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ABSTRACT A small-size reconfigurable loop antenna for mobile phone applications with a compact volume
of 55 × 5 × 3 mm3 is proposed. In addition to the traditional three loop antenna modes, namely, 0.5-λ,
1-λ, and 1.5-λmodes, the proposed loop antenna also generates another 2-λmode. To cover more operating
bands with such compact antenna volume, the reconfigurable technique is therefore applied by inserting
an RF switch at the end of the proposed antenna to improve bandwidth at the low band. By combining
the four working states of RF switch, the proposed antenna can cover GSM850/900, DCS1800, PCS1900,
UMTS2100, and LTE2300/2500 bands with low specific absorption rate and high efficiencies.

INDEX TERMS Mobile phone antenna, reconfigurable antenna, loop antenna, RF switch.

I. INTRODUCTION
With the increasing demand for ultra-thin smart phone, the
ultimate challenge at the moment is to design a wideband
antenna with very compact size/volume. Because the ultra-
thin smart phone provides very limited available spaces for
designing the required antenna, single passive and compact
antenna usually has difficulty to support multiple bands and
wide bandwidth enough to support all the required WAN
bands for global applications. To resolve this issue, recon-
figurable or active tunable antenna is one of the practical
solutions to minimize antenna size [1]–[8]. The frequency
configurability can be realized by using PIN diodes [1]–[4],
digital tunable capacitors [5], or RF-MEMS (micro-electro
mechanical systems) switches [6]–[8]. Determining which
RF tunable technology to use depends on the antenna type,
tuning range, harmonic side effect, RF component loss and
other factors.

Besides PIFA (planar inverted F antenna), IFA (inverted
F antenna) and monopole antennas, loop antenna is also a
potential candidate for mobile phone applications because of
its advantage of exciting multi-resonant modes. As reported
in [9] and [10], 3-D type folded loop antenna can generate
up to three resonant modes within the LTE bands of interest,
namely, 0.5-λ, 1-λ and 1.5-λ modes. Recently, loop antennas
with a higher 2-λ resonant mode have been studied [11]–[13].
As reported in [12], the higher 2-λ resonant mode is generated

by the distance between the feed and shorting point of the
loop antenna. However, the antenna size of [11]–[13] is fairly
large at 50×13×5mm3, 60×8×5mm3 and 75×10×5mm3,
respectively. Therefore, they are not suitable for ultra-thin and
narrow frame mobile phone applications.

In this paper, a small size (55 × 5 × 3 mm3) internal
loop antenna with multimode operation (up to four resonant
modes) and frequency agility is proposed. A single-pole-four-
throw RF switch (model RF-1604) is applied in this work
for introducing four operation states so that the proposed
antenna can operate at the desired bands. To further illus-
trate the merits of the proposed antenna, Table 1 shows the
comparison between the proposed antenna and those loop
antennas reported previously. Compared with the reference
ones, this design method can significantly reduce the occu-
pied volume. The obtained results show that the proposed
antenna can give two wide frequency bands, in which the low
band and high band are 780–990 MHz (210 MHz or 23.7%)
and 1670–2740 MHz (1070 MHz or 48.5%), respectively.
Thus, both low and high bands can cover the GSM850/900,
DCS1800, PCS1900, UMTS2100, and LTE2300/2500 bands.
In addition, the measured antenna efficiencies of low and
high bands can be as high as 59% and 82%, respectively.
To further study the effects of antenna radiation to human
head at the transmit mode, the specific absorption rate (SAR)
is also investigated. The simulated results show that the SAR
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TABLE 1. Comparison between proposed antenna and reference
antennas.

FIGURE 1. Geometry and detailed dimensions of proposed antenna.
(a) Antenna geometry and PCB board, (b) Detailed dimensions of antenna
and the structure of RF switch (unit: mm).

values of proposed antenna are well below the limit set by the
federal communication committee (FCC).

II. ANTENNA STRUCTURE AND DESIGN PRINCIPALS
A. ANTENNA STRUCTURE
The configuration of proposed antenna is illustrated in Fig. 1.
The overall geometry as shown in Fig. 1(a) indicates that the
system circuit board of proposed antenna is built on a 0.8-mm
thick FR4 substrate (εr = 4.4, tan δ = 0.02) with a planar size

of 75 × 125 mm2. On the top side of the FR4 substrate is a
75× 120 mm2 system ground plane printed with a protruded
ground of 5 × 19 mm2. Thus, a 5 × 56 mm2 no-ground
region can be observed on the left side of this protruded
ground. Here, the protruded ground can be used for laying
out electronic components such as metallic USB connector.
A 3 mm thick ABS (Acrylonitrile Butadiene Styrene) sub-
strate antenna carrier (εr = 3, tan δ = 0.01) is used to support
the proposed antenna above the system circuit board, and a
gap distance of 1 mm is set between the antenna carrier and
the protruded ground plane. The total volume of radiating
antenna element (built on the ABS) is only 55× 5× 3 mm3,
and it is located in the no-ground region.
The detailed planar dimensions of proposed antenna and

the structure of RF switch are given in Fig. 1(b). The proposed
antenna is composed of three branches, namely, branch #1
(a folded loop antenna along section A-B-C-D-F-G-H-I-J-
K), branch #2 (section J-L-M) and branch #3 (section B-N).
The folded loop section (branch #1) can excite four resonant
modes for the bands of interest, and a few techniques are used
to optimize the proposed antenna performances. Here, branch
#2 and branch #3 are designed to achieve the high band
operation bandwidth. To achieve good impedance matching,
a series 5 nH inductor is loaded at the feed point as a matching
component. For achieving frequency agility, the terminal end
(point K) of branch #1 is linked to a SP4T (single-pole-four-
throw) RF switch (model RF-1604), so that the low band from
780 to 980MHz can be covered. From the magnified diagram
of this RF switch shown in Fig. 1(b), four lumped components
are linked to the four RF ports (RF1 to RF4). The RF switch
states are controlled by two bias voltages (V1 and V2), and
their corresponding truth table is given in Table 2.

TABLE 2. The truth table of the RF switch.

B. OPERATION PRINCIPLE
To explain the antenna design principle, Fig. 2 shows the
final simulated reflection coefficients of proposed antenna
at different working states. The proposed loop antenna oper-
ates at the 0.5-λ, 1-λ, 1.5-λ and 2-λ modes by itself simul-
taneously where 0.5-λ is at low band and 1-λ, 1.5-λ and
2-λ modes at high band. To improve the 0.5-λ mode band-
width, the SP4T RF switch with four states is used to cover
810-985MHz for GSM 850/900 band operations. Tomake all
the high band reflection coefficient under the VSWR of 3:1 to
cover 1700–2830 MHz for DCS1800, PCS1900, UMTS2100
and LTE2300/2500 band application, branch #2 and 3 are
applied for better impedance matching. Different from other
loop antenna design [12], this antenna also generates the 2-λ
resonant mode where the distance parameter d between the
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FIGURE 2. Simulated reflection coefficients of proposed antenna in four
working states.

FIGURE 3. Simulated reflection coefficients of proposed antenna, the case
without branch #2, and the case without branch #3 at State1 (1nH is on).

feeding line ABC and the grounding line KJL is critical for
this mode.

To understand the functionalities of branch #2 and #3,
Fig. 3 shows the simulated reflection coefficients of proposed
antenna for the case without branch #2 and the case without
branch #3 when the switch is at State 1 condition (1 nH is on).
It is observed that, without branch #2, the 2-λ mode is
shifted to higher frequency band; while in contrast, the 0.5-λ,
1-λ, and 1.5-λ resonant modes are only slightly affected.
On the other hand, if branch #3 is removed from the proposed

antenna, both 0.5-λ and 1-λmodes are only slightly deviated,
and in contrast, the 1.5-λ and 2-λmodes are shifted to higher
frequency band. Therefore, the main objective of adding
branch #2 and branch #3 is to allow the proposed antenna
to achieve enough bandwidths to cover the desired high
band frequencies (1710–2690MHz) for DCS1800, PCS1900,
UMTS2100 and LTE2300/ 2500 band applications.

FIGURE 4. Simulated current distributions on metallic radiators and
system ground of proposed antenna at State 1, (a) 900 MHz,
(b) 1800 MHz, (c) 2100 MHz, (d) 2600 MHz. A cross within the circle
indicates ‘‘null’’ point, and the arrow lines indicate the current paths.

To analyze the antenna’s resonant modes more clearly, the
simulated surface current distributions at 0.9 GHz, 1.8 GHz,
2.1 GHz and 2.6 GHz are plotted in Fig. 4. In this study,
State1 is chosen for the evaluation (1nH is on). As shown in
Fig. 4 (a), one current null is observed in the middle section of
the loop antenna, and the current paths at both feed point and
ground point are in the same direction. It can be explained that
the loop antenna functions as amonopole antennawhen it is at
half wavelength long. So, this is a 0.5-λ or 2×1/4 λmonopole
antenna mode. In [12], this is categorized as common mode.
Note that the 0.5-λmode or commonmode is introduced from
the function of the ground plane.

As shown in Fig. 4(b), there are two current nulls at the two
sides of proposed antenna along the x-axis direction. Here,
the current distributions at the feed point and ground point
are in opposite directions, and the current path along the edge
of the ground plane flows from the ground point to the feed
point. Hence, it is clear that the proposed antenna operates at
1-λ loop antenna mode. In Fig. 4(c), three current nulls are
indicated, and the current paths at the feed point and ground
point are in the same direction. This is a 1.5-λ (2 × 3/4 λ)
monopole antenna mode. As depicted in Fig. 4(d), four
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current nulls are observed, and the current paths at the feed
point and ground point are in opposite directions, showing a
current flow along the edge of the ground plane from the feed
point to ground point. This indicates that the antenna operates
at 2-λ loop antenna mode.

To conclude the analysis from Fig. 4: (I) The main current
distribution path is themetallic loop strip (branch #1) from the
feed point to ground point. (II) The current distributions in the
two tuning branches (branch #2: section J-L-M, branch #3:
section B-N) will change accordingly with different resonant
modes. (III) Fig. 4 (a) and (b) show that the currents are
weak in branch #2, but in Fig. 4(c) and (d), strong current
distributions are observed along branch #2. This indicates that
branch #2 mainly functions as a tuning branch at 1.5-λ and
2-λ mode. (IV) Branch #3 serves as a tuning branch at 1-λ,
1.5-λ and 2-λ modes, due to the strong current distributions
at these modes.

C. PARAMETRIC STUDY
Several main parameters of proposed antenna are studied
in this subsection. As mentioned before, the dimensions of
the two tuning branches are important in achieving triple
resonances to form wideband operation in the desired high
band (1710–2690 MHz). To evaluate the function of tuning
branch #2, the simulated reflection coefficient of proposed
antenna at State 1 with different values of strip length t1
of branch #2 is shown in Fig. 5. When t1 is reduced from
12 mm to 4 mm (with a step decrement of 2 mm), both 1.5-λ
mode and 2-λmode are shifted to the higher frequency band,
showing impedance mismatch for the 1.5-λ mode but better
matching for 2-λmode. In this case, both 0.5-λ and 1-λmodes
remain almost the same. Hence, to combine the 1-λ, 1.5-λ
and 2-λ modes together to cover the desired high band, the
optimized length of t1 is set to 8 mm.

FIGURE 5. Simulated reflection coefficients with different values of t1 in
State 1.

As branch #3 is also an important element to achieve
the desired high band coverage, Fig. 6 shows the simulated
reflection coefficient with different values of strip length
t2 of branch #3. In this figure, when t2 is decreased from
12 to 4 mm (with a step decrement of 2 mm), both 1.5-λ
and 2-λ modes are shifted to the higher frequency band.

FIGURE 6. Simulated reflection coefficients with different values of t2 in
State 1.

Meanwhile, the 1-λ mode is slightly affected, and the
0.5-λmode remains almost the same. Hence, to achieve wide
operating band and good impedance matching in the desired
high band, the length t2 is optimized to 10 mm.
One of the unique features of this 3-D loop antenna is that a

higher 2-λ mode can be excited in addition to the traditional
0.5-λ, 1-λ and 1.5-λ resonant modes. As discussed earlier,
the parameter gap length d (the distance between the feeding
section ABC and the grounding section KJL) is critical to
the generation of the higher 2-λ mode. To illustrate how this
2-λ mode is excited, the simulated reflection coefficients as
a function of the gap distance d are shown in Fig. 7. In this
figure, it is realized that decreasing d from 20.5mm to 0.5mm
(with a step decrement of 5 mm) will result in shifting all
the four resonant modes to the lower frequency band. It is
also noteworthy that when a large gap distance is applied
(d = 20.5 mm), the 2-λ mode is at frequency > 3 GHz with
very undesirable impedance matching. Here, the gap distance
d has been optimized to 5.5 mm to achieve good low and high
band operations.

FIGURE 7. Simulated reflection coefficients with different values of d in
State 1.

III. RESULTS AND DISSCUSSION
A. FREE SPACE
The proposed antenna was fabricated and tested. Fig. 8 shows
the photograph of the fabricated antenna prototype. To verify
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FIGURE 8. (a) Photo of the fabricated reconfigurable antenna (b) photo of
the RF switch.

the reconfigurable mechanism of the proposed 3-D type loop
antenna, a SP4T RF switch (RFMD RF1604) was applied
in the designed PCB (printed circuit board). As no external
DC blocking capacitors are required on RF ports due to
the internal port integration, thus, the RF switching circuit
is simplified. As depicted in TABLE II, the ANT port is
connected to the K point of loop antenna, and RF1 to RF4
ports are connected to a single chip component with value of
1 nH, 5 nH, 2 pF and 6 pF, respectively. The switching of the
four working states can be realized by controlling the biasing
voltages on the V1 and V2 pins. Two AA batteries were used
to supply 3-V voltage for the RF switch.

FIGURE 9. Measured reflection coefficients of the proposed antenna.

The measured reflection coefficients of the proposed
antenna with the RF switching circuit are presented in Fig. 9.

The measured low band reflection coefficients agreed well
with the simulation ones in Fig. 2. As for the measured high
band reflection coefficients, the higher resonant modes are
slightly different from the simulation shown in Fig. 2. This
is mainly owing to the parasitic inductance from the RF
switch which induced additional electrical length that results
in shifting the high band resonances to the lower frequency
band. Furthermore, because the effects of RF switch are
not taken into account during the simulation, therefore, the
lumped components that are linked directly at the end of the
loop strip (K point) may also contribute to the differences
between measurement and simulation.

When switched to State1, the measured operating band-
widths (at VSWR 3:1) were 860–970 MHz, 1670–1755
MHz and 1890–2380 MHz. At State 2, the measured
bandwidths were 780–900 MHz, 1810–2380 MHz and
2590–2740 MHz. As for State 3, the measured band-
widths were 1020–1095 MHz and 1795–2690 MHz, and
for State 4, the measured bandwidths were 900–990 MHz
and 1710–2365 MHz. Therefore, by combing all the four
working states, the achieved desirable operating band-
widths in the low and high bands are 780–990 MHz and
1670–2740 MHz, which can cover the GSM850/900,
DCS1800, PCS1900, UMTS2100, and LTE2300/2500 bands
for hepta band WWAN/LTE operations.

The far-field radiation patterns of proposed antenna were
measured in a standard ETS AMS 8500 chamber. Fig. 10
shows the measured 2-D radiation patterns at 0.9 GHz
(State 1), 1.82 GHz (State 2), 2.2 GHz (State 2) and 2.6 GHz
(State 3). The radiation pattern at 0.9 GHz in the x-y plane
has exhibited the bi-directional pattern that is related to a half-
wave dipole resonant mode. The obtained radiation patterns
are similar to the radiation patterns in modern mobile phone
antennas.

The measured antenna efficiencies and gains of the four
working states are shown in Fig. 11. The insertion loss
of the RF switch is also taken into consideration. Within
the desired GSM850/900 band (824–960 MHz), the mea-
sured gains and antenna efficiencies were -0.26–0.47 dBi and
50%–59%, respectively. As for its corresponding desired
high band operation for DCS1800, PCS1900, UMTS2100,
and LTE2300/2500 bands (1710–2690 MHz), the measured
gains and efficiencies were 0.98–2.74 dBi and 51%–82%,
respectively. The measured efficiencies and gains of the
proposed antenna are feasible for practical mobile phone
application.

B. SAR PERFORMANCE
To verify the antenna radiation to human body, the SAR
simulation model was studied and performed based on the
FCC standard, as shown in Fig.12. Here, the simulated SAR
values for 1-g and 10-g head tissues are given in Table 3.
The system circuit board is placed near the ear of the head
phantom with a gap distance of 5 mm, and it is inclined
60o with respect to the vertical line. The simulated 1-g
and 10-g SAR values at 859, 925, 1795, 1920, 2045, 2350
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FIGURE 10. Measured radiation patterns, (a) 0.9 GHz (State 1),
(b) 1.82 GHz (State 2), (c) 2.2 GHz (State 2), and (d) 2.6 GHz (State 3).
( Eθ , Eϕ ; unit: dBi).

FIGURE 11. Measured peak gains and antenna efficiencies across all the
bands of interest.

and 2595 MHz are all listed in Table 3. The input power
for SAR simulation is 24 dBm or 0.2512 W for 859 and
925 MHz, and 21 dBm or 0.1256 W for 1795, 1920, 2045,
2350 and 2595 MHz. The corresponding simulated S11 and
efficiencies are given at free space and phantom head case,
respectively. The simulated total efficiencies at phantom head
case are all over 40%. The obtained SAR values are under
the SAR limit of 1.6 W/kg for 1-g tissue and 2.0 W/kg
for 10-g tissue, which are acceptable for practical mobile
application.

FIGURE 12. SAR simulation model for the proposed antenna.

TABLE 3. SAR values for 1-g and 10-g head tissues.

FIGURE 13. Simulated maximum SAR value at different modes
(a) 0.925 GHz of 0.5-λ mode, (b) 1.92 GHz of 1.0-λ mode, (c) 2.35 GHz
of 1.5-λ mode, (d) 2.595 GHz of 2.0-λ mode.

To better understand the SAR distribution inside phantom
head, the simulated SAR density distributions at four resonant
modes are presented in Fig.13.

IV. CONCLUSION
A small-size reconfigurable loop antenna for mobile appli-
cation has been successfully demonstrated. The proposed
antenna has a compact volume of 55 × 5 × 3 mm3.
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It consists of a folded loop structure, two tuning branches
and an RF switch. The loop structure itself can generate
one resonant mode for the low band, and three resonant
modes for the high band. The two tuning branches used
in this work are to slightly tune the high band, and an
RF switch is applied to improve the low band operating
bandwidth with four states. The proposed antenna can cover
780–990 MHz and 1680–2740 MHz by switching between
the four states. The average efficiency is over 50% at low
band and 52% at high band. The simulated SAR value is
much less than the 1.6 W/kg for the 1-g head tissue. Based on
the desirable antenna performances with compact size, this
proposed antenna is a good candidate for slim smart phone
applications.
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