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A New Miniature
Narrowband Microstrip
Bandpass Filter Design
Based on Peano Fractal
Geometry

A new compact narrowband multiresonator microstrip filter design is
presented in this paper as a candidate for use in modern wireless
communication systems. The proposed filter structure is generated using
Peano fractal curve geometry. The proposed filter structure is fractally
generated using Peano fractal curve geometry. Two 2nd and 4th order
Chebyshev bandpass filters have been designed based on the 2nd iteration
Peano fractal curve at a design frequency of 2.45GHz using a substrate of a
relative dielectric constant of 9.6 and thickness of 0.508 mm. Filter structures
based on the second iteration Peano geometry leads to compact size single
mode resonators with dimensions of about (0.075%0.086)2, This article
represents better miniaturization level compared with the other microstrip
bandpass filters based on other space-filling geometries and designed at the
same frequency using the same substrate material specifications. Simulation
and theoretical performance of the resulting filter structures have been
carried out using method of moments (MoM) based electromagnetic
simulator I1E3D, from Zeland Software Inc. The results also show that the
proposed filter structures possess good return loss and transmission
responses besides the size reduction gained, making them suitable for use in a
wide variety of wireless communication applications.

Keywords: Fractal single mode resonator, Bandpass filter, Narrow-band microstrip filter,
Peano fractal geometry
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1. Introduction

A wide variety of applications for fractal has
been found in many areas of science and
engineering, since the pioneer work of
Mandelbrot [1]. One such area is fractal
electrodynamics [2] in which fractal geometry is
combined with electromagnetic theory for the
purpose of investigating a new class of radiation,
propagation, and scattering problems. One of the
most promising areas of fractal electrodynamics
research is its application to the antenna and
microwave circuits design.

Fractals represent a class of geometries with
very unique properties that can be attractive for
microwave circuit designers. Fractal space filling
contours, meaning electrically large features can
be efficiently packed into small area. Since the
electrical lengths play such an important role in
microwave circuit design, this efficient packing
can be used as viable miniaturization technique.
The space filling properties lead to curves that
are electrically very long, but fit into a compact
physical space. This property can lead to the
miniaturization of antenna elements.

Among the earliest predictions of the use of
fractals in the design and fabrication of filters is

All rights reserved
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that of Yordanov et al., [3]. Their predictions are
based on their investigation of Cantor fractal
geometry. Hilbert fractal curve has been used as
a defected ground structure in the design of a
microstrip lowpass filter operating at the L-band
microwave frequency [4]. Based on this fractal
curve, compact high temperature superconductor
microstrip bandpass resonator filters have been
designed for wireless communication
applications [5,6]. Sierpinski fractal geometry
has been used in the implementation of a
complementary split ring resonator [7]. Split ring
geometry using square Sierpinski fractal curves
has been proposed to reduce resonant frequency
of the structure and to achieve improved
frequency  selectivity in the resonator
performance.

Koch fractal shape is applied to mm-wave
microstrip bandpass filters integrated on a high-
resistivity substrate [8]. Results showed that the
2nd harmonic of fractal shape filters can be
suppressed as the fractal factor increases, while
maintaining the physical size of the resulting
filter design [9]. Recently, a modified
configuration of Minkowski-island and Koch
fractal curves have been used to design
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miniaturized microstrip dual-mode bandpass
filters for mobile applications [10,11]. It is worth
to note here, that most of the previously
mentioned fractal geometries have been first
applied to design compact size multiband
antennas.

In this paper, a novel narrowband multi-
resonator microstrip filter design has been
presented for use in the modern compact
communication systems. Based on the 2nd
iteration Peano fractal curve geometry, a 4-pole
Chebyshev bandpass resonator filter has been
designed at 2.45GHz with fractional bandwidth
of 10%. The resulting filter has been found to
possess a considerable miniaturization owing to
its remarkable space filling property together
with good transmission and return loss
responses. The design strategy adopted in this
work is that developed by Swanson [12].
Swanson combined the concepts of Dishal [13],
the EM simulation, and the port tuning method to
outline a general and powerful procedure for a
narrowband  multi-resonator ~ filter  design.
Dishal’s design method for narrowband filters
offers a very simple and intuitive approach that
can be applied to different filter technologies and
topologies. It makes wuse of measured
experimental hardware to generate two design
curves. Based on these design curves, a complete
Chebyshev  bandpass multiresonator filter
structure  with the required order and
specifications can be obtained in a very efficient
and potentially more accurate way, compared
with the previous experimental method [12].

2. The Peano Fractal Curve

It is noteworthy that the Peano -curve,
proposed by Peano in 1890, was, in fact, the first
set of space-filling curve [14]. One interesting
feature of the Peano-curve algorithm is its
relatively higher compression rate than the
Hilbert-curve algorithm in filling a 2-D region,
which suggests that the Peano resonator may
resonate at a lower fundamental resonant
frequency than a comparable Hilbert resonator of
the same iteration order k. The Peano fractal
curve, as shown in Fig. (1), consists in a
continuous line which connects the centers of a
uniform background grid. The fractal curve is fit
in a square section of S as external side. By
increasing the iteration level k of the curve, one
reduces the elemental grid size as S/(3*1); the
space between lines diminishes in the same
proportion. For a Peano resonator, made of a thin
conducting strip in the form of the Peano curve
with side dimension S and order £, the length of
each line segment d and the sum of all the line
segments L(k) are given by [15]

L(k) =3 +1)s (1)

The main idea here is to increase the iteration
of the Peano curve as much as possible in order
to fit the resonator in the smallest area. However,
it has been found that, when dealing with space-
filling fractal shaped microstrip resonators, there
is a tradeoff between miniaturization (curves
with high k) and quality factor of the resonator.
For a microstrip resonator, the width of the strip
w and the spacing between the strips g are the
parameters which actually define this tradeoff
[6]. Both dimensions (w and g) are connected
with the external side S and iteration level &
(k=2) by

§=3"(w+g)-g )

i
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[

oyl
bl
il

n=73
Fig. (1) The first three iteration levels of the Peano
fractal curve generation process

From this equation, it is clear that trying to
obtain higher levels of fractal iterations; this will
lead to lower values of the microstrip width, thus
increasing the dissipative losses with a
corresponding degradation of the resonator
quality factor. Hence, for these structures, the
compromise between miniaturization and quality
factor is simply defined by an adequate fractal
iteration level. However, it has been concluded,
in practice, that the number of generating
iterations required to reap the benefits of
miniaturization is only few before the additional
complexities become indistinguishable [16].

The dimension of a fractal provides a
description of how much a space it fills [17]. It is
a measure of the prominence of the irregularities
when viewed at very small scales. A dimension
contains much information about the
geometrical properties of a fractal. Because the
total length of the conducting strip is larger than
that of the same order Hilbert resonator, which is
(2%1)S, it would be expected that the Peano

4 © 2009 Iraqgi Society for Alternative and Renewable Energy Sources and Techniques (I.S.A.R.E.S.T.)



resonator resonates at a lower fundamental
frequency than the same order Hilbert resonator
[18].

3. The Proposed Filter Design

A bandpass filter specification generally
includes the desired center frequency,
bandwidth, maximum insertion loss in the
passband, and several required rejection levels in
the stopbands. There will also be a specification
on the minimum return loss in the passband.
Many mechanical filters with tuning screws can
eventually be tuned to their designed return loss
level. In planar filters, which are much harder to
tune, one might design for -20dB return loss and
hopes to achieve a minimum of -15dB in
previous work [12]. Once the prototype ripple
level has been determined, the filter order N can
be estimated based on the desired stopband
rejection. The graphs and equations in [19] are
very useful for estimating filter order. It should
be noted that the graphs and equations assume an
ideal, symmetrical Chebyshev response. Some

Iraqi Journal of Applied Physics

microwave filters have symmetrical stopband
responses, so the required order may be higher or
lower than what is originally estimated. With the
ripple level and order N determined, the tables or
equations can be used to find the normalized
lowpass prototype values. Table (1) lists the
normalized element values for a 0.036 dB ripple,
Chebyshev lowpass prototype. The midband
filter loss can be estimated using the expected
average unloaded Q for the resonators [12,20]:

Loss(f,) = “'Z;gfﬂﬁgl(dm 3

where Af is the equal ripple bandwidth of the
filter and the sum of the g;s can be found in the
last column of Table (1). Equation (3) can also
be rearranged to predict the required unloaded Q
given a desired midband insertion loss. Unloaded
Q is proportional to a dominant resonator
dimension and can be sensitive to manufacturing
processes as well. Insertion loss in the passband
is also proportional to time delay and will
increase at the band edges.

Table (1) Chebyshev lowpass prototype for 0.036dB Ripple, 20.8dB Return Loss [19]

N 8o 81 &2 &3 84 &5 86 &7 88 &9 810 i,g,
2 1.0000 0.6323 0.5269 1.1999 1.1592
3 1.0000 0.8185 1.0895 0.8185 1.0000 2.7265
4 | 1.0000 | 0.8989 | 1.2843 | 1.5410 | 0.7491 1.1999 4.4733
5 1.0000 | 0.9393 | 1.3677 | 1.7691 1.3677 | 0.9393 1.0000 6.3831
6 | 1.0000 | 0.9622 | 1.4104 | 1.8636 | 1.5531 1.6924 | 0.8019 | 1.1999 8.2836
7 | 1.0000 | 0.9763 | 1.4353 | 19115 | 1.6278 | 19115 1.4353 | 0.9763 1.0000 10.2739
8 | 1.0000 | 0.9857 | 1.4509 | 1.9392 | 1.6650 | 1.9979 | 1.6162 | 1.7410 | 0.8215 1.1999 12.2173
9 | 1.0000 | 0.9921 1.4615 | 1.9568 | 1.6864 | 2.0403 1.6864 | 1.9568 | 1.4615 | 0.9921 1.0000 | 14.2340

The required Ks and Q. from the following
equations [12,20]:

K, . = ﬂ for i=1 to \v-1) 4
Ve g
- gO'gl (5)
Qex] BW
= En-En+t (6)
QexN BW

where BW is the filter equal ripple fractional
bandwidth given by

g - f upper flower (7)
fo fo

Once the required Ks and Q.s are known,
Dishal’s original method uses measured
experimental hardware to generate two design
curves. The first design curve is for coupling as a
function of distance between two resonators that
are tuned to the center frequency of the filter.
The coupling curve might also relate some iris
dimension to the coupling between resonators
that are a fixed distance apart. To save space,
narrowband filters often use tapped input and
output resonators. The second design curve maps
external Q to the position of the tap on the

BW =
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resonator. Once these design curves are available
for a particular topology, it is a simple matter to
map the desired Ks and Q.s to physical
dimensions. Often some adjustment of
dimensions is required in the filter prototype.
Dishal’s concepts can then be used to extract the
realized Ks and Qs from the prototype as a
guide for tuning or modification. In short, the
required two-resonator and single-resonator
models have to be built in the EM field solver.
With port tuning, it will also be obvious how to
extract realized Ks and Qs from the EM-based
filter prototype. Only one design curve can be
extracted from the Peano structure. This curve
will correlate the coupling coefficients of the
resonators with distance between them. The
other curve, which correlates the feed tap
positions with the external quality factor, cannot
be extracted. This is attributed to the fact that the
Peano resonator cannot provide a continuous
physical contact with the feed taps along its
whole length as in the case of quarter wavelength
resonators used in parallel-coupled or hair-pin
microstrip bandpass filters. Instead, manual
tuning has to be carried out of the tap positions
along the side lengths of the first and the last
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resonators of the resulting filter prototype and
monitoring the filter responses until reaching the
required performance.

For the proposed filter design, it has been
postulated that the filter is with an N=4, centered
at 2.45GHz, with a 10% fractional bandwidth.
The lowpass prototype ripple level is 0.036dB
(20.8dB return loss). No specific insertion loss or
stopband rejection goals were set for this design.
Table (1) and Egs.(3)—(7), have been used to
determine the corresponding values of K 5, K33,
K54, and Q.. as follows

« = BW__ 0.1 - 0.093
" Jag,  AJ(0.8989)(1.2843)
k, =" 0.1 =0.071
P Jee, J12843)(154100
= BV _ 0.1 009
Y Jee,  JA541000749)
and

0. ~ 0. =88 _ (1LO00D)08I) o oo

BW 0.1

If we loosely couple to a pair of resonators
tuned to the same frequency, we get the double
peak response as shown in Fig. (2), [12,20]. The
null between the two peaks should be at =30 dB
to —40dB to guarantee loose coupling. The
synchronous tuning condition occurs when the
peaks are as close together as possible and/or
when the null between the peaks is as deep as
possible. The expression for the coupling
coefficient is given by

2 2
— f high — flow — f high — flow (8)
2 2
fO fh[gh + flow

where f;, 1S the frequency of the upper peak and
Jiow 18 the frequency of the lower peak.

K

Fig. (2) A two loosely-coupled Peano resonators
filter designed at a frequency of 2.45GHz to extract
the coupling coefficient design curve

In Fig. (3), two resonators have been loosely
coupled to input and output probes. To enhance a
suitable capacitive coupling between the
resonators, additional stub has been added to
each resonator. This will lengthen the overall
length of the resonator making it resonates at a
lower frequency. It has been found that this stub

provides a proper means to make the resonator
resonates at the design frequency when modeling
it in the EM simulator, [21]. In this case, the field
solver will compute the same resonant frequency
for both resonators. Based on Fig. (3), and
Eq.(8), the value of the coupling coefficient is
equal to 1.007, corresponding to a value of
spacing between resonators of 0.3mm. The field
solver data for four frequencies in the vicinity of
the filter centre frequency has been needed.
Therefore, three or four projects with different
resonator spacing have to be run on the field
solver and extract the coupling coefficient for
each of them.

—T" dB[S{2,1)]

5 i1
0 | £=23159 GHz f= 256828 GHz )|
-5 *% -5
-10 -10
-14 -148

g -0 20 @

-2h -2
-30 =30
-35 -38
-400 -40
-45 -45
-a0 -50

23 2,35 24 2,44 25 2485 26

Frequency (GHz)

Fig. (3) The two-port transmission response for the
two loosely parallel coupled synchronously tuned
Peano resonators of Fig. (2). In this case, from Eq.
(8), K=0.1007

If we then do a least-squares fit to a second-
order polynomial function, the results in the
design curve shown in Fig. (4). The fitted curve
should pass through the data points with very
low residual error. If the computed points cannot
be fit to a low-order polynomial, the simulation
method and the data extraction process should be
repeated to check for errors [12]. Figure (5)
shows the return loss and the insertion loss
responses for the two Peano resonators filter
(N=2). This response has clearly shown that the
modeled filter has good characteristics at the
lower cut-off passband, while it has less sharp
characteristics at the higher cut-off. This is
attributed to the slight dissymmetry of the
surface current distribution on the conducting
strips of this filter at the centre frequency, as
shown in Fig. (6). In spite this slight
dissymmetry in the filter response, the filter still
has good in-band return loss of about -10.74dB
and in-band ripple of about -0.45dB. The filter
occupies an overall area of 3.7mmx8.92mm,
which represents (0.075%0.086)/,, with resonator
dimensions of 3.7mmx4.17mm and spacing
between the resonators of 0.58mm and a
resonator strip width of 0.25mm.

6 © 2009 Iraqgi Society for Alternative and Renewable Energy Sources and Techniques (I.S.A.R.E.S.T.)
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Fig. (4) The coupled Peano resonators spacing
versus coupling coefficient for the geometry shown
in Fig. (2)
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Fig. (5) The return loss S41 and the transmission S,
responses of the two coupled Peano resonator filter
shown in Fig. (2)

Fig. (6) The surface current distribution on the two coupled Peano resonator filter shown in Fig. (2) at 2.45GHz

4. Filter Performance Evaluation

The complete 4-pole Chebyshev bandpass
filter model is now ready to be built in the EM
field solver. A suitable grid, in the EM solver,
has to be chosen to make a good compromise
between geometrical resolution and solution
time. In Fig. (4), K;,=K34=0.093 implies a
spacing of 0.3527mm, which we will round up
to 0.35mm. K,;=0.071 implies a spacing of
0.5316mm, which was rounded up to 0.53mm.

The largest expected error is the tuning of the
first and last resonators. It is well known for the
filter designer that tapping has a major effect on
resonator tuning. There is a need to perform
some type of tuning to reach the required
performance. The major tuning variables are the
resonator spacing, and the tap position.
Additional tuning for the inter-resonator spacing
and the feeding tap positions has been carried
out, in an attempt to reach design specifications.

All rights reserved
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Figure (7) shows the layout of the resulting
modeled filter. The filter occupies an overall area
of 3.7mmx17.42mm with previously stated
Peano resonator dimensions. The spacing
between the 1st and the 2nd resonators has
become about 0.3mm, which is equal to the
spacing between the 3rd and the 4th resonators,
while the central spacing has become 0.55mm.

Figures (8-10) demonstrate the resulting
performance curves after tuning. Filter responses
shown in Fig. (8) imply symmetrical
characteristics with sharper lower and higher
cut-off passband, centered at a frequency of
about 2.456GHz. The resulting fractional
bandwidth is of about 2%, as indicated in the in-
band response shown in Fig. (9). Increasing the
bandwidth requires further tuning of the inter-
resonators spacings. The price to be paid for this
is the corresponding increase of the in-band
ripple which worsens the overall filter
performance. Redesigning the filter with greater

Printed in IRAQ 7



IJAP Vol. (5), No. (4), October 2009

targeted bandwidth might be helpful to gain
some increase in the resulting filter bandwidth as
compared with that realized in the presented
design. The in-band return loss and insertion loss
are of about -0.19dB and -16.68dB, respectively,
making the final filter prototype almost meets the
predetermined design specifications. Figure (10)

shows the out-of-band responses of this filter.
The 2nd harmonic response appearing here is of
little importance, since it is with a very narrow-
band and low value of return loss, while the 3rd
harmonic response has considerably diminished.
To further improve the required response, filter
order N has to be increased.

[ el

Fig. (7) The resulting layout of the 4-pole Chebyshev Peano resonator microstrip bandpass filter
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Fig. (8) The return loss Si1 and the transmission S,
responses of the 4-pole Chebyshev Peano
resonator bandpass filter shown in Fig. (7)
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Fig. (9) The in-band return loss S;; and the
transmission S;; responses of the 4-pole
Chebyshev Peano resonator bandpass filter shown
in Fig. (7)
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Fig. (10) The out-of-band return loss S;; and the
transmission S;; responses of the 4-pole
Chebyshev Peano resonator bandpass filter shown
in Fig. (7)

5. Conclusions

A new multiresonator Chebyshev
narrowband microstrip bandpass filter design for
use in modern compact wireless communication
systems has been presented in this paper. The
proposed filter structure has been composed of
coupled single-mode microstrip resonators in the
form of 2nd iteration Peano fractal curve. The
space-filling property of the proposed fractal
structure, results in a high degree of
miniaturization of the single mode resonators.
Each resonator has been found to occupy an area
of about (0.075%0.086)4,. The resulting filter has
reasonable passband performance besides the
size reduction gained making it suitable for a
wide variety of wireless communication
applications. Furthermore, performance
responses have shown that the proposed filter has
less tendency to support higher harmonics which
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conventionally accompany the bandpass filter
performance.

Additional work has to be carried out to
explore the promising features that might be
offered by Chebyshev filters topologies based on
the higher iteration Peano curve resonators. The
possibility to design quasi-elliptic dual-mode
microstrip ring resonator filters based on
proposed fractal geometry has to be investigated.
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Found in 2005, Find in 2009

ENDING EVERY YEAR, the Editorial Board of
IJAP works hard to diagnose and study its progress
and interaction with the scientific research community
in Iraq throughout collecting and analyzing the
statistic data both quantitatively and qualitatively, as
well as throughout the direct opinions extracted from
samples based on time and field variety inside the
scientific research community in Iraq. In this issue, the
last of 2009 volume, we will preview the classification
of the articles published in IJAP since its first issue in
January 2005 ending with this current issue according
to the nine branches of applied physics dedicated by
IJAP. Also, we will preview the classification of
authors of these articles as Iraqis, Arabs or Foreign.
We think that both classifications may assist [JAP to
proceed into the horizon of development and growth
during the next years.

Applied & Nonlinear
Electronic Materials Optics Applications  Semiconductors &
6% Optoelectronics

& Devices %
% 25%
Applied Mechanics
& Thermodynamics— -

%

Digital & Optical /‘
Communications

10%

Plasma Physics &

Laser Physics &
Applications

Solid State Physics 15%

& Applications )
2% Quantum Physics &

Spectroscopy
14%

Articles published in IJAP (2005-2009) by subject

This study explains that about 25% of the
published article were on semiconductors &
optoelectronics, whereas 15% on laser physics &
applications, 14% on quantum  physics &
spectroscopy, 12% on solid state physics &
applications, 10% on digital &  optical
communications, 7% on applied mechanics &
thermodynamics, 7% on electronic materials &
devices, 6% on applied & nonlinear optics and 4% on
plasma physics & applications. As well, this study
explains that about 73% of authors were Iragis, 25%
Foreign and only 2% Arabs.

Accordingly, we can highlight some points from
this analysis. The reality of scientific research in Iraq
allowed Iraqi researchers — either individuals or
groups — to work on semiconductors & optoelectronics
much more than other fields. They work on solar cells,
photodetectors, deposition and doping techniques
(such as LID, PLD, CVD, PECVD, CBD, spray
pyrolysis, etc.), crystal growth, production of
nanostructures, optical and electrical properties of thin
films, thermal annealing and photoconductivity. This
may be attributed to the open technology, clearness of
theories, availability of competed experts — either from
foreign or national universities — and lower financial

Oday A. Hamadi
Managing Editor, IJAP

and technical requirements when compared to other
fields.

Arab Iraqi
2% 8 Foreign
Foreign O Arab

25%

Iraqi
73%

Authors of IJAP articles by nationality

The fields of high financial and technical
requirements, such as plasma physics & applications,
applied & nonlinear optics, electronic materials &
devices, and applied mechanics & thermodynamics,
have found less interest by Iraqi authors those
published their articles in IJAP and most of the
published articles in such fields were submitted by
foreign authors. Most articles on digital & optical
communications, solid state physics & applications,
and quantum physics & spectroscopy, submitted by
Iraqi authors, were dealing with simulation and
modeling works, while the articles on laser physics &
applications submitted by Iraqi authors have
combined between experimental and theoretical
works, however, such theoretical studies have based
upon experimental results. This highlights the
availability of good Iraqi experiences on laser physics
and applications within the available possibilities and
resources.

This study highlights that 50% of the published
articles were on semiconductors & optoelectronics,
laser physics & applications, and digital & optical
communications, as the results and outcomes of these
branches can applicably and directly be found over the
academic and research fields as well as the daily life
of the modern society.

Despite the acceptable echo of IJAP inside the
scientific research community in Iraq and the
interesting contributions from foreign authors, which
represent a “record” over Iraqi and Arab scientific
journals, the Arabic contributions still small. This is
attributed mainly to the electronic distribution style
considered by IJAP rather than the printed hard copies,
which in turn due to the poor financial resources of
IJAP. Otherwise, IJAP hard copies may be available in
too many libraries in Arab universities. As well, the
scientific research communities in Arab countries do
not respond to Arabic scientific journals and
periodicals as required that makes IJAP a new
experiment among the Arab specialized scientific
journals.
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Analytical Equivalent

Haitham S. Dawood

Circuit of High-Irradiated

Conventional Silicon
Solar Cell Performance

In this study the current—voltage characteristics of a conventional silicon solar
cell were studied. The experimental examination is carried out under a high
concentration of light. The variations of the two reverse saturation currents
are consistent with the physical significance of both the diffusion and the
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space-charge generation-recombination terms through their exponential
variations. The simulation results clearly demonstrated that the solar cell is
described with reasonable accuracy by a two-diode equivalent model that

simulates the effects of the double-exponential dark current—voltage
characteristics on the open-circuit voltage, fill factor, and conversion
efficiency of the solar cell at a high concentration. The theoretical results are
in good agreement with the experimental observations.

Keywords: Solar cells, Silicon-based devices, Equivalent circuit, High irradiation
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1. Introduction

The presence of a p-n junction in a
semiconductor makes solar power possible. The
space charge region is formed as a result of the
diffusion of majority carriers across the
metallurgical junction, and its width is fixed
when the diffusion is counter balanced by the
drift of carriers in the opposite direction, thus
setting up a compact but strong electric field as
the collecting junction in the depletion region
[1]. In thermal equilibrium, drift and diffusion
currents through the depletion region oppose
each other, resulting in zero net current flow.
Using light as an external stimulus allows the p-n
junction to behave as follows. Part of the solar
spectrum is absorbed in a semiconductor through
the transfer of optical energy to electrons that are
excited into the conduction band creating holes
in the valence band. The electric field in the
depletion region helps in separating these
electron-hole pairs, resulting in a voltage or the
photovoltaic effect [2].

The efficiency of photovoltaic solar cells
decreases with an increase in temperature [3].
When silicon solar cells are used under
concentrated sunlight they tend to heat up [4], as
a result of which the current and voltage
generated by the solar cell are modified. An
excessive rise in the solar cell temperature has
degrades effects on the solar cell characteristics.
In general, the open-circuit voltage (Vo)
decreases rapidly and the short circuit current
(Isc) increases slowly, as the temperature rises.

In this paper, we present a modeling analysis
implemented to introduce the I-V characteristics
of silicon-based solar cells at high light

All rights reserved
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concentration.  The  correlations  between
experimental I-V  plots and theoretical
counterparts under different illumination
intensities are studied.

The model must take into account the various
recombination and generation processes in the
solar cell under illumination. Thus, the device
can be modeled with either the conventional
single-diode model or the two-diode model.

Under illumination, the cell may be
represented by an equivalent circuit based on a
single-diode model, as shown in Fig. (1). The
cell is described as a current source in parallel
with the junction as
I=1,- V;;IRS —IU{exp{%(V+IRS)}—1} (1)

sh
where 1, represents the photocurrent, / is the
saturation current under reverse bias; Rg and R,
are respectively series resistance and shunt
resistance, n is the ideality factor, ¢ is the
elementary electron charge, k is the Boltzmann
constant and 7 is the temperature.

* im lfi

Ly
m
!

Fig. (1) Single-diode model of a solar cell under
high irradiation condition
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The simplified two-diode model of a solar
cell may be described by the new lumped
parameter simplified equivalent circuit shown in
Fig. (2) [5,6]. For a given incident light intensity,
at a given temperature, the implicit -V
relationship is given by

V + IR,

=1, - —Im{exp[Bl(V+[R5)]—l}—

sh

L fexp[B, (V + 1Ry)] - 1} )
where B=q/kT, B,=Bi/n and Iy, represents the
saturation current originating from the quasi
neutral region of the junction which is affected
by, as diffusion, recombination and the drift
effect [5]; Iy, corresponds to the carrier
recombination via deep levels in the space-
charge region of the junction [6]. The reverse
saturation current /i, is generally 3 to 7 orders of
magnitude larger than Iy;; the diode quality factor
n=2 for the approximation corresponding to the
Shockley—Read—Hall recombination current in
the space-charge region [5,7]; n is also a fitting
parameter that is greater than 2.

1

i VOV Cee B &

Fig. (2) Double-diode model of a solar cell under
high irradiation condition

The experimental study of the temperature
dependence of Iy and [, should help to verify
their different origins. Such studies have been
previously published under dark conditions [8].
It is interesting to determine the temperature
dependencies of electrical parameters while the
cell is operating as a generator under

illumination. It should be noted that the
illumination does not cause a simple translation
of the I-V characteristics along the current axis
[9,10], the series resistance effect is non-linear
and the injection level changes from low to high
level. Several methods have been proposed for
the determination of the free parameters in this
model from the [-V measurements [11,12].

In order to present general approach for
calculating all the cell parameters, we use Eq.
(2), for the two following special cases.

(i) For V=Vy¢ and I=0

Vv
0=1, _%_IOI{eXp[BI(VOC +IRS)]_1}_

sh

I {exp[B, (Vo + IR;)] -1} (3)
(i1) For I=Isc and V=0
I,R
I = Iph - % - IOl{eXp[Bl (ISCRS)] - 1} -
sh
Iy, {exp[Bz (Lsc Ry )] - 1} “4)

Differentiating Eq. (2) with respect to / on
both sides for the two special cases considered
above we have
(1) For I=0, V=V, one can write

dv 1
1= (d[ v + Ry ](_ Ris}? —1y,B, eXP[Bl (Voc)]
—1,B, exp[B2 Voc )]) (3a)
where
dv
w5

V=Voc

Thus, Ry is given as
av 1
. _[dl Ve T J[R +1,B, exp[B, Voc )]

+1,,B, exp[B, (Vo)) (5b)

Re-arranging

v e 1 (50)
dl V=Voc ’ 1
R +1),B, exp[Bl Voc )] +1,B, exp[82 Voc )]
sh
1
Ry = Rgy—— (6)
Ri +1,,B, eXp[Bl(Voc )] +1,B, eXp[Bz (Voc)]
sh
(i1) For V=0, I=I¢, we obtain
1=| 2 +Ry | ————1,B, exp|B,(I;.Ry)|—1,,B, exp|B, (I Ry))
dl 1=l Rsh
where

dv
R, =— =
sh0 (d]j

I=Igc
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Thus
Ry=—— ! @®)
Ri_ —-1,B, eXp[B1 (Lsc Ry )] —1,B, exp[32 (Lsc Ry )]
sh0 S
For V=V, and I=Ic, we have
V
Iph = % + 101{CXP[Bl Voc] - 1} - Ioz{eXP[BzVoc] - 1} ©)

sh

Equations (3), (4), (6), (8), and (9) form a system of simultaneous equations where the unknown
parameters are Rs, Ry, lo1, lo2, and L, respectively. To be very general, let

u=Rg, V=R, x=Lpn, y=lo1, z=lp2 (10)
The system can be written as

Siw,v,x,,z)=0
fru,v,x,y,2)=0
fiw,v,x,y,z)=0 (11)
fou,v,x,y,2)=0
fs(u,v,x,,z)=0

The system in Eq. (11) is resolved numerically using the Newton—Raphson algorithm of the form

-1

_fl (U5 Vs X Viets Ziy )]
S Vi X Vi Ziy)
L@ v % s 2 |12
S, Vi X Vi Zi)

_fs (U 15 Vi 15 X415 Vits Zi )_

L (g Vi XYk Z51)

where the initial conditions are thus given by

)]
v(1)| |0
x()|=|0 (13)
yd| |0

z()] |0

The five different parameters of the single-
diode model, can be determined directly from the
latter equations using /=0 and Ip,=1.

2. Experiment

In this work, we have used standard solar
panel fabricated by Hebe Solar Co., Ltd. (China)
in order to test the model at optimum solar
parameters. The panel is 15x15cm in area and
partitioned into many multicrystalline silicon p-n
junction solar cells. Each cell is 25x25mm in
dimensions, 300um in thickness and delivers
40% more power than customary cells. The front
grid was made of 2 silver bus bars, Imm wide,
with about 80 fingers of Sum length between
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them and SiNy AR coating. The back side
contains of Smm wide soldering pads (Ag/Al)
and back surface field (Al). The contact
thickness was 2.5um and the sheet resistance
was 900Q/o. The cells were mounted on
thermal-clad substrates, which are commonly
used for hybrid electronic circuits. The n-type
side was 200nm thick with a doping density of
2x10'8cm™ and the p-type side was 800nm thick
with a doping density of 2x10"7cm™. The
maximum efficiency of this cell as illustrated by
the manufacturer is ranging within 13.8-15.6% at
3.5W maximum output power. The conversion
measurements were conducted under solar
radiation. The concentrator system used 1is
advantageous for giving good illumination
uniformity at the focus. The focus was 3X3cm’
in area and was slightly larger than the
dimensions of the tested cells.

The measured parasitic resistance induced by
this set-up was in the order of 20mQ which is a
minimal contribution for the tested cells. Under
the same experimental conditions, a solar cell
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operating at a high concentration of light shows
only slight degradation as a result of the parasitic
effect.

3. Results and Discussion

The equivalent-circuit parameter values were
determined and the simulated I-V plots together
with the experimental counterparts are
represented in Figs. (3—6) for four different
concentrations. The simulated parameters were
calculated using the single-diode model and the
two-diode  model presented above. A
Comparison between the cell parameters
obtained wusing each model with the
corresponding  experimental  values  was
conducted to find the best model.

The results clearly show that the proposed
two-diode model is compatible with the solar cell
at high concentrations (X=73:36, 139.27, and
201.19). On the other hand, the single-diode
model seems better for the low concentration of
X=1 where the two-diode model is less precise
than the single-diode model.

EEEEEEEEEEEEE
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2t 2 diode
< 1 diode
1r X exp.
#*
0
0 0.4 0.8 1.2 1.6|

Voltage (V)

Fig. (3) Simulated curves and experimental
measurements of |-V characteristics of the solar
cell under concentration level of X=1 (X is the light
concentration level)
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Fig. (4) Simulated curves and experimental
measurements of |-V characteristics of the solar
cell under concentration level of X=73:36 (X is the
light concentration level)
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Fig. (5) Simulated curves and experimental
measurements of |-V characteristics of the solar
cell under concentration level of X=139:27 (X is the
light concentration level)
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Fig. (6) Simulated curves and experimental
measurements of |-V characteristics of the solar
cell under concentration level of X=201:19 (X is the
light concentration level)

At high levels of solar concentration, the
good agreement of experimental results with the
two-diode model can be explained by the fact
that under such conditions the traps, which are
susceptible to intervening in the recombination,
are saturated and the amount of diffusion
becomes significant. The two-diode model can
be applied under conditions of weak injection,
while taking in account three essential
mechanisms [7]. First, the diffusion takes into
account the recombination mechanisms in the
quasi-neutral regions (notably the contacts).
Second, the recombination in the space-charge
region of the junction, by the recombinant
centers associated with the levels situated in the
strip forbidden for a homojunction represented
by one exponential term. Finally, Joule effect is
translated into losses due to the series resistance
and shunt resistance.

Therefore the two-diode model is the more
suitable for the precise simulation of a solar cell
in a real situation [1,5,10]. This is presumably
due to the minority carrier diffusion process,
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which becomes dominant in the conduction
mechanisms at a high concentration of light
[1,2].

4. Conclusions

The effects of double-exponential dark
current—voltage characteristics on the different
parameters of a silicon-based solar cell operating
at high concentration of light were studied. The
two-diode model was compared to the single-
diode one in terms of the agreement between the
simulated cell parameters and experimental
values. We conclude that the conventional
single-diode model is inadequate for describing
the behavior of the studied device under high
light concentration and that the two-diode model
is more appropriate.
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Kao, Boyle & Smith

The Iraqi Journal of Applied Physics is proud to present a
brief on this year's Nobel Laureates in Physics, Drs. Willard
Boyle and George Smith, formerly of Bell Labs, for their
invention of the charge-coupled device; and Dr. Charles Kao,
of Standard Telecommunication Laboratories, Harlow, UK,
and Chinese University of Hong Kong, for his work in
development of optical fibers for telecommunications.

The part of this year’s award associated with Mr. Kao
underscores the fact that optical fibers carry an increasing
fraction of phone calls, television programs, and internet
traffic into homes. Data can move down silicon fiber more
quickly than through copper wire because nothing is faster
than light, and light signaling offers higher bandwidth for
electronic circuitry. Encoding information in the form of
light pulses rather than as electric pulses allows more data to
flow down a line. Kao’s principal achievement was in
making the fiber more efficient; by excluding impurities in the
fiber material, he developed a material that absorbed less of
the light carrying signals over long distances.

The part of the prize associated with Boyle and Smith
recognizes the huge advantage of capturing images in digital
rather than film form. Pictures can be sent through wires
more easily, can be manipulated and processed in creative
ways (e.g., you can see a moving comet or supernova in sky
scans by subtracting tonight’s pixel map from last night’s
map), and can be stored more handily. Devices such as
photomultiplier tubes for converting light into an electric
signal have been around for decades. But the CCD allowed
whole two-dimensional fields of optical data to be read out
more quickly and efficiently. And, of course, CCD’s have
been the backbone of the commercial digital camera industry.

Charles Kao

Willard Boyle George Smith
Overview of optical fibers and charge-coupled devices
THE 2009 NOBEL PRIZE IN PHYSICS will be awarded
to Charles K. Kao (Standard Telecommunication
Laboratories, Harlow, UK, and Chinese University of Hong
Kong), and Willard S. Boyle and George E. Smith (both of
whom worked chiefly at Bell Laboratories, in Murray Hill,
NJ, USA) for their work leading to modern
telecommunications. Kao will receive half the prize money
for helping to invent modern optical fiber, allowing signals to
travel flawlessly thousands of miles. Boyle and Smith will
split the other half of the prize for their development of
charge coupled devices (CCDs).

"The [transfer of] information in society today is completely
based on [this research]," said Joseph Nordgren, the chair of
the Nobel Prize committee in a press conference announcing
the prize. "The practical implications for this research were
enormous...It is something that has changed our life, not just
in science but in society as whole."

Fred Dylla, CEO of the American Institute of Physics, which
publishes Physics Today, concurs. "When combined with the
laser and the transistor, the invention of an efficient, low-loss
optical fiber has made nearly instantaneous communication
possible across the entire globe. This mode of communication
is essential for high-speed internet and forms the optical
backbone of 21st century commerce. The CCD sensor has
revolutionized  technical, professional, and consumer
photography in the last few decades. Taken together these
inventions may have had a greater impact on humanity than
any others in the last half century."

"Optics technologies are exceptionally significant for
scientific developments in today’s world," said Elizabeth
Rogan, CEO, of the Optical Society of America. "We
congratulate Kao, Boyle and Smith on this much-deserved
recognition.”

Kao

In 1966, Charles K. Kao made a discovery that led to a
breakthrough in fiber optics. He carefully calculated how to
transmit light over long distances via optical glass fibers.
With a fiber of purest glass it would be possible to transmit
light signals over 100 kilometers, compared to only 20 meters
for the fibers available in the 1960s. "It was the impurities,
and other limiting factors such as scattering, atomic motion,
that limited glass fibers in the 1960s," said Nordgren.

Kao presented his research at the 1966 London meeting of
the Institution of Electrical Engineers. The first ultrapure
fiber was successfully fabricated just four years later, in 1970
by the Corning company.

"The Nobel Prize isn't awarded for lifetime achievement, it is
given for diverse research, clearly Kao's work achieved a
breakthrough that led to a whole new research and
technology field," said Nordgren.

Boyle and Smith

In 1969 Willard S. Boyle and George E. Smith invented the
first successful imaging technology using a digital sensor, a
CCD (charge-coupled device).

The two researchers came up with the idea in just an hour of
brainstorming, according to Boyle who spoke during a press
conference today. "It is amazing that a [the CCD device] was
created so quickly," said Nordgren. "There are so many
breakthroughs that came out of research at Bell labs...it's
unfortunate that during the 80s, US companies abandoned the
idea of having a scientific environment such as Bell labs,"
said Nordgren.

Boyle said that to him, the biggest achievement of his work
was seeing images transmitted back from Mars. "It wouldn't
have been possible without our invention,” he said.

The CCD technology makes use of the photoelectric effect,
as theorized by Albert Einstein and for which he was
awarded the 1921 Nobel Prize. By this effect, light is
transformed into electric signals. The challenge, when
designing an image sensor, was to gather and read out the
signals in a large number of image points, pixels, in a short
time.

The CCD is the digital camera's electronic eye. It
revolutionized how images were collected from spacecraft, by
telescopes, and in medical imaging, and has eventually
replaced the film camera in every aspect of photography.

Edited by
Oday A. Hamadi
Managing Editor, IJAP
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In this paper, a small size, low profile and multiband triangular and quadratic
Koch curve dipole antenna are presented. The proposed antennas design,
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analysis and characterization had been performed using the method of
moments (MoM). The designed antennas have operating fiequencies of
603MHz, and 1789MH , for triangular Koch dipole antenna and 460MHz and
1262MHz, for quadratic Koch dipole antenna. The radiation characteristics,

reflection coefficients, VSWR, gain, and input impedance of the proposed
antennas are described and simulated using the 4NEC?2 software package.
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1. Introduction

In modern wireless communication systems
and in other increasing wireless applications,
wider bandwidth, multiband and low profile
antennas are in great demand for both
commercial and military applications. This has
initiated antenna research in various directions.
One of which is using fractal shaped antenna
element. Fractal geometries have three common
properties, self-similarity, space-filling and
fractal dimension. It has been shown that, the
self-similarity property of fractal shapes can be
successfully applied to the design of multiband
fractal antennas and the space-filling property of
fractals can be utilized to reduce antenna size.
Fractal curves are well known for their unique
space-filling properties [1], while the fractal
dimension property has been widely used to
discriminate fractal geometries from Euclidean.

Fractals were first defined by Mandelbrot in
[2] as a way of classifying structures whose
dimensions where not whole numbers. These
geometries have been used previously to
characterize unique occurrence in nature where
difficult to define with Euclidean geometries,
including the length of coastline, density of
clouds, and the branching of trees [3].

The term “fractal” derived from the Latin
word fractus, which means broken or irregular
fragments [4]. Therefore, there is need for a
geometry that handles these complex shapes
better than Euclidean geometry, where the
Euclidean geometry has a whole number of
dimensions, such as a one dimensional line, or
two dimensional planes...ctc [3].

In antennas design, the use of fractal shapes
makes the operational frequency of an antenna
which depends on the ratio of the
electromagnetic signal's wavelength to the

All rights reserved
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physical size of the antenna independent of its
scale. This means that a fractal antenna can be
constructed in small sizes, yet possessing a broad
frequency range [5]. The reason why the fractal
design of antennas appears as an attractive way
to make antennas is two reasons; firstly because
one should expect a self-similar antenna (which
contains many copies of itself at several scales)
to operate in a similar way at several
wavelengths. That is, the antenna should keep
similar radiation parameters through several
bands. Secondly, because the space-filling
properties of some fractal shapes (the fractal
dimension) might allow fractally-shaped small
antennas to better take advantage of the small
surrounding space [6].

2. Generation of Triangular Koch Curve

The method of construction of the Koch
curve is illustrated in Fig. (1). The Koch curve is
simply constructed using an iterative procedure
beginning with the initiator of the set as the unit
line segment (step #=0 in the figure). The unit
line segment is divided into thirds, and the
middle third is removed. The middle third is then
replaced with two equal segments, both one-third
in length, which form an equilateral triangle (step
n=1); this step is the generator of the curve. At
the next step (n=2), the middle third is removed
from each of the four segments and each is
replaced with two equal segments as before. This
process is repeated to infinite number of times to
produce the Koch curve. A noticeable property
of the Koch curve is that it is seemingly infinite
in length. This may be seen from the
construction process. At each step n, in its
generation, the length of the pre-fractal curve
increases to 4/3L,.;, where L, is the length of
the curve in the preceding step [2].
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Fig. (1) The first four iterations in the construction
of the triangular Koch curve

Fractal dimension contains used information
about the self-similarity and the space-filling
properties of any fractal structures [2]. The
fractal similarity dimension (D) is defined as
[7]:

_ Jog(V) _logld) _, 556
log(l/¢)  log(3)
where N is the total number of distinct copies,
and (1/¢) is the reduction factor value which
means how will be the length of the new side
with respect to the original side length.

3. Generation of Quadratic Koch Curve

Figure (2) Contains the first three iterations in
the construction of the quadratic Koch curve.
This curve is generated by repeatedly replacing
each line segment, composed of four quarters,
with the generator consisting of eight pieces,
each one quarter long (see Fig. 2) [7]. Each
smaller segment of the curve is an exact replica
of the whole curve. There are eight such
segments making up the curve, each one
represents a one-quarter reduction of the original
curve.

Iteration 0 Initiator

Generator

Iteration 1 —

gln

Iteration 2 —|—|_:'

Iteration 3

“he,
e

5 g

Fig. (2) First three iterations of the construction of
the quadratic Koch curve

Different from Euclidean geometries, fractal
geometries are characterized by their non-integer
dimensions. Fractal dimension contains used

information about the self-similarity and the
space-filling properties of any fractal structures
[2]. The fractal similarity dimension (FD) is
defined as [7]:
_ log(N) _log(8) _, &
log(l/s) log(4)

where N is the total number of distinct copies,
and (l/¢) is the reduction factor value which
means how will be the length of the new side
with respect to the original side length.

4. Design of the Triangular and Quadratic
Koch Dipole Antennas

The triangular and quadratic Koch antennas
which positioned in the YZ-plane has been
simulated using numerical modeling commercial
software 4NEC2, which is method of moment
based software. The 4NEC2 program is used in
all simulations. This is very effective in
analyzing antennas that can be modeled with
wire segments. The feed source point of these
antennas are placed at origin (0,0,0), and this
source set at 1V. The design frequency has been
chosen to be 750MHz for which the design
wavelength A is 0.4m (40cm) then the length of
the corresponding A/2 dipole antenna length will
be of 20cm. Figure (3) shows the visualization of
triangular and quadratic dipole antenna geometry
by using NEC-viewer software.

i

(b)
Fig. (3) Visualization of the modeled dipole
antennas geometry of (a) triangular Koch antenna
(b) Quadratic Koch antenna

5. Simulation Results of the Triangular
Koch Dipole Antenna

The input impedance and radiation
characteristics of this type of antenna have been
widely studied by numerical simulations. From
method of moment, the program will be able to

18 © 2009 Iraqgi Society for Alternative and Renewable Energy Sources and Techniques (I.S.A.R.E.S.T.)



compute real and imaginary parts of the input
impedance over the frequency range from 0 GHz
to 3GHz, the resulting input impedance (both
real and imaginary parts) are shown in Fig. (4),
where the input impedance of the antennas with
generalized Koch curves for the 1% iteration and
60° indentation angle are plotted, and this figure
shows that the antenna has two resonance
frequencies (603MHz and 1789MHz). At these
frequencies, the imaginary parts of the input
impedance is approximately zero.

It g e 001

Frespasemsy (W)

Fig. (4) Input Impedance for the 1% iteration
Triangular Koch Curve

Table (1) shows the resonance frequencies
and the corresponding input impedance, voltage-
to-standing wave ratio (VSWR), and reflection
coefficient values for each resonance frequency
and table (2) shows the gain at each frequency in
the XZ-plane and YZ-plane for the triangular
Koch dipole antenna.

Table (1) Resonant frequencies and their input
impedance, reflection coefficient and VSWR

Input .
Frequency Impe?iance Reﬂect‘lon
VSWR | coefficient
(MHz) () (dB)
R X
603 50.7877 0.0376 1.01577 42.131
1789 107.328 | -j0.442 | 2.14661 -8.7686

Table (2) The gain of the proposed antenna at the
resonant frequencies in the two planes

Gain (dBi)
F(MHz) XZ-plane (phi=0°) | YZ-plane (phi=90°)
603 2.08 2.04
1789 2.97 3.22

The antenna reflection coefficient with
respect to 50Q transmission lines was plotted in
Fig. (5) and the voltage-to-standing wave ratio
(VSWR) is plotted in Fig. (6). The normalized
electric field patterns in the three planes (XY-
plane, XZ-plane, and YZ-plane) are plotted in
Fig. (7) for each resonant frequency.

All rights reserved
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6. Simulation Results of the Quadratic
Koch Dipole Antenna

The input impedance is shown in Fig. (8),
which shows that the antenna has two resonance
frequencies (460MHz and 1262MHz). At these
frequencies, the imaginary parts of the input
impedance approximately zero. Table (3) shows
the resonance frequencies and the corresponding
input impedance, VSWR, and reflection
coefficient values for each resonance frequency
and table (4) shows the gain at each frequency in
the XZ-plane and YZ-plane for the quadratic

Koch dipole antenna.

Reallrton ConlBcin (671

Freguenes (M

Fig. (5) Reflection coefficient at the antenna
terminals

Frequens (M

Fig. (6) Voltage to standing wave ratio (VSWR) at
the antenna terminals

Table (3) Resonant frequencies and their input
impedance, reflection coefficient and VSWR

Input
impedance (Q2) Reflection
Fr(‘;‘,‘[‘]';;‘)cy VSWR | coefficient
R X (dB)
460 29.0907 | j0.567951 1.71909 -11.5527
1262 70.5434 | -j 0.05527 1.410869 | -15.36931

ISSN 1813-2065

Table (4) The gain of the proposed antenna at the
resonant frequencies in the two planes

Gain (dBi)
F(MHz) XZ-plane (phi=0°) | YZ-plane (phi=90°)
460 2.03 1.88
1262 1.62 4.45

Printed in IRAQ 19



IJAP Vol. (5), No. (4), October 2009

& Db 1 " 2= 3
P P ¥ X - i
W Lo L y / \
.-'f \-. \ A { .ll
{ A \\_ /“' 1
\ : § \
\ /. R (T8
\'\ / : :
S £ el e
XY-plane XZ-plane YZ-plane
a) f =603 MHz
T epgE i T :
\ A ) (7 Ao )
( \ N N\ ¢ / .\\ 4
[ ] £ AN ] % {
\ / o L ™
‘.\ / ; J!/. b Y \ I-"/ A .'\-__\ \.\
N { i ] b i | )
s . S o e T L A
S =
XY-plane XZ-plane YZ-plane

b) f =1789 MHz

Fig. (7) Normalized electric field pattern at (a) f = 603MHz (b) f = 1789MHz

The antenna reflection coefficient with
respect to 50Q transmission lines was plotted in
Fig. (9) and the VSWR is plotted in Fig. (10).
The Normalized Electric field patterns in the
three planes (XY-plane, XZ-plane, and YZ-
plane) are plotted in Fig. (11) for each resonant
frequency which is 460MHz and 1262MHz,
respectively.
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Fig. (8) Input impedance for the 1% iteration
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Reflection Coefficient (dH)

1666 1500 2000

Frequency(vHz)
Fig. (9) Reflection coefficient at the antenna
terminals
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Fig. (10) Voltage-to-standing wave ratio (VSWR) at
the antenna terminals

7. Conclusions

In this paper, multiple resonant frequencies of
a fractal element antenna using triangular Koch
curve and quadratic Koch curve was
investigated, The results of the numerical studies,
where Method of Moments was used to explore
the behavior of the Koch fractal elements. The
analysis and simulations of 1% iteration
Triangular and Quadratic Koch curve dipole
antennas shows some important points. The
using of Koch curves in antenna design can help
to design antennas with length smaller than the
normal dipole and radiate with characteristics
comparable to this A4/2 dipole. The simulations of
triangular Koch curve and quadratic Koch curve
dipole fractal antennas show that these antennas
have their first resonance frequency below the
design frequency, where for triangular and
quadratic Koch curves dipole antenna the

© 2009 Iraqgi Society for Alternative and Renewable Energy Sources and Techniques (I.S.A.R.E.S.T.)



percentage difference was 19.6% and 38.7%,
respectively.

The fractal dimension (FD) for triangular
Koch curve dipole antenna is equal to 1.2618,
while for quadratic Koch curve dipole antenna is
equal to 1.5. The reflection coefficient for the
triangular Koch dipole antenna is <-10 dB
(VSWR<2) at first resonance frequency and have
small reactance equal to -j0.0376 for /~603MHz
and -j0.442 for /~1789MHz.

‘\I‘ b Sptt
240 ——3m
7

XY-plane
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Duffing Chaotic Laser
Resonator

In this work we show, from the dynamical point of view, how an optical
device in a ring resonator can generate a Duffing map for the ray
parameters. The resonator is analyzed and the elements of the matrix [a,
b, ¢, e] representing the chaos generating device are found in terms of
both, the cavity and the Duffing map parameters. The recurrence relations
of the chaotic Duffing map are used to obtain the expressions that
describe the ray after the n-th round trip. The characteristic dynamics of
the Duffing chaos generating element are discussed and the matrix
elements [a, b, c, e] of the chaos generator device are presented.
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1. Introduction

Any system in nature let it be optical,
chemical, mechanical electrical or even
economical [1, 2] can exhibit chaotic behavior.
In the last decades, scientists have studied
chaotic physical systems in search of good
theoretical or computational models to describe
them, conversely, their theoretical and
computational studies of chaos has often
stimulated the search for physical systems that
would behave according to a model predictions.
In this work it is shown that the dynamics of a
light beam in a laser resonator with a chaos
generating optical device within may be made to
follow Duffing set of equations [3]. The
conditions imposed on the optical device for the
beam to obey Duffing equations are discussed [4,
5, 6, 7]. Most of the research on chaotic systems
has concentrated on their temporal behavior [8,
9, 10, 11]; this work is focused on the spatial
behavior of a ray in a laser cavity. The idea
behind this work is to make the wvariables
involved in the matrix laser function like in an
oscillating Duffing pendulum [12].

2. Duffing Map
The Duffing oscillator is a non-linear system;
it is a good example of a periodic forced
oscillator with a non linear elasticity, it can
exhibit both a periodic and a chaotic response.
As an undamped driven oscillator, Duffing is
described as a second order differential equation:
X+ox+x+x = fBcoswt (1)
When studied in phase space, this equation gives
rise to the Duffing map [13], best described by a
difference equations system:
dx _
— =z
dt )
dz

Z=_x—x*—az+ Bcos(art
7 B cos(awr)
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In paraxial optics, two parameters are of
importance: y,, (z) for the effective distance to the
optical axis z and 6, (z) the angle to the same
axis, the subscript n designs the n™ ray’s
complete trip; so that when a two-dimensional
non-linear map in its discrete form is applied to a
paraxial ray in a laser cavity, the Duffing
equations can be written as follows:

Y =6, 3
O, ==B*y, +a*0,-0,

The Duffing map written as in equation (3)
describes the transformation a ray (y,, 6,)
undergoes in one round trip inside the laser
cavity, and reveals the new point ( y,+;, 6,+1).

This map depends on the two parameters "a"
and "f", usually set to 0=0.25 and p=0.3 if
chaotic behavior is desired. The Duffing
equations (2) are often used to describe the
movement of a classic particle inside a potential
[14]. Figure (1) shows the Duffing attractor with
these particular values of a, f and w=1, here a
two well potential appears since there are two
stable points.

Fig. (1) Duffing chaotic attractor with parameters
a=0.25, B= 0.3 and w=1
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To see the fixed points of the Duffing map 6,
is plotted as a function of n (for values of n from
0 to 800) in Fig. (2). The Duffing phase space is
shown for the discrete expression in Fig. (3) for
the same particular values of a and f; 6, is
plotted as function of y,,.
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Fig. (2) The figure shows the two stable fixed points
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Fig. (3) Discrete-time Duffing map with a=0.25 and

B=0.3
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and the elements of the above total

transformation matrix of the resonator would be:

A:a—g(b—3d) (6)

B=}1(bzc—2b(—2+a+3cd+e)+3d(2a+3cd+2e)) (7

C=-c (®)
D= bc—3;d —2e 9)
Once we know the matrix of the system, we
can carry out the calculations for the beam
parameters y(z), and éz), after n round trips.
This will enable one to find the mathematical
properties that the chaotic device has to fulfill.

3. Resonator Optics

A laser cavity can, as any optical device, be
described by an ABCD matrix or ray matrix.
Such a matrix is a 2x2 matrix, originally
developed for calculating the propagation of
geometric rays with some transverse offset y and
offset angle 0 from a reference axis. As long as
the angles involved are kept small (paraxial
approximation), that is sinf = tan@ =6, there is a
linear relation between the y and @ coordinates
before and after an optical element, and the
transformation a light ray undergoes when
passing through an optical element, can be
expressed by the following equation:

Vo _(A4 Bl 4)
o, C D) \§

For any optical system, if a beam propagates
through several optical elements (including any
air spaces in between) it is always possible to
obtain the system’s total [4,B,C,D] matrix by
taking the matrix product of each one of the
optical elements in the system.

If a resonator formed by two plane mirrors
and an ideal phase conjugated mirror [15-20]
separated by a distance d as shown in Fig. (4),
with in addition, an unknown chaos generating
element represented by the matrix [a, b, ¢, €]
located in the middle of the optical way between
the plane mirrors at a distance (d-b)/2, is to be
described by a single [4, B, C, D] matrix, the
calculation would yield:

o 2 ¥

Fig. (4) Ring resonator constructed with two plane
mirrors and one phase conjugated mirror including
a chaos generating element
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4. Duffing Chaos

Chaos and instabilities have been an area of
research in simple lasers, and in 1991, some
experimental work was done [21] in composite
resonator lasers with a phase-conjugator mirror
to demonstrate that the laser system behaves as a
system of forced non linear oscillators, the
authors reported that the attractor they found has
the characteristics of the one obtained for the
Duffing’s equation.

The matrix [a,b, ¢, e] of the chaos generating
element needs to be found, so that equations (3)
and (6), (7), (8), (9) form a consistent system.
The matrix system (3) is equivalent to:

Iraqi Journal of Applied Physics

Vo = Ay, +BO,, (10)
6.=Cy,+D0,.

If one wants to obtain the Duffing map
equations (3) from equations system (10)
inspection alone indicates that one has to impose

the following values to the matrix elements,
A=0, B=1,
C=-B,D=a-0..

So that equations (6), (7), (8) and (9)

respectively can be written as the following
system of equations

an

0=a-(b-3d) (12)

1= (b e=2b(-2 4 a +3ed + &)+ 3d(2a+3ed +2¢) ()

f=c (14)

amgr el 2e (15)

When the system of equation for elements a, b, c and e is solved, the results are:

2ta-0 - +4ﬂ(—1+3;i)—2a(—2+5’2)+(—2+92)2 (16)

y_2tat3pd -0 o’ +4B(-1+3d)-2a(-2+67)+(-2+6")’ (17

B

o= g (18)
2—a+ 0+’ +AB(-1+3d)—2a(-2+0°) + (-2 +0°) (19)

e=

2

Taking the solutions (16) to (19) for the
elements of the matrix [a, b, ¢, e] into Eq. (5), the
total transformation matrix [4, B, C, D] for a full
round trip is governed by the elements given by
equations system (3). Now equations for y,;; and
0, are readily obtained and by construction will
have a Duffing system form that will only
depend on the parameters o, f and d. This means
that the chaos generating device lead the laser
system to any behavioral region (one potential
well or two) determined by a and f.

5. Conclusions

This work shows that it is possible to model a
chaos generating element capable of modifying
the lasers dynamics; particularly, a Duffing
pendulum system behavior was induced. The
laser resonator that we proposed is a ring
resonator formed by two plane mirrors and a
phase conjugated mirror with a an optical device
between the two plane mirrors, Chaos is obtained
in the spatial domain, in terms the laser spot size
and in the angle of the ray with the optical axis,
and is described by the system equation (16) to
(19). In this particular case, a dependence of the
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Duffing chaos generating element with the
distance between the mirrors can be clearly
observed. The elements of the matrix for the
Duffing chaos generating element [a, b, ¢, e] are
found in this work for the first time to our
knowledge and was used to lead the laser
behavior as a Duffing pendulum system.
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In this work, the temperature dependencies of Hall coefficients in cadmium
oxide thin films prepared by thermal evaporation technique. These
coefficients included temperature-dependent Hall coefficient, logarithmic
Hall coefficient and Hall mobility. Results showed that the extrinsic
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conduction prevails in studied samples and impurity atoms introduce energy
levels within the energy gap and act as donors. The activation energy of the
impurities generally ranged between 0.020eV and 0.070eV. An increase of

carrier mobility with temperature was observed then it decreased in higher
temperature due to lattice scattering of charge carriers. The values of optical
bandgap ranged between 2.90eV and 3.30eV, which is in a good agreement
with the those obtained for bulk CdO:Sn samples.

Keywords: CdO films, Hall coefficients, Temperature dependency, Thermal evaporation
Received: 11 July 2009, Revised: 22 September 2009, Accepted: 5 October 2009

1. Introduction

Degenerate semiconducting cadmium oxide
(CdO) material attracts a great attention due to its
electrical and optical properties. Films prepared
from pure and metal-doped CdO have been
widely studied for extensive optoelectronic
applications in transparent conducting oxides
(TCO), solar cells, smart windows, optical
communications, flat panel displays, photo-
transistors, as well as other types of applications
like IR heat mirror, gas sensors, low-emissive
windows, thin-film resistors, etc [1-5].

Generally, CdO films are transparent in
visible and NIR spectral regions and have n-type
semiconducting properties with an electrical
resistivity of 10210 Q.cm [1, 6] and a band
gap in-between 2.2eV and 2.7¢V [7-9]. The
procedure of preparation and the kind of the
metal dopant are responsible for those different
values of the conductivity and the variety of the
optical properties. The conduction of pure CdO
is attributed to its native defects of oxygen
vacancies and cadmium interstitials. Therefore,
the conductivity of CdO films can be controlled
by those native defects through the procedure of
film preparation including doping with metallic
ions. Moreover, these electrical properties can be
improved by reducing the effect of depletion
regions formed on grain boundaries that can be
done by employing various treatments with
hydrogen including low-temperature post-
annealings [10—12]. The present study focuses on
the improvement of the dc-electrical conduction
properties and the variation in the optical
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absorption properties of CdO thin films because
of low-temperature post-annealing in hydrogen
atmosphere at different durations.

Cadmium oxide (CdO) is an important
semiconductor material for the development of
various technologies of solid—state devices,
(panel display, optoelectronic components,
thermally insulating glass, etc.) [7,13,14]. Some
electrical properties of this oxide have been
investigated by several authors [9,15-17]. The
experimental data concerning the Hall effect of
CdO are rather poor. A variety of methods has
been used to prepare thin films of cadmium
oxide such as thermal evaporation, oxidation of
cadmium films, spray pyrolysis, metalorganic
chemical deposition, etc. [9,16-18]. It was
experimentally found that the electronic transport
and optical properties of CdO thin films strongly
depend on the preparation method and deposition
conditions [1618]. On the other hand, we remark,
that in the above-mentioned papers on the
electronic transport in CdO and CdO:Sn thin
films, the experimental data were discussed with
respect to a relative, small number of samples
prepared under different conditions.
Consequently, it is difficult to compare the
results presented by different authors. In a series
of previous papers [19-20], we have studied
temperature dependence of the electrical
conductivity of CdO and CdO:Sn thin films. It
was experimentally established that the stable
structure of films can be obtained if, after
preparation, they are submitted to a heat
treatment.
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In present paper, the Hall coefficient in
CdO:Sn thin films are investigated as a function
of deposition conditions, magnetic induction and
film temperature.

2. Experiment

CdO thin films were deposited onto glass
substrates by physical vapor deposition under
vacuum of high purity CdO. The experimental
conditions were settled for obtaining films of a
uniform thickness on large areas of the substrate
surface. The samples under study were prepared
using the following deposition parameters: the
source  evaporator-substrate  distance was
D=50mm; source temperature was 7,=1100K;
deposition rate was 7,~=10A/; substrate
temperature 75=300-500K. Source temperature
was monitored by a Pt/Pt-Rh thermocouple. A
special holder for substrates was made of
aluminium and permits to prepare four samples
simultaneously. A chromel-alumel
thermocouple, which monitored substrate
temperature, was attached to the front surface of
the substrate. The film thickness was measured
by using multiple-beam Fizeau’s fringe method
[22] at reflection of monochromatic light,
A=550nm.

For measurement of the Hall coefficient and
its  temperature  dependence a  special
arrangement has been used [19,20]. The indium
thin film electrodes were used. The Hall voltage
was determined by a standard DC potentiometric
method. Two Keithley instruments (Model 6517
electrometer) were used for measurements. The
Hall coefficient was calculated from the
following expression [23]
_ U,d 1)

BI
where Uy is Hall voltage, d is film thickness, B is
magnetic induction and / is intensity of total
current which passes through the film

The magnetic induction produced by an
electromagnet was measured by a teslameter.
The temperature dependence of the electrical
conductivity (o) was studied using surface-type
cells. The optical bandgap of CdO thin films was
determined from optical absorption spectra. The
absorption coefficient (a) was calculated from
the expression [24]

2
a= lln (1=R) 2
d T
where d is film thickness, and R is reflection
coefficient and 7 is transmission coefficient

R

3. Results and Discussion

The temperature dependence of the Hall
coefficient is presented in Figs. (1) and (2). An
exponential decrease of Hall coefficient with
increasing temperature is observed in all
investigated temperature range. Clearly, the

extrinsic conduction prevails in studied samples.
Impurity atoms (tin atoms) introduce energy
levels within the energy gap and act as donors.
The activation energy of the impurities, Ej,
calculated from the dependences In(R,T*?)
=f(10°/T) [23], generally ranged between
0.020eV and 0.070eV.
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Fig. (1) Temperature dependence of the Hall
coefficient for films with various thickness
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Fig. (2) Temperature dependence of the Hall
coefficient for films with various thickness

In Fig. (3), the dependence of the Hall
mobility on the temperature is illustrated for
three samples. The Hall mobility («y) has been
estimated by means of the expression

_ Rl

P

where Ry is Hall coefficient and p is the
electrical resistivity

It is known that carrier mobilities depend on
the predominant scattering mechanism in studied
sample. In bulk semiconductors two scattering
mechanisms are dominant: the scattering of the
carriers by crystal lattice and scattering by
ionized impurities. The carrier mobility due to
lattice vibrations can be expressed by [25]

A, (5)

Hy = 775[713

Hy “)
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and charged ionized centers affect mobility as
follows [25].

g = 6)

1lmé,ffT3

where A; and A; are the characteristic
parameters, mgy is effective mass of charge
carriers and 7 is absolute temperature
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Fig. (3) Temperature dependence of the Hall

mobility for films with various thickness

In the polycrystalline thin films, free carriers
are scattered by the crystallite boundary surface
in addition to the scattering mechanisms
observed in respective bulk materials. It can be
observed that these dependences present two
parts. We suppose that in the first part the carrier
scattering by ionized impurities (tin donors)
prevails. According to Eq. (6), in this case an
increase of carrier mobility with temperature is
observed. The decrease of mobility in higher
temperature is caused by lattice scattering of
charge carriers. Also, the large value of the
carrier concentration determines a decrease of
the mobility [25].

By studying transmission and absorption
spectra of CdO thin films, very useful
information can be obtained about the energy
gap, position of impurity levels in forbidden
band, characteristics of optical transitions, etc.
For investigated samples, the values of optical
energy band gap have been calculated using
absorption spectra. The determination of £, from
the absorption spectra seems to be more
appropriate. An important characteristic of
absorption spectra for polycrystalline
semiconducting films is an additional maximum
(compared to single crystals) for photon energies
less than band gap.

At higher photon energy the absorption
spectra are little influenced by polycrystalline
structure of the films. For allowed direct band-to-
band transitions (neglecting exciton effects), the
energy dependence of absorption coefficient, a,
near the band edge, is given by [24]

All rights reserved

ISSN 1813-2065

Iraqi Journal of Applied Physics

_Aa
a=22

hv
where /v is the photon energy and Aa is the
characteristic parameter (independent to photon
energy) for respective transitions
According to Eq. (7), the (ohv)’=fhv)
dependences are linear. Consequently, the optical
band gap, (E,), can be determined by
extrapolating the linear portions of mentioned
dependences to (ahv)*=0.
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Fig. (4) Absorption spectra for CdO:Sn thin films

A typical absorption spectrum is presented in
Fig. (4). For studied samples, the values of Eg
ranged between 2.90eV and 3.30eV, which is in
a good agreement with the Eg values obtained
for bulk CdO:Sn samples.

4. Conclusion

In conclusion remarks, the extrinsic
conduction prevails in studied samples and
impurity atoms introduce energy levels within
the energy gap and act as donors. The activation
energy of the impurities generally ranged
between 0.020eV and 0.070eV. An increase of
carrier mobility with temperature was observed
then it decreased in higher temperature due to
lattice scattering of charge carriers. The values of
optical bandgap ranged between 2.90eV and
3.30eV, which is in a good agreement with the
those obtained for bulk CdO:Sn samples.
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In terms of structural complexity, the natural world presents innumerable examples of stunning beauty and high
functionality, usually with the minimum of material and energy expenditure. Materials chemists can harness these
amazing structures as ready-made scaffolds on which to grow inorganic phases which replicate the underlying
complexity, thereby producing materials with greatly enhanced physical properties. This book comprehensively
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and superconducting materials. The book also discusses the formation of these materials from a mechanistic point of
view, thereby enabling the reader to better understand the processes involved in biotemplated mineralization.

Contents:

. Simple Mono- and Oligosaccharides
Complex Polysaccharides
Hydrocolloids
Chitin/Chitosan
Proteins and Lipids
Viruses and Bacteria
Complex Biostructures as Templates

Into the Future — Genetic Engineering and Beyond

30 © 2009 Iraqgi Society for Alternative and Renewable Energy Sources and Techniques (I.S.A.R.E.S.T.)



Iraqi Journal of Applied Physics

Analytical Treatment to
Minimize the Aberration in

Noor E.N. Alrawi
Jabbar A. Olaiwi

Concentric Lenses Employed

in High-Power Irradiation
Applications

In this work, an analytical treatment to minimize the aberration (especially
spherical) in concentric lenses was presented. The lenses concerned in this
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treatment are supposed to be graded-indexed optical elements of
homogeneous surfaces. Spherical aberration is, contradictive to other types
of aberrations, found possible to be eliminated in such optical elements as it

is highly interested in high-power irradiation applications like laser-plasma
interaction, microfabrication and fine-scaled metrology.
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1. Introduction

Lenses with spherical surfaces suffer
spherical aberration and will cause problems
when image resolution is required. One way to
eliminate spherical aberration is to use gradient-
indexed lenses [1-4]. Lenses with gradient
refractive indices have also been manufactured
successfully [5]. We have designed a new
method to make what we call concentric
gradient-indexed lenses [6], which use gradient-
indexed spherical shells materials. When we let
the object point right at the center of these
spherical shells, we can make the light ray go
straight into the lenses, and bend only when it
goes out of the second surface to the image point,
as shown in Fig. 1. Since the refractive indices at
the bending surface of different radial distances
have different values, we can choose the suitable
refractive index gradient to eliminate the primary
spherical aberration. We have also made some
suggestions for the manufacture of concentric
gradient-indexed materials [6]. One suggestion is
to use non-equilibrium condensation of solid
solutions, which are frequently found in Nature
to form cored crystals but have not been
massively used in the manufacture of lens
materials. The cored phenomena indicate that the
first condensed central part of the crystal has
different composition from those condensed at
the outer part, so that the refractive indices
variations occur between inner and outer shells
of crystals [7].

In this paper, we first derive all of the
concentric gradient-indexed lenses and find a
unified formulation, which is listed with a
specific sign convention. Next, we find the Abbe
points from these formulations. We also find,
from these formulations, the spherical aberration
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tendency of homogeneous spherical surface
lenses, which may help to reduce spherical
aberration in the design of normal spherical
surface lenses systems. Finally, we suggest some
applications of concentric gradient-indexed
lenses to microscope objective, and others.

2. Mathematical Treatment

We derive all of the cases in Fig. (1). The
derivation methods to eliminate the primary
spherical aberration are similar to that described
elsewhere [6]. All of the cases are found to have
the same result. If we set the refractive indices to
be:
n(x) =n, — An(x) (1
then by the derivation method similar to that in a
preliminary report [6], we can obtain:

An(x) = xny X (1 - noj 2)
Ll L2
where x is the axial coordinate with the origin at
the central point of the lens upper surface, n, is
the refractive index at the central point of the
lens upper surface, the R in Fig. (1) is the radius
of curvature of the lens upper surface, L; and L,
are the object and image distances measured
from the central point of the lens upper surface,
respectively. The sign convention is different
from that in previous work [6]. It is almost
inevitable in geometrical optics that the sign
convention suitable for derivation is not the same
as that for application. In this paper, we set each
and every positive x direction in the upper
direction, as seen in Fig. (1). The real object is in
the negative direction, so L;, the object distance,
is negative in the real object cases. The real
image is in the positive direction, so L,, the
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image distance, is positive in the real image
cases. The virtual object and virtual image cases
have the opposite signs, positive for virtual
objects and negative for virtual images. In Fig.
(1), H means high refractive index, and L means
low refractive index, which can be interpreted by
Egs. (1) and (2) for the various cases. The
derivations to Eq. (2) must fulfill some
approximations. For example, in the Fig. (la)
case [6],

M X —|x| <<1
L, |L1| - |R|

X <

L]

and others. We may say that the concentric
gradient-indexed lenses have eliminated the
primary spherical aberration, but not the higher
order spherical aberration [2,6].

3. Results and Discussion

When we apply Eq. (2) to Figs. (1a) and (1),
we find that when |Ly|=no|L,| and L,, L, with the
same sign, all positive in Fig. (1f) or all negative
in Fig. (la), then An,=0, that is, the medium is
homogeneous and the primary spherical
aberration is zero. These points are called Abbe
points [2]. In fact, these points have no spherical
aberration at all, which we do not prove here to
save space.

The object points are at the centers of
curvature of the first surfaces of the lenses. The
lenses refractive indices are constant at each of
the concentric spherical surfaces, but the
refractive indices show gradient through
different concentric spherical surfaces. The ny is
the refractive index at the central point of the
lens upper surface. The x axes point upward L,
are the object distances measured from the
central points of the lenses upper surfaces L, are
the image distances measured from the central
points of the lenses upper surfaces H means high
refractive index, and L means low refractive
index.

We can interpret from Eq. (2) and Fig. (1)
that Abbe points are also the turning points of
spherical aberrations of homogeneous spherical
lenses. In Fig. (la), by using Snell’s law and
paraxial approximation, we can find the
relationship between L, and |R|. By Snell’s law:

nox(LJ,L - 1,1 3)
Rl L) |R| L,

where ng is the refractive index at the central
point of the lens upper surface, R is the radius of

curvature of the lens upper surface, L; and L, are
the object and image distances, respectively

measured from the central point of the lens upper
surfacee. Here we have wused paraxial
approximation and kept the sign convention in L,
and L,. By Eq. (2) we know that when L,=nyL,
the lens refractive index gradient is zero;
therefore the homogeneous lens will be free of
spherical aberration. Substitute L,=nyL,; to Eq.
(3), and we get:

Lo om_ (L)1 4
(% =D) R aL L \m ™)L
01 1 0 1
L2l Rl _ (g +Dx|R )
: n, ny—1 1,

It can be verified that when the lens is
homogeneous in Fig. (la) and when
|Li[>(no+1)|R|=ny in Fig. (la), then the off
paraxial rays will intercept the optical axis
backward to the paraxial image point. We may
regard these as backward spherical aberrations.
On the contrary, when |L;|<(ng+1)|R|=n, then the
off paraxial rays will intercept the optical axis
forward to the paraxial image point. We may
regard these as forward spherical aberrations.
The verification procedure is a bit tedious but
may be worth listing for the sake of
completeness. Rewrite Eq. (3) and we get:

L 1
L—;:L]X(n(,—l)xﬁ+n(, (©)

When L; and L, are both negative, as in Fig.
(1a), the increase of |L;| will cause (L;=L,) to
become smaller. Therefore when
|Li[>(not1)|R|=ny, from Eq. (2) An(x) will be
negative for positive x, then by Eq. (1) we find
the lens refractive index is up-high down-low, so
that when the refractive index gradient
disappears in a homogeneous lens condition, the
off paraxial rays will bend harder than those rays
corrected by down-low lenses, so the image point
will be backward to the paraxial image point.
Other cases can be verified in similar ways, but
we will skip them to save space. In Fig. (1) cases
the bending rays are penetrating from the high to
the low refractive indices mediums. The opposite
cases can be interpreted by reversing the ray
directions in Fig. (1). We summarize in Fig. (2)
the primary spherical aberration conditions when
the light beams penetrating through two
homogeneous mediums. These judgments can be
used for homogeneous spherical lenses designs
to reduce spherical aberration. For example, the
combination of forward and backward cases can
cancel each other out.
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Fig. (1) Various concentric gradient-indexed lenses. (a) Concave-convex convex lens. (b) Concave-convex
concave lens. (c) Bi-concave lens. (d) Convex-concave convex lens. (e) Bi-convex lens. (f) Convex-concave
concave lens

In Fig. (2), A indicates the positions of Abbe while B  indicates backward spherical
points when the object points coincide with the aberrations; when the object points are in these
Abbe points, they have no spherical aberration, ranges, the image points of the off-paraxial rays
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suffer backward spherical aberration, that is, to
the left of the paraxial image points, and F
indicates forward spherical aberrations; when the
object points are in these ranges, the image
points of the off-paraxial rays suffer forward
spherical aberration, that is, to the right of the
paraxial image points.

The lenses in Fig. (1) can be modified by
having a flat surface either in the null surface or
in the bending surface. The images in Figs. (1a)
and (1f) can be real or virtual or at infinity,
depending on the conditions. The ray direction
may be reversed for all of the cases. These lenses
may be used whenever good image quality is
called for. For example, projection optics

systems [9] used in the manufacture of integrated
circuits and/or micro-electromechanical systems
use many heavy lenses to get good image
quality. The use of concentric gradient-indexed
lenses may replace some lenses and/or reduce the
number of lenses but still maintain good image
quality. Projection optics lenses may need to be
50mm in diameter. It seems methods like the
non-equilibrium condensation of solid solutions
[6,7] are especially suitable for these big lenses,
since the production procedures are similar to
those for optical glass production. Certainly the
try—investigation—error procedures are inevitable
before the standard procedures for real
productions may come true.

B F | F | B
A A A

(e)

R —

®

Fig. (2) Primary spherical aberrations caused by spherical interfaces. (a) High to low refractive index medium,
facing concave surface. (b) High to low refractive index medium, facing convex surface. (c) High to low
refractive index medium, facing flat surface. (d) Low to high refractive index medium, facing concave surface.
(e) Low to high refractive index medium, facing convex surface. (f) Low to high refractive index medium, facing
flat surface. no is the relative refractive index of high to low refractive index medium. R is the radius of
curvature of the spherical interface
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4. Conclusions

We have found a unified formulation for all
of the concentric gradient-indexed lenses and it
can be used to find some Abbe points. We can
also use the results to judge the longitudinal
spherical aberrations of the spherical interfaces
between two homogeneous mediums. The
applications of the concentric gradient-indexed
lenses are extremely found in microscope
objective lenses and projection optics systems
lenses for integrated circuits and the manufacture
of micro-electromechanical systems.
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