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Chapter

Design of Radial Power Combiners
Based on TE(; Circular Waveguide
Mode

José R. Montejo-Garai, Jorge A. Ruiz-Cruz
and Jesus M. Rebollar

Abstract

Modern microwave and millimeter-wave systems require high-power amplifiers
in very diverse fields such as communications or plasma physics. Although ampli-
fication technology has significantly evolved in the last decades, a single module is
not enough for achieving the required power level. The solution in this case is the
combination of several individual modules with power combiners. In this chapter,
this concept is shown with two E-plane radial power combiners, both carrying
a high-power signal with the circular waveguide TE(; mode. The first design is a
16-way Ku-band combiner with an excellent experimental performance: return loss
better than 30 dB, with a balance for the amplitudes of +0.15 dB and +2.5° for the
phases, in a 16.7% fractional bandwidth (2 GHz centered at 12 GHz), and efficiency
better than 95% in this band. The second design is a 5-way W-band combiner,
showing excellent characteristics as well: the experimental prototype has a return
loss better than 20 dB, with a balance for the amplitudes of +0.4 dB and +3.5° for
the phases, in a 12.8% fractional bandwidth (12 GHz centered at 94 GHz), and
efficiency better than 85% in this whole band. The experimental results obtained in
both designs are the state of the art in the area of radial power combiners.

Keywords: radial combiner, mode transducer, mode conversion purity, N-way
divider/combiner, evanescent mode, propagating modes, higher-order modes, return
loss, isolation

1. Introduction

There are a large number of high-frequency systems making an extensive use of
high-power modules, especially in modern systems at microwave and millimeter
wave bands for research, industry and defense. Some of these applications are new
communication systems with higher capacity, weather and control radars, space
exploration, and scientific facilities for particle accelerators or for plasma physics
[1-3]. The high-power modules required in these systems, although they may have
very diverse type of specifications, require all typically high efficiency in the power
amplification process, with high linearity, and over a wide frequency band. A single
individual module is, in many cases, not enough to achieve this high performance in
a single stage, and power combination is a classical strategy to overcome this situa-
tion. With this strategy, the requirements of the individual amplification modules
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are less stringent, simplifying their design, at the expense of introducing a unit
for the power combination, which can be done very efficiently, as this chapter will
show with two examples.

Amplification at the microwave and millimeter wave bands have been typically
based on high power vacuum devices such as klystrons, magnetrons, traveling
wave tubes (TWTs), etc. [4]. Although they are still a common solution at some
high frequency bands, these devices may suffer from some drawbacks such as their
very hard requirements of high-voltage supply, inherent thermionic noise, limited
lifetime of the filament, etc. To overcome these issues implies a high cost, especially
when the operation frequency increases, and some applications may not afford it.

After a continuous research over last decades, solid-state technology has become
an alternative to these vacuum devices. Along with this development, power
combination techniques have become crucial, for instance when a solid-state
power amplifier (SSPA) module cannot provide enough power. In this case, the
power combiner unit (which can be also seen, indistinctly, as a power divider
because of the reciprocity for passive waveguide components) becomes a key
component, which must have very stringent specifications. It must have very low
insertion loss, since it has to deal with high-power signals; a high insertion loss
implies less efficiency, but also high-power dissipation and heating of the unit.

The different signals must be combined with a very good balance in amplitude and
phase. Other important requirements are the return loss level at the input port and
the isolation between the output ports.

These varieties of requirements for the power combiner have led to many
topologies for implementing this function. The configuration based on a structure
with a radial symmetry between the input and output ports has some intrinsic
advantages in comparison with the chain-type or corporate-type combiners [5],
especially when dealing with a large number of ports [6, 7]. Since the configuration
has a radial symmetry, all the paths from the input to the output ports are guaran-
teed to be equal, providing a perfect amplitude and phase combination from the
theoretical point of view (i.e., manufacturing tolerances may slightly degrade this
ideal operation).

With respect to the most suitable high-frequency transmission system to imple-
ment the combiner, metallic hollow waveguides provide several advantages such
as low insertion loss and high power capability. Since waveguides are larger in size
in comparison to planar wave guiding structures, they exhibit higher robustness
and stability, which are crucial for amplifier modules and plasma heating for fusion
energy [8].

Many radial waveguide combiners can be found in the literature for Ku and
Ka frequency bands. The work in [9] presents a wideband 60 GHz 16-way power
divider with 20% bandwidth and 12 dB return loss level. A 19-way isolated radial
combiner is presented in [10], with 12 dB return loss level in a 24.4% bandwidth at
20 GHz. A 24-way radial combiner at Ka band is proposed in [11], with 25 dB return
loss level in a 15% bandwidth. A 20-way Ka-band design with 10 dB return loss level
is shown in [12] with a 25% bandwidth. The design in [13] shows a very competitive
performance, which will be further reviewed in this chapter.

At W-band, power combiners with radial symmetry are not as common as in
lower frequency bands. A four-way design, using a corporative scheme imple-
mented in H-plane waveguide configuration is reported in [14], with a T-junction
for the division. It has a theoretical return loss (the measurement is carried out in
back-to-back configuration) better than 10 dB in an 11.8% fractional bandwidth
(96-108 GHz). A four-way waveguide power divider is shown in [15] with a return
loss better than 13 dB in a 31.6% fractional bandwidth (80-110 GHz). This design
has the output ports with 180° out of phase. A W-band solid-state power amplifier is
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Figure 1.

Scheme of the radial power combiner (or divider) made up of (i) the mode transducer between the rectangular
waveguide TE,, mode and the circular waveguide TE,, mode, and (ii) the N-way radial divider (or combiner)
dividing the power carried by the circular waveguide TE,, mode into N rectangular waveguide TE,, modes.

presented in [3], using two types of waveguide combiners: a 4-way septum wave-
guide combiner and a 12-way radial-line waveguide combiner. The 4-way septum
waveguide combiner is of the corporate type [5]. The 12-way radial-line waveguide
combiner is composed of a transition from rectangular waveguide to coaxial, and
then goes into the central radial-line section. Very recently [16], a 5-port W-band
design has been proposed. The features of this structure are discussed in this chap-
ter, with additional details related to the ideal S-parameters of the structure guiding
the design.

When working with radial power combiners involving circular and rectangular
waveguides, as the designs shown in this chapter, two main characteristics will
determine the features of the final unit. The first one is the geometry of the mode
transducer connected to the divider, which will be directly related to the compact-
ness of the combiner and the level of the excited higher-order modes. The second
one is the use of resistive elements or sheets within the structure to improve the
isolation between the output ports [17]. In this case, the mechanical design must
take into account the integration of the resistive sheets, and the insertion loss level
and the power handling are usually degraded. Moreover, the amplitude and phase
balance may also get worse.

Taking into account all these considerations, this chapter presents the design
of two radial power combiners in waveguide technology. The prime objective has
been to obtain competitive designs suitable for manufacturing at microwave and
millimeter wave bands, giving priority to the following key requirements: the return
loss level at the common input port, the insertion loss from the input to the dif-
ferent outputs, the power handling capability, and the balance of both amplitude
and phase between the output ports. It will be emphasized how to control these
requirements with a common strategy for designs with different number of ports
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and for different frequency bands. Nevertheless, for the final implementation, the
different manufacturing technologies have to be taken into account in the final
design process, since the control of the dimensions with respect to the tolerances
and fabrication strategy (material, cuts of the parts, assembly, etc.) for the different
frequency bands is crucial for achieving a successful experimental prototype.

Figure 1 shows a detailed scheme of the topology used for the two E-plane power
combiners [13, 16] discussed in this chapter. It has a mode transducer between the
rectangular waveguide TE;, mode and the circular waveguide TE(; mode, and the
N-way radial divider. In this structure, it will be ensured that the other propagat-
ing modes, as well as the evanescent modes, have all a level of at least 50 dB lower
than the desired circular waveguide TE(; mode just before the radial divider. This is
essential to have a broadband performance and for avoiding spurious resonances in
the response. The structure will be used for two designs. The first design is a 16-way
Ku-band combiner, centered at 12 GHz with 2 GHz of bandwidth (16.7% fractional
bandwidth). The second design is a 5-way W-band combiner, centered at 94 GHz
with 12 GHz of bandwidth (12.8% fractional bandwidth).

2. Design of the circular waveguide TE(; mode transducer
2.1 Foundation of the mode transducer operation

The radial combiner in Figure 1 is based on the TEy; circular waveguide mode,
which is used in different fields of microwave and millimeter wave engineering. For
instance, some oversized circular waveguides work with the TEy; mode because of
its low attenuation constant, since its electric field is progressively smaller when
approaching the circular boundary [18-19]. Metallic cavities made up of a cylinder
with circular cross section provide resonant TE(,, modes, used for microwave filters
with very low insertion loss, and this type of cavities are also common in plasma
systems, gyrotrons, masers, etc. [20-23].

In all these applications, it is necessary to convert first the power coming from
the generator in the fundamental mode of a suitable transmission system (typi-
cally a coaxial, or a rectangular waveguide for high frequency bands) into the
TE, circular waveguide mode, which is not the fundamental mode of the circular
waveguide. The device performing this function is the circular waveguide TE,
mode transducer. Although there are many implementations of this device, there
are two main methods for the generation of this mode from a TE,, rectangular
waveguide mode.

The first developed method was based on transforming the cross-section
of the input rectangular waveguide progressively into the cross-section of the
output circular waveguide, leading to a flared structure. This conversion is usu-
ally very long and involves many sections cascaded in-line following a symmetric
pattern in order to prevent the generation of higher-order modes, which may
degrade the overall performance [11]. Some examples are the Southworth-type
converter [18, 24], the Marie-type [25, 26], and the sector converter [27]. At the
beginning of these developments, the design of this type of converters was based
on the expertise of the designers; nowadays, powerful tools for computer aided
design (CAD) are also combined with the know-how of the designers. The main
drawbacks of this kind of in-line configuration are their large length and the high
level of the excited undesired modes [11].

The second method uses a sidewall coupling (by one or more several sides)
between the rectangular and the circular waveguides [28]. The flower-petal
transducer follows this configuration [29]. There are two main drawbacks for this
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structure, its narrow bandwidth and its high insertion loss level. Ka-band transduc-
ers with four branches are presented in [12, 30], showing moderate return loss level.
In these references, the sidewall coupling is a simple aperture with limited degrees
of freedom. As shown in [31], better return loss and wider band can be obtained by
improving the sidewall coupling. Hence, the designs presented in this chapter are
based on improvement made to the sidewall coupling.

The work in [31] forms the basis for the designs. Figure 2 shows the operating
principle of this type of transducer. In this figure, the converting section (dashed
circle) is excited in its four sides by the TE;, rectangular mode, generating the TEq;
mode at the circular waveguide. Figure 2 also shows the feeding network routing
the input to the four arms of the converting section.

For the design of the transducer, the classical goal is to obtain a challenging
return loss at the input with high purity conversion to the circular waveguide
TEy; mode. Thus, it is essential to control the level of the non-desired modes in
the circular waveguide, especially those that are propagating, with lower cutoff
frequency than the TEy; mode. A higher level for these modes degrades the conver-
sion efficiency, but it can also lead to spurious resonances in the power divider (not
always treated in detail in the literature of these devices). Thus, the first consid-
eration in the design is to identify how the different propagating modes of the
circular waveguide can be controlled, since the TE(; mode is not its fundamental
mode (i.e., it is not the mode with the lowest cutoff frequency).

This study can be done by analyzing the modes with respect to the number of
symmetry planes (1, 2 or 4) of the physical structure along with the symmetry
of the excitation, as in Table 1. Table 1 shows the modes associated to the cases of
one, two or four symmetry planes and the normalized cut-off frequencies of the
modes involved in the structure. The excitation in Figure 2 will be done with the
TE1o mode of the rectangular waveguide at the input, which has electric wall (EW)
symmetry. The TE(; mode of the circular waveguide has EW symmetry at four sym-
metry planes of the circular waveguide, including the planes at the four sides for the
excitation. In fact, this TE(; mode has EW symmetry for any radial plane.

The study leads to the following considerations:

a. The converting-section has four symmetry planes, all with EW boundary
condition, including the radial planes crossing the sides of the excitation. Thus,
according to the third column of Table 1, the only propagating mode in the
circular waveguide under this excitation is the TE;.

b.The feeding-network has only one physical symmetry plane.

c. Thus, the complete transducer has only one physical symmetry plane, with
EW symmetry boundary condition. Therefore, in the optimization of the final
transducer, the amplitudes of the propagating TE;;. and TE,;. modes must be
kept under very low levels. The TM;; and TE3;. modes have also to be controlled
for avoiding higher-order mode interactions with the radial divider (TMy; is
under cut-off in the designed bands). This will allow reducing later the length
of the circular waveguide connecting the transducer and the radial divider.

2.2 Converting section design

The converting section has two symmetry planes with four rectangular ports at
the excitation sides. This avoids the generation of the TE;;. mode, according to the
considerations in previous subsection. In addition, some kind of matching ele-
ments must be included for obtaining a challenging return loss level in broadband
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Scheme of a sidewall coupling for a circular waveguide TE,, mode transducer, showing the electric field lines,
the converting-section (dashed circle) excited in its four sides, and the input feeding network (with E-plane
T-junctions and waveguide bends).

Circular waveguide modes excited under different field symmetry planes

Allmodes One symmetry plane Two symmetry planes electric Four symmetry planes electric

k= fchcE,, electric wall (EW) wall (EW) wall (EW)
|

TE; k=1 TEq1c

TE;sk=1

TMp k=131

TEy k=166 TE. TEz1c

TEys k =1.66

TEO1k = 2.08 TEO1 TEO1 TEO1

TMy;c k =2.08

TMy k=208  TMy,

TEsck=228  TEs.

TEs k =2.28

TMpy k =2.79

TM, k=279 TMss TMyss

In boldface, the highlighted circular TEq mode is used to connect the mode transducer with the N-way radial divider.

Table 1.

Circular waveguide modes associated to the case of one, two, or four symmetry planes and their normalized

cut-off frequencies.
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applications. This is done with a one-section stepped transformer shown in the
insets of Figure 3a and b, connecting the circular waveguide with the rectangular
waveguide ports. A circular metallic post has been also placed at the bottom of the
cylinder for improving the return loss.

Figure 3 shows the simulated response of the converting-section for both
designs at Ku- and W-band, respectively, obtained with CST Microwave Studio [32].
The simulations have taken into account the four symmetry planes. In both designs,
the return loss level for the TE(; mode is better than 30 dB. In the insets of Figure 3,
a 3D CAD view of the final converting section is included.

It is important to note that, in this structure, the only propagating mode at the
circular waveguide is the TEq,, according to the third column of Table 1, and, thus,
the reflection coefficient in Figure 3 fully characterizes the behavior of the convert-
ing section with the considered symmetries. Moreover, it is also emphasized that the
manufacturing process has been taken into account in the full-wave optimization,
imposing constraints and limitations in the dimensions of the matching elements
for easing the fabrication. For instance, for the W-band design that will be imple-
mented by micromachining, corners are rounded in the simulation with 0.2 mm
radius. In addition, the transformer sections keep the width of the WR10 standard
waveguide used for the ports.

2.3 Feeding network design

The converting section is fed from the input rectangular port by means of the
feeding network shown in Figure 2, which is composed of the following building
blocks: two types of T-junctions and three types of waveguide bends, all in E-plane
configuration (there is no width variation in the feeding network).

All these individual components (the building blocks), and their connection
(leading to more complex building blocks), must preserve the bandwidth and
the return loss level obtained previously in the converting section. Moreover, the
footprint is minimized. A step-by-step process has been carried out in the design
of all these individual components separately. The complete feeding network is
obtained after a final optimization, varying only some connection lengths between
its building blocks.

L
S}

cir F
—|pl (TE;; mode) —|pl (TES; mode)

_30 r \ / \ 1 -30 r \ /_/
-40 : : : -40 — : : : : : i
11 88 90 92 94 96 98 10
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a) b)

Magnitude (dB)
N
o
Magnitude (dB)

0

Figure 3.

Simulated response of the reflection coefficient for circular waveguide TE,, mode in the converting-section,
taking into account the four symmetry planes with electric wall boundary condition (EW). In the insets, a 3D
CAD view of the full converting-sections is shown. (a) Ku-band response and (b) W-band response.
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2.4 Final design of the transducer

The converting section and the feeding network, separately designed in the
previous stages, are now connected. A final optimization is carried out in order to
fulfill the specifications of the return loss level and high purity conversion from
the rectangular waveguide TE;o mode to the circular waveguide TE;; mode. Only
one-half of the converter is analyzed due to the single physical symmetry plane of
the complete transducer, which has EW field symmetry. This reduces the time of
the full-wave simulations. Nevertheless, since accurate results are needed in this
stage, the high computational cost of the electromagnetic analyses makes crucial to
minimize the number of optimization variables.

In addition, the cost function, which traditionally only involves the return loss
and/or the insertion loss, must also include the level of the four higher propagating
modes in the circular waveguide (TEis., TEz1c, TMyys, TE3yc, according to the first
column of Table 1), for controlling their required attenuation with respect to the
desired TE(; mode. As it could be expected, the radius of the circular waveguide is a
key optimization parameter, since it controls the cutoff frequency of the modes, and
it is directly related to the challenging level of 30 dB required for the return loss.

The final structure of the transducer in Ku-band is presented in the inset of
Figure 4a, where the electric field pattern under operation is also shown. Figure 4a
shows the simulated response achieving a return loss level higher than 30 dB, while
Figure 4b shows the attenuation level, higher than 50 dB, for the four propagating
modes in the design band from 11 to 13 GHz. A back-to-back measurement of two
similar transducers manufactured in brass can be seen in [13], showing a very good
agreement with respect to the theoretical simulation.

The final mode transducer for the W-band design is shown in the inset of Figure 5a,
also with the electric field configuration. The simulated return loss, with a level bet-
ter than the specified 30 dB, is shown in Figure 5a. The response for the attenuation
is shown in Figure 5b, achieving levels higher than 55 dB for the four propagating
modes in the design band from 88 to 100 GHz.

Both transducers have been designed in this chapter for integration with a radial
divider. However, they can be also used as separated devices in diverse applications
of high-energy particle accelerators or plasma heating. In all these cases, power
rating is a key parameter. For the presented transducers, it has been calculated at
the lowest frequency of operation in each band, i.e., 11 GHz in Ku-band and 88 GHz
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Figure 4.

(a) Simulated return loss of the Ku-band transducey, better than the 30 dB goal in 2 GHz centered at

f =12 GHz (16.7%). In the inset, the electric field configuration is shown. b) Level of the four propagating
modes (transducer with one physical symmetry plane having EW) at the civcular waveguide (transmission
from TE™ ), higher than 50 dB in the 11-13 GHz band.
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(a) Simulated veturn loss of the W-band transducer, better than the 30 dB goal in 12 GHz centered at

f =94 GHz (12.8%). In the inset, the electric field configuration is shown. b) Level of the four propagating
modes (transducer with one physical symmetry plane having EW) at the civcular waveguide (transmission
from TE™ ), higher than 55 dB in the 88—100 GHz band.

in W-band. Assuming a break down field of 30 kV/cm, and analyzing the criti-
cal dimension of each design, a 240 kW value has been obtained for the Ku-band
transducer, while 9.6 kW for the W-band design.

3. Design of the 16-way and 5-way power dividers

The circular waveguide TE(; mode generated by the transducer has to excite the
radial divider, whose symmetry guarantees that the N output ports in Figure 1 will
have the same signal in amplitude and phase. Under the assumption that the radial
divider will have low return loss, the power carried by the circular waveguide TEy;
mode is equally divided in magnitude and phase into the TE;y mode of the N rect-
angular waveguides at the output ports. The radial dividers have typically a metallic
post (with one or more sections) at the bottom of the structure. However, since
the number N of output ports for the Ku- and W-band designs is very different (16
versus 5, respectively), additional strategies have been followed in each design for
obtaining the specified challenging return loss level.

3.116-way radial divider

In the case of a large number of ports, as in the 16-way power divider in the
Ku-band, reduced height rectangular waveguides are typically connected to the base
of the radial divider [11, 12]. Since the ports are implemented in standard wave-
guides, in this case N stepped transformers (normally only changing the height)
would be required between the output ports and the circular cylinder of the divider.
Therefore, the complexity, the size and the insertion losses would be increased. The
design shown in Figure 6a avoids these transformers, with standard WR75 wave-
guides directly attached to the divider base. Therefore, even though 16 output wave-
guide ports are involved in the design, the radius of the base size is not enlarged.
Since the height of the waveguide is not decreased, full power handling capability is
maintained, and insertion losses are not degraded. In addition, 16 transformers are
avoided, simplifying the manufacturing process and reducing the cost.

The radial symmetry with appropriate EW boundary conditions is also exploited
in the simulations to reduce drastically the computation time. Figure 6b shows the
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Figure 6.
(a) 3D CAD view of 16-way divider with the standard WR75 waveguides directly attached to the base without

stepped transformers. (b) Simulated response of the reflection coefficient of the circular waveguide TE™,,
mode, and the transmission to the TE™ , vectangular ports (from the TE™ ), in the 16-way divider (only one

quarter of the structure); in the inset, a 3D CAD view includes the port numbering.

theoretical full-wave simulated response of one quarter of the divider. The return
loss level is better than 30 dB in the 2 GHz bandwidth. In the same figure, it can be
seen the transmission coefficients corresponding to the simulation of one quarter of
the whole structure. Thus, insertion loss in ports P, P, and Ps is 6 dB, but in ports
P, and P, with half-height, the level is 3 dB lower than in the other three, i.e., 9 dB
(see the port numbering in the inset of Figure 6b). After this response is obtained,
the 16-way power divider is ready to be connected to the transducer.

3.2 5-way radial divider

The ideal S-parameter matrix of a 5-way power divider is shown in (Eq. (1)),
following the notation used in [33] (Figure 7). The coefficients @ and f represent
the matching of the input and output ports, respectively. The coefficient y is
related to the input power division, while the coefficients 11; and n, describe the
coupling between pairs of different waveguide ports, two values in the case of N = 5.
Assuming that the structure is lossless, the S-matrix is unitary and, consequently,
it is possible to obtain the value of its elements, imposing perfect matching at the
input port, i.e., a = 0. Table 2 collects all the possible values for the other four ele-
ments (16 different matrices). It is interesting to note that in the case of N = 5, it is
theoretically possible to match all the ports («x = f = 0).

Port 2

Yy v v Vv ¥

. B m mom
n Nz B N2 m
M M M2 B M
N2 M M1 Nz B

e LR LR

Figure 7.
Scheme of a 5-way radial power combiner with port numbering according to (Eq. (1)).
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(a) 3D CAD view of the 5-way divider. (b) Simulated response of the reflection coefficient for the civcular
waveguide TE™ ,, mode, and the transmission to the TE'™,, rectangular ports (from TE™ ;) (only half of the
structure); in the inset, a 3D CAD view including the port numbering is shown.

For our W-band design, the 5-way power divider implementation will follow
the configuration shown in Figure 8a. In the full-wave simulations, the radial
symmetry with appropriate EW boundary conditions is exploited to reduce the
computation time. Figure 8b shows the theoretical full-wave simulated response
of the divider. The return loss level is better than 30 dB in the 12 GHz bandwidth.
Since the simulation has been done over one half of the structure, the insertion loss
for ports P;, P, is 4.77 dB. In port P,, with half-height, the level is 3 dB lower than in
the others three, i.e., 7.77 dB (see the port numbering in the inset of Figure 8b).

4. Integration of the transducer with the divider: experimental results of
the Ku-band and W-band power combiners

The last step in the design is the integration of the mode transducer and the
radial divider. Since the return loss levels in both components have been carefully

11
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controlled, the final optimization of the full power combiner is a simple task only
involving a few parameters: the radius of the circular waveguide and the dimensions
of the matching cylinders in the divider and in the transducer. After that, the power
combiners are manufactured and tested.

4.1 Experimental results of the Ku-band power combiner

The 16-way radial Ku-band power combiner has been manufactured in brass.
Figure 9a shows a photograph of the unit during the experimental characterization
of the scattering parameters. In the photograph of Figure 9a, the combiner has 16
high-precision WR75 matched loads attached to its output ports. The manufactur-
ing has been done in four parts, two halves corresponding to the mode transducer
and another two halves corresponding to the radial divider. The cuts separating the
parts have been done along the E-plane of the waveguides, in order to reduce the
insertion losses.

Figure 9b shows the comparison between the simulation and the measurement
of the return loss level, under excitation by the input common port. In the inset,
the port numbering has been included in a 3D CAD view. The agreement between
theory and simulation is excellent, even when the measured value is better than
30 dB in the 11-13 GHz bandwidth. Only a small difference is shown at the upper
extreme of the band at 13 GHz.

Figure 10a presents the measured insertion loss of the 16-way combiner com-
pared with i) the theoretical value assuming perfect conductor (6 = o0, —12.04 dB),
and ii) the average value simulated corresponding to the brass conductivity
(6 = 15.9-10° S/m, —12.15 dB). From these results, it can be said that the effective
conductivity obtained in the manufacturing has virtually achieved the nominal
value. The amplitude balance is also very good, since the extreme values are within
+0.15 dB. The phase responses of the transmission from the input to the 16 output
ports are shown in Figure 10b, with a detail in the inset. The balance between the
extreme values is very good as well, within +2.5°.

Figure 11a shows the transmission between two output ports to characterize the
isolation. One of the output ports has been selected, the sixth in this case, according
to the inset in Figure 9b, which represents a generic case because of the rotational

——|p| Simulation
|p| Measured

Magnitude (dB)
R
o

11 115 12 12.5 13
Frequency (GHz)

a) b)

Figure 9.

(a) Manufactured Ku-band prototype in the test bench including the high-precision matched loads in the
output ports for the experimental testing. (b) Comparison between the simulation and the measurement of the
return loss at the input (port 1 in the figure). In the inset, a 3D CAD view shows the port numbers.
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(a) Measured insertion loss of the 16-way Ku-band combiner compared with the theoretic value assuming
perfect conductor (o = ©, —12.04 dB), and the average value simulated corresponding to the brass conductivity
(Cprass = 15.9 MS/m, —12.15 dB). (b) Measured phases of the 16-way combiner from port 1 to ports 217, with a
detail in the inset.
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(a) Measured isolation vesponse of the 16-way Ku-band power combiner: Transmission between the output
port 6 (see the inset in Figure 9b) and the adjacent output ports of a middle of the combiner, i.e., the S, Sse
etc. until Sy, ¢ parameter. (b) Comparison between the simulated and measured combining efficiency.

symmetry. The graph shows the measured transmission to the adjacent ports: S;¢, Sg¢,
etc., until the Si4 ¢ parameter. The results for the other parameters related to the other
half of the divider would be similar (the simulated results would be exactly equal

for a perfectly symmetric combiner). The average value for these eight responses is
approximately —14 dB. However, it is interesting to note that the worst case corre-
sponds to the isolation between two contiguous ports, the S;¢ parameter in this case,
where the minimum value is close to —6 dB.

In power combiners, a key figure of merit is the combining efficiency param-
eter [34], defined in (Eq. (2)), using the number 1 for the input common port. It
characterizes the combined effect of the deviations of both magnitude and phase
with respect to the ideal behavior. Figure 11b shows the simulated and measured
efficiency, which is better than 95% in the whole operating bandwidth.

2

£ = ey

2|~

N
z Sk+1,1
k=1

13



Electromagnetic Fields and Waves

4.2 Experimental results of the W-band power combiner

The 5-way radial W-band power combiner has been also manufactured in brass
[16] by micromachining. The unit has been divided into four parts, which will be
stacked vertically. Figure 12a shows the CAD view of the parts separated before
the assembly, and also after the integration. Figure 12b shows a photograph of the
combiner during the experimental characterization of the scattering parameters,
with high-precision WR10 matched loads.

The comparison between the simulation and the measurement of the return
loss level is shown in Figure 13a. This is the reflection coefficient seen at the input
common port, which is port 6 in the numbering in the inset of the figure. The mea-
sured level is better than 20 dB in the complete operation band (12 GHz centered
at 94 GHz), and better than 25 dB in the 80% of this bandwidth. These measured
levels are coherent with the sensitivity analysis of the power divider taking into
account a tolerance for the fabrication of +0.02 mm.

A systematic process has been followed to characterize the insertion loss of all
the transmissions between the common input and the five outputs. According to

a) b)

Figure 12.

(a) 3D CAD of the four sections in E-plane configuration to make the 5-way W-band combiner and its final
assembly. (b) Manufactured prototype in the measurement bench including the high-precision matched loads in
the output ports for the experimental charvacterization.
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Figure 13.

(a) Comparison between the simulation and the measurement corresponding to the veturn loss level of the
5-way power combiner excited by the input common port (port 6 in the figure). In the inset a 3D CAD view

is shown including the port numbers. (b) Measured insertion loss of the 5-way combiner compared with the
theovetical value assuming perfect conductor (o = o, —6.99 dB), and the average value simulated corresponding
to the brass conductivity (Opy,ss = 15.9 MS/m, —7.35 dB).
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(a) Measured phases of the 5-way combiner, with a detail in the inset showing its very small difference. (b)
Measured isolation response corresponding to the transmission between output port 1 (see the inset in Figure 13a),
and the adjacent output ports of a middle of the combiner, i.e., the S, , and S, ,, parameters.
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Figure 15.
Comparison between the simulated and measured combining efficiency of the 5-way W-band power radial
combiner.

the numbering in the inset of Figure 13a, the vector network analyzer is connected
between port 6 and the corresponding port from 1 to 5, while the other four ports
are connected to high precision matched loads (i.e., with return loss level better
than 40 dB at W-band).

Figure 13b presents the measured insertion loss of the 5-way combiner com-
pared with the theoretical value assuming perfect conductor (¢ = o0, —6.99 dB),
and the average value simulated corresponding to the brass conductivity
(Gbrass = 15.9-10° S/m, —7.35 dB). The average measured value of —7.6 dB implies that
the effective conductivity obtained in the manufacturing is only slightly degraded
with respect to the nominal value. The balance for the amplitudes is very good,
since it is within +0.4 dB at the extremes of the band.

The phase response of the transmission between the input and the five output
ports is shown in Figure 14a, with a difference at the extremes of the band within
+3.5%, which also emphasizes the accurate manufacturing for obtaining this reduced
margin at this band. Figure 14b shows the transmission between two output ports
to characterize the isolation. Since the structure is symmetric, a generic port is
selected (number 1 in this case, using the numbering in the inset of Figure13a). In
consequence, it is simulated and measured the transmission to its adjacent ports,
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i.e., the S;; and S;; parameter. Their average level is approximately —7 dB, very close
to the theoretical value of |ny| = 1| = [v/5/5| in Table 2, which is —6.98 dB. Finally,
the efficiency has been simulated and measured showing both results in Figure 15.
The measured efficiency is better than 85% in the whole operating bandwidth.

5. Conclusions

Two radial power combiners based on the TE(; mode of the circular waveguide
have been designed, manufactured, and tested. They can be used in high-frequency
systems for diverse applications at microwave and millimeter wave bands. A
systematic step-by step process has been followed to control the partial responses
of the two main building blocks of the combiner, i.e., the mode transducer and
the radial divider. In all the steps, the symmetry of each building block has been
taken into account to reduce the computational effort in the optimization process.
Moreover, the geometries have been simplified as much as possible to ease the
manufacturing and to reduce the cost.

For the mode transducers, a strict control of the modes in the problem has been
done by means of a rigorous analysis of the symmetry planes and the mode families
involved in the structures. The sidewall excitation has led to very compact struc-
tures, which can also be used for mode transduction in other fields such as plasma
heating.

In the case of the Ku-band 16-way divider, the output waveguides are directly
connected to the divider without increasing the radius of the cylinder, avoiding
extra stepped transformers. This improves the power handling and simplifies the
manufacturing with respect to other designs using reduced height waveguides. In
the case of the W-band 5-way divider, a careful design and the manufacturing by
means of high precision micromachining with stacked waveguides have led to an
excellent experimental performance.

The experimental results in both Ku- and W-bands are, to the authors’ knowl-
edge, the state-of-art of radial combiners based on the TE(; mode of the circular
waveguide. This statement is based on the obtained results in return and insertion
loss, and balance for both the phase and the amplitude. The Ku-band 16-way divider
power combiner has achieved a 95% measured efficiency in a 16.7% fractional
bandwidth. The W-band 5-way divider power combiner shows an 85% measured
efficiency in a 12.8% fractional bandwidth.
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