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V. SpeCIFIC PARAMETER VALUES AND THE RESULTANT
DevicE CHARACTERISTICS

The phase shifter whose characteristics have been
optimized according to the procedure described has the
following parameter values:

1) @ =0.900 inches.
3) e =2.54.
4) L =35.0 inches.

5) Aa vs w, Curve B, Fig. 3.

The above design more than meets the original specifica-
tions of 360° variable phase shift, 4 5° maximum phase
error, and 10 per cent bandwidth. Although no attempt
was made to compensate for the discontinuities in this
model, measurements made on a similar experimental
model indicate that a one-half wavelength taper of the
dielectric slab will result in a VSWR < 1.15 and an in-
sertion loss <0.5 db. In addition, the structure is
small and rugged, and capable of handling several hun-
dreds of watts peak power. Maintaining the proper
relationship between wall and dielectric motion re-
quires a somewhat complex drive and is not accom-
plished easily; however, the construction of a suitable
drive mechanism is certainly feasible.

It is significant to compare these results with two
other configurations. The first has the following param-
eter values:

1) a¢ =0.900 inches.
2) d/ay=0.200.

3) e =254,

4) L =7.1 inches.
5) Aa =0.
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This configuration can be described simply as a dielec-
tric-vane phase shifter. (This is the configuration of
many commercially available phase shifters.) A length
of 7.1 inches is needed to achieve 360° of variable phase
shift because of the large initial phase shift. The phase
error is 48° at this setting. TEy mode excitation can also
occur. Obviously these parameters cannot be employed
in this application. A second possibility is

1) ap =0.900 inches.
2) d/ay=0.100.

3) e =254,

4) I. =6.8 inches.
5) Aa =0.040.

The wall position is held fixed although displaced from
its normal location. The obvious advantage of a fixed
wall is mechanical simplicity. Over a 6 per cent band-
width the maximum phase error is 6°. TEy mode con-
version does not take place. Although this configuration
does not meet the original specification, it does hold
promise where limited bandwidth operation is desired.
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A New Technique for Multimode Power Measurement*

JESSE J. TAUBY, SENIOR MEMBER, IRE

Summary—A new and simple technique for measuring total
power flow to within +1 db in an overmoded waveguide has been
developed. A set of fixed probes (typically, 40 probes) samples the
electric fields normal to the surface of an enlarged waveguide section.
The enlarged waveguide and a dispersive line stretcher permit quick
determinations of power delivered to a matched load when the
power is propagating in a large number of modes. Extension to the
case of a mismatched load is also discussed. This technique is useful
for measuring spurious emissions of microawave transmitters and
power flow in millimeter and submillimeter waveguides.

* Received May 7, 1962; revised manuscript received July 31,
1962,
1 Department of Applied Electronics, Airborne Instruments
Laboratory, a Division of Cutler-Hammer, Inc., Deer Park, N, Y.

I. INTRODUCTION
MOST DEVICES that can measure the power

flowing within a microwave transmission line

are designed on the basis of a single propagating
mode—usually the TE;, mode in rectangular waveguide
or the TEM mode in coaxial line. In recent years a
need has arisen fog a device that accurately measures
the power flow over a wide range of power levels (—50
to +50 dbm or more) in a transmission line that has two
or more propagating modes. This problem exists when
measuring the power contained in the spurious outputs
of a microwave transmitter. It also arises in overmoded
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Fig. 1—Mode cutoff frequencies in S-band and L-band rectangular waveguides.

waveguides at millimeter wavelengths but over a
smaller dynamic range.

If, for example, the third harmonic power from an
S-band magnetron is to be measured, it is found that
the waveguide can support the TE; (dominant mode)
plus 15 higher modes [(Fig. 1(a)]; if the measurement
of a fifth harmonic is desired, one must contend with
over 35 higher modes [(Fig. 1(b)]. This indicates that
conventional techniques such as bolometers and cali-
brated crystals are inadequate with such complex field
distributions. Multimode water loads and other calori-
metric techniques do not have adequate sensitivity in
the —50 dbm region.

Techniques for measuring the power flow in a multi-
mode transmission line have been previously developed
by Forrer and Tomiyasu, Price, Lewis, and Sharp and
Jones [1], [2], [3], and [4].

Forrer and Tomiyasu built a moving-probe assembly
that could measure the magnitude and phase of the
electric field at the walls of a standard size rectangular
waveguide. By performing a Fourier analysis on these
measured values, they were able to calculate the power
flow in each propagating mode. The total spurious-
emission power at the frequency of interest was cal-

culated by summing the power in each mode. The
method is sound, but a digital computer is required to
reduce the data and the sliding probe was subject to
voltage breakdown under high power conditions. To
avoid arcing, the higher power source was turned off
each time the probe was moved—a possible source of
error because it could not be known whether the power
output or the modal content was the same when the
high power source was turned on again.

Price developed a fixed-probe method that measured
the electric fields normal to the waveguide walls. The
modal amplitude was then calculated with the aid of a
digital computer (in a manner similar to that used by
Forrer and Tomiyasu). The fixed-probe method was
arc-free, but like the moving-probe method it had the
disadvantage of requiring a computer. Each power
measurement required several minutes for data reduc-
tion.

Lewis developed a mode coupling method in which a
series of mode couplers selectively couples a given mode
to its own output port. By calibrating the mode cou-
plers, it is possible to measure the total spurious-emission
power by summing the power at each output port. This
method has merit if the power is concentrated in a



498

known limited number of modes. This requirement is a
definite restriction on its usefulness.

Sharp and Jones developed a sampling technique for
regular size waveguides that is useful for rapidly sorting
out harmonic power into many single-mode waveguides.
This approach does not require a computer. The meas-
urement accuracy is, however, no better than +2 to
+35 db.

The new technique described here uses a set of fixed
probes in an oversize waveguide. Multimode power can
be measured at any frequency within a few seconds and
the measurement is accurate to +1 db. The oversize
waveguide converts the energy to an approximate plane
wave, which simplifies the measurement. The oversize
waveguide also improves the power-handling capability
by a factor of 9 over conventional techniques. Power
measurements can be made readily both at high power
levels (higher than 10 Mw and S-band) and at low
power levels (as low as —50 dbm).

This paper presents the theoretical basis for the meas-
urements together with experimental verification and a
brief description of the equipment used. (For additional
information on this equipment, see [5].)

11. PowErR MEASUREMENT INTO A MATCHED LoAD

The multimode power propagating down a waveguide
terminated in a load matched for all modes is measured
using the equipment shown in Fig. 2. It consists of a
variable length of standard size waveguide (line
stretcher), a tapered section for connecting the input
waveguide to a section of oversize waveguide, a set of
fixed probes (usually 30 to 40) sampling the field nor-
mal to the walls of the oversize waveguide, and a multi-
mode load. The probes are coupled to a switching
assembly that couples each probe sequentially to the
common receiver.

Initial measurements were made with a series of
manually operated coaxial switches (Fig. 3). An auto-
mated version using a microwave commutator is under
development. The commutator sequentially switches
each of the 36 probe outputs to the common receiver.
With the aid of this device, complete probe averaging
can be completed in less than 30 sec.

The line stretcher varies the time phases of the prop-
agating modes relative to each other. The taper must
be able to transfer all the power to the oversize wave-
guide and not generate any new modes of its own. It
was found that this could best be done using a cosine?
taper of the type described by Unger [6] and Tang
[7]. A 3-ft taper (Fig. 4) connecting an S-band (1.5 in
X3 in) waveguide to the oversize (5.8 in X8.5 in) wave-
guide was experimentally found to have negligible
mode conversion. The tapering of the oversize guide
launches a plane wave—a situation necessary for achiev-
ing direct power averaging.

The electric field is sampled by a set of boundary
probes; a fixed-probe section is shown on the left of Fig.
3. Each probe is decoupled from the waveguide by at
least 40 db to minimize mode conversion effects due
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to the probes. The multimode power flow in the wave-
guide is then determined by the relationship

Zna[ Z|Ey,! %glEl} (1)

where

@ =the length of the broad wall of the enlarged

waveguide,

b=the length of the narrow wall of the enlarged
waveguide,

n=the intrinsic impedance of free space=1207
ohms,

K =the number of broad wall probes,
L =the number of narrow wall probes,

[Eykg ?=the squared magnitude of rms electric field
normal to a broad wall at the kth probe,
| E.,| =the squared magnitude of rms electric field

normal to a narrow wall at the /th probe,
0=a constant that varies from 0.5 to 1 depend-
ing on the modal content.

This expression is derived in Appendix I. The power is
determined from knowledge of the average value of
lﬂl % at the boundary of the waveguide. This average is
obtained by sampling the probe outputs with a super-
heterodyne receiver whose output current is propor-
tional to | E| 2. The outputs are fed to a common receiver
by means of an RF switching arrangement.

The main source of error is the choice of d. There can
be as much as a +1.5-db error because of this uncer-
tainty but, as pointed out in Appedix I, for most cases a
6 value of 0.612 would result in a maximum error of
+0.88 db.

Section III and Appendix I also show that this aver-
aging technique is in error because of a set of terms
caused by cross products of higher mode fields. This can
be expressed.

P, = Prp 4 error terms

where Py is the true power flow into a matched load or

db M N N
P,=Pr+— 2 { > > By En*[1 + (—1)"1+”2]}
Y

7 m=0 no=0 nij=0
ny F e

ab N M M

+ =21 2 D B[l + (1)) L (2)

87) n=0| mg=0 m;=0
mi # Ma

The two cross-product terms refer to y and « field
components respectively. The error terms are real quan-
tities that can be positive or negative depending on the
phases of En, Emny *and Euya, Eng®. This phase can be
varied by changing the length of the line stretcher. If
measurements of P, are made at several lengths of the
line stretcher, the true power flow Pr is determined by
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arithmetically averaging the values of P,. If the line
stretcher is set for maximum and minimum values of P,,
the true power is given, to a good approximation, by the
arithmetic average of the two P, readings. The P, read-
ings are obtained directly from an output indicator that
is designed to average the readings obtained from each
probe setting.

I1]1. EXPERIMENTAL RESULTS

Experimental verification of this technique has been
obtained by launching multimode fields of known power
levels and correlating them with fixed-probed measure-
ments. This approach has been used to date for about
10 different multimode distributions. Good accuracy
(less than +1—db error) has always been obtained.
Fig. 4 shows a typical field distribution Jaunched into
the oversize waveguide. The measurement was made at 7
Gc with the wave launched in a standard .S-band wave-
guide and then tapered to the enlarged waveguide fixed-
probe section. The field was measured on all four walls.
Only the IE,,| components are plotted; the ]Ez’ com-
ponents were much lower and had only 0.2-db effect on
the power calculation. The power resulting from this
field distribution agreed with the true power reading
within +0.9 db.

The power was computed from knowledge of the
coupling coefficients of the fixed probes. These coefh-
cients were determined by first launching a pure TEy
mode into the oversize waveguide and measuring the
insertion loss (ratio of oversize waveguide available
power to the power delivered to the load terminating
each probe). The insertion loss is measured with each
probe placed in the center of the broad face of the wave-
guide. The average value of all probe insertion losses (36
readings) defines a calibration constant, C, (see Hinkel-
mann, et al, [8] for further details). The power in a
general multimode field is then determined by averag-
ing the power readings from all probes and multiplying
by C,. The final result was then obtained by averaging
the maximum and minimum readings for different
settings of the line strectcher.

The fixed-probe section was measured for peak power-
handling capacity in the 2.7- to 2.9-Gc range. No evi-
dence of breakdown was found for peak power levels as
high as 3.5 Mw. Itisbelieved that the device can operate
(with the waveguide pressurized to 15 psig) at power
levels as high as 10 Mw.

IV. THEORETICAL CONSIDERATIONS
A. General

The theoretical basis of the fixed-probe technique
applies to any uniform transmission line. It is, however,
discussed below for a rectangular waveguide.

B. Use of Enlarged Waveguide

The multimode field to be measured will, in general,
contain some modes that are near cutoff and hence will
propagate in a dispersive manner.
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The power flow in this waveguide is derived in Ap-
pendix I1. The result is

b e
P = f j Re (E,H,* — E,H,*)dxdy (3)
0 0

Examination of (3) indicates that the phase and rms
magnitudes of Z,, E,, H, and H, must be measured over
the entire xy plane to obtain the data for performing
the desired integration. The complexity of measuring
the above eight quantities is considerably reduced by
performing the measurement in enlarged waveguide.
Appendix I shows that the power flow expression re-
duces to

1 b a
Pw~ff(!Ex
Y 0 0

for @ and b arbitrarily large.

Appendix II also shows that for ¢ and & dimensions
equal to three times that of the input waveguide, the
maximum possible error in (4) is 6 per cent. The problem
is therefore reduced to the measurement of two quan-
tities | Eo|2and | E,| 2 over the wave guide cross section,

Eq. (4) is used as the starting point in deriving (1)
and (2) for the fixed-probe technique. This is discussed
in the next paragraph.

2 - I E, ,2)1196033’ €Y

C. Validity of Averaging Technique

Appendix I shows that the power measurement made
by using fixed boundary probes yields the true power ex-
pression (4) plus error terms. The error terms are real
quantities that can be positive or negative, depending
on the relative time phases of the propagating modes.
The error terms consist of cross products of field com-
ponents of certain modes. A typical term from (2) is
| Eoia| | Eosa| cos [¢1— (8o —Bor)l], which is a real quan-
ity that can be either positive or negative. Many of the
terms cancel when mi+ms or #;-+n. are even numbers,
tending to reduce the complexity. Although the error
terms are functions of many of the modal amplitudes,
in many cases most of the spurious power is carried in
no more than four modes. This observation is based on
examination of data taken at General Electric [9] (ob-
tained by numerical harmonic analysis). If these data
are typical, the error terms will be at most one or two
quantities.

To eliminate this source of error, fixed-probe readings
are taken several times; each time the phase relation-
ships between the modes are shifted by using a wave-
guide line stretcher located in the small dispersive
waveguide, The average of these readings will give a
good approximation to the true power.

D. Examples

A better understanding of the error term problem can
be obtained by considering some typical cases.

Appendix II1 derives the error in terms of the possible
propagating modes for the case of a third-harmonic

IRE TRANSACTIONS ON MICROWAVE THEORY AND TECHNIQUES

November

signal propagating in S-band (WR284) waveguide
(Table I). The exact results are found in (35). Exami-
nation of typical transmitter-waveguide launching
structures and the data shown in Section VI of Price,
et al. [9] indicates that the elimination of modes having
even m-indices is justified. We shall therefore apply the
equations to a symmetrically fed waveguide (35).

Examination of these data indicates that the as-
sumption of a center-fed transition is good. For this
tube, the error term (36) reduces to

& =0

&z

ab
— Re (Eanglz*) .
2y

The &, error, which from the above data is seen to be
small, can be completely averaged out by permitting
the phase of £y to vary relative to FEj by using the
previously mentioned dispersive waveguide line
stretcher.

Ref. [9] also gives data for the fifth harmonic of two
QK-358 magnetrons operating at a fundamental fre-
quency of 1250 Mc. These data show that the fifth-
harmonic power is concentrated in the same mode
numbers for both tubes. Table I1 lists the modal power
of one of these tubes and neglects all modes whose
power is less than 0.2 per cent of the total fifth-har-
monic power. '

TABLE I

TrIRD-HARMONIC POWER DISTRIBUTION
(QK-338 MAGNETRON)**

Fundamental frequency: 2768.6 Mc
Third-harmonic frequency: 8305.7 Mc
Fundamental TE;,) power: 4.6 Mw
Third-harmonic power for each mode:
TE10 4285 w
TEz 127 w
TE; 9691 w
TE4 —
TE01 1w
TEyn 36 w
TMu 467 w
TExn 26 w
TMy 140 w
TEy 260 w
TM;, 849 w

** Data taken from [9].

TABLE 1II
Mopar PoweR DisTriBUTION (QK-358 MAGNETRON)

Total Power
TE Mode | Fower | T fooer | per Mode
watts € watts Index (watts)
TEn 9539 —_ _— 9539
TEo, 1501 — — 1501
TEy 8564 TMy 2328 10,892
TExn 981 TMy 1176 2157
TEs;; 56 TM;,; 112 168
TE;z 1759 TMye 143 1902
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Although the fifth harmonic has over 25 errors terms
[10] for the data shown above, &,~0 and &, reduces to
only two terms

ab
&y = ’{ Re (Eo, B + Ei1,.EsL¥).
n

The use of the dispersive line stretcher should average
out this &, term.

E. Frequency Limaitations

The fixed-probe technique can accurately sample
multimode power provided the highest mode index for
both broad and narrow walls is no greater than the
number of sampling probes [9]. For the particular
fixed-probe section described in this paper, the limit-
ing mode indices are m =11 and #=7. The maximum
frequency would correspond to the cutoff frequency of
the next higher mode—m =12 and n#=7. This critical

frequency is
cT/12\ [T\
=51G)+6) ]

where ¢ is the velocity of light.

For S-band waveguide, ¢ =2.84 in and 5=1.34 in,
f. is 39.7 Gc, which is the thirteenth harmonic of an
S-band frequency.

It is likely that other difficulties such as higher mode
generation by the probes and mode purity in the coaxial
lines connecting the probes to the receiver would limit
the usefulness to a lower frequency. Furthermore, the
error terms would be difficult to average because of the
multiplicity of cross products [10]. It is estimated that
the device, in its present form, is useful for frequencies
as high as the seventh harmonic of the fundamental
frequency.

V. MISMATCHED LOADS

The discussion up to this point has assumed that
measurements are made into matched loads. The
fixed-probe technique can also be used to measure the
power delivered to a mismatched load. The power de-
livered to a multimode mismatched load Pr is measured

by
Pp = 2Py — P, (3)

where

Py =the power measured into a multimode matched
load (discussed in Section II),

P,=the power measured by the fixed probe averag-
ing for all variations of a small waveguide line
stretcher and either a large waveguide line
stretcher or a set of three or more fixed-probe
planes along the Z axis.
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The large waveguide line stretcher or the sets of probes
are located between the fixed-probe section and the
load.

This result is obtained by carrying through an anal-
ysis similar to that of Appendix I with the E, and E,
components (11) and (12) modified as follows:

N M mmwy nw
Ea: = Z E Emnz[l + I‘mneﬂﬂmnz] COo5 Sini
7=0 m=0 a b
and
N A mmx "
E, = Y, Z ing L+ Tmne?®mn?] sin ™ cos my (6)
fnr S a

where

T',..=the reflection coefficient for the mn mode at
z2=0,
Bm»=the propagation constant for the m#»n mode.

Use of these more general field equations and noting
that Bn. is, to a good approximation, equal to B¢ (the
free space propagation constant) for all modes in the
enlarged waveguide, results in a P, term of

Py= 2 S (| Bl | B ]

46C7’ m=0 n=0

14 | Tn |24 2| Ta| cos (2802 — dmn)] (D)

where Y., is the phase associated with I'py.
After varying the large waveguide line stretcher and
taking the average value of P,, we obtain

Pom o d 5 S Bl | B

m=0) n=0

+ % i | Loun | 2] Eone |* + IEWP}. (®)

m=0 n=0
The above expression can be expressed as
P, = Py + Pp. ®)

We wish to measure the power absorbed by a mis-
matched termination, which is
PTZPM—PR or PR=PT+PM. (10)
Subsitution of (10) in (9) gives the desired result (5).
Fig. 5 is a block diagram of equipment that can
measure Pn and P, The device is similar to the one
shown in Fig. 2, except for the addition of the phase
variation of the load reflection coefficients. The load
phase variation is created by sampling the electric
fields at several xy planes in the large waveguide; four
sampling planes are used. The use of discrete xy plane
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Fig. 5—Block diagram of equipment for fixed-probe
technique modified for mismatched loads.

sampling is preferable to the oversize waveguide line
stretcher because it lends itself more easily to auto-
matic measurements. This averaging can be done auto-
matically by means of the commutators shown in the
block diagram.

There may be some applications where it is not con-
venient to measure Py as well as P,. The value of P,
can be in error by twice the reflected power. This is
shown by subtracting (10) from (9) giving

Py, — Ppr = 2P,.

This error is tolerable for moderately low average
SWR’s (3 or less); for an average SWR of 3, the error
is about 2 db. For better accuracy the power can be
taken as the geometric mean of the maximum and
minimum values of

PP, = /P, P,

This result will yield a maximum error of 2P, and can
also result in no error; the exact error is dependent on
the phase Y of each reflection coefficient.

P mlﬂ)

Prax

VI. CONCLUSIONS

The fixed-probe technique using an oversize wave-
guide should be capable of accurately measuring multi-
mode power up to at least the seventh harmonic of the
band center for TE;, rectangular waveguide propaga-
tion. Experimental results indicate that agreement to
better than +1 db is possible up to 3.5 times the funda-
mental frequency. The technique can accurately meas-
ure the power delivered to a mismatched load by using
load reflection phase averaging in conjunction with a
power measurement into a multimode matched load.
Equipment is under development that will perform
these measurements automatically. The theoretical
analysis is presented for a rectangular waveguide but
can also be extended to a coaxial line and other uniform
transmission lines.
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APPENDIX |

PowER FLOW IN RECTANGULAR WAVEGUIDE IN TERMS
oF POowER MEASURED BY PROBES AT THE BOUNDARY

An expression is derived for power flow in rectangu-
lar waveguide as a function of the power measured by
electric probes located at the boundary of the guide in a
plane transverse to the direction of propagation.

From the general theory of propagation in rectangu-
lar waveguide,

mrx nw
L, = Z ZEW cos sin my (11)
m=0 n=0
and
mwa %
E, = Z Z Epny sin cos k4 (12)

m=0 n=0

where E,ny and En,, are the x and y components of the
electric field of the mode whose indices are m, #. Sub-
stituting (11) and (12) into (3) yields

M N
—f f l:( > ZEmcos il sin n—?)
m=0 n==0

M mrx _ nwy
A\ 20 D7 Epna* cos sin ——

m=0 n=0 a

»
< Z Z Epny sin e cos ?)

m=0 n=0

mrx

M N
< > > Epne sin

m=0 n=0 a

nry
cos —b—>:| dxdy. (13)

When the integrations in (13) are carried out, the
ab /X
= _< Z ] Eonz
27] n=1

result is
2>
M N

+ LSS (| Bt | B9

N m=1 n=1

M
2t > | By
m=1

(14)

The average of the power coupled by a large number
of identical electric probes located on the periphery of a
waveguide (Fig. 6) can be approximated by

ZnBC{ f Bl + f
+%f0bl Falomody + %—fobl Em|i=adﬁ’} (15)

where 8 is a constant to be determined and where

2
y=dec

E=rms electric field in the waveguide at a probe
location,
E,=rms electric field coupled by the probe, and

| E[”

C =
| E,

3
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When (11) and (36) are substituted in (15) and the
integrations performed, the result is

ab N
» 4776(:(2 | Eons |2 +ZlEmoy )
+4‘)7?,§m¥(l mn:c] + lEmn:U]

nx mgnz 1 1)mitme . 16
> el [1 4+ (= DL (10

0

A comparison of (14) and (16) shows that the first
two terms of (16) are very similar to the power P in
the waveguide. Disregarding the second two terms of
(16) momentarily and defining

N M
=2 | Eoa|? + 2 | B [? (17)
n=1 m=1
N M
" = Z Z (l Emmv|2+ l Emny|2) (18)
n=1 m=1
the ratio of CP, to P is
1 (EI+EII)
CP, 26
= . (19)

< El/
E + —)
2

If E” is zero (no power in modes with neither m nor
»n zero), the waveguide power P will be CP, and §=1
If E’ is zero (no power in modes with either m or =
zero), the waveguide power will be CP, and §=1.

In general, the ratio of E’” to E’ cannot be known
exactly; however, a value of § can be chosen that will
minimize the error in

P = C,P, (20)

where

Cp = 60ptC.

This optimum value of 8, dopt, is chosen for the range of
E/E' that is expected in practice. If it is assumed
that the range of E''/E’ is from 0 to 2,

Bops = 0.612. (21)

Using this value for §, the maximum error for the
range from 0 to 2 is +0.88 db. A study of the modes
launched by common coaxial-to-waveguide transitions
is being undertaken. With this information it should be
possible to reduce the error by optimizing § for specific
transitions and frequency ranges.

Data on the modal power distribution of two magne-
trons is quoted in [9]. The first case is the third har-
monic of an S-band magnetron, where E"/E’ is 0.126.
Using 8ot =0.612, the error would be —0.63 db. The
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second case is the fifth harmonic of an L-band mag-
netron where E”/E’ is 1.37. Using the sarne 8., the
error would be 0.60 db.

With (20) the first two terms of (16) can be identified
as P/C,, and (20) then becomes

P
Pp=—+58

c. (22)

where & represents the remaining terms in (16). The
terms in & are error terms, since they cause the power
computed from (20) to differ from the waveguide
power,

The first error term is

& = I Eoml | Elel cos [451 + (B — ﬁm)l] (23)

where

¢ =initial phase difference between Eg, and
E21z
Bo1, Ba1=phase constants of the 0, 1 and 2, 1 modes
I=length of S-band waveguide.

The cutoff frequency of the 2,1 mode in S-band wave-
guide is 6.06 Gc. Hence, below this {requency § is zero
and (20) can be used directly to compute the wave-
guide power from a single measurement of P,. Above
6.06 Gc the 0,1 and 2.1 modes can exist in S-band wave-
guide. If the transmitting tube-to-waveguide transition
launches these modes, & will not be zero. However,
since & is the only term in (22) that depends on [, &
can be made to cancel. If a line stretcher in the .S-band
waveguide (which is dispersive) is adjusted to obtain
the maximum and minimum values of P,, the result is

P

Ppmax = C_p + &1 (24)
P

Pomin = —C—p — &1 (25)

Averaging these two equations causes §; to cancel and
the result is (20), where P, is now interpreted as the
peak-to-dip average (Ppmax+ Lpmin)/2.

Above 7.65 G, the second error term

8 = | Eua| | En:| cos [¢2 + (Ba — B1)]  (26)

can exist in the S-band waveguide. At 10 Gc it is
possible to have seven error terms. However, in a prac-
tical measurement, it is unlikely that all of them will
have sufficient amplitude to cause an appreciable error.
In particular, modes whose # indices are even will not
be launched by symmetrical coaxial-to-waveguide
transitions that are located in the center of the broad
wall of the waveguide. Furthermore, modes that are
close to their cutoff frequency are difficult to launch
[9]. For these reasons it is believed that, in practice,
one error term will be dominant, and the use of the
line stretcher to obtain the peak-to-dip average will
result in accurate power measurements.
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ArrENDIX II

Power FLow IN MULTIMODE RECTANGULAR
WAVEGUIDE

This appendix derives the expression for the total
incident power flowing in an enlarged rectangular wave-
guide containing an arbitrary set of TE and TM
modes coupled to it from a standard size waveguide.
Total power is obtained from integration of the Poynt-
ing vector. The result is expressed in terms of a sim-
plified but approximate formula. Estimates of the error
resulting from its use are given.

The coordinate system is shown in Fig. 6. The time-
average power flow in the g direction is given by

b a
P =f f [Re E X H*]-zdxdy 27
0 0
where E and H are the rms values of the electric and
magnetic fields, respectively, and Z is a unit vector in
the & direction.

K/2 PROBES (FIXED}
ob LI b i1 (1) 1F1

=

L/2 PROBES L/2 PROBES (FIXED}

TTT T T T T o

SO TTTTTTTTTTT x
K/2 PROBES

o
°

Fig. 6—Cross section of enlarged waveguide with fixed-probes.

Expanding the fields into their components gives the
following simplification to (27):

b a
P = f f Re (E.H,* — E,H,*)dxdy. (28)
0 0

To determine P in a waveguide propagating two or
more modes from (28), the magnitudes and phases of
E,, H,, E, and H, would have to be known over the
entire cross section. If the waveguide containing these
modes is tapered into an enlarged guide, the cutoff
frequencies of all propagating modes will be much
less than the applied frequency; the oversize guide
wavelength A, approaches the free space wavelength A.
This causes the wave impedances Z,, for all TM and
TE modes to approach %, the intrinsic impedance of
free space. By noting that

T m T T m @9
Eq. (28) becomes
1 b a
P = E|* + | E,|?dady. 30
LAl ey o
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Thus, P can be determined in the enlarged guide from
only the magnitude of E, and E, over the cross section
of the oversize waveguide. ’

Eq. (29) is exact only for ¢ and & approaching «, We
wish to estimate the error for practical enlarged wave-
guide, ¢.e., three times the size of a standard guide in
both ¢ and b dimensions. The maximum possible error
would occur when all the power exists in a mode just
slightly above cutoff in the standard guide. By com-
puting this power and comparing it with (29), the
error can be estimated. This error will be an upper
bound because all other modes will be further away
from cutoff (closer to a plane-wave condition). For
this single mode case, the power flow P is determined
by substituting (29) in (28) giving

1 b a
o A R AR PACTA T N ClY
Zw 0 0
where
Ag
Zp=1 —)\4 for a TE mode
and
A
Zo=1 )\— for a TM mode.

g

The error in P’ due to using (30) is therefore

F-F Zu 1 (32)
e=——=— — 1,
P’ 7
For the TE mode case the error is
xﬂ R 27 —1/2
e (]
A 7
1 c 2 [
s ~(f—> for L «1 (33)
2\f f
and for the TM mode the error is
x . 271/2
e[ )] -
Ag 7
1 c 2 [
~— <f—) for I— < 1. (34)
2 \f i

We can now evaluate the error for guide three times
the size of standard guide. The maximum error occurs
when f./f=%. Subsitution of f./f=% in either (33) or
(34) predicts an error of 6 per cent.
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ArpenDIx 111

EvaLuaTioN oF FixEp-PrROBE ERROR TERMS FOR THE
TarDp HarRMONIC

We wish to determine the error in using the fixed-
probe method for measuring the third harmonic of an
S-band signal in the range of 3.2 to 3.4 Ge. Fig. 1(a)
(S-band) indicates that, for third-harmonic frequencies,
modes having the following m# indices can propagate
in S-band waveguide: 10, 20, 01, 11, 21, 22, 30, 31,
40, 41.

Subsituting the indicated ZE,., values in the error
terms of (16) and excluding all terms having Eo,, and
E.g, (these field components do not exist), we obtain

ab
Sy = 2’)7? Re (EIOyE12y* + E20uE22v*)
and
ab
& = ——— Re (Eo, Flo,* + Eoo,Ea0,* + Eot B
296C

+ EiEa* 4+ EnEn*)  (35)

where &, is the power error due to E, fields, and &, is
the error due to E, fields.

For the special case of a symmetrical transition from
the transmitter to the waveguide with respect to the
x dimension, the error terms simplify because all terms
having an even m index will not exist. The simplified
expressions are

ab
" 24eC

Re Em,,Elzy*

&y
and

ab
& = —— Re Elle:nx* (36)

296C
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