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Reconstruction of objects buried under rough surfaces using
Supbspace Optimization Method

*Réza Er han,YXdsemirj Adtuncu
INi fde ¥mer Halisdemir University, Faculty of
Department of Electrical and Electronics Engineering
*ariza@ohu.edu.tr

Abstract: This study provides a solution to the problem of reconstructing cylindrical
objects buried beneath rough surfaces. This problem, which involves an inverse
electromagnetic scattering scenario, has been addressed using the Subspace
Optimization Method (SOM). The roughness of the surface is incorporated into the
solution through the Buried Object Approach (BOA), which models the rough
interface as buried objects. The SOM technique divides the induced current space
into a signal subspace and a noise subspace. The part associated with the signal
subspace is extracted through spectral analysis, while the portion associated with
the noise subspace is obtained through optimization techniques. Consequently, the
inverse algorithm becomes more robust against noise. To demonstrate the
effectiveness of the method in recontruction of the objects buried under rough
surfaces, various numerical simulations are presented.

Keywords: Electromagnetic scattering, rough surface, buried object, inverse
scattering, subspace optimazation.

1. Introduction

The purpose of an inverse scattering problem is to determine the unknown properties
of a scattering object using electromagnetic waves. These objects can exist in various
environments, such as a homogeneous medium or an inhomogeneous medium such
as layered media. In the case of a homogeneous background, since observations can
be made from all directions around the unknown object, the solutions to the problems
of objects buried in such environments are relatively simpler than those buried in
inhomogeneous environments. A primary challenge in determining objects buried in
layered environments arises from the constraint that receivers and transmitters must
be located in the upper region. In such cases, the investigating objects remain
unilluminated from all directions and the scattered fields cannot be measured from all
angles, leading to incomplete data available for the solution of the inverse problem.
Nevertheless, such problems offer more realistic approaches to real-world issues.
Problems related to the characterization of objects buried in layered media have many
practical applications in real-life scenarios such as medical imaging (Mohammed et al.,
2014; Fhager et al., 2018), geophysics (Cui et al., 2001), and mine detection (Wang et
al., 2001).

One of the main challenges in solving an inverse scattering problem are the ill-
posedness and the nonlinearity due to the relationship between the scattered field and
the scattering object (Bucci et al., 2000). Under specific conditions, the nonlinearity
can be addressed. Linear models, such as the Born approximation and the Rytov
approximation, can be employed to linearize the solution. The Born approximation is
effective at low frequencies, while the Rytov approximation provides more suitable
results at higher frequencies. In scenarios where these approaches cannot be applied
due to high contrast between the object and the background, iterative methods can be

10
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utilized. These iterative methods include the Born iterative method (BIM), distorted
Born iterative method (DBIM), variational Born iterative method (VBIM) and contrast
source inversion method (CSIM), as well as source-based methods like the subspace
optimization method (SOM).

In a significant amount of studies related to direct and inverse scattering problems
concerning objects buried in layered environments, the interface separating the
layered media is commonly assumed to be planar (Chen et al., 2017; Zamani et al.,
2020). However, real-world problems often encompass scenarios with rough interfaces
(Altuncu, 2008). Consequently, considering the presence of a rough surface in these
scenarios becomes essential for accurately reconstructing buried objects.

This study presents a solution to the inverse scattering problem related to the
reconstruction of two-dimensional objects buried in a rough-interfaced half-space. The
addressed inverse problem is solved using the SOM (Pan et al., 2009). SOM offers a
subspace-based optimization technique aiming to reconstruct the relative permittivity
of the scatterer. In this optimization method, the induced current density is
decomposed into two complementary parts: a deterministic part and an ambiguous
part (Chen, 2018). The deterministic part is determined through spectral analysis, while
the ambiguous part is obtained using the optimization method. SOM has been
demonstrated to exhibit rapid convergence and the ability to reconstruct search domain
with distinctive shapes (Chen, 2009). The roughness of the interface is incorporated
into the solution through the Buried Object Approach (BOA) (Altuncu et al., 2006;
Altuncu et al., 2006). According to the BOA method, the peaks and valleys forming the
rough interface are modeled as objects buried on either side of an imaginary, planar
interface passing through the center of the roughness. As a result, the influence of the
rough interface is integrated as a solution to the direct scattering problem concerning
these objects.

The rest of the study is organized as follows: In Section 2, we present a comprehensive
overview of the formulations addressing solutions for both the direct and inverse
scattering problems. This section also delves into explanations of the Buried Object
Approximation (BOA) and the Subspace Optimization Method (SOM). In section 3, a
presentation is made on the results obtained from the reconstruction of relative
permittivity constants for objects buried in a half-space with rough interface. Moreover,
the efficacy of both the SOM and BOA techniques is demonstrated. Finally, Section 4
is dedicated to discussing and exploring the findings and insights gathered throughout
this study.

2. Material and Method

The problem geometry under consideration is depicted in Fig.1. In this setup, space is
divided intotwo half-s paces by a | ocal |y r oSudphthatsvhile
wis characterize by a function @ "Qw in a limited region 0 , let ®w Toutside O .
The upper half-space is defined by the electrical parameters - H ‘ and, T,
while the lower half-space is characterized by - h" ‘ and, . Arbitrary shaped
objects are assumed to be buried in the lower half-space. The entire configuration
remains invariant along the w -direction. The objective of this study is to determine the
electrical properties of objects within a designated research domain ‘Oin the lower half-
space. Suppose there are objects denoted by 0 inside O. The objective of solving the
inverse problem is to determine both the geometry and electrical properties of these
entities denoting 6. From the point of view of the inverse problem, it is clear that we

11
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have no knowledge of 6. We want to determine 6 in ‘O that we are considering with an
inverse algorithm to be used. To achieve this goal, the domain is illuminated by TM-
polarized plane wave which are incident at different angles. Subsequently, the
scattered fields produced by these interactions are collected by receivers positioned
along a straight line denoted as 0 .

X2

S

'&;7
€1, 10,01 u;
Y\//—\f\ _ x,
OI \_/——/

€2, 10, 02

Figure 1. Representation of problem geometry

2.1. Forward Scattering Model

Let's consider that the incident field has only an w component, given as | T
with
6o Q ° ¢ P

where %o is the incident angle as shown in Fig.1. Due to the geometry's invariance in
the w direction, the total field also possesses only an w component, expressed as
A mirto . The total field has two components as

60 6 0 06 08 o
Here, 6 is the background field which accounts for the total field in the absence of any
scatterer in D, while 6 is the scattered field due to the presence of the scatterers. The

scattering field is expressed by the Fredholm integral equation of second kind, which
includes the Greené function of the rough interfaced half-space "O

66 Mo TOoM..o606D oOnN "YoN O T
where ...is the contrast function that represents the permittivity difference between the

buried objects and background. It is represented by the following formula

12
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It is clear from the formula that ...0 is non-zero at the interior points of the buried
objects and zero at the outside points. Because, except for the interior points of the
objects, Q6 "Q&Hence, even though the above integral is taken over ‘O, due to the
fact that ...will be zero outside of 0, it will be equivalent to an integral taken over 0.

I It should be emphasized here that since the background space is a half-space with a
rough interface, the background field 6 must characterize the roughness and half-
space features. In this study, the effect of roughness is included in the solution using
the BOA method. According to this method, the peaks and valleys forming the rough
interface are modeled with a total of P objects buried on both sides of an imaginary,
planar interface that passes through the middle of the rough surface, as shown in
Figure 2.

X2

TT o 1 ;

Figure 2. Representation of rough interface as buried objects

As a consequence of this approach, determining the background field constitutes
another direct scattering problem related to objects buried into the planar interfaced
half-space. Accordingly, the background field 6 can be represented by the sum of the
field in the planar interfaced half-space due to the incident field 6 and the scattered
field originated from the BOA objects, i.e.

6 6 o [0)
where 0 is the electric field in the half-space background in the absence of roughness

. 606 YQ ° ¢ h o ™

0 0 . X
YQ ° ¢ h o

Here, Y and "Yare the reflection and transmission coefficients for the planar interface

of the half-space problem geometry, respectively. 6 is the scattered field from BOA

objects that represent the the rough surface and it is determined from the following

integral equation, similar to equation (4).

13
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0 O Q w Oob.. 06 0 )
where
04 Qh QOQE QQ
QR QMO 0 w
and
.0 o
e ph QNE QQ
o br
"o—  ph QTAQQL Q¢
UrQ

is the contrast function related to the BOA objects. It should be noted here that, unlike
equation (4), 'O is a half-space Gr e e far@teon with a planar interface. Finding the
half-space Gr e e furiction with the rough interface is also obtained by the BOA
method, as in the finding of the incident field. The only difference is that a line source
is used instead of a plane wave source (Altuncu, 2006).

Solving the inverse problem requires determining the object function in the inverse
solution of this equation by using the scattered field data measured at the observation
points in equation (4). In the next section, the object function and the imaging of the
object are provided by using the SOM method.

2.1. Inverse Scattering Model

In solution of the inverse problem numerically, first the search domain is discretized by
dividing it into M small enough square pieces & plth8 h) . In this case, equations
(4) can be written in discrete form as follows,

~ ~

6 e 0O Ood .0 6« Y oN "Yon 'O pp

Where ...« and Y is the contrast function and area of & th cell, respectively. Total
field that necessary to calculate during the inverse scattering calculation can be written
in discrete form as,

~ ~
g

66 606 0O OO0y .00 66 Yo onNOmDNO pC

p pand p ¢ can be expressed in compact form as follows,
o d.b po
6 o "d.b pT

In these equation, ‘disanG O matrix including the Gr e e fan@t®n values defined
from domain to observation points, while disand D including the Gr e e fandt®n

14
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defined from domain to domain. Here, we need use elementwise multiply between the
.[and 6. Equations p cand p 1, which are expressed in the form of matrix equations
and called field and state equtation, are used to determine the buried object. Also the
multiplication of ..[and 6 corresponds to induced current in the discrete search domain
and expressed as "Q Field and state equtation can be rewritten in terms of equivalent
currents as follows,

o FE oo
® .5 dd 0]

Here, " is an operator matrix mapping equvalent induced current in the investigating
domain O to the measurement domain Y The SOM divides the induced current into
deterministic and ambiguous parts. The deterministic part which is related to signal
subspace is determined through spectral analysis, while the ambiguous part is
determined using the optimization method. The SOM algorithm starts by appliying

singular value decomposition (SVD) to ‘dasi 0W "W . Here 2 means that
Hermitian of the matrix. The left singular matrix “Yisan 0 0 matrix, the right singular
matrix wis 0 0 matrix, and consist of & and 0 coulumn vectors. The singular

value matrix + whichis 0 0 matrix that the diagonal elements are singular values, is
composed of , . With this definition, the SVD can be written in a simple form as

dof , O . According to this form, p v can be rewritten span of the right singular
matrix. ® @®J . Hereisthe| isthe 0 dimensional coefficient vector | .

D o 2 w J P X

W represents deterministic part subspace and contains the first O columns. Also, 0

determined as a threshold level against noise and indicates the total number of singular

values. w represents the ambiguous part subspaces and consists of 0 0 columns.
6" o6 . . SIS

h Q pkiB Py

The deterministic part of “‘®can be calculated with @ 9 . The O¢ norm mismatch of
the field equation using p X in conjunction with p v is as follows,

3 "(f:lb:‘p "CFCL’oCD o} P W

The optimum solution of the unknown | is obtained by the optimization of p w After
obtaining the optimum solution, the 0¢ norm mismatch expression of p @is as follows,

3 o .Pdaw | P66 dav 2 o D Cm

The contrast function is obtained by using the cost function calculated using equations
defined in p wand ¢ 1t The cost function is defined as follows,

15
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d Z c¢p

Q[

3. Numerical Implementations

In this section, various numerical implementations are presented to demonstrate the
effectiveness of the method. In all the examples, the upper half-space is considered
as free space, and the operating frequency is set at 300 MHz.

In the first example, lower half-space is assumed as dry soil characterized by the
parameters - 0w, ,, U p T W& . An Austria profiled object is centered at
nh 1@ ¢ in the lower half-space. The electrical parameters of the object is - oay,
., TBIp@ep T "W& (quartz). The measurement domain is considered as a line at
@ T@_and ¢ 1T meceivng points are selected. The roughness of the surface is taken
into account rondom with rms height is @_, and the peak-to-peak @& @. The effect of
the 0 parameters and noisy scenario on the reconstruction results are examined in

Figure 3.

3.55

- 0.4 )
345 -0.6

3.4 -08

| 3.35 3 |
33 -1.2
-04 -0.2 0 0.2 04

x[m]

(b)

Yyl
y[m]

-04

-0.6

y[m]
yml

o . :
-1 b . 3.35
12 33 33
-04 -02 0 0.2 0.4
x[m]
(d)
Figure 3. Reconstruction result due to effect of L parameter and the Gaussian
noise (a) 4 , (b)4 , (c) 4 (d) b Gaussian noise, 4 ,(e) b
Gaussian noise, 4 and (c) b Gaussian noise, 4

The 0 parameter plays a significant role in achieving accurate results in the SOM
algorithm. From the results, it's evident that the best performance, in terms of
accurately reconstructing the position, shape, and relative dielectric constant of the
buried object, was achieved when the 0 parameter was set to ¢ wThis implies that an
appropriate choice of 0 leads to optimal results, indicating the importance of selecting
the right number of singular values. If 0 is not chosen appropriately, the algorithm may
produce unsuccessful or inaccurate results. When adding noise into the
measurements, the impact of the 0 parameter becomes more pronounced. As low

16
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noise is added to the measurements, the results suggest that higher values of 0 yield
better results. This could be due to the fact that higher 0 values can capture more
details and features in the presence of noise. On the other hand, as the noise level
increases, lower values of 0 seem to be more appropriate, possibly because a more
simplified representation is needed to mitigate the effects of noise.

In the second example, the effect of the roughness size is examined. The same
configuration of the geometry of the previous example is considered. In the following
figure, the reconstruction results for different peak-to-peak value "Qand the roughness

length O are given.
38 3.8 38
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37 3.7 3.7
-0. -0.6 -0.
36 36 36
-0. -0.8 -0.
35 35 35
- 3.4 -1 34 k. 34
; 33 -1.2 ;
-0.4 -0.2 0 0.2 0.4 -0.4 -0.2 0 0.2 0.4 -04 -0.2 0 0.2 0.4
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35
34
3.3
0.2 04
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y[m]
y[m]

x[m] x[m] x[m]

(b) (c
o8 0.4
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33 1.2
0.2 04
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)
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Yl
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-04 -02 0

(d) (e) (®
Figure 4. Reconstruction result due to selection of peak to peak value and
length of the rough interfaced; )] 8 ()] 8 ] 8 f
(d)44 £ (e)y fand (f)4, b4

Regardless of the specific characteristics of the rough interface or its irregularities,
the results consistently show that the algorithm is able to accurately determine the
position, shape, and relative dielectric constant of the buried object. This consistency
indicates that the BOA is robust and reliable in different scenarios, which is a
valuable insight for applications.

4. Conclusion

In summary, the 0 parameter in the SOM has a clear influence on the quality of the
results. Choosing the right 0 value is crucial for accurately reconstructing the properties
of buried objects, especially in the presence of noise. The optimum 0 value might
depend on the characteristics of the data, the nature of the objects being reconstructed,
and the noise level. Experimenting with different 0 values and assessing their impact
on the reconstruction accuracy would help determine the most suitable 0 value for a
given scenario. In addition, the BOA appears to have a remarkable impact on
overcoming the challenges posed by an rough interface. The results suggest that the
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algorithm's focus on the buried object's properties is robust and effective, and it is less
influenced by the characteristics of the rough interface itself. This insight could have
implications for improving the accuracy of object detection and characterization in
complex environments.

References

1 Altuncu, Yasemin, Akduman, |.,, Ozdemir, O., Yapar, A., 2006. Numerical
Computation of the Greends Function of a L
In: 2006 7th International Symposium on Antennas, Propagation & EM Theory.
Presented at the 2006 7th International Symposium on Antennas, Propagation
&amp; EM Theory, IEEE, Guilin, China, pp. 1i 4.

1 Altuncu, Y., Akleman, F., Semerci, O., Ozlem, C., 2008. Imaging of dielectric
objects buried under a rough surface via distorted born iterative method. J. Phys.:
Conf. Ser. 135, 012006.

1 Altuncu, Y., Yapar, A., Akduman, I., 2006. On the scattering of electromagnetic
waves by bodies buried in a half-space with locally rough interface. IEEE Trans.
Geosci. Remote Sensing 44, 14357 1443.

1 Bucci, O.M., Cardace, N., Crocco, L., Isernia, T., 2000. Inverse scattering:
evaluation of degree of non-linearity and a new solution strategy. In: IEEE
Antennas and Propagation Society International Symposium. Transmitting
Waves of Progress to the Next Millennium. 2000 Digest. Held in Conjunction with:
USNC/URSI National Radio Science Meeting (Cat. No.OOCH37118). Presented
at the IEEE Antennas and Propagation Society International Symposium.
Transmitting Waves of Progress to the Next Millennium, IEEE, Salt Lake City,
UT, USA, pp. 17521 1755.

1 Chen, X., 2018. Computational Methods for Electromagnetic Inverse Scattering.
John Wiley & Sons Singapore Pte. Ltd, Singapore.

i Chen, Y., Wen, P., Han, F., Liu, N., Liu, H., Liu, Q.H., 2017. Three-Dimensional
Reconstruction of Objects Embedded in Spherically Layered Media Using
Variational Born Iterative Method. IEEE Geosci. Remote Sensing Lett. 14, 10371
1041.

1 Colton, D., Kress, R., 1992. Inverse acoustic and electromagnetic scattering
theory, Applied mathematical sciences. Springer, New York Heidelberg.

1 Fhager, A., Candefjord, S., Elam, M., Persson, M., 2018. Microwave Diagnostics
Ahead: Saving Time and the Lives of Trauma and Stroke Patients. IEEE
Microwave 19, 78i 90.

1 Pan, L., Agarwal, K., Zhong, Y., Yeo, S.P., Chen, X., 2009. Subspace-based
optimization method for reconstructing extended scatterers: transverse electric
case. J. Opt. Soc. Am. A 26, 1932.

1 Tie Jun Cui, Weng Cho Chew, Aydiner, A.A., Siyuan Chen, 2001. Inverse
scattering of two-dimensional dielectric objects buried in a lossy earth using the
distorted Born iterative method. IEEE Trans. Geosci. Remote Sensing 39, 3391
346.

1 Ye, X,, Chen, X., 2009. The role of regularization parameter of subspace-based
optimization method in solving inverse scattering problems. In: 2009 Asia Pacific

18



pd ! fdzafF NI N&P ¢NNJ] S5Nye&laP CSy .AfAYf SN
15MT  9&f Nf Hy/PINAESP T . ARG SN

Microwave Conference. Presented at the 2009 Asia Pacific Microwave
Conference - (APMC 2009), IEEE, Singapore, Singapore, pp. 15491 1552.
Yong Wang, Longstaff, I.D., Leat, C.J., Shauley, N.V., 2001. Complex natural
resonances of conducting planar objects buried in a dielectric half-space. IEEE
Trans. Geosci. Remote Sensing 39, 11831 1189.

Zamani, H., Dehkhoda, P., Tavakoli, A., 2020. Scattering by a three dimensional
buried object beneath multilayered rough surface illuminated by a collimated
microwave Gaussian pulse. AEU - International Journal of Electronics and
Communications 123, 153329.

19



pd ! fdzafF NI N&P ¢NNJ] S5Nye&laP CSy .AfAYf SN
15MT  9&f Nf Hy/PINAESP T . ARG SN

Fotovoltaik panel besl emeli y¢kselte
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¥zeFotovoltaik paneller ve y¢kselten -eviriciler
kull anél maktader . Bu -alékmada y¢kselten -evirioc
panel kull anél méxkteéer . Yékselten -eviricinin devr
denetm ger - ekl exktiril miktir. A- ek -evrim denetim

yé¢kselten -eviricinin tasarém dojrulujunu test

-al ekmal are Matl ab/ Simulink ortaménda ger-ekl exkt.i
el de edil en é&onuevlirarm adenetim il e yapél an tasar

kanétl améxkter .
Anahtar Kelimeler: Fotovoltaik Panel, Y ¢ k s el t e nA-¢éekv iCreivcrii m Deneti m

1. Girik

Géengm¢gzde artandemedpdradtéarligbmebijlii rkaynaklI| ar é
ihtya-ar t mSgtre@rr ghebijlii kaynakfggnéki-egezgandehi d
génecx enerjisis¢daha¢lyspiipsieikmbhspe sebebiyl e °
- € k ma k(Gamid2920). G¢ n ¢ m¢etzellenol oj i ni n gged-i ke lme Kk tirlcen i
devrelerine ol an geGekenek mehdAddgga-arlkahdagnemda kelrar
ajér ve pahale el ektr obDAke wil rgimgkirslleskr f g erkalntsil
anahtarlanma | @ o é saé& @&ahla bafif ve ucuzdurlar. DA-DA - e v i rgi icrgefilike r

seviyesini bir dej eredve aektmaikkdevaelerdii. DA -deevjierrieci | e
- e K i t |topolgjilermersahiptir Bunlardan en temel - e v idevie topolojileri azaltan

veysckseddeme topolojileridir (Ke-eciojlu ve
i ncelendijinde y¢kselten -eviricinin analiz
-alekmaya rastlanélabilir. BAnéheHanebanfl ar
yapteéklaré -al2kmadanédakamakktekt kpl | anarak vy,
kapal é -evrim gerilim mod denetimini deeneyse
Ke - e cj2070). Abusorrah ve ark. fotovoltaik besl emel.i y
karar | él ek anal i zini d e n e yAbusdrrahove arkg2@l®)aGartives t et m
kekkelif ot ovol t ai k panel besl emel i yé¢ksel ten - e
gerilim mod den2tbuwl anélarmdretkéle kulpl anar ak g«
alténda analiz et mi k]l erKdcedogluveark,iy ¢ ke ek € e k e IDIA
-eviirn cdmrum uzayé modelini elde ederek dojr
mod denetiminig er - e k | e K t(Kececroglu veark.,q2018) . Yu k ar éldna bahs
-al éeékxkmal ar genel ol arak ©°zetlenecek ol ursa Yy
besl emeli ve beslemesiz olarak kapaleé -evrim
-al ékmada iise arakteérma | iteratg¢r ¢ hpaaeki -al
besl emeli y¢kselten -eviricinin a-éeék -evrim
kal an b°l ¢ml eri Ku Kekilde i fade edilebilir
yé¢kselten -eviricinin analizi ve¢gmabal gml &r
keésménda benzetim -al ékmalaré verilmicktir.
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benzetim -al e@ékmaséndan el de edil en sonu-1 a
yapél mékter.

2. Materyal ve Metot

DA g-<¢eviricediesinde enerji depol ayan pasif €
baréndéran g¢- el At ygiKisjeil- edvavdegh exeindil e manl ¢
karar |l é durum anali zi y ap élkarkarnl éi oakzarl u mk aab
anahtareén 1iletimde viearkeeysaipnedemakk maledaododm D
yéksel t-eervitggimeil devr e mdGhel20200ver i | mi ktir
i LV D
> ’Y[*‘ 1 P )
vV lc
+
Vo== I AS CT R< W
kekil 1. DA y¢kselten ge¢- -evirici ter
21Anahtaréen Kletimde Ol ma Dur umu
Anahtar |l amaa ddretmeanageni kI i k mod¢l asyonu i K@
anahtarlama el e mainléet i me ge-mektedir. Bu dur umda
uygul andéjéndan di yot kleasmamee | geimaeméekntdend ur u man
DA y¢kseleegnr gegkidseijreirn devr esi Kekil 26de veri
IL +VL_
S Yy N
4
L .
vlic
+
v, =+ CT R Z Ve
kekil 2. Anahtarén iletimde ol ma dur umu
Devrede ener jJdoyer islajm akyaaynnayf €, L ind¢gktor ¢,
(IGBT), D diyotu, -ékéxk C fRiylghk¢¢e bKulpurkmhhidtra,d évre.
6un gerilai ngdynagiscaksténr ger il imi girik kaynak g
durum denklem 16de verilmicktir.
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di
vL:Ld—tLiVg 1)
Knd¢ktor akeméndaki deji kim orané sabittir,
dojrusal olarak artmaktader. Kndg¢ktor akeéemeé
D,_R Y% o
Dt DT L
Denkl embD2-0aleinl i r se;
_ V,DT
(DlL)sw-on:— (3)
L
elde edilmektedir.
2.2 Anahtarén Kesimde Ol ma Dur umu
Anahtar |l amakalpémacedar el @gani kK| iikk amodatsil asséfoén
anahtar | amae il menagiét mekt edir. Kesi mde ol ma d
Kekil 36de verilmicktir.
IL +VL_
- L
vVl
+
Vg:% C = R VR
kek3 | Anahkessmdeam|l ma durumu i -in ekdejer d
Bu dur umda, ind¢gktoer ¢zerindeki geriéxkimt gi |
ol maktader. B°ylece y¢k, hem girikteki kayna
ile beslenmektedir( At acak, 2005) . Knd¢gktor tgzeeili nldmik kKt i
di
Vsl & Y (4)
Kndg¢ktor akémendaki deji kim orané sabittir,
dojrusal ol araKndegkk&mekd ldii rdej i ki m denkI|l em

] _Vg - VPL
Dt (1-D)T L ®)

Denk| emD5cdtkdn i rse,;
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LV, Vo) -D)T

D.SW-O 6
(D) s of . (6)
elde edilmektedir. Devr eni n kararl e -al ekxmaseé I -1 n é
durumundaki i nd¢gktor akéemendaki toplam deji
denkl em 6 kull anéel arak denklem 7 el de edil me
V,DT _ (\/g - Vq)(l -D)T .
. ] (7)
Denkl en,7@d&el irse;
V-Vg 8
71D (8)
el de edi |l mektedir-: e\DIAr iycdkssi¢nitod mrgq k- - al ekt é]
yapélan analizde, kaynak tar &fyeinkdea nt asrag fl Gamde
absorbe edilen ortal ama -@&-i rii-lcékseaknp mngas co¢g md rek
906da verilmiktir.
R =Vklg 9)
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V2
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- DR,
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L= Ve (11)
" (-DFR
el de edi |l mektedir. Maksi mum ve minimum indg¢gk
ve ind¢gktor akémendaki deji kim kullaneéel ar ak
belirlenmektedir.
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23.DA-DA Y¢ksel tewi Bkeman Dejerleri Se-i mi
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earth engine platform
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Abstract: With the increase in population, changes occur in both urban and
countryside. Climate conditions related to this adversely affect the ecosystem,
creating differences in land cover and land use. Information about the Earth's
surface can be acquired as a result of the rising amount of satellite images and the
accessibility of free content. Land cover and land use maps are prepared using
these remote sensing data. These maps are important in various fields as they
serve as base maps. In this study, the feasibility of producing land use maps is
tested using a machine learning algorithm through the Google Earth Engine web-
based cloud platform. For this purpose, Sentinel-2 satellite images from 01/01/2023
to 31/01/2023 were used. Five classes (Wetland, Green Area, Building, Roads, and
Barren Area) were established using a random forest technique.Firstly, training and
test data were created using only Sentinel-2 satellite images. Then, validation data
were generated, and the results were evaluated. The initial error matrix indicates
an overall accuracy of 0.98379 and a kappa value of 0.971953 for the map. In the
validation-generated error matrix, the overall accuracy is calculated as 0.92871,
and the kappa value is 0.877396.

Keywords: Google Earth Engine (GEE), Land Use Land Cover, Machine Learning,
Random Forest (RF)

1. Introduction

Land cover maps provide crucial details about the surface of a region (Zhang et al.,
2020). These maps depict the distribution of both natural elements such as water, soil,
and vegetation, as well as artificial elements like human-made structures (Zhang et al.,
2020). These maps are utilized as base maps in various fields, including land use
planning, environmental management, agriculture, forestry, water resource
management, and natural disaster risk analysis (Birhanu et al., 2019). Moreover, land
cover maps guide decision-makers and planners in matters related to conservation of
natural resources, environmental management, urban planning, and agricultural
productivity enhancement (Birhanu et al., 2019). These maps play an essential role in
making strategic decisions in numerous domains, such as assessing the impacts of
natural disasters (Ishihara and Tadono, 2017), preserving ecosystems (Bindajam et
al., 2021), understanding and protection of biological diversity (Shumba et al., 2020),
monitoring agricultural areas, and managing urban growth (Sapena and Ruiz, 2015).

Remote sensing has been regarded as an affordable and practical method for creating
these maps at broad spatial dimensions (Zhang et al., 2020, Weiss et al., 2020).
Among the most important data sources used for this purpose is the Landsat satellite
(Wulder et al., 2016). Other data sources used in Land Use and Land Cover (LULC)
studies include the SPOT (The Systeme Probatoire d'Observation de la Terre) satellite,
Synthetic Aperture Radar (SAR), MODIS (Moderate Resolution Imaging
Spectroradiometer), and Sentinel-2 satellites (Xin et al.,, 2013, Ar ékan anhd Yel
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2023).However, challenges such as the need for satellite images to cover large areas,
limited access to specific data sources, and gaps in historical data availability are
present. The connected to the cloud Google Earth Engine (GEE) platform was created
to solve these disadvantages ( Yaman and G° GHEEplfers eadyla2csk to
various satellite images. In addition, it is a cloud platform that provides users with
ready-made codes snippets for accessing algorithms (Zhang et al., 2020). Due to its
high storage capacity and computational power, GEE has become more well-liked in
recent times. The GEE platform enables a variety of investigations, from small-scale
to large-scale, including the detection of agricultural and forested areas (Xiong et al.,
2017, Li et al., 2020, Hackman et al., 2020), wetland or drought analysis (Amani et al.,
2019), forest fires and air pollution (Arikan and Yildiz, 2023).

In this study, classification was carried out using Sentinel-2 satellite imagery and the
Random Forest (RF) method. Sentinel-2 imagery is widely preferred in the literature
due to its ability to effectively discriminate between various land classes (Vaudour et
al., 2019, Korhonen et al., 2017, Zhang et al., 2020). Sentinel-2 data with a spatial
resolution of 10 meters that was freely available was therefore used for this study. The
primary objective of this study is to carry out the classification process with a machine
learning algorithm using the GEE platform. Additionally, the study involves a
comparison between the classified green areas and the Normalized Difference
Vegetation Index (NDVI) results in the Karaman region.

2. Materials and Methods
2.1. Study Area

The study area was chosen to be the central part of Karaman province, encompassing

an approxi mate area of 1658,18 km] (Figure 1
| ocated at 37A 03E 0" N, 33A 31E 30" Eycoordi
1030 meters above sea level, the northern region of the city features steppe vegetation,

while the southern part is covered by forested areas. Due to the prevalence of diverse

vegetation types, this region was selected for the study.

40°00°N
1

Figure 1. Study area
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2.2.The Data Used in The Study

The classification process and data acquisition were conducted through the GEE
platform. Rapid data processing and querying are made possible by this cloud-based
geospatial technology ( Yaman and G°.rThespresence & 2anple code
snippets within the platform also offers users the convenience of ready-to-use code.
With its extensive data repository, GEE provides access to various satellite data and
long-term observations (Zhang et al., 2020). In this way, spatial variability or seasonal
information (such as phenological features) can be detected over time. It features an
application interface for writing and running script files
(https://earthengine.google.com/platform/). Figure 2 shows the workflow diagram for
the study.

. GOOGLE EARTHENGINE |
« »

& =T
& = & o € — < (47 <
Define Area of Interest Data Preparation Classification | Model Evaluation
| L i \ » Using theSentinel - 2 » Use therandom forest pCompute error matrix
;{'T, e K satellite algorithm
- %-THrkive, haramar] »Compute evaluation metrics
= Sy ‘ » Create cloud mask p Defineareasthat will (overall accuracy, Cohen's
e = A = be usedfor mode! and Kappa)
p Define periods of the training and testing
M analysis
Stdy Seeag | p Train and apply
» Definedatato beused classifier for periods
— Applyfiltersto thedata

A &
)N /(8

Computation
of
Classes

Figure 2. Scheme of the study using Google Earth Engine

Sentinel-2 Surface Reflectance picture archives with a spatial resolution of 10 meters
were used to collect remote sensing data for GEE. Out of the 13 available bands in the
satellite imagery, 4 bands (Red, Green, Blue, Near-Infrared) were used for the study.
The temporal range of the data used was from January 1, 2023, to January 31, 2023.
To remove pixels contaminated by clouds and cloud shadows that encompass the
study area, The Quality Assessment (QA60) bands-based cloud screening method
developed by GEE was used. The Normalized Difference Vegetation Index (NDVI),
which is based on the surface reflectance bands, was computed to see if green regions
were correctly identified. NDVI is a spectral index primarily designed to detect and
monitor the photosynthetic green portions of vegetation (Sellers et al., 1992). It
provides insights into the health and growth activity of vegetation. The index ranges
from -1 to +1. When approaching negative values, it indicates less dense or unhealthy
vegetation, while values close to positive and 1 signify dense and healthy vegetation
(Pettorelli et al., 2005).
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The chosen classification method for this study is the RF algorithm, introduced by Leo
Breiman and Adele Cutler in 2001 (Breiman, 2001). The foundation of this algorithm is
built upon decision trees (Breiman, 2001). The basic idea behind the technique is to
build decision trees by taking numerous random samples from the training data. Each
decision tree is trained independently on its own subset of samples. Subsequently, the
results of multiple decision trees are combined to produce more reliable and accurate
predictions. For classification and regression issues, this approach is primarily used.
The reason why this method is used; able to handle overfitting and manage hundreds
of input variables, making it a widely used classification algorithm in the literature
(Rodriguez-Galiano et al., 2012). From 2010 to the present, the RF algorithm has been
the most commonly preferred method through GEE (Piao et al., 2021). In this method,
the number of training samples for the classes to be modeled should be well

determined and evenly distributed within the study area( Mat her and Tso,

and Yeél ddtas,is cridlaRbgdause the output product is directly dependent on
the training data. Additionally, other parameters influencing the performance of the
algorithm in classification include the satellite imagery used and the combinations of
bands( | st ¢ner, 2013) .

The GEE platform's "ee.Classifier.smileRandomForest” function was used in this
investigation. All the procedures were carried out using pre-existing code snippets
available in the platform. For the RF classification in our study, a number of 10 trees
were chosen. The majority vote from all the trees determines the final categorization.

High-resolution reference images are utilized in order to evaluate the classification's
correctness and establish the accuracy ratings of the maps that result. For this
purpose, random samples of pixels were collected for each class. Initially, the results
were evaluated as training and testing. Subsequently, the results were assessed for
validation using the same training data. Accuracy metrics are used to evaluate the
model's performance or improve it in classification problems. Concepts such as
Precision, Recall/Sensitivity, F1 Score, and Accuracy are metrics used for evaluating
the model's performance, and their calculation is illustrated in Figure 3.
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Using the Sentinel-2 data from January 2023, the RF algorithm was applied on the
GEE platform to generate a land cover map. In the study, classification was performed
for 5 land cover categories: Wetland, Green Area, Barren Area, Building, and Roads.
The resulting land cover maps are depicted in Figure 4. The obtained results were
analyzed to determine the land conditions that occurred during the specified time
period. The outcome of the machine learning algorithm was evaluated.

37°15'0"N

37°0'0"N

Figure 4. Land cover map produced as a result of random forest algorithm
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In Figure 5, when examining the NDVI map, the green areas represent healthy
vegetation, while the red areas indicate areas with unhealthy or no vegetation. It can
be observed that the NDVI map and the algorithm's results for green areas coincide.

Table 1 provides the User's Accuracy, Producer's Accuracy, overall accuracy, and
Cohen's Kappa results for each class after the method's training data. According to the
RF Error matrix presented in Table 1, the overall accuracy and Cohen's Kappa values

for the generated map are 0.983793997 and 0.971953192, respectively.

Table 2 Sentinel RF Error Matrix

Sentinel Wetlan Gree Buildin Roads Barren Total User's

RF error d n g Area Accura

matrix: Area cy (%)

Wetland 1608 8 0 0 38 1654 0,97218
8

Green 0 1467 O 1 99 14773 0,99323

Area 3 0

Building 0 10 1049 27 85 1171 0,89581
5

Roads 0 13 27 1732 187 1959 0,88412
4

Barren 0 124 17 33 21550 21724 0,99199

Area 0

Total 1608 1482 1093 1793 21959 41281

8

Producer' 1 0,989 0,95974 0,96597 0,98137

S 546 3 8 4

Accuracy

(%)

Overall 0,983793997

Accuracy

(%)

Cohen's 0,971953192

Kappa (%)
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Even though the RF algorithm's classification accuracy might be high, it is important to
validate the output maps. In the generated land cover map, validation data were used
to ensure spatial consistency. According to the Error matrix shown in Table 2, the
overall accuracy and Cohen's Kappa values for the obtained map are 0.92871 and
0.87396, respectively. As indicated by these values, both accuracy and Kappa scores
are high, suggesting that the classification was performed accurately and reliably.

Table 2 Sentinel Validation Matrix

Sentinel Wetlan Green Buildin  Roads Barren Total User's
Validation d Area g Area Accurac
error y (%)
matrix:
Wetland 379 6 2 0 32 419 0,904534
Green 2 3558 0 0 132 3692 0,963705
Area
Building 0 5 123 50 97 275 0,447272
Roads 0 10 28 241 193 472 0,510593
Barren 0 111 15 58 5353 5537 0,966769
Area
Total 381 3690 168 349 5807 1039

5
Producer' 0,99475 0,9642 0,73214 0,69054 0,92181
S 27 2 4 8
Accuracy
(%)
Overall 0,92871
Accuracy
(%)
Cohen's 0,87396
Kappa (%)
4. Results

The Earth's dynamic land and water surfaces undergo changes over time. While
utilizing high spatial resolution satellite imagery for free is possible, storing, processing,
and analyzing this data has been challenging. Particularly, generating global to local-
scale Land Use and Land Cover (LULC) maps is a demanding process. The GEE
platform, frequently used in recent times, offers efficiency in processing multi-band
satellite images and enables rapid analysis. Moreover, its accessibility to various
satellite archives and the ease of access, combined with its free availability, make it a
preferred choice for land cover monitoring studies (Midekisa et al., 2017, Xiong et al.,
2017). In this study, the GEE platform is employed to provide more observation data
for delineating detailed features among land cover classes in vast areas.

The presented study assesses the land conditions in the Karaman region using
spaceborne multispectral imagery. To achieve this goal, the machine learning
algorithm RF is utilized through GEE, a cloud computing service for geospatial
analysis. The output map is validated using satellite imagery.
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In large-scale land cover mapping, misclassifying land cover types with similar spectra

is a common challenge. For instance, incorrect classification is frequent for structures

and buildings due to their similar spectral characteristics. This issue might arise from

the similarity in spectral features or the spatial resolution of the satellite} st ¢ner , 201:
andAr ékan and eneuntredsjmila?zdhdlénges in their studies, and their

findings align.
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Abstract: IMU is a measurement unit that usually consists of sensors such as
accelerometers, gyroscopes and magnetometers. Odometry is the estimation of
incremental or absolute position and orientation of the device by processing sensor
data over time. This paper focuses on how deep learning, a subtopic of artificial
intelligence, can be used for IMU odometry. IMU odometry is solely the use of data
from IMU sensors for position and orientation estimation. IMU sensor
measurements are subject to many errors and noise, and therefore the
measurements obtained may not reflect the true values. Our study filters these
measurements with deep learning algorithms to provide a more consistent
estimate. Our study uses recurrent neural networks such as LSTM, GRU and a
hybrid CNN-LSTM network to estimate the position of a micro aerial vehicle using
IMU data and compares the results with the ground-truth data by means of defined
metrics. EUROC MAV dataset is used for this purpose. Our study also aims to
predict orientation change in terms of rotation angle using only IMU data utilizing a
deep learning model. While GRU model performed the best on position estimation
by an R? value of 0,996, orientation estimation reached an R? value of 0,56. The
promising results enable the use of the proposed method as an intermediary
position estimation on high level SLAM algorithms as a future work.

Keywords: IMU Odometry, Deep Learning, LSTM, GRU, CNN-LSTM.

1. Introduction

Odometry or dead reckoning is used to estimate the position and movement of devices
such as robots, autonomous vehicles, drones and virtual reality devices, often using
data from different sensors such as accelerometers, gyroscopes and magnetometers.

IMU (Inertial Measurement Unit) odometry is used to accurately track the position and
movement of devices in areas where GPS signals are insufficient or unavailable. For
example, when a drone is flying outdoors and GPS signals are weak or completely
lost, it can still be flown accurately using IMU odometry.

IMU odometry can also provide positioning and navigation systems with higher
localization and orientation accuracy, improving the efficiency of the devices and
helping them to perform their tasks more accurately.

Deep learning, a sub-branch of artificial intelligence, consists of artificial neural
networks, similar to the way the human brain works. These neural networks pass input
data through many layers, learning complex relationships between the data and
ultimately producing an output. The processing steps between these layers are
performed by performing mathematical operations with the inputs of each layer, using
weights and bias values. As a result of these operations, the network produces an
output that matches the given input.

Since the data from IMU sensors can have many errors and noise, it is difficult to obtain
accurate output data and to facilitate this process, it is necessary to filter out these
many errors and noise. Deep learning algorithms can be used for this filtering process
and thus a more accurate result can be obtained.
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Deep learning, as mentioned above, learns from data using a structure of artificial
neural networks and can perform particularly well on large data sets. Therefore, using
data from IMU sensors, deep learning algorithms can more accurately estimate the
position and motion of the device by filtering out errors and noise in the sensor data.

Position and orientation estimation from IMU sensor is firstly defined in strapdown
inertial navigation system (SINS) model (Titterton, et al., 2004) where double
integration on linear accelerations and integration on angular velocities are carried out.
However since accumulated error makes the estimation unstable, pedestrian dead
reckoning (PDR) model is suggested with zero velocity constraint that enables
eliminating accumulated error periodically (Lu, et al., 2019).

A local positioning system that uses 2D dead reckoning principle is proposed in
(Zheng, et al., 2023). The system estimates real-time pose information using MTI
Silicon Micro Inertial Measurement System. The proposed system uses Kalman filter
on speed-acceleration model to reduce error of the odometer and uses a linear error
model to minimize the accumulative error of the gyroscope. The cumulative error of
the results obtained is within 2 meters in 100 meters distance interval.

An IMU dead reckoning method that filters noise data and determines the position of
the vehicle accurately is proposed in (Toy, et al., 2022). The experimental results the
article obtains show the proposed system is effective with rotational and translational
errors of 1.03 degrees and 1.04 meters.

A hybrid visual-inertial odometry solution for autonomous navigation of unmanned
vehicles in GPS-denied environments is proposed in (Mahmoud & Atia, 2019). The
proposed system loosely couples integration between stereo cameras and IMU that is
filtered by an Extended Kalman Filter (EKF) to estimate IMU biases. Then the system
is downgraded into a single camera getting the motion scale from the calibrated IMU.
The results the article obtained have less than 2m overall position estimation error.

A deep learning model based on separate input layers fed to sequential LSTM layers
followed by a concatenation layer and several more sequential LSTM layers is
proposed in (Abolfazli Esfahani, et al., 2020).

Another deep learning model based on CNN layers followed by two bidirectional LSTM
layers and a fully connected last layer is proposed in (Silva do Monte Lima, et al.,
2019).The network is trained in a multi-task learning framework where two distinct loss
functions for position and orientation is fused together.

One of the most referenced 3D SLAM methods, LIO-SAM, uses IMU pre-integration
step as an initial guess for LIDAR feature matching. It is reported that when the IMU
pre-integration step fails to produce accurate position estimates, LIO-SAM cannot
reach real time conditions or fails too (Shan, et al., 2020).

The rest of the study is organized as follows: Section 2 introduces the methods used
in position and orientation estimation and gives details about the deep learning models
used, Section 3 states the experimental setup, Section 4 gives the experimental results
and discussions about these results, and Section 5 summarizes the study with results
and discussion and gives future work remarks.
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2. Materials and Methods

This section deals with the models proposed for position and orientation estimation
based on IMU data. Position estimation is carried out by several RNN architectures
whereas for orientation estimation a sequential fully connected model is utilized.

2.1. Position Estimation with Time Series Forecasting

A time series is a series of time-based values in an observation. Time series
forecasting is scientific forecasting using historical data. In literature RNN networks
such as LSTM and GRU are used for time series forecasting, in this study
aforementioned networks are utilized for IMU odometry estimation.

2.1.1. Long Short-Term Memory

Long Short-Term Memory (LSTM) is a type of recurrent neural network (RNN)
architecture designed to capture and retain long-term dependencies in sequential data.
It overcomes the vanishing gradient problem of traditional RNNs by introducing a
memory cell and gating mechanisms to control the flow of information. LSTMs are
widely used in applications such as natural language processing and time series
analysis (Van Houdt, et al., 2020).

A sequential model consisting of two LSTM layers with 50 units each, followed by a
dense layer with 3 units is used. The model takes input sequences of shape (10, 9)
and aims to minimize the mean squared error loss using the Adam optimizer. The
model summary is given with Fig. 1.

Model: "sequential”

Layer {(type) Output Shape Param #
lstn (IsTM)  (None, 10, S0) 12000
Istm_1 (LSTM) {None, 58) 28288
dense (Dense) {None, 3) 153

Total params: 32,353
Trainable params: 32,353
Non-trainable params: @

(@)
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Istm_input | input: | [(None, 10, 9)]

InputLayer | output: | [(None, 10, 9)]

'

Istm input: | (None, 10, 9)
LSTM | output: | (None, 10, 50)

'

Istm_1 | input: | (None, 10, 50)
LSTM | output: (None, 50)

'

dense | input: | (None, 50)

Dense | output: | (None, 3)

(b)
Figure 1. a) Summary, b) Visualization of LSTM Model
2.1.2. GRU

GRU (Gated Recurrent Unit) is a simplified type of recurrent neural network (RNN)
architecture that addresses the vanishing gradient problem. It combines the input and
forget gates of LSTM into a single update gate, making it more computationally
efficient. GRUs capture long-term dependencies in sequential data and are commonly
used in applications like natural language processing and speech recognition (Heck &
Salem, 2017), (Niu, et al., 2023).

A sequential model with two GRU layers followed by a dense layer is used. The input
shape is (10, 9), representing a sequence length of 10 time steps and 9 features per
step. The first GRU layer has 50 units and returns the full sequence. The second GRU
layer also has 50 units but only returns the last output. The final dense layer has 3
units. The model summary is given with Fig. 2. The model is trained using the mean
squared error loss function and the Adam optimizer.
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Model: "sequential 1"

Layer (type) Output Shape Param #
e (G  (Nene, 10, 59)  o1se
gru_1 (GRU) {None, 58} 15388
dense_1 (Dense) {None, 3) 153

Total params: 24,683
Trainable params: 24,683

Mon-trainable params: @

(@)

gru_input | input: | [(None, 10, 9)]

InputLayer | output: | [(None, 10, 9)]

l

gru input: | (None, 10, 9)
GRU | output: | (None, 10, 50)

l

gru_1 | input: | (None, 10, 50)
GRU | output: (None, 50)

'

dense 1 | input: | (None, 50)

Dense | output: | (None, 3)

(b)
Figure 2. a) Summary, b) Visualization of GRU Model
2.1.3. CNN-LSTM

CNN-LSTM is a hybrid neural network that combines Convolutional Neural Networks
(CNNs) and Long Short-Term Memory (LSTM) networks. It can process sequential
data with spatial information, like images or videos. CNN extracts spatial features,
while LSTM models temporal dependencies. This architecture is used in tasks such as
video analysis and action recognition (Donahue, et al., 2016).

A sequential model that combines CNN and LSTM layers is used. It takes input
sequences of shape (10, 9, 1) and applies a 1D Convolutional layer with 64 filters and
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a kernel size of 3 to each time step independently. MaxPooling1D with a pool size of 2
is then applied to reduce spatial dimensionality. The output is flattened and processed
by an LSTM layer with 50 units to capture temporal dependencies. Finally, a Dense
layer with 3 units produces the output. The model summary is given with Fig. 3. The
model is trained using mean squared error loss and the Adam optimizer.

2.2. Orientation Change Estimation with Quaternion Data

Quaternions are units that represent the spatial orientation and rotation of objects in
three-dimensional space. In our dataset, we have quaternion data for w, x, y and z
dimensions for each time instant. Using this data, the formula for finding the change in
orientation of the object in terms of rotation angle at each time interval is given in (1)
where @t is the quaternion representation of orientation at time step t with respect to
the orientation at time step 0, & is the Hamilton product and 3%.is the orientation
change between time step t-1 and t.

A ans
A At A
By applying this formula, the rotation differences between each pairwise rows were

found. A deep learning network was trained with IMU data as input and orientation
differences as output.

3% CctAT O 0

Model: “sequential”
Layer (type) Output Shape Param #
time_distributed (TimeDistr (None, 1@, 7, 64) 256
ibuted)
time_distributed_1 (TimeDis (None, 1@, 3, 64) =
tributed)
time_distributed_2 (TimeDis (None, 18, 192) e
tributed)
1stm (LSTM) (None, 58) 48600
dense (Danse) (None, 3 153

Total params: 49,289
Trainable params: 49,882
Mon-trainable params: @

(@)

43



pd ! fdzaf NI N&P ¢NNJ 5NyeélaP CSy
15MT  9&f Nf Hy/PINAESP T . ARG SN

time_distributed_input | input: | [(None, 10, 9, 1)]
InputLayer output: | [(None, 10, 9, 1)]

'

time_distributed(convld) | input: | (None, 10,9, 1)
TimeDistributed(Conv1D) | output: | (None, 10, 7, 64)

'

time_distributed_1(max_poolingld) | input: | (None, 10, 7, 64)
TimeDistributed(MaxPooling1D) | output: | (None, 10, 3, 64)

time_distributed_2(flatten) | input: | (None, 10, 3, 64)
TimeDistributed(Flatten) | output: | (None, 10, 192)

A |
Istm_2 | input: | (None, 10, 192)

LSTM | output: (None, 50)

'

dense_2 | input: | (None, 50)

Dense | output: | (None, 3)

(b)
Figure 3. a) Summary, b) Visualization of CNN-LSTM Model

A sequential model with six dense layers is used to estimate the orientation difference.
It starts with a layer of 128 units, followed by layers of 256, 512, 256, and 128 units, all
using the ReLU activation function. The final layer has a single unit and serves as the
output layer. The sequential fully connected model is given with Fig. 4. The model is
trained using the Adam optimizer and the mean squared error loss function. Its goal is
to minimize the MSE during training.
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Model: "seguential”
Layer (type) Output Shape Param #

Cdense (bense)  (vene, 128)  ss
dense_1 (Dense) (None, 256) 33824
densz_2 (Dense) (None, 512) 131584
dense_3 (Dense) (None, 256) 131328
dense_4 (Dense) (None, 128) 32896
dense_5 (Dense) (None, 1) 122

Total params: 329,857
Trainable params: 322,857
Mon-trainable params: 8

(@)

dense_3 input | input: | [(None, 6)]
InputLayer output: | [(None, 6)]
dense 3 | input: (None, 6)
Dense | output: | (None, 128)
dense 4 | input: | (None, 128)
Dense | output: | (None, 256)
dense 5 | input: | (None, 256)
Dense | output: | (None, 512)
dense 6 | input: | (None, 512)
Dense | output: | (None, 256)
dense_7 | input: | (None, 256)
Dense | output: | (None, 128)
dense 8 | input: | (None, 128)
Dense | output: | (None, 1)

(b)

At AYE SN

Figure 4. a) Summary, b) Visualization of the Fully Connected Sequential Model
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3. Experimental Setup

In this section the dataset used is introduced and the experimental setup is explained
and the metrics used for comparison is defined.

3.1. Dataset

The dataset used is named "The EuURoC MAV Dataset". It presents visual-inertial
datasets collected on a Micro Air Vehicle (MAV). These datasets include stereo
images, synchronized 6 DoF IMU measurements (accelerometer, gyroscope), high
fidelity motion and true position information. Our study uses only IMU measurements
and true position information of the current frame and tries to estimate true position
and orientation of the next frame from these IMU measurements. For this purpose, we
use the dataset named "Machine Hall 01" from the site for supervised learning of our
artificial neural network algorithm and test our network on the dataset named "Vicon
Room 1 01" (Burri, et al., 2016).

3.2. Data Preprocessing

There are two different csv files in the dataset, one with ground-truth location
information and one with IMU data. These two files were combined into a single table
by merging the rows with common timestamps. The table has 28377 rows and 10
columns. The data was scaled with the MinMaxScaler. When the data is prepared for
time series prediction, first the data is added to the X array as timesteps value. Then
timesteps + 1 is added to y array as output value. The window is scrolled until the end
of the data set and the data is added to the X and y arrays. Data is used to train 3 deep
learning models that are described in Section 2.1, namely LSTM, GRU, CNN-LSTM
models.

Quaternions are units that represent the spatial orientation and rotation of objects in
three-dimensional space. In our dataset, we have quaternion data for w, x, y and z
dimensions for each time instant. The rotation angle obtained from quaternion data is
used as output and IMU data is used as input. Data is used to train deep learning
model described in Section 2.2, namely fully connected sequential model.

3.3. Metric Definitions

This section provides definitions of the metrics used in performance evaluations.
Parameters used in the metric is defined as was the actual value, was the predicted
value, whereas n is the total number of estimated values.

3.3.1. Mean Absolute Error (MAE)

The average magnitude of errors in a series of predictions or forecasts is measured
using the metric known as Mean Absolute Error (MAE). Prior to averaging these
discrepancies, it determines the absolute difference between the expected and actual
values. Without taking into account the direction of the mistakes, MAE offers a simple
and simple-to-interpret measurement of how well a model performs in terms of
absolute prediction accuracy as given in (2). Usually, itis represented in the same units
as the predicted variable.

W WS G

™| O
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3.3.2. Mean Squared Error (MSE)

Mean Squared Error (MSE) measures the average of the squared differences between
predicted and actual values as given in (3), giving more weight to larger errors. It is
commonly used in regression analysis and machine learning.

p .Y
;

3.3.3. Root Mean Squared Error (RMSE)

Root Mean Squared Error (RMSE) is the square root of the average of the squared
differences between predicted and actual values as given in (4), providing a measure
of prediction accuracy in the original units.

'Ya"v‘og @& & T

3.3.4. R2 Score

The R2? score, also known as the coefficient of determination, is a statistical metric that
evaluates the goodness of fit of a regression model. It measures the proportion of the
total variance in the dependent variable that can be explained by the independent
variables in the model as given in (5), where residual is the difference between the
predicted value and the actual value and total sum of squares is defined as the
variance of the actual values. Ranging from 0 to 1, a higher R? score indicates a better
fit, with 1 representing a perfect fit.

BaljdzZ- NBEa 2F NB&AARdzZ £ &
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4. Results and Discussion

Y p

The trained deep learning models are evaluated both qualitatively and quantitatively
by means of accumulated odometry estimation graphs and metric calculations.

4.1. Qualitative Evaluation on Position Estimation

Birds eye view and 3D accumulative position estimation graphs are given as qualitative
evaluation of LSTM, GRU and CNN-LSTM models respectively in Fig. 5. It can be
easily seen that GRU has the best accumulated position estimation.

4.2. Quantitative Evaluation on Position Estimation

Metric results for LSTM, GRU and CNN-LSTM models are given respectively in Table
1. As seen in the experimental results, LSTM and RNN models performed similarly
with high accuracy in route prediction with time series. The GRU model performed
better by a small margin with lower error values and higher R? Score. The CNN-LSTM
model has a high loss value. As seen in the experimental results section, the error
values are quite high. The R? Score is as low as 0.25.
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2D Plot: Actual vs. Predicted

3D Plot: Actual vs. Predicted
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Figure 5. Position Estimation Results for a-b) LSTM, c-d) GRU, e-f) CNN-LSTM

Table 1. Metric Results for Position Estimation

Metric LSTM GRU CNN-LSTM
MAE 0,01 0,005 0,10
MSE 0,00015 0,00004 0,02
RMSE 0,011 0,006 0,12

R? 0,98 0,996 0,25
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In the literature for position estimation, SINS model is reported to have a MAE value
of 0,0172 and RMSE value of 0,0198 whereas AbelDeeplO model has a MAE value of
0,0119 and RMSE value of 0,0146 with the same test data. The proposed method in
this study has better MAE (0,01) and RMSE (0,011) results compared to those previous
two methods. The method proposed by Silva do Monte Lima, however, has a MAE
value of 0.0075 and RMSE value of 0.0099 which are better compared to our results.

4.3. Qualitative Evaluation on Orientation Estimation

Orientation change estimation is qualitatively evaluated with estimation and ground
truth graphs provided respectively.

Comparison of Predictions and y_test Comparison of Predictions and y_test

— Predictions — ytest

05

0.3

02

o 1000 2000 3000 4000 5000 0 1000 2000 3000 4000
sample sample

(a) (b)
Figure 6. a) Orientation Change Estimation Results for the Fully Connected
Model, b) Ground-truth Data

As can be seen in the graphs, the predictions show a remarkable correlation with the
actual values, but the accuracy should be further improved.

4.4. Quantitative Evaluation on Orientation Estimation

Metric results for the fully connected model for orientation change estimation are given
in Table 2.

Table 2. Metric Results for Position Estimation

Metric Fully Connected Model
MAE 0,02
MSE 0,001
RMSE 0,040
R? 0,56

An R? Score of 0.56 was obtained for the orientation change with quaternion data.

In the literature for orientation change, SINS model is reported to have a MAE value of
0,0174 and RMSE value of 0,1723 whereas AbelDeeplO model has a MAE value of
0,0134 and RMSE value of 0,1724 with the same test data. Even though the proposed
method in this study has a worse MAE (0,02) value compared to previous two methods,
RMSE (0,040) value is better those previous two methods.
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4. Conclusion

In the study, odometry prediction is carried out using IMU data. The experiments are
divided into two main subjects int the first part, route prediction is performed with time
series prediction using IMU and ground-truth data. LSTM, GRU and CNN-LSTM
models are used for time series prediction. In this study, LSTM and GRU models gave
good results while CNN-LSTM model was inadequate with an R? score of 0,25.

In the second part, the orientation difference at two time-intervals is estimated as
rotation angle using IMU data. The rotation angle obtained from quaternion data is
trained in a deep network model with IMU inputs. An R? Score of 0,56 was obtained.

The results are promising by means of robustness. Therefore it can concluded that
feeding deep learning based IMU odometry prediction into SLAM algorithms as an
initial guess for each optimization step can increase the robustness of the SLAM
algorithm.

For future work given the results this article obtains, combining IMU odometry and
wheel odometry using deep neural networks may provide better results. It is possible
that wheel sensor and IMU data complement each other. As the proposed work only
relies on IMU and wheel sensors data it can be used in rough environments which are
visually challenging and GPS unavailable or unreliable.
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Sanal atalet momentk ontrol ¢ 1 -eren mi kro Kebek
zaman geci kmesine bajlée g¢rbe¢gz ka
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¥zeBu makal e, sanal atalet ve s°n¢gmleme (virtual
kontrol ¢ i -eren zaman geci kmel i mi kro kKkebeke (MG
geci kme payé iczerindeki et ki sini incel emektedi
sistemleriniar emeiviciuti -ger-i sinde hézlée arteéexke, sen
kl asi k gg¢- cretim santrallerinin y¢k frekans kon
azaltarak, g¢é¢- Sisteminin -alékmaséné ve nominal
°neml i prolleeamloelrneakt@adeér . ¥zelli kle haberl ekme
i -eren MG merkezl: bir kontrol°rde, denetl eyi ci
haberl ekme kanal éendaki zaman geci kmel erinden ve
olumsuz etkilenir. Dokbapezéeklaa,arbel ennkgked&megp
oransal-i nt egr al (Pl') denetleyicinin farklé kazan- d:
ve MATLAB/ Simulink programé kullanélarak benzeti
Anahtar Kelimeler: Y¢k frekans kontrol, Sanal atal et vV e
zaman gecikmesi, Kharitonov Teoremi
1. Girick
G¢é¢ng¢ m¢ z -kneibkerkoe ( MG) sistemlerinin, frekans
sajJl anmasé a-éséendan K °neml i sorunl a k a
yenilenebilir enerji kaynakl aré (YEK) taban
sistemlerine da h i | edi | mesi sonucu atal et moment i
meydana gelmesi (Benvari et al. 2021) ve MG si stemlerde haberl
kull anémé ile olukabil ecek HMobaarMeskin,naed z a man
Mehrjerdi 2020).
Artan enerji talebini karkéel amak, gel eneksel
et kil eri azalt mak i -1n génecx enerjisi vV e
kaynakl aréna dayal é el ektrik ené&ergphasatal.er et i m
2019). Beyl esi daj étek ge¢- ¢retimlerdi (DG | er)
ol duju -evresel etkileri azaltmak, g¢- siste
i yilektirmek ve yojun talep séraéd késa
el ektri k gg¢- sistemlerinde ve MG sistemlerde
(Benvari2017) ( G¢l, S°nmez, .and Ayasun 2022)
Genel ol ar ak MG sistemler, YEK'" |l erin Kebek:
sajl amaktadeéer . Yenil enebilir enerjienekgpy na k| @
storage systems, ESS' | er ) i-eren DG'Iler, M@reidg r i n ar
Mokhlis, and Mekhilef 2017). YEK' | er bir mi kro Kebekeyl C
ol maseéna raj men, YEK tabanl e sisteml er fre
karkéyadeéer . Bu dur um, genel l i kl e YEK'l erin c
ayréca g¢- elektnoninjeidetnabmandlug uyBEK'shem atal e
kaynakl|l anmaktadeéer . MG sistemlerinde, gerilim
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bajl e -al ékmaya kéyasla daha zor ol maséndan
° neml i konul ardanG¢gbdgiz, olSfhamear . a(HdsenAy asun
S°nmez, and Ayalsyumée 20&2mBadnda frekans kontr ol
senkron jenerat®r tabanleée ¢retim birimlerini

sistemlerinde, atalet moment.i ve gKenmdphohl e me
et al. 2021a).

Dol ayéséyl a, YEK tabanl é DGO6Il erin creti me

olukabil ecek gé - dengesi zIlijJi, frekans kar
d¢zl eminde dal gal anmal ar e n Yaérl tdnéar séém, a Giheed esma ror
Hassan Khooban 2022). MG sistemlerin atalet mo ment i

karkéel amak amacéyl a, ger-ek bir senkron jen:
-ekKi tli t opol oj(iKeerrd pohloul k,t uRauhl nmaunk,t uand Mi t ani
and Ayasun 2022). Bu y°ntemler arasenda, drekans o k  k u
dengesi di kkate alénarak belirlenen frekans
Frequency, RoCoF (Kerdphol etal. 2021b)) t abanl & sanal atal et ko
kontrol sistemlerine etkin olarak uygul anmécx
D¢ K¢k atal et mo ment i Ve s°n¢ml eme probl emi
olukabil ecek haberl ekxkme zaman geci kmel er i o
frekans kararl el éjéené olumsuz etkileyebil mek
°l -¢m debier |l Gi khkontr ol merkezine g°nder mek v
kontrol sinyallerini ¢retim birimlerine akta
bir kKekilde faydal anél maktader. Bu dur umda,

meydana gelmektedir. (Thangaiah and Parthasarathy 2017). Bu anlamda, denetleyici
parametre tasaréménda ve sistemin kararl el el
geci kme payé dejerleBir didkkeaete °akémhmalhadars.
sistemlerinde, parametri k dejikiklikIler, y ¢l
bir-ok belirsizlijin olmasédér (Bervani, 20
kK oku ar énen (¢retim, tocykuent ci am  dveejyiak i kno ngt°rsotl €)
yeni nebil ir ener ji santraller ve - kentr@ n gé -
siny
dej
I
[

I

e

'l erinin a-ék ve dajétélmek haberl ekme
en haber | ekme Zaman geci kmel erine sek
S kl er altéenda sistemin g¢rbge zama
n u-lara uygun denetl eyici parametre

[ N N e

[
el i
di |
MG sistemlerin nominal parametr
cek kararlelek getcGkmdigpayAydspuar
Hasen, S°nmezy,r éacamd Aneascwun 202 2)r
er i di kkate al madan genellikle
tteerdar aju and Sivalingam 2021; Yao
and Ayasun 2022). Ancak sistemde olukabilecek param
sistemin kararl él éjénée garantileyecek g¢r bz
°nemlidir. Bu bajl amda, bu -ViaD é g mat egmlmarmnd eg
parametrik belirsizliklerkar Kk € s énd a, sistemin g¢rbeé¢gz kararl
payé dejerlerinin elde edil mesini orami | amak t
kull anél arakivVPbcei Bkkeeai MGn parametri k belir:
karakter ti k e peldiidaomlkari @ . e l|Dda h a sonr a, el
pol i noml n t ¢ mg¢ I -1 n benzeti m -al ekxmal
karar |l él sajlayabil en geci kme ¢St sén
Khariton polinomlar éndéeem keaeradbléebdaggeagl aga
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deji kKimler k\drRéesiesntdeamiMG g¢rbegz kararl él €] én
ol arak dejerlendirilecektir.

Ayr éca, el de edilen sonu-I|ar-hDdoij suémi ude,
parametriKk dej i Ki ml er alténda el de edil en
frekans cevabéné incelemek i-in benzetim - al

Bu sayede,sal énéml arén heéezl é s°n¢gmlenmesi, daha
kesa yerlekme zamané bakéméndan sistemin da
ol abil mesi I -1 n, g¢rbegRldtamatrll €éyieki gepain &met p
di kkate al énarak belirlenmesinin gerekli old
2. Zaman Geci kmeli VI D Kontrolg¢ K-eren MG Si
Birka- mi kro kaynaktan ve farkle tipte vy¢kl
sistemleridir. kekil 106de VID kontrol bl oju
Kebeke sisteminin dinamik model: ver il mi kKt
olarak i kincil kontedil eegPismierti aeaf gmadan gec
bir VI D kontrol -evri mi ekl enmi ktir. KkKinc
nedeniyle frekans sapmaséndaki sabit durum h
arteéermak i-in YFK mek &nolamhknbuskéntrotseviyesmdene kKt e d i
Pl denetleyiciyer almaktave K, ve K, denet |l eyi ci kazan- dejerl e
kekil l1'"den g°re¢l deg] ¢ é¢zere, YFK sisteminin
denetleyicik ul | anél mékt er .
KI
G.(s) =K, +1 (1)
KklnC|IK0ntroI‘1' Birncil Kontrol Yok
b D°ng¢se = D°nge¢se Deji i mi
DR
i Mikro kebekkpd
Sanal D°n ¢ mlle
» l u;
| sm+D .
1 D°ng¢ st
DRy >
al S-RNT Sanal Atalet
Kontr‘l(;
1
DRy —— 1oty
R¢zgar ve G¢nek
Santrali
kekiMl DL kontr ol -evri mi i -eren MG sistem
Sistem model i i -MeDLR, BACE, @ &, Ty, eve T, asléarna, s eyl a, | en.
atalet ve s°n¢gm sabitleri, héz reg¢l asyon d.
kontr ol hata sinyali, devir sayeéseé regg¢lator

sistemi zaman sabitleridir. Sistemin dinamik modelinde, durum ifadeleri,
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Of, P, B, R PDR,Dve P, ol arak tanémlanmékx ve bu i

frekans deji kKimini, mekani k g¢ - -ékekeneéen,
yékeén, rézgar ve g¢nek santralinde cretil el
Burada, K, veK, or ans al ve integral denetl eyici k a

yakanabilecek haber | efme kz&ad terilidiledadekedile.s i (
f

kekil 16de, frekansé d¢gzenl emek 1 -in ¢ - ar
birincil, sanal atalet ve i1 kincil kontrol d
ujrayan sistem frekansénéen sabit bir dej er e
ol maksézén otomati k ¢retim kontrol ¢ne dahil
kontrol eylemi olarak bilinmektedir. Tamaml a
detayl & ol arak g°st edidt@inbiVIDi kothg mev ket onl
kull anarak atalet enerjisini sajl amaktadér .
( MGCC) vyoluyla ger-ekleken ikincil kontr ol
frekans sapmaséndaki s a&k tv a ufrruerk ehras aksa&rnar Isé
i -in YFK mekanizmaséné ger-eklexktirir.
ST EmEKe o
—{o
Sanal S°n¢ml ene
+ 1
Rvi dt 1+sTinv
Se

kekliSanal s°n¢gmleme kontrolg¢ i -in frekans
VI D kontrol bl ofj unun detayl é& bir kxekilde g°s
-evriminin RoCoF tabanlé transfer fonksiyon
dal gal anmal aréna g°r e, sanal s°n¢gml eme bil
zamain-éin geliktirilmicktir. RoCoF, i nvert©or t
ol arak y°netmek i-in kullanéler. Bu nedenl e
°czelliji i1ile d¢zgen bir kekilde taklit edebi
geliktirebilir. ESS ile VID kontrol d°ng¢seén
DRy (S) _sKy, +D, & 1

Di(s) 1 4T,, cR @)

(s) Shny ¢Rv
olarak elde edilmektedir. Burada Dvi, K, Ryve Tnns €ér as éyl a, VI D kontr
sanal s°n¢gm ve atalet sabitleri, i nverter t a

sabitini temsil etmektedir.
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3. Kharitonov Teoremi

Gg¢ - sistemlerinin pratlk vV e ger - ek uygul ar
belirsizlijinden Ve odel | emeden kaynakl é
performanséneé Ve kararléléiéne ol umsuz et k
sistemlerirmdankadar Iggl ék anali zi, Ssi stemin
biridir. Bununla birlikte, b¢yeék kar makeéek
si stem parametrelerinin kesin dejerl eri b
parametresinin dejn kbmersidenjuehrt eammeal | éo{$éadhi a h mi n
and Hote 2016). Bu gi bi durumlarda aral ek polinoml &
i -inde dejiken karmakék veya ger-ek katsayeée
grafi ksel bir y°ntem olan Kharitonov Teor emi
model ibaframéekde temsil edilerek d°rt k°ke po
sistemin kararl él ejéené garant. edebil ecek g
belirl enmesi ama-I|lanmaktadeér.

Bu -al é&kma kapsaménda g¢rbe¢gz zaman geci kmesi
edebilmek ve Kharitonov teoremini zaman gecikmeli MG-VI D si st eme wuygul at
kekil 1 6de verilen sistemin a-éeék -evrim t
bulunabilir.

G(s)= 0 - (bo+ b5 + 5 +sD)

"TUUKOG) agt v s +d bt §a ©)

Burada, a ve b sadece nomi nal sistem parametrel el
Kharitonov teoremi, Denklem (3) ile verilen MG-VID sisteminin parametrik belirsizlikleri

ol masée halinde uygulandéjénda hem pay hem d
i -eren sadeaceardrétk gdod i nomu belirl enebilir.
yazélabilir.

Ky (s)=(b, + 48 + #° +5b)
K)(s)=(b, +15 izgz _gsb)
Ki(s)=(b, +45 +8 35b) (42)
Ki(s)=(b, +f +8& D)

KP(s)=(a, +g5 F&° T4 ..A
K (s)=(a, +gs *&° & ..)¢

K)(s)=(a, +gs +&° T4 ..)p (4b)
K,(s)=(a, +gs F3° & .0
Bur ada, tanéml anan sistem belirsizliklIlerdi

kat sag@®lagalfad 612..6ve ¢ p ¢ Hi 61,23 olarak ifade edilen alt
ve ¢st Sséneéer dejerlerinde dejikim g°sterece

kararl el ek analizinin uygulanabil mesi i -1in
olmakla birlikte a; , 0 (1=0,1,2,....6ve 4,0 (i=0,1,2,3 0l masé& gereklidir
payda polinomlareé i-in olukturul an-Hifwitzt Khar
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kararl él ék testini sajl amasé halinde MG si s
s°ylenebilir. Pay ve payda polinomlareénén si
alt ve ¢st limit dejerl eri akajeda verilen D

ag =MT, T, T, T.T,
a; =TT, T, (MT,, +MT,, K,T, BT,T,) +
MT T (TTey +T,T + T T,
a, =TT, (MT,, W™MT, KT, DF,T,) +
T T T (K, +M DT, BT, DyT,) +
MTy (T Toy + T ) MT T,y (Tg +T,, -Fl't)+
Ty Toy (MT, +MT, OTT,, ) +
TuTew (DT, Tow +Ku T, K T,)
a, =Ty (MT, MT, BTT,) TF,(K,+M) +
Mo TovTw)/R+T Ty (K, ™M BT, )+
(MT, +MT,, )(Tw 7 Ry)+
(Ty +Toy J(KuT, KT, BT, T, DFLT,) +
ToTw (D+D,)(T, )+T,T.(D B,)(Tm Ta)
a,=D,TT, +(T,, +T, )T, Ts +T, )D,T, +
(TeyTw )Dy, +DT,T, AT, Ty T§)DT,  +
(Ky +M)T, K, M)T, (B Tw /R +
(T Tw)/R+(MTy, MT,  MT,  K§To, KFy) +
Mo T) R+ (T Toy T Tw FTw)D (R Tor Ty )BT,
a,=(Tw +T, Moy B T#)D (T Toy+Ty) /R +
(K, +M+D,T, +D,T,, BT, BT, )
a,=b+Dh, 4/R

b 3 = (TessTvaw )’

b 2 = (TessTpv + TessTw +Tvaw);
bl = (1-685 + Tpv + TW ))’ (5)
b, =1
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=MT,, T,To LT,

= MT 0 ToTe TeTw

=TT T (ML +MT, KT, BT,T,) +
MT,o T (T Ty +T,T T,
=TT T (MT, +MT, KT, BT, T,) +
MT o T (ToTov +T,T +To T,

=T, (MT,, ™T, KT, D%, T,) +
T,T.,T. (K, +M +DT,, +DT,, B,T,) +
MTy (e, + T T) MW T, (T, By T
T, T (MT, +MT, ©TT,,) +

TuToy (DT,Ty +K, T, K,T,)

=TT (MT,, T, KT, DT,

At AYE SN

(6a)
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Dert pay Kharit €hsd-Kispoki déemunpayda
K2(s)-KJ(s) t ¢m kombinasyonl ar é di kkate
fonksiyonl arénén seti akaj] édaki gi bi

Ky (s)
KZ(s)

G.(s)={G, ()]G, (5) k| E234,
! 1

Di kkat edi

tanéml anan
VI D sistemi

|l ecek ol unur s a,

ol ase on alte
nin kapal é -evri

Kharitonov
m transfer

At AYE SN

(6b)

Kharitono

al én
ol

dej
Ukt ur

(7)

p &p((9 V=€l , p2a, yed aln6é ro | kaor
pol i nomu

f onksi
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~

Di(s.t) 4 +é&<p & §s'cy Pes) Qe S 0

s = (8)
1=12...,16
Denklem (7)6de verilen 16 adet a-ék -evrim 1
(8)o0devl MG si steminin 16 adet . stel terim
hesaplanabil ir. Belirsizlikler Pl-deneteyici si st e
parametre dejerlerindeQ améamban e cphemesbdbml ar
geci kmesine bajlée kararl él ek anali zi i ncel e
kararl él ék kartlaréné sajlamasé ve her bir p
yaré d¢zleminde buludcdafergemnekleréildéej @mdak p
bazél areée sanal ekseni keserek kompleks dg¢zl
Dol ayéséyl a, t¢em polinomlar i -in bu durumun
anl amda zaman geci kmesi meaceajeghebkbrar| dbéhy ¢
geci kmesi -VID sstemini, PM@Gar ametre denetl eyicisinin
parametriKk belirsizlikler alténda g¢rbez ar
geci kme paylarée belirlenmickktir.
4 . Sonu-1ar
Bu b°l ¢mde, sanal s°negmleme ve atalet par ame
yer alan zaman geci kmesinin, sistem kararl el
(8) 6de veril en b e | -VID ssisteniriink lL6e adet ikarakteristik MG
polinomlar énén her biri i -in benzetim -al ékmal ar
kararl el ék geci kme payé dejerleri el de edi
denetl eyi ci parametreler alteéenda her bir p
benzeti ml améd esemau-| aréna bajlée olarak siste
zaman geci kmesi debiestiemepardmami «lteriinin n
akajeda verilmiktir.
M=0.164 D =0016R =246 699, 19T, .1sAT, .GF
T=04R, 27K, %6D, 2T, 1&
Denklem (4a) ve (4b)6éde verilen vertex poli
aléendejénda el de edilecek 16 Kharitonov pol
deji kim dejerine bajlé olarak sistem katsayeé
Bu baj | asmdéal,i k bir dej] i Ki mVIDo distera ka&raktdristit i nd e
denkl emini olukturan polinomlarén katsayeéelar

a,i [1.6538 1.6136]; g 1[11828712.3453]; a [ 27 226@1.0199]; ,a [24.3290 30.8383];
a,l [8.297912.1267]; 4 i[2023.3121]; @a [ 01288.2338]; ,£[0.990.99];
b1 [12.6349 13.9649]; 4 1[31.861338.9220]; ,»i[22578130.4849)].

Bu -alékma kapsaménda il k ol arak Kharitonov
zaman geci kmesi i -eren on alté vertex poli
benzetim -al ékmal ar K, =Qlvek e@1 pait ametd me K tdiej .er

altenda 16 [OKp B, 09 KR KD, K, I her birinden elde edilen
maksimum [ de] erd76r2b8, 268, 284 272.., 2&' o0l ar ak bul unmuk
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Sistemin g¢rbegz karaddijedréij éeme B@ajpalyiamamkwun s

k¢-¢k zaman geci kmesii dejeridir. Dol ayéséyl
sajl ayabilen gé&Kikmae g¢@=5@&ded @e@enel PRI ar ak,
denetleyici parametrelere ve °5 %61 i k parametri k dejikim dej
sistemi kararl e yapacak maksimum g¢rbegz kar a
ve Tablo 16de verilmicktir.

Tabl o 1Pl praarr&kmett r el e r -VID aisteménnmdikesimii® zaman

geci kmesi dejerl eri
t'(s) Ki
Kp 0.05 0.1 0.15 0.2
0.05 55.1 25.4 6.1 2.4
0.1 56.3 25.8 6.2 2.5
0.2 58 26.5 6 2.6

Tabl o 106den de Kge0lyeK ANld enzedrleeyi ci par ametr e

Kharitonov polinomlarénén t¢m¢gne¢g kararl é ya
t*=258 ol arak beKji=r0tlvelKkmi#Oktvd t5%061 i kK parametriKk
oranenda el de edi | mi kK ol atr=26& rdoe¢jzerz ansainst @ e
girilerek, DP, 0.1Jpuy ¢ kK bozuc uDRg t=KB), s 0D5pUE ¢ - ¢retim deji
karkésénda el de edilen g¢rbe¢gz zaman geci kmes
VID sisteminin frekans yanétlarée incelenmikt
yakén sonu-1| arDK¢ BetediR, Khadedeo®nov poDd,nemhar én
sistemin frekans cevaplaré g°sterilmicktir.

Benzetim -al ékmal ar é sonucundan ger ¢l dej ¢ ¢
dej er iDR,dpeo!l i nomunun frekans tepkisinde si st
ger ¢l mekt e dijer polinomlarda i se, Si stem
s°n¢gmlenerek kararl él éja dojru gittijini g° s
geriye kalan difendegoVapembhardrekans yaneéetl

syl enebilir.
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0.02 T T T T T T T T
— AK1
— AK2
0.015 | —— k3|
el AK4
0.01\ -
5
Z 0.005|- g
< [
‘ | /
o \ -
-0.005 | ‘ -
_001 1 L L L L L L L
0 100 200 300 400 500 600 700 800 900
time,s
kekit*=2.8, K,=01lveK, =0ldenetl eyici parametre dej
ol arak bazé Kharitonov polinomlarénén

Yapél an bakka birK,=0&keK i=Qladanatleyicz paranete ve

g¢rbégz zamant*g2d&idkenmeesril er i alténda °bé&ti néal ,
sistem parametre dejerl eri altenda sistemin
Sistemin nominal parametreleri, +5%, -5% ve °5 %61 i k sénér i -erisind
bir parametri k dejikim durumunda bu sénérl a
kekil 56te go°re¢ldeg] ¢ é¢zere, frekans tepkisi:
kararl él éeja gittijJi g°r¢l mektedir.

0.1 T T T T T T T T T

0.05

_=0.05
]
s
< 0.1 b
-0.15 b
Nominal Sistem Parametreleri
+%5 Sistem Parametrelerinde Degisim
0.2} -%5 Sistem Parametrelerinde Degisim T
Rastgele Segilmis Sistem Parametreleri
_025 1 1 1 L 1 1 1 1 1
0 100 200 300 400 500 600 700 800 900 1000
time,s
keki t*=25:8, K, =0.1veK, Ql1se-il en denetleyici kazan-
ve nominal sistem parametrelerinde sist
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5.Sonu-
Bu -al ékmada, VI D kontrol -evri mi i -eren bir
sczerine dayal e ol ar ak gérbez kararl el ek g e
yardéméyla incel en-Mi Otisrn.st¥mcelii-kKine,16M&hari
ol ukltaurrauk Pl adreknleg | ey i ci parametr e dejerl eri
anl amda kararl el ejé sajlayacak geci kme mar | é
geci kme dejerlerinde polinomlarén frekans ya
kararl él éjénepl magt amdéfenywg® ol ar ak, dej i kKke
sistem frekans tepkisi incelenmik ve g¢rbez
kararl & yaptéje go°r¢l megktor . Ayné zamanda,
parametrelerinde sistemin para met r i k dej i ki mler karkésénda
sajl adej éene g°stermektedir. Kl erl eyen -al ex
kararl el ék geci kme payé czerindeki et kil er |
geci kmesinin hesapl alnawma sci raenatc émd tao tk uil Il ea nk&i r |
bir analiz yapeéelacakter.
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[sBddzHdS Isj dzj Sz dzd C Oydw Isj n dats dzts @ ¢
dzj efj dzj teH g dz ddzlsj tedzj Isd

92 0wsr dz v O sOr RIBOJ dztso O
Isrteer L uvites Af OdOMO bkddoejtemdlsjlsd, RdJjdejtcHdS WOCEM Is
B E dzll d3ll
[ OdzOMo Edzdo jtemMdlsjilsd, RdpJdzgj HdEC WOCEMd Is
B E dzll d3ll
*aycarkin.sayit@manas.edu.kg

SrteerL vl 0

0BMsEPUBMmEHECH MOdOLdfIsjh Isdtc gD & s gehidtc @ozn @ W
HOROtdy WstdkOHOE' KBOOd KOlISOt Jdidsjtedzjls OS' dzzlz |
q dzls j todzj ldds @digH ¢ dztt tc O fiddABEZS C sl L Il dfIO XiPls Odgts B  dzH d €

bjdzj SedBzdzd S Oyd™ s 7 dats dzis 6 @iz dz § ECLSS dzHCSAErQIRgHO dzH ¢ 6
[N sdzHESClkOdz Y Odfr [wlsts oL dY Siye dz€0 dsdziize § ks  dzryjOdzO@ v
CO2fr dsBddHdC Isjrndsdsedy zOte SodHsdlzdzy Cjdj
¢ Otc Odz¢ Odz. ddzH Oz st h COter EuyktH Ocr 5G Isj 7 dafsdzts

dzj efnj dzj eHddz ddzlsjtedzjsd BOG' IsT dzgh @O C OdzH O2 Otgls’ Cyr oz
Mtostsdzste € Otc Odze Oda. 1 dtemj dzj oHifkmzd § Gelg § tzAz@Isd S ' oG’ L
OB OQdz@ § OdzH @2 BB jdegHO] BOOdz" BOI B jteddzj Is.

dysr y MefiwmEdedzhi dS Ot B3OS Isdefr ety jdalz o tef b il tod dzls j te dzj Is

s q’tc;q’lh I

40dzOtedtfIsjhiIsdtenn ftesyj Mmd EykttHO BHISSCHd HI2I
YOS Odz kykts. [ 4 &34 €, MOdzOtedtfIsjhisdteli il  OOdzOd3H |
CBdHBREEZ Yy 20t 11 yYylldz ytsw oIl B 11 deyll dzil SISeteH Il IsliL
VLYkzteH O Isj rndesdzse W dzr dz E dzll ¢ tz) fgin glztzglztc i B ' datizls & tc d;
(Internet of Things) Is 1t h 1l dzll ¢ Il fO2HQ Jj BfgizdelztcH d dz Bdzdds | tc dzj
fd demtste/ MjLredy d3djdeijdz Isdecddzejdz (embedded) W

sBl jJCIsjtHddz ctekzff OMmr ) ts

Bj dej dz ddzlsjtedzjls 3j BONCO BO2d&OdE h lsOdROCIsOter
Bsdsls. Jkzdz WqdLdSOd € i tydeddjdzl tzz@P rlsE E € j
ftetsGtcOBH " § Y OBH' C Bjdzj dz COBM" LHOZEOdz y OdzO
BOOdr O OdkOh k, kOh'r &bk ftsyj MMd OS Ok’ &Ols

clssMizdH O EOOd &Ok O dzx
f

1 JtefmjdzjtcHddz dJHzB§ oz ztf dz E dzll ¢ 1 I i1 dzE BZOMMOdz ¢
Cd2dhddze jdz MdMmisj d3H j .o ( e B e d dz®©d CQ Wby C @iy »BQdsO
COdzyO BOG'Is YOO Ijrdtsdtsecdwdzs dz sdtedeininmn dzj ¢

Rdzls j todzj Isls j CsdzH sdgz E Yz dzOtcHr dz2 CE{ Bsdzzh Iz 0]

dzj tefyj dzj teHddz ddzlsjtcdzj Isd Y OBHTM ClsOter dzf dz tstels ts iz dat
N BEBESE T dzH OkBEC BEB@ &S j flddz  ( blaOddofi t €Y dzf dzOOter
Bjdzeddzn . | jtemjdzjtendds ddasjtedzjlsd ¢ObOEr 1 fy

Sl sk dsjcs il® Cdz OdRCH s Oc MW Ots’z . KOO &OIs s C
MOdzOtedy W SLdEOHO OdkOM bk fsyj Mg I GEl.
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[P sdHECOdz ddasjtedzj slsddz ddz¥ eOMstelzClskteOd § Is
bjdj SsdBBEddS OdkdY dr ¢ kOBdEOS (lsOhkE yH2 sHhhC §C
COROdE ¥ 0dz0 SHOOE kOt O dkk " ZHOGH' ¢ dz Odz ¢

Ctedlsjtody Bodkf Mjfjkjdjls. uvLOE y02c¢0hCOdz
SelssMbdiO Bbkd Isj idsdksedY Ot d dJuddsj dz LT
sjodsdzse W O’ T 02T Clskk Y O0dzO CEf € 5z s dalz dzOk

O] OdzgO® 1 dgjtecdwWdg dzg S tsdzZHESdZEZ dZEM NN dZLh 1 s E dZE dz. b C
ddzls j todzj Isd YOBHM CIsOter dzf dz BtelstsmizdzH O BOOdz" RO
YdlsSdieddzdhd B. 0. ddzlsj tcdzj Islsddz " d&zhH OdgHT ¢ Mr wCls
s2ds2is.

Rdzls j tocdzj sIsddz " dzZHOBHT" ¢ B. O. Isj2dzEe MOy Olsr dzO B
Cdz OtcOdzr € Isjdzj StsAgdgzdzed S Oydw BdteddHded (1 ntern
kOtOB ' ¥OA541 fMmbkdkhk | P kOtedROEr &zHOE' QoS € d
dhlsjhddzgj SOtOIO IsOZOfIsOtcH" Odz" ClsO21Is (fAY. 1541

for IPrbased serviceso). 1dtemj dzj teHddz ddzls tedzj Isd
sSOdzOf sOtcc © Yy tstsi Bdtdhd C jteQiEC " dzi [ B jyBdB J to d dzls
fOCjlslsjteHddz YyetsdzEzmlk (1l oss) yj SCOdRBOdzEzmE (
Crdzc Oz CsdzsH sdadZts dztstcH s Isj 2 dzEE MO Olst dg' dz S E tofE
mMdMmlsj BHddz dhIsjhddzaj Isjte IsOOMdte Bjtodh d d3il &3¢ Il &

1 d e dzj teH d dz d dzls j tedzj Is d dzd dz dqdaW e OMistez S SzteOdzr €
Isj dzj CSsdsdsz dzd § OydVw Isj ndzsdzse W dzOtGH "™ dz " dzH OdZH " G '
O2Isr dzH " . [htsdz wigywB g §mgdzena. com dsBddzHd¢C Is ©
BOOdzr d@3OIls B OL Oy § OtcegOds" dz'dglg dzj dz [ telsts oL VW Yt
Btse d dzH d € Isj dzj C sd3dzz dzd ¢ Oy d v Isj mndesdzse W dzOte" (
¢ Otc Odze O dz. ¢ dzH\Ojide fitsj dzjStHef dz  dsdzidgicts dej Istdj MY B dzd & O
COdzgyOdzr ¢ HjWGEL Ll dzH] EdzicgNNY Y OISOI. HjGjdz Mzestsd

1 1r L dseddHdS Isjdzj CsdBzdd S Oydy Isj o desdzts e d

1G LOttdOG-BRiEU: G4 ¢J dzH d I6€her&idrrolCNiDHIIS Technology)
LT dgfr L Isjdzj Wisde Isj m detscdzts ¢ d W fiyr-ydy dda @ta] to difd@RdH Qi3 Blzidiz
dbdz 1 Bd1LUP12GCG IOtedzOcr H OQAHO Btsdzetsdz 2G Isjn dz

Mdcec dzOdznr h dWtcdze e BN BCINdz BsdZEYf, HdHI G OdzO 1 d3g
¥OdzO MMS) HO Bjtellll XdACd d2 .BES@Gze (@R R$)d Y 0dzO0 2.
BsHdW S OYydw dzOter dzH © Rdzls j todzj IsC j Cdtenun 31l d3€ 1

sj ndzsdzsedw M dzH O BOOdZ" BOI HOC jIs Islitcll dzHE dBOOz
Btse d dzH d € SOt dzOS € O COtOG OdzH O Is j-4 ' tkw OCH OE 5 dzlz
BseBddzHdS BORE@MRMDOIs'N 3G BEsBddZHE ISOLLBOGT gh ¢
Isj ndzesdzse d Wwffr zHD0cX 0 f s EdzwtcH 2l BGAZEY BOhISOG O
ghisj 2 BOh sstsmkz do3jdzj dz dBZdsBddzH & 5% dzH OtoH T 52 dz
9odHjBdzstHEZ SEBINN YO0dO o9adHJB YOdkkzEZzZOtCHL Il dB J tc
BJtH(.

1l-s OB dzd yOmO 1d@H8M@dz B Oh IsOf Ot Bdte tsdz Yr dzH'™ CIs O dBts
Edzlclll SlsikzteccOdzH' 6" dz BO2C OdzOIs. vOBd&ZdYOHO CETts
CsdzH Mt ¢, 1 cdcOBO2Islsr € BOOdzr GZOIsIsT 0, 4 fn
Bl dBS N dgyll dzll CSlsetcHll sy Bjtejls.
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108 d&zdy0O. [sBdd&HdS kOLBOS Isjndsdksedy i d

fezdzH O [ OOz BFu jmdesdzZB U j ndesdzEl 6 dG OB O2Is

(Generatio IsdffIlsj to GO COLCHBOOA BOIsls
n)-G- BOOZr BCCEYlltent Od
sOh EzEk nhykzdz ¢ OdzycC

rdZHOBHT 2B OCTr Is IsOd
Yyj Slsted €7 dzr dzOlIs

¥ Ndz ¢ dzO dzts ¢
IsJ dzj W ts g
SMS- Basic GSM 14.4Kbps 6 Cldz
sj € Mmis (2G)
MMS- GPRS (2G) 48Kbps 2 Cdz
fMCtoHbls EDGE (2G)  236Kbps 9 Mool
¥ R dzlsj tedz UMTS (3G / 384Kbps 6 MOOoIs
CJd IMT-2000)
szlsOh z HSPA (3G / 14.4Mbps 10 3ddalzls
d dzls j tc dz IMT-2000)
¥ OtcH O d3 HSPA+ (3G / 84Mbps 1,6 diddlzls
d3d dzy dz IMT-2000
odHj s/  WIMAX 128Mbps 1 o3d dzlz Is
s yoOdzlz 802.16e (3G /
IMT-2000)
LTE (3G / 100Mbps 1,6 oBddkzls
IMT-2000)
¥ 3-8z z dze WIMAX2 1Gbps 1 fMmjSkdHO
COtcOG O 802.16m (4G /
r dzH O d3H IMT-
¥ O¢ h r tg Advanced)
dze O dz LTE- 1Gbps 1 fjCkdmO
Advanced (4G
/ IMT-
Advanced)
N j tofnj dz 5G (IMT- 20Gbps 0,4 fj¢SkdmH
2020)
Is § tcdz

NER R

GOF©

N © N oo

N oRN o

g &
X~

CIJON
& ©
N o
N o
&

-Ihl\.)
& o
N =
N o
&

N
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&

g &%

Cr dzu Iz
sdzyj ¢
dzO X
ylsr

0 "Pmoaoa-

HO 20 1fj IjL dhlj2l, {dgjwsaedgw OL
&dh ddz COBMT LHO2S.

5Glsj Rdzsdzs e dw ir CO2Mr yjH] CEdHsdhts BGAESl
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D 9adHj, UHD screen, B.O. o9dtkskzOdkH" ¢ tj O
2dzd ¢ ¥ OteH O d3" i3 dzj dz [ eIy d v WiklsBtsdz B J Is|
yktelzdzH O MlsOHdBdRZE 360 cttOHEMISES BJNM € O34
OtedzOE" O¢r" &zkkz MegaFon Cjwfmjmddal Y dBj tod

(@]

3
0]
z
Is
6 ¢Sr dzHkE M OOt: Ytsdz € 2d3r dzr dz BOh COtezlz B. O. !

¥ Oter CIsr BOMGCOtolzlz.

6 ¢S dzH 2z 2 d 30tcOlIs: N dzzz dz € Is iz CELEME d&HE E,
Ldzj CIstc ftedBtstocdztstelzdz CE L E dBE dzH E E .

(@]

[ Oh d&zOder §ddzsksmkzL BOhMCOLkE: SjtjClun yjtd
O2HOf BOBEEME.

0 (ol kzdz sktcOdzr OoltsBBOIISONIsr tozlkz: Y jto Cr tolsT
ddzls j dzZlmdoe Il N dzlgn, Yjto Crtelsrhrdgr dzg CtcOdgr My

(@]

CCtsdzsedw: OBOdz dzg, Mmkzbkzdzzedz CdteH Nl dzil g1l dz Odz €

Litehjdjtendd ddisjtedsjlsd: dajedLddaj dz OCT dez bz
Cosdzyd f ydwdzr dz dej 6L ddz siiLEels.
2 [lsts OL BOBA] Clslsj tod dzH § Bse d dzH g S s dzj G 1

Isjndesdzse dw dzOter OB Odzr
[telss oL W BORAz] € jIslsj tod dzH § 3tsB d dzH d € Isj dzj € sk
CdzH s dzz z - IO yR@H O CEtMmMEISII dzZGEdze (ALi st of all

[Jtelsts oL dwW YEXRZSEBRBIABHE 5G Isjrndsdzedwmr dz LB ¢ MM
2300, 5G 3500 dh¢j CdwedLddzejdHided CEtel dallt
Isjndetsdzse dw fiyr Ot COdzH O2 Isjndesdzse dw dzOter dzg ¢ 5
BOOdZ BZOIsOtec @ IsOW dzgMOS dLBj S MisiGdezBiz@ dsd € dztisds
Edzl CCEdZHII Gl Ca @y dA s Blz@®IsH 1 { cdzd ¢ 4G CtsdzH sdzlz d
3500 Isjndesdzsedw fmr dz dh € 4J CdeedLddze jdzHnded CE
BORBAS jIslsj teH | OL " te" dgy® 5G Isjrndasdzscedw fiyr B IS5 C
CeteMmEIsIl &zGE dz2 + d3j M.
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2l50B &2 yO. [lsts oL dW BOdBd Skl Stz dzdd§ B yfddeH ¢
sjndsdzse W dzOte”

2-G 3G 4G 5G
UM UM LTE LT LT LT LT LTE 5G 5G

GS G TS TS 210 E E E E 700 700 35
M S 900 21 O 26 80 90 18 , 00
900 M 00 OO 0 O 00 LTE 5G
18 230 230
00 0, 0
LTE
270
0
pLBJCM + + + + + + + - + + + +
sOLOCMm + + - + + - + - + - - -
v Oy dS&m + + - + - - - - - - - +
srtee" L + + - + - + - - - - - -
vhhteCdd + W+ - + + + + + o+ - - -

2l yvrterfrtrrRy RLULEL[UR

1 4] dzj oH d dz dfigiglsipetsizg /Isfigflj L e du d3j daj dz2 sdGdadze jdz (e
Bl jSIsjteHddz (%4 sBi j Slsj toH d dgO Godis IYCIsO ) O Pzdz O tdzdztd
ddzlsj tedzj Is N d BONCO BO2dzOdz N IsOte 3OS IsOter Otc ¢
I MmMidlsjdzgls. bz tBiI jCIs ftosctcOBRHT € ¥OBHT C BON
COBM" L HOdzG O dz.

vOdslskel Cd2dh ddzc j daL "y lej dsij e dzH 2 C 3 OsiEis 5O ¢ Is
BOhCOwkE MdMmisj dkH,jteddz Ools®OOhIST wlzlz (I 2 H
dBOEOlls OoltsiOllsOh s’ tkk) Bdted da dothg diaj jode d &E
q dzls j odzjSlofisig™ L HOY Bjtejls.

E tor dzste g farPton ddz  d &OJsOdej sd A OCT dzn iz Iz
dwfmr dzO szkzte® Cjdzjls Hitf 021" Cjlslst
OllsOte, 12 CtffMzLHEZS MmdMmisj BOEOLr 3 Od
d¢ b;:dzq’@@dz@ter (lIsjdzj odL tste, BzL HOIs
OteH ' MBBOLIs W sdziztztc HY E@aRE3d CAKj talzH ( M1 2 dze E )
tcOlslsr ¢ YOBH' ClsOtcHT dz2 ) OtcH O’ 34 dzf dz B ON
Cundzyn dzicgi B Otc. dzf tkinPdej tsH O 20 & dabo Tt dzjCledf B OGT
Hisdefts BB dzsls, OdzOteH" dz Bdted MOZOBOISIST ClIsr
Hdzz dzz z H O.

NINQOXFH NV
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PCr dzHzlkz C2 (Bynmmattchme)- dsdzsedwvdzr € Y OBH'™ CIs0Ote
Qo lstsBOIISOM IsT tor dzc Odz L OBROdzB Of 112. T E s OBL HRE N
3 O dz0 rwe 02 dzz 2 dzlz € . PCr dzH 22 n2 L dzj ClstetsdzH 2 6
BJteddzdhIlsjteHd StBdzHtsdkRf, BJdzaddzj dzc j dz yd S Isd t6H J
Oh " 6O OdzOIs, R dolg @uekj lszz iz tc@R © dz B d dzd f , OGO Y 0OtO
duddzH jcd Isj di3f j 6OlskztcOdz" , de dBdHzzdZESCKEZ 3. B. CETG

ST zhHzEdBR ] 3ddz B Oh COWkzkzdzzdz Bdtc daj Ud siten B
M elslsOe" YOO HN2HNd dyddzHjcecd BOtHT S dhisjwHd
YOO CELEMBREMXRHEEGE BIBSHNdHIS Bjtjls.

lbdr s Ow@rddgsl 3¢ ] IsklsOhIs' tor &z Odz ©BI j Slsd dzj tor
Y OteH Od3" d3j dzj dz B O" C Otz lz.

O«

5 o) deMsSeHES 1 CtcOdzu oS Rkl B8 Oh C Okl dhd 112
Bjtedh ddzH j G d HEZBOKXEO GiodskkzdeOd  StcOd OS '

8 NdPteS " dikly COdZHO2 BOM COttkkzykz ( StOdz ¥ fkd sl
Y' e 0tz oi3j dzgj &z B OC Oh k& d3Il &3S Il dzy Il dzll ¢ Il .

6 1 jdzeddzj dzc j dz kB O&'JNIsQtaErj dzlisliz s O € Odz dhIsj tcH d dz
OzO IkikzkzttO® BJj deddzj dzgjIs » OdzO X E dzH E dzE Is

0 Rdzlsjtodzjls ©Og®@2fgzzlzy jteH] YllteMeEWIL HO, W21 VWVILCGE
BOhCOtolzlk o3l di3C 1 dzy 1l dzli ¢ 1 .

O VB dZHEC Is] dzj W Sep 0K dzlrtdrtc dzts sz dze Odz ff tSGtcOdZH ' dz
N2HEGIN MdMmMlsj BHd dh ) SCSdedLIINGE Y0O0dzO E yll tell |

OGS dzH -2 d3@R N d3j dzj dz OC " dzH iz ?

sdMmlsj Bej IklsOhCOdz tsBi jCIsddzjteHddz dhddz € OOdzOG C
YEdGE MOdzr §f kiktetkkzcO Btdsl. N2HE Cdhd Ys8¢ Cj1L
NOde' f bktokzhkzd Y0dO0 IsjtjL j OOy OdzQicHT Ha eQ@ZE" dda
sEztcOls, Bzdzzdz EL Il € tsfOHHLON EE I 2HES SO d§ OHc@tc €+
QOdzlsrtsOls.rJd3JQ, ok zOtcHOdz MOCISO2Is. | OLHT Y
N2HINd dyddezHj Etels 3j Mk COfltts Btsdkkzf Cjlsnind
OCr dzn 2l 112 duddzHd CtsdZHtsdZcOdz Y OBH' ClsOtc B st dgyO
6 ¢hdg, Bz €dhd YytClsts BOtH' ¢ 1 hdClsjtc, Is

sjtehey
snteHeE BJ Sdlsddzd {f, MdedOdzdL Oydqwy dhe¢j GCdtejls.
HOBOLO C0O2tOHOM B (td3jcddjddd EBLEZIR tc@ &' Qe 1IC G j t6
ytsClsts 1 hdg¢ N d sjtejL g Oy dzm o, HOtetsts 1l 2 1
COBOtdzOdzOIs .
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L1 dzjted Odzr MO yltecedz kykttHO C O] tcC
Gl OBOdzH" Ikj¢h jtedlf bEzttkzkzc O Il &3¢ Il dz.

(@]
w
O]
&
m 9.

StesdzHZC-NQWEERB YN d Y BCIsts CddizHdte BdeEe §d
dz ndzih 3 0OL" &z Odz MdMmlsj &3 dh ¢Jj Cdtedls. ¢dz yt
Bjtjls.

oo

6 L Ot 1 H] GOLH" EYNtBE?2 bkdklskzf SCJilsdf, BE dIHEG
EyktedzOte Btdzsls. [ d&z0 tshsdHit Mdmisjd dh¢j Cdte
sSts¢IstslskzdzOls . dzH Odz Mtsw CEkISCOtkzEz Cr L d@3OIs" dz0
desdzd teddzy St lzdzkzy zztcOdzEEz € OB Ot X EdZE ISE IS.

Bddzddemj , Mk

PN2HE Mk SCOfbtstsdkzdz Bj dedimd
Is C {{fr]cde.J C OB Ote dzO da

Iz
Ck OQtelzlz ¢ L d&3OIST dzO » OdzO 11 2
6 rOt™-94 OtcHT &€ Y Oter € Bty dzOBY OdzOteH T 3 E dzG E
NOdzH " te" Cjted CmMdL EykzteHO EyYltny IkEtOI. n?2
COdznO, Odz Isindzl BsE HOdzr §f kEZteO BJteB I MIS] dz, B

C

0 v i jteONReid dz dyddezHjcd Isjdi3fjtcOlszcOds Bt ¢
N 2z dzESC Y EdIdHiE COBOttdOf LEkttOls. [ kdkz & d
Bk2tkz¢ OteC " &z X' dzk z dzlz € B4 toll Il yn, rfypr Yy €
ftedtstedzstelz dh¢€j CdtedL ddzjls.

5 1 OHOMmQWsjL jcj lSOCT z6Odz § OtcH OkOts

HO BE &®BE (
Ouykk Isd2c¢jdz SHndzHildz dzztclz BE dzABE G E Is 1l

L lsuhng |

frdzHOdz Mmr elsC Oter fr dzOdzg r Il dzO dz@ ' DVD, 12
ki " d, CsdzHdydisdzj o 3 O0dzO B OM C OdzZOtGH T L OCIO
BOh C Otk ® Bdsl. [htduts2 1 dj OGHEAITHEZEBHOG
Bjdej dz N3 Bitedyf Iblztokzlz h3j dzj dz B OffYJeden jisdzde iz fizk
a3l 3G 1 o dzy Il dzil G 1l BOtG. dbdz 1 oBq 1 telsjw d34 dz dz ¢
OzHdsOf §f OtcOIslsOEr HBzL' COdr dhlsjlsdyf, B2c6tl5S Iz

(@]

22 1 jtefj dzj ton d dz izlstg aerda) Istdj My B dzd € Ofr dgh O¢* Oe Od

S G L tdMmMizezg 8 PMEzdzH BC sk Y tseBtczdzOlskzEzc O, 0]
Crtefmr ClsOte" dzf dg, shtsdgHts?2 1 dzj OdzOte BEE dzy® IsOdz
Crdzagr hIsOteH" OY" Cbssets, IsjtetostedMmislsds Y O0dzO € teod
stz nyndz 2018 yr dzf COSCr dzHkzkE M OOté HBMBtSE
SSsfmMzLHkS B dyO c¢co¢¢r zhkzkz h OOttée HBdBGGtlZzd
Technologies Co., Ltde St&ifOodedwfmr 3] daj dz d dzo j

rdzH 2 2 h O0tce Ctsdzyd f ydqw mr deH Odz BOh IO C
fzedzd C O dzH © € 5 dzH ts dzlz dzOd hBECTh AsCGaizHAZH. O G U Y ZARHIED ¢
BOZOte yYjls EZSEHEdDdZ N2HIdz ¢BOMNC O dzkzmiz B.
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Odzn 02 MdMmisj gHjtend Odr § Sjdzdf MOIT hEEHO. ¢ dC
uddzi j&d 3Ok ClsOH BOhCOLEE, {djSlktesduize Ck
EdzeE MOdkbk »O0dz® § OttHOkOLH' BOhCOLEE Mmrwilkk
dsls. 1 JjBiS, dBOtcOsz ki dzg 5 H H bzdzd K8 f5 e B2)s © ¢ T
dzH ts dzlz dzlz TTN Bighéiek isPogt, 2019).

[

s

dzH O dz sr h C Ot Il nternet Soci ety Kyrgyz C
JMfzBdzd S OM" dzH OG ' sOGBdaer 2 Crtemr CIsSOGHT Odz" €I
LoRaWAN h dzé L H Otedzjdte My @rgz@H d dz d dzlssjdte dzjdivdrdz B 5% dzy
HtsdzB ststeHlz dh ¢ j ¢ d tc ¢ dntennet SofiekOldgrgyz €itamer Udge

LoRaWAN and IoT to Detect and Predict Natural Disasters, 2022).

3 rr 27 dzls” CIststs

O dzB j I&ls OC g PdzL " d3" L YE2WE Otlr d&zklkz Mjredyuy OB
qdzsjtedzils " ZHOBH'T 6" dz BOOdzd mMd yYtsw. [htsdzH EC SO
CodzHsdz ZH Odz Bztckzdz ddzlsj tedzf Slsddz " dzH OBHT 6" dz Y
BBy dzd &2 COBM" LHOZCOdz WL JSCOdzr € tsBJ jJCIsdlsdgdeH d dz
COBM" LHBSBE dB3j dzgj dz Bzdz tsBI jSIsddzj to tstelstsmizdzhn O 1 dzH
sOdzOf Cr dz@f dgc Odz C tsdzH s dzdZs dztste Nyl dz € jtej Slsun r dzr
Bjtejls.

¢
q
b
B
¢
¢
L

STErL (JiMifkBddS ONr dzHO 5G Isj R dzapted)g W) oz d &
qazls j b dzBlOE ™ IsT dzH O HBOBES jIslsjdS HjWEiidHj SCEef
o3I oS 1 dzyll dzl € IsHL I odzE Is.

StSdzH sdzgz dzG Odz OH OB VW ISIsOte

T pCBELISSf ML HES BtsE dzZy® ¢¢ S dzhzlz M OOtcé HiSdzB E
cHuawei Technol ogi es Co. , Ltde Csd3f Odzd v
Cidzdh ddzeGitsCrtkdz (n. d. ) . [ Jdzdmistcdzj &6 s OB ddzj Is
2023, from https://www.gov.kg/ky/post/s/km-t-koopsuzduk-boyuncha-akyilduu-
shaar-dolboorun-ishke-ashyiruu-ch-n-huawei-technologies-co-Itd-kompaniyasyi-
menen-investitsiyalyik-kelishimge-kol-koydu

1 Internet Society Kyrgyz Chapter use LoRaWAN and IoT to detect and predict
natural disasters. (2022, October 4). The Things Network. Retrieved August 10,

2023, from https://www.thethingsnetwork.org/community/bishkek/post/internet-
society-kyrgyz-chapter-use-lorawan-and-iot-to-detect-and-predict-natural-
disasters

1 Tools. (n.d.). GSMArena.com. Retrieved August 10, 2023, from
https://www.gsmarena.com/network-bands.php3

9 TTN Bishkek - Post. (2019, August 31). The Things Network. Retrieved August
10, 2023, from https://www.thethingsnetwork.org/community/bishkek/post/ttn-
bishkek

1 VY.1541 : Network performance objectives for IP-based services. (2019,

December 17). ITU. Retrieved August 10, 2023, from https://www.itu.int/rec/T-
REC-Y.1541
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LoraWANIs j n dzgsdzse dw ir 4 O0dzO ytsw B J tod dzd

2 Ot dz s OfisJIEO LR fBOJ dztso O
Isr gL ulteS Af OdOMo Ekdedoe jtemdlsjilsd, RdpJjditHdE WOCEd I
B E dzll d3ll
STt L uvltesS AfOdzOMO bkdde jtemdlsjlsd, RdJdzjtcHdE WOCEkd Is
B E dzll d3ll
*aycarkin.sayit@manas.edu.kg

MstcOC B ndzdC O Y OdO IkjrndeszsedWder dz Edell NGl oty fr
SOffLeadu Y OBH'™ CISOtH' dz ) OwEQdsE dakj dkjcdz E G3E dz® dz@ |,

jdz MessdzE¢ Mrwllkzkz Ot COdHO2 BOGM SISO § tsdzH tsdzlz dziz ff
Odzr BBOIIsOteH Odz COdzlsdf B teddzdh s ssdztsls € OdzgH ©2 |
jejdz Mtostsets y dwmydwamslg joidl dets ditseliddy fiyr BBt dzy® dBZOOdzr 3O
d dze | de. lzdz 3 OB" ClkOtcHOdz bsflstsdzédtsdz Bjteddzdh Isj tokH
HO2 COHOBHOL Ol¢Otr dzZh Cjtj¢ HjGjd Mzttstet
ddzj Is.

ry Mew eginer MjLrcedy IOLtdROGer, ytw Bjtedddhisj te,

SWNWIGI NS
A OO R

sdtdh i

VLYUkzteHO Y OMOzRO ddalsj dzdzj SIslsddz Edzl gnnnfpu d3j dzgj dz B
Bjtedazdhlsjte CBdHBREEHO. v joddS0 Y0d&O kj-o dsd

T 27 dglst @ § Qls@gdzj oH d dz R diistgrmetdzpfls dhing/  10T)
sjrdsdscdwm’ OdkH' B'LEO <y Clr. Jtkd it Isjqdt
Nyldz CodHodzdzkz &I &SI dz vl lssdd sdtpio0od

Bjteddzdh IsBiHgl dat a) IslilLEls. lzdz Istsf Istsydecysfds B J to
YY" cO0tekzlkz Odzc Stsqgisdasg dzr . Yy sW BjteddzdhlsjtwHd 14 tf
sOted3OG T dz" dz X OtoH PR dzfyjsijitele dB ssf lsss 3 OdzO OdzOts
Ud ud o3 Y" ¢ 0tclzlz a3l 3 1 dzy Il dzil €N B Otc. ddz 1l Y dz,
BO2 &zOdzr hzkfmkz dzn © | ¢ wxgH 5 dziAipgeL @dd y = §VBreleBO sensde” dz

net wor k/ WSN) (sl tsdzitstczdzzdz Bdtcd BB dZEsd X O
Odzr 1 SdsBISOdr & Y 0O0CkOdz OdzGlOEANAN (low Ba@erdzz 2 1 to
Wi de Area Networ k) Isj r[distaze zf Qoda®/A (LowRBotivds, | dzj Is .

Wi de Area Network) ebj Jdesfaaycfddmre s dds ©  Odzf r
BJjteddzj Is. dbdzHOdz s OB OGCIsQEs@dE’ € j dz6 j dz BOOdzr BC
nyndz Cjtej Slsnn Od3OdzH OtgH'™ dz C§ OHOdH Oter € Ote ©dzG O dz.

1" adMr Lt MjLredy kOGS IsOter

1 Jtefmj dzj teH d dz ddzls j mdzplslsgdzH j of ( Things/ 1 oT) |
CdzHsdgz &zc Odz B jtoddzdh Isj toH LT asfpr L NdB J tellll B
rdzH OdBHT € h Otels™ dzH O 1 WW jSIsdoaHnndzn¢, COOEO skt
ELId ELII EZehlskzteklkz Mrwllkzlkz MOY OlslsOtc BOOdzd dzll Il

RSASR BJtej dz |EHE®AAbAtcE L ¢ Odzr € HjWweél1dzud C
Ldzgj et WWiSIsdoHllll YjCJj bOttd3OCIsOtHT ks hlilstclzlkzH O
e hslkztclzZigB&, WirelessHart, MiWi, 6LoWPAN, LPWAN, LoRaWAN

ftoslss¢ spBts.clzd ZOteH™ dz duddzgj dz L " BB L MjLredy Ot
net wor k/ WSN) ftoeslstsC sdzH stezdze dz Bdtcd BBAZEBHZ LoO
MOt lsOcOdz Isjrndetsdzse W dzOtcH™ dz Bdted + € jdzddz O21Is"

LoRaWANIs j m datsdztsc W fiyr
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LoRaWAN - A OL 1 dgjteedwo (Low Power) Y OdzO e dztsB O
My JydW¥ e oydwvmr dz"@ dz IsGgBASdaprs € ¢ sdzlezz Slsz € ) O dz
s Ot 3OC sdjteship] df)j @@ j 2 ¢ 0 SCsdHtsdkkzy L i3 L B O2
1 ¢d BOGT skl BO2dzOdzr " (full duplex), EylsoOdz |
to-e nd) COBMr L HIStS, dssB d dzH 11 11 dzll € OO €' L BOLISO
sOdzOf IsOteH" COBRMr LHBE Il Yl dz HBsdzB 515 to dzts dzc ts dz.

LoRaWAN s Ot BOC Otern s ClsktcOMmMr dzH O Cjwj2ilsddze
(expanded star topdj olgyfj)RO0f&hts@Bdieti,Jdz kyktoH
MsOdzydw) EylsOeér YOBH' CIsOtcHOdz (BdJLHddz EZykteH O
SOt dz0OC MmMjteojteddzai ¢ OBOAzZOtGH” ydejtedtf kEkztcOls.
Bddkejdz MsOdzH Olgbisy EBRMzHBdEzY Mjtco j tcagOHlEMsIsOh O
¥ ' h Is '-RF (radio frequency technology 867-8 6 8 [ Hz Y Odz® 5 GHz yr hisr ¢
Mdc dz0ddfi @%c) Isls j-fc@YJ EP] CEBEdzisOIs 3Ji IjttmMjtedmdds

End Nodes Concentrator/ Network Server Application Server
Gateway

®
rz

noke 3G/
Alarm Ethernet
Backhaul .

e (D
&

Trash
Container m
LoRa RF TCP/IP SSL TCP/IP SSL =

LoRaWAN LoRaWAN Secure Payload

4 'S
A

AES Secured Payload

11l ELBRAWANIs j R dzgs dzs e g W 7 dzO B B dzls s EzR z s O fyr

LYl Ogr s 2NndzHE to/ BsHEZdzH Ote MEzlzdzz yj dze E, Is 1l Is 1l c
Ldzj SIste 1 dzgj eedwm dz MPeffrts 4y QH VIS ist@BIs .Odzf d MO dzr
B j dze d dzn n EBOC"Is d&BjLcEddzH jtod dzH j OB Odzr dz dg' d3H Iz
BOL Odzr € MsOdydwveO ydsJjtdt sEtOls, BOL Odzr € fr
MmMjtco jBEOPAz" d@ZOISIsT I{ BEGRBOSCEt her net Backhaul) Ote
[ O0dzr 30Isls™ dz S s Mz BRI 8 dn dzZErdpiion Stanelatd )
CosffmMzLHEC Ctedf s E mMdMmisj &3d TCP/ )P CHB8A s dzlSte ¢
ydejtejls. oz sdi3f)] Cgeetgzty Y dB Jjtcddz6 j dz @ZOOdzr BOIs s
OdzOdzdL HEE OO doREZAIRKXE)Otc OIls (
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AN

Applications
of wireless sensor

networks -

2fMiltcels. 7" ML Mjredy bOttdOCIsOH ' dz € sdzt

dz CeEflSEGEdz HBBSHEZA HOWH Odg, Bkkdz HBdzBtSBtE Odz
Cdzse dw dzr € CEteMEISS I YISE teH I Ssflststs dsHEZd HOTk
iBdd EZykttHO { CBdedWwd ¢ BBOMY dzd dzj eHd yd i
rasm' L MjLredy ISOwdBOG’ d2f dz d& &g c dvddectd § § E tsfy Enldsds]
s dzy® BOOdZ" BOISISISOtGH T Ssflssts o3jdzj dz Blzdz B OGT
s L ndgerlsdzmr L MiLedy bOdROSISOtGHT Cedf BOG'" IsIsO
stcOdhf stels 3 0dz0 dzscdmisd§ O, OctesCzdz! ste® Y Odz
O dzOWAO? e dzl SELEMREBRHEE, HJd MssdkzkzSIskz CEL E BE dzt
OHOMBHT dz Y OhssMkdzH O CEf OtdAUHAO WIORHS dBOS Is B s
st ss2 Ogpd®sof Wireless Sensor Networks : Attacks & Their Applications).

YWY Bjtdddhls] s

1 4t dzj toH d dz  dedglstg dicdgjhldsfj eHd B Oh COtezzH O Bdte ¢ Oc
Cjdzejdz dhilsjlsddzBjcidz (MstezClskztcOdzOdzB OG Odz) B
BOhCOtozzdzz IsOdzOf ¢Cr dzOIls. 1 kdz sjtedzdddz ysw B j todd
Bjtedddh SCeflbicid ksflssts, MOCktt, MmOk dzOidz0 d
BOh COter dz' 1 d emj dzj @@ dzrOCdf &z etz ®d Yy sW B J tod
Isj Rdetsdztsg dw fiyr dzj cdLrced Yy yJj dgpagHg E0dEafE0 tc @ g Tls to)
Bjtoddzdhlsjted OdzOdzdL H J dzj Is:

J
1
f
1
B

1 seEdzel®T MjLreduylsjdz tsflssdzetsdz Bjteddzdh Isddz € E-
f 3dzH OBHBOKO dzr diZOIslsr MjLedy BsSHEZd HOdz Odzzkz T dzt

1 1 jtddzdh s itdsHuilsdideeis dz B j e dzd" lsded (Sezer
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YWY Bjtedddhls tisjted dfOh COEfIs ¢l dzZeé MOdr hlsr we Od
MlstekClskttO®OdE OcOdz B jtedddh jlseid CO&Sr 21s. r
BOOd BOklOt Bbd YsW Bjtedddhlsjtend OdOddL Hj ¢ j
["sd Misjflsjd EdHlitnhlse (dddskmlstedw) »0dO
CEdall dzll dz @EzedE C' L' Clbkbk Isj BOkOEH Odz BmdE]

ddZISJtGdZJBQdZHJ MiLedy d&BsHEZA HOt dBOOdz] dzil 1l B j |
BjteddzdhIlsjt BOls CEREREISOdMfPddz, 2021 3" d&ZzcO® 20
kztec Odz' By SBsdIHESdRZEZEZHO (Chen et al ., 2014).

rodzfr ysw Bjteddzdhisjte d3jdzgj dz | oT ytsw BJjtddzdhls
Bjtoddzdhisjted BOhCOYO ELGEYE d&ZI CISEtCGE L4 1 zdz
BE d&IdEI. ¢ d&zOts: BjtoddzdhisjtecHddz % OtcOIsr dzn hr (dat
MO OlIsr (data quality)hlsdgded(dddatisaj taHndtde rhop2elrja b |
2016).

ytsdz BjteddzdhIsjteHd Y OttOlkzEz YO0dzO COB"™ ZHBSBHEB O
02IsC OdzH O dgh ¢ 0dzO BjtddzdhIsj tod ( B J t&dizdIntalsl jdic H d
YY" 6OtclzzH QG BJtoddzdh , MOlkzEkZHOGT B toddzdh , Wd
Bjtedddhisjted (MjLcecdu &BsHEA HQde dQidzidaC] dB j Btgjdtazf{dzd
(OHOdBHT" dz G j dzd , BdBdzsedOdzr € yjdzi &3Hjte B Jteddzdh
BOhNCO BkdzOc"r (OmMtetsdtsdiddw) Mrwllskzkz BjtdddhIs] te

bz + &3d yYyswvw BijteddzdhlsjtHd MOCkBSHtS Ysw MHOCIsOG
OdzOdzdL HEE ®BOMjdzjHjteddzHdz MOdzlslsT € BJjteddzdn Isj teH d
BB stsHHSte € tsdzH tsdzlz dzO'Is . #40Odzlslsr ¢ BOMMdoHdSE BJ ted
snL-gE L kSO COd MOCkOdE™ yit dagect DAS)Yt acbOttdizO!
mMOoCIs®Ger y (network attached storage [ NAS) ) C
(storage area net wor k /| SAN) mMrwClskzlz € dzOmMmls

MOCIkOc" YylsOts ytsw BjteddzdhIsj tcG J rdzO2r Ckzkz :
BE d&IhIsI tch@fclests fmdMmisj BHjted (di stributed stor a
MOdzH OG ' BjteddzdhIlsj toH d MoOCIststs nHyldz BOCMOISIs

WOCItstocdzsteets 414 1 Cjded BERREdZHE CEtMEIKIN dZEEdZ ( Ch

13t60Islskzkzdzlz € (Consistency): CEfISEGE dz B

fMdMmisj derditdaf B dted d3j dzj dz Bdtc " OSSO dhilsjhd
Bjteddzdh sddz SEfSECEd: CBY W d&zOter fjteo jteHddz

TrdgbSddazdSlsnndni¢(Avail ability): mMdMmlsj d3H j G ¢
ftosBdzf ZOGCO YOO COBSOEZOteO® YAz O0yols. s 5 d
Mo jtedzjte 1+ y SOdzH O2 &BOMjdzj mMdL dhisjhd €] te,

f1EdZIhMISHtI I HE sztekzCIlskzz dzlz € (Partition Tol
Jtwo jtedzjte Bdid Bdted d3jdzj dz IsOtedzOC O¢r dz
O30S IsO fetsBdzi BO Y" €MO OdzH O Blilsndz MdMmisj
OdzOlIs . 1 OH'"™ € BEMINIslltcll dzcEdz Md M3l ¢ OdzC
tcsBdzj BH jteddzy IEktckzClskzkz BtsdzEhE ¢ jtj ¢.

76



pd ! fdzafF NI N&P ¢NNJ] S5Nye&laP CSy .AfAYf SN
15MT  9&f Nf Hy/PINAESP T . ARG SN

YWY Bjteddzdh I[IsOdzH st

ysw Bjtddzdhlsjttey BBSdetsd ¢rLr"™ ¢y dr ¢, BOWS jIsd
ftesedBL HBtS OdzZOdzdIsd S O Y OdzO MlstekCskteOdzr ¢ dBOOA
ldz nyndz ftesctcOBBRBOdZ € Y O0dz0O Of OEPE RG2S Oy OBB |
CEfEcO®ROCI§d MOtcf sstsHis. ¢delsCjdzd Olsr 027§ I
BJteddzdhIlsjtcHddz CSEfISEGEdZ ELGEYE &I CIsEtcll dzll dz B d to
2015). 1dst ysw Bjtedddhisjt NnHylld Bjteddzdh Istst
HOGT ElseE ®&EAQdgE®CI YlsetcHll Bdted Btsdzkzf MOdZOd&OIls
OdzH " dzy O Cef CrorChizk 1 d3d . ¢ dz' dz Y dgH " €
BBl dB3S Il dgyl dzn Slsetcll, Yyjydds ¢OB" dz Oz © € j dzG j dzH J

YW BOOd BOkkOEH' kOdRHEE Bj" COHOMBHOD Y Odfr f
1¢d djedLced 10flsr IsiFBljhtEdszdh Bl tn d SRY EREGE I
OZOEdsdC O 1 sOflsOtE" .

T 1 jteddzdhIsjteHd Bk¥hlskzteklkz YOO HOWHKHEBSE dhilsjted
o BjteddzdhisjteHd Istsflststs 3 O0dzO Y OLHT tklz;
o BjtddzdhIlsjttHd Y cOtckzlkz, IkOL Odsts;
o BOd&ZzZHBts Nylldz BjteddzdhIsj teHd H OWSgHARES] tg) 1I0IdZO

MW Cbk@YcHEE fsyjMhdd YO0dkO SCtdHit Isj A dasdz
COdlsT 2 Is.

T ¢dzOdzdIsd S O© L IsOBT ,
o BjteddzdhIisjtcHd IsOdzHtsts Y OdzO dBHj dz HE E,
o BsHjd YT 2ArdzlsT CIsOter dz dqazlsj tef toj sOYyYqdw dztsts
rCdzodzOte” dz COd3lsr 2 1Is.

[hjdesdtf, uUsw &OOd kO OdO&IldEO yYsw &GO
fesyjMmdddd yO0dkfr OB’ $OLOK' COLGSES BBAESk

b dZOdzdIsd S O 1 IsOBTr dzHO B jteddzdh IsjtcH ddz Isll tell dzE ¢ G
CsdHtsdzez ¢ O Bdsls. [ dMOd , IkjChmls kOdkHtst Iyl
N Odzf ' dzsts, Mzt dsttets Ytotsf Bjtwll, Mjedkjds O
Isjrded C OdzOte € sdzH Sdefts, Odz | d3dizn OdzcHlgtits  dBjdaOfizddsdEr
kjoddC OOt %j WtdjlsdsSO djcdLddHjets IsjndzdS OdzO
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RLJAZHEE YN dZEtGHII W Oadzif ' @GQ ' & dsdzdetf M @2 I4fladas G dztsL H St
O dzG dz. predictive) OdzOdzdIsd ¢ Ofr dzgH ©® H OG T B (d tc
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Abstract: In this paper, a speed-sensorless model predictive controlled induction
motor (IM) drive system is proposed and tested through simulation studies. To
perform high-performance IM control, predictive current control (PCC) strategy is
chosen since it eliminates weighting factor adjustment. Also, a stator current-based
model reference adaptive system (MRAS) is chosen to estimate the speed and flux
information due to its simple structure, low computational complexity, and sufficient
estimation performance. Different from the current literature, this MRAS estimator
uses a least mean Kurtosis (LMK) algorithm optimized by a genetic algorithm (GA)
to further improve the speed and flux estimations. The proposed IM drive is tested
by the simulation studies under a challenging scenario that includes wide speed
range operation of the IM with linear- and step-type load torque variations. The
simulation results verify the robustness of the proposed speed-sensorless PCC-
based IM drive. Moreover, from the simulation studies, it is clearly seen that the
proposed IM drive is reliable for both industrial and electrical vehicle applications.
Keywords: Model reference adaptive system, Genetic algorithm, Induction motor
drive, Least mean Kurtosis, Predictive current control

1. Girik

Induction motors (IMs) are commonly used electrical motor for both industrial and
electrical vehicle applications due to their advantages such as cost effectiveness,
simplicity, and low maintenance requirement. Therefore, different methods are
proposed in the current literature to perform high-performance control applications of
the IMs. The methods can be given as field-oriented control (FOC) (Reddy et al., 2022),
direct torque control (DTC) (Demir, 2023a), and model predictive control (MPC)
(Vazquez et al., 2017). Comparing them, MPC is a quite new for the high-performance
control applications of the IMs and it has some advantages such as simple structure,
ability to deal with nonlinearities, and faster dynamic response (Korkmaz, 2020; Wang
etal., 2018; Zerdaléand Demé&; 2021). For the IM control applications, predictive torque
control (PTC) (Mousavi et al., 2023) and predictive current control (PCC) (Mousavi et
al., 2021) compose the main MPC strategies. Comparing PTC and PCC, while the
stator flux magnitude and electromagnetic torque errors are evaluated with a weighting
factor, the stator current error is assessed in PCC method. Moreover, rotating axis to
stationary axis transformation is required for PCC but it is not used in the PTC method.
Both PTC and PCC method use proportional-integral (Pl) controller in the external
speed control loop. The PCC method does not require any weighting factor in the
absence of additional control objectives, while the PTC method requires the use of a
weighting factor (Wang et al., 2018).
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To combine the advantages of MPC strategies with that of speed sensorless control,
various model-based estimators/observers have been proposed. These
estimators/observers can be classified as model reference adaptive system (MRAS)
(Das et al., 2018), reduced/full-order observers (Orlowska-Kowalska et al., 2019),
extended Luenberger observer (You et al., 2018), sliding-mode observer (Mousavi et
al., 2023), and nonlinear Kalman filters (Yildiz et al., 2020).

MRAS estimator, one of the most popular model-based methods, is a widely used
estimator due to its advantages such as simplicity, low computational load, and
sufficient estimation performance. As for the different MRAS methods used in the IM
drives, the rotor flux (Pal et al., 2018), stator current (Orlowska-Kowalska and
Dybkowski, 2010), active and reactive power (Bednarz and Dybkowski, 2019), motor
torque (Mapelli et al., 2017), a fictitious quantity X (Teja et al., 2012), and a fictitious
quantity Y (Basak et al., 2013) based MRAS methods are proposed in the literature.
As it well known, the conventional PI controller is generally used in the adaptation
mechanism of the conventional MRAS methods. In recent years, least mean square
(LMS) least mean Kurtosis (LMK), and Recursive least squares (RLS) method are
used in the adaptation mechanism of the MRAS instead of conventional Pl (Demir,
2023b; Zer dal 2019 Matei évl@. {2009) use an adaptive linear neuron
(ADALINE) method based on the adaptation rule in LMS to estimate rotor resistance
and speed oftheIM. Zer dal i a (2819)Mstimadeg the rotor speed with stator
current-based MRASs with complex LMS (CLMS) and complex LMK (CLMK) using an
open loop testrig. Inan et al. (2021) use a stator flux based MRAS with LMS adaptation
to estimate rotor speed for the speed-sensorless input/output feedback linearization
controller (IOFLC) based DTC. Demir et al. (2023) simulate a PTC-based IM drive
using stator current-based MRAS with LMS adaptation and compare its performance
with that using conventional Pl adaptation. Reddy et al. (2022) use the MRAS based
on least-square method to estimate rotor time constant for the FOC of the IM. Demir
(2023Db) designs speed-sensorless PCC-based permanent magnet synchronous motor
drives using LMS- and LMK-based MRAS estimators and compares their performance
through simulation studies.

The main contribution of this paper is to propose a speed-sensorless PCC-based IM
drive based on a stator current-based MRAS estimator with optimized LMK adaptation.
To perform high-performance IM control, predictive current control (PCC) strategy is
chosen since it eliminates weighting factor adjustment. Also, a stator current-based
MRAS is chosen to estimate the speed and flux information due to its simple structure,
low computational complexity, and sufficient estimation performance. The MRAS
estimator uses the LMK algorithm to improve the speed and flux estimations. To further
improve the estimation performance, the step size and forgetting factor of the LMK
algorithm is optimized by a genetic algorithm (GA). Finally, the proposed PCC-based
IM drive is tested and validated over a wide speed range under challenging load torque
variations.

This paper is organized into five sections. Section | presents the current literature, while
Section Il introduces the design of the adaptive filtering-based MRAS. Details on the
optimization of the LKM algorithm with GA is given in Section Ill. The performance of
the proposed PCC-based IM drive is shown in Section IV. Finally, Section V clarifies
the conclusion.
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2. Design of Adaptive Filter-based MRAS

The stator current based MRAS estimator is based on the comparison between the
directly measured stator currents, namely the reference model outputs, and the
estimated currents, namely adaptive model outputs, obtained from the stator-current
model. The mathematical equations of the stator currents are as follows:

. —0 1)

. =0 2)

The stator-current equations require information about the rotor fluxes. The rotor flux
equations used in the stator current model are given below.

- —"Q —e r‘] ] ° (3)

— —0 a1 . - @

where| | represents stator stationary axis, 0 ,0 ,Q,andQ arethe| | axis
component for stator voltages and currents; e ande arethe| | axis component
for rotor fluxes; 0 and 0 rotor and stator leakage inductance, respectively; 0 is
magnetizing inductance; 0 ,0 0 0 70 statortransientinductance;’Y and'Y
rotor and stator resistance, respectively;] s rotor mechanical speed; j number of
pole pairs.

The block scheme for the stator current-based MRAS estimator is demonstrated in
Figure 1. The stator current based MRAS estimator is used the LMK algorithm in the
adaptation mechanism in this paper. The current model (rotor fluxes) and adaptive
model (stator currents) equations given in Figure 1 are obtained by discretizing
equations (1)-(4) with forward Euler approximation and are shown in (5)-(8).

HL

Is b
? L> Current Model
> Fa ()-(8)
L8
Adaptive Model
Eq. (5)-(6)
,,Eﬂ \ W, | Adaptation
v Mechanism
X.—» Eq (13

Figure 1. The stator current-based MRAS with LMK adaptation
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Qy P Y— — QF —U0 5 — . * (6)
* & —Qr p * 5 YA R & (7)
S —"Qr YO R p * h (8)

I K 07l 9)

where 6 and "l are the input matrix and the weight vector of the adaptive model,
respectively, and they are given as follows.

QR Qp
, * h * h
o L. (10)
L U R
® Y— —1
11 K]
- 11 — ¥
| 11 N ¥ (11)
11 E— K]
(] 1l
u ¥

The error vector between the reference and adaptive model outputs is defined by (12).
The update of the weight vector of the LMK algorithm is given by (13).

P (12)
l T ‘o, CH.H, 0 R, (13)
where * is the step size. The error variance term ,, O "H."H, can be computed

by the following recursion (Tanrikulu and Constantinides, 1994),
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n = [y (14)

where _is the forgetting factor and it is chosen between 0 and 1. In order to guarantee
the stability of the LMK algorithm, * must theoretically be selected asin (15) ( Me n g ¢ -

et al., 2020; Meng¢- and Acér, 2018)

m (15)
8 |

where _  and, are the greatest eigenvalue of the correlation matrix ‘06 o6

(Haykin, 1996) and and the measurement noise variance, respectively.

3. Metaheuristic optimization with GA

In this section, GA is used to optimize the * and _ parameters given in equations (13)
and (14) of the LMK algorithm over rotor speed error. GA is chosen due to the fact that
it is well known metaheuristic method used for optimization problems, especially for
engineering field ( G¢r el and Z.eHeckathe propo2ed 2N )drive is
implemented in Matlab/Simulink and thus the optimization toolbox of Matlab is used for
the optimization process because of its practicality and adaptability (MathWorks,
MATLAB). The cost function defined for the rotor speed error presented in (16) and
GA parameters for the optimization process are presented in Table 1.

Q -B € n € h (16)

Table 1. Parameters of GA used in LMK optimization

Parameter Value Parameter Value

Pop. Size 30 Lower Bound [pmm ,pm ]

Max. Gen. 20 Upper Bound P pmT ,p pm |
Crossover Rate 0.8 Crossover Func. @crossovertwopoint
Selection Func. @tournament Mutation Func. @mutationadaptfeasible

To optimize * and _ parameters of the LMK over speed error, a scenario including &
and 0 changes in Figure 2 is designed. The resulting fithess values against the
generations are presented in Figure 3.
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Figure 3. The resulting fitness values against the generations

After optimization with GA for 20 generation, the best fitness for the cost function and
the optimized * and _ parameters for best fithess are presented in Table 2.

Table 2. Parameters of GA used in LMK optimization

Best Fitness

Optimized H Value

Optimized ¢ Value

8 0

™ PXT

T8O W W W

4. Simulation Studies

To verify the proposed speed-sensorless PCC-based IM drive whose block diagram
given in Figure 4, it is implemented in Matlab/Simulink as stated in Section 3. In Figure
4, the linear controller represents a conventional Pl controller whose gain is determined
by trial and error. — and i are the rotor flux angle and Laplace operator, respectively.
Furthermore, the IM refers to three-phase squirrel cage IM and rated parameters along
with the specifications of the IM is presented in Table 3. For the simulation studies of
the proposed IM drive, optimized * and _ values in Table 2 are used and sampling time

("Yis chosen as ¢ 0i .
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Figure 4. The proposed PCC based IM drive using MRAS with optimized LMK
(Wang et al., 2018)

Table 3. Specifications and rated parameters of the IM used in simulations

IF (kw] TVI E[A] BiHz] - ;. [r/min]
3 380 6.9 50 2 1430

vl Y1 Y[ Y] O [H] 0 [H] 0 [H] 6 [N.m]

2.283 2.133 0.22 0.2311 0.2311 20

The topology and the switching vectors of the two-level voltage source inverter (2L-
VSI) shown in Figure 4 are presented in Figure 5. The switching state and output
voltage of the 2L-VSI can be defined as:

¥ -Y @Y @'Y (17)

B O % (18)

where ®@f Q 7 and & represents the inverter DC link voltage as in Figure 4.

oo M\
Ly, Z 7 § . re
bk AN

Figure 5. 2L-VSI circuit topology and the possible voltage vectors.

The predictive of the stator currents and cost function given in Figure 4 are defined as
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'Q ﬁ p "Y - — 'Q ﬁ [ ] ﬁ —ﬁo ﬁ —_ l‘) F] (19)
Qy pY— — Qp — - * 5 —U (20)
"Q B Q  Q; Q Qp 'O, hQ Tip8 Ix (21)

where U is the prediction horizon and is accepted as one. "O is the overcurrent
protection term and is defined as follows.

o TO® 0
Or . (22)
Hh Q'@ Q
2 T T T T T T T T T
é
s 1
§

s -101
-20 L 1 1 1 1
0 5 10 15 20 25 30 35 40 45 50
tfs]

tr, [N.m]

Figure 6. & é’.,l D",Iand < values applied to the proposed IM drive.

To test the robustness of the proposed IM drive, a challenging scenario including wide
speed range operation of the IM with 6 changes is designed. The reference values for
the IM drive together with the applied 0 values for challenging test scenario are
presented in Figure 6. Here, iz 0 refers to the determined r
proposed IM drive. As it can be seen from Figure 6, ¢ S value is determined as
constant. The estimation result for the MRAS with optimized LMK adaptation and the
tracking performance of the PCC based proposed IM drive is shown in Figure 7 where
Aizdo indicates to estimated value. Thwithr esul t
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optimized LMK adaptation is graphically demonstrated in Figure 8 and numerically
presented in Table 4 with mean square error (MSE) values. In Figure 8, i'Q. 0

represents the estimation error calculated by the difference between measured and
estimated value.

Figure 7. Tracking robustness of the proposed IM drive and estimation
performance of the optimized MRAS.

€i,

ey, [V.s]

€n,, [r/min]

Figure 8. Resulting estimation errors for optimized MRAS with LMK adaptation.
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In light of the simulation results presented in Figure 7 and Figure 8, the following
remarks can be deduced.

1 The proposed PCC based IM drive is tested under a wide speed range scenario
with challenging 6 changes. However, it is clear that satisfactory estimation
performance for MRAS with optimized LMK and robust control performance for
the proposed IM drive is obtained.

1 By performing optimization of * and _ parameters of the LMK with GA, it is
aimed to prevent performance deteriorations due to improper selections of
these parameters.

1 The DC condition is also tested with the test scenario. The proposed IM drive
has still highly promising performance for this challenging condition.

1 Although linear and step-like changes are performed in 0, robust control
performance is obtained for 0 variations.

1 Lastly, the presented simulation results prove that the proposed IM drive is
reliable for high-performance control applications of the IMs.

Table 4. MSE values for estimations errors given in Figure 8.

., = P m, TSV m,, Y m M-

8 0 PP X@p T o8 v@ T T&pdmn T YT

5. Conclusion

In this paper, a speed-sensorless PCC-based IM drive based on a MRAS with
optimized LMK adaptation has been proposed. Here, a GA has been used to optimize
‘* and _ parameters of the LMK algorithm. By using optimized LMK adaptation in stator
current-based MRAS,] value has been estimated and updated in each iteration as
weight coefficient. Furthermore, — value required for the PCC method has been
calculated by using estimated rotor fluxes. The proposed IM drive has been tested and
validated under a determined challenging scenario which contains wide speed range
operation of the IM with linear- and step-type changes of 6. The simulation results
demonstrate both the effectiveness and robustness of the proposed PCC-based IM
drive. Consequently, it is clear from the simulation studies that the proposed IM drive
system is reliable and applicable for both industrial and electric vehicle applications.
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Kompleks-dej er Il i veriler kullanél arak der
rézgar hezahmimie y°ng¢

Yunus Duyar, >*Alper Emlek,’Engi n Cemal Mengyg -
KKayseri i niversitesi, M¢ hendi sl i k, Nlekoramidk ék Ve Tas
M¢hendi sl iji B°1l ¢ mg¢, Kayseri, Téerkiye
°Nijde ¥mer Haliiveedesmitresi , M¢hendi €lliekt Fakd kt MgihenBIli ol

B°Il ¢ mg, Nijde, Te¢rkiye
*alperemlek@ohu.edu.tr

¥zeRgzgar hézé ve y°n¢g tahmini, yenilenebilir ene
trafi k kontrolg¢ ve hgwal ambmani i gi hi - e&ki®tnleiml i
-al ékmadasde&joampllieksi nyall er kull anarak r¢zgar heéz
gerevi i-in ¢- farklé derin °Jrenme y°ntemini k
kat manl & algéel ayeceée (MLP), bir boyuktélsua evri Ki mse
s¢reli bell ek Bar dnode( L®8TMn bakar é mé, kapsaml é& bi
iczerinde dojrul uk, hesapl ama verimlilifj]i a-éseé
edi |l mektedir El de e ddieljeenr | § o nsuinnbynaal ki ek g mkgubl el kas
hezeé vV e y°nyg tahmininde derin °7 r enme y°nt eml
-ékarmaktader Ve gel ecekt eki t ahmin uygul amal
oynayabilece]ini g°stermektedir.

Anahtar Kelimeler: R¢ zgar Sinyali, Yenil enebilir Eneriji,
CNN, LSTM.

Prediction of wind speed and direction with deep learning methods
using complex-valued data

Yunus DUYAR, 2"Alper EMLEK,!Engi n Cemal MENG] ¢
!Kayseri University, Faculty of Engineering, Architecture and Design, Department of Electrical

and El ectronics Engineering, Kayseri, Tg¢gr
Nijde ¥mer Halisdemir University, Faculty of Engine
El ectronics Engineering, Nijde, Te¢rkiye

*alperemlek@ohu.edu.tr

Abstract: Prediction of the wind speed and direction is essential for numerous
applications, including managing renewable energy resources, air traffic control,
and weather forecasting. In this paper, we compare three deep learning methods,
namely multilayer perceptron (MLP), one-dimensional convolutional neural
networks (LDCNN), and long-short-term memories (LSTM) networks, predicting
wind speed and direction using complex-value signals. The evaluation of these
models is conducted based on their accuracy and computational efficiency using a
comprehensive wind dataset. The results demonstrate the potential of deep
learning methods in predicting wind speed and direction using complex-valued
signals and demonstrate their importance in future forecasting applications.
Keywords: Wind Signal, Renewable Energy, Deep Learning, MLP, CNN, LSTM.

1. Girik

K% m¢r petr ol ve doj al gaz gi bi gel eneksel
modern yakamén temel ener ji kaynakl aréder
at mosferdeki ser a gazl aréneén artmaseéena vV e
dej i ki loll iujmisue kat keda bul unmaktader. Gel en
-evreye zarar vermekle kal maz, ayneé zamanda
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ve dijerleri, 2018) . Bu t¢r yakeéetl ar, ekono
ol up, insan yakamé i -in de tehdit ol ukturur
mevcut enerji durumunu di kkate ol arak, temiz
y°enl i k bazeée politikalaré ortaya koymuktur. Bl
fotovoltaik enerji cretimini ve hem de r¢zga
ener ji cretimine ait strateji k heeidenerfninr (Lon
gel i ktiril mesi, géenegmegzde ener joi krizini t e
gel mi ktir (Tian vd. 2021; Nguyen ve Phan,
aktif yenilenebilir enerji kaynaj,demig yez gar e
kirlilik i-ermeyen, zengin rezervlieri ve d¢gk
sahiptir (Wang ve di]erleri, 2022; Li wve di]j
K¢resel R¢zgar Enerji si Konseyi (BWEGRETr t ar
Raporudna g°re; 2020 yélenda k¢resel r¢gzgar
artékla 93 GWO6Il ek yeni Kurulu g¢-1e yeni bir
2021)
Bununla birlikte, r¢é¢zgardan el ektri k ¢reti mi
dezavantajlardan biri, ré¢zgareéen kesintildi b i
hava yojunluju ve t¢grbin °2zelliklerietgmbindee
b¢yeék deji kkenl ik getirmektedir. Dijer bi
daj ét él amayan bir ener ji kaynaj é ol ar ak k &
kaynakl ardan enerji ¢retimini talebe g°re y°
omasé genellikle enerjinin sevk edilebilirli]
(Dale ve dijerleri, 2003) ¥zelli kle r¢zgar
el ektrik miktaré i-in kritik ©°neneorikserefii ptir.
mi kt ar &, réeézgar hézénén Ké¢pé il e orantél ed
r¢zgardan ¢retilen toplam elektri k miktareénd
yé¢zden, r¢zgar hézénéen dojru bir rxedikmesi de an
kritik °nem takémaktader Literate¢rde, ré¢zg:
kull anél mék olup ve bu teknikler genel | i k1 ¢
(Erdem ve Shi, 2011)
Kl k kategori, r¢zgar héezéné tahmin etmek i -
fiziksel °zelliklerin kull anél maseéné i - er me
dijerleri, 2003) Genelli kle bu katelgoir4idre,
sayésal hava tahmini model | er i ( Numerical we
Fakat bu modell er, yer el sahal ardaki kesa
geveniolir sonu-1ar cretememektedir. IK&kriégnhci
i -ermektedir. Literatg¢rde di kkate idlenkinlsr | st a
(Box ve dijerleri, 1994) taraféendan tanét el e
(Autoregressive integrated moving avedarge, A
¥rnejin; (Lalarukh ve Yasmin, 1997)06de yer
r¢zgar hézené tahmin etmek i-in ARI MA model |l
dajéelem ve ge¢nl ¢k durajan ol mamayé bir araya
yakkakdgauss ol an r¢zgar heze dajeléemlaréneé
kull anméek ve r¢zgar heze ile g¢- araseéendaki
verileri i-in otokorelasyonlaré analiz et mick
-al ekxkmasdka Torres vV e arkadaxkl!| ar é ARI MA t abal
model | erl e karkel akt érmexkl ardeéer (Torres v e
taraf éndan sajl anan tahminlerin daha késa
model |l erden dalkagi Vyedbpkardmha uzun tahmin
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tabanl é model | erin kal eceéel ék model i ne keyas
gesterdiiji ortaya konul muktur (Torres ve ar
mekansal-z a mans al model |l er yer al maktadeér. Sadec
kabiliyetine sahip istatistiksel yakl akéeml ar
bilgis i n i di kkate al ér ve komku b°l gel erdeki h
t ahmin et meyi ama-| amaktadeéerl ar . Bu model i |
hezl armmeén b%logel er de birbiriyle LT kki i ol
-al éekmalar (Damousis ve arkadakl ar é, 2004, B
Fernandez, 2008; Thiaw ve arkadaxkl aré, 2010;
ol ar ak, krt kegmoa d i se yapay zeka vV e maki n
i -ermektedir. Literatg¢rde yapélan -al ékmal atl
tahmin etmek i-in ¢- farkleée yapay sinir ajeér
ajée tipi Vei panametrmipBin r¢zgar héezé tahmir
etkilediJini ortaya koymuxklardeéer (Li ve Shi,
Fernandez, YSA tabanl é& bir model i ej i tmek i -
baj el nem svaeatdregtiinm kull anméexkl ar ve ol duk-
etmi Kkl erdir ( Mabel ve Fernandez, 2008) Lit
arasénda bul anék manték, destek vekt©®r makin
al maktadeéer (L®adbesgs 2@0hrkadaxkl!l ar é, 2004 ;
2010) ¥te yandan, r¢gzgar y°ng¢g, belirli bir
byl ece veri mi artérmak i-in t¢grbin kontrol ¢
deji kkendir . Biun deediilkekreenk ,t aghmrm f az|l a ener ji - €
réezgar y°ne¢ il e hizalamak m¢mke¢gn ol abil mekt
tahmin etmeye y°neli k araxktérmalar -ok fazl a
Son zamanl ar da, (Goh ve dijerleri, 2004 ; Gol
vekt©°r alanlarénén analizi ve modedeljeenrneisibiir
nicelik olarak temsi/| edi | di Ji ve hem r¢zg
modellen d i J i yeni bir -er-eve sunul muktur. Bu
y°n¢gnegn heterojen fgégzyonu sajl anméexkt ér . He mr

2]

ayreéel maz bilekenl eri ol dujundan, pratik uygu

zamanda exkemnmibide di kkate alénarak rg¢zgar t a
qi

ortadan kal déreéel mekter (Al exiadis ve I Jerl e
bu avantajlar adaptif sinyal i K|l emenin yapée
il e brrl ekek, |l iterat¢rde yer alan bir-ok -
hem hézeée hem de y°n¢ anl ék ol arak modell ene
Mandi c v e dijerleri, 2009 b; Mengyg¢ - vV e Ac
incelendijindaptkbtl Fahéranyapeéel arénén genell
I mpul se response, FI'R) veya nadiren sonsuz d
I I R) filtre yapéelar é ol duj u gzl emlenmi kti
ol dujundan yragzlgeari nsnn dojrusal ol mayan di n.
zorl anmakta ve ayné zamanda ejitim s¢grecinin
edici bakarémlar sergileyememektedir.

Bu -al ékxmada, r¢zgarén sadece hkazearmrey?Pe vInh,
t ahmin et mek I -1 n far kl é aj yapel ar é Kurt
-al ekxmal ar dan far kde] eagll ar arkg z glao mpM eerkisl er i (
verilmik t i r . Bu -al ékmanén amacé, kompl eks r¢zg
y°ntemlerinin bakarémlarénée ve etkinlijini €
uygul amal aré i -in °neml:.i bir t emel saj |l amak

d¢e¢zlem rkaud | mpagar hezenén ve y°n¢gnegn tahmin
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rkél aktéerél maktadeéer. Bu -al @&ékmada
( MLP) , bir boyutl u evkéxamsel elsi
ir (LSTM) . Bu modell erin bakar eme
dedgrl endiril mik ol up bakar éml ar é vV e ver i mli

karkél akt ér él méxkt eér .
2. Method

Bu -aIéKm a, kesa vadel. rézgar hezée ve yo°
dejerl i r gar verilerini girik olarak al an
verimlilii eri I nde]J enhi ktver.i | Epmpl ektsandar
kulanél maséné sajlayan bir yapeée keki/l 1" de ve
ol arak al éndaej erolmpl e&si |l er, reel ve 1 majin
yapéséna sunul maktader. B°yl ece, kompl eks dg
°7T nmme yapeéelaréna aktarél masé ama-|l anméxkt eéer.

d
z
I

Kompleks Veri Reel-imaj. Veri
Ayirma

g

(‘(66\ = \/\/\/\/ =>

s,

Imajiner Kisim

Reel Kisim
Zaman g 0% 1 15 z 5

k e k1. Kompleks-dej er | i «teandamrti naj ya
olanak sajlayan ya

Ktirebilm
utl u evri
Il i nt mi mar
nméecxkt eéer .

°l ¢ém 2. 1"

Y
Y
gar tahmini ger-ek
yecé (MLP), bir b
LSTM) . Her bir mo
é k
e

@€ olarak a-2é@
o
ver i setlerind e amnr e 20 |l we ak° butl @

t e bu
ra girik olarak uygul anacak ol adejrigrzlgar
ar oNivrey alDienkl em (1)

= >TZT N QO w XX

1

P 1DCNN ve LSTM -dp]Jarkenarkegplreksl gisi gi l
k | h

I

z

de tanémlanmaktadeéer .

wQ 0Q (1)

burada0 Ng9 ve—NA séraséyla r¢zgar hézéné ve r¢gzga
2.2 ¢ok katmanl e algélayéceée (MLP)
¢tok katmanle algépayeepiaons MuMLP) ayemerin ©°

yaygén ol arak kull anélan bir yapay sinir ajeé
(hidden | ayer) sahip olan ileri beslemeli bi
R¢zgar verisinin anali Zdiayieri rPekclelpdimddngn aflel
séral e ge-mik ver.i kull anél maktader . Bu ver
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i -eren ve Denklem (1) yardéméylia Vvamidnéadan.
séral é ge-mi k Uveeddt, ogViLrPi kajcelnaar ak tek bir sef
modeli, bu 0 adet girik verisini analiz ederek, r¢

yone¢nyg t ahmin et mektedir. Kull anél an ML P
bul unmaktadér vV e her bi rocklagagmakndb &l i ml°Pgrmomi K
kat manénda i se rézgarén heze ve y-#8ajkerkluil |
i fadenin reel ve imajiner késémlaréna ait I
yapésé kekil d veril mi ktir.

X, —» e /h —>0,
f

. =0,
[ ]
X

kekil 2. ¢ok katmanl é& algéel ayéecé ( M
2.3 Bir boyutlu evrikimsel sinir ajlare (1DC
Bir boyutlu evriki msel sinir ajlare (1DCNN)
bilgiler i-eren verilerin iklenmesinde kull a
geleneksele vr i ki mli sinir ajé mimarisine benzer K
bir boyutlu evrikim ikl emi uygul amak i -in ©°z
verinin belirl:i °zelliklerini -eékarma¥%Ww i-1in
°czel ajerl ekl e filtre uygul amaktadeéer . 1DC
sénéflandérma ve ses i kKleme gibi bir-ok uygu
Bu -al ékmada, 1DCNN yapéséna,adMl P syamé $£é nkdoam
r¢zgar Oadegi girik ol arak veril mektedir. A]
kull anéel mékt ér ve her olvie ekvartinkainnd ai kil enmfilreorni si
isecol arak belirlenmickktir. En son katmanda e
kat mana girik olarak verilmektedir. Tam b
sinyaline ait reel ve imajiner bil ekenler e
kekiel v3'rti |l mi ktir.
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UI
ﬂ

X, —>

X >

X3

. -0

kekil 3. Bir boyutlu evrikimsel sinir
24Uzun-Késa s¢reldi bell ek (LSTM)
Uzun-k ésa s¢reli bellek (long short term memor:
al mak i -in tasarl anméck bir yinel emel sini
model i dir LSTM" | er , uzun vadel i gelénakbek z a s o
RNN'" |l erin kaybol an gradyan probl emini akan
kull aneéerl ar . LSTM h¢cresi, girik kapeéese, unu
i -ermektedir. Tipik bir LSTM h¢gcresi kekil 4

o SIS A gRS T SHE, SR, - ) SN SN0 S— NS — S_— ) _— L _—— pe— | S— -~
Hafiza \ (.
Durumu\_ ") ~N NS / ;

LSTM Hiicresi

Gizli e
. hy
Durum

(;i/'i~§' Unutma Kapisi Giris Kapisi Cikis Kapisi Hafiza Hiicresi

kekil 4Keslazusngr el i bell ek (LSTM) hg¢ecr
Bu kapeélardan girik kapeéesé, unut ma kapeéesé
al énacaj éneée, hangi bil ginin unutul acaj] éneé Ve
kontr ol eder Haf éeza h¢gcresi i se uzundevadel.i
kull anmak i -in bu h¢gcrede bil gi sakl anmasén
i Kl eme, Zzaman serisi anal i zi (finansal pivya
tahmini) ve dijer uzun vadel: bajeml eélagkl ar e
alane i-in pop¢ler bir se-im haline getirmik
Kompleks-d ej er | i ré¢ézgar veril eri 1DCNN ve MLP aj
tek tek seéralé girik olarak wverilmixktir. Di
al @ébandet billzgaimain- iandémé ol arak belirlenerek
En son LSTM hg¢gcresinin ¢grettijin °2znitelikI e
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isine ait ait reel ve i maj
é kekil 5'"te verilmiktir.

—POI

LSTM —b(LSTM)—»[LSTMj—) oo o LSTM |—>»
L]
?

O 6 6 © ‘L
r 1 1 r

X X X3

kekil B5Keéeslazusngr el i bell ek (LSTM) vyap

3.Benzetim Sonu-1ar é

Bu b°l ¢mde il k olarak ajlarén ejitim ve test
det ayl e bil giler @jeiri il mekdedikmu.l | Afélaa@n ver.i
nor mali zasyon ve e]itim ve test setlerine b©°
czetlenmiktir. Ayréca bakarém °| -¢t.leri ve d

3.1 Veri seti vaean€anéékma ortam

gar veri seti, Wa
anan otomati k me
ar e, rézgar hez
kaydet mektedir
l erini i -eren |
b oyruin cia ebrime kdtaekc
n kubat ve Aral ék aylaréna ait ver
ol arak adl andeéer el mékter.

IE!—'-
oo
QD
® > O X - -
-~ o o
_.__.QJ:S S5 =
- N
Q)Q_
= O
o N
jm
m:
S -
=
o D
NW
o QD
QD
-
—.m_

n veri setl eri ajl ar a girick ol ar a
rin etkisini azal tmak i-in ham r¢zg
filtresi wuygulanméktér. Tahmien g°re
herpxhliti rejvietriim sseettiil odnlise tesadetiolamk k al an
ékteéer. Sim¢glasyonlar MATLAB R2023a
z CPU, 16 GB RAM ve NVIDIA GeForce

gi sayar ile ger-eklextirilmixktir.

oL N <

Do —
» YT mm—mugm
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Ir3s-

bi

pél arén ejiti mi I -1 n Adam pyrPregoldukbir kul | a
m ger-eklextiril mBwol ar avke b dIlki r°ljernemminket i
Clomkta®f akt°r¢ i1l e otomati k ol arak °1 -ek
mpakerelzemiekr arl anmék ol up her tekrarda el
n dejerl eri hesapl anarak MLP, IDCNN wve
il ikl eri karkeéel akt érel mekteéer .
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Ajl arén -éektélarenda ¢rettikleri r¢gzgar siny
dojrul ukl aré ve hesapéraemka kvaerkiémlaikltiék léd rmeée kit rec
bilgilerinin doitreudluek Itaersé iekdii |frairkktliér .y °Bu y?©°r
2 ve 3'"te verilen standart tahwM)vekolklasyomnceée ( s

kat sayéséedér (codGgdg.elation coefficient,

YQé pnich . (2)

00 ————

K (3)
buradaQi f adesi ger-ek r¢zgarwivierdielser itmih ntienmseidli |
verilerini ifade etmektedir. Hata sinyali ise Q Q wkekl|l i nde hesaplanm

Ger - ek r
A ilet anéml

¢, z2q@ anri ns iviAyoatlaimsad& t anéml anér ken, hat a

a n Mwd&at @édige kovaryans fonksiyonunu temsil etmektedir.

3.3 Deneysel sonu-1ar
Veri Setil ve Veri Seti 2 i-in farkleée metotl ar
sinyal.@ tahminl eri yapél mekter. El de edil en
Tablolarda ilk s¢tun da yo°ntemler bel irti]l
i Kl emlerine ait bilgiler verilmiktir. Bunlar
tamaml amak harcadéjé s¢re ve ejitimin en son
dijer s¢tunl arda yer alan sonu-1ar IBue test
i fadeler ise Wiemdare]irnyaliidiir-i Kki tabl oda,
ortal ama ve medyan dejerleri olmak ¢zere iki
Tablo | VeriSetiladeelde edilensonu -1 ar
Metot Ejit Kayép HL{Hez 4(Y°n FF
S¢gres
MLP 0:56\0:57 1.28E- 33.6136\3 31.8468\3  0.99971\0.
03\1.30E- 3.6708 1.8038 99973
03
1DCNN 0:59\0:59 9.91E- 34.2742\3 32.5565\3  0.99977\0.
04\9.90E- 4.4434 2.6308 99978
04
LSTM 10:56\10: 9.39E- 35.5151\ 33.3067\ 0.99982\
56 04\9.40E 35.6487 33.3598 0.99982
-04
Tabloda herbir h ¢ c r eedlen d e ] e 5 E éeortalama\medyan d e | erirténesil etmektedir.
Tablo Il VeriSeti2ade elde edilen sonu- | ar
Metot EjJjit Kayép 4L Hez d(Y°n FE
MLP 1:02\1: 1.80E- 31.9815\32 31.5534\31  0.99967\0.
1IDCN  1:.05\1: 1.50E- 32.5049\32 32.02293\3  0.99971\0.
LSTM  10:58\1 1.50E- 33.4051\33  33.2129\33  0.99979\0.
Tabloda herbir h ¢ ¢ r eedlen d e | e 5 E éaortalama\medyan d e | erirténesil etmektedir.
Tabl o | v e sToanbul -ol alrl 6edjeiktii m s ¢r esi g°z °n¢ne
LSTM y°ntemler.i keyasl andéj énda, MLP en héz
ol duju geo°r.¢lReekkatedl DCNN ve MLP y°ntemlerini

100



pd ! fdzafF NI N&P ¢NNJ] S5Nye&laP CSy .AfAYf SN
15MT  9&f Nf Hy/PINAESP T . ARG SN

oduk-a yakénderin¥ejilti k|l £¢, L&SkiM'yda sjlear eyn® nutzeunml
y°ntem ol duju a-ék-a g°r¢l mektedir

Kayép dejer a-éséndan karkeéel aktéréldeje zam
bakarém sergilemektedir. MLP'" nin kayép dejer
yé¢ksektir. Kayép dejer, model in ne kadar iyl
dojru tahmin ettijini g°steren bir °1-¢tter.
anl aména gelir rAn ctaekk  Ikaakyéerpa bdyagdeder rhodel dej i |
se-erken kayép dejeri Il e birlikte dijer met
Test veri k¢mesinde Rp ve CC dejerleri I -1 n
en y¢ksek bakaréeyé sergilemektedir. Fakat 1TC
sonu-Ilar ¢retmektedir. Hem Verisetil hem de
LSTM ve 1DCNN'nin Rp ve CC bakar émlareée MLP'
go°r ¢l mektedir

MLP y°ntemi, ejitim s¢gresi a-éséndan en hezl
keyasla daha y¢ksek ejitim kayép dejeri ve d
performans sergilemektedir. Bu nedenle, tahm
MLP y°nteminin dijer iki y°nteme g°re geride
¥zellikle 1DCNN y°ntemi, ejitim s¢gresi ve t
°n¢ne aléndéjeénda, LSTM y°ntemine kéyasla da
sonu-1I|ar, rézagar héezé ve y°n¢ tahmininde de
vurgul ay ar ak, gel ecekt eki tahmin uygul amal ar ér
g°stermektedir.

4. Sonu-1I| ar

Bu -al ékmada, r¢zgar hézé ve y°n¢g tahminini
¢- farkl é derin °jJrenme y°ntemi (MLP, 1DCNN
veri k¢ mesi czerinde detayl é ol arak dejerle
LSTMy©°nt e mi en y¢ksek bakaréya ul akmékter. A
ol duk-a yakeén sonu-I|lar el de etmiktir. MLP y©°
ol maséna raj mener edilféyasylantdartka yye pk sdeekf ee ji intei
daha d¢k¢k test bakarée dejerine sahiptir. 1D
dopl uju g°z °n¢ne aléndéjeéenda, LSTMbée g°re d
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A design of compact high-performance ultra-wi deband 271 2 MI |
antenna

T el ¢n DUZghkma, KarasamimAltuncu
INi fde ¥mer Halisdemir University, Faculty of Engine
El ectronics Engineering, Nijde, T¢rkiye
*tulundurukan@ohu.edu.tr

Abstract: Thi s study presents a -impetsnultpe-oupdt a 212 mult
(MIMO) antenna for ultra-wideband (UWB) applications. The design initially starts
with the theoretical calculation and dimensional optimization of a single MIMO
element, based on a rectangular patch. For the UWB frequency range, a defected
ground plane is utilized. Enhancements to the design involve the addition of four T-
shaped stubs around the rectangular patch and an F-shaped stub on the ground
plane. These modifications shift the lower frequency limit of the antenna to the left
and the upper frequency limit to the right, effectively increasing the antenna
bandwidth. As a result, a dual-mode antenna element operating in the frequency
ranges of 2.15-2.348 GHz and 3.04-15.911 GHz is obtained. Subsequently, the
transition to the MIMO antenna design takes place, with antenna elements
positioned vertically to achieve high isolation between them. The proposed MIMO
antenna maintains a compact form factor of 39mm x 39mm. A physical prototype
of the antenna is manufactured and measured. In the measurement results, the
operational frequency bandwidth is observed to be 2.508-15.69 GHz. Furthermore,
the bandwidth where the return loss remains below -15 dB spans from 3.385 GHz
to 15.69 GHz. The antenna also demonstrates a low envelope correlation
coefficient (ECC) better than 0.045 and yields favorable diversity gain.

Keywords: Ultra wide band, MIMO antenna.

Kompakt y¢ksek pepgtoairmabahél @l 2f 8 MI N
tasar émeé

*T ¢ | Purukan,'Z ¢ hr a KhrasemimAltuncu
INi fde ¥mer Halisdemir University, Faculty of Engine

El ectronics Engineering, Nijde, T¢rkiye
*tulundurukan@ohu.edu.tr

¥zeBu -al ékma, ul trauygeuniakmab anmte (UWHB) 212 -ok gi
-ékéexkle (MIMO) bir anten tasarémé sunmaktader. T
yamayeée temel al an tek bir MI MO el emanénén teor
optimizasyonu ile baxklar. UWB ftroepkraanks dajrzalleemjie i
kull anél mekteéer . Tasaremdaki geliktirmel er, di kd?©°
Kekil i saplamanén -xekitbbraki deggapmamadee R ekl en me
Bu modi fikasyonl ar, antenin altnBréhansapaneéer éneé
kayderarak anten bant geni kKl iJini -2348i | i bir «kek
GHzve3.04-15. 911 GHz frekans aral éklarénda -aléxkan -
el de edil miktir. Ardéndan, aral ar éalathle y¢ksek i zo
konuml andér él an anten elemanlaré ile MI MO anten
¥nerilen MI MO anteni, 39 mm x 39 mm'lik kompakt
Antenin fiziksel bir prototipi sretilmik ve °I - ¢
frekamseée gleai kI 151, i9n GH,z5008 duj u g°zl emlenmicktir.
d°n¢kK kalySh édnBE'nni n alténda kaldéejé bant geniklifji
arasénda dejikmektedir. Anten ayréca 0.045'"ten d
katsayeéesé (E€Culygbsteekrtl!lilik kazanceée sajl ar.
Anahtar Kelimeler: Ul t r a geni kK bant, MI MO ant en.
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1. Introduction

Ultra-wideband (UWB) communication systems have gained significant attention due
to their ability to provide high data transmission rates, low power consumption,
immunity to noise, and cost-effectiveness. The Federal Communications Commission
(FCC) has designated the 3.1-10.6 GHz range as the unlicensed band to support UWB
communication (FCC, 2002). Among the fundamental components of a UWB
communication system, the UWB antenna holds a crucial role. Its purpose lies in
enabling signal transmission across an extensive frequency range, thus establishing a
substantial channel capacity. To address a significant issue that diminishes UWB
system performance, multipath fading, UWB systems often employ Multiple-Input
Multiple-Output (MIMO) technology. By doing so, channel capacity and connection
quality are enhanced, while simultaneously achieving multiplexing gain and diversity
gain (Kareemulla and Kumar, 2023).

The rapid development of wireless communication technologies has led to a period in
which the next generation 5G technology is met with increasing demand. It is an
obvious fact that the revolutionary services and advantages of 5G technology will
shape the communication standards of the near future. In order to meet the high data
rate requirement of 5G technology, compact, high-isolation, and high-performance
MIMO antenna designs are of great importance. However, in MIMO structures where
multiple antennas come together, the common coupling problem between antenna
elements can become even more complex, especially when 5G antenna sizes are
small. To overcome this difficulty, various techniques such as neutralization lines,
decoupling networks, and positioning of antenna elements in different planes are used.
However, these techniques can increase the complexity of the antenna structure and
reduce its overall efficiency. For this reason, antenna designs aimed at increasing the
isolation without reducing the efficiency of the antenna are still one of the important
challenges in this field, and it is possible to come across many studies in the literature
(Zhao and Wu, 2015; Jetti and Nandanavanam, 2018; Nadeem and Choi, 2019; Dadel
et al., 2021).

—_
N

This study focuses on the design of a-2 MI
Wideband (UWB) frequency band. The antenna designs were initially carried out using

the three-dimensional full-wave electromagnetic simulation program CST (Computer

Simulation Technology). The S-parameters, bandwidth, radiation pattern, gain,

directivity, envelope correlation coefficient (ECC), and diversity gain (DG) performance
characteristics of the designed antenna wer e i nvestigated to dete
antenna met the MI MO requirements. The 212 a
circuit board with copper-coated FR-4 substrate material on both sides. The S-

parameters of the antenna prototypes were measured using a vector network analyzer.

Isolation was improved by placing the antennas vertically to each other. To enhance

the bandwidth, a modified ground structure was employed, triangular slots were

introduced on the ground plane, and an F-shaped stub was added. The prototype of

the designed antenna was fabricated and its measurement results were compared with

simulation outcomes. The produced antenna operates within the frequency range of

3.385 GHz to 15.69 GHz and demonstrates performance with mutual interaction below

-15 dB within this frequency range. The antenna boasts a compact size, measuring

39mm x 39mm. Below, detailed information regarding the simulation and measurement

results of the antenna is provided.
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2. Design of Single Antenna Element

The MIMO design begins with a single radiating antenna element. During the design
process, an FR-4 substrate material with a dielectric constant of 4.37, loss tangent of
0.02, and thickness of 1.6 mm is considered. In the initial design step, starting with a
radiating rectangular patch as the radiating element within the UWB range, the
dimensions of the patch are theoretically determined using equations derived from a
transmission line model (Balanis, 2005).

The ground plane has been modified to enhance the broadband characteristics of the
theoretically calculated single-element patch antenna. In pursuit of this goal, a
triangular aperture was strategically etched out from the ground plane, while a delicate,
thin metal F-shaped stub was introduced onto the same plane. Furthermore,
accompanied by the removal of a rectangular segment from the lower corners of the
patch antenna and four T-shaped patches were judiciously incorporated around the
single-element patch antenna. These meticulous alterations collectively led to an
expanded impedance bandwidth for the antenna.

The simulation results illustrating the return loss (S11) of the optimized single-element
patch antenna are depicted in Figure 1g for each step. The impact of the implemented
modifications on the antenna's bandwidth is conspicuously evident from this visual
representation. According to the outcome of these simulations, the antenna effectively
furnishes a commendable impedance bandwidth within the ranges of 2.15-2.348 GHz
and 3.04-15.911 GHz.

Step 2

Step 1 Step 3

Bl

(b)

Step 4 Step 5 Step 6
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Figure 1. Design steps of a single element patch antenna (a) Step 1, (b) Step 2,

(c) Step 3, (d) Step 4, (e) Step 5, (f) Step 6, (g) Comparison of S11 at each step

The antenna’'s definitive dimensions, achieved through rigorous optimization, are
shown in Figures 1 and 2: Ws=Ls=39mm, Wp=9.2mm, Lp=11.3mm, Wf=3mm,
Lf=5.2mm, Wg=24mm, Lg=4.25mm, Ld=1.8mm, Wx1=4.6mm, Wu=5mm,
Lu=3.36mm, Wx=9.5mm, Wx2=4.1mm, Gl=1mm, G2=G3=0.3mm, w=0.5mm,
W0=2.8mm, W1=W2=W4=0.5mm, W3=0.75mm, LO=3mm, L1=L4=1.5mm,
L2=L5=2.5mm, L3=3.75mm, Lx=12.4mm, Wd=12.3mm, Lx1=17mm, and Lx2=4.6mm.

2. 212 MI MO Antenna Design and Fabrication

By situating two of the specifically designed ultra-wideband antenna elements onto a
single substrate measuring 39mml39mmil 1. 6mm,
is established. These antenna elements are strategically aligned in a vertical
arrangement to ensure effective isolation between the input ports. Subsequently, the
designed MIMO antenna is fabricated, followed by comprehensive performance
assessments through measurements. Top and bottom views of the designed and
fabricated 212 MI M@ in&igures 2) meapectvelye Angin-deph
examination of the performance attributes intrinsic to the MIMO antenna,
encompassing critical aspects like bandwidth, radiation pattern, gain, directivity,
envelope correlation coefficient (ECC), and diversity gain (DG), has been conducted.
The results of both simulation and measurement reveal the antenna’'s operational
capability within the Ultra-Wideband (UWB) frequency spectrum, underscored by a
mutual coupling level of less than -15 dB.
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[ Patch antenna
[ ] substrate
[l Ground plane

(c) (d)
Figure 2. UWB 212 MI MO antenna (a) Top Vview,
top view, (d) Prototype bottom view

3. Simulation and Measurement Results

The MIMO antenna is printed on FR4 substrate material with a thickness of 1.6 mm, a
dielectric constant of 4.37, and a loss tangent of 0.02. The top and bottom views of the
produced antenna are as in Figure 2(c)-(d). The antenna elements are fed through 50
Ohm SMA connectors. The measurements of the produced antenna were carried out
in the laboratory with the Keysight PNA N5222A model vector network analyzer device.
For the radiation pattern measurements, a double-ridged horn antenna with a
maximum gain of 17 dBi in the frequency range of 1.6 GHz-20 GHz was used as the
transmitting antenna.

The results of the return loss simulations and measurements for the proposed antenna
are illustrated in Figure 3(a). It is evident that this metric remains below -10 dB within
the span of 2.508-15.69 GHz, signifying an impedance bandwidth of 13.182 GHz.
Furthermore, Figure 3(b) provides a comparative overview of the isolation performance
of the antenna, showcasing both simulation and measurement results.

I n the case of the proposed 212 MI MO antenn
interference level remains consistently below -15 dB across the operational spectrum,
which aligns with a bandwidth ranging from 3.385 GHz to 15.69 GHz. The
manufactured prototype of the MIMO antenna effectively covers a frequency range
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between 3.385 GHz and 15.69 GHz, demonstrating a good mutual coupling value
below -15 dB. The collected measurements corroborate the successful fulfillment of
UWB requirements by the MIMO antenna design.
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Figure3.S-par ameters of 212 MI MO antenna (a) S1:

The simulated and measured radiation patter:r
plane (xz-plane) and H-plane (yz-plane) for three distinct frequencies (4 GHz, 8 GHz,

and 11 GHz) are displayed in Figure 4. Notably, the H-plane pattern resembles that of

a dumbbell, while the E-plane pattern exhibits a pronouncedly directional nature. Given

the ground plane's positioning within the xy-plane, the radiation patterns in both the xz

and yz planes exhibit a versatile characteristic. This suggests that the proposed

antenna is capable of emitting signals across a broad range of directions. However,

it's worth noting that as the frequency increases, the previously omnidirectional

radiation tendencies experience a mild degradation.

Sim. yz co-pol.
Sim. yz cross-pol.
30 e Mea. yz co-pol.
——— Mea. yz cross-pol.

Sim. xz co-pol. 0
Sim. xz cross-pol.
- Mea. xz co-pol.
—— Mea. xz cross-pol.
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Figure 4. Radiation patterns (Port_1 excited, Port_2 terminated with matched
load) (a) 4GHz xz-plane, (b) 4GHz yz-plane, (c) 8GHz xz-plane, (d) 8GHz yz-
plane, (e) 11GHz xz-plane, (f) 11GHz yz-plane

On the other hand, Figure 5 provides an analysis of the gain and directivity of both the
single-e | e men't and 212 MI MO antennas across th
spectrum. The gain of the single-element antenna demonstrates a variation from
approximately 1.397 dBi to 7.617 dBi across this frequency range. Specifically, the
gain values for the single-element antenna are recorded as 1.47 dBi at 4 GHz, 3.61
dBi at 8 GHz, and 7.474 dBi at 11 GHz. Likewise, the directivity of the same antenna
spans from around 3.185 dBi to 9.276 dBi as it traverses the operational frequency

band. The 212 MI MO antenna, its gain spans f
gain values for this antenna are 1.72 dBi at 4 GHz, 3.776 dBi at 8 GHz, and 5.623 dBi
at 11 GHz, corresponding to different freque

MIMO antenna ranges from about 2.694 dBi to 7.344 dBi as the frequency varies.
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Figure 5. Simul ation results of gain and dir
MIMO antenna

The Envelope Correlation Coefficient (ECC) stands as a crucial performance metric in
MIMO systems, it is calculated by using the following formula (Blanch, 2003; Patre
and Singh,2018).

SY'Y Y'Ys (1)

P eYS gYS p gYs ¢£YS

In practice, an ECC value below 0.5 is desired (Gollamudi et al. 2022). Another critical
factor to consider when evaluating MIMO performance is diversity gain. A higher
diversity gain implies more effective isolation between antenna elements. Diversity
gain (DG) is related to the envelope correlation coefficient and is calculated using the

formula ©™O p mp 906 ¢ (Lietal 2023).

The ECC value, computed using Equation 1 for the proposed MIMO antenna, is found
to be below 0.04 within the frequency range of 2.508-15.69 GHz. This indicates a
strong degree of isolation achieved by the proposed antenna. Additionally, the diversity
gain in the same frequency range changes between 9.769 and 9.999 dB. In practical
terms, values around 10 dB are desirable for this parameter. his measurement reflects
the robustness of the MIMO system, with higher diversity gain values corresponding
to more effective isolation. As a result, according to the obtained ECC and DG values,
the reliability and performance of the presented design are quite good.

4. Conclusions

This study presents the design, fabrication, and measurement of a compact 21 2 MIMO

antenna with good isolation characteristics, customized for ultra-wideband (UWB)
applications. The arrangement of antenna elements at perpendicular orientations was
strategically employed to attain low correlation. Comprising two identical patch

antennas with microstrip feeds and an FR-4 substrate material incorporating a

defected ground plane, has di mensi ons of 39mml 39mml 1. 6mm.
bandwidth spans 2.5081 15.69 GHz, encompassing the UWB frequency band's 3.1i

10.6 GHz range.

The antenna's gain is observed to vary between 0 dBi and 5,646 dBi, while its directivity
spans from 2,694 to 7,344 dBi. Notably, at frequencies of 4 GHz, 8 GHz, and 11 GHz,
the antenna's gain measures 1.72 dBi, 3.776 dBi, and 5.623 dBi, respectively. In

111






























































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































