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Abstract—A joint optimization problem of link-layer energy  (ICT) sector is responsible for approximately 0.75 millions
efficiency (EE) and effective capacity (EC) in a Nakagami- of CO, gas emissions. If no action is taken, the overall costs
m fading channel under a delay-outage probability constrait 54 yisks of climate change, as a result of the increasingngre

and an average transmit power constraint is considered and h GHG - il b ivalent to losi
investigated in this paper. Firstly, a normalized multi-objective ouse gases ( ) emissions, will be equivalent to losing

optimization problem (MOP) is formulated and transformed at least 5% of global gross domestic product (GDP) every
into a single-objective optimization problem (SOP), by apfying year [5]. Nevertheless, it is also well known that ICT indyst
the weighted sum method. The formulated SOP is then proved has the potential to reduce more than 23% of its current
to be continuously differentiable and strictly quasiconve in GHG emissions [5]. Interestingly, if one-third of the GHG

the optimum average input power, which turns out to be a . - d d th ted ical b fit will
cup shape curve. Further, the weighted quasiconvex tradebf EMISSIONS IS reauced, the generated economical benefit wi

problem is solved by first using Charnes-Cooper transformabn b€ higher than the required investment [6]. As an important
and then applying Karush-Kuhn-Tucker (KKT) conditions. The part of ICT, wireless communication sector needs to take
proposed optimal power allocation, which includes the opthal the responsibility to save more energy. Green communicatio
strategy f‘t).r the Ilrélf-layer EEt'maX'm'mt'O”. pmb'erg ta”g theﬁigt‘ technology, which emphasizes energy efficiency (EE) in-addi
maximization problem as extreme cases, is proved to be su . L

for the Pareto F())ptimal set of the original EE-EC MOP. Moreove, tion to spectral ef_f'c'e”CY (SE), has thereb)’ been prOp_Ose_d a
we prove that the optimum average power level monotonica”y an effective solution which not Only benefits communication
decreases with the importance weight, but strictly increass technology sector, but also promotes economic and ecalbgic
with the normalization factor, the circuit power and the power sustainability. However, considering the compromise leetw
amplifier efficiency. Simulation results confirm the analytcal atwork performance and energy savings, designing an effi-

derivations and further show the effects of fading severerss . . o
and transmission power limit on the tradeoff performance. cient resource allocation strategy to limit the networkrgge
consumption is a real challenge [7]-[9].

In this trend, an energy-efficient optimization problem to
maximize the worst-case link EE was formulated and stud-
ied in [10], under the rate, transmit power, and subcarrier
assignment constraints. Price-driven algorithms fortjpower
. INTRODUCTION and admission control are proposed to characterize the-trad

Wireless communication sector is the fastest growing seg- be_ttvve_en ihle tlgtsl er:jergyé cton;unf]rptlg n acr;d theShsystem
ment of the communications industry [1]. According to Ingapacity in [11]. an radeofl, based on annon

ternational Telecommunication Union, the number of mobil@"t’ has also been extensively studied for different lsraf

subscriptions worldwide is approaching the number of peodﬁv!re:ess conl"ntm#nlcatu;\; nﬁt\/vo_rtl?]s, su_ch las energy;jcor_;gd;z:l
on the earth [2]. In addition, many new wireless application’/"c €55 Mulli-Nop NEtWOrks with a single source-des

such as autonomous driving, smart cities, smart homes 'r_[12], multi-user downlink orthogonal frequency diois
appliances have emerged from research ideas to concfgfgt'ple acce_ss_(OFDMA) networks [13], general narrowband
systems [3]. The explosive growth of wireless communicmtidnterferenc.e.'l'm'tec.j systems [14] and OFDMA—baged Cooper
applications coupled with the proliferation of mobile dees ative cognitive radio networks [15]. The relationship betn

has dramatically speeded up the progress of wireless n%l[:' and SE fpr down_link multiusgrdistr_ibuted gntenna sy_ste_m
works, which results in a higher-quality human life and ctapiw'th proportional fairness was investigated in [16]. Sfieci
' ally, the EE-maximization problem was first converted iato

economic growth. Meanwhile, many technical challengdk stf iti-obiecti timizati bl MOP). b S
remain unsolved in wireless network designs, e.g., the ne §!ti-objective optimization probiem ( ). by maximigin

for reducing energy consumption and end-to-end latency [3t € numerator of EE while minimizing Its d.eno_mmatqr. .The.n’
the MOP was transformed into a single-objective optimaati

Accord;.ng t(zh[d'].’ 1;or eviry 1 TzraWatt hqur ET W?) r:]nerlg roblem (SOP) using weighted sum method, and the optimal
consumption, the information and communication techipiog,, ver value was provided by applying Lagrangian method
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namely, to jointly minimize the total power consumptiorink-layer tradeoff performance. For the formulated power
and maximize the channel capacity, which was solved usingconstrained EE-EC tradeoff problem, a close-form expres
Lagrangian method. sion for the power allocation strategy is first derived to epav

In the aforementioned studies [12]-[17], Shannon limit wd§e way for the power-constrained problem. Then, we analyze
utilized as the system throughput, which is mostly considerthe link-layer EE-EC tradeoff problem under an input power
as the suitable capacity metric for communication systerfi@nstraint and provide the Pseudocode of the optimal power
with no |ink-|ayer de|ay qua”ty-of-service (QoS) requireallocation algorithm in Table I. In order to obtain more mﬂi,
ments. Nevertheless, for delay-sensitive mobile multimedve analyze the influence of different system parameters$y suc
applications, such as video conferencing, autonomousndriv @s the importance weight, normalization factor, circuitveg
and online gaming, provisioning QoS requirements is aitic Power amplifier efficiency and the fading parameter.

Actually, 5G, the next generation of mobile communication In more details, this paper has the following contributions
technqlogy, has been anticipated to not only offer >1 Gbps_ A generalized link-layer EE-EC MOP in a Nakagami-
downlink dqta rate, but also sub-1ms end-to-end Iatency. gnd m fading channel under a delay-outage probability con-
90% reduction in network energy usage [3]. Henceforth, itiS  gaint and an average transmit power constraint is trans-
important and_ imperative to investigate _EE and_S_E based on ¢, ad into an SOP using weighted sum method. Espe-
a link-layer wireless channel model, which explicitly caar cially, we introduce two normalization values to balance
terizes the channel in terms of link-layer QoS metrics [18]. the different measurements and orders of magnitude of
Effective capacity (EC), as a generalized link-level catyac EE and EC.

notion which specifies the maximum arrival rate with a target, we prove that the unconstrained EE-EC tradeoff formu-
delay-outage probability requirement, has recently ki lation is continuously differentiable, strictly quasieex

a lot of attention [18]. Specifically, EC, can be regarded as in the average power and follows a cup shape curve.
the "nk-layer SE while the "nk-layer EE can be formulated Henceforth, the g|0ba| optimum is unique and can be
as the ratio of EC to the total power expenditure. However, achieved at a finite value.

just like the inconsistent property of EE and SE in physical- , By using the Charnes-Cooper transformation and KKT
layer channel model, the link-layer EE and EC also can be conditions, the optimum power allocation scheme for the
incompatible [19]. In more details, for a point-to-pointrce power-unconstrained link-layer EE-EC tradeoff problem
munication system operating in a flat-fading channel, the EE s derived, and is proved to be sufficient for the Pareto
versus EC curve is bell shape when non-zero circuit power is  optimal set of the original EE-EC MOP. For the power-

considered [20]. Indeed, the link-layer EE and SE expedenc  constrained tradeoff problem, an optimal power allocation
a much more pronounced tradeoff, compared to the physical- algorithm is provided in Table I.

layer EE and SE [20]-[22]. Therefore, how to allocate system, we prove that the average optimal power level monoton-
resources to efficiently balance the two conflicting metrics jcally decreases with the importance weight, but strictly
deserves elaborate study. Towards this direction, consgle increases with the normalization factor, circuit power and
frequency flat-fading channels, an optimal power allocatio  power amplifier efficiency.

strategy to maximize EC subject to an EE constraint, forydela . e finally provide a proper guideline on how to choose

limited mobile multimedia applications was introduced21]. the normalization factor and importance weight to benefit
[22] analyzed the tradeoff between EE and EC by providing eijther link-layer EE or EC.

the mutually beneficial (MB) region and the contention-lohse

(CB) region. In more details, the MB region refers to th% The remainder of this paper is organized as follows. In

ction 1, the system model and a general tradeoff problem

case when EE and EC can mutually optimize, whereas in t gfmulation are provided. The theory of link-layer EC and

CB region, the trends of EE and EC conflict. However, the """ : . . .
adjustable tradeoff between EE and EC, as well as a clogd= S introduced in Section Ill. In Section 1V, the optimal
' ower allocation strategy is derived and analyzed. Thectffe

form power allocation strategy was not involved in [22]. On . . o 2o
the other hand, the EE-EC relationship was exploited al%lmportance weight, normalization factor, circuit powand

plotted, by expressing signal-to-noise ratio (SNR) in tr ower amplifier efficiency on the average power level are
of SE ’using a curve fitting method in [23]. We note tha urther investigated in this section. Finally, numericesults

: — . o re given in ion V, follow nclusions in ion VI
according to users’ diverse preferences, various appjm:atéeg € Section V, followed by conclusions in Sectio

types and dynamic surrounding circumstances, a more feexibl
and tractable tradeoff function is preferable, which is not Il. SYSTEM MODEL AND PROBLEM FORMULATION

prowde@ in [20]- [23]. _ _ _ N A System Model

In this paper, we consider and investigate a joint maximiza-
tion problem of link-layer EE and EC under an average inputA point-to-point wireless communication link over a
power constraint. Especially, the link-layer EE-EC traffleoNakagamim flat-fading channel is considered in this paper.
problem includes the physical-layer EE-SE tradeoff prole Different from the physical-layer channel model which has
zero-outage capacity situation, link-layer EE-maximitzat limitations in QoS support, the link-layer model depicted i
problem and link-layer EC-maximization problem, as spleci&ig-1(a) captures a generalized link-level capacity notx
cases. We analyze and discuss all these situations and pi6-fading channel, under a delay QoS requirement [18], [24]

vide simulation results to compare the physical-layer dred tFirstly, the upper-layer packets are divided into framethat
data-link layer. Then, the source traffic and the networkiser



Multimedia Multimedia To be specific, the Nakagami-fading distribution is param-

Data Source Data Sink it . ; X
1. arrival rate eterized by the fading parameter[1]. For m = 1, the d|st2r|-

: ivi . . . K 1
Tansmiter | Receiver FIFo bution matches Rayleigh fading, whereas, foe= ﬁ

ueue Queue . . . . . .. .
¢ Delay QoS the distribution is approximately Rician fading with pareter
T [Requirement T K [1]. The case ofm — oo describes the Additive White
_______ ) Coherent Gaussian Noise (AWGN) channels [1].
Ada‘é‘gﬁt:)fwef f____i _______________ E‘;anf;jfo'n j B. Problem Formulation

Since EE and SE have to be simultaneously optimized over

f“] — Discrete-Time a feasible set determined by constraint functions [28], how
e to balance them falls into the scope of an MOP. To get rid
(a): System Block Diagram of the different measurements and orders of magnitude of EE
and SE, we normalize them with two normalization values,
arrival rate Wee and Usg, respectively. The normalized MOP is, hence,
_KhbisHy C}\ r{t] (b/s/Hz) formulated as:
(b): Equivalent Queuing Model Ql max E—E and max ;—E (2a)
Fig. 1: System model. . EE _ SE
subject to: P; < Prnax, (2b)

are matched using a first-in-first-out (FIFO) buffer, whickvhereP; = E[P;[t]] indicates the expectation of the transmis-
prevents loss of packets that could occur when the souree r@iPn power andPnax denotes the average input power limit.
is higher than the service rate, at the expense of increasifige and¥se are assumed to be the EE and SE values achieved
the delay [18]. At the physical layer, the frames stored at ti@t the same normalization factor, defined Byym. In more
buffer are split into bit streams. Adaptive coding and powéletails,Vee = EE |5_p andVsg=SE|z_p .
allocation strategy are applied at the transmitter [25lngis  Since EE is generally defined as the ratio of SE to the total
the channel-state information (CSI) fed back from the nezrei power expenditure, the inverse of the two functions in peabl
and the predetermined delay QoS requirement. The bit sfrea@i can be minimized to make SE as the common denominator,
are read out of the FIFO buffer and transmitted through tlygelding
wireless fading channel. Finally, the reverse operatioms a ee .
performed at the receiver and the frames are recovered for Q2: min EE and min SE (39)
further processing. . . . . subject 10: Py < Prax. (3b)

We assume that the wireless channel is block fading, i.e.,
the channel gain is invariant during each fading-block, but Lemma 1:The MOP,Q2, is equivalent to the MOR)1.
independently varies from one fading-block to another. The Proof: The proof is provided in Appendix A. ]
length of each fading-block, denoted By, is assumed to be  For an MOP, instead of having a single global solution, a
an integer multiple of the symbol duratidfi. Ideal Nyquist set of points which all fit Pareto optimality is provided. To
transmission symbol rate is also assumed to be satisfigd, specific, Pareto optimal sets are solutions that cannot be
which means that the symbol duratidy = —, where B improved in one objective function without deterioratiriget

is the system bandwidth. In addition, the service rate m®cePerformance in at least one of the rest of objective funstion
{R[t],t =1,2,...}, using adaptive transmission is consideregemmal implies that if a point is Pareto optimal for problem
to be stationary and ergodic [24]. The instantaneous servi@2, it also belongs to the Pareto optimal set for probi@i

rate, in b/s/Hz, at thet" fading-block is given by and vice-versa.
711 In order to solve the MOP Q2 and to achieve the Pareto
R[t] = log, (1 + Pt[t]P 02) , (1) optimal solutions, one general way is to convert the MOP into
L0y

an SOP, using weighted sum method [29], [30]. As such, the
where P[t] denotes the transmission powedt; shows the optimization problem Q2 can be transformed into:
distance-based path-loss? indicates the noise power and

. g . Ve Use
~[t] represents the normalized channel power gain of the Q3: min wige + (1 -wi)gr (4a)
considered unit-variance Nakagami-block fading channel subject t0: Py < Prax, (4b)

with the probability density function (PDF)26]
mmam=1 where w; € [0,1] is the importance weight. Specifically,
T -y wi anq 1 —wy represent the relative importance of the two
objective functions, EE and SE, respectively. When= 0,
I S : the tradeoff problem reduces to an SE-maximization problem
wherel'(z) = A w™ e Mdw s the Gamma function [27]. e \whenw, — 1, the MOP is simplified into an EE-
maximization problem. In other words, the importance of EE
1The block indext is omitted for simplicity. gradually grows asv; increases from 0O to 1.

() =



In order to guarantee the Pareto optimal solutions farhere Pr{a > b} shows the probability that > b holds.
problem @2, we demonstrate the following theorem whichThis definition implies that the probability of the queue
describes the relationship between the weighted sum obtirfength exceeding a certain threshatddecays exponentially
point and Pareto optimal solutions of the M@R. fast asz increases [33]. Taking the delay experienced by a

Theorem 1:The unique optimal solutiof of the weighted source packet arriving at fading-bloak defined by D(t),
into consideration, the probability that the delay exceads

. . . . q
optimization problemmin 3, w; fi(P), P € [0, Pnad, for pavimum delay boundax, can be estimated as [18]

i=1
q

a givenw = {[wi]ixqlw; € [0,1],> w; = 1}, is Pareto  Pggp, = Pr{D(t) > Dax} ~ Pr{Q(t) > 0}e0nDmax  (7)
=1

optimal for the MOPmin f;(P), i =1,...,q, P € [0, Pna).  where Py presents the delay-outage probabiliffmax is

dela
Proof: The proof is provided in Appendix B. m in the unit of a symbol periodPr{Q(¢) > 0} denotes the
Implicitly, Lemmal andTheoreml illustrate that if? is a Probability of a non-empty buffer at fading-blo¢k and can

unigue optimal solution for the weighted optimization piesh be approximated by the ratio of the constant arrival ratdaéo t

Q3, it is Pareto optimal for the original MOB)1. average service rate [25], [32], i.€r{Q(t) > 0} ~ #[t]]
Therefore, in order to meet a target delay-bound violation
I1l. LINK-LAYER EE-SETRADEOFF probability limit, Pg;,, a source needs to limit its data rate to

the maximum ofu, wherey, is the solution to (7).

In this section, the theory of EC and link-layer EE is in- ) o
troduced to incorporate the link-level delay-QoS metribise Finally, the link-layer EE for a delay-limited system can be

tradeoff performance is optimized by adaptively distribgt defined as the ratio of EC _to _the sum of the circuit power
the transmit power over time based on the channel conditip @nd the average transmission power scaled by the power
and the system delay requirement. An optimal power all@mPlifier efficiencye, yielding
cation strategy for the power-unconstrained EE-EC trddeof EE EC 0<e<1 (®)
problem is first developed and investigated, to pave the way - 1- = =
for power-constrained tradeoff problem. Further, the isfice Fe+ ZPt
of system parameters on the tradeoff performance is ardilyze

B. Optimal Power Allocation

A. Effective Capacity and Link-layer Energy Efficiency Using (4a)-(4b) and (8), the link-layer EE-EC tradeoff

In wired networks, QoS guarantees have been extensivBr}S’ blem can be expressed as

researched [18]. The theory of effective bandwidth was pro- v Py lﬁ
posed to asymptotically model the stochastic behavior of a BE\ et Ve
source traffic process [18]. To be specific, the effectivedban EC +(1—w) EC (92)
width is defined as the minimum constant service rate reduire subject t0; Py < Prax (9b)
by a given arrival process for which the QoS requirement is _ o o _
fulfilled [18]. Inspired by these studies, the link-layeracimel Where¥ec is the normalization value for EC, which is defined
model can be thought of as the dual of the effective bandwid®g the EC value achieved at the normalization fackQém,
source model. Specifically, the link-layer SE, denoted as E€&9- Vec = EC |5 _pom
can be defined as the maximum constant arrival rate that &Replacing EC in (9a) with (1) and (5), the EE-EC tradeoff
given service process can support in order to guarantegrablem can be transformed into
certain QoS request [25]. 1
Assuming that the Gartner-Ellis theorem [31, Pages 34-36] w1 VeeKy (Pcr + ;Pr) + (1 —w:) Pec
is satisfied, EC of an independent and identically distsdut Q6 : min 1
—o(0)
g (& 7))
0Ty B

5:min w;

(i.i.d.) block fading channel can be expressed as [18] P:20

EC=— (10a)

In (E [e*GBTfRMD (bisiH2),  (5)

1:B . — PR
bk _ subject to: P, < — (10b)
where the parameté (¢ > 0) denotes the exponential decay Ky

rate of the QoS violation probability. A slower decay rate cayhere E,[-] indicates the expectation over the PDF of

be represented by a smallgrwhich indicates that the system_l_h scaled transmission DOWe. — P is the optimization
can tolerate a looser QoS guarantee, while a more stringen€ _ _ P Ky i P )
QoS requirement is expressed by a lar@er variable in (10a), which can be any nonnegative real valas, i

We note that, for a dynamic queueing system with stationafy = 0- In addition, S,'n;le thifag',ng %oefflc(ljent 'ﬁ u?c(tj).un:‘able,
ergodic arrival and service processes [32], the queue hengiye optimization variable, which Is adapted to the fadingico

Q () could be non-zero. Using the large deviation theor cient, also forms an uncountable set. The optimal valug,of
the queue length procesg (t) converges in distribution to P, = ft denotes the scaled average input powg[, = &

- ¢ K,
a steady-state queue lengffioo) such that represents the circuit-to-noise power ratio; = P02, and
0T:B . . 1
— lim I (Pr{Q (00) > z}) =0, 6) «af) = = After deleting the negative constant——

T—»00 x In2 ,QTfB ’



the minimization problem (10a) reduces to a maximization subject to: ¢g(y/¢) =1,
problem. Then, by inverting the objective function, it cam b

. . 1
converted back into a minimization problem, yielding by using the Charnes-Cooper transformatjos mx, o=
_ 1
In (1Ev [(1 + P) ‘“‘”D —~_ where¢ > 0.
Q7 : Irjnl>r(1) 1 (11a) 9(x) . . . .
0 Wee (Pcr n —E) + (1= w) Wec Proof: The proof is provided !n_Appe_ndlx D. ]
€ According to Lemma 2, the minimization problem (11a)-
subject to: B, < Pmax, (11b) (11b)_ reduces to the following equivalen_t problegs, by
Ky applying the Charnes-Cooper transformation and one furthe
whereUge = UegekK,. step of substitutioh
1) Optimum Power Allocation With No Input Power Con- . —a(0)

. . . . . 8: In(E, |(1+ P, 12
straint: In this section, the unconstrained SOP is tackled to @ zrﬁrrnz% ¢ n( v {( + B) D (123)
pave the way for the optimal power allocation strategy of the , ) 1—
power-constrained SOP. Hence, we start by investigatieg th subject to: ¢ | wiVeg, | P, + -5
properties of the case with a predetermined importancetweig (1 — wy)Tee) = 1. (12b)

w1, Which are summarized in the following theorem.

Theorem 2:For a predetermined importance weight, th¥/e note that problen®s is not jointly convex inP; and ¢.

objective functionlU7 in the tradeoff formulatiorQ7 has the BUl Dy regardingy as a parameter, proble®@s becomes a
following properties: convex program in?,, since the objective function is convex

[24] and the constraint is an affine function ). The KKT
conditions are, hence, sufficient and necessary for thenapti
solution. Set\ € R, R} = [0, oo] as the Lagrange multiplier,
the Lagrangian function can be expressed as

1) U7 is continuously differentiable and strictly quasicon
vex in P,

2) U7 first decreases and then increases with which
turns out to be a cup shape curve,

3) . L(P.,)\) =¢ln (E7 {(1 n Prfy)*a“”D
>0if U7 < Tf(Pr)’ {_
wleEEr o +)\(¢ ('LUI\I/EEr (Pcr+_Pr) +(1—’w1)\I/Ec) —1) .
U7l =0if U7:w T F(P), €
i 1 EEEr B The KKT conditionw = 0 can be expanded as
<0if U7 > Py 9P P
wy Weg, r
— —a(0)-1
where f(P;) = In (E, [(1+ Py) "), U7 = ?1(1]?7’ and a(9>/0 (1+ P) vf()dy
— P. ' Awy Veg, —a(0 >
f(B) = %- E— {(1 + )~ )} S
Proof: The proof is provided in Appendix C. B Finally, it can be expressed as

In Theorem2, Property 1) reveals the differentiability of Ca(8)-1 —a6)
(11a) and guarantees the existence and uniqueness of @8)y (1 + ) = E, [(1 + Pry) } :
global minimum, for a predetermined weight value. Property (13a)

2) indicates that the global optimum is always achieved at : o

a)finite power value. lgrom Prgperty 2) and Pyroperty 3), m%nd the optimum power distribution scheme can be found as
notice that whenP, — 0, U7 < 0, which means now

Ur > f(P.). With P increasing,U7 gradually P =

)\wl ‘IlEEr
€

(14)

«(0) -

+
a(h) o) 1
(wiv) @ yTEan V|

w1 YEE,

declines until it equals toLf(E)’. After that point,
w1 VEE,

N
wherer = EE

- r % 704(.9)} .
U7 starts to increase witl?,. Basically, Property 3) connects E, {(1 + ) Is referred to as the

the sign of the first derivative with the relative sizeldf and Scaled-Lagrangian-multiplier and|™ = max{0,z}.

the scaled first derivative of (P,). Now the optimal value ofp can be found. Since all
Further, we provide Lemma 2 to solve problepr. unknowns have been expressed as explicit functions tfis
f(z) reduces to finding* from the following equation
Lemma 2:A ratio problem(P) : min ——=, wheref is
€S g() V4L =1In (IE [(1 + P*y)“*(@)})
convex andy is affine and positivef,g : § — R, S C R", ¢ i r

can be transformed into a convex program

1—
+ A <’u)1\:[/|§|5r (Pcr + EPT*> + (1 — wl)\I}EC> =0. (15)
(P): min_ ¢f(y/¢)
y/pES
2The obiective function i bler@7 is similar t tion (4) developed 3The Charnes-Cooper transformation is first utilized to e\?lJmithe convex
e objective function in proble is similar to equation evelope , . . R T

in [24]. The difference is the second addend and the intreduadjustable program(£’), then problem8 is derived by substituting = @ in problem
parameters in the denominator of (11a). (P".



By substituting the power allocation (14) into (15), theinfal  Prax to fulfill the tradeoff requirement. Therefore, the opera-

value forv (referred to ag/*) can be easily found using thetional input average power value becomes (A}h Prax)-

following equation Hence, the power-constrained EE-EC tradeoff problem in
( a(@))wlx(@) +\ —a() (11a)-(11b) simplifies to an EC-maximization problem with
Veg E, Kl + {771 — 1} ) } two input power constraints, yielding
(wyv*) TFa@ . "
1 +\ —(0) max ———1In(E, |[(1+Pry) “ (20a)
a(0) Bl
e [(os [E2E TV s s (5| J)
(wyp=) T / subject to: B, < Lt (20b)
1 a(f) T 1" T K
X | wiWeg, | P, + EEV N 1 NONEEEN P < Pmax. 20
(’le ) TFa@ ~ TFa(e) Y r S K, (20c)
+ (1 —wy) Pec | =0. (16) The optimal power allocation to solve (11a)-(11b) is ac-
cording to (14), wherein, optimal* is found such that

For the Nakagamin fading channel, the expectationsKépr vy = MINCET, Pra).

in (16) can be calculated by (18a) and (18b), wherein To summarize, the Pseudocode of the optimal power allo-
0 cation process to solve (11a)-(11b) is illustrated in Tdble

o a—1_—=z H H

[(a,z) = - 2" e”" dz is the upper incomplete gamma Furthermore, the optimal power allocation strategy (14)-

function and E(z) = © 4z indicates the exponential (18b) has. the following properties: i i

. P . . Properties 1: 1) The proposed optimal solution (14)-

integral [27]. After replacing expectations with the closed-  (18b) for every given weight value, is sufficient for the

form expressions, the optimal value for i.e., v*, can be Pareto optimal set of the original EE-EC MQP!.

solved from (16) using root-finding functions, e.g., fzem i 2) The proposed optimal solution (14)-(18b) includes the

Matlab. The optimal operating input power levet can then optimal power allocation strategy for the link-layer EE-

be found by inserting* into (18a), namely maximization problem (whens; = 1) and also the
P =Ky x Pf |y (17) one for EC-maximization problem (when; = 0), as

extreme cases.
Since the channel is assumed to be stationary and ergodid) When# — 0, EC is equivalent to the ergodic capacity.

henceforth, its average will not be affected by the shifthia t For the weighted physical-layer EE-SE tradeoff problem,
time origin. Also, the pointwise mapping betweéh and v the optimum power allocation strategy is the traditional
is fixed for each fading realization and is determined by the  water-filling approach, with the water level to be cho-
power allocation policy that depends @h. sen so that the maximum tradeoff performance can be

The above equations conclude the power-unconstrained EE-  achieved [24].
EC tradeoff solution. Now we provide the following analysis ~ 4) When¢ — oo, EC is equivalent to the zero-outage
pave the way for power-constrained EE-EC tradeoff problem,  capacity, and the optimum power allocation strategy is
that is presented in next Section. Let us assume the optimal to maintain a constant received-SNR, at a level that
average powerP; which solves the power-unconstrained  maximizes the tradeoff performance [34].
tradeoff problem is found. Then, the power-unconstrainedin more details, we note that the unique optimal solution of
EE-EC tradeoff problem simplifies into an EC-maximizatiom)8 with a predetermined importance weight, is sufficient for
problem with an input power constraint, yielding the optimal solution of the weighted tradeoff probl€)i [35]
1 () [36]. Then, by applyind.emmal, Theoreml andTheorem?2,

WX~ rB In (]Ev [(1 + Pry) D (192) one can show that the optimal power allocation strategy-(14)

- — (18b) for every determined weight value, is sufficient foe th

*

subject to: P, < P—t (19b) Pareto optimal set of the original EE-EC M.
Ke Furthermore, the optimal solution (14)-(18b) is similar to

2) Optimal Power Allocation under Average Input Powethe optimal power allocation strategy for the link-layer-EE
Constraint: In this section, we aim to solve the optimizatiormaximization problem in [24], with a different value of the
problem (11a)-(11b) using the results of Subsection Ill-Bbptimal scaled-Lagrangian-multiplier. Whenw; = 1, we
After the unique optimum average power valé for the note that the proposed optimal solution (14) equals to the on
power-unconstrained problem is calculated, we need to codeveloped in [24]. It means that the optimal solution in [24]
pareP;" and the input average power linfithax. If P < Pnax,  a special case of the optimal power allocation strategyHer t
it means that now the system has enough power to supportiighted EE-EC tradeoff problem in this paper. Especially,
optimal tradeoff performance in Subsection 11I-B1. Othisey in [24], the optimal operational average power equals to
P > Pnax means thaPhax is too small to support the powermin( Pz, Pmax). For a typical EE-EC tradeoff problem, the
allocation strategy (14)-(18b) and the system has to opetat optimal average power level will remain betwelte, Pmax-

When § — 0, by following similar steps, the optimal

“It is assumed that the path of integration excludes therodgd does not power allocation strategy for weighted tradeoff problem ca
cross the negative real axis [27].
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be derived as importance of the two objective functions, we need to cormpar
1 1\* the relative weight, using
Pr = <_ - _) ) (21) W g 1
P ¥ EE _ w1 YEE N

which is the well-known water-filling approach apdcan be ~ ec (1 —wi)Pec K, <i - 1) <Pcr + %Pnorm)

found from the KKT condition w1
E, (1n (—)) ] —p ((ePCr +E, (— — —) D where Weg = w1 Pge and Wee = (1 — wq)Pec denote the
P P complete weights of EE and EC, respectively. We notice that

L€ (1 —wi)Wec) _ 0 22) Wee/WEec increases witho;, which means that with increas-
' ing wy, the importance of EC drops, and hence, the system
>geefers to sacrifice more EC to achieve better EE. Therefore,

(23)

When 6 — oo, a system with extremely stringent delay, . optimum average transmit powBf will be shifted from

requirement is considered, which means in this case, t side to Pz-side. On the other hand, whefom grows

. . . ma EE . ’ orm ’
effective capacity is the same as the zero-outage capaeijy [ the ratio of Weg/Wec decreases, which means that the system
prefers to improve EC, with certain deteriorations of EE.

C. The effects o1, Prorm Pe, ande on the EE-EC tradeoff Therefore, following the same trend with E€; will increase.
] ) Lemma3 provides a proper guideline for users to design a
From (14)-(18b), we notice that the tradeoff optimal powgf,ore flexible and favorable system, based on diverse prefer-
value can be influenced by four factors, which are the iRy ces and different system requirements. For examplegif th
portance weightuy, normahzat_lgn fac'gofnorm, scaled circuit system prefers a better EC, a largégm as well as a smaller
power F.,, and power amplifier efficiency. In order to ,, should be chosen to offer a larger optimal transmit power,
thoroughly understand the effects of these factors on thgaq in turn, a relatively larger EC. In contrast, if a userfgre
tradeoff performance, we provide the following lemmas.  ore EE, a smaller normalization factor as well as a latger
Lemma 3:The average optimal power valu&® monoton- will be more beneficial.
ically decreases withv1, but strictly increases wittFhom. To investigate the effects of the scaled circuit powgrand
Proof: The proof is provided in Appendix E. B the power amplifier efficiency, we introduce the following
Intuitively, Lemma3 can be clarified as followslgg and lemma.
Wec, can not only function as the normalization values, but Lemma 4:The average optimal poweP; monotonically
also can be regarded as two weights. Then, the complgigreases with the scaled circuit powr,, as well ase.

weights of EE and EC would be viewed as Vee and Proof: Following the similar proof with.emma3, Lemma
(1 — wy)Pgc, respectively. In order to compare the relative



TABLE |: Power Allocation Algorithm

Input: Initialization Parameters
w1 importance weight of EE
P.orm  normalization factor
Uge  normalization value of EE, e.g¥ee = EE|5_p
WUec  normalization value of EC, e.glgc = EC |E:Pmrm

0 exponential decay rate of the QoS violation probability
Pmax  input average power limit

P, circuit power

m Nakagami fading parameter

€ power amplifier efficiency

Ky pathloss and noise factor, e.g; = Pyo2

T fading block duration

B link bandwidth
Step 1:

Create (16) using close-form expressions given in (18a) and (18b)

Find v* which solves (16) using root-finding functions, e.g., fzerdMatlab.

CalculateP; in (14) andP; = K; x Py |,—,-,whereP* is given in (18a)
Step 2:

If Phax < P_t* :

max

— — B
CreateP; = Pnax and Py = I

Updaterv* which satisfies the ébove equation.
CalculateP;" in (14).
Step 3:
Calculate EC given in (5) and EE given in (8) by using poweocdtion strategy (14} (18b)
Output: [Py, P, EC, EE]

, where Pr is given in (18a)

4 is easy to prove and it is omitted here. B observed. Furthermore, whe,, = 5dB, the flat region is
larger than the case wheR, = —5dB. In Section III-C, we
IV. NUMERICAL RESULTS proved that whenP,  increases, the optimum average input

_ ] _ ) ) ) power P will increase, which means tha®* will remain
In this section, we numerically investigate the impact qfyger thanP,. and EC will stabilize at its maximum value
the normalization factorFhom, fading severness parametefo 4 jonger period ofu;. In addition, Fig. 2 also demonstrates
m, scaled circuit powerF,, importance weightwi, and hat with fixedw,, whenP,, rises from -5dB to 5dB, the value
transmission power constraint on the link-layer EE-EC&#ltl ot EE gecreases. This is due to the fact that EE varies inyerse
problem for a flat block-fading channel with delay-outaggiin P7, while the optimum average input powBF increases

probability constraints. In the following figures, we as&IMmonotonically with the scaled circuit powt, , therefore EE
the fading-block duratioff; = 2ms, bandwidthB = 250kHz,  §ecreases with the circuit-to-noise power rafg.

input average power limitPnax = 10dB, power amplifier
efficiency e = 0.5, fading parametern = 1, and the QoS values ofw; with P, — 0dB and Prom — Prg in Fig. 3

—_10-2 ica indi

explonenlﬁ.f 1077, unless otherwise indicated. _and Fig. 4, respectively. From Fig. 3, we notice that when

Fig. 2 includes the plots for EC (on the left-hand-sidg, _ (5 andw, = 1, EC first continuously increases, and
(LHS) y-Axis, in solid lines with markers) and EE (on thepe it remains stable, after a break-point. This is begaose
right-hand-side (RHS) y-Axis, markers only) versus impokne \veighted tradeoff problem witly; = 0.5 or w; = 1, the
tance vyelghfzul, for various scaled circuit power values W'thoperational average power limit is settledatn (27, Pray).
normalization factoom = _0-5PEES- This figure reveals that, Specifically, whenPpax < 7, the system operates &nax,
when w; € [0.18,1], the Imk-layer_ EE increases whereaghereas whenPrg, > P7, the tradeoff system will not
EC gradually decreases with;. This happens because thgnsyme all the available power, but rather operateB;at
increase otw, raises the importance of EE and diminishes thgnich leads to a constant EC. These observations, howaver, d
priority of EC, which confirms our design intention. Moreove ¢ apply to the case when; = 0 which represents the EC-

whenw; € [0,0.18] and I, = 5dB, there is a flat region maximization problem. In this case, EC continuously inse=a
wherein EE and EC remain constant. It happens because, in Prax . . N .
this region, the optimum average input powgris larger than with o, while EE, shown in Fig. 4, decreases after reaching
Prmax. Since the power-constrained tradeoff system perforrits pea[f value. This is due to the fact that the allocation
at min(P,Pmay, the constant EE and EC versus will be strategy for EC-maximization problem consumes the whole
available input power, resulting in continuously growing,E

SHere Pgc is the optimum average power level for EE-maximizationgnd simultaneously losing EE.
problem.

We plot the results of EC and EE versBgay, for various
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Similarly, from Fig. 4, we can see that whem = 0.5,
EE first increases until it reaches its peak value, at whiéd Fee- Fig. 5 further shows that, for a fixed,, whenm
Prax = Pz, then EE gradually drops untiP;, = pt*' after increasespP; increases. This happens due to the fact that with
which it stabilizes. This demonstrates that the operatiorl&@ss channel fluctuations, the probability of the receivathd
0pt|ma| average power, n’(ﬁ’t ,Pmax) is a|WayS achieved remalnlng in the FIFO buffer will be dropped and therefore
between[]DEE7 Pmax] And, for anypmax > Pt*' the tradeoff EC andP* will increase. We note that, whem = 1 and
system performs aP’, which leads to a constant EE. Inm = 1.8, P first stabilizes at its maximum valuBnax. This
addition, for EE-maximization problem withy, = 1, Fig. 4 is due to the fact that in this region, the optimal averagegyow
shows that the link-layer EE gradually increases until #akp level Py is larger thanPmax, and therefore, the tradeoff system
value, achieved aPZ:, after which it remains constant. Thishas to operate aPmax.
is due to the fact that the average optimal power limit for EE- The plots for EE versus EC, for various valuesrafwith
maximization problem is always achievediatn(Pgg, Pnax) Phorm = 0.5PZ and P,. = —5dB is plotted in Fig. 6 which
[24], which means that wheRmax < PZg, the system operatesshows that whenn = 1.8, the MOP achieves the largest EE
at the most achievable power valifgax, and then the tradeoff and EC, while the curve with the smalleatprovides the least
problem performs at the global optimal power levéd for values of EE and EC.
any Pmax > Pgg. Although Fig. 3 and Fig. 4 are plotted using Fig. 7 includes the plots for EE versus importance weight
link-layer capacity, the same trend can be observed in palysi | for various values 0fom with P., = —5dB. Whenuw, is

layer tradeoff problem. relatively large, e.g.w; € [0.46,1], EE shows a consistently
The plot for P* versusw, for various fading parametersupward trend with the increase of; for all considered values
with Phorm = 0.5P¢ and P., = —5dB is given in Fig. 5. of Pyom Whenw, is small, e.g.aw € [0,0.46] and Prorm =
Noting that increasingu, increases the importance of EE inPyay EE initially remains constant until reaching a break-
the tradeoff problemP* monotonically decreases frofnax  point, then gradually increases toward its maximum value. O
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the other hand, Fig. 8 shows that whéhom = Pmaxx EC delay requirement means that the delay-outage probabéity
levels off at its maximum value for a longer period @f, be very high. Although, from Fig. 9, EC and EE whénr- 0
in comparison with the other EC curves withom = 0.5P% are larger than those wheh = 1072, we can also notice
and Prorm = PZe. This provides a guideline for an EC-desiredhat whend is very small, e.g.f < 10~5, the delay-outage
system and indicates that with a larger normalization factprobability equals to 1, in Fig. 14. Further, we note that the
Prorm, there is a better chance to make EC remain around peysical-layer EC and EE, wheéh— 0, follow the same trend
maximum value for a longer scope of varying. Moreover, with the link-layer EC and EE, whefi= 10~2.
Fig. 7 and Fig. 8 demonstrate that the ranges of EC and EEThe plot for EC versus delay QoS exponéntunder dif-
covered byw; € [0,1], are always fixed, regardless of thgerent power allocation policies, witty; = 0.5, Prorm = P
different definitions of Porm. For example, from Fig. 7, the agnd P, = —5dB is included in Fig. 10. Specifically, this
EE curve with Phrom = Fgg, and the one withPhom = Fnax,  figure compares the EC values under the optimal link-layer
achieve the same value of the scaled EE, 0.13 b/J/Hz; at  power allocation solution, which is derived in this paper,
0.12 andw; = 0.7745, respectively. Meanwhile, in Fig. 8, ECand the traditional physical-layer water-filling approaghom
obtained atw; = 0.12, Fhorm = Fgg, equals to the EC value Section 111-B2, we note that whefibecomes very small, e.g.,
achieved atv; = 0.7745, Prorm = Fax. 6 < 10~*, EC approaches to ergodic capacity. In this case,
We plot the results of EC (on the left-hand-side (LHSthe proposed optimal power allocation strategy (14)-(18b)
y-Axis, in solid lines with markers) and EE (on the rightconverges to the traditional water-filling strategy. Tliere,
hand-side (RHS) y-Axis, markers only) versus, for various in Fig. 10, whend < 10~*, the values of EC for the two
values off with P., = —5dB, Phorm = PZg in Fig. 9. As we different power policies are equal. Whénbecomes larger,
discussed in Section 11I-B2) — 0 refers to a system with noe.g., § > 1073, which refers to a system with a stringent
delay requirement, and hence EC is equivalent to the ergodmlay requirement, Fig. 10 indicates that the proposed link
capacity. For the physical-layer EE-SE tradeoff problem, dayer optimal power allocation strategy guarantees a bpe



0.7

11

T T 0.24 T
Proposed Optimal Solution IN _ _m=1 F’C =-2dB
x - - Traditional Water—filling 0221 r
0.6F - — - [ N m=1 PC =2dB
¢
0.2p _.m=18 Pc =-2dB|{
~ v
T 5 | ~ m=1.8 P_=2dB
z L 0.8 > ° b
7 o
s A
2 3 0.16}
Q c
g ko
o
] £ 014
Q
£ 5
(] @ 0.12
5 &
0.1
0.08
0 L L L i i i i
_ _ _. _ _ 0.06
10° 107 107 107 10" 0 02 04 06 0.8 1

Delay QoS exponent 8(1/bit)
Fig. 10: EC versus delay QoS exponénunder different power
allocation policies in Rayleigh fading channels.

O (Prorm =9 Praz)
Fig. 12: Maximum achievable EE versusfor various values of
Nakagami fading parameten and scaled circuit powepP., .

12 12

10 4 10 4

& Bl 1
~ 3
asl] " A
= gl g .l |
(3 i -
m=1P =-2dB
4f T c 4l : N . |
! - " W =0P om=Pee
— m=1P_ =2dB -
‘ " -+ -w,=05P =P
2 _ .m=1.8 PC =-2dB 1_0 s F’norm_PEE
e ' 2r — % =W=00P ™ max ]
- m=1.8 P_=2dB ~ i
c < Wl_l Pnorm_Pma\x
0 i i i ‘ e e e SR S P ——— "
0 0.2 Q.4 0.6 0.8 1 0 0.02 002 0.06 0.08 o
9 (Prorm =Y Prnax)

Delay QoS exponent 6 (1/bit)

Fig. 13: Normalized optimum average power valBe versusé for
various values ofv; and Pnorm in Rayleigh fading channels.
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formance than the traditional water-filling approach, vittle  stable at a certain value, which is just und@fy. In contrast,
water-filling performance approaching to zero whterx 0.1.  For cases ofw; = 0.5 and Paomm = Pgg, andw; = 1 and
Fig. 11 and Fig. 12 illustrate the optimal average powédrom = Pnax the optimum average power levels are achieved
value and EE versus, whered describes the ratio oPyom  at minimal values. Furthermore, with; = 0.5, P is higher
t0 Prmax .., Prorm = UPmax for various values of fading when Phom = Pmax, COMparing to a case witfhom = PZg.
parametefn and scaled circuit power,, . Especially, a typical This is due to the fact that, a larg€korm, €.9.,Prorm = Pmax
tradeoff system is considered and = 0.5. Whenm =1, Py  reduces the priority of EE and raises the importance of EC,
increases, while EE decreases withThis happens becausewhich results in a largeP* and a smaller EE.
when increaseshom becomes larger, which indicates that The delay-outage probability Iiming,gy versus delay QoS
the priority of EE will be decreased and the importance @fxponent for various values af; and Phom With a maximum
EC will increase. Whenn = 1.8, Py firstly plunges to its tolerable delay thresholmax = 500, circuit-to-noise power
lowest value and then gradually increases withwhile EE  ratio P, = -10dB is illustrated in Fig. 14. This figure indicates

first increases to its maximum value and then gradually drogiat for loose delay-constrained systems, efg.= 1075,
with . Furthermore, Fig. 11 shows that whenis fixed, a different values ofw; will not affect the achievablePgut,
system with biggef*,, always has a largeF;*, which confirms - significantly. Also, in this case, the delay-outage proligbi
our conclusion inLemmaz2. becomes 1, which means that the probability of the delay
Fig. 13 includes the plots faP* versus delay QoS exponentexceeding the maximum delay bouri?h.x is equivalent to
6 for various values ofw; and Pnom, With P., = —10dB. 1. For largerf, e.g.,0 > 1073, delay-outage probability
Whenw; = 0, P* levels out at the maximum transmit poweincreases withw; . This happens because smatigrrepresents
limit Pnax, Which confirms that the EC-maximization systena system which prefers EC-maximization approach. Hence, a
always consumes all the available power [25]. When = higher EC will be achieved and the probability that the symbo
0.5 and Prorm = Pmax, Py increases withd, until it remains delay exceeds a maximum delay-bouhtha, Will decline.
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Fig. 14: Delay-outage probability verseésfor various values ofu; ?” Iche [&ggax]l_' SuppotieP IS n0tta P%;Ieto ogtlglal Solgtﬂon
and normalization factoPhorm in Rayleigh fading channels. or the - nence, .ere must exigt € [0, '[”ax] wi
fi(P") < fi(P) forall i = 1,...,q, and there is at least
one j, such thatf;(P’) < f;(P), j = 1,...,¢. Multiplying

Furthermore, for a fixed, whenw; = 0.5 and Phorm = P2g, by the weights, we havey; f;(P') < wifi(f)) for all i —

the delay-outage probability limit is larger than that witte q q .
samew; and Paom = Prax. This is due to the fact that al,---,¢ and}_ w;f(P) < > w; f(P). This contradicts the
system with largefhom offers a larger EC, which means thayniqueness é_slsumption. Therefore, the theorem is proved.
the probability of data remaining in the FIFO buffer will be
dropped, and therefor&gil, will be smaller.

APPENDIXC

V. CONCLUSIONS Proof of Theorem 2

Denote the sublevel set of U7 bySs =

The optimal power distribution scheme of the link-layer EE; —
EC tradeoff problem for a Nakagami-fading channel with {Pr € [0, Ir;ax] U7 < 6}. According to [38], U7 is
V4

a delay violation probability constraint and an averageutnp . : —ay . .
o trictly quasiconvex inP, if Sg is strictly convex for any
power limit was developed and analyzed. We proved that the . . . .
real numbers. In more details, a set is strictly convex if any

g:\%pgt? ?c?l tral?s;gofr?\:g(u;:tiﬂg (')S &?\EE:L;?;?Q/ :Iﬁg\:v??evgpe (without the endpoints) connecting two points in thé se
y 4 P gep is inside the interior of the set. In other words, the 6ets

After obtaining the optimal power allocation scheme, we, . . N
proved that the proposed scheme is also sufficient for tritergt?é C?O':Vz)r(] i t\?\)/;ryo?r?t?t ; eAaCJr (1; 2>b|s)\|niu(joe’ 1t£]’e
Pareto optimal set of the original EE-EC MOP. In order tQ ' y P % @ '

thoroughly analyze the tradeoff performance, the effedts |cr)1ter|or of C.

the normalization factor, importance weight, circuit powad ~ Firstly, whenj < 0, no points exist forU7 = 3. When
power amplifier efficiency were analyzed and investigated.> 0, Sp is equivalent to
We also provided a proper guideline on how to choose the = {P . [0 Pmax]

o : . X _ —a(0)
normalization factor and importance weight to build a more S In (Ev {(1 +By)” D

favorable system toward either EE or EC. ‘

-3 (wl‘I/EEr (Pcr + %E) + (1 —wy) lI/Ec) < 0} .

APPENDIXA
Proof of Lemma 1 Sinceln (]EW [(1 + Pw)_“(e)}) is strictly convex [24], and
Suppose the poinfP* € [0, Pmay, is a Pareto optimal o p 1? . A
. L . \ 23 1—w) ¥ ff B,
solution for problem2 and it is not a Pareto opt|mal_solut|on6 wiVee | e, + 2P )+ (1 —w1) Wec ) s affine in
— . SEP) therefore,Sp is strictly convex for any real numbe# and
for problem@1. Hence, there must exigt’ with Ve - UTis strictly quasiconvex irf;. This proves Property 1).
PF) EEP! EE(P* We now take the first derivative of (9a) with respectRc
SH t), (F) > ( t), and also at least one of the, . O Irst derivative of (9a) with respectita
Wse Vee Vee o -~ "Tyielding
. " . SEP) _ SHPY) w1 Veg, -
two follg/vmg conditions happens: 13 - > T - - EC— J(P)EC
EE(P! EE(P* — — = 2 )
2) (7). BB )6 Note that SEP,), EE(P,), for EC

Ve Vee _ _
P, € [0, Pnay, are always positive, therefore, there existwhere J(P,) = w;Vgg, (Pcr + 1Pr) + (1 — wy)¥Pec and
€

SHere, SEP) and EEP) are defined as the SE and EE values achieved
at certain average powev. A similar theorem was mentioned in [37], but the proof was pravided.



E — _
EC = z?c WhenP, — 0,EC— 0, J(P;) > 0and EC > 0,

thereforefJE)’ , < 0. On the other hand, wheR, — oo,

|Fr~>(

we have
v v
w1 WEE, EC w1 YEE, EC’
lim € = 1 € , (24)

L —_— = _hm U
P.—oo J(Pr)EC, Pr—oo W1YEE, EC/+J(E)EC”

€
d’EC

where EC = —. We note that EC < 0, due to the

13

problem(P’) is a convex program if is convex andy is an
affine function onS.

Henceforth, from the Charnes-Cooper transformation, we
note that if the optimal solutiofy*, ¢*) of problem(P’) is
found, thenz* = y*/¢* is optimal for problem(P).

APPENDIXE

Proof of Lemma 3
For a system with optimal average transmit pou#t, and

fact that EC is strictly concave iff; [24]. Now, by using the normalization valueslee; = EE |Pr=Poom: @Nd YEC1 =
fact that.J(P;) > 0, one can show that the RHS of (24) iEC |5_p, . take the first derivative of the functiol’s,

bigger than 1, which means th&b’

|E—>oo

P, — 0, U7 monotonically decreases and wh&n— oo, U7

~ 0. Hence, when Wwhich yields (25) and it simplifies to
P, — o0, U5 is an increasing function iP.. We note that

U7 is derived by canceling the negative multiplied constant in
U5 and then inverting the objective function. Therefore, when

w1 EC

1—
- (%Pl* + P+ gpnorm,l) EC =0. (26)

Then, consider a system with a largBform, i.€., Prom2 =

monotonically increases. This proves tli&t has a cup shape Prorm1 + AProrm, APnorm > 0. In this system, the optimal

curve in P, which completes the proof for Property 2).
Now, we setf(P;) = In (IEv [(1 + Prfy)’a((’)]) and take
the first derivative of/7 with respect toP; to get

F(F+aR) [ (R)
U7 = lim 2 (7 + APﬂ J(R)
AP, —0 AP,
FEHAP) - f(B) wite,.
= lim AR <
AP, —0 J (?r + A?r)
f(Ey - 2=y
= lim — €
AP, —0 J (Pr + APT)

Therefore, sgU7") = sgn ( f(P,) — %UO. This
€
completes the proof of Property 3).

APPENDIXD
Proof of Lemma 2
Here, we briefly prove that probleniP’) is a convex

program in(y, ¢), and if (y*, ¢*) is an optimal solution of

(P, thenz* = y*/¢* is an optimal solution of P).

Since f is a convex function, therefore, for the objective

function of problem(P’), we have

Ay + (1= Nye )

(Ap1+ (1= N)g2) f (}@1 + (1 = Ny

= (Ao + (1 = A)g)

S UV
Ao+ (1= N2 1 Ap1 + (1 — N2 ¢

for any (y1,¢1), (y2,¢2) € R™ x Ry, andX € [0, 1]. Hence,
the objective function of problertP’) is convex in(y, ¢).

Now, sinceg is affine, which is also convexjg(y/¢) can

input power value at which the tradeoff formulation can be
maximized is denoted by’;, and normalization values are
Weg o and Yeco. ReplacingProm i in (25) with Piorme2, we
have (27). By using (26), it reduces to
1—w
\I/EE,Q(il)APnormECl

= _ € < 0.

Us'
EC?

B=P;
Pnorm:Pnurm,l +APn0rm

(28)

From Theorem2, we know thatU5 strictly decreases with
the average transmit power until reaching the minimum, then
becomes a monotonically increasing function. Therefd8) (
means that/5 with a larger Phorm decreases aP; and has
not reached its minimum yet, which meaR$ must be bigger
than Pf. It is easy to prove that the average optimal power
monotonically decreases with,, which is omitted here. This
completes the proof ofemmas3.
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