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Fig. 8. Simulated and measured antenna-in-package AR over the 60 GHz fre-
quency range.

Simulated results show that the antenna has anAR bandwidth of 5GHz.
Measurements show that the AR bandwidth is close to 7 GHz.

IV. CONCLUSIONS

It was shown that the single arm rectangular spiral antenna is a suit-
able solution for mm-wave short range application. This antenna pro-
vides circular polarization with a compact and simple structure. This
antenna has a broadband performance with 33% relative bandwidth.
The axial ratio bandwidth of this antenna can be as large as 22%. The
designed antenna can be easily integrated in a multi-layer package. The
antenna structure can be modified to compensate for the packaging ef-
fects. The measured results for a 60 GHz implementation of the square
spiral antenna in-package show more than 12 GHz of impedance band-
width, 7 GHz of axial-ratio bandwidth, and 6 dBi gain. The antenna ef-
ficiency, calculated at the die pad, ranges from 65% to 75%. Use of this
fully planar CP antenna, where feed and antenna located on the same
layer, reduces the packaging cost and height significantly.
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Compact Antenna With U-Shaped Open-End Slot
Structure for Multi-Band Handset Applications

Cho-Kang Hsu and Shyh-Jong Chung

Abstract—This communication proposes a compact U-shaped slot an-
tenna with a coupling feed for 4G handset applications. The antenna is
composed of a simple open-end U-shaped slot and a feeding line with an
antenna area of 58 mm 12 mm. Two types of resonant modes are ex-
cited, including slot mode and monopole mode. Parametric studies on the
slot geometry have been demonstrated. By controlling the related parame-
ters, the bandwidth of this antenna can potentially cover the mobile bands
of LTE Band 12 (698–742 MHz)/DCS (1710–1880 MHz)/PCS (1850–1990
MHz)/UMTS (1920–2170 MHz)/LTE Band 40 (2300–2400 MHz)/Band 41
(2496–2690 MHz)/Band 42 (3400–3600 MHz)/Band 43 (3600–3800 MHz).
Good radiation characteristics, like gain and radiation efficiency are ob-
tained over these operating bands. This antenna is suitable for the metal
casing of handheld devices.

Index Terms—Cellular phone antennas, mobile phone antennas, multi-
band antenna, slot antenna.

I. INTRODUCTION

With the growing demand for communication systems, antennas on
handheld devices are needed to support multiple bands of 2G, 3G and
4G. Handheld devices are preferred to be light-weight, thin, and fash-
ionable, and as a result, metal casings have become popular. However,
the bandwidth and radiation efficiency of conventional antennas in
handheld devices tend to decrease when antenna in proximity of metal
casings. Examples include the monopole and inverted-F antennas.
Therefore, slot antennas become attractive for handheld devices with
metal casings.
Various slot antenna structures, including circular [1], triangles [2]

and fractal shape [3], have been proposed to achieve a wide impedance
bandwidth. A wide slot might support numerous resonance modes, and
two nearby resonance modes can be merged to form a wider bandwidth
[4]. However, because these designs require a large area for slot, they
are not suitable for handheld devices.
To reduce the overall size of a multi-band slot antenna, various de-

signs have been produced. Some quarter-wavelength open slots are de-
signed in [5] and [6] to achieve a compact size. In [7] and [8], multiple
bandwidths are achieved with several independent slots that operate
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Fig. 1. (a) Configuration of the proposed antenna, (b) detail dimensions.

using half-wavelength mode. A combination of a planar inverted-F an-
tenna (PIFA) and a slot in the ground plane was used to achieve a small
footprint and low profile in [9]–[11]. Multi-strip monopole antenna and
slotted ground plane (the slots add additional resonant modes) can be
merged to form an antenna with a wider bandwidth [12]–[14]. In [15],
a tunable dual-band slot antenna was designed by varying the capaci-
tance of a varactor across the slot.
With the above miniaturization and bandwidth enhancement

methods, the operation bands of the slot antennas increased from a
single band to multiple bands. However, achieving multi band slot
antennas within a compact structure is still a challenge. This study
proposes a compact multi-band antenna composed with a straight
coupled-fed microstrip line, a U-shaped slot, and a tapered open-end
to generate four resonance modes, including two slot modes and two
monopole modes. The advantage of proposed structure is to obtain
wide bandwidth (1700–4200 MHz) on the high frequency to cover
more bands. This result is better than the bandwidth of reference
papers [5]–[15] (1700–2800 MHz). The details of the operating
principle, the design procedure, and the measured and simulated
results are presented and discussed. All the simulations in this study
are performed using an Ansoft high-frequency structure simulator
(HFSS) based on the finite element method that is used for full-wave
3D EM simulation, which helps benefic to obtain the required antenna
dimensions and performance.

II. ANTENNA DESIGN

A. Antenna Configuration

Fig. 1 shows the configuration of the U-shaped open-end slot an-
tenna, which was fabricated on an FR4 substrate ( ) with a
thickness and 65 mm 120 mm with copper on one side.
The proposed structure can be viewed as a rectangular aperture of size

, in which a metal strip of dimension was
inserted, leaving a slot of width on the upper and lower edges of the
aperture, to construct a U-shaped slot. At one end of the U-shaped slot,
a tapered open-end structure was connected. A 50 ohm microstrip line
of width was printed on the opposite side of the ground
plane to form a coupled feed.

B. Resonance Mechanisms

The design of the U-shaped open-end slot antenna was simple and
could be clearly understood. The path of the open-end slot of

, also called a monopole slot [5], provided the longest reso-
nant path to generate a quarter-wavelengthmode at low frequency. Two
strips, , , were excited using the coupled feed line. The open end
microstrip line of length and provide the effective coupling
capacitances to produce the energy coupling on the and , respec-
tively, to generate two quarter-wavelength monopole modes at high
frequency. In addition, the area between the U-shaped slot of length

and the microstrip line truncated by the slot lines formed
a rectangular looped path to generate one wavelength slot resonance on
high frequency. Four resonant modes were excited using the proposed
structure. The relative calculation of resonant frequency for the four
modes is listed as follows

(1)

(2)

(3)

(4)

The current distributions of the proposed structure were observed
to further explain their resonant behavior. Fig. 2(a) shows the current
distribution on the monopole slot mode. This path resonated at 720
MHz. Note that the wider the tapered open-end slot is, the shorter the
effective slot length is. In our simulation, it is found that most of the in-
duced current concentrates around the tapered slot of a length.
Fig. 2(b) shows the current distribution in the right strip, which has di-
mensions of . This path resonated at 1.76 GHz, like a monopole
antenna in its fundamental mode. The strip was closely surrounded by
the ground, incurring a strong capacitive effect, thus reducing its reso-
nant frequency and bandwidth. The correlative parameter in (2) was
approximately 1.36 in value. Fig. 2(c) shows the current distribution on
the left strip, which had approximate dimensions of . This path
resonated at 2.4 GHz, which was also similar to a monopole antenna
at the fundamental mode. The purpose of the taper open-end structure
was applied to excite the wider impedance bandwidth of the monopole
mode on because the ground was distant. Fig. 2(d) shows the current
distribution in the area between the U-shaped slot and the microstrip
line truncated by the slot lines. The microstrip feed line provided two
virtual shorts to form a path that resonates at 3.5 GHz. It was associ-
ated with the current flows around the U-shaped slot that generate one
wavelength slot mode.

C. Antenna Parametric Study

The performance of the proposed antenna was related to the antenna
geometry. A length of provided the reactive loading. It mainly af-
fected the impedance matching of the antenna’s lower and upper bands
[16]. By tuning various parts, different modes could be adjusted to res-
onate at desired frequencies. The variation of the pivotal geometrical
parameters , , , and in the resonant frequencies was studied.
Each pivotal parameter was varied while the others were not changed.
Fig. 3 shows that as decreased from 31 to 25 mm, the fundamental

resonant frequencies of the strip-monopole increased from 1.74 to 2.09
GHz. In addition, as decreased, the separation between the strip and
the surrounding ground increased, leading to a wider radiating aperture
area for a slot mode at 3.5 GHz. The impedance bandwidth of this slot
mode increased slightly.
Fig. 4 shows the effect of on the resonant frequencies. The fun-

damental mode of the strip-monopole was affected by . When
decreased from 30 to 21 mm, the resonant frequency increased from
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Fig. 2. Typical current distribution of (a) the first resonant mode at 720 MHz,
(b) the second resonant mode at 1.76 GHz, (c) the third resonant mode at 2.4
GHz, and (d) the fourth resonant mode at 3.5 GHz.

Fig. 3. Simulated for several values of .

Fig. 4. Simulated for several values of .

2.4 to 3.1 GHz. An extra resonance, which appears at 4.2 GHz, is a
higher-order mode that resonated at the half wavelength along the
strip. In addition, as decreased, the resonant frequency at 0.72 GHz
was rarely affected because the weak current distribution of open-end
slot mode was at the end of the tapered structure.
When the aperture length decreased from 33 to 30 mm, the res-

onant frequency of the slot mode increased from 3.4 to 3.8 GHz, as
shown in Fig. 5. In addition, the aperture length also affected the
open-end slot mode. As length of the slot decreased, the resonant fre-
quency increased from 0.72 to 0.8 GHz.
The taper aperture dimension at the end of the open-end slot af-

fected the monopole mode and the open-end slot mode. Fig. 6 shows
the effect of on the resonant frequencies. When the decreased
from 11 to 2.5 mm, the separation between the strip and the ground
was reduced, leading to the poor impedance matching of the monopole
mode, which resonated at 2.4 GHz. On the other hand, the reduced
extended the physical length of the open-end slot. The resonant fre-
quency of the open-end slot mode decreased from 0.72 to 0.65 GHz.

Fig. 5. Simulated for several values of .

Fig. 6. Simulated for several values of .

Fig. 7. Measured and simulated of proposed U-shaped open-end slot an-
tenna. Shown in the inset is the photo of the fabricated prototype.

III. EXPERIMENTAL RESULTS

Based on the optimized design dimensions shown in Table I, the pro-
totype of the proposed antenna was constructed and tested. Fig. 7 shows
the measured and simulated , shown in the inset is the photo of the
fabricated prototype. The agreement between measurement and sim-
ulation can be seen. The experimental tolerance originated from the
test cable that connected the antenna to the measurement equipment
[17]. The measured data shows that several resonant modes were suc-
cessfully excited, and the antenna shows an extremely wide impedance
bandwidth on the high frequency. With an impedance bandwidth of

, which is commonly used for mobile phone antenna
designs, the lower band had a bandwidth of approximately 60 MHz,
ranging from 690 MHz to 750 MHz and covering the LTE700 opera-
tion. Regarding the upper band, considerably larger bandwidth formed
by three resonances was obtained. The bandwidth approaches 2500
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TABLE I
PRINCIPAL DIMENSIONS OF THE PROPOSED ANTENNA

Fig. 8. Measured normalized total radiation field patterns of total power at (a)
690, (b) 1760, (c) 2400 and (d) 3500 MHz for the fabricated prototype in the
-plane and -plane. (Unit: dBi).

Fig. 9. Simulated and measured total radiated efficiency of the proposed an-
tenna.

MHz, ranging from 1700 MHz to 4200 MHz and nearly covers the en-
tire requirement of the phone system for high frequency, such as DCS,
PCS, UMTS, EVDO, LTE, TD-LTE and WiMAX.
The total radiation field patterns and the total radiated efficiency

were measured in a 3D anechoic chamber. Fig. 8(a)–(d) show the mea-
sured normalized total radiation field patterns at 690 MHz, 1760 MHz,
2400 MHz and 3500 MHz, respectively, in the - and -planes. The
radiation patterns were basically omni-directional, with minor nulls in
certain directions. The peak gain was approximately 0.8 dBi at 690
MHz. In the high-frequency rang e, the peak gain varied from 0.6 dBi
to 2.1 dBi. Regarding the practical application, the total radiated effi-
ciency could be an important parameter to describe the antenna per-
formance. The simulated and measured total radiated efficiency were

analyzed, as shown in Fig. 9. In the low frequency, the total radiated
efficiency exceeded 58%. In the high frequency, the widely continuous
total radiated efficiency that was obtained exceeded 50%. The results
can be appropriately applied to mobile phones.

IV. CONCLUSION

This communication proposed a wide-band U-shaped open-end slot
antenna for handheld devices. Complete analyses of its geometrical pa-
rameters were studied. Its impedance bandwidth covered the frequen-
cies of 690 to 750 MHz and 1700 to 4200 MHz, enabling it for mobile
phone system application. Detailed design considerations for the an-
tenna were described. Four operating resonant modes were identified,
and the effects of different parameters on these modes were analyzed.
The radiation efficiency was also presented and appropriate radiation
characteristics were obtained.
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