hal-00155671, version 1 - 19 Jun 2007

Author manuscript, published in "Progress In Electromagnetics Research 74 (2007) 407-419"

Machine Copy for Proofreading, 2007

BANDWIDTH WIDENING TECHNIQUES FOR
DIRECTIVE ANTENNAS BASED ON PARTIALLY
REFLECTING SURFACES

H. Boutayeb, T. A. Denidni and M. Nedil

INRS-EMT, University of Quebec, 800 rue de la Gauchetiere, Montreal
Quebec H5A 1K6, Canada. boutayeb@emt.inrs.ca

Abstract—The directivity bandwidth of Fabry-Perot directive
antennas is first evaluated theoretically. Then, different techniques
are proposed to widen the directivity bandwidth of antennas using
Partially Reflecting Surfaces. The bandwidths obtained with the
proposed solutions are compared to the bandwidth of a classical Fabry-
Perot directive antenna.

1. INTRODUCTION.

High-gain and compact antennas with a single feed present an
attractive solution for several wireless communication systems. Their
single-feed system allows to increase the gain with low complexity
compared to feeding networks used in conventional antenna arrays.
In addition, the compactness represents an important advantage
compared to parabolic antennas. To design low-profile high-gain
antennas with a single feed, various methods have been proposed, such
as the employment of Fabry-Perot type cavities [1-6], electromagnetic
crystals or zero index metamaterials [7-12].

The inconvenient of high-gain antennas based on Fabry-Perot cavities,
Electromagnetic Band Gap (EBG) materials, or metamaterials is their
narrow directivity bandwidth. This can represent a drawback of
these antennas compared to parabolic antennas, which have a large
directivity bandwidth.

In this work, we propose different techniques to widen the bandwidth
of these types of antennas. Three different configurations employing
Partially Reflecting Surfaces (PRSs) composed of metallic wires are
analyzed.

In Section 2, the directivity bandwidth of Fabry-Perot directive
antennas is analyzed theoretically. Then, a Fabry-Perot cavity with
aperiodic PRSs is considered and presented in Section 3. A structure
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using two different PRSs is studied in Section 4. In Section 5, the
two techniques are combined. The obtained directivity bandwidths of
the different configurations are compared with that of a simple Fabry-
Perot directive antenna. In all the structures presented in this paper,
a dipole is used for the excitation.

2. EVALUATION OF THE DIRECTIVITY BANDWIDTH
OF A FABRY-PEROT DIRECTIVE ANTENNA

It is well known that the bandwidth of a directive antenna based on
a Fabry-Perot cavity decreases significantly when the desired gain is
high. In this section, a relation between the minimum half-power
beamwidth and the bandwidth is derived. The structure shown in Fig.
1 is considered. It is composed of a Fabry-Perot type cavity composed
of two Partially Reflecting Surfaces (PRSs) made of metallic wires. An
omni directional source is in the center of the cavity.
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Figure 1. Principle of the Fabry-Perot directive antenna.

The frequency and angular response of the Fabry-Perot cavity to a
plane wave excitation, which is in the center of the cavity, is called |T,
and it is obtained by summing all the transmitted rays [1]:

1—|r|?
T|* = 1
d 1+ |r]?2 = 2|r|cos (kD cos (0) — ¢r) (1)

where k is the free space wave number and r = |r|exp (jp,) is the
reflection coefficient of the partially reflecting surface constituted by
the row of metallic wires.

For instance, we consider |r| = 0.824, ¢, = 0.252rad and D = 40mm.
In Fig. 2, |T| is plotted versus frequency at § = 0°. The bandwidth of
|T'| versus frequency at its half squared maximum amplitude is defined
as 1/Q , where @ is the quality factor of the cavity. Figure 3 shows |T|
versus angle at different frequencies. These radiation patterns exhibit
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directive beams at the normal directions ( = 0° and § = 180° ) for
frequencies lower than the resonant frequency fy.

T
15 2,0 25 3,0 35
Frequency (GHz)

Figure 2. |T| versus frequency, at 6 = 0°.

For frequencies greater than fj, lobes appear on each side of the normal
axis. Af34p is defined as the half-power beamwidth of the main beams
at the normal directions (see Fig. 3).

In [1], it has been shown that the half-power beamwidth can be
expressed as following;:

20— 1 — o —1
Ab3ap,f<fo = 2\/ v 0 v (2)
vVe—1+1
Absap, fo<f<f, =2 0 (3)

where z = |T|2,../IT|?.
The minimum half-power beamwidth is obtained for f < fy (Eq. (2) )
and for x = 1.5:

22

Ab3dB,min & ¥l (4)
Note that Eq. (4) is a little different from the formula given in [1],
where there is a minor error.
By using Egs. (2) and (3), the half-power beamwidth Afs4p is plotted
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Figure 3. Normalized |T'| versus 6 (logarithm scale) at different
frequencies.
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Figure 4. AO©g3,p versus frequency, computed by using Egs. (2) and

(3)-
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Figure 5. Bag versus AO3yp min, computed by using Eq. (10).
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Figure 6. AOgsyp versus frequency for a directive antenna using a
dipole and two PRSs of metallic wires (FDTD).
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in Fig. 4 as a function of the frequency, for the considered example.
In Fig. 4, fi and fo are the frequencies for which Af3;p =

\/§A93d37min ~ 2«/%. The coefficients 1 and 3, corresponding to

f1 and fa, respectively, were calculated numerically from Egs. (2) and
(3): 1 ~ 10.985, x5 ~ 1.175.
Using the relation Ql ~Vr— 15 [1], we obtain:

fo—fi 1 +/9.89%

T Taa”q )
and then
fi~ o (1— Vz'f;%) (6)
We have also
2f2 — fo _ 1 ~ v/0.175 (7)
fO Q:EQ Q
and then
f2= fo (1 + 22275> (8)

Now, the bandwidth between f; and fo can be calculated as:

fo—fi . V9.895++0.175
fo+f1 4Q —V9.895 +/0.175

Bag =2

By using Eq. (4), the following relation is obtained

B~ (V9895 + VOI75) (Absap min/2)*
80 9V2 = (V9895 — VO175)(Absap min/2)2

By is the frequency band where the half-power beamwidth is less than
V2 times the minimum half-power beamwidth.

By using Eq. (10), the bandwidth is plotted versus the minimum half-
power beamwidth in Fig. 5. This curve characterizes the performance
of Fabry-Perot directive antennas. It can be seen that the beamwidth
decreases drastically when the minimum half-power beamwidth is
small.

For instance, we consider that the wires are 56cm length and 2mm
diameter, the number of wires in each row is 29, the cavity is D =
40mm width, the period is P = 20mm, and the dipole is 65mm
length and 2mm diameter. The structure was simulated with a Finite
Difference Time Domain (FDTD) code. The simulated half-power

(10)
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beamwidths in H- and E-planes, are plotted ws. frequency in Fig.
6. From this figure, the bandwidths are 20% and 23.8%, in the H- and
E-planes, respectively. These results agree with the results predicted
by Eq. (10) and illustrated in Fig. 5.

It is important to design a directive antenna that presents the same
minimum beamwidth than the Fabry-Perot antenna but with a larger
bandwidth. It is clear that antennas using electromagnetic crystals
or zero index metamaterials [7-12] are not good candidates: they
present the same performance than the Faby-Perot antenna in terms
of relationship between directivity an bandwidth. In the next sections,
we investigate two techniques to widen the bandwidth of a directive
antenna based on Partially Reflecting Surfaces.

3. USING AN APERIODIC PARTIALLY REFLECTING
SURFACE

A first method in order to increase the directivity bandwidth of the
antenna consists on using a non-uniform PRS.

Partially Reflecting Surface p, P2 p,

..."\............. L]

D

Figure 7. Directive antenna using an aperiodic PRS.

If one uses a PRS that presents a phase of the reflection coefficient
increasing with the incidence angle, the bandwidth will increase.
Indeed, the resonant frequency at the angle 6, can be written [1]:

()
f079 - m (11)

where c¢ is the speed of light and ¢, is the phase of the reflection
coefficient r. From Eq. (11), if ¢, increases significantly with the angle
0, the resonant frequencies for angle higher than 0° will be shifted to
higher frequencies, and the frequency f* (see Fig. 4) will be shifted
to a higher frequency.

We propose to change the period of the PRS, as illustrated in Fig. 7,
to obtain a coefficient ¢, increasing with incidence angle. The periods
vary as followings: Py = P, = 20mm, P3 = Py = Ps = Ps = 17.5mm,
P7 = Pg = Pg = P10 = 15mm, PH = P12 = P13 = P14 = 12.5mm, and
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P15 == P16 == P17 == P18 = 10mm.
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Figure 8. AOsyp versus frequency in the H-plane (FDTD).
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Figure 9. A©34p versus frequency in the E-plane (FDTD).
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Note that the dimensions of the antenna (length, larger and dipole
dimensions) are the same than previously.

In Figs. 8 and 9, the computed half-power beamwidths are plotted
in the H- and E-planes, respectively, for the structure with aperiodic
PRSs and for the structure with periodic PRS. From these figures, it
can be observed that the aperiodic PRS allows to decrease the half-
power beamwidth after the resonant frequency (fy = 3GHz). In the
E-plane (Fig. 9), a widening of the bandwidth is also observed.

4. USING TWO DIFFERENT PARTTIALLY REFLECTING
SURFACES

Another method for increasing the directivity bandwidth consists on
using two different PRSs.

® ®© 0 0 0 0 0 0 o ® & 06 & 0 0 06 0 0 0 0 0 0 o

./. o .P(—z). ° -

Source Metdlic wire

Figure 10. Directive antenna using two different PRSs.

Using multiple cavities allows to modify the response of the structure
(ie. T'), and then the curve of the half-power beamwidth. If the phase
of reflection coefficient of the structure formed by the combination of
the two PRSs increases with frequency, then it is possible to obtain
a resonance of the Fabry-Perot cavity in a larger bandwidth. We
consider the configuration shown in Fig. 10. The PRSs are spaced
by the distance D = 35mm, and the two periods are P, = 20mm
and P, = 40mm. Figures 11 and 12 present the simulated half-power
beamwidth of the antenna in the H- and E-planes, respectively. From
these results, the bandwidths are 27%, in both H-plane and E-plane.
The structure with two different PRSs and the structure with one PRS
have the same minimum half-power beamwidth, but the structure with
two different PRSs has a larger bandwidth. From this, the structure
using two different PRSs has a better performance.
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Figure 11. AOg3,p versus frequency in the H-plane (FDTD)
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Figure 12. AOg3,p versus frequency in the E-plane (FDTD)
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5. COMBINATION OF THE TWO TECHNIQUES

To increase further the bandwidth of the antenna, a structure
combining the two previous techniques is considered. The structure
is shown in Fig.13.

The larger and length of the antenna are the same than in previous
sections (56 x 56cm?) and D = 35mm. Figs. 14 and 15 present the
half-power beamwidth in the H- and E-planes. From these curves, it
can be concluded that the antenna offers bandwidths of 32% and 34%,
in the H-plane and E-plane, respectively, which represent bandwidths
enhancements of 60% and 43% compared to the bandwidths obtained
using the classical Fabry-Perot cavity structure.

/ D
Source

Figure 13. Directive antenna using two aperiodic PRSs.
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Figure 14. AO®3,p versus frequency in the H-plane (FDTD).
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Figure 15. AOg3,p versus frequency in the E-plane (FDTD).
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6. CONCLUSION

A new analytical expression for the directivity bandwidth of Fabry-
Perot directive antennas using Partially Reflecting Surfaces has been
presented. To widen the bandwidth of these antennas, two techniques
have been proposed. The first one consists on varying the distance
between elements in the Partially Reflecting Surface, while the second
technique uses different PRSs. A third configuration combining
the two techniques has also been analyzed to increase further the
bandwidth. Numerical results obtained with a full wave method have
been presented, showing the usefulness of the proposed approach.
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