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Statistical Delay QoS Driven Energy Efficiency and
Effective Capacity Tradeoff for Uplink Multi-User
Multi-Carrier Systems
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Abstract—In this paper, the total system effective capacity transmission power of femtocell base stations was minimized.
(EC) maximization problem for the uplink transmission, in a A general power consumption model in multi-user OFDMA
multi-user multi-carrier OFDMA system, is formulated as a  gystems; including the transmission power, signal processing
combinatorial integer programming problem, subject to each ower, and circuit power from both the transmitter and the
user’s link-layer energy efficiency (EE) requirement as well P AR p_ . ;
as the individual's average transmission power limit. To solve receiver sides, was first established in [4]. Then the authors
this challenging problem, we first decouple it into a frequency in [4] proposed a joint optimization method to iteratively
provisioning problem and an independent multi-carrier link-  find the optimal solution for the EE-maximization problem,
layer EE-EC tradeoff problem for each user. In order to obtain g piact to a peak transmit power constraint and a minimum
the s_ubcamer a55|gnment.solut|on, a low-complexity heur_lstlc svstem data rate requirement. The EE and SE tradeoff problem
algor_|thm is _proposed, which not only offers qlose-to-optlmal Y a . s . p
solutions, while serving as many users as possible, but also hadhas also been extensively studied for other kinds of wireless
a complexity linearly relating to the size of the problem. After communication networks, such as energy-constrained wire-
obtaining the subcarrier assignment matrix, the multi-carrier  |ess multi-hop networks with a single source-destination pair
lamlglZ%TJeEEbicug%%eogaﬁjrgﬁ]Erl?h;?[rueglfehr “(SKelg_l_')S (f:(())rr?&lijtli?)tﬁsd [5], general narrowband interference-limited systems [6] and
The per-user optimal_power aII(_)cati_on strategy, which is across OFDMA—baseq cooperatl_ve cognitive radio networks [7]. In
both frequency and time domains, is then derived. Further, we the aforementioned studies, however, the system throughput
theoretically investigate the impact of the circuit power and the was given by Shannon limit, without taking into account
EE requirement factor on each users EE level and optimal delay constraints. For systems with delay-sensitive applica-
Svelege powe ‘C’ia'“e' The '°W'°.°rr]npk']ex'ty (;‘.e.“”s'f'c arllgorlthm tions, such as video conferencing and online gaming, the
is then simulated to compare with the traditional exhaustive ! . o
algorithm and a fair-exhaustive algorithm. Simulation results physical-layer based power and rate adaptation techniques may
confirm our proofs and design intentions, and further show not be efficient. In fact, 5G, the next generation of mobile
the effects of delay quality-of-service (QoS) exponent, the total communication technology, has been anticipated to offer >1

number of users and the number of subcarriers on the system Gbps downlink data rate, sub-1ms end-to-end latency and

tradeoff performance. 90% reduction in network energy usage [8]. This infers that
Index Terms—Link-layer energy-rate tradeoff, delay-outage the future wireless communication networks are targeted at
probability, effective capacity, energy efficiency. satisfying the end-user applications’ delay quality-of-service

(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-layer
efficiency (EE), have become imperative needs of futumptimization framework for delay-sensitive applications over
communication systems. However, by nature, EE and SE coaldingle wireless link was formulated in [9], in which some
require conflicting design approaches. From the informatiogharacteristics, e.g., delay deadlines, dependencies, distortion
theoretic point of view, the EE-SE tradeoff problem in a dowrimpacts, are considered and discussed. The authors in [10]
link orthogonal frequency division multiple access (OFDMAJprovided energy-efficient transmission techniques for a group
network was analyzed in [2], in which the impact of thef M packets subject to individual packet transmission delay
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 radio ne¢quirement for a dynamic queuing system in a deterministic
works, a multi-objective optimization was formulated in [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 services,
satisfying fixed QoS guarantees is especially challenging in
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I. INTRODUCTION
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considers and confines the delay bound violation probabilitgake this assumption, and aim to derive the optimal power
to a required value range. In this direction, the authors in [18]location strategy for each user, which is not only across the
introduced a link-layer capacity notion supporting statisticiime domain, but also across the frequency domain.
delay QoS requirements, which is the concept of effective ca-|n this paper, we target to maximize the system total
pacity (EC). Formulated as the dual of the effective bandwidtaC for the uplink transmission in a multi-user multi-carrier
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 probabiltg performance level and its individual resource limits. We
requirement is guaranteed [13] [19]. Therefore, EC can Bcouple the problem into two parts and provide the subcarrier
regarded as the link-layer SE. The link-layer EE, hencefortissignment solution and optimal power allocation strategy
can be formulated as the ratio of the EC to the total powgsr each user. In more detail, we propose a low-complexity
expenditure [14]. heuristic algorithm, which first allocates each served user the
Due to the inconsistent property of the link-layer EE anexact number of its required subcarriers, and then implements
EC, many researchers have elaborately studied how to balatimeoptimal per-user power allocation strategy to calculate each
the two metrics. Considering frequency flat-fading channelsser’s current EC value. Finally, the remaining subcarriers will
an optimal power allocation strategy to maximize EC sulbe allocated by adopting the strategy that the user with current
ject to a link-layer EE constraint, for delay-limited mobileminimum EC value has the allocation priority.
multimedia applications was obtained in [15]. For a Rayleigh To sum up, this paper has the following contributions:
flat-fading channel under delay-outage probability constraints,
a multi-objective optimization problem to jointly maximize « A novel total EC maximization problem for the uplink
EE and EC was formulated and solved in [16]. The above transmission, in a multi-user multi-carrier OFDMA sys-
mentioned papers, however, focus on a point-to-point single- tem, is formulated as a complex combinatorial integer
channel communication system. 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-constrained systems, 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 systems [17].e The formulated challenging problem is first decoupled
In addition, for systems with statistical delay QoS constraints, into a frequency provisioning problem and an indepen-
it has been proven that the optimal power allocation strategy dent link-layer multi-carrier EE-EC tradeoff problem for
for single-carrier communications cannot be simply extended each user. The traditional exhaustive algorithm and a fair-
to the multi-carrier communications [17]. Hence, consideringa  exhaustive algorithm are introduced first, followed by a
single-user multi-carrier link over a frequency-selective fading  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] and [18], also has a complexity linearly relating to the size of the
respectively. However, the link-layer EE-EC tradeoff problem  problem.
for the multi-carrier communications is not investigated and « 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-EC tradeoff ~ 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 provisioning  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 not relatece 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 subcarriers, the EC ~ exponent. Further, the tradeoff EC value achieved with
value for a single-user multi-carrier system can be formulated 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 optimal
policy to maximize the EC-based problems for an arbitrarylHere each user's operational tradeoff EC value is the calculated final EC
statistical delay provisioning [17]. In this paper, we will notalue achieved at its EE requirement equality.
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/ fading-block’s time duratiofi}, 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-carriertwerk. ~ the symbol duratiori;, 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 tiieactive spectral densityn—o. Therefore, the instantaneous maximum
users send their own information to the base station, inaghievable rate of the! user on thex!" subcarrier at thet
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 . B nlt .
with a bandwidth of —. 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 c'o N

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 thg, [¢] is the nonnegative transmission power for th®
available frequency resources. Therefore, a feasible subcargieér on then™ subcarrier, at thet™ fading-block, i.e.,
assignment indicator matrix can be denoted gaswhich p, [t} > 0. Specifically, for the k" 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 | & € {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 Srn SN k€ Ko,n € No} - (1) 3 éknRin, 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 Link-layer
respectively. The number of allocated subcarriers for ke Energy Efficiency

N
user is denoted byVy, namely, N, = 3 éin, and the  For each transmitter, the FIFO buffer is assumed to be a
bandwidth allocated to thé™ user is dngéted byBy, i.€., dynamic queueing system with stationary ergodic arrival and
B service processes, depicted in Fig. 2 [22]. By using the large
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]
the source rate is higher than the service rate, at the expense of In (Pr{Q (c0) > z})
increasing the delay [13]. The upper-layer packets are divided — lim
into frames at the data-link layer and are stored at the transmit e v N )
buffer. The frames are then split into bit streams at the physi¢dterePr{a > b} shows the probability that > b holds. This
layer. By utilizing perfect channel state information (CsSIfl€finition implies that the probability of the queue length ex-
knowledge fed back from the receiver and the predetermin€®fding a certain threshaiddecays exponentially fast asin-
statistical QoS constraint, adaptive modulation and codi§eases [23]. Note thatin (3), the parameété# > 0) indicates
(AMC) and adaptive power control policy are applied at ththe exponential decay rate of the QoS V|0Iat|or_1 probablhty._ A
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 fadiff9er ¢ implies a lower probability of violating the queue
subcarriers. At the receiver side, the reverse operations %@dth and a more stringent delay constraint. Particularly, when
performed and the frames are recovered for further processings_ _ th .
. . . . ince the service rate process of thd user on then™ subcarrier is
We assume that each subcarrier experiences block fadlng, k&nsidered to be stationary and ergodic [17], hereafter, the block index
the channel gains ofV subcarriers are invariant within acould be omitted for simplicity.

=0, ®)
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6 — 0, which refers to a system with no delay constraint, thgansmission 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 (61, ¢, Py)
capacity. For a transmitter with — oo, the optimum power EEF (0, ¢, Py,) = c vk Tk
allocation is the channel inversion with fixed rate transmission Pk lE S P
technique, under which the delay-limited capacity can be SO - PR
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. Therefore,
Pielay = Pr{D(t) > Dmax} = Pr{Q(t) > 0}e™"*"",  (4) considering a multi-user multi-carrier network, the overall

where nggy presents the delay-outage probabilifmay is system throughput maximization problem, subject to each

(8)

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{feq, vk, (9b)
Hence, in order to meet a target delay-outage probability limit N X
Pgat,, @ source needs to limit its data rate to the maximum of By, | 0knPin| < Phaw Yk, (90)
1, whereyp is the solution to (4). . n=1

Assume that the Gartner-Ellis theorem [24, Pages 34-36] Z¢k <1. VYn (9d)
is satisfied. For thé&™ user, the EC value, in b/s/Hz, over a — e
multi-carrier transmission with a total bandwidih, can be K N
expressed as [13] Z Z b < N, (9€)

1 k=1n=1
k - _ —0x Ry (¢, Py)

B¢ (01,6, Pi) = —5 5 In (E [6 ]) ®) Sem € {0,1}, Yk, ¥n, (9)

whered), stands for the delay QoS exponent of #i& user Py 20, VE, Vn, (99)

which is_as_sociated with the s’FatisticaI delay QoS requireme(-,()lt,ereﬁﬁeq is thek™h user's required link-layer EE level, defined
andl%] indicates the expectation operator. Henceforth, EC §f; 4 certain ratio of its maximum achievable link-layer EE
the k™ user becomes a function 6f, ¢, and P;. :
_ _ k ¢ ok value, i.e.,mkq = xEe X niax. Here, i = EE’“‘ No=N
By expandingRy (¢, Pi,) and inserting it into (5), EC of To=PE
the ™ user can be further expressed as denotes the:™ user's maximum achievable EE value, when
0 Y GrmBin all N subcarriers in the system are allocated toﬁ% is
(e )

E(]f (Gkv ¢7 Pk) =

<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 particular,

0. T: By,

can be expressed as xEe = 0 indicates that thé™ user has no EE requirement,
K k& while yEe = 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 user's
> 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 Ievehr’?eq 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

(Ponliern € Ry | Eqy [N ¢k7npk7n} < Pk_.keK,\. each users personal EE achievement, after introduging
ere, P is all the possible power allocation matricest,he formulated problean_ pegomes an adjustable tradeoff
E.. [] indicates the expectation over the PDF g, pro_blem._To_ be more specific, if the_ total system EC value has
where ~r is the KM user's subcarrier power gains, i_e_,ahlg_h priority, each user’s E_E requwement facto_r value can be
o [% L Y2 e T NJ- Pk represents the maximumrequ'red to be very low, which re;ults in a low link-layer EE
average7power7 limit of th&™ user. level for each user. C_orrespondlngl}/, if the tot_al system EC
Moreover, for the:™ user, we define the link-layer EE as th value has a low priority, each user’s EE requirement factor

%an be relatively high, so that each user will have a satisfied
ratio of EC to the sum of its circuit powet”*, and the average high level of Iinlil-lager’ EE
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I1l. 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 values in
every frame, due to the reasons below. Firstly, from (6), we
can notice that the EC formulation of tHé" 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 operations
cannot be interchanged, even if all subcarriers are assumed
to be i.i.d., and that is because the power allocation value on
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 subcarriers
to be allocated to each user; and then optimal power allocationTo obtainSy;,, we provide a flowchart in Fig. 3 to compare
for each user over all its allocated subcarriers. Specificalb;{gq with n% . If the maximum achievable EE value obtained
the proposed frequency provisioning algorithms, which aweth ¢ subcarriers is larger than the required EE value, i.e.,
independent of the instantaneous CSI knowledge in eaghix > e 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 relies on theents inneq can be transformed to the subcarrier requirement
instantaneous CSI of this subcarrier, but also depends on Hieetor Sieq, 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 checked

We start from introducing three frequency provisionin§y comparing the number of allocated subcarriers with the
algorithms: traditional exhaustive algorithm, fair-exhaustive anumber of required subcarriers.
gorithm and our proposed low-complexity heuristic frequency 1) Traditional Exhaustive Algorithm

allocation algorithm. After obtaining the subcarrier assign- The traditional way to solve an NP-hard problem, like the
ments, the optimal power allocation strategy for each singlgne we formulated in (9a)-(99g), is to carry out an exhaustive
user multi-carrier system will then be derived and obtained ggarch, which systematically enumerates all possible combi-
Section I1I-B. nations and finally locates the solution which optimizes the
objective function and satisfies all the problem constraints
[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 combination
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 able to
reduce the problem complexity and the solving time, Wgnd the optimal frequency provisioning solution, it also lacks
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

; Fak k,2

of a.IIocated subcarriers, i @jmax = L”ma" flmax .- TImax - satisfying each users link-layer EE requirement, but also
Definerreq = [fheq "eq - g astheK x 1 vector of gserves the maximum number of users that can be allowed,
the EE requirement values for all users, then we will trans- e propose a fair exhaustive algorithm. Firstly, the sum of all
form neq to @ K x 1 vector which specifies all users’ required;sers’ required subcarriers is compared with the total number
number of subcarriers, i.eSreq = [Sieq Seq -~ Sreq - Of subcarriersV 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
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TABLE |: Heuristic Algorithm
Initialization:
Calculate Sreq, USINg7eq and the pre-calculated
databaseD.
Define Sio = N, H = Sieq.
Allocation Process:

most. Secondly, the set of feasible subcarrier allocation vectors
is found, in which each allocation vector not only satisfies
all served users’ subcarrier requirements, but also serves the
maximum allowed number of users. Then, the optimal power
allocation strategy proposed in Section III-B will be applied
to all feasible allocation vectors to locate the fair and optimal

solution which outperforms the others. Wh':? I‘S}°'_>OO
Clearly, by enumerating all possible subcarrier allocation 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-exhaustive If S > S
algorithm is less complex compared to the traditional exhaus- N — S{e‘?
tive algorithm, but its computational complexity is still very SZ B éeq’_ gi -
high, especially when the number of available subcarriérs I}él—_o-m reqr
is large. To further reduce algorithm complexity, we provide Elsez '
the following heuristic algorithm, which is simple, fair and 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 allocation pro- For each uset with H; = 0, apply the optimal
cess, calculation process and check process. Firstly, in order Power allocation process in Table I1.
to serve as many users as possible, in the allocation process, ~ Calculate the™ 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 allocated While St > 0
users can satisfy their EE requirements. The allocation will Find J; = min(J), in which useri satisfies
be repeated until the remaining subcarriers run out, or there H; =0;
are not enough subcarriers to satisfy the next users EE N; = N; +1;
requirement, or all users’ subcarrier requirements have already Apply the optimal power allocation process
been satisfied. Then, the calculation process starts, in which to useri and update/;.

each served user operates the optimal power allocation strategy End
described in Table Il to obtain its corresponding EC value. In  Output: N; E¢ given in (7).
the check process, we aim to maximize the system throughput,

based on the strategy that the user with current minimumn and the sameyig value, comparing to the other users; 2)
EC value has the allocation priority. Therefore, the remaininger; 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, a small
the current minimum EC value, until all subcarriers run Outdelay QoS exponer#t; means a loose requirement on delay

Assume the final subcarrier allocation vector is denoted IgyoS, 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 that, theecond 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 be
per iteration, given that each user's EC values with variogatisfied and the multi-carrier system will have more resource
number of subcarriers, is pre-calculated off-line and is storeed flexibility to maximize the EC performance. Consequently,
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 allocation
proposed low-complexity algorithm offers a close performanggiority, 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 in tlé V, in a single-user multi-carrier system. Specifically, Fig.

proposed heuristic algorithm. Firstly, in the allocation process,reveals that the user with current minimum EC value has a
the heuristic algorithm starts the allocation from the user whidtigh possibility to offer the largest EC-increase, if given one
has the minimum subcarrier requirement. Assume that isemnore 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 get
two possibilities: 1) usei has a small delay QoS exponent larger EC-increase. Furthermore, for two users with the same
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EC Maximization in a Single-user Multi-carrier System (BTf:ZOO)

can be obtained. Therefore, problép? can be expanded as

11
S0 00000-00-00-000-00 3: max —log, |E 1+ N, P k
0.9F SE-5-5-0-0-g-5-0 Q Plrc.nzo Oék g2 T Ul ( * kynf}/kyn)
— neNy n=
N o8|
$or ol (12a)
g 06r L N, r "N,
O ——logy | E+, [[1,,2, (1+Nkpk.n7k7n) k
S os5f g )
g k
% 0.4 s.t. 1 Ni aneqv
k k
it (ot [ 1)
. n=1
02} (12b)
O l 1 1 1 Nk
10" 10° 107 10" K'E Pl | <Pk 12¢
Delay QoS Exponent 6 (1/bits) £ 7; ko = 7 maxo ( )
Fig. 4. Effective capacity versus delay QoS expongnfor various &
values of N 011t Bk r P k P
. where oy, = , P, = —,and P = —=. Here
In (2) ' K; * K

K} = PknoBy, which denotes the path loss factol}, including
number of subcarriers, when we allocate each user two mé@sth AWGN power and path loss power. g@q = Kécnrkeq!
subcarriers, the user with relatively smaller EC value, nameppqg pr = Pk JKEF. Then, KF in (12a)-(12c) can be
the one which has larger delay QoS exponent, will providecnceled to scale the system performance with respect to the
larger EC-increase. Simulation results in Section IV confirgath loss factor.
the effectiveness of our design method, and inform that the

d heuristic alaorith & | ; From (12a)-(12c), one can notice that the EC expression in
pProposed heurstc algorithm OTers very close per Orman(‘;:lesingle-user multi-carrier system is not a linear summation of
with the fair-exhaustive algorithm.

each subcarrier's achievable EC value. Hence, the concavity

and monotonicity of the EC function in a single-subcarrier

B. Optimal Power Allocation For A Single-user Multi-carrierSyStém cannot be simply extended to the multi-carrier system.
System In order to find the joint energy and spectral efficient power

. ) ) ) . allocation strategy in a single-user multi-carrier system, we
Given a subcarrier assignment matrgx the multi-user gtart from analyzing the proposed probleps.
OFDMA system can be viewed as a frequency-division mul-

tiple access (FDMA) system, where each user transmits de
through a number of assigned subcarriers independently [2

Therefore, the o_riginal total EC me_lximization problem, SUbjeﬁﬁk-layer EE, as the ratio of a concave function over a non-
to each user’s link-layer EE requirement and maximum av‘?{'gative affine function inP!, is a quasi-concave function

2 . . e
age power limit, can be transformed into a link-layer EE-Et, subcarrier power allocations [18]. Therefore, its upper

tradeoﬁ problem for eich single-user multi-carrier system. contour set defined by (12b) is convex [27]. Hence, (12a)-
Specifically, for thek™ user, the problem can be expressed 2¢) is a concave optimization problem and the Karush-Kuhn-

By referring to the scaled multi-carrier transmit power
tor asP{ = [P, F., .. Pjy], we note that the
jective function (12a) is concave iF; [18]. Then, the

as Tucker (KKT) conditions are both sufficient and necessary for
Q2: max EF (0, Py) (10a) the global optimum value. Specifically, the proposed optimal
Pk,nj\;o ¢V power allocation strategy for thé" user is related to the joint
neNg

probability density function (PDF) of the subcarrier power

st. EE" 0k, Pr) > nfiq, (10b)  gains~y,, given byp (vi).
N X To solve the concave optimization problem (12a)-(12c),
Eq. ZP e | < Prmaxe (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 kfeuser ) N, Ok
is given by ~ oy loga | B, g (1+ NPl vin) e
Ny,
By, Vk,n . Ny
Rie=—T » logy |14+ Pen——r= | (bits). (11 - 1
PTG Z_:l 082 | 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 expression
of EC for thek!™ user. Correspondingly, the link-layer EE for
the k" user, as the ratio of EC to the total power expenditure,
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we get the Lagrangian function as follows subcarriersn ¢ N, should not be allocated any power.
N Qg Therefore, a new power-unconstrained optimization problem
1 [ N could be expressed as
L(P{\) =——1logy | By | [ O+NePLmm) Ve P
Ok n=1 1 ﬁk _%
1 N Ok Q4: pIrna)>{0 _Oz_k logy | Em. H(1+Nkplz,n7k7") N
k,n=— —
+ A 704_k 1Og2 E"/k H (1 + NkP]27n"}/k7n) Nk 'rLé/\?k n=t
n=1
(18a)

Ni
r
E : Pk,n

n=1

R 1
_nﬁaq <Pckr + ZE%

N
- Z /'[/TLPIE n? (14) 1 = —%
- ’ 1 E Ne (14N, P! Ny
n=1 0go Vi Hn:l +NELy , Ven

«
where A € R is the Lagrange multiplier associated to (13 i

L. > k
and ., is the Lagrange multiplier associated to the constraint 1 Ne = Trea
Plg,n > 0, Vne Nk Kéc Pckr+EE’Yk 21 Plg,n

At the optimal power allocation, we have B (18b)
oL (Pf, \ ~ _ .
% = 0. (15) where N, = || represents the cardinality ¢,
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, if there
Pin > 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 above process
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{ iy, f;’il = 0. Then, the KKT condition (15) can 1 1 1 I
inplifi — g — |, nEN]
be S|mpI|f|ed as PIE,n: Ny, —A—ng);N,f Nigtop Ny Ykn i
N, %k 3 . B k Hie/\/;f Vi " .
1+ NpPLves) Vv = (14 NoPL oYk ; otherwise
g( + Ng ki Vk, ) Yo ( + Ng k,nVk, )7 (19)
vV neN, (16) whereN; =| N |.
" Qg The optimal value for3, referred to as3*, is found when
wheres = Allreq , HNil (1+NkP,2, ’yk_n)_m ~ the k™ user’'s EE constraint is satisfied with equality, yielding
e(A+1)log,e ™ |T " e N Qg
k _
By multiplying the right and left-hand sides of tha/, L 10gy | B, H (1+ NP i) Ni
equations in (16), the optimal power allocation strategy can %k g ot e
be obtained as N
e < gl i P! 0. (20)
1 1 1 Tlreq Pcr + _]E’Yk: k,n =Y.
[ - Ve N, (17) € n=1

k™ N7 g
O Ng | 2l Ny TNy Ok, . . :
o [ %,f’ﬂm . Note that since EE versus EC is a bell shape curve, the required

. : . . EE level, if possible, can be achieved at two different EC
The derived power allocation strategy (17) is optimal onl\;// lues, which means that there will be two solutionsdor.e.

when all subcarriers are assigned with positive powers. i : — T
there are one or more subcarriers whichpare allol?:ated néri—andé’ to satisfy (20). Assume that, = P L\f:ﬂ“ and
positive powers, then the second case needs to be taken fite = Fk [s=5., where P, stands forKyEy, | 32,5, P, |-
consideration. Therefore, the feasible set of the average input power level sat-
2) Case 2 P! = 0,3 j N, isfying the EE constraint (12b) can be written @31, Pro]>.
If there existé]jDr < 0. then the set of subcarriers. whic Considering our intention to maximize EC and the fact that
k,j = ' %C is a monotonically increasing function iR, [18], the

ptimal average input power valug;, which solves the

only positive powers should be assigned, needs to be foun

Firstly, we define\N. as power-unconstrained problem (12a)-(12b), is chosen as the
larger one which satisfies (20), i.e%; = max [Py, Pro].
N =L nen, 1 1 —— 1 >0 ». Based onthe assumption thdf, is larger thanP, therefore
Ni, Bﬁ Hg\ﬁi ,y]ialwlwk Vk,n P} = Pyo, and correspondinglyd” = 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 belongAtg, while the  3without losing any generality, we assume tifat, is larger thanP; .
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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: [, 6, Tr, B, N, Nie, P& € K Y, o 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 9 ' EE-EC tradeoff performance. Hence, we provide the following
. . . I .
Create (20), using (17) or (19), which applies emmas
Monte Carlo method.
Updates using bisection method. C. The effects aP* and kg 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 withPF.
B=p" Proof: The proof is provided in Appendix A. ]
Step 2: P p pp

Furthermore, the tradeoff optimal power value and the
system performance can also be influenced by the introduced
EE requirement factor. Specifically, whegfe increases, the
) required link-layer EE level increases. Therefore, the final
Step 3: b o . operational link-layer EE value which satisfies the EE require-

. Calculat]::t the vqlue ab; given in (6) and the ment equality increases. Since the proposed tradeoff average
link-layer EE™ value in (8). power operates at the EE-EC conflicting region, therefore the

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 Wit g, bu'F 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 (12a)- . Proof: The proof follows the above explanations and is
(12c) with the average input power constraint. After the feas‘g-m'tted here due to page limit. u
ble set of the average power value for the EE constraint (12b)

If Prax < Pi:
CreatePk*:Pgaxand updateg™, correspondingly.
CalculatePy, ,,, n € N, in (17) or (19).

is found, the power-constrained EC maximization problem for 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 to be
@5: max ——log,|E, H (1+NkP,27n7k7n) Ng i.i.d. Rayleigh distributed such that the subcarrier power gains
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 algorithm, the

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

We note that EC is a monotonically increasing function istraints of each user’s link-layer EE requirement and average
— . y g . transmission power limit. To further analyze the problem and
P, [18], therefore, the optimal average power value whic

. . X onfirm the lemmas proved in Section 1lI-B, the impact of
solves the problem in (21a)-(21c) will be achieved at one of th .
three endpoint values, 1.5 1, Pra, 0r_P£ax. In more detail, if e delay QoS exponefit the EE requirement factofee and

— . —— the circuit-to-noise power rati®.. on each user’s operational

k * Cr
Pra < ].Dmax’ the optimal power levely, equals. t0P%», an_d C value and the total system EC performance is simulated
the optimal power allocation strategy (17) will be achieve

= — nd analyzed. In the following simulations, we assume that
and operated. On the other hand Af, < Prﬁax < Py,, the Y 9

tem has t rate Bt and th timal power allocati nB-Tf:ZOO, the power amplifier efficiency = 1, each user’s
Systém has 1o operaté B, and the optimal power allocation; , ;i 5 average transmission power limit,;x = 10dB,
to solve (12a)-(12b) is according to (17), wherein, optirfal L
. £ & s —- unless otherwise indicated.
is found such thaP}’ |s—s-= Ppax. Moreover, if Pr, < Ppy, h h ; fth heuristi
the power-constrained problef5 has no feasible solution. N ©rder to show the performance of the proposed heuristic
For simplicity, we assume that each user's maximum availat90rithm, 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 subcarrier, for the heuristic algorithm,
required EE value, i.eP*.. > P;,. Otherwise, the proposedthe exhaustive algorithm and the fair-exhaustive algorithm. To
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 FI)ayer EE ctor, i.e.,xee = 0.7, and the circuit-to-noise power ratio, i.e.,
. o T = —10dB. The delay QoS exponent vectris given b
tradeoff problem for thé&™ user, through multiple subcarriers, yQ P 9 y
is |Ilus§rated in Table Il. Afte_r we obtaln. the optimal power 4, these lemmas, we omit the influence Bfay by assuming that it is
allocation strategy and optimal operational average poweie enough to support the optimal power allocation strategyFky > Py
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Fig. 5: The total effective capacity versus the number of atrErs Fig. 7: Average tradeoff optimal power value versus delay QoS
N, for heuristic algorithm, exhaustive algorithm and fair-exhaustive exponentfy, for various values ofVy.

algorithm.

. means more available frequency resources and the ability of
supporting more users increases. We further note that normally,
the traditional exhaustive algorithm prefers to choose the

best user and allocates all subcarriers to it. However, Fig. 6

indicates that whemV increases from 8 to 14, the number of

N served users for the exhaustive algorithm increases from 1 to
3 and then stays stable. This means that we may not have one
single best user, when all users’ delay QoS exponent values

The number of served users

2f 1 are different.
To understand the above phenomenon thoroughly, we con-
N sider thek" user's multi-carrier system, and plot Fig. 7 and
—6— Heuristic algorithm Fig. 8 which respectively include the curves of the average

—=~A— Exhaustive algorithm
—*— Fair-exhaustive algorithm
T

power versud;, and the tradeoff EC value versasg, for two
0, : . = = L 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
subcarriersN, 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 andnrat, in which it is a function
of 6, and N. With the fixed values ofV,, and ke, 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 versus aver-
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 algoriththe optimal tradeoff average power obtained at a reduced EE
and heuristic algorithm, the total EC performance curves ameuirement equality will become larger. Furthermore, Fig. 7
very close. This indicates that the proposed heuristic algoritindicates 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 the fact
but also offers close-to-optimal performance. that when the values d@f, 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 subcafYiene [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@ftsubcarriers could lead to less average power consumption.
serves the least number of users among all three algorithmsFig. 8 shows the relationship between e user’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 situations
lack of fairness. On the contrary, for the heuristic algorithmnd some insightful conclusions. Firstly, this figure indicates
and the fair-exhaustive algorithm, the number of served uséhsit one user’s operational EC value will not show a monotonic
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 increaséVof EE constraint. This phenomenon violates the monotonic trend
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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 trend with
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 satisfidf subcarriers. This reveals that we may have multiple best
with a small value of transmission power. In contrast, whe#sers, when all factors vary. Hence, in Fig. 6, the exhaustive
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 includes the
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 algorithm.
user’s operational EC value. Therefore, with the inconsisteBpecifically, the total number of available subcarriers is fixed
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 operational 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 to
higher than the one obtained with relatively larger numb&ach served user decreases. Henceforth, the achievable EC for

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 subcarriersTo indicate that the proposed heuristic algorithm performs
This phenomenon also violates the monotonic trend of Higtter than the other state-of-the-art algorithms, Fig. 10 plots
versus the number of subcarriers in EC-maximization situati¢ime total EC versus the number of subcarriers for the proposed
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 allocation
value required to satisfy the EE constraint decreases. Simeeportionate 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 usengrsus signal-to-noise ratio (SNR) curve will keep releasing
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 situatenmg the link-layer EE, and only the total power consumption
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Fig. 10: The total effective capacity versus the number of

subcarriersN, for heuristic algorithm and algorithm in [25] .
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The number of users K1 in group 1 with Xeg = 0.1
Fig. 11: The total effective capacity versus the number ofusg
in group 1, for various values a¥.,.

needs to be minimized. Since in our paper, we have link- )
layer EE requirement for each user, for the initial subcarriRCh 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 of users
of users isK = 4, and all the users are assumed to haviith 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.exec — 0.7. When the number of System performance to support the strict EE requirements.
subcarriers increases, the total EC values calculated from ¥{g€n K1 increases from 5 to 6, the number of users with
two algorithms first increase and then gradually stabilize. Thige = 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 process
ments, increasing the number of available subcarriers will ik 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, corresponds
10, it shows that our proposed heuristic algorithm perforni@ the one withyee = 0.8. Therefore, whenk; = 5, the
better than the algorithm in [25]. Apart from this, the allocatioR€uristic 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 more suitabfgfenFe, 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 change the

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

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 kTo analyze the impact of the cwcwt—to—nr?lse power ratio
K — K, users in group 2 is 0.8. This indicates that thés, and the EE requirement factgfe on thek™ user's muiti-
users in group 1 have looser EE requirements comparedC@§rer system, Fig. 12 plots the r_esu_lts of_thg link-layer EE
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 subcarriehs = 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 theAXis, in dash lines) versug, for two different values of
number of userss, in group 1, for various values of circuit- Xee: ConsideringV; = 4 and 6. = 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, gradualj@Wer increases witl!, which confirms the proved Lemma
increases. This is because whéf increases, the numberl. Furthermore, with a fixed value @1, whenxgg 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 proposed
Lemma 2 in Section IlII-B.

5Hence, we had to tweak the algorithm slightly to be able to provide these The pIOtS 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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kg, for various values of, and Ny. Fig. 15: The total effective capacity versus maximum powéueja

for different values ofo.

different values of delay QoS exponehtand various values multi-user multi-carrier system, Fig. 14 includes the plots for
of N, are included in Flg 13. From this figure, we note thqhe total EC value versus EE requirement famt, 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]. Assume
IlI-B. Furthermore, with a fixedV,, EC decreases withfe. that the total number of use® = 4 and the total number
This is due to the fact that the tradeoff system operates in t§g available subcarriersV = 8. Specifically, all K users
conflicting region of EE and EC, therefore the EE-increas@gyve the same settings of delay QoS exporentee, With
result from EC-reductions. Moreover, with fixgd andd;,, as P, = —10dB. Whenyge increases, the total EC value of the
the number of subcarriers increases, both EC and EE increaf@iti-user multi-carrier system decreases in the heuristic al-
With fixed Nj, when the delay QoS exponefit increases gorithm and the fair-exhaustive algorithm. Furthermore, when
from 0.001 to 0.01, both EE and EC decrease. Especially— 0.001, 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 iny,, 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 is MOEgen under different subcarrier assignment solutions. When
robust against delay requirements, in comparison with singlgscomes larger, the total EC values become smaller. Since a
carrier communication systems. In other words, when tﬂl@‘gerg represents a more stringent delay QoS requirement,
system QoS requirement becomes more stringent, the MW§erefore each user’s maximum achievable arrival rate that it
carrier system would sacrifice less EE and EC to guarani@h support to maintain the target delay requirement, namely,
the requiredy. its EC value, becomes small. Henceforth, the total system
To further analyze and investigate the effecty@k on the EC value reduces, correspondingly. For the algorithm in [25],
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10 s ‘ ‘ the achievablePg,, 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.

Delay-outage probability

V. CONCLUSIONS

A close-to-optimal subcarrier assignment solution jointed
with an optimal power allocation strategy for end users to
‘ maximize the system total EC value, subject to all users’ aver-
107 10 age transmission power limits and link-layer EE constraints in

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

when xge increases, the total EC value stays stable. This dsfair heuristic algorithm, which offers close-to-optimal solu-
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 pow ser multi_—carrier system, under each user’s individual link-
for each user can influence the optimal results, we include FIgYe" requirement level, was solved. To thoroughly analyze the
15 to show the performance of the heuristic algorithm arfffd€off problem, the effects of the circuit power and the EE

the fair-exhaustive algorithm, when the maximum availabfgduirement factor were proved and investigated. Simulation
power value varies. The total number of subcarriers is fixs§Sults confirmed our design intentions, and further revealed
at N = 6. and the number of users i§ — 4. All users are that when there is a link-layer EE constraint, each user's

assumed to have the same settings ek, i.e., xee — 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 exponeWnith less subcarriers may be higher than the one achieved with

vector @ 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 proposq%r the k™ user, obtained with a circuit power vali&®,, can
heuristic algorithm indeed guarantees a close-to-optimal PEE denoted 33’31:1- Meanwhile. when the aIIocatedl'number

formance. Furthermore, when all users have more String%ﬁsubcarriers is\. the maximum achievable EE value. i.e
o= EEF|n,_n , achieves aP}Z ;. If the & user has

delay QoS requirements, the total EC value reduces, whic
means that the value of EC needs to be sacrificed in tfgax1 = Ph_ph
situation. More importantly, from Fig. 15, we can notice that =
for a fixed®, the curves first increase, and then stabilize. This ; - S k k k
' ' : higher circuit power, .ePry = P*y + AR, AP? > 0,

is because when the maximum available power value is 4y corresponding average power values which satisfy the EE
small to support the proposed optimal power value, the Sys“?@?quirement equality (20) an N can be written asPr -

has to operate d8nax 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 5, respectively. From (20), we have the following

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

Prnax 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—kzpéE'*l

constraint. To find detailed analysis, please refer to Section & & &

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 FZ=PE;€

Pisiny versus delay QoS exponety, for various values of ke
with a maximum tolerable delay threshdlij,ax = 200 and the In order to investigate the influence of circuit powef on
circuit-to-noise power ratid’* = —10dB. This figure reveals the tradeoff EE value, we start from analyzing the effecP5f
that for loose delay-constrained situations, efg..= 10-%, on the maximum EE valugliax. For the system witrPC’fl, if
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we assume the operational average input powergs,, the [15]
corresponding link-layer EE value can be calculated as

16
By =
Pe=Pk.
EEF Ny=N = % (23)
P¥=P:, Pk 4+ -PE, [17]
Py=P, ’ € '
i itFpk kN i i [18]
Meanwhile, for the system with”,, then,,, ,value is defined
as
Ef N, =
¢ [Nk=N [19]
Pe=Pk
EEF Ny=N Al EE2 (24)
PY=Pl, Pk, 4 -PE
cT o ,2 EE,2
P,=PE, ‘ ¢ [20]

Apparently, we can notice that the link-layer EE value in (23)
is larger than the one in (24), becau3g, < 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 powef,. 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 als[%]
decreases with its circuit power.

[25]
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