
operation of the resonator not only in azimuthally symmetric

mode but also in azimuthally asymmetric modes. As is known,

the diameter of ordinary cylindrical cavity resonators with domi-

nant TM mode is equal to 0.7655k. If we calculate the ratio of

the diameter of the designed miniaturized cavity to the reso-

nance wavelength of the TM010 mode of this cavity (fTM010 ¼
1.56 GHz, see Fig. 5), it can be seen that the diameter of the

cavity is only 0.31k, which means that the diameter of the mini-

aturized cavity is shortened by 60%. It is worth to mention that

using spiral resonator (SR) or multiple split-ring resonator

(MSRR) type of inclusions [14] instead of BC-SRRs may result

in a further miniaturization of the resonator due to the smaller

size of these inclusions.

By varying F1, F2 or the negative permeability bandwidth of

the AMNG layer which can be adjusted using appropriate mag-

netic inclusions, it is possible to design a resonator with a distinct

mode (as an example, TM010) and to suppress the other modes.

4. CONCLUSIONS

In this letter, a coaxial miniaturized cylindrical cavity resonator

is presented. The dispersion relations and their approximate

forms have been derived for three different types of metamate-

rial fillings and it is shown that not only the azimuthally sym-

metric subwavelength resonance but also the azimuthally asym-

metric subwavelength resonances can occur when the u-
direction permeability components (lu1 and lu2) have opposite

sign. This simple criterion removes the need of realizing com-

plex IDNG or IMNG media. Based on these results, a miniatur-

ized coaxial cavity resonator partially filled with BC-SRR-based

AMNG medium is designed, simulated, and fabricated. It is

shown that the diameter of the miniaturized cavity is shortened

by 60%.
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ABSTRACT: An internal wireless wide area network (824–960/1710–
2170 MHz) antenna suitable to be disposed at a notched region (size 10

� 40 mm2) of the system ground plane of the handset to achieve
compact integration therein is presented. The notched system ground

plane, compared to the traditional rectangular system ground plane at
which the internal antenna is generally disposed at the entire top or
bottom edge of the ground plane, can lead to more compact layout

design of the internal antenna and associated electronic elements in the
handset. The proposed antenna has a simple structure occupying a small

volume of 10 � 40 � 5 mm3 and comprising a monopole feed and a
coupled strip. The latter is coupled-fed by the monopole feed to provide
a 0.25-wavelength loop path, which generates a 0.25-wavelength loop

mode at about 850 MHz and a higher-order loop mode at about 1.7
GHz. The monopole feed also contributes a 0.25-wavelength mode at
about 2.1 GHz to combine with the higher-order loop mode to form the

antenna’s upper band. The bandwidth enhancement of the 0.25-
wavelength loop mode is obtained by adding an external bandstop

circuit, which makes the desired antenna’s lower band achieved. The

Figure 5 Magnitude of measured and simulated S-parameters
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antenna also meets the specific absorption rate and hearing-aid

compatibility requirements for practical applications. VC 2012 Wiley

Periodicals, Inc. Microwave Opt Technol Lett 54:599–605, 2012; View

this article online at wileyonlinelibrary.com. DOI 10.1002/mop.26620

Key words: mobile antennas; handset antennas; coupled-fed loop
antennas; wireless wide area network antennas; notched system ground

plane

1. INTRODUCTION

Traditional internal wireless wide area network (WWAN) anten-

nas for the mobile handsets are mainly disposed at the entire top

or bottom edge of the system ground plane. The reasons for the

disposition of these internal WWAN antennas in the mobile hand-

sets are mainly because these antennas are generally required to

occupy a large volume to cover the desired wide operating bands

of 824–960 and 1710–2170 MHz. Further, a certain isolation dis-

tance between these antennas and the nearby ground plane is usu-

ally required to achieve good radiation efficiency over a wide

operating band for the antenna. Typical examples for such inter-

nal WWAN handset antennas that can cover the desired 824–960

and 1710–2170 MHz bands have been shown [1–9].

To closely integrate the antenna with nearby system ground

plane on which the associated electronic elements can be

accommodated, several related designs suitable for WWAN

operations have been reported [10–18]. These reported antennas

are suitable to be integrated with a protruded ground extended

from the main ground plane (usually a simple rectangular

ground plane) of the mobile handset. The protruded ground,

which is large enough for mounting associated electronic ele-

ments such as a universal serial bus connector [10, 19], can be

located at one corner [10–16] or at the center [17, 18] of one

edge of the simple rectangular ground plane of the mobile hand-

set. Further, it has been shown that the protruded ground can

lead to decreased surface current distributions [12] on the

system ground plane away from the edge where the antenna is

mounted. It is hence expected that by disposing the antenna at

the bottom of the mobile handset, decreased near-field emission

near the top portion or the acoustic output of the handset can be

expected. This can make it promising for the handset to meet

the specific absorption rate [SAR; 20, 21] and hearing-aid com-

patibility [HAC; 22–24] requirements for practical applications.

To further devise promising integration designs of the inter-

nal WWAN antenna with nearby ground planes, we present in

this article an internal WWAN antenna suitable to be disposed

at a notched region of the system ground plane of the handset to

achieve compact integration therein. That is, the internal antenna

is to closely integrate with two nearby protruded grounds

extended at the two corners of the main ground plane of the

handset, which is different from the case of only one nearby

protruded ground for the internal WWAN antenna that have

been studied [10–18]. Also, the two protruded grounds have a

large size of 10 � 10 mm2 and both can be used to accommo-

date associated electronic elements as in the antenna designs

studied in Refs. 10–18.

To fit in the notched region of the system ground plane with

small or negligible coupling with the two nearby protruded

grounds, the proposed antenna applies a coupled-fed loop struc-

ture comprising a monopole feed and a coupled strip. The latter

is coupled-fed by the monopole feed to provide a 0.25-wave-

length loop path, which generates a 0.25-wavelength loop mode

[25–27] at about 850 MHz and a higher-order loop mode at

about 1.7 GHz. The monopole feed also functions as a radiator

[28] and contributes a 0.25-wavelength mode at about 2.1 GHz

to combine with the higher-order loop mode to form the anten-

na’s upper band to cover the 1710–2170 MHz band. As for

obtaining a wide lower band for the antenna, the technique of

using a three-element bandstop circuit [29] is applied, which

results in a dual-resonance excitation of the 0.25-wavelength

loop mode such that the desired antenna’s lower band to cover

the 824–960 MHz band is obtained. Detailed operating principle

of the proposed antenna is described in this article. Results of

the fabricated prototype of the proposed antenna are presented

and discussed. Radiation characteristics of the antenna and its

simulated SAR values for 1-g head tissue [20] and the HAC

results for American National Standards Institute (ANSI)

C63.10-2007 specification [22] are also shown.

2. PROPOSED ANTENNA

Figure 1(a) shows the geometry of the proposed coupled-fed

loop antenna integrated with a notched system ground plane for

WWAN operation in the mobile handset. Back view of the

notched system ground plane is shown in Figure 1(b). Dimen-

sions of the antenna’s metal pattern are given in Figure 1(c).

The configuration of the proposed antenna can be seen more

clearly from the photos of the fabricated antenna shown in Fig-

ure 2. The notched region is at the bottom edge of the system

circuit board of size 60 � 115 mm2, which is made by a 0.8-

mm thick FR4 substrate of relative permittivity 4.4 and loss tan-

gent 0.02 in this study. The selected dimensions of the system

circuit board are reasonable for many commercially available

smartphones. The notched region has a size of 10 � 40 mm2,

and there are two protruded grounds of size 10 � 10 mm2 at

both sides of the notched region. The two protruded grounds are

connected to the main ground plane of size 60 � 105 mm2.

Both the protruded grounds and the main ground plane are

printed on the back side of the system circuit board and form

the system ground plane of the mobile handset.

Figure 1 (a) Geometry of the proposed coupled-fed loop antenna inte-

grated with a notched system ground plane for WWAN operation in the

mobile handset. (b) Back view of the notched system ground plane. (c)

Dimensions of the antenna’s metal pattern. [Color figure can be viewed

in the online issue, which is available at wileyonlinelibrary.com]
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The antenna occupies a volume of 10 � 40 � 5 mm3 and is

disposed at the notched region. The antenna comprises a monop-

ole feed and a coupled strip, and both are mainly printed on a

0.8-mm-thick FR4 substrate as shown in the figure. One end

(Point A) of the monopole feed is the feeding point of the

antenna. The monopole feed has a length of about 34.5 mm and

can generate a 0.25-wavelength resonant mode at about 2.1

GHz. By tuning the length t in the monopole feed, the resonant

mode generated by the monopole feed can be effectively con-

trolled. Related results will be discussed in Section 4 with the

aid of Figure 11.

Further, through a 2-mm coupling gap, the monopole feed

couples to the coupled strip, whose one end (Point B) is

grounded to the main ground plane, to provide a loop resonant

path of about 97 mm, which is close to 0.25-wavelength at

about 900 MHz. The loop resonant path can generate a 0.25-

wavelength loop mode at about 900 MHz and a higher-order

loop mode at about 1.7 GHz. The latter combines with the reso-

nant mode generated by the monopole feed to form a wide oper-

ating band covering the GSM1800/1900/UMTS operation. As

for the 0.25-wavelength loop mode, a dual-resonance excitation

can be obtained by adding an external three-element bandstop

circuit [29], which results in a wide operating band covering the

GSM850/900 operation.

The reason for the dual-resonance excitation is because the

bandstop circuit can generate a parallel resonance at about 1.1

GHz, which is slightly higher than the resonant frequency of the

0.25-wavelength loop mode. The parallel resonance can effec-

tively compensate for the large capacitive reactance of the fre-

quencies at the high-frequency tail of the 0.25-wavelength loop

mode, thereby causing an additional resonance (zero reactance)

occurred nearby the resonant frequency of the 0.25-wavelength

loop mode. This condition leads to a dual-resonance excitation

for the 0.25-wavelength loop mode. More detailed results are

shown in Figure 4 and will be discussed in Section 3. Also, note

that the coupled strip has a widened open-end section, which

can shift the excited loop resonant modes to lower frequencies.

By tuning the width w in the widened open-end section of the

Figure 4 Simulated (a) return loss and (b) input impedance for the

proposed antenna and the case without the bandstop circuit. [Color fig-

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

wileyonlinelibrary.com]

Figure 3 Measured and simulated return loss for the proposed

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

able at wileyonlinelibrary.com]

Figure 2 Photos of the fabricated antenna. (a) Front view. (b) Back

view. (c) Front view seeing the feeding side of the antenna. (d) Front

view seeing the widened open-end portion of the coupled strip. [Color

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

wileyonlinelibrary.com]
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coupled strip, the excited loop resonant modes especially the

0.25-wavelength loop mode can be adjusted. Details of the

results will be discussed in Section 4 with the aid of Figure 10.

3. RESULTS AND DISCUSSION

Figure 3 shows the measured and simulated return loss for the

fabricated antenna. Simulated results are obtained using ANSYS

simulation software high frequency structure simulator version

12 [30]. The measured data agree with the simulated results.

The obtained antenna’s lower and upper bands, with impedance

matching defined by 3:1 VSWR (6-dB return loss), cover the

desired 824–960 and 1710–2170 MHz bands. Note that 3:1

VSWR is widely used as the design specification for the internal

WWAN handset antenna.

To analyze the operating principle of the antenna, Figure 4

shows the simulated return loss and input impedance for the

proposed antenna and the case without the bandstop circuit. In

Figure 4(a), for the input impedance, it is seen that the band-

width of the 0.25-wavelength loop mode without the bandstop

circuit is much smaller than that of the proposed antenna. This

Figure 5 Measured 3D total-power radiation patterns for the proposed

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

able at wileyonlinelibrary.com]

Figure 6 Measured antenna efficiency (mismatching loss included)

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

issue, which is available at wileyonlinelibrary.com]

Figure 7 SAR simulation model and the simulated SAR values for

1-g head tissue for the proposed antenna. [Color figure can be viewed

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

Figure 8 HAC simulation model and the simulated HAC results for

the proposed antenna with the notched system ground plane and the case

with a simple rectangular system ground plane (no protruded grounds).

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

wileyonlinelibrary.com]
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behavior can be seen more clearly in Figure 4(b) for the input

impedance. A parallel resonance is occurred at about 1.1 GHz at

the high-frequency tail of the 0.25-wavelength loop mode. The

parallel resonance especially improves the input reactance at fre-

quencies around 900 MHz, resulting in an additional resonance

(zero reactance) occurred at about 950 MHz. This additional res-

onance leads to a dual-resonance excitation of the 0.25-wave-

length loop mode, and hence a wide antenna’s lower band is

obtained. The bandstop circuit also improves the impedance

matching for the 0.25-wavelength mode of the monopole feed,

leading to better return loss obtained for frequencies in the

desired antenna’s upper band.

The measured three-dimensional (3D) total-power radiation

patterns are plotted in Figure 5. The antenna is tested in a far-

field anechoic chamber. The full 3D patterns and half 3D pat-

terns with the cross-sectional cut at the y–z plane are shown.

Results at five typical frequencies of 859, 925, 1795, 1920,

and 2045 MHz are presented. At lower frequencies of 859

and 925 MHz, dipole-like radiation patterns with omnidirec-

tional radiation in the azimuthal plane (x–y plane) are

observed. At higher frequencies of 1795, 1920, and 2045

MHz, some dips near the azimuthal plane of the radiation pat-

terns are seen, which is related to the surface current nulls on

the main ground plane of the handset at higher frequencies.

Figure 6 presents the measured antenna efficiency of the fab-

ricated antenna. The antenna efficiency includes the mis-

matching loss of the antenna. The antenna efficiency varies in

the range of about 63–78% and 63–90% for frequencies over

the lower and upper bands, respectively. The results indicate

that good radiation characteristics are obtained for the pro-

posed antenna.

Figure 7 shows the SAR simulation model and the simulated

SAR values for 1-g head tissue. The simulation model is based

on the simulation software SEMCAD X version 14 [31]. The

simulated SAR values obtained at typical frequencies of the five

operating bands are listed in the table in the figure. The return

loss showing the impedance matching level at each testing fre-

quency is also given. The input power for the SAR testing is 24

dBm or 0.25 W for the GSM850/900 operation (859 and 925

MHz) and 21 dBm or 0.125 W for the GSM1800/1900/UMTS

operation (1795, 1920, and 2045 MHz). The obtained SAR val-

ues for 1-g head tissue are well below the limit of 1.6 W/kg,

indicating that the proposed antenna is promising for practical

handset applications.

Figure 9 Simulated surface current distributions excited on (a) the notched system ground plane and (b) the simple rectangular system ground plane.

The two ground planes are printed on the FR4 substrate of same dimensions (115 � 60 mm2). [Color figure can be viewed in the online issue, which is

available at wileyonlinelibrary.com]
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Figure 8 shows the HAC simulation model and the simulated

HAC results for the proposed antenna with the notched system

ground plane and the case with a simple rectangular system

ground plane (no protruded grounds). The HAC model is based

on the standard ANSI C63.19-2007 [22] and provided by SEM-

CAD X version 14 [31]. The HAC testing power is 33 dBm (2

W continuous input power) for the GSM850/900 operation (859

and 925 MHz), 30 dBm (1 W continuous input power) for the

GSM1800/1900 operation (1795 and 1920 MHz), and 21 dBm

(0.125 W continuous input power) for the UMTS operation

(2045 MHz). The return loss at each testing frequency is also

given in the figure. The HAC results are obtained at the obser-

vation plane of 50 � 50 mm2 centered above the acoustic output

center with a height of 15 mm. The obtained near-field E-field

and H-field strengths for the HAC testing are seen to be rated in

the M3 or M4 category [22–24], indicating that the proposed

antenna with the notched system ground plane can lead to a

hearing-aid compatible mobile handset (the HAC results should

all be in the M3 or higher category). Also, the obtained E-field

and H-field strengths are weaker for the proposed antenna with

the notched system ground plane than for the corresponding

case with a simple rectangular system ground plane (for exam-

ple, at 1920 MHz, the E-field and H-field for the proposed case

are weaker by about 6.2 and 3.3 dB, respectively, than those for

the case without protruded grounds). Also, note that the latter is

rated in the M2 category and cannot be treated to be an HAC

mobile handset.

The improvements in the HAC behavior can be seen more

clearly from the simulated surface current distributions excited

on the notched system ground plane and the simple rectangular

system ground plane as shown in Figure 9. It can be seen that

the protruded grounds can attract some excited surface currents

such that those on the main ground plane are decreased for the

notched system ground plane. In this case, decreased near-field

emission observed at the HAC observation plane can be

expected.

4. PARAMETRIC STUDY

Effects of some design parameters are also studied. Figure 10

shows the simulated return loss as a function of the width w in

the widened open-end section of the coupled strip. Other dimen-

sions are the same as in Figure 1. Results for the width w varied

from 3 to 5 mm are shown in Figure 10. It is seen that the two

loop modes at about 900 and 1700 MHz are shifted to lower fre-

quencies with an increase in the width w. As the coupled strip is

a major portion of the loop path provided in the proposed

antenna, it is reasonable that a larger width w in the coupled

strip can lead to an increase in the resonant length of the loop

path, which decreases the resonant frequency of the excited loop

modes. As for the resonant mode at about 2.1 GHz, only the im-

pedance matching is affected by the variations in the width w,
and the resonant frequency is generally not affected.

Figure 11 shows the simulated return loss as a function of

the length t in the monopole feed. Results for the length t varied
from about 13.5 to 15.5 mm are shown. Relatively large effects

on the resonant mode related to the monopole feed are seen,

indicating that the resonant mode at about 2.1 GHz can be con-

trolled by adjusting the length t. For the 0.25-wavelength loop

mode at about 900 MHz, only the impedance matching level is

affected. This is reasonable, as the variations in the length t will
lead to some effects in the coupling excitation of the loop reso-

nant mode. Compared with the 0.25-wavelength loop mode, the

observed effects on the loop mode at about 1.7 GHz are larger,

which is probably because it is a higher-order loop mode, and a

current null (that is, strong electric field) will occur in the

coupled strip [32]. In this case, the coupling variations between

the monopole feed and the coupled strip will lead to larger

effects on the higher-order loop mode than on the fundamental

0.25-wavelength loop mode.

5. CONCLUSIONS

An internal penta-band WWAN antenna especially suitable to

be applied in the handset having a notched system ground plane

has been proposed and studied. The use of an external bandstop

circuit, which does not increase the antenna volume, to enhance

the lower-band bandwidth of the antenna has been demonstrated.

Detailed operating principle of the proposed antenna has also

been studied. The fabricated prototype of the proposed antenna

showed two wide operating bands with good radiation character-

istics for the penta-band WWAN operation. With the notched

system ground plane, the proposed antenna also showed

decreased near-field emissions such that the antenna can meet

the SAR and HAC requirements. The results make the proposed

antenna with the notched system ground plane very promising

for practical handset applications.

Figure 10 Simulated return loss as a function of the width w in the

widened open-end section of the coupled strip. 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 11 Simulated return loss as a function of the length t in the

monopole feed. 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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ABSTRACT: This letter proposes a BiCMOS voltage-controlled
oscillator (VCO), which was implemented in the standard TSMC 0.18

lm SiGe 3P6M BiCMOS process. The VCO consists of an nMOSFET
cross-coupled oscillator stacked in series with source degenerated HBT

diodes. SiGe HBT has an inherently low flicker noise compared to
CMOS devices. At the supply voltage of 1.5 V, the output phase noise of
the VCO is �122.01 dBc/Hz at 1 MHz offset frequency from the carrier

frequency of 5.6 GHz, and the figure of merit is �190.43 dBc/Hz.
VC 2012 Wiley Periodicals, Inc. Microwave Opt Technol Lett 54:605–

608, 2012; View this article online at wileyonlinelibrary.com. DOI

10.1002/mop.26619

Key words: LC cross-coupled voltage-controlled oscillators; SiGe HBT;
source degeneration

1. INTRODUCTION

Being a key block of monolithic wireless transceivers, fully inte-

grated LC-tank voltage controlled oscillators (VCOs) are of

great interest. SiGe BiCMOS has become a dominant
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