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ABSTRACT This article presents a new kind of finline in double-layer dielectric substrate and its
beamforming circuit of Butler matrix in the millimeter-wave band. The finline is constructed by inserting a
slotline between two dielectric substrate layers. In this configuration, it is bounded within a closed structure
composed of a double-layer dielectric substrate and two rows of via-hole arrangement, contributing to
low dispersion and low radiation loss of the finline characteristics. The proposed finline design aims to
provide a low-complexity and low-loss transmission line which is applied to the Butler matrix design. A
4×4 Butler matrix for 4 switchable beams is realized by using the finline in the double-layer dielectric
substrate. In addition, a waveguide-to-finline transition is developed as a feeding circuit for the Butler
matrix. Characteristics of the proposed transition and the Butler matrix were analyzed by electromagnetic
analysis of the finite element method and demonstrated by experiments at 79 GHz. The proposed Butler
matrix obtains a wideband characteristic and an acceptable insertion loss of 2.42 dB. The array factor
which is calculated from the measured amplitude and phase outputs 4 switchable beams with the beam
directions of +14◦, −46.5◦, +46.5◦ and −14◦, respectively. The proposed beamforming circuit using
finline in double-layer dielectric substrate would be attractive for millimeter-wave applications due to its
performance and low cost.

INDEX TERMS Millimeter wave, transmission line transition, finline, multi-layer substrate, multi-beam
antenna, beam steering, Butler matrix.

I. INTRODUCTION

RECENTLY, with a huge demand of wireless connected
devices, the frequency spectrum of millimeter-wave

band has been considered as an alternative solution for
short-range communications with high-speed data transfer
rates. Millimeter-wave technologies have been applied in
various applications such as fixed wireless access [1], 5G
mobile communication systems [2], and high angular reso-
lution automotive radars [3]–[6]. Multibeam antennas can
be applied to these systems to cover a wide range of
transmission. Therefore, beamforming techniques become
core solutions providing the beam steering capability in the
multibeam antenna systems. Popular analog beamforming

techniques include Blass matrix [7]–[8], Rotman lens [9],
dielectric lens [10] and Butler matrix [11]. Among them,
Butler matrix is widely used in beamforming circuits because
of its low-loss nature and scalability in the number of beams.
Butler matrix is an N×N network which is composed of

hybrid couplers, crossovers and phase shifters. The conven-
tional Butler matrix is usually designed by microstrip line
but it has disadvantage of high transmission loss. Several
kinds of transmission lines have been proposed for the efforts
of providing high transmission performance of the Butler
matrix. For example, hollow waveguide Butler matrix [12],
Butler matrices using single PCB [13], substrate integrated
waveguide [14], complementary metal-oxide-semiconductor
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(CMOS) [15] and multilayer stripline [16] technologies
have been reported for transmission loss reduction. The
hollow waveguide showed advantages of high transmission
performance but the structure is complicated, costly and
difficult to apply to Butler matrices in mass production.
Finline structure consists of a partially metalized dielectric

substrate shielded by a metal waveguide enclosure and their
characteristics have been discussed in [17]–[19]. The finline
does not have a cut-off frequency, but has wideband and low
loss characteristics and it is widely applied to millimeter-wave
PIN diode switches. However, the metal waveguide structure
is bulky in size andweight and it is not economical inmanufac-
turing. Therefore, an alternative technique using multi-layer
dielectric substrate waveguide is proposed to replace the metal
waveguide in millimeter-wave applications.
Multi-layer dielectric substrate is a compact structure

which can be constructed from printed circuits by build-up or
low temperature co-fired ceramic (LTCC) technologies [20].
The idea of a simple finline structure in double-layer dielec-
tric substrate has been proposed in previous works [21]–[25].
However, this work focuses on more detailed investiga-
tions of the finline characteristics on its parameters and
waveguide-to-finline transition design. The proposed finline
is bounded within a closed structure composed of upper and
lower metal plates, and two rows of via-hole arrangement.
The finline is realized by inserting a slotline between two
dielectric substrate layers with the dominant propagation of
longitudinal-section electric (LSE) and longitudinal-section
magnetic (LSM) mode. A wave propagates along the fin-
line, while the electric field is concentrated at the gap of the
slotline. Consequently, the finline in double-layer dielectric
substrate is capable of preventing radiation loss and the leak-
age power between via holes. The finline in double-layer
dielectric substrate is not affected by the cut-off frequency,
it can be applied in a wide frequency range and easy for
integration with a compact size.
A design of 4×4 Butler matrix for 4 switchable beams real-

ized by finline in double-layer dielectric substrate is provided
in this article. Moreover, the Butler matrix characteristics
are demonstrated by the fabricated prototype. In addition to
that, the array factors of the Butler matrix are calculated to
evaluate radiation pattern of the multi-beam antenna.
This article is organized as follows. The structure of the

proposed finline in double-layer dielectric substrate and its
charateristics are first discussed in Section II, followed by the
analysis of the waveguide-to-finline transition in Section III.
The detailed design procedure of the Butler matrix conducted
by electromagnetic analysis of HFSS at 79 GHz [26] and its
performance are discussed in Section IV. Finally, conclusion
is then presented in Section V.

II. FINLINE IN DOUBLE-LAYER DIELECTRIC SUBSTRATE
Structure of the proposed finline in double-layer dielectric
substrate is illustrated in Fig. 1(a). The finline consists of
two separate dielectric substrate layers of fluorocarbon resin
films (εr = 2.16, loss tangent tan δ = 0.0005), three printed

FIGURE 1. Structure of finline in double-layer dielectric substrate. (a) Overview,
(b) yz plane, (c) LSM01 mode.

metal patterns (thickness: 18μm) and two rows of via-hole
in parallel and through the dielectric substrates. A slotline
(width g = 0.1 mm) is etched in the middle metal layer
before it is shielded by two separate dielectric substrates.
To create a closed structure of finline, two rows of via-hole
are arranged through the dielectric substrates at a distance d
from the edges of the slotline as the broad wall of the finline.
The diameter of via hole φ = 0.30 mm; pitch of via holes
c = 2φ and d = 0.35mmare required for possible fabrication.
The proposed finline is formed as a shielded structure with
the narrow wall b and the broad wall t as illustrated in
Fig. 1(b). The narrow wall is determined as b = 0.8 mm.
The broad wall t is the sum of two substrate thicknesses (t1
and t2) that are commercial product of NPC-H220A provided
by NIPPON PILLAR PACKING CO., LTD [27]. t1 and
t2 should not be greater than b to prevent the generation
of waveguide mode in the closed space of each dielectric
substrate. An investigation of finline characteristics depending
on dielectric substrate thicknesses is conducted as shown in
Fig. 2. When shielding structure (t×b) is large, higher-order
waveguide mode generates. With t1 = t2 = 1.0 mm, the
higher-order mode tends to be generated in each dielectric
substrate, followed by a reduction of transmission performance
of the finline. When the thicknesses of 0.8mm and 0.6 mm
are used, only a slight difference is observed in reflection
and transmission characteristics. Selecting from the product
list, the values of t1 = t2 = 0.8 mm are selected to build the
broad wall of the finline (t = 1.6 mm).

The finline supports wave propagation of LSM01 mode.
Plane wave in horizontal polarization concentrates at the
slotline and propagates along the finline as illustrated in
Fig. 1(c). The leakage wave in the horizontal polarization
between via holes is cut off by copper foils at both sides
of the finline, in which low dispersion can be achieved.
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FIGURE 2. Finline characteristics depending on dielectric substrate thicknesses.

FIGURE 3. Characteristic impedance and wavelength ratio λg /λ0 versus frequency
of finline.

FIGURE 4. Reflection and transmission characteristics of proposed finline.
(a) Reflection, (b) Transmission loss estimation.

The characteristic impedance and wavelength of the finline
are necessary in the circuit design. They are controlled and
determined by changing the slotline width g of the finline.
By applying numerical analysis of finite element method, the
characteristic impedance and wavelength ratio λg/λ0 versus
frequency of finline are calculated as shown in Fig. 3 (λg:
wavelength of the finline in double-layer dielectric substrate).
The characteristics show that the impedance is proportional
to the width g of the slotline and the wavelength λg of
the finline increases when the width g is extended. The
slotline width g should be considered small to avoid the
higher-order waveguide mode in the finline. In this design,
g = 0.1 mm is selected for possible fabrication. The finline

FIGURE 5. Structure of the proposed waveguide-to-finline transition.

TABLE 1. Parameters of the proposed waveguide-to-finline transition.

has characteristic impedance of Z0 = 123 � and wavelength
λg = 2.9 mm at 79 GHz.
The proposed finline is composed of a closed waveguide

structure in double-layer dielectric substrate. Therefore, some
advantages of low radiation loss and low electromagnetic
interference can be expected in the finline characteristics.
Simulated reflection and transmission characteristics of the
proposed finline are presented in Fig. 4. The discrete arrange-
ment of via holes in dielectric substrates causes reflected
waves with the amplitude below −25 dB as shown in
Fig. 4(a). The proposed finline structure is composed of
dielectric substrates, metal plates and via holes. Therefore,
the transmission loss (Lt) includes conductor loss (Lc),
dielectric loss (Ld) and leakage loss (Lo). The loss factors
of the proposed finline are calculated by HFSS as shown
in Fig. 4(b). The total transmission loss of the proposed
finline shows Lt = 0.27 dB/cm in which the loss factors
are estimated as Lc = 0.16 dB/cm; Ld = 0.06 dB/cm and
Lo = 0.05 dB/cm.

III. WAVEGUIDE-TO-FINLINE TRANSITION
A waveguide-to-finline transition is designed for integration
between the finline and the hollow waveguide in millimeter-
wave band. Metal layers of the proposed waveguide-to-
finline transition are shown in Fig. 5. One end of the
dielectric substrate is plugged with via holes to form a
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FIGURE 6. Field distributions of waveguide-to-finline transition at 79 GHz.
(a) Electric field, (b) Magnetic field.

FIGURE 7. Reflection characteristics of waveguide-to-finline transition
depending on ld .

short circuit for waveguide connection. A hollow rectan-
gular waveguide is attached to layer 1 through an aperture-1
of WR-12 standard. A half-wavelength dipole antenna ld
which has an identical electrical polarization with the fin-
line is proposed to be located at the aperture-2 and it is
attached to the finline. For impedance matching between the
hollow waveguide and dipole antenna, an iris is formed by
extending the metal pattern by a distance P and P0 from both
ends of the waveguide at the aperture-2. In the transition,
the electric field of TE10 mode from the hollow waveg-
uide excites the dipole antenna as demonstrated in Fig. 6(a).
Consequently, the dipole antenna positively excites the slot-
line of the finline due to the identical electrical polarization.
The magnetic field of LSM01 mode is generated in the fin-
line as illustrated in Figure 6(b). Finally, an electromagnetic
wave is transmitted into the finline.

FIGURE 8. Reflection characteristics of waveguide-to-finline transition depending
on iris length P.

FIGURE 9. Reflection characteristics of waveguide-to-finline transition depending
on iris length P0.

FIGURE 10. Simulated reflection and transmission characteristics of
waveguide-to-finline transition.

Center frequency of the proposed transition is controlled
by the dipole length ld as shown in Fig. 7. The center
frequency is shifted toward the lower frequencies when
the dipole length ld is increased. In this transition design,
the dipole length ld = 1.26 mm is used to achieve center
frequency at 79 GHz. By extending the iris length P, the
coupling region of magnetic field changes, followed by the
shift of center frequencies to lower frequencies as presented
in Fig. 8. The iris length is optimized to be P = 0.80 mm
so as to set the center frequency to 79 GHz. Iris length P0
plays a role as a impedance matching section between the
finline and the dipole. By adjusting iris length P0, a slight
shift of center frequency can be seen but reflection level
changes significantly as presented in Fig. 9. The iris length
is chosen as P0 = 0.50 mm for the reflection level below
−35 dB at 79 GHz.
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FIGURE 11. Structure of the Butler matrix components (on the middle metal layer of
the double-layer substrate). (a) Hybrid coupler, (b) Crossover, (c) Phase shifter.

The optimum parameters of the proposed waveguide-to-
finline transition are summarized in Table 1. In this transition,
λ is the wavelength in dielectric. With these parameters, the
reflection and transmission characteristics of the waveguide-
to-finline transition are obtained as shown in Fig. 10. The
proposed transition operates over a wide bandwidth of
17 GHz (21.5 %) at reflection level below −15 dB. The
transmission loss at 79 GHz is 0.61 dB including 0.27 dB
transmission loss of the finline. Therefore, the insertion loss
of the proposed transition can be estimated as 0.34 dB.

IV. BEAMFORMING CIRCUIT OF BUTLER MATRIX
A. DESIGN PROCEDURE
The design procedure of the Butler matrix is given in this
section. The Butler matrix structure consists of components
such as hybrid couplers, crossovers and phase shifters. In
this model, components of the Butler matrix are designed
using the proposed finline configuration as shown in Fig. 11.
A hybrid coupler divides an RF signal from input port 1

to output ports 2 and 3 equally with 90◦ phase difference.
It is laid out at the middle metal pattern of the double-
layer substrate using two branch-lines with electrical length
of lh1 and lh2 as shown in Fig. 11(a). In the finline hybrid
coupler, characteristic impedances of branch-lines are inves-
tigated and determined by changing the widths g1 and g2 of
the slotlines as in the discussion provided in Section II. In
this design, g1 and g2 are 0.1 mm and 0.13 mm, respectively;
electrical length of branch-lines are optimized in simulation
as lh1 = 0.96 mm and lh2 = 0.96 mm for equal power divi-
sion at output ports. Furthermore, due to some limitations in
the fabrication process, space in the square of hybrid cou-
pler is not enough to arrange some via holes φ1 = 0.3 mm
with pitch of holes c = 0.6 mm, thus, one via hole with
φ2 = 0.55 mm is placed in the square of hybrid coupler
to ensure a unique distance of 0.2 mm between via holes
and slotlines. Figure 12(a) indicates the simulated scattering
parameters of the finline hybrid coupler. Reflection level of
port 1 and isolation level of port 4 are below −20 dB at
79 GHz. The power is divided equally to port 2 and port 3

TABLE 2. Parameters of the Butler matrix components.

FIGURE 12. Simulated characteristics of hybrid coupler. (a) Scattering parameters,
(b) phase difference.

as −3.3 dB. Therefore, insertion loss is estimated as approx-
imately 0.3 dB. The phase difference of the hybrid coupler
output ports is indicated in Fig. 12(b). The result shows
an agreement with the theory with the phase difference of
output port 2 and port 3 is 90.3◦.

A crossover is a cascade connection of two hybrid couplers
with the impedance characteristic Z0 of all branch lines.
Power is transmitted from input port 1 to output port 3
without transmission to port 2 and port 4. The crossover
is laid out at the middle metal pattern of the double-layer
substrate as shown in Fig. 11(b). The electrical length of
branch-lines are set to be lc1 = lc2 = 0.88 mm with the
slotline gap g1 = 0.1 mm. Similar to the hybrid coupler
design, space in the square of crossover is not suitable to
arrange some via holes φ1 = 0.3 mm with pitch of holes
c = 0.6 mm. In this design, to ensure a unique distance
of 0.2 mm between via holes and slotlines, via holes with
φ3 = 0.50 mm are placed in the crossover square. The
simulated scattering parameters of crossover is presented in
Fig. 13. The insertion loss is 0.8 dB at 79 GHz. Isolations
are achieved at port 2 and port 4 with the amplitude below
−25 dB. The overlapped bandwidth of the designed hybrid
coupler and crossover is 15% for |S11| < −10 dB (from
74 GHz to 86 GHz).
In this Butler matrix, two phase shifters with 0◦ and

45◦ phase adjustment are designed to compensate the phase
difference of the adjacent crossovers. The phase difference
is controlled by introducing a line offset �L as shown in
Fig. 11(c). The simulated results of phase shifters are shown
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FIGURE 13. Simulated scattering parameters of crossover.

FIGURE 14. Simulated phase difference of phase shifters.

in Fig. 14. The line offset is estimated as �L = −0.12 mm
for 0◦ phase adjustment and �L = −0.05 mm for 45◦ phase
adjustment. The optimum parameters of the Butler matrix
components are presented in Table 2.
The designed Butler matrix components and waveguide-

to-finline transition using the proposed finline are integrated
together to form a comprehensive Butler matrix with feeding
circuits as demonstrated in Fig. 15. The dimensions of the
Butler matrix itself are 5×12 mm. Port #1, #2, #3 and #4
are the input ports; while port #5, #6, #7 and #8 are the
output ports. The input ports and output ports of the Butler
matrix are extended outward for convenient arrangement of
transitions. In addition, since three types of vias have been
used to design the appropriate structures of the hybrid cou-
plers, crossovers, and phase shifters, six types of finlines are
produced in the Butler matrix as shown in Fig. 16. This will
cause the asymmetrical structures of the hybrid couplers in
the Butler matrix that can be seen in Fig. 15. Characteristics
of various finlines are investigated by simulation as demon-
strated in Fig. 17. Although the investigated finlines have the
same length of 1 cm, the transmission amplitude and phase
show a slight difference between finlines. The maximum
phase shift of 9◦ can be seen between finline F1 and F3.
The transmission phase deviation of finlines affect the pro-
gressive phase shift of the Butler matrix output ports which
will be discussed in Section B. The simulated and measured
performance of the Butler matrix are also compared and
discussed in next subsection.

B. SIMULATED AND MEASURED RESULTS
A fabricated prototype of the Butler matrix using the
proposed finline is shown in Fig. 18. Two substrates

FIGURE 15. Geometry of the proposed finline Butler matrix with transitions.

FIGURE 16. 6 types of finlines in the proposed Butler matrix.

consisting of three metal plates are sticked together by heat-
ing technology. The Butler matrix is constructed on the
middle metal layer and fed from the waveguide through an
aperture located on the bottom metal layer. The measurement
of scattering characteristics are conducted by MS4647B-
ANRITSU Vector Network Analyzer (VNA). Due to the
small-scale prototype, 2 of 8 ports are connected to the
VNA at the same time for measurement, the rest terminals
are covered by waveguide absorber.
The measured and simulated reflection characteristics of

the Butler matrix ports |S11|, |S22|, |S55| and |S66| are
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FIGURE 17. Characteristics of 6 types of finlines. (a) S-parameter, (b) Transmission
phase.

FIGURE 18. Fabricated prototype of Butler matrix using finline in double-layer
substrate. (a) Upper view, (b) Side view.

illustrated in Figs. 19. In the measured results, many ripples
appear because of the effect of multi-reflection of the fabri-
cated prototype in the measurement. However, the reflection
characteristics almost show the agreement between measured
and simulated results. A slight shift of 0.6 GHz can be
seen between measurement and simulation in |S22| and |S55|
which is because of fabrication tolerance. |S44|, |S33|, |S88|
and |S77| should be similar to |S11|, |S22|, |S55| and |S66|,
respectively due to the symmetrical geometry of the Butler
matrix. The input ports show the overlapped bandwidth of
11% for the reflection level less than −10 dB (from 74 to
82.5 GHz).
The simulated and measured amplitude of output ports

when alternating the input excitation are exhibited in Fig. 20.
In this measurement, the effect of multi-reflection in fabri-
cated prototype makes it difficult to estimate the amplitude
of output ports since many ripples appear in the measured
curves. Therefore, gating function in time domain is utilized
to reduce unwanted reflections [28], making the amplitude
curves smooth but do not change the amplitude values. At
most output ports, the measured and simulated transmission
amplitudes agree with each other with the amplitude higher
than −10 dB at 79 GHz, however, they tend to decrease at
higher frequencies. By alternating excitation of port 1, 2, 3
and 4, the common frequency bandwidth in which the trans-
mission amplitude is higher than −10 dB is around 5 GHz
(from 74 to 79 GHz).
The amplitude distributions at the output ports at 79 GHz

are described in Fig. 21. Since −6 dB is the theoretical

FIGURE 19. Measured and simulated reflection characteristics of the Butler matrix
ports.

uniform amplitude dividing to 4 output ports, measured
amplitudes of the output ports fluctuate between −10 dB
and −8 dB when each input port is excited, while simu-
lated results are between −9 dB and −6 dB. The amplitude
imbalance of output ports is mainly due to the asymmetri-
cal structures of the hybrid couplers in the Butler matrix as
shown in Fig. 15. Compared to the lossless Butler matrix in
theory, the deterioration of amplitude is caused by insertion
loss of the measured Butler matrix. They are calculated as
2.96 dB, 3.18 dB, 3.27 dB and 3.02 dB, corresponding to
excitations of input ports #1, #2, #3 and #4, respectively.
Therefore, the average insertion loss of the proposed Butler
matrix is calculated approximately 3.1 dB. In the measured
results, the loss includes the insertion loss of the Butler
matrix itself and the insertion loss of two waveguide-to-
finline transitions for input and output ports. Therefore, with
the insertion loss of each transition is 0.34 dB as discussed
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FIGURE 20. Measured and simulated amplitude of output ports. (a) when port 1 is
excited, (b) when port 2 is excited, (c) when port 3 is excited, (d) when port 4 is excited.

in Section II, the insertion loss of the Butler matrix itself is
estimated as 2.42 dB.
In term of transmission phase, the phase difference

between adjacent output ports for the port i excitation is

FIGURE 21. Measured and simulated amplitude of output ports at 79 GHz. (a) when
port 1 is excited, (b) when port 2 is excited, (c) when port 3 is excited, (d) when port 4
is excited.

FIGURE 22. Progressive phase shifts of the Butler matrix output ports when port i
is excited (i = 1, 2, 3, 4).

theoretically given by:

φi = ± (2p− 1)

N
× π (1)

where N is the order of the Butler matrix (N = 2n) [11]. In
this Butler matrix, N = 4, n = 2 and p = 1, . . . , n. Hence,
the phase differences of Butler matrix output ports are ±45◦
for port 1 and port 4 excitation and ±135◦ for port 2 and
port 3 excitation. Figure 22 further describes progressive
phase shifts of the Butler matrix output ports when port i is
excited (i = 1, 2, 3, 4). The agreement can be seen between
measured and simulated phases. In the measurement, the
maximum phase error is 16◦ at the designed frequency of
79 GHz. The phase deviation is mainly due to the accumu-
lated phase errors of the Butler matrix components those are
composed of various finlines as discussed in Fig. 17.
Finally, for the radiation pattern, the array factor of the

proposed Butler matrix is then calculated from the obtained
results of the transmission amplitude and transmission phase
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FIGURE 23. Array factors for element spacing of half wavelength. (a) 79 GHz,
(b) 76 GHz, (c) 82 GHz.

by following equation [29]:

AF[θ, φi] =
sin

(
N

[
dπ
λ
sin(θ) − φi

2

])

Nsin
(
dπ
λ
sin(θ) − φi

2

) (2)

FIGURE 24. Gain versus frequency of array factor.

FIGURE 25. Measured amplitude of Butler matrix at 76 GHz, 79 GHz and 82 GHz.
(a) Port 1 is excited, (b) port 2 is excited, (c) port 3 is excited, (d) port 4 is excited.

In this calculation, the radiation elements are assumed 4
isotropic antennas (N = 4) and spacing between elements is
a half-wavelength each (d = λ/2). θ is the direction angle
of the array factor and φi indicates the phase difference
between adjacent output ports. The calculated array factor
at the desired frequency of 79 GHz and its neighboring
frequencies of 76 GHz and 82 GHz are shown in Fig. 23.
Four directional beams are produced by the proposed Butler
matrix and the beam directions show that a slight difference
is witnessed between measured data and theoretical data due
to phase error in the fabricated Butler matrix. The direction
angles of 4 beams are calculated by MATLAB using Eq. (2).
At the desired frequency of 79 GHz, measured results show
that the beam directions are +14◦, −46.5◦, +46.5◦ and −14◦
for the excitation of port 1, 2, 3, and 4, respectively, as
described in Fig. 23(a). The maximum angle deviation of
2.5◦ can be seen between measured and theoretical results.
Similarly, 4 directional beams are also generated in array
factors at 76 GHz and 82 GHz with the maximum angle
deviation of 5.5◦ and 7◦ as presented in Fig. 23(b) and
Fig. 23(c), respectively.
On the other hand, the gain of 4 beams assuming isotropic

elements at the center frequency of 79 GHz and neighbor
frequencies of 76 GHz and 82 GHz are presented in Fig. 24.
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TABLE 3. Comparison between proposed and developed Butler matrix.

The measured transmission losses of the Butler matrix are
indicated in Fig. 25. Due to the transmission loss of the
Butler matrix, the gain at 79 GHz is about 3 dBi and it
is degraded about 3 dB compared to the theoretical gain.
At 76 GHz, the gain of 4 beams varies between 3 dBi
and 3.6 dBi. As can be seen in Fig. 25, the transmission
losses at 82 GHz increase by approximately 2 dB compared
to the losses at 79 GHz, followed by a reduction of gain
at 82 GHz. The high losses can be explained by the high
reflection level of the Butler matrix ports at 82 GHz as
shown in Fig. 19. The gain is higher than 1 dBi at 82 GHz.
Overall, the proposed Butler matrix generates 4 switchable
beams with the gain of the array factor is approximately
3 dBi at the center frequency of 79 GHz.

C. COMPARISON AND DISCUSSION
The performance summary of the proposed and developed
Butler matrices are compared in Table 3. Although each
study was conducted by design frequencies and differ-
ent processing techniques such as waveguide, PCB, SIW,
CMOS chip and multilayer stripline, the fairest compar-
isons are given to evaluate the effectiveness of this study.
The developed Butler matrix in [12] seems to obtain the
performance of cover range as well as insertion loss because
it was designed by the hollow waveguide processing tech-
nology. However, the structure seems complicated with high
fabrication costs. Other reported Butler matrices are more
simple structures but the insertion losses are also moder-
ate. In this work, the Butler matrix is designed by proposed
finline in double-layer dielectric substrate and waveguide-
to-finline transitions. Four directional beams produced by
the Butler matrix can be steered within a coverage range
of peak direction between −46.5◦ and +46.5◦ as presented
in Fig. 23. The insertion loss of the Butler matrix itself is
acceptable as 2.42 dB. This advantage of the insertion loss
would be a promising solution to design multibeam antennas
with high directivity in the millimeter-wave band.

V. CONCLUSION
In this article, a wideband, low insertion loss millimeter-
wave beamforming circuit of Butler matrix was proposed
and investigated at 79 GHz by using finline in double-layer
dielectric substrate. The proposed finline was constructed by
a slotline inserted in the metal pattern between two dielectric
substrate layers with two rows of via-hole arrangement. The

closed structure of the finline resulted in low-loss transmis-
sion characteristic. In addition to that, a waveguide-to-finline
transition structure was developed as a feeding circuit for
the Butler matrix. The performance of the proposed Butler
matrix was evaluated by electromagnetic simulator and con-
firmed by experimental results. In the measurement, the
proposed Butler matrix obtained an acceptable insertion loss
of 2.42 dB and 4 switchable beams were achieved with
the beam directions of +14◦, −46.5◦, +46.5◦ and −14◦,
respectively. With advantages of transmission performance,
simple structure and low cost, the finline in double-layer
substrate would be an attractive solution for millimeter-wave
applications.
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