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Abstract—Simultaneous Wireless Information and Power assumption from an RF perspective [9]-[12] that can lead to
Transfer (SWIPT) has attracted significant attention in the jnaccurate or inefficient design of SWIPT.

communication community. The problem of waveform design The design of SWIPT waveform that accounts for the rec-

for SWIPT has however never been addressed so far. In this tifi I v h b dd d far H
paper, a novel SWIPT transceiver architecture is introducel mer non-linearity has never been addressed so lar. Howeve

relying on the superposition of multisine and OFDM waveforms ~ Since SWIPT relies on WPT, a thorough understanding of
at the transmitter and a power-splitter receiver equipped with the WPT waveform design would be required beforehand. In

an energy harvester and an information decoder capable of [8], the WPT waveform design problem has been tackled by
cancelling the multisine waveforms. The SWIPT multisine/DM introducing a tractable analytical model of the non-lirigar

waveforms are optimized so as to maximize the rate-energy . .
region of the whole system. They are adaptive to the channel of the diode through the second and fourth order terms in

state information and result from a posynomial maximizatin the Taylor expansion of the diode characteristics. Assgmin
problem that originates from the non-linearity of the energy perfect Channel State Information at the Transmitter (§SIT
garyes(;[er. Nufmerlcal BGZ%TP¢UStfﬁt_$ tthe performance 6 the  an optimization problem was formulated to adaptively cheang

erived wavelorms an architecture. on each transmit antenna a multisine waveform as a function
I. INTRODUCTION of the CSI so as to maximize the rectifier output DC current.

. ) . Significant performance gains of the optimized waveforms
Simultaneous Wireless Information and Power Tran%-ver state-of-the-art waveforms were demonstrated

fer (SWIPT) has recently attracted significant attention in In this paper we leverage the waveform optimization

academia, with works addressing many scenarios, a.o. MIM(g)r WPT irl? [%] and tackle ?he problem of Waveaorm and

broadcasting [1], architecture design _[2], interferenicarmel transceiver optimization for Multiple Input-Single Outpu

[3], [4], broadband systems [5], relaying [.6]’ [71. QMISO) SWIPT. A novel SWIPT transceiver architecture is in-
The core element of the SWIPT receiver that enables o

. . .~ frqduced relying on the superposition of multisine wavefsr
harvest wireless energy is the rectenna. The rectenna ie m . :
. . . or WPT and OFDM waveforms for Wireless Information
of a non-linear device followed by a low-pass filter to extra . L
. . ransfer (WIT) at the transmitter and a power-splitter neze
a DC power out of an RF input signal. The amount of D

. . ; [ with an energy harv r and an information
power collected is a function of the input power level and theequ pped with an energy harvester and a ormation decode

. - . le of cancelling the multisine waveforms. The SWIPT
RF-to-DC conversion efficiency. Interestingly, the RFEIG- capa.lb.e of cancelling the multis € wavelorms € S. .
: - . . multisine/OFDM waveforms are optimized so as to maximize
conversion efficiency is not only a function of the recten

& . .
. 2 e rate-energy region of the whole system, accountinghfer t
design but also of its input waveform [8]—[11]. non-linearity ?)}/thg energy harvester.y

In the rapidly expanding SWIPT literature, the sensitivity Organization: Section Il introduces the SWIPT architecture
of the RF-to-DC conversion efficiency to the rectenna desi%ré ) '

) : ) tion 11l addresses the SWIPT waveform design, section IV
and input waveforms has been inaccurately addressed in pas X

. evaluates the performance and section V concludes the work.
SWIPT works (e.g. [1]-[7]). It is indeed assumed for the sake o
Lo o . Notations: Bold lower case and upper case letters stand for

of simplicity and tractability that the harvested DC powsr i . . .
: - g vectors and matrices respectively whereas a symbol notlth bo
modeled as a conversion efficiency constant multiplied ley t 2 :
. : ont represents a scaldf.|% refers to the Frobenius norm a
average power of the input signal to the energy harvest%ratrix A{.} refers to the DC component of a signak {.}
Unfortunately, this is an oversimplified model that does not o P g .

. refers to the expectation operator taken over the distdbut
reflect accurately the dependence w.r.t. the input wavefor . : -
L - . of the random variableX' (X may be omitted for readability
This inaccuracy originates from the truncation to the seco

. e . rﬂf the context is clear)(.)” and ()"’ represent the transpose
order of the non-linear rectification process of the diod8.[1 : )) () rep P
. : .-~ and conjugate transpose of a matrix or vector respectively.
Hence, truncating to a second order the non-linear rediifica
process of the diode has been used so far so as to simplify ||, A SWIPT TRANSCEIVERARCHITECTURE

the design of SWIPT but is unfortunately an unrealistic In Figure 1, we introduce a SWIPT architecture where
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grant EP/M008193/1. one transmitter to one receiver equipped with a power eplitt



Xpa(t) WET Similarly, the (n,m) entry of matrixS;, S;, ®; write as

Y 51 n.ms SIn,ms ®Inm, respectively. We define the average
X ST power of the WPT and WIT waveforms a3 = 1 |\Sp||fP

andP; = %E{HSIHi} = 1|13 The total average transmit

ol power constraint writes aBp + Py < P.
Xult) B. Receiver
(a) Transmitter The multi-antenna transmitted sinewaves propagate throug
,_> a multipath channel, characterized bypaths whose delay,
Ipower amplitude, phase and direction of departure (chosen with
splitter respect to the array axis) are respectively denoted,as, ¢
[_{ RF-BBconversion Ly} WPT waveform y, OFDM andd;, 1 =1,..., L. We assume transmit antennas are closely
located so that;, «; and & are the same for all transmit
(b) Receiver antennas (assumption of a narrowband balanced array) [13].
Fig. 1. A transceiver architecture for SWIPT. Taking the power signal for instance, it is transmitted by

antennam and received at the single-antenna receiver after

multipath propagation as
A. Transmitter P propag

oy 4
The SWIPT waveform on antenna, x,,(t), consists in YP N( ) : )
the superposition of one multisine wavefor ,,,(t) at fre- -1 -1
quenciesw,, = wy + nA,, (with A, = 2rA; the(frequency = Z SPmn,m (Z apcos(wn(t — 1) + & + Ppnm + An,mJ))
spacing)n = 0, ..., N—1for WPT and one OFDM waveform  "=° =0
xr.m(t) at the same frequencies for WIT. where A, ., refers to the phase shift between the"
The multisine WPT waveform is written as transmit antenna and the first one. For simplicity, we as-
N—1 sume thatA,, ;; = 0. For a Uniform Linear Array (ULA),
Tpm(t) = Z $Pn.m coS(Wnt + pnm)- (1) Anmg =27(m — 1)% cos(;) whered is the inter-element
n=0 spacing,)\,, the wavelength of the*" sinewave.
The baseband OFDM signal over one symbol duration Th€ quantity between the brackets in (4) can simply be
T = 1/Ay is written aszp,(t) = SNz, e/, Tewriten as

0 <t < T, wherexy,,, = wrnmi, refers to the pre- -1

coded input symbol on tone and antennan. We further Z agcos(wn(t — 1) + & + Gpnm + Dnm,i)

write the precodetw; , m = |wrn.m|e/®Tmm and the input =0

symbol #,, = |%,| e/~ . After adding the cyclic prefix over = Ay cos(Wnt +Upnm) (5)
durationTy, xp ., (t) = ij;ol zn_,mej%”, -T,<t<T.

Vector-wise, the baseband OFDM signal vector writes é{\gﬁere the amplitudel,, , and the phase .., are such that

T N-1 j2mt . . - )
XB(t) = [ $B71(t) e Z'B]\f(t) } = ano Xnej]; n An,meij,n,m — An,me](¢P,n,nL+1/)n,,m,) — 6J¢P,n,mhn7m (6)
with Xn = W nTn andw;n: Wrnl - Win M is _ L1
k) ) . 1y A 21y . . . . o — — o — n An m
the precoder. After upconversion, the transmit OFDM sign#fith /sm = Ay me?Vmm = 37,7  agel (TumTitBnm i t60) the
on antennan is written as frequency response of the channel of antemrat w,,. Vlector-
_ wise, we can define the frequency-domain channel vector
zrm(t) = R{zpm(t)e’™"} h, = hu1 ... hyu |. We can write similar expressions
N-1 B for the information signal.
= Z 51.n,m cos(Wnt + A1.n,m) (2) At the receiver, we can write the received signalyés =
n=0 yp(t) +yi(t), i.e. the sum of two contributions at the output
where z,,,, = S P With 31 = (w5 [l go::?/vﬁ:"ann?l’ namely one from WPJ(t) and the other
and ¢7nm = Gram + ¢z,. We also definess ., = vi(t)
V/Pron [ Wrm| where Pr, = E{ |2,|° }. M N1
From Fig 1(a), the SWIPT waveform on antennais yp(t) =D > seamAnmcos(wnt +¥pnm)  (7)
m=1 n=0
N-l M N-1
Tm, (t) = Z SP,TI,m COS(wnt + ¢P,n,m) yl(ﬁ) — Z gI,n,mAn,m Cos(wnﬁ _|_ wfﬂl,’m) (8)
n=0 - m=1 n=0
+ 51, n,m cos(Wnt + @1 nm)- 3)

Vyhere '&P,n,m = ¢P,n,mj’ &n,m and lpf,n,m = ¢I,n,m +

The amplitudes and phases of the WPT waveform a6, ., = ¢r,n,m + ¢z, + ¥nm. LEt US also defin@r , m =
collected intoN x M matricesSp and ®p, respectively. ¢r . m + ¥nm SUCh thatyr p g — Yinm: = Vinme —



Y1n,m,. USiNg a power splitter with a power splitting ratiorectenna harvests energy from the superposed waveform but
p and assuming perfect matching (as in [8]), the input voltaglee contribution of each waveform tg,¢ is different given
signal \/pR.n:y(t) is conveyed to the input to the energythe different nature of the waveforms (WPT is deterministic
harvester (EH) while\/(1 — p)Ra.n:y(t) is conveyed to the while WIT exhibits some randomness due to information) and
information decoder (ID). the non-linearity of the rectenna.

1) ID receiver: Since zp,,(t) does not contain any in-
formation, it is deterministic and can be cancelled at the
ID receiver. Therefore, after down-conversion and ADC, the We can now define the achievable rate-harvested energy (or
contribution of the WPT waveform is subtracted from theiore accurately rate-DC current) region as
received signal (Figure 1(b)). Conventional OFDM procagsi
is then conducted, namely removing the cyclic prefix and Cr—1,.(P) = {(R, Ipe): R<I(S;, ®r,p),
performing FFT. We can write the equivalent baseband system 1 ) )
model of the ID receiver as Ipc < zpc(Sp,S1, ®p, @1, p), Q[HSIHF‘FHSPHF} < P}-

- 16
YiDn = V 1- phnwl,nzn + vy (9) ( )

] ) ] ) ) Optimal valuesSy},,S7,®7%,®7%, p* are to be found in order to
whe.rev.n is the AWGN noise on tone (with varianceo;,) enlarge as much as possible the rate-harvested energyregio
originating from the antenna and the RF to baseband down-

Il. SWIPT WAVEFORM OPTIMIZATION

conversion. A. Phase Optimization
Assuming perfect cancellation and complex Gaussian inputj order to maximize the rate (10yy,, should be chosen
symbols{i, }, the rate writes as as a transmit matched filter, i.ez, = h”/|/h,||. However,
N-1 (1—p)P Wi, als_o ianuence; the amount of DC_ currenyc and a
I(S;, ®;,p) = Z l0g, <1 + 721" |hnW1,nl2) ) transmit matched filter may not be a suitable strategy to also
n—0 Tn maximizezpc. Looking at (10) and (11), we can nevertheless

(1_0) conclude that matched filtering w.r.t. the phases of the whlan
Naturally, /(Ss, @1, p) can never be Iarg*er tt‘a” the maximumy optimal from both rate and harvested energy maximization
rate achievable whem = 0, i.e. I(S}, ®7,0), which is hargpective. This leads to the same phase decisions as for WP
obtained by performing matched filtering on each subcarrigy [8], namely ¢*, = ¢ = —¢n.m and guarantees

and water-filling power allocation across subcatrrier. all arguments of the cosine functions {04 {yp(t)i}}_
2) EH receiver: At the energy harvester, following [8], the =24

DC component of the current at the output of the rectiﬁéexpressmns (12) and (13)) and |{€{A{y1(t) }}}i:2a4

r 1 *
is proportional to the quantitgpe — kapRane A {y(t)Q} N expressions (14) and (15)) to be equal to¥J, and ®; are
kqRZ,,p* A{y(t)*} where R, is the antenna impedance

obtained by collectingy. ,, ,,, and¢; ,, ,,, ¥n,m into a matrix,
, respectively.
andk; = zssz i = 2,4. Contrary to WPT, in SWIPT,

both WPT and WIT now contribute to the DC componerfe: Amplitude and Power Split Optimization

zpc. For a given channel impulse response, the input sym-With such phase®% and®7, zpc(Sp, S, @5, ®7,p) can
bols {z,} change randomly every symbol durati@h The be finally written as (17). Similarly we can write

DC componentzpo therefore needs to be averaged out N1 a )
over the distribution of the input symbol§z,,} such that A ( —p )

cpe — E{in} {kQPRantA {y(t)Q} n k4R§ntp2A {y(t)4}} I(S],‘I)pp) 10g2 <H 1+ 0’% Ch ) (18)
This enables to compute the DC component as in (11),

n=0

where we use the fact thaf {A{yp(t)y;(t)}} = o0, whereC, =3 .. H}:osl-,n,mjAn-,mj-
E{ALyp(Py1(t)}} = 0, E{A{yp(t)yr(t)*}} = 0 and Recall from [14] that a monomial is defined as the function
EEAgyp(t)%J](t)z}} = A{yp()?} E{A{y1(t)*} ). g:RY, = R:g(x) = cx{'z?...2%" wherec > 0 and

Quantities A {yp(t)2} and A{yp(t)*} can be directly @ € R. A sum of K monomlaIISé is called a posynomial
obtained from the WPT expressions in [8] and reproduc&®d can be written ag(x) = >, ge(x) with gi(x) =
in (12) and (13) for simplicity. For€ {A {y;(t)2}} and cx&1" 2™ ... 2" wherec, > 0. As we can see from (17),
£{A{yr(t)*}}, the DC component is first extracted for &pc(Sp,Sr, @5, ®7,p) is a posynomial. _
given set of amplitude§3; ...} and phase‘{g%]_,nym} and In order to |de_nt|_fy t.he achievable rate-energy region, we
then expectation is taken over the randomness of the infemulate the optimization problem as an energy maximizati
symbols #,. Due to the complex Gaussian distribution opProblem subject to transmit power and rate constraints

. ~ 12 . . . .
the ~|np2ut symbols,|z,|” is .expo.nentlally.dls.trlbuted with max  zpc(Sp,Sp, ®%, %, p) (19)
E{|#.|"} = P1,n and ¢z, is uniformly distributed. From Sp.S1p )
the r:r10£nents of a2n equnentlal dlstrlbutlop, we also have tha subject to = [ ||SIH§$ + HSPH;} <P (20)
E{|in|"} = 2P},. This helps expressing (14) and (15) 2

as a function ofs;,m = +/Prn|wrnm| Note that the I(S1,®},p) = R. (21)



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 (12} E{A{yr(®)?}}. (A1)

(N-1
A{yP(t)2} == SP,n,mgsP,n,mlAn,mO An,m1 Ccos (wP,n,mo - wP,n,ml) (12)
_n:O mQ,mi
[ 3
A {yP(t)4} =3 Z Z |:H SP,nj,mj Anj,mj:| COS(wP,ng,mo + wP,nl,ml - wP,nQ,mg - wP,n3,m3) (13)
np,m1,M2,M3 M, M1, j=0
Lng+ni=ng+ng ma,m3
1 (N-1
2 {-A {yl(t)Q}} = 9 Z Z sl,n,mosl,n,mlAn,mgAn,ml cos (wl,n,mo - 7wZ)I,n,ml) (14)
_n:O me,mi
6
g {'A {yl(t)4}} = 8|: Z Z |: H sf,no,mjAnO’mj:| |: H SI,ny,m; Anlvmj:| Cos(wl,no,mo + Y10 ,m — wl,"oﬂfm - wl,"17m3):|
j=0,2 J=1,3

ng,ni mo ml
m2,m3

(15)

zpc(Sp,S1, ®%, ®7, )

k} N—-1 1
Bop,, [z 5 [HSP,n,mjAn,mj

3
] £ 2 [firn]

n=0 mg,m1 Lj=0 ngp,ni,n,n3 Mg, mi, j=0
ng+ni=no+ng mg,ms
2
N-1 1
kap 3]€4p
2
+ 2 Rant H SI,n,m; A"’mj Rt § § H SI,n,m; Apn ;M
n=0 mqg,my Lj=0 n=0 mg,m1 Lj=0
N-1 1 N— 1
3kap® 5
+ 2 Rant H SP,n,m] n,m; E H SI,n,m; An ;M (17)
n=0 mqg,m1 Lj=0 n=0 mo,m1 =0

It therefore consists in maximizing a posynomial subjecfiven choice of{y;} and {v,r} with v4, v, > 0 and
to constraints. Unfortunately this problem is not a staddab ;. vx = S.1", 7nr = 1, we perform single condensations
Geometric Program (GP) but it can be transformed to amd write the standard GP as

equivalent problem by introducing an auxiliary variale

min 1/tg (26)
min 1/t (22)  SeSnpito
S bject to [ [IS7]% + [Spl2] < P (27)
. 1 subject to —[||S; P <P,
subject to = [||S/|[7 +[|Spll%] < P, (23) 2 " "
2 * * s gk(SP Sr, L, ] /)) e
ﬁO/ZDC(SP;SIa(I’P)(I’Iap) < 1) (24) to H ( : o ) < 1) (28)
Tk
N—1 k=1
R 1-p)
2t (1 + ( Cn) <1. (25 N-1 Kn
LHO o 2 [T 11 (g”k Sr.p ) <1, (29)
This is known as a Reverse Geometric Program [14], [15]. _:0 =1
A similar problem also appeared in the WPT waveform p+p<L (30)

optlmlzat|0n [8]. Note thatl/zpc(Sp,S1, @}, ®7,p) and It is important to note that the choice ¢f,~.x} plays a

1/ [H (1 + 45 p)C )} are not posynomials, thereforeyreat role in the tightness of the AM-GM inequality. An itera
preventmg the use of standard GP tools. The idea is to replage procedure can be used where at each iteration the sthnda
the last two inequalities (in a conservative way) by makisg ugp (26)-(30) is solved for an updated Se1{0)2 %k} Assum-

of the arithmetic mean-geometric mean inequality. ing a feasible set of magth(Be( andS U and power

Let  {9x(Sp,S;,®p,®7,p)} be the monomial gpjiting rat|0§)Z ) at iterationi — 1, compute at iteration
terms in the posynomlaIzDC(SI_a,SI,<I>},<I>;,p) = = 908U D @1 @t pli-D) b1 K and,;, —
Zk 19:(Sp, S, ®%, @7, p). Similarly we define ZD (sl D s“ D e <1>* pG=D) 2enc n

{gnk(SI, )} as the set of monomials of the posynomia, (S -1 p(i 1))/(1+P )Cn(Sy*l))) n=0,...,N—1,

1+ &5C, = Sim gnk(Srp) With p = 1 — p. For a f = 1 ,K,, and then solve problem (26)- (30) to obtain




s\ s andp(. Repeat the iterations till convergence. The a5
whole optimization procedure is summarized in Algorithm 1.

— with WPT and WIT waveforms
—6— with WIT waveform only

Algorithm 1 SWIPT Waveform

1: Initialize : i < 0, R, ®% and®%, Sp, S;, p, p=1—p,
A0
pC =

2: repeat ) )

: i< i+1,Sp < Sp, S« S1, pp, pp

4 Yk <_gk(SPaSI;(I’}v¢;7ﬁ)/ZDC(SPaSla(I’}(WQJI(vﬁ)’
k=1,... K

Zpc A

S Yk < gnk(S1, /')')/(1“‘%071(51)) yn=0,...,N-1, Water-Filling Solution——_ %
k=1,...,K, % o5 1 15 2 25 3 35 4
6: Sp,Sr1,p, p < argmin (26) — (30) Rate [bits/s/Hz]
. ? * *
2pc ¢ 200(Sp, 81, ®p, 21, p) Fig. 2. Cr_1, for N =16 and M = 1.

. i i—1 .
8: until zg)c — ch )‘ < €0ri = imax
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