
about the same as these two samples were taken from the same

piece of wood.

5. CONCLUSIONS

In this article, we have presented the principles of a microwave

polarimetric method to determine natural or inferred anisotropy

of materials. We have studied its feasibility with wood samples,

and results were close to those attempted. The applications of

this method can be extended to a wide range of nontransparent

materials such as extruded plastic, leather, etc. Such a contact-

less bench is of great interest for manufacturing industries and

can be optimized for mobile using.

REFERENCES

1. A.M. Nicolson and G.F. Ross, Measurement of the intrinsic proper-

ties of materials by time-domain techniques, IEEE Trans Instrum

Meas 19 (1970), 377–382.

2. S. Biju Kumar, U. Raveendranath, P. Mohanan, K.T. Mathew, M.

Hajian, and L.P. Ligthart, A simple free-space methode for mear-

suring the complex permittivity of single and compound dielectric

materials, Microwave Opt Technol Lett 26 (2000), 117–119.

3. F. Sagnard, D. Seetharamdoo, and V.L. Glaunec, Reflection and

transmission ellipsometry data analysis for measuring the complex

permittivity of a single-layer material at microwave frequencies,

Microwave Opt Technol Lett 33 (2002), 443–448.

4. F. Sagnard, F. Bentabet, and C. Vignat, In situ measurements of

the complex permittivity of materials using reflection ellipsometry

in the microwave band: Theory (part I). IEEE Trans Instrum Meas

54 (2005), 1266–1273.

5. F. Sagnard, F. Bentabet, and C. Vignat. In situ measurements of

the complex permittivity of materials using reflection ellipsometry

in the microwave band: Experiments (part II). IEEE Trans Instrum

Meas 54 (2005), 1274–1282.

6. G. Raoult, Les ondes centimétriques, Masson, Paris, 1958.

7. R.M.A. Azzam and N.M. Bashara, Ellipsometry and polarized

light, Elsevier science, Amsterdam, 1987.

VC 2011 Wiley Periodicals, Inc.

SMALL-SIZE WIDEBAND CHIP ANTENNA
FOR WWAN/LTE OPERATION AND CLOSE
INTEGRATION WITH NEARBY
CONDUCTING ELEMENTS IN THE
MOBILE HANDSET

Shu-Chuan Chen and Kin-Lu Wong
Department of Electrical Engineering, National Sun Yat-sen
University, Kaohsiung 80424, Taiwan; Corresponding author:
wongkl@ema.ee.nsysu.edu.tw

Received 1 December 2010

ABSTRACT: A wideband chip antenna having a small size of 3 � 15

� 35 mm3 for application in the mobile handset to cover eight-band

WWAN/LTE operation is presented. The antenna is mainly formed by a

direct-feed two-branch strip and a coupled-fed shorted strip. The two-
branch strip functions as an efficient radiator and also as a coupling
feed to capacitively excite the shorted strip. The coupled-fed shorted

strip contributes a wide resonant mode at about 800 MHz to cover the
LTE700/GSM850/900 (704� 960 MHz) operation. The two-branch strip

and the shorted strip together contribute their fundamental or higher-
order resonant modes to cover the GSM1800/1900/UMTS/LTE2300/2500
(1710� 2690 MHz) operation. There are also ground planes located on

two side surfaces of the chip antenna, which are grounded to the system
ground plane printed on the main circuit board of the mobile handset.

This configuration allows the antenna to be closely integrated with
nearby conducting or electronic elements such as a universal series bus
connector to achieve compact integration of the internal antenna in the

mobile handset. Details of the proposed antenna are presented. VC 2011

Wiley Periodicals, Inc. Microwave Opt Technol Lett 53:1998–2004,

2011; View this article online at wileyonlinelibrary.com.

DOI 10.1002/mop.26200

Key words: mobile antennas; internal handset antennas; LTE antennas;
WWAN antennas; chip antennas

1. INTRODUCTION

Owing to the perspective long-term evolution (LTE) operation

for providing better mobile broadband and multimedia services

than the wireless wide area network (WWAN) systems, the

eight-band internal WWAN/LTE antenna for modern mobile

handsets is hence demanded, and some promising WWAN/LTE

internal handset antennas have also been reported recently [1–8].

Most of these promising antennas [1–6] are mainly to be

directly printed on the main circuit board of the mobile handset.

Surface-mount-type chip antennas for WWAN/LTE operation

have also been shown [7, 8]. These antennas, similar to many

traditional internal WWAN handset antennas [9–16], are

required to have a certain isolation distance to the nearby con-

ducting elements such as the system ground plane printed on the

main circuit board or the universal series bus (USB) connector

located at the bottom edge of the main circuit board [17, 18].

This characteristic limits the compact integration of the internal

WWAN/LTE antennas inside the mobile handset.

In this article, we report a promising internal WWAN/LTE

antenna that has the advantages of small size, wideband opera-

tion and capable of close integration with nearby conducting

elements inside the mobile handset. The proposed antenna cov-

ers eight-band WWAN/LTE operation and has a size of 3 � 15

� 35 mm3 only. The antenna can generate two wide operating

bands to cover the LTE700/GSM850/900 operation in the 704�
960 MHz band and the GSM1800/1900/ UMTS/LTE2300/2500

operation in the 1710� 2690 MHz band. The antenna mainly

consists of a direct-feed two-branch strip and a coupled-fed

shorted strip. The latter is capacitively excited by the two-

branch strip, and its front end is short-circuited to the ground

planes located on two side surfaces of the chip antenna.

In practical applications, the chip antenna is to be surface-

mounted onto one of the corners of the main circuit board (see

Fig. 1 for example), with the antenna’s ground planes on its two

side surfaces grounded to the system ground plane on the main

circuit board of the mobile handset. In this case, the antenna’s

side ground planes can serve as shielding walls to suppress the

possible fringing electromagnetic fields of the antenna [19–23]

such that small or neglecting coupling effects between the

antenna and nearby electronic or conducting elements on the

main circuit board of the mobile handset can be obtained. This

behavior can lead to very close integration of the proposed inter-

nal WWAN/LTE chip antenna inside the mobile handset. Details

TABLE 1 Anisotropy of Natural Pine Wood and Pressed
Wood Samples

Sample Pressed Pine1 Pine2

d (mm) 9.90 8.50 15.3

amax (�) 0.79 11.8 31.2

d (�) 0.001 39.9 70.8

w (�) 44.5 37.5 32.8

Dn0 0.000 0.130 0.129

Dn00 0.003 0.050 0.046
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of the proposed antenna are described in the article. Obtained

results of the antenna including its specific absorption rate

(SAR) [24–26] values for 1-g tissue are also presented.

2. PROPOSED ANTENNA

Figure 1 shows the geometry of the proposed small-size wide-

band chip antenna for eight-band WWAN/LTE operation in the

mobile handset. The antenna is supported by a foam base whose

relative permittivity is close to unity, and the total volume of

the antenna is 3 � 15 � 35 mm3. The antenna is to be surface-

mounted onto one corner of the bottom edge of the main circuit

board of the mobile handset, which is an FR4 substrate of rela-

tive permittivity 4.4, loss tangent 0.02, thickness 0.8 mm, length

115 mm, and width 60 mm in the study. The selected dimen-

sions of the main circuit board are reasonable for modern smart-

phones. On two side surfaces of the antenna, there are ground

planes grounded through via-holes at point C and D to the sys-

tem ground plane, which is printed on the main circuit board.

Note that the system ground plane has the same length and

width as the main circuit board, except that there is no system

ground plane printed on the board surface underneath the

antenna. There is also a plastic housing to simulate the handset

casing to enclose the main circuit board. The plastic casing is

fabricated using a plastic plate of relative permittivity 3.0 and

loss tangent 0.02 in the study.

The radiating portion of the antenna comprises a direct-feed

two-branch strip (Strips 1 and 2) and a coupled-fed shorted strip

(Strip 3). The two-branch strip contributes to the excitation of

two resonant modes at about 2.2 and 2.9 MHz to assist in form-

ing a wide upper band for the antenna. The front end (point A)

of the two-branch strip is the antenna’s feeding point. The

shorted strip is capacitively excited by the two-branch strip

through a narrow coupling gap (g) of 0.5 mm. Note that the

distance d between Strips 1 and 2 also affects the successful

excitation of the shorted strip. The preferred distance d is

selected to be 0.5 mm, the same as the width of the coupling

gap g. Detailed effects of the parameter g and d on obtaining

the wide lower band for the proposed antenna are discussed in

Section 3.

The front end of the shorted strip is short-circuited at point

B to the ground plane on the side surface of the antenna. The

length of the shorted strip is about 100 mm, which contributes

to the generation of a wide resonant mode at about 800 MHz

and results in a large bandwidth to form the desired lower

band for the LTE700/GSM850/ 900 operation. Fine-tuning of

the impedance matching of the lower band can be obtained by

mainly adjusting the end-section length a of Strip 1 and the

end-section width t of Strip 3. Further, the shorted strip also

contributes its higher-order resonant modes at about 1.7 and

3.1 GHz, which combine with the two resonant modes at about

2.2 and 2.9 GHz contributed by the two-branch strip to achieve

a wide upper band of larger than 1 GHz to cover the

GSM1800/1900/UMTS/LTE2300/2500 operation. Also note

that by tuning the end-section length b of Strip 2, which

mainly controls the excitation of the resonant mode at about

2.2 GHz, it can lead to good impedance matching for frequen-

cies over the desired upper band. A parametric study on the

length b in tuning the upper-band matching and the length a
and width t in tuning the lower-band matching is presented in

Section 3.

Based on the above discussion on the design considerations,

the proposed antenna was fabricated and tested. The fabricated

antenna is shown in Figure 2, and the tested results are pre-

sented and discussed in Section 3.

3. RESULTS AND DISCUSSION

Figure 3 shows the measured and simulated return loss for the

fabricated antenna. The simulated results obtained using simula-

tion software HFSS (high frequency structure simulator) version

12 [27] show good agreement with the measured data. The im-

pedance matching for frequencies over the desired lower band

Figure 1 Geometry of the proposed small-size wideband chip antenna

for eight-band WWAN/LTE operation in the mobile handset. The

antenna is mounted at one corner of the bottom edge of the main circuit

board. (a) front view, (b) back view, and (c) dimensions of the antenna.

[Color figure can be viewed in the online issue, which is available at

wileyonlinelibrary.com]
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(704 � 960 MHz) and upper band (1710 � 2690 MHz) are bet-

ter than 3:1 VSWR or 6-dB return loss, which is generally used

as the design specification for practical internal handset antenna

applications.

To analyze the antenna’s operating principle, Figure 4 shows

the simulated return loss for the proposed antenna, the case with

Strip 1 only (denoted as R1), and the case with Strips 1 and 2

or the two-branch strip only (denoted as R2). For R1, two reso-

nant modes at about 1.5 and 2.9 GHz are excited, with the 1.5-

GHz mode being the quarter-wavelength resonant mode related

to Strip 1 and the 2.9-GHz mode being the higher-order resonant

mode. When Strip 2 is added to form R2, an additional resonant

mode occurred at about 2.2 GHz is seen, although the imped-

ance matching is not better than 6-dB return loss. For R2, it is

also noted that the two resonant modes contributed by Strip 1

are shifted owing to the coupling effects between Strips 2 and 1.

Finally, by adding Strip 3 to form the proposed antenna, a dual-

resonance quarter-wavelength mode at about 800 MHz is gener-

ated, which covers the desired 704� 960 MHz band. In addi-

tion, two higher-order resonant modes at about 1.7 and 3.1 GHz

are generated to combine with the resonant modes contributed

by Strips 1 and 2 to form a wide upper band for the antenna to

cover the desired 1710 � 2690 MHz band.

Figure 5 shows the simulated return loss as a function of the

coupling gap g between Strips 1 and 3. Other dimensions are

the same as in Figure 1. Results for the coupling gap g varied

from 0.2 to 0.8 mm are presented. Large effects on the imped-

ance matching for frequencies over the lower band are seen.

Results indicate that a proper width g of the coupling gap is im-

portant in achieving good impedance matching over the desired

lower band of 704 � 960 MHz. The preferred coupling gap g is

0.5 mm in the proposed antenna. For frequencies over the

desired upper band, the coupling gap g shows relatively small

effects on the impedance matching.

Figure 6 shows the simulated return loss as a function of the

distance d between strip 1 and 2, and other dimensions are the

same as in Figure 1. Effects of the distance d on the impedance

Figure 2 Photos of the fabricated antenna mounted on the main circuit

board; the plastic housing not shown. [Color figure can be viewed in the

online issue, which is available at wileyonlinelibrary.com]

Figure 3 Measured and simulated return loss for the fabricated

antenna. [Color figure can be viewed in the online issue, which is avail-

able at wileyonlinelibrary.com]

Figure 4 Simulated return loss for the proposed antenna, the case

with strip 1 only (R1), and the case with Strips 1 and 2 only (R2).

[Color figure can be viewed in the online issue, which is available at

wileyonlinelibrary.com]

Figure 5 Simulated return loss as a function of the coupling gap g
between Strips 1 and 3. Other dimensions are the same as in Figure 1.

[Color figure can be viewed in the online issue, which is available at

wileyonlinelibrary.com]
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matching of the antenna are seen to be similar to those of the

coupling gap g shown in Figure 5. A proper distance d between

Strips 1 and 2 is also important in achieving a wide lower band

to cover the desired 704 � 960 MHz band.

Effects of the end-section length a of Strip 1 and the end-

section width t of Strip 3 are also studied. Results for the length

a varied from 20 to 28 mm are presented in Figure 7(a),

whereas those for the width t varied from 1 to 3 mm are shown

in Figure 7(b). As the variation in the length a will cause strong

effects on the capacitive coupling between the two-branch strip

and Strip 3, the excitation of the dual-resonance quarter-wave-

length mode of Strip 3 is greatly affected as seen in Figure 7(a).

For the variation in the width t, it causes some shifting in the

excited dual-resonance quarter-wavelength mode of Strip 3. The

dual-resonance mode shifts to lower frequencies with an

increase in the width t [see Fig. 7(b)]. To cover the desired

704 � 960 MHz band, the width t is chosen to be 3 mm in the

proposed antenna. Also note that for both cases in Figure 7, rel-

atively small effects on the upper band are seen. Over the

desired 1710 � 2690 MHz band, the impedance matching is all

better than 6-dB return loss for all the curves shown.

Figure 8 shows the simulated return loss as a function of the

end-section length b of Strip 2. Results for the length b varied

from 11 to 17 mm are shown. In this case, very small effects on

the lower band are seen. On the contrary, significant effects on

the impedance matching of the upper band are observed. This

behavior is largely because the length b controls the excitation

of the 2.2-GHz band and also affects the impedance matching of

the 1.7-GHz mode contributed by Strip 3 as shown in Figure 4.

Hence, a proper selection of the length b is important in leading

to good impedance matching of the desired upper band of the

antenna. The preferred length b is 17 mm in this study. From

the above discussion, it can be concluded that the two-branch

strip as a coupling feed in the proposed antenna shows different

coupling effects as compared with those of the coupling feed in

the traditional coupled-fed shorted monopole or planar-inverted-

F antennas (PIFAs) [28–33] in which the traditional coupling

feed does not contribute additional resonant modes to help

enhance the operating bandwidth of the antenna.

Figure 9 shows the simulated return loss for the proposed

antenna with and without a USB connector placed nearby. Two

cases of the USB connector (size 9 � 7 � 4 mm3 [17, 18])

modeled as a conducting box in very close proximity to the

antenna are studied. The first case is the USB connector

mounted on the front surface of the main circuit board and in

close proximity to the antenna. The USB connector is also

grounded through a via-hole to the system ground plane on the

back surface of the main circuit board. The second case is the

USB connector mounted on the back surface of the main circuit

board and flushed to the boundary of the no-ground portion on

which the antenna is surface-mounted. From the results, it is

Figure 6 Simulated return loss as a function of the distance d between

Strips 1 and 2. Other dimensions are the same as in Figure 1. [Color fig-

ure can be viewed in the online issue, which is available at

wileyonlinelibrary.com]

Figure 7 Simulated return loss as a function of (a) the end-section

length a of Strip 1 and (b) the end-section width t of Strip 3. Other

dimensions are the same as in Figure 1. [Color figure can be viewed in

the online issue, which is available at wileyonlinelibrary.com]

Figure 8 Simulated return loss as a function of the end-section length

b of Strip 2. Other dimensions are the same as in Figure 1. [Color figure

can be viewed in the online issue, which is available at

wileyonlinelibrary.com]
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seen that there are small effects on the impedance matching of

the antenna. This suggests that the proposed chip antenna is

promising to be closely integrated with nearby conducting ele-

ments or electronic elements in the mobile handset for practical

applications.

The radiation characteristics of the fabricated antenna shown

in Figure 2 are also measured. Figure 10 shows the measured

three-dimensional total-power radiation patterns for the antenna.

At each frequency, four radiation patterns seen in the front,

back, top and bottom directions are shown. For lower frequencies

at 740 and 925 MHz, the radiation patterns are close to those of

the half-wavelength dipole antenna, and omnidirectional radiation

is seen in the azimuthal plane (x-y plane) of the mobile handset.

For higher frequencies at 1795, 2045, and 2595 MHz, the

obtained radiation patterns show some dips or nulls in the azi-

muthal plane, and the patterns are close to those of the dipole

antenna at its higher-order resonant modes. The obtained radiation

patterns are similar to those of the internal WWAN/LTE mobile

handset antennas that have been reported [1–8]. This behavior

again confirms that the system ground plane of the mobile hand-

set, which is also an efficient radiator, strongly affects and domi-

nates the radiation patterns of the internal handset antenna.

Figure 11 shows the measured antenna efficiency for the fabri-

cated antenna. The measured antenna efficiency includes the mis-

matching loss. Over the lower and upper bands, the antenna effi-

ciency is respectively about 52 � 66% and 70 � 86%, which are all

better than 50% and acceptable for practical handset applications.

The SAR results for the proposed antenna are also analyzed.

Figure 12 shows the SAR simulation model provided by SEM-

CAD X version 14 [34], and the simulated SAR values for 1-g

tissue at the central frequencies of the eight operating bands.

Two cases of the head only and the head and hand are analyzed.

The grip of the user’s hand on the mobile handset is shown in

the figure, with the distance between the palm center and the

plastic housing of the handset chosen to be 25 mm. Note that

the antenna is mounted at one corner of the bottom edge of the

main circuit board. The input power for the SAR testing is 24

dBm at 859 and 925 MHz for the GSM850/900 operation and

21 dBm at 1795, 1920, and 2045 MHz for the GSM1800/1900/

UMTS operation. At 740, 2350, and 2595 MHz for the LTE700/

2300/2500 operation, the input power is also set to 21 dBm for

the SAR testing. The return loss at each frequency for the head

only and the head and hand is also shown in the figure. The

results indicate that the variations in the return loss are small

when the user’s hand is added in the SAR testing. The obtained

1-g SAR results for the case of head only are well below the

limit of 1.6 W/kg [24]. For the case of head and hand, the SAR

values are in general increased, especially at higher frequencies.

Figure 9 Simulated return loss for the proposed antenna with and

without a USB connector modeled as a metallic box and placed in very

close proximity to the antenna. [Color figure can be viewed in the online

issue, which is available at wileyonlinelibrary.com]

Figure 10 Measured three-dimensional total-power radiation patterns

for the fabricated antenna. [Color figure can be viewed in the online

issue, which is available at wileyonlinelibrary.com]

Figure 11 Measured antenna efficiency (mismatching loss included)

for the fabricated antenna. [Color figure can be viewed in the online

issue, which is available at wileyonlinelibrary.com]
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This behavior may be related to the smaller wavelengths at

higher frequencies, which become comparable to the dimensions

of the fingers of the hand phantom. At 2595 MHz, the SAR

value reaches 1.67 W/kg, much higher than that (0.51 W/kg) of

the head only and also higher than the limit of 1.6 W/kg. When

the user’s hand is required in the SAR testing in the future, the

higher SAR value at higher frequencies needs to be considered

in practical handset applications. For other frequencies, the SAR

values for the head and hand are still less than 1.6 W/kg.

4. CONCLUSIONS

An internal handset wideband chip antenna with a small size of

3 � 15 � 35 mm3 (about 1.6 cm3) for eight-band WWAN/LTE

operation and capable of close integration with nearby conduct-

ing or electronic elements has been proposed. Wideband opera-

tion of the antenna is obtained by using a two-branch strip as an

efficient radiator and also as a coupling feed to capacitively excite

a shorted strip. Close integration of the antenna with nearby con-

ducting elements is achieved by adding ground planes on two

side surfaces of the antenna, which are to be grounded to the sys-

tem ground plane of the handset. Results showing wideband oper-

ation and close integration with nearby conducting elements for

the antenna have been presented and discussed. Good far-field

radiation characteristics of the antenna have been observed. The

SAR results which are associated with the near-field emission of

the antenna have also been studied. The obtained SAR values for

the 1-g head tissue over the eight operating bands are well less

than 1.6 W/kg, making the antenna promising for practical appli-

cations. When the user’s hand is added in the SAR evaluation,

although the 1-g SAR values are quickly increased at higher fre-

quencies, it is still promising for the proposed antenna to meet

the limit of 1.6 W/kg, because in practical handsets some elec-

tronic elements are usually very lossy, which will result in lower

SAR values than those obtained in this study.
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ABSTRACT: Modern communication systems are driven by the concept
of being connected anywhere and at any time. Fuelled by the idea of a
body-centric approach to modern communication technology, many

research projects have been initiated to integrate antennas and radio
frequency (RF) systems into clothes with regard to size reduction and

cost-effectiveness; so that the wearer may not notice the existence of
these subsystems. For instance, the development of wearable computer
systems has been very rapid and soon one will see a wide range of

unobtrusive wearable and ubiquitous computing equipment into his/her
everyday wear. Rapid progress in wireless communication promises to

replace all wired-communication networks in the near future, in which
antennas play a vital role. This paper describes design and development
of a circular patch antenna for on-body wireless communications. This

antenna makes use of polyester-combined cotton [65:35] fabric as its
dielectric material and the conducting parts of the antenna are made up

of copper. The impedance and radiation characteristics are determined
experimentally when the antenna is kept in flat position. The
performance characteristics of the antenna are analyzed under bent

conditions too, to check compatibility with wearable applications.

Results demonstrate the suitability of this kind of patch antenna for on-

body wireless communications. VC 2011 Wiley Periodicals, Inc.
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1. INTRODUCTION

Communications on the human body is a relatively unexplored

domain for the personal and mobile communications commu-

nity. Perhaps, only the military and the special services, such as

firefighters, have been using so far on-body systems [1] to support

their users in various hazardous environments. A wearable antenna

is considered as an essential component in body-centered wireless

local area networks (LANs) and, therefore, it plays a significant

role in optimal design of any wearable system. For the wireless

body-centric network to be accepted by the public, wearable anten-

nas need to be hidden and of low profile. This requires a possible

integration of these systems within everyday clothing. Microstrip

patch is a suitable candidate for any wearable application, as it

can be made conformal for integration into clothing [2–4]. Till

date most of the research effort is put for rectangular-shaped patch

antennas intended for such wearable applications [5–7]. A rectan-

gular patch with truncated corners has been discussed in [8]. Ref-

erence 9 has described a dual-band coplanar patch antenna inte-

grated with an electromagnetic band gap substrate. A rectangular

ring microstrip patch is presented in [10].

The aim of this article is to design, develop, and evaluate the

performance characteristics of body-centric microstrip Bluetooth

antennas with circular geometry, meeting the IEEE 802.11(b)

standards. The fabrication process involved in the work reported

here is substantially simple and easily compared to that involved

in designs reported in [7–10]. This antenna makes use of polyes-

ter-combined cotton [65:35] fabric as its dielectric material and its

conducting parts are made up of copper. The simulated and experi-

mental results on impedance and radiation characteristics of this

wearable antenna are presented when it is kept in flat position.

However, in the case of on-body environment, it is difficult to

keep the wearable antenna flat all the time, and it becomes bent

frequently due to body movements. The bending may modify the

performance characteristics of the antenna as its radius gets altered.

Hence, an experimental study is to be carried out to investigate the

effects of antenna bending on its performance characteristics such

as resonant frequency, return loss, impedance bandwidth, gain, and

radiation patterns. In [7], the author has used rectangular patch in

an array environment. The bending effect was analyzed for only

one value of radius of curvature (146 mm). In [8], the author has

used square patch with truncated corners, and the patch was ana-

lyzed with bending radius of 40 mm. Reference [9] has described

a dual-band coplanar waveguide (CPW)-fed coplanar antenna for

wearable application, and the structure was bent for analysis with

radii of 40 and 70 mm. In [10], a rectangular ring antenna has

been discussed with bending radii of 60 and 37.5 mm.

In this article, the authors have used circular geometry, and

the investigation on bending effects is more exhaustive in the

sense of covering higher range of bending (with radii of 50.8,

63.5, 76.2, and 88.9 mm). For at least three cases (bending radii

of 88.9 and 76.2 mm and flat position), the designs are found to

be robust and to cover the Instrument, Scientific, and Measure-

ment (ISM) band. The rest of the article has been organized as

follows: Section 2 discusses design aspects, modeling, and fabri-

cation of antenna. Both simulated and measured results on per-

formance characteristics of flat antennas under investigation are
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