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This paper presents a 3D topology for high miniaturization of the well-known hybrid branch-line coupler at
the UHF band. A preliminary work already proposed the use of helical-microstrip TLs combined with a folded
structure for this purpose. This extended work includes a compactness enhancement by loading the TL segments
with capacitors. An study of loaded helical-microstrip TL is reported as well. The coupler prototypes have been
simulated and fabricated by using a combination of Additive Manufacturing and copper electroplating. The

performance results have been compared to the conventional model showing a good agreement. In order to
place the designed devices within the state of the art a figure of merit that combines the compactness and the
relative bandwidth has been proposed, showing very good results in terms of miniaturization.

1. Introduction

Hybrid couplers are crucial devices for some HF, VHF and UHF ap-
plications such as quadrature combining or power division. Fig. 1 shows
the topology of a traditional branch-line hybrid coupler, which is based
on a square with two parallel TL of a characteristic impedance Z, that
are perpendicular to the two other transmission lines of Z,/ \/5 [1]. The
dimensions of these devices are constrained by the signal wavelength,
that implies a considerable size problem for these range of frequencies
that can go from few kHz to hundreds of MHz. For that reason, there
are many contributions to the topic with different miniaturization
techniques, using (e.g) lumped elements [2], discontinuous microstrip
lines [3], metamaterials [4] or shunt capacitors [5,6].

Hereon, Additive Manufacturing (AM) appears, as an alternative
solution for the miniaturization of these kind of devices by the use
of full 3D-space design. The use of 3D printed electronics has been
proved in former works by developing a manufacturing technology
based on a combination of AM and copper electroless plating [7-
9]. A preliminary work [10] explained, two different techniques that
can be applied to compact the conventional structure of an hybrid
coupler: the first one consists of the implementation of a helical shape
for the TL segments, that has been studied in former works [11,12].
The second transformation folds the planar structure by the square
diagonals, resulting in a more compacted 3D topology. Finally, this
current paper explores a new step that takes profit of the existing
surfaces to load the TLs with capacitances in order to enlarge their
electrical path, as in [5,6].

Henceforth, this work presents a compactness enhancement for
hybrid couplers based on capacitive loading of the helical-microstrip
TL segments. The folded coupler concept is explained in Section 2.
The loading improvement is then described in 3 together with a study
and modeling of the compactness dependence with the capacitor sur-
face. For comparison purposes, three different prototypes have been
designed: a planar coupler following the traditional topology, which
is labeled HY B,, a folded coupler based on helical-microstrip TL and
labeled HY By and, finally, the new prototype based on HY B, with
capacitor loads and labeled HY Bp;. The simulation results and the
dimensions of each model are presented in Section 4. Then, the manu-
facturing process is briefly commented in Section 5. Section 6 is used
for discussion of the experimental results. The compactness achieve-
ments are compared there against some works within the SoA as a proof
of concept. The conclusions are presented in Section 7.

2. 3D-folded hybrid coupler

A deep study on helical-microstrip TLs can be found in this former
work [12], where their compactness implications and limitations were
demonstrated and discussed. As told, the first topology implementation
consists of substituting the conventional planar microstrip TL segments
for this kind of helical-shaped lines, whose CAD mode is depicted in
Fig. 2. The second transformation folds the square structure following
the sequence in Fig. 3. During the first step, in Fig. 3a, the square is
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Fig. 1. Conventional topology of a quadrature hybrid coupler. Picture extracted
from [1].

(b)

Fig. 3. Design steps for the global structure of the proposed hybrid coupler.

folded by the first diagonal, moving the port 3 towards the port 1. The
result and the next step are depicted in Fig. 3b, where the structure is
folded again by the other diagonal of the original square, moving the
port 2 towards the port 4. The final topology is shown in Fig. 3c and
the four TL segments are all placed in parallel.

According to the schematic of Fig. 3, the lines could be as close to
each other as desired. That is not true in practice for two main reasons.
The first one refers to the requirements of the manufacturing process,
that will be summarized latter. The other one would be related to the
electromagnetic coupling between lines, although, that will be out of
concern, considering the spacing set due to the first reason.

The connection between lines and ports is represented in Fig. 3
by wires. The HY B prototype uses planar microstrip TLs to perform
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Fig. 4. CAD model of the HYB, folded hybrid branch-line coupler based on
helical-microstrip TL.

Zi,0;

=

Fig. 5. Model of the equivalent of a pure transmission line with a loaded transmission
line.

this function. This is illustrated in the CAD model of Fig. 4, where the
helical lines are placed in circular symmetry. They are held by a thin
disk at each side, that play the roll of substrate for the planar TLs, as
well.

The disk (or port) thickness is set to the minimum permitted by
the manufacturing process. The desired characteristic impedance of the
planar segments is then found by changing the track width. In the
case of the helical lines, the width, the outer radius and the pitch
have been fixed thus the characteristic impedance is found by changing
the inner radius. The length of the electrical path is adjusted by the
cylinder length. The rings at each side of the cylinders are used to
ensure a proper connection between helical and planar TLs. Ports are
surrounded by holes to hold the screws for the attachment of the
SubMiniature version A (SMA) connectors.

3. Loaded TLs

Loading transmission lines with capacitors is a common way for size
reduction [6]. This is based on the theory that any transmission line of
characteristic impedance Z; and phase ©; might be decomposed in a
shorter line of Z; and O, loaded with capacitors of capacitance C, at
both sides. This equivalence is depicted in Fig. 5.

Taking back a look at Fig. 4, it can be seen that these extra
capacitors can be easily added by plating the inner face of the disk. By
this way, the new component is integrated without requiring neither
more surface nor more volume, but making use of the already existing.
In order to simplify the design, this disk will now be a squared sheet.
Therefore, the resultant loaded helical-microstrip TL will be like that
in Fig. 6, where the external faces of the squares are connected to the
inner conductor. Hence, the load capacitance value can be calculated as
that between two squared parallel planes with edge « after subtracting
the area of a circle of radius r,.
(a2 — zrrg)

C,=e— 2

s ; (€8]
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Fig. 6. CAD model of a loaded helical-microstrip TL.

where 7 is the thickness of the planar substrate or the distance between
plates and ¢ is the dielectric constant. It is worth to notice that this is an
ideal approximation that does not take in account the fringing effects,
although it will still be useful as a first approach.

The equivalence in Fig. 5 can be algebraically modeled by means of
the ABCD parameters [6], from which the following expression can be
obtained
cos @ — cos O;

2 C, =
oG Z;sin@;

(2)
where f is the work frequency. The loaded transmission line must be
sized to have a quarter-wavelength phase while actual line should be
shorter, thus it can be assumed that 0 < ©, < ©; = z/2. The phase of
any line can now be considered as

2nl
_ 2l ®)
4o
being A, the wavelength related to the work frequency. Thus, consid-
ering that 0; = /2
_ho

e,'_

o
41y
where ¢ is the speed of light. Then, combining (2)-(4) and rearranging
gives

I ) @

_r2iC¢
2 cos@,

)

According to (3) and (4), the phase shift of the loaded segment can
be described by

~

e

o
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Henceforth, the cosine in (5) can be simplified by

/
cos O = cos s :cos(f—a)
21, 2

el
(1 -7 >
I,

where the sine approximation is valid for small vallues of the angle a.
That can be assumed for high values of the ratio f—“‘, which is always

()
r

=sina~xa=
2

less than 1, since /, < /,,. Substituting, now, the cosine approximation
in (5) gives that

l ®

The approach of (8) can be improved if taking in account the
fringing fields of the load capacitors. Fig. 7 shows the different electric
coupling fields of concern. Using (1) to calculate C, only considers
the standard fields, which are those uniform and perpendicular to the
capacitor electrodes.

e

 ~ZCep+ 1, -
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Fig. 7. Vertical cross section of the loaded helical-TL segment with dimensions (left)
and with the load standard and fringing fields representation (right).

The fringing fields have been divided in two types: the external
ones, whose lines travel across the air (¢;-medium), and the internal
ones, whose lines travel across the dielectric substrate (¢,-medium). The
effect of the concerning phenomenon can be approached by an incre-
ment of the resultant capacitance from respect the standard capacitor.
This increment can be found by a conformal mapping transformation
and then integrating the electrostatic fields, where, the results will
be different depending on the approximations applied [13-16]. The
approximation chosen is the one that has provided better accuracy
comparing to the simulations, which is that proposed by Sloggett [16].
Then, the effect of the external fringing fields can be modeled by an
extra capacitor with air as dielectric medium such as

, ©)

where e is the Euler’s number, ¢, is the relative permittivity of the
substrate and R is the radius of a circular parallel plate capacitor.
According to the principle of equal area [13], R can be approximated
to

a2

V1

R~ (10)

Finally, the achieved electrical length as a function of the load
capacitor taking in account the effect of the external fringing can be
described by

lo, ® Z(Cs + Cp)eg + 1, 1)

That expression permits to predict by an approximation the ex-
pected compactness of loaded TLs /, /I. In order to do that, it must be
used the expression of the electrical length of a helical-microstrip TL
demonstrated in a former work [11].

In order to verify the model in (11), a set of 10 loaded helical-
microstrip TL samples have been designed with a sweep over the
capacitor edge a and their electromagnetic behavior have been simu-
lated within the EMPro environment. Each sample has been set to have
a characteristic impedance as close as possible to Z; = 50 Q at the same
frequency where the phase shift is ¢,; = z/2. To ensure that, r; and w
have been accordingly modified, while the parameters /,r, and p have
been respectively fixed to 25, 3 and 5 mm. The thickness of the load
capacitor is minimized to = 1 mm in order to increase the capacitance
density. The experimental electrical length is then extracted by using

G

¢ 2r f
The comparison between the theoretical results and the data ob-
tained by the simulations, which present a considerable agreement,
is depicted in Fig. 8. As expected, the compactness is incremented if
considering the external fringing fields, since the total capacitance is
higher than only taking in account the conventional one. Nevertheless,
it can be seen than the computed simulations give even a higher level
of the ratio /, /I because of the effect of the internal fringing fields. This
discrepancy is reduced for larger capacitors, since the internal fringing

12)
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Fig. 8. Compactness of loaded helical-microstrip TL segments as a function of the
capacitor edge size. Comparison between the simulations and the theoretical prediction
with and without considering the fringing effect.

Fig. 9. Model of the HY B, folded hybrid branch-line coupler with loaded helical
microstrip transmission lines.

fields become less significant from respect the other fields (both the
surface and the external perimeter grow).

Probably, the major setback of loaded transmission lines is the re-
duction of the available bandwidth. Nevertheless, this limitation is not
particularly relevant in this work, since a branch-line hybrid coupler
has already a narrow response. This will be demonstrated in the sim-
ulations and measures of the prototype with loaded helical-microstrip
TL segments. Moreover, a FoM relating the relative bandwidth and the
compactness is presented below in the experimental measure section for
comparing with the traditional topology and other works found within
the SoA.

The CAD model proposed for the folded hybrid branch-line coupler
with loaded helical microstrip transmission lines is labeled HY By
and presented in Fig. 9. It can be seen that it is basically based on
the unloaded prototype making use of the already existing support
surface to implement plane-parallel plate capacitors as C;. Contiguous
capacitors are joined all along one edge, ensuring a better connection
between them and also between adjacent lines.
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Fig. 10. Simulation results of the reflection coefficient for the traditional (---), the
unloaded (- - -) and the loaded (—) prototypes.

Table 1

Dimensions in mm of the coupler prototypes that have been designed and fabricated.
Dimension (mm) \Prototype HY B, HY B HY B
Length (50 Q-line) 117.5 30 20
Length (35.36 Q-line) 114.6 30 20
Planar substrate thickness 1.57 1.5 1
Pitch (50 Q-line) - 6.1 6
Pitch (35.36 Q-line) - 6.2 6
External cylinder radius - 4 4
Inner cylinder radius (50 Q-line) - 2.4 2.05
Inner cylinder radius (35.36 Q-line) - 3 2.92
Planar track width (50 Q-line) 3.1 3.3 -
Planar track width (35.36 Q-line) 5.1 5.7 -
Helical track width - 3 3
Loading capacitor edge - - 8
Board length 134.6 - -
Board width 142.3 - -
Supporting board diameter/length - 24 16
3D coupler total length - 33 22

4. Simulation data

The CAD models have been designed for proper electromagnetic
simulation, including a coupler with the traditional topology of Fig. 1
and labeled HY B,. In the case of this conventional coupler, the CAD
model has been carried out using the Momentum tool of the ADS
environment software, from Keysight. The EMPro software has been
used for the 3D prototypes instead. The chosen substrate material for
the different devices are the following:

« HYB,: FR4 (e, = 4.7, tan 6 = 0.014)
« HY Bj: Therma 294 (e, = 3.1, tan 6 = 0.025)
* HY By, : High Temp (e, = 2.8, tané = 0.021)
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Fig. 11. Simulation results of the through coefficient for the traditional (---), the
unloaded (- - -) and the loaded (—) prototypes.

The reason of choosing a material with lower permittivity for the
loaded prototype comes from considering the manufacturing process
and that the printer using High Temp (Objet 260 Connex 1, from
Stratasys) is more precise than the one using Therma 294 (XFAB, from
DWSystems).

After integrating the four segments for the design of a coupler, the
dimensions have to be adjusted to find the parameters that better fit the
desired specifications. The final values for all the branch-line couplers,
centered at 350 MHz, are listed in Table 1. The supporting board refers
to the substrate sheet that holds the helical lines in the 3D prototypes.
The dimension is named diameter for the HY By (circular board)
and length for the HY By, (squared board). The coupler total length
comes from the sum of cylinder length and twice the planar substrate
thickness. These parameters will be useful for the calculation of the
occupied area in single plane in the experimental measure section.

Both 3D prototypes have been compared to the traditional coupler
with respect to the scattering parameters. The reflection coefficient is
presented in Fig. 10 where it can be seen that it goes below —30 dB
for all models. HY By; has a minimum of —35 dB and a very small
discrepancy in the frequency of work, below a 3% of relative deviation.
In the zoomed window it can proved that there is no reduction of the
bandwidth in loading the transmission lines with capacitors since all
three prototypes have about 10% of relative bandwidth.

Looking at the other parameters, such as the Through at Fig. 11,
the Coupling at Fig. 12 and the Isolation at Fig. 13, it can be seen that
both miniaturized prototype models are in good agreement with the
response of the conventional coupler.

5. Manufacturing process

The three types of couplers have been manufactured by different
technologies to work at the same frequency of 350 MHz. The HY B,
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Fig. 12. Simulation results of the coupling coefficient for the traditional (---), the
unloaded (- - -) and the loaded (—) prototypes.

by the use of a standard-Printed Circuit Board (PCB) technique on a
FR4 substrate. The HY By has been printed with the XFAB machine
from DWS Systems based on stereolithography and using Therma 294
as dielectric base material. On the other hand, the HY B; has been
printed with the Objet 260 Connex 1 based on material jetting and
using High Temp as dielectric base material. Both 3D prototypes have
been metallized by the use of copper electroplating. The full manu-
facturing process has already been discussed in former works [7,8].
This 3D-printed electronics manufacturing technology is very new and
should not be compared to a conventional process in terms of cost and
efficiency. In order to do that, the presented technology should be fully
optimized and automated.

6. Experimental measures

A picture of the final prototypes is presented in Fig. 14, where the
miniaturization enhancement of both 3D couplers against the conven-
tional one appears very clear. Since the devices have different shapes, it
has been taken as size reference the cross section of each device while
it is orientated along the plane that is parallel to the SMA connector
direction. The area of this final section S, can be then calculated using
the parameters in Table 1. In the case of HY B,, S, is obtained by
multiplying the board length by the board width. On the other hand the
HY By prototype S, comes from multiplying the coupler total length
by the supporting board diameter, while in the case of the HY B, it
comes from the product of the total length and the supporting board
length. The results are listed in Table 2.

Hereon, let the relative compactness be defined as the ratio be-
tween the S, of the traditional coupler and the S, of the evaluated
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Fig. 14. Hybrid branch-line coupler prototypes. From left to right, HY By, HY By
and HYB,.

Table 2

Occupied surface by the 3D-printed hybrid coupler prototypes.
Prototype S, (cm?)
HYB, 191.54
HY B, 7.68
HYBg, 3.52
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Fig. 15. Measurement data of the reflection coefficient for the traditional (---), the
unloaded (- - -) and the loaded (—) prototypes.

device. Therefore, the more the section of the proposed prototype is
miniaturized, the higher the level of compactness becomes.

Sf traditional

13

Compactness =
J prototype

According to this definition, the HY By and the HY By; compact-
ness respectively correspond to 24.9 and 54.4. It can be noticed that
the dielectric constant of FR4 is higher than that of Therma 294 used
for the HY B, which is still higher than the one of High Temp used for
HY Bp; . A high permittivity implies a slower phase velocity and thus
a larger electrical length, thus the final relative miniaturization would
be even more if the same substrate material had been used for all the
samples.

The characterization of the manufactured prototypes has been car-
ried out with a 4-port E5071C Vector Network Analyzer (VNA) from
Keysight Technologies Inc. Figs. 15-18 respectively show the measured
reflection, through, coupling and isolation coefficient responses of the
manufactured prototypes. Comparing to Figs. 10-13 can be seen that
the measured scattering parameters are in good agreement with the
simulation data.

Looking at the reflection coefficient in Fig. 15, the HY B, prototype
goes down to —25 dB while the HY By, to less than —28 dB, that is
very close to the —29 dB of the planar structure. On the other hand
the work frequency relative deviation from the ideal response is higher
for the HY B, prototype, being 5.7%, than for the HY B, which is
0.3%. Therefore, the used 3D manufacturing process gives satisfactory
result even in comparison with the HY B, PCB technology, that led to
a frequency relative deviation of 2.9%. In Fig. 15, the bandwidth can
also be observed, and, as expected, the decrement of the 3D models is
not very significant, since the conventional design already performs a
narrow response. The measured relative bandwidth related to —20 dB
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Fig. 16. Measurement data of the through coefficient for the traditional (---), the
unloaded (- - -) and the loaded (—) prototypes.

of return loss have been found to be 10.9, 8.9 and 7.7% for the HY B,,
HY By and HY Bj; prototypes, respectively.

Fig. 16 shows the through coefficient. Considering that the ideal
output is of —3 dB, the measured insertion loss is —0.28, —0.81 and
—1.32 dB for the planar, unloaded and loaded prototypes, respectively.
The 3D models are more lossy due to the discrepancies between the
metallization results and bulk copper conductivity. That is also sup-
ported by comparing the total normalized scattered power on each
device given by the expression

Powerg = S}, + 53, + 53, + S5, a4

The use of the normalized parameters forces the power to go from
0 to 1 in passive networks, being normal to the power of the exciting
signal. This information is depicted in Fig. 19. The difference between 1
and the summation in (14) means either dissipated or radiated power.

Figs. 17 and 18 are related to the coupling and a isolation co-
efficients. The results are very similar to the through and reflection
coefficients, respectively.

For some hybrid coupler applications it is important to ensure the
quadrature (+90 degrees shift) between both output ports at the work
frequency. This phase difference is depicted in Fig. 20, where the
quadrature occurs close to the work frequency for all the devices. The
higher discrepancy is 6.4° from the expected response and is performed
by the HY By, . Considering that the work frequency of this prototype
is shifted down to 330 MHz, the error is reduced to 3.6°.

Another way to compare the prototypes is by the use of a FoM that
combines the aforementioned compactness, defined in (13), and the
relative bandwidth. This is represented in Fig. 21. The bandwidth is
relative to the center frequency of the corresponding device. Hereon,
the best expected performance of a coupler would be on the right-upper
corner of the plot, which would mean a high level of compactness and a
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Fig. 17. Measurement data of the coupling coefficient for the traditional (---), the
unloaded (- - -) and the loaded (—) prototypes.

large bandwidth. According to this figure, the proposed 3D models are
very interesting, since they achieve a high level of compactness without
loosing significant bandwidth spectrum. Other improved prototypes
using planar technology have been included in the same plot in order to
compare the obtained results with the SoA. This comparison should be
understood as a proof of concept since each device use a manufacturing
technology in different stages of development; use different substrate
base materials and is designed at a different center frequency. Only
devices that work at the VHF or the UHF bands have been taken
as samples. In order to better compare the presented references with
the current work, Table 3 shows their compactness, center frequency
f,, relative bandwidth, type of coupler and the used technique for
miniaturization. Some of the other authors’ information related to the
bandwidth is approximated, since not all the data is explicitly given.

It can be seen that [6] provides an important enhancement regard-
ing the bandwidth and [21] and interesting trade-off between compact-
ness and bandwidth. However, none of the found devices achieves the
level of compactness reached by the HY By; model presented in the
current paper.

7. Conclusions

As a summary, in this work two new designs of 3D branch-line
couplers have been presented. The first one (HY Bf) consists of the
application of helical-microstrip TL segments and a folded structure
for miniaturization. The second one (HY Bj;) improves the final com-
pactness by including capacitor loads at both side of the TL segments.
A study on loaded helical-microstrip TL segments has been carried
out, showing that the compactness achieved goes in detriment of the
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Table 3
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Comparison table of presented devices against the conventional hybrid coupler and other works find within the SoA. The sixth
column refers to the type of coupler, where BL stands for branch-line and RR for rat-race. Some of the information related
to the bandwidth from the other authors is approximated, since not all the data is explicitly given.

Ref Compactness fo (MHz) BW (%) €, Coupler  Technique
HYB, 1.00 350 10.9 4.7 BL Conventional
Sun [3] 2.44 1000 10 2.2 BL Discontinuous microstrip Lines
Tsai [5] 3.73 836.5 3.6 4.2 BL Load capacitors
Chun [6] 2.20 2000 56 3.05 BL Load capacitors
Hung [17] 3.19 1000 3 4.4 BL Artificial lines
Letavin [18] 4.46 900 7 4.4 BL U-shaped capacitor
Velidi [19] 2.25 1000 9 4.3 BL Signal-interference
Koziel [20] 8.06 1000 8 3.5 BL Pattern search algorithm optimization
Kulkarni [21] 29.41 260 28.9 2.1 RR Coaxial waveguide
HYB 24.90 350 8.9 3.1 BL 3D Folded structure
HYBp, 54.40 350 7.7 2.8 BL 3D Folded structure and loaded capacitors
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Fig. 19. Measurement data the scattered power for the traditional (---), the unloaded
(- - -) and the loaded (—) prototypes. The power in the y axis is normalized by the
-10 power of the exciting signal.
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Fig. 18. Measurement data of the isolation coefficient for the traditional (---), the
unloaded (- - -) and the loaded (—) prototypes.

available bandwidth. The simulations and the experimental measures
present a good agreement. The prototypes have been compared to a
conventional planar hybrid coupler (HY B,) and other works within the
SoA, showing a very high level of compactness, while the bandwidth
limitation has not resulted a big concern since the planar structure
already has a narrow spectrum.

Even thought the bandwidth reduction of the proposed models from
respect the conventional structure is not very significant, it is still an
important limitation. There can be found some solutions within the
literature, such as cascading different couplers or using high impedance
lines [6]. Future work would include developing other designs that
enhance this feature and what are the singular possibilities that the
three-dimensional space can offer.
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Frequency (MHz)

Fig. 20. Difference between the measured phase shift of the through and coupled ports
for the traditional (---), the unloaded (- - -) and the loaded (—) prototypes.
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Compactness
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Fig. 21. FoM that relates the compactness defined in (13) with relative bandwidth of
the presented prototypes, the conventional structure and some works found in the SoA.
The bandwidth is relative to the work frequency of each device. The works from SoA
are labeled with the name of the first author and are referred to [3,5,6,17-21].
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