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Abstract— Implementation of a 3dB coupler with flexible
phase difference was presented in this paper. The coupler has
equal power division and output phase difference of 45° as
against the conventional coupler. It has advantage in many
applications that require phase delay like phased antenna
array, and beamforming network without necessarily requiring
additional phase shifters. It was designed and implemented
using the instant inkjet printing technique on a transparent
Polyethylene terephthalate (PET) substrate specially coated
with resin. The coupler’s response shows very good return
loss and isolation of —28dB and —48dB respectively. A
bandwidth of 31.33% was achieved around the center
frequency. However, an output phase difference of 45°was
recorded with a slight phase variation of about +1° within the
specified bandwidth.

Index Terms—3dB coupler, phase differences, silver-
nano, return loss and isolation.

1. Introduction

YBRID couplers and power dividers are networks used

to divide a given power within a system. However,
conventional couplers differ from power dividers due to the
90°phase shift they provided at the output ports. It forms an
integral part in most of the present microwave devices and
many communication networks [1], [2].

3dB /90° couplers
different techniques like substrate integrated waveguide[3],

have been reported widely with
coplanar waveguide [4], microstrip [5], and inkjet printing
technique[6]. However, some researchers focus on size
reduction [7], [8], wideband
applications [10], and harmonic suppression [11]. Phase

dual-band operations[9],

shifter with arbitrary phase-difference is needed in most of the
measurement equipment [12], smart antenna systems [13], and
many industrial applications. Despite their importance, little

has been done on arbitrary output phase-difference
characteristics. Yuk et al proposed a hybrid coupler with
flexible output phase-difference [14]. But, suffered some
drawback, and corrected in [15]. Also, the phase difference
below 90° and the fixed power division (3dB) restricts its
applications.

In this research, some set of equations for couplers
utilizing non-standard phase-difference and arbitrary power
division is proposed and validated by prototyping the coupler
using Inkjet-Printed silver-nano technology. Employing 45°
couplers, the design of 4 X 4 Butler matrix is possible without
phase shifters. This will reduce the dimension of the device
and hence the transmission loss by shortening the transmission
line path.

2. Inkjet Printing Technique

The technique presented in this paper uses a chemical
sintering process based on conductive silver nanoparticles 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 compared to another chemical
sintering process [16], Another advantage of this type of
printer is the effectiveness of its nozzes, that eject a moderate
amount of ink volume at a given time which translates to
deposition of the conductive ink in a manner the provide an
undistorted conductive path [17]. Unlike other printing
techniques that require thermal curing, here, the ink dried-up
immediately and formed a conductive pattern.

Fig 1 shows the printer setup and a 50cm uniform
Transmission Line (TL). The TL was fabricated on the
transparent PET substrate to ascertain the system’s workability
before evaluating complex structures. The measured results
illustrate good results throughout the entire frequency band.
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Fig. 1. (a) The Brother printer DCP-J140w (b) layout and
photograph of a 50Q microstrip TL simulated and prototyped
with the PET substrate. (b): The S- parameter for the microstrip
TL.

3. Design Equations

The design equations are formulated and used for the
design of the 3dB coupler having non-standard 45°output
phase-difference.The schematic of the coupler shown in Fig.
2has impedances Z;, Z, and Z;, and electrical lengths
are0,,0, and O3;.we assumedZ, = Z;for simplicity. The
criteria set to be achieved is to make the power division, p(f)
and the output phase difference, ¥ of the coupler to be
variables. These parameters are defined by equation (1) and

@) [18].
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Fig. 2: (a) Schematic diagram of the proposed coupler;
(b) The even/odd mode equivalent.

Referring to Fig 2b, the transmission and reflection
characteristics of the even and odd mode are obtained by
using the ABCD matrix of the network from the individual
contributions of the coupler’s arms as shown in equation

Q).
A B
4 ] = rlinliT,] 3)

Considering only the even mode, the ABCD parameter for
the open arm of the transmission line, [T,]is given by

[T,] = [ABCD] = [J;f (1)] &)

Also, the ABCD parameter for the horizontal arm of the
transmission line, [T} ]is given by

cos@, jZ,°sin,
[T,] = [ABCD] = |jsiné,
Z,°

cos 6, (5)

Substituting the values of [T,] and [T, lfrom equations(4)
and (5) give the overall ABCD parameter as follows:

[A B
¢ bl
1 or|ees 6, jZ,°siné, 10 6
= [ e ]jsine2 [ R ] )
jY?© 1 7 cos 6, jY: 1

e
2

Where  the  admittance,Y = tan (971) /Z,%and  the

superscript ‘e’ represents the even mode excitation.



Similarly, the odd mode ABCD parameters are can
simple
tan (Z)with  —jcot (%)in  equation (6), the ABCD

be obtained. However, by substitution of

parameter for the odd mode excitation could be obtained.

From the definition of s-parameter, and applying matching
condition, equations (1) to (6) are manipulated to obtain the
design equations as follows:

Z, = Z,Plsiny| (7
7 7. = ZoP siny
SN ey e ®
A
0, = m—tan"? <—( o an W) )
Zl
Vs
0, = 2 (10)
Z
63 — tan—l <M> (11)
Z1

4. Design of the Modified Coupler

The impedances, electrical lengths, and other parameters
of the coupler were obtained from (7) - (11). ¥ was innitially
set to 45° and the lineimpedance,Z,was set to50Q. Assuming
p = 1, the parameters of the coupler are obtained and
presented in Table 1.

Table 1. Parameters of the Proposed Coupler

Parameter |Z1 (QQ) (22 (Q) [Z3 (©2) |8, (deg)|0, (deg)[0; (deg)
Value | 35.36 | 28.87(28.87| 90° 120° 60°
Parameter| ALI | AWI | BL1 [ BWI1 PL1 P12
(mm)
Value | 5.634| 1.084 (9.413| 0.925 | 2.662 | 3.886
Parameter| PL3 PW1 L1 L2 L3 \\%
(mm)
Value | 5.867 | 0.667 | 2.492| 4.750 | 2.817 | 1.084

These Impedances along with other parameter are
used to obtain physical width and lengths of the coupler. Fig. 3
shows the layout and photograph of the fabricated coupler. It
is worth notice that the design equations established could also
be used to design couplers with any power ratio like 6dB or
10dB with any arbitrary output difference from 0 — 360°. Fig.
3 shows the layout and photograph of the fabricated coupler.

Fig. 3: (a) Schematic layout of the proposed 45° coupler,
(b) photograph of the front view of the fabricated coupler

The coupler was simulated and optimized from these
parameters using CST studio and was fabricated using the
instant inkjet printing technique on the transparent PET
substrate having a dielectric constant of 2.71, tangent loss of
0.043, and a thickness of 0.125mm. The printing technique
used for the prototype is of low cost and readily available. It
provides a means of fast prototyping of electronic circuitries

since the process does not require any thermal curing.

5. Results and Discussion

The results obtained from the simulator are shown in
Fig. 4. From these results, a very good return loss and
isolation of —28 dB and —48 dB are obtained respectively,
with a fractional bandwidth of about 31.33% and 3dB
coupling within the frequency range of 5.09 GHZ to 6.97
GHz However, the phase difference at the output ports is 45°
as predicted in theory with a little phase variation, of about
+1° within the operational bandwidth.
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Fig. 4: S- Parameter result of the coupler (simulated), (a)
the magnitude (dB); (b) the Phases difference (degrees).

For verification, the coupler was measured using a Vector
Network Analyzer (VNA) to validate the result obtained from
simulations and is shown in Fig. 5. The performances of the

proposed coupler compared to other couplers is summarized in
Table 2.
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Fig. 5: The S- Parameter for the Proposed Coupler
(measured), (a) Magnitude (dB); (b) Phases difference
(degrees).

Table 2. Comparison with other published Couplers

h Output
Ref. | Freq. Fabrlca_tlon/ T Area (mm?) Phase
Technique loss .
difference
4] | 6GHz | ECNNECPW | 008 | 24 x 398 | Fixed
technology
Inkjet Printed,
[6] 6 GHz | requirescuring —20dB 29.7 x 39 Fixed
at 150°C
Inkjet Printed,
[7] g)HG requires curing —21dB i4'f7 8 Fixed
z at 150°C :
Etching, with
[11] | 7 GHz coupledslot < —-10dB 40 x 50 Fixed
line
. Instant Inkjet
This . 13.3 .
work 6 GHz . Prlnted,. —28dB % 142 Flexible
without curing

6. Conclusion

A 3-dB hybrid coupler with 45°output phase difference
was designed and implemented using an instant inkjet printing
technique on a transparent Polyethylene terephthalate (PET)
substrate specially coated with resin. The printing technique
used for the prototype is of low cost, readily available, and
will provide a means of fast prototyping of electronic
circuitries as the process does not require any thermal curing.
Having non-conventional output difference fromthe coupler’s
perspective gives it the capability of being useful in several
devices like antenna beam steering networks and for feeding
phased antenna array without the use of any additional phase
shifter. From the results obtained, both the measured and the
simulated results agreed with a little discrepancy.
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