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Abstract—In this paper, the total system effective capacity
(EC) maximization problem for the uplink transmission, in a
multi-user multi-carrier OFDMA system, is formulated as a
combinatorial integer programming problem, subject to ead
user’s link-layer energy efficiency (EE) requirement as wdl
as the individual’s average transmission power limit. To stve
this challenging problem, we first decouple it into a frequewy
provisioning problem and an independent multi-carrier link-
layer EE-EC tradeoff problem for each user. In order to obtain
the subcarrier assignment solution, a low-complexity heustic
algorithm is proposed, which not only offers close-to-opthal
solutions, while serving as many users as possible, but alsas
a complexity linearly relating to the size of the problem. Ater
obtaining the subcarrier assignment matrix, the multi-carier
link-layer EE-EC tradeoff problem for each user is formulated
and solved by using Karush-Kuhn-Tucker (KKT) conditions.
The per-user optimal power allocation strategy, which is amss
both frequency and time domains, is then derived. Further, ve
theoretically investigate the impact of the circuit power ad the
EE requirement factor on each user's EE level and optimal
average power value. The low-complexity heuristic algoritm
is then simulated to compare with the traditional exhaustie
algorithm and a fair-exhaustive algorithm. Simulation results
confirm our proofs and design intentions, and further show
the effects of delay quality-of-service (QoS) exponent, éhtotal
number of users and the number of subcarriers on the system
tradeoff performance.

Index Terms—Link-layer energy-rate tradeoff, delay-outage
probability, effective capacity, energy efficiency.

I. INTRODUCTION

transmission power of femtocell base stations was minichize
A general power consumption model in multi-user OFDMA
systems, including the transmission power, signal pracgss
power, and circuit power from both the transmitter and the
receiver sides, was first established in [4]. Then the asgthor
in [4] proposed a joint optimization method to iteratively
find the optimal solution for the EE-maximization problem,
subject to a peak transmit power constraint and a minimum
system data rate requirement. The EE and SE tradeoff problem
has also been extensively studied for other kinds of wiseles
communication networks, such as energy-constrained wire-
less multi-hop networks with a single source-destinatiaim p
[5], general narrowband interference-limited systemsddl
OFDMA-based cooperative cognitive radio networks [7]. In
the aforementioned studies, however, the system throughpu
was given by Shannon limit, without taking into account
delay constraints. For systems with delay-sensitive appli
tions, such as video conferencing and online gaming, the
physical-layer based power and rate adaptation technigags
not be efficient. In fact, 5G, the next generation of mobile
communication technology, has been anticipated to offer >1
Gbps downlink data rate, sub-1ms end-to-end latency and
90% reduction in network energy usage [8]. This infers that
the future wireless communication networks are targeted at
satisfying the end-user applications’ delay quality-efvice
(QoS) requirements, while at the same time increasing EE
and SE for green communications.

In order to fulfill these requirements, extensive studies

Green communication networks, which not only emphasize the context of power control, scheduling, and admission
on spectrum efficiency (SE), but also promise high energgntrol have been widely provided in [9]-[21]. A cross-laye

efficiency (EE), have become imperative needs of futumptimization framework for delay-sensitive applicatiomer
communication systems. However, by nature, EE and SE coaléingle wireless link was formulated in [9], in which some
require conflicting design approaches. From the infornmatiocharacteristics, e.g., delay deadlines, dependencigsyiin
theoretic point of view, the EE-SE tradeoff problem in a dewrimpacts, are considered and discussed. The authors in [10]
link orthogonal frequency division multiple access (OFDMAprovided energy-efficient transmission techniques foraugr
network was analyzed in [2], in which the impact of thef M packets subject to individual packet transmission ylela
channel power gain and the circuit power on the EE-SEonstraints. The above works all characterize the delay QoS
relation was discussed. Considering the cognitive radie neequirement for a dynamic queuing system in a deterministic
works, a multi-objective optimization was formulated inl,[3 way, where the delay is bounded within a certain threshold
in which the ergodic capacity was maximized and the totfl1]. Although this sounds reasonable for real-time sewsjc
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satisfying fixed QoS guarantees is especially challenging i
fading communication scenarios, due to the random varia-
tions experienced in channel conditions, user mobility and
changing environment [12], which could lead to settling for
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terministic delay QoS bounds, in this paper we concentrate
on the delay QoS requirement in a statistical way, which



considers and confines the delay bound violation probgbilinake this assumption, and aim to derive the optimal power
to a required value range. In this direction, the authord. 8] [ allocation strategy for each user, which is not only acrbss t
introduced a link-layer capacity notion supporting statéd time domain, but also across the frequency domain.
delay QOS requirements, which is the Concept of effective ca In this paper, we target to maximize the System total
pacity (EC). Formulated as the dual of the effective bantlwid EC for the uplink transmission in a multi-user multi-carrie
EC specifies the maximum arrival rate that can be supported@¥DMA network, subject to each user’s required link-layer
a wireless channel given that a target delay-outage prbityabiEg performance level and its individual resource limits. We
requirement is guaranteed [13] [19]. Therefore, EC can lgcouple the problem into two parts and provide the sulearri
regarded as the link-layer SE. The link-layer EE, hencbfortassignment solution and optimal power allocation strategy
can be formulated as the ratio of the EC to the total POWESr each user. In more deta”, we propose a |OW_C0mp|exity
expenditure [14]. heuristic algorithm, which first allocates each served tiser
Due to the inconsistent property of the link-layer EE anedxact number of its required subcarriers, and then implésnen
EC, many researchers have elaborately studied how to kmlatie optimal per-user power allocation strategy to caleudstch
the two metrics. Considering frequency flat-fading chasnelser’s current EC value. Finally, the remaining subcasneil
an optimal power allocation strategy to maximize EC sulbe allocated by adopting the strategy that the user witreatirr
ject to a link-layer EE constraint, for delay-limited mabil minimum EC value has the allocation priority.
multimedia applications was obtained in [15]. For a Rayleig To sum up, this paper has the following contributions:
flat-fading channel under delay-outage probability caists,
a multi-objective optimization problem to jointly maxingiz
EE and EC was formulated and solved in [16]. The above
mentioned papers, however, focus on a point-to-point singl
channel communication system.

« A novel total EC maximization problem for the uplink
transmission, in a multi-user multi-carrier OFDMA sys-
tem, is formulated as a complex combinatorial integer
programming problem, subject to each user’s link-layer
We note that based on the theory of Shannon limit, the EE requirement and the individual's average input power

total average rate of a multi-carrier system is a linear sum- limit. A new adjustable EE requirement factor is defined
mation of each subcarrier’s achievable average rate. This, to further tune each user's EE constraint value, which
however, does not apply to systems with limited statistical transforms the formulated problem into a tradeoff prob-
delay requirements. Specifically, in delay-constrainesieys, lem between the system total EC and the users’ individual
the concavity and monotonicity of the EC do not remain EE achievements.

homogeneous for single-carrier and multi-carrier systgig « The formulated challenging problem is first decoupled

In addition, for systems with statistical delay QoS coristsga

it has been proven that the optimal power allocation styateg

for single-carrier communications cannot be simply exezhd
to the multi-carrier communications [17]. Hence, consituga
single-user multi-carrier link over a frequency-seleefi@ding

into a frequency provisioning problem and an indepen-
dent link-layer multi-carrier EE-EC tradeoff problem for
each user. The traditional exhaustive algorithm and a fair-
exhaustive algorithm are introduced first, followed by a
low-complexity heuristic algorithm, which cares about

channel, the delay-constrained EC maximization and EE max- user fairness, offers a close-to-optimal performance, and
imization problem were separately addressed in [17] an}l [18  also has a complexity linearly relating to the size of the
respectively. However, the link-layer EE-EC tradeoff desh problem.

for the multi-carrier communications is not investigatewla « The independent multi-carrier power-constrained link-
analyzed in the literature. Especially, when we consider a layer EE-EC tradeoff problem is then solved and analyzed
multi-user multi-carrier network, the link-layer EE-EQtieoff for each user, given a subcarrier assignment matrix.
problem becomes more challenging. The formulated problem The optimal power allocation strategy, which is across
will be a complex combinatorial integer programming prob-  frequency and time domains, and the Pseudocode of the
lem, rather than a convex optimization problem in [17] which ~ power allocation process are derived and proposed.
was solved using Lagrangian method. In [20] and [21], an We prove that each user’s average optimal power level
EE optimization problem with statistical delay provisiogi monotonically decreases with its EE requirement factor.
and per-user’s EC requirement constraint was analyzed for a Furthermore, we prove that each user’s link-layer EE
downlink multi-user OFDMA network. In these papers, the value monotonically decreases with its circuit power
power allocation for each subcarrier is assumed to be only Vvalue, but increases with its EE requirement factor.
related to its subcarrier’s channel power gain, and notedla « Simulation results reveal that when there is a link-layer
to the same user's other subcarriers’ channel power gains. EE constraint, each user's operational tradeoff EC value
Therefore, based on this assumption and the independent and * will not show a monotonic trend with its delay QoS
identically distributed (i.i.d.) property of all subcaers, the EC exponent. Further, the tradeoff EC value achieved with
value for a single-user multi-carrier system can be forteda a smaller number of available subcarriers may be higher
as a linear summation of the EC values of all subcarriers. than the one obtained with larger number of subcarriers.
While this independent optimization approach is optimal in

maximizing the Shannon capacity (e.g., water-filling power

control for multi-carrier transmissions), it is not the iopal

policy to maximize the EC-based problems for an arbitrarylHere each user’'s operational tradeoff EC value is the catledlfinal EC
statistical delay provisioning [17]. In this paper, we wilbt value achieved at its EE requirement equality.
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/ fading-block’s time duratiofit, but independently varies from
@ one fading block to another. In addition, the length of each

fading-block, T, is considered to be an integer multiple of
Fig. 1: Uplink transmission in a multi-user multi-carrieetwork. ~ the symbol duratioriy, and is assumed to be less than the
fading coherence time [17].

For the k™ user on then™ subcarrier at the fading-block

[I. SYSTEM MODEL AND PROBLEM FORMULATION index ¢, the subcarrier power gain is denoted Ry, [t], k €
) _ ] Ko,n € Np. Also, each subcarrier is assumed to experience
A. Multi-user Multi-carrier System Model i.i.d. additive white Gaussian noise (AWGN) with power

We consider the uplink transmission, where thieactive spectral densityn—o. Therefore, the instantaneous maximum
users send their own information to the base station, inaghievable rate of thé™ user on then" subcarrier at the®
multi-user multi-carrier OFDMA system depicted in Fig. 1fading-block is given by
A total bandwidth of B is divided into N subcarriers, each B .
with a bandwidth ofE. Assume that each subcarrier is Ry, [t] = NTf log, <1+Pk7n [t] %) (bits), (2)
exclusively assigned to at most one user at each time to £ ()
avoid interference among different users. The total numbghere P[’:€ denotes the distance-based path-loss power and
of allocated subcarriers for all users does not exceed tpgm [t] is the nonnegative transmission power for thia
available frequency resources. Therefore, a feasibleastibt user on then® subcarrier, at thet!™ fading-block, i.e.,
assignment indicator matrix can be denoted ¢as which P..[t] > 0. Specifically, for the kKt user, the sub-
satisfies carrier power allocation vector is denoted &3 [t] =

K [Pralt] Pralt] ... P [t]]% The total achievable rate
pcd2 {[¢k7,L]KxN | dr.n € {0,1}, Z Grn <1, over all allocated subcarriers for th€ user, which depends on
k=1 the subcarrier allocation indicator matigxand the subcarrier
K N power allocation vectoP, can be denoted &, (¢, P) =
Z Z Grn <N,k € Ko,n € No} - (1) Y ér.nRrn whereN, is the set of subcarriers allocated
k=1n=1 neN th
Here, ® denotes the set of all possible subcarrier allocéQ the £ user.
tion indicator matrices, andCy = {1,2,...,K}, Ny =

{1,2,..., N} denote the set of all users and all subcarrierg, Multi-user Multi-carrier Effective Capacity and Linkyer
respectively. The number of allocated subcarriers for ke Energy Efficiency

N
user is denoted byVy, namely, N, = 21 $rn, and the  For each transmitter, the FIFO buffer is assumed to be a
bandwidth allocated to thé! user is denoted byB,, i.e., dynamic queueing system with stationary ergodic arrival an
B service processes, depicted in Fig. 2 [22]. By using theelarg

By = Nkﬁ' deviation theory, the queue length procésst) converges in

Each transmitter implements a first-in-first-out (FIFOistribution to a steady-state queue lengif{cc) such that
buffer, which prevents loss of packets that could occur wh§a2]
Fhe source rate is higher than the service rate, at the expngérys . In(Pr{Q(o0) > z})
increasing the delay [13]. The upper-layer packets arelevi — xlgr;o -
into frames at the data-link layer and are stored at the itnéans N ]
buffer. The frames are then split into bit streams at the jgays WherePr{a > b} shows the probability that > b holds. This
layer. By utilizing perfect channel state information (gSidefinition implies that the probability of the queue lengih e
knowledge fed back from the receiver and the predetermin€®fding a certain threshaiddecays exponentially fast asin-
statistical QoS constraint, adaptive modulation and apdiréases [23]. Note thatin (3), the paramété# > 0) indicates
(AMC) and adaptive power control policy are applied at thi'€ €xponential decay rate of the QoS violation probabity
transmitter side [17]. Then, the bit streams are read out ¥faller value off denotes a looser QoS requirement, while
the buffer and are transmitted through the wireless fadif9er ¢ implies a lower probability of violating the queue
subcarriers. At the receiver side, the reverse operatioas £n9th and a more stringent delay constraint. Particulaien

5\? rformed ang the frimef) are .recovere.d for furbtlh e:ﬁ“ﬁﬁss[ 2Since the service rate process of th user on then™" subcarrier is
e assume t at. each su Camer_ eXpe”en_C€S - oc a _'g’ konsidered to be stationary and ergodic [17], hereafter, tlock indext
the channel gains ofV subcarriers are invariant within acould be omitted for simplicity.

=0, ®)



6 — 0, which refers to a system with no delay constraint, theansmission power scaled by the power amplifier efficiency
optimum power allocation strategy is the traditional watee, yielding

filling approach and the maximum achievable rate is ergodic EF (04, &, Py)
capacity. For a transmitter with — oo, the optimum power EEF (0, ¢, Py,) = c Tk, T R (8)
allocation is the channel inversion with fixed rate transmis 1

. . .. . Pk _E M P M
technique, under which the delay-limited capacity can be ct e Lg@ Prin P

achieved. In other words, the ergodic capacity and the delay

limited capacity can be considered as two extreme cases of .
the effective capacity. C. Problem Formulation

Taking the delay experienced by a source packet arrivingFrom a system point of view, the overall EC value needs
at timet, defined byD(t), into consideration, the probabilityto be maximized to achieve the best system performance.

that the delay exceeds a maximum delay boiilg,, can be On the other hand, from the individual user point of view,
estimated as [13] each user has its own link-layer EE requirement, average

out ouD transmission power limit and delay QoS constraint. Theefo
Pielay = Pr{D(t) > Dmax} = Pr{Q(t) > 0}e™"""",  (4)  considering a multi-user multi-carrier network, the overa
where Pgut presents the delay-outage probabilifymax is syst(?m throughput maximization problem, subject to each
in the unit of a symbol periodPr{Q(t) > 0} denotes the USErS resource constraints, can be formulated as
probability of a non-empty buffer at time, and can be Ql: max E. (6, ¢,P) (9a)
approximated by the ratio of the constant arrival rate to the ped,PeP
average service rate [17], [22], i.®1{Q(¢) > 0} =~ B[R subject to: EE” (6, ¢, Pp) > n{gq, vk, (9b)

Hence, in order to meet a target delay-outage probabiitiit li N
E’m Z ¢k,nPk,n

< Pkoe Yk, (90)

Pisiny @ source needs to limit its data rate to the maximum of
n=1

1, wWherey is the solution to (4). X
Assume that the Gartner-Ellis theorem [24, Pages 34-36] Z¢k <1. Vn (9d)

is satisfied. For th&!" user, the EC value, in b/s/Hz, over a Pt =

multi-carrier transmission with a total bandwidi, can be

K N
expressed as [13] Z Z drn < N, (9e)
1 k=1n=1
k _ —0xRi (0, Pr)
E¢ (01,6, Pi) = —5p-In (E[e [). ® rn € {0,1}, Yk, Vn, (9f)
where,, stands for the delay QoS exponent of th& user Py 20, VE, Vn, (99)

which is associated with the statistical delay QoS requémm wheren{gq is thek user's required link-layer EE level, defined

andlﬂ-] indicates the expectation operator. Henceforth, EC gf, 5 certain ratio of its maximum achievable link-layer EE
the £ user becomes a function 6f, ¢, and P. .
ko @ k value, I.e.,nr’gq = XEE X nﬁ’,{\,{. Here,nfn’é\,f = EEk‘ Np=N

By expandingRy (¢, Pi,) and inserting it into (5), EC of =Pk
the k™ user can be further expressed as denotes thei" user's maximum achievable EE value, when
0 S brnRim all N subcarriers in the system are allocated toﬁ% is
In <IE {e })

Eg (Ok, ¢, Py) = <Nk the operational average input power which achieygg, .
(6) Further, xEe € [0,1] is an adjustable EE requirement factor,
which reveals the strictness of th# user’s required EE level

For the multi-user OFDMA network, the overall EC valueand directly influences the system performance. In pasticul

0, T: By,

can be expressed as xEe = 0 indicates that thé™ user has no EE requirement,
K k& while yEc = 1 means that usek requires an operational EE
E.(0,$,P) = 2= Nkfc (O, &, Pr) (b/s/Hz), (7) value atyfiax. Sincenfax depends on the individual users
> i1 Nk delay QoS exponent and its maximum averge power limit,
where & = [0, 0, .. Ox] is the K x 1 its value is different for each user. Therefore, #é user’s

vector of delay exponents for all K users. P required EE Ievehrkeq is different from the other users, even

denotes the transmission power allocation ~matri¥/Nen they have the same EE requirement factors.
for all users over all subcarriers, ieP ¢ P 2 Due to the conflicting property of the total system EC and

(Pl € Ry | Eny 27]:[:1 Gk Pom| < Pk € Ko b each user's personal EE achievement, after introdugifig

ere, P is all the possible power “allocation matricest,he formulated problen1 becomes an adjustable tradeoff

E., || indicates the expectation over the PDF of., problem. To be more specific, if the total system EC value has

where ~; is the k" users subcarrier power gains ied high priority, each user’s EE requirement factor valuelman
= [h1 ko e, | Pl represents the maxi’mum’required to be very low, which results in a low link-layer EE
average7power7 limit of thét user. level for each user. Correspondingly, if the total system EC

th ) . value has a low priority, each user’s EE requirement factor
Moreover, for thek user, we de_fme theklmk layer EE as th%an be relatively high, so that each user will have a satisfied
ratio of EC to the sum of its circuit powd?r.’, and the average high level of link-layer EE



IIl. OPTIMAL AND SUB-OPTIMAL SOLUTIONS

Initialize 1 = 0

Since we assume that one subcarrier can be assigned to
only one user at a time, therefore there couldib¥ possible
subcarrier assignments [25]. Hence, the complexity of the
above combinatorial integer programming problem in finding
the jointly optimal subcarrier and power allocation grows
exponentially with the number of subcarriers. Furthermore
we note that it is very difficult to jointly obtain the optimal [ Compare 1fsq with 15y in database D ]
subcarrier allocation sets and all power allocation valines
every frame, due to the reasons below. Firstly, from (6), we
can notice that the EC formulation of thHé" user not only
requires the multiplication of two unknown parameters,, i.e
¢rn, and Ry ,, but also involves the expectation over the
joint PDF of all subcarriers’ channel power gains, i€,
Secondly, the expectation and the multiplication operatio
cannot be interchanged, even if all subcarriers are assumed
to be i.i.d., and that is because the power allocation vatue o
each subcarrier is related to the other subcarriers.

Henceforth, in order to make the formulated problémn Fig. 3: Transformm, to Sfeq.
tractable, we divide the solving process into two steps: fre
guency provisioning which decides the number of subcarrier
to be allocated to each user; and then optimal power allmeati  To obtainSy;,,, we provide a flowchart in Fig. 3 to compare
for each user over all its allocated subcarriers. Spedyicalnr’?eq with n% .. If the maximum achievable EE value obtained
the proposed frequency provisioning algorithms, which aweith ¢ subcarriers is larger than the required EE value, i.e.,
independent of the instantaneous CSI knowledge in eaghix > Theq then we can conclude that the minimum number
frame, will be implemented only once within a period of timeof subcarriers required to satisfy th® user's EE requirement
On the other hand, for each user, the proposed optimal pO\m)@(], is i, i.e., Sr’gq = ¢. Henceforth, allK users’ EE require-
allocation strategy on each subcarrier, not only reliesten tments inneq can be transformed to the subcarrier requirement
instantaneous CSI of this subcarrier, but also depends en Hector Sy, by utilizing the flowchart in Fig. 3. In this way, the
other subcarriers’ CSI knowledge in each frame. feasibility of each user's EE constraint can be easily chdck

We start from introducing three frequency provisionin§y comparing the number of allocated subcarriers with the
algorithms: traditional exhaustive algorithm, fair-existive al- humber of required subcarriers.
gorithm and our proposed low-complexity heuristic frequen 1) Traditional Exhaustive Algorithm
allocation algorithm. After obtaining the subcarrier gSSI The traditional way to solve an NP-hard pr0b|em, like the
ments, the optimal power allocation strategy for each singlone we formulated in (9a)-(99g), is to carry out an exhaustive
user multi-carrier system will then be derived and obtaiimed search, which systematically enumerates all possib|e comb
Section I1I-B. nations and finally locates the solution which optimizes the
objective function and satisfies all the problem constsaint
[25]. Specifically, for problemQ1, the set of feasible com-
binations is found first. Then, the optimal power allocation
By applying frequency provisioning, we assume that adrategy proposed in the next section, will be applied to all
subcarriers follows the same distribution. It is the numbghe feasible combinations. Finally, the feasible comtamat
of deSignated subcarriers which matters, regardleSS Whmch offers the maximum System throughput will be chosen
those subcarriers are located in the frequency band [25]. 48 the optimal solution. Although exhaustive search is tble
reduce the problem complexity and the solving time, Wgnd the optimal frequency provisioning solution, it alscKa
first build a pre-calculated offline databagewhich stores yser fairness and has a high computational complexity which
all users’ maximum aChievaq_le |ink'|ayer EE ValueS, i.eexponentia"y grows with the size of the prob|em_
Nmax = [hax  Thax -~ Tina » IN terms of certain settings 2) Fair-Exhaustive Algorithm
of P.,, # and N. Heren},, is a1l x N vector of thek"

user’s maximum achievable EE values with different number-.rO further find the_ optlmal frequency provisioning solut|o_n
k1 k_,N] Which not only maximizes the total system EC value, while

; F ek k,2

of a.IIocated subcarriers, i.@jmax = L”ma" flmax .- TImax - satisfying each users link-layer EE requirement, but also
Definerreq = [feq "eq - g astheK x 1 vector of gserves the maximum number of users that can be allowed,
the EE requirement values for il users, then we will trans- e propose a fair exhaustive algorithm. Firstly, the sumlof a
form neq to @ K x 1 vector which specifies all users’ required;sers’ required subcarriers is compared with the total rermb
number of subcarriers, i.eSreq = [Sieq Seq -~ Sreq - Of subcarriersN to find the maximum number of users that
Let us consider thé™ user as an example. Its required linkean be served. For example, let us assufe= 8, and
layer EE value is denoted by}, and correspondingly, its the subcarrier requirement vector for all users{lis2, 2, 4].
subcarrier requirement value will be storedﬂg. Hence, the total available subcarriers can setvasers at

Is i larger?

A. Frequency Provisioning Algorithms



TABLE |: Heuristic Algorithm

most. Secondly, the set of feasible subcarrier allocatemtors

is found, in which each allocation vector not only satisfies Initialization:
s found, ) . X y CalculateSieq, Usingnreq and the pre-calculated
all served users’ subcarrier requirements, but also seahees databased

maximum allowed number of users. Then, the optimal power
allocation strategy proposed in Section IlI-B will be agpli
to all feasible allocation vectors to locate the fair andiropt

Deflne St0| - N, H - Sreq.
Allocation Process:

solution which outperforms the others. Wh':? I‘S}°'_>OO
Clearly, by enumerating all possible subcarrier allogatio Break:
vectors which can serve the allowed maximum number of End
users, the apovg propt_)sed algorithm exhauspvely fmd_ the Find H; = min(H), and H; > 0;
optimal solution in a fair way. Although the fair-exhaustiv If S > S
algorithm is less complex compared to the traditional eshau N — S{e‘?
tive algorithm, but its computational complexity is stilenry SZ _ éeq’_ gi -
high, especially when the number of available subcarriérs I;c.ﬂi O.tol reqr
is large. To further reduce algorithm complexity, we previd Elsez '
the following heuristic algorithm, which is simple, fair é&n Break:
close-to-optimal. End
3) Heuristic Algorithm End
There are three steps included in the proposed heuristic Calculation Process:
frequency provisioning algorithm, which are allocatioropr For each uset with H; = 0, apply the optimal
cess, calculation process and check process. Firstly,daror ~ Power allocation process in Table Il.
to serve as many users as possible, in the allocation process Calculate thei™ user's EC value/; and define
we start from the user which requires the minimum number J = [Ji Jo .. Jk].
of subcarriers. Each served user will be allocated the exact Check Process:
number of its required subcarriers, so that all the allatate While St > 0
users can satisfy their EE requirements. The allocatioh wil Find J; = min(J), in which useri satisfies
be repeated until the remaining subcarriers run out, orether H; =0;
are not enough subcarriers to satisfy the next users EE N; = N; +1;
requirement, or all users’ subcarrier requirements haeady Apply the optimal power allocation process
been satisfied. Then, the calculation process starts, ichwhi to useri and update/;.
each served user operates the optimal power allocaticiegjra End
described in Table Il to obtain its corresponding EC value. |  Output: IN; E; given in (7).

the check process, we aim to maximize the system throughput,

based on the strategy that the user with current minimyn and the same g value, comparing to the other users; 2)
EC value has the allocation priority. Therefore, the renm@n yser; has a small EE requirement factgke, and the samé;
subcarriers will be assigned one-by-one to the user who Rague, comparing to the others. For the first situation, allsma
the current minimum EC value, until all subcarriers run Outdelay QoS exponertt; means a loose requirement on delay
Assume the final subcarrier allocation vector is denoted IgoS, which will offer a bigger EC value, when the allocated
N =[N1 N, .. Ng|.The Pseudocode of the proposedumber of subcarriers angi. are fixed. Meanwhile, for the
heuristic algorithm is illustrated in Table I. We note thiite  second situation, a small value g also provides a larger EC
proposed algorithm only needs at mdst— 1 comparisons value, because now the EE requirement constraint is easy to b
per iteration, given that each user's EC values with variogatisfied and the multi-carrier system will have more reseur
number of subcarriers, is pre-calculated off-line and @sest and flexibility to maximize the EC performance. Consequgentl
in a database. Therefore, the heuristic algorithm offerstlae design idea of the allocation process not only makes sure
relatively low computational complexity comparing to thehat as many users as possible can be served, but also intends
two exhaustive algorithms whose complexity exponentiallp serve the user which can contribute a larger EC value.

increase with the number of subcarriers. On the other handgop, the other hand, the design strategy of the check process,
later, in simulation results, we will demonstrate that thge  the user with current minimum EC value has the allocati
proposed low-complexity algorithm offers a close perfonee priority, comes from Fig. 4, which describes the results of
with the fair-exhaustive algorithm. maximum EC versus delay QoS exponénfor various values
Now, let us analyze and explain the strategies utilized én tlof V, in a single-user multi-carrier system. Specifically, Fig.
proposed heuristic algorithm. Firstly, in the allocationgess, 4 reveals that the user with current minimum EC value has a
the heuristic algorithm starts the allocation from the wgleich  high possibility to offer the largest EC-increase, if giveme
has the minimum subcarrier requirement. Assume that usemore subcarrier. In more detail, from Fig. 4, we notice that
has the relatively small number of required subcarrisfg, for two users with the same values @fif we allocate more
By regardingd; and xge as the two influencing parametersubcarriers to them, the user with current smaller EC value,
on Sje, a small value ofS},, may result from the following i.e., the one which has smaller number of subcarriers, will g
two possibilities: 1) usei has a small delay QoS exponent larger EC-increase. Furthermore, for two users with theesa



EC Maximization in a Single-user Multi-carrier System (BTf:ZOO)

can be obtained. Therefore, problep2 can be expanded as

11
«
g OO 1 1 oL . *Fk
B L TIOOOOO00S 3: max —log, |E 14+ NP, k
09 oo oo o] Q PL,,LZO au 2 Yk 1:[1 ( k k,n’}/k,n)
— neN n=
Yos
2o ot o (12a)
g 06 1 Ny r "Ny
o —— logy | E+, [[1,,2, (1+Nkpk.n7k7n) k
205 &7 ’
g k
ﬁ 0.4f S.t. 1 Ni Z77”3(?!’
k k r
ogh| —A—N=1 KZ (Pcr+ZE’YA-, |:Z Pk,n:D
| —e—nN=2 n=1
02p| T N=4 (12b)
—&6— N=8 N
0.1 L L L
10" 10° 107 10" KFiE., Pl | <Pk 12¢
Delay QoS Exponent 6 (1/bits) £ ; ko | = & maxo ( )
Fig. 4. Effective capacity versus delay QoS expongnfor various &
values of N Or 1t By, r P k P
: whereqy, = = —, and P? = Here

In(2) " "R KE KF

KF = PknoBy, which denotes the path loss factor, including
number of subcarriers, when we allocate each user two méxsth AWGN power and path loss power. Sg, = K/nk,,
subcarriers, the user with relatively smaller EC value, elgm ang pk = Pk JKEF. Then, KF in (12a)-(12c) can be
the one which has larger delay QoS exponent, will providecdnceled to scale the system performance with respect to the
larger EC-increase. Simulation results in Section IV comfir yath |oss factor.
the effectiveness of our design method, and inform that the
proposed heuristic algorithm offers very close perfornean%

with the fair-exhaustive algorithm.

From (12a)-(12c), one can notice that the EC expression in
single-user multi-carrier system is not a linear sumnnadio
each subcarrier’'s achievable EC value. Hence, the concavit
and monotonicity of the EC function in a single-subcarrier
B. Optimal Power Allocation For A Single-user Multi-camrie Systém cannot be simply extended to the multi-carrier syste
System In order to find the joint energy and spectral efficient power
. ) ) ) . allocation strategy in a single-user multi-carrier systeve
Given a subcarrier assignment matigx the multi-user start from analyzing the proposed probleps.
QFDMA system can be viewed as a frequency-d|V|S|or_1 mul- By referring to the scaled multi-carrier transmit power
tiple access (FDMA) system, where each user transmits d%actor asP’ — [Pr pr pr } we note that the
through a numbgr_of assigned subgar_rier_s independe_nt]y [Z@Djective fonction k(iZa) kfsQ concav%N'Lﬁ;,g [18]. Then, the
Therefore, the o_r|g|nal total EC maximization problgm,Jsub link-layer EE, as the ratio of a concave function over a non-
to each use;.rs_tllnk—laier tEE rt:qmre;ngr:t an(Ij_ TTX'muEEa\é‘?{égative affine function inPj;, is a quasi-concave function
age power fImit, can be transformed Into a fiink-layer k- ﬁ‘l subcarrier power allocations [18]. Therefore, its upper
tradeoff problem for each single-user multi-carrier syste contour set defined by (12b) is convex [27]. Hence, (12a)-
Specifically, for thek™ user, the problem can be expresseg 2¢) is a concave optimization problem and the Karush-Kuhn

as Tucker (KKT) conditions are both sufficient and necessary fo
Q2: max E (6, P (10a) the global op_tlmum value. Specr:ﬂcally,_ the proposed o_pl_tlma

Py, >0 power allocation strategy for thieé" user is related to the joint
neNi . . probability density function (PDF) of the subcarrier power

st. EE (ekv Pk) 2 Threqy (10b) gainswk, given byp (’7k)
N X To solve the concave optimization problem (12a)-(12c),
LA ZP kon | < Prax: (10¢) we start from analyzing the power-unconstrained problem
n=1

(12a)-(12b), which paves the way for the power-constrained
By recalling that the total bandwidth allocated to th& optimization problem. By transforming (12b) to

user isBy, the total instantaneous service rate of tfeuser ) N, 3
is given by ~ o loga | B, g (1+ NPl vin) Ne
Ny,
By, Ve,n : Ny,
Rie= =T » logy |1+ Pen——= | (bits). (11 - 1
PN Z_:l 08 | 1+ Prn——=7p < | (bits). (11) ~ifeq (Pc’i + By [D_ Pin ) >0, (13)
n= Pﬁno Fk n=1

By inserting (11) into (5), we get the mathematical expi@ssi
of EC for thek!™ user. Correspondingly, the link-layer EE for
the k" user, as the ratio of EC to the total power expenditure,



we get the Lagrangian function as follows subcarriersn ¢ N, should not be allocated any power.

N Qg Therefore, a new power-unconstrained optimization proble

1 Tk
L(PL,)\) =—log, | E, H (1+NkP;2,n’yk,n) Ny could be expressed as
Ok n=1 1 Ni _Oék
1 Ny, Ok Q4: prax logy | Eny H(l“‘NkPiz.nd,n) N
N nZ k - ‘
-+ )\ *a—k 1Og2 Ea’k H (]. —+ Nkplg,n’}/k,n) Nk rfE/\?k n=1
n=1
1 Np N (18a)
ik (Pzz e, S, )) SR ay ) o
= = —logy | Eqy |15, (14 NPl ven) Vb
where A € R is the Lagrange multiplier associated to (13 » <k
and 1, is the L ltipli i int 5 = Theq
4, IS the Lagrange multiplier associated to the constraint i 1 Ny
P]Ln >0,V neN. KZ PCkr+EE’Yk 21 Plg,n
At the optimal power allocation, we have a (18b)
oL (P, A . . .
% =0. (15) where N, = || represents the cardinality o).
k

Therefore, if P, >0,V n € N, then, the optimization
Because of the complementary slackness condition [27],gfoblem can be solved exactly like Case 1. Otherwise, ifether
Piyn > 0, thenp, =0,V n € N;. On the other hand, if are subcarrierss € A, having P}, = 0, then A/, must be
P, =0, 3n € N, thenp, # 0. Thus, the following further partitioned by recursively repeating the abovecpss
two cases need to be considered to find the optimal powgiiil a setA; can be found, in which all subcarriers are
allocation strategy. allocated positive powers [18].
1) Case t P, >0,V neN; After obtaining NV}, the optimal power allocations are
In this case, allN, subcarriers are allocated non-zer@omputed as
transmission power. Therefore, based on the complementary

slackness,{un}ﬁ’i1 = 0. Then, the KKT condition (15) can 1 1 I
i — = ——1|,neN}
be simplified as P/E,n: Ny TﬁiT W Ve k
N, %k 3 . B k Hie/\/;f Vi " .
1+ NpPLyes) Ve = (14 NoPL o Yem ; otherwise
g( + Ng ki Vk, ) Yo ( + Ng k,nVk, )7 (19)
vV ne N, (16) whereN; =| N |.
" Qg The optimal value for3, referred to as3*, is found when
wheres = Alreq , HNil (1+NkP,2, ’yk_n)_m ~ the k™ user’'s EE constraint is satisfied with equality, yielding
e(A+1)log,e ™ |T " I N g
k _
By multiplying the right and left-hand sides of tha/, L 10gy | B, H (1+ NiP i) Ni
equations in (16), the optimal power allocation strategy ca e e
be obtained as N
e < eyl i P! 0. (20)
1 1 1 ~Tlreq Pcr + —Eq, k,n =Y
[ - Ve N, (17) € n=1

kn = g
’ N, L N,  TapNg n . . .
b lpma [T %i,f’ﬂw*' T Note that since EE versus EC is a bell shape curve, the refjuire
. : . . EE level, if possible, can be achieved at two different EC
The derived power allocation strategy (17) is optimal onl\;// . . . .
. . 4 I lues, which means that there will be two solutionsfpr.e.,
when all subcarriers are assigned with positive powers. ¢ ; — =
. ; and 3;, to satisfy (20). Assume thd®,; = Py |g=s,, and
there are one or more subcarriers which are allocated non-— "2 il A Ny o
positive powers, then the second case needs to be taken fate = Fk [s=5., Where Py, stands fork; B, |> % Py |-
consideration. Therefore, the feasible set of the average input power katel
2) Case 2 Pl . —0,3 €N, isfying the EE constraint (12b) can be written [d@;,, Pyo]>.
kg ’ Considering our intention to maximize EC and the fact that

. ; . . ind
nII]c ther(iati\?XIStSv]\jk’? ShO’ tﬂfg e Sie:]o:; srt:bczrnte rsb, vvfhm%c is a monotonically increasing function iR, [18], the
only positive powers should be assigned, needs to be fou ptimal average input power valug*, which solves the

Firstly, we define\N. as power-unconstrained problem (12a)-(12b), is chosen as the
larger one which satisfies (20), i.e5; = max [Py, Pro].
N =L nen, 1 1 —— 1 >0 ». Based on the assumption thid}, is larger thanP,, therefore
Ni, Bﬁ Hg\ﬁi ,y]ialwlwk Vk,n P} = Pyo, and correspondinglyj” = 3,. Here we complete

_ ) the solving process of the optimal power allocation for the
According to Lemma 1 in [17], the total power must be

assigned to the subcarriers which belongA@, while the  3without losing any generality, we assume tifat, is larger thanP; .



TABLE II: Optimal Power Allocation Process ; bi 03, furth vsis | ded to th hi
: - - PR—— or problem @3, further analysis is needed to thoroughly
Input: [, 0, Tr, B, N, Nie, P& € K ey P e understand and investigate the impact of tffeuser’s circuit

Stelegve a initial guess of power value and the EE requirement factor on its link-layer
Repeat g ' EE-EC tradeoff performance. Hence, we provide the follgwin
. . . I .
Create (20), using (17) or (19), which applies emmas
Monte Carlo method.
Update/s using bisection method. C. The effects oP* and &g on thek!" user's EE-EC tradeoff
Until find 5* which solves (20). performance
r
CalculatePy ,, n € N. Lemma 1:The k™ users tradeoff link-layer EE value
CalculateP; = K}E., {Zﬁ’il P/Z,n} ‘ _ EE(P;) decreases wittPF.
Step 2- B=p" Proof: The proof is provided in Appendix A. [ |
P k o= Furthermore, the tradeoff optimal power value and the
If Pk < P

system performance can also be influenced by the introduced
EE requirement factor. Specifically, whegfe increases, the

] required link-layer EE level increases. Therefore, thelfina
Step 3: P . operational link-layer EE value which satisfies the EE restui

. Calculat]::t the va.lue Qb given in (6) and the ment equality increases. Since the proposed tradeoff geera
link-layer EE™ value in (8). power operates at the EE-EC conflicting region, therefoee th
Output: | Py ., P;, EF EE* corresponding EC value will decrease due to the increase in
EE level. Hence, we can obtain the following lemma 2.

Lemma 2: The optimal average power valug monotoni-

e R
power-unconstrained problem (12a)-(12b). cally decreEse_s Wity g, bufc ths corresponding link-layer EE
value EE(P;) increases withy£e.

By utilizing the above proposed optimal power allocation _ )
strategy, we start to analyze the optimization problem yi2a _ Proof: The proof follows the above explanations and is
(12¢) with the average input power constraint. After thestea OMittéd here due to page limit. u
ble set of the average power value for the EE constraint (12b)

CreateP; = Pk, and update*, correspondingly.
CalculatePy, ,,, n € N, in (17) or (19).

is found, the power-constrained EC maximization problem fo V. SIMULATION RESULTS
th . . _ .
the k.. user, subject to a link-layer EE constraint, can be In this section, we simulate the uplink transmission in
simplified to . . . . . .
a multi-user multi-subcarrier system, in which the fading
1 Ny, Gk statistics of the different subcarriers are considered ¢o b
@5: max ——log,|E, H (1+NkP,27n7k7n) Ng i.i.d. Rayleigh distributed such that the subcarrier pogesns
Pen20 Gk =1 are realized as exponential random variables with unit mean
(21a) We numerically evaluate and compare the performance of
st Pre th?m}’ (21b) the exhaustive algorithm, the fair-exhaustive algorithirg

- . heuristic algorithm and the algorithm proposed in [25], on
P, < Prax (21€) the total system EC-maximization problem, under the con-

straints of each user’s link-layer EE requirement and ayeera

?Wignoii thaft EC t'f] a m?not?)mcally Increasing ﬂImCt'oﬂ. I%ansmission power limit. To further analyze the problerd an
x [18], therefore, the optimal average power value whic onfirm the lemmas proved in Section 1lI-B, the impact of

tsr?rlggs’et:; gg?lgp ('en (213%)—(2#) Vg'r" }l;)ke aﬁg'ﬁ:’:g?;g?iftthe delay QoS exponefit the EE requirement factoyeg and
poINtValues, 1.84%1, Tz, O Lmay. T the circuit-to-noise power rati®., on each user’s operational

bkl . - ! ket
f;kg f 5;;‘]?' thoiv(éftgﬁglcgt?c\;\fglrei;lgp ' (elil;a\i\‘j’”foﬁgfhr:gve C value and the total system EC performance is simulated
P P 9y nd analyzed. In the following simulations, we assume that

=Y . el
and operated. On the other hand.Af; < Pray < Pio, the BTy = 200, the power amplifier efficiency = 1, each user’s

system has to operate Bf.,, and the optimal power allocation individ S .
: . ) ; ual average transmission power limit,.x = 10dB,
to solve (12a)-(12b) is according to (17), wherein, optimyal unless otherwise indicated.

is found such thaP;" |s—z-= P*_,. Moreover, if Pk < Py, -
i lo=s X max ~ - k1 In order to show the performance of the proposed heuristic

the power-constrained problef@5 has no feasible solution. ) X
For simplicity, we assume that each user's maximum availadlgorithm, Fig. 5 shows the results of the total system EC ver

power is always sufficient to support the feasibility of it$US the number of subcarriers, for the heuristic algorithm,
required EE value, i.ePt., > P,,. Otherwise, the proposedthe exhaustive algorithm and the fair-exhaustive algoritfio
problem will be infeasible. get Fig. 5, the number of useis is fixed, i.e., K = 4, in

To summarize. the Pseudocode of the optimal bower allo which all users have the same settings of EE requirement
tion process to s,olve the power constraingd link rl)ayerEﬂE q‘gctor, .e..xee = 0.7, and the circuit-to-noise power ratio, i.e.,
. o -~ P. = —10dB. The delay QoS exponent vectris given b
tradeoff problem for thé&™ user, through multiple subcarriers, y Q P 9 y
is illustrated in Table Il. After we obtain the optimal power 4, these lemmas, we omit the influence Bf.,, by assuming that it is

allocation strategy and optimal operational average powete enough to support the optimal power allocation Ssatiee., Pray > Py
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Fig. 5: The total effective capacity versus the number ofcautiers Fig. 7: Average tradeoff optimal power value versus delaysQo
N, for heuristic algorithm, exhaustive algorithm and fathaustive exponentfy, for various values ofVy.
algorithm.
. ‘ ‘ : : means more available frequency resources and the ability of

supporting more users increases. We further note that nigrma
the traditional exhaustive algorithm prefers to choose the

ar ® best user and allocates all subcarriers to it. However, €ig.
indicates that whemV increases from 8 to 14, the number of
N served users for the exhaustive algorithm increases from 1t

3 and then stays stable. This means that we may not have one
single best user, when all users’ delay QoS exponent values
2f 1 are different.

To understand the above phenomenon thoroughly, we con-
sider thek" user's multi-carrier system, and plot Fig. 7 and
—©— Heuristic algorithm Fig. 8 which respectively include the curves of the average
e o power versug, and the tradeoff EC value verss, for two
h : . = = s different values ofNy, with xgg = 0.2, and P¥ = —10dB.

The number of subcarriers N From Fig. 7, we note that with a fixelf;, whend,, increases,
Fig. 6: The number of served users versus the number of the average power value increases. To explain thiS, we first
subcarriersV, for heuristic algorithm, exhaustive algorithm and recall that, thek™ user’'s EE requirement value is defined as a
fair-exhaustive algorithm. multiplication of y£g andrraxt, in which it is a function
of 6, and N. With the fixed values ofV,, and e, nivax*
decreases with [18], and in turn, the EE requirement value
[0.001,0.001,0.01,0.01]. For the exhaustive algorithm, whendecreases. Furthermore, the curve of link-layer EE verseis a
the number of subcarrierd increases, the total system ECage power becomes wider when the user’s delay QoS exponent
value does not change very much, due to the loose delay Q@®omes more stringent [15]. Therefore, whgnincreases,
requirements for all the users. For fair-exhaustive atbari the optimal tradeoff average power obtained at a reduced EE
and heuristic algorithm, the total EC performance curves arequirement equality will become larger. Furthermore,. Fig
very close. This indicates that the proposed heuristicralgn  indicates that with a fixed value df;, when N, becomes
not only has a low complexity and guarantees user fairnetger, the average power value reduces. This is due to tte fa
but also offers close-to-optimal performance. that when the values df, and kg are fixed,nr’%}ﬁk increases

To further compare the three algorithms, the plots for théith Ny [18], as well as the required EE level. From Fig. 1 in
number of served users versus the number of subcaf¥iene [15], we note that a Iarger EE requirement will be satisfied at
included in Fig. 6. Although the exhaustive algorithm offerd smaller average power value. Hence, more available number
the best system performance in Fig. 5, Fig. 6 indicates tha®f subcarriers could lead to less average power consumption
serves the least number of users among all three algorithmsFig. 8 shows the relationship between #euser’s tradeoff
Especially, for the exhaustive algorithm, wheévi € [4,8], EC value and), for a single-user multi-carrier transmission
it allocates all subcarriers to only one user, which showssgstem. This figure reveals two important conflicting sitorad
lack of fairness. On the contrary, for the heuristic aldorit and some insightful conclusions. Firstly, this figure iradées
and the fair-exhaustive algorithm, the number of servedsus¢hat one user’s operational EC value will not show a monatoni
shows an increasing trend until it equals to the total numbieend with its delay QoS exponent, when there is a link-layer
of usersK, i.e., 4. This happens because the increaseéVof EE constraint. This phenomenon violates the monotoniatren

The number of served users

14

0
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Fig. 8: Effective capacity versus delay QoS exporéntfor Fig. 9: The total effective capacity versus the number ofsige,
various values ofV. for heuristic algorithm and exhaustive algorithm.

of EC versus delay QoS exponent, in the EC-maximization

situation provided in [17]. From [17], we note that for a fixedherefore the operational EC value follows the same trertid wi
delay QoS exponent, the EC value increases monotonicdfk¢ average power. In conclusion, Fig. 7 and Fig. 8 indicate
with the transmission power. Also, for a fixed transmissiofiat when there is a link-layer EE requirement, each user’s
power, the EC value monotonically decreases with the del@perational tradeoff EC value may not show a monotonic trend
QoS exponent. However, in our case, whgnis small, the With its delay QoS exponent value or its available number
k" user's link-layer EE requirement can be easily satisfiedf subcarriers. This reveals that we may have multiple best
with a small value of transmission power. In contrast, wheisers, when all factors vary. Hence, in Fig. 6, the exhaeistiv
0, becomes stringent, the required EE value has to be satisfdgorithm starts to serve more than one user when 8.

with a very large power value, like the trend indicated in.Fig To examine the effect of the number of users on a multi-user
7. In other words, the operational average power value witiulti-carrier system with limited resources, Fig. 9 inasdhe
increase withd,.. But, the increase o, and the increase of plots for the total EC value versus the number of usErs
the average power will have a conflicting influence on thier the heuristic algorithm and the fair-exhaustive altori.
user’s operational EC value. Therefore, with the incomsist Specifically, the total number of available subcarriersxedi
influence of these two parameters, EC will not show a monat N = 10. All users are assumed to have the same circuit-
tonic trend, which can be confirmed from Fig. 8. Clearly, wheto-noise power ratioP., = —10dB, the same delay QoS
0y, is loose, the tradeoff EC value will be more influenced bgxponentd = 0.01, and the same EE requirement factor
0. On the contrary, whef; becomes stringent, the averageee = 0.7. When the number of useis increases, the total
power dominates the situation, therefore the operatioltal EEC values calculated from the two algorithms decrease and
value shows an increasing trend. then stabilize wheri > 6. This happens because, whén

Secondly, Fig. 8 further reveals that one user’s tradeoff Hcreases from 2 to 6, the number of served users increases

value achieved at a smaller number of subcarriers may &@d correspondingly, the number of subcarriers allocated t
higher than the one obtained with relatively larger numb&gch served user decreases. Henceforth, the achievabler EC f

of subcarriers, when there is a |ink-|ayer EE Constrair@_aCh served user reduces and the total EC value calculated
Specifically, whery,, is loose, e.g.dx € [10~%,0.05125], the from (7) decreases. Wheld > 6, the number of served users
tradeoff EC value with 4 subcarriers is higher than the oriémains the same, due to the limited number of available
obtained with 2 subcarriers. Wheén becomes stringent, e.g.,subcarriers. Hence, the total EC value stays stable wikien

0, € [0.05125,10°), the tradeoff EC value achieved with 4becomes greater than 6.

subcarriers is lower than the one obtained with 2 subcatrier To indicate that the proposed heuristic algorithm performs
This phenomenon also violates the monotonic trend of Higtter than the other state-of-the-art algorithms, Figplbls
versus the number of subcarriers in EC-maximization sitnat the total EC versus the number of subcarriers for the prapose
analyzed in [17]. This is due to the fact that with a linkheuristic algorithm and the algorithm proposed in [25]. For
layer EE requirement, whefV,, increase, the average powethe algorithm proposed in [25], an initial subcarrier afiion
value required to satisfy the EE constraint decreases.eSimroportionate to each user's EC requirement was set at the
the increase ofN, and the corresponding decrease of thieeginning, and then the user with the highest slope of the EC
average power will have a conflicting influence on the usergrsus signal-to-noise ratio (SNR) curve will keep relegsi
operational EC value, the EC will not show a monotonione subcarrier to the user with the lowest slope, until the
trend. Apparently, Fig. 8 indicates that whép is loose, the total power consumption cannot be reduced any more. It is
tradeoff EC value will be more influenced hy,. When#,, noted that [25] does not consider the tradeoff between EC
becomes stringent, the average power dominates the sityatand the link-layer EE, and only the total power consumption
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needs to be minimized. Since in our paper, we have link- )
layer EE requirement for each user, for the initial subearri€ach user, a larggee value means that the user has a strict
allocation vector, we will make the elements proportionatgduirement on its link-layer EE value and will end up with a
to the corresponding users’ EE requireméniEhe number re_Iatlver small EC value. Therefore, when the number ofsise
of users isK = 4, and all the users are assumed to havdith xee = 0.8 reduces, the system can save more resource to
the same delay QoS exponent, i+ 0.001, and the same benefit the total system EC value, rath_er than sac_rifice the
EE requirement factor, i.exee — 0.7. When the number of System performance to support the strict EE requirements.
subcarriers increases, the total EC values calculated fnem When K1 increases from 5 to 6, the number of users with
two algorithms first increase and then gradually stabillzés Xee = 0.8 reduces from 1 to 0 and the total EC value grows
indicates that when all users have loose delay QoS requifé@matically. This is due to the fact that in the check preces
ments, increasing the number of available subcarriersneill Of heuristic algorithm, the user having current minimum EC
greatly improve the total system EC value. Further, from Fi§alue will get the priority, which, in this case, correspend
10, it shows that our proposed heuristic algorithm perform@ the one withyege = 0.8. Therefore, whenk, = 5, the
better than the algorithm in [25]. Apart from this, the afition heuristic algorithm spends many resources on the user with
algorithm in [25] also has no guarantee of each user's linkee = 0.8. When K, = 6, all users have the same loose EE
layer EE requirement, which can be confirmed from Fig. 146quirements, i.exee = 0.1, therefore, the system resources
Hence, we can conclude that, to solve the formulated total E¢&n b€ arranged evenly, which results in a great growth in
maximization problem, subject to all users’ EE requiremefie total EC value. Furthermore, from Fig. 11, we note that
constraints, our proposed heuristic algorithm is moreat when P.. becomes larger, the system total EC value increases.

because it outperforms the algorithm in [25], and is alseNce & bigger value of, for all users will not change their
simple, fair and close-to-optimal. relative difference, and correspondingly, will not chartbe

subcarrier assignment solution, this phenomenon indidat
gtiven a fixed subcarrier assignment, when one user’s circuit
P.. — —10dB, are split into two groups. In group 1, al; power value increases, the system total EC value will irszrea

users are required to have the samg:, i.e., xee = 0.1. as well as its own _EC value. o ) )
Meanwhile, the EE requirement factor valuge for all To analyze the impact of the circuit-to-noise power ratio
K — K, users in group 2 is 0.8. This indicates that th&e and the EE requirement factgge on thek™ user's multi-
users in group 1 have looser EE requirements comparedC@§tier system, Fig. 12 plots the results of the link-lay& E
the users in group 2. Set the total number of ussrs= 6, (on. the left hand side (LHS) y-Axis, in _solld Imes)_and the
and the total number of subcarriels = 12. Fig. 11 includes OPtimal tradeoff average power (on the right hand side (RHS)
the plots for the results of the system total EC versus thgAXis, in dash lines) versug?, for two different values of
number of userss, in group 1, for various values of circuit- Xee: COnsideringN; = 4 and 6y, = 0.01. When xge is fixed,
to-noise power ratid®, . With fixed P.., when K increases the link-layer EE value decreases and the optimal average
from 0 to 6, the total system EC value, in b/s/Hz, gradualfj@Wer increases witli!, which confirms the proved Lemma
increases. This is because whéf increases, the numberl. Furthermore, with a fixed value @12, whenxtg becomes

of users withyee = 0.1 increases and correspondingly, thearger, thek™ users link-layer EE value increases, but the

number of users withyee = 0.8 reduces. We note that for optimal average power decreases, which confirms the prdpose
Lemma 2 in Section IlII-B.

5Hence, we had to tweak the algorithm slightly to be able toip®these The plots of EE (On the RH_S Y'AXiSv in dash lines) and
results. EC (on the LHS y-Axis, in solid lines) versugig, for two

Assume that allK users, having the samé value at
6 = 0.01, and the same circuit-to-noise power ratio value
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Fig. 12: Link-layer energy efficiency and the optimal averggpwer  Fig. 14: The total effective capacity versus EE requirenfaotor
versus circuit-to-noise power ratiB* , for various values ofte. xee for different values of in heuristic algorithm, fair-exhaustive
algorithm and algorithm in [25].
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Fig. 13: Effective capacity and link-layer energy efficignersus

kg, for various values of, and Ny. Fig. 15: The total effective capacity versus maximum powau®,

for different values ofo.

different values of delay QoS exponehtand various values multi-user multi-carrier system, Fig. 14 includes the glfiir
of Ny, are included in Fig. 13. From this figure, we note thahe total EC value versus EE requirement facteg, with
with fixed number of subcarrier},, whenxg increases, EE two different values off, for the heuristic algorithm, the
increases. This confirms the proposed Lemma 2 in Sectigfir-exhaustive algorithm and the algorithm in [25]. Assim
III-B. Furthermore, with a fixedVy, EC decreases withge.  that the total number of uset& = 4 and the total number
This is due to the fact that the tradeoff system operatesen tf available subcarriersV = 8. Specifically, all K users
conflicting region of EE and EC, therefore the EE-increas@syve the same settings of delay QoS exporenteg, with
result from EC-reductions. Moreover, with fIXQ@E anddy, as P = —10dB. WhenXEE increases, the total EC value of the
the number of subcarriers increases, both EC and EE mcreqtﬁgm_user multi-carrier system decreases in the heuoriski
With fixed Nj, when the delay QoS exponeéit increases gorithm and the fair-exhaustive algorithm. Furthermoreew
from 0.001 to 0.01, both EE and EC decrease. Especially— (.001, the EC curves of the two algorithms are exactly
when N, = 1, the decreases of EE and EC, as a result of tiige same. This indicates that for a system withusers having
increase indy,, are significant. However, whelV;, is larger, |oose delay requirements, the difference between the total
e.g., NV = 8, the decreases of EE and EC are minor. ThisC values calculated from the two algorithms is very little,
indicates that the multi-carrier communication system @en even under different subcarrier assignment solutions.\Whe
robust against delay requirements, in comparison withleingpecomes larger, the total EC values become smaller. Since a
carrier communication systems. In other words, when thgger ¢ represents a more stringent delay QoS requirement,
system QoS requirement becomes more stringent, the MW§erefore each user's maximum achievable arrival rateithat
carrier system would sacrifice less EE and EC to guarani@h support to maintain the target delay requirement, namel
the requiredy. its EC value, becomes small. Henceforth, the total system
To further analyze and investigate the effectygk on the EC value reduces, correspondingly. For the algorithm irj,[25
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10 s ‘ ‘ the achievablePgy,, values stay the same with different
S ’ Xk values. When the delay requirement is more stringent,
e.g.,0, = 1072, smalleryEg ends up with less delay-outage
probability. This happens because smali¢i value means
more sacrifices of EE from its maximum value, and in turn,
results in more increases in its EC value. Therefore, the
probability that the buffer length exceed3ma.x decreases,

henceforth, the delay-outage probability reduces.

=
o
iR
T

[
S
®
T

!
w
T

Delay-outage probability
=
o

V. CONCLUSIONS

A close-to-optimal subcarrier assignment solution jainte
with an optimal power allocation strategy for end users to
: ‘ maximize the system total EC value, subject to all usersr-ave
10" 107 102 10 age transmission power limits and link-layer EE constgaint

Delay QoS exponent 6, (1/bif) a multi-user multi-carrier uplink network, were proposetdia
Fig. 16: Delay-outage probability versus delay QoS expbfen  geveloped in this paper. The traditional exhaustive affyori
for different values ofyee. was introduced, followed by a fair-exhaustive algorithrhjet
offers the optimal frequency provisioning solution in arfai
manner. To reduce the computational complexity, we pragpose

when xge increases, the total EC value stays stable. This dsfair heuristic algorithm, which offers close-to-optinsailu-
because, this algorithm proposed in [25] does not guaranté¥s, and has a low complexity linearly relating to the size

all users’ EE requirements_ Therefore, in this case, has no of the problem. Given the subcarrier allocation matrix, the
influence on the total EC value. power-constrained EC maximization problem in the single-

Considering that the value of the maximum available powt;'?er multi-carrier system, under each user's individuaK-li
for each user can influence the optimal results, we incluge FI2YE' requirement level, was solved. To thoroughly anatiee
15 to show the performance of the heuristic algorithm arffpd€Off problem, the effects of the circuit power and the EE
the fair-exhaustive algorithm, when the maximum availabfgguirement factor were proved and investigated. Simsati

power value varies. The total number of subcarriers is fixé§Sults confirmed our design intentions, and further real
at N — 6. and the number of users i€ — 4. All users are hat when there is a link-layer EE constraint, each users

assumed to have the same settings ek, i.e., ee = 0.5, tradeoff EC value may not monotonically decrease with its

and the same circuit-to-noise power ratio, i.B,, — —10dB. delay QoS provisioning, and the tradeoff EC value obtained

In addition, two different scenarios of delay QoS exponeH“[ith less subcarriers may be higher than the one achievédd wit

vector 6 are included in Fig. 15, i.e., all elements éhare MOre subcarriers.
either 0.001 or 0.1. Firstly, we note that in both scenarios,
the calculated final EC values from the two algorithms are APPENDIXA: PROOF OFLEMMA 1

close, only with very little difference which makes the two Assume that the calculated tradeoff average power value
curves difficult to distinguish. This confirms that the prepd for the k™ user, obtained with a circuit power valug®,, can

heuristic algorithm indeed guarantees a close-to-optmeal . 4. e a7 ,. Meanwhile, when the allocated number

Loerganég's'?Zrt:ﬁren%oéﬁt’swthhin ts:;uéecrs\,zﬁ\f rgl doursezm\?\/%%ﬁsubcarriers is\V , the maximum achievable EE value, i.e.,
Y g ; ’ o1 = EE*|n,—n , achieves aPf; .. If the k™ user has

means that the value of EC needs to be sacrificed in tfgax1 = Ph_ph
situation. More importantly, from Fig. 15, we can noticettha szz Pi.f

EE,1

for a fixed®, the curves first increase, and then stabilize. This higher circuit power, i.eP, = P¥, + AP*, AP* > 0
L c, c, c c !

is because when the maximum available power value is 10y corresponding average power values which satisfy the EE
small to support the proposed optimal power value, the Bys“?equirement equality (20) an N can be written asPr .

has to operate dnax Therefore, the final calculated EC value 4 PE vel 2 h he f ||k’2-
is smaller in this case, since it is obtained gt rather than at and Pee » respectively. From (20), we have the following

the optimal power value. On the other hand, when the value §f4ations:

Prax becomes larger than the proposed optimal power value, EEk‘ ko = XEe % EE*|y. v | (22a)

then the system will operate at the optimal average power, %jﬁjl pf-zpfl

which gives the maximum EC value, under each user's EE Pk p—kzpégl

constraint. To find detailed analysis, please refer to 8ecti & & &

1-B. EE PL{C:PE:Q = Xgg X EE g,’z:gk . (22b)
Fig. 16 plots the delay-outage probability for th& user, Pe=Fls P—Z:PEZE%

Pisiny versus delay QoS exponety, for various values of ke
with a maximum tolerable delay threshdll,.x = 200 and the In order to investigate the influence of circuit powef on
circuit-to-noise power rati(PC’j = —10dB. This figure reveals the tradeoff EE value, we start from analyzing the effecPsf
that for loose delay-constrained situations, efg..= 10~4, on the maximum EE valuga. For the system witrPC’fl, if



we assume the operational average input powergs,, the
corresponding link-layer EE value can be calculated as

k
E¢ ‘NkzN
p—ﬁpk*
EEk Nk,: — EE,2 (23)
k k
PE=P!, Pk 4 PEE )
Py=Pf,

Meanwhile, for the system witk?,, thenmax ,value is defined
as

k
ES|Ny=N
PA PE
EEk Ni— EE,2 (24)
k_ pk
Pe=Peo  PEy+ PEE 2
szpégz

(15]

(16]

(17]

(18]

(19]

(20]

Apparently, we can notice that the link-layer EE value in)(23

is larger than the one in (24), becau’d®, < PF,. Henceforth,

(21]

we can derive that the maximum achievable link- layer EE

value .| for the system with circuit poweP?, is larger
than the one obtaining at a larger circuit pomléjfg. This

(22]

means that when one user’s circuit power becomes larger,
its maximum achievable EE value reduces. From (22a)-(22[25]

we finally conclude that one user’s tradeoff EE level al
decreases with its circuit power.
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