
program. Type-B uncertainty is evaluated through a Monte

Carlo simulation program [5]. The uncertainties in Tmin at all

frequencies are below 5.1%, and the uncertainties in |Copt| are

below 5.8%. The fitted reduced gain is within 0.065 dB differ-

ence from the values measured on the VNA (�32.4 dB) at all

three frequency points. These results are comparable to the pre-

vious VTU measurements [2].

5. DISCUSSION AND CONCLUSIONS

Here, we want to emphasize that we have not exercised inten-

sive efforts in the design of a high-end component. Rather, the

goal of this article is to demonstrate, for the first time, an effi-

cient noise-parameter de-embedding method by use of a simpli-

fied phase shifter. In comparison to commercially available

solid-state tuners based on PIN-diode arrays, the phase shifter

consisting of varactors is a continuous impedance synthesizer,

requiring fewer numbers of components to provide the same

number of impedance states. Furthermore, PIN-diodes at fully

on state draw non-negligible currents and contribute shot noise

in addition to thermal noise [6]. For precision measurement pur-

pose, they can be no longer considered as passive devices and

need extra step to characterize their noise emission.

However, the prototype phase shifter used for noise-parame-

ter measurements does need improvements. It has limited band-

width and its reflection magnitude is not variable. First, a broad-

band coupler can be designed by means of a multi-layer

microstrip circuit [7], although that increases the complexity in

fabrication and packaging. Second, the reflection magnitude can

be increased by improving the microstrip-to-coaxial coupling.

Moreover, the parasitic resistance of the varactor can be com-

pensated by adding a bipolar junction transistor (BJT) in series,

which has negative resistance characteristic [8]. Third, rather

than leaving it unconnected, we can terminate the isolation port

of the coupler with a junction field-effect transistor (JFET),

functioning as a voltage controlled resistor (VCR). Therefore,

the magnitude of the reflection will be also adjustable, which in

turn creates more mapping capability on the Smith chart.

In conclusion, we have successfully demonstrated the design,

fabrication, and implementation of a 5–7 GHz phase shifter for

noise-parameter extraction on a packaged amplifier. The phase

shifter provides ultra-portability and fast response, far better

than a mechanical tuner. Its good repeatability ensures the direct

use on noise temperature instruments without online VNA

requirement. The measured results showed acceptable uncer-

tainty. We also expect that the design is compatible with the

transistor fabrication process and can potentially be incorporated

onto the same wafer to provide quick on-wafer metrology.
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ABSTRACT: This work presents an internal mobile phone antenna

occupying a small board space of 600 mm2 on the system circuit board
and providing three wide operating bands of at least 698–960, 1710–
2690, and 5150–5825 MHz for the 11-band long term evolution (LTE)/

wireless wide area network (WWAN)/wideband local area network
(WLAN) operation. This includes three LTE bands of LTE700/2300/2500,

five WWAN bands of GSM850/900/1800/1900/UMTS, and three WLAN
2.4/5.2/5.8 GHz bands. The antenna is a coupled-fed shorted monopole,
with a wide feeding strip in the coupling feed, a long shorting strip closely

coupled to the shorted monopole, and a tuning stub connected to the
shorting strip. The antenna’s three wide operating bands are achieved and

controlled by tuning the width of the feeding strip, the gap between the
shorting strip and the shorted monopole, and the dimensions of the tuning
stub. Operating principle of the proposed antenna is described in detail in

this article. Results of the fabricated antenna are presented and discussed.
The specific absorption rate results of the antenna with the presence of the

user’s head and hand are also studied.VC 2010 Wiley Periodicals, Inc.

Microwave Opt Technol Lett 52:2603–2608, 2010; View this article

online at wileyonlinelibrary.com. DOI 10.1002/mop.25526

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

antennas; WLAN antennas

1. INTRODUCTION

To achieve small size and wideband operation is generally

demanded for the internal mobile phone antennas [1]. This is a

Figure 4 Fitted results of LNA Tmin and LNA |Copt| from five day

VTU measurements. Error bars indicate the standard uncertainty (1r)

DOI 10.1002/mop MICROWAVE AND OPTICAL TECHNOLOGY LETTERS / Vol. 52, No. 11, November 2010 2603



major challenging design issue for the internal wireless wide area

network (WWAN) antenna, especially in its applications in the slim

mobile phones in which the internal antenna should have a thin pro-

file (generally less than 4 mm) [2–6]. For achieving WWAN opera-

tion in the five operating bands of GSM850/900/1800/1900/UMTS

(824–894/880–960/1710–1880/1850–1990/1920–2170 MHz), some

promising on-board printed antennas have been reported in the pub-

lished articles [7–14], in which the antenna generally requires a

small board space of about 600 mm2 or less and is suitable for slim

mobile phone applications. Recently, promising thin-profile internal

mobile phone antenna designs for achieving the 8-band operation

for WWAN and long term evolution (LTE [15]) operation have also

been reported [16], in which the antenna can provide two wide oper-

ating bands of 698–960 and 1710–2690 MHz for the 8-band LTE/

WWAN operation.

In this work, we push the limit of the thin-profile internal

mobile phone antenna with a small size to cover the 11-band

operation which includes three LTE bands of LTE700/2300/

2500 (698–787/2300–2400/2500–2690 MHz), five WWAN

bands of GSM850/900/1800/1900/UMTS, and three WLAN 2.4/

5.2/5.8 GHz bands (2400–2484/ 5150–5350/5725–5825 MHz).

For the 11-band operation, the proposed antenna in the article

occupies a small board space of 600 mm2 on the system circuit

board of the mobile phone and provides three wide operating

bands of at least 698–960, 1710–2690, and 5150–5825 MHz.

For the LTE and WWAN bands, the impedance matching for

frequencies over the bands is better than 6-dB return loss, while

for the wideband local area network (WLAN) bands, the imped-

ance matching over the bands is better than 10-dB return loss.

The proposed antenna is a coupled-fed shorted monopole.

The small-size wideband operation is obtained by using a wide

feeding strip in the coupling feed, a long shorting strip closely

coupled to the shorted monopole, and a tuning stub connected to

the shorting strip. Detailed dimensions of the proposed antenna

are described, and the operating principle for small-size wide-

band operation is discussed in the article. The antenna was also

fabricated and tested, and results of the fabricated antenna are

presented. The radiation characteristics of the antenna including

the specific absorption rate (SAR) [17–19] values for the 1-g tis-

sue of the head only and the head and hand are also analyzed.

2. PROPOSED ANTENNA

Figure 1(a) shows the geometry of the proposed antenna, whose

detailed dimensions are given in Figure 1(b). The antenna is a

coupled-fed shorted monopole and is disposed on the board space

of size 15 � 40 mm2 on the system circuit board of the mobile

phone. The antenna mainly comprises a shorted monopole, a wide

feeding strip to capacitively excite the shorted monopole, a long

shorting strip (section DE) with a large portion closely coupled to

the shorted monopole, and a tuning stub connected to shorting

strip. The metal pattern of the antenna is mainly printed on the

system circuit board, except that a top bent portion made from a

0.2-mm thick metal plate is connected to the shorted monopole.

This top bent portion is chosen to have a width of 3 mm such that

it can fit in the modern slim mobile phone with a thin profile, and

it can help in achieving good radiation efficiency of the antenna,

especially the radiating frequency at the lower frequencies in the

LTE700/GSM850/900 bands.

In the study, the system circuit board is made from a 0.8-

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

gent 0.024. On the back side of the FR4 substrate, a ground

plane of width 40 mm and length 100 mm is printed, which is

treated as the system ground plane of the mobile phone. A plas-

tic housing made from 1-mm thick plastic slab of relative per-

mittivity 3.0 and conductivity 0.01 S/m encloses the FR4 sub-

strate as the mobile phone housing. The plastic housing is

chosen to have a thickness of 10 mm in the study, and the sys-

tem circuit board is arranged to be at about the center of the

plastic housing.

The antenna can provide three wide operating bands; the first

band covers the LTE700/GSM850/900 (698–960 MHz) with

return loss better than 6 dB, the second band covers the

GSM1800/1900/UMTS (1710–2690 MHz) with return loss better

than 6 dB and the 2.4 GHz WLAN (2400–2484 MHz) with

return loss better than 10 dB, and the third band covers the 5.2/

5.8 GHz WLAN (5150–5825 MHz) with return loss better than

10 dB. To achieve good impedance matching for frequencies

over the first band, the long shorting strip in the proposed

antenna is crucial. With a large portion of the shorting strip

closely coupled to the shorted monopole with a small gap (b) of

0.5 mm, it helps achieve improved impedance matching over

the first band. For the second band, the wide feeding strip with

a width (a) of 7 mm is effectively in achieving good impedance

matching for frequencies over the second band, especially those

over the 2.4 GHz WLAN band. This is because the wide feeding

strip has a resonant length close to 0.25-wavelength of the fre-

quencies in the second band, hence the widened width of the

feeding strip is especially helpful in improving the impedance

matching in the second band.

For the third band, the tuning stub connected to the shorting

strip is crucial. As shown in the figure, the tuning stub is of an

asymmetric T-shape. By adjusting the length m and n (selected

Figure 1 (a) Geometry of the proposed small-size 11-band LTE/

WWAN/WLAN internal mobile phone antenna. (b) Dimensions of the

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

able at wileyonlinelibrary.com]
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to be 5.0 and 5.5 mm in the study, respectively), the impedance

matching for frequencies in the third band can be greatly

improved to achieve good impedance matching better than 10

dB in return loss.

Also notice that the shorted monopole is generally formed

into a C-shape, such that it can provide a resonant length of

about 80 mm, although the width of the system circuit board is

40 mm only in the study. This resonant length is close to 0.25-

wavelength of the frequencies in the first band, hence the

shorted monopole can support the excitation of the resonant

modes for the first band. The shorted monopole is excited

capacitively by the feeding strip through a coupling gap of 0.3

mm between the feeding edge (section BC) in the feeding strip

and the coupling edge (section FG) in the shorted monopole.

With the coupling feed, it is promising for the shorted monopole

to achieve dual-resonance excitation for the excited quarter-

wavelength resonant mode such that the wideband operation for

the antenna’s first band can be obtained. The operating principle

of the coupling-feed mechanism in achieving the dual-resonance

excitation for the excited resonant mode for the coupled-fed

PIFAs (planar inverted-F antennas) or shorted monopoles has

also been recently studied [20–24]; however, in the recent stud-

ies, the obtained bandwidths of the excited dual-resonant mode

can cover the GSM850/900 (824–960 MHz) operation only.

3. RESULTS AND DISCUSSION

The proposed antenna was fabricated and experimentally stud-

ied. Figure 2 shows the measured and simulated return loss for

the fabricated antenna. The simulation results are obtained using

Ansoft simulation software HFSS version 12 [25]. The measured

data are observed to agree with the simulated results. From the

results, three wide operating bands have been obtained for the

antenna. The first band has a very wide 3-dB return-loss band-

width of 555 MHz (695–1250 MHz), which easily covers the

LTE700/GSM850/900 operation. Note that the 6-dB return loss

(3:1 VSWR) is widely used as the internal mobile phone

antenna design specification for the LTE/WWAN operation. The

second band also shows a very wide 6-dB return-loss bandwidth

of 1180 MHz (1635–2815 MHz), allowing the antenna to cover

the GSM1800/1900/UMTS/LTE2300/2500 operation. Also, for

the 10-dB return-loss bandwidth generally required for the

WLAN operation, the second band provides a bandwidth of 710

MHz (2060–2770 MHz), wide enough to cover the 2.4 GHz

WLAN operation. For the third band, it has a wide 10-dB

return-loss bandwidth of 800 MHz (5120–5920 MHz), which

covers the 5.2/5.8 GHz WLAN operation. Hence, from the

obtained results, the 11-band LTE/WWAN/WLAN operation is

obtained for the proposed antenna.

The operating principle of the proposed antenna is analyzed

in Figure 3, in which the simulated return-loss results for the

proposed antenna, the case with a simple feeding strip and a

simple shorting strip (Ref1), Ref1 with a long shorting strip

coupled to the shorted monopole (Ref2), Ref2 with a widened

feeding strip (Ref3), and Ref3 with a simple tuning stub con-

nected to the shorting strip (Ref4) are presented. All the corre-

sponding dimensions of the five antennas studied in the figure

are the same. Ref1 uses a simple coupling feed and a simple

shorting strip for the shorted monopole; three resonant modes at

about 1300, 1900, and 5000 MHz are excited; however, the

obtained bandwidths are far from covering the required operat-

ing bands. By modifying Ref1 to introduce a long shorting strip

with a large portion closely coupled to the shorted monopole

(Ref2), dual-resonance excitation of the resonant mode in the

desired first band is obtained; however, the other two resonant

modes at about 1900 and 5000 MHz are relatively slightly

affected by the introduced long shorting strip.

Further, by widening the feeding strip as seen for Ref3, a

very wide second band is obtained. This is achieved by an addi-

tional resonant mode at about 2400 MHz, which incorporates

the resonant mode at about 1900 MHz to form the desired sec-

ond band. This additional new resonant mode is contributed by

the widened feeding strip as explained in Section 2. For Ref3,

Figure 2 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 3 Simulated return loss for the proposed antenna, the case

with a simple feeding strip and a simple shorting strip (Ref1), Ref1 with

a long shorting strip closely coupled to the shorted monopole (Ref2),

Ref2 with a widened feeding strip (Ref3), and Ref3 with a simple tuning

stub connected to the shorting strip (Ref4). [Color figure can be viewed

in the online issue, which is available at wileyonlinelibrary.com]
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wide bandwidth for the first band is still maintained; however,

the third band is still not wide enough for the desired 5.2/5.8

GHz WLAN operation. By connecting a simple tuning stub to

form Ref4, the impedance matching for the third band is

improved. By modifying the simple tuning stub to be the tuning

stub as shown in the proposed antenna, much improved imped-

ance matching for frequencies over the third band is obtained,

making the obtained 10-dB return loss bandwidth wide enough

for the 5.2/5.8 GHz WLAN operation.

A parametric study for some major parameters in adjusting

the impedance matching for frequencies over the three operating

bands is also presented here. Figure 4 shows the simulated

return loss for the proposed antenna as a function of the gap b
between the shorting strip and the shorted monopole; other

dimensions are the same as given in Figure 1. Results for the

gap b varied from 0.5 to 1.5 mm are presented. Large effects on

the impedance matching of the dual-resonance mode in the first

band are seen. On the other hand, small effects on the second

mode are observed. For the third band, the decrease in the gap b
can also shift the lower-edge frequency of the third band to

lower frequencies.

Figure 5 shows the simulated return loss for the proposed

antenna as a function of the width a of the feeding strip. Results

for the width a varied from 3 to 7 mm are presented. Large

effects on the second band are seen, which confirms the discus-

sion in Figure 3 that the widened feeding strip can achieve the

desired wide second band. Also, small effects on the first and

third bands are observed.

Figure 6 shows the simulated return loss for the proposed

antenna as a function of the length m and n of the tuning stub

connected to the shorting strip. Results for the length m varied

from 4 to 6 mm are shown in Figure 6(a), while those for the

length n varied from 0 to 5.5 mm are shown in Figure 6(b). For

both cases, small effects on the first and second bands are

observed. On the other hand, large effects on the third band are

seen. This also confirms that the desired third band can be

obtained by introducing the proposed tuning stub to the shorting

strip.

Figure 7 shows the measured three-dimensional (3D) total-

power radiation patterns for the proposed antenna. Four radia-

tion patterns seen from four different directions of front, back,

top, and bottom are shown. The radiation patterns at 830 MHz,

which are typical for the frequencies in the first band, are simi-

lar to those of the traditional half-wavelength dipole antenna. At

1940 and 2450 MHz in the second band, more variations in the

radiation patterns are seen; there are also dips or nulls seen in

the azimuthal plane, the top direction, and the bottom direction

of the radiation patterns. This characteristic indicates that the

Figure 4 Simulated return loss for the proposed antenna as a function

of the gap b between the shorting strip and the shorted monopole. Other

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

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

Figure 5 Simulated return loss for the proposed antenna as a function

of the width a of the feeding strip. Other dimensions are the same as

given in Figure 1. [Color figure can be viewed in the online issue, which

is available at wileyonlinelibrary.com]

Figure 6 Simulated return loss for the proposed antenna as a function

of (a) the length m and (b) the length n of the tuning stub connected to

the shorting strip. Other dimensions are the same as given in Fig. 1.

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

wileyonlinelibrary.com]
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excited resonant modes in the second band are related to the

higher-order modes of the dipole antenna. At 5500 MHz in

the third band, much more variations in the radiation patterns are

seen; this is largely because that in this case, the system ground

plane has dimensions much larger than the wavelengths of the

operating frequencies and thus functions more like a reflector than

a part of the radiator as in the first and second bands.

The measured radiation efficiency for the proposed antenna

is presented in Figure 8. Results for the first and second bands

are shown in Figure 8(a), while those for the third band are

shown in Figure 8(b). The radiation frequencies are about 51–

75%, 68–93%, and 67–92% for the first, second and third bands,

respectively. The radiation frequencies are all better than 50%

over the 11 operating bands, which are acceptable for practical

mobile phone applications.

The SAR results are analyzed in Figure 9. In the figure, the

SAR simulation model provided by SEMCAD version 14 [26] is

shown, and the simulated 1-g SAR values for the two cases of

the head only and the head and hand are also given. Results for

the central frequencies of the eight operating bands of the LTE

and WWAN are shown, and the impedance matching level at

the testing frequency for the two cases is also provided. Notice

that the proposed antenna is mounted at the bottom of the mo-

bile phone, which has been shown to be promising to achieve

decreased SAR values for the mobile phone [12, 19, 27–29].

The grip of the hand phantom on the mobile phone is shown in

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

plastic housing is set to 25 mm. These settings are reasonable

for testing the SAR values with the user’s hand presence [19].

In this study, the SAR results are tested using input power of

24 dBm for the GSM850/900 operation (859, 925 MHz), and 21

dBm for the GSM1800/1900 operation (1795, 1920 MHz),

UMTS operation (2045 MHz) and LTE operation (740, 2350,

2595 MHz). For the head only case, the obtained 1-g SAR val-

Figure 8 Measured radiation efficiency for the proposed antenna. (a)

The first and second operating bands. (b) The third operating band.

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

wileyonlinelibrary.com]

Figure 9 SAR simulation model and the simulated 1-g SAR values

for the proposed antenna. The return loss given in the table is the im-

pedance matching level at the testing frequency. [Color figure can be

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

Figure 7 Measured three-dimensional (3D) total-power radiation pat-

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

issue, which is available at wileyonlinelibrary.com]
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ues are all well below the limit of 1.6 W/kg [17]. For the head

and hand case, small SAR increases at lower frequencies are

seen as compared to those for the head only case. However,

large SAR increases at higher frequencies are observed. At 2350

and 2595 MHz, the obtained SAR values are larger than the 1.6

W/kg limit. This behavior needs to be considered when the

user’s hand is included in the SAR specifications for the internal

mobile pone antennas [19].

4. CONCLUSION

An internal mobile phone antenna suitable to be disposed on a

small board space (600 mm2 only) of the system circuit board

and capable of providing three wide operating bands for the 11-

band LTE/WWAN/WLAN operation has been proposed, fabri-

cated, and studied. Detailed operating principle of the proposed

antenna has been analyzed, and results for the fabricated antenna

have been presented and studied. Good radiation characteristics

for frequencies over the 11 operating bands have been observed.

The obtained 1-g SAR results for the head-only case are also

well below the 1.6 W/kg limit; this suggests that the proposed

antenna is promising for practical mobile phone applications.

However, when the user’s hand holding the mobile phone is

included in the testing, the obtained SAR results at higher fre-

quencies in the LTE2300/2500 bands quickly increase and can

no longer meet the 1.6 W/kg limit. This behavior requires fur-

ther studies, especially when the user’s hand holding the mobile

phone is required to be included in the SAR testing in the near

future [19].
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ABSTRACT: A novel forward and backward periodic microstrip

antenna is presented and tested in this article. The experimental results
show that the main lobe scans electronically from 140� to 30� in y–z

plane when the operating frequency increases from 3.2 to 8 GHz. The
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