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Ring-Shaped D-band E-Plane Filtering Coupler

Xun Chen, Student Member IEEE, Yi Wang, Senior Member IEEE and Qingfeng Zhang, Senior
Member IEEE

Abstract—This paper presents a ring-shaped E-plane filtering
coupler working at 150 GHz with a high performance. The
coupler is based on cavity resonators. Unlike the conventional
ones, the four resonators in this coupler are all bent along their
length direction and connected end to end, forming a closed circle.
By adjusting the radius of the circle, three of the resonators work
on TE101 mode while the other is on TE102 mode. The coupler can
be split through E-plane and the measured response of the coupler
has an excellent agreement with the simulation, with a low
amplitude imbalance of 0.31 dB, insertion loss of 0.12 - 0.46 dB,
and over 20-dB return loss and isolation.

Index Terms—filtering coupler, E-plane, D-band.

1. INTRODUCTION

OUPLERS are important passive components in RF
communications, radars and measurement systems. They
are used in transceivers [1], [2], manifold multiplexers [3], and
Butler matrices [4]-[6]. Two main transmission media are
adopted to build couplers. One is waveguide and the other is
microstrip line. As the operation frequency becomes higher, for
example, at 30 GHz or above, the losses from microstrip lines
are increasingly prohibitive for some high-performance
requirements. This work targets the increasing popular D-band
(110 - 170 GHz), which presents great application potentials in
radars and point-to-point links. Couplers working in D-band or
above have been reported in [7]-[11], all based on waveguide
branch-line structures. Compared with microstrip lines,
waveguide offers lower insertion loss especially when splitting
and assembling from the favorable plane (e.g., E-plane in the
case of TE;y rectangular waveguides). At these high
millimeter-wave (mm-Wave) frequencies, the additional
insertion loss from the interconnection between devices could
become dominant. This makes the functional integration
between traditionally cascaded components (such as couplers
and filters) highly desirable.
Couplers with embedded filtering function but without
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occupying additional footprint have been reported using
four-port coupled resonator structures. Microstrip-line based
filtering 180° couplers were shown in [4],[12],[13]. The
out-of-phase and isolation ports were achieved by using a
combination of inductive and capacitive couplings. Another
approach, reported in [6], used resonators working on TE¢; and
TEi02 mode to realize the opposite coupling. No capacitive
coupling iris is needed in this case. This is very desirable as the
capacitive iris is usually much narrower than the inductive one.
The manufacturability and dimension tolerance would be big
problems if the capacitive iris exists in D-band waveguides.

In this letter, an E-plane 180° waveguide coupler working at
150 GHz with integrated filtering function is presented. A
combination of TE o and TEi¢, resonators is chosen to realize
the opposite signs in coupling. To accommodate the different
lengths of the resonators and split the structure in the favorable
E-plane, the rectangular resonators have been bent along the
length direction and coupled through inductive irises, forming
an annular shape. The coupler not only achieves an embedded
Chebyshev filtering function, but also removes losses
associated with the interconnection from the otherwise separate
coupler and filter. The measurement showed high performance
and an excellent agreement with the simulation, verifying both
the design and the fabrication techniques.

II. TOPOLOGY AND COUPLING MATRIX

Fig. 1 shows the topology of the filtering coupler, with three
TE 101 mode resonators and one TE ¢, mode resonator. They are

Fig. 1. E-field pattern of the working mode in the schematic diagram of the
filtering coupler.
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Fig. 2. Theoretical magnitude response from the synthesized coupling matrix.
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Fig. 3. Rectangular resonator versus fan-shape resonator: (a) original
rectangular resonator; (b) fan-shape resonator used in this letter; (c) projected
electric field pattern on the E-plane of the dominant resonant mode.
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Fig. 4. Dimensions of the filtering coupler. (a) The complete model of the
filtering coupler . (b) The overall-view of the filtering coupler. (c) Bending
angle of each resonators. (d) Width and height of each port and the widths of
the irises to ports. (e) Width of the inter-resonator irises.

all coupled through inductive irises. Different from the H-plane
coupler in [6], the coupler is split along the favourable E-plane.
The arrows in Fig. 1 indicate the E-field pattern of the standing
waves. The TEip, mode brings a 180° phase shift, which
replaces the use of capacitive coupling. Based on this topology
(also shown in the inset of Fig. 2), the coupling matrix can be
synthesized. The coupling values are derived from a
second-order Chebyshev filter [13]. m; = 1.2265 and m, =
1.1753. Even higher frequency selectivity may be realized by
either introducing transmission zeros or increasing the order of
the filter. The theoretical magnitude response of the coupler
from the matrix is shown in Fig. 2. Note |S31] is zero (- « in dB)
theoretically.

III. REALIZATION OF THE FILTERING COUPLER

To make the layout easier, the conventional rectangular
resonators are bent along the length direction, making
fan-shaped resonators as shown in Fig. 3. Note that all the
internal edges perpendicular to the E-plane (as indicated in red
dash line) are blended with 0.1 mm radius to meet the
fabrication requirement. The height and width of the resonators
are kept the same as the standard D-band waveguide, which is
0.826 mm x 1.651 mm. The front view of the bent resonator, in
a fan shape, is shown in Fig. 3(c). The electric field pattern of
the dominant TEo; resonant mode is illustrated in red arrows. a
is the bending angle of the fan-shape resonator and  is the inner
radius. These two values, instead of the length, are used to
specify the size of the resonator and thus the resonant
frequency.

The air-model of the filtering coupler is shown in Fig. 4. The
four resonators are laid out in an annular shape to form a
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Fig. 5. The fabricated filtering coupler. (a) the overall view. (b) the upper part.
(c) the lower part.
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Fig. 6. Simulated response in comparison with the theoretical one from the
coupling matrix. Note the theoretical |S3| is - o0 in dB.

compact footprint. Fig. 4(b) gives the zoomed-in overall-view
of the filtering coupler. Its circumference has been divided into
eight parts with four resonators (highlighted in green colour)
and four coupling irises (in orange) between them. The parts in
blue are coupling irises to the ports (in grey colour). All the
irises are inductive. Before optimization, the angles of the irises
between resonators are all set to be 10°. Three resonators work
in TE o1 mode and the other one in TEip» mode. The default
bending angle of the TE ¢p-mode resonator is 128° and that of
the TEo; mode resonators is 64°. The E-plane is depicted using
orange dash lines. Note that the irises are also blended for CNC
machining as the resonators are.

IV. FABRICATION

The coupler was split through the E-plane to minimize the
leakage due to the imperfect contact between two split blocks.
Four extension waveguide sections are added to facilitate the
flange connections and measurement. The fabricated device is
shown in Fig. 5. Standard UG387 flanges are used. The coupler
structure at the center is surrounded by eight holes for
tightening screws. The location and alignment are done by two
low-tolerance press-fit pins. The whole block is 27 mm x 27
mm % 20 mm in size. The four ports are uniformly positioned
on each side. The dimensions of the coupler are given in Fig. 4.
The four resonators are noted with numbers and optimized
using CST Microwave Studio—Fhe-bending-angle-a—of-each
Smebes e smete s e el e sl o0 e aeal
determine-the resonant-frequeney. Keeping the bending angles
unchanged, the resonant frequencies of the two resonators are
related to the radius . The initial sizes of the irises are
determined from the coupling matrix by using the well-known
dimensioning process for filters [14]. The final optimal radius
is shown in Fig. 4(d) to be 0.66 mm. The optimal bending
angles are given in Fig. 4(c). The optimized dimensions of the
four irises are shown in Fig. 4(¢). The heights of the irises
control the couplings. The coupler was fabricated using a



high-precision CNC machine with a nominal tolerance of 5 pm.
The material is brass and was coated with 2-pm gold.

V. SIMULATION AND MEASUREMENT RESPONSE

The coupler is designed to work at 150 GHz with 4-GHz
bandwidth. In the simulation, the conductivity of gold (4.1 x
107 S/m) was used. The simulated response at Port 1 is shown
in Fig. 6, comparing with the theoretical response. The
simulated insertion losses of S>; and Sy are 0.31 dB and 0.26 dB
at 150 GHz, respectively. Note there is a transmission zero (TZ)
around 133 GHz. Fig. 7 shows the E-field at the TZ when signal
is input from Port 1. As can be observed, the E-field is reversed
in the area ‘a’. As a result, the signals cancel out in the area ‘b°.
This is the reason for the TZ at Port 2.

There are also three weak spikes in the simulated |S3;| around
160 GHz, 168 GHz and 170 GHz. Fig. 8 shows the simulated
E-field of the coupler at 160 GHz in both contour and arrow
forms. It can be noticed that at 160 GHz a TM mode resonates
between resonator 3 and Port 3. At 168 GHz, similar TM-mode
resonates between resonator 4 and Port 4. At 170 GHz, this
happens between resonator 1 and Port 1, resonator 4 and Port 4.

The coupler was connected to two VNA extension modules
(N5262AW06), as shown in Fig. 9, for measurement. The other
two ports were terminated with loads. The cables connecting to
the LO port have a significant influence on the phase response.
This influence was minimized by using phase-stable cables and
keeping them undisturbed. The measured responses are shown
in Fig. 10. The magnitude responses agree extremely well the
simulation. Within the operation band, the measured return
losses of all four ports are higher than 20 dB. The measured
insertion losses of S>1, Sa1, S32 and Sa3 are 0.46, 0.15, 0.12 and
0.45 dB, respectively. In terms of phase response, the
measurement results also follow the simulations very well. The
maximum measured phase imbalance is 5.42° in £S»; - £S543. To
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Fig. 7. The E-field of the coupler at the TZ of 132.85 GHz when input from
Port 1. (a) E field of the whole coupler. (b) E field in the zoomed-in area ‘b’.
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Fig. 8. E-field of the coupler at 160 GHz when input from Port 1: (a) Front
view; (b) Perspective view of the selected part. (c) E-field projected to the
plane ‘a’
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Fig. 10. Simulated and measured responses of the filtering coupler. (a) |S1],
121], [S31] and [Sal. (D) [S2], [S52f and [Seal. (¢) [Ssl, [Sasl, [Sasl. (d) Phase
imbalance.

TABLEI
COMPARISON WITH OTHER NON-FILTERING COUPLERS AT AROUND D-BAND
et | RL IL | 1o, | aA AP CF
| @B | @B) | @B | @B) | Degree) | (GHz)
77 | 1023 | 1 | 1523 | 04 2 170
8] 6 |03 | 16 | 0ls 25 187
9] 17 08 17 0.3 4 195
0] | 16 | 025 | 16 02 3 1875
This |0 | 046 | 20 | 031 5.42 150
work

RL = return loss, IL = insertion loss, Iso. = Isolation, AA = amplitude
imbalance, AP = phase imbalance, CF = Center frequency.

the authors’ best knowledge, there is no filtering coupler
working above 100 GHz reported in literature. The comparison
with non-filtering couplers around D-band is shown in Table I.
All other couplers are wideband. Apart from the embedded
filtering function, this work shows very competitive
performance overall with excellent matching and isolation.
Considering the narrowband nature, the insertion loss level is
also very acceptable. Due to measurement uncertainty, the
phase imbalance is slightly higher than expected.

VI. CONCLUSION

This letter presents a novel design of an E-plane filtering
coupler at 150 GHz. The fan-shaped resonator and annular
layout make the coupler not only have the embedded filtering
function, which eliminates the losses associated with the
connecting junction between otherwise separate filters and
couplers, but also result in a compact footprint. The measured
response agrees very well with the simulated response with a
low insertion loss and excellent matching and isolation. This



demonstrated a high performance for the D-band device. This
makes the coupler a capable candidate for further applications
in more complex passive signal distribution networks.
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