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A New Class of Antenna Arrays with Passive Elements

Boro M. Rdljic, Branka Jokanovic

Abstract. The paper summarizes a resear ch effort related to
construction of a new antenna class— Broadside Antenna Arrays
with Passive Elements (BAAPE). First, beneficial properties of
this antenna class have been investigated, based on its structure
analysis. After that, possibility of realization of simple and
multielement antennas of such a type has been considered. Basic
geometric relations and performances have al so been specified.
Encountered problems have been described and with two
realized antennas the idea was verified. The research results
have shown that it is possible to construct the BAAPE and that
thisantenna has a number of suitable properties: a simpleplanar
structure, high directivity and efficiency, good matching and
medium frequency bandwidth. Therefore it has great potential
for applications in wireless communications, which primarily
cover high frequencies bands, especially upper microwave and
millimeter wave bands. Also, using this antenna as an antenna
element in a bigger planar antenna system with high gain and
high efficiency isa very interesting application.

Keywords. Antenna arrays, broadside arrays, endfire
arrays, passive arrays, classicarrays, Yagi antenna.

I. INTRODUCTION

According to relative position of radiation pattern with
respect to geometry of the antenna array, the arrays are
divided into two main classes: arrays with endfire radiation
pattern and arrays with broadside radiation pattern.

According to the technology of realization of the antenna
array, two characteristic cases could also be distinguished:
classic and passive antenna arrays. In classic antenna arrays
all elements of the array are fed, i.e. they are active. Unlike
the classic arrays, majority of elements in passive antenna
arrays are not supplied directly (i.e. by transmission lines or
waveguides). Such elements are called passive (or parasitic)
and their currents are induced by the near field.

Main advantage of passive over the classic antenna arrays
is their simple structure, as they do not require complex
network for supplying and phasing elements.

Consequently, RF energy losses from generator to
antenna elements are smaller and thus efficiency of the
antenna is higher. Described advantage of passive arrays is
most distinguished if only one element isfed.

Passive antenna arrays have been known since the
beginning of the 20" century, but only as arrays with endfire
radiation pattern. These antennas are treated as structures for
surface electromagnetic wave guidance and they are best
known as Y agi antennas.
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This paper shows that it is also possible to realize other
boundary case of passive antenna arrays - broadside antenna
arrays with passive elements.

In the following text suitable features of BAAPE, based
on its structure and known features of Endfire Antenna Arrays
with Passive Elements (EAAPE), i.e. Yagi antenna, are
considered firstly.

By means of combined analytical and numerical methods
on simple structures, it is shown that realization of passive
antenna arrays with bidirectional and unidrectional broadside
radiation pattern is possible. Necessary relation between
geometrical parameters has also been defined to ensure proper
antenna operation.

Performances d simple structures have been found and
problems to be solved have been pointed out. The idea has
been verified by realization of a unidirectional 3-element
antenna.

Next, a possibility of construction of a multi-element
antenna with unidirectional broadside radiation pattern with a
reflector plate has been investigated. The problems of
construction have been analyzed and geometrical relations
necessary for operation of multi-element antennas have been
defined. To check conclusions about the multielement
antenna, another antenna has been realized and tested.

Finally, characteristics of this class of antennas have been
summarized and they have been compared to other antenna
classes with respect to various electrical and geometrical
parameters. Parameters of realized multielement antenna have
also been given.

[l. PROBLEM FORMULATION

As it was said, passive antenna arrays are known only as
class of arrays with endfire radiation pattern i.e. in the form of
EAAPE (Y agi antennas).

We shall first consider advantages of BAAPE (based on
its structure analysis) and than we shall analyze the
possibilities for their realization. Foremost, BAAPE will have
similar constructional and electrical advantages over the
classic antenna arrays as EAAPESs have, that are simplicity
and efficiency. On the other hand, compared to EAAPE,
advantages of arrays with broadside radiation pattern are the
following:

possibility of planar redization and integration with

front-end components in tel ecommuni cation equipment;

application in a bigger antenna system in order to replace
groups of elementary radiators and thus simplify the
structure while the array remains planar (note: use of
arrays with endfire radiation pattern produces 3D
(spacious) antenna array)
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From the above, we can conclude that construction of
these antennas is very interesting with regard to their
applications in wireless communications

[1l. REALIZATION OF SIMPLE BAAPES

Let us now investigate the possibilities of realization of
BAAPEs. In order to reach this aim, we shall start from the
simplest passive array structure, which is atwo-element array.

A Bascmode description.

Fig.1 shows a model of two-element antenna. The
structure consists of two dipoles, one being fed and the other
being passive. In the middle of the passive element, the
lumped reactance Xp has been inserted by means of which
current of the passive element is adjusted.

The parameters of the model are length I, radius r,
elements spacing s and value of inserted reactance Xp.

Matrix parameters of these coupled dipoles are Zii, i=1,2
and Zj=2i, i, j=1,2, itj. Mutual impedance of dipoles is
Zij=Zij(s, Iy, 1, r), whereas for thin dipoles, Zi may be
approximated with self impedance of i-th dipole, if dipoles are

not too close.
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Fig. 1. Two-element passive array

By means of the antenna array theory we can calculate
directivity D and (two-element) array amplification A, as
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where D, isdirectivity of athin dipolei.e. antennaelement.
After calculation A, isobtained in form
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Variable z is called a visible range and the same name is
used for variable f asthey arerelated by (8).
Relation (1) impliesthat

2
D[Ry
whereby F,is a factor

construction.
It is apparent that F, gives the space dependence for D

for the antenna array. (6) implicates that

|F.(2)| 1 |z- 2| (1)

A clearer picture of the situation and implication of
particular parameters on the radiation pattern shape is
obtained when the diagram of the visible range and F; zero
loci are presented in a complex plane.

Fig. 2 shows two lines in & plane, which are loci of array
factor zero zy; (s-fixed, Xp- parameter). The right line
corresponds to EAAPE for s=0.11, while the left one
correspondsto BAAPE, s=0.51.

Wider arc on the unit circle represents visible range for
s=0.11, while the whole unit circle is visible range for
s=0.51 (visible range points correspond to y angles, Fig.1,
(8), (9.

For s=0.11 and for z,; above Re(z) axis passive element
is a reflector, while for zy; under Re(z) axis passive element is
adirector.

For example, if zero is at 201 position, it is clear from
Fig.2 that distance <n¥, z(y=0)> is greater than distance
<z01%, Zly=p)>. As D(y) is proportional to the square of this
distances (in &plane), according to (1), (6), (10) and (11) the
array functionates as Yagi antenna and passive element is a
director.

Fig. 2 also implies that parameter choice for ideal BAAPE
are as follows: s=051, z;= -1. According to (1) and (6) in
this situation there is no radiation in endfire direction, while
there is finite radiation in broadisde direction (compare
corresponding distances <zy;, z(Y)>). However, thisideal case
can not be fulfilled as it requires Ry,=-Ry; (for thin dipoles of
length I»l /2 Ry1(s=0.51 )= -12.5W, but Ry»»70W).

Although ideal situation is not possible, above conditions
can be approximately fulfilled when zy; is set near z=-1 point
in a complex plane on line, which corresponds to element
spacing s=0.51 .

(10),

depending on the array
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Fig. 2. Visiblerange with zero loci of array factor (lines
s=0.11 and s=0.5 , Xp parameter) for two-element BAAPE.

Additional analysis revealed that the best antenna
performances are obtained for s=0.6 |, Xp»0 and then
broadside to endfire radiation ratio is B/E=5,7 dB and
directivity is D=5.3 dBi, which is a good directivity for a two-
element bidirectional array.

B. Thres-dementarray

Described two-element antenna is asymmetrical. By
adding one more identical passive element, symmetrically on
the other side of the driving element, a symmetrical three-
element antenna with bidirectional radiation pattern is
obtained. Directivity of such antennais

D3 =Dy 15 ¥Ag (12

where Ag is calculated analytically (similarly to A, for
two-element antenna) and when we analyze it we can
conclude that the best antenna performance is achieved for
s=0.61, Xp» -15W and D» 7 dBi, B/E=9.5 dB.

C. Unidirectional array
All aforementioned antennas have (symmetrical) bidirectional

radiation pattern, as their structure is also symmetrical with
respect to the plane with antenna elements.

e
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Fig. 3. 3-element unidirectional BAAPE realized at X band.

However, most common antenna applications cover the
use of unidirectional radiation pattern antennas. To obtain a
unidirectional radiation pattern with described antennas, a
reflector plate could be added.

In the case of a three-element antenna with unidirectional
radiation pattern (added reflector at the distance of +/4),
directivity obtained by simulation [4] is D» 11.5dBi, while
for realized antenna D» 11.3 dBi.

Idedly, if influence of plate reflector on current
distribution over elements is neglected, by adding a reflector
plate to bidirectional array, directivity of D»13dBi could be
obtained.

The antennaisshownin Fig. 3.

V. MULTIELEMENT BAAPES

A Condruction possibility

Described structures have medium values of directivity -
between 6 and 12 dBi, depending on whether it is an array
with bidirective or unidirective radiation pattern. These values
of directivity in some applications may be low.

By adding new passive elements, development of
multielement passive antenna arrays with broadside radiation
patterns can be investigated. As unidirectional radiation
pattern antennas are most commonly applied, we will pay
attention only to them.

However, adding of new elements to a simple antenna
does not increase directivity notably. A three-element
unidirectional BAAPE does not reach ideal directivity because
of the strong impact of the reflector. It is 1.5 dB less than the
ideal one.

When a 5Selement antenna is built by adding two new
elements, we obtained no significant increase of directivity
compared to that of a three-element unidirectional BAAPE.
This is because of the nearness of the reflector and the strong
coupling between passive elements and the reflector.

In case of EAAPE (Y agi antennas), conditions that are set
for geometrical parameters of the structure, in order to enable
propagation of endfire mode of waves along the structure, are
not critical. Namely, it is necessary that elements’ lengths are
around 1/2, distance between the elements is around |/4,
while the radii of the elements are not critical. Most frequently
used are thin elements with radii of order about 0.0011 and
spacings between 0.1-0.251. As none of these dimensions
are critical, conditions for propagation of the endfire mode are
practically always fulfilled in this structure. This fact has led
some authors [1], [2], [3], [15] and [16] to the conclusion that
passive antenna arrays are inherently arrays with endfire
radiation patterni.e. they are always Y agi antennas.

In order to find whether propagation of suitable broadside
wave mode is possible in a multielement passive array of
dipoles above the reflector plate, a sequence of experiments
was performed by means of an electromagnetic simulator [5]
and results of [11] and [14]. In this research 37 element
BAAPEs have been analyzed.

All antennas have been situated in the vacuum. Special
attention has been given to influence of a reflector as it was
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previously found that its influence is predominant on antenna
performance. Antennas with element radii of 0.001 and 0.01 |
placed on previously determined spacing of ~/2 have been
analyzed. For the purpose of more efficient RF energy
distribution and enhancement of coupling between elements,
dipoles around full wavelength were used. Distance of the
reflector in the experiment varied from 0.25 to 0.75m, i.e
approximately from 0.25 to 0.751, as the central frequency
was around 300MHz.

The following antenna parameters were monitored:
directivity in broadside direction D and side lobe level
(relative to maximum directivity) S.L. It was required that
antennas have

9L [dB] 3 SLpmin=5dB.

The experiments have shown that when thin elements are
used, adding new elements causes no noticeable increase of
the antenna directivity, i.e. it keeps at the value around 12-
13dBi, regardless of the reflector distance.

If thicker elements are used, experiments reveal that for
(infinite) reflector distance of around 2/3 there is a
considerable increase of directivity by adding new elements.
Shortly, it could be concluded that there is a condition for
propagation of a suitable broadside wave mode in the
structure (that gives maximal directivity of the antennain the
broadside direction).

Fig.4 shows results of an experiment with a seven-
element antenna with thicker elements. Directivity, side lobe
level (relative to maximum directivity) and reflector distance
in | are shown for partially optimized antennas for a set of
reflector distances in mm. The figure shows that small
reflector distances give antennas with low directivity (12-
13dBi) because of the strong reflector influence. For the
reflector distances of 0.4l to 0.65, antennas of high
directivity (around 17 to 18dBi) could be obtained.

If the reflector distance is over 0.7 maximally obtained
directivity considerably falls (to around 13dBi). Additional
optimization also shows that for that reflector distances side
lo-
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Fig. 4. Directivity (broadside) D, sidelobelevel S.L and
Hrefl ], for aset of reflector distancesH;e[mm],
for thicker dipoles, N=7.

be level (due to presence of the ground) cannot be sufficiently
lowered. Thus, these reflector distances are also unfavorable
aswell asthose below 0.4 .

Thus, next conclusion on suitable geometrical parameters
of unidirectional passive antenna array with broadside
radiation could be made. Element

radii arer ~0.011,

length areli~ 1,

spacing are §; ~1/2

reflector distanceis Href ~ | /4 and Href ~ 2/3 .

B. Propertiesof multidement antenna

Further work comprised synthesis and optimization of
group multielement antennas (N=7-11) as wel as
determination of their performance in order to check
performance limits of unidirectional BAAPES.

Results of these experiments are summarized in Fig.5.
The figure shows dependence of directivity, side lobe level
and bandwidth versus the number of elementsfor the analyzed
antennaclass.

Beside aforementioned realized three-element antenna, in
order to verify conclusions concerning multielement
BAAPESs, one multielement antenna (N=7) has also been
redized at X band. Parameters of realized seven-element
antenna are shown on Fig. 5, while Fig. 6 shows the structure
of the realized antenna. Diagrams on Fig.5 show good
agreement between experimental results and those obtained by
electromagnetic simulation.

While other antennas are with an infinite reflector, the
realized antenna has a finite reflector with much reduced size
(slightly bigger than the antenna array dimensions,
~2.81 x4.21), Fig.6. Realized antenna has front to back
ratio above 20dB in the whol e frequency range.

Higher suppression of backside radiation could be
obtained by using bigger reflector plate.

According to the geometrical surface they occupy (Sint),
comparison between BAAPE, EAAPE (Yagi antenna) and
uniformly illuminated apertureis shownin Fig. 7

In the case of classic Yagi antennas and considered
passive antenna arrays with broadside radiation, geometrical
surface
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Fig. 5. Directivity, sidelobelevel and bandwidth of BAAPES
and the same parameters for realized N=7 antenna.
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Fig. 6. Realized unidirectional BAAPE, N=7.

that the antenna occupies (Sint) could be defined as a minimal
rectangle in which antenna elements could be placed. For
these antennas, it is equal to the product of the array length
Lant and the length of the longest array element.

Although EAAPE have higher directivity for the same
surface of the array, the number of EAAPE antenna elements
is2to 2.5 times higher than that of unidirective BAAPES.

The difference between directivity of an unidirective
passive array with broadside radiation and directivity of a
uniform illuminated aperture is 1.5- 3dB. So,aperture
efficiency of the antennais good.

Fig. 8 shows comparison between directivity of EAAPE
(Yagi) and unidirectional BAAPE depending on number of
used elements.

It can be seen that for the same number of antenna
elements, directivity of the passive antenna array with
broadside radiation is higher than directivity of EAAPE for
about 4—6dB. Upon comparison, it was not taken into
consideration that the infinite reflector, used to simplify
analysis of unidirectional passive antenna arrays with
broadside radiation, doubles the number of elements. This
means that the number of antenna elements is not the sum of
the number of original elements and their images. Asit can be

seen in Fig.6 (for redized seven-element antenna),
unidirectional passive antenna arrays with broadside radiation
21 mJ
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Fig. 7. Directivity of aunidirectional BAAPE, EAAPE (Y agi
antenna) and the uniformly illuminated aperture vs. area
occupied by antenna.

Number of elements, N

Fig. 8. Directivity of unidirectional BAAPE and EAAPE
(Yagi antennas) vs. antenna element number.

can be realized with a reflector plate of finite (reduced)
dimensions. Thus, the reflector plate should rather be
considered as an additional element to the whole antenna
array than as agroup of images of original elements.

Besides, thisis acomparison of proposed class of antenna
with classic Yagi antenna [1], [2], [7], [9] and [10] having
only one wire as a reflector element. However, if higher
values of front to back ratio of Yagi antenna are required in
wider frequency range, a plane or corner reflector should be
added instead of one wire reflector. This leads to 3D antenna
construction [2], [7], [8] and [10Q].

In passive antenna arrays with unidirectional broadside
radiation, the reflector is an inherent part of the antenna and it
can easily reach sufficient front to back ratio in wider
frequency range. In this way the antenna structure remains
planar, which is an advantage in many applications.

The planar structure is an important feature of an antenna
as photolitographic technique can be used and thus precise
tolerance control is possible. Thus, antennas of uniform
characteristics could be obtained, with better reproducibility.
On the other hand, as far as assemblage is concerned, the
planar structureis suitable for the following reasons:

- obtainslow profile of the whole device,

enables simple assemblage of the antenna on various

objects (buildings, vehicles, masts, aircrafts, etc.)

enables easier integration of the antenna and front-end

componentsin asystem [12].

V. CONCLUSON

In difference to well known class Y agi antenna, which are
endfire arrays, a new class passive antenna arrays with
broadside radiation is introduced. That is the Broadside
Antenna Arrays with Passive Elements (BAAPE).

Geometrical parameters as well as performance of this
new antenna class have been stated.

As it has been shown for good operation it is necessarily
to choose geometrical parameters as follows. Element

redii about 0.01 1,
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length about I,
spacing about | /2 and
reflector distance about | /4 or 2/3 .

Features of BAAPEs are the following: simplicity and
planar construction, small number of elements (e.g. N=7 for
D=17 dBi), high directivity (©=17-18dBi) and front to back
ratio §/B?3 20dB), good aperture efficiency of the antenna
and medium bandwidth (10-20%).

Given parameters vary in wide range, depending on the
number of antenna elements and antenna size, so it is easy to
choose appropriate antenna for a given application. Proposed
antennas can be used as a single antenna or as an element of
bigger planar antenna arrays.

In comparison to other antenna classes next conclusions
could be made. Uniform illuminated aperture for same
occupied area has directivity which is 1.5—3dB greater than
BAAPE, while directivity of Yagi antenna is about 3 dB
grater than BAAPE.

On the other side for same number of elements BAAPE
has 4-6dB greater directivity than Yagi antenna. Thus for
same directivity Yagi antenna has 2— 2.5 times more elements
than BAAPE.

Also, reflector is inherent part of planar unidirectional
BAAPE construction and high front to back ratio could be
obtained with its proper dimensioning. Opposite to BAAPE
reflector in Y agi antennaresults in 3D-antenna construction.

Finaly, it could be concluded that BAAPE is very
appropriate in designing of planar high gain and high
efficiency antennas.

With aforementioned advantages, BAAPE has great
potential for application in wireless communications.

© COPYRIGHT AND PATENT RIGHT

In this paper is described the invention of new antenna
class, Broadside Antenna Arrays with Passive Elements.

The Fundamental principles of operations of Broadside
Antenna Arrays with Passive Elements are covered in
appropriate Boro Reljic's patent applications and is subject to
Patent Low (Industrial Property Low), Patent Cooperation
Treaty (PCT) and WIPO treaties.

Copyright © and Patent Right: Boro M. Reljic. All rights
reserved. No part of this paper may be reproduced or
distributed in any form or by any means, or stored in a
database or retrieval system and use except for educational
and noncommercial purpose, without the prior written
permission of the author Boro M. Reljic.

VI. ACKNOWLEDGEMENTS

Realization of this paper was financially supported by the
Serbian Ministry of Science, Technologies and Development
(Project “Fixed Wireless Internet Network” (at the edge of the
K and Ka bands), Project No: 1T.1.15.0229.B).

Thanks also go to Ms. Nevena Spanovic-Vitosevic and
Ms. Ivana Radnovic for their contribution in translating this
paper into English.

REFERENCES

[1] Stutzman, Warren L. and Gary A. Thiele, Antenna Theory and
Design, New York: John Wiley and Sons, 1981.

[2] John D. Kraus, Antennas. McGraw-Hill Book Company, 1988.

[3] Edward A. Wolff, Antenna analysis. Artech House, 1988.

[4] A.Djordjevic, M. Bazdar, T. Sarkar, R. Harringtorn, AWASfor
Windows. Artech House, 1995.

[5] B. Kolundzija, S. Ognjanovic, T, Sarkar, WIPL-D. Artech
House, 2000.

[6] Momcilo B. Dragovic, Antene i progtiranje radio talasa.
Kontekst, Beograd 1994.

[7] Boro Reljic, Diplomski rad: Yagi-Uda antene. ETF, Beograd
1995.

[8] HAM Radio, How to design Yagi antennas. No. 8, august 1977.

[9] JamesL.Lawson, Yagi Design. 1982.

[10] Ekstremno dugejagi antene, VHF Communications. 3/82.

[11] Kolundzija M. Branko, Reljic M. Boro: "Plate Modeling of
Wire Sructures', Proc. of. 1997 |EEE International Sypm. and
URSI North. American Radio Science Meeting, Juli 13-181997.
pp 1789- 1793.

[12] Julio A. Navaro & Kai Chang, Integrated antennas & spatial
power combining, John Wiley and Sons Inc. Wiley Interscience,
1996.

[13] F. Landstorfer, Tehnicki univerzitet Minhen, Neki vidovi
savremenog projektovanja antena, Elektrotehnika 35 (1986), 4-
5, str. 498-504.

[14] Reljic M. Boro, Institut-IMTEL, Beograd, Kolundzija M.
Branko ETF, Beograd, Egzaktno model ovanje zicanih struktura
bilinearnim povrsima, ETRAN 1996.

[15] Kai Fong Lee, The Chinese University of Hong Kong,
Principles of antenna theory, Hong Kong 1982, John Wiley and
Sons.

[16] Karl Rothamel, Antene, V ojna Stamparija Beograd, 1983.

[17] W.R.Deal, Y.Quian and T. Itoh, V. Radisic, Planar integrated
antenna technology, Microwave Journal, July 1999.

[18] William R. Deal, Noriaki Kaneda, James Sor, Yongxi Quian,
Tatsuo Itoh, A new quaz-yagi antenna for planar active antenna
array, |[EEE Transactions on Microwave Theory and
Techniques, Vol.48, No.6, June 2000.

[19] Oakley McDonald Woodward, Princeton, N.J., Corprorate-
network printed antenna system, US Patent No0.3587110,
Assignee: RCA Corporation, June 22 1971.

[20] Boro M. Reljic, Magistarska teza: Pasivni antenski nizovi sa
transverzalnim Zracenjem. ETF, Beograd 2002.

13



