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Abstract—In this paper, we study the average throughput energy harvesting, which typically refers to the capapilit
performance of energy beamforming in a multi-antenna wireess-  of the wireless nodes to scavenge energy from RF signals,
powered communication network (WPCN). The considered net- has emerged as an attractive solution recently [2], [3]. The

work consists of one hybrid access-point (AP) with multiple - . .
antennas and a single antenna user. The user does not havefe"“S'b'“ty of RF energy harvesting has been experimantall

constant power supply and thus needs to harvest energy from demonstrated by hardware implementation [in [4] and [5].
the signals broadcast by the AP in the downlink (DL), before Wireless-powered communication networks (WPCNSs), a new

sending its data back to the AP with the harvested energy type of wireless networks emerging along with the RF energy
in the uplink (UL). We derive closed-form expressions of the p4nesting technique, refer to networks in which the wissle

average throughput and their asymptotic expressions at hig SNR - .
for both delay-limited and delay-tolerant transmission males. 9€vices normally have no internal energy supply (e.g.ebgft

The optimal DL energy harvesting time, which maximizes the and need to harvest energy from the RF signals emitted
system throughput, is then obtained for high SNR. All analyical from a (dedicated) power transmitter before their inforiorat

expressions are validated by numerical simulations. The ipact of  transmission[[6]. In practice, WPCNs can find many potential
various parameters, such as the AP transmit power, the enesg  5nplications, such as wireless sensor and RFID netwbiks [7]
harvesting time, and the number of antennas, on the system There have been several research papers in open literature
throughput is also investigated. ) " ; A ’
which studied WPCNs for different network setups. Single-
user WPCNs were investigated inl [8].] [9]. Taking into con-
sideration limited feedback, Chest al. derived the optimal
time duration for the downlink (DL) wireless energy transfe
(WET) through maximizing upper and lower bounds on the
|. INTRODUCTION average information transmission rate of one-user WPCNs

Limited energy supply has been a serious problem fackl- Furthermore, the_ impact of_ channel estimation error on
by many wireless communications systems due to a dramdfl @verage information transmission rate was also analyze
increase of their energy consumption. Recharging and cepl&l Optimized the energy efficiency of a single-user WPCN
ing batteries may introduce a high cost and sometimes cotiy j0intly designing the time duration and transmit power
be inconvenient or impossible, as for example, in dangerol@§ DL wireless energy transfer. ML:|II-US6|‘ WPCNs were
and toxic environments or for sensors underwater or insiffEst investigated in[[10], in which a “harvest-then-traitm
the human body. In this context, energy harvesting tecmquprotocol was developed. In the_ proposed protocol, the_users
which can prolong the lifetime of energy constrained wissle first collect energy from the signals broadcast by a single-
networks in a sustainable way, have emerged and attracfdtienna hybrid access-point (AP) in the DL and then use
significant attentions, e.g., séé [1] and references theTéie the r_rarvest_ed energy to send independent qurmatl_o_n to the
techniques enable wireless nodes to harvest energy from fy®rid AP in the uplink (UL), based on the time-division-
surrounding environment. Apart from other techniques thAtultiple-access (TDMA) scheme. The sum-throughput of the
harvests energy from solar, wind, vibration, thermoelectrconsidered network, subject to user fairness, was maxmize
effects or other physical phenomena, radio frequency (REyough optimizing the time allocation for DL WET and UL

wireless information transfer (WIT). A similar network apt
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WPCNSs, in order to gain important insights for designing and _V
implementing multi-antenna WPCNSs in practice. Specificall _V h
we derive the exact closed-form expression for the average —_—>

. ; ¢ €----———- - Y
throughput performance of a multi-antenna WPCN with en- : g ]
ergy beamforming. It is also worth mentioning that there are User
several papers that analyzed the average performance sif the —V

multaneous wireless information and power transfer (SWIPT
for different network scenario$ [12]=[15], which are reldt
but are essentially different to this paper. These papersskxd
on the characterization of the fundamental trade-offs betw
energy transfer and information transmission using theesaffig- 1. System model of a one-user multi-antenna WPCN.
signal. Moreover,[[16]+:[19] focused on the development of
cooperative protocols for WPCNs with different setups.eéNot ) o . . .
that all nodes were assumed to be equipped with single amteliffiich various design insights are given. Finally, Section V
in these papers. To the authors’ best knowledge, this is fFncludes this paper.
first paper that derives exact average performance of a-multi
antenna WPCN with energy beamforming. Il. SYSTEM MODEL

In this paper, two different transmission modes are consid-We study a single-user multi-antenna WPCN shown in Fig.
ered for the user, i.e., delay-limited and delay-toldtanhich [, with energy transfer in the downlink (DL) and information
corresponds to different length of the code-words used by tiiansmission in the uplink (UL). We follow{ [8],[[11] and
user [12], [20]. More specifically, in the delay-limited med consider that the AP is equipped witN antennas but the
the received signal at the AP has to be decoded block by blagser carries one single antefinguch a network setup could
and the code length should be no longer than the time duratigerrespond to a wireless sensor network in practice, winere t
of each transmission block. Thus, the average throughputusfer is a sensor node that cannot be equipped with multiple
this transmission mode can be obtained via evaluating thstennas due to the size and cost constraints. Both the AP and
outage probability. In contrast, in the delay-tolerant matthe user work in a half-duplex mode. It is assumed that the user
AP can store the received information blocks in a buffer arfths no embedded energy supply and thus needs to first harvest
tolerate the delay for decoding the stored signals together energy from the signals broadcast by the AP in the DL and
this case, the code length can be very long compared to then use it for the information transmission to the AP in the
transmission block time. The egordic capacity is then used WL. In our model, we consider a battery-free energy storage
calculate the system average throughput in this delayaote design at the user, which has been adopted in several recent

Hybrid AP
—> DL Energy Transfer

= = => UL Information Transmission

mode. works such as[8],[120],112]/T14]. Specifically, the usestu
The main contributions of this paper are summarized #§€es a storage device such as a supercapacitor to keep the
follows: harvested energy among each transmission block.

eThe “harvest-then-transmit” protocol proposed [nl1[10] is
ssumed to implement in the considered networkILdenote

- . e duration of one transmission block. The first interval of
limited and delay-tolerant transmission modes by evaf- : : o .
. . . . . e durationrT" in each transmission block is used for the DL
uating the outage probability and ergodic capacity with a. .
. S wireless energy transfer from the AP to the user and in the
given energy harvesting time. R : .
. L remaining interval of the duratiofl — 7)7T', the user applies
o Asymptotic analyses are performed to gain insights an . : .
: . .~ thle harvested energy to transmit the information to the AP
derive closed-form expressions of the throughput-optimal oY . .
in the UL . For simplicity but without loss of generality, we

energy harvesting time at high SNR for both transmISSIOQ)({lsider a normalized unit block time (i.4.,= 1) hereatfter.
i

modes. Futhermore, numerical simulations are presenté . ! .
to provide practical design insights into the impact of' IN€ with [g], [L1], we assume a quasi-static channel node
ith perfect channel state information (CSI) at thefam

various parameters_, suc_h as the transmit power of the ractice, the CSI can be acquired by various methods, e.g.,
the energy harvesting time, and the number of antenngs

e pilot-assisted reverse-link channel training [30]s kvorth
on the system performance. S . .
. . mentioning that it would be more general to consider the
Notations: ||x|| denotes the Euclidean norm of a vector

x. Fyx (:c) and fx (a:) are used to represent the cumulative %The extension to a general multiple-input multiple-outgMiMO) sce-

s otril it : e : . nario with single/multiple user(si_[11].[31] would reqeithe development
distribution function (CDF) and probability density furen of a new framework to analyze its system performance, whiell oonstitute

(PDF) of a random variable, respectively. an independent paper and thus out of the scope of this paper.
The rest of the paper is organized as follows. Section®In this paper, we consider the case that at the beginning df &ans-

: ission block, the AP first transfers a certain amount of gnéo the user
Il describes the system model. The exact and asymptqrﬂgcquire CSI. After this CSI acquisition duration, the Aglicers wireless

performance analysis of the considered system is provitledehergy to the user again, which will be used for UL informaticansmission.
Section ll. Section IV presents the numerical results froiye assume that the channel is either static or varies vewhslahich is the
case for wireless sensor networks, and thus the CSI adquigiuration is
very short such that it can be ignored compared with the wiralesmission

1The delay-tolerant mode is named as no-delay-limited ir). [20 block.

o We derive exact closed-form expressions for the averag
throughput of the considered network in both delay;



imperfect channel model as inl[8]. But this would requireutage probability of the considered system with a givea rat
a totally different performance analysis framework, whicli® and energy harvesting time can be expressed as
may constitute an independent paper. Thus, we would like

to consider this as our future work. Pout(7) = Pr(logy (1 +74) < R) = Pr(ya <)

Let h and g represent theN dimensional DL and UL No1 (=D N+PK Ny ==y
channel vectors, respectively. Their entries are assuroed t 2 3" ( e ) p:v p( T )
follow independent and identically distributed (i.i.dyailarly —q1__r=0 '
symmetric complex Gaussian distributifingith a zero mean (N —1)! ’
and variance of). Let P denote the transmit power from (4)

the AP during the DL phase. With the CBlavailable at the ) N _
AP, the maximum ratio transmission (MRT) with beamformin$hereyo = 27 —1 and K, (-) is the modified Bessel function
vectorw* = h/||h|| is known to be optimal for DL energy Of the second kind with orden [25, Eq. (9.6.2)]. The last
transfer [8]. By ignoring the negligible energy harvestazhf €duation is obtained by noting that the terjihgj~ and |g||” in
the noise, the amount of energy harvested by the terminal follow independent and identical chi-square distribusion

during the periodr, denoted byE),, is given by with 2N degree of freedom [21], and applying the PDF of
product of two chi-square distributed variables derivefP2].
En = n7P||h|?, (1) Considering that the user transmits with a fixed r&tand

) ) o the effective communication time from the user to AP after
wherer is the energy conversion efficiency at the user. o energy harvesting phaselis- 7, the average throughout
After harvesting the energy from the AP, the user transmig e delay-limited transmission modg;.., is given by
the information to the AP during the remaining tinie- 7.

The received signal at the AP can be expressed as ptim = (1 = Pout(T)) R(1 — 1)
[E T i
o h _ _,T o Kn_ 2 _,T Yo
Ya= 1_Tgs+n, (2) _ 2R(1—T)N 1 ( THQ2 > N P( THQ2 >
. . . . " (N —-1)! p! ’
wheres is the transmitted signal, andis the additive Gaus- p=0
sian white noise with a zero mean and variance matfiky . (5)

The maximum ratio combing (MRC) technique is assumed tohere the throughputis,, depends orr, N, 7o, , and-.

be performed at the AP to maximize the received signal-t ithouah th iofI(5) gi ¢ val £ 1h ¢
noise ratio (SNR). The resulting SNR at the AP can be writt ough the expressior{(5) gives exact value of the system

as [9] throughput and may not be computationally complicated to
B 2 evaluate, it does not offer explicit insights into the imisacf
A= nllgl s = T ﬁ||h||2|\g||2, (38) the system parameters. Thus, we are motivated to look ieto th
(1-7)o l—r system performance for this transmission mode at high SNR,
wherey — %' where simpler expressions can be obtained.

2) Asymptotic Throughput Analysisto this end, we can
apply the series representation of Bessel functionsling&,
Ill. PERFORMANCEANALYSIS due to complex structure dfl(5), this method is shown to be not

In this section, we analyze the average throughput perf(g_r,actable mgthematically. To address this, let us firstveesi
mance of the considered system in both delay-limited afight approximation fori(5). Recall that the end-to-end SNR

delay-tolerant transmission modes, respectively. Thisvei N () can be regarded as a product of two chi-square random
achieved by evaluating the outage probability and ergod@rlables. In add_|t|0n, the chi-square qhstnbuﬂon ca_nrb.e .
capacity of this network. We will also perform asymptoticgarded as a special case of the generalized gamma distributi
analysis to obtain some insights on the effect of variol@ecently, Cheret al. proposed a novel analytical framework
system parameters. Moreover, we derive the expressionsquf evaluating the statistics of the product of independent

the throughput-optimal energy harvesting timat high SNR random variables in_[24], where a tight approximation to the
for both transmission modes. CDF of the product of generalized gamma random variables

was provided. By applying the results obtained [in] [24], we
can approximate the CDF ofs as

7(m0+2N—2,2ﬂi00,/Q%)

A. Delay-Limited Transmission Mode

1) Exact Throughput Analysisin this transmission mode,

the throughput can be obtained by evaluating the outage Fy, (2) ~ T (mo £ 2N = 2) ; (6)
probability defined as the instantaneous channel capaaipsd
below the source’s fixed transmission rate[12]. Thus, the where v (a,z) = [;e 't*"'dt is the lower incomplete

gamma function and’ (a) = [~ e~*t*~'dt is the complete
“Note that Rice fading is another practical model to desctiigechannel gamma function. Besidesy, = 1.6467 and{)y, = 1.5709 are
fading between the AP and user when the distance betweenighienited and P -
the light of sight exists. The performance analysis of thesa@tered network heurlstlcally Obtamedﬂ‘”' o
over Rice fading has been treated as our future work. Consequently, the average throughput of the delay-limited



transmission mode can be approximately expressed as  B. Delay-Tolerant Transmission Mode

1) Exact Throughput Analysisin this subsection, we an-
~ (mo + 2N — 2, 297’;” (1;%) alyze the average throughput performance of the considered
system with a delay-tolerant transmission mode. In thisstra
mission mode, it is assumed that the AP can store the received
) information blocks in a buffer and tolerate the delay foratic
'g(‘l_g the stored signals together. Then, the average thraighp
can be determined by evaluating the ergodic capacity at the
AP .
_ In high SNR regime (i.ey — o), the term=2 o Wﬂeﬂf]irst evaluate the ergodic capacity of the considered
inside the incomplete game function approaches)tBy network for a given energy harvesting time According to
applying the asymptotic property of the incomplete gammge definition, the ergodic capacity of the system, denoted b

plim%R(l—T) 1-—

F(m0+2N—2)

As shown by numerical results in Séc]IV, the above appro
imation is very tight.

function near zeroy (a, x) =~ x*/a, we further have C (), is given by
mo+2N—2 °
(2mo (1—T)70) C(r)= / log, (1 + 2) va (2)dz
Qo 502 0
im~ R(1— 1-— . (8 N
TN Dz (N1 (10)
From (8), we now can observe the impact of the system o0 N (1-1)z
parameters on the throughput performance. Specificallgnwh /0 In(142) 2" Ko | 2 02 dz,

any of the parameterd/, 2 and~ increases, the ratio term in- _
side the square brackets @1 (8) will decrease, thereby inipgp  Where f, (z) denotes the PDF of the random variable,
the system throughput. However, the system throughpubtanyyhich can be expressed as [22]

keep increasing because the value of the term inside theesqua Y Nt =)z
brackets is limited byl no matter how large are the values 2(rm2) 27T Ko | 2/ e (11)
of N, Q and#. In other words, the system throughput in the fra (2) = (N —DI(N — 1)

delay-limited transmission mode should converge to arggili
value of R(1 — 7) by increasing the parameter®, 2 and
~. Moreover, the impact of the parameteris not so explicit

. . adopted method using PDF.
as that of the aforementioned ones. Particularly, the vaitie . . .
the term inside the square brackets rises when the value O#nsplred by [26], we can evaluate the integral terniid (10) in

7 increases. But, this will lead to the decrease of the ter%closed-form by applying the Meijer G-functions as follows

Note that the ergodic capacity can also be calculated bygusin
the CDF, which is, however, essentially the same with the

rstly, we express the termbi(1+z) and z*K, (z) in

(1 — 7) at the same time. Thus, we claim that there shou eijer G-functions by using the equations given [AI[27, Ch.

exist an_optlmal energy harvesting time, denoted{g;{., that ]. Then, we can solve the integral and wr[fe](10) in a closed-
can achieve the maximal throughput of the delay-limitedeno . .
. orm through the following calculation
Based on the approximate system throughplt (7), we can

derive an approximate expression for the value;pf in high C(r)= 1;2 X
SNR regime, which is given in the following proposition: it
Proposition 1: The throughput-optimal energy harvesting foo a2 (Z’ L1 > G20 ( Q-1 N 1 N — 1) d
time at high SNR in the delay-limited transmission mode can *°  >° 0 ) 02\ e ’
be approximately expressed as (N=DIN —=1)!In2

1 1—7 G4,1 1—7 _13 0
Tiim. oo O 707 724\ 7307 | 1 1, N-1,N -1
v {agw (-2 (30) )] - (N = DIV — 1)ln2 ’

(12)

whereW (z) is the Lambert W function, which is the solution _— ai,...,ap \ - . .

of the equatioVeV = z. Besides,A = mo + 2N — 2 and whereG}", IL bo....b, is the Meijer G-function[[23,

B= 2510 1o are defined for notation simplification. Eqg. (9.301)], which is a standard built-in function in mo$t o

PI'COJO . gee AppendikA - the available mathematical software packages, such as MAT-

Note that the above expression for the optimal ener%f‘B’ MAPLE and MATHEMATICA. Besides, the integral

harvesting time is derived for high SNR regime. To obtai Metjer G-functl_on is solved based op |23, Eq. (7'8.11)]'
the optimal of any given SNR, we can calculate the first: ow, we can obtain the average thrpughput of the considered
order derivative of((5) with respect toand set it equal to zero.SySter.n’ denot_ed by, by calculatlng th_e product_of the
However, due to the complexity ofl(5), it is hard to achievsrgOdIC .capacnyC(_T). and the effect|ye time duration for
closed-form expressions for the roots of the obtained éguat information transmission of — . That is,

which can only be calculated via numerical methods. ptor = (1 =7)C (1), (13)



where the average throughpuyt,; depends onr, N, Q and From (I3), we can see that the value of the optimal energy
~. However, due to the complexity of the Meijer G-functionsharvesting timer* is inversely proportional to the parameters
it is hard to observe the specific relationships between the 2 and N, since the Lambert W functioW (x) is a
throughput and the aforementioned parameters fiamh (13). monotonically increasing function far > 0. This observation

2) Asymptotic Throughput Analysi§io gain more insight, will be verified by simulation results in next section.
next let us derive the asymptotic throughput. For suffidyent
high SNR, we can approximateg, (1 + z) in the integral of

IV. SIMULATION RESULTS
(I0) aslog, (z). The asymptotic throughput can be calculated

without the need of Meijer G-function as In this section, we provide simulation results to validdte t
N derived analytical results. We also investigate the effexft
2(1-7) (Tl;—Qg) the transmit power of the AP, the number of antennas,

Ptol ~ N0/ (N— D)2 X and the energy harvesting timeon the system throughput. To
’ ’ capture the effect of path-loss on the network performanee,
RSN 1—-7)z use the channel model thét = 1073 (day)” %, whered,y
Nz Ko | 24 —22 |dz
0 0 is the distance between the AP and the user, ard [2, 5]
N is the path-loss factof [29]. Note that a 30dB average signal
-~ L power attenuation is assumed at a reference distandenof
2 (1 T) TR ! ’ - .
= (N—D! (N—1)!In2 X in the above channel modél]10]. In all following simulation
' ’ we set the distance between the AP and dsgr = 10m, the

< oN—2 (1-1) path-loss exponent = 2, the noise powes? = —80dBm,
/0 ! 2Int Ko (2 782 t) 2tdt the energy harvesting efficiengy= 0.5, and the transmission
1—7 11—+ rate of the use® = 2 in the delay-limited mode.
= 3 [2w (N)+Iny+2InQ2—1In ( )} ; Fig.[2 plots the average throughput curves of the considered

network versus the transmit power of the AP for both delay-
(14) 7 : .
limited and delay-tolerant modes with various numbers of
where [28, Eq. (2.16.20.1)] is used to solve the integtdl) antennas at the AP. We can see from Eig. 2 that the derived
is the Euler Psi functior [23, Eq. (8.36)from (14), we can exact analytical results tightly coincide with the corresging
see that for a given value of, the system throughput issimulated ones, which verified the correctness of the derive
proportional to the Psi function of the number of antennasosed-form expressions for the average throughput gimen i
N at high SNR. This indicates that the system throughp@) and [IB). Besides, it can be observed from [Elg. 2 (a)
increases with the rising of the number of antennas bthat the approximate throughput of the delay-limited mode
the increasing rate is gradually decreasing, according hte t calculated via [(7) can estimate the exact one very well,
properties of the Psi function. The average throughput $®alwhich confirms the effectiveness of the approximation. More
proportional to the logarithm functions of the parameters over, for the delay-tolerant mode, the asymptotic throughp
and 2 in a high SNR regime. In addition, similar to the caseguickly approaches the exact one as the AP transmit power
in the delay-limited mode, we can clearly observe from (14)creases in both transmission modes, although there are
that the energy harvesting timeplays two opposite roles in gaps between them when the transmit power is low. This
the system throughput. Specifically, increasing the vafue o observation validates our asymptotic analysis[in (14).ah c
will decrease the value of the term outside the square btackalso be observed from this figure that the system throughput
but increase the value of the term inside the square brackets both transmission modes is improved as either the transmi
Thus, we also deduce that there exists an optimal value feower or the number of antennas increases. However, the
the energy harvesting time, denoted#y, that can maximize trends for the increasing of the system throughput areréiffie
the system throughput. in two transmission modes. Specifically, in the delay-ledit
Based on[{14), we can obtain a closed-form expressitransmission mode, the system throughput tends to be sadura
for the optimal energy harvesting time, at high SNR for when the transmit power of the AP is high enough. In addition,
the delay-tolerant transmission mode, given in the foliayi the larger the number of antennas at the AP, the lower thevalu
proposition: of the transmit power from which the saturation of the system
Proposition 2: The throughput-optimal energy harvestinghroughput starts. In contrast, the system throughput grow
time at high SNR in the delay-tolerant transmission mode camnotonically as the transmit power of the AP increases.
be expressed as These observations are actually consistent with our tlieate
1 analyses discussed in S&c] IlI.
it~ + W (792201 (15)  Fig.[3 illustrates the effect of the number of antennas at the
AP on the system throughput, in which the throughput curves
Proof: See AppendixB. B of both transmission modes are plotted versus the number of
It is worth emphasizing that the above equation for thentennas for different values of the energy harvesting time
throughput-optimal energy harvesting time is actually ghhi 7. As we expected, the system throughput in delay-limited
SNR approximate solution as it is obtained based on the highede first increases and then converges to a ceiling as the
SNR approximation in[(14). number of antennas at the AP increases. This is because that
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the system throughput in this delay-limited mode is limited
by the value of R(1 — 7). On the other hand, the system
throughputincreases accordingly when the number of aatgenn
becomes larger in the delay-tolerant mode. However, theeslo
of the throughput curves gradually decreases, which cdésci
with our theoretical analysis because the average thraughp
is proportional to the Psi function of the number of antennas
Moreover, we can see from Fi§] 3 that the impact of the
energy harvesting time on the system throughput of both
transmission modes is not so clearly as that of the number of
antennas does. For example, the throughput performance in
the delay-tolerant mode is improved when the valuer aé
increased td.3 from 0.1. However, ag increases frond.3 to

0.5, the system throughput fa¥ > 2 significantly decreases.

To clearly demonstrate the impact of the energy harvesting
time 7, we plot the throughput curves versugor both trans-
mission modes with variable numbers of antennas and transmi
powers of the AP in Fig[]4. It can be observed from this
figure that there exists a throughput-optimal energy haings
time for all the considered cases in both transmission modes
which coincides with our analytical results. Recall that we



also derive the closed-form expressions for the optimatgyne manipulations, we have
harvesting time at high SNR for both transmission modes in
Sec/[Tll. To validate these two derived expressions give@)n (A B 1 - T) + 1

A
By 1T| BV =),
2T T

energy harvesting time found via exhaustive search in Fig. (16)

B. We can see from Fid] 5 that the values of the optimal where A = my + 2N — 2 and B = 2{;10 %;’2. For
calculated by[(P) and_(15), coincide with the correspondingigh SNR, the termB approaches to 0. By applying the
ones obtained via exhaustive search when the transmit powgymptotic property of the incomplete gamma function near

of the AP is high enough (i.e., at high SNRs), which verifiegero » (4, #) ~ 2*/a once again and performing variable

the correctness of our derivations of these.two equat'ans'éubstitutiony _ /1__7' we can simplify [T6) as
addition, as expected, the values of the optimalecrease as T

either the number of antennas or the transmit power incsease A( 2 4 1) AT (A
.. A Y —By | _ ( )

This is because the user can harvest the same amount of energy y |1+ ——F—e¢ = —7pa - (17)

. . . 2 B

in a shorter time when either the number of antennas or the

transmit power increases, and more time could be allocated~urthermore, in high SNR regime, only a small fraction of
to the UL information transmission to improve the systereach transmission block is needed for DL energy transfer and

and [I%), we compare them with the corresponding optimal 27

throughput. the majority of time should be allocated to the UL informatio
transmission. This means that= ‘/1%’ > 1 should hold.
V. CONCLUSION Ir_1 this case, we can ignore the tvv_o “1” terms on the left-hand
side of [17) and obtain the following equation
In this paper, we derived exact and asymptotic closed- oT (A)
form expressions for the average throughput of a multiple- yAt2e By = —pa (18)

antenna wireless-powered communication network with en- ] ] )
ergy beamforming in both delay-limited and delay-tolerargy €dualing the{ A+2}th roots of both sides iri(18), we have

transmission modes. The correctness and effectiveness of - o (A) =

these theoretical analysis were verified by simulation Itesu ye  AY = ( BA )

Numerical results showed that the system throughput in the .
delay-limited mode first improves as either the number of B oAV — _ B (QF (A))A“ (19)
antennas or the transmit power of the AP increases and then A+ 2Y - A+2\ BA

get saturated when these two parameters are large enough. B B 2T (A) ats

In contrast, the system throughput in the delay-tolerandeno & — a72Y° w <_A—+2( A ) )

is always proportional to the number of antennas and the

transmit power of the AP. Based on the asymptotic analys?;

') . H . . . 17_7- . B
we also derived closed-form expressions of the throughpu Ubstituting the relationship = V. T into the last equation

optimal energy harvesting time at high signal-to-noiséaoratand rearranging it, we can obtain the desired results ginen i

(SNRs) for both transmission modes. Numerical simulatimqg)'

showed that the value of the optimal energy harvesting time .

is inversely proportional to the number of antennas and tRe Proof of Propositior

transmit power of the AP. The optimal energy harvesting time To find the optimal energy harvesting timg,, we calculate
calculated by the derived expressions can coincide weh withe first-order derivative of the right-hand side Bfl(14) twit
the one obtained via exhaustive search when the SNR is higispect tor and set it to zero. After some algebraic manipu-
enough. Furthermore, the larger the number of antennas, kigons, we obtain the following equation:

more accurate the optimal energy harvesting time calallate L 1 1—71
by the derived expressions. 2¢ (N) +1n (39%) — _ = (20)
By performing an exponential operation on both sides of the
APPENDIX above equation, we have

. 1-—

A. Proof of Propositiof 1 2N e=r = 27T
-
_ The approximate expression of _the system throughput given = ﬁﬂgegw(]\/)_le*:l _ 1—7
in (@) instead of the exact one is adopted to calculate the T
optimal energy harvesting timt?;m since it is more tractalfle _ & FO2N-1 1— 761;7 (21)
To proceed, we calculate the first-order derivative[df (7hwi T
respect tor and set it equal ta). After some algebraic o l1—7 - W (,—}/92621/;(N)71)7
T
5Qriginally, the asymptotic expressidd (8) should be usédihtbthe optimal o7 = 1

energy harvesting time. However, due to the special polyabstructure of 1+W (’792621/}(]\[)_1) ’

(8), we found it is hard to obtain a closed-form expressiontf@ optimal .
energy harvesting time fronfi](8). Thus, we choose to [be €tpal. which completes the proof.
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Fig. 5. The optimal energy harvesting time versus the tréangower of the AP for (a) delay-limited transmission model §h) delay-tolerant transmission

mode with different values oN.

REFERENCES

[1] O.Ozel, K. Tutuncuogluy, J. Yang, S. Ulukus, and A. Yeri@ransmission
with Energy Harvesting Nodes in Fading Wireless Channelgstin@al
Policies,” IEEE J. Sel. Areas Commun., vol.29, no.8, pp2tT343, Sept.
2011.

[2] H. J. Visser, and R. J. Vullers, “RF energy harvesting drahsport
for wireless sensor network applications: Principles asguirements,”
Proceedings of the IEEE, vol. 101, no. 6, pp. 1410-1423, M.

[3] X.Lu, P. Wang, D. Niyato, and Z. Han. “Resource Allocatim Wireless
Networks with RF Energy Harvesting and Transfer.” acceptetEEE
Network, 2014.

[4] V. Liu, A. Parks, V. Talla, S. Gollakota, D. Wetherall, @d. R. Smith,
“Ambient backscatte: wireless communication out of thin”an proc.
ACM SIGCOMM, pp. 1-13, Aug. 2013.

[5] Powercast Corporation, “TX91501 users manual and P2 HHasheet,”
http://www.powercastco.com.

[6] R. Zhang, “Wireless Powered Communication:
and Challenges,” IEEE ICC 2014-Tutorial,
http://icc2014.ieee-icc.org/2014/private/Tutorialdd.

[7] J. R. Smith, Wirelessly Powered Sensor Networks and Gdatipnal
RFID. Springer, 2013.

[8] X. Chen, C. Yuen, and Z. Zhang, “Wireless energy and imiation
transfer tradeoff for limited feedback multi-antenna sys$ with energy
beamforming,” IEEE Trans. Veh. Technol., vol. 63, pp. 4024Jan.
2014.

[9] X. Chen, X. Wang, and X. Chen, “Energy efficient optimirat for
wireless information and power transfer in large MIMO enyjpig energy
beamforming,” IEEE Wireless Commun. Lett., vol. 2, pp. 80, Dec.
2013.

[10] H. Ju, and R. Zhang, “Throughput maximization in wissepowered
communication networks,” IEEE Trans. Wireless Communl, ¢8, no.
1, pp. 418-428, Jan. 2014.

[11] L. Liu, R. Zhang, and K. C. Chua, “Multi-antenna wiretepowered
communication with energy beamforming,” accepted to apjedEEE
Trans. Commun., available online at arxiv.org/abs/134201

[12] A. A. Nasir, X. Zhou, S. Durrani, and R. A. Kennedy, “Rylag
protocols for wireless energy harvesting and informationcpssing,”
IEEE Trans. Wireless Commun., vol. 12, no. 7, pp. 3622-3686,2013.

[13] D. S. Michalopoulos, H. A. Suraweera, and R. SchoberldR Se-
lection for Simultaneous Information Transmission and@alé¢iss Energy
Transfer: A Tradeoff Perspective,” arXiv:1303.1647, 2013

[14] z. Ding, S. M. Perlaza, |. Esnaola, and H. V. Poor, “Powa#ocation
strategies in energy harvesting wireless cooperative arkty |IEEE
Trans. Wireless Commun., vol. 13, no. 2, pp. 846-860, Aug.420

[15] R. Morsi, D. S. Michalopoulos, and R. Schober, “Mulsar Scheduling
Schemes for Simultaneous Wireless Information and Powatsfer Over
Heterogeneous Fading Channels.” arXiv:1401.1943, 2014.

[16] H. Chen, Y. Li, J. L. Rebelatto, B. F. Uchoa-Filhoand, daiB.
Vucetic, “Harvest-then-cooperate: Wireless-poweredpeoative commu-
nications,” IEEE Trans. Signal Process., vol. 63, no. 7, pf00-1711,
April 2015.

Opportasit
available onliret

[17] H. Ju and R. Zhang, “User cooperation in wireless poderemmuni-
cation networks,” avaliable online: http://arxiv.orgéab403.7123, 2014.

[18] H. Chen, X. Zhou, Y. Li, P. Wang, and B. Vucetic, “Wiretepowered
cooperative communications via a hybrid relay,” in 2014 EEEBforma-
tion Theory Workshop (ITW), 2014, pp. 666-670.

[19] Y. Gu, H. Chen, Y. Li, and B. Vucetic, “An Adaptive Transsgsion
Protocol for Wireless-Powered Cooperative Communicatioaccepted
to appear in Proc. of ICC’15, London, UK, 8-12 June, 2015.

[20] L. Liu, R. Zhang, and K.-C. Chua, “Wireless Informatiofransfer
with Opportunistic Energy Harvesting,” IEEE Trans. WisdeCommun.,
vol.12, no.1, pp.288-300, Jan. 2013.

[21] R. H. Y. Louie, Y. Li, and B. Vucetic, “Performance Analg of
Beamforming in Two Hop Amplify and Forward Relay Networks;’
Proc. ICC'08, pp.4311-4315, 2008.

[22] H. Shin, and J. H. Lee, “Effect of keyholes on the symbwberate of
spaceCtime block codes,” IEEE Commun. Lett., vol. 7, no.[dl,2YC29,
Jan. 2003.

[23] I. S. Gradshteyn, and |. M. Ryzhik, Table of Integralsri€s, and
Products, 6 ed. New York: Academic, 2000.

[24] Y. Chen, G. K. Karagiannidis, H. Lu, and N. Cao, “Novel prpxima-
tions to the Statistics of Products of Independent Randonabas and
Their Applications in Wireless Communications,” IEEE TsaiWehicular
Tech., vol.61, no.2, pp.443-454, Feb. 2012.

[25] M. Abramowitz and I. A. Stegun, Handbook of MathemaitiEanctions
with Formulas, Graphs, and Mathematical Tables, 9th ed. Nevk:
Dover Publications, 1970.

[26] M. Matthaiou, N. D. Chatzidiamantis, H. A. SuraweeradaG. K.
Karagiannidis, "Performance analysis of space-time blookles over
generalized-K fading MIMO channels,” in Proc. of 2011 IEE&€Slish in
Communication Technologies Workshop (Swe-CTW), Stoakhdbwe-
den, Oct. 2011, pp. 68-73.

[27] A. M. Mathai, and R. K. Saxena, Generalized hypergedamé&inctions
with applications in statistics and physical sciencesjriger, 1973.
[28] A. P. Prudnikov, I. A. Brychkov, and A. P. Marichev, lgtals and series:

special functions (vol. 2), CRC Press, 1986.

[29] H. Chen, J. Liu, L. Zheng, C. Zhai, and Y. Zhou, “Approxite SEP
analysis for DF cooperative networks with opportunistiayag,” IEEE
Signal Process. Lett., vol. 17, no. 9, pp. 779-782, Sept0201

[30] Y. Zeng and R. Zhang, “Optimized training for wirelessieegy
transfer,” submitted to IEEE Trans. Commun., available inenlat
http://arxiv.org/abs/1403.7870.

[31] J. Zhang, C. Yuen, and C.-K. Wen, “Large-system analysi ergodic
sum-rate in wireless-powered MIMO communication netwo8&CON
- Energy Harvesting Communication Workshop 2014.


http://www.powercastco.com
http://icc2014.ieee-icc.org/2014/private/Tutorial12.pdf
http://arxiv.org/abs/1303.1647
http://arxiv.org/abs/1401.1943
http://arxiv.org/abs/1403.7123
http://arxiv.org/abs/1403.7870

	I Introduction
	II System Model
	III Performance Analysis
	III-A Delay-Limited Transmission Mode
	III-A1 Exact Throughput Analysis
	III-A2 Asymptotic Throughput Analysis

	III-B Delay-Tolerant Transmission Mode
	III-B1 Exact Throughput Analysis
	III-B2 Asymptotic Throughput Analysis


	IV Simulation Results
	V Conclusion
	Appendix
	A Proof of Proposition ??
	B Proof of Proposition ??

	References

