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Analysis‘ of Compact F/-Plane Diplexers
in Rectangular Waveguide

Antonio Morini, Member, IEEE, and TulliQ Rozzi, Fellow, IEEE

Abstract—Photolithographic techniques permit the realization
of complex circuits totally confined to the F-plane of millimetric
rectangular guides with high precision and low cost. This work
contains a detailed analysis of an I’-plane diplexer configuration
recently introduced. Its main feature is the matching section of the
three port junction, a simple abrupt £-plane one tuned by means
of an inductive post realized on the same mask as the branching
filters. On the basis of this analysis, we also demonstrate the
application of a recently developed diplexer synthesis technique.
Many prototypes, in K ,-band were designed and tested, showing
good performances and good agreement between theory and
experiment.

I. INTRODUCTION

N REALIZING millimetric diplexers, it is increasingly

expedient both technically and economically to employ
reciprocal circuits instead of the traditional microwave circu-
lators [1]-[5]. This is why we recently proposed an FE-plane
diplexer configuration [6] that is based on the abrupt three-
port junction, in lieu of a tapered junction [2]-[4] requiring
more expensive mechanical construction. The junction is tuned
by means of a single inductive post built on the same mask
as the E-plane filters, and placed between the junction and
the bifurcation, as shown in Fig. 1. The resulting diplexer
consists of just three parts: a single mask containing filters
and tuning post and the two halves of the housing wherefrom
junction and guides are made. The diplexer is assembled by
sandwiching the mask [Fig. 2(b)] between the two halves of
the housing [Fig. 2(a)]. Modeling the junction, inclusive of the
post, involves a rigorous treatment of the interaction between
adjacent discontinuities by the concept of accessible modes [7].

As contrasted to [7], modes of both TE and TM polarization
occur depending on two indices with corresponding additional
complexity of the analysis.

We now provide a full analytical model for this kind of
configuration, that can be coded for running on a PC without
recourse to field analysis.

We also demonstrate the utilization of this analysis to the
synthesis of various K ,-band prototypes that were actually
built and tested, showing good performances and good agree-
ment with predictions.

For the sake of readability of the main text, details of the
calculations are reported in Appendix.
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Fig. 1. Compact E-plane diplexer.
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Fig. 2. (a) E-plane section of the three-port junction. (b) Mask containing
filters and matching posts.

II. DIPLEXER ANALYSIS

‘We shall now focus on the analysis of the junction, whereas
reference is made to [7] for that of the filters. Symmetry of the
three-port junction about its longitudinal mid-plane [Fig. 2(a)]
implies 511 = s22 e S13 = Sa93, SO that its scattering matrix
becomes

by S11 812 S13 | a1
bo | = |s12 s11 s13| |a2 |- (D
b3 S13 513 833 | {03
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Fig. 4. Scheme of the modal interactions occurring between discontinuities.

By setting separately a3 = a3 =1 a3 = 0 and a1 = —as =
1 a3 = 0, corresponding to the even and odd excitation,
respectively, at ports 1 and 2, it is possible to characterize
the junction. By substituting those values in (1), we obtain,
in the even case

by =811+ 812 (2a)

b3 =2s13 (2b)
and, in the odd case

bg = 811 — S12- (20)

The parameter sg3 is recovered by the losslessness condition

* * * )
813871 + S13819 + 833513 =0 (2d)

which gives

813871 + 813512
§33 = ————————.

= (2e)
Note also that this latter condition implies |ss3| = |b§|.

By applying even and odd excitations, the three-port junc-
tion reduces to the two two-port situations shown in Fig. 3;
both comprise the cascade of three discontinuities d1, d2,
and d3 separated by short sections of guide and, as such,
interacting. These discontinuities are analyzed-individually as
2N-port, N being the number of ’ accessible modes ’ chosen
according to the following considerations.

Owing to their uniformity with respect to x, discontinuities
1 and 3, that is the two F-plane steps, under the excitation of
an incident TE;p-mode excite in turn just LSE,,,~-modes with
n=123---

On the other hand, due to its uniformity with respect to y,
discontinuity 2, i.e., the metal septum, when excited by LSE,,-
modes excites in turn the TE,,,,, and TM,,,,, families with m =
1, 3, 5 ---.. Finally, the latter impinging on discontinuities 1
and 3 excite TE,,,, and TM,,,,, modes with n =1, 2, 3 ---.

This complex mechanism is summarized in Fig. 4.

For this reason, we preferred to work with the TE and TM
families, rather than LSE, LSM for both types of disconti-
nuities. Modes with attenuation larger than 20 dB between
successive discontinuities were considered “localized.” In or-
der to understand what this assumption implies, consider that
for b < 3a, the attenuation of the first mode below-cutoff
that is being excited, i.e., TE;3, is greater than 40 dB/),. In
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this case, it is sufficient to consider TEg, TE11, TM11, TE19,

-and TM;, as accessible modes obtaining accurate results for

discontinuities spaced at least A\ /2.

Moreover, it has to be noted that the present approach avoids
any numerical instability of the kind discussed in [8]. In fact,
the interaction between cascaded discontinuities is accounted
for just by those modes that are actually significant and
numerical instability due to the weak interactions by higher
order modes is thereby avoided.

In practice, once the diplexer is designed on the basis of the
five modes model, we have to check its dimensions in order
to verify the consistency of the model itself.

If the result is negative, for instance the attenuation of the
lowest “localized” mode [9] is less than 20 dB at the upperband
edge, we include that mode among the accessible ones.

Each of the six discontinuitics occurring is analyzed by
deriving a rigorous variational expression of its multiport
impedance matrix of the type

il I k
Ve[ ) ]
efo ze/o lze/o e/o
=Z;/° E/] k=1,2,3 3)
e/o

where, V, I are the amplitude vectors of the transverse
components of the £ and H-field of the accessible modes,
calculated to the left (apex /) and to the right (apex r) of
the discontinuity considered. Suffixes e/o stand for even/odd

case, respectively.
In the even case, considering TEqg, TE12, and TMjo as

accessible, we get

8
el
S _. 8
Ve“ e2 |»
5
L"e3
" Ts
el
s __ 8
Ie_ e2 |
8
L"e3
M, sp sp sp
.2311)1 Zg%)z 231113
sp _
z.r = 22%1 ZZ%F 22%3 (3a)
| %31 Re32  Fe33

where the indices s, p-assume the values [, r.
In the odd case, we take T E'11, T'M;1 as accessible, so that
each junction reduces to a two-port of the type

- 51
5 __ o
Vo— s |»
LY o2
e
s __ ol
Io - s 9
L 02,
r.sp sp
Z z
— 11
2 = | e} g}?} (3b)
| %021 %022

Moreover, omitting the suffix e/o, we have in both cases
[2°7);; =A£s) Y-l A§-p)
i, =1, 2, 3evencasel, 2odd case. (4)

Agl) and Ag’") contain the coefficients of the expanding
functions used for representing the tangential electric field
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of the ith accessible mode at the interface to the left and
to the right, respectively, Y is the discretized Green dyadic
admittance.

The latter is obtained by imposing the continuity of the
tangential components of the em field at the interface, by
following method 3 illustrated in Collin {10], and discretizing
the operator so derived by the Ritz—Galerkin method.

The stationarity properties of the impedances [z°7],, so
obtained are discussed in the same book.

An outline derivation of their expressions and a discussion
of the effectiveness of the discretization technique are detailed
in the following and in the result section. Here we note just
that we use as basis functions for the representation of the
tangential electric field at each interface a set of orthonormal
polynomials weighted by the correct edge condition. This
choice was discussed many times in the past {11]. The main
differences with respect to the classical mode expansion can
be summarized in the following:

On the one hand, it requires fewer expanding functions to
achieve the correct solution and consequently the dimensions
of the matrix Y are smaller; moreover it does not suffer from
relative convergence [11]. On the other hand, the computation
of the Fourier coefficients and the manipulation of the mode
series require more analytical manipulation.

With regard to accuracy obtainable, if the number of ex-
panding functions is adequate in both cases, there are no
significant differences between these two choices.

Having computed Z7 and Z7, (k = 1, 2, 3) corresponding
to the three sub-cases, the behavior of the whole junction
is determined by cascading the corresponding transmission
matrices T{ and T7.

In fact, denoting by U¢({) and U°() the standard trans-
mission matrices of a waveguide section of length [, for
the even/odd excitations, respectively, the global transmission
matrix becomes, in the even case

Te=T -U°l) - T5-U%(l) - T :dim6x6 (52)
and, in the odd case
To=T7 -U°(l)-T5 -U%(y) - TG :dim4x4. (5b)

When the interaction between junction and filters via modes
below-cutoff is negligible, the matrices just obtained can be
reduced by closing the ports corresponding to those modes on
their characteristic impedances, as illustrated in Fig. 5(a) and
(b) for the two excitation cases.

From the latter circuits it i3 casy to derive the scattering
parameters (2a)—(c) and then the response of the diplexer by
standard network methods.

III. COMPUTATION EFFORT

In order to retain short computation times the following
cares need to be taken.

1) For a given geometry, all Fourier coefficients (7), ob-
tained by the overlapping of modes and expanding functions,
are computed once only and stored in an array.

2) The admittance matrix of each discontinuity is obtained in
a manner conceptually analogous to [7], that is, by considering
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Fig. 5. (a) Equvalent cwrcuit under even excitation at ports 1 and 2:
ul = b/a, v2 = (2b+ t)/a, u3 = bfo. (b) Equivalent circuit under odd
excitation at ports 1 and 2: ¥l = b/(2a), u2 = (2b+#)/(2a), u3 = bfa

an appropriate number of accessible modes. Nonetheless, in
the present instance the computation is complicated by the
different natures of discontinuities 1, 3, and 2, involving the
solution of a vector problem. Their exact expressions involve
series of the following form, for example, the yy block of the
second discontinuity is given by

elo - — _ — = 1
lyuulsy” = m=r;m1+2 I OEIOICON 15 (mb)
. Plym(Zr)Pjym(Zr) + Z
m=m,.m, +1
_He/o A 1
: yrfil/ (7”) (;) +y7€1.1/ (7") (m,r)r_):l
1
' _—T—Pi m 2m
1+ [mr/(2b)]? 2D Fy2m (1) ©
where

mm
Jl/6+n ('{)— u)

(m7r 1/6
2 “)

These functionals depend on the frequency only via the
modal admittances. It is expedient, therefore, to use the exact
expressions of the modal admittances just for the first few
terms of the above series. Subsequent terms, say past the 10th.,
can be conveniently approximated. For example, for a modal
TE admittance we set

-an (u) = 2ucn (7)

Ve —o - 117

T (w) =~
w
o -z 1w
=—7 - )

where @y is the diplexer effective frequency at midband.
The modal series containing the previous approximated terms
are then computed just once. The latter approximation, in
conjunction with the small size of the admittance matrices
arising from a prudent choice of the expanding functions,
allows extremely short computation times, while maintaining
the original accuracy.
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Fig. 6. Comparison between theoretical and experimental scattering param-
eters of a typical junction. Continuous lines are the theoretical ones, by
considering as accessible 5 modes and 7 modes, respectively. Dots are the
experimental points.

In fact, computing the response of the proposed three-port
(5 accessible modes) requires about 6 min on a 486-50 MHz
machine, for a full frequency scan (401 points). Computation
times increase significantly as more accessible modes are taken
into account: for instance, 7 accessible modes require about
11 min,

IV. RESULTS

As atest for the program, Fig. 6 compares experimental and
theoretical scattering parameters for a junction of dimensions
a =704 mm, b =359 mm, t = 1.93 mm, d = 0.150 mm, s
= 0.300 mm, /; = 1.75 mm, {» = 4.3 mm (Fig. 2-3).

It is noted that this is a significant case in as much as the
distance between inductive post and bifurcation, [4, is less than
Ag/4 at the higher band edge (A, = 8.1 mm at f = 37 GHz),
implying strong interaction of higher order modes.

The theoretical prediction of the model truncated to 5 acces-
sible modes seems to be in very good agreement with experi-
ment, apart from a slight deviation toward the upper band edge,
just where the interaction is strongest. With a view to elimi-
nating this deviation, we increased the number of accessible
modes, by including T'F15 and 1'Mj3, but the results were the
same as those of the simpler model. Therefore, we concluded
that the deviation depends just on mechanical tolerances.

In order to employ the above junction for diplexer ap-
plications, its electrical parameters need to be chosen in an
appropriate manner. To this end, we adopted the criteria
illustrated in [12], briefly stating that over as wide as possible
a band, at least over both the bands of the filters, we must
have |sy1| = |s33| = constant and, preferably, |s;1| = 1/3.

In the case of the following prototypes, it was also required
that the characteristics of the two filters were separated by a
gap of 1.26 GHz.

The geometry of the junction permitted to approximately
satisfy the above requirements just over the two bands of
the filters, separated by a region of considerable mismatch,
as shown in Fig. 7. This fact did not constitute a limitation
in itself, as this region of a mismatch was narrower than
the band separating the passbands of the two filters: on
the contrary, the isolation between diplexer channels was
enhanced. Synthesis, however, was somewhat complicated, by
the resonant character of this effect.
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Fig. 7. Reflection magnitudes at ports 1 and 3 of the junction used in the
diplexer.
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Fig. 8. Comparison between magnitudes of the reflection coefficients at port
1 computed taking account 5 (dashed) and 7 accessible modes (continuous).
The junction is the same as that of Fig. 7.

Even in this case, we checked the model by increasing the
number of accessible modes. As shown in Fig. 8, there is a
slight difference just in the resonance region. This constitutes
a particularly testing example as small differences between the
models of each discontinuity are enhanced by the highly reso-
nant nature of the interposed cavity. In fact, when simulating
many nonresonant discontinuities, at even shorter spacings we
never encountered deviations comparable with those shown
above.

We designed then three diplexers in the band 37-39 GHz by
using a single housing with fixed dimensions, tuning only by
varying the length of the matching post and its position inside
the cavity. This arrangement affords considerable savings in
fabrication, as individual diplexers differ only by just an
inexpensive mask.

The results obtained, as shown in Fig. 9 for the first diplexer,
were satisfactory. Some slight deviations between theoretical
and experimental data are due to mechanical tolerances of the
filters.

Fig. 10 shows the theoretical response of the lowest of
the two 5-poles 26 dB mrl filter employed in the above
diplexer. By a comparison with Fig. 9, it can be noted that
the diplexer response, designed according the above criteria
[12], is seen as transparent by the filters without the need for
costly optimization.

Results comparable to those of Fig. 9 are also obtainable
from the junction of [2]-[4], but that junction is considerably
more expensive than ours. Moreover, it is to be noted that, by
suppressing low frequency spurious passbands, selective fre-
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Fig. 9. Comparison between theoretical and experimental (dashed lines)
scattering parameters for one of three diplexers realized on the same
housing, tuned only by varying position and dimensions of the matching
post. Dimensions (in mm) were as follows: Junction: Iy = 4.885,
lo = 4.465, I3 = 3.023, Iy = 2.934, s = 0.200, ¢ = 3.550. Filters
[posts (p), cavities (¢)]: filter 1: p1 = p6 = 1.730, ¢1 = b = 7.812.
p2 = pb = 5.549, ¢2 = ¢4 = 7.781, p3 = p4 = 6.376, c3 = 7.780;
filter 2: pl = p6 = 2.026, ¢l = ¢5 = 7.301, p2 = p5 = 6.422.
2 = c4 = 7.259, p3 = pd4 = 7.360, ¢3 = T7.258, the thickness of the
metallic sheet containing septa is 0.150.

-50 T T T T T T
365 37.2 379 386 393 40

FREQUENCY [GHz]

Fig. 10. Theoretical reflection magnitudes of filter 1 employed in the above
diplexer.

quency characteristics of the junction allow filters with longer
cavities (Ag, 3/2X4) to be employed, which substantially
reduce ohmic losses.

Consequently, the arrangement discussed in this work seems
to be convenient when the channels are not wide. On the
contrary, when specifications require bandwidths wider than
5%, junctions like those of [2]-[4] appear more appropriate.

V. CONCLUSION

We developed a rigorous analysis for the characterization of
a recently proposed “E-plane” diplexer junction of compact
and inexpensive fabrication, providing a solution that seems
to be expedient when bandwidths are less than 5%.

Different prototypes were built and tested showing good per-
formance, in good agreement with the theoretical predictions.

APPENDIX
FIELD ANALYSIS OF THE DISCONTINUITIES

In discretizing the variational expression of the imped-
ances for the three discontinuities under study, we chose
polynomials orthonormal over the appropriate intervals as
expanding functions. The weight functions take into account
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the inverse cubic root singularity of the normal electric field in
proximity of the 90°-metal corners. By means of integration
by parts, the nonsingular component of the electric field was
also transformed into a singular function satisfying the same
boundary and edge conditions as the normal E-field [11]. In
all cases, complete convergence was obtained with just three
expanding functions for each field component.

With reference to the coordinate system of Fig. 2, the
following expansions were employed.

For discontinuities of the type 1 and 3

3
be, dE,, /1 T ()
— : =24/ — - X, 'W
o1 dy (l, y) ahe. Ccos o x k;? k

=1,2

[ (W) fugey 1 ()

3
_o [E0 T O 0]
Ey(z,y)=2 2 sin — k;2 Y, " Win' (y)]

(Ala)

< Foiny ™ ()] (Alb)

discontinuity 1, even case
w(k) =2k,
v(k) =2(k - 1),
g, =1,

2y
?7(1) (y) = n

discontinuity 1, odd case
v(k) =2k -1,
€o =1
discontinuity 3, even case
w(k) =2k,
(k) =2(k — 1),
€0 =2,

b+1t/2 —;
o) -2

discontinuity 3, odd case
(k) =2k,
v(k)=2(k-1),.
o =2
For discontinuities of the type 2

3
2 /2
— e/o § : (2)
Em(xﬂ y) \/E a_dsz (y) ?Xk

k=1,
2z 2z
v { - d] Jus) [Ti]

dE U 2 oo, v o o
d—;’(w,y):% msy{ W > v
k=1,2

2 2
— d} Futr) {;—_x—d} (30)
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2 2 A,
+ [ S Y v
Vb Va—-d™ k=1,2

2z 2z
W= il
=)o [
where d is the post thickness, u(k) = 2k; discontinuity 2,
even case

(A2b)

S2(y) = sin ——y,
b+ ~
2
Syi(y) =1,
. T
Sya(y) = cos Y (A3a)
b+ -
2
discontinuity 2, odd case
82(y) = cos ————y,
2 (b4 L
2
'Zl (y) = 07
) T
Sy2(y) = sin N Y (A3b)
2{6+ ~
(++3)
Ny =N, =3
L ;
Frlt) = N GO () (Ada)
W(t) =(1—t2)71/3, (A4b)

Where G,lc/ 6 (t) is the kth Gegenbauer polynomial of order 1/6
and the constant Ny was chosen as to satisfy the following
orthonormality conditions [13]

1
/ QW (G R)CYS(t) = N2um (Adc)
1]
1 1/2
2—1/6 71'F<§ + m)
N, = (A4d)
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