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Abstract :

In this paper, a novel design of heptagonal slot antenna is proposed to be used for ultra
wideband (UWB) applications. This antenna has a heptagonal slot with suitable dimensions
on the lower side of a dielectric substrate which represents the ground plane, and a
symmetrical slant cut ends microstrip line on the upper side of the substrate. In order to
cover the entire bandwidth that was specified for UWB applications, a bevel rectangular with
rectangular notch cut tuning stub is used to enhance the coupling between the heptagonal
slot and the taper microstrip feed line. Several kinds of techniques are used to improve the
design of the proposed antenna such as; adjusting the gap between the tuning stub and lower
edge of heptagonal slot, adjusting the feed position point of the tuning stub, adjusting the
end cut angle of microstrip line and bevel angle of tuning stub. The radiation characteristics
of the proposed antenna such as radiation pattern, gain, impedance bandwidth are
investigated and found be accepted over the whole operating 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.

Key words. Heptagonal antenna, slot antenna, printed antenna, UWB antenna, tuning
stub.

Lo jadf 48il8 LSS cylaly) cilipkil 3 ol 94 asaal

o auls dlla e 53 g a1 3 f
3 sl daals | Leudigl) S | Laity g <)) Aeantigl acid

DAl

ol ogd) 138 Aoa il Lo jadf A&ild ciliukall 8 Jarid 7 ) odll g 3 o luw I 9 anaal ol Cianll Jia

s siwa ABbl) 53 Jiad dua Sl Sisal did) Bk o jday duulie Al JSAI) Sl (3 e G55

dic biliie Jile phd o g giny (g i yd gl o g giaid Jjlall S e Ll 4Bkl 8 Ll YY)

JSy de shie JSA Abica d2d ) plaiid a7 JalSlly ALY Lo jadf cillphd bid Llaicl Ao Jand Sy 4ilgs

A G gl 0 Cppeaadt Al g U i) (9S8 Adma Slagly fibiiesa jday cdaliall (a8 gdaa g Cpilad] (e Jila
Luded) Akl 8 gl oyl pdially bl Akl S o L)

59


mailto:drasabdallah@ieee.org
mailto:malik_jf1974@yahoo.com

Journal of Engineering and Development, Vol. 18, No.6, November 2014, ISSN 1813- 7822

i) 8 gadll Laidlall Lol yaali s & Clulill 0da g & silall i s¢dl asaial Gl Gl Sie afdiiv AF

bt Duilial) adadlf 4y g)j pand (U cuad! Luilial) Lidgil) il yaas o eladl Fall i) Lty oL
ol g lady) Jaad Jia £ lad¥l pal i O LA cuind! Dualial) Sbaall 4ygl j tad ISy gdal) ay pull) (g diad)
Ay ¢ al) Al sgdl o A IS5 Jard) L jad Lucilie Lgeily San g A9 Lguand 2T 7 jdial) sl dadlaal) daja g
A gy @l L Sy i gou 4 iy 130 9 Jard] daja Ssb o S sk dlliagg Saa g Jlaw pailad dllia

1. Introduction

The ultra wideband (UWB) radio system has attracted both industrial and academic
communities attentions since the Federa Communication Committee (FCC) approval of
frequency band between 3.1GHz to 10.6 GHz for commercial applicationsin 2002 .

Relatively large electric near-fields which are owned by patch antennas make them
coupling with nearby objects. In contrary, slot antennas have comparatively large magnetic
near-fields that tend not to strongly couple with nearby objects 3. Also, slot antennas have
many good merits like light weight, low profile, wide frequency bandwidth and ease of
fabrication. Mainly, a slot antenna consists of a ot with certain shape in the lower side of the
dielectric substrate that represents the ground plane, and microstrip line with tuning stub are set
up on the upper side of the dielectric substrate of the printed-circuit boards (PCBs). In some
configurations, the dlot in the ground plane, microstrip line and tuning stub are coplanar with
each other in the same side of dielectric substrate ©*.

There are severa kinds of this type of antennas according to the slot shape such as circle,
rectangle, triangle, and arc-shape and so on. The feed line of these antennas may be microstrip
line, or coplanar waveguide (CPW) [+,

In this paper, a novel design of heptagonal slot antenna is proposed for UWB applications.
The antenna consists of a heptagonal slot in the ground plane and a bevel rectangular with a
rectangular notch cut tuning stub on opposite sides of the substrate. The tuning stub is fed
through a 50Q microstrip line. The tuning stub is used to increase the matching between the
microstrip line in the top of the substrate and the heptagonal slot in the bottom of substrate to
widen the operating bandwidth. After setting up the conformation of the antenna, determining
the initial parameters and fixing the lower frequency, parametric study is performed to
consolidate the calculated parameters. Then severa techniques of bandwidth enhancement are
applied to broaden the bandwidth and obtain UWB performance. These techniques are:
adjusting the distance between the tuning stub and lower edge of heptagona slot technique,
adjusting the slant angle cutting of the end of microstrip line technique, optimum feed point
technique and adjusting the bevel angle of tuning stub technique.
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2. Antenna Design

The proposed dot is configured as heptagona as shown in Figure 1 with the FR4
dielectric substrate, which has arelative permittivity &= 4.4 and athickness h=1.5 mm.
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Fig .(1) The proposed heptagonal slot antenna
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Fig .(2) The geometry of heptagonal slot

9 =360/7=51428
R, = cos(6 /2)R, = 09R, .. (1)

Thearea (A,) of thetriangle shown in Figure 2 is therefore equal to:

1 1 1 , ,
Al = EB X R2 = EB X O.9R1 = 50.7812R1 = 0.391R1

where B = 0.868R; approximately in heptagon. The total area of the heptagonal structureis

then equal to:
A=TA,=2737R> (2)
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In dlot antenna, it is found that the lower edge frequency of the bandwidth can be
approximately found by equating the area of the dlot configuration to that of cylindrical wire
(8] "By applying the same principle on the proposed heptagonal structure, we get:

Trl = 2737}'{12 .................... (3)

where:

r- the equivaent radius of the cylindrical wire.
|- the height of the cylindrical wire.

Ri- the main radius of the heptagonal dlot.

The lower edge frequency (f;) of the bandwidth is given by [*%:

c 30x0.32
LGHD =3 ="y
or f.(GHz) = 9.6 (4

(R, + 0.4356R,)

Thedimensionsof |, r, R; aredll in centimeters.
In order to take the effect of substrate in consideration, the above equation can be modified as:

9.6
(Ry + 0.4356R1),[€r0rf

.(5)

fL(GHz) =

where g iSthe effective relative permittivity of the substrate, and given by [20]

g +1

3. Antenna Parametric Study

The main radius (R;) of the heptagon slot can be calculated according to Equation 5 as
13.5mm. Therefore, the values of (B) and (R,) are calculated as 11.718mm and 12.15mm
respectively.

The heptagonal slot with a radius (R;) and a 50Q microstrip feed line are printed on
opposite sides of the FR4 dielectric substrate. The width and length of the ground plane and
dielectric substrate are denoted by (W) and (L) respectively. To achieve 50Q2 impedance, the
width of the microstrip feed line (w) is calculated as 2.89mm. In order to enhance the matching
between the microstrip feed line in the top layer of substrate and the heptagonal slot in the
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bottom of it, a rectangular tuning stub is used ! with dimensions of (W, L1) which is notched
cutting by rectangular with dimension (W,xL,). The distance between the lower edge of

heptagonal slot and the bottom of the tuning stub is denoted by (d), the bevel angle of
rectangular tuning stub is denoted by (6,), the slant angle cutting of the end of microstrip line
is denoted by (6,), and the feed point position of the tuning stub is denoted by (x;).

The main parameters that affect the performance of the antenna are the electrical and
geometrical parameters, such as slot dimensions in the ground plane, the distance between the
bottom of tuning stub and lower edge of the slot, feed point position, bevel angle of rectangular
tuning stub, and slant angle cutting off the end of the microstrip feed line.

In this section, the effect of important parameters on the performance of the antenna are
analyzed and a parametric study is executed to optimize the antenna performance.

3.1. The distance between the bottom of tuning stub and lower edge of
the heptagonal slot (d):

The first parameter to be optimized is the distance between the bottom of tuning stub at the
top of dielectric substrate and lower edge of heptagonal slot at bottom of dielectric substrate
(d). The value of R; is fixed at 13.5mm, and the other parameters are initialy selected as
L=40mm and W=30mm in order to just cover the heptagonal slot and the feed line, and also to
give a bandwidth that covers the whole bandwidth according to FCC (3.1-10.6) GHz.
Figure (3) and Table 1 illustrated the -10dB bandwidth against the values of (d). It is obvious
that changing (d) parameter has a significant effect on the -10dB bandwidth. This bandwidth
becomes narrower as (d) becomes larger since the impedance matching of the antenna becomes
worse. It is aso noticed that the return loss has approximately the same value (around 2.5GHz)
for different values of d, which means that antenna response at the lower resonant frequency is
not affected by the increasing of (d). The optimum distance is thus found to be d=0.5mm. At
this optimum value of d, the real part of the antenna input impedance shown in Figure (4)
varies sowly around the 50Q2 value, while the imaginary part of the antenna input impedance
remains small across awide frequency range, leading to a UWB performance.
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Figure 3: Simulated return loss of heptagonal slot antenna for different
distances (d) with R;= 13.5mm, L=40mm and W=30mm
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Table .(1) Distance (d) against the bandwidth of heptagonal slot antenna

d L ower edge of Upper edge of bandwidth Bandwidth
(mm) bandwidth (GHZ2) (GH2) (GH2)
0.1 2.64 17 14.36
0.3 2.56 18.8 16.24
0.5 2.53 More than 20 Morethan 17.47
0.8 2.45 More than 20 Morethan 17.55
1 2.35 More than 20 Morethan 17.65
13 2.22 13 10.78
20,00
—  BRazalpart
60.00 —: " Imaginarv part
40.00 —:
-"; zum—f
; 0.00 —W\l
=200 —:
4000 —
204 4.0 G000 800 10040 12 My 1404} 16040 18,04 20,00
Freq [GE]

Fig .(4) Simulated input impedance of heptagonal slot antenna for d=0.5mm with
R:=13.5mm, L=40mm and W=30mm

3.2. Feed point position (X4):

The feed point position (x;) is the second parameter to be optimized keeping the values of
Ry, L, and W as in the previous section and d=0.5mm. Figure (5) shows the simulation return
loss of the proposed antenna as a function of frequency. Many different values of feed point
position (x;) are listed in Table 2 against the bandwidth of proposed antenna. It is noticed that
the impedance matching is getting worse as (x;) becomes very close to any dlot side. The
impedance matching increases when feed point is near the center of the lower edge of slot due
to the symmetry of current distribution along the slot, and thus a larger bandwidth is obtained.
The optimal value of the feed point position is found at x;=20mm. The rea and imaginary parts
of the input impedance of proposed antenna are shown in Figure (6). Both the resistance and
reactance are fluctuating around 50Q and 0Q respectively, when the vaue of x; is 20mm,
which |eads to a wide operating bandwidth.
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Fig .(5) Simulated return loss of heptagonal slot antenna for different feed point
positions with R;=13.5mm, L=40mm, d=0.5mm and W=30mm

Table .(2) Feed point position (x1) against the bandwidth of heptagonal slot

antenna
Lower edge of | Upper edge of
X1(mm) bandwidth bandwidth Bandwidth (GH2)
(GH2) (GH2)

135 4.35 10.18 Does not cover the whole UWB bandwidth
15 2.95 10.44 Does not cover the whole UWB bandwidth
19 241 More than 20 More than 17.59
20 244 More than 20 More than 17.56 but the response is better

than x;=19mm
23 3.09 3.83 Does not cover the whole UWB bandwidth
26.5 5.19 6.78 Does not cover the whole UWB bandwidth
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Fig .(6) Simulated input impedance of heptagonal slot antenna for feed point
position x;=20mm with R;=13.5mm, L=40mm, d=0.5mm and W=30mm
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3.3. Ground Plane Width (W)

The third parameter to be optimized is the ground plane width using R;=13.5mm,
L=40mm, d=0.5mm and x;=20mm. Figure (7) shows the simulated antenna return loss for
different value of ground plane width (W). Table 3 shows the -10dB bandwidth of the antenna
for different values of (W). The influence of the ground plane width variation is clear through
shifting all the resonance modes across the spectrum. It is apparent that the variation of ground
plane width does not affect the response of proposed antenna since the current distribution is
concentrated along the edge of heptagona slot and feed line. The optimal value of ground
plane width is found to be at W=40mm.

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

antenna
W(mm) Lower edge of bandwidth Upper edge of bandwidth Bandwidth
(GH2) (GH2) (GH2)
30 251 16.91 14.4
32 2.55 More than 20 More than 17.45
34 2.75 More than 20 More than 17.25
36 2.65 More than 20 More than 17.35
38 2.49 More than 20 Morethan 17. 51
40 247 More than 20 More than 17.53

—W=4{mm
—W=3Emm
—W=36mm
—W=34mm

—W=32mm|
— W=3{mn}

Return Loss (1 B)
1 I 1

T T T ) T Wi 16l e 300
Freq|GHY

Fig .(7) Simulated return loss of heptagonal slot antenna for different ground
widths with feed point position x;=20mm, R;= 13.5mm, d=0.5mm and L=40mm
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3.4. Ground Plane Length (L):

The fourth parameter to be optimized is the ground plane length (L) using R;=13.5mm,
W=40mm, d=0. 5mm and x;=20mm. The simulated antenna return loss as a function of
frequency with different values of ground length (L) is shown in Figure 8. It is clear that the
antenna-10dB bandwidth is not affected very much by the variation of (L). Since the current of
the antenna is mainly distributed along the y-direction, therefore the ground plane length (L)
can be decreased without loss much of the bandwidth, leading to a procedure for
miniaturization of the antenna size. The optimum value of L isfound as 48mm.
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Fig .(8) Simulated return loss of heptagonal slot antenna for different ground
lengths with x;=20mm, R;= 13.5mm, W=40mm and d=0.5mm

3.5. Bevel angle 04:

The fifth parameter to be optimized is the bevel angle (61) using R;=13.5mm, W=40mm,
d=0.5mm, x;=20mm and L=48mm. The simulated return loss of antenna versus the frequency
for different values of the bevel angle (0,) is presented in Figure 9. It is clear that the values of
bevel angle are affecting the matching impedance for the whole bandwidth, especialy at high
frequencies. Higher frequencies can be controlled and hence the entire band can be enhanced
by adjusting the bevel angles. By varying the angle of the bevel (6,), the low and middle
frequencies are highly influenced. Thus, using bevel provides more degrees of freedom and by
adjusting this angle, the bandwidth will be widened as well as a good level of matching can be
achieved. The optimum bevel angleisfoundtobeat 6; = 26°.

67



0, = 45
o — o, =42 f
W A= g, =30
—_— = 3

— =32

Fetwim Lass{dB §

Fig .(9) Simulated return loss of heptagonal slot antenna for different bevel
angles @;with x;=20mm, R;= 13.5mm, W=40mm, L=48mm and d=0.5mm

3.6. Slant angle 05:

The sixth parameter to be optimized is the slant angle (6,) using Rj=13.5mm, W=40mm,
d=0.5mm, x;=20mm, L=48mm and 6,=26°. The simulated return loss of proposed antenna with
respect to the frequency for different values of the slant angle (6,) is plotted in Figure 10. It is
observed that the lower frequency of the -10dB bandwidth is independent of the slant angle
(62), but higher frequencies of this bandwidth that are very sensitive to changing of the slant
angle (6,). This is because the slant angle affects the coupling between the rectangular tuning
stub and the ground plane. The optimum slant angle is found to be at 6,=13°. Other important
parameters which have some effects on the response of the proposed antenna are the
dimensions of the rectangular tuning stub. These dimensions are optimized, and found as
W;=10mm, L;=10.8mm, W,=3.6mm, L,=8mm.

i —
ST —_
2000 —f
0

Eeturm Lass (4B )

10 2 i Wb 10 b4 120 T li# 1 o
Freq |GHY

Fig .(10) Simulated return loss of heptagonal slot antenna for different slant
angle 8, with x;=20mm, R;= 13.5mm, W=40mm, L=48mm, d=0.5mm and 6,=26°
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4. The Optimized Design

The optimized heptagona slot antenna is constructed as shown in Figure (11) taking into
account the final parameter values shown in Table 4.

Fig .(11) The prototype of the heptagonal slot antenna with R;=13.5mm,
d=0.5mm, W=40mm, L=48mm, W;=10mm, L,;=10.8mm, W,=3.6mm, L,=8mm,
X1=20mm, ; = 26, and 6, = 13°

Table .(4) Optimal design parameters of heptagonal slot antenna

Parameter Value
the substrate thickness (h) 1.5mm
relative permittivity () 4.4
the length of the substrate (L) 48mm
the width of the substrate (W) 40mm
the width of the rectangular tuning stub ( W) 10mm
the length of the rectangular tuning stub (L) 10.8mm
the width of the rectangular notch cutting (W) 3.6mm
the length of the rectangular notch cutting (L>) 8mm
the width of the microstrip feed line (W) 2.89mm
the distance (d) 0.5mm
bevel angle (6,) 26°
slant angle (8,) 13°

5. Results And Discussion

The optimized antenna structure is first simulated at three different frequencies 3.5GHz,
7.5 GHz and 8.5 GHz. The resulted current distributions at these frequencies are presented in

Figure (12).
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Fig .(12) Simulated current distribution of the optimized heptagonal slot antenna
for different resonance frequencies

It is clear that the current distribution is mainly centralized along the edge of the
heptagonal slot and the rectangular tuning stub, and this explains why the first resonant
frequency is affected by the slot dimensions. The pattern of these frequencies indicates an
existence of different resonance modes at different frequencies. This proves that the heptagonal
slot antenna is qualified to support multi resonant modes, and the overlapping of these modes
produced an UWB characteristic.

5.1. Return loss

Figure (13) shows the return loss of the optimized antenna. The -10dB bandwidth is found
to remain under -10dB (2-20) GHz. Therefore, the bandwidth of the antenna is more than 18
GHz. It is clear that the optimized antenna supports multiple closely distributed resonance
modes, as mentioned previoudly. Actually, the UWB characteristic of this antenna is resulted
from the overlapping of these resonance modes.
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Fig .(13) Return loss of the heptagonal slot antenna with optimum dimensions
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5.2. Radiation pattern

The E-plane and H-plane radiation patterns of the optimized antenna structure are shown in
Figure (14, 15 and 16) at frequencies 3.5 GHz, 7.5 GHz and 8.5 GHz respectively. These
radiation patterns show that the proposed antenna has omni-directional patterns (one of UWB
properties) in the H-plane for all frequencies. The E-plane patterns, at low frequencies form a
figure-of-eight patterns, with dips at high frequencies. The heptagona slot antenna shows an
acceptable radiation pattern variation in its entire operational bandwidth since the reduction
happens only for asmall part of the whole bandwidth and it is not too drastic.

Fig .(16) The simulated H-plane and E-plane radiation patterns at 8.5GHz
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5.3. Antenna gain

The antenna gain versus frequency plot is shown in Figure (17). It is greater than 2.9 dB
for all frequencies in the desired band and varies from 2.9 dB to 7.64 dB over the operating

frequency range.
i —
}_ [\/

1 v | ! 1 v 1 v 1
L] H
frequency (GHz)

Gain (dB)
“h
|

Fig .(17) The peak gain (dB) versus frequency

6. Time Domain Performance Of The Optimized Antenna

To find the transfer function, a system set up is used, as shown in Figure (18), which is
consisted of two identical heptagonal dslot antennas at the transmitter and receiver. The
transmitted and received antennas are vertically placed with a separation of 30cm, (the far field
distance) 2, so that they face each other.

Fig .(18) System set up
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6.1. Magnitude of Transfer Function

Figure (19) shows the magnitude of the transfer function of the heptagona slot antenna
pair. It is clear that the operating band, which is -10dB below the peak, islessthan 7GHz. This
means the signal within this band will be almost equally received. In the band between 7GHz-
8GHz, the magnitude of the transfer function diminishes sharply, which causes a distorted
received signal. For frequencies higher than 8GHz the frequency components would be
received except components around the frequency 9.5 GHz which will be distorted.

10

2000 -

MO i sk Tl ik ik Bw LW LW DR LW LR W TR EE DR 0w
Freq [CH]

Fig .(19) Magnitude of transfer function of heptagonal slot antennas pair

6.2. Phase of Transfer Function

The phase of the transfer function of the heptagona slot antenna pair is shown in Figure
(20). It isclear that this response is nearly linear over the band 3GHz to 12.5 GHz.
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Fig .(20) Phase of transfer function of heptagonal slot antennas pair
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6.3. Group Delay of Transfer Function

The group delay of the transfer function of the heptagona slot antenna pair is shown in
Figure (21). This curve can be considered stable with variation less than 1.8ms in the band
3GHz to 12.3 GHz, which agrees well with the phase of the transfer functions.
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Fig .(21) Group delay of transfer function of heptagonal slot antenna pair

7. Conclusion

A novel, small, low-profile heptagona slot antenna is designed and analyzed in this paper
to meet technology requirements. The proposed antenna consists of a heptagonal slot in the
ground plane and a 50Q2 microstrip feed line with rectangular tuning stub etched on the
opposite sides of a dielectric substrate. This feed line is tapered at its end with certain slant
angle 6, to widen bandwidth, and rectangular tuning stub to increase the matching between the
slot and the feed line. Thus, the slot dimension, the distance d, bevel angle of rectangular tuning
stubf;, and dant angle 6, are the most important parameters that control the antenna
performance.

The frequency domain characteristics of the antenna such as the radiation pattern, gain and
impedance bandwidth are found acceptable in the entire operational bandwidth. The proposed
antenna operates as omni-directional radiation properties over a maor fraction of the
bandwidth. 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 of the received signal.
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