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A Novel Frequency-Selective Power
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Integrated Waveguide Technology
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Abstract—A frequency-selective power combiner/divider in
single-layer substrate integrated waveguide (SIW) technology is
introduced. The basic building block consists of a planar four
cavity structure with three of them operated in SIW TE;q,
modes and one in SIW TE24; mode. Each cavity is coupled to one
port of the unit. In addition the overall configuration considers
couplings of each resonator to the two adjacent ones. Due to the
coupling transformation properties of the TE»;; mode cavity,
second order 3 dB transfer functions are obtained from each port
to two adjacent ones while the fourth port is almost isolated. The
novel combiner/divider is designed for 11 GHz and prototyped
on RT/Duroid 5870 substrate. Measurements verify the design
process and operation of the device.

Index Terms—Power combiner, power divider, substrate inte-
grated waveguide (SIW), waveguide filters.

I. INTRODUCTION

HE design and applications of multi-port power com-

bining and dividing systems are well understood, e.g.,
[1], [2]. In transceiver applications, a common application of
power combining involves the sum (and/or differences) of two
signals which are usually combined by broadband four-port
networks such as couplers or rat-race rings. Such systems typi-
cally involve filters for frequency selection and/or attenuation
of other bands [3], [4].

Following the common trend for miniaturization of systems,
several attempts have been made recently to combine the power
combining and filtering functions in a single component by at-
taching resonators to individual ports. Examples include fil-
tering hybrids in microstrip circuitry [5], [6], LTCC technology
[7] and coupled dielectric resonators in a waveguide housing
[8]. A substrate integrated waveguide (SIW) bandpass rat-race
coupler is presented in [9]. However, the design in [9] requires
two substrate layers which complicates the fabrication process
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Fig. 1. Routing and coupling scheme of the frequency-selective power com-
biner/divider.

as the layers have to be aligned properly to realize the coupling
between resonators. An all-metal waveguide design involving
horizontal and vertical ports is suggested in [10]. However, nei-
ther theoretical nor experimental verification are presented.
Therefore, this letter introduces a new frequency-selective
SIW power combiner/divider that can be manufactured on a
single substrate layer. In principle, the component is similar to
that of [10]. However, the perpendicular port is eliminated to
maintain the single layer structure for a SIW realization. The
measured performance of the single layer SIW implementa-
tion exhibits satisfactory coincidence with the computed results
which demonstrates the feasibility of the novel design approach.

II. OPERATING PRINCIPLE AND DESIGN

Fig. 1 shows the routing scheme of the frequency-selective
power combiner/divider. All four ports are coupled to their re-
spective resonators by coupling factor My, . Inter-resonator cou-
plings of each resonator to its adjacent ones are provided by M 2.
The basic structure consists of four inter-resonator couplings (cf.
Fig. 1). One of these couplings has to be considered with oppo-
site sign to achieve the coupler function, i.e., to obtain the 3 dB
transfer functions from each port to its two adjacent ones while
the opposite (fourth) port is isolated. Hence the transfer signals
pass two resonators of the basic structure yielding a second order
filter function. Isolation of the opposite port is achieved by the
negative inter-cavity coupling so that the signals coupled from
the two adjacent resonators cancel each other.

Thus theoretically, this basic structure exhibits the combina-
tion of a four port coupler like a rat-race ring or Magic Tee with
a second order filter function of all transfer paths. Additional
filter sections symmetrically associated at decoupled ports of
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Fig. 2. Dimensions of the frequency-selective SIW power combiner/divider
prototype.

the basic structure allows the realization of higher order filter
functions.

The general design starts with the determination of the
required filter characteristic that can be deduced from
well-known filter design formulas, e.g., [11], which pro-
vide the corresponding 2-port filter S parameters Siit
and Sa21¢ (cf. [11]). Introducing this filter S matrix in a
classical rat-race ring or Magic Tee provides the relation-
ship of the principle S matrix of the overall 4-port and
the filter 2-port: Si1 = Sop = S3zz3 = Sgu = Siig;
So1 = S31 = Sg2 = —S43 = S21¢/v/2; S32 = Su = 0.
The remaining S parameters follow from [S] = [S]T.

Thus the overall unit exhibits the same matching properties
as the filter response whereas the transmission characteristics
have a 3 dB offset according to the power splitting. This prin-
ciple behavior is used to determine the objective function for the
optimization of the normalized coupling coefficients (similar to
[12]) and the final structure.

This approach has been applied to design a basic 4-port com-
biner structure with a single layer SIW implementation that ex-
hibits a second-order Chebyshev filter characteristic. For a re-
turn loss of 20 dB and a bandwidth of 150 MHz centered at
11 GHz, the normalized coupling coefficients in Fig. 1 are opti-
mized as Mg; = 1.2247 and M5 = 1.1728.

With the coupling coefficients specified, the first step is the
design of an all-dielectric waveguide component using commer-
cial software such as the ;tWaveWizard. This structure is then
translated to SIW technology by using equivalent waveguide
widths, e.g., according to [13] and fine-optimized within CST.

Fig. 2 depicts the dimensions of the introduced single layer
SIW implementation with port designations as in Fig. 1. The
power combiner/divider is designed for RT/Duroid 5870 sub-
strate with e, = 2.33, tan 6 = 0.0012, substrate thickness
h = 0.508 mm, metallization thickness t = 35 pm, and con-
ductivity o = 5.8 x 107 S/m. The via diameter is | mm with
center-to-center spacing of 1.5 mm at all ports.

As seen in Fig. 2, the basic structure consists of three
TE01-mode cavities (coupled to the left, top and bottom ports)
and a TEsg;-mode cavity (coupled to the right port). Each
cavity provides two inter-cavity couplings with its adjacent
ones. The utilization of the coupling transformation proper-
ties of the TEyp;-mode cavity allows the realization of the
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Fig. 3. Comparison between simulated and measured S parameter results: (a)
S11. So1. Su1, Sa1; (b) Saz. Sus. Saz; (€) Saa; Sag. Ss2 (cf. Fig. 4 for port
designations).

required coupling with opposite sign—i.e., the two inter-cavity
couplings are implemented at the different ‘half waves’ of
this resonance mode (cf. Fig. 2). Note that the port coupling
of the TEyp;-mode in a planar H-plane structure has to be
considered at one ‘half wave’ of the resonance mode. Due to
this fact, the structure becomes completely asymmetric. For
the realization, this imposes that each cavity and iris have
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Fig. 4. Photograph of fabricated prototype and port numbering; simulated and
measured phase difference between ports 2 and 3 to port 1 and port 4.

individual dimensions to electrically accommodate the respec-
tive symmetric theoretical values. These structural differences
yield inherent imperfections of this implementation, because
the exact electrical values of the resonances and couplings are
obtained at the center frequency. Despite these effects, it is
demonstrated below that the SIW implementation of this novel
design provides satisfactory performance.

III. RESULTS

Fig. 3 shows a comparison between simulated (CST)
and measured S parameter magnitudes of the frequency-se-
lective SIW power combiner/divider prototype. Note that
microstrip-to-SIW transitions (cf. inset of Fig. 4) and coaxial
end launchers are added for measurements. Such transitions
are deembedded at the two ports that are measured while the
remaining two ports are terminated with 50 €2 coaxial loads.

The design and functionality of the device is well verified
by measurements (Fig. 3). First, results demonstrate that de-
spite the structural imperfections from the theoretical circuit ap-
proach, a satisfactory component design is achieved with more
than 20 dB isolation between the respective ports. Some dis-
crepancies between simulated and measured performances are
observed with respect to the center frequency and mainly |S11],
|Ssa|, and |S44]. The slight shift in center frequency is mainly
caused by the tolerance of +0.02 of the dielectric constant of
the substrate as has been verified by using £, = 2.35 in sim-
ulations (not shown here). This fact also changes some of the
couplings and also moves the isolation minimum of |S35| (top
and bottom port, cf. Fig. 4) towards higher frequencies. (Note
that better bandpass characteristics require a more accurate fab-
rication process.) However, the measured isolation is still better
than 25 dB [Fig. 3(c)] with all other parameters performing rea-
sonable in view of the frequency shift. The insertion losses are
measured as 2 dB [|Sz; | in Fig. 3(a)], 1.5 dB [|S31 ] in Fig. 3(a)],
2 dB [|S42| in Fig. 3(b)] and 1.2 dB [|S43] in Fig. 3(c)] down
from the theoretical value of 3 dB. The simulated data, which
includes dielectric and conductive losses, is about 1 dB better.
The added insertion loss is attributed to the fact that during any
measurement, only two of the four ports are deembedded. The
reflections and losses caused by microstrip transitions and end

launchers at the other two ports influence the measurements.
This was verified by separate measurements on SIW filters.

In order to explore the phase relationships within the pass-
bands, Fig. 4 displays comparison between simulated and mea-
sured phase differences for in-phase (< (S21)— < (S31)) and
out-of-phase (< (Sa3)— < (S42)) combining ports. The agree-
ment is reasonable, and it is observed that the measured phase
difference is actually better than the simulated one. Over the de-
signed 150 MHz bandwidth centered at 11 GHz, the measured
differences of the two ports are within —1.6 to —6.4° and 176

to 171°, respectively.
IV. CONCLUSION

The single-layer frequency-selective SIW power com-
biner/divider represents in principle a combination of a rat-race
ring with a BPF. It is a viable alternative compared to a different
component that requires two separate SIW layers. Measure-
ments performed with the SIW prototype confirm design and
operation of the new single-layer SIW power combiner/divider.

Since this basic principle can be associated with arbitrary
filter functions, providing very compact and low-loss imple-
mentations, it is well suited for frequency selective power com-
biner networks (e.g., butler matrices) as well as redundancy net-
work circuitries that avoid extra filter equipment.
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