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entitled "New Methcds for Measuring Spurious £missions"”. The

report describes the effort expended in the investigation of
new methods for measuring the spurious emission power of micro-
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ABSTRACT

,iiil Newer, simpler, and more accurate methods of meas-
uring the spurious-emission power of microwave transmitters ..C« <.
~heve—been investigated. Two of these methods~-the fixed-
probe and the movable-probe methods--measure the power in
the waveguide. A third, the free-space method, measures the
powcr cutside the tra.smission line. All of the methods are
capable of accuracies of +1 db or better.

In all three methods, the electric-fiéld amplitude
is measured in a region where the modal phase constants and
the wave impedance have essentlally Lheir free-space values.
For the waveguide methods, thils region is an oversize section
of waveguide. For the free-space method, this region is out-
side the transmisslon line.

The fixed-probe method lends itself most readily to

automatic instrumentation and fes received the greatest empha-

sis during this program. Instrumentationi#ﬁi%ﬁ%n—developed
t0 measure peak power levels as low as -40 dbm in the 3 to
10 @ec frequency range in less than 5 minutes per frequency.

Primary emphasisAHégzgéén-on measurements of power
flow into matched loads. However, the extension of the fixed-
probe method to the measurement of power transferred into
mismatched loads 1s alsc described.
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A. INTRODUCTION

This report describes the effeort expended on Con-
tract AF 30(602)-2511 in investigating new methods for meas-
uring the spuricus emission power of microwave transmitters.

The complexity of the measurement problem is due
almost entirely to the large number of modes in which the spu-
rious emission power can propagate. Conventional (dominant
mode) power measuring equipment cannot be used to measure
multimede power uniess the modes and the relatlive power in
each mode are known. In practice, these powers avre not known,
and, therefore, multimode power measuring equipment is

required.

Previocusly, methods for measuring the power c¢f har-
monic and anharmonic spurious emission were developed by
Forrer and Tomiyasu, Price, and Lewis (references 1, 2, and 3).

Forrer and Tomlyasu used a movable-probe assembly
in standard-size wavegulds Lo measure the amplitude and phase
of the electric field on the walls. By performing a Fourler
analysis on the measured data, the power propagating in each
mode was determined. A computer was requlred to analyze the
data at each frequency at which measurements were made. The
authors reported that thelr prcbe tended tc arc while being
moved in the wavegulde. For this reason, the transmitter was
turned off between measurements, thereby precluding repeat-
ability 1in the measurements.

Price developed a fixed-probe technique to measure
the electric fields normal tc the toundary of a standard-size
waveguide. The power in each mode was then calculated in a
manner similar to that used by Forrer and Tomiyasu. Price’s



method eliminated the problem of arcing, but computer services
were still required to reduce the data at each measurement fre-
guency.

Lewis developed a serles of mode couplers, each of
which selectively couples a given mode to a separate output
port. By calibrating the mode couplers, it was possible to
measure the total spurious-emission power by summing the power
at each output port. This method 1s satlsfactory 1if the spu-
rious-emission power is concentrated in a known limited number
of modes.

During the present program, three methods of meas-
uring the multimode spuriocus-emisslon power were Investigated--
a fixed-probe method and a movable-probe method, which meas-
ure the power in an oversize section of wavegulde, and a free-
space method, which measures the power outslde the transmission
line. The goal of the investigation was to develop a measuring
technique that avoided the limitations of the earlier methods--
that 1s, the need for computer services, breakdown at high
vowers, and the dependence of accuracy on the propagating modes.

Fhe fixed-probe method is based on averaging the
power coupled by 36 short electric probes located on the periph-
ery of an enlarged section of waveguide. 1In the enlarged sec-
tion the phase constant and the wave impedance foir all the
modes that can exist in the standaru-size waveguide are essen-
tially equal. Wilth this type of propagation, the equations for
power flow are greatly simplified and the average of the power
coupled by the probes is proportional to the waveguide power
plus an error term. This error term is caused by the presence
of certain mode palrs in the waveguide. When these modes are
present, thelr effect on the coupled power 1s canceled to a
great extent by adjusting a line stretcher in the standard-
size wavegulde for maximum and minimum coupled power and aver-
aging the results. Measurements made over the 3 to 10 Gec fre-~
quency range showed an accuracy of 1 db or better.




The fixed-probe method lends itself to automatic
sampling techniques that enable spuriocus-emission power to be
measured rapidly. Continuously rotating probe-sampling com-
mutators and an averaging circult were designed and fabri-
cated. A receiver has been incorporated in the system to
.facilitate the measurement of spurious-emission power levels _
of -35 to -40 dbm over the 3 to 10 Gec frequency range. To

demonstrate the feasibility of the technique, the waveguide

components have been designed to make spuricus-emission ‘

measurements in S-band waveguide.

The movable-probe method that was investigated used
a scanning electric probe to measure the electric-field ampli~
tude over a plane transverse to the direction of propagation
in an oversize section of waveguide. Two balanced dipole
probes are used tc measure the vertically and horizontally
polarized components of the electric field. Measurements made
at 4.3 and 5.0 Ge gave an accuracy of O0.44 db or better.

Three free-space methods of measuring spurious-
emission power were also investigated during this program--
a scanning dipole probe, a scanning passive scatterer, and
multiple staticnary proves. The most successful technique,
the scanning dipole probe, 1is very similar to the in-guide
movable-prove method.



B. FIXED-PROBE METHOD

The fixed-probe method of measuring spuricus-emission
multimode power flow is based on averaging the power coupled
by a numper cf short electric probes located on the periphery
of an enlarged section of waveguide. This method has been
autcmated to permit rapid measurements of spurious-emission
power. The equipment required for this automated method is:

a line stretcher, a taper to the enlarged waveguide, a section
of enlarged waveguide for mounting the fixed probes, a multi-
mode matched termination, probe-sampling commutators, a micro-
wave detectcr, and an electronic circult to average the power
coupled by the probes. A block diagram of the equipment 1s
shown in Figure 1. The underlylng theory of operation and the
development of this equipment are described in this section.
The medifications required to measure the spurious-emission
multimcde power transferred to mismatched loads is alsc dis-

cussed.

1. THEORY OF OPERATION

In Appendix I, 1t is shcwn that the average of the
power coupled by a large number of probes located on the
periphery of an enlarged section of waveguide is given by:

p.-p
where
Cp = calibration constant,
£ = error term,
?p = average of power coupled by probes.
. page 812"
P (eced\ng B J—




There are twe theoretical sources of error in the
actual measurement of the wavegulde power. The first 1ls due
to the term &. € will be non-zero only 1f certain mode pairs
are present in the waveguide. In S-band guide, € can be non-
zero cnly above 6.06 Ge. As shown in Appendix I, € is a func-
tien of the lenzth of the transmission Jine between the trans-

‘mitter and the enlarged wavegulde. By varyling this length
with a line stretcher, & takes on positive and negative val-
ues, and P passes through maximum and minimum points. If
the maximum coupled power (€ maximum positive) and the mini-
mum coupled power (€ maximum negative) are averaged, € is,

Lo a large extent, canceled.

The second scurce of error 1s caused by an ambigu-
1ty of 3 db in the value of the calibration constant Cp. If
the system 1s calibrated with m,0 and O,n modes and i1s then
used to measure power which is propagating wholly in m,n type
modes (m,n # 0), the indicated power will be 3 db higher than
the true power. There are two ways to minimize this error.
The first is to adjust the calibration constant Cp so that
the maximum error is +1.5 db. The second is to display the
electric-field pattern sampled by the probes on an oscillo-
scope. If the broad- and narrow-wall field amplitudes are
approximately enqual, and 1f this relationship 1s constant as
the line stretcher length 1s adjusted, the power [iow is pre-
dominantly in m,n type modes (m,n ¥ O). When this situation
occurs, 3 db can be subtracted from the indicated power to
yield the actual power flow in the wavegulide (assuming that
the system has been calibrated with m,0 and O,n modes). How-
ever, 1t should be mentioned that experience with low-power
coaxlal-to-wavegulde transitions and the limited measured
data on an S-gand magnetron have shown that this 1s not an
lmportant source of error. More data is needed to verify
thls conclusion in all practical cases.




2. TROMBONE LINE STRETCHER

The trombone line stretcher has the internal dimen-
sions of standard S-band waveguide (Figure 2). When the
error producing modes are present in the waveguide, the error
term &€ in equation 1 can take on maximum positive and negative
values by adjusting the line stretcher length properly.

The 90-degree bends are standard S-band H-plane
tends with inside radii of 6 inches. The sliding electrical
contact 1s made by sclid spring stock with additional thick-
ness at the point where sliding contact occurs. Although the
line stretcher was fested at 3.1 megawatts, no breakdown
occurred. The trombone line stretcher was constructed with
sliding teflon pfessure seals because the power-measuring
equipment must operate in pressurized wavegulde systems.

The leakage rate, measured while the line length was changlng,
was 0.16 ¢fm a2t an internal pressure of 1 atmosphere (gage).

The line stretcher is driven by an electric motor
that can stop and reverse with less than 5 degrees overrun at
the motor--that is, less than 0.006 inch overrun in path
length thrcugh the line stretcher. This capability simpli-
fies setting the line stretcher to obtain the maximum and
minimum coupled power in the procedure to minimize the effect
of the error terms. The rate of change of path length
through the line stretcher is 14.4 inches per minute. This
relatively slow speed also simplifies setting the line

stretcher.

For the initial testing of the fixed-probe method,
a linear line stretcher was fabricated. In the final equip-
ment, however, a trombone line stretcher was required to
eliminate the relative movement between the transmitter under

test and the measuring equipment. The bends required in a

trombone line stretcher inevitably cause mode conversion,

"and, to test the effect on the power-measuring accuracy of

the 6-inch radlius bends, three types of tests were made.



The first test measured the dominant mode SWR of
the line stretcher at 4.0 Ge. The measured SWR was 1.15,
corresponding to a reflective insertion loss of 0.02 db.

The second test compared the probe constants (Cp)
obtained with the straight line stretcher with those obtalned
with the trombone line stretcher. The results of this test
are shown in Table I.

TABLE I

COMPARISON OF PROBE CONSTANTS OBTAINED WITH
TROMBONE AND STRAIGHT LINE STRETCHERS

Frequency Trombone Strailght
(Ge) Line Stretcher Line Stretcher
3.0 45.5 do 46.4 gy
4.0 43.8 dp 44.1 dov
7.7 42.8 dp 43.1 db
8.2 40.7 db 40.5 db

It can be seen from this data that the error introduced by the
trombone line stretcher 1s less than 1 db.

In tﬁe third test, a predominantly TEjp fleld patterm
was launched in the S-band waveguide and transmitted through
the straight line stretcher. The relative electric-field ampli-
tudes coupled by the top-and bottom-wall probes were then meas-
ured. This test was repeated after the straight line stretcher
had been replaced by the trombone line stretcher. The results
of these *tests are shown graphically in Figure 3. The greater
irregularity of the field plots taken wlth the trombone line
stretcher installed show that more mode conversicn dces take
place with this 1line stretcher than with the straight line
stretcher: The presence of some additional modes was also
indicated by the dependence on the line length of the average
of the power coupled by the probes. It is significant that,




using the error-term averaging technique, the constants in the
third column in Table I agree within 1 db with the correspond-

ing constants in the second column.
3. TAPER
The taper transforms the fields from the standard

size waveguide (S-band) to the enlarged wavegulde with very
little reflection and mode conversion. )

Because the description of the fleld in the non-
uniform (tapered) wavegulde is basically different from that
In a uniform waveguide, the generation of some higher-order
rectangular modes las unaveldable. However, Tor gradual tapers,
the fields in the nonuniform region differ only slightly from
these in the uniform rectangular guide so that mode conversion
is low.

When the accuracy of the system 1s considered, mode
conversion near the large end of the taper 1s more detrimental
than that occurring at the small end. Thls 1s because propa-
gating modes generated near the small end have their cut-off
{requeacies reduced by nearly the same {actor as the cut-off
frequencies of the modes present in the standard-size guide.
However, propagating modes generated near the large end of
thc taper may be near their cut-off frequencliles in the large
gulde and, thus, wlll have a more serious effect on the accu-
racy of the system (Appendix III).

In terms of a mode-conversion distribution function,
it is desirable %o weight the function so that it favors low-
mode conversion near the larger end of the taper.

During the course of this program, four tapers were
fabricated-~three linear tapers 7.1, 20, and 36 inches long,
and a nonlinear taper 36 inches long. All the tapers have

s
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transverse dimensions of 5.81 by 8.52 inches at the large
end to mate with the fixed-probe secction. The contour of
the nonlinear taper was designed so that the rate of change
of the phase constant 1s zero at both ends of the taper
(reference 4 and Figure 4). The maximum rate of change of
the transverse dimensions occurs at a distance one-third of
the total length (12 inches) from the small end. '

The tapers were evaluated by launching a TElO mode
at 3.8 Gc in the small end and measuring the relative field
strengths at the fixed-probe locations in the enlarged wave-

gulde. By comparing the measured fleld strengths with those

computed for a TE mode, the effectiveness of the tapers

could be estimateé? The enlarged guide was terminated in a
matched load. The results of these measurements are shown
in Figure 5. It can be seen that the nonlinear taper trans-
forms the TElO mode from the S-band guide to the enlarged

gulde with the least amount of distortion.

The nonlinear taper fabricated for the final equip-
ment has small end dimensions of 2.98 by 1.48 inches to mate
with the output of the trombone line strefcher. The walls
of the taper were reinforced with angle iron to prevent bulg-
ing of the taper walls when the power-measuring equipment is
pressurized.

4, FIXED-PROBE SECTION

The fixed-probe section consists of an enlarged
section of waveguide with internal transverse dimensions of
5.81 by 8.52 inches. Mounted on this enlarged waveguide are
two sets of short electric probes; each set contains 36 probes.

The inner tr nsverse dimensions of the enlarged
waveguide were chosen on the basis of two criteria. The first
criterion was that the phase constant of all modes in the
enlarged gulde should be sufficiently close to the free-space

10




phase constant so that the error caused by this condition
would be less than 0.25 db. Teking the worst case, a mode

at cut-off in the S-band guide, equation III-11 in Appen-

dix III, requires that the cut-off frequency be reduced by

a factor of 3. Hence, the transverse dimensions of the
enlarged guide must be at least three times those of the S-
band guide. The second criterion that was applied to the
choice of the transverse dimensions was that the wave imped-
ance of the enlarged guide should be equal to the wave imped-
ance of the TE
S-band.

10 mode in S-band waveguide at the center of

The annlicabtion of these oriteris resulted in a
wide dimension of 8.52 inches (three times the width of S-
band guide) and a narrow dimension of 5.81 inches (4.34 times
the height of S-band guide).

The choice of the length of the insertion of the
probes is a compromise between two factors: small insertfion
to minimize field perturbations and large insertion to
increase the sensitivity of the‘system and permlit measure-
ment of low power levels. The insertion length of the probes
in the final equipment is 0.135 inches, giving a decoupling
that varies from 51.1 db at 4.3 Ge to 45.2 db at 9.755 Ge.
Tne Increase in coupling with frequency 1s caused by the
increase in the electrical length of the probes as the fre-
quency 1is increased. System sensitivity is discussed in more
detall in Section G.

The diameter of all the probes is 0.105 inches with
a full racius at the tips to increase the breakdown voltage.
The fixed-probe section was tested at peak power levels up
to 3.1 megawatts with no indication of breakdown. A typical
probe, which is somewhat shorter than the probes used in the
final equipment, is shown in Figure 6.

11




To simplify the bandwidth requirement of the probe
sampling commitators, two sets of probes are used--one, from
3 to 4 Gc and the other, from 4 %o 10 Ge.

5. MULTIMODE HIGH-POWER LOAD

A high-power load, which 1s a good match for all
pcssible modes, 1s required to terminate the fixed-probe sec-
tion. A mismatched termination causes a partial standing wave
in the'enlarged waveguide. Depending on the phase length
tetween the mismatch and the probes, the indicated power can

be greater or less than the true power.

The shape of the load is a hollow pyramid with the
vase toward the transmitter. The matarlal 1s an epoxy-lren
mixture with the prorortion: 5 parts of iron to 1 part of
epoxy. The load wavegulide has the same transverse dimensions
as the fixed-probe section waveguide. The length of the load
is 36 inches.

4+

With the hollow-based pyramid configuration, the
prart of the load nearest the transmitter is in contact with
the walls of the wavegulde. This is ideal for heat transfer
because this portion of the load dissipates the greatest

amount of power.

Pominant mode SWR tests of the load were made by

load,

O

terminating the large end of the nonlinear taper with th
connecting a slotted line to the S-band end of the taper, and
sliding the load. In the 2.7 to 4.0 Ge range, the maximum
SWR of the load is 1.008. At 9.755 Gc, an estimate of the
load SWR was obtained by measuring the average of the powér
coupled by the probes with the load at several different dis-
tances from the probes. The ratio of the maximum average to
the minimum average was 0.2 db--a direct measure of the error
which could occur in an actual power measurement. An S-band
high-power doorknob was used as the launching structure to
provide a multimode field. The maximum-to-minimum ratio of

-
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0.2 db corresponds to an apparent SWR of 1.02. ‘anithough the
true SWR for a particular mode could he higher than 1.02,

this vaiue, obtained at 9.755 Gc, and the low SWR obtained
between 2.7 and 4.0 Gec indicate that the load 1is a good multi-

mode absorber.

The temperature rise of the load without cooling
fins, measured at an incident power level of 117 watts (aver-
age), was 27°F (maximum). The maximum temperature capability
of the egoxy-iron mixture is 500 to 600°F.

Cooling fins and a supporting framework have been
added to the wavegulde that contains the lcad. Without forced-
air conling, the fins (tntalirg 4600 =quare inches of surface)
can dissipate 3 kw at 176°F (reference 5). By operating the
load at 276OF, dissipation can be increased to an average
power of 5.4 kw. The dissipation can be increased to 10 kw
by cooling with a forced air flow of about 1000 cfm (refer-

ence 6).

6. PROBE-SAMPLING COMMUTATORS

To make the fixed-probe power-measuring equipment
capable of fufnishing power-spectrum data rapldly and con-
veniently, automatic and continuous probe-power samplling and
averaging circuits have been incorporated in the final equip-
ment. The theoretical considerations involved in automatic
probe-power sampling are analyzed in Appendix IV.

Two commutators have been fabricated--one covers
the range from 3 to 4 Gc and the other, from 4 to 10 Geo. A
typical commutator is shown in Figure 7. Each of the 36
stators is connected to a probe on the fixed-probe wavegulde.
The rotor is a choked noncontacting type and is motor driven
so that the power coupled by each of the 36 probes is contin-

uously sampled.
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Transmission through a typical segment of the 3 to

L Ge commutator as a function of the rcotor angle in relation

to that segment 1s shown in Figure 8. At 5 degrees, the rotor .
is midway between two stators, and it is at this point that
adjacent transmission curves overlap. The lowest crossover
occurs at 3.5 Gec, where the transmission is down 12.8 db.

This 1s more than adequate because the averaging amplifier is
designed to respond only to the highest amplitude pulse that
occurs during the time that the rotor sweeps past a stator.

+

The rotation speed of the rotor is 29.5 rpm. A%
this speed, at least flve transmitfer pulses will occur in the
time that it takes the rotor to move from the +5 degree cross-
cver to the -5 degree crossover at a PRF of 100 pps.

In deriving the average of the power coupled by the
probes (Appendix I), the powers coupled by the broad-wall
probes and the powers coupled by the narrow-wall probes were
averaged separately. In the initial testing, the probe power
was sampled manually, and the separate averaging presented no
problem. However, in the automatic averaging, the separate
averaging complicated the instrumentation. This problem could
have been eliminated entirely by redesigning the fixed-probe
section to have equal numbers of broad- and narrow-wall probes.
However, an aralysis of the error caused by averaging all
brobes together was made, and it was found that the maximum
error likely to occur was +0.37 db (Appendix V). The original
design of the fixed-probe section with 22 broad-wall probes
and 14 narrow-wall probes has, therefore, been retained in the
fimal equipment. The mounting of the two commutators and the
magnetic trigger gonerator in the probe-sampling unit is
shown in Figure 9.

7. RECEIVER

The required sensltivity of the detector used to
detect the RF field coupled by the probes is governed by the

14
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power levels that the equipment must measure. Since the equip-
ment developed on thils program was required tc detect very low-
level spurious emissions, a microwave superheterodyne recelver

was required.

Several commer :lal microwave fleld-intensity receilv-
ers were evaluated. As a result of thls evaluatlion, an Empire
Devices Model NF-112 receiver was purchased.

The noise figure for the NF-112 is 22 db 1n the 3

to 10 Gec range. This is a high noise figure when compared with
nolse figures of less than 10 db,.which are easily attainable
in a fixed-tured receiver. The higher noise figure of the tun-
able fleld-intensity receivers is probably caused by tracking
errors between the elements of the preselector and between the
preselector and the local oscillator and by the very « zh "F
that 1s used.

The high receiver nolse figure ralses the lower limit
of the spurious power that can be measured with a given amount
of probe decouplling. The relationship between the upprer limit
of the power-measu;ement error and the noise-figure bandwidth
product of the detector is derived in Appendix VI. Figure 10
i1s a plot of the upper limlt of the measurement error versus
the power lev 1 calculated for a 22-db nolse figure, receiver
bandwidths of 1 and 5 Mc, and a probe decoupling of 40 db.

A decrease in the upper-limit error for a glven power
level, or a decrease 1n the power level for a given error, can
be accomplished by (1) decreasing the receiver bandwidth, (2)
increasing the probe-coupling, or (3) decreasing the receiver
nolse flgure.

Decreasing the receiver bandwidth can introduce two
sources of error--one caused by the frequency instability of
the spurlous emission and the cther by the amount of sideband
power for narrow pulses. The frequency instabllity problem is
magnified because commerclal microwave recelvers do not have




an effective AFC circuit for pulsed signals. Greatly
increasing the probe coupling has the disadvantage of fleld
perturbation and decreased power-handling capabllity. How-
ever, the coupling can probably be increased to 30 db with-
out Incurring any difficulty.

The best solution is to decrease the overall noise
figure of the receiver. Table II shows the improvement in
minimum-power detection level that can be obtained by using
a state-of-the-art parametric amplifier as a preamplifier and
placing it ahead of a 22-db noise-flgure recelver.

TABLE II

MINIMUM POWER DETECTION LEVELS USING
A PARAMETRIC AMPLIFIER AS A PREAMPLIFIER

Improvement
Parametric Amplifier in Receiver
Frequency Range Gain Nolse Figure Sensitivity €
<cc¥ (db) (db) (db) i f
2 to b 20 3.0 18.4 I 3
4 to 7 ) 20 L5 15.5 |
7 to 10 20 5.5 14.8

2. AVERAGING AMPLIFIER

The averaging amplifier takes the video pulses from
the receiver, which is a linear voltage detector, and produces
an output current that is propcrtional to the average of the
peak power coupled by the 36 waveguide probes. The circuit is
a modification of the boxcar detector described in reference 7.
Figure 11 is a block diagram of the circuit.

The output of the receiver is a continuous train of
video pulses whose widths are approximately the same as those
of the transmitted pulses. Because the commutator rotor

16
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sequentially samples the voltage coupled by esach probe, the
amplitudes of the video pulses from the recelver will be pro-
porticnal to the voltage coupled by each probe and amplitude-
modulated by the transfer function of the commutator.

The input cilrcuit of the aQeraging amplifier is a
voltage-squaring circuit whose output is proportional to the
square of the input voltage and, therefore, to the power cou-
pled by the probes.

The squared video pulses from the squaring amplifier
are shown as a function of the commutator rotation angle in
Figure 12 (a TE,, mode has been assumed).

The solid vertical lines rerresent the pulses. The
envelope (dashed lines) of each set of pulses is directly pro-
portional to the transfer function of one commutator segment.
Since the transfer function is unity when the rotor and stator
are aligned (assuming an ideal commutator), the voltage of the
video pulse at the peak of each envelope is directly propor-
tional to the power coupled by the probe connected to that
segment of the commutator. The envelope of the peaks, there-
fore, is directly proportional to the sguare of the electric
field aiong the waveguide walls.

Following the squaring amplifier, the pulses are
amplified by a three-stage video amplifier (Pigure 11)}. This
amplifier provides 29 db of gain to overcome voltage drops
that occur in the peak-reading and charge-transfer clrcuits
and to provide a conveniently measurable output current.

A capacitor in the peak-reading circult charges to
the highest pulse voltage that occurs during a commutator-
segment sampling interval (56.5 msec). At each 10-degree
commutator crossover point (Figure 12), a pulse, from a mag-
netic pulse generator synchronized with the commutator,
triggers the charge-transfer circuit and transfers the peak
voltage from the peak-reading circult to the charge-storage

circuit.
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The resulting voltage across the charge-storage
capacitor 1s shown in Figure 13. A jack for observing the
sampled waveform on an oscllloscope has been provided on
the front panel of the averaging amplifler. Thils waveform
can be considered to be composed of a series of rectangles
with equal base widths and with helghts directly propor-
tional to the power coupled by the assoclated probe. If
the waveform of Figure 13 is represented by a Fourler ser-
ies, the DC term 1ls given by:

- A
v =T

where

A = area under the curve,
W = base of the curve,

Using the rectangle interpretatlion of Figure 12,

1 N
1
Vaverage B NAO TN g;l Vn (2)

where
N = 36.
Since the V, are proportional to the peak power

coupled by the probes, Vaverage is proportional to the average
of the peak power coupled by the probes.

The next to last circult in the averaging amplifier
is a cathode follower that has a load impedance with a very
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long time constant (Figure 11). Because of this time constant,
the cathode follower responds only to the DC term in the
Fourier series representation of the output from the charge-
storage clircuilt.

The long time-constant load impedance is DC coupled
to the output cathode follower, which drives the current read-
out meter. The output current is, therefore, proportional to
the average voltage given by cequation 2, which, in turn, is
proportional to the average of the peak power coupled by the
probes. Two time constants, long and short, selected by a
front panel switch have been provided. The short time con-
stant 1s convenient when adjusting the line stretcher. The
long time constant is used when making 2 power measurement.

The averaging amplifier chassis is shown in Fig-
ure 14.

9. PACKAGING

To facilitate transportation, setup, and operation,
the final equipment was divided into three major units: (1)
trombone line stretcher, (2) fixed-probe section, multimode
load, and brobe-sampling unit, and (3) instrumentation.

Units 1 and 2 are mounted on separate carts. When
the equipment is assembled for operation, the taper is con-
nected between the carts. DBoth carts have provisions for
adjusting the heights of the wavegulde components to facil-
ltate flange alignment. The assembled waveguide components
are shown in Figure 15.

The pulse instrumentation, consisting of the
receiver, averaging amplifier, and power supplies, and the
control panel, consisting of the line stretcher contrels,
readout meter, and main power switch, are mounted in a stand-
ard 1@-inch relay rack. A drawer for cables has also been
included. Figure 16 shows the control panel. The complete
relay rack 1s shown in Figure 17.

i
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10. EXPERIMENTAL RESULTS

Extensive experimental testing of the fixed-probe
equipment was performed in the 3 to 10 Ge frequency range.
A varlety of launching structures was used to test the squip-
ment with both simple and complex modal configurations. Typ-
ical examples of the tests performed follow.

a. TE Mode

19
A TElO mode was launched in the S-band waveguide at
4.3 Ge using a conventional coaxial-to-wavegulde adapter. The
power, P, in the wavegulde was computed with a correction for
the reflection loss at the adapter. The power coupled by the
probes was averaged Lo obtaln Pp, and a calltration constant
-was determined from:

The measured electric-field amplitudes at the top-
wall and bottom-wall probes are shown in Figure 18. The top-
wall and bottom-wall 1ields differ because of the presence of
some higher—crder modes. These were generated by either the
load or the taper. (This data was taken early in the program
using a linear taper and an Eccosorb load.) The side-wall
electric-field maximum was 26 db below the top-wall maximum.
Appendix VII shows that a side-wall maximum which is small
in relation to the top-wall maximum can cause the top-wall
and bottom-wall fields to differ appreciably.

The TEyjp calibration constant, CplOJ was computed
from the data and found to be 14.6 v 10% (51.6 db).

Changing the length of the S-band waveguide did not
change the field configuration. Thils indicates that, since
the S-band gulde would be dispersive for any modes that could
propagate at 4.3 Ge, a small amount of higher-order mode power
was generated in the enlarged wavegulde.




b. TE Mode
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A TEpg mode was launched in the S-band waveguide a.
4.3 Gec using a waveguide mode launcher. This consisted of a
section of S-band waveguide with two probes projecting into
the guide from opposite broad walls {Figure 19). The probes
carried equal-amplitude and equal-phase signals and were
placed at positlons corresponding to TEpp maxima in the S-
band waveguide. The measured data is shown in Figure 20.
Distortion is caused by a small side-wall contribution as
discussed in Appendix VII.

The TEpo calibration constant, Cppp, was found to
ve 18.1 x 10% (52.6 db). Changing the line length of the S-
band waveguide resulted In a peak-to-peak variation Iin the
constant of 0.2 db.

C. Simultaneous TElO and TE20 Modes

TEjp and TEpp modes were launched simultaneously at
4.3 Ge using the mode launcher and measurements were made with
several different lengths of S-band waveguide. P and Pp were
measured for each dispersive length of S-band guide.

‘Tne measured plots are shown in Figure 21. It should
be noted that the field pattern changes as dispersive sections
of guide are added. This Is to be expected because there are

-at least two propagating mecdes in the S-band gulide. The cal-
culated calibration constants are as listed in Table III.

21
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TABLE III

LENGTH OF DISPERSIVE SECTION VERSUS
CALIBRATION CONSTANT (C_,, and C o)

Length of

Dispersive Section Calibration Constant

{inches) (CplO, 20)
16 19.0 x 10*
18 © 20.3 x 10t
20 15.7 x 1o*

This 1s a peak-to-peak variation of 1.1 db.

Summarizing all the measurements at 4.3 Ge, the
variuticn in the probe constant for three types of propagating
modes--TElO, TEQO, and mixed TElO and TEEO--is +0.7 db. This
indicates that the probe constant is independent of the par-
ticular modal power distribution at 4.3 Gec. Up to L4.41 Ge,
only the TE
guide.

10 and TE20 modes can propagate in S-band wave-~

d. Multimode Propagation

The variation of Cp was investigated with multimode
propagatioﬁ. A frequency of 7.0 Ge was chosen. At this fre-
quency, propagation in the following modes is possible: TElO’
TEQO, TEOl’ TEll’ TMil’ TE21, LMQI, and TE3O.
electric-probe coaxial-to-wavegulde transition was used as

A center-fed

the launching structure and the electric field was plotted
for several dispersive lengtﬁs of S-band guide. The field
plots are shown in Figure 22. Since several modes are propa-
gating, the field pattern changes as the S-band guide lengt!
is changed. The calibration constants are shown in Table I..
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TABLE IV

LENGTH OF DISPERSIVE GUIDE VERSUS CALIBRATION CONSTANT

Length of
Dispersive Guide

(inches) Calibration Constant
16 456 x 107
17 5.95 x lou
18 6.00 x 104
19 h.22 x 104
21 5.98 x 10%
22 ‘ 6.50 x 10%

Despite the large variliation in the field configura-
tion with dispersion, the maximum variation in the probe con-
stant is less than +1 db.

Although the frequency 1s high enough to permit the
propagation of the Epix Esix error term (equation I-16 in
Appendix I), the small variation in the probe constant indi-
cates that 1ts amplitude is negligible.

The sources of error 1n thls data are variations in
the probe ‘couplings and mode conversion by the taper and load.
In the fixed-probe section developed for the final equipment,
the couplline of the individual probes was carefully adjusted
to +0.1 db.

e. Tests at 9.755 Ge

The inltial calibration at 9.755 Ge¢ was obtained
with a single electric-probe launching structure. The probe
was located in the center of the broad wall of the S-band
wavegulde.

To improve the precision of the calibration, only
relative power measurements were made. The equation govern-
ing this method of calibration can be obtained by solving
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equation I-15 (Appendix I) for the ratio of true power in the
wavegulde to the average of the power coupled by the probes.
The result is:

P
_—._‘:C —
P

p p

O

The errcr terms, £, are a function of the length of the line
stretcher.

For each length of the line stretcher, the quantity
P/Pp was measured, and the data was plotted (Figure 23A). The
dependence of P/Pp on the length of the line stretcher shows
that error terms are present.

Averaging the absolute maximum and minimum values
over the interval of measurements yilelds a calibration con-
stant of 0.573 x 103. Hence, at the calibration frequency of
9.755 Gec, the power in the wavegulide, P, 1s given by:

P = (0.573 x 10°) P,

or
P = Pp + 47.6 dbm

vhere Pp i1s expressed in dom.

To check the accuracy of the system under conditions
simulating an actual transmitter, a conventional high-power S-
band doorknob coaxlal-to-wavegulde transition was used as the
launching structure and the calibration procedure was repeated.
The resulting data is shown in Figure 23E.

The period of the error term caused by the simul-
taneous presence of the TEqy and TE31 modes is 12.4 cm at
9.755 Gc. The data shows that thls error term is predominant..
However, the fine strucfure in the plotted curve indicates the
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presence of additional error terms at lower amplitudes. The
fact that modes with odd indices predominate is consistent
with the symmetry of the doorknob launching structure.

) Averaging the absolute maximum and mlnimum yields a
constant of 0.540 x 102 or 47.3 db.

This result indlicates that, using the initial cali-
bration constant, the power measured at 9.755 Gc with the
doorknob transition would be higher than the true power by
0.3 db. This result is particularly signiflcant since the
doorknob launcher produces mocde patterns which closely simu-
late the higher-order modes that would be encountered in
measuring the spurious emlssicn of an actual transmitter.

The way 1In which these measurements were made, using relative
power, and the care which was used, all sources of experi-
mental error greater than 0.2 db were eliminated, make this
measurement indicative of the ultimate accuracy attainable
with the fixed-probe equipment under careiully controlled

conditions.

11. CALIBRATION

The final fixed-probe equipment was calibrated in
two stages--first, the averaging amplifier and receiver,
and second, the combination of probe coupling, commutator
insertion loss, and cable insertion loss.

The averaging amplifler and the recelver were cali-
brated by supplying a pulsed signal from a calibrated signal
generator to the input of the receiver. The detected video
pulses i’rom the receiver were connected to the input of the
averaging amplifier. The input signal levels were high enough
to ensure at least a 20-db signal-to-nolse ratio for the low-
est amplitude calibrating signal.

For constant amplitude pulses, the average peak sig-
nal amplitude is equal to the peak signal amplitude. Pulsed
slgnals of known peak amplitude can be obtalned from standard
calibrated slgnal generators.
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Since the average of the peak signal amplitude 1is
equal to the peak signal amplltude in this setup, the pro-
prortionality between the current output of the averaging
amplifier and the average peak Ilnput signal can be obtained.
The data that was taken was the RF output amplitude of the
generator versus the output current of the averaging ampli-
fier. This calibration curve 1s shown in Figure 24. The
constant 20-db attenuation has been subtracted to adjust the
calibration for the maximum sensitivity range of the receiver
(0-db input attenuation).

In an actual power measurement, the current indicated
on the readout meter is noted, and, using the calibration curve
of Figure 24, the corresponding input power 1s obtained. Any
attenuation present at the input of the receiver is added and
the sum is the average of the power coupled by the probes.

This calibration is not frequency-sensitive because the sensi-
tivity of the recelver is standarized at any frequency by the
internal impulse calibration.

The combination of probe coupling, commutator
insertion loss, and cable loss was calibrated by feedlng a
known amount of power into the S-band guide through a stand-
ard coaxial~-to-waveguide transition. Dominant mode transitions
were used at frequencies above 4 Gc, and short linear tapers
were used to transform from the transition to the S-band input
guide of the fixed-probe equipment.

Dominant mode transitions were used to avoid the
generation of error terms and thereby simplify the cali-
" bration procedure. The resulting calibration curve is

snown in Figure 25.

The frequency sensitivity of the curves 1s due pri-
marily to the high SWR "seen'" looking into the coaxial side of
the probes interacting with mismatches "seen" looking into the
commutator. This is particularly cvident in the 3 to 4 Gec
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band where the insertion loss of the probe cables is low.
At the higher frequenciles, the insertion loss of the probe
cables provides isolation between the probes and the commu-
tator and the variation in the curves 1s due only to the
natural frequency sensltivity of the probe coupling and the
variation with fr-quency of the commutator insertion loss.

In the 3 to 4 G¢ band, calibration points were
taken at 50-Mc intervals. TFrom 4 to 10 Gc, the calibration
points were taken at 200-Mc intervals. These calibration
intervals were arrived at by calibrating at successively
smaller increments until intermediate spot-checked fre-
quencies showed good agreement wlth the curves.

12. MULTIMODE POWER FLOW WITH MISMATCHED TERMINATIONS.

The fixed-probe equipment develcped on the present
contract measures the spurious-emlssion power transferred
into a matched load. This is useful for testing transmitting
systems with standardized load conditions and for the deter-
mination of their emission spectra as a function of controlled
mismatches inserted between the transmitter and a matched
load. For this type of measurement the power measuring equip-
ment would be inserted between the mismatch and the matched
load.

In an operational system, however, consideration
must be given to the fact that the antenna i1s a mismatched
load impedance outside the intended range of operation. This
section describes modifications to the fixed-probe method
that will make 1t capable of measuring the spurious-emission
power transferred to an arbitrary multimede mismatched ter-
mination. Three methods of measurement are considered: the
first two are exact; the third is an approximate method.
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a. EXACT METHODS

The fixed-probe equipment can be adapted to measure
the spurious-emlssion power absorbed by a mismatched load by
varylng the phase of the reflected wave at the plane of the
measuring probes. It is shown in Appendix VIII that, by
varying this phase, the power coupled by the fixed probes 1s
equal to a constant plus a sinusoidally varying function of
the phase length. By taking the arithmetic average of the
indicated power for a half-wavelength phase variation, an :
equivalent power P_ is obtained:

(3)

where
PM = power that would be absorbed by a matched load
PR = total reflected power from the multimode mis-
matched termination
The power absorbed by a mismatched load PT is glven
by
Py = Py - Pp (4)

Eliminating Py from equations 3 and 4 gives

Pp = 2Py - P | (5)

The right side of equation 5 consists of two measure-
able quantities and, therefore, the power PT absorbed by the
mismatched load can be determined. In the actual measurement
procedure, the necessary phase variation of the reflected
wave requlired to determine Pa can be obtained by measuring
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the power coupled by three sets of probes loccated at three
different cross sections along the axis of the oversize . wave-
gulde. This measurement is made with the normal system ter-
mination in place. The power PM is measured with the multi-
mode matched loading terminating the system. The power PT
absorbed by the antenna can then be computed with equation 5.
Figure 26 is a diagram of the equipment.

A more direct approach to the problem of measuring
the power absorbed by a mismatch is to use directional cou-
rling rather than the non-directicnal probes used in the pres-
ent equipment. Directional coupling can be done with pairs
of holes or pairs of probes. Using this technique the inci-
dent and reflected powers are measured directly and the trans-
mitted power is simply the difference between the two. This
approach has the advantage that the normal system termination
(antenna) is never removed aﬁd continuous monitoring is, there-

fore, possible.

b. APPROXIMATE METHOD

The approximate method eliminates the need for making
measurements with a matched lcad as required by the first
exact method. Instead of computing the average power from the
three sets of probes, the geometric mean P_ of the maximum
and minimum is computed.* The value of chgiven by

Pg = VPmax Pmin (6)

* This was suggested by S. Cohn of ECAC.
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1s approximately equal to the power absorbed by the mismatched
load. For SWR's of 3 and 10, the error would be 1 and 6 db,
respectively. This degree of accuracy may be acceptable for
many applications.

The equipment for the approximate-measurement method
is identical with that required for the first exact measure-
ment method with the excepticn of a multimode matched load.
Both methods requlre making power measurements for different
phases of the load-multimode reflection cocefficients.

Instead of using three sets of probes and additional
commutators to obtaln the reflecilion phase variation, an addi-
tional line stretcher could be uced either in the oversize
wavegulde or in the standard-size output wavegulde.

30




C. MOVABLE~-PROBE METHOD

The movable-probe method measures multimode power
flow by directly integrating the square of the electric field
amplitude over a plane transverse to the direction of propa-
gation in an enlarged sectlon of wavegulde, Measuremer.ts of
the electric field amplitude are made with a movable probe,

This section describes the theory of operation, the
equipment developed, and the experimental results obtained

with the movable-probe equipment.

1. THEORY OF OPERATION

a. General

The movable-probe method, measuring power inside a
waveguide by directly integrating the electric field-strength
measurements, uses a movable probe in a raster-type scan. It
has an advantage over fixed-probe wavegulde methods in that
error terms are not present in the integrated power. The
probes must be made small, however, to avold generatling spuril-
ous modes. The method described on the following pages 1s for
rectangular wavegulde; it can be adapted for coaxlal line.

b. Baslc Principle

The movable-probe method 1is based on the expression
for the incident-power flow 1ln a rectangular waveguilde,
Appendix III derives this expression by integrating the
Poynting vector,

Generally, the phase and magnitude of the quantities
w 4

By By By ez
x* Ty’ ez ? 2z ? oax 7 T ¥y

entire x-y plane to obtain the data for performing the desilred

must be measured over the

E E
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integration. The operation is quite complex and is not
considered to be within the scope of this investigation
pecause 1t necessitates the use of a computer.

A consliderable reductlion in complexlty can be
achieved by taking the measurements in a wavegulde wlth an
enlarged cross section that is inserted in the transmission
line (Figure 27A). The enlarged wavegulde is about three
times as wide and three times as high as the transmisslon-
line waveguide to which 1t is connected by tapered transi-
tion sections. The taper of the transition sectlons 1is
very gradual to avold generating additional modes.

The effect of the enlarged wavegulde is to make
the z-axls propagation constant independent of mode (TE or
TM of any index); the propagation constant approaches that
of free space. This permits the substitution of

-JmJEE

where

w = radian frequency
permeabllity of dielectric within. the waveguide

u_ =
) ¢ = permlttivity of dielectric within the wavegulde
H for the derivative operator %z'
The enlarged waveguide markedly reduces the values
aEz aEz
of < and Y to the point where they can be neglected.

These simplifications result in an expression,
derived in Appendix III, for power flow trat is approximately

b a
P=%foj; (]Ex]2+|Ey]2 ax dy (3)

In Appendix III, it 1s shown that the maximum error is 6 percent.
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Equation 3 forms the basls of the movable-probe
method. By using sampling probes whose output is proporticnal
to the electric fileld strength, 1t 1s possible to determine
P by having two probes, one sampling Ex and the other, Ey
(Figure 27B). Each probe is moved in a raster-scan--that is,
it scans the x-axis at discrete vertical levels. Scanning
at about ten levels should be adequate to integrate the filelds
accurately. This method 1s simllar to that for determining
spurious power from free-space fleld measurements, btut it is

accomplished in a fully shielded wavegulde,.

2. TAPER

The requirements for a tapered wavegulde transition
section between the standard-size gulde and the oversize
guide are identical with those of the fixed-probe method.

Three lengths of linear tapers, 7.1, 20, and
36 inches and a 36-inch nonlinear taper were used during
this phase of the program.

3. ENLARGED WAVEGUIDE SECTION

The design considerations for the enlarged waveguide
section are the same as for the fixed-probe method,

An additional requirement of the enlarged guide
used with the movable-probe method 1s“that the top broad-wall
and one narrow-wall must be slotted and machlined to permit the
insertion of Ex and Ey probes and to provide bearing surfaces
for the prove carrlages.

L, PROBE AND CARRIAGE ASSEMBLIES

Each of the two probes samples a component of the
transverse electric fileld in the enlarged waveguide. The
probes are identical except for the length of their 1/8-inch-
diameter coaxlal cables (Figures 28A and 28B); the coaxial cable
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of the probe that 1s to be inserted through the narrow wall
of the enlarged waveguide is 1-3/8 inches longer than that

of the other probe. (Both probes must be able to reach half-
way intc the wavegulde, and the distance from the narrow wall
to the wavegulde center is greater than the distance from the
wide wall.)

Although both probes are capable of insertion only
halfway into the guide, 1t 1s posslble to probe the full
cross-section by rotating the enlarged wavegulde sectlion
180 degrees around its longitudinal axls. By limiting the
probe insertion to 50 percent, the voltage breakdown problem

is greatly alleviated.

Two baslc types of probes were tested--unbalanced
and balanced. The first unbalanced probe tested was simply
a piece of rigid coaxial line with the center conductor
extending a short distance beyond the shield.

The coupling of this probe was found to be strongly
dependent on the length of the outer conductor within the
waveguide. An artificial ground plane was added to this probe
to reduce the effect of currents induced on the outer surface
of the codxlal shield (Figure 28AL Although this was an
improvement over the flrst probe, 1t was not entirely satls-
factory.

The first balanced dipole probe, shown in Fig-
ure 29, was designed in accordance with the principles out-
lined in reference 8. The TElO mode was launcheg in the
S-band wavegulide and electric-field measurements were made
in the eniarged gulde using thils probe. The experimental
curve 1s compared with the theoretical curve for one-half of
the gulde in Filgure 30.

It can be seen that the measured points lie below
the theoretical points., On the basls of this result and
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because - the slots in this type of probe made it impossible
to make field measurements closer than one inch from the
gﬁide wall through which the probe was inserted, a second
balanced dipole was constructed.

The second balanced dipole probe (Flgure 31) has
a balanced two-wire coaxlal feed. For the initial testing a
Sﬁripline® hybrid was used as the balanced-to-unbalanced
transformer. The TElO field plot obtained with thils probe
1s compared with the theoretical curve in Figure 32. The
measured curve shows good agreement wlth the theoretical
curve, The data was then Integra*ted numerically to obhtaln
the probe coupling constant from

K= Jo) a
b Jo

To check the abllity of the probe to make an accurate

i .
lEx{E + |Ey!2) dx dy )

power measurement with a different field configuration, a

TE mode was launched.

20

The experlmental curve and the theoretical curve
are compared in Figure 33. The data was then used to obtain
a second probe-coupling constant.

The second probe-coupling constant differs from the
first by only 0.44 db; thls indicates that the probe-coupling
constant 1ls essentially Iindependent of the fileld configuration
and that this probe 1s capable of making accurate power meas-
urements when the field 1s predominantly m,0 or O,n.

A further requirement of the probe was that 1t be
capable of measuring the electric field of one polarizatlon
iIn the presence of ancther electric field wilitn orthogonal
polarization. Tests indicated that the directlvity of the
balanced dipole probe was poor. Another probe was then

35




/7‘36

. constructed (Figure 34) whose supporting structure in the
viecinity of the probe is 1in the z- direction-—the direction of

propagetioni The gdvantage of this type of support is that

" there is'no field eomponent parallel to the supporting struc=

ture.near theé dipole beCane, in the enlarged gulde, ‘tho -

. priopagating wave is nearly a plane wave widefband baluns
“were used’ with these probes (Figure 34), The désign method

for these baluns is given ins ref°r>nce g.

To test the directivity ‘of the probes, a. TE-

10 ‘mode -

was launched in. ‘the S-band waveguide and the f1&ld amplitude
L was measured with the E and y probes. For probes with -
'perfect directivity and an ideal TE 'mode, the reeponse of

the F probe would ‘be" zero, since’ this mode has no Ex’compo—,A
nent.} The measured data are shown in Figure 35, 'If it is

assumed that there iedﬁo mode'éonvefsion in the system, the

difference betweeh'the Ey and the E plots in-db 1s a con-

~servative measure of the direetivity From Filgure. 35, it

can: be seen that the’ directivity is greater than 14 db except

‘when the probe is 1ess than 2 em from the Side wall, A

simi ar test at 5. O Gc showed that the average directivity
was about 14 db. : ‘

An estimate of the ePfect of Imperfect directivity
on syetem aceuracy can be obtained by assuming the presence
of only one electric field component in the waveguide The
apparent power will be. greater than the true power by the

‘amount of power coupled by the prooe that is orthogonal "o

the fier The error in db is then given by -

| . D) .- -
Error in db = 10 log |1 +“1o10 L : (5)
where D 1is the directivity in db.. With a. directivity of

14 db, the maximum error is O 14 "ab. With both E andvEy



fleld components present in the-waveguide, the error will

~probab1v be less,

To check Lhe overall accuracy in making a power
measurément, a standard S-band electric-probe coaxial to-
waveguido transition was used aé a 1aunching étructure atv
5.0 Ge. Thc output of. the EX and Ey probes as a:functidn

of position in theAenlarged'waveguide”cross sectlon was
" obtained.’ The prdbe constant was found by numerically
" intégrating rhe data. Thc Pésuit gavé a‘ccnstanﬁ;‘K,:ofi‘“
0.1369, 8 ’ ' N

"

The above procedune was regeated with the trari-
sition crods guidcd to 'give a diffﬁrent field conflguration
For this case, the K obtalned wau”Q.l358 The diffe"ehce of
0,04 db between the %wo values of K. 1"Vwcate.; the accuracy

_ that. could be Obtainéd'in a powervmeasuj‘m at.

The pnobes were . teuted for breakdown by connect- .
‘ing the enlarged waveguide directly to an- S -band magnetron )
through a honlinear taper. The maximum peak power available

. was 500 kw. At thic'oowe" 1eve1, there was no indicdtion of

breakdown, Sllding the probeb during the- teou had no . effect ;
On the basls of" the . increaued thickness of the z-axis dipoleu,i
“the brealdown power, without preosurizatlon, 19 estimabed to

.be about l meﬁawatr

57 ' MUUTIMODE LOAD

The requjremento for a multimode load for ‘the
movaolp probp mcthod are identical with those’ for the fixed-h
prob( method and the same 10ad can be usea w1+h ooth methods

The 1ow ~-power tegting of the movable—probe equip-.‘~f
ment was done with a batt of; Eccosorb incllned about 45 degrees
toward the direction. of propagation The measured SWR of this.
configuratlon for the dominant mode was 1 05,

Tao
"
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D. FREE-SPACE METHOD

Three methods of measuring the radiated spurious
emissions of a microwave transmitter in free space were
investigated. These methods were: (1) a scanning dipole
probe, (2) a passive scatterer, and {(3) multiple stationary
probes. Thils section discusses the theory and the results
obtained in this phase of the program.

1. THEQRY

The total power radiated by an antenna can be
determined by makling measurements over a spherical surface
enclosing the antenna. Given the power density at all points
on the spherical surface, P(6,d), the total radiatcd power is
given by

13

2 2

P =j j P(6,d) cos edgde (6)
0

ol

Measurement of the power in this manner would require a com-
plete pattern range and pattern recording equipment.

For certain aperture distributions, the energy
radiated 1s contained in an area the size of the aperture
for a distance of D2/2\, where D 1s the aperture dimension
and \ 1s the free-space wavelengtn. Thus, 1t is possible to
determine total power by measuring the radiated energy over
the aperture area only, thereby decreasing the pattern-range
requirements. It is now possible to use a prcbe to scan the
aperture in any plane from the apcrture plane (z = o) to
7 = D2/2x and still obtain the total power radiated.

39
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‘aperture, then

If we let the transmission line (wavegulde) taper

gradually to an aperture of several wavelengths, the modal

diutributjon should remain unchahged at the aperture. If we
assume a- power denslty of P(x,y) at any point (x,y) in the

=;fj‘P(x,y)‘dSb o S 3 (ﬂ)

would give the total power radiated by tre aperLure 'If’we

have an aperture of" width -a and height b, then

b, a
2.2

o
EL
Al ‘.<‘

c}~—5 :

ol
BV

The total” absolute power can be determined by

‘,integrating over the entire aperture.‘ Since the aperture

“distribution is general, a’ multitude of polarizations can be
propagated.. To' obtain the total amount of power radiated in:.
' all'polarizations, the power in only two orthogonal polariza-

tions need be detected. ~ Thus,
(:Y)"'P(:y)"'P( ) (9)

LIt a probe is used Lo measure. the power radiated
by the aperture, the probe must be calibrated to determine

140

_I‘ P(x,¥) axdy ‘ (8



the absolute power density 'The power density (Pd) in the
aperture is determined by 4 ' ' '

By oo By
P. = —or A. = 5— 10)
d- Ae e Pd
where. ) S ‘
P = powerAreceiVed by the probe,
Ae = effpctive area of the probe

To determine the effective area of the probe,‘tﬁe :
t received ‘power in a fier nf known’ poWer denquy is measured.
"_By transmitting a known power into a hopn that will .support 4
-only the TElO mode, the absolute power denolty distrlbution

‘ aCFOSD the aperture is determ;ned .The power aensity in the.

O H= plane ‘is glven by P cos (nx a) and is. constant ln the

UE- plane. Thus ‘ o :

. 3 5 . :
ey [ [ B eos? BE S any
‘Inwgmﬁhgg .
T abP o T o
or“v : .
2P
2P .
Po= 2% (13)
‘where ' : - o
' Py = the total power transmitted, g
P, '= the maximum power density at the center R -

of the aperture (x = o, .y = o),

uqu
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”“shown in Figure 37.

‘ TFOl mode could be determined with an accuracy of 0.2 dh.

Thus, knowlng PT’ a, and b, Po can be determined.
By .then measuring the power received with the probe at the
center of the aperture, the effective area of the probe can
be determined from

Y‘A"=~ :_2 ' | | u (14)

The results obtained with the'three’typestoﬂ probes

‘are given in the following sections.

ST SCA‘\INTNG DIPOLE PROBE

Thé electric~ field measuremento were made with a

shall dipole connected to a balanced transmigsion line to

minimeze fielad perturbations. and the effect: ci unbalanced

currents 1nduced vy thc incident f.eld. .

Measurements were made at a_ single frequency with

_the TElO mode propagating in the S- band guide. With the
‘dlpole and transmission line 1n a plane perpendicular to the

direction of.propagetion,'the results diftered by 0.5 db from
measurements made wilth the dipole'amd transmission line

;parallel‘to the direction of propagation.‘ In both cases,‘the”

dipole wa s paraljel to hy' The equipment setup i1s shown 1n

CFigure 36. The experimentally de%ermined power den51t¢es are

(
i

Separate power measurements were also made - at 5.5 Go

w1th TE 10 and TF o1 propagablon - The difference between the
measured powers was (0.2 db indlcaflng that, using the probe

. conetant Paleulated from the TFlO data, Lhe power . in the

LI

1nce it is possible to have modes with orthogonal

polarizations propagating, it is necessary to measure the two '

u.components. This can be done by scanning the. aperture twice

V42...'
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8 . ‘
with the probe orthogonal in both cases. It may also be.
poesible to use crossed dipcles and have two outputs, one for

“each polarization, and continuouuly monitor each cr switch
. rapldly between them while scanning. ! , o ‘

An important factor in the seneitiyity of "the

- seanning probé system 1s the degreerof the coupling of the
fprobe to‘the incident'field The coupling'for 2 small

matched probe depends on the effectlve area of the probe,

this, in turn, 1s proportional to the square of the wavelength
Thus, the coupllng w1ll vary as a’ function of frequency at the
" rate of 6 db per frequency octave. It is posgible tc use a

different probe for each octave, thus llmiting the change to

6 db However,'co 81mp11fy the equipment it 1s more desireble

“to operate the .probe over a wider band and calibrate the
‘coupling varlauion

The coupling is lowest near. the fundamental fre-

- quency where thc higher powers are.to be expected and

increases with frequency Thus, the sensitiv1ty increases

’ as the expectcd output power decreases The coupling at
- 5 5. Gc Wl th the present experimental probe is about 30 db.

3. ROTATING .)CATTE’{E‘X =

A technique for meacuring the’ fleJd distributlon in

"ﬂthe near flP]d of an antenna used at Ohio State University T
(reference 10) and in England (reference 11) was investigated.
“This. technique consiSted'of’scanning the aperture of a wave-
aguide horn With a scattering element' The element used was

a short thin metal rod mounted on a nylon Strlng. The energyt”

scattered by the scattering element was received with a wave-
guide horn located away .from the transmitting antenna. Lo
separate the scattered Signal;ﬂrom the energy belng radiated
from the transmitting‘hornl~the-scattered signel was modu-
lated by spinning the element at 1200 rpm, vThe element was



. »

i

spun about an axls perpendlcular to the axis of the rod and
in a plane containing‘the vectors designating the electric

. field and the direction of propagation. A heterodyne recelver

was used to amplify and detect the received signal. At .the
output of the receiver, a tuned AF amplifier was used to
amplify the detected signal. The output of “the AF amplifier

'was dependent on the’power—density level at. the.point at which

~the scatterinl element'was 1‘eAted' By»staﬁning the. aperture

o the transmitting horn with the scattering element, the-

. distribution of power density 1n the aperture was determined

The total power transmitted was then found by integrating over

the aperture of the horn. To obtain absolute power, 1t was

-,necessary to calibrate the receiver as a wattmeter., The main

advantage of this method was that no transmission lines were

»required in-the aperture of the transmitting hora.

When measurements were made using this approach
the distribution across the aperture was not that expected

 for the TE 10 mode.v Instead, rapid variations oocured in the
‘distributiOﬁ. These Variations were caused by the scattered
.ufield reflecting . off the waveguide walls.' Previous experi-

menters were able to minimize thé effects of these reflections

by using a very uhort soattering element and a directional -
,coupler in the wavegulde of the transmitting horn to receive

the scattered signal

. , For this task, the use of a ‘directional coupler ls
not feasible ‘because the power. to be mea sured will be in

,wavevuide capable of supporting higher- order modes. In addi~

tion, .a diréctional coupler that responds equally to all

possible modes'is beyond the state of the art. Also, the

energy in. the different modes would depend on the location
of' .the scattering element ln the aperture Finally, the
sensltivi ty of this syutem 18 below that obtainable with a
scanning, probe



4, MULTIPLE STATIONARY PROBES

The possiblility of uging a number of Stationary
probes rather than a single scanning probe was investigated
because switching betweeh probes can be accomplished more
rapidly than ;eanning the probe. To deflect the energy ahd.
to furnish a termination for the transmission lines of the
probes,'a ground . plane was 'placed in front of the aperture
and tllted at a 4” degree angle., Dipole probes were Used in
the plane of the apertupe'with the transmission lines running
parallel to each other and perpendicular to the horn aperture
back. to the ground plane. By sampling the" energy at each of"
these probes and integratlng over the aperture area, the out-
put power can be obtained. mhe multiple-probe method intro- -
~duced éeveral problems that were not so]ved compleuely. “"Af'ter
the energy is reflected From the ground plane, the’ transmjssion
lines were orthogonal to one polarlzation only -and, thus,
affected the other’ polarizatjon. Also, the coupling between‘

_ probes was‘troublesome If the number of probes is reduced,
both problems are aILCV1ated somewhat but the accuracy is
degraded N

Another multiple-probe arrangement.used‘vertical

'.»étubs mounted on the 45-degfee ground plane.' Since these

probes respond to only one polarizatlon, the electric field

at the horn must be measured in two orthogonal positions.
Although this. eliminated the tran mission line problem, the
coupling was still troublesome, and probe responses were not
equal. Also, since the probes are not in a plane parallel

" to the aperture, it is possible to obtaln ‘Tongous informa-
tion because the measurements are being maae in the near fleld’
where the energy distribution changes as a function of distance'
Irom the aperture. If the aperture distri ution is known, it
is possible to compensate for this conditian’, o

s



E. CONCLUSIONS

The flxed-probe, movable-probe, and free-space

methods are capable of measuring multimode power with an
“accuracy of +1 db or better. No computer services are

required for data reduction.

The fixed-probe method has three iwmg~rtant advan-
tages. The flrst two advantages, inherently high power-
handling ability and small fleld perturbatlon, are the result
of the small amount of probe insertion and the use of over-
size waveguide. The highest power avallable for testing was
3.1 megawatts, and, at that level, no breakdown occurred.

The third advantage 1s that fixed probes can be readily
adapted to automatic sampling techniques. The fixed-probe
method has error terms in the expression for the probe coupled
power; however these terms are eliminated by using a line
stretcher in the standard-size guide. Although the emphasis
on this program has been the measurement of power into matched
loads, the fixed-probe equipment can be adapted to make meas-
urements of spurious emission power transferred to mismatched
loads.

The movable-probe method does not require a line
stretcher. However, the power-handling ability of this
methed 1s less than that of the fixed-probe method because
the probe must be inserted at least half way into the enlarged
wavegulde. The time required to make a power measurement is
longer than with the fixed-probe method since the probes must
scan the entire cross section of the wavegulde. The movable-
probe method would be useful in an application where high
brecision 1s a prime factor and speed and power-handling abil-
ity are of secondary importance.

Preceding Page Blank
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The results obtained with a dipole probe scannlng‘
the‘radjation aperture indicate that this iz the most satlg-
factory method for mcasurjng spurlouﬂ—emleeion power in free
spaee. SMig method is also relatively slow because of the
seannir‘vxequlrcment - Another disadvantage of the free- space
methoc i1s the radiation hazard when maklng measurements on

high- pOWe” transmltters

w

o In view of the adVdntageb of the fmxed probe method
“'the instrumentation “equired tor: rapid and COntiﬂUOUb spurlous—
em*331on power measurements was developed The probe sampling
~commutators and’ the averaging ampllfler permit the multimode
n\ourious emlssion power bO be read contlnuously at any given
':frequency w“Lh *he contlnuous turlng TGPGLVET, complete“
SpUPLOUb“em1SSjOH spectrum meaburemento can be ‘made . The

tlme requlred is lebe thdn.B mlnutes per frequtncy
.

A prelimanary ﬂnvest*gation of the problem. of »" ;

Y measuring the spuplous emlssion pOWerfradiaLed hy a mis-

o maLched antenna indicates that the flxed probe equipment ‘can
be modified to make such measurements.v

48



i,

10.

11,

12.

F. REFERENCES

M. P. Forrer and K. Tomivasu, Effects and Measurement.
of Harmonics in High Power Wavegulde Systems," 1957 IRE.
National Convention Record, pt 1, p 263-269. .

V. G. Price, ."Measuremerit of Harmonic Power Generated
by Microwave Transmitters," IRE Transactions on Micro- -
wave Theory and Techniques, Vol MIT-7, P 116 ]20 Jan- "
uary 1959.

D. J. Lewis,n‘Mode Couplers and Multimode Measurement»
Technlques," IRE Transactions on Mlcrowave Theory and
Technlques, Vol MTT-7, p 110-116, January 1959.

:“¢..C. H. Tang, "Optimization of Tapers Capable of Mulfi: '
mode Propagation,”,TRE Trans, V01 MTT- 9, No. 5,, Cdh2,

September 1961..
J. P. Welsh, ”Design Manual ‘of Natural Methods of Cooling

" Electronlc Equipment,” Cornell Aeronautical Laboratory - .
Report No. HF-8/5-Di18, Contract No. NObsT- 63043, Novem—»"
ber 1956.

J. P. Welsh, “Design Manual of Methods of Forced Air‘

© Cooling Electronic Lquipment " Cornell Aeronautlcal

Laboratory Report No. HF- 845D~ 19, Contract No.

NObsr- 63043, June 19%8

[

. J. L. Lawson and G. E. Uhlenbeck,i”Threshold Signals,
‘MIT Rad.Iab Series, McGraw HiLl Eook Co., Inc s Vol 24

New York, 1950 .

.....

3. Silver, "Microwave Antenna Theory and Design,” MIT,

" Rad Lab Series, McGraw-Hill Boék Co., Inc., p 246- 248

Néw York, 1949,

'J W. McLaughlin, ‘D. A: Dunn, and R. ‘W. Grow, "A Wide :
”Band Balun,” IRE Trans, Vol MTT 6; No. 3, p 314 July’ 1958

R. Justice and-V. %n Rumsey, Méasurements of Electrical
X .

Pield D*Stributibn,“ IRE Trans, Vol AP-3,.p 177,

A. L. Cullen and J. €. Perr, '"A New Perturbation Method '
for Measuring Microwave Fields in Free - Space," Proc IEE,
Vol 102, pt B, p 836, No. 6, November 1955,

V. &, Price, J. P. Rooney, and -C. Milazzo, "Final Report
Phase I--Meas urement and Control of Harmonle and Spurlous

. “Mlcrowave Energy, ' Rebort TIS R58ELM11R, Contract
. @F. "30(602)~ 1670, -8 July 1958, ,

hg .



INEHATAPE HNTHASYEN qEMod NOTSSIN

SNOTHNAS SCOKTIION EE0dd CEXId 40 WVHDYIA AO0TH T mEneTd

- [ Lindu]
. |oNiovyaAY
~3snd

YOLVINWNOD
7 180d-9€

o) YEINEREN 5

B/ D B D = SR
JAONILTINN ] wvANIT-NON | yauop3uis IND
. : T m ~ 3NOSWOYL.

o N ”.1” B

_¥3ILLIASNYHL

00000
[O ‘

o
- NOILD3S -
~3AIN9IAVM
39044-03X14




EY



 SWEHOIEMIS ENTT ANOWWONL 4Ny IReTvdis - . L
ELIM ‘SLOTd TTETA-DT¥IOETIE TIVN-HOLIOE NV -40L € MMOTE s

TIM NOLL08 G - SR o S ST 904 Y

YZBANN 380¥d - T © . u3gwnN 3eodd . o ,
o & 8 L s s v £ -2 | : W o 6 8 4 . ®:.8§ & ‘g .z 1% . . : !

CTE 7 T - — s1- - . : .

gi— : — — — " a1 o

bi- < . - _ i - pi-

=

Al T P

H3IHO.LIYLS 3NIT INOIWONL R fmuzu.r.wm._.m aNnn NZONZO.IP .

—d
B o T

S
o
1

\F\

i

o~y

T v,;-__,_ . /
fe=] /7"

HIHOLAWLS INIT AHOIVHLS{ ) °

-
~

© ~

[ i

W

e
P
~ ©
! A
ga NI 3ANLNGWY 01314 3AILYT3d

A M= | waeoiavis, s F:u_<m.rw./.-~

60 N 30NLNGNY Q7314 3AILVTIY

e
»

-\/ N R fw?.,,.._ ....,\x..\ -




o

..
i
"

.
[t
W
» W N
. "o )
\
W — N
N - - ) -
iy
N



ELECTRIC-FIELD AMFLITUDE

2N
ALINNERN
74 ] N,
IR
A/"/I \ N \
- v N
78 ' \\ A i
/7 H- \\ \
I v C % .
1/ I AN \L :
_a g g - MY -
FANEE SN
"l A o A‘ » v \\ \
{ UAYES S
e ((l/ ]I ‘\ IBRYEY &
] B
il ’ : \ \ N
- e
“er ¥ TN o TN
8 Iy l / R ‘“\\
=z i _,I . \\ Y |
u T . L Ll
/i - Wi
g N RIE
i / | N
ER 7:' H “'T' .
3 [T \ | \ ]
W ' 1 B
3 :—.-|2 . ) "I T u o v , rH* R
A | HEEE!
/! J ] \ i \'
B 1AL v ' A
e _l"“ \ ﬁ
. Bl _ 1o | \ |
-l 4 — . |'
| . - THEORETICAL ‘
—— = ——— 36-INCH NONLINEAR TAPER
_is 36-NCH LINEAR TAPER '~
L ~———=—— 20-INCR | INEAR TAFER ‘
: ———-— TI-INCH (INEAR TAPER ~ ||
\ L/
-0 L
: i 2 3 4 5 6 7 .8 o 10 T
o " PROBE NUMBER
URE -5 ., bOMPARISON OF MEASURED TElO hLVCTRTC FIELD AMPLTTUDE :

"TRANSFORMED BY FOUR TAPERS TO THEORETICAL TEIO







'FIGURE

7. NONCONTACTING COMMUTATOR

s




INSERTION LOSS IN DB
5 ©
_ \\ _ .
um

- piGURE B:.

4 3% 2 1 o o -2 B -4 -8 w8
ROTOR POSITION IN DESREES RELATIVE TO STATOR SEGMENT

BAND I COMMUTATOR; TYPICAL TRANSFER FUNGTION ..

Tn



A REAR VIEW

MAGNETIC PICKUP

8 soTTOM VIEW.

FIGURE 9. - PROBE-SAMPLING UNIT

“S“ROTOR BAR .

A




" UPPER_LIMIT OF POWER MEASUREMENT ERROR (N DB

3.5

3.0 -

RECEIVER NOISE FIGURE = 22 DB
PROBE COUPLING = ~40 DB

25

2.0 F

"BANDWITH =8 mME . | - /(\

. / BANDWIDTH = | MC

4}

FIGURE 10.

S -0 - . -2

-36. 38 . . -40 -42 -44

POWER LEVEL IN D8M

UPPER-LIMIT ERROR VS POWER' LEVEL



o

B

'VIDEO

1 [1hRee- N
: VOLTAGE PEAK CHARGE
(PULSES 5 1 squaRiNG | STASE sl READING |—| TRANSFER
FROM $ VIDEO - [ READING. | TRANSF
RECEIVER IRCUIT AMPLIFIER Cl CUIV . Cl ‘UI
_TRIGGER FROM -
MAGNETIC TRIGGER
. .GENERATOR -
CHARGE loutpur. | /7N ouTPUT
STORAGE gg[[‘gggﬂ |—»{ CATHODE CURRENT -
CCIRCUIT | ER [ FOLLOWER | \ INDICATOR

FIGURE 11. BLOCK DIAGRAM OF AVERAGING AMPLIFIER




| o8

PULSE AMF_ITUDE IN VOLTS

08 |—

O,

RN r"—[ ,\‘\‘\~ .
. S
| /fﬁ ‘{:‘ M
L0000 LRV
- f \ / 1 ! '\)
AN BRI RN
o \" ‘: W i ! “{
: A ‘{ }' ’=/ BN
. ! i
o AN 0l % SERLIREL ,”Q .
71 il [ R
R ’, \' | ‘I \ :
o v/,I‘ \ / ‘\\' o
ik [ P
01T \aal L | LYo
Yo e 20+ 300 .. 40 80 . 80 70 . 80 %0 - . 10’0‘ o

| COMMUTATOR ROTATION ANGLE IN DEGREES

" BIGURE 12. OUTPUT OF SQUARING AMPLIFIER Vs COMMUTATOR

ROTATION A'\IGLF



| GHARGE-STORAGE-CIRCUIT VOLTAGE .

— e i I8 I 1 o i

" FIGURE 1'__3‘_;?

L
30 . 40. " -50. 760 0’ 8o T80 .00 R

ﬁOMMUTﬁTOR ROTATION ANGLE N DEGREES

i

FHARGE bTORAUF CLRPUIT VOLTAGE VS COMMUTAWORV

ROTATION ANGLL

120



) G
Vi



FIGURE 15. -WAVEGUIDE COMPONENTS AND SUPPORTING CARTS




" . '
o
‘ | B
‘
7
) .
2
3
. -
Y
l “
" o
’ v
’ Ly

: 5 |

. W
. ;\

1
i
. "
>







hY
s

. -2

[,

M
~
~
H
b"/ﬂ' .
/—% .
PP = B

-

BOT TOM WALL

A==

-ak k - TOF WALL

|

" RELATIVE AMPLITUDE IN DB
—

_ i s e
w.'a. ,[ -
i
I
S p :

[ 2 3 4 5 [ R 9 - 10 1
: PROBE NUMBER '

 PIGURE 18. MEASURED TE,q ELECTRIC-FIELD AMPLITUDE ‘AT 4.3 GC



L e



g et
- :

e

-

N\

il
1

R
[

TOP WaLL

L

e

=
e

gLt
|

1L .
BOTTOM WALL

N
\

\ -

B 4

e~y
L

/

-2

-4 f—

10 |-

© -
1.

0. N} 3ANLITSWY SALVIIR

12

- =14

=16

PROBE NUMBER .

' MEASURED TEpy ELECTRIC-FIELD AMPLITUDE AT 4.3°GC -

FIGURE. 20.-

iy



~ FIGURE 21.

o
ALY
> )
8 ¥ N
5.4 4 SN
= / +“FBoTTOM WALL \
g i -
"E . Yor waL”” ’
Z .o Pt :
3 /] F—7
W v _
T g b..//
i~z 4
L3
-6 '
i

2 3 4 85 6 7. 8% 10 1
PROBE KUMBER
16-INCH LENGTH
o i .
. S ‘ ) i
) | et . : - | ..
" ' - . N | o
VA N\
. NTop waLL l\ - —
-F L}
. 8 X
8 H ;
.z X 1 \/ b
O R i A
&-12 - ~ porrom waLL <414
= iy \ \
E ] . | b
z Lt
E- i .
. Ve
zTIe D'
Fa i
2 H
e 1 1 R
B v .
o[ “ H b S
; IR
4 .
[ .
-24 - e R = —4r [
. W . \ ’ '
-28
[ 3 3 D
PROBE NUMBER :
" ignen LeweTH -
S
. 4~
- v [/ Y K ol o I
B "84 -rf""\/ r )
o 7 N
5 . / \BOTTOM WALL N
-8
& / \\\
g N
L@ Toe waLL“l \ '\
w X
2.
L .
s
¥ .
16— L

I, 2 3 4 6 6 7 8 .95 .10
: PROBE. NUMBER o
20-INCH_LENGTH N

MEASURED TE10 AND TEpo ELECTRIC-FIELD AMPLITUDE -
AT 4.3 GC FOR VARIOUS DISPERSIVE. LENGTHS :



|

BOTTOM Wi

) 4 :
.3 .
Y
E
z .
8 :
. b
B o
: Mv
3 B
. / )
T
_ [}
3 §
E3 3
3 N
5] et
3] . -
Q-
PR Lot -
- - - s
ot SRS O
~fesd
lt
5%
Y
\
N
< w , N T ® 2
o ! A o ) T T ¥
80 NI F0ALITINY- JALYIIY

PROBE NUMBER PROBE NUMBER
I9-INCH LENGTH

"PROBE NUMBER ..
ISNCH LENGTH

16-iNGH LENGTH

S

«



I , - AN T A
h

- T - ——- = - = o=y — T 7 o .

il e A ] . I : BOTTOM WALL—/ A . R .
| ) ‘ : 74 | . " N . _i’_r ™ ] \ 0 , v

- — - 17 =Y : - : B
R It N i |

\»—'rop wacl[ 7 f - \ ARy

b’

\-_L7 -

:

\——BOTTOM 'WALL . - )
- B -4

[N St

7---4:_fL

s

LIV L } i
B ‘X v "

J
i
>
Se—
1 - i H
. " g
T
S X
) NN 5 1
e
"
!

\\
-
\) ¥
o .
k=3 -
RELATIVE AMPLITUDE IN OB

i
;
i
il
T
:
‘Lr
=
u T

i
)TOM WALL

i
1 ioate
1
b
T

U i (PO R B Jo0 . .TOP WALL/‘,\ . o |
o A= g ) K - - BN e -4 e — g -
e ‘ : : I S N T
2 3 4 5 .- 7.8 9 10 1. -
' .. PROBE NUMEER '~ o
<z WK LENb‘rH )

3

.PROBE NUMBER . PROBE NUMBER

T JSNCHILENGTH UL e ' | ZI-INCH LENGTH . ..

F‘IGURE 22. MEASURED MULTIMODE ELECTRIC FIELD AMPLITUDE A’I‘
T O GC FOR VARIOUS DISPERSIVE LENuTHS S .

FIGURE 22



| YOHOINMIS ENTT EATSHEASIC 40 HIONET SA MAMO .
QTTIA00-THOYI THYHEAY O ¥EMOd EIINDHIAVM 40. OIIVH . "t HUNDIL
0334 .m...g.kbng - .
o KO Nl RLONDY uZ&i&E . -
‘e 0f 82 92 b2 @@ 02 . 8L U9

X

€0

-3
=]

@
o

Ve

i
{
N

AR E LR RS

~
o’ >
. “'(GOi l) LNVLISNOD 380¥d

—1 850

&0 "

| 334 3805d II¥12373 . TTYM-QV08E "7
) . . : . WD NI HIONIT BAISH3GSIQ : ) .
ob 8L 9t ¥ 2 ¢ .82. 92 :ve 2 ©O0Z "8 8 ‘4 A O -8 9 v .2

29 GGL€ =

o
© -

o
[}

A
o

™ ST o P N O O 7 o

]
, .G
1. (401 %), LNVASNOD 380Yd

@
B+

o




: READOUT. METER CURRENT. IN UA -

740

200

180

160 \

140 |

30 f——

v 80

20

o]

: T —

. -87 -€8 -89 -70

- FIGURE 24.

TV =72 =73 =74 75 =76 -77 =78 -79 '-80 -61 -8R -83 -84
. AVERAGE OF PROBE-COUPLED POWER IN DBM - T

AVERAGING AMPLIFIER CALIBRATION CURVE -

»



" CALIBRATION CONSTANT [G,) IN DB

)
o

-
(=]

o
-3

A A

oo
ES

A INIALL

N,

N7 A

«a
o

o »
~ E

Nl
YN

Y
@

\
Y

I
Y U
_ VA

o
K-

. CALIBRATION, CONSTANT (C,} 1N _DB

T aa i i i
© 40 42 44 46 48 B0 52 ‘54 56 58 60 62 64 668 -6.6..7.0

i CAUBRATION CONSTANT {C;) N DB . .~ -

2 . 3, LT Y
. ‘ FREQUENGY IN 6C o
. 4 Jroscc

SRy

48 V

" FREQUENCY "IN GC
. 8. 4T0760

56 1

‘o4

. o . v Y ( j /

FREQUENCY IN 8¢’
© e 7 T0/06¢

70 72 7.4 16 78 B0 8.2 64 6.6 88 90 82 947 9€¢ 98 100 -

. FIGURE 26. FIXED PROBE CALIERATION CONSTANT =



.
:
MULTIMODE MATCHED
' LOAD(OPTIONAL) .
, ,
| / .
' | M 7/ - v
- Sl / / :
| 2 3 -

b3 33 % 8.8 53 -

s e pxxxygl -

7O REMAINING
; 'MICROWAVE COMPOMENTS .
. ) L AND ANTENNA ..
TRANSMITTER -
“LINE smercnsn N
’ sTANDARD stza WAVEGUIDE .
'H
i N
cowurnon
J3
THREE-PORT . s
1 coMmutator - N :

1 SUPERMETERODYNE
RECEIVER .~

FIGURE ?6,.’ DIAGRYS.M OF EQUIPMEN‘I‘ TO MEASURE SPU'RIOUS EMISSION
, . POWER ABSORBED BY MIDMAT(“HED ANTENNA



TO..0UTPUT .
WAVEGUIDE

FIELD 15 PROBED W

" THE ENLARGED .
| WAVEGUIDE \

e
SECTION
A-A T

" _SECTION B-B

- FROM TRANSMITTER © L . o T
" WAVEGUIDE - ’ T o

wo

4 ENL Aﬁbso mvsewbe"

" FIGURE 27: ENLARGED WAVEGUIDE AND ARRANGEMENT OF MOVABLE
= " PROBES FOR MEASURING lE and |E 1 e
: (SHEET 1 CF- )



“
o
Fl ’

. _PROBE ' SLIDES IN THE.

X an* .~ .. 77 _PpROBE CAN BE MOVED TO VAROUS LEVELS .

" PROBE FOR SAMPLING (E,|.4S A' - -
C FUNCTION OF X ANG Y. . T . . .. FUNCTION- OF X AND V-

\ E, PROBE
i 1

PROBE SLIDES IN THE:

. 77 . LEVELS OF PROBE INSERTION LT LY DIRECTION

" PROBE FOR SAMPLING |E L] 45 A
B £, AND £y PRODES .
- PIGURE 27
(SHEET.2 OF.2)




. ARTIFICIAL
GROUND  °
PLANE

FIGURE 28.

1/8 INCH Q0.D. -
COAXIAL LINE

A PROBE AND. CAkﬁm‘eE ASSEMBLY
' ‘ M

'PROEE AND CARRIAGE ASSEMBLY AND PROBE AND ENLARGEDii
SECTION OF WAVEGUIDE . . :
= (SHEET 1 oF 2) .



LW,

B. -PROBE AND ENLARGED SECTION OF WAVE, GUIDE

v FIGURE 28
- (SHEET 2 OF 2)



= \‘7}.

ry
~
N

. 030 | o

979

AT

s



: ' THEORETICAL ’
vy e I\ ‘/’/‘

// .| ff | mEasureD)

CENTER

“ RELATIVE AMPLITUDE IN DB .
R ; :
o
\

.‘_,: 1

-6

~i8 . L i
0 12 3 4 5 8 7 8 .9 10 it 12 i

DISTANCE ALONG WAVEGUIDE X-AXIS IN.CM

FIGURE 30. TEjo ELECTRIC-FIELD AMPLITUDE MEASURED WITH
SLOTTED DIPOLE. AT 3.8 GC :



"
w5

o
"
<

"

i

I

:

[ "
IO

i N

.

... .7 .. FIGURE 31.

o
K "

" BALANCED DIPOLE PROBE

)



.CENTER
’ ) - LINE
[+] - g - >

THEORETICAL

MEASURED

RELATIVE: AMPLITUDE .IN DB
| . .
: ) - [ <
. o - @, .

-re [ —
? -4

"% e 3 4 .5 6 ”_7’ ”.‘? s oo
) " DISTANCE ALONG WAVEGUIDE X-AXIS IN CM R
FIGURE 3’2 Thlo ELFCTRI” FIELD AMPLI’I‘UDE MEASURED WITH
e ~ BALANCED DIPOLE PROBE AT. b 3 GC ,
N ) L s céNTEé .
° N | . FrieoreTicaL
s Z/ |4 i N N
- MEASURED. *| "Ny " | -. |-
% -0 T T 5
E: e
16
— 1B J“ N - . )
) ! 2 3. 4 85 6 7 8 9 10 1
DISTANCE 'ALONG WAVEGUIDE X-AXIS IN" CM
.FIGURE 33.  Thgo ELEC"‘RIC FIELD AMPLI"‘UDE OBTAINED WITH 4
T BALANCED DIPOLE PROBE- AT 4 3 GC P Lo

R



u

_ FIGURE 34. Z-AXIS BALANCED DIPOLE PROBE

s

; "l

. : i
.




- AMPLITUDE IN DB

"-‘»22

Y

28

R Y
A

36

i B

20}

- FIGURE 35.

e e T 0 e T 14 e T
: PROBE POSITION ALone BROAD wAu. IN GM

ELECTRIC FIELD PLOT OBTAINED WITH |EX{;and lEy)
PROBES WITH DOMINANT. MODE FROPAGATING IN- SMALL

o GUIDE AT 3. 8 Ge

.22



\ co.

e .
’ “«‘\ FEEERATN :

FIGURE 36. FREE-SPACE MEASUREMENT SETUP ~ =



0.8 N o - J . w— COMPUTED

AT - o - . + - ®e@ MEASURED 3000 MC

RELATIVE POWER DENSITY
e

e T e 4 . -6 T8 . 0. DT
' ’ o . X IN INGHES. e '

. . .. 7. " FIGURE 37. COMPARISON OF DENSITIES OF MEASURED POWER AND

COMPUTED FPOWER -OF S-BAND"HORN FOR TE;p MODE- -



< i

o

APPENDIX I

POWER FLOW IN RECTANGULAR WAVEGUIDE IN. TERMS OF
POWER MEASURED BY. PROBES AT. THE'bOUNDARY '

An expﬂession is derived: fo power flow in recnan—“_f -
J‘gular ‘wavegulde &s a f‘unction of the power measured by elec—ﬁ' T
"tric probes 1ocated at the boundary of the guide in a’ plane
: tr'ansverse to the dlrertion of propagation:‘ ‘ ‘

B _ "The powe* flow in an ar'bitr'arily 1arge rectangular
~‘wavegulde (Figuv'e I-1); as shown. in Anpevmdix TI, yis‘ o

intrinsic impedance——lPOn f‘or fpee soace,

3
¥

<0 Ey = tr:riisl(\iral:,v:—:s of x- and v components oi the ele\,tric » )
. e . o . o

N‘ow, f‘r'om the general theory of‘ pr-opagation in r'ectangular- ‘

waveguide,
- rrmx “nmy L Ay .
Ey \T‘ mz-——:o g Enx Cos T sin T (I—E) ,
ah_d" -
SR = 2 Z ‘B sin ..r%'_z(_ dos E—%X o (I—3) ‘

y ~ m=0 n=0 Emny



R

where E_ ~and E are the x- and y- componenﬁs of the elec-

nx
tric field of the mode whose- indices are m,n. Substituting

equations T-2 and I“3 into equation I-1 ylelds

—~—

-]

M'i . '
| i rmrx n1rl
( L Emny sln & C08 Ty

(i _!Emnx sin-——cos ):l dxdy ' B

When the integrations in equation I-4 are carried

‘out, the result 1s

; s s M e . L
P =%%i(ggl IEonxl +naz=1 EmO'y ) +%mz;l Z:l (I mnx ’ |anY\ ) ' (1_5—)

* The average of the power coupled by a large number
of identical electric probes located on the periphery of a.
" waveguide can be approximated by o .

lﬁ/
. i

*“Astefisk indicates the complex conjggéte.

W



7o o Asterisk indicates the complex conJugate

] a 5.
o s J1 (2 T LI 5 o
} o " '5”50{“ J; Yly p o ‘ Iyi\, . .
} B S

2
sl bl
+ E.
FO ¥ x=0

where § 1s a constant to be determined and "
~“ where, ' ) : o
electric field in the waveguide at a probe
1ocation, o »
electric field coupled by theuprobe,;h"

m
I

o -
Il

and. el
lEpl

_ - When equations T-2 and T- -3 are substituted in

equation ‘I-6 and fhe integrations performed tne result is:

f)-at, 2l »2')..; o

n-l llln]

Py "ﬁqbc (fl & anxr + mil + Erny

m0¥

. Dy
-g‘,“',f'c—nio {_\;o “1 Emayy ingy, [1 + (:x) 1 2]} ,

4 n

%%mmu%mwﬂf

o

o X,

e

A comparison of equations 1-5 and I~ 7 shows that
the first two terms. of equation 1=T are very simllar to the

'xPOWer, P, 'in the waveguide, Disregarding the second two termsk

_of equation I- ( momentarily and delining .

n

l an Er.n“ny

~Q;+‘2;¥vFTOyFV V.f B }fa(Ifa)[i’



‘the waveguide ‘power will be

© where.

" This _optimum value of 5, 0 N
"E /F that 18 expected in practice. If 1t is assumed tnat the .
: range of E7/E is from 0 to 2, then* S .

the ratio of“CPp to P 1s

If E”is zero (no power in modes with neitber m nor n zero)

"y

o

1 . [

’,.?’f cr 'M,(éii'lf Yoo -:gi;11>l’

n . . - -
"

If E is zero (no power: in modes with either m or n zero), the
waveguide power will be o

"

Y
b

Sy

In general the ratio of E to E can not be’ known

;exactly, however, a value of B can be chosen that will mini—:
'mize the error in_-f : '

P = op?p | “ h":, i;wi : "‘f e3(ifl3)‘;ﬁ

o s ﬁopt C.

opt s is chosen for. the range of

v

. 5opt'=~°f5¥2 T ¢ sl

Sw

*vﬁoétfhas beeo-calculated by'the~method‘used‘in‘Appehdix V.

I-y

(1-10)

Paor  (8=1) . r12)

oo Ll |

ST LN



T ‘ Using this value for 8, the maximum error for the -
range from 0 to 2 is +0.88 db. f ' o o
Data on the modal power distribution of two magne—
trons. is quoted in reference 12. The first case 1s the third -
harmonic. of an S-band magnetron, where E"/E’ is 0.126, ‘
» Using éopt = 0. 612, the érror would be -0.63 db The second
case is the flfth harmonic -of an L- band magnetron, where
HF»E///E is 1. 37 . Using the same 5opt’ tne error would be‘f‘
. 0.60 db. : “ SR PR
N '»With equation I-13, the first two terms of equa—
.tion I 8. may be identified as P/C N and equation I 13 then o

joecomes V
ua"f' P R E T

where Ehrepresents the remaining terms in'eQuation I-7. The

"‘terms 1n.€ are error terms, 51nce they cause the power computed _
“"‘from equation I-14 to differ from the waveguide power. '

The first error term is o
I g ' T 1”iﬁ‘i L o
"I = |Ele|\E211‘ cos [ﬁif+gfﬁei""501) L] - (1-16)
. wherezw;’ A. S | " | » l
| .lcgi“— initial phase difference between E :and E
'“71 501,e21..phase constants of the O 1 and 2 1 modeo‘
o 'L‘—llength of S-band waveguide o '

The cutoff frequencv of, the 2,1 mode in S band wave—v
ldguide is 06 ch. "Hence), below thﬁe frequency, E ﬂs,zero and
equation I- l3 can be used directly to. compute the Waveguide o
'ipower from a. single measurement of Pp . ‘Above 6. 06 ko, the

‘;; O 1 and 2,1 modes can exist in: S band,waveguide. If the

N ”:'/ L. L i

155



o

" values of‘Pé the result is

‘ uransmithlng ‘tube-to- waveguide trdnsistion launches these

modes, 61 will nét be zero. However, since €1s the only

" term in equatlon I- -15 that depends on“L,‘Ei can be;méde'to

cancel. If-a line stretcher in the S-band maveguide'(wnichp
1s dispersive). is adjusbed Lo obtain’ the maximum, and minimum

~

p mx,: -—-C—- + el “ ' L o ) ( I—l?)
TET p S )
S e - . R
po=Eoe U 1as)

o Averaging these two equations causes e to cancel and the © o

result is equation I-13, where P is now interpreoed as the

. peak-to- dip average.( P o P

ho} max P min)/z'k

Above 7,651ko, the'sacond;éfror‘ﬁemm

%" lix[l 31)(‘ o [g N (531 Bll) {,](I-19) g

n

‘can exiut 1n fhe’ S band wavegaioe At 10 ko, 1t 13 pousible'”“‘"”
V«to have seven error “terms. However, 1n a practical measure—w

ment 1t 1s unlikely that all of-~ them will have sufficient

»'amplitude to eause an appreciab¢e error.: In particular, modesb‘
- whose m-indices are even will® not- be launched by symmetrical 1.,;,
' coaxial-to- -wavegulde transitlons that are 1o"ated 4in the cen-~

.~ ter of the broad wall of the waveguide Furthermore, modes‘”'

that ane close to theirp- cutoff frequenoy are difficult to .-

e

‘,'launch For these reasons, 1t is believed that, in Dractice, ;,th.f
* one error term will be. dominent, and tHe Use of- the line - :
f;ustretcher o obtain the peak to dip average will result in_ f
Eaccurate power meaourements : : »

W
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©. tion.

_ ‘ APPENDIX IT ;
POWER FLOW IN MULTIMODE RECTANGULAR WAVEGUIDE

This appendixudefives the expression for the total
incident power-flowing in a‘rectangqlar Waveguide ﬁhat'eon;.
tains an arbitfary set of TE andiTM modes.. Total poWer is
obtained from integration of the Poynting vector. Te'solve' 

for the incident power, we assume that the E and H fields

are measured when the: waveguide termination is mauched for

”fall modes

“The coordinate system is shown in Figure IT-1. The

time= average power flow in the z direction 1s glven by

/ / e B H,] . zdxdy o (1I-1)

~”where E and.H ‘are. the rms. values of the electric and magnetic‘

fields, espectively, and Z-is. a unit Vector An- the Z direc—-'

Expanding fhe fields into their components, givesv“

,the foilow1ng 51mplification to equatlon IT-17c | w

rb 'a , e | -
: ’ S * ¥ a -

= S He(,ExHyp - EyHX)dx y o “(II-E)
0] g VR . . . .

" We desire an expression that gives P in terms of

“the E fields only. This is obtained by eliminating H by means’

of the. Maxwell equation

XE:’;-ngﬁ‘ . k i’(Ii-éa)

o II-1



This generates the foliowing‘péiationﬁhips:

1 (2B, N
e Few ("537 73—21) S

Jand

T L R -
Y Jmu ( dz T 73X ) o ‘_(..:IIf3C)

Substituting ‘the above H and I-Iy expressions 1n

equation IT1-2 gives the result for power flow in a reetangular o

waveguide

o
+ E

%f” b
[ / [( (.5?)

II-2
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FIGURE IT-1. COORDINATE SYSTEM FOR RECTANGULAR WAVEGUIDE .



. tion II-4.

 APPENDIX IIT

- POWER'FLOW,IN ENLARGED WAVEGUIDE«

This appendix shows that the general expreseion S
for power flow in arbitrarily large rectangular wavegulae

~(equation TT-4) ‘reduces to

‘f{vf % u/r ‘/f (IEX| |E | )dxd :::' (11141)"'

: where n is the imtrineic impedance, 120v for free ‘space.

Expressions for the error u31ng equation III 1 are

also derlvedr

Let us. first eXamine the first two uerms of eoua—ﬁe

#

For a- given mode,4ir5 J E aqd ?Tl =”J%IE."”

(A, is the guide wavelength) ‘If ‘the’ highest order propa-:""

gating mode is. 1im1ted to- that consistent w1th the standard ”“
gulde,,%g w1ll approach the free- space wavelength h 1f the

‘wave is. tapered to-an arbitrarily large guide.; This enableu .
us to say that R : :

1, - Eﬁj.;/r “J/r;_(}E*l?;+;IE&|?)exdy.v»N(IIIg3) 3

ITI-1



Since A is the same for any mode, equation II1-3 need not be
separately integrated for each mode. By noting that
m) = 2w(ue) l/;, equation III 3 reduces ‘to )

,/r J/r (|E [2 'E ! )dxdy . (TII-4)
‘The right—hand éidevof equation III-% is identical -

with thé right-hand side of equation ITI-1. This implies that
Lhe latter two ternsa of equation II-4 must be zero That 18,

o ) . - -, . ‘ B
S = 1 aEZ o
I2 = j__ ; + Ey ?Er dx@y =‘O .

, , (111-5)
HWe will show that 12 must approach zero as the waveguide

'wi crose section approaches 1nfinity.

- : o Examination of i 'shows that only TM modes could
I.,contribute., We should therefore evaluate 12 ‘for a typical
. TM. mode, and take the limit as a-.and b approaoh infinity

“THe- expression for the electfic field components of. a TM

mode is'ffli’”

Bvy ko, onmy

IR “cos tsin .
- e szb/a +”n a/b : igw_" B
“ TN IQJi . _.utn,, E Tk ” o e e
IR = e sin . cos y . (III-6 )
'f“yI » P "“Jv b/a +n a/b . f__ P‘-" .
I 2 wrx .oy’
B, = \/ﬁib/a + n a/b sin e—n- in ‘I%L

”u@here Vifis,the“mode-yoltage amplitude,for’a particularimode.

III-2



. 3E, . 3E, -
'Wewcan obtain S;& and §~§'from_the preceding; -

‘BEZV—JV?\m'lr‘

g;g'= ‘*zrqjaf- \Ln b/a + 0 a/b cos m%i sin B%X,A

and o

L (II1-7)
By mdVyh TmTX g 0T ”

Sy = "abe Wlm b/a +n a/b sin S sin

: Substituting equationsﬂIII%6.andﬂIII—7Iinto equatiohﬂIII—Syéiveé"

. . s o
em 1rV 2 s an 1rV 2 _ 2 .2
. 1 2 mrx 2.nr 2 mmx ;2 .mr . 1i'g |m n -
k! / f [ & con = sjﬂ _EI _3___5. in 5= cos _sl]dxdy § Bt ;5 +_;g

(III 8)
Fquation III 8 shows that I,— () as a and b @

‘”rfor'finite my 1, and hg. Since the gradual “tapered section -
vfconnecting the "large waveguide section to the standard gize
‘}quide will preserve the bounded nodal content “of" the standard

:m:guide, the- condltion oi finite m-and n is fully Justified

"’A& must be . finite because 1t approaches the value of N in the

o large guide~ We have therefore proved that equation iII -1 is'i‘

”Acorrect,

Since, in practice, we are limiting the a and b

Nfdimensions of the large guiae to about three time° the stand-
4 \ard guide values, it is essential to show that the error in :
;using equation III 1 1is small ‘The error can be estimated by

taking the worst case: of a- mode ‘that 1s Just slightly ‘ahove -
cutoff in. the standard gulde and comparing the exact power - 4

- flow: (equation II 4) with ‘that predicted by equation ITI-1.
“'This error will be an. upper bound because most of the other -
modes Wiil be far from cutoff (cldser to a‘plane wave condi- '

tlon)



, Substituting equation ITI-6 1in- equation III 1, and
perforuing the indicated lntegrations,'gives P = i/q for
the'ideal plane-wave case. Substituting equations IIT-6 and’

'III 7 in equation IT- 4 gives the exact power flow for a given-I
TM mode. g

o Te 4 T = =L =+ m— + =21 -1
1 T2 o H b2 n S S I

. e o {1IIo9)
Thé.fractional error is - -

- ] {-._ [ j .fc 2};&/5}‘ - :"2 ;/én . v:‘: I;  :_.“v ,.” ;
€y = - "1 - - (?T) I,;‘, =-[1 - (;2) ]‘"} 1 55~-1/g(;2): rox o < 1
i Cjel/2” S A . AL

]-1/2 £
A similar analyuis for a TE mode would give a.

o fwactional error of

"—l/2 . . .
>€TE‘= 1 = ?¥ . —1 = +l/2 for =< <<l o e
. I{Iil—il)r- -

"We cafh now evaluate the error for enlarged guide o e
three times the size of a standard guide.' The maximum error-if?f»f"”“ -
~ occurs for-%—:— 1/3. . Subﬂtitution of + =1/3 in either s o
equation III-10 or III- ll pnedigts an error of 6 percent

ITI-4

IR . W LT iy : e
R Ie 2 F 5 . ) . - : . : ! i H



APPENDIX Iv

. DETERMINATION ‘OF, AVERAGE PROBE POWER UsING
A CONMUTATOR “AVERAGING ’I‘ECH]\IIQUE

A mc hod for automatically determining the average

:of the powe" coupled by the probes is. described Automatics
'. sampling of the probe power can be achieved with a - continu—

ously rotating commutator.‘ ‘The equations describing the

"'“operation of the commutator are derived

It Will be assumed that. the angular transmission

- function is exdcetly the same for each commutator segment
. 'This transmission function is shown An Figure IV 1.

. E bince the segments are identical, rotating the com—.'«'
' mutator through 360 degrees results in. the total- commutator‘
.ftransmission function shown in Figure IV«?.#~ : ‘

The output power of the J commutator segmont is-

,_’\\‘

oy
'fwhefe' . i ’
‘~Pijusginput power from ‘the [4* probe (J ) 2, .l d),
T(e)'=”+ransmission function of ‘& segment :
o

= angle of Niper ‘arm from any convenient ”h
o reference point.‘ v o

o

.The inout power will be different for each probe.. The output.'

t‘power of all the commutator segments is shown in Figure Iv- 3.f.

The total area under this curve 1s

Iv-1
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If an average-reading meter 1s used to read the

average‘§a1ue3;Q; of thé‘commutator output power over one

'mtwﬂe,ﬂmn RS

Therefore

IV-2
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APPENDIX v o o B g '\\‘
COMMUTATOR AVERAGING CORRECTION

o In a new method for averaging the power coupled by
“the fixed pﬂobes, the gum. of - the power coupled by’ all the
‘probes. is’ divided by the total number of probee. This method
i3 readily adap*able to automation. f.'

B ,In the”original method the average of the coupled v

.- power is - Sl R R ’5Tfﬁ

.
TEE

5

WEW
=

A e

S Py = sum of powers-coupled'by'broad wall probes"
P = gum of powers coupled by, nayrrow-wall, probes
K é'number of broad -wall probes, 22
- L*= number of narrow -wall probes, 14

fWhenba series of. manually operated switches is used for sam-‘

b‘”k plingg Pb ‘angd P can be. measured separately, and arter divisionr~,id
”‘by;the appropriate constant Pp 18- computed - L

The system is automated by replacing the switches .
by a rotating commutator. It 18 not now ‘possible to average
~ the- broad wall and narrow-wall powers separately.‘ "An average»ﬁ’”"
' fcan be obtained by using R o

»Clearly, Pp is not the ‘same ‘as Pp . To ninimiz the discrep-v i

ancy, P is multiplieo by a constant'l, which can be optimized o
g i
. ' ’ (! I ” ‘ o N g '

NS T A

e s o

V-1
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W
e
4 .
. w
"
t
e
¢

FQrURz

‘For.R =

for the range of powers expected. The érror 1s

(Pb + Pn) R
K + o .
+

L
n
‘L

- K
“ € (K + L)(R:+viﬂ
oo

'where R 1s oo

"MeaSurements”made‘tO'dAte indlcate that values of R betwéén'g
,“andflOOlWili’be'éatisfactofy’fqumost cases. If £ is now
'5” chosen.to‘make'the logarithmic ebror'lo.log D, equélbin”maéhip
‘tude and opposite in sign for R = 2 and R = 100, ther 4 .

o  ?(100t¥ 1)
e 00+ ) k(24 1)

Cfrorshieh T

L g = 0.560

Canat

o R-+ 1

D =1.092 g rE7

]
.
|
t
R

D =015 or-0.37 do

100

or +0.37 db

o
n

1.083

N

o K(R + l)v ‘ . ) o 2 (V_l” ‘
. 1 4

e

W

H

(V-5)



_The error is zero at R = 5.33 and 1is maximum at R = 2 and
. i

f"'For the commutaéor,

v

",")‘:“ifb,f Pn. o S
:Pp = EE(K*_}_*IT)‘ = 0.02)4‘8(]?.[) + Pn) ‘ . (V-?)

" The sum of all the powers sampled by the commutator must there-
- fore be multiplied by O. 0248 to glve an 1ndication whi h
~‘d1ffers from the Lrue average . by 0.37 db or less

tuvf3“



APPENDIX VI

DERIVATION OF RECEIVER NOISE FIGURE
AND BANDWIDTH PRODUCT

Let Vnoise be the voltage which, when applied to
tne input terminals of the receiver, will produce a recelver
output power equal to the receilver output nolse power. Also,
let Vx and Vy be the voltages presented to the input terminals
of the receiver by two probes coupling to Ex and Ey in the

wavegulde.

As shown 1n Appendix III

b a
€ 2 2
= — E l + ‘E ' dxd -
P ”_/o ’/; l N y ¥ (VI-1)
b a
€ 1 2 2
= &L Ve + Y©|dxdy (Vvi-2)
V“‘ K2 j) ,/; x Y : '
. P
where
Vx - kp lEx|
=k E
Vy p I YI

To obtain an upper bound on the crror, assume an

E-fileld digtribution such as wlth the TE3O mode (Figure VI-l).

An ideal (noiseless) recelver will reproduce this distribu-
tion with no error. With receiver nolse present, however,

VI-1

I i e A i e A b e R e e,

[P R—.



the receiver output is greater (Figure vI-2). The difference
between the two outputs depends on the E~field distribution;
the more times the probed voltage drops below the nolse level,
the greater the error. An upper limit on the error is obtained
by assuming that the nolse 1s contributing along the entire

waveguide cross section.

The power in the gulde has been shown to be

e + l [2 dxd
Ey ®dy

L L

Substituting
Ve T Ky 'EXI
= k
Vy p !EYI
b a ‘ ‘
€ 1 2 2
P = - = Ve + VC |dxad VI-
M;fkg J& Jﬁ Vo |axdy (VI-3)
P
For an upper limit on the error, Vioise is integrated over the

gulde cross section, resulting in

. =s_1_jb]a
noise o kg o o

2 2
Vnoise + Vnoise dxdy

(VI-4)
2
=2 € Vnoise
= ~ b
Ho2
P

VI-2




e g AT

but

2 - _
Vi o1se kTBFR, (vI-5)
where
k = Boltzmann's constant,
T = temperature in degrees Kelvin,
B = recelver bandwidth,
¥ = recelver noilse flgure,

RC = precelver input reslstance.

Substituting equation VI-5 in equation vI-4,

. 2ab J€ _
Potse k—Q_ I KTBFR (VIi-6)
P

The error in the power measurement is defined as

P1

E = -1C log -2
PZ

where

1

Pz = power measured i P 1s neglected,

noise

PZ = {rue power.

Since
1.
P, = P, - Photse !
Pnoise -
E = -10 log |1 - ~p—— ) (VI-T) ;
Z o

VI-3




Substituting equation VI-6 in equation VI-7,

k Pz

kTBFRZ

-E/10 _ < c
1l - 10 = 2ab T
P

or

(1 - 10‘E/lol P, K
BF = D (vI-8)

€
2ab V&T kTR,

The probe coupling constant kp will now be related
to the more easlly measurable Insertlon loss of the same probe
located at the center of the broad wall of a gulde propagating
power 1in the dominant mode only. The insertion loss L 1s

defined as

P
L = 10 log 5~ (VI-9)
[d
where
P = :ower propagating in wavegulde,
PC = power coupled to coaxial line by the probe.
Now
P = ‘VC 12 (VI-10)
c R \
c
Substituting equation 7I-2 in equation VI-9,
2 Eiax

where Emax 1s RMS value of the electric fleld strength at the

center of the gulde.

VI-4



But

2 - 2P -
Emax — = (Vi-12)
ab |/—
a
if the dominant mode 1s far above cutoff. Therefore, by
equations vI-10, VI-11l, and VI-Q,
P _ab [ Re L/10
=% Vt:' = =10 (VI-13)
n 2
c k
p
or
R
2 ab € C
k = = —_— R VI—ll‘-
o (vI-14)
Substituting equation VI-14 in equation VI-8,
(l _ 'lO-F'/'LO Pz ( |
BF = . VI-15
uer 10%/10 ~

If P 1is set equal to the minimum power level which
ls required to be detected,

( —E/lo)

1 - 10 P

BF = £715 min (VI-16)
KT 10

es the maximum permissible nolse figure and bandwidth
product of the receilver,

VI-5
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APPENDIX VII

DIFFERENCE BETWEEN TOP-WALL AND BOTTOM-
WALL ELECTRIC FIELDS FOR TE, o= AND
TESI—MODE PROPAGATION

Expressions will be derived for the top-wall and
bottom-wall electric fields with TElo- and TE5l-mode propa-
gation in terms of the ratio of top-wall to side-wall maxl-
mum field amplitude. The TE51 mode was chcsen since 1t can
exlist in the enlarged guide at frequencles at which appreci-
able differences between the top-wall and bottom-wall {ields
were observed desplte very small contributions from the side-
wall probes. Furthermore, the appearance of the field plots
suggested a mode with a relatively high m index.

Assume the exlstence of the TElO and TE51 modes in
time phase. The tield components are

A

. _ 10
Ejgy == 5 Sina (VII-1)
As1
Es1y =~ 5 (5) sin 5a cos B (Vii-2)
ElOX =0 (VII—3)
R 5q sinp (VII-4)
51x T 7B o
where A
:\ A = arbltrary amplitude factors of the TE and
107 751 TE51 modes 10
a = wide dimension of wavegulde
b = narrow dimension of wavegulde

i

1%§ in radlans

g -%g in radians

W

VII-1




At y = 0, the total electric fileld is

J

E -1(8)o sin @ + 5Ag; sin 50) (VII-5)

Y

y=0

At ¥y = b, the total electric fileld is

E = -1(ap sina - 545y sin 5a) (VII-6)

yl y:b

At y = 0, the maximum field occurs for a = m/2.

1 { -

Ey max = _E(Alo " 5A51) (VII-7)
y=0
At x = a, the total electric field is
A

- -

E, =-—¢= sin B (viI-8)
The maximum field occurs for B = T/2
A
1
E. . = -2% (VII-9)
X maxi. o b

The ratio of the maximum top-wall electric field to
the maxlimum side-wall electric fleld is

E
y max| A
R =4 ¥=0 .5 (10, 5 (VII-10)
X maxlx=a 51
From equation VII-1O,
A0
P51 TER L S (v-21)
b




and from equation VII-T7

A 2R
o Be
e

y:o 5b -1

Ey nax (viz-12)

Substituting equation VII-11 into equation VII-5 and
VII-6 yields

A
10 (.. 1
Ey = - 2 S o + AR — sin 5a (VII—13)
y:o _5—6_ -1
Ao 1
E = ~ ==—=|sin @ - zg=—— sin 5a (VII-14)
y y:b -EF -1

Normalizing eguations VII-12 and VII-13 with respect to
equation VII-1l2 and simplifying ylelds

E

Ylvye
E, =% y=0 = (1 - %g) sin a +.§é§_§iﬁ (VII-is)
¥ v max| = - 1
'.Vzo 5b
Ey .
s _ =b _ _b5b _ sin 5 o
El = - = ( aR) (sin @ - - ) (VII-16)
v max ty=o 5b

Equations VII-15 and VII-16 are the expressions for the
top-wall and bottom-wall electric-field strengths in terms of
R. These equatlons have been computed for R equals 20 and
25 db, using the actual dimenslions of the enlarged wavegulde

for a and b. The results of the computations are shown in
Figures VII-1 and VII-2.

VII-3




e

These figures show that, for a contribution from

the side-wall probes that is small relative to that
top~wall or bottom-wall probes, there can be enough
a higher-order mode to cause considerable asymmetry
top~-wall and bottom-wall electric flelds. For this
to occur, the mode 1index n of the higher-order mode
odd.

VII-4

from the
E_ T

v rom
in the
asymmetry
must be
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APPENDIX VIII
MEASUREMENTS IN PRESENCE OF MULTIMODE MISMATCHES

An analysis of the power measured by the flxed
probes in the presence of an arbitrary mismatched termina-
tion 1s given below. It 1s shown that power into a mis-
matched load can be measured by varylng the phase of the
load's reflection coefficient and the length of the dis-
persive line stretcher.

The electric fleld components in an oversize wave-
gulde that 1s termlnated in a multimode mismatched load
(having reflection coefficients an) is

N M »J28 =z .
E. = ¥ E [1 + T € mn ] cos TIX g1 BOY
* ﬁ%b Qgg My m ) a b
/
and (VIII-1)
N M 28 .2
E_ = E [l + T € mn ] sin I oo Y
y ggo H;% mny mn a b
where
T = the reflection coefficient for the mn mode
mn
at z = o3
an = the propagation constant for the mn mode.

The true power delivered-td’%he multimode mismatch
is the sum of the absorbed power Iin each mode, which 1is

VIII-1




g X e 2+ s )+ E, [Pl )27 2
L 2o | (B on) * [Bmn | mo) [ |17 [Tma|™ | (vIII-2)

where 6on and 6mo are Kronecker deltas that are zero for all

modes but on and mo.

Let us now evaluate the information gained from the
fixed-probe averages taken with a sliding termination. The
boundary fields are

N M “ ngn% nr
= y y
E lo Lo E‘ [l + IF l € sin-jg—

X=0
p (VIII-3)
N M J 1
E, = ) B, (F1)7 |2+ rle sin 25L
X nTo mFo x J
X=a
and
N . M g
E, = E in 20X 11+ T ¢ ™
R4 ggo n;£ mn [ ' mnl
y=0
(vIIi-4)
N M 3
n mmx 3 mn
E._ = B -1 in — 1+ (T
_y réo é% nm# ) & [ l md i }
y=b
where

Bon = 2BunZ ¥ Y

¢mn = the phase of an,




These fields can also be expressed as

N N
- ny . v gt niy
Ey r?;o E, sin =3 E, n;o E, sin
X=0 X=3a
(VIII-5)
M M
= mnx ? o= 21 mix
Ey = ggo E, sin =5 Ey égo ES sin —3
y=o y=p
where
M i M
E_ = E Le | e ™ Bl - (-1)™ 2
n g;o My { l mn| } ggo ) My
8
J
N 381 N
R = E 1+ |T cm”\,E= (-1)" E
b [l S L

Assuming a large pumber of sampling probes on all

four walls, the average power is

VIII-3




5 | 2 (28,2 *+ ¢ ﬁ
Py E'%%ﬁ nz |Eonxl2 [1 * \ron\ + 2\ron‘ cos on on

=1
3 2 (eszw)}
*3 IEm0x|2 [1 + |Tpo|® * 2|Tmo| ©0® (2o * Yo
LT 2 ' (2Bz+¢)]
+g;1 ggl ‘Emnx‘2 {% * lfmn‘ * zlrm“‘ cos mn mn

-

;- ;- 12 2 4211 os (2B, .2 * ¥, )W¥
A S L R

n,+n
1
1+ (-1)

+
8o
By
™M=
e ——e,
N
1=
Wz
=
3
3
N
=
H x
-l
N
—

|
| (v1II-6)

28 z+\ymn ]
o || € Wt o | @

g
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Here again, the form of the result is the sum of
¥

\Emnlg values plus cross-product terms of the form Emnl Emn2
The cross-product summatlion must be a real number but can be
plus or minus. If the 1ine stretcher is used in the standard-
size waveguide, the crosg-product terms will be minimized
because of the equal 1ikelihood of plus or minus real values.
The remalning terms are s£111l the squared ones (the first four
summation expressions), which must always be real and positive.

The Pp expression is further simplified when the
phases of the reflection coefflclents are varied. This can
be done by moving a line stretcher in the oversize waveguide
located between the fixed-probe section and the mismatched
load. The variation in Pp with the position of this line
stretcher will be sinusoldal because all Smn‘s are, to a
very good approximation, equal to the f{ree space B(Bo) in
the oversigze wavegulde {(provided that no new modes are gen-
erated in the oversize waveguide). The Pp expression (without
the cross-product terms) is

v

'Emnx‘z + IEmny}e) [1 + ‘rmn‘z + ermnl cos (28,2 - ?l'mnﬂ (VIII_7)

which, after varying the oversize-wavegulde line stretcher
and taking the average value of Pp, gives

M X
ab -
P, " Teon & L

‘Emn
m=Q n=0

X

M N
Ie * |Emnyle) * mz_:o ,?;o trmnl2 “F‘mnx‘2 ¥ ‘Emny‘z) ( (VIII-B)
)

Equation II-8 can be expressed as

VIII-5




P, = Py + Py (VIII-9)

P = the power delivered to a multimode matched
load,

P.. = the reflected power from the multimode
mismatched termination.

We wish to measure the power absorbed by the mls-

matched termination, which 1s

Pn =P

o w = PRoOr Pp = Py - Pp (VIII-10)

Substitution of PR from equation 1II-10 in equation II-9 gives

Pp = 2 Py - P (VIII-11)
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