DEBEris

i 18-43-01-01 The Journal of Korean Institute of Communications and Information Sciences *18-01 Vol.43 No.01
https://doi.org/10.7840/kics.2018.43.1.1

delel WIEg WSt S BUE sk
o7l $14Ao] Wzel A3 T B3

o

o o &

oot W, A EFE, 04T

’

Modified Polar Codes Suitable for BPSK with Non-Data-Aided
Carrier Phase Recovery
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ABSTRACT

In this paper, we propose a 180° rotationally invariant polar code suitable for digital communication systems
employing binary phase-shift keying and non-data-aided carrier phase recovery. Generator matrix of polar code
can be constructed by kronecker power product of a lower triangular square matrix and thus, every columns of
the generator matrix has a power of 2 number of 1’s except for the last column. Also, the inverse of the
generator matrix is same to the generator matrix. Hence, every information bits except for the last one can be
represented as an XOR of even number of coded bits. Based on this observation, we propose a 180° rotationally
invariant polar code. The proposed polar code not only offers identical performance to that of conventional polar
code with perfect carrier phase recovery under both 0° and 180° carrier phase offsets but also requires identical

encoding and decoding complexities to those of the conventional polar code.

¢ First Author: Dept. of Information Communications Eng., Chungnam National University, arim@cnu.ac.kr, &433]<]
°  Corresponding Author: Dept. of Information Communications Eng., Chungnam National University, kingrock@cnu.ac.kr, Z413]<1
* Dept. of Information Communications Eng., Chungnam National University, %3]%]

=l E D KICS2017-09-234, Received September 14, 2017; Revised November 17, 2017; Accepted November 26, 2017

www.dbpia.co.kr



The Journal of Korean Institute of Communications and Information Sciences ’18-01 Vol.43 No.01

I.M E

Arikanel| ]3] Akl = 33 (polar codes):= ©]
Z1 1E o)Ak 771 WA Ald (binary-input discrete
memoryless symmetric channel, BI-DMS)ol|4] A'd
L3S AT 5 olrha o]EAo® Tl FHxo
2F AR Fzod. F e e Est Y B
EAEE 7 AGS A 2 welsle] Al of=
3} (polarization) & 2433k F=53} = Ad F 41
E7F =8 Adel B vEE B AlEer) e
Aol 124 H]E (frozen bit)yE HFsle] Ad &5
< 2= WAl R A AlEdizkeH] (signal to
ratio)d] e} B3 Fx7) delx)s EAe] Qi) F
F3o] BT 7HoR Ag AE A% A B
(successivle cancellation decoding)+= A5 7k} o]
Holl %53 2 ol8ele] Wihel A V=S 33
She WAoR % AAL o) wAHOR B

=
=
gt o] W] Tl ee o v} FAde]
©

gz Aol o]F s slsje] FEo] o
e B5 Az §Aske A% A elas

(successive cancellation list) W3} @77 Z uhdal
CRC (Cyclic Redundacy Check)E- ©]-8g+ 7|¥ 59|
Al e,

Hlo|E] ¥]=8- (non-data-aided) WkE3} $1A) B4
712 AR Alsel $14F Alel7} 7R AR Wx 4
o] A4 Aoz PSS SAF Heshe
712 o]zl f|AkAe] (binary phase shift keying)
wHze} dlole] v vk} 94 5 7S AR
She TR AV 1800 91 5
(ambiguity)o] AR, o)o} 2k2- S B3 A
S T3] Aol $I RS AlAsI o)A RE
180° 3|31 EAd (rotationally invariant)S Z-= A
o5 AR Sk ZeA AAE S’ FH
ol o] HdHA] v} wEhA B =ieAe
ool 5o g2 5AS o]83te] 180° 3 #A
=5 FEE Aokl

5 o] AdAES s 725 7 24 A
v} 882 9] Kronecker power 14k 2 A =|o] wlx]
T G5 AL YA A5 29 S5 Y 12 F
A=n] AAJ3Ye (generator matrix)e] Ui Z2ol
A (Galois field) 2°] 1452l 03} 12 A=k =
oo Be 725 vshlls AR A
AR ET FAgE BAle] glom stoflx] 7|&gt A

378 5%
A Ak 959 EAoR Qlsle] F &
o] mix]ut ol& v EE A|9J3F %] ¢g]H n|EES]

N

29] 55 7he] H3 Bl EES] XOR AAke s Hoxl
t} ol 5 Fxo] EAow glsle] i e}
180° A uff 29] = 9] 3 H|EER Ko

+ 99 HIESE 180° 34 BAE THIARE v
ul ol
ToH T

9] o oo 2 o)

HE= 180° 314 BHAS 7HAA] etk

B R T H5E $Asle] S 2t 0°
| T

= '?‘91’ 1800021 EH %OE]E scTo= v= T MT
180° 3|4 2HA F 5 A 7]EE AR A
ghshz 7]l B3 BAS ZA) s vk
o Q1 wjES 4 wER AMgee] 253 Y BE
A 71 alah 2oe] 914 23k 0° 2 180°el
A S 2Rt gl A1E T sk ARE A5
d& 4+ ek

B mre] L Rt Ak 24 B R
A seshe I ¥ Txe} Ao el Adrdst
I 3%elA A BHAS Zhs S 3 ARk
Ak 5 F3e] Ao 47gellA] ASEAL 57l
AES et

2 KNS Agsle] AR vES Agsii R

el 314 BIEE A3k WA oR =it
A A4 HER 05 ARSI ol H-58 (code
rate)~> R= K/No|W AKX n|EEZ2] qldx A3k
I, 713 RIEEL] Qldlx Fghe- [Co|t}. T F-50] -

33} 2= a8 13 2o a3 1o Nx N3l

1
Il

Gy=F®" 1)

AL (el & 5= ok vkl 3ol G2 sk A
ey F= E (ﬂ 2] n} Kronecker power $14FS.2
A& Folom el ) 12 A AH AW

Gt 3 W o) 2 AR 5 ek
N-1_  N—-1
z, =u; Gy ?2)

}Jl (2)01]/H U:: [uivul’-pp"'vu]’]}\_:‘ 'L_}?‘Ei jﬁdﬁﬂﬁ}x]

o] Qo] Hgahs u VAT olFoll WElE

www.dbpia.co.kr



=3 Ho]E] H]EE uls

Up So Xo ] Yo
2 LW ]
U S1 X1 ’T‘ Y1
[
Gny2
UN/2-2 SN/2-2) xN/Z—Z,T‘ Ynj2-2
[
Un/2-1 XN/zqu‘ YN/2-1
SN/2-1 L
uny/2 SN/2 XN /2 o IN/2
LW ]
UN/241 XN/z+1’—| YN/2+1
w
SN/2+1] [
Gny2
Un-2 SN-2 XN-2 ’T‘ YN-2
[
Uy-1 SN-1 XN-1 ,T| YN-1
L
Gy
a8l 1. F 459 yaE vx
Fig. 1. Encoder structure of polar code
ofmjatn olu] y)'& u, =0,i€' 8 2A v]ES}

w, €{0,1}, i€ 72 AR H|ER o]Fojxt}t, F H&
o] AA W 2w FF3kE A vlekAleof g
7l (Bhattachayya bound), 7F3-A19F A3} (Gaussian
approximation) 52| WMo AF w5 =Asle] A

A& g 9lom 2 =il 7 Ade &F
A&t Al (upper bound)E- AlXFsH= vlElzE] ok A

E olgsle] F HE A %3-,; HE g,
oAl $APe] s F A Bal A 5
AR g A @) o] el 5 1om
y,;:e]v(—l)xz—}—n“ i:0717...7N_1’ (3)
A (3)°]V'] 0= A 221= e nil‘—:- HBo] 0

ol Ak Nj/29l 7MY WA ZRSAIRE AR
(Additive White Gaussian Noise, AWGN) #do|c}.
 3ela Hlole] vwg gt shd 21l1E
7pgstelom bk st S B4lo] o) folir}
3 71s 0€{0°,180 ° } o34 180° A} 5 Ade]

ZAgk
I 28E 3 g8
= §-ZollA] A9 (hard decision) B35 3723}
H 23y H]E uA 10 /\] (4)3]_ 7L¢] b}E]—‘JJ BN 2}

AN—1
U

~AN—1

A7) 3,
chile] Hyo A4
o} 4] 2 AP Fle
1]

®)

3J= A ¢} B2 Kronecker power A®B-°4 sy
A'®B le® myHmgll g o
& & 4 glek

©
=
o

A ©F Rl &

=Gy =(F¥") ' =F*" =@,

25 o)l

AL ©)lA 2 9l miel 2ol Hy¥ Gy 54
gPolu] o]ol] w2} H, ol whAt A& Zﬂﬁf{
A2 A N 15 Zerh we] A @)
a o WAE Foay & AR RE 9s
= 7He] F5 v ESe] AR 3kEe] X0
HIEERE §=180"d A
wix e 7). o)) 7
(soft decision) EH-ZollA% }71] vlehdc)
LLR (log likelihood ratio)< AM&38k= <134
Folld 22 29] b3} b,,,° LLRS T-3h= Q4kS

e

27 e ik f(+) 9k = Qb g( + )k s
Lb)E A M3 o] AxE & glen
L(b, )& A @3 el 72 5 9. 4 (1)} 4)

L(Bi):f<L(cALi)7L(CALH1)):tanhf](tanh( ( )/2)tanh (L (a i11)/2)), (7
Lby 1) = g(Z(a,),L(a;,1),b,) = (1) L(a) + L, ). ®
3

www.dbpia.co.kr



The Journal of Korean Institute of Communications and Information Sciences ’18-01 Vol.43 No.01

b /T
NP

R

~

b;q Ai+1

SR T L A Y
Fig. 2. Basic structure of decoder for polar codes
g(avﬂ/)/) :_g(_a _577) O]D]' N= Sq_]. —3‘ _brLi‘o/]
A B3 3pge etk 13 33} Lok
a7 304 L= kAol i HA) LLRS e
o] AL} A A (- ) 9F Q4 g(+) ) 9o

5 3 7#4 R, kstAl2]
LY k= i =0,1,---,N—12 (k—1)5
4] 7 LLR ag o]gsted 4] (9)9} o] f(») dAk
7 g(«) Ao A 4 glow
L
' g(Lk(:l’ ! Lk 10 5: 12 1))7 for g node,
L& 2] (1007} zFe] 3t 4= g)rk.
. Plylz;, =0)
(i) — R
L log( P(yi|:ci ) (10)

A 0] L= 914 25} 180°4] S 2 A

a7 3. F yue] d#y %5 (V=8

Fig. 3. Soft decision decoding process of polar code
(V=8)

4

N 759} vlwshd HFHow o) il gt

S zher) olu) LS Aun osbAle] LLRES

f(e) odakdt 7% 912k 227} 0°4d wje} 180° )

TUZ TS T g( o) Akl A bt

el ghe Zher) of7lellA] 7 v MR $A) SJ}
A 13

= -

=l 27 304 B 4= 9l vk} 22o] < whAlolA]
R ek 9= 0 ° 2} 180°Q1 79l 57} Hi)
ol VMR rEEe nF FUg g vt vt
A = H350] A9y BoldE wiAT 9 v EE
A7 =] q1H H|EE-S- 180° 3] BWAS 7z
=} dukEel F 3= v 1“% JH vlES] F3571
A HER B35 A ol S RS &lE

o) S A e} A o
180° 3|7 $WAE 2 T EE A slslel
180° 3|4 $HAE 2 S o Aol 9
g vEE sk oA (V- 1) A ALE

A} S 1S Al A o= Aok
1 Ak, AUSE 5 s QAL 5
1Ke)

zz%% 5 47413}04 A% A 7 *F%EM
Baseielll ol7lold Bl gu uE g ouAE
e,

a8 4= B/N,=3.5dB, N=1024 <l 79 o
ato] 21 2ol W 7|E 5 Fuo) Aljlske S
F3.2] B EC& (bit error rate)? ZH Y E (frame
error rate) 452 B|wgk Zolch. 12 404 gelat
= Q)= nhe} 7o) YA} S} 0°2} 180° wje H]
Eog Y xA9)eg Aol FUR Aksh: F
Zof &2 91 24k 180°ellA] 71 F Fee A
033’2]—7]— Hl/\ﬂ‘&]—l‘/]— #-5] J_gﬂo]o o /H‘—o igq —r1
L2z} 1go°°1 u 71E 5 e v ol v ER
s =AY SH7} AL HARTHs AL gldt 5

www.dbpia.co.kr



i eole] Mg W A4 %

= = =Conventional Polar code
100 ——— Proposed Polar code

BER

50 o 50
Phase offset 0

I

50 o s0
Phase offset 6

a8 4. E/N,=35dBellA 9 24 w2 7]

E 3 9o} ARl F 45| wEes W )

g A% (N=1024, K= 512)

Fig. 4. BER and FER performances of the
conventional polar code and the proposed polar code
versus phase offset for Eg/ N, =3.5dB,N=1024

and A'=512

Ak

a3 59 a3 62 N=256, K=1289}
=1024, k=512 ] =0 " <} 180°¢4 x%lol
= e 71 5 e BN, ol mE HEeE
3s& vebd Zlolck Alksl= 180° 3H EWA =
F3oll = 180° 3] BHAS DAE] 415 7]
& F oA A H|E Ao ARgEE é% =
A =7} 7P F2 Adel] SR AR n|E
Agict ek 4 LA 9 Aol 71
53 ohh] s g3t i 5 olck vk
HOoR 7| F H3elA] AR vE ALl A
AdE T A=t 7P ke Ad e AR met Al
sz 7oA SR AR v B HEEE A
de] AlF|we] Aol= ZA] ofom o]} 312 Aol=
F50]9] Holr} HolAE Foltrh ufehi] Fwo]
2] o7} Z7Iskel| w2tk 914 L2t sl 7399 71
=2 335 A5 0° 9 180° S 237} 9l A8
Alkehs 5 52| Adso] fAkIA o]of 22
42 a8 59 62 F3l & < gl A=
= 0=0" <} 180%lx] $14 LA} gl 71E

N
&l

0{

ao,
rﬁl y[gye- _xu

JLJ m’-l

— () =()°
- = =0=180°

QO  Conventional
10! E O  Proposed E

102 F

BER

0 05 1 15 25 3 35 4 45 s
Eb/Nu[ BJ

J2 5. 0=0" ¢ 180" o 7|& F T} A=
= 230 H|EL S A% (N=256, K=128)

Fig. 5. BER performances of the conventional polar code
and the proposed polar code for #=0" and 180"
(N=256, K= 128)

1 00

0=0°

== =0=180°
O  Conventional
O Proposed

s 2 25
Ey/N, [dB]

T2 6. 0=0" 9 180" A W 7|E F F39} Ak
= REo| H|ES S Y (N=1024, K=512)

Fig. 6. BER performances of the conventional polar code
and the proposed polar code for #=0" and 180"
(N=1024, K= 512)

= FEot ARk v EES DA Ve 5
= 0=180 " ]l 7 Ae s vehle Aled

AERI7E STt Rk I E g Also] ZAEA] o

= QFulZ (error floor) #Ato] &gk}

V.2 E

alo] Sk 93} 0=0" 9} 180°¢l|4] FAF 5L
g 4 I 180° I B T R5F Al
l -

A5 Halateinh, Algkeks

(&3]

www.dbpia.co.kr



The Journal of Korean Institute of Communications and Information Sciences ’18-01 Vol.43 No.01

12 o

] =
s $1 #a) 7] AHasle ofal Sh
ol

F3e= A Adoll= S A4 B EE 53}

ez AdE F

%sp WL& 180° 3]H EwA-S 2Agi)
]_

ol
f
I
[m

Al =7} e Aol

#50] A 9 oA g=0" 4 1
21 ix}ﬂ Sz 71 5 el eddd
& oler] ¥33 E A5 Aqtee 7

H

5o} stk AQkeks 5w wo

Az AbgEle] $417] R RS U S

[1]

[2]

[3]

[4]

[5]

[6]

[71

References

E. Arikan, “Channel polarization: a method
for constructing capacity-achieving codes for
symmetric binary-input memoryless channels,”
IEEE Trans. Information Theory, vol. 55, no.
7, pp. 3051-3073, Jul. 2009.

B. Li, H. Shen, and D. Tse, “An adaptive
successive cancellation list decoder for polar
codes with cyclic redundancy check,” IEEE
Commun. Lett., vol. 16, no. 12, pp. 2044-
2047, Dec. 2012.

R. D. Gitlin, J. F. Hayes, and S. B. Weinstein,
Data Communications Principles,
Science & Business Media, 1992.
I. Tal and A. Vardy, “How to construct polar

Springer

codes,” IEEE Trans. Information Theory, vol.
59, no. 10, pp. 6562-6582, Oct. 2013.

D. Wu, Y. Li, and Y. Sun, “Construction and
block error rate analysis of polar codes over
AWGN
approximation,” IEEE Commun. Lett., vol. 18,
no. 7, pp. 1099-1102, Jul. 2014.

A. N. Langville and W. J. Stewart, “The

kronecker product and stochastic automata

channel based on  gaussian

networks,” J. Computational and Appl. Math.,
vol. 167, no. 2, pp. 429-447, Jun. 2004.

C. Leroux, I. Tal, A. Vardy, and W. J. Gross,
“Hardware  architectures for  successive
cancellation decoding of polar codes,” in
Proc. IEEE ICASSP Conf, pp. 1665-1668,

Prague, Czech Republic, May 2011.

0| O} & (Arim Lee)
20179 24 E=guisty AW
Exlzsta)l shat

51
20179 34~3A)
AgA gk} A

%

<TA ol EAIANAE] A

T H L o v

N
=T, e

X

2t =& & (Donghoon Kang)
2009 29 : gt A7)
AR EA J%'L—‘i‘— Al

m{

4

20159 9Y~&A] : gt
ARFAATFAL A7
By A" Ea

1994 24 : FFgestaL st
A}
1997 24 : 2algeshar 4
AF
20034 84 : E3Faljsta ut
A}
1997'3~2000 : F3}-g-¥}yet
o AREAGTA YA
200311~2006% : EalFIphstw AR EAA T A
olod
200611~2010% : FEegtal AR FA1FET Fap
201051~20159 : gk AR EAlFgee) L
201543~ A - Ftelehal A RgAlgEt) ag

<HAliel AzE AR 2 T, RS,
MIMO A]2=¥)

www.dbpia.co.kr



	데이터 비도움 반송파 위상 복원기를 사용하는 이진 위상천이 변조에 적합한 극 부호
	요약
	ABSTRACT
	Ⅰ. 서론
	Ⅱ. 시스템 모델
	Ⅲ. 수정된 극 부호
	Ⅳ. 전산 실험
	Ⅴ. 결론
	References


