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mination of the discontinuity parameters. It may be ob-

served that the resonance curves pass close to, rather

than through, the “fixed points’) computed from calibra-

tion measurements. This may be attributed to the

finite thickness of the discontinuity.

From each point ~, ~ on the resonance diagram, a

point E, A on the tangent curve for the network in the

discontinuity plane may be computed via (3) and (11).

Fig. 11 shows this result for points chosen from all the

curves of Fig. 9; only data from the immediate neigh-

borhood of the “fixed points” have been excluded be-

cause of the thickness effect noted previously. The final

test of the internal consistency of the two-mode dal

was a precision analysis of the tangent curve,7 whi(

will be described briefly. Values Al corresponding 1

measured values of Z were computed from the tangel

relation employing the parameters 20, AO, y listed c

Fig. 11. The differences (A’ –A) between the measurt

and computed values are a measure of the accura(

with which the parameters Zo, Ao, y represent the e:

perimental data or the internal consistency. For tl

data presented, the measure of accuracy, \ A’ –A I /h

<0.005, is comparable to values attained in single moc

precision measurements.

Mode Couplers and Multimode

Measurement Techniques*
A

D. J. LEWIS~

Szmwnar.q-The measurement of harmonic and spurious signals

in waveguide systems is complicated by the fact that one must usu-

ally deal with a multimodal measurement. Since the energy may

propagate in any mode consistent with the frequency and waveguide

geometry, the measurement system used must discriminate between
these ditlerent modes.

A shnple and direct approach to this problem is through the use of
~4mode couPler5~~ which couple selectively to imY desired mode.

Theoretical and practical details for mode couplers for the first five

modes in rectangular waveguide are presented, as well as the appli-

cation and limitations of this measurement tecti~que.

INTRODUCTION

T

HE measurement of spurious and harmonic sig-

nals in waveguide systems is usually complicated

by the fact that one must work with a multimode

system. The energy one wishes to measure can be propa-

gated in every mode consistent with the frequency and

waveguide geometry. For example, a 6000-mc signal in

a standard S-band waveguide (3X1+ inches) can travel

in the TE1o, TE20, TEo1, TE1l, and TM1l modes. The

distribution of power among these modes will, of course,

depend on how the guide is excited.

To specify more exactly the nature of the problem,

assume that the total power carried in an n-mode sys-

tem is to be measured. To solve this problem n couplers

are required, the output of each coupler being a linear

function of the amplitude of each mode. Thus:

E = klitll + kik?z + - “ “ kJWw (1)
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A series of n amplitude and phase measurements usir

these couplers will therefore yield the following set ~

equations:

El = kllMl + klzMz + o . 0 kliilfj + . “ . kdfn

E, = kglMl + k2.2,Mz + , . . .

E, = krllll . . . krjMj

E% = k.lMl knnitfn, (

Theoretically it should be possible to solve for tl

strength of the different modes from these equatiol

but clearly, where more than two or three modes a

involved, the solution of such a set of complex equatioj

will be a tedious task. An alternative is to reduce d

value of the cross-coupling terms k,j to a value so 10

that the output of each coupler is essentially dependel

on only one mode. This approach also greatly simplifi

the measurement technique since the need for pha

measurements is eliminated.

MODE COUPLERS

The basic mode coupler is shown in Fig. 1. It consis

of two parallel waveguides mutually coupled throug

two small apertures. The signal to be measured

traveling from left to right in the lower or primal

waveguide, The upper or secondary waveguide co]
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tains a probe to extract the coupled power and a termi-

nation to eliminate reflections. The dimensions of the

secondary waveguide are such that at the signal fre-

quency only the TEIO mode can propagate.

COAX OUTPUT

———— ——— ———. —

-— ——-. .-—

PRIMARY GUIDE

‘“ REFERENCE

DIRECTIONOF P170P4GAr10N PLANE

Fig. l—Basic mode coupler.

For the sake of simplicity the discussion will be re-

stricted to the case of two modes of propagation having

field strengths Ml and MS and phase constants& and 82,

respectively. The phase constant of the TE1O mode in

the secondary guide is 60. The coupling apertures are

identical and have field coupling coefficients kl for the

Ml and k~ for the Mt mode. The aperture spacing is 1.

To develop the coupling equations, we assume a refer-

ence plane at the first aperture. Omitting the phase

shift in the apertures, the forward coupled wave meas-

ured at the probe which results from Ml is then given by:

Ejl = klMl[e–~~lz + e–~poi]e–~floll (3)

or

] E,, I = 2klM, COS ‘p’ - ‘o)z ~
2

(4)

Similarly Eft the forward wave coupled from Mz is:

Ef z = kiills [e–i~’l + e–jflo~]e-iflozl (5)

and

Our objective is to design the system so that the probe

output will be a measure of the strength of either MI or

.M2 with a minimum of interference from the other. If

we wish to sample Ml, the difference between the

coupled waves is maximized by establishing the condi-

tions:

Efl = 2klMx (7a)

E~t = 0. (7b)

This requires that:

(p, – /30)1 = 2rz7r (8a)

(P2 – po)l = (M+ l)7r (8b)

n=0,1,2,30~s

k=0,1,2,3a”~.

Eq. (8a) and (8b) must be satisfied simultaneously to

meet the imposed conditions. Taking the ratio of these

two equations, one can develop the necessary relations

between the phase constants of the two modes in ques-

tion and the phase constant (30 of the secondary wave-

guide as follows:

YL =0 ,1,2,3...

k = 0,1, 2,3....

The behavior of this ratio can be readily visualized with

the aid of the normalized phase constant plots given in

Fig. 2. It can be seen that for a given ~0, tcl obtain the

correct ratio for (9) one must pick the appropriate value

of ~.o (the cutoff frequency of the TElo mode in the

secondary guide). If J is then selected to satisfy either

(8a) or (8b) (the other of course is automatically satis-

fied) the coupler will have the desired characteristic

of rejecting Mz while giving maximum response to Ml.

Fig. 2—Normalized plots of phase constant asaafuncticm of frequency
for three modes having cutoff frequencies .f.o, .f.1, and .f.2.

The values selected for n and k in (9) are quite arbi-

trary. However, large values of n and k lead to greater

aperture spacing. Since this results in smaller band-

widths as well as greater physical dimensions, it is ad-

vantageous to pick small numbers. A ratio of 2/3 in

(9) was found satisfactory experimentally.

If @O is made equal to I%, then from (4) the coupling to

Ml will depend only on k. In this case, 1 is simply di-

mensioned to satisfy (8 b). This would not be a practical

design for the TEUI mode, however, since the secondary

guide would have the same dimensions as the primary

guide. The secondary guide itself would then be capable

of supporting each of the higher order modes asso-

ciated with the primary guide.

It is evident from Fig. 2 that (8a) and (8b) can lie

satisfied only at the design frequency, f o.The variation

of coupling with frequency is easy to picture, however,

since the arguments of the cosine functions in tlhe

coupling equations [(4) and (6) ] ‘are proportional to tlhe

differences between the curves in Fig. 2. These differ-

ences are plotted in Fig, 3 while the coupling corre-

sponding to these curves is shown in Fig. 4.

The mode selectivity can be defined as the difference

in coupling between the desired and undesired modes.
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Fig. 4—Output as a function of frequency for the
two modes, Ml and M2.

Therefore:

s=2010g ,;:, .

M2

Substituting from (4) and (6):

S=20 log

[-

Cos

Cos

(/31– BO)J 1
2

(P2 – Bo)l ()
+2010g : .

2-I

(lo)

(11)

Typical curves of S are shown in Fig. 5.

The second term in (11) is the-contribution to the

mode selectivity which arises from the difference in

coupling of two different modes to a given aperture.

For example, a narrow slot will couple strongly to any

mode which has a magnetic field component parallel to

the slot and weakly to modes whose H fields are perpen-

dicular to the slot. This approach has been investigated

by Judy and Angelakos [3] in connection with the de-

velopment of mode selective directional couplers. Their

results were used extensively in the design of the cou-

pling aperture of the mode couplers.

The total mode selectivity, then, is a function of two

different mechanisms, one depending on the field con-

figuration of the mode, and the other on the phase

constant or velocity with which the mode propagates.

By choosing the correct combination of aperture geom-

etry, aperture spacing, and secondary waveguide di-

mensions, one may achieve a considerable degree of

mode selectivity.

For example, suppose a pair of longitudinal slots in

II
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Fig. 5—Mode selectivity as a function of frequency.

the center of the broad face of the waveguide are used

as the coupling apertures. Because of their location at a

point of minimum longitudinal magnetic field, the slots

will not couple to TEIo, TMu, or TEu waves. They will

couple to TEZO and TEo1 modes. One may then choose

the slot separation 1 and the secondary guide phase con-

stant (30 to reject either the TEOI or TE20 mode. The

coupler will then couple to only one mode out of the

five possible in the primary guide. Unfortunately, there

is no guarantee that one will be able to eliminate all the

undesired modes in any given case. It may also be

noted that the couplers may produce mode conversions

in the primary waveguide. In the example above the

longitudinal slots will couple TEO1 into TE20 or TE20

into TEo1 in the primary guide as well as coupling either

of these modes into TEIO in the secondary guide. HOW-

ever, this mode conversion will be a minor effect as long

as the total power coupled from each mode is small.

Multihole Couplers

Following standard coupler theory [6] it can be

shown that if the coupler has n coupling apertures whose

coupling coefficients have a binomial distribution, then

(4) can be written as:

I E,, I = 2k,M2cos~-lJ ‘B2 - ‘O)Z .
2

(13)

Substituting into (10), the equation for mode selectivity:

Cos (h – PO)J

[12
.S = 20 (?Z– 1) log

COS(B2–s0)1
+ 2olog:. (14)

2

It can be seen that the mode selectivity can be increased

by using multihole couplers.

Negatively Traveling Waves

The coupling equations, (4) and (6), were derived on

the assumption that the signal was traveling to the

right. A wave traveling to the left will result in an out-

put :

E,; == klM1’e–~~OZl[l + e–~@O+~lJtJ (15)
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(16)

(17)

for My. It is apparent that in general both of the back-

ward traveling waves will appear at the output terminal.

Since this will seriously interfere with the measurement

of the forward wave, reflections from the load must be

held to a minimum.

Error Considerations

In using the couplers one may simply ignore the ef-

fects of the cross-coupling when making a set of meas-

urements. Since the mode selectivities cannot be infinite,

this procedure will result in some error. A relationship

between the mode selectivity and this error is of con-

siderable interest.

To develop the error equation we start with (2). The

first equation is divided by kll, the second by kzz, and so

on, giving:

El knMz
—---+”’”—= Ml+ kll

kn
g+

E,
&Ml +... $ Mj

k = k,,w m

Now E,/k,, is the apparent value of M, obtained with

the rth coupler when the cross-coupling is neglected.

For a 5-mode system, the error in the over-all power

measurement which will result when the

neglected will be;

+l&12

j=l

This states that the error d is 10 times

ratio of the apparent power to the true

tuting from (18) this becomes:

interference is

the log of the

power. Substi-

]=1

The maximum error will occur when the coupling coef-

ficients k,, have the same value for all Y, when the cross-

coupling coefficients ki.j have the same value for all r anclj,

and when the modes are of equa

then reduces to:

[
tidb=2010g10 1 +-4

or, setting ~k,j/k,, I /+= .S,
—

amplitude. Eq. (2!0)

Jdb == 2010g (1 + 4s). (2!2)

Since s is complex, the maximum value of a will be olb-

tained when s is a negative real number.

6max=2010g (l–41 s\). (2!3)

If the s values and J1’s are different instead of being

equal, the situation is more complicated, but it can be

shown that the maximum total error will always be less

than 13 max [assuming of course that the maximum

value ofs is equal to the value ofs in (22)].

A more realistic case is obtained by assuming that

for each coupler only one mode causes serious interfer-

ence, and further that each mode causes interference

only once during a set of measurements. If all t’he s’s w-e

again equal, then:

6 max = 20 log (1 – s). (24)

These two curves of maximum error are plotted in

Fig. 6 as a function of S, the mode selectivity where:

$’ = 20 log s. (25)

The needed mode selectivity for any desired degree of

accuracy can be obtained directly from these curves.

In practice, the error will usually be much h:ss than indi-

cated by Fig. 6, since this represents the worst possible

case.

The error curves of Fig. 6 can be used to specify the

return loss required of th~ load. Eqs. (16) and ‘(l 7) show

that in’the worst possible case the reflected waves will be

coupled exactly as strongly as the desired incident mode.

If the return loss for a given mode is 20 db, then the ef-

fective mode selectivity for that mode will be 20 db.

Therefore, one may relabel the S axis of Fig. 6 as return

loss and obtain a direct relation between the quality of

the load and the worst error it can introduce.

If the amplitudes of the individual modes are to be

found, the mode selectivity requirements become more

severe. Reference to (18) shows that the error depends

on the relative strength of each mode as well as the

mode selectivity of each coupler. Fortunately, the

largest error is always made in connection with the
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IN EACH MEASUREMENT
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Fig. 6—The maximum error in the measurement of total power
when the mode interference is ignored.

measurement of the weakest and therefore least sig-

nificant mode.

Experimental Models

Three typical mode couplers are shown in Figs. 7

through 15. In each case the primary guide was a length

of standard S-band waveguide. The secondary guide is

fabricated from sheet brass. Note that because the

secondary guide is operated much closer to cutoff than

normal, special attention must be given to the design of

the probes, terminations, and bends used in this guide.

The coupling aperture used in the couplers is a slot 0.75

inch long by 0.1 inch wide.

The curves of coupling and mode selectivity show

rather good agreement with the theoretical predictions.

Mode selectivities ranging from 15 db to greater than

30 db were obtainable over a 200-mc bandwidth. The

frequency of maximum selectivity for the couplers was

within 1 per cent (or about 50 mc) of the design fre-

quency in every case.

Application of the Couplers

It has been pointed out that for second harmonic

measurements five couplers, one for each mode, will

be required. For third harmonic measurements one

would evidently require 11 couplers, and so on, with

the required number of couplers increasing rapidly with

the order of the harmonic. Clearly a point is very

quickly reached where the complexity and expense of

sucli a system would make practical application out of

tliex question. Furthermore, with the techniques out-

lined thus far, there is no way of rejecting an arbitrarily

large number of modes. The problem is further com-

plicated by the existence of degenerate modes, These

modes can only be separated by means of aperture

selectivity, since mode selectivity based on differences

in’ phase constants obviously cannot be obtained,

~~Fortunately, the number of modes which actually

propagate is often considerably less than the number

theoretically possible. AS an example, an idea sym-

metrical coax to waveguide adaptor (consisting of a
waveguide with a perpendicular probe in the center of
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Fig. 8—TE1O coupler. Experimental curves of coupling as a function
of frequency for the TE1o, TEu, and TMII modes. Coupling to the
TEOI and the TE20 modes was less than 70 db.
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Fig. g—T’&o coupler. Mode selectivity as a function of
frequency for the TMu mode.

the broad face) when operating at a second harmonic

frequency excites TEI1, TMu, and TIGo, but does not

excite TEZO and TEu although both of these latter

modes could propagate. This is due to the mechanical

symmetry of the device. Only three couplers will be

required to measure the second harmonic modes ex-

cited by such a probe. Since this type of adaptor is

common in microwave circuits, these three couplers will

handle a wide variety of such specific problems as the
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Fig. 11—TM1l coupler. Experimental curves of couPling as ? function
of frequency for the TMu, TEu, and TE1o modes. Couphng to the
TE,, and TE,o modes was less than 70 db.
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Fig. 12—TMu coupler. Mode selectivity as a function
of frequency for the ‘fEo modes.

measurement of the second harmonic output of mag-

netrons. The three couplers of Figs. 7 through 15 were

designed for this application.

The results of a series of second harmonic measure-

ments on an RK5586 magnetron with a set of five cou-

plers are shown in Fig. 16. These curves were obtained

by measuring the power in each mode as the magnetron

---14___________________________——-_—-—.
Fig. 1.3-TEu coupler.

TE, I COUPLING
30 —

’20

10I
:~.+o
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Fig. 14—TEu coupler. Experimental curves of couPli~g as a funcltion
of frequency for the TEu and TE1o modes. Couphng to the TMn
and TEjO modes was less than 70 db. Coupling tct the TEOI mode
was approximately constant at 30 db.
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Fig. 15—TEII coupler. Mode 5el@iVi~Y as al function
of frequency for the TEIo mode.

supply voltage was varied. The magnetron. was operated

at 2800 mc at a pulse repetition rate of 1000 PPS with a

l-~sec pulse length. The termination used was a stand-

ard S-band dummy load which had a VSWR ranging

from less than 1.05 for the TEIO mode to a maximum of

1.1 for the TEu mode. The measurement ts were made

directly at the output of the coax to waveguide trans-
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CONCLUSIONS

Experimental models of the mode couplers indicate

that mode selectivities of the order of 30 db or greater

over bandwidths of 200 mc or greater are obtainable in

simple two-hole couplers. Degenerate modes pose a

special problem and may result in substantially lower

selectivities. As many as four modes can be simultane-

ously rejected while coupling strongly to a fifth. The

application of these couplers seems limited to systems

in which the number of propagating modes is small, but

within this limitation they provide a quick and coven-

ient power measurement technique.

0 I I I I I I I I I [
10 2 46 8 100 2 46 8 1000

FUNDAMENTAL AVERAGE POWER [WATTS) _

Fig. 16—Second harmonic average power content in the
TEIO, TE20, TEol, TEH, and TM1l modes.

ducer used with the 5586 magnetron. Evidently the con-

centration of power in the TEI1, TMI1, and TEIO modes

is due to the symmetry of this transducer.

The couplers used to obtain the curves of Fig. 16 were

adapted for use in a pressurized system. However, at the

power levels involved (500 kw) arcing was not a problem

and pressurization was not used. These measurements

were made by Dr. Pietro Lombardini [7].
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Measurement of Harmonic Power Generated

by Microwave Transmitters*
VERNON

Summary—A measurement technique is described that can be

used to determine quantitatively the power levels of the higher order
modes propagating in a straight, Iossless, rectangular waveguide.
The technique employs a number of small calibrated electric probes
which are fied on the broad and narrow walls of the waveguide
measurement section to sample the electric fields within. The method
used to calibrate these probes is briefly dkcussed, and information
on accuracy and limitations of the probe technique is presented. Some
measurement results on the power levels in the modes of the second

and third harmonic frequencies in the outputs of high power S-band
magnetrons and klystrons are presented.

The multiple-probe technique has reduced the time required to

take measurements at a given frequency to about one-half hour. An

* Manuscript received by the PGMTT, July 3, 1958; revised
manuscript received, September 5, 1958. The work reported here was
supported by the Rome Air Development Center under Contract No.
AF 30(602)-1670.

~ General Electric Microwave Lab., Palo Alto, Calif.

G, PRICE~

automatic computer has been programmed to perform all of the re-

quired mathematical operations and has reduced the computation

time to less than one-half hour for each measurement frequency.

INTRODUCTION

I

N recent years several workers have advanced

methods of measurement of the harmonic frequency

power in the output of microwave tubes. Interest

in these measurements has been stimulated to a large

extent by the acute problems of radio interference be-

tween microwave systems which can result from un-

wanted radiation of harmonic frequency energy. FIow-

ever, measurement of this power is complicated by the

fact that harmonics in waveguide lines may propagate

in many different modes which are convertible one to

another by the presence of obstacles or ports. This paper


