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ABSTRACT In this paper a metamaterial-inspired T-matching network is directly imbedded inside the feedline of a
microstrip antenna to realize optimum power transfer between the front-end of a RF wireless transceiver and the
antenna. The proposed T-matching network, which is composed of an arrangement of series capacitor, shunt inductor,
series capacitor, exhibits left-handed metamaterial characteristics. The matching network is first theoretically modelled
to gain insight of its limitations. It was then implemented directly in the 50-Q feedline to a standard circular patch
antenna, which is an unconventional methodology. The antenna’s performance was verified through measurements. With
the proposed technique there is 2.7 dBi improvement in the antenna’s radiation gain and 12% increase in the efficiency,
and this is achieved over a significantly wider frequency range by a factor of approximately twenty. Moreover, there is
good correlation between the theoretical model, method of moments simulation, and the measurement results.

INDEX TERMS T-matching circuit, microstrip antenna, metamaterial, transmission-line, impedance matching.

I. INTRODUCTION

Microstrip antennas have become popular for use in many
wireless systems due to their planar profile, ease of fabrication
and low manufacturing cost. Moreover, such antennas allow
ease of integration with RF circuit components [1]. As a
result, the use of planar based antenna configurations enables
the integration of communication capabilities in a wide range
of applications in the scope of the Internet of Things (loT),
such as context aware environments, Industry 4.0 or vehicular
communications among others. This has been made possible
by the design of flexible and compact transceivers especially
in the sub-6 GHz band for wireless sensor networks, wireless
local area networks, public land mobile networks and 5G
communication systems. The vast number of applications

which make use of wireless communication systems is leading
to the need of employing different wireless systems in a
cooperative way (i.e., Heterogeneous Network operation), as
well as to an increase in the allocated channel bandwidth.
Optimal performance of these wireless systems is given,
among other factors, by adequate transceiver system
operation. In relation with antenna sub-systems, impedance
matching is one of the main factors to consider in order to
reduce reflection-coefficient and hence, increase overall
coverage range and minimize overall energy consumption [2-
7].

The input impedance of an antenna is typically different
from the impedance of the system to which it is connected,
requiring impedance matching stages in order to minimize
losses. In many cases, it is possible to realize impedance
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matching by modifying the antenna geometry [8]. However,
the main limitation of conventional microstrip antennas is
their narrow impedance bandwidth (typically less than 3% for
return-loss better than -10 dB). In addition, electrically thin
edge-fed patch antennas usually suffer from high resonant
input impedance of a microstrip patch, typically in a range of
300-500 Q, which is challenging to directly match with a 50-
Q microstrip feedline. To maximize power transfer to and
from the antenna, and therefore enhance the radiation
efficiency of such antennas different matching approaches
have been investigated previously [9-11].

In many wireless applications the matching circuit is not
always designed for optimum power transfer between the
antenna and transceiver, but consideration is given to
maximizing the power handling capability, reducing non-
linear distortion and impedance bandwidth. In [12] the
matching and impedance bandwidth enhancement is achieved
by stacking the radiation patch with a parasitic element. With
this technique bandwidth extension of ~19% is possible. In
[13], the feeding scheme employed provides an impedance
bandwidth of ~28% however the design of the feeding scheme
is complex to implement in practice. In [14], a capacitively
coupled probe is used to excite a nonradiative mode close to
the antenna’s dominant radiation mode to realize a bandwidth
of ~28%. In [15] multiple resonant modes are simultaneously
excited to extend the bandwidth of a patch antenna by about
32%, however this technique is shown to adversely affect the
antenna’s broadside radiation pattern. In [16] the bandwidth is
improved by 15.2% by exciting dual modes.

In this paper a simple and effective metamaterial-inspired
wideband matching technique is proposed to enhance the
radiation gain and efficiency performance of a planar antenna.
The proposed matching technique uses a T-matching network
consisting of series capacitor, shunt inductor, series capacitor
configuration to realize metamaterial characteristics. The
matching network is directly embedded inside the feedline of
the antenna, which is an unconventional methodology. The
technique is first theoretically characterized to gain an
understanding of its effectiveness and is then validated
through practical design and measurement.

II. IMPEDANCE MATCHED ANTENNA

The three types of lumped element matching networks that
are commonly used are based on the L-network, m-network,
and T-network. The advantage of L-network is that it only has
two reactive components whose values can be tuned easily for
a given load impedance. However, its impedance matching
capability is limited. On the other hand, the - or T-networks
have the capability of providing superior impedance matching
flexibility than the L-network because they have three reactive
components that can be tuned.
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Fig.1 shows equivalent circuit of a typical L- and T-
matching network. The reactance components can be either
lumped elements or realized using transmission-lines based on
microstrip integrated circuit technology. Capacitors can be
interdigital or realized with low impedance microstrip-lines
and vice versa for inductances. Reactance components
realized using microstrip-lines however can result in a larger
circuit.

The reactive components in the network control the return-
loss between the antenna and matching network. In practice
the capacitance values are adjusted or tuned until the return-
loss of the antenna is lower than a specified threshold value,
which is typically -10 dB, to (i) reduce system complexity, (ii)
maintain the matching performance, and (iii) maximize
transmission power to the antenna.

Z=R+jX; L
Vs > ;éc > Z,=R, X,
\
Zin — Zp
(@
Z.\'=R.\‘+jX¢ C-’ C.’
I
Zl.=Rl.+le_

Fig.1. (a) Equivalent circuit of L-matching network, and (b) equivalent circuit
of T-matching network.

To determine the effect of reactance components C and L
on the input impedance Z;, of the L-network in Fig.1(a) the
network is first represented in a simplified form in Fig.2,
where the impedance Z, accounts for inductance L and the
load impedance Z = R, + jX.

=Zc

Z=A+B

Zi"

Fig.2. Impedance Z;, of the L-matching network in Fig.1.
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=R+jX (1)

Where the real and imaginary impedances are:
R = A/[(wAC)? + (wBC — 1)?] 2

= [B — wC(A%? + B?)]/[(wAC)? + (wBC — 1)?] (3)

By dividing (2) by (3) it can be shown that
wC = (BR — AX)/R(A%? + B?) 4)
Substituting (4) into (2) and (3), it can be shown that
[R— (A2 + B%)/2A)? + X% = [(A%2 + B?) /241> (5)

whereA=R;, and B=wL+X,

Eqgn. (5) describes a circle whose center and radius, i.e. the
impedance position, is a function of the inductive and
capacitive reactance and the load impedance. This equation
reveals that the center and radius of the impedance circle can
be changed by tweaking either one or both inductance and
capacitance in the circuit to effect matching. Unlike the L-
network a T-network can provide superior impedance
matching because it has three reactive components that can be
tuned. In the next section a T-matching circuit is investigated
in the reduction of mismatch between the antenna and RF
front-end circuit.

Ill. T-COMPENSATION CIRCUIT

In a real-world scenario, the matching network is
connected to the antenna using a transmission-line. The
proposed T-matching network in Fig.3 comprises an
arrangement of series capacitor, shunt inductor, series
capacitor that exhibits left-handed metamaterial characteristics
[17]. The impedance Z, seen by the signal from the
transmitter is a combination of the impedance Z; of the
transmission-line of length | and the impedance of the antenna
load Z,. Hence, to optimize power transfer between the
transmitter to the antenna, we need to conjugately impedance
match the impedance Z;,, looking into the matching circuit to
Z,.

The impedance Z, looking into the antenna load of
impedance Z, via the transmission-line of length | of
impedance Z, is given by

(6)

ZL+j21tanﬁl]
Z1+jZptanBl

Z,=17,|

M. Alibakhshikenari, and et al.,

L, .
—+JjwWLZy
—_C
Zy - (WZLCy—1 (7)
Zy+j wCs

Zy

Antenna

T-compensation circuit

Fig.3. Equivalent circuit model of the T-matching network inserted between
the source and the antenna.

Input impedance Z;,, of the T-compensation circuit, shown in
Fig.3, can be represented as Z;,, = Ry, + jX;,, wWhere R;,, and
X;n can be determined to be given by

&( 1 a)y) ) wa[Z+(w2LCZ—1)]

t\C, t/) t |t wCyp
L= (8)
O |
Xin = wL(%)Z L(%_wty)[i*-(%)] - (J)Cl (9)

& ()

x =Z7,Z;(1 + tan?pl)

where

y = tan?pl(Z? — Z?)
t =72+ Z*tan?pl

Reflection-coefficient (I7,,) at the input port of the antenna
is a measure of how much power is reflected from the antenna.
It determines how much power is radiated by the antenna and
therefore the radiation efficiency of the antenna, which is
defined as a ratio of radiated power to input power. The
reflection-coefficient looking at the antenna via the T-
compensation circuit is given by:

RZ,+X%,~Z3-jRin

[ =
mn (Rin+Zo)2+X}2,

(10)

where R;, and X;, are defined by Egns. (8) and (9). The
reflection-coefficient determines the maximum power transfer
to the antenna. Eqn.(10) indicates that the center frequency
and bandwidth of the matching system can be controlled by
simply using appropriate values of the capacitances C; and C,
and inductance L. For a T-matching circuit the relationship
between bandwidth and reflection-coefficient is derived in
[18] to be given by
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ITin| (11)

Eqgn.(11) indicates the by appropriately selecting R;,, and X;,
the bandwidth of the matching network can be optimized.

The basic T-match circuit is shown in Fig.4. Like in -
match, T-matching circuit allows to set impedance
transformation ratio and Q-factor/matching bandwidth of
circuit independently.

o—{ 1} 1
X X,
Rin —> X Ry
o

Fig.4. T-matching circuit.

X2

Q= R_L (12)

X
Q= i
The T-matching circuit can be decomposed to two L-match
circuits, as shown in Fig.5. By series-to-parallel
transformation as shown in From Fig.6,

Q= Q=g W
o I i I
X]_ : xZ
Rm“‘ XA : XB RL
I
i
? ]
R, R

Fig.5. T-matching circuit decomposed to two L-match circuits.

I
I
I
Rin,;:u > Xl_p Xa i ) xz,p RL-P
I
© i

]
R R

Fig.6. T-matching after series to parallel transformation.

O

1
Rinp = Ri = Rin(1+ QD) Rip=R =R, (1+5) (149

Xy =X (14 Qi%) Xop =X (14 Qi%) (15)

Rearranging Eqn.(14)

R = |R_
P Q2= /RL 1 (16)
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The total Q of the circuit is given by

Ry

R
Q=0+ = [fL-1+ [fL-1 @7
At resonant frequency, |X,| = |X1,| and 1X5| = |X5,|.

Therefore, X, =X, (1 + Qi%) Xp =X, (1 + Qi%)

The above relationships allow the design of the preliminary T-

matching circuit. The design procedure involves: (i)
Finding R; using Eqn.(17) from given R;, R; and Q; (ii)
Calculating Q; and @, using Eqgn.(16); (iii) Finding

X; and X, using Eqgn.(12), and (iv) Finding X, and X using
Eqgn.(13).

In the next section it is shown that with proper selection of
C,, C,, and L a high gain and high radiation efficiency can be
obtained over a wide frequency band. However, this does
introduce some complexity in the design as each variable
capacitor needs to be controlled separately. Nevertheless, the
proposed technique is amenable to electronic tuning hence
allowing controllable matching capability according to system
requirements.

IV. DESIGN EXAMPLE USING METAMATERIAL
INSPIRED T-MATCHING NETWORK

A standard circular microstrip antenna was designed at 4
GHz using FR-4 lossy substrate with a relative permittivity of
4.3, thickness of 1.6 mm, and tané of 0.025. The radius of the
circular patch is 10.9 mm. The patch antenna is excited using a
microstrip feedline. The ground-plane on the backside of the
substrate is truncated. There is no ground-plane in the region
of the patch. Fig.7(a) shows the equivalent circuit model of the
feedline and the patch antenna. The return-loss of the antenna
predicted by theory and simulation in Fig.8 show it resonates
at 4 GHz with a high-Q and hence has a narrow impedance
bandwidth. The measured results show a bandwidth of 0.1
GHz for S1;<-10 dB with an optimum return-loss value of -12
dB at 4 GHz.

Microstrip feedline length determines the input impedance
of the antenna. Hence, a T-matching circuit is directly
embedded in the feedline, which is an unconventional
technique. Simply put, the proposed T-matching network is
not an individual part from the antenna structure. The
matching circuit used here is a metamaterial structure that
exhibits left-handed properties of negative refractive index
when interacts with electromagnetic signals [17]. The
metamaterial characteristics are realized here with a T-network
composed of series capacitance, shunt inductance, and series
capacitance circuit, as per schematic diagram in Fig.7(b). The
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dispersion diagram of the antenna with the matching circuit in
Fig.9 show the phase variation is virtually zero at 4 GHz.

The return-loss response in Fig.8 by theory, simulation,
and measurement show that with the inclusion of the
metamaterial matching network the antenna’s impedance
bandwidth is significantly improved. It is evident from Fig.8
that magnitudes of reactance components constituting the T-
matching circuit has a great influence the Q-factor of the
antenna. The results of the parametric study in Fig.10 show
how the parameters constituting the T-matching circuit effect
the return-loss response. The optimum values are: C; = 0.5462
pF, C, = 1.545 pF and L = 1.1586 pF. The fabricated antenna
with the matching network is shown in Fig.11. Its measured
return-loss in Fig.8 is better than -18 dB at 4 GHz. The
magnitude of the geometrical parameters corresponding to the
lumped element values, which are annotated in Fig.11, are
given in Table I.

| Msub ] [ [s-PaRAMETERS)

MsUB s_Param

Msub1 sP1
H=1.6 mm Start =3 GHz Term L L L

Er=4.7 Stop =6 GHz Term1 T 15 e

Mur=1 Step=0.01GHz | | [Num=1  L=LsnH L=lsnH L=LsnH ::i:
Cond=5.84E47  [TT]VAR Z=500hm R= N R= A R= a
Hu = 1.08+033 mm VAm = & o R-lta
T=35um ls=19 :[‘::1,3.,; C€=2.0424 pF [t] 1 czosapF

TanD =0.012 L

Feed Transmission Line Patch Antenna

@
'_.._r‘rv'\_;
L10 PRLC
L=LsnH J_ l LsnH : 0.54 pF c 1.54 pF I- 0.07 nH PRLC1
c R= c R=100hm
- ca L=1nH
C=CspF : Cs pF '- 1nH = C=089pF

L . Patch Antenna
Feed Transmission Line Metamaterial Matching

(b)

Fig.7. (a) Equivalent circuit model of feedline and patch antenna, and (b)
circular patch antenna loaded with metamaterial matching network using
Keysight Technologies’ Advance Design System (ADS).

0 -
-5
1 No match
@ network
=10
_'é’ ]
£ 1 With matching
E -15 network
& ]
-201 — v —
-25 1 T T T T I T T T T ‘ T T T T [ T T T T [ T T | T T T T
3.0 3.5 4.0 45 5.0 5.5 6.0

Freq (GHz)
Fig.8. Theoretical, simulated and measured return-loss response of the
antenna without and with the metamaterial-inspired matching network. Black
diamond studded line is prediction by theory, dotted lines indicate the
simulated result, and solid lines represent the measured result.
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Simulated current distributions without and with the T-
matching circuit at 4 GHz is shown in Fig.12. It is evident that
the current distribution with the T-matching circuit the current
intensity is concentrated at the shorting pin of the matching
circuit in the feedline. The current however is much stronger
over the patch compared to the case with no matching
network.

5
= 45F
<
=
o
g 4}
=
=
@ L
1™
—_—

st

3 1 1

40 20 0 20 40
Bp (deg)

Fig.9. Dispersion diagram of the CRLH-TL feedline antenna.

0
s
g L= 1.1586 nF
2 L=1.0nF
174
g
£ -15
3
)
-4
220
o= 1,545 pF
-25 Y =
1 | ¢ -05462 pF CIRATIR
1 C,=05212pF
-30 T UL I L 5L T I T T I 0 8 T I L T l ¢ 0 T
3.0 35 40 45 5.0 55 6.0
Freq. (GHz)

Fig.10. Effect on the return-loss response by the T-matching network
parameters.

Fig.11. Photograph of the microstrip antenna incorporating the T-matching
circuit.
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Table I. Antenna's geometrical parameters

Parameters Size (mm)

L 54

W 29
R 11.2

Ly 28
Wy 2.47

Ly 2.3

|74 0.5

Radius of shunt via-hole 0.5
Thickness of FR-4 substrate 1.6

(b)
Fig.12. Surface current distribution over the antenna at 4 GHz, (a) without the
T-matching circuit, and (b) with the T-matching circuit.

The measured radiation gain and efficiency performance
without and with the T-matching circuit are shown in Fig.13.
It is evident from these results that there is substantial
improvement in the radiation gain and efficiency by
embedding the metamaterial inspired matching circuit.
Measured results show without the matching circuit the
antenna has a peak gain and efficiency of 5.5 dBi and 59.8%,
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respectively, at 4 GHz. However, with the matching circuit the
peak gain and peak efficiency are 8.2 dBi and 71.8%,
respectively. Moreover, the gain and efficiency extend over a
significantly larger bandwidth. The gain >6 dBi extend from
3.35-5.25 GHz, and the efficiency >60% extend from 3.25-
5.1GHz.

=y
o

80

&
|

70

R b AN
_oﬂ‘e' 4 $ ‘9'-0.6‘

Q’Mn:ching
No matching \ network
8,

etwork

Matching
network

Radiation gain (dBi)
o

No mltchinz\ .
» : network

n
|
|
[=)]
o
(%) Aduaidiyye uoneipey

TT T T T
[4)]
o

L
f
!

4L
o
N
o

LIS A S L L L L L I L B B B B

3 4 5 6
Freq (GHz)

Fig.13. Measured radiation gain and efficiency response with and without the
embedded T-matching circuit.

The radiation pattern in the E- and H-planes and the cross-
polarization without and with the T-matching network at 4
GHz are shown in Fig. 14. The change in the radiation pattern
with the T-matching network is marginal and, in both cases,
the cross-polarization is less than -30 dB.

-180°

(a) With no T-matching circuit.
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-180°
(b)  With T-matching circuit.

Fig.14. The normalized measured radiation pattern in the E-plane and H-plane
at 4 GHz, (a) without no matching circuit, and (b) with the embedded T-
matching circuit.

Table 1l compares the present technique with some recently
reported antenna bandwidth enhancement techniques.
Impedance bandwidth enhancement of a microstrip patch
antenna in [19] and [20] is achieved by loading the antenna
with shorting pins and slots. In [21] the bandwidth is enhanced
by simply curving the patch antenna in a partial cylindrical
shape. In [22] one-dimensional electromagnetic bandgap
ground structures and two-stage beam directors are employed
in an inverted-L antenna topology to enhance the bandwidth.
Even though the radiation efficiency of the proposed antenna
is relatively low compared with the other techniques it is
evident from the table that the proposed technique has a
comparable gain and exhibits a substantially larger impedance
bandwidth. Moreover, its size is relatively small with the
exception of [22].

Table I1. Comparison of the proposed matching technique of recently reported
techniques.

M. Alibakhshikenari, and et al.,

Aperture-fed with
26 | shorting pins 1.634, x0.824, x0.0174, 15.2 6.8 -
This | Metamaterial
work | feedline 0.671, x0.384, x0.0214, 525 8.2 71.8

Fractional Peak | Peak
Ref. Technology Antenna size bandwidth Gain Eff.
(%) (dBi) | (%)
19 SSIZ?S”'”Q PINS& 19 142, x1.274, x0.0004, 10 11.8 | 94
20 SSIZ‘;S'”Q PINS& 14 0pa, 1471, x0.0450, | 88849 | 6&8 935&
21 | Microstrip 0.581, x0.581, x0.0161, 9 6.28 | 835
One-dimensional
EM bandgap
22 | ground structures | 0.214, x0.324, x0.0091, 325 7 95
& two-stage beam
directors
Differential
23 microstrip 0.81, x0.81, x0.0131, 18.7 8.5 80
24 |Magnetoselectric | g7 0 972, x0.172, 28.2 9.0
dipole
25 Sslgct’”'”g PIN& 19172, x1.174, x0.0554, 322 65 | 93

V. CONCLUSION

Impedance bandwidth of an antenna is determined by the
matching conditions between the RF transceiver front-end and
the antenna. We have demonstrated the effectiveness of
employing an embedded metamaterial-based T-matching
circuit directly implemented inside the feedline to enhance the
antenna’s impedance bandwidth. The measured results
confirm significant improvement in the antenna’s impedance
bandwidth over its operating frequency range. Moreover, with
the proposed technique improvement was observed in the
radiation gain and efficiency too.
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repeated here. Thank you.

Authors action: We updated the manuscript accordingly.

Concern #5: Show the transmission and reflection performance of the T-shaped Matching Network.

Authors response: We have shown the return loss of the antenna with and without the T-shaped matching
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Concern # 6: Explain theoretically, how the T-shaped matching network enhances the antenna
bandwidth.

Authors response: The theoretical analysis and derivation of the relationship between bandwidth and

reflection-coefficient of a T-matching network in [17], which is not repeated here, is given by
BW =~ N

Which indicates that by appropriately selecting R;,, and X;,, in 7;, of Eqn.(10) the bandwidth of the matching
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Concern # 8: Show the E-field distribution of the antenna with and without matching network.
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with the matching circuit, as requested. Thank you.
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Concern # 9: Explains the new modes associated with the antenna with and without T shaped matching
network.

Authors response: The dominant mode excited TM11 in the circular patch antenna is unaffected by the
matching circuit because the feed point to the patch antenna is unaltered. Thank you.

Authors action: We updated the manuscript by with this explanation.

Concern # 10: Show the metamaterial properties such as E-field distribution and dispersion diagram of
the antenna.

Authors response: We have now included E-field distribution and dispersion diagram of the antenna,
accordingly. Thank you.

Authors action: We updated the manuscript by with this explanation.

Concern # 11: Add more number of latest relevant references in the introduction section and
comparison table.

Authors response: We have added more references in the comparison Table 2, as requested. Thank you.

Authors action: We updated the manuscript.

Reviewer#2

Concern # 1: The idea behind the paper is good but lacking significant contents to be considered as a
regular paper. The content has resemblances to a letter.

Authors response: Dear Reviewer #2, thank you so much for your attempts to review our article and given
us your constructive comments for its quality improvement. We have added additional information in the
revised version of the manuscript. Hope the revised version including the required modifications can be
acceptable for you.

Authors action: We updated the manuscript accordingly.

Concern # 2: However, the more study is to be done for enhancing novelty of the work.

Authors response: The work is proof-of-concept study. As mentioned above we have added additional
information in the revised version of the manuscript, accordingly. Thank you.

Authors action: We updated the manuscript accordingly.

Concern # 3: Please discuss T matching network design approach in more details and simulation approach
in step by step manner.

Authors response: We have now included T-match theory to design it, as requested. Thank you.

Authors action: We updated the manuscript accordingly.
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Concern # 4: Please discuss effect of matching network on cross-polarization radiations of the antenna.

Authors response: We have included the cross-polarization radiation patterns before and after applying
the T-matching circuit as requested. Thank you.

Authors action: We updated the manuscript accordingly.

Reviewer#3

This paper presents an effective technique to enhance the bandwidth, and gain by employing T-
matching network into the feed line. However paper suffers from the lack of evidences which should be
provided in the revised version. | have mentioned some of the concerns with the papers as below:

Dear Reviewer #3, thank you so much for your efforts to review our article and providing us your
constructive comments for its quality improvement. We have added additional information in the revised
version of the manuscript. Hope the revised version including the required modifications can be acceptable
for you.

Concern # 1: The paper does not present any parametric analysis to study the effect of its capacitance on
the resonant frequency.

Authors response: We have now included parametric analysis in Fig.10 accordingly. Thank you.

Authors action: We updated the manuscript accordingly.

Concern # 2: Authors should include the detailed schematic of the proposed antenna with detailed
dimensions of the proposed antenna. This is necessary to know the electrical size of the proposed
antenna, which is required to claim the miniaturization in the proposed structure.

Authors response: We have added Table 1 the dimensions of the antenna and feedline as requested. Thank
you.
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Concern # 4: Apart from the S11 and Gain, radiation efficiency, plots no results show the contribution of
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Authors action: We updated the manuscript accordingly.

For Review Only



oNOYTULT D WN =

IEEE Access Page 18 of 41

Concern #5: Why T- network is preferred as compared to pie and L-network? Explain.

Authors response: The metamaterial characteristics are realized here with a T-network composed of series
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ABSTRACT In this paper a metamaterial-inspired T-matching network is directly imbedded inside the feedline of a
microstrip antenna to realize optimum power transfer between the front-end of a RF wireless transceiver and the
antenna. The proposed T-matching network, which is composed of an arrangement of series capacitor, shunt inductor,
series capacitor, exhibits left-handed metamaterial characteristics. The matching network is first theoretically modelled
to gain insight of its limitations. It was then implemented directly in the 50-Q feedline to a standard circular patch
antenna, which is an unconventional methodology. The antenna’s performance was verified through measurements. With
the proposed technique there is 2.7 dBi improvement in the antenna’s radiation gain and 12% increase in the efficiency,
and this is achieved over a significantly wider frequency range by a factor of approximately twenty. Moreover, there is
good correlation between the theoretical model, method of moments simulation, and the measurement results.

INDEX TERMS T-matching circuit, microstrip antenna, metamaterial, transmission-line, impedance matching.

I. INTRODUCTION

Microstrip antennas have become popular for use in many
wireless systems due to their planar profile, ease of fabrication
and low manufacturing cost. Moreover, such antennas allow
ease of integration with RF circuit components [1]. As a
result, the use of planar based antenna configurations enables
the integration of communication capabilities in a wide range
of applications in the scope of the Internet of Things (loT),
such as context aware environments, Industry 4.0 or vehicular
communications among others. This has been made possible
by the design of flexible and compact transceivers especially
in the sub-6 GHz band for wireless sensor networks, wireless
local area networks, public land mobile networks and 5G
communication systems. The vast number of applications

which make use of wireless communication systems is leading
to the need of employing different wireless systems in a
cooperative way (i.e., Heterogeneous Network operation), as
well as to an increase in the allocated channel bandwidth.
Optimal performance of these wireless systems is given,
among other factors, by adequate transceiver system
operation. In relation with antenna sub-systems, impedance
matching is one of the main factors to consider in order to
reduce reflection-coefficient and hence, increase overall
coverage range and minimize overall energy consumption [2-
7].

The input impedance of an antenna is typically different
from the impedance of the system to which it is connected,
requiring impedance matching stages in order to minimize
losses. In many cases, it is possible to realize impedance
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matching by modifying the antenna geometry [8]. However,
the main limitation of conventional microstrip antennas is
their narrow impedance bandwidth (typically less than 3% for
return-loss better than -10 dB). In addition, electrically thin
edge-fed patch antennas usually suffer from high resonant
input impedance of a microstrip patch, typically in a range of
300-500 Q, which is challenging to directly match with a 50-
Q microstrip feedline. To maximize power transfer to and
from the antenna, and therefore enhance the radiation
efficiency of such antennas different matching approaches
have been investigated previously [9-11].

In many wireless applications the matching circuit is not
always designed for optimum power transfer between the
antenna and transceiver, but consideration is given to
maximizing the power handling capability, reducing non-
linear distortion and impedance bandwidth. In [12] the
matching and impedance bandwidth enhancement is achieved
by stacking the radiation patch with a parasitic element. With
this technique bandwidth extension of ~19% is possible. In
[13], the feeding scheme employed provides an impedance
bandwidth of ~28% however the design of the feeding scheme
is complex to implement in practice. In [14], a capacitively
coupled probe is used to excite a nonradiative mode close to
the antenna’s dominant radiation mode to realize a bandwidth
of ~28%. In [15] multiple resonant modes are simultaneously
excited to extend the bandwidth of a patch antenna by about
32%, however this technique is shown to adversely affect the
antenna’s broadside radiation pattern. In [16] the bandwidth is
improved by 15.2% by exciting dual modes.

In this paper a simple and effective metamaterial-inspired
wideband matching technique is proposed to enhance the
radiation gain and efficiency performance of a planar antenna.
The proposed matching technique uses a T-matching network
consisting of series capacitor, shunt inductor, series capacitor
configuration to realize metamaterial characteristics. The
matching network is directly embedded inside the feedline of
the antenna, which is an unconventional methodology. The
technique is first theoretically characterized to gain an
understanding of its effectiveness and is then validated
through practical design and measurement.

II. IMPEDANCE MATCHED ANTENNA

The three types of lumped element matching networks that
are commonly used are based on the L-network, m-network,
and T-network. The advantage of L-network is that it only has
two reactive components whose values can be tuned easily for
a given load impedance. However, its impedance matching
capability is limited. On the other hand, the - or T-networks
have the capability of providing superior impedance matching
flexibility than the L-network because they have three reactive
components that can be tuned.

M. Alibakhshikenari, and et al.,

Fig.1 shows equivalent circuit of a typical L- and T-
matching network. The reactance components can be either
lumped elements or realized using transmission-lines based on
microstrip integrated circuit technology. Capacitors can be
interdigital or realized with low impedance microstrip-lines
and vice versa for inductances. Reactance components
realized using microstrip-lines however can result in a larger
circuit.

The reactive components in the network control the return-
loss between the antenna and matching network. In practice
the capacitance values are adjusted or tuned until the return-
loss of the antenna is lower than a specified threshold value,
which is typically -10 dB, to (i) reduce system complexity, (ii)
maintain the matching performance, and (iii) maximize
transmission power to the antenna.

Z=RjX; L
g\g’\/\/\/ e Z,=R.4jX,
Zy — Z,
(@
Z=RjX, C, C;
A
@5/\A/\/ % L Zl R1.+le
L

Fig.1. (a) Equivalent circuit of L-matching network, and (b) equivalent circuit
of T-matching network.

To determine the effect of reactance components C and L
on the input impedance Z;, of the L-network in Fig.1(a) the
network is first represented in a simplified form in Fig.2,
where the impedance Z, accounts for inductance L and the
load impedance Z = R, + jX.

=Zc

Z=A+B

Zi"

Fig.2. Impedance Z;, of the L-matching network in Fig.1.
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=R+jX (1)

Where the real and imaginary impedances are:
R =A/[(wAC)? + (wBC — 1)?] 2
X =[B — wC(42 + BY)]/[(wAC)? + (wBC —1)2] ()
By dividing (2) by (3) it can be shown that
wC = (BR — AX)/R(A%? + B?) 4)
Substituting (4) into (2) and (3), it can be shown that
[R— (A2 + B%)/2A)? + X% = [(A%2 + B?) /241> (5)

whereA=R;, and B=wL+X,

Eqgn. (5) describes a circle whose center and radius, i.e. the
impedance position, is a function of the inductive and
capacitive reactance and the load impedance. This equation
reveals that the center and radius of the impedance circle can
be changed by tweaking either one or both inductance and
capacitance in the circuit to effect matching. Unlike the L-
network a T-network can provide superior impedance
matching because it has three reactive components that can be
tuned. In the next section a T-matching circuit is investigated
in the reduction of mismatch between the antenna and RF
front-end circuit.

Ill. T-COMPENSATION CIRCUIT

In a real-world scenario, the matching network is
connected to the antenna using a transmission-line. The
proposed T-matching network in Fig.3 comprises an
arrangement of series capacitor, shunt inductor, series
capacitor that exhibits left-handed metamaterial characteristics
[17]. The impedance Z, seen by the signal from the
transmitter is a combination of the impedance Z; of the
transmission-line of length | and the impedance of the antenna
load Z,. Hence, to optimize power transfer between the
transmitter to the antenna, we need to conjugately impedance
match the impedance Z;,, looking into the matching circuit to
Z,.

The impedance Z, looking into the antenna load of
impedance Z, via the transmission-line of length | of
impedance Z; is given by

(6)

ZL+j21tanﬁl]
Z1+jZptanBl

Z,=17,|

IEEE Access
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L, .
—+JjwWLZy
C2
szCZ—1> (7)

Zet (Lo

Zy

Antenna

T-compensation circuit

Fig.3. Equivalent circuit model of the T-matching network inserted between
the source and the antenna.

Input impedance Z;,, of the T-compensation circuit, shown in
Fig.3, can be represented as Z;,, = Ry, + jX;,, wWhere R;,, and
X;n can be determined to be given by

xL( 1 a)y) | wa[Z+(w2LCZ—1)]

A 7R AN (A N 8
T ?
Lot

(" [ (ee)

x =Z7,Z;(1 + tan?pl)

where

y = tan*Bl(Z} — Z})
t =72+ Z*tan?pl

Reflection-coefficient (I3,,) at the input port of the antenna
is a measure of how much power is reflected from the antenna.
It determines how much power is radiated by the antenna and
therefore the radiation efficiency of the antenna, which is
defined as a ratio of radiated power to input power. The
reflection-coefficient looking at the antenna via the T-
compensation circuit is given by:

RZ,+X%,~Z3-jRin
(Rin+Zo)2+X7,

Ly = (10)

where R;, and X;, are defined by Egns. (8) and (9). The
reflection-coefficient determines the maximum power transfer
to the antenna. Eqn.(10) indicates that the center frequency
and bandwidth of the matching system can be controlled by
simply using appropriate values of the capacitances C; and C,
and inductance L. For a T-matching circuit the relationship
between bandwidth and reflection-coefficient is derived in
[18] to be given by
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[Tinl (11)

BW =
1_|rin|

Eqgn.(11) indicates the by appropriately selecting R;,, and X;,
the bandwidth of the matching network can be optimized.

The basic T-match circuit is shown in Fig.4. Like in 7-
match, T-matching circuit allows to set impedance
transformation ratio and Q-factor/matching bandwidth of
circuit independently.

o—{ 1} 1
X X,
Rin —> X Ry
o

Fig.4. T-matching circuit.

X2

Q; = E (12)

X
Q= i
The T-matching circuit can be decomposed to two L-match
circuits, as shown in Fig.5. By series-to-parallel
transformation as shown in From Fig.6,

Q=5 Q=3 @
o I i I
X1 : XZ
RII'I - XA : XB RL
N
° B
R R

O

Fig.5. T-matching circuit decomposed to two L-match circuits.
Rin,p — xl,p XA 4—‘
o

’—‘ Xs X2p Rip
[ 1]

R R

Fig.6. T-matching after series to parallel transformation.

1
Rinp = Ri =Rn(140]) Rip=Ri =R (1+5) (14

Xy =% (14 Qi%) Xop =X (14 Q%) (15)

Rearranging Eqn.(14)

G=[m-1  g=["-1 @

M. Alibakhshikenari, and et al.,

The total Q of the circuit is given by

R R
Q:Q1+Q2:J¢—1+\/¢—1 @an
At resonant frequency, |X,| = |X1,| and [Xg| = |X;,]-

Therefore, X, =X, (1 + Qi%) Xp =X, (1 + Qizz)

The above relationships allow the design of the preliminary T-

matching circuit. The design procedure involves: (i)
Finding R; using Eqn.(17) from given R;, R;, and Q; (ii)
Calculating Q; and Q, using Eqn.(16); (iii) Finding

X, and X, using Eqgn.(12), and (iv) Finding X, and X using
Eqgn.(13).

In the next section it is shown that with proper selection of
C,, C,, and L a high gain and high radiation efficiency can be
obtained over a wide frequency band. However, this does
introduce some complexity in the design as each variable
capacitor needs to be controlled separately. Nevertheless, the
proposed technique is amenable to electronic tuning hence
allowing controllable matching capability according to system
requirements.

IV. DESIGN EXAMPLE USING METAMATERIAL
INSPIRED T-MATCHING NETWORK

A standard circular microstrip antenna was designed at 4
GHz using FR-4 lossy substrate with a relative permittivity of
4.3, thickness of 1.6 mm, and tand of 0.025. The radius of the
circular patch is 10.9 mm. The patch antenna is excited using a
microstrip feedline. The ground-plane on the backside of the
substrate is truncated. There is no ground-plane in the region
of the patch. Fig.7(a) shows the equivalent circuit model of the
feedline and the patch antenna. The return-loss of the antenna
predicted by theory and simulation in Fig.8 show it resonates
at 4 GHz with a high-Q and hence has a narrow impedance
bandwidth. The measured results show a bandwidth of 0.1
GHz for S;;<-10 dB with an optimum return-loss value of -12
dB at 4 GHz.

Microstrip feedline length determines the input impedance
of the antenna. Hence, a T-matching circuit is directly
embedded in the feedline, which is an unconventional
technique. Simply put, the proposed T-matching network is
not an individual part from the antenna structure. The
matching circuit used here is a metamaterial structure that
exhibits left-handed properties of negative refractive index
when interacts with electromagnetic signals [17]. The
metamaterial characteristics are realized here with a T-network
composed of series capacitance, shunt inductance, and series
capacitance circuit, as per schematic diagram in Fig.7(b). The
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dispersion diagram of the antenna with the matching circuit in
Fig.9 show the phase variation is virtually zero at 4 GHz.

The return-loss response in Fig.8 by theory, simulation,
and measurement show that with the inclusion of the
metamaterial matching network the antenna’s impedance
bandwidth is significantly improved. It is evident from Fig.8
that magnitudes of reactance components constituting the T-
matching circuit has a great influence the Q-factor of the
antenna. The results of the parametric study in Fig.10 show
how the parameters constituting the T-matching circuit effect
the return-loss response. The optimum values are: C; = 0.5462
pF, C, = 1.545 pF and L = 1.1586 pF. The fabricated antenna
with the matching network is shown in Fig.11. Its measured
return-loss in Fig.8 is better than -18 dB at 4 GHz. The
magnitude of the geometrical parameters corresponding to the
lumped element values, which are annotated in Fig.11, are
given in Table I.

| Msub ] [ [s-PARAMETERS]

MsUB s_Param

MSub1 sP1
H=1.6mm Start =3 GHz Term L L L

Er=d.7 Stop =6 GHz Term1 " s m

Mur=1 Step=0.01GHz | § [Num=1  L=isnH L=LsnH L=LsnH ::ﬁ:
Cond = 5.84E47 VAR =[-Z=500hm R= N R= c R= PR
Hu = 1.0e+033 mm VARL = 4 o R=100
T=35um 1s=19 :[c=1.apr 2008 [t 1 i

TanD =0.012 L

Patch Antenna

Feed Transmission Line

@

L

L10
l LsnH c nsapFE c 1.54 pF L 0.07 nH

PRLC
PRLC1
R=100hm
L=1nH
L=1nH = C€=089pF

I:

- a
C=CspF : Cs pF

L . Patch Antenna
Feed Transmission Line Metamaterial Matching

(b)

Fig.7. (a) Equivalent circuit model of feedline and patch antenna, and (b)
circular patch antenna loaded with metamaterial matching network using
Keysight Technologies’ Advance Design System (ADS).

0
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Fig.8. Theoretical, simulated and measured return-loss response of the
antenna without and with the metamaterial-inspired matching network. Black
diamond studded line is prediction by theory, dotted lines indicate the
simulated result, and solid lines represent the measured result.
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Simulated current distributions without and with the T-
matching circuit at 4 GHz is shown in Fig.12. It is evident that
the current distribution with the T-matching circuit the current
intensity is concentrated at the shorting pin of the matching
circuit in the feedline. The current however is much stronger
over the patch compared to the case with no matching
network.

4.5

Frequency (GHz)

40

Bp (deg)
Fig.9. Dispersion diagram of the CRLH-TL feedline antenna.
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Fig.10. Effect on the return-loss response by the T-matching network
parameters.

L

Fig.11. Photograph of the microstrip antenna incorporating the T-matching
circuit.
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Table I. Antenna's geometrical parameters

Parameters Size (mm)
L 54
W 29
R 11.2
Ly 28
Wy 2.47
8 2.3
|74 0.5
Radius of shunt via-hole 0.5
Thickness of FR-4 substrate 1.6

Fig.12. Surface current distribution over the antenna at 4 GHz, (a) without the
T-matching circuit, and (b) with the T-matching circuit.

The measured radiation gain and efficiency performance
without and with the T-matching circuit are shown in Fig.13.
It is evident from these results that there is substantial
improvement in the radiation gain and efficiency by
embedding the metamaterial inspired matching circuit.
Measured results show without the matching circuit the
antenna has a peak gain and efficiency of 5.5 dBi and 59.8%,

M. Alibakhshikenari, and et al.,

respectively, at 4 GHz. However, with the matching circuit the
peak gain and peak efficiency are 8.2 dBi and 71.8%,
respectively. Moreover, the gain and efficiency extend over a
significantly larger bandwidth. The gain >6 dBi extend from
3.35-5.25 GHz, and the efficiency >60% extend from 3.25-
5.1GHz.

10 80
] It
= 5] PR/ Nt SN 70 =
=] 5 ] K4 °'9‘ Matching 70 o
~— i ‘@’ network o
c i Matching - =
© 1 No matching \ network (1]
;n 0 etwork B, 60 EZR
2 . Y
2 1 L 3
3 ] : -2
o 5 No mllchinz\ . 50 §
4 - : network N =
e iy
-1 0 T rrrrrrorr l T 1 rrrrrrrr I 1 rrrrrrr 40
3 4 5 6
Freq (GHz)

Fig.13. Measured radiation gain and efficiency response with and without the
embedded T-matching circuit.

The radiation pattern in the E- and H-planes and the cross-
polarization without and with the T-matching network at 4
GHz are shown in Fig. 14. The change in the radiation pattern
with the T-matching network is marginal and, in both cases,
the cross-polarization is less than -30 dB.

-180°

(a) With no T-matching circuit.
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-180°
(b)  With T-matching circuit.

Fig.14. The normalized measured radiation pattern in the E-plane and H-plane
at 4 GHz, (a) without no matching circuit, and (b) with the embedded T-
matching circuit.

Table 1l compares the present technique with some recently
reported antenna bandwidth enhancement techniques.
Impedance bandwidth enhancement of a microstrip patch
antenna in [19] and [20] is achieved by loading the antenna
with shorting pins and slots. In [21] the bandwidth is enhanced
by simply curving the patch antenna in a partial cylindrical
shape. In [22] one-dimensional electromagnetic bandgap
ground structures and two-stage beam directors are employed
in an inverted-L antenna topology to enhance the bandwidth.
Even though the radiation efficiency of the proposed antenna
is relatively low compared with the other techniques it is
evident from the table that the proposed technique has a
comparable gain and exhibits a substantially larger impedance
bandwidth. Moreover, its size is relatively small with the
exception of [22].

Table I1. Comparison of the proposed matching technique of recently reported
techniques.
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Aperture-fed with
26 | shorting pins 1.631, x0.824, x0.0174, 15.2 6.8
This | Metamaterial
work | feedline 0.671, x0.381, x0.0211, 52.5 8.2 71.8

Fractional Peak Peak
Ref. Technology Antenna size bandwidth Gain Eff.
(%) (dBi) | (%)
19 Zg?smg PINS& |9 142, x1.274, x0.0004, 10 11.8 | 94
20 Sslg‘t’sm”g PINS& 14 091 %1471, x0.0450, | 88849 |6&8 935&
21 | Microstrip 0.584, x0.581, x0.0161, 9 6.28 83.5
One-dimensional
EM bandgap
22 | ground structures | 0.214, x0.321, x0.0091, 325 7 95
& two-stage beam
directors
gg | DAferential 0.81, x0.81, x0.0134, 187 85 | 80
mlCl’OStI’Ip
24 | Magneto-electric | 073 0072, x0.17A, 282 9.0
dipole
25 sslr;‘tm'”g PIN& 11172, x1.174, x0.0551, 32.2 65 | 93

V. CONCLUSION

Impedance bandwidth of an antenna is determined by the
matching conditions between the RF transceiver front-end and
the antenna. We have demonstrated the effectiveness of
employing an embedded metamaterial-based T-matching
circuit directly implemented inside the feedline to enhance the
antenna’s impedance bandwidth. The measured results
confirm significant improvement in the antenna’s impedance
bandwidth over its operating frequency range. Moreover, with
the proposed technique improvement was observed in the
radiation gain and efficiency too.
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ABSTRACT In this paper a metamaterial-inspired T-matching network is directly imbedded inside the feedline of a
microstrip antenna to realize optimum power transfer between the front-end of a RF wireless transceiver and the
antenna. The proposed T-matching network, which is composed of an arrangement of series capacitor, shunt inductor,
series capacitor, exhibits left-handed metamaterial characteristics. The matching network is first theoretically modelled
to gain insight of its limitations. It was then implemented directly in the 50-Q feedline to a standard circular patch
antenna, which is an unconventional methodology. The antenna’s performance was verified through measurements. With
the proposed technique there is 2.7 dBi improvement in the antenna’s radiation gain and 12% increase in the efficiency,
and this is achieved over a significantly wider frequency range by a factor of approximately twenty. Moreover, there is
good correlation between the theoretical model, method of moments simulation, and the measurement results.

INDEX TERMS T-matching circuit, microstrip antenna, metamaterial, transmission-line, impedance matching.

I. INTRODUCTION

Microstrip antennas have become popular for use in many
wireless systems due to their planar profile, ease of fabrication
and low manufacturing cost. Moreover, such antennas allow
ease of integration with RF circuit components [1]. As a
result, the use of planar based antenna configurations enables
the integration of communication capabilities in a wide range
of applications in the scope of the Internet of Things (IoT),
such as context aware environments, Industry 4.0 or vehicular
communications among others. This has been made possible
by the design of flexible and compact transceivers especially
in the sub-6 GHz band for wireless sensor networks, wireless
local area networks, public land mobile networks and 5G
communication systems. The vast number of applications

which make use of wireless communication systems is leading
to the need of employing different wireless systems in a
cooperative way (i.e., Heterogeneous Network operation), as
well as to an increase in the allocated channel bandwidth.
Optimal performance of these wireless systems is given,
among other factors, by adequate transceiver system
operation. In relation with antenna sub-systems, impedance
matching is one of the main factors to consider in order to
reduce reflection-coefficient and hence, increase overall
coverage range and minimize overall energy consumption [2-
7].

The input impedance of an antenna is typically different
from the impedance of the system to which it is connected,
requiring impedance matching stages in order to minimize
losses. In many cases, it is possible to realize impedance
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matching by modifying the antenna geometry [8]. However,
the main limitation of conventional microstrip antennas is
their narrow impedance bandwidth (typically less than 3% for
return-loss better than -10 dB). In addition, electrically thin
edge-fed patch antennas usually suffer from high resonant
input impedance of a microstrip patch, typically in a range of
300-500 Q, which is challenging to directly match with a 50-
Q microstrip feedline. To maximize power transfer to and
from the antenna, and therefore enhance the radiation
efficiency of such antennas different matching approaches
have been investigated previously [9-11].

In many wireless applications the matching circuit is not
always designed for optimum power transfer between the
antenna and transceiver, but consideration is given to
maximizing the power handling capability, reducing non-
linear distortion and impedance bandwidth. In [12] the
matching and impedance bandwidth enhancement is achieved
by stacking the radiation patch with a parasitic element. With
this technique bandwidth extension of ~19% is possible. In
[13], the feeding scheme employed provides an impedance
bandwidth of ~28% however the design of the feeding scheme
is complex to implement in practice. In [14], a capacitively
coupled probe is used to excite a nonradiative mode close to
the antenna’s dominant radiation mode to realize a bandwidth
of ~28%. In [15] multiple resonant modes are simultaneously
excited to extend the bandwidth of a patch antenna by about
32%, however this technique is shown to adversely affect the
antenna’s broadside radiation pattern. In [16] the bandwidth is
improved by 15.2% by exciting dual modes.

In this paper a simple and effective metamaterial-inspired
wideband matching technique is proposed to enhance the
radiation gain and efficiency performance of a planar antenna.
The proposed matching technique uses a 7T-matching network
consisting of series capacitor, shunt inductor, series capacitor
configuration to realize metamaterial characteristics. The
matching network is directly embedded inside the feedline of
the antenna, which is an unconventional methodology. The
technique is first theoretically characterized to gain an
understanding of its effectiveness and is then validated
through practical design and measurement.

Il. IMPEDANCE MATCHED ANTENNA

The three types of lumped element matching networks that
are commonly used are based on the L-network, m-network,
and T-network. The advantage of L-network is that it only has
two reactive components whose values can be tuned easily for
a given load impedance. However, its impedance matching
capability is limited. On the other hand, the 7- or T-networks
have the capability of providing superior impedance matching
flexibility than the L-network because they have three reactive
components that can be tuned.

M. Alibakhshikenari, and et al.,

Fig.1 shows equivalent circuit of a typical L- and 7-
matching network. The reactance components can be either
lumped elements or realized using transmission-lines based on
microstrip integrated circuit technology. Capacitors can be
interdigital or realized with low impedance microstrip-lines
and vice versa for inductances. Reactance components
realized using microstrip-lines however can result in a larger
circuit.

The reactive components in the network control the return-
loss between the antenna and matching network. In practice
the capacitance values are adjusted or tuned until the return-
loss of the antenna is lower than a specified threshold value,
which is typically -10 dB, to (i) reduce system complexity, (ii)
maintain the matching performance, and (iii) maximize
transmission power to the antenna.

Z=RHX, L

ggw -5=C

Zy — Zp

Z,=R, +jX L

@
Z=RHjX;

ﬂ_:)
Al
5M % ZI=RI,+jXL
|
£

(b)

Fig.1. (a) Equivalent circuit of L-matching network, and (b) equivalent circuit
of T-matching network.

To determine the effect of reactance components C and L
on the input impedance Z;, of the L-network in Fig.1(a) the
network is first represented in a simplified form in Fig.2,
where the impedance Z, accounts for inductance L and the
load impedance Z;= R; + jX;.

Z=A+B

=Zc

Z.ill

Fig.2. Impedance Z;, of the L-matching network in Fig.1.
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1 .
wc(B—Jj4)

= T _R+jX 1
A+j(B—2) J M

Zin

Where the real and imaginary impedances are:

R =4/[(wAC)? + (wBC — 1)?] )

X =[B—wC(4? + B)]/[(wAC)? + (wBC—1)?]  (3)

By dividing (2) by (3) it can be shown that

wC = BR—AX)/R(4% + B?) (4)
Substituting (4) into (2) and (3), it can be shown that

[R- (4% + B/24]" + x2 = [(42 + BY24]"  (5)

where A=Rpand B=wL+ X,

Eqn. (5) describes a circle whose center and radius, i.e. the
impedance position, is a function of the inductive and
capacitive reactance and the load impedance. This equation
reveals that the center and radius of the impedance circle can
be changed by tweaking either one or both inductance and
capacitance in the circuit to effect matching. Unlike the L-
network a T-network can provide superior impedance
matching because it has three reactive components that can be
tuned. In the next section a 7-matching circuit is investigated
in the reduction of mismatch between the antenna and RF
front-end circuit.

lll. T-~COMPENSATION CIRCUIT

In a real-world scenario, the matching network is
connected to the antenna using a transmission-line. The
proposed T-matching network in Fig.3 comprises an
arrangement of series capacitor, shunt inductor, series
capacitor that exhibits left-handed metamaterial characteristics
[17]. The impedance Z seen by the signal from the transmitter
is a combination of the impedance Z; of the transmission-line
of length / and the impedance of the antenna load Z;. Hence,
to optimize power transfer between the transmitter to the
antenna, we need to conjugately impedance match the
impedance Z;, looking into the matching circuit to Zy.

The impedance Z, looking into the antenna load of
impedance Z; via the transmission-line of length /[ of
impedance Z1 is given by

Zy, +j-thanﬁl
Zy= 1[21 + jZLtanﬁl]

(6)
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Zy=—"7—— (N

Zy

Antenna

T-compensation circuit

Fig.3. Equivalent circuit model of the 7-matching network inserted between
the source and the antenna.

Input impedance Z;, of the T-compensation circuit, shown in
Fig.3, can be represented as Zin = Ry + jXin, where R, and
Xin can be determined to be given by

2
(1 wy wxL|y w"LCy—1
t\c; ¢ Tt wCy

Rin= 2 (@)

where
x =Z7,Z1(1 + tan?pl)

y = tan®Bl(z1 — Z7)
t=Z% + Z}tan’pl

Reflection-coefficient (I'i) at the input port of the antenna
is a measure of how much power is reflected from the antenna.
It determines how much power is radiated by the antenna and
therefore the radiation efficiency of the antenna, which is
defined as a ratio of radiated power to input power. The
reflection-coefficient looking at the antenna via the 7-
compensation circuit is given by:

1_' Rizn+XiZn_Zg_]'Rin
e 10
T R+ Zo)* + XA (10)

where Ri; and X, are defined by Eqns. (8) and (9). The
reflection-coefficient determines the maximum power transfer
to the antenna. Eqn.(10) indicates that the center frequency
and bandwidth of the matching system can be controlled by
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simply using appropriate values of the capacitances C1 and C»
and inductance L. For a T-matching circuit the relationship
between bandwidth and reflection-coefficient is derived in
[18] to be given by

A Tin
BW ~ T (11)

Eqn.(11) indicates the by appropriately selecting R;, and X,
the bandwidth of the matching network can be optimized.

The basic T-match circuit is shown in Fig.4. Like in 7-
match, 7-matching allows to set impedance
transformation ratio and Q-factor/matching bandwidth of
circuit independently.

circuit

o L f I
X1 X,
Rin —> X R
O

Fig.4. T-matching circuit.

X1 X2
The T-matching circuit can be decomposed to two L-match
circuits, as shown in Fig.5. By series-to-parallel
transformation as shown in From Fig.6,
R;
B

R;
Q1=y, Q2=%, (13)

o 1 i L
X; | X,
Rin — Xa ‘—‘ : r Xe R
I
I
o ;
I

\
R| R|

O

:
|
|
Rine —> Xyp| | Xa : Xs || Xzp Rup
|
© i

| 1]
R R

Fig.6. T-matching after series to parallel transformation.

1
Rinp=Ri=Rin(1+ Q1) Rip=R/= RL(l + @) (14)

1 1
Xip=Xi(1+g)  Xep=Xi(1+7) (15)
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Rearranging Eqn.(14)

Q1=\/R%j Q2=J§:j(16)

The total Q of the circuit is given by

R] RI
Q=01+ Q2= g —1+ 5 —1 a7
At resonant frequency, |X4| = |X1,| and |Xp| = |Xzp|-
1 1
Therefore, XA=X1(1 +i) XB=X2(1 +?)
Q1 Q2

The above relationships allow the design of the preliminary 7-
matching circuit. The design procedure involves: (i) Finding
R; using Eqn.(17) from given R;, R;, and @; (ii) Calculating
Q1 and Q, using Eqn.(16); (iii)) Finding X; and X, using
Eqn.(12), and (iv) Finding X 4, and X using Eqn.(13).

In the next section it is shown that with proper selection of
C1, C2, and L a high gain and high radiation efficiency can be
obtained over a wide frequency band. However, this does
introduce some complexity in the design as each variable
capacitor needs to be controlled separately. Nevertheless, the
proposed technique is amenable to electronic tuning hence
allowing controllable matching capability according to system
requirements.

IV. DESIGN EXAMPLE USING METAMATERIAL
INSPIRED T-MATCHING NETWORK

A standard circular microstrip antenna was designed at 4
GHz using FR-4 lossy substrate with a relative permittivity of
4.3, thickness of 1.6 mm, and tané§ of 0.025. The radius of the
circular patch is 10.9 mm. The patch antenna is excited using a
microstrip feedline. The ground-plane on the backside of the
substrate is truncated. There is no ground-plane in the region
of the patch. Fig.7(a) shows the equivalent circuit model of the
feedline and the patch antenna. The return-loss of the antenna
predicted by theory and simulation in Fig.8 show it resonates
at 4 GHz with a high-Q and hence has a narrow impedance
bandwidth. The measured results show a bandwidth of 0.1
GHz for S;;<-10 dB with an optimum return-loss value of -12
dB at 4 GHz.

Microstrip feedline length determines the input impedance
of the antenna. Hence, a 7T-matching circuit is directly
embedded in the feedline, which is an unconventional
technique. Simply put, the proposed 7-matching network is
not an individual part from the antenna structure. The
matching circuit used here is a metamaterial structure that
exhibits left-handed properties of negative refractive index
when interacts with electromagnetic signals [17]. The
metamaterial characteristics are realized here with a T-network
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composed of series capacitance, shunt inductance, and series
capacitance circuit, as per schematic diagram in Fig.7(b). The
dispersion diagram of the antenna with the matching circuit in
Fig.9 show the phase variation is virtually zero at 4 GHz.

The return-loss response in Fig.8 by theory, simulation,
and measurement show that with the inclusion of the
metamaterial matching network the antenna’s impedance
bandwidth is significantly improved. It is evident from Fig.8
that magnitudes of reactance components constituting the 7-
matching circuit has a great influence the Q-factor of the
antenna. The results of the parametric study in Fig.10 show
how the parameters constituting the 7-matching circuit effect
the return-loss response. The optimum values are: C; = 0.5462
pF, C; = 1.545 pF and L = 1.1586 pF. The fabricated antenna
with the matching network is shown in Fig.11. Its measured
return-loss in Fig.8 is better than -18 dB at 4 GHz. The
magnitude of the geometrical parameters corresponding to the
lumped element values, which are annotated in Fig.11, are
given in Table I.

MSub ) S-PARAMETERSI

MSUB 5_Param
Msubl SP1 s~ = s

H=1.6mm Start =3 GHz Term L L L
Er=47 Stop =6 GHz Terml L4 s L6
= = 2 PRLC
Mur=1 Step = 0.01 GHz Num=1 L=lsnH L=LlsnH L=LsnH PRLCL
=5. =t~'Z=500hm R= = =
Cond =5.84E+7  [T]VAR I B I G K R=100hm

Hu=10e+033mm  vARL -
T=35um Le=19 L=1nH

TanD = 0.018 \ CrommpE

B

Patch Antenna

Feed Transmission Line

@
Term L I | L c [
Terml L4 s Lo [~} | PRLC
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"I z=s00hm R= ¢ R= R= L R=10 chm
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L=1nH

Feed Transmission Line Metamaterial Matching

(b)

= C=0.89pF

-

Patch Antenna

Fig.7. (a) Equivalent circuit model of feedline and patch antenna, and (b)
circular patch antenna loaded with metamaterial matching network using
Keysight Technologies’ Advance Design System (ADS).
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Fig.8. Theoretical, simulated and measured return-loss response of the
antenna without and with the metamaterial-inspired matching network. Black
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diamond studded line is prediction by theory, dotted lines indicate the
simulated result, and solid lines represent the measured result.

Simulated current distributions without and with the 7-
matching circuit at 4 GHz is shown in Fig.12. It is evident that
the current distribution with the 7-matching circuit the current
intensity is concentrated at the shorting pin of the matching
circuit in the feedline. The current however is much stronger
over the patch compared to the case with no matching
network.

Frequency (GHz)

40

Bp (deg)
Fig.9. Dispersion diagram of the CRLH-TL feedline antenna.

L=1.1586 nF

Return-loss (dB)

3 C;=0.5462 pF
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'30 L I L | LI I LI t L I LI

3.0 35 4.0 4.5 5.0 55 6.0
Freq. (GHz)

Fig.10. Effect on the return-loss response by the 7-matching network
parameters.
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Fig.11. Photograph of the microstrip antenna incorporating the 7-matching
circuit.
Table I. Antenna's geometrical parameters

Parameters Size (mm)

L 54

w 29
R 11.2

Lg 28
We 2.47

Ly 2.3

Wi 0.5

Radius of shunt via-hole 0.5
Thickness of FR-4 substrate 1.6

(b)
Fig.12. Surface current distribution over the antenna at 4 GHz, (a) without the
T-matching circuit, and (b) with the T-matching circuit.

The measured radiation gain and efficiency performance
without and with the 7-matching circuit are shown in Fig.13.
It is evident from these results that there is substantial
improvement in the radiation gain and efficiency by
embedding the metamaterial inspired matching circuit.
Measured results show without the matching circuit the

M. Alibakhshikenari, and et al.,

antenna has a peak gain and efficiency of 5.5 dBi and 59.8%,
respectively, at 4 GHz. However, with the matching circuit the
peak gain and peak efficiency are 8.2 dBi and 71.8%,
respectively. Moreover, the gain and efficiency extend over a
significantly larger bandwidth. The gain >6 dBi extend from
3.35-5.25 GHz, and the efficiency >60% extend from 3.25-
5.1GHz.

10 80
4 [ o)
= 5] C70 2
:Cg E w vimhiog [0 &
~ i y network g
£ = Matching =1
g No matching ), network N o
g 0 o etwork 60 §
= L )
& ] L a
- - 2
o _sﬁ No mllching.\ " ’:,_50 ‘a-g.
a » . network E -
R i y
4= L
-1 0 T 111 1 rr1rr7r I T rrrorrr1rrr1 i T rr1rrrrr1r 17T 40
3 4 5 6

Freq (GHz)
Fig.13. Measured radiation gain and efficiency response with and without the
embedded 7-matching circuit.

The radiation pattern in the E- and H-planes and the cross-
polarization without and with the 7-matching network at 4
GHz are shown in Fig. 14. The change in the radiation pattern
with the T-matching network is marginal and, in both cases,
the cross-polarization is less than -30 dB.

OD

=
a0d8 TRy

30°
N

-120°

-180°

(a) With no 7-matching circuit.
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25 Slhorting pin & 11720 X 1.1740 X 0.055 122 6.5 93
slot o
Aperture-fed with
5 | Shorting pins 1.6320 X 0.820 X 0.017 152 6.8 }
AD
This | Metamaterial 0.6740 X 0.3820 X 0.021
work | feedline 0 W o 52.5 8.2 71.8

-180°
(b) With T-matching circuit.

Fig.14. The normalized measured radiation pattern in the E-plane and H-plane
at 4 GHz, (a) without no matching circuit, and (b) with the embedded 7-
matching circuit.

Table II compares the present technique with some recently
reported antenna bandwidth enhancement techniques.
Impedance bandwidth enhancement of a microstrip patch
antenna in [19] and [20] is achieved by loading the antenna
with shorting pins and slots. In [21] the bandwidth is enhanced
by simply curving the patch antenna in a partial cylindrical
shape. In [22] one-dimensional electromagnetic bandgap
ground structures and two-stage beam directors are employed
in an inverted-L antenna topology to enhance the bandwidth.
Even though the radiation efficiency of the proposed antenna
is relatively low compared with the other techniques it is
evident from the table that the proposed technique has a
comparable gain and exhibits a substantially larger impedance
bandwidth. Moreover, its size is relatively small with the
exception of [22].

Table II. Comparison of the proposed matching technique of recently reported
techniques.

Fractional Peak | Peak
Ref. Technology Antenna size bandwidth Gain Eff.
(%) (dBi) | (%)
ing pi X X
19 Shorting pins & 1.1420 X 1.2740 % 0.009 10 118 04
slots Ao
ing pi X X
20 Shorting pins & 1.0240 X 1.474, X 0.045 88&4.9 6&8 93 &
slots Ao 95
X X
21 | Microstrip 0.58% 05;"1" 0.016 9 628 | 835
0
One-dimensional
EM bandgap % %
22 | ground structures 0.2140 X 0,322,  0.009 32.5 7 95
& two-stage beam Ao
directors
Differential
X X
23 | b icrostn 0.8%0 X 0.82, X 0.0134 | 187 85 | 80
Magneto-electric % %
24 dipole 0.9720 X 0.9740 X 0.1740 282 9.0 -

V. CONCLUSION

Impedance bandwidth of an antenna is determined by the
matching conditions between the RF transceiver front-end and
the antenna. We have demonstrated the effectiveness of
employing an embedded metamaterial-based 7-matching
circuit directly implemented inside the feedline to enhance the
antenna’s impedance bandwidth. The measured results
confirm significant improvement in the antenna’s impedance
bandwidth over its operating frequency range. Moreover, with
the proposed technique improvement was observed in the
radiation gain and efficiency too.
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ABSTRACT In this paper a metamaterial-inspired T-matching network is directly imbedded inside the feedline of a
microstrip antenna to realize optimum power transfer between the front-end of a RF wireless transceiver and the
antenna. The proposed T-matching network, which is composed of an arrangement of series capacitor, shunt inductor,
series capacitor, exhibits left-handed metamaterial characteristics. The matching network is first theoretically modelled
to gain insight of its limitations. It was then implemented directly in the 50-Q feedline to a standard circular patch
antenna, which is an unconventional methodology. The antenna’s performance was verified through measurements. With
the proposed technique there is 2.7 dBi improvement in the antenna’s radiation gain and 12% increase in the efficiency,
and this is achieved over a significantly wider frequency range by a factor of approximately twenty. Moreover, there is
good correlation between the theoretical model, method of moments simulation, and the measurement results.

INDEX TERMS T-matching circuit, microstrip antenna, metamaterial, transmission-line, impedance matching.

I. INTRODUCTION

Microstrip antennas have become popular for use in many
wireless systems due to their planar profile, ease of fabrication
and low manufacturing cost. Moreover, such antennas allow
ease of integration with RF circuit components [1]. As a
result, the use of planar based antenna configurations enables
the integration of communication capabilities in a wide range
of applications in the scope of the Internet of Things (IoT),
such as context aware environments, Industry 4.0 or vehicular
communications among others. This has been made possible
by the design of flexible and compact transceivers especially
in the sub-6 GHz band for wireless sensor networks, wireless
local area networks, public land mobile networks and 5G
communication systems. The vast number of applications

which make use of wireless communication systems is leading
to the need of employing different wireless systems in a
cooperative way (i.e., Heterogeneous Network operation), as
well as to an increase in the allocated channel bandwidth.
Optimal performance of these wireless systems is given,
among other factors, by adequate transceiver system
operation. In relation with antenna sub-systems, impedance
matching is one of the main factors to consider in order to
reduce reflection-coefficient and hence, increase overall
coverage range and minimize overall energy consumption [2-
7].

The input impedance of an antenna is typically different
from the impedance of the system to which it is connected,
requiring impedance matching stages in order to minimize
losses. In many cases, it is possible to realize impedance
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matching by modifying the antenna geometry [8]. However,
the main limitation of conventional microstrip antennas is
their narrow impedance bandwidth (typically less than 3% for
return-loss better than -10 dB). In addition, electrically thin
edge-fed patch antennas usually suffer from high resonant
input impedance of a microstrip patch, typically in a range of
300-500 Q, which is challenging to directly match with a 50-
Q microstrip feedline. To maximize power transfer to and
from the antenna, and therefore enhance the radiation
efficiency of such antennas different matching approaches
have been investigated previously [9-11].

In many wireless applications the matching circuit is not
always designed for optimum power transfer between the
antenna and transceiver, but consideration is given to
maximizing the power handling capability, reducing non-
linear distortion and impedance bandwidth. In [12] the
matching and impedance bandwidth enhancement is achieved
by stacking the radiation patch with a parasitic element. With
this technique bandwidth extension of ~19% is possible. In
[13], the feeding scheme employed provides an impedance
bandwidth of ~28% however the design of the feeding scheme
is complex to implement in practice. In [14], a capacitively
coupled probe is used to excite a nonradiative mode close to
the antenna’s dominant radiation mode to realize a bandwidth
of ~28%. In [15] multiple resonant modes are simultaneously
excited to extend the bandwidth of a patch antenna by about
32%, however this technique is shown to adversely affect the
antenna’s broadside radiation pattern. In [16] the bandwidth is
improved by 15.2% by exciting dual modes.

In this paper a simple and effective metamaterial-inspired
wideband matching technique is proposed to enhance the
radiation gain and efficiency performance of a planar antenna.
The proposed matching technique uses a 7T-matching network
consisting of series capacitor, shunt inductor, series capacitor
configuration to realize metamaterial characteristics. The
matching network is directly embedded inside the feedline of
the antenna, which is an unconventional methodology. The
technique is first theoretically characterized to gain an
understanding of its effectiveness and is then validated
through practical design and measurement.

Il. IMPEDANCE MATCHED ANTENNA

The three types of lumped element matching networks that
are commonly used are based on the L-network, m-network,
and T-network. The advantage of L-network is that it only has
two reactive components whose values can be tuned easily for
a given load impedance. However, its impedance matching
capability is limited. On the other hand, the 7- or T-networks
have the capability of providing superior impedance matching
flexibility than the L-network because they have three reactive
components that can be tuned.

M. Alibakhshikenari, and et al.,

Fig.1 shows equivalent circuit of a typical L- and 7-
matching network. The reactance components can be either
lumped elements or realized using transmission-lines based on
microstrip integrated circuit technology. Capacitors can be
interdigital or realized with low impedance microstrip-lines
and vice versa for inductances. Reactance components
realized using microstrip-lines however can result in a larger
circuit.

The reactive components in the network control the return-
loss between the antenna and matching network. In practice
the capacitance values are adjusted or tuned until the return-
loss of the antenna is lower than a specified threshold value,
which is typically -10 dB, to (i) reduce system complexity, (ii)
maintain the matching performance, and (iii) maximize
transmission power to the antenna.

Z=RHX, I
gug,\/w ;é & woe Z=R.+jX,
(a)
Z=RHjX;
ZI=RI,+jXL

SN

(b)

Fig.1. (a) Equivalent circuit of L-matching network, and (b) equivalent circuit
of T-matching network.

To determine the effect of reactance components C and L
on the input impedance Z;, of the L-network in Fig.1(a) the
network is first represented in a simplified form in Fig.2,
where the impedance Z, accounts for inductance L and the
load impedance Z;= R; + jX;.

Z=A+B

=Zc

Zi"

Fig.2. Impedance Z;, of the L-matching network in Fig.1.
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1
2
; Zo= 2O gy ix 1
‘5‘ M avi(B-2) / M
6
7 Where the real and imaginary impedances are:
8
9 R =4/[(wAC)? + (wBC — 1)?] )
10
1; x = [B—wC(4? + B)]/[(wAC)? + (wBC—1)?]  (3)
13
14 By dividing (2) by (3) it can be shown that
15
16 wC = (BR—AX)/R(4? + B?) )
17
13 Substituting (4) into (2) and (3), it can be shown that
- [R - (42 + BY)/24]" + x? = [(4% + BY)/24]°
21 - = 5)
22
;i where A= R, and B =wL+X,
25 . . S
2% Eqn. (5) describes a circle whose center and radius, i.e. the
57 impedance position, is a function of the inductive and
28 capacitive reactance and the load impedance. This equation
29 reveals that the center and radius of the impedance circle can
30 be changed by tweaking either one or both inductance and
31 capacitance in the circuit to effect matching. Unlike the L-
32 network a 7T-network can provide superior impedance
33 matching because it has three reactive components that can be
24 tuned. In the next section a 7-matching circuit is investigated
32 in the reduction of mismatch between the antenna and RF
37 front-end circuit.
gg lll. T-COMPENSATION CIRCUIT
40 In a real-world scenario, the matching network is
41 connected to the antenna using a transmission-line. The
42 proposed T-matching network in Fig.3 comprises an
43 arrangement of series capacitor, shunt inductor, series
44 capacitor that exhibits left-handed metamaterial characteristics
45 [17]. The impedance Z seen by the signal from the transmitter
2? is a combination of the impedance Z; of the transmission-line
48 of length / and the impedance of the antenna load Z;. Hence,
49 to optimize power transfer between the transmitter to the
50 antenna, we need to conjugately impedance match the
51 impedance Z;, looking into the matching circuit to Zy.
52 The impedance Z. looking into the antenna load of
53 impedance Z; via the transmission-line of length /[ of
g;" impedance Z1 is given by
56

Zy, +j-thanﬁl
57 Iy=1 1[21 + jZLtanﬂl] (6)
58
59
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L .
B 5 +jwlLZ,
Zy - wlLey—1 (7)
2ot
Lin
Z, Z, c C: Z,

f
U

Zy

Antenna

ﬁ
{
5 =

T-compensation circuit

Fig.3. Equivalent circuit model of the 7-matching network inserted between
the source and the antenna.

Input impedance Z;, of the T-compensation circuit, shown in
Fig.3, can be represented as Zin = Ry + jXin, where R, and
Xin can be determined to be given by

2
(1 wy wxL|y w"LCy—1
t\c; ¢ Tt wCy

Rin= 2 (@)

where
x =Z7,Z1(1 + tan?pl)

y = tan®Bl(z1 — Z7)
t=Z% + Z}tan’pl

Reflection-coefficient (I';) at the input port of the antenna
is a measure of how much power is reflected from the antenna.
It determines how much power is radiated by the antenna and
therefore the radiation efficiency of the antenna, which is
defined as a ratio of radiated power to input power. The
reflection-coefficient looking at the antenna via the 7-
compensation circuit is given by:

RE+ X% — 28— jRin
S (10)
where Ri; and X, are defined by Eqns. (8) and (9). The
reflection-coefficient determines the maximum power transfer
to the antenna. Eqn.(10) indicates that the center frequency
and bandwidth of the matching system can be controlled by
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simply using appropriate values of the capacitances C1 and C»
and inductance L. For a 7-matching circuit the relationship
between bandwidth and reflection-coefficient is derived in
[18] to be given by

Il
BW T (11

Eqn.(11) indicates the by appropriately selecting Ri, and Xjy
the bandwidth of the matching network can be optimized.

The basic 7-match circuit is shown in Fig.4. Like in 7-
match, 7-matching allows to set impedance
transformation ratio and Q-factor/matching bandwidth of
circuit independently.

circuit

o L f I
X1 X,
Rin —> X R
O

Fig.4. T-matching circuit.

X1

Q1=r%,

X2
- Q2 = R7L (12)
The T-matching circuit can be decomposed to two L-match
circuits, as shown in Fig.5. By series-to-parallel
transformation as shown in From Fig.6,

Ry Ry
o 1 i L
xl : Xz
Rin — Xa ‘—‘ : r Xe R
|
|
° B

|
Ri R

Fig.5. T-matching circuit decomposed to two L-match circuits.

r Xs X2p Rip

|
R R

Fig.6. T-matching after series to parallel transformation.

1
Rinp=Ri=Rin(1+ Q1) Rip=R/= RL(1 + @) (14)

1 1
Xip=Xi(1+g)  Xep=X(1+7) (15)
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Rearranging Eqn.(14)

Q1=\/R%j Q2=\/1%j(16)

The total Q of the circuit is given by

R[ Rl
Q=0Q1+Q=Jp. —1+ [z —1 7)
At resonant frequency, |X 4| = |X1,| and |Xp|= |Xpp|-
1 1
Therefore, XA=X1(1 +T) Xp =X2(1 +*7)
Q1 Q2

The above relationships allow the design of the preliminary 7-
matching circuit. The design procedure involves: (i) Finding
R; using Eqn.(17) from given R;, R;, and @; (ii) Calculating
Q1 and Q, using Eqn.(16); (iii)) Finding X;and X, using
Eqn.(12), and (iv) Finding X 4, and X using Eqn.(13).

In the next section it is shown that with proper selection of
C1, C2, and L a high gain and high radiation efficiency can be
obtained over a wide frequency band. However, this does
introduce some complexity in the design as each variable
capacitor needs to be controlled separately. Nevertheless, the
proposed technique is amenable to electronic tuning hence
allowing controllable matching capability according to system
requirements.

IV. DESIGN EXAMPLE USING METAMATERIAL
INSPIRED T-MATCHING NETWORK

A standard circular microstrip antenna was designed at 4
GHz using FR-4 lossy substrate with a relative permittivity of
4.3, thickness of 1.6 mm, and tand of 0.025. The radius of the
circular patch is 10.9 mm. The patch antenna is excited using a
microstrip feedline. The ground-plane on the backside of the
substrate is truncated. There is no ground-plane in the region
of the patch. Fig.7(a) shows the equivalent circuit model of the
feedline and the patch antenna. The return-loss of the antenna
predicted by theory and simulation in Fig.8 show it resonates
at 4 GHz with a high-Q and hence has a narrow impedance
bandwidth. The measured results show a bandwidth of 0.1
GHz for S;;<-10 dB with an optimum return-loss value of -12
dB at 4 GHz.

Microstrip feedline length determines the input impedance
of the antenna. Hence, a 7-matching circuit is directly
embedded in the feedline, which is an unconventional
technique. Simply put, the proposed 7-matching network is
not an individual part from the antenna structure. The
matching circuit used here is a metamaterial structure that
exhibits left-handed properties of negative refractive index
when interacts with electromagnetic signals [17]. The
metamaterial characteristics are realized here with a T-network
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composed of series capacitance, shunt inductance, and series
capacitance circuit, as per schematic diagram in Fig.7(b). The
dispersion diagram of the antenna with the matching circuit in
Fig.9 show the phase variation is virtually zero at 4 GHz.

The return-loss response in Fig.8 by theory, simulation,
and measurement show that with the inclusion of the
metamaterial matching network the antenna’s impedance
bandwidth is significantly improved. It is evident from Fig.8
that magnitudes of reactance components constituting the 7-
matching circuit has a great influence the Q-factor of the
antenna. The results of the parametric study in Fig.10 show
how the parameters constituting the 7-matching circuit effect
the return-loss response. The optimum values are: C; = 0.5462
pF, C; = 1.545 pF and L = 1.1586 pF. The fabricated antenna
with the matching network is shown in Fig.11. Its measured
return-loss in Fig.8 is better than -18 dB at 4 GHz. The
magnitude of the geometrical parameters corresponding to the
lumped element values, which are annotated in Fig.11, are
given in Table I.

MSub ) S-PARAMETERSI

MSUB 5_Param

MSubl SP1 v v 2 2~
H=1.6mm Start =3 GHz Term L o -
Er=47 Stop =6 GHz Terml s s 18
= = s PRLC
Mur=1 Step =0.01 GHz Num=1 L=LsnH L=LsnH L=lsnH e
= ={~'Z=500hm R= = 2
Cond=5.54647 | QEJVAR I E :[ c R R=100hm

Hu=10e+033mm  vARL - -
T=35um Le=19 ta0

€=2.0424 pF [t] iy
TanD =0.018 \ CrommpE

Patch Antenna

Feed Transmission Line

(a)
* Ay o LY vy
Term gk i o o T L ]
Term1 14 L10 I = 8 PRLC
Num=1 L=LsnH L=LsnH L=lsnH  €=0.54 pF C=154pF L=0.07nH PRLCL
“I z=500hm R= ¢ R= ¢ R= L R= R=10 chm
= c1 ca 7 L=1nH
IC:BPF Ic:c:m: L=1nH = C=0.89pF

; ] J \_T_, Patch Antenna

Feed Transmission Line Metamaterial Matching

(b)

Fig.7. (a) Equivalent circuit model of feedline and patch antenna, and (b)
circular patch antenna loaded with metamaterial matching network using
Keysight Technologies’ Advance Design System (ADS).

D -
oo
q No match
) 1 network
=10
§ H
£ ] With matching
%'157 network
= 1
-20t - 7 —
‘25 1 T T LI I T T 1 T l T T T T [ T T 7T T 1 LI T [ T I T T
3.0 3.5 4.0 45 5.0 55 6.0

Freq (GHz)
Fig.8. Theoretical, simulated and measured return-loss response of the
antenna without and with the metamaterial-inspired matching network. Black
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diamond studded line is prediction by theory, dotted lines indicate the
simulated result, and solid lines represent the measured result.

Simulated current distributions without and with the 7-
matching circuit at 4 GHz is shown in Fig.12. It is evident that
the current distribution with the 7-matching circuit the current
intensity is concentrated at the shorting pin of the matching
circuit in the feedline. The current however is much stronger
over the patch compared to the case with no matching
network.

Frequency (GHz)

40

Bp (deg)
Fig.9. Dispersion diagram of the CRLH-TL feedline antenna.

L=1.1586 nF

g 10
E
g -15
=
2
-20
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‘30 T T T T I LI T | T T T T I T T T T I T T I T T T T
3.0 35 40 45 5.0 55 6.0

Freq. (GHz)

Fig.10. Effect on the return-loss response by the 7-matching network
parameters.
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Fig.11. Photograph of the microstrip antenna incorporating the 7-matching
circuit.
Table I. Antenna's geometrical parameters

Parameters Size (mm)

/] 54

w 29
R 11.2

Lg 28
We 2.47

Ly 2.3

Wy 0.5

Radius of shunt via-hole 0.5
Thickness of FR-4 substrate 1.6

(b)
Fig.12. Surface current distribution over the antenna at 4 GHz, (a) without the
T-matching circuit, and (b) with the T-matching circuit.

The measured radiation gain and efficiency performance
without and with the 7-matching circuit are shown in Fig.13.
It is evident from these results that there is substantial
improvement in the radiation gain and efficiency by
embedding the metamaterial inspired matching circuit.
Measured results show without the matching circuit the

M. Alibakhshikenari, and et al.,

antenna has a peak gain and efficiency of 5.5 dBi and 59.8%,
respectively, at 4 GHz. However, with the matching circuit the
peak gain and peak efficiency are 8.2 dBi and 71.8%,
respectively. Moreover, the gain and efficiency extend over a
significantly larger bandwidth. The gain >6 dBi extend from
3.35-5.25 GHz, and the efficiency >60% extend from 3.25-
5.1GHz.

10 80
4 [ o)
- Fos 2
:Cg 5] w Matching [0 &
~ i y network o
£ 4 Matching =}
Df% ] No matching s network - [1°]
= .0 o etwork 60 §
2 ] S
& ] L a
o ~<
o : L i -y
e 5 No matching™ 50 2
R x : network 12 —
. i r
4= — .|
-10 T 111 1 rr1rr7r I T rrrorrr1rrr1 l T rr1rrrrr1r 17T 40
3 4 5 6

Freq (GHz)
Fig.13. Measured radiation gain and efficiency response with and without the
embedded 7-matching circuit.

The radiation pattern in the E- and H-planes and the cross-
polarization without and with the 7-matching network at 4
GHz are shown in Fig. 14. The change in the radiation pattern
with the 7-matching network is marginal and, in both cases,
the cross-polarization is less than -30 dB.

-120°

-180°

(a) With no 7-matching circuit.
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-180°
(b) With 7-matching circuit.

Fig.14. The normalized measured radiation pattern in the E-plane and H-plane
at 4 GHz, (a) without no matching circuit, and (b) with the embedded 7-
matching circuit.

Table II compares the present technique with some recently
reported antenna bandwidth enhancement techniques.
Impedance bandwidth enhancement of a microstrip patch
antenna in [19] and [20] is achieved by loading the antenna
with shorting pins and slots. In [21] the bandwidth is enhanced
by simply curving the patch antenna in a partial cylindrical
shape. In [22] one-dimensional electromagnetic bandgap
ground structures and two-stage beam directors are employed
in an inverted-L antenna topology to enhance the bandwidth.
Even though the radiation efficiency of the proposed antenna
is relatively low compared with the other techniques it is
evident from the table that the proposed technique has a
comparable gain and exhibits a substantially larger impedance
bandwidth. Moreover, its size is relatively small with the
exception of [22].

Table II. Comparison of the proposed matching technique of recently reported
techniques.
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Shorti in & X X

2 | orting pin 1.1720 X 1.174, X 0.055 393 6% 9
slot Ao
Aperture-fed with

pg | Shortingiping 1.6340 X 0.822, X 0.017 1575 68 I

AU
This | Metamaterial 0.6720 % 0.3825 % 0.021
work | feedline 0 - 0 525 82 | 718

Fractional Peak | Peak
Ref. Technology Antenna size bandwidth Gain Eff.
(%) (dBi) | (%)
i i X X
19 Shorting pins & 1.1420 X 1.2710 % 0.009 10 118 04
slots 2y
i i X X
20 Shorting pins & 1.0220 X 1.4740 %X 0.045 88 & 49 6&8 93 &
slots A 95
X X
21 | Microstrip 0.584, ().5;/11; 0.016 9 6.28 83.5
0
One-dimensional
EM bandgap 7 7
22 | ground structures 0.2140X0.324, % 0.009 32.5 7 95
& two-stage beam Ao
directors
Differential
X X
B | icrostrip 0.87, X 0.82,X 00134, | 187 85 | 80
Magneto-electric
24 dipole 0.9740 %X 0.9740 X 0.1740 28.2 9.0 |

V. CONCLUSION

Impedance bandwidth of an antenna is determined by the
matching conditions between the RF transceiver front-end and
the antenna. We have demonstrated the effectiveness of
employing an embedded metamaterial-based 7-matching
circuit directly implemented inside the feedline to enhance the
antenna’s impedance bandwidth. The measured results
confirm significant improvement in the antenna’s impedance
bandwidth over its operating frequency range. Moreover, with
the proposed technique improvement was observed in the
radiation gain and efficiency too.
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