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Abstract—Energy harvesting makes use of energy from the en-
vironment. However, since harvesting energy depends on natural
conditions, it is not a stable energy source. As a result, the energy
from the power grid is often included to serve as a supplementary
source to regulate the overall energy supply of the system. Further,
the power from the power grid is often subject to the constraints
of peak power and the energy budget. These constraints lead to
more difficulties in solving optimal power allocation problems. In
this paper, we extend our recently proposed geometric water-filling
(GWF) and recursive GWF (RGWF) algorithms to solve the
throughput maximization problem and transmission completion
time minimization problems for this kind of hybrid energy source
system. Our investigation shows that the optimal power allocation
for throughput maximization is the result of a sequence of water-
filling algorithms for smart power grid and harvested energy, in
that order, followed by a power adjustment step of the power from
the grid. The allocation order is not commutative for an optimal
solution due to the specific structure of the target problems. The
proposed algorithms can compute the exact (optimal) solutions
to the problems via finite computation with low computational
complexity. Numerical examples are presented to illustrate the
detailed procedures to efficiently obtain the optimal power allo-
cation solutions using the proposed algorithms. The results also
illustrate that the composite operation of the two water-fillings is
noncommutative.

Index Terms—Energy harvesting, optimal dynamic power allo-
cation, optimization theory and methods, peak power constraints,
smart power grid, water-filling algorithm with mixed constraints.

I. INTRODUCTION

IRELESS devices are normally powered by batteries,

which need to be either replaced or recharged peri-
odically. One possible technique to overcome this limitation
is to harvest energy from the environment, such as vibra-
tion absorption devices, solar energy, wind energy, thermal
energy, and other clean energy [1]. In such systems, en-
ergy harvesting has become a preferred choice for supporting
“green communication.” The system is normally modeled as a
sequence of epochs, where for each epoch, an event occurs that
may be the transition consequence between transmitting signal
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packages, with channel fading gain variation or new energy
being harvested, or both.

A. Related Work, Without Peak Power Constraints

This system setting aforementioned leads to new design
challenges and insights in a wireless link with a rechargeable
transmitter and fading channels [2]-[16]. As fundamental work
for transmission with energy harvesting, in [2] and [5], the
throughput maximization problem with full side information
was investigated. Some approaches were proposed making use
of the water-filling algorithm to solve the Karush—-Kuhn—Tucker
(KKT) conditions [17] of the target problem. For the fading
channel cases, [2] presented “directional water-filling scheme,”
which is an innovative application of water-filling mechanism
for green communications. Other effective methods were also
presented in [5].

Different from these studies, we recursively applied the pro-
posed geometric water-filling (GWF) [18] to solve the through-
put maximization problem and transmission completion time
minimization problem in our recent paper for a single antenna
[19] and multiple antennas [20].

Since energy harvesting depends on natural conditions,
which is not a stable energy source, the energy from the smart
power grids is often needed to be considered a supplementary
source to regulate the overall energy flow of the system. Opti-
mal power allocation to maximize system throughput turns out
to be more complicated in this kind of a hybrid energy source
system. Recently, [21] the issues of power allocation problems
to minimize the grid power consumption with random energy
and data arrival have been investigated, and the structure of the
optimal power allocation policy in some special cases has been
analyzed.

With water-filling, more power is allocated to the channels
with higher gains to maximize the sum of data rates of all the
subchannels [22]. The conventional way to solve the water-
filling problem is to solve the KKT conditions and then find
the water level(s) and the solutions. In [18], we proposed an ap-
proach from simple geometric meaning of water-filling (GWF).
Optimality of the constructed solution is strictly proven. Due to
complexity of solving the KKT conditions of the problem, the
GWEF is easier to compute than the conventional water-filling
and reveals more useful information with less computation.
This advantage becomes more significant when the system
becomes more complicated, where the GWF is often utilized
recursively or iteratively to solve the target problem.
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B. Our Work, Considering Peak Power Constraints

Often, the powers from the power grid are subject to the
constraints of peak power and the energy budget. Thus, the
power from the power grid can also be controlled. These con-
straints, which might seem to be a trivial case of an optimization
problem, introduce more difficulties in solving the optimal
power allocation problems.

In this paper, both GWF with peak power (GWFPP) in [18]
to solve the problems with peak power constraints and recursive
GWF (RGWF) in [19] to solve power allocation with harvesting
energy are utilized, to compute the exact (optimal) solution
to the maximum throughput and the minimum transmission
completion time problems with peak power constraints from the
power grid. GWFPP and RGWF are applied in order, followed
by a one-step adjustment to obtain the optimal solution of the
hybrid system to maximize system throughput. The composite
water-filling algorithm is referred to as hybrid power allocation
algorithm 1 (HPA1). It is shown that these two water-filling
steps are not commutative. Then, HPA1 is developed to solve
the transmission completion time minimization problem. Both
discrete-time case (to find the index n of the epoch to complete
the transmission) and the continuous-time case (to find time ¢ to
complete the transmission) are investigated. The corresponding
algorithms are referred to as HPA2 and HPA3, respectively.
By checking if the target B bits transmission is completed, the
algorithms are constructed and the optimality proof is provided.
A conceptual descriptive algorithm to solve the transmission
completion time minimization problem was proposed in [2].
Since the proposed optimal power allocation policy mainly
results from the recursive computing epoch by epoch, it does
not always need the information/solution of the entire process
to solve the minimum transmission completion time problem.
This is a distinct feature of the proposed algorithms compared
with the algorithms reported in the open literature.

According to the definition of online algorithms [23], RGWF
in the proposed algorithms possesses some characteristics of
an online algorithm. This is because the family of RGWF is
defined by recursion, without extrapolation, and its input and
computation choose the way of piece-by-piece information in
a serial fashion. Furthermore, since the power from the power
grid is, in practice, subject to the peak power constraints, these
constraints are considered with a more general form in this
paper.

In the remainder of this paper, the system model and problem
statement are presented in Section II. HPA1 for maximum
throughput is investigated in Section III The algorithms of
HPA2 and HPA3 are further investigated in Section IV, re-
spectively. Numerical examples and computational complexity
discussion are presented in Section V. Section VI concludes this

paper.

II. SYSTEM MODEL AND PROBLEM STATEMENT

Here, the energy harvesting and smart power grid coexisting
system model in a fading channel is presented, followed by the
optimization problem to maximize the throughput. For conve-
nience and without loss of generality, the process is assumed to
be a discrete-time process.

2027

Em (1) Ein(?’) E;71(5>
f { { {

Sl L |

t
1 2 3 4 5 6 7 8 epochs

Em(S)

Fig. 1. Epochs and energy arrivals. K = 8 epochs in (0, T7.

As shown in Fig. 1, the system model shows the time period
from (0, 7], including K epochs. Let L, and a; denote the time
duration and the fading power gain of the ith epoch, where i =
1,..., K. Without loss of generality, assume L; > 0, a; > 0Vi.
At the beginning of the 7th epoch, the energy arrival is denoted
by Ein (i) with Ej, () > 0. In addition to the harvested energy
E;, (i), the transmission is also connected with the smart power
grid. Let F(g tota1) denote the energy budget of total energy
supported by the power grid. Moreover, we assume FEg; > 0
as the peak power constraint from the power grid for the ith
epoch Vi.

For the hybrid energy source systems, assume that the opti-
mal power management strategy is such that the transmit power
is constant in each epoch. Therefore, let us denote the transmit
power at epoch ¢ by s; (4 = 1,..., K), which consists of the
power from the harvested energy sg ;, and the power from
the smart power grid sg,;. The objective is to maximize the
total throughput by the deadline 7, i.e., within the K epochs.
We have causal constraints due to energy arrivals. The energy
capacity of the battery Ey,,x > 0 is assumed in this paper.
With this relaxation, we can compute optimal transmission
solutions and can obtain more insights of the problems. The
investigation also lays down the foundation to solve the cases
of finite E, .« and then to carry out real-time computation.
Further, the exact (optimal) solution in this paper means an
actual optimal solution, which is not a point approximation to
the optimal solution. The optimization problem in this hybrid
system with fading channels can be written as

K

L,
MK gt D g 10B (L 0u(sii + 5.
i=1
Subject to 0<syg; Vi

0<sg; < Eg; Vi

I I
Z Lisu, < Z Ein ()
i=1 i=1

forl=1,....K

K
> Lisc.i < B total) e))

i=1

where the preceding two constraints account for the nonnega-
tive harvested power, the nonnegative power of the power grid,
and the peak power constraints from the power grid; the third
constraint accounts for the causal requirement; and the fourth
constraint reflects the maximal energy available from the smart
power grid.
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By interpreting the observed properties of the optimal har-
vested power allocation as a water-filling scheme, Eiy, () units
of water are filled into a rectangle container with bottom width
(L;/2) Vi. The last weighted power sum constraint from energy
harvesting forms an equality. Furthermore, for unifying para-
meter notation, through a change of variables, we can obtain an
equivalent target problem as follows:

K

MaX(,, oo )5 Z wilog (1 + a;(sm: + sc.i))
i=1

subject to 0<sg,; Vi

0<s5g,:<Eg; Vi

l l
D spi <> Enli) VI
=1 =1

K
> sai < Bgurotan ©)
i=1

where w; < (L;/2),a; < (a;/Li), Su; < Lisu, SG,i <

L;sg,; and Eq; < L;Eg ;, for any 7. Note that the symbol

< is the assignment operator. Without consideration of trivial

cases, E(q total) > 0 can be assumed. The second constraint

remarkably increases difficulty to solve (2).

To find the solution to problem (2), the conventional water-
filling approach starts by obtaining the KKT conditions of
problem (2) as a set of optimality conditions, and then it solves
the conditions to determine the variables {s;, s¢ ;} and their
dual variables (coefficients), i.e.,

+ +
fortr=1,..., K

0<sg,; Wi

0< s, < Egy

vi(sgi — Fai) =0,1, >0 Vi 3)

N (Sl sms = Yoy Bu@)) =0, M 20

Ei:l SHi < Zi:l En(i), 1<I<K

7 (Zf; 8Gi — E(G,total)) =0, =0

it 6. < B sotan

where the function (z)* means (z)* =z, for >0, and
(x)* =0, for z < 0. Furthermore, v; is the dual variable
corresponding to the constraint: sg; < Eg ;, for any i; A; is
the dual variable corresponding to the /th harvested power sum
constraint, for any /; and y is the dual variable corresponding to
the total power sum constraint from the smart power grid. How-
ever, by only observing or using the monotonicity information
1/ (ZJK:Z A;) with respect to ¢ in the first KKT condition related
to the sums of pairs {s, sg.i} Vi, it is not sufficient to obtain
a solution. The set of {u, {v;}, {\i}} or {u, {v;}, {ZJKZz Ajt
needs to further satisfy other KKT conditions to solve (3). The
reciprocal of EJI; Aj is called the water level at epoch ¢ for
the entire process from epoch 1 to K. Thus, it is an important
condition that the water level at epoch ¢ depends on the duration

IEEE TRANSACTIONS ON VEHICULAR TECHNOLOGY, VOL. 65, NO. 4, APRIL 2016

of the process (e.g., the water level at epoch ¢ is normally
different for processes [1, K'1] and [1, K2] where K1 and K2
are arbitrary ending epoch indexes). However, for system (3) in
the original variables and the dual variables, to the best of the
authors’ knowledge, there is no existing method reported in the
open literature to obtain an exact solution. The fact that the first
equation in (3) is in the summation form sg ; + s¢,; introduces
greater complexities to determine an optimal allocation solution
from the harvested energy {sm;} and from the smart grid
power {sp ;}, respectively.

III. HYBRID POWER ALLOCATION ALGORITHM 1 FOR
MAXIMUM THROUGHPUT

Since the proposed algorithms are based on GWF and
GWEFPP, they are concisely introduced as follows.

In [18], we presented a GWF approach for solving general-
ized radio resource allocation problems. As an extension, let L
and K be two positive integers, and L < K denote the index of
the starting channel and the ending channel, respectively. Then,
K — L + 1 is the total number of channels. Let P denote the
total power for allocation. GWF can be regarded as a mapping
from the point of parameters{L, K, {w;} X ; {a;}£,, P} to
the solution {s;}X; and the important water-level step in-
dex k*. That is, it can be written as a formal expression as
follows [18]:

{{Si}zK:La k*} = GWF (L, K, {wi}zK:Lv {ai}iIiL7 P) G

Since we often only use the first part, i.e., {si}ZK: ;, from GWEF,
we also write

{si}, = GWF (L, K {w}< {a} S0, P) 1. (9)

Note that, for conciseness and without confusion from the
context, we may write the right-hand side of the expression as
GWEF(L, K) to emphasize time stages from L to K.

Let P; denote the peak power constraint for the ith channel,
then GWFPP can be expressed as [18]

{Si}ilil = GWFPP (LKv {wiaaia?i}'{ilvp) |I
E =GWFPP (1, K, {w;,a;, P}, P) |11 (6)

where E is the final index set in which there is no peak
power constraint [18]. Furthermore, for convenience, £ may
be written as {i;|1 <i; <--- <ip < K}, where |E| is the
cardinality of the set £. Thus

{{s;},,E} = GWFPP (1, K, {w;,a;, P;}X,, P).

Without confusion, GWFPP(1, K, {w;, a;, P;} £ |, P)|; can be
regarded as GWFPP(1, K, {w;, a;, P; }1£ |, P), due to a subor-
dinate state of the final index set E.

In this paper, we propose a novel algorithm, i.e., HPAI, to
solve problem (2) using the GWF approach. The pseudocode
of the proposed HPA1(K) is stated in Algorithm 1 at the
end of this paper. In the remainder of this section, algorithm
description and optimality analysis will be presented.
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Algorithm 1 Pseudocode for HPA1

1: Initialize:
L= 1 K E(G tot'ﬂ)v{wkvakvpk = EG ks m( )}k 15
2: Prepare:
HPAL(K)] = {{s5; 1y, B} = GWEPP({a,} <, )
3: Update:
{af, — (1/((1/ax) + s O
4: Output the result for the epoch 1:
RGWF(L) = Eiy(1);
S:forL=2:1: K do
6: Input: {Em( ),wr,a;};
7: {sHk}k i = RGWF(L — 1);
8 forn=L:—1:1do
9: W= {w]}j 717‘4 {a Jj= ni
10 Sp= ZJL Syt Bin(L);
11: {{sur}E_, . k*} = GWF(n, L,W, A, St);
12: ki = max{k|spy ; > 0,1 <k <n—1}
130 if (Yaj.we )+ (sp e /e ) 2 (1/ @ wi )+ (Sh,ks'/

wy;: ) then
14: output:
RGWF(L) = {8y 1.+ Sk 1531025511,
15: Move to the next epoch, i.e., go to Line 18;
16: end if
17: end for
18: end for

19:if E=0 or (1/ai,wi,) + ((smiy + sG,,)/wiy) = (1/
agwg) + ((Su K +SE7K)/U)K), where s, is the ith
member of RGWF(K) then
20: output of HPA1(K):
{s&.r}tiey = HPA1(K)|; = GWFPP from Line 2;
{8t 1}, = HPAL(K) |11 = RGWE(K);

21: end if _

22: HPAL(K)|rr = {{s}; 1 }isy , RGWF({(1/(1/arw) +
((HPAL(E)]|1)k/wi)) s, ):
HPAL(K)|; = {{s x} o1, GWFPP({(1/(1/agwy) +
((HPAL(E)]|rr)n/wi)) }s, )-

A. Two Parts of HPA1(K) and Their Noncommutativity

The proposed HPA1(K) consists of two parts: HPA1(K)|;
for smart grid power allocation, i.e.,

{S*G,k}f:l = HPA1(K)|; (7

and HPA1(K
tion, i.e.,

)|rr for harvested energy power allocation por-

{si1}iz1 = HPAL(K)[ 11 @®)

From the definition of HPA1(K), it is seen that HPA1(K)|;
is Algorithm GWFPP. GWFPP is used twice in the proposed
HPAI1(K). The final index set E also appears twice. To distin-
guish between the two E’s, the first E is also denoted by E'(1)

2029

and iq in E(1) by ¢1(1). Similarly, we also have E(2) and i1 (2).
In addition, HPA1(K)|;; is Algorithm RGWF [19], in essence,
with the only difference of the updated “step depths” or the
updated channel gains. The implemented order for GWFPP and
RGWEF is using GWFPP as HPA1(K)|; to compute the initial
distribution of the power from the power grid, then RGWF
as HPA1(K)|rs to compute the allocation of the power from
energy harvesting, and finally using GWFPP again, under the
condition, to adjust the distributed power from the power grid
and then determine their allocation in the updated HPA1(K)|;.
In this way, the completed optimal solution to the proposed
problem is obtained. Simply speaking, GWFPP is used twice,
and between them, RGWF is used once. The following lemmas
are proposed to study the optimality of HPA1.

Lemma 1: HPA1(K)|; can compute the optimal solution of
problem (2) with finite loops, under Efi 1 Bwn(i) =0.

Since HPA1(K)|; is Algorithm GWFPP, which has been
discussed in detail in [18], the proof of Lemma 1 can be referred
to [18, Prop. 3.1].

Lemma 2: HPA1(K)|rr can compute the optimal solution of
problem (2) with finite loops, under E (g tota1) = 0.

Since HPA1(K)|;; is Algorithm RGWF, which has been
discussed in detail in [19], the proof of Lemma 2 can be referred
to [19, Prop. 2].

It is seen that GWFPP and RGWF can be regarded as two
functions in

{1 K, {wzaauEG iy 1n( )}z 1;EG total}

respectively. If

{1 K, {quG z;Em( )}1 1;E(G total)}

are kept unchanged except {a;}, GWFPP can be written as
GWFPP({a;}) to emphasize the relationship of the function
in {a;}; this is done as well with RGWF. Since these two
functions are the set-valued functions, the kth evaluated value
of the first function GWFPP is labeled as [GWFPP({a; })]| or
simply [GWFPP] |, as is that of the second function RGWE. We
use HPA to denote the operation using GWFPP to allocate the
grid power first, followed by RGWF to allocate the harvested
(RGWF o GWFPP)

energy. It can be expressed as
A 1
=RGWF T e . C)]
o T [GWFPP] |;

The second composite function reverses the order of HPA,
(GWFPP o RGWF)

denoted by HPA-R. It can be expressed as
a 1
= GWFPP T . (10)
o T [RGWF] |;

Thus, using HPA-R can also output the power, respectively,
from the energy harvesting and the power grid. However, the

HPA =

HPA-R =
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composite operation above does not satisfy the commutative
law, i.e.,

HPA +# HPA-R. (11)

This point is accounted for by the following example.
Example I11.1:

2
Z log(1 + (sm,i + s6.:)

i=1

SH,i Z 07

MAXS (spi,56.1) 12y

subject to 1=1,2

0<56,:1<2

0< scs<05
!

ZSH,i <l I=12

i=1

2
D saa<22. (12)
=1

According to the definitions of HPA and HPA-R, the output
of HPAis {spg1 = 04,552 = 1.6;5¢.1 = 1.7,5¢,2 = 0.5}, at
which the objective function value is log9.61, whereas that
of HPA-R is {sg1 = 1,5m2 = 1;5¢,1 = 1.7,5¢,2 = 0.5}, at
which the objective function value is log9.25. Thus, the
commutative law does not hold for this example. Moreover,
HPA-R cannot guarantee to find the optimal solution. It further
shows that the target problem cannot be decomposed into two
decoupled subproblems in the two classes of power.

The pseudocode for the proposed HPA1 to solve the target
problem (2) is listed in Algorithm 1 at the end of this paper.
In Line 3, the step heights are updated, which are formed
by the original fading gains and the power levels allocated in
HPA1(K)|;. From Lines 4 to 22, HPA1(K') computes the opti-
mal solution for the harvested energy part, i.e., HPA1(K)|;; to
complete the computation.

Note that, based on GWFPP, the term (1/(a; + s¢:)/w;)
denote the overall step depth after the power allocation of
the power grid. Therefore, the reciprocal of (1/(a; + s¢;)) is
(ai/(1 4 a;S¢.,:)), which is equivalent to the channel gain used
by RGWF in [18].

The proposed algorithm eliminates the procedures to solve
the nonlinear system (3) in multiple variables and dual vari-
ables, provides exact solutions via finite computation steps, and
offers helpful insights to the problem and the solution.

B. Optimality of HPAI

Here, optimality of the proposed HPA1 is discussed.

Remark 1: HPA1|;; is an optimal dynamic power distribu-
tion process. The dynamics of this recursive process are shown
by the generalized state equation, i.e.,

HPAL(L + 1)|11
= [HPAI(L)|;7, GWF(n + 1, L + 1)|/]

for L=1,...,K —1 (13)
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where n is the index of the starting epoch of the currently
processing window [19]. Note that the concept of dynamic
processes is not identical to that of dynamic programming.
The value of n is determined by HPA1(L)|;;. In this process,
HPA1(L)|;; can be regarded as the generalized system state
at the time stage (or epoch) L, GWF(n + 1, L + 1) can be
regarded as the generalized system control at the time stage (or
epoch) L, and then HPA1(L + 1)|;y, as a state at the next time
stage, can be derived or determined from its previous state and
control. Due to optimality of HPA1(L)|;; from Lemma 2, for
any L, the proposed algorithm is indeed an optimal and efficient
forwarding dynamic recursive water-filling algorithm.

Since Lemma 2 guarantees optimality of HPA1(K)|r; under
the special condition, as does Lemma 1, we may obtain the
following conclusion of HPA1(K).

Proposition 1: HPA1 can compute the optimal exact solution
to problem (2) within finite loops.

Proof of Proposition 1: First, HPAI(K)|; is imple-
mented. Thus, it is equivalent to Lemma 1 being used. Ac-
cording to Lemma 1, for problem (2) under ZZK:1 Ei, (i) =0,
there exist the optimal solution {sg ;} £ | and the dual variables
O (O LK Y such that they satisfy the following

i

KKT conditions:

1+++c e B

uz(vl)s(;’i =0,5q, > 0,@51) >0 Wi
I/,(l)(SG’i — EG,i) = 0, SG,i § EG,i; l/i(l) Z 0 Vi

(3

AW (Efil 5G,i— E(G,total)) =0
Zfil 8G,i < E(G,total); A(l) > 0.

Second, HPA1(K)|;; is implemented. Thus, it is equiva-
lent to Lemma 2 being used with the updated “step depths”
(1/a;w;) + (sg,i/w;) or the updated channel gains {a;/(1 +
a;isa,i)}-

According to Lemma 2 with the updated channel gains,
for problem (2) under E(g tota1) = 0, there exist the optimal
solution {sy;}X | and the dual variables {)\gz), M§2)}£1
that they satisfy the following KKT conditions:

K 2 2 .
W:Zk:iA;’)_ﬂg) Vi

a;w; w;

such

M§2)8H,i =0,5m, >0, M§2) >0 Vi

2 i i
)\§ ) (Zk:l SGk = D1 Ein(k)) =0
Y16k < Yioy Bn(k), A\ 2 0 Vi,

On one hand, if E = () (the empty set), let A\g = 0; VG =
(1/(1/&1101) + ((SHJ‘ + SGJ)/U),L')) > 0 and Ha,i = O, as 1 <
1 < K. Moreover, let Ay,; = )\1(;2), and pp,; = u§2), for any 1.
Note that this set ¥ aforementioned is obtained, when GWFPP
is used at the first time.

On the other hand, if £ # 0 and 3i; € E such that (1/
ai, wi, )+ ((sm,i+56,0)/wi,) 2 (1/axwi)+((sa,x +sax)/
wi), let Ag =(1/(1/as, wi,) + ((smi, + Sc,i) /Wiy ) vaa =
(1/(1/aw;) + ((sws + sG,i)/wi)) — Ag >0, and pg,; =0,
as sg,; > 0 or the case of both sg; = 0 and Eg; = 0, under
1 <¢ < K. Note that this set F mentioned previously is
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obtained when GWFPP is still used at the first time. Further,
if E+0, then i; € E such that (1/a;,wi,)+((sm,i, +5¢,i,)/
wiy ) > (1/apwi)+((sme+5a,k)/wk), where sg i >0,1<
k < K. Note that this set E above is obtained, when GWFPP
is used second time. It has been emphasized that, to distinguish
between the two E’s, the first E is also denoted by E(1)
and ¢; in E(1) by 41(1). Similarly, we also have E(2) and
21(2) Let g = (1/(1/&1‘111)1'1) + ((SH{h + 5G7i1)/wi1))7
VG,z'Z(1/(1/Giwi)+(5H,i+5G,i/wi)) —A¢ 20, and pg,; =
0, as sg,; > 0 or the case of both sg; =0 and Eg; =0,
under 1 <7 < K. Furthermore, if sg; = 0 and Eg; > 0, let
vai = 0,pa: = Aag — (1/(1/a;w;) + ((sm,i + sa,i)/wi)) >
0 with A\g being defined earlier. Moreover, it has been
noted that the water level for each of the epochs in the set
{i|]1 <4 < i1(1)} remains unchanged, although the adjustment
is done or GWFPP is used twice; the difference between
the water levels of epochs in the set {i|i1(1) <4 <i1(2)}
is decreased; and the difference between the water levels of
epochs in the set {i|i1(2) <i < K} is leaning forward to
the same. Thus, {Ag;, mr.i}2, can be easily constructed,
similar to those in [19] together with those distinguishing
characteristics. That is, according to the two sets of KKT
conditions, the definitions, the assigned/constructed values
of the dual variables {{\m i, pr,i, VG i, fG,i}s Aa}, and the
solutions {spr,sq,i 5, it is seen that these dual variables
and solutions also satisfy the following KKT conditions:

I S
1 SH,iT5G,i
a;w; wy

Vi;
pHiSH: = 0,0 <spgi,up; >0 Vi

=A¢+Vvgi— e, = ZkK:i AHE — [LH. i

paisa,i =0,0 <sgi,pai >0 Vi
vG.i(sci— Eci) =0,5¢i < Egi,vg: >0 Vi
AHI (22:1 SHi = Yicy Ein(i)) =0, Ag;>0
S s <30 Buli), 1<SI< K

A (Zfil G, — E(G,total)) =0, A>0
Zfil 5G.i < E(Gtotal)

where this set of KKT conditions is of problem (2), the
Lagrange function of which is

L({sm,i,sait { mi 1w}, {ha {vai na,it})

K K
= wilog (1 + ai(sui+56.) + Y fHiSH.i
=1 =1
K l l
S (z . zEm<k>)
=1 k=1 k=1

K K
+ E HGiSGi — E va,i(sai — Ea.i)
i=1 =1

K
- Ac <Z 5G,i — E(G,total)) :

i=1
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In addition, we can observe that the general constraint qual-
ification of problem (2) holds. Then, {s.i, s¢,i} £, computed
by the proposed HPA1 is the optimal solution to problem (2).

Therefore, Proposition 1 is proven.

In summary, first, HPA1 can compute the optimal solution
only from the causal information in finite steps. It does not need
to solve any nonlinear system, consisting of many equations and
inequalities in multiple dual variables. Second, the relationship
between HPA1|; and HPA1|;; is determined, and the optimality
of HPA1 stemming from HPA1|; and HPA1|;; is revealed.

IV. TRANSMISSION COMPLETION TIME MINIMIZATION

Earlier, HPA1 was discussed as a recursive water-filling to
efficiently solve the throughput maximization problem. Here,
HPAL is used to design two algorithms, i.e., HPA2 and HPA3,
for efficiently solving the transmission completion time mini-
mization problems.

Now, assume that the transmitter has B bits to be commu-
nicated to the receiver. Our objective is to minimize the time
required to transmit these B bits.

This problem is categorized into two classes. The first class
assumes that the completed time is taken at the end of the
epochs as discrete-time points. Since T" and {L;} are given, it
needs to find the minimum index of the epochs for transmission.
The second class assumes that the completed time is taken at a
time point that is continuously located in the interval [0, T] as a
continuous straight segment.

A. Discrete Transmission Completion Time Minimization

The discrete transmission completion time minimization
problem can be stated as follows: Assume N to be a positive
integerand N < K, i.e.,

min{{SH,i,SG,i}ﬁvzuN} N

N

subject to Z w; log(1 + a;s;) = B
i=1
0 S SH,i Vi

0<sg;<Eg; Vi

S; = SH,; + 8G,i Vi

l l
S e € 3 Euli) ¥
=1 =1

K
> 560 < Bgotan.  (14)

i=1

We use the HPA1 machinery to design a recursive algorithm
to solve (14), referred to as HPA2. The steps are described in
the Algorithm 2 pseudocode at the end of this paper.
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Algorithm 2 HPA2, Based on HPA1

1:

L= 17 K» B» P= Ein(l)» EG7 E(G,total)» w1, and ai;

2: Output the result for the epoch 1: {s(; ;} = HPAI(1)[; =

GWFPP({a1}), {s}} =HPA1(1)|;; = RGWF({d} +
(a1/(1+arsg 4))})s

3:if wy log(l +a1(sy , +551)) > B then

4 HPA2< 1 = {551 = (e /ar(sh, +
5 )25~ 1)

5: HPAZ( Nir = {5H1 = {(5}{,1/“1(5%1,1 +
60)@ M = D)

6: N* =1,

7: Exit the algorithm;

8: end if

9:for L=2:1: K do

10: {Ewn(L ) wr,,ar};
11: {{st} E}—HPAI( )1
12: {s H,i}f:f = HPAL(L — 1)|11;
13: forn:L:—l:ldo
14: = {wit il A = {(as/ (1 + @iz )}
15: =D g+ En(L);
16: {{smk}k:n, k*} = GWEF(n,L,W, A, St);
17: (k7,j2) = max{k|syy, > 0,1 <k <n-—1}
18: if (l/ak*wk*)+(5Hk /wk) (l/ak* )+
(8, kz /Wr ) then
19: if E=0or(1/a;,wi,) + ((sm,i, +36,i1)/wi1) >
(1/arwr) + ((su,n + s’&ﬁL)/wL), where sp ; is the
ith member of HPA1(L)|; then
1 « 1L .
20: HPAL(L)|r1 = {s}, k}(n v {Sh et
21: end if
v ii—1
22: Else, HPAI(L)|;={{s},}"" | ,RGWF({1/(1/
arwr)+ (((HPAL(L))|r)w/wor) Yy, ) HPAL(L) 1=
{{stadi) ?WFPP({l/(l/ak.wk) + (([HPALI
( Mok /wi =, )
23: Z(n b w;log(1 + a;(shy; + 86,));
24: T2 = Zszn w; log(1 + a;(s3; + 86,));
25: Ty = Zf;; w; log(1 + a;(sy; + 86,));
26: if 1 + 15 > B then
27: By =B -1 - Tz
28: HPA2(L)|; = {s(;;}7} U {SGJ}L Ly
{sc,L = (sg,p/aL(sy, L +56, L))(zBl/wL -}
29: HPA2(L)|11 = {sy;}~ | U {SHJ}L Ly
{SE,L—(SH,L/GL(SH,L+5G,L))(2BI/W -1}
30: N*=1;
31: Exit the algorithm.
32: end if
33: Move to the next epoch, i.e., go to Line 37,
34. end if
35: Move back to the previous epoch, i.e., go to Line 36;
36: end for
37: end for
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Note that HPA2 consists of three output parts as
N*HPA2(N*)|; and HPA2(N*)|;;. Compared with the steps
of HPAI, in the first line of the algorithm, HPA2 introduces
B as a parameter, whereas the others are the same. In line 9,
HPA2 sequentially processes from the second epoch up to the
Kth epoch to output the optimal value N* and its optimal
solution {HPA2(N*), N*}, which achieves the target rate of B
bits. Similarly, the inner “For” loop updates power levels for the
current processing epoch (L) and its previous (L — n) epochs
to form a processing window with the width of the window, i.e.,
L —n + 1. The GWF algorithm is applied to this window to
find a common water level. Lines 23-25 define three temporary
variables T, T5, and T3 to denote the transmitted bits from the
beginning to epoch n — 1, from epoch n to epoch L, from epoch
n to epoch L — 1, respectively, given as

n—1
T = Zwt log (1 + a; (Sle + S/Gz))
i=1
L
Ty = Zwt log (1 + a; (si; +5G.4))
L1
— Z wilog (1+ai (s +56,)) - (15)

1=n

Moreover, note that two new “If” clauses are inserted into the
outer level “If” clause (for checking the water-level nondecreas-
ing condition). In detail, the first new inner “If” clause is used
to adjust the distributed power from the power grid. It has been
used in Algorithm 1. The second new inner “If” clause is to
check whether and how the transmitted bits reach B. Therefore,
it is the normal exit of the algorithm (Line 31), where a typical
solution is obtained. For convenience, the condition of this new
“If” clause is called the criterion of HPA2. This emphasis is
also due to the importance of the criterion in the following
proposition.

To guarantee optimality of HPA2, the proposition is stated as
follows.

Proposition 2: If no L exists such that the criterion in HPA2

TW+1>, > B (16)

holds, then there is no solution to problem (14). If the criterion
holds, then the obtained N* is the optimal value, and the
{HPA2(N*), N*} is the exact optimal solution.

Proof of Proposition 2: For the given B, if no L exists
such that the criterion in HPA2

T\ +T»>B a7

holds, it implies that the optimal value of problem (2) is strictly
less than B, corresponding to Proposition 1. Thus, the first
constraint of problem (14) never holds. As a result, there is no
solution to problem (14).



HE AND ZHAO: NONCOMMUTATIVE COMPOSITE WATER-FILLING FOR HYBRID SYSTEM

Then, assume that there exist N* and HPA1(/N*) such that

.
Ty + Y wilog (1+a; (sy; +56,)) > B

i=n

where

{S’GJ, .. .,s’G’nfl,s’G’n, .. .,s'G’N*} = HPAI(N")|;

{s’HJ, ey s’H’nfl, SHon s*H’N*} = HPAL(N")|sr.

According to the obtained N* and the updated pair of
{83, N+ 8¢ n+} from the HPA2 algorithm, the optimal value
of the problem

N

MAX(s, s bY | Zwi 10g(1 +a¢(SH7i +SG7¢))
=1

subject to 0<sp; Vi

0<sg; < Eg; Vi

l l
Z SH,i S Z Ein (Z) Vi
i=1 i=1

N
Z SG,i < E(G,total)

i=1

(18)

is less than B, where HPA1(N) is the optimal solution to this
problem, for N =1,..., N* — 1. Hence, the optimal value of
problem (14) is not less than N*. Stemming from the state-
ment, HPA2(N*) is a feasible solution to problem (14), and
further, N* is the evaluated objective value of problem (14),
by HPA2, at N*. Thus, N* is a feasible value, together with
the fact that the optimal value of problem (14) is not less than
N*. As a result, N* is the optimal value. Moreover, HPA2(-),
computed or evaluated at the N* epoch, is the exact optimal
solution to problem (14). Therefore, Proposition 2 is proved.

Remark 2: HPA2 is an optimal dynamic recursive progres-
sive process to compute the discrete transmission completion
time minimization problem. This progressive process ends at
the current epoch and then outputs the minimum completing
time once the criterion is satisfied. Hence, it does not always
need the solution/information of the entire process to the prob-
lem(s) or a tedious backlog of computation. Moreover, if no
solution is output by HPA2, no solution exists, i.e., HPA2
is constructive. These advantages are obtained owing to the
recursive feature of HPA1.

B. Continuous Transmission Completion Time Minimization

The continuous transmission completion time minimization
problem can be stated as follows: Assume that ¢ is a real number
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that NV is an index variable of the epochs, and that Z is the
set of integers; then, the corresponding objective function is
written as

G S s S

subject to I<NLZK
NeZ
N
Ni(t) = maX{N|ZL¢ < t}
i=1
N;-1

> wlog (1+ar- (spa+ sa))
=1

log (1 +an, (su,N, +sc,N,)) = B

0<sg;, fori=1,...,N
0<sgi< Eg;: Vi
0<t<T
1 1
Z SH,i S Z Ein (Z) Vi
i=1 i=1
K
> 56,0 < B(Gtotan)- (19)
i=1

If Lebesgue—Stieltjes integration [24] were used for problem
(19), it would have made the expression more concise. How-
ever, to avoid introducing more abstract mathematical tools,
the presented method is used. We use the proposed HPA2
to design another algorithm to solve the continuous trans-
mission completion time minimization problem (19), referred
to as HPA3. It has similar steps to those of HPA2, except
some modification to Lines 28-30 or 4-6 described in the
pseudocode of Algorithm 2, where Lines 4-6 are considered,
as a trivial case, due to completing the task possibly at epoch 1.
Lines 28-29 are combined to

2B
At = ! (20)
log (1 +ar, (s’},L + SE’L))
Line 30 is changed to
N*=1L
N*-1 N*-1 Q1
=AY Ly=A+2 ) wy

k=1 k=1

The optimality proof of HPA3 can be obtained similarly to that
of HPA2 (see Proposition 2). Therefore, its proof is ignored in
this paper.
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Fig. 2. Procedures to solve Example 1. (a) sg,1 = 1,5g,2 = 2,and sg 3 =
2. (b) RGWF(]) = {SH,l = l}. (C) RGWF(Z) = {SH,l =SH,2 = l}.
(d) RGWF(3) = {sy,1 = sH,2 = sH,3 = 1} and HPA1(3).

V. NUMERICAL EXAMPLES AND
COMPUTATIONAL COMPLEXITY

HPAT1 does not need to wait for the full information to be
available, but it can compute the exact optimal solution through
finite computation for every subprocess that starts from epoch 1
and ends at epoch i, ¢ = 1,..., K. This point can also lean
towards designing other efficient algorithms, such as algo-
rithms HPA2 and HPA3, to compute the minimum transmission
completion time. For the minimum transmission completion
time problems, although they are nonconvex and nonsmooth
optimization problems, our approach can effectively compute
their exact global optimal solutions, without the use of any
huge backlog of computation and nonsmooth analysis. At the
same time, since HPA2 and HPA3 stem from HPA1 and they
are nonconvex and mixing continuous and integer optimization
variables, the computational complexity of HPA1 is analyzed
and compared with that of primal—dual interior point method
(PD-IPM), which has been regarded as an efficient optimization
algorithm with great promise (see [25] and references therein).

A. Numerical Examples

Here, we first present three numerical examples to illustrate
the procedures of the proposed algorithms (HPA1, HPA2, and
HPA3), followed by the achieved throughput comparison with
more general settings. For simple illustration of the first three
examples, we assume that there are three epochs, each with
unit length (L; = 1, =1,2,3), i.e., the same weight (w; =
1/2,i = 1,2,3). The logarithm operation has base 2 by default.
For Figs. 24, the height of the slash-filled shadowed stairs
denote the fading gains. The grid power and the allocated har-
vested power are illustrated by the height of the horizontal and
vertical wave-filled shadows, respectively. The z-axis denotes
the number of epochs, and the y-axis denotes the allocated
power levels.

Example 1: Suppose the fading profile for the three epochs
is a1 =1, ag = 1/2, and ag = 1/3. At the beginning of each
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Fig. 3. Procedures to solve Example 2, where (a)—(d) corresponds to HPA1,
whereas (e)—(f) corresponds to HPA-R. (a) sg,1 = 1, sg,2 = (23/12), and
sa,3 = (25/12). (b) RGWF(1) = {sg 1 = 1}. (¢) RGWF(2) = {sg,1 =
sg2 =1} (d) RGWF(3) ={syg,1 =sH,2=sm,3 =1} and HPAI(3).
(e) RGWF(3) = {spg,1 = (11/18),sm,2 = (20/18),sm,3 = (23/18)}.
(f) GWFPP(3) = {sg,1 = 1,5¢,2 = s@,3 = 2} and HPA-R(3).
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Fig. 4. Procedures to solve Example 3 by HPA2. (a) s, ; =1,and s7; ; =1.
(b)sgy o =2,and s7; , =1.(¢) 525 3= (2/15) and s7; 3 =(1/15). (d) sy ; = 1,
s’é 5= s’é 3= 2, s’;” = 1 V4, and the optimal value t* = 2.1862.

epoch, unit energy is harvested (Ei, (1) = 1,7 = 1,2,3). More-
over, the upper bound constraint of power from the power
gridis Eg; = ¢,1 = 1,2,3, and the entire power sum from the
power grid is E(q total) = 3.

First, implement HPA1(3)|;, which gives HPA1(3)|; =
{s¢1=1,5¢6,2=2,5¢,3 =2} as shown in Fig. 2(a). Second,
epoch 1 is first scanned to output RGWF(1) = sy 1 =1, as
shown in Fig. 2(b). Now, we move to epoch 2 and output
RGWEF(2) = sp,2 = 1, as shown in Fig. 2(c). Similarly, for
epoch 3, by applying RGWF(3), we have sg 3 = 1. Therefore,
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the algorithm HPA1(3) outputs the completed solution, as
shown in Fig. 2(d).

Example 1 is calculated out without power-level adjustment
by RGWF since the water-level nondecreasing condition is
satisfied for all the epochs. The updated channel gains (fading
channel gains) for the three epochs are continuously deteriorat-
ing. Therefore, the harvested energy at the beginning of each
epoch is fully consumed in the current epoch.

Example 2: Suppose the fading profile for the three epochs
is a; = 1, ag = 2, and a3 = 3. The remaining assumptions are
the same as in Example 1.

The solving procedures are shown in Fig. 3. First,
implement HPA1(3)|;, i.e., GWFPP. It is obtained that
HPA1 (3) |I = {SGJ = 1, G2 = 23/12, 5G,3 = 25/12}, as
shown in Fig. 3(a). Second, epoch 1 is first scanned to output
RGWF(1) = sg,1 = 1 as shown in Fig. 3(b). Now, we move
to epoch 2 and output RGWF(2) = sy 2 = 1, as shown in
Fig. 3(c). Similarly, for epoch 3, by applying RGWF(3), we
have sp 3 = 1. Therefore, the algorithm HPA1(3) outputs the
completed solution, as shown in Fig. 3(d). The maximum
throughput is log(41%/8) = 7.72.

If we apply HPA-R, i.e., the harvested energy is allocated
first, we would meet with the power-level adjustment procedure
during the use of RGWF(2) and RGWF(3) [19]. Therefore,
the harvested energy at the beginning of each epoch attempts
to flow to the later epochs because of the continuing im-
proved channel fading condition, leading to the uniform water
level of these three epochs, as shown in Fig. 3(e): {smg1 =
(11/18),sm,2 = (20/18),sm,3 = (23/18)}. Then, the grid
power is allocated as {sg1 = 1,5¢,2 = sg,3 = 2}, as shown
in Fig. 3(f). The corresponding objective value is log((47 x
65%)/(3% x 6%)) = 7.67. Therefore, the solution by HPA-R is
not an optimal solution. The illustration also accounts for the
maximum absolute difference of the water levels over all the
epochs obtained by HPA-R being greater than that obtained by
HPAL.

Example 3: All other assumptions are the same as those in
Example 1. In addition, the information required for transmis-
sion is B = 3 bits (strictly speaking, B bits/Hz).

Epoch 1 is first scanned to output HPAL(l)={sg1=1,
sm,1=1}, as shown in Fig. 4(a). Since log (142) < B(= 3),
we move to epoch 2, and apply HPA1(2) and HPA1(2)=
{s¢1=1,sg1=1} and {sg2=2,sg2=1}, as shown in
Fig. 4(b). Since log (1 +2) +log (1 + (1/2) x 3) < B(= 3),
we continually move to epoch 3 and apply HPAI1(3) and
HPA1(3)={SG71 =1, sg1=1;8¢g2=2,502= 1} and {SG73=
2,sm,3 = 1}. Since log (1+2)+1log (1+(1/2) x 3) + log(1 +
(1/3)x3) > B(=3), By = log(16/15). Therefore, The opti-
mal solution is {{s};; = sy, = 1,85 =(1/15)},{s5, =
I,sG0=2,8G3= (2/15)}, N* = 3}, and the optimal value
is N* = 3 by HPA2, as shown in Fig. 4(c). In addition, the mi-
nimizing continuous transmission completion time is t* =
At + Zszfl L, =2log(16/15) +2, and its solution is
{soa1=1sGo =563 =2} {81 = sho = sus =111}
by HPA3, as shown in Fig. 4(d).

Example 4: PD-IPM is chosen for the purpose of comparison
due to its competitiveness in computing the solutions to the
convex optimization problems. It has been known that the
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Fig. 6. Weighted sum rates (Unit: bits) of HPA1, HPA-R, and PD-IPM, as a
function of K.

proposed minimum transmission completion time problems
are nonconvex and mixing continuous with integer variable
optimization problems. To the best of the authors’ knowledge,
there is no algorithm reported in the open literature that can
compute the exact solutions to these problems. As a result, we
focus on the comparison of HPA1 and HPA-R with PD-IPM.

Figs. 5 and 6 compare the achieved throughput of PD-
IPM, HPA-R, and HPA1 for the maximum throughput problem.
In Fig. 5, /the number of epochs is selected as 10 (K =
10). The throughput is shown with the iteration growth. For
HPA-R and HPA1, they belong to the recursive algorithms.
The number of iteration is simply marked as one to complete
the calculation. The achieved throughput by using HPA1 and
HPA-R is significantly higher than that of PD-IPM.

In Fig. 6, the achieved throughput is plotted as a function
of the number of epochs. For PD-IPM, the number of iteration
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is fixed at 100. Channel gains are generated randomly using
random variables with the standard Gaussian distribution. For
convenience, { Fi,(k) = 6 Vk}. The sum power constraint of
the power grid F(g, tota)) = K and the peak power constraints
{Eqg, = kVE}. A group of different weights are also generated
randomly. The chosen parameters are assigned to all the three
algorithms with the identical values for fair comparison. For
the proposed HPA1 and HPA-R, the throughput increases with
the increasing of the number of epochs and is much higher
than the result from PD-IPM. In the simulated range, HPA1
always achieves higher throughput than HPA-R, particularly
when the number of epochs is low. On the other side, with
the increasing of the number of epochs, PD-IPM has more and
more variables to be solved. Thus, it needs more iterations to
achieve its converged sum rate value. This point leads to the
fact that, when the number of iteration is fixed as 100, the
achieved throughput is decreasing monotonically in the number
of epochs.

B. Computational Complexity Analysis

HPA1 utilizes GWF S 5_, (14 L)L /2 times for RGWF(K);
therefore, it needs S h_, E£=1(8k+3) =K(K+1)(8K+
25)/6, ie., O(K3) fundamental operations for utilizing
GWF (see [18]). Since HPA1 also uses GWFPP twice, this
usage needs 8 K2 + 14K fundamental operations (see [18]).
Therefore, HPA1 needs K(K + 1)(8K +25)/6 + 8K? +
14K, ie., O(K?) fundamental operations. Therefore, the
complexity of HPA1 is rather low O(K?3). As a comparison,
PD-IPM computes an € solution, which is not the optimal
solution. It still needs a polynomial computational complexity:
O(K35)log(1/e) (see [25] and [26]). Hence, PD-IPM cannot
guarantee to output the optimal solution by finite computation.
Our method eliminates any linear search but outputs the exact
optimal solution with finite computation.

Simply speaking, HPA1 needs a total of O(K?) basic oper-
ations to compute the optimal exact solution, whereas PD-IPM
needs a total of O(K3®)log(1/¢) basic operations to compute
an e solution.

VI. CONCLUSION

For the general model of the optimal power allocation for
wireless communications with the energy harvesting and the
smart power grid coexisting systems, we proposed recursive
algorithms to solve the radio resource allocation problems with
more general and more complicated constraints than the exist-
ing problems. As a starting point, we reviewed the proposed
GWEF to solve the optimal power allocation problem with a sum
power constraint. Then, GWF is used as a functional block to
solve the problems with energy harvesting and grid power in
fading channels for the objective function to maximize the data
rate (HPA1) and to minimize the discrete transmission comple-
tion time (HPA2) and the continuous transmission completion
time (HPA3), respectively.

Applying the developed RGWF from GWF recursively and
comparing the water level at the current processing window
with that of the previous epoch, HPA1, which includes the
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developed GWFPP, outputs the solution epoch by epoch to
find the optimal power allocation policy. HPA2 and HPA3
are constructed based on HPA1 with additional comparison:
to see whether the required information transmission amount
is achieved. Significantly, the proposed algorithms own lower
computational complexity. For example, HPA1 is of cubic
polynomial computational complexity to compute an exact
optimal solution. The number of iterations of all these pro-
posed algorithms is finite. We have also obtained and strictly
proved optimality of the proposed algorithms. Numerical ex-
amples are provided to illustrate the steps to obtain the exact
optimal solutions via finite computation using the proposed
algorithms.

REFERENCES

[1] Z.G. Wan, Y. Tan, and C. Yuen, “Review on energy harvesting and energy
management for sustainable wireless sensor networks,” in Proc. IEEE
13th ICCT, 2011, pp. 362-367.

[2] O. Ozel, K. Tutuncuoglu, J. Yang, S. Ulukus, and A. Yener, “Transmis-

sion with energy harvesting nodes in fading wireless channels: Optimal

policies,” IEEE J. Sel. Areas Commun., vol. 29, no. 8, pp. 1732-1743,

Sep. 2011.

J. Lei, R. Yates, and L. Greenstein, “A generic model for optimizing

single-hop transmission policy of replenishable sensors,” IEEE Trans.

Wireless Commun., vol. 8, no. 2, pp. 547-551, Feb. 2009.

[4] V. Sharma, U. Mukherji, V. Joseph, and S. Gupta, “Optimal en-
ergy management policies for energy harvesting sensor nodes,”
IEEE Trans. Wireless Commun., vol. 9, no. 4, pp. 1326-1336,
Apr. 2010.

[5] C. Ho and R. Zhang, “Optimal energy allocation for wireless communi-
cations with energy harvesting constraints,” IEEE Trans. Signal Process.,
vol. 60, no. 9, pp. 4808—-4818, Sep. 2012.

[6] S. Mao, M. H. Cheung, and V. Wong, “An optimal energy allocation

algorithm for energy harvesting wireless sensor networks,” in Proc. IEEE

Int. Conf. Commun., 2012, pp. 265-270.

M. Gorlatova, A. Wallwater, and G. Zussman, ‘“Networking low-power

energy harvesting devices: Measurements and algorithms,” IEEE Trans.

Mobile Comput., vol. 12, no. 9, pp. 1853-1865, Sep. 2013.

X. Fafoutis and N. Dragoni, “Analytical comparison of MAC schemes for

energy harvesting—Wireless sensor networks,” in Proc. Int. Conf. INSS,

2012, pp. 1-6.

[9]1 Z. A. Eu and H. P. Tan, “Adaptive opportunistic routing protocol for
energy harvesting wireless sensor networks,” in Proc. IEEE Int. Conf.
Commun., 2012, pp. 318-322.

[10] D. Hasenfratz, A. Meier, C. Moser, J. Chen, and L. Thiele, “Analysis,
comparison, and optimization of routing protocols for energy harvest-
ing wireless sensor networks,” in Proc. IEEE Int. Conf. SUTC, 2010,
pp- 19-26.

[11] K. B. Huang, “Throughput of wireless networks powered by energy har-
vesting,” in Proc. ASILOMAR, 2011, pp. 8-12.

[12] M. Gatzianas, L. Georgiadis, and L. Tassiulas, “Control of wireless
networks with rechargeable batteries,” IEEE Trans. Wireless Commun.,
vol. 9, no. 2, pp. 581-593, Feb. 2010.

[13] K. Tutuncuoglu and A. Yener, “Optimum transmission policies for battery
limited energy harvesting nodes,” IEEE Trans. Wireless Commun., vol. 11,
no. 3, pp. 1180-1189, Mar. 2012.

[14] X. Li et al., “Securing smart grid: Cyber attacks, countermeasures,
and challenges,” IEEE Commun. Mag., vol. 50, no. 8, pp. 38-45,
Aug. 2012.

[15] W. Jia, H. Zhu, Z. Cao, X. Dong, and C. Xiao, “Human-factor-aware
privacy-preserving aggregation in smart grid,” IEEE Syst. J., vol. 8,
no. 2, pp. 598-607, Jun. 2014.

[16] S. Peng and C. Low, “Throughput optimal energy neutral management
for energy harvesting wireless sensor networks,” in Proc. IEEE Wireless
Commun. Netw. Conf., 2012, pp. 2347-2351.

[17] D. P. Bertsekas, Nonlinear Programming, 2nd ed.
Athena Scientific, 1999.

[18] P.He, L. Zhao, S. Zhou, and Z. Niu, “Water-filling: A geometric approach
and its application to solve generalized radio resource allocation prob-
lems,” IEEE Trans. Wireless Commun., vol. 12, no. 7, pp. 3637-3647,
Jul. 2013.

[3

[t}

[7

—

[8

—

Nashua, NH, USA:



HE AND ZHAO: NONCOMMUTATIVE COMPOSITE WATER-FILLING FOR HYBRID SYSTEM

[19] P. He, L. Zhao, S. Zhou, and Z. Niu, “Recursive water-filling for wireless
links with energy harvesting transmitters,” IEEE Trans. Veh. Technol.,
vol. 63, no. 3, pp. 1232-1241, Mar. 2014.

[20] P. He, L. Zhao, S. Zhou, and Z. Niu, “Optimal recursive power allocation
for energy harvesting nodes with multiple antennas,” IEEE Trans. Veh.
Technol., published on-line, DOI: 10.1109/TVT.2014.2366560.

[21] J. Gong, S. Zhou, and Z. Niu, “Optimal power allocation for en-
ergy harvesting and power grid coexisting wireless communication
systems,” [EEE Trans. Commun., vol. 61, no. 7, pp. 3040-3049,
Jul. 2013.

[22] A. Goldsmith and P. Varaiya, “Capacity of fading channels with channel
side information,” IEEE Trans. Inf. Theory, vol. 43, no. 6, pp. 1986-1992,
Nov. 1997.

[23] S. Albers, “Online algorithms,” in In Interactive Computation: The New
Paradigm, D. Q. Goldin, S. A. Smolka, and P. Wegner, Eds. New York,
NY, USA: Springer-Verlag, 2006, pp. 143-164.

[24] G.B. Folland, Real Analysis: Modern Techniques and Their Applications.
North York, ON, Canada: Wiley, 1999.

[25] S.Boyd and L. Vandenberghe, Convex Optimization.
Cambridge Univ. Press, 2004.

[26] L. Zhang, Y. Xin, Y.-C. Liang, and H. V. Poor, “Cognitive multi-
ple access channels: Optimal power allocation for weighted sum rate
maximization,” IEEE Trans. Commun., vol. 57, no. 9, pp. 2754-2762,
Sep. 2009.

Cambridge, U.K.:

Peter He received the M.A.Sc. degree in electrical
engineering from McMaster University, Hamilton,
ON, Canada, in 2009. He is currently working toward
the Ph.D. degree with the Department of Electri-
cal and Computer Engineering, Ryerson University,
Toronto, ON.

His current research interests include the union
of large-scale optimization, information theory, com-
munications, and smart power grid.

Mr. He has consecutively received the Graduate
Research Excellence Award from the Department
of Electrical and Computer Engineering, Ryerson University, since 2010, as
well as the Best Paper Award at the International Conference on Wireless
Communications and Signal Processing in 2013.

2037

Lian Zhao (S’99-M’03-SM’06) received the Ph.D.
degree from the University of Waterloo, Waterloo,
ON, Canada, in 2002.

In 2003, she joined the Department of Electri-
cal and Computer Engineering, Ryerson University,
Toronto, ON, Canada, as an Assistant Professor and
became an Associate Professor in 2007 and then a
Professor in 2014. Since 2013, she has also been
the Associate Chair for Graduate Studies with the
Department of Electrical and Computer Engineering,
Ryerson University. Her research interests include
wireless communications, radio resource management, power control, cogni-
tive radio and cooperative communications, and design and applications of
energy-efficient wireless sensor networks.

Dr. Zhao served as the Web-Conference Cochair for the 2009 IEEE
Toronto International Conference Science and Technology for Humanity, as the
Symposium Cochair for the 2013 IEEE Global Communications Conference
(Globecom) Communication Theory Symposium, and as a Technical Program
Committee member for numerous IEEE flagship conferences. She has served as
a Guest Editor for the International Journal on Communication Networks and
Distributed Systems Special Issue on Cognitive Radio Networks in 2011, as an
Associate Editor for the IEEE TRANSACTION ON VEHICULAR TECHNOLOGY
since 2013, and as a Reviewer for IEEE Transactions and Journals and for
various Natural Sciences and Engineering Research Council proposals. She
received the Canada Foundation for Innovation New Opportunity Research
Award in 2005; the Ryerson Faculty Merit Award in 2005 and 2007; the
Faculty Research Excellence Award from the Department of Electrical and
Computer Engineering, Ryerson University, in 2010, 2012, and 2014; the Best
Student Paper Award (with her student) at the 2011 International Conference on
Communications and Networking in China; and the Best Paper Award (with her
student) at the 2013 International Conference on Wireless Communications and
Signal Processing. She has been the IEEE Ryerson Student Branch Counselor
since 2005 and a member of the IEEE Communication/Vehicular Society. She
is a licensed Professional Engineer in Ontario




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles false
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments false
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues false
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo true
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


