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db for a 3-db measurement and 0.17 db for a 40-db meas-

urement.

If the three similar attenuators are connected in cas.

cade and inserted in the system, Fig. 8 shows that el is

now 0.12 db for a 40-db measurement and 0.10 db for

a 75-db measurement, and Fig. 12 shows that e2 is 0.13

db for both measurements. Addition of these yields the

limits of mismatch error, e~, of 0.25 db for a 40-db meas-

urement and 0.23 db for a 75-db measurement. These

examples are felt to be representative of conditions met

in typical rectangular waveguide systems.

CONCLUSION

It can be seen that if maximum possible error is as-

sumed, the mismatch error increases for smaller relative

attenuation measurements.

The limit of mismatch error estimated by this method

is a conservative figure since it is based on the assump-

tion that all values of the coefficients have phases at the

initial and final settings which give the maximum pos-

sible error. Thus, in an actual application, the mismatch

errors are very probably less than those estimated in the

examples,

A Nonreciprocal, TEM~Mode Structure for Wide~Band

‘Gyrator and Isolator Applications*
E. M. T. JONES~, G. L. MATTHAEI~, AND S. B. COHN~

Summary-The

novol form of TEM

theoretical and experiments operation of a

trsnsmission-liie network capable of operation

over octave bandwidths k described. This network consists, basi-
cally, of a parallel arrangement of two conductors and a ferrite rod

witbin a grounded outer shield. The conductors maybe connected in
a two-port configuration which provides, in the absence of the ferrite
rod, complete isolation from zero frequency to the cut-off frequency

of the fist higher mode. With an unmagnetized ferrite rod properly

inserted, the broad-band isolation is virtually urttiected. When the
rod is magnetized by an axial magnetic field, coupling occurs between

the two ports by a process analogous to Faraday rotation.
The device may be used as a broad-band gyrator, switch, or

modulator, and with the addition of a resistance load, as an isolator.
The bandwidth of these components is inherently limited only by the

bamiwidtlt capability of the ferrite material itself.

I. QUALITATIVE DESCRIPTION OF OPERATION

Gyrator Network

1

7 HE form of the nonreciprocal TEM transmission-

linenet work that functions as a wide-band gyra-

tor, switch, or modulator is illustrated in Fig. 1. 1–3
It ,;onsists of a pair of shielded, coupled transmission

lines and an axially oriented ferrite pencil. This circuit

behaves, in the absence of the ferrite rod, as an all-stop

filter; i.e., infinite attenuation theoretically exists be-

“ Manuscript received by the PGMTT, April 29, 19.59; revised
manuscript received, June 19, 1959.

f Div. of Engrg. Res., Stanford Res. Inst., Menlo Park, Calif.
] E. M. T. Jones, S. B. Cohn, and J. K. Shimizu, “A wide-band

nonreciprocal TEM-transmission-line network, ” 1958 WESCON
CONVENTIONRECORD,pt. 1, pp. 131-135.

‘! O. W. Fix, “A balanced-stripline isolator, ” IRE CONVENTION
RECORD, pp. 99-105; March, 1956.

‘i H. Boyet and H. Seidel, “Analysis of nonreciprocal effects in
an N-wire ferrite-loaded transmission line, ” PROC. I RE, vol. 45,
pp. 491495; April, 1957.

tween the two ports at all frequencies.4 For the network

to be an all-stop filter, it is necessary that one of the

coupled lines be open-circuited and the other short-

circuited, in the manner shown in the figure, and that

the phase velocity of the even and odd modes on the

coupled lines be the same. Both these conditions are

satisfied when the ferrite is properly oriented in the

plane of symmetry between the coupled lines. The

proper position of the rod is quite independent of fre-

quency, so that the composite structure has high attenu-

ation over a wide band of frequencies.

When an axial magnetic field is applied to the ferrite

rod, it rotates the plane of polarization of the linearly

polarized transverse RF magnetic field existing along

the ferrite rod, and energy is coupled between the input

and output ports. When the axial field is increased to

the point where the RF magnetic field is rotated by 90

degrees, virtually all the energy is transferred. When the

cross section of the ferrite rod is small in terms of wave-

length, and the operating frequency is far removed from

the ferromagnetic resonance frequency, the rotation of

the plane of polarization per unit length by the ferrite

is essentially independent of frequency. Therefore, low

insertion loss is experienced over a wide frequency range.

Because the plane of polarization of the RF magnetic

field is rotated in the same sense with respect to the

positive direction of the biasing magnetic field, inde-

pendent of the direction of propagation through the

4 E. M. T. Jones and J. T. Bolljahn, “Coupled-strip-transmission-
line filters and directional couplers,” IRE TRANS. ON MICROWAVE
THEORYAND TECHNIQUES,vol. MTT-4, pp. 75-81; April, 1956.
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device, it can be seen that the signal undergoes 180

degrees more phase shift while passing through in one

direction that it does while passing through in the op-

posite direction. Thus, the device functions as a gyrator,

It may also be used as a switch by abruptly changing

the magnetizing field from zero to the strength that

gives full transfer of energy, or it can be used as a mod-

ulator by continuous y varying the field.

isolator

The network configuration most suitable for use as an

isolator is shown in Fig. p. The diagrams at the bottom

of the figure illustrate the manner in which the RF mag-

netic field at the axis of the ferrite rod is rotated in

passing through the device in either direction. When a

signal travels from left to right, the RF magnetic field

is initially oriented at an angle 41, somewhat greater

than 45 degrees to the horizontal. Since there is no volt-

age induced in the short-circuited line on the upper left,

the resistive termination placed behind this line does

not attenuate the signal. The RF magnetic field, on

passing through the ferrite, is rotated through an angle

~1 so that at the output it is horizontal. A signal entering
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from the right also has its RF magnetic field rotated @l

degrees as it passes through the ferrite so that all the

power is transferred to the upper line where it is attenu-

ated by the resistive termination at the left-hand end of

the network.

Ii1. PERTURBATION ANALYSIS OF NONRECIPROCAL

COUPLING BETWEEN A PAIR OF

SHIELDED CONDUCTORS

A. more detailed picture of the behavior of the various

forms of the device may be obtained by analyzing the

nonreciprocal coupling between shielded conductors us-

ing perturbation theory.5 This theory is exact for ferrite

rods having infinitesimal cross section areas, and is

qualitatively correct for the ferrite rods used in practice.

Application of this theory shows that with a lossless

ferrite rod in position and unmagnetized, the propaga-

tion constant @,’ of the even mode is

““ASH’[2W+2(531 ,1,
~,?’– k,=

41.2Z0,

while the propagation constant PO’ of the odd mode is

“’”ASH”2[2W+2(531 . ,2)
/3; – k, =

4102zO0

In these expressions,

jY, = RF field existing at the axis of the ferrite, in the

absence of the ferrite, when the device is excited

in the even mode; i.e., equal in-phase currents

I. flow on the conductors;

jYO= RF magnetic field existing at the axis of the fer-

rite, in the absence of the ferrite, when the de-

vice is excited in the odd mode; i.e., equal out-

of-phase currents 10 flowing in the center con-

ductors;

Zoh = characteristic impedance of one center conductor

to ground with equal in-phase current I. flowing

in the center conductors;

ZOh= characteristic impedance of one center con-

ductor to ground with equal out-of-phase cur-

rents roh flowing in the center conductors;

kl = propagation constant of the unperturbed sys-

tem, which is assumed Iossless;

w = relative initial permeability of the ferrite;
6 = relative dielectric constant of the ferrite;

PO= 47r X 10–7 henries/meter;

u = angular operating frequency; and

As= cross section area of ferrite rod, meter. 2

In order that there be no reciprocal coupling between

the conductors, the ferrite rod must be oriented so that

the phase velocities of perturbed even and odd modes

$ B. Lax, [f Frequency and lo.ss characteristics of microwave

ferrite devices, ” PROC. IRE, vol. 44, pp. 1368-1386; October, 1956.

are equal. That is,

ba’=flo’=fi. (3)

Substitution of (1) and (2) into (3) yields the relation

H. H.
—= —.

Iev’.zcw 1.4Z..
(4)

Eq. (4) shows that when the even and odd modes carry

equal power, they will produce equal RF magnetic

fields at the axis of the ferrite rod. However, equal even-

and odd-mode currents do not produce equal fields at

the center of the rod.

When the rod is biased with an axial field, the amount

of nonreciprocal rotation 19.1of the plane of polarization

of the wave in passing along the axis of the ferrite rod

of length 1, as well as the attenuation cd, can be deter-

mined by first resolving the wave into right- and left-

hand circularly polarized components having the propa-

gation constants a+ +j~+ and cr-+j@-, respectively.

Making the usual approximation that (ti,.,/ww) 2

<<(co,., ~ ~) 2, one finds that

~1= (P-– 9+)1=_ d/JoAs(He2 + Ho2)wJm

2 (41.’Z.. + 410,’ZOO)(CO,,.2– @
, (5)

and

()a++a-
~1 = 1

2

The relation getween 81 and al takes the particularly

simple form of

In these expressions,

cd. = y4TM,

4rM= saturation magnetization (gauss),

7/27r = 2.8 mc/oersted,

@O=T~DC,

HDC = applied internal field in the ferrite rod

(oersteds),

tireB=uo+wm/2,

r = 2/yAH= Tu/uo,

T= phenomenological relaxation time as defined

by Lax: and

AH= ferrite line width measured to the one-half

amplitude points.

Eq. (7) shows that for a given total rotation 19.1,the total

attenuation cd experienced by a signal is independent

of the cross section geometry. In the experimental gy-

rator and isolator to be described later, the ferrite used

is Ferramic R-1. This material has a line width All of

about 500 oersteds at an operating frequency of 9000

mc. This value of line width yields aor = u T of about
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12.7 over a wide band of frequencies centered at 9000

mc. Hence, far from resonance the theoretical attenua-

tion through the gyrator, which has a 01= 7r/2 radians,

is about 1.07 db. The theoretical minimum forward at-

tenuation through the isolator which has a 01 of about

0.91 radian is 0.62 db. Inspection of (7) reveals that, at

frequencies removed from the ferromagnetic resonance

frequency, the rotation 01 is independent of the operat-

ing frequency.

When the operating frequency approaches the reso-

nance frequency, (5) shows that 61 increases. However,

(6) predicts an even greater increase in al. For a given

size of ferrite, the amount of rotation is proportional to

the ratio of H~2 +Hg2 (the square of the total unper-
turbed RF field at the axis position of the ferrite) to

41.2Z,, +4102Z0. (twice the total power transmitted along

the ferrite-loaded structure). In general, it is very diffi-

cult to determine this ratio quantitatively; however,

it has been done for the case of thin, flat, co-planar

coupled strips using a con formal mapping technique.

The results of this analysis show that this ratio increases

as the gap between the coupled strips is decreased. At

the same time, it is found that the position where the

magnetic fields of the even and odd mode are equal for

equal power in the two modes moves closer to the plane

of the coupled strips as the gap between the strips is de-

creased. It seems likely that this behavior will obtain

for other conductors having different cross section

shapes.

11I. DETAILED DESCRIPTION OF OPERATION

Gyrator

When the correct biasing field for gyrator action is

applied to the ferrite rod shown in Fig. 1, perfect trans-

mission is achieved through the network, assuming a

reflectionless and Iossless ferrite when the terminating

impedances at Port 1 and Port 2 are equal to the input

impedances at each of these ports when the opposite

port is terminated in a matched load. The input imped-

ance at Port 1 under these conditions can be readily

computed by noting that a signal entering Port 1 ex-

cites even and odd modes on the coupled lines, having

equal voltages V/2 since it is necessary to have zero

voltage on the shorted line. Hence, the current flowing on

the coupled line connected to Port 1 is V/2 [1/2.. + 1/200],

while that induced on the shorted line is

v/2 [1/20. – 1/200].

Therefore, the input impedance at Port 1 is

22..200/(20. + zoo).

In a like manner, it is seen that a signal entering Port 2

excites even and odd modes having equal currents, I.

Hence the voltage on the line connecting to Port 2 is

1(2., +ZOO), while that induced on the open-circuited

line is l(ZO. – ZOO). Therefore, the input impedance at

Port 2 is (ZO. +ZOO)/z.

The inclination angle d of the RF magnetic field

along the axis of the ferrite as a signal passes through

the gyrator can be computed in the following fashion.

When a signal is incident on Port 16 with voltag~am-

plitude V, the amplitude of the even current 11. is

V/2Z0. on each of the coupled lines while the amplitude

of the odd current Il. is — V/2Z00. Referring to Fig. 1

and remembering the condition of (4), it is seen that the

even curren~ prop an x-directed component of mag-

netic field HI. = H1. at the axis of the ferrite rod having
an amplitude proportional to l/~Z. The odd-mode

current produces a y-directed component of magnetic
++

field HI. = HI. at the axis of the ferrite rod having an

amplitude proportional to 1/ tiZoo. Thus,

As the signal passes through the magnetized ferrite, the

plane of polarization of the field at the axis of the ferrite

rod rotates clockwise; however, its magnitude ~H.2 +H.2

is unchanged. When the wave reaches the end of the

ferrite rod adjacent to Port 2, it is necessary that
++
12e= 120= V/2 V’ZO,ZOOin order that all the signal power

will pass out Port 2. Therefore, the inclination angle42is

(9)

showing that the plane of polarization of the wave at

the center of the ferrite is rotated 90 degrees in passing

once through the gyrator. When a signal passes through

the device from Port 2 to Port 1, the plane of polariza-

tion of the RF magnetic field is rotated in the same sense

with respect to the biasing field, as shown in Fig. 1.

Hence, as explained above, this device functions as a

gyrator since a signal undergoes 180 degrees more phase

shift in going through the device in one direction than

the other.

Wide-Band Isolator

When the correct biasing field is applied to the ferrite

rod shown in Fig. 2 for isolator action, zero forward loss

is achieved, again assuming a lossless and reflectionless

ferrite when the characteristic impedances of the lines

connected to Port 1 and Port 2 are 2Z0.ZOO/(Z.e +ZOO)

and ZO./2, respectively. Furthermore, it is necessary

that the termination within the isolator perturb the

phase velocities of the even and odd modes equally, in

order that there be no reciprocal coupling between the

lines.

o The arrows indicate the direction of power flow through the de-
vice with reference to Fig. 1.
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When a signal is incident on Port 1, the inclination

angle 41 of the RF magnetic field at the axis of the fer-

rite rod is & = tan–l 4ZOJZW. As the signal passes

through the isolator, the plane of polarization of the field

at the axis of the rod is rotated until 42 is zero at Port

2. When a signal is incident on Port 2, the angle of in-

clination @ of the field at Port 2 is again zero. As the

Sk@ passes through the device, the RF magnetic field

is rotated in the same direction with respect to the bias-
+

ing magnetic field so that the inclination angle 41 of the

magnetic field at the center of the ferrite rod nearest
+

Port 1 is @l= – r$l. This orientation of the magnetic

field corresponds to zero RF voltage on the line connect-

ing to Port 1 and maximum voltage on the line contain-

ing the termination, which is the optimum condition for

a large absorption in the termination.

It is interesting to note that should the direction of

the biasing magnetic field be reversed, a signal incident

on Port 2 will propagate through the isolator and

emerge unattenuated from Port 1. However, a signal in-

cident on Port 1, after passing through the isolator, will

set up both even and odd mode currents on the lines

adjacent to Port 2. The energy in the even mode will

pass out of Port 2 while the energy in the odd mode will

be reflected at the T-junction and later, after retravers-

ing the network, be absorbed in the termination. Thus,
other factors being the same, the reverse loss is less for

this orientation of biasing field than for the correct

orientation of the biasing field shown in Fig. 1. How-

ever, as discussed in Section IV, measurements made 011

an isolator with a 10SSYferrite indicated only a small dif-

ference in attenuation when the biasing field was re-

versed.

IV. MEASURED PERFORMANCE

GyratoY Experimental Results

A. photograph of the experimental model of the wide-

band gyrator is shown in Fig. 3. Its measured perform-

ance is shown in Fig. 4. The cross section dimensions

of the coupled strip lines and the Ferramic R-1 ferrite

for Gyrator and Isolator Applications 457

rod are also shown in Fig. 4. The over-all length of the

coupled lines is 8 inches. The over-all length of the fer-

rite rod is 5.75 inches and each end is tapered over a

length of 0.625 inch. The theoretical values of Zo. and

Zoo are 139 ohms and 88 ohms, respectively. These

values were computed from (24) and (25) of Jones and

Bolljahn,2 suitably modified to account for the increased

self-capacitance of the lines caused by the presence of

the vertical side walls of the outer conductor of the net-

work. Tapered transitions were employed at either end

of the gyrator to match it to the 50-ohm impedance level

of the measuring equipment. The transition at Port 1

transformed between 50 ohms and 2Z0eZ0,J(Z0.+ZOO)

= 108 ohms, while the transition at Port 2 transformed

between 50 ohms and (Z.. +Zoo) /Z = 114 ohms.

With no dc biasing field applied, the insertion loss

through the gyrator is greater than 20 db, except near

the highest frequencies measured where it drops to 16

db. When the magnetic field is applied to obtain gyrator

action, the insertion loss decreases to less than 2 db ex-

cept at a few isolated points in the band. At the upper

end of the band, the insertion loss averages about 1 db,

in agreement with the results of the perturbation anal-

ysis. Although the data were not recorded, it is believed

that the gyrator shown would operate satisfactorily

down to frequencies as low as 5.5 kmc, since one of the

experimental isolators described in the next section

operated down to this frequency.

It is believed that the insertion loss of the gyrator,

caused mainly by ferrite losses, could be greatly reduced

by employing an yttrium iron garnet rod which has a

line width of about 50 oersteds, rather than the Ferramic

R-1 which has a line width of about 500 oersteds.

Isolator Experimental Results

An experimental isolator design was constructed hav-

ing cross-sectional dimensions as shown in Fig. 5. In

this case, the even- and odd-mode impedances are ap-

proximately Z.. = 148 and Z~~= 90.4 ohms. The input

impedance at Port 1 in Fig. 2 is 2Z0.ZOO/(Z0. +ZOO) = 112.5

ohms, while the input impedance at Port 2 is Z../2 = 74

ohms. In order to match the 112.5-ohm impedance at

Fig. 3—Photograph of the wide-band gyrator.
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Fig. 4—Insertion loss of wide-band gyrator.

Port 1 to 50 ohms, a 2.4-inch taper section was used at

that end. At Port 2, it was possible to achieve a good

match by adjusting the position of the Y-junction with

respect to the end wall, and by altering the diameter of

the conductor between the junction and the end of the

box. In order to test the VSWR of the transitions, long

tapered sections of Polyiron were placed beside the con-

ductors to act as terminations inside the box.

The isolator whose cross section is shown in Fig. 5

used a O.147-inch diameter rod of Ferramic R-1 ferrite,

5.70 inches in over-all length, with each end tapered to

a point in a distance of 1.2 inch. The ferrite rod was

suspended within the outer shield by threads attached

to metal pull rods and calibrated adjusting nuts so that

it was possible to adjust the position of the ferrite rod

while the isolator was in operation. Since the reverse loss

is the most sensitive test of proper operation, the rod

was positioned in such a way as to optimize the reverse

loss characteristic. Because the th~ead system used for
holding the rod was not very rigid, the rod position indi-

cated in Fig. 5 can be regarded only as a close approxi-

mation.

The forward loss, shown in Fig. 5, of a signal travel-

ing from Port 1 to Port 2, was measured with the biasing

field oriented as shown in Fig. 2. The reverse loss was

measured with the biasing field reversed. Within ex-

perimental error, the same result is obtained for the re-

verse loss with the biasing field oriented as shown in

Fig. 2, but with the direction of propagation through the

isolator reversed.

Fig. 5 shows that the device has high isolation; ie.,

reverse loss, over a considerable bandwidth. The for-

ward loss is around 1.0 db over most of the band, with

a few peaks reaching a maximum of 1.6 db. The VSWR

at Port 1 and Port 2 was the same regardless of the

H-field direction. The low VSWR at Port 2, which was

observed for all biasing field strengths, is due to the

fact that essentially all of the signal fed into Port 2 is

absorbed either in the matched termination at Port 1

or in the matched internal termination. On the other

hand, a low VSWR at Port 1 will only be obtained when

the biasing field is adjusted to give the proper rotation,

Therefore, it is believed that the relatively high VSWR

observed at Port 1, when the isolator is adjusted for op-

timum reverse loss, indicates that the amount of “ro-

tation” in the forward direction is different from that in

the reverse direction, either because of reciprocal cou-

pling or because of higher-order modes caused by the

presence of the ferrite.

The data in Fig. 6 show the difference in decibels be-

tween the reverse and forward loss with the biasing field

adjusted at each frequency to maximize the reverse 10SS.

More biasing field is required at intermediate frequen-

cies than at both the relatively low and the relatively

high frequencies. At the lower frequencies it i{; possible

that the proximity of ferromagnetic resonance dimin-

ishes the H-field required. The reduced biasing field re-

quired at the high frequencies may be due to increased

concentration of energy in the ferrite rod.’ It is probable

that the rotation could be kept more constant with fre-

quency for a given biasing field by introducing dielectric

loading in the isolator box to draw away some of the

energy from the ferrite rod at the higher frequencies.’

TE. A. Ohm, ‘~Broad-band microwave circulator, n IRE TRANS.
ON MICROWAVE THEORY AND TECHNIQUES, vol. MTT-4, pp. 210--
217; October, 1956.
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Fig. 5—lVIeasured performanceof awide-band isolator using an R-1 ferrite rod 5.70 inches long
with each end tapered to a point in a distance of 1.2 inches.

The performance characteristics of an isolator using a

smaller-diameter ferrite rod in an outer shield of reduced

cross section appear in Fig. 7. The inserts used to reduce

the outer shield cross section were tapered at the ends so

: as not to disturb the end impedance matches. The fer-
1
!2 rite rod was Ferramic R-1, 0.100 inch in diameter, 6.00
E
6
k

inches in over-all length, with each end tapered to a point

z in a distance of 0.5 inch. The distance x in the cross sec-
5 tion drawing in Fig. 7 was approximately O.O7Oinch and
$
5 was arrived at by adjusting for optimum reverse loss.
~ It is seen that the performance of this isolator is quite

_:; z

[

3!1 ~ ~ similar to that of the previously described isolator, ex-
k “, x~ # ~
w!/ cept that the rnidband reverse loss is slightly lower.
9 Cl
r“ However, it is probable that the performance of this iso-
~.: a~
~* later could be improved by using a longer ferrite rod,
c~
g x: since for frequencies beyond midband it was not possible
~ !!:
~~ to peak the reverse loss at a definite biasing field as was
m:, 0

FREQUENCY - kMe
possible in the previous isolator. It was found possible

to minimize the forward loss only at the lower frequen-
F,g. 6—Decibel difference between reverse and forward loss for the

isolator in Fig. 5 when the biasing field is adjusted at each f re-
ties, which again indicates that the rod was not long

quency to give the peak reverse 10SS. enough to give sufficient rotation at the higher frequen-
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Fig. 7—Measured performance of a wide-band isolator using an R-1 ferrite rod 6 inches long
with each end tapered to a point in a distance of 0.5 inch.

ties. At frequencies in the 7- to 8-kmc band, the optimum

loss values ran around 0.5 db, or somewhat less, which

agrees fairly well with the perturbation analysis and

should be indicative of what optimum performance of
the isolator would be. As seen from Fig. 7, the VSWR at

Port 1 of the isolator is rather high, just as in the case of

the previous isolator, while the VSWR at Port 2 is quite

low. In this case, insertion loss data were taken for both

directions of the H-field and for both directions of power

flow. The differences in the measured data were quite

small, although operation with the II-field, as shown,

was slightly better in the forward loss characteristic.

CONCLUSION

The nonreciprocal TEM network described here can

be used as a wide-band gyrator, isolator, switch, or mod-
ulator. The theoretical analysis of this network indicates

that it should function over bandwidths even greater

than an octave. Measurements on experimental versions

of the network demonstrate that operation over almost

an octave may be readily achieved in practice. If poly -

crystalline yttrium iron garnet is used in place of the

R-1 ferrite, it is believed that low-loss operation can be

achieved over even greater bandwidths.


