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Abstract—This paper considers the combination of receiver- network with a large number of distributed sensor nodes),
coordinated distributed transmit beamforming with wirele ss dangerous (e.g., for devices positioned in toxic enviromisie

power transfer in a narrowband wireless communication sym. o even jmpossible (e.g., for the medical sensors implanted
A single receiver measures the channel states of two or more.

independent transmit nodes and provides feedback to the tras- inside human bodies). . .
mitters to facilitate beamforming and passband signal aligment To the best of our knowledge, all of the previous litera-
at the receiver. The receive node is equipped with energy ture on distributed transmit beamforming has focused on the
harvesting and storage devices which can harvest and store communicatioproblem. Similarly, the wireless power transfer
the beamforming energy for future utilization. Since feedtack literature has focused on the use of single-antenna trivesse
improves the beamforming gain but requires the receiver to . .

expend energy, there is an inherent tradeoff between the fdback or Convem'onal (Central'z_ed) antenn"’_‘ ar_rays. There h_aea b
rate and the efficiency of the energy harvesting at the receér. NO studies on the potential use of distributed transmit beam
This paper analyzes the optimal feedback rate to maximize ta forming for wireless power transfer.

amount of energy harvested by the receive node per unit of  This paper considers the use of distributed transmit beam-
time. Analysis shows that there always exists a unique optiah forming for wireless power transfer assuming each node in

feedback rate for the system. Numerical results are also praded th t h ind dent | | illat d that
to confirm the analysis and demonstrate the effect of the fedxhck € system has an inaependent local oscillator an at no

rate on the mean energy harvesting rate. exogenous synchronization signals are present. The eeceiv
Index Terms—distributed beamforming, wireless power trans- node is equipped with energy harvesting and storage devices
fer, synchronization, channel state feedback and provides feedback to the transmit nodes to facilitate
beamforming and passband signal alignment. Note that there
I. INTRODUCTION an inherent tradeoff in the feedback rate and the beamfgrmin

ain. With no feedback, the receiver only achieves incattere
ower from the transmit nodes. As the feedback rate incsease
transmit nodes are able to achieve beamforming gains
transmissions so that the signals constructively combine Z0°€' Fo ideal. These gains have diminishing return with
increasing feedback rate, however. Hence, the goal of the

an intended destination [1]-[6]. Distributed coherennsra . . . -
mission techniques offer the potential gains of convemtiorf €c€ive node is to provide feedback at a rate that maximizes
amount of energy harvested from the distributed transmi

antenna arrays to wireless communication systems compo ) )
array per unit of time.

of multiple single-antenna transmitters with independecal In thi devel del t | th ¢
clocks. In systems witld/ transmit nodes and per-node power n 'Sf %arietr) \éved i ceve Opts mofe 0 a?a yze I € perior
constraints, fully-coherent distributed transmit beammfimg mance of distributed transmit beamforming for wireless gow

results in M2 power gains on target with respect to Singlet_ransfer in the receiver-coordinated scenario. We foritaula

node transmission and a factor 8f power gain on target an optimization problem to find the optimal feedback rate to

with respect to incoherent transmission [7], [8]. maxi_mize themean energy_harve_sting ra@EHR) at the

Recently, wireless power transfer (WPT) using radio frgsCeVe node. The MEHR IS defined as the ne;t amou.nt of
nergy harvested by the receive node per unit of time. A gmpl

qguency signals [9]-[15] is attracting attention as a viab . . .
approach to prolong the lifetime of battery powered devines k?c\:v?]r db?ﬁgda;c:l tg.: z/lhE)Hs ;ﬁaﬁiﬂgfg'a?aseg :r?SEZ'Sa Io:/qyer R
wireless networks due to the fact that sometimes replacing 0 und, ys| ws ways exi uniqu
. : . . ogtlmal feedback rate provided the system parameterdysatis
recharging batteries may be inconvenient (e.g., for a sens . . . ) )
certain mild constraints. Numerical results are also ptedi

This work was supported by the National Science Foundaticards CCF- to confirm the a}nalys.is and t_O demonStrat(? the performance of
1302104 and CCF-1319458. energy harvesting with distributed transmit beamforming a

Distributed transmit beamforming is a technique in whicH
two or more separate transmitters simultaneously tranamit
common message and control the phase of their passb



feedback rate optimization. w = = N
v (%3 v
£§ » <] > <] > 3
Il. SYSTEM MODEL E: E V|8 | g
We consider the wireless communication system shown in ‘Y A
Fig. 1 with M transmit nodes and one receive node. Eachg ¢ beamform ¢ beamforn] v
node in the system is assumed to possess an independent lo&& | 2 Bl T e
. . . . [~ = ] 7] [ m [}
oscillator and a single isotropic antenna. The channelmfro 2 | ¢ Ee— T, £
the transmit nodes to the receive nodes are called the “fdrwa } } } -
C i . . — . ime
link” and the channels from the receive node to the transmit (%~ 177 KT (k+1)T¢

nodes are Ca”_ed the "re"?rs‘? link”. V_Ve assume a _Scenarlo Fig. 2. Receiver-coordinated distributed transmit beamfog.
where the receive node periodically estimates the forwiakd |
channels and provides feedback on the reverse link tottteili
coherent transmission and passband signal alignment in tinear with respect to the number of transmit nodes, Tg. =
forward link. Forward link and reverse link transmissiong/Tp, whereTj is a fixed measurement duration for a single
are assumed to be on different frequencies, hence charir@hsmit node.
reciprocity techniques can not be used to estimate the fdrwa After measuring each channel, the receiver feeds back the
link channels from reverse link measurements. measurements to the transmit nodes so the transmit nodes
can track their channels, generate channel predictiors, an
generate transmit beamforming coefficients. It is assurad t
@ % the receive node send$ bits of information for each channel
) measurement and, hence, the receive node provifl&stotal
: % bits of feedback in each frame. To ensure that the transmit
! f nodes can correctly decode the feedback, the total energy
i / % used for sending feedback, denoted &g, is assumed to
; /! 'd be fixed and larger than some minimum decoding threshold
L 4 A E;, ie., Ey > E,. Section V provides an example of a
i/ -~ minimum decoding threshold link-budget calculation based
e the distance between the transmit nodes and the receive node
b a the number of bits used for feedback, and the feedback data
> . )
rate. Over the beamforming epoch, each transmit node uses
its state predictions to compute a corrected transmit phase
R that the phase offset of the passband signals after prdpagat
to the receive node is nominally zero.

The receive node is equipped with energy harvesting and
storage devices which can harvest and store the energy re-
ceived wirelessly from the transmit nodes for future uition.

The net amount of energy harvested by the receive node in
each period is the amount of energy received wirelessly from

We assume the receiver-coordinated protocol as descritié@ distributed transmit array minus the amount of energglus
in [5] and illustrated in Fig. 2. Forward link transmissioms for feedback. We denote the beamforming power at the receive

divided into measurement and beamforming epochs, regeatitpde at time as.J(¢) and note that/ () is a stochastic process

periodically with periodT;. The time duration for measure-since the channel estimates are noisy. We further denote the

ment and beamforming epochs are denoted/’asand 7, ensemble averaged beamforming power.Jjas) = E[J(t)].

respectively, withT; = T, + Tj,. During the measurement The total average beamforming energy obtained by the receiv

epoch, the receiver measures the forward link channels fiede during the:*™ period of the protocol is then

subsequent feedback to facilitate distributed cohereartstr kTf+Ty
Ey = 77/1C

Fig. 1. System model example with/=5 transmit nodes.

mission. During the beamforming epoch, the transmit nodes J(t)dt (1)
use the feedback to calculate an appropriate beamforming
vector for distributed coherent transmission to the remeivwhere kT¢,k > 0 is the start of the beamforming epoch
Without feedback from the receiver, the transmit nodes céafter k measurement periods) and= (0, 1) is the harvesting
only transmit incoherently to the receiver and the amount efficiency. Thus, after subtracting the energy for the feeéb
power observed at the receiver can be significantly less th#e average amount of energy harvested by the receive node
the power achieved even with approximate beamforming. over one period is2, = E,— E;. The mean energy harvesting
During the measurement epoch, the receive node estima¢ (MEHR) is defined as
the phase of the received signal from each transmit node. We E, E,—E;f

assume that the duration of the measurement efoghis MEHR = T_f = T;

Ty

)



Our goal is to find the optimal feedback peridy (feedback and the start of the beamforming epoch in which the observa-

rate Tif) to maximize the MEHR. tion is used, the duration of the beamforming epdghand
the sampling period’. Over the beamforming epoch, each
lIl. TRACKING MODEL transmit node uses its state prediction vector to compute a

Each node in the system is assumed to have an independ@ftectedtransmit phase so that the phase offset at the receive
local oscillator. These local oscillators behave stodbalty, node after propagation is nominally zero.
causing phase offset variations in each effective channai f It can be shown that the system described in (5) and (6)
transmit node to the receive node. To characterize thelatseil is completely observable and completely controllable. sThu
dynamics of each node in the system, we consider a simie Kalman filter steady-state prediction variance at tifipe
one-state model. Adopting the convention that the recapeeen Which is denoted as>(7), is a unique positive solution of
is node 0, we denote;[k] = ¢;(kT) as the carrier phasethe following scalar discrete-time algebraic Riccati eqpra
offset in radians at nodé € {0,..., M} with respect to an (DARE) [17]
ideal carrier phase reference at time- k7', whereT is the P(Ty)?
sampling period of the discrete-time model. We assume the

= Q(Ty) (@)

P(T
carrier phase offset dynamics at each node are governed byh (Ty) + R
where
Gilk + 1] = ¢y[k] + u;[K] 3) .
Q(Ty) = Geov{u,;[k]}GT = ATy + B?f ®)

where u;[k] RN N(0,Q;(T)) is the process noise which is
assumed to be spatially and temporally i.i.d.. The variasfcewith A = 2w%p and B = 2w%q. Note that P(Ty) > 0
the discrete-time process noise is derived from a contiguoeorresponds to the variance of the steady-state Kalman filte

time model in [16] and can be expressed as predictions just prior to an observation. The Kalman filter
73 steady-state estimation variance immediately after veugi
Qi(T) = ws (piT + qi?) (4) an observation can be expressed as
. . . . P(Ty)?
wherewr is the forward link common carrier frequency in S(Ty) = P(T}) — =" 9)
P(Tf) + R

radians per second ang (units of seconds) ang; (units
of Hertz) are the process noise parameters correspondingl ¢ Kalman filter steady-state prediction variance at any
white frequency noise and random walk frequency noiselapsed timeg > 0 from an observation at timg7 follows
respectively. We assume that all of the oscillators have thé&

same process noise parameters, pe= p andg; = ¢ for all o3 (kTy +t) = S(Ty) + Q(1). (10)

i €{0,..., M} for the remainder of the paper.

We denote the phase of th& forward link propagation
channel ag); and assume this quantity to be time invarian
The pairwise offsetbetween theit? transmit node and the
receive node after propagation is definedddé] = ¢;[k] + J(r) = ¢* (Mefai(f) T (1 _ efai(f))) (11)
¥; — ¢o[k] and is governed by the state update

Assuming identical channel gains gf and a unit total
gansmit power constraint, the mean beamforming power at
ny timer in a beamforming epoch can be expressed as [5]

whereai(f) is the variance of the phase prediction of the
Gilk + 1] = 0i[k] + ui[k] — uo[K] transmit node at time. Observe that, in light of (10) and (11),
= 04[k] + Gu;[k] (5) the mean beamforming powé(7) = J(kT;+t) is a function
i i h
where G = [1,-1] and wilk] = [us[k] uo[k]]T for i — of the feedback period’; and the elapsed time from thié

. . ) observationt. Therefore, to emphasize this relationship, we
1,...,M. Since the ideal carrier phase reference and tlpg b P

propagation phase&y;} are unknown, the receiver is only place] () with J(Ty. ) for the remainder of the paper.
able to observe these pairwise phase offsets. The obsmrvati IV. ANALYSIS

th - e i
of the ™ forward link channel at the receiver is then This section analyzes the MEHR maximization problem.

yilk] = 8;[k] + v [K] (6) We show that, using a IOW(_er bound expression for the MEHR,
there always exists a unique global optimal feedback rate

wherew; [k] "X A0, R) is the measurement noise which ig0 maximize the MEHR lower bound. First, we provide
assumed to be spatially and temporally i.i.d.. an expression for the unique positive steady-state estimat

The noisy observations in (6) are transmitted over th@rianceS(Ty) in the following Lemma.
reverse link from the receiver to the transmit nodes. Ea¢glmma 1. GivenR > 0 and Q(Ty) > 0, the unique positive
transmit node applies these observations to a Kalman fdterdieady-state estimation variancgTy) is
generate state estimaig§k|k] and state predictiong[k+ L| k] '
for the next beamforming epoch. The valuelbfs a function S(Ty) = —Q(Ty) + /Q(Ty)? + 4RQ(Ty)
of the feedback latency, i.e., the time between the observat f 2

. (12)



Proof: Note that (7) is quadratic i®°(7y) and has two A proof of this theorem is provided in the Appendix.
solutions. SinceR > 0 and Q(T%) > 0, the unique positive Intuitively, the condition in (17) ensures that the recanele

solution is can harvest enough energy so that the MEHR can be positive.
;) + T2 + 4RO(T If this condition is not satisfied, the optimal strategy is to
P(Ty) = QTy) + v 2f) el f). (13) provide no feedback and simply harvest the incoherent power

The following Corollary provides an expression for the

From (9), it follows that maximum MEHR.

_ —Q(Ty) + VQTy)* + 4RQ(Ty)

S(Ty) (14) Corollary 1. Using the lower bound/(7Y,t), the maximum
p 2 .
) ) MEHR is
which shows.the desired resul_t. [ | MEHR* = g° (Ce—Q(Tb*) 4 1) (19)
The following Lemma provides an upper bound for the
steady-state estimation variang€T’). where Ty is the unique solution oflg).
Lemma 2. Given iz > 0, P(Ty) > 0, and S(Ty) according Proof: Using the lower bound/(Ty,t) in (15), the
to (9), we have maximum MEHR can be written as
0< S(Ty) <R.
) * 1 2 KT —Q(t—kT})
Proof: Since R > 0, it follows that MEHR" = — |9 /kT (Ce d +1) dt—Ey
f 7
S R*>0 1 T
& R? 4 P(Ty)R > P(Ty)R + P*(Ty) — P*(Ty) > 0 Y <ngz/0 Ce 90 dt + ng?Ty — Ef) (20)

_ p2
< R(P(Ty) + R) > P(Ty)(P(Ty) + R) — P*(Ty) > 0 From (16) and (18), it follows that

2
@R>P(Tf)—$m>

& R>S(Tf) >0
2 2 v, —Q(Ty) x
where the last inequality follows from (9). n = ng* T+ Es+ng’Ce®T)Ty (21)
Lemma 2 and (10) imply that the steady-state phase predﬁijgging (21) into (20), we obtain the desired result. =
tion variance is upper bounded as
ai(kath) < R+Q(). V. NUMERICAL RESULTS

. . . ... This section provides numerical results to confirm the
Assuming zero feedback latency, this result in combination L ; :
. . analysis in Section IV and to demonstrate the potential for
with (11) further implies that

distributed transmit beamforming for wireless power tfans

Ty .
g2 / Ce=) gt = ngQC(F(Tg)Jre*Q(Tb )(Tb*+Tm))
0

. . M-1 i ' ' i
J(Ty,t) > J(Ty,t) = ¢ e~ QU—KTY) 4 Taple | lists the parameters in the simulations. The process
R noise parameterg andgq in Table | are chosen based on the
_ g (Ce_Q(t_ka) I 1) _ (15) Rakon RFPO45 oven-controlled oscillator datasheet [18].
for C = (M —1)e &, t € [kTy, kTy + T,,), andk sufficiently TABLE |
large so that the Kalman filter is in steady-state. We willsho PARAMETERS FOR NUMERICAL RESULTS
that this lower bound tends to be a close approximation fofparameter  value Units  Meaning
J(TI{]’ t}z IlT S_eCtIOhn V. blish h . d uni 2.31 x 10721 sec oscillator short-term stability
The fo owmgt- eorem establis est- e-eX|.stence and unique 4 680x10-23 Hertz  oscilator long-term stability
ness of the solution of the MEHR maX|m|zat|qn problem using wp 211 % 109 radisec  forward link carrier fre-
the lower bound (15). For notational convenience, we define quency
z _Qw) Q) wr 2m-2.4x10° radisec reverse link carrier frequency
F(x) = / e dt —e” ' (v + Tpp,). (16) Br 10 x 10% Hertz reverse link bandwidth
0 . Rr 6 Mbps reverse link data rate
Theorem 1. Using the lower bound/ (7%, t), if To 5x1072 sec duration of measurement for
T, single transmit node
l T, + ﬂ < lim e~ QW 1t (17) N 32 number of bits per channel
C ng>? Ty—o0 Jg measurement
then there exists a unique optimal feedback pefigd= T, + ¢ 0 dBi ahtenn.a gains
N e d 3 meters  link distance
Ty satisfying
a 3 path loss exponent
1 Ey R (X02m)? rac? measurement noise
) = = 360
F(Ty) = C <Tm + 7792) ’ (18) n 0.50 energy harvesting efficiency




We first calculate the minimum decoding threshold. Assun  xio®
ing a thermal noise floor of 174 dBm, we can calculate the !
power of the additive white Gaussian noise at each transr !
node as—174 + 10log,o Br = —104 dBm. We assume the !

T =)

T T T T
—©6— MEHR lower bound (analysis)
—#— actual MEHR (numerical)

— B — n xreceived coherent beamforming power
— & — n x received non-coherent beamforming powe

transmitters require 3dB SNR to decode the feedback. Hen

the received signal power at each transmit node should
at least—104 + 3 = —101 dBm. The reverse link path loss
can be calculated a0 log;, (43%5) = 74.38 dB, where

c = 3 x 10® m/sec is the velocity of light. Thus, the minimumz ||
transmit power for a receive node sending feedback should £ i
~101 + 74.38 — G = —26.62 dBm or 2.18 x 1076 Watts. -
The total time to send feedback to one transmit node

Ri = 5.33 x 1079 sec. Hence, the minimum total energy

fo? feedback toM transmit nodes is

croWatts)

0.5

o0 = =0 =m0 — im0 = =0 = —0r = - = 0 =0 — - = - = -

Ey =M - (2.18 x 107°%) Watts - (5.33 x 107°) sec :

I I
=M-1.16 x 10~ Joules. 0 5 10 15 20 25 30 35 40 45 50

Feedback Period (sec)

The numerical results in this section assume a total feddbac ]
energy OfEf — M -2 %10~ Joules. Fig. 3. MEHR versus feedback rate fof = 10 transmit nodes system.

To obtain the forward link path losg, we use the forward
link carrier frequencywr to calculateg? = (4Zder)™ — *
5.04 x 10~7. This corresponds to approximately a 63 dB pat s
loss in the forward link.

Figure 3 shows the lower bound for the MEHR by usin¢ ¢
(15) and the actual MEHR calculated with a numerical solve
versus the feedback period for @i = 10 transmit node %
system. We observe that the lower bound of the MEHR in (1!;“: 03
is very close to the actual (numerically calculated) MEHR £
The unique optimum feedback peri@ ~ 2.75 sec is clearly £ 0251
evident in these results. Note that the MEHR is quite steep fg% ozl
Ty <T7}. Even though the receiver enjoys a highly-coherer
beam in this regime, increasing the feedback rate (decrgas o
T) only results in small gains in harvested energy and agtual
decreases the MEHR. Whef; > T, the receiver is not
providing enough feedback to achieve a level of coherent L ‘ ‘

0.35

0.1

1 1 1 1 1 1
10 20 30 40 50 60 70 80 90 100

to maximize the MEHR. WherT'; becomes very large, the Number of Transmit Nodes M
MEHR approaches the non-coherent power level.
Figure 4 shows the optimal feedback ra# versus the Fig. 4. Optimal feedback rate versus number of transmit siode

number of transmit nodesd/. This example shows that the

optimal feedback rate decreases with the number of transrﬂﬁalysis of a lower bound on the MEHR shows that there

.nO(.jeS' Th.'s IS .‘Eﬁu];ed dettT] bif tr:etr:‘ag*tﬁat. = M TO always exists a unique optimal feedback rate to maximize
IS _Increasing wi an € fact thatf, 1S Increasing %he net energy harvested per unit time. Numerical results

with M. Intuitively, as M becomes large, the energy cost Overify the analysis and demonstrate the potential for combi

the feedback also becomes large and the receiver Optirmzesd|stributed transmit beamforming and wireless power fiems

MEHR by sending only infrequent feedback. . .
Figure 5 shows the maximum MEHR versus the number of Future work will consider the effects of feedback latency,

transmit nodesV/. It is observed that the maximum MEHRSyStems with per-node power constraints, and systems with

always lies between the coherent power level and the ngﬁ[ward/reverse link reciprocity.

coherent power level and monotonically increases witheeisp

to the the number of transmit nodes. Effectively, althouggh t

MEHR is increasing with\/, the increasing cost of feedback This appendix provides a proof to Theorem 1.

results in less coherency for large distributed transnmeye. Proof: From (1) and (15), the MEHR can be written as
VI. CONCLUSION

: . - 1 R Ts
This paper considers the combination of feedback-based  MEHR = T (77/ J(Ty,t)dt — Ey | .
distributed transmit beamforming and wireless power fiems ! kTy

APPENDIX
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—6— maximum MEHR
/ — B — n x received coherent beamforming power

0.009 - o — © — n x received non-coherent beamforming power |

0.008

0.007

0.006
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Fig. 5. Maximum MEHR versus number of transmit nodes.

A necessary condition of the optimality &fy is the first
derivative of MEHR with respect tdl’y should be zero af’;.
From (15), note that

ka +T
/];Tf

ka +Ty

Ce QU=KTy) 4 14t

j(vat)dt:gz/

KTy
Ty

:gz/ Ce QW 4+ 14t
0

Recalling thatl}, = Ty —T),, this result along with the Leibniz
integral rule [19] implies

ka +T

0 J(Ty,t)dt =

0Ty i,

Tf—Tm
gz/ Ce QW 114t
0

Hence, we can write
OMEHR _ 7g? /Tb _ Ef
— = C QW gt + Ty, — —L
ITy T? 0 - g
779 ( —-Q(Ty) 1)
+—Tf Ce +
g Ef
T, — CF(T
T2( T (bo

where the final equality uses (16) and the fact that- Tj, =
T,,. Sincen € (0,1) andTy > 0, this result implies

OMEHR
Ty

E
=0 iff F(T}) = C(T+@Q

which provides us the equation in (18).
monotonicity of ', a solution to (18) exists if and only if
1 T
—<nn+l”) lim
C ng? Ty—o0 J

< lim F(Ty) = e~ @W qt

Tp—00

In light of thd1s]

sincelimr, o, e~ ") T = 0. Moreover, note that

OMEHR
OMEHR . YTy < T}
OMEHR
ToTy <0 ,VTf > T}(

due to the monotonicity of", whereT; = T, + T;,, and
Ty satisfies (18). Hence, tHE" satlsfymg (18) is the unique
optimal solution of the MEHR maximization problem. =
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