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Introduction

Power measurements made under automatic control offer
new flexibility, speed, and accuracy. Naturally, the straight-
forward power measurements of sources, transmitters, and
amplifiers first come to mind. But other important and
difficult measurements, such as power sensor calibration
factor and high-accuracy attenuation measurements can
also be made.

The purpose of this note is to facilitate and expand the
usefulness of automatic power meters — especially the HP
436A Power Meter using the HP Interface Bus (HP-IB)®.
The note is divided into three independent sections. There
is no reason that Section I needs to be read before Section
IT or Section II before Section III.

Section I is a comprehensive treatment about program-
ming the 436A Power Meter. This section is not needed by
the person who operates the systems but only by the pro-
grammer. Example subroutines are given for zero-setting
and making accurate measurements in optimum time. The
discussion of these subroutines, of triggering power meters,
and of some subtle aspects of automatic power meters will
help eliminate the practice, that some programmers have,
of unnecessarily throwing away several power meter read-
ings before considering one as valid.

Section II describes a ready-to-run system for accurate
and broad-range attenuation measurements. No program-
ming is necessary to use the system, but the programs can
be easily modified for tailoring the output format or plot-
ting the results. The components of the system are of the
general purpose type and likely to be around many meas-
urement facilities. The accuracy of the measurement sys-
tem results from the low SWR of modern power sensors.
Small reflections from the power sensor mean small re-
reflections from the device under test—thereby decreasing
the uncertainty in attenuation measurements. (Most people
are surprised when they realize that the reflections from
good power sensors are already so low that, when a coaxial
attenuator is used to pad the reflection, the reflection coeffi-
cient usually gets larger—not smaller.) To get higher accu-
racy than this systems gives, skilled personnel would have
to adjust reflections to zero, on a frequency by frequency
basis—an expensive, time consuming process with poor
repeatability.

The broad range of attenuation values that can be meas-
ured (0 to at least 65 dB and often 80 dB), results from
being able to program generator output power. Here the
automatic system is valuable because the procedure for
setting the proper generator level is too tedious and in-
volved for repeated, mistake-free manual operation.

Section III of this note discusses the automatic calibra-
tion of power sensors. The programs are ready-to-run and
use substantially the same equipment as the attenuation
measurement system in Section II. With this measurement
technique, power sensors can be calibrated without an
expensive automatic network analyzer or without the spe-
cial equipment and skilled personnel at a few of the na-
tional calibration laboratories of the world. Sending power
sensors to such laboratories is usually expensive and often
time consuming, especially if international boundaries must
be crossed. Now local calibration can be performed on a
routine basis to correct for aging effects or to detect con-
nector wear and other damage. One big advantage of this
system is that it is useful for other measurements, such as
the attenuation and reflection coeflicient measurements de-
scribed in Section II. A very comprehensive analysis of
measurement uncertainty is included in Section III.

The programs and examples shown in this note are not
the only way of accomplishing a specific goal. They are the
result of some programming experience and may be used to
increase the effective experience level of the newcomer to
automatic power measurements. The best way of accom-
plishing a specific measurement is usually a matter of judg-
ment. Factors that often enter into the judgment of a
program’s effectiveness include execution speed, measure-
ment accuracy, ease of running the program, and the con-
ciseness and simplicity of the program code. The programs
and examples used here are believed to satisfy a broad
range of measurement objectives.

* HP-IB is Hewlett-Packard’s implementation of JEEE Standard 488-1975.
A copy of this standard can be ordered from the IEEE Standard’s Office,
345 East 47th Street, New York, N.Y. 10017. Adequate information for
programming instruments is usually found in the appropriate instrument
and computer manuals that operate on the HP-IB.




L. General Programming Considerations

for the HP 436A Power Meter

Before writing extensive programs that use an instru-
ment like the HP 436A Power Meter, the programmer
should be familiar with the operation of the instrument as
explained in the instrument manual. Then Figure 1-1 can
be used as a convenient reference for remote operation of
the 436A. Figure 1-1(a) shows the commands used to con-
trol the 436A when it is a “listener” ¥ on the bus. The
436A will respond to most other characters in various ways;
therefore, care should be exercised in formating messages
to the 436A to assure that extra characters are not trans-
mitted. Figure 1-1(b) is a guide for interpreting the data
string from the 436A when it is the “talker” on the bus.
Figure 1-1(c) shows the response time of the analog circuits
of the 436A.

When the 436A Power Meter is first turned on, it is in
manual (local) operation and its mode (watts, dBm, etc.) is
determined by the front panel controls. The 436A goes into
remote operation by first receiving a “remote” message on
the bus and then being addressed as a listener. The factory-
set listen address is “M” and the talk address is “—” (the
5 bit decimal code is 13). The procedure for changing the
address is in the 436A Operating and Service Manual.

It is impossible to discuss all the measurement situations
that may arise or to anticipate the questions a programmer
may have about automatic power measurements.. Searching
for an answer by finding the proper document or by send-
ing the question through a chain of people, is often time
consuming, expensive, and frustrating. The answer as to
whether or not something works is often best found by
experimenting with a short program. This is especially con-
venient with desktop computers that use an interpretive
language like BASIC or HPL.

Several aspects of using the HP 436A Power Meter, es-
pecially for automatic power measurements, will now be
discussed.

Zero-Setting

When considering automatic power measurements, the
question arises “How often should the power meter be
zero-set?” The essential rule for when to zero-set is: The
power meter should be zero-set whenever the meter indica-
tion, for no applied RF power, is suspected of being in
error. By gaining experience in several applications, each

programmer will interpret this rule in the form of several
recommendations that apply to the measurement environ-
ments he encounters.

The importance of being accurately zero-set is much
more critical when measuring powers on the lower ranges
of the power meter. A zero that reads 5 percent up scale on
the most sensitive range, for example, causes a 50 percent
error for a reading that is 10 percent up scale, a 5 percent
error for a full-scale reading, and a 0.5 percent error for a
reading that is 10 dB above full scale of the most sensitive
range. If operation is only on the upper ranges of a power
meter, frequent resetting of the power meter zero is seldom
necessary.

The primary cause of zero-set drift is that the power
sensing element experiences a temperature change or tem-
perature gradient since the last zero-setting. Likely sources
of temperature change include atmospheric changes, ther-
mal conduction down the RF transmission line, and sources
of heat near the power sensing element.

A sample set of recommendations about zero-setting
from the above discussion is:

(1) After moving the power sensor to a new RF port,
significant thermal gradients near the sensor are
likely to exist. It is usually necessary to wait at least
two minutes before zero-setting and measuring.

(2) In a steady environment and after one hour of
operation, zero-setting every ten minutes is usually
adequate. During the first hour of operation zero-
setting may be necessary every minute or two.

(3) If accurate readings are desired on the most sensi-
tive range of the power meter, zero-setting should
be done every two minutes or so.

The answer to the question, “On what range should the
power meter be zero-set? is to zero on the most sensitive
range. Some power meter operators, in an attempt to
eliminate zero-carryover errors from one range to another,
zero-set on the range of measurement. With the HP 436A
Power Meter, as well as with the HP 432A and 435A
Power Meters, this practice is not recommended. The

* The specific method of sending various messages such as remote, local,
device clear, talk, and listen can be found in the manuals of the com-
puter being used.




(a) (b)
Input Program Codes Output Data String
Program Codes Character
Function Definition
ASCIl Decimal AScCll Decimal

Range Measured value valid P 80

Least sensitive 5 53 Watts Mode under Range Q 81
4 52 Over Range R 82
3 51 Under Range dBm or dB S 83
2 50 [REL] Mode

Most sensitive 1 49 Power Sensor Auto Zero T 84

Auto 9 57 S Loop Enabled; Range 1

MODE Z Undgr Range (normal for auto
Watt A 65 zeroing on Range 1)

T | Power Sensor Auto Zero Loop 9] 85
dB (Rel) B 66 U Enabled; Not Range 1, Under
dB [Ref] c 67 s avied; ge %,
dBm D 68 Bange (normal for auto zero-
Sensor auto-zero Z 90 ing on Range 2-5)
Power Sensor Auto Zero Loop \ 86

CAL FACTOR Enabled Over Range (error
Disable (100%) + 43 condition—RF power applied
Enable (front-panei — 45 to Power Sensor; should

switch setting) not be)

Measurement Rate R | Most Sensitive 1 | 73
Hold H 72 A 2 J 74
Trigger with settling time T 84 N 3 K 75
Trigger, immediate | 73 G 4 L 76
Free Run at maximum rate R 82 E | Least Sensitive 5 M 77
Free Run with settling time \Y 86 M | watt A 65

O | dB REL B 66
D | dB REF (switch pressed) C 67
E | dBm D 68
s
1 | space (-H SP 32
(©) G | — (minus) — 45
N
0 0 48
Power Meter Response Curve {Settling Time for Analog Circuits) 1 1 49
100 - 2 2 50
- D 3 3 51
90 é 4 4 52
80 i 1 5 5 53
L T 6 6 54
70 7 7 55
r 8 8 56
60 9 9 57
= L
g 50—
40—
30 b QUTPUT DATA MESSAGE FCRMAT:
- Sign of ) Decimal Measured
| o0l— e e oy s o oq) Value Multptier: i
i 10 ﬁmg‘égﬁ‘qlolilzlsl4‘5’6[7[8[9|1o|11l1zl13J
0¥t ' | i T L ) 1 ) %
mawce 19 13 % 45 27 g g w8 i 234l Statws  Mode Voo T | flways Minus et —Alays
3-5 0 .01 02 .03 .04 .05 .06 07 08 .09 0.1 0 .01 02 .03 .04 .05 06 .07 08 .09 0.1 (4 Digits) gn “CR LF

Time in Seconds

Always letter “E"

Figure 1-1. Reference data for operation of the 436A Power Meter on HP-IB.
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zero-carryover for these power meters is typically much
less than the data sheet specification. Furthermore, the
auto-zero circuits operate more satisfactorily on the most
sensitive range.

Most of the programs that follow contain the several
steps of zero-setting a power meter. The proper sequence
is: (1) turn the RF power “off”, (2) continue to auto-zero
until the meter reading is effectively zero, (3) remove the
auto-zero function by programming the power meter to
the Watts or dBm mode, and (4) before applying RF
power, be sure the power meter is no longer in the auto-
zero mode. This last step is extremely important. The 436A
auto-zero circuits continue to operate for about four sec-
onds after another mode is programmed. If any power
enters the sensor during this time, including transients,
the remaining power meter readings will be in error.

Noise, Bandwidth, and Settling Time

Although smaller power levels can be measured now
than ever before, power measurements at low levels are
limited by noise. The HP 8484A Power Sensor, for exam-
ple, measures as low as —70 dBm over the 10 MHz to 18
GHz frequency range. The thermal noise power available
from a transmission line termination at room temperature
over that frequency range is about —71 dBm. Thus power
measurements at the most sensitive levels are somewhat
obscured by noise.

The IEEE Standards Committee has recommended that
power meter noise be defined as the peak change of a
power meter reading over any one-minute interval. The
HP 8484A Power Sensor typically has about 20 pW of
peak noise over any one-minute interval. When small signal
levels are measured in dBm, the uncertainty in dB varies
with level. For 20 pW variations, the variation in dB is
shown in the upper part of Figure 1-2. The HP 8481A
Power Sensor typically has about 40 nW of peak noise
over any one-minute interval. For 40 nW variations, the
dB uncertainty when making a dBm measurement is shown
in the lower part of Figure 1-2.

Noise should not be confused with drift. Drift is often
due to temperature effects and tends to be in a consistent
direction at a somewhat uniform rate. The effects of drift
can be removed by zero-setting the power meter.

Noise is a random phenomenon, equally likely to cause
a reading to be high or low. It is sometimes said that the
noise level can be effectively lowered by averaging a num-

ber of readings. The statistical principle is that the stand-
ard deviation of a population of readings should decrease
as the square root of the number of readings. Unfortu-
nately, the principle does not always apply to power
measurements. In several sets of experiments conducted

HP 8484A Power Sensor
+1.0 !

Noise Power = 20 pW

Deviation {dB}
o

—-1.0

—50
True Signal Power {dBm)
HP 8481A Power Sensor
0.2
[T
L ’%’6 Peak Noise Power = 40 nW
01
@ F
=
= L
g °T
3 L
Q
—0.1
—-0.2
-10

True Signal Power {dBm)

Figure 1-2. Typical excursion of the indicated power out-
put in dBm from the true signal level due to the presence
of noise for the HP 8484A Power Sensor (top), and the
HP 8481A Power Sensor (bottom).




at Hewlett-Packard, the standard deviation was sub-
stantially the same, whether two readings were averaged or
whether fifty readings were averaged. The readings were
taken one second apart,

One explanation for the lack of noise level improvement
by averaging is that a second noise limit has been
reached—the flicker noise, or 1/f noise, of the electronic
circuits. Flicker noise has the property that the noise
voltage increases as the frequency of observation de-
creases. When more and more power-meter readings are
averaged, the total observation time is increased. This
means that the low frequency limit of the measurement
bandwidth is decreased—resulting in an increase in the
effective noise level. The increased noise level with obser-
vation time tends to offset the decrease in effective noise
level due to averaging. If this is the proper explanation,
then power measurements are limited by two different
noise phenomena simultaneously: (1) the thermal noise
generated by the power sensor, and (2) the flicker noise
associated with the circuitry for metering the power sensor
output.

The bandwidth of the electronic circuits also affects the
noise level. If the observations of the detector output are
made over a narrow bandwidth, then less noise is trans-
ferred and smaller signal powers can be measured without
being obscured by noise. But a narrow bandwidth implies
a long response time. The 436A Power Meter has avail-
able an internally generated delay that helps to assure
that enough time has elapsed for the reading to be stable.
On all ranges of the power meter, except the most sensi-
tive range that will be discussed separately, the internal
delay time is enough to assure that each power meter read-
ing has settled to within 1 percent of its final value. The
programmer should use the internal delay because it leads
to simple programs.

On the most sensitive range the 0 to 99 percent response
time is about ten seconds but the internal delay time is
only about one second. A simple, but sometimes unneces-
sarily time consuming, method of assuring that each read-
ing is within 1 percent of its final value is to first sense
whether the power meter is on the most sensitive range.
If it is, wait ten seconds before making a reading.

A second method is to make several power meter read-
ings and not consider them as settled until they are the
same. Waiting for two low-level readings to be the same
has its own problems. One problem is that because of
noise, the probability of two successive readings being
identical on the most sensitive range is small—too long a
measurement time is needed. This excessive time can be
reduced considerably by continuing to take readings until
successive readings are within 0.05 dB (+1.2 percent) of
each other. An additional problem is that in the dBm
mode, the under-range limit of ~70 dBm could be sent
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out for several successive readings, even though the final
reading will be considerably up-scale. The testing of two
successive power meter readings should accommodate this
possibility—it does in the sample programs that follow.

Kinds of Triggers

A feature available via remote programming is selection
of standby, triggered, or free-running operation of the
436A Power Meter. The specific capabilities are:

(a) Hold (H). When programmed to hold, the power
meter is inhibited from taking measurements.

(b) Trigger immediate (). This programming command
directs the power meter to make one measurement
and output the data in the minimum possible time.
It then goes into HOLD until the next trigger com-
mand is received.

(c) Trigger with delay (T). This programming command
is identical to the “I” command except that this
command causes the power meter to delay taking
the measurement by an internally generated time.
The delay time is sufficient to assure that the power
meter has settled to within 1 percent of its final
reading before outputting data on all but the most
sensitive range. Programming for the most sensitive
range requires proper wait times or the testing of
successive readings.

(d) Free run at maximum rate (R). This command is
used for asynchronous operation. It directs the pow-
er meter to continuously take measurements and
output data in the minimum possible time. It does
not allow for settling time prior to measurement.

(e) Free run with delay (V). This command is like the
“R” command except that it causes the power meter
to delay taking each measurement by the internally
generated time explained above for the “T” com-
mand.

A flow chart of the measurement sequences of the 436A
Power Meter is shown in Figure 1-3. Many programming
difficulties can be avoided through an understanding of
Figure 1-3. The measurement sequence can be thought of
as consisting of four parts: (1) Configure, (2) Delay, (3)
Analog-to-Digital Conversion, and (4) Data Output.

(1) Configure. Unless in a free-run state, the power
meter stays in the REMOTE/HOLD loop until a trigger is




received. The power meter then adjusts itself as necessary,
to assure that it is configured according to the last received
instruction. It then proceeds to the Delay portion of the
measurement sequence. If the power meter receives new
configuration instructions after passing into the Delay
portion of the sequence but before the Output portion of
the sequence, the first output of data will be according to
the old configuration instructions. This possibility is
avoided by using the “T” and “I” trigger just before each
measurement,

(2) Delay, During the Delay part of the sequence, the
power meter initializes circuits to make a new analog-to-
digital (A to D) conversion. These preparations take 17 ms
(in the WATTS mode) or 33 ms (in the dBm mode) even
if no delay is programmed. If delay is programmed, the
preparations for A to D conversion are made while the
delay clock is running.

(3) A to D Conversion. The conversion takes 35 to 53
ms depending on what portion of the measurement range
the meter reading falls. In the dB relative mode, an addi-
tional 70 ms is needed for measurement.

(4) Output. If the power meter is assigned to talk on the
bus, it will output its data to the assigned listeners. If
no other instruments on the bus are ready to receive data,
but the 436A is the assigned talker, the 436A keeps going
around the TALK/BUS READY loop at the bottom-right
of Figure 1-3. The fact that the power meter will keep
going around the TALK/BUS READY loop could be a
source of difficulty to the unsuspecting user. What some-
times happens is that a program is halted before the data
is read. But the power meter keeps waiting for a listener
and will not take a new reading. The power meter appears
locked-up to the operator. There are several ways of exiting
the TALK/BUS READY loop. The first is to make some
other instrument the talker on the bus, then the power
meter will exit the loop because the answer to “TALKP” is
“NO”. A second method is to send the “Abort” message
or the “Clear” message over the interface bus. A third
method is to push the power meter line switch to OFF and
then ON again; the power meter always comes ON in the
manual mode.

It should be pointed out that the 436A will respond to
a command to send its data on the bus even if it is not in
remote operation. The TALK decision at the bottom of
the flow chart in Figure 1-3 is always made, even in local
operation. This means the 436A can be in the TALK/BUS
READY loop even if the REMOTE light on the front panel
is extinguished. In this state the front panel appears
“locked out.” The solution is one of the following: read the
data on the bus, assign some other instrument on the bus
as the talker, send the “Clear” message, or turn the power
meter OFF and then ON again.

CONFIGURE
Configure per Configure per
program front panel
A
~
P DELAY
Watts?
R1,R2
1070 ms
R3, R4, R5
133 ms
< N
Measure

35-53 ms Change range
R1, R2

1070 ms
R3, R4, RS
133 ms

ATOD
CONVERSION

DATA
OUTPUT

Output data

Figure 1-3. 436A operating program and measurement tim-
ing flow chart (simplified).




The top of Figure 1-4 shows an example of difficulty
from not understanding the flow chart of Figure 1-3. The
goal is to make one dBm reading of power, then two
readings in watts. The program is written for the HP
9825A Desktop Computer. In LINE 1, the power meter
is programmed to read in dBm under free-run trigger with
delay. In LINE 2, the power meter is read and the result
is printed on the line printer. While the wait of LINE 3
is going on, the 436A proceeds to take the next reading.
After the new measurement, the 436A is still the talker
but there is no listener, so the 436A remains in the TALK/
BUS READY loop at the bottom of Figure 1-3. In LINE 4,
the calculator takes over as talker. As soon as that happens,
even before the entire “9A+V” message is received by the
power meter, the power meter begins another measure-
ment sequence. The new “OA+V” message was not totally
received, so the new measurement will be in the old
“OD+V” mode of operation. By the time the 436A
internal delay elapses, the computer is in LINE 5 and
the power meter is again the assigned talker. When the
data is ready, it is sent to the calculator and then printed.
Note that the second set of data is in dBm as indicated by
the “D” in the output string. The next reading is finally in
absolute watts as desired.
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Vi oend

As colr
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43 urt,

S ored g RF

&1 wrt "TU red V1ZsHFESwrT S AE
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Figure 1-4. (Top) An example of a program and its output
that performs differently than the programmer’s intention.
The second reading was meant to be in watts but it is in
dBm. (Bottom) A proper way to make the measurement
intended.
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An easy method of preventing such undesired readings
is to use triggered operations (T or I) as shown in the lower
part of Figure 1-4. Then the power meter will hold in the
REMOTE/HOLD loop at the beginning of the measure-
ment sequence. Now the new mode of operation will be
received before the trigger (providing the trigger is the
last character transmitted) and the measurement will be
made in the desired way. A second method is to read the
power meter one extra time, throwing away the first read-
ing after each program change to the power meter.

When operating the 436A with either the T or I mode
of triggering, it is very important to precede each attempt
to read the power meter with a trigger. Attempting to
read the power meter when there is no corresponding
trigger, will often tie-up the interface bus so it is difficult
for anything else to become the talker on the bus. One
solution is to turn the power meter OFF and then ON
again,

Power Meter Subroutines

Measurements under computer control are almost always
a set of measurements. Each measurement usually consists
of a sequence of instructions and responses that are made
several times during the program. A process that can be
accessed repetitively from several parts of a program is
often called a subroutine.

Subroutines for making measurements with the 436A
Power Meter and for zero-setting are included here. Other
subroutines can be found in the latest instrument manual
and within the measurement programs that follow. The
subroutines are different because they are individualized
according to the application and the preferences of the
programmer. One reason for having such a selection is
to give potential programmers of power meters a lot of
experience in a short time. A detailed study of each sub-
routine will likely answer some questions that the new
programmer of power meters is not likely to think of.

The dBm mode of operation is preferred in the follow-
ing programs. One advantage is that, for a broad range of
powers, it is easy to format print statements with two
decimal places and to plot graphs without being compli-
cated by the use of such exponential prefixes as milliwatts,
microwatts, and nanowatts. Furthermore, the inevitable
* half-count uncertainty from digitizing is =0.005 dB or
*0.12 percent of the power while reading in the dBm
mode. In absolute watts the percent error from the =*
half-count uncertainty depends on the reading. The main
penalty for making measurements in dBm is an additional
16 ms measurement time if the internal delay is not used.
The use of the dB relative mode for computer based sys-




tems is not advised because it is easy, usually faster, and
essentially as accurate to calculate the difference between
two dBm readings.

Trigger with delay (T) is also preferred in the following
subroutines. The advantage of using internal delay is that,
except on the most sensitive range, the first reading re-
turned is always proper within at least 1 percent of the
final reading due to power meter response time. If internal
delay were not used, additional software would be needed
to make at least two measurements and then test those
measurements to make sure that the power meter reading
had stabilized. The increased time it takes to use the
internal delay is usually a small percentage of the total
test time and is felt to be worth the simplicity of the pro-
grams in most cases. The advantage of using triggered as
opposed to free-run operation is that in free-run the re-
turned reading can sometimes be an obsolete reading as
discussed above. The one possible disadvantage of trig-
gered operation is that the power meter will not begin to
change its range until the trigger occurs.

The CAL FACTOR dial of the 436A is disabled in these
routines because the frequency range is likely to be so
broad that no single setting is appropriate. The correction

for CAL FACTOR can be made in software as necessary
and interpolated between the frequencies where the cali-
bration factor is known.

Flow Charts

Flow charts for two widely used subroutines are shown
in Figure 1-5. The zero-setting subroutine assumes that
the RF power has already been turned OFE before the
subroutine is called. It furthermore assumes that the power
will be turned back ON only after the zero-setting subrou-
tine is completed. Besides zero-setting, this routine also
places the 436A Power Meter in the dBm mode of opera-
tion and disables the CAL FACTOR switch for remote
operation.

Several parts of the flow diagram require special com-
ment. There is no advantage in using the internal delay
when triggering the 436A during the zeroing operation
because each measurement is tested anyway. With the
immediate trigger, there is a possibility of saving one sec-
ond of elapsed time. When in automatic operation with

q Start ’

Set 436A:
Auto zero
Most sensitive range
immediate trigger

1

Read 436A:
4 digits only

Reading >2? Y

Set 436A:
dBm
Auto range
Cal factor disable
Immediate trigger

'

Read 436A:
{1st character)

Trigger 436 A with delay
Read 436A

436A .
on most sensitive »

436A
“u Underrange?

[ Wait 4 seconds J

i
Y.

Set-up a counter for 1 to 9

|

v

Trigger 436A with delay
Read 436A

7 Last two™
€ readings within
“ 0.05 dB?

N

4
( Return last readingy

Figure 1-5. Flow chart of subroutines for zero-setting the 436A and for making a measurement.
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HP-IB, the only way to remove the power meter from the
auto-zero mode is to program it to another mode—in this
case to dBm. Even then, the power meter will continue to
zero for about another four seconds. If RF power is applied
during that four seconds or if transients. occur, the 436A
will attempt to auto-zero with that power applied and
cause an erroneous zero-set. To protect from premature
application of power, the power meter is kept in this sub-
routine until its output string indicates that it is no longer
in the auto-zero mode.

The subroutine to trigger and read the power meter is
straightforward except when the power meter is reading
on the most sensitive range. On that range the subroutine
keeps making readings until either (1) two successive read-
ings are within 0.05 dB of each other (1.16 percent), or
(2) until ten readings are taken—whichever occurs first.
That way, if the signal itself is unstable, the power meter
is not kept reading indefinitely. It takes about 10 seconds
to make ten readings. The subroutine allows for the fact
that the 436A can remain in the under-range condition
for several seconds when on the most sensitive range and
the final result still not be under range. Such a condition
is likely to occur when the power meter has just down-
ranged from a higher range.

9830 Basic Subroutines

Subroutine listings for operating the 436A from the HP
9830A/B Desktop Computer are shown in Figure 1-6. The

2800 REM

2818 RENM POWER METER ZERQ SUBROUTINE
2826 CHMI "2U-"s"211"s "7?M5"

2830 FORMAT 4::F4.8

2840 FORMAT B

2859 ENTER (13,2838)2

2868 IF 2>2 THEW 23208

287@ CHMD "?U-"3"3D+I", "?M5"
2888 ENTER (13284852

2890 IF 2 »= 84. THEN 2878

2908 RETLURN

3608 REM

3@1@ REM POMER METER RERD SUBROUTINE
3028 CMD "?U-"s"T"s"?M5"

3838 FORMAT 3R:E2.0

3048 ENTER (13:39380KsYs2sF
3856 IF Y¥>¥3 THEN 3148

38668 IF X#83 THEM 38806

3978 WRIT 4880

3888 FOR W=1.70 9

3838 Y=pP

3188 CHD "7U="»"T"s "7M3"

3118 ENTER (13:3838)XsYsZsF
3128 IF ABS(P-V)<B.85 THEN 3148
3138 HERT MW

3148 RETURN

Figure 1-6. Listing of example BASIC language subrou-
tines for controlling the 436A Power Meter with the HP
9830A/B Desktop Computer.
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flow charts for the listing are those in Figure 1-5. The
9830A/B is assumed to be equipped with the Extended
I/0 ROM.

The zero-set subroutine is accessed from the main pro-
gram by the statement

140 GOSUB 2800
where 140 is an example line number.

The auto-zero mode is enabled in LINE 2820. While
reading the meter (LINE 2850) and testing for closeness
to zero (LINE 2860), only the actual four digits of output
are evaluated without regard to sign or to exponent. The
subroutine continues to loop through LINES 2820 to 2860
until the reading is near zero. Then the dBm mode is
programmed (LINE 2870). The auto-zero mode of the
436A continues to remain active until roughly four seconds
after the dBm mode is programmed. The power meter in-
dicates its status by the first character of its output string—
read by the 9830A/B as variable Z in LINE 2880. After
LINE 2880, Z contains the decimal equivalent of the octal
number that represents the first character. The decimal
value for the ASCII T is 84 (octal value 124 or binary
01010100). If the first character is the ASCII T, U, or V,
as evaluated in LINE 2890, then the 436A is still in the
auto-zero mode, and the program loops back to LINE
2870 for another reading. When the first returned charac-
ter is less than the ASCII T, the auto-zero mode is term-
inated and the subroutine returns to the line after the
calling GOSUB statement.

The subroutine for reading the power meter begins in
LINE 3000. This subroutine is accessed by the statement

340 GOSUB 3000

where 340 is an example line number. After the subroutine
is executed, the variable P will contain the power meter
reading. Each command that addresses the 436A as a
talker is preceded by a trigger command (LINES 3020 and
3100) to assure the 436A will have something “to say”
and not hold on to the interface bus. After LINE 3040, the
variables X and Y contain the decimal equivalent of the
octal numbers that represent the first two characters from
the data string of the 436A. In LINE 3050 the range of
the 436A is evaluated. If the variable Y is greater than 73,
which is the decimal value for the ASCII I (octal value 111
or binary 01001001), then the power meter is not on its
most sensitive range and the power meter reading is within
1 percent of its final value. In LINE 3060, the under-range
condition of the 436A is evaluated. If the variable X con-
tains 83, which is the decimal value for the ASCII S (octal
value 123 or binary 01010011), then the power meter
reading is in an under-range condition and the 9830A/B
waits four seconds before taking the next reading. Four
seconds is sufficient time for the output of the analog
circuits of the 436A to be above the under-range threshold,




\_

provided that signal power is above that threshold. The
latest two readings from the 436A are compared in LINE
3120. If they are not within 0.05 dB of each other, then
the subroutine loops back to LINE 3080 for another read-
ing, up to a maximum of nine additional readings. Nine
additional readings allow enough time for the analog
circuits of the 436A to be settled. If the readings still are
not within 0.05 dB, the signal level must be varying, so
the subroutine returns to the calling portion of the program
with the latest 436A reading in P.

The programmer should be aware that the zero-setting
subroutine will change the values of the X and Z variables.
The power meter read subroutine changes the values of
the X, Y, Z, and P variables and possibly the W and V
variables as well.

9825A HPL Subroutines

Subroutine listings for operating the HP 436A Power
Meter from the 9825A Desktop Computer are shown in
Figure 1-7. The flow charts for the listings are in Figure
1-3. The 9825A is assumed to be equipped with the Gen-
eral I/0 ROM and the Advanced Programming ROM.

The zero-setting subroutine is accessed from the main
program by a statement like
cll ‘pmz’

LINE 8 places the 436A in the auto-zero mode and LINE
9 monitors the 436A output. The first character from the
4364, indicating the mode of operation, is read into p1 but

PRz ifmt dwrt FP13: 211"
fmt be3x:f4.8ired 713splspd
if e2228dmr -2

wrt 713:"9D+1"

red 713:splop2

ato —25if rid84iret

"prifmt 3bse9.0

wrt P13 T"ired Y13plsp3sndspl
if 33735 ret pl

G+p6iif pPZ=835yait 4088
"ohother readine"iplspd

wrt T13:"T"ired 7i3sp3ipispdsm]
it abs(pS-rli<.B85iret pi
REHIFPETIF pE=9iret Pl

2t0 "anather readine”
238

PN DO O~ 5 QI s (5 s ea s
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Figure 1-7. Listing of example HPL language subroutines
for controlling the 436A Power Meter with the HP 9825A
Desktop Computer.

is not used during this portion of the subroutine. The next
three 436A output characters are not used at all. The fol-
lowing four characters, forming the mantissa of the 436A
reading, are read into variable p2. The auto-zero mode
continues until p2 is near zero as evaluated in LINE 10.
LINE 11 programs the dBm mode but the auto-zero mode
remains in operation for about another four seconds.
LINES 11 through 13 form a loop that continues until the
436A is no longer in the auto-zero mode. In that loop,
the status of the 436A, as indicated by the first character
of the output string in variable pl, is evaluated. The deci-
mal equivalent for the ASCII T is 84 (octal code 124 or
binary 01010100). If the first character is the ASCII T, U,
or V then the 436A is still in the auto-zero mode and the
“gto —2” at the beginning of LINE 13 is executed. If pl is
less than 84, then the 436A is no longer in the auto-zero
mode. Then the return in LINE 13 is executed instead of
the “gto —2” because “ret” is the last valid “go to” type of
statement in LINE 13. This is according to 9825A protocol
which states that only the last valid “go to” type of state-
ment on each line is executed.

The subroutine for reading the power meter is actually
a function. For the subroutine in Figure 1-7, the function
is accessed by using ‘pm’ in an expression. For example,
the statement

20 + pm’ > P

would add 20 dB to whatever the power meter reads when
the statement is executed, and places the total in variable P.

The subroutine function for reading the power meter
begins in LINE 15. A trigger command precedes each
statement that addresses the power meter as a talker
(LINES 16 and 20). This assures that the 436A will have
a reading to return and not hold on to the interface bus.
After LINE 16, the variables p2 and p3 contain the deci-
mal equivalent of the octal numbers that represent the
first two characters from the data string of the 436A.
LINE 17 evaluates the range of the 436A. If p3 is greater
than 73, which is the decimal value for the ASCII I (octal
value 111 or binary 01001001), then the power meter is
not on its most sensitive range and the power meter
reading is within 1 percent of its final value. The power
meter reading in pl is therefore valid and pl is returned
to the program in place of the calling characters ‘pm’.

If the reading is on the most sensitive range then the
under-range condition, indicated by p2, must be evaluated
(LINE 18). If under-ranged, a four-second wait is pro-
grammed. If it is still under-ranged after four seconds, the
rest of the subroutine will return the under-range reading.
LINES 19 to 23 comprise a loop where successive power
meter readings are evaluated to see if they are almost the
same. The old reading is stored in variable p5 (LINE 19).
The new reading, pl from LINE 20, is compared to p5 in
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LINE 21). If pl and p5 are within 0.05 dB of each other,
the latest reading, pl, is returned to the main program
in place of the calling characters ‘pm’. If they are not
within 0.05 dB, then another reading (up to the ninth re-
peated reading) is made. After the ninth consecutive
reading, enough time has elapsed for the 436A analog
circuits to have settled to a final value for any steady
signal. The signal must therefore be unsteady and the
latest reading is returned to the main program in place of
the calling characters ‘pm’.

HP 1000 Device Subroutines

Although the desktop computer is convenient and popu-
lar for constructing measurement systems, general purpose
computers are also seeing increased usage—especially in
distributed computer centers. This section shows subrou-
tines for the 436A, written for the HP 1000 system. The
measurement subroutines for the 436A are written in
FORTRAN, and can be included in a library of sub-
routines used by the RTE operating system. The source
listing is shown in Figure 1-8. Subroutines for both zero-

0001 PTN4,L

0002 SUBROUTINE P%ZSET (MLU) , POWER METER ZERO

0803 ¢ THIS IS A SUBROUTINE TO ZERO AND SET UP AN HP436A POWER METER.
0004 C THE ROUTINE SETS THE POWER METER TO AUTOZERO WITH IMMEDIATE
0005 cC TRIGGER. THEN, IT READS AND LOOPS UNTIL THE METER IS ZEROED.
0006 C ONCE ZEROED, THIS ROUTINE TAKES THE POWER METER OUT OF THE AUTO-
0007 cC ZERO MODE BY PROGRAMMING THE DBM MODE AND TESTING THE 436A OUTPUT
0008 ¢ UNTIL THE AUTO-ZERO MODE HAS TERMINATED.

0009 INTEGER MLU,A

0010 C SET METER TO ZERO

0011 401 WRITE (MLU,101)

0012 101 FORMAT ("Z11%)

0013 READ (MLU, 102) A

0014 102 FORMAT (4X,14)

0015 ¢ CHECK TO SEE IF READING IS CLOSE TO ZERO. IF NOT, TRY AGAIN.
0016 IF (A.GT.2) GO TO 401

0017 C SET UP METER TO MAKE READINGS

0018 402 WRITE (MLU, 103)

0019 103 FORMAT (D941 ")

0020 cC NOW, CHECK TO SEE THAT METER IS READY

0021 READ (MLU, 104) A

0022 104 FORMAT (1A 2)

0023 ¢ IF NOT, TRY AGAIN

0024 IF (A.GT.2HSM) GO TO 402

0025 RETURN

0026 END

0027 ¢

0028 c¢C

0029 SUBROUTINE PMR(MLU,P), POWER METER READ

0030 ¢

0031 ¢ THIS IS A DEVICE SUBROUTINE TO TAKE A READING FROM THE HP436A POWER
0032 ¢ METER. IF NECESSARY, THE SUBROUTINE CONTINUES TO TAKE READINGS
0033 C UNTIL THE READING IS STABLE OR UNTIL 10 READINGS HAVE BEEN TAKEN.
0034 ¢ THE LAST READING TAREN IS THE VALUE RETURNED.

0035 INTEGER MLU,A,B,C

0036 C TRIGGER THE 436 TO TAKE A READING

0037 WRITE (MLU,101)

0038 101 FORMAT ("T")

0039 cC TAKE A READING

0040 READ (MLU, 102) A,B,C,P

0041 102 FORMAT (3A1,E9.0)

0042 C IF THE SECOND CHARACTER IS NOT AN "I® THE READING IS GOOD--RETURN
0043 IF(B.NE.1BI) GO TO 999

0044 ¢ IF THE FIRST CHARACTER IS "S® THEN THE 436 IS IN AN UNDER-RANGE
0045 C CONDITION-- LET 4 SECONDS ELAPSE AND TRY AGAIN

0046 IP(A.NE.1ES) GO TO 401

0047 CALL EXEC(12,0,1,0,-400)

0048 401 DO 888 I=l1,9

0049 WRITE (MLU, 101)

0050 E=P

0051 READ (MLU,102) A ,B,C,P

0052 IF(ABS (P-E) .LT..03) GO TO 999

0053 888 CONTINUE

0054 999 RETURN

0055 END

0056 ENDS

Figure 1-8. Example Fortran subroutine source listing for controlling the 436A Power Meter with the HP 1000 system.
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setting and measuring are in the same source file. Refer to
Figure 1-5 for the program flowcharts.

The device subroutines can also be loaded for use in
the RTE BASIC interpreter. BASIC accesses these sub-
routines through linkages in Branch and Mnemonic Tables.
Construction of these tables is explained in detail in the
BASIC manual. A brief description of the table entries for
the 436A device subroutines appears at the end of this
section.

The zero-setting subroutine is accessed from a BASIC
program by a subroutine call statement like

10 CALL PZSET (30)

The parameter 30 is an example logical unit number that
was assigned to reference the 1/0 slot and HP-IB address
of the power meter.

The PZSET subroutine (Figure 1-8) places the power
meter in the auto-zero mode by the write statement in
LINE 11. The four digits forming the mantissa of the
power meter reading are then read into variable A in
LINE 13. If the mantissa is greater than 2 (LINE 16), the
program loops back to the auto-zero/trigger instruction
for another reading. If the mantissa is close to zero (less
than 2), LINE 18 programs the 436A to the dBm mode.
The auto-zero mode, however, will remain in operation for
approximately four seconds. LINES 18 to 24 form a loop
that repeats until the 436A is actually out of the auto-zero
mode. The mode of the 43BA is indicated by the first
character in its output message. The first two characters
from the 436A data message are read in LINE 21 because
the HP 1000 has a 16-bit data word and it is more memory
efficient to read two 8-bit characters into each word. The
characters are tested in LINE 24. If the first character is
greater than S (i.e. T, U, or V), the power meter is still in
the auto-zero mode and the program loops back to LINE
18 to trigger and reread the 436A. When the first character
is equal to or less than the ASCII S, then the auto-zero
mode has terminated and the subroutine retums to the
calling program. The second character cannot be greater
than the ASCII M since the allowable second characters
for the 436A are only I through M.

The subroutine for reading the 436A Power Meter,
which begins in LINE 29, is accessed from a program by
a subroutine call statement like:

130 CALL PMR (30,P)

Once again, the 30 refers to the logical unit number for

the power meter. After the above subroutine is executed,
the result of the power meter measurement is contained
in P.

Just prior to each reading of the 436A (LINES 40 and
51), the power meter is triggered (LINES 37 and 49). After
the reading in LINE 40, variables A and B contain the first
two characters from the 436A data string. If the second
character is not equal to the ASCII T (LINE 43), the power
meter is not on the most sensitive range. The power meter
reading is within 1 percent of its final value and the sub-
routine returns back to the calling program with the power
meter reading (in dBm) stored in P.

If the second character is I (meaning the 436A is on
the most sensitive range), the first character is evaluated
(LINE 46) to see if the power meter is in an under-range
condition. If the first character is equal to S (meaning
under range), the subroutine suspends operation for four
seconds by the call to EXEC in LINE 47. Another reading
is taken (LINE 51) and it is examined to see if it is within
0.05 dB of the first reading (LINE 52). If so, the 436A has
apparently stabilized and the subroutine returns back to
the calling program. If the reading has not stabilized, the
program loops back to LINE 48 for another reading. This
process can repeat up to nine times. Nine additional read-
ings allow enough time for the 436A analog circuits to be
settled. If the readings still are not within 0.05 dB, the
signal level must be varying so the last power meter read-
ing is returned to the calling program.

Before a subroutine can be called from an HP 1000
BASIC program, a linkage must be declared to the Branch
and Mnemonic Tables. The RTE Table Generator will
create these tables and produce overlays for the subrou-
tines to reside in. The proper entries for the power meter
subroutines are:

PZET(I), OV=7, ENT=PZSET, FIL=%PM436
PMR(I,RV), OV=7, ENT=PMR, FIL=%PM436

The subroutines will reside in, for this example, overlay
number 7. %PM436 is the file where the relocatable ver-
sion of the subroutines is stored.

The major purpose of this chapter was to acquaint the
reader with the automatic operation of the 436A Power
Meter on the Hewlett-Packard Tnterface Bus. Some pro-
grams will now be presented that accomplish tasks with
power meters that would be quite difficult without HP-IB,
and a computing controller.
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1L, Automatic, High-Accuracy

Attenuation

Power meters are designed to accurately measure abso-
lute power over a broad range of levels. Attenuation meas-
urements require the accurate measurement of the ratio of
power over a broad range of levels. Modern power meters
have such a broad dynamic range and power sensors have
such low SWR, that they can be used to make attenuation
measurements more accurately than most other popular
techniques to more than 65 dB.

This section describes an attenuation measurement sys-
tem for attenuations of 0 to at least 65 dB over the 2 to
18 GHz frequency range. The instrumentation uncertainty
of the system is under =0.08 dB. Because the power sen-
sors have such a low SWR, the mismatch uncertainty is
also low, yielding, for example, 0.3 dB worst-case uncer-
tainty when measuring an HP 8491B Attenuator at 3 GHz.
For attenuations smaller than about 55 dB, measurement
time is usually less than one second per frequency. The
instruments and components in the measurement system
are also used in the power sensor calibration system of the
next section. With the addition of a single 8484A Power
Sensor, the system will also measure the reflection coeffi-
cient magnitude at the input port of the attenuator under
test.

Some devices, like filters, have low attenuation at some
frequencies and large attenuation at other frequencies. If
accurate large values of attenuation are to be measured on
components that have low attenuations at other frequen-
cies, then the system signal source must be free of spurious
frequencies. Some extra equipment, that will be discussed
later, will assure that spurious signals do not occur at the
low attenuation frequencies while measuring at high atten-
uation frequencies.

This system takes particular advantage of being able to
program the signal level from a microwave signal genera-
tor. The effective dynamic range of the power sensor is
expanded by raising and lowering the signal-generator
level. The range of attenuations that can be accurately
measured by the system is the difference between (1) the
maximum power in dBm that the generator can deliver to
a Z, load and (2) the minimum power in dBm that can be
accurately measured by the power sensor. If the generator
can put out 413 dBm and the power sensor can accurately
sense —68 dBm, then 81 dB of attenuation can be
measured.

The system operates under the automatic control of a
desktop computer. Although the measurements could be
performed manually, the decision making process for set-
ting the signal-generator level is involved and tedious;
human execution is prone to errors.

Measurement

Equipment Suggested

The hardware suggested for the power sensor calibration
system of the next chapter can be used for this attenuation
measurement system. An HP 8484A needs to be added
only if it is desired to measure the reflection coeflicient
of the attenuator under test. If a system is to be built
only for measuring attenuation, the following equipment is
suggested:

Desktop Computer HP 9825A Opt. 001

(with 16k Byte Memory)

HP-1B Interface with 4 m Cable HP 98034A
String-Advanced Programming ROM HP 98210A
General 1/0, Ext. I/0 ROM HP 98213A
Synthesized Signal Generator HP 8672A
Power Meter with HP-IB (2 each) HP 436A Opt. 022
Dual-Directional Coupler HP 11692D

10 dB Attenuator (Type N connectors) HP 8491B Opt. 010

Power Sensors (2 each) HP 8484A
Type N Cable (61 cm) HP 11500B
HP-IB Cable (1 m, 2 each) HP 10631A

The following additional equipment is needed if the
reflection coefficient is also to be measured:

Power Meter with HP-IB HP 436A Opt. 022
(bringing the total to 3 Power Meters)

Power Sensor HP 8484A
(bringing the total to 3 Power Sensors)

Type N Short HP 11512A

HP-IB Cable HP 10631A

(1 m, bringing the total to 3 cables)

A data cartridge that contains the measurement program
is also needed. The data cartridge of the 436A-E10 system,
that is discussed in the next chapter of this note, contains
the attenuation measurement program. If that cartridge is
not available, the listing at the end of this section may be
entered in the 9825A Desktop Computer and recorded on
a spare cartridge.

For measuring components like filters that have large
values of attenuation (greater than 30 dB) at some fre-
quencies, but have low loss at other frequencies, some
additional equipment is needed. The problem is that sig-
nals at harmonic and subharmonic frequencies of the test
frequency may be present that are only about 30 dB below
the desired output. Consider a component, for example,
that actually has 50 dB of loss at the test frequency but
only 1 dB of loss at half that frequency where the genera-
tor subharmonic output is only 30 dB down. Then only
31 dB of attenuation would be measured at the test
frequency.
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Harmonics and subharmonics of the 8672A can be re-
duced by >70 dB to at least 95 dB below the desired
output using the HP 8445B Option 004, 005 Tracking
Preselector. The 8445B is a YIG-tuned filter whose pass-
band can be externally tuned with a 2 to 18 V dc level.
Because the 8445B has a narrow pass band, its tracking of
the signal frequency is critical. For automatic operation, a
system such as that shown in Figure 2-1 can be con-
structed. In this system, proper tracking is accomplished
using the following procedure:

(1) Program the input voltage to the 8445B to 2 V and
the 8672A to +3 dBm internal leveling and 2 GHz.
Adjust the 8445B FREQ OFFSET to maximize the
signal through the system.

(2) Program the input voltage to 18 V and the 8672A to
18 GHz. Adjust the 8445B TRACKING for maxi-

mum signal through the system.

(3) Repeat steps 1 and 2 until no improvement can be
made.

(4) Periodic readjustment may be necessary for mini-
mum insertion loss.

Because of hysteresis, whenever a new, lower frequency is
selected, the voltage to the 8445B should first be pro-
grammed to 2 volts and then to the new level.

The 8445B limits the output level for input signals >+5
dBm. This limits the maximum output level even though
the 8672A typically has much higher available power. Al-

though the 8445B limits the dynamic range of the system,
attenuations of at least 60 dB can still be measured. For
frequency ranges less than an octave, a bandpass filter may
be more desirable because of lower insertion loss.

System Description

A block diagram of the system for measuring attenu-
ation is shown in Figure 2-2. The suggested source of
microwave energy is the HP 8672A Synthesized Signal
Generator. This general purpose synthesizer is used be-
cause of its broad frequency range and the ease of power
level programming. A sweep oscillator with an external
programmable attenuator can be substituted with suitable
changes to the measurement program.

The microwave source drives the input port of the dual-
directional coupler. One HP 436A Power Meter and its
HP 8484A Power Sensor is connected to the incident port
of the coupler. This 436A is called the incident power me-
ter because it monitors the incident power. Another 436A
and 8484A is connected to the test port of the coupler dur-
ing calibration and to the output of the device under test
during attenuation measurement. This power meter is
called the test power meter. If reflection coeflicient is to be
measured, another 436A and 8484A, called the reflected
power meter, is connected to the reflected port of the
coupler.

9825A
Desktop Computer

HP-1B

Level Shift

Qutput

—9.99 to
+9.98v

Level Shift

2.0 to 18.0V
4 J

[ ;

84458 Tracking Preselector

59303A 8672A
Digital-to- Synthesized
Analog Signal
Converter Generator ®

'r> Output

Figure 2-1. Equipment needed for reducing harmonics and subharmonics of the HP 8672A to at least 95 dB below the

signal level.
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For maximum dynamic range, the 8484A Power Sensor
of the incident power meter is preceded by a 10 dB atten-
uator. The maximum power that can be sensed by the
8484A is —20 dBm. With a coupling factor of 22 dB and
the 10 dB attenuator, powers on the mainline up to about
+12 dBm can then be monitored. Without that attenuator,
the mainline power would be limited to about +2 dBm.
Larger values of attenuation in the auxiliary arm would
permit larger generator levels, where available, and there-
fore a larger attenuation measurement range.

An HP 9825A Desktop Computer controls the system by
means of the Hewlett-Packard Interface Bus (HP-IB). The
computer commands the signal generator, operates and
reads the power meters, processes the data and outputs the
results. To perform these functions, the 9825A should have
the ROM’s shown in the equipment list.

In order for the computer to separately command the
system instruments and receive data, each item operating
on the bus must have a different HP-IB address. The ad-
dresses of the equipment to operate the program are shown
in Figure 2-3. Special care is needed for the power me-
ter(s), where the addresses of the reflected power meter
and test power meter need to be changed. The 436A Oper-
ating and Service Manual describes how to change the
address on the A6 Assembly (one of the printed-circuit
boards inside the power meter). If the address is set by the
use of jumper wires, do not be confused by the least sig-
nificant bit being on the left. The proper position of the
power meter jumper wires is pictured in the bottom of
Figure 2-3. If the address is set by the use of a switch on
the printed-circuit board, then the least significant bit is on
the right so that the binary address reads from left to right.

Decimal Octal Binary ASClII  ASCI
Address Address Address Talk Listen
Code Code Code Address Address

Instrument

9825A 21 25
Desktop
Computer

8672A 19 23
Synthesized
Signal
Generator

436A 13 15
Incident
Power
Meter

436A 12 14
Reflected
Power
Meter
(Optional}

436A 29 35
Test
Power
Meter

10101 U 5

10011 S 3

01101 M —

01100 L .

11101

Incident
Power Meter

O/N
e
— 7

[=T1-]

-
_;\_.

oe
—e
(=]

N
(4]

Reflected
Power Meter

"

—e
-
(=1
-8
[N
[=]
-
oe
-2
[=]

w
o

Test
Power Meter

TN

[=T1

~
o
e

(=11

S~

Y

Figure 2-3. Table of HP-IB addresses for the attenuation
measurement system. The bottom portion sketches the
jumper wiring necessary for some 436A Power Meters.

9825A
Desktop Computer

RF 8672A 436A
Out Synthesized Incident

Signal Generator
9 8484A

10 dB Attn. [}

> Input

Power Meter

. noident  Refle

roTSres
Reflected | Power Meter
Power Meter

------- - Short

Figure 2-2. Block diagram of attenuation measurement system.
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Figure 2-4 shows the nominal programmed signal levels
at several points in the system as a function of the attenu-
ation being measured. For simplicity, it is assumed there
are no parasitic losses and that levels change continuously.
The program only changes the signal level when there is
good reason for doing so—namely so that each power meter
is making measurements as fast as it can. This way, time is
not wasted changing the generator level and waiting for
the power meter readings to stabilize. The power meters
read at the fastest rate for levels in the range of —49 to
—20 dBm.

According to Figure 2-4, for attenuations less than 32
dB, the generator level and the incident power meter read-
ing change with attenuation but the test power meter read-
ing remains constant. For attenuation greater than about
32 dB, the generator level and incident power meter
reading remain constant, but the test power meter reading
changes with attenuation.

When measuring reflection coefficient, the signal genera-
tor is programmed to 41 dBm. The reflected power meter
is then close to its highest measurement level for reflection
coefficients of one. For attenuations less than 20 dB, the
test power meter is over-ranged but it is not monitored
during that time and it is still well below its maximum al-
lowed level of 200 mW (+23 dBm).

i Test
Pow!a(:cl\llﬁft:: @'“? Power Meter
22 dB 22 dB -
Dewce
Under Test
+20 l
E Pj
=
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™
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~60 Ny —
%
3 A
—80 L I 1 ]
0 20 40 60 80
Attenuation {dB)

]qule 2- 4 The admsted power 1evels at various points ot
the system for different values of attenuation being meas-
ured.
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Accuracy

The overall attenuation measurement accuracy is mainly
determined by three sources of uncertainty: (1) instru-
mentation uncertainty caused by the power meters; (2)
noise associated with low-level signals when measuring
large attenuations; and (3) mismatch uncertainty caused
by rereflections among the measurement components and
the device under test. These three sources of uncertainty
will soon be discussed separately.

There are two popular methods of combining the various
uncertainties to yield an overall measurement accuracy—
the worst-case method and the root-sum-of-the-squares
method.

The worst-case uncertainty for any measurement system
is calculated by considering each error to be at its extreme
value and in such a direction as to accumulate directly
with all the other errors. The result is a very conservative
estimate of measurement accuracy. If, by comparison to
some much more accurate measurement technique, it is
demonstrated that system accuracy is close to its calculated
worst-case uncertainty, the system engineer should be ad-
vised to look for faulty equipment or for some other large
source of error that was overlooked. Perhaps that is why
worst-case uncertainty is so popular—it is so conservative
that it might cover up faulty equipment and other undis-
covered sources of error.

A more realistic method of combining uncertainties that
is gaining in popularity, is the root-sum-of-the-squares
(RSS) method. The RSS uncertainty is based on the fact
that most of the errors in power measurements, although
systematic and not random, are independent of each other.
Since they are independent, they are random with respect
to each other and combine like random variables. The RSS
method of combining random variables is justified by sta-
tistical considerations that are beyond the scope of this
Application Note. The calculation is made by squaring the
individual uncertainties, summing them, and then taking
the square root. The total RSS uncertainty is usually less
than half the total worst-case uncertainty.

Power Meter Uncertainty

The power meter uncertainty for this system is espe-
cially low because the power meters and power sensors
make relative measurements. This means that the desired
measurement is the ratio of two readings from the same
power meter and such things as the calibration factor un-
certainty and power reference oscillator uncertainty, affect
the numerator and denominator in the same way. The
effect cancels out, resulting in no uncertainty from those
causes.

Another source of power meter uncertainty is the zero-
set and zero-carryover accuracy. The accuracy of the zero-
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setting, if the proper procedure is used, is primarily noise
and will soon be considered separately. Zero-carryover,
although loosely specified on the data sheet, is not detect-
able on the 436A Power Meter, Its effect is smaller than the
noise soon to be discussed and smaller than the = half-
count accuracy of the analog-to-digital converter. Zero-
carryover is therefore not considered here.

The instrumentation uncertainty accounts for the linear-
ity of the power meter and the range-to-range accuracy.
Linearity includes the = half-count resolution characteris-
tic of the analog-to-digital converter in each power meter.
The 436A accuracy for relative measurements is =0.02 dB
for within range measurements and another =0.02 dB for
different ranges. This uncertainty needs to be included for
two power meters, the incident power meter and the test
power meter. Thus, there are four sources of instrumenta-
tion uncertainty, each equal to =0.02 dB. The worst-case
instrumentation uncertainty is therefore 0,08 dB and the
RSS uncertainty is =0.04 dB.

There is still one more source of error—the response time
of the analog circuits in the power meters. The program
is constructed to always allow enough time for the circuits
to reach 99 percent of their final value before considering
a power meter reading valid. It is therefore possible for a
power meter reading to be 1 percent away from its final
value. Since each attenuation measurement consists of four
power meter readings, two at calibration and two at meas-
urement, the worst-case uncertainty is =4 percent (=0.18
dB). If the RSS calculation method is applied to response
time uncertainties, the answer is =2 percent (+0.09 dB).

There are several reasons for the actual uncertainty to be
smaller than the worst-case value of =0.18 dB. The maxi-
mum 1 percent error applies only when two successive
power meter readings are at the extremes of a range—for
example, when one reading is at the minimum of a range
and the next at 2 maximum. For this to happen to all four
power meter readings is very unlikely. Furthermore, the
test power meter and incident power meter will tend to be
off in the same direction because the signal level to both
is likely to have increased or decreased together since the
previous reading. But the ratio of the two meter indications
is calculated, so the numerator and denominator will tend
to be in error in the same direction. The effects tend to
cancel. Still another reason for the uncertainty to be small,
is that the analog circuits usually have more time to stabi-
lize than the built-in delay time. Therefore, =0.09 dB is
felt to be plenty of allowance for uncertainty due to re-
sponse time.

Noise

The measurement of large attenuations is also limited by
the noise level of the test power meter. The typical test

power meter indication only fluctuates by 20 pW peak over
a one-minute interval. But this fluctuation is significant
when measuring small signal levels at the output of the
device under test.

Figure 2-5 graphs the uncertainty caused by a 20 pW
variation in the indicated power as a function of the attenu-
ation being measured. Various curves are shown in Figure
2-5, each for a different maximum attenuation measure-
ment capability of the system. The maximum attenuation
measurement capability, at each frequency, can easily be
found by measuring an open circuit as the device under
test, that is, to have the test power meter disconnected
from the coupler. For attenuations under 50 dB, noise is
insignificant.

+1

Noise Uncertainty (dB)

50 60 80

70
Attenuation (dB}

Figure 2-5. The uncertainty caused by noise when measur-
ing large values of attenuation. Different curves apply for
different values of maximum attenuation measurement
capability.

Mismatch Uncertainty

The theory of mismatch uncertainty is discussed in
Chapter V of Hewlett-Packard Application Note 64-1. The
uncertainty arises because re-reflections change the inci-
dent waves so they are different than they would be for a
zero-reflection attenuator, generator, and power sensor.

Although this uncertainty is usually the largest source of
error in well-designed microwave measurements, it is also
the most overlooked. It is probably overlooked for a com-
bination of reasons: (1) it is often forgotten; (2) it is com-
plicated to evaluate; (3) it depends on the reflection from
several components, including the device under test, and
these are seldom known; and (4) there are so many vari-
ables that the effect is difficult to summarize. Summaries
of the mismatch uncertainty are considered here.

The worst-case mismatch uncertainty limits for attenua-
tion measurements are derived in Appendix C of Hewlett-
Packard Application Note 183. The limits are sometimes
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called the Mismatch Error Limits. The limits depend on
the magnitudes of (1) the equivalent generator reflection
coefficient seen by the device under test, p,; (2) the reflec-
tion coefficient of the sensor for the test power meter, p;
(3) the device under test input reflection coeflicient, p;; and
(4) the device under test output reflection coeflicient, po. It
also depends on the forward and reverse transmission co-
efficients of the device under test, 7, and 7,. The expression
that defines the limits of mismatch uncertainty is

M

- 1 =+ Pg |3 (2~1)

,=201lo
& (13 py pg) (1 F papy) F 71 72 pg P

1\

Figure 2-6 plots the upper limit of M, for several values
of attenuation; the lower limit is slightly smaller. The cal-
culations are made by considering that (1) the actual source
and power sensor reflection coeflicients are given by the
data sheet limits of the components; (2) the device under
test reflection is the same at both ports—that is, p; = po;
and (3) the device under test is bilateral so that 7, = 7.
The expression used to evaluate p,, taken from Appendix A
of the next section of this note, is

pler, T is the transmission coefficient, and D; is the direc-
tivity of the incident arm of the coupler. The mismatch
uncertainty limits for the different values of attenuation in
Figure 2-6 allow easy interpolation to other values.

It has already been mentioned that the worst-case un-
certainty is a conservative estimate of the actual accuracy.
For the calculations in Figure 2-6, the results are even
more conservative because data sheet specification limits
are used for the calculations. These specifications are par-
tially established to assure a reasonable yield from the
production line. Specifications are conservative in two
ways. First, they have a guard band to allow for meas-
urement uncertainty in production. Second, the guarded
specification limit is usually approached at only a few fre-
quencies and met with considerable allowance at the other
frequencies. Which particular frequencies are close to
specification limits depends on manufacturing tolerances,
so actual performance could vary from wunit to unit. It is
highly unlikely that those few frequencies would coincide
for the coupler, the device under test, and test power
meter. It seems especially reasonable, therefore, to use a
root-sum-of-the-squares method to calculate mismatch un-
certainty. Such calculations are graphed in Figure 2-7.

pg = p. + TD; (2-2) Some comments are needed about how the calculations are
made.
where p,. is the mainline reflection coeflicient of the cou-
2.0 T 2.0
Atten =0.5dB ‘ Atten = 1.0dB
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Figure 2-6. Worst-case positive mismatch uncertainty limit, M, vs. the reflection coeflicient, p, of the device under test for

several values of measured attenuation.
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The mismatch uncertainty of equation (2-1) is primarily
composed of four different re-reflected waves: (1) from the
test power meter and the signal source during calibration;
(2) from the device under test input and the signal source
during measurement; (3) from the test power meter and
the device under test output during measurement; and
(4) from the test power meter and the signal source through
the device under test during measurement. Each of these
re-reflections is considered independent of the others and
combine in RSS fashion. The equation used is

Mpss = 20 log [1 + (2-3)

Vool + e 2+ 2 et pt p it 7l :l

A second modification is made for the RSS calculation
because equation (2-2) is too conservative an estimate of
the equivalent source match. The equivalent complex
source reflection coefficient, from Appendix A of this note is

I, =T, —~TD, (2-4)

where T is the complex value of the mainline reflection co-
efficient of the 11692D coupler, T is the complex mainline
transmission coefficient, and D; is the complex directivity
of the incident coupler. Sources of mainline reflections that

occur at the generator end of the coupler contribute to
both T'; and D, in equation (2-4). Those sources of reflec-
tion, however, are inside the generator loop monitored by
the incident power meter and do not contribute to meas-
urement errors. It is too pessimistic, therefore, to take the
magnitude of each term on the right of equation (2-4) in
order to find the magnitude of the effective source reflec-
tion coefficient. Furthermore, the remaining contributors
to D; and I'; are independent of each other in phase be-
cause the reference planes for measuring 'y and D, are
different and independent. It is reasonable, therefore, to
combine the terms in RSS fashion when calculating the
effective source reflection coefficient magnitude:

pe=/| Di  + (075 2 (2-5)

The 0.75 is used because, on the average, 0.25p, represents
reflections inside the generator loop monitored by the inci-
dent power meter—those reflections do not contribute to
the uncertainty.

The RSS mismatch uncertainty in Figure 2-7 is calcu-
lated for several values of attenuation to allow easy inter-
polation to other values. The negative value of the
mismatch uncertainty is a little larger so that is the value
plotted.

1.0 I
Atten = 0.6 dB l
12.4-18 GHz
= 10-12.4 GHz
2 05 8-10 GHz
e | 4-8 GHz
2-4 GHz
o | | '
0 0.1 0.2 0.3 0.4 05

Atten =5 dB
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Figure 2-7. RSS mismatch uncertainty limit, M, vs. the reflection coefficient, p, of the device under test for several values

of measured attenuation.
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Combining Uncertainties

The three major components of uncertainty may be com-
bined in worst-case fashion by merely adding the separate
effects. An approximate total RSS uncertainty of the three
major components of uncertainty may be found by squar-
ing the individual dB uncertainties, adding them together,
and then taking the square root. For example, the RSS
combination of #=0.04 dB instrumentation uncertainty,
+0.09 dB for settling time, 0.1 dB noise, and =0.3 dB
mismatch uncertainty yields a total RSS uncertainty of

U~ i\/O.Oél2 + 0.09% 4+ 0.12 + 0.32 = £0.33 dB  (2-6)

Program Operation

(1) Set up the measurement system as shown in Figure
2-2,

s It is recommended that the system be allowed 1
hour minimum warm-up time.

* During operation of the program, the 8672A Syn-
thesized Signal Generator should have its front
panel RF switch in the OFF position and the
RANGE dBm switch set to a maximum of —40.
This protects against the possibility of the power
meters going into an over-range condition when
changing the component being measured. The re-
covery from over-range could take longer than
the program allows.

o The CAL FACTOR dials on the Power Meters
should be set to 100 percent.

o Zero-set and set the CAL ADJ of the 436A/
8484A’s according to the Operating Instructions
in the 436A Operating Manual. Be sure to con-
nect the 11708A Reference Attenuator to the
436A Power Reference Output when calibrating.

(2) Insert the data cartridge with the attenuation meas-
urement program, rewind, and load file 3 (or whatever
file contains the program).

(3) Examine LINE 3 of the program to see if flag 2 is set
properly. If the reflection coefficient measurement is
desired then

sfg 2

should end LINE 3. If reflection coefficient measure-
ment is not wanted then

cfg 2
should end LINE 3.

(4) Begin the program by pressing RUN, When “START
FREQ (MHz)?" appears in the display, type the de-

[Se)
o

sired first test frequency and press CONTINUE.

(5) When “STOP FREQ (MHz)?” appears in the display,
type the desired last test frequency and press
CONTINUE.,

(6) “FREQ STEP (MHz)?” next appears. Type the fre-
quency increment between the test points and press
CONTINUE. '

Note: The program, as written, only measures at a
maximum of 101 different frequencies. If the
START, STOP, and STEP inputs correspond to
more than 101 frequencies, the program will loop
back to the start of step number 4, requesting new
frequency data.

(7) (Only for reflection measurements). Follow the “CON-
NECT SHORT TO COUPLER” instruction and press
CONTINUE when completed. This calibration part of
the program will measure and save the difference in
dB between the reflected and incident power meter
readings at each frequency.

(8) “CONNECT POWER SENSOR TO COUPLER” re-
fers to the power sensor on the test power meter.
When completed, press CONTINUE. This calibration
part of the program measures and saves the difference
in dB between the test and incident power meter read-
ings at each frequency.

(9) The next instruction is, “INSERT TEST DEVICE.
DESCRIBE!”. Connect the device to be tested and
describe it with up to 70 alphanumeric characters
including spaces. Model and serial numbers are fre-
quent descriptions. The first 16 characters will be
output at the top of the measurement results. Press
CONTINUE when finished.

(10) The program then measures, at each frequency, the
attenuation by measuring the difference in dB be-
tween the test and incident power meter readings. If
necessary, the program adjusts the generator power
level. By comparison to the saved calibration reading
made in step number 8, the attenuation is calculated
and saved.

(11) (Only for reflection measurements). The program
measures, at each frequency, the difference in dB
between the reflected and incident power meter read-
ings. This is done with the generator output power
adjusted to about 1 dBm. By comparison to the same
quantity for the short circuit measured in step number
7, the reflection coefficient is calculated and saved.

(12) The program prints the saved results from the above
measurements.

(13) The program then loops back to step number 9 for
the measurement of another device.
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Measurement Results

An example of the accuracy of the attenuation measure-
ment system is shown in Figure 2-8. It compares the atten-
uation as measured on this system and as measured on the

Reflection
Power Meter .
Attenuation Coefficient
Freq System 8542B | Power Meter

(GHz) (dB) (dB) System 85428
2 10.02 9.95 0.007 0.003
3 9.97 9.91 0.021 0.014
4 10.02 9.95 0.003 0.017
5 10.01 9.98 0.011 0.013
6 9.99 9.96 0.030 0.010
7 9.96 9.95 0.021 0.011
8 10.00 9.98 0.028 0.014
9 10.01 9.93 0.058 0.025
10 9.95 9.93 0.033 0.036
11 10.01 9.93 0.041 0.040
12 9.87 9.96 0.050 0.037
13 9.83 9.87 0.041 0.051
14 9.95 9.87 0.078 0.078
15 10.04 9.89 0.092 0.097
16 9.96 9.88 0.110 0.098
17 9.95 9.82 0.117 0.086
18 9.83 9.82 0.086 0.086

Figure 2-8. A comparison of attenuation and reflection co-
efficient measurements of a 10 dB attenuator as measured
by this system and an HP 8549B Automatic Network
Analyzer.

Open circuit

FRER ATTEN
(GHz) (dB) (GHZ) RHOQ
2.88 > 76.93 2.0808 @8.966
.80 » 77.36 3.049 8.984
4.00 > 79,27 4,80 8.994
J.088 > v&.935 5.08 1.a36
6.8 > 73.79 6.98 1.082
v.ae > 7v2.19 7. @8 8.945
83.88 > 7¥5.82 g.0a 8,948
3.88 > ¥8.92 9. 88 0.999
la.8@ > 75.75 1e.00 1.838
11.88 > 77.46 11.68 g,9€63
12,88 > 78.22 12.606 1.822
12.88 > 71.80 13.06 1.822
14.88 > 73.26 14,086 a.9e7
15.88 > 69.63 15.68 1.864
le.B6 > 71.5R 16,808 1.848
17.88 > 74,82 17,86 8,991
18.88 > 7B.85 18,54 1.845

] i

Figure 2-9. Measured attenuation and reflection coefficient
for an open circuit. This demonstrates the attenuation
measurement range and the uncertainty of measured re-
flection coefficient, RHO, for large reflections. The reflec-
tion coefficient should be approximately 1.0.

more accurate, elaborate, and expensive 8542B Automatic
Network Analyzer. Any deviations in the data are well
within the total RSS uncertainties calculated for this
system.

Figure 2-9 shows the measurement of attenuation and
reflection coefficient of an open circuit. The actual atten-
uation approaches infinity, but the system only detects that
the attenuation is greater than the dynamic range of the
system. The small deviation of the measured reflection
coefficient from unity shows that the reflection coefficient
measurement is also good.

Program Structure

The program structure will now be explained to make
changes easier. A flow chart of the main program is shown
in Figure 2-10. Figure 2-11 shows a detailed flow chart
of the subroutine that tests and adjusts the level of the
signal generator. At the end of this section there is an
annotated listing of the program.

The variables used in this program are assigned as fol-
lows:

Matrices:

Afl01} Array for storing the measured attenuation.
There is one number for each frequency. If
the measurement is beyond the dynamic range
of the system, the stored number is 1000 dB

smaller than the dynamic range.

C[101] Array for storing the difference, in dB, between
the output power from the main line of the
coupler, as read by the test power meter, and
the reading of the incident power meter. This
difference is measured during the calibration
portion of the program. There is one number

for each measurement frequency.

R[101] Array for storing measured reflection coeffi-

cient. There is one number for each frequency.

S[101] Array for storing the indicated return loss of a

short circuit at each frequency. This is meas-
ured during the calibration portion of the
program.

String Variable:

K$[70] A string array for holding a description of the

device under test.
Simple Variables:
A Attenuation in dB.
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B The decimal value for the ASCII “space” or for M Variable for temporarily holding the new level,

\ the ASCII “>” sign used to print values of in dBm, to which the generator may be pro-
~ attenuations that exceed the dynamic range of grammed.
the systera.
¥ N The total number of frequencies at which
C The latest reading of the test power meter. measurements are to be made.
E Start frequency in MHz. Q Frequency increment in MHz.
G The latest reading of the incident power meter. S The status word sent to the program from the
, 8672A. Used to tell whether the 8672A has
H Stop frequency in MHz. )
more power output available.
I The number of the frequency at which data is
being measured. This results in I being the flag:
index to the matrices of calibration data, C[I . .
(1 2 (0) Reflection coefficient measurements and
and S{I]. g . .
calibration are not desired.
L Variable that contains the level, in dBm, to (1) Reflection coefficient measurements and
which the generator is programmed. calibration are desired.
5: "FREQS” o
‘tom’ - C
Enter start, stop p
& step fregs @
\\—' N
# freqs >101? @
In
N
RHO desired? RHO desired? Y=
ira
ovelodz Y X ,{ return ’
Connect short Meas. RHO & save result
& calibrate at each freq. N
20:"atten” 43: "OUTPUT" Y =“ return ’
1
Connect sensor Print measurement
& calibrate results {L-max(go)+21-m |
20: “MEASUREMENT" J, ———-‘ 65:new level
{ mm+si-m |
insert DUT and describe
N
Meas. atten ﬂ M- L J
& save result
at each freq. NN S——
I LW/
{
Figure 2-10. A flow chart of the attenuation measurement Figure 2-11. A flow chart of the subroutine that tests and
program. adjusts the level of the signal generator.
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Program and System Variations

This program was written to utilize the same equipment
as the power sensor calibration system to be described in
the next section. The program was also written with the
idea that it would be changed by the user to suit special
output data format requirements or different equipment.
A likely change to the system includes the addition of a
line printer and a graphic plotter.

A power splitter, such as the HP 11667A, could be sub-
stituted for the directional coupler at the sacrifice of some
measurement range and of reflection measurement capa-
bility. The power splitter would allow accurate attenuation
measurements down to 10 MHz with a suitable source.

Other signal sources may be substituted for the 8672A.,
The HP 8620C/86290A/B Sweep Oscillator with the
HP-IB option could be used instead. The sweep oscillator,
however, would require a programmable attenuator and
associated power supply driver and HP-IB circuitry. The
portion of the program entitled SIG GEN SUBROUTINES,
for both frequency and level, would also have to be
changed.

A preselector, described in the EQUIPMENT SUG-
GESTED portion of this section, is another possible im-
provement. Although the preselector limits the output
power somewhat, the true dynamic range is still at least
60 dB. The system can then measure components like
filters that have large variations of loss with frequency.

The maximum power that can be monitored by the
incident power meter is —20 dBm. The loss between the
generator output and the incident power meter limits the
maximum generator power. If the system is assembled as
in Figure 2-2, that loss is nominally 32 dB, 10 dB for the
attenuator and 22 dB for the coupling factor. This means
the maximum generator output is limited to about +12
dBm (—20 dBm +32 dB). More powerful generators will
need a larger attenuator at that position before the extra
power can be utilized.

Removing that 10 dB attenuator limits the generator
output to about +2 dBm. That means that the attenuation
measurement range is limited to about 70 dB. But there is
one advantage to removing that attenuator. The measure-
ment of small losses, under about 3 dB, will also be per-
formed at the quicker speed of about 1 frequency per
second. The measurement program does not need to be
changed when the attenuator at the incident power meter
changes.

The dynamic range of the system can be increased
another way. An additional 15 dB of RF gain may be
added just before the test power meter. The amplifier needs
a low noise figure and the bandwidth would have to be
reduced so that the amplifier total poise power output is
less than —70 dBm.

The same equipment used to measure attenuation can
also automatically measure gain and gain saturation. This
is just another example of the broad range of applications
that can be met by this general purpose equipment.

“IMITIALIZATION st ine 580885:1i 7Ticlr 73lel 7
"flog 2 indicates RHO mneasuremnent”icie 2

dev "Pml“s 713 "pPm2" s 7125 "Pn3" 729 "s9" 3719
dim Cl1811:K$L701:SL101 AL 101 RO 1BL ]

"FREQS"tgnt “START FREQ (MHz)"sE
ent "STOP FRER (MHz)"sH
ent "FREQ STEP (MHz>"s@

“426A ATTEMUATION & RHO MERSUREMENT PROGRAM;780718irev A"t

int CCH-EJ> <G> +1+N
if N>1@listo "FREQS"

Calculate Number of Test Fregs.

“CRLIBRATION":
lcl Pirem 73cll ®ofé'5cll *saf’(E)
if fls2=0i3to "atten"

If Number >101; Re-enter Fregs.

dsp "CONNECT SHORT TO COUPLER"istp

for I=1 to Nicll *s9f*(§rea’y

1sLirem 75cll "off*jcll *pmzft?icll ®*sal?dL) —

If No RHO Measurement; Go CAL for Attn.

Zero Set Power Meters; Initialize Level

‘rem® =~ {pmn* 8L 1 I3 next Ijbeep

Freq. Loop

"atten”slcl Pirem ?icll *off'icll *sefd(E)
dse "CONNECT POWER SENSOR TO COUPLER"Sste
~22+L

rem 7icll *off'Scll *pmz&tficll Tsal?(L)

Measure & Store Indicated Return Loss

for I=1 to N

Zero Set Power Meters; Initialize Level

cll *sef?(*frea’djcll *testleu?

Freq. Loop

C-G=CL 1]

Set Freq., Adjust Level

next I

MMM TITITNI PO N ot = 4t 1t bt bt bt bt e = PO NOVA B WO~ O

RN NLQRQO =R OO NRAU B QNI = (5 as aa 0o vo as os se sa sa oo

o2 @0 oo oo 0o 60 OB O@ oo G0 oo oo DN @8 a; 86 G B8 0O

Save Indicated Loss

Annotated Program Listing (1 of 2)
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291 "MERSUREMEMT "2 1cl 7irem Ficll *off?icll *saf?{Edibeep
3Bient "INSERT TEST DEVICE. DESCRIBE!";K$

31:-224Liren Ticll ’of¢*icll *prmz2t’icl]l *s9l? (L) ———————Zero Set Power Meters; Initialize Level
32:¢or I=1 to N Freq. Loop
331cll *sef* Pfrea*licl]l "testley’ Set Freq.; Adjust Level
g;: CLII-CH+G2ALTI1iif C<-68iRLI1-1608+AL] ] Calc. Attn; If Noisy —1000

Pnext 1

36:if f132=Biato “QUTPUT" If No RHO Measurement; Go Output Results
37119L3cll *s31%¢1dicll fsaf’CED Set Level for RHO Measurement; Initialize Freq.
38i1for I=1 ta Nicll ®sef®(*frea’’ Freq. Loop; Set Freq.
3N LAt (P remn’ - ipm*~SL1107280+RI 1 inext I Measure & Calculate RHO

:?= 3to “QUTPUT"

423 "OUTPUT SUBROUTINES":

43: "OUTPUT"isrc iprt K$l1s161iprt "FREQ ATTEN" Print ATTN. Headings

44: prt " (GHz: rdBr"ispc

458 fmt xsf5.2:2x5bsfE. 2

463 for I=1 1o N : Freq. Loop

473 3243BVRL 1 J5AS if AC-500§62+E3 A+1088+A Set Space or > Sign

485 wrt 165’ frea’~1060sBsAinext I Print Freg. & Attn.

49: if fl92=8i9to "MEASUREMENT" If No RHO Measurement; Go to Next Measurement

56: spc iprt " (GHz) RHO"§spc Print RHO Headings

G511 fmt xsfS.253%9¢6.3

52: for I=1 to N Freq. Loop

53: wrt 165 freoa’ ~1008sRIIJinext 1 Print Freq. & RHO

34: 2t0o "MERSUREMENT ™ Go to Next Measurement
S

56t "SUBRDUTINES":
578 "testlev i *tem’#Ci*ipm? #0iif G -28iL~10+Miatn "rewlevel”
58¢ if CH-20iL-1B8+Migto "newlevel”

59! if C<-49i9tn "raiselevel” Adjust Level, if

2?: if G{-493i3to0 "raiseclevel” Necessary, for Accuracy,
ioret ————Noise, and Speed.

ga i;uiiféggzi tradb( 59" )35 if bit(238riret See‘FIow Chart

641 L-{max{GsCr+212+M in Figure 2-11

63t "newlevel"fint (M+. 503N if M=Lirat
66 MaLicll ’sal*iliiato "testlev”

671

gg: "freattE+(I~1)@ p1inax(2008:plivplinindiSBRA Rl 4R} ret pl————Calculate Freq. in MHz
78: "POWER METER SUBROUTINES":

718 "pmz&tUifat jurt “pml s "ZIIMSwrt "em@"s "Z11M5if flaZiwrt "em2"s"Z11"——————Setto Zero
728 fmt 4xsfd.B5red "pol"splired "pad":p33if f192ired "pnl"sp2 ————————Read Power Meters
73 it plr2 or p3d2idmp -2 | Are Power Meters Approx. Zero?
74t if fle2iif pZr2iime -3/ L If Not, Zero Again

73: wrt "eml"a "9D+I"iurt "Pm3"y "9D+I"iif fla2iurt “Rm”e "D+l Change to dBm
76 if §£192§if rdb("Pm2")>83i9to ~1 [ Keep Changing to dBm Until Power
77 9to -23if rdb("pml1"){845if rdb("Pm2")<{84iret Meters Are Not in Auto Zero

79t if p2=-7@iunit 4080 [ncident
86! p24p3iurt "pul"y"T"ired "ral"splspdigto -Biif absip2-p3d{.85iret mr2 Power Meter
81 "rem"sfmt xsbyxseF.Biwrt "PME"s"T"ired "Pn2'HrrlspI3if P1273iret 2 } {Trlgger&ﬁead

78: "ipn"ifmt xsbixsed.B%wrt "eml s "TUired "enl"selepZiif plOPEirer m2 } {Trigger&Read

82: if e2=-78%woit 40080 Reflected

83: pZ2+pfwrt "pPm2"s"T"ired "pPm2"snlipligto ~BFif oksipZ-p3){.@5iret 2 Power Meter
84: "tem"ifmt sovbsxsed.Biurt "Pn3":"T'ired "em3plse2iif R13P3irst R2 Trigger & Read
85: if p2=-7Biwnit 4000 Test

86 p2¥p35uwrt "Pul"s"T"ired "pPm3"srlip2iqto -ALif ubsip2-p3){.A5iret R2 Power Meter
87: “SIG GEN SUBRDUTIMES":

88: “off"icll *sal?(-6@)ifmt fuwrt "£3":"08"jret Turns RF Power OFF
B9: "sal"sfmt "K"s2bsy"87"ibiif P12135135+m] Sets Generator Level; Max. is 13 dBm
28 if e1>3lwrt "sg"s4Bs61i-m1:513ret Special Instructions for Top Level Range
9138 if pl{-1206iwrt "59"9159561:485 ret Min Generator is - 120 dBm
928 intCabs(pi 100 03p25wrt "29"sp2+4585 51 -10p2-pl 4P wait 3EBS rety —————Send Level on HP-IB
931 “saf"rfmt "F"s£29.3:"29"3wrt "z9"smplivait 300iret Send Freq. on HP-IB
94: end

#17862
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I1I. Automatic Power Sensor Calibration

The validity of any absolute power measurement de-
pends strongly on the characteristics of the power sensor.
The main parameter that characterizes the power sensor
accuracy is the calibration factor. This figure of merit
shows the ability of the sensor to (1) absorb the RF power
incident upon it (this means it has a low reflection coefli-
cient) and (2) convert the power absorbed into a measure-
able dc value (this means it has a high effective efficiency).
The accurate measurement of calibration factor has either
been very tedious or it has required expensive equipment,
such as an error-correcting Automatic Network Analyzer.
Calibration factor has normally been measured only by
manufacturers and by the most well-equipped calibration
laboratories. Sending power sensors to such facilities for
recalibration is time consuming, expensive, and often com-
plicated by international import/export regulations. Con-
sequently, the calibration factor is usually measured only
during manufacture or after major repair. Yet, because
the calibration factor can change due to factors like con-
nector wear, aging, or the application of excessive power,
it should be measured more frequently. Once each year
is felt to be adequate for average usage.

This section describes a system for measuring calibra-
tion factor. A desktop computer operates the equipment
and processes the data to achieve an easy-to-operate and
accurate measurement system. Most of the measuring
instruments that make up the system will be standard
equipment in calibration laboratories. Some of the com-
ponents are special in that measured data expressing their
performance is stored on the system computer. The physi-
cal construction of the special components is standard. This
particular system measures calibration factor over the 2 to
18 GHz frequency range, for sensors with Type N connec-
tors, and over a power range from 1 mW to 1 wW. This
allows calibration of the HP 8481A, 8481H, 8484A, 8478B,
and 478A Power Sensors. The basic method can, however,
be adapted to other conditions.

One of the advantages of this calibration system is that
it can be used for other purposes. Since the system is
composed of general purpose equipment, it might be used
for calibration factor measurement a few months each
year. Other times it might be used for such things as the
accurate attenuation measurements discussed in the pre-
vious section,

The goals of this section are (1) to describe the prin-
ciples of the measurement, including a derivation of the
uncertainties of measurement; (2) to enable an operator to
set-up and run the system; and (3) to enable a programmer
to rewrite sections of the software for special applications.

Calibration factor is measured by comparing the power
sensor under test to a standard power sensor that was
previously calibrated by a standards laboratory. When a
power sensor is calibrated in a standards laboratory by
tuning reflections at each frequency, the calibration factor
is typically known within an uncertainty of ==1.5 percent.
That same power sensor, calibrated by the manufacturer on
his production line with a suitably equipped Automatic
Network Analyzer, would typically have an uncertainty of
*3 percent. When calibrated on this system, at the same
frequencies as the standard power sensor, the power sensor
under test would typically have an uncertainty of +4 per-
cent, The low uncertainty for this system is achieved by
calculating the uncertainty for each measurement using
stored data about system components. The uncertainty
printed for each measurement is traceable to the U.S. Na-
tional Bureau of Standards. If the calibration factor were
measured manually, using the same general technique used
by this system (where no tedious tuning adjustments are
required at each frequency), and using data sheet specifi-
cations for system components, the uncertainty would be
about =10 percent.

At frequencies different than those where the standard
power sensor was calibrated, the calibration factor is found
by interpolating the calibration factor of the standard
power sensor. At those frequencies the calibration factor
uncertainty is not printed because there is no longer
traceability to the U.S. National Bureau of Standards. The
principal causes of worst-case uncertainty vary slowly as
a function of frequency, so the uncertainty at an arbitrary
frequency is often approximated by the uncertainty at
the closest frequency where the system was calibrated.

The Basic Technique

The basic technique is to measure the power from a
carefully controlled generator, first with a standard power
sensor and then with the sensor under test. In the ideal
case, with constant generator output, the ratio of the cali-
bration factors is identical to the ratio of those two power
readings. One essential contribution of this system is that
it computes its own departure from an ideal system. It
computes its own worst-case uncertainty for each measure-
ment. A magnetic tape cartridge contains measured data
about the system components that is used in the calcula-
tion. The calculation does not correct for system errors
using the stored data, it only uses that data to calculate
the measurement uncertainty.

27




Stored data about the system components is typically
much better than the manufacturer’s data sheet specifica-
tion of the same component. Data sheet specifications are
usually established to assure a reasonable yield from the
manufacturer’s production line with allowance for meas-
urement uncertainty. A directional coupler, for example,
might barely achieve its directivity specification of 30 dB
at 5 GHz, but its other pertinent characteristics would
typically be well within the data sheet specifications. Fur-
thermore, the directivity at other frequencies would be well
within its specification. Using actual measured data about
the coupler and other system components to find the meas-
urement uncertainty yields more accurate and more realis-
tic results than the data sheet specifications.

The system operates under automatic control of a desk-
top computer. An automatic system is necessary because
the procedure would be so long and complicated under
human control that errors would be likely and the skilled
labor costs would be prohibitive.

Equipment Suggested

Desktop Computer
(with 16k Byte Memory)

HP 9825A Opt. 001

HP-IB Interface with 4 m Cable HP 98034A
String-Advanced Programming ROM HP 98210A
General I/0 Ext. I/O0 ROM HP 98213A
Synthesized Signal Generator HP 8672A
Digital Multimeter with HP-IB HP 3455A

or HP 3490A Opt. 030
Power Meter System® HP 436A-E10 Series®
typically consisting of:
Power Meter with HP-IB (3 each)

Dual-Directional Coupler with

HP 436A Opt. 022

HP 11692D—-H04
Computer Characterization

10 dB Type N Attenuator (selected
for low SWR) with Computer
Characterization

Power Sensors (2 each)

Power Sensor with Standards Lab
Calibration

Power Meter

Thermistor Mount with Standards
Lab Calibration

HP 8492A—H33

HP 8484A

HP 8481A—HI11

HP 432A
HP 8478B—H28

Type N Cable (61 cm) HP 11500B
Type N Short HP 11512A
HP-IB Cable (1 m, 3 each) HP 10631A

* HP 436A-E10 is a generic number. The actual model number may
change because of deletions and additions to suit growth in the state-of-
the-art of coaxial components, special customer requirements, etc.
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BNC-Dual Banana Cable (112 cm) HP 11001A
436A-E10 System Tape** HP Part No. 00436-10xxx**

System Description

Figure 3-1 shows the two principal methods of assem-
bling the system. The upper block diagram is for testing
thermistor mounts and the lower block diagram is for test-
ing thermocouple and diode detector power sensors. The
major difference is that the thermistor mounts need a
bridge-type power meter. The recorder output of the
bridge-type power meter is digitized with a digital volt-
meter.

The RF stimulus suggested for the calibration system is
an HP 8672A Synthesized Signal Generator. This general
purpose synthesizer is likely to be available in many cali-
bration facilities and is preferred in this system because of
the ease in setting the power level. A broad range sweep
oscillator, such as the HP 8620C Option 011 with the
HP 86290A/B 2 to 18 GHz Sweep Oscillator Plug-in, and
a programmable attenuator, such as the HP 8495H Option
001 Attenuator with a programmable power supply to
drive it, can be substituted along with suitable changes to
the calculator program.

An important characteristic of any signal source is its
output at harmonics and subharmonics of the desired out-
put frequency. The HP 8672A is specified to have such
spurious outputs at least 25 dB below the output at the
desired frequency. For calibrating power sensors, this level
is adequate. For example, consider a standard power sensor
that responds to the —25 dB spurious frequency with 100
percent efficiency. Furthermore, consider that the power
sensor under test does not respond at all to the spurious
frequency. The error in calibration factor would be 25 dB
down or only 0.3 percent. Even this extreme case is not
likely to occur because, if it did, the sensor under test
would have a calibration factor of 0 at the spurious fre-
quency where the standard power sensor would be 100
percent,

The microwave source drives the input port of the dual-
directional coupler. One HP 436A Power Meter and its
HP 8484A Power Sensor is connected to the incident port
of the coupler. This 436A is called the incident power
meter because it monitors the incident power from the
generator. A second 436A and 8484A, connected to the
reflected port of the coupler, is used to measure the re-
flected wave from the sensor under test. This power meter

#& A special part number is assigned at the factory for each complete sys-
tem. The special number is a reference to the specially stored data.




is called the reflected power meter. Power meters are used
to monitor the incident and reflected power levels because
of ease in programming, accuracy, and sensitivity (down
to —70 dBm) while still covering the complete frequency
range. Furthermore, power meters are likely to be available
around most calibration facilities.

A third power meter, called the test power meter, uses
the standard power sensor during calibration and the sen-
sor under test during measurement. The test power meter
and its power sensor is sometimes connected to the test
port of the directional coupler through a 10 dB attenuator
and sometimes it is connected directly to the coupler test
port. The computer is programmed to always inform the
operator whether or not to use the 10 dB attenuator.

With the 10 dB attenuator, the generator reflection co-
efficient presented to the standard power sensor and the
sensor under test, is as low as practical without tedious
tuning at each measurement frequency. When measuring
the 8481H Power Sensor, however, the 10 dB attenuator
would lower the output power too much, so it is not used.
Nor is the attenuator used when measuring reflection co-
efficient because it obscures the reflected wave from the
sensor under test.

A 9825A Desktop Computer controls the system by
means of the Hewlett-Packard Interface Bus (HP-IB). The
computer also processes the measured and stored data. To
perform these functions the 9825A should have the ROM’s
shown in the equipment list,

9825A -
Desktop Computer

HP-18
1 2 3455A DVM
l—_ﬁ_-—ll
436A Input

436A
Incident
Power Meter

Reflected

Power Meter Recorder Out

RF Out 8672A 432A Test
Synthesized 8484A Power Meter
Signal Generator 2?]9‘128A 84788 e
Standard
\_ (N incident Reflected Atten.
Input Test,
Vd T eed i

11692D
Dual-Directional Coupler

o s omze s e

Thermistor Power
Sensor Under Test

9825A Desktop
Computer

|

RF Out 8672A
Synthesized 8484A 1}
Signal
Generator
3
= Input

Incident
Power Meter

1236A
Test
Power Meter

| Reflected
| Power Meter

8481A
__ Standard

11692D
Dual-Directional Coupler

Power Sensor
Under Test

Figure 3-1. Block diagrams for calibrating power sensors: (top) thermistor mounts, (bottom) thermocouple and diode detec-

tor power sensors.
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For the computer to separately command the system
instruments and receive data, each item operating on the
bus must have a different address. The addresses used for
the 436A-E10 system are indicated in Figure 3-2. Special
care is needed for the power meters, where the addresses
of the reflected power meter and test power meter need to
be changed. The 436A Operating and Service Manual de-
scribes how to change the address on the A6 Assembly
(one of the printed-circuit boards inside the power meter).
If the address is set by the use of jumper wires, do not be
confused by the least significant bit being on the left. The
proper position of the power meter jumper wires is pic-
tured in the bottom of Figure 3-2. If the address is set by
the use of a switch on the printed-circuit board, then the
least significant bit is on the right so that the binary ad-
dress reads from left to right.

Decimal Octal Binary ASCH  ASCl
Address Address Address Talk Listen
Instrument Code Code Code Address Address

9825A 21 25 10101 U 5
Desktop
Computer

8672A 19 23 10011 S 3
Synthesized
Signal
Generator

436A Incident 13 16 01101 M —
Power
Meter

436A 12 14 01100 L s
Reflected
Power
Meter

436A Test 29 35 11101
Power
Meter

3455A Digital 22 26 10110 " 6
Voltmeter
(or 3490A
Option 001
Multimeter)

Test
Power Meter

1 2 3 4 5
Incident
Power Meter
1,8 1.6 9.0 1,8 1.8
1 2 3 4 5
Reflected
Power Meter
1 7 8 7,8 3.0
140 1,0 13 2 5
1

_.\o
(=1
-0
o/
_49\0
[=T-]
(=1
_na\
oce

Measurement of Kj,

The calibration factor X, of a power sensor is defined as

o]

Kb — sub (3_1)

ine

g

where P, is the RF power incident upon the sensor and
Pgyy is the substituted low frequency equivalent of the RF
power being measured. For thermistors, Py, is the change
in bias power required to bring the thermistor back to the
same resistance as before the application of RF power. For
thermocouple and diode sensors, P, is the amount of
power from a reference power source, at a specified fre-
quency, that yields the same voltage to the metering cir-
cuits as caused by the RF power. For the HP family of
thermocouple and diode sensors the reference power source
is at a frequency of 50 MHz. The gain of the circuits in the
power meter is adjusted so that when P,,, is 1 mW, the
power meter reads 1 mW. For the HP 8484 Power Sensor,
the reading is adjusted to 1 yW. From then on, the meter
indication is equal to P, within the instrumentation un-
certainty of the power meter. This means that

M= Psub <l * 1) (3'2)

where M is the power meter indication and i is the instru-
mentation uncertainty (for 1 percent uncertainty, i would
be 0.01).

Figure 3-3 shows the two measurements made to find the
calibration factor K, of a sensor under test. “P” symbolizes

M. Incident
i1 Power Meter

Standard
Power Sensor

Test

Sensor
Under Test

Figure 3-2. Table of HP-IB address for the 436A-E10 sys-
tem. The bottom portion sketches the jumper wiring nec-
essary for some 436A Power Meters.

2]
[}

Figure 3-3. Schematic diagram of calibration factor meas-
urement showing the measured powers for (top) the
standard power sensor and (bottom) the sensor under test.
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power flow and “a” symbolizes the amplitude of incident
waves. In the upper figure, the standard power sensor is
connected to the measurement port. Two power meter
readings, M; (for standard power sensor) and M, (for the
first measurement with the incident power meter), are ob-
served. In the lower figure the same measurements are
made except that the sensor under test is connected to the
measurement port. The respective meter readings are M,
(for sensor under test) and M;,.

From equations (3-1) and (3-2), the ratio of the sensor
under test calibration factor X, to the standard power sen-
sor calibration factor K| is

M,
Ky _(A*xi)P, _ M, P, 1xi (3.3)
K, ~ M, "M, P, 1=i, )

(lils) Pis

where P, and P;, are the true values of the power incident
on the standard power sensor and sensor under test. From
Figure 3-3

P, 2

Pit

ag

at

©

(3-4)

In Appendix A, equation (A-8), an expression for the output
at the test port is derived in terms of a;, the wave on the
auxiliary arm of the coupler that monitors the incident
wave. Substituting equation (A-8) for a, and for a, yields

A iy 11— Ptre
A=At 2 tle 3-5
a, a, 1-—-TI.,T, (3-5)

In this equation T, is the effective source reflection coeffi-
cient looking back into the measurement port and T', and
T, are the reflection coefficients of the standard power sen-
sor and sensor under test. From Figure 3-3 and equations
(3-1) and (3-2) it is also true that

Mil
EﬂzauzzuihﬂgzMﬂ.lik (3-6)
Pi2 Aio Mig Mir) 1ill

(1 * 12) K1

where i, and i, refer to the incident power meter uncer-
tainties during the two measurements and K, is the calibra-
tion factor of the power sensor connected to the incident
power meter. When equations (3-4), (3-5), and (3-8) are
substituted in equation (3-3), the result is

Kb_ M, M;

Ks—Mi2 Ms

1-T,T,
I—T,T,

2 1=xi, 1xi
1+i; 1=4,

(3-7)

If the measurement system were ideal, the power meters
would have no instrumentation error (all the i's would be
zero) and the equivalent source reflection, T, would be

zero. Then the calibration factor would be given by

=

K, = K, (3-8)

=<

i1
This is the value of K, that is calculated by the program

that follows. M/M;;, expressed in dB, is stored in array
CIN]. M /M;,, expressed in dB, is stored in array K[N].

The proper value of K, is either read directly from the
array or interpolated. Equation (3-8) is then solved and the
result is stored in array K[N].

Calculating Worst-Case Uncertainty

The percent worst-case uncertainty of the calibration
factor Uy, is defined as

UKb — Kb mz}z - Kb 100 = ( Kki(max
b

—1> 100 (39)

b

where K, .., is the largest possible value of Kp® Ky max
is calculated by maximizing the separate terms of equation
(3-7) to give

(3-10)

[1-1,T,|2 1=+i, 1 =i
|1_I\sre max(lii1>max lilt max

N~ ———— N
M w

=

=

Kb max — Ks max

=

E

=

%

Ky

=K
§ max
K,

|

The substitution of K,/K, comes from equation (3-8).
The procedure for finding M and W will soon be discussed.
K max/ K can be found by applying equation (3-9) to the
standard power sensor

Ks max ___ UKs

K, 100 "1 (3-11)

where Ug, is the calibration factor uncertainty of the
standard power sensor. When equations (3-10) and (3-11)
are substituted in (3-9) the result is

Uy
U :I:<1(;(d +1> MW —1J 100 (3-12)

This is the equation used in the program that follows.

# It is true that K, . — K, is larger than K, = K} pmin but usually by
a very small amount,
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Mismatch Uncertainty

The M of equations (3-10) and (3-12) is the maximum
total mismatch uncertainty caused by (1) re-reflections be-
tween the standard power sensor and the effective source
looking back into the test port of the coupler and (2) re-
reflections between the sensor under test and the effective
source looking back into the test port of the coupler. The
worst-case value occurs when the reflection coefficient mag-
nitudes are at their largest and the reflections combine in
phase to give the largest value to M. M can be written as

1\/1 :(1 + Pt max Pe max 2
1~ Ps Pe max
where p refers to magnitude of corresponding reflection

coeflicients. The standard power sensor reflection coefficient
magnitude, p,, is taken from the calibration lab report data

(3-13)

that is stored in array A[L]] of the computer program,
Values of py pay and p, yax will now be discussed.

The worst-case equivalent source reflection coeficient,
Pe max Uabeled G in the sample program), is calculated from
equation (A-6) of Appendix A.

J SQI |2 (Pc + ‘ TD\ ‘ )mux

* 1-— [Sll max (Pc + ‘TD\ !)max

Pe max — ‘ S:}E (3-14)

The S parameters refer to the attenuator that is used on
the coupler output. | S5 | and | Sy, | are stored as calibra-
tion data in A[L10] and A[I,11] respectively. | Si1| max
is read from the attenuator data sheet and is indicated
by the symbol U in the program. The (p, + | TD; | ) max
term is given the label C and is also used later in calculat-
ing p. max The coupler mainline reflection coefficient, p,,
is read from the data array A[1,8]. The coupler used with

the system consists of two 22 dB couplers. An upper
bound on T, found by considering only coupling loss, is
T =1— (0.1)2 = 0.99. The incident arm directivity, D;,
is stored in array A[I,9]. This allows the calculation of C
and of the effective source reflection coefficient G. To con-
serve power when measuring the high power HP 8481H
Power Sensor, the 10 dB attenuator at the measurement
port is not used. In this case G = C.

Sensor Under Test Reflection Coefficient

The reflectometer measures the reflection coefficient
magnitude of the sensor under test (Figure 3-4). This re-
flection coefficient is used mainly to calculate mismatch
uncertainty M. Reflection coefficient is the ratio of the
reflected wave to the incident for the sensor under test.
The procedure for using the reflectometer is to first meas-
ure the magnitude of that ratio for a short circuit, which
has a reflection coeflicient of —1, and then to measure it

32

for the sensor under test. The ratio of those ratios is taken
as the reflection coefficient magnitude of the sensor under
test. In terms of Figure 3-4

| 2 |

i ' sensor under test

[ I

(3-15)

N
R=

2 | r=-1

The denominator, expressed in dB, is measured and stored
in array, S[N]. The numerator, in dB, is measured and
stored in array R[N]. The value of the reflection coefficient
is calculated and stored in array R[N].

The worst-case error in considering R of equation (3-15)
as the reflection coefficient is evaluated in Appendix B
and given in equations (B-8) and (B-9) as

Apmax =A + BP +CP2 (3'16)

where

A D]

D,
B:pc+rTDiJ+H

C:P<+lTDll

The reflected arm directivity D, is inserted from data
sheet specification limits. T and C were already evaluated
above 0 Apy.,, of equation (3-16) is calculated and stored
in array Q[N].

The highest possible reflection coefficient of the sensor
under test is the sum of the indicated value and the worst-
case error

Pd max — P + Apmax = R[N] + Q[N] (3'17)

This is the value used to calculate the total mismatch un-
certainty M in the program for the system.

Incident
Power
Meter

Reflected
Power Meter

T Short
A
|—-} First This

.
O A |
H ] mhen This

Sensor Under Test

Figure 3-4. Schematic diagram of reflection coefficient
measurement.
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Power Meter Uncertainty

There are two possible sources of power meter uncer-
tainty besides the basic accuracy of the power meters
symbolized by i. They are noise and reference oscillator
mismatch uncertainty. These sources will be individually
evaluated. All the sources of power meter uncertainty are
then tabulated and combined in Figure 3-5. The results
are used in the program that follows as the variable W.

The first part of W from equation (3-10), ((1 = i)/
{1 =1;) ).y accounts for the instrumentation uncertainty
of the incident power meter. The incident power meter
actually measures the ratio of the generator output for
the standard power sensor to the output for the sensor
under test. Many sources of instrumentation error cancel
when the ratio of two power meter readings is taken. For
example, if a power meter has too high a gain in its meter-
ing circuits, so that the output consistently reads twice as
high as it should, the numerator and denominator are
each too high but the ratio is still correct. Another example
of error canceling is the power reference oscillator output.
If it is too high for the standard power sensor, it is also
too high for the sensor under test. The HP 436A Power
Meter is especially good for relative power measurements.
If the two measurements of incident power are on the
same range, as they are for the calibration factor measure-
ment of the HP 8481A and 8481H Power Sensors and for
the 8478B Thermistor Mounts, the uncertainty of the ratio
is 0.02 dB. For the HP 8484A Power Sensor, the meter
range for the measurement with the standard power sensor
is different than the meter range for the sensor under test
measurement. There is an additional 20.02 dB \range-to-
range uncertainty so the total uncertainty of the ratio is
+0.04 dB.

The last part of W from equation (3-10), ( (1 = i)/
(1 = i) )y involves the identical concern for the test
power meter that meters the standard power sensor and
the sensor under test. If both sensors are the HP 8481A,
the power meter will read on the same range and the un-
certainty is *=0.02 dB. If the sensor under test is the 8484A
or 8481H, the power meter range for the standard power
sensor and the sensor under test are different and the
uncertainty is therefore +0.04 dB.

The HP 432A Power Meter, used for calibrating ther-
mistor mounts, has no speciﬁcation for relative power
measurements or ratios. If specifications for absolute power
measurements were applied twice, once for the standard
and once for the unknown, the result would be about
+0.14 dB. This uncertainty is overly conservative and
large enough to restrict the usefulness of the system. A
separate evaluation of several HP 432A Power Meters
showed, at levels between full scale and 3 dB below
full scale, that the power ratio was accurate to within
+0.03 dB.

478A
8481A 8481H 8484A 8478B
Sensor Sensor Sensor Sensor
1%
= +0.02dB | #+0.02dB | +0.04 dB | +0.02 dB
—_— 1 max
1+
< - > +0.02 +0.04 =+0.04 +0.03
TEit /o
Noise 2(=+0.0028); =0.028 +0.003 2(+0.017)
Ref. Osc. M, | £0.017 +0.017 +0.017 0
Total
Uncertainty | £0.063 dB| +0.105 dB| +0.100 dB} +0.084 dB
Absolute
Ratio 1.0146 1.02447 1.02329 1.01953

Figure 3-5. A chart of the measurement error components
that make up the total power meter uncertainty.

The cffect of noise is to increase or decrease the desired
signal. It could affect the result both during the measure-
ment of the standard power sensor and during the meas-
urement of the sensor under test. Each of the “Noise”
entries in Figure 3-5 will now be discussed. The HP 432A
Power Meter for use with the thermistor mounts has a
specified noise level of +0.25 percent of full scale. For
measurements 2 dB down from full scale this could con-
tribute £0.4 percent or £0.017 dB. For the HP 8481A
Power Sensor the noise level is typically 40 nW. For meas-
urements at —~12 dBm the noise could change the signal
by +0.063 percent or *=0.0028 dB. For measurements at
—2 dBm, the noise could contribute +0.0063 percent
which is negligible. The HP 8481H Power Sensor has a
typical noise level of 4 4 W. For mecasurements at —2 dBm,
the noise could contribute *0.63 percent or =0.028 dB.
For the HP 8484A Power Sensor the typical noise level is
*£20 pW. At a signal level of —~32 dBm (630 nW) the
noise could contribute =0.003 percent,

For the HP 8480 Series of power sensors there is still
another uncertainty: the mismatch uncertainty between
the power reference oscillator and the standard power
sensor as well as the sensor under test. Each of these
mismatch uncertainties contributes an additional #+0.017
dB (=0.0087 dB for ecach sensor) to the instrumentation
uncertainty.

When setting the CAL ADJ for the 8484A Sensor, a
30 dB attenuator is used on the power reference output.
If this attenuator will always be dedicated to the 8484A
being calibrated, then it adds no error. If it is not dedi-
cated, then an additional =0.05 dB or 1 percent should
be added. The example program used here does not in-
clude this possible source of error,
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Effective Efficiency

Once the calibration factor and reflection coefficient of
a power sensor are known, the effective efficiency can be
calculated according to the equation

5
1=

(3-18)

2

This is the relationship used in the sample program.

The uncertainty of 7, is defined in the same manner as
the uncertainty of X, given in equation (3-9)

U, = <17—e-l“i5—1) 100 (3-19)
Ne
Equation (3-18) can be extended to find 5, oy
Kb max Kb max
e max — - > 3-20
R Ry Rl gy PR

Now by combining equations (3-18), (3-19) and (3-20)

U :< Kbmax (1_P2)
K K, (1 — (p+ 4Ap)?)

—-l) 100 (3-21)

But K, /K, has already been evaluated by means of
equations (3-9) and (3-12) so that

_ Ugs ) 1—p2
U"‘((loo 1T (p+Ap)?

This is the uncertainty calculated in the sample program.

~1) 100 (3-22)

Program Operation

(1) Set up measurement system as shown in Figure 3-1.

* It is recommended that the system be allowed 1
hour warm-up time.

* During operation of the program, the 8672A Syn-
thesized Signal Generator should have the RF
switch on the front panel in the OFF position and
the RANGE dBm switch set a maximum of
~40, This protects against the possibility of power
meters going into an over-range condition. The
recovery from such a condition may take a longer
time than the program allows.

» The CAL FACTOR dials on all Power Meters
should be set to 100 percent.

o Zero-set and set the CAL ADJ of the two 436A/
8484A’s that connect to the incident and reflected
coupler ports according to the Operating Instruc-
tions in the 436A Operating Manual. Be sure to
connect the 11708A Reference Attenuator to the
436A Power Reference Output when calibrating.

(4)

(5)

(6)

Insert the 436A—E10 System Tape, rewind, load file
0 (or whatever file contains the main program) and
press RUN. “TODAY’S DATE?” will appear in the
display. Type the date in the manner desired for the
final report and press CONTINUE.

When “FILE # of CALIBRATION DATA?’ ap-
pears, type in the proper file number (usually file 1)
and press CONTINUE,

When “START FREQ (MHz)?” appears, there are

two choices of answers.

(a) If CONTINUE is pressed without entering any-
thing on the keyboard, the program will meas-
ure at those frequencies where there is cali-
bration data—usually 2 to 18 GHz in 1 GHz
steps plus 12.4 GHz. Furthermore, the next
two program prompts, for STOP FREQ and
FREQ STEP, are skipped.

(b) If some other frequency set is desired, enter
the lowest frequency of the set in MHz and
then press CONTINUE.

When “STOP FREQ (MHz)?” appears in the cal-
culator display, type the last test frequency and
press CONTINUE.

“FREQ STEP (MHz)?” next appears. Type the
frequency increment between test points and press
CONTINUE.,

Note: The program as written only calibrates at 41
frequencies. If the START, STOP, and STEP
inputs correspond to more than 41 frequencies,
the program will loop back to the start of step
number 4, requesting new frequency data.

“SHORT TO COUP. OUTPUT” tells the operator
to place a short circuit on the test port of the
coupler, When this is done, press CONTINUE. The
program will measure and save the difference in dB
between the reflected and incident power meter
readings at each frequency.

“SENSOR UNDER TEST MODEL #?” requires a
proper model number of an HP sensor. The standard
program accepts the following: 478A, 8478B, 8481A,
8481H, and 8484A. If the answer is unacceptable,
the program loops back and re-asks the question. In
order for the program to handle other power sensors
the program must be changed.

“SENSCR UNDER TEST SERIAL #?” will next
appear. A reply of up to 11 alphanumeric characters
is allowed. Press CONTINUE when ready.

1f the sensor under test is an HP 8484A Power Sen-
sor, a 30 dB attenuator is used for setting the CAL
AD]J on the 436A. The serial number of this attenu-
ator is entered next in answer to the prompt, “SER
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# OF 30 dB 11708A ATTEN.” Press CONTINUE
when the serial number is entered. This step is
skipped if the sensor under test is other than the
8484A.

Note: If a 436A and this 8484A is used without that
particular attenuator for CAL ADJ, an additional
uncertainty of 20.05 dB (1 percent) should be
added to the results printed.

(11) FOR THERMISTOR MOUNTS

* The program prompts “STD 8478B to 43%A
POWER METER!” This refers to the thermistor
mount with the Standards Lab calibration. Press
CONTINUE when accomplished.

* The next prompt is “STD 84788 TO COUP. VIA
SPECIAL ATTN”. Press CONTINUE when ac-
complished.

¢ The next prompt is “ZERO 432A POWER
METER—-CHECK DRIFT!” After zeroing on the
lowest power range, observe whether the needle
moves less than 0.4 W (about 2 divisions) in one
minute. If the drift is greater than this, do not
proceed until the thermistor reaches thermal equi-
librium and the drift subsides. This could take
an hour but is usually only a few minutes. Once
the drift is low enough, press the FINE ZERO
toggle on the 432A once more and press CON-
TINUE on the calculator.

e The next prompt is “SET 432A to 0.1 mW
RANGE”. Press CONTINUE when the power
meter range is proper.

FOR 8480 FAMILY POWER SENSORS

* “STD 8481A TO TEST POWER METER!” refers
to the 8481A standard power sensor with the
special Standards Lab calibration. Press CON-
TINUE when the sensor is connected to the power
meter.

* When “ZERO-SET & CALIBRATE TO 1lmW” is
displayed, the standard power sensor should be
connected to the 436A, 50 MHz, Power Reference
Output. The Power Reference Oscillator on any
of the 436A Power Meters may be used. It is
important, however, to use the same Power Ref-
erence Oscillator for the standard power sensor
and for the sensor under test. Once the sensor is
connected, but with the Power Reference Oscilla-
tor turned off, the test power meter is to be zero-set
by depressing the SENSOR ZERO button until
the meter reads zero. The Power Reference Oscil-
lator is not to be turned ON until the ZERO light
goes out. The CAL ADJ must be set to 1 mW.
When this operation is completed, press CON-
TINUE.

* The next instruction displayed is either “STD
8481A TO COUP. DIRECT” (for the case of

calibrating to test the 8481H), or “STD 8481A
TO COUP VIA SPEC. ATTN” (for the case of
calibrating to test the 8481A or 8484A Power
Sensors). Press CONTINUE when the standard
power sensor is connected. The program will wait
about 2 minutes before beginning measurement to
allow the power sensor temperature to stabilize.
If this wait is eliminated, the zero-set will often
have drifted significantly by the tenth or fifteenth
frequency of measurement. After the wait the
system measures and stores the dB difference be-
tween the test power meter reading and incident
power meter reading at each frequency. This
completes the calibration process.

(12) The next step is to make the same reasurement

(13)

with the sensor under test as was made with the
standard power sensor in step number 11. The in-
structions are much the same. Connect the sensor
under test to the test power meter and follow the
instruction prompts. Press CONTINUE after each
instruction is followed.

e For thermistor mounts, part of zero-setting is to
wait until thermal drift is below 0.4 wW/minute
as described in step number 11 for the standard
power sensor. When the drift has settled, press
FINE ZERO on the 432A once more and then
press CONTINUE,

o If the sensor under test is an 8484A Power Sensor,
it is connected to the Power Reference Output of
the 436A through an 11708A, 30 dE attenuator
and the CAL ADJ on the test power meter is set
to 1 WW. Be sure to use the same Power Reference
Oscillator as was used for the standard power sen-
sor in step number 11.

* If the sensor under test is the 8481H, during CAL
ADJ the meter reading has a long settling time.
The meter reading is also somewhat noisy. This
is normal and accounted for in the uncertainty
that will be printed for this sensor. The average
reading should be 1 mW (or 0.00 dBm) with a
typical deviation of up to £0.004 mW (or =0.02
dBm).

The next part of the program measures the reflection
coefficient of the sensor under test. Again press
CONTINUE after each instruction is followed.

* If the sensor under test is the 8481H, no 10 dB
attenuator needs to be removed. The test set-up
is exactly the same as in step number 12 and the
program continues automatically with no prompts.

¢ For all other sensors under test, the 10 dB attenu-
ator is to be removed.

* For Thermistor Mounts, the 432A Power Meter
should have its range switch set to the highest
range.
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o For the 8484A, the fest power meter will be over-
ranged during this measurement. The power inci-
dent upon the sensor under test is close to 0 dBm,
but it is not enough to damage the 8484A nor
enough to significantly change its reflection coeffi-
cient.

(14) After all the measurements and calculations are
complete, the calculator outputs the data on its
strip printer.

(15) The program loops back to step number 8, “SENSOR
UNDER TEST MODEL #?”. If the new model
number is such that the calibration is still valid,
step number 11 is skipped.

Measurement Results

The purpose of this system is to economically and peri-
odically measure the calibration factor of power sensors
with better accuracy than would be achieved by consid-
ering data sheet specifications of the system components.
When compared to an Automatic Network Analyzer, this
system is almost as accurate but has much lower cost.

The uncertainty of calibration factor measurement for
this system is compared to the other alternatives in Figure
3-6 for the 8484A Power Sensor. The uncertainty for this
system, using stored data, is one-half to one-third the un-
certainty calculated using data sheet specification limits
of the system components.

Figure 3-6 also shows that this system is only slightly
less accurate than the published specifications achieved
with an Automatic Network Analyzer (ANA). It should
be noted, however, that the ANA uncertainty is guaranteed
for any and all HP 8484A Power Sensors. The ANA uncer-
tainty is calculated assuming that the sensor under test
has a reflection coefficient magnitude that corresponds to
the data sheet specification limit. If the ANA uncertainty
were individually calculated for each sensor at each fre-
quency (such as is done by the 436A—E10 program), the
ANA uncertainty would be significantly lower, The uncer-
tainty listed for this desktop computer-based system, only
applies to one particular power sensor. Another power
sensor, even of the same type, will yield a different uncer-
tainty.

The Automatic Network Analyzer System is more accu-
rate than the 436A—E 10 system because the ANA corrects
for re-reflections between the power sensors and the meas-
urement equipment. Such correction requires the capability
to measure the phase angle of reflection coefficient. The
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436A—~E10 system does not measure phase, thus it is not
an error correcting system. But it is an error evaluating
system—it evaluates the limits of error, especially those due
to re-reflection phenomena.

The measurement uncertainty printed by this system
still seems to be quite conservative. Figure 3-7 shows the
calibration factor as measured by a Standards Laboratory
and then the uncertainty as measured on this system. This
was done for two sensors, an HP 8481A thermocouple
type sensor and an HP 8478B thermistor type sensor. Note
that any deviation between the Standards Lab result and
the result with this system is well within the uncertainty
limits printed by this system.

A sample of the complete system printout is printed in
Figure 3-8. Also shown in Figure 3-8 is a sample printout
when non-standard and standard frequencies are chosen.
For the non-standard frequencies, measurement uncer-
tainty is not printed because there is no longer traceability
to the National Bureau of Standards.

Uncertainty (%)
436A-E10
Manufacturing Using
436A-E10 Specifications Published
Using Using the Data Sheet
Measured 85428 Specification
Cal. Data for the Automatic Limits for the
Freq | Factor System Network System
{(GHz) | (%) | Components Analyzer Components
2.0 97.4 4.0 4.70 10.4
3.0 | 97.2 4.2 10.4
4.0 | 96.5 4.2 4.36 9.9
50 | 96.5 4.3 10.5
6.0 | 95.3 4.0 4.55 10.5
7.0 | 952 4.2 10.5
8.0 | 95.1 4.2 4.47 104
9.0 | 93.9 5.2 13.7
10.0 | 94.5 57 4.42 13.7
11.0 | 93.8 5.8 15.4
12.0 | 94.5 6.5 15.4
12.4 | 944 6.9 4.7 15.4
13.0 | 943 7.5 26.0
14,0 | 94.7 7.3 7.00 25.9
15.0 | 97.7 7.7 26.0
16.0 | 96.2 8.7 7.62 26.5
17.0 | 99.1 9.3 26.5
18.0 | 983 8.4 7.15 26.5

an HP 8484A Power Sensor as measured with different
techniques.

Figure 3-8, A table of the calibration factor uncertainty for é
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HP 8481A

Standards Lab Data

436A-E10 Data

Freq
(GHz) C.F. % UNC C.F. % UNC
2.0 98.8 1.5 99.0 3.2
3.0 98.4 1.5 98.4 3.3
4.0 98.4 1.5 98.3 3.3
5.0 98.1 1.5 97.9 3.4
6.0 97.6 1.5 97.6 3.3
7.0 97.3 1.6 96.9 3.4
8.0 96.9 1.6 96.9 3.7
9.0 96.2 1.8 96.5 3.9
10.0 95.9 1.8 95.6 4.2
11.0 95.2 1.8 96.0 4.5
12.0 95.7 1.8 94.7 4.8
124 94.7 1.8 94.7 59
13.0 93.5 2.7 93.7 7.2
14.0 941 2.7 94.0 9.0
15.0 92.7 2.7 92.9 8.6
16.0 92.6 2.7 93.3 8.1
17.0 92.8 2.7 92.5 7.2
18.0 92.7 2.7 92.7 6.0
HP 8478B
Standards Lab Data 436A-E10 Data
Freq
(GHz) C.F. % UNC C.F. % UNC
2.0 98.2 1.5 98.4 3.8
3.0 97.9 1.5 97.9 4.0
4.0 97.6 1.5 97.8 4.0
5.0 97.3 1.5 97.5 4.2
6.0 96.8 1.6 96.9 41
7.0 96.5 1.6 96.7 43
8.0 96.2 1.6 96.0 4.6
9.0 95.8 1.8 95.7 5.1
10.0 954 1.8 95.5 5.7
11.0 95.2 1.8 94.9 6.1
12.0 94.4 1.8 95.0 6.3
124 94.9 1.8 94.1 7.1
13.0 93.4 2.7 93.6 7.7
14.0 94.4 2.7 95.0 9.3
15.0 93.7 2.7 93.8 7.8
16.0 93.4 2.7 93.8 8.8
17.0 93.2 2.7 93.4 7.7
18.0 93.8 2.7 94.3 6.2

Figure 3-7. A comparison of calibration factor data as
measured by a Standards Lab and by the 436A-E10 system

for (upper) an HP 8481A and (lower) HP 8478B.
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CALIBRATION DATA
FOR POWHER SENSOR
HP MODEL# 8481A
SER# 1550RB8189
USING STANDARD
8481A SENSOR
SER# 1234R03322

REF. CAL FACTOR
@ S@MHz= 1gax

FREQ
GHz CF% ZUNC
8.8 97.6 3.3
8.5 97.2 $s$s¢
3.8 97.3 4.0
9.5 96.9 $$s¢
18.8 985.7 4.4
18,5 95.1 s$3$¢
11.8 95.8 3.2
11.3 95.9 $$¢¢
12.8 9%4.6 5.6
12,5 93.6 s$3$s%s
FRE®
GHz EEX  ZUNC
8.8 97.7 3.6
8.3 97.2 s$s$¢
9.8 97.4 4.9
9.3 97.1 $$%3%
18.8 95.7 5.2
18.5 95.2 $$$3
1.8 95.2 6.4
11.5 95.2 s$$ss
12.08 %4,9 7.8
12,5 93.9 $$3%
REF

FREQ COEFF DELTR
GHz RHO RHO
@8.029 9.835
9.015 $$$33%
8.834 @.067
B8.042 $$$%3
8.0822 @.086¢
B.631 $$$5s
8.846 6.079
0.839 $33¢%
2.052 8.0872
8.852 $$$5¢
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el Ty ey

Figure 3-8.

Typical printouts of data taken by the 436A-
E-10 system. $$3$$ shows unavailable traceability to NBS.
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Programs

The 436A—E10 System Tape consists of the following
three files for measuring calibration factor:

File 0: Power Sensor Calibration Program

File 1: File of Measured Data about System Components

File 2: Power Sensor Data File Construction Program

File 3: Attenuation and Rho Measurement Program
The power sensor calibration program will now be ex-
plained to ease any changes that may be necessary for
a particular application,

Main Program

The main power sensor calibration program is divided
into the following sections and subsections:

¢ Initialization, data entry, frequency entry (LINES
0-17)

¢ Calibration with short circuit and Standard Sensor
(LINES 18-58)

¢ Measurement of the sensor under test (LINES 59-95)

¢ Calculations and printing of results (LINES 96-157)

¢ Subroutines and Subfunctions (LINES 158-211)

The variables of the main program are assigned as follows:
Matrices:

A[18, 11] Calibration data for system components that
is read from the data file. Each row is data for
a specific frequency. Each column consists of
the following:

Column 1 Frequency in MHz.

Column 2 Calibration Factor in % of the Standard HP
8481A Power Sensor.

Column 3 Uncertainty of calibration factor data in col-
umn 2,

Column 4 Reflection-coefficient magnitude of the Stand-
ard 8481A Power Sensor.

Column 5 Calibration Factor in % of the Standard HP
84788 Thermistor Mount.

Column 6 Uncertainty of calibration factor data in col-
umn 5.

Column 7 Reflection-coefficient magnitude of the Stand-
ard 8478B Thermistor Mount.

Column 8 Mainline reflection coefficient of the dual-
directional coupler as viewed from the test
port.

Column 9 Directivity of the incident arm of the dual-
directional coupler.

Column 10 Reflection coefficient of the special 10 dB at-
tenuator as viewed from the female end (right

end).
Column 11 Attenuation of the special 10 dB attenuator.
Cl41} Array for storing the difference in dB between

coupler or attenuator output power, when the
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standard power sensor is connected, and the
power monitored by the incident power meter.
Each row corresponds to a selected frequency.

K[41] Array for storing the difference in dB between
coupler or attenuator output power, when the
sensor under test is connected, and the power
monitored by the incident power meter. Dur-
ing the calculation of the results, the data in
this array gets changed to the calibration factor
of the sensor under test.

Q[41] Array for storing the uncertainty of the meas-
ured reflection coefficient of the sensor under
test.

R[41] Array for storing the dB difference between
the reflected power meter and the incident
power meter readings when the sensor under
test is connected to the coupler output. Dur-
ing the calculation of the results, the data in
this array gets changed to the reflection coeffi-
cient of the sensor under test.

S[41] Array for storing the dB difference between
the reflected power meter and the incident
power meter readings when a short circuit is
connected to the coupler output.

T[41] Array for storing the worst-case uncertainty of
the measured calibration factor.

String Variables:
A$[11] Serial number of the 30 dB attenuator used
to set CAL AD]J for an HP 8484A Power Sen-
sor.
C$[4, 11] Each row stores a serial number of a system
component as follows:
row 1 Standard HP 8481A Power Sensor.
row 2 Standard HP 8478 Thermistor Mount.
row 3 Dual-Directional Coupler.
row 4 Special 10 dB attenuator.

D3$[16] Today’s date.
K$[6] Model number of the sensor under test.
L3[11] Serial number of the sensor under test.

Simple Variables:

A One of the calculated uncertainty terms per-
taining to the measurement of reflection coef-
ficient. A is also the maximum value of Cali-
bration Factor used for renormalizing.

C One of the calculated uncertainty terms per-
taining to the measurement of reflection coeffi-
cient.

D The desired power from a certain sensor that,

if not achieved, is used to vary the signal gen-
erator power. D is also used as the reflected
arm directivity of the coupler.

E Start frequency in MHz.

F Frequency in MHz.
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Calculated source reflection coefficient magni-
tude.

Stop frequency in MHz.

Row index for the matrix A[*].

Column index for the matrix A[*].

Calibration Factor of standard power sensor.
Power level (dBm) to which the signal genera-
tor is programmed.

Mismatch uncertainty.

Counter for the current number of the fre-
quency. Also the counter of the number of
30-second waiting periods to comprise a total
waiting time.

Frequency increment in MHz,

Code that identifies the model number of the
sensor under test.

Transmission coefficient of coupler.
Reflection-coefficient magnitude of 10 dB at-
tenuator from the male end (left end).

The number of frequencies at which measure-
ments are made.

Total instrumentation uncertainty.

File number of calibration data. Also a variable
to dump unwanted power meter readings. X is
also used for the worst-case uncertainty of
effective efficiency.

A number that identifies the measurement cycle
being performed: 1 for calibration with the
short circuit, 2 for calibration with the standard
power sensor, 3 for calibration factor measure-
ment of the sensor under test, and 4 for re-
flection coefficient measurement,

The value of the variable S during the last
calibration. The same calibration is valid for
any combination of HP 8478B and HP 478A
sensors under test. The same calibration is
valid for any combination of HP 8481A and
8484A sensors under test.

(0) Measurement frequencies are calculated
from START, STOP, and STEP frequency in-
puts.

(1) Measurement frequencies are chosen from
the first column of matrix A; these are standard
frequencies.

(0) The frequency being considered is a stand-
ard frequency and uncertainties are calculated.
(1) The frequency being considered is not
standard and therefore the uncertainty is not
printed.

(0) Data was supplied during the last enter
statement.

(1) CONTINUE was pressed without entering
data during the last enter statement.

Calibration Data File Construction Program

This program, normally stored on FILE 2 of the 436A—
E10 System Tape, is used to construct, modify, print, or
copy the calibration data file of the system. Operation of

the program is as follows:

(1)

(6)

Load the program, normally in FILE 2, and press
RUN.

Answer the prompt “OLD CALIBRATION FILE #
= ?” with the data file number and press CON-
TINUE. If a completely new file is to be constructed
simply press CONTINUE without entering any num-
ber.

* If a totally new file is being constructed, the pro-
gram loads the standard frequencies of 2 to 18 GHz
in 1 GHz steps and also 12.4 GHz. If other frequen-
cies are desired, the program will have to be
modified.

If a totally new file is not being constructed, the old
data is loaded. Then answer the prompt “CHANGE
DATA (Y or N)?” with a Y for yes or N for no and
press CONTINUE. If “N” is entered, proceed to
step number 4 below.

As the program prompts the operator through the
various pieces of data the old data is displayed. If no
change is to be made to the old data item, simply
press CONTINUE to retain the old data item. The
next data item is then prompted for entry. If a new
value is to be entered, type in the value and press

CONTINUE.

* The first four items of data are the serial numbers
of the special system components.

* The remainder of the prompts proceed through the
array of calibration data A [*], column by column
from columns 2 through 11.

* If a mistake is made, write it down and proceed as
if there were no mistake, There is an opportunity
for further corrections later in the program.

The next question is “PRINT CALIBRATION DATA
(Y or N)?” If “Y” is answered, all the data items are
printed.

The next question is “ANY OTHER CHANGES (Y or
N)P” If “Y” is answered the program goes back to the
beginning of step number 3 above.

The last prompt is “FILE # TO STORE NEW
DATA.” The program will print the data on whatever
magnetic cartridge file is specified.
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Extensions of the Basic System

There are many possible ways of changing this system
to satisfy other needs such as using other signal sources,
testing power sensors from other manufacturers, using a
different computer, or using a different digital voltmeter
for reading the thermistor mount power meter. One popu-
lar addition is to use a line printer instead of the narrow
printer tape of the 9825A. The output portion of the pro-
gram is consolidated into one section to facilitate such a
change.

The program shown here utilizes the 2 to 18 GHz HP
8672A Synthesized Signal Generator. Other sources of RF
energy could be used with suitable modifications to the
program. A microwave sweep oscillator, for example, could
be used for some of the sensors. For the sensitive HP
8484A Power Sensor, however, the power level must be
reduced considerably so a programmable attenuator would
be necessary for a completely automatic system. Manual
attenuators could also be used for setting the power level
if appropriate instructions are inserted into the program.

The system described here covers the frequency range
of 2 to 18 GHz. Yet the power sensors normally operate
down to 10 MHz. The question arises about checking per-
formance over that entire frequency range. If an 8481A,
8481H, or 8484A Power Sensor has problems below 2 GHz,
Hewlett-Packard production experience shows that the sen-
sors will also have problems above 2 GHz, or they will not
calibrate properly at 50 MHz. If the sensor is operating
properly, any variation in the calibration factor over fre-
quencies below 2 GHz will be small compared to the un-
certainties of measurement. A linear interpolation of
calibration factor from 50 MHz to 2 GHz is almost always
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adequate. For the HP 8478B and 478A Thermistor Mounts,
a check of reflection coefficient magnitude at 10 MHz along
with calibration factor measurements above 2 GHz is suf-
ficient to insure proper operation and a low measurerment
uncertainty. Measurements below 2 GHz, therefore, are
felt to be much less necessary than those above 2 GHz.

Measurements may still be desired below 2 GHz. Fur-
thermore, there are power sensors designed for the 100
kHz to 4 GHz frequency range that may need to be
checked. The power sensor calibration system described in
Section 7 of Hewlett-Packard Application Note 196, “Auto-
matic Measurements Using the 436A Power Meter,” can be
used as a starting point for a system that operates over the
110 kHz to 2.6 GHz range. By adding the ability to meas-
ure different sensors at various power levels, that program
can be made quite general. Tt is even possible to combine
the systems for 110 kHz to 18 GHz operatior.

The programs listed here are for the HP 9825A Desktop
Computer. Similar programs have been written for the
9830A/B Desktop Computer and are available. The pro-
grams already published in AN 196 are for the HP 9830A
Desktop Computer.

There are several suitable digital voltmeters available for
digitizing the output of thermistor power meters. The pro-
gram is written for the HP 3455A Digital Voltmeter. The
HP 3490A Option 030 Digital Multimeter can be used
merely by changing LINE 198 to read:

198: “dvm”: fmt; wrt “vm”, “FOSOMIR7TIE”; fmt 4x,
€10.0; red “vm”, pl; ret pl.

Other HP-IB voltmeters of at least 4-digit resolution may

be used by making suitable changes.




Enter date, file #
of cal’'n data

A

11. "FREQS”

Enter start freq I

Value entered?

Enter stop freq
Enter freq step

#Freq’s
>41?

19: “CAL SHORT"”

¢

y

Set standard freq's

Connect sensor under test

!

A4

Connect short circuit

!

Calibrate for
RHO measurement

_ 27: "next sensor”’

Measure Cal. factor

1

Connect sensor for
RHO measurement

!

Measure RHO j

!

Calculate results

!

Print results

y

Enter sensor under test
model # & serial #

Previous
calibration

62: “CALOK"”

OK?

Connect standard
power sensor

!

Calibrate for
C.F. measurements

Flow diagram of the Power Sensor Calibration Program.
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L

"POWER SEHSO

MexRt SErrE

if K$="948
if K#="04

if S=8isto

if 5=5ient
if S=rliif
if S+ril=3:
if S+4ri=33
if Sr2iatn

“CHLIBEHTI
der “STD 8
dsr "B4TER
dzr "ZERD
dzp "SET 4
"g8d481ztd"

dep "ZERD-E
if S=4sdzp
dzp "STD &
"CALWRIT s
next Hsdap

W OASL WMo 0D A A Q OO N AR, OO D0 JHA RO~ RO MU Qe (3 »= 5c a2 op oo oz =s ox o= o5

Ve D¢ Ob UG 0D GO OB Do Do DD LS MG EC G8 AU GO W6 GG UO S OO GZ BO ME SO0 A0 GO GO OR &8 &8 UR U5 IO GN K% MR SS D S0 UC AG G4 0% O ws SO DE B

AAMMAAANMO &L, b, 0RO OOOO@MIITIMNNNOMRNIPONMA S = s s 2 e N - T AR WD~ D

B CALIBRATION FROGRAMIFEEF IS rew B7:

'IHITIHLIEHTIHH'"?lmF EUBEEFEM Ficli Piclr F8l0l 7

dew "Rl s FI3s "pm@ e VL "Rm3 e TG Teat P19 tun L TR

dim CHFLd4.11 1AL 18 11] KEle s L3011 s DS 16 A% 11 ]

dim 5[41]!'[41] L4119 RI41 1o 3041 27041 ]

cfa 1@ r@srli+s Clear Flags; Reset Designators

ent “TODRY’'S DATE"sD$

ent "FILE # 0OF |HLIBRHTIDH DATAT" v ¥

ldf HsCHFsRL %] Load Calibration Data
"FREQS" 1 ZEEQ+ES 184y

ent "START FEEQ(NHZ)?";E
if flai3ysta 1iato "CALSHORT" If No Value is Entered, Use Standard Fregs.
ent "STOP FREQOMH=z»?"aHIif HiEiato “FREQS®
ent "FREL STEP(MHz?"s@
it CiH=ED <RI+ 13y Calculate Number of Test Freqs.
if ¥edlyato "FREQS" If >41 Fregs., Re-enter Fregs.
"CALSHORT":
dsr "SHORT TO COUP. nUTPUT"5~fP
@3lil+r@icl] *startup? Set-up Power Meters, Freq. & Level
for H=1 to ¥ Freq. Loop
-1l ’Pg+ s (’f rea? 2icll flevel? =221 Set Freq.; Adjust Level for —22 dBm to Incident P.M.
*rpmt-tipnt 30N Store Indicated Return Loss
next H

ar"iAs3icll Prouse’ ibesp

ent “SENSOR UNDER TEST MODEL #7°5K$icamcK$)oks
if KE="478H"§1+8
if K$="G47EE"}; 295

BlH"id+5
if K$="S484H“=5*c

1A" 3228 g Define Mode! # Designator

"reEnt :ensor“

ent "SEMSOR UMDER TEST SERIAL #7"sL%

"SER &% OF 5Bd5 11782 ATTEN. " s A% ——————1f 84844, 30 dB Attn Needed

S#83ato "CRLOK" l [ Skip Calibration with Standard
if absiS-ris=13atn “CRLOK" Sensor if Previous Calibration
if abs(E-rid=2iste "CALOK" | s Valia.

11 E:, 1 f dll

QH WITH STD. SEHS0R™:
2B TO 432A POWER METER!"izte

Tﬂ COUF. WIR SPECIAL ARTTH"izte
432A-CHECK DRIFT"iste
320 TO @, ImW RAHGE"iztr $3to “"CALRUMY
dsp "8TD 8481R TO TEST POWER METER!"izte

'ET % CALIBRATE TO IlmW'iste

“STD 8481A TO COUP. DIRECT"iste $sto “CALWAIT"

481R TO COUP WIA SPEC. ATTH"Sste

for H=l to didse "WRITIHG 2 MIN FOR TEWF STRABILITY"jwoit Z00E6

"o

CCHLEUM" s 2=-r@5@sLscl] *startup’ Set-up Power Meters, Freq. & Level
~12+Dsi¢ q;‘%—_vn Desired Test P.M. Reading of —12 dBm (—2 dBm for 8481H)
for H=1l 1o ¥ Freq. Loop
cll fzaf " ("frea’ricll *lewel? (D 3% o Set Freq.; Adjust for Proper Test P.M. Level
e -t ipmt4CIHY — Stors Result (in dB)
rext N

Annotated listing of the Power Sensor Calibration Program (1 of 4).
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841
g5:
8&:
87:
g88:
89:
el
91:
9z:
Q3:
94
953

"MEASURE C.F. OF DUT":
S+rifibesr

"CALOK"icll "paoyse?

if 55289t "S480 test"”
if S=13dsre "CONMECT 4788 TO 4328 FOWER METER"iztrp satn +3&

dap "TEST 247EE TO 42328 FOLER METER!"izir

dzp "TEST SEMSOR TO COUP. VIA ATTH. "3 stm

dsp "ZERU 432R-CHECK DRIFT"jstm

dse "SET 4320 TO @.1mW RAMGE"istrp jata ERLM"

"8480 test"idsr “"TEST SEMSOR TO TEST FOMWER METER"iztr

1f 5<Sidse "ZERO-SET AND CALIBRATE TO 1mW“istr §ate “E:EIHNEE:T“‘{Us'\e’offqﬁ‘“*
dzp "8484A TO PWR REF QUT YIA #1178 "igte L

dsm "ZERO-ZET AND CALIBRATE TO Iful"iste

dere "REMOVE #11702R FROM 2484R"i:zte J
"CONHECT":if S#4idsp "TEST SEMSOR TO COUP. WIA ATTHM"$ztp f9to "WRIT"

dsp "B481H TO COUP. DIRECT"jztp If Not 8481H, Use 10 dB Attn.
"HAIT"tfor N=1 to 43dse "WRITIHG 2 MIN FOR TEMF STREILITY"jwait 28898
next Midse ""
"KRUM"13%r@iBsL it S=Si-263L

If B484A Use 1 uW

Set Level to 0 dBm (—20 dBm for 8484A)

cll *stortup? Set-up Power Meters, Freq. & Level
for N={ to ¥Wi-124D3if S=53-32+Dp — Freq. Loop; —12 dBm Desired (—32 for 84844)
if S=4§-2+I (—2 dBm for 8481H)
cll *sof " i*frea’dicll *level(Ds323if S=531%ipm’ 44 - — Set Freq.; Adjust Level
temt -t ipm?AKI M1l 'test478" Store Result (in dB); Check if 478A

hext N

"MERSURE RHO":if S=dicll *=z9f’(Eliato "RHORERDY"
¢ll *pause’

dsrp “TEST SEMSOR TO COUF. DIRECT"lbeer)ste

if 5<33dsp "SET 432A TO 18&mW RAHMGE"istp

"RHOREADY "5 4+r@3@+Licll *startup? -Set-up Power Meters, Freq. & Level
far N={ to ¥ Freq. Loop
cll Psaf? P frea’iricll Flevwel? (~22s10i%rpm® 3% Set Freq.; Adjust Level
’rpm’;’ipm9+R[HJ§511 Ttesndral Store Result (in dB); Check if 478A
next

cll *pause’

Annotated listing of the Power Sensor Calibration Program (2 of 4).
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95
9?“
98;
99
189:
181
iB2:
183:
184
185
1863
167
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VOO AR WO, 2PV NAHAR G000~ WAL WT —= 8O
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BB
= &

142:
143
144z
145:
1484
147
148
1498
158:
151
1523
153
15408
1558
156
1573

"CHLFULHTIDH;'E
15132+ 5 if 5438534

——— Set Pointers: Row 1; Column 2 for 8480 Series, Column 5 for Thermistors

"Courler transmiszsion”?, 997 Max. Possible Transmission
Faor H=1 ta ¥ Freq. Loop
*frea’sFicta 3 Calculate Freq.; Clear Interpolation Flag

"STANDARD C.F."%if ALI1I=FiALI+J3+Kiato "Calc CF"
if ALIs11F8ato "interpalate”

if I#185I+1+Iieto "STANDARD C.F.”
“interrolote"izfa 3Fif I=1§HII;J]+F«=fu "Calc CF”

Find Standard Cal
- Factor (Interpolate

ALYy JI4CF-ACTs {13 CALTaJI=AI=1s 0 13 CAL Ia 1 3~AL I-141 334K if Necessary)

"Coale CR"tktntCCkINI-CIHIY~1833KIHM]

"rho'"ttrt o iRBINI-SIH I 280+RIN] Return Loss to RHO
“delto rho”iif £19381686083QIHII9ts “samma source” —Big Uncertainty for Interpolation
‘directivit»": @316+D3if F 38085, 6531+D Data Sheet Spec for D

AT H [n] - SR g
S;I;T&?ég ;JQJ_EE;E’HSF;[ S[]}’E!Fd ] E } Calculate Error Coefficients for Ap

Big Uncertainty

“samma. source”tif f1l935 10888 TINI ato "Coloculations dome" for Interpolation
LB20951F FLE0a83, 12894451 f Frl24803, 29U Sy of Attn. (Data Sheet Spec)
AL Is1@81+emts-AL I 11 17180 C 1=y =G Source Reflection Coefficient
if S=450+0 For 8481H, No 10 dB Attn.

"migmotch ure "I CLHCRIMIFBI M INGY <1~
"Power meter unc"sl. 81353505 if ??25
if 5>451.,82288+K

AL 1o 42 1677 MM +11 ———Equation (3-13)
LoBISILANIE S73T1. 0244790 | riguro (o)

“parst cose unc"I1BBCCAL I Jel 1210813 MW-1 34 TIH ] Equation (3-12)
"Calculotions done"icll *Hestd4?B8%irext. H

"ROJUST REF CHL FRCTOR": If Any Cal. Factor >100%,

AR CKD# 10 +AmoxCAy 108228 int C 1BOBR-AY < 1 DR+R — Renormalize

for H=1 to VIAKINISKIH It next H 100 A = 50 MHz Cal Factor

"OUTPUT"i3pc fprt D$izrc \
rrt "CRALIBRATION DATA"ieprt "FOR POMER SEWSOR"
fmt "HP MODEL$"scEiwrt 16:kK$

fmt "SER#“sciiiwrt icsL¥

prt "USING STANDARD"Sif S:Ziata "S481R Std"
Prt "B472E SENSOR"{wrt 16:0#%[21izec isgto "FORMAT®
“8481A Std"iprt "8481R SENSOR"Swrt 16:C#[1lispc

Headings,
— Serial Numbers,
and Formats

if S=5iert "WITH 3@dB ATTEM"ifmt "SER#"sciliurt 1SsFAE
SRC

"FORMAT"sfmt 1y "FRER"Sfmt Zsfd.lews ¢S, 1e2ustd. 1

fmt *s"hH" CF%  ZURNCT

fint 45 "GH EE% %UNC®

fit Segus REF"'fwt 7 "FRE® COEFF DELTR"

fmt 8y "GHz FHO RHO"
firt Fofd,loxsfS.ZowafS,3
“Print CF'turt 18.13urt 16.3 {
for H=1 ta V

wre 16,gs’fr=q’ ‘1888 KIHIaTIH]
tl]l TtestdT8%ipnexnt H

"print EE"izpc Jwrt 1&6.15urt 16,4 H

prt "REF. CAL FACTOR"i{fmt "@ S6MHz="sf4.@:"%"iwrt 15, 1006R r_

{ Print Cal. Factor Results

for H=1l 1o & Print Effective
1880 CTEHIA1BA+1 0t 1-RIHIRIH I AL~ RIH I+ QI H I CRI M I+RE M 0 s~ 1245} Sficiency
Wit 16,20 frea’ A 18BBKIHI - C1-RIHIRIN]Y & g Results

cll "testd4?8% inext H /

"rrint RHO"izpo Swurt 16.55uwrt 16.75urt 15,8ﬁ

for H={ to ¥

Wwrt 16,9 " frea’ 10808 RINIsQOLH]
cll *testd?8%ipnext M
spc S5eto "hexwt zensor’
end

ﬂ Print RHO Results

Return for Another Power Sensor

Annotated listing of the Power Sensor Calibration Program (3 of 4).
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159:
1683
161
162:
163:
164:
165:
186
1671
168:
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131

! "‘UE%F'ULJTIHEc he

“freatiif flsliAlNyL1+plsret rl If Standard Fregs., Read From A[*]:
E+iN-1i0+rliret pl Else Galculate Freq.

“level"tit p2 is~1pm’épu§’inm’¢r41q*u “ocheok"
if RE=ZIrpn® +p3E % ren® 2R 38 at "check ™

& — £ 84 i
tem'+p35if S=431i¢ rB=33uwnit 18680 8181H Sensor, Wait

J A it 10 Seconds
“check " tr3-plep3: if absip33515ret — -Actual — Desired — p3; It <1 dB, OK and Return
intCp3+,Si+p3 Calculate Level Change Needed
it p24@3 1+ bit (g: ’Lh&‘ul\ sen®iigto “warninse' ——yp Necessary, Check If increase Is Possible
L ~p3+Lic Yzal%i9to "lewel™ Change Power Level and Check Again
"warni h?" : f ft 15 "LOWN LEVEL AT"ifmt 2s:§d4, 1« "GHz" } o Warning If Max. Power
Wrt 1&.1%urt 18,2+ frea’ <1008 ret Is Too Low
"RouMse"icll Tsaf ' CENSlcl Yirem TEell foff'iret —— Power Meters to Local; Turn Off RF

Initialize Level

"etarturirem Picll Toff’icll femzét’icll ’sgl’5ret-——~———{Z@QPOWG'Mmemv

r:fﬁ"n’a Tif S=13df flsliif M=9ivsH }————lfStandard Fregs. & If 478A, Stop at 10 GHz
"POMER METER SUBROUTIMES': [ Zeio
"EREZ&t it Swrt “pmltsZiIM 9wrf CRMETS 21T BERiwurt “pm3s 211" PM s

frit dxefd.8ired “eml srllred P2 aR2Iif 5:2ired “pm2%.p3 —Read P.M.'s Mantissa
if pli2 ar p2:250ne -2 |
if §»2 slf RINRYimp -3 /
wrL pml“s"9D+I“§ur? “pz" “QD+I"31+ SE3wrt "pm3"s 9D+l ———— Setto dBm

If Not Within 2 Counts of Zero, Zero Again

to —~15if rdb("pnl" {843 if rdbi"rer2"1{8diatn +2 }______lf Power Meters Are Still
if 55289to -25if rdb<"Pm3"3<84}atn +1 Zero-Setting, Keep Reading
et

ipntidmt 3wse9.Biwrt “eel"s "T"ired "pml" spliret Bl ——Read incident Power Meter
reatifat ued.Biurt "Ra2" "T"ired "ppat s pl fret r~1 —— Read Reflected Power Meter
"tea"iif SXZifmt 3xsed. Biurt “pm3” T " red "Re3"yR1§ret el {If 8480 Series, Read
‘dum?spliif R1{=0i-7Bspliret rl Test P.M., Else Read

Voltmeter and

1@109\.1913'”319!"':15 (=31 Convert to dBm

“dumtifet Jurt Tum"s "FIRVMIAIHEDATL i fut §.8ired © vin"spliret Bl-—Read

Voltmeter

"SIG GEHW EZUE}RUUTIHES":
"Cl‘?f’ "ifmt dwrt s "Ki=O7R"iret Turn RF Power OFF
"aaltiEmt K", dbp "B?" sbhiif L>»133113+ ——Set Generator Level; Max. Level Is 413 dBm
if LE~1283ure "59"359;61:435 ret Min. Level Is —120 dBm

if L»3furt "=9"348:861~L:513 ret _ }7%
intfabs(Ls183mliurt “zatypl+dEs S1-10p1~La 498 rat,
"sef"1f 120005 3to ”FEEQERR": L

if m1>18080852t0 "FREGERR"

frt "PUsf29, 0 "2 urt "s9"spl)ret Send Freq. on Bus
"FRERERE":¥mt £5.8; "MHz QUT 0OF FHHL,E"[
wrt Brrplibeepiste
“checkeen"trdb( sa" )spliret i — Read Generator Status

Send Level on Bus

Set Generator Freq.; If Out of Range, Print Error

— Freg. Error Message

Read Desired Power Meter,

Annotated listing of the Power Sensor Calibration Program (4 of 4).
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‘ Start D

4

Enter old data file #

Fetch old data

Set standard freq's in
[, 1

19: “NEWDATA" Y

Change data?

Modify S.N.’s.
Modify data

34: "PRINT”

~

p—

Print results

_ 66: “MORE CHANGE"

Any changes?

Enter new data file #

y

Store data

End

RO

Flow diagram of the Power Sensor Data File Construction Program.
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"FOMER SEMZOR DATA FILE COMSTRUCTION PROGRAM®:

“IMITIALIZATION":
dim CHLds 11 T0AL 1811 Dok 15T B3]
ent "OLD CALIBRATION DATAR FILE#=7",4

if flal283t0 "ALLHEW" If No Old Data, Go Set-up Fregs.
1d¥ HsC$sAL%] Load Old Data
""E$ient "CHAMGE DATH O o Hrtta B Option to Change Data

if car(B$L11)="H"iatg "PRINT"
if car(B$[L10#"Y" " Sata -2
9to "HEWDATR"

“ALLHEW":

for I=1 to {8

1808I+AL I+ 1]

if 1412310080 1+13+A0Ts1 ] Set-up Standard Freqs
if I=12512480A0 =1 ]

next I

"MENDATA"tdsk "SH OF S421R3 nows"sCH0115ent “"s 041 ] Input, Modify

dzp "SH of B472BI now="sCFL2 lient “UsC3[ 2]

dse "SM of COUPLERS nows"sC#[3Jient “"sC$[3]
dsp "SH of 18dB PADS now="sC$041ient “"sC$L 4]
1+ 13 "K(%) for S481AR"+K$Ic1l P COLUMN®

or Leave
Serial Numbers

"DEL Ki{%)-D421R@"+K$5c1]l * COLUMNS
"RHD for S481AR"SK$icll * COLUMN?

"Ki%y for 8478B@"sK$icll * COLUMN?

"DEL K(%)-R478E@"+K$3cll *COLUMN® - Display Prompts for Each
"RHO for 5478B@"sK$icll *COLUNNY Solumn (Question Is in

"COUPLER  RHO @"+K$jcll *COLUMN? Subroutine "COLUMN")
"COUPL. DIRCABI@"+K$icll *COLUHN?

"PAD RHO BUsK$icll *COLUMNY

"PAD ATTEN (dBIB"sK$icll ? COLUMN?

Annotated listing of the Power Sensor Data File Construction Program (1 of 2).
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"PRIMT s " "+R¥
erit "PRINT CALIBRATION DATA <Y or Hi?“.B% Option to Print Data
if cor(BSL1D)="N"§ata "MORE CHRANGE®

if cariBFL 1124 "Y"i9to “PRINT"

spc duwrd 15y "STD. 8481R"

wrt 185 "SH "sC#[ 1]

frot s/ "FR SCF"22xobs "CF RHD"Sspc jwrt 16,122
fot Zef2.0sxsfd.loxef3olans”."v¥22.8 ——
for I=1{ to 18

Wrt 16.2sALT:1 171888 ALIs21sRL I3 AL 14 15i00R
hext 1

spe furt 163 "STD. £478R"

Wwrt 165 "SM "sC$L21]

spo o fwrt 16.1.8

- Print Standard 8481A Data

" - T —— Print Standard 8478B Data
faor I=1 1o {2 E

Wrt 16.25A0 151 1-1888:AL 1S IsALIsE6 1Al Is T )x1800

next I

pC duwrt 16s 116920 COUPLER® 3

wrt 16s"3H " C$L3]

fint ls/ s "FRER RHO DIR"§uwrt 16,1

© 6o Ua DR e MW DD OD PY TY OO G5 NU WO DO WS MR 08 &D @B DG

MANALE LA DLESL LB D b G0 00
WD OO -JOULELON— @O0 ~INU D

5.4- frt Zsfd. 1snsf5,310¢5.2 Print Coupler Data
55: for I={ to 18
SEF wrt 16,2sA01:11-1088sAL 18 1AL 1591

S7: next 1 /
588 spc fwrt 165 "82491B 18dB FRD"

59t wret 16s"SH ".C$[4]

66: fmt 1s/y"FRER RHD ATTN"jwrt 16.1
6l fmt 2ofd.laxe§S,3sxs§5.2

g2t for I=1 to 18

€3¢ wrt 16.2sAC1:11-1868sAC 1 181sACIx11]
64! newxt 1

€5

€63 "MORE CHAMWGE":""3B$

€7% ent "ANY OTHER CHAMGES (Y or HM':Ef
€88 if cop(B#(11r="N"fato "STORE"

698 if cop(BEl1lr="Y"jato “MEWDRTH"

7B: 9to "MORE CHAMGE®

7l

vZ: "STORE"fent “FILE # TO STORE MEW DATA" X
731 if flal3isto -1

4 rof XeC8sAl# 15 rew

Print Attenuator Data

Another Option to Modify Data

———— e

-——————— Record Data on Cartridge Data File

798 end

761

?YE 0 "COLUMN": J+13Jifmt 3aciSsfd i "drnow="s§6.3

78: for I=1 ta 18 Display Old Value;

79 wrt JQsK$IALI 1 3-1008sAl I Jdient "sALIs.4] Enter New Value or Leave Old Value
8% next I Go to Next Frequency

81! fxd 2iret

*#32371

Annotated listing of the Power Sensor Data File Construction Program (2 of 2).
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Appendix A

The purpose of this appendix is to develop an expression
for the wave incident upon the standard power sensor or
sensor under test in terms of incident power meter reading.
The system schematic (Figure 3-3) contains two directional
couplers which are normally packaged as one dual-
directional coupler. The signal-flow graph for the system
of Figure 3-3 is shown in Figure A-1(a). For a background
in signal-flow graph analysis, consult the references by
Mason, Kuhn, and Hunton.

The signal-flow graph for the dual-directional coupler
part of Figure A-1(a) must be simplified to develop man-
ageable equations. The first step is to delete those branches
leading from the auxiliary arms back toward the primary
line as in Figure A-1(b). The signals along those branches
are lower than those already existing on the main line by
several orders of magnitude. From Figure A-1(b) it is ap-
parent that the signals in the reflected auxiliary arm of the
coupler have no effect on the primary line output or the
incident arm output. The branches associated with the re-
flected arm can therefore be deleted for this derivation.

Figure A-1. Signal-flow graphs for the calibration factor
measurement system shown in Figure 3-3. (a) The com-
plete signal-flow graph. (b) The simplified signal-flow graph
formed by deleting branches from the auxiliary line to the
mainline of the coupler.

An equivalent flow graph for the left end of Figure

-1(b) (with the reflected arm deleted) may be found by
first calculating a; and a in terms of b, and b. This effec-
tively considers the coupler and signal source without the
attenuator. The non-touching loop rule yields

b b

a = 2Ci+—=C D, (1-T,Iy) + —Z—TI‘gC; (A-1)

by b
a= N Tl -1 Tai) + N Te (L —T Tgy) (- Ty Ty)
b ..,
+ N T2 Ty (1 =T; Ty) (A-2)

where A is the system determinant given by
A= (1-TTq) (I-T,Ty) (A-3)

Equation (A-1) can be solved for b,/A and the result sub-
stituted into (A-2). The result is

a=a o (=T Ty) +b(I —TD)  (A)

Now a signal-low graph can be formed that gives a in
terms a; and b to agree with equation (A-4). This is done
for the flow-graph shown in Figure A-2(a).

% ~—(1—l i Tai)
$127821  bg
(T-=1;Ty4)S
T ifdi’ =21 =T,
a Ci 1-841 (r—TD;} a
S542 (', — TD;)
Szz +£_.‘£_.—'= re I
1—811([ c‘TDi)
bo
g Te 3

Figure A-2. Simplification of the signal- ﬂow graph for the
measurement of K,. The goal is to find a, in terms of a;,.
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The next step is to use the signal-flow graph of Figure
A-2(a) to find the mainline output wave a, in terms of a;.
Using the non-touching loop rule on Figure A-2(a)

T (1 —TiTq) Sax
C; 1-S,,(r,—TD,

2 — )
+ bo [822 + 521 (I‘c TDI) J (A'S)

25 = a5

1— Sll (Tc - TDI)

This is also the equation of the signal-flow graph shown in
Figure A-2(b). Thus Figure A-2(b) can be considered as
equivalent to Figure A-2(a). From Figure A-2(b), the equiv-
alent source reflection coefficient T',, seen by a load placed
on the test port, is

$5,* (I's — TD,)

1= 8, (I, — D)) (4-6)

Te=Sa +

50

The equivalent transmission from a; to a, is given by

T (1 —TTy) Sy

TS =8, (.- 1D)

(A7)

If Joad T is connected to the test port, the output wave is

T

‘ToTT, (4-8)

Ay =a

Thus the output wave, a,, is found in terms of the wave
incident upon the sensor of the incident power meter, a,.
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A\ppendix B

The purpose of this appendix is to develop expressions
for the measurement of reflection coefficient. A dual-
directional coupler is used to separate the forward and
reverse traveling waves. Figure B-1 is a simplified signal-
flow graph of the system. Branches leading from the auxili-
ary arms back toward the primary line have been dropped
to simplify the analysis. The signals along those branches
are lower than the signals existing on the main line by
several orders of magnitude.

The incident waves upon each of the detectors in the
auxiliary arms can be found using the non-touching-loop
rule for signal-flow graphs.

l)S ™~
==2lc(1-rry) (1-1T)

+TTC Dy (1T, Ty)] (B-1)

by [ o
A [(‘1‘ T P(l - I‘i Pdi)

a, =

+CD, (1= Ty) (1-TTy)]  (B2)
where A is the system determinant. The ratio of a, to a;
found from these two expressions is

1 P I‘dl)

( Dr +T (T —Dr Pr:)
i (1 _F 1(11)

(1

(1

1-T(T,—TD,)

T(1-D;D,)
D,
[ +1—I‘(I‘ —-TD;)
The measurement procedure is to measure the magni-
tude of the ratio of (B-3) twice: first for a short circuit

(B-3)

a;

- Pi Fdi)
1_‘1' I‘lh')

- C,
_G
et

i

«r
TN
> €

=Y

Figure B-1. Signal-flow graph for the reflection coefficient
measurement system shown in Figure 3-4.

(I = —1) connected and then for the sensor under test.
The complex ratio of those two measurements is

8y D, + I‘T(l—DiD,.)
R = a; — (TC—TDl) (B 4)
T a, - Dl.—T+DrI‘C i
a; 14T, —TD,

r=-1

where the first form of (B-3) is used for the denominator
and the second form for the numerator. A first step in sim-
plifying (B-4) is to expand the fraction of the numerator
by long division to give

| 14+1.-TD,

(1+T(T, —~TD,)--T2(T, —TD,)2+.. .)]
(B-5)

Equation (B-5) is approximated by dropping terms in the
numerator and denominator which contain second and
higher order products of T',, D,, and D,. The result is

! [_&_mm

R~ —TD,)

D. T
=7

—~ T2 (T, —TDi):'

But (1 — D,/T)! can be approximated by (1 + D./T).
Then the second order terms are again dropped and the
result is (B-7)

(B-6)

~r(1+1.-7TD, +—) I (T, — TD,)

The magnitude of R is considered to be the measured value
of the reflection coefficient magnitude.

The worst-case error, Ap,., is, considering p = II‘{ and

Apmax = ‘ R !max P

+p<pc-l—TDi+’PTL|>

+ % (po +|TD;))
=A4+Bp+ Cp?
where A, B, and C are defined by

(B-8)

D,
~=[%]

B =p,

C= Pe + ‘TDI!
Note that B = A + C.
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