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ol & Agsto] Bak & Aol Abgshe tElvke [1" 15] 9 22 23
A vl <bHUolth M x N 22k vl <bEHVelA = MNVRS] AR oHE
FELFE] S AFHE 24 F vk A8 dedtE fE %S 1%
g s o] dvkar sar, $17dRE A gtk 7Hd skab of 7)o 12k v W
S A esha, 109 2ol azimuth WHOR W AAES o u) 2e
o] gtelvel= L f18e Tk 144 series w4 QFHIVAF 2
FoHA & 4 ok PR IA R elevation WO Z W AFY S shrbd
& B tHUE 22 HYE H5ste] Y S @

(2% 15]elA gaeFel Hu 22§48 widel MxN 34
Q| 2708 Ak 12 917 vl (azimuth/elevation) & A3
o= (4 (13, 14)) 73 & k.

m

( ¢1,1 ¢1,2 ¢1,N>
(I)lMXN = : : (15)
¢M,l ¢M,2 ¢M,N
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Objective: 2D phase pattern
b
ot o3 Boh

1D azimuth scan phase pattern 1D elevation scan phase pattern

E:HII ] [D B‘BB---:_—---E———-%,l
%@ ' e -

X

I:D E‘_ ______________ E———-@EJM

1 S

[ Pa1 Paz (PA,N]

[2% 15] 22k 9178 vl d B9 = 12k 9173 vl FE =] e
Qalixn = (Pa1,Pazs - Pan) (16)

T
Palmux1 = (<PE,1 y PE25 s §0E,M) a7

upebA, #HA o] Al s dEske 1A WA @alixv @aluxa B
<

& 73 Aol Fadteh
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1.3 ofrdriE FHS o] &3 13+ FE £
HA] FA s dFshe 1A AR @aliun T @alyxa =T
BE 948 WA 7I|A 2ol 1 BT -] Ui song
3l (matrix decomposition) &
st} 714+ 2 w4 (orthogonality) ©] B AgE ook sl=t], & =AM+
Ausdo]l BAE = Al Bl oftpnt= 34 (Hadamard matrix) <

7NA &2 ARESRITE ottt = ™ H, 2 v 2 235 WSS

D % Loy
= YAV +1 EE -l

=
3) E+ do] A2 A woltk(mutually orthogonal)

oftirt=  FH& w=i= W (Hadamard matrix construction)-
vkt Al EA ek, ofvut= dE o) 7] of webA Wil thET 44H
2007kA1 9] oftimi= o] A& W # delA QITH18]. ¥
waolAE tliE2] Q1 ‘Sylvester's construction’, ‘Williamson’s type
method’ 528 WHES AFE3I3 ;. ‘Sylvester's construction’s= order

2 o] ofriels I uk A4 Absdtt

Hz‘n—l Hzn—l

Hyn = Hyn-1 —Hzn—l] =H® Hyn-1 (2sn EN) (18)

o] W AiA ® & AEUIA <AARA(Kronecker product)©]th. HEgh
‘Williamson’s type method’i= order 4n(n < 29,n = 1(mod 2),n = 43) 9]
obthviE AL AH T 5 ek,

A B c D

m=|_c D A -B (19)
D —-C B A
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o714 &¥H A,B,C, D= 3k <=3t 314 (forward circulant matrices) 2}

3 sk, ke WA

1 C Cn

A = Ch €1 " Cp—

n=/1_- - “Cy (20)
Cy Ch €1

Order n oltbul= &8 H7F wtSojAhtbd 2z djo] S=xo)lmz 2

(21)°] AdHstrt.
(HiH;), = H;-H; =0 (21)

o714 Hyoh By HO| pRA W3} i WO Zhzk piA o) A ofrhe}
= ag s qeta s, A2 SAsEE WA gl Oolth 239l 914 vl

o crelpel FHL o] M AF 94 gl e, 149 AF A
Aye AETOR GE 5 93, 1249 914 Ao e A5 Tow

Ehd 5 9o,

AM = [al, a,, ...,aM] = a1H1 + asz + -+ aMHM (22)
[e/ou] = [e/%s,eit2, ., citu]
= normalize (e/P1H1 + e/B2tz 4 ... + gJBmHm) (23)

AZIM Al BE Adstobd A (16), (17) 9] 1A 914 Mas +& =+
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1.4 A9 g g2 S o] 85 HZ A vld =&

HA 4 vide @71 AsiAdE A @23)9 AT prE HA He=E
Adeefof gtrh, o] LS HY yEw WA og 8 5 Qled, [1H
16] o] 2= A4S vebdty 4 2
p — bit%] phase shifter2 $I4S A3ttty 714 5HAE 3 A A olthnl=
g 7]A (basis 1)l thsA ©] phase shifter® #& 0 degH-E 2P
NbE WstA 7l ) Ameith A" dEE e et A A
oftintt FH YA = Y Ay Ho|mE, S WA AE Al
7 A7E A eketh (71 1619 basis 16 theh 18X o] & &
FAs L U wizbZEA] W o7 F WA ofrput = A 7] A of thai A =
AdE WsA7IM Ay sz ghs Wt Basis 2 RO OgZE
olE HX¥sI=dl, o wW FHuje HAHs =W e Y s
B max, 228 AR ©] $14F B} basis 29 F& the @A basis 3¢
JE oW o] talX2EH basis 2 ©AS] JRE IUE 741
basis 39 #= A& F Atk o] TRAAE WHES] N HA basis7HA]
Aegstar, 2 (23) = modifyste] 2 (24) M azimuth ®3°] 12+¢ # 4
A wldS A8 = Ak [17 17-18]12 242 azimuth$} elevation®]]

thak 918 v o] AN S AAISHA @ g Aol

T 12 1433 Al AHo]

flo

(12041, 12045 . 1204 y]

normalized <Z 12(Pamax,i - 11)>

M
= | normalized <Z 1L(¢A max,i ' 12)) (24)
=1

4(¢A,max,i ' Hi,N))

Mz

,normalized <

i=1
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Azimuth

[ 12944 1242 12¢an ]
12¢9g, 124®, 4 = 14@41 X 12@g, 1@y, = 14P42 X 129E, 14 Py = 1Lpan X 12g 1
12¢g> 12Dy = 124 X 1L@gp 12@y, = 12042 X 129g)p 14@yy = 128 X 1Lpgs
1@y 14D@yy = 129 4 X 1Ly 14 D@yp = 122 X 12L@gy 14®@yy = 1208 X 1L@p y

Elevation

(29 19] 22+ H A 94 v ] At

olg Al Fal & azimuth W3 elevation Wk 129 2 YA wjd-&
2l (14) 9] 93] element wisely w3l o 23 HZA ¢4 sjd S A

T Atk [29 191+ I 218 vERd Zlolt,

o

REek M x N 22k wid qbEluel M XFHE Sk, k7FA 6] A=
U2 9 gtz A = olvpd A o] 53 Es 4 (25) ¢ gk

0(M)|zp = kMN (25)

OM)lp =kx{M-1)+ (N —-1)} (26)
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2 3}31, attenuator 507 AES A FAHE A8 &
kol 7 Al4E A3 149 IFE wjdE A
24 = 183} & U85S whekx] &1, Solgk i3l (Singular Value

(
Decomposition) & ©]&3l &S A5t WS A A S},

2.1 Eolzt +3 (SVD)
Eo)zk Bl (SVD) = 429 mxnaxde & Ao thsle] 2] (27) 1
2ol dHS Had 4 v+ Yd E3) (decomposition)’ HH =

&hrfol o,
A=UzVT (27)

ol ) FY Ut mxmAd AnBY, Bz mxn A 2P, 3

VTE nxn AH A a o),

35 7 As)E WEA Y A W AT 73
31 ws ARE 9 olth 4 (27) o)A 4 g AE Wske] Eajahu,
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Py P Py

po=|f 2 P (30)
PMl PMZ PMM
Pyj = 5P — (P + Pyj)} (31)

o714 P, (azimuth® notation )¢ Wiz} A& P+ [1H 20]A49
Py ~Py #h= YERIL, P iAl RES} jlA RES FAlo] AX dEA]
(simultaneously) FAlE= Aol =, Aat2tald 3 skqh2)ay
1 P A EEHE (o] Aleld ¥ gholt} o] uf ##std
FAAGTE ok AL Ry ARy E e Ho 174 (eigenvalue) °ll

&3t LG9 H (eigen vector) & T3k A2 s 7lolth. o] & F 34
A

iz

}nm}‘i

=]
5
s

e

Pll P12 PlM
P21 P22 PZM
(32)
PMl PMZ PMM
| [ O O~ » ~
=[u1 U, uM] " 0 Co
o NI S |



IA,mode,l [

ulll (33)

IA,mode,M

IA,mode,l A(I)A,mode,l [Hj]
AA =
IA,mode,MLQOA,mode,M [Hg[] (34)

= (414Pa1 - lam4Pam)

— .yl
IA,i4¢A,i - IA,mode,IL(pA,mode,l HA,i +
M (39)
“+ Ly modemLPamodem * Hai

[H]]%& azimuth WA thal) M x M oFihvk= H o] jiA) 3 (1x M) &

S

owlsta, g, &= [H]]9 i Al AR gholth. wX e O & constraint £
2l (36)= REFEljof stE® AqrstE dTH 1A HA Wil Ay €=

it
gk,

M M

2
Z 1=M= ZlIA,il (36)
i=1 i=1

(37)

MA,normalize =
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* AA
Ay = M
Anormalize (37)

=[’£,1¢¢A,1 IZ,ZL§0A,2 IA*,ML(pA,M]lD,A

whepaA 234 v Qb Lol A HA SR HE 5 g A FT Q))&
T 1Ak HA S mde) Az AwS F
AN =Ap x Ny =[lg1401 Ig24@e2 - Igmi@enlipg

. . . 38
X Ta149a1 1424Pa2 - LiyZPamlipa (38)
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A 32 IAY G 22+ Wi E B

1A F30d 23 QHEH U v ol A 9] v A (AF) = ©39]
T WEe digk AFE w@e 2 etk ey o] A2 far—field
F9e VlFe®E Ee Mol HIsHA vt (BEHIha 7P S Sk
AL Aatoltt, 143} 22804 A 943 A%HS A4S = &9
azimuth$} elevation®e] tjgh 149 wids wato] AAbergl=d, #
=50 A ABE pear—field G0l Qo ® w3 HoHA] ok HAS
3l =of of gttt

[2% 21]& near—field g YolA oW Aol W XANS k=
S YERd adelth 5 A XAEES ] A E $41719
Hjd QEE|Lboll A in—phase”} ¥ =5 A afoF k(2] (39)).

>’_IR

®mnl2p =k(J(xm—xf)z+(ym—yf)2+2]3+C> (38)

AN Qo mxn 2242 D helubel]l FA o sh= 91239 o]

ki shrolth. ol Ael AHEsho] near—field G4 8] S 4 (38)

S o] &8t F g Utk [1¥] 22] oA azimuth WEFe] H§ yH3Eo
& s gAsta JQoER y, 2] oish gt AT E HASE

b azimuth W3Fe] H 2 17 Wi @40 thafl A1 <F

ol xpol e Jdo® 7 5 ATH(A (39)).

L 8
5
B
b2
i E
e}
oo M
rt

<pA,i=k<\[(xi—xf)2+CA+C> (39)

Elevation WA T vzk71x] vl & A&, 2] (40)°] Y=t}
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Tx coordinate (x,,, ¥, 0)
)C
Focus
\ (xp) Y0 75)
/ hase sum

Transmitter array

Pmn |ZD = k(J(xm _xf)z + (ym _yf)z +Z}+C

[23] 21] near—field oA 23 Bl ¥ 2] in—phase B XA

¥ 1D azimuth scan phase pattern 1D elevation scan phase pattern

[D[DD [D EBE}‘“‘_‘_‘“'B"-%A
* %[ﬂ S Rt EEEEEEEEEEEEEE 2

[

D:I El_ ______________ E'-——-(PE,M

[ ‘PA 1 (ﬂA 2 @A,N]

Pmn |2D =k (\/(xm - xf)z + (ym _yf)z -’_Z)‘;2 + C)

[713 22] near—field oA 231 wid 2] B4 WY

$pi =k (J(}’i - J’f)z +Cg + C) (40)

wetA (xp, vy, 2) S AARER]l 4] (38) el thAl tidabE mAbE 94
472 4S5 gk
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1-349 &S Fgsto] AA 3dAZ olFA Q= WA
G Fe] AF ZEAAE ot el Zo] FEle 4 Q.
D AFL 12 ngsta, 149 W AES o]l &sto] HA &
zh=th
2) HZA 94S 138ty Solgk wallE HA NEHS A sttt
3) YAl HA WES nAs 12 H A S ol &3 HA S
k=t
4) HA AZ 93-S Wdol 7tHA] 1y star g S HhE sk
H 52 HA g g gen
5) npxgto 2 231 HiE 9] near—field XA S o] &3 HF 239
i sfe-E ettt
[19 23] 22 &5 HERd Zlojt

I Phase pattern l I Magnitude pattern I

\

e —————

esmsean > [pf!, 07, .., ff] [11,..,1] E
SVD i
7~ loliod i) 14, 18] i
/ 1set
1D Beam scan \ ‘A £ A £ A A A A
[P @037, . oM 515, - 1]
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(o1 4034, . o (454, Iy
repeat

2D pattern near-field compensation
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A 4F AEHIA R AD A

A 1 A MATLAB Al Edo]Ad 43}

1.1 AlEH ol Alve e 9 MATLAB Al E# €9 537

& &a2]F microwave HeolM A em Z owld QY-S
AHEE W, near—field W EAHCE AYES AFshs AAHOR
AAEAT AAFY] AAA] AL [ 24] o dERSATE A5
QAT BFA Aol FA7] M E FEHY, oty Qs Stel fA] @
T Aol A7 v <tElvtelth. ARk QL AdEE 7S]
AWM FA77F FA7 A T HEA B9
elevation angle (¢) & Q=Alo] &= AFE Foh ofdie o
AlEH 1S T AlZ A AR o)t

c

[0
il
[aS)
N
8
=
=
=
el

1) &< F3: 10 GHz

2) 541710 16x16, 417]: 8x8
3) 6 =15° ¢ = 10°

4) 3—bits phase shifter, [0,7]

Receiver array

x

r x A
|
| Elevation ¢
Transmitter . - \
array e |
l’ ‘
L~ i 4
/; Azimuth 6
y !
! VA

[29 24] MATLAB Al E#olA Ay e
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Tx - Rx position check

| ® TxCoordinate

| @ Rx Coordinate

y axis (meter)
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0z
e
z - Distance (meter) > == 0 % ot [maen)
< PPN
[71% 25] MATLAB Al&dold w23t — $5417] 41
Azimuth phase sweep L Elevation phase sweep
] A d
g5 I !I “: ~ i1
E" A ! r'"-, r;\'- [ ﬂ\ 7 E ."‘ :\ i1 \
- PR IR IR T U IR\ 3 ! ‘; \ f
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© w1
Phass sweep attempt

Azimuth only Overlap phase sweep Elevation only Overlap phase sweep

RF pawer (W)
RF power (W)

= ] [ o ]
Phase sweep attampt

@ 3 T
Phase sweep attempt

[1% 26] MATLAB Al&EdolAd T&3shd — 12 5 A90d AR

A EH o)A MATLABS 2 #3319 11, desktopolA +%35+9 Tt (CPU:
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1.2 Al E#olA A3

AEYolAY A¥E dAFHoR Aty dugFHe 3UAR
ojFoAEE WAME I AR}E Yotk [O29 27]8 gagEY
Wek, obe o] ZEiZ= elevation WEFo®E W AdYS 3 Aol
Yz VR 2 94 WA= B F3olth 16x16 FAl7] el
3—-bits® phase shifterg& A& o= Z
23 =12070¢] A% (attempt) 7} FHENSS AT F
1708] grid7b 1708 RECIA)E gu]stE=E 7+ grid@
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4> Phase sweep attempt

1 grid: each Hadamard basis
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Rx received power(W) heatmap

Rx received power heatmap - Facing Tx direction
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Magnitude pattern

Phase pattern
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Abstract

Efficient wireless power transfer
system using the received power
feedback information

Lee Young—seok
Department of Electrical and Computer Engineering

The Graduate School

Seoul National University

Wireless power transfer was first proposed by Nikola Tesla in the
early 1900s in the United States, but it did not undergo significant
development for a long time. However, as the era progressed, the
number of electronic devices being used increased rapidly, leading
to renewed interest in wireless power transfer. Currently, research
in this field is mainly focused on three approaches: inductive
coupling, magnetic resonance, and electromagnetic wave
transmission. Among these, electromagnetic wave transmission 1s
the most capable of delivering power over long distances, but it has
higher hardware and algorithm complexity compared to the other
two methods. The key to wireless power transfer algorithms based
on electromagnetic waves is the real—time determination of the
transmitter's phase and amplitude array to deliver power to the
receiver with efficient RF—RF efficiency, even when the receiver's

location 1s unknown.
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This paper presents a wireless power transfer system, along with
an algorithm that determines the optimal phase and amplitude array
of the transmitter based on feedback received from the receiver.
The feedback—based algorithm is slightly more complex in terms of
algorithm complexity, but it has the advantage of simpler hardware
configuration and freedom from efficiency issues in rectifiers. The
efficiency of rectifiers varies with the input power, and the
feedback—based algorithm incorporates information about the
rectifier's efficiency in the received power, allowing for more
accurate attainment of optimal efficiency. The algorithm iteratively

approaches the optimal array values through two steps: determining

the optimal phase array and determining the optimal amplitude array.

The optimal phase of the transmitter is determined by decomposing
the one—dimensional array into a Hadamard matrix basis, while the
optimal amplitude is determined through singular value
decomposition (SVD). Additionally, the efficiency of the proposed
algorithm was compared to the optimal efficiency obtained through
convex optimization to confirm their proximity. The algorithm was
developed using MATLAB and can provide efficiency, optimal phase
and amplitude arrays, and other results by inputting parameters

such as frequency, transmitter and receiver positions, and sizes.

The feedback—based algorithm for received power presented in
this paper has reduced algorithm complexity with the goal of a
real—time system. Therefore, it can not only be used for wireless
power transfer but also for radiating waves towards electronic
devices with unknown receiver positions in real—time applications.
Furthermore, it can be applied in all scenarios regardless of high
frequencies or varying distances by considering the near—field
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region. Finally, its low hardware complexity provides cost

advantages in implementation.

Keywords: Wireless power transfer, MIMO, Near—field focusing
Student Number: 2021—-25923
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