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Energy-Efficient Optimization for HARQ Schemes
over Time-Correlated Fading Channels

Zheng Shi, Shaodan Ma, Guanghua Yang, and Mohamed-Slim Alouini

Abstract—Energy efficiency of three common hybrid automatic
repeat request (HARQ) schemes including Type Il HARQ, HARQ
with chase combining (HARQ-CC) and HARQ with incremental
redundancy (HARQ-IR), is analyzed and joint power allocation
and rate selection to maximize the energy efficiency is investigated
in this paper. Unlike prior literature, time-correlated fading
channels is considered and two widely concerned quality of
service (QoS) constraints, i.e., outage and goodput constraints,
are also considered in the optimization, which further differen-
tiates this work from prior ones. Using a unified expression of
asymptotic outage probabilities, optimal transmission powers and
optimal rate are derived in closed-forms to maximize the energy
efficiency while satisfying the QoS constraints. These closed-form
solutions then enable a thorough analysis of the maximal energy
efficiencies of various HARQ schemes. It is revealed that with
low outage constraint, the maximal energy efficiency achieved by
Type I HARQ is ﬁiz bits/J, while HARQ-CC and HARQ-IR
can achieve the same maximal energy efficiency as 1> bits/J
where K., = 1.6617. Moreover, time correlation in the fading
channels has a negative impact on the energy efficiency, while
large maximal allowable number of transmissions is favorable
for the improvement of energy efficiency. The effectiveness of the
energy-efficient optimization is verified by extensive simulations
and the results also show that HARQ-CC can achieve the best
tradeoff between energy efficiency and spectral efficiency among
the three HARQ schemes.

Index Terms—Energy efficiency, time-correlated fading chan-
nels, hybrid automatic repeat request, power allocation and rate
selection.

I. INTRODUCTION

HE past few years have witnessed an explosive growth in
wireless data traffic and the number of mobile terminals.
We are therefore obliged to continuously enhance the spec-
tral/energy efficiency of wireless communication systems to
meet the ever-increasing demand. Towards this end, adaptive
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modulation and coding (AMC) and hybrid automatic repeat
request (HARQ) are recognized as two promising techniques
so far [1], [2]. In particular, AMC is an efficient physical-
layer technique that adapts the modulation type, the transmis-
sion rate and even the transmission power to channel state
information (CSI) available at the transmitter [3]. However,
with only statistical or limited CSI at the transmitter, HARQ
turns out to be more efficient to offer higher throughput
and/or lower outage probability with the aid of multiple
transmissions adaptive to channel conditions [4]. Specifically,
HARQ enables reliable and robust data transmissions through
leveraging forward error correction at the physical layer as
well as automatic repeat request at the link layer. Generally,
HARQ techniques are classified into three types based on
the encoding and decoding operations at the transceivers, i.e.,
Type I HARQ, HARQ with chase combining (HARQ-CC)
and HARQ with incremental redundancy (HARQ-IR) [5]. The
key difference among them is that Type I HARQ discards the
erroneously received sub-codewords and performs memoryless
decoding at the receiver, whereas HARQ-CC and HARQ-IR
utilize the erroneous sub-codewords for subsequent decoding
through chase combining and code combining, respectively.
They provide various tradeoffs between performance and
complexity and have a wide range of applications in wireless
communications.

To further boost the performance of HARQ schemes when
statistical/limited CSI is available, optimal design of HARQ
system has sparked of considerable research interests lately.
The majority of the optimal designs in the literature aim to
maximize the spectral efficiency which is commonly quantified
by long-term average throughput (LTAT) [6]-[14]. For exam-
ple, cooperative HARQ scheme is investigated and optimal
rate and transmission powers are found to maximize the
LTAT through numerical search in [6]. Noticing no closed-
form solution and heavy computational overhead in [6], two
suboptimal algorithms are then proposed for rate selection
in [7] to substantially reduce the computational complexity
while guaranteeing a comparable performance to the globally
optimal solution. By deriving the throughput using Laplace
transform, a parameterization-based method is developed to
find the optimal rate in (semi-)closed-form to maximize the
throughput for various HARQ schemes in [10]. Moreover,
when outdated CSI is available at the transmitter, the optimal
transmission rate to maximize the LTAT of HARQ-IR is found
by using dynamic programming in [12]. Numerical results
demonstrate that a notable throughput gain can be achieved
by this optimal design.

Apart from spectral efficiency, there is another performance
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metric which becomes of increasing concern in wireless com-
munications, that is, energy efficiency [14]-[23]. It is partic-
ularly important in energy limited networks, e.g., internet-of-
things (IoT) networks. However, there are very few optimal
designs aiming at energy efficiency maximization in the litera-
ture. Specifically, in [16], three optimum schemes are proposed
to achieve various tradeoffs between the energy efficiency
and the spectral efficiency for Type I HARQ under quasi-
static fading channels. A fixed power transmission scheme
is proposed to maximize the energy efficiency of HARQ-IR
under independent fading channels and the optimal power is
found numerically in [14]. On the other hand, it is revealed
in [17], [18] that the maximal achievable energy efficiency of
Type I HARQ is ﬁ bits/J, while HARQ-CC and HARQ-IR
can achieve the same maximal energy efficiency as ﬁ bits/J.
Unfortunately, these prior analyses and optimal designs rarely
consider quality of service (QoS) constraints (e.g., outage
probability and throughput constraints) while maximizing the
energy efficiency. Such QoS constraints are practical and
usually should be satisfied for practical applications. They
would definitely deteriorate the energy efficiency due to the
shrinking of the feasible region in the optimization. Moreover,
all the energy-efficient designs are applicable to either quasi-
static fading channels or independent fading channels, but not
optimal to time-correlated fading channels which usually occur
in low-to-medium mobility environments [24], [25]. Time-
correlation among fading channels usually causes negative
impacts on the system performance, and it has been intensively
studied for various systems in the literature. Specifically,
the performance of HARQ-IR over time-correlated Rayleigh
fading channels is investigated in [26] through polynomial
fitting technique. The analytical results are further extended
to cooperative HARQ-IR over time-correlated Nakagami-m
fading channels in [27]. Most of prior works are conducted for
the analysis of either outage probability or spectral efficiency.
To our best knowledge, analysis of energy-efficiency and its
optimization for HARQ schemes over time-correlated fading
channels has not been discussed and solved yet.

Here we thus take a step further to investigate energy-
efficient optimization for various HARQ schemes over time-
correlated fading channels with QoS constraints, particularly, a
tolerable outage constraint and a minimum goodput constraint.
A joint power allocation and rate selection scheme is develope-
d to maximize the energy efficiency while satisfying the QoS
constraints. With a unified expression of asymptotic outage
probabilities, the optimal transmission powers and rates for
the three common HARQ schemes including Type I HARQ,
HARQ-CC and HARQ-IR are derived in closed-forms. The
closed-form optimal solutions then enable a thorough analysis
of the maximum energy efficiency when time-correlated fading
channels and QoS constraints are considered. It is found
that the channel time correlation has a negative impact on
the energy efficiency, while large maximal allowable number
of transmissions is beneficial to the energy efficiency. More
importantly, it is revealed that with low outage constraint, the
maximal energy efficiency of Type I HARQ is ﬁ bits/J,
while both HARQ-CC and HARQ-IR can achieve a maximal

energy efficiency of ;i bits/J] where ko, = 1.6617. Noticing

that the maximization of the energy efficiency and the spectral
efficiency are generally two conflicting goals, the tradeoff
between the spectral efficiency and the energy efficiency
is also discussed. Numerical results finally demonstrate the
effectiveness of our energy-efficient optimization and show
that HARQ-CC in fact can achieve a better tradeoff between
the energy efficiency and the spectral efficiency than Type I
HARQ and HARQ-IR.

The rest of this paper is organized as follows. Section II
introduces the system model. An energy-efficient optimization
is then proposed for the three HARQ schemes and the optimal
transmission powers are found in closed-form in Section III.
In Section IV, the optimal rates are derived in closed-form for
three HARQ schemes and their corresponding optimal energy
efficiencies are thoroughly analyzed. Section V presents the
numerical results for verification and investigates the tradeoff
between the energy efficiency and the spectral efficiency of
our design. Finally, Section VI concludes this paper.

II. SYSTEM MODEL

This paper considers a point-to-point wireless communi-
cation system with HARQ transmissions. Following HARQ
protocol, the source first encodes N, information bits into a
mother codeword of length LN, where L denotes the maxi-
mal allowable number of transmissions. The codeword is then
punctured into L sub-codewords, each with the same length
N. These sub-codewords are sequentially transmitted to the
destination through multiple rounds. Notice that in Type I
HARQ and HARQ-CC, the same sub-codeword is transmitted
in each HARQ round, while in HARQ-IR a different sub-
codeword with new parity bits is transmitted in each HARQ
round [8]. For all the three HARQ schemes, the received signal
y; in the /th HARQ round at the destination can be unified as

YZ:vPlthl+Zl, l:1;27"'7La (1)

where x; denotes a sub-codeword with length of N, and each
symbol of x; follows Gaussian distribution with unit average
energy, i.e., E{x;Tx;} = N,; P, stands for the transmission
power in the Ith HARQ round; z; denotes complex Gaussian
white noise vector whose elements have zero mean and unit
variance; and h; represents Rayleigh fading channel coefficient
in the /th HARQ round. Under low-to-medium mobility envi-
ronments, wireless communications usually experiences time-
correlated block-fading channels. To accommodate this chan-
nel time correlation, a widely used time-correlated Rayleigh
fading channel model given in [24] is adopted here

b= o0 (VT= 200+ 7o), 1=1,2,0 L, @)

where p and 0;? denote time correlation coefficient and the
variance of h;, respectively; and bg, b1, -, bz follow inde-
pendent circularly-symmetric complex Gaussian distribution
with zero mean and unit variance, i.e., ho, h; ~ CA (0, 1). This
model is general and covers quasi-static fading channels (i.e.,
fully correlated fading channels where hy = hy = --- = hp
) and fast fading channels (i.e., independent fading channels
where hi, ho, ---, hy are independent) as special cases with
p = 1 and p = 0, respectively. In particular, it is worth
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highlighting that the fixed-rate HARQ-IR is considered in this
paper for the sake of simplicity and fair comparison, that is, the
length of each sub-codeword delivered in HARQ-IR scheme
keeps fixed throughout HARQ rounds. Hereby, as the length
of each sub-codeword is N, for all the HARQ schemes, the
initial transmission rate that denotes the data transmission rate
in the first HARQ round is R =

It is assumed that perfect instantaneous CSI is available
at the receiver, but only the statistical CSI is available at
the transmitter. To boost the communication performance, the
transmission powers P, --- , Pr, and the transmission rate R
should be properly designed by using the statistical CSI at the
transmitter. In this paper, energy efficiency is concerned and
our design objective is to maximize the energy efficiency under
QoS constraints by jointly optimizing transmission powers
and rate. Since the energy efficiency and QoS constraints are
generally defined based on the most fundamental performance
metric, i.e., outage probability, it is discussed first in the
following. For HARQ schemes, an outage event happens when
the destination fails to decode the message after L transmis-
sions. Here three common HARQ schemes are particularly
discussed: Type I HARQ, HARQ-CC and HARQ-IR. They
are differentiated by their encoding and decoding operations
at the transceiver. Specifically, Type I HARQ only takes the
received signal in the latest round for decoding, HARQ-CC
adopts maximum ratio combining of the received signals in
multiple rounds for joint decoding, while HARQ-IR adopts
code combining of the received signals in multiple rounds for
joint decoding. Therefore the outage probabilities of the three
HARQ schemes are different and given respectively as (3)
at the top of this page [5]. The outage probabilities of the
three HARQ schemes under time-correlated fading channels
have been derived in [28]-[30]. However, their expressions are
too complex and involve complicated special functions, which
provide little insights and hinder the optimal design based on
them. Fortunately, by assuming Gaussian codes and typical set
decoding [5], the asymptotic outage probabilities of Type I
HARQ and HARQ-CC under time-correlated Rayleigh fading
channels have been exactly derived in simple forms in [28],
[29], respectively, while the asymptotic outage probability of
HARQ-IR has been exactly derived in closed-form in [30]. It
has been shown that the asymptotic outage probabilities match
well with the exact outage probabilities under low outage
region or high SNR. They can be unified as

L —1
Pout,L. ~ L (H Pk> , )
k=1

tL)

where Doy 0 = 1 if B > 0 and poyue,0 = 0 otherwise, “~
stands for the asymptotically equal operator, and ¢;, changes
among various HARQ schemes and is explicitly given by

(28 —1)", Typel—HARQ

_ ) a(2R-1)*
oL %’ HARQ — CC ®)
sLgr (R), HARQ — IR,
where ¢g = 1 if R > 0 and ¢ = 0 otherwise. In (5),

I'(-) denotes Gamma function, ¢;, quantifies the impact of

(IILI(L p))’
¢(L, p) particularly quantifies the impact of kﬁme correlation

with
2(k 1) L
t(L, 1+Z p2(k=1) H(l_
and £ (0,p) = 1. Hence ¢y = 1. Moreover, in (5), if R =0
and L = 0, (2f — 1)L = 0 by convention, and g7, (R) is given
by

time-correlated fading channels, i.e., ¢;, = in which

P,

1 a-+ico 2Rs
R)=— —ds
9z () 211 Ja—ioo s(s —1*
L (RIn 2)L k-1
= + 2R ~
Z (L—k-1)" ™

with i = /=1, a > 1 and go (0) = 0. The unified asymptotic
outage probability in (4) not only provides clear insights but
also enables optimal design of the transmission powers and
transmission rate analytically to achieve various objectives. It
will lead to closed-form optimal solutions and is adopted here
for our optimal design. From the simulation results shown
later, the optimal design based on the asymptotic outage
probabilities can achieve similar performance to that based on
the exact outage probabilities through numerical search, but
with much lower complexity.

III. ENERGY-EFFICIENT OPTIMIZATION

As defined in [14], [15], energy efficiency quantifies the

amount of successfully delivered information per unit energy.
Specifically, for HARQ schemes with maximum L transmis-
sions, based on the renewal-reward theorem [31], the energy
efficiency 7y, can be written as the ratio of the average number
of correctly received bits N, = N (1 — Dout,1.) to the average
amount of energy used £ = Zlepout’l,lPlE{xlTxl} =
Ns Zlel pout,lflpl, i-e-,
Ny Ny (L—pour,) Ty
m=T =T NP P ®
where P = ZzL:1 Dout,i—1 P, is the average total transmission
power and T, = R(1 — pout,1.). It is worth noting that 7, is
frequently termed as the goodput/effecitve rate, which is an
important performance metric to evaluate the throughput of
HARQ schemes [32], [33]. As pointed out in [32], the goodput
denotes the number of bits successfully delivered per packet
transmission. It is asymptotically equivalent to the spectral
efficiency under high SNR. Notice that the spectral efficiency
denotes the average number of successfully delivered bits per
channel use and its definition will be given later.

With statistical CSI at the transmitter, the transmission pow-
ers Pp,--- , P, and the transmission rate R could be optimally
designed to maximize the energy efficiency 7z. In the liter-
ature, some optimal/sub-optimal designs have been proposed
for HARQ schemes [14], [16]. Unfortunately, most of them
are applicable for independent fading channels and rarely
consider QoS constraints. Considering the wide occurrences
of time-correlated fading channels and QoS requirements in
practice, we take a step forward to incorporate both of them in
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Pr (log, 1+max(P1|h1|2,P2|h2|2,.--,PL\hLF)) gR), Type I — HARQ

Pout, L. =

Pr (log, (14X, Pll|*) < R),
Pr (S logy (1+ Allf*) < R

HARQ — CC 3)
, HARQ — IR.

the energy-efficient optimization. Two widely concerned QoS
constraints are particularly considered here. One is the outage
constraint, i.e., poys,r, < €, and the other is minimum goodput
constraint ', i.e., Tyq > To. With these QoS constraints, the
optimum design of transmission powers and transmission rate
to maximize the energy efficiency can be formulated as

b F

subjectto  pour,r <€
TET ©
P >0, 1<I<LL
R >0,

where ¢ and 7; denote the maximal allowable outage prob-
ability and the minimum required goodput, respectively. It
is clear that (9) is a fractional programming problem. Due
to the complicated expressions of the energy efficiency and
outage probability under time-correlated fading channels, the
optimal design is very challenging and it is difficult to find
the optimal solution directly. But by introducing an auxiliary
variable oo = poyt,1, (target outage probability), the fractional
programming problem can be reformulated as
R(l—a)
ProPrRia P
subjectto  pout,r = @
0<a<e
Rl-—a)>To
P,>0, 1<I<L
R >0,

(10)

which can be further decomposed into three subproblems
equivalently with regard to transmission powers Py, --- , Pr,
target outage probability o and transmission rate R, respec-
tively [34, Eqgs.11-13]. It should be noted that this equivalent
decomposition holds without the necessity of any conditions.
They can be solved individually in closed-forms in the follow-

ing.

A. Optimal Power Allocation

Given the transmission rate R and the target outage prob-
ability «, the problem in (10) reduces to the design of the
transmission powers as

min P
Py, Pr
subjectto  pout,r, =

P >0,1<l<L.

(1)

The goodput constraint is asymptotically equivalent to the spectral ef-
ficiency constraint [32]. Since the goodput expression is simpler than the
spectral efficiency, the consideration of goodput constraint will simplify the
optimization and lead to close-form solution without loss of the practical
significance.

This optimization problem is similar to the power alloca-
tion problem in [29], except that the equality outage con-
straint p,,., 7, = o is changed as inequality outage constraint
Dout,r. < «. It has been proved in [29] that the minimal average
total transmission power with inequality outage constraint is
achieved at the outage boundary, i.e., poys, 1, = o Therefore,
the closed-form optimal power solution in [29] is applicable
to our power design problem in (11). Specifically, as shown
in [29], the optimal powers are given as functions of the

transmission rate R and target outage probability « as
1—-k 21‘771
L 2°~ 2L 1
ou 11 (%)
Pi= k:2_ 7

9L 1a¢ L1

(12)

* L 2¢k—1 2 *21_1‘
rr=11 (5 —) »° . 1<i<L-1 (3

k=Il+1 ¢k72

and the minimal average total transmission power P* can be
obtained in a simple form as

@ mt)a T (B e T
P* = .
9T2=T 2 kl;[l <¢k1>

Clearly from (12), (13) and (14), the decrease of the target
outage probability o will lead to the increase of transmission
powers P and then the increase of the minimal average
total transmission power P*. In addition, it can be found that
the minimal average total transmission power P* becomes
irrelevant to the target outage probability o when L — oo.

(14)

B. Optimal Outage Probability

Now putting the optimal powers (12) and (13) into the
original optimization problem (10), the original problem can
be reduced to the optimization of two variables of the trans-
mission rate R and target outage probability o as

max R(l-a)

R,« P

subjectto 0<a<e (15)
R(l—a)>T;
R >0.

With (14), the objective function of (15) can be rewritten as

L
921-2-L —2

R(l_i @) = (1- a)arlfl i —.
P* (2L - 1) ~——— /L 9—k\ 1-2-T
EL= () )
2y fmp PR

(16)
It is clear that the target outage probability is only involved
in the term f («) in (16). When given the transmission rate
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R, the problem in (15) is equivalent to the following target
outage probability optimization as

max f (@)
subjectto 0<a<e¢ 17
R(1—a)>Ts,

whose feasibility and optimal solution can be found in the
following theorem.

Theorem 1. The optimization problem (17) is infeasible when
R < 7y. When R > ’76, the optimal target outage probability
is a* = min {e,1 — 22,271} and the optimal f (o*) can be

written as
f(a) = ?(1—2) (v@-70-x (- 25))
+(1—-A)A% ( 76A> , (18)

A = min {e,27L}, and x(t) is an indicator

where ¢ =
function as

2L 1’

0 t<O0
w={ 7150 19)
Proof: Please see Appendix A. ]

C. Optimal Rate Selection

After determining the optimal target outage probability o*
and considering the feasible region of R > 7 in Theorem 1,
the energy-efficient optimization in (15) is finally reduced to
the optimal rate selection as

m}%x nL = 1/’f (Oé* L . 2—k H%L
(kl;ll (¢k—1) )
subjectto R > 7.

Plugging (18) into (20), although the optimal transmission
rate R* can be computed numerically through one dimensional
search, it is lacking of clear insights. In this paper, we aim to
derive the optimal rate in closed-form and extract clear insights
for energy-efficient optimization. Since ¢ in the objective
function depends on the transmission rate R as shown in (5)
and changes among different HARQ schemes, the optimal rate
selection for various HARQ schemes should be investigated
individually and will be discussed one by one in the next
section.

(20)

IV. OPTIMAL RATE AND OPTIMAL ENERGY EFFICIENCY
A. Type I HARQ

1) Optimal Rate: Putting (5) into the objective function in
(20), the energy efficiency of Type I HARQ can be written as

o, J(@)R
L — weLﬁ7 (21)
where
L 2~k I—Z%L
(H (ck 1> )
k=1
L 2~k 17;—L
(k, p) ok ) )
. (22)
<1£( (k—1,p)

Substituting (18) into (21) yields

771L:7/)9LT7<1_%)C X(R—"7To) —x|R— T
’ 079r 1 0 1I-A
R To
1—A)A° — . 2
+ 01— A) 2R_1X<R 1_A> (23)
From (23), we can see that when R > J—OA, the first

term is zero and the energy efficiency reduces to 1y =
Yo (1 —A)AczR 7 which is a decreasing function of R.
Moreover, the energy efficiency 7y, is continuous in the
domain of R > 7j. Therefore, considering the constraint of
R > 7 in (20), we can conclude that the optimal rate R* to
achieve the maximal energy efficiency should lie within the

range of QTTO, 17_——%}

. In this range, the second term in (23) is

zero and the energy efficiency can be simplified as
(1-%)
n,L = ¢9L76ﬁ~ (24

Then the problem of rate selection in (20) is equivalent to a
minimization problem as

®(R) =
subject to Ty

. R _
mén (2

(25)

The optimal solution to (25) can be found in closed-form and
is shown in the following theorem.

Theorem 2. The optimal rate to maximize the energy efficien-
cy while guaranteeing the outage and goodput performance
for Type I HARQ is

* . T 1
R —mm{l_A,go (0)},
where @~' denotes the inverse function with respect to
¢(R) = n(2)R(R—To) 2% — ¢To (2% — 1) and ¢~ *(0)
refers to the zero point of o(R). When ¢ > 2L, the optimal
transmission rate reduces to R* = ¢~1(0).

(26)

Proof: Please see Appendix B. [ ]
It is noteworthy that the zero point ¢ ~1(0) can be easily
computed since @ (R) is an increasing function of R within
the range of (7, o).
2) Optimal Energy Efficiency: Putting the optimal rate (26)
into (24), the optimal energy efficiency of Type I HARQ can
be obtained as

0=

R*¢ (2R — 1)

As aforementioned, the maximal energy efficiency of
HARQ schemes over independent Rayleigh fading channels
without QoS constraints has been studied in [18]. It has
been proved that the maximal energy efficiency of Type I
HARQ operating over independent Rayleigh fading channels
without QoS constraints is ﬁ From (27), we can see
that channel time correlation wilf affect the optimal energy
efficiency through the term 6. As proved in Appendix C, 6y, is
a decreasing function of time correlation coefficient p. In other
words, channel time correlation has a negative impact on the
optimal energy efficiency and time-correlated fading channels

771 L =%0.To 27
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provide lower energy efficiency than time independent fading
channels with p = 0. We thus can expect that the maximal
energy efficiency of Type I HARQ over time-correlated fading
channels with QoS constraints will be lower than and
will be investigated here.

To proceed with the investigation, we first analyze the
monotonic property of the optimal energy efficiency with
respect to the maximal number of transmissions L. From the
original energy efficiency maximization problem in (9), we
can find the following property.

_1
eln(2)

Property 1. The optimal energy efficiencies of all the three
HARQ schemes are non-decreasing functions of the maximal
number of transmissions L and nj < Llim L. 2 pr.

—00

Proof: Please see Appendix D. [ |
Notice that this property is applicable to all the three HARQ
schemes. For Type I HARQ scheme, the maximal energy
efficiency is thus achieved when L — oo and is denoted as
17,00 Which can be found as shown in the following theorem.

Theorem 3. Under time-correlated Rayleigh fading channels,
the optimal energy efficiency of Type I HARQ with outage and
goodput constraints is upper bounded by

0 To

ML < Moo = 127 — 1) (28)

where 0o, = hm 01, exists. The maximal energy efficiency

N .o IS @ decreasmg function of the goodput threshold T.
Partlcularly, for Rayleigh fading channels with unit channel
gains as 012 = -+ =012 = 1, 05 < 1 and the maximal
energy efficiency of Type I HARQ with outage and goodput
constraints satisfies

o 0T < lim To L 2, max
Moo = 4% 1) = ms04(2% —1)  4ln(z) e
(29)
Proof: Please see Appendix E. [ |

It means that when QoS constraints are considered, the
maximal energy efficiency which can be achieved by Type
I HARQ is ﬁ@)

B. HARQ-CC

1) Optimal Rate: Similarly to Section IV-A, with the opti-
mal powers Py, --- , Pf, the optimal target outage probability
o® and the definition in (5), the energy efficiency of HARQ-
CC in (20) can be rewritten as

fla®) R

1
neo,L =kt YOL T, (30)

where Ky = H£:1 K27 Noticing that the only difference
1
between (21) and (30) is at an additional term kg 1-2-*
involved in (30) and this term is irrelevant to the transmission
rate, the optimal transmission rate R* of HARQ-CC can thus
be derived as the same as that for Type I HARQ shown in

(26) in Theorem 2.

2) Optimal Energy Efficiency: Accordingly, the optimal
energy efficiency of HARQ-CC can be written as

1
Nee, = KL =270y g €19

Since k1, > 1, it thus reveals that HARQ-CC surpasses Type I
HARQ in terms of the optimal energy efficiency, i.e., ¢ >
1.1

Moreover, based on Property 1 and Theorem 3, it is easy
to get the following result of maximal energy efficiency of
HARQ-CC.

Theorem 4. Under time-correlated Rayleigh fading channels,
the optimal energy efficiency of HARQ-CC with outage and
goodput constraints is upper bounded by

X . KooBooTo
Neo,r < NcC,co = 127 — 1) (32)

where koo = lim Kk =~ 1.6617 as proved in Appendix F.

L
Farticularly, for_)ROcozyleigh fading channels with unit channel
gains as 012 = --- 2 =1, 0 <1 and the maximal
energy efficiency of HARQ-CC with outage and goodput

constraints satisfies

FoobooTo
4(270 — 1)

= 0y,

Koo To

Roo A
11m =
T To—04 (27—0 -1

T 4ln2)

max

CC,00*
(33)

E3
Nec,co =

In other words, when QoS constraints are considered, the
maximal energy efficiency of HARQ-CC is #0("2) which is
higher than that of Type I HARQ.

C. HARQ-IR

1) Optimal Rate: Putting (5) into (20) yields the energy
efficiency of HARQ-IR as
a* )R
Nir,L = YO, J (o) i
gk (R)

(ft (o)™ ™"

Substituting (18) into (34), it becomes

6
- St (r-m-x(r- 7))
PO (1 — A)AC To
+ 1;LX<R— 1A>, (35)

(11 @wy)

k=1

(34)

NIR,L

and

I 9=k Hﬁ
w20~ (20)”)
k=1

o (R) = % When R > 72, the first term in
(35) is zero and the energy efficiency reduces as n;r, =
wOL(=MAT  Ag proved in Appendix G that G, (R)
(1 @)
is a monotonically increasing function of R. Thus when
R > JT’ Nrr,. 1s a decreasing function of R. Together
with the continuity of 7nrr ;, at the point R = 7—0 and the
constraint of R > 7 in (20), we can conclude that the optimal
rate to achieve the maximal energy efficiency of HARQ-IR is
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located within the range of (76, J—OA} Accordingly, when

To<R< 17_—0A, the energy efficiency 7;g,;, can be simplified
as

Y870
== 36
MRL =y (R) (36)
Then the rate selection problem in (20) is equivalent to
min A(R)
R (37

subjectto To < R < 17_—0A.

Due to the complicated form of A (R), it is difficult to
derive a closed-form solution for the optimal transmission
rate. Fortunately, after analyzing the function A (R), we find
a special property of A (R) in the following.

Property 2. The function A (R) is bounded by

o—1_o—L -1

(1n(2) 57 kT (@ (R) T < A(R)
9—1_o—L a1 51
<(n(2) =277 kp 2 (w (R))127F, (38)
where w (R) = (R — 76)_27“r1 (28 -1) R
Proof: Please see Appendix H. ]

With these bounds and Intermediate Value Theorem [35,
Theorem 4.23], A (R) can be rewritten as

o—1_o—L o—1
A(R) = (In(2)) 1277 ((@w (R))=7", (39)
where ( is bounded as
N _ 271
kp 2P < (< kLo R (40)

Based on (39), the optimization problem (37) can be rewritten

as = ()

subjectto To < R <

min
R

(41)

T
T-A"

Following a similar proof as that for Theorem 2, the optimal
solution to (41) can be derived by using KKT conditions, as
given in the following theorem.

Theorem 5. The optimal rate to the problem in (41) is

e { B 10
where. T(R) = (R—To)(2fm(2)R+2%~-1) —
2-L+1 (2R—1)R and Y~1(0) refers to the zero point
of Y(R). When ¢ > 27L, the optimal transmission rate
reduces to R* = T~1(0).

(42)

The proof is omitted here to avoid redundancy. Notice that
the zero point Y~1(0) can be easily found since YT(R) is an
increasing function with respect to R.

2) Optimal Energy Efficiency: With the definition of A (R),
the energy efficiency of HARQ-IR in (36) can be written as

PO To 1 43)

_of L 2=k\ 1-2=L
-5 (11 (25)" )

k=1

NIR,L =

As proved in Appendix I, we have the following inequality
g (R) 2R —1
g1 (R) — Kk
Applying this inequality to (43) yields

(44)

L & 1—2—-L c
(Hk2> WOLTo(1 - )

1 1— To)¢
=gpt-27" ¢9L76(2377R1) =nce,L-

(45)
It means that HARQ-IR outperforms HARQ-CC in terms of
energy efficiency. Moreover, the optimal energy efficiency of
HARQ-IR is also higher than or equal to that of HARQ-CC,
ie., n}R,L > TIE*C,L-

Now putting the optimal rate (42) into (39) and then (36)
together with the bounds of ¢ in (40), the optimal energy
efficiency of HARQ-IR is bounded as

2—1 1

oy gl * T %
KL-1'"2""Npp S Nirr S KL TR (40)

where

o—1_o—L -1

finr = w0 To(In (2) " 5 7 (w (R)) TEE.

Combining (46) with the inequality 07, , > n&c . the
optimal energy efficiency of HARQ-IR is consequently found
to be bounded by

(47)

2=t 1
max {HL—l =2 E iR L n*cc,L} <nirr <KL TR L
(48)
When the number of transmissions approaches infinity, i.e.,
L — oo, the following bounds also hold

max{\/ Kfoofl;R,oo’né'Cpo} < W;R,oo < Hooﬁ;R,oov (49)

where 7 o, has been given in Theorem 4, and 775 ., 1S
defined as 7} . = Llim Nir  and can be further derived
; Tyoo MR,
from (47) as
ﬁ;R,oo
2—1_op—L
= lim 90, Tp(In(2) ="
L—oo

—1

< (R =70) (27 —1) R*)_lfTL

= iy (0 )

(50)
In (50), the last equality follows based on the limit result
lim ¢ = i.
L—o00

When L — oo, the inequality € > 2—L would hold. Based
on Theorem 5, the optimal transmission rate is R* = Y ~1(0)
and thus Y(R*) = 0 which can be rewritten as

9—L+1 (2R* _ 1) R*
2R In (2) R* + 27" — 17

R =T+ (51)
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Meanwhile, noticing that the optimal rate R* is bounded as
To < B* < {5 A =min{z 27"} and lim A =0, it
follows by using squeeze theorem that hm R* = Ty. With

this limit and plugging (51) into (50), it ylelds
ﬁ;R,oo

~ s (o ) ) T e

-1

—To)

Comparing the results in Theorems 4 and 6, we can
conclude that HARQ-CC and HARQ IR can reach the same

maximal energy efficiency of 41n(2)

V. NUMERICAL RESULTS AND DISCUSSIONS

The performance of our proposed energy-efficient optimiza-

T;gon is tested and the impact of various parameters is discussed

in this section. Unless otherwise stated, the results are provided

,—rover time-correlated Rayleigh fading channels with time cor-

B 000 7—0 i 27L+1 (2R* o 1) R*
T4\ m@) % D) S 2R m (@) R 2k 1
0 To

T4\ m(2) @27 1) (52)

Plugging (32) and (52) into (49), it then follows that

{eoo 50076 '%ooooo% } *
max { — < MR,

4 \/m(2) 2% —1)" 1427 — 1)

Kooloo To
ST \m@er o1

(53)

Clearly, both the lower and upper bounds of 7jp ., in (53)
are decreasing functions of the the goodput threshold 7g. In
addition, the following inequality of their limits holds

Hoo Iioooo lim T
754»0 276 —»1 734»0 270 — 1

Fooloo To
< 1 < lim . (54
1m 771Roo— n(2) 76—>027_071 (54)
Noticing that hm QTOT = ﬁ, we have
V Kooloo  Kooloo FKooloo
+—— < lim . (55
max{ 1n@)  An@) | = A8 R S gy 69
Since Ko, > 1 and using squeeze theorem, it follows
Kool
i 7 ===, 56
Tomso TR = 41n(2) 0

Summarizing the results in (53), (56) and Property 1 finally
leads to the following result of the optimal energy efficiency
of HARQ-IR.

Theorem 6. Under time-correlated Rayleigh fading channels,
the optimal energy efficiency of HARQ-IR with outage and
goodput constraints is upper bounded by

* * Kooloo To
< < .
nIR,L —= TIIR,OO —= 4 1H(2) (27’0 1)

(57)

FParticularly, for Rayleigh fading channels with unit channel
gains 012 =---=012=1, 0 <1 and the maximal energy
efficiency of HARQ-IR with outage and goodput constraints
follows

. < Koolso To Koo
NIR,00 = 4

@) @ 1) = Zin() e
(58)
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) 1—2felation p = 0.5 and unit channel gains 012 = --- = 0.2 = 1.

A. Numerical Verification

In our design, asymptotic outage probability is adopted
to enable the derivation of closed-form solutions for the
optimal transmission powers and the optimal rate. To validate
the correctness of our design, the optimal energy efficiency
achieved by our design is compared with that achieved through
numerical exhaustive search based on the exact outage prob-
abilities derived in [28]-[30]. The results versus the outage
tolerance ¢ and the minimum goodput requirement 7, are
shown in Figs. 1 and 2, respectively. It is readily observed
from Fig. 1 that there is an excellent match between the
optimal energy efficiencies based on the asymptotic and the
exact outage probabilities when ¢ < 1072, because the outage
probability can be well approximated by the asymptotic outage
probability (4) under a low outage (or high SNR). This result
demonstrates that the effectiveness of the proposed close-
form solution holds true when outage constraint is strict, i.e.,
the allowable outage probability is small, which is usually
true in practical applications since the high QoS is generally
required in practice. The effectiveness of our design is further
demonstrated by the results in Fig. 2 where the optimal energy
efficiency achieved by our design coincides well with that
achieved based on the exact outage probability no matter how
large the minimum goodput. Moreover, it is also shown in Fig.
1 that the optimal energy efficiency 77 is an increasing func-
tion of €. For instance, n7 of HARQ-IR scheme is increased
by about 0.15 bits/J when the outage tolerance is relaxed from
1072 to 10~ 1. However, as shown in Fig. 2, the optimal energy
efficiency decreases with the increase of the minimum goodput
requirement 7y, which verifies our result that the maximal
energy efficiency is achieved when no goodput constraint is
considered, i.e., 7o — 0. In addition, both Figs. 1 and 2
show that HARQ-IR performs the best in terms of optimal
energy efficiency, while Type I HARQ provides the worst
performance without exploiting the erroneously received sub-
codewords.

To further demonstrate the superiority of our design, our
energy-efficient design is compared with uniform power de-
sign and their optimal energy efficiencies are shown in Fig.
3. Notice that in the uniform power design, the transmission
powers at different HARQ rounds are set equal, i.e., P, =

- = P;, = P, and the transmission power P and the rate are
then optimally chosen to maximize the energy efficiency under
the same QoS constraints as our design. Clearly, our design can
achieve a significant enhancement of energy efficiency over
the uniform power design under a stringent outage constraint.
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Fig. 1. The optimal energy efficiency versus the outage tolerance with L = 2
and 7o = 2 bps/Hz.
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Fig. 2. The optimal energy efficiency versus the minimum goodput
requirement with L = 2 and € = 1072,

Interestingly, for Type I HARQ, the energy efficiency achieved
by the proposed design converges to that of the uniform power
design under loose outage constraint, i.e., ¢ — 1. However,
there is a non-negligible gap between the energy efficiencies
of the proposed design and the uniform power design for both
HARQ-CC and HARQ-IR. This is due to the fact that the
erroneously received packets are directly discarded by Type I
HARQ and thus the previously consumed resources such as
transmission powers are not exploited. To overcome this prob-
lem, both HARQ-CC and HARQ-IR combine the currently
received packet with the erroneously received packets for reuti-
lizing these resources. Particularly for HARQ-CC and HARQ-
IR, the concluded results are totally different from [36], where
the uniform power allocation can offer similar performance as
the optimal solution for spectral efficiency maximization. This
essentially stems from the difference between the energy and
the spectral efficiencies. The energy efficiency is in fact a ratio
of spectral efficiency to the long term average power [37], so
it would be significantly affected by transmission powers. As
opposed to [18, Fig. 3], [36] where the spectral efficiency
maximization is targeted and only a slight spectral efficiency
improvement can be achieved via optimal power allocation, the
adaptation of transmission powers appears to be very crucial
to the energy efficiency maximization.

™

Fig. 3. Comparison of the proposed design with uniform power design for
various HARQ schemes by setting 7o = 2 bps/Hz and L = 5.
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Fig. 4.  The optimal energy efficiency versus the maximal number of
transmissions with 7o = 2 bps/Hz and € = 10~ 4.

B. Impact of System Parameters

To investigate the impact of various system parameters,
the optimal energy efficiency versus the maximal number of
transmissions is shown in Fig. 4. It is clear that the optimal
energy efficiency 77 is an increase function of L and is upper
bounded. The maximal energy efficiency is achieved when
L — oo, which is named as lossless HARQ for convenience.
This is consistent with our analytical results in Theorems
3, 4 and 6. Since the energy efficiency is upper bounded,
when L is large, further increase of the maximal number of
transmission can only contribute a very limited improvement
on the energy efficiency, but it would definitely lead to the
reduction of spectral efficiency since more transmissions are
conducted to convey the same information. Thus there would
exist a tradeoff between the energy efficiency and the spectral
efficiency, which will be particularly discussed later. Herein,
it should be pointed out that 6, is a function of p, and can be
approximated as 67, with high accuracy by choosing L = 20.

To test the effect of the outage tolerance &, the optimal
energy efficiency 1] versus ¢ is plotted in Fig. 5. It is found
that the optimal energy efficiency first increases as € increases
up to 0.06, while it remains constant when ¢ increases further.
This result can be well explained by Theorem 2 and Theorem
5. More precisely, when ¢ > 27L the optimal rate is
independent of the outage tolerance ¢ and thus the optimal
energy efficiency becomes irrelevant to €. In the case of L = 4,
we have 2= = 2% ~ 0.06. Therefore, when ¢ > 0.06, the
optimal energy efficiency would become constant in this case.
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Fig. 5. The optimal energy efficiency versus the outage tolerance with 7o = 2
bps/Hz and L = 4.
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Fig. 6. The optimal energy efficiency versus the minimum goodput
requirement with L = 10 and ¢ = 1072,

The effect of the minimal goodput requirement 7 is then
shown in Fig. 6. It can be seen that the optimal energy
efficiency 7; decreases with the increase of 7. For all
the three HARQ schemes, the maximal energy efficiency is
achieved when 7o — 0. Moreover, HARQ-CC and HARQ-
IR can achieve the same maximal energy efficiency of #72)
when 7y — 0. However, the superiority of HARQ-IR over
HARQ-CC becomes more significant as 7 increases.

The impact of the time correlation p on the optimal energy
efficiency 77 is finally investigated and the results are shown in
Fig. 7. As proved in Appendix C, 6, is a decreasing function
of the time correlation p and thus the time correlation has
a detrimental impact on the energy efficiency. This can be
verified by the results in Fig. 7. It can also been seen that there
is a significant drop of the energy efficiency when p > 0.5,
which is consistent with the result in [38] that time correlation
lower than 0.5 would not lead to a significant performance
degradation.

C. Spectral Efficiency

As defined in [14], [16], spectral efficiency of HARQ
schemes signifies the average number of successfully delivered
bits per channel use (bps/Hz) and is defined as

R(1 - ou
g = B pouet), (59)
1=0 pout,l

p

Fig. 7. Effect of time correlation with L = 5, 7o = 2 bps/Hz and € = 10~4.
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Fig. 8. Spectral and energy efficiencies of various HARQ schemes with
To = 2 bps/Hz and € = 10~%.

Generally, the optimizations of the energy efficiency and the
spectral efficiency are two conflicting goals. This conflict can
be clearly observed from the results of energy and spectral
efficiencies achieved by our design as shown in Fig. 8. It
is shown that the spectral efficiency &; decreases while the
optimal energy efficiency n; increases with the increase of
L and higher energy efficiency is achieved at the cost of
spectral efficiency degradation. In addition, with our energy-
efficient optimization, the HARQ-IR scheme can achieve the
highest energy efficiency but with the lowest spectral efficiency
since our design is targeting at energy efficiency maximization.
Notice that this result is different from that in [5], [9],
[10] where the design objective is to maximize the spectral
efficiency. To further illustrate the tradeoff between the energy
and spectral efficiencies for the three HARQ schemes, the
minimum goodput requirement 7q is varied from 0.5bps/Hz
to 10bps/Hz and the corresponding efficiencies are shown in
Fig. 9. It is clear from Figs. 8 and 9 that HARQ-CC can
always achieve spectral and energy efficiencies in between
those of Type l HARQ and HARQ-IR given the same objective
and constraints for optimization. In other words, HARQ-CC
can achieve a better tradeoff between the energy and spectral
efficiencies than the other schemes given the same objective
and constraints for optimization.

To demonstrate the generality of the above results, a prac-
tical long term evolution (LTE) system with a coding rate
of 1/2 and a modulation scheme of 16QAM is also taken
as an example for simulations. The system level simulation
is conducted by using LTE system toolbox for MATLAB.
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Fig. 9. Tradeoff between the optimal energy efficiency and spectral efficiency
with e = 107% and L = 5.
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Fig. 10. Spectral and energy efficiencies for the three HARQ schemes in
LTE system with a coding rate of 1/2, a modulation scheme of 16QAM,
Ny = 12960 bits and L = 4.

Note that since 7o < R < 11?’A and A is small, 7y can be
approximated as 7p ~ R = 1/2xlog, 16 = 2 bps/Hz. Hereby,
by using the closed-form solution of problem (9) with 7y = 2
bps/Hz, Fig. 10 shows the spectral and the energy efficiencies
of the three HARQ schemes against the outage constraint
under LTE system settings. Similar results can be observed as
Fig. 8, that is, HARQ-CC can strike the best balance between
the energy and the spectral efficiencies.

VI. CONCLUSION

Energy-efficient optimization for HARQ schemes has been
proposed in this paper. Different from the prior designs, widely
occurred time-correlated fading channels and practical QoS
constraints are considered in the optimal design to maximize
the energy efficiency. The optimal transmission powers and
the optimal rate have been derived in closed-forms and have
further enabled the analysis of the maximal energy efficiencies
of various HARQ schemes. It has been found that with low
outage constraint, the maximal energy efficiencies of Type I
HARQ and HARQ-CC/IR are ﬁ bits/J and ;35 bits/J,
respectively. Our numerical results have also shown that the
energy efficiency improvement is achieved in sacrifice of the
spectral efficiency, because the spectral efficiency and the
energy efficiency are two conflicting objectives. In addition,
HARQ-CC can achieve a better tradeoff between the energy
efficiency and the spectral efficiency than Type I HARQ and
HARQ-IR.

APPENDIX A
PROOF OF THEOREM 1

It is clear from (12) that the target outage probability
« should be nonzero, i.e., a # 0. Together with the first
constraint in (17), we have 0 < a < . Further considering
the second constraint B(1 — «) > 7o, the transmission rate
should satisfy R > 7, otherwise the second constraint cannot
be satisfied and the problem (17) is then infeasible. Then the
problem (17) can be reformulated as

f(a)

subjectto 0 < a < min {57 1— %

max
«

(60)

The Lagrangian associated with (60) can be written as

Ly (a,u) = f(a) +u <a—min{€,1— 735)}) —va, (61)

where u and v refer to Lagrange multipliers. The optimal
solution to (60) should satisfy the Karush-Khun-Tucker (KKT)
conditions as

oL
=1 = f'(a*) +u* —v* =0, (62)
00 | (o ur %)
To
| — mi 1—-—= =0 63
U (a min {5, R }) , (63)
via® =0, (64)
0<a* < min{e, — % and u*,v* > 0. Since a* > 0,
(64) implies v* = 0. Substituting v* = 0 into (62) yields
-
* *\ o2t x—1 L
u——f'(a)—ﬁ(a —2). (65)

Note that the Lagrange multiplier u* is either larger than
or equal to 0. Suppose that u* = 0, it follows from (65)
that o* = 27, Combining this with (63) and the constraint
0 < o < min{e,1- %}, we have of = 271 <
min {5, 1-— % . If u* > 0, on the other hand, (63) implies
that @* = min ia, 1— %} Besides, combining u* > 0 with
(65) gives a* ' — 2L > 0 so that o* = min {E, — %} <
2~L. To summarize, the optimal target outage probability is
therefore given by a* = min {5, 1-—- %, 2’L} for R > 7.

By defining A = min {,27 %}, the optimal target outage
probability a* can be rewritten as

*— mi Dl _ (T
« —mln{AJ R}—(l R)x

(X(R—To)—x(R— 112)) +AX<R— IFA),
(66

where x(-) denotes the indicator function as (19). Plugging
(66) into f(a) = (1 — a)a2™ -1 finally leads to (18).
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APPENDIX B
PROOF OF THEOREM 2

The Lagrangian associated with (25) is written as

-
A>, (67)

where v and w represent the Lagrange multipliers. The optimal
solution to (25) should satisfy the KKT conditions as

oL,

Lo (R,v,w) =® (R)+v(To — R)+ (

=9 (R*) —v* +w* =0, (68)
aR (R*,'U*,w*)
v (To — RY) = (69)
* * 76 o
w <R 1_A)_0, (70)

To < R* < 11—% and v*,w* > 0. Herein, the first derivative
of ® (R) with respect to R is

1
R'=¢(R —Ty)
where ¢ (R) =In (2) R (R — To) 2% —cTy (2% — 1). Noticing

To < R*, it follows from (69) that v* = 0. Clearly from (68),
* is thus given by

' (R) = (71)

e (R),

1
R*I*C(R* _ 76)
Note that w* is either larger than or equal to 0. If w* > 0,
it follows from (70) that R* =
) < 0. On the other hand, if w* =0,

following from (72), we have ¢ (R*) = 0. By defining o~ (y)
as the inverse function of ¢, we have R* = »~1(0). Since
R > 7y, the following inequality holds

¢ (R)=1n(2)28 (In(2) R(R—Ty) + 2R —

w'=-9'(R") = — e (R, (72)

have p (R*) = ¢ (

(73)
It means that ¢ (R) is a monotonically increasing function of

the rate R. Together with R* < 1Z—UA, we have ¢ (17_—"A >
@ (R*) = 0. Then the optimal solution R* under the above

two cases can be summarized as
1TOA’ ¥ <1TOA> <0
eH0), o () 2 0.

Noticing that ¢ (R) is an increasing function of R, (74) can
be rewritten as (26).
Clearly from (74), the optimal rate R* is determined by the

. Based on its definition, ¢ ( TOA)

R* = (74)

can be

sign of (
explicitly expressed as

76 B 17:0 A% 17:0 _
¢<1_A)_2 A76<1n(2)(1_A)2+c( 5 1))
(75)
By using the inequality 27" > 1 — x1n 2, we have
To 7o A
> 21- = _ .
(’D<1—A> 2 AToln()l_A<1_A c> (76)

(14+¢)7o) > 0.

When & > 271, A = min{e, 2_L} =271 and the right hand

side of (76) equals to 0 since ¢ = 5 - — - In other words, when

To ) > 0. From (74), the optimal

transmission rate is thus given by R* = ¢~1(0). The proof is
then completed.

e > 27 L,Wehavecp<

APPENDIX C
DECREASING MONOTONICITY OF 6,

From (27), the optimal energy efficiency can be rewritten
as

77? L= Koy, a7

where K = LZJ’E)R(RiTU)) and is independent of p. Accord-

xc(gQR*
ingly, the monotonicity of #; with respect to p is the same
as that of 7y ;. With the same monotonicity, we can prove
the decreasing monotonicity of 6, through the analysis of the
monotonicity of n7 ; as follows.

Specifically, as proved in [30, Lemma 3], the asymptot-
ic outage probability is an increasing function of p. Thus
it follows from (8) that the energy efficiency 77 is a
decreasing function of p. To proceed with the proof, we
assume two distinct time correlation coefficients p; and po
with p; > ps. Denote the optimal solution to the original
problem (9) under the time correlation of p; and the cor-
responding optimal energy efficiency as (P,*,---, P.*, R*)
and 17 1, = n1,0,0 (P17, -+, PL", R¥), respectively. When
the channel time correlation is reduced to ps, the solu-
tion (P*,---,P.*, R*) is still feasible to the problem (9)
since it satisfies all the constraints in (9). With the de-
creasing monotonicity of 7y with respect to p, we have
Mg (P, PLRY) < nppp(P,- P RY).
Moreover, when the time correlation of po is considered, the
optimization in (9) will definitely lead to the optimal energy
efficiency n}7L7p2 not lower than 7717L,p2(P1*7 <o PLY RY),
Le, N7, > NrLps(P1", -+, P, R*). Therefore, we have
Nl.L.ps > NI,L,p,- 1t means that the optimal energy efficien-
cy 7y is a monotonically decreasing function of the time
correlation p. Combining this monotonicity with (77), we can
conclude that 6, is a decreasing functions of p and the proof
is finally completed.

APPENDIX D
PROOF OF PROPERTY 1

Consider two different maximal numbers of transmissions
L, and L, with L; < Ls. We denote the optimal transmis-
sion powers and rate and the corresponding optimal energy
efficiency under the case with maximal L; transmissions
as 8§ = (Pf,---,P; ,R*) and 7] , respectively. Now
when the maximal number of transmissions increases to Lo,
we construct a solution of transmission powers and rate as
Sy = (Pf,--,P[ ,Pr,1, -+, Pr,, R*) where P, 1 =
-«+ = Pr, = 0. Clearly from the definition of outage
probability in (3), we have poui.r, = -+ = Dout,L,. When
the maximal number of transmissions is Lo, Sy constitues a
feasible point of the problem (9), since S, satisfies both outage
and goodput constraints. Denote its corresponding energy
efficiency as nr,(S2). We directly have 77,(S2) = nj, -
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Through the optimization in (9), when the maximal number of
transmissions is Ly, we can definitily find the optimal energy
efficiency 77, not lower than 71z, (S2), i.e., N}, > nr,(S2). It
then follows 7 > n7 , which means that the optimal energy
efficiency is non-decreasing function of the maximum number
of transmissions and thus completes the proof.

APPENDIX E
PROOF OF THEOREM 3

A. Proof of (28)
Taking the limit L — oo of both sides of (27) yields
(R —To)*
R*¢ (28" —1)
L __ o
(21*2% ) 0.0 (R* —
i

Moo = lim 8.7
’ L—oo

7o)

= Ay Lhee R* (2R — 1)
_ 0Ty (R —T0) (78)

4 Lo R* (2R 1)’

where 0., £ lim 6 and the existence of 0. will be

L—o0
proved in Appenﬁix E-B. As L — oo, we surely have
A = min{e, 27t} = 27L Recalling 7o < R* <
hm R* =

thls into (78) along with hm c =0 leads to

— 1 A b
To follows by applying squeeze theorem. Plugging

* 9 76 * c

Moo = m}gﬂo (R —"To)"

Noticing that both R* — 7 and ¢ in (79) converge to zero,

the occurrence of the limit 0° complicates the derivations.

Fortunately, based on Theorem 2, we have R* = (pfl (0) when

L — oo as ¢ becomes greater than 2~ % It implies that R* is a

zero point of ¢ (R), i.e., ¢ (R*) = 0. Following the definition
of ¢ (R), we then have

R* =To + cTo2(RY),

(79)

(80)

where E(R) = Now putting (80) into (79) yields

1n(2)R2H

0o
77;00 = 4(27—07E1) hm (c’]BE(R*))c
focTo , =y ) 2
= Tor =y e (Jlim TE(R)*
0cTo
4270 —1)° @)
The result in (28) then directly follows by combining (81) with
Property 1.

Clearly, 77, is a decreasing function of the goodput thresh-
old 75. Moreover, when 012 = --- = 072 = 1 and p = 0,
we have 6, = 1 based on its definition in (22). As shown in
Appendix C, 0, is a decreasing function of the time correlation
coefficient p. Therefore, when 012 = --- = o012 = 1 with
L — o0, 05 would be generally lower than or equal to that
for the case with p = 0. That is, 0 < 1. Applying this
inequality into the maximal energy efficiency (81) and using
the decreasing monotonicity of 77 ., with respect to 7o, it is

easy to get (29).

B. Existence of 0

Based on the definition in (22), 6., can be written as

L L 2~k
2 27k : g(kvp)
(0x%)"  Jim_ (g(k_ L)
k=1 k=1

lim
L—oo

O =

wr, '19L
(82)
Here wy, can be rewritten as wy, = exp (Zﬁ:l 2=k 1n ak2>.

Since the channel power gain ¢2,---,052 are generally

bounded in practice and every absolutely convergent series
is convergent [35], the exponent Zézl 27 % In 01,% absolutely
converges as L — oo. It follows that w;, converges as L — oo,
i.e., the limit of wy, for L — oo exists.

With respect to the term ¥y, following the definition of
¢(k,p) in (6), we have

P21

Z 1— p2(t 1)

p2(t—1)
p2(—1)

1+ (1—p*k=D
(k) (=)

(k=10

<1. (83)

1+Z1

Accordingly, the sequence {0, } decreases with L and is lower
bounded as ¥9; > 0. Therefore, the limit LILII;O Y, exists.
The existence of both the limits Lli—>Holo Y1, and h_)rr;o wr, then
guarantees the existence 6., and completes the proof.

APPENDIX F
DERIVATION OF Koo
Noticing 2% > 0 together with r;, = [[r_, k2, Ky is
readily found to be an increasing sequence, such that x; <
Ko < .-+ < Koo. To prove the convergence of the sequence
K, it suffices to prove that ko, is upger bounded. To this

end, koo is rewritten as koo = e2r=12 12K} Then applying
Jensen’s inequality yields
Koo S e (kzzzl w2 )

= Z k27, (84)
k=1

By using [39, Eq.0.231], we have ko < 2. Accordingly, the

sequence ~y is convergent, and the limit Ko, = lim kg

— 00
exists. It is difficult to evaluate k., exactly, however ko
can be approximated as «y with a large L. To guarantee the
approximate accuracy, L should be properly chosen to achieve
a sufficiently low approximation error which is defined as

K K i
- —k
L, |
Koo
k=L+1

(85)

Clearly, the approximation error e;, decreases with L, and is
upper bounded as

—27b 3 2k
L+1

e, =1—e€ k=

o0 N
—o~Im| > 2Eg
<l—¢e k=L+1 2

—2*L1n<§ 2Rkl 3 2*’“)
=1—¢ k=1

k=1

—1-(L+2)2 ", (86)
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wherein the inequality holds by using Jensen’s inequality.
Based on (86), by setting L = 20, the approximation error
is upper bounded as e;, < 2.95 x 1076, Thus ko, can be
approximated as Koo ~ kg9 = 1.6617 with approximation
error less than 2.95 * 107% which is sufficiently low for
practical applications.

APPENDIX G
PROOF OF INCREASING MONOTONICITY OF Gy, (R)

To prove the increasing monotonicity of Gy (R), we resort
to analyze its first order derivative of Gy (R) with respect to
R, given by

Uy (R)
(Rgk—1 (R))*’
where Uy, (R) = Rgi' (R) gr—1 (R) — Rgr—1" (R) gr (R) —
gk—1 (R) gr (R) and gi'(R) can be further written by using
Residue theorem as

G, (R) = 87)

In(2) [otie  ofs
"(R) = —2 d
o () 2mi /a—ioo (s —1)" ’
k—1
_ In(2) (RIn(2)) of > 1. (88)
(k—1)!
Specifically when & = 1, it follows from (7) that

Uy, (R) reduces to Ui (R) = RIn(2)2% — 28 + 1 =
2% (RIn(2) — 1+ eiln(Q)R). Clearly by using the inequality
e ® > 1—z, we have U; (R) > 0. It means that G (R)
is an increasing function when £ = 1. On the other hand,
when k > 2, it becomes very difficult to determine the sign
of Uy (R). To proceed, we turn to analyze the first order
derivative of U, (R) with respect to R given as

Uy, (R) = Rgi,” (R) gr—1 (R)
— (295-1" (R) + Rg—1" (R)) g (R) ,

where similarly to (88), the second order derivative of g (R)
can also be written by using Residue theorem as

In 2)2 atiee  goRs
" R — ( / d —
Ik ( ) 2mi a—ioco (S — l)k B

(89)

(In2)?
k-1~

(2R(Rln2)k_1 +(k—1)2%(RIn 2)’“‘2) ke >2. (90)
Substituting (88) and (90) into (89), it follows that
oo In(2) (RIn2)" %2k
—(RIn(2) + k) g (R)

J(R)
It can be proved that J(R) is an increasing and convex
function, since its first and second order derivatives of 7 (R)
with respect to R satisfy

me=<”§T3)+mw)%4m>
In(2) (RIn (2))"*

TR

—In(2) g (R) -

92)

2(In (2))*
(k—=1)
Noticing that J” (R) > 0 and g¢x(0) = 0, thus J'(R) >
J'(0) = 0 for k > 2. Analogously, we can sequentially prove
J(R) > J(0) = 0, Uy(R) > U;(0) = 0, Up(R) > Uy(0) =
0, then we have G (R) > 0. Thus the increasing monotonicity
of Gi(R) follows as well for k& > 2. The proof is eventually

completed.

J"(R) = gr—1 (R) = 0. (93)

APPENDIX H
PROOF OF PROPERTY 2

Prior to proving (38)), the following upper and lower bounds
R

associated with (1) _ are obtained first.
gr—1(R)

Rin(2)
E—1

g (R)
A i S
To prove this inequality, it suffices to show that A(R) =
%(f)gk_l (R) — g, (R) > 0. By taking the first order

derivative of 2A(R) with respect to R, it follows that

A (R) = LHE? gr—1 (R) + il%?gk_l, (R) — 9" (R)
- Lnfzi gi—1 (R) > 0. (94)

where the second equality holds by using (88). Accordingly,
A(R) is an increasing function, which implies 2A(R) >

2(0) = 0. Then the upper bound of gff(lﬁ)%) holds.
i (R) RIn(2)
B o im 2 Tk

To prove this lower bound, it is equivalent to prove B(R) =

%@)gk,l (R)—gx (R) < 0. To this end, taking the first order
derivative of B(R) with respect to R, we have
® (R) — In (2) In (2) (RIn (2))* 12R.
k k!
Then taking the second order derivative of *B(R) with respect
to R yields

gr—1(R) — (95)

In (2))*(RIn (2))" 12
%,/(R):_( (2)°( k!( )
Combining (95) and (96), it is clearly found that B (R) is a
decreasing function, which indicates *B(R) < 5(0) = 0. Thus
the lower bound of gf,(ll(:?z) is proved.

As a consequence, substituting the upper and lower bounds
of gff(ll(%) into A (R) directly yields the upper and lower
bounds of A (R), respectively, as shown in (38).

<0.  (96)

APPENDIX I

PROOF OF (44)
For the proof, it suffices to show that €(R) £ gi (R) —
R
2 =141 (R) < 0. Taking the first order derivative of ¢(R)

k
with respect to R gives

k—1
¢ (R) = 2"1n (2) <(R (12(_2)1))! -

E—1(2% 1) (Rn(2)"* g1 (R)
k (k—1)! ok ) o7
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By using the lower bound of 7

gk (R)

(B in Appendix H-B,

namely % > %@), it follows that
Rln (2
gr ()= By >
(Rn @)% o (Bn@)*°@"-1)
_ng( ) = k= 1)! (98)

Substituting (98) into (97) yields

¢ (R) <

2R1n (2) (R1n (2))F 2
= (k—1)!

(RIn(2) - (2" -1)) <.
(99)

Thus €(R) turns out to be a decreasing function of R, which
implies €(R) < €(0) = 0. The proof is then completed.
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