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ABSTRACT

We develop a novel approach to optimal broadcast scheduling over
time-varying channels for an energy harvesting transmitter with
finite-capacity battery and non-ideal circuit power consumption. Re-
lying on the convex optimization tools, a low-complexity algorithm
is proposed to obtain the optimal transmission policy that maximizes
the weighted sum-throughput for multi-input multi-output (MIMO)
broadcast channels. Our approach provides the optimal benchmark
to all the practical schemes for energy harvesting powered broad-
casting with non-ideal circuit power.

Index Terms— Energy harvesting, broadcast channel, uplink-
downlink duality, non-ideal circuit power, time-varying channel.

1. INTRODUCTION

Energy harvesting powered wireless communications have attracted
growing interest in recent years. Different from the traditional com-
munication systems, the intermittent nature of most energy harvest-
ing sources causes bursty energy availability at the transmitter. Tak-
ing into account this new energy availability constraint, the optimal
transmission policies for energy harvesting nodes were investigated
for time-invariant and time-varying point-to-point channels [1-4], as
well as time-invariant broadcast channels [5-7].

All the works [1-7] assumed an ideal (zero) circuit-power
model. However, in practical short-range wireless transmissions,
there exists non-negligible circuit power consumption; e.g., the
AC/DC converter and RF amplifier can contribute to a significant
portion of energy consumption when transmit-power P > 0. For
many energy harvesting (e.g. sensor) applications, such a non-ideal
circuit power consumption needs to be taken into account. This issue
was only partly addressed for point-to-point transmissions in [8,9].

In this paper, we develop a novel approach to optimal broad-
cast scheduling over time-varying channels for energy harvesting
transmitter with non-ideal circuit power consumption. Unlike the
single-antenna broadcast models (where non-ideal circuit-power was
not considered) in [5-7], we consider a more general multi-input
multi-output (MIMO) model where both the transmitter and the re-
ceivers can have multiple antennas. Assuming full harvested en-
ergy and channel information, we develop the optimal policy that
maximizes the system throughput. Using the uplink-downlink dual-
ity [10] and a “nested optimization” method [7,8], we convert the op-
timal user-power scheduling for a MIMO broadcast channel into an
optimal sum-power allocation problem for an equivalent “point-to-
point” link. Relying on convex optimization principles, an efficient
algorithm is then proposed to obtain the optimal solution with a low
computational complexity. With the optimal sum-power obtained,
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the optimal user-power scheduling strategy can be subsequently de-
termined. Our approach provides the optimal benchmark to all the
practical schemes for energy harvesting powered broadcasting.

The rest of the paper is organized as follows. Section II describes
the broadcast channel, energy-harvesting, and circuit-power models.
Section III presents the proposed approach to optimal MIMO broad-
casting over time-varying channels. Section IV evaluates our scheme
with numerical examples, followed by the conclusion.

2. MODELING PRELIMINARIES

Consider a MIMO broadcast channel (BC) where the transmitter has
N, antennas and each of the K users has N, antennas. Let H(t) €
CN»*Nt denote the channel coefficient matrix from the transmitter

to the kth user, £ = 1,..., K, at time t. The received complex-
baseband signal at user k is given by:
yi(t) = Hi(t)z(t) + zk(t), (D

where x(t) is the transmitted vector signal, and z, (¢) is the additive
random noise. We assume without loss of generality (w.l.0.g.) that
z1(t) is complex-Gaussian with zero mean and covariance matrix I
(the identity matrix of size N,). The transmitted signal is the sum
of the signal transmitted to individual users: x(t) = > kKZI x(t).
The overall transmit covariance matrix is then 3"~ Elzjxl] =
Zi;l I'x, where the positive semidefinite I';, (denoted by I'y, > 0)
is the transmit covariance matrix for user k. The total transmit-power
is given by Zle tr(Tx).

Assuming perfect channel state information at the transmitter,
the capacity of the MIMO BC can be achieved by dirty paper coding
(DPC). Let H := {H1, ..., Hx}. With a total transmit-power P,
the capacity region achieved by the DPC for MIMO BC is given by:

Coc(P;H) = Co(UxRr(P;H)), 2)
where C'o(-) denotes the convex hull, the union is over all permuta-
tion 7 of the user index set {1,2,..., K}, and

Ra(PiH) = Ui, 55 wry<ppl(r o rx)
I+3F_, Hﬂ<u>rﬂ<u)H,t(u)|

log = )
1T+ 3021 He T HY )|

Tr(u) < Vk}.

Here | - | denotes the determinant operator.

2.1. Uplink-Downlink Duality

The BC capacity region can be alternatively characterized by the
capacity regions of a set of “dual” multi-access channels (MACs).
In the dual MAC, the received signal is:

y(t) = Xr, Hi () (t) + 2(t), 3)
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where @ (t) is the transmitted signal by user k, and z(t) is addi-
tive complex-Gaussian with zero mean and covariance matrix I. Let
Qr = E[mkmz] > 0 denote the transmit covariance matrix for user
k,andlet P := [Pi,..., Pk] collect the transmit-power budgets for
users. For a given P, the MAC capacity region is:

Cuac(P;H') = Urg,: v <pe, viy L1y - 7))
Shestr <log I+, s HIQuHy|, VS C {1,...,K}}.

The uplink-downlink duality in [10] proves that the BC capacity re-
gion (2) equals the union of the above MAC c?})acity regions corre-
sponding to all power vectors P satisfying ", Pr < P;ie,,

CBc(P; H) = U{P: Z£<:1 PkgP}CMAC(P; 'HT) = CMAc(P;HT).

2.2. Energy Harvesting Process

Suppose that the transmitter harvests renewable energy from the na-
ture and then stores it in the battery for future use. The energy state
changes when an energy arrival occurs. For a time-varying chan-
nel, the channel state H can in general change between two energy
arrivals. We assume that there are N + 1 channel or energy state
changing instants 0 = t9 < --- < ty = T over the entire trans-
mission interval [0, 7). We call the interval between two consecu-
tive state changing instants an epoch, whose length is denoted by
L; =t;—ti—1,i=1,...,N, with Zf;l L; = T. The energy
arrival process is described by a set {(am, Ewm )}, m =0,1,..., M,
where M denotes the number of energy arrivals, a,, denotes the
epoch index of the mth energy arrival time, and E,, denotes the
amount of energy arriving at time t,,,. Let Enax denote the capac-
ity of the rechargeable battery. It is clear that 0 < F; < FEpay,
i = 1,..., M; otherwise, the excess energy F; — Enax cannot be
stored in the battery and we set w.l.o.g. F/; = FEnax in such cases.

2.3. Non-Ideal Circuit Power Consumption

In short-range wireless networks, circuit power consumption (e.g.
RF amplifier) is non-negligible when transmit-power P > 0. On
the other hand, the transmitter could turn off the power amplifier to
avoid/reduce circuit power consumption [11] if no data transmission
occurs. We refer the transmitter status with a transmit-power P > 0
and that with P = 0 as the “on” and “off” modes. In practical
systems, the circuit power in the “off”” mode is usually much smaller
than that in the “on” mode. Hence, we assume w.l.0.g. the circuit-
power during the “on” and “off” modes to be @ > 0 Watts and 0
Watt, respectively. The total consumed power Pjotq; is then [8]:

P+a, P>0,
Ptomzz{om oo @

3. BROADCASTING WITH NON-IDEAL CIRCUIT POWER

Let H; := {H;,,...,H; k} denote the channel per epoch i. To
account for the non-ideal circuit power, the transmitter can be turned
on for only a portion of an epoch [8]. Hence, we let I; < L; de-
note the length of the “on” period, and I'; = [T'; 1,..., T k] col-
lect the transmit-covariance matrices during “on” period at the ith
epoch. Define l := [l1,...,In] and T" := [I'1,...,T'y]. With the
covariance matrices in I';, the sum transmit-power is then P; :=
Zszl tr(T';.x). Let 2 (L) denote the achieved rate for user k,
and 7P (T;) := [r{(Ty), ..., £ (Ty)]. Define Ef, := Y7 E;
Eg = (X" Ej — Emax) ™, Vm, where (2)* := max{z, 0} [2].

J

Provided a priority weight vector w := [ws,...,wk]|, we aim to

maximize the weighted-sum of user throughput:

max 370 fwe 50, (7 (T3)1)]

s.t. (C: Yim(Pi+a)i) <ER, m=1,...,M,
(€2 Y [(P+ a)ls] > Ef,, m=1,..., M,
rP (L) € Coe(Pi;Hi), 0<1; <L; i=1,...,N.

(%)
Here, (C1) are the causality constraints: the total energy consumed
up to t4,,, cannot exceed the energy Ej,, that has been accumulatively
harvested so far; whereas (C2) are the non-overflow constraints: the
transmitter should at least consume the energy Ej,, to prevent energy
overflow (i.e., waste) at ¢,,, due to finite battery capacity Emax.
K
Define R(Pi; Hi) := MaX,.5 (r,)ecoe(Prii;) donet WkTHE (L),

Relying on the uplink-downlink duality, we can show that:'

Lemma 1 The strictly concave function R(P;,H;) can be alterna-

tively obtained by the optimal value of the problem:

K

k
_ f ) )
Qr?;?)éo (w‘"’(k) wﬂ(k+1))10g|I+ ZHi,ﬂ(u)Qz,w(u)Hz,Tr(u)|

st Sx (Qik) =P

k=1 u=1

(6)
where T is the permutation of user indices {1,..., K} such that
Wr(1) = Wr(2) =+ * 2 Wr(K), A1d Wr(x 1) = 0.

Let P := [P4,..., Pn]. Using R(P;), we can convert the opti-
mal broadcasting problem (5) into an optimal sum-power allocation
problem for an equivalent “point-to-point” link:

max S L [R(Pys Ha)li]
st BL <SP+ o)) <EL, m=1,....M, (D
P,>0, 0<l; <L; t=1,...,N.
3.1. Convex Reformulation and Optimality Conditions

The non-convex problem (7) can be reformulated into a convex prob-
lem through a change of variables. Define ¥; := (P; + «)l;. With

W = [Uy,...,¥y], we can rewrite (7) into:
max Efil[R(% — o Ha)li]
st B <YW < EL om=1,..., M, ®)

‘I/iZOéli, OSZZ‘SL»;, ’i:l,...,N.

Since R(P;;H;) is a concave function of P; per Lemma 1, it can be
shown that R(% — a; H4)l; is a jointly concave function of (U3, [;)
[12]. It then follows that (8) is a convex problem.

Let A := {Am, ptm,m = 1,..., M} where A\, and p,, de-
note the Lagrange multipliers associated with the causality and non-
overflow constraints. The Lagrangian of (8) is given by:

L(P,LA) = C(A) + Z[R(% — @ Ha)l = 3 Oon = ) )

where C(A) := 320 (AmE) — Yoy (um Ery).
Let (¥, 1) denote the optimal solution for (8) and A* the op-

timal Lagrange multiplier. Define 6, := Z%_Z Ay — Z:f:z Lo«

By the Karush-Kuhn-Tucker (KKT) conditionsi[IZ], we have: Vi,

(95,107) = argmax [R(V;/l; — a; Hi)l; — 0;7,]

&)
S. L. \I/izali, Oglz SLZ

'Proof for lemmas and theorem can be found in our journal version [13].
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In addition, the non-negative A, and p;, satisfy the complementary
slackness conditions: Vm,

Ao =0, if Y0 T < B,
{ am pr — 3 if A, > 0; (10)

{0 0 > o
Soem vy = Ep,, if pn, > 0.

Let P/ = VU;/li — aiflj > 0, and P take any arbitrary
non-negative value when [; = 0, Vi. It is clear that (P*, 1) is the
optimal solution of (7). From (9)—(11), the sufficient and necessary
optimality conditions for (7) are: V¢, Vim,

an

(P, ;) = argmax [;[R(P;; Hi) — 0:(P; + o)) (12)
s.t. P; >0, OSZZSL“

A =0, if Y0 (P 4+ a)lf < Ep,, 13)
Zf;"l(P* + a)li = Eyy,, if Ay, > 0;

[ =0, if S0 (PP + a)lf > B, (14)
SSem (P4 ) = B, if iy > 0.

3.2. Energy Efficiency Maximizing Power

Before solving (7), we consider finding the bits-per-Joule energy ef-
ficiency (EE) maximizing powers: Vi

Pee(H;) = argmaxpsq R(P;Hi)/(P + a). (15)
With an auxiliary variable b, we write the problem (15) into:

maxp>o,b b, s.t.R(P;H:)/(P+a)>b. (16)
For a fixed b, consider the problem:

9(b) = maxp>o R(P; ;) —bP. an

Define f(Q:) = 324 (w(r) — wa(rn) log [T+ 320, HY
Qi ~(v)H; r(u)|- Then by Lemma 1, (17) is equivalent to:
g(b) = maxp>o [maXZszltr(qu,k):P f(Q:) —bP) )

= maxq,»o [f(Qi) — b p, tr(Qix)].

The problem in (18) is a convex program, which can be efficiently
solved by the Matlab CVX solver in polynomial time. Building on
the solution for (18), a bisectional search can be implemented to
solve (16) by finding the maximal b with g(b) > ab; the solution
P.c(H;) for (15) is in turn obtained.

3.3. Optimal Sum-Power Allocation

For any [; > 0, it follows from (12) that

P = argmaxp,>o [R(P;; Hi) — 0; P;]. (19
Let R'(P;; H;) be the first derivative of R(P;; H;). We clearly have:
R/(P;;Hi) = 0;, leading to : P} = R'™*(0;; H.), where R'™* de-
notes the inverse function of R’. To obtain P;*, we need to solve:
maxp,>o[R(Pi; H¢) — 0:P;]. By Lemma 1, this is equivalent to
solving the convex program (18) with b = ;. Let Q; (0;;H,;) de-
note its optimal solution. Then

RN (05 Ha) = Yo, tr(Q5 (035 Ha)). (20)

Note that for the single-antenna single-user case, the optimal power
is given by the celebrated water-filling form: P = (1/6; —
1/]h:|?)T, where 1/0; serves as a water-level. For this reason,
we call w; := 1/6; a generalized “water-level”.

Substituting R (P;"; H;) = 6; into (12) implies:
LIR(P s Hi) — R(PS M) (PT + )] 2D

I; = arg max
<

<U;<L;

Relying on (21), we can show that:

Lemma 2 The optimal transmission policy for (7) can only adopt ei-

ther one of the following three (“off”, “on-off” and “on”) strate-
gles per epoch i : (i) l* =0, (ii) P = Pee(Hs), Ii < Ly, or (iii)
Pl > Pee(Hs), ] =

Lemma 2 states that the optimal sum-power allocation depends
on the EE maximizing power P..(#,;); i.e. any transmit-power P; <
P..(H;) per epoch i should not be adopted in the optimal policy. In
fact, since Pe.(H;) maximizes the bits-per-Joule EE, we can show
that any transmission strategy with a P; < P..(#;) over an epoch
can be dominated by an on-off transmission with Pe.(#;), which
yields a higher throughput reward with the same energy expenditure.

It is easy to see that P; = R'~'(1/w;;H;) increases as the
water-level w; increases. Using this fact and the complementary
slackness conditions (13)—(14), we can establish that:

Lemma 3 In the optimal policy, the powers for epoches i with l; > 0

are given by a water-filling form: P} = R'™'(1/w;; H;), where the
water-level w; increases after a tq,, with Zam (P + a)l* Ep,
and it decreases after a tq,, with > ;™ (P + a)lf =

The structures of the optimal policy revealed in Lemmas 2-3
imply that we should implement a water-level based “clipped string-
tautening” approach to find the optimal solution for (7). To this end,
let wjm or w,, ~denote the constant water-level to make the mth
causality or non-overflow constraint become tight at t,,,. Given an
invariant water-level w before ¢,,,, , the power per epoch ¢ is given by
Py = R'™'(1/w;H;) if I} > 0. On the other hand, it follows from
Lemma 2 that we have P, > P..(H;) if [{ > 0. Define:

wee(H'L) = 1/R,(Pee(H7,)7Hz), Vi. (22)
This implies that we can have ;' > 0 only when w > we.(H;). With
the water-level w, the optimal strategy per epoch i is then:

I =0,

Pi* = Pee(Hi)y l: < Li7
Pf = RN (1/w; Ha), I = L,

if w< wee(Hs),
if w=we(Hs), (23)
if w> wee(Hi).

Let U;(w; Hi) = (P 4 a)li. By (23), we have: (i) U;(w; Hi) =
0, if w < wee(Hs); (1) Wi(w;Hs) € [0, (Pee(Hi) + ) Ly], if
W = wee(Hs): and (iii) W, (w; Hi) = (R~ (1/w; Ha) + @) Li
W < Wee(Hi). Thus, the values of w,fm andw,, ,m=1,.. M,
can be calculated by solving the equations: Vm

doem (wam,H Y=En; Y Wi(w,, s He) = E5. (24)
Since Y™ W, (w; H;) is increasing in w, the equations in (24) can
be solved by a blsectlonal search.

With w,, =~ and w{fm obtained, we are ready for implementation

of the proposed “clipped water-tautening” approach to solve (7).
Let £ := {Eo,Er,...,Em}, £ := {L1,...,Ln} and H =
{H1,...,Hn}. The optimal {P*,1*} for (7) can be obtained by
calling Procedure ScheduleW (&, £, H) in Algorithm 1.
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Algorithm 1 “Clipped Water-Tautening”

1: procedure SCHEDULEW (energy set €, length set £, channel set )

2t Nofsee = 0,and P} = 0,17 = 0, Vi;
3: while Nofrer < N do
4: [T, w, E] = FirstChangeW(&E, L, H);
5: fori = 1to 7 do .
. * ! — . .
6: -PNoffselJri =R (1/(.;); H,;) given by (20),.
7: ifw > wee(H;) then lNoff<e¢+77 = L;; end if
8: end for
9: if there exists tce With wee(Hi,.) = w then
. B-Yictigtioe Py tit ) g +4
10: INofrser Hice = IEDZe(Him;)‘-#a =
11: end if
12: Noftset = Noftser + 7, and update £, £, H.;

13: end while
14: end procedure

15: function [T, w, E] =FIRSTCHANGEW(E, L, H)
16: w =0, wh=oc0, 77 =77 =0, M, =|E| - 1;
17: for m = 1to M. do

18: calculate wjm and w, by solving equations in (24);

19: ifw;rm < wtthen 7t =a,,, wt = w;rm, Et = EZ2 :endif
20: fw, >w” then 77 =am,w” =w, ,E” = E¢, ;end if
21: ifw™ >wT &7~ < 77 then

22: reunT =7 ,w=w_ ,E=E";

23: elseif (W™ > wh &7 > 7 or (v = M) then

24: retun T =77, w=w", E=ET;

25: end if

26: end for

27: end function

The key component in Algorithm 1 is Function FirstChangeW,
which determines the first water-level changing time ¢, and the
water-level w used before it. The two candidate water-levels are
updated as: w = min,,, <; wd, and w™ = max,,,<; ws,, , which
are in fact the maximum and minimum value for an invariant water-
level to satisfy all the causality and non-overflow constraints before
ti, respectively. If we have wT < w™ ata certain t;, then the water-
level needs to be changed before it since no invariant water-level
can satisfy all the causality and non-overflow constraints so far. The
first water-level changing time can be obtained by comparing 7~
and 77 to see which type of constraint first becomes tight. When
the returned ¢; < 7', Function FirstChangeW can be reused for a
new (€, L, H) system over the remaining time to find the next
water-level changing time and the next water-level.

The global optimality of the proposed Algorithm 1 is formally
stated in the following theorem:

Theorem 1 Algorithm 1 computes the optimal transmission policy for

(7) with a worst-case complexity O(M?).

3.4. Optimal Broadcasting Solution

With the optimal sum-power P;" per epoch 4, the optimal uplink ma-
trices Q;,x(F;") for (6) can be efficiently obtained in polynomial
time. Then by uplink-downlink duality, we can obtain the optimal
downlink matrices I'; ;, from Q;  (P;") as follows [10]. Define:

_ k—1 % T
Ai’k =I+ Hil’(ﬂ(k)(zule Fi,w(u))Hi,ﬂ-(ky
Bix=1+ Zu:k+1(H¢,ﬂ(u)Q;ﬂ(u)(Pi*)HiJr(u))'
Using A; ; and B; ,, wehave: VE =1,..., K,
1 1 1 1
F%(k) = Bi,k2 E,kGZ,kAika,w(m(Pi*)Aiz,kGi,kFiT,kBi,k?
where we obtain the matrices F; » and G ;, by decomposing the ef-

1 1
fective channel using SVD: B, ;? Hiﬂ(k)Ai’k2 = Fz‘,kSiG;k with
a square and diagonal S;.

.
—fe— CWT
—@— Online CWT
~—— EE-SE

Throughput (bits/sec)

Fig. 1. Average throughput versus energy arrival rate ..
1 1

Note that T ) = B, * Fi GlQ; ) (P7)Gi1F B, 2,
which only requires the knowledge of Q; »(P;"). When calculating
L k), k > 1, we need A, ;; whose calculation requires the knowl-
edge of previously calculated I'; (u), v = 1,...,k — 1. Insuch a
sequential way, all I'} ;, can be determined.

Overall, the bisectional search to find P..(#;) is geometrically
fast. With P}, transmit-covariance matrices I'; ;, Vk, can be ob-
tained through convex programming tools in polynomial time. It
then readily follows that the optimal broadcasting schedule {I"*, 1*}
for (5) can be obtained with a worst-case complexity O(K M?).

4. NUMERICAL RESULTS

For a time-varying MIMO broadcast channel with K = 2 users,
consider data transmission over 7' = 50 seconds. The weight vector
w = [1, 1], and each element in channel matrix H; », k = 1,2, is
a zero-mean complex Gaussian random variable with unit variance.
The battery capacity of the transmitter is Emax = 100 Joules, and
non-ideal circuit-power « = 3 Watts. Assume a stochastic energy
harvesting setup modeled by the compound Poisson process with
mean A [8]. The amount of energy in each arrival is assumed to be
independent and uniformly distributed with mean 50 Joules. Fig. 1
shows the average throughput versus A, for a simulated wireless link
when (N¢, N) is set to (2,2) and (4, 2), respectively. Each result
is obtained as the average of 10 randomly generated trial cases. The
revealed structure of the optimal clipped water-tautening (CWT) pol-
icy also motivates us to develop an online CWT scheme which as-
sume only causal knowledge of the harvested energy and channel
realizations in [13]. In addition to the offline CWT algorithm, we in-
clude the performance of the online CWT policy and offline EE-SE
policy (which we generalize to the MIMO BC case) in [8]. With-
out taking into account the finite battery-capacity, the EE-SE policy
incurs throughput loss for all A, values. It is shown that the online
CWT scheme achieves a reasonably good throughput for all A val-
ues, and even outperforms the offline EE-SE policy for large A.. It
is also clearly observed that the sum-rate is significantly improved
for the MIMO BC as the number of transmit-antennas /N; doubles.

5. CONCLUSIONS

We proposed a novel approach to optimal transmission policy for
energy-harvesting powered MIMO BC with non-ideal circuit power
consumption over time-varying wireless channels. An efficient al-
gorithm was developed to find the optimal solution with a low com-
putational complexity.

7792



6. REFERENCES

[1] J. Yang and S. Ulukus, “Optimal packet scheduling in an en-
ergy harvesting communication system,” IEEE Trans. Com-
mun., vol. 60, no. 1, pp. 220-230, Jan. 2012.

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

[3] C. Ho and R. Zhang, “Optimal energy allocation for wireless
communications with energy harvesting constraints,” /EEE
Trans. Signal Process., vol. 60, no. 9, pp. 4808-4818, Sep.
2012.

[4] O. Ozel, K. Tutuncuoglu, Y. Jing, S. Ulukus, and A. Yener,
“Transmission with energy harvesting nodes in fading wireless
channels: Optimal policies,” IEEE J. Sel. Areas Commun., vol.
29, pp. 1732-1743, 2011.

[5] M. Antepli, E. Uysal-Biyikoglu, and H. Erkal, “Optimal packet
scheduling on an energy harvesting broadcast link,” IEEE J.
Sel. Areas Commun., vol. 29, no. 8, pp. 1721-1731, Sep. 2011.

[6] J. Yang, O. Ozel, and S. Ulukus, “Broadcasting with an en-
ergy harvesting rechargeable transmitter,” IEEE Trans. Wire-
less Commun., vol. 11, no. 2, pp. 571-583, Feb. 2012.

[7]1 O. Ozel, Y. Jing, S. Ulukus, “Optimal broadcast scheduling
for an energy harvesting rechargeable transmitter with a finite
capacity battery,” IEEE Trans. Wireless Commun., vol. 11, no.
6, pp. 2193-2203, Jun. 2012.

[8] J. Xu and R. Zhang, “Throughput optimal policies for energy
harvesting wireless transmitters with non-ideal circuit power,”
to appear in IEEE J. Sel. Areas Commun..

[9] O. Orhan, D. Gunduz, and E. Erkip, “Throughput maximiza-
tion for an energy harvesting system with processing cost,” in
Proc. ITW, 2012.

[10] S. Vishwanath, N. Jindal, and A. Goldsmith, “Duality, achiev-
able rates, and sum-rate capacity of Gaussian MIMO broadcast
channels,” IEEE Trans. Inf. Theory, vol. 49, no. 10, pp. 2658—
2668, Oct. 2003.

[11] G.Miao, N. Himayat, and G. Li, “Energy-efficient link adapta-
tion in frequency-selective channels,” IEEE Trans. Commun.,
vol. 58, no.2, pp. 545-554, Feb. 2010.

[12] S. Boyd and L. Vandenberghe, Convex Optimization, Cam-
bridge University Press, 2004.

[13] Z. Nan, T. Chen, and X. Wang, “Optimal broadcasting for en-

ergy harvesting transmitter with non-ideal circuit power con-
sumption,” in preparation.

7793



