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Figure 2 S parameter versus frequency for different radii of the circular 
PBG lines, Type I. Solid lines, r, = 56 mils; dotted lines, ,-, = 84 mils, 
a = 224 mils, linewidth 24 mils (50 fl). Dielectric substrate: s, = 10.2, 
t, = 25 mils. 
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Figure 3 S parameter versus frequency for a I 0-element circular-pat­
terned PBG line with Chebyshev distribution with r, = 84 mils, a = 224 
mils, and linewidth 24 mils (50 fl). Dielectric substrate: s, = 10.2, h = 25 
mils. Solid line, 25 dB; dotted line, 35 dB. 

(r), called Type l; and (b) polynomial coefficient amplitude rx the 
area of the PBG circle ( 7Tr), called Type 2. The investigations are 
carried out with the two types of PBG configurations with circular 
patterns, and the respective results are given in Section 4. 

The center frequency of the stopband is calculated approxi­
mately with the following expression: 

f3a = '7T, (4) 

where a is the period of the PBG pattern and f3 is the wave number 
in the dielectric slab. f3 is defined by expression (5): 
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Figure 4 S parameters versus frequency for a I 0-element circular­
patterned PBG line with 25-dB side-lobe level Chebyshev distribution with 
r, = 84 mils, a = 224 mils, and linewidth 24 mils (50 fl). Dielectric 
substrate: s, = 10.2, h = 25 mils. Solid line, Chebyshev (Type l); dotted 
line, Chebyshev (Type 2), dot-dashed line, uniform distribution. 

(5) 

wheref0 is the center frequency of the stopband, ee is the effective 
relative permittivity of the dielectric slab, and c is the speed of 
light in free space. 

With the use of expressions (4) and (5), the period for any 
stopband frequency can be determined. For N-element PBG pat­
terns, the nth element's location from the center of the PBG period 
can be derived from the following equation: 

l 
2n - 1 

d,, = --2-a, 

(n - l)a, 

for evenN, 

for odd N. 

Figure l(b) shows such distribution for even N. 

4. RESULTS 

(6) 

The present work uses RT/Duroid 3010 with e,. = 10.2 and 
thickness h = 25 mils. The center frequency is selected at 10 GHz 
and the period a = 224 mils. Based on the design parameters, the 
Chebyshev distributions of PBG patterns have been designed and 
analyzed. The PBG structures are simulated with the method-of­
moments-based software tool Zeland IE3D. The following sub­
sections present the results of the dispersion characteristics in 
terms of S parameters versus frequency for (i) uniform, and (ii) 
Chebyshev distributions. 

4.1. Unifonn 1-D Microstrip PBG. Figure 2 shows the S param­
eters versus frequency for two different filling factors r/a = 0.25 
(r = 56 mils) and r/a = 0.375 (r = 84 mils) for the uniform 
distribution of circular patterns with a period of 224 mils. As can 
be seen in the figure, the filling factor plays important role in 
determining the rejection bandwidth. For r = 56 mils (solid lines), 
the 20-dB (S21 ) rejection bandwidth is 1.89 GHz, whereas for r = 
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Figure 6 Variation of the static characteristic impedance versus II for 
different values of (I) 

where the parameter II allows control of the shape of the micros trip 
interface (Figure 3). 

Figures 4 and 5 show, respectively, the variation of the char­
acteristic impedance (ZL), the effective dielectric constant (e,.,rr_.), 
the normalized capacitance (C/e0) and inductance (L/µ 0 ) as a 
function of the shape of the dielectric layer determined by the 
parameter u [3] considering: e,. 1 = 10.185, e,.2 = 1, W = 0.01 
mm, b = 0.5 mm, and t = 0. Comparison with [7] and [8] also 
shows good agreement for 11 = 0. 

Table I shows the characteristic impedance (ZL) of microstrip 
lines for t1 = 0 with different combinations of thickness t and 
width w of the conductor strip. Comparisons were made with 
Nan-Chang and Tan [9], Ivanov and Djankov [10), and Honma and 
Fukai [11). The relative error made in neglecting tin [9] and [10) 
can reach 1.6%. Good agreement was found for all calculations. 

The variation of the characteristic impedance (ZL) for different 
values of strip metallization thickness, as a function of II for 
microstriplines with varying thickness enclosed in a rectangular 
waveguide, is depicted in Figure 6, with e,. 1 = 2.65, e,.2 = 1, 
W = 0.02 mm, and a = b = 1 mm. It is clearly seen from these 
curves that ZL decreases as t increases. Again, these results agree 
well with those from [9] when t1 = 0. 

IV. CONCLUSIONS 

In this article the method of lines is extended to the quasi-static 
analysis of microstrip lines printed on dielectric layers with arbi­
trarily varying thickness considering zero and finite metallization 
thickness. Our results show good agreement with data available in 
the literature. 

Furthermore, these results are obtained with substantially 
smaller computational effort (CPU time and memory) with the use 
of these equidistant discretization lines. The advantages of the 

method of lines are shorter computer time, applicability to many 
different structures, and high accuracy. 
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PLANAR MONOPOLE FOLDED INTO A 
COMPACT STRUCTURE FOR VERY­
LOW-PROFILE MUL TIBAND MOBILE­
PHONE ANTENNA 

Pey-Ling Teng and Kin-Lu Wong 
Department of Electrical Engineering 
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Kaohsiung 804, Taiwan 

Received 9 October 2001 

ABSTRACT: A planar monopole consisting of three branch strips and 
folded illto a rectangular-box-like compact stmcture for vel)•-low-profile 
GSM/DCS/PCS mulriband mobile-phone antennas is presented. The 
three branch strips are designed to operate as quarter-wavelength struc­
tures at 900, 1800, and 1900 MHz, respectively, and the obtained im­
pedance bandwidths cover the required bandwidths of the GSM band 
(890-960 MHz), tire DCS band (1710-1880 MHz), and the PCS band 
( 1850-1990 MHz). The proposed antenna has a compact size of 6.5 mm 
in height, 6 mm in width, and 25 mm in length, and can be 111011nted 011 
top of a mobile phone with a small distance of 3 111111 to the ground 
plane, resulting in a ve1y low profile of 9.5 mm (less than 3% of the 
wavelength at 900 MHz) from gro11nd for the proposed antenna in prac­
tical applications. © 2002 Wiley Periodicals, Inc. Microwave Opt 
Tech no! Lett 33: 22-25, 2002; DOI 10. 1002/mop. l 0219 

Key words: planar monopole alllennas; mobile-phone ante11nas; folded 
planar monopole antennas 
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propos~~ !~~~e~ structure 

subslrale thickness = O 4 mm (E, == 4.4) 

branch 2 ((1= 56.4 mm; w1 == 1 0 mm) 
oh 3 (t,= 51 4 mm; w, =0.73 mm) 

w, = 0.5 mm ~ : ___.lt'1 = 0.73 mm 
Unit:mm 

Note: I. Strips are printed on a 0.4-mm thick FR4 substrate (s, = 4.4) 

2. Dashed lines are folding lines 

Figure 1 Proposed planar monopole folded into a compact structure for 
multiband mobile phone antennas 

1. INTRODUCTION 

Planar monopole antennas with a low profile are very attractive for 
mobile-phone antenna applications. Recently, a dual-band planar 
monopole antenna design, capable of operating in the GSM (890-
960 MHz) and DCS (1710-1880 MHz) bands has been reported 
[l]. This design is a two-dimensional structure, and is obtained by 
modifying the folded loop antenna reported in [2]. Its antenna 
height, however, is greater than 10% of the free-space wavelength 
at 900 MHz, which makes it less attractive to be employed in 
mobile phones that demand protruded monopole antennas with a 
profile as low as possible. 

This Letter presents a novel very-low-profile design of a planar 
monopole antenna consisting of three branch strips and folded into 
a rectangular-box-like compact structure for applications in multi­
band mobile phones for GSM (890-960 MHz), DCS (1710-1880 
MHz), and PCS (1850-1990 MHz) operations. The proposed 
antenna is first printed on a thin FR4 substrate and then folded into 
a three-dimensional strncture like a rectangular box to achieve a 
much-reduced antenna height (6.5 mm only or about 2% of the 
wavelength at 900 MHz). Details of the proposed antenna design 
are described in this Letter, and experimental results of the pro­
posed antenna are presented and discussed. 

2. ANTENNA DESIGN 

Figure 1 shows the proposed planar monopole folded into a rect­
angular-box-like compact structure for multiband mobile phone 
antennas. The design dimensions are given in the unfolded planar 
structure, whose optimal dimensions are obtained with the aid of 
the commercially available simulation software Ansoft HFSS 

30 - Planar structure 
- Measured 
......... Simulated (Ansoft HFSS) 

4 0~-'-~--'----'--'--~~~~ ~ ~~~---'--~ 

700 1200 1700 

Frequency (MHz) 
2200 

Figure 2 Measured and simulated return loss versus frequency for the 
proposed monopole antenna unfolded into a planar structure 

(high-frequency structure simulator). The proposed monopole con­
sists of three branch strips: Branches 1-3 shown in Figure 1. The 
three branches are all printed on a thin (0.4 mm) FR4 substrate, 
and then, by following the dashed lines shown in the figure, folded 
into a compact structure like a rectangular box. Branch 1 is mainly 
for generating a resonant mode at about 900 MHz for GSM 
operation. Notice that, starting from Point A (the feed point), the 
strip length (C 1) of Branch 1 is 143 mm (about 0.43 wavelength at 
900 MHz), which is meandered in the proposed design to achieve 
a compact strncture, and owing to the coupling effect between two 
adjacent or nearby meandered sections, the effective electrical 
length will be less than the physical length. This is the reason that 
the strip length of Branch 1 is larger than the required 0.25 
wavelength. Also notice that, at the portion close to the end of 
Branch 1, the strip width (0.73 mm) is designed to be larger than 
the other portion (0.5 mm), which is helpful in achieving a wider 
impedance bandwidth (> 70 MHz) for the 900-MHz band. 

Branch 2 is designed for operating at about 1800 MHz for DCS 
band, and its strip length (C2 ) is 56.4 mm (about 0.34 wavelength 
at 1800 MHz). Branch 3 is for operating at about 1900 MHz for 
PCS band, and has a strip length (C3 ) of 51.4 mm (about 0.32 
wavelength at 1900 MHz). Notice that the strip lengths of 
Branches 2 and 3 are closer to 0.25 wavelength than that of Branch 
1, which is largely because less-meandered sections are in 

15 

Folded structure 
- Measured 
......,. Simulated (Ansoft HFSS) 

25 L--'-~--'----'--'---'----'----'--~-'-~~---'-~ 
700 1200 1700 

Frequency (MHz) 

2200 

Figure 3 Measured and simulated return loss versus frequency for the 
proposed monopole antenna in a folded compact structure 
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x-z plane 

.,.._.......,. Ea 
-- E+ x-y plane 

f=900MHz 

y-z plane 

Figure 4 Measured radiation patterns for the proposed antenna at 900 
MHz 

Branches 2 and 3; thus the coupling effect in reducing the effective 
electrical length is relatively smaller. Through the combined ex­
citation of Branches I and 2, an upper band centered at about 1850 
MHz with a wide bandwidth of about 300 MHz covering the DCS 
and PCS bands can be obtained. 

For experimental studies, the proposed antenna is mounted on 
the top portion of an FR4 substrate (thickness 0.4 mm and relative 
permittivity 4.4), which can be considered as the circuit board of 
a practical mobile handset. Notice that the top portion has no 

x-zplane 

.............. Ee 
-- E; x-y plane 

f = 1800 MHz 

8 = O' (t'-Z) 

y-z plane 

Figure 5 Measured radiation patterns for the proposed antenna at 1800 
MHz 

x-z plane 

.,.._.......,. Eo 

-- E; 

~ = 90' (+y) 

x-y plane 

f= 1900 MHz 

8=0' (+z) 

y-z plane 

Figure 6 Measured radiation patterns for the proposed antenna at 1900 
MHz 

ground plane in back, and the proposed antenna should be placed 
at a minimum distance of 3 mm away from the other portion with 
a ground plane in back (see the figure), which has dimensions of 
35 X 105 mm2

. The proposed antenna can then be easily fed al 
Point A with the use of a 50-0 microstripline printed on the FR4 
substrate. In the experiment, the microstripline was further con­
nected to a 50-fl SMA connector placed in the ground-plane side 
of the FR4 substrate . 

3. EXPERIMENTAL RESULTS AND DISCUSSION 

The proposed antenna has been successfully constructed. Figure 2 
shows the measured and simulated return loss against frequency 
for the proposeci monopole antenna unfolded into a planar struc­
ture, and the results for the proposed monopole antenna in a folded 
compact structure are shown in Figure 3. It is first seen that good 
agreement between the measurement and the simulation is ob­
tained, and some deviations between the measured data and the 
simulated results in Figure 3 are largely due to the construction 
en-ors. In addition, it is seen that there are slight variations in the 
obtained impedance bandwidths for the proposed antennas in 
planar and folded structures. From the obtained results in Figure 3, 
the lower band has a bandwidth ( 1 :2.5 VSWR) of 889-960 MHz, 
covering the required GSM band. For the upper band, a bandwidth 
of 1704-2008 MHz is obtained, which covers the required DCS 
and PCS bandwidths. 

Radiation characteristics have also been studied. Measured 
radiation patterns for the proposed antenna at 900, 1800, and 1900 
MHz are presented in Figures 4-6, respectively. The radiation 
patterns at 900 MHz are close to those of a simple monopole 
antenna. On the other hand, no prominent differences between the 
radiation patterns at 1800 and 1900 MHz are seen. Measurements 
at other operating frequencies also show similar radiation patterns 
as shown. This suggests that the radiation patterns are stable in the 
upper band for DCS and PCS operations; so are the radiation 
patterns in the lower band for GSM operation. However, in the 
azimuthal plane (x-y plane), the radiation pattern at 1900 MHz is 
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Figure 7 Measured antenna gain for the proposed antenna. (a) The GSM 
band (890-960 MHz). (b) The DCS (1710-1880 MHz) and PCS (1850-
1990 MHz) bands 

more like omnidirectional radiation than that at 1800 MHz. Mea­
sured antenna gain for the proposed antenna in the lower band for 
GSM operation and in the upper band for DCS and PCS operations 
is shown in Figures 7(a) and 7(b), respectively. The antenna gain 
is about 1.4-1.7 dBi for the operating frequencies in the GSM 
band; for the DCS and PCS operations the antenna gain ranges 
from about 1.9 to 3.6 dBi. 

4. CONCLUSIONS 

A very-low-profile planar monopole antenna suitable for applica­
tions in GSM/DCS/PCS multiband mobile phones has been pro­
posed and implemented. The proposed antenna is folded into a 
rectangular-box-like structure and has a compact size of dimen­
sions 6.5 X 6 X 25 mm3

. With the inclusion of a 3-mm distance 
from the ground plane in practical applications, the proposed 
antenna has a very low profile of 9.5 mm only (less than 3% of the 
wavelength at 900 MHz). 
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ABSTRACT: Antenna efficiency measurements in reverberation 
chambers are done by aFeraging a 1111mber of sampled poll'er leFels, 
measured ivhile the 111ode stirre1· rotates. The number of independent 
samples is the number of stirrer positions that give uncorrelated fields 
in the chambe1; and thereby uncorrelated power leFels. A larger number 
of sa111ples gives a better acrnracy of the 111eas11red Falue. This report 
presents a proposed theoretical model for the number of independent 
samples of a reFerberation chamber, thereby giJ,ing a better understand­
ing of hoiv to optimize a chamber design. Measured data from chambers 
with three different types of stirrers are compared with the 11se of the 
model. © 2002 Wiley Periodicals, Inc. Microwave Opt Technol Lett 33: 
25-28, 2002; DOI I 0.1002/mop. I 0220 

Key words: reverberation chamber; mode stirred chamber; m11ltimode 
chamber; mode stirring 

1. INTRODUCTION 

A reverberation chamber (RC) measurement gives the efficiency 
of the antenna under test by the average received power over all 
stin-er positions. The accuracy of the value depends on how many 
stin-er positions there are that give uncorrelated fields in the 
chamber. Even if the stirrer is moved continuously, there is still a 
limited number of stirrer positions that give uncorrelated fields. 
This number is called the number of independent samples N;nd· A 
high N;nd is always desired. Today, RC mode-stirrer design is to 
some extent based based on previous experience, but unfortunately 
also contains some guesswork. In order to design an optimal RC, 
specifically the stirrer, it would be good to know what affects N;nd 

and how. In order to determine the accuracy of the RC measure­
ments, N;nd is usually calculated after each measurement. This is a 
more complex analysis than finding the average power. A better 
understanding of what affects N;nd might reveal relations from 
which N;nd can be concluded without extra calculations. This study 
aims to find a theoretical model that improves the understanding of 
what lies behind the value of N;nd in a specific chamber, with a 
specific stirrer. 

2. THEORETICAL MODEL 

A crude model is derived, based on chamber volume V and some 
equivalent stirrer volume Vs. Chamber volume is easily measured. 
It is more difficult to define the stirrer volume Vs, but here it is 
taken as the smallest cylinder within which the stirrer fits. It can of 
course be defined in other ways as well. Because of the arbitrary 
definition of stirrer volume, absolute relations are not used to begin 
with, but rather proportionalities. Later on the constant of propor-
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