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Abstract

This letter deals with the opportunistic beamforming (OBE))eme for multi-antenna downlink with
spatial randomness. In contrast to conventional OBF, timitls return onlyl-bit feedback, which is
powered by wireless power transfer through a rectenna.avaystudy two fundamental topologies for
the combination of the rectenna elements; the direct-ntio@mbiner and the radio-frequency combiner.
The beam outage probability is derived in closed form forhbodmbination schemes, by using high

order statistics and stochastic geometry.

Index Terms

Opportunistic beamforming, spatial randomness, wirelgeser transfer, antenna array, outage

probability.

I. INTRODUCTION
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Opportunistic beamforming (OBF) is a robust communicatioal, which exploits multi-
user diversity to achieve full multiplexing gainl[1],][2]. BF requires a continuous feedback
mechanism of the achieved beam signal-to-interferengs-pbise ratio (SINR) in order to to

assign the orthonormal beams to the corresponding tersiiddihough conventional studies

Copyright (c) 2015 IEEE. Personal use of this material isméed. However, permission to use this material for anyepth
purposes must be obtained from the IEEE by sending a requgsths-permissions@ieee.org.

I. Krikidis is with the Department of Electrical and Computéngineering, Faculty of Engineering, University of Cypru
Nicosia 1678 (E-mailkrikidis@ucy.ac.cy).

This work was funded by the Research Promotion FoundatigpruS, under the Project FUPLEX with Pr. No. CY-I1L/0114/02.

July 31, 2018 DRAFT


http://arxiv.org/abs/1507.05389v1

assume homogeneous networks without path-loss effeasadihors in[[B] study OBF for
networks with location randomness and perfect SINR feedbac

On the other hand, wireless powered communication (WPC) new energy solution for
the future autonomous and self-sustainable networksGfi]H] refers to terminals that have the
capability to power their operations by the received etsnfaignetic radiation. The fundamental
block for the implementation of this technology is the rsatig-antenna (rectenna), which
is a diode-based circuit that converts the radio-frequgiiRly) signals to direct-current (DC)
voltage [7]. Typically, a single rectenna is not sufficientsupport reliable terminal operation.
Alternatively, properly interconnecting several rectesicould ensure sufficient rectificatian [8].
This interconnection can be done in the DC or the RF domaim;0QKR-combiner requires a
rectification circuit at each antenna element, while thecBmbiner corresponds to a single
rectification circuit.

In this letter, we study these two fundamental rectennayacomfigurations for the multi-
antenna downlink channel with OBF and spatial randomnéss tdrminals power their feedback
channel from a power beacon (PB) that broadcasts energy asseparate frequency band. In
order to respect the doubly near-far problem associated WRC [5], terminals can only return
1-bit feedback, which shows the outage status for a preasditpeam [[9]. The beam outage
probability is derived for both rectenna array configunatiby using high order statistics and
stochastic geometry tools. To the best of authors’ knowdedige current letter is the first to
analytically investigate OBF with-bit feedback and spatial randomness as well as the impact

of rectenna array configurations on WPC.

[I. SYSTEM MODEL

We consider a single-cell WPC scenario with multiple rantjodeployed terminals, where
the coverage area is modeled as a disc of ragiusn access point (AP) and a PB, operating in
different frequencies, are co-located at the origin of tlse evith an exclusion zone of radiygs
around them[7]3 denotes the coverage area of interest. The location of thertels is modeled
as a homogeneous Poisson point process (RPR)th intensity \. The AP and the terminals
are equipped with\/ and N antennas, respectively, while the PB has a single transitenhaa;
all antennas are omnidirectional. The terminals have espower transfer (WPT) capabilities

and can harvest energy from the PB’s transmitted signatsitir a rectenna array configuration
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with L elements. Time is slotted and the RF energy harvested cdmenstored for future use
(batteryless architecture i.e., the energy harvestedguhet-th slot is immediately used e.qg.,
[5], [10], [11]). 1-bit feedback is available from the terminals to AP; a randongle antenna is
used for the transmission and the reception of the feedbla@knel (more sophisticated antenna

selection schemes cannot be applied due to the considefadedgnuplink channel model).

A. Channel model

We assume that wireless links suffer from both small-scatekbfading and large-scale
path-loss effects. The fading is Rayleigh distributed s® plower of the channel fading is an
exponential random variable with unit variande;; ; is the channel coefficient for the link
between thek-th AP’s transmit antenna and theth receive antenna for théth terminal;
gi; = |gijle?% is the channel coefficient for the link between the PB andjttie rectenna of
the i-th terminal. The received power is proportionaldd® whered; is the Euclidean distance
between the AP/PB and theh terminal,a > 2 denotes the path-loss exponent. In addition, all
wireless links exhibit additive white Gaussian noise (AW)GHth variances?; n; ; denotes the
AWGN at thej-th receive antenna for theterminal. We assume an unfaded AWGN channel for
the feedback link which only suffers from path-loss atteimma[12], [13]; this model highlights
the impact of the doubly near-far problem on the achievedopmance and simplifies our

analysis.

B. Data communication

The AP applies an OBF strategy and in each time slot it serlested users; to do that, it
generates\/ isotropic distributed random orthonormal vectdis, . . ., uy,} with u,, € CM*1,
which represent the beams that are used in order to trankmit/t information streams. By

omitting time index and carriers, the baseband-equivalanismitted signal is given by

M
0= tmsm, &)
m=1

whereE|||v||?] = M, ands,, is the m-th transmitted symbol. The signal received at fhth

antenna of theé-th terminal is given by

Tij = Ptdi_ahz:j'v + N js (2)
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whereh[; = [h1;;,..., haij], P, denotes the AP’s transmitted power. The SINR for b
beam at thej-th receive antenna of theth terminal is equal to
‘hgpj“l‘z
Viju= a3 M KT 2"
P + Zm;ﬁl | i,jum|

Each terminal employs a selection combiner (SC) [2] in otdekeep the complexity low (i.e.,

®3)

1 RF chain) and therefore the achieved SINR for b beam at thé-th terminal is given by

T = N 4
i = max L (4)

C. WPT operation

The PB operates in a separate frequency band in order to aveiderence with the com-

munication links [[Y]. The transmitted RF signal at thth time slot is given by

5(t) = VIBR{a(t) P =\ AP R 2 rarg 0]} (5)

whereR{z} denotes the real part af P, = E[s?(¢)] is the PB’s transmit powerf denotes the
carrier frequency, and(t) is a modulated energy signal witl(¢)|* = 1. The received signal

at thej-th antenna of the-th terminal is given by

yig(t) = \/mmu(t)m {erlmittarga(t)+0i;(0] 1
— W\gw(tﬂ cos (2m ft + argx(t) + 0, (1)) , (6)

where WPT from AWGN is considered negligible and thus candoeiied [4], [5].

[Il. WPT- RECTENNA ARRAY CONFIGURATIONS

Each terminal is equipped with an array bfelements in order to boost the rectification

process. The interconnection of these elements can berpedoin the DC or the RF domain.

A. DC-combiner

In the DC-combiner topology (see Fig. 1(a)), each elemeetraips in an independent way
and has its own rectification circuit in order to harvest D@vpn The DC currents at the output
of each rectifier are combined (simple addition) in order ¢mayate an aggregate DC current,

which is the final input to the application. More specificatlye output current of the Schottky
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Fig. 1. Rectenna array architectures for WPT witlantenna elements; (a) DC-combiner, (b) RF-combiner.

diode for thej-th antenna element of theth terminal is given by Shockley’s diode equation

[14]

v; (1) :

L(t) = I, (eMVT —1)_IZ<yMJVT) , (7)
where I, denotes the reverse saturation current of the dipde, [1 2] is an ideality factor
(function of the operating conditions and physical cortoars), andV; is the thermal voltage;
the RHS in [[¥) is based on the Taylor series expansion of anrexgial function. The low

pass filter (LPF) at the output of each diode eliminates threnbaic terms § > 2) in order to

produce a relatively smooth DC current i.e.,

DC _
]i,j (t) (MV )2 z

The DC combiners adds together theDC components in order to produce a total DC current

“Pulgi;(1)]- (8)

given by

e IPd
IDC = ¢y ZIDC _ d h Z ‘glj (9)
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wheree, denotes the efficiency of the DC combining circuit [8]. Théatdarvested DC power
is a linear function of/P°(¢) and is written as

PP(t) = CaI® () = Cded[ Ph

Z 19:,5()]7, (10)

where (; denotes the conversion efficiency for the DC-combiner togwl we defineG
(uVr)*o?
CaealsPp "

B. RF-combiner

The RF-combiner topology (see Fig. 1(b)) requires only @wtification circuit and combines

the antenna inputs in the RF domain. This combination doésetuires any intelligence and
passively adds thé signals before the rectification process i.e

L
yi(t) = e Y i (t)
=1
_ /2Phdi_a€r§R {63[27rft+argm(t ] Z ‘g |€]91 i(®) }

J=1
2Pyd;%|ci(t)|e, cos (2w ft + arg x(t) + 6;(t)) (11)
where e, denotes the efficiency of the RF combining circuit [8] aEf |gi ()] =
e(0)e s a ci

is a circularly-symmetric complex Gaussian random vaeabith zero mean and
variance L. This combined signal is the input to the single Schottkyddioby removing the

harmonic termsK > 2) through LPF, the DC output and the associated harvestedd\@rpare
given by

6r]sphdl-_a
IPC(t) = WM‘(UL

(12)
PR(1) = ¢ IP°(1) = %mm% (13)

where(, is the conversion efficiency for the RF-combiner topologg aefiney £ %

IV. OBF WITH 1-BIT FEEDBACK

The main problem in the OBF scheme is the assignment ofAthbeams to)M selected
terminals; this assignment requires a feedback of the eetiSINR for each beam from all
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terminals. Based on the received feedback, the AP alloeatels beam to the terminal with the
highest SINR in order to maximize the sum rate. However, fibéslback channel refers to the
transmission of a high amount of information, which regsiisggnificant system resources such
as bandwidth and power. In the considered WPC setup, therntaisrhave not their own power
supply and harvest energy from the PB’s RF signal in ordeotogp their feedback transmission.
Due to the small efficiency of the WPT process and the assac@bubly near-far problem, we
squeeze the feedback channel imtbit [9]. In this case, the main steps of the OBF scheme are
summarized as follows:

« The AP broadcasts th& beamforming vectors to the terminals.

« Each terminal measures the SINR for only one beam, randossiged to it by the AP.
The measured SINR;; is compared to the target SINR valde (function of the quality-
of-service);1-bit represents whether or nbt; is above the threshold.

. Each terminal harvests energy through the rectenna armfygaoation. If the harvested
energy is sufficient (i.e., uplink is not in outage), the tarah transmitsl-bit feedback to
the AP, otherwise remains inactive.

. Based on the received feedback, the AP randomly assignsbeach to one terminal among
those who have signaled a SINR on the corresponding beane ahewvthreshold. If none

terminal returns a positive feedback for a specific beamgasgent is performed randomly.

A. Beam outage probability

A beam is in outage when the achieved SINR is less than a t&igdR A; we study the
outage performance of thieth beam, without loss of generality. In order to derive theage

probability, we firstly state the following proposition.

Proposition 1. The terminals participating in the beam selection of th#h beam form a

homogeneous PPP with an intensity
wo N SR GE) T o+ 1Gr)
LM - aG=D(m + 1)

yo AP G Ye) — T (3 pe™)] as)
: Ma(p? — )Y ’

for the DC-combiner and the RF-combiner, respectively.

, (14)
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Proof: Since each terminal is preselected to observe a specific lieamrandom way,
the terminals which observe thgh beam form a PPR; with intensity \, = A\/M (thinning
operation [[15]).

A terminal becomes active only when the harvested energheat-th time slot ensures the
successful decoding dfbit information in the uplink. This means that the Shannapacity of
the uplink between the terminal and the AP is higher thdyits per channel use. For thiegh

terminal, this condition is expressed as

PR(t
log, (1 + da<2)) > 1= P2(t) > d%?, (16)

where Q € {D,R}. For the DC-combiner topology, the probability that théh terminal is idle

can be written as
II° = P{PP(t) < dfc’} =P{Z < Gd}*}
2a 21 2a
:E[ LGd / / LGT Falryrdrd

L—1
2 Gm 2a
=1- e~ G p2emEL gy, 17a
p? — &2 ZOF(mH)/g (172)

m

(17b)

1 s~ T (m+ 2,Ge2) =T (m + 1,Gp™)

T A -G &z::(] T(m+1) ’
whereZ = Zle |9:.;]? is a central chi-square random variable with degrees of freedom; the
cumulative distribution function (CDF) of is Fi;(x) = (L, x)/T'(L), wherev(a,x) denotes
the lower incomplete gamma function [16] ahdx) denotes the Gamma functiorfy(z) =
1/7(p? — £2) denotes the probability density function of each poinB3in(17a) is based on [16,
8.352] and[(I7b) uses the expressionsin [16, 3.381].

For the RF-combiner topology, the probability that théh terminal is not able to return a
feedback is written as

=P{PR(t) < d¥o?} =P{Z, <Yd*}

Y d2% 2a
—Ell—e T} —1—/ / r)rdrdf
1 Y 2

La F(oz’L 04 _F(a’Lp )

-1
a(p? — &) Ya ’

(18)
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whereZ; £ |¢;(t)|? is an exponential random variable with parametéf and a CDF equal to
Fy(z)=1—e/E,

By using thinning transformation, the terminals which fekedit for the [-th beam form a
homogeneous PPP? with intensity \? = \;(1 — I19). Substituting the above expressions, the
proposition is then proved. [ |

According to the proposed OBF scheme, for thidn beam, an outage event occurs when
none terminal returns a positive feedback for the achievemimb SINR and the link (if any)
between the AP and the random selected terminal is in ouflge.case where all terminals
return a negative feedback is equivalent to the case wherendximum achieved beam SINR
(among the terminals which feettbit) is lower than the requested threshold. For the beam

outage probability, we state Theorémn 1.

Theorem 1. The beam outage probability for thieh beam and th& combiner @ € {D,R})

is given by

out

PQ._eﬁpﬂp5%0FHM)F%%<@M@L@L+(1_e%%<€M@L@0}%@M}7 (19)
where Fr-(z) is defined in(21).

Proof: The CDF of the observed beam SINR for a given path-loss valisewritten as([2]
N

H@W:@:F—(e& , (20)

T+ LM

with expectation ovetl, the observed beam SINR has a CDF given by
N

=[] e ] s

e (B) > ()

=1

2 xmé” 2 xmp®
) ()]

where [[21) uses the binomial theorem as well as the expresso[16, 3.381]. On the other

hand, let's assume thatterminals are able to return a feedback to the AP. By using brger

statistics, the CDF of the maximum beam SINR il§.,= max;<;<, I';;, conditioning on» and
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path-loss values is written as
Fr(x|n,dy, ..., d,) = ﬁ Fr(z|d;). (22)
With expectation over the path-loss values, we have
Fi(al)=| | /6 Fi(alr) falr =R (23)
The beam outage probability for tlieh beam and th& combiner is expressed as

Poa=E{I} < A|®PYE{T, < Al@P}

o]

=) P{I} < Aln}P{Nye(B) = n}

n=0
x [IP’{N@(B) — 0} + P{N;o(B) > 0PI < A}] , (24)
with
P{Nya(B) = 0} = e I8, (25)

> BT} < Aln}P{Nyo(B) = n}

n=0

0 o=A2IBl ()\Q
Z (A |B|FF( )" — ¢ ARIBIO—Fr(a) (26)

Where<I>_lQ denotes the complementary homogeneous PPP with intekT%il%t NIIC, which is
formed by the terminals that are not able to returhit feedback;Nz(B) denotes the number
of terminal in B for a PPPZ, and |B| = «(p* — £2). By substituting [(211),[(25)[(26) intd_(24),

we prove the statement. |

Remark 1. For P, P, — oo, the beam outage probability for both combination schemes

asymptotically converges to

P, = e~ wm(0* =€) (1-F(A)) (27)
where Fo(z) = [1 — 1/(x + 1)M-1N,

Proof: For P, P, — oo, all the terminals successfully transniibit feedback and thus
)\lQ — X\ Remarkdl can be straightforwardly obtained fréiq, = E{I'; < A|®;}. [ ]
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O DC-combiner A\ NI
0 RF-combiner
A Random Beamforming N R

v Full-feedback Beamforming ¥ A
* ~Eq. (27) N O\

Outage Probability

)
SR
v S =t =1
- =X —X— X — X — ¥ — X% — % — X —X— X — X — ¥ = % — % — % —X— —X— =8

3 ! ! L !

20 25 30 35

10 :
40 45 50 55 60
P=P, [dB]

Fig. 2. Outage Probability versus the transmit power With= P;,; £ =2 m, p=10m, I, = 1 mA, u = 2, Vp = 28.85
mv, ¢a=¢ =09, e =1,es = {1,05}, 0> = =10 dBm,a = 3, M = 2, N = {2,6}, L = {4,15}, A = 10 dB, and

A = 0.1; the dashed lines represent the theoretical results.

V. NUMERICAL RESULTS AND DISCUSSION

Fig.[2 plots the beam outage probability versus the trangavier for both RF/DC combination
schemes; the random beamforming (no feedback) and théedback OBF[2] (terminals feed
SINR information for all beams) are used as benchmarks. Tserfiain observation is that the
proposed -bit OBF significantly outperforms random assignments. d$&ociated gain increases
as the number of receive antennssincreases (receive diversity). On the other hand, it can be
seen that the beam outage probability performance is ingpkasL increases for moderate values
of P, (see the case withh = 2). As the size of the rectenna array increases, the termaal®st
more energy and therefore returrbit feedback with a higher probability.

As for the combination topologies, it can be seen that thecD@biner outperfoms the RF-
combiner for the ideal case witty = ¢, = 1 e.g., gain of3 dB for P, = 50 dB and N = 6.
However, the performance of the combination schemes and sheability highly depend on
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the quality of the associated combining circuits. We careolesthat the RF-combiner achieves
a lower outage probability than the DC-combiner when= 1 ande; = 0.5 (see the case
with N = 6). Therefore, the designer should carefully take into antdlkie insertion losses of
the combining circuits in order to select the best configonatFor high values of?;, P, both

combination schemes converge to the same outage propdluibt, in accordance to Remalrk 1.
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