Reduction of NF can be achieved by further optimizing the DP
structure, like adding a segment of forward pumped EDF [15],
or incorporating a fiber Bragg grating [16].

3. CONCLUSION

We have demonstrated a high power EDFA for signal amplifica-
tion in the wavelength range from 1570 to 1620 nm. The output
saturated power can be greatly enhanced by employing clad-
pumping technology in a DP configuration. The characteristics
of optical PCE, signal gain, and NF are well discussed, both for
single- and DP structures. The DP system has achieved a high
output power over 2 W and a flat-gain about 23 dB, which is
~3 dB higher than that of the SP system. Experimental results
also show dramatic increase in PCE and some degree of NF
deterioration.
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ABSTRACT: A simple, decoupled dual-inverted-F antenna (DIFA)
formed by two inverted-F antennas (IFAs) with a decoupling chip induc-
tor is presented. The open ends of the two IFAs face to each other and
are connected by the decoupling chip inductor. The DIFA has a planar
structure and is easily fabricated on a thin dielectric substrate. Good iso-
lation between the two IFAs can be obtained, owing to an equivalent
bandstop circuit formed by the decoupling chip inductor and the equiva-
lent distributed capacitor between the open ends of the two IFAs. For the
tablet computer application in the 3.6-GHz LTE band (3.4-3.8 GHz), the
DIFA with a decoupling chip inductor of 39 nH occupies a small size of
20 X 4 mm® on a 0.8-mm thick FR4 substrate. The two IFAs in the DIFA
almost require no isolation spacing, thereby leading to the compact struc-
ture and small size. Details of the proposed DIFA are described, and its
multi-input multioutput performance is discussed. © 2015 Wiley
Periodicals, Inc. Microwave Opt Technol Lett 57:2189-2194, 2015; View
this article online at wileyonlinelibrary.com. DOI 10.1002/mop.29288

Key words: mobile antennas, inverted-F antennas, dual-inverted-F
antenna; LTE antennas; decoupling inductor; tablet computer antennas

1. INTRODUCTION

For the MIMO (Multi-input Multioutput) operation in the termi-
nal device, two or more antennas with acceptable isolation are
required to be embedded in the limited space therein. However,
when two antennas are placed very close to each other, strong
coupling thereof usually occurs, which greatly decreases the
antenna efficiency and MIMO performance as well. To decrease
the coupling between two closely spaced antennas, it has been
shown that the technique of using a single neutralization line
(NL) or multiple NLs can be applied [1-6]. By selecting proper
length and width of the NL and their proper connections with
the two closely spaced antennas, improved isolation can be
obtained. However, the design process in determining the
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Figure 1 Geometry of the DIFA mounted at the center of the top (long)
edge of the device ground plane of the tablet computer. [Color figure can
be viewed in the online issue, which is available at wileyonlinelibrary.
com]

parameters of the NL is usually time consuming. Moreover, as
the required length of the NL is generally comparable to a
quarter-wavelength at the desired operating frequency, a certain
space to accommodate the NL between the two antennas is
required. This increases the complexity of the antenna design
for the MIMO operation.

In this article, we propose a simple dual-inverted-F antenna
(DIFA) with acceptable isolation obtained for the 3.6-GHz LTE
operation (3.4-3.8 GHz) [7,8] in the tablet computer. The DIFA
has a planar structure and occupies a small size of 20 X 4 mm>
on a 0.8-mm thick FR4 substrate. The DIFA is formed by two
face-to-face inverted-F antennas (IFAs) with a decoupling chip
inductor of 39 nH connected between their open ends to
enhance the isolation of the two IFAs. In this case, the two

. Proposed Su-e,Sne |

- Casel Sue,Saw
3000 3300 3600 3900 4200
Frequency (MHz)
“ |2q >
| T
A Case I (w/o Ly) A
L, L,=1.5nH

Figure 2 Simulated S parameters for the proposed DIFA and the case
without the inductor Ly (Case I). [Color figure can be viewed in the
online issue, which is available at wileyonlinelibrary.com]
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Figure 3 Simulated surface current distributions for the proposed
DIFA and Case I. [Color figure can be viewed in the online issue, which
is available at wileyonlinelibrary.com]

IFAs almost require no isolation spacing and can hence lead to
a compact size for the DIFA. In addition, as compared to the
design using the NL technique [1-6], the proposed DIFA is sim-
ple in structure and can be easily implemented. The measured
isolation between the two IFAs in the proposed DIFA is better
than about 16.5 dB over the 3.6-GHz band. Measured antenna
efficiencies of about 50-74% for the two IFAs are also obtained.
In this study, details of the proposed DIFA are described. Its
working principle, parametric study, experimental results, and
MIMO performance are also presented and discussed.

2. PROPOSED DIFA

2.1. Antenna Structure

Figure 1 shows the geometry of the DIFA mounted at the center
of the top (long) edge of the device ground plane of the tablet
computer. The DIFA is formed by two IFAs (Antl and Ant2)
with same dimensions and a chip inductor L4 connecting the
two IFAs at their open ends. Antl is excited by port 1, while
Ant2 is excited by port 2. The dimensions of the device ground
plane are selected to be 200 X 150 mm? to fit for the popular
9.7-inch tablet computer on the market. For operating in the
3.6-GHz band (3.4-3.8 GHz), the DIFA has a planar structure
and occupies a small size of 4 X 20 mm? on a thin FR4 sub-
strate of thickness 0.8 mm, relative permittivity 4.4, and loss
tangent 0.02.

Each IFA is designed to have a low profile of 4 mm and a
strip length of 13.5 mm only (about 0.16 wavelength at
3.6 GHz). For achieving the low profile and short strip length,
each IFA is loaded with a chip inductor of 3.4 nH (L, L,) and
is short-circuited to the device ground plane through a shorting
strip of length 6 mm and width 0.2 mm. The chip inductors of
L; and L, decrease the required resonant length for the two
IFAs [9]. The two IFAs are also arranged to face each other,
with their open ends having a small spacing of 1 mm only.

2 3 8 8

8

| = Casel
1 | L

000 3300 3600 3900 4200

Antenna Efficiency (%)

o

73]

Frequency (MHz)

Figure 4 Simulated antenna efficiency for the proposed DIFA and
Case I. [Color figure can be viewed in the online issue, which is avail-
able at wileyonlinelibrary.com]
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Figure 5 Simulated S parameters as a function of the chip inductor Ly
for the proposed DIFA. [Color figure can be viewed in the online issue,
which is available at wileyonlinelibrary.com]

Owing to the small spacing, there is strong capacitive coupling
between the two IFAs. This behavior is very likely related to an
equivalent distributed capacitor formed between the two open
ends. By disposing a chip inductor of 39 nH (L4) in-between
and connecting the two open ends, it is found that the strong
capacitive coupling can be effectively decreased. This is largely
because the loaded chip inductor and the equivalent distributed
capacitor between the two open ends can form a bandstop cir-
cuit to effectively decrease the coupling between the two IFAs.
Hence, it is expected that by selecting the chip inductor of
different inductances, the decoupling effect on the two IFAs can

=l
e >
d

150/|| device ground plane

200

3 |
§_201d=0 =
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t d=90 mm =
-30' ! 1 !
3000 3300 3600 3900 4200
Frequency (MHz)
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be adjusted. Related results will be discussed in the next
subsection.

It is also noted that owing to the very small spacing between
the two IFAs, the DIFA has a compact structure. With a low
profile of 4 mm only, the DIFA has a short length of 20 mm
(about 0.24 wavelength at 3.6 GHz) along the top edge of the
device ground plane. In addition, with the proposed structure,
the DIFA generally shows an inverted-U shape, with the two
shorting strips enclosed therein. The DIFA also shows a closed
loop structure with no open ends. That is, the possible coupling
between the DIFA and nearby possible electronic elements
inside the tablet computer can be small. This will be attractive
for the practical applications.

2.2. Working Principle and Parametric Study

Effects of the inductor L4 are first analyzed. Figure 2 shows the
simulated S parameters for the proposed DIFA and the case
without the inductor Ly (Case I, see the structure in the figure).
The dimensions of the two IFAs in Case I are the same as those
in the proposed DIFA. The simulated results are obtained using
the full-wave electromagnetic field simulator HFSS version 15
[10]. As the two IFAs (Antl and Ant2) are symmetric with
respect to the center of the top edge of the device ground plane,
the simulated S;; and S,, results are the same. Hence, only the
results for the S, are shown. Both the §;; results for the pro-
posed DIFA and Case I are adjusted to be better than —6 dB
over the 3.6-GHz band (3.4-3.8 GHz, see the shaded frequency
region in the figure). Note that in Case I, because there is no
decoupling chip inductor L4, the inductors L; and L, embedded
in the two IFAs are changed to be 1.5 nH so that the resonant
mode of the two IFAs can occur in the 3.6-GHz band. It is
observed that Case I shows much better impedance matching
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Figure 6 Simulated S parameters for the proposed DIFA mounted at different positions along the top edge of the device ground plane. [Color figure
can be viewed in the online issue, which is available at wileyonlinelibrary.com]
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fabricated DIFA

Figure 7 Photos of the fabricated DIFA. [Color figure can be viewed
in the online issue, which is available at wileyonlinelibrary.com]

than the proposed DIFA. However, its S,; is only about —5 dB
over the operating band, which is much larger than that (less
than about —17.5 dB) of the proposed DIFA. The obtained
results indicate that Case I has strong coupling between its two
IFAs therein. This behavior is owing to the very small spacing
between the open ends of the two IFAs. Conversely, much
smaller S,; is obtained for the proposed DIFA, which is owing
to the presence of the inductor L.

The simulated surface current distributions for the proposed
DIFA and Case I at 3.6 GHz are also shown in Figure 3 for
comparison. It is seen that with Antl excited, the excited sur-
face current distributions on Ant2 is relatively much smaller for
the proposed DIFA than for Case I. This also confirms that
good decoupling between the two IFAs is obtained for the pro-
posed DIFA. This behavior is largely because the inductor L4
and the equivalent distributed capacitor between the open ends
of the two IFAs form an equivalent bandstop circuit, which sup-
presses the possible coupling between the two IFAs.

Figure 4 shows the simulated antenna efficiency for the pro-
posed DIFA and Case I. The antenna efficiencies include the
mismatching losses. Results show that the proposed DIFA has
better efficiencies than Case 1 (62-84% vs. 59-61% over the
operating band). At 3.6 GHz, the efficiency of the proposed
DIFA is about 24% better than that of Case I.

As it is likely that the inductor Ly and the distributed capaci-
tor between the two open ends form a bandstop circuit to
achieve good decoupling between the two IFAs, the S, result
of the proposed DIFA can be controlled by adjusting the induct-
ance of the inductor L4. Figure 5 shows the simulated S parame-
ters as a function of the chip inductor L4. Results for the Lq4
varied from 36 to 42 nH are presented. Small effects on the Sy,
results are seen. Conversely, large effects on the S,, are
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Figure 8 Measured and simulated S parameters of the fabricated
DIFA. [Color figure can be viewed in the online issue, which is avail-
able at wileyonlinelibrary.com]
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Figure 9 Measured and simulated antenna efficiencies of the fabri-
cated DIFA. [Color figure can be viewed in the online issue, which is
available at wileyonlinelibrary.com]

observed. The minimum S, is shifted to lower frequencies with
increasing inductance. The results indicate that the S,; can be
controlled by the inductor L4. In this study, the inductor is
selected to be 39 nH, with which the maximum S,; over the
3.6-GHz band is the smallest (about —17.5 dB for 39 nH vs.
—16 dB for 36 nH and —15 dB for 42 nH).

Effects of mounting the proposed DIFA at different positions
along the top edge of the device ground plane are also analyzed.
Figure 6 shows the simulated S parameters for the proposed
DIFA at d =0 (left corner position), 45 mm, and 90 mm (cen-
tral position, see in Fig. 1). The §;; results show that for the
d = 0 position, much better impedance matching for Antl in the
proposed DIFA is obtained. This is probably because Antl is
flushed to the left corner at d = 0, where the electric-field maxi-
mum of the device ground (chassis) resonant mode is usually
located [11]. With the excitation of Antl, an efficient coupling
of the chassis resonant mode may occur, which improves the
impedance matching and widens the impedance bandwidth as
well. For Ant2, there are small variations in the S,, for the three
different positions. It is largely because Ant2 is in the right-
hand side of the DIFA, and hence, its coupling to the chassis
resonant mode at the three positions is not significant. From the
S, results, relatively strong coupling is seen for the two IFAs
in the DIFA at the d =0 position. This behavior may also be
related to the efficient coupling of Antl with the chassis reso-
nant mode, which could lead to strong excitation of the surface
currents on the device ground plane and in turn result in
enhanced coupling of the two IFAs. For the proposed DIFA at
d=90 mm (the central position), the S,; is the smallest. This
behavior may be because the electric-field minimum of the
chassis resonant mode is usually located at its central position
[11]. Hence, the coupling of the two IFAs with the chassis reso-
nant mode is weak, and better isolation can be obtained.

3. EXPERIMENTAL RESULTS AND MIMO PERFORMANCE

3.1. Experimental Results
The proposed DIFA is fabricated, and Figure 7 shows the photos
of the fabricated DIFA. The measured and simulated S parame-
ters of the fabricated DIFA are presented in Figure 8. Agree-
ment between the measurement and simulation is seen. The
measured impedance matching with S;; better than —6 dB over
the 3.6-GHz band is obtained, and the measured S,; is better
than about —16.5 dB over the operating band.

Figure 9 shows the measured and simulated antenna efficien-
cies of the fabricated DIFA. The antenna efficiencies include
the mismatching losses and were measured in a far-field
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Figure 10 Measured and simulated 3D total-power radiation patterns of the fabricated DIFA. [Color figure can be viewed in the online issue, which is

available at wileyonlinelibrary.com]

anechoic chamber. The measured antenna efficiency of about
50-74% is obtained over the operating band. The measured
antenna efficiency is also seen to be about 10% lower than the
simulated result. The discrepancies may be owing to the ohmic
losses of the lumped chip inductors in the experiment. Figure 10
shows the measured and simulated three-dimensional (3D) total-
power radiation patterns of the fabricated DIFA. The radiation
patterns at 3600 MHz for port-1 and port-2 excitation are
shown. Stronger radiation in the —y direction than in the +y
direction is seen for the port-1 pattern. Conversely, stronger
radiation in the +y direction than in the —y direction for the
port-2 pattern is seen. The measured patterns also generally
agree with the simulated patterns. This observation is reasona-
ble, as the decoupling chip inductor Ly can block the excited
surface currents from entering into Ant2 when port 1 is excited
(see the results shown in Fig. 3), or vice versa. This behavior
can make the port-1 and port-2 patterns with less similarity,
which is advantageous for achieving smaller ECC and better
channel capacity for MIMO operation.

1.0
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0.8 & Calculated ECC from ]
C Measured E-field Patterns
Y e
8 i
L
0.2
[ SN - = - =~ =~ —
3000 3300 3600 3900 4200
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Figure 11 Calculated ECC from the measured complex electric-field
patterns and simulated ECC from the HFSS. [Color figure can be viewed
in the online issue, which is available at wileyonlinelibrary.com]
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3.2. MIMO Performance

Figure 11 shows the calculated ECC from the measured com-
plex electric-field patterns and simulated ECC from the HFSS
version 15 [10]. For the ECC results, the indoor propagation
environment with uniform incident wave is assumed. That is,
the cross-polarization power ratio (XPR) of the incident wave is
set to 0 dB, and the 6 and ¢ polarized power functions of the
incident wave are both set to 1/4m in all directions. From the
results, the calculated ECC is small, less than about 0.05, which
is good for the MIMO operation [12]. The calculated ECC is
also seen to agree with the simulated ECC.

Figure 12 shows the calculated channel capacities of the fab-
ricated DIFA in a 2 X 2 MIMO system. In the capacity calcula-
tion, the uncorrelated transmitting antennas and the i.i.d.
(independently identically distributed) channels with Rayleigh
fading environment are assumed [13]. The capacities are
obtained by averaging over 10,000 Rayleigh fading realizations
with a signal-to-noise ratio of 20 dB at the fabricated DIFA.
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Figure 12 Calculated channel capacities of the fabricated DIFA in a 2
X 2 MIMO system. [Color figure can be viewed in the online issue,
which is available at wileyonlinelibrary.com]
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Over the operating band, the calculated capacities reach about
9.5-10.7 bps/Hz, which is significantly larger than the upper
limit (5.75 bps/Hz) of a single-antenna (Single-Input Single-Out-
put) with a perfect antenna efficiency of 100%. The calculated
capacities are also close to the upper limit (11.5 bps/Hz) of a 2
X 2 MIMO system, in which the two antennas have perfect
antenna efficiencies of 100% and a perfect ECC of 0. The
results indicate that the proposed DIFA is promising for the
LTE MIMO operation.

4. CONCLUSION

A DIFA with simple structure, small size, and acceptable isolation
has been proposed for the 3.6-GHz LTE operation (3.4-3.8 GHz) in
the tablet computer. The two IFAs therein are connected through a
decoupling chip inductor at their open ends. It has been shown that
acceptable isolation of the two IFAs can be obtained, which is
largely because an equivalent bandstop circuit is formed owing to
the decoupling chip inductor and the equivalent distributed capaci-
tor between the open ends of the two IFAs. The measured isolation
of the fabricated DIFA is better than 16.5 dB over the 3.6-GHz
band, and the measured antenna efficiencies are better than 50%.
The proposed DIFA also shows good MIMO performance, with the
channel capacity in a 2 X 2 MIMO system reaching about 10.5—
11.5 bps/Hz. The proposed DIFA is promising for the MIMO opera-
tion in the terminal communication device.
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ABSTRACT: In this article, a very compact printed asymmetric rectan-
gular monopole antenna with an electrically coupled split ring resonator
(SRR) is presented. The operating frequencies cover the worldwide inter-
operability for microwave access (WiMAX), wireless local area network
(WLAN), and ultra wideband (UWB) applications. The asymmetric
monopole is fed by a microstrip line, whereas the SRR is inductively
coupled with the radiating element. The electric field-coupled SRR yields
its resonance at 3.5 GHz in addition to the fundamental wideband reso-
nance obtained by the asymmetric monopole. The measured operating
bands (3.48-3.62 GHz), (5.1-11.12 GHz) are suitable for WiMAX and

5 GHz WLAN bands. Consequently, the overall operating bands of the
antenna cover the UWB range with the exception of 3.1-3.48 and 3.62—
5.1 GHz range. The proposed antenna has a very compact size of 13 X
15 X 1.6 mm’. © 2015 Wiley Periodicals, Inc. Microwave Opt Technol
Lett 57:2194-2197, 2015; View this article online at
wileyonlinelibrary.com. DOI 10.1002/mop.29298

Key words: multiband; split ring resonator; worldwide interoperability
for microwave access; wireless local area network; ultra wideband

1. INTRODUCTION

Most commonly used wireless standards IEEE 802.16e worldwide
interoperability for microwave access (WiMAX) and IEEE 802.11a
wireless local area network (WLAN) demands for low cost, com-
pact antennas. To meet these requirements, different multiband,
wideband, and ultra wideband (UWB) antennas have been reported
[1,2]. In general, multiband has been achieved by perturbing the
surface current paths using fractal theory [3] as well as introducing
various slots [4] in the radiating element. Further, asymmetrical
feeding [5] has been used for reducing the antenna size. However,
there is always a tradeoff between the size and multiband perform-
ance. Recent studies verified the miniaturization attained in anten-
nas and waveguides using metamaterials [6-8]. The split ring
resonator (SRR) is a kind of metamaterial cell, which has resonant
nature due to the inductance and capacitance of the loop and split
gap [1]. Hence, it has been efficiently used in various microwave/
RF radiating and nonradiating printed circuits to enhance their per-
formance. Metamaterial resonators (metaresonators) can be excited
with a nearby feeding structure like transmission line or monopole
by inductive/capacitive coupling. Hence, the SRR can radiate effi-
ciently independent of the feeding structure’s resonance [9]. Thus,
it proves an effective way to reduce the antenna size.

In this letter, a compact asymmetrical monopole (half of the
dimension compared with a rectangular patch) is used for achieving
wideband performance. The asymmetrical monopole in turn is used
to excite the SRR. Hence, the lowest resonance can be achieved by
the metaresonator of very small size compared with its resonant
wavelength, thereby reducing the overall size of the antenna.

2. PROPOSED ANTENNA CONFIGURATION

The proposed monopole antenna is printed on a 1.6 mm (h) FR-4
dielectric substrate with permittivity of 4.4 and loss tangent of
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