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Phase Noise Analysis in the OFDM Communication System
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Abstract

In this paper, Phase noise is analyzed and a novel approach of the nonlinear approximation including second order
term of phase noise is presented to analyze and quantize system performance. As results, in QPSK-OFDM system, when
PLL loop bandwidth is 5.0 kHz, 1.0 kHz, 0.5 kHz respectively, there are about 0.6 dB, 1.0 dB, 1.7 dB SNR penalties
at BER=10"* compared with system without phase noise in AWGN channel. In 16QAM modulation, there are about
1.9 dB, 3.2 dB, 6.7 dB SNR penalties at BER=10"* respectively. At QPSK-OFDM system, comparing the previous
linear approximation method with our proposed nonlinear approximation method, there is similar BER performance at
phase noise variance lower than 0.02, but certain difference occurs as variance increases more than 0.02. Furthermore,
analytical BER results closely match with simulation results in the OFDM system employing QPSK and 16QAM
modulation. And, BER performance of QPSK-OFDM system is considerably degraded because of the BER etror floor
if the phase noise variance becomes larger than 0.03.

Key words : Phase Noise, OFDM Communication, BER Analysis, Nonlinear Approximation

.4 = OFDM 7142 T3 72 870 7 o
7 97) o) AT B4 54 Bopl B

ZHg gty AREet 2 FAFEIYBEXNSF2(Dept. of Electronic Engineering and Research Institute of Computer, Information &
Communication, Chungbuk National University)
*81-:1,’-?& AENATA Adb&AT 4 o] EHEl o) 44 7% (Broadeasting System Department, Radio & Broadcasting Lab, ETRI)
c= & W 3 20040729-098
FHSEREYA 20043 109 69

1043



BEEHESERNE 158 F 1% N04F 1A

L0 o] 2o 1 U} T3 A4 FE, F
A 59 FAREC A Aol R g¥Fe
Ehdth §3] $41719 o AHESY £41719]
WE S} 72 S8 G714 B g A
OFDM Al 2®ol A Fukgabhe] 2l
A8 Zo] [Cl(Inter sub-carrier interference)S 37}
NANE 29102 F&3Tl. g} o] OFDM Al
BN A7}t He A4 72 hE B A 4
FEo] 9th 20019 A. G. Armadat OFDM 41
A& A 94 #E9 57 E4d A% A7
Aol 28y 9 Fegdl wg 4¥ 2k
2 3 A3 EAHE A Edh 19953 C.
Muschallike =5 23719 94 e £45 54
OFDM Al 2=glol M) 914 84 & ICT F3oll g
By g 28y PLLY 94 o2 98
OFDM EA A A= 9 B E QS H&(Bit Error Ratio:
BER) A% 7t #40] gldtt 19953 T. Pollet=
Ze A% 94 ol EA\aHE OFDM 4129
SA9 BER 4%5¢ BAALT. o £2e gL
A4 e AR 2A Atk Hol,
HEF 14 A5 A% OFDM 54 Az9e
G wEegA A8 5 g 94 Fol ofF g
EAL AYT o) weld Faak BAo] Hast
A "oy 2HEE B =RdMe 948 35 2
AAHA T WA Y ZASE 53 Bk A9
AL 9o, olg vgoR & NadY A%
ENAFE AA4 AEH AL SR Flsth

4 e
mo ofo

R

EIRY)

v tlo rlo o

o]
LS
Q
L]

[e]

OFDM B4 AI2HOM 2l &5

I.
79 18 71242 OFDM Al299 $44E0)
o $5A7194 dre AMAS A3 AgHE
25 BAV1Z As AR GO WYL ol A
A Azdel e AR Bk o4 el OFDM
A37 A F% 2279 A FlE BE
OFDM Fwrgstol 1% 4ol vehdeh 32
22719 §8L B shksl OFDM AEE A4

[} [=de W
Nz JFE FE AEF JF Fukga A3
ALL FE ALEL 7HAA ot AR Aee ¥
gtx o g 2= 9 Ato| 2{(Common Phase Error: CPE)

o

2 A3 44

AT E e v, T4

1044

Constellation jo.¢
Ma‘l::h‘! —_ﬂ T s ’:‘ | Front-end

J2 1. OFDM EAAA"9 1AL
Fig. 1. Block diagram of OFDM communication system.

A Ytz o A Fukdaizk ZHd(inter sub-
carrier interference: ICI) A1 2.2 OFDM 21359 3
24& AgsA 2ot
o2 £4& g 7S ok AA, A2
B4 Aol EA, AdY Fa SHEHE
dA3Hfla) S 7HTh B4 7AW OFDM
Ase gt 2
N-1 2% 4

1 J=
s(t)_ﬁgoXk'eT for 0<t<T )

A7NA j=J-1, NE& Hubd sl 5ol 3, Xie kdAl &
WHEoe] AW Al Eolth 7 Futgst ZHA 2 /7]
I T OFDM 418 F7101th s()E $47) 34 &
A7)0 osf 4 A H3L, £A7) FF 2]
o8} o AWAS 3 Fok 032 4 QAE &
q4F 4 3ok

r(t) = {s(t)-e#= + n@)} - &= o

& 82 FHAY HSOlT 5} du @ & 2}
$5407) B WA AHE A AR

n(f)

7_}
AL ZE2A 2otk FAZIAM FFT Q42 AR &
o kA Bk AH ASE ot 2
N-1 _2m
L=3rmle T
m=0
N-1 N-1 2 _Bm
LS S S
NI=D m=0
N-1
=>X,- B, +N,
Z:a ] -k k (3)
Neg §4071 53 221719 94 Fgol 3748 )



o] ME H FFT geo)2, 84 6,2 712t} 18
T AY A A T2 A Oml L Gnlmltdelm]
olth. 94714 P e 2o
1 N-1 Jolm ijm
Ry 4

4 ()& 2714 A%, kA A5st 1 9 ge
29 492 28 4 90 A A A9 r}—
% 7o

a) Ek;

o >

5|

=X, —Z e N,

m=0

=X Rt N (5)

i L?_N 310“,\11— A} 7L o] BALS u] S 3}
U AYIE 2A0E 3o Mg 1+jgiml 2
e ZAsee AEs} A EHEdth 1
Hu B =26 dmlo] dulml+éulmlo|nz ¢lm]
Bao] i o|4} ZL grelal H| oF 7] wj ol
A3 BAL I e 233A 1 E
1+ jolml- (/29" [m) 2 ] AE ZALgech 188
24 (5 tsH 2ol & & ok

A

lo,

lN—l X
¥, = Xk.ﬁzoemml N,
m

1 N-1

] — —l 2 )
xo k2 [1-Lgmie jom]

=x,[1 [ ! "Zlas m]]]w'xk- %:Z__:af[ml]wk
©
A (6)M HZo], kA AH A3 XE= 279
9dol AFEE & 4 U )RS 2 AN 7Y
(Magnitude Attenuation: MA)S} $]-}3] M(Phase Ro-
tation: PR)olet Asty 4 (N QA X8 4
At

1 & 2
mﬁ\ﬁz—ﬁéﬂmﬂ

1 N-1
-5 g |
N @®)

Ikl 5o EhtE MASH PR 2.4 $ub4s)

*(‘;7:24] dm])z Lo

- 7F MR e

OFDM E4A2961A 94 F&EA

2 745E OFDM 57} $54719) 33 2217]
o YeuEo] Yehsl 53 oA BE Rikes)

A FdaiA Hgag
T HA Ase ved 2k
b) I#k;

e 2 1+J¢[m]——¢ Mz =7 4 (3)e A A
& ofef ¢} Ao

N1
Ykszl'B-k

=

1=k

N1 1 ¥

‘”ZX Z[l-—qﬁ [m]+ J¢[m]]

) (I-k)m

1=0
I=k

S i WO v iy

H-U
I-k

1#k9) RSOl kAR P A3 A
N-1AS 2ugst 457 94 g9 gges
A% el LAE AT KA Fg Ao

ICIZ L}EM~ 4 9= MAS} PRE 2714 84F
7R o] AL 7t FtgsdE NE O 279
W¢s 2, HTL%J} Azl JF& A ok
ks kgt A5 njX e A ks A

MAS} PR 4418 83} 2,

1 {1 CLI S R e 2w |
My ’ﬁ\j[?z"’[’”]‘;" 4 PICEORI A
=0 .

"n=0

(10)
N-1
——(l k)
Zﬂm] e’” ”
PRy, =tan™| —2. 20
Lk 72 -kym

E’ﬂml'e ! a1
o9} o] M o) PRucol] o) G WL 7}
N-17He] 3945 48 1359 $& pan 2u
$9 W50 2YOE F83A Bk
do) 1 292 BF 4 AdaE o
&3 2

) £E (1-k)m

N1
v, =ZX‘ Zen’[rn] N + N,

=0

=1

- - 2 . 1 &
X,L[l 2an_:n¢ [m]]+J X, [’I\_f,,z.o
N 1 N-) 2«“‘“,‘1 N2 lN—l 3 ki

-ng[ng_anﬁ’[rnIe’T ]+j-§Xr[ﬁ;¢[M]-eru }+N,‘
bk % .

(12)

stm1]

1045



CEHEMREERNEE F15% %115 004E 115

9 4& thea 2o) B AE & ok

X, -M4, -arg{PR }+ Z X, -MA -arg{ PR }+ N,

=01 #k

(13)
=z 4 (7), 8),

o 7| M4, PR M4 12|53 PR

(10), 2213 (1)} 7ok

ARHOE, J3A 5 LA/ ggg e
OFDM Als¢] kAl Futdsl A AL AW

T oEF 2ol yedtt
Y, =Xy MA: LPRy+-+ Xy g My, LPRy , + X, - MAy- LPR,

+ X MAy LPR -

OFDM A 2=R)oj| A 54 92 7) 94 3He-9] 98
SE e A AstE Hush) e B =
M= #4A 4 (Degradation Factor: DF)E 1:}»54
Zo] Aot Alg-3tet DF= 4 Ao 2418
9} ZA52 %S o} Decision deviced] & ol A
FAE A5 of FF v v&E Jepdoh

(S /N )Wixham{q)}
(S/Nyungey - as)

FeH F3 BA) 94 AL LB A3

o e BlE okdst 2

o A9, 123 Pe A3 el 8 e AE A
HOZ U&= A5 PRY MAE F= A P}
AY Fubg a7t 7MY P2 Ut 2 8¢
T3] s kA AGA4E oS o) 8.
N-1
K':Xk'}%+l‘ﬂzkal-E—k+Nk' (17

ANE Pocd AT oA Pel Heolng
B3t 2ol 78 4 Ak
[ Z ew{m]]

Py = var P, ]

1 gy B
= FV“[Z RICIEI M)

m=0

1046

+ Xy My - LPRy  + N

(14)

1 N-l
- FZ Var[elzmm]
m=0

D P
AR (13)

9 = FFo] 00] T FAbo] 0,79 7}
2Aza2 HEYY gy er of Bare ok
2ol AR = 3ok,

var[ej"”]=EDe"2¢”"lz]~EZI:e’“”’] (19)

o
S
o
e
n
o |6 rir o

714 Elile”’” |2:| = E[c052 2y, +sin? 2¢,x] = l, a8

[e’z’”‘] I exp (26 )-

\/— exp( b’ Jd@x
=% (20)

e
g
I
<
&
=
———
=
Ko
o)
-
| OV—
il
e -]

ol

- S -, @

4209 AE 27) Astel e FHL of
oL A QAN 57) BAL The st ol AR

1

var [."21 P.] =—gvar [g{’ﬁ g -e'%m” :(1—('"3]
=3 N lwl | m=0 . (22)

m N I=0
N-1 2% ’
2[2)#] =4 sin(zl) :-(T"u
|71 sin(ei/ M) * otherwise ©1 1Ly &

ge e B
N-1 2€ mf Nz’ =0
755
Z_o[e”} =4| sinzny [
" sin(zl / N)| ’ otherwise -
LS S HEIE R
Al

o
=
T e e oS o] Fo7c

23T A

(¥ iz :
N + P )+R 1 4o}
wih{o} ( teg + Pres)+ F, F(l_e ‘)-{l+(N—1)-PS}+}; ]

@3



THOR 94 SO A% OFDM N2d 9 4%
A58 Hohs] el AN ANS AASE g
st DFg 7

PIP

DF =10log i -
Pslﬁ(l—e""‘){1+(N—l)-PS}+Pn

:lolng{1+%.(1—e“’:)-[%‘;i-(N-l)]-SNRW,WM(d}}-

24)

4 M % HAS $2E e Y

Hep b L 0w o] £ 74710 O 3E Fe

A %3 w7 299 HY 29Ed UEg AR
gt 78 F ok

ot = [ 8,004

27—

K QQ

B o

L8 <]

OFDM EAAN A" oA 4} F-&54

= Aotk IHEE, 4 Q9)dAMe AR 71
~B/2~B/2 2 A|g3 o} s},

2k

=

Al
1o

0. 4

FI

=EAAME 94 FEol de FF #1719
g 3% OFDM 541 A28 9] )47 uhyo]
e B4 A4 NEHNE ES A5 &
AN 19 29 3L oF BEn A2 Y
QPSK-OFDM 2l 5 9} 16QAM-OFDM A 3.9 AJAHA
< X2l Aotk

3% (@), 0), ©, @Y Xe 94 Feo 24
gol AA 7t Wtk F, (2)% AWGNAX = 9
3 AT BAke] 091 oA A gl (b), (0), I
2 ()= zHzH 0.005, 0.008, 122 0.0120]th A
ol E48 A4 Bele Cloud7} A3 A
AE 78S B o] g4+ PLL Fu4 §47)
o 94 Fs FYSE OFDM T4 A|AF A

]

1 1o of
tio ok

@88 ®

A b Bt s e o w om

T

[ T B TR T

EE I T R T

T N T

4 1 2 4 8 1 2 3 & 3

(@) 9% g 22 0

4 3 2 4 0 1t 2 3 4 5

(b) A% & EAkol 0.005

(@ A% RS B0 () A% TS B 0005
(a) Phase noise variance is 0 (b) Phase noise variance is 0.005

al

el 2N Ju
. &
R ol 1s]
5 ™~ o 1 25

15 i : *{ 15 "“‘ r.“"

ORI O IR "ﬁ__1| R T
(© A FE Bako] 0008 (&) 4 e Be] 0012
(c) Phase noise variance is  (d) Phase noise variance is

0.008 0012

18 2. QPSK-OFDM Al 5 74(1024-subcarriers, SNR=
15 dB)

Fig. 2. Constellation point of QPSK-OFDM signal
(1024-subcarriers, SNR=15 dB).

(a) Phase noise variance is 0 (b) Phase noise variance is

a+

(©) A% & F4ko] 0008 (d) 91 &5 F2kol 0012
(c) Phase noise variance is  (d) Phase noise variance is
0.008 0.012

3% 3. 16QAM-OFDM A135.¢] AAFA(1024-subcarriers,
SNR=15 dB)

Fig. 3. Constellation point of 16QAM-OFDM signal
(1024-subcarriers, SNR=15 dB).

1047



BEERKREERNGE H 158 H 19K 004FE 115

A ste ICIE Qs Yetues d4dolth 94 #s
02 9l OFDM A| Aol A 93l Az e}
= s 24 CPE A&7 ICL A% 271 o). &
FeskEst BS WE CPE AR Ao o
A vetvda gurdaiert g8 gos 1019
g go] o A& Cloud7} AAA dtt. & 47}
102480} 25 ol = ICI &9 717 Ao
E Z2AA HEE £ o 3L Cloudd £33 ¢
3 Aol o= 10246} Zo] AFFE ICI A
29 ANt ANFLE AAM YA AET | A
g CloudE oP7|MA © B2 A2H A5 ZFAE
op7lstAl BE o3¥ 4 Utk I8 QPSK Wz
WA BTk 160AM |24 0] o]# o3 @/de] o
73 foh

P_oi A]/\Eé] _‘g. Hq& _ﬂs]. BER /\/,\]2_
A A FE FFEA g A3 o Fe
Bl g alo] $14 S TE3 A3 o g HE A
&3t 78 5 STk 4 263 4 (27)2 AWGN A
ol A Gray-encoded QPSK HZwH23 16QAM H
ZHAE AFREE F714] AEH S HLd AL

Ny

e

FoAH A8 E F e 712 BER 34 349 4
o5y
1
stx er;f ( w.ﬁ(;)) Serfc ( /SNRWh(’,)).

2 2
Re-ome = —erfc[ 5‘ m;.m] -—erfc [1;;SNR\M‘M(¢}]

o714 SNRuwgy & OFDM Al 2o A 94 382
T A of F v A (23)3 2ok I 4% 0

. phase notso (Theory)
var-fL012 ; BW-0.5kEa (Theory)
- var-E.088 ; BWL.0kHz (Theory)

10 15

1] 8

SNR, Eb/No

J8 4. QPSK-OFDM A]2H 9] BER A%
Fig. 4. BER performance of QPSK-OFDM system.

1048

£ AWGN 376 4] QPSK wz2H4] 3 16QAM
& ALE-3H OFDM 541 A| 2 9] BER A%
& B Aotk 7 BA7E AMslE PLL
Fo §43719 A NN FEd FX gL
29 F5Y 4 F3d 9L FA H2, 97
A A A3 #E9 B4 #E BER A5E #4
st ol &etA Hh

1Y 45 2W, PLLY ZX thdo] 0.5 kHz, 1.0
kHz, 723 5.0 kHzg o Jehde 25 @da7]9
A AL LR Q18 OFDM 541 Al Agol A Al 3]
= A5 Ast 4L AFHoE AT F 9k 9
B0 S5 7|2 AR PLL F34 47
9 2= gL 50 kHz2 HAPL o QPSK-
OFDM 541 Al 2"l A 94 Z502 s ¢A s
A% Azt #AE 94 Feol Yl olAEe A
9 AWGN 37949 BER A% |73 y_m
BER=10"*2 uk=3}7] 98} < 0.6 dBB X SNR
E4do] BT I3 F2 t)go| 1.0 kHz} 0.5
kHzQ wiol= oF 1.0 dBS} 1.7 dB9] SNR &40} ut
AEE ¢ F ok 39 59 16QAM Wzua]g A}
L3 Ao 2xpde] 5 kHz, 1.0 kHz, 187
0.5 kHz¥ o= ¢ 1.9 dB, 3.2 dB, 18] X 6.7 dB2]
SNR &4o) s Ho) wekr 9 7 AR
§ 7ML A 2do] e3dke UE AT B AlE
st Ao §2E F 9= A4 A ANE
Ak { ool ggre FF WANE MAH
OFDM 541 A 2" A 4 #5202 AT A5 A
3 FAE H23AE 5 A ok 19 49 19

SlM Bl S WS 8 s B4 2

5
z
A

N o B oo

mlm
m

O

i~ w.0. phase noice (Theory)

15
SNR, EbAiNo

38 5. 16QAM-OFDM Aj~#l9) BER A%
Fig. 5. BER performance of 16QAM-OFDM system.



— 1.0, phase noiso

15
SR, Eb/No

a8 6. 712 93¢ £ d7sel BER 4% YL

(QPSK-OFDM)
Fig. 6. BER comparison between previous and our
studies(QPSK-OFDM).
AA NEFolAE B8l A& A5 B A% o
%S BYth I¥ 62 7€ A Abst 7149
A7 Azt & 37|49 QPSK-OFDM F4I A2

g 2

-OFD
99 BER 452 HlT3 Rolth B4
49] A%9} 53t} 19 6 BHE, Bkl A7|7}
00N = = 0] AY HAF AL Holx]
002 o] £4F el o AAA =HH 71E A+
AFApolo] pol7t WAEA "ok 94 Fe B
o] 0.03 o]A}e) A= ol &) floor7} A A BER A%
osigch

g &
2 A7 ME 94 2ol OFDM 54 A 299
Ao wlAe ol val AFeT. e X

Q
& A% 9% OFDM 52 Awaw SOREE

A2 g, 94 Fdeol obF uRd SA4L A
g9 3

SEOME L wm A *% 24 g
A Do 1E ATEH e AY 4T 243
7 3 ekl md 2A13 S48 WEe 53
OFDM 41 A2dolA) 914 20 s veh
£ AyEe 2o Rl $AsD R
£4 A3 QPSK-OFDM 41 A28l 4] PLL %3}
% A7) £ d9L 50 kHz, 1.0 kHz$} 0.5
KHz2 27t 43S W A4 HEOE Qs B
= 45 AS FAE 98 2ol g oY
7L AWGN #7AdA o] BER AF vld) 2H

o

e

==

OFDM FAAZR A $14d F534

BER=10"*& w=3}7] $}a) <k 0.6 dB, 1.0 dBS} 1.7
dB Z=9] SNR £40] EAIgtch 16QAM ¥ 24
& AHEE Aol FX gige] ZH7E 5 kHz, 10
kHz, 787 0.5 kHzQ @} ¥ 1.9 dB, 3.2 dB, 1]
T 6.7 dB2] SNR &4o] wrAslA gk 7]E 1Y
ZAME g B Aol QPSK M-S AR
e A B 2771 002744 = F Il A
9 B3 S-S HolA T, 0.02 o) #4F gtol o
AAA = 712 AFe B AF Afolol Zpojrt T
AatA Pk £3 A3 Wyl o BER 4% &
A A3} QPSKS} 16QAM W2 E AHg-3= OFDM
EA A\ 2E Y AR ABHolA Ay FYFE I
gozRE ¢ & Utk

il
Ao
et

i

[1] Ana Garcia Armada, "Understanding the effects of
phase noise in OFDM", IEEE Tramsactions on
Broadcasting, vol. 47, no. 2, pp. 153-159, Jun.
2001.

[2] Claus Muschallik, "Influence of RF oscillators on an
OFDM signal", IEEE Transactions on Consumer
Electronics, vol. 41, no. 3, pp. 592-603, Aug. 1995.

(3] T. Pollet, M. van Bladel and M. Moeneclaey, "BER
sensitivity of OFDM systems to carrier frequency
offset and Wiener phase noise", JEEE Transactions
on Communication, vol. 43, no. 2/3/4, pp. 191-193,
Feb./Mar./Apr. 1995.

f4] H. Nikookar, R. Prasad, "On the sensitivity of
multicarrier transmission over multipath channels 10
phase noise and frequency oftset", PIMRC' 1996,
7" IEEE International Symposium, vol. 1, pp. 68-
72, Oct. 1996.

[5] Ali Hajimiri, "Noise in phase-locked loops", Sym-
posium on Mixed-Signal Design, pp. 1-6, Feb, 2001,

{6] Dan H. Wolaver, Phase-Locked Loop Circuit
Design, Prentice Hall, 1991.

(7] S. Sampei, dpplications of Digital Wireless Tech-
nologies to Global Wireless Communications, Pren-
tice Hall, 1997.

1049



BREMKBERGE B15% FH115% 0045 118

1973 ~79: FFE7 Fsirjsha
AE8HA (T3
1997'd 89 ~2002%d 8Y: dAwduist
2 ARFEH 29
2002 99 ~20043 8¢: ZHu)d}
T AAE g (3D
120043 0¥~ FEUET A
AHgets) gabay
T U ECH gAY 54, 542 HA, OFDM EAA
2y =

o
oot
=4

| 19883~ $EUIST HAT
st A
19993 ~ & A: [EEE =& AAtg g
2002d: g2 A A5} 3] iy
| 3
2002 3¢ ~2004'3 29: 5%
. Bl 2FoyRsa97s 2%
(= HUEOH A 54 T, ol &/94 T Al2d,
A PR EA R B A A

1050

199223 29: ARvisty A28t
3 (FEAY

19944 29 RN} ARFE
I (FEHAh

20003 99 ~FAA: gty A
P S A e B

! 199413 39~ A FFARNEANA
T4 AopbbdFs ol FEE At Ed Y HAY

[F HHZ0H dAd WA 28, P o5 FAAML
e

|, gAEAEA

1980 29 Mty HAEE
3 (F8Ah
199613 89: SAety AALE
I (AL
198443 39 ~AA): FFAAEANSA
749 AupisdFs ol FPE

& rdoliEAFYR
[(F HHEOH dAg 0§84, dAY U




