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Abstract—Simultaneous Wireless Information and Power diode. Hence, truncating to a second order the non-linear
Transfer (SWIPT) has attracted significant attention in the rectification process of the diode has been used so far so
communication community. The problem of waveform design as to simplify the design of SWIPT but is unfortunately an

for SWIPT has however never been addressed so far. In this listi tion f RE i 71110t th
paper, a novel SWIPT transceiver architecture is introducel unrealistic assumption irom an perspective [7]-[10} tha

relying on the superposition of multisine and OFDM waveforns ~ €an lead to inaccurate design of SWIPT.

at the transﬂq'tter and agower;sfphtter ,recec'jver SqU'Ppedb"l‘"h . The problem of SWIPT waveform design that accounts for

an energy harvester and an information decoder capable o i o

cancelling the multisine waveforms. The SWIPT multisine/DM the non-linearity Of. the rectifier h"?‘s never been addressed

waveforms are optimized so as to maximize the rate-energy SO far. However, since SWIPT relies on WPT, a thorough

region of the whole system. The SWIPT waveforms are adaptive understanding of the WPT waveform design would be required

to the channel state information and result from a posynomia beforehand. In [6], the waveform design problem for WPT has

mhax'm'zat'%” Pr°b|emNthat (?r'@ll'”atef ffl?m the ”k?”"'[]eiga”ty of peen tackled by introducing a simple and tractable anallytic

the energy harvester. Numerical results illustrate the peformance r : -

of the derived waveforms and SWIPT architecture 1 model of the non Ilnearllty of the diode throygh the seqond
and fourth order terms in the Taylor expansion of the diode

. INTRODUCTION characteristics. Assuming perfect Channel State Infdonat

The emerging field of Simultaneous Wireless Informatioft the Transmitter (CSIT) can be attained, an optimization
and Power Transfer (SWIPT) and Wireless Powered ComnR[oblem was formulated to adaptively change on each transmi
nication Network (WPCN) have recently attracted significai@t€nna a multisine waveform as a function of the CSI so as
attention in academia, with works addressing many scesarit maximize the output DC current at the energy harvester.
a.0. MIMO broadcasting [1], architecture design [2], iféer Significant performance gains of the optimized waveforms
ence channel [3], broadband systems [4], relaying [5]. over state-of-the-art waveforms were demonstrated.

The core element of the SWIPT receiver that enables toln this paper we leverage the waveform optimization
harvest wireless energy is the rectenna. The rectenna ie mémi WPT in [6] and tackle the problem of waveform and
of a non-linear device followed by a low-pass filter to extradransceiver optimization for Multiple Input-Single Outpu
a DC power out of an RF input signal. The amount of DEMISO) SWIPT. A novel SWIPT transceiver architecture is in-
power collected is a function of the input power level and thgoduced relying on the superposition of multisine wavefsr
RF-to-DC conversion efficiency. Interestingly, the RFRG- for WPT and OFDM waveforms for Wireless Information
conversion efficiency is not only a function of the rectenn@ransfer (WIT) at the transmitter and a power-splitter neze
design but also of its input waveform [6]—[9]. equipped with an energy harvester and an information decode

In the rapidly expanding SWIPT literature, the sensitivitgapable of cancelling the multisine waveforms. The SWIPT
of the RF-to-DC conversion efficiency to the rectenna designultisine/OFDM waveforms are optimized so as to maximize
and input waveforms has been inaccurately addressed in ghstrate-energy region of the whole system, accountingier t
SWIPT works (e.g. [1]-[5]). It is indeed assumed for the sak&on-linearity of the energy harvester.
of simplicity and tractability that the harvested DC power i Organization: Section Il introduces the SWIPT architecture,
modeled as a conversion efficiency constant multiplied Iey tgection 111 addresses the SWIPT waveform design, section IV
average power of the input signal to the energy harvestgialuates the performance and section V concludes the work.

Unfortunately, this is an oversimplified mode! that does not Notations: Bold lower case and upper case letters stand for
ref!egt accurately t.h.e dependence w.r.t. thg Input Wavefor%ctors and matrices respectively whereas a symbol notlth bo
This inaccuracy originates from the truncation to the Sdco'?ont represents a scalaw.||2 refers to the Frobenius norm a
order of the non-linear rectification process of the diOd?natrix A{.} refers to the }ISC component of a signdk {.}
However as explained in [10], a ;gcond order truncatiQffe s o the expectation operator taken over the distdbut
does not accurately model the rectification behavior of tfb(? the random variabléX (X may be omitted for readability

1This work has been partially supported by the EPSRC of the dieu if the co_ntext 1S clear)(.) and () _represent the trans_pose
grant EP/M008193/1. and conjugate transpose of a matrix or vector respectively.



Xpalt) WET where o, = 31.n.me®T ™ With 81pm = |01 nm||Tn]

and ¢rnm = @Grnm + ¢z,. We also definesy ., =
%,4(t) P, whereP;,, = £{|%,|> }. The total transmit-
Y GEDMAWIT  eeeeens I.n |wI,n,m| erery, = |$n| . € total trans
ted SWIPT waveform on antenna writes as

Xpml(t)
Ty (t) = Tpm(t) + 21m()
X, mlt) N-1
(a) Transmitter = Z $P.nm CoS(Wnt + Ppn.m)
n=0
,—)__rectifier - ~
| power + 51,n,m Cos(wnt + ¢I,n,m), (5)
litt H H
P I[ = RF-BB conversion WPT waveform OFDM as |IIustrateq on Flgure 1(a)'
ADC cancellation receiver The amplitudes and phases of the WPT waveform are

collected intoN x M matricesSp and ®p, respectively.
Similarly, the (n,m) entry of matrix S;, S;, ®; write as
51 nms SIn,ms ®Inm, respectively. We define the average
power of the WPT and WIT waveforms &3 = 3 |\Sp||fP
II. ASWIPT TRANSCEIVERARCHITECTURE andP; = %g{HSIH;} = % ||SIH§:- The total average transmit
In Figure 1, we introduce a SWIPT architecture whergower constraint writes aBp + Pr < P.
power and information are transmitted simultaneously fro

one transmitter to one receiver equipped with a power splitt ) _ )
The multi-antenna transmitted sinewaves propagate throug

a multipath channel, characterized lhypaths whose delay,
The SWIPT waveform on antenna, x,,(t), consists in amplitude, phase and direction of departure (chosen with
the superposition of one multisine wavefoump ,,,(t) at fre- respect to the array axis) are respectively denoted,as, &
quenciesw,, = wo + nA,, (with A,, = 27A; the frequency and§,, [ =1,..., L. We assume transmit antennas are closely
spacing)n =0, ..., N—1for WPT and one OFDM waveform located so thatr, oy and & are the same for all transmit
r1,m(t) at the same frequencies for WIT. The multisine WPantennas (assumption of a narrowband balanced array) [11].

(b) Receiver
Fig. 1. A transceiver architecture for SWIPT.

B Receiver

A. Transmitter

waveform can be written as Taking the power signal for instance, it is transmitted by

N-1 antennam and received at the single-antenna receiver after

2pm(t) =Y $ppm cos(Wnt + Gp.pm)- (1) multipath propagation as

M s 210 ©)
The baseband OFDM signal over one symbol durafior=  YP
1/A; can be written as R Ll

o = Z SPn.m Z agcos(wy (t —7) + & + PPnm + Dnm,i)

Tpm(t) =Y Tamed T, 0<ELT () o =

n—=0 where A,, ., refers to the phase shift between the'"
wherez,, ., = wy ,.mi, refers to the precoded input symbofransmit antenna and the first. one. l_:or simplicity, we as-
on frequency toner and antennan. We further write the SUme thatA,, ., = O-d For a Uniform Linear Array (ULA),
precoderw; . m = |wr.nm|e/®»m and the input symbol An@,l = 2m(m — 1)5= cos(6) Whereq is the inter-element
i = |@n| 7% . After adding the cyclic prefix over durationspacing,\, the wavelength of the'" sinewave.
T,, it comes to The quantity between the brackets in (6) can simply be

N1 rewritten as
xB,m(t) = Z xn,mej%na *Tg <t<T. (3) L-1
n=0 > arcos(wn(t = 1) + & + Gpnm + Anmi)
Vector-wise, the baseband OFDM signal vector on tone =0
n writes as xg(t) = [ xpi(t) ... xum(t) ]T = = Apm cos(Wnt +Ypnm) (7)
N-1 j2mt . ~

2in—o Xn€/ T With X, = WraZ, and Wi, = where the amplitudel, ,, and the phasép,, .. are such that

[ Wint - WinM }T is the precoder. After upconver- _ . B _
sion, the transmitted OFDM signal on antenmais written A e V7mm = An,mej(‘bp’"””w”"") =P by 0 (8)

as : 7 _ :
With Ry, = Ay pedPrm = ZIL:Ol e (UnTiH A 46 the

Trm(t) = R{zpm(t)e’™} frequency response of the channel of antemnat w,,. Vector-
N-1 ~ wise, we can define the frequency-domain channel vector
= Z 51.n.m cos(Wnt + A1 n.m) (4) hy=[ hp1 ... hon |. We can write similar expressions

n=0 for the information signal.



At the receiver, we can write the received signalyés = & {A{yp(t)*y:(t)}} = 0, E{A{yp(t)y:(t)*}} = 0 and
yp(t) +y1(t), i.e. the sum of two contributions at the outpu€ { A {yp(t)?y;(t)?}} = A{yp()*} € {A{y:(t)*}}.
of the channel, namely one from WPj»(¢) and the other  Quantities A {yp(¢)2} and A{yp(t)*} can be directly
from WIT y;(¢) obtained from the WPT expressions in [6] and reproduced
in (14) and (15) for simplicity. For€ {A{y;(t)*}} and
_ E{A{yr(t)*}}, the DC component is first extracted for a
yr(t) = mz; 7;) SPnmAnm €OS(Wnt + Ypn.m) ©) given set of amplitudeg3; ,,,,} and phaseg¢; .} and
M N-1 then expectation is taken over the randomness of the input
yr(t) = Z Z 51 mmAn.m cos(Wnt +UVrnm)  (10) symbols Z,. Due toNth2e _complex unssiar_] d_istributior_l of
the input symbols,|z,|” is exponentially distributed with
_ _ _ 5{|£n|2} = Pr, and ¢z, is uniformly distributed. From
where Ypnm = ¢pnm + Ynm @A Y1nm = ¢1nm +  the moments of an exponential distribution, we also have tha
Ynm = PLnm + 0z, + Ynm. Let us also definebr ., = ¢ {]:En]4} = 2P2 . This helps expressing (16) and (17) as a
Ormm + Unm SUCh atYsnmo — Yomm = VInmo ~ fynction of 1.nm = /P WL nm .
¥1n,m,. USiNg a power splitter with a power splitting ratio
p and assuming perfect matching (as in [6]), the input voltage [1l. SWIPT WAVEFORM OPTIMIZATION
signal v/pRaney(t) is conveyed to the input to the energy we can now define the achievable rate-harvested energy (or
harvester (EH) while\/(1 — p)Rany(t) is conveyed to the more accurately rate-DC current) region as
information decoder (ID).
1) ID receiver: Since zp,,(t) does not contain any in- Cgr_,.(P)2 {(R, Ipc): R <I(S;,®1,p),
formation, it is deterministic and can be cancelled at the 1
ID receiver. Therefore, after down-conversion and ADC, therc < zpc(Sp,S1, ®p, Py, p), §[|\SI||§+||SPH§} < P}.
contribution of the WPT waveform is subtracted from the (18)
received signal (Figure 1(b)). Conventional OFDM procaegsi i s n r i
is then conducted, namely removing the cyclic prefix andPtimal valuesS}, S7,®5,@7, p* are to be found in order to
performing FFT. We can write the equivalent baseband syst&arge as much as possible the rate-harvested energyiregio

model of the ID receiver as A. Phase Optimization

YiDn = -, ph W En + Uy (11) In order tq maximize _the rgte (12W,}ishould be chosen
as a transmit matched filter, i.ez,, = h}'/ | h,|. However,

wherew,, is the AWGN noise on tone (with variances?) w, also influences the amount of DC currentc and a
originating from the antenna and the RF to baseband dowransmit matched filter may not be a suitable strategy to also

M N-1

m=1 n=0

conversion. maximizezpc. Looking at (12) and (13), we can nevertheless
Assuming perfect cancellation and complex Gaussian ingtanclude that matched filtering w.r.t. the phases of the rblan
symbols{z,}, the rate writes as is optimal from both rate and harvested energy maximization
perspective. This leads to the same phase decisions as for WP
e (1—p)Prp 2 in [6], namely ¢% . . = ¢%, = —i,.,, and guarantees
I(S1,%1,0) = 7;) log, (1 * o2 B Wl ) ' all arguments of the cosine functions PA{yp(t)'}}._,,

(12) (expressions (14) and (15)) and € {A{y:(t)'}}}._,,
Naturally, /(S;, @, p) can never be larger than the maximungexpressions (16) and (17)) to be equal tof, and ®% are
rate achievable whep = 0, i.e. I(S},®7,0), which is obtained by collecting?,,, ,, and¢s . . Vn,m into a matrix,
obtained by performing matched filtering on each subcarriggspectively. - -
and water-filling power allocation across subcarrier.

2) EH receiver: At the energy harvester, following [6], the
DC component of the current at the output of the rectifier With such phase@}, and®7, zpc(Sp, Sr, @5, @7, p) can
is proportional to the quantitgpc = kapRaniA{y(t)?} + be finally written as (19). Similarly we can write
k4R§mp2A{y(ta)4} where R,,; is the antenna impedance N-1 (1-p)
and k; — i, ; — 2, 4. Contrary to WPT, in SWIPT, (51, ®7,p) =log, (H (1 T2 Cn)) (20)

il(nve)t?
( t n=0 n

both WPT and WIT now contribute to the DC component
zpc. For a given channel impulse response, the input symvhereC,, = mem H}:O 81,n,m; Anym, -

bols {z, } change randomly every symbol durati@dh The Recall from [12] that a monomial is defined as the function
DC componentzpc therefore needs to be averaged ouf : RY, — R : g(x) = ca{'23®...2%" wherec > 0 and
over the distribution of the input symbol§z,} such that a; € R. A sum of K monomials is called a posynomial
e = gy {k2pRaneA{y(t)?} + kaR2,,0*A{y(t)*}}. and can be written ag(x) = S r, gx(x) with g(x) =
This enables to compute the DC component as in (13),z]*z5** ... 2\"* wherec, > 0. As we can see from (19),
where we use the fact thaf {A{yp(t)yr(t)}} = 0, zpc(Sp,S1, ®%H,P7,p) is a posynomial.

B. Amplitude and Power Split Optimization




z2pc(Sp,S1,®p, ®1,p) = k2pRant A{yp(t)*} + kap® Ren e A{yp ()} + k2pRant€ {A{y1(t)*}}
+kap? R € {A{yr(0)'}} + 6kap? Ro A {yp (1)} E{A{yr(®)?}} . (13)

[N—1
A{yP(t)2} =3 Z SP,n,moSP,n,m; An,mo An,m, cos (wP,n,mo - wP,n,ml):| (14)
n=0 mg,m1
3 [ 3
Alr@ft =5 2 2 {H SPanym Anj,mj} €O g o + WP 1 1~ VP iz e — VP g ) (15)
i, vy L=
1 [N—1
& {-A {yl(t)Q}} = 5 Z Z Sl,n,mosl,mmlAn,moAn,ml cos (wfﬁl,mo - wlﬁhml) (16)
_n:O me,mi
6
£ {_A {yl(t)4}} = 8|: Z Z |: H sl,no,mjAn()vmj} |: H SI,ny,m; An1,mj:| Cos(wl,no,mo +¢I,n17m1 - wl,no,mz - wl,"1,m3):|
no,ni m()vmlrv 7=0,2 j=13

m2,m3

an

ZDC(SP7SI7§737@;7P)

k2p N—-1 1
R Y Y [HSP,n,mjAn,mj

n=0 mg,m1 Lj=0

3k4p2 3
} + TREM Z Z {H SPv"jvmjA"j’mj}

ng,m1,n2,mg  mo.mi, | j=0
no+ni=no+ng mg,ms
:|2

3]€4p2 ) N-—1 1
+ 4 Rant Z Z H Sl,n,mj An,mj

n=0 j=0 n=0 mog,m1 Lj=0
N— 1 N—-1 1
3kap®
+ 2 Ront H SP,n,m; An,mj E E H SI,n,m; An,mj (29)
n=0 mg,m1 Lj=0 n=0 mo,m1 Lj=0

In order to identify the achievable rate-energy region, we/ Hf:;‘ol 1+ (10_2”) C, )| are not posynomials, therefore
formulate the optimization problem as an energy maximizati preventing the use of standard GP tools. The idea is to replac
problem subject to transmit power and rate constraints  the last two inequalities (in a conservative way) by makisg u

of the arithmetic mean-geometric mean inequality.

* *
S8y, zpc(Sp, S1, ®p. @7, ) @1) et {9x(Sp,S;, ®%,®%, p)} be the monomial
) 1 5 5 terms in the posynomialzpc(Sp,Sr, @5, ®7,p) =
subject to 5 [IIStll7= +11SplR] < P, (22) S 9k(Sp,S;, ®%,®%,p).  Similarly  we  define
I(S;,®%,p) > R. (23) {9nx(S1,p)} as the set of monomials of the posynomial

1+ 50, = ZkK:"lgnk(Sl,p) with p = 1 — p. For a
It therefore consists in maximizing a posynomial subjegfiven “choice of{v,} and {y..} With V4, ymr > 0 and
to constraints. Unfortunately this problem is not a stadda kK—l v = ZkK_nl vnx = 1, we perform single condensations
Geometric Program (GP) but it can be transformed to &g write the standard GP as
equivalent problem by introducing an auxiliary varialye

min  1/tg (28)
min 1/to (24) SrSnppto
Sp,Sr1,p,to . 1 9 2
_ 1 , , subject to §[|\SIHF+||SPHF] <P (29)
subject to §[HSI”F+ ISplz] < P, (25) . R
to/2pc(Sp, S, ®%, &%, p) < 1, (26) to [[ (9’“( £ ”7 Lad f’p)) <1, (30)
k
N—1 k=1
R 1-p) _
of (1 + ( Cn) <1 27 _N-1 Kn (S —Ynk
his is k , 5 n=0 k=1 Tnk
This is known as a Reverse Geometric Program [12], [13]. ptp<l. (32)

A similar problem also appeared in the WPT waveform
optimization [6]. Note thatl/zpc(Sp,Sr, @5, ®%,p) and It is important to note that the choice &, ~..} plays a



great role in the tightness of the AM-GM inequality. An itera
tive procedure can be used where at each iteration the sthnda
GP (28)-(32) is solved for an updated sefof,, v, }. Assum-

ing a feasible set of magnituds}: " andS!'~" and power
splitting ratioe(i—l) at iterationi — 1, compute at iteratior

(i—1 (i—1) * « (i—1)
— (8 S 2P, 27, ) _ _
Tk = Ll =1,..., K and vy, =
zpo(SET ) ,8) T @5, 81,00 1)

gnk(S(Il_l),p(ifl))/(lﬁL@C’n(S(;_l))), n=0,...,N—1,

k =1,...,K, and then 'solve problem (28)-(32) to obtain
s\, s andp(). Repeat the iterations till convergence. The
whole optimization procedure is summarized in Algorithm 1.

Zc [A]

Algorithm 1 SWIPT Waveform Rate [bits/s/Hz]
1: Initialize: i < 0, R, ®5 and®%, Sp, S1, p, p=1—p, _ _
o) Fig. 2. Cr_r1,. as a function ofN for M = 1.
Zpe =10
2: repeat ) )
i vt 1,_S'Spse§f,qs)£ « S p_g p’-S-p ;f' o 5 [0 the transmitter) and result from a non-convex posyno-
' kjf eg;}é p,S1, &}, @7, 5)/2pc(Sp. 81, ®p, 7. 0): mial maximization problem. The algorithm allows to draw
T . = .. the fundamental limits of SWIPT in terms of rate-energy
. 5 . - _
> N _V{”‘”’ < gK"’“(SI’p)/(lJFU% Cu(S1)),n=0,...,N-1, region. Future interesting works consist in designing SWIP
_ _S "'S" n (28 32 transceivers for broadcast, multiple access, interfereaud
6: (ziv), I,P,p % arg mln£ )*— (32) relay channels accounting for the non-linearity of theifiect
7 ZDCf*ZDC_(SPvSIv@Pa@[ap)
8: until zg)c - zgg”\ < €0ri = imax REFERENCES
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