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Silicon Nanophotonic Biosensor Chip for Lung
Cancer Detection
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Biochip Preparation and Detection Procedure
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Integrated Photonics for Biosensing
(Lab-on-chip)
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Figure: Schematic of SWGMR biosensor. (a). Device schematic
(b). Real fabrication.
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LabVIEW-based Program for Peak Detection
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Figure: Flowchart of the peak minimum location determination algorithm.
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Figure: (a) The high noise real bio sensing spectrum. (b) Real-time AA analysis with algorithm
implemented. (c) Real-time peak shift tracking
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Medical cancer clinics THE UNIVERSITY OF TEXAS
-  MD Anderson

MD Anderson
Medical University of South Carolina 'Gaﬂeef(jenter®

Louisiana State University Health Science Center

Pancreatic Cancer in US today: 65,000 cases

- Survival rate at early detection: 44% é MUSC
- Overall survival rate today: 15% Medical University
. . . . . f South Caroli
e With Our Bio-Photonic chip’s early detection Rk

Converts all cases to early detection cases

Overall survival rate improves by 29% (from 15% to 44%)
Increased survivors: 65,000 * 29% = 18,500 Lsu

NEW ORLEANS

50 lives saved every day

on just pancreatic cancer in the US alone
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20 US Patents Granted

1 Two-dimensional photonic crystal MicroArray measurement method and
apparatus for highly-sensitive label-free multiple analyte sensing, biosensing, and

10 Packaged chip for multiplexing photonic crystal waveguide and photonic
crystal slot waveguide devices for chip-integrated label-free detection and

diagnostic assay

US Patent number: 11097246, 2021

2 Two-dimensional photonic crystal microarray measurement method and
apparatus for highly-sensitive label-free multiple analyte sensing, biosensing, and

absorption spectroscopy with high throughput, sensitivity, and specificity

US Patent number: 8636955, 2014

11 Photonic crystal microarray layouts for enhanced sensitivity and specificity of
label-free multiple analyte sensing, biosensing and diagnostic assay

diagnostic assay

US Patent number: 10610846, 2020

3 Subwavelength Photonic Crystal Waveguide in Optical Systems

US Patent 10,215,918, 2019

4 Method for label-free multiple analyte sensing, biosensing and diagnostic
assay

US Patent number: 9579621, 2013

5 Subwavelength photonic crystal waveguide with frapezoidal shaped
dielectric pillars in optical systems

US Patent number: 9563016, 2017

6 Subwavelength grating coupler

US Patent number: 9122820, 2015

7 Method for chip-integrated label-free detection and absorption spectroscopy
with high throughput, sensitivity, and specificity

US Patent number: 9063135, 2015

8 Broadband, Group Index Independent, and Ultra-Low Loss Coupling into Slow
Light Slotted Photonic Crystal Waveguides

US Patent 9,170,374, 2015

9 Packaged Chip For Multiplexing Photonic Crystal Microcavity Coupled
Waveguide And Photonic Crystal Slot Waveguide Devices For Chip-Integrated
Label-Free Detection And Absorption Spectroscopy With High Throughput,
Senisitivity, Specificity, And Wide Dynamic Range

US Patent 2,164,026, 2015

US Patent number: 8623284, 2014

12 Method for label-free multiple analyte sensing, biosensing and diagnostic
assay

US Patent number: 8580200, 2013

13 Photonic crystal band-shifting device for dynamic control of light transmission
US Patent number: 8571373, 2013

14 Photonic crystal microarray device for label-free multiple analyte sensing,
biosensing and diagnostic assay chips

US Patent 8,293,177, 2012

15 Multimode interference coupler for use with slot photonic crystal waveguides
US Patent number: 8189968, 2012

16 Photonic crystal band-shifting device for dynamic control of light fransmission
US Patent App. 12/455,791, 2010

17 Method for the chip-integrated spectroscopic identification of solids, liquids,
and gases

US Patent number: 9157850, 2015

18 Method for the chip-integrated spectroscopic identification of solids, liquids,
and gases

US Patent 8,585,974, 2013

19 Integrated photonic crystal structures and their applications

US Patent 9,157,856, 2015

20 Slot waveguide with structural modulation

US Patent number: 10490906, 2019
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Biomarkers so far has been detected

Breast cancer biomarkers

Lung Cancer Biomarkers
Pancreatic Cancer Biomarkers
Three Antibiotic drugs

Heavy metal attached biomarkers

COVID-19 Spike Proteins
Flu virus

Depression biomarker (under evaluation)
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Absorption Spectroscopy
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Miniaturized Lab-on-chip Absorption Spectroscopy Detected Analytes (on-chip)
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3. Measure the output power interferogram
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Free-space optical technologies — why mid-infrared?

Hence: Operation in adverse conditions such as fog, haze, and intense sunlight

www.cablefreesolutions.com
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1D Optical Phased Array — beam forming and steering
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1D Optical Phased Array — demonstration @ A = 4.6 um
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2D Optical Phased Array — beam forming and steering
Beam Far field
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steering range)
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2D Optical Phased Array — element distribution  (2x-spaced uniform grid)
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2D Optical Phased Array — demonstration @ A = 4.6 um
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2D Optical Phased Array — demonstration @ A = 4.6 um
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MODTRAN Simulations of Transmittance vs Visibility for Typical and
Proposed Experimental Setup of Mid-IR 2D-Scanning Lidar System
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Photonic Al keeps growing

Al influences various aspects of our lives

. ChatGPT

Why Photonic Al ?

* Low latency and low power consumption

* High bandwidth in the analog domain

* Unique multiplexing techniques, e.g., WDM
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Recent Work on Optical Neuron Networks (ONNSs)

Photonic Neural Network Trends in Academia Foundry / EPDA Support in Industry

[ASP-DAC’20, TCAD’20,

[ Photonic Computing Chip Designs ]
ACS Photonics’22]
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LIGHTELLIGENCE

JIGHTMATTER
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| [DATE’20] i , @IEE OPT1US nght*n
.« i 1 . 8 ;7" [Nat Comm. 22] - light powered computing
3oar - 2 \ A Nature’21
[SciRep't7] _[PhysRev'19] 3 IR ] i Design Automation / [ PDKs / Foundry ]
5 T 295 Simulation Tools
[APR20] - ® crn AITAA
T e ST
ok Nature'21
- [Nature 19] t ita:_ b [ ] \n sys S‘/"UPS‘/S .
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-» > [ASP-DAC'19] [HPCA <0
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[Nat. Photon’17] ": GlobalFoundries”
u
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Building blocks of Analog integrated photonic Al accelerator

/" Amplitude modulator

~

(2 %2 amplitude modulgtor )

(a) | (b)
¢ ¢ yi=(1—-a)-x
X y = a_g —— —
- Modulator X Modulator Yz ax
\- J\. J/
4 V4 ™
(c) Phase shifter ¢ (d) Directional coupler
= —i¢ kl
> v 25 = =—> 1
\ Y / (yl) _ (t ik) (xl)
X Va2 ik t/\X2
\ J\ = S e < J
r(fe)‘f’ branch ) f{f] MZI modulator (U2 unit) )
x V2
R Y= (%1 + x3) V2 o ¢
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X9 ‘V[E —p “:‘ _>y1
_’_yl = 7}5
X
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Implementation of Photonic Tensor Core (PTC)

MZI Mesh based on Si lar Value D iti SVD . . - -opti iki
ingular Value Decomposition (SVD) Weight Bank Architecture [Tait+, 2017] PCM-based All-optical Spiking Neuron
[Shen+, 2017] [Feldmann+, 2017]
Interference unit Nonlinearity unit U(.z) Block WOM Inputx Sutpatew
[N @ @ |
l Photodetector
Balanced _ === e e
i E/O !
MRR weight bank __Detegtor Converter : Input Through i
I
N N 5 | L ]
A B ) o L -
link | o o o | Oog
" — v g Ay \ ! | nia! ——
r Weighted Addition ﬁs : : Plastic synapses WDM multiplexer PCM Cell MRR
4 ]
~ Ll evenan |
\ Broadcast Interconnect ’ J | ?9 % 0‘8 Z 0‘8 ¥ i
@8 Unitary matrix multiplication core @  Diagonal matrix multiplication core bmmmmmmmmmmmmmmmeee / \
Scaling issues of ONN architectures
Full-range Dot-product based on Coherent Interference - M_R_R-based Crossbar Array [Ohno+, 2017]
[Shen+, 2017] ! * Hardware complexity for modulation
1
. . L (Z 1 4) : . # of device O(m? + n2)or O(m-n) for GEMM
z xL(l J) V2 ; ! ;
2y @1 wpl) A b ! «  Power assumption of active devices and ADC/DAC
- . ,\,\ | ..\ Port7 . .
o] Forward signal x /" MRR crossbar array W —= | » High cascaded propagation loss
aX Ty DETTA Backward signalo ] . . .
; Porta | 7Ol w0 Ol 7O SR « High control precision requirement
H Port 3 ""1301 was O W33Ol W4sol
T i Port2 it wioOff w20l 2O wsOf * Robustness concern: Process variations, limited
' ' ' 1 i\ Port 1 A Wlloll Wuoll W%lOl W, HOI’

| ! \resolution of tunable devices, dynamic noises... /
PD array PD1E| Pnzlj pp3[| PDa[] Pnslj pos[| po7[] PDs[]]
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Device level: Explore customized device

Passive Device/Structure Multi-Operand Optical Neuron (MOON)
Multi-operand Optical Neuron Multi-operand MZI
U ol L U et o s bilk

= 2x250/50 splitter
—— Phase shifter

=iz Photodetector

input pr ration ODFT ration complex modulation OIDFT ration .
B [;;:1 °25°22p]e s Ll [ Feng, et al. Nanophotonics 0 (2024) ]

f—— Q/2=N/(2k) columns ————

Electrical Input

. n— X1 X\ ey XK1
Positive A Wy wk;ﬁ On-chip Laser
Ball ' Yox &Nzk.}.w ,
(dg>0) Xia Xy LA x4y Frequency Comb

dQ/Z-l

7 \‘4\ ™\
\_Z \ ) @ Negative
. = Rail
‘ | ‘ I Learnable Balancing Factors w

Micro-ring Modulator

el CH o A

\ X m Yo
L ) 2M
P\ rows

Multi-operand Resonator

MORR-based Crossbar Array Differential
i ; . Output A Photodiode
Q N i T Q Yma —{@— Transimpedance Amplifier
( . &
Multi-operand MMR p { WDM Multiplexer
Subwavelength Metasurface  [Wang+, 2022] [ Gu, et al. 2021 Design, Automation & Test in Europe Conference & Exhibition (DATE). IEEE, 2021. ]
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Our efforts: Four rounds of optical neural chips

L] - L]

e 2022 [ ATAA . ey ATAA.

FOUNDRY \ £ Q9LEELYL | FOUNDRY \ LvEAYL |
- phatonics - photornics

e e 4 %™ Fiber
'tlbl‘fl V¥ ¥Array

» Butterfly-style photonic circuit mesh * Multi-operand optical neurons * Multi-operand-based ONNs » Dynamically-operated PTC
[ Feng, et al. Acs Photonics 9.12 (2022) ] [ Feng, et al. Nanophotonics 0 (2024) ] [ Under Testing ] [ Coming this Summer ]

> Co-packaged chips * Block-circulant subspace ONN > Al-Assisted design > Full-range MVM

> Electrical control systems for analog [ Ning, et al. SPIE, 2024 ] » More customized devices > High-speed dynamically modulation
computing » On-chip photodetection

» Customized photonic devices
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More Datasets

MNISZ(::‘;davzzﬁzZydlgltS) CS:';/ChQSt X-ray Fashion MNIST dataset Street-view-house-number (SVHN) dataset
o .5% accuracy >88% accurac >85% accurac
DNN Model: 2-layer CNN (1.6k #params) VGGS (4M #params) 3-Ia°yer CNN Y 3-Ia°yer CNN Y
3-bit weight resolution 3-bit weight resolution 4-bit weight resolution 4-bit weight resolution
[Feng et al., ACSph, 2022] (For proposal use) [Feng et al., Nanophotonics, 2024]
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CIFAR-10 dataset
>85% accuracy on Butterfly-style PTC
3-bit weight resolution [1]

10000

8000

NIH Pancreas Dataset

-, 1.0 L B B =0 Ultracold Neutron (UCN) Dataset : i
3 08 - 4000 <96.8% MAPE accuracy in Entry or Cancer Diagnose
3 2000 and Exit Point Prediction using )
206 . . OSNN 3D Fully-Convolutional
o
S 0.4k i oo Network
m b 8000
2 0.2k i s [Lin et al., ULITIMA, 2023] y L CLEO. 2024
o [Lin et al., CLEO, 2024] [Yang al., CLEO, 2024]
Cool B L w | - e
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