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ABSTRACT

This paper proposes a novel uni-planar dual-bandnaa using Composite Right Left
Handed (CRLH) transmission line (CRLH-TL). Proposautenna is designed based on the
fringing effects of metamaterials and combined witiplanar waveguide (CPW) feeding in
order to create two frequency bands for WLAN agilans at the 2.4 and 5.5 GHz bands.
Principle of gradual transform is applied to théeana for extending the resonance frequency
ranges. Optimized metamaterial antenna are fabdcand measured. Measurement results
showed that the antenna operates in two broaddrexyuranges spreading from 1.8 to 3.62 GHz
and from 4.85 to 7.52 GHz with very compact ovedathensions of 18 mm x 16 mm (0.14y
x 0.13).

Keywords. metamaterial transmission line, monopole antemniragihg effect.

1. INTRODUCTION

Recently, wireless communication systems have kagidwing with the requirements of
compact electronic devices. Therefore, the antelenace also must be small in size, lightweight
and easy to fabricate. Normally, antenna sizeisygs inversely proportional to its operating
frequency. Such that, the size of the antennabeilenlarged at low frequency bands. For what
concerns of tackling this issue, there have beemyrtechniques proposed to reduce the size of
antennas [1 - 10]. The transmission line metanate(TL-MM) [1] have been employed to
construct small resonant antennas [2, 3, 10, hl]J11], a metamaterial loading with metallic
bridges was used to create a second resonant mbady is lower than the first resonant mode
created by the conventional patch. In [3], a mot®pntenna was proposed based on composite
right/left handed (CRLH) unit cell with metallic asg. This proposed antenna can be used in
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GSM-900/WLAN/LTE-2500 applications. It is obviousat the participation of metallic bridge
or vias will make the difficulty in fabrication anithpact to the exactly of the experimental
measurements.

In [8], a dual-band CRLH antenna was proposed bhieg a complementary split ring
resonator (CSRR) on the surface of the patch tmnede at higher frequencies, while resonance
at low frequency range was created by the T-shafmdcut on the ground plane. Similarly, a
coplanar waveguide (CPW) antenna was also desiggeeiching a CSRR structure on the
patch, however, in order to resonate at lower feegy and slits on the coplanar ground plane
for resonating at the high frequency band [9]. @& tther hand, two inter-digital structures
were implemented on the patch to formed dual bamgnaa [12]. In addition, CPW-fed
antennas are designed based on metamaterial-idi$parding to achieve the compactness in size
[7, 13, 14]. These antennas are designed in slag&red, vialess and can be easily fabricated at
a low cost but their overall size are quite lafge@reover, slit rings are etched on the metallic
surface of patch to construct the compact antefittas 17]. These split rings introduce the
higher resonant modes that are suitable for théi4pahd antennas.

With the aim of overcoming aforementioned drawbaakshis paper, a monopole antenna
is proposed by employing CRLH-TL and fringing etieof metamaterial to reduce overall size
and to create dual operation bands. The graduasfoen is used to enlarge two frequency
bands of the antenna. In proposed design, the imiathe CRLH model are replaced by
meandered lines locating on top surface of the gseg antenna. The antenna has been
fabricated and measured. Measured S-parametegévareand compared with simulated results,
showing a great agreement.

2. DUAL-BROADBAND METAMATERIAL ANTENNA DESIGN
2.1. Configuration of proposed antenna

The proposed antenna is a monopole antenna fedigrar waveguide. The antenna is
printed on FR4 dielectric substrate with a dieleatonstant, = 4.4 and thickness = 0.8 mm.
The configuration of proposed antenna shown iniéiguconsists of three parts: the first is the
radiation patch placed at the center of the anteimahis design, the rectangular patch in
conventional microstrip antenna has been replageal ¢onical patch with two shoulder angles
are 48 and 168. On the surface of the conical patch, two revershaped are etched on the both
edge side while a reverse T-shaped are formededge of the patch. All slots are cut with
width ofwg;.

The second part is the coplanar waveguide (CPW) fegder width ofv, placed parallel
to the ground plane with a gap @f. To ensure that the input impedance of antenreayisl
50Q, the CPW structure is coupled with a metallicaagle plate, which has width bf, on the
bottom layer of the dielectric substrate. Finallyyo meandered lines widtlv, are placed
parallelly to the vertical edge of the antenna. @sreninal of this strip is connected to the
ground plane while the other one is coupled with ¢édge of the antenna with a gapuwpfvia
the triangle plate.
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Front view Back view
Figure 1. Configuration of proposed dual-broadband antenna.
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Figure 2. Model of CRLH-TL: (a) Mushroom-like EBG [18], arfd) Equivalent circuit.
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Figure 3. Equivalent circuit of proposed antenna.

Figure 2 illustrates the model and the equivalantugé diagram of the conventional
mushroom-like CRLH transmission line. In this diagy, the left-handed (LH) capacitanteis
created by gaps between the adjacent metallicsptatethe top layer, while the LH inductance
L; is produced by current flows from the metal plateéhte metallic ground on the bottom layer
through the metallic via. The use of metallic viilashe conventional CRLH structure is required
to create LH inductance components, however, thigld to an inherent drawback of this
structure is difficult to manufacture and influenttee accuracy of the experimental results.
Therefore, the design concept proposed in the nag@ral antenna is to convert conventional
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CRLH structure into the vialess structure. On theeohand, the gradual transform is used to
enlarge two operating frequency bands of the preghasitenna.

The model proposed antenna is represented as theakst circuit diagram shown in
Figure 3. From this figure, the capacitaidgels formed by the between the feeder on the top and
the metallic patch on the bottom layer. The capacC;, is created by the gap between the
feeder and the metallic ground plane while the gdowlane is represented by the
inductancd.;,. These two components will be equivalent to thierfistructure of transverse
electromagnetic (TEM) wave mode at the input of dhéenna. Capacitaneég,4, is made by
inverse L-shaped slot cut at the edge side anthtieese T-shaped slit on the horizontal edge of
the patch, while the meandered line is represdmydtie inductance, ;. Capacitanc€,. 4, is
made by the gap of the central patch and the egtkacka (triangle area) of the meandered line.
In this design, the meandered line is represenyeihductancel, .4, in case of low resonant
frequency band and by inductanteg, when the antenna operates at a high frequencyerang
This happens due to the fringing effect that charige role of meandered line. This change will
be discussed in detail in the next section.

2.2. Theorical calculation

This section presents some basic calculationseftekonant frequency of the antenna in
two frequency bands corresponding to the centguéecy of 2.45 GHz and 5.5 GHz based on
the equivalent circuit diagram shown in Figure Beual-band antenna presented in Figure 1 is
designed based on two basic principles: the streicti CLH-TL and fringing effects of
metamaterials.

L

Ground plane %

Figure 4. Fringing effect of metamaterials.

Figure 4 depicts the fringing effect of metamatefi® simplify, the current distribution at
the outer edge of the surface in the dielectri¢ ledld to the increase of the electrical conductor
length a range ofl.

L'=L+AL 1)
In which, L is the physical length of the conductor.
AL is the extension length causes by the fringinga2fbf metamaterial.
L' is the electrical length of the conductor.
The extension length will alter the limited arealué wave modes in the waveguide. It can
be calculated by the following formula:

(erers +03) (- +0.264)

(eresr — 0.258) (% + 0.8)
where, W is the length corresponding to tiié&,,, mode, which has the approximate value
of 0.54¢, with A is wavelength in free spacg.; is the effective dielectric constant, ahds
the thickness of the dielectric substrate.

AL =0.412 X h )
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2.2.1. At the frequency of 2.45 GHz

In the equivalent model shown in Figure 3, the otdncel,,;, does not exist in the lower
frequency range and the kéys put at position 1. This can be explained inrapée way by
fringing effect of metamaterial. As frequency irses, the length extension makes the physical
size ofw, increase compared to its actual size. A part efdirrent from this component flows
through the narrow slit, into the meandered ling; forming imaging current on it. The value
of L,,41 depends on electric field energy generated byntlaging current. Normally, this effect
will be occurring whent, is equaldL.

In this case, the value dfL is equal 0.2 mm. We can see that the valuglofs greater
thand,, fringing effect occurred but it does not credie tmaging current on the meandered
linel,;. This is because the difference between the leagtbnsion and the gap is not too
large. Permeable area is not too big; the imagimgeat occurred with low amplitude and was
attenuated during the propagation. As a resultivaégnt circuit model of the antenna does not
existC,qq2 andL,4q4,. Therefore, the resonant frequency of the antenoalculated as follows:

1

fe1 = - - 3)
2m Lradl' Cradl
In which,
c-\c... + 2Crad1(Crad2 + ZCradl)
* e G[m 2Cradl + CradZ + 2Cradl (4)
radt C-+Ci + ZCradl(CradZ + ZCradl)
G m 2Cradl + Cradz + 2Cradl
with 6S  6(lg.h)
Craar = _1 = Vts/—l (5)
S S
6[(155 — lsi)(Wsl)] 5(151-W51)
w ' w
C — s1 C 6
radz 5 (lss — lsi)(Wsl) + lsl-Wsl ( )
Ws1 We
* Lin(Lradl + LP/Z)
radl = (7)
Lin + Lradl + LP/Z
/ [d>>a]
) L "
|
ﬁ A _ﬁ]
&, My h
Ground plane
(a) (b)
Figure 5. Calculation model of inductance value: (a) IndnceL,, and (b) Inductancg,.
Model of capacitance, 4, is represented by two elementsandL,
Lygar = L1 + Ly 8)
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The inductancéd.; is generated due to the magnetic field energyedtbetween radiation
plate which is fed directly (the component whicls Iséze ofl X a shown in Figure 5 (a)) and
meandered liné,; considered entirely as ground plane when fringifigce did not yet occur.
While the equivalent inductandg is created by the current distributed on the eslgeh is in
contact with the dielectric and pairs of parallglps [;,; andly,;.2). From these equivalent

models we can determine the valyeandL, as follows:

15 [2 lki /lki + ’l]za + W]% \“

Ly =) 00117.1y. gy logso | —
- | k \lki+ L +4h? ] | ®)

1
+ 0.00S.yr.<\/l,%i + 4h? —\/l,za- + wf 3 2.h+wk>

where, [, is the edge length of the patch placed opposkenieandered line, and can be
determined by the following formula:

d (l; -1, —dy)
lp=1 Y 10
o=t cos489 cos159 (10)
. le2iv1) + AL
L, = #O:CC z lii - cosh™1, <—Z k(ZZHVT/)k )
_ Ho-Hee- 2 i [ X leaivn) + % li(2i+1) +AL2 -1 (11)
T 2.wy 4. wi

in which, u.. is the permeability of copper layéy; is the lengths formed the meandered line
(i= 02, 01, 00, 1, 2..., 15);l;,; is the length of the corresponding strips
Loz Ukoos lkzs lica -+ lkras Ligzisny 1S the length of the striph.oq, Lk, lks ) L s-

2.2.2. At the frequency of 5.5 GHz

In this case, the value dfl, is 0.262 mm. The fringing effect occurs duedtois greater
thand,, therefore, imaging current appeared on the meaddmel,; and turn it into a inductor
with inductancd.,.,4, (the keyk is put at position 2). The resonant frequency iemaned as

follows:
1
fe2 = (12)

* *
2n LradZ' Cradz

where,

c-c... + ZCradl(CradZ + ZCradl)
_ G m 2Cradl + Cradz + 2Cradl

:adz -
ZCradl (Cradz + ZCradl)
CG + Cin + ZCradl + Cradz + ZCradl
* _ Lin(LradZ + LP/Z)
raaz Lin + Lradz + LP/Z
0.8.w2.N%.u
Lyqaz = . (13)

6.Wk + 9. lk(2i+1) + 1Olk2i
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where,N is number of meander created by the sthjpsand it corresponds to the spirals of a
conventional inductor.

3. RESULTSAND DISCUSSIONS

Firstly, the investigation on the impact of parameesize to the resonant frequency is
considered to select the optimized parameters aet the desired operational frequency range
for the antenna. The investigation of size paramstdone with each parameter in turn, while
the remaining parameters are fixed.

S11 (dB

&
o
T

—-—O.lZnnmz

-35¢+ —— (.25 mm f
—+— (.55 mm |
-40 1 1 1 T
2 4 6 8 10
Frequency (GHz) Frequency (GH:

(@) (b)

Figure 6. Simulated S11 of proposed antenna with differahtier of (a) width of meandered ling,
and (b) gap between meandered line and patch

Figure 6 shows the simulated reflection coeffici8atl with different values of widthw,
of the meandered line. As observed in Figure &@fh resonance frequencies are shifted to the
lower frequency range when the widih, reduced. We can see that the reduction of wigth
leads to the increase of the meandered electsoatlt, and therefore making the increase of its
equivalent inductance value. As discussed abowe talthe impact of fringing effects that this
value of meandered line at the frequency of 2.4 @HZz.5 GHz will be namefl,.;4; Of L,q42,
respectively. So, when we reduce the value of wigththe inductancé,,;; andL,.,4, Will be
increased and make the two resonant frequency samigthe antenna reduced in accordance
with the formula (3) and (11).

Next, the simulated S11 results with the differeatues of the gapv, between the
meandered line and central patch are shown in &i§(lr). We can see that the bandwidths of
both frequency ranges of the antenna are narroweshw, reduced. On the other hand, the
reflection coefficient of the antennawat = 1.7 mm shows that the antenna only resonates at
high frequency range. This is due to the loss @fi-thand impedance matching of Chebyshev.
The value ofw, changes (such as the formula (13)) leading toctienge of the reflection
coefficient at high frequency band. Depending omvHast the change in value wf, the
remaining band which does not dependwgnwill also shrink, or the antenna will be
mismatched because of the small value of the aatenpedance.

340



Novel compact dual-broadband planar metamaterial antenna
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Figure 7. Current distribution of antenna with dielectriectness of 0.8 mm at: (a) 2.45 GHz, and
(b) 5.5 GHz.

Current distribution of the antenna at 2.45 and@-& are presented in Figure 7. It can be
seen in Figure 7(a) that the current density & &#z frequency focuses mainly on the border
of two edges and on a part of inverse L-shapes asfithe antenna. At this frequency, fringing
effect occurs but not significantly (as analyzed Section 2.1), and there is not current
distribution on the meandered lines. However, iheukated result at 5.5 GHz in Figure 7(b)
shows that the current distribution is concentrated the meandered line because of the
influence of fringing effect. Besides, this effealso generates current distribution at the gap
between the meandered line and the edges of thk patwell as at the inverse L- and T-shaped
slits on the patch.

Table 1. Optimized parameter of proposed antenna (Unit: mm).

W 16 Wy 0.28 lsi 3.75
L 18 lko1 0.91 lss 11.25
Wy 1.1 lko2 5.67 Ox 4.06
ly 3.44 leo 5.38 dy 4.69
W, 14.4 lka 0.88 W, 0.55
l, 13.4 la 4.03 W, 2.19
Wsp 0.63 Is 2.88 la 7.36
ls1 4 d; 0.18

The optimal size parameters of the proposed antarmasummarized in Table 1. These
parameters are adjusted to achieve the operatégudncy range that covering the WLAN
system at 2.45 and 5.5 GHz bands. The total sizeeoproposed antenna is 18 mm x 16 mm
(equivalent to 0,147, x 0.13, with Ao is the wavelength in free space at frequency 45 2.
GHz2).

Simulated result of reflection coefficient of prgeal antenna with optimized parameters is
shown in Figure 8. It can be observed that thatathenna resonates at two frequency bands
with -10 dB bandwidth of (1.92 - 3.87) GHz and #97.76) GHz. The operating frequency
bands of proposed antenna cover entirely the fremyubands of WLAN system spreading from
2.40 to 2.48 GHz and from 5.2 to 5.8 GHz.
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Frequency (GHz)

Figure 8. Simulated S11 of proposed antenna with dieclettigkness of 0.8 mm.

Next, we process the simulation of the proposedrana with the dielectric thickness of 1.6
mm for evaluating the change of dielectric thiclés the fringing effects occurs in the
proposed antenna at 2.45 and 5.5 GHz. The valtleeahcrement lengtdL calculated at these
both frequencies are 0.39 and 0.47 mm, respectively

For maintaining the input impedance at the feedeilaxr as the one of antenna with
dielectric thickness of 0.8 mm, the width of thederw, and the gap; need to be adjusted. If
we choice the value of; is smaller thamdL, the fringing effects will occur at 2.45 GHz.
However, in order to prove that the fringing effeat thickness of 1.6 mm will occur similar to
the case of the dielectric thickness of 0.8 mmMtilae ofd; is chosen as 0.385 mm. Therefore,
the widthw,; has a value of 1.68 mm in order to keep the imppedance of antenna stills equal
50Q.

At the frequency of 2.45 GHz, it can be seen thatis a bit larger thanl,, then the
fringing effects occurred but the image current dal appear on the meandered line. This is
quite agreement with the current distribution siatioin of the antenna with the thickness of 1.6
mm at 2.45 GHz that is shown in Figure 9(a). Howethe increment length of at 5.5 GHz (0.47
mm) is significantly larger than the value &f, this will lead to the appearance of the image
current on the meandered line due to the fringfifects. This is aslo consistent with the current
distribution on the antenna presented in Figuré. 9(b

Jsurfla_per_m] IsurflA_per_m]
5. 0008 e+208
. B431le+000

Z.8587e+000
- 2.501%:+088
2. 1458e+008
1. 7881e+0080
1.431Ze+088
1.8744e+a)
7.174 a1
EBe-B@1
3.7277e-003

L B74Ye+008
7.1745e-001
3. foGBe-0O1
3.7277e-003

(b)
Figure 9. Current distribution of antenna with dielectricctness of 1.6 mm at: (a) 2.45 GHz, and
(b) 5.5 GHz.
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The simulation results of reflection coefficientmbposed antenna with 1.6 mm thickness
substrate are shown in Figure 10. Observed infipige, we can see that the two antenna
resonating at the frequency range of 1.92 to 3183 énd 4.73 to 7.67 GHz, completely covered
WLAN frequency range of 2.45 and 5.5 GHz .

Thus, in case of various thickness of dielectribsstate, fringing effects remained at the
design frequency band if the valuedgfandw; are appropriate chosen that still remain the input
impedance of antenna.

Frequency (GHz)

Figure 10. Simulated S11 of proposed antenna with diecletitickness of 1.6 mm.

Radiation pattern simulated of the proposed antetrthe center frequency 2.45 and 5.5
GHz of WLAN system is presented in Figure 11. ltstgaightforward to recognize that the
proposed antenna have an isotropic radiation pafterH plane (YZ plane) at two above
frequencies. The simulated gain of antenna at 2d& 5.5 GHz are -0.43 and 1.23 dB,

respectively.

Table 2. Comparison with previous metamaterial antennas.

References Dielectric Center Gain Total size
frequencies
& h (GHz) (dB) (mm x mm) (Ao X Ap)
[9] 4.4 1.6 2.62/3.23 1.1/1.7 25x%x 20 0.218x 0.175
[19] 4.4 1.6 1.72/3 1.2/1.5 60 x 50 0.364x 0.287
[20] 4.4 1.6 2.62/3.7 0.9/1.9 31.7%x 27 0.27x 0.235
[21] 4.4 1.6 3.5/5.2 - 26 x23 0.3x0.27
[22] 4.4 0.8 2.4/5.8 1.12/3.9 27 x 27 0.216x 0.216
[23] 4.4 0.8 2.6/5.2 4.95/4.42 34x 15 0.29x 0.13
_ 4.4 0.8 2.45/5.5 -0.43/1.28 18x16 0.147x 0.13
This work 1
4.4 1.6 2.45/5.5 -0.33/1.27 18x 16 0.147x 0.13
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Table 2 provides a comparison in terms of totaé $ietween the proposed antennas and
metamaterial antennas that have been reportedtkecalh the reference models are dual-band
antenna. Overall dimensions of the antennas arepa&d in units of millimeter and the
wavelength in free-space at low frequency of arderinis clearly evident that the proposed
filter has a smaller size than the one of listeeivjmus works. However, the gain of proposed
antenna at the lower frequency is much smaller thammnes of reference antennas.

In order to validate the proposed model, optimiaetknna is fabricated and experimentally
measured. The feeder of the fabricated antennaldered with 5Q-SMA connector in order to
measure the scatter parameters. The measuremquerfrmed by the PNA-X Keysight
Network Analyzer with measured range from 125 M&l26.5 GHz. The fabricated prototype is
shown in Figure 12, while the S11 measured redutntenna is presented in Figure 13. The
measured -10 dB bandwidth of antenna shows tleanhibperate at two dual-broadband in which
the lower band ranges from 1.87 to 3.62 GHz wtike ligher one covers a frequency band of
(4.85 - 7.52) GHz.

-104
204 300 204 300
=30
-40-
-40-
=30
=204

-20 240 240
-10+

270 270

180
--- E plane — Hplane --= E plane — H plane

(@) (b)
Figure 11. Radiation pattern of proposed antenna at: (a) @43, and (b) 5.5 GHz.

25k H g
_30 1 1 1 1 1 1 1 1
1 2 3 4 5 6 7 8 9 10
Frequency (GHz)
Figure 12. Prototype of proposed antenna. Figure 13. Measured S11 of fabricated antenna.

4. CONCLUSIONS

A compact dual-broadband metamaterial antenna e lwesigned, fabricated and
measured. The proposed antenna used compositdaighanded transmission line (CRLH-TL)
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for size reduction, combined with fringing effedt metamaterial to achieve dual frequency
bands. Gradual transform was employed to broaderbamdwidth of both operation bands of
the antenna. It was demonstrated that the propastshna has dual impedance bandwidths
ranged from 1.87 to 3.62 GHz in the lower frequebapd and 4.85 to 7.72 GHz in the higher
frequency band that covered the WLAN frequency bawid(2.40 - 2.485) GHz and (5.2 - 5.8)
GHz. In both bands, the antenna can generate é @oaidirectional, monopole-like radiation
pattern. With small size, vialess, easy to manufacand low cost the proposed antenna can be a
good candidate for applications of WLAN systems.
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