
the method may produce singularity points in the extracted com-
plex permittivity. The method is validated by calibrated and un-
calibrated complex S-parameter measurements of a PVC sample.
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ABSTRACT: This article presents a promising internal penta-band
antenna for the clamshell mobile phone to meet the hearing aid compat-
ibility (HAC) standard ANSI C63.19-2006. The antenna is an ultra-
wideband (UWB) coupled-fed loop antenna to be mounted at the hinge
of the clamshell mobile phone. Over the five operating bands of
GSM850/900/1800/1900/UMTS covered by the antenna, the near-field
distributions and their E-field and H-field strengths on the 50 � 50 mm2

reference plane centered 10 mm above the center of the acoustic output
of the mobile phone are evaluated. From the obtained near-field
strengths, all the five operating bands fall into the M3 or M4 category,
making the mobile phone with the studied internal antenna as a hearing
aid-compatible wireless device. Effects of various groundplane lengths
of the mobile phone on the HAC results are also analyzed. In addition,
the mobile phone with the studied internal antenna also meets the spe-
cific absorption rate (SAR) limit of 1.6 W/kg for the 1 g head tissue or
2.0 W/kg for the 10 g head tissue. © 2009 Wiley Periodicals, Inc.
Microwave Opt Technol Lett 51: 1408–1413, 2009; Published online in
Wiley InterScience (www.interscience.wiley.com). DOI 10.1002/mop.
24353

Key words: internal mobile phone antennas; penta-band antennas;
clamshell mobile phones; hearing aid compatibility (HAC); specific ab-
sorption rate (SAR)

1. INTRODUCTION

The hearing aid compatibility (HAC) standard, developed in 2001
and updated in 2006, requires that at least half of all mobile phones
on the market of the U.S. must have RF interference level of
category M3 or M4 of ANSI C63.19-2006 [1]. It is also noted that
although there have been some studies on the HAC problem of the
mobile phone with a hearing aid [2–4], practical solutions of the
promising internal mobile phone antenna capable of GSM850/900/
1800/1900/UMTS penta-band operation and satisfying the HAC
standard [1] are still not available in the published articles.

Figure 3 Measured permittivity of a polyvinyl-chloride (PVC) sample
(20 mm) by the proposed method and that in Ref. 18
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Here, in this article we present the study on an HAC penta-band
internal mobile phone antenna. The studied antenna is an ultra-
wideband (UWB) coupled-fed loop antenna suitable to be mounted
at the hinge of the clamshell mobile phone, and its return loss,
input impedance, and far-field radiation characteristics have been
presented and discussed in [5]. The present article reports an
extension of the previous work. By using the HAC simulation
model provided by SPEAG SEMCAD [6], the near-field radiation
characteristics including the near-field distributions and the elec-
tric near-field (E-field) and magnetic near-field (H-field) strengths
are evaluated to determine the HAC category of the studied an-
tenna. It is required to be in category M3 or M4 for the tested
antenna to meet the HAC standard specified in ANSI C63.19-2006
[1]. Largely owing to its UWB property, which implies a low-Q
characteristic [4], the studied antenna can meet the required HAC
standard. Details of the HAC simulation model and results are
presented in this article. Further, the specific absorption rate (SAR)
of the head tissue in 1 g and 10 g from exposure to the radiation
of the studied antenna is also found from simulation using SPEAG
SEMCAD [6] to meet the limit of 1.6 W/kg and 2.0 W/kg,
respectively. Because the SAR is also an important near-field
characteristic of the mobile phone antenna and is required for the
practical mobile phone applications [7–10], the obtained SAR
results of the studied antenna are also presented.

2. HAC RESULTS OF THE STUDIED ANTENNA

Figure 1 shows the HAC simulation model of the clamshell mobile
phone with the studied penta-band internal antenna. The studied
antenna is a coupled-fed loop antenna with a small volume of
5.8 � 10 � 45 mm3 or 2.6 cm3 only. Its detailed design dimen-
sions and far-field radiation characteristics have been presented in

[5]. On the basis of the standard ANSI C63.19-2006 [1], the HAC
results should be evaluated on the 50 � 50 mm2 reference plane
centered 10 mm above the center of the acoustic output in the
mobile phone casing. For the studied clamshell mobile phone, the
acoustic output is located along the centerline of the mobile phone
and is with a distance of 10 mm to the top edge of the upper
ground. By assuming a 3 mm thickness between the mobile phone

Figure 1 HAC simulation model of the clamshell mobile phone with the
studied penta-band internal antenna. [Color figure can be viewed in the
online issue, which is available at www.interscience.wiley.com]

Figure 2 Simulated return loss for the studied antenna with various
groundplane lengths. [Color figure can be viewed in the online issue, which
is available at www.interscience.wiley.com]

Figure 3 Simulated radiation efficiency for the studied antenna with
various groundplane lengths. (a) GSM850/900 bands. (b) GSM1800/1900/
UMTS bands. [Color figure can be viewed in the online issue, which is
available at www.interscience.wiley.com]
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casing and the upper ground, the reference plane for HAC evalu-
ation is set at 13 mm above the upper ground; that is, the reference
plane is 10 mm above the mobile phone casing. Also note that the
reference plane is divided into nine equal cells, and following the
rating methodology of the ANSI C63.19-2006 [1], the E-field and
H-field strengths are determined by excluding three consecutive
cells along the boundary of the reference plane that have the
strongest field strengths [see the three crossed cells in each near-
field distribution shown in Figures 4 and 5, which will be discussed
later].

To begin with the study, the simulated return loss of the
antenna with the groundplane lengths varied from 80 to 100 mm is
shown in Figure 2. Note that both the main ground and upper
ground are of the same length L, and the antenna is mounted at the
hinge of the clamshell mobile phone. Other dimensions are the
same as given in Figure 1. The studied antenna shows stable UWB
behavior from about 805 to 2255 GHz (3:1 VSWR) for various
promising groundplane lengths. The small variations in the ob-
tained UWB bandwidth of 1450 MHz, especially showing almost
no variations in the lower-edge frequency at about 805 MHz, are
the advantageous feature of the loop antenna [10–14] over the
traditional mobile phone antennas such as the internal PIFAs [15].

From the results in Figure 2, there are three resonant modes
excited for the antenna. The first resonant mode occurs at about
900 MHz and is the 0.5 wavelength loop resonant mode contrib-
uted by the E-shaped loop strip; the second one occurs at about
1400 MHz and is mainly controlled by the two grounds (main and
upper grounds) of the mobile phone; the third one occurs at about
2100 MHz and is the 0.25-wavelength resonant mode generated by
the monopole feed [5]. The UWB bandwidth formed by the three
resonant modes easily covers GSM850 (824–894 MHz), GSM900
(890–960 MHz), GSM1800 (1710–1880 MHz), GSM1900
(1850–1990 MHz), and UMTS (1920–2170 MHz) for wireless
wide area network (WWAN) penta-band operation.

The simulated radiation efficiency for frequencies over the five
operating bands of the studied antenna with the groundplane length
L varied from 80 to 100 mm is shown in Figure 3. In Figure 3(a),
results for the GSM850/900 bands are presented, and small vari-
ations in the radiation efficiency owing to the length variations of
the ground plane are seen. For the results over the GSM1800/1900/
UMTS bands shown in Figure 3(b), similar small variations are
also seen. Over the five operating bands, the radiation efficiency is
all better than 65%.

After ensuring good impedance matching and radiation char-
acteristics for the studied antenna with various promising ground-
plane lengths, the HAC results are studied. Figure 4 shows the
simulated near-field distributions at 859 and 925 MHz (central
frequencies of the GSM850 and GSM900 bands) on the reference
plane for the antenna with L � 90 mm, whereas the corresponding
near-field distributions at 1795, 1920, and 2045 MHz (central
frequencies of the GSM1800, GSM1900, and UMTS bands) are
shown in Figure 5. In the study, the delivered power is 33 dBm (2
W continuous wave power) at 859 and 925 MHz, and is 30 dBm
(1 W continuous wave power) at 1795, 1920, and 2045 MHz. Note
that there are three consecutive crossed cells along the boundary of
the reference plane, which are excluded from the near-field
strength evaluation.

For the H-field distributions in Figures 4 and 5 and the E-field
distributions in Figure 5, the maximum field distribution is seen to
be on the eight cells along the boundary of the reference plane.

Figure 4 Simulated near-field (E-field and H-field) distributions at 859
and 925 MHz on the reference plane for the studied antenna with L � 90
mm; point R is the reference point as indicated in Figure 1. [Color figure
can be viewed in the online issue, which is available at www.
interscience.wiley.com]

Figure 5 Simulated near-field (E-field and H-field) distributions at 1795,
1920, and 2045 MHz on the reference plane for the studied antenna with
L � 90 mm; point R is the reference point as indicated in Figure 1. [Color
figure can be viewed in the online issue, which is available at www.
interscience.wiley.com]
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That is, the maximum field distribution is not at the center of the
reference plane or at the center of the acoustic output. By follow-
ing the HAC rating methodology [1], such maximum field distri-
butions can be excluded from near-field strength evaluation, and
thus, a lower HAC category rating can be obtained. For the E-field
distribution seen in Figure 4, however, the maximum field distri-
bution locates at the center of the reference plane. In this case, the
HAC category rating could be higher owing to the relatively strong
E-field distribution at 859 and 925 MHz.

Figure 6 shows the simulated near-field strengths at 859 and
925 MHz (GSM850/900 systems) for the antenna with L � 80,
90, and 100 mm. The strength range for each category accord-
ing to the standard ANSI C63.19-2006 [1] is also given in the
figure. For the E-field strength, it falls in category M3, except
for L � 100 mm in which the E-field strength even falls in
category M4. For the H-field strength, as seen in the field
distributions in Figure 4, it falls in category M4. Because either

M3 or M4 rating for the E-field and H-field is obtained, the
mobile phone with the studied antenna at 859 and 925 MHz can
be rated as category M3. With this rating, the mobile phone can
be rated as a hearing aid-compatible wireless device for oper-
ating at 859 and 925 MHz [1, 4].

The simulated near-field strengths at 1795, 1920, and 2045
MHz for the antenna with L � 80, 90, and 100 mm are shown in
Figure 7. Note that for frequencies at 1795 and 1920 MHz, the
strength level of each category is 10 dB lower than that of the same
category at 859 and 925 MHz [1]. Also, the strength level of each
category at 2045 MHz (UMTS system) is 2.5 dB higher than that
of the same category at 1795 and 1920 MHz (GSM system) [1].
Following the same rating methodology discussed in Figure 6, the
mobile phone with the studied antenna with various groundplane
lengths is rated as category M3 for operating at 2045 MHz (UMTS
system). Although at 1795 and 1920 MHz (GSM1800/1900 sys-
tems), however, results indicate that only for L � 80 and 90 mm,
the mobile phone with the studied antenna is rated as category M3.
For L � 100 mm, the mobile phone with the studied antenna is
rated as category M2 only. However, considering for the practical
working phone condition in which lossy electronic elements such
as the LCD display, battery, and so on are present, the obtained
near-field emission of the mobile phone could be decreased. It is
hence very possible that the clamshell mobile phone with the
studied antenna can meet the M3 rating at 2045 MHz for L � 100

Figure 6 Simulated near-field strengths at 859 and 925 MHz on the
reference plane for the studied antenna with L � 80, 90, and 100 mm. (a)
E-field strength. (b) H-field strength. [Color figure can be viewed in the
online issue, which is available at www.interscience.wiley.com]

Figure 7 Simulated near-field strengths at 1795, 1920, and 2045 MHz on
the reference plane for the studied antenna with L � 80, 90, and 100 mm.
(a) E-field strength. (b) H-field strength. [Color figure can be viewed in the
online issue, which is available at www.interscience.wiley.com]
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mm. From the obtained results, the studied mobile phone with
various promising groundplane lengths can be rated as a hearing
aid-compatible wireless device for GSM850/900/1800/1900/
UMTS systems.

It is also noted that the groundplane effect on the near-field
strengths observed at higher frequencies in Figure 7 is different
from that at lower frequencies in Figure 6. The field strengths for
both the E-field and H-field at 1795, 1925, and 2045 MHz are seen
to increase with increasing groundplane length L, whereas the field
strengths at 895 and 925 MHz are decreased with increasing
groundplane length L. This is largely owing to the different
groundplane lengths in terms of the operating wavelength at lower
and higher frequencies.

3. SAR RESULTS OF THE STUDIED ANTENNA

The SAR study of the clamshell mobile phone is also studied. The
SAR results for the case of L � 90 mm are analyzed, and the SAR
simulation model with the top portion of the upper ground of the
clamshell mobile phone attached onto the head phantom is shown
in Figure 8. The simulated head phantom is provided by SPEAG
SEMCAD [6]. The centerline of the mobile phone is oriented with
an angle of 60° to the vertical line in the study, and the top portion
of the upper ground is spaced with a small distance of 4 mm away
from the ear position of the head phantom. Before evaluating the
SAR results, the impedance matching of the studied antenna with
and without the head phantom is first verified. Small variations in
the impedance matching over the obtained UWB bandwidth are
seen, and the impedance matching of the five tested frequencies

remains better than 6-dB return loss (Figure 9). This behavior is
similar to that observed for the case when the user’s hand holds the
mobile phone at the position without enclosing the embedded
antenna [16–19]. However, it should be noted that the radiation
efficiency of the antenna will be greatly decreased by at least 3 dB
because of the presence of the head phantom or the user’s head,
which is a very lossy material and will effectively absorb a large
portion of the antenna’s radiated wave power.

At 859 and 925 MHz, the SAR is tested using 24 dBm, whereas
at 1795, 1920, and 2045 MHz, the SAR is tested using 21 dBm
(considering a user channel being 1/8 of a time slot at lower and
higher frequencies). The obtained SAR results in 1 g and 10 g of
head tissue from exposure to the antenna radiation are listed in
Table 1 for comparison. The corresponding simulated 1 g SAR
distributions at 859, 925, 1795, 1920, and 2045 MHz for the
studied antenna with L � 90 mm are shown in Figure 10. In the
figure, the square marks represent the SAR maximum at each
frequency. For all the five frequencies, the SAR maximum is all
located at about the cheek position of the head phantom or close to
the hinge position of the mobile phone. This is reasonable since the
antenna is located at the hinge position. From the obtained results,
both the 1 g and 10 g SAR results at all frequencies meet the SAR
limit of 1.6 W/kg and 2.0 W/kg, respectively.

4. CONCLUSION

The HAC and SAR results of an UWB coupled-fed loop antenna
for application in the clamshell phone have been studied. The HAC
and SAR simulation models provided by SEMCAD are adopted in
this study. The antenna shows a 3:1 VSWR UWB bandwidth of
about 1.45 GHz (from 805 to 2255 MHz), allowing it to easily
cover GSM850/900/1800/1900/UMTS operation. With penta-band
operation obtained, the excited near-field strengths of the antenna

Figure 8 SAR simulation model of the clamshell mobile phone with the
studied antenna. [Color figure can be viewed in the online issue, which is
available at www.interscience.wiley.com]

Figure 9 Simulated return loss of the studied antenna with and without
the head phantom. [Color figure can be viewed in the online issue, which
is available at www.interscience.wiley.com]

TABLE 1 Simulated SAR in 1 g and 10 g of Head Tissue from
Exposure to Radiation of the Studied Antenna with
L � 90 mm

Frequency (MHz)
1 g SAR
(W/kg)

10 g SAR
(W/kg)

859 1.39 0.94
925 1.43 0.97

1795 0.9 0.53
1920 1.05 0.62
2045 1.16 0.69

The upper ground is spaced 4 mm away from the head phantom.
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have also been evaluated and rated to be in category M3 or M4.
That is, the clamshell mobile phone with the studied antenna can
be rated as a hearing aid-compatible wireless device. For the SAR
evaluation, the obtained 1 g and 10 g SAR results of the studied
clamshell mobile phone are also smaller than the SAR limit of 1.6
W/kg and 2.0 W/kg, respectively. The studied UWB antenna is
hence a promising antenna solution for achieving penta-band
WWAN operation and meeting the HAC requirement and SAR
limit for practical applications in the clamshell mobile phone.
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ABSTRACT: A simple switched beamforming network with one 90°
hybrid, two switches, and delay lines is designed. By controlling the
switches, the antenna can produce four beams with the phase differ-
ences between adjacent radiating elements being �135° and �45°. The
proposed feed network is simple, provides a tapered amplitude distribu-
tion, and has the same phase characteristics as the four-beam Butler
matrix feed network. The measured S11 of the proposed antenna is
less than �10 dB at the operating frequency of 11.2 GHz. When
switch 1 is in the “on” position and switch 2 is in the “off” position,
or when both switches are in the “on” position, the measured radia-
tion pattern shows that the scan angles are �12° and �35°. The
proposed array antenna has the advantage of low cost, small volume,
and easy fabrication. © 2009 Wiley Periodicals, Inc. Microwave Opt
Technol Lett 51: 1413–1416, 2009; Published online in Wiley Inter-
Science (www.interscience.wiley.com). DOI 10.1002/mop.24352

Key words: butler matrix; switched-beams; beamforming network; 90°
hybrid; array antenna

1. INTRODUCTION

A phased array antenna [1] is used to direct a signal in a given
direction. The Butler matrix design [2] is widely used due to its
simple design and its ability to form orthogonal beams. This design
selects appropriate beams that have been constructed by a feed

Figure 10 Simulated 1 g SAR distributions at 859, 925, 1795, 1920, and
2045 MHz for the studied antenna with L � 90 mm. [Color figure can be
viewed in the online issue, which is available at www.interscience.wiley.
com]
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