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Subcarrier Allocation for Multiuser in Two-Way OFDMA Relay
Networks using Decode-and-Forward Relaying
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Abstract

A two-way relay network provide improved spectral efficiency compared with a conventional one-way relay network by using
either superposition coding or network coding. OFDMA network provides imptoved performance by adaptive resource allocation. In
this paper, we propose a adaptive subcarrier allocation for a multiuser two-way OFDMA relay network. In the proposed algorithm,
subcarriers are allocated to the user-pairs and relays to maximize the achievable sum-rate over all user-pairs while satisfying the
minimum rate requirement for each user-pair. Simulation results show that the proposed algorithm provides improved performance
compared with the static and greedy algorithms.

Keyword : subcarrier allocation, two-way relaying, OFDMA, decode-and-forward.

.M 2 2 o] (multipath fading)oll <& WAL= A5 7
Q5417171 I3 el ol 4 A HES
oA thadAIHIVKMIMO:  multiple input multiple
a) Aeighal A7) AFEFHE, Tt ST EITA output)= F7t Tho|HAIE|(spatial diversity) ©]5& A&

Department of Electrical Engineering and INMC, Seoul National Univ. I e A UEL =Y Ful E-8(spectral effi-
¥ WAAAL : A1EHE (hmshin@snu.ac.kr) U% ek T 2] (sp
o] =RE 201095 A¥(WSIErER) e Ao IEATA e ciency)® g A (reliability)o] AFHTH a8 AR

X]ilg ol =318 AY(No. 2010-0001964).
- A9Y(20104989309), 4 Y(201091 1 €109), AAZEL(20101 1 €11 Y) Ao} 71, 9, e B 5o Agh 23wl Ab

B ol
M ox

tho] A E](diversity) 7H-S T4 B4 YEY I o




3
o¢]
b
ok
oby
o
%
_\‘1
r-1n

2] 2010 A15¥ A6s

Ao tseteluE AXshs A vldaddoeln o1 o
oto 2 Aotd P& tho|HA|E](cooperative diversity) 7]1H
qre shte] QHEUE 7H ARARE S SAI71EC] AR
M-S Frste] 7Hde] SHElY vl Y(virtual antenna array)
S A8, et AREAkel SA171 tEetEuE A
1A AT FZF tho|WATE] o]5& dg S ot
OFDMA (orthogonal frequency division multiple access)
= Z-L}" el 7] | o]d(frequency selective fading)} Al

-
=
=

U

[‘}l _‘

FH4(SI: inter-symbol interference)d] &4 & 323}
7] 9 Il' AHAR WY F PR B #AS W gtk
OFDMA HE|Zl|M & thH2 B2 59 Fikdvte
ZNAA L, AR AE AR & FEETE o83
Al ARE $413) OFDMA HIE S|+ AR}l Al
HH}*“J} 9] 59 AYS HgH oz Tt YES
A9 % S AL F ol dEA A
71E9] dto]Z i (half duplex) T3 T4 YIEYAE
shte] ARE F 7h9 AITF £ w1t BYEE 70
A Q= s o] & Sl Fulgr BSollA ATt A7)
Al Aok o] Fu &9 THAE glof7] fal PEeF
A WEY =7 A A, ek FA Ve =)
e FA719 T3 F-S3Ksuperposition coding) = HIE
$3 F- & 3K network coding)S A-83ld F 7] JRE F
AZE &3 Fotol] Bl whilsk A YEY S Hls|
P T 55 AT h:}. gk 7o) AREAF B3t g AR
o] ZA17)17} EA)sh= lEF OFDM 7] UIESIA A A
4 919 &} Fatu} X $H(subcarrier permutation)-S-
o] g-ate] g @82 sum-capacity) > Hhals= 7|Ho|
Aetsigomlt 712153} tEAgA) et S41e 5
£ OEAA $3F OFDMA 57 YIE oA 9] 2
& 719 w3 A A, 2y OsAE A 4 o
SA7I7F EAsE e OFDMA F7] VMIESIZE 9
gk A4 g 713401] Eﬂﬁﬁf‘ib opz] ATFEA] Sttt
2 =RME HEFAAES AHSE e OFDMA
A H]E-‘?lﬂ"ﬂ*i ‘:]T/‘FQ‘ZF A 434 Fukga &
T FagES AQketh WA BE ARAL Bl g 24
g @%‘é? =5 HUslslr| #3k HA3t A4S A3t

AEle] S Solw 7k ALiAe] e AEEEES B

L,

a17] 9fal 384 AgS gttt 18jal o2 5 AE
Fukel a9 GuEEs Ajkeit) ARE EoAEs
3 ARME 7S 7129 71 Hlagth ARME 71
2} ZH(V2V: Vehicle-to-Vehicle) 541 B x}aa} 91
ZH(V2I: Vehicle-to-Infrastructure) F41ol Z-&Fo] & 41
AT a8 ATE F Us AoE 7giEnh

B =19 AL o2 ok 280X = AlZ=E ‘jtﬁ&
BRItk 38X 384 A 1S HZs} ‘jxﬂa
st M= A8H Foin &9 ¢SS A
Stk 4o e B A ES Bl AljbE 719 /‘3 S
8, 5-o|A AES Pt}

2o

)

—V.‘i rlo OHﬂ

¢

_I’r_?io

O

A|AED E

I 13} o] KNS AREAL 3 MoK FA7I7E &
Aok AR FHEF TA VEHAE st o%
HE Ao E NS FRkETE 2= OFDMA S Al
L3} pHA AR} o] T ARRAL AkS’Jr B, k=1,..K,
g7 e 1L o] TAIVIY ERs Wl AR AR

sheict ZF AREAL 2He] Ay AR (lokal 7 gtk
Z} ARgALeL FAZ IS g 7S] QHEEYE 7R /1o

l=J r

B oo r[r o
o

AT FAS S & 5 (o PRtk

o £ o) "
£l A, e \gkl

/ L
- . N
-
-

/
(1) ()
e Bxn

T2 1. CESASA Qs B UEYTS] ALY 2
Fig. 1. System model for a multiuer two-way relay network



Z E pk mr}c”m (5)

2R Aov), mehx 7t Rakgsle) Ade P wold A7 pily i RS B A WS (subearrier as-
(flat fading)S zZt=thal 7Hgsich AREAL A, 9 SA17] signment indicator variable)©|th. THeF HukE3} po] ALE-
R, Aele] niA wutssie] A9 fi7) g s, Ag AR (A, B S FAY] R, o FREY pif) o gk 1
2 Bk9Jr FA7 R, Aole] nilA Rukgute] Ade o] gu), 23A gow pln) o ghe o] Pk 2} Rukky}
g\") 2 @k = 2 3FAREAL A g FA IR T 7Pt

0]:1:!1—?5]: 274] Oﬂ}ﬂ T }\]_Q"Z]'— %Z]j ﬂ](multiple-ac- E]— = pénm"] %}\-O] lo]ui k = ko]"“ m = m?— E%
cess phase) @} WAl (broadcast phase), 7 TA|ol 234 K, m ol tate] pit) o] ke oo] Bk weEhA LE ALg-
A= HlolHE wBth SN BE ARAE 4 71 ge)m mE A7) gl 7Ho] 9tk 7Sk

|

A}zl EﬂolEie Al FAVIZ AEsi, 2 A= a8y RE AMEA A gis 24 3 dAien
TAG ATSS A% Hodn EANA 2 SA] (achievable sum-rate over all user pairs)= U3} Zth
£ S %58 ABEE claiel 18 S
A e, P 57 EAZAE, 9 A 7} K
AREARE Alo] A8 A5 E T S48 B of r=2n ®

£ 27174 (self- 1nterference)\j% sttt B =Edxe 27
s A AAT & dvkar 7Hg g

KA AREAL o] n\ﬂﬂﬂ FHHEE o] &3t m A ., FHksn) stet dm2|E Aot
Qelole] £88 Wob FUSE 299 £A AEEE

(instantaneous rate)E THe-3} 2T Zt ARgRLY] HAa ASEE 24, 02 8, ZF A}
A [e)
R

At SA7NA ) A F4 39S A2 Py, Prolet

r = min(r) v o an i 5a) (0 3} olgdt ZASERE ZE AMeAl Al B3 94 g
Ax&ee AU 98 HH3 242 g8 2ol
HY 7 =2 v 2tk Agslat 5 ol

pAk |fk m| pBA |gk m|
2

TE:LJL.A;/A = 510&

K N
(2) maXZ Z Z km km (7>

O' g =Im=1n=
ey ) AL Vo ’
Tn.ap = 5 min log,|1+ 5 slog,| 1+ 2
g g N
Z Yo =1, vn ©
. - m=1n=1
(n) o 1 . 1 1+ p&?k)|gl(f7zl‘ 1 1+ |fkm| (4) " N !
Tkom,BA — 2 min ) 10g, 0.2 1108y O’ Zpiﬁ) < PU7 Y k (10>
n=1
N
olo] 2~ PSS MLo] THA] z A4
9] A ASSEEZHE EHA ARSAF ] G4 AHS Epg:) < Py, Vk (1)

2% (achievable rate)= U3} 20| Yehd 4= i) n=1



3
o0
&
ok
ofy
o
%
_\‘1
r-1n

2] 2010 A15¥ A6s

N
Yy < Py Vm (12)

n=1

E Zpk mrk m = rmln vk (13)

m=1n=

P e =0, Wk m,n. (14)

N
1>
°3
L
L
0
ﬁ
M
-
i
&
>
E
ﬁ
‘Q,
>
i
[rt
ok
)

51 B 5798 B0l o E—XﬂE e By
whEo] 229 ¢S @717} olelgol LA ek A
S QlEE A7) 99, gt 9 EA WS

P 7H[0, 1] k) S M % Qicka 2718 dekaic,

i
oll

T

e

>‘n’ Ck! /lk.,n’ Mie» Vk,n! K s gm ,no Qs :L‘ﬂ‘ﬂ ’Yk.,m,nE
$57) ohd B F5et S, ake A N8 BA

A% ehagAce ket 2o

K ] N K M
Exzpknlrknl+z/\7l(zz km )
Im=1n=1 n=1 k=1m=

N K N
+ E Ck( > PU) DI

n=1 k=1n=1
+Z77k

N K N
Sl m)zz%m> -
“ 30,

n=1 k=1n=1
m=1

N N
Sl - Bl 30 Sk

n=1 m=1n=

K K N
+ kzlak(rmm E 2 /)k m’k m) E E E Vr,m, np

m=1n=1 k=1lm=1n=1

oL "
8p(n) :/\ni(1+ak)r§c,7)ni’yk.m,n =0, Vk,mﬂz (16)
k,m
n(E 3 ol —1]=0. ¥n (17
Im=1
N
G Ep%)Pzz):m EPS%)PU)=O, vk (8
n=1 n=1

N
| ol a0, v 1
n=1
(n) — (n) — (n) =0 k 20)
/’[’hnpAk VkaB,\ m,npR” ) V s TN, M
M N
D S 3 e ) TS
m=1n=1
rykmnpkm_o Vk’ m,mn. (22>

52 (1602 theeat o] thl & 4 gn:

Vieymon — )‘n - (1 + ak) 7“5:2,1 <23)

Veomon = SF7E OFU 7] wEe] (23)2] $He 2] A
S57F otk wEbM A, & o 2tk

A, = (1+o¢k)1“§:,11. (24)

n

4 232 ) S gee 92 &

(A, = (L a)rim) o, =o. 25)

RF o) 7 B G2 AR, BB e kA A

84 sk A 7190 QU Wrh ek
o}
o

o) 7k °oV\ he 7}”5} oL °ﬂ gk 4
(complementary slackness condition)ol] <]3}], 7+eF p,@n 7}
G FE T A, — (1+a,)E 00] Har 4] (24)9]
557} 4RI I EE Bk nl (1+ ), <
Hjslsh= AHEAL B3 FA 7] EdEofof gtk o] A
S RRE, 7} AHEAL B A AFEEE B e
ARG} ol thgk gA & AEEEE -’:‘JEHﬂ:@V s, 5
BT n TR kA AR AT m

ggEjojof gty

(k" m")=argmax(1+a,)ri"). (26)



A 9] L Bes S AHSeshe P8P OFDMA 37 YESAAM dgAHAE A% Fiksat &9 71 787

G Q6% B BB nol YFD KA ASA ) FUETHE FPShe BN 59 A8 4w
Ak m WA FA718 37 GEAE 0,0 BHT G FA719] £21 3974 Ae) $4 selo) =LA o
Yolo} a5, ol WAl AAEE F 7 W ASA 4 EE SIS A e AE EE
ek, e} 0, & 98 W G GuelEe 740 % F7A719) AoIA ARSI © ol Furste Y

=) (AR,
HE 452 op|Beh oldd F7HH9 BHE 458 0 o e,

[€)
7] Y&l thet 22 Fatdsl 39 gagES Aljkeith )
Aotd LuB]ES Fu= -8 (spectral efficiency)¥ &

) U={1,2,...K}, R={1,2,..M}, S={1,2,...N}, 71&] s EHE(outage probability) Sl F4 Gag]F, 18
I RE k, om, nll B3l p\") =002 Z7)8ks) o O gargEd Hludth & =X B S5 4 AR
T H s kom - .

o] HAN AbLiT Z Ao O TAElz] B B 3=

NN U, R, AR5 S A7 A8 A, FAA), o) Ak A 2Ly, & SR X &
8w Bulgsle] A3k Uehdth 2 Hojgitt. A gagFelA 7k Fakbaie A A
2) (m'.n)=argmac(’) & Eol Bugsis $A7E = AL skA ot vle) s ARt gk SANe Ee

’ - k,m T =

G 1 Age o) 2ok

e 2k AL )] Sy, 7k ALl e o]
NelE 247 L=RE )y K= =h ('u*)ﬁ =1< I35
N A ]9]' T o"']' T 1 Prom =350 1) U:{LQ’.“’K}’ R:{l,Q,...,M}, S= {1,2,...,N}, g
o, R AN Qe R o' S AR 5RE &, m, nol B8] ) =002 27|83k, of
7+ A Aol 3k A AEEEE 744 - =
I_;]'. j-‘—‘i].l_ o ]‘%‘X]' ooﬂ EH?l’TE ] do-n 7 7]@]}\1 U, R, j_E]jl S= 2}74— /\]_%_;(]_ /Vg-’ '6‘74]7],
o T3 pakgshe] REE Vekdch
3 A A AN AT A AEEEE AN FEE 0 b e L madk = mod
T — - ) -
A AESET} AL AR A, KB Ad ) vt o ma) A 2 2ol ere, 2
e SRSl S 53} AeE AAL B} FA)710) Sy
A Q) Al Z —“—‘—E iJ4 & %
e F%i o ]mﬁt | L e 7(} - F3b o' 3 A AHEA T FAN e Pk
FEE 20 WHAA FR BS, (mha)=
g &8 FA] WS, ). =18 Y5 Hyldgl 2
argmaxr;:l.)m‘% E‘SH 1-?_1‘3_%:_\7}9]. %‘7:]]7]% }1‘_]5-],46‘“ ZJ]” -4' =2 0 ] TP = =2 0 ]"IL T 0'4' l:}
- =] v}l\‘_‘_‘ *E_ -
ARe7 A IR AN ke 4, SA7, 2 ZME ;E; J}JFAZ;} ;ﬂj:&jl 1o e w7tz
- S ers = BE Pz AR B3 SA| 710 23 wj7kR
FaL USSR RE ) =18 TRER, Pk o e W an )
o= U=
Aol el kgt o' S AAGY Tela 7}
AREA el TR A S e, aEjn) duEZld 2 PukEThe $A) AEEEE
BE AR 0] Hh MESE 2AS USAN B gislshe AbgAL Bt $A710) FEEE, 2 gge o
T, g kg F s o 8 QR JEEa, o pg
(K m")=argmaxr{) & B3] AH8AL 43t 57718
Aels) Bukgst ' g Ak AeE A Y, 3 D U= {12 83, B= {120 M), §= {12,V 7]
A7), 23 REkETERE o) =18 e, 1 3 RE K, m, nol Wa) pf), = 002 27]3h@)
“ 217} )} =
Akt Yol AelE Rukgst 0 g AR 2 o b e e s e
=»ly]Ne] O
23 7 A8 o) 4] BESES AN, TEL FRERS A U
RE PSP A A FA) 9RE a2 B P e (Ko )= argma,) & 9

[

| e wug, AeE AR A} 27710 SR, gt g



7 Aeg AHgAL BT} ZA) 710 gk ukgst
FA WS ) =18 gdain], Raksa} A

Bk} 0" & AR,
BE Bkgss) AL At 3700 e o)

3) s BRI BA AR A

ek
oft

FA719) A AAST O o1 st
3 ke,

i

M o M o

a4 Ex3oar 7Hg3ie) & 128749
, 2 AR Ha ST

o

0 olﬂ

n-

B
o

}.

7HA]

T
LR

S} A) $41 990 225 o

= SAVNE AR 2 A &
=

ol rir

[ai3
=

Bk} £

Z7AL 2.5Mbps L

ol |7 Greedy o
—o— Proposed

8k x— Static /9/
—~ ol
N S X
3 %
_\% 6 [ /d s
3 /;;{ i
c 5| p /X
e
5 4t i )/
T /a/a X
*g 3+ P /)(
= P e
w 2L ; 84 o

2 X
,{fB S

1 B//H X

0 X n 1 n Il n ! P 1 n Il n 1

-5 0 5 10 15 20 25 30

SNR (dB)

T2 2. MlekE Lme|Be| Filr 58

Fig. 2. Spectral efficiency of the proposed algorithm

(

&
2
rob
e
i

HoX
H0 o
ol et
N
N
fol |y
N
N
ot
o
Ko

4
=
X
oo
=
=

\S]
e
>

we ol
o
tlo
M\

?_gl
o)
o TN

oo
= & E
ol
Lo,

M
rlo

i)
n dlo
n é i

=l

rlo

e

1.

&
i
o
ol

o

=2
>
Y
rO
Hhoe
1o
Rl
|
N

2 o
=2
=
o
I\
=]
R
N
2

N

L =

I &
o ot

Al

e
£
k)
i}
o

it
H E
w
BEd
o 5
SE, ) E}L mlo
N o o
g Z e
yo, ﬂﬂ 2 qr
&
% i
2
1o [
Kl i
Ach
ajx
O

o

=
k)
N
o
;i
b
k)

o
e s B ol §2 R

X go P omo RO <

10° S
= N
. X
ek
_ O
10" £ \ ~H
Q AN
\ NN
=02k C{ X D\
3 E \ NN
© E \,
o F \.\ X\
g | Q \ E\]
S10° | \ X N
2 \ !
o Q A\ \
R \ v N
10* L |—o— Proposed \ .
—*— Static
\ A\
—o— Greedy ?
10° 1 1 1 L 1 ! X
-5 0 5 10 15 20 25

SNR (dB)
Ol 3. HMotEl 2melEe| =5 &=
Fig. 3. Outage probability of the proposed algorithm

30



AE 9] BREIARES AHse YR OFDMA S MIEHANN d5AHAE 93 Fakdal 7 789
Qe 2% 289 ey 29y QudEe Al 744.765, Mar. 1995,
- 21 CLs) 2] A.Goldsmith, S. A. Jafar, N. Jindal, and S. Vishwanath, "Capacity lim-
20 218 Ao WA EulknE shdsls] wi g L . ; ; ,
° ]-O ]- °© oﬂ 1 T J}E =0 ]- ] ILHTO“ H = its of MIMO channels," IEEE J. Sel. Areas Commun., vol. 21, no. 5,
BEI7E £ ARAF B Ad dEl7E E2] 842 AREAL pp. 684-702, June 2003.
/}é]— Z_}oﬂ %x\é ;\(j/g_i‘ag_oﬂ = ;‘(}017} }\g 7]13:]’ o]i ?_]:6H o [3] A. Sendonaris, E. Erkip, and B. Aazhang, "User cooperation diver-
_ sity-Part 1: System description," IEEE Trans. Commun., vol. 51, no.
ny 3lgo A=t}
o JEE v 11, pp. 1927-1938, Nov. 2003.
[4] J.N.Laneman and G. W. Wornell, "Distributed space-time-coded pro-
tocols for exploiting cooperative diversity in wireless networks," IEEE
Trans. Inform., Theory, vol. 49, no. 10, pp. 2415-2425, Oct. 2003.
V. 7E=| % [5] J.N.Laneman, D.N. C. Tse, and G. W. Wornell, "Cooperative diver-
sity in wireless networks: Efficient protocols and outage behavior,"
. - = e - IEEE Trans. Inform. Theory, vol. 50, no. 12, pp. 3062-3080, Dec.
B E=RNE BEFAAEES AHESHE YT OFDMA e y 4
%ﬁ] LﬂE%ﬂoﬂ}ﬂ %Z/\]‘%X}% ‘ﬂ?l’ 31‘%31 l‘f“ﬂ’%\‘ﬂ' ?—:} [6] C.Y.Wong,R.S. Cheng, K. B. Letaief, and R. D. Murch, "Multiuser
1;01. %EIE] 1;_% Xﬂ 91'8}9&5} X—]] ?l_% %‘ii} _7‘:1-_0“ /\1’ -%]i ;‘(j OFDMA with adaptive subcarrier, bit, and power allocation," IEEE J.
SrTE mhE B ALag Mo] o] AO Bpli Sel. Areas Commun., vol. 17, no. 10, pp. 1747-1758, Oct. 1999.
TEH== ‘—:J'_}\] 7] Z] el /\} ° X} © o] ME BT TS [7]  W. Rhee and J. M. Cioffi, "Increase in capacity of multiuser OFDM
= 7P Ge A AEET E JIAE AR o] HA system using dynamic subchannel allocation," in Proc. IEEE
— 1= VTC2000-Spring, Tokyo, Japan, May 2000, pp. 1085-1089.
AedT ZAL TZAZ 2= QT E Hulden e sl
mo T e - ] =T AET TR eSS0 “E]—' [8] G.LiandH. Liu, "Resource allocation for OFDMA relay network with
SRS /\]-%—X]- /Vé]—o] -7"43}— %j-’lolé'l_l,:_ iﬁ% ?_‘—21:/‘] 7]‘5 %% fairness constraints," IEEE J. Sel. Areas Commun., vol. 24, no. 11, pp.
FRkEvhs ASEE o] 7P & AREAL ol ddE o 2}302{“21?69’ N;’X 2\;’/‘?6 e *Soactal offic N for bl
_ . Rankov and A. Wittneben, "Spectral efficient protocols for half-du-
ol AL EF o o} Zo] AA <ot = )
o Zejdds F8 Akd darzlsel A4 dassi plex fading relay channels," [EEE J. Sel. Areas Commun., vol. 25, no.
0o o Ful 582 dov), 34 PweEn 2y 2. pp. 379-389, Feb. 2007
= = 10] S, J.Kim, P. Mitran, and V. Tarokh, "Performance bounds for bidirec-
FuelE, F euelE vE o 9 v wegee e 0 . ,,
. tional coded cooperation protocols," IEEE Trans. Inform. Theory, vo.
=< gelEnh 54, n0. 11, pp. 5235-5241, Nov. 2008.
[11] C.K.Ho,R.Zhang,and Y. C. Liang, "Two-way relaying over OFDM:
Optimized tone permutation and power allocation," in Proc. IEEE ICC
2008, Beijing, China, May 2008, pp. 3908-3912.
A 12 3 [12] K.lJitvanichphaibool, R. Zhang, and Y. C. Liang, "Optimal resource al-
location for two-way relay-assisted OFDMA," IEEE Trans. Veh.
[1] V. Tarokh, N. Seshadri, and A. R. Calderbank, "Space-time codes for Tech., vol. 58, no. 7, pp. 3311-3321, Sep. 2009.
high-data-rate wireless communication: Performance criterion and [13] S. Boyd and L. Vandenberghe, Convex Optimization, Cambridge
code construction," IEEE Trans. Inform. Theory, vol. 44, no. 2, pp. University Press, 2004.
S IR i
Ns =2
- 200814 : ZSCHEIT MR [HFES S}
- 20104 MBCHE H7| HFESST MA
- 2010 Sixf © MSCHEtm M7 |- HFEIES STy

3424
=

- FEAEOE : MIMO,

Clo[HAlE], et SN

S



d Al154 A6

o & &

- 19764 :
- 19784 :
- 19864 :

- 19874

XN A A&

MetyEn mxZst) 5
MEEn MAZs} A

]

At
A

L

~ R Aetista F|Bes ag

- FEE0L : HRESY, FS0IE, MIMO, OFDM

M

University of Michigan, Ann Arbor, &7|2/Z




