
In addition, parametric studies were performed to quantify

the effects of height h between the radiation patch and the

ground plate of the antenna on S11. From Figure 6, it can be

seen that the whole resonant frequency decreases with the

increase of h, which owing to the increased equivalent electric

length of the antenna.

The radiation pattern of the fabricated antenna was measured

at 2.45, 5.2, and 5.75 GHz, which are shown in Figures 7–9,

respectively. It can be seen that the radiation patterns at the

three resonant frequencies showed omni-directional patterns in

the x-y plane. At 5.75 GHz, the radiation pattern in the x-z plane
was not exactly omni-directional; this is due to the effect of the

ground plane. The peak gains of the antenna were 1.6 dBi at

2.45 GHz, 2.3 dBi at 5.2 GHz, and 4.4 dBi at 5.75 GHz.

4. CONCLUSIONS

A compact tri-band PIFA for WLAN and WiMAX applications

has been proposed and the effects of dimensions have been stud-

ied. By using the F-T-shaped slots in the radiation patch and intro-

ducing trapezoidal feeding plate, the three resonant modes are

generated. The size of the fabricated radiation patch and ground

plane are 25 � 11 � 8 mm3 and 26 � 40 mm2; this is much

smaller than a conventional inverted-F antenna. Because of its

nearly omni-directional radiation pattern, the antenna has wide and

potential applications for wireless communication applications.
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ABSTRACT: An internal wireless wide area network (WWAN) antenna
applied in a clamshell mobile phone having an equivalent band-stop
circuit at the hinge to decrease the upper ground plane effects of the

mobile phone on the antenna performances is presented. The internal

Figure 7 Measured radiation patterns at 2.45 GHz in the x-y and x-z
planes for the antenna

Figure 8 Measured radiation patterns at 5.2 GHz in the x-y and x-z

planes for the antenna

Figure 9 Measured radiation patterns at 5.75 GHz in the x-y and x-z
planes for the antenna
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WWAN antenna in this study is a small-size printed monopole mounted

at the bottom of the main ground. This band-stop circuit can perform a
parallel resonance at around 900 MHz and leads to high impedance

seen into the upper ground in the 900 MHz band, which greatly
decreases the excited surface currents on the upper ground. At around
1900 MHz, owing to its shorter wavelength, the surface currents on the

upper ground excited by the internal antenna on the main ground are
small for both the traditional and proposed clamshell mobile phone

structures. Hence, over the WWAN operating bands, the presence of the
upper ground shows very small effects on the impedance matching and
radiation characteristics of the antenna on the main ground. The SAR

and HAC studies on the proposed clamshell mobile phone structure are
also presented. VC 2010 Wiley Periodicals, Inc. Microwave Opt Technol

Lett 52: 922–930, 2010; Published online in Wiley InterScience

(www.interscience.wiley.com). DOI 10.1002/mop.25056

Key words: handset antennas; WWAN antennas; clamshell mobile
phone antennas; reduced ground plane effects; band-stop circuit

1. INTRODUCTION

For internal wireless wide area network (WWAN) antennas

applied in the clamshell mobile phone, where there are two

(upper and main) ground planes, different from that of the bar-

type mobile phones, the antenna performances usually suffer

large effects from the presence of the upper ground plane and

its different orientations to the main ground plane for the open

state (talk condition) and closed state (idle condition) [1–11].

This upper ground plane effect is usually significant for the

antenna’s lower band at about 900 MHz. However, there are

very few related studies in the published articles. The upper

ground plane effect is still a challenging problem for the design

of the internal WWAN antenna in the clamshell mobile phone.

To suppress or decrease the upper ground plane effects on

the performances of the internal WWAN antenna, we propose in

this article to introduce an equivalent band-stop circuit [12, 13]

formed by distributed elements at the hinge of the clamshell mo-

bile phone to create a parallel resonance at about 900 MHz,

which results in high impedance seen at the hinge into the upper

ground plane for the 900 MHz band. This proposed design is

related to the idea proposed in [7, 14] in which however, no

detailed results are presented. With the parallel resonance cre-

ated at the hinge, the excited surface currents on the upper

ground plane caused by the internal antenna mounted at the

main ground plane will be greatly decreased. This behavior can

result in decreased effect of the upper ground plane on the per-

formances of the internal WWAN antenna.

With the proposed equivalent band-stop circuit to achieve

reduced ground plane effect, different orientations of the upper

ground plane to the main ground plane such as the clamshell

Figure 1 Proposed structure of an internal printed penta-band WWAN antenna placed at the bottom of the main circuit board and an equivalent band-

stop circuit at the hinge of the clamshell mobile phone. [Color figure can be viewed in the online issue, which is available at www.interscience.

wiley.com]
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mobile phone in the open and closed states will cause small var-

iations on the performances of the internal WWAN antenna for

GSM850/900/1800/1900/UMTS operation. Further, the proposed

design can cause decreased excited surface currents on the upper

ground plane on which the acoustic output is located and is usu-

ally attached onto the user’s ear in the open state for the talk

condition, hence resulting in weaker strengths of the near-field

electric fields in the vicinity of the upper ground plane. This can

result in decreased hearing aid compatibility (HAC) and specific

absorption rate (SAR) values, making it easy for the mobile

phone to meet the HAC standard ANSI C63.19-2007 [15] and

the SAR limit of 1.6 W/kg for the 1-g head tissue and 2.0 W/kg

for the 10-g head tissue [16, 17]. Details of the proposed struc-

ture for reduced ground plane effects in the clamshell mobile

phone are presented and discussed.

2. PROPOSED STRUCTURE FOR REDUCED
GROUND PLANE EFFECTS

Figure 1 shows the proposed structure of an internal clamshell

mobile phone antenna placed at the bottom of the main circuit

board and an equivalent band-stop circuit at the hinge of the

mobile phone. The internal antenna studied here is a printed

penta-band WWAN antenna capable of covering GSM850/900/

1800/1900/UMTS (824�894/890�960/1710�1880/1850�1990/

1920�2170 MHz) bands in the bar-type mobile phone [18]. The

antenna consists of a chip-inductor-embedded longer radiating

strip and a shorter radiating strip. With a 10-nH chip inductor

embedded, the longer radiating strip has a length of about 46

mm only, yet supporting a wide resonant mode at about 900

MHz for GSM850/900 operation. For the shorter radiating strip,

it has a length of about 30 mm and provides a wide resonant

mode at about 1900 MHz for GSM1800/1900/UMTS operation.

This penta-band strip monopole antenna occupies a small area

of about 350 mm2 on the main circuit board and is selected in

this study to be applied in the proposed clamshell mobile phone

structure having an equivalent band-stop circuit at the hinge of

the mobile phone. It will be demonstrated in this study that with

the same design dimensions as in [18] for the bar-type mobile

phone, this internal penta-band strip monopole antenna in the

proposed clamshell mobile phone structure shows similar

Figure 4 Simulated return loss for the antenna in the proposed struc-

ture and reference structure Ref1 [no second parallel element (protruded

strip and coupling strip)]. [Color figure can be viewed in the online

issue, which is available at www.interscience.wiley.com]

Figure 3 (a) Measured and (b) simulated return loss for the antenna in

the open state (a ¼ 15�) and closed state (a ¼ 180�) of the clamshell

mobile phone and in the case of no upper ground plane (i.e., a bar-type

mobile phone). [Color figure can be viewed in the online issue, which is

available at www.interscience.wiley.com]

Figure 2 Equivalent band-stop circuit at the hinge of the clamshell

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

available at www.interscience.wiley.com]
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impedance matching and radiation performances as obtained in

[18]. That is, the presence of the upper ground plane and its dif-

ferent orientations (such as the open state for the talk condition

and the closed state for the idle condition) to the main ground

plane show small effects on the studied internal WWAN antenna

in the clamshell mobile phone.

In the study, the two (main and upper) ground planes of the

clamshell mobile phone have the same dimensions of 60� 100 mm2,

and the upper ground plane is oriented to the main ground

plane with an angle of 15� (a) as shown in Figure 1 for the

open state (talk condition). In the closed state (idle condition),

the upper ground plane will be parallel to the main ground

plane with a ¼ 180�. Also note that the main ground plane

is printed on a 0.8-mm thick FR4 substrate, which is treated

as the main circuit board of the clamshell mobile phone,

whereas the upper ground plane is also printed on a 0.8-mm

thick FR4 substrate and considered as the upper circuit board

of the clamshell mobile phone.

The equivalent band-stop circuit at the hinge of the mobile

phone is formed by two parallel distributed elements. The first

element is a connecting strip (width 1.5 mm and length 10 mm)

Figure 5 Simulated surface current distributions for the proposed

structure and reference structure (Ref1 in Fig. 4) in the open state at (a)

900 MHz and (b) 1900 MHz. [Color figure can be viewed in the online

issue, which is available at www.interscience.wiley.com]

Figure 6 Simulated return loss as a function of (a) the distance d
between the two parallel elements and (b) the length t of the coupling

strip. Other dimensions are the same as given in Figure 1. [Color figure

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

wiley.com]

Figure 7 Simulated return loss as a function of the length k of the

upper ground plane. Other dimensions are the same as given in Figure 1.

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

www.interscience.wiley.com]
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across the hinge to connect the two ground planes; this element

functions as a distributed inductor in the equivalent circuit

shown in Figure 2. The second element comprises a metal strip

(width 1.5 mm and length 9.2 mm) protruded from the main

ground plane and across the hinge connecting to a coupling strip

(length t ¼ 5 mm and width 1.5 mm), which capacitively cou-

ples to the upper ground plane through the 0.8-mm thick FR4

substrate; this element functions as a distributed inductor in se-

ries with an equivalent capacitor as shown in Figure 2. The dis-

tance d between the two elements is 57 mm; however, the dis-

tance t can be varied with very small effects on the

performances of the internal WWAN antenna. The equivalent

capacitor in the second element can also be replaced by using a

chip capacitor of 4.7 pF (the inset in Fig. 8), hence the antenna

performances is almost not affected.

The proposed band-stop circuit at the hinge of the mobile

phone is designed to result in a parallel resonance at around

900 MHz. This leads to high impedance seen into the upper

ground plane in the 900 MHz band and greatly decreases the

possible surface currents excited on the upper ground plane by

the internal antenna mounted at the bottom of the main circuit

board. In this case, the effects of the upper ground plane on the

performances of the internal antenna in the 900 MHz band are

greatly reduced. For operating in the antenna’s upper band at

around 1900 MHz covering GSM1800/1900/UMTS operation,

the wavelengths of the operating frequencies are much shorter

than those in the 900 MHz band, and hence the excited surface

currents are relatively much weaker on upper ground plane,

owing to its much larger size seen by the internal antenna at

around 1900 MHz. That is, the upper ground plane effects are

Figure 9 Measured three-dimensional (3-D) radiation patterns for the antenna in the proposed structure with a ¼ 15�. [Color figure can be viewed in

the online issue, which is available at www.interscience.wiley.com]

Figure 8 Simulated return loss for the proposed structure and refer-

ence structure Ref2 (a chip capacitor of 0.47 pF replacing the coupling

strip). [Color figure can be viewed in the online issue, which is available

at www.interscience.wiley.com]
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Figure 10 Measured radiation efficiency and antenna gain for the antenna in the open state (a ¼ 15�) and closed state (a ¼ 180�) of the clamshell

mobile phone. (a) The GSM850/900 bands. (b) The GSM1800/1900/UMTS bands. [Color figure can be viewed in the online issue, which is available at

www.interscience.wiley.com]

Figure 11 (a) SAR simulation model provided by SEMCAD. (b) Simulated SAR distributions for 1-g head tissue on the phantom head at 925, 1795

and 2045 MHz. [Color figure can be viewed in the online issue, which is available at www.interscience.wiley.com]
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small on the upper band of the internal antenna for the tradi-

tional clamshell mobile phone [that is, the second parallel ele-

ment at the hinge is not present (the inset in Fig. 4)]. The pro-

posed band-stop circuit at the hinge also shows small effects on

the upper band of the internal antenna. Hence, over the five

operating bands for WWAN operation, the presence of the upper

ground plane and its different orientations to the main ground

plane shows small effects on the performances of the internal

antenna in the proposed clamshell mobile phone with the band-

stop circuit at the hinge. Detailed results of the equivalent band-

stop circuit at the hinge of the clamshell mobile phone are pre-

sented and analyzed in the next section.

3. RESULTS AND DISCUSSION

Figure 3(a) shows the measured return loss for the antenna in

the open state (a ¼ 15�) and closed state (a ¼ 180�) of the

clamshell mobile phone and in the case of no upper ground

plane (i.e., a bar-type mobile phone). The measured data gener-

ally agree with the simulated results obtained using Ansoft

HFSS [19] shown in Figure 3(b). From the results, two wide

operating bands at about 900 and 1900 MHz are obtained. Fur-

ther, the obtained bandwidths of the antenna’s lower and upper

bands for the three cases shown in the figure are about the

same. The lower band covers GSM850/900 operation, while the

upper band covers GSM1800/1900/UMTS operation. The results

clearly indicate that the effects of the upper ground plane on the

antenna performances are small for the internal WWAN antenna

in the proposed clamshell mobile phone structure.

Figure 4 shows the simulated return loss for the antenna in

the proposed structure and the reference structure Ref1 where

there is no second parallel element (protruded strip and coupling

strip) at the hinge. In the Ref1 structure, large effects in the

antenna’s lower band are seen; the impedance matching for fre-

quencies in the 900 MHz band is quickly degraded when the

second parallel element is not present. Whereas for the anten-

na’s upper band at about 1900 MHz, small variations in the im-

pedance matching are seen. This behavior agrees with the dis-

cussion in Section II, which is because of the much smaller

wavelengths of the operating frequencies in the 1900 MHz band

much shorter than those in the 900 MHz band, making the

effective size of the upper ground plane much larger at about

1900 MHz. Thus, the excited surface currents are relatively

much weaker on the upper ground plane in the 1900 MHz band,

thereby resulting in small upper ground plane effects on the in-

ternal WWAN antenna studied here.

The simulated surface current distributions for the proposed

structure and reference structure (Ref1 in Fig. 4) in the open

state at 900 and 1900 MHz are also presented in Figure 5 for

comparison. For the results at 900 MHz shown in Figure 5(a),

large surface currents at the hinge of the mobile phone are seen,

which is owing to the parallel resonance generated by the equiv-

alent band-stop circuit at the hinge. The surface currents on the

upper ground plane of the proposed structure are also seen to be

greatly decreased compared to those on the upper ground plane

of the Ref1 structure. This agrees with the observation in Figure

3 that the upper ground plane effects for the proposed structure

are small. For the results at 1900 MHz shown in Figure 5(b),

the surface currents on the upper ground plane are much weaker

than those on the main ground plane for both the proposed and

the Ref1 structures. This also explains the small upper ground

plane effects seen in the antenna’s upper band in this study.

A parametric study on the equivalent band-stop circuit at the

hinge is also conducted. Figure 6(a) shows the simulated return

loss as a function of the distance d between the two parallel ele-

ments in the band-stop circuit. Other dimensions are the same as

given in Figure 1. Results for the distance d varied from 27 to

57 mm are shown. In the study, the first parallel element (the

connecting strip) is fixed at one corner, while the second parallel

element is moved from the other corner towards the first ele-

ment. Results show that very small effects are seen for various

distances of d. On the other hand, when the length t of the cou-

pling strip in the second parallel element is varied, large effects

in the antenna’s lower band are observed. Results for the length

t varied from 0 to 20 mm are presented in Figure 6(b). The dis-

tance d is fixed as 57 mm and other parameters are also the

same as in Figure 1. The observed results are reasonable,

because the coupling strip contributes the series equivalent ca-

pacitor in the second parallel element and the variations in the

length t will result in variations in the equivalent capacitance

contributed by the coupling strip.

Effects of the length k of the upper ground plane are ana-

lyzed in Figure 7 in which the simulated return loss for the

length k varied from 70 to 100 mm are shown. Very small var-

iations are seen in the impedance matching over the antenna’s

lower and upper bands. This behavior is also related to the

much weaker surface currents observed in the upper ground

plane, especially in the portions near the open edge of the upper

ground plane (Fig. 5). It is also interesting to see that the cou-

pling strip can be replaced by a chip capacitor of 0.47 pF (refer-

ence structure Ref2 in the inset of Fig. 8). In this case, from the

results shown in Figure 8, the simulated return loss for the pro-

posed structure and the Ref2 structure is generally the same.

Figure 9 plots the measured three-dimensional (3-D) radia-

tion patterns for the antenna in the proposed structure with a ¼
15� (the open state). Dipole-like radiation patterns with omnidir-

ectional radiation in the azimuthal plane (x-y plane) at 859 and

925 MHz are observed. For 1795, 1920, and 2045 MHz in the

upper band, the measured radiation patterns are generally about

the same, although there are more variations compared to those

at 859 and 925 MHz. From the results, the stable radiation pat-

terns over the antenna’s lower and upper bands are obtained.

Figure 10 shows the measured radiation efficiency and antenna

gain for the antenna in the open state (a ¼ 15�) and closed state

(a ¼ 180�) of the clamshell mobile phone. Over the GSM850/

900 bands shown in Figure 10(a), the radiation efficiency is

about the same for the two different operating states and is var-

ied from about 50 to 87%. For the antenna gain in the open

state, it is ranged from about 1.8 to 3.1 dBi over the GSM850/

900 bands. In the closed state, the antenna gain is decreased by

about 1 dB, which is mainly owing to the variations in the radi-

ation patterns in the two different states. Over the GSM1800/

1900/UMTS bands shown in Figure 10(b), the radiation effi-

ciency in the open state is ranged from about 75% to 89%.

When the antenna is in the closed state, a small decrease of

about or less than 10% in the radiation efficiency is seen. For

TABLE 1 Parameters of the Simulation Phantom Model
Studied in Figure 11

GSM850/900 Bands

GSM1800/1900/

UMTS Bands

er r (S/m) er r (S/m)

Head liquid 41.5 0.97 40 1.4

Head shell 3.5 0 3.5 0
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the antenna gain in the open state, it is varied in a small range

of about 3.5–4.3 dBi. Some variations in the antenna gain are

also seen for the two different states, which is again owing to

the variations in the radiation patterns caused by the different

orientations of the upper ground plane to the main ground plane.

4. SAR AND HAC STUDIES

For practical applications, the SAR and HAC (required for the

U.S. market [15]) should be analyzed. For the SAR result, it

should meet the limit of 1.6 W/kg for the 1-g head tissue or

2.0 W/kg for the 10-g head tissue. Figure 11(a) shows the SAR

simulation model provided by SEMCAD [20], and the parame-

ters of the simulation phantom model are listed in Table 1. The

simulated SAR values at the central frequencies of the five oper-

ating bands are given in Table 2. The corresponding simulated

SAR distributions for 1-g head tissue on the phantom head at

925, 1795, and 2045 MHz are shown in Figure 11(b). In the

study, the acoustic output position at the upper ground plane

[Fig. 11(a)] is placed close to the phantom ear with a distance

of 3 mm. The obtained 1-g SAR values are lower than 0.5 W/kg

for all the tested frequencies and good impedance matching is

maintained for the proposed antenna with the presence of the

phantom head (Table 2). For the 10-g SAR values, they are all

lower than 0.4 W/kg. The obtained SAR values are well below

the limit for practical applications.

The HAC is tested based on the standard ANSI C63.19-2007

[15]. Figure 12 shows the HAC simulation model provided by

SEMCAD complying with the standard ANSI C63.19-2007. The

observation plane divided into nine cells has a size of 50 �
50 mm2 and is centered 15 mm above the acoustic output of

3 mm here. The HAC values are determined from the peak E-field

and H-field strengths among the nine cells by excluding three

consecutive cells having the strongest field strengths along the

boundary of the observation plane. The obtained HAC results

are shown in Table 3. In the study, the input power is 33 dBm

(2 W continuous input power) at 859 and 925 MHz, 30 dBm at

1795 and 1920 MHz (1 W continuous input power), and 21 dBm

(0.125 W continuous input power). From the results shown, the

E-field and H-field strengths at 859 MHz are 45.1 dBV/m and

�9.7 dBA/m, respectively; in this case, it is rated in the M3 Cat-

egory [22–24]. Similarly, the near-field strengths at 925, 1795,

and 1920 MHz are also rated in the M3 category, whereas those

at 2045 MHz are rated in the M4 category. With all rated at least

in the M3 category, the proposed clamshell mobile phone struc-

ture can be treated as a hearing-aid compatible communication

device meeting ANSI C63.19-2007 [15].

5. CONCLUSIONS

A clamshell mobile phone structure having an equivalent band-

stop circuit at the hinge to achieve reduced upper ground plane

effects on its internal WWAN antenna has been proposed and

studied. The band-stop circuit formed by two parallel distributed

elements across the hinge of the mobile phone can generate a

parallel resonance at about 900 MHz. The proposed clamshell

mobile phone structure can hence have much decreased surface

currents excited on the upper ground plane, when compared to

the traditional clamshell mobile phone structure. This behavior

results in decreased upper ground plane effects on the perform-

ances of the internal WWAN antenna applied in the proposed

clamshell mobile phone structure, and good radiation character-

istics for the clamshell mobile phone in the open and the closed

states have been obtained. Further, owing to the decreased sur-

face currents on the upper ground plane, the near-field electric

and magnetic fields are also expected to be smaller. Thus, the

obtained SAR values for both the 1-g and 10-g head tissues

have been found to be well below the limit for practical applica-

tions. The proposed clamshell mobile phone has also been

TABLE 2 Simulated SAR (SEMCAD) for the Proposed
Structure Studied in Figure 11

(W/kg)

Frequency (Return Loss at the Testing Frequency)

859 MHz

(13.8 dB)

925 MHz

(12.4 dB)

1795 MHz

(10.6 dB)

1920 MHz

(15.0 dB)

2045 MHz

(10.6 dB)

1-g SAR 0.45 0.49 0.25 0.23 0.18

10-g SAR 0.34 0.38 0.16 0.14 0.11

The input power is 24 dBm at 859 and 925 MHz, and 21 dBm at 1795,
1920, and 2045 MHz [21].

Figure 12 HAC simulation model provided by SEMCAD complying

with the standard ANSI C63.19-2007 [15]. [Color figure can be viewed

in the online issue, which is available at www.interscience.wiley.com]

TABLE 3 Simulated Results (SEMCAD) of Peak Electric- and Magnetic-Field Strengths for the Proposed Structure on the
Observation Plane Studied in Figure 12

Peak Field Strength

Frequency (MHz)

859 925 1795 1920 2045

E-field (V/m) 179 (45.1 dB) 189 (45.5 dB) 82.4 (38.3 dB) 74.7 (37.5 dB) 19.3 (25.7 dB)

E-field category M3 M3 M3 M3 M4

H-field (A/m) 0.327 (�9.7 dB) 0.367 (�8.7 dB) 0.247 (�12.1 dB) 0.23 (�12.8 dB) 0.06 (�24.4 dB)

H-field category M4 M4 M3 M3 M4
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evaluated to meet the HAC standard and can be treated as a

hearing-aid compatible communication device.
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ABSTRACT: A diffractive optical element having equal-width
concentric square rings is analyzed in this article. This constant width

makes possible its realization using spatial light modulators or square
pixels phase screens. It allows a simple analytical treatment, and the
element is also simulated using the Rayleigh-Sommerfeld approach. An

experimental verification of its performance has been compared with the
simulated results. VC 2010 Wiley Periodicals, Inc. Microwave Opt

Technol Lett 52: 930–934, 2010; Published online in Wiley InterScience

(www.interscience.wiley.com). DOI 10.1002/mop.25065
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1. INTRODUCTION

A Fresnel zone plate (FZP) is a diffractive element that is able

to be integrated in microoptical devices. Its performance is

based on the interference of successive zones, which are typi-

cally arranged following a phase-shift pattern, the Fresnel zones

being the simplest solution [1]. The typical design for a FZP has

circular shape zones and circular symmetry, like a refractive

lens. However, it can be adapted to some other conformal geo-

metries and off-axis operation [2]. These zones are also known

as semiperiodic zones because the phase of the total amplitude

arriving to the image point from the location of a given zone is

shifted in p with respect to the phase coming from the adjacent

zones. An alternative to a circular zone plate is a polygonal

Fresnel zone plate [3]. When the number of sides of the polygon

is low, the balance between the high focusing performance of a

circular zone plate and the easiness of fabrication at micro and

nanoscales of polygons represents a high advantage for the po-

lygonal designs. The simplest polygonal shape is a triangle;

however, the square because of its natural fitting to the rectan-

gular coordinate system has deserved special attention [3, 4].

The design of a square Fresnel zone plates (SFZP) optimizes it

to perform as a circular Fresnel zone plate. In a previous work

[5], we have studied a SFZP design that is based on the minimi-

zation of the difference between the area covered by the angular

sector of the zone of the corresponding circular plate and the

one covered by the polygon traced on the plate. In the present

contribution, we propose an alternative design for SFZP. In this

case, the distance between the borders of consecutive zones is

*José Marı́a Rico-Garcia is currently at Centre de Recherche Paul
Pascal, Bourdeax, France.
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