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Abstract — In this paper, a novel planar Butler matrix
(BM) utilizing only 3 dB hybrid couplers and a crossover
are implemented using a low-cost silver-nano inkjet
printing technique. Unlike in the conventional design
of BM where a phase shifter is required, this novel
design does not need a phase shifter to be implemented.
However, the use of delicate substrates like polyethy-
lene terephthalate (PET) in the design makes it unique.
This is not possible with the conventional thermal cur-
ing process, as PET substrate cannot be subjected to an
excessively feverish temperature. The results obtained
show good return loss and transmission coefficients bet-
ter than 26.10 and 23.54 dB, respectively, at the cen-
ter frequency. Similarly, an amplitude imbalance of
less than 2.4 dB with phase mismatch within £0.25° is
achieved at the center frequency. The BM has a —10 dB
bandwidth of 24.79% with a beam pattern produced at
+13°,—40°, +40°, and —13° when ports 1-4 of the BM
are energized.

Index Terms — Modified coupler, PET substrate, Butler
matrix, Crossover.

L. INTRODUCTION
Previously, base-station uses an omnidirectional
antenna for communications. The use of this type of
antenna serves as a waste of power since most of the
power radiates in all directions, instead of being directed
toward the desired user. Moreover, sometimes, this radi-
ated energy also served as an interferer to the nearby
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cells. With the advent of smart antenna technology
(SAT), this problem was drastically minimized. Antenna
beamforming network is generally known as an adap-
tive antenna array as per IEEE Standard. It is a type of
antenna system that consists of external circuitries and
radiating elements whose properties are controlled by the
signal being received [1]. There are broadly two types
of antenna beamforming network: the switched beam
system (SBS) with fixed beam and variable phases and
the adaptive antenna array with variable amplitude and
phase [2]]. Butler matrix (BM) falls under the category
of SBS. BM is among the well-known beamforming net-
works because of its structural simplicity, compactness,
cost-effectiveness, and easy fabrication. It is being made
from hybrid couplers [3], crossing lines, and some phase
delays [4H6]. It is a vital component of most array-based
multiple-inputs multiple-outputs (MIMO) antenna sys-
tems. Its beam scanning is important in increasing the
channel capacity of a system and reduces interference
[7]. Planar BMs were reported in different technolo-
gies, such as in substrate integrated waveguides [8], [9],
inkjet printing technique [10]], multi-layered techniques
[L1, [12]], composite right-left handed transmission line
(CRLH TL) [[13]], swapped-port couplers [14], and sus-
pended stripline technology [15]. In [16]], [17], BM
beamforming network was designed by integrating addi-
tional controllers and phase shifters to control the beam
steering array. But the bandwidths are mostly less
than 15% due to the A /4 requirement of the couplers
involved [18]. To maintain the phase difference at the
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intermediate and the final stages of the design, hybrid
couplers together with 135° phase shifters are used [[19].
These phase shifters sometimes contributed in deterring
good performances of BM due to introduction of losses
[20] and untolerable phase ripples [21]. BM without
crossover was presented in [[22]. But the patch used in the
coupler has complex nature and its field distribution does
not have a closed-form equation that characterized its
geometry using any well-known transmission line (TL)
theory. However, the ground plane pattern, some of its
variables, and their locations can only be obtained using
time-consuming and complex processes. The BM pre-
sented in [23] does not use a phase shifter, but a via
is needed for crossing the signals. Despite the impor-
tance of couplers in many designs like BM, little has
been done on arbitrary output phase-difference charac-
teristics [24], [25]. In [25], a hybrid coupler with arbi-
trary phase-difference was proposed. But, the method
has some drawbacks and was corrected in [26]. This
idea was conceived in this paper to propose an inkjet-
printed BM.

In this paper, a novel 4 x 4 BM utilizing modified
couplers and a crossover are presented. Using couplers
with 45° phase difference in this design eliminates the
use of phase shifters, and this, in turn, reduces the dimen-
sion and TL losses of the device by shortening the TL
path. We demonstrated the BM by prototyping using
instant inkjet printing technology that does not require
thermal curing. One advantage of this printing process
is the use of chemical sintering which paves a way for
seamless and fast prototyping of electronic devices using
delicate types of substrate materials. For example, the
use of paper and polyethylene terephthalate (PET) sub-
strates is not possible with the thermal curing process as
they cannot be subjected to an excessively feverish tem-
perature.

II. THE INKJET PRINTING TECHNIQUE

The technique presented in this paper uses a chemi-
cal sintering process based on conductive silver nanopar-
ticles ink utilizing an inkjet printer by Brother Industries,
Ltd. (model: DCP-J140w). The choice of this type of
printer is because of its low cost and availability as com-
pared to other chemical sintering processes [10], [27].
Another advantage of this type of printer is the effective-
ness of its nozzles, which eject a moderate amount of
ink volume at a given time which translates to deposi-
tion of the conductive ink in a manner that provides an
undistorted conductive path [28]]. Unlike other printing
techniques that require thermal curing for a conductive
pattern to be formed. Immediately after printing with
this setup, the ink dried up and a conductive pattern is
formed with a very low resistance of about 0.3 Q/m?
within a few seconds.
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Before evaluating a complex structure with this
technique, a uniform TL of 50 cm length having an
impedance of 50 Q was simulated using the properties
of the silver-nano conductor as presented in [29]]. Figure
[[(a) shows the printer setup that was used for simulation
of the uniform TL. It was terminated at both ends with
50-Q load and was fabricated on the transparent PET
substrate as shown in Figure 1(b). The simulation was
carried out within a frequency range of 1-9 GHz to ascer-
tain its workability for any design within the frequency
range. The measured results shown in Figure 1(c) illus-
trate good return loss of about 36 dB and a transmission
coefficient Sp; of about O dB throughout the entire fre-
quency band. It could be inferred that with this print-
ing process, papers and other delicate substrates with a
low melting point could be used to produce electronic
circuitries as against other inkjet printing processes that
required thermal curing in which the substrate materials
will be subjected to very high temperature and pressure.

III. COUPLER DESIGN
To design any form of BM, the use of a coupler
is inevitable. This section briefly describes the two
types of couplers used in the implementation of the
proposed BM.

A. Modified coupler

The concept used in the design of this novel 4 x
4 BM is centered on the design of 45° hybrid coupler
shown in Figure 2] This coupler is referred to as a modi-
fied coupler because its output phase difference is at 45°
as against the classical coupler whose output difference
is 90°.

The design for the 45° coupler has been adapted
from [30] where the derivation for the design was not
presented. However, the resulting equations used in our
design of the coupler are shown here as eqn (I)-():

Z1=ZoP|siny |, (1)
ZoPsin
Z=7= Y @
\/ 1+ P2sin’y
T
0, = ) 3)
Zot
6, = tan"! <( O;IIW)> ; “4)
1
Z
;= m—tan"! <(0t;nl[/)> 7 5)
1

where, Z1, Z, , and Z3 are normalized with the refer-
ence impedance terminating the ports Zy. The angles
01, 05, and O3 can be any arbitrary angle, P? is the
power division ratio, and the phase difference at the cen-
ter frequency is y.
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Fig. 1. (a) The Brother printer DCP-J140w, (b) lay-
out and photograph of a 50-Q microstrip TL simulated
and prototyped with the PET substrate, and (c) the S-
parameters for the microstrip TL.

Using these coupler design equations, a 3-dB cou-
pler with a phase difference of 45° has been designed
and simulated to operate at a frequency of 6 GHz. Using
the designed equations, the phase difference between the
outputs is set to be 45° and the reference impedance Zy
is fixed at 50 Q. Under these conditions, the impedances
of the horizontal arm of the 3-dB coupler Z; = 28.87
Q, whereas those of the horizontal arms are Z2 = 73 =
35.36 Q, with 0;=90°, 8,=120°, and 63= 60°. The use
of this coupler having 45° phase-difference eliminates
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Portl Port 2

Port 4 Port 3

Fig. 2. Structure of the proposed 45° coupler.

Table 1: Parameters of the modified coupler

Parameters| Value (mm)
ALl 9.41
AW1 0.93
BL1 5.63
BWI1 1.08

L1 1.41
L2 3.67
L3 2.82
W 1.08
PL1 10.0
PL2 3.67
PL3 2.62
PW1 0.67

the need for additional components in building the BM,
thereby making it compact and retain its good perfor-
mance. This is because it replaces the functions of both
the quadrature coupler and phase shifter in the classical
BM which gives a phase difference of either 45° or 135°
at the output of the phase shifter. The physical param-
eters of the coupler are computed from the impedances
and the electrical lengths of the coupler and are tabulated
as shown in Table [Tl

The optimized parameters of each section of the
modified coupler are indicated on the layout as shown
in Figure [3[a). The simulated S-parameters showing the
S-parameter response and the output phase difference are
shown in Figure[3(b).

B. Classical coupler

The second type of coupler known as the classical
coupler was also designed using eqn (I)-(3) outlined in
the previous section. From these equations, setting the
output phase difference y to 90° and the characteristics
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impedance of the line Zy to 50 Q, the corresponding
impedances of the couplers’ vertical and horizontal arms
become: Z1=Z¢= 50 Q and Z,=73=35.36 Q.

The physical parameters of the coupler are com-
puted from the impedances and the electrical lengths of
the coupler and are tabulated as shown in Table@ Also,
the values of each section of the coupler are computed
as indicated on the layout of Figure [d[a). Also, the S-
parameters of the coupler are also shown in Figure d]b).

C. Microstrip crossover

The classical coupler designed was used to obtain
the crossover used in the implementation of the BM.
It was implemented by cascading the two 90° cou-
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Table 2: Parameters of the classical coupler

Parameters| Value (mm)
ALl 7.70
AW1 1.10
BLI1 10.50
BW 0.68
PL1 2.00
PL2 3.52
PL3 6.00
PWI 0.67
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Fig. 4. (a) Layout of the quadrature coupler.
parameter results of the 45° coupler.

(b) S-

plers designed in the previous section. But sometimes,
the resulting structure has to be optimized for better
results. Figure E] (a) shows the schematic of the opti-
mized crossover, while its S-parameter results are shown
in Figure 5] (b).

202



P1 P2

P4 P3

(@)

-10 B

-20 |

-30 L

a0 |

S - Parameter (dB)

. S11-Simulated
50 L . S21-Simulated
. S31-Simulated
. S41-Simulated

-60

45 5 55 6 6.5 7 75
Frequency (GHz)

(b)

Fig. 5. (a) Layout of the microstrip crossover. (b) S-
parameter results of the crossover.

D. Patch antenna

A square-shaped microstrip patch antenna was
designed based on the equations presented in [31]], and
the desired resonant frequency was set to 6 GHz to rhyme
with that of the proposed BM. The design parameters of
the single element microstrip patch antenna is calculated
and presented in Table 3]

After obtaining the physical parameters of the sin-
gle element patch antenna, a commercially available
software, Computer Simulation Technology (CST), was
used for the simulation. Figure [6] shows the geometry
and radiation pattern of the single element patch antenna.
From this figure, it can be seen that an excellent radiation
pattern with a realized gain of 4.97 dB, sidelobe level
of —19.4 dB, and 3-dB angular beamwidth of 82.5° has
been obtained.

For quick verification, in practical design, the length
L of a simple patch antenna is usually taken in the range
0f 0.33A0 < L < 0.540, where Ao is the wavelength of
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Table 3: Parameters of the patch antenna

Parameters Value (mm)
Substrate wavelength (Agyp) 0.029
Patch width (Wp) 15.45
Patch length (Lp) 16.21
Feed width (W) 0.613
Substrate width (W) 32.40
Substrate length (L) 30.90

@)

Farfield Realzed Gain Abs (Phi=90)

0 farfield (broadband) [1]
30 -30

60 X w\} J . \", X 60

90

120N\ S 0
ks Frequency = 6 GHz

150 150 Mafn lobe n?agn.ltude = 497dB

180 Main lobe direction = 1.0 deg.
Angular width (3 dB) = 82.5 deg.
Side lobe level = -19.4 dB

(b)

Theta / Degree vs. dB

Fig. 6. (a) Layout of the patch antenna. (b) S-parameter
results of the patch antenna.

the free-space. Also, the thickness of the patch ¢ which
is typically the conductor thickness is usually taken such
that + < Ao. The height of the substrate  is usually in
the range of 0.01A0 < h < 0.05A0, and, finally, the
dielectric constant of the substrate (&r) is typically in the
range of 1 < &r <10 [31].

IV. BUTLER MATRIX
The overall structure of the BM was obtained from
the individual components designed in the previous sec-
tions. The BM was simulated and fabricated on the trans-
parent PET substrate with a measured dielectric constant
of 2.71, a thickness of 0.125 mm, and a loss tangent of
0.043. CST studio was used throughout the simulation



(b)

Fig. 7. The proposed 4 x 4 Butler matrix. (a) Layout.
(b) Photograph.

and the silver-nano printing technology was used for the
prototyping.

The layout and the photograph of the proposed BM
feeding the antenna array are shown in Figure[7] It com-
prises the first two 45° couplers, two conventional 90°
couplers, and a crossover. For ease of handling, the
second crossover was eliminated in the design. This is
because it only reverses the position of the signals at the
output ports of the BM.

The fabricated BM was tested in an anechoic cham-
ber to compare the radiation pattern produced as a result
of exciting the BM. The experimental test stands for the
measurements are shown in Figure 8]

By exciting port 1 of the beamforming network,
the return loss was found to be 26.10 dB and the trans-
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Fig. 8. Experimental test stand for the complete BM and
the antenna array.

mission characteristics are S5;=5.11 dB, Sg;=8.19 dB,
S71=15.17 dB, and Sg;= 8.03 dB at the center frequency.
Similarly, when a signal is applied at port 2 while
terminating other ports with 50 Q load, a return loss
of 24.8 dB and transmission coefficients of Ss,= 8.43,
S62= 5.34 dB, S72= 7.51 dB, and ngz 5.27dB are
obtained at the center frequency. Exciting ports 3 and
4 of the BM produces the same results as in ports 1 and
2. This is due to the symmetry of the beamforming net-
work. In all the cases, the return losses are far below
the 10 dB line, and the transmission coefficient results
approach the theoretical value of 6.0 dB in each case
with a maximum variation of less than £2.4 dB. Figure
[9a) shows the return loss and isolation while the results
of the transmission coefficients are shown in Figure[9|b).
From these results, all the transmission coefficients are
between —5 and —9 dB at the center frequency.

Also, when ports 3 and 4 are excited, the transmis-
sion coefficients at the various output ports are equal but
in a reverse manner to those obtained when ports 2 and
1 are excited, respectively. It is worth noting that, when
all the input ports are separately excited, return losses
are similar in all the cases. From the results obtained,
as shown in Figure 10} the progressive output phase dif-
ferences, when excited separately from different input
ports, are +45° and £135° with phase mismatch within
40.25° at the center frequency.

The radiation patterns of the BM beamforming net-
work from both the simulation and the measured are
shown in Figure [TT] From this plot, it can be observed
that when a signal is applied at the inputs port 1 or 3 and
2 or 4 separately, the scanned beam angles correspond-
ing to each phase difference are +40.0° and F13.0°,
respectively.
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V. CONCLUSION

In this work, a novel 4 x 4 BM has been designed,
simulated, and fabricated using PET substrates. In terms
of design, only couplers and crossover have been used
without the phase shifter, typically used in case of con-
ventional BMs. The results obtained show that the per-
formance of the proposed design is highly reliable in
terms of the radiation pattern it produced, the progres-
sive phase difference, and amplitude imbalance at the
output ports, as they are closely aligned with the theoret-
ical predictions. From the radiation pattern measurement
of the BM beamforming network, it can be observed that
the beams are deposed appropriately at an angle sug-
gested in theory. This result shows that by eliminating
the phase shifter which is one of the building blocks
in the design of BM, losses along the consequently
shorter TL path line are minimized. Another merit of
this design is the implementation of the device with a
low-cost inkjet printing technique based on the chemical
sintering process. With these potentials, the proposed
BM can serve as a viable candidate where conformal
antenna is needed and for the future 5G beamforming
network.
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