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1. Introduction

Today, the transfer of digital data—especially text and image files—has increased significantly across computer
networks. Ensuring data security and protecting it against unauthorized access remains a major challenge in these
networks [1]. Encryption enables secure data transfer by storing information securely in channels, ensuring that
only the intended recipient can decipher the transmitted data [2].

Various methods for encrypting information have been developed. One such method is symmetric cryptography,
which performs encryption and decryption rapidly using the same secret key. However, this method requires a
secure communication channel to share the secret key between both parties. To address this limitation, asymmetric
cryptography employs a pair of keys: a public key for encryption and a private key for decryption. The public key
can be shared openly without a secure channel, while the private key remains confidential [1,3]. This eliminates
the need to exchange a secret key beforehand. However, public-key cryptography methods are less efficient
(slower) [4].

For securely transferring large volumes of data, users typically first establish communication using asymmetric
key cryptography. They then exchange a symmetric secret key and switch to symmetric encryption, thereby
leveraging the advantages of both methods [5].

Unfortunately, traditional cryptographic algorithms lack sufficient computational power and storage capacity and
are vulnerable to quantum attacks. As a result, DNA-based cryptographic methods are emerging as a promising
solution for secure communication [2].

DNA cryptography bridges two fields: biology and computer science [6]. This method exploits the natural
processes of DNA formation for data encryption [7]. Due to the high information density in DNA molecules, vast
amounts of encoded data can be stored in a compact space. Additionally, DNA cryptography benefits from parallel
computation, enabling extremely fast processing [8-11].

DNA cryptography integrates the massive parallelization and storage capacity of DNA molecules with traditional
cryptographic methods (symmetric and asymmetric) [S5]. However, a persistent challenge in DNA encryption
systems is the need for a secure channel or an efficient key-agreement solution.

Elliptic curve cryptography is a key-agreement system known for its high speed and suitability for resource-
constrained mobile nodes, offering enhanced security and energy efficiency. Compared to other cryptographic
methods (e.g., RSA, DES, ECC), it provides superior operational efficiency and lower computational overhead.
HECC (Hyperelliptic Curve Cryptography) is particularly versatile, allowing easy implementation in both
hardware and software applications [12].

2. Innovation and contributions

This paper presents a novel scheme for encrypting and decrypting Persian texts and images using HECC
(Hyperelliptic Curve Cryptography) combined with DNA cryptography, ensuring robust data security while
minimizing computational overhead.

Key innovations of this work include:

e Encryption of Images and Persian Texts Based on DNA Cryptography: For the first time, an
algorithm is presented for encrypting images and Persian texts using the DNA cryptography system. If
the data is in text form, it is easily encrypted using this algorithm. However, if the data is in image form,
the image is first converted into a DNA sequence. Then, the same text encryption method is used to
encrypt it. Interestingly, the data obtained from the image is encrypted in the format of a text file.
Therefore, the proposed scheme has an additional feature for hiding images as text files.

e Use of DNA Hybridization Technology: DNA hybridization is used to minimize time complexity in
the proposed system. In the hybridization method, two single-stranded DNAs containing encrypted
information are combined to produce a single DNA sequence.

o Key Agreement Based on Hyperelliptic Curve: In this scheme, HECC is used for secret key exchange.
Therefore, there is no need for a secure channel to share the secret key. Additionally, the proposed key
distribution has low computational overhead and high execution speed.

e Providing a Large Key Space: An efficient cryptography system should have a key that is large enough
to ensure its security. Therefore, the proposed scheme offers a larger key space (640-bit) compared to
other similar schemes.

3. Materials and Methods

The proposed scheme employs rigorous mathematical proofs, logical derivations, and practical implementation
through coding in the Visual Studio development environment to validate its theoretical foundations and
functional performance.

4. Results and Discussion
The proposed cryptosystem enhances security through two key mechanisms: (1) leveraging the inherent
complexity of biological processes in DNA cryptography, and (2) employing computationally intensive
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hyperelliptic curve operations for shared key generation. This dual approach enables secure encryption of both
Persian texts and images without requiring a pre-established secure channel for key exchange.
The system's architecture combines the efficiency of symmetric cryptography with the security advantages of
asymmetric methods, specifically through:

. DNA-based symmetric encryption of content

. Hyperelliptic curve asymmetric key establishment
Implementation results demonstrate significant improvements in:

. Computational efficiency (reduced overhead)

. Temporal performance (lower time complexity)

. Security robustness
These benefits derive from the synergistic integration of:

. DNA hybridization techniques

. HECC-based key agreement protocols
The mathematical soundness of the algorithm has been formally verified, with practical implementation
confirming its theoretical advantages for secure data transmission scenarios.

5. Conclusion
DNA cryptography represents an innovative approach for message encryption that utilizes DNA molecules as
information carriers. This method capitalizes on DNA's inherent advantages, including exceptional storage
capacity, minimal energy requirements, and parallel processing capabilities, to facilitate secure encryption and
decryption operations. The DNA-based approach enhances data transmission security across networks while
demonstrating resistance against quantum computing attacks.
DNA cryptosystems exhibit compatibility with both symmetric and asymmetric encryption paradigms. A
significant efficiency improvement is achieved by implementing shared key generation mechanisms that eliminate
secure channel key transmission requirements. This paper introduces a novel DNA cryptosystem specifically
designed for Persian text and image encryption, incorporating two key innovations:
1. HEC Cryptography for Key Generation: The system employs hyperelliptic curve cryptography to establish
shared secret keys securely without channel dependency.
2. DNA Hybridization Implementation: The integration of DNA hybridization technology ensures rapid
execution speeds while maintaining cryptographic robustness.
The proposed scheme offers enhanced security through an expanded cryptographic key space. Comprehensive
security analyses and performance evaluations confirm the algorithm's superior precision, execution speed, and
resistance to attacks compared to conventional encryption systems. These improvements stem from the synergistic
combination of DNA molecular computing and advanced cryptographic techniques.

6. Acknowledgement

We sincerely thank the honorable reviewers for their valuable comments and suggestions that significantly
improved the quality of this article. We also extend our deepest gratitude to the respected editor and the journal's
editorial team for their support and professional handling of our manuscript.

References

[1] A. Bhardwaj, G. V. B. Subrahmanyam, V. Avasthi, and H. Sastry, “Security Algorithms for Cloud
Computing,” Procedia Comput. Sci., vol. 85, mno. Cms, pp. 535-542, 2016, doi:
10.1016/j.procs.2016.05.215.

[2] B. B. Raj and V. Ceronmani Sharmila, “An survey on DNA based cryptography,” 2018 Int. Conf. Emerg.
Trends Innov. Eng. Technol. Res. ICETIETR 2018, pp. 1-3, 2018, doi: 10.1109/ICETIETR.2018.8529075.

[3] C. Paar and J. Pelzl, Understanding Cryptography. 2010. doi: 10.1007/978-3-642-04101-3.

[4] J. T. Isaac and S. Zeadally, “Secure Mobile Payment Systems,” IT Prof-, vol. 16, no. June, pp. 36-43,
2014, doi: 10.1109/MITP.2014.40.

[5] M. MONDAL and K. S. RAY, “Review on DNA Cryptography,” Int. J. Adv. Comput. Sci. Appl., vol. 2,
no. 1, pp. 44-76, 2023, doi: 10.48550/arXiv.1904.05528.

[6] R. Joshi, M. C. Trivedi, V. Goyal, and D. Bhati, DNA Sequence in Cryptography: A Study, vol. 522, no.
November. Springer Nature Singapore, 2023. doi: 10.1007/978-981-19-5292-0 53.

[7] B. T. Hammad, A. M. Sagheer, I. T. Ahmed, and N. Jamil, “A comparative review on symmetric and
asymmetric dna-based cryptography,” Bull. Electr. Eng. Informatics, vol. 9, no. 6, pp. 2484-2491, 2020,
doi: 10.11591/eei.v916.2470.


https://doi.org/10.1016/j.procs.2016.05.215
https://doi.org/10.1109/ICETIETR.2018.8529075
https://doi.org/10.1007/978-3-642-04101-3
https://doi.org/10.1109/MITP.2014.40
https://doi.org/10.48550/arXiv.1904.05528
https://doi.org/10.1007/978-981-19-5292-0_53
https://doi.org/10.11591/eei.v9i6.2470

(8]

(9]

[10]

[11]

[12]

Journal of Southern Communication Engineering, Vol. 14/ No.56/ 2025

S. Pramanik and S. K. Setua, “DNA cryptography,” 2012 7th Int. Conf. Electr. Comput. Eng. ICECE 2012,
pp. 551-554, 2012, doi: 10.1109/ICECE.2012.6471609.

T. Mandge and V. Choudhary, “A DNA encryption technique based on matrix manipulation and secure
key generation scheme,” 2013 Int. Conf. Inf. Commun. Embed. Syst. ICICES 2013, pp. 47-52, 2013, doi:
10.1109/ICICES.2013.6508181.

T. Anwar, A. Kumar, and S. Paul, “DNA Cryptography Based on Symmetric Key Exchange,” Int. J. Eng.
Technol., vol. 7,n0. 3, pp. 938-950, 2015, https://www.enggjournals.com/ijet/docs/[JET15-07-03-321.pdf

V. Kolate and R. Joshi, “An Information Security Using DNA Cryptography along with AES Algorithm,”
Turkish J. Comput. Math. Educ., vol. 12, no. 1, pp. 183-192, 2021, doi: 10.17762/turcomat.v12i1S.1607.

Madhusudhan R and Shashidhara R, “A novel DNA based password authentication system for global
roaming in resource-limited mobile environments,” Multimed. Tools Appl., vol. 79, no. 3—4, pp. 2185—
2212, 2020, doi: 10.1007/s11042-019-08349-8.

Declaration of Competing Interest: Authors do not have conflict of interest. The content of the paper is approved
by the authors.

Author Contributions:

Fatemeh Alidadi Shamsabadi: Methodology, writing original draft preparation, resources, evaluation;
Shaghayegh Bakhtiari Chehelcheshmeh: Supervision, methodology, resources, manuscript editing; Narges
Farhadi: Implementation in the Visual Studio.

Open Access: Journal of Southern Communication Engineering is an open access journal. All papers are
immediately available to read and reuse upon publication.


https://doi.org/10.1109/ICECE.2012.6471609
https://doi.org/10.1109/ICICES.2013.6508181
https://www.enggjournals.com/ijet/docs/IJET15-07-03-321.pdf
https://doi.org/10.17762/turcomat.v12i1S.1607
https://doi.org/10.1007/s11042-019-08349-8

E-ISSN: 2980-9231 g Ol wle owdige

https://sanad.iau.ir/journal/jce

Py »\5 uﬁ)’h}\ )l)'i oKl

https://doi.org/10.30495/jce.2024.2003925.1242

20 M5 I polad g (ow)l (gie (6,185 30y sl wde DNA o) s S
Spdnlyd oo

"B ool b S i | "D daiz oz olisw i | (oL T juosds (s313 e dobld

PMST Sl ol oK o5 oy i oS!

2olg 4SS (L (6,050 Loty s055lsS b FseelS 50 L ol 5 e

S50, sy, cailisniigs ol wialgs Caws 5l 055 SIS g 0l R

O”‘ L: ...\3)‘.) u_;YL, wBLo.A 649...)‘55 6L¢>4.LA.‘> ).3‘).3 O DNA P (e JPRYEIN Jl}io/ 1l o8 5 151y <yigueels 09157
o ooliaiul ()b gie Sl Lad> (sl by, cnl 5 9SG (Jl> ol 05
G NS sl jsliaas DNA (5,550, slogbs, 53 o ) woawl | PaKDari@iavacic

s ellie ol o 50l 5l 3 wlssu.;)t JUE e Gl 26l | i st sl S g
ool o) gte (She e el jelaiedy oz e e ol 58 e

)‘.’.SL‘S oo)_';..,f ool @ a5 by Cyeimman g oo 43])] DNA 6)&5}"’) n.farhadi562@jiau.ac.ir
adled ookl )0 5 palal )18 50, bl ages laala, o :J ghuans Banns 35
Sranlp G 6K, e I oleiing (hgy 50 Sl 0l | iy 5esls g8 Lokl dais Jon ()Lisu las”
soliiul bl Gyl g0 o 0 STxal 5l oS adg sl (HECC) ol 05 e e oMl ST oty 0,5 0
. _ bakhtiari@iau.ac.ir
Goskd 5l eomizen il el JUT Sy a5l Koo B oosd e
Pl 2liS5ey 5 @50, anlyp plodl jsliieas DNA (g3luy yn
e Pla 4 65050, wi o8l Sloy Sz B o9d oo ool ikl 990
slagyb 4 Cond golorinn ik (2L b3 5 el b el PNA i
D)8 $ S G55l Bran g ans o ) (Slewloe jb (L3 allie dosey
VFeY V0 redly s U
DNA ‘_g)l.f.;}.o) ‘69“’-‘-")5 (ST KLy dsly ool :chj's s VY ege A 38 555L U
DNA (53lods yod )8 00l y5%0 VY o V) iy 0,6

(@i ool
boedsl 6l DNA o) s jlosliiul b (g )lb 50 (5,18550, @
B Jelse plp o e Canglie jslaieas )5 alS slas )l e

DNA (g3luay y (5,508 5l ool b gloy (Sauzmn oails, J8lo>a, @
51y 9elS” (6,08 STl jslaieds el JUIS SG a5l pas @

Syanlp gove p e K50, ool L g pel Jls oS 38155 @

COPYRIGHTS
©2025 by the authors. Published by the Islamic Azad University Bushehr Branch. This article is an @ @
open-access article distributed under the terms and conditions of the Creative Commons Attribution B

4.0 International (CC BY 4.0) https://creativecommons.org/licenses/by/4.0


https://doi.org/10.30495/jce.2024.2003925.1242
https://doi.org/10.30495/jce.2024.2003925.1242
https://orcid.org/0000-0002-8594-6588
https://orcid.org/0000-0001-6104-7759
https://orcid.org/0009-0003-5265-5332
https://creativecommons.org/licenses/by/4.0

5 V-YENFF lanli i g oloesy [amo, bz Jlo [ &l e wskigee dloro

doddlo —)

Sl (5 5 e sla b o3u8) Jiams (slaosls Ji] ocs fpmpals’ saaSes 5 Sledlbl 5 5ki8 o s
Ol Rln 5o bl 5l cdadlors 5 aosls cul & bogyye coal b L abail) )0 (6 ks Sla SIS (Jlocnl b ool aidly
o2l ghaie 5 Sloly, 5l ool b 1 a5, Slbls,l 5 bools cutal a5 ol _ale o6, K50y 0,0 357y jlomo b
Stes sle o (ol Bl b 4S5 0bas 0,5 Joad med B ply a ) oole ply Olgioe S, SeSay S o
D oS o s pls lgioms 4 oleShe, @b 5l oy

15 o yliie 0ulS oy (elbaiamn el 00 4]l Waools el JUil (gl o0l o) 50, B S5 g b s3I «y5:5G
Sy sels” JUlh oS oo ooliinl Dledbl liS5e; g (55l5 50, jahaieds LSy oSl aiinn Cgme 9 & Lo
Syl 5l ol JUh a0 el (5138 505 (29, 50 09boe LS ) lie 0S (6)15 50, Iy hnd abai plgrcas
S 098 o0 oolitul jslite (nl Sln (poga 5 (egee WS Ziz Ko o)L WS ) Slaptcs ;5 el oud
0dpS (soges Sl abiwgdy GBS ES L 050 o0 LB SISl 4y LS| )0 ol (BaiS eS8 den b (sagee
3 51 ol 0 lon e 155 3,50 01 355 )3 ooyt 2ulS (s ins ol (535, Slelae wile
3l Jgese sobar Ol )5 daosls 5l ook wana oyl JUEUT jshaiedy aiS' oo ooliin] (oliS 50, Slibos sl 395 (sogas
5 0088 o STl ey 1y oy lie 31, Sl o g 08 o o0bitiasl L3 ,1 eyl gyt oy pliel alS (6,35 50, (laeSiSs
IV 55000 0500 692 b (6585505 B9, 99 5 sblie 5l e 5 ooy S o oalitiasl (o lie (6,155, 5|

(0,6 5 TAES TDES aiilo) s 0,550, sl 55 51 3yt c085lsS Sloslons 5 'DNA Slloo g1z 51 ey
A} 555 w2 5l (Wl 5 e by 5 b 5155 4 ke 53515 5 o0 S ] el 0 45
YV - I SOWE SR TSRO [PIPU CONRVRT ) PR P SYCHN P OURNL I TN PN OSSP [ | f IRCSUOR [ OF

ol plee 5l a8 wilazs 318 eolil 0,50 chlies (slod )15 (sl (sloo i jsboas T Sujslons 3o (slopinmms oS3
el an T 5l a8 el ()50, (555l8 (3T DNA (g5, ol SlbLS 1 gl (55918 (il DNA (5055,
3155 o3l 555 s o DNA. J3sa [] 08 o oolitd ol i 3 & s pgliton; DNA (6,5 IS0
08 S H39355l90 DNA Slwls sblye 51 (S cnl oanisn sledl |y DNA (6,550, osl eojlo 1) @ledbl Jlasl 4
OGS 2,5 (55l sabas aS sai5le 5 1 VA sga aS el sols ylid ol les T jo ialesT S i .wl DNA sloJ5SUse
oy Slapian ity 9 Sl o}, o8 2 0l8 5 1l 05 5 lsilyn ol oty 285 S ot Ol
8550y ana; ;0 DNA (cors b (6,050, (28l 4k &5 ool jlogd Jo slabex aiz ploj 50 Wil g ctunsl it
IY] ol S 5,2 Mae cagilsS lonslna pmizrad 5 po e slaghs; b S5 cnl g 29500 2551 DNA
alowgty bralox glgl Jlie )0 a1,z 0,50 Jlodiay (caglsS oy 3o, ot 552 Olgiss |y DNA ()50 ccnl b
0] ol pglie agiilsS (o2 )55 Fisaals

Cewl oo Sz DNA L V=YY GIDNA 58050 0,5 50 .05, (g0l (g3lwo 3 o8, DNA (slo JoSg0 o paud 4o
Sy 30 sl 55 45 5l 1y Sl 51 i ylad (g jlwo S el DNA .5 sl Cgll i VoA b ol Lo s a5
oaio - slaools  soled wlgs o DNA p 5 aix a5 &85 ases )lgf oo eopl plis 0165 51,8 7(CD) 00 18 Sns (yguls 55
DNA 5 K50, [, Y] 518 Sljwts ;5 DNA 6, K50, 10 olid (Sowmn 2al5 10 geoge onl o) &K 1, lea 4o
S 5 (0ol 5 ) (6,550 (g Lo 29, L1, DNA (sloJsSIge (oYL (53l 5 Cudybo g 00 1S (55l lge
DNA 5o, (slopion 3 5250 slagtlle 51 el 3815 51 LIS 5 ol vl b ol JUIS & 55 Jlo el 7] 5
39550 ledas

! Deoxyribo Nucleic Acid

2 Data Encryption System

3 Advanced Encryption System
4 Biological

5 Trapdoor

¢ Compact Disc



ol )b WS S-asio o o kiBu 3lai- gobl et (ol e asbld [ ayo DNA 5o, aiacs S5 Y

lo b ks oo )S 50 g axils (VU oy Sy o8 Sl 05 Bl sl oy lapies 5l (o ispanl P (g
Sty plo b duglie )3 (omizman .05 (o0 )18 ooliitnl 3 50 fiivn (6551 (590 2 9 S Sutel 4 (Sl (s o900
i Wl o THECC 8,15 (6 oS lawlone jlpms 5 i liles llS (o8 5 ECC DES JRSA ki) 6,0,
IrT 058 (3luesly )13l 5 5 )l RMSmm sl IS (ol

3oy i 3l 03lall b gl g ()8 0ol (50 (oS 5 (650, olaieds dpaz b S Al (gl (nl (el Sua
oty S oy 2l Slealome by 5 85 paass oMbl gV opial 45 5,5y sl DNA (6,35, § HECC
e ¥ i 50 09 g0 gyt Aoy 2l o (B LBTY s jo sl oads (mailejles 15 & jg0a ey ool gan
B iy o g ogdse @l goleidiy by, T o 50 09 e ailoy gl o eolitul LB lacs,slid s DNA (555,
b platl ol @rSamil g Son P e 058 o0 )18 2b)l 9590 oleiiay e e 2D 5 el

b s, -y
alo,xe gl Js18 5l cdadlrs gl DNA Olawlrs 5l oolazul b1, salidee a8 iy je, (gbopiongn (laise 51 (6 ke
alwgdy 9 DNA JsSso slo T5g 5l oolanl b slowlrs ¢ dlaie Oldas DNA Slawls jo .ailos )5 slgiy o)l
¥ oedol g VAAF Lo ;0 DNA Slwbre 055 [A] 858 oo plol 95w b 0,5 sloail s loay gims ) slaasl s
sslizul b 1, Y(HPP) Srdhad s dlins Cuilys g, o0 Jladias 55 RSA 120,631 (Baiasdsl)l 5l as adol ol 7 las

D 1y 5,5 i 86 ks 5 6,5, (sbodins) 45 DNA loslxe [a] wis™ > DNA Gl
a5 0% Sl )0 1) Sl S ggdse (nl s S0 pshiied o)l 38 ()50, b )0y 45wl alils az g
L ol obleS 0g2g d ol jo auS 130 blo )l 6,50 (ased b ool 5l 8 anss malds S sl gl saly> o
Sy B o Slar e (b)) G55 wl (s sz > el 58 e el slaged
Sy s pled 5l (S aS asS 5,8 S0 b 5Ll e Dl LIS 5 aude g, SO el (ol LS, a5 slacaadge
L3I glaogs ad)l () b (may slog i o5 Consl (nnelo 0 )08 STyl 095 0l (o) L) (ool Sl93 o0 iy
O el diloyoe ply Glgizme a5 ol 5l ol b asS e oloul 1) ibegus aigS e bLI | 03 (oplply ajls
5l Boe b 4 aS ax )l @ asgi b oogd eolitul )55, 5l (plezloe b lugumls ogii 5l (6 S gl gl aS ol
6555 (58,5 it o5 ke 5 Bas a5 > o el samlie B a5 conl soly Slgiome cotel el o5 K5,
oSy aasls Hadonss BB U ogd oo ilels el SO 9,0 Oledlbl ¢ jalaie (pl (sl a5 conl ply 99g 5l slaslias
gt S a6l 1, Y(SSL) el < g0 Y LDNA (6,850, 2, S0 Y10 Jlo jo [NV PLLSLT § sse
Sy90 dulS G .l 0als colaivl ((pogaz ¢ soges) OIS Cax ik ol e ol QML, yolaieds .ais,S sleaiay
Gy b Jlioms sloael o2lsS g oS aisd oo gy RSA oo oSl alwgay SliS e, o (5,105 50, (sly oolaul
plad o shamme o o el 51 L3 (mlee slacusgasw 5 ke clu ) ladd wile) K sleasiss slo S5
D93 g oAt § eges S Caix SO glils Gl T e (Kus sleo S Eill e e o0 &9 S slro 5
SSL cyel JUIS &b 5l S sloo 8 o Jlnows sboasl 2163 5 (cogas loads Jols .cunl Jlioms sl 2lss
Jiw:b 9 o\.\mu;‘)‘..\f]n) o..\.')..f (SPGE ..\.«JS L| s 95....:6‘0 J.A..\.u AASCII S L ool u.».A sC).lo L)"‘ B b}.w‘-;o tﬁl?o‘

! Rivest Shamir Adleman

2 Hyper Elliptic Curve Cryptography

* Adleman

4 Hamiltonian Path Problem

’ Steganography

¢ Monika and Upadhyaya

7 Secure Socket Layer

8 American Standard Code for Information Interchange



A VYENFF sl ] s g by [omo,liz Jlo [z &l e wkigue dloro

DNA Jlg &jsody DNA  Jlonus 6,0505 6,0ld 5l oolainl b 9090 aidy ol coled o 0gd oo Joud 9990
255 &S ool g e plxl 00 1S cogas oSl eolitul b ol g fpen WSep o oliS e, vl ] o0
d‘.‘.,mlf )_i...} dl.tbo)f B (_g)).s‘ a_é).a.o D4 o0 r:l:gd‘ e 5o )i...> Lgl.mo)f )‘)c.....;‘ )‘ J..ﬁ 9 SSL d.l.:.,.usé.g Laalds” SleMb!
SelS (0 s Alie 5 Lodoli algS Sy poe CuiSin A 38 g (ceges WS (65050, 4 bgr e Jlews (Sl (nl bl o
g0 Tl

5,505, cnl 58,5 0l 1, DNA L oads ,l3505 (g9 ove 6,18 50, b 5 Y210 Jlo 5o VY] Mxw 5 e
dail jo a5 conl Shgomds w8l cpl o Sles 0955 . Cwl ECC 5y s oliS 50, 5 (5,108 50, e ¢p90 haws g
Sy dile o Hgboay aigd o houd 29990 olacl 4y ASCII yyolie 090 oo J1oud 095 Joles ASCII Slade 4y ool ye
ol pl oils o 0055 w2 g caiin,d oo | ol as Sgd oo Bl pgas ows o sl Jlg ole 5l DNA lgs
Comd Lz 4y 00 29990 DNA - g3 .aisds co boud 9090 & jgods DNA  Jlizns (6,13505 5l eolaiwl b (gu545lS'ss
ool oy 3l o o ileads OLll Bolas jgbay a5 ol glaces slaws Jold o ide 10 a5 (6 0bds 1948 o o
STglS g5 By > 4 g ool e mads 0)Lgd Lo idu 39 00 )0 SIS $ I 5l (29090 slaisu sl ;o (219999
abais 4y Ve slie 5o olael TS (g 5l oolinl L oSl igd se 00 Ve slie 4wz Slely wigd e o
Ganlp )0 00 0gd oo Jloyl 0i S lp abaii ol T Cesods (s, e aball b Wigdgo had b (ie
LSLQ;.\...IS gs.a.sd.v ECC B ‘Sul.wf].n) 9 6)‘Jffo) uu.o.c aS el ‘SQHJJ .0)9—‘ Cewdds ‘) ool u...a ‘BL..' “\“5’6“ wﬁSum
ol b oyS o Lol aladl> aigy Bran g b (Slasbre b 4 Gle o 25k opl GLlse 5l 088 oo ploil T 0 sals algs
ST a0 50 eonlpopdle s ool lair ¥ 105138 (omin alos plp )0 «SrgS 0ulS o3Il Jdoay 75k ol ol
Lol S Gganld e K, 4 Cawsd ECC SIS aS el ons

oS Jols Uie, 51 2OTP) G ran JLiSs oy 4 bgyye DNA I alone jolaieay Y18 Jlo jo [£] oS 5 55l
ol 30 50, anlp 0,8 o 3 esliiul 890 LSy daid ()5, (sl Bran JbSh Wy cpl Wop o like
30 (2990 Al S Doy ASCIL oS () g oo Jsaud ASCIT oS 4y ool (e ol a5 cesl O g0 (s w651
oo u.....;).wLo g_i.s 0 u;:g.u.u O ygods g J.’—“SA)Q 9990 Jimtb DNA J...IS 6”5" adﬁ‘).‘sog)l.c \.\4] Cawsdds uw;);Lo u] )|
ol Gugile polie il sgzsar sauaz Gyl B 958 oo plnil saslowssty slomile i XOR Sllos 053 e
J.U,j‘so)‘)ﬁw.ﬁb)LSLbu—‘ ‘DLQJ awLeH)o 03..»‘59)‘)54\ GLQW GALQJ 6‘)4)lsu.||09.~o‘59 RS QT)‘WUJPTSOM
Sl oS (B9, | e 00 S i B 00 00 1S (sl (plading B 3 1) (S5 (e 0diin B 09 h wdgi (S e b
el SV sl 020,631 (] plosil Wig ) sl a5 jabyles .S o oolainl (S0, (yie oliS 3o,

ooliwl polas 6,8 50, jshaieds DNA (5,50, 5 e w55 pedlie 51 Yo VA Jlo ,o DY S 575 )logs
a> ey il els jolre sl JuSy Gl (Siied U aiS co i SG55 o) 5l ool b b JuSos oSG
o5 9090 St & o Sy kel IS ol (sl 35 0m (235l (5,50 ke b ln Sy Jlaho (35l
09..»(50 u_')ill} DNA 6L®4M)f) 9 (29992 ‘5me) u.“ O XOR uL..Lo.C Al L| l.QJ..MS...s )‘..\.M (U 9 03l

! Barman and Saha
2 Koblitz

3 Brute Force

4 Anwar

5 One-Time Pad

® Pyjari



ol )b WS S-asio o o kiBu 3lai- gobl et (ol e asbld [ ayo DNA 5o, aiacs S5 q

&lp STyl 5l oldS G lgieas DNA ais) 55 1 0il oo Cawsds DNA - olas as, 6 5l 55 DNA gloacs ) 5

3518 5L 51, alST Jobs sl el JB o 5l cnl 0529 cnl b 0 S (oo 518 0oLl 3550 pgad (6 S5s,
s sae 3l asy g DNA Jlgs 51 cide (bl oS adss 6l 1) oo yoSI Yo VA Jlo po [VE] o) S 5 Y lS0g
VIV g0z 50 a5 Cowl Il Q> 09 plosl Sl he ) 9 (6,105 50, Sldes wldS T ulul s B wisls slyacy PI 55
LPT ladie .los S awlone 1) PI o8 lao Lo ylaceiils copl pogdle .5 )ls 0929 DNA slaazis ) 5l calizee oS 5 oLl
P8 dslone Gl3 oo )l 0929 (] a1 (il (o (o 65l man &S a5l (Jg 098 o0 £ YN FIOATFOYO
S o0 w18 5 ) ST o Bolal bl aS o)l vgzg (S5 oS (gLl nlply ol aalol Lo e (sl Ty gom
08, M) PI sae 3l Cosmdan S5 o (VY L Ve 059alS 9 Die) DNA a5l Comdan G odiiin 8 oS yideo S oo (gl
Jlezus 5,138505 (5,9l8 b gollas |; DNA 4, ol c0si o5 .08 oo Sl 005 5 sl 1) Lyl g 00,8 Slsesl |, (Y G Y-
IS4 aS PLoae b 9990 0S5 JoSae (59, «ulys o .o)jTGA st 1yl oS g 00,5 Jaus 29990 O 504 DNA
o ol &S caslosloylis o5 oyl 5 ol bl ol caws 0dS 4 B aes oo plxil | XOR wliles wdal,s 29990
gl gl 3l 0,90 Sledbl JUl omy oSl el o asdl o jls o iiy ce s DES 5 AES 0, slopianns b aslas ;o
S 0,5 )18 slre e ol 31 Lasl o Sledlbl ) ST asT > el 5500 Wl (oSl PT sose g DNA ai ) oS

SleMbl e sl jgkaiedy jo, piaews ol 50 alawlie asiay ) 3oy i (! 5 00,51 Cewods 1 515 oS 0iSlgs oo

NG PR WA AJU G..»....A‘ ‘n).».nlsdo ) au_..qL..o
a5, DNA (5,550, 5l oolictwl b 1, "EPCA) aid picy Sl aix 5o, 03,030 5 YoV Lo yo [N0] o) Ken § Yare 1
iale iz sl IS b oolw e 518y 5o ] 40 aS 6 5bas sl 050l aiz je, (o9 (o ldll dix e, Aidges
Cel g9050 (pl S oo oolainl wldSl Gy > 5l add oS cul cpl Sl wix glaie, o ol Codgase 09l oo
5 SIS EPCA wlis il (59,53, joliioss 5 (o> |y (530 (5t By ol (o8 el b 45 0500
olael (plogd co SLRGINTYY 5 20 (o (Bolad sae 90 S adgi (6l i ,ol (pl jo 0 oo Sl 58 6,500 WP)e
Soa b 5o 5l 0l iy aze padegee pshited Wish oo hia (25990 TWSin 4 3l oS olsiea ol
b ol e )l s, sl 3 Cesloadoslainl Bolad sae 9o cpl g9, s SShes g Slawlre 5l ¢ oliS e, 9 5,135 50,
G aS glaads SliSie, 5 6,108 50, sl ;00 oS 90 g ool (e (6,105 50, Sl (SO S o oolainl 3l aldST A
srools 4y ool yie labl a5 el &jgo (i jo, e (pl 8 Sas 090 Nl o ABlSl (g0, e Ll g £g,0
al, S 4 DNA Jlions 6,505 (5,5L8 5l oolainl b ool oy 5l Jol> o999 sloools 05l o houd 29990
($ I8 jey anl B 9,5 09d o Jlesl 15530 DNA a4l 59, 51, 9udS 5l eoliwl L EPCA (y4:ST 3545 oo Jsou5 DNA
AT 3,28 o0 D0 usSae g, Beb b ! )0 2liShey Al el adife) )lite GlaadST L (s5e; (e

Syl goly Slwls [l ik pl as el
Al g o 58,5 sl | DNA (slacysaS wloly (6,188 50, wi,o3 G Y14 Jlo 5o [1P] 2 Lgs 5 YUt
o DRI o8l cnl )3 dlase 1) (S5 05 5 laygaST JalS ggame amd oo JuSiS 1) (908 Sy cp e Suy
By Sl osluoiyin So (6,138 50, b cnl Bam 0T 09294, 1, Lagy9aS 5l S 5 FF g5 o DNA a5l a5s8lS'ss
ol oy sl zob ol 0gd ge SIS T ggame jo a5 il dals g alold (L U jas slacl ( nldSI S>eS L S5
Sl ol Bl slo iSIS s DNA (glang5a5 00555 510 cozinsr Jouzr S oo oolitias] g Jyur S sline
29099 dlael JShay ASCIT oS .09 co 0w ASCIL oS 4 ¢(6,135 50, jakaindy ool (e ailodds i po  Solad jgloay a5
DNA Jlizus 6,l3505 5,5l SaSar 59950 oS 5 s 99 12 355 o el (S 90 O y90040 (39950 A5 12 .51 oo

! Vikas

2 Namasudra and Deka

3 Enhanced Polyalphabetic Cipher Algorithm
4 Unicode

5 Patnala and Kumar



) VYEINEF ks /s 5 oloniy o oz Jhw fogizr e riiges aloxe

O 5l o g o ool (1908 G olul sl DNA JIg5 cpl 0542lS s aw ,o 5l (y9iST 090 oo Joos DNA JIg5 &
gl co Jsoud ASCIL oS 4 codelcawods o SIS 09 co (0350l gomin Jooo 5l 055 blite iSTIS L (908 ;0
L 929990 4l 5l Can 90 50 ol )0 05d oo punlll S 90 D yg0dr 0)Lgd 5 00l had o9990 4Ll 4 ASCIT oS
O ygods jub oliS jey T8 sl 630, e led a5 Wl o O DNA g5 & jgo0as DNA Lz s (5,135°05 5l solazul
e Jgb Gl L a5 el G151 S et o 5iasl p abowges b (nl (5lwanns 5l Jol> ol 05 s ploxil uSe
GOLSS sclblas b jg0 (naiz plosil Jdoa w565l 0l RUFIMEN abse Gl S i Hebar ()50, ol ool
Ll 50 58,5 @) 6 pgas ol S o ool (i s3lwisleis yebaieds | cai )oY o Yo Jlo yo V] ol a5 wllo
S e SobslS s 6,0k ©lp plo 95> Job .l (YOF,YOF) oly Jol> pgad ojlail a5 el ool 53
SaSa S0, e ol Dedi oo o, Ll iils gy 3l eslaiwl b ool e ile gl 5l e (Jg canloasiazs
2 Silolr psliieas g0 e 59,5 b sl DNA (Jlazms (6535057 (5,5l o8] 09 oo et S5 o555
oolin 02 S (sl bl JUIS Sy Bl Sl ply Jelo 9 ST 5000 58 15 oS S ol L g
G..uj) Ay VLY C‘)M‘ ‘) JA[} ).19..4; 3o o..\.w‘_g‘)Lml} ‘aL»_w .\J‘}JU;A L;‘).u.u‘ )‘) ..\.».15 )‘ oolazwl L| so..\.;)..j '55-“-"5"
)50l oy 1205 pgas kS (55, (Soiz b (ke 5 m pipsTl nl 4z STl Cews ool (5te & ugSias
ol 00,55 &l (STl sl alds” gdlgy jelateay |,

ooliiwl T(PCR) 5l youds (slo sy STy (6 55ld 5 pgai o slaools (5)l350S glp YoV Jlo o DALY o> o bgius
JJB.A Ja...u}' oTP d)sl..ﬁ ;5“54.. ).o..u‘)) L_SLQJ.JS d)jsa )‘)5 ).a.)‘).) L_SLQ;.\.JS O IRWRLY L_SLQOO‘Q Uj.E:J.A u_v‘ LS‘)" AJQ;
el & yg0a DNA 508 5l oolewl b (5,135 50, slaadS s DNA Jlg puzren 2gd oo olgi Bolaias Jlg
IS STynsl 4 003 1, g oaiiw B oo (5,500 bl ail,d o b blas 5, & )gods a5 5 gba (gl oo ddei U lex
Soolainl b pgal 09l co 48,5 (699,5 laicdy paal S aS cowl S8l sl o oSl s (6,188 e, ol e Waigd oo
L 29990 loools .l coyd i A (9998 oS &jg0d pgal 5 (daSlo lade ;o 09 o boS 29998 oS @ Yol
O 4y (6,088 50, oS 5l oolawl L DNA oS .aigd oo Joous DNA oS & DNA Jliows (6,1a508 (g,5L8 5l ool
GLalS Gl (5o 008,850 ply 5 995 00 oS S0y e 4 DNA Jlgs ISChay jauln ol 058 0 hiod 654,
oals ial38l ) aldS asals iz b 1l 0gd s s 0o 6138 50, el 4y e 5l oolaiul b (g5, (e 0,5 o0 )3 eul
OTP 9 PCR (_gl.&b‘_g)jl.d )l oolaiul u.LC:U W U"‘ ‘kslj VLY ‘..\.u w.:alf PLQ,Q Ja.....aj.' \.\.».15 OOy JLQ.A}‘ b el
Ll 1yl BB oligS slaply (gl p L g sl W5l

12|y S go lalele § 313 basi (6 4l (lapis (B0 5l Ble o5 lagally VoYY Lo po V4] TS 5 lle
)L..»_’>‘ )b oals as QS‘L,U] )‘ éé;so).) )J‘ Lv .Ia.u).a uLC)uo‘ u.a.».n‘ 9 509..43' o> EY TS 4 ths")i" u.»‘ ).........».v A)bj.o.v
Sy Db ool lalo (puzren a5l JuS 093 0ol g b yg m sools (g5, 00ls lalo 5 5 o )8 ekl pou
slaYaz DNA ) s S5 dllin ol jo jalaisyandy .aisS sloiel (gl g camodslyl 4y b wipdn |y g0l
1 6,550, 5l 45 (g5 sl (g3lusonly 5 (Hob ol & osiiis lomys sloools (liShe) 5 ()15 50, 9 T8 (sl
@ Lol plo sla xS (6,138 50, anT b aloxl gl s co lioogs 4 bogs e olKiws 18 5l )5 4 pubiinns yobods
G598l 9 sl (nl i 098 o0 haS 6,505 959 S 8 slajk 4 DNA Jlgs (leo)ligs 398 oo Jr0s DNA Jlgs
5 ol 9999 9S 058 oo XOR (5990 oS (pl b g 098 oo dugs Bolad sae G o5l sl oy 29990 05 JSia
&l ASCIL SIS ol ccolys yo 05 oo Jsod Joleo ASCIT ST a5 ] (o 9V + (slis j0 sae G 4 XOR llas

Pl ogSas jsbar ) Jolre (et (s pl 0ais g ps (59, 51 R 9bls Sl s 003125 098 o0 Sl (6 2l osidd g oo

! Vinotha and Jose

% Polymerase Chain Reaction
SMATLAB

4 Alam and Singh



ol )b W5 -deio Jox (5,Lise @olai- ol e gols e anbld [ 0o DNA o) it SO 1)

rlpede ST (o) patd pom 4 55 g 1) Loesls oy Wil e )5 cnlpln sd (oliS e el B s o
sobas ools plaST> gl co puendd ol jo Wrosls  Sile yeo el oals SLST ainly jo (g5lwooly b pon ol pl gy
ol s Jo 7o cpl j0 alS m g8 e (o (I b0, S oo )18 (6 0l edi gy LS j0 00l s,

DNA clowbrs dlewsds 0aiis 18 10, sloosls (s5lwo w3 jsbaieds ) 68,505, Yo YY Jlo jo [V-] ol Ken 5 'bLul
Ol G Mg oo el (6 5S> gS gladsdad 4 )5 Sl saesls b ol jo s S @l AlBais sl ol o
J.‘>‘J.A ;.\.»9,...4‘5& e)y .‘a)‘).w J.‘>‘5 LS)"‘ ulfd...ﬁbbw.’jﬂ O WLiloads G)L.\f).a) DNA ul...wl.‘xa d.L.....Js:U aS ools 6[.&4&'43
6)5u 3 oolaw! Lu ).»)15 9992 L_SLQOQ‘& ‘Jsl 1t o QB.MJGA M osls CI)DL....»‘ 9 LS)LAA}[? 38 9o 4 p...a)ji.” u_v‘ r:l.‘}u‘
.d.g.“sae Cowdds DNA - 2> o 61193 4o lm.).g?ilfjg JFRY Qa)flgx“.i L Gy oo s 0 My DNA sleuaseils'ss
svbiedy 098 oo Jlosl b (6l 0adise; Djgods )5 DLl 5 sy 0 (LG & osls 3 S silula ala e i S
Iy G roml Gilwe yud (slad (STl 09d oo plosl ueSas S04y Wools 0 Sgilul> Jole daosls cpl 2,50l
azhd ;2 ol DNA b i 668 6, K50, Jlasl cashad o a5 )5 Sl gboosls 10 S s 3o,k 51 60l 0,15 (5l
bz ,b plo 4 a7,k opl 40 (bl L rw wezg ol b caslos S ool 3 Calisee sla pl )0 oyl (5,135 ,L 5 laools
el ol b

(Soloro opl 90,5 solitul 6,0k jekateds T S5 SOl 0 39390 DNA (slaosls 31 Y- YT Jlu ,o [YA] 7Lyl
dxlad K cﬁ‘ 605..479 ..\...15 ASGHD o Sl k_;""') &L o cMuL?L.."DNA dzlad u...d}/a Lu )J‘).' DJJ).._? S ot q...lS
slass gl)ls ol CLsl DNA ashad jlade o5 Canline las cpl ccanl (Siis SOL 5o ool i Comdse L bl DNA
CoxBge 0diliw B .S oolaiwl b adgi odgy ;o by audS Wilgh oo 003 5 Cl sasrin Job ¢ DNA bl 5l ciss
ol 5o gl 5 ilenln Wl e Lol Jab g jlake 0058 a5 Il o cails co 05,5 soges oS lgicas 1) axkd
).‘a.o)b ﬁl.u Ls)LAJl} 6‘).: ‘_“J)LS ¢ «)9.1.»‘54 obLo‘ S) ul.e,».a 6‘)‘ OMJB .]a.wy ‘S‘oLu ‘L\.u‘ aS Cowl u)yo e C).Io
wy "L:lS B °"‘*‘“’g;°""° r‘:Lu ¢ »)5.“:‘541 d)Lwl.> c..\.:)..f (PP ..\...15 ‘OQLD.W‘ L’ w}: JJL‘B o 5r=L~’ »)9..»‘59 w;
calad lade 3l g 05 c0 00 L,}S,.u) SOb o dshad Comdao 8L glp soges OlS 3l 0di 1S 0gd oo Jlo,l 0ai S 6l
Ao p g )JQLA) )LH.M) ‘)15 U"‘ ..\.560 oolazwl OMG‘IJLA IQL..: C‘)M‘ )5.]4.'.‘04; OP ‘5»050 .\...15 uo)j—‘w\)éb 6‘)J
el o508 315 30, s e sn sl 5o 5,0l Jol 45Ty s

sw‘).’09)l.c el 0005 ﬁ‘)‘DNA 6)&;}0))‘ oolazuwl L: Gw)b u?.a.a ‘_g)‘dffo) (_gl).s ‘_?)Jo = U?"SL' ‘LQLS"J))" u.ul.m‘)J
on Slgsb e ;5w wald Hgie Slr o8 g bl Sln er (55 ek |) Sl wlaiudlss v92 90 slag b
Sl bcoads all 0ldS g5 (gl a5 sl 05l b scenl sais a3l oS au5e8 sl el piulSe e b oconlds
a5 Cowl 0 LS S o5 (glad gy )s5 ol jo S0 F )5 ars ahads .l 0390 ol o by (sl 2] e s g 0L (Slewlxe

Sgyen Hlediay Dledbl el rand gl oilo

DNA 0, pim =¥
Lyy] el oudl W el pole 5 cwlidcan) So walize 0j9> 90 5l AT cenl oS 5 pagie S DNA (6 K50,
DNA 05 o oolaiwl (g5luwosly 5l olsicds o000 So5e0em (5,5ld 5l g Sledbl Jul> laacas DNA 5l g,y ol 5o
9 5od by (6l 5l 050 (i ledlbl Jlamil o] Lol aklsy 05 o il oai; Dlogzge den 40 o sl JoSse
8(G) 1S TA) ol slopl @ pleord 5L ez 51 (595 &30 DNA o Sledlbl el 1S5 Jud @ s 510 Shoe

! Prasanna
2 AL-Wattar
3 GenBank
4 Adenine

* Cytosine



VY VYN E Ll ] 0 g oloxty [ emo ko Jlo fogin Sl ple csiige dle

aam3 oo JuS5 (s slosisns GLC g T LA atven (JS5 jobay 35500 0253 () (e 5 '(C) g
Sland 5 w8 slaJsSge Lol jon 5L S0 w093 (o0 Wgmy Dlind 9 08 by JsSUge play ;500 JoS5e 93 4 5L o uimon
DMl (35,550, Slp Gt S s Slasl red (65253 0926 SIDNA (5)(Gja) ;0 098 o0 alil 0592lSe loieas
Ivo-vy] sss so ool

I, DNA a5z ,bo Jlisle a5 wlazs $ )18 aily axh, 90 50 bugetlS s col oad sols las V K& 10 a5 jsbilen
Sland 5 aid sl sSge o] ;o ogee > slaalie a5 Ceul Sboy a4 ancd su> b sle ol e o oSS
s 102 G g T LC A Gy o cnl 5l onS 5 b Lo DNA IYF] sims oo oSz 1) ooy slaaly by cis g s
a5 Sledbl ol w515 5 085S (55kuislge pogie [YE] AiS o 0053 0053 39350 S (sl |, el 51 g0l ) 5 oouzn
IYV] 0,5 o 518 6100 0 990 (65550, SBlaal sl 310 3529 DNA (slaJgSUge 53 13 55boa

Sugar Phosphate Backbone

Base Pair

Adenine - Thymine

: Guanine
Cytosine

[vY] DNA jslo ) JS
Figure 1. Structure of DNA [22]

DNA slag,9Ld —)-Y

ooty Coal (podi jglateds las,glis cilises glgil I DNA 5 e 30, lapinms il cop V Jgox 51 aS oblen
g o0 410 s y9lid (nl (o) p 4 A5 (nl 3 S (oo ool

9158 355 e Al ol ooty e DNA JIgs o5 oSS sl 53 DNA 3 (hino 53U by U0 o
St S o 1 S oo Ty i L 2 el a5 S s ool ol ollS G 5l 6,135 50, (51, OTP
Byae oS oy Jsb opb ol 59 S o S el il <5050 ol Eanlons 5 JITRL B yme S oy play
2o S5 35, 155 5 ool (st 3Rl pslatons e 5 (oL oS aliS Sy sl sk e Jbo b il b
isn oolitul (530, e & el e plo K si5 b oBsS ool yte bas sl ¥lse siir 3 DNA-OTP
lie s LS5 0y sl IS ejlail @ b 8105 a2 s |2l LB S slaply (55, gy cnl cilinlie
Lve YAl st o ol |, DNA cslls Soums by ojlail (aalidl a8 ol 53 bLs s

s T SalS g5 sl Sl eyl 098 00 a3 lid alyl5 olsie b Jgexe jslods DNA ails DNA p (Jeo al i _
SS9y » e ! Sl S goles )9 DNA als b yads .ol ool a5l by soladny & (Sug S e g oo
sl Jlss B s Laosls (s3luo w53 sl s oo STl slaail s aiile aasl 5 ol 5 ilazs 5 15 SeSeliws oy ile
G 50, 10 ol e oo g 958 o0 plol Gliondism sloaisl B sl oslanl b SliF i, 9 (5,135 50, 05 colaiwl DNA
Sl (e O Sla Sy sl (Sojglsm pare o DNA @il &S olpl jlop JBa pglas g oole s slaply
LYY T il salss oiis35 50, slaplsy 53 (shio oSl oGl s ol 5 5l (So5d Jolye s oy

! Thymine
2 Guanine
3 Nucleic Acid



ol )b W5 -deio Jox (5,Lise @olai- ol e gols e anbld [ 0o DNA o) it SO VY

DNA Jlg punds 5l cpmizman 09, o0 B DNA Jlg5 5l slasbolS cole sl 9,59, () iDNA abdsTass _
Ol Wnes oy Sl pgs A Glaied g cnl 516138 50, Slai ol 5l (6 ke 358 o0 oolitiul Sz oS lakad 4
Iy yal cadlonss ilwosly js oldS 638 50, ,o SiSS

sl slp ol 5l aS oS o byl Sledbl SliS5e, 4 (6,108 50, 50 Sl i «SsSS (ol DNA Sl s (5,ld8us _
1101 10000 s I, T C G A slojl 5,5l ol 0gd oo oslwl 1 90 59090 plB)l &jg0a DNA slasl
OlFes |y ool e slaply [¥F] 0iS o 0ol 31, sk alowsds 29999 polie JW! sl (6,50l copmiomad ad co Lt
oolaiul AY sae Jlal gl DNA (6 )l3508 5l conl hlo pased ¢ Jlo jobody 0,5 (6,13505 & b cpl 5l eolatnl b ool ja
o sl s USE Y 5 A L9090 Bl Lo b ogd e o 09990 O ygeds AY sae il g ol Eoyd sy aS
O ygods o..\.wd)‘df..\s 'QL».: ‘ng‘J)o “39'“’(.5‘ L;)L.xf..xf DNA ‘5”9_» O yg0ds 999 4.»....\) U"‘ e 1092 ..\.QIP 10010111
o Sug, lp 6,188 50, g_sl-%-?-’..)af” Gl «5,l350S8 09 Q—.’.‘ Dgd oo ool Loz i 3550 005,85 "GeeT"
Ival o ls s sy )5 i ;65 ciial Comls 5 o ; Slowlne JJods (izman .Cosl DNA Jluous (5 i80S
S8 ISl 5l Bas sl DNA slo JIg5 5l ol sl oS sloul sl 0l 3 <G ol 13l poudy (glo yazmiy (giiSTg _
d"‘sﬁs" rb-—“‘)s ‘) DNA BN &9)»: alag; a5 ol 0U55 Jﬁb l) My Ml ‘5”9; s_i: ‘).o._)‘)) L] )AJ‘)J 99 Oy 'AL..:
by 5o kais 4 ol L dajledy DNA gl oo 00ol ey DNA 0iuS oo 3w 1) DNA oS Gg.LQM)'jT
osly a5 GligSa 0.5 )18 e anl B Cot Wb peslp (el pls s wax slas S e b sg>ge slaasailS s
PCR ,wly slocias a5 0ad oo Cogli odd g la50S Jlgi =89 caomadyo w09, 84 DNA w4l 5 olS leieas
Ave] cal 15 705 4 PCR Sojglom Joe Jolpe oF JS3 b ollae [£,) - ] sial aslisls

AL S5 g0 Ay g od lo v 5l glati ) 90 DNA G o] o a8 0gi o 58] ¥ oS lisle anl,8 L PCR : gl al> o
g o plil 8l T il a0 A7 B AT sg0 0 YUl sloo jo SUIDNA oloc )l > L IS ol 0gd o0 o DNA
ol F il a4z 0 PO L O« o Lo daipl o (Gl DNA all (SO s ol Jlasl Gislo gl al> o 0] 1090 ado o
sloas ;) oS o adlsl Lol DNA als, 59,4 b pasly aslol a1y (60552555 slajl o5l pands oo 351 0uS codlad 4y £4,8

.
ey < gt o |
Step 2 aulh%’ &y)'o "u‘“‘-m::
';"“"Nmﬂ"“'“ S %n-n,d

Step 3

- ) » '
LI | ' - o
” ~ ~ SSER = B
=
[0 ] 5oy (sl pammsy L2uSTy oY JSCs
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Table 1. Different types of DNA technologies
DNA technology Main specifications

* A key is randomly generated using OTP.
* The key generated by OTP can only be used once for encryption and changes for the next use.
One-Time Pad « The key size is greater than or equal to the plaintext message.
(OTP) * The key must be defined as unique and remain secret.
* Guessing the correct key to obtain the plaintext in OTP technique is difficult.

* DNA chip technology is useful for storing and managing biological information.

DNA Chip * DNA chips are also known as gene chips and microarrays.
Technology * DNA chip characteristics may change due to some environmental factors and negatively affect the chiphertext.
* DNA fragmentation is necessary for building a library for DNA sequencing.
DNA . * DNA fragmentation is used to divide DNA sequences into smaller fragments.
Fragmentation * DNA fragmentation can be utilized as a second security layer or for key encryption.

» PCR is a DNA amplification and quantification technique.
Polymerase Chain ~ * Two primers (small DNA fragments) can be used as the main key for the PCR amplification process.
Reaction (PCR) * To encode original data in a new sequence, the original information can easily be placed between two primers.
* Primer accuracy in this process is very important because primers of different lengths provide different results.

DNA Digital » DNA digital encoding is used to convert binary strings to DNA sequences and vice versa.
Encoding * DNA digital encoding is the most common technology used in DNA-based cryptographic systems.

* In the hybridization method, two single-strand DNAs are combined to produce a single DNA sequence.

DNA Hybridization Using DNA hybridization is recommended to minimize time complexity in DNA cryptographic systems.
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/ Reading color image /

P

Separating image colors into three separate channels

P

Converting channels value to binary
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Figure 4. Flowchart of image pre-processing phase stages
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Table 2. Symbols used in the proposed algorithm

Symbol Description

I Concatenation operator

XOR An XOR operation
As Alice's private key
Bs Bob's private key
Pa Alice's public key
Ps Bob's public key
C Curve of type HEC
F Finite field
G Point of order n (n x G =0)

Alice Bob

Secret key selection Shared secret key

«.
“

Convertto A, C,G,and T Convertto A, C,G,and T

¢
0

Convert to DNA nucleotides Convert to DNA nucleotides

«
?

Eneryption with HEC and Bob's public key Deeryption with HEC and Bob's private key

Transmission over
insecure channel

e.
e.

ST GREST & 5 51, S 58550, 4z, S
Figure 5. Process of encrypting and sharing the secret key
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Table 3. DNA bases and equivalent letters

DNA Base Letter DNA Base Letter DNA Base  Letter
GAAC . CGAG o CTCG i
ATAT . ATCT - CGTC i
CACC ) CCCA = GATC |
ACTC ( CCAC L CGTT R
CGGG » ATTA i TGCG tc
TTCT « CTCC ¢ GTAA 5
TCAC CCGA é GCAT |
CAAT ¢ AAAG & AATC o
TATG | CAAA K ATTG o
ATAG _ AATT Ky GGCA -
TGTG Space ATGA 5 CCGC &
GCCT . GGGC J GACG z
CTAT \ TAAG o AGAA ¢
TCAT 3 TCGG o AGTA c
ACGG v TGCT 5 GCGA &
CTTG £ TTAG o GAGG S
AGGT S GTGA © TGGC 3
TGAG 2 TACA & AATA B
TGCC Y CATG & CCTA 5
CGCC A TCTT ) CCAT 5
CTTA q TCCG . TCTC o
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/ Simple Persian text and shared secretkey /

¢

Archiving simple Persian text as DNA

“

Adding initial and final primers

a

Converting DNA sequence to binary

@

Converting shared secret keyto DNA sequence

¢

DNA hybridization

/ Ciphertext /

¢

i
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Figure 6. Flowchart of encryption phase stages
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Figure 7. DNA sequence related to plain text of mouse
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Figure 8. DNA sequence with primers
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GTCCACATCA TAAG TGCT CGAG GCAGCAGCCC
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Figure 9. Binary string from final DNA sequence
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Figure 10. Sample of shared secret key

GCATTAACAGAGAGGAGCATTAACAGAGAGGAGCATTAACAGAGAGGAG
CATTAACAGAGAGGAGCATTAACAGAGAGGAGCATTAACAGAGAGGAGCA
TTAACAGAGAGGAGCATTAACAGAGAGGAGCATTAACAGAGAGGAGCAT
TAACAGAGAGGAGCATTAACAGAGAGGAGCATTAACAGAGAGGAGCA
TTAACAGAGAGGAGCATTAACAGAGAGGAGCATTAACAGAGAGGAGC
ATTAACAGAGAGGAGCATTAACAGAGAGGAGCATTAACAGAGAGGAG
CATTAACAGAGAGGAGCATTAACAGAGAGGA
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Figure 11. Shared secret key for hybridization
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Input binary string and primers - 1 0 1 1 0 1 0 1
Shared secret key - G C A T T A A C
1 1 1 1
Binary conversion - 10 01 00 11 11 00 00 01
1 1 i 1 i
Complement of ones bits - 01 01 11 00 11 11 00 10
1 1 1 1
Ciphertext (640-bits) - C C T A T T A G
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Figure 12. How to obtain ciphertext

CCTATTAGAGACAGCTGGATATACAGTGTCCAGGTATTTCAGTGTGGTGC
TTTTACTGACACGTCCTATTAGAGACAGCTGGATATACAGTGTCCAGGTATTT
CAGTGTGGTGCTTTTACTGACACGTCCTATTAGAGACAGCTGGATATACAGT
GTCCAGGTATTTCAGTGTGGTGCTTTTACTGACACGTCCTATTAGAGACAGCT
GGATATACAGTGTCCAGGTATTTCAGTGTGGTGCTTTTACTGACACGTCCTAT
TAGAGACAGCTGGATATACAGTGTCCAGGTATTTCAGTG

@l ey e VT JSS
Figure 13. Final ciphertext
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/ Ciphertext and shared secret key /

a

Bimary conversion of shared secret key

s

Compare ciphertext with key and assign bit 0 or 1

“

Convert to DNA sequence

a

Delete mutial and final primers

4

Convert DNA sequence to characters

/ Omnigimnal Persian text /
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Figure 14. Flowchart of decryption phase stages
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Figure 15. Steps to get binary string of plaintext with primers
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Figure 16. DNA sequence related to plaintext and primers
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Figure 17. Getting plaintext of mouse from DNA sequence
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Table 4. Specifications of system used for implementation

Hardware/Software Specifications
Operating System Windows 11
Main Memory (RAM) 32GB

Processor (CPU) Intel Core i7-10750 M (2.60 GHZ)
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Input Text: ‘ e

Initial Primer: ’ GTCCACATCA
Final Primer: { GCAGCAGCCC
Shared Secret Key: \ GCATTAACAGAGAGGA

CCTATTAGAGACAGCTGGATATACAGTGTCCAGGTATTTCAGTGTGGT |
GCTTTTACTGACACGTCCTATTAGAGACAGCTGGATATACAGTGTCCA
GGTATTTCAGTGTGGTGCTTTTACTGACACGTCCTATTAGAGACAGCT
GGATATACAGTGTCCAGGTATTTCAGTGTGGTGCTTTTACTGACACGT
CCTATTAGAGACAGCTGGATATACAGTGTCCAGGTATTTCAGTGTGGT
GCTTTTACTGACACGTCCTATTAGAGACAGCTGGATATACAGTGTCCA
GGTATTTCAGTG

Encryption operation execution time: 3.1 milliseconds

DNA sequence related to plaintext and primers:

’ GTCCACATCATAAGTGCTCGAGGCAGCAGCCC

Original decrypted text: = ‘

Decryption operation execution time: 8.7 milliseconds
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Table 5. Performance evaluation of DNA-based algorithms

Algorithm Sample Method Performance Evaluation Time
Text Complexity

Lower efficiency compared to HECC -

An Efficient Hybrid Elliptic Curve exchange method, additional information,

o 2
Cryptosystem with DNA Encoding [12] Letter t Asymmetric delayed increase, and high cost (due to O
performing encryption with the public key)
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Key Exchange [6] 3 DNA (due to using symmetric key exchange)
An Enhanced Polyalphabetic Algorithm on . High computational overhead (due to using
Vigenerecipher with DNA Cryptography [15] Letter A Symmetric calculations and predictive operations) Otn)
A Novel Level-Based DNA Security . . Low execution speed (due to performing
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Designing Cloud Security Using Multi-layer . Increased communication overhead
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1. Introduction

The rapid advancement of wireless communication systems has intensified the need for high-performance
antennas that can effectively support multiple-input multiple-output (MIMO) technology. MIMO systems provide
substantial improvements over conventional single-antenna setups, offering increased channel capacity, better
spectral efficiency, and enhanced resilience against multipath fading effects. These advantages are especially
valuable for contemporary applications like 5G networks, satellite communications, radar systems, and Internet
of Things devices that require dependable high-speed data transfer.

This research concentrates on developing a MIMO antenna specifically optimized for X-band (8-12 GHz)
applications, a frequency range extensively employed in satellite communications, military radar systems, and
scientific exploration due to its optimal balance between atmospheric penetration capabilities and available
bandwidth. However, creating MIMO antennas for this frequency band involves overcoming several design
obstacles, such as ensuring strong isolation between antenna elements, preserving compact form factors, and
achieving wide bandwidth coverage.

Existing studies have investigated various approaches to tackle these challenges, including aperture-coupled
feeding mechanisms, defected ground structures, and multi-layer configurations. Among these, aperture-coupled
feeding stands out for its benefits like minimized spurious radiation and enhanced impedance matching
characteristics, making it particularly suitable for MIMO antenna implementations. The current study expands
upon these established techniques by introducing an innovative multi-layer MIMO antenna design incorporating
aperture-coupled feeding, with the goal of attaining exceptional performance metrics regarding bandwidth, port
isolation, and radiation efficiency.

The key goals of this investigation include developing a space-efficient, multi-band MIMO antenna with aperture-
coupled feeding for X-band applications while simultaneously optimizing the antenna's geometry to achieve
superior port isolation and directional radiation characteristics. Through these efforts, this work aims to contribute
meaningfully to the progression of MIMO antenna technology, presenting a viable solution for emerging wireless
communication system requirements.

2. Antenna Design and Simulation

The proposed MIMO antenna is designed with a multi-layer structure to achieve optimal performance in the X-
band. The antenna consists of two FR4 substrates (relative permittivity & = 4.4, loss tangent tan & = 0.02) and
three conductive layers. The lower substrate houses the microstrip feed lines and a ground plane with four ports,
while the upper substrate supports the radiating patches. The ground plane between the two substrates features
rectangular slots that facilitate aperture-coupled feeding, enabling efficient energy transfer from the feed lines to
the radiating patches.

The radiating patches are designed as quarter circles, strategically placed to minimize mutual coupling and
enhance isolation between the MIMO elements. The feed lines are terminated with A/4 microstrip stubs to ensure
proper impedance matching, which is critical for maximizing power transfer and minimizing reflections. The
orthogonal arrangement of the slots and patches further improves isolation by reducing electromagnetic coupling
between adjacent elements.

To wvalidate the design, extensive simulations were conducted using ANSYS HFSS, a high-frequency
electromagnetic simulation tool. The simulations focused on key performance metrics, including:

e Impedance matching (S-parameters): The antenna demonstrates three clear operational bands
covering 7.12-7.54 GHz, 8.27-8.72 GHz, and 10.33-10.96 GHz, maintaining Si: parameters below -10
dB throughout these ranges, confirming effective power transfer efficiency.

e Isolation between ports: Through the orthogonal configuration of slots and patches, the design achieves
exceptional port-to-port isolation exceeding 20 dB, as verified by S21 and Ss1 parameter measurements
for both adjacent and co-linear port combinations.

e Radiation patterns: The antenna produces stable directional radiation patterns across all operational
bands, reaching a peak gain of 4 dB in the highest frequency band (10.33-10.96 GHz), with pattern
consistency that enables reliable beamforming applications.

Parametric optimization studies were conducted to refine key geometric parameters including slot dimensions
(length/width) and radiating patch size. The investigation demonstrated a strong correlation between slot length
and resonant frequency characteristics, providing valuable tuning capability for application-specific requirements.
Simulation results verify the antenna successfully achieves all design targets, delivering a reliable multi-band
MIMO solution for X-band communication systems with:

Frequency-agile performance through slot length adjustment

Consistent radiation characteristics across operational bands

Maintained isolation and impedance matching properties

Compact form factor preservation
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The design's tunability and stable performance metrics make it particularly suitable for adaptive X-band systems
requiring reconfigurable frequency operation

3. Antenna Fabrication and Experimental Results

The fabricated MIMO antenna prototype was experimentally characterized following its implementation using
standard PCB techniques. The manufacturing process involved precise etching of microstrip feed lines and
radiating patches on FR4 substrates, followed by careful layer alignment and bonding with 0.lmm positional
tolerance. SMA connectors were integrated with all four ports to enable comprehensive testing.

Experimental measurements using a vector network analyzer confirmed the antenna's triple-band operation,
showing good agreement with simulated results across the 7.1-7.6 GHz, 8.2-8.8 GHz, and 10.3-11.0 GHz
frequency ranges. The measured port isolation consistently exceeded 20dB throughout all operational bands. Far-
field measurements revealed peak gains of 0.9dB, 3.1dB, and 3.8dB at center frequencies of 7.4GHz, 8.5GHz,
and 10.7GHz, respectively.

The prototype demonstrates several advantages compared to existing designs, including its compact
26%x26%3.2mm?* form factor, simultaneous multi-band operation, and high port isolation. These characteristics,
combined with the design's cost-effectiveness and straightforward fabrication process, make it particularly
suitable for practical X-band MIMO system implementations. The close correlation between simulated and
measured results validates the design methodology and confirms the antenna's real-world performance
capabilities.

4. Conclusions
This paper presents the design, simulation, fabrication, and testing of a novel multi-layer MIMO antenna with
aperture-coupled feeding for X-band applications. The antenna's innovative geometry features quarter-circular
radiating patches and orthogonal slots, enabling high isolation between ports and stable directional radiation
patterns. Simulation and experimental results demonstrate triple-band operation at 7.12-7.54 GHz, 8.27-8.72 GHz,
and 10.33-10.96 GHz, with the latter two bands falling within the X-band range.
The key achievements of this work include:
e A compact and cost-effective design using FR4 substrates and standard PCB fabrication techniques,
ensuring affordability and scalability for mass production.
e High performance with excellent impedance matching, port isolation exceeding 20 dB, and directional
radiation characteristics suitable for MIMO applications in satellite communications, radar systems, and
IoT devices.
e Experimental validation demonstrating close agreement between simulated and measured results,
confirming the design's reliability.

Future work could investigate extended bandwidth capabilities, adaptation for higher frequency ranges, or
incorporation of reconfigurable technologies to enable dynamic frequency adjustment. The developed antenna
constitutes an important advancement in MIMO antenna technology, providing a viable approach to address
contemporary wireless communication requirements.

5. Acknowledgement

The authors acknowledge the Antenna and Microwave Research Center at Islamic Azad University, Urmia branch,
for their support of this research. We are grateful to our colleagues for their valuable insights and technical
expertise that contributed significantly to this work.

References

[1T A. Ahmad, D.-y. Choi, and S. Ullah, “A compact two elements MIMO antenna for 5G communication,”
Scientific Reports, vol. 12, p.3608, 2022, doi: 10.1038/s41598-022-07579-5.

[2] T. Aribi, T. Sedghi, and R. Khaje-Mohammadlou, “Multi-Band Compact MIMO Antenna for New Generations
of Mobile Applications & IoT,” J. South. Comm. Eng., vol. 12, no. 45, pp. 19-29, 2022, doi:
10.30495/jce.2022.690858.

[3] D. Sharma, B. K. Kanaujia, and S. Kumar, "Compact multi-standard planar MIMO antenna for
[IoT/WLAN/Sub-6 GHz/X-band applications," Wireless Networks, vol. 27, pp. 2671-2689, 2021, doi:
10.1007/s11276-021-02612-3.

[4] S. Rezaee and Y. Zehforoosh, "Design of a Planar Multiband Antenna Using Metamaterials," J. South. Comm.
Eng., vol. 11, no. 43, pp. 15-26, 2022, doi: 10.30495/jce.2022.689028.


https://www.nature.com/articles/s41598-022-07579-5
https://sanad.iau.ir/en/Journal/jce/Article/869955
https://link.springer.com/article/10.1007/s11276-021-02612-3
https://sanad.iau.ir/en/Journal/jce/Article/869925

30 Journal of Southern Communication Engineering, Vol. 14/ No.56/ 2025

[5] M. Lanza et al., "Memristive technologies for data storage, computation, encryption, and radio-frequency
communication," Science, vol. 376, no. 6597, 2022, doi: 10.1126/science.abj997.

[6] D. Serghiou, M. Khalily, V. Singh, A. Araghi, and R. Tafazolli, "Sub-6 GHz Dual-Band 8 x 8 MIMO Antenna
for 5G Smartphones," in IEEE Antennas and Wireless Propagation Letters, vol. 19, n0. 9, pp. 1546-1550, Sept.
2020, doi: 10.1109/LAWP.2020.3008962.

[7]1Y. Zehforoosh and M. Zavvari, "A novel MIMO antenna with an improved isolation for UWB and multiband
applications," Analog Integrated Circuits and Signal Processing, vol. 107, pp. 171-179, 2021, doi:
10.1007/s10470-020-01772-0.

Declaration of Competing Interest: Authors do not have conflict of interest. The content of the paper is approved
by the authors.

Author Contributions:

Faranak Zarghamian developed the theory and performed the computations and the analytical methods. Mahdi
Zavvari provided critical feedback and helped shape the research, analysis and contributed to the final version of
the manuscript.

Open Access: Journal of Southern Communication Engineering is an open access journal. All papers are
immediately available to read and reuse upon publication.


https://www.science.org/doi/10.1126/science.abj9979
https://ieeexplore.ieee.org/document/9140338
https://link.springer.com/article/10.1007/s10470-020-01772-0

E-ISSN: 2980-9231 Qe Olple (gwdige
https://sanad.iau.ir/journal/jce g dlg (ol 3T 0Bl

https://doi.org/10.30495/jce.2025.1993480.1335

YT

N/ (639,59 Mo Uygod (glazu yd g b il Sl g ol SO Calw g Sb
X 0l g3 )5 (2 ¥ i LSl g (295

*&aloj e M plaold i S8

] oMol B3] oSl cdpon)) S ly 5y pige 05,5

hb Y iz JLElo b (25 izl 609,9 wiz il S Alia oy ol o)

0¥ o 5 FRA e o3, Y 5 90 5 ol ol sl oy sl 4 | EhamisS@gmail.com

Ao g ywly ol bolas ol a0 pj jo .Culosds LS5 gola | 1] olRiils gyl 15l cgrs,S0lo 5 5l Sl 59 ,0"

bz lisle pl 0 00,00 0529 a5 Jlaz> slocs e 4 Jate yus; Ol edog)l ¢ oMl

. . ) L mahdi.zavvari@iau.ac.ir

@335 bl glowil )3 9 48,5 Jagou ais3g)9 511 Ol oo yunly Sole

Olgs cpl e omilaal Bodai gz VA (g s ,Sole bglas 0,5 adlal b

ez b e dmio Y 5 (Somis] 50 058 0 gl (adnds &0 - | s tins
55 15 aalaia WA Dok oS 16 L ly ea9)Sale 5 oyl Slaios 3 5o )Ll «s)lgj sige”

2T dele gt gh YL aehs g5 (lelais L, ol sl codsl 31 oS.2515 capog]

Ty SHgeds g AW ;;\il..\.a: L«b)L:..i) Q.ﬂ d,v).b )’| (s Q\}J ] mahdi.zavvari@iau.ac.ir

o).lb &) Ji..u EY [ & u-" ey o0 @YL; LS"“"‘"'“"" le.m@ O 6‘4’”)‘)

aw sl oolorinn il asyle 1,8 SB Y 5 oYL Y 5500

F S AVY —AIYY (5,085 5 VIOF-YIVY o 5,5 owilS 3 il
PTG PV T IR ESCH B BOW-S SN LU RYL VA YA o

5 035 yiorkes Vo sYF (i3 4y ]SS 5 55 eS| Jsb g 00s kel Eyo9e
_ - : o yslgySole g 53l (A
<;'“‘-’-“~’:' 69SJ‘ 6‘)"’ o~ 5 C)'.‘.‘ O (50 7-“"-’-1-'-‘Q e YIY L Q‘ Cwls JS

V¥ gl B redl g ,b
VY Y 805k &6
VoY dlpe Vi iy g U

Ol 095 5l cwdlS )8 pagas wily jo ¥ ogas ;o 0 g0 dien u—‘-’] e X
D,00 (6,55 55 lade o3lailen sla Bl ple b dwslie ;o 45 sas o

7o Nz 65,9 Wiz sl gy X il v yls,Sile (il Helg als

@i ol

o551 ez 5l soleiiin MIMO o5l o ohb ol 10 .0 (5 yme slaom 10 gy 403d5 Lbs, b i MIMO x] S, @
el 00 (LSCAS @ ST )0 (o ple Sole

5 5,mES AYY = AVY 5,018.5 VIY = VIOF il )5 clonly lgs o 355 o 52 4 oolgiion MIMO 51 @
AR o g |y 35,05 VYT -V /A8

el g8 B 6 s Sllugs 5 0590 Caia MIMO (56T 6 0 ¢ iS58 il ds j 0 @

COPYRIGHTS

©2025 by the authors. Published by the Islamic Azad University Bushehr Branch. This article is an @ @
open-access article distributed under the terms and conditions of the Creative Commons Attribution

4.0 International (CC BY 4.0) https://creativecommons.org/licenses/by/4.0



https://doi.org/10.30495/jce.2025.1993480.1335
https://doi.org/10.30495/jce.2025.1993480.1335
https://orcid.org/0000-0003-2774-4694
https://orcid.org/0000-0001-8581-000X
mailto:f_zarghami88@gmail.com
mailto:mahdi.zavvari@iau.ac.ir
mailto:mahdi.zavvari@iau.ac.ir
https://creativecommons.org/licenses/by/4.0

YY YY-F) NVFF bl /il g obxsy o,leds ool Jlo fogir &b oot dlxe

doddio—)

2 o3 bl aske esliial 5SS sl o8 15y Jed 5l el Ty S 4 (e Szl Wiz el
T 9> M99y vz ol Sy (b minle [V laies o JSas 1) g Dl | et Ceond gy iz
Glp boleale i1 50 X wily (owdlS 3 oagame [F-¥low, o a5 0 aie jLoww Xoband sl lgale uilS 3 0l (sl
3 gsel s 5l o «l e Lad S aslie 51 esliiul ¢ ol SBLEIST gz oo )5 5 s e allas slao 1S
(St b dsnglie )0 29,5 25999 Wiz (laptans O] 001atdl (5708 0z 5 B ssboas 55k 5 Lo 90
Sl S35 0813 1, W lialol Sobld 5 Gheb SIS b s b5 S0 5l55 o o5 Sil539,5 5 Jons
olsreas ol w5l i Gl G 2z labame 5 oy b)) Sk Sl g oz 2zl 509,5 iz
5 iS58 alisee gl jlastiwl o LesT 51 oolatusl o ol Slilitel & am g5 b [P]asS o soliiul sosiv 3 5 05 1,5
i Oliobol o 0 005 5 g oaiin 3 G (SRl joans iz 3929 09d o0 drogi o)lgen g WLAN LTE  J3
Sl s (s 52 4 e (nl 5 (S0 350 el D90 10 &5 Djgo (pl e oo IPl (6 Seiin 92w a )
(5T 9 Nz (599 9 s [VIALS o 00l 8 00,5 5 0atin 3 (ln |y (28], BLS ) 6518 Sl Koo (Gl ple
5 31 L ;o MIMO (sl il cenl 1315 asly olfiy] S sl JUIS S b 35000 55 wte J> of, <3 (MIMO)
Okl (S gy S g oolittl JUIS byl ogme sl aul] (o S g (onitondtd ()2 o Giaad ale yielily wi
Ly kb b T 4y S ity e b ) glite iakad b T e Jlie sl ¢ ams aalial |, JUIST Cud b wilss e
S o 2 S (8 i Ced s ¢S Gt s 0] )0 45 el s 4y i el ez el o555
b 33 SxeS ojlail oS slal ool )T & jpods Yaons JLsle « MIMO 5l b s [Y] s o a0l)) oaudad
s (Slools JI5 a5 050l b slaul,T el dol Logis 48,5 (a5 1o ool cwai b 5] o 43S ki gl Wb
05 bi bal)l o S sS (Shaan o pd 5 03l 05 (Sas 0> b oyl 51 polie ( blite g3

€lls ol g bl po ) Cod wilgi oo 4 8510 925 e slogsl wiss glp goante s slasg, Bk ;)
& oled by, )0 ewled yf 5 (ouled gl oo (GanaLus sdes 05,5 93 ;0 (S sbay 4355 la s, gl Sl
Gk 3l o8l g @ 4 gee ) ols Jl eled 5 Gy, 5o (Jy 905 o0 e Saizype e 4 Levditens (]
L Lele g9, p alBlas O g0 Wil oo rianid Gledl i pplas 00,5 o B 00l gug i gmbline slalos
259045 B 5 sk il g eslazmys msr ohay 0 LA agdige e 5 T i 5 (g 5 8 15 ]
SO i gy 4 a5 kS B)b 5l el 48513 (Sliow Y 5 50 o lg,Sole et g 0o T ee Y
Gl 5o ogdiee plmil 318 L8 e 59, a5 SIS e Gk 3l @aF She) crl 00 00 S e W YL Y 5 s,
25 @AY o Geizmen o)l )13 (SLoS Y 5 inpj Y 50 4A5 b g 4B S 8 aa g9, 4Y nj g0 )L
181058 oo )18 50 cnl o (e dmiio 5 4385 )15 g Y

SLSes 5 el aboz o] 5l A wiloas 51T (goomie cYlie 5 4185 aloxil 035> ol yo Slsld lidllae 3l bl o
ol o Ve lwss 5wl ais e eolinal G SUl 6o 4gilias, dil> STl A5 g, dinl (689, i oyl SO YN0 Lo
L b Sl ol eolatul MIMO 51 LS e JoSo 895 G0 md o oaisS miais 5l ok
Wb slge DAR 5 glaby SIS slauiliy; w5 b canl a3, )15 4 DRA 5 jloaly SIS S0 p28 oo yilySole
0, Sles et 2 po yiowdio YV x O+ olul 4 glazu )0 s a0 (I MIMO 5T .l sonliamdds capwy (ol
9 oy OgemYgil « LABIVY b pl s p5d Soygr 5 LAYIVO b il oSG jge il sl 1 ) & g0y 51 ol
Lol 00y Jolo (cadlS B 8l )3 il (rianis 6ol g o Y 5l i

amio 5l ohpoly il (6,05 54 b 5T ol wles S @] slazm ) sy ardes b oul G YNY s o an 5 oS
ol g el ouds LS5 ol s 50 ey Y S g Y 5 99 5l (b cal el gty sgu 1y 0T 0 Shas <o
Om 59 IOk ey Y o Jlesl bl a8 5 JI3V0 Y 5 8 (ntadS g b 4 pj 0 wdw b sl

Freowd 01 Y w0olis fpany Cdl as G (5T 0540 45 (5 yabods .osiiden Sgupe 1) 51 0, Shae awg Hobds ailatuiles go ol



Sl e bl po SR b g yisly ol gy o5 S cole g (b Al

e o] 5 o sl 3 08 g 5 (5 b Sl & s G5 i 5550 i ol 3 ST il
Iyl 03,5 oy

&S Oygo onl a4 el sud eolaiwl 5T sl el )b 050 Sg DRA Ll SIY N o e 5 axle Ko >,k jo
bSOl JUSl adilg (e axbo 9y 2 4 5 (SBsE AY 0 SIS Sy g 4Y ) Sliew Y jo wds b S
DIY]a5)ls sage 4 DRA & 1) o yils oo Las |

Sgon O 4 g5 a5 090 Sk aY wim LSl b (2,5 wizl63g)s Wiz (T Sy S el Gl s lis ] o
L o5l ol amo ibg 1) 55,8808 A-VY il )8 s0g0e 40 Xoband owilS 8wl 5l iewd g 009 (slazy )0 @gy
285 walys 8 e 050 (il slRaglel o g cle gl e b 59y 2 Sl 35S 5] eslid

@l 5 @oleuidun T 215k ¥

s Sole bghas ol Y e el ond LS45 gl Y dw s FRA &Y 15 90 5l o5l ol soleiig 5k 5o
Jozs sog,9 511y olgy s ,Sole bghas Lale (pl jo .ai)ls 0g2g ailE [l sl e 4 Jain fpw) dio g
Sl O jg0ds Glg ol e cmilannl Gadat S M (o il ol bghas o S adlol b aydss bl slsl jo g aid)F
S8 delaie & ygods g M4 gl YL Ln.:_aoJSwsL.b:..u)L..m Sz b aej amio @Y 5 (sgmy] 5o 050 oo ablu
iy oo 2L il Gl g 4 Slasm )0 gy Djgeds g odd Colas b Ll ol 5 )b 5l ield Gl ol a8 )8
30 6, edlS 3 Wil aw glls golpiiny Q.';JT Ayl hE SBed Y 5 YL Y 0 g edgople ay ISKE 4 e g oyl
039 ko Caia IS a4 Y iz il cpl s 5,08 VY-V PV 5 5,088 AAF-A Y 5 L,al8S VIV-Y YO
(9550 U s o0yl TIY @ o cslind IS 5 0052 jackoa Vo 9 V8 i 4 0] S5 5 S5 3L sbo
S5 il e Xl )8 03l 5o s g sles )5 6l canlin g 009 Joud BB oype g orinis 551 sl ls ]
Farko V7 Cwls LFRA Y 555 G (59 » yandn V0 gl a5 (g9 lo g SO 1Y USSS Gillae (o1 ol 5o asiloll
50 S oY Olals SOl g FIF s 20,05 oo b Y 5 cplcwl sl L Sis Lol ouisS piaid Glgiea
B Y j0 ey Ao g b A o adss b Leld a4 o jls vgmg Dlatie Gl b o aY i s nl )
sbliveg mSUl Zlaol Colan Cyz (b cpl 100,85 o )18 4dss s g dald g e (e AtRo ol Pl e
qalosls J1 8 adss s ) Sges O jgods Il g ) Cow)d g e dio [0 S et GBI SO sdeiid g 4
ot diad oo JuSis BTl 0 1) slazn )0 g AR o) Ao 10 dg3ge BISLE ¢ 4 bt acgeze (plpl
dw Loz 5l tendis V8 Culus 4 FRA @Y 5 5l oolawl Lo a0 T cpl jo ool oo

15

>
S
N
A
)~

<o i
SN 3.2

v

‘-

10
alodl G u.,.j YL 5l g gaman los ) ISo

Figure 1. 3D and top view of proposed sigle element antenna
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1. Introduction

Cardiovascular disease remains one of the most significant and concerning fatal conditions worldwide. Published
statistics indicate that 32% of global deaths in 2019 were attributed to cardiovascular diseases [1]. The rising
prevalence of cardiovascular disorders, their complications, and the associated healthcare costs have spurred
extensive research into early detection and diagnostic methods. While various diagnostic approaches have been
proposed, most are either prohibitively expensive or invasive in nature. Invasive procedures not only cause patient
discomfort but may also pose life-threatening risks.

Among non-invasive, cost-effective diagnostic methods, cardiac auscultation using a stethoscope stands out for
early heart disease detection. However, this method's accuracy heavily depends on the clinician's expertise [2].
Consequently, the stethoscope remains the most frequently used medical device, while phonocardiography (PCG)
- the graphical recording of heart sounds - has emerged as an effective diagnostic tool for cardiovascular
conditions. Healthy heart sounds typically consist of two distinct components (S1 and S2), whereas abnormal
sounds result from turbulent blood flow through cardiac valves, caused by conditions such as valvular
regurgitation, ventricular septal defects, or stenotic valves. While most abnormal sounds suggest cardiac
pathology, some may not indicate specific diseases. These sounds can be categorized based on their spatial
characteristics.

Despite its utility, PCG has limitations in detecting certain mechanical cardiac dysfunctions, including vascular
anomalies or septal defects, and cannot identify coronary artery occlusions. While electrocardiography (ECG)
serves as the gold standard for diagnosing mechanical heart failure, it remains relatively costly [2,3] and requires
trained specialists for image acquisition, expert interpretation, and precise analysis. A highly accurate, affordable
automated system could provide a reliable alternative for clinicians in resource-limited settings, potentially
reducing the need for expensive and invasive diagnostic procedures.

2. Innovation and contributions
This research presents a novel approach for early detection of abnormal heart sounds using Phonocardiogram
(PCQG) signals. The key innovations include:

e Cochleogram Transformation: The use of cochleogram transformation to generate two-dimensional
representations of heart sound signals, providing a new analytical approach.

e Deep Feature Extraction: A combination of deep learning and variational autoencoder network to extract
four discriminative features from each signal, enhancing detection accuracy.

e Advanced Classification: Implementation of support vector machines and k-nearest neighbor algorithms
with k-fold validation, achieving exceptional performance (accuracy: 99.55%, sensitivity: 98.75%,
specificity: 99.70%).

e Comprehensive Validation: Evaluation using the standard Physionet database containing 3,482 heart
sounds, demonstrating reliability and effectiveness.

e Clinical Application: A low-cost, non-invasive system suitable for rural healthcare settings, enabling
general practitioners to diagnose cardiac abnormalities without specialist expertise.

These advances establish new standards in heart sound analysis, outperforming existing methods and improving
cardiac healthcare outcomes.

3. Materials and Methods

Figure I illustrates the complete workflow of the proposed algorithm. The method involves several key steps:
initial preprocessing followed by application of the cochleogram transform to each signal window using a
gammatone filter bank. The resulting vector from the cochleogram transform is then fed into the network, where
its hidden space representation serves as effective features. These extracted features are subsequently input to the
classification function for final class determination. Further details of the proposed methodology are elaborated
in the following sections.

Pre-processing
C (Band-pass el Cochleagram — VAE-based ey Classification
Transformation Feature Extraction

filtermg)

Signal
Acquisition
Figure 1. Steps of the Proposed Method

This study utilizes the PhysioNet-2016 database for validating the proposed heart sound recognition algorithm
[4,5]. The database comprises 2,435 recordings of both normal and abnormal heart sounds. While collected using
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various recording devices, all signals were uniformly resampled at 2 kHz following bandwidth limitation through
an anti-aliasing filter based on Nyquist-Shannon sampling theory.
The abnormal recordings primarily represent cases of valvular disorders and coronary artery occlusions, though
detailed clinical annotations are limited. From these recordings, we extracted 3,482 heart sound cycles, consisting
of:

e 1,754 normal cycles

e 1,728 abnormal cycles

The dataset was partitioned with 80% allocated for classifier training (organized into 128 clusters) and 20%
reserved for testing. During training, 30% of the training data served as validation, with this subset being randomly
selected and refreshed each epoch to ensure robust model evaluation.

4. Results and Discussion

The results demonstrate the superior performance of the proposed variational autoencoder method for
dimensionality reduction when compared to other advanced feature selection techniques including Genetic
Algorithm (GA), Evolutionary Algorithm (EA), and Non-Dominated Sorting Multi-Objective Symbiotic
Organism Search (NSMOSOS). The key findings reveal:

e Enhanced Accuracy: The proposed variational autoencoder achieves consistently higher accuracy with
both KNN and SVM classifiers, surpassing the performance of classical autoencoder and other feature
selection methods.

e Improved Robustness: Combined with SVM classification, the method demonstrates significant
performance gains, exceeding 99% across all key metrics (specificity, sensitivity, and accuracy).

e Effective KNN Performance: While SVM delivers superior overall results, the variational autoencoder
still substantially enhances KNN classification compared to baseline and alternative approaches.

These results collectively validate the effectiveness and robustness of the proposed method for both
dimensionality reduction and classification tasks, establishing its advantage over existing techniques.

5. Conclusion

This paper presents a novel approach for heart sound classification using a variational autoencoder network to
extract features from cochleogram-transformed signals. Our methodology employs a balanced dataset containing
3,482 normal and abnormal PCG cycles for training and evaluation. The system processes signals through a
gammatone filter bank that generates 64-dimensional vectors per frame, accurately modeling human auditory
frequency response. This proven technique provides precise cochleogram feature extraction for cardiac sound
analysis.

The core innovation involves our designed variational autoencoder network, which effectively reduces
dimensionality by extracting 10 discriminative features from its hidden layer representation. Experimental results
demonstrate exceptional classification performance, achieving 99.55% accuracy, 98.75% sensitivity, and 99.70%
specificity when paired with an SVM classifier.

This system offers significant clinical potential as both a diagnostic aid for physicians and a foundation for
portable heart disease detection systems. The model's computational efficiency enables deployment on standard
personal computers, suggesting practical implementation in clinical settings through relatively simple hardware
requirements. These capabilities position our approach as a valuable tool for non-invasive cardiac abnormality
detection.
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Figure 4. Self-encrypting network for feature extraction
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Table 1. Investigating the performance of the variable self-encryptor network in reducing input dimensions and comparing it with the classic
self-encryptor network and other modern methods.

Ref. Feature Reduction Categc?ry Precision  Sensitivity Bein‘g
Function Special

) All features KNN 84.22 84.38 82.19

SVM 84.56 84.62 83.72

. . KNN 89.90 90.27 90.19

(26] Genetic algorithm SVM 91.22 9337 92.65

. . KNN 96.49 98.38 97.56

[27] Evolutionary algorithm SVM 9788 98.62 98.02

. . . KNN 97.19 98.25 97.41

[28] Searching for symbiotic organisms SVM 98.22 98 81 98.15

. . KNN 98.87 98.29 98.23

Proposed method Classic self-encryption SVM 99.02 98.37 9914

. . KNN 99.43 98.62 99.21

Proposed method Variable self-encryption SVM 55 98.75 99.70
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Table 2. Investigating the performance of the variable self-encryptor network in reducing input dimensions and comparing it with the classic
self-encryptor network in noisy conditions and with a signal-to-noise ratio of 3dB.

Ref. Feature Reduction Categt)ry Precision  Sensitivity Beln‘g
Function Special

_____ All features KNN 62.88 62.76 62.33

SVM 63.78 64.55 63.87
. . KNN 73.88 75.12 method

Proposed method Classic self-encryption SVM 78.35 78.99 7912
. . KNN 82.86 81.33 82.97

Proposed method Variable self-encryption SVM 85.91 82.32 83.42
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Table 3. Comparing the performance of the proposed method with the latest available methods.

Ref. Work method Precision  Sensitivity Bem‘g
Special
[12] Feature extraction using MFCC and MFSC, and using deep networks 97.10 99.26 94.86
[14] Feature extraction using MFCC and a convolutional network 84.15 80.63 87.66
[18] Feature extraction from the time domain and a deep neural network 85.65 86.73 84.75
[20] Using Wavelet Transform and Convolutional Neural Network 98 98 98
Feature extraction using MFCC and short-time Fourier transform, using
[31] convolutional neural networks and LSTM neural networks o131 93.80 92.60
132] Combining time, frequengy, and time-frequency domain features and 945 982 92.60
employing deep neural networks
[3] Cochleogram transformation and application of deep neural networks 98.33 98.20 98.45
P;z‘:ﬁzzd Cochleogram transformation and application of deep neural networks 99.85 99.95 99.42
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1. Introduction

The introduction discusses the importance of neighbor discovery in underwater loT networks and the risks posed
if malicious nodes infiltrate the process. It proposes using physical layer authentication with trusted and sink nodes
to ensure data security. This method leverages the unique characteristics of underwater acoustic channels for
authentication. The approach is validated through simulations and marine experiments.

The paper also addresses privacy challenges in [oT networks, emphasizing the need for robust solutions. The
article is structured as follows: Section 2 covers network modeling, Section 3 reviews the simulation steps, and
Section 4 presents the results, with a concluding discussion in the final section.

2. Innovation and Contributions
This paper addresses key challenges in underwater IoT networks through a novel physical layer authentication
method. Key innovations include:

* Distributed authentication using trusted nodes and sink nodes to enhance security.

* Channel-based verification leveraging spatial and temporal characteristics of underwater acoustic channels

for reliable message authentication.

» Comprehensive simulation of the method in an underwater IoT voice communication network to assess

wormhole attack impacts.

» Experimental validation through extensive numerical simulations and real-world marine tests.

* Robust privacy solutions for protecting location, device, and data privacy in distributed IoT environments.
These advancements strengthen data confidentiality, integrity, and availability in underwater IoT networks,
enabling secure communication in challenging underwater conditions.

3. Materials and Methods
NS-2 is utilized for software simulation, capitalizing on its comprehensive library of network protocols. The
simulation comprises four key stages:

1. Secure neighbor discovery under wormhole attack conditions

2. Initial path discovery to enhance packet delivery reliability

3. Attack detection during data distribution

4. Identification of alternative safe paths to detect malicious nodes
The neighbor discovery process involves broadcasting digitally signed request messages containing unique node
identifiers.

4. Results and Discussion
The simulation results were obtained by averaging 40 runs for each output. Key findings include:
* Packet Delivery Rate: The proposed method maintains a high success ratio (above 93%) for networks of
up to 400 nodes, outperforming the baseline method in both success rate and mobility energy cost.
* Network Throughput: Consistently higher throughput is achieved across all simulations, demonstrating
superior performance to baseline methods even with increased hop counts.
* End-to-End Delay: While average delay generally decreases with additional nodes, a slight increase is
observed at very high node densities. Overall, delays remain lower than in previous studies.
* Energy Consumption: The method exhibits improved energy efficiency, particularly in high-density
networks, attributable to optimized path selection for data transmission.
These results demonstrate the effectiveness of the proposed approach in delivering reliable, efficient, and secure
performance for underwater loT networks.

5. Conclusion
This paper presents a simulation study of neighbor and path discovery mechanisms in underwater acoustic
communication networks, specifically designed for IoT applications with constrained processing and
communication capabilities. The investigation examines beacon signal transmission and neighbor table formation
using two distinct communication models while evaluating the performance degradation caused by malicious
nodes.
Key findings indicate that the presence of malicious nodes has a significant impact on network operations.
Comparative analysis with prior studies reveals superior performance across multiple metrics:
Throughput efficiency

e Reduced end-to-end delay

e Enhanced packet delivery rate (achieving 94%)

e  Optimized energy consumption
The proposed method shows consistent improvement over existing approaches in all measured performance
indicators, establishing its effectiveness for resource-constrained underwater IoT deployments.
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Figure 3. The effect of node movement on neighbor discovery process
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Table 1. Simulation parameters

Parameter Parameter Value
Network Dimensions 2000*2000
Number of nodes 40,50,70,100
Interface Queue Capacity 50 Packet
Interface Queue Type DropTail
The initial energy of each node 50 Jol
Simulation Time 1500
Standard Type MAC 802.11

Sl da >9,5 7zl 3l 5o 5 dle « glwans laoyzlyl Jgax jo Dl (8] L8 Slallas 5l 04,5 Sl
Sed e glAl isag 9 Gl 5l mis eSS Sl igiluand loj g (iluwaned sLad 5 0,5 slaas Jalds (53555
Joo Jlosml aS" wiS Ol 1) gam Jlo )l 0,8 Sl ol s 0 ,63] ‘wlw)owu\m&idliwaflqd—l}l
50&5;@,@4&&6[.&:@Mﬁuw‘wb&ﬂf}bw)ésﬂé@w‘ﬁ‘&wmM‘)w
&)imoo;ﬂdsscmQJ‘OQNGILHJBM&o;PMbdw‘ﬁl‘)ow‘saww&bbu)wda
.QQ@MQ—I@o}@fmmu&.‘ﬁ@Ju)ll)M

A S5 lasl Sink node .04 oo s0ls plaisl 0,5 o 4 Siw 0,5 lawy Jlasl (el SO ol ¢ b yome ai1)8 50
S SR sleo S g hello glaan, cdl o jasmeds avs plaisl o8 10 4l WSonl b wiS o isu 1) hello
Oy olass F1.06d o o)y il slao )5 o olows lail caiS o b, alucan 0,5 51 glazs 0 5 S a5 Ko
Jlasl jazlis canlid 5wl oo ial38l oty S Oi Jlasl jazls il Oi Oy ol 5l gglue b eS alicon (sloo S
G Jloylo )3 b g oyls Sew 0,5 4 Jlo )l (6l dins G0 )3 50 55T .08 o0 Lass 1) dilucan (sloo )55 5y Slaws g
5] wlaod Concd a5 545 O lucss oy Jlasl jasls o 5L bl o |y aslaces cand o F Q] dazsl oS Sl |
Slows sJLa.J‘ ua.?-Lm u.»)ﬁlb wL\»‘JJoM g_;l.?b..)‘ GO JL.»)‘ o; ‘05_5| J..\S‘sa u.:).o S| OMT wéd.:&.é:\l?-).o)b



o3l 3ol g ol e 55 Al . pgliie & S3la ply 3 polie bl | Jas S ) 4

3l a5 WS oo Lol gam (LUl 05 4 ) (SnlsS )0 i 0,5 s el iy 0dile BL 555 5 2SS hn
st o8 S (oo Jlo )l (28L,0 il an L) 055 a9 953 00 00 sy Sl 5 ol (g5 walie g 0T CuaBse
el S A it 055 e it ol S5 b 0,T 50 456 ot 30 (i gy il 5 b b e oloj &

Ded o Jlo)lo)lgs s S 2l yo Ol )F an b ogd sadie gloj S

el Y oo
Table 2. Validation

Rate of validation Energy consumption distance

A lot low low

A lot A lot low
low low A lot
low A lot A lot
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Figure 5. Comparison of the graph of network throughput relative to the number of nodes and the number of nodes with previous studies[6]
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node with previous studies[6]
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Table 3. Comparing the network packet delivery rate to the number of nodes in the current study and previous studies

Porotocol Ref year Packe:atizlivery corizf:l‘;g)i]ion End_toﬁ:?vgo(:ig))’ of the
of each node
VBF [27] 2006 66 14 10/5
HHVBF [26] 2007 90 20
FVBF [25] 2018 72 7/5 6/4
EAVARP [28] 2018 92 6 2/3
RDBF [29] 2013 80 15 6
GEDAR [30] 2016 82 15 5
SEECR [31] 2020 33 23
GRMC-SM [32] 2018 90 14 5/3
DMR [33] 2019 35 7
SUGGESTED METHOD - - 94 8 32
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Abstract
This paper presents a novel dual-band, dual-polarized base
station antenna design for mobile communication systems
operating across GSM/DCS/PCS/UMTS and LTE frequency
bands. The antenna achieves wide input impedance matching
bandwidth through an innovative trident-shaped feeding
technique. The design consists of two printed dipoles positioned
perpendicular to each other and fed by stepped-microstrip lines.
A low-profile cavity-backed structure serves as a metal reflector
beneath the antenna, effectively converting the dipoles'
bidirectional radiation patterns into unidirectional patterns
while simultaneously increasing antenna gain. The proposed
antenna demonstrates effective operation at 900, 1800, 1900,
and 2300 MHz frequency bands, making it suitable for base
station applications. Measurement results show peak gains of
11.47 dBi at port-1 and 10.40 dBi at port-2. The antenna element
itself measures 168x168mm? and is mounted on a 222x222mm?
cavity-backed structure with a depth of 42 mm. These features
combine to create a compact yet high-performance solution for
modern multi-standard cellular systems, with the dual-polarized
and broadband

advantageous

configuration characteristics ~ proving

particularly for current communication

infrastructure requirements.

Keywords: Base Station Antenna, Dual-Polarization, Printed Antenna, Trident-Shaped Feeding.

Highlights
Simple antenna structure compared to previous designs.
New dual-band antenna design with dual polarization for simultaneous operation in 900GSM and LTE

frequency bands.

Good and high gain compared to previous designs.
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1. Introduction

Signal fading in mobile communications remains a critical challenge for antenna designers, primarily caused by
wave scattering from surrounding objects like buildings, vehicles, and trees. This phenomenon necessitates the
use of multiple antennas to enhance channel capacity and mitigate fading effects. However, implementing multiple
antennas introduces mutual coupling issues, traditionally addressed through space diversity solutions that require
larger physical dimensions. Recent advancements in wireless communication systems demand more compact
designs with reduced installation space, lower costs, and support for multiple frequency bands, driving the need
for dual-polarized, dual-band antennas.

Designing antennas with both dual-polarization and dual-band capabilities presents significant challenges.
Conventional single-band dual-polarized antennas typically employ two orthogonal dipoles to achieve vertical
and horizontal linear polarizations [1], but these cannot meet the comprehensive requirements of modern
communication systems. Recent developments have focused on dual-band dual-polarized antennas for base station
applications [2]-[3]. For instance, Deillon et al. [2] presented a design covering GSM, DCS, and UMTS bands
using four microstrip-fed slots with corresponding cavities, achieving bandwidths of 5.6% (0.941-0.995 GHz) and
34.9% (1.710-2.434 GHz) for port-1, and 6.2% (0.932-0.992 GHz) and 19.8% (1.702-2.077 GHz) for port-2.
Similarly, Ro and Huan [3] implemented a dual-band dual-polarized WLAN antenna using stacked microstrip
structures. Additional innovations include novel designs for dual-polarized BTS antennas [4]-[7], small-cell BTS
solutions [8], next-generation mobile systems [9]-[10], and microcell base stations [11].

This paper introduces a new base station antenna design featuring two printed orthogonal microstrip dipoles and
a low-profile cavity-backed structure. The innovative trident-shaped microstrip feeding technique [12]-[13]
enables measured impedance bandwidths of 30.17% (0.729-0.988 GHz) and 60.95% (1.289-2.419 GHz) for port-
1, and 26.30% (0.743-0.968 GHz) and 32.11% (1.746-2.414 GHz) for port-2. Meeting contemporary BTS system
requirements for compact, low-profile multifunctional antennas [14], the proposed design occupies a minimal
volume of 222 x 222 x 42 mm? while delivering dual-band operation and dual-polarization capabilities.

2. Innovation and contributions
The key innovations of this work include:
e A simplified antenna structure offering improved manufacturability compared to previous complex
designs
e Anovel dual-band, dual-polarized configuration enabling simultaneous operation in both 900MHz GSM
and LTE frequency bands
e Enhanced gain performance surpassing existing antenna designs in this class

The proposed antenna maintains a compact size while improving key performance metrics.

3. Materials and Methods
The antenna structures were simulated using HFSS Microwave Studio software.

4. Results and Discussion

Figure I presents the simulated results of the proposed antenna obtained using ANSYS HFSS software. When
both ports are driven, they demonstrate identical impedance bandwidths, covering 852-986 MHz and 1760-2463
MHz frequency ranges. The simulated isolation between ports exceeds 19dB.

The triple microstrip feeding technique significantly enhances the antenna's impedance bandwidth through several
mechanisms. First, it increases the electrical length of the feeding structure, enabling multi-frequency resonance.
Second, it introduces additional resonant modes that collectively expand the operational bandwidth. Third, the
geometry incorporates both inductive and capacitive components that can be optimized for impedance matching
across multiple frequencies.

This feeding configuration also modifies the current distribution on the radiating patch, promoting more uniform
current flow over a broader frequency range. As shown in Figure II, the triple feed structure provides substantially
wider bandwidth compared to a single feed, particularly in higher frequencies. This design approach effectively
covers all essential BTS operating bands (800/900/1800/1900/2300 MHz) while maintaining excellent impedance
matching characteristics.

5. Conclusion
This paper presents a novel base station antenna design featuring orthogonal dipoles with triple-feed series and a
cavity reflector structure. The antenna achieves dual-polarization operation across two frequency bands while
covering multiple mobile communication bands. Key design features include:

1. Atriple-feed technique that significantly enhances impedance bandwidth

2. A cavity reflector structure that converts the radiation pattern to unidirectional

3. Stable radiation characteristics with less than 2dB gain variation at both ports
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The antenna is fabricated on a 168x168mm? Rogers RO4003 substrate, complemented by a 222x222x42mm?
cavity reflector. Simulation results demonstrate:

e Port isolation exceeding 19dB

e  Maximum gains of 11.40dBi (Port 1) and 10.47dBi (Port 2)

o Consistent performance across all operational bands

This compact design successfully addresses key requirements for modern base station antennas, including wide
bandwidth, high isolation, and stable radiation patterns.

6. Acknowledgement
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Figure 1. Suggested antenna configuration: (a) 3D view, (b) Top view, (c) Side view
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feeding shape
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Abstract

The software project scheduling problem (SPSP) is one of the
most important activities in software project development. One
of the main reasons for unsuccessful software project
completion is non-compliance with cost and schedule plans,
often due to inefficient scheduling methods. The key factor for
delivering software projects within planned cost and schedule is
employing accurate and correct scheduling. SPSP is the most
critical issue in project development and management, requiring
more attention than any other aspect. Software project
development should be fundamentally based on it. SPSP
encompasses resource planning, cost estimation, manpower
allocation, and cost control. Therefore, adopting an algorithm
for software project scheduling that optimizes project
completion time while considering cost and resource constraints
is essential. Simultaneously reducing both cost and time in
software project development is crucial for software production
companies. Achieving a balance between project time and cost
is necessary to minimize the asymmetry between these two
factors. In SPSP, the most important element is the Resource
Constrained Project Scheduling Problem (RCPSP). RCPSP
involves assigning multiple tasks to limited-capacity resources
under time constraints to optimize task scheduling with minimal
time while satisfying and optimizing resource limitations. This
article reviews SPSP using classical models and artificial

intelligence algorithms.

Keywords: Software project scheduling problem, Project scheduling problem with limited resources,
Heuristic algorithms.
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A comprehensive and structured classification of software project scheduling methods.
A detailed comparative analysis of algorithm performance across various scenarios.
Identification of research gaps and future directions.
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1. Introduction
The Software Project Scheduling Problem (SPSP) represents a fundamental challenge in software project
management. Research indicates that inefficient scheduling constitutes one of the primary causes of software
project failure [1]. Consequently, implementing effective models and algorithms for task and resource scheduling
proves critical for project success.
Software project scheduling encompasses planning, organization, team supervision, and executive leadership
activities, aiming to deliver specified outcomes within agreed costs and timelines through optimal resource
utilization [2]. While initial estimates may appear optimistic for technically advanced projects with comprehensive
planning, scheduling essentially decomposes the project into discrete activities with time estimates. Given that
many activities execute concurrently, schedulers must coordinate these parallel tasks to optimize manpower and
resource allocation [3].
Proper scheduling serves as a cornerstone for successful software project management. Current scheduling
methodologies include:

* Critical Path Method (CPM)

* Program Evaluation and Review Technique (PERT)

* Graphical Evaluation and Review Technique (GERT) [3]
However, these traditional methods face limitations in activity duration estimation, leading to challenges in
modeling real-world projects. Artificial intelligence approaches offer promising solutions to address these
inherent limitations.

2. Objective
The main objective of this review paper is to present a comprehensive classification and comparative analysis of
the methods and algorithms used to address SPSP. The focus is on classical models, metaheuristic algorithms, and
machine learning techniques. We have organized the overall structure of the article as follows:

» In the second section, we will address the software project-scheduling problem

* In the third section, we will discuss different models of the software project-scheduling problem

* In the fourth section, we will discuss conclusions and future work.

3. Methodology

First, classical models such as CPM, PERT, GERT, and PDM are reviewed [4]. Then, a wide range of
metaheuristic algorithms, including Genetic Algorithm [5], Ant Colony Optimization [6], Particle Swarm
Optimization [7], Firefly Algorithm [8], and hybrid approaches [9] are analyzed. Additionally, the role of machine
learning, particularly Artificial Neural Networks (ANNSs), in time and cost estimation is discussed [10].

4. Key Findings

The results demonstrate that metaheuristic algorithms, especially hybrid approaches, outperform classical models
in managing the uncertainty and complexity of real-world software projects [11],[12]. Machine learning methods
further enhance scheduling accuracy by leveraging historical data patterns [10]. Our analysis confirms that
artificial intelligence techniques exhibit superior performance compared to classical scheduling approaches. The
complete classification of algorithms addressing software project scheduling is presented in Figure I.

5. Conclusion

This study demonstrates that intelligent algorithms, particularly hybrid metaheuristics, offer superior effectiveness
for solving SPSP in practical implementations. Furthermore, incorporating machine learning techniques enhances
decision-making capabilities for resource allocation and timeline estimation. We propose a hybrid algorithm for
software project scheduling optimization that integrates genetic algorithms with neighborhood search. This
combined approach achieves faster convergence while minimizing the risk of local optima. Comparative analysis
reveals the algorithm's competitive efficiency against standard genetic and tabu search methods. Table I presents
an evaluation of various metaheuristic and hybrid algorithms against software project scheduling criteria, using
benchmark data from the PSPLIB database and j30 sample set.
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Table I. Comparison of metaheuristic and hybrid algorithms in terms of project scheduling criteria

Maximum Average Mean
. . Mean percentage
computation computation of the standard . .
. . . deviations from the Algorithm
time time deviation from the desired limit
(seconds) (seconds) critical path
5.5 1.17 11.45 0.15 Genetic Algorithm
4.17 1.15 12.75 0.35 Bee colony
NR NR 11.73 0.27 Scatter search
3.2 NR 11.71 0.46 Tabu search
NR 0.76 11.94 0.22 Hybrid
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Table 1. Effective parameters in SPSP

Effective parameters

Discriptions

SK = {81,858 55}
TK = {t,,t st}
EM = {el’eZ""’elEM‘}

A set of skills required in project management
Task set

Employee set

V=TK A set of vertices (tasks) in project scheduling
A={(t,t t,t,),...(t .t A set of arcs (priority relationships between tasks)
12%2/5\"35%4 )> md°n
G(V,A) Task precedence graph
t (?tf ort Amount of time for task tj (in people per month)
J

t;kills c SK

eiskzlls c SK

A set of skills required for task t;

A set of skills for employee e;

sal
el.m a A monthly salary for employee ¢;
Maxed . . .
e; Maximum time allocated by employee ei to task t;
start .
t j Task start time t;
end .
t]. Task end time t;
cost
t j Task cost amount t;
duration .
t ; Task duration t;
duration Total duration of software project
Cost .
Total cost of software project
Over Total overtime of software project
Over . .
; Employee overtime ei
M = (l’l’ll] ) ExT Solution matrix for software project scheduling problem
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Figure 2. General flowchart of particle swarm optimization for scheduling problem [22]
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* Mutation

4 Shuffled Frog Leaping Algorithm (SFL)
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! Cat Swarm Optimization (CSO)
2 Firefly Algorithm (FA)
3 Tabu Search (TS)
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Table 3. Comparison of metahuristic algorithms in software project scheduling
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Table 4. Comparison of metaheuristic and hybrid algorithms in terms of project scheduling criteria
Mean

Maximum Average Mean percentage
. . of the standard S .
computation computation s deviations from the Algorithm
. . deviation from the . -
time (seconds) time (seconds) critical path desired limit

5.5 1.17 11.45 0.15 Genetic Algorithm [52]
4.17 1.15 12.75 0.35 Bee colony [55]
NR NR 11.73 0.27 Scatter search [56]
3.2 NR 11.71 0.46 Tabu search [57]
NR 0.76 11.94 0.22 Hybrid [58]
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Abstract

Transformer inrush current is a high-amplitude, non-sinusoidal
transient that occurs during initial energization, leading to
voltage dips, power quality degradation, and relay
misoperations. Unlike fault currents, inrush currents can be
identified their

amplitude is critical to avoiding these disruptions. This paper

through harmonic analysis. Mitigating
investigates novel inrush current mitigation techniques, with a
focus on core magnetic materials. By evaluating their magnetic
properties, we simulate the amplitude and harmonic
composition of inrush current using EMTP-RV software. A
comparative analysis identifies the most effective material for
suppression. Additionally, alternative mitigation methods such
as controlled energization timing, residual flux regulation, and
transformer pre-loading are assessed. Their impact on inrush
current is modeled in EMTP-RYV, offering insights into optimal
suppression strategies. The study aims to improve transformer
reliability and power system stability by minimizing the adverse

effects of inrush current.

Keywords: Inrush Current, Transformer, Magnetic Characteristic, Energizing Time, Residual Flux.

Highlights

e Performing a complete study on the effective methods used for reducing transformer inrush current.
e  Comparing various magnetic materials used as transformer cores regarding the magnitude of inrush current,

core loss, and costs.

e Investigating the effect of introduced techniques on reducing inrush current by conducting studies in EMTP-

RV software.

Citation: A. Ghaedi, R. Sedaghati, and M. Mahmoudian, “Novel Techniques to Reduce Transformer Inrush Current Using EMTP Software,”
Journal of Southern Communication Engineering, vol. 14, no. 56, pp. 118-139, 2025, doi:10.30495/jce.2023.1988692.1209 [in Persian].

COPYRIGHTS

https://creativecommons.org/licenses /by /4.0

©2025 by the authors. Published by the Islamic Azad University Bushehr Branch. This article is an open-access article
distributed under the terms and conditions of the Creative Commons Attribution 4.0 International (CC BY 4.0) @ @



https://creativecommons.org/licenses/by/4.0
https://doi.org/10.30495/jce.2023.1988692.1209
https://doi.org/10.30495/jce.2023.1988692.1209
https://doi.org/10.30495/jce.2023.1988692.1209
https://doi.org/10.30495/jce.2023.1988692.1209
https://orcid.org/0000-0001-9959-7916
https://orcid.org/0000-0001-7865-5291
https://orcid.org/0000-0001-8132-1401

A. Ghaedi, R. Sedaghati, and M. Mahmoudian: Comprehensive Study on the ... 119

1. Introduction
Transformer inrush current is a high-magnitude transient current that occurs during the initial cycles after
energization, caused by the nonlinear magnetic characteristics of the transformer core. Due to its large amplitude
and prolonged duration, this current can trigger protection system malfunctions, leading to unintended transformer
disconnection. Beyond relay misoperation, inrush current also induces voltage dips, thermal losses, and power
quality degradation. Its magnitude depends on several factors, including winding resistance, switching angle, and
residual flux density at the moment of energization.
Extensive research has been conducted to analyze the origins, characteristics, and mitigation of inrush current, as
well as methods to distinguish it from fault currents. Key studies include:
e Evaluates the impact of inrush current on transformer protection systems. Using COMTRADE-based
digital simulations, the study examines its effects on overcurrent and differential protection schemes [1].
o Investigates inrush current transients and proposes a sequential phase energization method with a neutral
resistor to limit current magnitude. An analytical approach for resistor sizing is developed using nonlinear
transient circuit analysis [2].
e Introduces a box dimension-based technique to differentiate inrush currents from internal faults,
leveraging waveform disparities to prevent differential protection misoperation [3].
e Presents simulation and experimental results for sequential phase energization, demonstrating how a
neutral grounding resistor significantly reduces inrush current [4].
e Analyzes the relationship between breaker closing voltage and inrush current magnitude, validating the
method via steady-state theory and experimental data [5].
e Develops a dynamic transformer model to predict inrush current after switch-off, focusing on residual
flux effects and transient overshoot [6].
e Proposes a ferromagnetic core model incorporating hysteresis, saturation, and eddy current losses. An
artificial neural network estimates inrush current using experimental hysteresis data [7].
e Introduces a low-power DC-based device to reduce residual flux across multiple transformers
simultaneously, verified through time-domain simulations [§].
e Proposes a normalized grille curve method to distinguish inrush currents from faults in time and
frequency domains, validated with 268 tests on a YNd11 transformer [9].
e Employs error estimation to identify inrush currents by comparing actual waveforms with reference
signals under varying frequency conditions [10].

This body of research advances strategies to mitigate the adverse effects of inrush currents, thereby enhancing
transformer reliability and power system stability.

2. Innovations and Contributions
The key contributions of this paper are:
e Comparative analysis of transformer core materials, evaluating their impact on inrush current
magnitude, core losses, and cost-effectiveness.
e Comprehensive review of inrush current mitigation techniques, providing insights into effective
strategies for minimizing transient effects.

3. Materials and Methods

This study investigates the influence of different magnetic core materials on transformer inrush current. Magnetic

materials are critical in the design of electromagnetic devices (e.g., transformers, generators, and motors), as they

directly affect performance, efficiency, and cost.

To optimize design parameters such as cost, size, and operational quality, we analyze the following core materials:
o Silicon steel (common, cost-effective)

Nickel-iron alloys (high permeability, low losses)

Cobalt iron (high saturation flux density)

Amorphous metallic alloys (low core losses)

Ferrites (high resistivity, suitable for high frequencies)

Moly-perm alloy (stable permeability)

Sendust (low magnetostriction)

Iron powder cores (distributed air gaps, reduced eddy currents)

The study employs simulations and theoretical modeling to assess each material’s impact on inrush current
characteristics. The model of the transformer in the EMTP-RV software is represented in Figure 1.
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Figure I. The model of the transformer in the EMTP-RV software

The algorithm for Mitigating Transformer Inrush Current is listed as follows:
1. Problem Definition:
e Identify challenges posed by transformer inrush current (e.g., mechanical stress, relay mis-
operation).
2. Candidate Material Selection:
e List common core materials (e.g., silicon steel, nanocrystalline, amorphous, ferrite).
3. Key Parameter Comparison:
e Inrush Current: Simulate or experimentally measure inrush current for each material.
e Core Losses: Quantify hysteresis and eddy current losses.
e  Cost: Analyze production and maintenance costs.
4. Material Optimization:
e Develop a decision matrix with weighted parameters (e.g., 50% inrush, 30% losses, 20% cost).
5. Identify Critical Parameters:
e Residual flux, switching angle, winding resistance, and core design.
6. Simulation/Experimentation:
e Evaluate parameter impact using tools like EMTP or ANSYS.
7. Review Existing Methods:
e  Pre-fluxing: Demagnetize the core before energization.
Controlled Switching: Synchronize voltage phase angle.
e Pre-insertion Resistors: Limit current transient.
e  Optimized Core Design: Air gaps or split-core techniques.
8. Method Evaluation:
o  Compare cost, technical feasibility, and effectiveness.
9. Optimal Combination:
e  Select best-performing core material + mitigation technique.
10. Validation:
e  Prototype testing or final simulation.

4. Results and Discussion

To compare different magnetic materials used as the magnetic core of the transformer from produced inrush
current point of view, the peak current magnitude, the main harmonic current magnitude, the magnitude of the
second and third harmonics, the DC component of the inrush currents and the damping time associated with
different magnetic materials are determined and presented in table 1.

Table I: The result of the simulation

material Peak current Main harmonic 2" harmonic 3" harmonic DC current Damping
(A) (A) (A) (A) (A) time
Ferrite K 25°C 4300 1400 100 320 400 048
Ferrite K 100°C 3700 1480 50 190 400 048
Ferrite P&R 25°C 3400 1120 100 240 400 0.6S
Ferrite P&R 100°C 4100 1550 80 270 400 058
Ferrite F 25°C 3550 1180 100 260 400 058
Ferrite F 100°C 4300 1700 70 250 400 058
Ferrite W&H 25°C 3200 1190 80 190 400 0.68S
Ferrite W&H 100°C 4600 2100 75 180 400 048
Amorphous 2714AF 2100 750 90 100 400 098
Moly perm alloy 4000 1780 30 50 400 0.68S
High Flux Powder 3200 1450 15 20 400 098
Sendust powder 3300 1350 30 50 400 0.68S
75 perm powder 3150 1260 40 60 400 0.9S

As can be seen from the figures and the table, among different magnetic materials, amorphous 2714AF produces
the inrush current with the minimum magnitude. However, the time required to damp the produced inrush current
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is high in this case. Among these materials, the K-type ferrite (both at 25°C and 100°C) and W&H-type ferrite (at
100°C) exhibit lower damping times compared to the other materials. The DC components of all inrush currents
are 400A. It is concluded from this analysis that the best magnetic material that can be used as a magnetic core in
the transformer, based on the magnitude of the produced inrush current, is amorphous 2714AF.

5. Conclusion

This paper investigates transformer inrush current and its adverse effects, including voltage drops, protective relay
malfunctions, heat losses, and power quality issues. The study examines how core material properties, switching
angle, residual flux, and load conditions influence inrush current. Using EMTP-RV simulations, various magnetic
core materials such as K-type, P&R-type, F-type, and W&H-type ferrites, amorphous alloy 2714AF, and
powdered alloys are analyzed. Results show that amorphous 2714AF yields the lowest inrush current magnitude.
Further analysis reveals that the cosine voltage waveform minimizes inrush current, while the sine waveform
produces the worst-case scenario. Residual flux polarity also plays a critical role: opposing the initial magnetic
flux reduces inrush current. Additionally, transformer loading significantly impacts damping time, and magnitude
higher loads result in smaller inrush currents and faster decay. Thus, energizing transformers under load is
recommended for effective inrush current suppression. These findings provide practical insights for optimizing
transformer performance and power system stability.
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Table 1. The methods used in reviewed papers

References Applied Methods Research Gap
[1[]2_53]!&152]]_ Study the 1m(;)) icgrzi;?:ir:fnﬂgg:ﬁ::ms}l current Mitigation techniques are not considered.
[2]-[4]-[19]- Reducing inrush current by energizing each The impact of core material, time of switch closing, residual flux,
[23] phase in sequence and using a natural resistor and connected load on inrush current is not considered.
[5] The impact of breaker voltage on inrush The impact of core material, residual flux, and connected load on
current is studied. inrush current is not considered.
[6-7]-[13]-[16]- The transformer is modeled to determine the The impact of core material, time of switch closing, residual flux,
[22]-[24] inrush current. and connected load on inrush current is not considered.
[9-10]-[17-18]- The methods for distinguishing the inrush The impact of core material, time of switch closing, residual flux,
[21] current from other faults are studied. and connected load on inrush current is not considered.
The transformer inrush current is reduced by a
[8] device composed of a low-voltage DC source, The impact of core material, time of switch closing, residual flux,
a suitable power electronic switching unit, and and connected load on inrush current is not considered.

a simple controller.

The transformer inrush current is mitigated by
clearing residual flux, using a pre-insertion

[11]-[15] . . The impact of core material on the inrush current is not considered.
resistor, energizing loads, and asynchronous
switching.
[14] Soft transformer energizing technique is used The impact of core material, time of switch closing, residual flux,
to reduce the inrush current of the transformer. and connected load on inrush current is not considered.
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Figure 3. The ¢-i characteristic of magnetic materials, (a) K-type ferrite at 25°C, (b) K-type ferrite at 100°C, (c) P&R-type ferrite at 25°C,
(d) P&R-type ferrite at 100°C, (e) F-type ferrite at 25°C, (f) F-type ferrite at 100°C, (g) W&H-type ferrite at 25°C, (h) W&H-type ferrite at
100°C, (i) amorphous alloy 2714AF, (j) moly perm alloy powder, (k) high flux (HF) powder, (1) sendust powder and (m) 75 perm powder
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Figure 5. The transformer inrush current associated with the different magnetic materials, (a) K-type ferrite at 25°C, (b) K-type ferrite at

100°C, (c) P&R-type ferrite at 25°C, (d) P&R-type ferrite at 100°C, (e) F-type ferrite at 25°C, (f) F-type ferrite at 100°C, (g) W&H-type
ferrite at 25°C, (h) W&H-type ferrite at 100°C, (i) amorphous alloy 2714AF, (j) moly perm alloy powder, (k) high flux (HF) powder, (1)
sendust powder and (m) 75 perm powder
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sendust powder and (m) 75 perm powder
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Figure 7. The impact of temperature on the B-H characteristic of magnetic materials [28]
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Table 2. The result of the simulation

material Peak current Main harmonic 2™ harmonic 3" harmonic Dc current Damping
A) (GY) A) A) (GY) time
Ferrite K 25°C 4300 1400 100 320 400 048
Ferrite K 100°C 3700 1480 50 190 400 048
Ferrite P&R 25°C 3400 1120 100 240 400 068
Ferrite P&R 100°C 4100 1550 80 270 400 058
Ferrite F 25°C 3550 1180 100 260 400 058
Ferrite F 100°C 4300 1700 70 250 400 058
Ferrite W&H 25°C 3200 1190 80 190 400 0.68S
Ferrite W&H 100°C 4600 2100 75 180 400 048
Amorphous 2714AF 2100 750 90 100 400 098
Moly perm alloy 4000 1780 30 50 400 0.6S
High Flux Powder 3200 1450 15 20 400 098
Sendust powder 3300 1350 30 50 400 0.6S
75 perm powder 3150 1260 40 60 400 0.9 S
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Table 3. The B,, and cost of magnetic materials

Material Flux density B,, (T)
Ferrite K 25°C 0.460
Ferrite K 100°C 0.350
Ferrite P&R 25°C 0.500
Ferrite P&R 100°C 0.375
Ferrite F 25°C 0.490
Ferrite F 100°C 0.340
Ferrite W&H 25°C 0.430
Ferrite W&H 100°C 0.220
Amorphous 2714AF 0.575
Moly perm alloy 0.700
high flux Powder 1.500
Sendust powder 1.000
75 perm powder 0.950
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Table 4. The B,, and cost of magnetic materials

Material Price (US$/kg)
Ferrite 1.5-2.3
Amorphous 0.2-0.3
Moly perm alloy 15-45
High flux powder 2.0-2.4
Sendust powder 1-40
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Figure 8. The produced inrush current for initial angles of (a) 0°, (b) 45°, (c) 90°, (d) 135° and (e) 180°
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Figure 9. The harmonic currents associated with the inrush current for initial angles of (a) 0°, (b) 45°, (c) 90°, (d) 135° and (e) 180°
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Table 5. The results of the simulation associated with the initial angle of the voltage

Switching Peak DC Main 2nd 3rd Damping time (s)
angle current component harmonic harmonic harmonic
(degree) A) A) A) A) A)
0 2100 400 745 90 100 0.8
45 1750 280 710 80 110 0.6
90 800 0 680 0 150 0
135 -1750 280 710 80 110 0.6
180 -2100 400 745 90 100 0.8
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Figure 10. The produced inrush current for residual flux values of (a) 0, (b) -500Wb, (c) SO0Wb
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Figure 11. The harmonic currents associated with the produced inrush currents for residual flux values of (a) 0, (b) -S00Wb, (c) S00Wb
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Table 6. The results of the simulation associated with the residual flux

Residual flux (Wb) Peak DC Main 2nd 3rd Damping
current component harmonic  harmonic  harmonic time (s)
(A) (A) (6] (GGY) A
0 2100 400 745 90 100 0.9
-500 1500 200 700 60 130 0.8
500 2760 590 795 95 80 >1
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Figure 12. The produced inrush current for different transformer loading (a) no load, (b) ISMW+j7MVAR and (c) 4SMW-+j15SMVAR
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Figure 13. The harmonic currents associated with the produced inrush currents for different transformer loading (a) no load, (b)
I5MW-+7MVAR and (c) 4SMW+j1 SMVAR
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Table 6. The results of the simulation associated with the different transformer loads

Load (MW,MVar)  Peak DC Main 2nd 3 Damping
current component harmonic  harmonic  harmonic  time (s)
) (A) (A) (A) (A)
0 2100 400 745 90 100 0.9
15+7j 2050 350 840 120 80 0.8
45+15j 2020 290 1060 150 40 0.7
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