IEEE TRANSACTIONS ON WIRELESS COMMUNICATIONS, VOL. XX, NOXX, XX 2016 1

On the Spectral-Energy Efficiency and Rate Fairness Tradeo
In Relay-Aided Cooperative OFDMA Systems
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_Abstract—In resource constraint wireless systems, achieving Resource allocation schemes for maximizing SE in OFDMA
higher spectral efficiency (SE) and energy efficiency (EE),ral  cooperative systems have been extensively studied in tthe li
greater rate fairness are conflicting objectives. Here a gesral erature. See, e.g., [2]-[4], [7]. Authors in [2] investigaelay

framework is presented to analyze the tradeoff among these lecti b . L d I i .
three performance metrics in cooperative OFDMA systems wh selection, subcarrier pairing and power allocation protsién

decode-and-forward (DF) relaying, where subcarrier pairng Multi-relay OFDMA systems with one single user to maxi-
and allocation, relay selection, choice of transmission sitegy, mize SE, where amplify-and-forward (AF) protocol is used.
and power allocation are jointly considered. In our analytical Further in [3], a joint subcarrier and power allocation soke

framework, rate fairness is represented utilizinga-fairness model is proposed to maximize the system throughput in LTE-

and the resource allocation problem is formulated as a mult Ad d fi twork h b . .
objective optimization (MOO) problem. We then propose a vanced cooperative networks, where subcarrier paird a

cross-layer resource allocation algorithm across appligion and ~ relay selection are fixed and thus excluded from the proposed
physical layers, and further devise a heuristic algorithm b resource allocation scheme. In [4], authors investigat&-Qo
tackle the computational complexity issue. The SE-EE tradeff aware relay selection and subcarrier assignment via branch

is characterized as a Pareto optimal set, and the efficiencynd  5,q_cyt and dual method in multi-user OFDMA relay networks
fairness tradeoff is investigated through the price of fainess S
to maximize sum-rate.

(PoF). Simulations indicate that higher fairness resultsn a worse . ) . .
SE-EE tradeoff. It is also shown imposing faimess helps to ~ Since EE will be a key issue in the future 5G cellular net-

reduce the outage probability. For a fixed number of relays, works, energy-aware system design has become an immediate
by increasing circuit power, the performance of SE-EE tradeff need in both industry and academia. Expanding bandwidth
is degraded. Interestingly, by increasing the number of redys, increases EE, however it also degrades the system SE [8]
although the total circuit power is increased, the SE-EE traleoff S ' Lo L '
is not necessarily degraded. This is thanks to the extra dege of ,CF’”,S'de””Q the spectrum scarcity in wireless F:o.mmur[.)nat.l
freedom provided in relay selection. it is imperative to balance SE and EE as conflicting objestive
Existing studies on the relationship of SE and EE can be

Index Terms—Cross-layer optimization, cooperative commu- . . . . . .
yer op P divided into two categories, and in both categories the rate

nications, energy efficiency, OFDMA, price of fairness, rag¢

fairness, resource allocation, spectral efficiency. fairness is excluded.
The first category is based on the approach in which EE is
. INTRODUCTION maximized [9]-[18], and the second category is focused en ex

ELAY-aided cooperative communication is a promisploring the optimal achievable envelope of the SE-EE tréideo

ing technique for improving performance in cellulatllg]_[zz]' In [P}-{11], [17], [18], energy-efiicient desig are

networks, including coverage area, transmission reltsipil proposed where it is demonstrated that the power consumptio

and system throughput [1]. Meanwhile, orthogonal freqyeng":ln b,e redl_Jced by pgrformlng EE opt|m|zat|0n. Considering

o . : . users’ quality-of-service (QoS) requirements, [12] an8][1
division multiple access (OFDMA) is the major access schemg . - .
) . €al with the energy-efficient resource allocation probiera
in current cellular networks. Due to the inherent spectrum

scarcity in wireless communications, great efforts havenbemumus’erOFDNIA system. Considering a pre-assigned relay t

made to improve the spectral efficiency (SE) in OFDM&aCh user, [14] formulates an EE maxu_mzatl(_)lj pr(_)blem In AF
relay cellular networks, where subcarrier pairing is edeld.

cooperative systems [2]-{4]. Recently, because of the hu e[15] EE is maximized while satisfying a SE requirement

amount of energy gonsumptlon n \{Vlreless communlcat|c|3rr]1 a three-terminal relay network. Afterwards, the trartseni
systems [5], increasing the energy efficiency (EE) has becom

A . . .and receiver power consumption are jointly considered in
an essential issue in the current and future fifth-generati . : : )
L 6] to maximize the EE thus increasing the battery life, but
(5G) cellular communication networks [6]. . . ;
the SE requirement is not incorporated. All these schemes
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tradeoff, but they do not provide specific resource allacati
schemes. In [22], a relay cooperation scheme is proposed
for MIMO cellular networks, where various relay decoding
strategies are considered, and the SE and EE are then exhluat
for this relay cooperation scheme. These works investitpete
global relationship of SE and EE, and provide some flexible
techniques to manage the SE-EE tradeoff.

Given the time varying nature of wireless channels, rate (@ (b)
fairness is a critical performance indicator in cellulatwarks.
Fairness-aware energy efficient radio resource allocaon
considered in the literature in conventional OFDMA systems
without relays. In [23], EE definition is generalized as the
weighted number of delivered bits per unit energy to provide - mi
fairness to some extent. More recently, EE maximization S Py 8ua
resource allocation algorithms with proportional ratesteaint BS User
are proposed in [24]-[26]. However, in these fairness-awey © (d)
searches, the focus is on EE maximization without consideri
the negative impact on the SE performance. S s s S s ™%

To our best knowledge, the three-factor tradeoff among SE,

EE and rate fairness has not been studied in the literature.

In this paper, we present a general framework to analyze tlaéness level and SE (EE), a lower EE (SE) is achieved.
SE, EE and rate fairness tradeoff in multi-user OFDMA coopnterestingly, by increasing the number of relays, altioug
erative systems. We devise a joint cross-layer radio resouthe total circuit power is increased, the SE-EE tradeoffdt n
allocation algorithm based on Lagrangian Dual Decompmsiti necessarily degraded. This is because of the extra degree of
(LDD). Further, a heuristic resource allocation algoritiien freedom provided in relay selection.

developed to reduce the computational complexity. The rest of this paper is organized as follows. In Section II,

The main contributions of this paper are: we present the system model and problem formulation. In Sec-

1) A novel general framework based on multi-objectivéion Ill, the optimization problem is solved using LDD metho
optimization is proposed to investigate the three-factade¢- and a cross-layer resource allocation algorithm is prapdse
off among SE, EE and rate fairness, where rate fairnessSection IV, a novel heuristic algorithm is proposed to reduc
represented utilizing-fairness model. The SE-EE tradeoff ighe complexity in resource allocation. Simulation resuite
characterized as a Pareto optimal set and we introduce prisesented in Section V followed by the conclusions in Sectio
of fairness (PoF) to quantitatively evaluate the efficieaog VI.
fairness tradeoff.

2) Unlike previous literature such as [3], [4] and [14], we !l SYSTEM MODEL AND PROBLEM FORMULATION
exploit all degrees of freedom in resource allocation tatgi Consider the downlink in a multi-user relay-aided OFDMA
manage the three-factor tradeoff for achieving satisfgctocooperative cellular network with one base station (BH),
performance. In our analytical framework, we first introducusers, andL relays. The total bandwidth is divided into
thevirtual relay concept which maps the problem of choosingv orthogonal subcarriers, and the intra-cell interfereree i
the transmission strategy into a relay selection problemd, anegligible. All the relays are assumed to be half-duplexgcivh
then propose a LDD-based cross-layer algorithm to jointimeans they cannot transmit and receive signals simultaheou
obtain the optimal decisions on relay selection, subadarriberfect channel state information (CSI) is available at the
pairing and allocation, and power allocation across appiba receivers, and this information is fed back to the BS. Since
and physical layer optimization. relays in a cellular network are usually deployed to assist t

3) We propose a novel heuristic resource allocation algansmission of users located at the cell-edge, in thispape
rithm to reduce the computational complexity of the LDDfocus is on the users located at the cell-edge and expemignci
based cross-layer algorithm. The heuristic algorithm fast deteriorated wireless link from the BS due to the channel
tains subcarrier pairing and allocation, and relay sedecti fading.
and then carries out the optimal power allocation. Simofati We consider three transmission modes, i.e., asynchronous
results show that the two algorithms closely follow the sammode, synchronous mode and direct mode. Each transmis-
pattern and achieve similar performance, while the compsion frame is divided into two consequent slots, and the
tational complexity of the proposed heuristic algorithm ishannel gains are assumed to be constant during the two
significantly lower than the LDD-based cross-layer aldont slots. The normalized channel gains over noise on subcarrie

Simulations indicate that higher fairness results in a wors € {1,2,..., N} from BS to relayl € {1,2,...,L} and user
SE-EE tradeoff. It is also shown imposing fairness helps ta € {1,2,..., M} are denoted agl’ andg!,", respectively.
reduce the outage probability. Besides, we observe that fimilarly, for subcarrierj € {1,2,..., N}, the normalized
a fixed number of relays, by increasing circuit power, thehannel gains from relay and BS to usemn are denoted

m,j

performance of SE-EE tradeoff is degraded, i.e., for a givéy gf}j’j andg_,’, respectively.

BS User BS
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For the asynchronous mode, as shown in Fig. 1 (a) aigdgiven by
(b), in the first slot, BS broadcasts the signals over sulerarr i

i with power p, to all the relays and users. In the second T pssyn = ———plin", (7)
slot, relays transmit their received signals over subearfi Gy

with powerp:,fj’J to users using decode-and-forward (DF) i g?{;’ngnl’ij i

protocol. While for the synchronous mode, as shown in Fig. 1 §ij Ps,syn = Wl’syn’ ) (8)
(c) and (d), BS broadcasts over subcartietith power<!' p, }nu jl’ij

in the first slot, whereg{;-” € (0,1). In the second slot, in mlj Ira"Gs " i (9)

addition that relays forwards signals over subcargiewith rasyn o gmbid grmliig TR

ml,j . . . . 1,ij
powerp,.;*, BS also transmits over subcarrigwith power i _ ghiqThi (10)

ml . —ml

€, ps to cooperate with relays, whegg, = 1 — ' Users Jayn Gy

combine the received signals within the two slots utilizing L , y i . _ _
maximum ratio combining (MRC) followed by decoding. whereG{"" = g7/ + g7, Gy = g7/ — g7 + gLl

m,i

m,j mliy 1.4
+ 95" and Gy =gt — g

Therefore, for a cooperative transmission likl, ij) with For the direct mode, the BS transmits to useon subcar-
DF protocol, the normalized maximum achievable data rafgy ; in the first slot and on subcarrigrin the second slot.
over bandwidth is [3] Therefore, the normalized achievable data rate is

mlyij _ 1 1,i ¢#ml maii 1 i m Mg m.j

pr "~ = ogr?;?lxﬁl min 3 {10g2 (1+ g'€ ps) ripd = 3 [log2 (1 + 9. ‘p:;‘) + log, (1 +g ]p:CLIJ)Jl,l)

2 . .
log, [1+ g7 €mp, + <\/g;’;lvj cmip, + \/g””J ’”l’j> wherep?;*, andp!;’ are the BS transmit power in the first

sd Sij rd Prd .
and second slots, respectively, and

—m . m,ij D mi m,J
Here, we sett € [0,1] and gijl = 1-—¢nl ¢nlis the Pot” =Py + iy (12)
portion of the BS transmit power used to cooperate with elay

The maximum data rate is achieved when the decoding ratedatThe Unified Framework

the relay is equal to the de;}gnation d?coding rate. Thezefo | order to analyze asynchronous, synchronous and direct
one can jointly adjusps, p,;~ and 7 such that the tWo moges of transmission in a unified framework, here in ad-
rates become equal. If the relay decoding rate is lower thgRion to 7, real relays, we introducé -+ 1 virtual relays

that of the destination, we seg” = 1, which is known as yaonoted as{0} and {L +1,L+2,...2L}. Therefore,l ¢
the “asynchronous mode” [3]. Otherwise, if the destinatiofyy 1 o o1y, Foravirtualvrela)l - {’LJr 1 L+2 . '2L}

decoding rate is Iower{’{;” is reduced until these two rateSina normalized channel gains agkl — g(sz),i andgml,j _
- ST 1 rd -

become equal. This case is referred to as the “synchronous;_r)
q y gﬁl )3 In asynchronous mode, a real refag {1,2, ..., L}

mode” [3]. ; . .
is selected, whereas in synchronous mode, a virtual relay
For the asynchronous mode, if settipgasyn +p%l7’gsyn = l e {L+1,L+2,..,2L} is chosen. For the direct mode,
pikid, we then express the normalized maximum achieval@wever,l = 0. By introducingvirtual relays the choice of
data rate for the transmission lirfknl, ij) as transmission strategy can be incorporated into relay sefec
o - - problem.
e = 5 logs (1 + guvi pis?) (2)  Therefore, combining (2), (6) and (11), the normalized

) ) _ maximum achievable data rate of the transmission(link ij)
where the power allocation and equivalent channel gain jig

given by 1 ml, ml
ml,j ?logQ (1 +g”rfz‘7 sz,i l S {1,27...72[/}7
] l = ) s
Passyn = —ary T Pl @ = E[los (14 gl ) o 13)
9rd g” gs;m Z'ng +log, (1 Jrg;z,jp';rczlg)} -
L _ -9 i
Praeyn = "l T i Pasyi 4 where
fra = o mij 1
gml,ij _ g':r:i Jgsf - (5) mi g:(z,il,j_:giﬁ,_g::i,“ le {1, 2, ey L}7
asyn ml,j + Li myi gi; = gl’7'(g7'L'j+g"'Ll’j)
g’l“d gs’f' gsd sT sd 'd m,j l S {l’/“l‘:l7l/—f'2,,21;}7

Tl m,i

T
9rd "~ T Y9s4q “l’gswf‘i’gsd

For the synchronous mode, wheres ¢ < 1, andp s+ i (14)
ml,j ml,ij H . . ps7asyn er,.d_asyn, l € {1, 2, ceey L} y
p) = plttw | the normalized maximum achievable data,,; ml.j
rd,syn syn . A e Dt = Ps.syn + P »J lE{L—I—l L+2 2L}
rate for the transmission linkml, ij) is K S rdsyw =0 , R ;
pnj erl»d’ 3 == U.
o1 . . s s
Tml’” —— 10g 1+ gfni,wpml,” , (6) (15)
syn 2 2 ( Pl We further definep;; € {0,1} as the subcarrier pairing

where the optimal power division and equivalent channeh gaindicator which is equal to 1 if subcarrieisand; are paired
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in the two transmission slots, and 0, otherwise. We denaises while the efficiency declines. In particular,= 1, and
6;3” € {0,1} as the subcarrier pair allocation and relayr — oo, are corresponding to the proportional, and max-min
selection indicator, which is equal to 1, if useris assisted fairness among users, respectively.

by relay! using subcarrier paifi, j), and O, otherwise. Then In reality, achieving higher SE, EE and rate fairness are
the total normalized achievable data rate over bandwidth finree conflicting performance objectives. In the followimge

userm can be expressed as will investigate the three-factor tradeoff in resourceedition.
2L N N
R,, = ;s Bkl 16
" ;;;pu Yo (16) D. Problem Formulation

As maximizing the sum-utility of all users results in an

B. Power Consumption Model a-fair resource allocation and achieves efficiency and fair-
The total power consumption for transmission consists Bess tradeoff, studying the three-factor tradeoff among SE
the circuit power, and dynamic amplifier power of the BS andE and rate fairness is actually equivalent to maximizing
relay nodes. Circuit power consumption is assumed to be.fixé@e sum-utility and minimizing the total power consumption

The total transmit power of the BS and all relay nodes is simultaneously. Therefore, we formulate it as a multi-obye
optimization (MOO) problem as following:

1 2L M N N
SEEPIDIDIPIIE e (17)
1=0 m=1 i=1 j=1 II)H;DE Z Ua (Rm), (20a)
The total power consumption is therefore the summation of "”Z}{) o0
the circuit power and the amplifiers’ power: e T fotals (20D)
Piotal = Pc + e P, (18) st. Cl: P < Pr, (20c)
: , - C2:pt >0, Vm, 1,4, 7, 20d
where P¢ is the total fixed circuit power of the BS and all p;\? - bt (200)
relays, andl /e is the amplifiers’ efficiency. Here, for brevity ) o .
we assume the amplifiers’ efficiency in the BS and relays is €3 Z;p” =1 ¥, (20e)
equal. Z;
C4:) piy =1, Vi, (20f)
C. SE, EE and Rate Fairness j=1
In this paper, SE is defined as the normalized system M 2L . -
throughput over bandwidth, i.eSE = M | R,,, while C5: ) > Bt =1, Vi,j, (20g)
EE is defined as the delivered bits per unit energy, i.e., m=1 lé? o
EE — ZTJ\gzl Ry / Protal. C6 : pij, B € {0,1}, Vm, 1,4, j, (20h)

Furthermore, due to the random nature of wireless chaghere p = {p;}il}, p = {pij}, B = {5;;1}, and Py is
nels, in cellular radio communications, the users with dettthe maximum summation transmit power of BS and all relay
channels may achieve much higher data rate compared wies. Constraint C6 ensures that the subcarrier and relay
those with worse channels, leading to rate unfairness amaggignment indicators are binary variables. Along with C6,
users. To incorporate rate fairness in resource allocatiere constraints C3 and C4 ensure that each subcarrier is only
we adopta-fair utility function as defined in [27]: paired with one subcarrier in each frame. C5 further enforce
In (Ry,) ifa=1, exclusive assignment of subcarrier p@irj) to only one relay

o (Rm) = { Ri-/(1—a), ifa#1,a>0. (19) (inclusive of virtual relays) and user péim, 1).

As it is seen,a-fair utility function represents a family
of utility functions, where the values af indicate different 1ll. CROSSLAYER OPTIMIZATION FOR SE, EEAND RATE
levels of rate fairness. Maximizing the sum-utility of akers FAIRNESS TRADEOFF

in the coverage area results in arfair resource allocation. q dth deoff q fai
Adjusting, one can examine the tradeoff between the system!© Understand the tradeoff among SE, EE, and rate faimess,

efficiency and different levels of faimess. For instande, V& N€ed to investigate the solution set of the optimization
no fairness is required, i.eq = 0, then U, (R,) = R, . problem in (20). In this section, we propose a cross-layer

Therefore, maximizing the sum-utility of all users is ecal@ent algorithm based on Lagrangian dual decomposition (LDD)

to maximizing the total network throughput. In this casd"ethod, to obtain the solution set of (20).
the highest total throughput is achieved while rate faisnes
among users is completely ignored. We also note that er
a > 0, sincea-fair utility function is strictly increasing and ™~
concave, its marginal utility diminishes when the data rate To obtain the optimal solution set of (20), we employ
increases. Therefore, it can balance efficiency and farries weighted sum method [28] to transfer the MOO problem into
be specific, by increasing, the rate fairness among users single-objective optimization (SOO) problem. In order to

Transformation to Single Objective Optimization
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ensure a consistent comparison, we normalize the objectiager for userm, while R,, represents the supply in the

functions in (20) as the following: physical layer. Hence, constraint C7 means the application
M layer demand of data rate must be less than or equal to the
max lz Ug (R) — U, /( o U, (21a) physical-layer supply. In fact, since-fair utility function is
p.pB | = a strictly increasing function, at the optimal poinf, must
max  —Protal/ Pax, (21b) be equal toR,,. Therefore, (24) must have the same optimal
p.p.B solution as (23).

where P,..« is the maximum total power consumption, and The key step in adopting LDD-based cross-layer optimiza-

Ue.. and U2, are the maximum and minimum achievabldon is to relax C7. To characterize the duality gap betwéen t

sum-utility with fairness parameter under the constraints primal and dual solutions, time-sharing condition is dediie

C1-Cé6: [31] where it is shown that holding this condition, the dbali
Poyox = Pc + €Pr, (22a) gap is zero even if the original optimization problem is not

convex. In practical multicarrier systems with a large nemb

M
U — max o (Rm) | pr—p (22b) of subcarriers, channel conditions in the adjacent sulezarr
R are often similar. In such case, the time-sharing conditon
u readily satisfied, and accordingly the duality gap is neagelo
S In (6), ifo=1, [31]. Thus, by relaxing C7, Lagrangian function associdted
a = m= 1 (22c) (24)is
P /-a) fatlaz0, 55 e (tm)—Uli P
i B i L. L(t,p,p,ﬁ,)\):w%f(lf’lﬂ)m
where § is a predefined and sufficiently small value. We Np e Tmin e
exclude the case where the data rate of each user is zero, + > A (R — i)
thus we assume,,, > § for all users. m=1
Applying the weighted sum method, the MOO problem can | et U M \
be then converted into an equivalent SOO problem as the I R T *mgl e
following: o
M + 13 AR — (1 — w) Dot ||
o (Bm) = Ul =
m=1 " ( ) 1 Ptotal 23 (25)
I{?g’g w Ua 0o - (1-w) o (233) \here = A1, A2, ..., AT is the dual vector for constraint
o C7 corresponding to each user. Therefore, the dual funition
s.t. C1— C6, (23b)
wherew € [0,1] is a weighting parameter, which can be used h(X) = Jnax L(t,p,p,BsA), (26a)
to reflect the importance level of the two objectives. ”’
s.t. C1— C6. (26b)
B. The Cross-Layer Optimal Solution Set The corresponding dual problem is then
For a givena, finding the optimal solutions to the SOO i B (N 27
problem in (23) for different values ofv, forms a Pareto &nznol (). @7

optimal solution set for the original MOO problem in (20) T4 obtain the optimal solution to (27), we use the sub-

[28]. Pareto optimal solution set provides the best aclileva g ient method, where the dual variables are updated as
values of the conflicting objective functions for any givertue N

of fairness parameter. In the following, we adopt cross-layer AL = [NE 4+ XF (t — Ri)] (28)
optimization based on Lagrangian dual decomposition (LDD

method [29] to find the optimal solutions to the SOO proble above sub-gradient update is guaranteed to converge to the

in (23). We consider two cases:> 0, anda = 0. optimal solution as long as the step size is chosen to be
1) Case l:a > 0: To enable the cross-layer optimiza- P 9 P

tion, similar to [30], we introduce an auxiliary vector = SUZ'C'G.!tnﬂy small .[31]’25’2]' d (26). the dual functidn(\
[t1,t2,...,t,m]T and rewrite the SOO problem (23) as s ILIS seen in _( ) and (26), the ual func idn( .)
considers both application-layer and physical-layeralass,

dx* is the diminishing step size at thgh iteration. The

% U () — U i.e., t, which is defined in the application layer, apd p,
= " min ) Piotal ” and 3, which are physical-layer variables. The dual vecior
t%ﬁffg w Ug,. — U —(1-w) o (242) interrelates the two layers, reflecting the cross-layeratdtion

between application layer and physical layer. Hence, this i
s.t. C1 — C6, (24b) @ cross-layer optimization problem. Using LDD method, the
CT: t, < Ry, ¥m. (24¢) dual functionh (X\) can be (_jecpmposed into two maximization
subproblems, namelgpplication layer and physical layer
The auxiliary variable,,, is defined in the application layer,subproblems.
which represents the demand of data rate in the applicationThe application layersubproblem is a utility maximization
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wherey is the dual vari_ablg defineq cor_responding to C1. The
Outer|Application Layer Inner Physical Layer Correspondlng dual ObJeCUVe funCtlon 1S
o | | 0 | ¢ (1) = max Q (p,p. B, p), (33)
7 p,p,3
|/1,f.*'=[l,t +x*(t”,—Rm)]*| | ‘, | | a(u) and the dual problem is
A
i . 4
[ | [7owvanr min ¢ () 34

Similar to the above, the derivative 6J (p, p, 3, 1) with
respect top is set to zero. This provides us with the optimal
power allocation for each transmission lirfkul,ij) as the

Check if converging?

following:
N Check if converging? g r 1 -+
v p;?l* = |A (m) — W] 5 (353)
9ij
Exit }
. [ 1 +
. o Pai = |A(m) = —=1 (35b)
Fig. 2. LDD-based cross-layer algorithm diagram. | 9ed
- 1 JF
problem as follows: pog”" = |A(m) - gm—j] , (35¢)
M L sd
Zlua( m) — Umm} M wherel € {1,2,...,2L}, ()" £ max {0, 2}, and
hi (A) = max f (t) = w=" =3 Amtm.
t Ue, — U Am
R Tmin A (m) = 7= (36)
[( we u} In2

Prax

The physical layersubproblem is a joint subcarrier pairing
and allocation, relay selection, and power allocation [@wb is the water-filling level of userm. For ! = 0, we further

as the following: obtain 4

M » P =l + P, 1=0. (37)

o - B total
ha (A) = f,r,l,?}é Am Bm = (1= w) Py (303) Here we deflnellggl as the contribution of transmission link
m=t (ml,ij) to Q (p, p, B, iu). Therefore
s.t. C1— C6. (30b) ’ .
. \I/ml Y rnl* _ (1 — ’u})g + E mlx (38)
Note that the two subproblems are not independent. They mTij 2P o | Pis
are interrelated by the dual vectaracross application layer h
and physical layer. Therefore, in the following, we will gel where
the two subproblems in (29) and (30) by cross-layer optimiza 3 logz (L+gptpmt), 1e{1,2,...,2L},
ti(_Jn. See Fig. 2 for the LDD-based cross-layer optimization Fmle _ 10g2 1+g Zp;’él*
diagram. 7 3 ymie
In (29), we note that both, (t,,) and f (t) are concave +log, (1 + 94" Pad )} , 1=0.
functions oft,,. Therefore, the optimal solutions of (29) are (39)
obtained by setting the derivation ¢f(t) with respect tot,, We further notice that the last two terms in (32) are both con-
to zero. The optimal value df,, is then obtained as stants. Thus, the original Lagrangian functiGn(p, p, 3, ;1)
can be decomposed infaL + 1) M N? independent subprob-
= (K/ w . (31) lems as the following:
)\'m (Urrlax Ur?un)

ml ml mlyyml
To solve thephysical layersubproblem in (30), we adopt Q (Piy"s pig: B 1) = pis B V5" (40)
Lagrangian dual method where we further introduce anotherAccording to C5 and C6, each subcarrier pair is exclusively
dual variable related to the price of transmit power to emabhssigned to only one relay-user pair. Therefore, to maxmiz
the second layer LDD. By relaxing C1, Lagrangian functio® (p, p, 3, 1), the subcarrier paifi, j) should be allocated to
associated to (30) is the relay-user paifm, ) with maximum value of\l/j;;%l. This
M yields the optimal subcarrier pair allocation and relaysgébn
QP p:Byn) = 2 AmBm —(1-w) 3 Rewal 4y (Pr — P)  indicator as

Prax

Mo N N ml (I-w)e B ml ml mlx ’ it (m l) - argmax \IIZ] ’

=> > Z Z {)\mrw {m + 5} Dij }pijﬂij i (41)
m=11=01i=1j=1 0, otherwise.

_ (IEM)PC + MPT7 ! . .

e (32) We then denote?;; = max vt and further simplify the
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dual objective function (33) as the following: Algorithm 1 LDD-based cross-layer joint resource alloca-
N N tion algorithm (LDDA)
q (1) = max 05, (42) Step 1. For a given weighting parameter; initialize the
P ;; o dual variables\? (if a > 0) and .°:

Step 2. For each transmission linknl,ij), obtain the
optimal power allocation via (35) (ifv > 0) or
(46) (if « = 0) at givenw, X and y, and then
obtain the resource allocation indicators by (41)
and (43), respectively;

Step 3. Update dual variable: by the sub-gradient

which is in fact a two-dimensional assignment problem. Hun-
garian Algorithm (HA) is an efficient algorithm to obtain the
solution of such assignment problem with the complexity of
O (N?) [33]. Without loss of generality, we can express the
subcarrier pairing result as

« _ | 1 f (i) = HA(Qy), (43) method in (44);
| 0, otherwise. Step 4. Repeat Step 2 and Step 3 until the inner
Finally, we use the sub-gradient method to minimize the physical layer subproblem converges.alf= 0,
dual objective function, where the dual variable is updatgd the algorithm terminates. i > 0, go to Step 5;
. Step 5. Update dual vectok by the sub-gradient method
the following: in (28)
I ;
pFtt = [pF 4+ 0% (P, — Pr)] " (44) Step 6. Repeat Step 2 to Step 5 until the outer application

layer subproblem converges.

andv” is the diminishing step size at thigh iteration.
2) Case ll:« = 0: In this caselU, (R,,) = R,,, and the
problem in (23) is reduced to

m?

problem. In other words, by imposing fairness, users would
% R o have different water-filling levels according to their sabrger

m= Piotal allocation and relay selection. On the contraryyif= 0, all
max wre—————— — (1 —w) —/—— (45a) ; h ;
by Uo. —Uo. Poax of the users will have the same water-filling level as in (46),
i max min
which is the common case of optimal power allocation.
st. C1— C6. (45b) pamat p

This optimization problem can be directly solved adopting. LDD-Based Cross-Layer Algorithm (LDDA) for SE, EE
LDD method, and only the physical layer problem is involvedhnd Rate Fairness Tradeoff
Here for brevity we skip the details as it follows the same
line of argument as in case | without introducing the auxylia
vector t. The optimal power allocation to transmission lin
(ml,ij) is then obtained as

The LDD-based cross-layer joint resource allocation algo-
rithm (LDDA) for SE, EE and rate fairness tradeoff is outline
l?n Algorithm 1. To derive the joint resource allocation algo-
rithm, we consider two cases: > 0, anda = 0. Fora > 0,

r 1 + the solution is obtained through an LDD-based cross-layer
pyjbl* — T = W] , (46a) algorithm, and the algorithm diagram is shown in Fig. 2. By
9ij introducing an auxiliary vectat, this problem consists of two-
- + layer subproblems, where the application layer subproliéem
o 1 . . .
T — —— (46b) the outer layer and the physical layer subproblem is therinne
i layer. The outer and inner layer subproblems are integelat

_ I via the dual vector), reflecting the cross-layer interaction

it = | 1 ] (46) between the two layers. Hence, this is a cross-layer opti-
sd mj | mization algorithm. In each iteration, the inner physieajdr

subproblem is first solved through LDD for a givén Then,

A is updated according t¢f, and the solution to the inner

wherel € {1,2,...,2L}, and

I — w (47) layer subproblemR,,,. The iterations continue until the outer
(o, —U°. ) {ﬂp—_w)s +M} n?2 application layer subproblem converges, and the algorithm
mex terminates by converging the outer layer subproblem. This
is the water-filling level for all users. Similarly fdr= 0, we process is outlined in Steps 2-6 Agorithm 1. While for
also have _ _ the case ofy = 0, since the auxiliary vectar is unnecessary,
P =l T, 1=0. (48) only the physical layer problem is involved. In this case, it

The resource allocation indicators are the same as in (fﬂn be directly solved using LDD.

and (43). In this case, however, the contribution of trassmi
sion link (i, i5) is different from (38), which is IV. A HEURISTICALGORITHM FOR SE, EEAND RATE

FAIRNESS TRADEOFF

ﬁr;’;l* — [M + ﬁ} Pyt (49) Since the LDD-based cross-layer resource allocation algo-

(Umax = Unin) 2Prmax 2 rithm in Section Il needs to iteratively converge to theioyt
From (35), we observe that in the case @f> 0, the solution, this results in high computational complexity

optimal power allocation is in fact a multi-level waterifiy large number of users and subcarriers. To address this, issue

mil __
vt =
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in this section, we develop a novel low-complexity heucistiwhere
resource allocation algorithm to obtain a sub-optimal Soiu w

to the SE, EE and rate fairness tradeoff. The proposed Iow—@(m )= (U U2 ) (Rpe)® {(1_,@5 . } 09 (55)
complexity heuristic algorithm includes two key steps. Wistfi max min/ \7bm” Prax M)

obtain subcarrier pairing and allocation and relay sedecti is the water-filling level of usem*.

followed by optimal power allocation as a multi-level water py,of- See Appendix A. -

filing. Similar to the Section 1lI.B, ifa > 0, the optimal power

To develop the low-complexity resource allocation algallocation in (54) is also a multi-level water-filling, whilfor
rithm, here we define a new resource allocation indicatte case ofa = 0, the water-filling levels of all users are
nmt e {0,1} and setn! = p;; 7. Then the normalized identical.
end-to-end data rate over bandwidth for useris obtained
from (16) as

2L N N
mil A. A Low-Complexity Heuristic Algorithm (LCA) for SE, EE
R, = mlpml, 50 : :
; ; ; i Tis (50) and Rate Fairness Tradeoff
The total transmit power consumption is As it is seen in (53) and (54), the transmission link assign-
2L M N N ment and power allocation are interrelated. This is the main
P, = lz SN e (51) reason of the high computational complexity of obtaining th
t = D) Pij ) . g p o p ' y ’ €]
1=0 m=1i=1 j=1 optimal solutions. To address this issue, in the first step, w

assume equal power distribution among all transmissidsJin
i.e.,pggl = Pr/N, V¥ (ml,ij). Also, for the direct mode, equal
Accordingly, the SOO problem with total transmit powepower allocation is assumed between the two slots within a

m,j

constraint in (23) is reduced as frame, i.e.p[;" = piy’ = pi' /2. Then in the second step we
o perform optimal power allocation.

3 g (Rp) — US4 P In the first step, subcarrier pdit, ) and relayi are allocated
max w?=" —(1—w)=2l " (52a) touserm* based on (53), and the,- is updated ask,,- =

where forn?! =1, pj2! > 0, and otherwisep!? = 0.

p.n USax — Unin Prax’ Ry« + 77" Note that the subcarrier pairing and allocation is
conducted per subcarrier basis, and both allocated sudcarr
st. B < Pr, (52b)  are then removed from the set of available subcarriers. This
pz’jl >0, Ym,l,1,7, (52c) process repeats until all subcarriers are paired and &idca
M 2L According to (53), usem™* which has better channel gains
Z an}” =1, Vi, j, (52d) is given a higher priority for allocating a transmissionklin
m=11=0 R,,+ is then updated and thus becomes larger. This reduces
n;;” € {0,1}, VYm,l,4,j. (52e) the chance of allocating another transmission link to usér

and helps to impose rate fairness among users. As expected,
Considering the SOO problem in (52), we present tH& increasinge, the chance of allocating new transmission
following proposition. link to userm* is also decreased, which means a stricter rate
fairness among users in resource allocation.

Proposition 1: To obtain the optimal solution of (52) for  thg golution obtained through the above algorithm is in fact
any given fairness parameter and weighting parameter, — gyp_gptimal. This is because we assume equal power distribu
the subcarrier paifi, j) and relayl € {0,1,2,...,2L} should 5 among all transmission links and subcarriers pairisg i
be allocated to usen”, where conducted per subcarrier basis, without applying Hungaria

. r;}ll algorithm which is optimal for two-dimensional assignment
m- = arg max (Ro)®’ (53) problem. In the simulation results, however, it is observed
i ) o ~only a slight performance gap exists between the proposed
and the optimal power allocated to this transmission I'”I%w-complexity heuristic algorithm and the LDD-based &os

(m*l,4j) is layer algorithm.
§ 1 + Since each subcarrier pait,j) and relay! have been
Pt =|8(m") - m] 1e{1,2,..,2L}, (54a) assigned to users, the optimal power allocation is perfdrme
i in the second step. For notation brevity here, the resource
) 1 + allocation indicators;;;?l is substituted by its solution obtained
phy = 10(m") — m*ﬂ.] ) (54b) in the first step, which is denoted ag'*. Therefore, the
sd normalized end-to-end data rate of useris
1 + 2L N N
Pl = |O(m) — ] ’ (54¢) B =333 mi oy (56)
sd 1=0 i=1 j=1
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Algorithm 2 Low-complexity heuristic resource allocation

algorithm (LCA) o T e - - _0oe o o oo oo

Step 1. Initialize p;}' = Pr/N and pl;" = ply’ = ool a1 ]
p;?l/Z'an’l’i’j; [ - - - 0- - -0 -0--6G6--06-G-0

Step 2. Initialize the data rate of each user Rgm) = o0sl AN i
1. The available subcarrier sets in the firstand || _° e a=0.5
second slot aré. andIl, respectively, i.eq € A g orp 1
andj € II; é

Step 3. For each available subcarriére A, allocate a § 06— - - -0-_0----900-0 -\-0- ¢ o -0o0-
subcarrierj € II, a relay! € {0,1,2,...,2L} to aZ0. 2
userm* according to (53); 05y 1

Step 4. Update available subcarrier sets msA-i and
II=II-j; UpdateR(m*) = R(m*) + %"}, o4 &0 ]

Step 5. Repeat Step 3 and Step 4 until all available p- 00— - - --0--0--06--00-6G-06-66 00
subcarrier pairs are allocated to users; 15 16 v b il ng) 20 2 22

Step 6. Conduct optimal power allocation by standard
convex optimization method based on the convex

Lo . Fig. 3. Jain’s fairness indexs. spectral efficiency.
optimization problem in (57). g P Y

LDDA without subcarrier pairing (LDDAwoSP), its complex-
The SOO problem in (52) then becomes only a function @ is O { [(2L + 1) M N?] M?}.

pig’;l, and it can therefore be simplified as the following: For LCA, the complexity of subcarrier pairing i& +
" (N=1)+..+2+1=1N(N +1) for each relay and user
S ug (Rm) — U2, pair. There arg2L + 1) M possible relay and user pairs, so

max  w™=1 —(1-w) M7 (57a) the total complexity of LCA isO [§N (N + 1) (2L + 1) M].

p Uftax = Uiin max Note that in wireless systems, the number of usais, is

usually much smaller than the number of subcarriéfsj.e.,
s.t. P, < Pr, (57b) M <« N. Therefore, compared with LDDA and LDDAwWoSP,

pgl >0, VYm,l,i,]. (57c) the complexity of LCA is significantly reduced.

Proposition 2: For any given fairness parameter and
weighting parameten, (57) is a convex optimization problem.

Proof: See Appendix B.

According to Proposition 2, (57) has a unique global optim

solution. There exist many efficient numerical algorithmashs . g ; .
as the interior-point method to obtain the optimal solution and uniformly distributed at the cell-edge region. BS isaked

The proposed low-complexity heuristic resource allocatid! the center of the cell and the numb_er of reldyss equal .
algorithm (LCA) for SE, EE and rate fairness tradeoff ilo 3. Each relay is located on the axis of the corresponding
outlined in Algorithm 2 ' sector with equal angle interval &r /L, and the distance

between each relay and BS is half of the cell radius. The
B. Complexity Analysis number of subcarriers iV = 128 in both slots and the
: noise power spectral density is -174dBm/Hz. Without loss
Here we compare computational complexity of the exf generality, the circuit power of the BS and each relay is
haustive search method and the two proposed algorithmgrmalized to 1W while the drain efficiencies of the power
For the exhaustive search method, the complexity of sufimplifiers are assumed to be 38% as in [23]. The links between
carrier pair allocation isO{[(2L+ 1)M]N}. For subcar- the BS and relays are in line-of-sight (LOS) and each user
rier pairing within the two slots, its complexity i© (N!). experiences independent frequency-selective Rayleiginda
Hence, the total complexity of exhaustive search method T&e modified Hata urban propagation model is adopted for the

V. SIMULATION RESULTS

In this section, we investigate the performance of the two
glroposed algorithms through simulations. In the simutetjo
we consider a cellular network with/ = 8 users randomly

0] {N! (2L + 1)M]N}_ large-scale propagation loss, and the shadowing follogs lo
For LDDA, (2L + 1) MN? times of optimal power alloca- normal distribution with zero-mean and standard deviatibn
’ 8dB.

tion are calculated by (35) or (46). Further, the complegity
Hungarian Algorithm for subcarrier pairingd (N?). For La- .
grangian dual variable update based on sub-gradient methdd SE. EE and Rate Fairness Tradeoff

its complexity is a polynomial function of the dual problem Fig. 3 shows the rate fairness performance of the two
dimension, i.e. M for h (A), and 1 forg (1) [30]. Therefore, proposed algorithms with different values of where the

the complexity of updating all dual variables is in the orddairness performance is measured by Jain’s fairness index [
of M?, where¢ is a positive constant [2]. Hence, the totalThe value of Jain’s fairness index is bounded between 0 and
complexity of LDDAisO { [(2L + 1)M N? + N3] M?}. For 1. If the index is 1, it means all users get the same data rate
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Fig. 4. Energy efficiencyvs. spectral efficiency with different levels of Fig. 5.

fairness.

and the system is 100% fair. As the disparity of data ra
increases, the index gradually decreases to 0. For sinyplic
in Fig. 3, we only show four different values af. As it

is seen, by increasing, the fairness among users is alst
increased. This verifies that the two proposed algorithnms ¢

fairness.

0.9
0.8

0.7

Energy efficiencyvs. spectral efficiency with different levels of

—&— a=0, SE=20.5 bits/s/Hz
—— 0=0.5, SE=20.5 bits/s/Hz
—— o=1, SE=20.5 bits/s/Hz

— © —0=0.5, SE=18 bits/s/Hz

— 8 —a=0, SE=18 bits/s/Hz /

— % — =1, SE=18 bits/s/Hz

both achieve different levels of rate fairness by adjustingve
also observe that the two proposed algorithms achieve alm
identical fairness performance for the same value.dh fact,
by continuously adjustingy, the algorithms can achieve any
certain level of fairness, from no fairness £ 0) to absolute
fairness & — o). g

Fig. 4 shows the Pareto optimal sets for SE-EE tradeoff wi
different levels of fairness. LDDA is based on dual metho
and for a large number of subcarriers, its duality gap besomr 0
negligible. Therefore, we consider LDDA as the benchma
for performance comparisons. As shown in this figure, LCA
follows the same pattern with LDDA. With the increase of Skkig. 6. CDFvs. data rate of each user.
EE first increases and then decreases, and the performamce ga
between LCA and LDDA is slight. When SE is lower, since
the radiated power is negligible compared with the circuipay allow a significant improvement of EE, i.e., a noticeable
power, the growing of SE is much faster than that of thenergy saving. Fig. 4 provides the optimal envelop of the
total power consumption. Thus, EE grows as SE increasestire SE-EE region for different levels of fairness, sosit i
However, after the maximum point for EE, the circuit poweflexible to make SE-EE tradeoff for different preferencest B
does not dominate any longer and the increase of radiaiedoractice, only the tradeoff after the maximum points of EE
power greatly affects the total power consumption. Undisr thmake sense. That is because before these maximum points, by
circumstance, the growing of SE becomes slower than thatioéreasing SE, EE also increases. In that case, SE and EE are
the total power consumption, and accordingly, EE gradualpt conflicting objectives.
declines to a very low level. Note that as SE goes to infinity, Besides, we also compare the performance of LCA and
EE will asymptotically approach zero. Therefore, the EE-SEDDAwWoSP (LDDA without subcarrier pairing). As shown in
relationship is actually quasiconcave. Fig. 5, LCA slightly outperforms LDDAwoSP. Furthermore, as

In Fig. 4, it is also indicated that with larger, for the same mentioned in Section IV.B, the complexity of LCA is much
level of SE (EE), a lower EE (SE) is achieved compared withwer than that of LDDAwoOSP, especially when the numbers
the case with smallerr. This means higher fairness result®f users and subcarriers are very large.
in a worse SE-EE tradeoff. As mentioned previously, since To further illustrate the fairness performance, Fig. 6 show
efficiency and fairness are conflicting objectives, faimés the cumulative distribution function (CDF) of the data rate
usually enhanced at the cost of degrading the performanceobfeach user. Here, we only take LCA as an example, and
SE-EE tradeoff. Besides, it is noteworthy that in this figuresimilar results can also be obtained for LDDA. Two cases of
after the maximum points of EE, a moderate reduction of SEE=20.5bits/s/Hz and SE=18bits/s/Hz are investigatedmFr

CDF
o
2

@

25 3 35 4 45 5

Data rate of each user (Mbits/s)
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Fig. 7. Price of fairness (PoRjs. spectral efficiency. Fig. 8. Outage probability for different levels of fairness

this figure, we can see that for both cases of SE, whds and balance the tradeoff between efficiency and fairness for
lower, the ratio of users with smaller data rate is relayivedifferent preferences.

higher, and the CDF curves experience a slower increase.

This means the data rate variance is larger, and accordln@y Impact of Faimess on the Outage Probability

some users suffer from unfairness. While by increasingpr ) - ]
example, whem = 1, the CDF jumps to 100%, implying Fig. 8 demonstrates the outage probability for differewmt le

the users’ data rate distribution is better balanced, aisdigh €!S Of fairess. Outage probability is defined as the prdibabi
consistent with the high faimess index in Fig. 3. Besideseny (hat users data rate drops below the minimum rate require-

the value ofa is higher, the ratio of users with higher datdn€nt (MinR). Here the MinR is set as 2.5 Mbits/s for each
rate is lower. It stems from the fact that due to the fairne&Ser- As displayed, fairness requirement helps to reduee th
requirement, users with better channel conditions saerifigutage probability dramatically, providing enhanced gyal
their data rates to compensate those users with worse dhafigXPerience (QOE) to more users than the scheme without
conditions. Such compensations will degrade the perfocaar{ailness (i.e.a = 0). This is because imposing fairness helps

of SE-EE tradeoff, which is consistent with the previousites © balance the users’ data rate distribution, as shown in@zig
in Fig. 4 and Fig. 5. With the increase of system SE, the better balanced dats rate

among users exceed MIinR and hence the outage probability
plummets to near 0. Compared with them, if there is no
B. Price of Fairness fairness requirement, the data rate distribution wouldigkli

) o . concentrated to those users with better channel conditions
To quantify the.tradeoiff betwgen efficiency apd falrnessr,husy the outage probability declines slowly.
we adopt the metric of price of fairness (PoF) as in [34], [35]
The PoF is defined aBoF (EE (a)) = %ﬁgf@, where o
EE (), and EE (0) are the system EE with-fairess, and D. Impact of Number of Relays and Circuit Power
without fairness (i.e.qv = 0), respectively. For various values Fig. 9 illustrates the SE-EE tradeoff performance with
of o, PoF quantifies the reduction of system EE caused bjfferent numbers of relays, where the maximum transmit
imposing rate fairness, in comparison with the system withopower constraints are identical. We only show the case of
fairness. a = 0.5 as an example. As can be seen from this figure,
The PoF versus SE is shown in Fig. 7. As illustrated, forsince having more relays introduces higher circuit power,

fixed SE, the PoF with a larger is higher than the case withfor most cases of SE, EE declines with the increase of the
a smallera. Therefore, the better the rate fairness, the higheumber of relays. However, when SE is larger, the EE may
is the EE loss. Interestingly, as SE increases, the PoF gpessuen become larger by increasirdg This is because with
very significantly. For instance, for LDDA, whenm = 1, by more relays, the system will have a higher degree of freedom
increasing SE from 19bits/s/Hz to 20.5bits/s/Hz, the PsEgi in resource allocation, and accordingly, the achievableisSSE
from 0.15 to 0.59 by up to three times. Therefore, if SE iscreased. By exploring the diversity gains brought by more
increased in the SE-EE tradeoff, a higher EE sacrifice lewelays, the negative impact of increasing circuit power & E
is required to guarantee the fairness among users. Besideight be less than the positive contribution of increased SE
with the same value ofy, the PoF of LCA is always larger Hence, introducing more relays does not necessarily always
than LDDA for any certain SE. The metric of PoF enables thiegrade the performance of SE-EE tradeoff. It is predicted
network operators to quantitatively evaluate the costiofiéss that if the maximum transmit power (i.e., maximum achieeabl
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Fig. 9. Energy efficiencys. spectral efficiency with different numbers of

relays.
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Fig. 10. Energy efficiencys. spectral efficiency with different circuit power.

SE) is further increased, this trend will be more significant ’

to efficiently manage the three-factor tradeoff. The Pareto
optimal solution is obtained to show the global relatiopshi
of SE and EE, while the PoF is applied to quantify the
tradeoff of efficiency and fairness. Simulation resultsvgitizat
imposing a higher level of fairness may significantly reduce
the outage probability. Besides, by increasing the numiber o
relays, although the total circuit power is increased, theEgE
tradeoff is not necessarily degraded due to the extra dexdree
freedom provided in relay selection.

APPENDIXA
PROOF OFPROPOSITION1

Proof: We adopt Lagrangian dual method. Relaxing con-
straints C1 and C3 in (52), Lagrangian function associated t
(52) is

M
> ua(Rm)—Ugin

G ,0, *w’”la—af 1 — ) Lrotal
(p, 77 ” ) Umx min ( ) P (58)
+2 20, (10 X Sag) wure - ).
1=17j= m=11[=0

where@ and . are Lagrangian dual variables.

By taking derivation ofG (p,n, 0, 1) with respect ton;;?l,
we obtain the necessary conditions for optimal resource al-
location according to Karush-Kuhn-Tucker (KKT) conditon
[36] as

9G (p,n,0, 1) wr!
—6;; <0, (59
an7rll (Ugax - Ur?un) (R’"L)a T ( )
ml wr;?l 0 =0 (60)
772] (Ur(r)(lax Ur?un) (R’"l)a Y e

Based on (59) and (60), if subcarrier paifi,j)
and relay [ are allocated to userm, i.e., ngﬂ =

1, then (( W”')(R )Q—H'L‘j) = 0; otherwise,

U«

max min
ml

i _ - < 1 1
Tnm Uz ()" 0;; ] < 0. Therefore, subcarrier pair

gz‘ j) and relay! should be allocated to usen with the

wr

wrml

Consequently, how many relays should be deployed in the daighest value o s e YT 03, ) Givenw, Ugax

is also a tradeoff for different preferences.

The SE-EE tradeoff for different circuit power with= 0.5

max min

andUg;, are all constants, the subcarrier pgirj) and relay
[ should be allocated by (53).

is displayed in Fig. 10, where the number of relays is fixed Similarly, by taking derivation of7 (p, 7, 8, 1) with respect
(i.e., L = 3). Different from Fig. 9, as circuit power has notg P (1 #0), we have

impact on the achievable SE, EE is always reduced by increas-

ing circuit power. Therefore, given a fixed number of relays, %

increasing circuit power always degrades the performafice o Y wgln (1—w)e “0

SE-EE tradeoff. T (U2 Ugim) Bo)* (T4 7 ) In2  Prnax H=Y
(61)

VI. CONCLUSION

min ij

ml, ml
ml WYij Mij _(d—w)e -0
Pij mi,ml j2) — Y.
T\ (USax—Uin) (Run)* (14g7tpyit ) In 2 -

In this paper, a general framework is presented to analyze (62)
the three-factor tradeoff among SE, EE and rate fairness int subcarrier pair(i, j) and relayl are allocated to usen,
relay-aided cooperative OFDMA systems. We formulate the it =1, thenp! > 0. Thus, from (62), we have
problem as a MOO problem where rate fairness is repre-

sented usingyv-fairness model. A LDD-based cross-layer joint B
resource allocation algorithm (LDDA) and a low-complexityUg,. — U2, ) (Ry,)" (1 —i—g” P ") In2 Prax

w0l

heuristic resource allocation algorithm (LCA) are prombse (63)
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Then, by substitutinmg}” = 1 into (63), the optimal power [16] Q. Wu, W. Chen, M. Tao, J. Li, H. Tang, and J. Wu, “ResoLabecation
aIIocationp;;?l (I # 0) can be obtained as (54a).
Forl = 0, following the same line of argument, the optimal

power allocationp"’
(54c). This completes the proof.

Proof: It is easy to show thaR,, is a concave function of

APPENDIXB
PROOF OFPROPOSITIONZ2

pigj'?l. Further, sincex-fair utility function is strictly increasing
and concave for any given, according to (3.10) in [36], [20]
their compositionyu,, (R, ), is also a concave function pt’;l.
Besides— P41 IS a linear function ofo;?l, which is concave. [21]
Therefore, the objective function in (57) can be viewed
as a nonnegative weighted summation of concave functiops;
Hence, according to [36], the objective function is still a
concave function ofo;}” for any given fairness parameter
and weighting parameter. |
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