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Abstract—A new low-profile broadband dual-frequency planar
antenna is developed for wireless handsets. The dual-frequency an-
tenna consists of a two-strip monopole for the 2-GHz band and
a planar monopole for the 5-GHz band. The developed antenna
features a low profile due to the introduction of an S-strip and a
T-strip which are separately printed on the two sides of a thin sub-
strate (no via process is involved in the fabrication), forming the
two-strip monopole. The bandwidth of the dual-frequency planar
antenna is enhanced by taking advantage of the two-strip config-
uration and the mutual coupling between the planar monopole
and the two-strip monopole. The dual-frequency planar antenna
achieves a bandwidth of ~35 % at the 2-GHz band (1.6-2.3 GHz)
and ~15% at the 5-GHz band (5.0-5.9 GHz) with an antenna
height of 7-8 mm, which may find applications in mobile/wireless
communication devices. A theoretical analysis and verifying exper-
imental results are presented.

Index Terms—Broadband antenna, dual-frequency antenna,
low-profile antenna, monopole, two-strip, wireless applications.

1. INTRODUCTION

OR applications concerning portable wireless communica-
F tion devices, such as mobile phone handsets or notebook
computers, antennas with low-profile planar structures are es-
sential for low-cost manufacturing and high integrability with
printed circuit boards (PCB). On the other hand, the requirement
for a dual-frequency operation has become a common sense for
accommodating multifunctional services, such as voice, video,
and data transmissions [e.g., for voice-over IP (VoIP) cellular
phones]. To cover the DCS-1800 (DCS 1710-1880 MHz), PHS-
1900 (1895-1918 MHz), PCS-1900 (1850-1990 MHz), IMT-
2000/ UMTS (1885-2200 MHz) for mobile communications,
and the 5-GHz UNII band for wireless LANs (5.15-5.875 GHz),
a dual-frequency antenna with a bandwidth of ~30% at the
2-GHz band and a bandwidth of ~15% at the 5-GHz band is
required.
In recent years, a lot of low-profile dual-frequency antennas
have been developed for wireless applications [1]-[6]. Unfor-
tunately, these dual-frequency antennas have a much narrower
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bandwidth at the lower-frequency band than that at the higher-
frequency band. Theoretically, it is more difficult to achieve a
broad bandwidth at a lower-frequency band than at a higher-fre-
quency band due to the electrically smaller antenna size at a
lower frequency for the same physical size. A lot of efforts have
been made to increase the impedance bandwidth while main-
taining a low antenna profile [7]-[11]. However, most of the
techniques for bandwidth enhancement involve shorting metal
walls and require a considerable antenna thickness, thus un-
suitable for a fully photolithographic fabrication process. It is
known that electromagnetic coupling and two-strip configura-
tions are two effective methods for increasing the bandwidth of
a compact antenna structure [12]-[14]. In this paper, we com-
bine a two-strip monopole and a planar monopole onto a very
thin substrate (10 mils) to achieve a broadband dual-frequency
operation. The two-strip monopole is designed to operate at
the 2-GHz band while the planar monopole is added for the
5-GHz band operation. The mutual coupling between the two-
strip monopole and the planar monopole helps in the bandwidth
enhancement for both bands. There is no shorting via involved
in the antenna structure. The configuration and performance of
the dual-frequency planar antenna is described in Section II. A
simple analysis is made in Section III. Experimental results are
presented in Section IV.

II. ANTENNA CONFIGURATION AND PERFORMANCE

The configuration of the dual-frequency planar antenna is il-
lustrated in Fig. 1. The design of the antenna is based on an
RT/Duroid 5880 planar substrate that has a dielectric constant
of e, = 2.2 and a thickness of t = 10 mils (0.254 mm). The
dual-frequency antenna consists of a two-strip monopole for the
2-GHz band and a planar monopole for the 5-GHz band. The
two-strip monopole is formed by an S-strip and a T-strip. The
planar monopole and the T-strip are printed on the front side of
the Duroid substrate and fed by a 50-{2 microstrip line while the
S-strip is etched on the backside of the substrate and terminated
at a ground plane (its length = L, and width = W,). The
upper section (its width = W and its height = Hr) of the
T-strip is fitted (leaving a space of w;) into an area surrounded
by the upper section (its width = Wg) of the S-strip (its strip
width = wy) while the lower section of the T-strip overlaps
with the lower section of the S-strip, forming a two-strip line.
The width of the two-strip line is equal to the width (w¢) of the
50-Q microstrip line. The total height of the dual-frequency an-
tenna is equal to the height (H) of the two-strip monopole. The
planar monopole is equally divided into a wider upper part (its
width = Wy and its height = H/2) and a narrower lower part
(its width = Wy, and its height = H/2) that is connected to
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Fig. 1. Geometry of the dual-frequency planar antenna which consists of a two-
strip monopole for the 2-GHz band and a planar monopole for the 5-GHz band.

the 50-Q2 microstrip line through a narrower microstrip line (its
width = w, and its length is equal to the total width (W ,) of the
planar monopole). The total width (W) of the dual-frequency an-
tenna is equal to the sum of the widths of the two-strip monopole
(Ws) and the planar monopole (Wp), i.e., W = Wg + Wp.
There is no direct electrical connection (e.g., by a shorting via)
between the front side and the backside.

The feeding point is set up at the center of the ground plane.
This setup is completely for the purpose of accurate measure-
ment. If the feeding point were set up at the end of the ground
plane, a coaxial cable connected for the measurement would
change the antenna performance since the outer conductor of
the coaxial cable serves as a part of the ground plane. The mea-
sured results would depend on the experimental setup, such as
the size and/or the orientation of the coaxial cable.

The dual-frequency planar antenna was simulated using the
transmission line matrix (TLM) based design tool-MicroStripes
7.0. In the simulation, a voltage gap feed was used. We began
the design of the dual-frequency antenna with the two-strip
monopole which was adjusted to have good impedance
matching around 2 GHz. The resonant frequency at the lower
frequency band can be adjusted by changing the width (Ws)
of the two-strip monopole. A planar monopole is added to the
two-strip monopole to achieve impedance matching around 5
GHz. The height (H) of the dual-frequency antenna determines
the impedance matching and the resonant frequency at the
higher frequency band. Fig. 2 shows the results for return
loss of the two-strip monopole and the planar monopole when
they operate separately (see the inset of the figure). Good
impedance matching is observed at 2 GHz for the two-strip
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Fig. 2. Comparison of the return loss between the two-strip monopole for the
2-GHz band and the planar monopole for the 5-GHz band (the geometric pa-
rameters used are listed in Table I).

TABLE I
OPTIMIZED VALUES FOR THE GEOMETRIC PARAMETERS OF THE
DUAL-FREQUENCY PLANAR ANTENNA

H | 8 mm (6,7, and 8 mm in | wg 0.5 mm
Fig. 4)

W 19 mm W, 1.5 mm

Hr 4.25 mm We 0.25 mm

W 17 mm Wy 0.75 mm

Wp 4 mm t 0.254 mm

Wy 3.5mm Lg | 60 mm (50, 60, and 70
mm in Fig. 5)

WL I mm W, | 23 mm (30 mm in Fig. 6,
35 and 40 mm in Fig. 7)

monopole and at 5 GHz for the planar monopole. Note that
the bandwidths at the 2-GHz band and at the 5-GHz band are
not satisfactory and require further enhancement. To realize
the dual-frequency operation, we feed the two-strip monopole
and the planar monopole simultaneously with the same 50-(2
microstrip line. To make the dual-frequency antenna have good
impedance matching and sufficient bandwidths at the 2-GHz
and 5-GHz bands, the geometric parameters of the antenna,
such as H, Wg, Hp, W, Wp, Wy, Wy, wg, and w,, need to
be optimized. The optimization design was carried out with
the help of an extensive numerical simulation. The optimized
values for the geometric parameters are listed in Table I. In the
rest of the paper, all geometric parameters assume the values
in this table unless they are given specifically. Fig. 3 shows
the result of return loss for the optimal dual-frequency planar
antenna. It is found that the bandwidths (for return loss > 10
dB) at the 2-GHz and 5-GHz bands are 35% (1.58-2.27 GHz)
and 15% (4.98-5.75 GHz), respectively. Note that there is
a resonance between 3 and 4 GHz (called the 3-GHz band),
which is due to the second-order mode of the antenna. The total
height and width of the antenna are H = 8.0 mm and W = 23
mm, respectively. This result was cross-checked by using the
MoM (Method of Moment) based /E3D. Good agreement is
observed between the results obtained using MicroStripes and
IE3D.

To cover the whole 5-GHz UNII band (i.e., 5.15-5.875 GHz),
the frequency band at the 5-GHz band needs a slight adjust-
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Fig. 3. Return loss of the dual-frequency planar antenna simulated using Mi-
croStripes and IE3D (the geometric parameters used in the simulations are listed
in Table I).
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Fig. 4. Return loss of the dual-frequency planar antenna at different antenna
heights (H = 6, 7, and 8 mm).

ment. This can be done by slightly reducing the height (H) of
the antenna while keeping all other geometric parameters un-
changed (except for Hr). Fig. 4 displays the return loss at dif-
ferent antenna heights (H = 6, 7, and 8 mm). It is seen that
as the height decreases, the frequency band shifts up while the
level of return loss decreases. As H = 7 mm, the frequency band
(5.05-6.0 GHz) at the 5-GH band completely covers the entire
5-GHz UNII band while the return loss still keeps almost higher
than 10 dB. The effect of the length (L) of the ground plane on
the return loss of the dual-frequency antenna is demonstrated in
Fig. 5, where L, was changed from Ly = 50 mm to Ly = 70
mm. It is observed that there is an optimum value for L, where
the dual-frequency antenna has the best performance for return
loss at the 2-GHz band. The reason for the length dependence
is that the ground plane also serves as a part of the radiating el-
ement. (It is noticed that the length Ly has little effect on the re-
turn loss at the 5-GHz band.) The optimum value for L is found
to be around 60 mm (at which the ground plane with the S-strip
and the T-strip probably becomes resonant around 2 GHz).

In practice, the width of a wireless handset may be larger than
the total width of the antenna (i.e., W = 23 mm). Therefore,
the influence of the position and the width (W) of the ground
plane should be investigated. The impedance matching of the
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Fig. 6. Effect on the impedance matching of the position of the antenna
mounted on the ground plane with a width of W, = 30 mm.

dual-frequency planar antenna depends on not only the width of
the ground plane but also the position of the antenna mounted
on the ground plane. Fig. 6 shows the effect of the antenna posi-
tion on the impedance matching of the dual-frequency antenna,
where the width of the ground plane is fixed at W, = 30 mm.
It is observed that as the ground plane extends on the side of the
planar monopole for the 5-GHz band, the level of return loss
at the 5-GHz band decreases. As the ground plane moves to-
ward the side of the two-strip monopole for the 2-GHz band,
the level of return loss at the 2-GHz band decreases while it
increases at the 5-GHz band. The levels of return loss at both
the 2-GHz band and the 5-GHz band are higher than 10 dB for
W, = 30 mm when the antenna is mounted on the left side of
the ground plane. As W, further increases (e.g., from Wy = 30
mm to W, = 35 or 40 mm) (while the antenna is still fixed
at the left side of the ground plane), the level of return loss at
the 2-GHz band becomes lower than 10 dB. There is no sig-
nificant change at the 5-GHz band. Fig. 7 shows that the levels
of return loss at the 2-GHz band are about 8 dB and 7 dB for
W, = 35 and 40 mm, respectively. The return loss level can
be increased by etching out a small part of ground plane on the
side of the two-strip monopole. Fig. 7 also shows that the level
of return loss at the 2-GHz band becomes higher than 10 dB
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at Wy = 40 mm as etching out the ground plane at a depth
of 5 mm. (Note that the etched 5-mm ground plane is only a
little piece of the whole ground plane since its length Ly = 60
mm.) From this study, we conclude that i) the antenna should
be mounted on the ground plane as left as possible and ii) if
necessary, the impedance matching at the 2-GHz band can be
improved by etching out a small piece of ground plane.

III. ANALYSIS

To understand the operating mechanism of the dual-fre-
quency antenna, we simplify the microstrip line feeding to two
identical voltage sources V [see Fig. 8(a)], which are feeding
the T-strip and the planar monopole, respectively. The currents
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in the T-strip and in the planar monopole are denoted by Iy
and I, respectively. Therefore, the input impedance of the
dual-frequency antenna can be expressed as

Zin=V/(I1 + I»). ey

(The reference plane for the input impedance is defined at the
interface between the antenna and the ground plane.) To inves-
tigate the mutual coupling between the T-strip and the planar
monopole, we represent the simplified model as a two-port net-
work with Port 1 connected to the T-strip and with Port 2 con-
nected to the planar monopole [see Fig. 8(b)]. The two-port net-
work can be described in terms of impedance parameters (i.e.,
the Z- parameters) as

Vi=2Zuli+ Zi2ls (2a)
Vo = Zord1 + Zaa 1 (2b)
where Z11,7Z12 = Z91, and Zgy, are the self-impedance of

the T-strip, mutual-impedance, and the self-impedance of
the planar monopole, respectively. The Z parameters of the
two-port network can be calculated from the S parameters by
using the conversions between two-port network parameters
(see [15, Table 4.2]). The S parameters were obtained directly
using MicroStripes simulation. The input impedance can be
found by letting V; = Vo = V, which gives

211299 — 12491

Zin = .
Z11+ 2o — Z12 — I

3

An equivalent circuit for the input impedance is drawn in
Fig. 8(c). The input impedance can be considered to be a
parallel combination of Z1; and Zso mutually coupled with
Z192 = Z9;. Fig. 9 presents the self-, mutual, and input imped-
ances of the dual-frequency planar antenna calculated using the
S parameters. Fig. 9(a) shows the self-impedance of the T-strip
(Z11). We can see that Z1; has a first-order (1st) mode at the
2-GHz band, a second-order (2nd) mode at the 3-GHz band (3—4
GHz), and a third-order (3rd) mode at the 5-GHz band. The 1st
mode matches to the 50-{2 impedance at the 2-GHz band while
the 2nd mode and the 3rd mode have high-value impedance;
thus it is difficult to match with the 50-2 impedance. This
is the reason why there is no resonance appearing in Fig. 2
for the return loss of the two-strip monopole around the fre-
quencies of the 2nd and 3rd modes. The self-impedance of
the planar monopole (Z2) is plotted in Fig. 9(b). In addi-
tion to a resonance at the 5-GHz band, there are also some
lower-order modes due to the coupling with the S-strip. An
important fact revealed in Fig. 9(c) is the high-value impedance
(about 150 ohms) at the 2-GHz band. Without this high-value
impedance, the addition of the planar monopole would change
the impedance matching of the two-strip monopole at the
2-GHz band. Note that the bandwidths of the self-impedances
711 at the 2-GHz band and Zs- at the 5-GHz band are narrow.
After the introduction of the mutual coupling [i.e., Z12 = Zo1,
see Fig. 9(c)], the bandwidth of the input impedance Z;, is
enhanced [see Fig. 9(d)]. Note that the mutual coupling also
has a 1st mode at the 2-GHz band, a 2nd mode at the 3-GHz
band, and a 3rd mode at the 5-GHz band. It is the mutually
coupled 1st and 3rd modes that improve the bandwidths at the
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Fig. 9. Self-, mutual-, and input impedances of the dual-frequency planar an-
tenna calculated using S parameters (the geometric parameters used are the same
as listed in Table I). (a) Self-impedance (Z11) of the T-strip for the 2 GHz band.
(b) Self-impedance (Z»-) of the planar monopole for the 5-GHz band. (c) Mu-
tual impedance (Z1> = Z21) between the T-strip and the planar monopole. (d)
Input impedance (Z;,, ) calculated using (3) and simulated using MicroStripes.

2-GHz and the 5-GHz bands. The mutually coupled 2nd mode
introduces a higher return loss at the 3-GHz band. (The good

(b)
Fig. 10. Photographs of two dual-frequency planar antennas with a height of
H = 7 and 8 mm, respectively. (a) Front view. (b) Back view.
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Fig. 11. Measured results for return loss of two dual-frequency planar antennas
with a height of H = 7 and 8 mm, respectively.

agreement between the calculated and simulated results for
the input impedance validates the equivalent circuit model.)
Therefore, we can conclude that the bandwidth enhancement
of the dual-frequency planar antenna is a result of the mu-
tual coupling between the two-strip monopole and the planar
monopole. The impedance performance of the antenna depends
on the self-impedance and the mutual-impedance. Therefore,
the design and optimization of the broadband dual-frequency
antenna should be carried out by considering the two-strip
monopole and the planar monopole as a whole structure. The
major factors that affect the antenna performance include the
height (H) and width (W for the two-strip monopole, Wy and
W1, for the planar monopole) of each monopole, the distance
(Wp) between the two monopoles, as well as the dimensions
of the ground plane.
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IV. EXPERIMENTAL RESULTS

To verify the performance of the dual-frequency antennas,
two prototypes were fabricated and measured: one has a height
of H = 8 mm and the other has a height of H = 7 mm. The an-
tennas were fabricated on a 10-mil-thick RT/Duroid 5880 sub-
strate with 0.5 oz copper on both sides by wet etching process.
This process is based on standard double-side lithography using
Karl Suss MA-6 Mask Aligner which is capable of backside
alignment. Some alignment markers were printed on both sides
to aid the backside alignment. After the photoresist was pat-
terned and developed on both sides, the unwanted copper was
removed by the 30% FeCl; saturated solution. Two photographs
of the two prototypes are displayed in Fig. 10. For the pur-
pose of measurement, the antennas are connected to a 0.085”
semi-rigid coaxial cable at the center of the ground plane. After
adopting this feeding strategy, the measurement results became
quite stable. The measured results for return loss are presented
in Fig. 11. Compared to the simulated results shown in Fig. 4,

== » == Simulated E"-.

)
" eese Measured B

== » = Simulated E,

of H = 8 mm. (a) At 2 GHz. (b) At 5.4 GHz.

good agreement is observed. The measured bandwidth for the
antenna with a height of 8.0 mm is found to be 32% (1.68-2.32
GHz) at the 2-GHz band and 15% (4.95-5.80 GHz) at the 5-GHz
band. The frequency band for the antenna with a height of 7
mm is slightly shifted up to 1.70-2.38 GHz at the 2-GHz band
and 5.05-5.95 GHz at the 5-GHz band, which entirely cover the
2-GHz band for mobile communications and the 5-GHz UNII
band for WLANS.

The radiation pattern of the dual-frequency planar antenna
is almost independent of the antenna height H. Also, the radia-
tion pattern has no significant change over each frequency band.
Therefore, we only plot the simulated and measured patterns in
Fig. 12 for the antenna with the height H = 8 mm at the center
frequencies for each frequency band (i.e., 2 GHz for the 2-GHz
band and 5.4 GHz for the 5-GHz band). The radiation pattern at
2 GHz has a figure-eight configuration in the x-z and y-z planes,
and an omni-directional shape in the x-y plane, similar to the ra-
diation pattern of a dipole. The radiation pattern at 5.4 GHz ex-
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hibits an increased number of lobes because of the high-order
modes (specifically the 3rd mode which generates three side
lobes in the y-z plane) excited in the two-strip monopole even
though it is suppressed somewhat by the high impedance of Z1,
at the 5-GHz band [see Fig. 9(a)]. In the 2-GHz band, the peak
gain is found to be around 2 dBi while in the 5-GHz band the
peak gain is increased to about 4 dBi due to the higher-order
modes. The simulated radiation efficiency is higher than 95%.
(A conductivity of ¢ = 5.8 x 107 S/m for the metal and a loss
tangent of tan 6 = 0.0009 for the dielectric substrate were used
in the simulation.) In practice, the antenna may be realized in
an inexpensive FR4 material which usually has a higher loss
tangent, e.g., tand = ~0.012 for FR408. Fortunately, such a
higher loss tangent will not lower the efficiency too much, as
the near field is mainly in air and not too much in the sub-
strate. We simulated the same antenna using a loss tangent of
0.012 while keeping the dielectric constant (in order not to de-
tune the antenna too much). The simulated radiation efficiency
is still higher than 90%, showing that FR4 can be used as the
substrate for the dual-frequency planar antenna. The measured
antenna gain agrees with the simulated result, which confirms
that the dual-frequency planar antenna is an efficient radiator.
We also checked the radiation pattern (not shown here) at the
3-GHz band. Two side lobes were observed in the y-z plane,
which confirmed the 2nd mode at this band. It is interesting to
note that the 2nd mode at the 3-GHz band may be utilized to
cover the WiMax 3.3-3.6 GHz band. This is the future work for
a triple-band planar antenna.

V. CONCLUSION

A new low-profile dual-frequency planar antenna has been
developed for the 2-GHz- and 5-GHz-band wireless appli-
cations. The height of the dual-frequency planar antenna is
only about 7-8 mm while the bandwidth can be ~35% at the
2-GHz and ~15% at the 5-GHz band. The dominant antenna
element for the 2-GHz band is a two-strip monopole which
consists of an S-strip and a T-strip while a planar monopole is
added for the 5-GHz operation. The mutual coupling between
the two-strip monopole and the planar monopole leads to a
bandwidth enhancement in both the 2-GHz band and the 5-GHz
band. The dual-frequency planar antenna is realized on a thin
substrate without via process, enabling its easy integration with
RF front-end circuits.
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