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Abstract-

A novel printed heptagonal patch antenna is proposed in this paper to
be used in the ultra wideband (UWB) applications. The proposed
antenna consists of a heptagonal patch with appropriate dimensions on
one side of a dielectric substrate, and a partial ground plane on the
adverse side of the substrate. In order to cover the whole bandwidth
allocated for UWB applications, many techniques are used in this
paper to optimize the design of proposed antenna such as; adjusting
the gap between the heptagonal patch and the ground plane, the feed
position of the heptagonal patch, and the width and length of the
ground plane under the heptagonal patch. The parameters of the
proposed antenna such as the radiation pattern, gain, and impedance
bandwidth are investigated and found be acceptable over the entire
operational bandwidth. The proposed antenna also shows a good time
domain characteristics and has a linear phase over this band giving

less distortion of the received signal,



The program which is used in the design of the proposed antenna is

High Frequency Structure Simulator (HFSS).

Index Terms: Heptagonal antenna, patch antenna, printed antenna

(circuit) and UWB antenna.
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1-INTRODUCTION

The ultra wideband (UWB) radio system has attracted both
academic and industrial communities attentions since the Federal
Communication Committee (FCC) approval of frequency band

between 3.1 to 10.6 GHz for commercial applications in 2002 [1].

Finding a suitable antenna design for the implementation of UWB
systems remains a challenge still. Planar antennas are good candidates
for UWB radio system integration because of the merits of lightweight,
low profile and cost effective [2-17]. Mainly, the printed antenna
consists of the planar radiator and ground plane etched oppositely
onto the dielectric substrate of the printed-circuit boards (PCBs). In
some configurations, the ground plane may be coplanar with the
radiators. The radiators can be fed by a microstrip line and coaxial
cable [18].

In this paper, a printed heptagonal patch antenna is proposed to be
used in UWB applications. The antenna consists of a heptagonal patch
and a partial ground plane etched on opposite sides of the substrate.
The radiator is fed through a 50Q microstrip line. After setting up the
configuration of the antenna, determining the initial parameters and
fixing the lower frequency, a parametric study is performed to confirm
the calculated parameters. Then several bandwidth enhancement
techniques are applied to widen the bandwidth and obtain UWB
performance. These techniques are: adjusting the gap between
radiating element and ground plane techmique, the partial ground

technique, and optimum feed point technique.
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2-ANTENNA DESIGN

The proposed radiator shape is selected to be heptagonal as shown in
Figure 1 with the FR4 dielectric substrate, which has a relative

permittivity = 4.4 and a thickness h=1.5 mm.
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Figure 1: The proposed heptagonal Patch Antenna
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Figure 2: The geometry of the heptagonal Patch

Rz = RICOS(G/Z) £ 0.9R1 ale (1)

where0 is equal to 51.428°. The area (A,) of the triangular shown in

Figure 2 is therefore equal to:
1 1 1 s 2
Ay =—Z-B xX R, =§B X 0.9 xRy =EO.7812 X R7 = 0.391 xR}

whereB ~ 0.868R; approximately in heptagon. The total area of the

heptagonal structure is then equal to:

A=7xA,=2737R} - (2)



In monopole antenna, it is found that the frequency corresponding to
the lower edge of the bandwidth can be predicted approximately by
equating the area of the plane configuration to that of cylindrical wire.
The same principle can be applied on the proposed heptagonal

structure, and therefore[19].

y 2nrl = 2.737R% . (3)

where:

r-the equivalent radius of the cylindrical wire.
I-the height of the cylindrical wire.

R;-the main radius of the heptagonal patch.

The resonant frequency (fp), which corresponds to the lower edge of
the bandwidth is given by [19]:

30x0.24

fL (GHZ) = (l T l')

7.2

C
2~ (R, + 0.4356R;) - (4)

or f,(GHz) =

The dimensions of I, r, R, are all in centimeters.

In order to include the effect of substrate, equation (4) should be

modified as:

7.2

f . (GHz) =
. ) (Ry + 0.4356R ) /Erers

.. (5)

where .4 represents the effective relative permittivity of the dielectric

substrate, and given by [20]

£+1
Ereff = rz .- (6)



The width (wy) of the microstrip feed line is calculated according to the

following equation. [20]

1207
JErert | 1+1.393+0.667In( L +1.444) |

Z.= (D

where Z. is the characteristic impedance
1. ANTENNA PARAMETRIC STUDY

The main radius (R;) of the heptagon is calculated according to
Equation 5 as (0.9847cm), and therefore (B) and (R;) are found as
(0.8545c¢m) and (0.8871cm) respectively.

The heptagonal patch with a radius (R;) and a 50Q microstrip feed line
are printed on one side of the FR4 substrate. The length and width of
the substrate are denoted by (L) and (W) respectively. The width (wy)
of the microstrip feed line is calculated as 2.89mm according to
equation (7) in order to achieve 502 characteristic impedance. The
ground plane is etched on the other side of the substrate and has a
length of (L), which actually covers, a section of the feeder line. The
feed gap between the feed point and the ground plane is denoted by
(H). The feed point position of the patch edge is denoted by (x;) as
depicted in Figure 1.

The antenna performance is mainly affected by the geometrical and
electrical parameters, such as the dimensions of the ground plane, feed
gap size, feed point position and relation between the widths of ground
plane and patch. In this section, the important parameters that affect
the antenna performance will be analyzed and a parametric study is

carried out to optimize the antenna performance.
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3.1-Feed Gap (H

The first parameter to be optimized is the feed gap (H). The
optimization process is done by considering R;=9.847mm, the
dimensions of the ground plane are arbitrary selected as L;=14mm and
W=20mm just to cover the patch width and partially the feed line
length. It is found that the response at these dimensions will give
bandwidth that covers the whole frequency range according to
FCC(3.1-10.6 GHz).

The simulated return loss with respect to frequency is shown in Figure
3 for different values of feed gap (H). It is clear that the changing of
(H) parameter has a significant influence on the -10dB bandwidth.
Actually, this bandwidth becomes narrower as (H) becomes larger
since the impedance matching of the antenna becomes worse. It is also
noticed that the lower resonant frequency is not affected by the
increasing of (H), while the higher resomant frequency is apparently
affected by the increasing of (H). thus the optimum feed position is
found to be at a feed gap of H=0.7mm, at this value, the real part of the
antenna input impedance shown in Figure 4 varies slowly around the
50Q2 value, while the imaginary part of the antenna input impedance
remains small across a wide frequency range, leading to a UWB
performance. Table 1 summarizes the values of the lower and upper

resonant frequencies along with their respective bandwidths.
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Figure 3: Simulated return loss of heptagonal patch antenna for different feed
gaps with R;=9.847mm, L;= 14mm and #=20mm
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Figure 4: Simulated input impedance of heptagonal patch antenna for feed gap
of H =0.7mm with R,= 9.847mm, L= 14mm and #=20mm

Tablel: Feed gap distance (H) against the bandwidth of heptagonal

patch antenna

H(m Lower resonant | Upper resonant | Bandwidth
m) frequency(GHz) frequency(GHz) (GHz2)

0.4 3.83 16 12.17

0.7 2.58 14.8 12,22

1.1 243 14.5 12.07

1.5 2 [11.2 9.2

3.2 -Feed Point Position (x,)

The second parameter to be optimized is the feed point position (x;).
The value of H is taken as the optimized value of 0.7mm, while the
values of R;, L;, and W are kept as same as in the previous. Figure 5
shows the simulation return loss of the antenna with respect to
frequency. It is shown that the impedance matching is getting worse as
(x1) becomes very close to any patch side. It is clear that as the feed
point becomes near the patch center, the impedance matching of
antenna increases, and consequently a larger bandwidth is obtained.

This is due to the symmetry of current distribution along the patch.
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The values of feed point position range is taken from the left side to
right side of the lower edge of heptagonal patch and the optimal value
is found at x;=19.478mm. The peak values of the real part and
imaginary part of the antenna are found to be 85Q and 28Q
respectively as shown in Figure 6. It is noticed that, at the frequencies
where the real part is close to 500}, the imaginary part is close to zero.
As a result, the antenna input impedance is matched well to the 50
feeder, leading a wide operating bandwidth. Table 2 summarizes the
values of the lower and upper resonant frequencies along with their

respective bandwidths.
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Figure 5: Simulated return loss of heptagonal patch antenna for different feed
point positions with ;= 9.847mm, L;= M4mm, H=0.7mm and #=20mm
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Figure 6: Simulated input impedance of heptagonal patch antenna for feed point
position x;=19.478mm with Ri= 9.847mm, L= 4mm, A=0.7mm and #=20mm
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Table 2: Feed point position (x;) against the bandwidth of heptagonal

patch antenna

Lower resonant | Upper resonant | Bandwidth
xl(mm)
frequency (GHz) frequency (GHz) (GHz)
15278 |2.6 10.78 8.18
15878 [1.62 11.5 9.88
16834 |3.55 17.3 1375
19478 |23 15.1 12.8
21382 |2.38 10.65 8.27

3 3-Ground Plane Width (W)

The third parameter to be optimized is the ground plane width (W)
using R;=9.847mm, L;=14mm, H=0.7mm and x,=19.478mm. Figure 7
shows the simulated antenna return loss for different values of the
ground plane width (W). The influence of the ground plane width
variation is clear through shifting all the resonance modes across the
spectrum. It is noticeable that the -10dB bandwidth is reduced when
the ground plane width is either too wide or too narrow. According to
the Figure 7 the best response over the entire frequency range is found
at W=40mm therefore, this value is taken as optimal value of ground
plane width. Actually, when the ground plane width is either increased
or decreased from its optimal value, the current distribution on the top
edge of the ground plane is also changed. This phenomenon is
happened due to an increase or decrease of the antenna inductance if it
is treated as a resonating circuit, causing the position change of the
first resonance mode in the spectrum. It also causes the frequencies of

the higher modes to be unevenly shifted.
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Table 3 summarizes the values of the lower and upper resonant

frequencies along with their respective bandwidths.
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Figure 7: Simulated return loss of heptagonal patch antenna for different ground

widths with feed point position x=19.478mm, R;= 9.847mm, A=0.7mm and

Table 3: Ground plane width (W) against the bandwidth of heptagonal

patch antenna

W(m | Lower resonant | Upper resonant | Bandwidth
m) frequency (GHz) frequency (GHz) (GHz2)

56 2.35 15.6 13.25

44 2.55 18.7 16.15

40 2.6 14.96 12.36

24 2.9 15.75 12.85

20 3.1 158 12.7

4 6.3 7.9 1.6

3.4-Ground Plane Length (L)

The fourth parameter to be optimized is the ground plane length (L)
using R;=9.847mm, W=40mm, H=0.7mm and x;=19.478mm. The



simulated antenna return loss as (L) is changed from 5mm to 19mm is
shown in Figure 8. It is obvious that the antenna -10dB bandwidth
does not change much with the variation of (). Since the current of
the antenna is mainly distributed along the y-direction, therefore, the
antenna input impedance and, hence the bandwidth, is mainly
determined by its width (W). The ground plame length (L;) can be
reduced significantly without any sacrifice of the bandwidth, leading to
a procedure for miniaturization of antenna size. Table 4 summarizes
the values of lower and upper resonant frequencies along with their

respective bandwidths.
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Figure 8: Simulated return loss of heptagonal patch antenna for different ground lengths

with feed point position x;=19.478mm, R;= 9.847mm, W=40mm and H=0.7mm



Table 4: The -10dB bandwidths for different lengths of the ground

plane Ly

L, (mm) Lower resonant | Upper resonant | Bandwidt
frequency (GHz) frequency (GHz) h (GHz)
2.62 1545 12.83
2.61 14.96 1235

10 2.59 14.8 1221

12 2.257 14.6 12.343

14 2.359 14.54 12.181

17 2.357 14.8 12.443

19 2.552 14.54 11.988

3.5-Length of substrate (L)

The fifth parameter to be optimized is the length of substrate (L) using
R;=9. 847mm, W=40mm, H=0. 7mm, x,=19.478mm and L;=10mm. The
simulated return loss versus the frequency for different values of the
length of the substrate (L) is presented in Figure 9. It is clear that the
bandwidth of proposed antenna does not change very much with the
variation of (L). Therefore,the substrate length (L) can be taken just to
cover the microstrip line length, feed gap distance (H) and the distance
from the lower edge of the patch to its tip.The optimal value of
substrate length (L) is found to be at L=32mm.
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Figure 9: Simulated return loss of heptagonal patch antenna for
different substrate lengths with x;=19.478mm, R;= 9.847mm,
W=40mm, L;=10mm and H=0.7mm

4-THE OPTIMIZED DESIGN

The optimized heptagonal patch antenna is constructed as shown in
Figure 10 taking into account the final parameter values as shown in

Table 5.
Af
RS

Figure 10: The prototype of the heptagonal patch antenna with x;=19.478mm, R,
=9.847mm, L,=10mm, W=40mm, H=0.7mm and.=32mm
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Table 5: Optimal design parameters of heptagonal patch antenna

Parameter Value
substrate thickness (h) 1.5mm
relative permittivity ( &,) 4.4
length of the substrate (L) 32mm
width of the substrate (W) 40mm

width of the microstrip feed line (Wy) | 2.8Imm

ground plane length (L) 10mm
feed gap (H) 0.7mm
feed point position (x;) 19.478mm

5-RESULTS AND DISCUSSION

The optimized antenna structure with a prescribed parameter value
mentioned in Table 5 is first simulated at three different frequencies
3.5GHz, 7.5 GHz and 13.5 GHz, and the resulted current distributions

at these frequencies are presented in Figure 11.

i
H (HEE R L 3 Lida il L § RasRiiEAbe:
B . il . ] . W |
(n) 3.5GHz (b) 7.5GH= - (©)13.5GHz =

Figure 11: Simulated current distribution of the optimized heptagonal patch antenna
for different resonance frequencieswith the strength of current distribution ranges



(16) e Gaalall aaall el et il A0S dlag

It is clear that, for the three different frequencies, the current
distribution is mainly concentrated along the lower edge of the patch.
This may explain why the first resonant frequency is affected by the
patch dimension. On the other hand, the current distribution on the
ground plane is concentrated along the y-direction within a narrow
area. This is due to the fact that the antenna performance is dependent

on the ground plane width (W) rather than its length (L.).

5.,1-Return L.oss

The return loss of optimized antenna structure is shown in Figure 12.
The -10dB bandwidth is found to be approximately more than 12GHz.
It is clear that the optimized antenna can support multiple closely
distributed resonance modes. Actually, the UWB characteristic of this

antenna is attributed to the overlapping of these resonance modes.

: i
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Figure 12: simulated return loss of the heptagonal patch antenna with

optimum dimensions
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5,2-Radiation Patterns

The E-plane and H-plane radiation patterns of the optimized antenna
structure are shown in Figures 13, 14 and 15 at frequencies 3.5 GHz,
75 GHz and 13.5 GHz respectively. The radiation patterns for
different frequencies show that the proposed antenna has omni-
directional patterns (one of UWB properties) in the H-plane, and for
the E-plane, at low frequencies form figure-of-eight patterns but at
high frequencies, there are dips, the proposed antenna shows an
acceptable radiation pattern in its whole operational bandwidth since
the degradation happens only for a small part of the entire frequency
range and it is not

too drastic.
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Figure 14: The simulated H-plane and E-plane radiation pattern at
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Figure 15: The simulated H-plane and E-plane radiation pattern at 13.5GHz

5.3-Antenna_Gain

The simulated antenna gain versus frequency is shown in Figure 16,
and found to be suitable for the UWB communications and

applications.

Gain (dBi)

LN T 7 T 1
Figure 16: Gain of the heptago411a1 paoch:aﬂmma for different frequencies

6-TIME DOMAIN PERFORMANCE OF THE OPTIMIZED
ANTENNA

A good time domain performance is an essential issue in UWB
antenna. Usually the received signals do not resemble the transmitted

ones because of the distortions. To avoid the distortions in the received



signals, transfer function should have an approximate flat magnitude
and linear phase response over the operational bandwidth. Group
delay is usually used to evaluate the phase response, and ideally when
group delay is constant the phase response is linear. To find the
transfer function, a system set-up is used, as shown in Figure 17, which
is comprised of two identical heptagonal patch antennas at the
transmitter and receiver. The transmitted and received antennas are
vertically placed with a separation of more than 20cm, which is

consistent with the far field distance of all wave lengths in the

frequency range (d = ZDZ/ MI21].

Figure 17: System set-up for calculating the antenna transfer function

6,1-Magnitude of Transfer Function

The magnitude of the transfer function of the heptagonal patch
antenna pair is shown in Figure 18. The operating band corresponding
to -10dB below the peak is less than 5.5GHz, which means that the
signal within this band will be almost equally received. In the band 5.5

GHz-9.5 GHz, the magnitude of the transfer function decreases
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sharply resulting in a distortion of the received signal. At frequencies

higher than 9.5 GHz, the frequency components can be received

without problems.
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Figure 18: Magnitude of transfer function of heotagonal natch antennas pair

6,1-Phase of Transfer Function

The phase of the transfer function of the heptagonal patch antenna

pair is shown in Figure 19. It is shown that this response is nearly
linear over the band 1GHz to 12 GHz

¥

ang_deg(S(2,1)) |d

100.00

T o] Curve Info
\ \ — ang_deg(S(2,1)

\

00 100 200 300 400 500 6.00 7.00 800 ‘!'J-.ﬁléi"iﬁ.;l;l'ﬁlij‘.'n‘i]‘ii'.'ﬂ'u'iifdﬁ'f:l'.ﬁél—srliﬁ 1600 17.00 1800 1900 20.00
ree |G

Figure 19: Phase of transfer function of heptagonal patch antenna pair

6,2-Group Delay of Transfer Function

The group delay of the transfer function of the heptagonal patch

antenna pair is shown in Figure 20. This curve can be considered

stable with variation less than 1.4ns in the band 1GHz to 11.8 GHz.
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Figure 20: Group delay of transfer function of heptagonal patch antenna pair

7-CONCLUSION

A novel, small low-profile printed heptagonal patch antenna is
designed and analyzed satisfy UWB requirements. The proposed
antenna consists of a heptagonal patch and a partial ground plamne
etched on the opposite sides of a dielectric substrate and fed by a 50Q
microstrip line. The frequency domain characteristics of the antenna
such as the radiation pattern, gain and impedance bandwidth are
found acceptable in the entire operational frequency range. The time
domain characteristics of the antenna also found acceptable, and the
antenna proved to posses linear phase over the operational bandwidth,
which leads to constant group delay and less distortion for the received

signal.
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