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Abstract— In this paper, a new class of 3-D-printing-compa-
tible E-plane elliptical waveguide (EWG) junction is proposed
for wideband power dividers/combiners. The junction is based
on an EWG architecture with tailored power dividing and
impedance-matching structures that are configured in a Y-shape
profile. The junction is devised according to a specified ori-
entation for 3-D printing and it features smooth and intrinsi-
cally self-supportable waveguide sidewalls. Compared to con-
ventional rectangular waveguide junctions, the proposed EWG
junction exhibits dramatically enhanced structural compatibil-
ity with additive manufacturing technology. A novel four-way
EWG-junction-based power divider is demonstrated at Ka band.
The power divider is prototyped monolithically by incorporating
Polyjet 3-D printing and electroless copper plating processes. RF
performance of the power divider shows a return loss of mostly
over 20 dB, transmission coefficients of averagely —6.5 dB, and
small amplitude and phase imbalances across the entire Ka band,
successfully validating the wideband and low-loss characteristics
of the proposed EWG junction.

Keywords — elliptical waveguide, Polyjet, 3-D-printing-compa-
tible, waveguide bend, waveguide junction, waveguide power
divider/combiner.

I. INTRODUCTION

Waveguide junctions with power dividing and combining
functionalities have been extensively utilized as the enabling
circuit element in the feeding network of high-power RF fron-
tends. Conventional rectangular waveguide (RWG) junctions
include E-plane and H-plane architectures with the waveg-
uide arms mainly configured into T-shape and Y-shape pro-
files. They are capable of achieving a wide operational band-
width by incorporating a variety of impedance-matching struc-
tures such as printed circuit board (PCB) elements [1], metal
irises [2], metal posts [3], and ridged and transition waveg-
uide segments [4]-[6]. Conventional RWG junctions are man-
ufactured by employing metal-based computer numerical con-
trolled (CNC) machining process and the junction model needs
to be split into several parts to facilitate machining of the
impedance-matching structures inside the waveguide pipes.
Unfortunately, CNC machining and assembly of geometrically
complex waveguide structures are challenging.

An alternative solution to address this challenge is manu-
facturing the waveguide structure monolithically with the help
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Fig. 1. An air-cavity simulation model of the proposed wideband E-plane
Y-shape EWG junction. YJ Port 1, YJ Port 2, and YJ Port 3: EWG ports. The
blue dashed region illustrates a contour of the EWG port (solid) in compar-
ison with that of the filleted RWG (dash) on the other side of the transition
waveguide L.

of 3-D printing technology. Many 3-D printed passive de-
vices containing RWG junctions such as orthomode transduc-
ers (OMTs) [7], [8], magic-Ts [9], and power dividers [10],
[11] have been demonstrated. The 3-D printed waveguide de-
vices feature reduced redundant structures and enhanced flex-
ibility in the geometrical design. Monolithic prototyping of
these devices requires minimized use of internal support that
allows correct formation of overhanging structures and sus-
pended ceilings of the waveguide. To fulfill this requirement,
the 3-D electronic model is usually preset with an appropriate
posture in the 3-D printing platform. The posture determines a
vertical orientation for 3-D printing and along this orientation
most of the waveguide sidewalls can be formed without using
any support. However, manually selecting a posture as such is
difficult for complex waveguide geometries. In addition, 3-D
printing the waveguide structure in a tilted posture inevitably
produces deformation and the deformation would deteriorate
RF performance of the device. For example, the measured port
and polarization isolations of the 3-D printed OMTs in the
work of [7] and [8] are much lower than the simulated values
mainly due to the deformed polarization splitters. Similarly,
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Fig. 2. EM simulation of the proposed E-plane Y-shape EWG junction. (a)
The simulated TE.j1-mode magnetic field distribution at 31 GHz. (b) The
simulated reflection and transmission coefficients. The optimized lengths cor-
responding to the EM-simulated result are g = 4 mm and [gs = 11 mm.
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transmission characteristics of the waveguide junctions are im-
pacted by the deformed impedance-matching structures and it
is unlikely to compensate the impact through post processing
of the 3-D printed parts.

In this work, a geometrical solution compatible with 3-D
printing technology is tailored for the waveguide junction to
minimize the internal support and the deformation, simulta-
neously. A new class of E-plane elliptical waveguide (EWG)
junction is proposed. The junction is devised by incorporating
the fundamental principle of additive manufacturing and it is
used in the prototype design of a Ka-band four-way EWG
power divider. The following content of this paper describes
design, manufacture, and RF measurement of the power di-
vider.

II. 3-D-PRINTING-COMPATIBLE EWG POWER DIVIDER
A. E-Plane Y-Shape Junction

The proposed E-plane Y-shape junction is based on an
EWG architecture comprising two 45° E-plane EWG bends
and two transition waveguide segments (I and II) as illustrated
in Fig. 1. The input and output EWG ports are defined as YJ
Port 1, YJ Port 2, and YJ Port 3 and the EWG supports trans-
mission of the dominant mode TE.;;. As the junction is used
for power dividing, the TE.;; mode is input from the YJ Port
1 and is split into two signal paths propagating to the YJ Port
2 and the YJ Port 3 with an equal amplitude and out of phase.
This ideally corresponds to transmission coefficients of Syj 2
=Syis1=1/ v/2 and a reflection coefficient of .S vi_11 =0. The
transition waveguide I between the EWG port and a filleted
RWG segment is built by lofting. The transition waveguide
IT is composed of two partially nested filleted RWG-to-EWG
transitions with the intersecting edge formed naturally into an
arch-shape contour. An arch-shaped septum is built as part of
the waveguide sidewalls, enabling the power dividing func-
tionality and a “‘self-supportable” feature of the junction. As
can be seen in Fig. 1, the cavity profile is shaped according to
a specified orientation, i.e., the oz axis, for 3-D printing and
it allows the waveguide sidewalls to be self-supportable as the
junction is 3-D printed along this axis. With the specified 3-D
printing orientation, slicing for the electronic model of the
junction is carried out in the xoy plane and the edge of each
sliced layer can be supported by the lower layer without in-
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Fig. 3. Physical modeling and EM simulation of the Ka-band four-way EWG
power divider. (a) An air-cavity simulation model. (b) The simulated reflection
and transmission coefficients. (c) The simulated transmission phase.

troducing large overhangs. Therefore, the junction can be 3-D
printed in this orientation without using any internal support.

It is worth noting that the aforementioned “self-suppor-
table” feature of the junction is tailored for this particular
3-D printing orientation along the oz axis. This means that
3-D printing the junction along other orientations would lose
this feature. For example, the support would be used inter-
nally for the junction printed along the oy axis. Therefore,
the EWG-junction-based waveguide device needs to be shaped
along the oz axis as well so that the entire structure of the de-
vice can be 3-D printed monolithically with minimized use of
support. Fig. 2(a) graphically exemplifies simulated magnetic
field distribution of the TE.;; mode in the junction. It is in-
teresting to see the similarity in the field distribution of the
EWG TE_.1; mode and the RWG TE;y mode. The electromag-
netic (EM) simulation is performed in CST Studio Suite [12].
The lengths of semi-major and semi-minor axes of each EWG
port, i.e., a.g and beg as labeled in Fig. 1, are determined to
be 3.725 and 1.8 mm, respectively, according to [13] that has
evidenced a wideband transmission characteristic of the EWG.
The calculated cutoff frequency and bandwidth of the EWG
corresponding to this size are 24 and 19.9 GHz, respectively.
The bandwidth covers the entire Ka band, and therefore, it
is reasonable to use the EWG architecture for realization of
wideband microwave devices. The cross-sectional size of the
filleted RWG is determined to be close to that of the EWG and
the related dimensions are ag = 7.45 mm, bg = 3.6 mm, and
rig = 0.5 mm. The position of the EWG bends are adjusted
to be tangential with each other and the lengths /g, and lgs
of the transition waveguides, as labeled in Fig. 1, are opti-
mized to achieve wideband and low-reflection performance.
The simulated Ka-band frequency response of the optimized
junction geometry is plotted in Fig. 2(b), showing full-band
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Fig. 4. The simulated reflection and transmission coefficients of the air-cavity
models. (a) The EWG-to-RWG transition. (b) The Ka-band four-way EWG
power divider with the transitions.
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Fig. 5. 3-D illustrations of the Ka-band four-way EWG power divider. (a) The
package model for 3-D printing. The cutaway view in the dashed region shows
the internal profile of the E-plane Y-shape EWG junction. (b) Photographs of
the manufactured power divider. The inset in the dashed region provides a
close-up view of the 3-D printed and copper-plated arch-shape septum.
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equal power dividing performance with a reflection coefficient
of lower than —25 dB.

B. Four-Way Power Divider

A Ka-band four-way EWG power divider is then designed
on the basis of the proposed junction and its air-cavity sim-
ulation model is illustrated in Fig. 3(a). The power divider
is composed of three EWG junctions in connection with two
groups of EWG bends. Specifically, the output ports of the
first-level EWG junction (Y;) are connected to the input ports
of the secondary two EWG junctions (Y, and Y3) with con-
secutive E-plane and H-plane EWG bends (EB and HB). The
four output ports of the Y, and Y3 junctions are extended with
E-plane EWG bends to adapt to waveguide flanges. Combina-
tion of the 45° E-plane bends and 45° H-plane bends produces
a streamlined and 3-D-printing-compatible power divider ge-
ometry. Figs. 3(b) and 3(c) present the simulated RF perfor-
mance of the designed four-way EWG power divider. It shows
an equal-amplitude and in-phase power dividing characteristic
at the Ports 2-5. The EWG bends exhibit low loss and low
reflection and would not degrade RF performance of the power
divider. The simulated reflection and transmission coefficients
of the power divider are mostly lower than —20 dB and (—6.5
+ 0.3) dB, respectively.

All the EWG ports are transitioned to standard WR28
RWG ports to facilitate RF measurement of the power divider
and a short segment of EWG-to-RWG transition is used for
each port. Fig. 4(a) shows the simulated RF performance of the
transition waveguide in different lengths. A transition length
I1 of 6 mm is selected to tradeoff the size and reflection. Fig.
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Fig. 6. The EM-simulated and RF-measured results of the four-way EWG
power divider. A root-mean-square surface roughness of 2 um was used for
copper (o =5.96 x 107 S/m) in the simulation. (a) The reflection and trans-
mission coefficients. (b) A zoom-in view of the transmission coefficient. (c)
The amplitude imbalance. (d) The phase imbalance.

4(b) presents the EM-simulated result of the power divider
with the transitions and it shows little variation as compared to
the one in Fig. 3(b). Fig. 5(a) illustrates the designed Ka-band
power divider in a monolithic package model, where the four
WR28 flanges at the output ports are combined to enhance me-
chanical strength of the package. As can be seen in Fig. 5(a),
intersection of the two EWG bends forms the self-supportable
arch-shape septum that can be 3-D printed along the oz axis
with minimized risk of collapse.

III. FABRICATION, MEASUREMENT, AND DISCUSSION

The package model of the power divider was prototyped
monolithically with a low-density and heat-resistant photosen-
sitive resin by employing high-precision Polyjet 3-D printing
process. The 3-D printing was carried out along the —oz axis
in a resolution of 20 um. 3-D printing in this orientation saved
most of the external support for the suspended flange with-
out introducing any internal support. The support was 3-D
printed with a low-melting-point photosensitive wax and was
readily removed by baking and rinsing in the post process of
3-D printing. It should be mentioned that monolithically 3-D
printing the model along the +oz axis was still feasible for
the utilized Polyjet process and this 3-D printing orientation
was also applicable to other techniques such as stereolithogra-
phy apparatus (SLA) and direct metal laser sintering (DMLS).
The 3-D printed resin model was thermally cured, cleaned,
and electroless plated with a 5-um thick layer of copper. Pho-
tographs of the manufactured power divider are included in
Fig. 5(b).

The power divider was measured by using a Keysight
N5224A network analyzer under a two-port waveguide-based
through-reflect-line calibration. The RF-measured and EM-
simulated results are graphically compared in Fig. 6, showing
excellent agreement that successfully validates the wideband
and low-loss features of the device. The measured return loss



Table 1. Technical comparison with previously reported waveguide power
dividers.

Ref. | f (GHz) | RBW (l(}ﬁ) VI\\/I:ys Agl?its. Fa%’fiﬁii"“ M.L2 Cﬁxp.
[1] 27-33 20% >17 2 RWG CNC+PCB X Poor
[2] | 74.9-98.3 | *27% | *>20 4 RWG N/A N/A Poor
[3] 8.2-12.4 | 40.8% | >16 2 RWG CNC X Poor
[4] 32-34 6.1% | >15 2 RWG CNC X Poor
[5] 31-35 12.1% | >25 2 RWG CNC X Poor
[6] | 88.75-97.5| 9.47% | >20 3 RWG CNC X Poor

[10] | 8.5-10.5 21% >14 16 RWG DMLS v Poor

[11] 10-15 40% >5 2 RWG FDM v Poor

TW.| 26540 | 40.6% | >18 4 EWG Polyjet v Good

“T.W.: This work; RBW: Relative bandwidth; WG Archits.: Waveguide architectures;
M.L: Monolithic integration; AM Comp.: Structural compatibility with additive manu-
facturing; FDM: Fused deposition modeling.

2The simulated values.

(RL) at the Port 1 is over 20 dB at most of Ka-band frequen-
cies. The measured transmission coefficients are in a range of
(—6.5 £ 0.6) dB. The corresponding amplitude and phase im-
balances are in ranges of £1 dB and —5°-17.7°, respectively.
The measured amplitude imbalance is consistent with the sim-
ulated one except for small fluctuations. The measured phase
imbalances (£S51 — £S51) and (£S41 — £S31) are slightly
larger than the simulated ones mainly due to fabrication toler-
ance and the phase discrepancy indicates intrinsic asymmetry
of the Y-shape junction geometry. Major technical attributes
of the power divider are summarized in Table 1 in a quantita-
tive comparison with other related demonstrations. The power
divider of this work is unique in an EWG architecture that
has been rarely used in previous works, because it is rather
difficult to manufacture enclosed EWG cavities using CNC
machining. The EWG architecture exhibits enhanced compat-
ibility with 3-D printing process without compromising any
attractive attribute of the device. The proposed power divider
is comparable to those in [1]-[6] in terms of RF performance,
and is superior in the monolithic integration with fewer re-
dundant structures. Compared to the work in [10] and [11] ,
the presented design method is advanced in the shaping along
a designated 3-D printing orientation. The method simplifies
selection of the 3-D printing orientations for complex waveg-
uide geometries and intrinsically improves the quality of 3-D
printed parts.

IV. CONCLUSION

A geometrically shaped E-plane EWG junction has been
proposed and a monolithically integrated four-way EWG pow-
er divider has been demonstrated at Ka band with compact
size, good RF performance, and significantly enhanced struc-
tural compatibility with 3-D printing technology. The work
has validated high reliability of the utilized Polyjet and metal
plating processes. The EWG architecture and the method of
shaping can be applied to the design of other microwave pas-
sive devices.
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