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Compact Multi-Port Power Combination/Distribution
With Inherent Bandpass Filter Characteristics
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Abstract—Compact multi-port power combiners and dividers
with filter characteristics are introduced. These components
advantageously combine the functions of power distribution and
filtering in a single component, thus reducing the number of com-
ponents in a system and improving overall system performance.
The design principle, which is entirely based on filter theory, is first
presented for a symmetric filtering four-port combiner/divider
and is then extended to an eight-port network. Measurements
on a symmetric all-metal waveguide four-port prototype show
excellent agreement with simulations and validate the general
design approach. The experimental response of an asymmetric
substrate integrated waveguide eight-port network agrees rea-
sonably well with simulations and demonstrates that the basic
four-port element can be extended to very compact multi-port
combiner/dividers to cope with a variety of systems requirements.

Index Terms—TFilter synthesis, multiports, power combiner,
power divider, substrate integrated waveguide (SIW), waveguide
filters.

I. INTRODUCTION

ULTI-PORT combiner/distribution networks are widely

used in modern communications systems. They are, for
example, employed for the combination of several high-power
signals (e.g., [1]), Butler matrices, as well as for beam-forming
networks within an antenna subsystem (e.g., [2]). Thus, these
multi-port networks are generally aiming at low dissipation
losses to accommodate optimal systems properties and high
power-handling capability. Therefore, they are often imple-
mented in waveguide technology. A realization with substrate
integrated waveguide (SIW) technology can provide an attrac-
tive compromise with reasonable dissipation loss on one hand
and compact size and low production cost on the other.
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The principle implementation of both variants (metal wave-
guide and SIW) is very similar. This means that the overall
design of multi-port combiner networks considers convenient
interconnections of several single/individual power-combiner
components. Components that provide decoupled ports are
commonly preferred because the general characteristics are
largely independent of the matching properties of other com-
ponents connected to the individual ports of the multi-port
network.! Consequently, these applications employ couplers,
hybrids, rat-race rings, and/or magic tees (e.g., [3]-[5]) instead
of simple power splitters (e.g., [3, pp. 345-359]). In addition,
filtering capabilities are generally mandatory in communica-
tions system equipment.

Recently, there have been first implementations providing
the combinations of power splitting and filtering functions
[6]-[8]. One principle is based on coupled resonators; i.e.,
first, the common port couples directly the resonators of two
separate identical filters [6], or secondly, the common port
couples a common filter section with several resonators where
the last resonator of this common section directly couples two
resonators of individual path sections [7]. Another approach is
based on the combination of simple power splitters combined
with filter sections [8]. It should be noted that all these princi-
ples consider specific matching properties only at the common
port, whereas matching properties at the distributing ports, as
well as “isolation” between them, are principally resulting from
the assigned power magnitudes; i.e., a 3-dB power splitting
entails 6-dB return loss and “isolation” at/between the output
ports.2 The matching properties at the common port as well as
the determined power distribution are obtained only when all
ports are (perfectly) terminated; i.e., a remarkable mismatch
at only one of the ports will affect the overall performance
(i.e., matching and power distribution). In addition, all these
solutions are considering only a single common port for power
distribution/combination.

The inherent drawbacks of these principles are obviated by
the use of coupler solutions; they are providing matching and
isolation properties for all ports. In addition, they provide the
possibility of several input and output ports; i.e., it is well known
that a single coupler provides two decoupled input and two
output ports, respectively, that can be utilized for more complex
and special designs such as Butler matrices.

INote that in case of a simple branching/bifurcation, the overall properties
depend on the matching properties at all ports.

2Without consideration of dissipative losses.
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In the past, the coupler functions for such designs and the
filtering have been dedicated to different components (e.g., [2]),
and therefore, their designs have been treated and specified
separately. Only recently have power dividers with inherent
filter characteristics been introduced for microstrip circuitries,
e.g., [9]-[11], low-temperature co-fired ceramic (LTCC) tech-
nology [12], and for a dielectric loaded cavity configuration
[13].

Another general approach based on waveguide technology
has been proposed in [14]. It builds on a basic four-port element
with four resonators where each of the ports is coupled to one
resonator while each resonator is coupled to two adjacent ones.
An initial validation of this principle has been introduced by
a power-combiner design in SIW technology, which exhibits a
rat-race characteristic with second-order filter functions for the
semi-signal transmission paths [15]. This paper uses the same
basic concept for the basic building block, but follows up with
theory, design guidelines, extensions to multi-port power com-
biners/dividers, transmission zeros, and implementation.

The application of this novel concept allows the merging of
power dividers and filters so that only a single component will
be required that simultaneously provides power distribution/
combination and filter characteristics, thus resulting in reduced
number of components. Hence, the numbers of components and
internal system interfaces as well as overall equipment costs are
reduced while overall performance properties are improved.

Therefore, the aim of this paper is to introduce the advan-
tageous application of this novel approach [15] to multi-port
power distribution/combination networks with inherent higher
order filter characteristics. The complete subsystem is designed
in one part without any interconnections (internal interfaces)
of individual coupler components such as in current state-of-
the-art multi-port realizations with distributed individual com-
ponents. This permits a very compact design with well-defined
characteristics and no need for post-assembly tuning or other
compensation measures.

The validation of this approach is provided by two different
prototypes. First, a four-port waveguide power divider with
second-order filter function is designed, analyzed, and tested.
The consideration of one port with an orthogonal alignment
to the H-plane waveguide structure yields a symmetrical
structure design. The computed and measured results of this
design demonstrate that excellent performance properties are
achievable, especially when structural symmetry of the basic
four-port elements can be considered.

Secondly, an eight-port power distribution/combination
network is prototyped in SIW technology. Due to the entirely
planar SIW structure, this implementation possesses a certain
inherent structural asymmetry, but still achieves isolation be-
tween all ports. The signals fed to two of the ports are equally
distributed to four others, and the respective signal paths
exhibit fifth-order filter characteristics. Each of the remaining
two ports provides signal paths with third-order filter functions
to only two assigned ones of the four ports. Good agreement
between computed and measured characteristics validate the
overall design approach.
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Fig. 1. Equivalent circuit of basic building block.

II. THEORY AND BASIC FOUR-PORT DESIGN

The basic building block of the class of components intro-
duced in this paper is shown in Fig. 1. It consists of four res-
onators, shown as the black discs, coupled by admittance in-
verters .J; ;. The structure is assumed symmetric with respect to
the bisecting horizontal plane as shown. The analysis and design
are carried out in the low-pass frequency domain where a res-
onator is represented by a unit shunt capacitor in parallel with a
constant reactance 5;, which represents the frequency shift of
the resonant frequency with respect to the center of the band (or
a reference frequency). Naturally, this prototype is valid only
for narrowband systems.

A. Scattering Matrix

The first step in the design is to relate the scattering matrix,
or any other response function, of the structure to its adjustable
parameters, which are taken as the frequency shifts and the in-
verters or coupling coefficients. To this end, we exploit the sym-
metry of the structure through its even and odd modes.

1) Even Mode: The even-mode results when ports 1 and 4 in
Fig. 1 are excited by the same signal, say, a1, and ports 2 and 3
by the same signal, say, a>. The signals ¢; and a2 are arbitrary.
For this mode, the signals exiting ports 1 and 4 must be equal,
and they are denoted by b;. Similarly, the signals exiting ports
2 and 3 are equal and are denoted by b,. The scattering matrix

of this mode is defined by
()= (5 ) ()
by)  \ S5 S5 ay )’

The analysis can be further simplified by placing open cir-
cuits in the symmetry plane and keeping only half of the circuit.
This sub-circuit then consists of inverter ./; in cascade with res-
onator 1, from which half of inverter J14 is dangling, in cascade
with inverter .J12, resonator 2, from which half of inverter .J53 is
dangling, and finally, inverter .J>. An expedient way to analyze
two-port networks of this type is through the ABCD matrix.
Following this procedure, we obtain

A B\ _ [0
c. )= \jn
1 0 0+
X . . . 412
s+jBi+jJ14 1 jJiz 0

1 0 0o £
. . . Ja ], 2
% <S+JB3+JJ23 1) (]Jz 02) @

Carrying out the multiplications, we get (3a)—(3d) shown at
the bottom of the following page.

(1)

O,}<|g
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The scattering matrix of this mode follows from the standard
relations between the ABC D matrix and the scattering matrix,
normalized to unity in this case, as given in the Appendix.

2) Odd Mode: The odd mode can be analyzed similarly to
the even mode. Short circuits are placed in the symmetry plane,
keeping only half of the circuit. The ABC' D matrix of the re-
maining half of the circuit is obtained from the ABC D matrix
of the even mode by changing the signs of Jo3 and J14. The re-
sult is

A, B\ _ (0 £
c, D)= \jn 0
(eoimiine ) (o %)
X . R ) 12
s+jB1—3J14 1 jJiz 0

1 0 0 <L
‘ . ) ). (4
% <5+]B3—JJ23 1) (]JQ 0 ) @)

By multiplying out these matrices, we get (5a)—(5d), shown at
the bottom of this page. Once the ABC'D matrices of the even
and odd modes are known, we construct the scattering matrices
of each mode and then that of the overall structure according to
the relationship

St + 571 Sia+ 5%,

[ o € o
5112 - Lglz Agll - 5111

2 2 2 2
Slo+ 57 S5+ 55 St — 571 STy — STy

g 2 2 2 2
Sty = Sto ST1—ST1 S5 — 55 ST+ 57,

2 2 2 2
STi—ST1 St — ST STa+ 57, ST — 574

2 2 2 2

(6)
When the elements of this scattering matrix are calculated,
it is found that their denominator is of order 4 in the complex
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frequency s with leading term s*. However, interesting cancel-
lations take place when additional constraints are imposed, as
we now discuss.

3) Case With Ji4 = —Jss, J1 = Jo, and B1 = DB3: An
examination of the equations relating the A BC'D parameters to
scattering parameters in the Appendix shows that, under these
conditions, the denominators of the scattering matrices of the
even and odd modes are identical. This leads to a reduction in
the order of the denominator of the scattering parameters of the
overall structure from 4 to 2, shown in (7)—(10) at the bottom of
the following page.

The scattering parameters given by (10) show that port 1 is
completely isolated from port 3 and so is port 2 from port 4.
This is a direct consequence of the symmetry of the structure
and the phase reversal in J14 and .Jo3. Equation (9) shows that
the transmission between ports 1 and 4 and that between ports 2
and 3 are equal in magnitude, but always 180° out of phase. The
transmission coefficients between ports 1 and 2 and between
ports 3 and 4 are equal both in magnitude and phase, as shown
by (8). Finally, the relative coupling as given by S2; and S14 is
determined by the ratio Ji2/.J14.

B. Design for Jiy = —Jas, J1 = Jo, and B1 = B3

Since this building block consists of coupled resonators, it
can be designed similarly to coupled-resonator filters. The sym-
metry is further exploited to reduce the number of dimensions
that must be determined. It is, however, worth pointing out that
the class of second-order responses that can be implemented is
limited because of the reduced number of free parameters in the
scattering parameters in (7)—(9). We consider a simple example
to illustrate the procedure.

. : )

Ao = —j 2 (s+jB1+jJ14) (3a)
Ji T

B _j(52+j8(31+33+J23+J14)—(B1+J14)(B3+J23)) _ J12 (3b)

© ’ J1do 1o “J1ds
Ji1J
Co =—j==2 (3¢)
!]12

D. = —j———(s+jBs+jJas) (3d)
JoJ1o
.o . )

A, = — : Bi—3J 5
.7']11]12(?"‘.7 1—JJ1a) (5a)
.(«5’2+J'S(Bl+B3*J23*J14)*(Bl*J14)(B3*J23)) CJig

B, =—j -7 (5b)

J1J2-]12 JIJQ
C, =C, = (5¢)
Ji2
1 ) .

D, =~ (s+7Bs—jJos) (5d)

JoJ1o
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Let us assume that target second-order transmission coeffi-
cients of the following forms are sought:

jaz1
Sy = — T —— 11
= 52 + dls + d2 ( )
jan
Syp=-—>". 12
1 52 + dls + d2 ( )

The constants 21, a41, d1, and d» are real with the denomi-
nator being a Hurwitz polynomial. The first step is to relate the
parameters of the model, .J;, J12, and B; to these constants be
matching (8) and (11), as well as (9) and (12). The resulting con-
straints are

2J2 10 = am (13a)
2J2 14 = an (13b)
2(jBY + Ji2) = ds (13¢)
2jJ75B1 — BY + Ji + Ji + i = da. (13d)

For an arbitrary set dy, d2, @21, and a41, there may be no so-
lution to (13a)—(13d) with real values of Jy, J12, J14, and D;.
This is best illustrated by using an example of a second-order
3-dB Chebyshev response.

The transmission coefficients are given by

73.5169

8oy = Sy = .
2T AT 29 99965 + 4.9987

(14)

This expression is obtained from the standard pole-zero de-
composition of a second-order Chebysheyv filter with a ripple

constant ¢ = ().1005 and a return loss of 20 dB.
From (13c¢), we see that 3; = (). From (13a) and (13b), and
the fact that az; = a4y, we see that J12 = Jig (.]23 = —J14).

Under this condition, (13¢) and (13d) give Jyo = J14 = 1.2247
and J; = 1.1891. However, these values do not satisfy (13a)
and (13b) since 2J2J12 = 3.4633, which is slightly different
from ao; = 3.5169. It is also straightforward to confirm that
the roots of S1; as given by (7) are located at s = +1 instead
of £0.7071 for a second-order two-pole Chebyshev response.
This example confirms that there is no exact solution for a pure
Chebyshev response for this configuration.

Fortunately, very good approximate solutions can be found.
For the same example, an optimized solution leads to B; =
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Fig. 2. Responses of the central building block with B1 = 0, Ji» = Jia =
1.1717, .J; = 1.2246 (solid lines) and the second-order Chebyshev “filter” in
(14) (dashed lines). (a) Wideband response. (b) Expanded view of the passband.

0,.J12 = J14 = 1.1717,and .J; = 1.2246. A plot of S11 and Sy
for these values along with the transmission coefficient given
by (14) is given in Fig. 2(a). The agreement between the two
responses is very good over the entire frequency range. In fact,
the difference between the two responses is not visible in this
figure. An expanded view of the passband does show the differ-
ence [see Fig. 2(b)].

Once the values of the coupling coefficients (inverters) are
known, the design of the central building block follows stan-
dard techniques of coupled-resonator filters. Since these are well
documented, e.g., [16], they are not repeated here.

$2+2jsBy—Bi+Ji,+J5 - T}

M T R T e 0s(j B4 I %) + 25 % Bl — B JE + IR+ IR (7
Sio = So1 = Say = Sz = 2572 1o "
12 = D21 = O34 = D543 = $2425(j B+ %) +2jJ5 B — B2+ J2,+ J5 + I}
2jJ2J
Sl-l = S41 = —523 = —S32 — JJ1J14 (9)

§2+25(j B+ T5) + 2508, By = BE + I3y + I+ J{
and

5113 = Ag?,]_ = Ag24: = 6142 = 0

(10)
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Fig. 3. Phase characteristics of a basic four-port design (cf. Fig. 1) at 11 GHz
(150-MHz bandwidth, return loss 26 dB); red (in online version): <(Ss; =
<1541 = <€S43; green (in online version): <(.Sz3.

III. DESIGN CONSIDERATIONS FOR MULTIPORT NETWORKS

It is obvious that the general concept introduced in this paper
is not only restricted to the designs of four-ports as presented for
the basic building block. The almost arbitrary combination of
basic four-port elements with additional resonator/filter sections
allows the design of very compact multi-port subsystems that
can accommodate a variety of system requirements.

In multiport subsystems applications, aspects regarding the
implementation of special filter characteristics and phase re-
lations may become important for the individual signal paths.
Consequently, the realization of a frequency-selective power
distribution subsystem has to consider the convenient design
and combination of the basic building blocks, possibly with
additional filter sections. Hence, the inherent characteristics of
basic structures are decisively important.

A. Phase Characteristics

As introduced above, the basic building block exhibits four
ports. It provides the splitting of a signal fed to one of the ports
into semi portions occurring at two dedicated other ports, while
the fourth port is isolated. All ports are matched within the pass-
band and the power distribution will not be impaired in prin-
ciple by the matching properties terminating the ports. Thus,
the principle characteristic within the passband is comparable
to that of a magic tee or rat-race ring, e.g., [17]. It depends
on whether for the input signal at the feeding port, the power
splitting is in-phase (0°) or out-of-phase (180°). Considering
the basic structure of Fig. 1 with J;3 = Ji4 = —.Jo3, an
in-phase power splitting is achieved for an input signal at port
1 (S21 = 541;831 = 0) and port 4 (S41 = S43;: 8 = 0).
Out-of-phase power splitting occurs for signals fed to port 2
(So1 = —S32; 842 = 0) and port 3 (Sy3 = —S532; 531 = 0),
respectively. The analyzed phase characteristics for this basic
building block design at 11 GHz with 150-MHz bandwidth are
shown in Fig. 3.
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Fig. 4. Schematic of eight-port power divider/combiner; gray disks with num-
bers indicate ports; basic-block numbering (from left to right) II, I, II1.

Consequently, the design of a multiport power distribution
network—consisting of the direct combination of several basic
building blocks—has to carefully consider the phasing rela-
tions of the individual blocks. In other words, for an overall
design, the configuration of the individually combined blocks
is decisively important to satisfy specific phasing requirements
as necessary, for example, for beam-forming networks. How-
ever, the relative phasing relation of the individual paths does
not only depend on the inherent phase relation of the basic
blocks. The transmission phase of each path also depends on
the number of resonators and the transformation properties of
the resonators within individual paths. For example, an extra
TE101 mode resonator within a path transforms the phase by
180°.

B. Phase Design Example: Eight-Port Power Divider3

The example of an eight-port frequency-selective power di-
vider (cf. schematic in Fig. 4) demonstrates the general design
approach. The subsystem consists of 16 coupled resonators, 12
of which are forming three basic building blocks (II, I, IIT) that
are directly interconnected with couplings .J3. One additional
resonator is attached each to ports 1 and 2. Two other resonators
are considered at ports 7 and 8.

This structure has been optimized to satisfy operation at
11 GHz (bandwidth of 400 MHz) with the following character-
istics (cf. coupling values in Fig. 4).

+ 6-dB power distribution of input signals at port 1 (and 2)
to output ports 3—6. These signal paths exhibit five res-
onators yielding a fifth-order Chebysheyv filter response [cf.
Fig. 5(a)]. Considering the paths with the input signal at
port 1, all output signals are in-phase. A signal fed to port
2 exhibits in-phase signals at ports 5 and 6, while the output
signals at port 3 and 4 are out-of-phase (due to the nega-
tive coupling (—.J2) in block I), as shown in Fig. 4). Thus,
S31 = S41 = Ss1 = S61 and (—532 = —Syp = S52 =
Se2).

+ 3-dB power-splitting functions of input signals at port 7
(and 8) to output ports 3 and 4 (5 and 6). The respective
signal paths have three resonators, thus providing third-

3The description considers the divider case for simplicity—of course the de-
sign can be also operated in the reverse direction as a combiner.
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Fig. 5. Computed characteristics of the eight-port network shown in Fig. 4.
(a) Magnitude, red (in online version): 511 = S22 green (in online version):
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online version): Sy1 = Sa1 = S51 = Se1 = S0 = Sas = S50 = Seu; grey
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Sa3 = Ses. (b) Transmission phases, red (in online version): <531 = <€S41 =
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order Chebyshev responses [cf. Fig. 5(a)]. Due to the neg-

ative coupling (—.J5) in block II (IIT), the output signal at

port 3 (5) is in-phase and out-of-phase at port 4 (6) [cf.

Flg S(b)] Thus, 573 = —S74 and Sgo = —Sgg.

* All ports are matched within the passband:

— Return losses at ports 1 and 2 are according to the fifth-
order filter function.

— Return losses at ports 7 and 8 are according to the third-
order filter function.

— Return losses at ports 3—6 result from the combination of
the third- and fifth-order responses because these ports
are connected to both paths.

Thus, Slly SQQ, 5133., 544., S55, SGG: 5’777 and Sgg <

—23 dB.

* The isolation of the different ports allows simultaneously
the independent operation of the different power-splitter
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Fig. 6. Basis building block with extracted pole resonators (coupling scheme
with normalized parameters).

functions. In addition, imperfect matching properties of
interface equipment at the ports will only slightly impair
the respective filter and power divider functions. Perfect
isolation is (theoretically) achieved for 551, S71, Ss1, S72,
and Sga. Perfect isolation properties cannot be achieved
for S43 and Sgs since ports 3 and 4, as well as 5 and
6 are sharing two different filter functions. However, as
Fig. 5(a) shows, reasonable isolation is achieved for these
ports (Ss3, S5 < —25 dB), which is commonly sufficient
for most applications. Note that perfect isolation would be
possible by considering two extra resonators between port
7 (8) and block II (III) for the realization of the same filter
functions as for the fifth-order paths of the equipment (e.g.,
between ports 1 and 3).

It is obvious that the third- and fifth-order filter characteristics
for the different paths with the same equiripple passband ex-
hibit different 3-dB bandwidths and selectivity responses (cf.,
e.g., Fig. 5(a), S73 and Ss1, respectively). For the above de-
sign, both responses exhibit a 400-MHz equiripple passband,
the third-order response with 22 dB and the fifth-order charac-
teristic with 26-dB return loss, respectively [see Fig. 5(a)]. It
should be noted that the responses are according to their the-
oretical filter characteristics, which includes 3-dB bandwidths
and selectivities.*

This example demonstrates that in case of complex power
distribution networks, careful considerations are necessary
for the determination of the couplings to obtain the respec-
tive output signals. Note that the negative coupling of the
basic building block can be assigned arbitrarily to one of
the four couplings. This provides a certain freedom for the
overall design to accommodate specific phase requirements for
different paths.

C. Filter Functions With Transmission Zeros

The aim of high spectrum efficiency commonly yields the
need of high-selectivity requirements close to the passband.
Standard filter designs accommodate these demands with
tailored characteristics considering transmission zeros.

“4Identical filter functions for all paths are possible with two extra resonators
considered at each of the ports 7 and 8.
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The basic building block introduced in Section II exhibits a
second-order Chebyshev filter response between all transmis-
sion paths. As shown by the example above, the filter order of
a multiport network is increased due to the direct combination
of several blocks, as well as using extra resonators directly cou-
pled to the ports of the basic blocks. However, the sequential
coupling of resonators always yields Chebyshev responses.

This general approach, however, is based on coupled res-
onators in the same way as applied for standard filter designs.
Thus, extra filter sections that are used for the implementation
of transmission zeros (singlets, doublets, etc., as used in mod-
ular filter designs [16], [18], [19]) can be employed within the
basic blocks or within the overall multiport network.

Two examples are introduced to demonstrate the variety of
possibilities. The schematic of the first example is depicted in
Fig. 6. In this case, a basic building block is extended symmet-
rically at two of its ports with extracted pole resonators. The
parameters (couplings, resonances, and phases between the ex-
tracted pole cavities and the assigned resonators of the block)
have been determined to satisfy third-order filter characteris-
tics at 11 GHz (bandwidth 150 MHz, return loss 25 dB) with
a transmission zero at 11.18 GHz (design considerations sim-
ilar to [20]). The computed characteristics of this configuration
(depicted in Fig. 7) validate this general approach.

In the second example, the basic building block is symmetri-
cally associated with two doublets, i.e., each doublet is directly
coupled to a dedicated resonator of the block (cf. schematic in
Fig. 8). Thus, fourth-order filter responses with one transmis-
sion zero are obtained for the transmission paths. The couplings
and resonances are determined to satisfy a filter characteristic at
11 GHz (bandwidth 200 MHz, return loss 25 dB) with a trans-
mission zero at 11.2 GHz. The computed results of this design
in Fig. 9 also verify this design possibility.

Thus, it should be noted that the introduced multiport power-
divider approach can be extended by suitable filter sections for
the implementation of advanced filter characteristics with trans-
mission zeros. These sections will be directly associated with
the basic building blocks coupled between different blocks or
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between blocks and interface ports. They have to be considered
in the overall design since they are improving the filter functions
of the dedicated paths. The examination also includes their ef-
fects on the path transmission phases in applications where the
phase properties are of special interest. The implementation of
extracted pole solutions is only useful close to interface ports
since they require specific phase relations that are commonly
realized by transmission line sections.

D. General Remarks Regarding Implementation

The above characteristics of the equivalent circuits are based
on the exact values of the dedicated identical parameters (con-
sidering also the exact out-of phase conditions of the related
couplings, i.e., the symmetry of the structure determined in
Section II-B). However, there are commonly special constraints
for the implementation of physical microwave structures. One
is related to resonator arrangements allowing the realization of
the required couplings between dedicated resonators. Another
aspect applies to the realization of positive and negative cou-
plings, especially with identical value, but opposite sign. These
constraints entail usually different structures and dimensions,
respectively, for the designs of the individual elements. In
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Fig. 10. Photograph of the opened four-port power combination/distribution
component in: (a) waveguide technology and (b) port designation.

other words, the design of the structure of each individual
element (resonator, iris) accommodates the realization of the
determined parameter of the equivalent circuit to satisfy the
required symmetry “electrically.” However, the approximation
of the exact values is only achieved in the vicinity of the center
frequency, which is also known from the equivalent circuit
representation in standard filter designs. Especially in case
of different realizations of the same element value, there will
be small differences in the variation of amplitude and phase
characteristics versus frequency.

In the present approach, the effect of these small differences
is especially observed by the impairment of the perfect isolation
between the assigned ports.

Considering for example the design of the basic four-port
structure introduced in Section IV (Figs. 10 and 11). This imple-
mentation exhibits single-plane symmetry across ports 1 and 3.
The negative coupling is accomplished by a symmetrically cou-
pled TEqgy cavity, yielding identical dimensions of the positive
and negative coupling iris. The intercavity irises coupling res-
onator 1 with resonators 2 and 4 are also identical. Due to this
symmetry, the respective transmission signal paths from port
1 to port 2 and 4 (as well as from port 3 to 2 and 4) exhibit
identical responses. Thus, almost perfect isolation (>50 dB) be-
tween ports 1 and 3 is observed. (Note that the “non-ideal” value
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Fig. 11. Comparisons between theoretical, simulated, and measured scattering
parameters for the four-port prototype in waveguide technology.

of >50 dB of the electromagnetic (EM) simulation can be at-
tributed to small imperfections of the modeling.)

Compared to this symmetrical port situation of the structure,
anoticeable impairment of the isolation between ports 2 and 4 is
observed (cf. responses of simulation in Fig. 11(b), S42 > 35 dB
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Fig. 12. Eight-port combiner/divider network in SIW technology with dimensions in millimeters [actual number of via-holes according to the inset in Fig. 15(a)].

within the passband). There is no symmetry for these ports, i.e.,
the different paths of the semi-signals through the TE;y; and
TEs; cavities (towards ports 1 and 3, respectively) cause small
differences in the transfer characteristics. The comparison of the
computed amplitude and phase characteristics of the associated
paths (S2; = Sy1 and S32 = Sys) within the passband (fy £
75 MHz) exhibits a maximum amplitude imbalance of 0.02 dB
and a maximum phase imbalance of 0.7°. These deviations are
mainly the reason for the nonperfect isolation of the assigned
ports.

As this examination demonstrates, implementations with
symmetrical configurations provide the advantage of almost
perfect characteristics of the dedicated paths, i.e., no amplitude
and phase imbalance and perfect isolation. However, this is
not a general prerequisite for this approach, i.e., realizations
without any structural symmetry are feasible. Although such
designs will exhibit small deviations of the amplitude and
phase characteristics for the individual path responses within
the passband, they still provide high-performance properties as
the eight-port design example below proves.

IV. RESULTS

This section presents the implementation of the design theory
and considerations for two different multi-port power combina-
tion/distribution components.

The first circuit is a single-plane symmetric four-port
waveguide circuit that satisfies the conditions outlined in
Section II-B. It is designed for a bandwidth of 150 MHz,
centered at 11 GHz with a return loss of 26 dB. The normalized
parameters for this design are By = 0, Jio = Jia = —Ja3

1.4874, and J; = 1.4072. Fine optimization is performed in
the ;tWave Wizard. A photograph of the opened prototype is
shown in Fig. 10(a). The model of the complete configuration
in pWave Wizard including port designation is depicted in
Fig. 10(b). The component is realized as a structural part that
is completed with a flat lid—made from aluminum using CNC
milling techniques. Note that of port 4 in Fig. 10(b), only the
aperture is seen in Fig. 10(a), where this port points into the
page.

The basic design consists of an  -plane configuration of four
cavities. Each cavity exhibits couplings to one port and the two
adjacent cavities according to the equivalent circuit in Fig. 1.
Three of the cavities are utilizing the TE19; mode resonances
while one cavity (the one associated with port 4) is operated
with the TE5g; resonance mode. This allows the utilization of
the coupling transformation properties (similar as in [21]) of
this mode to accommodate the prerequisite of Jo3 = —.Ji4 in
the planar H -plane configuration. The three TE;y; mode cavi-
ties exhibit iris couplings to the dedicated waveguide ports—all
of which are realized within the H -plane waveguide configu-
ration [cf. Fig. 10(a)]. The TEyp; mode can be also coupled
by an H -plane iris and waveguide port to maintain an overall
H -plane configuration (as later considered for the eight-port
SIW application), but this would yield a complete asymmetric
structure—thus in such a case, the principle design demands of
equal coupling values and resonances (cf. Section II-B) are sat-
isfied electrically with individual dimensions of the elements,
i.e., irises and cavities. However, the optimal “electrical” sym-
metry is principally only achieved in the close vicinity of the
passband center frequency, yielding especially a deviation of the
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isolation performance caused by small phase and amplitude im-
balances that are increasing from the center frequency toward
the band edges.

For the present waveguide implementation, the inherent
asymmetry of an H -plane coupled TEq2q; cavity is avoided by
considering an interface from the top wall (port 4). This is an
iris coupling associated with the interface waveguide and is
located in the center of the top wall of the TEop; cavity—i.e.,
orthogonal to the H -plane iris couplings to the adjacent cavities
[see Fig. 10(b)]. It is noticed that this implementation exhibits
a single symmetry plane across ports 1 and 3, while the plane
across ports 2 and 4 is still asymmetric, which is finally also
observed in the results.

Fig. 11 shows comparisons between the simulated and mea-
sured scattering parameters with port numbering depicted in
Fig. 10(b). It is observed that the measurements agree very well
with theoretical data obtained from the design procedure in
Section II, as well as with simulations—except for the theoret-
ically perfect isolation [S3; in Fig. 11(a) and S5 in Fig. 11(b)]
that could be hardly achieved in real implementations. (Note
that the deviations of the selectivity of synthesis and simu-
lated/measured results are quite similar to those known from
typical H-plane filter designs.) The measured return loss at
all four ports is better than 20 dB, and the 3-dB power com-
bination/division capability is demonstrated. The maximum
insertion loss down from the 3-dB level at the center frequency
of 11 GHz is only 0.16 dB for S2; [see Fig. 11(a)] and 0.11 dB
for S3o [see Fig. 11(b)] as well as S41 and Sy3 [see Fig. 11(c)].
The measured isolation between ports 1 and 3 is better than
50 dB [see Fig. 11(a)] as a result of the symmetry plane across
the respective ports. The measured isolation between opposite
ports 2 and 4 is larger than 26 dB, which is still an attractive
figure for power-combiner applications. As mentioned above,
this value is attributed to the asymmetry of the configuration
across these ports. Nevertheless, the excellent results in mea-
surements and simulations fully verify the design theory.

It is obvious that the general concept introduced in this paper
is not only restricted to the designs of four-ports as presented
here. The almost arbitrary combination of basic four-port ele-
ments with additional resonator/filter sections allows the design
of very compact multi-port subsystems that can accommodate
a variety of system requirements, as for example, those already
introduced by the eight-port example in Section III. In order to
demonstrate this point, the eight-port design above was used for
a prototype implementation. However, instead of using metal
waveguides, a SIW circuit was used. Fig. 12 shows the circuit
layout and its dimensions.

Since a SIW is a planar technology, interfacing of the
TEsp1-mode cavity in the waveguide version [see Fig. 10(b)]
must now be placed in the same plane as all other ports. That
makes the circuit completely asymmetric as observed in Fig. 12,
and therefore, a larger impact on the isolation properties is ex-
pected. Although the symmetric design guidelines presented in
Sections II and III can still be applied, they must accommodate
an “electrical” symmetry considering individual designs of
all elements, i.e., coupling irises and cavities, by an overall
fine optimization. To accommodate the planar structure, the
TEsp1-mode cavity of the basic design above is now coupled
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Fig. 13. Comparisons between simulated and measured scattering parameters
for the eight-port prototype in SIW technology. (a) |S11]| to |S41]. (b) |:S51] to
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at the sidewall opposite to the iris couplings with the adjacent
cavities of the basic four resonator block. An additional TEq;
cavity is considered between this coupling and the respective
interface at all these ports—as can be seen in Fig. 12 at ports
2, 7, and 8. Another extra resonator is also considered at port
1. It should be noted that these extra resonators do not prin-
cipally have an influence on the coupling function, but they
are increasing the filter functions of the dedicated paths (cf.
Section III). The implementation depicted in Fig. 12 with align-
ment of the basic blocks to each other and the extra resonators
corresponds to the equivalent circuit design in Fig. 4. Thus, the
paths from port 1 (2) to 3—6 exhibit a fifth-order filter response
with 6-dB power distribution while the paths from port 7 (8)
to 3, 4 (5, 6) have a third-order filter characteristic with 3-dB
power distribution.

Following the synthesis procedure, an all-dielectric wave-
guide component using commercial software such as yWave
Wizard is designed for a bandwidth of 400 MHz at center fre-
quency of 11 GHz. The structure is then transferred to STW tech-
nology according to equivalent waveguide widths reported in
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Fig. 14. Comparisons between simulated and measured scattering parameters
for the eight-port prototype in SIW technology; |Sz1]| to |Szs|-

[22]. However, fine optimization of all resonator and coupling
parameters within HFSS is required to adjust for the transfer to
SIW technology. In order to ease the many different require-
ments of this circuit, the optimization applied in this case fa-
vored amplitude over phase response.

The eight-port power divider/combiner is designed for an
RT/Duroid 6002 substrate with ,, = 2.94, loss tangent 0.0012,
substrate thickness A = 0.508 mm, conductor thickness ¢ =
35 pum, and conductivity ¢ = 3.8 x 107 S/m. The diameter of
all via-holes is 1 mm with center-to-center spacing of 1.4 mm at
all ports. For access with measurement equipment, all ports are
interfaced with SIW-to-microstrip transitions according to [23].

In order to limit the number of figures, we present a selec-
tion of scattering parameters of the eight-port combiner/divider.
Fig. 13 presents a comparison between simulation and mea-
surements for parameters | S 1| with 1 < k& < 8. Reasonable
agreement between simulations and measurements is obtained
despite the fact that the original assumption of symmetry is vi-
olated. Measured return loss values in the order of 20 dB are
demonstrated [see Fig. 13(a)], and the input power at port one
is divided between ports 3—6 while ports 2, 7, and 8 are isolated
to at least 20 dB.

Several discrepancies between measurements and simu-
lations are observed. First of all, there is an added insertion
loss of up to 3 dB compared to the simulations that include
conductor and dielectric losses. This is comparable with many
published SIW filters whose insertion losses are in the order of
2 dB, e.g., [24]. Secondly, the measured return loss is worse
than simulated and the isolation peak in |S71| and |Ss1| [see
Fig. 13(b)] is not reproduced. And thirdly, a slight frequency
shift towards higher frequencies is observed.

The frequency shift can in part be attributed to the toler-
ance of the dielectric constant, but mostly to the fact that a
slightly larger drill size was used in the manufacturing process.
That makes the via-holes larger and the resonators effectively
smaller, thus shifting the frequency upwards. This may also be
a reason for the degraded return loss as couplings are changed.
The other deviations are mainly due to the measurement set
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up. Due to the size of the circuit (Fig. 12), a test fixture could
not be used so that all measurements had to be performed with
coaxial connectors attached to all ports and to all calibration
standards. (TRL calibration standards were used to deembed the
coax-to-microstrip-to-SIW transitions.) The different soldering
of all such connectors influences the calibration, and thus the
measurements. Moreover, only two ports can be deembedded at
the same time while the remaining six ports are terminated with
coaxial terminations. Thus, the reflections and losses caused
by microstrip transitions and coaxial connectors fully influence
the measurements, resulting in added reflections and estimated
added losses of up to 1 dB within the circuit.

Fig. 14 shows the scattering parameters related to one of the
side ports, port 8. A signal fed into port 8 is divided between
ports 5 and 6, while all other ports such as port 4 [or port 1
from Fig. 13(b)] are isolated. Due to the lower filter order (three
instead of five), the added loss is less than 1.5 dB compared to
those parameters displayed in Fig. 13 (e.g., 3.8 dB simulated
and 5.2 dB measured). The measurement of |Sg4| also shows
the limitations in the dynamic range.
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The inset of Fig. 15(a) shows the SIW prototype. In order to
explore the phase relationships within the passband, Fig. 15(a)
displays comparisons between simulated and measured phase
differences for in-phase and out-of-phase combining ports. Port
1 is divided in-phase between ports 3 and 5 (and ports 4 and
6). The agreement between measurements and simulations is
reasonable with a maximum deviation of about 20°. A signal fed
into port 8 is divided to ports 5 and 6. This division is out-of-
phase due to the TE2p; mode in one of the cavities attached to
port 8. The agreement between measurements and simulations
is very good, albeit the fact that the difference is 200° instead of
180°.

In order to investigate these discrepancies, Fig. 15(b) displays
the four transmission phases when feeding port 1 in the vicinity
of the center frequency. It is observed that the simulated phases
of S31 and Sy as well as those of S5; and Sg; agree, but that
there is about a 25° difference between the two. This is a re-
sult of having optimization focus mainly on amplitude response.
However, the phase measurements of S3; and Sy (to the left
of the input port) are off by about 10° and 20°, respectively,
whereas those of S5 and Sg; are in good agreement. This points
to tolerances in the fabrication of the prototype on top of the sol-
dering of connectors to the calibration standards. However, the
overall performance is also a result of optimizing a completely
asymmetric structure that cannot make use of all of the sym-
metry conditions assumed in Sections II and III. An all-metal
waveguide version of this eight-port combiner/divider with the
symmetrically coupled T'E4; cavity would have ports 2, 7, and
8 (Fig. 12) pointing upwards [cf. port 4 in Fig. 10(b)], thus
yielding improved performance properties due to the utiliza-
tion of the one-plane structure symmetry of the basic building
blocks.

V. CONCLUSION

The compact and frequency-selective multi-port power
combiner/divider networks introduced in this paper present
attractive solutions for modern communication systems. The
approach is based on a basic four-port building block consisting
of four directly coupled resonators. Multiport networks are
realized by the direct coupling of several such building blocks.
Moreover, additional cavities or complete filter sections (e.g.,
doublets, triplets, etc.) can be directly coupled between the
building blocks or at their interfaces to accommodate special
filter characteristics/requirements between individual ports.
Consequently, this general concept offers a high degree of
freedom in the design of multiport power divider/combiner net-
works with isolated/decoupled ports—providing additionally
almost arbitrary filter functions between the ports. The design
approach is entirely based on filter theory since all cavities of
the structure are directly coupled. Thus, the solution does not
only provide the merging of filter and combiner functions, it
also facilitates very compact implementations, which is another
important advantage. The measurements on the symmetric
all-metal waveguide four-port prototype verify the design
theory by excellent agreement with simulations. An eight-port
prototype demonstrates the possible extension of the four-port
element and the use of SIW technology. Due to limitations
in port orientation in planar circuits, the unavoidable total
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asymmetry encountered in SIW yields a reduced performance
compared with the all-metal waveguide circuit. However, the
operational principle applies in approximation and provides a
reasonable alternative when very compact planar circuitry is
envisaged.

APPENDIX

The scattering parameters of the even/odd modes are given in
terms of the respective normalized ABC' D parameters as

A° + Be:0 _ (80 _ DeEo

511 = Ae,o + Beo + Ce:o + Deo
5670 _ 2(A€7OD€,O _ Be,oce,o)
12— Ae,o + Beo + Ce:o + Deo
S0 — 2
21 Ae,o + Be,o + Ce,o + De,o
50— AS® 4 BeO — 00 4 D A

Aeo 4 Ree 4 (Jeo 4 Dewo .

By using the expressions of the elements of the ABC' D matrix
of the even mode as given by (3a)—(3d), the denominator of the
scattering parameters of this mode becomes

A+ B+ C*+ D*

= .52 +bos +c.

a = —J
© NidaJin
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¢ JoJio  JiJia JiJa Tz
. Ji2 o
e = — D J
=TT T Ty Bt )
(B1t J1a)(Bs + Ja) jJ1J2
Ji1Jo 12 J19
1
By + Jo3). A2
‘|"]2J12( 3+ Joz) (A.2)

Similarly, the denominator of the scattering parameters of the
odd mode becomes

A°+B°+C°+ D°

= a,5% + b,s + ¢,

0, = _—J
JiJoJi2
by = —j S n Jo J(B14+Bs—Jia— Jo3)
’ Jodve  Jidhe JvJoJiz
. J12 Jo (Br1—J14)(Bs—Jas)
o = — Bi—J 1
Co= I g gt T Pt J1JaT1s
Jids J1
— B3 — Jo3). A3
J J12 -]2J12( 3= Joa) (&.3)
If we now assume that B; = By, J; = Js and J14 = —Jo3,
(A.2) gives
(e = ~J
¢ J12J12
b — [ 2 2.731]
S /PSR A
Jio 2By (Bi—-J) L J7
o= —j 2y 2P PTG (A g
J J12 J12 J J12<]12 7<]12 ( )
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Under the same conditions, (A.3) becomes

a, = ~J
° J2 19
12 2;‘31]
bo=—j | — +
7{-]12 JETio
o 2By (BEI-JR) TR
Co = —j— 4 = gL Tl . (AS
TET T T Tn Y

Under these conditions, (A.4) and (A.5) show that a. = a,,
b. = b,, and ¢, = ¢,. Since the denominators of the scat-
tering parameters of the even and odd modes are identical, the
overall scattering parameters have the same denominator as in
(6). Each parameter has a denominator of second order. In the
general case, each denominator of the scattering parameters of
the central block is of order 4.
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