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Abstract: In this paper, I will highlight approaches towards enabling CMOS-based in-
tegrated nano-optical sensing systems that are wireless connected, of millimeter-scale and
capable of allowing multiplexed bio-molecular sensing platforms in in-vitro and in-vivo
settings. © 2019 The Author(s)
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1. Introduction

CMOS-based integrated systems have revolutionized computing and communication due to its ability to integrate
complex systems at scale, high yield, low-cost and low power [1]- [5]. Translating some of these properties into
health diagnostics can transform personalized medicine, but interfacing with biology needs a co-design approach
that cuts across the entire stack from sample preparation, handling, bio-chemistry to interface and sensor design,
circuits and architecture, signal processing and algorithms. In this paper, we demonstrate such a path towards
enabling a network of massively multiplexed CMOS-based biosensing platforms that are of millimeter-scale and
can enable sub-pM sensitivity while consuming mW levels of power for both in-vitro and in-vivo sensing.

We will particularly focus on fluorescence-based bio-molecular sensing since it is the most widely used labeling
method for a wide range of bio-molecular assays including nucleic acids, immunoassays, and small molecules. The
paper will demonstrate that integrated nano-optical structures in CMOS that are co-designed with the detection
electronics and signal processing can completely eliminate classical bulky, optical based elements that dominate
such fluorescence sensing systems, thereby miniaturizing them to millimeter-scale sensors [6,7]. We will illus-
trate techniques to integrate multi-functional nanoplasmonic elements in an industry standard CMOS process that
allows scattering and angle-independent filtering of fluorescence-tagged bio-molecules on the surface of the chip.
With integrated 96-sensors in the chip, we show for the first time fully external optics-free CMOS-based fluores-
cence sensing chips in 65 nm CMOS process with 100fM sensitivity for DNAs and pM levels of sensitivity for
proteins, comparable to if not better than commercial reader and ELISA systems [8]- [10].

Taking this forward, we integrate a low power integrated RF transceiver for bidirectional communicating inside
the chip and package the system in a pill for quasi-real time in-vivo sensing [11]. This co-design of electronics
and photonics in a silicon IC platform with integrated sensing, wireless and signal processing (and potentially AI)
hardware can have transformative impact on future optical sensing and imaging systems.

2. In-vitro Sensing: Millimeter-scale and Multiplexed Optics-free CMOS Fluorescence Sensors with Inte-
grated Nano-optical Processing

The multiplexed biosensor encompasses 96-sensors (including photodetection, low-noise analog read-out cir-
cuitry, and digital serial readouts) and integrated nano-waveguide based filters that operate in the visible and
near-IR realized with the embedded copper-based metal interconnect layers in the chip (Fig. 1a). A disposable
glass interfaces with the sensor. The interface can be printed with capture probes for sandwich assays for proteins
and DNAs. We incorporate a packaged LED that excites the assay, where both the incident field (405 nm) and the
fluorescence field (780 nm) (from the quantum-dot based fluorescence labeled biomolecules on the chip surface)
interact with the copper-based 100 nm wide and 1.4 m tall nano-waveguide array. The filtering exploits coupled
surface-plasmon polariton mode (first time demonstrated in CMOS) to allow angle and scattering insensitive fil-
tering by more than 50 dB. This allows the entire system (~ 0.1 cc) to achieve sensitivity levels of 100 fM for
DNAs and 5 pM for proteins [8,9].

3. In-vivo Sensing: Bio-molecular Sensor Pills with Wireless Connectivity

With the system small enough to fit inside a pill, we integrate a low-power radio-frequency transceiver into the
chip to allow for ingestible pill based diagnostics that can relay quasi- real time information to an external base
station. As shown in Fig. 2, we demonstrated a fully packaged biosensor system ( ~ 1.2 cm X 2.5 cm) with
antennas, CMOS IC that consumes only 196 uW of DC power and reception energy efficiency of 28 pl/bit at 7
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Fig. 1. In-vitro sensing: CMOS-based 96-sensor, optics-free biosensor platform a. CMOS chip with
a disposable bio-interface. b. Measured DNA and protein sensitivity [8,9].
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Fig. 2. In-vivo sensing. a. Ingestible 15-pixel sensor with integrated wireless connectivity. b. Meas-
ured transmission through tissue for bidirectional communication in an in-vivo setting [11].

Mbps at 430 MHz. We demonstrate transmission capabilities through inches of tissue showing the path towards
enabling in-vivo sensing for a wide range of applications such as for intestinal monitoring, gut microbiome etc.
Such a bio-to-optics-to-electronics co-design methodology can create a new class of connected bio-sensors for
future personalized and preventive healthcare.

References

1. H. Wang and K. Sengupta, RF and Mm-Wave Power Generation in Silicon, NY: Elsevier, Dec. 2015.

2. Xue Wu and K. Sengupta, “A 40-to-330GHz synthesizer-free THz spectroscope-on-chip exploiting electro-
magnetic scattering,” IEEE International Solid-State Circuits Conference (ISSCC), Feb., 2016, pp. 428-429.

3. X. Wu, H. Lu, and K. Sengupta, “Programmable terahertz chip-scale sensing interface with direct digital
reconfiguration at sub-wavelength scales,” Nature Commun., vol. 10, no. 1, p. 2722, Dec. 2019

4. K. Sengupta, T.Nagatsuma, and D.Mittleman “Terahertz integrated electronic and hybrid electronicphotonic
systems,” Nature Electronics., 1, 622635, Dec. 2018.

5. K. Sengupta and K.J.Vinoy, “A new measure of lacunarity for generalized fractals and its impact in the
electromagnetic behavior of Koch dipole antennas,” Fractals, vo. 14, no.2, pp. 271-282, 2006.

6. L. Hong, H. Li, H. Yang and K. Sengupta, “Fully Integrated Fluorescence Biosensors On-Chip Employing
Multi-Functional Nanoplasmonic Optical Structures in CMOS,” in IEEE Journal of Solid-State Circuits,
vol. 52, no. 9, pp. 2388-2406, Sept. 2017.

7. L. Hong, S. McManus, H. Yang and K. Sengupta, “A fully integrated CMOS fluorescence biosensor with
on-chip nanophotonic filter,” Symposium on VLSI Circuits, Kyoto, 2015, pp. C206-C207.

8. L.Hong, H.Li, H.Yang and K.Sengupta, “Nano-plasmonics and electronics co-integration in CMOS en-
abling a pill-sized multiplexed fluorescence microarray system,” Biomed. Opt. Exp., vol. 9, no. 11, pp.
5735-5758 (2018).

9. L.Hong, H.Li, H.Yang and K.Sengupta, “Integrated Angle-Insensitive Nanoplasmonic Filters for Ultra-
miniaturized Fluorescence Microarray in a 65 nm Digital CMOS Process,” ACS Photon., vol. 5, no. 11, pp
4312-4322 (2018).

10. K.Sengupta, “Fluorescence-based Multiplexed Biomolecular Systems in mm-scale Optics-free CMOS
Chip: Nanoplasmonics in Embedded Electronics” Optical Sensors, San Jose, Jun. 2019.

11. C.Zhu, L.Hong and K.Sengupta, “An Ultra-low-power Wireless System with Integrated Optics-free 15-
pixel Fluorescence Biosensor Array Acheving 28pJ/b Reception Energy Efficiency for Ingestible Bioelec-
tronics Application,” in IEEE International Microwave Symp. , pp. 1-4, Jun. 2019.



