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In this paper, designs and implementations of a compact diplexer, a broadband balun, and
a tight-coupling directional coupler based on artificial transmission lines are presented.
Techniques of applying artificial transmission lines to microwave component designs are
explored and discussed. All designs show good performance in their respective groups and
particularly small circuit sizes at lower microwave frequencies. Those microwave compo-
nents are successfully implemented using artificial transmission lines based on conventional
design topology. Moreover, feasibility and advantages of artificial transmission lines over
conventional microstrip lines in designs of various microwave components at lower fre-
quencies are verified such as diplexers, baluns, and directional couplers. Artificial transmis-
sion lines have a bright future in the miniaturization of microwave components.

1. Introduction

In recent years, electromagnetic metamaterials have been widely developed in various
applications to achieve demanded performances such as to miniaturize microwave compo-
nents [1-6]. Using curved or bended microstrip lines is the most direct way to miniature
microwave circuits. However, the curved microstrip lines can only miniaturize microwave
components to a certain extent, and usually insertion losses would increase due to stronger
parasitic effect between adjacent microstrip lines. Recently, Wang et al. have proposed a
novel planar artificial transmission line [1], which is easy to be fabricated with small insertion
loss and good harmonic suppression while miniaturizing circuit size. Since then this new type
of artificial transmission line is widely applied.

This paper mainly focuses on applications of planar artificial transmission lines. The
characteristic of a unit planar artificial transmission line cell was analyzed and fabricated for
verification. Afterwards, technique of applying artificial transmission line to microwave
components was presented with detailed examples.

2. Theory of planar artificial transmission line

A unit cell of planar artificial transmission line and its equivalent lumped-element circuit are
shown in Figure 1(a) and (b). As shown in Figure 1, the artificial transmission line consists
of quasi-lumped elements to realize various equivalent inductance and capacitance of the
equivalent transmission line.
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Referring to Figure 1(b), inductors and capacitors of equivalent lumped circuit can be
represented by meandered-line inductors, parallel-plated capacitors, and interdigital capacitors,
respectively. According to transmission line theory [7], when the parasitic effects are ignored,
the characteristic impedance Z. and phase constant f3, of a lossless artificial transmission line
are given by:

Ltot

Z. =
Ciot

(1)

ﬁg = /Lot X Ciot (2)

where Ly and Ciy represent total value of inductance and capacitance for equivalent circuit
of artificial transmission line in Figure 1(b), respectively, while o is the operating angle
frequency. As Ly and Ciy may be varied proportionally, the characteristic impedance Z.
remains constant while the phase constant f§, varies correspondently. Therefore, the artificial
transmission line can achieve any given characteristic impedance and significantly reduced
physical length with required electric length.

Figure 1(b) shows that the artificial transmission line consists of a network of inductors
and capacitors, which is equivalent to a low-pass filter. There are some studies on microwave
filters [8-15]. A compact low-pass filter originated from a unit of artificial transmission line
was designed and fabricated to obtain its transmission characteristics. The designed low-pass
filter is based on the prototype of a five-order Chebyshev filter of 0.01 dB ripple with a cut-
off frequency at 2.4 GHz, while its schematic diagram is shown in Figure 2(a). The lumped
inductor L3 is replaced by a parallel connection of an inductor and a capacitor based on
Equation (3), where o, stands for the cut-off angular frequency. Meanwhile, in order to
increase the attenuation in the stop band, the resonant frequency of the parallel LC-resonator
is set with the first attenuation pole at 2.8 GHz according to Equation (4). L} and Cj can be
respectively realized by meandered-line inductor and interdigital capacitor.

1 1
wh:gz—@q (3)

o =— 4)

VLG

So detailed equivalent parameters of component are determined by layout of artificial
transmission line filter in Figure 2(c), which is an identical structure to an artificial
transmission line unit in Figure 2(b).

Interdigital

(a)

Figure 1. A unit cell of artificial transmission line. (a) Layout of unit cell. (b) Equivalent circuit.
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The designed low-pass filter in Figure 3(a) is fabricated on a polytetrafluoroethylene and
glass fiber (F4B-2) substrate with relative dielectric constant of 2.65 and loss tangent of
0.003. The size of the fabricated filter is 25 mm x 10 mm, which is 0.3/ x 0.114, measured
by the guided wavelength. The proposed filter was measured by an Agilent N5230A
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Figure 2. Schematic, layout, and equivalent circuits of the five-order filter based on a unit of artificial
transmission line. (a) Schematic of a five-order Chebyshev filter. (b) Layout of the designed filter. (c)
Equivalent circuit diagram of the designed filter.
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Figure 3. The fabricated low-pass filter and its simulated and measured results. (a) Fabricated low-pass
filter. (b) Measured and simulated results.
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microwave vector network analyzer. The measured S-parameters showed good agreement
with the simulations, while some inconformity existed at high frequencies due to fabrication
errors.

As shown in Figure 3(b), the measured 3 dB cut-off frequency is 2.42 GHz, while the
insertion loss is less than 0.4 dB in the passband and the return loss over 12 dB from DC to
2.2 GHz. The attenuation in the stopband is greater than 17dB from 2.7 GHz up to 9 GHz
with the first attenuation pole at 2.85 GHz, which is also matched with the design initiative.
Measured results show that the filter with artificial transmission line owns a compact struc-
ture, a steep attenuation, and a wide stopband. Moreover, it depresses the harmonics up to
three times greater than its cut-off frequency, which shows advantages over conventional
microstrip lines. Therefore, a unit of artificial transmission line can replace a section of con-
ventional transmission line below its cut-off frequency with low insertion loss and reduced
physical length.

3. Design of components based on artificial transmission lines

The microwave components are presented as design examples of applications to verify theory
analysis of artificial transmission lines. All of the designed components were simulated using
software of IE3D, fabricated on a polytetrafluoroethylene and glass fiber (F4B-2) substrate
with relative dielectric constant of 2.65 and loss tangent of 0.003, and measured by an
Agilent N5230A microwave vector network analyzer.

3.1. Design and implementation of diplexer

The proposed diplexer design is based on the lumped-element schematic diagram of band-
pass filtering diplexer shown in Figure 4(a). In this design, two band-pass filters without pass-
band overlap are connected together to realize the diplex function and ensure the impedance
matching between the filters and the diplexer input port [16]. As shown in Fig. 4(a), a shunt
and a series LC-resonators are connected together to form two band-pass filtering branches of
the diplexer. The schematic diagram in Figure 4(a) can be transferred into topology of distrib-
uted lines in Figure 4(b) based on the transmission line theory. A,/4 open-circuit transmission
line and Jg/2 short-circuit transmission line are used to replace inductors and capacitors of
the LC resonators in the schematic diagram, where 4, is the guided wavelength. The designed
diplexer achieved impedance matching with transmission lines Lys1 and Ly, according to

—] Port 2
> |
Port2 Z,
Lyera 22 L
Port 1 i ori | ‘parl
Z 7 Z4 2 Zio1+
Port 3 L 132 > [ oPort 3
>
é« ...... L. s . A Zigo | %
Lserd | par2
Z4 1+
iori l L4.1
4 2 |»L
(a) (b)

Figure 4. Schematic and transmission line implementation of the diplexer. (a) Schematic diagram of
the diplexer. (b) Transmission line implementation.
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operating frequencies f; and f;. Using the structure shown in Figure 4(b), diplexers with any
operating frequency ratio f/f; can be realized.

The proposed diplexer operates at 900 and 1800 MHz with a matching impedance of 50 Q
at all three ports. As the operating frequencies of the designed diplexer are 900 and
1800 MHz, operating frequency ratio is 1/2, and the transmission line layout can be simplified
as shown in Figure 5(a).

The corresponding layout of the diplexer using artificial transmission lines is shown in
Figure 5(b). Characteristic impedance of artificial transmission lines in this design was set to
70 Q according to the bandwidth considerations, except that the series connected transmission
line at port 1 and port 3 were set to 50 Q for impedance matching. Additionally, short-circuit
line was realized by a section of artificial transmission line with a metalized vias.

The dimensions of the diplexer shown in Figure 5(c) are 34 mm x 24 mm, which is
0.1644 x 0.114,, where /4 is the guided wavelength at 900 MHz. As shown in Figure 6, the
results show that the insertion loss between ports 1 and 2 at 900 MHz is 26 and 0.05dB
between ports 1 and 3 and that the return losses are 24, 0.5 and 30dB at ports 1-3, respec-
tively, while isolation between ports 2 and 3 is 42dB. When operating at 1800 MHz, the
insertion loss turns out 0.4 dB between ports 1 and 2, and 20 dB between ports 1 and 3. The
respective return losses at ports 1-3 are 18, 19, and 1.8 dB, and isolation between ports 2 and
3 is greater than 28 dB.

The measured results also show that the path from ports 1 to 2 has good transmission at
1800 MHz and fine attenuation at 900 MHz, while the path between ports 1 and 3 does the
opposite, and the isolation between ports 2 and 3 achieves an ideal level. The performances
indicate that the fabricated diplexer based on artificial transmission lines has satisfied design
requirements and demonstrated the design reliability.

90° @900 MHz

4
port 2 }
50 Q i
90°@ 900 MHz
port 1 90°@ 900 MH |
50 Q o !
H |
port 3 | -, =
; o |
N 50Q i 90°@900 MHz !
90° @ 1800 MHz 00° @900 MH: !
90°@1800 MHz port 3 i
. Mo 0164, -
(a) (b)

Figure 5. Arttificial transmission line diplexer at 900 and 1800 MHz. (a) Simplified schematic. (b)
Artificial transmission line layout. (c) Fabricated diplexer.
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Figure 6. Measured and simulated S-parameters of the proposed diplexer. (a) Transmissions and reflec-
tions at input port. (b) Reflections at output ports and isolations.

3.2. Design and implementation of broadband balun

A new type of microstrip broadband balun shown in Figure 7 was proposed in [17] beside a
few approaches [18,19]. The new structure consists of two parts, a Wilkinson power divider
[20-23] and a wideband 180° phase shifter. The power divider splits input power into two
halves, and then the wideband phase shifter transfers them into differential signals. In the
diagram, Z, and Z, stand for input impedances at the terminals, Z;—Z; are characteristic
impedance of transmission line sections; and R is the isolation resistance at unbalanced input
port. The relations of these parameters are as follows:

7. =27, 7,

R =27,

Z, =1.277,

7 —1.617, (5)
Zy =Z2,=12

Balanced

Unbalanced
port
Za

Balanced

Wikinson power divider

Wideband 180° phase shifter

Figure 7. Schematic diagram of the novel broadband balun.
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The size of new type of broadband balun implemented with conventional transmission
lines would be too large, when applied at low frequencies. In order to reduce the size, planar
artificial transmission lines were introduced into the broadband balun design.

Input impedance at three ports was equally set as 50 Q, that leads the balun parameters
to: Z1 =707 Q, Z, =63.5Q, Z; =80.5 Q, Z, =50 Q, and R = 100 Q. Isolation resistance
is carried out with a 100 Q 0603 chip resistor. Artificial transmission line layout of the pro-
posed broadband balun and correspondent impedance together with electrical lengths are
shown in Fig. 8(a). The balun circuit size is 90 mm x 62 mm, which is 0.404, x 0.28/, in
guided wavelength dimension at 915 MHz. The proposed design with planar artificial trans-
mission lines significantly reduces the circuit size of the balun layout in Fig. 7 up to 35%
compared with the original layout with conventional microstrip lines.

Figure 8(b) is a photo of the fabricated broadband balun. The measured S-parameters
presented in Figure 9 show good agreements with the simulations. At the center frequency of
915MHz, the insertion loss is 3.7 dB through port 1 to port 2 and 3.6 dB through port 1 to
port 3. Besides, the insertion loss is larger than conventional microstrip structures due to mul-
tisections of discontinuous structure in the proposed balun. Return losses at ports 1 to 3 are
37, 36, and 37 dB, respectively, and the isolation between ports 2 and 3 is greater than 34 dB.

In the frequency band from 0.65 to 1.1 GHz, the insertion loss is 3.9 0.2 dB between
ports 1 and 2, and 3.55 £ 0.15 dB between ports 2 and 3. The return loss is larger than
14dB at port 1, larger than 10dB at port 2, and greater than 20 dB at port 3, while isolation
between ports 2 and 3 maintains greater than 16 dB. The relative bandwidth is 49%, which is
less than 64% of the balun in Figure 7. However, the implemented layout by artificial trans-
mission lines significantly reduces the circuit size and has larger than 38% relative bandwidth
of a conventional three-order half-wavelength line balun.

Figure 9(c) shows the phase output of the broadband balun, and the phase difference
between two out ports is 180° + 6° from 0.65 GHz to 1.1 GHz. The broadband response in
Figure 9(d) shows insertion loss from input ports to output port is larger than 10 dB from 2.2
to 20 GHz, which sufficiently suppresses harmonics.

3.3. Directional coupler design with artificial transmission line and D-CRLH-TL

The composite right-/left-handed transmission line (CRLH TL) is a kind of metamaterial
transmission line, which is first proposed by Itoh’s group in [5]. A CRLH TL unit is

63.5Q@45°
§3.50@180° g3 T
................. )
. ol
=
— ° 1
£ Bl
a? Pt AL oz 0 (2 :g
i C =
L Ao ©
70.70@90" P
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e Gin >
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Figure 8. Broadband balun based on artificial transmission lines. (a) Artificial transmission line layout.
(b) The fabricated balun.
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Figure 9. Measured and simulated S-parameters of the proposed broadband balun. (a) Reflections at
input port and transmissions. (b) Reflections at output ports. (c) Phase outputs of the designed balun. (d)
Broadband response.

equivalent to a series LC-tank and a shunt parallel LC-tank, shows a passband nature, and
exhibits both left-handed (LH) and right-handed (RH) characteristics with an LH band at low
frequencies and a RH band at high frequencies. Recently, CRLH TLs have found more and
more applications in novel microwave components [24,25].

A Dual CRLH TL (D-CRLH TL), of which a unit is equivalent to series parallel LC-tank
and shunt series LC-tank, is the “dual” of a conventional CRLH [24]. The D-CRLH TL
presents low-frequency LH band, high-frequency RH band, and a stopband nature. Besides,
the balanced condition of a CRLH TL is still valid for D-CRLH TL for broadband matching.

The combination of a CRLH TL and artificial transmission line has already been proved
efficient in promoting the performance and enhancing the dynamic range of coupled-line
directional couplers at low frequencies. In this paper, directional coupler designed with
D-CRLH-TL and artificial transmission line is proposed to benefit the coupler performance at
high frequencies.

The directional coupler designed with D-CRLH TL and artificial transmission line is
presented in Figure 10(a). The input impedance at all ports is equally set to 50Q. The
D-CRLH TL consists of three cascade connection of D-CRLH TL units and two sections of
50 Q conventional transmission line at both ends. Figure 10(b) shows the fabricated direc-
tional coupler. In order to increase coupling efficiency, straight microstrip lines were applied
to take the place of meandered-line inductance. The size of the coupler layout is
14.6 mm x 11.2 mm as shown in Figure 10(b), which is 0.43, x 0.33/, at 5.8 GHz. Port 1
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Figure 10. Directional coupler based on artificial transmission lines and D-CRLH. (a) Layout of the
directional coupler with artificial transmission lines and D-CRLH. (b) Photo of the fabricated direction
coupler.
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Figure 11. Simulated results of D-CRLH TL and artificial transmission line coupler with § = 0.1 mm.

to Port 4 were coincidentally set as input port, pass-through port, coupled port, and isolation
port, respectively.

The coupling gap S between D-CRLH TL and artificial transmission line was set to
0.1 mm for simulation. As shown in Figure 11, the results show that coupling coefficient is
1.4dB for artificial transmission line coupler. Therefore, using artificial transmission line in
coupler design can achieve higher coupling coefficient for a certain coupling length. In other
words, the artificial transmission lines can effectively reduce the circuit size of a coupler for a
certain coupling coefficient.

Based on the above simulation, a 3dB directional coupler with center frequency of
5.8 GHz was designed and fabricated with a D-CRLH TL and artificial transmission line. The
coupling gap S was set as 0.3mm to accomplish 3 dB coupling coefficient. Figure 10(b)
shows the fabricated directional coupler.

Measured and simulated S-parameters of the 3 dB directional coupler are presented in
Figure 12, showing good agreements with each other. At 5.8 GHz, the directional coupler has
a coupling coefficient of 3.1 dB and isolation of 29 dB. The return loss at the input port is
15dB, and the insertion loss between port 1 and port 2 is 4.5dB. The high insertion loss is
due to the radiation loss and parasitic effects of discontinuous components in the coupling
structure at high frequencies. The coupler maintains the coupling flatness less than 1dB,
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Figure 12. Measured and simulated S-parameters of the fabricated coupler. (a) Reflection and pass-
through. (b) Coupling and isolation.

isolation over 26 dB, and return loss at port 1 higher than 10dB over the range from 5.7 to
5.9 GHz.

Measured results of the proposed directional coupler indicate that couplers designed with
D-CRLH TL and artificial transmission line have characteristics like tight coupling, backward
coupling, good isolation, and small size, compared with couplers designed by conventional
transmission lines.

4. Conclusion

The structures, characteristics, and design of planar artificial transmission lines have been
discussed and reviewed briefly. The applications of artificial transmission lines to design of
microwave components are presented and demonstrated by a few examples, and their signifi-
cant effect on circuit size miniaturization is verified. The main drawback of artificial transmis-
sion lines is the higher insertion loss. These experiments prove that artificial transmission
lines are highly applicable to design compact microwave devices at lower microwave
frequency band.
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