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~ A DIRECT-READING RADIO FREQUENCY WATTMETER

INTRODUCTION

In many applications at mdio frequencies, it would be de=
sirable to have a direct rending wattmeter by means of which power
could be measured without any knowledge of the value of load ime
pedence. Most of the methods now aveilable to measure radio fre=
quency power require that the load impedance be known. However,
in many ocases the load impedance may change, thus making the cali-
bration of the instrument incorrect.

In this thesis, a study is made of the possibility of cone
structing e direct rndihg radio frequency wattmeter that will
correctly indicate power regardless of the magnitude of load ims.
pedences Use is made of the faet that power delivered to a load
over a transmission line cen be obtained from the difference be-
tween the power contained in the incident traveling wave and the
power contained in the reflected traveling wave.

An experimental model of a watimeter constructed on this
principle is desoribed and an ozporimn'tnl enalysis is made to
demongtrate that power may be scourately determined by this method.

The limitations and renge of the instrument are discussed
and suggestions are mede for improvements im fubtwre applications

of this prineiplee



POWER MEASUREMENTS AT RADIO FREQUENCIES

In sixty cyole power systems, the science of measuring power
has reached a high state of development. Porteble wattmeters are
availabls to cover a wide range of éouditioul. These wattmeters
may be easily connected in almost any cirouit with a minimum effect
on the eirouit itselfs One of the desirable features of wattmeters
available at power frequencies is the fact that the same instrument
may be used with relatively low leading or lagging power factor.
Also, they are direet reading instruments and it is not necessary
to know the value of load impedance to measure the powers

Contrasted with power meassurements et sixty eyecles, the
measurement of radio frequency powsr is not in such & high state of
development. In the available instruments, most of features listed
above are absent. A% present, for each lpoelfip ecese a special
type of cirouit must be useds Care must be teken that the measuring
device does not influence the circuit uAder test., With most radio
frequency wattmeters the ioa.d impedance must be known and the
power then ealeuiﬁ:ed. This means that if the load impedance varies
for any reason, the exect manner of this variation must be known
before the power may be measured. Therefore, these instruments may
not be considered as direect reading. The following is a discussion
of a few of the methods now used to measure power at radio free

quencies.

- The Ammeter Method--Ammeters are available that will correctly




indicate the value of radio frequency c\n';-ont over a wide range
of frequencies. These instruments are of the thermocouple type end
respond to the robt mean square value of curremt, /An ammeter of
this type may be used to measure power if the series resistance
component of the load impedence is known. The power is then given
by the fnmiliar equations

Fodials (1)

The emmeter soale is then calibrated in terms of power for a
given value of resistances :

The disadvantages of this method are apparents The watimeter
may not be transferred from one eircuit to another wnless the series
resistance component of the load is the same in every case, Also,
the resistence of a partioular load must not change or the calibra=
tion of the ammeter soale will not be corrects

However, this method is simple and quite accurate provided
that the series resistance of the load does not changes For these
reasons, it is used frequently in such applicstions as measwring
the power delivered to an antenna system. Here, the ridhtion resise
tance of the antenna may be measured by means of an impedance bridge
and this resistance will not chenge greetlye. Periodic checks can

be made and seale corrections applied when it is found necessarys

Voltme ter Methode=Voltmeters ere also available to accurately mes-

sure radio frequency voltaeges. These instruments have a very high

impedance so that they have a very small effect on the ecireuit
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under teste Vaocuum tube voltmeters are the most commonly used for
this applieation, although electrostatic voltmeters may be used in
Some Qases.

If the voltage across the load is known, and the parallel come
ponent of resistance can be determined, the power may be readily

caloulated from the equations

P B (2)

R
y
This method is very similer in nature to the ammeter method.
However, this method is not used commercially %o the same extent

as 'a\ho : ammeter methode

The Three Ammeter Methode~A method has been deseribed by J.L. Hollis

(1, ppe 142-143), for messuring radio frequency power by means of
three simultaneous ammeter readingse The way in which these ame
meters are conneoted in the cirouit is shown in Figure 1.

In this eirouit, A, measures the ourremt through the load Zyo
end Ag, in series with a known capacitive reactance Xqe determines
the voltage across the loade The third ammeter is used in conjunce
tion with the other two to determine the phase angle of the load.
The magnitude end phase angle of the load cen be caloulated from
these three ammeter readings. Therefore, the power may also be de=
terminede For greatest acouracy, X, should have somewhere near the

LQ
This method has the advantege that the power may be measured

same magnitude as Z

without previously kmowing the exact value of ZL. However, it has

two distinet disadventages which 1imit its use as a general purpose
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FIGURE 1

Three ammeter method for measuring R-F power and load
impedancee



ingtrumente First, it is not direct readingy that is, three simule
taneous readings must be made and the power then determined by cale
culation or by graphicel solutione The other disadventage arises
from the fact that for greatest accuraocy X, should be nearly iqml
%o Zp+ Therefore, the magnitude and phase angle of the load impede
ance as seen from the generator is greatly altered. This may not be
permissible in uny applications. The method has been used, honcnr,

and has proven quih utilftctory on speeific applications.

Other Methods-=Other methods have been tried with verying degrees

of sucocesss Several methods heve been presented vsing vecuum tube
cirouits (3, pp.937«938)s One of these combines two square law
vacuum tube volimeters in such a way as to give an indiecation proe
portional to the product of the curront and voltege and the cosins
of the angle between them.

In the microwave region the usual procedure is to convert the
miorowave power into heat and then use this heat to alter the resise
tance of some element such &8s a thermistor. Then Ly means of bridge
measurements the change in resistence is voalibratad in terms of power.

A1l of the methods desoribed so far have definite limitations.
The following is an investigation to determine if thorp is some .
different method of approach whereby an instrument could be developed
which would more nearly epproach the versatility of the watimeters

employed et power system frequencies,



AN ANALYSIS OF TH? PROBLEM

General Considerationse-In analyzing the problem of making measure-

ments of power, the basic concept of power in an eleeotric cireuit
~should first be studiede Consider the cireuit of Figure 2.

If in this cireuit, the quantities e and i represent the ine
itantmoua magnitudes of the voltage across the load and the cure
rent through the load, then the instenteneous power devaloped in the
load will be the produet of the two.

Instantaneous power = ei (3)

However, the quantity that is usually desired is the average
power rather than the instantaneous powers The average power cen
be determined by integrating equation (3) over one complete eycle,
end dividing by the periods That iss '

T
Average power = .;.5 el dt (4)
4]

The electrodynamometer type watimeter responds to the average
value of the product of the currents in the ataﬁionnry ooil end
the moving coil,

Defleotion = _‘1‘7 S::.a,, dt (5)

In this equation k is & constants Therefore, if the current
in the stationary coil is proportional %o the current in the locd;
and the owrrent in the moving coil is proportional to the voltage
across the load, the deflectiun will be directly propoi'tional %o

the average power delivered to the load, This hes been dons at



FIGURE 2

Source of power oonnected to a loed impedance, Zjp.



powsr frequencies which results in instruments that will acouratee
ly indicate power regardless of waveshape or value of load impede
ances
If the ourrent and voltage in equation (4) are both sinusoidal
functions, then the equition can be written
2n
Pove = _1 S (Bpsinwt) L sin(wt + 6) d(wk) (6)
= Jo
where Ep and L, are the mux&mum,vﬁluns of the functions, and 0 is
the phase angle between them. If this integral is evaluated, the

expression for power becomes
Pave ™ Enln 408 0 (7

Sinoe the voltage is the product of the current and the load

impedance, the power cen also be obtained from the equations

P eIt 2 008 0 (8)
ol e
- Pa _E_:_f:_f_ 6ce G (9)

These equations are representative of the emmeter method and
the voltmeter method of measuring power,

In redio frequency power measurements, the diffioculty arises
from the fact that an instrument of the dynamometer type that ﬁll

operate at these frequencies cannot readily be constructed.
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An Analysis of the Power Tramsferred over a Transmission Line=-Cone

8ider the case of & high frequeney trensmission line with no power
losses in the line itself, such as that shown in Figure 3.
With éha aymbols defined as shown, the incremental voltage
drop ascross an elementary length of line, dx, will be
dv = 42 dx (10)
The decrease in ourrent through the element of length will be
di = vy dx (11)
From these equations, the equations for voltage and current

at any point on the line mey be determined as followss

% . 12 (12)
and
g-;. = vy (15)
differentiating: R
v, a (14)
w2 =
and
ac av
— _ (15
dax® - ' ;
Substitubing the value of g‘.;_ from equation (13) into equation
(14):
-d.g_! = Zyv (16)
ax? |

8imilarly, the second derivative of current with respeect bo
distance becomes:

e S (7
2 yi (17)

These equations ere straightforward, linear, second order
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SYMBOLS:

Is i dx I IR
— ————0} | —
| S |
| %sY :
' |
l |
| [
| |
v | | V.
8 I | R
| |
| l
| |
l |
]
I T
b dx —te x
FIGURE 3

The genersl transmission liree

Vg = instantaneous
Is = instantaneous
v = instantaneous
i = instantaneous
IR = instantaneous
Vﬁ = instantaneous
%2 =

=

sending
sending
voltage
current
current
voltage

end voltage.

end currente.

at any point, Xe
at Xe

at reoeiving end.
at receiving end.

series impedance per unit length of linee
shunt admittance per umit length of linee
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differentiel equations with constant coefficlents and the solutions

are
v e Aex'ﬁ'y + BO‘xﬁ (18)

1‘19.'..4‘/;3:42?«%];.“@ (19)

In these equations, the quentity JZy is called the propage-
tion constant, end with no losses in the transmission line, will
be an imaginery quentity denoted by the symbol jfe The quantity

E is the cheracteristic impedence of the trensmission line, and
will be resistive for e lossless line. The ususl symbol for this
quantity is 29. The constantes A and B may be evalueted from the

Boundary conditions. When this is done, equations (18) and (19)

becomes
v-['n,.ﬁé&],ﬂﬁx,, E.R_ fg_z._.] -jRx  (20)
B v i w YR “» 1R ‘”3
: [ﬁo*'% ] odx [2% - | ]. (21)

The quantities on the right of equations (20) snd (21) repre-
sent traveling waves, one traveling in the positive x direotion
and one %traveling in the negative x direction. The combination of
these two components will give the usual standing wave on the
transmission line. The quantity in each of the breckets represents
e funetion verying sinusoidally with time.
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L;E- + -1}}2-?.] @ Vl(mx) sin wt (22)
--;B- o 3%-7;9.] = r(m) Bin(w + 9) (83)

In these equations, ¥, (ﬁx) is the maximun value of the ine
cident treveling wave, Vi(nax) is the meximun value of the travel-
ing weve that is reflected from the load, eand O is the phase angle
between these two voltege waves at the loads The magnitude and
sign of O are determined {rom the relationship between the charactere
istic impedance of the line and the load impedance. The quantities
eIB% gna .-jﬁx represent a phese shift of the sinusoidel quantities
8s a fuotion of distence. Therefore, the components of eurrent
and voltege een be eéxpressed in terms of sinusoidal functions as
toliovs:

ve V, sinw olfx 4 Vepax Si8(¥t + 6) e=Jirx s

-V, sin(wt + 8x) + V,.m sin(wt = @x + 0)

ie Vimax sin(wt + 8x) = Vrmex sin(wt -ex + 0) (25)
0 %o
These equations oan also be stated in a different form by
expressing the exponential quantities in equations (20) amd (21)
in terms of hyperbolic functions.
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v = V cosh jex + Iyd, sinh jox (26)
VR
i = Ip cosh jRx + 7 sinh jgx (27)

0

The power delivered to the load over the transmission line
is equal %o
P w 'Rmax Reax .
e cos ¢ (28)
if it is assumed that Vp and Ip are sinusoidal quentitiess The
phase angle between Vp and Ip is ﬂ.
However, from equations (24) and (25) a different expression

for power can be obtainede

an
A %,;cha a(wt) {29)

where from equations (24) end (25):
2

vE 2 Vi o402
vi = 'R gin®“(wt + 0x) = sin®(wt « ox + Q)
"Z; ' + Q% T;
Therefores
; an vz an
Beve * ;_:_1; Slinz(lt +Bx)d(wt) e E?ZL Sdn'(’at - 0% + 08)d(wt)
e o Vg (30)

When these mﬁognll are evaluated between the limits speoified,

the expression reduces to

Pave * Vin = Veu = vi(m)z' vﬁ(x'wu) (s1)
e R o

0
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Bquation (81) is the familiar expression which represents
the power delivered to the load as the difference between the power
contained in the incident traveling wave end the power contained
in the reflected treveling wave, It will be noticed from this equae
tion that if some method eould be found to measure the magnitude of
the incident voltage wave and the reflected voltegre wave, then the
power could be determined without any further lmowledge of the load
impedances Of course, the megnitude and phase of the load impedance
will determine the relationship between the incident voltage and the
reflected voltages Further examination of the equation reveals that
frequency does not enter into the relationship.

It will be remembered thet the chief diffioulties of the prese
ent methods of measuring radio frequency power arise from the fact
that an exact knowledge of the value of load impedance is often re-
quireds Therefore, if e wattmeter oan be constructed that operates
on the prineiple set forth in equation (31), it will represent a
considerable improvement over present methods. This will be particue
larly %rue in the case of experimental studies vhere the load impede

ance may be variablee

A DEVICE FOR MEASURING POWZR BASED ON TRANSMISSION LINE ANALYSIS

The first problem in measuring power by means of equation
(31) ie %o find a meens to msasure the incident voltage and the ree

flected voltage separately. At first glance this may seem to be a
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diffioult tesk, since the voltage at any point on the line is a
gomewhat compliceted funetion of both of these quantities.
However, there is & simple ocircuit available by means of
which a voltage proportional to either of these quentities may be
obteineds Comsider the eirouit of Figure 4, (2, pe 156=20).
This eireult represents a transmission line with charactere

istic impedance Z_, end terminated in e load impedence Z;. The

o?
quantities v end i represent the instentaneous magnitude of the
voltage and ourrent et the point indicated, It 1s sssumed that
the resistor, R, is physieally small compared %o the wave length
of the supply voltage. Then v and i oen be expressed &s in equae

tions (24) and (26).

ve Vi sin(wt +Bx) + Vp sin(wt « 8x + 0) (24)
i= _v_ia sin{wt +8x) « V¥m  sin(wt = 8% + 0) (25)
Z : Z
[ ¥ (4]

With essumed positive directions as shown, the unknown volte
age, V, can be expressed as the difference between the voltaege, B,
across the resistor, R, and the voltage, B, across the capacitor,

1
C The voltage E_ will be equal to the cwrrent times the resis-

- by R

tance s

ERa Ri= R [V,‘ sin{wt +8x) = Vrm sin(wt - 0% + 6)] (32)‘

P/
o
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Ay
/|

i
: :
C? Souroce v ________@ 2L,

) |
/1

FIGURE 4

Circuit for measuring reflected ocomponent of voltage.
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The voltage across the capacitors will divide in proportion

to the reactance:

x
Eol - v o1 "y ( Ca ) (83)
xol E xoz 01 4 02

If the values of 01 and Cp are chosen so that Cy is much

larger than C,, equation (33) becomes:

E°1 - f_z_v - _‘_’_z; [ Vgn gin(wt + Bx) + Vo sin(wt = 8x + 0)]

The voltage, V, can now be obtained by subtracting equation
(34) from equation (32)

Ve By = By = (R = %2) V, sia(ws +ox) = (R + %2y Vy_ sin(wbe gx40)
%e % %o - $y (35)
If the values of R end EE. are chosen so that R is equal

. & "
to _2 it is evident that equation (35) reduces to:

Cy
Ve = ('13_ + f_g) V,-"‘l sin(wt « 8% + 8)

Zog Cy
or

L c -
V(rms) (_!zg_'«b_z') Ve (rms) = VP (yme) (36)
LB | :
Thus, by means of this eirouit, with the values of R, Cqo

end C, chosen as stated above, a voltage may be obteined that is

2
proportional only to the reflected component of the total voltege.

The value of R should be small so as not to dissipate any more
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power than necessary. Also, the combined reestance of C, end Cy
should be large so as not %o draw eny more current than necessarys

A voltage proportional to the incldent eomponent of volbage
‘may @lso be obtained by placing the capacitors Cy and C, on the
other side of the resistor R as shown in Figure 5.

With this oirouit, the unknown voltage, V, is aqual %o the
sunm of the voltage drops aeross R and 01. Therefore, the voltage,
V, oan be obtained by adding equations (82) and (34)

=2 - c
v ER + E.,1 (_i;l_ * _3_) Vg_‘ gin(wt +8x)

Zo Cy
o & (%" g_?_) Vrm sin(wt «8x + 8).

If the veluwes of R, 01, and Cz are chosen as before, eguation

(368) becomes:

Ve (R4 S_z_) i, sin(wt +8x)

e O
or

V(m) = (&-bgja Vi(m) = Kvi(m) (38)
LI |

The eirecuits of Figwes 4 end 5 may be combined so that Vi
end V,, may be measured simultancouslys. How this may be done is
demonstrated in Figure 6.

In this oireuit, the resistor, R, is common %o both meeswring
01,“““ This will not introduee error if the combined reactance

of 01 and c8 is large compared to the load impedance.
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FIGURE 5

Cirouit for messuring incident ocomponent of voltage



Cirouit for simultaneously measuring Vi and Ve

R
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/’/ \\
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C2 ~ T~ C2
FIGURE 6

21



22

From these two simultaneous readings, the power could be
readily oaloulateds However, it is the purpose of this study %o
devélop a direotereading watimeter with no calouletions requireds
To do this, it will be necessary to devise a means %o obtain the
squares of the incident and reflected compenents of voltage and
obtain a deflection on sn instrument proportional to the difference
of these squares. That deflection could then be calibrated directe

ly in terms of powerse

A Square law Devise=-Since it is desired %o obtain resdings propore

tional %o Viz and ’Vrz, a square law type of detector must be useds
There are several types of vacuum tube eircults thet could be used
for this purpose, but these eirouits are usually complex end nust
have essociated power supplies to make them operative. Reference
%o Pigure 6 will ghow that the detector will heve to operate at
essantielly full line voltage above ground. Therefore, the detector
~ shoald be of simple construction and physically small to prevent
onciun upuiuic ourrents from flowing through the detector %o
grounde

Probably the simplest type of square law devies available
for this purpose is the vacuum thermocouplee The thermosouple
oonsists of & heater element in close proximity with a thermo=
jumetione When current is passed thr‘ou;h the heater element, &
voltage is developed in the thermoejunction that will be propore

tional to the square of the effective value of current flowing in



the heater elements If the thermo«junction, or couple eirouit, is
elosed through an external cirouit, the relationship between the

heater current end the couple current ean be expressed as followss
I, = nn’ (39)

In this equation, I é represents the couple circuit current,
and IK represents the heater circuit ourrente The ocouple ocurrent
will be direct owrrent, but the heater ourrent may be either direct
or alternating.

Thermocouples are available for radio frequency use with heat-
or elements that remain essentially resistive over e wide range of
frequencies. Physically they are quite small, being not much lerger
than an ordinery thimble. Such a device es this lends itself very

wall to the present application.

The Complete Cirouite-If thermocouples such as those desoribed

above are used as the detector elements in Figure 6, & mioroammeter
connected to each one would indicate & direet current proportional
to the square of the effective value of either V1 or V »® The final
step necessary to obtain a direct reading wattmeter is %o obtain a
deflection proportional to the difference between these two quantie
ties. Since a direct voltage of definite polarity is developed in
the couple cireuit, this may be done rather easily. By connecting
the couple oirocuits of the two thermocouples in series opposition
and .\uing 2 single mioroammeter to indicate the resultant ocurrent,

the required relationship is obteined.
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I'rcl « K 712 (40)

2 41
ITcz - KV, (41)
I e X EKv2 v ? K* P 42
rcl TCg - ( i r ) 2 ave ( )

In order %o oomnect the two couple eircuits together, it is
necessary that the couple be electrically isolated from the heater
in each of the thermocouples. If this were not true, there would
be an wndesired connection between the two independent measuring
oircuits. Thermocouples are aveilable in which the heater and the
couple are not physically oconnected and there is only one mioro=
miorofarad of capaocitence between them.

Figure 7 represents the completed sirecuit for a direct reade
ing wattmeter based on the expression for power in equation (31).

The circult of Figuwe 7 has been drawn for the cese where
the transmission line is a coaxial cable. The resistor, R, is then
built into the center conduotor.

Theoretiocally, the circuit of Figure 7 should funetion proper-
1y without any further modifications. However, it was found that
due to certain practicel oonsiderations some additions had to be
mades In the next section, the construction and operstioen of an
experimental model of this basic wattmeter oircuit will be desoribe

eds
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FIGURE 7

The oomplete circuit for a direct-reading wattmeter.
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AN EXPERIMENTAL RADIO FREQUENCY WATTMETER

Constructione=An experimental wattmeter similar to that shown in

Figure 7 was constructed to verify the theoretical discussions The
wettmeter was constructed for use with RG-8U coaxial cable which
" has a charscteristic impedance of fifty three ohms.

It was found that with the thermocouples connected direotly
in the oircuit as shown in Figure 7, there was still excessive radio
frequency current flowing through the hester of the thermocouple to
ground through the capacitence to ground §f the thermocouple. This
caused an wndesired deflsction of the mioroammeter.

To correct this, it was found necessary to first rectify the
voltage to be measured by means of & 1N34 orystal diode. The reotie
fied voltage was then applied to the thermocouple through a suitable
filter. The heater of the thermocouple was shunted by a capacitor
so that any current that flowed through the capacitence %o ground
of the thermocouple would not pass through the heater. The complete
experimental oircuit diagram is shown in Figure 8.

It was mentioned before that there is only one mioroemicrofarad
of capacitance betwsen the heater and the couple of the thermocouples
used, Experimentally it wes found that there 1§ considerable more

capacitance than this between the couple eirouit and grounds There=
fore, a considerable pfréion of the full line voltage appears bee

tween the heater and the couple. The insulation between the heater

end the couple is desipgned to withstand approximately one hundred
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FIGURE 8

Complete oirouit for experimental wattmetere.
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volts, so there is danger of a breakdown of the insulation unless
something is done to reduce the voltage between the heater and the
couples This was acoomplished by connecting a large capacitor bee
tween the heater and the couple as shown in Figure 8, In the final
eirouit, the only purpose of having the heater and couple insulated
from each other is to provide direot ourrent isolation between the
ﬁlo measuring oirouitse Radio frequeney ﬁohtion is effectively
provided by the radio frequency choke colles in the filter oirocuits.

The capaocitors, Cl. are variable air capacitors that may be
adjusted to the exact value necessary to give the propox? balance
between the two cirouitse

The 1N34 crystals should be selected to have as nearly idene
tical characteristioes as possibio. The same is %true of the two
thermocouples.

Figure 9 is a photograph of the final experimental model showe
ing the details of the physical arrangement of the component parts.

One of the interesting and eritical features of this watitmeter
is the oons'!;ruoﬁon of the one ohm resistor that must be placed in
the center conductor of the coaxiel cablees In order for the circuld
to perform properly, this resistor must be nearly pure resistence at
the frequency of operations Also, the resistor must be able to carry
the full line current with no apprecieble change in resistance. The
construotion of this resistor is showmn in Figure 10.

Nine one quarter watt composition resistors were mownted in a
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Front View

Non-inductive resistor
IN34 orystal

Thermocouple

Rear View

FIGURE 9

Experimentel radio frequency wattmeter
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FIGURE 10

Construction of non-inductiva resistors
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eylindrical configuration as shom in the Figure. To measwure the
voltage drop across the resistor, the leads are brought down the
center of the oylinder and out the middle in a plane at right anglees
to the direction of current flow. This method keeps the loop area
of the measwring leads at & minimum, end therefore the voltage ine
duced in these leads will be very smalle, The resistor constructed
in this manner has a resistunce of 1.2 olms and an induotive reacts
ance of 0O.14 ohms at two megacycles.

It is absolutely necessary that the reasctence of this resistor
be of the order of one tenth or less the magnitude of the resistance
components The reason for this can ba seen if the cirouit is enalyge
ed, taking into account the reactance of this resistors Consider the
eircuit of Figure 11,

In this cirouit, the reactence of the resistor is assumed to be
0«3 olms at two megmoyclese This circult wes analyzed first with a
load having a leading power factor, and them with a load of the same
mngnitudo but with a lagging power factors For the case shown,

(57,)2 = (x7,)% was equal to 3.48 with the lagging power factor
load, and only 1,92 with the leading power faoctor loads. The power
delivered to the load wes 34 watts in both casess If the reasctance
of the resistor were zero, (KV,)? « (kv,)? would be 2.73.

Thus, the presence of the reactence causes a phase error to be
present in the calibration of the wetimeter. This phase error will
be a limiting factor in determining the useful frequenoy range of the
wattmeter.
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Referring again to Figure 9, it will be noticed that there are
four terminals aveilable to connect to the miecroemmeter. The output

of each thermocouple is brought out separately so that either Viz

or V.2 may be measured independently if desireds By doing this, the
magnitude of the voltage standing wave ratio may be obtained from

the equation

VSWR = V4 + Uy (43)
Vi ™ V:,
The terminels are so arrenged that it is only necessary %o
connect the two inner terminals together and the two outer terminals

to the miorcemmeter to measure power.

Calibratione-The wattmeter was calibrated by measuring the power
delivered to & known load impedances The voltage ecross the load
impedance wes measured by meens of & vacwm tube voltmeter and the
actual power delivered to the load was then caloulated by means of
equation (9)s The deflection of the microammeter was recorded for
different values of power and this deflection was then plotted as
a funetion of the actual power. If all of the component parts
used in the oonstruetion of the wattmeter were idecl, this function
would be a straight line.

For the initial calibration attempt, the value of (:z was ade

justed by meens of a radio frequenoy bridge to make °3 equl to R
It was later found necessary to readjust the value ofyC, slightly®

to make the calibration hold true for & wide range of load impedances.
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For the final ealibration, load impedsnces were chosen with
magnitudes both mush larger and much smaller than the characteristic
impedences Also, load impedances with both leading end lagging
power factors were useds The results of this calibration, together
with the setual values of load im_podanoop used, ere shown gnphiully
in Figures 12 through 21.

An examination of these calibration curves shows that the scale
deflection is very neerly & linsar function of the actual power for
a wide range of load impedances. On each one of the ocalibration
curves, a dotted ourve is also present which indicates the average
calibration eurve for the wattmeter. It will be noticed that most
of the calibration curves follow the average ourve extremely closely
over the region tested. Most of the deviation comes at the upver
end of the seale. Some possible reasons for this deviation will be

discussed in a later section.

 Response of Wattmeter With Noduletion Present=-The calibration of

the wattmeter was obtained with a sinusoidal %two megacycle sourcee
It was also desired to determine the response of the wattmeter %o
waves of & eomplex nature. To do this, fho two megacycle ocarrier
was modulated with & sinusoidal audio signale When this is dons,
the output consists of the ocarrier plus the upper end lover side
frequencies. The complete expression for the outpub voltage with

modulation present is given by equation (44) .
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o= B sinwyt + % By sin(w, + w,)%
+m By sin(wg = w,)% (44)

2
In this equation, w, is the frequency of the modulating wave, E,

and W, are the magnitude and frequenoy of the carrier, and m is

the modulation Pactor. If the magnitude of the wmodulated carrier
and the modulation factor are known, the total power delivered to

the ‘load can be calculated by superpositions If the modulating fre=-
quenoy is smdll compared %o the carrier frequency, the impedance of
the load will be the same for the three components of oubtput voltage.

Fere = [Thma + (B Torms )7 ¢ (3700 )] gpe0

2 L
- Bﬁ (1« 3_3 ) cosd (45)
_— s

The modulation factor, or poroontay of modulation, can readily
be determined by means of a cethode ray oseilloscopes

The response of the wattmeter to a modulated wave is presented
graphically in Figures 22 end 23, Starting from some convenient
initial scale deflection with no modulation present, the oarrier
was modulated progressively from zero o one hundred per svente The
actual power output was ealeulated from equation (45)s Both the cale
culated and indiceted power were then plotted a8 a funotion of the
por cent modulations For the upper set of owrves on Figures 22 and

23, the initial defleotion of the microammeter was 100 mieroamperess
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For the lower set of ewrves, the initial deflection was 80 micro-
emperess The modulation frequency for Figure 22 was four hundred
cycles per second, while that for Flgure 23 was four thousand oycles
per seconds.

The results of this investigation indicated that power nl;y be
neasured with reasonable accuracy with th§ wettmeter when the earrier
is modulated with an audio frequency signale The error introduced
is approximetely five per cent of full scale with one hundred per
cent modulation. The error decreases as the moduletion factor de=-

oreases and is quite negligible below fifty per cent modulation.

Limitationse~From theoretiocal considerations, the wattmeter des=
eribed in the preceding sections should correctly indicate power
regardless of load impedance or frequencys However, in the actual
instrument, there are certain factors that limit the useful operating
renge.

One definite source of error is introduced because of the fack
that the veowum thermocouples sre not exaet square law devices. The
aofml relationship between the couple current and the heater ourrent

is given by the equation

1 - xb : : (46)

where n is & constant thet can be determined from experimental data.
For the thermocouples used in the experimental wattmeter, the value

of n is 1.87 for one and 1,89 for the other. The nature of the error
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produced by this deviationm from & true square law is revealed by
Figure 24+ In this figwre, the quantity V,®} = V"2 is plotted as
a function of V32 « V,2, where my end ny ere the exponents for the
aotual thermoocouples useds The standing weve ratio is the family
perameter for this set of ouwrves., It can be seen that the curves
show a definite endency to be concave downwerd, snd this tendency
becomes more pronounced as the standing wave ratio is inoreased.
Referring %o the ealibration curves of Figures 12 through 21, it is
evident that the actual wattmeter deflsotion follows this trend very
dc'finitoly. _

v'th. standing wave ratio may be approximately determined by
moans of the watimeter by taking separate readings of (KV,)? and
(£V;)? and substituting these quantities in equation (43)s If the
magnitude and phase angle of the load impedance arse known, the
standing wave ratio may be determined by first dstoi'mining the ree=
flection coefficient from the following equatione

Cha
Ke %o ; - (47)

o T NGRAIRET

E_I_,_ 1

Zg

In this equation, K is the refleetion coefficient and in general

will be & complex quantitys The standing wave ratio will then be

SIR = _1 +IK| (48)

1 « K
The quantity (Klin this expression is the magnitude of the refleection
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coefficiente.

The ealibration curves indicate that power may be measured
with ageuracy if the standing wave ratio has a magnitude of about
six or less.

A 1imi% must be pleced on the maximum power that can be mea=
sured becsuse of the current rating of the thermocoupless The maxie
mun alloweble power will be different for different values of load
impedance because the relationship between V; and \ will be dife
ferent for each cases The limit will be reached when the ewrrent
in the hester cirouit of the thermosouple messuring vi reaches the
rated values For the thermocouples used in the experimental model
wattmeter, the open cirouit souple voltege is ten millivolts when
~rated heater current is flowinge By means of the oircuit shown in
Figure 25 the maximum alloweble deflection of the microammeter can
be determined as & function of the standing weve ratio.

This circuit represents the microemmeter cirouit of the watbe
meter ineluding the two thermocouples in series with the miecroame
meter. From this oirouit, the deflection of the microammeter will

be

deflection = By = By 10 va = By - Bp 10%m  (49)

R 3045
e A B 1/2
wheret  (KV,)° = By, KVy = By

(k)2 e By KV = Bg}/2

The maximum allowed deflection will occur when El equals 10"2 voltse



Ry=1045 ohms 5 Eo R, =105 ohns

—— AN s AN

R =946 ohms

AAAA A

FIGURE 25

Cirouit for determining maximum allowable deflection of
the mieroammetor.

SYMBOLS: E‘.la open eirouit couple voltage for
incident reading thermocoupla.
E,= open cirouit couple voltage for
raflection reading thermocouples
Ry= couple resistance.
Rp= moter resistance.
Rg= 2Rg + Ry = 3045 ohms

52



Therefores

neximun deflection = : 1072 « B, ; 10° vemps (50)

7
8045

The standing wave ratio cen be axprcésed ag

SR = KV, + KV (51)

xvi..xvr

For the case of maximum deflection this becomes

SR = 107 &4 nvx; (52)

210°Y- XV,
Solving this exprassion for era

KV, = 1071 (BB =1 (53)
SR + 1
The value of (KV,) from equation (53) cen be substituted in equabion

(50) for the meximum allowable deflection, giving en expression for
the maximm allowable deflection as e fumotion of the stending wave
ratios

Maximum deflection = 327 - 327 ( SWR = ;3)2
(mierosmps) SIR + 1

(54)
Figure 26 shows the maximum allowable deflection as & funetlon

of the standing wave ratio in graphical form. The maximum soale

reading for the microsmmeter used is two hundred microampsress I%

can be seen from this figure that for a stending weve ratio of ele¥®™s
half of the scale, or a deflection of one humdred microemperes,
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may be usede

Frequenoy Response=-It was mentioned praviously that the useful free

quency range of the wattmeter would be limited by the reactance of
the series resistor in the center conduetor of the coaxiel cablee
~ This reactence should be one tenth or less the magnitude of the re=
sistence for proper operation,

The actual detector circuit, consisting of the IN34 orystals
end essociated filber, should present a high impedance compered %o
the eireuit across which it is placede For any fixed value of capa=
eitor, °1' this fact will temd to place a low frequency limit on the
useful range of the wattmeber.

POSSIBILITIES FOR FUTURE DEVELOPMENT

The radio frequency wattmeter that has been desecribed apparently
is a more versatile instrument for measuring redio frequency power
then most of those now available. It will indieate power directly
and anprﬂ:ely even though ﬁho load impedance may vary over wide
1imitses Also, it will indiomte power correctly when the carrier is
modulated with an audio signale

. The experimental wettmeter herein deseribed was construected
for the séle purpose of demonstrating the pocsibnity of measuring

power by the method set forth wnder the theoreticel discussione
No attempt wes mdde to conetruct an instrument thet would be immedlate-

1y practicel for a commercial application, Howewer, it should be
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possible, with some revision, to construct & wattmeter operating
on this prinoiple for almest any application at broadcast fre-
quencisese

The renge of the instrument could be extended to measure &
wider range of power by proper sslection of eircult ‘e‘sonshntn and
by mesns of potentiometers in the thermoeouple cirocuite

The overall asccuracy of the instrument could undoubtedly be
inproved by obtaining thermocouples that more nearly follow a
square lew and by earefully uto‘hin; the two thermocouples used.
More refined methods for constructing the series resistor would
probably meke it possible to reduce the reactancs of this resistor
below the valus obtained in the experimental modele

Although the experimental wattmeter was constructed for use
with a cosxial cable, the prineiple could be applied to an open
wire line as well,

This principle for measuring power might well be applied %o
studies involving dislectric or induction heasting applieations
where it is desired to measure the power delivered to the load vhen
the load impedance may change appreciably during the heating cyclee
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CONCLUS IONS

A method for the construction of a direet reading radio free
quency wattmeter has been deseribed thet operates on the principle
that the power delivered %o a load over a transmission line i8 the
difference between the power contained in the ineident traveling
wave and the reflected traveling waves

This instrument will correctly indicate power regardless of
the magnitude of the load impedance over e wide rangs of load impede
encess Also, power may be measured even though modulation is prount,
Experimental evidence is presented indieating the eccuracy to be ex-
pected from the instrument with the conditions specified,

Some of the factors that limit the accuracy end range of the
experimentel wattmeter are discussed so that these factors may be
given perticular attention in the design of a watimeter of this
type for sny specifie application.

The pogsibllities for fubtuwre development of this wattmeter are
diseussed, end 1% is pointed out that the instrument would be partie
cularly convenient for applieations in whioch the load impedance varies

during the period when measurements are being madee.
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Applied Voltage
(volts)

40.5
3545
35040
23.0
14.8
12.5

44.0
3840
32.0
2540
15.0
12.6

54 45
4840

31.5
1945
14.5

7540
6640
5446
43.0
2543
1744

RADIO FREQUENCY WATTMETER
DATA FOR CALIBRATION CURVES

FREQUENCY « 2MC

Figure 12 = 23 = 49 /=11.8°

Caloulated Power
(watts)

3248
25.2
180
10.6
444
3.1

Figure 13 « Z; = 63.8 /=28.8°

34 .8
24.8
17.7
10.8
369
2.7

Figure 14 = %y, = 60.5 /+46°

34.2
2646
18.4
1l.4
4.4
244

Figure 15 = Zy = 164 /42°

34 .4
2646
18.2
11.3
8.9
1.8

60

Seale Reading
(miorosmperes)

184
140

59
18
10

180
142
102

60

10

178
142

18
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RADIO FREQUENCY WATTMETER
DATA FOR CALIBRATION CURVES
FREQUENCY « 2MC

Figure 16 = Zy = 172 /=18.8°

Applied Voltege Caloulated Power Scale Reading
(volts) (watts) (mioroamperes)
7845 3442 178
6840 25,6 140
5745 18.3 102
44,0 10.7 68
27.2 4.1 20
1940 2.0 8
Figure 17 = Z, = 19.8 [~85+4°
3045 3845 180
2748 352.0 162
25.6 2648 142
234 22,7 120
21.0 1843 100
16.8 11.6 60
10.5 4.4 20
740 2.0 6
Figure 18 = Z; = 175 /+20.1°
7840 3246 173
6940 25.4 141
57.0 17.5 99
4640 11.3 62
27.4 440 20
17.6 1.7 77
Figure 19 = Z; = 81.7 / =59,7°
7540 3340 180
6340 2406 140
5840 1744 100
41.,0 1044 62
2640 349 20

16.7 1.7 7



RADIO FREQUENCY WATTMETER
DATA POR CALIBRATION CURVES
FREQUENCY = 2MC

Figure 20 = Z; = 24.8 /+53.6°

Applied Voltege ' Caloulated Power
(volts) (watts)
34.0 | 27.8
2840 ' : 18.8
21.4 , 11.0
17.6 . 744
11,8 , 3e3
9.0 1.9
Figure 21 = Z; = 1646 /4568

2445 21,0
1845 1240
11.4 4.6

76 2.0

Soale Reading
(microamperes)

140
101
60
40
16
8

29
22



RADIO FREQUENCY WATTMETER
DATA P@ MODULATION TEST
Figure 22
21, = 6045 J+46°
Carrier Frequenocy - 2 megacyecles
liodulating Frequenecy - 400 oyocles

Initial somle deflection = 80 mioroamperes

Per cent Carrier Seale Indicated Theoretical

Hodulation Voltage =  Reading Power Power
0 36 80 1640 15,0

40 86 86 16.0 16.2

50 36 92 1740 16,9

60 36 87 1708 17.7

70 36 101 18.6 1847

80 36 110 2004 19.8

90 36 118 21.8 21.1
100 36 : 132 2444 2846

Initial seale deflection = 100 microemperes

] 39 100 18.0 18,0
40 39 107 19.6 19,6
50 39 110 . 2040 2043
60 39 118 21.8 2143
70 39 126 2842 2244
80 39 133 24.6 2348
20 39 144 2648 2543

100 39 155 29,0 2740



RADIO FREQUENCY WATTMETER
DATA FOR MODULATION TES'!
Figure 23
Zy = 6045 [446°
Carrier Frequenoy - 2 megacycles
Modulating Frequency = 4000 cyoles

Initial scule deflection -« 80 microemperes

Per cent Carrier Seale Indicated Theoretical

Modulation Voltage Reading Powar Power
0 36 80 1840 15.0

40 36 87 1640 16.2

50 36 91 17,0 1649

60 26 98 17.9 177

70 36 106 19,8 1847

80 1] 113 21.0 19.8

20 36 122 22.8 211

100 36 133 2445 22.6

Initial scale deflection = 100 mieroamperes

0 30 100 18.0 1840
440 30 108 19.6 19.6
50 30 114 21.0 2046
60 39 119 21.8 21.3
70 30 125 2340 2244
80 39 135 2840 © 2348
90 89 144 2608 2543

100 39 158 2940 2740



CALCULATED DATA
EFFECT OF DEVIATION OF THERMOCOUPLE EXPONENT
FROM A TRUE SQUARS LAW
ON THY READING OF THE RADIC FREQUENCY WATTMETER
Figure 24

Stending wave ratio = 1

5.3 X B s
1 1 1
2 4 3466
4 e 13.4
8 36 2847
8 64 49
10 100 76
Stending wave ratio = 2
’Vi V‘. V§ - V% V}. - v}’“
& 1.3 14.32 11.76
8 2 32 26
8 8.67 58.8 ‘z.s
10 3033 8849 66,7
Standing wave ratio = 3
4 2 12 9.7
6 3 28 2047
8 4 48 34,2
10 5 76 54
12 6 108 7548
Standing wave ratio = 4
4 244 10625 8416
8 4.8 41 2946
12 72 0247 6345
14 Bed 126 93
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CALGULATED DATA
EFFECT OF DEVIATION OF THERMOCOUPLE EXPONENT
FROM A TRUE SQUARE LAW
ON THE READING OF THE RADIO FREQUENCY WATTMETER
Figure 24

Standing wave ratio = 6

87 89
vy Ve v: -V v}' 1 vlr.
4 2.9 746 Be9
8 4e3 176 12.9
10 7ol 49.6 34

15 10.7 i 70



RADIO FREQUENCY WATTMETR

CALCULATED DATA

MAXTMUM ALLOWABLE DYFLECTION

AS A FUNCTION OF

STANDING WAVE RATIO

Pigure 26

Maximum deflection = 327 = 327 (%{.}) mi orosmperes

SWR

e B

1
1.8
2
265
3

Deflection (uamps)

327
314
291.4
267
246.2
2286
209
194
182
170
160
143
129
118
108
23
81
78
65
69
48
41

67



