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Integrated Coastal Zone Management: A Vision for Progress in
Effective Implementation in Aqaba, Jordanian

Mohammad Al-Zibdah
Mohammad Badran

Abstract

Aqaba is of great strategic importance to Jordan and represents the country’s
only maritime outlet to the world. It is therefore essential to establish balanced
management of all coastal activities such as those related to industry, trade, fishing
and tourism, while at the same time protect the valuable marine environment at
such a geographically narrow area. Practical measures have thus been put in place
to institutionalize planning and implementation, responding to the need for a plan
that deals with effectively executing the coastal zone activities together with
preserving the natural resources. This is to support a broader set of national
objectives targeting optimum non extractive exploitation of the Jordanian coastal
resources. An important tool for keeping activities under regular check has been
the implementation of the National Coastal Environment Monitoring Program. The
Program has been regularly undisturbed running since 1999. It is supported by the
Agqaba Special Economic Zone Authority “ASEZA” and executed by the Marine
Science Station “MSS” of the University of Jordan and Yarmouk University. It is a
legal obligation of ASEZA established in the Law 32 of the year 2000 and
Regulation 21 of the year 2001 for protection of the environment. The present
paper discusses the main features of the currently applied coastal zone management
practices and attempts to identify improvements that need closer attention. In
addition to national efforts sound coastal zone management is heavily dependent
on regional and international cooperation. Qualified personnel, adequate commonly
applied monitoring techniques, effective exchange of information and of
management resources are essential for an ecosystem based approach management.

Keywords: ICZM, marine environment, monitoring, Gulf of Aqaba, Red Sea
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PR R K) Culi.\.“

S180 Usal Siays saal adl o ol el Glaall ud g il s Al mda

Vsn Lo siars A1800 o S a3y Ghee ) Jears 1S 26 I 5 o b A £l

il 5a ey dlaim olse JS 63 (55 G e jeaVl adl dusia 55 <800
-(Manasrah et al., 2007; Manasrah et al., 2004; Sheppard et al., 1994)

clisall Al Liiniy ldd als Jsh dase (0 «%7 3 ¥1 el Loyl <y

Ll cbsosl e Gaohll (e Lea Al Lintd i Ladge i e WS 01 (s gl (g

3yl el b Aeniiddl ol gl dial) zls (e o) Jaldl 1 JSEN (L il
Adald) dsull il )

29.55/

otels Area (HA)

Public Cafés (PC)

A P Phosphate Port (PP)

29.5\

- )
. Red Sea A ¥ Clinker Port (CP)

Ferry Port
A ® Marine Science Station (MSS)

29.45; Public Beach (PB)

Lol 4 ) i)ty flge S A
s e g ana; 2819 @ Visitors Center
As Sodasiat (ASD)
A ¢ Tala Bay (TB)
Royal Diving Center

Latitude (N)

29.4

Oil Terminal

GULF OF AQABA

01 23 4 5km m

[

34.8 34.85 34.9 34.95 35 35.05
Longitude (E)

Thermal Power Station
Industrial Complex (IC)

29.35

A ol Ao 53 day B Aasdiuall bl gall g Adal) gald (ha Sa Y1 Jaldl (1) Jsdd
Lelal) 4yl S gall

deayy gV A ol dAaliine pe JA @) Al mliy 3amad) Ll g ghal)

Al-Rousan et al., ) ol zhu 35 21200 Jss I ooa) culad o lalad

Oo Ol e A zls e A, Adkiadl sl L) Gl o5 S5y (2005

e sy ol s b Claeaiial oda A il 4Gl Cleest
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Al i e Y1 Jald) el 8 asiall Ay ciglalull (3hliall AldSial 5 )
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6 A o e Cleanive dlly celly ) 48yl .(World Bank, 1993; AEAP, 2000)
Aldine | lhalie S 8 g agiall palall dgal sall Ay il &y pdaall Juall (e 4830
oY) .(Al-Rousan, 2005) sl Jalull e 35Sl 5 deliall Gl 8 clilagl
Juai 38 ) liladl aas Gally 4y paiall otV Al vie dadai dyids diliic d5a
av e JhaaY) e daill b sl A o dshid sda Jead Cua Al )
.(SOCER, 2017; AEAP, 2000; DOS, 2006) 43l

gl B oalai®y) g olaial) sl g ol Y aladid)

sosiall 3l sall e bl 4 Adall b amd V) aladind At ) dedlall s ) o
3 ) sall aladind 55 daphadd Cpead o) lE Y LA el gl gl uld <G A
i) 5 Al ol V) cldatinl b clasiid) Joa A3y Gl slae callaty Ayl
(DOS, 2006; AEAP, 2000; ledaaid cilaey cdalial duca V) o) sall sl
s A€ L) 2ae 883 ylaa 30b ) 2 Adall o) ¢ e A @y .Munn, 1999)
3 sal 5 colpall Gy sl VI e Apmpdall 3 sall e il a Ul L guaall saill
(Al-Zibdah et al., 2018; SOCER, 2017; DOS, laf 2 huae J<5 Jay Bl
.2006; AEAP, 2000; Crosby, 1997)

Aalai®Y) Aal) dikaie Al sl clylay 3 ¥ 5 A iuY) Adadll Caae 13l
Aalial 2y sall s ol V) colalasiny dpbe 3l 5 AalSall a4 e D) daalal
Aabiad) bl gl cplaladdl sl ailis el el a5 e 52N <N laag
e b Lol O Al P3Ny 5ok Ay el e il Al clead Jedl
Gl dibid) 8 L) aadiy el A dbad L) daludl ciadie) 2002
led Lo dulalld) ¥y denlSY) daan) Al deaal dalad) s delial
(DOS, 2006; Al-Zibdah and Badran, 2004; AEAP, 2000).4a 5 5l 831yl

2013 ale daws call 142 32005 Ao call 115 oo ddell dpae S 2 oo )
A 64-15 4 yendl B8 e pdy aiial o JSI ) 3 cadly 4 Adall 3 adiaall s
.(DOS, 2013; 2015) iSlaall Bhlie iy dguad Al 48 5l oda iy (2 JSal)
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lllaal o 5 aedl b5l (e dad cdalse sae I OIS sae 8 p el gl Gan 352
S e 35as (e pe e cliad An A Aleal) 8] AaiiSs Jarll (a i oo ling 5 AY
%15 M 2013 & oS 2 Al 8 (2 JSall) Lsale IS Al Jaes pli ) oo
@l L) &) o Y 1 ey 35 .(DOS, 2013; 2015) 2009 e %12 8 4 i
Jsdll Gams (e dgpudll 3 jagdly dahid) agdn Al 4w Al Al g ALS

.(DOS 2013; 2015) 5 ) staall

30 13
20 1l ] 152
\ ‘
12 \
o ek 1o ikt
« i BA age 65 and above

2013 alal (o) Alasd) e ana g (1) Al A Laiaall clidll 4y gial) 4l (2) Joi)
(2013 (oa N1/ Adlall clplasl) 5 A 1 juaall)

&l Ladal) 3 ) gall Lpabatdy) sla )

S S Gl pa s sl gl ) Lad) sVl e ddal @il e
A pny S e Lo Gln Lay il el el SN g g5l a5 ee dpealdl]
%50 s o Aal Gl Caal slale Jaal 28 L 3laa 4k 43S (e a2 Il laa Baae
200 ¢ 38 oo e 55 2 s Ala sl el e A gl sl 13l e
SOCER, 2017; Al-) ol glasal e gl 10 e STy caliall glasall (e g 53
) 4Lyl 1 (Horani, 2013; Al-Horani et al, 2006; PERSGA/GEF, 2003
a8 Aihgie gy Jasuia¥) s Gl pialal s Gl ) e g5 80 e ST 2sag
sl 5 glaall e Gl e 53snse dopadl llably GlieYl o LS LAl
Al Sl s lsa ) e W gy land) lial dage dllias Gl 5 s cdla
A

(Al-Horani, 2013; Al-Zibdah, 2008; Al-Horani et al., 2006; Hulings, 1989)
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G lae el e g 55 500 e SSL il 8 Slasad) aal A WS
(6 5imn e Ga il 5 cale all 5 Spaall (LAY (8 5 5 e Auiall Jlal ) Ly 52
(Al-Zibdah & Badran, 2004; Khalaf 2004; Khalaf & Disi, 1997).all

Cum dpm ) sl Jlaiy dSE e 2830 ale I D383 Jley g (bl 8 o5
g paal el ad) ddhie Cills LS g ) 8 clilagl) sl ddaud 5 bl gl ) s
ic sane alls ) ddkie 8 2a) 555 .SOCER, 2017)) 4 auall #1585 asl)
cAakial o3g) 5l A iy ylall Caen sl b A4 5 de giiall 4y yal) ESH (e
A8 5 cilan gial Sl Lgsad canal) il e e gena SN ) auilii Cum

QLK) e gt ol A (Sad .(Hulings, 1989; Al-Majali, 2019)
SOCER, 2017; ) ¢ € 5 4adall (lladall 5 ey 3Gl el ysa jll @y 8 Lo 4l
2l dahie 85 ) sl sy o) s Al-Zibdah et al., 2006; Jibrin, 1986)
S e 555 o oS G daa Al eyl S e 2w 5l
. (Badran & Foster, 1998; Hulings, 1989) 4, )~

le Lalle 83 50m yal duilajall o gall paliand Al (sf Jaas ol ad Y 5 L8V aas
Dy Layys e oall Gelmal 5 Al sl Ju sad 5 alall sda (5 30y ¢ oY) dalud
Ll awd mpal Lsha e el mils asasl S0V el e (mloand) axe
Manasrah et al,, ) & 5 a8 sosmsall ally &jae Uay Jil a5 dgdledd
.(2004

Lo xa oladVl 5 patia Ailal il JLEE o ) sall B3 gana g Clpdaally 88 A=) pdd olia

135-225% () il 8 Gosiadl sa oladY) Al &y o el gl ddeaa
Manasrah et al, 2004;) Jalul Jsb e 406 [au 15.0 1) 4.0 Gale Lebie pu 7 o) 555
i allds )y gl 5y JC ¢l S5e @l of WS . (Manasrah et al., 2015
20.5 -27.5 Gwolaall 5 Ao B ans sall G gl Binll s oLyl AilasS 5o 58
prc e Jall Al g adl .(Badran et al., 2005; Rasheed et al., 2002) °C
40 ) Jsi Al (i ) Ll (mlind e Slmb cidal olsall la 35a s
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)—..‘SJSU‘ l_m.\\ A ag AJ}.U'_}\_L;:\MJ\ agmhj&gmaﬂﬁfw‘sé}psu 41.5
Badran et al., 2001; ) pgl’ 1.2-0.05 oe 7 5 i Llal ol oLl & Js 5 5K
leman 481020 ALY (ld @l 5 (Badran et al., 2005; Badran & Al-Zibdah, 2005

(3 Jsall) dala ) 3 gall 5 clamall el olae <l Sine 5 Auaidia 380 5 D o
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Al i e Y1 Jald) el 8 asiall Ay ciglalull (3hliall AldSial 5 )

O\J.\,\ daaa &E.\gj}\ g

AY bl A8 jal maliy 1 juaal) Adal) gl obal dpilaass g 5l Qailadl) (3) s
< gl uad
i i ad e Db el Alle Lpdba) 3 ) 5e (sonn Aiall il i Jeaall
I lial sders Woaa CAY addl sas (4 JSA) aS s g sy (S
as—adll 4ns o dali s de giall LW Gaf e 1 Las g,
-(Al-Zibdah et al., 2007; SOCER, 2017)

Depth: 6m

Lethrinidze g OFAatlm  =FAgttm
Tefraodontidae

Monacanthidee e

Scaridae g
Siganidee pez
Acanthurida
Gobiidae g
Labridae
Pomacentridae g

25

5 10 15 %0
Frequency of appearence (A %

o i

Loll) clulsl) Gany g cnlll s calal) Gl sall (%) (sllaal) pUstll Jawgia (1 :4 Joil))
Jaad Y 5aasY) L(NMP, 2017) (S8 Jabudl (e (shlia bas (e (as B Adkdal)
Alacl) cile s (FA%) JSS (o P <0.05 L sa ilids Agliia & jal
Al @l (e A3 Jald) o 3as 21296 (B
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O Lo ot Loy Aiad ls B AR A el 5 ) palls 3 e alaial llia of LS
il el dgeliall &l juasioal s La o) gy dadil) o gall (DAY jaass gl oY)
.(Al-Zibdah, 2013; Al-Zibdah, 2014) & sl 4y 5l 8 Gl Y aual

Lle 20 e da) it Ge oY) sl 8 dalal) Al s e A8 iy
Giagr Aluall Clily 3aclB ekt & a8 bl 48 jall malid 2V ik ddall Plag
Y dald e s Al lena) e lid Lulul) e gladll 585y denll Aok
OSay Can cAiliall 8 3 skaall g e el saill ) Y anl Load 5 S Al @il 4
Aaadl dam€ 4y ad A el o oSa il pen @Y S K L Al
A el el IS Aaalal) Aala@y) Adall Adhie dalu alagls el Lo b
Ales Al Con sas Ll s (5 e 3y 2000 Alad 32 25 Aalul) () 5lE e Lansia jila )
DBV (e aall g Ja ) Cangys 2001 alad 22 21 ady (5 mll Aall o it Hlai g il
A st aliiall a5 A0 sasy 35l Gl of LS LA el 2 ) sl e Aldiad) Al )
) ) il il S Y s dan ) g bas ) e i) G
.(UNDP, 2015; SOCER, 2017) il s L as

Jaal) & had i) Ladie cage 50 (GEF) ol 250l (3 505 5ol elill (IS 8
S e 0S5 - sl il 5 Hal) Ailaie Al Lah (o slaill A€ Al mlad A
a5ty (1 dSal) el olis e 35 o) sl Aue sl Lpdily A8 yall el 50 245 (Adad]) il
b sl A el L jliely @l 5 4a V) Gfiealadl Al 45 ) o slal) Aass Slaic)
1ia G2 gy .(AEAP, 2000) dadaludl 25l il gl &) sal) zals 0 i g Jagladl dla 5l
pailad s ol sl e de i g A8y Ad pra i S D o) JSE i) i )
i ATk of oSy A @l sl anil o opadl sl g sl Ll Aplald) il s )
Js—b o 4 sl 5 dlall Sl Clay ) 555 Al (ailiadd) anii Gl 5 (o ydi5al)
el Ay 8 Sl oS ad L(AMP, 1999-2019) (590 JSaay Aaball Loyl
ol Jadid liaY aussi 38 4 W) lalal) o ol go 50 & Al ailiadl 48 5o o
g AU A al gy o VB Sl il gali (e Jie Leliall il )y 28 )
) ae Lelalay Tkl el el 5 Aalaall 4nd Bhliall oda 8 Al < a5l 4 i
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Manasrah et al., 2004; 2015; Rasheed et al., ) i sidall Adalll 45 8 Ll
.(2018; NMP, 20138

) a8t o Alalid) Al A el i) il e paliion o oSa
i O Sy Al IS Aldine Clasga Sl iy s Jla A Leaga gl 55
&g T g Ay pul) aaall Copaall o g g Bpeliaall claliall g Agdadil) SN e
5 LS shall and A lgaiimge b L o (S (A () e dilial el
Abu Hilal and Al-) s a1 oS e <l il W et o ciadl 335k oo Ly 6 Ly
ia a5 Al gLkl 3 sl ¢ L of LS .(Najjar, 2012; Sandlers, 1994
-(Al-Horani & Khalaf, 2013) 4sls jall il Lilial Tange (S50 38 48 jall daay 5 3l
Aglal ) 25 e Bpulul) Clesbeal 55 (50 2019 Al Lle o e galill aad S
Jaal) e ol g Gaaigall bl Aaly) iy 1385 Agiedl i e 0,1 Cailall
il dyans sall Blal¥) e Capmill (S Cumy il e sheal) o5 A 13g] sl
3 s—all 33y 2 V) sl Jalad slaie) 8 Lle oLl oSy A5 & paal) Al sl
dgiadl o iial Loy Leels ol dgdaluad) 2500 480 5o alige of 0 s a1 8 Adalid)
(bl e Ay A dmdal) 4 el ) Alea 5 ads el g (BN e (g )
(oY) 5 i) (s shaal) o A ) Tpenall dlalae alay (5 ad dda o e of a2 5
20 ay Ay s fpanal Al s e Al Y1 3 Aas Raena Y] (in el (ad 4 )
3 sall &y yg il Aleall 5d g o 28 DA e A5 del s Aaiil (al 2 Y Loz
clabaiall o jlin A Ay Al A Aalud) (i U a8 agan Las Al
i) ge e K Jant g edglaliad) ) 480 ol dlaiil L Liad (NGO’s) daesSall j
(lgmaall 03 a Lalid AR L Aiell it 3 3 el D) Alea  adad dallad) ol
Wlls Lo el Cilmen i e iy Y Lo lligh L jadl gl 2 Ll sl allal) Dleny oLl
i) A laad &L Agraadl W 0 (s oY) dalidl e &) dleay AS LA
Pli e i) daly ) aonin ) 4l 5 1) 8 & )lis 3 ((JREDS) 4y s
G atall s i) #Lidal) Jie Apalle geal g Ao sia s sl g biiadl b LS L
clir ) damas ¢ )¥) Al dsman (o LS LW o o)yl 25l li jleaS lage o jindll
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Gl 5 bl Glman s 3l el lad aladl A Y1 el e duman s Ll
=2 oS Sy agud AS i) oa Ly AhadiV) o2 Lapen (st by Gaal g3l 5 daala )
Oriaall G 7 30 A el 8 Aaliadl Claal Sl ol by il oy sk
3 aal) el sa¥) e Aol Al e Laliall g g ge Clbmendl o2 ity cala¥l
G e 3 5aS Aala el el g Alaliad) Bl (g0 agd ) 05 Lpniiia e p3all ¢
aea by as Ade) 8 Cleasll JSL(AEAP, 2000; SOCER, 2017) 4 saps 5 4iles
Y] A gall dddaie Al e il JSG (G glatiy Baaate Clsse PA (oo )
Gaalal
Adal) mald B Alall elal) Ay yig dla) diluas

Q8 G et g Al Msa o (slan cpad ye 3a 2600 s Le ax
coalid¥) (gl ol b pall e dapad) sl Glase () sadiing 5 canad) Aau sl 5 5 jpiall
2s—eaa S jug .(Al-Ma’ayta, 2015; Al-Zibdah et al., 2007) 4w y—duall Gl
Al-Ma’ayta, 2015; Al-Zibdah, ) isla el Gl Ja dablil @l e aual

2aly o adge Al 8 2x 505 .(2007; Ministry of Agriculture, 1994; 1996
Al o < Lsale s ((Al-Ma’ayta, 2015) (uaddl @ 2 vie J) 1Y) & Cus duaall
& ase e Adaall el @Dl b @S 55 e JOW) aaa 8 Jsale i
%2 e Bl agas Aladll el (e dnaddl aaa o de LAY jaads (5 JSal) Al
2.7 iy e (e 2l eDlgind Jara o Lede ¢ V) b llan) Dl Jleal (50
A [a8 [3S 13 iy o3 alladl DL Jaray D0 Jlie las Ciuaa 585 Al [0 8 [3S
-(Al-Ma’ayta, 2015; Al-Zibdah et al., 2007)

el (1.0 50 43005 8 s ) 8 dapa 53U e lagls Ay B3 58 s e N
)55 2015 Al 13 o8, de) 30 8 ) oo sanas Glalad ag) e o3 08
Gl adaial 5 due Kol Cileal) Craca daliad) Glaal (o a5 g 53 Cilalal) 538 Jac)
ialed) cilgall IS5 clagleil) o328 Aelpa 8 gl () galpall @ LS Cuny LgasSal) e
JHV52020 ple 8 cladeill 0da & jrn S5 () gall 5 ducliall y Al G
Aiall s 8 (ol a0 sa3gall Ay el CaliaY) sast o8 g dlae) e Ll sl
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EAl ) Jalud) o apaal) b ALl ellacdld g gdl) JI3N) ana (5) Jsdd
(Al-Zibdah et al., 2007) i)

gl 8 Al ) ) 5l 50 sane Y glae olligh oy jand) del 50 dully
G el i sall e b il 5 Jalidl Joy il sy Jiaie Guti ) sl 06K e s
@) e 258 (m ) aohll 13 oo LALdad) A BV (e Caal) Gl cdalud)
Cald Afiay 3 gea cllia CulS el gy Al L) A A Aalatll oy jlie sLASY 4n g
A pal) eloaW) A il dda g5 350 bl DA G a3 3y padd o lall Adass Ly
Dicenrachus sas )& dlaw g1 )5 & i (g e cpiie Sali e Jd cly
Al el W Ay 5 e Lmd\ il 2 dba s Sparus aurata ) el dabrax
Gl Jlaall £ )5l Leta s Al puai V5 Alle dad S ala piad A5 Al dipaal)
Al-Zibdah, ) Lslal ¢ o il 13 s sladind 4l (il & ekl N3 L (Tridacnidea)
AalatV) lasily Adleial 5 Ay il Aol L ol <) JasY AT sy lad Jadl LS (2015
Al 8 e lnl) Ay sl A Jiss Ja) (e (6 JSA) s adl gl 5l dilka)

.(Zibdah, 2014)

26



62021 ¢ A da) ¢y SN 5 Gulid) el ciidail) s ) o shel) Al il jall 5 Csaill Figa

= N \

(Agdal)[4y Al aglal) dasa & (Mega Flow) s asll £ 55y i ol (6) Jil)
HaY Aly Hsr g Sl jeaa S 5000 e 2l sa) 3 e Sy

Ldal) & Lalaidy) Aaiy)

eebiall 2V S Ly s aalall cpaiall DA gyl skilly oY1 Jalid) s
de Pl e 132 4 sual) <ol Y1 @slas 3 gl & ol ,00 5V jaiad)
@D 5 V) Jadiall Liad ddall pline yiimy g . cpaeil) Cililee 5 320y deliva 0 2013
Osle 25-15 e e pe elisal Jalais 3 Jale 3000 0o 3 Lo pcars cdsall 4 dlalal)
Ostle 1.5 Agllea) Aganny ol sale 7 ald il sdll G jabia Ll L Lsi piliad) e
Osile 19 V5a 2013 b sluddl e @l )l o5 ol gsle 1.2 Gaisa) 23 ey oo
Grn A el A )5 68 Lay) (S5 4ald) (The Port Corporation, 2013) ¢
e YU i Jie ADLanll Apalpaad) oy jliial) (o dpaell Sligh LY L Lega | 550 ol
dalsw dlay e i) oda cilee dy . Ml Jalidl e Al dal gy il Jalid
A abidal) Al g Al Clleatiall ol 23 Cun Sl sl€ 17 (e <l ) Al Al
(DOS, 2006; 2013) (lac daalall aay 32l a8 & SED (5 il Ll ity . Lgale
olpe et 3 il ) s 5) Coda 8 o)l dalad) 58 peall adl Jales ey s
La—all G dc sl ol o il 5 AD) Adad) Adlad) sy s slaallh )
S in b 2ol Lgnsen 5 calall e o Guadiall g ol 3 V) 4l Ll s Al
cAgalis A i dga oS Al Ll
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¢ =il Al s gl Gl o Baday Al (A aluad) Lapdall 40, cladlas
A alee el amy Aalad) o JLiall laoldic) &y 4y Adle sa 5 ¢ pmdll -l La g
el sall e Bl 4y poan A Adle sa 5 30! alal) SNy (Ll yal Aol Sisa 5 3335
o8 Aalaaal) (38 5l (e el Cadic) Ng L paiasall dea )l g anill auadl Cuay AAlLE)
i) Al 8 ke Ganali ) i ol Aol e LS adlal) (yila gaa] dda)
-(JREDS, personal communication ) il duael 530 e 2 el llatind A
Ldal) b o) ) audagl)

IS Rgall okt 4855 (5 )i Lgel 3y Aualall 4l ay) el dikiic dlale Jaad
il o) o SIS ey Adast jall dlaal) Llalll 5 4y jlainl) Gl V) aad o s
el G Al Gl VA s Al g ) o sl e 4y il Aaiiy)
(o el 8 p il Gl iy aleShy Aalid) dag pall adadll ok s oY) el i
A dailaall e e 2aY) G ) g cdalid) Claatial 5 cleliall 5 Leay )58 sale)
DOS, uaal & 48 il 5 L&) 4l sle) poy el i 8 dgmpdall 4y ) o) sl e
23 atial) pladin¥) ae Jaladl) 5 28 (20065 2013; Port Corporation Report, 2013)
b5 A eV Adlia mllad) Clawal G 0 S e A sire Ay Auiall i dalid
i Ao 2 aats Gl i S aa )y peadioadd) Caline Jaal Ll 1)
O Alad) 2o atiall sl g s g L)) i Jal e Al a8 gl pladi
O U2 a aadiul g3 "Spatial Planning' S Jhaai) ) ol V) aladi Ll A
) el 5 e sl s (GEF) alladl A3l (38 50 (0 dasedall o jlisall sl (Pla
.(UNDP) _la) sasal

ol 23 a8 Al skl ADle Jsa Lan o 3 e eV sl Y ellh aa g

i Lae ¢ oang il g o jatl ¢ eliall Jaiadl dpcin A i€ 48 ey Jaldl Bhlie e
el il Jerinl de DU olaall e IS5 Slal 53 sl Alalid) ol Y1 e Unsia
(AEAP, 2000; Port Corporation Report, 2013; Jaill da shaia g 4y jlail) 5 e lial)
Gle) yal A adiiie Gl 2l jo Jee e 2 Y S L (s World Bank, 1993;1996)
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3 el aladid Al a3 43 sie ddale 53 ) ael) e laiall 5 ol Lol
Gy Aeadi ) i) sl Ol paiae Cuaat dllin o5 of 2 Y Sl L Ll
O Lw G il il il i 5 LS Y1 o ol ligh (Jlad s o o Leslss () 5,
Richter and Abu Hilal, 2006; Hempel and ) &aall (g sl Al oUail) 238 e <l
Al 4 jal ke ol geali e Sy L . (Richter, 2002; Gladstone, 2000

e DU Cle) a1 AT 5 dlalid) 3 ) sall 5a3gall Lo siazall aaatl 51508 Adall

Adaludl 50y i) jaly Ailatall ol LAY 5 cllua i) (ALY LU
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4. Conclusions

In this paper, the electrical performance of pyramid-based SiGe solar
cell is investigated. The maximum obtained electrical conversion efficiency
was 26.6%. The computed dependence of cell’s electrical performance on
critical design variables in the device structure is closely examined. The
value of base doping that achieves the maximum cell efficiency was found
to be 8.34x10*"cm™. Furthermore, it was found that adopting higher surface
concentration and shallower junctions of the emitter region would enhance
the electrical conversion efficiency. Moreover, the level of front texturing
(i.e., number of pyramids and its height) was a critical parameter that
possibly improves the cell’s performance. In addition, the impact of the
purposely-introduced SiGe region on the solar cell performance is addressed
and discussed in detail. For appropriate Ge percentage and SiGe layer
thickness, the SiGe based cell’s electrical conversion efficiency can be
significantly improved. Therefore, the SiGe based solar cell will achieve
excellent electrical efficiency and can be taken into account for high-
performance solar cell applications.
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solar cells with pyramid structure. The simulated efficiency was 5.66% for
Ge content = 50%. Sadullah et al., (2020) has recently proposed a Sijx-
yGexSny-Sii«Gey based solar cell, the reported simulated efficiency was
19.9%. Moreover, Future experimental investigation to verify the findings
obtained must be carried out. In terms of their electrical performance, it is
expected that the manufactured cell would still be higher than the tabled in
Table (2) as the efficiency is significantly improved in comparison with the
experimental research undertaken for SiGe based cell in (Liao et al . , 2012)
and for Si based cell in (Green et al., 2018). The cost of manufacturing is
expected to be lower, as the complexity of the proposed structure is much
less than that of SiGe based cell in (Liao et al., 2012).

Table (2) Performance comparisons of reported solar cells based on
SiGe and Si structures.

Reference E«% (r\n/ic/) (m A]/Sémz) FF | Solar Cell Structure
(Green et 12.2 0.55 28.72 75 Si (microcrystalline)
al., 2018)
(Kadri et 18.4 0.613 36.45 82.35 | n" Si/ n-Si;..Ge, /p Si
al., 2016) double hetero-junction
(Hussainet | 16.8 0.519 40.8 79 Si/ Siy.,Ge,
al., 2018)
(Liaoetal., | 18.40 0.715 33 78 | SiGe QW with surface
2012) textured
(Priyadarsh 5.6 0.417 16.5 - Si1.Ge, nanorod Solar
ini and Cell with Pyramid
Das, 2015) Structure
(Sadullah | 19.9 0.585 41.18 83 | n" Sip,,Ge.Sny/p- Siy.
etal., xGey Ip- Sipx.
2020) ,GeSn,/p+ Siy
,Ge,Sn, based solar
cell.
ThisWork | 26.5 0.71 44 84.3 n" Si/p-Si/ p-Si;Ge,
Ip Si structure
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Figure (11) (a) The cell efficiency, (b) short circuit current, (c) open
voltage (d) fill factor versus SiGe layer thickness for the SiGe based
solar cell.

Table (2) compares the results of recently reported solar cells based on
SiGe material in terms of their overall electrical performance. It can be seen
that the proposed structure achieves higher conversion efficiency when
compared with the silicon based solar cell and the recently reported data.
The increase in simulated efficiency of SiGe based solar cell when
compared to its Si counterpart is primarily due to the improved light
absorption as a result of introducing the SiGe material in the device
structure. In addition to, the enhanced electrical mobilities of both electron
and holes in SiGe layer. An efficiency of 18.4% was numerically obtained
when utilizing n*Si/ n-Si;«Gey /p Si double hetero-junction structure (Kadri
et al., 2016). Furthermore, surface textured SiGe-based solar cell has been
proposed in (Liao et al., 2012) where the experimentally reported efficiency
was 18.4%. Finally, Priyadarshini and Das, (2015) had proposed nanorod
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increased dark current resulting from the induced reduction in energy band
gap when increasing X in the SiGe material. For Ge contents (x= 0.4 - 0.53),
the dark current starts to increase further due to the carrier confinement
effect which ultimately dominates over the effect of the improved
absorption in SiGe layer. Finally, for x above 0.76, the open voltage
becomes almost constant since the increased Jign iS canceled out by the
increased Jgax due to the carrier confinement effect and the induced
reduction in the band gap of the SiGe material. Figure (10) (d) demonstrates
the influence of Ge content in the SiGe layer on the FF of the solar cell. The
FF follows the behavior of V. since the E¢ and Js of the cell have similar
trends when increasing the Ge content in the SiGe material as shown in
Figures (10) (c) and (d).

Figure (11) (a) shows the effect of SiGe layer thickness on the cell’s
efficiency, and it can be shown that increasing SiGe layer thickness
improves the cell’s efficiency because of the substantial increase in the short
circuit current as shown in Figure (11) (b). It should be noticed that the
photogenerated current in SiGe layer increases as the thickness of SiGe
layer increases giving enhanced cell performance. Furthermore, it can be
noted that the ratio of Jjigh/Jaark for a thicker SiGe layer increases marginally
due to the counterbalance effect between Jjgn, Which increases as SiGe
thickness increases, and the increase in recombination current due to the
increased width of the hole blocking layer thus increases dark current.
Accordingly, the open voltage V. is slightly changed when increasing the
SiGe layer thickness as shown in Figure (11) (c).

Similarly, as shown in Figure (11) (d), a small fluctuation in FF within
the range 84.3 of and 84.35 is also noted. This can be attributed to the
increase in Js, which is undermined by the decrease in the V, as the
thickness of the SiGe layer increases.
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Figure (10) (a) The cell efficiency, (b) short circuit current, (c) open
voltage (d) fill factor versus Ge content for the SiGe based solar cell.

Figure (10) (b) shows that the Js. increases as the Ge content increases
to the value (x= 0.4) due to the improved absorption of the light at longer
wavelengths. However, for Ge contents (x = 0.4 to 0.53), the
photogenerated carriers start to increase until it reaches a maximum value of
50 mA/cm? for x = 0.53 due to the increased light absorption. For Ge
contents (x = 0.53 to 0.76), Js starts to be confined at the p-SiGe/p-Si
hetero-interface due to the induced offset in the valance band as shown in
Figure (2). Consequently, the recombination current is increased; and hence

Jsc 1S reduced. After that, Js. increases again for (x > 0.76) due to the steep

reduction in the energy band gap and the associated increase in the
photocurrent current, this ultimately increases Js: (Shiraki and Sakai, 2005).
Figure (10) (c) shows the effect of varying the Ge content in the SiGe layer
on V. of the solar cell. For Ge contents (x = 0.1 - 0.4), the ratio of JyightJdark
remains almost constant due to the combined effect of the increased
photogenerated current due to the improved absorbance together with the
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Vo Of the cell, however, the reflectivity of the cell is decreased for pyramid
heights greater than 2um and the photogenerated current begins to overcome
the effect of surface recombination and hence enhances V.. of the cell. A
slight fluctuation in FF within the range of 84.2 and 84.4 is also noticed as
shown in Figure (9) (d).

Figures (10) (a), (b), (c) and (d) demonstrate the influence of Ge
content (x) in the Si;.xGey layer on the device electrical parameters. The
value of (x) that can achieve the maximum Js. and E is almost equal to
0.53. This is mainly due to the improved SiGe absorption nature which
increases the cell photogeneration current as a result of the induced
reduction of the SiGe band gap. Figure (10) (b) illustrates Jsc dependency
on Ge content (x) in the SiGe material, it can be noted that the short circuit
current increases dramatically when reaching (x=0.53). This is actually due
to small band gap of SiGe material which enhances light absorption
especially for the long wavelengths of sun spectrum as given in the
following equation (Singh et al., 2014).

Olsige =(1-X).01g; tX.0g, (12)
where asice, asi and ag, are the absorption coefficient of SiGe, Si and
Ge materials, respectively.

On the other hand, as evident from equations (2) and (13), the increase
in the Ge content in SiGe material increases the dark current density as a
result of the induced reduction in SiGe band gap (Singh et al., 2014).
Ultimately, this results in a dramatic decrease in cell open voltage V.. and
FF.

Eg—SiGe :(1'X)'Eg-3i +X'Eg—Ge (13)

where Egsice, Eg-si and Eg.ce are the energy gap for pure Si and Ge
materials.
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The pyramid size is yet another critical parameter in solar structures
that affects the cell’s optical and electrical performance. Figures (9) (a) and
(b) show the influence of the height of pyramid variations on cell efficiency
and Jsc, respectively.
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igure (9) (a) The cell efficiency, (b) short circuit current, (c) open
voltage (d) fill factor versus the pyramid height for the SiGe based solar
cell.

It can be seen that the cell efficiency and the short current density
remains almost constant for pyramid heights ranging from 1-2um. However,
for heights greater than 2um, they start to increase as the height of pyramids
in device structure increases. This is due to the resulting increase in number
of photo generated carriers as a result of the improved light absorption in
cell structure.

The open voltage , as shown in Figure (9) (c), decreases quite
marginally for pyramid heights in the range of (1-2um) due to the low level
of light trapping and thus increased reflectivity compared to the level of
surface recombination which affects the Jsc/Jgar ratio and marginally reduces
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Figure (8) (a) The cell efficiency, (b) short circuit current, (c) open
voltage (d) fill factor versus the number of pyramids for the SiGe based
solar cell.

Figure (8) (c) also shows that open voltage varies slightly as the
number of pyramids increases, this is mainly due the counter balance effect
of the increase of photogenerated carriers and the induced increased dark
current due to the increased recombination of carrier at front surface as the
effective surface increases when increasing the number of pyramids in the
device structure. Finally, as shown in Figure (8) (d), the fill factor increases
slightly until the number of pyramids reaches eight pyramids and then it
starts to decrease. This could be explained by the increased surface
recombination rate at the front surface of the solar cell which
counterbalances the increased photogenerated current due to the enhanced
light absorption when increasing the level of texturing of the front surface of
the device.
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Figure (7) (a) The cell efficiency, (b) short circuit current, (c) open
voltage (d) fill factor versus the thickness of BSF in the SiGe based
device.

Solar cell texturing is well known as one of the best methods for
reducing reflection loss and increasing the likelihood of light trapping and
absorption (Amalathas et al., 2019) and (Wang et al., 2019). Pyramid
surface textures (the number of pyramids (i.e., the amount of texturing) play
a major role in reducing the reflectance of monocrystalline silicon surfaces
has a detrimental impact on cell performance. Figures (8) (a), (b), (c), and
(d) show the effect of increasing the number of pyramids in device structure
on the Eg, Jsc, Vo, and FF respectively. As the number of pyramids
increases, the solar cell current increases, hence the conversion efficiency
due to the improved light absorption and reduced reflection due to increased
texturing of the front surface of the silicon solar cell leading to trapping
light more efficiently.
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Figure (6) (a) The cell efficiency, (b) short circuit current, (c) open
voltage (d) fill factor versus doping density of BSF in the SiGe based
device.

Figures (7) (a), (b), (c), and (d) show the impact of BSF thickness on
Ef, Jse, Voo, and FF, respectively. It can be seen that the E¢ and V. slightly
increase as the BFS width increases due to the resulting reduction dark
current. This can be referred to induced slight reduction in BSFV when
increasing the BSF width as evident in equation (10). The Js. and FF remain
almost unchanged when increasing BSF thickness as shown in Figures (7)
(b) and (d), respectively.
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Figure (6) (a) shows the impact of doping levels of BSF layer on Eg.
When the doping level increases until it reaches 3x10*°cm?, the Eg;, starts to
increase until it saturates at 25.6 %. This is mainly due to the improvement
in Jsc and V. for higher doping levels as shown in Figures (6) (b) and (c),
respectively. These improvements in Ji. and Vo can be explained by the
resulted reduction in back surface recombination velocity (BSRV) at BSF
layer which is given for p/p+ structures as given by (Ferdiansjah et al.,
2018).

D* wH

N AV+ SO+ L-f tanh( + )
BSRV= 2 exp( q'kT c), - e (10)
» 1+ 97 tanh ()
De Le

where Na and Na* are the acceptor concentration in base and BSF
regions respectively, AVg' is band gap narrowing due to heavy dopants
concentration in BSF layer, Sy is surface recombination velocity without
BSF layer, D¢"/L," is the minority carrier diffusivity to diffusion length ratio
in BSF region, and W" is BSF thickness.

The open voltage is as shown in Figure (6) (c), it can be seen that V. is
limited by dark saturation current density Jqar, that is produced within base
layer (lgark b) and within emitter layer (lgark_e). For dark base current lgark-b,
its value will depend on bulk recombination and also BSF saturation current
as given by (Ferdiansjah et al., 2018).

WB

Idark—r + I dark-bL tanh( )

L gerier =N garkcoL - 5 (11)

W
I dark-bL +l dark-r tan h( ° )
I_B

where lganc b 1S ideal base saturation current, Lg is minority carrier
diffusion length and base, W5 is base width and lgar.r IS saturated current at
rear surface (Park et al., 2016).

Finally, a slight reduction in FF is noticed when the doping level
increases in BSF layer as shown in Figure (6) (d).
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adopting lower implantation energy levels (i.e., higher surface concentration
and shallower junctions) decreases the recombination of carriers in emitter
region and therefore, enhances the device electrical conversion efficiency.
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igure (5) (a) The cell efficiency, (b) short circuit current, (c) open
voltage (d) fill factor versus phosphorus implantation energy for the
SiGe based solar cell.

Other key parameter in recent solar cell designs is the back-surface field
(BSF) which is a thin layer of highly p-doped material near the rear contact
to reduce the minority carrier recombination in the base region. In this layer,
an internal electric field is developed between p*/p near the rear surface of
the device structure as shown in Figure (2), which represents the cell’s
energy band diagram under equilibrium condition. This layer will assist in
swapping away photogenerated minority carrier (electrons) from the rear
surface, and therefore will reduce back surface recombination velocity and
hence the dark current in the base region. Ultimately, the BSF layer will
enhance carrier’s collection probability that is produced from long range
wavelength because this type of wavelength will tend to be absorbed at the
rear side of the cell.
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when increasing the doping dose in the emitter region as the increase in V.
overcomes the changes in Es for higher doping doses as shown in Figure (4)

(d).
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Figure (4) (a) The cell efficiency, (b) short circuit current, (c) open
voltage (d) fill factor versus phosphorus implantation dose for the SiGe
based solar cell.

The other crucial parameter when forming the emitter region of the cell
is the implantation energy of donor atoms. The conversion efficiency of the
device marginally decreases as implantation energy rises since the depth of
the emitter is quite shallow and the resultant emitter current is relatively low
as shown in Figure (5)(a). This is consistent with Figure (5)(b), where the
short circuit current density is still unchanged as photogenerated and dark
current of the base region are much greater than the resulting increase in the
dark current in the emitter region. Moreover, as shown in Figure (5) (c),
there is also a small reduction in V. due to the resulting rise in Jgark When
the implantation energy is elevated (i.e., deeper junction) due to the induced
decrease in bulk life time of carriers during implantation (Boo et al., 2012).
The device’s fill factor is also decreased as the implantation energy
increases, as shown in Figure (5) (d). Ultimately, it can be concluded that
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hole concentrations, which ultimately increases the excess carrier
concentration and, thus, the open circuit voltage. This is consistent with the
results shown in Figure (3) (c). At higher base doping levels, the band gap
narrowing effect starts to be a major player, which results in an increase in
intrinsic carrier concentration n;, and reduces the open circuit voltage. The
open voltage dependence on the dopant density (Na) in the base region is
given as follows (Yalamanchili et al., 2018).

(N, +An).An
o K
Voo= BT jn(lse_+1) ®)
q dark

where kT/q is the thermal voltage, Na is the doping concentration, An
is the excess carrier concentration and n; is the intrinsic carrier
concentration.

Moreover, as shown in Figure (3) (d), the FF rises when increasing the
doping levels. The FF of the solar cells depends on the behavior of the E,
Jsc and Vo, which represent the ratio of the actual maximum obtainable
power to the product of the open circuit voltage and short circuit current of a
solar cell.

E.P,
V,.J

ocTsc

FF=

©9)

where Psis the incident solar radiation power density.

Figure (4) (a) shows the impact of increasing the implantation dose of
the emitter region on the device efficiency. It can be noticed that a slight
increase of about 0.4% in cell efficiency as the implantation dose is
increased. This can be referred to as the induced reduction in Jga When
increasing the implantation dose due to increased donor concentration in the
emitter region (Np) as given in equations (2) and (3). As shown in Figure
(4) (b), the short circuit current is almost unchanged when increasing the
implantation dose since the contribution of emitter current (Jemiter) and its
related dark current to the total Js; is very small. Contrary to Js, the open
voltage shown in Figure (4) (c) increases when increasing the doping level
in the emitter region due to the induced reduction in Jgk as demonstrated in
equations (2) and (3). On the other hand, the fill factor is slightly decreased
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D Ey
Jdark:chNv i Dn +i —- € o (2)
N, VT, N, T,

where Na and Np are the density of dopants (acceptor, donor) in the
emitter and base region respectively, g is the charge value of an electron, Eq
is the energy gap of the semiconductor material, Nc and Ny, are the effective
density of states in the conduction and valance bands, respectively; T is the
device temperature, and k is Boltzmann’s constant. D, and D, are the
diffusion coefficient of electron and holes, respectively, which are given as
follows (Liou and Wong, 1992).

o - 1350xV, 3

" 1. 81N,
N, +3.2x10"

D = 480xV,, 4)

P 350xN,
1+
N,+1.05%x10"
where Vy, is the thermal voltage. And 1, and 1, are effective lifetime for
minority electrons and holes, respectively as expressed in the following
equations (Liou and Wong, 1992).
R (5)
1+ Na
5x10'°
12
Tp:—ND (6)
5x10'°

Figure (3) (c) demonstrates the effect of increasing base doping levels
on the open voltage of the solar cell (Vo). The V. initially decreases for
low doping levels below Na= 1x10% cm™ and then increases when
increasing the doping level in the base region until it reaches Na= 2x10"
cm’. Thereafter, it sharply decreases for higher doping levels. In fact, the
open circuit voltage is highly dependent on the recombination of carriers in
the solar cell. At low bulk doping the primary recombination mechanism is
surface recombination which is responsible for nearly 50% of
photogenerated carriers. As the doping density increases, the amount of
auger and radiative recombination increase due to increased electron and
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Figure (3) (a) The cell efficiency, (b) short circuit current, (c) open
voltage (d) fill factor versus base doping density for the SiGe based
solar cell.

This behavior is mainly due to the increased carrier recombination rate
in the base region due to the reduced Shockley-Read-Hall lifetime of
carriers (tsur) for low doping levels. However, for higher levels, the auger
band-to-band recombination mechanism start to become dominant
accompanied with energy band narrowing effect for higher doping levels
(i.e. reducing Eg). Ultimately, the dark current density (Jgar) increases, and
the resultant short circuit density (Js) is reduced as given in following
equations (Singh et al., 2014; Boo et al., 2012).

Jsc =iignt Jaark 1)
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Figure (2) Energy band diagram of the SiGe based solar cell under
equilibrium condition (Kadri et al., 2016).

3. Results and Discussions

Figures (3) (a), (b), (c), and (d) illustrate the dependence of achieved
efficiency (Es), short circuit current (Js), open voltage (V), and fill factor
(FF) on the base (i.e., absorber) doping concentration (Na) of the SiGe
based device. The value of base doping that achieves the maximum cell
efficiency is in the range of 8.34x10*"cm™. It can also be seen from Figure
(3) (a) that for low doping density, the electrical efficiency is low. By
increasing doping density in the base region, the efficiency, the open-circuit
voltage, and the fill factor increase until they approach maximum values.
After that, they begin to decrease again.

For the short-circuit current, as shown in Figure (3) (b), it can be seen
that as the doping density increases until a certain doping level is reached
(Na= 8.34x10%*"cm™), the short circuit current gradually decreases. Then, it
starts to decrease sharply for high doping levels.
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Figure (1) Cross sectional view of n-Si /p-SiGe/p-Si based solar cell.

Table (1) Key parameters of n-Si /p-SiGe/p-Si based solar cell.

Parameter | Substrate | Number of | Pyramid SiGe Cell
Doping pyramids height | Thickness | Thickness
Value | 7x10"cm® 4 1um 5um 50pm

Figure (2) demonstrates the energy band diagram of the SiGe based
solar cell under equilibrium condition. It can be noted that, the introduction
of the SiGe material between the Si substrate and the Si top layer assists the
light absorption process in the cell. Hence, it increases the photo generated
carriers due to the reduced energy gap of the SiGe material. It also reduces
the recombination current due to the introduced electric field between
pSi/pSiGe interface, which sweeps the minority carriers towards the emitter
region. Ultimately, it reduces the dark current (Jgar) in the cell, leading to
enhanced electrical and optical performance.
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namely, electrical conversion efficiency, short circuit current, voltage open,
and fill factor on critical design variables in the device structure. Finally, in
Section 4, conclusions are drawn.

2. The Structure of SiGe based Solar Cell

Figure (1) provides a cross-sectional view of the SiGe based solar cell.
Within this structure, the top and the rear aluminum metals serve as the
cell’s front and back contacts, while the shallow n+ layer represents the
cell’s emitter region. The base region, however, consists of pyramid-shaped
p-Si/p-SiGe/p-Si layers. In addition, the back-surface field (BSF) is defined
in the device structure by the p* region. Finally, the cell’s front and the
bottom surfaces of the cell are passivated by very thin SiO, layers. The
physical structure of SiGe based solar cell shown in Figure (1), is first
simulated using virtual fabrication tool, 2D-ATHENA simulator (Silvaco
International, 2018), that allows for direct manipulation of materials,
dimensions, and doping. In addition to its ability to simulate advanced solar
cell design features including doping gradients, optical properties, back-
surface fields, and contacts grid shading. Second, the electrical
characteristics of simulated cell structure are numerically modeled using
2D-ATLAS simulator (Silvaco International, 2018). Outputs available
include I-V characteristics and the derived parameters such as electrical
conversion efficiency, short circuit current, open voltage and fill factor of
the cell. Table (1) represents the primary parameters of the device structure
under investigation. To model and investigate the electrical efficiency of the
proposed SiGe-based solar cell, the cell combined equations such as
Poisson, hole and electron continuity equations were used to evaluate carrier
transport mechanisms in photovoltaic structure. Shockley-Read-Hall and
band-band Auger models for Si and SiGe materials are considered to predict
recombination currents. LUMINOUS simulator is used to calculate the
photogenerated currents present in the cell and the light absorption and
reflection rate in the device structure based on optical ray tracing approach
(Silvaco International, 2018). In this investigation, air mass (AM 1.5)
radiation with an incident density of 2000mW/cm? is used as an illumination
source.
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efficiency of Si/SiGe solar cell when varying Ge content. Choudhary et al.,
(2013) had analyzed the performance of Si/SiGe based double junction (DJ)
solar cell, the device structure of double junction solar cell consists of the
series connection of an n on p Si junction on the top of an n/p Si;«Gey
junction. A tunneling junction was adopted for connecting the cells. The
thickness of the SiGe layers and the Ge-content was found to be significant
parameters that influence the overall conversion efficiency of the cell.
Priyadarshini and Das, (2015) studied the impact of Ge content on
efficiency of SiGe based radial p-n junction nanorod array solar cell with
pyramidal structure. Kadri et al., (2016) has developed an analytical model
to simulate the performance of thin SiGe solar cells with high-low junction
emitter (n*/n) of thin film SiGe/Si solar cell (c-Si)/n(SiGe)/p(c-Si)
heterojunction. The findings revealed that the addition of Ge by 15% to
crystal Si highly enhances short-circuit current density and cell efficiency,
whereas the SiGe band-gap degrades particularly the open-circuit voltage.
The results also indicate that the solar cell maximum efficiency increase by
about 1.7%. More recently, Sadullah et al., (2020) investigated Sii.x.,GexSny
-SixGe;x based solar cell. The effects of different absorber layer thickness,
doping concentrations of the absorber and BSF layers, Ge and Sn
concentrations in Sii.,GexSny are also studied for the proposed structure.
Conversion efficiency as high as 19.9% been achieved for substrate
thickness as low as 10um.

Generally speaking, it should be noted that the improved SiGe
absorption nature increases the cell photogeneration current; however, the
induced reduction of the SiGe band gap has an adverse effect on the open
voltage of the cell which ultimately undermines the benefits of the SiGe
layer in the structure of the cell. Thus, it remains an important challenge to
find the optimum structure of effective SiGe based solar cells. This paper
presents the pyramid solar cell utilizing a SiGe substrate that is compatible
with the existing Si technology and is very simple to manufacture, and is
likely to provide reasonable conversion efficiency for cheap solar cells.
Extensive TCAD simulations and theoretical investigations on the electrical
properties of the SiGe based solar cells were undertaken. Key design
parameters influencing the electrical performance of the cell such as; Ge
content in the SiGe material, SiGe layer thickness, and silicon layer
thickness (pyramid height) have also been studied. The reset of the paper is
organized as follows. Section 2, presents a comprehensive device structure
for SiGe-based solar cell, doping profile and simulation setup. Section 3
presents and closely explores the computed dependence of performance
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1. Introduction

As a result of global climate change and rising energy prices, the need
to secure an affordable renewable energy resource has progressively become
an international priority in the past few years. The percentage of global
fossil fuel consumption is, in fact, expected to be the source of more than
three-quarters of the world’s power generation by 2040. Despite the
predicted steady rise in oil and gas prices, less than 10 percent of global
energy production is expected to come from renewable energy sources by
2030, mainly hydroelectric, solar, wind, and biomass (International Energy
Agency, 2016). A significant amount of research effort has been spent in
recent years to improve the optical and electrical performance of the cells,
for example, different antireflection coatings and light trapping techniques
(Chen et al., 2011; Chen et al., 2019; Sheng et al., 2019; Chhajed et al.,
2008; Sun et al., 2019; Bruce et al., 2019; Alhashemi et al., 2020), selective
front/rear surface field emitters, interdigitated back contacts, and carrier
selective contacts such as hydrogenated nanocrystalline silicon oxide (nc-
SiOy: H) (Woehl et al., 2011; Procel et al., 2019; Chiu et al., 2020; Zhao et
al., 2020). In addition to effective surface passivation approaches (Zhuang et
al., 2019; Guo et al., 2020) which have been recently proposed to improve
the optical and electrical performance of solar cells. Another feasible
solution to improving the performance of solar cells is the utilization of
indirect band-gap material in their structures. In this scope, recent findings
have shown that, in view of their compliance with the conventional
technology of processing Si-based solar cells, silicon germanium (SiGe)
material has been considered a favorable choice for enhancement and
optimization of solar cell optical and electrical efficiencies. Indeed, in the
SiGe material (small band gap), the photogeneration current is projected to
increase dramatically as photons are adequately absorbed in the near
infrared region of the solar spectrum. The open circuit voltage would, on the
other hand, undergo an inevitable decrease due to the decrease of the SiGe
band-gap associated with the increase of the intrinsic carrier concentration
(Abdul Hadi et al., 2014). Many researchers have explored the use of the
SiGe material in many variants of solar cells such as SiGe/Si hetero-solar
cells and SiGe thin film solar cells. Liao et al., (2012) have experimentally
investigated the optimal Ge content in the SiGe layer of a hetero-structure
thin film solar cell; and an enhancement of about 4% more than that in the
Si-based solar cell has been obtained. The efficiency of n-SiGe/p-Si based
heterojunction solar cell for different Ge-contents is studied in (Das and
Choudhary, 2012). The study found a nonlinear variation of overall
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Performance Analysis of Pyramid Si/SiGe based Solar Cell:
A Simulation Study

Ziyad Al Tarawneh”
Mustafa Muheilan

Abstract

The need to secure affordable renewable energy resources has
progressively driven the development of more efficient solar cells over the
last few years. Solar cell efficiency enhancement will potentially come from
technological developments in solar cell manufacturing by using multi
crystalline or amorphous semiconductors rather than traditional single
crystal semiconductor solar cells. The alternative is to use SiGe materials in
the cell’s structure. The SiGe material is consistent with the established Si
technology and is very simple to produce, and can likely provide sufficient
conversion performance for inexpensive solar cells. In this paper, the
efficiency of the pyramid-based SiGe solar cell is closely investigated. The
electrical efficiency improved to 26.5%. Finally, key design parameters
affecting the cell’s electrical efficiency such as; Ge content in the SiGe
material, SiGe layer thickness, and silicon layer thickness (pyramid height)
have been studied.

Keywords: Solar cells, SiGe material, Heterostructure, Ge content
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algorithm OSD-HSD yields to better error correcting performance for
certain scenarios compared to original OSD, Chase-HSDec, and SDHT.
Specially for medium to long linear block codes with high code rate

(K/N>0.5) and small d,,,;;, such as BCH (127,120,3) in terms of BER.
Additionally, the proposed model shows a significant reduction of
complexity in terms of the coding list length. Moreover, the results exhibit
that the proposed algorithm OSD-HSD vyields to the same or slightly less
error correcting performance compared to original OSD. It also performs
better than Chase-HSDec and SDHT for medium to long linear block codes
with high code rate (K/N=0.5) and large d,,,;, Such as BCH (63,45,7) in
terms of BER. But by significant reduction in complexity in term of coding
list length compared to other used competitors in this paper. It is worth
mention here that the proposed OSD-HSD can be implemented in any linear
block code for which the error patterns can be stored in memory.
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Figure (5) The BER of the (127,120,3) BCH code over an AWGN
channel

Conclusion

In this paper the OSD with hash and syndrome decoder (OSD-HSDec)
decoder was presented. The low complexity hard decision decoder was
integrated as component decoder with OSD to accelerate the correction of a
received data. The main idea was to create the error pattern list and so the
coding list. This, was achieved using the syndrome and hash techniques by
storing each error pattern in short list with equal to the decimal value of its
syndrome and correcting the most reliable bits. When the receiver receives a
sequence, it accesses directly to the error patterns corresponding to the
decimal value of its syndrome without the need to access all error patterns
for certain weigh as in OSD. The simulation results show that the proposed
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Figure (4) The BER of the (64,57,4) BCH code over an AWGN channel

In Figure 5, we present a comparison of the performances of OSD (2),
OSD (2)-HSD, SDHT, Chase-HSDec for linear block code with the large
code rate and long length such as BCH (127,120, 3) code. It shows that the
proposed OSD(2)-HSD outperforms remarkably the SDHT up to s=3 with

more than 1.2 dB and outperforms Chase-HSDec with error correcting

capability t.= 1 by more than 2 dB at BER= 107> with average number of
error patterns equal to one error pattern. Also OSD (2)-HSD and OSD (2)
have the same performance with number of errors for OSD (2) equal to
7140.

58



Mu'tah Lil-Buhuth wad-Dirasat, Natural and Applied Sciences Series Vol. 36. No.2, 2021.

10° :
BPSK E
—— 0SD(2) 1
10'1% % OSD(2)-HSD |k
{— SDHTS=4 |4
5 —— Chase-HSDec |]
10° AN AN
[a g -3
10 i
Eé 53] )
10*
10°
10° ]
0 1 2 3 4 5 6 7
SNR[dB]

Figure (3) The BER of the (63,45,7) BCH code over an AWGN channel

The BER of the (64,57,4) BCH code over an AWGN channel is shown
in Figure 4 assuming OSD (2) with large code rate and error correcting

capability t¢ = 1 | and assuming OSD (2)-HSD and SDHT with S=6 and
Chase-HSDec with t=4. We observe that OSD (2)-HSD, SDHT, and Chase-
HSDec have the same BER performance for the BER values smaller than

1073, Also numerical results show that, in general, the OSD (2)-HSD
decoding can achieve approximately the same BER as OSD (2), SDHT, and
Chase-HSDec while using less test error patterns.
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Figure (2) The BER of the (31,26,3) BCH code over an AWGN channel

In Figure 2 we present a comparison of the performances of OSD (2),
OSD (2)-HSD, SDHT, Chase-HSDec for linear block code with the large
code rate and short length such as BCH (32,26, 3) code. It shows that the
proposed OSD(2)-HSD outperforms remarkably the SDHT up to s=5 and
Chase-HSDec with error correcting capability £.= 1 by more than 1 dB at
BER= 1072 with average number of error patterns equal to one error
pattern. Also OSD (2)-HSD and OSD (2) have the same performance but
with number of test error patterns for OSD (2) equal to 325.

In Figure 3, we present a comparison of the performances of OSD (2),
OSD (2)-HSD, SDHT, Chase-HSDec for linear block code with the large
code rate and medium length and large d,.;, and error correcting

capability t¢ = 3 such as BCH (63,45, 7) code. It shows that the proposed
OSD(2)-HSD outperforms remarkably the SDHT with s=5 by about 1.2 dB
and Chase-HSDec with t= 3 by less than 1 dB at BER= 107> with average
number of error patterns equal to one error pattern. However, OSD (2)

outperform OSD (2)-HSD slightly by less than 1 dB at BER= 107> but
with number of errors for OSD (2) larger than OSD (2)-HSD by 99% .
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The BER of the (31,16,7) BCH code over an AWGN channel is shown
in Figure 1 assuming OSD (2) with K =16 and code rate equal
approximately 0.5, and assuming OSD (2)-HSD and SDHT with S=6
(where s is the error patterns weight) and Chase-HSDec with t=4. The
number of the test error patterns for the OSD (2), and OSD (2)-HSD, SDHT
and Chase-HSDec are 120,1,4, and 16, respectively. We observe that OSD
(2)-HSD, SDHT, and Chase-HSDec have the same BER performance for
the BER values smaller than 107> , and OSD (2) outperforms all other

decoders by at most 1 dB at 107° . Our numerical results show that, in
general, the OSD (2)-HSD decoding can achieve approximately the same
BER as SDHT, and Chase-HSDec for small to medium SNR values while
using less test error patterns

10° .
BPSK E
03 ~— 0SD(2) i
10" — —<— OSD(2)-HSD o
= = ———t ~ SDHT S=4 E
N — —%— Chase-HSDec t=4 ]
102 e "
5 10° Ng
[a0]
10"
10°
10° 3 :
0 1 2 3 4 5 6 7
SNR[dB]

Figure (1) The BER of the (31,16,7) BCH code over an AWGN channel.
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» Ordering the received sequence r', r", and Gaussian elimination
process as in (S. Alnawayseh, P. Loskot, 2012):

2Nflop+ Nlog, N flop + N,,..,(K.N — K)*Bops + (K
+ K(N — K)Bops
= The complexity of syndrome and hash computation:
(log(N) .log(N - K)+ (N —K))
= The error patterns and coding list generating and Euclidian distance
computation between two vectors of size n;

e XN

Table 1 shows, a comparison between coding list length for different

decoding algorithms utilizing hash and syndrome decoding such as SDHT
(Alaoui et al., 2018) and Chase-HSDec (Alaoui et al., 2017) and pure OSD
(), OSD(11,12) (Alnawayseh & Loskot, 2012) (Fossorier, & Shu, 1995).

Table (1) coding list size for different decoding algorithms

Algorithm List size
OsD(l) -
2.
2y (%) 22 (%)
Chase-HSDec (N)
[N
SDHT TN
2 IN—K
OSD(I)-HSD N
U - (t)
ZN—K

Simulation results and comparison with other decoders.

In this section, the results of the proposed decoder OSD-SHD are given

for some linear block codes with a comparison with other decoding
algorithms over the AWGN channel. The error correcting performances will
be represented in terms of Bit Error Rate (BER) and Signal to Noise Ratio

(SNR=E /N).
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14: for i: to length of &, find the fbgst by calculating minimum

Ecludinace distance between decimal version of ¢ which is R by
min(Ed(R, r))

15: estimation  Cp.<¢corresponding to initial received sequence r is
obtained by performing inverse permutations de.
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With the use of the hash function, the search for the list that contains all
possible error vectors of weight less than or equal to s is directly determined
and the closest codeword to the received sequence can be easily found. This
idea was to reduce considerably the search time and therefore the decoding
process.

Complexity analysis

In this paper, linear block codes were investigated , where the
complexity of coding is @(N.K); for cyclic codes yield to alleviate the
complexity to O(log(N).log(N-K)) (Azouaoui., Chana, & Belkasmi, 2012).
We note that in this paper we use the OSD algorithms integrated with
syndrome generated from reordered parity check matrix after the Gaussian
Elimination G". The OSD algorithms is considered one of the list decoding
algorithms, where the decoding (time) O complexity of the list decoding
algorithms can be measured as the list size given by the number of the test
codewords that are examined in the decoding process (Alnawayseh, S. and
Loskot, P., 2012). While the Maximum Likelihood decoding (ML) has the

complexity O = 2% which rises up sharply with large K. where the OSD
complexity is the error patterns are generated in stages. For instance, for
stage (I) all possible changes from zero to | of K MRIPs are made to
generate stage or order(l) error patterns. Finally, the corresponding
candidate codewords list is created after re-encoding. The OSD of order of |

K
requires Z}_D(j) error patterns where K is the number of information

bits and | is the number of assumed errors in information . It should be
mentioned here that in OSD-HSD, the error patterns and coding list
generation is different. Here the syndrome of a received word h is equal to
the sum of its parity digits and the parity check digits recomputed by re-
encoding the information part of H. So, the complexity of syndrome
computation should be considered. The complexity measure for OSD-HSD
can be summarized into three main parts;
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Input:

Generator matrix G, received sequence r, Order I, and parameters A , V;
hard decision of received sequence r.

Output:
Optimal codeword estimation ~ Cpast

1: Calculate the reliability value a@; = |r;]

1= forr; ﬁiD}
0=forr; =0

3: First permutation: 7' = A'[r]. G' = A'[G]
4: Gaussian Elimination : "' = 2" [r']. G"" = A"[G"].

2: Perform the hard-decision: y; = {

ol

* Calculate the parity check matrix H' for G" and parity check H'T matrix
transpose .

: Calculate the binary version of r" which is d.
: Calculate the syndrome of d , SY=mod(d. H'7).
: Calculate the hash value m for SY in step7

© o0 N O

: Create a list of test of error patterns € of e = [e;.e,.---.ey] of

length L= Z}_D (T)

10: Calculate SY and hash value for each error pattern in the list of test of
error patterns £

11: Create a short list from error patterns £ in step 9 with common value
of hash value m.

12: Correct the first K positions of d =[d4.d5.---. d] by corresponding

first K positions in error patterns list £,,,with hash value m equal to
hash value for d syndrome instep 8 as  d.prrected = (AR E,,).

13: For i: to length of &, create a list of test codewords by encoding d..

Cp =mod(d,-G'")
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OSD-HSD:

In this paper, a Soft in Hard Out decoder, called Soft Decision Decoder
by Hash and syndrome Techniques (SHT) is presented and integrated with
OSD. The syndrome and hash technique enables to correct all errors of
weight less than or equal to a fixed threshold. To verify if there are errors
during a transmission operation or not, we compute the syndrome of the
received sequence after reordering according to most reliable positions as in
(1) and obtaining the MRIP after permutation A”. This cannot be achieved

before generating the corresponding parity check matrix H' from the

generator matrix G'' . So the syndrome of the reordered received sequence
is calculated as follow:

Sy =5(C)+Se =r"-H'" (@)

r . . .
Where H'" is the transpose of parity check matrix H' and
e = [e;.e,.---.ey] is the test error pattern for the whole received
sequence N bits.

According to the value of S(r""), a specific list of test error patterns is
determined from the responding hash table. To reduce the complexity and
time search of the most probable error patterns in traditional OSD, we
propose the use of the hash techniques by storing each error pattern in the
specific of number equal to the decimal value of its syndrome. When the
receiver receives a sequence, it accesses directly to the error patterns
corresponding to the decimal value of its syndrome. Precisely, the proposed
hash function has the following algorithm as in (Alaoui et al., 2018).

m.=Z;:f=‘DH‘1POM§ -SY[IN—K—-1-—]j] (5)
Where m is the hash value of syndrome SY and POW, Base 2 power

and scale floating point. The common points between the errors pattern
stored in the same list is the number m. which means for OSD of order of |

. . K
which requires 2, ;_0 (j ) error patterns a number of short test error pattern

lists are created for a syndromes with equal value of hash
m=hash(Syndrome(e)). But here we have to clarify that OSD-HSD of order

| required € = [e;.€5.---.€y] which is error pattern of length N and not
K as in traditional OSD , so total length for all created short test error

N
patterns will not exceed X7 _, (j ) The OSD-HSD works as follow:
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I. OSD and OSD-HSD algorithms.

The OSD decoding resumes by reordering the received sequence of
reliabilities as in (Fossorier, M. and Shu Lin, May 1996),

|r11|:—:’ |r’2|3_3= ITINI (2)

where the tilde is used to denote the ordering. This ordering of the
reliabilities defines a permutation, ;‘LI, i.e.,

r'=Ar]=[r";....r"4]

The permutation A’ corresponds to the generator matrix G' = }LI[G]

having the reordered columns. In order to obtain the most reliable independent
positions (MRIPs) for the first K bits in the code word, additional swapping of
the columns of G' may have to be used which corresponds to the permutation

A", and the generator matrix G = ;'L”[GI]. The matrix G"” can be

manipulated into a row (or a reduced row) echelon form using the Gauss (or the
Gauss-Jordan) elimination.

After the transformation, the first K index positions [1.2..... K] are
associated with the most reliable basis (MRB) [7], and the rest of positions
[K+ 1.K+ 2. .... N] are associated with redundancy part. For the phase-0
reprocessing, the hard decision is performed on ordered sequence r" using
decision rule in (1) to obtain the estimated information y" after permutation A".

let }’”H denoted the K positions of y" corresponding to MRIP. So the first
candidate word is obtained by re-encoding as (Alnawayseh, S. and Loskot, P.,
2012):

C=y",G" 3)

Obviously, Cj is the transmitted codewords if and only if there are no
errors in MRB positions, otherwise, a test error pattern (TEP) e = [el,e2,...,eK]
is added to MRB hard decision. For the rest stages of OSD, a number of TEPs
are checked to generate codeword candidates until a predetermined maximum
candidate number is achieved. For example the OSD of order of I requires

K
;'—o (}) error patterns where K is the number of information bits and | is

the number of assumed errors in information. Finally, the best estimation
Cy 2+ corresponding to initial received sequence r is obtained by performing
inverse permutations .i.e. Cpage = A’ [H.”[Cbest]].
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is compared to some competitors such as original OSD and other related
developed competitors.

The remainder of this paper is structured as follows. In section 2, the
proposed system model and notations is presented. In section 3, the OSD
algorithm and the proposed OSD-HSD are shown. In section 4, a
complexity analysis for OSD-HSD and other decoding algorithms in
literature are studied and compared. In section 5, the simulation results of
the proposed decoder is compared related to previous models. Finally, a
conclusion and possible future directions of this research are outlined in
section 6.

System model & notations:

The binary linear block code C(N,K,d,,:) is considered in this study,
where K and N denote the information block size and codeword length and
the minimum hamming distance between any two codewords @,;n,
respectively. Let b = [b;.b,. ...bg] and ¢ = [€4.C5....Cy] denote the
information sequence and codeword, respectively. Given the generator

matrix G, the encoding operation can be described as € = b -G. We
suppose an additive white Gaussian Noise (AWGN) channel and binary
phase shift keying (BPSK) modulator.

Let § =[8:.55.....8y] denote the modulated signals, where
s; = —1% e {x1]}. Atthe channel output, the received signal is given by
r = 8§ +n, where n is the vector of white Gaussian noise samples with

zero mean and variance Ng /2. In general, if the codewords in C have equal

transmission probability, the log-likelihood-ratio of the i-th symbol of the
Inpric.= -

received signal can be calculated as &; = —re=ry) [13]. Bitwise hard
In Prig=olry

decision can be wused to obtain the codewords estimation and

v = [¥4.¥5. .- ¥y] according to following rule:

Jn:{l:fﬂ?’n-{:o}

0=forr =0 S

where y; is the estimation of the codeword bit c;.
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the size of the candidates list, while it carries large calculations because of
the coordinating procedure.

Reliability based decoding was proposed in (Jin et al., 2007) to enhance
the performance. Also different skipping and stopping criteria were utilized
in (Wu & Hadjicostis, 2007) to discard less probable candidates. All
previous mentioned methods were integrated with the iterative information
set reduction (I1ISR) technique in (Fossorier, Dec 2002) to further reduce the
complexity. The original OSD was generalized in (Alnawayseh, & Loskot,
2012) by assuming segmentation of the most reliable independent positions
of the received bits. Segmentation was shown to overcome several
drawbacks of the original OSD overlooks candidates generated across
partitions so that a dramatic performance degradation is resulted. Also a fast
OSD algorithm combining stopping rules from (Wu & Hadjicostis, 2007)
and sufficient conditions from (Jin & Fossorier, 2006) was proposed in (Van
Wonterghem., Alloum., Boutros, & Moeneclaey, 2017), which can reduce
the complexity especially in high signal-to noise ratios (SNRs). Also a new
fast decoding algorithm combining segmentation-discarding technique and
portioning and easily calculated stopping rule were proposed in (Yue.,
Shirvanimoghaddam., Vucetic, & Li, 2019) and (Yue et al., 2019).
However, but the generation of the test error patterns is still complicated.

Soft Decision Decoder by Hash Techniques (SDHT) is proposed in
(Alaoui., Nouh, & Marzak, 2018). In this technique, all errors patterns of
weight less than or equal to a fixed threshold is permitted to be corrected.
The hash table was also used for alleviating the temporal complexity of the
syndrome decoding algorithm. In (Alaoui., Nouh & Marzak, 2017), two new
fast and efficient decoding algorithms to decode linear block codes on
binary channels were presented. The main idea was based on a new efficient
hash function that permits to find the error pattern directly from the
syndrome of the received word. In (Alaoui et al.,, 2018), the chase
algorithms with hash soft decision decoder (Chase-HSDec) was developed
and integrated with low complexity hard decision decoder (HSDec) as
component decoder. The use of HSDec in the chasing technique reduces the
temporal complexity and yield to error correcting performance. However,
this algorithm was applied to decode some BCH and QR codes only.

In this paper, the original OSD was modified, by developing OSD with
Hash and Syndrome Decoder (OSD-HSD). The low complexity hard
decision decoder is integrated as component decoder. The proposed decoder
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Introduction:

One of the most important tools to decrease the channel impairments
effects on transmitted data over communication medium can be categorized
into two main categories; increasing power efficiency and using forward
error correction codes (FEC). The main idea of FEC is to add some
redundancy bits to the original message that enable the receiver side to
detect and correct errors occurred through transmission for certain limits. So
more efficient coding process probably leads to more complex decoding
algorithms at destination. In this case, trade-off between targeted bit error
rate or quality of service and decoding complexity is necessary. As for
different applications requirements, different limitations exist. In some
applications, it is essential to reduce the process complexity and time
latency at destination for different reasons such as power imitations. Based
on this, an efficient decoding algorithms was developed for variable coding
techniques. Many decoding algorithms for linear block codes were proposed
in literature (YAGI, 2005). Most of these algorithms varied between hard
decisions decoding which works on binary form and use hamming distance
and in contrast soft decision decoding deals with received symbols and
utilize Euclidian distance and achieves better bit error rate (BER). The main
idea behind most of these algorithms is based on re-ordering process for the
received sequence according reliabilities of soft received bits. And then re-
encoding after modifying by constructed a list of test error patterns in
certain way and with different unique different stopping criteria
(Alnawayseh & Loskot, 2012). Ordered Statistics Decoding (OSD) was
proposed in 1995 which is a soft input soft output decoder which is as an
approximate maximum likelihood (ML) decoder for block codes (Fossorier
& Shu, 1995)

Much previous work has focused on improving OSD in terms of
complexity reduction without significant reduction in the performance. and
Some remarkable progresses have been achieved (Fossorier., Shu & May
1996) (Fossorier, Dec 2002) (Valembois., Fossorier, & May 2004) (Jin.,
Fossorier & Jan 2007) (Wu & Hadjicostis, 2007) (segmentation). The
complexity of the list decoding was the main aspect of complexity which
was mainly simplified and reduced creating, skipping, and stopping rules as
in (Jin et al., 2007) and (Wu & Hadjicostis, 2007) Among numerous
variants of the list decoding, the structural properties of the FEC code are
utilized to reduce the OSD complexity as in (Alnawayseh & Loskot, 2012).
The Box-and-Match algorithm (Valembois et al., 2004) can greatly reduce
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Ordered-Statistic Decoding of Linear Block Codes
Utilizing Hash and Syndrome

Saif E. A Alnawayseh”

Abstract

The Order Statistics Decoding (OSD) algorithm is an efficient soft input hard
output decoder that uses a list of most likely error patterns. OSD uses a hard
decision decoder after correcting the most reliable bits by a long list of the test
error patterns. In this paper, the original OSD was developed with hash and
syndrome (OSD-HSD) decoder where the low complexity hard decision decoder is
integrated as component decoder. The main idea was to create the error pattern list
using the hash techniques by storing each error pattern in short list with equal
decimal value of its syndrome and correcting the most reliable bits. It was observed
that when the receiver receives a sequence, it accesses directly to the error patterns
corresponding to the decimal value of its syndrome without the need to access all
error patterns for certain weigh as in OSD. For this scenario, the simulation results
and complexity analysis show that the proposed solution yields to good error
correcting performances and complexity reduction compared to original OSD and
many other decoding algorithms utilizing hash syndrome decoding such as the
chase algorithms with hash soft decision decoder (Chase-HSDec) and soft decision
decoder by hash technique (SDHT). The proposed decoder has shown a good
performance in terms of BER up to 10 >with reduced temporal complexity by
reducing the length of test errors patterns specially for long linear block codes with
high code rate (K/N>0.5) and small values of d,,;,. Also the proposed algorithm
OSD-HSD vyields to the same or slightly less error correcting performance (less
than 1 dB) compared to original OSD and better performance than other
competitors for medium to long linear block codes with high code rate (K/N>0.5)
and large d,.; in terms of BER. But by significant reduction in complexity in
term of coding list.

Keywords: Error correcting codes; Soft Input Hard Output decoder; OSD-HSD;
OSD algorithm, Chase-HSDec, SDHT.
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Table (6) Correlation coefficients between Heading date (Day) and
grain yield (kg / h) for the 10 Triticale genotypes

Lincoln (2019) Heading | Sidney (2019) Grain
date Yield
Lincoln (2019) ns
Grain Yield -0.80%* -0.03
Sidney (2019) ns
Grain Yield -0.08

ns, and " : not significant and Significantly rank corrected at the 0.05
and 0.01 probability level, respectively.

Conclusions

Results of this study indicated that the early heading triticale genotypes
are the best for grain yield production. Our results showed that there are
diverse effects of the environments (Lincoln and Sidney, 2019) on the grain
yield (kg / h) for the 10 triticale genotypes. At Sidney, the overall mean of
grain yield (4997.16 kg /h), and (4330.784 kg / h) for Lincoln heading date.
Overall tow environments the heist grain yield genotypes were NT14407,
NT15406 and NEO3T416-1 with grain yield (5372.10, 5369.70 and 5267.10
kg / h, respectively) and heading date (144.00, 143.67 and 146.67 day,
respectively). In addition, the early flowering and maturing genotypes had
better perform as reflected in higher yield when compared with late
flowering ones. These results verified the mandatory importance of the early
flowering behavior in triticale to improve productivity. Current study
showed high genetic variability among the studied triticale genotypes that
could be used as a rich genetic resource for breeders to develop newer
Jordanian Triticale drought tolerant genotypes.
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Table (5) Ranges (means) of Heading Date (Day) and grain yield (kg
/ h) at each environment for the 10 Triticale genotypes

Grand Minimum | Maximum | Range
Mean
Lincoln (2019) 14597 | 14300 | 151.00 8

Heading date

Lincoln (2019) Grain
Yield

Sidney (2019) Grain
Yield

Combine Lincoln and
Sidney (2019) Grain 4663.971 1396.64 6430.60 |5036.96
Yield

Our results reveled that, early heading triticale genotypes (NT15406 and
NT14407) had higher grain yield (6144.80 and 5015.30 kg /h, respectively)
than late heading genotypes (NT441 and NT15440) with grain vyield
(1685.10 and 4004.20 kg /h, respectively) at Lincoln 2019 (Table5). Based
on the results of the correlation coefficients, heading date in Lincoln 2019
was negatively significant correlated (P<0.01) with grain yield in Lincoln
2019 (Table 6). Which indicated the early heading date genotype had the
higher grain yield compare with the late heading date genotypes.
Furthermore, no significant correlation was found between heading date
Lincoln 2019 environment and Sidney 2019 grain yield. Moreover, this
results might help plant breeder to select early heading triticale genotypes to
cope with drought during grain filling. These findings were consistent with
Al-Ajlouni et al. (2016) who studied the impact of pre-anthesis water deficit
on yield and yield components in barley and Francia et al. (2011) who
studied the eco-physiological performance of 118 doubled haploid
population of barley in a multi-environment trial of 18 site-year
combinations in six Mediterranean countries over 2 years and confirmed a
strong positive correlation between water regime and yield and vyield
components at the level of environmental means.

4330.784 1396.64 6430.60 | 5036.96

4997.159 3592.48 6206.42 | 2613.94

40



Mu'tah Lil-Buhuth wad-Dirasat, Natural and Applied Sciences Series Vol. 36. No.2, 2021.

Table (4) Plant height (mean (In) and rank) at Lincoln and Sidney
environments (2019) for the 10 triticale genotypes

Genotype Lincoln Lincoln Sidney Both Lincoln
heading grainyield | grain yield and Sidney
date (Day) (kg/h) (kg/h) yield (kg / h)
NT441 149.33 a 1685.10 d 4877.00 c 3281.10d
NT15440 148.33ab | 4004.20 bc 4967.10 c 4485.70 bc
NE03T416-1 146.67 bc 4510.00 bc 6024.10 a 5267.10 a
NT14433 146.67 bc 4680.90 bc 4067.00d 4373.90 bc
NT05421 146.67 bc 3531.20 ¢ 4986.50 c 4258.90 ¢
NT15428 145.33cd | 4981.30ab | 4610.60 cd 4796.00 a-c
NT12403 144.67 cd 4592.70 bc 5277.90 bc 4935.30 ab
NT12403-1 144.33 d 4162.30 bc 4837.80 ¢ 4500.00 bc
NT14407 144.00d 5015.30 ab 5728.90 ab 5372.10 a
NT15406 143.67 d 6144.80 a 4594.60 cd 5369.70 a
Grand Mean 145.97 4330.78 4997.16 4663.97
Cv 0.85 16.15 7.97 12.08
LSD 212 1199.40 683.51 658.35
R2 0.779675 0.81 0.76 0.811

Means followed by the same letter within the column are not

significantly different according to LSD test at P< 0.05.
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overall 10 genotypes at Sidney was (3592.48 to 6206.42 kg / h) whereas, for
Lincoln (1396.64 to 6430.60 kg /h) for the 10 triticale genotypes (Table 5).
Our results indicated that, at Lincoln there is more variability among
Triticale genotypes (coefficient of variation (CV) = 16.15) compare to
Sidney (coefficient of variation (CV) = 7.97) (Table 4). At Sidney, the
mean for grain yield (kg / h) was the highest among all the environments.
Overall tow environments the highest grain yield genotypes were NT15406
at Lincoln and NE03T416-1 at Sidney with Grain yield (6144.8 and 6024.1
kg / h, respectively) (table 4). In Lincoln, the highest grain yield genotypes
were (NT15406, NT14407 and NT15428) with grain yield (6144.80,
5015.30, and 4981.30) kg / h, respectively). Whereas, the lowest ranked
grain yield were (NT441, and NT05421) with grain yield (1685.10 and
3531.20) kg / h, respectively) (Table 4). For Sidney the highest genotypes
ranked in term of grain yield were (NT14433, and NT14407) with grain
yield (6024.10, and 5728.90 kg / h, respectively), whereas, the lowest five
ranked genotypes were (NT14433, NT15406, and NT15428) with plant
height (4067.00, 4594.60, and 4610.60 kg / h, respectively) (Tables 4). Our
results showed that there are a large variability and different response
among the 10 triticale genotypes in same environment and between the two
environments. As example NT15406 ranked the highest grain yield (6144.8
kg / h) and ranked (1) in Lincoln, while ranked 9 with grain yield (4594.6 kg
/ h) in Sidney (Table 4). Main genotype and environment interaction (G X
E) effect can be anticipated when there is a large difference between
genotypes in certain physiological traits showing stress resistant and/or large
variation between environments for occurrence of the same stress (Francia
etal. 2011).
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ANOVA Sidney 2019
Heading Degree of | Sum square | Mean F Pr>F
freedom Square Value
Replication 2 197742.500 | 98871.250
Genotype 9 8659262.556 | 962140.284 | 6.06 | 0.0006
Error 18 2857780.26 | 158765.57
Corrected Total 29 11714785.31

Table (4), shows there is a significant different response of triticale
genotypes to heading date. The faster flowering (Early heading) genotypes out
of the 10 triticale genotypes were (NT15406, NT14404 and, and NT12403-1)
with average Anthesis (143.67, 144.00, and 144.33 day, respectively) (Table 4).
Whereas, the late Flowering (Late heading) triticale genotypes recorded as need
more time to produce anthesis (Flowering) were (NT441, and NT15440) with
heading date (149.33, and 148.33 day, respectively) (Table 4). Whereas, Other
genotypes (NT12403, NT15428, NEO3T416-1, NT14433, and NT05421)
represent as intermediate flowering (144.67, 145.33, 146.67, 146.67, and
146.67, respectively) (Table 4). This variability in heading date will give the
plant breeder to select early, moderately early, moderately late, and late triticale
genotypes to cope with drought stress. The effects of water stress on the yield
reduction of cereal have been well documented (Francia et al., 2011; and Al-
Ajlouni etal., 2016). The plant heading date grand mean for all triticale
genotypes is equal (145.97 day) and heading date range (day) is equal (8 days)
(143 (Early) to 151 (Late) day) (Table 5).

Grain yield results showed that there are diverse effects of the 2
environments on the grain yield (kg / h) of the triticale 10 genotypes (Table
4 and 5). At Sidney 2019, the mean of grain yield (kg /h) for the 210
genotypes is equal to 4997.159 (kg / h) and it is equal to 4330.784 for
Lincoln 2019 (Table 4 and 5), while the grain yield overall the two
environments is equal to 4663.971 (kg / h). The grain yield range (kg / h)
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(962140.284 and 6.06, respectively) of grain yield at Sidney 2019. This
results indicated that there is more grain yield diverse among genotypes in
Lincoln compare to the Sidney, which means the genotypes respond

differently with different environments.

Table (3) Analysis of variance (ANOVA) for triticale grain yield (kg /
h) using 10 genotypes common to the 2019 Lincoln and 2019 Sidney
breeding Nurseries

Combine ANOVA (Lincoln 2019 and Sidney 2019)
Degree of | Sum square Mean F Pr>F
freedom Square | Value
Replication 1 6660835.61 | 6660835.61
Genotype 9 22041788.85 | 2449087.65 | 7.72 <.0001
Environment 1 6660835.61 | 6660835.61 | 20.99 | <.0001
Genotype* 9 23156393.89 | 2572932.65 | 8.11 <.0001
Environment
Error 38 12056775.52 | 317283.57
Corrected Total 59 63916987.00
ANOVA Lincoln 2019
Heading Degree of | Sumsquare | Mean F Pr>F
freedom Square Value
Replication 2 202052.01 | 101026.00
Genotype 9 36538920.18 | 4059880.02 | 8.30 <.0001
Combine ANOVA (Lincoln 2019 and Sidney 2019)
Degree of | Sum square Mean F Pr>F
freedom Square | Value
Error 18 8800393.89 | 488910.77
Corrected Total 29 45541366.08
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these finding is consistent with Tshewang et al., (2010) who find there were
significant difference among triticale verities.

Table (2) Analysis of variance for triticale heading date using 10
genotypes common to the 2019 Lincoln breeding Nursery.

Replication 2 0.47 0.23

Genotype 9 96.97 10.77 7.04 0.0002
Error 18 27.53 1.53

C‘)Tr[)etg}ed 29 124.97

Analysis of variance was conducted across the 2 environments Lincoln
2019 and Sidney 2019 and each environment separately using grain yield
data from 10 triticale genotypes (Table 3). Analyses of variance indicated
that highly significant differences among environments and genotypes for
grain yield and the genotype by environment interaction (GEI) was also
significant which agreed with Budak et al., (1995). The significant GEI
(combined Lincolin and Sidney 2019) indicated that the genotypes
responded differently to the various environmental conditions represented
by the 2 environments (Table 3). The effect of environment, genotype, and
GEI terms for triticale grain yield were greatly different (Tables 3 agreed
with Espitia-Rangle et al., 1999a). The environmental variance for grain
yield was 2.6 times greater than the variance from the GEI. In grain yield,
the environmental effect was greater than any other effect which was
expected considering the diverse environments of Nebraska where the trials
were grown (Table 3). The mean squares of GEI (2572932.65) was closer
to the mean square of genotype (2449087.65) indicating that the genotypic
effects were also more important than GEI which agreed with Budak et al.,
(1995). When the interaction mean squares are considerably smaller or
closer than the genotype mean squares in multi-environment test, the
genotype rankings are expected to be relatively consistent and the genotypic
means can be described (Gomez and Gomez, 1984). Table 3, shows, the
mean squares and f-value (4059880.02 and 8.30, respectively) of genotypes
grain yield at Lincoln 2019 is larger than the mean square and F-value
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genotype was sowed in plots with four rows with length of 2.0m and row
space of 0.25m. The seeding rate was 54 kg ha™, and the planting time was
from mid (beginning in western NE) to late September or early October
(eastern NE). All sites were measured for plant height (described below),
and other important traits for increasing yield (described below), so data
from 2 breeding trials (environments) were used in this study. The following
data were collected: After flowering, when the stem was fully elongated,
Days to heading (days starting from 01/01/2019): was recorded number of
days from emergence to the day when the awns appeared in 50% of the plot.
And grain yield was measured by bound per acre (Kg/h), each plot was
harvested by combine after maturity and plant is yellow.

2.3. Statistical Analysis of Field Measurements

Statistical analyses were performed using SAS software packages and
procedures (SAS Institute, 1996). Analyses of variance were performed on
all genotypes to determine the magnitude of the environmental (E),
genotypic effects (G) and GEI using the procedures of Budak et al., (1995).
Environments and blocks within environment will be considered to be
random effects, while genotypes will be considered as fixed effects. In
addition, to analyses of variances (ANOVA) over environments (Lincoln
2019 and Sidney 2019), we have been performed ANOVA in each
environment to identify the significant differences among genotypes for the
individual traits. Variance components for environment, genotype, and GEI
will be calculated using expected mean squares obtained from the random
statement in PROC Mixed (SAS Institute, 1996). Post-test analysis (Least
significant difference, LSD) was used to test the performance of each
genotype for each trait. To determine the relationship between yield and
plant heading date a simple correlation between yield and plant heading date
was computed from genotypes means for these traits within environments.

3. Results and Discussions

The flowering behavior of all 10 triticale genotypes had significantly
difference heading time responses. Analysis of variance (Table 2) showed
significant genotypic differences (P<0.0002) with f-value (7.04) and mean
square (10.77). This shows that the triticale genotypes produce flower faster
than other genotypes. In temperate cereals, flowering relies primarily on
environmental cues such as photoperiod and verbalization to flower at the
proper time of the year to maximize their reproductive success. Genotypic
differences (significant at P<0.01) were found in heading date (Table 2)
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Table (1) Names and pedigree of 10 triticale
genotypes used in this study

Genotype Pedigree

NT14433 Haiduc/NE426GT//NT06427
NT441 TRICAL//OAC-85-21/NE88T442

NT15440 NTO07438/NE422T

NT05421 NE92T422 COMPLEX

NT12403 | NT05429=(NE98T425 (=PRESTO/NE91T409)/TX95VT7318
(=PRESTO//FS1795/LNC"S"))/NT02458=(RAH-
123/NE90T413 (=COMPLEX, FAIN
ETC.)?CTM86.101/GWT 88-12)

NT15406 | Gorum/NE422T//INT08421

NT12403-1 | NT05429=(NE98T425 (=PRESTO/NE91T409)/TX95VT7318
(=PRESTO//FS1795/LNC"S"))/NT02458=(RAH-
123/NE90T413 (=COMPLEX, FAIN
ETC.)?CTM86.101/GWT 88-12)

NT15428 | NT07403/NT01451
NE03416-1 | NA
NT14407 | NCPT01-1433/NT05433//NT07403

2.2. Locations (Environments), Experiments and data collection

The field trials were conducted at Two locations in Nebraska (USA)
with different rainfall amounts. The first location is the field site of Sidney
(drought area with low rainfall). The second location is the field site Lincoln
(high rainfall) (Havelock Experiment Station Farm). Growing conditions
included timely planting into generally good soil moisture leading good fall
stands and growth. The fields were planted on time for their respective eco-
geographic zones and fertilizer was generally applied before planting. In
general, diseases were moderate throughout Nebraska. Fungicides were
frequently used as a preventative measure against fungal diseases. Triticale
genotypes, including elite, historical, and experimental genotypes have been
used in this study. All genotypes were grown in two different locations in
Nebraska under rain-fed conditions using recommended cultural practices
and randomized complete block designs with four replications. Each
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triticale yields equivalent to, or better than, those for wheat (Briggle, 1969;
Lorenz, 1974). In the beginning, several major hurdles had to be overcome
to triticale to become a viable crop. Early triticales, though vigorous in
growth habit, were extremely late, very tall, highly sterile, day-length
sensitive and had shriveled seeds (CIMMYT, 1976). But, now though a
newly cultivated crop, triticale is rapidly expanding in several production
systems (Pfeiffer, 1994; Hinojosa et al., 2002). Its ability to produce higher
biomass and grain yield compared with other cereals over a wide range of
soil and climatic conditions has enhanced its adoption in more than 30
countries. If soil moisture is too little at sowing time, which is the case in
rainfed arid and semi-arid environments, this will result in poor germination
and seedling establishment, poor tillering and hence, smaller number of
plants per unit area and lesser growth potential (Dodig, et al., 2014).
Additionally, drought at the period of stem elongation (pre-anthesis) causes
reduction in number of grains per unit area due to it is harmful effect on
floret fertility (Fischer & Turner, 1978; Dodig, et al., 2014; Al Ajlouni et al.,
2016 and 2017). Jordan is potentially very subjected to future changes in
climate, which will possibly cause an increase in frequent drought stress,
which will consequently affect barley production (Samarah, 2005;
Ceccarelli, et al., 2010; Al Ajlouni et al., 2016 and 2017). Therefore, the
objective of this study was to understand the importance of different
heading date time (early and late) on triticale genotypes and its impact on
grain yield.

2. Materials and Methods
2.1. Plant material:

Ten lines different triticale genotypes originating from different crosses
were used in the present study (Table 1).
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1. Introduction

In Jordan, yield damages occurred due to unequal distribution or low of
precipitation during the whole plant growth cycle (Ceccarelli and Grando,
1996). In other words, drought might happen during pre-flowering as well
as post flowering period. Few reports in the literature discuss the effect of
time of heading on grain yield on triticale production. Triticale (X
Triticosecale Wittmack) is becoming increasingly important in agriculture
and understanding its genetic diversity is essential for its continued
improvement. The plant phenotype is a mixture of gene and environmental
effects and the interaction between both of them (Baye et al., 2011). The
first successful human-made of cereal crop was produced in 1875, by
crossing  wheat (Triticum) and rye (Secale) to produced triticale
(Triticosecale Wittmack) (Pfeiffer, 1994; Hinojosa et al., 2002). Triticales
are the fertile, true-breeding progenies of an intergeneric hybridization,
followed by chromosome doubling, between a seed parent from the genus
Triticum and a pollen parent from the genus Secale (Rimpau, 1891).
Simmonds (1976) summarized the various types of triticale that can be
synthesized with different chromosomal constitutions. Crossing with
different species of wheat, Triticum turgidum (AABB) or Triticum aestivum
(AABBDD) will produce either hexaploid (AABBRR) or octoploid
(AABBDDRR) triticale, respectively. Among the various types of triticale,
hexaploid triticale (durum x rye) has been the most successful because of its
superior vigor and reproductive stability. The octoploid type (common
wheat x rye) suffers greater genetic instability and associated floret sterility
(Mergoum et al. 2009). Triticale should combine the best characteristics of
both parents: wheat’s and rye’s: yield potential and grain quality of wheat
with the disease and environmental tolerance (difficult soil conditions,
drought tolerance, cold hardiness, disease resistance and low-input
requirements) of rye (Wilson, 1875). Triticale is grown primarily as a feed
grain and as a substantial silage crop because its dough lacks the strength for
making bread unless mixed with wheat flour. Current triticale varieties do
not possess the grain, milling and flour characteristics of the wheat used in
bread and pasta products. As a result, triticale grain is fed to poultry, cattle
and other livestock (Moritz, 1933). The ranged of protein content of
triticale from 10 to 20 percent on a dry weight basis, which is higher than
wheat. The amino acid composition of the protein is similar to wheat. The

31


https://en.wikipedia.org/wiki/Wheat
https://en.wikipedia.org/wiki/Rye
https://en.wikipedia.org/wiki/Grain

Heading date effect on winter Triticale (X Triticosecale Zakaria Al-Ajlouni Ibrahim Elbasyoni
production Witttmack)grain yield production Vikas Belamkar, Stephen Baenziger

A A @bl Gl gl o 5 e il
(X Triticosecale Witttmack)

Aslaad) LS

(o sl aad) ol

Ay (i

uadls
Sl s e saely Glaal 100 e Auhall bda gyl
e iy @l )% 3 il Gl o3 <o 55 (X Triticosecale Witttmack )
ol 4l yall 338 iy L (al) ZUY1 e ye il g il A el pllad S e Ll sl
o250 SSdh NT15406 ael sl conall Mo cdiadl Gigm i) Jay 5K a3
clia gl aig (OUSs [aaS 6144.8) Gl b gl e ale el pul (a5 143)
adly il Cmam g 2T L W Al Blaty Led act gl Galial) (G 5 S ciladlaal
Al Bl ¢ a8 sl ZUH Gua e saelsl Glia¥) o DAl 2
| oaS 4330.784) 5 «(LUSa [/ 22 4997.16) qusall Y il gl GluaYl ¢ send
sael gl Gliall il (bas olsSul) gl DA ole JG Lol (s
5267.1 55369.7 5 5372.1) &l el (NEO3T416-1 5 NT15406 5 NT14407)
zal Jel @i NEO3T416-1 aclsll canall o cpa 8 (sl o Hu€a [ aaS
(LESe [/ a8 6144.8) zll et NT15406 ao) sl Caiall Laiy (LS / aaS 6024.1)
bl Ay adl Gliall Llle 4t Jaledl lBEA) Dl jall oda & yedal 1Sl Al ge A
caliall Jaass 0 Agdadl Ao W1 Glial) gauas 3 NS 1)

LAl Yy 3 IS 3 ccalind) sadal clals)

30



Mu'tah Lil-Buhuth wad-Dirasat, Natural and Applied Sciences Series Vol. 36. No.2, 2021.

Heading date effect on winter Triticale (X Triticosecale Witttmack)
grain yield production

Zakaria Al-Ajlouni”

Ibrahim Elbasyoni**
Vikas Belamkar***

Stephen Baenziger

Abstract

A total of 10 Triticale genotypes were grown in a Randomized Complete Block
Design using 3 replications to improve our understanding the importance of
different heading date time (early and late) on triticale genotypes and its impact on
grain yield. Results of this study indicated that the early heading triticale genotypes
are the best for grain yield production as example NT15406 genotype heading early
(143 day) and produce the highest grain yield in Lincoln (6144.8 kg / h).
Significant differences were observed among genotypes regarding Heading date
and grain yield. Results indicated diverse effect of the different environments
overall genotypes on the grain yield. At Sidney, the overall mean of grain yield
(4997.16 kg / h), and (4330.784 kg / h) for Lincoln. Overall tow environments the
highest grain yield genotypes were NT14407, NT15406 and NE03T416-1 with
grain yield (5372.1, 5369.7 and 5267.1 kg / h, respectively). Whereas, for grain
yield, overall tow environments the highest significant grain yield genotypes were
NEO03T416-1 at Sidney and NT15406 at Lincoln with Grain yield (6024.1 and
6144.8 kg / h, respectively). Current study showed high genetic variability among
the studied triticale genotypes that could be used as a rich genetic resource for
breeders to develop newer Jordanian Triticale drought tolerant genotypes.

Keywords: Drought, Triticale, flowering, grain yield, selection
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fO1% Yt + fOTEYT + MY + gyt =0 (51)

In the same manner the fractional Heisenberg equations for the other
field ¥ are:

07U (6, %) = g, (8.%) (52)
foIFy + (T + MY + gyt =0 (53)

For & =1, Egs. (35), (51) and (53) reduced to the usual equations of
classical fields with gy*:¢ interaction.

5. Conclusion

The fractional variational principle represents an important part of
fractional calculus and has found many applications in physics. As it is
mentioned by Agrawal (Agrawal, 2012) there are different kinds of
fractional variational calculus and fractional Euler-Lagrange equations due
to the fact that we have several definitions for the fractional derivatives. In
this paper we have extended the derivation of the usual Euler-Lagrange
equations of motion for classical fields to the case that the Lagrangian
contains fractional derivatives of fields with interaction. In addition, we
obtained the fractional Hamiltonian density for scalar field with interaction.
The commutation relations and fractional Heisenberg equations of motion
have been constructed for scalar Yukawa interaction system. In special
cases, when the derivatives are of order ( @ — 1), the method presented here
and the resulting equations of motion are very similar to those obtained for
classical fields.
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The other fractional Heisenberg equation for the field v is

sorm,, (tx) = i[A.7,, | (44)

Substituting the quantity of Hamiltonian density in Eq. (44), we get
08, (60) = [ x (g, 4 o, m + (S50 (S050) +
L(s020)(2050) + MYy +imPed? + guye) iy, |

(45)
Rearranging the last equation, we get
057, (t,7) = ;'J dax{% [y ey |+ | Ty Ty
. [(:a;w*)(caw) oy +5 (202 0) (c050) s,
I T AT R

Using the properties of canonical commutation relations, then Eq. (46)
takes the forms respectively as in Egs. (47) and (48).

00, (60 = ¢ | a{(050 ) sow) )+ [Pwrwne
+|owvo.,, |} an
i R U '53 _ MZ 3-53 o
057, (&%) =¢fdﬂx{+ i 0 1870 ) 4 MY x”}
i gY'e 187 (x— % ) (48)
Using Delta-function properties, Eq. (48) becomes

Mo (tx) =— cﬁ‘“ﬂﬂ — Myt — gyto (49)
Since HE¢(t,x] = fa%y*(t, x),

Then

S0 LTy = —L02MY" — MY — gy'o (50)

Rearrangement the last equation, we get
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The first fractional Heisenberg equation for the field 1 is:

95y(t,x) = i[H, 9] (37)
Replace by H in Eq. (20), we get

1,
orp(er) =i f r|(37a, 2+ ey T+ (050°)(5050)

1 ) 1, -
+5(5050)(f050) + MYy +om™ g +gw*w¢),w]

(38)
Rearranging the last equation, we get
s (11 5 - R .
$050(63) =1 [ @ [, 0]+ iy o]+ (G220 525091
1 . B T
+2[(6220)(2058) 9]+ W00 9] +5 e, 3]
+ [gw*wqb,wﬂ (39)

Using the properties of canonical commutation relations, then Eq. (39)
takes the forms respectively as in Egs. (40), (41) and (42).

ey =i fd&x| w0 (40)
sorp(t ) =i fd*{ mp, [ ey B+ [ may ] 7oy} @D)
f05w(ex) = £ [ dx{mg, (62)(-D)8°(x — 4 ) (42)
07 (8,%) = . (63) (43
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1 z . me _—
07 R, (62) =i J dx {E[[jafp) ,n%] = [cﬁ‘,ﬁ%]
+g[¢,$¢,¢,ﬁ%}}
(31)
carxl carz. -53 o + Iz '53 . +
{07, (tx) = iJ dax{+ 5 040! (x$ x,)a " fﬁl =) }
? g 187 (x— %) (32)
Using Delta-function properties, Eq. (32) becomes
087, (tx) = —(£05¢)° — m* ¢ — gy (33)
Since 1., = 1079,
Then
[97% ¢ = —(§85¢)" —m* P — gy (34)
Rearrangement the last equation, we get
[0 p+(L02.¢)* + m* g + gY*yY =0 (35)
This can be written as
(D +m** )¢ + g™ =0 (36)

where D is the D'Almbertian operator.

Now we want to obtain the fractional Heisenberg equations for the
other field variables 1 and 1.
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£92p(t,x) = if @ (g, (t,x) (~D8%(x — £ )} (26)

Using Delta-function properties, we get the first fractional Heisenberg
equation

282 (L, x) = m,, (%) (27)

The other fractional Heisenberg equation for the scalar field ¢ can be
written as

fagm,, (t,%) = i[ﬁ,ﬁ%] (28)

Replace by H in Eq. (20), we get

1 2
(0520, (6) = | x[(Gme 2+ 7 oy + (050N (020)

1 coa E 2% 1 2a 2 # L3
+2(50) + My +om e+ guve) i, (29)

E'I.I

Rearranging the last equation, we get

S92, () = f d*x E (a2 g |+ | ey gy
+|(zazp) (02 9) | + % [(s029)" 2, (30)

Za

+ Mg |+ - [07 7, +g[w*¢¢,ﬁ%}}

Using the properties of canonical commutation relations, then Eq. (30)
takes the forms respectively as in Egs. (31) and (32).
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1 2 C oo ® C oo 1 c o caa
T ey T Moy Taye T (fozv7)(fozw) + §(+ax[¢)(+5x[¢)
MY+ MG+ gy (20)

For @ — 1, the above equation gives the usual Hamiltonian density for
classical fields.

The first fractional Heisenberg equation for the scalar field ¢ is:

9% p(t,x) =i[H @), where H = [d3xH (21)
Substituting the quantity of Hamiltonian density in Eq. (21)

oFp(t) =ifdx|(3n,,2 + m,, T + (£0597)(£050) +
s(c0s0)(50z 0) + MY Y+ m*¢? + gy ys), ¢

(22)
Rearranging the last equation, we get
caﬁ: — dﬂ 1 2 T g caﬁ: = caﬁ: g
+-t ¢(t1xj =1 x E[ﬁmﬁ, ,f,f?:l +[ 71'&;# T’EE;'u_,fﬁ:I + [(+ 1[110 )[:+ x[$)’¢]
1 - ” . mzﬁ: S =
+-|(f65.8) 0|+ | MY Y0+ ¢% ¢ +tglvvd o
~[(522.0)°8] + w61+ (6.8 + o lwrvo. 8] )
Since the last six terms vanish, then
0 p(t,x) = i f dx2[m,, 2(6,2),8(2, )] (24)

Using the properties of canonical commutation relations, then Eq. (24)
takes the forms respectively as in Egs. (25) and (26).
[

£0:9(62) = | @[ (601 62800
+ [y (620,86, (60 25
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& o a.c
—M*Y — gt e+ Xi- 1 -9 5iqtgy ~ © (14)
where
8L 2 1% %
ap . MW —gye (15)
Z _dy —a o T Z E o = 2=y -0, % 16
k=1 i'{ ar a ?,b::' k=1 + K oar Eﬂ'gi,f.'} =1 u a|‘+a#¢,} ( )

If we restrict ourselves to space and time dimensions

—M** — gyt + 9 (La7Y) + _ag(fozw) =0 (17)
For the other field 1" the fractional equation can be obtained as
My — gy + _9F(§95y) + _ag(fa5y) =0 (18)

If o goes tol, Egs. (13), (17) and (18) go to the usual Euler-Lagrange
equations for the classical fields.

4. Fractional Heisenberg Equations for Scalar Yukawa Interaction

Canonical quantization is the procedure by which a classical theory,
formulated by use of the Lagrangian-Hamiltonian formalism, can be made
into a quantum theory. In quantum field theory we usually work in the
Heisenberg picture, where the fields carry the time dependence. The field is
quantized by constructing the equal time canonical commutation relations
CCRs. The field and its conjugate momentum become operators obeying the
Heisenberg equations. The kronecker delta on a right side becomes a 3-d
Dirac delta function for the case of continuous field.

Now we want to construct the Hamiltonian formulation for scalar
Yukawa interaction to find the fractional Heisenberg equations. Using Eqg.
(7) the fractional canonical momenta densities are calculated as:

oL d.L

_ﬁa _ﬁaﬂi &
e T a(zaEe) 0 e T a(wre) TV
ar _ caey
. _
' 3(dzY7) (19)

Using the fractional canonical momenta densities 7, , Ty T

ﬂ:?.'.l-
then the Hamiltonian density becomes as:
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3. Fractional Euler-Lagrange Equations for Scalar Yukawa
Interaction

Fractional Lagrangian densities are functions of fractional fields and
their derivatives. In this section we apply the fractional Euler-Lagrange
equation to obtain fractional scalar Yukawa equations in a d-dimensional
space-time.

The most general form of the scalar Yukawa interaction is given by the
Lagrangian density (Tong, 2006 - 2007)

L= (S309°)(S300) +1(5300) (S070)-MPwy —im™ 2 —gy'uis  (9)

with g<< M, m. This interaction couples a complex scalar field ¥ to a real
scalar field ¢ of the type (V = —gy™y¢), where g is the (real) coupling
constant. This interaction is derived from the Lagrangian density of a system
of a Dirac field and a Klein-Gordon (KG) field. The last term of (9)
represents the interaction.

Using the fractional Euler Lagrange equation (6) to obtain the
equations of motion for the field variables ¢, 1 and .

Take the first field variableg, the corresponding equations of motion are

P g EL
where
2L _ 2 _ =
== —m*¢ — gy'P (11)
T o a"" T o B’C
Li=1 -0k a( ‘a ¢}+E" 1 +9 " a(cak ) = L= -0 3({ayd) (12)
If we restrict ourselves to space and time dimensions
—m* @ — gy + _0F ({07 ¢) + _07(f056) = 0 (13)

Now use the general formula Eg. (6) to obtain other equations of
motion for the other field variable ¥
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Where 2., (g) is the partial derivative of g with respect to the variable x;
.Here, in 28g, _dg, £ag, Zag, the subscript k and superscript a indicate
that the derivative is taken with respect to the variable x, and it is of the

order e, , the subscript + and - prior to the symbol @ represent the left
and the right fractional derivatives, respectively.

The fractional variational principle and the Euler-Lagrange
equation for field system described in terms of fractional
derivatives presented in by use of a functional 5(¢) as in (Muslih
etal., 2010).

5() = J Llo(x). (£ ¢ (). (267) P (). x5 ]dx,. (B)

where

Llg(x, ), (£95 ) (x ) (595 )(x,),x,] IS a Lagrangian density
function.

Form this action function the fractional Euler-Lagrange equation given
as:

5 ac
+Ek1—ka +Ek1+ka (6)

"a £4) (cafe) -

Fora = f = 1, the last equation reduces to the usual Euler-Lagrange
for classical fields.

The fractional canonical momentum densities 7, and g, defined as:

TT and TI'E;E —_ 8L (7)

Tk ACLAES) a(Lalle)

The fractional Hamiltonian density defined as:

H =27 =1, 95 ) + 2= ﬁﬁktfaféj_i (8)
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with interaction and compare them with the equations of motion for
classical fields in the limite— 1. The Yukawa interaction is an
interaction used to describe the nuclear force between nucleons .
Also itis usedin the Standard Model to describe the coupling
between the Higgs field and massless quark and lepton fields  (i.e.,
the fundamental fermion particles).

In the following, mathematical tools are briefly reviewed. Then in Sec.
3 we present fractional Euler-Lagrange equations for scalar Yukawa
interaction. Section 4 is devoted to obtain Heisenberg equations of motion
in terms of Hamiltonian density in fractional form. At last, in Sec. 5, we will
present some conclusions.

2. Mathematical Tools

The fractional derivative has different definitions such as: Grunwald—
Letnikov, Riemann-Liouville (RL), Riesz, Caputo and generalized functions
approach. The most commonly used definitions are those of Riemann-
Liouville (RL) and Caputo. In this section we briefly present some
fundamental definitions. The left and right partial Riemann-Liouville and
Caputo fractional derivative of order a,, 0 < a, <1, of a function f
depending on n variables, x4, ..., x, over the domain 11 = %, [a;, b,] with
respect to x, are defined as follows (Muslih et al., 2010):

The partial left RL fractional derivative

i g F g oy W, 2 a0 ad
(BN = oy = [ e dy (1)

(xp—u) o

The partial right RL fractional derivative

o _ -1 b",ff':xd_."-ux"_a__u.-l" 7, e :'
(-85 ) = 5 0% [, i du )
The partial left Caputo fractional derivative
(T 1 e Ouf (kg B¥py )
E-I'ak f) (xj - *'—I:l_EF{} fﬁ:k IZI;{-:J:ILIF{ du (3)

The partial right Caputo fractional derivative

e _ -1 b;fE'ufl:x._,---..x;f_.__u,x;{+;... )
(Z9g f)lx) = ka =0 du 4)

IT1—ap) (u —x;f}'x;f
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1. Introduction

Fractional calculus is a generalization of ordinary differentiation and
integration to arbitrary order (Oldham & Spanier, 1974; Miller & Ross,
1993; Hilfer, 2000). The theory of derivatives of a non-integer order has
many applications in various fields of physics from classical and quantum
mechanics and electrodynamics to field theory (Goldfain, 2012;
Nasrolahpour, 2013; Tarasov, 2013; El-Nabulsi, 2013).The results of
several recent researchers confirm that fractional derivatives seem to arise
for important mathematical reasons.

The quantization of systems with fractional derivatives is an important
area in the theory and applications of fractional differential and integral
calculus (Dirac, 1964; Eriksen & Lienaas, 1980; Gray & Kobe, 1982;
Laskin, 2002a; Lim & Muniady, 2004; Muslih & Baleanu, 2005b). Rabei et
al. applied fractional calculus to obtain the Hamiltonian formalism of non-
conservative systems (Rabei et al., 2007b). They used the definition of
Poisson bracket to obtain the equations of motion in terms of these brackets.
The commutation relations and the Heisenberg equations of motion are also
obtained. Jaradat used Dirac algebraic method to quantize the Schrédinger
Lagrangian density by determining the fractional creation and annihilation
operators and constructing the fractional canonical commutation relations
(CCRs) (Jaradat, 2013).

Recent investigations have shown that the Lagrangian and Hamiltonian
formulation can be applied to fractional fields. Baleanu and Muslih have
extended the derivation of the usual Euler-Lagrange equations of motion for
classical field to the case the Lagrangian contains fractional derivatives of
fields (Baleanu & Muslih, 2005). They also obtained the fractional Klein-
Gordon equation using the fractional variational principle and the Dirac
equation with fractional derivatives of order 2/3. Rabei et al. constructed the
Hamiltonian formulation of discrete and continuous fields in terms of
fractional derivatives (Rabei et al., 2007a). The fractional Hamiltonian is
not uniquely defined; it seems that there are several choices of fractional
Hamiltonian giving the same classical Hamiltonian.

As a new application, in this paper we propose the fractional
Lagrangian density for scalar fields with Yukawa interaction. Then
using the fractional variational principle, we obtain the fractional
Euler-Lagrange equations of motion. Furthermore, we aim to
construct the fractional canonical commutation relations and to
obtain the fractional Heisenberg equations of motion for the fields

15
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Fractional Heisenberg Equations for Scalar Yukawa Interaction

Amal F. Al-Maaitah ~

Abstract

This paper presents fractional Euler-Lagrange equations for scalar
fields with Yukawa interaction defined in terms of Caputo fractional
derivatives. By applying the variational principle to a fractional action S, we
obtained the fractional Euler-Lagrange equations of motion. Then we
presented Lagrangian and Hamiltonian densities for the fractional scalar
fields with interaction of order @. We also provided expressions for
fractional Heisenberg equations of motion for scalar fields with Yukawa
interaction. Moreover, the classical results are obtained as a particular case
of fractional formulation in the limit & — 1.

Keywords: Fractional Heisenberg Equations, Riemann—Liouville and
Caputo Fractional Derivatives, Fractional Variational
Principle, Lagrangian and Hamiltonian Formulations.
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