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Abstract: This paper presents a mechanical reliability study of 3-dB waveguide hybrid couplers in submillimeter and terahertz
bands. To show the necessity of improving the mechanical properties of the coupler’s branch in submillimeter and terahertz bands,
a comprehensive study regarding the displacement of hybrid branch variation with varying width-length ratio and height-length
ratio has been completed. In addition, a modified 3-dB waveguide hybrid coupler is designed and presented. Compared with the
traditional branch structure, the proposed hybrid consists of a modified middle branch with circular cutouts at the top and bottom
on both sides instead of the traditional rectangle branch, which increases the branch size and improves its mechanical reliability
while achieving the same performance. Simulation results show that the deformation of the modified hybrid branch is 22% less
than those of other traditional structure designs under the same stress. In practice, a vibration experiment is set up to verify the
mechanical reliability of hybrid couplers. Measurement results show that the experiment deteriorates the coupling performance.
Experimental results verify that the performance of the novel structure coupler is better than that of a traditional structure branch
hybrid coupler under the same electrical properties.
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1 Introduction

The terahertz (THz) region, which includes the
millimeter and submillimeter wave ranges, is situated
between the microwave and infrared frequencies.
Given its special position in the electromagnetic
spectrum, submillimeter and THz technology shows
significant research prospects in fields such as as-
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trophysics, wireless communication, and passive
detection (Graham-Rowe, 2007; Hosako et al., 2007,
Tonouchi, 2007; Armstrong, 2012).

Directional couplers have been studied since the
1940s, and have resulted in various design techniques
for both waveguide and substrate-based components.
They are widely used in submillimeter and THz sys-
tems such as radar receivers (Chattopadhyay, 2011;
Kooi et al., 2012; Dhillon et al., 2017), power ampli-
fiers (Malo-Gomez et al., 2009; Siles et al., 2011), and
high-speed communication systems (Chen et al., 2016a,
2016b). In these systems, couplers play an important
role in functions regarding power distribution/
synthesis or phase change. Therefore, a study of di-
rectional couplers in the THz band possesses a very
high application value.
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There are many design structures of substrate-
based hybrids with diverse fabrication complexity
that offer improved hybrid performance in the mi-
crowave band (Phromloungsri et al., 2006; Miiller
et al., 2011). However, the size of the circuit de-
creases sharply in the THz band, which leads to dif-
ficulties in processing a traditional microstrip line
coupler. The branch waveguide 90° hybrid coupler
shows great advantages for high-frequency (submil-
limeter wave to THz wave) applications because of its
simple structure, high isolation, small insertion loss,
and high power capacity. Even if the structure of the
branch waveguide is simple, the machining require-

ment for the THz circuit is still a significant challenge.

The branches of a hybrid are very tiny at such a high
frequency and are very sensitive to the size. To
guarantee the great performance, some work has been
done using high-precision micromachining technol-
ogy (Sobis et al., 2008; Rashid et al., 2014, 2016;
Gonzalez et al., 2017; Hesper et al., 2017). Others use
another processing technology, i.e., micro-electro-
mechanical system (MEMS) technology (Lubecke
et al., 1998; Zhou et al., 2014), which is very expen-
sive and time-consuming.

When used for an aerospace application or in
other extreme environmental applications, high per-
formance is not the only advantage that needs to be
considered. For example, good mechanical reliability
and reasonable cost are also very important. A com-
prehensive study regarding the displacement of hy-
brid branch variation with a different width-length
ratio and height-length ratio has been completed,
showing the necessity of improving the mechanical
properties of the coupler’s branch. Moreover, a mod-
ified 90° waveguide hybrid coupler structure (Niu
et al.,, 2019a) with circular cutouts at the top and
bottom on both sides of the main branch is compared
with the traditional rectangle branch structure in the
mechanical property study. Mechanical simulation
results show that deformation of the modified coupler
structure branch is 22% less than those of other tra-
ditional structure designs under the same stress,
which was also verified in a vibration experiment
when the limitation in machining technology was
relaxed and the mechanical reliability was improved.
Submillimeter and THz circuits have already pene-
trated into aerospace applications, but an analysis of
circuit reliability was rarely reported. This study will

be helpful for the space application of submillimeter
and THz circuits and provides a theoretical basis for
the assembly processing and risk control of hybrid
coupler circuits.

2 Theory and design of the hybrid coupler

The design of a traditional waveguide hybrid
coupler is often based on several rectangle shunt-
branch structures (Fig. 1).

A waveguide is often fabricated on a metal block.
After processing, some metal branches remain. The
waveguide hybrid design in Reed (1958) exhibits the
optimal performance for multi-branch structures.
Hence, for wider operation bandwidth and better
performance, multi-branch waveguide couplers (more
than five shunt branches) have been designed
(Lubecke et al., 1998; Sobis et al., 2008; Rashid et al.,
2014, 2016; Zhou et al., 2014; Gonzalez et al., 2017,
Hesper et al., 2017). However, based on Niu et al.
(2019a), if the coupling rate and the center frequency
are determined, then the more shunt branches the
coupler has, the smaller each size of the shunt branch.
As a result, the metal branch becomes narrower in
these studies. The metal branches of the hybrid are
very tiny and any compressive stress can cause
bending or even breaking of the metal branches,
which will influence the hybrid ratio and phase im-
balance and significantly deteriorate the performance.

To widen the metal branch for better mechanical
properties, an improved three-branch hybrid coupler
was presented in Niu et al. (2019b). The design pro-
cedure is based on the odd and even mode analysis
method and ABCD matrix. The initial theory is based
on the structure in Fig. 2. The signal is fed from port 1
(P1), and port 2 (P2) is the throughout port. Port 3 (P3)
is the coupling port, where the coupling ratio can be

Shunt branches

Width / TRTAT Iﬂ

L

Metal branches

Fig. 1 Schematic of a traditional five-branch waveguide
hybrid coupler
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manually designed. Port 4 (P4) is the isolation port. In
addition, the phase difference between P2 and P3 is
90°.

Then, according to the odd and even mode
analysis method, each part of the waveguide branch
can be regarded as a two-port network. For the anal-
ysis of cascaded two-port networks, the ABCD matrix
can be used to implement the analysis. The improved
hybrid design structure is divided into several
sub-networks, and each represents a branch or main
waveguide section. The ABCD matrix can then be
expressed as the multiplication of these networks’
matrices:
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where k=l,/I, 6 is the electrical length in the wave-

guide, 6 =nl\J(2/ 2, ~(fa) (Ie{Ty, To, Wy, W3},

and these parameters are illustrated in Fig. 2), a is the
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Fig. 2 Initial structure of the improved three-branch
hybrid coupler

main waveguide width, Ay is the free-space wave-
length, p=tan(6,/2), and the subscripts “e” and “0”
represent the even and odd modes, respectively.

Then, the transmission terms can be expressed
by ABCD matrices as
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where T is the transmission coefficient, /" is the re-
flection coefficient, and the index i is either “e” or
w7

Based on the odd and even mode analysis
method described in Reed (1958), when a signal with
a magnitude of 4 is fed from P1 in Fig. 2, the analytic

expressions of the output amplitudes are
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To better compare other traditional structure
hybrid couplers in a similar operation frequency, the
center frequency of the improved hybrid coupler is set
to 195 GHz. Then, according to Egs. (1)—(4) and after
some calculations, the initial dimensions are obtained
as shown in Table 1. However, considering that the
right angle cannot be machined during processing, a
modified structure is designed to simplify the fabri-
cation (Fig. 3). The radius of these circular cutouts is

Table 1 Parameters for the improved waveguide hybrid
coupler with a center operating frequency of 195 GHz

Parameter  Length (mm) | Parameter  Length (mm)
T 0.38 /4 0.30
T, 0.14 w, 0.16
L 0.54 w; 0.14
L, 0.67 W, 0.40
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0.3 mm, which can be easily fabricated using
micromachining.

In addition, to demonstrate the feasibility of the
modified structure, a comparison between simula-

tions with and without modification is shown in Fig. 4.

The simulation results show that the performance of
the hybrid with modification is slightly poorer than
that without modification, but the deterioration is still
acceptable.

The computer model of the modified waveguide
hybrid coupler is shown in Fig. 5. Specifically, an
electromagnetic field distribution simulation is shown
in Fig. 6, which demonstrates good power split per-
formance and isolation characteristics of the design at
195 GHz. Furthermore, this new hybrid coupler ge-
ometry can achieve a wider operation bandwidth if

P1 L ot Wa 1, L, P2
W1 | W4 J W1
""" T 12
P4 Ly Circular cutouts Ly [—P3

Fig. 3 Final structure of the improved three-branch hy-
brid coupler
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Fig. 4 Comparison between S,; and S3; parameters with
and without modification
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more modified branches are used (Zhang et al., 2020).

In addition, the hybrid branch width should be
large enough to use standard tools that typically have
a width to depth aspect ratio (using standard E-plane
split block fabrication) of less than 1/3 (Sobis et al.,
2008). Compared to Rashid et al. (2014), the aspect
ratio is 1:5.34, which is unbearable for the stress
produced by the machine, and the modified branch
structure has an aspect ratio of 1:1.82 in the standard
waveguide WR-4.3. Furthermore, to make the com-
parison more reasonable, some hybrids working at the
same operating frequency are selected. These hybrids
have better tolerance performance than those pre-
sented in Sobis et al. (2008) and Rashid et al. (2014,
2016). According to the simulation results, when the
parameters vary by 10 um, the amplitude and phase
imbalance will have a maximum change of only
0.1 dB and 0.5°, respectively.

Branches

Fig. 5 Computer model of the designed E-plane 3-dB
waveguide hybrid (the picture on the right shows the
details of the circuit)

Fig. 6 Electromagnetic field distribution in the hybrid at
195 GHz: (a) electric field distribution; (b) magnetic field
distribution

References to color refer to the online version of this figure
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3 Simulation analysis of mechanical proper-
ties

When used for aerospace applications, the huge
acceleration and shock could cause circuit defor-
mation, which will influence or even damage the
circuit. For waveguide hybrid couplers, the defor-
mation of the branch will influence the hybrid ratio
and phase imbalance. Therefore, some analysis of
mechanical properties is required.

For mechanical reliability analysis of circuits
such as waveguide hybrid couplers that have E-plane
structural symmetry, to reduce the operation time, we
can analyze only half of the circuit structure (one end
fixed at the metal). This simplification does not affect
the analysis of the overall stress trend of the whole
device. Moreover, assuming that there are no ma-
chining defects, such as holes, cracks, and impurities
in the packaging device, the temperature is continu-
ous at the interface, and the interface is in good con-
tact. If there is a defect in the assembly process, the
shock resistance of the device may be greatly reduced.
This is beyond the scope of this article.

For comparison, three models are built and
simulated together. A indicates the metal block, B is
the modified metal branch structure, C is with the
same size as B without circular cutouts at the top and
bottom, and D is the narrowest metal branch structure
in Sobis et al. (2008) (because the operation fre-
quency of the hybrid coupler is almost the same as
that of the presented modified coupler). The me-
chanical analysis model is based on the provided High-
Frequency Structure Simulator (HFSS) three-
dimensional (3D) models, and then remodeling and
local simplification are done through ANSYS Work-
bench software. Besides, the parts are under compli-
cated forces and the whole model is manually dis-
persed to obtain a more reasonable and reliable result;
the final grid discrete model in ANSYS Workbench is
shown in Fig. 7.

For a comprehensive analysis and to obtain
reasonable results, stress simulation has been ana-
lyzed from three directions, the direction perpendic-
ular to the metal branch models (X and Y axes) and the
direction parallel to the metal branch models (Z axis),
as shown in Fig. 8. Then, it is found that for all models,
when the stress is the same or under the same accel-
eration, the deformation of the metal branch varies
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Fig. 7 Grid discrete model for three metal branch
structures
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Fig. 8 Stress nephogram of the three branches, where
structure D has the maximum structural deformation and
displacement

References to color refer to the online version of this figure

most along the Y axis. Therefore, the analysis of de-
formation under stress that extends toward the Y axis
is focused.

Different from a ground and aeronautical device,
a space-borne device concerns mainly the effect of
impact on the product during ground transportation
and the launching process. These processes are rela-
tively short to generate fatigue failures. Therefore, the
main consideration is the random vibration and
equivalent stress produced during the impact process.

Then, according to the generalized Hooke law,
when the stress is less than the yield limit, the de-
formation of the branch is directly proportional to the
stress, i.€., c=E¢, where o is the stress, ¢ is the strain,
and £ is Young’s modulus. Fig. 9 shows that the dis-
placements of the top of the branch for these three
structures vary with different accelerations when the
block material is aluminum or copper (materials
usually used for circuit blocks). In the figure, the solid
point means that the stress reaches the material’s yield
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limit and will soon fracture. The three structures are
under the same acceleration. The block material is
aluminum in Fig. 9a. The results show that the dis-
placement of B is almost the same as that of C, but it
is 22% smaller than that of D. Besides, when the
acceleration increases to 40g (g is the acceleration of
gravity), structure D reaches its limit for deformation
and fractures, whereas structure B fractures when the
acceleration is more than 50g. As for copper, the trend
of displacement variation is identical, but D fractures
when the acceleration is 26.5g and B fractures at
34.1¢g (Fig. 9b).

For a more comprehensive research and analysis
of hybrids working in other frequencies, the dis-
placement of the branch varying with the width-
length ratio and height-length ratio has also been
studied. Fig. 10 shows the displacement of the general
rectangle branch changing with varying width-length
ratio and height-length ratio at a particular accelera-
tion. To determine the change rules between these
parameters, the yield limit is not considered in
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this graph. When the width-length ratio decreases and
the height-length ratio increases, the metal branch
displacement becomes larger.

4 Measurement and results

From a space application perspective, cost is
important in addition to mechanical reliability. For
instance, when the narrowest branch width is 0.3 mm,
the manufacturing cost is only half of that of the
0.15-mm narrowest branch width and a quarter of that
of the 0.07-mm narrowest branch width.

Therefore, the narrowest branch of the modified
waveguide hybrid is optimized to 0.3 mm. The block
is manufactured in a micromachining system with a
0.3-mm diameter and a 1-mm long cutter tool and
machined out of an aluminum block. A photograph of
the block is shown in Fig. 11. There are four platforms
on the corners of the hybrid block that are used to
avoid separating screw holes and to ensure that

020 — B structure o e

— - C structure .

. L4
0.151 D structure /,
L
0.10/ il
,/
." d

0.05 i ’ 4 ]

A (b)

0 5 10 15 20 25 30 35 40

Acceleration (xg)

Fig. 9 Displacement of the top of the branch varying with acceleration regarding these three structures: (a) aluminum;

(b) copper

The solid point means that the stress reaches the material’s yield limit and will soon fracture
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Fig. 10 Displacement of the general rectangle branches changing with varying width-length ratio and height-
length ratio (the length value is 0.39 mm) at a certain acceleration of the random vibration at 20.3g when the block ma-

terial is aluminum (a) or copper (b)
References to color refer to the online version of this figure
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waveguides and branches are perfectly aligned when
the blocks are combined. To make the experiment
more reasonable, a 200-GHz traditional structure
branch hybrid with the same and narrowest metal
branch as the D structure in the mechanical property
simulation part is also fabricated.

The simulation results need to be proven through
experimentation. The random vibration experiment
platform is based on the LDS test and Measurement’s
V8-440 metric shaker system (Fig. 12). According to
the space-level reliability qualification, the experi-
mental condition of the random vibration is 10—
200 Hz: +6 dB / Otc, 200-1500 Hz: 0.25g2 / Hz, and
1500-2000 Hz: —12 dB / Otc. The total root mean
square acceleration is 20.3g and the experimental

time is 1 h along the Y axis.

In addition, the impact experimental platform is
based on Dongling Tech’s ES-200LS3-650 electro-
dynamic vibration system (Fig. 13). The experimental
condition is 100400 Hz: +6 dB / Otc and 400-
4000 Hz: 400g along the Y axis.

The waveguide hybrid is measured before and
after the vibration experiment using a Ceyear
AV3672C two-port vector network analyzer (VNA)
with AV3649 170-220 GHz extension transmitter and
receiver modules. The measurement setup is shown in
Fig. 14. The VNA testing system uses the TRL (thru-
reflect-line) method for calibration. After calibration,
it is important to restrict the movement of the cable
that connects the VNA and the frequency converter to

Fig. 11 Photograph of the two pieces of E-plane wave-
guide split-block

The inset photo shows the whole block of the hybrid, whereas
the photo at the bottom right corner shows the hybrid circuit
under the microscope

Fig. 13 Photographs of the impact experimental platform
The traditional structure hybrid coupler and the modified
structure hybrid coupler are fixed in the impact platform

Fig. 12 Photographs of the random vibration experi-
mental platform including the V8-440 shaker and the
thermostat

The traditional structure hybrid coupler and the modified
structure hybrid coupler are fixed in the vibration platform

Fig. 14 Photograph of the measurement setup, including
the 170-220 GHz extension modules with the connected
waveguide hybrid

The inset photo shows that the remaining ports are terminated
with matched loads during measurements



Niu et al. / Front Inform Technol Electron Eng 2021 22(8):1104-1113 1111

avoid making the calibration data worse, especially S-parameter measurement results of the hybrid
when measuring the phase of the ports. Because the  are presented in Figs. 15-17. For the modified hybrid
hybrid is a four-port device but the VNA is a two-port  coupler, the comparison of the amplitude imbalance
testing system, when two ports are under measure- measurement results before and after the vibration
ment, the remaining ports need to be terminated with  experiment is shown in Fig. 15a. Fig. 15b shows the

waveguide-matched loads from the calibration Kkit. amplitude imbalance measurement results of the
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Fig. 15 Measured and simulated amplitude imbalances of the modified branch hybrid coupler (a) and the traditional
structure hybrid coupler (b)
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Fig. 16 Measured and simulated reflection loss (S1;) and isolation (S5,3) of the modified branch hybrid coupler (a) and the
traditional structure hybrid coupler (b)
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Fig. 17 Measured and simulated phase imbalances of the modified branch hybrid coupler (a) and the traditional
structure hybrid coupler (b)



1112 Niu et al. / Front Inform Technol Electron Eng 2021 22(8):1104-1113

traditional structure hybrid coupler. In addition, for
the modified hybrid coupler, the comparison of Sj;
and S,; measurement results before and after the vi-
bration experiment is shown in Fig. 16a. Fig. 16b
shows S); and S»3 measurement results of the tradi-
tional hybrid coupler. The results show that the vi-
bration experiment can deteriorate the coupling per-
formance of the hybrid coupler, and that the perfor-
mance of the traditional hybrid coupler becomes
worse than that of the modified hybrid coupler after
the experiment. For the modified hybrid coupler, the
comparison of the phase imbalance measurement
results before and after the vibration experiment is
shown in Fig. 17a. Fig. 17b shows the phase imbal-
ance measurement results of the traditional structure
hybrid coupler, showing agreement with the simula-
tion results.

5 Conclusions

In this paper, a comprehensive mechanical reli-
ability study of 3-dB waveguide hybrid couplers in
submillimeter and terahertz bands has been presented.
By concentrating on the analysis of the displacement
variation with different width-length ratios and
height-length ratios caused by random impact vibra-
tions in the couplers, the necessity of improving the
mechanical properties of the coupler’s branch has
been shown.

A mechanical study of 3-dB hybrid couplers has
been experimentally verified by setting up a vibration
experiment for the novel branch coupler and the tra-
ditional five-branch hybrid coupler. The measurement
results showed that the vibration experiment can de-
teriorate the coupling performance of the hybrid
coupler. An additional benefit from the structure is
that the modified structure hybrid coupler has great
tolerance performance. After the vibration experiment,
the performance of the coupler was better than that of
the traditional structure hybrid coupler. More im-
portantly, the experiment conducted is just one impact
experiment and only a one-hour vibration experiment.
However, during the real applications, the circuit will
be faced with dozens of impact occurrences and hours
of vibration, and the deterioration of hybrid circuit
can be even worse.

In summary, when used for an aerospace appli-

cation, the displacement of the branch caused by
random vibration or impact stress cannot be ignored.
Therefore, mechanical properties of the hybrid branch
need to be considered.
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