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ABSTRACT

A novel E-plane diplexer is proposed and discussed. ’

Its feature is the matching section of the three-port junction, obtained by means of an E-plane
septum, realized on the same mask as the branching filters and placed in the caV1ty of an abrupt E-
plane junction.

The latter is des1gned in such'a way that, when combine d with two. reasonably ~good filters,
separately designed and suitably positioned, the resulting diplexer gives good performances without
further optimization.

This design technique, based on the properties of the scattering parameters of a reciprocal lossless
three-port junction, is , as such, of general validity and easily extended to other structures.

INTRODUCTION

The more expensive part of an E-plane circuit in rectangular wa\ieguide for millimetric application
is its housing. In fact, its fabrication requires high precision milling machines and it is difficult to .

reduce tolerances below 10 p for each half housing. Therefore, it becomes important to simplify as
much as possible the housing geometry, even increasing the complexity of the mask.

For this reason, we study an E-plane diplexer based on an abrupt three-port junction, in lieu of a
tapered junction, Dittlof and Arndt (1-2), Vahldieck and Varailhon de la Filolie(3), requiring more
expensive mechanical construction.

The junction is tuned by 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, Morini et al. (4). Consequently,
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 then
assembled by sandwiching the mask between the two halves of the housing . Modelling the junction,
inclusive of the post, involves a rigorous treatment of the interaction between adjacent discontinuities
by the concept of accessible modes, Rozzi et al. (5). As contrasted to (5), modes of both TE and TM
polarization occur, depending on two indices.

fig.1 Geometry of the E-plane diplexer
(1) E-section of the junction (r) mask containing filters and matching post

Particular attention was also given to the problem of ‘optimum' synthesis of the whole diplexer
with two given good filters, not amenable to modification. .

It is a common misconception that optimum results are achieved by utilizing a good power.
divider closed by the branching filters. ‘

In a recent paper we showed this assumption to be groundless, and, by exploiting some general
properties of lossless reciprocal three-port junctions endowed with a plane of symmetry, we
recovered some conditions to be satisfied in order to obtain an 'optimum’ three-port for diplexer
application with two given filters, Morini and Rozzi (6).

The technique here described, based on the above conditions, permits to separate the synthesis of
the junction from that of the filters, giving an explicit formula for the correct positioning of the filters,
without any further optimization.
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JUNCTION ANALYSIS

We shall now focus on the'analysis of the junction (4), whereas reference is made to (5) for that
of the filters. Symmetry of the junction about its longitudinal mid-plane implies s;; = 55, and 5,3 =

S,3, moreover by adopting even and odd excitations the three-port junction reduces to the two two-
port situations shown in ﬁg 2.

To T=

electnc wa]l | a2 I magnetic walt ‘

dl d3 dl . d3
fig.2 even/odd excitation at ports 1 and 2: resulting structures

Both comprize the cascade of three discontinuities d1, d2, d3 separated by short sections of
guide and, assuch, interacting. These discontinuities ‘are analyzed individually as 2N- port, N being
the number of ' accessible modes '. These are chosen according to the following considerations:

Discontinuities 1 and 3, that is two E-plane steps, under the excitation of an .incident TE
-mode excite in turn just LSEln -modes with n=1,2,3, due to their uniformity with respect to x. -

‘On the other hand, discontinuity 2, i.e. the metal septum, ‘due to its uniformity with respect to y,
when excited by LSEIn ‘modes excites ‘in turn the TE_, and TM_, families with m=1,35...
Finally, the latter impinging on d1scont1nu1t1es 1 and 3 excite TE,, and TMp, modes w1th
n=1,2,3.. '

This complex mechanism is summanzed in table L

TE bl : » mn mn
10 ;
. A R T < d d <: |
™, ™
n=123,.. | ] m=135.,.. =23,

" tableI scheme of the modal interactions occurrmg between' discontinuities

For this reason, we preferred to work with the TE and TM families for both types of discontinuity.
Modes with attenuation larger than 20-dB between successive discontinuities were considered
'localized’. Applying the above criteria we found that in the case of interest it was sufficient to
consider the first five modes as accessible. The six discontinuities occurring are analyzed by deriving

variational expressions for the multiport impedance matrix Z; and Z, (k=1, 2, 3 ) of each. The
discontinuity fields are expanded in polynomials with weight functions singular at the sharp edges,
Collin (7), leading to singular integral equations. Having computed Z, and Zg (k=1, 2,.3 ), the
behavior of the whole junction is determined by cascading the corresponding transmission matrices-

T° and T° In fact , denoting by Ue(1) e U° (1) the standard transmission matrices of a waveguide

sectxon of length 1, for the even/odd excitations respectlvely the global transmission matrix
becomes, in the even case,

Te(y.ly; sbtf) TS(b,t.)-U° (11,f) TS(s2b+4,0) *US(L,0 TS (b,‘t,f)' :dim3x3  (1a)
and, in the odd case, '
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Tolyly; 8,b,66) = Ti(b,t,H U, 0 TY(s:2b+f) -U°(p.f) *TYb,LE  :dim2x2  (1b)

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. From the latter circuits it is easy to derive the scattenng parameters and then the
response of the diplexer by standard network methods .

DIPLEXER SYNTHESIS

As mentioned in the introduction, a common misconception is that an "optimum" diplexer need be
designed starting from a good power divider. Really, this assumption yields good results only when
geometries of the branching filters, and consequently their electrical parameters, are substantially
modified in such a way that the whole diplexer satisfies specifications, H. Yao et al. (8). In that case,
the computer optimization (manipulation) of the filters is so intensive that the original choice of a
power divider does not seem to be particularly significant.

The method we will follow permits instead to design separately junction and filters.

In fact we showed (6) that a three-port symmetrical junction in conjunction with two pass-band
filters gives good diplexer performance if the junction satisfies the following specifications:

ISlll = ISzzI = |S33| ‘ f=f1, f=f2 , B . (23)
|S33| 2 1/3 s (2b)
S E8,58,=0 f=f;, f=f, o - (2¢)

Where sij(t)) is a scattering parameter of the junction, s () its denvatlve w1th respect to the

effective frequency v = Ba; B is the propagation constant of the fundamental mode for the
waveguide feeds, a is the guide wider wall; finally f; and f, are ‘the midband frequen01es of the two
branching filters.

We can consider the perfonnance of the three- port Junctlon, by closmg one of its arm on a filter Fi
(i=1,2) and by evaluating the bandwidth of the resulting two-port, centered on the midband

frequency of the second filter, fj, over which the reflection magnitude is lower than a ﬁxed €. The
distance Ig; at which filter Fi need be located is given by the formula (6) o

1 S::
lg= - — In ) , L , .3
: 2B [As s33 Pri(fj )]
when i=1, j=2 and when i=2 j=1, pg;(f) is the reflection of the filter Fi.

It is found that the maximum bandwidth 2 Av of the two-port so obtained, and then of each
channel of the diplexer, depends on the reflection magnitude at the common port of the junction,

1-1s |28a
2 Av s—”ﬁ ' ’ ' ‘ @

lsssl”
Fig 3 shows a plot of eq.4, for a given reflection & = -30 dB and for different Is33] comprised

between -9.5 dB an -3 dB, representing the maximum banwidth of the diplexer versus the normalized
distance lg/a . It is seen that ls3;] decreases as the bandwidth increases.
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, ﬁg 3 Maximum normahzed bandwndth vs. ﬁlter positioning for agivene = - 30 dB
In the present case, we had to design a diplexer with the following épeciﬁcaﬁ’Ons:

bl 37.482 - 37.782 GH:z
b2 38.742 - 39.042 GHz
mrl in the pass-band 26 dB
S poles filters

This corresponds to a normalized bandwidth for each channel given by 2 Av = 0.06 (considering
a WR 28 rectangular wavegulde) By companson with fig. 3 we see that, once 2a-c are verified,
Is33l £-5dB.
Therefore we designed first the branching filters (mmlmum return loss 26 dB) by using a classical
synthesis technique, Rhodes (9), and by E-plane program developed by ourselves (5). Their
dlmensmns are: summarizéd i in the followmg table:

i s

posts(p) cavities ©) | pl=p6 _ ‘c1‘=(:5 A p2eps | oot | p3epa | &

filterl 1730 § 7.812 5.549 7.781 6376  17.781

filter2 . 2026 | 7301 | 6442 7259 7.360 7.258

table 2 dnnensnons of the two branchmg filters

Secondly, we designed the junction. From equations (1a-b) we recover the scattering matrix of
the three-port junction and optimized its geometrical parameters 1;,1, by minimizing the objective

function F, given by:

2 2 2
F(ll; 8.4 a,b)=\/ > ([%l . 1) ¥ 2 '\/(!sul - 15) ¥ (ls33I- %)
i \833 i B

- being s = 5;;(1;,15; 8,45, a,b). The summation is made on the frequency points belonging to the
pass-bands of the two ﬁlters, tipically-5-10 points in-each band.
For the minimization of F, we made use of a library routine based on the quasi Newton method,
NAG (10). As distances 1, and 1, range from 200 p to 6 mm, we may obtain distances shorter than

those for which the first higher order mode is attenuated less than 20 dB. A more accurate equivalent
circuit, making use of additional accessible modes is then employed. The length of the matching
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septum, s, and the thickness of the wall separating the two output guides, t, range respectively from

100 p to 600 p by 50 p steps and from 2 mm to 4 mm, by 200 W steps, and finally a=7.112 mm
and b=3.556 mm. A good result was found for 1,= 4.465 mm, 1,= 4.885 mm, s= 0.200 mm, t=
3.550 mm. The corresponding distances at which to locate the filters, calculated by means of (3), are:
lg=3.023 mm and lp,=2.934 mm.

In our case, the configuration employed does not comply with (2c), causing a reduction of the
maximum obtainable bandwidth. Moreover, in all cases encountered, the two bands were separated
by a region of considerable mismatch , as shown in fig.4 for a typical junction.

o
.3, .
:m‘:: w04 0 Tl
.!2: s
15 4 ': :- |S“|
-20 — T T T T T
36.5 37.2 379 38.6 39.3 40

frequency [GHz]
. -fig. 4 comparison between Is11i and Is33I for a tipical junction employed :

This fact does not constitute a limitation in its¢lf, provided this mismath region is narrower than
the band separatmg the passbands of the two filters: on the contrary, the’ 1solat10n between diplexer
channels is enhanced. -

In K,-band, one recovers channels of 500-600 MHz spaced by about 1 GHz, with match better
than -30 dB: these characteristics were more than sufficient for the design of the diplexér prototype.

Is”I {dB]

I

- =50 | I — T
36.5 372 '37.9 386 39.3 40
frequency [GHz]

fig.5 Comparison between theoreueal reflection magnitude at common port of the diplexer
with those of the single branchmg filters .

In fact fig. § shows the theoretical reflection magmtude at the common port of the d1plexer compared
with those of the two filters. It is noted that the diplexer response, designed according to the criteria
above, is seen as transparent by the filters without the need for costly optimization. Finally, fig 6
shows the measured magnitude of the reflection at the common port, of the diplexer prototype that
was actually built. Deviations are due to mechanical tolerances. We also simulated three contiguous
diplexers in the band 37 - 39 GHz, each with 300 MHz bandwidth wide, by using, in all cases, the
same fixed housing, tuning only by varying the length of the matching post and its position inside
the cavity.
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fig.6 Comparison between theoretical and expen'mehtal reflection magnitude at common port of the diplexer realized.

This arrangement affords considerable savings in fabrication, as individual diplexers differ only by
justan inexpensive mask. Moreover, it is to be noted that, by suppressing low frequency spurious

passbands, these selective frequency characteristics allow filters with longer cavities (Ag,3/2A,) to
be employed, which substantially reduce ohmic losses.

CONCLUSIONS

We have proposed a novel ' E-plane ' diplexer junction of compact and inexpensive fabrication and
developed a rigorous analysis for its characterization.

This solution seems to be advantageous when filter bands are less than 2% wide. A prototype was
built and tested showing good performance in close agreement with the theoretical prediction.

The authors are pleased to thank Dr. H. Yao for his useful suggestions and helpful discussions.
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Constraints to the Optimum Performance
and Bandwidth Limitations of Diplexers
Employing Symmetric Three-Port Junctions

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

Abstract—This work addresses the problem of the fundamental
limitations to the optimum performance of diplexers employing
three-port junctions and preassigned branching filters. In this
situation it is a common misconception that optimum results
are achieved by utilizing a good power divider clesed by two
good branching filters. From the properties of the S-matrix of
a three-port junction, we show this not to be the case and
derive a set of necessary conditions to be satisfied in order
that the junction be successfully employed in the realization of
diplexers. We derive explicit expressions for the positions at which
the filters must be placed in the junction arms for optimum
diplexer performance, resulting in considerable simplification
of the difficult diplexer synthesis problem. A theorem on the
maximum achievable bandwidth is proved and validated by
means of two practical examples.

1. INTRODUCTION

T MILLIMETER frequencies it is expedient to employ
Areciprocal circuits for the realization of diplexers and
multiplexers and some interesting examples have appeared in
the recent literature [1]-[4]. These are constituted essentially
by three-port junctions closed by two filters, which select the
RX signal at port 1 and the TX signal at port 2, while port
3 is the input port in Fig. 1. The junction must be realized in
such a way that port 3 and 1, 3, and 2 be perfectly matched
over the RX band and the TX band, respectively.

A general theory for the synthesis of diplexers-multiplexers
is indeed presented in [51-[7]. However, its application is not
immediate since the deviations between prototype and actual
physical structure require a further process of optimization.
Therefore, for the practical purpose of design, the geometry
of the junction, including the distances from the junction at
which the filters need to be positioned, is often determined by
making use of either of the two following approaches [8].

1) Separate design of the three-port junction, of the branch-
ing filters and selection of the optimum distances of the
filters from the junction.

2) Global optimization of the whole diplexer by varying
either filter dimensions or junction geometry and filter
distances or both together.

The latter approach may seem more satisfactory, but, in
practice is rendered problematic by the large number of

Manuscript received December 8, 1994; revised November 12, 1995.

The author is with the Dipartimento di Elettronica e Automatica, Universita
di Ancona, via Brecce Bianche, 60100 Ancona, Italy.

Publisher Item Identifier S 0018-9480(96)01447-0.

variables and by the “error function” not being analytically
available, so that a number of local minima occur.

With a view to bypassing such difficulties, some researchers
have employed segmentation techniques (evolution strategy
method) in the solution space, that while yielding some very
good resulis [1], [2], appear to be computationally cum-
bersome. The first approach would seem more expedient,
but, unfortunately, its results so far are disappointing until
and unless either the filters, the junction or both are altered
essentially, falling back therefore into case 2) above.

This work examines the reasons for this failure starting from
the properties of the S-matrix of the lossless reciprocal three-
port junction. It is shown that, contrary to common belief, the
ideal junction is not provided by a matched power splitter and
that , in fact, it has to satisfy some necessary conditions. These
will be derived and illustrated in the following by means of two
examples of diplexer designs, the first one from the literature,
the second a new one.

Once the junction is well defined, we obtain by means of a
simple analytical formula the distances of the filters from the
junction for optimum performance.

Moreover, there is a direct design application of the above
criteria: often, in fact, one has to assemble a diplexer starting
from two given filters and a three-port junction, with just the
possibility of experimental tuning. In this case, the analytical
results here obtained permit to simplify considerably the
procedure, concentrating attention just upon the junction,
whose characteristics can be modified in order to satisfy simple
prescribed specifications. The two filters are then connected to
the junction at distances determined from separate measure-
ments of junction and filters. k

It is noted that, for the sake of simplicity, the analytical
model is developed on the basis of just fundamental mode
interaction between junction and filters. In cases where op-
timum distances are so short that higher modes may cause
interaction, the single mode result may be considered as an
excellent starting point for an optimization routine anyway. It
is emphasized that said criteria are based on the analysis of
the scattering matrix of the junction and they are, as such, of
general application, independently of the technology adopted.

II. ANALYSIS

In Fig. 1, the diplexer is modeled as a lossless reciprocal
three-port junction (J) with ports 1 and 2 closed by filters F'1

0018-9480/96%$05.00 © 1996 IEEE
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1

=0
= O

Fig. 1. Black box equivalent circuit of the diplexer; J is a three-port
junction, F'1 and F'2 are the two filters.

O

I

F1 ﬂ]zo

—
® ]
>l
L.
XO
Fig. 2. Two-port network obtained by closing port 1 of J by F'1, located
at distance [y from the junction.

and F'2 with passbands b; and by, respectively. We require:

1) perfect transmission between ports 3 and 2 over the

band bs;

2) perfect transmission between ports 3 and 1 over the

band bl.

Let us consider the first requirement:

This is certainly satisfied, if by closing port 1 by filter F1,
terminated by a matched load (Fig. 2), the resulting two-port
junction is perfectly matched and lossless over the band bs.

Let pr, denote the reflection coefficient of F'1, located at a
distance [; from port 1 of the junction, the scattering matrix
of the resulting 2-port network (3-2) is given by

Soa Saz | _ 822 S23 1
Soz Ss3 | |s23  s3s +-————s
prie—i2vii/e 11
2
812 §12513
X 513 | )
$12813 513

Where s;; are the parameters of the scattering matrix S of
the junction J and v = fa is the effective frequency, [
being the propagation constant of the fundamental mode of
the waveguide feeds and @ being an appropriate transverse
dimension. Requirement 1) therefore implies

Sas(v) =0 (over the band by) ?)

Hence, using the fact that for a lossless junction s33 =

— 2 " - .
%‘l, where As is the determinant of S, we derive

522 522

pL16~j2vll/a — — .
$11822 — 8%2 As 8§3

3

Since F'1 operates in its stopband over band by, we have
lpr1l =2 1 to a good approximation, |[As| = 1 due to
losslessness and consequently from (3), in order for constraint
i) to be satisfied, we must require

|s22] = |s33]  over the band by. (4a)

In analogous manner, we may show that in order for require-
ment 2) to be satisfied, we must have

[s11] = |s33] over the band b; (4b)

It is noted that (4a) and (4b) above' involve just the scattering
parameters of the junction independently of the filters and of
their spacings from the junction. In order that requirement 1)
be satisfied at the frequency f», we choose the distance /; by
solving (3) at f = fo, yielding the spacing

Lh=-"21n 522
v 2jv As $33pr1

(5a)

| s-n
Proceeding in énalogous fashion for ports 2-3, we recover

S11

a
lg = ——— 5b
2 2jv i [As $33PL2 (5b)

] f=

The spacings l1, [5, obtained from (5a) and (5b), together with
(4a) and (4b), ensure ideal diplexer behavior at the midband
frequencies f; and fo of the two filters.

We shall now consider the question of the maximum achiev-
able bandwidth under the constraint of junction symmetry.

A. Symmetrical Junctions

Let us now consider the important class of three-port
junctions endowed with a plane of symmetry. To this class
belong many common junctions, e.g., considering only rect-
angular waveguide junctions, the abrupt E-plane and H-plane
junctions, T-junctions, Y -junctions with arbitrary angle of
aperture and junctions such as those described in [2], [9], and
[10] containing more complicated matching sections.

The above symmetry implies [11]

(62)
(6b)

$11 = 899 for E-plane junctions

$11 = —s23 for H-plane junctions.
Consequently, by combining property (6) above with con-
straint (4a)—(4b), we deduce that the geometry is to be selected
in such a way that

[s11] = |s2a] = |s33] ¥
over the bands b; and bs.

We may now state the following lemma:

Lemma: A necessary condition in order for (7) to be

satisfied is that

|sas] > 1/3. ®)
Proof: We will first deal with E-plane junctions.

The above statement can be proved by means of geomet-
rical considerations. In fact, define by I'.,[', the reflection
coefficients at port 1 corresponding to an even, odd excitation
respectively at ports 1 and 2. We have then

Ie+T

sy = letlo (9a)
2

I\e - Fo
812 = - 5 - (9b)
Because of losslessness we have s33 = —32(s}; + s75), so

13
that

|533| = |r5|. (90)
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o]

Fig. 3. Representation of the reflection coefficients I'e and I, correspond-
ing to even/odd excitation, in the complex plane.

The condition |sog| = |s33| over the band by (4a) requires,
however

' Pe + Po

ITe| = ‘——2—_ : (10

Let us plot the reflection coefficients as vectors in the complex
plane (see Fig. 3). By virtue of the assumed symmetry, in the
odd excitation case, the amplitude of the wave transmitted to
port 3, bs = 513(%) + 313(—%) = 0, hence |T,| = 1.

Noting, moreover, that the minimum of s;; is obtained if
I'e and T', have opposite phases, we obtain

Te+T1, S 1—1T|
2 - 2

an

which together with (10) proves the statement (8).

The H-plane case follows simply by exchanging I', with
Ts. O

A direct consequence is that an optimum junction behavior
for the purpose of realizing a diplexer is rather different from
that of a power splitter, for which |ss3] = 0. We shall now
consider the problem of diplexer bandwidth. Although the
actual achievable bandwidth depends on the specific junction
and filter characteristics, we will determine an upper limit to
its value with the help of the following theorem.

Theorem: The maximum achievable bandwidth, for a given
a reflection ¢, of the two-port junction obtained by closing one
arm of a symmetrical three-port on a given filter is given by

1 — sza)? €

2Ay < -
v }533{2 2l

where s33 is the reflection at the common port of the junction,
{ is an “effective” normalized distance at which the filter is
positioned.

Proof: By closing port 1 of the junction on F'1 (Fig. 2),
the reflection coefficient of the resulting two-port network
Soa(v) is expressed in terms of the s-parameters of the
junction J and of F'1 as

2
Ssi9(v
522(U) = 522(11) + 1 12( )
prie—ilije SII(U)

12)

We have seen that, according to (11), Sa2(v2) = 0. There-
fore in a neighborhood of the midband frequency f,, corre-
sponding to vy, considering the first order Taylor approxima-
tion to Sog we have

d
522(’0) ~ _USZ2('U2>A'U. (13)

d

Now, we require that |Sy2(v)| < e over the band Av, ¢
being the maximum reflection coefficient of the junction that
is compatible with the diplexer specifications, that is
' €
Av’

By differentiating (12) with respect v, we obtain

d
‘%522(?)2) < (14)

d

—S22(v2

dv (v2)

25448

o 12°12

= 8y + 1
Piie iTuali/e

o [ ol eti?vali/e
312( 2‘7({ PL1 +

— 811
phe+j20211/a
2
P

1 2
<lee~j2ugzl/a - 511)

The best situation occurs when si; = siy = sh, = 0,
corresponding to a junction whose parameters do not depend
on frequency. Moreover, considering that pri(v) ~ e=7#()
outside its band-pass and that ¢'(v) > 0 owing to the Foster’s
reactance theorem, by virtue of (14), we recover

I3
+ 511

+ ) (15)

) ¢'(v) + 24

£
< — 16
512 1 2 = Aw ( ) .
prie—izvali/e s11 v=vy
which, in consideration of (2), reduces to
/ !
, ¢'(v) +23 £
§5g——— 2% < — 17
22 5%2 ST Av (17)
V=V

finally, recalling (9c) and (10), we obtain the following in-
equality
2

2
S59 r. €
—%s < = K 18
27|55 | S B rongeg VT
For an E-plane junction, we set now ‘
D, = |T.|ef%e (192)
I, = e/, (19b)

For a H-plane one we set instead I'. = /%<, T, = e/%|T,]
and proceed along similar lines.

By defining A¢ = ¢. — ¢, and by substituting expressions
(19) into (10), we obtain
3T 2 -1

2| ]
The latter equation permits us to solve (18) with respect to the
normalized bandwidth 2Av ~
1—T.}? e

ITel? #'(v2) +201/a

cosA¢p = 20)

200 < @1
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Fig. 4. Normalized bandwidth Av versus the reflection coefficient at the
common port of the three-port junction.

Now, by introducing the effective normalized distance [ =
¢'(v2)/2+11/a and remembering (9c¢), the theorem is proved.
a

Inequality (21) gives the maximum normalized bandwidth,

centered at fo, of the two-port junction obtained by closing
port 1 by filter F'1 (Fig. 2), versus the reflection coefficient of
the junction, as illustrated in Fig. 4. The ratio between ¢, the
maximum reflection coefficient admissible of the two-port so
obtained, and the length I, is taken as a parameter.

As we will see in detail in the Section III, the phase
differential ¢’ (v2) of the reflection of the load filter F'1 plays
a very important role in determining the maximum diplexer
bandwidth; this variation being strongest near the passband
for typical minimum phase filters, it is much more difficult to
realize contiguous diplexers than noncontiguous ones.

The best situation occurs when |T'.| = 1/3. In that case,
inequality (21) becomes

4e

2Av < T (22)

On the contrary, it is noted that Av tends to 0 as |T".| tends
to 1.

The magnitude of the reflection for the two-port just de-
scribed as a function of the bandwidth 2Awl, as derived from
(22), is shown in Fig. 5.

It is also interesting to note that in the most favorable case,
the scattering matrix of the three-port junction assumes the
following expression

L[oet —2e 2¢5€
2| _geit oi® 96t
269 9eiE  (i(26-9)

¢, € being two constant phases. Finally note that the latter is
the scattering matrix of an ideal Y -junction, which, therefore,
seems to be the best choice with a view to designing diplexers
with the criteria illustrated.

In conclusion, returning to the general case, the necessary
conditions on the parameters of an optimum three-port sym-
metrical junction in order to obtain optimum perfomance when
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Fig. 5. Reflection coefficient at port 2 of the best junction possible
(ITe|] = 1/3) when port 1 is closed on F'1 (Fig. 2) versus 2Avl.

port 3

Fig. 6. E-plane section of the three-port junction employed in {1, 2].

the junction is used in combination with two given filters in
a diplexer configuration can be summarized by the following
formulas

s11] = |s22] = [sss] f=f1, f=fe (23a)
|sss| > 1/3, preferably |s33] =1/3 (23b)
11 Zshy Xy =0 f=fi, f=fr. (230

The maximum achievable bandwidth of the diplexer is then
stated by (21), and, moreover, having selected a junction with
the above characteristics, the two filters have to be positioned
as indicated by (6).

III. EXAMPLES

In the following, we will demonstrate the validity of the
foregoing criteria by means of two examples. The first one
concerns a diplexer configuration designed, built and tested in
[2], employing a symmetrical junction whose E-plane section
is shown in Fig. 6.

This example was recomputed by making explicit use of
the condition (5) within a simple optimization routine for the
junction: The dimension we obtained are virtually identical to
those reported in [2], as shown in Table 1.

The results of the diplexer simulations are also virtually
identical to those of Fig. 8 of [2]. Fig. 7 shows a comparison
of the reflection magnitudes at ports 3 and 1 of the junction
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TABLE 1
COMPARISON BETWEEN DISTANCES CALCULATED IN [2] WITH THOSE CALCULATED
BY OURSELVES BY OPTIMIZATION OF THE JUNCTION AND FORMULA (5)

distances [2] (mm) present method (mm)
I 2.434 2.430
lg 12.977 . 12.975
] 9.074 9.066
c2 8.285 8.280

0
-2 !
1 I8y 1!
.
-6 =
7 s,
-10 T T T T T T | I— T
12.4 13.52 1464 1576 16.88 i8
FREQUENCY [GHz]

Fig. 7. Magnitudes of the reflection coefficients of the junction used in [2]
at ports 1 and 3.
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. _J '
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12.4 13.62 14.64 15.76 16.88 18
FREQUENCY [GHZz]

Fig. 8. Magnitude of the reflection coefficients for the junction of [2] at
the common port 3 when port 1 is loaded by F'1 (continuous) and port 2 is
loaded by F'2 (dashed).

without the filters; as it can be inferred, these values are
very close to each other over the band of operation of the
diplexer, as required by conditions (7), and they also satisfy

E-plane

Fig. 9. E-plane section of the Y -junction.

conditions (23). Moreover, by application of (5a)—-(5b), we
recover exactly the same filter locations as were determined
through numerical optimization by the authors of [2].

With reference to the same example, Fig. 8 compares re-
flection magnitudes appearing at port 3 when port 1 is loaded
by F1 and port 2 matched (continuous) and when.port 1
is matched and port 2 loaded by F'2 (dashed). In the first
case (continuous line) it is apparent a low-reflection window,
centred in the midband frequency of the filter /'2. Conversely,
in the second case (dashed line), there is an analogous one
about the passband of the filter F'1. If the bandwidths of each
filter exceed the widths of the windows (say at —25 + 30
dB, depending on the diplexer specifications), a deterioration
will occur. In that case, it is necessary either to redesign the
junction or to optimize the filters.

The second example consists of a simulation; we designed
different Ka-band diplexers employing the same FE-plane
waveguide Y -junction (Fig. 9) modeled by the equivalent
circuit of [11] and using given filters. The examples refer to
wideband filters, this case being considerably more compli-
cated than the narrow-band one [6].

We checked the method by considering first contiguous
filters, then by increasing the separation between the bands
of the two filters.

We start by evaluating the maximum bandwidth for which
the two-port junction of Fig. 2 has a return loss larger than
26 dB, by considering the phase differentials of the filters to
be negligible out of band. By substituting the magnitude of
the reflection coefficient of the Y -junction, about 0.35, in (21)
we obtain '

1 - (0.35)2 0.05a
2Ay < ~0:20)” D09
Y= "0352 2

Supposing that [ & 4 mm (~A,/2), we obtain 2A [ < 44.75,
corresponding to a bandwidth BW < 1.79 GHz.
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Fig. 10. Magnitude of the scattefing parameters of the three simulated
diplexers employing a Y -junction. Continuous lines: |s33|, dashed lines: |s13|
and |s23]|. (a) Filters F1 and F2, (b) filters F1 and F3, and (¢) filters F'1

and F4.
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Fig. 11. Magnitude of the reflection coefficient at port 2 of theY -junction
when port 1 is closed on F'2 (continuous) and F'4 (dashed) respectively.

Having separately designed four E-plane septate 6 poles
Tchebysheff filters F'1,..., F4 of 26 dB mrl and bandwidth
1.55 GHz, centered respectively at fy 38.5 GHz,
f2 = 36.5 GHZ, f3 34.5 GHZ, f4 32.5 GHZ, we
combined filters and junction so as to obtain the three diplexers
whose responses are shown in Fig. 10.

Note that we fixed the upper band filter and changed the
lower one. In the first case (filters F'1 and F'2), the two filters
are very close: There is an evident deterioration of the diplexer
response compared with those of the filters that is due mainly
to the excessive variation of the phase of one filter in the
passband of the other. By measuring the slope of the phase
of filter F'1 at the frequencies fs and f4, it is possible to
give a more accurate estimate of the maximum bandwidth of
the diplexer. In particular, in a neighborhood of f» and of f4
we have, respectively, ¢'(v(f2)) &~ 3 and ¢'(v(fs)) ~ 0.38.
corresponding to 480 MHz and 1.3 GHz bandwidths.

In the next example, we space further out the filter band-
widths. Figs. 10(b) and (c) refer to the diplexer obtained by
connecting filters F'1 and F'3, F'1 and F'4, respectively, to the
Y -junction: in both cases the solution is quite good and no
further optimization is required.

Finally, we show the magnitudes of the reflection at port
2, when port 1 is loaded by F2 and F4, respectively, in a
neighborhood of the midband frequency of F'1 (Fig. 11): it
is clear from the figure that the matching bandwidth depends
on the phase behavior of the filter. We can also see that the
bandwidth of the junction corresponding to a return loss of
26 dB is about 1.1 GHz when port 1 is loaded by F'4 and just
330 MHz when port 1 is closed on F2, close enough to the
value calculated above.

IV. CONCLUSION

We present simple analytical criteria for the design of
optimum junctions for the realization of diplexers with given
filters: these are of general validity, deriving solely from
the properties of the scattering matrix of reciprocal, lossless
symmetric three-port junctions.
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The above criteria also provide explicitly two additional
important parameters of the diplexer geometry, namely, the lo-
cations of the filters, resulting in a considerable simplification
of the overall synthesis.

Results obtained by the application of the foregoing method
to the synthesis are good except for the case in which the phase
slope of one filter in the passband of the other is too large.
Even in this unfavorable case the result can nonetheless be
considered as a excellent starting point for an optimization
routine.
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Analysis of Compact E-Plane Diplexers
in Rectangular Waveguide

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

Abstract—Photolithographic techniques permit the realization
of complex circuits totally confined to the E-plane of millimetric
rectangular guides with high precision and low cost. This work
contains a detailed analysis of an E-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 i ,-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 E-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.

Manuscript received June 20, 1994; revised April 24, 1995.

The authors are with the Dipartimento di Elettronica ed Automatica
Universita di Ancona, 60100 Ancona, Italy.

IEEE Log Number 9412689.

Fig. 1. Compact E-plane diplexer.
b PORT 2
PORT 3 | D ’t
b PORT 1
@)
. P
= s FILTER2
|
= »n FILTER 1
MATCHING POST
(b)
Fig. 2. (a) E-plane section of the three-port junction. (b) Mask containing

filtlers 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 s;; = 822 € S13 = sp3, so that its scattering matrix
becomes

by 11 S12 813 aj
by | = |s12 su1 si3| |az2 |- (N
b3 s13 S13 S33| |as

0018-9480/95%04.00 © 1995 IEEE
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Fig. 3. Even/odd excitation at ports 1 and 2: Resulting structures.
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n=1,23,..0 n=1,2,3,.= n=123,...

Fig. 4. Scheme of the modal interactions occurring between discontinuities.

By setting separately a; = a; =1 a3 =0and a; = —az =
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

bi =811 + S12 (2a)

bg = 2313 (2b)
and, in the odd case

bl; = 811 — S12. (2C)

The parameter s33 is recovered by the losslessness condition

513571 + 13575 + 833873 =0 (2d)
which gives
513811 + 51387,
833 = —————————. (2e)
513
Note also that this latter condition implies |s33| = [65].

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 dl, 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 z, discontinuities
1 and 3, that is the two E-plane steps, under the excitation of
an incident TE;g-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 withn =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 < 34, the attenuation of the first mode below-cutoff

2
that is being excited, i.e., TEy3, is greater than 40 dB/A,. In
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this case, it is sufficient to consider TE g, TE 1, TMj1, TE12,
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 discontinuities occurring is analyzed by
deriving a rigorous variational expression of its multiport
impedance matrix of the type

(k)
-t 3
T T
efo Ze/o ze/o efo
Il
=ZZ/°[$/°} k=123 3)
IE/G
where, V, T 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,
accessible, we get

considering TE;g, TEj2, and TMj, as

s
el

s __ s
Vo= e2 |»

S
L"e3
[71s
el

s s
L= e2 |

8
L e3

sp sp
EXTREe
sp s
e zg%l zg%?
[%e31  Ze32

sp
z§%3
z§%3
%e33

(3a)

where the indices s, p assume the values [, .
In the odd case, we take T F1, T'M1; as accessible, so that
each junction reduces to a two-port of the type

sl

s o

Vo - s |
02

Moreover, omitting the suffix e /o, we have in both cases
2] =AY Y1 AW
i,j =1, 2, 3evencasel, 2odd case. (4)

Al(l) and AET) contain the coefficients of the expanding
functions used for representing the tangential electric field
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of the sth 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°P];; 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 Z§ and Z3 (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 TY.

In fact, denoting by U®(!) and U°(l) 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

Tgp =T -U%) TS -U°(ly)- T :dim6x6 (5a)
and, in the odd case
To =T7 -U°l)-Tg-U°(,)- T :dim4 x4. (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 is easy to derive the scattering
parameters (2a)—(c) and then the response of the diplexer by
standard network methods.

1II. 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) Equivalent circuit under even excitation at ports | and 2:
ul = bfa, u2 = (2b+t)/a, u3 = b/a. (b) Equivalent circuit under odd
excitation at ports 1 and 2: u1 = b/(2a), u2 = (2b+ t)/(2a), u3 = b/a.

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

e/o — T — T T 1
bl = 3 BRG]
Pym()P )+ Y
m=m,, m;+1
=\ 2
~ e/o b ~efo 1
G (7) (—) + Gy *(r) (mm}
1
e Py am(1)Pjam(1 6
1+ [mr/(2b)]? sam (D em(1) ©
where

e (%)

(_TZ;I u)1/6

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

P (1) = V2uc, (7

e —@ 118

Yroa(u) =—j =
nfu)? - @2 —1+1/8°
o Vo B

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 48§6-50 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 a test for the program, Fig. 6 compares experimental and
theoretical scattering parameters for a junction of dimensions
a=704mm,b=2359mm, ¢t =193 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, [/, 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 E'13 and T'M; 3, 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 |sy;| = |s33] = constant and, preferably, |s11| 22 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.
diplexer.

Reflection magnitudes at ports 1 and 3 of the junction used in the
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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: I; = 4.885,
lp = 4.465, I3 = 3.023, 4 = 2.934, s = 0.200, t = 3.550. Filters
[posts (p), cavities (c)]: filter 1: p1 = p6 = 1.730, ¢1 = ¢5 = T7.812,
p2 = pb = 5.549, 2 = ¢4 = 7.781, p3 = p4 = 6.376, c3 = 7.780;
filter 2: pl = p6 = 2.026, ¢l = ¢b = 7.301, p2 = p5 = 6.422,
c2 = c4 = 7.259, p3 = p4 = 7.360, c3 = 7.258, the thickness of the
metallic sheet containing septa is 0.150.

-50 T T T T T T T T 7T
365 372 379 3886 39.3 40
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Fig. 10. Theoretical reflection magnitudes of filter 1 employed in the above
diplexer.

quency characteristics of the junction allow filters with longer
cavities (A4, 3/2),) 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 “FE-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
o, /L Q)
(z,y)=2 b, cos E z k‘;z X,'w

[P )] fuiry 1P ()]

Ey(a,1) =25 sin Lo S W)
k=1,2
 Foy P (W)
discontinuity 1, even case
(k) =2k,
v(k) =2(k -1),
g0 =1,

nM(y) ===
discontinuity 1, odd case
v(k) =2k -1,
o=1

be, dE,
27 dy

(Ala)

(Alb)

discontinuity 3, even case
u(k) =2k,

v(k) =2(k - 1),
£, =2,

b+t/2—y
MW@=—%¢—

discontinuity 3, odd case
(k) =2k,

v(k) =2(k ~ 1),.
o=2

For discontinuities of the type 2 .
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where d is the post thickness, u(k) = 2k; discontinuity 2,
even case

(A2b)

Si(y) = sin 7Y
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SyQ(y) = cos 7Y (A3a)
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2
discontinuity 2, odd case
™
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Where G,lf/ 6(t) is the kth Gegenbauer polynomial of order 1/6
and the constant N; was chosen as to satisfy the foliowing
orthonormality conditions [13]

1
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Abstract

From the properties of the S-matrix of a symmetrical three-
port junction, we derive a set of necessary conditions and
some sufficient ones to be satisfied in order that the junction be
successfully employed in the realisation of a diplexer.

We derive explicit expressions for the positions at which
the filters must be placed in the junction arms for optimum
diplexer performance. Various examples of application are
demonstrated and compared with existing numerical data and
with experiments.

Introduction

At millimeter frequencies it is expedient to employ
reciprocal circuits for the realization of diplexers and
multiplexers and some interesting examples have appeared in
the recent literature [1,2]. In view of the considerable difficulty
of modelling the physical structures employed, the geometry
of the diplexer is normally chosen by making use of routines
that optimize global performance, including junction and
filters. The optimization is rendered problematic by the fact
that the ' error function' is not analytically available and a
number of local minima occur. With a view to overcoming
such difficulties some researchers have employed sophisticated
techniques, achieving some very good results [1,2]. The
functionals to be minimized, however, contain some
computationally costly redundancies, that is just the purpose of
this work to eliminate, with a view to CAD applications.

This contribution provides some necessary and some
sufficient conditions for the realization of three-port junctions
to be employed in diplexers, involving just the junction as
distinct from the filters.

Once the junction is well defined, one obtains by means of
a simple analytical formula the distances at which the filters
have to be positioned for optimum performance.

It is emphasized that said criteria are based on the analysis
of the scattering matrix of the junction and, as much, of
general application, independently of the adopted technology.

CH3389-4/94/0000-0739%$01.00 © 1994 IEEE
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Analysis

In fig. 1, the diplexer is modelled as lossless reciprocal
symmetrical (s;; = s,) three-port junction (J) with ports 1 and
2 closed by filters F1 and F2, with passbands b; and by
respectively .

1

O
®

0 ¢

fig.1 Black box equivalent circuit of the diplexer;
J is a three port junction, F1 and F2 the two filters

We require that:

1. Over the band b2 there be perfect transmission between
ports 3and 2 ;

2. Over the band bl, perfect transmission between ports 3
and 1.

It is easy to find conditions for requirements 1 and 2 to be
satisfied at the midband frequencies f) and f; of the filters [3],
@

[s11] = Is22l = Isasl  f=f; ,f=1,

The spacing 1; and 1, at which to position the filters in
order for the diplexer to be perfectly matched are

Lol m
2jp As S33 PL1

n[—311 f=f (2b)
As s;33pL2

1994 IEEE MTT-S Digest



Where, pp,, Pr2 are the reflection coefficients of the filters
F1 and F2, closed on matched loads, As is the determinant of
the scattering matrix of the junction.

It is possible to show that a necessary condition in order
for (1) to be satisfied is that

Isasl 2 1/3 A3)

‘We note immediately that an "optimum” junction behaviour
for the purpose of realizing a diplexer is rather different from
that a power splitter, for which ls;3l = 0.

Moreover, we derive an upper bound to Iss3l, by
determining the achievable bandwidth of the diplexer; in fact,
when closing port 1 of the junction on F1, the reflection
coefficient at port 2 of the resulting 2-port network (fig.2) is
given by:

$12()
S22(B) = 52(B) + —3 (B)
-5

pu(B)

(C))

5}

0 Zo

®

—
-
-

fig.2 two-port obtained by closing port 1 of J by F1

We require that |S22 ( B)|< €, in the bandpass of the filter

2AB, e being the maximum return loss of the junction
compatible with the specifications on the diplexer.
This condition is satisfied if at f, we have

s, (B)l < = ®)
ap 2 (P AB

developing the differential of (4), we see that the best
situation occurs when

' ' 1,

Si1 =812 =8,=0 (6a)

corresponding to a junction whose parameters do not
depend on frequency, as well as
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|s33] "
25yl ° Ve

This last inequality gives the maximum normalized
bandwidth, centered at f;, of the two-port junction obtained
by closing port 1 by filter F1 (fig.2), vs. the reflection
coefficient of the junction, as illustrated in fig.3. The ratio
between the maximum return loss € of the two-port so
obtained and the length 1, normalized to the guide width a, at
which the filter is positioned, is taken as a parameter.

<1

o= —=

= (6b)
8AB1
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fig.3 Normalized bandwidth 2ABa vs the
return loss of the three-ports junction

We note that in the best case, corresponding to Isysl = 1/3
(3), the maximum bandwidth is simply:

4ea

20Ba< 0)

Having selected a junction whose characteristics are
summarized in formulae (1,3,6a-b), the two filters have to be
positioned as indicated by (2).

Results

In the following, we report two examples of application of
the foregoing method.

The first concerns a diplexer configuration developed in
[1,2], employing a symmetrical junction, as shown in fig.4,
that was designed by making use of a numerical optimization
routine.




fig.4 E-plane section of the three port junction employed in [1,2]

With reference to fig.5, the excellent results obtained there
confirm the foregoing criteria. In fact, fig. 6 shows a
comparison of the reflection magnitudes at ports 3 and 1; as it
can be inferred, in the band of operation of the diplexer, these
values are very close to each other, as required by conditions
(1), and they also satisfy conditions (3,6a-b).

Moreover, by application of (2a-b), we recover exactly the
same filter locations as were determined through numerical
optimization by the authors.
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fig.5 Magnitude of scattering parameters for a
diplexer realized by the junction used in [2]
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fig.6 reflection coefficients of the junction used in [1,2] atport1e3

A second example concerns a kind of diplexer previously
studied by ourselves [4, 5] that employs the junction depicted
in fig.7, where an inductive septum, realized by the same E-
plane technology as the filters, provides the matching element.

fig.7 E-plane section of the three port junction employed in [7] and
mask of the filter

Junction parameters are now computed on the basis of the
requirements (1,6a-b), while the filter locations are obtained
by means of (2). Fig.8 shows the reflection coefficients at port
3 and 1 of the junction.
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In fig. 9 we plot the reflection magnitude at the common
port of the diplexer together with the filter responses. The
junction now appears completely transparent to the filters,
which property can be understood if one considers the
reflection magnitudes at port 3 when port 1 is loaded by F1
and port 2 loaded by F2 (fig.10).
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fig.9 Magnitude of scattering parameters for a diplexer realized by
ourselves [7], compared with responses of the single filters
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fig.10 Magnitude of the reflection coefficients for the junction [7] at the
common port 3 when c1) port 1 is loaded by F1 (fig.2);
c2) port 2 is loaded by F2

Conclusions

We present simple analytical criteria for the design of
‘optimum’ junctions for diplexer realization.

These are of general validity, deriving solely from the
properties of the scattering matrix of a reciprocal, lossless
three-port junction.

The above criteria also provide explicitly two additional
important parameters of the diplexer geometry, namely, the
locations of the filters, resulting in a considerable
simplification of the overall synthesis.
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ABSTRACT

A new arrangement for the realization of
waveguide diplexers is proposed.

A single inductive post, located in the
cavity between the input waveguide and the
bifurcation is used as matching element
retaining full planar technology.

This provides a inexpensive and

effective solution. fig.1b longitudinal E-plane section of the housing
OUTLINE ANALYSIS
Modal analyses of the E-plane technology The structure under study is composed of
diplexers have been presented in the a three-port junction two arms of which
literature (1,2,3], also including are closed by inductive filters. We focus
cascaded steps as matching elements. now on the analysis of the three-port
Although such matching devices do junction, whereas reference is made to [4]
improve the performance of the diplexers, for that of the filters.
their fabrication is mechanically critical The problem is reduced by even and odd
and expensive. excitation mode decomposition to the two
If a single inductive sept , of the kind two-port configuration shown in fig. 2.
already used in the realization of

branching filters, is employed as a
matching device in the cavity between
junction and filters, E-plane technology
is maintained and considerable mechanical
simplification ensues.

The resulting E-plane mask is shown in
fig.la and the abrupt E-plane step “\

provides the housing. (fig.1lb)

electric wall (even excitation at ports 1 and 2)

- 5 -

fig. 2a

matching post magnetic wall (odd excitation at ports 1 and 2)

fig.1a mask of filters and matching post fig. 2b
1077
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We recognize that each of the latter
configurations consists of a cascade of

three discontinuities; e.g. in fig. 2a an
E-plane step, an inductive post and a
second E-plane step. In fig. 2b, the

problem is somewhat modified in order to
account for the presence of a magnetic
wall instead of a electric one over part
of the lower boundary.

We employ the concept of
modes ' [5] for
discontinuity.

The whole equivalent circuit of the two

'accessible
each building Dblock

port, corresponding to the even
excitation, is shown in fig. 3a.
Each block Tes represents the

transmission matrix of the i-th junction,
considering TEj3, TE;;, TM;; and TE3y as
accessible modes; Y are the corresponding
modal characteristic admittances.

In the odd case, the whole equivalent

circuit (fig.3b) reduces to a one port
because of the absence of modes above
cutoff in the regions containing the
magnetic wall.

In the odd case the choice of the

accessible modes depends on the kind of

discontinuity.

For the first two kinds (the E-plane
step and the post, both on a magnetic
wall), a proper choice is TE;; and TM;;.

For the third kind (the E-plane step
from a guide with a magnetic wall to a
standard guide) we take TE;; and TM;; to

the left and TE;; and TE;3 to the right of
the juntion.
The parameters of the matrices

Teiy and T,; are determined by the Galerkin

variational method employing singular
expanding functions with built in edge
conditions [4].

Convergence of the admittance operators
is accelerated by accurate asymptotic
expansions.

Moreover, by keeping track analytically
of the frequency dependence in the
waveguide admittance operator, computing
time for a simulation over the full band
is little different from that of a spot-
frequency calculation.

All these analytical
result in a very agile code requiring
little memory and capable of being
accommodated on a small personal computer.

In term, this renders feasible an
effective CAD synthesis of the diplexers
with modest computing means.

manipulations
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fig. 3b black-box equivalent circuit of the three ports junction under odd excitation
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RESULTS

First, we tested the effectiveness of
the matching arrangement, by simulating

the three-ports junction with the post.
Fig. 4 shows the reflection coefficient
at the common port (port3) of this

junction for two different values of the
lengths of the cavity and with the same
post. For this thickness of the wall
separating the two output waveguides, the
junction would be considerably mismatched,
but for the use of the matching post that
recovers a good match over a wide band.
Moreover, it is apparent how easily the
junction can be tuned.

0
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@ e [
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-40
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fig.4 Magnitudes of reflection coefficients at the ports of the three ports
junction with the matching post: s=0.3mm, t=2mm
--- 1;=5 mm, L,=5Smm; — 1,=4.25 mm, l,=6mm

Fig.5 shows the predicted performance of
a diplexer, containing the filters
described in table 1, optimized with the
matching post in frequency band 35-39 GHz.
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fig.5 Magnitudes of reflection coefficients at the ports of the diplexer with
the matching postt 1,=3.952mm, 1,=4.302mm, s=0.3mm, 1,=1.593mm,

1,=2.60lmm, t=2mm

length Filter 1 Filter 2
$q 2.198 2.540
1 3.053 2.798
53 6.440 7.367
14 3.076 2.774
S5 7.113 8.120
lg 3.076 2.774
57 6.440 7.367
Tg 3.053 2.798
) 2.198 2.540

table 1 lengths of septa (s) and cavities (I) of the simulated filters

In fig.6 we report a comparison between
the reflection coefficients at the common
port of the diplexer with and without the
matching inductive post.In both cases, the
dimension of the cavity was optimized to
give the minimum insertion loss over the
band of the filters.
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fig.6 Magnitude of reflection coefficient at the common port (port 3) of the
diplexer with and without the matching post.

Analogous Dbehaviour
different bands

It is also interesting to compare with
fig.5, the performances of the individual
4-cavities filters used in both diplexers;
this can be seen in fig.7.
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fig.7 Comparison between the magnitude of reflection coefficient at the
common port of the diplexer with the matching post and those of the
filters.

CONCLUSIONS

We propose a new E-plane solution to the
problem of matching diplexer junctions.
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The behaviour of the whole
diplexer 1is investigated by rigourous
field analysis and the numerical
predictions of performance are promising.

matched

Experimental prototypes are being
constructed
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A New Look at the Practical Design
of Compact Diplexers

Antonio Morini, Member, IEEE, Tullio Rozzi, Fellow, IEEE, Marco Farina, Member, IEEE, and Giuseppe Venanzoni

Abstract—This paper presents a method for the design of com-
pact diplexers, where the common junction is considered part of
the filters, thus reducing the diplexer length by roughly one cavity.
Starting from two filter prototypes satisfying the desired specifica-
tions, the technique provides the design equations in closed form.
Effectiveness and accuracy of the proposed method are demon-
strated by means of a practical example.

Index Terms—Diplexer, filter, prototype.

I. INTRODUCTION

HE SYNTHESIS of diplexers classically starts from two

filters and a three-port junction that are separately designed
and combined in such a way as to maximize performance. Un-
fortunately, simply connecting filters and junction produces an
unacceptable deterioration of the response of the two filters in
their passbands, which can be restored by modifying the first el-
ements of each filter, as indicated in [1]-[3].

Alternatively, some years ago, we introduced a simple analyt-
ical formula, providing the line lengths at which two filters have
to be connected to an arbitrary three-port junction, in order to
guarantee an optimal design [4], [5].

This approach featured a clear segmentation of the problem
and the provision of simple formulas for the combination of
filters and junction.

Although the performances of the original filters were not
completely preserved in the final diplexer, the response of the
channels in the resulting device were very satisfactory, at least
in the noncontiguous case and for junctions endowed with some
properties. Moreover, in practical cases, the same screws used
to tune the cavities could be used to easily compensate for the
resulting small deviation.

As a matter of fact, the method ought to be seen as providing
a near-optimal starting point from where to apply some efficient
optimization.

There is, however, a further aspect that impacts on maximum
achievable performance. In fact, in the above approach, two line
sections are interposed between the first coupling elements of
the two filters and the junction. This makes the diplexer longer
than the sum of the filters lengths, possibly challenging the con-
straints on maximum acceptable size and increasing losses.
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The new method allows to eliminate these additional sections,
while preserving the original electrical behaviors of the two fil-
ters and the simplicity of design. The latter is guaranteed by
means of practical closed formulas, derived in Section II, as
no modification of the original prototypes of the two filters is
required.

The basic idea is that the junction can be seen as a part of
each channel filter. In other words, the junction can be designed
so as to mimic the effect of the first coupling elements, i.e., the
first K-inverters, of each filter. This task is not very difficult to
accomplish, as shown in Section II.

Section III describes a practical example: in the first part, the
proposed approach is validated by means of a full-wave anal-
ysis performed by Ansoft’s High Frequency Structure Simu-
lator (HFSS) [7], while in the second part, we report pictures
and measurements of the actual final device.

II. ANALYSIS

It is expedient to split each filter into two cascading blocks,
called, respectively, “head,” constituted by the first K -inverter,
and “tail,” involving the remaining part [6].

In this study, the heads are included into the three-port junc-
tion, whose scattering matrix S is given by

by S11 S12 S13 ay
by | = | s12 S22 S23 as | . (D
b3 513 S23 S33 | a3

The diplexer is obtained when ports 1 and 2 of this new spe-
cial junction are connected to the tails of two filters, say, T1 and
T2, respectively.

At f1, the midband frequency of filter F1, the junction must
behave as the first inverter K fl) of the original filter F1. The
superscript j in K. i(J ) indicates filter 7, and ¢ denotes the ith K
inverter of such a filter.

Considering that port 2 of the junction is connected to tail
T2, whose reflection is I's(f1), the scattering matrix S’ of the
resulting two-port is given by

S,:[sn 313% Ty(f1) [

813 833 1 —=T2(f1)s22

Note that [T'a(f1)| ~ 1, as filter F2 is in its out-band at fi,
and, for the same reason, 1 — s92(f1) - '2(f1) # 0. In fact, the
equality would mean that port 2 is matched, i.e., F2 is in-band.
In addition, since the junction is assumed to be lossless, we can
focus on sf;.
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Fig. 1. Inits simplest form, the three-port junction to be used is formed by the
connection of a Y-junction and the first two K - inverters of each filter (repre-
sented in the figure by their ABC D-parameters).

According to our strategy, the junction replaces the first k-in-
verter of filter F1; consecguently, its scattering matrix should co-
incide with the one of kll), whose expression is

() =1 o |
G _ (K§1>)2 +1 (K@)i +1 "
r (K1) -1
_ (K§1>)2+1 (K§”)2+1_
Therefore, we require that
- stola(fi) (K£1))2 -t @

— - 2 )
1 Fz(fl)SQQ (K£1)) +1

The left-hand side of the above expression has to be carefully
analyzed. It is noted that the equality is immediately satisfied if
|s%2| ~ 0 and the reflection coefficient at port 1 of the junction,
namely, s11, equates that of the first K -inverter.

This occurs, for instance, when the junction is formed by an
ideal Y-junction whose arms 1 and 2 are connected to the first
K inverters of the corresponding filters, as shown in Fig. 1. In
fact the ABC'D matrix of the two-port 1 and 2, obtained by
terminating port 3 on its characteristic impedance, is given by

-1 ~K?
[‘Iﬂ - | x0x® K0 [‘Iﬂ )
0 ~KMK®
Therefore,
[s12] = — 21 @ ~2 ‘K{” : K§2>’~0
KK R4

(6)
as required.

Actually, equality (6) also holds when the “core” junction is
more involved than just a simple Y. It turns out that the only
needed requirement is that the two inverters be connected to it,
as shown in Fig. 1.
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Therefore, condition (4) simply becomes

(K{l))2 —1
(KF))Z +1

By the same token, at the midband frequency f, of filter F2, it
is required that

s11(f1) = @)

(K{z))2 1
(Kf”)z vy

Equations (7) and (8) provide the design formulas for the
junction. Note that the right-hand sides of (7) and (8) are
real, while the reflection coefficients of a three-port are gener-
ally complex. Therefore, phase correction at ports 1 and 2 is
required.

This is accomplished by inserting a section of line featuring
a negative electrical length

s22(f2) = (8

Lsii(fi) — .
(:b’i: ® (f> 7r7 1=1,2 9
2
in front of ports 1 and 2.
The corresponding physical lengths are given by
Zsiqj(f,;) — T
li=—|—]———1, =1,2. (10)
2B(f:)

In practice, the above negative lengths are absorbed by the
first cavities of each filter, thus reducing even more the overall
diplexer size.

In conclusion, the junction is designed by considering just the
amplitudes of the reflections at ports 1 and 2, at the midband fre-
quencies of the two filters f; and f5, provided that transmission
between the two ports is negligible, as discussed above.

In addition, note that when the passbands of the filters are
contiguous and bandwidths coincide, their first k-inverters are
almost equal, namely, K 1(1) =K 1(2). In this case, it is quite easy
to design the junction. For instance, in waveguide technology,
this can be done either by placing a metal insert, as shown in
Fig. 2, or by using an iris, as will be shown in Section III.

The insert is adjusted in order to obtain the reflection magni-
tudes required by (7) and (8) at the two filter midband frequen-
cies. This task is easily handled with the help of a full-wave
solver, such as Ansoft’s HFSS [7].

The phases are finally adjusted by shortening the waveguide
sections, which separate the first two k-inverters of each filter,
according to (10).

It deserves to be emphasized that the common belief [8] that
the junction has to be as neutral as possible is basically wrong.

Of course, the same principle also applies to different tech-
nologies, such coaxial and microstrip.
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Fig. 2. H-plane metal insert placed into a classical T-junction creates an arbi-
trary reflection at the main arm, thus satisfying the design conditions expressed
by (7) and (8).

Fig. 3. In the .X'-band diplexer built, the compact junction was obtained using
an H -plane window of the same kind employed for the two six-cavity filters.

III. RESULTS

In order to demonstrate the effectiveness of the proposed
method, here we report the details of the design and the results
for a WR75-band diplexer, whose sketch is shown in Fig. 3.
The diplexer was meant for practical use in a communication
system for which a set of specifications was available. These
specifications included the possibility to shift the channels by
means of tuning screws.

The responses of the Chebyshev ideal filter prototypes, fea-
turing 23-dB minimum return loss and six cavities, are shown
in Fig. 4. The bandwidth is 32 MHz for both filters, while the
midband frequencies are 12.961 and 13.227 GHz, respectively,
corresponding to the higher operating frequencies. Actually, it
is well known that the insertion of a screw into a cavity can only
shift down its resonant frequency.

The filters were implemented by using inductive asymmetric
windows (thickness: 0.5 mm) as coupling elements.

Their dimensions are calculated by using in-house software,
which provides the reflections of the windows evaluated at the
midband frequencies f; and f5. In particular, the scattering ma-
trices for a discrete set of apertures are stored in a database, and
are interpolated during the optimization process. Table I reports
the resulting dimensions

The junction is obtained by using an H-plane window of the
same thickness as those employed for the filters, as shown in
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Fig. 4. Prototype response of the two designed six-cavity Chebyshev filters.

TABLE 1
DIMENSIONS (IN MILLIMETERS) OF THE TWO WR75 H-WINDOW SI1X-POLE
FILTERS DESIGNED. A; AND C; ARE THE WIDTH OF THE ¢TH APERTURE
AND THE LENGTH OF THE :TH CAVITY, RESPECTIVELY.
ALL THE WINDOW THICKNESSES ARE 0.5 mm

Filter 1 Filter 2
7.336 7.218 A
14.102 13.67 C,
3.999 3.926 A,
14.498 14.046 C,
3.693 3.627 Az
14.508 14.055 Cs
3.65 3.584 A,
14.508 14.055 Cy
3.693 3.627 As
14.498 14.046 Cs
3.999 3.926 As
14.102 13.67 Cs
7.336 7.218 A;

Fig. 5. Sketch of the junction designed. The arrows point to the apertures be-
tween the common arm and first cavities of each filter. Note that the waveguide
sections connecting the filters to the junction are no longer required, yielding a
compact device.

Fig. 5. This choice is quite suitable for the current purpose, as it
allows to obtain a (practically) arbitrary reflection.

At this stage, it would be possible to accurately consider the
effects of the corner roundness, produced in the fabrication by
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TABLE II
AMPLITUDES AND PHASES OF THE SCATTERING PARAMETERS OF THE
JUNCTION OF FIG. 5, CALCULATED AS FUNCTIONS OF THE APERTURE
A’S, AT THE MIDBAND FREQUENCY OF THE FIRST FILTER (f1 = 12.961 GHz),
CONSIDERING 0.1-mm APERTURE STEPS. THE WAVEGUIDES ARE WR75,
WHILE THE WINDOW THICKNESS IS 0.5 mm. THE VALUES
HAVE BEEN COMPUTED BY ANSOFT’S HFSS [7]

Almm] | _[S11] [ ph(s11) |_[S31] [ ph(Sat) | [S21] | ph(S21)
8.025 |0.979243| 166.68 | 0.20158 | -173.792 | 0.021179 | -24.7776
7.925 | 0.980544 | 166.888 | 0.195165 | -172.933 | 0.019887 | -24.4589
7.825_|0.081814 | 167.083 | 0.188874 | -172.06 | 0.018624 | -24.1318
7.725 | 0.983008 | 167.253 | 0.182774 | -171.218 | 0.017416 | -23.8326
7.625 | 0.984121] 167.409 | 0.176803 | -170.422 | 0.016261] -23.5615
7.525 | 0.985194 | 167.587 | 0.170777 | -169.647 | 0.015126 | -23.2649
7.425 | 0.986264 | 167.811 | 0.164555 | -168.868 | 0.01399 | -22.8975
7.325_|0.987324 | 168.063 | 0.158185 | -168.085 | 0.01287 | -22.5299
7.225 | 0.988346 | 168.315 | 0.151759 | -167.307 | 0.011795 | -22.2914
7125 | 0.989302 | 168.553 | 0.145448 | -166.551 | 0.010794 | -22.1672
7.025 | 0.990173| 168.78 | 0.139496 | -165.842 | 0.009897 | -21.92
6.925 | 0.990955 | 169.002 | 0.133982 | -165.203 | 0.009114 | -21.3757
6.825 | 0.991709 | 169.241 | 0.128308 | -164.591 | 0.008375 | -21.0035
6.725 | 0.992517 | 169.522 | 0.121762 | ~163.927 | 0.007591 | -21.5786
6.625 | 0.99336 | 169.826 | 0.114648 | -163.205 | 0.00677 | -22.7256
6.525 | 0.094103 | 170.092 | 0.108278 | -162.541 | 0.006005 | -22.1253
6.425 |0.994633 | 170.282 | 0.103541 | -162.064 | 0.005388 | -17.4718
6.325 | 0.995038 | 170.458 | 0.099514 | -161.691 | 0.004929 | -11.558
6.225 | 0.995466 | 170.706 | 0.094875 | -161.247 | 0.004491 | -9.78197
6.125 | 0.995961] 171.03 | 0.089472 ] -160.671 | 0.004017 | -13.7647

the milling machine. However, we have purposely neglected
them. The reason is that, as stated above, the two filters were
required to be tunable, by means of tuning screws penetrating
cavities and couplings windows. Therefore, we did not spend
any effort in optimizing the design, being aware that the im-
plemented structure would deviate somewhat from the designed
one. One could argue that this choice weakens the validation of
our approach. Actually, the validation is performed by means
of Ansoft’s full-wave solver HFSS, thus immunizing the proof
from the effects of nonideal materials, imperfect realization, and
whatever affects real-world devices.

Instead, the realization shows the usefulness of the approach,
being a step-by-step example of a real-life diplexer.

The design of the compact junction was obtained by interpo-
lating the data set of junctions computed by Ansoft’s HFSS in
order to satisfy (7) and (8).

In particular, the values of the K-inverters, corresponding to
the first apertures of the two filters are

KD = 00834 K® =0.0816.
Therefore, the compact junction, designed according to (7)
and (8), must feature

511(12.961 GHz) = — 0.986185

and

$22(13.227 GHz) = — 0.986771.

In addition, negligible transmission is required between the
two ports, i.e., |s21]| & 0. Note also that, in the current case, the
two reflections are nearly the same.

This simplifies the design. The first step is to select a junction
that could meet the requirements, possibly by varying a param-
eter at a time.
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Fig. 6. Ansoft’s HFSS simulation of the designed diplexer. This is exactly what
results from the design process illustrated, without any adjustment or optimiza-
tion, which, of course, would significantly improve performance.

Fig. 7. WRT75 diplexer built, as it appears when the lateral walls are removed.

The junction shown in Fig. 5 has the features we are looking
for since, for practical values of the apertures, the transmission
between ports 1 and 2 is negligible and each aperture only af-
fects the reflection of the corresponding port (and, of course, of
the common one). A lookup table (Table II) showing the magni-
tude of s; for different apertures, calculated by Ansoft’s HFSS
at the midband frequency of the first filter f; (where the two
apertures A( )A( ) are assumed to be identical), clearly shows
this point. The calculatlon of the aperture corresponding to the
first k-inverter of the second filter F2 is conceptually identical.
It only requires the recalculation of the above table at the mid-
band frequency of filter 2, i.e., fo.

In practice, it matters little whether the two apertures Agl)
and AgQ) are equal or slightly different. As can be easily checked
by direct inspection, the transmission between ports 1 and 3 is
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Fig. 8. Diplexer realized as it appears at the common port.
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Fig. 9. Measurements of the diplexer designed. The bands of the two filters
were slightly widened (40 MHz) by increasing the couplings in order to reduce
losses.

essentially independent of the aperture AgZ) placed across ports
2 and 3.

The resulting window apertures corresponding to the above
reflections are as follows.

« Filter 1: A" = 7.455 mm.

* Filter 2:A§2) = 7.275 mm.
Correspondingly, the lengths of the first cavities are as follows.

« Filter 1: C\") = 14.037 mm.

« Filter 2: 032) = 13.598 mm.

As can be observed, the latter differ just slightly from the
starting values, namely, those of the filters reported in Table I.
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The complete diplexer was simulated by Ansoft’s HFSS, ob-
taining the results shown in Fig. 6. They are noteworthy, being
obtained without any optimization of the overall diplexer.

The diplexer in question was finally built, as shown in Figs. 7
and 8, including the tuning screws and with rounded corners.

Fig. 9 shows the measured scattering parameters. As can be
observed, the bandwidths of the two filters were deliberately
widened up to 40 MHz in order to reduce losses. This was easily
accomplished by increasing the penetration of the screws con-
trolling the couplings.

IV. CONCLUSION

Diplexer design has been improved by looking at the device
as a whole, in contrast to what has been usually done, namely,
by considering separately junction and filters. In this way, the
junction itself plays the role of the first k-inverter of each filter
if suitably designed. As a result, devices are more compact.

We have introduced closed-form design formulas for de-
signing the junction and, consequently, the entire diplexer.
The validity of the proposed approach has been assessed by
means of full-wave simulations, performed by Ansoft’s HFSS.
A practical design example, along with its realization and
experimental characterization, has also been discussed.
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Elimination of Fine Tuning in High Power, Low-PIM Diplexers
for Combined Transmit/Receive Antennas

G.G. Connor
1 Abstract

The use of combined transmit/receive antennas on spacecraft can reduce the mass by a con-
siderable amount. Such a configuration normally requires the dipiexion of the receive and
transmit bands onto a common feed. Due to the difference in power levels, problems can arise
if passive intermodulation (PIM) products from the transmit carriers fall within the receive band
at power levels of the same order as the receive carriers.

The design and performance of a low-PIM diplexer is described. It is shown that a ransmission
line model may be used for the precise design of rectangular waveguide manifold diplexers
which maintain the Chebyshev transfer function properties of the low-pass prototype. The use
of mode matching in the final stages of realisation allows the unit to be constructed in two halves
and the performance maintained without the need for tuning screws. By reducing the number
of metal to metal contacts lower PIM levels can be achieved. It is shown that for two 100W
carriers input to the transmit port, the 3rd order PIM level is lower than -140dBm, ie -190dBC,
over a temperature range of -40deg C to +120 deg C. The variation of PIM level with both
power and PIM order is presented.

The advantages of the present method are discussed. In particular, it is shown that precision
designs are feasible without the need for intensive optimisation of the diplexer using mode
matching, the results of which do not necessarily reproduce the desired transfer functions and
can lead to increased tolerance sensitivity. Instead, the presented technique uses transmission
line models until the final stage of the design process, in which all equivalent circuit elements
are converted, using mode matching, into physical dimensions.

2 Inroduction

Satellite communication systems commonly reduce the mass of the antenna subsystems by
combining the receive and transmit functions into a single unit. This, however, requires a diplexer
to perform the frequency division between the transmit and receive signals. A common solution
to this requirement at Ku Band is the waveguide manifold diplexer, where two filters, transmit
and receive, are connected onto a common path (figure 1). This arrangement allows the high
power ransmit carriers to generate intermodulation products in the receive band. These products
can be at a similar power level to the received signals and can therefore pose a severe problem
in systems design. Passive intermodulation (PIM) products are generated in waveguide diplexers
by bad metal to metal contacts, dissimilar metal contacts, microcracks and so forth. The reduction

of PIM levels is therefore dependent on the cleanliness of the surfaces and the nature of the
metal contacts.

An additional problem can arise if the antenna subsystem uses multiple beamns. Here the relative
phase and amplitude of the different beams is of crucial importance to the antenna coverage
patterns. If diplexers are used in the antenna feeds, it is essential that these diplexers do not

introduce large phase and amplitude variations; the diplexers must "track” in phase and
amplitude.

This paper deals with the design and performance of diplexers for a combined transmit/receive
multiple beam antenna system at Ku Band. Throughout the design, emphasis was placed on the
preservation of the initial Chebyshev response in order to control the sensitivity of the final unit.
This allowed estimates to be made of the critical phase tracking between the different units. The

The author is with British
Aerospace (Space Systems)
L., UK
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electrical design is described and the various stages to the process outlined. The fabrication
techniques, upon which the cost, tolerance and PIM performance largely depend, are described.
The performance of the diplexers is given, including the critical PIM and tracking results.

3 Design Techniques

The design begins with the generation of a suitable prototype filter. Here we used doubly ter-
minated Chebyshev function lumped low-pass prototypes. After conversion to waveguide using
the usual techniques {eg 1], the response of each filter was optimised, as a transmission line
equivalent circuit (Figure 2), until the Chebyshev response was restored ( some small deviations

from Chebyshev are inevitable in the transformation from lumped low-pass to waveguide
bandpass).

These transmission line simulations of the rectangular waveguide filters were then used as
starting points for the diplexer optimisation. The optimisation was performed on the equivalent
circuit shown in Figure 3, the E-plane T-junction model being based on that given in Marcuvitz
[2]. Initally, only the manifold and branch guide lengths of transmission line were optimised.
Gradually more components were added to the optimisation until the first three resonances and
couplings from each filter were modified to recover the return loss response on the manifold.

The next stage of the design process involved the realisation of transmission line elements as
physical waveguide dimensions. This was accomplished using in-house modal analysis software.
The analysis, at an appropriate frequency, of a symmetric, thick iris in rectangular waveguide,
yields complex scattering matrix elements S11 and S21. This complex pair completely char-
acterizes the iris at this frequency and so may be used to derive an appropriate equivalent circuit.
The equivalent circuit so derived is shown in Figure 4. The shunt susceptance of the iris is
symmetrically embedded in a length of waveguide. This is a significant effect due to the use of
thick irises, the major result of which would be incorrect resonant frequency for each resonator.

The final stage of the design was the check on the physical dimensions by the use of modal
analysis for the diplexer filters (3]. The analysis for a typical asymmetric bandpass filter of order
6 takes just under 2 seconds for each frequency point. After analysis of the diplexer components,
the predicted response may be assessed and any final optimisation performed. This is usually
unnecessary if the correct iris model is used for the earlier optimisation.

The predicted performance of the diplexer is shown in Figures 5 and 6.
4 Fabrication

Since the diplexers were to be tested for phase tracking in addition to the normal performance
characteristics, five in total were actually manufactured. Three units were manufactured in the
same fashion: machined and spark eroded in two halves from aluminium alloy, the piece parts
were then silver plated and bolted together at high torque to ensure 70MPa contact pressure.
From experience with other components, this pressure has been found to be sufficient to penetrate
any oxide or sulphide layers on the silver plated piece parts and so minimise the PIM level. The
splitin each unit was along the broad wall of the filters and manifold to ensure very low electrical
current across the interface. The remaining two units were electroformed. In the first instance,
gold-flashed copper electroformed units were produced, the thickness of gold being sufficient
only to preserve the copper from corrosion. The final diplexer was electroformed from copper

and silver plated. In all cases, a high pressure, low-PIM connecting flange was provided at the
common port of the diplexer.

A spark eroded diplexer is shown in Figure 7.
5 Results

The measured performance of the diplexers is given in figures 8 to 11. In all cases the measured
performance closely resembles the predicted performance and proves the design technique to
be efficient and accurate. Of particular interest are the measured phase tracking results. These

show that even without fine tuning it is still possible to achieve phase tracking of better than
2.5 degrees.
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The PIM performance of the diplexers is shown in figures 12 and 13. It is clear that the silver
to silver joint on the spark eroded diplexers contributes very low PIM levels whereas the
gold/copper combination produces a much higher level. Investigations into the reduction of PIM
level with order and carrier power revealed a rapid roll-off characteristic (figures 14 and 15).
This allows estimates of PIM levels for future diplexers to be assessed more easily and with
greater justification.

6 Conclusions

It has been shown that diplexers may be designed accurately and efficiently by a combined
approach using both transmission line models and the more accurate modal analysis method.
The resulting precision design allows the production of phase tracking diplexers without the
need for tuning screws. The silver plated diplexers have been shown to produce very low levels
of 3rd order PIM, even for two 100W carriers. Additional investigations into PIM order and

power roll-off have been presented and show a rapid decrease in PIM level for lower powers
and higher orders.
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SYNTHESIS OF NON-CONTIGUOUS DIPLEXERS
USING BROADBAND MATCHING THEORY

R. Levy

Introduction

Closed-form formulas for the design of contiguous diplexers
based on singly-terminated prototypes are well known, but no such
formulas have been available for the Chebyshev lowpass/highpass
non-contiguous diplexer prototype, as derived in this paper.

The non-contigquous diplexer consists of lowpass and highpass
filters connected at a common junction, as shown in Fig. 1, which
illustrates a series connection. The two filters are assumed to
have Chebyshev response characteristics with all transmission
zeros at the extreme frequencies , although more general cases are
amenable to somewhat different treatment.

Synthesis of non-contiguous multiplexers having several
narrow bandwidth channels has been described [1]. This relies on
the development of the input admittance of each channel as a
Taylor series expansion in a term dependent on the inter-channel
spacings. The method is suitable for total bandwidths up to one
octave, and is not applicable to the lowpass/highpass case.

This paper describes an approximate but very accurate
analytical method based on the theory of brocadband matching. Each
filter is designed as a broadband matching network over its
respective low or high passband, with the immittance of the other
filter representing the load network to be matched. It is found
that excellent results are obtained when only the first element of
the "other" filter is taken into account in the locad network.
Good results almost to fully contiguous operation are obtained for
high-degree Chebyshev lowpass/highpass diplexers.

Theory
Fig. 2 illustrates the diplexer characteristics for low and

high pass filters designed using the same prototype, leading to
the reciprocal relationship

w — l/w (1)

with equi-ripple pass band edges &W; and 1/W, .

When ), is sufficiently small the problem is solved with

acceptable results by designing independent doubly-terminated
filters, but this requires w, < 0.5 for reasonable VSWR.
At the other extreme we have the contiguous situation which
effectively defines an upper limit to ; 1lying typically in the
range .7 - .9, depending on degree n and ripple level. Here we are
interested in the solution for intermediate cases.

As stated above the method is to design each filter as a
matching network, with the first element of the other filter in
shunt across the common port impedance representing the load
network to be matched. There are two sets of conditions to be
simultaneously satisfied, one for each filter.

R. Levy is a Consultant at 1897 Caminito Velasco, La Jolla,
CA 92037, USA.
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Consider the matching problem of Fig 3. having the closed
form solution given previously [2]. Since the network has n+l
reactive elements, n for the filter and 1 for the load element due
to the other channel, it is logical to modify the notation given
in [3] so that the load element is gy and the filter elements have
indices from ] ton, leading to the formulas

gp = 2sin(1/2N)

X -y (2)
4 sin(2r-1)T/2N sin(2r+1)TW/2N
X€ + y© + sin“r%W/N - 2xycosrtn/N
for
r=20,1,2,cc0ec..n, with N = n+l (4)
and
S = (gp/9g) . (x+y)/(x-y) (5)

The matching network possesses an equi-ripple response with the

reflection coefficient varying between

cosh Nsinh']y sinh Nsinh_]y

R max = (6) and g min = ) (7)
cosh Nsinh™1x sinh Nsinh™-“x

The value of the terminating resistance is equal to the VSWR
S = (14+R)/(1-R) calculated from (6) when N is even and is equal to
1/8 calculated from (7) when N is odd.

In matching theory the value of the maximum pass band
.reflection coefficient (6) is minimized under the constraint
imposed by the load network, but here we have a different set of
‘conditions to be satisfied, namely that the reactive part of the
load network is equal to that of the first element of the other
.channel. Referring to Fig 1, this gives the condition

Jow YW,
— = —= ,i.e. ggg; = W° (8)
W, 91

When the similar set of conditions are written down for the
matching of the highpass filter it is found that the identical
equation (8) results, as expected from the reciprocity.

Hence the desired set of g values for a given VSWR 1is
obtained by solving for the known maximum reflection coefficient
(6) under the constraint imposed by (8), i.e. there are two
equations to solve for the two unknowns x and y. Actually it is
necessary to modify the theory to allow for the value of the
terminating resistances (1/Sm % for N even or Smin for N odd),
noting that when we replace éhese by unity, the actual VSWR will
increase to Sy, for N even and to Sp .S iy for N odd. Thus‘in the
case of N even we must design for a VSWR of /Spax and since in

practice there is little difference between Spayxy and Spin we use
the same modified VSWR for N odd. -

In the more general case when the low and high pass filters
have different degrees, we will have 4 equations with 4 unknowns,
readily solvable by iteration.

Results

To illustrate the utility of the method, results for 10
section non-contiguous diplexers are shown in Fig. 4 for a return
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loss of 26 dB with normalized band edge parameters @, of .4, .7
and .81, the latter being 98% of the contiguous case.

The return loss is practically identical to the design level
almost everywhere, the only notable deterioration being to 20 dB
for the almost-contiguous case. As W, decreases the actual
bandwidth increases, which may be corrected by compensation, and
one or two of the return loss poles become suppressed.

Element values for a number of cases, including those plotted
in Fig. 4, are given in Table 1, together with the doubly- and
singly~terminated values for purposes of comparison. The non-
contiguous design is fairly asymptotic to the singly terminated
values at the high ¥; end, but not to the doubly terminated values
at the low end. The return loss of the latter is only 15 dB.
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Table 1 Element values for diplexers

g 1 2 3 4 5 6 7 8 9 Jjo
Doubly-
term. 0.8299 ).4406 1.8280 1.7306 1.9435 1.7580 1.9)332 1.6535 1.5926 0.7507
0.4 0.6379 1.0558 1.1752 1.4635 1.4330 1.6192 1.4755 1.5484 1.2596 0.729%
0.5 0.7842 1.2447 1.3369 1.6193 1.5370 1.7387 1.5707 1.6765 1.3285 0.7685
0.6 0.9228 1.3990 1.4595 3.7273 1.6209 1.8129 ).6317 1.7300 1.3695 0.7870
0.7 1.0520 1.5235 1.5525 1.8017 1.6796 1.8603 1.6726 1.76)8 1.3949 0.7950
0.8 1.1B4) 1.6287 1.6325 1.8542 1.7278 1.8887 1.7047 1.7753 1.4092 0.7880
antsizgh 1.2326 1.655) 1.5358 1.7060 1.5387 1.6846 1.4917 1.5706 1.2355 0.7112

) JpETTa=—————y BAND EDGE - i
1 I =
T | s - e ggrzon
; LOSS (dB) B =
Fig. ] Diplexer circuit ADi F

N T2 3 4 -5 e 7 2 9

6/3



N-3

DESIGN AND PERFORMANCE OF A W-BAND BROADBAND FINLINE DIPLEXER WITH OVER 20 GHz BANDWIDTH

Cam Nguyen and Kai Chang

TRW

One Space Park
Redondo Beach, CA 90278

ABSTRACT

This paper describes the design and per-
formance of a contiguous 90- to 112-GHz diplexer
using the integrated finline technique. State-of-
the-art results of 1.5 dB insertion losses have
been achieved. There is good agreement between the
experimental results and those predicted theoreti-
cally; these results demonstrate a significant
technological advance of millimeter-wave multi-
plexers using printed circuit techniques. Results
of an extremely wideband H-plane tee with a VSWR of
less than 1.4 over the full W-band (75 to 110 GHz)
are also presented.

INTRODUCTION

Rapidly increasing activities in millimeter-
wave receiver technology have created strong in-
terest in the development of wideband, low cost, low
Toss diplexers. Recently, a W-band narrowband non-
contiguous diplexer with a guard band of 4 GHz was
reported(1). Wideband contiguous diplexers are re-
quired for most practical channelized downcon-
verters. This paper presents the design and per-
formance of a contiguous broadband diplexer (90 to
112 GHz) using the integrated finline technique.
Excellent results have been obtained with insertion
losses of 1.5 dB in the 90- to 101-GHz channel, and
1.7 dB in the 101- to 112-GHz channel. The use of
printed circuits offers the advantages of light
weight, small size, and good reproducibility.

An H-plane tee plays an important role in the
diplexer design; the broadband matching of this
component has been difficult to achieve, especially
at millimeter-wave frequencies. In this paper, an
extremely broadband H-plane tee is reported over the
75- to 110-GHz range with more than 15 dB return
loss.

DIPLEXER ANALYSIS

In this section, the scattering matrix for the
diplexer will be determined in terms of the S-
matrices of individual components based on the mul-
tiport connection method(2). The diplexer shown in
Figure 1 consists of two finline bandpass filters
located in the two sidearms of an H-plane tee. A
block diagram of the diplexer is illustrated in
Figure 2.

Two-port networks A and B, representing chan-
nels A and B, respectively, consist of finline band-
pass filters in cascade with waveguides as shown in
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Figure 1. Finline diplexer.
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Figure 3. Aq(Bq) and Ap(By) are dielectric-slab-
Toaded waveguides of lengths 6p9(0p1) and 6p2(0p2),
respectively. A3(B3) and A4(B43 are empty or di-
electric-slab-loaded waveguides of lengths 6p3(6p3)
and Op4(0pg), respectively, and Fa(Fg) is a finline
bandpasst11Eer, characterized by a scattering

atrix SA The analyses of these filters are
well estab11shed(3,4). Three-port component C, char-
acterized by a scattering matrix sC, stands for an
H-plane tee-junction, and two-port component D,
characterized by SD, represents the main waveguide
of Tength 6p. The scattering matrix of the two-port
component K (K stands for A or B) is given by
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(b}

Figure 3. Schematic of (a) network A

(b) network B.

The scattering matrix, S, of the diplexer can now
be obtained by applying the multiport connection
method (2) to the diplexer network considered in Fig-

ure 2, and is given by
} -1
S =S, * Syl 5,07 S
where
[ A
sy 00
) B
Sp |0 S 0D
o o S
A 22
A
s, 0 0 0o 0 0
) B
Scc|0 0 0 0 sy, oD
0 0 0 0 0 Sy
- -
5, 00
o o0 0
o 0 0
S =
¢ 1o 0 0
o 3, 0
0 0 522
. -
S, 0 0 0 0 0
C £ €
o s§, sS, sh, o0 o
C & <€
S 0 S31 S;p S;3 00
= C &
€10 53 S5 833 000
B
0 o o s&oo0
0o 0 0 0 o0 521
L —d
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and

0 1 0 0 0 0

1 0 0 0 0 0

0 0 0 0 1 0
r=

0 0 0 0 0 1

0 0 1 0 0 0

0 0 0 1 0 0

DIPLEXER DESIGN AND PERFORMANCE

The finline bandpass filters used in the di-
plexer were seven-pole, 0.1-dB ripple Chebyshev fil-
ters, and were realized on a 0.127-mm (0.005-1n.)
thick Duroid substrate. These filters can be an-
alyzed individually using the technique described
in (3). For the H-plane tee, tremendous reflections
occur when power is sent toward the junction from
any of the three arms because of the severe geome-
trical discontinuities characterizing each junction.
These reflections may be reduced or substantially
eliminated by the incorporation within the junction
of suitable reactance, such as metal rods or plates.
If these tuning elements are disposed in a suffi-
ciently symmetrical manner, the original shunt char-
acter of the junction can be preserved. The H-plane
tee used in the diplexer has been matched by using a
cylindrical post located in a symmetrical plane in-
side the junction. The measured return losses at
the common port and insertion losses from this port
to sidearm ports are shown in Figures 4 and 5. 1In
Figure 4, the curves show the return loss at the
common port before and after the matching device was
added. An insertion Toss of 0.5 dB and VSWR of Tess
than 1.4 over the 75- to 110-GHz frequency range
have been achieved. It can be seen that an ex-
tremely good balance has been obtained for the junc-
tion. A cross-section of the matched H-plane tee is
illustrated in Figure 6. The same technique can
also be used to design very wideband H-plane tees in
other frequency bands. The diplexer was constructed
using two finline bandpass filters and the H-plane
tee. The performance of the diplexer is shown in
Figure 7. Insertion Tosses of 1.5 and 1.7 dB were
achieved in the 90- to 101-GHz and 101- to 112-GHz
channels, respectively. The measured band-edge fre-
quencies of any channel are within 1 percent of the
crossover frequency. Stopband attenuation of more
than 25 dB apart from 0.8 and 1.3 percent of the
crossover frequency for the higher and lower chan-
nels, respectively, has been achieved. Good agree-
ment between the measured and calculated results has
also been observed. A photograph of the diplexer is
shown in Figure 8.

CONCLUSIONS

The design and performance of a W-band broad-
band (90 to 112 GHz) finline diplexer have been pre-
sented with state-of-the-art results. An extremely
wideband (75 to 110 GHz) H-plane tee has also been
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Figure 8. Photograph of diplexer.

developed. The results represent a significant ad-
vance in the development of Tow cost, Tow loss di-

plexers. The diplexer together with other high per-

formance broadband components(5) demonstrate the
practicality of wideband, high performance, low
cost millimeter-wave channelized receivers.
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WAVEGUIDE AND RIDGE WAVEGUIDE T-JUNCTIONS
FOR WIDE BAND APPLICATIONS
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ABSTRACT

Scattering parameters of waveguide and ridge waveg-
uide stepped T-junctions are obtained using an exten-
sion of the three plane mode matching method [1]. An
optimization process is applied to find the T-junctions
and steps dimensions that yield low reflection coeffi-
cient in one of the T-junction arms over a wide fre-
quency band. The optimized wide band T-junctions are
useful in the design of wide band high power dividers,
diplexers and multiplexers. An example of the design
of a wide band T-junction diplexer is presented. Ex-
perimental results on the optimized T-junction and the
T-junction diplexer are presented. The experimental re-
sults of both the T-junction and the diplexer showed ex-
cellent agreement with their computed optimum results,
respectively.

I. INTRODUCTION

Waveguide T-junctions are important components
in many microwave applications. Since these junctions
are lossless reciprocal three ports, all three ports can-
not be matched simultaneously. However, in some ap-
plications [2], it is desirable to have the T-junction with
one of its ports well matched over a reasonable wide fre-
quency band. This paper extends the three plane mode
matching method [1] to the analysis and optimization of
stepped waveguides and ridge waveguides T-junctions, to
achieve wide bandwidth match of one of the ports. The
optimized T-junctions are used in the design of a wide
bandwidth, low loss, high power diplexer. The diplexer
filters are waveguide inductive iris type filters. The theo-
retical performance of the optimized T-junctions com-
puted using mode matching is verified experimentally.
Using the optimized T-junction, a network model of the
diplexer with two inductive iris filters is developed. The
filter iris are analyzed rigorously by mode matching and
their S-parameters are used in the network model to op-
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timize the wide band diplexer performance. Results of
the computed optimized diplexer response and the mea-
sured diplexer response are presented. The two responses
agreed remarkably without further adjustment.
II. STEPPED WAVEGUIDE AND RIDGE
WAVEGUIDE T-JUNCTIONS

Fig. 1-a and Fig. 1-b show stepped E-plane T-
junctions for waveguide and ridge waveguide, respectively.
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Fig. 1-a Stepped E-plane waveguide T-junction
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Fig. 1-b Stepped E-plane ridge waveguide T-junction
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Each of these two junctions can be analyzed using the
three plane mode matching method [1]. In this method
the three port scattering matrix of the T-junction is de-
termined from three 2-port scattering matrices computed
(or measured) by placing three different lengths of short
circuit lines in port 3 of the T-junctions. The result-
ing two port structures are treated as three lengths of
different cross sections of uniform waveguides (or ridge
waveguides), and their scattering matrices are easily de-
termined using mode matching. For the case of the ridge
waveguide the appropriate ridge waveguide modes must
first be found for each of the three regions 1, 2 and 3,
and used in the analysis. Note that the center region
in Fig. 1-b with the short circuit in port 3 will also be
a ridge waveguide with cross section a x (b + be1 + £;),
where ¢; are the distances of the short circuits from port
3 reference plane, length b3, and ridge cross section w x A.

The optimum T-junctions will have minimum reflec-
tions in port 1 over the widest possible frequency band,
while the powers to ports 2 and 3 are divided equally.
To optimize the T-junction dimensions, the S-parameters
are computed as a function of frequency with by and b3 as
parameters. Fig. 2 shows the computed S-parameters of
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Fig. 2. S—parameters of E-plane T-junction for different
by with b;/a = by/a = 0.5 and b,/a = 0
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Fig. 4. Measured results of an E-plane T—junction with
optimized dimensions compared with theory.
T—junction dimensions: a=0.9", b,=0.4", by=0.21",
by=0.275", b,=0.19"



an E-plane T-junction without step in the straight arm.
As the width b3 of port 3 is reduced, the reflection coeffi-
cient in port 1 decreases, while the transmission to ports
2 and 3 from port 1 become less frequency sensitive, but
unequal. Fig. 3 shows the computed S-parameters with
the step height (or b;) as a parameter, for a fixed bs.
As seen in Fig. 3, with the increase of the step height,
more power is forced into port 3, and the reflection in
port 1 decreases over the band, then starts to increase
again, particularly at higher frequencies. This implies
that their is an optimum dimension for the junction over
the frequency band of interest. This optimum was ob-
tained using simple search process of the variables b, and
b3. The computed and measured results for the optimum
junction are shown in Fig. 4. The measured results were
obtained by using three short circuits of different lengths
on both ports 2 and 3, and measuring the reflection coef-
ficient in port 1 as a function of frequency 9 times. The
complete scattering matrix elements of the T-junction
were extracted from these measurements.

A similar process was used for the ridge waveguide
T-junction and the results are shown in Fig. 5 and Fig. 6.
Note that the bandwidth for the optimum ridge waveg-
uide stepped T-junction is wider than the regular waveg-
uide case.
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Fig. 5 Ridged waveguide T-junction charectaristics
before optimization with a1=1.872, b,=b,=by=0.872
b,y=b,=0.0, hy=h,=0.4
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Fig. 8 Optimized ridged waveguide T—junction
charectaristics with a1=1.872, b;=0.672,b,=0.672,
by=0.2, b,;=0.2, bye=0.0, hy=0.2, hy=0.4

II1. DIPLEXER MODELING
AND OPTIMIZATION

Typical requirements of a broad band diplexer is
given in Table 1. Broad band diplexers using snaked
stripline and printed circuit elements were reported in
[3]-[5]. These types of diplexers provide less than 15 dB
pass band return loss, have relatively high insertion loss
and cannot handle high power. To achieve the high qual-
ity requirements, waveguide type diplexers are the most
suitable configuration. Previous waveguide diplexers re-
ported in [6}-[7] are narrow band.

Table 1. Broad-band Diplexer Requirements

Parameter Requirements
Channel 1 pass band 3.52-4.2 GHz
Channel 2 pass band 4.35-5.0 GHz
Min. pass band

return loss >22 dB

Max. pass band

insertion loss 0.25 dB

Min. pass band
insertion loss (Ch. 1)
Min. pass band
insertion loss (Ch. 2)
Power handling
capability (C.W.)

> 20 dB from 4.35-5.0 GHz
> 20 dB from 3.52-4.2 GHz
Min. 1 K.W. for each Channel

The diplexer considered here consists of two band
pass filters connected to ports 2 and 3 of the optimized
T-junction whose response is shown in Fig. 7. Initial fil-
ters designs were chosen as inductive iris, doubly termi-
nated, .01 dB ripple Tchebycheff filters of orders 13 and
9. The channel filters are modeled by their S-parameters.
These S-parameters are computed by cascading the S-
parameter matrices of each individual inductive window
and the lengths of waveguides forming the resonators.
The S-parameters of inductive windows are computed by
mode matching. The reflection and transmissions of the
diplexer are computed by cascading the S-parameters of
the filters and the T-junction
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Fig. 7. S—parameters of E-plane T—junction used for the
C-band diplexer. a = 1.872 inch, b, = 0.872 inch,
be = 0.522 inch, by = 0.8 inch



All inductive window widths and cavity lengths of
both filters are optimized. The objective function used
in the optimization is a weighted least square sums of the
deviation of the return loss and isolation from their speci-
fied values. Fig. 8 shows the optimized diplexer response,
while Fig. 9 gives the measured diplexer response.
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Fig. 9. Measured response of the C-band diplexer

IV. CONCLUSION

A procedure for the design of E-plane wide band T-
junction diplexers is described. The properties of E-plane
waveguide and ridge waveguide step T-junctions are an-
alyzed. A wide band 3 dB T-junction which is an impor-
tant component in the design of the wide band diplexer is
optimized and verified by measurement. An optimization
model for the wide band diplexer is implemented. Using
this model, a C-band T-junction waveguide diplexer with
total 31% band width and return loss better than 22 dB
in pass bands is designed.
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Direct Synthesis of General Chebyshev Bandpass Filters

with A Frequency Variant Complex Load

Meng Meng and Ke-Li Wu
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Abstract — This paper presents a direct approach to the
synthesis of a general Chebyshev coupled resonator filter with a
frequency variant complex load. The new approach is based on
the power wave renormalization of admittance parameters of a
matched filter with a complex load to unitary load. When the port
reference is changed from a complex load to a real load, a set of
new expressions of admittance parameters can be obtained for the
same filter. By introducing a piece of dispersive transmission line
to the original matched filter, the poles of the original admittance
parameters are retained, which greatly facilitates the extraction of
the new admittance parameters, and consequently the synthesis of
the coupling matrix. The approach is applicable to the synthesis of
an optimal channel filter of a diplexer and a multiplexer, where
the load presented at a port of the filter is a frequency variant
complex load in a wide frequency range.

Index Terms — Microwave filters, filter synthesis, diplexer,
Chebyshey filter, impedance matching

I. INTRODUCTION

Frequency division multiplexing (FDM) is the most popular
architecture in communication systems for channel division.
To implement an FDM system, filters are always integrated
with a manifold or a T-junction to form a multiplexer and
diplexer. The most practical technique of designing such FDM
system starts from the synthesis of the filter circuit models
whose electric performances in the content of a multiplexer or
diplexer meet the design requirement. Such filter synthesis still
largely depends on non-linear optimization and manually
tuning based on human experience. Although directly
synthesizing of a general Chebyshev filter is a straightforward
process, the direct synthesis of a multiplexer or a diplexer
remains challenging.

Most of design techniques for multiplexers are based on the
theory of singly terminated filters [1]. The theory provides a
general solution to the design of contiguous multiplexer. Using
this theory, filters are first designed as singly terminated ones
and then tuned to meet the requirements concerning the
matching condition and the crossover between channels.

Once the manifold and the stub length connecting each filter
to the manifold is designed by trading off the return loss and
the isolation, as well as suppressing the spurious modes, the
reminding task in designing a multiplexer is the design of a
circuit model for each channel filter [2]. Designing a channel
filters involves optimization of the circuit model to meet the
requirements of matching and separation [3]. The most
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employed approach used in the industry today still relies on
non-linear optimization, by which the manifold dimension and
channel filter models are adjusted in the same time [4]. The
research efforts for more effective design approach never stops.
For instance, a new design approach by optimizing the rational
polynomial expressions of a diplexer was presented in [5].
Nevertheless, an ultimate approach of designing channel filters
in a multiplexer and diplexer would be a direct approach so
that the design process would be deterministic and the solution
would be optimal in certain sense.

The objective of this work is to find a direct approach to the
design of a channel filter while the manifold is presented as a
complex load. Considering the complex loading effects gains a
new perspective of designing a channel filter [6]. In fact, the
rational polynomials for a matched filter, which define the
reflection and transfer functions, are virtually referenced to two
matched impedances of any values. Using the theory of power
wave renormalization [7], the fundamental polynomial
functions with a presumed matched complex load can be
renormalized to a new set of polynomials with real unitary load
at both filter ports, so that the existing direct synthesis
techniques can still be employed. However, the new concept
proposed in [6] was only explored for the case in which only a
constant complex load at the centre frequency was considered.
Although the implementation is straight forward, its
applications are restricted to a very narrowband case.

In this paper, the concept of complex load is reinvestigated
from different angle for more practical case, in which the
complex reference impedance (load) will be a function of
frequency over a wide band of frequency. Instead of only
matching to constant complex impedance, the variation of the
complex impedance vs. frequency is also taken into
consideration in the proposed approach. It will be seen that by
equivalently adding a piece of dispersive transmission line to
the original filter prototype, designing a matched filter with a
frequency variant complex load becomes a simple matter of
determining a polynomial of n-th order by curve-fitting a
designated behavior over the frequency band of interest.

II. ADMITTANCE PARAMETERS SYNTHESIS

In designing a channel filter for a multiplexer, the reference
impedance at the port connecting to the manifold junction can
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be regarded as a frequency variant complex load, whereas the
load at the other port is unitary impedance associated to the
matched transmission line connected to the filter as shown in
Fig. 1. The work presented in [6] shows that when a channel
filter is detached from the junction, the reference impedance at
the detached port should be amended to the same characteristic
impedance as that of the other port. When the frequency band
of interest is narrow, the complex impedance at center
frequency can be used to represent the condition of entire pass
band.

1 Ohm Two ports filter z,

work
e, network

Fig. 1. A filter network connecting to complex load Z

Assuming that the scattering matrix [S] of a 2-port filter
network is given, the scattering matrix is referenced with the
unitary impedance at port 1 and ZL at port 2, respectively. If
the referenced impedances at port 2 is changed from ZL to the
unitary load, the new scattering matrix [S'] can be expressed in
terms of the original [S] and the reflection coefficient.

It is shown in [6] that a constant complex load can lead to a
new set of rational polynomials for [S'] of the same order. For
frequency variant load, obtaining the explicit polynomials of
the same orders for [S'] is impossible for all the frequencies.
Since the rational polynomial expressions of the same orders
can be obtained by least square fitting of the numerical values
of [S'] over a certain frequency band, a direct coupling matrix
synthesis can be done in a limited frequency band with an
approximated rational polynomials of [S'].

The renormalization of S-parameters with respect to another
reference impedance is analogous to observing a system with a
different angle, as the filter network itself is unchanged. The
admittance matrix of a filter network is independent to the
impedance reference. Suppose the S-parameters of a matched
filter, whose reference impedances of ports 1 and 2 are unitary
and Z, respectively, is known, the intrinsic admittance
parameters can be found by

’_ (1 —Sn)(ZZ +ZLS22)+ZL5221

1n - * 2 (1a)
A+, N2, +Z,55,)—Z, 55
r_ (1+5,)(1—5,,) + 55, (1b)
22 *
(I+s,)(Z, +ZLS22)_ZLS221
y;l — -2 Re(zl,)szl (lc)

(+s,)(Z; +ZLS22)_ZLS221

As the S parameters of a general Chebyshev filter can be
expressed by the fundamental polynomials as,

T C) R P(s) | and g _ Fu(s) )
g E(s) T eE(s) 2 g E(s)
978-1-4244-7732-6/10/$26.00 ©2010 |IEEE
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using the equality of £ (s)- F,,(s)+ P(s)- P*(s) = E(s)- E"(s) of
the fundamental polynomials for lossless filters, the admittance
parameters can be found by:

Vo = (E(s)+ Fy()Z, +(E()+ Fy()Z))  Ga)
Viw = ()~ F(5)Z; —((E(s)-F(s)Z;)  (3b)
Yoo = (E(8)— Fpp () Z; —(E(s) - Fp(5)Z;)  (3)

Viun =—24/Re(Z,)P(s) (3d)

When the load impedance is frequency variant, the degrees
of the new polynomials in (3) must be higher than those of the
original ones. It means that it is impossible to find a coupling
matrix of the same order that matches to the frequency variant
complex load at all the frequencies. However, in a practical
design, people are only interested in a good matching is a finite
frequency band of interest. That is to say, if a set of
polynomials of the same orders for the admittance parameters
can be found in a certain frequency band through (3), by
imposing legitimate constrains over the parameters, the
coupling matrix of a channel filter with a complex load can be
directly synthesized using existing techniques.

ITII. MODIFIED ADMITTANCE PARAMETERS

It is know that the filter response is very sensitive to its
eigen-values and the eigen-values are determined by the
system poles. If the polynomial fitting of (3) is done in a finite
frequency band, the obtained poles may have multiple
solutions. Some of the solutions come with unreasonable
eigen-values, such as the number of poles does not match or
the value of a pole is an extreme value, which lead to an
unrealizable filter coupling matrix. In order to preserve the
original eigen-values of the filter that is presumably matched to
a frequency variant complex load and are determined by
required filter specifications, a modification of admittance
parameters needs to be made. For a Chebyshev filter matched
to a complex load, its fundamental polynomials E(s), F,(s), F,,
(s) and P(s) can be modified by

E, ()= E(s)/ Z,(s) (4a) F, (s)=F(s)/Z}(s) (4b)

Fopn(8)=Fy(8)/ Z,(s) (4e)  P(s)=P(s)/|Z,(s)|  (4d)

Note that the modification above is equivalent to adding a
piece of dispersive transmission line at port 2, therefore, for the
modified polynomials, the equality of

E, (8) F,,(8)+P,(s) P, (s)=E,(s) E, (s) )

is still satisfied. Using the modified polynomials, the modified
admittance parameters, which corresponds to the original
matched filter with an extra piece of dispersive transmission
line at port 2, are obtained as follows:

IMS 2010
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Vo = (E(5) + F,,(5))+(E(s) + F;, (5)) (6a)
Yonin = (E(5) = F,(5))— (E(5) = F,(s)) (6b)
Yon =(B(8)/ Z; = F(9)1 2, )~ (E(s)/ Z; - Fy(5)1 2,)  (6¢)
Vo =—24/Re(Z,)P(s)/|Z,| (6d)

The benefits of the above modified admittance parameters
are obvious. If (3) was used, one would need to curve-fit all the
polynomials by n-th degree polynomials in general when
frequency variant complex load is presented. There is no
warranty that all the poles of the admittance parameters
obtained with (3) exhibit good sense. On the other hand, it can
be seen that the modified admittance parameters have the same
poles as those of the matched filter. As a result, only the
polynomial for the numerator of y,, needs to be determined in
the direct synthesis approach.

Having had the characteristics of the filter network that can
match to a given frequency variant load, the corresponding
coupled resonator circuit model can be simply synthesized
once the residues of y,, and y,, are determined as the poles of
the admittance parameters are known and are the same as those
of the matched filter. The residues of y',,, can be found through
the following relation:

n

s 1@-20)=3 | 0T T(@-207) @

= J#i
where (i) is the i-th pole of the admittance parameters, r’, (i)
is the i-th residue of y’, and is the transformed lowpass
frequency variable. The residues of y’, ,, can be found by the
same token.

With the values of poles and residues of the admittance
parameters founded, the coupling matrix of a channel filter
matched to a complex load can be found by a well known
matrix orthogonal transformation method given in [8]. The
modifications to the fundamental polynomials by (4), and
consequently the admittance polynomials in (6) provide a
different solution of a matched filter as compared to the
solution using (3). Both solutions lead to a matched filter but
the phase of S,, and S,, are different.

IV. A DESIGN EXAMPLE

One design example is given in this short paper to
demonstrate the validation and its effectiveness of the proposed
direct synthesis approach. The example concerns the design of
a waveguide diplexer with two 5" degree all-pole filters and an
H-plane T-junction as illustrated in Fig.2. The center
frequencies of the two filters are 12.9 GHz and 13.9 GHz, and
the bandwidth for the two filters is 0.6GHz. WR75 waveguide
is used as the interfacing waveguide and for the T-junction.
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R

Filter2

Waveguide

Tjunction Filter1

Fig. 2. A diplexer with two waveguide filters connecting to a
waveguide T junction.

The first step in the diplexer design is the determination of
the stub lengths of L, and L,. In this example, a simple
numerical search is used to find the stub lengths with which the
derivative of the real part of the complex load w.r.t. frequency
reaches to a small value when the other port of the junction is
connected to the filter model designed with unitary reference
loads. Having determined the stub lengths, the direct synthesis
starts with the design of a matched Chebyshev filter with return
loss of -22 dB and the filter order of 5. The matched filter is
presumed to be connected to a unitary load at one port and a
frequency variant complex load at the other port. Then the
admittance parameters of the filter are renormalized from the
complex reference load Z, to the unitary reference load. The
renormalization process leads to unmatched filter responses
whose reflection coefficient is shown in Fig.3. The iterative
design technique proposed in [6] for diplexer design and the
proposed direct synthesis method are jointly used. Only two
iterations are enough to get a convergent result. The return loss
of the synthesized filter model is also superimposed in Fig.3,
showing very good match to the desired response of the filter
when it is connected to a unitary load at the two ports.
Theoretically, if the admittance parameters can be curve-fitted
well over a sufficiently wide frequency band, when the directly
synthesized filter is connected to the actual frequency variant
complex load, the filter response should be the same as the
matched responses.

Rl SH with unit load

+ SH synthesized

_______ SM with actual complex load '

S,, offiter 1 (dB)

50 L L L L
13.4 13.6 138 14 14.2 14.4

Frequency (GHz)

Fig.3 The reflection coefficients of filter 1: (1) matched filter
with actual complex load; (2) ideal filter with real unitary
reference load; and (3) the synthesized filter model with
unitary reference load.
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The synthesized coupling matrices of both channels are
compared to the originally designed filter with unitary load in
Table.l.

TABLE I
COUPLING MATRIES IN THE DIPEXER DESIGN
Coupling Original Filter 1 Filter 2
matrix
M, 0.0000 0.0037 -0.0085
M, 0.0000 0.0004 -0.0085
M., 0.0000 0.0167 -0.0280
M,, 0.0000 0.0237 0.0288
M., 0.0000 0.2066 0.8461
M, 1.0570 1.0590 1.0575
M, 0.9068 0.9076 0.9024
M,, 0.6533 0.6531 0.6473
M, 0.6533 0.6553 0.6529
M, 0.9068 0.7994 0.9196
M., 1.0570 0.8404 1.1402

Fig.4 shows the designed diplexer responses that are
obtained by cascading the filter responses of the synthesized
filter circuit model with the S-parameters of the T-junction. It
can be seen that the return loss at the common port of the
directly designed diplexer is nearly equal-rippled and is below
-20dB. The initial physical dimensions of the channel filters
are designed based on the synthesized circuit models. The
dimensions can be fine tuned if time permits. The overall
responses simulated by the in-house mode-matching software
are also superposed in Fig. 4, demonstrating that the
synthesized filter model is realizable.

0
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P
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Fig.4 S-parameters of the diplexer of directly synthesized and
the EM designed.

The physical realization of the diplexer is designed with an
H-plane T-junction and two H-plane waveguide filters using an
in-house mode-matching based EM simulation software. The
structure is illustrated in Fig.5
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Fig.5 Designed EM model of this diplexer.

V. CONCLUSION

A novel approach to a direct synthesis of admittance
polynomials and the corresponding coupling matrix for a
general Chevbshev filter that matches to a frequency variant
complex load is presented in this paper. Having modified the
fundamental polynomials E(s), F(s) and P(s) by equivalently
adding a piece of dispersive transmission line at the port with
complex load, synthesizing a matched filter with a complex
load becomes a simple matter of finding an n-th order
polynomial in the frequency band of interest. An example of
analytically designing a waveguide diplexer is given to show
the effectiveness of the new approach. The approach can be
widely used in a direct synthesis of a microwave diplexer or a
multiplexer. More applications of the approach will be
presented in the symposium.
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ABSTRACT

This
design
wave

paper describes the analysis and
of a novel integrated millimeter
diplexer. The structure is simple
and can easily be extended to a multiple-
xer configuration. The diplexer is
composed of ladder-shaped E-plane metal
insert filters which are fabricated on a
single metallic sheet and embedded in a
split block housing.The theoretical design
procedure is based on the generalized
scattering matrix method which includes
mutual parasitic loading effects between
the filters as well as higher order mode
interaction. Thus, no physical fine tuning
of the component is necessary.

Introduction

Conventional design methods for
diplexers/multiplexers follow in principle
a two step procedure: First, the design of

the band-select filters and second, physi-
cal fine tuning of the individual filter
positions in the channels relative to

their common input port. This procedure is
time consuming and particulary difficult
at millimeter wave frequencies. Further-
more, T-junctions are commonly used to
connect the individual channels with the
main input waveguide (i.e. [11, [71). T-
junctions, however, are typically narrow
bandwidth devices and it is difficult to
compensate for the rapid change of the
junction reactance over frequency. Thus,
this scheme is not suitable if wide-band
channels are required. To alleviate this
problem a low-cost W-band diplexer design
has been published in [3] which utilizes a
wide-band printed probe transition from
waveguide to suspended-stripline. E-plane
filters were printed on the same substrate

to select the frequency bands and
computer-aided design methods were used
to account for the loading effect of the

filters to ensure a good overall response.

of this
signals
struc-
to a

However, the application range
structure is limited to low-power
and it is difficult to extend this
ture with the same simplicity

0149-645X/88/0000-0435$01.00 © 1988 IEEE
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Fig.la Perspective view of the
arrangement with E-plane filters.

diplexer

Fig.1b Side view of the diplexer connected
to the input port by an abrupt E-plane
step transition

7//////////////

]
,,,,/,,,,,.,

Fig.1c Dual

ladder-shaped E-plane
insert

metal

multiplexer network.

Therefore, the present paper describes
a new low-cost design for millimeter wave
diplexers which can easily be extended to
multiplexer applications. The principle
structure was suggested in [5]. However,
the design was based on equivalent network

theory and did not include the transition
between the standard waveguide and the
power divider section to feed the

individual channels.

1988 IEEE MTT-S Digest



Diplexer Design

Fig.1 shows the principle
of the diplexer.

configuration
The structure consists of
an E-plane bifurcation and two E-plane
metal insert filters. The advantage of
this design approach is obvious. Firstly,
in comparison to the E-or H-plane T-jun-
ction the E-plane bifurcation {(or n-
furcation for multiplexers) is a rather
broadband transition for the TE10-mode.

Secondly, since the output waveguides have
common broadwalls, the ladder-shaped E-
plane metal insert filters can be fabri-
cated on a single metallic sheet. Thus,
their positions in the channels with
respect to the common port are automati-
cally adjusted in a single manufacturing
step. Finally, the present solution is
not only suitable for high power signals

but also provides extremely low insertion
loss when needed due to the absence of a
lossy substrate material in the filter

structure [2].

To compensate for the mutual loading
effect between the filters the 1lengths
L1, L2 (Fig.1b) must be optimized as well
as L to ensure a good match between the
input waveguide and the output channels.
Instead of using an abrupt step transition
as shown in Fig.1, a tapered transition
improves the return loss of the power
divider up to an average of 30dB over 20
GHz in W-band. The optimum dimensions for
the taper as well as for L1, L2 and L have
been obtained by computer optimization
which is an indispensible part of the
design procedure. On the other hand the
best optimization routine is useless if
the analysis method is not accurate.

Filter 1

Channel 1

Channel 2

o
-

|
z=0

1
z=1 Filter 2
Fig.2a Diplexer connected to the

port by a tapered E-plane waveguide
sition

input
tran-

S
Amo

A3
SS vy 3rnn

an.—.

sh -
Filter Bmo

Atun A%
Am = AT

o
an

a 6
_.A mn f_\ mo

s2 =
qun._ Filzter _E}mo

Two-port Three-port

Fig.2b S-matrix representation
various discontinuities
structure of Fig.2a.

of
involved in

the
the

436

J-port
S-matirix

St

Channel 1

Input port

Diplexer Channel 2

Fig.2c
diplexer.

Overall 3-port S-matrix of the

Therefore, mat-

we used a rigorous mode
ching approach to calculate the genera-
lized scattering matrix of the entire
component and then we optimized the dimen-
sional parameters for best circuit perfor-
mance. The individual steps are outlined
in Fig.2: First, we find the optimum
dimensions for the E-plane band-select
filters and the corresponding s-matrices.
This can be done using the method
described in [2]. Second we optimize the
transformer section and combine its s-
matrix with that of the E-plane bifurca-
tion. Finally, the resulting three-port s-
matrix is combined with the individual
filter s-matrices, and the parameters L1,
L2 and L are optimized to yield the best
overall diplexer response. The same
procedure applies to the design of multip-
lexers.

Analysis

For the mode matching method the stru-
cture is decomposed into two classes of
discontinuities:

1) The E-plane bifurcation which includes
the abrupt step in waveguide heigth
(Fig.1 ).

2) The H-plane bifurcation in the
sections.

filter

The H-plane bifurcation was treated in
detail in (2] in conjunction with E-plane
metal insert filters. E-and H-plane n-
furcations have in common that the field
components at the discontinuities can be
derived from the x component of the
magnetic Hertz potential. However, instead
of only three field components (Ey, Hx,Hz)
at the H-plane discontinuity, an incident
TE10-mode will excite five field
components (Ey,Ez,Hy,Hx,Hz) at the E-plane
discontinuity. The generalized scattering
matrix in this case is then derived from
the matching condition for Ey and Hy or Ey
and Hx field components.

N M
Jjwu Y > Ck sin(kz, ) cos(kyly) «

n=0m=1

Ey”

* (A% + B )€ M




N M
Hz' = 3.3 (ko* — (kzim)?)Clmsin(kzz)

n=0m-1

- cos{kysy) (A + Bln)eTHimt

The abbreviations Amn and Bmn in (1) and
(2) denote the incident and reflected wave
amplitudes and Cmn is a factor to norma-
lize the wave amplitudes to 1 W.

From the matching conditions at the two
principle interface planes, 2z=0 and z=1
(Fig.2a), one obtains the two-port scatte-
ring matrix for the abrupt step transition

Bon | _ 2| Aln (3)
EqRdbs

and the three-port s-matrix for the
E-plane bifurcation

4.1 [ B
A, | =8| BS, (4)
Anun Brn

The algorithm to cascade two-port s-
matrices necessary in the taper section
has been given in [7]. Cascading the
three-port s-matrix with the filter two-
ports in each channel yields the following
algorithm: At first we combine the three-
port with the two-port of the filter in
channel 1

Sh = Sh+ShSH W xSh

S SFL W % S

S8 S3 4+ 55 %8R W« 53

Sp = [SﬁskSﬁ‘*W’*S%—%Sﬁ]*Sﬂf
Sps S+ 8%« SR+ W « 55,

S, SP 4 SPL W « 83,4+ S

SO = SP W xS

S5, (53, SFr 4 W+ 53 + 83| + 55
S9y = Sgg+ S5 x Sitt xW xS}

Wo = [E-sy+sR]”

i

In a second step the overall s-matrix of
the diplexer is obtained by combining S
with the filter in the second channel
using the A same algorithm again but
replacing S3m by SSm and sEh by sEf
For multiplexers the procedure must be
repeated according to the number of
channels involved.

.
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There are only TE -modes in the
vicinity of an E-plane discontinuity.
Nevertheless, we consider in equ.'s (1)
and (2) the more general case of TEX -
modes. This is so because the s-matrix of
the E-plane bifurcation must be cascaded
with the s-matrix of the channel filters
which contain only TEf, -modes. To
cascade both types of matrices we must
consider only those scattering elements in
S (Fig.2b) which correspond to Blo, B3o,
B50 (etc.) wave amplitudes. This results
in diagopal matrices for 811, S12 etc.
Since TEpo -modes of higher order than 2
to 3 (odd modes) are negligible a short
distance from the first filter disconti-
nuity, the size of the matrices to be
cascaded is considerably reduced accelera-
ting the computer program significantly.
The E-plane discontinuities are sufficien-
tly described by taking into account 8 to
12 even higher order TEY, -modes. This is
shown for the E-plane power divider and
the five step tapered transition in Fig.3.

W - BAND
11 l —
72

0.018 lj

0.017

0.016

0.0157

0.014-]

0.013H

0.0124

F = 90.0 GHz
T T T T T T T T T T T T -
] 2 4 6 8 10 12 m
NUMBER OF EVEN TE

Fig.3 Convergence analysis of a five

step E-plane taper with bifucation in W-
band(a=2.54,b/a=0.5) d41=0.0195, d42=0.109,

d3=0.288,d4=0.538,d5=0.68,s1=1.24,s2=1.174,
s$3=1.083,s4=1.135 L=1.82 (dimensions in mm)

Results

Fig.4 shows the frequency response of
the same taper over a 20 GHz bandwidth in
W-band. The tapered transition was
necessary since the abrupt step transition
between the input standard waveguide and
the bifurcated power divider section was
rather 1large ( 2b). The corresponding
return loss was below 10dB. With the
optimized taper the return 1loss remains
above 30dB in the average.
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Fig.5 shows the response of nonconti-
guous diplexers in Ka- and W-band with a
guard band between 29 and 32 GHz and 94.5
and 95.5 GHz, respectively. Both diplexers
are fed by tapered transitions. The pre-
designed bandpass filters show excellent
performance as stand-alone components. In

CHANNEL 1

input port N
70 1 § CHANNEL 2
© 60 :
»n 50
[
_g 40
£ 30
©
¢ 20
o 10 r
@0 e L AN E B
26 27 28 29 30 31 32 33 34 35
F/GHz
Fig.5 Frequency response of a nonconti-
guous Ka-band diplexer. Filter 1 resona-
tors, 1.: 6.311mm; 2.: 6.397mm; coupling
sections, 1.2 0.525mm; 2.: 2,539mm;

Filter 2 resonators, 1.:4.372mm; 2.:4.4mm;
coupling sections, 1.:0.647mm; 2.:3.446mm;
3.:4.056mm. Both filters are symmetrical
about resonator 2 and coupling section 3,
respectively. Metallization thickness
t=127.um

Fig.6 Frequency response of a
guous W-band diplexer. Filter 1
resonators, 1.:1.477mm; 2.:1.473mm;
coupling sections 1.:0.586mm; 2.:1.829mm;

3.:1.98mm. Filter 2 resonators, 1.:1.555mm
1.557mm; coupling sections, 1.:0.591mm;

nonconti-

2.:1.829; .:1.98mm. Both filters are
symmetrical about 3.coupling section.
£=127.um
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the diplexer arrangement, however, their
passband insertion loss increases somewhat
(0.3 dB) and the return loss deteriorates
down to 15 dB. The typical CPU time re-
quired to optimize a diplexer is approxi-
mately 30 min. on a PC (AT) with DSI20
COpProcessor.

Conclusion

A parallel-connected diplexer configu-
ration has been introduced which can
easily be extended to a multiplexer
component. Fabrication costs are reduced
to a minimum due to the applicability of
low-cost photolithographic techniques and
the wuse of accurate CAD software, which
makes fine tuning unnecessary. Further-
more, due to a computer time efficient but

accurate numerical procedure the design
software is operational on Personal
Computers.
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Abstract—Waveguide diplexer designs are widely used for telecom-
munications, space, and terrestrial applications. Although mathemat-
ical models and design procedures for waveguide filters are known,
diplexer designs still remain complex and time consuming. This pa-
per describes how to obtain an equivalent circuit network model and
a complete design of non-contiguous diplexers using a computer-aided
approach with a classic Y-junction. Results are satisfactory in terms
of reduced design time and performance. Examples including physical
dimensions are provided.

1. INTRODUCTION

Diplexers are used in a large variety of applications in communication
systems. They typically follow the antenna in the RF chain allowing
simultaneously transmit and receive functions. A diplexer is a device
that splits a signal into two groups according to predefined frequency
ranges, or combines two signals, each occupying a separate frequency
range, into a single collection of signals. Diplexers subdivide a wide
frequency band in two narrower bands or, reciprocally, combine

Received 20 September 2010, Accepted 2 November 2010, Scheduled 12 November 2010
Corresponding author: Felice Maria Vanin (felice.vanin@esa.int).
T Also with European Space Agency — European Space Research and Technology Centre
(ESA-ESTEC), Keplerlaan 1, 2201AZ Noordwijk, The Netherlands.



204 Vanin, Frezza, and Schmitt

frequency bands into a common port. There are mainly two types
of diplexer, contiguous and non-contiguous ones. In a non-contiguous
diplexer, the bands of the filters are separated in frequency with a
frequency separation called ‘guardband’ whereas, in the contiguous
case, the bands are adjacent.

This paper focuses on diplexers realized in rectangular waveguides
connecting two inductive iris bandpass filters. The design typically
starts with the establishment of the main RF specifications, e.g.,
Transmit/Receive frequency ranges, insertion loss variation, return
loss, and rejection at Transmit/Receive bands. Each filter is then
modelled and physical dimensions calculated i.e., waveguide lengths
and iris dimensions. Subsequently, the filters are combined at the
common port. This connection can be done, for example, with N-
furcation, T-junctions, or Y-junction. In this article, the Y-junction is
chosen as connection between the two filters. The connection of the
two filters at the common port requires typically optimization loops of
the entire structure. To ease the dimensional design process in terms of
time and complexity, excessive use of optimisation should be prevented,
especially in diplexer structures where there are numerous dimensions
to be optimised.

Accurate transfer functions for calculating network models of
bandpass filters and diplexers are known and published for example
in [1-3]. In addition information on how to derive physical dimensions
of bandpass filters and diplexers is also provided in [4] and [5] but
without indicating how diplexer circuit models can be calculated.

The aim of this work is to provide practical formulas to derive a
Y-junction diplexer network model (see Figure 1) giving examples of
diplexer network synthesis, including physical dimensions and fullwave
analyses. A FORTRAN software code has been written to assist
engineers in the design of diplexers limiting the optimization variables
following an automatic and systematic approach as indicated in [5].
This prevents the use of common techniques requiring time-consuming
global fullwave optimization. The FORTRAN programming language
was chosen due to its accurate numerical computation, speed, and
portability with respect to operative system.

(4’::; W

Figure 1. 3D cad drawing of a diplexer.
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2. MATHEMATICAL MODEL

2.1. Diplexer Admittance Matrix

The object of this section is to provide formulas to be used in the
definition of a diplexers network model.

Since a diplexer is a three port device, it can be modeled using
a 3 x 3 either admittance or impedance matrix. Figure 2 indicates
the block diagram of a diplexer network model, where the junction is
represented by the admittance matrix Y, and the two filters by the
admittance matrices Y1 and Y2,

The matrix Y can be written as:

Yi1 Yo Yiz
Y= Yo Yo Yo3 (1)
Y31 Y3z Y3
while the two admittance filter matrices Y¥1 and Y¥72:
(v v
Yt vt

yF2 — < Y2 vy )
Vo2 Yah?

YFl
(2)

Considering the voltages Vi, Vs, Vs and currents Iy, I, I3 respectively
at port 1, 2, 3, the following can be written:

I Vi
<12>:ymp-<v2> 3)
I3 Vi

Using the network in Figure 2, the Kirchhoff equations can be written
and solved in YP% in terms of Y1 and Y72
Di Di Di
' Yn? 3/12%p Y13l'p
Y= vt v vig” 4)
Dip Dip Dip
Yoo Yy Yig

Ig '2
'i:_‘} o | (7Y [~ * Port
undd 07 .
Port oy [Tt

Port

3

Figure 2. Diplexer network model.
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Note that the network can be solved also in terms of the impedance
matrix rather than the admittance matrix (clearly both models are
electrically equivalent).

The complete analytical expression for matrix (4) is given in the
Appendix (the case of Z matrix representation is also provided). The
explicit expression of Y P can be used to create a mathematical model
of the Diplexer. Such equations are independent of the practical
realization of the junction and therefore are still valid for junctions
different from the Y-junction.

2.2. Y-Junction and Filter Admittance Matrices

In order to complete the analytical model of the diplexer, explicit
expressions for the matrices Y1, Y2 and Y are necessary. The
objective is to show how to calculate those matrices and to derive
consequently a diplexer response. It is first indicated how to
calculate the junction admittance matrix and then the filter admittance
matrices.

Since lumped element models for the junction typically do not
include the frequency dependence of waveguide structures (unless
advanced models are used), it is preferred to use standard fullwave
simulators to derive accurate results. With the use of a fullwave
simulator (in our case [9]), it is possible to calculate the S matrix
response of a Y-junction in the frequency range of interest. The S
matrix can be then converted in Y matrix just using analytical matrix
transformations.

This way of proceeding ensures a very accurate model of the
Y-junction which includes the frequency dependency of the junction
structure. The Y admittance matrix of the junction is then calculated.

In order to calculate the filter admittance matrices Y1 and Y2,
it is necessary to choose the filter network model. Typically, waveguide
bandpass filters exhibiting Chebychev characteristics are represented
either with coupling matrices [6] or with a model based on impedance
inverters cascaded with transmission lines as indicated in [1,5]. In this
article the model is chosen based on impedance inverters which give
a direct link between network characteristics and physical model as
indicated in Figure 3.

A possible realization in rectangular waveguide of a Chebychev
bandpass filter is composed of a cascade of resonators separated by
inductive irises. Figure 3(a) contains a schematic of a 4-pole filter
and the equivalent network model based on a cascade of impedance
inverters and transmission lines with characteristic impedance Zy. The
widths of irises, represented by a frequency independent impedance
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inverter Kj;;, are denoted as Wi, Wa, W3, and the letters Ry, Rj
indicate the resonator lengths, represented by transmission lines. Thus,
the geometrical structure is mapped into a network model. To be
noted that this circuit model clearly simplifies the actual behavior of
waveguides: for example, it does not include higher order modes and
the frequency dependence of the coupling elements. In any case, the
model given in Figure 3(b) is a good approximation of a waveguide
filter when these effects can be ignored, namely for narrow bandwidth
(BW) applications.

The filter network model is completed when the values of the
impedance inverters, the resonator lengths, and the characteristic
impedance of the line have been determined.

We assume that all resonators are tuned to the same centre
frequency fo = BW/2 and therefore, in the network model, the lengths
of the resonators (i.e., of the transmission lines) are identical and given
by:

l=m—= m=1,2,... (5)

Resonator

m
HERE

Transmission line

Impedance inverter

(b)

Figure 3. (a) 3D drawing of a 4-pole bandpass filter in rectangular
waveguide. (b) Top-view of a bandpass filter in rectangular waveguide
and its network model.
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where Ao is the guide-wavelength at the centre frequency, and m the
number of half wavelengths. For the example, the TE19; mode has
been selected and therefore the value for m is 1.

The remaining network model parameters are Zy and Kj;;. The
characteristic impedance Zj can be set to any real value. For simplicity
we choose the value of Zy = 19).

For a given filter degree n of fractional bandwidth w = BW/ fy,
the impedance inverters are defined as given in [6]:

Ko1 = kotvVRa-x-w
Kjjiljcipor =w-2 - kjjn (6)

Kn,nJrl = kn,nJrl VRp-x-w

where the normalised coupling elements k; ;1 are calculated from the
lowpass prototype elements defined in [6] for Chebychev filters by the
following;:

1
k%,z+1|Z:07.__,n \/m (7)
In Equation (6), R4 and Rp are the resistances which close the
line on the left- and right-hand side of the network in Figure 3(b).
These resistances are the normalising elements for calculating the S-
parameters and usually taken to the value of Zj (i.e., in this case, both
equal to 1). z is the reactance slope parameter of the series resonator

given by:
Ago )2
fZ 9
(32) ®

where \g is the wavelength at the centre frequency fo.

Having dimensioned all network elements, the filter model is
completed. In general, for an n-pole filter, the transfer matrix T;;
is obtained by multiplying the transfer matrix elements of the circuit
as follows:

Tin T2\ [ cos(BL) jZosin(BL) 0 Ko
Ty Toz)  \ #sin(BL)  cos(BL) &y O
Ago

Ago
cos( T) zZosm /\— < zK12>

.. gO)
isin| w2
( Ag

>
«

7 cos
A
cos <7r%°) iZ0 sm +1
g n
lSln(WAA()) <K ) (9)
N\ 79/ COS n+1

Zo



Progress In Electromagnetics Research C, Vol. 17, 2010 209

Filier ,*
I
I S 2
<
n
p—
u
r 9
i E'l!!fl

B

Figure 4. Connection of the filters to the Y-junction, detail of L; and
L.

Note that in Equation (9), a transmission line of length L is positioned
at the left side of the first coupling representing the waveguide
connecting the filter to the common junction. In order to ensure
adequate electrical matching between the filters and the junction, the
lengths Ly and Lo respectively connecting filter 1 and 2 to the common
port have to be appropriately chosen, as indicated in Figure 4.

An analytical solution to calculate L; and Lo is possible as
indicated in [8] using the phase information for the two filters and the
scattering parameters characterizing the junction. For convenience,
the formulas, (A3) and (A4), are provided in the appendix.

After calculating L; and Lo, Equation (9) can be finally
transformed into the admittance matrices Y and Y¥? with the
simple use of network formulas.

Using now the three matrices Y, Y1 and Y2 YP%? can be
calculated using the formula (A1) given in the appendix. The S matrix
can be then derived using:

S = (I+YPP)™ (1 -yPir) (10)

3. SUMMARY OF THE NETWORK DESIGN
PROCEDURE AND EXAMPLES

A FORTRAN code has been written including all the equations
previously described. In this section, a digest of the diplexer design
procedure is given including 2 examples.

The network diplexer synthesis proceeds as follows:

1) The waveguide type for the Y-junction and the filters shall be
selected according to the working frequency range, and a suitable
iris thickness chosen.

2) The Y-junction shall be analysed with a fullwave simulator to
calculate S-parameters and then convert them into the ¥ matrix.
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3) In accordance with Figure 3(b) and with the RF specifications, the
network models of the filters shall be calculated: the impedance
inverters using (6), and the resonator lengths using (5).

4) The transfer matrix Tj; of the filters shall be calculated using (9)
(including Ly and Ls by using (A3)) and converted into Y and
Y F2 using matrix transformations.

5) The diplexer admittance matrix shall be calculated using (4) and
(A1) of the appendix, and the S-parameters with (10).

Two examples of diplexer network design are now discussed. The
specifications are for typical Rx/Tx for Telecommunication satellites
in Ku band and given in Table 1 and Table 3.

Table 1. RF specification example 1.

Filter 1 (Tx) | Filter 2 (Rx)
Order 5 4
Frequency Bands | 12.5-12.75 [GHz] | 14-14.25 [GHz]
Return Loss > —20 [dB] > —20 [dB]

After running the program, the network results are summarized
as follows in Table 2 (a return loss of 25 dB is assumed):

Table 2. Network analysis results.

Filter 1 (Tx) Filter 2 (Rx)
fo 12.625 [GHz] 14.125 [GHZ]
Ly 3.46 [mm)] 2.12 [mm]

0.252768 (Ko 1 = Ks6) | 0.231325 (Ko1 = Ky 5)
Inverters | 0.049528 (K172 = K4,5) 0.041959 (KLQ = K374)
0.034711 (Ka3 = Ku5) 0.031100 (K2 3)

The S-parameters calculated are shown in Figure 5. The matching
on both channels and the excellent diplexer response can be observed.
This model did not require any optimization at network level, resulting
in a computation time of just few seconds.

The second example of diplexer design considers a bandwidth of
750 MHz for the first filter and 500 MHz for the second one as indicated
in Table 3.
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Table 3. RF specification example 2.

Order
Frequency Bands
Return Loss

211

Filter 1 (Tx) | Filter 2 (Rx)
12 10
10.95 11.7 [GHZ] | 14 14.5 [GlLz]
> 20 [dB] > 20 [4B]

Table 4. Network analysis results.

Filter 1 (Tx)

Filter 2 (Rx)

fo 11.325 [GHZ 14.25 [GHZ]
Ly 3.22 [mm] 1.79 [mm]
0.482308 (K()J = K12713) 0.304014 (KO,l = KlO,ll)
0.178933 (K12 = K11.12) | 0.071112 (K12 = K34)
0.121689 (Ko3 = K10.11) 0.048402 (Ko 3)
Inverters 0.111251 (K374 = K9710) 0.044324 (K374 = K10711)

0.107722 (K45 = Kgyo)

0.043047 (K34 = K1011)

0.106329 (K56 = Krg)

0.042726 (Ks.6)

0.105946 (Kg.7)
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Figure 6. Network S-parameters
response of the Diplexer (12 and

10 pole filters).

After running the program, the network results are summarized

as follows in

Table 4.

The S-parameters calculated are shown in Figure 6. It can be
observed the matching on both channels and the excellent diplexer
response. The return loss is better than 20dB on both channels.
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In conclusion, the S-parameter results show good performance of
the presented network model. The FORTRAN program calculates the
S-parameters in few seconds for both cases. This permits to easily
predict the performance of diplexers.

4. EXAMPLE OF DIPLEXERS IN RECTANGULAR
WAVEGUIDE

A simple and reliable automatic diplexer design procedure has been
described for non-contiguous diplexers, substantially reducing the
overall computational time from the RF specifications to the final
dimensions [5]. This procedure resulted in a FORTRAN code able
to assist engineers in diplexer modeling. The procedure ensures fast
optimization by the appropriate choice of only six dimensions to be
adjusted. Electromagnetic simulations are run with a limited number
of variables independent of the filter order.

The software code was run for the two examples previously
described. The dimensions found for the first diplexer are reproduced
in Table 5. The second structure is given in Table 6. For both cases,
WRT75 was used and the iris thickness I is 1 mm (see Figure 3(a)). The
mathematical computation took less than five minutes.

Table 5. Dimensions of the Diplexer [mm].

Filter 1 (Tx) Filter 2 (Rx)
WG type WR75 WR75
Iris length 1 1
Ly 1.855 0.908
Resonator 1 Resonator 1
13.300 11.237
Resonator 2 and 4 Resonator 2 and 3
14.460 12.206
Resonator lengths Resonator 3 Resonator 4
14.554 11.251
Resonator 5
13.260 B
Iris 1 8.027 Iris 1 7.350
. . Iris 2 and 5 4.583 Iris 2 and 4 4.058
Iris widths . -
Iris 3 and 4 4.076 Iris 3 3.685
Iris 6 7.989 Iris 5 7.197
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Table 6. Dimensions of the Diplexer [mm].
Filter 1 (Tx) Filter 2 (Rx)
WG type WRT75 WR75
Iris length 1 1
Ly 0.282 0.237
Resonator 1 Resonator 1
14.110 10.766
Resonator 2 and 11 | Resonator 2 and 9
16.174 11.811
Resonator 3 and 10 Resonator 3 and 8
16.612 11.951
Resonator 4 and 9 Resonator 4 and 7
Resonator lengths 16.705 11.979
Resonator 5 and 8 Resonator 5 and 6
16.738 11.988
Resonator 6 and 7 Resonator 10
16.750 10.660
Resonator 12
14.090 a
Iris 1 10.744 Iris 1 7.924

Iris widths

Iris 2 and 12 7.652

Iris 2 and 10 4.801

Iris 3 and 11 6.714

Iris 3 and 9 4.232

Iris 4 and 10 6.506

Iris 4 and 8 4.112

Iris 5 and 9 6.430

Iris 5 and 7 4.073

Iris 6 and 8 6.407

Iris 6 4.063

Iris 7 6.399

Iris 11 7.906

Iris 13 11.003

The S-parameters of the diplexer analyzed with a fullwave
simulator [9] are given in Figure 7. The response shows a return loss
better than 20dB, however this is not equal ripple. This limitation
is linked to the dimensional synthesis of the filters themselves and
not to the design methodology of the diplexer (i.e., to the choice of
the dimensions to adjust via optimization).
filter synthesis is linked to the network model which uses frequency
independent couplings. An optimization of the individual filter can
be useful to achieve equal-ripple performance before finalizing the

The limitation of the
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diplexer design process. In these specific cases, it was preferred to leave
the dimensions as they came directly from the synthesis without any
optimization at diplexer (nor filter) level to demonstrate the capability
of the design procedure and possible limits.

The S-parameters of the structure analyzed with a fullwave
simulator [9] are given in Figure 8. The return loss is better than
18 dB on the first channel and better than 20dB on the second one.
Also in this case the limitation on the achieved return loss is due to
the initial fullwave response of the TX filter.

Figure 9 shows the field analysis of the diplexer of Figure 8 at the
center frequency of the TX channel (f = 11.325 GHz). It can be noted
that the electric field is maximum in the TX channel and minimum in
the RX channel as expected.
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Figure 7. Fullwave response of Figure 8. Fullwave response
the Diplexer (5 and 4 pole filters). of the Diplexer (12 and 10 pole
filters).

Figure 9. Field analysis at the center frequency of the TX channel
(f = 11.325 GHz).
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5. APPLICABILITY OF THE METHOD

The presented computer-aided design of Y-junction waveguide
diplexers is limited to the case of non contiguous diplexers, meaning
that the rejection provided by the TX channel to the RX channel and
opposite is sufficiently high (< 50dB). Depending on the filter, this is
often achieved if the guard-band is in the order of the bandwidth of the
wider channel. Note that this has to include any additional spurious
that can possibly fall in the second channel.

This is because the impedance inverters as calculated in this paper
are based on doubly terminated networks. It is also possible to design
a contiguous diplexer using the same procedure but with appropriate
couplings based on singly-terminated filters. However, the quality
of the synthesis depends on guard-band and the filter types chosen.
Therefore optimization of the diplexer is typically necessary to achieve
the specified RF performance.

Note that diplexer design and utilization depends upon the
applicability range of the waveguide. In any case the entire diplexer
band (both channels) has to fall within the applicability range of the
waveguide; in the described examples WR75.

6. CONCLUSIONS

A software tool has been developed to support engineers in the design
of non-contiguous diplexers using waveguide Y-junctions. The software
calculates a mathematical model of the diplexer and can be used
for example in establishing the filter order of each frequency band.
Examples of designs have been given showing adequate return loss
matching of each filter. This model and the equation provided are
generic and can be used also for any other junction type by just using
another admittance junction matrix.

The software code written in FORTRAN calculates the diplexer
dimensions using a procedure already presented by some of the authors
and validated with measurements [5]. The use of the mathematical
model, supported with automatic dimensional synthesis procedures,
allows fast analysis and assessments. This can lead to quick corrections
simply by reiterating automatic designs. The applicability and limits
of the method are also discussed.

The FORTRAN software code can be further improved allowing
diplexer designs using other junction and filter types, but using the
same basic approach and formulas as given in the paper.
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APPENDIX A.

The Diplexer admittance matrix YP% (4) is given analytically using
the following expressions:

¢
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In case impedance matrices Z are used, the following expression is

valid:
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L; and L have to be calculated alternatively using the formula (A3).
As indicated in [8], and repeated for simplicity, it is always possible to
minimize the reflectivity of the two-port junction realized by closing
an arm of a reciprocal and lossless three-port junction, say port 2, on
a reactive load jX, provided that the load is position at a distance L:

Yv—9
L =t (A3)
where e/¥ is the reflection of the reactive load, 3 the propagation
constant of the feed waveguides and ¢ is a quantity that depends on
the scattering parameters of the junction.
Using the property of the Y-junction Si; = Soo = Ss3, the
formulas given in [8], reduces to the form:

_ 2 7
¢=2tan_1 ( b+va+b C> (A4)
c—a

where

a=(1+ a%l) sin (¢s — 2¢11) — 2aq1 sin (é11)

b = (1 + a%l) COs (d)s - 2¢11) - 2(111 COS (¢11)

¢ =2aq; sin (3¢11 — ¢5)
with,

¢s = £ (S7; — 351157, + 255,)

In (A4), S11 = a1167%1 and S19 = a12€7?12 are the scattering parameter
at the input port and ¢ is the phase of the determinant of the
scattering matrix of the three-port junction computed at the frequency
f (ie., alternatively the center frequency of channel one and two). If
L is negative then it is necessary to add \y/2.
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A Direct Synthesis Approach for Microwave Filters
With a Complex Load and Its Application
to Direct Diplexer Design

Ke-Li Wu, Senior Member, IEEE, and Wei Meng

Abstract—This paper presents a direct synthesis approach for
general Chebyshev filters terminated with a complex load. The
new approach is based on the fact that the polynomial functions
for synthesizing the filters are composed for any matched loads.
By normalizing the polynomial functions with assumed complex
matched load impedance by a real reference load impedance using
power waves normalization, a set of new polynomial functions for
the same filter, but with real load impedance, can be formulated,
from which the coupling matrix for the physical filter design can
be obtained using a standard direct filter synthesis approach.

This new direct synthesis approach can find many applications.
A practical application is the direct diplexer design with a realistic
junction model being taken into account. With the diplexer design
is concerned, a fast-converged iterative scheme is proposed. The ef-
fectiveness and the validation of the proposed scheme are demon-
strated by two design examples.

Index Terms—Chebyshev filter,

impedance matching.

diplexer, filter synthesis,

1. INTRODUCTION

HE SYNTHESIS of microwave filters has attracted a great

deal of attention over the last few decades. The most signif-
icant work for the exact synthesis of microwave filters includes
the multicoupled resonator filter network by Atia and Williams
[1] and Atia et al. [2] and the direct synthesis approach for gen-
eral Chebyshev filters by Cameron [3], [4].

All of these direct synthesis techniques assume that the two-
port filter network is terminated by real valued reference imped-
ances at the two ends. In fact, this reference impedance is a sym-
bolic substitute for the characteristic impedance of the transmis-
sion line connected to the microwave filter. Generally, the two
reference impedances at the two ports of a filter network, i.e., Z;
and Z, in Fig. 1, can be arbitrary impedance values. However,
the filters synthesized by the existing direct approaches can only
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Z Two-Port

Filter Network Z
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Fig. 1. Filter network terminated with reference impedances Z; and Z>.

be used for the applications where the two ports of a filter are
interfaced to the same reference impedance.

In many applications, a filter network is used in the circum-
stance in which the reference impedance at one end is a com-
plex valued impedance, whereas the other end of the filter is ter-
minated by a real valued reference impedance. Such complex
valued impedance could be the input impedance of an antenna
prefixed to the filter or the output impedance of a power ampli-
fier suffixed to the filter in a front-end system. In the scenario
of a diplexer design, the complex impedance would be the input
impedance looking into the junction of the diplexer where the
channel filters are attached to. However, the issue of how to di-
rectly synthesize a general Chebyshev filter with a complex ref-
erence impedance has never been systematically addressed.

Synthesis of a diplexer is a classic subject in the community
and has led to a large amount of literature. An early work on
direct synthesis techniques can be found in the paper by Haine
and Rhodes [5] published in the 1970s. The effort has been con-
tinued by many researchers, such as in [6]-[8] and a very recent
work [9]. An investigation on how to optimize the performance
of a diplexer using a symmetric junction was also performed
[10]. The major limitations in [5]-[9] include: 1) the junction
is modeled by a simple series resistance or a shunt reactance,
which has a large variation from the actual junction and 2) the
parameters for the two channel filters are initially derived at the
same working frequency. Very recently, people has attempted
to incorporate the actual effect of the junction into the channel
filter design by modifying the first irises and cavities next to the
junction of the two channel filters to compensate for the com-
plex impedance effect of the junction [11].

On the other hand, the diplexer design could start from an ac-
tual junction model and two channel filters that are separately
designed. Nonlinear optimization is then used to find a satisfac-
tory overall performance of a diplexer [12]-[14]. Although the
optimization approaches are considered to be practical and can
give reasonable results for most of cases if the junction meets the
required conditions and the initial starting point is lucky enough,

0018-9480/$25.00 © 2007 IEEE
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Fig.2. Schematic diagram of a diplexer; all ports are terminated by the matched
reference impedances.

Z Junction

Filter 2

people have never stopped seeking an efficient, systematic, and
mathematically elegant direct technique for synthesizing mi-
crowave diplexers. A more systematic design technique that can
take into account the actual junction effect is desirable.

This paper will firstly propose a new concept for direct syn-
thesis of a general Chebyshev microwave filter with a com-
plex load as the reference impedance. The concept is based on
the fact that the rational polynomial functions that define the
reflection and transfer functions of a filter are virtually refer-
enced to two matched impedances of any value. Using the theory
of power waves normalization [15], the rational functions with
an assumed matched complex load can be normalized by real
valued loads at the both filter ends so that the existing direct
synthesis techniques for general Chebyshev filters, such as [3],
can still be employed. In other words, all the existing direct ap-
proaches can be extended to the cases in which the filter is ter-
minated by a complex load at one end and a real valued load on
the other.

As depicted in Fig. 2, when the common port of the junction
is connected to the matched reference impedance Z; and the
right-bottom port of the junction is loaded with channel filter
2, the input impedance Zcx looking into the above-right port
of junction can be viewed as the complex load impedance at
the port of channel filter 1. Via the new concept proposed in
this paper, channel filter 1 can be synthesized straightforwardly.
Obviously the same procedures can be applied to channel filter
2. Therefore, a diplexer with a specific junction model can be
designed in an iterative manner.

Before the iterative design approach is detailed, the new con-
cept for direct synthesis of a general Chebyshev microwave filter
with a complex load will be formulized. The new concept is jus-
tified by two diplexer design examples: a coaxial diplexer with
a simple wire Y-junction and a waveguide diplexer using an
FE-plane T-junction with a coupled slit, respectively.

II. SYNTHESIS OF A FILTER WITH A COMPLEX LOAD

The starting point for the direct synthesis of general-
ized Chebyshev filter is to construct three polynomials, i.e.,
E(s), F(s), and P(s), using a well developed procedure with
pre-described transmission zeros (TZs), a reflection level, and
the order of the filter [3]. The transfer function S>; and the
reflection functions Sy; are then defined from these polyno-
mials. It is worth mentioning that the terminating conditions to
evaluate the transfer and reflection functions do not stipulate
any specific impedance value. Therefore, a filter with equiripple
responses can be interpreted to be with a complex reference

impedance at one end and a real reference impedance at the
other end.

The main idea of this new concept is to normalize the as-
sumed complex matched impedance at one end of the filter to
the same real valued matched impedance as that at the other
end of the filter. Being aware of that, the evaluation of transfer
and reflection functions depends on the terminal conditions [15],
three new polynomials E’(s), F'(s), and P’(s) for real valued
terminations can be formulated from those with a complex ter-
mination and the complex load. It is obvious that the responses
of a filter with two real valued load impedances correspond to
the measurement of a standalone filter.

A. Renormalization of Reference Impedances

Suppose that the scattering matrix [S] of a two-port network
is given and is referenced by the matched impedance Z; at port
1 and Z at port 2, as shown in Fig. 1.

If the terminal impedances of the two-port network are
changed from Z; to Z/ (i = 1 and 2), the new scattering
matrix [S’] can be expressed in terms of the original [S] and the
reflection coefficient r; of Z! with respect to Z} [15] as

[ = [A]7H([S] = [CT)(U] = [TISHHAP ()

where [I] is the identity matrix, [I'] and [A] are the diagonal
matrices with their 7th diagonal elements being

A
Mi=r=—>2t—">2 2
Tz @
1—rf
A; = L 1—rrs 3
oyl ®

and the superscript “—1” and T represent the matrix inverse and
matrix complex conjugate transpose, respectively.
Considering that
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[1—1725% 1512
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- 72591 1—-riSn (52)
| AS As
where
Ag = (1—=71511)(1 —72522) — 1172512521 (5b)

the new scattering matrix after the change of the terminal im-
pedances from Z; to Z! (i = 1 and 2) becomes (6), shown at
the bottom of the following page.

In designing a channel filter for a diplexer, the reference im-
pedances at two ports of a channel filter, when detached from
the junction, are the same reference impedance associated to
the transmission line connected to the filter. When the filter
is loaded on the junction, the reference impedance at the con-
necting port will be amended to a complex number to reflect the
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presence of the junction. However, in this scenario, only the ref-
erence impedance at one port is changed.

Without losing generality, assuming port 2 of a filter is orig-
inally connected to a complex load and is to be changed to the
same real valued impedance as that of port 1, i.e., Z) = Z] =
Z1 = Zy, where Z is a positive real number standing for the
characteristic impedance of the transmission line connected to
the ports of the filter, and Zs = Zcx, which is a complex value
related to the complex load, the above equations can be greatly
simplified as

T = 0
ri=0 (7)
Ag = (1—=r1511)(1 — 712522) — 1172512521
=1-—1725
S1272591
S/ = S 4+ —
1 1 (1 — 7‘2522)
_ S — 72511522 + 125125 8a)
(1 — 7‘2522)
v/|Re Z4| S12
g, = YIReZol () ) Sz 8b
2 \/|R€Z2|( 2)1 _T2522 ( )
Re Zj| Sa1
- \/|ReZ2|( 2)1—7”25'22 (8¢
(1 — 7"2) 522 — ’I";
S’ . &d
27 (1=7r35)1— 725 (8d)

Since the real part of input impedance of a passive network is
always positive, the following relation has been used in deriving
St in (8c):

vV IRe Za| (1 — ror) B
VIRe Z4] (1 —73)

VTRe 73]
\/ |Re Z2|

(1 — 7”2).

B. Transformation of Transfer and Reflection Functions

It is our hypothesis that a general Chebyshev filter that is with
equiripple return loss in its passband and is with a complex load
is to be designed. The transfer and reflection polynomials for a
matched general Chebysheyv filter can be composed by an ex-
isting standard procedure [3] in the format of

- Fll(S)
Sn = E(s)
N F22 S)
Sy = E(s) (10a)
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Si9 = 891 = (10b)

where € is a normalization constant related to the prescribed
return loss level. According to the procedure, for a matched
Chebyshev characteristics, there is
Fll(s) :FQQ(S) :F(S) (IOC)
It is assumed that the polynomials F(s), F'(s), and P(s) have
been normalized to their respective highest degree coefficients.
Both E(s) and F(s) are Nth-degree polynomials, N is the de-
gree of the filtering function, whereas P(s), which contains the
finite-position prescribed TZs, is of degree ng,, where ng, is the
number of finite-position TZs. It is also noticed that the polyno-
mials E(s), F(s), and P(s) are related by

— P(s)/e- Pls)/e =

where the roots of polynomial £*(s) form mirror imaginary

pairs about the imaginary axis with corresponding roots of poly-

nomial E(s), and E(s) is a Hurwitz polynomial and all of its

roots are located in the left half-plane of the complex s-plane.
Substituting (10) into (8) yields

F(s) _ F(s) F(s)
E(s) " E(s) E(s)

F(s)- F(s) E(s)-E*(s) (D)

— 7Ty

Sil = F(S)

E(s)
E(s)F(s) — ra2E(s) E*(s)
E(s)(E(s) — r2F(s))
_ F(s) - raE*(s)
E(s) —raF(s)
Sia = S5
_ V/|Re Z}| (1= 1)
v/ |Re Zs| E(s) —raF(s)
g, 0=ra) F(s) = 13B(s)
(1= 73) B(s) — r2F(5)

Therefore, the new transfer and reflection polynomials, after
changing the terminal impedance at port 2 from Zs to Zg, can
be transformed as

1—7”2

(12a)

P(s)/e (12b)

(12¢)

*
_7«2

E'(s) = E(s) — 2 F(s) (13a)
Fiy(s) = F(s) —raE"(s) (13b)
F3o(s) = F(s) — 5 E(s) (13¢)

[ = [A]7H (S [T ) (- [TIISD ~HAT*

S12 72521
(147“;) Asg

Si11—r] 1—1"2522
(I—ry)

) (I—rq)

‘ROZ“ IRer_)l (1_7' ) So1 1-2S55 522_1’15 79551
[Re 71| \/|Re Z} V=3 As (—r]) "As

VIRe Z1 | |R5"Z§|(1_r2) (511—TT 1‘1512+ S12 1—7‘1511)
[Re Z! | \/|Re Z2| (i) As 7 () As
So1 11812 4 S22—T5 1Sy

)

)(1—7“2)

(I—3) As

(6)
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TABLE 1
5—1 FILTERING FUNCTION: ROOTS OF E(s), F'(s), AND P(s) POLYNOMIALS

Roots of P(s) | Roots of F(s) Roots of E(s)
1 +j 1.42 -j0.9375 -0.2802 - j1.1977
2 - -j0.4901 -0.6840 - j0.6070
3 - +j0.1636 -0.7180 + j0.2381
4 - +j0.7064 -0.4269 + j0.8773
5 - +j0.9695 -0.1126 +j1.1010
= 15479
S 1 2 3 4 5 L
S 0 1.0540 0 0 0 0 0
1 1.0540 0.0366 0.7544 0.4941 0 0 0
2 0 07544 -0.6410 0.5101 0 0 0
3 0 0.4941 0.5101 0.1053 0.6526 0 0
4 0 0 0 0.6526 0.0506 0.9018 0
5 0 0 0 0 0.9018 0.0366 1.0540
L 0 0 0 0 0 1.0540 0
(@
S 1 2 3 4 5 L
S 0 1.0540 0 0 0 0 0
1 1.0540 0.0366 0.7544 0.4941 0 0 0
2 0 0.7544 -0.6410 0.5101 0 0 0
3 0 0.4941 0.5101 0.1053 0.6526 0 0
4 0 0 0 0.6526 0.0506 0.9018 0
S 0 0 0 0 0.9018 -1.6296 1.6665
L 0 0 0 0 0 1.6665 0

(b)

Fig. 3. (a) Coupling matrix [M] synthesized from polynomials E(s), F(s),
and P(s). (b) Coupling matrix [M’] from polynomials E’(s), F’(s), and
P’(s).

and

(13d)

It can be shown that E’(s) is still a Hurwitz polynomial and
the roots of F},(s) and Fj,(s) form mirror imaginary pairs as
expected for an unmatched filter. In fact, (13) gives all the re-
quired polynomials for the same general Chebyshev filter that
was originally terminated by one complex load and this com-
plex load has been replaced by the same real load as that con-
nected to the other end of the filter. Note that the complex load
is evaluated at the center frequency of the filter.

C. lustration Example

To illustrate the new concept, an example is given here for a
fifth-degree 22-dB equiripple return-loss filter with a TZ posi-
tioned at 451.42 in the normalized s-plane to give a rejection
sidelobe of 30 dB on the upper side of the passband.

Following the standard procedure [3], the polynomials
E(s), F(s), and P(s) according to the filter requirement can
be easily constructed. The roots of the polynomials are given
in Table I.

For unit reference impedance 7, at two ports, the N + 2
coupling matrix [M] according to the polynomials E(s), F'(s),
and P(s) can be synthesized and is given in Fig. 3(a). Theo-
retically, the S-parameters directly derived from this coupling

TABLE II

5-1 FILTERING FUNCTION: ROOTS OF E’(s), F'(s), AND P’(s) POLYNOMIALS

Roots of P'(s) [Roots of F';;(s) Roots of F'5,(s) Roots of E'(s)
1 +j 1.42 0.1764 - j1.0092 | -0.1764 - j1.0092 | -0.2477 - j1.0782
2 -- 0.3594 - j0.2709 | -0.3594 - j0.2709 | -0.5484 - j0.2970
3 - 0.2801 +j0.5760 | -0.2801 +j0.5760 | -0.4199 + j0.6344
4 - 0.0818 +j1.0133 |-0.0818 +j1.0133 | -0.1082 + j1.0502
5 -- -2.5638 +j1.7689 | 2.5638 +j1.7689 | -2.5639 + j1.7688
e=1.5479
2 32
¢ 3 A
3
Qe
Ca | @
) ) 0 axis ‘
U
-3 -1.5 OA ¢ @ 1.5 3
G [ ]

<& Roots of E'(s)
A Roots of F'(s)

g L ® Roots of F'1:(s)

Fig. 4. Locations of roots of E’(s),F{,(s), and Fj,(s) on the complex
s-plane.

matrix should give an equiripple response in the passband and
a TZ at normalized frequency 1.42.

In order to synthesize the coupling matrix [M’] having the
same responses, but with a complex reference impedance at one
port, say, at port 2, a new set of polynomials F’(s), F(s), and
P’(s) must be sought. Without losing generality, the complex
reference impedance Z; = 0.4 + 50.6 is considered in this ex-
ample. By setting Z, to unit impedance Z, the reflection coeffi-
cientre willbe ro = (24— Z3) /(Z4+ Z35) = 0.5172—j0.2069.

Using (13), the new polynomials E’(s), F{;(s), F3},(s), and
P’(s) can be found, the roots of which are given in Table II. It is
shown in Fig. 4 that the roots of FY,(s) and F},(s) form mirror
image pairs about the imaginary axis, and the roots of E’(s) still
satisfy the Hurwitz condition, all of which lie in the left plane
of the complex s-plane.

An existing coupling matrix synthesis procedure can be ap-
plied to the new polynomials to obtain a new coupling matrix
[M'], as given in Fig. 3(b). Moreover, the lossless condition of
a two-port network has to be guaranteed, which means that an
additional coefficient must be used to adjust the S-parameters.
In this case, a coefficient £,, = 1.5811 can be found to be multi-
plied to polynomial P’(s) in addition to the coefficient e. Com-
paring the two coupling matrices in Figs. 3(a) and (b), the only
changes happen on coupling values of the load coupling from
the last resonator to the load Z» and the resonant frequency of
the last resonator next to the load.

Three sets of S-parameters curves are superimposed in Fig. 5.
The “matched” and “unmatched” cases correspond to the re-
sponses of coupling matrix [M] with any matched loads and
[M’] with real impedance Z, at the two ends of the filter, respec-
tively. For “verification” purposes, the circuit model simulation
results of coupling matrix [M’] with port 1 terminated by Zj
and port 2 terminated by Zs = 0.4 4 50.6 are also provided in
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Fig. 5. Comparison of S-parameters for the matched, unmatched, and verifi-
cation filters.

this figure. As expected, the “verification” curves are identical
to those of the “matched” case.

III. DIRECT DIPLEXER DESIGN

The most common approach to realize a diplexer is to use
two bandpass filters that are combined through a three-port junc-
tion. Different types of junction configurations have been seen
for various of applications. For RF coaxial diplexers for mo-
bile phone base-station applications, a star-shaped wire Y-junc-
tion is commonly used, whereas for the microwave diplexers
consisting of waveguide channel filters, a waveguide junction
should be employed, commonly including F- or H-plane wave-
guide T- or Y-junctions. For designing broadband diplexers, one
needs to optimize the performances of the junctions to satisfy
certain necessary conditions, e.g., using a symmetric Y-junc-
tion [10] or a waveguide T-junction with a tuning conductor post
[16].

Since the two channel filters are electrically connected to each
other through a junction, the parameters of the two filters must
be considered together in conjunction with the properties of the
chosen junction in order to take into account the interaction
among the filters and the junction. As depicted in Fig. 2, as-
suming that channel filter 2 of a diplexer with center frequency
f2 has been appropriately designed and the common port of the
junction is matched, looking into the junction at the port where
channel filter 1 is connected, one can find a load impedance Zcx
at f1, which is the center frequency of channel filter 1. If the ref-
erence impedance Zy (which corresponds to Z3) is given and
the load impedance Zcx (which corresponds to Z2) is known,
the polynomials for channel filter 1 can be determined by (13).
Consequently, the related coupling matrix [ ] for a designated
filter topology can be easily obtained from the polynomials by
using an existing direct filter synthesizing approach.

It will be an iterative process to design the coupling matrices
for the two channel filters. Having understood how channel filter
1 is directly synthesized under the assumption that the design
of channel filter 2 is converged, one can alternatively apply the
same scheme to channel 2 and channel 1 until the solution for
the two channel filters converged.

It needs to be pointed out that since the load impedance at
the center frequency of a channel is used, the approach is, in
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72 Port 2
Port 1 Z1 c
n 73 Port 3
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Fig. 6. Transmission line model of a wire Y-junction with a shunt capacitor.

principle, a narrowband approach. However, if the slope of the
complex load with respect to frequency is small, the approach
can be extended to a diplexer design with moderate bandwidth.

In the proposed design procedure, appropriate lengths for the
transmission lines between the junction and the channel filters
have been incorporated in the junction model. In fact, the lengths
need to be carefully optimized although there are some empir-
ical rules-of-thumb to follow. From a theoretical point-of-view,
the lengths should be chosen in the way that the slopes of the
complex loads at the ports facing to the two filters become min-
imum. How to analytically design the lengths using the pro-
posed theory is still a future research topic.

IV. PRACTICAL DESIGN EXAMPLES

A. Diplexer With Wire Y-Junction

The first design example is with a wire Y-junction as the
common junction connecting to two channel filters. Fig. 6 shows
a generic transmission line model for a wire Y-junction with a
shunt capacitor. It is assumed that port 1 of the junction is con-
nected to the common port, and ports 2 and 3 are connected to
the low and high channel filters, respectively.

The channel filters in this example are synthesized by the ap-
proach discussed in Section III. The input impedance looking
into port 2 at f; (center frequency of the low channel filter),
when a high channel filter is connected at port 3, is, in general,
a complex number. The impedance will be used as the complex
load impedance in synthesizing the low channel filter. Similarly,
the input impedance looking into port 3 at f2 (center frequency
of the high channel filter), when a low channel filter is connected
at port 2, is the complex load impedance in synthesizing the high
channel filter. By default, port 1 is always terminated by the unit
reference impedance.

To simplify the design, the characteristic impedances 71, Z,
and Z3 of the three sections of the transmission line in Fig. 6
are assumed to be the same, and the lengths L, Lo, and L3
are adjustable. The two channel filters are initially designed as
fifth-degree 22-dB return-loss Chebyshev filters with a TZ at
+71.52 for the low channel filter and a TZ at —51.52 for the
high channel filter, respectively. The center frequencies of two
filters are at f; = 1.74 GHz and f, = 1.85 GHz, respectively,
and the bandwidth of both filters is approximately 0.08 GHz.

To begin with, the coupling matrices for the two channels
with matched loads are obtained and are listed in Table III in the
columns of the zeroth iteration. Connecting two channel filters
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TABLE III
COUPLING MATRICES OF LOW AND HIGH CHANNEL FILTER IN EACH ITERATION

Low Channel High Channel

Oth Ist 2nd Oth Ist 2nd
My, 11.0545 10.9518 [0.9063 |1.0545 |1.1816 |0.9838
M,;; 10.0333 |1.0683 10.8219 |-0.0333 |-1.7225 |-1.0079
M;> 10.9026 [0.9026  [0.9026  [0.9026  10.9026  [0.9026
M, 10.0464 10.0464  [0.0464  [-0.0464 [-0.0464 |-0.0464
M>; 10.6525 10.6525  [0.6525  [0.6525  [0.6525  |0.6525
M;s; 10.0982 10.0982  |0.0982  [-0.0982 |-0.0982 [-0.0982
Ms, 10.5361 [0.5361  [0.5361 0.5361 0.5361 0.5361
M;ss 10.4495 [0.4495 0.4495 -0.4495  |-0.4495 [-0.4495
M,y 1-0.5865 |-0.5865 |[-0.5865 [[0.5865 0.5865 0.5865
M,s [0.7827 (0.7827 0.7827 0.7827 0.7827 0.7827
Mss 0.0333 [0.0333  [0.0333  {-0.0333 |-0.0333 [-0.0333
Mss [1.0545 [1.0545  [1.0545 [1.0545 |1.0545 [1.0545

O 5 R M ¢

|s11]
[s12] 0th
[S13] oth
X |81t 1st E
X [S12] 1st
+ |s13] 1st
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-60 = = = =[S12] 2nd
= = = =|s13| 2nd
&7 =
K
X
-80 *
1.6 1.65 1.7 1.75 1.8 1.85 1.9 1.95 2

Frequency (GHz)

Fi

=

g. 7. Responses of the diplexer design using a wire Y-junction.

TABLE IV
INPUT IMPEDANCES AT THE PORTS OF Y-JUNCTION

Port 2 at f;
Ist 0.4365 +j0.4063
2nd 0.4915 +j0.3486

Port 3 at f>
0.3796 - j0.5767
0.4923 - j0.4315

directly onto the Y-junction, the circuit response of the diplexer
in this iteration is marked by “Oth” and is shown in Fig. 7.

Table IV lists the input impedances looking into ports 2 and
3, while the channel filter at the other channel that is designed
in the previous iteration is connected. The coupling matrices di-
rectly synthesized for each iteration are given in Table III. The
circuit responses of the diplexer for each iteration are superim-
posed in Fig. 7. It should be mentioned that the diplexer design
reaches its satisfactory converged response only by three iter-
ations. Notice that the responses in Fig. 7 are simulated based
on the circuit model of the Y-junction and the circuit model of
channel filters. A possible realization of this diplexer in a coaxial
combline structure is proposed in Fig. 8.

B. Diplexer Design Using an E-Plane T-Junction

The performance of a waveguide T-junction is of great
importance in designing a waveguide diplexer. The standard
T-junction is widely used for narrowband diplexers. In prac-
tice, additional adjusting elements, such as coupled slit [14],
inductive post [16], and reflection stub [12], [13] are required to

Tx Port Common Port Rx Port

Fig. 8. Coaxial combline diplexer with two five-pole channel filters.

Fig. 9. Waveguide diplexer using an E-plane T-junction with a coupled slit.

TABLE V
INPUT IMPEDANCES AT THE PORTS OF E-PLANE T-JUNCTION
Port 2 at f; Port 3 at f>
Ist 0.2909 + 0.1072i 0.7474 - 0.1072i
2nd | 0.5916 + 0.0667i 0.7823 +0.1771i
3rd 0.5888 + 0.0523i 0.7585 + 0.1838i

TABLE VI
CHANGED COUPLING ELEMENTS OF CHANNEL FILTERS IN EACH ITERATION

Low Channel

Oth 1st 2nd 3rd
My, 1.0570 0.6076 0.8182 0.8143
M, 0.000 0.4117 0.1260 0.0992
High Channel
My, 1.0570 0.9232 0.9586 0.9472
M, 0.000 -0.1603 0.2529 0.2707

minimize the slope of the reflection with respect to frequency
over the frequencies of the channel filters. This example will
demonstrate a waveguide diplexer designed using a slit-coupled
E-plane T-junction with a bandwidth of 600 MHz.

Fig. 9 shows the waveguide diplexer using an F-plane
T-junction with a coupled slit. The two channel filters are
required to be fifth-degree 22-dB return-loss pure Chebyshev
filters with two channel center frequencies at f; = 12.6 GHz
and fy = 14.2 GHz, respectively. The bandwidth of both filters
is approximately 600 MHz. The diplexer specifications were
used for a communication satellite. A WR 75 waveguide is
used as the interface.

A similar design process as that for the first design example is
carried out. Again, only three iterations are required. The com-
plex load impedances in each iteration for each channel filter are
summarized in Table V. Only the changed coupling elements for
the filters are given in Table VI. The circuit model responses of
the diplexer in each iteration are shown in Fig. 10.
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Fig. 10. Responses of the diplexer using E-plane T-junction. (a) First iteration
and second iteration. (b) Circuit simulation (third iteration) and EM simulation.

It is noted that the simulation of the diplexer is based on the
electromagnetic (EM) mode-matching (MM) T-junction model
and the circuit channel filter model. The circuit model of the
channel filters is converted into the physical model with phys-
ical dimensions by an MM program that has been fully verified
for communication satellite payload applications. The complete
physical model of the designed diplexer has also been simulated
by the EM-based MM program. It is anticipated that the EM
model will reflect the dispersion effects of the waveguide filters
outside of the passband. An excellent agreement between the
responses of the designed circuit model and the EM model can
be observed.

V. CONCLUSION

A direct synthesis approach for microwave filters with a com-
plex load impedance at one end and a real load impedance at the
other end has been presented. A new set of filter design polyno-
mials for the synthesizing required coupling matrix can be ob-
tained by the power waves impedance normalization. The stan-
dard direct filter synthesis theory can be applied to the modi-
fied polynomials to derive the filter coupling matrix. The capa-
bility to incorporate a complex load impedance in the design
of general Chebyshev filters makes this approach very useful to
many applications. The approach can particularly be used for
designing a diplexer with a realistic junction model. A novel
iterative scheme for direct synthesizing the channel filters has
also been proposed. The validation of the proposed scheme is
firmly made through two design examples.
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DIPLEXER DESIGN USING
PRE-SYNTHESIZED WAVEGUIDE FILTERS
WITH STRONGLY DISPERSIVE INVERTERS

Smain Amari”, Jens Bornemann”, Wolfgang M enzel* and Ferdinando Alessandri™*

“University of Victoria, Canada, *University of Ulm, Germany, TUniversity of Perugia, Italy

Abstract: An approximate 5}/nthgsi$ technique
for strongly dispersive inverters is introduced.
The technique allows the prescription of trans-
mission zeros at finite frequencies on either side
of the filter passband - symmetrically or asym-
metrically - as required for® dipléxer
applications. Several direct-coupled resonator
filters with additional attenuation poles and a
related diplexer design at 18.5 GHz are pre-
sented. The computerized design procedure is
based on CIE I\Scou led-integral-equations
technique) and MMT Pmodematchmg tech-
nique) modules. Excellent agreement between
measuh_ re%ments and theoretical predictions is
achieved.

. INTRODUCTION
Direct-coupled resonator filters are commonly
used in front-end diplexer applications,. Accu-
rate synthesis and design techniques for this
type of filters have been known for many
decades, e.qg., [1] - [4].

While design techniques to generate elliptic or
pseudo-elliptic responses are aso widely
known, e.g. [9], [6], such filter are used only in
L- or S band diplexers with stringent fre-
quency specifications. In Ku- to Kaband
diplexers, due to increased manufacturing accu-
racies, cost and more relaxed channel
separation, the use of direct-coupled resonator
filters has prevailed.

However, recent diplexer specifications with
closer frequency spacing between Rx and Tx
channels and asymmetric responses inspired the
generation of additional attenuation poles at
finite frequencies in direct-coupled resonator
filters. But only a few attempts have been made
to create such poles in direct-coupled
waveguide filters. The most common mecha
nism used consist in overmoding the resonators,
thereby generating poles only in the upper stop-
band. In waveguide filters, this approach results
in al coupling sections being irises, e.g. [7]-[9].

A different technique comprises the use of
inverter sections which simultaneously provide
a transmission zero and the correct inverter
value for the filter design. The basic principle of
operation has been verified in [10] and [11].
This paper presents a design procedure for pre-
synthesized, strongly dispersive inverters with
application in waveguide filters and diplexers.
Excellent agreement between measured and
computed filter responses in the 15 and 38
Gigahertz range is demonstrated. A branching-
type diplexer design operates at 18.5 GHz.

II. FILTER DESIGN
The filter design follows standard synthesis pro-
cedures to calculate impedance inverters which
can be realized as low dispersive irises (Fig. 1a)
or strongly dispersive stubs or T-junctions (Fig.
1b, ¢). If transmission zeros are not needed, then
the model of the (possibly asymmetric) inverter
is a shunt reactance X, with two series reac-
tances X, X and associated phases ¢; and @,.
Using coupled-integral-equations techniques
(CIET) or mode-matching techniques (MMT),
the scattering parameters of the inverter are
related to the model by the following expres-

Sions.. _ [1+S][1-S,,] +S5,-2S 1)
- 2
[1-5131[1-S5)] -S54
_ (175l [1+Sp] + $2,2Sy

sl

jxsZ

(2)

[1-S,3] [1-S,] - S5,
2S
X = S (3)
|:]‘_Sll:| |:]‘_822:| - S21

0 X ¥ X +2X 0
® = _arctent st_7s2 "Tb o
Dl _Xslxsz_xp(xsl + XSZ)D

- O Xsl _st 0
+arCtan%1 + Xslxsz + Xp(xsl + XSZ)% (4)
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Fig. 1 Examples of waveguide circuits used as impedance
inverters. asymmetric iris (a), stub (b) and shorted
T-junction (c).

A search agorithm varies the dimensions of the
circuit until the prototype inverter values K are

obtained. :
K = 1+ Texp(—jo;) (5)
|| T Texp G o)
_ (X +iXp= DX + X+ 1) + X

S 2 ©

(lxs]_ +lxp+ 1)(1)(51 +lxp+ 1) + Xp

In order to prescribe one or two transmission ze-

ros at frequencies w,; and w,, to an inverter, we
are solving the following equations

K = Kgispersive(®W dimensions) . (7)

Sy (w=w,,) =0 (8

r

Prototype
Sy (w=w,,) =0,

simultaneously by minimizing the cost function

_ . - 2
Fcost - [KPrototype_Kdispersive(wo' dlmenS|ons)]

+ |521(‘*’:‘*’z1)|2 + |521(‘*’:‘*’z2)|2 9

In a specia case, where a highly dispersive ele-
ment is added to a filter without acting as
inverter simultaneously, the cost function is
modified as

Feost = z [1- |821(°°i)|] ?
+ [Syy(w=00,1)| >+ Sy (w=0w,)| (10)

where wy; are the passband frequency samples.
The typical inband return loss achieved by such
an approximate synthesisisin the order of 10 dB
(c.f. Fig. 6) - as compared to severa trial-and-
error approaches which usually fall only in the 2
- 4 dB return-loss range. A fina optimization,
e.g. [12], of the entire filter structure is required
to fine tune the return loss while maintaining the
transmission zeros.

Two prototype structures involving strongly dis-
persive inverters have been manufactured. Fig. 2

shows the photograph of a four-pole Ku-band
filter with four finite transmission zeros. Com-
puted and measured performances are depicted
in Fig. In this design, only the shorted T-junc-
tion at the lower right of the circuit (Fig. 2) is
used as an inverter which generates the trans-
mission zero (attenuation pole) at 14.175 GHz.
The remaining three zeros are generated by the
additional H-plane stub which does not act as an
inverter. The measured insertion loss is between
0.2 and 0.3 dB within a 20dB return loss band-
width.

Fig. 2 Ku-band prototype of waveguide filter with disper-

siveinverters.
120
: com puted
] A ----- measured
90 f\
- i\//
30 ; /
0+rrr AP
12.0 16.0 18.0

Fig. 3 Measured and computed performance of Ku-band
prototype filter (c.f. Fig. 2).

The second example is a three-pole Q-band
(WR22) filter with nearly maximally flat perfor-
mance. Emphasis was placed on symmetric

0-7803-6540-2/01/$10.00 (C) 2001 IEEE



skirts with sharp cutoffs. Fig. 4 shows the princi-
ple layout and Fig. 5 the computed and mea-
sured results. In this design, both shorted T-
junctions act as inverters. Since the shorted sec-
tions are longer than a wavelength, they produce
a number of transmission zeros but only one
each in the frequency range shown. The mea
sured insertion is between 1.1 and 1.5 dB over
the 20 dB return-loss bandwidth of 230 MHz.
Note that for both prototypes, excellent agree-
ment between measurements and the CIET/
MMT analysis techniques is demonstrated.

Output

Input

Fig. 4 Principle layout of 38.5 GHzfilter.
90

60

dB

30

computed

4----- measured

Fig. 5 Measured and computed response of Q-band proto-
typefilter (c.f. Fig. 4)

[11. DIPLEXER DESIGN

Using the procedure outlined in the previous
section, adiplexer was designed according to the
following specifications: 17.9GHz - 18.3GHz
and 18.7-19.1GHz passbands with 24dB return
loss, 60dB isolation. The minimum manufactur-
able thickness was set to 0.75mm (appr. 0.03").
As an additional requirement, Rx and Tx port
locations were to be right beside each other.

Fig. 6 shows the computed performances of the

pre-synthesized and fine-optimized five-pole
channel filters with one attenuation pole each.
Note that the pre-synthesized design is idedly
suited asinitial datafor fine optimization. In this
specific case, the optimization even varied the
entire waveguide width for the benefit of a better
return loss. However, the attenuation poles were
kept at the same frequencies.

120+

Rx-Tx Filters

----- synthesized

optimized

90

Fig. 6 Responses of synthesized (dashed lines) and opti-
mized (solid lines) diplexer channel filters.

The principle layout of the branching-type
diplexer isshown in Fig. 7. In order to facilitate
a small spacing between the two filters, irises
and stubs are pointing toward opposite sides. A
combined CIET-MMT code, which is has been
verified in [13], is used as anaysis tool in the
final diplexer fine-optimization. The resulting
response is depicted in Fig. 8. In addition to the
attenuation poles provided by the two stubs, the
diplexer exibits the typical peaks at the cross-
over frequencies of the respective other channel
([4], [13]). However, the attenuation poles are
responsible for achieving the specified isolation
of 60 dB. A similar diplexer design based on
five-pole iris filters without strongly dispersive
inverters (not shown here) achieves only 54 and
36 dB isolation at the respective inband frequen-
cies and would require six- and seven-order fil-
ters to match the isolation performance of the
designin Fig. 8.

V. CONCLUSIONS
Pre-synthesized waveguide filters with strongly
dispersive inverters offer an attractive solution

0-7803-6540-2/01/$10.00 (C) 2001 IEEE



in diplexers whose specifications would other-
wise require higher-order filters. Several design
examples presented here demonstrate that thisis
aviable option in Ku- to Ka-band diplexer appli-
cations.

[1]

[2]

[3]

[4]

Rx Port Tx Port

“a)
Fig. 7 Principle layout of 18.5 GHz diplexer.

=l /A \7

120

=
C

% I ./

Fig. 8 Performance of 18.5 GHz diplexer
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ABSTRACT

The paper presents an efficient CAD algonthm for the
design of waveguide front-end diplexers. Three differ-
ent types of junctions can be employed: E-plane T-junc-
tion, H-plane T-junction and E-plane bifurcation.
Channel filter configurations currently include - but are
not limited to - waveguide stub filters and inductive-iris
filters.The diplexer design is performed in three basic
steps: synthesis, analysis and optimization. In order to

improve the computing efficiency of the design algo-

rithm, highly accurate transmission line models are used
in the 1nitial component design and optimization
stages. The final optimization and the analysis of the
entire diplexer makes use of a full-wave mode-matching
model, which can include waveguide transformers at all

orts.
e CAD routine 1s venfied against measurments, and

excellent agreement between predicted and measured
results 1s obtained.

L INTRODUCTION

Waveguide front-end diplexers are typically used in
fixed satellite service (FSS) antenna systems with com-
mon transmit and receive feeds. The diplexers are
employed behind each feed in order to separate Tx and
Rx channels.

While it is well known that waveguide diplexers can be
optimized on the basis of full-wave models, e.g. mode
matching, and additional matching elements [1] - [3],
such a component design 1s often tedious and time-con-
suming due to the extremely high CPU-time required.
Equivalent-circuit models [4], [5], on the other hand,
produce results much faster, but their applications are
limited to certain dimensional constraints, due to prox-
imity effects, where the degree of validity of such mod-
els 1s practically uncertain. For waveguide cross-section
ratios around b/a=0.1 to 0.15, excellent diplexer designs
are usually obtained by equivalent-circuit modelling of
E-plane T-junctions [4] and waveguide stub filters [1].
Although such designs have been used for many years,
power levels and multipactor specifications of modemn
satellite communication systems no longer permit
reduced-height rectangular waveguide components.
However, already at a ratio of 0.2 - 0.25, equivalent-cir-
cuit designs no longer produce reliable designs, hence
demanding full-wave methods to be employed.
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Therefore, this paper focuses on an efficient diplexer
design which combines the advantages of the equivalent
circuit approach with full-wave mode-matching algo-
nthms. The software package currently contains subrou-
tines for the following configurations (Fig. 1):

- E-plane T-junctions
- E-plane bifurcations
- H-plane T-junctions

Waveguide Junctions:

- Inductive-inis filters
- Single-sided stub filter
- Double-sided stub filters

Rx and/or Tx Filters:

Common Port

Tx Rx
Channel Waveguide Channel
Filter Junction /—  Filter

Fig. 1: Block diagram of waveguide diplexer.

II. ANALYSIS

The engine of the software package 1s a mode-matching
based analysis for various discontinuities that are
required in the diplexer assembly. Compared to standard
mode matching algorithms, the CPU-time efficiency 1is
significantly increased due to two measures. Firstly, the
TE, ., - mode approach is utilized, which has a proven

record of successful designs with single- or double-
plane step discontinuities and junction blocks involved
[1], [6]. Secondly, the number of modes used 1n 1individ-
ual combinations of discontinuities automatically adapts
to the problem at hand. For discontinuity calculations,
the number of modes 1s selected according to the cross-
section ratios of the connected waveguides. Although
one of these numbers 1s usually high, the connection of
this discontinuity with others over a finite distance of
waveguide requires only a few modes.

In each different cross-section of rectangular
waveguide, the x-component of a magnetic vector
potential component 1s written as
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where F, and B, are the wave amplitudes travelling in

the positive and negative z direction, respectively, and 4
is the cross-section of the individual region. 7y, (=7),
where index g is related to combinations (m,n) with
respect to increasing cutoff frequencies, are the cross-
section functions satisfying the boundary conditions.
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don 18 the Kronecker delta, a and b the waveguide cross-

section dimensions, and e and d distances to the ongin.
In case of a T-junction, e.g. in the E-plane with cross-
section dimensions aXc¢ (I) and axb (ILIII), the vector
potential is obtained from a superposition of functions
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where superscript I 1dentifies the common port, II and
I1I follow clockwise, and k,' are the phase constants in

waveguide / with the remaining two ports shorted. For
further details, especially the denivations of single-junc-
tion and cascaded scattering matrices, the reader is
referred to [1].

If the entire diplexer component comprises exclusively
E-plane (H-plane) discontinuities, the mode spectra are

reduced to those of TE*;, (TEX,o) modes. In case of

both discontinuities being present in the component, a
combination of modes 1s used as outlined in [6]. Good
agreement between theory and measurements is already
obtained for three to five modes in the matrix-connect-
ing algorithms. Individual discontinuities are analyzed
with up to 45 modes.

A loss prediction is carried out on the basis of the funda-
mental-mode attenuation constant and the resonator
unloaded Q-efficiency 1n the design frequency range.

I11. DESIGN

The design is carried out in three steps. First, the chan-
nel filters are synthesized for given diplexer specifica-
tions. Standard filter synthesis and a combined
equivalent-circuit / mode-matching approach is used to
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ensure filter performance. Secondly, if the &/a ratio per.
mits the T-junction to be represented by an equivalep,
circuit, the diplexer is pre-optimized with the €quiva.
lent-circuit approach. Thirdly, a subsequent analysis
based entirely on mode matching either confirms the
equivalent-circuit results or identifies a need for furthe;
optimization using mode-matching routines exclusive]y,
At this point, waveguide transformers, if required, at gJ)
three ports can be incorporated, and all dimensions ¢gp
be individually selected as optimization parameters. The
optimazation strategy itself is based on a minimax algo.-
rithm [7]. Note that, contrary to comparable diplexer
configurations in [1] - [3], additional matching elements
such as inductive inses are not required. Therefore, this
design concept leads to more compact diplexer configu-
rations.

The entire software package 1s operational on personal
computers. Depending on diplexer specifications of var-
ious degrees of difficulty and restrictions, with which
the software has been tested, complete designs of
diplexer components take between five minutes and
four hours on a Pentium 90 computer.

IV. RESULTS

The excellent agreement between mode-matching anal-
ysis and measurements is demonstrated in Figs. 2 for
two different diplexer configurations. Fig. 2a shows an
E-plane T-junction diplexer with waveguide stub filters.
For interface purposes with standard waveguide equip-
ment, impedance transformers have been added at all

three ports. |
Fig. 2b shows a similar companson for an E-plane T-

junction diplexer with inductive-ins filters. Again,
excellent agreement is obtained within the 70dB-
dynamic range of the measurement equipment.

A comparison between the equivalent-circuit approach
and mode matching is demonstrated in Fig. 3 for an E-
plane T-junction single-sided stub-filter diplexer (sumi-
lar configuration as in Fig. 2a, but without transformers)
with a waveguide height-to-width ratio of b/=0.13.
Excellent agreement is observed, and a mode-matching
analysis is used simply to confirm the results. In certain
high-power applications, it is necessary to design the
diplexer with maximum height. In this situation, the
diplexer stub dimensions become very small and are no
manufacturable. |

A solution to this problem is depicted at the top of I‘jlg-‘?-
The stub-filter synthesis based on the equivalent-circuil
approach is still used, but it is applied to only half the
actual structure and, therefore, uses only half the
waveguide height. By mirroning such a stub-filter
design, the original waveguide height is restored, and
double-sided stub filters are obtained. The mode-match-
ing software currently developed includes the double-
sided stub-filter diplexer design. The options for the
stub location are: 1) pointing towards the common port,
2) pointing away from the common port as showD mn
Fig. 2a, and 3) the double-stub approach in Fig. 4.
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Fig. 4: Computed performance of E-plane T-junction
double-sided stub-filter diplexer (b/a=0.27).
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Once the stub filters are synthesized, the optimization of
the entire diplexer is carried out with mode-matching
analysis routines only. The performance of the opti-
mized design is shown in Fig.4. Note that specifications
required unequal Rx and Tx bandwidths. The design
goal for optimization was set to 26dB return loss and 60
dB isolation.

For even higher ratios of b/a, stub filters are no longer
recommended, and inductive-ins filters are used in the
current software setup. The E-plane bifurcation diplexer
with inductive-iris as shown in Fig. 5 provides good per-
formance up to the full regular waveguide height (&/
a=0.5). The input power divider and channel filters are
synthesized according to [1], and the optimization soft-
ware varies the transformer profile and filter dimensions
for optimum performance. Alternatively, an H-plane
configuration as shown in Fig. 6 can be used. This
design is independent of the waveguide height.
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Fig. 5: Computed performance of E-plane bifurcation
diplexer with inductive-iris filters (b/a=0.5).

V. CONCLUSIONS

An efficient CAD strategy for waveguide front-end
diplexers in fixed satellite service antenna systems is
presented. Channel filter and junction components are
presynthesized by equivalent-circuit or mode-matching
routines. In order to provide the design engineer with a
fast and reliable design, a minimax optimization scheme
and mode-matching analysis is used in the final step of
the design process. Waveguide height restrictions can be
efficiently overcome, and an option for trans formers at
all three ports is included. The final design 1s compact as
additional tuning elements are not required. The software
is operational on standard Pentium personal computers.
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DIPLEXER FUNCTIONAL REQUIREMENT:

TO COMBINE THE OUTPUTS OF A 12-CHANNEL & A 6-CHANNEL
OUTPUT MULTIPLEXERS BEFORE FEEDING TX ANTENNA

AT C-BAND, LENGTH OF 18-CHANNEL OMUX WITH “COMBLINE”
CONFIGURATION USING CONVENTIONAL CIRCULAR WAVEGUIDE
DUAL MODE FILTERS IS TOO LARGE TO BE ACCOMODATED ON
THE SATELLITE PANEL

OMT (ORTHO MODE TRANSDUCER) BASED DIPLEXER
COMPLICATES THE DESIGN OF DUAL MODE FEED

FILTER BASED DIPLEXER (THISDESIGN) ISACCOMODATED IN
THE PART OF THE WAVEGUIDE RUN LEADING UP TO THE FEED
AND DOES NOT IMPOSE ADDITIONAL MASS AND SPACE PENALTY



BLOCK SCHEMATIC OF DIPLEXER

COMMON
OUTRUT FORT

Gu Con

INPUT 0—— ;’;‘F TEEILCAT'I\'S\I Cor | RUT

FORT BR FORT




DIPLEXER ELECTRICAL DESIGN:

INDUCTIVE IRIS COUPLED BPFS MOUNTED ON E-PLANE T-
JUCNTION

Cy FILTERWITH 7-SECTION & Cg,  FILTER WITH 5-SECTION
CHEBYSHEV CHARACTERISTICS

FILTERSWITH TE,;; WR229 RECTANGULAR WAVEGUIDE
RESONATORS

DIPLEXER DOES NOT HAVE ANY TUNING SCREWS TO AVOID
GENERATION OF PIM

DIPLEXER CONSTRUCTED USING ALUMINUM ALLQOY 6061T &
SILVER PLATED INTERNALLY TO ACHIEVE LOWEST POSSIBLE
INSERTION LOSS



DIPLEXER DESIGN PRINCIPLE:

. DESIGN APPROACH BASED ON THE PRINCIPLE OF EQUAL
REFLECTION COEFFICIENTS AT ALL PORTS OF THE COMMON
JUNCTION

- AN H-PLANE INDUCTIVE IRIS INTRODUCED IN THE COMMON
JUNCTION TO MEET THE ABOVE REQUIREMENT

. DIPELXER DESIGNED & OPTIMIZED USING FE/MM PROGRAM
(L-WAVE WIZARD - MICIAN)

ELECTRICAL SPECIFICATIONS:
Cn CHANNEL : 3705 —-4185 MHz
Cext CHANNEL @ 4510-4770 MHz
RETURN LOSS . >230dB

ISOLATION : >350dB

POWER : Cv CHANNEL: 12 CARRIERS, 15 W EACH
HANDLING Cext CHANNEL: 6 CARRIERS, 15 W EACH



SIMULATED FREQUENCY RESPONSE OF DIPLEXER USING
FE/MM PROGRAM (p-Wave Wizard)
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MEASURED FREQUENCY RESPONSE OF DIPLEXER
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MULTIPACTOR ANALYSIS:

SINGLE CARRIER MULTIPACTION THRESHOLD:

MAXIMUM E FIELD OCCURS AT THE CENTRE OF BROAD-WALL OF WG
(TE,, MODE)

MAXIMUM E FIELD OCCURS AT CENTRE OF RESONATORS (ALONG THE
LENGTH) OF FILTER (TE;p; RESONATOR)

PEAK VOLTAGE IN CENTRE OF RESONATOR HIGHER THAN THE INCIDENT
PEAK VOLTAGE

VMF (VOLTAGE MAGNIFICATION FACTOR)
= PEAK VOLTAGE IN RESONATOR / PEAK INCIDENT VOLTAGE

EVALUATION OF VMF (VOLTAGE MAGNIFICATION FACTOR):
USE OF SCATTERING MATRICES CALCUALTED USING FE'MM PROGRAM

DOMINANT MODE (TE;; MODE) PROPAGATION ASSUMED FOR THE
ANALYSIS

NETWORK ASSUMED TO BE LOSELESS



DIPLEXER 3-PORT NETWORK (MULTIPACTION ANALY SIS PLANE)

FILTER
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DESCRIPTION OF METHOD (VI\/IF CALCULATION):

26
| NPUT POWERTO DIPLEXER =P ‘ ‘ :
In \/78 In P

2..
NET POWERFLOW AT PLANE T- T' =P, = azgi- [
(%]
1 '2 20
NET POWER FLOW AT PLANEP- P'=P,=a" {- 6]
(%]

FORLOSSLESSNETWORK, R =P +P_

L _ 5
PEAKVOLTAGEAT VOLTAGE ANALYSSPLANE, T-T _Vmax =a /ZO §'+‘GC‘B

y f 2
VMF:mex §+‘GC‘9 - ‘qn

V.

L

BY CHOOSING PLANEP- P IN C FILTER AT THELOAD END, ‘Ge‘ =0

\VMF—VmaX— i ‘q“

Vln \/91 ‘Gb‘ -+‘823‘ /‘813‘




VMF (C, FILTER & C,,; FILTER):

E FIELD APPEARS IN C, FILTER RESONATORS (R.;, Rey.-...Rey) &
Ceyr FILTER RESONATORS (Re;, R,.......Re) DUE TO EXCITATION IN
C, BAND

E FIELD ALSO APPEARSIN Cy,, FILTER RESONATORS
(Reys Ry .. .Re) & Cy, FILTER RESONATORS (Rey, Rep-----Re;) DUE
TO EXCITATION IN C.,- BAND

E FIELD APPEARS IN CONNECTING WAVEGUIDES (R, Rg) DUE TO
EXCITATION IN C, BAND & Cg,; BAND

VMF HIGHER FOR CENTRAL RESONATORS THAN TOWARDS INPUT
AND OUTPUT

VMF HIGHER AT BAND EDGES THAN AT CENTRE FREQUENCY OF
PASS BAND

VMF ALSO CALCULATED USING 3D FEM PROGRAM (ANSOFT HFSS)
FOR COMPARISON WITH FE'MM METHOD



HFSS FIELD SIMULATION OF DIPLEXER ( C, PORT EXCITATION)
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3.5

Voltage Magnification Factor
H
(@3]

VOLTAGE MAGNIFICATION FACTOR FOR C FILTER

b " - ‘—k:
! — -\_\‘ __‘__‘—-—5\--1—‘_- _\_-r—\\/ \ \\\ V/Tx ‘ : *

TN

364 378 392 406 42 434 448 462 476
Frequency (GHz)

4.9

A

L 4

A

Rc5_FE/MM
Rc5_3D-FEM
Rc4 FE/MM

Rc4 3D-FEM
Rc3_FE/MM

Rc3 3D-FEM
Rc2_FE/MM
Rc2_3D-FEM

Rcl FE/MM

Rcl 3D-FEM
Conn_wg_FE/MM
Conn_wg_3D-FEM




Voltage Magnification Factor

VOLTAGE MAGNIFICATION FACTOR FOR C., ; FILTER
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SINGLE CARRIER MULTIPACTION THRESHOLD:

2
Vv
SNGLECARRIER MULTIPACTION THRESHOLD =P = th

2
ZZO VMF

Z0 =WAVEGUIDE IMPEDANCE

VMF =VOLTAGE MAGNIFICAT ION FACTOR
Vth =PEAK GAPVOLTAGE FROM ESACURVESFORSLVERPLATED ALUMINUM

N
o

: |

S 16

: | |
0 12 AT

£ 4 N |
’qj 8 / / - (
/ Vo TN
S .|/ A B\
_g’ Y COn-Filter bandwidth Ck Filter

&

Bangwidth

o

35 364 378 392 406 42 434 448 462 476 4.9
Frequency (GHz)



REALISTIC MULTIPACTOR MARGINS:

* PEAK POWER FOR DIPLEXER = N2 x P;= (18)2 x 15 = 4.86 kW
® SINGLE CARRIER THRESHOLD (Pg:) FOR Cy FILTER = 5.86 kW
® SINGLE CARRIER THRESHOLD (Pg:) FOR Cgyt FILTER = 4.60 kW

V peak total :i a 1V peakt i 5

g v, &9
MULTIPACTCR MARGIN = 10|oggM

gvpeak,total ,;

- o O

* WHEN C PORT ISEXCITED WITH 12 CARRIERS & C+ PORT ISEXCITED
WITH 6 CARRIERSWITH 15 W/CARRIER
(ASSUMING WORST-CASE CONDITION OF IN-PHASE CARRIERS)
WHERE, f f,.....f, = CHANNEL CENTRE FREQUENCIES OF TRANSPONDERS
N = NUMBERS OF CARRIERS



REALISTIC MULTIPACTOR MARGINS:

RESONATOR Vpeak,total (Volts) | Multipactor Margin
/WAVEGUIDE (dB)
Res 3348 6.18
Rey 3342 6.20
C\ FILTER Res 3274 6.38
Reo 3281 6.36
Re; 3256 6.43
CONNECTING WG 2229 9.72
Res 2446 8.91
Covr FILTER Re, 2340 9.30
Req 2436 8.95
CONNECTING WG 2589 8.42




MULTIPACTION THRESHOLD FOR MULTI-CARRIER OPERATION:

FOR MULTI-CARRIER COMPONENTSWITH LARGE N & P;, PEAK POWER
LEVEL ISVERY HIGH

IT ISNOT POSSIBLE TO MEET THE CUSTOMARY “N?P; + 3 dB” or
“N?P, + 6 dB” MULTIPACTOR MARGINS

MAXIMUM POWER PERMISSIBLE PER CARRIER IS CALCULATED USING
“20-GAP-CROSSING-RULE” RECOMMENDED BY ESA

I'T ALLOWS THE COMPONENT TO BE OPERATED AT LARGER POWER PER
CARRIER ESPECIALLY FOR COMPONENTSWITH LARGE N & WITH LARGE
GAPS AFTER CRITICAL ANALY SIS

f x d PRODUCT > 100 GHz-mm (FOR DIPLEXER)

ANALY SIS DEPENDS ON NUMBER OF CARRIERS N, FREQ PLAN,
MULTIPACTION MODE ORDER n; MODE ORDER > 51 (FOR DIPLEXER)



MULTIPACTION THRESHOLD FOR MULTI-CARRIER OPERATION:

C, FILTER Cexr FILTER
PARAMETER RESONATOR | CONNECTING | RESONATOR | CONNECTING

Res GUIDE Res GUIDE

NUMBER OF 12 18 6 18

CARRIERS, N

SINGLE CARRIER 5.86 KW 5.86 KW 4.6 KW 4.6 KW

THRESHOLD, P

MAXIMUM 488 W 326 W 767 W 255 W

ALLOWABLE POWER

PER CARRIER, Py,c

MINIMUM OF P, WILL DECIDE POWER HANDLING OF DIPLEXER, WHICH WILL

BE 326 W FOR Cy FILTER & 255 W FOR Cgyx7 FILTER




EXPERIMENTAL RESULTS:

MAXIMUM VOLTAGE OCCURS IN CENTRAL RESONATORS (Rc4-Rc5) OF Cy
FILTER

PEAK POWER = N? x P; = (12)?x 15 =2.16 kW
TEST POWER FOR C\ FILTER = 3.05 kW (AT LOWEST FREQUENCY 3705 MHz)
SINGLE CARRIER MULTIPACTION MARGIN =1.5dB (BY TEST)

MAXIMUM VOLTAGE OCCURS IN CENTRAL RESONATOR (Rg3) OF Cext
FILTER

PEAK POWER =N?x P;= (6)°>x 15 =540 W
TEST POWER FOR Cgy1 FILTER =760 W (AT LOWEST FREQUENCY 4510 MHz)
SINGLE CARRIER MULTIPACTION MARGIN =1.5dB (BY TEST)



MULTIPACTION TEST (DIPLEXER):

e C-BAND TRAVELING WAVE RING RESONATOR:

TWTA OUTPUT POWER =350 W

TEST FREQUENCY = 3705 MHz

PULSE DUTY CYCLE=6%

PRF = 1kHz

RING GAIN =10dB

RING FORWARD POWER = 3500 W

RING RETURN LOSS (DURING TEST) > 26 dB

e DETECTION SYSTEMS USED:

FORWARD / REVERSE POWER NULL DETECTION
SECOND HARMONIC DETECTION

RING REVERSE POWER DETECTION

NEAR BAND NOISE DETECTION



C-BAND RING RESONATOR TEST SET UP (DIPLEXER IN TVAC CHAMBER)




FLIGHT MODEL UNIT OF DIPLEXER




HIGH POWER TEST FACILTIY (SAC-ISRO):

C-BAND HIGH POWER TEST SET UPS:
e MULTIPACTION TEST SET UP:
* TRAVELING WAVE RING RESONATOR (RING GAIN =10dB)
* MUILTI-CARRIERTEST
e PIMPTEST SET UP

* HIGH POWER SOURCES:
e HIGH POWER PULSE TWTA
* POWER OUTPUT: 5 kW
* FREQUENCY RANGE: 2.5 - 5.0 GHz
e PULSEDUTY CYCLE:0-4%
* PRF: VARIABLE (0.1-100 kHz)

* HIGH POWER (CW/PULSE) TWTA (12 Nos))
e POWER OUTPUT: 300 W TO 400 W
* FREQUENCY RANGE: 2.5 - 5.0 GHz
e PULSEDUTY CYCLE: 0 - 100 %
* PEAK POWER: 30 kW



HIGH POWER TEST FACILTIY (SAC-ISRO):

Ku-BAND HIGH POWER TEST SET UPS;
e MULTIPACTION TEST SET UP:
* TRAVELING WAVE RING RESONATOR (RING GAIN=7 dB)
* MUILTI-CARRIERTEST
e PIMPTEST SET UP

* HIGH POWER SOURCES:
e HIGH POWER PULSE TWTA
* POWER OUTPUT: 5 kW
* FREQUENCY RANGE: 10.0 — 13.0 GHz
e PULSEDUTY CYCLE:0-4%
* PRF: VARIABLE (0.1-100 kHz)
* RING FORWARD POWER = 20 kW

* HIGH POWER (CW/PULSE) TWTA (12 Nos))
e POWER OUTPUT: 350 W
* FREQUENCY RANGE: 10.0 — 13.0 GHz
e PULSEDUTY CYCLE: 0 - 100 %
* PEAK POWER: 30 kW



HIGH POWER TEST FACILTIY (SAC-ISRO):

THERMO-VACUUM CHAMBERS:




THANK Y OU
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Direct Design Formulas for Asymmetric
Bandpass Channel Diplexers

JOHN L. HAINE anp J. DAVID RHODES, MEMBER, IEEE

Abstract—This paper gives direct design formulas for asymmetric
bandpass channel diplexers, which allow rapid design of diplexers
using narrow-band direct-coupled resonator filters. Computed results
for a prototype diplexer are given, and results are presented for a
5.8-GHz asymmetric waveguide diplexer, which demonstrate the
high performance possible using this design technique.

I. INTRODUCTION

HIS PAPER gives direct design formulas for asymmet-

ric bandpass channel prototype diplexers, which can be
transformed into narrow-band diplexers using direct-
coupled resonator filters. These formulas are a generaliza-
tion of ones given for the symmetrical case in an earlier
paper by Rhodes [1].

The asymmetric bandpass diplexer consists of two dis-
similar bandpass filters connected in series. To compensate
for the interaction between the filters, each is internally
modified, and a series annulling reactance is introduced. The
design procedure forces the reflection coefficient at the
common port to be approximately zero at a finite set of
frequencies in each channel. The reflection coefficient at
each of the other ports is automatically forced to be zero to
the same degree of approximation at the set of frequencies in
the corresponding channel.

Compared to the filters operating in isolation, each
channel of the diplexer shows a significant increase in skirt
selectivity over the passband of the other, which may allow a
reduction of degree to meet a given specification. The return
loss at each port is only slightly degraded, and this may be
allowed for by improving the specification of the original
bandpass filters.

Section II quotes the formulas without proof: the proofis
givenin Section ITL Section IV gives computed responses for
a typical prototype diplexer, and proceeds to consider the
design of a waveguide diplexer at 5.8 GHz. The measured
response of this diplexer agrees closely with theory.

1I. THE DESIGN FORMULAS

The essentials of the type of diplexer considered here are
shown in Fig. 1. It consists of a pair of bandpass filters,
whose input impedance in the stopband tends to a short
circuit, connected in series. The input impedance at the
common port of the diplexer approximates to a constant
resistance in the passband of each filter. Since the stopband

Manuscript received December 1, 1976; revised April 11, 1977. I L
Haine receives a U.K. Science Research Council studentship.

J. L. Haine was with the Department of Electrical and Electronic
Engineering, The University of Leeds, Leeds LS2 9JT, England. He is now
with Marconi Communication Systems, Marrable House. Great Baddow.
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Engineering, The University of Leeds, Leeds LS2 9JT, England.
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Fig. 1. An elementary series connected diplexer.
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Fig. 2. Low-pass prototype networks used in the design procedure.

input impedance of each filter is actually finite and complex,
the filters interact unless their passbands are very widely
separated. To compensate for this interaction, each filter is
modified internally, and the frequency-invariant annulling
reactance X, is connected in series with the filters.

Let the bandpass filters be based on the normalized,
doubly terminated low-pass prototype networks shown in
Fig. 2. Each prototype begins with a pair of capacitors
coupled through an admittance inverter, the rest of the
network being arbitrary. The derivation of the design for-
mulas requires that the input impedance of each prototype
be unity at some set of frequencies in the passband, and each
filter must have at least a second-ordered transmission zero
at infinity. Since the networks are assumed lossless, the first
condition implies that they have zero insertion loss at the
same sets of frequencies. Prototype element values for
Chebyshev, Butterworth, or even linear-phase filters are
available from explicit formulas or fairly simple synthesis
procedures [2].
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Fig. 3.

Fig. 3 shows the diplexer prototype circuit. The channels
have been transformed to bandpass filters at center frequen-
cies +a. The section of each prototype following the first
two shunt capacitors is transformed by the direct frequency
transformation:

(1)

The elements in the first two “resonators” of each filter are
obtained from the formulas (2)-(10) below, which are
equivalent to (1) as & — oo. If the prototypes are identical,
these formulas reduce to those given in [1].

The approximate improvements in the insertion loss of
each channel in the center of the passband of the other are
given in (11) and (12). AL, is the increase in insertion loss of
the upper filter in the center of the passband of the lower
filter, compared to the filter in isolation, and corre-
spondingly for AL;.

Referring to Fig. 3, the design formulas are as follows:

’ 1(1 1
Xg=—|— — =
0 2a(D1 cl)

w-—owFoa.

(2)

T R e L
2C%a ' 8D2C,d% |D, C,

A, = —C, (oc +W§5p7) (4)
R ST ol I
B,=D, (oc + WI‘)—IE—CI—&@) (6)
el -a)
"=t galp ) ®

» N/ 10

4
Y
2

The prototype diplexer circuit.

1
/2= 2 - 9
Ky K1(1 4C1D1cx2) ©)
LY PR . (10)
4C,D,a?

1
AL, =6+ 10 logyo |1+ ;5 ) dB (11)

1

II1. PrOOF OF THE DESIGN FORMULAS

The element values in (2)-(10) are given in terms of the
band separation factor «. The transformation o — —a
should clearly interchange the channels, and the further
transformation w - —w will interchange them again. Thus
application of both transformations must result in a
network which is indistinguishable at its ports from the
original. Considering the affects which these transforma-
tions have on the frequency invariant susceptances of the
original network, these susceptances must be odd functions
of o Similarly, the transformers and admittance inverters
must be even functions of «.

As the separation between the channels becomes very
large, the interactions between them become vanishingly
small; thus, writing the element values as power series in
a~ 1, they must be of the following form:

XO‘_‘; +O(73 +8(O(-5) (13)
A= —C, (a+%—1 +% +s(oc_5)) (14).
A,=—C, (oz +% ’+% + s(a_s)) (15)
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B, =D, (“_'_?1_1 +b—133 +8(a“5)) (16)
o o
B,=D, (oc b b b” + a(a-S)) (17)
Ri=1+ % + g(a™*) (18)
=1 + S +e(@™?) (19)
12 2 k -4
K =K1(1 +— + & )) (20)
12 2 k2 -4
K7 =Kj (l+? + &(at )) (21)

In these equations, &(—

»

) means “an error of the order of

All the other elements in the network are obtained from
the direct transformation (1), and thus only the first two
resonators in each filter are modified from the values they
have when the filter is working in isolation.

Yi(jw; + @) = jlo, + 2)C, — jC,o(a + asy /ot + ay3/a)

+
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Multiplying (24a) and (24b) by the denominator of (24a),
and equating terms of equal degree in a, we get

=

2jD121= 1, Zl 2D
1

Jo;

w; , N
5+2]D122=0, 22=4D1

Jf) w?

'232‘ ‘—;+2le23=72,

Db
1( 11 4

j((Di + OC)C] —jCI(Oﬂ + all/a + (113/!13) +

Let the prototype filters of Fig. 2 have an input impedance
of unity, and, hence, zero insertion loss, at the sets of
frequencies {w;}, {o;}. Since there is maximum power transfer
through the filter at these frequencies, it follows that, at these
frequencies, the input admittances Y;(jw;) and Y,(jo;)area
conjugate match to the admittances looking towards the
first two elements of each filter. After applying the frequency
transformation w — w F « to the subnetworks N, and N, to
get N and N3, respectively (Fig. 3), it follows that

K32
" (ile, = —iw, S S 2
Yl(](a)l + O()) ]wtCZ + _jwicl + 1 ( 2)
Yylilo:— 1)) = —joDs + —1 . (@3)
g 92T D 1

We may now derive a power series expansion of the
impedance Z,(j(w; + a)), which is the input impedance of
the lower filter in the passband of the upper filter:

w? ,
I 25
Knowing Z,, we can calculate Y{(j(w; + a)):

(1+r,/a?)
L4z fo + z, /0 + 23 fo®
Now (26) can be expanded as a power series in o~ . Letting

a — oo in (26), we obtain the leading term of the power series,
which is

2

"= jw;Cy + — =
I 2+ C+1

a conjugate match for Y, (22). We must therefore choose the
unknowns in (13)-(21) so that the higher order terms in the

. expansion of Y7 are zero: this is possible up to the third

degree in a. Before going on to consider the equations in
the unknowns that this gives, note that similar equations can
be obtained for the upper filter in the passband of the lower
filter, at the set of frequencies {o; — a}, to force similar
conditions on Y7.

Expanding Y’ and Y and equating the coefficients of the
first-, second-, and third-degree terms in o~ ! to zero we get

14 r,/0?

Z,(jlw; + ) =

j(w; + )Dy + jD, (oc + %

b13) Ji(1 + kyja?)
+—3 ; ;
o jlw; + a)Dy + jDy(o + )

2
_ 14+ r,/0 7 (24a)
2j0(D1 +](J),D1+J(D bll—_)_i—g( 2)
2D
: I + 3 +e(m?) (24b)
4 e d
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the following equations: from the ¢~ ! terms:

1
—ay; +E—x1—C1a11=0 (27a)
1
b21+D1b11—X1"‘2C—1=0 (27b)

from the ¢~ 2 terms:

. 1\?  jo,
ki(1+ jo,Cy) — [rl - (x1 ~3D: ) - iD } =0 (28a)
1 1

1\ o
+2C1) —4C1J—O. (28b)

From the w; dependent terms in (28a) and (28b) we get the
following independent equations:

ky(1 + joiDy) — [rz - (X1

1 1
klcl—l‘TDl:O k2D1+TQ=O
1
=k, = — . 29
The o~ 3 terms are more complicated:
—jCaaz3(1 + jw;Cy)?
; 1 1
B I el L RPN SV
ki {41)1 (21)1 xl) / (x1 21)1)
112 w;
17 X1 7 3p, 4D,
Y S O LIVRR f SR
\*To, |2 app, 4
—jCias3{ =0 (30a)
JD2by3(1 + jo,Dy)?
1
2 i
+J7 :4C1 (x1 +2C1) +](X1 +2C1)
e o i)
r X+ | —
2 Yol 4C,
+ L ofan K} et
N™72c, |2 T4c,c, a1
—jD1by3=0. (30b)
The w? term from (30a) gives
) KZ K2
2 _ BT _ 81 31
JC1Ca3; JSD 0, azs 8C2C,D; (31)
and the o7 term from (30b) gives
J? J?
—jD? oL =L 32
JD1D3bys +j 8C, 0, ba3 8D?2D,C, (32)

Substituting into (30a)and (30b) and solving for the w; terms
gives, from (30a),
1 1 1 ( 1 1

L= = -2} @33
¢, "ap, T¥1=0 xi=5lp cl) (33)

and this result is also given by (30b).
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Fig. 4. Common-port return loss of unmodified filters connected in
series.

Substituting for x, in (27a) and (27b), both a,, and b,,
can be zero with no loss of generality, and we obtain

4y = 5& (34)
by, = 5;—%. (35)

Eliminating x,, k;, and k, in (28a) and (28b), we get
T
call o

Finally, substituting into (30a) and (30b) and solving for the
constant term, we find that x; can be zero without loss of
generality, and

1 (J2 1
= |— —— 38
s SD%cl(Dz cl) 9
1 (K? 1
= =t - 39
bis SC%D1(02 Dl) %)

Equations (29) and (31)—(39) are the coefficients in (2)-(10).
Consider the upper filter in Fig. 3. The design procedure

forces Yi(j(w, + @) = Y(i(o; + a)) + (@)
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and, except for an error of the order of a™*, there must
therefore be maximum power transfer into N';. Since the
lower filter, in its stopband, has an input impedance which is
purely reactive up to the order of &~ #, it follows that, to this
order of approximation, there is maximum power transfer
from the source to the whole network. Also, since N is
lossless, there is maximum power transfer from N') to its
load. Thus it follows that

S11(j(; + a)) =0 + e(a™?)
S2a(j(w; + a)) = 0 + &(a™*)

and similar conditions hold for the common port and the
output port of the other channel at the set of frequencies
{o; — o}

Now consider the upper filter of Fig. 3 at the center of the
passband of the lower filter. The increase in the insertion loss
of the filter is due to the potential-divider action which
results from the passband input impedance of the lower filter
and the annulling reactance being connected in the series
with the source resistance. Considering the modifications to
the filters, it is easy to show that the increase in insertion loss
is given by

1
AL, ~6+ 101 1+—>
(] + Ogm( + 4C%O€2) (40)
and similarly
1
ALy~ 64 10 logyo (1 +ZD%7) (41)

This process can be continued, and corrections of the

fourth and higher degrees in 1/o obtained. However, the
magnitude of the corrections becomes small compared with
manufacturing tolerances, and the principle corrections are
to the resonant frequencies of the elements and are
inevitably made during tuning of the diplexer.

In [1], Rhodes showed that the symmetrical diplexer
performed well even when the channels were contiguous.
This is not true of the asymmetric diplexer, unless the
selectivities of the individual filters are comparable at their
band edges, and this criterion must be used to determine the
filter specification for a given application.

IV. PERFORMANCE OF A TYPICAL DIPLEXER
Consider the following diplexer example.

813

Each filter has a conventional Chebyshev response and
the explicit element values given in [2]. The degree and ripple
level have been chosen such that the insertion losses of each
channel are equal at zero frequency.

The common-port return-loss response of the two filters
connected directly in series is shown in Fig. 4; clearly, the
interactions between the filters cause an unacceptable degra-
dation of performance.

In contrast, Fig. 5 shows the performance obtained by
modifying the filters according to the design procedure given
in Section II: the improvement over Fig. 4 is very marked.
The in-channel return loss is better than 22 dB, and the lower
frequency channel shows very little degradation. The
insertion-loss curves also show the predicted improvement.

A waveguide diplexer has been designed from this prot-
otype. This was made in waveguide 14, ata center frequency
of 5.8 GHz and channel bandwidths of 20 and 40 MHz; the
channel separation is hence 50 MHz The design of the
diplexer was straightforward, and is sketched in Fig. 6.
The filters were designed using direct-coupled half-wave
cavities, coupled via shunt inductive post irises. The indivi-
dual filters were designed using the procedure in [3], and
the common port was realized by a T-junction with tuning
screws at the center of the junction to provide a capacitive
annulling susceptance. The frequency-invariant suscep-
tances in parallel with the capacitors in the prototype
produce relative differences in the cavity resonant frequen-
cies and were absorbed by adjustments to the tuning screws.

The response of the waveguide diplexer agreed closely
with theory, as is shown in Fig. 7.

V. CONCLUSIONS

The direct design formulas given for asymmetric
bandpass channel diplexers can be used to design high-
performance diplexer prototypes. These prototypes can be
directly transformed into narrow-band diplexers using
direct-coupled resonator filters.

A 5.8-GHz waveguide diplexer has been designed and
built using the new formulas, and its response agreed closely
with theory.
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Center Frequency Bandwidth Return Loss . Degree
(rad/s) (rad/s) ripple (dB)
Low-Frequency
Channel —25 2.0 26 3
High-Frequency
Channel +2.5 4.0 27.31 7
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