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Abstract—We illustrate potential benefits of using massive  Massive multiple input multiple output (MIMO) systems,
antenna arrays for wireless energy transfer (WET). Specifially, where the base station (BS) uses antenna arrays equipged wit
we analyze probability of outage in WET over fading channels a few hundred antennas, have recently emerged as a leading

when a base station (BS) with multiple antennas beamforms 5G wirel icati technol that off d f
energy to a wireless sensor node (WSN). Our analytical restsl wireless communications technology that otier orders o

show that by using massive antenna arrays, the range of WET magnitude better data rates and energy efficiency thanrdurre
can be increased for a given target outage probability. We pve  wireless systems [8]. Potentially, the use of massive array
that by using multiple-antenna arrays at the BS, a lower dowtink  could significantly boost the performance of WET as well.
energy is required to get the same outage performance, redirg

into savings of radiated energy. We show that for energy levs

used in WET, the outage performance with least-squares or A. Focus and Contributions

minimum mean-square error channel estimates is same as that We consider a scenario where a multi-antenna BS commu-
obtained based on perfect channel estimates. We observe tha

strong line-of-sight component between the BS and WSN lowsr nicates with and transfers RF power to a WSN. The motivation
outage probability. Furthermore, by deploying more antenras at  Of using an array of antennas is that the BS can exploit
the BS, a larger energy can be transferred reliably to the WSN an array gain, resulting from coherent combination of the
at a given target outage performance for the sensor to be able sjgnals transmitted from each antenna, if it knows the chbnn
to perform its main tasks. In our numerical examples, the RF response. This array gain in turn may increase the operating

power received at the input of the sensor is assumed to be ongh .
order of a mW, such that the rectenna operates at an efficiency 'ange and/or decrease the amount of transmit energy needed

in the order of 50%. to satisfy a given energy harvesting constraint. The drawba
Index Terms—Wireless energy transfer, massive MIMO, beam- is that the wireless channel between the BS and the WSN
forming, outage probability, array gain fluctuates so that the channel state information (CSI) n&eds
be acquired on a regular basis to enable coherent combining.
|. INTRODUCTION The communication between the array and the sensor takes

. . - lace in two phases as shown in Figlire 1. In the first phase, the
Wireless energy transfer (WET) is a promising energy haiensor utilizes energy stored in a battery or capacitoraiostr

vesting technology where the destination node harvestggne . o :
9 gy w - . - tgye_ mit a pilot waveform which is measured at each antenna in the
from electromagnetic radiations instead of traditionatedi

energy source< [3]. The use of WET can help increase tgg array, in order to estimate the channel impulse response
battery-lifetime of energy-constrained wireless sensoies ro(rer: th?osﬁr:aszgnlgo:hissiﬁcotﬂi 223;;;28Cﬁggze??:?fg:;;
(WSNSs) that are used for applications such as inteIIigeﬁEd gey loiting reci réc'ﬂ/ o? the propagation channel 'Phe
transportation, intrusion detection, and aircraft steaitmoni- xploiting Iproci propagai :

toring [4]. Furthermore, WET can be used to charge low powgpergy harvested by the sensor is used to recharge its tapaci

devices such as temperature and humidity meters and quglrdbattery, and needed in turn for pilot transmission in phas

cystal cispiays 5], Even lw end computaton senimt o 0 X101 250 450 0 peror e el ek of e
communication can be performed by harvesting energy frorﬁ s ' pha y :
information, although that is out of the scope of this pape

: . : : : 0
ambient radio frequency (RF) signals including TV, celtula : . X .
networks. and Wif]Fi trar){sinislio [6] g v The main questions asked and answered in this paper are:
Howevér there are several challeﬁges that must be A-Wha‘ array gain can the _mass_ive MIMO setup provide, i.e.,
dressed in order to implement WET. Firstly, only a sma ow does the requw_ed uplink pilot energy (and thereby the
fraction of the energy radiated by an energy transmitter caneray storage requirements "%‘ the sensor, and the req“'Ted
be harvested by the WSN which severely limits the ran ray transmit energy) scale with the number of antennas in
of WET [], [7]. Secondly, the received power levels tha e array taking into account that all channel responses are
are suitable, for wireless im"ormation transfer are notahlé estimated from pilots? The goal is to determine the scaling
for energy transfer, where the absolute received power is Of\ye consider time-division duplexing (TDD) mode of commuation

interest and not the signal-to-noise ratio (SNR). and both the uplink and the downlink communication take elager the
same narrowband channel. We adopt the widely used rediprassumption,
This work was supported by the Swedish Research Council (&) which implies that the channel gain from the BS to a WSN is tame
ELLIIT. The authors are with the Division of CommunicatiogsBms, Dept. as the channel gain from the WSN to the BS [9]. Most physicanadels
of Electrical Eng. (ISY) at Linkdping University, Linkdpg, Sweden. satisfy this assumption, but the transceiver hardware tmgh satisfy this
Emails: salil.kashyap@liu.se, emil.bjornson@liu.sék.garsson@liu.se  condition unless calibration algorithms are applied] [18pwever, there is
Parts of the results in this paper were presented at IEEE WBJOIS, substantial evidence that such calibration can be perfdraceurately and
USA [1] and at IEEE SPAWC 2015, Swedéd [2]. rather infrequently[TT1].
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j = Phase1 " beamforming, and UL transmit power allocation. While, the
-Filot waveform transmission using hayvested energy optimal training design to maximize the net average haeekst
j Battery energy at the sensor over frequency-selective channels was
“Eam studied in [I5], energy transfer in the downlink to maximize
: Wireless sensor node the minimum rate among all users was studied_in [16].
: : Simultaneous wireless information and power transfer
j N Phase 2 B (SWIPT), where a multi-antenna BS sends information and
M FnTenna base station  Energy beamforming energy simultaneously to several users which then perform i
formation decoding or energy harvesting was studied ih-{17]
[19]. The authors in[J20] investigated when the receiver

laws for energy transfer using large arrays. 2) How does tRBould switch from the information decoding mode to the
number of antennas at the BS depend on the path loss or @€rgy harvesting mode based on the instantaneous channel
distance between the BS and the WSN? 3) How do the answapél interference conditions so as to achieve various toffde-
to the previous questions depend on propagation conditid¥®fween wireless information transfer and energy hamegsti
and the correlation between the adjacent antennas? 4) WRageiver design for SWIPT over a point-to-point wireless li
role does power adaptation based on the estimated CSI pgs investigated ir [21]. I [22], the authors studied a ig/br
in improving the outage performance? network architecture that overlays an uplink cellular ratw

To this end, we derive new expressions that are valid f#fith randomly deployed power beacons for charging the mo-
any generic path loss model for the probability of outadeile devices wirelessly. The tradeoffs between the netvpark
in energy transfer, defined here as the probability that th@meters such as transmission powers and the densitiessof BS
energy harvested by the WSN is less than the energy tha@fid power beacons were derived under an outage constraint
spends on uplink pilots plus the processing enBrgge derive on the data links. Using a stochastic geometry approacterupp
expressions for both perfect CSI and imperfect CSI based baunds on both transmission and power outage probabilities
least squares (LS) or minimum mean square error (MMSE)r @ downlink SWIPT system with ambient RF transmitters
channel estimation and for both Rayleigh fading (withowas developed in[[23]. Energy transfer in relay systems to
dominant channel components) and Rician fading (with donfilmultaneously harvest energy and process information was
nant channel components). We consider not just the scenatid/estigated in[[24]+[26].
where the downlink array transmit energy is fixed but also In contrast to most existing works in the literature, we
those where it is adapted based on the channel conditions. fisleus on ascertaining whether the use of large antennasarray
present numerical results to quantify the combined effetts could substantially extend the feasible range of WET while
path loss, energy spent on uplink pilot signaling, the dawknl maintaining the receive power level in the same order such
energy, the processing energy, the energy harvestingeeftigi that a reasonable rectenna efficiency can be maintained.
the RicianK -factor, power adaptation, the correlation between The paper is organized as follows: We present the system
adjacent antennas, and imperfect CSI on the probability odel in Sectiofi]l. The analysis of the probability of outag
outage in energy transfer. To summarize, one of the maimenergy transfer for different scenarios is given in Sedfill
goals of this paper is to estimate the link budget in order &nd summarized in Tabl€s | ad II. Numerical results and our
determine the feasibility of a system that performs WET gsirconclusions follow in Section IV and Sectiéd V, respectvel
multi-antenna arrays. We next discuss the relevant litegatn The notationX ~ CN(0,d) means thatX is a circularly

Fig. 1. Proposed two-phase protocol: Parameters are arplan Sectiofi]l.

WET using multi-antenna arrays. symmetric complex Gaussian RV with zero mean and variance
4, andx ~ CN(m,C) means thatt — m is a circularly
B. Related Literature symmetric complex Gaussian random vector with covariance

The optimal uplink pilot power and the number of antennané]atrix C and zero mean vector. The expectation of a RV
P piink priot p . . 1S denoted byE [X]. The probability density function (PDF)

at the sensor that need to be trained so as to maximize . : t

of_a RV X is denoted byfx(z). The notation(-)" denotes

the net average harvested energy at the sensor node Was ate transpose. Given a complex numbewe denote

characterized i [12]. However, referencel[12] did not ¢deis i rjegl art b Rp( ) ;amd imaginar part bym(>)

the possibility of an outage in energy transfer. The amoult P yRrelz ginary p )

of time that must be allocated for channel estimation and for

WET in order to maximize the harvested energy for a multiple Il. SYSTEM MODEL

input single output (MISO) system was investigated[in [13].

In [14], a wireless powered communication network with on

multi-antenna BS and a set of single antenna users was dtu

We consider a block-fading channel model in which the
‘hannel impulse response from each antenna at the BS to
o i ; ) fe WSN remains constant during a coherence interval of
forj_omt downllnk_(DL) _energy_tran_sf_e_r and up_llnk(UL) info seconds. The channel realizations are random and they are
m_atlon transmlss_|on via spat_la_l division multiple acceise independent across blocks. We, therefore, need to estimate
aim was to maximize the minimum data thr_oughput amoNhannel after every coherence interval. We assume TDD mode
all users by optimizing the DL-UL time allocation, DL ENergY%t communication so that the channel from the BS to the WSN
2We refer to the energy that is needed by the sensor node torpeits  '€ferred to as the downlink channel is the same as the channel
main tasks as the processing energy. from the WSN to the BS referred to as the uplink channel.



Therefore, the BS can take advantage of channel reciprocityl) LS Channel EstimationThis can be used when the
and make channel measurements using uplink signals.  distributions of the noise and the channel are not known

We focus on a wireless network where a BS wili a priori. The LS channel estimate is also the maximum
antennas is used to transfer RF energy to a single antetikalihood estimate in an AWGN setting. Thus, given the
WSN that has energy harvesting capabilities. We consideiobservation vectoy at the BS, the LS channel estimaigs
scenario where a line-of-sight (LoS) link might be presemif h is given by [28]
between the BS and the WSN and for which the complex . y
channel gain vectoh from the BS to the WSN can be his = oo (4)
represented by the Rician fading model [as [27] “

This can be simplified to obtain

_ | BK | B R ~
h = K+1hd+ K—i—lhs’ (1) his =h+ hs, %)

whereh, € CM*! is a deterministic vector containing the lineyyhere his ~ CN(0, No,y) is the estimation error 28],

of-sight and the specular components of the charthéénotes \hich is circularly symmetric and is independent &f
distance-dependent path logs, is the Rician factor defined gince it is a linear function ofw. Furthermore,his ~

as the ratio of the deterministic to the scattered power, a 5Eu+(K+1)NDIM

h € C'! denotes the scattered components of the Channe&)(M7MS}éu<ng;?1nel EstimationIf the distribution of the
and is a random vector with i.i.d. zero mean unit varianc

: ; . . thannel and noise are known a priori, MMSE channel estima-
circular symmetric complex Gaussian entries. Furthermore

hy - [\/a_o \/a_lej91(¢) aﬁ,f_leﬂ"’wfl)(@f t};oirjs ] be used. In that case, the MMSE estintalgise of
where o, i@ = 0,...,M — 1 denotes the gain of the"

antenna which takes a large value if ti8 link is good hyyse = E [hly] = E [h]+cov (h, y) (cov (y,3)) " (y—E [y]),
and a small value if it is badd;(¢), i = 1,...,.M —1 (6)
is the phase shift of the™ antenna with respect to thewherecov (h,y) is the cross-covariance matrix &f and y
reference antenna angl is the angle of departure/arrival ofandcov (y,y) is the covariance matrix af. It is straightfor-

the specular component. Thus,~ CN (i, Ap), wherep = ward to show thatov (h,y) = ﬂﬁIM and cov (y,y) =

\ #5 [Vao  Jaredn @) ... \/meﬂ’(M*U(‘ﬁ)]T %ILH)NOIM' Therefore, the MMSE estimate &f in (6)

and A, = ZIy. By varying K, the model discussed can be simplified to obtain

above captures a general class of wireless channels sgannin A —hah 7

from a rich-scattering Rayleigh fading channé&l & 0) to a MMSE + Pmmse, (7)

completely deterministic channek(— o). where hyuse ~ CN(0, %11\4) is the estimation
error [28], which is circuIéLrIy symmetric since it consigib

A. Uplink Pilot Signaling and Channel Estimation noise at the BS and a part of the true channel, both of which

The signdl y(¢) received at the BS when the WSNare circularly symmetric. Also, it is independent bivse.
transmits a continTuous-time pilot signglE, p(t) of duration Furthermorehmvse ~ CN (lh (ﬂEuHKﬂSi}vo)(KH)IM .
T < 7 such thatf; |p(t)|*dt = 1, is given by

y(t) = \/E,hp(t) +w(t), forte[0,T], (2) B. Transmit Beamforming Based on the Estimated Channel
where E,, is the uplink pilot energy in Joule, arfd € CMx! In this subsection, we will see how the BS performs transmit

is the channel gain vector from the WSN to thé antennas beamforming based on either the LS or the MMSE channel
at the BS as defined ifiJ(1). Alsay(t) is the thermal noise estimate and_ also charac.terize the energy harvested.
vector at the BS that is independentfaf The objective of the 1) Transmit Beamforming Based on the LS Channel Es-

pilot signaling is to estimaté given y(t). timate: Given the channel estimatk.s, the BS performs
Now, a sufficient statistic for estimatin at the BS is transmit beamforming of energy: it selects the signals techit
- from the different antennas so that they add up coherently at
_ * —_ i the WSN, i.e., maximizes the harvested received energys,Thu
Yy /0 p (t)y(t)dt E.h +w, (3) ) ] ) B Ezs ,
on the downlink, it transmits:(t) = v/ Ey p'(t), where

Mxl , . i . _ _ [[Ps]|
whgrew € (C_ |s_the circular symmetric complex additivey, is the downlink array transmit energy in Joule, gri¢t)
white Gaussian noise (AWGN) at the BS. Furthermaves-  is a unit energy continuous-time pulse of duratibh Also,

CN(0, NoInr), whereNj is the noise power spectral densityr 1 77 < . The continuous-time signaf (¢) received by the
in Joule. There are different ways of estimatihglepending \WsN is

on which type of a priori information that is available at the
BS.

~1

h sh
y'(t) = VEa—=>=p'(t) + ' (t), forte[0,T'], (8)
3This is the complex baseband representation of a physicahtigy that ||h|-5||

is proportional to the voltage measured across the loademed to the BS , . .
antenna. The proportionality constant in turn depends enldad resistor wherew’(t) is the thermal noise at the WSN. Letdenote

used. the energy harvesting efficiency of the WSN. Then, the energy



harvestedE;, in Joule is

9)

E, =nEq

Note thatE), is a random variable since both and /”;Ls are
random. We have neglected the contribution freh(t) to F,
since it is negligible.
Let us now define
~f
v g2 Jush (10)
|[hsl|

which is the RV in the harvested energy expression[in (9‘3
We state below a result that will be used in the performanc

analysis in Sectiop III=B. R
Lemma 1: Given the LS channel estimafg s, ¥, g is a
complex Gaussian RV with conditional mean

- B g
T BE.+ (K+ 1Ny S

~t
BE, + (K 4+ 1)Ny ||th||’

and conditional variance

E [‘I/Ls | ;\LLS}

> BNo
var {\I/L3|h|_s} = ﬂEu n (K n 1)N0. (12)
Proof: The proof is given in AppendikJA. [

Corollary 1: For Rayleigh fading K = 0), the RV ¥ g
given h s is distributed as

BEy
BEu + NO

BNo

‘I/Ls|fLLs~CN( ||’AlLS||a

and conditional variance

=~ _ BNo
var [‘IJMMSEV'/MMSE} = BB E (KT INy (18)
Proof: The proof is given in AppendikIB. |

Corollary 2: For Rayleigh fading K = 0), the RV ¥yuse
given hywse is distributed as

~ ~ N
Unmmse|hmmse ~ CN (||hMMSE||, ﬁ) . 19

The conditional statistics derived in this section are used
subsequently in the analysis of the probability of outage in
nergy transfer in the next section.

ﬁl. A NALYSIS OF PROBABILITY OF OUTAGE IN ENERGY
TRANSFER

Ideally, we want the energy harvestéy to be greater than
the sum of the energy, spent on uplink pilot signaling
and the processing energy, that is required by the sensor
to perform its main tasks. However, this cannot always be
guaranteed on fading channels. In this section, we compute
the probability of outage in energy transfer.

Definition 1: The probability of outage in energy transfer
P, is defined mathematically as

P, =Pr(E, < E,+E,). (20)

We compute this probability of outage for scenarios when
the BS has an LS or an MMSE estimate of the channel
from itself to the WSN. As a baseline, we also consider the
case of perfect CSlI, in which case the BS kndwxactly.
This reference case gives us a bound in terms of the best
outage performance that can be achieved and we include it

2) Transmit Beamforming Based on the MMSE Chann@ understand when the uplink pilot is the limiting factore W

Estimate: If the BS performs transmit beamforming give
the MMSE estimatehyuse and on the downlink transmits
T

’A’LSElp’(t) instead, then the signal'(t) re-

z(t) = VEq

) [|mmse L
ceived by the WSN on the downlink is
Bl
y'(t) = VEa—2MSE—p/ (1) + ' (2). (14)
||Pmwmsel|

When using the MMSE estimate for beamforming, th

energy harvested), in Joule is
2

~t
hMMSEh ) (15)

Eh = 77Ed =
|[Fmmisel|

rplevelop outage expressions not only for scenarios when the

downlink array transmit energys,; is fixed but also when
E, is adapted based on the channel conditions. Results for
different scenarios are summarized in Talples | ahd II.

A. Analysis with Perfect CSI

As mentioned before, the channel estimation is considered
error-free if we spend?, on uplink pilot signaling and there
& no noise in the estimation process. In this subsection, we
first investigate the scenario whekg is fixed. Thereafter, we
analyze the probability of outage with power adaptatiorgreh
E, is varied based on the instantaneous channel conditions.
1) Without Power AdaptationWith fixed E4, P, is given

We next characterize this RV that is based on the MMSES follows:

estimate. To that end, let us define

~t
h h
Uymse & —MMSE— (16)

||hvmisel|

We state below a result that will be used in the performance?, =1 — Q,,

analysis in Sectiop III-C. R
Lemma 2: Given the MMSE channel estimatByuse,
Unmse IS @ complex Gaussian RV with conditional mean

E [‘I/MMSEV/;'MMSE} = ||;\LMMSE|| (17)

Theorem 1: For a Rician fading channel, the probability of
outageP, in energy transfer with perfect CSI and with fixed
Ey is given by

M—1

2K Z (67
=0

2K +1)(E, + E,)

nBEq '
(21)
where Q (-, -) is the M™ order Marcum-Q function[]29,
Eqgn. (4.59)].
Proof: The proof is given in Appendik]C. [ |



TABLE |
PROBABILITY OF OUTAGE IN ENERGY TRANSFER FOR DIFFERENT SCENRAIOS WITHOUT POWER ADAPTATION

Scenario Probability of outage in energy transfer
)

Perfect CSILK =0 =)

- B BE Eu+E M—1 N, k Ey(Ey+Ep)
LS estimation,K = 0 1-— m Xp( nﬁEdp> Yo €k (m> L (—W)

imati _ BEw But+E M-—1 No \F Bu(ButEp)
MMSE estimation, K =0 1 — TEL TN, P (— nﬁ‘Edp) Do €k (m) Ly (—W)
M—1 2(K+1)(EutEp)

Perfect CSI,K # 0 1-Qu (\/21(2 i, \/ Dles
LS estimation, K # 0 No closed-form, can be evaluated numerically uslnd (24)

MMSE estimation,K # 0  Single integral form, can be evaluated numerically usidd) (3

Note that, ifo; = 1, for all i = 0,...,M — 1, then where
P,=1-Qu (V2K ABFDEAE) ) Next, we state

nBEa =~ o~ 2
the probability of outage in energy transfer for a Rayleigh C(;\LL _ 2 (BEuHhLSH +Re (hLSN) (K:L 1)N0)
fading channel. BNo(BE, + (K + 1)No)||hs||?
Corollary 3: For Rayleigh fading £ = 0) and with fixed ~t 2
E,, P, is given as follows: INo(K +1)2 Im (thN)
(a0 BBE. + (K +1)No) |~ ||hws|
uw+ ’ nBEq
P,=1-Qy L. 22 25
Proof: The proof is given in Appendik]E. |

where the second equality i {22) follows from the identityo compute[(24) in closed-form, we need to find the distribu-

in [29, Eqn (4.71)] andy(-, -) is the lower incomplete Gammation of ¢(h.s) given in [25). This is analytically intractable

function [30, Eqgn. (6.5.2)]. but the expectation in(24) is easily evaluated numerically
2) With Power Adaptation'The probability of outage in A closed-form expression for the outage probability for a

energy transfer whehl; = HhHQ, wherep is the power control Rayleigh fading channel can, however, be obtained as stated

parameter, i.e.F; is adapted based on the channel conditiorslow.

is given as follow§ Corollary 4: For a Rayleigh fading channeKk(= 0), the
Theorem 2: For a Rician or a Rayleigh fading channel, thgrobability of outageP, in energy transfer with LS channel

probability of outageP, in energy transfer with perfect CSlestimate and fixedy is

and with power adaptation can be made zero if and only if

P -1 BE. b ( E, + E,,)
o) = -_———e—me e X _——
> Eut By (23) BEy + No nBEq
K s < N, )’“ (E(E—i—E))
| =—=———— —_—— ],
Proof: The proof is given in AppendikD. [ | = "\ BE, + N, » nE4N,
(26)

B. Analysis with LS Channel Estimation where Ly (-) is the k" Laguerre polynomial and

We now investigate the probability of outage in energy 1, E< M—
transfer when the BS performs transmit beamforming using CTV 1 Ne p— M1 (27)
the LS channel estimate, first with fixel; and thereafter PEw’ ‘

with E, adapted based on the estimated channel conditions.  proof; The proof is given in AppendikIF. m
1) Without Power AdaptationWith fixed E,4, P, for LS Based on Theoremis] 1 arid 3 and Corollafiés 3 @nhd 4,
channel estimation is as follows: we observe the following: For fixed/, E,, E,, n, and

Theorem 3: For a Rician fading channel, the probability3, using [22) for perfect CSI or using_(26) for LS channel
of outagel, in energy transfer with LS channel estimate andstimation, one can find’; so that a target probability of
for a fixed E; is outage in energy transfer is maintained. One can infer how
the required value of\/ scales with the path los8 or with

P.—E [1 Ql( / hL \/ (Eu+Ep) BE,+ (K + 1)N0)> ’ the distance between the BS and the WSN, for a gien

nBE4No The loss due to estimation errors can be quantified using the
(24) analysis in this section. One can also evaluate the roleelay
by the LoS component, i.e., the Ricidfifactor on the outage

4Inverse channel inversion can be impractical for small nend antennas, probablhty L.ISIHQ EZI]-) for perfeCt CSI and US”@KZA') for LS
but not asM increases. This is another benefit of having an array of aaten channel estimation.



TABLE Il
PROBABILITY OF OUTAGE IN ENERGY TRANSFER FOR DIFFERENT SCENRIOS WITH POWER ADAPTATION

Scenario Probability of outage in energy transfer
Perfect CSI,LK =0, K #0 0, providedp > E%:EP
-1 3l -2 _2\ 2 /
_ M 2 X l1—1 2l —1a—2\ [ 1—x -1 l x1 (k' —x1)
LS, K=0 11:1<7) (1,%)21171 Zl;:o 111721 )( x§2> (n’( 1l2 )—xz(l;))_A 117% 1
L _ Mo 2\t @r? n12n—c-2 (1-\" -1 G(s=¢)
MMSE estimation, K = 0 M (;) m%m o () ng (/4(”C ) — G2 (Z)) - 11'17921

LS estimation,K # 0 No closed-form, can be evaluated numerically us[nd (28)
MMSE estimation, K # 0 Single integral form, can be evaluated numerically usiid) (3

2) With Power AdaptationWhen E; = ﬁ is varied Theorem 5: For a Rician fading channelK{ # 0), the
based on the LS channel estimate, the probability of outageprobability of outageP, in energy transfer with MMSE
given by the following result. channel estimate and fixefd; is

Theorem 4: For a Rician fading channel and with power M1 M1
adaptation, the probability of outagg in energy transferwith  p _ 1 _ 2M (K +1)"> exp(—A K o)

LS channel estimate is ’ (KM tan) ™t =
o M—1
P,=E |:1 - Q1 (\/ C(hLS)a X/ yéwexp(—Al(K—i—l)yg)IM_l 20 ¢ K(K + 1) Z ;Yo
0 =0
2(Ey+E,BE,AHK + 1)No) |~
\/ nBpNo sl X Q1 (\/A_zym M) dyo, (30)
nBEq
(28)
- wherelyr (-,-) is the(M —1)" order modified Bessel func-
where((his) is given by [Z5). tion of the first kind [29, Eqn. (4.36)121(-, -) is the first order
Proof: The proof is given in AppendiX]G. B Marcum-Q function[[29, Eqn. (4.33)]\; = ﬁE“JrB(gH)NO,
Again, [28) cannot be simplified any further but the expe((;i-ndA2 _ 2(BBu+(K+1)No) “
tation in [28) is easily evaluated numerically. A closeddfo Proof The évr(bof is given in Appendi I. -

expression for the outage probability with power adaptatio

; ) . Note that is in the f f a single int l49 and
and for a Rayleigh fading channel is stated below. ote that [3D) is in the form of a single integral 4o an

. ) . probably cannot be simplified any further as the integrand

Corollary 5: For a Rayleigh fading Cha”{)e' and Wlthinvolves the product of a modified Bessel function and a

power adaptation, wherg > % BEBT’LN) , the prob- Marcum-Q function. It is, however, easy to evaluate numeri-
ability of outage P, in energy transfer with LS channelcally. An integral-free closed-form expression for the ame

estimation is probability for a Rayleigh fading channel can be obtained as
stated below.
N A Y e 0] Ny A, Corollary 6: For a Rayleigh fading channek{( = 0), the
Fo = Z W (1—x2)2h-1 Z Iy —1 probability of outageP, in energy transfer for a fixed; and
h=1 l l2=0 with MMSE channel estimation is
1—x3\" lh —1 l K —
X ( X2X2) (KJ/( 112 ) — X2 (l;)) - Xli X2><1)1 P _ 1 _ BEu exp (_Eu+Ep)
2 o o E,+ N, E
(29) M?l " knﬂ ’
L3 N, o (_ BulBut Bp)
where 1/ — % /%, W= 2(6EJ1\}:N0) /Eu;rEp’ 2 k BE, + N, k T E.N, )
_ 2B, _ BE. _ 2(BEu+N,) EutEp _ (31)
apy = N, Eu+N,)’ bO - N, y Po =
E (Ba?);g% ) 2po+ag+by " 2 where Ly (-) is the k" Laguerre polynomial and, is given
ﬂEu‘T‘No’ ur = 2a0bg ! Uz = 2a0by ! XL =t = VU = b by m) ' '
andys = us — Ju3 — 1. " L . ,
Proof: The proof is given in AppendikcH. - Proof: The proof is given in Appendii] J. [ |

Note that the expressions for the probability of outage in
energy transfer is the same for both the MMSE and LS
C. Analysis with MMSE Channel Estimation estllm_ators under i.i.d. _F_Qayle|gh fadlng .and for fixdd.

. ) ) - This is because under i.i.d. Rayleigh fading, the LS and the

In this subsection, we will analyze the probability of owtag\vMSE estimates differ only in terms of the scaling factor.
with MMSE channel estimation first with fixed; and then gjnce, we normalize the beamforming vector, this scalirg ha
with £; adapted based on the estimated channel conditionge impact on the end performance. However, under spatial

1) Without Power AdaptationWith fixed Eg4, P, for a correlation or even for uncorrelated Rician fading, MMSE
Rician fading channel is as follows: gives a better outage performance compared to LS estimator,



TABLE Il o . .
ESTIMATES OF PATH LOSS AND THECORRESPONDINGBS-WSN estimation as they are analytically intractable and do not

SEPARATION FROM[7] provide any additional insights.
Theorem 7: For i.n.i.d Rayleigh fading channels without
power adaptation and with perfect CSI, the probability of

Path loss §) BS-WSN distance

60 dB 78m ; .
B a1 outageP, in energy transfer is
50 dB 2.2 m ) M—1 E.+E
45 dB Tim M B; (1 — exp (_Wfsf))
P, = Z M (34)
= k1,625 (B85 — Br)

the difference being significant particularly at low SNRs as  Proof: The proof involves finding the CDF oflh||?,
shown in SectioB III-DR and in Figur€$ 8 and 10 in Secfioh Iivhere eacth; ~ CA (0, 3;) and which can be obtained using
2) With Power Adaptation:If, however, E; = = the result in[[31, Eqn. (3)]. ]
MMSE, . H
is adapted based on the MMSE estimate, the probability of2) Correlated ChannelsTo analyze the effect of spatial
outage in energy transfer for a Rician fading channel is §8rrelation on outage probability, we generate the channel
follows: covariance matribR using the exponential correlation matrix
Theorem 6: For a Rician fading channelK{ # 0) and model from [32]. For this model, th@, j)th element ofR is
with power adaptation, the probability of outade in energy 9iven by . -
transfer with MMSE channel estimate is N E 1 <7,
R ; e (35)
(r J) 1> 7.

201 (K +1)" = =
P=1- s exp(-MK Y o) This model basically represents a uniform linear array wher

(K> iso i) 2 i=0 the correlation coefficient between adjacent antennasvengi
o M—1 by |r], for 0 < |r| < 1.

X/ yMexp(—Ay (K+1)y2) In—1 | 201, | K(K +1) Zaiyo _The outage probability analysi§ _Qeveloped in this sectipn
0 i gives us insights about the feasibility of WET using multi-
No(B + B.) antenna arrays.
2 u +
x Q1 (V Azyo, o s yO) dyo. (32) IV. NUMERICAL RESULTS

. : . In this section, we present numerical results to quantify
Proof: The pfo‘?f IS given In AppgndK!(. . the potential of using massive antenna arrays for WET using
Note that [3P) is in t_he f_o_rm of a single mtegralyq and yhe two phase communication scheme in Figle 1. Unless
probably cannot be simplified any further as the |ntegrar|11qemi0ned otherwise, we takB, — 10~ J (e.g., 100uW
involves the product of a modified Bessel function and 3uring 100 48), B, = 103 J (e.g., 1 W during 1 ms),

Marcum-Q function. It is, however, easily evaluated nume —7 -

) ' 4 ; = 10=" J (e.g., 1 mW during 10Q:s), » = 0.5 and
ically. The outage probability for a Rayleigh fading chahne (e g 10Q:s). 7 A

with power control is given by the following result. 5The rectenna efficiency depends on the RF input power bectngse

. ; ; _ rectifier consists of a diode whose impedance varies naadin as a function
CoroIIary 7. Fora Raylelgh faglrlngchanneK( O) and of the input power level. The efficiency also depends on theterma

with power adaptation wherg 2 ===, the prObab”_ity of _design, the power management unit, the frequency of operatind the load
outageP, in energy transfer with MMSE channel estimate isonnected to the sensor nofé [41.1[33]. As illustrated iruRég7 in [4], for a
specific rectenna design, if the RF power input is above aicetttireshold, the

M n—1 3n—2 n—1 efficiency does not vary much, whereas below this threshehich depends
P = Z z 2 Z 2n—c—2 on the technology used), the efficiency reduces. For the ricaheexample
°© 1 (1 _ C22)2n71 n—1 given in Figure 7 of[[4], it can be observed that the recterfficiency reaches
n=1 =0 almost45% at an input power level of mW and increases marginally 0%
1— C22 ¢ n—1 n G (5 — <1) when the input power level is arourgl mW. In our numerical examples,
X ) K — (2 - 3 (33) we use an efficiency figure of = 0.5 and make sure that the input RF
Cz c 11— Cl power is sufficient to justify this value. For example, wilf; = 10~3 J,
B = —50 dB, and M = 30, the received energy is abo8d x 10~ J.
wherex = /2t e ) = 28B0 JEutBy o [208Bu+No) - Qver a100 pis duration, this corresponds to a received powes aiW. So,
e No e BN, an appropriate justifiable choice of the time duration foe tieceive signal
b = 2(BEu+No) Eu+Ep’ p = ,BE;-FNO’ v = a2+b2’ ve = Would ensure that the input power is in the order of a mW. Asptath loss
ptra® b2 No nBp B2 B, 2ab increases oi,; reduces, more antennas can be deployed to ensure that the
pT’ G =v1 — o /v% — 1, and{s = vy — 4 /vg — 1. rece!ved RF power remains the same. As mentloned abovee iREh power
Proof: The pI’OOf is given in AppendiKIL. m received at the sensor is lower than a certain threshold (1 fotvthe cited

rectenna) then the energy harvesting efficiency reducesaaradue less than
0.5 (depending on the input power) will have to be consideréd Niite that

. " an intermediate power management unit is needed to impedaadch the
D. Extensions to Non-Identical and Correlated Channels rectenna to the energy storage unit in the sensor node. Téigndef the

1) Independent and Non-ldentically Distributed Ray|eigpssociated power management unit is discussed In [34]-&&jeived power

. . . - evels on the order of a mW are envisioned in applications likarging
Fading Channels:For analytical tractability, we focus on the; hearing aids, wireless keyboards and mouBes [37]. Ashanaxample,

scenario where thél/ wireless links from the BS to the the commercially available equipment Powercast (TX915Hvests about
WSN see independent but non-identically distributedi(@dr). 4 MW with a 3 W transmitter at a range of 1 meter at 915 MHz carie

. . . . . frequency. Another potential application of our work cobiel in millimeter-
Raylelgh fadlng and derive the outage prObab'“W with petf wave cellular networks where received power on the order oh\W& is
CSI. We do not discuss the case with LS or MMSE channe@lnsidered reasonable [38].



= kpT107/1° = 10720 J, wherekp = 1.38 x 10723 J/K,
= 300 K, and the receiver noise figure 5 = 7 dB.

Also we consider a uniform linear ar@)‘,or which 6;(¢) =
2rdicos(p), i = 1,...,M — 1. We take¢ = =/3 and
d = % = 0.06 m, where)\ is the wavelength at a frequency
of 2.45 GHz. We also detail below estimation of typical
product of path loss and energy harvesting efficiency from
experimental results i [7], that we will use in our numekica
examples.

Estimation of path loss and energy harvesting efficiency
from experiments in[[7]:From [7], when a4 W transmitter
connected to a vertically polarized fan beam array antenna
(with gain G = 9 dB) is employed, the DC power harvested
as a function of the distance from the transmitter in a LoS
situation is plotted in Figure 3 of [7]. The carrier frequgncFig- 2. MMSE/LS channel estimation: Impact gfand M on P (£y =

10733, E, =108 3, E, =1077 J,Ng = 10720 J, K =2, a; = 1, for
(fc) used in the experiment in[][7] i8.45 GHz. Also, this alli=0,...,M —1, andn = 0.5). The corresponding perfect CSI results
experiment was carried out in an office corridor environmenire shown usings'.
From this plot, the product)5 of the energy harvesting
efficiency and the path loss can be estimated as follows:

5= Poc

" PrGrGr
where Poc is the DC power harvested by the sensBr, is
the transmit powerzr, andG g are the gains of the transmit

and receive antennas respectively. We assumeithat 0 dB.
Figure 3 given in[[7] shows that at a distanceldf m from the

10

‘_o-ve'&

10

10 |

Probability of outage in energy transfer

10

o- - - @=-=-o=--0

10° 10
Number of antennas at the BS (M)

(36)

Probability of outage in energy transfer

'a, :
transmitter, the DC power harvested is about mW. There- '| °
fore, from [38),78 = pFez— = 1.58 x 107° = —48 dB. . ? ® A
Assuming an energy harvesting efficiengy= 0.5, this gives o ! |
us a path loss of = —45 dB at a distance of.1 m. Similarly, i a . )
different estimates of the path loss and the Corresponding é?\ergy(E )_o?;sthe downll?]ioenergy b;jr?ng S|gnals_|2nOdB (OfJOliiz)

distances between the BS and the WSN can be obtained as

listed in Table[1ll. We varys3 around a nominal value of Fig. 3. MMSE/LS channel estimation: Impact &f; and M on P, (8 =
—50 dB in our examples. —50 dB, B, =108 J, B, =107 J, Ngo=10"%0 J, K = 2, a; = 1, for
0,...,M — 1, andn=0.5). The corresponding perfect CSI results
Our numerical results are based on analytical expres&q@shown usmgo
developed in the paper and since the Monte Carlo simulations

overlap with these and do not provide any additional inferma

tion, they are not showlh. by 8 dB, while keeping the outage probability fixed &t °.
Figure[2 plotsP, as a function ofM for different values Thus, the array gain obtained by deploying multiple antenna
of 5 and for K = 2. We observe that by deploying moreat the BS results in huge savings of radiated energy. One can
antennas at the BS, a larger path loss (larger distance éetwalso see that the difference in performance among MMSE,
the BS and the WSN) can be tolerated while keeping theS, and perfect CSlI is negligibly small at practical opergti
outage probability fixed. For example, by going from aboyoints.
20 antennas td 00 antennas at the BS, an outage probability Figure[4 plotsP, as a function ofM for three different
of 10~% can be maintained even if the path loss increases fromlues of the Riciank factor, namely,K = 0, K = 2, and
45 dB to 55 dB. Also, for £, = 1078 J andE; = 1072 J, K = 4 and for both perfect and imperfect CSI obtained again
the difference in performance among MMSE, LS, and perfegsing MMSE/LS channel estimation. It can be observed that as
CSl is negligibly small. K increases, the channel becomes more deterministic and the
Figure[3 plotsP, as a function ofE,; for different values outage probability improves with perfect or imperfect CI8l.
of M and for K = 2. It can be observed that ds; increases, other words, a strong line-of-sight component in the channe
the outage probability decreases. Moreover, as more aadenielps in lowering the outage probability. Also, for the aqer
are deployed at the BS, a lowé?, is required to keep the levels £, = 1078 J and E; = 103 J, the difference in
outage probability at the same value. For example, by goipgrformance among MMSE, LS, and perfect CSl is negligibly
from about10 to 40 antennas at the BS; can be reduced small. Thus, at these energy levels, one can as well use
LS channel estimation instead of an MMSE estimator that
6Each antenna in the array is omnidirectional, only the amsya whole ;o5 mes a priori knowledge of the angle of arrival, basicall
can form a beam and not each antenna on its own. .. . L .
"Results with LS estimator also overlap with that of the MMSfireator hq, the Rician# factor, the channel and noise distributions
for typical energy levels required to enable WET. without degrading the outage probability relative to thefeet
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Fig. 4. MMSE/LS channel estimation: Impact &f and M on P, (E, = Fig. 6. Impact of uplink pilot energy o, (E; = 1072 J, E, = 1077 J,

1078 J,E, = 1007 J,E; = 1073 J, 8 = =50 dB, Ng = 10720 J, Ny =10"20J,8=—-50dB, K =0, r =0, andn = 0.5).
«a; =1,forali=0,...,M — 1, andn = 0.5). The corresponding perfect
CSil results are shown using’!

10°

LR Without power
10 °P adaptation

(E, fixed at 10 J)

10+

With power
b‘ adaptation

10°}

Probability of outage in energy transfer

‘  Variable E,
\

Ep:leo’SJ

Probability of outage in energy transfer

4 v L
--=-E=10" N g 10° 10" 10
Number of antennas at the base station (M)

Number of antennas at the base station (M) Fig. 7. Impact of power control o, (No = 10720 J, 3 = —50 dB,
Ep, =107 J,E, = 1078 J,p = 2204 x 1077 J, a; = 1, for all
Fig. 5. l.n.i.d channels: Impact of, and M on P, (E, = 1078 J, i=0,...,M —1, andn = 0.5. MMSE results are shown using linetypes
Eg = 1073 J, Ng = 10720 J, K = 0, A}, = diag(81,...,08x), and and LS results usingo').
n = 0.5). Perfect CSI results fronfi(B4) are shown using differeme fiypes, . .
corresponding MMSE results using’‘and LS using &'. helps to improve the outage probability. For the case whgn

is adapted based on the channel conditions, while with perfe
CSl, the outage probability is zero irrespective /af, with
CSl scenario. MMSEI/LS channel estimation it is non-zero but decays very
Figure[® plotsP, as a function ofM for different values quickly to zero asM increases for an appropriately chosen
of the processing energl, and for i.n.i.d. channels. It canvalue ofp for both K = 0 and K = 2. Note that we choose
be observed that by deploying more antennas at the BS, tho be greater than or equal {&,, + E,)/n otherwise, the
WSN gets higher amount of processing energy to perform iisitage probability is even with perfect CSI and as stated in
main tasks at a given target outage probability. Thus, plelti Theorem 2.
antennas at the BS can help transfer more energy to the energyigure[8 plotsP, as a function ofM for perfect CSI,
constrained WSNSs. LS, and MMSE channel estimation and for two different
As shown in Figuréle, with MMSE/LS channel estimationyalues of the uplink pilot energ¥’,,, basically the low SNR
a too high uplink pilot energy would lead to an increase in thegime for uncorrelated Rician fading. Please note that the
outage probability as a larger portion of the harvestedgneroutage performance with perfect CSI is the same for both
is spent on training. A too low uplink pilot energy wouldE, = 10~!* J or E, = 10715 J sinceE, is much smaller
again increase the outage probability due to increasedheharthan E,. While MMSE performs marginally better than LS
estimation errors. Note that for i.i.d. Rayleigh fading ©ha estimation atF, = 10~'# J, the gap in performance is
nels, MMSE and LS estimation give the same performansignificantly higher att,, = 10~ J.
irrespective ofE,,. With perfect CSI, for smallet®,’s the Figure[® plotsP, as a function ofM for different values
outage performance essentially remains the same, déipde of r. As expected, with an increase in antenna correlation, the
much smaller tharf,. probability of outage in energy transfer deteriorates. timeo
FigurelT plotsP, as a function of\/ for two different values words, by deploying more antennas at the base station, ahigh
of K with and without power adaptation for both LS andintenna correlation factor can be tolerated while maiirtgin
MMSE estimation. As expected, power adaptation at the BSgiven target outage probability. Note that for the chosen
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parameters, MMSE and LS channel estimation perform as well
as perfect CSlI for all values of

Figure[10 plotsP, as a function of\/ for perfect CSI, LS,
and MMSE channel estimation and for two different values of
the uplink pilot energyF,, for spatially correlated Rayleigh
fading channels. From this figure, it is clear that MMSE
outperforms LS channel estimation under spatial corafati
and at low signal-to-noise ratios. While &, = 10~'* J,
MMSE performs marginally better than LS estimation, the gap
is significant for£, = 10715 J. Note that with perfect CSI,
the outage performance is the same for bbth=10-* J or
E, =1071% J, because’, is very small compared t&,.

V. CONCLUSIONS

We investigated the feasibility of using multiple antenaas
the transmitter for WET. Specifically, we derived expressio
for the outage probability when the BS uses an array of
antennas to focus and transfer energy to a WSN and where
the channel from the array to the WSN is estimated using
pilots sent by the WSN. This is done both with perfect CSI
and with LS or MMSE channel estimates and for Rayleigh
fading (without dominant components) and Rician fading
(with dominant components). We proved that by adding more
antennas at the BS, we can extend the range for WET while
maintaining a given target outage probability. We further
observed that a lower downlink energy is required to get the
same performance due to huge array gains obtained by multi-
antenna beamforming.

We observed that for the typical energy levels that are
used in WET, the difference in outage performance among
LS, MMSE, and perfect CSI is negligibly small. Further,
we show that a strong LoS component between the BS and
the WSN helps improve the outage probability. We also
show that by deploying more antennas at the BS, a larger
energy can be transferred to the WSN for it to be able to

K =0, andn = 0.5). The corresponding perfect CSI results are shown usirperform its main tasks. While with perfect CSI, outage can

Yo
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andn = 0.5).

Number of antennas at the base station (M)

Impact of estimation error under spatial correfaton P, (E4 =
1072 3,E, =1077 J,Ng = 10720 J, 8 = —50 dB, K = 0, r = 0.7,

be completely eliminated by power adaptation based on the
channel conditions. With power adaptation based on LS or
MMSE estimate, it can be considerably reduced.

APPENDIX

A. Proof of Lemmall

Conditioned onﬁLs, U, s is a complex Gaussian RV with
mean
~t

E {\IfLsﬁLs} = ||gtz||E [h|ﬁ|_s} . (37)

Using standard results on conditional Gaussian RV5 [28], it
can be shown that

B4 (ﬂEu—i-(K—i-l)NOI )1
K+1 M E K +1) M

X (ﬁLS - H) . (38)

E [hVAlLs} =p+
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SubstitutingEd[hVALLS} in (37) and simplifying yields[{11). D. Proof of Theorerfi]2
Also, the conditional variance is With power adaptationEy =

}'hnz Therefore, the proba-

iAzT cov (hlﬁ ) i bility of outage in energy transfer is
N LS Ls | nLs
var | Wslhus| = N . 39 E.+E
sl sl ) B = prlBP < B By e (p < BB )

Again, using standard results on conditional Gaus- (45)

N . L. .. . . B, +E
sian RVs [28], it can be shown thatov (h|h|_s) _ Since the expression is deterministi¢, is one ifp < ===
Eu"‘E

gk myn: L Therefore, the conditional variance ¥t I;J on tf; o;he;fandﬁ; >E nEp thgrlhthe emﬁrgy har\t/)ested
simplifies to [12). n = nEq||h||* = np > E, + E, and there will never be an

outage.

B. Proof of Lemm&l2
Conditioned onhMMSE, Unmse IS @ complex Gaussian RV E. Proof of Theorerfll3

with mean )
~ With LS channel estimation,
~ h ~
E |:\I/MMSE|hMMSE:| = ﬁﬂi |:h|hMMSE:| . (40) o 2 E + E
||hMMSE|| PO =FE |Pr |\I/|_5| 777Ed h|_5 . (46)
Using standard results on conditional Gaussian RV5s [28], it Let s — Ds . Therefore,P, in @8) can be

BN,
easy to show that & 12:me=0 e=vrrs:

~ 525, written as
E [mhMMSE} - < R T EIIMEIDM  p-E [Pr (@LS'Q < 2B+ Eﬁféfg;; (K +1)No) ,;LS)] :
0
BB, N (h (47)
x (BEs + (K + )Ng)(K + 1) ™ ( MMSE_“) Using Lemma [f, it can be shown that

(41) given hs, Re(\TJLS) and Im(\TJLS) are indepen-
dent  Gaussian RVs  with condjtional statistics

R = =
Upon simplification, this yieldsE [\I/MMSE|hMMSE} = E {Re(‘iLS”ﬁLS} — ﬂ(ﬁE”'thllerRc(hLS“)(KAH)NO)
||i7\, I V/BNo(BE.+(K+1)No)||hus]|
MMSE] |- ~ ~ g Im(h'sp
And conditional variance is given by E [Im(‘I’LSNhLS} = \/ﬁ(ﬁzjﬁ({;fl)ﬂvo) Hg::u and

var [Re(@Ls)|ﬁis] zzar [Im({IVJLs)mLS} =1.

= — . (42 . . . .
(42) Thus, givenhs, |V s|? is a non-central chi-square dis-

[|Pmmsel?
Again using standard results on conditional Gaussw%bmed RV with 2 degrees of freedom and non-centrality

RVs [28], it can be shown that parameter given by

/\T —~ o~
hymsecov(h|humse) hvmse

var | Umvse|hvvise

BNo
BE. + (K + )Ny

Therefore, the conditional variance ofywse simplifies
to . ~f
C. Proof of Theorerfil]1 B(BEw + (K +1)No) ||hs]|

COV(h|hMMSE)

~ ~f 2
Iy (43) ¢ i 2 (BEuHhLS”2 + Re (thN) (K + 1)N0)

Ls) = =
ANo(BEw + (K + 1)No)||hus||?
2

(48)

i T
With perfect CSIL ¥ = U s = Unmuse = IIhﬁ = [Ihll. substituting the cumulative distribution function (CDFj o

whereh = h can be either the LS or the MMSE channel¥.s|? givenhys in @7) yields [2#).
estimate. Therefore,

P, = Pr(nEq|V|? < E, + E,) F. Proof of Corollary[4

For a Rayleigh fading channel, by substitutidg =

b (2(Kﬂ+ D i < 2(K+717)B(1§;+Ep)> in 3), we get
2K +1)(E, + E,) P,=E|1-Q < 2EuﬂIIE Il
~1-Qu G5 |- WV No BEL N TS
(44) 2(BEy + No)(Eu + Ep)
\/ o ) . (49)

Note that[[4%) follows from the fact th&fKBLl)HhH2 is a non-
central chi-square distributed RV with\/ degrees of freedom where Q;(-,-) is the first order Marcum-Q function [P9,
and non-centrality parametex’ >V " a;. Eqn (4.33)].
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To compute[(49), we need to find the distribution6f= To compute[(5b), we need the distribution¥of= ||k s|| =

||iAzL5|| = \/|BL51|2 -+ |hLs,, |2. Note that forK = 0, \/|BL51|2+~-~+ lhis,,|? that we have already evaluated

s, ~ CN (0, 22 +N02 This implies thatBEzEuN v2is a N E). Substituting the PDF df” from (&) in [55), we get
wtNo

chi-square distributed RV withM degrees of freedom since it

is the sum of the squares i/ independent standard normal 2 (ﬁ)M o B2
RVs. Therefore, the RZ = Y2 has the PDF given by P,=1-— ﬂ“%/ YLy (29
(M —1)! 0 BE, + No
f2(2) ( B, _\" 2 —Fu? >0 2B, pE 2BE, + No)(Ey + E,)
z\z)= EXp\ 2=~ |22V u u u 0 u D
BE, + N M —1)! BE, + N X , dy.
o/ (M=) /sy N R Y 1PN vy
By transformation of RVs, it can be shown thét= v Z = (56)

||hs|| has the PDF given by
E, M i B,y Note the variablz; JirnEbothttharguments of the Marcum-Q
fY(y)_2<ﬁEu +N0> =P (BE +N> y = 0. function. If p > =«I=e (2ERe ) (B8) can be simplified
(51) using the identity in[[40, Eqn. (25)] to obtaii (29).

Substituting the PDF oY from (&1) in [49), we get

M
EU/ o0
P 2 (75Eu+zvo) / sz_leXp< B2 ) I. Proof of Theoreni]5
(M -1 Jo BE. + No With MMSE channel estimation and for a Rician fading

2B,  BE, 2(BE, + No)(E. + Ey) channel,
X Q1 (\/— y,\/ TBENg ) dy.
(52) P, =E [Pr <|‘1/MMSE|2 <

Note the variabley in just one of the arguments of the

Marcum-Q function. Using the identity i [89, Eqn. (9)[152 Let ¥\yyse = ——uwse____ Therefore, [(57) reduces to
can be simplified to yield(26). V 2BEFEFOND

G. Proof of Theorerfl4 P,
- N : | . 2B+ Ey) BEu+ (K +1)No) |~
With LS channel estimation and with power adaptation, _ [Pr <|\I/MMSE|2< ( ) BEL+( )No) hMMSE>:| .

2 R - nBEaNo
P —E [Pr ( [Yesl® _ But By thﬂ . (53) (58)

|husl? P
Let Uis = ——%s__ Therefore,P, in (53) can be _ Givenhwwse, Re(¥wwise) andim(Uyyse) are independent
V 2BEL F(KTDNg) Gaussian RVs. Using Lemma@l 2, it can be shown that

E{Re(‘f’MMSE)lﬁMMSE} = \/2 (W)”ﬁMMSEH’

E{Im({IVJMMSEHﬁMMSE} — 0, and the conditional

Eu+E,|~
e hMMSE>} . (57)
nEq

written as

F,

||hLs||? nBpNo his)|- variances are given byvar {Re(@MMSE”EMMSE} =

Pr <|\11Ls|2 < ABu+ BYBEL+ (K + 1)No) |

(54) var {Im({i}MMSE)ﬁ;’MMSE} = 1. ThUS, given }/;’MMSEl

From AppendiXE, we know that givela s, |, s|? is a non- [Umwsel?> is a non-central chi-square distributed RV
central chi-square distributed RV with degrees of freedom With 2 degrees of freedom and non-centrality parameter
and non-centrality parameter given Hy}(48). Substituting t 2 (w) ||hamusel|2. Therefore,[(58) reduces to
CDF of | g|? given h s in (54) yields [ZB).

~ Ao(E, + E
H. Proof of Corollary[ P,=E|1-Q <1 /Ao||hmmsel], %) 7
For a Rayleigh fading channel, by substitutidg = 0 (59)
in (28), we get whereAg = 2 (BE +(]KV+1)N0)
0
h_Eli_0 . BE ||iAz | To coAmpute [(BD), vye need to findAthe distribution of
o= ! No BEg + Ny 810 Yo = |lhmmsell = \/Ihvwvse, [2 4 - - - + [hvvse,, |2 1t can

square distributed RV WltﬁM degrees of freedom and non-
Mot i (BEL+(K+1)No)
ﬂEu

\/ (BE, + No)(E, + E,)

be shown thaf&+1) E“JF(KJF”NO)Y2 is a non-central chi-
Ay (55)
npBNo I Hﬂ

centrality paramete'f2 boi . Therefore,




the RV Z, = Y has the PDF

M+1

(K+1)72
(KBY iyt on) ™=

M—1
X exp <—A <(K+ Dz + KpB Z ozi))
=0

M—1

x Inr1 <2A\J BE(K+1) ) aizo) , 20>0, (60)

=0

Iz (ZO) =

_ BEH(E+DN
whereA = ==—gm——

function of the(M - 1) order and first kind.
By transformation of RVs, it can be shown thay =
gy = ||hMMSE|| has the PDF

M+1

2AK +1) =2
M—-1 M1

(KB > ai)~2
1=0

M-1
exp(—AKf Z i) yd!
i=0

Ivo (yo) =

=0

M-1
xexp(—A(K+1)yg) Inr—1 (21\\] BE(K+1) ) aiyo) :
(61)

Substituting the PDF ot from (€1) in [59) and a simple

change of variables yieldE{30).

J. Proof of Corollary(6

For a Rayleigh fading channel, by substitutidg = 0
in (589), we get

1—Q1<

To compute [(6R), we need to find the distribution 6f =
[|hmmsel| = |}AL|\/|MSE1 2+ + |}ALMMSEM|2. Note that for

K = 0, huwse, ~ CN (0, 5254). This implies that
2(BEu+No)

BNo

2(BE, + No)(Ey + Ep)
nBE4 Ny

P,=E ||Pmmsel];

(62)

Yo Y7 is a chi-square distributed RV with)/ degrees
of fﬁreedom since it is the sum of the square26f indepen-
dent standard normal RVs. Therefore, the RY = Y;? has
the PDF (forz; > 0)

BE, + No\ ™ M-t —(BE, + N,
fZ1(Z1)_< B2Eu 0) (]\Zl_l)!exp< ( ﬁ2Eu 0)Z123)'

(
By transformation of RVs, it can be shown that = /7, =

||hmuisel| has the PDF (fog, > 0)

ﬁEu + No> M y%Mil
(

fyl(yl)_2< 3°E, M=)

B?Eu
(64

andIy;—+(-) is the modified Bessel

oo (A2

13
Substituting the PDF o¥; from (&4) in [62), we get

M
BEw+No o
P _1—M/ 2N o (BB + NoJu
’ (M-1)!  Jg 7! B2E,

BE, + Np BE, + No\(E, + E,)
o (\/2( BN >y1’\/2< No ) nBEdp> o
(65)

Note the variabley; in just one of the arguments of the
Marcum-Q function. Using the identity in [39, Eqn. (9)]._}65
can be simplified to yield(31).

K. Proof of Theorerf]7
With MMSE channel estimation for a Rician fading channel
and with power adaptation,

2
P, =& |py | wwsel B+ By
l|hmmsEl? np

Wmmse

/ BNg
2(BEw+(K+1)Ng)

(Ij 2
Pr |AMMSE| <
||AmmsE|?
nBpNo

EMMSEN . (66)

Let Uymse = and rewrite [[6b) as

P,=E

}/;'MMSE):| .

(67)

_From Appendix [, we know that givenﬁMMSE,
|Uvmse|?> is a non-central chi-square distributed RV

with 2 degrees of freedom and non-centrality parameter

2 (W) ||iAzMMSE||2. Therefore, [(67) reduces to

~ ANo(E, + E ~
P, =E ll — Q1 <\/AO||hMMSE||aH %HhMMSEH ] .

R (68
Substituting the PDF ofjhuusg|| from (1) in [68) and a
simple change of variables yields {32).

L. Proof of Corollary[T

For a Rayleigh fading channel, by substitutidg = 0
in (68), we get

e < 2 (P50 ) e

9 BE, + Ny EU+EP||fL I
BNy np MMSERL T
(69)
Substituting the PDF off humse|| from (62) in [69), we get

2(ﬁEu+NO)M -

BE.,

P0:1——/
0

P,=E

— - BEu+N0 2
ny 1exp< ( W

2(BE, + N 2(E, + Ny) E, + E
‘0, W%y ¢ (8 - ) ;pygdm

(70)
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Note the variabley; in both the arguments of the Marcum-Q24] A. A. Nasir, X. Zhou, S. Durrani, and R. A. Kennedy, “Rgiag

function. Forp >

_EHJFEP, (Z0) can be simplified using the

identity in [40, Eqn. (25)] to obtair (33).
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