
A recent hybrid microcircuit amplifier (HP 35005A) 

delivers 40 dB gain, Â±3 dB, across the band 0.1 to 
2.0 GHz. It would have been almost impossible to put 
it into production without the automatic analyzer's ability 
to provide process control information during the actual 
production cycle. The amplifier consists of four sections, 
each of two stages. The analyzer takes a full set of scat- 

2 0  
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tering parameters on each unpackaged transistor. These 
are then compared with acceptable limits. Transistors 
thus pre-screened are attached to a substrate containing 
the passive elements of a two-stage section. The ana 
lyzer then fully characterizes this subassembly, listing its 
s-parameters on a teleprinter. With this information the 
operator accepts or rejects the device. If the section is 
accepted, the analyzer then generates a punched paper 
tape of the information. As many as 97 of these records 
are now analyzed together on another computer to make 
an optimum sort of the entire lot, so groups of four may 
be combined to produce optimum yield of whole ampli 
fiers having the desired overall gain and flatness. 

Automatic Finished-product Analysis 
Fig. 3 shows the teleprinter output from a program 

that tests isolator/filters. The analyzer takes VSWR and 
isolation data, compares the data against preset limits 
and indicates an out-of-tolerance condition by printing 
an x in the appropriate column. The program can be in 
structed to select appropriately among the data, and print 
out only useful data for that and surrounding points. All 
the operator need do is answer 'Y' to the question, 'New 
meas?; comply with commands to connect the device, 
and enter the serial number of the unit to be tested. 

When equipped with an optional phase-locked signal 
source, for highest frequency precision, the analyzer is 
well suited to characterize narrow-band devices. The 

scope photos in Fig. 4 show how minutely the analyzer 
can examine a sharp filter (HP Model 536A Coaxial 
Frequency Meter). 

Frequency Domain to Time Domain Conversion 
Much of the analyzer's power is in the many possible 

mathematical operations by the system computer. With 
this the analyzer often can derive data which the hard 
ware cannot directly measure. Fig. 5 displays the output 
resulting from a program which measures reflection co 
efficient in the frequency domain, then converts the data 
into the time domain. The time domain information is 
related to distance, using known propagation velocity, 
and the results of an equivalent time domain impulse test 
are displayed on a scope. Here the measurement was of 
a strip-line transistor fixture connected to a 10-cm airline 
and terminated in a 50-ohm load. The power of the tech 
nique is such that one can realize resolution of the order 
of 1 cm and sensitivity of 0.001 in reflection coefficient. 
An added benefit of frequency domain testing is to ana 
lyze limited-band systems such as waveguide where time 
domain reflectometry has been impractical. 

Calculat ing Group Delay 
Group delay is given by the derivative of the transmis 

sion phase characteristic. All that is required to calculate 
group delay directly from measured phase information is 
a program which can approximate the slope of the trans 
mission phase curve. Fig. 6 shows such a measurement 
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G A I M S C D 3 )  

9 . 4 9  
1 1 . 1 8  
I  1  . 7 4  
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C K T  
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I f  g a i n  l i m i t s  a r e  f o u n d  t o  b e  
w i t h i n  s p e c i f i c a t i o n s ,  o p e r a t o r  
c o m m a n d s  s - p a r a m e t e r  d a t a  t o  
b e  p u n c h e d  o n  t a p e  t o r  o f f - l i n e  
analys is .  
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N E *  H E A S ?  Ã ¯  

C O N N E C T  J l  

C O V N F C T  J S  

P A L O  A L T O .  C A L I  F  

5Â»0 

Â«00 

s e e  
0 0 0  
5 0 0  

S 0 0  
0 0 0  

F i g .  3 .  P r i n t o u t  f r o m  a  p r o g r a m  
d e s i g n e d  f o r  h i g h - s p e e d  p r o  
d u c t i o n  t e s t i n g  o f  a n  i s o l a t o r /  
f i l t e r  c o m b i n a t i o n .  N o t e  t h e  d i f  
fe ren t  f requency  in te rva ls  above  
a n d  b e l o w  t h e  p a s s b a n d ,  a n d  
t h e  i n d i c a t i o n  o f  s p e c i f i c  p o i n t s  
o t  i n t e r e s t  w i t h i n  t h e  b a n d .  
S o f t w a r e  i n s t r u c t i o n s  s e l e c t e d  
o u t  t h e s e  s i g n i f i c a n t  p o i n t s  
f r o m  t h e  w e l t e r  o f  o t h e r  i n f o r  
mat ion .  
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F i g .  4 .  T r a n s m i s s i o n  a n d  r e f l e c t i o n  c h a r a c t e r i s t i c s  o f  
s h a r p  f i l t e r  ( H P  M o d e l  5 3 6 A  F r e q u e n c y  M e t e r ) .  C u r v e  o f  
t r a n s m i s s i o n  m a g n i t u d e  ( a b o v e ,  l e f t )  i s  c e n t e r e d  o n  
3  G H z ,  v e r t i c a l  s c a l e  0 . 4  d B  I  d i v i s i o n .  T r a n s m i s s i o n  
p h a s e  c h a r a c t e r i s t i c  ( a b o v e ,  r i g h t )  i s  s h o w n  a t  2 Â ° / d i v .  
M a g n i t u d e  ( l o w e r  l e f t )  a n d  p h a s e  ( l o w e r  r i g h t )  o f  r e f l e c  
t i o n  c o e f f i c i e n t s  a r e  s h o w n .  S c a l e  f a c t o r  f o r  m a g n i t u d e  
i s  0 .025 /d i v ,  and  fo r  phase  20Â° /d i v .  

for a 20 cm airline. Theoretical value for an ideal line is 
0.66 ns. Good agreement with measured data is evident. 

Conclusion 
It has been possible here to indicate only broadly, by 

these few examples, what sort of problems the automatic 
network analyzer can efficiently solve. Among the many 
who have contributed application information to us, Mr. 
Ed Oxner of Intradyne Systems, Inc. is due particular 
thanks, Â£ 

F i g .  5 .  R e f l e c t i o n  c o e f f i c i e n t  a s  a  f u n c t i o n  o f  d i s t a n c e  
f o r  a  s t r i p l i n e  t r a n s i s t o r  f i x t u r e  f e d  t h r o u g h  a  1 0  c m  a i r  
l i n e .  F u l l  s c a l e  r e f l e c t i o n  i s  0 . 0 6 2 5 .  F u l l  s c a l e  d i s t a n c e  
i s  6 0  c m .  
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F i g .  6 .  G r o u p  d e l a y  o f  a  2 0  c m  a i r l i n e .  T h e  m e a s u r e m e n t  
w a s  m a d e  b e t w e e n  8 0 0 0  a n d  1 0 , 0 0 0  M H z .  T h e  s c a l e  
f a c t o r  i s  0 . 2 5  n s / d i v .  T h e  t h e o r e t i c a l  v a l u e  o f  g r o u p  
d e l a y  f o r  a n  i d e a l  l i n e  i s  0 . 6 6  n s .  i n  Pa lo  A l to .  He main ta ins  

B r i a n  A .  H u m p h r i e s  
Br ian  Humphr ies  i s  a  na t i ve  o f  
Eng land .  H i s  deg ree  i s  t ha t  
r a r i t y ,  a  BSc .  B r i an  t ook  i t  f r om 
Leeds Univers i ty  in  1959.  
A f te r  a  year ' s  g radua te  
app ren t i cesh ip  a t  Assoc ia ted  
E lec t r i ca l  I ndus t r i es  (Rugby ,  
Eng land) ,  he  jo ined HP's  U.K.  
ac t i v i t y ,  then  in  Bed fo rd .  
Success ive  ass ignments  in  f i e ld  
e n g i n e e r i n g  a n d  s a l e s  
managemen t  l ed  h im  even tua l l y  
to  h is  p resent  pos i t ion  as  
Sys tems  Marke t i ng  Manage r  f o r  
t he  HP  M ic rowave  D i v i s i on ,  

membersh ip  in  the  Br i t i sh  IEE.  

S P E C I F I C A T I O N S  
H P  M o d e l  8 5 4 2 A  

A u t o m a t i c  N e t w o r k  A n a l y z e r  

A V A I L A B L E  C O N F I G U R A T I O N S  A N D  C A P A B I L I T I E S  

R F  S T I M U L U S  O P T I O N S  
STANDARD SIGNAL SOURCE 

P lug- in  osc i l la to r  cover ing  0 .11-12 .4  GHz w i th  th ree  r f  un i ts .  Ana 
lyzer  ava i lab le  w i th  one,  two,  o r  th ree  r f  un i ts  to  cover  par t  o r  a l l  
o f  r ange .  Au toma t i c  f r equency  se t t i ng  Â±0 .25% +  10  MHz .  Max .  
ou tpu t  power  a t  l eas t  0  dBm,  0 .11  to  4 .0  GHz,  a t  l eas t  +10  dBm,  
4  t o  1 2 . 4  G H z .  B r o a d b a n d  p o w e r  l e v e l i n g  a n d  a u t o m a t i c  b a n d  
select ion in mul t i -band vers ions.  

FREQUENCY-STABILIZED SIGNAL SOURCE 
Uses  modu les  f rom Standard  source  and incorpora tes  Frequency  
Syn thes i ze r  as  p rec i s i on  f r equency  re fe rence .  Resu l t i ng  sou rce  
h a s  f r e q u e n c y  a c c u r a c y  Â ± 1  p a r t  i n  1 0 &  +  5  k H z .  F r e q u e n c y -  
s tab i l i zed  source  ava i l ab le  w i th  fou r th  r f  un i t  t o  ex tend  Ana lyze r  
coverage to 18.0 GHz.  

D C  S T I M U L U S  O P T I O N  
DC BIAS SUPPLY 

Programmable,  dual-output  power supply provides Â±30 V Â±0.5 A 
output  etc.  b ias t ransistors,  d iodes,  sol id-state ampl i f iers,  etc.  

M E A S U R E M E N T  O P T I O N S  
NETWORK ANALYZER 

Two  channe l s  ( r e fe rence  and  t es t ) .  Makes  amp l i t ude  and  phase  
measurements  f rom 0.11 to  12.4 GHz (18.0 GHz opt ional )  to  deter  
mine both re f lec t ion and t ransmiss ion coef f ic ients  o f  dev ice under  
t e s t .  d i g i t i z e  i n t e g r a t i n g  a n a l o g - t o - d i g i t a l  c o n v e r t e r  t o  d i g i t i z e  
m e a s u r e d  i n f o r m a t i o n  f o r  d a t a  m a n i p u l a t i o n  i n  t h e  C o n t r o l  a n d  
D ig i ta l  P rocessor  Sub-sys tem,  and  CRT readout  dev ices  fo r  bo th  
corrected and uncorrected displays.  

TEST SETS 
Pass i ve  I ns t r umen ts  se l ec t i ve l y  f eed  p rope r  s i gna l s  t o  Ne two rk  
Analyzer to determine both ref lect ion and t ransmission coef f ic ients 
o f  t w o - p o r t  n e t w o r k  u n d e r  t e s t .  C o n t a i n  b r o a d b a n d  d i r e c t i o n a l  
c o u p l e r s ,  c a l i b r a t e d  l i n e  s t r e t c h e r ,  a n d  a n  a r r a y  o f  m i c r o w a v e  
sw i t ches .  Tes t  se t s  ava i l ab l e :  one  f o r  f r equency  r ange  0 .11 -2 .0  
GHz,  one for  range 2 .0-18.0  GHz.  Under  normal  sys tem conf igura  
t i o n s ,  p o w e r  i n c i d e n t  o n  d e v i c e  u n d e r  t e s t  c a n  t y p i c a l l y  b e  s e t  
m a n u a l l y  a n y w h e r e  b e t w e e n  - 2 6  a n d  - 2  d B m  i n  t h e  r a n g e  0 . 1 1  
to  2 .0  GHz ,  and  be tween  -34  and  â€ ”14  dBm in  t he  range  2 .0  t o  
18.0 GHz. 

Trans is tor  f i x tures  ava i lab le  to  measure TO-18 (TO-72)  and TO-5 
(TO-12 )  packaged  dev i ces  f r om 0 .11  t o  2 .0  GHz .  Accommoda te  
s tandard  lead conf igura t ions  w i thout  need to  cu t  leads.  
B ias  Inser t ion networks,  50ÃÃ,  app ly  dc  to  tes t  dev ice v ia  center  
conductors  o f  input  and/or  output  coax ia l  t ransmiss ion l ines.  Two 
d i f fe ren t  b ias  tees  ava i lab le ,  one  cover ing  0 .1 -3 .0  GHz,  ano ther  
covering 1.0-12.4 GHz. 

CALIBRATION EQUIPMENT 
Cal ibrat ion programs suppl ied wi th  8452A Automat ic  Network Ana 
lyzers require a set  of  s tandards for  g iven connector  type (APC-7,  
N ,  OSM,  GR-900 )  o r  wavegu ide  s i ze .  Each  bas i c  ca l i b ra t i on  k i t  
conta ins s tandards common to  ent i re  f requency range covered by 
tha t  connec to r  o r  wavegu ide  s ize .  Add i t i ona l  s tandards  requ i red  
In speci f ic f requency ranges are separately avai lable.  

C O N T R O L  A N D  D I G I T A L  P R O C E S S I N G  O P T I O N S  
INSTRUMENTATION COMPUTERS 

Choice of Model 2114B (B, 192-word, stored-program computer with 
seven  I /O  channe l s ,  expandab le  t o  24 )  o r  Mode l  2116B  (8 ,192 -  
word  s to red-program computer ,  w i th  16 ,384-word  op t ion ,  s ix teen 
I /O channels,  expandable to 48.  High-speed punched tape input  is  
s tandard  w i th  each  compute r .  Op t iona l  memory  expans ion :  bo th  
magnet ic  tape and d isc memory per iphera ls  are avai lab le.  

I N P U T / O U T P U T  O P T I O N S  
TELEPRINTERS 

Model  2572A (modi f ied ASR-33) for  systems where te lepr inter  use 
is 5 hours per day or less; for heavier duty,  Model 2754B (modif ied 
ASR-35) is avai lable. 

P U N C H E D  T A P E  O U T P U T  
1 2 0  c h a r a c t e r / s e c o n d  t a p e  p u n c h ,  r e c o m m e n d e d  f o r  s y s t e m s  
e x p e c t e d  t o  d e l i v e r  c o n s i d e r a b l e  h a r d - c o p y  o u t p u t  o r  w h e r e  
FORTRAN is  an t i c ipa ted  to  mod i fy  s tandard  so f tware .  (Bo th  te le  
p r i n t e r s  h a v e  p u n c h e d  t a p e  o u t p u t  o f  m o r e  l i m i t e d  s p e e d  a n d  
format.) 

OSCILLOSCOPE 
M e a s u r e m e n t  s u b s y s t e m  i n c l u d e s  C R T  d i s p l a y  o f  p o l a r  o r  r e c  
tangu la r  p lo t s ,  co r rec ted  o r  unco r rec ted ,  i n  usua l  s i ze  sc reens .  
Large-screen scope, readable at  d istances up to 10 feet ,  opt ional .  

X-Y PLOTTER 
Opt iona l  X -Y  po in t  p lo t te r  makes  hard  copy  rep l i cas ,  up  to  11"  x  
17" ,  o f  can osc i l loscope d isp lay .  Typ ica l ly  a  50-po in t  d isp lay  can 
be  t rans fe r red  in  less  than  15  seconds ,  i nc lud ing  a lpha /numer ic  
labels. 
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