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ABSTRACT

A characteristic of the E-plane circulator is that it displays two neighbouring solutions for the first and second circulation

conditions. The so-called small gap E-plane circulator was dealt with in the literature. This paper is concerned with the large

gap geometry. It outlines a simple eigenvalue subroutine for the design of either arrangement, and includes some experimental

data in WR75 waveguide for the degree-one large gap geometry. Good agreement was found between numerical simulations and

experiments. High peak power analysis showed a significant improvement for large gap E-plane geometry, in comparison to the

small gap E-plane as well as the H-plane junction circulator.

1 | Introduction

The E-plane junction circulator is devised by placing one or two
quarter-wave long gyromagnetic resonators on the narrow wall
of a waveguide 3-port junction [1-5]. A large gap between ferrite
resonators, in addition to operating above resonance, may
support megawatt peak power handling capability [6-10].
Further, a dielectric sleeve [8, 11] or a quarter-wave transformer
can be used to increase the bandwidth of the E-plane circulator,
and a radial composite resonator may be used to increase the
average power handling [10, 12].

Field theory, mode charts and equivalent circuits of the E-plane
circulator were established in Refs. [13-30]. The use of full-
wave simulation tools, such as CST Microwave Studio or HFSS,
for instance, allows for more complex geometry-shaped circula-
tors to be considered. Razavipour et al. designed a double band E-

plane circulator by adjusting the dimensions of the ferrite reso-
nators [31]. Deng et al. designed a four-port E-plane circulator
using X-shaped ferrite disks and a septum [32]. The same authors
designed a four-port differential phase shift circulator where the
ferrite slabs are sitting on the broad wall of waveguide [33].

A fundamental characteristic of the E-plane junction is that it
displays two neighbouring solutions for the first and second
circulation conditions [27].

The first, a so-called small gap, has a passband about its mid-
band frequency. The second, a so-called large gap solution,
because the distance between the ferrite resonators is usually
larger than that of the small gap counterpart, has a stopband.
The former was discussed in Ref. [27] and the second is the
object of this work. The prevailing solution depends upon
whether the in-phase eigenvalue is either in-phase or 180° out-
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of-phase with the degenerate counter-rotating eigenvalues at the
reference planes of the junction.

The paper is divided as follows. We present the geometry of the
E-plane circulator under study in Section 2. We then derive the
first circulation condition of the E-plane small and large gap
junction in Section 3. The second circulation condition of the
magnetised E-plane circulator is discussed in Section 4. We then
calculate the peak power handling of the E-plane circulator in
Section 5, and show that the peak power handling of the large
gap is greater than the E-plane small gap and an H-plane
circulator optimised at the same centre frequency.

2 | Geometry of the Large Gap E-Plane Junction
Under Study

The E-plane junction circulator consists of one or two quarter-
wavelength long gyromagnetic prisms or cylindrical resonators
on one or both narrow waveguide walls at the junction of three
rectangular waveguides. The E-plane resonator under study is
shown at Figure la with the physical dimensions labelled in
Figure 1b. Ferrite resonators of diameter 2R, thickness L and
permittivity ¢ are mounted on circular metallic pedestals of
height (a — 2L — 2S)/2 and diameter 2R;. The gap between the
resonators is 2S. In practice, rectangular pedestals of length R;
and width W = b are often used instead of circular pedestals to
avoid the possibility of a spike in the passband.

The normalised variables of the junction are given by R/L, S/L
and R;/R. A gap factor (Q.g) is defined by the following
equation:

L

Qes = I+S (€Y

The normalised radial wavenumber of the resonator kR is
defined in terms of the free space wavelength k, and is arbi-
trarily fixed midway between the cutoff number of the dominant
mode and the first higher order mode of the resonator. The
value of koR is defined by the following equation:

_27R
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FIGURE 1 | (a) Schematic representation of the E-plane wye
junction with cylindrical resonators. (b) Side view showing
dimensions of the junction.

For a quarter wavelength long cylindrical resonator with a
perfect magnetic wall, k.R and the aspect ratio R/L are given by
the following equation:

kR =1.84 (3a)

R(Z
L

=) VR e — (kcRY? (3b)
When the reference plane position R, is defined, the normalised
variables along with k, and ¢ are sufficient to solve the first
circulation condition which are set to define the physical di-
mensions of the junction [27].

3 | First Circulation Condition of the E-Plane
Small and Large Gap Junction by Adjusting the
Eigenvalues

The E-plane junction differs from its H-plane counterpart in
that two pairs of output waves are 180° out-of-phase [34-38].
The required eigenvalues are found by first setting the deter-
minant of S—AI to zero where S is the scattering matrix, 4 the
eigenvalue and I the identity matrix as outlined in Appendix A
[39-45]. Solving the characteristic equation leads to the eigen-
values p;, p, and p; where p; is the in-phase eigenvalue and p,
and p; are the counter-rotating eigenvalues.

For a symmetric 3-port reciprocal junction, the counter-rotating
eigenvalues are degenerate, and the reflection eigenvalue angles
®; and @, 3 may be written as a linear combination of the S
parameters as follows:

=1 exp(jcpl) =511 — 2512 (4a)
P23 =1 exp(jo,3) = S + Sz (4b)

The adjustments of ¢; and ¢, 3 define the first circulation con-
dition and are the objects of optimization. As in the case of the
H-plane junction, the required angles at the input terminals for
the small gap E-plane are as follows:

¢, =m 0rad (5a)

@53 =0, rad (5b)

which satisfy the passband condition S;; = —1/3 and S,; = 4+ 2/3.
The required angles of the large gap E-plane are as follows:

¢, =0, wrad (6a)

®,3 =0, rad (6b)

which satisfy the stopband condition S;; = + 1 and S,; = 0. The
corresponding eigenvalue diagrams are shown in Figure 2.

For the small gap E-plane junction, a practical solution for the
in-phase reflection eigenvalue is an electric wall at the input
terminal of the junction (Figure 2a). It differs from the large gap
geometry that displays a magnetic wall (Figure 2c). In each case,
the field associated with the corresponding eigenvector does not
propagate along the axis of the resonator. The degenerate ei-
genvalues both have magnetic walls. The counter-rotating
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eigenvectors impose circularly polarised magnetic fields on the
inner open faces of the resonators that propagate along the axis
and upon reflection at the outer short-circuited faces of the
resonators.

The first circulation condition is obtained using an algorithm
similar to that shown in Ref. [46, 47]. Once the reference plane
is defined (R,) the physical variables of the junction (R, L and S)
are found at the intersection of two curves (q; and g,3) that
defines the relationship between the radial wavenumber (koR)
and aspect ratio of the junction (Qe¢) for the in-phase (pl) and
counter-rotating (p2,3) eigenvalues. The variable parameters are
koR, €5 R/L, R;/R and R,/R and the unknown variable is Qcgr.

Although the small gap geometry was tackled in Ref. [27], it is
reproduced here for the sake of completeness. The eigenvalues
(o = =1; p,3 = +1) and S-parameters of one solution dis-
playing a passband at 13.25 GHz are plotted in Figures 3 and 4.

Figure 5 shows the eigenvalue angles with respect to the gap
factor Q¢ for two sets of large gap variables. The S parameters of
twosolutions (¢, , ; = 0)display a stopband as shown in Figure 6.
In both cases, the b dimension of the pedestal is reduced to sup-
press a possible mode in the in-phase eigenvalue. The eigenvalues
(p1,3 = +1) of one solution are plotted in Figure 7.

One may obtain the same frequency response with p; , 3 = —1 by
placing the reference plane at R,/R = 0.529.

180"’{ = 00 180"6 S 00

270°
(b)
9 909
P23 P23
180° 00 180° 0°
P1 P1
2700 2700
(©) (d

FIGURE 2 | Computed eigenvalue diagrams of small gap (a) p; = -1,
P23 = +1 (b) p1 = +1, p3 = —1 and large gap () p123 = +1
(d) p12.3 = —1 solutions.
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FIGURE 3 | Computed eigenvalues of small gap E-plane junction
(koR = 0.6715, & =15, R/L =1, Qe =050, R;/R =15,
R,/R = 0.939).

Figure 8 shows a photograph of a large gap E-plane and
Figure 9 compares the simulated and measured frequency
response. This unit displays a stopband near 13.8 GHz. A
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FIGURE 4 | Full-wave simulation of the passband frequency
response of E-plane junction small gap solution.
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FIGURE 5 | Computed eigenvalue angles for two large gap solutions
at 13.25 GHz (& = 15; Ry /R = 1.5; bpegestal = 0.85 x b).
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FIGURE 6 | Computed stopband frequency response of two E-plane
large gap solutions (Qer = 0.25; Qo = 0.30).
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mode suppressor was used to push an unwanted spike out of
the passband.

4 | Second Circulation Condition of the
Magnetised E-Plane Circulator

The second circulation condition is obtained by replacing the
dielectric resonator with a gyromagnetic one and magnetising
the junction. This has the effect of splitting the degeneracy be-
tween the counter-rotating eigenvalues and produces a large gap
frequency response as shown in Figure 10. The eigenvalues are
displaced by 120° as illustrated in Figure 11a.

The eigenvalue diagram of Figure 11b is produced by magnet-
ising the small gap solution at Figure 3. It is worth noting the
direction of circulation is reversed as shown in Figure 12. The
bandwidth of the large gap is a factor of 1.8 larger than the small
gap at the 20 dB return loss level.

Figure 13 shows a cross-section view of the electric field pattern
near the centre frequency, for the large gap and small gap E-
plane junction. The input power is set to 1W at port 1.

5 | Power Handling of the E and H-Plane Junction
Circulators

On the one hand, the average power handling of the circulator
depends upon the thermal gradient across the ferrite puck and
the amount of heat one can extract from the circulator body,
assuming the thermal drift of the magnetization of the ferrite
and magnets can be controlled, to avoid detuning the junction.
One could determine the temperature profile across the ferrites
through numerical simulation, for a given cooling system
configuration, and estimate the average power handling or

J— ©12.9GHz w7
\ © 13.6GHz e

“\®
W\

g AN 13.25GH e
o

FIGURE 7 | Computed eigenvalues of E-plane large gap solution
(koR = 0.7343; R/L =1; Qe = 0.30; R;/R =1.5;
R,/R = 3.186).

g = 15;

directly measure the average power handling of the circulator
unit.

On the other hand, the peak power handling depends upon the
maximum electric field in the circulator junction before corona
breakdown in a pressurised unit or multipaction in vacuum.
The peak power handling also depends on whether the ferrites
are biased below or above resonance. In the former case, peak
power handling may be limited by the presence of a subsidiary
resonance, because of the generation of spinwaves [48, 49]
which is not the case above resonance.

S parameters (dB)

40 . . | - L
12.5 13.0 1335 14.0 14.5 15.0
Frequency (GHz)

FIGURE 9 | Comparison between measured (dashed) and computed
(solid) frequency response of WR75 E-plane large gap junction.
(koR = 1.0459, & =146, R/L =2, Qg = 0.23, R;/R = 1.1,
R;/R = 1.5).

olr-"""" - --S1,1
5 -a- 82,1
A -= S3,1
-10 \t\
-15 NN =
AN e

dB

20 \ X
25 4
\ /
.35

o, (13.25,-43.03338 )| \J
-40

-45 v

12.9 13 131 132 133 134 135 13.6
Frequency / GHz

FIGURE 10 | Computed full-wave simulated frequency response of
large gap E-plane circulator (Qes = 0.30). The curves for S,; and
S13  (isolation) are superimposed and therefore cannot be
distinguished.

FIGURE 8 | Photograph of fabricated WR75 large gap E-plane (koR = 1.0459, &t = 14.6, R/L = 2, Q. = 0.23, R;/R = 1.1, Rp/R = 1.5).

4 0of 8

IET Microwaves, Antennas & Propagation, 2025

1//:sdny woy A ‘1 “STOT “€ELISLT

QSUADIIT SUOWIWIO)) dATIEAI)) d[qearjdde oy Aq PauIoA0S aIe So[onIR () (oSN JO SO[NI 10§ K1eIqI AUI[UQ AJ[IA\ UO (SUOHIPUOI-PUB-SULIOY/WI0D" AIM" AIRIqIouI[uo//:sdyy) SUONIPUO)) PUE SWId ] oY) 998 "[$70Z/90/0] U0 ATeiqr surjuQ Ad[IA\ [10UN0)) YoIBASIY [BUONEN Aq 9Z00L TRIW/6H0[ 0 /10P/W0d A[IM K.



0 12.9GHz R e, S8
® 13.6GHz %
y AN
\ xsn/‘ y \\m
\ | - p 2 \\
F] Dl( Pa | |
ot |
L0
\ / 330 zm\\‘ % ; 4 a0
N / \\ i/
”A‘ o L o™ ~30 24:\ W 1 .;no
_1/0 —Z/(I_/
A\ A\ /3\ 13.25GHz A\ A\ /3\ 13.2156H:

(a) (b)
FIGURE 11 | Computed eigenvalue diagrams of magnetised E-plane
(a) large gap (Qg = 0.30, My = 800 mT) and (b) small gap
(Qest = 0.50, My = 350 mT) circulator.
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FIGURE 12 | Computed frequency response of the magnetised E-
plane small gap circulator (Qep = 0.50). The curves for S,
(isolation) and S3; are superimposed and therefore cannot be
distinguished.
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FIGURE 13 | Simulation of the electric field pattern near the
centre frequency with input power 1W at port 1. (a) Large gap
(Qefs = 0.30, Emax = 7.5kV/m) and (b) small gap (Q.t = 0.50,

Emax= 12.1kV/m).

The circulators were analysed under a full short circuit condi-
tion at the output port, to determine the maximum peak power
handling before corona breakdown. The position of the short
was varied until a maximum electric field was observed between

10

Matched

9

8

7 XN
Ag/2 . " Varlable

6 Small gap = re Short

(Qeff = 0.50)

E (max) / E (Port 1)
(3]

Large gap
(Qeff = 0.30)

0.0 01 0.2 0.3 04 05 06 0.7 08 09 1.0 11 1.2
Short distance (from axis) / Ag

FIGURE 14 | Computed electric field handling of the small gap
(triangles) and large gap (squares) junction circulators as a function of
the short-circuit position at the output port. The solid lines are a
guide to the eye.

the ferrites as shown in Figure 14. The period between the
maxima is about 4,/2, where 4, is the guided wavelength. The
ratio of the maximum electric fields between the large and small
gap circulators suggests that the power handling of the large gap
is a factor of 2.54 (6.022/3.78%) greater than that of the small gap.
The peak power handling of the circulators was analysed using
SPARKS3D software [50]. Assuming a dry air pressure of 3 bars
and a temperature of 373 K a corona breakdown ratio of 2.58
was obtained between the large gap (556 kW) and small gap
(216 kW) solutions. Positioning the short at the minimum E-
field locations gives a power handling of 1.96 MW and
686 kW for the large and small gaps (ratio = 2.86), respectively.
With matched loads at each output port, the breakdown of the
large and small gaps is 904 and 518 kW (ratio = 1.75), respec-
tively. The breakdown power of the WR75 waveguide feeds is
5.8 MW with a matched load.

For comparison, the breakdown power of a quarter-wave
coupled H-plane junction with matched loads is 148 kW. The
analysed design uses a single ferrite, and its frequency response
is shown at Figure 15 [27].

Table A1 summarises the performance of the E-plane circulators
available from the literature. It is presented at Appendix B to
facilitate reading of the manuscript.

The E-plane junction circulator dealt with here is a below
resonance circulator, and as such could be limited by the
presence of a subsidiary resonance. However, one may design
an above resonance large gap E-plane junction circulator to
avoid the limitations introduced by the excitation of spinwaves.
Indeed, Carignan and Tsounis fabricated and measured an
above resonance 5 MW peak power and 2.5 kW average power
handling circulator at 2.998 GHz [9]. A larger average power
circulator (5 MW peak and 25 kW average) was obtained at
2.998 GHz using an above resonance 4-port differential phase-
shift circulator [9]. Here, the peak power handling before
corona breakdown is calculated to be 556 kW at 13.25 GHz for
an E-plane large gap circulator, however, the specific design of
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FIGURE 15 | Full-wave simulated frequency response of quarter-
wave coupled H-plane circulator (Qus = 0.744). The curves for S,
(isolation) and Ss3; are superimposed and therefore cannot be
distinguished.

either above resonance circulator, or a below resonance circu-
lator operating between the main and subsidiary resonances, is
outside the scope of this work.

Razavipour et al. designed a dual band E-plane circulator [31].
The authors use a pair of triangular ferrite posts in combination
with a dielectric spacer to improve the bandwidth. While no
power handling figures are presented, the dielectric sleeve
could, in theory, improve the peak power handling of the
circulator provided there are no air gaps between the ferrite and
the dielectric. In contrast, the ferrite triangular post thickness
could limit the average power handling of the circulator.

Deng et al. have designed a 4-port E-plane junction circulator
using X-shaped ferrites at 8.5 GHz with a bandwidth of 11.8%
[32]. The measured peak power level was 28 kW but the authors
anticipate a peak power level of 55 kW before nonlinearity and
99.7 kW before corona breakdown.

The E-plane junction circulator presented here is degree-1, and
therefore has an inherently smaller bandwidth than the circula-
tors mentioned above. However, the use of a quarter-wave
transformer, to obtain a degree-2 E-plane junction, would
improve the bandwidth of the circulator. A ferrite-dielectric stack
in the E-plane, as used by DeCamp and True [8] or Longley [11],
could also broaden the band of operation. The extent to which the
bandwidth may be improved needs to be evaluated.

6 | Conclusion

A characteristic of the E-plane circulator is that it displays
neighbouring small and large gap solutions for its first circulation
condition. The paper has employed an eigenvalue approach to
compare the passband and stopband characteristics of both cases
and has demonstrated that the power level before corona break-
down of the corresponding large gap circulator is significantly
improved compared with the small gap and H-plane solutions.

The design of a quarter-wave coupled large gap E-plane junction
circulator, for improved bandwidth, is under consideration.
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Appendix A

The scattering matrix of the E-plane geometry differs from that of the
H-plane one in that S;3 = —S,3 and S3; = —S,;. The scattering matrix of a
symmetric 3-port reciprocal E-plane junction is given by the following

equation:

B Su S-S
S = 512 SH SlZ (Al)
=Sz Sz Su

The eigenvalues p;, with i = 1, 2 and 3, of the symmetric reciprocal
E-plane junction may be obtained by solving the following equation:

S —p; S12 =S
det| S S —p; S12 =0 (A2)
=S12 S12 S11—p;

Setting the determinant equal to zero gives the characteristic equation,
from which we extract the eigenvalues. The corresponding eigen-vectors
U; with i = 1, 2 and 3 satisfy the following equation:

5U = p,U (A3)
with
1 1
U=—7|-1) (A4)
V3| 1
1
1 21
U=—r| P (J ?) (A5)
27
e (=i5)
1
U =% ~exp (i) (a6)
3 .21
= (15)
Appendix B

Table A1l summarises the results from the literature on E-plane circu-
lators. When available, the insertion loss (I.L.), return loss (R.L.),
isolation (Isol.), centre frequency (fy), bandwidth (Aw/w,), peak power
handling and type of circulator are indicated. The table is sorted by
increasing order of centre frequency f.

TABLE Al | Summary of the performance of the E-plane circulators from literature.
LL. R.L. Isol. fo Peak power

Reference (dB) (dB) (dB) (GHz) Aw/wy (%) (kW) Notes

[9] <015 >28 >28 2.998 3 5000 3-port junction and a pair of circular ferrites (2500 W average
power)

[8] 0.5 18.5 15 3.14 15 1000 4-port junction and a pair of circular ferrites (1000 W average
power)

[5] 0.1 N.A. 30 4.05 12.3 N.A. 3-port junction, single ferrite post and metallic plugs for tuning

[31] 0.1 20 20 82&104 N.A. N.A. 3-port junction and a pair of triangular ferrite posts

[32] 0.3-0.6 18 17 8.5 11.8 55 4-port junction and a pair of X-shaped ferrites (400 Hz repetition

rate, 1 psec pulse width)

[33] 0.3-0.5 20 15 8.75 114 N.A. 4-port differential phase shift circulator

[4] 0.5 16 20 9 111 N.A. 3-port junction and single circular ferrite

[11] < 0.7 24 20 9.0 6 60 4-port junction and a pair of circular ferrites (40 W average
power)

[6, 7] 0.6-0.8 N.A. 15 9.375 0.64 500 3-port junction and a pair of circular ferrites (600 W average
power)

[3] 0.5 18 20 9.6 10.4 N.A. 3-port junction and a pair of circular ferrites

[3] 0.5 19 15 10.2 11.8 N.A. 3-port junction and a pair of circular ferrites

[3] 0.5 17 20 10.5 9.5 N.A. 3-port junction and a pair of triangular ferrites

This work 0.1 20 20 13.25 3 556 3-port junction and a pair of circular ferrites

[29] <1 NA 15 35 2.8 N.A. 3-port junction, and a single ferrite

[30] 0.65 15 15 94 1 N.A. 4-port junction and a single ferrite

[28] 0.5 N.A. 20 94 1.3 N.A. 3-port junction and a single ferrite

[28] 1 N.A. 20 145 1.7 N.A. 3-port junction and a single ferrite
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