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Abstract—This paper investigates the achievable rate of two-
way Orthogonal Frequency Division Multiplexing (OFDM) rel ay
network, in which two terminal nodes exchange information
via a single relay node. A novel multi-carrier two-way deco@-
and-forward (DF) scheme is proposed, which introduces cras
subcarrier channel coding to exploit frequency selectivedding,
and achieves higher data rate than individual channel codig for
each subcarrier. We further study the optimal power allocaion
to maximize the exchange rate defined for symmetric data trdifc.
The optimal power allocation is obtained by a dual decomposion
algorithm, whose complexity goes in the order ofO(XNN), where
N is the number of subcarriers. Simulation results suggest tat
our scheme obtains substantial gains over conventional per
subcarrier DF scheme, and outperforms the amplify-and-fovard
(AF) scheme in a wider signal-to-noise-ratio (SNR) region.

|I. INTRODUCTION

. for
In recent years, relaying has emerged as a powerful te@Fg

nigue to improve the coverage and throughput of wirel

two-way DF OFDM relaying scheme with private information
for relay was proposed in [11], and another one using phlsica
layer network coding was proposed in_[12]. Unfortunately,
these works only consider individual DF relaying for each
subcarrier, i.e., they were essentially simple accumaratiof
narrow-band two-way DF relay schemesper-subcarrierDF
schemes.

In this paper, we propose a novallti-carrier DF scheme
for two-way OFDM relay networks. Channel coding across
subcarriers is introduced to take full advantage of fregyen
selective fading. Our scheme achieves higher data rate than
the scheme with individual channel coding for each subearri
[10]. We further formulate a power allocation problem to
maximize theexchange ratewhich is defined as the per-
mance measurement of this scheme with symmetric data
ffic in both ways. An efficient dual decomposition alglonit

ew proposed for this problem, which has a linear complexity

networks. Compared with the traditional one-way relayln9\’/ith respect to the number of subcarriers. Simulation tssul

two-way relaying provides better spectral efficiency, vehar

relay establishes communication links between two terhnin

for simultaneous information exchange [1]} [2].

show that our proposed DF scheme obtains a coding gain
%omparing with the conventional per-subcarrier DF schemes
and outperforms the AF scheme in a wider SNR region.

Orthogonal Frequency Division Multiplexing (OFDM) is

an essential broadband transmission technique to imphave t

spectral efficiency of wireless networks. A combination

OFDM and relaying techniques has been advocated by many,

industry standardization groups of next generation wa®

Il. SYSTEM DESCRIPTION

of In this paper, we consider a two-way relaying scenario as

wn in Fig.[L: a terminal; exchanges information with

Iea terminal 7> via a relay terminall’z. Assume that each

networks, such as IEEE 802.16m and 3GPP’s LET-Advanceq. arminals has a single antenna and operates in a half-

In one-way OFDM relay networks, joint subcarrier pairin
and power allocation was considered to improve the throu

uplex mode, i.e., transmitting and receiving in orthodona
Me or frequency, which is more practical than the full-xp

put of decode-and-forward (DF) schemé [3]-[5]. For tWO'Waé{ssumption [1],[2]. All terminals employ OFDM air interfac

OFDM relay networks, the amplify-and-forward (AF) scheme@ith N subcarriers. In theth subcarrierh,

and hs,, denote

were commonly adopted[6]=[9]. However, their performanc[ﬂe instantaneous channel coefficients frédmand7; to T,

is quite poor in the low signal-to-noise-ratio (SNR) regior}espectively By

Contrary to the AF schemes’ popularity, only a little attent
has been paid to the DF scheme for two-way OFDM relay

and hs,, denote the instantaneous channel
. coefficients froml'g to 77 andT5, respectively.
NG-we focus on atwo-phase DFscheme comprising of a

To the best of our knowledge, [10] first explored the tWO'Wa%ultiple—access (MAC) phase and a broadcast (BC) phase

DF OFDM relaying along with other transmission modes
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"Q/ithout direct transmissions. In the MAC phase as shown
in Fig. [1(a), 71 and T» transmit informationX; and X,
simultaneously, and the reldy; performs multi-user detection
to full decode X; and X, from the receivedYy; in the
BC phase as shown in Fi§. I[b), the reldy re-encodes
Xp = f(X1,X,) and broadcasts it td} and 7b. With
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Tk in this section, these schemes suffer from rate losses due to

LT Ya = hy, channel mismatching.
In this section, we propose a novaulti-carrier DF scheme,
: : which takes all subcarriers as a whole instead, to exploit
h h, the benefit of frequency selective fading and achieve higher
> Y - b ; ; i :
RN throughput. We provide an achievable rate region for this

scheme in the following theorem.
(&) The MAC phase.
Theorem 1. A set of achievable rate pair6Ri2, Ro1) of a

s Ix A DF scheme for two-way OFDM relay networks is given by
T Xri 2 the closure of the following set of inequalities:
N
hi f. Rip < pY_logy(1+ [hin|*Pin) (4)
XRN n=1
N
(b) The BC phase. Rip < (1—p) Z log, (1 + |h2n|2PRn) %)
Fig. 1. System model of two-way OFDM relay network. N et
R21 < M Z 10g2(1 + |h2n|2P2n) (6)
n=1
the help of the stored self-informatioffy retrieves desired N -
information X from the receivedr; with X;. Similarly, 7o Ry < (1—p) > log, (1 + |h1n|2PRn) (7)
retrieves desired informatioX; from the receivedYs with N n=1
X5. When we consider a network-coding-like operatiom'at 2 2
[13] and symmetric data traffic in both ways, exchange rate T+ for = M; log2(1 V" Prn A fhzn PQn) ®
Rx £min{Ri2, Ro1} is a relevant throughput measurement, N
where R1» and Ry; denote the achievable data rates from me < Pitot, 1=1,2,R 9
T, to Tb and from T, to Tj, respectively. We assume that n=1
1€ (0,1) denotes the fixed proportion of time or frequency Pp 20, n=1,....,N, i=12R. (10)
dimension allocated to the MAC phase.
The received signal;,,s in thenth subcarrier afl;s (i = Proof: An achievable rate region of a DF scheme for the
1,2, R) are given as discrete-memoryless two-way relay network has been given

by the closure of the following set of inequalities [13]:
YRn =V PlnhlnXln + V PthZnXQn + ZRn (1)

Yin = V/Prah1n Xgn + Z1n (2) Riz < min{ul(X1;YR|X2), (1 — p)I(Xg; Y2)} (11)
Yon = vV ProhonXgn + Zan, (3) Ro1 < min{pul(X9;Yr|X1),(1 — pw)I(Xr; Y1)} (12)
where X;,, and P;, denote the sent signal and its powerR12 + Ro1 < pl (X1, X2; YR). (13)

in the nth subcarrier at7;, and Z;, denotes independent . ) ]
complexadditive white Gaussian noisegith zero mean and Similar to the idea in the proof of [3, Theorem 1], we set
unit variance, i.e.Zi, ~CN(0,1). Xi=(Xir,..., Xon) andYi = (Yiy, ..., Yiy), fori=1,2, R.

We assume that all terminals are subject to practical separgherefore, each mutual information item in (1[}(13) cor-
power constraintifj:l Py<Pyo (i=1,2, R) instead of a responds to the ach|evaple rate_ of a parallel pomt-to{pom
total network power constraint idl[9], [12], whef®;,; denotes channel. We choose the input signals for each subcarrier to
the maximum available power fof;. Assume the channel P& independent Gaussiadistributed with unit variance, i.e.,
coefficient of each subcarrier is constant over an OFDM framgn~CN (0, 1). Then, each mutual information item in_{11)-
so that centralized power allocation is feasitiig, performs (I3) is replaced by the sum oW logarithmic rate items
power allocation after the channel estimation, then brastc decided by[(1)E[B) with separate power constraints. Thefpro

the transmission strategy 8, and 7. In this paper, we IS complete. u

assume perfect channel estimation. Remark 1:The key idea of thignulti-carrier two-way DF
relay scheme is introducing channel coding across sulecarri
IIl. A NOVEL DF SCHEME FOR TWOWAY OFDM to fully exploit frequency selective fading. The infornaati
RELAY NETWORKS transmitted over one subcarrier in the MAC phase may be

For two-way OFDM relay networks, conventional DHorwarded over other subcarriers in the BC phase. By thés, th
schemes simply applied the narrow-band DF technique in eanilsmatchingproblem of wireless channels in each subcarrier
subcarrier independently, and the overall throughput was tis completely solved. The achievable rate regiomb&orem
sum rate of all the subcarriefis [10], [12]. As we shown latétis no smaller than that achieved pgr-subcarriertwo-way



DF relaying, which is given as [10] the following two subproblems:

N p, Anax Ruyac (15)
Ris < Z min{plog, (1 + |h1n|2P1n) , LERiMAc N ,
n=1 s.t. RMAC < 12 Z 10g2(1 + |h1n| Pln)
(1= ) logy (1 + [hn|* P ) } !
N
. Rarac <) 1ogy (1 + |honl* Pay
Ry < Z min{zlogy (14 |hon|*Pay) nzl 2 )
n=1 N
- H 2 2
(1— p)log, (1 + |h1n|2PRn)} Ryrac < ) 2—:1 1085 (1 + |han|* Pin + |h2n|* Pon)
N ) ) N N
Ri2+ Ry < HZ 1og (1 + [A1n|* Prn + [h2n]* Pon) > Pi < Piiot, Y Pon < Poror
n=1
n=1 n=1

Pln ZOaPQn ZO, n:l,...,]\]7
Therefore, multi-carrier two-way relay channel is not a

simple combination of multiple narrow-band single-carrie plax Rpc (16)
two-way relay subchannels. Similar observations have been s N
found for one-wayparallel relay networks [3]. st. Rpo < (1— Z log, (1 + |hnl PRn)
an
IV. OPTIMAL POWER ALLOCATION Rpc < (1-p) > log, (1 + o] pRn)
n=1
In this section, we investigate the largest achievable rate
of our proposed DF scheme. This can be approached by an Z Pry, < Priot
optimal power allocation. n=1

Pgpn>0,n=1,...,N.

A. Problem Formulation DenoteRj}, . and R} as the optimal values for the MAC
subproblem[(T5) and the BC subproblem](16), respectively.
Eventually, the maximal practical exchange rate for our pro
posed DF scheme is obtained By, =min{R}; 1o, R }-

Our objective is to maximize thexchange rateRx =
min{ Ry2, R21}, by optimizing the power allocation policy
(Py, Py, Pr), where P, = [Pi1, P, ..., Piy]T denotes the
power allocation vector af;, for i = 1,2, R. This can be B. Proposed Dual Decomposition Algorithm f5)

expressed as the followingonvexoptimization problem: The interior-point methods can be used to solve both of the
R 14 convexoptimization problems[{15) and_{1L6), however, they
Plfrzlvfﬁ%x X (14a) quickly become computationally intractable A5 increases,

N . .
because they have@(N?) complexity at least when solving
2
s.t. Ry §“210g2(1+|h1"| Piy) (14D)  the search direction in each iteration [14]. Therefore, we
=ty present a low-complexity dual decomposition algorithm for
Rx < (1—p) Z log, (1 + |}~12n|2PRn) (14c) the subproblem$(15) and (16), to efficiently obtain theropti
1 solution to [1#).
N Suppose that problerh {I15) is strictly feasible. Then, accor
Rx <p Z 10gs (1 + |han|P2y) (14d)  ding to the Slater's conditiori [14], problefi{15) is equéra
=ty with the following dual optimization problem:
Rx <(1-— 10gs (1 + |h1n)? Prn 14e
x < “)2_:1 gz( f1nl"Pr ) (14¢) Inax{ min E(Pl,PQ,RMAC,)\,a)}, 17)
N n= Aax0 ( P,P2>20,Rpac
Ry < 521 085 (1 + [hin |2 Pin + [hon|? Pan) (14f)  where
n=1
N L (Py, Py, Ryjac, A, ) = —Ryac
> P < Pior, i =1,2,R (149) [ N
n=1 + M| Rymac —p Z log, (14 |h1n|*Prn)
Py, >0, n=1,...,N,i=1,2,R. (14h) L n=1
B N

In the problem [[14), we see tha®, and P, are only T A2|fmac _“210g2 (1+ h2n|* Pan)
related to the constraints_(14) (148) (14f), whif, is only -
related to the constraints (14¢) (14e). This observatidpshe
to decompose our original power allocation problém (149 int

NI’;

+ 3| Byrac —

n=1
N
Z 10gy (1 + [h1n|* Pin + [han|* Pan)




(20) can be derived as

n=1

N N .
Case 2:P;,, > 0, P», = 0. Then the solutions td (19) and
+061< E Py, — P1tot>+ a2< E Py, — P2tot> ! 2 )
n=1

N
w(2A1 + A 1
= [C”Pl" — pAslogy (1+ [han|*Pin) P = éln12 : a13) " T (&5
n=1 "

+ 042P2n - ,U,Ag 1Og2 (1 + |h2n|2P2n)
A -
_BA3 1085 (1 + |h1n|* Pin + |h2n|2P2n):| Notg.that this case happens on;yf?ilykgizo‘gn.d the. KKT
2 condition [20)2 In 2- a2 > 2puXa | hay |* +15 55— is satisfied.
+ M+ A2+ A3 —1)Ryac — a1 Pieor — aaPoror - (18) Case 3: Py, = 0, P», > 0. Then the KKT conditions can

is the Lagrangian of(15), in which = [\;, Ao, A3]7, a0 = be reformulated as

[a1, 2] are nonnegative dual variables associated with three P, =0 (25)
rate constraints and two power constraints, respectively. "
. ; L w(2X2 + As3) 1
According to [I8), theinner level minimizationproblem Py, = 22 an  hanl (26)
© G2 2n

of (I7) can be decomposed a& independent per-subcarrier
power allocation problems. Hence, the computational contFhis case happens only ®, > 0 and the KKT condition
plexity for solving the inner problem is only linear With)glng.alzgﬂ/\ﬂhlnp +% is satisfied.
respect toN. Each per-subcarrier power allocation problem case 4: Py, = 0, Py, = 0. This'is the default case when
has closed-form solutions for given dual variabldsa), and  the above three cases do not happen.

the optimal (P1,,, P»,) must satisfy the following Karush-  then e optimize the dual variablé, «) for the outer

Kuhn-Tucker (KKT) conditions|[14]: level maximizatiorproblem of [I7). According to the KKT
oL pA3|hin|? condition for the optimal data ratBy; 1, we have
9P VT2 2(1 + [hin|2Pin + |h2n |2 Pon) or
=—14+X +X+2A3=0. (27)

,LL/\1|h1n|2 {20 ifPanO

_ 19 ORMmac
In2(1+ |h1n|2P1n) =0 if P, >0 (19)

Therefore, we can define = [\, A2, a1, a2, while )3
o _ . _ 1123 han|? can be calculated by; =1—\;—\, from (27). In view of that
0Py, 272 2(1 + [hinPPin + [hon|*Pan) the objective function may not be differentiable with resite
pA2|hop |2 >0 if Py, =0 (A, &), we consider to update using the subgradient method
T In2(1 + [han 2 Pa) {_ 0 if Py, >0 (20) [16], [17]. Specifically, in thekth iteration, the subgradient
method updates” by

Thus, the optimalP;,, and P,,, must belong to one of the
following four cases:

Case 1. Py, > 0, Pan = 0. _Then the formulas[(19) here[v]; represents the projection ofto the dual feasible
and [_Z(D) hoId_ with equality. It is har_d to so_IvE[lQ) anc!/et{/\l+)\2 < 1,1, Aoy, a0 > 0} [16], s* is the step size
@) directly since they are botjuadratic equations of WO ot the kth iteration, andn(v*) is the subgradient of the inner
variablesP;,, and P,,,. However, we can utilize an auxiliary problem of [IV) at*, which can be chosen as

variable defined as: = |h1,|2Piy + |hon|?Popn to simplify '

Rl — [Vk T Skn(yk)]+’ (28)

;nt.hl\éltore specifically, one can simply obtain frdml(19) and '% Zﬁ;l log?v(l ¥ hn 2P, + |h2n|2P2*n)_
—1 Yo n—11085 (1 + [han|*PF,,)
2#)\1|h1n|2 m N 2 Dx 2 p*
|h1n|2P1n = 2 -1 (21) By | 2 Zn:l 10g2(1 + |h171| Pln + |h2n| P2n)
A il B S A S N
HA2|N2n
hon|? Pon = 1. (22 N
han| P 2102 - o — pihs|han |2/ (1 + ) (22) > on=1 Pln = Pitot
L Z’r]:[:l P2*77, - PQtOt i

Taking the sum of these two equations, we obtaicubic
equation ofz, which has closed solutions given Bardano’s  where Py, and P3, are the optimal solution of the inner
Formula [15, Chapter 6]. After deriving the positive root xminimization problem in theth iteration. It has been shown
of this cubic equation, we can easily obtain the optinfal, that the subgradient updates in(28) can converge to the
and P, from (21) and [(2R). By this means, the quadratioptimal dual pointv* ask — oo, provided that the step size
equations[{119) and (20) are solved analytically by conmgrti s* is chosen according to a diminishing step size rule [17].
to an equivalentubic equation. Our closed-form solution is DenoteCysac.i(P1, P2)(i = 1,2, 3) as the the right side of
much simpler than ....[??]. Finally, we need to check wheththree rate constraints ib_(115), respectively, and then vtaiob
Py, and P,,, satisfy the conditiong”,, > 0, P»,, > 0. the optimal R}, 4~ =min{Cxrac,:(P;, Py), i=1,2,3}.



C. Proposed Dual Decomposition Algorithm f(ia) The proposed dual decomposition algorithms for subprob-

Similarly, we consider the following dual optimization pro lems [15) and[(16) are summarized Agorithm LI and
blem for the BC subprobleni {]L6): Algorithm 2] respectively. Their complexity grow in the order
of O(N), which are much lower than the classic convex
max { min g'(pR’RBC’%’%,ﬁ)}’ (30) optimization software package based on interior-pointhmet
172,820 | Prz0,Rpc ods. Therefore, our proposed algorithm is more favorahle fo
where large value ofN, which is quite typical in OFDM systems.

L'(Pgr, Rpc,7,72,8) = —Rpc

Algorithm 1 Proposed dual decomposition algorithm for](15)

1: Input the system parameted’, Pi;ot, Paior), the channel
quality {h1,, h2,})_, and a solution accuracy

2: Set the iteration numbér=1; initialize dual variables/!.

3: Compute the optimaf P, P>, }_, according to [(19)

] =

7| Rie = (1= ) Y Logs (1 + oaa* Prn )

1

3
Il

WE

+72[RBC — (1 —p) 10%2(1 + |iL2n|2PRn)

n=1 and [20).
N . i k+1 i
4: Update the dual variable**! according to[(2B).
+B<Z Prn — PRt0t> CONNNT | F Tt -k ||,< €, go to StefiB; otherwise, sket= k+1
n=1

and return to Stepl 3.
is the Lagrangian of(16), in whicty,~, and3 are nonnega- 6. Qutput the optimal primal solution{ P}, , P, }~_, and
tive dual variables associated with three constraints. Ry ac=min{Chrac.i(Pf, Ps), i=1,2,3}.

For the per-subcarrignner level minimizatiorproblem of
(30) with given dual variable$y,v2,3), the optimal Pg,
satisfy the following KKT condition:

Algorithm 2 Proposed dual decomposition algorithm for](16)
~ ~ 1: Input the system parameter&N, Pg:ot), the channel
e (1 € S T e 1€ S O quality {A1n, h2, }Y_, and a solution accuracy
OPrn In2(1+ |h1n|?Pryn)  In2(1+ |hon|?Pry) Set the iteration number=1; initialize dual variables)'.
>0 if Pp, =0 Compute the optima{ Pr,, }\_; according to[(3R).
B {_ 0if Py >0 Update the dual variable**! according to[(35).
" If || v* ! —vF [|2< €, go to Stefi; otherwise, set= k+1
If Pr, > 0, the optimal value ofPg, is given by the and return to Step|3. _ v

positive root x of the quadratic equatioi{33); otherwise® Output the optimal primal solution{F%,},_, and
Pr,, = 0. Here, the quadratic equatidn {33) is expressed as Rpo=min{Cpc,i(Pg), i=1,2}.

(32)

Y1|h1n]? Yolhon|>  In2-8 (33)
L+ [hinl22 14 |hopl22 1—p V. SIMULATION RESULTS
For the outer level maximizatiorproblem of [3D), con-  We consider an OFDM system with = 32 subcarriers.
sidering the KKT condition for the optimal data raf&sc The frequency-domain channels are generated using 8 i.i.d
oL Rayleigh distributed time-domain taps with unit varian6ég [
ORpe =-1+v+7=0, (34) Thg separate power constraints are s@tas = Porot = Priots
andp = 0.5.
we definev = [y;, 8]", and calculatey, by 72 =1—~1 from Oﬁr proposed two-way DF OFDM relaying scheme is
(33). In thekth iteration, the subgradient method updatés genoted as “Type 1 DF” scheme. Two reference schemes are
by 1 e her n considered in our simulations: The first onepisr-subcarrier
v = [of 4 5T (v )L : (35) two-way DF OFDM relaying scheme in [110], which is denoted

where[v], represent the projection af to the dual feasible @ “Type 2 DF” scheme; the second reference scheme is the
set{0 <y, < 1, B > 0}, £(v¥) is the subgradient of the innertwo-way AF OFDM relaying scheme with optimized tone

problem of [3D) aw*, which is given by permutation in[[B]. _ _
L We divide the sum rate (correspondin@®iBx in Type 1 DF
A (1—p) ij:l 1og2% scheme) byV and use this per-subcarrier sum rate to evaluate
£(vh)= T (36) performance at different average SNRs. Hib. 2 presents the

N *

2on=1 Phn = Prtor performance of different two-way OFDM relaying schemes.
where P, is the optimal power allocated for theth The best performance is given by Type 1 DF scheme with
subcarrier of thaénner level minimizatiorproblem of [30) in optimal power allocation (PA). At the spectral efficiency of
the kth iteration. 2 bits/s/Hz, Type 1 DF scheme with optimal PA provides a
DenoteCpci(Pr)(i = 1,2) as the the right side of two coding gain of about 2.5 dB compared with Type 2 DF scheme,
rate constraints in_(16), respectively, and then we obtaén tby allowing channel coding across subcarriers. The PA gain
optimal R =min{Cpc,(Py), i=1,2}. between optimal PA and uniform PA of Type 1 DF scheme is
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Fig. 2. Per-subcarrier sum rate of different two-way OFDMy&g schemes.

VI. CONCLUSION

We have proposed a novel DF scheme for two-way OFDM
relay networks and derived its achievable rate region. The
key idea is making use of cross-subcarrier channel coding to
fully exploit frequency selective fading. An efficient ditgd
based power allocation algorithm is proposed to maximiee th
exchanging data rate. Our simulation results suggest lteat t
proposed DF scheme has better performance than existing DF
or AF two-way OFDM relaying schemes in the low SNR
region. We believe this two-way DF scheme tends to be
optimal, i.e., achieving the capacity region outer boumd, i
the low SNR region. The optimality of the proposed two-way
DF scheme and the effect of channel uncertainty are cuyrentl
under our investigation.
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