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Abstract—The phase-shifting characteristic of a novel composite
right/left handed transmission line (CRLH TL) for two frequency
points is analyzed in this paper. Samples of (90°, 0°) and (180°, 0°)
phase-shifting TLs for two frequency points (fi, f2) are deigned and
the total length of the CRLH TLs has decreased by more than 77%
compared to the conventional microstrip lines. Then a four way power
divider made by three Wilkinson power dividers and interconnected
with the (90°, 0°) and (180°, 0°) phase-shifting TLs is designed to
feed an antenna with two different operating modes at two different
frequency bands. Four radiating patches arranging symmetrically in a
loop are printed in an upper substrate and connected with the four
outputs of the feed network by four copper pins. When the four
rectangular patches are excited by four sources with equal amplitude
and phase at fi, metamaterial antenna with conical beam and linear
polarization (LP) is achieved; while four sources with equal amplitude
but 90° phase difference for each adjacent output at fo leads to
wideband antenna with broadside beam and circular polarization (CP).
One antenna prototype with dual-band dual-mode dual-polarization
property is fabricated and good agreements between simulation and
measurement results are obtained. This single-feed patch antenna is
valuable in wireless communications for its radiation pattern selectivity
and polarization diversity.
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1. INTRODUCTION

Nowadays antennas with advantages of compactness, multi-band and
multifunction have been widely required in various communication
systems. Among them, metamaterials, including composite right /left-
handed transmission line (CRLH TL) structure, negative refractive
index-transmission line (NRI-TL) structure, or other periodic
structures have been investigated and introduced to design novel
microwave components and antennas for their unusual electromagnetic
properties recently [1-10]. In [11], a single-feed dual-band dual-
mode microstrip antenna is proposed based on metamaterial structure.
CRLH TL theory is introduced to analyze this antenna. Based
on this metamaterial structure, microstrip antennas with multi-band
dual-mode and dual-polarization property are designed and realized
accordingly [12,13]. However, the bandwidths of these antenna are
limited to about 1% ~ 2%.

Then a novel reconfigurable microstrip antenna with radiation
pattern selectivity and polarization diversity is reported in [14]. A
four way power divider made by three Wilkinson power dividers and
interconnected with switches is designed to feed this antenna. By
controlling the states of the switches, the antenna characteristics can be
changed into two modes: metamaterial antenna with conical beam and
linear polarization (LP) and wideband antenna with broadside beam
and circular polarization (CP). However, fabrication with 12 switches
makes such reconfigurable antenna complex in structure and expensive
in cost.

Phase-shifting transmission line (TL) is widely used in the design
of microwave components such as phase shifters, couplers, baluns,
series-fed lines or power dividers. Conventional TLs owns a linear
phase response characteristic which leads to considerably large sizes
and limited functions. Then Itoh et al. proposed a concept of
CRLHTLS in [15], which has led to many novel microwave components
and antennas for its nonlinear phase response characteristics [16-22].
However, the balance between left-handed and right-handed frequency-
bands is highly sensitive to the detailed geometrical dimensions of the
CRLH TLs which makes it difficult to design arbitrary phase response
by adjusting the length of CRLH TLs. This occasion wasn’t changed
until Lin et al. proposed a novel compact CRLH structure in [23, 24].
Such composite CRLH TLs can also minimize the side coupling which
suffers little coupling effects when integrated with other components
and antennas.

In this paper, the phase-shifting characteristic of the CRLH TL
proposed in [23,24] is analyzed for two frequency point case. Samples
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of (90°, 0°) and (180°, 0°) phase-shifting TLs for two frequency points
(f1, f2) are deigned and verified accordingly in Section 2. By using the
proposed CRLH TLs, a four way power divider is designed to feed an
antenna with two different operating modes at two different frequency
bands in Section 3. The radiating part of the antenna consisted by four
radiating patches arranging symmetrically in a loop is analyzed for
the two operating modes in Section 4. Then one dual-band dual-mode
dual-polarization antenna prototype is fabricated. HFSS software has
been used to design and optimize the proposed antenna and good
agreements between simulation and measurement results are obtained.
Section 5 presents the measured results and discussion. Finally, we
make conclusion in Section 6.

2. PHASE-SHIFTING CHARACTERISTIC OF THE
CRLH TL

The proposed CRLH TL is shown in Fig. 1, which nearly owns the
same structure as given in [23,24]. The CRLH TL unit cell consists of
series interdigital capacitor and two coupling stub inductors connected
to the sides of the two linear arrays of metallic vias which can be
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Figure 1. The structure of the composite phase-shifting TL.
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Figure 2. Equivalent circuit model for the unit cell.

regarded as electric walls. The CRLH TL is fabricated on a substrate
with a thickness of h; and a relative permittivity of e,, tan §; = 0.018.
The parameters lcop, lstup, Wstup, and W), indicate the length of the
interdigital capacitor, the length and the width of the shorted stub,
and the width of the side copper which is used to connect the via-
walls, respectively. The sizes of the via-walls can be chosen under the
following condition:

p/>‘ < 1/107 dm’a/p < 1/2

where ) is the free-space wavelength at the operating frequency, dyiq
is the diameter of vias and p is the distance between two vias.

The equivalent circuit model of each unit cell is given in Fig. 2.
The left-handed components include the series interdigital capacitor
C'r, and the shunt stub inductor L, which is shorted to via-walls, while
the right-handed parts contain the shunt capacitor Cr and series shunt
Lr which are due to the parasitic effect of the interdigital capacitor
and stub inductor. Rg and G p refer to the loss of the structure.

The novel meta-structures with via-walls own better isolation
for side coupling and good balance can be achieved from the left-
to right-handed band under the balance condition. Furthermore,
such structure is easy to be integrated with other components. The
transmission properties and phase responses for one fixed frequency
point are analyzed and discussed in [23, 24].

In this paper, we firstly analyze the relation between the phase of
So1 and the number of the unit cells n, which is shown in Fig. 3. It
can be found that the phase slope was affected fundamentally by the
unit cell number. Large number n leads to larger phase slope versus
the frequency. For the conventional microstrip line, the phase response
can be written as [25]:

21\ /e
g
Ao

where ( the phase is constant of wave propagation, ¢, is the effective
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permittivity of the microstrip line and can be expressed as [25]:

8_1+5r+1—5r 1
© 2 2 |14 100

Thus, e, = 1.884, ¢s(deg) = —1.647ls - f. It can be obtained
that conventional TL owns a linear phase response characteristic.
Furthermore, longer line [ leads to larger phase slope versus the
frequency. So it can be concluded that, although CRLH TL owns
non-linear phase response characteristic, the trends are the same for
the two TLs that longer line leads to larger phase slope.

In this section we pay attention to the phase response for two
different frequency points f1, fo. And two samples of phase-shifting
TL with (90°, 0°) and (180°, 0°) for (f1, f2) will be designed. As we
can found that in Fig. 3, fi = 1.48 GHz, fo = 1.94 GHz are two good
valuable points for the CRLH TL case. When n = 2, the phase-shifting
value of (f1, f2) for the CRLH TL is exactly (90°, 0°); when n = 4, the
phase-shifting value of (fi, f2) for the CRLH TL is exactly (180°, 0°).
In this case the optimized value of the parameters is given in Table 1
and the structures of the two are described in Fig. 4.

For comparison, the phase responses for two frequencies fi, fo of
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Figure 3. The phase of S; versus number of the unit cells.

Table 1. Parameters values of the CRLH TL (unit: mm).

Wp D | dvia | lstub | Wstub | Ws ls lcap Cyg|Cuw
08|11 0.3 0.6 0.2 02129 13 0.1 0.2
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Figure 4. (a) (90°, 0°) CRLH TL for (fi, f2), (b) (180°, 0°) CRLH
TL for (fl, fg)

the conventional TL can be given as:

¢s(f1) = _1-647ls : fl
¢s(f2) = _1-64”5 . f2

We can get the length of the TLs from the following expression:

Ads = ¢s(f2) — ¢s(f1) = —1.64715 - (f2 — f1)
For the (90°, 0°) case,
ls = A¢y/(—1.64T - (f2 — f1)) = 90/(1.647 - 0.46) = 118.8 mm,
For the (180°, 0°) case,
ls = A¢ps/(—1.647 - (fo — f1)) = 180/(1.647 - 0.46) = 237.6 mm.
The total length for the CRLH TLs of the two cases are:
lerLH(M=2) = leap -2+ 3 - W5 +2-C_g = 26.8mm,
lerLH(n=4) = leap -4 +5 - Ws+4-C_g=>544mm.
It can be found that the total length of the CRLH TLs has
decreased by more than 77% compared to the conventional TL. The
proposed CRLH TL owns more advantage in designing (90°, 0°) and

(180°, 0°) phase-shifting TLs for two frequency points (f1, f2) in size
consideration.

3. THE ANTENNA GEOMETRY AND THE FEED
NETWORK DESIGN

The geometry of the proposed antenna is shown in Fig. 5. The
novel antenna consists of three layers: the radiating part the network
part and the air-layer in-between them. The upper layer consists
four rectangular radiating patches with a length of L, and width of
W, printed on a square substrate with a dielectric constant of &,
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Figure 5. Geometry of the proposed antenna: 3D view; top view
(radiating part), side view and bottom view (feed network) (up-down).

tan do = 0.018, height of hg and length of Ls. The four patches are
arranged in a loop structure with the center of the substrate as the
coordinate center and the gap of each adjacent one is g. The down
layer is a feed network made by three Wilkinson power dividers, of
which the feed lines are printed on a square substrate with a dielectric
constant of €., tan d; = 0.018, height of hy and length of Lss. The four
outputs of the feed network are symmetrically connected to the patch
by four pins. The square ground plane with size of Lgy is printed on
the up surface of the down-layer and an air-layer exists in between the
two substrates. Four copper holes of size larger than the pin radius
are etched on the ground plane to isolate the four pins. The (90°,
0°) and (180°, 0°) phase-shifting TLs for two frequency points (f1, f2)
designed in Section 2 are interconnected in the feed line to control the
phase of the four output sources of the feed network. Location of the
pins with a distance (dz, dy) away from the edge of the radiating patch
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Table 2. Parameter values of the proposed antenna (unit: mm).

La | Lsg | Lp | Wp | S | sz sy dr | dy
110 | 130 | 60 22 54 6 17 22 11
h1 h2 h3 W1 W2 g Z Er
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Figure 6. S-parameters of the feeding network structure:

(a) amplitude; (b) phase.

is optimized to obtain good impedance match. The optimized values
for the parameters are given in Tables 1 and 2.

The proposed feed network is described in Fig. 5. Three Wilkinson
power dividers connected by conventional TLs and CRLH TLs are
designed to realize a four way power divider. The structure of the feed
network owns nearly the same topology as that given in [14] except that
(90°, 0°) and (180°, 0°) phase-shifting CRLH TLs are introduced to
control the output phases of the four output ports. Fig. 6(a) shows that
output signals of the four ports have nearly the same amplitude along
the frequency band from 1.25 GHz to 2.5 GHz; Fig. 6(b) describes that
the same phase is achieved for the four output ports at fo = 1.94 GHz
and 90° phase difference for each adjacent port can be obtained at
about f; = 1.48 GHz as is predicted. Comparing to the feed network
proposed in [14], two different states of the outputs is realized without
using the switches which can simple the antenna structure and decrease
the fabrication cost.

4. THE RADIATING PART OF THE ANTENNA

The radiating part of the antenna is described in Fig. 5. When the
input signal operates at f; = 1.48 GHz, the antenna works in broadside
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mode (radiates with broadside radiation patterns).

On this occasion, four outputs of the feed network are of equal
magnitude but 90° phase difference for each adjacent output and
antenna woks like an antenna array feeding with sequential rotation
technique which can improve the bandwidth, polarization purity and
the radiation pattern symmetry of antenna [26, 27]. Sequential rotation
technique is a method that generating circularly polarized radiation
from an array composed of linearly polarized elements having unique
angular and phase arrangements. The element angular orientation and
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Figure 7. Surface current distributions of the proposed antenna.
(a) f1 = 1.48GHz (al) t = 0; (a2) t = T/4; (a3) t = T/2; (ad) 3T /4;
(b) fo =1.94 GHz.
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Figure 8. NRI-TL metamaterial 7 unit cell.

feed phase of the proposed 2 x 2 subarray are arranged in the 0°, 90°,
180°, 270° fashion. With such a system, not only is the feed complexity
reduced, but also the bandwidth performance is improved. To verify
the analysis, the surface current distributions of the CP antenna at
t=0,T/4, T/2, 3T /4 are described in Fig. 7(a). It can be found that
the four radiating patches are operating at a CP mode exactly.

When the input signal operates at fo = 1.94 GHz, the antenna
works in conical mode (radiates with conical radiation patterns). Four
outputs of the feed network are of the same magnitude and phase,
thus the currents in each of the radiating patch are equal in magnitude
and phase which is shown in Fig. 7(b). In this occasion, the antenna
is similar to a short monopole antenna, so a conical pattern with a
vertical field polarization can be obtained. Actually, this antenna
can be deduced from the metamaterial concept which can be found
in [28,29]. It can be considered as four metamaterial (MM) unit
cells arranged in a loop structure. Each NRI-TL unit cell is shown
in Fig. 8. The phase shift per unit cell, ¢y, can be written as:
édyurm = orr + dpw = —wVLCd + 1/(wyv/LoCp). The total phase
incurred by the host TL, ¢77, and the phase incurred by the backward-
wave line formed by the series capacitive and shunt inductive loading,
¢pw. When Zy = /LoCy = /L/C each MM unit cell is excited
to incur an insertion phase of 0°, and series and shunt branch of
the antenna resonates at the infinite wavelength mode of the same
frequency with no stop band.

5. RESULTS AND DISCUSSIONS

To confirm the property of the dual-band dual-mode dual- polarization

antenna, a prototype was fabricated and measured which is shown in

Fig. 9. The parameters are optimized and listed in Tables 1 and 2.
Figure 10 shows the simulated and reflection coefficients of the
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(b)

Figure 9. The photograph of the proposed antenna. (a) Top view
(radiating part); (b) bottom view (feed network).
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Figure 10. Simulated and measured S1; of the antenna.

proposed antenna. As the working principles for the two modes
are quite different which are analyzed in section 4, the impedance
matching of the two modes differs significantly from each other.
For the broadside mode, measured results shows good impedance
matching from 1.255GHz to 1.821 GHz with —10dB bandwidth of
36.8%, while the simulated one resonates at 1.51 GHz with —10dB
bandwidth of 38.1%. For the conical mode, measured results shows
good impedance matching from 1.888 GHz to 1.962 GHz with —10dB
bandwidth of 3.8%, while the simulated one resonates at 1.88 GHz
with —10dB bandwidth of 3.3%. The measured results of both the
two modes resonant at a little higher band than the simulated ones.
Frequency shift may due to the tolerance exist in the antenna prototype
fabrication such as the air gap with nonuniformity in-between the two
substrates and the soldering effect of the copper pins.
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Figure 11. Simulated and measured (a) AR and (b) gain for the
broadside mode.
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Figure 12. Radiation patterns of the proposed antenna. (a) E plane
¢ = 0° at 1.515GHz; (b) H plane ¢ = 90° at 1.515 GHz; (c) E plane
¢ =0° at 1.928 GHz; (d) H plane § = 35° at 1.928 GHz.
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As shown in Fig. 11, both simulated and measured axial ratio (AR)
and gain for the broadside mode are described. Good CP property
with measured 3 dB axial ratio (AR) bandwidth of 7.3% is obtained for
this mode. The AR bandwidth is much narrower than the impedance
bandwidth. This may be due to that the 90° phase difference for
each adjacent output port is not wide enough which can be found in
Fig. 6(b). Maximum gains of the antenna are 4.9dBi and 6.9 dBi for
conical mode and broadside mode respectively. Measured gain shifts
a little to higher band may also due to the fabrication tolerances and
the SMA effects.

Both simulated and measured radiation patterns of the E plane
and H plane of the two modes are presented in Fig. 12. As shown
in Figs. 12(a) and (b), patch-like radiation patterns for the broadside
mode are obtained as predicted. A monopole-like radiation pattern
(Omni-directional in azimuthal plane) with a null in broadside of the
patch is achieved for the conical mode. The peak gain is obtained
not right in the azimuthal plane but with an obliquitous angle of
about 35°. Little discrepancy which exists between the simulated
and measured results may attribute to the fabrication tolerances and
measurement errors. The results confirm the feasibility of the proposed
method in designing microstrip antenna with dual-band dual-mode
dual-polarization property.

6. CONCLUSION

We analyze the phase-shifting characteristic of a novel CRLH TL for
two frequency points in this paper. Samples of (90°, 0°) and (180°,
0°) phase-shifting TLs for two frequency points (f1, f2) are deigned
and the total length of the CRLH TLs has decreased by more than
77% compared to the conventional TLs. Then a feed network made
by three Wilkinson power dividers and interconnected with the (90°,
0°) and (180°, 0°) phase-shifting CRLH TLs is designed to work at
two different operating states at two different frequency bands. In
order to confirm the property of the proposed novel four way power
divider network, a dual-band microstrip antenna with LP conical
radiation patterns and CP broadside radiation patterns is presented
accordingly. For the broadside mode, measured results shows good
impedance matching is achieved from 1.255 GHz to 1.821 GHz with
—10dB bandwidth of 36.8%. Good CP property with measured 3 dB
axial ratio (AR) bandwidth of 7.3% is obtained for this mode. For
the conical mode, measured results shows the antenna resonates at
1.928 GHz with —10dB bandwidth of 3.8%. Both the simulated and
measured results prove that the proposed structure and the design
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procedure is an effective method to design antennas with dual-band
dual-mode dual-polarization property. This antenna has potential uses
in terrestrial land-mobile or other wireless applications for its novel
features.
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