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n JRU JUDPHV DQG 7KH SURSRVHG SK\VLFV PRGHO SHUI

VLIQL{FDQW FRPSXWDWLRQDO SRZHU 7KLV SDSHU DLPV WR EULGJH WKH BYPYEGH EHWZHHQ {ippuv boc FRQILGHQFH YDOXHV LQ WKH LGHPO
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DOJRULWKPV DQG WXEHOHW DUFKLWHFWXUHYVY DUH FRQVLGHUHG DQ
PRG XOHV WR KDUQHVV VSDWLRWHPSRUDO FRKHUHQFH DPRQJ LQGL
7TRUFK DFWV DV WKH IUDPHZRUN IRU FRGH GHYHORSPHQW DQG D
WR EH RSHQ VRXUFH IRU IXWXUH GHYHORSPHQW

RFFOXVLRQV OLJKWLQJ DQG FDPHUD
Ltfoo |

JLPLWDWLROV RI FXUUHQW/|P

WAFELOLW\ WR DFFRXQW IRU FKDQJLQ
,QDELOLW\ WR SUHGLFW REMHFW PRW|l
3UHGLFWLRQ PRGHO DFFRXQWV IRU
l WUDQVIRUPDWLRQV
JRU QH[W _ IUDPHV 8QLGHQWLILHG REMHFWV ODFN SK\VL
7KH PLGSRLQW RI D ERXQGLQ Lsuﬂ NLQHPDWLF HTXDWLRQV WR SUHGLEW GORFPOURQV RI IXWXUH
DERYH ZDV XVHG WR FDOFXDDMAXQGEYAd GRIEHV
$SSOLFDWLRQV

.1 JURXQG WUXWK LV FORVH WR WkH SWRNGQEWHIXWK LV 10U 1URP WKH sjuH 8PN HE ER ey HIHQVH .QEXVYUY
ERXQGLQJ ER[ LQFUHDVH FRQILG{RRH SHREBBVELWAMYGHQFH SUREDEL DL LRYO C ooy yrony JR—

LGHQWLI\ WKH VKRUV)LQG WKH FKDQJH LR
GLVWDQFH EHW%VHDRFLW\ EHWZH
ERXQGLQJ ER[H SDLUV RI IUDPH
VDPH FODVV YHORFI DFFHOHUDWLRQ
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DO SLFK IHDWXUH KLHUD|\

JLIXUH %RWWOH GHWHFWLRQ ZLWKRUXOXUH OXOWLSOH REMHEW GHWHFWLREnrw GHwHrwLAG 50 VHPOOWLE Vii6
SK\VLFV EDVHG OHDUQLQJ OHIW DQ&ZLMWNMRXW SK\VLFV EDVHG OHDUQLQJ OHIW
SK\VLFV EDVHG OHDUQLQJ ULJKW DQG ZLWK SK\VLFV EDVHG OHDUQLQJ ULJKWs Hw DO )DVWHU 5 &11 7RZDUGY 5HI

g ZLWK SHILRO 3URSRVDO 1HWZ.
7KH SK\VLFV EDVHG PRGHO UHVXOWV LQGLFDWH VLIQLILFDQW LQFUHDVHV LQ WKH BFFXUDFV'RIWKH PREWS ZKH

VLPSO\ WKH )DVWHU 5 &11 IUDPHZRUN )DVWHU 5 &11 ZLWK SK\VLFV EDVHG PDFKLQH,Q UQLQ I QFLER VikY WK Hs,
REMHFW GHWHFWLRQ DQG UHPRYHV FODVVLILFDWLRQ HUURUV IRUoREMHEMNFw ‘HWHFWLRQ &RSS
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3K\VLFV %DVHG 2EMHFW 7HPSRUDO
/IRFDOL]IDWLRQ 9LD 9LGHR 6HIJPHQWDW

7KH ¢HOG RI REMHFW GHWHFWLRQ KDV VHHQ PXFK DGYDQFHPHQWYV
HVSHFLDOO\ LQ YLGHRV ZLWK WKH LPSOHPHQWDWLRQ DQG LPSURYH
VXFK DV 2SWLFDO )ORZ 7XEHOHWV DQG 7HPSRUDO $FWLRQ /RFDOL]

VXFK PHWKRGV DUH VWLOO OLPLWHG LQ WKHLU VSHHG HI{(FLHQF\ DQ|G DFFXUDF\ ZLWK WK
FXUUHQW IDVWHVW PHWKRG UXQQLQJ DW D@KDXWHUDJH RI WZR IUDPHV

ZH SURSRVH WKH XVDJH RI WKH 3K\VLFV *XLGHG 1HXUDO 1HWZRUN

WDVN %\ VSHFL;FDOO\ WDLORULQJ WKLV WR GHWHFWLRQ RI FDUV Z
IRUP RI GHWHFWLRQ WKDW FDQ WUDFN DQG VRIQG& WUDQVIRUPDWLR

GLUHFWLRQ RI FDUV DV WKH\ WUDYHO GRZQ D URDG 8VLQJ VHIPHQ

WKHQ EH DEOH WR HVWDEOLVK LQVWDQFHV RI WKH FDUV DV DSSO\ [

GHWHUPLQH HDFK REMHFW{V WUDMHFWRU\ EDVHG RQ WKH SUHYLRX
SDWK 7KH DSSOLFDWLRQ RI WKH SK\VLFV PRGHO ZLOO VHUYH WR U
UHTXLUHPHQWYV RI SUHYLRXV PHWKRGV DQG DOORZ IRU D PRUH DFF
REMHFW{V WHPSRUDO ORFDWLRQ
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KRULJRQ VLGH WR VLGH RYHUKHDG HWF  $SSURDFKHV $SSOLFDWLRQV RI SK\VLFV EDVHG FD
LFQQ RQ RSWLFDO ARZ DOJRULWKPMIOUHG WPSEHROHWHQWYV VXFK)BUWHU 5 &11 IUDPHZRUN ZHUH WH
LWHFWXUHV DUH FRQVLGHUHG D@GHDRGNWQBAERWAWLIRQV DQG /AN PIDIHERPWDVHW RI YLGHRV WKD
SK\VLFDO PRGXOHV WR KDUQHVV  \SHSWHRMHPBWUBDYY ZHUH PDGHVEQWW‘RWHU-QFOXGLQ-‘ GURSV ~ WR
FRKHUHQFH DPRQJ LQGLYLGXDO IUDPHV S3§&AA U FKDPHZHjly ZLWK GLIMAEGWI RQ VXUIDFHV WR PRGHO WKH
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&DOFXODWH (XFOLGHS5HPRYH *FDPHU LPSURYHPHQWY LQFOXGH KLJKHU| H|

‘S‘l’it DQFHV EHVled PRWLRQ LI DOO| VKEMBIVW/INU SURFHVVLQJ UDWHV UH
GLQJ ER[HY RI \PRYH FRQVLVWHQ EHWZHHQ PXOWLSOH REMHFWV QG
(| VDPH FODVV EHWZHHQ IUDPH SUHGLFWLRQV IRU DFFRXQWHG FRPSY

RFFOXVLRQV OLJKWLQJ DQG FDPHUD

|

LGHQWLI\ WKH VKRUV)LQG WKH FKDQJH [LR
ﬁ VWDQFH EHW %YHORFLW\ EHWZH
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JLPLWDWLRQV RI FEXUUHQW|P

WAFELOLW\ WR DFFRXQW IRU FKDQJLQ
,QDELOLW\ WR SUHGLFW REMHFW PRW|l
3UHGLFWLRQ PRGHO DFFRXQWV IRU
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JRU QH[W _ IUDPHV 8QLGHQWLILHG REMHFWV ODFN SK\VL
7KH PLGSRLQW RI D ERXQGL L!kﬂ NLQHPDWLF HTXDWLRQV WR SUHTL OHRFAPPURQV RI IXWXUH
DERYH ZDV XVHG WR FDOFXDDRAXQELAd EREHV
$SSOLFDWLRQV

.1 JURXQG WUXWK LV FORVH WR WkH SWRNGQEWHIXWK LV 10U 1URP WKH sjun 81PN HE ErShaLqa HIHQVH .QEXVYUY
ERXQGLQJ ER[ LQFUHDVH FRQILGHRRH SHREBBVELFRMINGHQFH SUREDELDLWLHYO copyy yromY orvrpadw |

I
Qo

3UHOLPLQDU\ 5HVXOWV 5HIHUHQFH)|

botte
. 4 . 4
KLFN 5 HW DO SLFK IHDWXUH KLHUD[

JLIXUH %RWWOH GHWHFWLRQ ZLWKRXMUH OXOWLSOH REMHEW GHWHEWLREnrw cruwhrwing boc visbawer ver
SK\VLFV EDVHG OHDUQLQJ OHIW DQ&LMMARXW SK\VLFV EDVHG OHDUQLQJ OHIW
SK\VLFV EDVHG OHDUQLQJ ULJKW DQG ZLWK SK\VLFV EDVHG OHDUQLQJ ULJKs Hw 00 )ovWHU 5 &11 7RZDUGY SHi
HWHEWLRQ ZLWK SHILRQ JURSRVDQ 1HWZ
7KH SK\VLFV EDVHG PRGHO UHVXOWYV LQGLFDWH VLIQLILFDQW LQFUHDVHV LQ WKH DFFXUDF\'RI WKH PRGHO ZKH:
VLPSO\ WKH )DVWHU 5 &11 IUDPHZRUN )DVWHU 5 &11 ZLWK SK\VLFV EDVHG PDFKLQH,QHRUQLQA }d- QEULHRVHY WKH,
REMHFW GHWHFWLRQ DQG UHPRYHV FODVVLILFDWLRQ HUURUV IRdA0REMHEMNew ‘HWHFWLRQ &RSS

6DKD 6XPLW S &RPSUHKHQVLYH *XLGH WH|
1HXUDO 1HWZRUNV * WKRR@ZPUOV 'DWD
6FLHQFH
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8OWUDIDVW 5HDO 7LPH "\QDPLFV RI
JUHTXHQF\ OLFURFRPE 7UDQVLWLRQV

7THPSRUDOO\ VWDELOL]JHG RSWLFDO VROLWRQV DOVR NQRZQ DV VH(Q

SXOVHV DW D PLG LQIUDUHG IUHTXHQF\ FRQ/QHG LQ D PLFURFDYL
RXV ZDYH ODVHU KDV DWWUDFWHG WUHPHQGRXV DWWHQWLRQ GXH
DQG WHPSRUDO IHDWXUHV DQG FRUUHVSRQGHLIAG WQWH LIXLQJ FDYL
XOWUDIDVW RVFLOORVFRSH FKDUDFWHUL]DWLRQ V\VWHP GHPRQVW
PLFURFDYLW\ ZLWK SLFRVHFRQG UHVROXWLRQ DQG D SLFRVHFRQ
RYHU HDFK IUDPH +RZHYHU WKH UHFRUGLQJ OHQJWK LV OLPLWHG
GXH WR WKH UHVWULFWHG PHPRU\ GHSWK RI WKH RVFLOORVFRSH G
7R E\SDVV WKLV FRPSOLFDWLRQ WLPH OHQV ZDV XVHG WR VWUHWF
ZDYHIRUP ZLWKRXW DGGLQJ GLVWRUWLRQ RU QRLVH $IWHU ¢QGLQJ
OHQJWK DQG WHPSRUDO UHVROXWLRQ D .HUU IUHTXHQF\ FRPE LV J
UHVRQDWRU ZLWK D ODVHU ZKLFK LV WKHQ VHQW WKURXJK RSWLFD
WR EH VWXGLHG :H ZHUH WKHQ DEOH WR UHFRUG WKH PRGH ORFNL
WUDQVLWLRQV EHWZHHQ GLIIHUHQW VROLWRQ VWDWHY GXULQJ WK
UHDO WLPH REVHUYDWLRQV RI WKH XOWUDIDVW RSWLFDO G\QDPLFV
LQVLIJKW IRU XOWUDIDVW SKHQRPHQD WKDW KDSSHQV LQ WKH PLFU

&

Ultrafast Real-Time Dynamics of Frequency Microcomb Transition
Tz-Wei Hung, Wenting Wang, Xinghe Jiang, Chee Wei Wong

sz Department of Electrical and Computer Engineering

University of California - Los Angeles

Functional
Nanomaterials
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%DFNJURXQG
This research focuses on the mid-infrared part of the optical spectrum that
emcompasses visible light and infrared waves. Ultrafast optical dynamics such
as a soliton, an undisturbed stable light waveform that sustains its pulse over
time, happens at the nanosecond and picosecond scale. Studying its
characteristics in a microresonator has immense significance to laser opncs
For the further of optical and

Goal: Observe and record all the characteristics of different transitioning
states a dissipative Kerr comb soliton in microcavities produce in real time.

Problem: Conventional oscilloscopes can miss extremely fast rare events as
they have lxmnatlons of both the spatial and temporal domain. This makes the
ient to characterize ultrafast waveforms.

Solution: Time lens are used to slow down and extend the signal without
adding distortion or noise. It magnifies the image dispersing it in time and
uses the quadratic phase shift which stretches the temporal domain. The
longer recording length allowed the waveform to be analyzed and recorded.

7LPH /HQV 6HWXS

Useful Terms:

MML - mode locked laser

PD - photodetector

AWG - arbitrary wave generator

050 - oscilloscope.

FWM - four-wave mixing.

EDFA - erbium-doped fiber amplifier
WDM - wavelength division multiplexer

" A frequency comb is generated on an optical spectrum
analyzer from a signal on the time domain that uses the
Fourier transform in the cavity to the frequency domain
creaung an equldlstant spectrum of pulses.

] VM? '-H \Q‘@'"'@"R'Qvf ‘C g)z\'

ILYHQ EN
LWV IDVFLQRWLQJ V HFWUD
G\QDPFLFV m

WIh¢ YErRbRIEHS Ebi® ol eyt
t pumps a power

URE DR SRR Nicrocovy

P eHHcoN/ IR @s¢s @F gurlgriyansiorm to create the
cumb on a frequency and wavelen, th domain,

L Qul ks DWD DFTXL WLRQ

Parametric Time Magnifi

" The ic setup of |
how the time lens |
system is implemented \
from the signal and |

pump power input to the|

output on the
oscilloscope is above.

The right shows a flow

diagram of where that

signal travels.

The time domain is

stretched 76 times with a

recording length of 500

ps and temporal

resolution of 1.5 ps.

1
1
1
1
1
1
1
1
1
1
1
|
|
|
|
I

&RQFOXVLRQV DQG )XWXUH
" Observed new physical insight regarding ultrafast optical phenomena in the
microcavity and observed the transitions between soliton states.

URItysg ) v ‘qmrzhes

Sl nal acquisition and lransmuns v
ekeWH different soliton states.

" The time lens increased the
temporal resolution and abled
the magnification of the pulse
train to be studied.

" The oscilloscope received the
signal and recorded the
transition from high-noise to
mode locking, 3 to 2 to 1 soliton,
and 3 to 1 soliton transitions. _~ \

" Wavelength (nm)
Oscilloscope Signal

ige (V)

\ Volta
\

\,

iy
Time\( s) 7
(s,
/

3-2-1 Soliton Transition

[yyY B

Pulse Train

" Continue to study the dynamics and increase temporal resolution using
different systems and methods to further the advancement in laser science,
spectroscopy, precision measurements, and other optical physics fields.

$FNQRZOHGJHPHQWV
Special thanks to Professor Chee Wei Wong for giving me this opportunity to work with his
team and Dr. Wenting Wang for allowing me to be a part of such cutting edge advanced
scientific research. Greatly appreciate the support of lab members, Xinghe Jiang, Jaime Flor,
and Abhinav Vinod, who took the time to explain concepts. This would not be possible without
the SURP program that lead to this incredible experience here at UCLA.

5HIHUHQFHV

4,0l 89, no. 6, 2014,

/physreva89. oaie
Huang, Shu-Wei, et l.°A Broadband Chip- i 27x10
, no. 4,22 Apr. 2016, doi:10.11 dv.1501489.

Time Lens” Nature Photoics o 310 1 2009, pp--10. doE10.1038/aphoton 2008261

JalaliB. etal
Li, B tal." Temporal

3 pulses

2 pulses Tpulse

I¢

ol 801, 2017 dok10.1038/s41467.017. 500957,

Femtosecand
Stillman, Gregory E. “Optoelect Reference Data for
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" $ GHFLVLRQ LV D FRPPLWPHQW WR DQ DFWLRQ D
H[SHFWHG RXWFRPHV
(OHFWULFDO DQG &RPSXWHU (QJLQHHULQJ " 6WDQGDUG GHFLVLRQ PDNLQJ PRGHOV GR QRW IX
RFFXU GXULQJ WKH GHFLVLRQ PDNLQJ SURFHVV 5
" 7KH SXUSRVH RI WKLV VWXG\ LV WR GHYHORS D
PLQG YDOLGDWLQJ ZRUN E\ 5HVXODM DQG FROO,
W ZDV K\SRWKHVL]HG WKDW QRLV\ HYLGHQFH L9
(<4

DEEOLW|

VWLPXOXV LV DFFXPXODWHG RYHU WLPH XQWLO>|
ERXQG

I 5w XG\LQJ FKDQJHV RI PLQG LQ GHFLVLREere " orwiro swirxo K

" 5DQGRP GRW PRWLRQV 5'0 DU

XVHG LQ SV\FKRSK\VLFDO DQG
%LRFKHPLY PDNLQ‘] RI PRWLRQ SURFHVVLQJ
) " 5'0 RFFXU LQ ELQDU\ GLUHFWLH
C-."#-.810 PRGLILHG WR RFFXU DW GLIIHU
$ GHFLVLRQ LV D FRPPLWPHQW WR DQ DFWLRQ DIWHU FRQVLGHUDWLRQIRMJKW.LVGH*Q'FH DQG

Y 'RZ 5 4
o#1.3*+$BH#-( H[SHFWHG RXWFRPHV 7KH EUDLQ GHOLEHUDWHYV RQ DYDLODEOH HY|GHJEH WEALHOG DQ DF JERIN RI WRS UbQGRP
WLRQ RU GHFLVLRQ +RZHYHU GXULQJ FRIQLWLRQ ZH RIWHQ FKDQJ PLQGV [ VWDQGDUG I ).:xun  orwLre &g
ORXQW 6DLQ ‘

GHFLVLRQ PDNLQJ PRGHOV GR QRW IXOO\ H[SODLQ ZK\ WKHVH FKDQ WLQ/GKRF///:\\ /& O\ | WKk oxpENU RI GRW

© w ®» » o w (% w » » e w [ w ®» » & =

J ORWLRQ VWUHQIWK FRKHUHQFH
B RIGHMBR FEYA 4o r LPSURYHY WKURXOW B RIVQUIRP RY IPWRIG VX EMHF WV
WRS URZ VKRZV WKH SUREDELOLW\ RI D FRUUHFW GHFLVLRQ EOXH
@ FW GHFLVLRQ DIWHU FKDQJH RI PLQG JUHHQ DFFRUGLQJ WR I

KH URZ VKRZV WKDW UHDFWLRQ WLPHV DUH KLJKHU IRU Z

by N "\ || GHVLIQDWHG GLUHFWLRQ IGLEREHEOXGH WKDW WKLV VWXG\ VXSSRUWYV 5H
8QLYH FAU 7KH SXUSRVH Rl WKLV VWXG\ LV WR GHYHORS DQ H[SHULPHQW G\ PKOQUEW RI® |\ | Wi oxre ot cowy Mo ™ o LWLDWLRQ SURFHVVLQ

PLQG YDOLGDWLQJ ZRUN E\ 5HVXODM DQG FROOHDJXHV ,W ZDV K\S
HYLGHQFH LQ WKH IRUP RI D UDQGRP GRW PRWLRQ VWLPXOXV LV D
XQWLO LW UHDFKHV D FULWHULRQ OHYHO RU ERXQG $Q LQLWLDO G
FULWHULRQ LV DFKLHYHG :KLOH WKH WULDOV ZHUH FRQGXFWHG V
DERXW D QRLV\ YLVXDO VWLPXOXV DQG WKHQ WKH\ LQGLFDWHG WK[HLISRRPHAINVR? EHVYXFWLRQ
E\ PRYLQJ D MR\WVWLFN DFFRUGLQJ WR WKH GLUHFWLRQ LQIHUUHG KHSFW&;S‘X\D’V\@S%EV@SRW#{;%: R R DR X C I A

IXUWKHU LQIRUPDWLRQ WKDW HLWKHU UHYHUVHB RU UHDI,UPHG WKH IWRLMRYD OVRZIBBGY HRQKRWD G I8 H W WOUBHWQWLFLSDWH VLQFH!D OHVV

FRQFOXGH WKDW WKLV VWXG\ VXSSRUWV 5HVXODMTV ¢QGLQJIV DQG WKERIE R ZASSY, LHT WL B WIRYHFT U“DFKEf&’%"fgLT,F;YF"*,VPLHR%W[“\',%;‘;;L’UHG

LTHG WKDW, SRLVA /| FRKHUHQFHV RI " 7KLV VWXG\ LV VLIQLILFDQW WR XQGHUVWDQG |
VHOHFWLRQ DQG SUREDELOLVWLF UHDVRQLQJ

)XWXUH 'LUHFWLRQV
" :H SODQ WR H[SDQG RQ_WKH
VWXG\ E\ SODFLQJ WﬁUJHWV DwW
@

Functional Nanomaterials

ODWHG RYHU CPH

RQ XSRQ 2 DQG FRPSDULQJ WKLV WR

2 JLIXUH  ([SHULPHQwDO sWidd IUHTXHQF\ RI F QJ
SURFHVVLQJ 7KLV VWXG\ LV VLIQL,FDQW WR XQGHUVWDQG GHFLVLRQV UHODWHG WR JDPEOLQJZf&”K’HD"VVXLEM“J;“&,KZX"U“L%ZTEH‘W’“0° GHFu%&mngﬁ\@vﬁf’xﬂ%&”ﬁnwEés.i‘.“&'ii"é“"
VRFLDO VHOHFWLRQ DQG SUREDELOLVWLF UHDVRQLQJ 7LPHOLQH RI 7ULDO EMwichfvxeMnEde xb o3 FRQWUDVW LQ pRY KLY R B\WOUDHEY
| | | JLIXUH  7LPHOLQH RI 7ULDO
— 7KH WLPH FRXUVH RI HYHOWYV WKDW
a&ﬁzpvxfux" b FERSTIRIAROYy - 5 Hi 4 UHQFHV

VWLPXOXV DQG LQGLFDWHG WKH
SRVLWLRQ | | GLUHFWLRQ Rl WKH GRW3AR Q 8\ . 6HLW] $ 5 :KDW D GLIIHUHQHR
PRYLQJ WKH FXUVRU WR
| SDQGRBHDFWORGHPHOW  LLlKwzoUG WbuHw oaﬁﬁm YLFDO FRPSDULVRQ Rl UDQGRALBAW P
| GHOO\ WLPH GXUDWLRQ YDQLVKHG XSRQ LQLWLD! - GRL M YLVUHV
PRI 5HVXODM $ .LDQL 5 :ROSHUW ' 0 6KDGOH
&RGLQJ . PLQG LQ GHFLVLR@®PDMLQJ

" 5DQGRP GRW VWLPXOXV LV JHQP?ZW@QNK 3\WKRQ

SULPDULO\ WHVWHG ZLWK WKH KR3\,7(

* 7kH 3HQHUDO vwuxFwxuH R widd s nu L pnowiIAN AL A
EDVHG RQ WKH RQH SUHVHQWHG LQ SHNYXODMIV BOISHERUN ZDV VXSSRUWHG E\ WKH 1DWLRQDO 6

" BWLPXOXV ZLOO EH LPSOHPHQWIGrRQ (L& 6 &{orBaH§w6 X PPHU 8QGHUIUDGXDWH 5HVHDUFK 3URJUD

PDFKLQH WR FROOHFW UHDO WLH’W"GNWRH?R%V"@L@,{JQ HFWULFDO DQG &RPSXWHU (QJLQHHULQJ *
PLOOLVHFRQG RI WKH FXUVRUTV'SRVIWERSG™ " S HU (R UD DQG 0XKDPPDG 6KDK]DLQ 5DL] IRU WKH|

SURJUDP

%$ %'
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Electromyography System

M. Molter, A. Alam, and S. S. lyer (UCLA CHIPS) |ucLa

Verification of Wireless Communication Cont

According o the CDC Musculardystrophyefiects 1 in 7250 =
males Traditional Surface S B ==
7$,/< I$% 6 Electromyograph g w
Surface ElectromyographyEMG) measuresthe electrical vography ;‘I;ﬁ:‘:::::; ﬁr‘ezf":s'ziﬁ:s";’?
$UVDODQ $ODP y P

activity of muscledor diagnoses of muscular disorders i S Bluctoth contralene con ove ! P " ”

),625

BURIHVVRU 6XEUDPDQLDQ ,\HU

887 ( (

that the EMG signals arevisually the 7 T —— )
samefrom both.

Existing Surface Electromyographgystemsare bulky, non-
flexible, and heavy making them difficuo use

(OHFWULFDO DQG &RPSXWHU (QJLQHHULQ FlexTraté™ is a flexible electronic platfornbasedon Fan Out 5 ::"'."‘_M'—“

ﬂiim ﬁ:; iepsackaging allowing integration of high @ ® % B
—
FlexTraté" is an idealplatform for acomplete flexible and \ - =
lightweight EMG system due to flexibility and ability to Signal Post Processing
gh performance dies
OLFKDHO 'MVLIJQ RI )OH[LEOH :LUHOHVV 6XUIDF# - Filtering Process
PRI\ R P\RJUDSK\ 6\VWHP St st e o et 0 st o g o

Surface EMG onFlexTrate™ Layout FlexTrate™ Surface movement below iz andhigh frequencynoisesabove 300Hz.

'(3$570(17

==

In the figure belowwe seethe simple layout andsize EMG Electrodes Bent
|"8(+$B#_( R EMG systemTotal systemthicknesswill belessthan 1 and Rolled ke vk i TllL
: $FFRUGLQJ WR WKH &'& LQ HYHU\ PDOHV DUH DIALFWHG E\ 'XF K H @G@ifeid@pGimately 10g. R | ] f ]
8&/% %HFNHU PXVFXODU G\VWURSK\ D GLVHDVH WKDW DIIHFWV PXVFOH UHQJWK DQG OHDGV l-’ |
— > { - | [
WR PXVFOH GHJHQHUDWLRQ 6XUIDFH (OHFWURP\RJUDSK\ (0* LV D QRQ LQ l_( l.. |
Functional Nanomaterials PHWKRG XVHG WR PHDVXUH PXVFOH DFWLYLW\ WKDW FDQ KHOS LQ | i) i

LV DQG WUHDW

PHQW RI PXVFXORVNHOHWDO GLVHDVHV VXFK DV PXVFXODU G\VWURES — —

(OHFWURP\RJUDSK\ PDFKLQHV DUH RIWHQ EXON\ ULJLG DQG KHDY\ |Z

GLI¢FXOW WR XVH LQ D FOLQLFDO VHWWLQJ DQG LW PHDQV WKH\ F

GHYLFHV ,Q DGGLWLRQ WKHVH VIVWHPV DUH RIWHQ VLQJOH FKDQQ i

WKH VSDWLDO DQG WHPSRUDO LQIRUPDWLRQ WKDW WKH VI\VWHP FD QJ UHDGLQJV pre-processed signab subject (0 a
largepowerline noise. Removing noise

'_
Q
LQFRPSOHWH 7R KHOS VROYH WKHVH LVVXHV D IXOO PXOWL FKDQQHO HOHFWURP\RJUDSK\ alows us o Cleay seo miscle
fo
3

The pre and post processed signals
i in the

figuretothe right.

In the close up view, we can seethe

VI\VWHP WKDW LV OLJKWZHLJKW AH[LEOH DQUDWMIHOHVV ZLOO EH HJUDWHG ) DeLfqryolelectonicsampiiy Sctivtion signals that are nofisible

signal from microvolts
to a voltage readable by the
BluetoothADC.

v g 5200 i< np Conclusions/Future and Ongoing Work
s

Is datawirelessly tocentral Demonstrated the beginningtepstowards a fully flexible,
computer I d lightweight i

W
D AH[LEOH HOHFWURQLF SODWIRUP EDVHG RQ )DQ 2XW :DIHU /HYHO [‘wﬁiﬁ}’
7KH VXUIDFH (0* ZLOO WDNH D'G YWDR WQWH RUIDWH[DUDDMH HW\ RI GLI .4_;4- e
Y
H

IHUHQW LQWHJUDWHG FLUFXLW ,& GLHV VXFK DV DPSOL¢{¢HUV SDVVLYH F‘éPSRQF
%OXHWRRWK /RZ (QHUJ\ %/( FKLS DV ZHOO DV HOHFWURGHV WR GH FW WKH (0* VLJQDO
JRU ZLUHOHVYV FRPPXQLFDWLRQ WKH 1RUGLF Q5) %/( PRGXOH LV
VI\VWHP SRZHU 8VICQW)IOH RYBHWHOO VI\VWHP ZLOO EH OLJKWZHLJKW VR \

OHVV WKDQ PP DQG AH[LEOH HQRXJK WR FRQIRUP WR VNLQ DOORZLQ i:srzﬁligccuzl 312;15&1123(;%\@%'&genernsrecorde@mullanenuslvmman Full System integration onto FlexTrafé including the

Hz and 500Hz. High correlationcoefficientsof Bluetooth controller and contrellectronics

GHYLFH WKDW FD Q EH XVHG HDVLO\ L Q D FOL Q LEDO VHWWL Q J 0.9923 and 0.954@erecalculatedrom cross correlation of both signals sources.

tion of Wireless Communication

Designof controlelectronics
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3URIHVVRU 5RE &DQGOHU

(OHFWULFDO DQG &RPSXWHU (QJLQHHULQJ

0DJQHWLF 6KLHOGLQJ

ODQ\ GHYLFHV WKDW UHO\ RQ DWRPLF VSHFWURVFRS\
DWRPLF FORFNV UHTXLUH PDJQHWLF VKLHOGLQJ WR IXQFWLRQ DV |
LQWHUIHUHQFH E\ HIWHUQDO PDJQHWLF ¢HOGV $OWKRXJK QR NQRZ
VWRS D PDJQHWLF (HOG KLJK SHUPHDHEW®LWH ®DWHG&ILWWAMWVDUH DEO
PDJQHWLF ¢HOG OLQHV FUHDWLQJ SURWHFWHG UHJLRQV RI ORZ PD
&XUUHQW PHWKRGV RI PDJQHWLF VKLHOGLQJ LRQYROYH LQVHUWLQJ

DELOLW\ PDWHULDO RQ D FLUFXLW ERDUG XQGHUQHDWK D GHYLFH R
LQ D VKHHW RI WKH KLJK SHUPHDELOLW\ PDWHULDO
SHUIRUPDQFH FKLS VFDOH PDJQHWLF VKLHOGYVY E\ HOHFWURSODWLQ
QLFNHO LURQ DOOR\ ZKLFK KDV D KLJK UHODWLYH SHUPHDELOLW\

RQWR D F\AOLQGULFDO VKHOO
DQG ORZ SHUPHDELOLWLHV ZH PLQLPL]JH WKH LQAXHQFH RI WKH GH
DFKLHYLQJ D KLJKHU DELOLW\ WR UHGLUHFW PDJQHWLF (¢HOG OLQH
XVH DQ HOHFWURPDJQHW WR JHQHUDWH D PDIJQHWLF ¢HOG DQG D P
:H UHFRUG WKH VK

D ORZ UHODWLYH SHUPHDELOLW\

VXUH WKH PDJQHWLF (¢HOG LQVLGH WKH VKLHOG
VKLHOG ZKLFK LV GH¢(QHG DV WKH UDWLR RI WKH

LQWHUQDO PDIJQHWLF ¢HOG VWUHQJWK 6XFFHVVIXO PLOOLPHWHU
IRU HITHFWLYH FKLS VFDOH LPSOHPHQWDWLRQ RI GHYLFHV WKDW ZR

PDJQHWLF ¢HOGV ZKLOH FRQVHUYLQJ VSDFH

OLOOLPHWHU 6FDOH (OHFWURSODWHG

OLNH J\URVFF

,Q WKLV SURMH

%\
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[Motivation
Devices like atomic clocks and sensensiremagnetic shieldin|
becausef sensitivity to external magnetic fields

Samueli
School of Engineering

createrotectedegions ofow magnetidield
Current machining methodelimited tolargerscales

magnetic shields
Successfinplementationf chipscale magnetic shields tead
to newinnovations lik&PStreelocationtracking

XOWL%\HU

husaion of shieldingefect

Using high magnetic permeabiftgterialsmagnetic shields cgn

We use electroplating to fabricate more compact and effiief

External
magnetic
field

Filas
Cancel

Fields from magnetization
cancelout nearthe material

Magnetization in a
material follows a
nonlinear curve and
maximizes at
saturation

N\ Exerna

\ field Magneticfield of red region opposes.
| magnetizes magnetization of blue regions
S materal

- Magnetization of a region opposes

magnetization of neighboring regions
By removing a layer of magnetic material, the.

neighboring regions reach higher

Felds
= magnetization

A multilayer shield can better oppose t-!xlemaWe use electroplating to deposit thin, ever

magnetic fields
andxternal magneticfield o

Millimeter-Scalklectroplatedultilayer Magnetic Shielding

Justin Shao, Sydney Walsh, Hou Seng Wong, Jimmy C. Wu, and Rob N. Candler*

Sensors and Technology Laboratory, Electrical and Computer Engineering Department, University of California, ;@e Fast Track to
Nonomateriats

layers onto a cylindrical wax mold
After electroplating, the wax mold is dissofe
in xylene, leaving just the metal shell

e
WHQGHG EHFDXVH RI

R

J’o"&ady\; WS ne\((ssunm@(ev
JQH mm&mm WoR: nBsth et
HO Gﬂ.} g{‘ed shle ding tmeﬂedil WKH

I NAALLL L

Q PDWHULDO L Vel ol I
D] |
JRH il =
P| Vv | - ;

External Magnetic Flux Density (uT)

| el et

flux den
\mema\ vs. External
x Flux Density
S
KEIK
15
fz
26
F o, —
3 o0 1000

‘Unshieided Magnetic Flux
(Gl

Magnetic

/

From our experiments, the shield
is most effectiveat in weaker
magnetic fieldghe performance
of the shield decreases the
magnetic field gets stronger

P becausehe magnetic material in

ross
— extemalmagnetidield

Simulationof magnetidiux density ira muttiayer cylindrical shield

the shield approaches saturation,

20 22000 sac@Ndts abilityto cancel magnetic

We demonstrate the magnetic shielding effect in COMSOL]
Multiphysics simulations, showing that the magfielitis
within the shieldGs material and redirected around|

Internal magnetidield plottedagainst

externalmagnetidiel

ERVVEVERVVE-SRVVEVAT

the region enclosday the cylinder

H[WHUQDO PDJQH

—HE

H-Q-3-WH

In comparison with current
methods of magnetic shielding,
our cylindrical shield is more
effective at protectingregions
from  magnetic _ fields For
weaker magnetic ~fieldswe
recorded  shielding  factors
higher thand00, while a flat
sheet of similarly high
permeability metalas those
found in current methods of
magnetic shielding, could not
achievan shielding factor higher
than1.2

geometry of the shield
From  MaxwellGs

methods

equations,
magnetidield around the surfaces of

the magnetic material satisfies the
boundary conditionsteverysurface | | S

Shielding factor greatly dependent on

the..

Using electroplating to generate the_
shields, it is possible to create shields:

of more complex geometries not " -
achievable with traditional machining

,y. and z components of internal magneieids
within_the protected regions of the plate and
cylindershapedshields

Electroplate magnetic shield
directly onto devices
Conserves space and improves
shielding factor
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BURIHVVRU $FKXWD .DGDPEL

(OHFWULFDO DQG &RPSXWHU (QJLQHHULQJ

IHXUDC 1HWZRUNYV

,QFRUSRUDWLQJ SK\VLFV LQWR QHXUDO QHWZRUNV NQRZQ DV SK\V

TUDFNLQJ 2EMHFWYV 8VLQJ 3K\VLFV *XL

SURSRVHG PHWKRG DLPV WR HQKDQFH DFFXUDF\ E\ PHUJLQJ UHJLRQD
QHXUDO QHWZRUNV 5 &11 DQG SK\VLFV JXLGHG PRGHOV 8VLQJ YLGH

PHWKRGV LW XVHV D SK\VLFV JXLGHG QHXUDO QHWZRUN WR FODVV
REMHFWV $ VHOI PDGH GDWDVHW FUHDWHG ZLWK LGHDO VFHQDULR
VXFK DV REMHFW GURSVY DQG WRVVHV LV WKH WHVWLQJ IUDPHZRUN

L1\
v
IR

PRGHO 7KH GDWDVHW FRQWDLQV VFHQDULRV LQYROYLQJ WKH FRPSOK

VLRQ IRU IXWXUH GHYHORSPHQW RI WKH SUHGLFWLRQ PRGHO WR LQF

DOLVWLF RFFOXGHG VLWXDWLRQV &ODVVL{FDWLRQ DQG PRWLRQ

SUHGLFWHG SDWWHUQV UHO\ RQ SK\VLFV EDVHG OHDUQLQJ %\ SUHG

ODWHU IUDPHV EDVHG RQ NLQHPDWLF FDOFXODWLRQ LQ HDUOLHU IYD

PRGHO LV DEOH WR GHWHFW D Q GL @/RJDHMNVW KoH RXOUDIHW3RE RUFN DQG

LV WKH IUDPHZRUN XVHG IRU GHYHORSLQJ WKLV SODWIRUP DQG
VRXUFH IRU IXWXUH GHYHORSPHQW

L

ZRXOG HQWDLO FRQVWUXFWLRQ IRU

KLQGHULQJ SURJUHVV LQ WHUPV s I

VLIQL(FDQW FRPSXWDWLRQDO SRZHU

EULGJH WKH GLYLGH EHWZHHQ LPDJ e fﬁ g

GHWHFWLRQ XWLOL]LQJ NLQHPDWLF 1

PRWLRQ RI VXEMHFWYV YLD WKH UQH| '5 < :
th«i @IRUPDWLRQV DQG SHUVSHF W

L FYVIX & GHRHXRDBOH RsSHQ VRXUFHPR@M WG TURP WKLV IGBPEORIINWRIRI REMHFW RFFOXVLRQ
OHWZRUNV 3*11 KDV EHHQ H[SORUHG IRUMRHEMHFW GHWHFWLRQ DQ|G

Functional

Nanomaterials ,PSOHPHQWLQJ LQHPDWLF 3UHCKV-m|u:c:-:m
: BK\VLFV *XLGHG 1HXUDO 1HWZR

LA %ULDQ &KDS /XFDV +H ,UIDQ 6\HG Fast Track to
*XDQJ\XDQ =KDR $FKXWD .DGDPEL C
'"HSDUWPHQW RI (OHFWULFDO DQG &RPSXWHU (QJL Q Hslisuuiu

e Exgneerng Oepartment:

8VLQJ 3K\VLFV %DV@@WQQ&RQYROXWDWW
/HDUQLQJ WR 7UDFN 2HMUP@WHWZ R

3K\VLFV JXLGHG QHXUDO QHWZRUNV
IRU PRGHOLQJ UHVLVWLYH EHKDYLRU
UDQJLQJ IURP YHKLFOH WUDFNLQJ WR
SULRU SDSHUV ERXQGLQJ ER[ FRQV

Schoolof Engnoering

Summer Undergraduate
Research Program

RQ VLGH WR VLGH RYHUKHDG HWF  $SSURDFKHV $SSOLFDWLRQV RI SK\VLFV EDVHG FD
EDVHG RQ RSWLFDO ARZ DOJRULWKPMIOUHG WPSHHROHWHQWYV VXFK)DWWHU 5 &11 IUDPHZRUN ZHUH WH
DUFKLWHFWXUHV DUH FRQVLGHUHG D@GHDEQINWQBMERWAWLRQY DQG AN PIO@HERPWDVHW RI1 YLGHRV WKD
SK\WLFDO PRGXOHV WR KDUQHVV  WHSWHRMWHPBRURDYY ZHUH PDGHVEQW‘)&\}VANQHbLXQUFIgiS\';QV:‘/RGPURRGSHVO v‘:VKRH
FRKHUHQFH DPRQJ LQGLYLGXDO IUDPHV S3§Af U FKDPH QY ZLWK | MRS

DV_WKH IUDPHZRUN IRU FRGH GHYHORSPHQRW kf%"é'd‘@kd‘ﬂ REMHFWWHMUY ERQFHEY DQG REMHFW PRWLR

H SXUSRVH RI PRGHOLQJ UHDOLV

de%\?fb%w :I:MHFW GHWHFWLRQ DQG PRWLRQ SU
P PRAYROXWIRQDGK\VLFV %DVHG ORGHO )XWXUH 30D|Q
Q

JRU JUDPHV DQG 7KH SURSRVHG SK\VLFV PRGHO SHUI

G JUDPHV DQG FRQILGHQFH YDOXHV LQ WKH LGHPO

_ ZLWKLQ WKH GDWDVHW ([SHFWpwW

kloBEXODWH (XFIOLGHSHPRYH SFDPHU LPSURYHPHQWYV LQFOXGH KLJKHU| Hf

U GLVWDQFHV EHVii## PRWLRQ' LI DOO| VKEMBIFWNU SURFHVVLQJ UDWHV  JUH
ERXQGLQJ ER[HY RI \PRYH FRQVLVWHQWDHEHWZHHQ PXOWLSOH REMHFWV §QG

L VDPH FODVV EHWZHHQ IUDPH SUHGLFWLRQV IRU DFFRXQWHG FRPS

1 RFFOXVLRQV OLJKWLQJ DQG FDPHUD|

JLPLWDWLROV RI FXUU
LR EWIK\ WkH VKRUW)LQG WKH FKDQJH LR HQw| P

WDQFH EHW %YHORFLW\ EHWZHHQ WZELoLW\ WR DFFRXQW IRU FKDQJLQ
ve QGLQDJVEIR[VHHORF SDDFLFUHVO:'U'DUWDLP: LQDELOLW\ WR SUHGLFW REMHFW PRW|l
WS 9 3UHGLFWLRQ PRGHO DFFRXQWV IRU
l WUDQVIRUPDWLRQV
JRU QH[W _ IUDPHV 8QLGHQWLILHG REMHFWV ODFN SK\VL
L!nl-q NLQHPDWLF HTXDWLRQV WR SUHTL OHRFAPPURQV RI IXWXUH
BAX QG W GRIEHV

$SSOLEDWLRQV
.1 JURXQG WUXWK LV FORVH WR WKH SWRIGQEWHXWK LV 10U 1URP WKH sjulHEFPWHE ERXbeLgy HIHQVH .QexvY U
ERXQGLQJ ER[ LQFUHDVH FRQILGHRRH SHREBBVEALMRAQGILGHQFH SUREDE %WQRPRXV ‘URQHV oRYHPHGW |
3UHOLPLQDU\ 5HVXOWYV 5HIHUHQFH)|

bottle.
. 4 i 4
SLUVKLEN 5 HW DO SLFK HDWXUH KLHUD|\

JLUIXUH %RWWOH GHWHFWLRQ ZLWKRUXMUH OXOWLSOH REMHFW GHWHFWLRGuArw GHwHFWLRG 5O VHPOOWLE VHib
SK\VLFV EDVHG OHDUQLQJ OHIW DQ&LMMNMARXW SK\VLFV EDVHG OHDUQLQJ OHIW

SK\VLFV EDVHG OHDUQLQJ ULJKW DQG ZLWK SK\VLFV EDVHG OHDUQLQJ ULJKs Hw b0 )oVWHU 5 411 7TRZDUGY 5HI

WLRQ ZLWK SHILRQ 3URSRYDO 1HWZ

7KH SK\VLFV EDVHG PRGHO UHVXOWYV LQGLFDWH VLIQLILFDQW LQFUHDVHV LQ WKH DFFXUDF\'RI WKH PRGHO ZKH:

VLPSO\ WKH )DVWHU 5 &11 IUDPHZRUN )DVWHU 5 &11 ZLWK SK\VLFV EDVHG PDFKLQH,QHRUQLQA Jd- QEULHRVHY WKH,
REMHFW GHWHFWLRQ DQG UHPRYHV FODVVLILFDWLRQ HUURUV IRAOREMHEMNFw ‘HWHFWLRQ &RSS

6DKD 6XPLW S &RPSUHKHQVLYH *XLGH WH|
1HXUDO 1HWZRUNV * WKRRZDUOV 'DWD
6FLHQFH

IHL ) ) HW DO "HWHFWLRQ DQBNDQIRWGW
BQLYHUVLW)

‘LUVKLEN 5 )DVW 5 &11 &RSS
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OLOOLPHWHU 6FDOH ODJQHWLF 6KLHOGL

'"HYLFHV WKDW UHO\ RQ DWRPLF VSHFWURVFRS\ VXFK DV QXFOHDU
J\URVFRSHV DQG DWRPLF FORFNV DUH VWURQJO\ DIIHFWHG E\ H[WH
7KXV LQ RUGHU WR PLQLDWXUL]H WKHVH GHYLFHV ZKLOH PDLQWDL

OLQHV DZD\ IURP WKH HZHORXBSREHYRIFR¥U UHVHDUFK LV WR IDEUL
DQG WHVW SRWHQWLDO VKLHOG GHVLJQV %DVHG RQ SUHYLRXV UH
WKDW WKH RSWLPDO GHVLJQ ZRXOG FRQVLVW RI FRQFHQWULF F\OL(
SHUPHDELOLW\ DQG ORZ SHUPHDELOLW\ PDWHULDO %\ DOWHUQDWL|
YHQWHG DGMDFHQW IHUURPDJQHWLF PDWHULDO IURP UHGXFLQJ WK
OD\HU ORUHRYHU PXOWLOD\HU VKLHOGLQJ DOQRZHG XV WR PLWLJD
LF VDWXUDWLRQ DV D VLQJOH OD\HU RI PDJQHWLF PDWHULDO ZRXO
TXLFNO\ OLPLWLQJ WKH VKLHOGfV DELOLW\ WR JHQHUDWH DQ RSSR
RXU UHVHDUFK E\ VLPXODWLQJ SRWHQWLDO VKLHOG GHVLJQV LQ &2
YHORSLQJ DQ DSSURSULDWH WHVW VHWXS WR DVVHVV WKH HIIHFWL
IDEULFDWLQJ VKLHOGVY WR WHVW )RU RXU WHVW VHWXS ZH JHQHUL
DQ HOHFWURPDJQHW DQG PHDVXUHG WKH PDJQHWLF AX[ GHQVLW\ X
ERDUG ZLWK D PDJQHWRPHWHU PRXQWHG DW LWV WLS VKLHOGLQJ
E\ WDNLQJ WKH UDWLR RI H{IWHUQDO WR LQWHUQDO PDJQHWLF ¢(¢HOG
E\ HOHFWURSODWLQJ DOWHUQDWLQJ OD\HUV RI SHUPDOOR\ DQG FR

DLQJ %?HR?L?LMW&?% ﬁd{ﬂeb&aes each successive

VFDOH PDJQHWLF VKLHOGV PXVW EH GHYHORSHG WR SURSHUO\ UHG|LUH F Weribs 72518 Serie sdoqeipes of feromagneti

IFE D W HHaving multiple layers mitigates effects of saturation

WY somues__ Fost Track to

Millimeter-Scale Magnetic Shielding

Sydney Walsh, Hou Seng Wong, Justin Shao, Jimmy Wu, Robert Candler

g Department of Electrical and Computer Engineering, University of California, Los Angeles
Purpose Magnetic Shielding Overview

Devices that rely on atomic spectroscopy No B, applied B, applied
(atomic clocks, NMR gyroscopes, etc.)

s
Research pregram

Shields created from high permeability ferromagnetic mafe
When an external magnetic field {8 applied, the previously

are sensitive to external magnetic fields “‘%""T randomly ordered dipoles align in the direction of the appli
In order to miniaturize these devices Ay ! e BELLR field, generating an opposing magnetic field

while maintaining precision, we must 21031 | cundation These fields cancel, redirectipgéiay from the device
enclose them in smal.scale magnetic (" £ %y [N enclosed in the shield

shields Iy e Magnetic material reaches saturation when a strong enotc
Our research serves primarily to test and external magnetic field is applied that the material cannot
fabricate potential shield designs By ovoesomn magnetize further, decreasing effectiveness of shielding

Figure 2: Depicton of DC magnetic shielding process.

Figure 1: Chiscale atomic clockz]
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Methods
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External magnetic field generated by
current outputted by function generator

Magnetic flux density inside,(and outside (8) the
shield measured by printed circuit board with
magnetometer mounted at its tip

We perform 2 trials: one increasing the magnetic field
without the shield (8) and another with the shield,08
Shielding Factor: S .28 o

esults & Discussion
Plate vs. Cylinder Design

with

Fiqure - Viual epreertaton o clecropaing process
Electroplate alternating layers of permalloy and copper|

solution

To electroplate permalloy, use nickel and iron as anode
instead of copper
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,I \RX ZRXOG OLNH WR ¢QG RXW PRUH DERXW WKH 6X$PHU 8QGHUJUDGXDWF
SOHDVH FRQWDFW 'LUHFWRU :LOOLDP +HUUHUD

:LOOLDP +HUUHUD
G8(#1.3(
Ve, (—+&- HSIHOH-(1"$2(3, (-

ZLOOLDPK#VHDV XFOD HGX
(QILQHHULQJ 6WXGHQW 5HVRXUFH &HQWHU %RHOWHU +DOO

2U YLVLW RXU ZHEVLWH DW KWWSV WLQ\XUO FRP XFODVXUS

Samueli

School of Engineering

UCLA




