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functional elements for the neW generation of integrate mm
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splitters, frequency filters efc. are widely used in the suw
perating frequency, however, rather ¢

others use

[_I .

H [

L;-'ﬂl- -I.

\

MIXETS,
band. The growth of the ©
preparation of such devices using conventional design and fabricatior

he sub-millimeter, tershertz and optical frequencies this specml :
(rferred to as photonic devices) tum out to be extremely efficient, bz
fexibility and decreased energy losses in comparison with ;,;-
counterparts. The main part of such device is a dielectric crystal w th 2
arranged defects (“defects™ may denote either injected materials, or e Xtr:
the crystal lattice). Due to the nature of photonic crystals there 2 e g
spectrum that cause some frequencies to be filtered out, while nﬂ:ler-g-r |
In contrast to the ordinary absorbing medium, that transfo
electromagnetic wave to heat the band-gap medium does nut ; m »
Rather, in this case, the EM field energy is accumulated and can, fur ' -
any dam-abie direction. The distribution of defects in the crystal d

1th respect to the penetrating wave. Correspondingly, the crystal
filter the incident wave field. For j instance, one may make several diff
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, While restricting it for the others.
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coefficients are used for the auxiliary sources located along ﬂﬁ sur -,;;:. e
are responsible for the representation of scattered fields in ﬁm nner cr

space areas correspondingly. While, the high-order o

inside the rods, that simulate their scattered field insid

functions are used, located uniformly around the rods.
Thus, the fields inside the rods are then given b}" the §io iy
corresponding circumscribed sources: are rigorously bomli e o
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The total field insde the crystal medium (with electrodynamie
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1) 1s given by the superposition of the field scattered by the }AU |

fields due to the outer layer of auxiliary sources (S;): P
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the field outside the crystal i determined by
istributed on the inner surface (S,): 'E
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however, thal though the inaccuracy in numernt

within 5%-10%, We did not require high accuracy s 4
measurements, as they are purely auxiliary (most elements w U

actual functional elements) and the qualitative agreement is q m,a_ .
stage. Our library contains elements like splitters, waveguides,

Based on these devices the integral circuit for mvestlganun nf he _ﬁ;'._ rf

discussed in more details. The brief overview of the 3D -
problems and possible solutions will be given in the final swt*

3. COMPUTER SIMULATION & RESULTS & _

Sa?aral mﬂtﬁl l:& Ir .

3.1. PBG Waveguide and radiation from the open

The presented sandwich-like antenna structure consists nf he |
with the dielectric photonic structure located between them. T _ “i:*“‘
be used in order to increase electric size and reduce real

antenna. A periodical structure is formed by the homogene "25;;
metallic cylindrical rods mside the antenna volume. Dﬂfaﬂ-ﬁ

are in relahval:f JTCOIeES

vacancies - absmnfthemdmthegwmcall The antenna’s
ammalcableandmmnnﬂaiadhyﬂ:ellmarnmmtm
“Peration, that is when the wavelength is inside the band g

Structure, the EM waye Propagates without dissipation ﬂlﬂﬂi
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the beam-steering antenna (radiated power v

: : -teristics of
Pis 3 Cpama: configuration and far field pattern.

In some cases it is necessary to control the direction of the r.
leaving the shape itself unchanged. PBG-based antenna ldm
dielectric body is injected with metallic rods so, MMHI ur
channels Jeading out of the two origins. Two EM fields® 9
ongins, and by means of controlling the phase shift (up to m

3) one may achieve the proper superposition of the wavuciﬂ
two open ends of the channels, so that the main direction of rac

rotates up to 30°. Furthermore, applying signals of the slightly di
(though, within the band-gap) we may achieve the md:m:
veriodically rotated automatically, scanning the surroundings St

advantageous to mechanically steered antennas, as it does not in
movements of its counterparts, eliminating the abrasion ﬂ
Also such beam steering can be easily controlled and is :

rates
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operating on the band-
and the channel

The splitter is also a band gap based
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SMULATION AND NVESTIGATION OF 2D AND 3D PHOTINIC DEVi

\eading from this source is formed by removing the consecutive ﬂhﬁ-

hannel is split in the way Into two subchannels, which exit the st
c

Jltering the operating frequency, allowing, however, it to stay m
to control the total amount of power emitted from both ¢
er the waves, radiated by the inser l

g

is possible

ranges, offectively directing eith

other incoming signal (Figure 5).

3.4. Mixer
In the wide sense of “mixer” we understand the nonlinear eff:
superposition with some intermediate harmonic signal. In this ¢
consider a device which would be used as a mixer for two different m
but with the same frequency. The operation of PBG muxer is nearly same
splitter, however it mixes the incoming signals instead of splittin :,
parts. This kind of mixer must not, however be confused with the tr: : ._
used in radio technology. The PBG mixers work on the ﬁ'ﬁ(lllﬂlﬂlﬁ;
the band gap of the corresponding signals and, though, do not diffe
the structure and computer simulation for the sample mixer is e
flux is distributed equally between the two incoming ports (left gldg’ ﬁ* m
of the energy is transmitted (flowing out from the right side), whilg '
from the coupling area. That means, that only 4% of energy is dissif

penetrates the waveguide walls).

Figure 6. PBG mixer: crystal structure (left) and computer simulation of __Ir_ |

10

K Tlﬂ-llllﬂlli.k.m\nhm- Dlmm

3.5, Filter

Thedevimﬂmﬂtmnmhﬁ.qmﬂmhhmm
may be easily simulated. Consider figure 7: the two m“mhhm
crystal, however they are created by elimination of node elements hmm
The asymmmhlﬂmirgmmmmdm“hhmm
properties of the system. Of the plot on figure 7 the blue and red lines 1 -
field in canal 1 and canal 2 respectively. It can be easily seen, that on a certain
frequency the field maximum in the canal 1 cormresponds to the mini feld in
canal 2, and vice versa T‘“‘“r‘h“mmﬁh-himmw I
on their frequencies. However, such filter will work only in the vicinity of resonant
frequencies, and its effectiveness draws down under different modes of operation. The
situation is partly saved by the fact, that due to the manufacturing inaccuracies, the
resonant peaks are widened and larger frequency domain becomes available (see
“manufacturing precision” section).

Figure 7. PBG filter: power flux distribution for two peak frequencies

11 JAE Vol 9No 1
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3.6. Circulator:

The circulator is one of the most “controversial” PBG st

e *

Circulator has three input/output channels and is fabricated in a way 1 |

wave propagation direction is: channel 1 -= channel 2 -> channel 3
rder to create circulator it 1s necessary 10 make use of no:

because at the hearl of the circulator lies violation of the theo y
According to this theory, the wave propagation changes to right thy

once the emitter and the receiver are interchanged. ;

In our case, it consists of the hexagonal periodic lattice of metallic el

the mgh-penmmﬂn _dielectric and has three mmmmg/uu@m
<hannels are connected in triangle inside the structure (see Figure s)‘

’*.

-..

Usually, 1n 0

{.

lied to the channel 1, the major part of ma

If the signal 1s app
will be emitted through channel 2, rather than 3. We could ex

'."~

reciprocity theorem, that if the signal is applied to the 2™
the power will be emitted through 1* channel, however this dom

the radiation peak is for 3™ channel for this case. Of course, ﬂ:.gm
with the theory, because the crucial idea in the circulator is that it:
in such a way, that the waves following the 1-3 and 1-2-3 paﬂn
channel in opposite phases. This is true only in a, cooperativel

range, while outside of this range the circulator loses its spmﬂ;
operation characteristics are presented for this circulator. me h

Figure 8. one may conclude, that the wave-directioning power uf he
changed in wide ranges by means of its frequency selection. } ;
numerical simulations for the large-scale prototype of the ci
be in good qualitative agreement with the experimental data. .

'L
L
:l

field amplitude in output port 2
shows amplitude in port 3 while
feeding comes from the port 1.
(The direction of circulation is I-
>2->3->1)

0.50

H Tyt r e R Tl

wave number

005 T mmmmm— == A

166 169 -
Figure 8. PBG-based circulator. Its properties and S-parameters

A 3.7. Example of an Integral Scheme
< . L
. On Figure 9 the integral circuit for remote exploration of the dielectric body’s
surface is presented. It employs all of the discussed PBG elements and its operation 1S
rather straightforward:

The field from the emitter is split into two signals. First of them - reference signal
- is not altered and is forwarded directly towards the mixer. Second one, however,
makes it to the circulator, after which it is applied to the antenna. Antenna’s EM fields

13 JAE Vol 9No |
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and reflected from the dielectric surface, ¢ "
information on it They are then captured by the antenna, *
circulator, where they choose the path different from that by 1
So, at this stage, there is only negligible coupling between the inc _ _.
waves in the circulator. The signal then moves towards the mi 'i
combined with the reference signal, after what they both make it to ;,‘
gives us the information of the cracks, stretches or other on the die
actual scheme of the crystal for such a circuit is presented on figure 0
dielectric material forms convexities in certain areas, that serve as le -,.

are incident

signal’s proper focusing and radiation.
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4. SIMULATION OF MANUFACTURING PRECISION

positions of the patches, discrepancy between implied and actual el

parameters of the used materials etc... It is, thus, of economical and practical interest

to be able to predict the influence nfmmmmhmo[hm

sample and estimate its n?uﬂlﬂﬂ:ﬂhy_mwhmwh

investigate the influence of manufacturing inaccuracy on the characteristics of the

designed device. The software randomly alters the selected parameters within the

corresponding, user-specified, constraints, giving us the opportunity to investigate and
simulate the behavior of the device in the near-to-real environment. For example, let’s
consider the beam steering antenna, that has a quite narrow resonance peak We have
altered the placement and sizes of the rods within the 2%, 5% and 10% limits. The
resulting frequency responses for the different assembly precision are shown in fig 11,
Note, that that during realization of the device an uncertainty of fabrication up to 5%
is quite acceptable, while the greater uncertainty leads to significant displacement of
the operating frequency and completely changes the inner field distnbution, leading to
mal functioning of the entire device.

Our studies showed, that generally, the accounting of manufactunng inaccuracy
leads to the lowering and widening (in some cases overlapping) of the resonant peaks,
that corresponds to the decreased Q-factor (Figure 11). Electromagnetic fields in this
case, as it can be seen on the circulator’s example on figure 12, deviate greatly from
their resonant values, and the entire system loses its unique properties. Indeed, 0%-7%
inaccuracy does not changes the operation conditions only quantitatively, while ~15%
residual brings destructive impact on circulator parameters.

6. FUTURE WORK

IﬂﬁlnueweplmmﬁtendﬂleabiﬁﬁﬁofIthn&mnHﬂm“
This, however, leads to increased demands to computer TESOUrces, that makes the
exact solution of a complex problem impossible. The need, therefore, arises in the
optimization of the mathematical approach and the new algorithm has to be developed

s JAE Vol 9No 1
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bearable accuracy [11]
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Figure 12. Field values in two different points of the circulator versus freq

ranges of manufacturing inaccuracy. If the inaccuracy is greater than 10%
normal-mode operation is high and the results are unpredi
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auxiliary sources (that describe the EM fields inside and outside of the dielectsi &

needtushmﬂateeachnfﬂlenodadmms.m“ufwym
For example, if there is a structure of 10x10x10 metallic helixes in the dielectric. and
we require around 100 auxiliary sources around each helix wire to AR
it, we would end up with 10 unknowns, that would result in 10'-element matrix
already a threshold for modem PCs. Taking into the account that the di G ot

the crystals are usually much larger, we have to develop some effective numerical
strategies to simplify the calculations.

One of such simplifications was introduced in [11], and is based on the fact that
during the resonant-frequency operation, the fields scattered by each node element
may be represented as their eigen-fields for that frequency. This lets us pre-calculate
the eigen-response of each element, and use this information to evaluate the effect
introducing by this object by using a single unknown variable and satisfaction of the
boundary conditions in average, that would represent the normalized amplitude of the
auxiliary sources describing it. This approach, however, is rather rude, and implies
that all the node elements have the same resonant frequency. Although, it can be used

to obtain first estimations for vanous 3D situations, more accurate and effective
algorithm has to be designed and implemented.

6. CONCLUSION

The significance of investigation of PBG devices for modem technologies has
been demonstrated. The ability of MAS to solve the complex 2D problems has been
proved, the corresponding comprehensive software has been presented and the results
of simulations for various electromagnetic functional elements and integral circuits
were shown. The fabrication issues and device stability versus manufacturing
precision were discussed and the means for their numerical evaluation and prediction
were presented. Finally, the transition to 3D problems, the new and challenges arising
during it along with their possible solutions have been presented, and the directions
for further work have been outlined.

17 JAE Vol 9No 1
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-2 or 10-g average SARs ' i “heme:
B e B E O g average SARs, employing averaging scheme
(ICNIRP, 1998). and peak temperature rise,

a. expanding thp fini
in the corre

ng various averaging schemes, and the

3-2002 standard (IEEE. 2002) or the ICNIRP guideline
showing that both 1-g and 10-g SAI

AR . Figure 1, Lateral (right-side
"_l-'f-';*_J ' e 17¢d and ff—;'i{ﬂﬂﬁged il y
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| , o by taking the rabia £ i
s ' v factor. determines 1% e ) ands i

B of air wmﬁﬂ:‘:‘ IL‘ volume of the cube. exprossed "_' mﬂ ks H 2ok
SRR i face ©of averaging cubes relative 10 wsed ¥ NG
st allowing any ‘ R
e -

: : dcions are consistent with the rec e
kﬂ] that these pnnl.\ll..nh | | g ‘h¢ﬁ1 smlen .

n'im air hi:r:lwdtm in Caputa et al. (1999) with MRy 0
g i s 1 2003]) and frequent praclics i COPPS BN

{c‘*m&&mﬂ“ll- g Morcover, they have been recel

. College. PA]. . od el
XFDTD™ [Remcom. Inc.. 51‘“;'.,: !u ;f:dard that is presently being '

incouporatod 18 fhe ey SR ol 0 ations in SAR compliance assessmet
mmmmn the ::lli l-D;h]:;:};p:n ent study also aims at contributi
nf ,mm eﬁ“:'t by [h;'u:nughly characterizing the effect of the air- a-»:-
e the whole-body spatial correlation between averaged SAR aﬂd.l P

: ing mass (1 g or g g
m m;l:::ﬁ ll'i‘ averaging cube, allowing for 5%, 10%, m‘ %
and 75% air-inclusion factors for cach averaging mass. Compared :1 Cq:tm
(1999), we broadened the air-incluston factor range _u_p‘m 715% I:u trulrl;:ughly__l1_‘ |
its relevance in the SAR-averaging algorithm. A ??-cn::.mw_ty analysis of the : al spa
tial correlation between each averaged-SAR distribution 1n the full-body an 4 |
the corresponding temperature-rise distribution is finally carried out to determ e an
parametric dependencies. |
3. LS

2.1. Whole-Body FDTD Model e

=

The full-body numerical model used for RF exposure simulations in this study l& b

on the Visible Human Project data set (Ackerman, 1998), as further
US Air Force Research Laboratory at Brooks Air Force Base (AFB; Mason et @ .. ))
to produce voxelized models suitable for FDTD computations that span

resolutions and to define the tissue type and properties in each voxel. We employed

"L

-

Brooks AFB model featuring 3-mm x 3-mm x 3-mm voxels to represent the anato
]

features reasonably well, to satisfy the FDTD stability requirements (Taflove, 199 S)
to about 1.0 GHz. and 10 yield acceptable simulation run-time and computer mem

requirements for the aforementioned exposure cases. The model features 40 differer

ket . |

sues with dielectric properties (relative permittivity and equivalent electrical conductiv

]

ey

based on Cole and Cole (1941) and Gabriel et al. (1996). The relevant tissue [ ,ﬁ_
for thermal analysis (specific heat capacity, heat conductivity, metabolic heat g _E
and blood perfusion rates) were compiled from several sources (Bernardi et 200
Flycke et al., 2006; Li & Gandhi, 2006; Hirata et al., 2006).

T

.
T

2.2. Electromagnetic Field Calculations ,-
Presently, FDTD is the most suitable numerical technic e
Sultable numerical technique for the computational al)
?W-ﬂtw and l‘i:allh“{.‘il.‘lly inhnnmgem:uus nhjemg such as the human be
d nmuli: the open space surrounding the exposed body. a ten-layer l
matching layer (UPML: Taflove, 1995) padding was added at the compulationab ol
MM Imm: dal Iﬂa_'lﬂ i voxels “H] mm) vacuum fn]m lhc ajr.m b
This separation was sufficient for accurate simulatione . e

acturate simulations as test runs with larger sey

;. I|...:1 I--
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