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Design and Fabrication of PTFE Substrate-Integrated Waveguide
Butler Matrix for Short Millimeter Waves

Mitsuyoshi KISHIHARA 'Y, Member, Kaito FUJITANI', Akinobu YAMAGUCHI'",

SUMMARY  We attempt to design and fabricate of a 4x4 Butler matrix
for short-millimeter-wave frequencies by using the microfabrication pro-
cess for a polytetrafluoroethylene (PTFE) substrate-integrated waveguide
(SIW) by the synchrotron radiation (SR) direct etching of PTFE and the
addition of a metal film by sputter deposition. First, the dimensions of
the PTFE SIW using rectangular through-holes for G-band (140-220 GHz)
operation are determined, and a cruciform 90 ° hybrid coupler and an inter-
section circuit are connected by the PTFE SIW to design the Butler matrix.
Then, a trial fabrication is performed. Finally, the validity of the design
result and the fabrication process is verified by measuring the radiation
pattern.

key words: microstructure, X-ray lithography, dielectric loaded waveg-
uides, Butler matrix, millimeter wave circuits

1. Introduction

Microparts such as mechatronics, optics, and fluidics have
been developed using various microfabrication technologies
such as laser cutting and lithography. In microwave en-
gineering, trial fabrications of hollow waveguide horn an-
tennas by a process with SU-8 photoresist[1] and hollow
waveguides of laser-cured resin with copper electroplat-
ing [2] have been reported. In recent years, many attempts
have been made to realize various circuit elements by using
additive manufacturing technology (AMT) [3].

It has been reported that polytetrafluoroethylene
(PTFE) microstructures can be fabricated by direct expo-
sure to X-ray from synchrotron radiation (SR) [4]-[6]. The
fabrication process for a PTFE-based waveguide for mil-
limeter waves by the SR direct etching of PTFE and the
addition of a Au film by sputter deposition and electro-
plating has also been proposed [7]. The fabrication process
is considered useful for constructing waveguide-integrated
circuits for millimeter-wave and submillimeter-wave bands.
However, at higher frequencies of more than 100 GHz, the
PTFE-filled waveguide circuit becomes weaker than paper
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and bends or snaps off easily unless it is fixed with resin [8].

A waveguide whose sidewalls are replaced with
densely arranged metallic posts has been proposed.
This type of waveguide is called a post-wall wave-
guide (PWW) [9]-[11] or a substrate-integrated waveguide
(SIW) [12]-[14]. In this study, the design of a 4x4 But-
ler matrix for short millimeter waves is attempted using a
PTFE-based SIW structure. The SIW structure is favorable
in terms of the shape retention of the microstructure and the
high degree of freedom in the design [15]. First, the dimen-
sions of the PTFE SIW using rectangular through-holes are
determined for G-band (140-220 GHz) operation. Then, the
cruciform 90 ° hybrid coupler (3 dB coupler) and an inter-
section circuit (0 dB coupler) of the PTFE SIW structure
analogous to the circuits in Ref. [8] are connected to design
a Butler matrix. Then, a trial fabrication of the PTFE SIW
Butler matrix is performed by the above-mentioned fabrica-
tion process utilizing the SR direct etching of PTFE and Au
coating by sputter deposition and electroplating. Finally, the
radiation pattern of the Butler matrix is measured to validate
the design result and the fabrication process.

2. Design of Butler Matrix
2.1 Propagation Constant of PTFE SITW

The basic structure of the PTFE SIW is shown in the inset
in Fig. 1. The rectangular areas (R, X R,) in the PTFE sheet
with relative permittivity &, represent through-holes that act
as the side walls of the waveguide. They are arranged with
spacing s and width W. The surface of the through-holes
and the upper and bottom planes of the PTFE sheet must be
metal. The thickness of the PTFE sheet is much less than the
wavelength used in its circuit system, the propagation and
nonpropagation modes excited in the PTFE SIW are TE, -
like modes. Namely, the PTFE SIW has the same propaga-
tion characteristics as a conventional rectangular waveguide.
In this study, the use of PTFE sheets with a thickness of 0.40
mm is assumed.

The calculated frequency dependences of the phase and
attenuation constants of the PTFE SIW for the G-band is
shown in Fig. 1. They are derived from the S -parameters
of two straight SIW sections with different lengths which
correspond to “Thru” and “Line” connections, based on
the TRL calibration technique[16]. In this study, the S-
parameters of the straight SIW section are analyzed using
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Fig.1 Calculated phase and attenuation constants of PTFE SIW for G-
band (W = 0.90 mm, s = 0.20 mm, R, = R, = 0.30 mm, &, = 2.04). Inset
is basic structure of PTFE SIW. (view of H-plane)
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Fig.2  Block diagram of 4x4 Butler matrix.

H-plane planar circuit approach [17], where the impedance
boundary is used for the outer boundaries to include the
leakage loss. The dimensions W, s, R, and R, are adjusted
so as to have the same cutoff frequency as that of the G-band
standard waveguide. The spacing s and the dimensions of
the through-hole, R, and R,, should be selected so that the
leakage field remains sufficiently small. As a result, W =
0.90 mm, s = 0.20 mm, and R, = R, = 0.30 mm are ob-
tained under the assumption that the relative permittivity of
the PTFE sheet, &, is 2.04. In the analysis, the PTFE sheet
is treated as lossless and the metal parts are treated as per-
fect conductors. In Fig. 1, the TE(-like mode occurs at f, =
113 GHz. No higher-order mode occurs within the G-band
frequency range. It is found that the attenuation constant is
less than 0.01 Np/m at the operation band, and the present
configuration can greatly suppress the radiation loss due to
the structure.

2.2 Circuit Components of Butler Matrix

Figure 2 shows a block diagram of a 4x4 Butler matrix. It is
constructed from four 90 ° hybrid couplers, two 45° phase
shifters, and two crossings. In this study, a simplified cruci-
form coupler is utilized as the 90 ° hybrid coupler. As the
crossing structure, an H-plane waveguide intersection cir-
cuit is adopted. Namely, the PTFE SIW 4x4 Butler matrix
can be constructed from four cruciform couplers, two inter-
section circuits, and phase-shifting waveguides. The output
phase differences among ports #5 to #8 vary depending on
which port (#1 to #4) is used as the input port.

Figure 3 shows the structure of a PTFE SIW cruciform
coupler. It consists of four input/output PTFE SIWs con-
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Fig.4  Structure of PTFE SIW intersection coupler. (view of H-plane)

nected at right angles. The configuration of the PTFE SIW
is depicted with the rectangular through-holes. Two rect-
angular slits of length /; are arranged symmetrically on the
diagonal line of the crossed region to control the directivity.
The rectangular slit of length /, at each port is inserted as a
matching element. The dimensions W, s, R,, and R, are the
parameters associated with the PTFE SIW, while the dimen-
sions 1, b», 1, 1, and p; are the parameters for the cruciform
coupler. The dimensions for the G-band PTFE SIW cruci-
form 3 dB coupler are obtained from Ref. [8] as /; = 0.21
mm, [, = 0.16 mm, #; = t, = 0.20 mm, and p; = 0.28 mm.
Assuming that port #1 is an input port, ports #2 and #3 be-
come an isolation port and a coupling port, respectively. The
phase difference between the outputs #3 and #4 becomes 90
°. The fractional bandwidth of 14.6% is achieved for the
return loss better than 20 dB and the power-split imbalance
less than 0.5 dB.

Figure 4 displays the structure of the PTFE SIW in-
tersection circuit. The structure exhibits rotational symme-
try, where the length of one side is given by a. The 0 dB
coupling characteristics can be obtained by optimizing the
dimensions and positions of the matching elements repre-
sented by ¢, py, and [. Unfortunately, since the intersection
circuit does not exhibit reflection symmetry, it is difficult to
connect to each circuit and align the ports at equal intervals.
In this work, circular bends of angle 6 are added to the in-
tersection circuit and the port positions are centered. The
radii of the bends are represented by Ry. Two bends are con-
nected at each port, and then a straight section of length [y is
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cruciform hybrid coupler

intersection

Fig.5 Configuration of PTFE SIW 4x4 Butler matrix and electric field
distribution excited at port #1.

inserted between them to center the ports. The dimensions
for the G-band PTFE SIW intersection circuit are given as
a =240 mm, p, = 0.57 mm, ¢t = 0.32 mm, [ = 0.39 mm, 6
=65 °, Ry = 0.55 mm, and ly = 0.127 mm. The fractional
bandwidth is 5.5% for the return loss better than 20 dB and
the insertion loss less than 0.5 dB.

2.3 Layout of Circuit Components

Figure 5 shows the layout of a 4x4 Butler matrix consist-
ing of four cruciform couplers, two intersection circuits, and
PTFE SIWs for the connection and phase shift. It also shows
the electric field distribution when the input is from port #1.
This layout is obtained by calculating the frequency charac-
teristics of the §-parameters using the EM simulator HFSS
and connecting each component while checking the phase
shift. Through-holes are basically squares with a side of
0.30 mm, however, the spacing and dimensions are adjusted
to avoid interference with curved sections and adjacent cir-
cuits.

Figure 6 shows the frequency characteristics of the S -
parameters of the PTFE SIW 4x4 Butler matrix. In the cal-
culation, conductor loss (Au: 4.1x107 S/m) and dielectric
loss (PTFE: tand = 0.0002) are considered. It is found that
the reflection S1; and the isolation characteristics S1-S 4;
indicate below —15 dB for the frequency range 175.3 GHz
to 181.9 GHz, and the outputs S5;-Sg; become —7.9 dB to
—6.1 dB as shown in Fig. 6 (a). Since the reflection S; of
the present Butler matrix is degraded above 182 GHz, there
is no margin compared to the waveguide type in Ref.[8]
which has the upper frequency limit of 188 GHz. The out-
put imbalance 1.8 dB is also a little large compared to 0.35
dB in Ref. [8]. When inputted from port #1, the phase dif-
ferences between the adjacent ports become almost 45 ° at
180 GHz, as shown in Fig. 6 (b). The phase differences con-
tain the maximum deviation of 10.4 ° at 180 GHz (0.4 ° in
Ref. [8]). Although these deviation may affect the perfor-
mance of the Butler matrix and the operation is limited to
narrowband, the present circuit works as a Butler matrix at
180 GHz.
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Fig.6  Frequency characteristics of S-parameters of PTFE SIW 4x4 But-
ler matrix. (a) Magnitudes. (b) Output phase differences (input port: #1).

In this paper, output ports #5 to #8 of the 4x4 But-
ler matrix are integrated with the PTFE-filled waveguide
horn antennas. The validity of the designed Butler matrix
is evaluated by measuring its radiation pattern. The dimen-
sions of the horn antenna are 1.54 mm length to the aperture,
1.05 mm aperture width, and 1.10 mm arrangement interval.
Since the total horn width is 4.35 mm, the far-field distance
of the designed 4x4 Butler matrix is estimated as 22.9 mm.
For ports #1 to #4, a pattern is provided so that an input
waveguide can be connected to any one of them at the time
of trial fabrication.

3. Fabrication

The fabrication process for the PTFE SIW Butler matrix
consists of the SR direct etching of the PTFE sheet, the
RF sputtering of Au, and electroplating that are the same
process as Ref. [8]. In this study, the pattern where the in-
put/output port is #1 is fabricated. Figure 7 (a) shows a pho-
tograph of the PTFE structure covered with the Au film ob-
tained after sputtering and electroplating. The amount of
X-ray exposure is 2560 Asec (time required: 2.5 h). The
apertures of the horn antennas are not covered with a Au
film, as shown in Fig.7(b). They are realized by cover-
ing the side surface with a PTFE piece during sputtering.
Among ports #2 to #4, the ports to which no input is con-
nected are short-circuited. This short-circuited condition is
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Fig.7 Fabricated Butler matrix. (a) Butler matrix with surrounding
PTFE frame removed (input port #1). (b) Area of apertures of horn an-
tennas.

adopted, knowing that the reflection will occur at the end.
Since the matching terminations could not be prepared, the
measurement is compared with the simulation result includ-
ing the reflected waves.

4. Measurement

The same measurement system as Ref. [8] is prepared us-
ing a frequency tripler (VDI WRS5.1x3 Broadband Tripler)
and a detector (VDI WRS5.1 Zero-Bias Detector). A vector
network analyzer (Agilent E8361C) is used as the V-band
source. When the V-band signal (60 GHz) is input to the
tripler, the G-band signal (180 GHz) can be obtained. A
conical horn is utilized for the transmission antenna, and the
Butler matrix is connected to the detector. The Butler matrix
is put on the rotator such that antenna radiation patterns can
be measured. The distance between the antennas is 10 cm
and their height is 5 cm. The received signal is observed as
DC voltage.

The H-plane radiation pattern is measured at 180 GHz
for the fabricated Butler matrix. The result is shown in
Fig.8. 0 ° is set as the direction of the transmitting antenna.
The measured values are normalized using the maximum
value. The solid line is the measured radiation pattern, and it
is found that the direction of the main beam roughly agrees
with the HFSS simulation result (chain line). Because the
arrangement interval of the horn antennas is not optimized
in this design, the direction of the main beam (-10 °) is
meaningless. However, it is confirmed that the phases from
the each circuit component are synthesized correctly, and
the fabricated structure functions as a Butler matrix.

From the view point of fabrication accuracy, the stencil
mask used in this work contains a dimensional error of +7.5
um (15 ym at maximum). It would cause an error in the
propagation length. Since the guide wavelength of the SIW
is 1.53 mm at 180 GHz, the dimensional error 15 ym cor-
responds to a phase shifting of 3.5 °. Because the amounts
of the phase shifting are adjusted by the lengths of the SIWs
and each component is connected by them to form the Butler
matrix, it is considered that these phase errors may appear
in the final phase differences. The phase error may also oc-
cur for each SIW component, and then the each phase error
would be summed. A detailed evaluation of the phase errors
included in the circuit will be a task in future work.
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Fig.8 Measured H-plane radiation patterns of PTFE SIW 4x4 Butler
matrix at 180 GHz. Measuring port: #1.

5. Conclusion

The trial fabrication of a PTFE SIW 4x4 Butler matrix for
short millimeter waves was attempted by SR direct etch-
ing, the sputter deposition of a metal, and electroplating.
The Butler matrix was constructed from four cruciform 3
dB couplers, two intersection circuits, and phase-shifting
SIWs. The radiation pattern of the fabricated 4x4 But-
ler matrix was measured. It was confirmed that the direc-
tion of the main beam agrees with the HFSS simulation re-
sult. The present fabrication process and the PTFE SIW are
considered useful for integrating the circuit components at
millimeter-wave and submillimeter-wave frequencies.
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