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Abstract—Joint power allocation, relay selection, and sub- band, i.e. the so-calledymbol-basedelay selection, cannot
carrier assignment are critical and challenging for achieving exploit the frequency diversity among different subcarriers.
full ‘benefits of OFDM based cooperative relay networks. In g hcarrier-basedelay selection, which selects one best relay

this paper, we study such a problem in a dual-hop multi-relay . . ;
OFDM system with an objective of maximizing the spectral [Of €ach subcarrier, was then proposed in [9] to exploit

efficiency under a total power constraint. The system consists POth node diversity and frequency diversity. Note, however,
of a pair of source and destination and multiple decode-and- the subcarrier-based relay selection in [9] is based on the
forward relays. We formulate the joint optimization of the three  assumption that the signals received on different subcarriers of
types of resources: power, subcarrier and relay nodes, as a e same relay are processed individually, rather than jointly.
problem of subcarrier-relay assignment and power allocation. Such hi bootimal in the d d d-f d (DE
We show that it can be decomposed int® N + 1 sub-problems uch approach Is su _op Imal In the deco g-an ) qrwar (_ )
through dual relaxation, with N being the total number of relay protocol, wherein the OFDM symbol in the first hop is
subcarriers. An optimal algorithm with polynomial complexity is  decoded as a whole at the relay node and then transmitted over
presented. A suboptimal algorithm that decouples the subcarrier- the second hop. This motivates us to consisigncarrier-set
relay assignment and power allocation is also proposed to tradeoff basedrelay selection in this paper, which is also referred to
between performance and computational complexity. g . '

assubcarrier-relay assignment

. INTRODUCTION The contribution of this paper is to formulate the joint opti-
The technology combination of relay-based network aization of subcarrier-relay assignment and power allocation

chitecture and orthogonal frequency division multiplexin nder a total power constraint m_the_ DF multl—relay OFDM
(OFDM) has been considered as a promising architect ystem. The total power constraint is motivated by the fact
choice for future wireless broadband networks [1]-[3]. On@at in some networks, suc_h as sensor networks, where_ Igng—
of the key problems in relay-based OFDM communicatiolg™™ total power consumption is a major concern, restricting
systems is dynamic resource allocation. Compared with yihe total transmit power is usually a convenient and effective
ditional single-hop OFDM or OFDMA systems, the resourcaPProach to satisfy the long-term power constraint. In the con-
allocation in relay-based multi-hop OFDM systems is mudigxt of wireless spectrum optimization problem for multicarrier

more challenging. It involves a coordination of power and su§YStems, dual decomposition is widely adopted [10], [11]. A

carrier adaptation between different hops [4][7]. In additio€Y "esult shown in [12] is that as the number of subcarri-
increases, the duality gap for the capacity maximization

when multiple relay candidates are available, relay selectibf® , S
needs to be done. In this paper we consider a dual-hop mdpdr_o.blem vanishes, thus QUaI decomposmqn leads to the. global
relay OFDM system, which consists of a single pair of sourc@Ptimal resource allocation even if the primal problem is not
destination and multiple relay nodes. The aim is to seek tf@1VeX. In this paper, we show that the joint subcarrier-relay
joint optimization of relay selection, subcarrier assignmer‘?lss'gnment and power allocation optimization prablem can be
and power control. Such joint optimization regarding the thr&ecompo_sed INBN+1 sub-problems through dual relaxation,
types of resources: power, subcarrier and relay nodes, is crulfferedN is the ”“m?er of subcarriers. Each sub-prob.lem has
in terms of achieving the maximum system performance. & ¢losed-form solution, and the global optimal solution can
Relay selection has been well investigated in the literatuP€ @chieved by jointly optimizing the subproblems through
for narrow band wireless multi-relay networks. A commoR"OPer adjustment of dual_ vanabk—;-s. .
relay selection strategy is to choose the relay with the best! N€ rest of the paper is organized as follows. In Section

equivalent end-to-end channel gain [8]. Extending the simildr W€ introduce the system model and formulate the joint

idea to broadband multi-relay OFDM networks is simple blﬂptimiza}tion problem as a mixe‘? integer. programming prpb-
may not be efficient. This is because selecting one relim: This problem is solved by introducing the time-sharing

based on the equivalent channel gain over the whole OFD4"CePt and using dual decomposition in Section Ill. Then
in Section IV, a suboptimal solution is presented to tradeoff

This work is sponsored by Huawei Technologies Co., Ltd. complexity with performance. Simulation results are shown in



optimization problem can be formulated as follow

K

1.
P1: max imln Z Tnk,1 Z Tnkz2 ¢ (1)

Q
{p.2} k=1 neQ i neQs

N 2
s.t. Z Z Z pn,k,,i S PT, (2)

n=11i=1 keQ,;
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pn,k,i 2 0) Vkvl 9 (5)

}7 Timeslot 1 4’7 Timeslot 2 4{
wherep = {p, 1} andQ = {Q; ;} denote the sets of opti-

Fig. 1. System model mization variables. This is a mixed integer nonlinear program-
ming problem. Since each subcarrier can be assigned to any of
the K relays for both hops, there afé*" possible subcarrier-

Section V. Finally we conclude this paper in Section VI.  relay assignments. The complexity is thus prohibitive for large
N and K. In the next section, we transform it into a convex

optimization problem and solve it with polynomial complexity.
Consider a dual-hop OFDM relay system in Fig. 1, which

consists of one source node, one destination node, and a I11. OPTIMAL RESOURCEALLOCATION

Sﬁ”c IZ {1":'1;K} qf relay BOde: .Aszu.meh_that perfect To solve R, we first relax the constraint of exclusive

jc\/aﬂnel s;ate |]r\170r;nat|on Cﬁn €0 fta'ni In t IIS s;gstem'. L!;‘?fbcarrier assignment and introduce time-sharing parameters
= 11,2, } enote the set of orthogonal subcarrier onki},for n € Nk € K,and i = 1,2. Eachp,, . ; denotes

for e_a_ch hop. A t'”?e'd'Y'S'O” based half duplex D'_: p“?mc e portion of time that subcarrier is assigned to relag in

is utilized. In the first timeslot, the source transmits signalg . ; i, hop and satisfieglepnm — 1,n,i. Besides, we

over all the subcarriers while all relay nodes listen. In thﬁ-]t oduce a new variabley, r; = pn xipnri to denote the
second timeslot, the relay nodes decode the received Sig%"i’:ﬁual power consumed 0’;1’ élubcar%h%nﬂit is assigned to
re-encode it and then transrmt it to the destlnatlpn. etk relay k over hopi. Variablesry, for k € K are also introduced
denote the subcarrier set assigned to rélayer thei-th hop. to transform the max-min problem into a convex one, whose

To avoid interference cancellation, in each hop a subcarr timality is guaranteed by allowing time-sharing. Then the
is only assigned to one relay. In other words, subcarrier Seiaxed optimization problem can be written as
assigned to different relays over each hop must be mutually

Il. SYSTEM MODEL AND PROBLEM FORMULATION

exclusive. K
Let &, 1; denote the channel gain of rel@yon subcarrier ~ P2: {glgﬁ} Zm (6)
n over hopi, which is assumed to remain invariant during a o k=1
frame transmission and be independent for differerind . N ki )
The transmission rate, ;. ; (nat/sec/Hz) achieved by reldy 8.t Z PrjeiIn | 1+ ki o > Ty, ki, ()

on subcarriem over hopi can be expressed as

N K 2
Tnki = iln (l + dn’]mpn’k’l) , Z Z Z: Snki < Pr, (8)

N NQFB/N n=1k=1i=1
K
where Ny denotes the noise spectrum density, denotes Zp vi=1, Vn.i )
the SNR gap,B denotes the system bandwidth, apg;. ; e ’
is the power allocated on subcarrierwhen it is assigned ki >0, pari>0, Vn,ki. (10)

to relay £ over hopi. For notation brevity, we redefine

Qn ki = GnkIN/NoI'B as the normalized channel gain in

the remainder of this paper. The end-to-end transmission ratés shown in [12] this optimal solution achieved by time
achieved by relay: is the minimum of the rates achieved ovesharing will be very close to the value that can be achieved

the two hops, subject to integer channel allocations. In fact, this gap has
been empirically shown to be close to zero when there are
1 only 8 tones in practice (e.g., [13]). Thus, we will concentrate

Ry = o Z Tk, 1s Z Tn.k.2 on solving the relaxed problem2POur simulation in Section

ek ek V also justifies this approach.

Our objective is to maximize the end-to-end transmission It can be shown that all the inequality constraints ihdpe
rate under a total network power constraint, givenflyy This convex. The equality constraints and the objective function are



all linear. Therefore, P2 is convex and the strong duality holds.We solvegq(p) first. Jo(r, ) in (15) is a linear function
The Lagrangian of  can be expressed as of ri. The optimalr} that maximizes/,(r, i) should satisfy

J(’I’ S Pv#»ﬁ» ) 0) when M1 =+ HE,2 > 1
Ty, =< any, when pup1 +pup2 =1, Vke K. (17)

_Zzukzlzpnkzln(l‘i‘ankzp _>_rk] o0, When#k,1+uk72<1

=1 k=1 When iz 1 + fir2 < 1, theng(p, 3, v) = co. This means that
the dual function cannot be minimized. Hence, the optimal
n,i ]- - n,k,i . . . . !
+ZZ’/ ( Zp k ) dual variables cannot lie in the regidug. 1, k2 | fk1 +
N K 2 He2 < 1} Whenpy 1 + pg2 > 1, we havego(p) = 0.
Now let us solve forg,, ;(u, 5,v). Assume that subcarrier
6 Pr — Sn,k,i + Tk 11 . . gn.’z 7 . .
g ;;g " Z g (1D n is assigned to relay: in hop ¢ for a time periodp,, j ;.
Since J,, i(s, p, 1, 3,v) is a concave function i, j ;, the
Wher:ellf = {/“"“17“’€|2}I> Ofﬂ >ho andv = {’/;1’5”23 i KKT condition can be applied. Taking the derivative of
are the Lagrange multipliers for the constraints (7)-(9). Defi fnz(s p. . B,v) in (16) with respect tos,. ;.;, equating it

D as the set of all primal variables that satigfy,.; > 0 , to zero and considering the boundary constram > 0,

Sn,ki = 0 andry, > 0. Then the dual objective function can, . obtainp}, ,, ; as

be expressed as:

i=1n=1

* . ) 1 +
Bov) & max  J(r,s, p,p,B,v) 12 L 3 A (% 18
9(p, B,v) e (r,s,p,1,8,v) (12) P = 5 5 anrs) (18)
and the dual optimization problem is where(.)™ = max(0, .). Substituting (18) into (16), we obtain
. that
min 9(k, B, v) (13)
{n.8,v}
s.t. 7 i 07 5 Z 0. Jn ) p /.L,/B, an 1 n N Vn,i) 3 (19)
In the following subsections we solve this dual problem. \\here
A. Computing dual function [l (’uk’ian)k’i)r 3 (Mk,i 1 )+
Hy i = pkyi |In | ———= - - .
Observing (11), we find that the dual function defined in ik &) B Qnki
(12) can be decomposed inPdV + 1 independent functions, ) ) ) 0)
as follows It is clear thatJ, ;(p, u, 5,v) is a linear function ofp,, s ;.

In order to maximize/, ;(p, u, 8, v), the optimal valuey;, ;. ;

N N -
g(p, B, v)=go(p) + Z gn,l(ll, B,v) + Z gn,Q(lLv 3,v) should satisfy

n=1 n=1 {1}, when Hy ki > vnyi
Prki € [0,1],when H, ;= Vn; (21)
+BPr + Z Z Vn - (14) {0}, when H,p; <UVn; .
i=1 n=1

Therefore we have
Here

K

H, ki — VUngi * . (22)
go(p) = max Jo(r, p) = = max E (1 = prr — pr2)7r » (15) (He )
reD D &

M=

gn,i(:u'a ﬂ) V) =

~
Il
-

Substituting (22) into (14) we obtain the closed-form expres-

and sion of the dual function

gn,i(uaﬂay)é maX JIn 7,(8 p7l1'767 ) +
{s.,p}eD K g(p’aﬁv ﬁPT+ZZ Z nkz_l/n,i) +Vn,i
Sn ki n=1n=1 Lk=1
= iPn il 1 n,k,i e .
{sr,rfl;?)eibk_l [Mk’ Prk, n( +ank, p ) To minimize g(u, 5,v) over all dual variablegpu, 5,v},
B we first solveg(u, 3) = min,, gu, 3,v). This process easily
—VUn,iPn,k,i — ﬁsn,k,i] ,V’I’L, 7 = 1, 2. (16) leads to

n,k,i

1/,*” = m]?x{Hn’k,i} , (23)

With the above decomposition, we show that for given du@hich follows a similar result in [11]. The corresponding dual
variablesp and 3, we can obtain a closed-form expressiofynction is
of p,_ ;. Moreover, finding the optimal value of time-sharing 9 N
factorsp, 1.; as well as determining the optimal value:of; _
i 8S , 9(p, B) = max{H,, i ;} + OP (24)
has a complexityO(NK). (b, 5) ; z:: {Ho i} o



From above, we conclude that for subcarreover hops, Then the optimal subcarrier setg ; and(2; , are obtained
if there exists a unique relay;, ; which has the largest/,, »;, and the optimal power allocation can be performed based
then the optimal subcarrier-relay assignment is to assign tois this subcarrier-relay assignment. This problem can be

subcarrier to the relagy, ; with p; ;. . =1, and p;, , = expressed as

0, Vk # k},, . If there exists more than one relay which K

has the maximald,, 5 ; simultaneously, then this subcarrier P3: max Zrk

n should be time-shared by these relays. However, the values {p,r} 1

of time-sharing factorg;, , ; do r}?t affect the value of dual St Z (1 + CiPrks) > T0s P
function g(u, 3,v) as long asy ., pnk,i = 1 is satisfied. e . ’

Thus we can obtain the optimal end-to-end transmission rate P

achieved by time-sharing by evaluating the optimal value of ZZ Z Pori = Pr,

dual functiong*(u, 3). k=1 i=1 neQ;

B. Finding dual variables Dnki >0, Vn,k,i,

After obtaining the closed-form expression @fu, ) in

(24), we solve the dual problem: which is a convex optimization problem. This problem can

be solved by utilizing a similar two-nested binary search as
min g(p, B) (25) in [14]. Note that in this paper, no direct link between source
st u =0, 3>0. and destination gxists and therg is only.one dlestination .(user).
The computational complexity of this optimal algorithm
Since the dual problem is always convex, it can be readily mainly determined by the complexity of solving the dual
solved by a gradient-based method. In the following WSroblem, since it is much higher than the complexity of
present a subgradient of ., 3), based on which subgradientrecovering the optimal primal variables after the optimal dual
method or ellipsoid method can be employed to find thgyiaples are found. As we know, the complexity of ellipsoid
optimal dual variableg” and p.*. method is polynomial in its dimension, which ¥+ 1 in our
We firstly introduce a lemma to reduce the number Qfigorithm. Besides, in each iteration of the ellipsoid method,
variables to solve, the proof of yvhich is givgn in the Appgndi>g0|ving the dual function has a complexi®(N K). Therefore,
Lemma 1: There always exists the optimal dual variablegye computational complexity of the optimal algorithm is
(6%, p*) that satisfyyuy, 1 + pk2 =1, for all k € K. polynomial in the number of relay nodes and subcarriers.
Define r,; = SN pogiln 51 } Smka®nis) yhich is
the transmission rate achieved by relayover hopi. Let
{ri.(w,B3), %, (1, B)} denote the rates and powers that Although the algorithm in Section Ill provides an optimal
maximize J(H:B7r7 s) over D for fixed values of{u,3}. resource allocation solution, its computational complexity may
Using Lemma 1, we obtain a subgradientgfs, 3) similar still be too high for practical implementation. In this section,

IV. SUBOPTIMAL SOLUTION

as Proposition 1 in [10] and Proposition 1 in [11] we propose a suboptimal solution, which performs subcarrier-
K N relay assignment first, and then allocates the power optimally
VG =P — s B) + 5" : : with the given assignment. This suboptimal solution employs
g 4 ;; [ v (4 9) L2 (H ﬂ)] subcarrier-based relay selection as well as subcarrier pairing.
Vs =151 (1, 8) — 752 (1, 8) Vi, The algorithm is sketched as foIIows.. _
o ) ) (1) For each relayt, compute the equivalent channel gain
C. Obtaining primal variables for all the N2 possible subcarrier pairg:, n’) under a total

After finding the optimal dual variableg* and pu* of power constraint, which is given by [4]
problem P2, we now turn to recover the optimal primal cq Qo1 Ot e 2
variables. Since the optimal objective value achieved by time k! = PRI
sharing is very close to the one achieved by integer channel . v o
assignment as we mentioned earlier, here we focus on the inte(?) For each pair(n, n'), select the relayk*(n,n’)
ger constrained case, i.e., the power allocation and subcarr?é"lgmaxg{avfk,n'} to occupy this pair and lew;,
relay assignment satisfying (2)-(5) in problem P1 using tH@an{O‘nq,k,nf}- ) _ _
optimal dual variables of problem P2. Substitutifig and y.* (3) Form aniV x N matrix A = [a7 ;] xn. Since in each

into (22) and then as discussed in Section I1I-A, without lod¥°P & subcarrier can be assigned to only one relay, from
of the optimality for the dual problem, we can simply let each row and each column only one element can be selected.

) The Hungarian method can be used to select the subcarrier
pr L = {1’ if k= arg maxy{ Hp i} (26) pairs from this matrix. Alternatively, the greedy algorithm that
’ 0, otherwise always selects the maximum element at each time can also be
If there are more than one relay that achieves the maximwsed.
value in (26), we will just randomly assign the channel to one (4) Using the subcarrier pairs obtained from Step (3), we
of them. now have accomplished the subcarrier-relay assignment. Then



power allocation is performed for this given assignment, :

7 T T

described in Subsection IlI-C. & opt-Ts

—*%— Opt-no TS
—— Subcarrier-based
—6— Symbol-based

(<))
T

V. NUMERICAL RESULTS

The DF based dual-hop OFDM system under considerati
includes one source, multiple relays and one destination. T
distance between the source and the destination is 2K
All relays are allocated on a circle centered at the midd
of the line connecting the source and the destination. T
radius of the circle is 200m. Stanford University Interim (SUI
channel model with a central frequency at around 1.9 Gt
is used to approximate the fixed broadband wireless chan
with 1MHz bandwidth. The broadband channel consists of
taps. The signal fading on the first tap is characterized | ‘ ‘ ‘ ‘ ‘ ‘
a Ricean distribution with K-factor equal to 1, while fading 10 -5 0 S 10 15 20 %

. A . B B Total Transmission Power (dBm) 8 relays
on the other five taps follows a Rayleigh distribution. Nc
shadowing is C?gllsldered here. The noise spectrum.densn*ibs. 2. Average end-to-end transmission rate with 8 relay nodes using
set t04.14 x 107**W/Hz and the pathloss exponent is set t@ifferent resource allocation algorithms
be 3.5. The number of subcarriers is fixedNat= 64.

As a benchmark scheme, the OFDM symbol based relay _ 5
selection is also presented. In this scheme, we first assume%
uniform power allocation and then select the refay that
maximizes the end-to-end transmission rate:

IS o
: .

Average end-to-end capacity (bit/sec/Hz)
w

total transmit power = 15dBm ‘

451

—+— opt-no TS
—¥V— subcarrier-based
—©S— symbol-based

3.5r

N
k :argml?x{2 mln{Zln(l—l—an,k,lPT/ZN),

n=1

w
T

XN: In (1 + o k2Pr/2N) }}

n=1

Oncek* is found, we then perform the optimal power allo-
cation, which can be carried out in a similar way to the two-
nested binary search algorithm in Subsection IlI-C. Note that
only one relay node is selected for use in each transmission 15— > = 15 20
in the benchmark scheme. Total number of relays

Fig. 2 shows the end-to-end average transmission rate of o ) ) )
different schemes using 8 relay nodes. We can observe th %iﬁ:;’;r:f?]ﬁrﬁgg}tg}eg?at;ar?jéne'zs'on rate achieved by different algorithms
the proposed optimal subcarrier-relay assignments with and
without time-sharing (denoted as “Opt-TS” and “Opt-no TS”
in the figure respectively) have almost the same performanggtimal algorithm can save.5 dB total transmit power when
The subcarrier-based suboptimal solution proposed in Sectg@mpared with subcarrier-based solution and save more than

IV also performs well although it has a much lower complext 5 dB when compared with the symbol-based solution.
ity, compared with the optimal algorithm. From this figure it is

2.5r

Average end-to-end transmission rate (bit/se

also observed the proposed optimal algorithm achieves a gain VI. CONCLUSION
of 0.5 bit/s/Hz in spectral efficiency over the symbol-based We study the optimal resource allocation problem in a
benchmark scheme. relay-based OFDM system. The source transmits data over

Fig. 3 illustrates the end-to-end average transmission ratthogonal subcarriers to multiple relays, while each relay
achieved by using different number of relay nodes. The avéully decodes the information bits and forwards them to the
age rate increases as the relay numiseincreases, however, destination. A joint subcarrier-relay assignment and power al-
the improvement in transmission rate is diminishing wh€n location problem is presented for maximizing the system end-
is large enough. to-end transmission rate under a total power constraint. We

Fig. 4 shows the information outage probability of théransform the mixed integer nonlinear programming problem
proposed schemes when the target transmission rétg 4 into a convex optimization problem, and solve it using dual
bit/s/Hz and the relay number i& = 8. We can observe decomposition. A suboptimal algorithm that first performs
that the optimal algorithm (Opt-no TS) outperforms botBubcarrier-based relay selection and then carries out power
subcarrier-based and symbol-based relay selections considéiocation is also proposed. Both average transmission rate
ably. Specifically, when outage probability is setlt® 3, the and outage probability are studied in simulation to evaluate



0

10§ [2]
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107
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—+— Opt-no TS
—v— Subcarrier-based Solution |: 7
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Fig. 4. Outage probability with 8 relay nodes using different resource

allocation algorithms whety = 4 bit/sec/Hz

(9

the performance of the proposed schemes. It is shown tH&1
the suboptimal algorithm performs closely to the optimal
algorithm with much less complexity. The numerical resultgi]
also show that they both outperform significantly the OFDM
symbol based relay selection with power control. Althougfj,,
it is a centralized algorithm, the optimal resource allocation
algorithm presented in this paper defines the performar}(ig]
bounds for any distributed algorithm.

APPENDIX
PROOF OFLEMMA 1

(14]

From (20), we can observe thdf, ,; is a continuous
function of ;. Evaluating its derivative with respect tqg, ;,
we have

k,i < 1

L
aHn,k,i _ 07 when B QAn ki
Otk i In (7’“‘%"> > 0, when % g

Qn ki

(27)

Thus H,, 1 ; is a non-decreasing function ¢f, ; and so is
g(p, B) in (24). From Subsection Ill-A, we have concluded
that the optimal dual variable§uy 1, k2 } always lie in the
region{ sk 1, k.2 | k1 + pk,2 > 1}. Suppose we update dual
variables{u ;} within the region{su 1, pr 2| ttk,1 + pr2
1} and reach an optimal poidtu*, 3%} with g*(u*, %)
miny, g g(u, B). Assume for relayko, we haveuy | +up, o >

1. Then we can finds, , and ;. such thatu, , < uy
and iy o < pp o0 @Nd gy 4+ pg o = 1. Itis clear that
I{ My o> W gy i i=1,2,8) < g%, wherep”, . denotes that all
relays except relay;, will use dual variable in{u*}. Since
g* = ming, gy g(p, 8), we haveg({uy, ;» 1y, iti=1,2,8) >
g*. Therefore,g({1y, ;» 11"y, i }i=1,2,8) = g*, which means
{1y 4> W1, : Fi=1,2 IS also an optimal dual variable which can
minimize dual functiorny(u, 3). This proves the lemma.

v
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