
generator output has a center frequency of 5.8 GHz with �49

dBm/MHz amplitude at 200-MHz PRF.
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ABSTRACT: A surface-mount monopole slot antenna with a small
volume of 13 � 28.5 � 2.2 mm3 for penta-band wireless wide area

network operation in the mobile handset is presented. The antenna is to
be surface-mounted at a rectangular notch of size 13 � 28.5 mm2 near
the bottom edge of the system ground plane. When surface-mounted, the

antenna is closely integrated with surrounding system ground plane on
the main circuit board of the handset. The antenna can provide two

wide operating bands of 824–960 and 1710–2170 MHz to respectively
cover the GSM850/900 and GSM1800/1900/UMTS operations. The
surface-mount antenna mainly comprises a monopole slot of width 4 mm

and length 50 mm, which is bent to have a compact size and is fed by a
microstrip feedline. Both the monopole slot and microstrip feedline are
printed on two opposite surfaces of a dielectric substrate, which is bent

into an inverted-U shape for surface-mounting on the circuit board of
the handset. Details of the proposed antenna are described, and results

of the antenna including its specific absorption rate values are presented
and discussed. VC 2011 Wiley Periodicals, Inc. Microwave Opt Technol

Lett 53:1890–1896, 2011; View this article online at

wileyonlinelibrary.com. DOI 10.1002/mop.26096

Key words: internal handset antennas; mobile antennas; monopole slot
antennas; WWAN antennas; surface-mount antennas

1. INTRODUCTION

On-board printed monopole slot antennas or known as quarter-

wavelength slot antennas for penta-band wireless wide area net-

work (WWAN) operation in the 824–960 MHz band (GSM850/

900) and 1710–2170 MHz band (GSM1800/1900/UMTS) for

mobile handset applications has been reported [1–3]. Such

monopole slot antennas are to be directly printed on the main

circuit board of the mobile handset and are mainly operated at

their quarter-wavelength resonant modes [1–10], different from

the traditional slot antennas operated at the half-wavelength res-

onant mode [11–14], thus resulting in decreased antenna size.

This attractive feature makes it very promising for applications

in the mobile communication devices such as the laptop com-

puters, tablet computers, mobile handsets, and so forth. For bar-

type handset applications, two monopole slots of different

lengths are required to provide two wide operating bands to

cover penta-band WWAN operation [1].

For clamshell or folder-type handset applications [2], a single

monopole slot antenna printed on the top portion of the main

circuit board and placed at the hinge of the handset can generate

two wide operating bands for penta-band WWAN operation. In

this case, wideband operation is obtained mainly because

dipole-like chassis resonant modes contributed by the two

ground planes of the clamshell handset are generated, which

greatly enhances the operating bandwidths of the antenna. Like-

wise, by embedding the monopole slot antenna at the center of

the system ground plane printed on the main circuit board of the

bar-type handset [3], the dipole-like chassis resonant mode of

the system ground plane can also be excited to assist in forming

a wide operating band to cover penta-band WWAN operation.

However, this layout will complicate the circuit floor planning

and signal line routing on the main circuit board [3], which is

less attractive for practical handset applications.

It is also noted that for the reported monopole slot antennas,

they are generally to be directly printed on the main circuit

board of the handset [1, 3, 15–17]. This makes the antenna easy

to fabricate at low cost. However, on the other hand, it is incon-

venient for the dimensions of the printed slot antenna to be post-

adjusted to fine-tune the operating bandwidths of the antenna.

The postadjustment may be required in some cases to compen-

sate for the possible coupling between the embedded antenna

and the nearby electronic elements mounted inside the handset,

which may cause some frequency shifting in the antenna’s oper-

ating bandwidths.

To overcome the problem, we propose in this study a prom-

ising surface-mount monopole slot antenna for WWAN opera-

tion in the mobile handset. The proposed antenna comprises a

single monopole slot and a microstrip feedline, both printed on

two opposite surfaces of a dielectric substrate. The antenna

occupies a small volume of 13 � 28.5 � 3 mm3 (about 1.1

cm3) for pentaband WWAN operation. The antenna is to be sur-

face-mounted at a rectangular notch of size 13 � 28.5 mm2

(about 370 mm2) near the bottom edge of the system ground

plane. The distance between the antenna and the bottom edge of

the system ground plane is 15 mm only. In addition, the ground

portion between the antenna and the bottom edge of the system

ground plane can be used to accommodate associated electronic

elements in the handset. This leads to compact integration of the

proposed antenna in the handset and also minimizes the antenna

effects on the circuit floor planning and signal line routing on
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the main circuit board. Also note that by mounting the antenna

near the bottom edge of the main circuit board, the specific

absorption rate (SAR) [18] values can be greatly decreased,

making it easy to meet the limit of 1.6 W/kg for 1-g head tissue

[19–24]. Details of the proposed antenna are presented.

2. PROPOSED SURFACE-MOUNT MONOPOLE SLOT
ANTENNA

Figure 1(a) shows the geometry of the proposed surface-mount

WWAN monopole slot antenna for mobile handset. The antenna

is mounted above a rectangular notch of size 13 � 28.5 mm2

near the bottom edge of the system ground plane [see Fig. 1(b)],

which is printed on the back surface of the main circuit board.

The distance (t) between the rectangular notch and the bottom

edge of the main circuit board is 15 mm, and the ground portion

in this region can be used to accommodate associated electronic

elements such as a universal series bus connector [25] to serve

as a data port for external devices [26], the lens of an embedded

digital camera [27, 28], and so forth. Also note that an FR4 sub-

strate of relative permittivity 4.4, loss tangent 0.02, thickness

0.8 mm, length (L) 115 mm, and width (W) 60 mm is used as the

main circuit board in the study. To simulate the mobile handset

casing in practical applications, a plastic casing made by a plastic

material of relative permittivity 3.5, loss tangent 0.06, and thick-

ness 1 mm encloses the main circuit board and the surface-mount

antenna thereon. The overall thickness of the plastic casing is 14

mm, and the main circuit board inside the casing is of about the

same distance to both sides of the plastic casing.

Detailed dimensions of the surface-mount monopole slot

antenna in its unbent structure are given in Figure 1(c). The

monopole slot is fed by a 50-X microstrip feedline. Both the

monopole slot and microstrip feedline are printed on the oppo-

site surfaces of the dielectric substrate, which is an FR4 sub-

strate of relative permittivity 4.4, loss tangent 0.02, and thick-

ness 0.8 mm in the study. The dielectric substrate is bent into

an inverted-U shape for surface-mounting on the main circuit

board. The front end of the microstrip feedline is Point A, which

is the feeding point of the antenna. When the antenna is surface-

mounted on the main circuit board, Point A is connected to a

short 50-X microstrip feedine printed on the front surface of the

Figure 1 (a) Geometry of the surface-mount WWAN monopole slot antenna mounted on the front surface of the main circuit board of the mobile

handset. (b) Geometry of the main circuit board (back view). (c) Dimensions of the surface-mount monopole slot antenna in its unbent structure. [Color

figure can be viewed in the online issue, which is available at wileyonlinelibrary.com]
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main circuit board, which is then connected through a via-hole

at Point A0 to a 50-X SMA connector on the back surface of the

main circuit board for testing the antenna in the experiment.

The monopole slot has a length of 59 mm and is bent into a

C-shape to achieve a compact size of the antenna. The length

59 mm is close to about 0.18 wavelength of the frequency at

900 MHz. As it is printed on a dielectric substrate, which

reduces the resonant length of the monopole slot, the antenna

can generate a quarter-wavelength resonant mode at about 900

MHz and a half-wavelength resonant mode at about 1900 MHz.

The two resonant modes form the antenna’s lower and upper

bands to respectively cover the GSM850/900 (824–894/880–960

MHz) and GSM1800/1900/UMTS (1710–1880/1850–1990/

1920–2170 MHz) operations. In addition, note that the bent

monopole slot is arranged to be on the central portion of the sur-

face-mount antenna, and the two side portions of the antenna

are with the ground plane only, whose grounding points (Points

B1 to B4) are connected to the system ground plane on the

main circuit board through via-holes at Points C1 to C4. In this

case, nearby electronic components mounted on the main circuit

board can be placed very close to or in direct contact with the

surface-mount antenna such that compact integration of the sur-

face-mount antenna inside the mobile handset can be obtained.

This behavior is similar to the property of the EMC internal

handset antennas [28–31], which has vertical ground planes con-

nected to the system ground plane of the mobile handset.

Also note that the microstrip feedline passes the monopole

slot at a distance (d) of 26.5 mm to the slot’s open end, which

is at about the center of the monopole slot. The distance d is an

important factor in exciting the two desired resonant modes of

the monopole slot. The length s of the tuning stub of the micro-

strip feedline is selected to be 9 mm, which also affects the

Figure 2 Photos of the fabricated antenna. Plastic casing not shown in the photos. [Color figure can be viewed in the online issue, which is available

at wileyonlinelibrary.com]

Figure 3 Measured and simulated return loss of the antenna. [Color

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

wileyonlinelibrary.com]
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impedance matching of the excited resonant modes. A paramet-

ric study of the major parameters will be presented in Section 3.

3. RESULTS AND DISCUSSION

The surface-mount monopole slot antenna was fabricated and

tested. Figure 2 shows the photos of the fabricated antenna and

the main circuit board in the experiment. Results of the meas-

ured and simulated return loss of the antenna are shown in Fig-

ure 3. The simulated results are obtained using simulation soft-

ware high frequency structure simulator version 12 [32], and

agreement between the measurement and simulation is observed.

Results showed that two wide operating bands are obtained. The

impedance matching for frequencies over the desired lower band

(824–960 MHz) and upper band (1710–2170 MHz) is all better

than 3:1 VSWR (6-dB return loss), which is widely used as the

design specification for the internal WWAN handset antenna.

To analyze the excited resonant modes of the monopole slot,

Figure 4 shows the simulated electric-field distributions at 900

and 1900 MHz in the monopole slot. At 900 MHz, the maxi-

mum field occurs at the open end and then decreases toward the

closed end, which is similar to that of the excited quarter-wave-

length slot resonant mode [10, 33]. Although at 1900 MHz,

there is a null field at about the center of the monopole slot,

indicating that a quarter-wavelength slot resonant mode is

excited.

Figure 5 shows the measured three-dimensional total-power

radiation patterns for the antenna. At each frequency, four radi-

ating patterns seen in different directions (the top, bottom, front,

and back directions) are shown. For lower frequencies at 859

and 925 MHz, half-wavelength dipole-like radiation patterns are

observed. For higher frequencies at 1795, 1920, and 2045 MHz,

the radiation patterns are close to full-wavelength dipole-like

patterns with a dip in the azimuthal plane (x–y plane) of the

radiation patterns. The obtained radiation patterns are similar to

those of many reported internal WWAN handset antennas. This

indicates that the system ground plane in this study is also a

part of the radiator and contributes significantly to the radiation

characteristics of the mobile handset [34]. The measured antenna

efficiency (mismatching loss included) of the antenna is pre-

sented in Figure 6. The antenna efficiency varies from about 55

to 78% over the GSM850/900 bands and about 70 to 85% over

the GSM1800/1900/UMTS bands. The obtained far-field radia-

tion characteristics are acceptable for practical handset

applications.

Figure 4 Simulated electric-field distributions at 900 and 1900 MHz

in the monopole slot. [Color figure can be viewed in the online issue,

which is available at wileyonlinelibrary.com]

Figure 5 Measured three-dimensional total-power radiation patterns

for the antenna. [Color figure can be viewed in the online issue, which

is available at wileyonlinelibrary.com]

Figure 6 Measured antenna efficiency (mismatching loss included) for

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

available at wileyonlinelibrary.com]
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Figure 7 shows the SAR simulation model and the simulated

1-g SAR values. The return loss at each testing frequency is

also given. The SAR simulation model is provided by SEMCAD

X version 14 [35]. In addition to the antenna mounted near the

bottom edge of the handset, the case for the antenna near the

top edge of the handset is also studied. For the two cases, the

obtained SAR values are all less than 1.6 W/kg [18], indicating

that the antenna is promising for practical handset applications.

Also note that when the antenna is mounted near the bottom

edge of the handset, the obtained SAR values are lower, which

is largely because the excited surface currents on the system

ground plane are stronger near the antenna and agrees with the

observations of other internal WWAN antennas mounted at the

bottom edge of the handset [20, 21].

A parametric study is also conducted. Figure 8 shows the

simulated return loss as a function of the distance t of the

antenna to the bottom edge of the main circuit board. Results

for the distance t varied from 10 to 20 mm are presented. When

the distance t is smaller (t ¼ 10 mm in the figure), the obtained

bandwidths of the lower band are decreased. The decreased

bandwidths are owing to the decreased upper-edge frequencies

with 6-dB return loss for the lower band, with their correspond-

ing lower-edge frequencies with 6-dB return loss about the

same. This behavior is largely as the two ground portions sepa-

rated by the rectangular notch is more asymmetric for smaller

distances of t such that the dipole-like chassis resonant mode of

the system ground plane cannot be excited effectively to assist

in achieving widened bandwidths of the lower band. On the

other hand, when the distance t is large (t ¼ 20 mm in the fig-

ure), widened bandwidths are obtained for the lower band. For

the upper band, however, the obtained bandwidths are about the

same for the length t varies from 10 to 20 mm. That is, effects

of the length t are not significant on the upper-band bandwidth.

Figure 9 shows the simulated return loss as a function of the

feeding position d of the microstrip feedline. Other dimensions

are the same as in Figure 1. Results for the feeding position d
varied from 22.5 to 26.5 mm are shown in the figure. Strong

effects on the two excited resonant modes of the monopole slot

are seen. This indicates that the selection of the proper feeding

position is important in the proposed antenna, and the preferred

feeding position is at d ¼ 26.5 mm, which is close to the center

of the monopole slot.

Effects of the tuning-stub length s of the microstrip feedline

are also studied. Figure 10 shows the simulated return loss for

the tuning-stub length s varied from 9 to 11 mm. Large effects

on the lower band of the antenna are observed. By selecting a

proper length of the tuning stub, widened bandwidth for the

lower band can be obtained. On the other hand, effects on the

antenna’s upper band are relatively very small.

Figure 11 shows the simulated return loss as a function of

the antenna height h above the main circuit board. Other dimen-

sions are the same as in Figure 1. Results of the simulated

return loss for h varied from 0 to 4 mm are presented. For h ¼
0 (the monopole slot directly in contact with the main circuit

board), small effect is seen for the lower band at about 900

MHz. However, large effect on the upper band is observed, and

the upper-band bandwidth is quickly decreased and cannot cover

the 1710–2170 MHz band. For h ¼ 2, 3, and 4 mm (that is,

there is an air-layer spacing between the monopole slot and the

main circuit board), the obtained upper-band bandwidths are

increased with an increase in the antenna height h. The results

indicate that the presence of the air-layer spacing between the

printed monopole slot and the main circuit board can lead to

Figure 7 SAR simulation model and the simulated 1-g SAR values.

[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 distance t of the

antenna to the bottom edge of the main circuit board. [Color figure can

be viewed in the online issue, which is available at

wileyonlinelibrary.com]

Figure 9 Simulated return loss as a function of the feeding position d
of the microstrip feedline. 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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larger upper-band bandwidth obtained for the antenna, with the

lower-band bandwidths about the same. This behavior is largely

because when the antenna is directly mounted on the main cir-

cuit board, there will be some additional dielectric loading on

the printed monopole slot of the surface-mount antenna, which

degrades the obtained bandwidth of the antenna, especially the

upper-band bandwidth.

Figure 12 shows the simulated return loss as a function of

the length L and width W of the main circuit board. Other

dimensions are the same as in Figure 1. Results of the simulated

return loss for the length L varied from 105 to 125 mm are

shown in Figure 12(a), and those for the width W varied from

40 to 60 mm are presented in Figure 12(b). Results show that

widened bandwidths for the lower and upper bands can be

obtained when the width W is decreased. This behavior is

largely because with a smaller width W of the main circuit

board, the two ground portions of the system ground plane sepa-

rated by the rectangular notch will become connected through a

narrower metal portion such that the dipole-like chassis resonant

mode contributed by the system ground plane becomes easier to

be excited to help achieve a wider bandwidth. For the variations

in the length L, however, the effects on the obtained bandwidths

are not significant, and the bandwidths for all the lengths in the

figure can cover the desired penta-band WWAN operation. This

is an attractive feature for the proposed monopole slot antenna

in practical applications.

4. CONCLUSIONS

A new surface-mount monopole slot antenna for handset appli-

cations as an internal penta-band WWAN antenna has been pro-

posed. The antenna occupies a small volume of about 1.1 cm3

only and is suitable to be surface-mounted on the main circuit

board of the mobile handset. Further, the antenna is closely inte-

grated with the system ground plane of the mobile handset,

making it possible for compact integration of the antenna with

nearby electronic elements. Good radiation characteristics for

frequencies over the five WWAN operating bands have also

been observed. The SAR results of the antenna meet the limit of

1.6 W/kg for 1-g head tissue. The proposed antenna is promis-

ing for practical mobile handset applications.
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ABSTRACT: We present a technique for fabricating realistic breast
phantoms for microwave imaging experiments. Using oil-in-gelatin
dispersions that mimic breast tissue dielectric properties at microwave

frequencies, we constructed four heterogeneous phantoms spanning the
full range of volumetric breast densities. We performed CT scans and

dielectric properties measurements to characterize each phantom.
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1. INTRODUCTION

Microwave breast imaging is a nonionizing molecular imaging

technique that senses the endogenous—and possibly exoge-

nously influenced—dielectric properties of breast tissue. Micro-

wave imaging shows much promise as a safe, low-cost, three-

dimensional tomographic imaging modality. Potential applica-

tions include early-stage breast cancer detection, breast density

evaluation, and cancer treatment monitoring. Definitive, quanti-

tative validation of microwave imaging techniques is a critical

component in the development of this technology. Clinical stud-

ies with human subjects provide the ultimate test domain but

also pose the most challenging validation scenario due to the

fact that the true in vivo properties are not known. This empha-

sizes the important role of realistic physical phantoms in
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