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INTRODUCTION 

The term " power" is usedto describe the rate atwhich 
energy is made available to do work. In the field of 
microwave, this “work” is usually the transmission of 
aural, visual, or coded (radar) intelligence over a 
given distance. Other examples of work accomplished 
by microwave power include the excitation of mole 
cules in a medium to produce heat, or the acceleration 
of particles or nuclear studies. 
From an economic standpoint we are interested in 
measuring power to determine the cost of work per- 
formed in terms of energy expended. In applied 
scieace, power measurement establishes a means for 
evaluating the work capability and efficiency of a given 
device. The continuous effort to design more efficient 
systems and increase the work capability of micro- 
wave devices leads to higher aceuracy requirements 
in the measurement art. Along with this, greater 
mieasuring speedis desirable soadvancements are not 
lmited by impractical testmethods. This Application 
Note will define power, discuss instruments available 
for microwave power measurements and show typical 
equipment setups with emphasis on moders techaiques, 
accuracy considerations and sources of error. 
Considerable information regarding power has been 
published over the years, some of which discusses the 
subject in great detall. The purpose of this Note Is 
to present a composite reference of techniques and 
Hewlett-Packard instraments for those Interested in 
measuriog microwave power, with a bibliography for 
those wanting greater detail in & specific area. 

WHY POWER 1S BASIC AT 
MICROWAVE FREQUENCIES 
Voltage and current measurements are basic at low 
frequencies and DC because they canbe made conven- 
iently with high accaracy. Voltage, current, and re- 
sistance arefundamental electrical standards whereas 
powerisa derived term of necessarily lower accuracy. 
At low frequencies, power may be calculated from 
voltage and impedante measurements using Obm's 
Law, 

cos 9. 

  

At microwave frequencies, we are faced with distrib- 
uted, circult constants and transmission Line lengths 
thatire appreciable fractions of a wavelengthor more. 
Impedance atany given measurement point s not casily 
determined and any impedance mismatch beoween 
Source and load sets up standing waves along the (rans- 
mission line such that vollage measurement becomes 
arbitrary. {1} Figure 1-1 illustrates how voltage and 
current vary on & mismatched line.  Since power re- 
mains invariant with position in @ lossless Line, the 
practical method of determining energy avaflable in a 
microwave circuit becomes ane of power measure- 
ment. 
(1)See " Microwave Theory and Measurements’, Eng. 

Staff, Hewleti-Packard, Prentice-Hall, ‘1962, 
P 121, 
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Figure 1-1. Mismatched transmission line exhibits 
Standing waves, making voltage or current measure- 
ments arbitrary. At microwave (requencies, energy 
levels are more readily determined by power meas- 

‘urment which is independent of position 
(lossless line). 

DEFINITIONS 

Two types of power measurement are common in 
microwave work. Many applications require a know- 
ledge of average power in a device while others re- 
quire peak power of a periodic pulse. Before describ- 
ing the instruments and methods for measuring these, 
it might be well to briefly review the definitions of 
each. 

Average Power: 

Figure 1-2 shows a load resistor, connected toa source 
producing a sinusoidal output voltage, By definition, 
the power in Ry, at any instant in time 15 the product 
of @ and 1. From this we seethat Instantancous power 
varies at a rate twice the frequency of the generator, 
Instantaneous power does not relate the amount of work 
done over any interval in time, which is of primary 
importance In most cases. We therefore define power 
with 2 time dimension in the following equation: 

T 
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Figure 1-2. Instantaneous power in load resistor Ry, 
varies ata rate twice the appliedgenerator frequency. 

Average power is the integral of instantaneous 
power averaged over one or more cycles, 

 



where 

P = average power 
T = time @y 

eandl = Instantaneous values of 

  

voltage and current 

This simply states that theaverage power over agiven 
time period 15 the integralor summationof all instan- 
taneous values of power divided by the period. 

With a CW source, the shortest time of interest is 
generally the period of one cycle of output signal. The 
average power in this period is the same as for any 
integral number of cycles, provided steady-state con- 
ditions exist. Assigning the period of one eycle to the 
general equation (1. 1), we may write: 
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where 

E_andl, = peak value of valtage and current 
" = phase angle of 1 with respect to E 

Performing the indicated operation results in the ex- 
pression: 

B v’ ® = ER cosy 1.3) 

For stnusoidal waveforms, 

  

which may be substituted into equation (1.3) giving us 
the familiar expression for average power in an AC 
circult; 

P - E X coss. [eR)) 
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Figure 1-3. Peak power of periodic rectangular 
pulse Is readily defined by average power-duty 

cycle relationship. Pulse widih (r) and 
repetition rate (#) is customarily measured with 

veference to 50 percent amplituds points. 
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Peak Pulse Power: 

Peak pulse power may be defined in one way as the 
average power during the time the pulse is on. Fig- 
ure 1-3 shows the envelope of & periodic rectangular 
pulse of f enrgy of width 7 and perlod T. The gen- 
eral integral (1.1) for average power may be used 
again to define peak power in (his case by assigning 
pulse widih as the limit and constant in the integralas 
follows: 

P wn L 
+ o ea e T 

where 
= pulse width at 50% peak amplitude. 

It should be noted that any aberrations in the pulse, 
Suchas overshoot ar ringing, are averaged out by this 
definition and their instantanecus peak values cannot 
be considered a5 peak pulse power. Peak pawer has 
‘commonly been defined by an extension of equation 1.5 
since the early days of microwave. Early radar appli- 
Cations af puised microwave. power tnvolved ouly the 
Gse of rectangular pulses which 1ed to the expression 

? . _Fae R - B we 

  

Duty Cycle is   T 

Continued development of microwave applications and 
accuracy improvement has required better definitions 
since many times the pulse is intentionally not rec- 
tangular or, because of aberrations, does not allow 
accurate determination of . For example, consider 
the case of a TACAN (Tactical Alr Navigation) pulse 
which is gaussian as shown in Figure 1-4. Consider- 
able difference exists between the "peak” power at the 
pulse’s maximum amplitude and peak power as defined 
In equation 1.5. A constant of correction can be cal- 
culatedor determined witha planimeter for many non- 
rectangular pulses, however this is a time consuming 
task. In applications involving non-rectangular pulse 
shapes, peak pulse power may be defined as 
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Figure 1-4. Gaussian pulse such as used in 
TACAN and DME applications illustrates different 
meanings of “peak power". Complex pulse shapes 

require better definition of peak power than 
rectangular pulses.
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where 

    

a constant load resistance 
absorbing the power 
Peak vollage across a 
constant resistance, R. 

.mn 
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This expression does not rely on pulse shape for an 
accurate determination of the pulses' maximum amp= 
litude point. This s especially useful for voltage 
breakdown checks. Since peak pulse power may have 
different meanings depending upon the application, the 
method of measurement should be flexible enough to 
allow a choice as to what is considered the peak power 
of a pulse. Such methods are discussed at the end of 
Section IL. 
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The fundanental standards of microwave power lie in 
DC or low frequency -AC Power which may be used 
for comparison or substitution, then accurately meas- 
ured. The instrumentation used for such comparison 
or substitution must be efficient in design and properly 
employed for mintmum 1058 of time and accuracy in 
the transfer. As might be expected, these criteria 
often impose divergent requirements so the approach 
must be one of compromise. This section deseribes 
various instraments for measuring microwave power 
and summarizes their advantages and limifations. Ac- 
curacy considerations for bolometric and calorimetric 
power measurements are also included in this section 
because of their direct relation to instrument design. 

BOLOMETRIC METHOD 

Microwave power uptoabout 10 mw average is usually 
measured by bolometric means. The basis for bolom- 
etric power measurement is that when power s dis- 
sipated ina resistive element, a corresponding change 
oceurs in the element's resistance. By proper con- 
struction of the element, the heating effect of DC and 
microwave power will be nearly the same, and the 
resistance change may be sensed by associated cir- 
cuitry to indicate power. The resistive elements are 
termed""bolometers' and fall into two classifications: 
1) Barretters, which consist of a short length of fine 
wire suitably encapsulated or a strip of thin metallic 
film deposited on a base of glass or mica, and 2) 
‘Thermistors, whichare made of a compound of metal- 
lic oxides. Barretters exhibit a positive temperature 
coefficient, 1.e., as more power is dissipated in the 
element its resistance becomes greater and vice versa. 
Thermistors have a negative temperature coefficient 
and are physically and eleetrically more rugged than 
barretters. Figure 2-1 shows the resistance versus 
power characteristics of a typical wire barretter and 
beadthermistor. More detail is given later on bolom- 
eter characteristics but for now we need ouly the 
description given so far to explain the basic operation 
of & bolometric power meter. 
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Figure 2-2. Unbalanced thermistor bridge 
provides simple power monitor for limited 

range and accuracy requirements. 
UNBALANCED BRIDGE. 
One of the simplest methods for bolometric power 
measurement s toplace abolometer (usually a therm- 
istor) in one leg of & wheatstone bridge as in Figure 2-2. 
The bridge is excited by a regulated DC supply whose 
amplitude may be adjusted with R-1. Since R-4 isa 
thermistor, its resistance may be controlled by the 
amountof currentallowed to pass through it. In oper- 
ation, R-1 15 adjusteduntil just enough current passes 
through the bridge to make the thermistor's resistance 
equal to R~5 bringing the bridge iato balance and caus- 
ing the meter 1o read zero. Microwave power is then 
applied to the thermistorand the heating effect causes 
the thermistor's resistance to decrease, unbalancing 
the bridge inproportion to the power applied. The un- 
balance current s indicated on the meter which is cali- 
brated directly in milliwatts. 

The bolometer resistance curves shown in Figure 2-1 
vary with temperature, requiring some form of tem- 
perature compensation (o minimize meter drift. 
Therefors, a disc-shaped thermistor R~7, s placed 
inclose thermal proximity with R-4 but isolated from 
the microwave power. This is usually done by placing 
the disc against the outside wall of the thermistor mount 
for maximum heat transter. The temperature charac- 
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Figure 2-1. Resistance vs. dissipated power in (a) typical wire barretter 
(b) typical bead thermistor, at various ambient temperatures.  
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teristics of R-7 are chosen to be as nearly squal to 
R-4's s possible 0 that as ambient temperature in- 
creases, for example, resistance decreases propor= 
tionately in both thermistors. The reduction in R-4's 
resistance 1s seen as an unbalance in the bridge as if 
more power were being applied to R-4. The reduction 
in R-T's resistance results in more current shunted 
away from the bridge thus lowering the dc power in R-4. 
‘This action causes R-4's resistance to increase, com- 
pensating for the temperature change and restoring 
bridge balance. 

This scheme works well over Limited temperature 
variations but depends upon the R-P curves of both 
thermistors being the same which is seldom the case. 
Also, the system has slow response because of the 
time required for the thermistor mount and compen- 
sating disc to reach equilibrium with the measuring 
thermistor's temperature. With a full scale range of 
2mw, meter drift over an extended period of time 
might be as high as half scale in a typical unbalanced 
bridge with this form of temperature compensation. 

Note in Figure 2-1(b) that the thermistor's resistance 
is only linear with applied power over a very small 
range. This range extends for about a 2 mw increment 
of power in the knee of the R-P curves, thus limiting 
dynamic range. At an operating temperature of 40°C 
a "bias" power of approximately 6 mw is required to 
place the thermistor in the linear portion of its R-P 
curve. Thermistor resistance at this point is about 
200 ohms sothis value Is chosen for the other resistors 
in the bridge. As power in excess of 8 mw (6 mw dc 
bias + 2mw microwave) 15 applicd, thermistor resist- 
ance change for a given power change becomes less 
and resolution 1s drastically reduced. 

One might ask the question, "why not bias the therm~ 
istorat a much lower power and take advantage of the 
very steep portionof the R-P curves for higher sensi~ 
tivity"? The meter could be scaled accordingly and 
very good resolution would be possible. There are 
several reasons why this is not practical: 1) As the 
bias power is reduced, bridge driving power is also 
Teduced, lowering bridge sensitivity even though de- 
tector sensitivity is Increased; 2) Ambient tempera~ 
ture variations represent a larger proportion of the 
thermistor's operating temperature resulting in 
greater effects on bridge balance, 3) Impedance match 
of the thermistor to microwave transmission lines 18 
difficult at high bolometer operating resistances; 4) 
Bridge balance may become impossible at elevated 
temperatures. 

One consideration In the accuracy of the unbalanced 
bridge is the fact that bolometer resistance varies with 
the level of microwave power applied. This changes 
the impedance of the bolometer mount resulting in mis- 
mateh error(@) since part of the microwave power is 
reflected, rather than absorbed in the bolometer el- 
ement. Mismatch error duetoa 2:1resistance change 
in the bolometer can be as high as 0.5 db. 

(2)Mismatch error is covered in more detail under 
"Accuracy Considerations”. 
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In summary, then, the general characteristies of the 
unbalanced thermistor bridge are: 
a. Simple design and operation. 
b Dynamic range limited to about 2 mw. 
. Subject to drift with temperature variations. 
d. Limited accuracy. 

For these reasons, the unbalanced bridge is generally 
used where simplicity and convenience is desired for 
settinga reference power level Inthe 1t 10 mw range. 
This method is used for example as the output power 
‘monitor for signal generators and radar test sets. 

MANUALLY BALANCED BRIDGE. 

The manually balanced bridge provides a means for 
direct substitution of DC or low-irequency AC power 
(which may be accurately measured) for an unknown 
microwave power. This method offers high aceuracy 
and wide dynamic range but is much slower and less 
conventent than the unbalanced bridge. Manually bal- 
anced bridges have long been used in standards labo~ 
ratories where high accuracy is of prime importance. 
Figure 2-3 1s a simplified circuit diagram of the hp 
'K04-999D manually balancedbolometer bridge. There 
are three modes of operation possible with this bridge, 
allinvolviag substitutedpower: 1) DC voltage, 2) DC 
current, and 3) AC voltage, Bridge operation is a5 
follows for each morde: 

DC Voltage: -1 is switched to the "on' position 
Comecting an_external voltmeter across the 
bolometer. Nothing is connected tothe AF INPUT 
jackin this mode of operation. -2 is closed, by- 
passing the milliammeter jack and connecting the 
bridge to the regulated DC power supply. R-2 is 
now adjusted for exact bridge balance s indicated 
by a sensitive galvanometer, As balance is ap- 
proached, R-1is adjusted for maximum galva- 
nometer sensitivity. When balaace is achieved, the DC vollage across the bolometer is noted as 
Ey. Microwave power is then appliedto the bolom= 
eler, uibalancing the bridge. By removing an 
equivalent amount of DC power from the bridge 
withR-2, balance s restored and at this point the 
bolometér's DC voltage drop i3 again measured 
andnotedas g, Assuming the DC and microwave 
power to have equal heating effects on the bolom= 
eter(3), the unknown microwave power may be 
calculated from the equation 

@1 

  

where 

R = bolometer resistance at bridge balance. 

(3)DC-microwave substitution error is covered in this 
Section under "Accuracy Considerations™.
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Figure 2-3. HP K04-099D manually balanced Bolometer Bridge operates with common 100 or 200 ohm 
bolometers to measure power up to 20-30 mw. Substituted power to bolometer may be furnished from 

internal DC supply or obtained externally from an audio oscillator. Accuracy of substitution is 
typically 0.5% to 5% depending primarily on external meters used. 

2. DC Current: The procedure of balancing the bridge 
In the DC current mode is the same as used in the 
DC voltage mode. SwitchS-2 is openedand bridge 
current noted on anexternal milliammeter at J-3. 
Microwave power is then calculated from the dif- 
ference of the current readings as follows: 

?-Ry?- ) @2 

where 

Tpand1, = one half the total bridge current 
without and with microwave 
power applied, respectively. 

R = bolometer resistance at bridge 
balance. 

3. AC Voltage: In this modeS-2 is closed, providing 
DC bias to the bridge for initial balance and by- 
passing the milliammeter jack. An accurate AC 
voltmeter 1s connected at J-2 and §-1 turned on. 
Microwave power is applied to the bolometer and 
the bridge 15 balanced with R-2. Now the micro- 
‘wave power is removed and sufficient audio power 
substituted from an audio oscillator at J-1 to re- 
store bridgebalance. At balance, the AF voltage 
atJ-2 is read and power calculated: 

E2“ 
-2 @3 

where 
Eaf = Substituted audio voltage 

R = Bolometer resistance at bridge balance 

  

Again assuming the substitution to be valid, the 
caleulated audlo power equals the microwave 
power dissipated in the bolometer. The AC mode 
is generally preferred when the microwave power 
to be measured is small compared to the required 
bias power. Ii the DC mode was used, measure- 
ment accuracy would depend upon taking a small 
difference between the squares of two relativel 
Jarge voltages; viz Edyand By 1n equation (- 1) 
Even with a 0. 1% accurate D& meter at J-2 the 
calculated difference in voltages could be in error 
by 1% for 2 0.5 mw power measurement. With 
AC substitution and DC bias, the difference in 
Substituted pover is determined from the AC volt- 
age only, which is first zero, then some small 
value, say 0.5 volts. This may be measured to 
anacuracy of typically 0.25% with laboratory AC 
voltmeters, resulting in 0. 5% accuracy in substi- 
tuted power. 

Charactertstics of the manually balanced bolom- 
ster bridge may be summarized as follows: 

2. Thebolometer always operates atone resist- 
ance, allowing about 20 db of dynamic range 
and 4 good impedance match to microwave. 

b.  Substituted power may be measured very ac- 
curately, providing direct reference of mi- 
crowave power to known voltage and resist- 
ance standards. 

. The measurement is slow requiring at least 
four balance and read operations plus a cal- 
culation for each microwave power measure- 
ment. 
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d. The systemis not temperature-compensated, 
requiring frequent zero adjustments and lim- 
iting measurement of very small amounts of 
power. 

e, Several auxiliary instruments are required, 
including a galvanometer, highaccuracy volt- 
meter or current meter, and an audio oscil- 
lator if AC substitution is desired. 

AUTOMATICALLY BALANCED BRIDGE 

In the automatically balanced bridge, AC substitution 
and readout is done automatically, eliminating all 
operations required in the manually balanced bridge 
except the zero adjustment for initial balance. The 
technique combines much higher accuracy and wider 
range than the unbalanced bridge with far greater con- 
venience and speed than the mamual bridge. These 
features have led to the automatic bolometer bridge 
long being the workhorse of the industry. The hp 430C 
isa typical example of this type of power meter. The 
430C is entirely self-contained, with no awxiliary i~ 
struments required to measure microwave power other 
than the bolometer mount. The hp 430C will operate 
with thermistors or barretters requiring up to 16 ma. 
of bias currentto reach an operating resistance of 100 
or 200 ohms. Full scale power ranges are from 0.1 
mw to 10 mw in a 1, 3, 10 sequence. A simplified 
schematic of the hp 430C is shown in Figure 2-4. 

  

To illustrate the 430C operation, we will assume that 
athermistor mount is being usedwhich requires a total 
of 28 milliwatts* at its ambient temperature to reach 
the operating resistance set by the circuit. This power 
may be DC, AF, microwave, or any combination 
thereof. In the 430C, a combination of audio and DC 
is initially applied to the mount. Whatever DC power 
is applied, the circuit automatically supplies the bal- 
ance in audio power up to a total of, in this example, 
28 milliwatts. Any microwave power applied then 
‘automatically reduces the audio power by a like amount 
to maintain the total constant. A VTVM then meas- 
ures this reduction and indicates it as applied power. 

  

Referringto Figure 2-4, it may be seen that feedback 
from the amplifier to the bridge is positive for one 
side of the bridge and negative for the other. The 
positive feedback is temperature-sensitive, depending 
on the resistance of the thermistor. Any increase in 
feedback power, for example, decreases the feedback 
factor. The negative feedback, on the other side of the 
bridge, 1s frequency-sensitive, and reaches a mini- 
mum value at the resonant frequency of the tuned cir- 
cuit L-1, C-1. When the eircuit is first turned on, 
the thermistor will be cold, its resistance high, and 
the positive feedback very large. Oscillations will 
immediately start up, putting power into the therm- 
istor and reducing its resistance until the positive 
Ieedback exceeds the negative by a very small margin. 
‘This condition occursat the resonant (requency, where 
the negative feedback is a minimum. The degree by 
whichthe positive feedback exceeds the negative is set 
by the gain of the circuit and is made very small by 
makiog the gain high. 

*Typical of dual element thermistor mounts. 
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Figure 2-4. Simplifled schematic of hp 430C Power 
Meter shows bridge, feedback, and metering system 
for automatic power measurements of 0.1 mv to 10 

mw. Accuracy of substituted power is +5%. 

Nowif DC or microwave power is added to the therm- 
istor, the thermistor resistance tends to decrease. 
‘This tendency automatically decreases the net positive 
feedback, however, causing the oscillations to de- 
crease by an amount exactly equal to the applied DC 
or microwave power. The small degree of bridge un- 
balance is always preservedandthe thermistor resist- 
ance does not change. 

In order to indicate power on the VIVM meter scale, 
it is necessary to start from a known reference con- 
dition. 1 there were, say 20 milliwalts of audio power 
in the bolometer and 5 milliwatts of RF were added, 
a certain scale would be required to operate between 
audio power of 20 and 15 milliwatts. i the audio de~ 
creased instead from 10 to 5 mw, a different scale 
would be required. A simple gain adjustment in the 
VIVM would not suffice, because of the square-law 
relation between the power and the rectified voltage 
actually applied to the meter, Hence, a DC bias sup- 
ply is incorporated into the instrument. Enough DC 
power is added to reduce the audio power to a conven- 
ient reference value. In the 430C this is arranged to 
be 1. 2times the full-scale value on each range. Thus, 
onthe 10-milliwatt range, the DC is adjusted 50 there 
is exactly 12 milliwatts audio in the bolometer, and 
the meter circuit 15 calibrated to read zero. When 10 
militwatts RF is applied, the audio drops to 2 milli- 
watts and the circuit is calibrated to read full-scale. 

 



  

Appl. Note 64 

This 1.2 to 0.2 relation halds on all ranges and the 
meter scale s accurate at all polnts. 

Table 11llustrates how combinations of power are used 
tobalance a typical bolometer inthe hp430C bridge for 
zero and full scale indications on the 10 mw range. 

  

Table 1 
Pover to p 430C at p 430C at 

Bolometer zERO FULL SCALE 
Microwave 0 mw 10 mw 
e 16 mw 16 mw 
Audio 12 oy 2w 
Total 2 28 
Since it isdesirable tohave the meter readupscale as 
RF power is applied, a residual DC currentis applied 
to the meter movement in the forward direction and 
the rectifled audio In the reverse direction. 

Range-switching is accomplishedby changing the sen- 
sitivity of the VTVM to the audio level. As lower 
ranges are selected, VIVM sensitivity 1s Increased 
and the DC bias Increased to reduce the audio level . 
Eventually, drift becomes a problem since Instability 
inthe DC supply becomes magnified. In addition, any 
change in the ambient temperature of the bolometer 
changes its total power requirement, causing the audio 
level to change. If this occurs during the course of a 
measurement, an error results, since the tempera- 
ture change is indicated along with the RF power 
Dynamic range is normally limited to about 20 db. 

Characteristics of the hp 430C automatically balanced 
bolometer bridge may be summarized as follows: 

a. Measurement is rapid and oo auxiliary instru- 
ments are required other than the bolometer 
mount, 

b, The bolometer always operates atone resistance, 
making possible a good impedance match at all 
power levels within the dynamic range of the 
system 

c. Accuracy of substituted power is better than 5% 
of full scale whichis primarily determined by the 
VTVM circuit. (Other sources of error external 
tothe 430C will be coveredunder "Accuracy Con- 
siderations”. ) 

d. Dynamic range is about 20 db, limited by bolom- 
eter burnout at the high end and zero drift on the 
low power end. On the lowest range of the 430C, 
which is 0.1 mw full-scale, slight ambient tem- 
perature variations at the bolometer cause large 
varlations In meter reading. This is due to the 
inability of the system to distinguish bebween ap- 
plied power changes and environmental tempera- 
ture variations at the bolometer element. This 
istrue of all non-temperature compensated bolom- 
eter bridges. 
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BOLOMETER MOUNTS FOR MANUAL AND 
AUTOMATIC BRIDGES 

Sofar, we have ouly discussed the instrumentation 
portion of the bolometer bridge in detail. Before 
Introducing temperature compensated automatic 
Dridges it would be well to complete the discassion 
on uncompensated systems with more detail on bolom- 
eters and how they are mounted for practical use. 

Bolometer elements are mounted 1n either coaxial or 
waveguide structures so they are compattble with 
common transmission line systems used at micro- 
wave and RF frequencics. The bolometer-mount 
combination must be designed to satisfy four impor- 
tant requirements so the bolometer element absorbs 
as much of the power incident to the mount as possi- 
ble. In this regard the mount must: 1) presenta good 
impedance match to the transmission line over the 
frequencies of interest, 2) keep IZR and dielectric 
losses within the stracture minimized o that power 
is not dissipated in electrical contacts, waveguide 
walls or insulators, 3) provide isolation from ther- 
mal and physical shock and 4) keep leakage small so 
microwave power does not escape from the mount In 
a shunt path around the bolometer. ~Shielding 1 also 
important so that extraneous power does not enter the 
mount. One other_consideration should not be over- 
looked, although it is usually accounted for by other 
mount construction requirements. The mount should 
have enough mass to minimize the effects of amblent 
temperature variation. 

Bolometer mounts may be sub-divided into tunable, 
fixed tuned, and broadband untuned types. —Some 
mounts allow convenient field replacement of the 
bolometer elements while others have their elements 
soldered or spot welded in place, often requiring 
factory replacement should they be damaged. Figure 
2-5 shows a variety of HP bolometer mounts which 
may be used with manual or automatically balanced 
bridges such as the KO4-999D and 430C 

BROADBAND COAXIAL THERMISTOR MOUNT 

The hp477Bis a broadband, untuned thermistor mount 
designed to operate from 10 Mc (o 10 Ge with & maxi- 
mum SWR of 1.5:1, (less than 1.3:1 from 50 Me to 
7Ge). Two thermistor beads are connected in the 
coaxial mount as shown in Figure 3-6. Connection 
to 2 bolometer bridge such as the 430C is made 
through J-2. The bridge provides approximately 
30 mw of blas power to the two thermistors in series 
reducing their resistance to 100 ohms each. Total 
resistance presented to the bridge is thus 200 ohms 
since reactance of C1 and C3 is high at the DC and 
10.8 ke bias frequency of the 430C. When microwave 
power is appliedatJ-1, it passes unattenuated through 
the DC blocking capacitor C-1 to the junction of the 
two thermistors. Since C-2 1s 4 low Impedance at 
microwave frequencies, the two 100 ohm thermistors 
appear to be in parallel, presenting a combined re- 
sistance of 50 ohms necessary for impedance match- 
ing to the coaxial transmission line. This design was 
chosen_primarily because DC return to the bridge 
would bedifficult over broadbands using a single 
thermistor. All components are shielded by the coaxial 
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Figure 2-5. Variety of coaxial and waveguide 
bolometer mounts which may be used with 

hp KD4-999D or 430C Power Meter. 
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Figare 2-6. HP 4778 Dual-element coax thermistor 
mount operates over 10 Mc - 10 Ge frequency range. 

SWR is 1.3 or less over most of the band. 
Clreuit arrangement results in 50 ohm 
impedance match to RF ipat, and 200 
ohim resistance to bolometer bridge. 

Appl. Note 84 

BNG CONNECTOR 
f = 1T minGe ciRcuiT) 

|_—seaing contact 

  

         posT 
{INSULATED rRoM 
WAIEGuIDe 8001} 

| w0 s 

WAVEGUIDE 80DY 

  

  
Figure 2-7. Cutaway view of hp 487B broadband 
waveguide thermistor mount shows post and bar 
arrangement for mounting thermistor. Configu- 

ration enables good impedance match over 
waveguide band without tuning. 

housing of the mount to prevent extraneous pickup and 
radiation. The thermistor elements arefield replace- 
able using kits available through Hewlett-Packard 
Service Centers. 
The hp 4764 15 a similar coaxial mount using four in- 
strument fuses as barretters instead of thermistors. 
The 476A has long been used for measurements in the 
10 Me to 1Ge range. This mount as well as the 4778 
operate with the 430C at power inputs up to 10 mw.* 

UNTUNED W.    

  

\VEGUIDE BOLOMETER MOUNTS 

‘Waveguide bolometer mounts are used for power meas- 
urements in waveguide systemsto avold the losses and 
mismatch errors caused by waveguide-to-coax adap- 
ters. Figre 2-7 shows a cutaway side view of the 
hp X487B untuned broadband waveguide thermistor 
mount. It consists of a shorted section of fabricated 
brass waveguide with a thermistor bead mounted on a 
postand bar arrangement inthe center of, andparallel 
to, the E field. The thermistor isbiased to an opera- 
ting resistance of 100 ohmsby applying DC and, or AF 
bias current through the BNC jack shown in the figure. 
The size and location of the postand bar are designed 
to presenta conjugate impedance match tothe shorted 
waveguide section over a wide range of frequencies, 
This arrangement provides broadband impedance 
‘matching of the mount for low SWR. 
‘The hp 487 waveguide series of broadband thermistor 
mounts cover the Irequency range of 2.6Ge to 40Ge 
witha maximum SWRof 1. 35:1 and 1.5:1 in the 2.6 to 

*The 477B is capable of measuring up to 20 mw with 
suitable manual bridges such as the K04-999D.
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18Gerange, and 2:1 in the 18 to 40 Gebands. Average 
power up to 10 mw may be measured directly with 
these mounts connected o a suitable bridge. Although 
it is oot recommended, these thermstors will with- 
stand considerable overloads without burnout, As 
excess power is applied, the bridge can no longer re- 
move enough bias power to maintain bridge balance. 
The thermistor therefore decreases in resistance 
rapidly, causing a large impedance mismatch to re- 
flect a portion of applied power which prevents its 
being dissipated in the bead. Accidental overloads of 
25 t0 30 mw will not harm the element 

TUNABLE WAVEGUIDE BOLOMETER MOUNTS   

The hp 485B-series of tunable detector moants cover 
the frequency range of 3.95 Ge to 12.4 G and are de- 
signed for use with Sperry type 821 or Narda N 821 
encapsulated barretters. The mounts may also be 
usedwith suitable crystal diodes for detection of modu- 
lated RF signals. Figurc 2-8 is a cutaway side view 
of the hp X485B with a barretter installed. The bar- 
retteris positionedin the center of, and parallel tothe 
E field in the guide the same as the untuned moust 
previcusly described. The barretter's lower contact 
is made toground througha screw-in plug which allows 
easy removal of the barretter element for replacement 
The upper contact is insulated from the guide and 
passes through a shunt capacitance to minimize RF 
leakage and allow connection to the bias and bridge 
circuit, The movable shorting block s bighly conduc- 
tive and has silver contact fingers which ensure 2 low 
loss short across the guide. The block is positioned 
at any odd multiple of a quarter wavelength behtnd the 
barretter element at the operating {requency. It is 
best to use the position closest to the element which 
still allows peaking of the indicated power since this 
minimizes 1R losses in the waveguide. When the 
plunger 1s properly tuned, maximum power i absorbed 
by the barretter and the mount presents a good Imped- 
ance match to the line. SWR is specified to be better 

BNe coNNECTOR 
{10 SRIDSE CIRCUIT) 

  

     
      

     

    

TUNING KNOB 

SHUNT CAPACITANGE 
ENCAPSULATED WIE BARRETTER 

Ry         

  SHORTING BLOCK 
  

SCREW- IN PLUG 

Figure 2-8. HP 4858 Detector Mount uses encapsu- 
lated wire barretter for power measurcments in 
waveguide bands {rom 2.6 to 12.4 Ge. Moveable 

shorting block is adjusted for best impedance match 
at test frequency. Screw-in plug provides easy 

access for changing barretter or installing crystat 
detector for other applications. 
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than 1.25:1 in most waveguide bands when the unit is 
properly tuned. The small reduction in SWR offered 
by tunable mounts over broadband mounts 1 generally 
not significant enough to warrant the tuning operation 
required for each frequency change or measurement 
location change. When the best possible impedance 
mateh is required for maximum accaracy, a siide 
screw or E-H tuner is used ahead of the bolameter 
mount. The chief advantage of usiog the 485B 1s that 
it employs abarretter rather thana thermistor. From 
the curves in Figure 2-1 we see thatambient tempera- 
ture variations have much less effect an a barretter 
than on @ thermistor in non-temperaure compensated 
systems. For this reason bridge zeroing 1s less fre- 
quent using the 485B Instead of the 487B. The disad- 
vantages of using a barretter are 1) easy burnout 
2) mechantcally delicate 3) fast thermal time constant 
can cause error in average power measurements of 
AM signals. 

TEMPERATURE COMPENSATED POWER METERS 
  

Inthe preceding balanced bridge power measuring sys- 
tems, there has been no way to distinguish between 
amblent temperature variations and applied power 
changes at the bolometer. The temperature compen- 
sation described for the unbalanced bridge 15 satis- 
factory for slow temperature changes In relatively 
insensitive bridges. With Increased sensitivity, the 
prablem becomes more serious until ultimately "zero 
drift" prevents making a measurement. If power is 
to be measured In the microwatt region, some effec- 
tive means of temperature compensation must be em- 
ployed to make highly sensitive bridges practical. 

HP 4318 Pover Meter: 

The hp431B is an automatically balanced, dual bridge 
power meter designed to operate with hp 478A and 
486A-series temperature compensated thermistor 
mounts. Power may be measured with these mounts, 
in 50 olim coaxial systems from 10 Me to 10 Ge, and 
in waveguide systems from 2.8 Ge to 40 Ge. Zero 
drift is typically less than 1/100th of that in non- 
compensated systems allowing measurements as small 
a8 10 microwatts full scale. Many other advantages 
result from temperature compensation which will be 
covered in SectionIll. First let's see how the system 
solves temperature variation problems. 

Figure 2-9 shows the 431B block diagram in twohalves 
to facilitate description of circult operation. On the 
leitisthe RF Substltution bridge with the RF detection 
thermistor Rq connected. On the right isthe compen- 
sation and etering bridge with the compensating 
thermistor R, connected. Both RqandR, are contained 
in the same thermistor mount with R being mounted 
to intercept applied microwave power. R, is electri- 
cally isolated from Rqand the microwave power, hos- 
ever the tro elements are physically and thermally in 
very close proximity. Thus any change in mount tom- 
perature afects both thermistors identically, but only 
Rq is exposed to RF.
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Figure 2-9.  Block diagram of hp 4318 Tamperature Compeneated Power Meter. Du bridge design diffren- « 
tiates between changes 1n applied power and unwanted temperature variations at the thermistor mount. Used 

with bp 4784 or 4864 compensated thermistor mounts, this automatic power meter provides useful ranges from 
10 watts to 10 mw with a single zero and null adjustment 

Each thermistor forms one leg of tvo separate bridges 
which are excited by a common 10 ke oscillator- 
amplifier through transformers T101 and T102. The 
action of the RF bridge is such that it is self-balancing, 
similar to the hp 430C bridge described earlier, ex- 
cept that in normal_operation only AC bias is applied 
toRy. Initially, the ZERO control is adjusted until 
balalice is also reached in the metering bridge. At 
balance, minimum 10 ke error signal is applied to the 
3-stage amplifier so the synchronous detector and dif- 
ferential amplifier outputs are minimum and the meter 
indicates zero. The circuit is arranged to avoid per- 
fect balance since this would result in zero DC feed- 
back to the metering bridge. With zero feedback, the 
metering loop would appear open. With an open meter- 
int loop, the circuit would be unstable anda zero ref- 
erence couldnot be accurately established. ‘The bridge 
is therefore operatedat a point very near balance and 
compensation made in the current- squared generator 
for zero indication on the meter 

  

When microwave power is applied o Ry, the RF Sub- 
stitation bridge tends tounbalance and the 10-kc oscil- 
lator backs off an equal amount of bias power to matn- 
tain bridge balance. _Since the primaries of T101 and 
T102 are in series, the metering bridge feels an equal 
reduction in bias power. Rg is no longer biased for 
bridge balance and an error signal is fed to the 3-stage 
amplifier and synchronous detector. The pulsating DC 
from the detector is filtered and amplified by the dif- 
ferential amplifier and fed back tothe metering bridge 
to rebalance it. Part of the DC feedback current is 
squaredand applied tothe meter to indicate the equiv- 
alent microwave power applied 

The squaring circuit allows a linear calibration of 
power on the meter scale since the power is propor- 
tional to bridge current squared. The 0 to 1 ma DC 
current to the meter movement is made avallable at a 
rear panel jack on the instrument for operation of & 
recorder or other auxiliary clrcuit where a current 
proportional to input power 1s useful. Automatic power 
leveling of sweep oscillators, such as the hp 690~ 
series, is an important application utilizing the re- 
corder output current provided by the 431B¥. 

Now that we have deseribed how microwave pover is 
sensed and measured by the 431B system, let's change 
the ambient temperature around the thermistor mount 
and see how it 1s compensated.  Alter the meter is 
zeroed, suppose the temperature increases. Since 
both thermistors are o equal thermal environments, 
and of identical types, their resistance will decrease 
by an equal amount. ' The RF bridge attempts to un- 
balance, causing a reduction in 10-ke bias power ap- 
plied to'T101 and T102 which brings the RF bridge and 
Ry back intobalance. The reduction In bias necessary 
for Ry to rebalance in the RF bridge Ls sensed by Re 
in the'compensatiog bridge as being just enowsh reduc- 
tion to compensate for the heating effectof the ambient 
temperature increase. Thus the metering bridge re- 
mains in balance and no error signal ls fed io the 3- 
stage amplifier, Consequently no change 1n DC feed- 
back occurs and the meter remains at zero. The same 
compensation would take place if the meter were meas- 
aring power and an ambient temperature charge oc- 

*See HP Application Note 965, 
Techniques''. 

“Swept-Frequency
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curred, since the system isable todistinguish between 
RF and mount temperature variation, 

‘The synchronous detector isa solid-state circuit used 
to minimize common-mode signals and noise entering 
the metering circuit. Substituted power equivalent to 
RF power sensedby the thermistors, is automatically 
‘measured to an accuracy of 3% of full scale and read 
on amirror-backed taut-band meter calibrated in mw 
and dbm. Power ranges are in 5-dbsteps from 10 yw 
to 10 mw full scale. Range change is accomplished 
by changing the gain in the 3-stage amplifier and the 
feedback current generator, With this arrangement 
the meter only needs zeroing on the most sensitive 
range to be used and 1t will remain zero within 0. 5% 
when switched 1o any of the other ranges. This capa- 
bility is called “zero-carryover” and is a valuable 
convenience when successively measuring several 
power levels which differ greatly. Zero carryover 
also allows use of the power meter s an attenuator in 
power leveling setups such as described in Section Il 
and IV. 

For greater accuracy inmeasuring substituted power, 
the DC Substitution and calibration feature of the 431B 
may be used. This circuit provides access to the RF 
thermistor bridge for applying DC from an external 
supply. With sultable instrumentation, the substituted 
DC power may be measured to an accuracy of 0.5%. 
This feature Is highly important for critical applica- 
tions or standards laboratory type work 

HP Temperature-Compensated Thermistor Mounts: 
  

Temperature-compensated power meters depend heav- 
ily on thermistor mount design and construction for 
drift-free, accurate measurements. In addition to 
the general requirements listed for uncompensated 
bolometer mounts, the compensated mount must: 
1) provide as closely as possible, identical tempera- 
ture-resistance characteristics of RqandRe, 2) main- 
tain electrical isolation between Rq and R, and3) keep 
both elements 1n thermal proximity. 

The bp 4784 Coaxial Thermistor Mount contains four 
identical thermistors electrically connectedasin Fig- 
ure 2-10a. The mount is similar to the non-compen- 
sated 4778 described earlier in the respect that two 
100 ohen thermistors appear in serles to the 10-kc bias 
and bridge excitation signal from the 431B, and In 
parallel to applied RF. These two thermistors are 
the detection thermistors Ry whichare mounted within 
a comparatively massive thermal block as shown in 
Figure 2-10b. The coaxial center conductor from the 
RF input jack connectstothe junction of the two therm- 
istors at point A through a DC and audio blacking ca- 
pacitor (not stown) 

The compensating thermistors R. are mounted on 
small blocks which are completely enclosed in the cav- 
ity B when the unit Is assembled. With this arrange- 
‘ment, electrical isolationand thermal proximity of Ry 
andR,. is accomplished with the thermal block massive 
enough to prevent sudden tempe rature gradients across 
the thermistors. Capacitors C2 throgh C5 are 
mounted on a circuit board on the back of the thermal 
block which is shielded by the metal case. Capacitors 
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Figure 2-10. Temperature variations 
around hp 478A Coaxial Thermistor Mout 
are compensated by cireult arrangement 

(a) and construction (b} shown above. Oper- 
ating with hp 431B Power Meter, RF pover 
is sensed by dual-element arrangement of 
detection thermistors Ry. Unwanted tem- 
perature variations are Sensed by identical 
‘compensation thermistors R, to reduce 

‘meter zero-drift by 100:1  
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C2 through C4 provide the RF bypass required for a 
parallel thermistor configuration for RF. Phase shitt 
of the 10 ke signal in the 431B metering bridge must 
be cancelled in order to achieve bridge balance, Ca- 
pacitor C5 is used toswamp the bridge-to-mount con- 
necting cable capacitance so variations in cable capa- 
city will have little effect on 10 ke phase shift. 

The 478A thermistor assembly is field replaceable 
should damage oceur [rom excessive RF power or 
serlous mechanical shock. Some RF overloads are 
not sufficient o burn out the thermistor element but 
cause permanent change in the thermal characteristic 
of Ry 50 it no longer matches Ro. This change de- 
grades the temperature compensation effectiveness 
causing excessive zero drift. A small screw near Ry 
may be adjusted in the field to restore compensation 
in many such cases, 

Requirements 1, 2, and 4at the beginning of the bolom- 
eter mount discussion on Pages 19 and 20 deal with 
‘mount SWR and efficiency and apply to all bolometer 
mounts whether they are compensated or not. Tem= 
perature compensation improves the overall acouracy 
possible and therefore adds emphasis to the importance 
of such considerations. Because of this importance, 
‘mount SWR and efficiency of coaxand waveguide mounts 
are treated indetail under "Accuracy Considerations' 
wehich will show typical test results from several hun- 
dred production mounts manufactured to date by 
Hewlett-Packard, 

The hp 486A-series of waveguide thermistor mounts 
cover frequencles from 2.6 Ge to 40 Ge. Those 
mounts in the 2.6 Ge to 18 Ge bands utilize a post- 
and-bar mounting arrangement for the detection 
thermistor similar to that described for the 487Bnon- 
compensated mounts. The detection thermistor Ry is 

2 single bead thermistor mounted with its axis parallel 
to, and centered in the E field within a shorted sec- 
tion of waveguide. Figure 2-11a shows the electrical 
configuration of Ryand the compensation thermistor 
Re. Figure 2-11b shows the post and bar which are 
thermally isolated from the waveguide structure by a 
circular section of glass epoxy. Electrical continuity 
across the epoxy is obtained by & thin gold plating on 
the epoxy surface Inside the guide. This thin plate 
exchanges a minimum of heat from the waveguide to 
the bar and thermistor element, isolating them from 
ambient temperature changes while providing a good 
electrical path. The detection thermistor is further 
isolated {rom ambient thermal changes by a block of 
polystyrene foam inserted into the waveguide opening. 
This foam prevents convective temperature changes 
at Rq and also serves to physically protect the tiny 
thermistor bead from foreign objects which could enter 
the waveguide input. The foam has very litle effect 
on the mount SWR and does not change mount effi- 
clency. The compensating thermistor Ry is also a 
single bead which is thermally strapped o the bar as 
shown in Figure 2-11b. Thermistor Rq and the 
swamping capacitor C1are shielded by a metal case 
which also serves to prevent convective thermal 
changes from reaching the compensating thermistor. 

The 468A-series mounts covering K and R band (18- 
26.5 Ge and 26.5 - 40 Ge) utilize thermistors which 
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are biased to an operating resistance of 200 ohms 
rather than the 100 chms used inlower frequency units. 
‘These mounts differ somewhat from the post and bar 
arrangement but are schematically the same as that 
shown 1n Figure 2-11a. 

ACCURACY CONSIDERATIONS 

A number of factors are responsible for the overall 
accuracy attained ina microwave power measurement. 
By knowing the cause and quantitative effects of er- 
rors, we cancorrect or account for them thereby im- 
proving the measurement accuracy. Temperature 
compensation establishes a drift-free starting or ref- 
erence point and we may now turn our attention from 
constant re-zeroing of the bolometer bridge to other 
sources of error. 

MISMATCH ERROR. 

A. Basic Principles: 
Consider a DC source with an internal resistance 
and an external load Ry,. Obviously, no power can be 
delivered to Ry, when If 1s either zero or infinite, 50 
there must be some in-between value at which the power 
delivered is maximum. It Is easily shown that this 
oceurs when Ry, equals Rg. Any other value of RL, 
results in the delivery of less than the maximum 
available power, or a "mismatch loss". 

Consider next the extension to the general case, where 
the source hasan internal impedance whichat any fre= 
quency canbe represented by a resistance and areact- 
ance. Whether series or parallel equivalent circuits 
are used is immaterial, but the reactances must be of 
equal magnitude and opposite sign so that they will be 
in resonanceand therefore have noeffect on the power 
delivered. Again, the two resistances should be equal. 
Hence, to get maximum available power from (he 
source, the load impedanceshould be the complex 
conjugate of the source impedance. When the two ac- 
tual impedances are known, the power delivered can 
be calculated and compared with the maximum avail- 
able power to determine the mismateh 10ss. 

B. Mismateh at Microwave Frequencies: 
At microwave frequencies, a complication arises. The 
length of transmission line used to connect the load 
and source can be long enough electrically to trans- 
form the load impedance to some other value at the 
source terminals, What the source "sees” is deter- 
mined by the actual load impedance, the electrical 
length of the line, and the characteristic impedance, 
(Z) of the line. In the optimum situation, all ele- 
ments in a system have the characteristic impedance 
of the line and there is & maximum transter of power. 
In general, however, neither source nor load has Zo 
impedance, Furthermore, the actual impedances are 
almost never known completely. They are given only 
in the form of SWR's, which lack phase information. 
As aresult, the power delivered tothe load, and hence 
the mismatch loss, can be described only as lying 
somewhere between two limits. This uncertainty in- 
creases with SWR, which is one of the fundamental 
reasons why manufacturers strive to reduce the SWR's 
of microwave components.  
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HP 486A waveguide thermistor mount circuit (a) and construction (b} show details of detection and 
temperature compensation design. Single thermistor Ry is mounted in a post-and-bar arrangement 

to sense RF power. Post and bar are thermally isolated from the waveguide body by epoxy discs with thir 

  

gold plating to maintain electrical continuity. Compensating thermistor (Rc) senses equal temperature 
variations as Ry because of large heat conductive strap connected to bar. 

In the special case where either source or load has 
unity SWR, the mismatch loss is unique and calculable 
from the other SWR. The accuracy specification on 
some commercial power measurement systems s 
based on the assumption of a Z, source. Practically 
speaking, however, almost no Sources have exactly 

2, impedance and such an accuracy specification is 
unrealistic. 
€. Basis of Analysis: 
To analyze a particular case of mismatch, a conven~ 
Lent basls of calculation must be chosen. If the power
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actually delivered to the load is to be compared with 
the maximum available from the source, this is on a 
confugatebasts. If comparison is made with the power 
the source will deliver to a Z, load, this is on & Zo 
basis. These are two of a number of possibilities. 

Considerable confusion has arisen over the use of 
terms such as "match and “mismatch"” since it is 
not always clear just what basis is intended. R. W. 
Beatty(4, 5 of NES has proposed a complete set of 
specific terms and definitions which, if generally 
adopted, should eliminate this confusion. The terms 
and definitions pertaining to mismatch analysis in 
power measurement are as follows: 

Conjugate Mateh: The condition for maximum power 
absorption by a load, in which the impedance seen 
looking toward the load, at a point in a_transmission 
line, 1s the complex conjugate of that seen looking 
toward the source. 

Conjugate Mismatch: The condition in the situation 
above in which the load impedance is not the conjugate 
of the source impedance. 

Conjugate Mismatch Loss: The loss resulting from 
Conjugate mismatch. 

2 Mateh: The condition in which the impedance seen 
Tooking intoa transmission line 1s equal to the charac~ 
teristic impedance of the Line. 

7, Mismatch: The condition in Which the impedance 
‘Ssen Tooking into a transmission line is not equal to 
the transmission line characteristic impedance Z,. 
(in general, conjugate match 15 @ case of Zo mis- 
match. ) 

7, Mismatch Loss: The loss resulting from a Z 
Tsmatch, 

Conjugate _Available Power: 
power. 

Maximum  available 

2, Available Power: The power a source will deliver 
Wiz load 
All mismatch terms used in this Note will follow these 
detinitions where any possibility of ambiguity might 
olherwise exist. Thus, "conjugate mismatch” and 
"Z, mismatch” are used todescribe theactual figures 
obtamed In the examples. 

‘The general expression for power transfer between a 
source and a load of reflection coefficients I'G and 
Ty is* 

(4)Beatty, R W. , “Intrinsic Attenuation”, IEEE Trans- 
actions on Microwave Theory and Technigues, Vol. 
MTT-11, No. 3, May 196, p. 179, 

(5)Beatty, R. W., "nsertion Loss Concepts", Pro- 
ceedings IEEE, Vol. 52, No. 6, June 1984, p. 663. 

*The symbol T is used in this section to denote re- 
flection coelflcient magaitude and phase. Later 
the note the symbol # is used o denote reflection 
coefficient magnitude only. (Thus T'=pe-F) 
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a-Irgh a-1rh @4 

where 

ITgland [Ty | can be obtained from the SWR's 
7 and o, by the simple relation: 

st @9 

The expression in 2.4 is the fraction of the maximum 
available power actually absorbed by the load. The 
Zo mismateh loss associated with the source is ex- 
pressed by the term (1-|Tg|2). The Z, mismatch 
Loss resylting from the load is cxpressed by the term 
(1-ITg!2).  The uncertainty in the power transfer is 
expressed by (1-TGTLIE since 1 and TL, are complex 
quantities. The limits of uncertainty are obtained by 
evaluating (1+(TGIITL|)2. 0t can be seen that the 
rather vague term "mismatch error” applies in general 
1 a combination of calculable mismatch losses and 
uncertainties. ) 
1f a conjugate basis is to be used, the effects of all 
three terms in the expression of 2.4 are ncluded and 
the eatire expression lies between two limits never 
exceeding unity. Now consider the case if a Zg basls 
1 1o be used; since the first term in the numerator 
gives the fractional power delivered to a Zo load by 
the source, only the remainiag two terms in equation 
2.4 need be evaluated to determine the Z, mismatch gl pale g iagecieglh ey 
in order to determine the uncertainty In the loss cal~ 
culation, This fact must be recognized Someliow in 
any statement of pover measurement accuracy.  The 
expression for Zq mismatch can have limits abave and 
below unity, 45 well a5 both below unity. 
When the conjugate basis is used, mismatch is always 
expressedasa loss. Figures 2-12 and2-13 are charts 
giving conjugate mismatch loss limits for different 
ranges of SWR. The diagonal lines running upward to 
the right give the minimum possible 10ss for any com~ 
bination of source and load SWR's, while the lines 
running upward to the left give the maximum possible 
loss. 
When the Z, basis is used, the Zo mismatch loss is 
obtalned from the bottom scale on Figure 2-14and the 
uncertainty from the chart above. In Figure 2-14 there 
is only one set of diagonal lines, but note thal. the upper 
left half of the chart gives the upper Limit of uncer- 
faiaty, the lower right half the lower limit, and that 
these begin to differ appreciably in the upper Tight 
corner. 

D. Mismatch Uncertainties in Power Measurements: 
  

An example may help clarify the use of these charts 
in power measurement analysis. Suppose that the 
power output of 4 signal generator having a SWR not 
greater than 1. 80 is measured with apower meter and 
a bolometer having a SWR not greater than 1,35, Ifit 
is inconvenient to measure the actual SWR's these
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Figure 2-12. Confugate mismatch-loss chart. Read losses at either Interssction of SWR's in question (load 
and source SWR scales are interchangeable). Diagonal lines running up to right Indicate minimum loss; 

diagonal lines running up o left show maximum loss. Upper left half of chart shows losses in 
percentages, while lower right half shows losses in db. 

  
values may be taken as a worst possible case. Fi 
ure 2-12 (point A) shows a lower conjugate mismatch 
Loss limit o —+030 db, and anapgor et ST db; 
‘an uncertainty range of .74 db. The loss limifs may 
also be found in percentage of the conjugate avatlable 
power by interchanging source and SWR data to enter 
Figure 2-12 as shown by Polnt A’ Now suppose the 
actual SWR's are measured and found 10 be 1. 54 and 
124, respectively. Points B (und B') on Figure 2-12 

‘now give Limits of =050 db (1. 2%) and -. 445 db (-9. 8%), 
an uncertainty range of .305 db. 

   

Signal generators are customarily rated in terms of 
the power they will deliver toa Zo l0ad ("Zgavailable 
power™)., When testing such generators, uge the Zo 
mismatch loss chart to determine if the generator 
meets output power specifications. For example, 
suppose the generator SWR is 1.54 and bolometer 

mount SWR is 1.24; using the bolometer mount SWR 
of 1.24, we enter the lower scale in Figure 2-14 
(point A} and find the Z, mismateh loss of the mount 
i -.050 db, On this loss is an uncertainty of +.200, 

95 db (polnt B). Adding the loss and uncertainty 
data results in a total Z, mismatch "loss" of +. 15 
to -,245 db. Thus the power available to a 7, load 
would be between . 150 db below and . 245 dbabave the 
power absorbed by the bolometer mount. 

    

E. Maximum and Minimum Loss Calculation: 

In case a mismatch loss chart 18 not available, the 
maximum and minimum_conjugate mismatch losses 
corresponding to two SWR's, oy (the larger) and 
a5, may readily be determined as follows: The maxi- 
nim loss corresponds to that which would occur if one 
SWR were equal o the product 017, and the other to
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unity, while the minimum loss corresponds to that 
which would occur if one SWR were equal to the quotient 
1/ and the other to nity. Using the relation be- 
tween SWR and reflection coefficient, the fractional 
expression for minimum power transfer (maximum 
loss) is 

o0y 
(7,012 

while the fractional expression for maximum power 
transfer (minimum loss) is 

40,9, 
o2 

  

XA 
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The loss in db s ten times the 1og of either expression 
(or, conventionally, its reciprocal, for @ positive 
number of db). 

F. SWR Characteristics of Thermistor Mounts: 

Figure 2-15a shows what is typically being achieved 
in SWR of the hp 478A temperature compensated co- 
axial thermistor mount. Note that over a major por- 
tion of the frequency range of the Instrument, SWR 15 
less than 1.2:1 and, indeed, over a very large range 
it1s less than 1.1:1. 1t 1s only at the high and low 
frequency ends of the band that a given mount may 
deviate from this typical curve. For this reason it is 
umecessary in many cases to consider the use of a 
tuner with this thermistor mount. A tuner or other 
efiective means of reducing mismatch error s recom- 
mended, however, where source SWR 1s high or high 
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Figure 2-16. Typical efficiency data on (a) HP 4778 coaxial thermistor mounts and (b) HP 4784 temperature 
compensated coax mounts. Solid lines indicate data with NBS traceability. Recent NBS calibra- 

tions indicate dashed line interpolation is valid at 3 Ge also. Actual data is now 
stamped on each hp 478 compensated mount for highest accuracy. 

high accuracy power measurements. Section III con- 
tains information on mount efficiency calibration serv- 
ices and the system usedfor production testing at HP. 

Figure 2-16 shows the efficiency of several hp 478A 
temperature-compensated coax mounts and hp 4778 
non-compensated coax mounts. Note the improved 
mean efficiency of the compensated mounts over the 
older 477B's, especially at the higher end of the band. 
The curves show the maximum efficiency of the 478A's 
tested to be about 87% and the minimum from 92 to 95% 
in the 8.0 to 10,0 Ge hand. In the VEF region up to 1 
Ge mount efficiency isabove 99%. Comparisons against 
waveguide mounts and hp 4234 flat crystal detectors 
have given consistent indication that 4784 efticiency 
curves are smooth between 1Ge and 8 Ge. Therefore, 
the dashed lines of Figure 2-16b shiow the interpolated 
values of efflciency that canbe expected. Interpolation 
in Figure 2-16a is less certain because less data has 
been accumalated on the uncompensated mounts in the 
1to BGe region. Figure 2-17 shows the efficiency 
plots of several hpX486A andX487B waveguide therm - 
istor mounts over the X-band. Uniformly bigh effi- 
ciency is typical in these mounts with the temperature 
compensated X486A running slightly higher than the 
non-compensated mounts at the higher frequencies. 
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One H-band (7. 05 to 10. 0 ge) compensated mount was 
included with the results of seven X-band mounts so a 
comparison of different waveguide size units could be 
made. The particular H480A tested compared very 
favorably with the X-band units as can be seen from 
the curves. 

Another calibration service avatlable from NBS and 
some commeretal standards laboratories s the Cals 
bration Factor (Ky) of a bolometer mount. Calibration 
Factor is defined as the ratio of the substituted DC 
power inthe bolometer clement to the microwave power 
incident upon the bolometer mount. This may be stated 
symbolically as 

  

X Plde substituted) 
(pwave incident) 

Note that this expression includes the effects of mis- 
match loss since Pc supstituted decTeases when RF 
power 1s reflected. 1 a tuner is not used to cancel 
mismatch effects in a power measurement, Calibra- 
tion Factor can be directly applied as 4 correction to 
the meter readingto improve overall aceuracy. Since 
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Figure 2-17. Typical eificiency data on (a) HP X487B waveguide thermistor mounts and (b) HPX4804 temperature 
compensated waveguide mounts. Actual data is now recorded an each 486A compensated mount. 
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Figure 2-18. Typical J-band Power Standard comprises 
thermistor mount permanently attachedto 3 dbdirec 
tional coupler auxiliary arm. Calibration factor of 
Standard relates DC (or audio] substitution power 

in thermistor element to main RF power out. 

a tuner is often not used, calibration factor is a highly 
practical term and is therefore measured and included 
with the efficiency data on each HP temperature com- 
pensated thermistor mount. 

Another common and very useful calibration is the 
Calibration Factor of a bolometer mount~directional 
coupler combination, or "Power Standard”, as shown 
inFigure 218, The Power Sandard Calibration Fac- 
tor is defined as follows: 

  

P K o Jde substituted 
Jwave incident 

where Pdc substituted = DC power substituted in the 
bolometer element, and Piyciden=microwave power 
incident to a non-reflecting load terminating the cou~ 
pler main arm output. The bolometer mount is of the 
fixed-tuned or untuned broadband variety such as the 
hip 4864 shown, andis permancntly attached to the aux- 
Miary arm of a hgh-direetivity coupler of 8 to 20 db 
coupling factor, The Calibration Factor is measured 
at several specific frequencies within the band and 
Includes the effects of mismatch between bolometer 
mount and auxiliary arm, and the bolometer mount 
efficiency. The Power Standard provides a means for 
accurately monitoring power in a circuit rather than 
terminating all of the power in the measuring device. 
This configuration is useful as a standard of compar- 
ison for calibrating other power measuring devices 
connected 1o the coupler main arm output or for any 
case of making accurate ia-line measurements of ci- 
dentpower. Examples of how to use bolometer mount 
and mount-coupler calibrations are shown in Section 
. 
DUAL ELEMENT BOLOMETER MOUNT ERROR 
A detailed analysis of dual slement error has been 
made by G.F. Engen(1) of NBS and by L.A Harris(2), 

  

  

  

(1)Engen, G. ., "A DC-RF Substitution Exror inDual 
Element Bolometer Mounts", NBS Report 7934. 

(2)Harris, LA., "A Coaxial Film Bolometer for the 
Measurement of Power in the UHF Band”, Proc. 
IEE (British), Vol. 107, Part B, No. 31(Jan. 1960). 
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Tnis error does notoccur inthe waveguide thermistor 
mounts but must be considered in nearly all coaxial 
‘mount designs. 
Figure 2-19a shows the basic circuit of a coaxial 
mount. Ry and Ry are the detection thermistors, 
Figure 2-19b shows the equivalent circuit for DC and 
10 ke. Thethermistors are in series andif the resis- 
tance division is unequal, the greatest power will be 
dissipated in the thermistor with the largest resis- 
tance. However, referring to the equivalent circuit 
for RF (Figure 2-19¢) the RF power sees the two 
thermistors inparallel. Inthis case, il the resistance 
division is unequal, the greatest power will be dissi- 
pated in the thermistor with the leastresistance. Un- 
fortunately, the situation at microwave requencies is 
not quite this simple inasmuch as a different power 
split may resultdue to circuitreactance. In anycase, 
Mr. Engen has shown that the resulting error is equal 
to 

  11 
(72 '7!)“ 

where ¥1 and 73 are the “ohms per milliwatt” coeffi- 
clents of the thermistors and 7 is the shift in resis- 
tance division. 
Dual element error may be as large as 1% for con- 
ventional thermistor mounts at 10 mw RF levels in- 
creasing sharply as power increases. Conversely, 
as the measured RF power decreases, this error de- 
creases rather rapidly. This, of course, represents 
one of the problems tnvolved with dual element error, 
inasmuch as it 16 N0t a constant error, but rather is 
& function of the RF power being measured. Since 
automatic bridges such as the 430C and 431B have 
10 mw upper range Limits, this error is generally quite 
mall when using mounts of good quality. 
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Figure 2-19. Actual circuit of dual-element coaxial 
thermistor mountis shown in (a). DC and low fre- 
quency equivalent circuit (b) appears astwo series 
thermistors to power meter bridge. Equivalent cir- 
cult for RF input power (c) appears as two parallel 
thermistors. I resistance of thermistors is un- 
equal, DC and RF power will have unequal effects 

on elreult, causing "dual clement exror.  
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By virtue of the techniques necessary to get thermal 
balance in the 478A coaxial thermistor mount, the 
parameters which cause dual-element error are con- 
trolled to a great degree. Initial tests on fifteen 478A 
thermistor elements at Hewlett-Packard revealed a 
‘maximum error of about 0.1% at 10 mw RF power. 
Mostof the elements were somewhat belowthis value, 
The measurement technique used, however, did not 
include reactive effects encountéred at microwave 
frequencies. Tnese effects have been tested more 
recently with tentative results showing virtually no 
further error above 100 Mc. 
THERMOELECTRIC EFFECT ERROR 

Thermoelectric error is peculiar to the 431-type of 
power meter. This error is found in power meters 
where nearly the total bias power is supplied by AC. 
‘While this thermoelectric phenomena has not been fully 
investigated, It is [elt that it can be explained on the 
basis of the two thermocouples that are formed by the 
contacts of the thermistor leads to the thermistor ox- 
ide (see Figure 2-20), The bead thermistor used in 
thermistor mounts operates more than 100°C above 
room temperature. It is likely that both contacts to 
the bead will not be at the same temperature; thus, a 
thermocouple will result. The AC bias power heats 
the thermistor and if there is not perfect cancellation 
of these thermocouples, the result will be a DC cur- 
rent flow. This DC current flow will either add to or 
partlally cancel any DC curreats that are being ap- 
plied by the power meter. 
The magnitude of this thermoelectric effect is meas- 
ured in all of the 4784 and 486A thermistor mounts 
builtat Hewlett-Packard. In production mounts, ther- 
‘moelectric effect measurement error should not ex- 
ceed0.3 pw. Obviously, this error is significantonly 
on the more sensitive ranges of the power meter. 
However, this effect also becomes significant in the 
RF thermistor when a DC calibration or DC substitu~ 
tion measurement is being made. Agaln, this can 
amount to a 0.3 pw error. Where accurate substitu- 
tion or calibration is required at low power Ievels, 
this thermoelectric effect can be eliminated by using 
a dc supply whose polarity is easily reversed to sup- 
ply the substitution or calibration power to the RF 
thermistor. By reversing polarity, the sum and dit- 
terence of substitution power and thermoelectric pow- 
er can be determined. Section LIl shows how o apply 
these data for correcting meter readings of very low 
power level. 

AMBIENT TEWP HERT S, 

METALIC OxpEs 
SEMEONGUETOR     Proir EaD 
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Figure 2-20. Cross section of a bead thermistor 
comnected to a heat sink for thermal stability. 
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INSTRUMENTATION ERROR 

Instrumentation error is the inability of the power 
meter to exactly measure the DC or AC Substituted 
power in the bolometer element. This type of error 
is somewhat analogous to the error found in VTVM's. 
Examples of the causes of instrumentation error are: 
1) Range resistor tolerance, 2) Non-linearity in feed- 
back amplifiers, 3) Matching of bridge transformers 
(431B), and 4) Meter tracking error. In specifying 
the accuracy of a power meter, instrumentation error 
is the figure generally used. ’ As mentioned earlier, 
this error does not exceed 3% of full scale in the hp 
431B power meter. 

The ability to make a DC calibration or substitution 
‘measurement is a very significant feature provided by 
the circuitry in the 431B. Tuis tectique, described 
under "Methods for Improving Accuracy” in Sec- 
tion IIT, ean reduce instrumentation error to less than 
0.5%. ' Some manually balanced bridges allow this 
error to be reduced to 0. 1% using precision poten- 
tiometric methods. 

CALORIMETRIC POWER METERS 

The most fundamental method of measuring micro- 
wave power is to dissipate it as heat and measure the 
resulting temperature rise, True calorimetry in- 
volves dissipating a certain amount of energy, con- 
taining the heat resulting, and measuring the tem- 
perature rise. This principle has been used for years 
in chemical and physical measurements. The calori- 
metric power meter dissipates power (a continuous 
flow of energy), controls the resulting {low of heat 
through some thermal path, and measures the tem- 
perature rise set up by this flow. 

Calorimetric power meters used for microwave work 
may be divided into two categories: 1) Flow (liquid) 
and 2) Static (dry). While there are several designs 
of both types, an example of each will acquaint the 
reader with the principles involved. The dry calori- 
metric power meter was an outgrowth of the basic 
calorimeter, and is still used in some applications. 
The Hewlett-Packard Calorimetric Power Meter is a 
more recent development which uses oil {low as a 
means of carrying away heat continuously ina con- 
trolled manner. This glves & convenient range of 
dissipation capability... 10 mw to 10w in a struc= 
ture small enough to provide a good impedance match 
to 250 ohm transmission line from DC through X -band. 

FLOW CALORIMETERS 

Figure 2-21a shows the basic circuitry of the hp 4344 
10watt calorimetric power meter. The circuit con- 
sists of 3 self-balancing bridge Which has identical 
temperature-sensitive resistor gauges (one in each 
1o6), & high-gain amplifier system, an indicating me- 
ter, and two load resistors, one for unlmown input 
pover and one for comparison power. The input load 
resistor and one gauge are in thermal proximity o 
that heat generated in the input 1oad TesiStor is car- 
rled 10 s gauge by the oil-stream, tending tourbal- 
ance the bridse.  The unbalance signal is amelified 
and applied to the comparison load resistor which is
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Figure 2-21, 
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Block diagram (a) and oil flow diagram (b) of hp 434A Calorimetric Power Meter. 
Moving oil stream and bridge-feedback arrangement results in fast response time to input 

power changes enabling dynamic tuning of units in test. Series oil flow arrangement 
eliminates low rate errors usually encountered in tlow calorimeters. 

in thermal proximity to the other gauge. The heat 
generated in the comparison load resistor is carried 
to its gauge by the oll-stream which automatically re- 
balances the bridge. The meter measures power sup- 
plied to the comparison load to rebalance the bridge 
which is equivalent to the RF power applied to the in~ 
put load. Because of this eedback arrangement total 
response time of the 434A is less than 5 seconds lor 
full-scale deflection of the meter. 

Resistance characteristics of the gauges are the same, 
as are the heat transfer characteristics of the loads, 
sothe meter may be calibrated directly in iput power. 
The calorimetric-power -meter measurement s accu— 
rate because volumetric oil flow through the two heads 
is made identical by placing all elements of the oil 
system in series, as shown in Figure 2-21b. Differ- 
ential temperature between otl entering the two heads 
is also zero because the ofl to each head is brought to 
the same temperature by passing 1t througha parallel- 
flow heat exchanger. 

Microwave power dissipated in the RF head resistor 
is matched by DC power in the comparison head to 
give a meter reading. The 434A is capable of high 
accuracy because the RF head can be DC-calibrated 
Like the 431B. A 1% accurate DC power calibrating 
source of 100 mw is bullt into the 434A for standard- 
izing the calorimeter before making power measure- 
ments. 

CALORIMETRIC POWER METER ACCURACY 

The calorimetric power meter is inherently accurate 
due to its circult stability, controlled thermal flow, 
and rigid mechanical design. Overall measurement 
aceuracy of the 434A is better than 5% of full seale 
excluding mismatch loss. Accuracy canbe evenhigher 
by being aware of, and correcting (o, various sources 
of error such as mismatch, head efficiency, and in- 
strumentation error. 

Mismatch Erro     

As in the case of the bolometric power meter, mis- 
match error is a very important factor in making 
accurate calorimetric power meter measurements. 
‘The same laws of impedance and phase apply to the 
calorimetric head as to bolometer mounts. When 
neither source nor load is Zo, there Is an amblguity 
as to how much power is being delivered. Ona con- 
Jugate basis, there is a mismatch loss when the calori- 
metric input impedance is not the conjugate of the 
source. 

Table 2 lists maximum SWR specifications for the ho 
434A and Figure 2-22 shows a typical SWR curve 
plotted from 500 Me to 12.4 Ge. In cases where high 
accuracy is required, the hp 872A coaxial tuner may be 
used for correcting mismatch In the 500 Me to 4 Ge 
region. In higher bands, coaxlal stub-tuners are 
available for impedance matching or, if waveguide
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Table 2. SWR Specifications for HP 4344 
Calorimetric Power Meter 

Frequency Max Input SWR 

DC 05 Ge L3l 
5Ge to 11 Ge L51 
11 Ge to 12,4 Ge L7 

systems are being used, the hp §70-series of slide 
screw tuners are recommended. Hewleti-Packard 
sweep tests each 4344 in production to insure quality 
and adherence to SWR specification. 

Head Efficiency. 

The calorimetric power meter does not depend upon 
the validity of the substitution process in the com- 
parison of microwave power and DC or low-frequency 
power. This is because all power delivered to the 
terminating resistor raises the temperature of the oil 
stream, and skin effect or thermal distribution within 
the sensor is not of primary importance as it is in the 
bolometer mount. 

Eificiency in a calorimeter head is defined as the 
microwave power dissipated in the head resistor di- 
vided by the microwave power dissipated in the en- 
tire RF circuit. Calibration factor is the microwave 
power in the head resistor divided by the microwave 
power incident pon the RF input circuit. 

It may be seen that these definitions are essentially 
equivalent to those for bolometers except that the sen- 
sors are different. Loss in the RF circuit occurs in 
the transmisslon line between the front pavel con- 
nector and the head load resistor which heats the oil 
stream. Figure 2-23 shows an X-band eificiency plot 
of three 4344 Calorimetric Power Meters, each with 
1watt of microwave power input. Typical efficiencies 
are between 97 and 96% fn the X-band region, and 
approach 100%at lower frequencies down to DC. 

Instrumentation Error 

Causes of instrumentation error in the 434A-type 
calorimeter islargely the same2s in bolometer power 
meters in that measurement of the feedback power 
cannot be exact. Instrmentation error accounts for 
1-2% in the overall 434A accaracy specification of 
5%. The calibration accuracy (which includes head 
efficiency) 1s usually better than 5% to 10 Ge, and 
within 4% through 12.4 Ge. On the 10 and 100 mw 
power ranges however, errors to about 5% can oceur 
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Figure 2-22. Input SWR of a typical hp 434A Calori- 
metric Power Meter. Broadband impedance is care- 
fully controlled by terminating input power in a coaxial 

film resistor in a tapered outer conductor. 
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Figure 2-23. Typical efficiency data from hp 434A 
Calorimetric Pover Meters in X-band. Consistency 
of data taken on these and othor 434A's over several 
years results In a bigh degree of contidence in pre- 

dieting instrument accuracy. 

  

due to noise and instability. The internal calibrator 
of the 4344 provides a DC standard for checking and 
adjusting amplifier gain for full scale on the 100 mw 
range. The calibrator is accurate to within 1% 

The 4344 is factory-tested and adjusted with an hp 
K02-434A Test Set which provides accurate and stable 
DC reference power levels o 1/3 scale increments 
throughout the 434A power range of 10mw (o 10 watts, 
DC calibrations to 0.5% are possible with this test 
set which i available to 4344 users wishing to make 
such calibrations conveniently. 

DRY CALORIMETERS 

The basic dry calorimeter measures the thermal EMF 
generated in a thermopile placed between a reference 
load and an active load dissipating input power. There 
are a number of dry calorimeter designs, one of which 
is of particular interest. This isthe microcalorimeter 
described by G. F. Engen* of NBS which is the U.S. 
national reference standard for Effective Efficiency 
measurements at microwavefrequencies, NBS Work- 
ing Standard bolometer mounts are calibrated in the 
‘microcalorimeter and then used (o calibrate suitable 
bolometer mounts submitted for eificlency and cali- 
bration factor measurements. 

Microcalorimeter Design, 

Figure 2-24 is a cutaway view of the microcalori- 
meter showing a double walled thermal shield housing 
two Identical bolometer mounts of special design. RF 
entry is made through  length of waveguide thermally 
isolated from the bolometer mounts to prevent con- 
duction of heat away from the mounts.  Applied RF 
power passes through a waveguide bend and is dis- 
Sipated in the lower (active) bolometer mount. A 
physical junction is made at the waveguide bend with 
an isometric bend connecting to the upper (reference) 
bolometer mount. RF is prevented from entering the 
upper bend by a partition at the guide junction. Thus 
the reference mount remains constant in temperature 
with power applied to the entry point. This arrange- 

“Engen, G.F., “A Refined X-Band Microwave Micro- 
calorimeter”, NBS T, of Res. 63C 77 (1959).  
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Figure 2-24, Cross section of NBS microcalorimeter 
with special bolometer mounts installed. Efficiency 
Calibrations in the 8.2 to 18.0 Ge region by NBS are 

based upon instruments of this design, 

‘ment provides equal mass inthe two arms sothey are 
isothermal with no power applied and remain 50 with 
ambient temperature variation. A number of series- 
connected thermo-junctions are made alternately be- 
tween the waveguide flanges facing each bolometer 
mount. This thermopile senses the temperature gra- 
dient between the bolometer mounts that results from 
the application of power to the system. The thermo- 
plle qutput can be accurately calibrated by applying 
known amounts of DC power to the active bolometer 
mount. 

Operation of the Microcalorimeter. 

Recall that Effective Eifictency of a bolometer mount 
is the ratio of substituied power in the bolometer 
elemeat, to the total microwave power dissipated in 
the mount. In the microcalorimeter, substituted (or 
retracted) power in the bolometer element is meas- 
ured by an external seli-balancing DC bridge with the 
active bolometer forming one leg. Total power dis- 
sipated in the mount is measured by the thermopile 
output. 

In operation, the bolometer mount to be tested 1s 
placed in the active arm of the microcalorimeter and 
DC bias power applied to balance the external bridge. 

When equilibrium in the mount temperature is reached, 
the thermopile output is noted as ey and the total 
bridge current as I RF is then applied and enough 
DC bias removed {rom the bolometer to malntain 
bridge balance. When equilibrium 15 again reached, 
the thermopile output is noted as €y and the total 
bridge currentas Iy, Power retractedirom the bolom- 
eter eloment is calculated from the equation 

Py (xlz = xzzj (2.9) 

where R = Bolometer resistance in an equal arm 
bridge, 

‘The power dissipated in the mownt during the RF "off" 
and RF "on" periods 15 ideally related by the thermo- 
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pile response ey and ey respectively. The power re- 
sulting in thermopile output e is from the DC bias 
1;2 R/4. The total power for e3 is the sum of the 
applied RF and the DC bias remaining, viz 

=B+ L R/A @10 

  

We may now write the following proportionality: 

  

2 e, R 
transposing ¥, = —ge — (2.1 

The RF power applied Is the difference in P, and the 
DC bias remaining, thus 

  

. mngn s 2l 

We are now able to express Effective Efficiency as a 
ratio of DC blas power retracted (eq. 2.9) toRF power 
dissipated (eq. 2.13) as follows: 

  

  

a0, - B 

m( e 1,2 - 12“) 
] 

simplitied, this becomes: 

1 y? 
g ————— (2.14) 

egfey - Uy/1) 

Figure 2-25a illustrates the cycle of power applied to 
the microcalorimeter, Figure 2-25b shows the ther- 
moplle output resulting from heating the mount with 
applied power, first with only DC then with DC and 
RF, then only DC again. The small amount of RF 
dissipated In the mount, bat not in the bolometer ele- 
ment, accounts for the overall increase in thermal 
output t0 eg. In practice, two cycles of RF “off" are 
used and the average thermopile output taken as ej. 
This tends to reduce the effects of thermal background     

i 
i 
i 
i 
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Figure 2-25(a). Cycle of power applied o active 
holometer mount in NBS microcalorimeter; 

(b) Thermopile output of NBS microcalorimeter 
resulting from power cycle shown In (a) 

drift in the system.  As Figure 2-25 shows, 45 min- 
ues are required for the mount to reach thermal 
equilibrium after each power change so the task is 
very time consuming, especially when one considers 
that this procedure is required for every discrete 
Irequency where efficlency is desired. The primary 
consideration inthis application, however, is accuracy 
rather than speed.  Efficiency calibrations in the 
microcalorimeter described are estimated to achieve 
the remarkable accuracy of 0. 1%, Using faster meth- 
ods for working calibrations and allowing for transter 
error, NBS efficiency calibrations are stated to be 
within . 

The National Bureau of Standards presently provides 
calibration factor and efficiency calibrations at spe- 
cific frequencies in the 8.2 to 18.0 Ge bands* based 
on the microcalorimeter just described. This ser- 
vice 1s being extended to cover the entire microwave 
region, wherever activity warrants, AS quickly as 
facilities can be implemented. Using standard mounts 
thus calibrated, it becomes practical to test therm= 
istor mounts in quantity using the technique deseriby 
in Section Munder "Methods for Improving Accuracy’    

*NBS Calibrations in the 5.85 to8. 2 Gebandare based 
upon interim standards until the microcalorimeter 
for that band is operational. 
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OTHER METHODS OF AVERAGE 
POWER MEASUREMENT 

Bolometric and calorimetric techniques are univer- 
sally the most common In MICToWAYe poWer measure- 
ments because they are absolute. However, anumber 
of simple, indirect techniques based on bolometer or 
calorimeter calibrations have been devised which are 
of interest. A few of these methods are subsequently 
described, to complete the discussion on instruments 
for measuring average power at RF. 

RECTIFIER METERS. 

‘The fundamental requirementfor measuring electrical 
phenomena is to accurately translate the electrical 
quantity to some physical quantity which may be ob- 
served, The diode olfers a simple conversion of RF 
pawer to a direct current which may be usedto deflect 
a microammeter. The meter scale maybe calibrated 
in terms of power by applying known input levels and 
noting the meter deflection. 

Figure 2-26 shows the circuit of a typical "termination 
wattmeter” which employs a semiconductor diode, 
Operation is simple and easily explained. The ma- 
jority of input power is dissipated in 2 coaxial load 
resistor R, which ideally is equal tothe characteristic 
impedance of the power source, e.g., 50 ohms. In 
some wattmeters a small sample of input power is 
tapped from the load resistor and fed to the diode 
detector as shown in the Figure. Others usea simple 
pickup loop to sample the input power. After detec- 
tion, the RF component is bypassed to ground through 
€1 and the DC component deflects the microammeter 
which is calibratedin watts, Switch selected resistors 
R1 and R2, are meter shunts that allow a choice of 
two full-scale power ranges, typically 0 - 150 and 
0 - 500 watts. The load resistor Ro is a large {ilm 
type immersed inan oil bath to dissipate the large in- 
put power. The impedance of Ro is controlled by its 
design and manuacture for a maximum SWR of about 
1.2:1 over the instrument's operating frequency range 
of typically 20 Me to 1000 Me. 

  

Figure 2-27 shows a bi-directional power monitor also 
using a diode detector, Here, RF may be applied to 
either of two coaxial connectors and pass unattenuated 
through the primary line to some external load, A 
sample of the input power 1s loosely coupled from the 

RF 
INPUT 

R SR2 
a 

  

  
Figure 2-26. Basic circuit of a dual range termina- 

tion wattmeter employing a semi-conductor diode. 
Typical wattmeters of this type operate up to 1 Gc 
at power levels of 150 and 500 watts full scale.
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Figure 2-27. Circuit diagram of a bi-directional 
power monitor. Resistive-loop coupler rofates 

in 180° steps to enable forward and reverse 
power monitoring in the primary Line, 

primary lineby a resistive-loop coupler and fed to the 
diode through the low-pass filter formed by L1, C1 
and C2. In order to maintain the physical size within 
convenient limits, the coupling loop is much shorter 
thanaquarter wavelength at the operating frequencics 
involved. For this reason coupling varies greatly 
with Irequency. The low-pass filter components are 
chosen to present a frequency versus output curve 
approximately equal and opposite the coupling loop. 
curve thereby cancelling the frequency sensitivity over 
several octaves. The primary line and meter are 
usually supplied as a basic unit with a number of 
plug-in elements (contaiaing the loop, filter, and diode) 
availablein various {requency and power ranges from 
about 30 to 1000 Me at 1 to 1000 watts average. Be- 
cause of the use of a resistive loop coupler, the sy~ 
temis ideally sensitive to power flowing in one direc- 
tion only in the primary line. By rotatiag the loop 
axis 180° with respect to the primary line, power 
flowing in the reverse direction only may be observed 
which gives an indication of SWR at the load. Bi- 
directional and termination wattmeters generally have 
a stated accuracy of 5% of full scale (excluding mis- 
mateh). 

  

THERMOCOUPLE POWER METERS 

The use of high frequeacy thermocouples for measur- 
ing power has the same aftractive feature as diodes in 
thatonly a simple DC millivolt meter is needed to in- 
dicate the detector output. Most high frequency ther- 
‘mocouples are of the direct heating variety which have 
a resistive wire heating element situated between two 
thermocouple wires forming & series circuit. As RF 
current is passed through the circuit, power is dis- 
sipatedin the heating element causing a thermal volt- 
age to be developed by the thermocouple wire. The 
millivolt output may be calibrated by applying known 
low (requency power levels to the heater element, 

Thereare anumber of disadvantages, however, which 
have precluded significaat use of this technique at 
microwave frequencies. One is the problem of im- 
pedance matching the thermocouple to the transmission 
line. As in the unbalanced bolometer bridge, element 
resistance varies with applied power resuiting in a 
mismatch error partially dependent on power level, 
This makes accurate measurements difficult over any 
appreciable dynamic range. Another problem is that 
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the thermocouple heater must have very small diam- 
eter to minimize skin effects so the output is not fre- 
quency sensitive. With small heater diameter, the 
element operates very near burnout and will not with- 
stand even short duration o transient overloads of 
more than about 50%. 

The use of thin film techniques is a recent approach 
tomicrowave power measurement with thermocouples. 
This has led o a power meter comparable in range to 
bolometric meters that uses a number of thin film 
thermoelectric heads for various power ranges in 
certain frequency bands. Each head uses a thin film 
‘metallic load which absorbs the lnput power. A num- 
ber of thermo-junctions are formed by thin films of 
bismuthand antimony which are heated by the metallic 
load causing a thermal EMF to be developed. The 
output is then applied to @ DC amplifier and meter 
circuit o indicate power. Unlike a bolometer bridge, 
the system s open loop and subject to undetected cali~ 
bration changes due to aging or usage of the thermo= 
electric heads. 

Maximum SWR in commercial coaxial heads is stated 
tobe 1.5:1andoverloads of 2:1 may be absorbed with- 
outdamage. Accuracy of the DC meter is rated at 1% 
of ful scale. 

   

PEAK POWER METERS 

Measurement of peak pulse power has been a frequent 
requirement in microwave work since the early de- 
velopment of pulse radar. Various approaches o peak 
pulse power measurement include the following tech~ 
niques: 1) Average power - Duty cycle, 2) Notch 
Wattmeter, 3) Direct Pulse, 4) DC-Pulse Power 
Comparison, 5) Barretter Integration-Differentiation. 

The first three methods simply involve the intercon- 
nection and use of  number of standard instraments 
such as crystal detectors, bolometers, and oscillo- 
scopes. For this reason we prefer to describe them 
as "techniques” of peak power measurement in Sec~ 
tion I rather than include them in this discussion as 
peak power meters. 

MODEL 8900B PEAK POWER CALIBRATOR. 

‘The Boonton* Model 89008 is a DC-Pulse Power com= 
paritor type meter which accurately measures pulsed 
power up to 200 mw peak. Unlike some systems, the 
8900B does not rely on pulse width nor repetition rate 
measurements for its accuracy. From Equation 1.6 
in Section 1 we see that if the duty cycle of a pulsed 
CW source were made equal to 1, its average CW 
power and peak power would be equal. Moreover, 
there would be no indecision as to T (pulse width) be- 
cause of pulse rise and decay time. Equation 1.7 1s 
also satisfled if we can accurately detect the peak 
value of the pulse and dissipate its power in a constant 
resistanceR. The principle of operation in the 39008 
provides the opportunity to use either definition of 
pulsed power. 

*Boonton Division of Hewlett-Packard 
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Figure 2-28. Block diagram of Boonton 89008 
Peak Poyer Calibrator. Sample of input 
power is peak detected and compared with 
a known DC voltage on an auxiliary oscillo- 
scope. DC meter is calibrated directly in 

‘milliwatts of peak power. 

Figure 2-28 shows a block diagram of the Boonton 
8900B. The power divider splits the input pulse power 
and feeds part of it toa 10-db attenvator and 50 ohm 
termination. The remainder of Jnput power s fed to 
4 diode peak detector which develops a DC level pro- 
portional to the peak voltage of the input RF pulse. 
The diode is forward-biased to bring its operating point 
to maximum stability and away irom the square-law 
region for a more linear relationship in output voltage 
with applied RF. The peak voltage developed by the 
diode s connected to one contact of a mechanical 
chopper. The regulated DC supply that biases the 
diode also provides a variable comparison voltage 
which is fed to the other contact of the chopper and a 
DC meter accurately calibrated in peak power. The 
center arm of the chopper alternately switches between 
the detector output and the DC supply allowing an 
oscilloscope comparisonof the two outputs arriving at 
the video output jack. The static DC bias on the diode 
is effectively erased from the video output by a front 
panel null control which permits compensation for long 
torm aging effects in the diode. 
In operation, unknown pulsed power is applied to the 
B900B input, the envelope peak detected and displayed 
on an oscilloscope. A DC voltage supplied by the 
8000B is adjusted for coincidence with the detected 
peak pulse amplitude. At this point the DC voltage is 
cqual to the peak pulse voltage input, and the meter 
indicates the equivalent peak power. An example is 
given in Section Il of how the B900B is used in a typical 
application. 
The 10-db attenuator and 50 ohm termination built 
into the 8900B provides an arrangement for convenient 
calibrationof the instrument. If the 50 ohm termina- 
tion is replaced by an accurate CW power standard 
such as a bolometer or calorimeter, and a CW power 
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applied to the 8900B input connector, the effect of 
applied power can be monitored on the average reading 
CW standard and the peak reading diode detector 
simultaneously. Therefore, one only needs to know 
accurately the attenuation between the input connector 
andthe CW standard to determine what effect a known 
power level has on the peak detector. The 10-db pad 
reduces input power so bolometric power meters such 
as the hp 431B and 478A Thermistor Mount may be used 
for calibration. The hp 434A Calorimeter may also be 
used for a calibration standard in the same manner. 

The Boonton 8900B enables convenient and rapid peak 
power measurements of pulses greater than 0. 23 usec 
induration atRF frequeacies of 50 Me to 2 Ge. PRF's 
up to 1.5 Mc may be measured because of the wide- 
band detector. The 0. 25usec specification gives the 
peak detector time 1o charge to the true peak value of 
an input pulse and s typically 0, Lusec with normal 
cable lengths and oscilloscopes connected to the video 
outgut.  Overall accuracy is +1.5 db, however, an 
optional eorrection chart for frequency elfects reduces 
this error to 20.8 db maximum. This accuracy is 
basedon an absolute worst-case error analysis which 
includes the following sources of error: 1) Attenuation 
measurement between input connector and 10-db pad 
output, 2) CW power standard, 3) Mismatch, 4) Meter 
tracking and repeatability, 5) Aging effects on de- 
tector diode, and 6) Operafor readout. 

BARRETTER INTEGRATION-DIFFERENTIATION. 

Peak power melers are available which operate in 
conjunction with barretter mounts and special bar- 
retier clements that integrate the pulsed power input 
due tothe barretter's comparatively long termal time 
constant (greater than 120usec). * The barretter forms 
one legofa wheatstone bridge that receives excitation 
andbias currentirom a constant current supply. Input 
pulses 1o the barretter change the element resistance 
resulting ina bridge output signal which is the integral 
of the pulses. By amplilying and differentiating the 
integrated bridge signal, the input pulse shape is re- 
constructed. The reconstructed pulses are peak de~ 
tected ina vacuum tube voltmeter circuit calibrated in 
peak power. Pulse sensitivity characteristics of the 
barretter must be known in order to translate the rel- 
ative pulse amplitude to an absolute power level. 
Calibration of typical peak power meters using the 
Barretter Integration technique is based on: 1) pre~ 
vious measurements of representative barretter 
output-per-milliwatt _input-per-microsecond _(pulse 
sensitivity) and 2) a calibrating signal generator used 
to adjust amplifier gain 10 & predetermined level on 
the meter before measuring pulse power. 

While the characteristics of the amplifier and difer- 
entiator are important considerations, the barretter's 
thermal time constant is the basic limitation to pulse 
width and repetition rate as well as maximum input 
power capability. I the pulse input Is too narrow, the 
barretter cannot heat to the true peak value of the Input 
waveiorm and the bridge signai is reduced into the 

*Rudolph E. Henning, Sperry Engineering Review, 
May-June 1955
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noise level of the amplifier. If the pulse is toolong 
with respect to repetition rate (long duty cycle), the 
barretter builds up a resicual temperature which pre- 
vents a true on-off ratio in the clement resistance. 
Maximun input power to the barretter is, of course, 
limited by the physical characteristics of the element. 

Typically the pulse width is specified at 0. 25usec 
‘minimum to 10usec maximum with a PRF of 50 to 5000 
pulses per second, Pulses up to about 300 mw peak 
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may be handled within the duty cycle specified for the 
system, 

Frequency range1s determinedby the barretter mounts 
which are available in common waveguide bands 
from2.6Geto 12, 4 Geand in coax. Overall accuracy of 
this system 15 estimated to be about 17% or 0.8 db In 
power. Included in the error analysis are: 1) Bar- 
Tetter tolerance, 2) Barretter linearity, 3) Mount 
efficiency, 4) Bias curreat, 5) Amplifier linearity, 
and 6) Calibration signal. 
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INTRODUCTION 

Solving a given power measurement problem requires 
the answers to three basic questions: 1) How much 
power is to be measured and its classification - av- 
erage or pulse 2) Over what frequency range, and 3) 
To what accuracy and precision, Theanswers to these 
questions will suggest the instrumentation required, 
This section of the Application Note is devoted to prac- 
tical measuring techniques and error reduction using 
instruments described in the previous section. Even 
though the basic imitation to measuring power remains 
in the instrumentation available, much depends upon 
the care and technique employed in its application. 

GENERAL PRECAUTIONS 

The following precautions, as applicable, should be 
observed when making microwave power measure- 
ments. 

1. When calibrating an instrument, the aceuracy of 
the calibrating system must be greater then the 
instrument intest. In microwave measurements, 
the calibrating system generally should have an 
aceuracy of at least three times that of the test 
instrument. 

2. Carefully align waveguide flanges to minimize 
mismatch loss, and use clamps or bolts to hold 
‘mating flanges together. 

3. Type N coaxial connectors are commonly encoun~ 
tered in microwave power measurements. In- 
spectcoax connectors often for wear and improper 
fitting, replacing them when necessary. 

4. Avoid the use of coaxial adapters between the 
measurement point and measuring device when- 
ever possible, If adapters must be used, account 
for their loss*. The same precaution is espe- 
clally true for coaxial cables, since the loss can 
vary with cable flexing. 

5. Operate all equipment within manufacturer’s 
specifications. Instruments such as barretters 
burn out easily when subjected to even momen- 
tary overloads, Do not exceed the maximum 
peak power rating of thermistors or calori- 
meters when measuring average power in pulsed 
sources, even though the average power may be 
within specifications. 

NBS AND HP 
STANDARDS LABORATORY CALIBRATION 
The National Bureau of Standards provides a number 
of services in the microwave region for scientific 
research and industrial laboratories. NBS does not 
approve standards, but rather, issues reports of cal- 
ibration, These reports contain the appropriate cal- 
ibration data on the instrument submitted, test condi- 
tions at the time of measurement, and uncertainty of 
the data. Table 3-1 shows the services currently 
available from NBS for microwave power measuring 

  

*A method for measuring the loss in adapters is tn- 
¢luded later under "Methods for [mproving Accuracy”.   

Page 3-1 

instruments. A complete schedule of NBS services 
may be obtained for a nominal fee from the Super- 
intendent of Documents, U.S. Government Printing 
Office, Washington, D.C., 20402. 

The HPStandards Laboratory irequently consults with 
NBS and submits various instruments for calibration. 
Table 3-2 shows the calibration services available 
from the HP Standards Laboratory for microwave 
power measuremeots. These services are available 
for special calibrations of new HP instruments before 
shipment or for suitable instruments already in the 
field. All calibrations by the HP Standards Labora- 
tory are traceable to NBS 1o the extent allowed by the 
Bureau's capabilities. Special calibrations on new 
HP equipment should be arranged through the local 
HP Sales Offices when placing anorder. Calibrations 
on existing equipment are handled through the HP 
Western Service Center at Palo Alto, California, and 
‘may be coordinated through any HP Sales Oifice. 

Figure 3-1 shows the NBS traceability of HP produc- 
tion instruments designed for measuring microwave 
power. Where direct traceability is not yet available, 
HP maintains interim standards whose characteristics 
are indicative of high quality through indirect meas- 
urements, experimental data, aad theoretical consid- 
eratians. 

MEASURING AVERAGE POWER — 
10 UWATTS TO 1 WATT 

Average power measurements in the 10 uwatt to 10 mw 
range are nearly always accomplished by bolometric 
means. Bolometers offer the advantages of high sen~ 
sitivity, speed, and accuracy. Higher power, some- 
times up to 1kw, may be measured using bolometers 
f the power 1s reduced to the bolometer's range witha 
callbrated directional coupler or attenuator. Couplers 
and attenuators will reduce accuracy somewhat and 
their use with bolometers should be considered care= 
fully against the accuracies available using direct 
calorimetric techniques. This section shows examples 
of systems measuring power from 10 w full scale to 
about 1 watt. 

BASIC COAXIAL SYSTEM - 10 MC TO 10 GC 

Figure 3-2a llustratesthe simplest setupfor measur- 
ing power up to 10 mw In a coax system using the hp 
4318 power meter and 478A thermistor mount. The 
procedure is as follows: 

1. Select the 200 position on the MOUNTRES switch 
of the 431B and energize the power meter. 

2. With the source power turned off, connect the 
thermistor mouat to the source. 

Null and zero the power meter according to the 
4318 Operating and Service Manual. 

4. Switch the power meter to the appropriate range 
forthe maximum power expectedand energize the 
source, reading the average power on the meter.
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Table 3-1. NBS Calibration Services Avallable for RF and Microwave Power 
  

  

    

    

  

    

    

  

  

    

  

  

  

Transmission Calibration | Calibration 
Htem Measurand Line Frequency Range Accuracy 

Bolometer Mount | Effective | WR 187 5.85 - 8.26c % 
Eificiency ["wR a0 .2 -1z.40c [ 

WR 62 2.4 -16.0Ge | 1-10mw [ 
Calib. Coax 0.1 & 1.0Gc [ 
Exitor WR 137 5.85 - 8.260 % 

WR 90 5.2 - 12.4Gc 3 
WR 62 2.4 -15.0Ge | 1-10mw 

Bolometer Mount- | Calb. WR 137 5.85- 8.2Gc | 1- 0mwin % 
Directional Factor ~ Auliary Arm 
Coupler WR 90 54 ~13.4Go Bolometer Mount % 
Combination WR 62 2.4 -18.0Ge | for10-3db 

directional 
coupler* 

Calorimetric 100, 300 ke T 200w 
Power Meters, . 
Power Measuring 5 3 10; 30 
Bridges, Absorp | Power Coax S 
tion Power Meters 
Feed-through Power 100, 200, 300, | 1 mw - 100w 
Meters 400 Mc 
Dry Calorimeter | Output volt- | WR 90 8.2 -12.4Ge | 1-100mw % 

age vs. 
input power               
  

  
* Add 1% error for 0.1 mw in auxiliary arm bolometer mount for 20 db directional coupler. 

The chart in Figure 3-2a lists sources of error and 
examples of error limitsior both "conjugate available'" 
and "Zg available” power measurements. Note that 
before "correction" there are definite Limits of error 
possible, i.e., the meter reading can be in error up 
to.a certain percentage, depending on the magnitude 
of each error source. After "correction” the meas- 
ured power is known with an uncertainty depending on 
how accurately each source of €Fror Is known, Ex- 
amples of howto correct readings is given later under 
"Methods for Improving Accuracy.” 

IMPROVED COAXIAL SYSTEM - 500 MC TO 10 GC. 
  

Figure 3-2b shows an improved setupfor coaxial power 
measurements using a slide screw (or double stub) 
tuner for mipimizing mismatch loss above 500 me. 
When uslng a tuner, [ollow the same procedure given 
for Figure 3-2a o Step 4 adjusting the tuner for max- 
imum power reading if conjugate available power is 
desired. I a Zo avallable power measurement is 
desired, the tuner must first be adjusted for min- 
imum réflection usinga reflectometer or slotted line, 
Without distarbing the tuner selting, the mount and 

tuner combination is then comnected to the power 
source and the meter reading noted. The chart in 
Figure 3-2 shows the tuners' effectiveness in re- 
ducing Limits of error, 

EXTENDED POWER RANGE - 10 MC TO 10 GC.   

Figure 3-2¢ shows two methods of measuring power 
up to 1 watt in 50 ohm coaxial systems. Either & co- 
axlal attenuator or directional coupler (215 Me -4 Gc) 
is used for reducing power tothe thermistor by a known 
amount. The indication on the 4315 power meter is 
then corrected by accounting for the power loss inthe 
attenuator or coupler-termination. Sources of error 
in this measuring technique are: 

Instramentation error 

Thermistor mount efficiency 

  

3. Attenuator or coupling factor calibration 

4. Tuner loss 

5. Mismatch loss 
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Table 3-2. HP Standards Lab Services Available for Microwave Power 

Transmission Calibration | Calibration 
Ttem Measurand Line Frequency Range “Accuracy 

Power source Power 500 coax  |DC - 1Ge 10 mw - 100 mw | £3% 
Power 500 coax | DC - 1Ge W00 my- 10w | 2% 
Power 502 coax |10 Me - 4Ge 10 pw - 20mw | s2h(approx) 
Power 502 coax 1Ge - 4Ge 10 mw - 100 mw | 24%approx) 
Pawer 500 coax 1Ge - 4Ge 100 mw - 10w +2% (approx) 
Pawer Waveguide | 4Ge - 8Ge | 10 uw - 10mw | i8%(approx) 
Power 502 coax 4G - 8Ge | 10mw- 100 mw | +5bapprox) 
Power 500 coax 4G - 8Ge [100mw- 0w | :3b(pprox) 
Power Waveguide | 8Ge -12Ge | 104w - 10mw |2 
Power 500 coax 8G -12Ge | 10mw- 100mw | =% 
Power 500 coax 8Ge -12Gc  [100mw- 10w | 22§ 
Power Waveguide  |12Ge - 18 Ge 10w - 10mw | 2% 

Self balancing Full scale 0.1- 10 mw 2% 
bolometer bridge accuracy 100 & 2000 Neg, 

2002 Pos. 

Sell balancing | 10w - 10mw | 21/25% 
temp. comp, thermis- 100 & 200 Neg. 
tor bridge 

Bolometer Mount Effective 500 coax 0.1, 1.0, 3.0, 6.45, 2% 
(100 or 2008 Pos. Efiiciency | (type N 7.00, 7.40, 8.2, 8.3, G2sne 
or Neg.) or Calib, comnectar) 9.0, 9.8, 10.0, 10.3, 3Ge) 

Factor 110, 112, 12,0, 
12.4Ge 

Bolometer Mount Effective Waveguide; |6.45,7.00, 740, | 1or 10 mw £1.5% 
(100 or 2008 Pos. Efficiency | WR 137, 8.2,8.5,9.0, 9.8, 
or Neg.) or Calb, WR 112, 10.0, 10.3, 110, 

Factor WR 90, 112, 12.0, 12.4, 
WR 15, 130, 13,5, 14.0, 
WR 2, 15.0, 16.0, 165, 
WR 51 17,0, 17.5, 18.0' 

Ge 

3 db Directional Calibration 2% 
coupler/thermistor | Factor 
mount combination 

Calorimetric Power | Eifective 50pcoax  (8.2,0.0, 9.8, 1watt 2% 
Meter Efficiency | (Type N 10.125, 112, 

or Calibration | Connector) | 12.2 Ge 
Factor               
  

The chart in Figure 3-2¢ relates these sources of 
error and typical values which may be expected. 

POWER INWAVEGUIDE SYSTEMS - 2.6 GC TO40GC. 

Figure 3-3b: An improved setup over that shown in 
Fioure 32 using & bmer for liminating mismatch 
loss. 
Figure 3-3c: Measuring power up to 1watt using a 

  

Figure 3-3 breaks power measurements In waveguide 
systems into the same three categories shown for 
coaxal systems, These categories are illustrated 
as follows: 

Figure 3-3a: Abasic setup for measurements to 10 
@ In waveguide bands from 2.6 Ge to 40 Ge. 

  

@rectional coupler to reduce power to the thermistor 
mount. 

The measurement procedure is as follows: 
1. Selectthe proper thermistor operating resistance 

on the 431B MOUNT RES switch, and energize the 
meter. (The thermistor operating resistance is 
‘marked on each HP thermistor mount.)  
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Figure 3-1, Calibration traceability of HP power measuring instruments from production line to NBS. 
‘Regular calibration of HP standards assures valid measurements onthe production line and 

adherence to published specilications.
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. Ao 4188 L] spams 
POUER COAXIAL PONER METER 

THERMISTOR MT sounce e J 

Conpgate Avaiible 7o Avaiabls AT For Mo 
Vaias Ve B i - Meavired | Uscortanty | Mesawred | Unoeriatnty 
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Call, Factor () o ™ on YT @ | Treristor oumt arsa) | e ey e 
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Ry Timie of Error ury | Dalore Gorsastion 
Total Uncortaaty Aot Correstion 
hay be roduced 10 20.8% vit D.C. subetituion n 51D 

Figure 3-2a. Baste system for coaslal power measurements of 10 uw to 10 mw full scale, 10 Me - 10 Ge. 
Chart lists sources of error and examples of their effects on the measurement. Equations show relationship 

of indicated power to conjugate available power (P_) and Z, available power (P). 
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T lng) d 
» Limits of Error 0to 0to 

After Correction 5% 5%         
  

“May be roduced to =0.5% 
Figure 3-2b. Improved system for coaxial power measurements 500 Mc to 10 Ge. 

with D.C. substitution 1n 431B. 
Tuner eliminates 

‘mismatch between source and thermistor mount, reducing uncertainty of measurement, 
Equations are simplified by removal of reflectian coefficient terms.
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Figure 3-2¢. 
power at thermistor. 

2. Null and zero the 431B power meter. 

3. Select the appropriate power range on the 431B 
for the maximum power expected. 

4. Connect the equipment as shown in Figure 3-3 
appropriate to the particular measurement sit- 
uation, and energize the power source. 

5. Read average power on the 431B for setup 3-3a. 
For setup 3-3b and 3-3c, adjust the tuner for a 
maximum power indication on the 431B if con-     

" with D.C. substitution 1n 4315, 

Extended range coaxial system uses [ixed attenuator or directional coupler to reduce 
System above will handle up to 1 watt average. 

inelude coupling factor or attenuation between source and thermistor mount. 
Equations 

jugate available power is desired. If Z, avail- 
able power is desired, adjust the tuner-mount 
combination for minimum reflection on a reflec- 
tometer or slotted line before connecting to the 
source in test. The charts in each of the Fig- 
ures 3-3a through 3-3¢ show examples of errors 
and their overall effect on the measurement un- 
certalnty. 

Hewlett-Packard waveguide equipment is identified 
With its frequency range and waveguide size by & letter 
prefix to each model number. For example, suppose
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Total Uncerainey wwe o 
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*ay be reduced to 

  

5% with D.C. substitation iy 4315, 

Figure 3-3a. Basic system for waveguide power measurements of 10 yw to 10 mw full scale, 2.6 Ge to 40 Ge. 
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*May be reduced to 20.5% with D.C. substitution in 4315, 

Figure 3-3b. Improved waveguide system using tuner to minimize mismatch loss. 
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Figure 3-3¢. Waveguide system for cxtending 4315 power range to 1 watt, 2.6 Ge to 40 Ge. Greater power 
‘may be measured by substituting directional couplers of higher coupling factor {20 db) and waveguide 

10ads of higher power rating than shows. HP T50E-series 30 db cross-guide couplers are suitable 
in this application, for [requencies of 2.6 to 12.4 Ge. 

the power source in Figure 3-3b has an X-band wave~ 
guide output system operating over a frequency range 
8.2 12.4 Ge. The appropriate slide screw tuner 
and waveguide thermistor mount in Figure 3-3b would 
have model numbers of X870Aand X486A respectively. 
Table 3-3 lists HP, EIA and JAN waveguide designa- 
tions for the various frequency ranges. 

METHODS FOR IMPROVING ACCURACY 

It should be particularly noted that the types of error 
listedin Figures 3-2 and 3-3are common toall bolom- 
etric power measurements, The values depead en~ 
tirely on the equipment being used aad the care exer= 
cised in its use. The compatibility of HP coaxial and 
waveguide equipment, plus instrumentation versatility, 
allows greater accuracy through special techniques. 
Inthe following discussionwe will show how to system- 

atically eliminate or reduce the effects of each source 
of error listed using this compatibility and versatility. 

DC SUBSTITUTION TO REDUCE INSTRUMENTA- 
TION ERROR 

‘The error in measuring substituted power in a therm- 
istor element canbe greatly reduced by using DC sub~ 
stitution techniques. The provision for DC substitation 
is a significant feature of the hp 431B power meter, 
whereby instrumentation error may be reduced from 
=3% of full scale to 40.5% of reading. Brietly, the 
techaique involves: 1) applying the unknown RF power 
to the thermistor mount and noting the 431B power 
meter reading 2) removing the RF power from the 
thermistor and substituting DC current from an ex- 
ternal source for a 431B reading equal to that noted in 
Step 1, then 3) computing substituted DC power from 
the DC current and thermistor operating resistance. 
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Table 3-3. Standard Waveguide Specilications 

TE10 OPERATING RANGE FREESPACE 
DESIGNATIONS DIMENSIONS WAVELENGTH 

— Frequency | Waveleagth | Cutoff Freq. 
bp| EIA | JAN ID (Inches) (Ge) (em) (Ge) (em) 

S | WR 284 |RG-46/U | 2.840x 1340 | 2.60-3.95 [19.18-8.02 2.078 1153 - 7.59 

G | Wr187|RG-49/U | 1.872x0.872 | 8.95-5.85 [12.50 - 6.08 a.152 7.59-5.12 

c |wR1s| — 1.590x0.795 | 4.90-7.05 | 9.87 - 5.01 370 6.12-4.25 

7 |wr1m|RG-50/U | 1912x0.622 | 5.30-8.20 | 9.68 - 4.20 4.301 5.6 - 3.66 

H |WRr112|RG-500 | 1.122x0.497 | 7.05-10.0 | 6.39 - 3.52 5.250 4.25 - 3.00 

X |wR90 |RG-52/U | 0.900x0.400 | 8.20-12.4 | 6.09-2.85 6,557 3.66 - 2.42 

M|WRTs | — | 0.750x0.375 | 10.0 -15.0 | 4.26-2.35 7.868 3,00 - 2.00 

P |WRE2 |RG-81/U | 0.622x0.311 | 12.4 - 18.0 | 4.75 - 1.96 9.487 | 2.42-1.67 

K |wR42 |Ro-66/U | 0.420x0.170 | 18.0 -26.5 | 2.66- 1.35 14.050 1.67-1.13 

R |WR28 [RG-96/U | 0.260x0.140 | 26.5 - 40.0 | 1.87- 0.88 21,075 1.13 - 0.749             
    
Figure 3-4a shows the 431B set up for a DC substitu- 
tion measurement, The hp 8402A Power Meter Cali- 
brator provides DC power and switching logic to per- 
form substitution measurements with the 3318 con- 
veniently. However, any well regulated DC supply 
capable of providing 20 ma into a 10K ohm load may 
be used in place of the bp 84024, if desired. Figure 
3-4b illustrates how power supplies may be comected 
for DC substitution. The 10K obm series resistor 
prevents the low output impedance of the power supply 
[rom shunting the 431B bridge circuit. 

DDC Substitation Procedure Using AP 84024 Calibrator. 
  

1. Comect the equipment as shown in Figure 3-42 
with the digital voltmeter (DVM) input connected 
across the 1K ohm resistor (1K ohm 2105 & 1W). 
This arrangement allows the 431B readings to be 
duplicated with greater precision than possible 
with direct meter indication. 

  

With the RF source off, set the 84024 OUTPUT 
CURRENT to OFF and energize the power meter, 
calibrator, and digital voltmeter. 

  

Null and zero the 431B power meter, and select 
the desired power range. 

  

Set the 8402A FUNCTION switch to SUB and RANGE 
(mw) to the 4318 power range in use, 
Apply unknown RF power (othe thermistor mount 
and note the DVM reading across the 1K ohm re- 
sistor. 

  

6. Remove the RF power fromthe thermistor mount, 
7. Sctthe B402A CURRENT CONTROL fully counter~ 

clockwise and turn QUTPUT CURRENT on. 

    
8. Increase the 84024 CURRENT CONTROL and 

VERNIER until the DVM indicatesthe same read- 
ing as noted in Step 5. 

9. Move the DVM input leads from the 1K ohm resis- 
tor to the VOLTMETER (ISOLATED) jack of the 
84024 and note the reading. The substituted DC 
current in milliamps 15 equal tothe DVM reading 
in volts when the 84024 is onthe .01to Lnw power 
range, and 10 times the DVM reading in volts for 
the 3 and 10 mw ranges. 

  

10. Calculate the substituted DC power to the therm- 
istar (which is now equal to the RF power previ- 
ously in the thermistor) by the formula: 

[E81) 

current measured in Step 9., 
actual thermistor operating resistance 
in ohms. * 

  

*Note: The caleulation in Step 10 may be carried out 
using the nomnal thermistor operating resistance 
marked on the thermistor mount Which may cause 
approximately 0.2% error in the caleulation. For 
best accuracy, use the actual measured value of 
mount resistance. The 84024 Operating and Service 
Manual includes directions for measuring mount 
resistance. 
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Figure 3-42. DC Substitution reduces nstrament 
exror to +0. 5 using bp 4318 Power Meter and 84024 
Power Meter Calibrator. DVM monltors recorder 
Gutput of 4315 during application of RF power (o 

thermistor mount. Reading 1s duplicated by removing 
RF and applying equivaleat DC Substitution power. 
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  hp 4318 
PONER METER 

[RECORDER] 
QUTPUT       oo 
  

  

    
      ¢ 

sussT) 
  

      

opor 
PINGH 
SKITCH 

1% 10 0% 
5% RESISTOR 

  

  T hp 34404 
w3 DIGTAL VOLTHETER 

oC PONER 
SUPRLY, 10k =1 

pJ RESISTOR legd 
@io 

  

  

                  

        
  

  

Figure 5-4b. DC Substitution up to 10 mw 15 
possible using hp 431B Power Meter and 

regulated DC supply as shown. Accuracy of 
DC substitation power is £0.5% 
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DC Substitution Procedure Using a DC Power Supply. 
  

Connect the equipment as shown in Figure 3-4b 
with the DVM connected across the RECORDER 
resistor (1K ohm <105 @ IW). 

2. With the RF source off and the power supply DC 
VOLTAGE turned off, energize the test equipment. 

3. Null and zero the 431B power meter and select 
the desired power range. 

4. Apply unknawn RF power to the thermistor mount 
and note the DYM reading. 

5. Remove RF power from the thermistor mount. 

6. Withthe power supply DC VOLTS ADJ at minimum 
{CCW), turn DC VOLTAGE on. 

7. Increase the power supply DC VOLTS ADJ coarse 
and fine controls until the DV M indicates the read- 
ing noted in Step 4. 

8. Move the DVM input leads from the 4318 recorder 
load resistor tothe 1K ohm monitor resistor shown 
in Figure 3-4b. 

9. Note the DVM reading, Substituted DC current, 
in milliamps, is equal tothe DVM reading in volts. 

10. Calculate the substituted DC power to the therm- 
istor (which is now equal to the RF power previ- 
ously in the thermistor) using equation 3. 1. 

The thermoelectric error discussed in Section I under 
“Accuracy Considerations” can be significant on the 
two most_sensitive ranges of the 431B when making 
DC substitution measurements. Typically the error 
15 0.1 w and never exceeds 0.3 uw in HP production 
thermistor mounts. When operating on the 4315 10 w 
or 30 uw range, correction for thermoelectric error 
may be made aé follows: 

1. Apply 10 4w from the 84024 tothe 431B DC SUBST 
jack and record the power meter reading as Py. 

2. Reverse the connection at the DC SUBST jack and 
note the power meter reading as P,. 

3. Calculate the thermoelectric correction factor - 

correction (uw) i 

  

I DC Substitution is used, add the thermoelectric cor- 
rection o all power meter readings when operating on 
the 10and 30w ranges of the 431B. Be sure to leave 
the polarity of the DC Substitution comection the sane 
as in Step 2 sothe sign of the correction factor willbe 
correct.,
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BOLOMETER MOUNT EFFICIENCY AND MIS- 
MATCH CORRECTION 

Corrections for bolometer mount error are by far the 
‘most important inachieving accurate power measure- 
ments. As may be noted irom the systems shown in 
Figure 3-2 and3-3, apower measurement may fall into 
one of four general classifications: These include 
‘measurement of: 
1. Conjugate available (maximum) power, without 

Sl & brvex tn gl wiate mismasics toss betwns 
source and bolometer mount, 

2. Conjugate available power, using & tuner to elimi- 
bate mismatch 1oss. 

  

3. Zg avallablepower, withoutusinga tuner toelimi- 
Tate bolometer mount reflection. 

4. Zo available power, using a tuser to eliminate 
Tmowit reflection. 

Each situation requires the use of specific bolometer 
mount and source data in order to correct readings 
observedon the power meter, Each temperature com- 
pensated HP thermistor mount has both its effective 
eficiency and its calibration factor recorded on a 
special label affixed to the mount. The followlng four 
examples illustrate the simplestusage of these data in 
the four measurement situations fust described. Con- 
version from effective efficiency to calibration factor 
may be performed if only one set of data is known usiig 
the equation 

3.3) 

  

where 
= Reflection coefficent magnitude of the 

bolometer mount. 

  

Example 1: Conjugate Power Measurement Without 
Tuger 

‘When a tuner 1 not used, the indicated power may be 
corrected using reflection coefficient data and the 
thermistor mount Callbration Factor (Kp). The cor- 
rected reading will be the actual power available to 
conjugate load, with an uncertainty determined by the 
source and thermistor mount reflection coefficient 
magnitudes.  The equation for determining conjugate 
available power when not using a tuner {s: 

  

2 Pl 
K,(1-52) 

  

where 
P, = Conjugate available power. 

K, = Calibration factor of thermistor mount 

pyand g, = Refloctioncoefficient magnitude of source 
and thermistor mount respectively. 

*Derivation of Equation 5.4 is given in Appendix 1 
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Under conditions shown in Figure 3-2a for conjugate 
available power, we may apply equation (3. 4) for cor- 
recting a power meter reading of 1 milliwatt for this 

  

example. 

1w e (1) c26f | Losmuto 
9a41- (202]  L21mw 

  

Note the uncertainty In the corrected value due to the 
unknown phase relationship of £, and Py, Total un- 
certainty of the corrected power meter indication 
depends upon the uncertainty of each term substituted 
in the equation. Typical values of each uncertaaty 
are shown in the chart of Figure 3-2a along with the 
resulting limits of error before correction, and over- 
all uncertainty after correction. 

The_conjugate mismatch loss chart in Figure 2-12 
(or 2-18) simplifies this correction by ellminating all 
terms in equation 3.4 containing 4. The chart also 
accouats for the (1-#,2) portion of Ky¥ leaving only 
the effective efficlency term. Thus, the correction 
bacames 

L T indicated .5 
7, (I-chart loss) 

  

Continuing the example using the loss chart, 

lmw __1.06mwto 
(- 07 Lz cos(1- 0] ve2tmw 

  

Example 2:  Conjugate Power Measurement Using 
Tuner 

When a slide screw or multiple stub tuner is used to 
maximize pover (ranster from source to thermistor 
Saoun, the effective efficiency (1) of the mount 1sused 
fo-correct the meter reading for conjugate avallable 
power. Tuner loss will be small in most cases. How- 
Ever, its cifocts on the measurement can be tncluded 
o the correction i the loss 1s known. 
The equation for determining conjugate available power 
when using a tuner is: 

"n:rdxcnazed £ 3.6 
L 

  

Conjugate available power 
Tuner loss ratio, Pouy/Pin 
Thermistor mount cHective efficiency 

  

*See equation 3.3 
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Under conditions shown in Figure 3-2b for conjugate 
available power, equation 3. 6 may be applied to apower 
meter reading of say 1 mw as follows: 

L 
e T o < B 

  

Note thereis nomismatehuncertainty in the corrected 
value because mismatch has been tuned out. _Uncer- 
tainties of each term substituted into equation 3. 6 must 
be evaluated, however, to determine total measure- 
ment uncertainty. Typical figures are shown in the 
chart of Figure 3-2b for conjugate available power. 
Note the marked improvement when using a tuner. 1f 
DC substitution was used to reduce instrumentation 
error to 0.5% the overall uncertainty would decrease 
to essentially the thermistor mount 7, calibration un- 
certainty or 2. Golng a step further, one could obtain 
NBS calibration on the mount decreasing ne calibration 
uncertainty to 1%. Overall measurement uncertainty 
in this example could therefore approach 1% using 
appropriate techniques with the equipment shown. 

Example 8: 7, Available Power Measurement Without 

When a tuner is not used to cancel the thermistor 
mount reflection, the Z, available power may be deter- 
‘mined using the following equation:   

Pindicated (1 + Ay )" 

    

@ 
) 

where 

P, = Z, available power 
CAtibration factor of thermistor mount 

1 @0dpg = Reflection cocificient magnitude of 
‘mount and source respectively 

Assuming the conditions shown In Figure 3-2a for Z, 
available power with an indicated power of 1 mw, the 
equation becomes: 

Lomw 1« (13) 202 Low s (13 i) 

  

99 mw to 1.13 muw. 

Note the mismatch uncertainty resulting from the un- 
known phase relatlonship of Pp and . Total un- 
certalnty In this example is fiven by the table of 
Flgure 8-2a for Z, available power, 

*Derivation of Equation 3.7 1s given in Appendix L. 

Appl. Note 64 

By using the "uncertainty” portion of the Zo mismatch 
chart of Figure 2-14 the correction can be simplified 
by eliminating all terma of equation 3.7 containing . 
The correction for this example then becomes: 

Pindicated 
K, (T & chart uncertainty) 6.9 

  

Continuing the example for corrections with the Z, 
‘mismatch chart, 

Toa 1 . 01%) o (08 

99 mw to 1,13 mw 

The "Loss" scale is not used in this case because the 
term K, includes the mismatch loss associated with 
the theviistor mount. 

Example 4: 2, Available Power Measurement Using 
Tuter 

When a tuner is used to cancel thermistor mount re- 
flection, the Z, available power 15 calculated from the 
equation. 

  

», ndicatd 
- 3.9) 
L% 

e 
®, - 2_ avatable pover T2 T Thoortoss ior P, L 2 Eiveive ticiency Wootbmeter 

  

‘mount 

Using the values shownin Figure 3-2b for 2, available 
power and an indicated power of 1w, 

% 1w 
o~ T93(.96) 1.05 mw 

As in the previous examples, total uncertainty of the 
1.05 mw value is determined by the uncertainty of 
each term substituted in the equation. As shown in 
Example 2, total uncertainty could be reduced to 1%, 
using appropriate technigues. 

It 1s interesting to note haw much error could have 
been encountered if corrections had not been applied 
to the power meter readings shown in the 4 examples 
just given. In Example 1, overall measurement error 
could have been as high as 24.6%. The reading in 
Example 2 could have been in error by 10%. It should 
be emphasized that the figures givenin these examples 
are typical using the equipment shown in Figure 3-2 
and 3-3. Larger errors could be encountered with 
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Figure 3-5. Slide screw tuner loss measurement system. After minimizing detector reflections with 
reference tuner, a referonce reading s established on 415E #2, Tuner in test (b} Is set to specific depth and 
carriage position where loss calibration is desired. Mismatch is tuned out with a second tuner (x or c) and DB 

10ss noted on 415E #2.  Evaluation of simultaneous equations reveals each individual tuner loss. 

defective thermistor mounts or unealibrated mounts of 
some other desigs. 

SLIDE-SCREW TUNER LOSS MEASUREMENT 

‘The following procedure may be used to measure slide- 
serew tuner loss solts effects on power measurements 
may be corrected. Tuner loss must be measured at 
the same settings of probe depth, carriage position 
and frequency as those used in the actual power meas- 
urement being corrected. All HP slide-screw tuners 
have micrometer depth calibration and precise car- 
riage position scales for accurate duplication of set- 
tings when making 1oss measurements. The calibration 
of a waveguide tuner is illustrated in this procedure. 
However, coaxial tuner loss may be measured in a 
similar manner using the appropriate HP coaxial coun- 
terparts to the waveguide equipment shown. A leveled 
source is used to maintain good source impedance 
‘match and maintain constant output power for a stable 
reference. Leveling is extremely important in this 
application since the measured loss will be very small 
and mismatch uncertainties or reference power drift 
cannot be tolerated. To measure tuner 1oss set up the 
equipment as shown in Figure 3-5and adjust the source 
for 1 ke AM and leveled operation at the test fre- 
quency. Power output from the system should be 
maintained at -6 dbm to remain in square law on the 
4244 detector and #2 415E. Proceed as follows: 

- With the equipment connected as shown for CAL- 
IBRATE, adjust the reference tuner for minimum 
reflection as indicated by 415E #1. 

- Set a convenient reference levelon 415E #2 using 
the GAIN control and expanded DB scale. 

- Insert tuners (@ and b} as shown. Set tuner (b) 
to the same settings used for the actual power 
measurement in which the tuner was_ involved. 
Adjust tuner (2} for minimum reflection as noted 
on 415E #1 using as nearly as possible the same 
setings of probe depth and carriage position as 
on tuner {b). 

- Note the DB loss on 415E #2, 

- Replace tuner (a) with tuner () and tune (¢) for 
minimum reflection. Again note DB loss on 415E 
2. 

- Repeat the same procedure with tuner (a) and 
(c), adjusting tuner (a) to the same settings as 
tuner (). 

‘This test will produce three DB loss values which rep- 
resent all combinations of tuner pairs. The three 
losses may be set into a system of three linear equa- 
tions with three unknowns (Eg. 3. 10). Evaluating these 
equations will reveal the individual loss of each tuner 
(@, b, and c). Figure 3-6 shows the typical loss of 
an'hp XBT0A Slide-serew tuner at specific SWR set- 
tings and frequencles throughout its operating band, 

Simultaneous Equations for Determining Tuner Loss 
  

(3.10) 

             



  

L0
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 - 

DB 
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FREQUENCY Ge 

  

Figure 3-6. Typical loss calibration of an 
hp XBT0A slide serew tuner. 

where 

a, b, ¢ = tuner loss in DB for each individual 
tuner, 

X, ¥, % = measured loss in DB for each 
comblnation of tuners. 

Example: Tuner Loss Calculation 
  

‘measured value:   

x=0.1db 

y=011d0 

z=009do 

then, 
asbe0-01 

becsom 
as0re=0.09 

Solution of the resulting third order determinant re~ 
veals the following individual tuner losses: 

a=.04db 

b= .06db 

c=.05dp 

The db loss values can then be converted to power 
ratios using the standard equation db = 10 log)o 
(power ratio). 
WAVEGUIDE TO COAX ADAPTER LOSS 
CALIBRATION 
The use of adapters in the measuring circuit should 
be avoided wherever possible. However, there are 
oceasions when their use is necessary. This is par- 

  

*Avallable (ro 
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ticularly true when using broadband calorimetric power 
meters such as the hp434A which have type N coaxial 
input systems. The frequency range of the 434A 
extends (rom DC through X-band traversing several 
‘waveguide bands for maximum versatility of the instru- 
ment. Power in the various waveguide bands may be 
measured with the 434A using appropriate waveguide- 
to-coax adapters and accounting for their 10ss. 

A modified hp 2814 waveguide-to-coax adapter* is 
recommended for greatestaccuracy in such measure~ 
ments. The adapter is modified tohave a male type N 
conx connector in place of the normal female con- 
nector, thus it mates directly with the 434A input. To 
make ¢onnection to the calorimeter more convenient, 
2 90° E-plane waveguide bend is connected to the 
waveguide lange of the adapter. Finallya slide-screw 
tuner i connected to the bend to match the calorimeter 
input system to the transmission line or power source, 
The 10ss of the tuner and bend must be Included, there~ 
fore, in calibrationof the adapter {or use withthe cal- 
orimeter. The overall loss may be determined as 
follows: 

1. Connect the equipmentas shown in Figure 37 for 
"CALIBRATE", 

2. Turn on the test equipment and adjust the sweep 
oscillator CW {requency tothat used in the power 
measurement involving the adapter. 

3. Adjust the Sweep Oscillator for aleveled RF out- 
put and apply 1 ko amplitude modulation. (RF 
power output not to exceed -6 dbim) 

4. Set f1 415E Standing Wave Indicator gain and 
range for an upscale reading and minimize Indi- 
cation by adjusting the reference tuner (#1), With 
415E #2 on EXPAND-DB set up a convenient ref- 
erence reading using the meter GAIN control. 

5. Insert test assembly and an identical adapter/ 
tuner combination to form the symmetrical con- 
figuration shown in Figure 3-7 for "TEST". 

6. Sct test assembly tuner (42) to probe depth and 
carriage position used in the actual power meas- 
urement. 

7. Adjust tuner 43 for minimum reflection (rom the 
entire assembly as indicated by #1 415E. As 
nearly as possible use the same probe depth and 
carriage position away from the plane of sym- 
metry on tuner #3 as used on tuner 2. 

8 Note loss in db on 415E #2. The test adapter 
assembly loss is about one half the db loss noted. 
If there is sufficient test equipmentavailable, two 
additional test assemblies may be measured and 
the individual 10ss of each found by simultaneous 
equations. The system of equations is identicalto 
those used inthe slide-screw tuner loss measure- 
ment given previously. Overall loss in the test 
adapter assembly will typically be about 3 or 4 
percent at X-bandfrequencies, Figure 3-8 shows 
the loss calibration on an bp X261A waveguide to 
coax adapter and tuner assembly. 

  

m Hewlett-Packard on special order.
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Figure 3-7. Setup for loss measurement on waveguide~to-coax adapter assembly. 
Technique is similar to tuner loss test shown in Figure 3-5. 

A METHOD FOR MEASURING THERMISTOR 
MOUNT EFFICIENCY 

The importance of thermistor mount efficiency and 
calibration factor has been illustrated by the examples 
shown in this section, and by the accuracy discussion 
in Section II. Efficiency and calibration factor of HP 
thermistor mounts may be obtained i one of three 
ways: 1) NBS Calibration 2) HP Production Test 
(new mounts only) and 3) standards lab calibration 
(HP aud other commercial facilities). Since it is 
often impractical to send all mounts from the field o 
NBSor some distant Standards Lab, it is desirable to 
have some local method of measuring effective effi- 
ciency and calibration factor. The calibration system 
subsequently described® is the same system used on 
HP production Lines to test new thermistor mounts 
prior 1o shipment. 

The system is based on a comparison of test mounts 
with 2 "working standard” thermistor mount whose 
efficiency calibration is traceable to NBS wherever 
possible. Until NBS efficiency calibrations are avail- 
able throughout the microwave region, interim stan- 
dards of efficiency arcused. The system accomodates 
thermistor mounts of 1000r 200 ohm operating resist- 
ance, temperature compensatedor not, and is capable 
of either fixed-frequency or swept-(requency opera- 
tion. Figure 3-8 shows the Efficiency Calibrator con- 
nected for operation. RF power is furnished in the 
irequency range of interest (X-bandin this example) by 
anhp 690-series sweep oscillator which allows either 
swept-irequency operation with readouton the X-Y re- 
corder, or fixedrequency programming by a DC volt- 
age supplied to the EXTERNAL FM jack from the 
Eificiency Calibrator. The sweeposcillator's EXTER- 
NAL AM input is used for closed-loop level control 
irom a differential amplifier in the Calibrator. Two 
directional couplers are connected 1o the oscillator 

*Macrie, James J., "Efficiency: The Missing Link 
in Bolometer Power Measurements", Microwave 
Journal, Vol. 8, No. 6, June 1965 

output similar toa conventional reflectometer setup, 
with reflected power sampled by power meter #1 and 
incident power by meter #2. Py gubstituted In the 
working standard and test mouits conected to the 
reference plane, is monitored by power meter #3. 
The0to 1 ma recorder output from each power meter 
is fed to a switching arrangement and load resistors 
in the Calibrator allowing digital voltmeter readout 
of each meter. 

When measuring efficiency, #1 and #2 power meter 
outputs are connected diiferentially to the input of an 
amplifier in the calibrator. This amplifier develops 
a feedback voltage which is applied to the sweeper’s 
EXTERNAL AM input, maintaining a constant differ- 
ence between incident and reflected power at the ref- 
erence plane. This arrangement assures a constant 
power dissipation in the total mount under test regard- 
less of its SWR. 

Initially a cavity wavemeter is used to calibrate six 
preset frequency programming potentiometers on the 
Calibrator front panel for fixed frequency operation. 
This is done so the sweeper later may be instantly 
tuned to predetermined test Irequencies by a front 

Lo
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Figure 3-8. Typical loss calibration of hp X281A 
waveguide-to-coax adapter assembly. 
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Figure 3-9. Thermistor mount efficiency, Calibration Factor, and reflection coefficient is quickly evaluated 
on a swept and fixed frequency basis by HP using system shown. Calibration data thus obtained is 

‘used for quality control and can be applied for greater power measuring accuracy. 

panel switch on the Calibrator. Alter frequency ad- 
justment is complete, the wavemeter is removed. An 
adjustable short reflecting all of the incident pover 
15 then connectedto the reference plane. As the short 
15 phased through a half wavelength, the mean output 
voltages of meter 1and 2aremade equal. This adjust- 
‘ment compensates for differences in coupler and power 
meter output characteristics and calibrates the system 
for reflection coefficient measurements. 

The only operation remaining in the system’s overall 
calibration is to comnect the working standard thorm-~ 
istor mount to meter #3, as shown in Figure 3-8, and 
set up reference efficiency readings on the digital 
voltmeter at eachIixed callbration {requency. This is 
done by presetting six individual efficiency adjustments 
on the calibrator corresponding to the fixed test fre- 
quencies already set up. Adjusting the efficiency 
potentiometers on the calibrator at each test frequency 
adjusts the combination of #3 meter's output and the 
digital voltmeter to indicate the standard mount effi~ 
clency figures. For example, suppose a working 
standard thermistor mount is calibrated by a stan- 
dards laboratory resulting in the efficiencies shown 
in Table 1. 

‘The Calibrator wouldbe setup to program the sweeper 
to eachtest frequency 1n the Table, and the sweeper's 

Table L. Typical efficiency calibration figures of 
an HP X486A Waveguide Thermistor Mount 

TEST FREQUENCY ~ EFFECTIVE ({EEQUENCY 
) 

01.2 
o798 
98.0 
979 
9.6 
08.2 

  

output level programmed for the corresponding effi- 
ciency figures to read out directly on the digital volt- 
meter. 

An efficiency-adjust potentiometer is also included for 
the swept-frequency mode of operation. In the swept 
mode, the calibrator connects an X-Y recorder (o the 
outputof 43 power meter. The X axis of the recorder 
is driven by the sweep output valiage from the 690- 
series sweeper. Arbitrary calibration grid lines are 
plottedonthe X-Y recorder by sweeping the frequency 
band of the working standard thermistor mount at 
different settings of the swept “eificiency-adjust” pot. 
For example, suppose it is anticipated that the mounts 
10 be tested are within 4.5% of the working standard



D 
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efficiency. The swept efficiency adjust would be set 
for & DVM reading of . 955 volis with the 690 in the 
"TRIGGER" sweep mode (i.e. not sweeping.). The 
manual trigger 1s then depressed on the 690 and & 
reference line swepton the X-¥ recorder. After com- 
pleting the sweep, the swept eificiency adjust is set 
for a DVM reading of 1.000 volts and another refer- 
ence line swept. Now the mounts to be calibrated are 
connected to the system in place of the standard mount 
and swept-efficiency tested with relation to the cali- 
bration grid previously drawn. Figure 3-10 shows 
swept-frequency tests on both coax and waveguide 
mounts. If the swept check looks good, the Sweeper 
is set for EXTERNAL FM operation in the CW sweep 
‘mode and programmedto eachof the preset calibration 
frequencies by stepping the Calibrator "FREQUENCY"' 
switch through its range. The digital voltmeter auto- 
matically reads out the effective eificiency of the test 
‘mount at each test frequency. 
By setting the "FUNCTION" switch of the Calibrator 
to" Calibration Factor” the system automatically reads 
ut Ky of the test mount at each test frequency without 
need for additional calibration. 
How does the technique just described and the defini~ 
tionfor Effective Efficiency given in Section II corre- 
Iate? To showthis we recall the equation for effective 
efficiency is: 

Pdc substituted 
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Figure 3-10. Swept frequency efficiency plots of (a) 
HP 478A coax thermistor mount (b) HP X438A wave- 
guide mount, compared to a standardmount with sys- 

tem tn Figure 3-8, Note absence of efficiency 
"holes" sometimes found in defective mounts. 
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Power at the reference plane in Figure 3-9 is con~ 
trolledby the difference between incident and reflected 
power. Thus, any reflectionfrom the mount increases 
the sweeper output just enough to maintain & constant 
dissipatedpower in the test wount. Under this condi- 
tion, the term Buave dissipated It €quation 2.6 may 
be considereda constantat any fixed frequency. Next, 
with a working standard mount of known efficiency 
(1) we may adjust the digital voltmeter reading of 8 
power meter, which reads Pyc substituted , to Satisfy 
equation 2.6, By proper adjustment of ¥3 meter's 
recorder output load resistor, the DVM reading is 
normalized to read efficiency directly; e.g., the actual 
power meter reading may be 9.3 mw and the load re- 
sistor adjusted for a DVM reading of . 9800 volts rep- 
resenting 98% efficiency. This eliminates the need 
for setting absolute power levels out of the sweeper in 
the Initial calibration, Replacing the working standard 
mount with a test mount, we may now effectively read 
Pdc substituted on meter #3 with Pyyave issipated in the mount held constant. Since meter 43's output 
has been calibrated to read efficiency, the test mount 
efficiency is read directly on the DVM. 
Correlation of system operation with the definition for 
calibration factor is similar. By leveling forward 
power only (meter #2), the Pincideqt term in the Cali- 
bration Factor equation can be made constant, and the 
readings of meter #3 normalized to read K, directly. 
The primary sources of error present in this system 
are: 1) the directivity of the 10-db directional coupler 
sampling reflected power 2) error in the standard 
thermistor mount efficiency calibration, and 3) dis- 
continuities in the waveguide system. The worst case 
error, due to coupler directivity and waveguide dis- 
continuitics, has been determiaed to be less than 0. 7% 
up to 12.4 e, and less than 0.9% to 18 gc when the 
vector difference between the stindard mount and test 
mount reflection coetficients 1s .20.* This error 
arises from the fact that any reflected signal {rom the 
standardmountadds vectorially La different phase and 
magnitude with the fixed directivity signal in coupler 
#1 than does the reflected signal [rom the test mount, 
‘This small variation in the resultant power at meter #1 
prevents Buyave dissipated 1rom being held exactly 
constant by e leveler feedback to the sweep oscil- 
lator, resulting in @ comparisan error between stan~ 
dard and test mounts. 
Standard mount calibrations obtained {rom NBS are 
accurate to 1% in X and P band, and temporarily 2% 
in 3-band. This error is transferred to the Initial 
calibration of the system 5o adding the two sources of 
exrror directly, we obtain an overall efficiency cali~ 
brationaceurate to 1. 6% or better from 8.2 to 16.0 ge. 
This is essentially the acouracy figure used in the pre~ 
vious examples of correcting power meter readings. 
Experience has shown that thermistor mounts of good 
designand construction tend to have smooth curves of 
elficiency between calibration points thus lending them-~ 
selves well to swept-frequency efficiency measure- 
ments. 

*Pramann, Robt. F., "A Quick, Accurate Method for 
Measuring Thermistor Mount Eificiency and Cali- 
bration Factor ", paper presented to the 20th annual 
I8A Conf., Los Angeles, Calif., Oct. 4-7, 1965.



  

  

Page 3-18 Appl. Note 64 

hp 430 
CALORIMETRIC 
PONER METER 

  

  

      

  

  

  

  

  

  

  

        
  

      

o 
FONER o 
SOURCE B 

Conjugate Available 7, Avallable 
Power Measurement Powet Measurement 
Value Valne 

Error Source Measured | Uncertainty | Measured | Uncortainty 
Instrumentation (4944) - 1% - 1% 
Etfective Eificiency (n,) K T % ) 
of Head Box. (4344) 2 3% 2% 3% 
Mismatch Loss 

43 (SWR - 2.5) - a5t 18.6% wah 
05 (WR - 1.1) L3k 

Limits of Error TR 
Before Correction 266% 
Total Uncertainty EX) 
Alter Correction 1% 

  

    
  

*May be redaced to 0. 5% by calibrating 4344 with -ho- K02 434A. 
Figure 3-11a. Basic coaxial power measuring setup using hp 4344 Calorimetric Power Meter. Power range 

15 10 mw to 10 watts full scale from DC to 12.4 Ge. 

It is conceivable that a particular thermistor mount 
design could have efficiency "holes" between the effi- 
ciency calibration frequencies chosen. In this case, 
merely comparing two mounts of identical design on a 
swept-frequency basis would not necessarily yield 
valid efficiency information between calibration points, 
since both the reference mount and test mount would 
have holes at the same frequencies. Topreclude such 
false data, Hewlett- Packard has cross-checkeda nuni- 
ber of thermistor mounts from production runs against 
‘mounts of different design and found that noholes exist 
swithin the frequency range of each standard mount and 
the efficiency curves are indeed smooth. 

  

MEASURING AVERAGE POWER — 
10 MW TO 10 KW 

Calorimetric power meters areused for best accuracy 
in power measurements beyond the range of bolom- 
eters. Calorimetric power meters are available to 
measure high power levels directlywith greater accu- 
racy than possible using directional couplers, attenu- 
ators, and bolometers. The hp 434A Power Meter 
has seven overlapping power ranges from 10 nw to 
10 watts full scale, providing smooth transition be- 
tween low level bolometric and higher power calorim- 
etric measurements. As inbolometric measurements, 
varging degrees of accuracy are possible with the 
calorimeter depending upon the technique of meas- 
urement andcare exercised. The 10 watt range of the 
434A may be extended through the use of directional 
couplers and high power terminations to about 10 ku 
with some sacrifice in accuracy. 

  

BASIC COAXIAL SYSTEM - DC to 12.4 GC 

Figure 3-11a shows abasic setup for measuring power 
up to 10 watts in coaxial systems vsing the hp 4344. 
The procedure i as follows: 
1 Initial 434A Adjustments 

a. Make initial checks of oil level and flow rate 
according to 434A Operating and Service Man- 
val and zero the meter. 
Set the RANGE switch (o 0.1 watt, 

. Comnect the 434A CALIBRATE OUTPUT fack 
to the INPUT with a short length of coax and set 
ADJUST TO0.1WATTF.S. front panel con- 
trol for full-scale meter reading of0.1 watt. 
Disconnect the CALIBRATE OUTPUT from 
the input and recheck meter zero. 

  

2. Set the RANGE switch for the maximum power ex- 
pected from the source to be measured. 

3. Comnect the source to the 434A INPUT and read 
average power. 

Measurement uncertainty using the technique just de- 
scribed, depends upon mismatch loss, 434A head-box 
efficiency and instrumentation error which is deter- 
‘mined primarily by the accuracy of the 0.1 watt cali- 
bration power. ~ A typical error analysis for a meas- 
urementat 3 Ge is givenby the chart in Figure 3-11a. 
As may be seen from the chart, mismatchloss causes 
the greatest uncertainty in this example, Further in- 
vestigation reveals that high source SWR is primarily 
responsible for the large mismatch Joss. Note thatthe 
greatest total uncertainty occurs in the conjugate avall- 
able power measurement, or the power that would 
otherwise be delivered If the source and load were a 

<
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conjugate match. The measured powerwith respectto 
Po, o the pawer that would be dissipated in a noare- 
flecting load, is reasonably accurate since the 434A 
input SWR ts only 1.1 1n this example, 

IMPROVED COAXIAL SYSTEM - 500 MC TO 

n46C 
Figure 3-11b llustrates a method for measuring power 
up to 10 watts with improvedaccuracy. In this setup, 
a slide screw (or double stub) tuner is used either 
mateh the 434A Loput impedance to the transmission 
Line for minimum SWR, or to presenta conjugate match 
to the source for maximum transfer of power. To 
measure power with the 434A and a tuner, proceed as 
follows 

   

1. Follow the same turn-on, zeroing, and calibration 
procedure outlined inStep 1 for Figure 3-11a. In- 
strumentation error may be reduced from 1% to 
Less than0. 5% by performing the initial calibration 
of the 4344 with the hp K02-434A DC TestSet in- 
stead of using the 434A CALIBRATE OUTPUT. 

Set 4344 RANGE to accommodate highest power 
anticipated. 

3. 1f conjugate available power is desired, connect 
source directly to slide-screw tuner and 4344 as 
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shown in Figure 3-11b. Adjust tuner for maximum 
power indication on 4344, and read conjugate avail- 
able power. If Zgavailable power is desired, con- 
nect tuner and 4344 to appropriate reflectometer 
or slotted line setup and adjust tuer for mintmum 
SWR. Then connect tuner and 434A to power source 
and read Z, avallable power. Equations 3.6 and 
3.9, given earlier, may be applied to the 4344 
reading to correct for the sources of error present 
in this system. 

Overall uncertainty is reduced considerably by the use 
of the tuner as can be seen in the error analysis chart 
of Figure 3-11b. The most notable improvement is in 
the measurement of power to & conjugate load since 
the comparatively large conjugate mismatch loss has 
been eliminated. 

  

POWER IN WAVEGUIDE SYSTEMS - 2.6 GC TO 
12.4GC 
The coaxial input system of the 434A Calorimetric 
Power Meter may be adapted to various waveguide ays- 
tems in the frequency range of 2,6 to 12,4 Ge using 
the appropriate waveguide-to-coax adapter assembly. 
For bestaceuracy and convenience a slide-screw tuner 
and waveguide bend are assembled with a modified hp 
2814 adapter to make the connection. The loss intro- 
duced by theadapterassembly may be measured using 
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Conjugate Available 2 Avallable 
Power Measurement Power Measurement 

Value Value 
Exror Source Measured | Uncertainty | Measured | Uncertainty 

Instrumentation (1344) - - BT 
Effeative Efficiency 1) 9 ) ) 0o 
of Head Box (3344} 2% 3% 2% 55 
Tuner Loss Ratio (T ) 995 0.5% 995 5% 

Limis of Error E 
Before Correction -45% 

Total Uncertainty 250 
After Correction -5%     

  

      

*3ay be reduced to 0.5% by calibrating 4344 with K02-4344 test set. 

Figure 3-11b. Improved coaxial power measuring setup with hp 4344 includes 
tuner for eliminating mismatch loss. 
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Figure 3-12a. Power up to 10 watts In waveguide systems can be measured with the hp 4344 using the 
adapter-tuner-bend assembly shown above. Loss caused by assembly should be evaluated 

using system shown in Figure 3-7 for highest accuracy. 

the procedure shown earlier under “Methods for Im- 
proving Accuracy". To measure power upto 10 watts in 
waveguide systems, use the setup shown {n Figure 3- 
12a, and proceed as follows 

1 Make the initial 434A adjustments as outlined in 
Step 1 for Figure 3-11a. 

2. If conjugate available power is desired, connect 
the source to the tuner-calorimeter input and ad- 
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Figure 3-12b. Extended power range in waveguide 
enables measurements to 10 kw average using suit- 

able loads and coupler. Some uncertaiaty is added to 
the measurement because of coupling factor calibra- 

tion uncertainty. 

just the tuner for maximum power indication on 
the 434A meter. If Z,available power is desired, 
connect the tuner and 434A to a reflectometer or 
slotted line setup and adjust the tuner for minimum 
reflection. Then connect the power source to the 
tuner input. 

3. Read average power on the 434A meter. Apply 
equation 3.6 or 3.9 to the reading to correet for 
the sources of error preseat. 

Refer to the chart in Figure 3-11b again for a break- 
down of exror sources also present in the system of 
Figure 3-12a. Power in waveguide systems below 
2.6 g may be measuredwith a similar setup i appro- 
priate adapters, tners, and bends are available. 

EXTENDED RANGE WAVEGUIDE SYSTEMS - 2.6 GC 
Toi2.4GC.   

Figure 3-12b lllustrates how the 434A may be used to 
measure average power in excess of 10 watts. As in 
the case of extended range bolometer measurements, 
the addition of directional couplers or attenuators adds 
uncertainty. The measurementprocedure for this set- 
up is the same as previously described under "Basic 
Coaxial System - DC to 12.4 Ge. " 

MEASURING PEAK PULSE POWER 

AVERAGE POWER-DUTY CYCLE METHOD #1 

Peak power of a rectangular RF pulse envelope may be 
determined by measuring average power, pulse width 
and repetition frequency. The product of pulse width 
and repetition frequency s defined as the duty cycle of 
the pulsed source and relates the time the pulse is on 
to the period of the pulse rate. Figure 3-13 shows a 
setup for determining peak power in a waveguide sys- 
tem using the average power-duty cycle method. It is 
important that the maximum peak power and maximam 
energy-per-pulse ratings of the hp 485A thermistor
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Total Uncertainty %       

Method 41 i 
Vaiue i Error source Measured Uncertainty | 

Bl ‘Average Pover Measurement | 5 i 
- wfi after Correction®* i > i 

(PRF x7){ logy, i v K181 55) [ “Goupting Factor 31 wa o4 9% | 
Pulse Repetition Frequency 5 i 

@10 (PRF) el et 4 

Puse Width 1) 152107 sec, ; 

  

“+4318 indication corrected using equation 3.5, 
Figure 3-13. On-Line test of peak power sources may be conveniently made using system shown. Power meter 

reads average power which 1s then divided by system duty cycle and power ratio of coupler. 

  

‘mount not be exceeded. At pulse repetition (requen- 4. Note the average power reading onthe 4318, cor- 
cies less than lke, the maximum energy per pulse is 
2.5 watt-microseconds, i. e. , any combination of peak 
power and pulse width which when multiplied together 
produces 2.3 watt-microseconds. For pulse repetition 
Irequencies above lic, the maximum is5 watt-micro- 
seconds. The maximum peak power in any case should 
not exceed 100 walts at the thermistor mount. Another 
highly important factor in peak power systems is that 
all waveguide [langes be very carefully alignedand that 
the waveguide is clean and dry to avold are-over. 

The procedure for Figure 3-13 is as follows: 
1. Comnect the hp 424A Crystal Detector and its 

square-law 10ad* o the auxiliary arm of the di- 
rectional coupler as shown. 

  
  

Measure andnote pulse repetition (requency (PRF) 
and pulse width () using the oscilloscope's cali 
brated sweep. 
Replace the 424A detector with the 486A thermistor 
mount and 431B power meter. 

  

*In addition (og0od square law performance upto50my 
output, square law load improves rise (anddecay) time 
characteristics of 424A detectars. Both factors are 
essential for accurate pulse shaps determination. 

rectingfor coupling factor, thermistor mount cali- 
bration factor and mismateh uncertainty between 
‘mount and the couplex's auxiliary arm. 

5. Calculate peak pulse power using the following 

   

cauation: 
P 

By = ——EER @.11) ok 1708 @Rz xo)|1og 1o ()] 
where 

P = Poak power of source 
.. = Average pover indicated on 4318 

DB = Coupling factor of directional coupler 
Example: 
Suppose the following readings are made from apulsed 
source with the setup shown in Figure 3-13: 

PRF = lkc 
T=L5x 10 © seconds 

    

7.5 x 107 watts 
Paverazc 

Coupling Factor = 40 db
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Figure 3-14. Water load and calorimeter offer best accuracy in high power measurements 
(over 10 watts average) largely because directional coupler wncertainty is not involved. 
Coupler shown merely samples pulsed power for determination of PRF and pulse width 
on oscilloscope.  System is useful when all the source power can be terminated during 

the measurement and water circulation equipment can be readily set up. 

Using equation 3. 11 peak pulse power is caleulated: 

7.5 107 vatts - S0k 
107 (15 % 10 [1og 13 (39       

Sources of error and examples of the resulting uncer~ 
tainties are summarized in the table of Figure 3-13. 
Since mismatch cannot be corrected with a tuner in 
pulse power measuremeats, it is important to calculate 
the possible limits of mismatchloss using the coupler 
auxiliary arm and thermistor mount SWR* as indicated 
by Step of the foregoing procedure. The accuracy of 

*Thermistor mount p may be calculated from efficien- 
cy and calibration factor data included with new HP 
thermistor mounts using the relation 

  

this method of pulse power measurement depends upon 
the pulse being rectangular, As the RF pulse envelope 
departsfromatrue rectangle, error increases rapidly. 
A better methodfor peak power measurement s of non- 
rectangular pulses is described under "Direct Pulse 
Power Technique' which does not depend on pulse 
shape. Peak Power range of the system shown s sbout 
100kw maximum at X-band, limited by the maximum 
power ratings of the termination, thermistor mount, 
detector and coupler. This power range decreases al 
waveguide sizes smaller than WR-30. Average power 
shouldnot exceed 500 watts using the X913A termina- 
tion unless it is liquid cooled, 

AVERAGE POWER - DUTY CYCLE METHOD #2 
  

One method of improving overall accuracy is o im- 
prove the method of average power measurement and 
again use the duty cycle calculation for peak power, 
Amore accurate average power measurement {5 possi- 
ble in situations where allof the power may be termin- 
atedand measured ina water load, thus avoiding direc- 
tional coupler calibration error. The system shown in 
Figure 3-14 is suitable for permanent laboratory n- 
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stallations that will accommodate the required calo- 
rimeter and water circulation equipment. Average 
power is calculated {rom the temperature difference 
in water entering and leaving the load, flow rate, and 
specific heat of the water using the equation shown in 
Figure 3-14. Duty cycle is determined {rom the os- 
cilloscope measurements of pulse widthand repetition 
rate. 

The chartin Figure 3-14 indicates various sources of 
error for measuring rectangular RF pulse envelopes 
and probable uncertainties. Common water load sys- 
tems handle average power levels from SKW to SOKW 
in X-band, with capabilities increasing at the lower 
microwave bands to about 100KW. Larger systems 
utilizing power splitters handle average power in the 
megawatt region. 
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DIRECT PULSE POWER TECHNIQUE. 

An improved waveguide setupfor peak power measure- 
ment of non-rectangular pulses or multipulse systems 
is shown in Figure 3-15, Inthis arrangement, the pulse 
envelope is first detected by a fast-response crystal 
detector, hp 424A with Option 02 load. The detected 
pulse amplitude 15 noted on a DC-20MC oscilloscope 
then accurately duplicated with a known CW power. 
‘The directional coupler and attenuator should Lmit the 
power into the 42¢A detector to 1to 2 mw peak since 
this Ls about the maximum CW power available for com~ 
parison. The procedure is as follows: 

1. Connect the equipment s shown in Figure 3-15, 
step 1. Set attenaator to a convenient db refer - 
ence that will limit the expected peak power to the 
detector to about 1 m. 
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Peak Pulse 
Power Measurement 
(Direct Pulse Method) 
  

  

  

  

  

Value 
Exror source Measured Uncertainty 

Average Power Measuroment 0.5 mw 5% 

Coupling Factor and Attenation 0.3 dbe 
(DB it 5% 

Comparison of Pulse Amplitude 
1 OW reference including Mis- 2% 
mateh of Detector and Attenuator     

‘Total Uncertatnty         W Generator Power from 
Step 3. 

Figure 3-15. Direct pulse method for peak power in wavegulde system, Technique 
is useful for measuring peak powers of non-rectangular pulse envelopes.
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Adjust the oscilloscope trigger and vertical sensi~ 
tivity controls for a stable pulse display. Use DC 
coupling at the oscilloscope vertical iput, and 
make no further adjustments to the oscilloscope 
sensitivity once the reference pulse amplitude is 
set. 

  

Move the detector/square -law load combination to 
the outputof the slide screw tuner and signal gen- 
erator as shown for step 2. 

    

Adjust the signal generator for a CW output fre- 
quency equal ta the pulsed source's RF frequency. 

5. Adjust the slide screw tuner for maximum deflec- 
tion of the oscilloscope trace. DO NOT ADJUST 
THE OSCILLOSCOPE VERTICAL SENSITIVITY. 
Use the generator’s autput attenuator o keep the 
trace on the screen during the tuner adjustment. 

6. Carefully set the generator outputattenuator fora 
trace deflection on the oscilloscope equal 1o the 
pulse amplitude noted in Step 1. Make no further 
adjustments to the output attenuator. 

7. Connect the 486A thermistor mount and 4318 power 
meter to the generator outputas shown for Step 3. 

8. Re-adjust the slide screw tuner for & maximum 
reading on the 431B and note the average power, 
correcting for mount efficiency and tuner loss 
(Eq. 3.6). 

9. Calculate peak power at the source output from the 

  

  

    

equation 

& ‘average By source = 2] o) 
%10 - 10 

where 
DB = Coupling Factor of directional 

coupler in db. 
Average Power of generator 
measured on 431B. Paverage 

Example: 

Suppose Paverage i 0.5 and the combined attenua- 
tion of the directional coupler and attenuator used is 
50 ai at the test frequency.  Peak power is then: 

  

Py source = SX LT walts 5o 
Jog 53 (- 5311 

The chart in Figure 3-15 shows the sources of error 
and examples of the resulting uncertainties using the 
direct pulse technique. Comparing the uncertainties 
of Figure 3-13 and 315 for equal values of peak power 
indicates the direct pulse technique to be less desirable. 
Greater ambiguity exists because of the greater de- 
coupling required between source and detector. How- 
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ever, advantages of the system in Figure 3-13 are 
quickly lost i the pulse envelope departs considerably 
trom a rectangular shape or if multiple pulses ave 
being measured. 

In addition to the usual limitations of peak and aver- 
age power ratings of the components, this system must 
provide 2 CW power level equal to the peak power de~ 
tected at the variable attenuator output. Using the gen~ 
erators shown, this power level is on the order of 1 to 
2mw. At X-band, the system shown would be limited 
to about 100kw peak power and 500 watts average with 
canvection cooling of the load. 

NOTCH WATTMETER 

The Notch Wattmeter gets its name from a technique 
that involves gating a reference CW power source off 
during the interval that the pulsed source in test is on. 
Thus, the reference output is “notched" at the same 
rate, duration, and amplitude as the pulse output of the 
device infest. The resulting CW power is then meas- 
ured by conventional means. This system can be use- 
fulin situations where the average to peak power ratio 
of a pulse is 100 great to be measured directly by a 
power meter. An example of this would be a radar of 
very low duty eycle. 

Figure 3-16 shows a notehwattmeter setup. The tech~ 
nique requires that the pulsed source intest has 4 sync 
pulse output of sulficient amplitude and polarity to oper - 
ate an external pulse generator. The hp 2144 Pulse 
Generator is recommended in this application partly 
because of its versatility in accopting sync pulses of 
either polarity at 5 to 15 volts peak amplitude. Other 
advantages are continuously variable pulse widths of 
50 nsec to 10 msec with repetition rates of 10 cps to 
1Me, positive or negative output pulse polarity and 
excellent pulse shape characteristics. 

‘The measurement procedure is as follows: 

1. Connect the equipment as shown, pre-setting the 
2144 PULSE AMPLITUDE to about 50 volts posi- 
tive when operating with the hp618B or 620A Sig~ 
nal Generators, 

2. Null and zerothe 431Band turnon the pulsed source 
in test. 

3. Adjust the Signal Generator to the pulsed source's 
RF frequency. 

4. Set the 214A Pulse Generator as follows: 

TRIGGER MODE to EXT. 

SLOPE for same polarity as sync pulse out of 
source in test, 

INT. REP. RATE to approximately the same fre- 
quency as the source PRF. 

PULSE WIDTHto approximately that of the pulsed 
source. 

PULSE POSITION to 0-1 usec, PULSE DELAY. 
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Figure 3-16. Notch wattmeter requires more elaborate setup than other methods but is useful withvery low duty 
eycles and non-rectangular pulse shapes. 

5. With the generator output attenuator setfor mini- 
mum outpat power, adjust the oscilloscope verti- 
cal sensitivity, sweep time, and trigger controls 
fora stable display of the source's detected outpat 
pulse. Use DC coupling atthe oscilloscope verti- 
cal {nput. 

6. Now increase the generator output until the oscil- 
Ioscape baseline risesto anamplitade equal to the 
detected pulse top. 

7. Adjust the 214AINT. REP. RATE, PULSE WIDTH, 
and PULSE POSITION as required to obtain & 
straight and nearly unbroken trace on the oscillo- 
scope, The signal generator output is now being 
pulsed off by the 214A for the precise interval that 
the source is pulsed on. The generator's output 
amplitude has also been made equal Lo the peak 
pulse power at the output of the 70 db directional 

coupler, resulting in a CW power which is easily 
measured with the 431B power weter. 

8. Readthe powerlevel indicatedby the 4318 and cal- 
culate peak power at the pulsed source output by 
the following equation: 

®; indicated 

13 -1/ DB [1ox 30 53] 

wtete 
®, = Power read oo 415, 
DB = Total attonuation of drcetional couplers 

between pulsed source and thermistor 
mount.   
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Example: 

Suppose Py 15 1 mw and the total attenuation between 
source and thermistor mount is 73 db at the test fre- 
quency. Peak power out of the source may then be cal- 
culated as follows: 

3 1 x 107 vats D 0w 
2 Trog, o 1 ()] 

Overalluncertatnty of the notch wattmeter depends on 
factors listed in the error analysis of Figure 3-15. The 
valuos shown are examples of X-band measurements 
which result in an overalluncertainty of about 28%. The 
noteh wattmeter does not depend upon pulse shape for 
itsaccuracy provided the duty cycle1s low. The wave- 
form shown in Figure 3-18 illustrates how a pulse of 
poor rise and decay time mightappear in the notch dis- 
play. At low duty cycles the "dead” time between the 
generator output and pulsed source power is so small 
that the thermistor averages out the error. Conven- 
tional barretters are not satisfactory for this applica- 
tion because of their comparatively fast thermal time 
constant which would tend to follow the instantancous 
power variation, introducing pulse shape error into the 
measurement. 
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PEAK POWER IN COAX SYSTEMS - 50 MC TO 2 GC 

Conventent peak power measurements are possible in 
coaxial systems using the Boonton 89008 Peak Pawer 
Calibrator. Operation of the 8900B is based on a DC~ 
to-Pulse-Power Comparison which was deseribed in 
Section Hl. _ Figure 3-17 shows the 3900B n a typical 
setup. A 50 db directional coupler, in this example, 
reduces source power entering the G900B. input 1o 
200 rw peak or less. The procedure is as follows: 

1. Connect the equipment as shown and check to see 
that the 50 ohm termination furnished with the 
8900B s propexly connected at the BOL. OUT con- 
nector on the Calibrator's rear panel. 

2. Turn on the test equipment, leaving the source 
power off. 

3. Set the 8900B function switch to CAL and check that 
the meter indication is within 0. 2 and -0.4 db of 
the calibration mark. 

4. Set the oscilloscope VERTICAL SENSITIVITY to 
approximately 50 my/cm and select DC input and 
amplifier coupling. 

  

Set the oscilloscope sweep time and trigger con- 
trals fora (ree running trace. The display should 
appear as two horizontal lines on the CRT. 
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Figure 3-17. Convenient peak power measurements at frequencies from 50 Me - 2 Ge are 
possible using Boonton B300B and auxiliary oscilloscope. Direct reading 8900B does not rely 

on pulse shape for aceuracy
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10 

Adjust the 3900 VIDEO NULL until the two hori- 
zontal lines are superimposed. (This balances out 
the detector diode bias irom the video output wave- 
form which might otherwise be readas RF power. ) 

Setthe 8900B function switeh to MEAS and turn on 
the pulsed source. 

Synehronize the oscilloscope sweep for & stable 
display of the 60 cps chopper output of the 8300B. 
Use the external sync mode if the pulsed source 
provides a suitable sync pulse for the oscilloscope. 
‘The oscilloscope may also be synchronized by con- 
fecting the MON OUT jack of the 8900B to the o5~ 
cilloscope's EXT SYNC jack. 

Using the COARSE and FINE coatrols of the 89008, 
adjust the DC refereace voltage (which nowappears 
as a straight Line on the CRT) until it coincides 
with the peak of the displayed pulse. The oscil- 
loscope display should now appear as illustrated 
in Figure 3-18. 

NOTE: For optimum resolution, use the highest 
practical vertical seasitivity of the oscilloscope 
keeping the trace In view with the vertical position 
control. 

Read the peak power indicated by the 8900B and 
calculate peak power from the source as follows: 

  

i 9008 
Ppk source [ ( DB ‘ 

g5 (50°) 

where 

P pikagoop = Pk power measured in Step 10. 

DB = Actual coupling factor of the direc- 
tional coupler in db, at the test 
frequency. 
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DETECTED 
PULSE     ANG4-A-47 

Figure 3-18. Oscilloscope display of Boonton 
8900B video output enables selective position- 

ing of DC reference on RF pulse envelope. 
Meter on 89008 then reads reference directly 

in peak pulse power. 

Example: 

Suppose the 39008 measures 135 mw peakand the coup- 
lingfactor is50 db. Peak power {rom the source then 
i 

  

135 x 10 £] watts 5 [1o815" (3] 

195 x 107 watts) _ yy o 
1x10 

    Pok source 

The basic accuracy of the Boonton 89008 is +1.5 db. 
Anoptional calibration chart for the 83008 may be used 
to correct readings to an accuracy of 0.6 db includ- 
ing mismatch due to input SWR. The error analysis 
in Figure 3-17 relates the various error sources for 
this example. 
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OUTPUT POWER LEVELING 
BASIC LEVELING 
Output leveling of microwave sources is a valuable 
application of temperature-compensated power meters. 
Figure 4-1shows asimple leveler setup. The therm- 
istor mount, connected to the auxiliary arm of the 
directional coupler, senses the incident power entering 
the directional coupler. The power meter produces a 
DC current at its recorder jack proportional to the 
microwave power sensed. The recorder current can 
be applied directly to the power meter leveling input 
of the hp 690-series of sweep oscillators. Here it is 
amplified and appliedas negative feedback to maintain 
power at the thermistor mount constant, (In the older 
hp 680-series of sweepers the hp HO1-84014 Leveler 
Amplifier can be connected between the Power Meter 
and Sweeper External Modulation Input. ) 

Typically the amount of negative feedback is so great 
that the quality of the leveled output appearing at the 
output of the primary arm of the directional coupler 
is a function of the coupling factor of the directional 
coupler and to2 lesser extent, variations in the effec- 
tive mount efficiency of the mount used to sense the 
power. 

A second feature of leveling is that it creates a com- 
posite generator having a very low reflection coeffi- 
cient. With high leveler loop gain it can be shown that 
this apparent generator reflection coefficient is essen- 
tially equal to the directivity of the coupler. In other 
words, a 40-db directivity directional coupler gives 
an apparent reflection coefficient of .01 which is a 
generator SWR of 1,02 

A third feature of using  power meter leveler is that 
one knows the output power of the primary arm of the 
directional coupler. The swept plot of Figure 4-2 was 
obtained very easily and very quickly by successively 
decreasing the power at the secondary arm of the 
directional_coupler by 1-db steps using the Sweep 
Oscillator Power Level control. One can go in steps 
of 5 db by changing the range switch on the monitaring 
power meter. This is how the -5 and 10 db lines in 
Figure 4-2 were plotted. In concept, this is a very 
flat, accurate, low SWR microwave aftenuator. 
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Figure 4-1. Conventional power meter leveled 
system in coax.   
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Figure 4-2. Power output of a super-leveled 
waveguide system using power meter control 

SUPER LEVELING 
Oneof the charasteristics of the multi-hole waveguide 
directional coupler is that ithas a 1-dbvariationacross 
a waveguide band. This means that when using a wave- 
guide coupler for leveling, the output will vary because 
the coupling 1s not flat. A way of compensating for 
this is fo use the setup of Figure 4-3, namely adding 
a 3-db waveguide coupler with  load as Indicated n 
the block diagram. The variation in coupling factor 
of a waveguide coupler such as the hp 752-series, 1s 
the same for a 20-db, 2 10-db, or a 3-db coupler. 
With a 3-db coupler, the power arriving at the output 
of the primary arm of the coupler 15 the inverse of the 
variation of coupling appearing at the secondary arm. 
Since this ls the case we now have, In effect, a flat 
13 or 23-db directional coupler using this connection. 
The flat output achieved in Figure 4-2 was a result of 
using this super leveling combination. Figure 4-4 
shows the variation inoutput power of the same super 
leveling greaily expanded. In situations where two 
couplers are used, such as in a reflectometer, one 
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Figure 4-3. Super-leveled waveguide system. 
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o208 

  
[y FREQUENCY 12.40¢ 

Figure 4-4. High resolution X-¥ Plot shows output 
flatness of a super leveled system. 

compensates the other and use of the super leveling 
is umecessary. 

LEVELED 1-WATT SWEEPER 

Placing a traveling wave tube amplifier between the 
output of the sweeper and the directional coupler of 
Figure 4-1 ylelds 2 1-watt leveled sweeper. With 
this setup it 15 normally best to level the sweeper 
rather than the TWT amplifier for tworeasons: First, 
the sweeper usually has better control characteristics 
than the traveling wave tube amplifier and second, 
oneis much less likely o overload the traveling wave 
tube amplifier. Overloading the TWT can cause 
spurious oscillation and high level harmonics In the 
output. 

PRECISE OUTPUT MICROWAVE 
GENERATOR 

A generator with an accurate power output can be 
created by using the system shown in Figure 4-5 if 
one has a thermistor mount in combination with a di- 
rectional coupler which has been calibrated by NBS or 
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other standards lab for calibration factor®, Dividing 
the power desired out of the main arm of the direc- 
tional coupler by the calibration factor yields the sub- 
stituted DC power required into the thermistor mount 
on the secondary arm. With the signal generator 
turned off, one applies this required amount of DC 
power from the calibrator to_the power meter and 
notes the indication of the voltmeter across the 1K 
ohm resistor. Then one turns off the DC current 
{rom the calibrator, tarns on the generator and varies 
the output to get the same indication on the voltmeter 
across the resistor. 1 the X382 Variable Attenvator 
in the Figure is set to approximately 1/2 db, it acts 
asa fine power controland the signal generator atten- 
uation is used for the coarse power adjustments. 1f 
one does not have a thermistor mount in combination 
with a directional coupler which has been calibrated, 
but rather a mount which has been calibrated for ef* 
fective efficiency or calibration factor, this mount 
and the power meter ean be used on the output of the 
primary armof the directional coupler, and the atten~ 
uator_adjusted for exactly the desired microwave 
‘power oatput. 

A DC TO 100 CPS POWER METER 

The DC Calibrationand Substitution Jackof the hp 431 
Power Meter will not only accurately measure DC 
‘power but it will measure any power from DC through 
100 cps. Sometimes In measuring noise or other 
phenomena, difficulties are encountered because most 
RMS voltmeters cut off at 10 cycles. Figure 4-6 
shows the setup and relationships between the power 
meter reading and input power for making measure~ 
‘meats of power from DC through 100 cps. 

*See last paragraph 'RF Losses and DC-Microwave 
Substitation Error” in Section II. 
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Figure 4-5. A precise output generator uses versatility of hp 4318 Power Meter and a calibrated 
power standard (3 db coupler-thermistor mouat combination).,
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Figure 4-6. Setup for reading power from DC to 
100 CPS. Technique is particularly useful in 
measuring power below the frequency range 

of RMS voltmeters. 
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MISCELLANEOUS TECHNIQUES 

The hp 431B temperature compensated power meter 
lends itself well to many applications. Some of the 
most significantapplications have heen described here 
in detail. Other possibilities include use of the DC 
Substitution input circuitry on the 431B for remote 
zeraing of the meter, use of the recorder output for 
readout of transmitter power at remote locations or 
actuation of automatic alarm circuits. The ratio of 
two power meter recorder outputs may be used for 
precise measurements of small attenvations. 

A special version of the 4318 provides input switch- 
ing and individual bridge balance circuits for up to 
five compensated thermistor inputs. This instrument 
(bp 120-431B) is especially useful for systems power 
‘monitoring at several points without the need for con- 
necting and disconneeting the thermistor mount for 
each measurement. 
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APPENDIX 1 

POWER TRANSFER EQUATIONS 

Equations 3. 4and 3. 7, used in Section III for correct- 
ing power meter readings are derived from the flow- 
graph shown in Figure A-1. From the [lowgraph we 
may write the following relationships: 

E e 
W 

  

@ 

  

Power dissipated in the thermistor mount is given by 
the expression: 

  (0] 

  

    

Taking mount effictency into account, the power indi- 
cated by the meter is: 

  

Pindicated @ 

Substitutiog for E,, 

Pindicated ™ 

© 

  

®) 
Recall from the mismatch discussion in Section II that 
by definition 

thus 

   
Also by definition, ¢™% 
therefore, 

isa phasor of unit magnitude 

2] -1 
‘Thus the general equation for indicated power becomes, 

2 (1-8)) 
Pindicated = " Z, T o 

AT 
    

2_ Available Power 
b ke ik 
Now consider the case of power delivered to a Z, load. 
In this case By = 0, so the general equation (7) 
becomes, 

2 E, 
i 4 
Z, 

    

Eg = Generator Voltage 
= Voltage Incident to Load {Thermistor Mount} 

E, = Voltage Reflected by Load (Thermistor Mount) 
Te = Effective Efficiency of Thermistor Mount 
M = Power Meter 
T - Generator Reflection Coelficient 
Ty - Load (Thermistor Mount) Reflection Coefficient 
2718 - Phase Shift Introduced by Transmission Line 

Note: T'= pei® where e-J® is the phasor associated 
with the Mount Reflection Coefficient. 

  

Figure A-1. Flowgraph of Thermistor Mount and 
Power Meter Connected to a Microwave Generator 
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transposiag, 
2 ?, E 

—indicated . 8 yhich is by definition P, 
e ‘o i 

@®) 

Therefore, if we want to evaluate the general equation 
in terms of power which,can be delivered to a Z, load, 
we use the equality Eg%/Z, = P, and evaluate (7)or 
the limit worst cases of Iy, T, and e as follows: 

  

      

€ 

th= » ) 
indicated e’o i (25 

transposing: 

(eo n)? 
Py = Pindicated = © PR 

By detiation, 

" K, therefore, 

2 
5, - indlested 1 (10) 

whichis the correction equation (3. 7) given in Section 
Il for 2 available power. 

Conjugate Available Power 

In the case of a conjugate load, the phase of Ty Ty 
€210 15 zero degrees. Therefore, Iy Ty €2t 2 
£y B, 4nd the general equation (7) becdmes, in. this 
case; 

£? (1-8Y 
P, =g —R  an ndicated ~ eZy 7 - o (1 8,8y 

A second condition of a conjugate mateh Is that i - 
By Therefore, py may be replaced by fy in this 
clise, resulting In 

Pindicated = 
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[n—— 

2 & 2 L BN (-2 Z, " Fundicated ——E- a2 

For a conjugate load, P = Pigdicated/ne 50 by sub- 
stitution, equation (12) becomes, 

51 
L %) a3 

Returning to the general equation (7) we may evaluate 
the Indicated power in terms of 4 conjugate load by 
substituting the special case of equation (13). Thus 
equation (7) becomes, 

  

Pindicatea = e Fe 

    

{14) 

  

{15) 

transposing, conjugate available power is therefore, 

P, 

LI £ 

  

2 16) 

which s the correction equation (3, 4) given In Section 
I for conjugate available power. 
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APPENDIX 11 

BOLOMETER MOUNT EFFICIENCY MEASUREMENT 

(BY THE IMPEDANCE METHOD) 

B.P. Hand 
Hewlett-Packard Company 

Palo Alto, California 

References: 1) "Determination of Efficiency of Microwave Bolometer Mounts from Impedance Data,' David 
M. Kerns, Jrul. of Res. NBS, June 1949, p. 57. 

2) "An Improved Method of Measuring 
R.W. Beatty and Frank Reggia, Jral. 

These references discuss the theoretical aspects of 
bolometer-mount efficiency measurement by the im- 
pedance method. This note 1 Intended to discuss the 
actual techniques used in making the impedance meas- 
urement in X-band waveguide. The circuit is shown 
in Figure A2, 

‘The method requires the measurement of suput reflec- 
tion coefficient for three values of bolometer resis- 
tance. To simplify calculations, the reflection is 
made zero for one value of resistance by tuning the 
mount, A reference level is set on the 413E witha 
short ou the line, and the reflection is read on the 
415E for each of the extreme values of resistance. 
The relative phase of the two reflection coefficients 

EETET Sem—) 

Eificiencies of UHF and Microwave Bolometer Mounts, " 
of Res. NBS, June 1955, p. 321. 

may be determined with the XB85A and X3824 in the 
auxiliary arm. 

Possible sources of error which must be accounted 
for ar.   

(1) The imperfection of the short used to set refer- 
ence level. It must be calibrated for its own 
reflection coefficient, which will be in the order 
of 1% to 2% less than 100%. The reference level 
setting must be corrected for this. A VSWR meas- 
urement may be made using the X3824 to deter~ 
mine the reflection of the short. 

(2) The re-reflection between detector mount and 
short when setting the reference level. A signal 
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Figure A-2. Circuit Diagram 

 



  

Page A-4 

reflected {rom the detector will re-reflect from 
the shortandadd in random phase at the detector. 
Thus, an adjustable short must be used, and the 
detector must be tuned to give very small varia- 
tion in output as the position of the short is var- 
ied.  The correct reference level is the average 
of the maximum and minimum readings. When 
the output is read on a db scale, the average db 
reading does not correspond to average voltage. 
The necessary setting for average voltage is 
given in Figure A-3. 

(3) The finite directivity of the coupler used to intro- 
duce the signal into the system. The X914B and 
adjacent XB70A are used to cancel out the leakage 
signal. 

(4) Thecalibrationof the 415E. This may be calibra- 
ted at 1 ke using & ratio transformer. Typical 
readings on the 413E will be at full scale on the 30 
and 50 ranges, corresponding to a reflection co- 
efficientof ~20db or 0. 1. To obtain greatest re- 
solution the expanded scale should be used. 

(5) The accuracy of the resistance measurements, 
These should be determined to 0.1% or better. 
A bridge made up of G.R. 0.05% resistors and 
decades is sultable. A circuit diagram is given 
Figure A-4. 

With high-efficiency mounts (>35%), the additional 
complication of the phase-measurement cquipment 
s uot ordinarily justified in ferms of the additional 
accuracy obtained. The second reference gives an 
evaluation of the error incurred in omitting the phase 
measurement. 

Procedure i as follows: 

(1) Tune out the directivity signal. 

Put the X014B on the line, Set the signal source 
0 the desired frequency and adjust for maximum 
output.  Adjust the X914B for a maximum signal 
on the 415E, Adjust the X870A to obtain a null on 
the 415E. Back off probe penetration on the 
XBT0A, as the X914B is moved back and forth, to 
obtaina steady reading on the 413E. The position 
of the probe mag have to be readjusted slightly. 
Reduce the signal generalor output to about 2 
millivatts. 

(2) Set the reference level. 

Put the sliding short on the line. Adjust the 
XBT0A on the detector for a minimum of varia- 
tionin the 415E reading, preferably less than 1.5 
db. Set the short to give the correct average 
reading as determined irom the curve. Set the 
level to give a reading at full scale on the 20 
range. Set the 415E METER SCALE switch to 
EXPAND. Set the RANGE switch to 30. Adjust 
the GAIN control to give a full-scale reading. 

Appl. Note 64 

(3) Tune the mount. 

Put the moust and its tuner on the line. (The 
combination together must be regarded as the 
mount being calibrated.) Adjust the tuner for a 
null on the 415E while the variable-resistance 
bridge is balanced in the 200-ohm position. R, 
i5 now 200 ohms, while @y is zero. 

(4) Measure reflection coeificients. 

Change the resistance of the bolometer by means 
of the bridge to obtain a reading at fall scale on 
the 50 range (expanded). (The GAIN control set- 
ting must not be changed {rom step 2.) Balance 
the bridge while maintaining the 415E reading. 
Read the bolometer resistance off the bridge 
dials. Repeat for the other value of resistance. 
Typical values for by = 3 = 0.1 are about 160 
ohms for R and 245 ohms for Ry. 

(5) Calculate the efficiency. 

Substitute values obtained in the formula 

Ry Ry - R Ay ay ¥ 
Wy - Ry @y - R (7 7 

"= 

Read the calibrated short and apply the proper 
correction factor for its setting and the frequency. 
Since it will have a few percent loss, the actual 
reference level is higher than indicated, and 
therefore the reflection coeificients are less than 
calculated. Thus the efficlency is lower than 
caleulated, aud the correctionmust be subtracted. 

The above procedure need not be followed rigorously, 
of course, Some barretters will depart from square 
Iaw at a reading of full scale on the 20 range of the 
415E. Here the X362A on the signal source can be 
calibrated against the 415E and used to vary the level 
a known 10 or 20 db between the reference level and 
reflection coefficient measurements. A monitor 
should be included in the system to check on source 
stability. The signal level should be as high as possi- 
ble during all null adjustments, Other such refine~ 
ments will naturally suggest themselves, with a little 
experience. The above is intended to indicate the 
basic technique and the major sources of error to be 
avoided. 

#For nominal values of Ry = 200 

  

0@, - Ry s formuia redces 1= g
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To make phase measurements on ¢y and fy, install 
the auxiliary arm shown in the circuit diagram, and 
Keep the X3824 set for maximum attenuation, except 
during the phase measurement. After £} is deter- 
mined (or Ri determined for a giveney) adjust the 
X885A and X362A to null 7y out, and read the X885A. 

Appl. Note 64 

Ater pg is obtatned, null it out in similar fashion 
and agaln read the X885A. The difference in the 
X885A readings is the phase angle between Py and 3. 
The necessary correction can then be calculated as 
shown on page 323 of Reference 2.
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APPENDIX I TABLES 
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*Reprinted from the 1965 Microwave Engineers Handbook and buyers' guide, courtesy Horizon House-Microwave, 
Inc., Dedham, Mass.
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RAN 
Telecom Ltg 
P.0.80x 1812, Tehian 
Tol 43850 

ISRAEL 
Eectronics & Enginasring Lt 
16 Keemenetsd 8. Tel Ay 
Tel: 3502123 

ALy 
HewletPackard laliana S5 
Vise Luigians 46, Hian 
Tel 89.1584/5 b 
Hewlt Packard ltallna SpA. 
Falaio tsis 
Piazza Marton, 25, Roma.Eur 
Tel: 8.1254%/5 

IAPAN 
Yologaua.Hewett Packard Lt 
2270 sh o 
Hachioil, Tokyo 
Tel: Hachij 042631231 19 fnes) 
Vokogawe Hewlats Packard e 
No. 3 §.ahome. Aoyamaitamachi 
sk, Miatok. Tokyo 
Tel: 1030073, 4050074, 4030075 
Yokogawa-Howlett Packa Liq 
No. 8 Uneda Ktz Osaba Gt 
Tel. 3513083, 3912035 
Yologaya HeweltPackard L1 
Ho. 4, Schams, Himeledor, 
Chigusak. Ragors City 
Tel. 758545 

KOREA 
Amerian Yrading Company, Korea, Ud 
1123 Snen Doy, ek 
Seoul P 0. e 1103, Seou 
Tel: 37048, 37613 

  

NETHERLANDS. 
Howltt Packard Benslux M. 
23 Burg Rowlstraat Amsterdam W. 
Tel: 020 132898 and 135699 

NEW ZEALAND 
Samole Eectoncs . 2) Lt 8¥itpo Shet Onehogs 3 5, Auciang Teb 56361 

NORWAY rgenstieme & o, 1'S Ingimrioma & Hese i, Oxa Tel 2015 35 
PORTUGAL 
THECTAA 
Rua Rodrigo da Fonsaca 103 
P.D.Box 2531, Lisbon | 
Tel: 8 6072 904 8 60 73 and 896074 

PUERTO RICO & VIRGIN ISLANDS 
San Juan Elctronic, . 
150 Ponce de Lton, Siop 3 
£.0. Boc 5167 
Pia. e Tierr Sta, San uan 00905 
Tek 7223342, 7244406 

sPAIN 
ATAI, Ingeieras 
Envigue Lareta 12, Wadid § 
Tel 255,344 and 2354345 

SOUTH AFRICA 
. 4, Fanter & Co, (Phy), L1d. 
Rosela House 
Bultencinge Stest, Cape Town 
Tel. 23817 

SWEDEN 
2 nstrument A8 
Cenalvigen 28, Soa. Gantrum 
Tel. 02:3306.90 and 1083.08.0 

SWITZERLAND 
Max Paul Fray 
WandoTeldstrasse 65, Barne 
Tel {031) 420078 

TAIWAN (FORMOSA) 
Hwa Sheng Electonic G, g 
21 Naking Wost Roe, Taioel 
Tel. 4 507, 5836 

TURKEY 
TELEKOM Engineering Bursau 
P, Bor 318 Galts, stabal 
Tel 484040 

UNITED KINGDOM 
HewettPackard L 
Dalss R, Bedord,Englsnd 
Tel Bediod s8052 

VENEZUELA 
Gt . & 
Edif, AsahOf #4 
Avds,Fracisco o iranda Chacalto 
Rparizdo ol E5e 10437, Caraces 
ey 

YUGOSLAVIA 
Belram S.A 
5 uenue fes Mimosas 
Brusses 15, Eelgiom, 
Tel. 5528358 

  

For Sales and Service Assistance in Areas Not Listed Contact: 
N EUROPE 

HowlttPackard, 5. 1. 
54 Roste des Acaias 
Genevs, Swizerand 
Teleghone: (120 4281.50 
Tele: 23488 
Cable, HEWPACKSA 

IN LATIN AMERICA 
HowlettPackard Ioter Americas 
1501 Page il Road 
Palo A, Calferia 94304, USA, 
Telephone 4151 326.7000 
T 810.973.1267 
Telex 033811 Cable: HEWPACK 

ELSEWHERE 
HenlettPackard 
Intermationl Marheting Departmant 
1501 Page il Road 
Palo Al Calffora 94308, USA. 
Tetephone: (415 3267000 
T SIB7S1287 
Tele. 033811 Cable: HEWPACK  



  59510084 PRINTED IN USA


