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A FiveOPort Matched Pseudo+Magic Tee*

AKIRA OKAYA~

Summaru—The five+ort matched L)seudo-magic tee consists of

an input waveguide, two load arm waveguides which are coupled into

the input waveguide with +90° and – 90” phase shifts, respectively,

and an output waveguide which is split into two load waveguides by

a septum.

The improvements include a much broader matching and isola-

tion bandwidth, higher isolation between arms, better matching into

arms, and a variety of modifications for different applications.

These characteristics have been obtained by employing fre-

quency-insensitive phase shifters. Hence, frequency coverage is

mainly limited by mechanical asymmetry and the characteristics of

the directional coupler in the magic tee.

While this type of hybrid junction is not a true magic tee because

the load arms are not used as the input arm, it does have several

applications which an ordinary magic tee does not have.

X-, K-, and M-band models were examined experimentally, and

highly sensitive and accurate impedance measurements were made.

INTRODUCTION

c

ONVENTIONAL magic tees are not as well

matched nor as well isolated over as broad a fre-

quency range as one would like. The sensitivity

and accuracy of impedance bridges and the sensitivity

of microwave mixers are quite often limited by the

aforementioned factors. Several attempts at modifying

conventional matched magic tees have been made. How-

* Received by the PGMTT, October 28, 1960; revised manuscript
received, January 9, 1961. Supported jointly by the U. S. Army Signal
Corps, the Office of Naval Research, and the A. F. Office of Scientific
Research. USA Patent No. 2,949,587, issued August 16, 1960.
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ever, the main difficulties, which arise from the funda-

mental restrictions of the structure itself, have remained.

A solution of this problem has been obtained in the

following ways.

PRINCIPLES OF OPERATION

The new-type magic tee (type 1) is shown in Fig. 1(a)

and 1(b) (page 218). Input-microwave power is split

equally by a septum in the input waveguide and then

introduced into load arm waveguides 1 and 2 through

directional couplers. The waves reflected from loads 1

and 2 meet at the output arm.

One can see that the waves going into loads 1 and 2

are out of phase with each other, if the condition

L,l = Ltj is satisfied. Hence, the wave coming from the

output arm has zero amplitude if loads 1 and 2 are

identical and Lol = L~z. The geometrical conditions L,l

= Liz and Lo,= LOZ are satisfied independently of the in-

put frequency, This condition has enabled us to build a

frequency-insensitive magic tee.

The matching conditions of the input waveguide de-

pend mainly upon the matched load of the directional

couplers. The necessity for the matched loads at wave-

guide junctions of the load arms is easily seen by circuit

theory, 1 The mismatches at the junction cause fre-

I C. G. Montgomery, R. H. Dicke, and E. M. Purcell, “Principles
of Microwave Circuits, ” M.I.T. Rad. Lab. Ser., McGraw-Hill Book
Co., Inc., New York, N. Y., p. 285; 1948.
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quency-sensitive reflections. Although the basic princi-

ple of this tee is silmple, there are several construction

difficulties.

Another version of the magic tee, as sketched in

Fig. 2(a) (type 2), was much more practical and easier

to build. Here an input waveguide, which was separated

by a septum in the first model, is replaced by a single

waveguide and a single directional coupler, and is

coupled to the two load arms by two lines of coupling

holes symrnetricall y arranged about the .’1-.1 plane, as

shown in Fig. 3. The holes are located at the position of

maximum II field of the input waveguide so that the

input wave couples to the load arms magnetically with

+90° and – 90° phase shifts, as shown in Fig. 2(a) and

Fig. 4.

In this case, one can see that the phase shifts are ob-

tained only by one directional coupler, instead of by the

complicated waveguide bends of Type 1.

This hybrid circuit can be analyzed with the use of the

scattering matrix.

The scattering matrix of the five-port network of

Fig. 3, which is symmetric about the A-.4 plane, can be

written as follows:

SIl S12 iS13 — ;s13 is15

S12 s,, LS23 — iSj3 ‘iSz5

iS18 is23 S33 S3* s36
—iS13 —iSz3 SW s,, S35

( iS15 ‘iS25 S35 S35 S55

where Vol = Sll V;l+SIZV,Z + .S13V,s + &4 V,4 + ..$15V,5.

Vo. is the voltage amplitude of the wave out of test

arm n, and Vim is the voltage amplitude of the wave

incident on test arm m.

From reciprocity, it follows that S,, = S,,. From the

symmetry of the tee we obtain

S35 = S45.

Finally, from the phase relations and the’ symmetry of

the tee, we deduce the conditions

S13

S23

Here the phase relations

ments. From column 3,

are obtained:

– – S14—

—– – S,4.

are included in the matrix ele-

row 4, the following relations

+s132 +s232 +s332 +s3+2 +S,52 =1.

+s,3’ +s2,’ +s3,’ +s,4’ +s352 =1.

Therefore,

S33 = S44.

From column 1, row 2,

S11S12+ S12S22+ 2s13s23+ S16S!5= 0.

If SIl = SZ~= O, then

2S13SZ3 + s15s25 = O.

From the geometrical symmetry of a tee and field

symmetry of arms 3 and 4, one can see immediately that

sNj = S25 = 0.

I-Ience,

Sujs!n = o.

From column 1, row 3,

sIIs13 + s1fi23 – s13s33+ .$13s24– s15s16 = ~.

If & = s33= o, then &2&3 +&3S31 = 0.

Suppose the coupling is directive:

S13 # O and S23 = 0,

then

s,, = o.

The opposite directivity, SU = O, s23#o, is l~~t al-
lowed because S12 # O should be satisfied in any case.

one can summarize the results as follows:

Directive coupling is required such that S23 = O,

Sl~ # O, as in a magic tee. Complete isolation between

load arms 3 and 4 is obtained if ports 1, 2, 3, and 4 ap-

pear matched looking out of the tee.

EXPERIMENTAL. RESULTS

X-, A“- and Al-band tees of type 2 shown in Fig. 2(a)

were built and tested. Photographs of those tees are

shown in Fig. 2(b).

A K-band tee of type 1, shown in Fig. 1 (a), was also

built and tested. Fig. 1 (b) is a photograph of the part

of this K-band magic tee which does not include direc-

tional couplers.

One of the type 2 X-band tees was analyzed in detail

by a reflectometer setup which covered the frequency

range from 8.2 kMc to 12.5 kMc. The isolation between

ports 1 and 5, with matched loads at ports 2, 3, and 4,

was examined. The results are shown in Fig. 5. The

small leakage, which appeared on the low-frequency end

of Fig. 5, was due to imperfect matching of the loads at

port 2. The reflectometer was too insensitive to measure

a real value of isolation at which unbalanced signals

were far below the noise signal. The voltage standing

wave ratios at input and output arms were less than 1.3

and 1.10, respectively, over the frequency range from

8 kMc to 11 kn’lc.

.A more severe test of isolation was made by shorting

ports 3 and 4. This test serves to emphasize any un-

balancing in the two load arms, even though the tee

would never be used this way in practice. fis the data in

Table I shows, the isolation is extremely high, even in

this case.

The detailed characteristics of the tee are shown in

Table I. In this case, slight adjustment of the balancing,
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Fig. l—(a) Structure of split waveguide-type matched magic tee
(type 1). (b) Photograph of split waveguide-type magic tee.

which compensated for the mechanical asymmetry (less

than 60 roils), was made for each frequency. An isola-

tion 30 db better than the conventional magic tee was

obtained.

The same type of test on the type 1 K-band tee was

made. Fig. 6 shows the results of this test.

An M-band tee, which is shown in Fig. 2 (b), was

made, and quite uniform characteristics over the fre-

quency range 45–58 kMc were obtained. The isolation

between the input and output arms was greater than

35 db.

CONCLUSION

JZxperiments show no reason to prevent the use of this

type of magic tee in the shorter millimeter wave region.

Furthermore, this type of magic tee is no more difficult

to build than directional couplers and matched loads at

the same frequencies.

ARM
#5

}
COUPLING HOLES FOR
DIRECTIONAL COUPLER LOAO ARM n

(a)

LOA:4ARM u

(b)

Fig. 2—(a) Structure of five-port split waveguide-type matched
magic tee (type 2). (b) Photograph of five-port split waveguide-
type matched magic tee.

The tee is well matched in any arm, particularly in

the load arm, if arm 1 is used as the input. But if one of

the load arms 3 or 4 is used as an input, there is no

longer isolation between arms 3 and 4. This is different

from the usual magic tee.

It does have power dissipation at the matched load of

arm 2. However, it need not be 11,5 db as in our test

model. The circuits with 3-db directional couplers are

easy to design and build.

The characteristics of the circuit are independent of

the coupling loss. Hence, the coupling loss must be

chosen to meet the application.

The directivity of the directional couplers contributes

to the isolation between the load arms, as one can see

from the previous discussion. However, the balancing

characteristics do not depend upon the directivity.

They depend only on the symmetric arrangement of

coupling holes.
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Fig. 3—A simplified schematic of the five-port magic tee.
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Fig. 4—Electric field phase relation in the cross section of a tee.

The standard magic tee can be converted to a very-

broadly-banded matched magic tee using a Iossy pad as

a matching device. If we compare the modified regular

magic tee with our pseudo-magic tee, we can see the

following differences.

The modified standard magic tee has as big a loss be-

tween output and load arms as between input and load

arms. On the other hand, the loss in our pseudo-tee is

almost emtirely between input and load arm and there is

very little loss between the loacl arms and the output

arm.

Furthernlore, since the coupling loss in the direc-

tional coupler effectively contributes to the isolation be-

tween load arms 3 and 4, much greater isolation could

be achieved in this way than by the regular magic tee.

This type of pseudo-tee was therefore effectively used

to make an extremely sensitive impedance bridge, and

measurements were made rapidly and accurately for the

various impedances.

In several applications, the coupling loss in the input

arm is even desirable. For example, in a balanced mixer,

the local oscillator is normally isolated from the rest of

the circuit with an attenuator. I-Iere, the attenuator is

already included in the tee.

One can modify the five-port tee in several ways. For

example, the modification shown in Fig. 7 enables us to

introduce simultaneously two signals of different fre-

quencies from different waveguides.

This circuit is effectively used to monitor a high-

power balanced circuit. The input power from port 5 is

divided equally into arms 3 and 4. Only a fraction of

unbalanced power from arms 3 and 4 is detected at arm

1 through small coupling holes.

8.2 12.5 kMc

Fig. 5—The frequency characteristics of isolation between ports 1
and .5, with matched loads at ports 2, 3, and 4.

TABLE I

CHARACTERISTICS OF THE FIVE-PORT MATCHED PSMJDO-MAGIC Tsm

Isolation” (excluding the
F[~~~Cy coupling loss) t Between VSWR

Ports 1 and 5 (ports 3 and 4 Port 5 ~
Port 1$

are shorted) in db

8.0 I 40 I 1.10 I 1.3
8.6
9.0
9.5

10.0
10.5
10.9
11.1

7s 1.lCI
75 1.09
70 1.08
75 1.07

1.14.
;; 1.05
70 I 1.14

1.25
1.25
1.20
1.02
1.20
1.00
1.07

* 70N75 db was the limit of measurement by our instruments.
~ The total coupling loss of the directional coupler was 11.5 db

in this specific model.
$ Matched loads at ports 3 and 4.
$ Match load at port 2 and short circuit at ports 3 and 4.
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Fig. 6- –The frequency characteristics of split Waveguick-tme
magic tee (type 1).
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Fig, 7—Modified magic tee.


