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Abstract— Real-time monitoring of cellular-level changes
inside the body provides key information regarding disease
progression and therapy assessment for critical care including
cancer therapy. Current state-of-the-art oncological imaging
methods impose unnecessary latencies to detect small cell foci.
Invasive methods such as biopsies, on the other hand, cause
disruption if deployed on a repeated basis. Therefore, they are
not practical for real-time assessments of the tumor tissue. This
work presents a proof-of-concept design for an implantable
fluorescence lensless image sensor to address the pervasive
challenge of real-time tracking of the immune response in
immunotherapy. The 2.4x4.7 mm2 integrated circuit (IC)
prototype consists of a 36 by 40 pixel array, a laser driver and
a power management unit harvesting power and transferring
11.5 kbits/frame through a wireless ultrasound link while
implanted 2 cm deep inside the body. Compared to prior
art, this is the first full-fledged wireless system implementing
chip-scale fluorescence microscopy to the best of our knowledge.

Clinical relevance— This prototype can be used to personal-
ize immunotherapy for the 50% of cancer patients who do not
initially respond to the therapy.

I. INTRODUCTION

Fluorescence microscopy is instrumental for obtaining
cellular-level information from inside the body. One key
application is real-time visualization of tumor response to
therapeutic procedures to help oncologists assess effective-
ness of the therapy during the course of the treatment. This
is particularly relevant for immunotherapy, a game-changing
therapeutic which exploits the immune system to attack
cancer [1], but it is only effective in less than 50% of the
patients [2], [3], [4], [5]. For patients who do respond, the
immune system is unleashed to fight previously incurable
cancers, resulting in long-term, durable responses [6]. For
those who do not respond, detailed cellular-level information
is needed to identify non-responders early on - when the
window for cure is still viable - in order to quickly pivot
and assess the response to additional therapies.

To date, this can only be accomplished by a biopsy and
microscopic evaluation which is impractical on a repeated
basis. Moreover, current imaging modalities cannot reveal
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Fig. 1. Concept of an implantable fluorescence imaging system (piezoce-
ramic, imager IC, laser diode and storage capacitor) communicating with
an ultrasound transducer

real-time multicellular changes at micron-scale, instead re-
lying on centimeter-scale growth to detect a change. Due to
the latency and low sensitivity of the state-of-the-art imaging
systems, the curative window is lost before a critical change
in the tumor size is registered [7].

While state-of-the-art chip-scale imagers provide high
resolution for multicellular visualizations, they are not im-
plantable inside the body [8]. The fluorescence imagers
proposed in [9] and [10] require external wiring for power
and data transfer; hence, impractical to be utilized as stand-
alone implants for long-term real-time monitoring. This has
led us to propose an implantable fluorescence imager to
implement a “wireless biopsy”, leveraging new innovations
in optics fused with advances in CMOS technology to
personalize medication based on the individual response
of the patients. Infiltration of the immune cells into the
cancerous tissue and disease progression can be assessed by
imaging the immune cells and the tumor labeled with fluo-
rescently tagged biomarkers systemically injected in a host
of clinical trials [11], [12]. Miniaturization of the implant to
the size applicable to implantation via a core biopsy needle
(millimeter-scale) imposes stringent limits on the dimensions
of the imager. Therefore, in this proposed solution, bulky
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optics are eliminated to avoid any disruption for implantation
and operation of the device [13]. To obviate the need for
optical lenses, a fiber optic plate coupled with on-chip optical
structures called angle-selective gratings (ASGs) are utilized
to restrict the angle of incident light resulting in images
with higher resolution [14]. The stand-alone operation of
this system on a chip (SoC) miniaturized microscope relies
on providing illumination with a mm-sized laser diode as
well as wireless power and data transfer controlled by an
external interrogator. Inspired by current medical implants,
an ultrasonic link is utilized to leverage the low attenuation
(∼ 1 dB/cm/MHz) of acoustic waves in the tissue to enable
efficient wireless power transmission and communication
with a deeply seated imager implant [15], [16].

This manuscript introduces a fully contained proof-of-
concept chip-scale imager interfacing with the biological
world by detecting small clusters (<1 mm) of fluorescence-
labeled cells in real-time and wireless transmission of the
data to an external transducer. If deployed inside the body, lo-
cal networks of implantable imagers can be incorporated for
a variety of applications including resolving a 3D structure of
the tumor and estimating the depth information from overlaid
stacks of the cells. In this paper, we present how the overall
system powers up, captures an image from a fluorescent dye,
Cyanine5.5-NHS (Cy5.5), converts and transfers the data
back to construct the image. Section II discusses system-level
design challenges and the corresponding solutions. Section
III entails proof-of-concept experimental results of imaging
a resolution target with the fluorescent dye, and Section IV
concludes the work.

II. IMPLANTABLE IMAGING SYSTEM

Design of a self-contained implant for fluorescence mi-
croscopy relies on integration of the power and data
transceiver, the optical illumination source (as light cannot
penetrate from an external source deep into the body) and the
CMOS imager array. As shown in Fig. 1, the implant consists
of: (1) a piezoceramic to harvest power (from acoustic waves
launched by a distant external interrogator) and wireless
transmission of data through an ultrasound (US) link, (2)
the imager IC fused with ASG filters to capture the optical
signal generated by (3) the mm-sized laser diode and (4) a
storage capacitor. The device can be implanted using core
biopsy needles, similar to gold-seed fiducial implants used
to mark tumors for radiotherapy [17]. This section describes
in detail the strategies to address design challenges for each
component and the full system.

A. Fluorescence Microscopy

Prior to imaging, the cells are labeled with fluorophores
engineered to conjugate with antibodies specifically targeting
the cells of interest. Once bound to the target, the flu-
orophores are excited by the excitation light resulting in
emission of a longer-wavelength light after a Stokes shift
[18]. The emitted light is filtered by an optical bandpass
filter and is captured by the CMOS sensor. The received

Fig. 2. (a) Circuit block diagram of the IC (b) timing diagram of the
Finite State Machine and the corresponding critical signals (c) detailed
backscattering protocol

fluorescence signal from a cell is computed as follows

F = σQPinN, (1)

where σ is the fluorophore absorption cross section in cm2,
Q is the fluorescence quantum yield, Pin is the incident light
flux in W/cm2, and N is the number of fluorophores attached
to the cell [19]. A typical Cyanine5.5-NHS Dye that can
be excited by a 635 nm laser diode, has quantum yield and
fluorophore absorption cross section equal to 20% and 10−16

cm2, respectively [20], [21], therefore, an optical input power
close to 30 mW/cm2 is needed to generate a 200 fW signal
that can be detected by the sensor [13].

B. Optical Source

As shown in (1), inefficiency of fluorophores in emitting
the received optical power, due to their small absorption
cross-section, determines the required optical power for the
excitation source to maintain high sensitivity while detecting
small clusters of cell foci.

A 635 nm edge-emitting laser diode provides an excitation
power close to 30 mW/cm2 at its nominal operating point.
A Stokes shifted longer wavelength photon at 710 nm is
emitted, and detected by the imager. A bandpass interference
filter (ET 710/55 nm, Chroma) rejects any input light with
wavelengths shorter than 682 nm including the excitation
light by 60 dB. A 500 µm-thick quartz wafer with a wave-
length selective coating is epoxied on top of the chip. To
achieve the required incident optical flux, the laser diode is
operated with a nominal voltage and current of 2.2 V and
33 mA as shown in Fig. 4(b).
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C. CMOS Imager SoC Design

Fig. 2(a) shows the block diagram of our implantable
imager, consisting of 4 main blocks: the pixel array, power
management unit, laser driver and the Finite State Machine
(FSM) for digital control. The chip measuring 2.4 mm by
4.7 mm was fabricated in a standard 0.18µm 1.8V/5V/32V
process. Detailed design of the pixel array is presented in
[13]. The photodiode current for each pixel in the 36x40
array is integrated on the feedback capacitor of the capacitive
transimpedance amplifiers (CTIAs). The output voltage is
sampled twice at the beginning and end of the integration
time generating reference and signal values respectively. This
correlated double sampling (CDS) scheme suppresses offset
and low frequency noise. Provided typical values described
in Section II.A, 8 integration times ranging from 16 ms
to 128 ms in steps of 16ms can be hard-coded for each
device. Signal and reference voltages of each pixel are read
sequentially, subtracted and converted to a digital signal
using a differential 8-bit SAR ADC. The serialized data
is backscattered wirelessly using an on-off keying (OOK)
modulation scheme to sustain robustness while transferring
11.5 kbit/frame of image data that will be discussed in the
next section. The power management unit rectifies the input
AC waveform to a 5 V DC voltage to supply the entire
SoC. Various on-chip low-dropout voltage regulators (LDOs)
regulate the supply voltage (1V, 1.8V, 2.1V, 2.5V, 3.3V) for
the imager, the FSM, the laser driver and the ADC. The
harvested energy is stored on a 1.4 mF off-chip storage
capacitor during US power transfer to get utilized during
illumination of the laser diode. The laser driver generates
a 50 kHz, 50% duty-cycled pulsed current of 33 mA only
during the integration interval. The supply voltage of the
laser driver is regulated to 2.5 V to refrain from damaging
the laser diode. A dedicated FSM controls co-operation of the
imager with the laser driver and is synchronized with a clock
signal extracted from the AC signal. Fig. 2(b) depicts timing
diagram and state transitions of the chip. The operation of the
chip is broken down into 4 states: Charge-Up, Illumination,
ADC Operation and Backscattering Modulation. A watchdog
signal (triggered in the absence of US pulses) keeps track
of the state transitions and data transfer [15]. As noted in
Section II.B, power consumption of the implant is dominated
by the laser diode. To accommodate the electrical power of
36.3 mW for the laser diode (72.6 mW nominal electrical
power with a 50% duty cycle) during illumination, a 1.4 mF
storage capacitor is chosen to store charge during power-
up. The chip starts harvesting power upon arrival of the
incident US input and remains in charge-up state until the
rectified voltage (Vrect) reaches 5 V. After the LDO voltages
are established, a power-on reset (POR) signal initializes
the digital control. During the charge-up state, the pixel
array is turned off to speed up the initial charging period.
Followed by the illumination state, the first transition of the
watchdog signal is indicative of the end of the charge-up
period. During illumination, the diode turns on while the
photodiode current starts getting integrated for each pixel

Fig. 3. Measured state transitions (a) FPGA control signal for AM
Modulation of the AC source (b) Charge-Up (only the last 90 ms is shown)
and Illumination states (c) Analog to digital conversion and backscattering
states

and then sampled at the end of the state for subsequent
data conversion and backscattering. Power-intensive blocks
including the buffers preceding the ADC, the pixel array
and the laser driver are duty-cycled off when not being used
during data uplink. Despite the considerable droop of Vrect
during illumination, the LDOs are designed to operate with
input voltages as low as 3.5 V to ensure functionality of
the device for the subsequent states. Each pixel’s voltage
is converted and wirelessly transmitted by modulating the
impedance of the same piezoceramic used for power transfer
until the watchdog timer counts for the entire 36x40 pixels.
The data transfer protocol is discussed in the next part.

D. Wireless Power and Data Transfer Protocols

For low tissue attenuation of acoustic waves while operat-
ing in depth inside the body, an US link minimizes the size
of the implant and the charge-up period by providing higher
power transfer density compared to EM waves and optical
links [22], [23]. Maintaining a small form-factor for the
implant necessitates having a single-element piezoceramic
for both power harvesting and data back-telemetry. Capturing
a high resolution image requires transferring 11.5 kbits
(34x40=1440 pixels, 8-bit per pixel) per frame. A pulsed-
echo OOK modulation scheme is implemented to separate
power and data transfer in time domain while using a single
piezoceramic for both. A robust backscattering scheme is
implemented as shown in Fig. 2(c), where each 8-bit packet
is divided into sets of 2 bits fit within the 26.7 us roundtrip
(2ToF, time-of-flight) of US waves for a depth of 2 cm.
Wireless transmission of a single bit by means of OOK-
modulated ultrasound backscattering requires modulation of
the termination impedance of the piezo, RLoad. At the series
resonance frequency, fs, the normalized backscattered echo
amplitude is proportional to RLoad/(RLoad +Rpiezo), where
Rpiezo is the internal resistance of the piezo at fs [24].
Therefore, a modulation switch, S_Mod in Fig. 2(a), is used
to modulate RLoad and ultimately the echo amplitude for
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Fig. 4. (a) setup for measuring optical power of the laser diode driven by
the on-chip laser driver (b) I-V characterization of the laser diode and its
nominal operating point (c) voltage of the photodiode in PM100D power
meter during a 96ms illumination interval (d) 50% duty-cycled, 50 kHz
photodetector output voltage

OOK modulation.

III. EXPERIMENTAL RESULTS

In this section a proof-of-concept demonstration of the op-
eration of the SoC with a sinusoidal input signal, amplitude
modulated (AM) by an FPGA (Xilinx Spartan-6 LX45) is
presented. Input frequency and equivalent impedance of the
AC source are chosen to replicate the resonance frequency
and electrical impedance of a 1.5x1.5x1.5 mm3 piezoceramic
(Lead Zirconate Titanate, PZT) measured in canola oil (∼
0.25 dB/cm attenuation at 1 MHz). The 1 MHz AC signal is
applied as an input voltage source with a series resistance of
2 kΩ to electrically model the piezoceramic. Each IC block
is characterized separately and functionality of the entire
system is verified by imaging a fluorescent dye Cyanine5.5-
NHS, distributed over a resolution test target providing a fine
spatial structure to evaluate the image resolution.

A. State Transitions

The required charge-up time for the storage capacitor is
characterized by varying the interval the AC signal is applied
during the initial state. For a 1.4 mF storage capacitor, Vrect
reaches 5 V after 20 s, which enables capturing minute-scale
movements of cells inside the tissue environment [25]. State
transitions of the IC for a 20 s charge-up, 64 ms illumination
and 13.5 us ToF (27 us round-trip interval) are shown in Fig.
3. A digital state control signal from the FPGA modulates
the AC signal. Fig. 3 shows the AC input signal and the
output of the watchdog timer for a complete set of Charge-
Up, Illumination, ADC conversion and Backscattering states.
As depicted in Fig. 3(c), the AC signal is modulated by
the serialized output of the ADC with a modulation depth
of 91%. The amplitude modulated AC signal in Fig. 3(c)

Fig. 5. (a) Imager IC with the optical filter, dark epoxy for optical
isolation (b) laser diode mounted and wire-bonded (c) imaging setup for
Cy5.5 distributed over the USAF target (d) diagram of the imaging setup

Fig. 6. (a) Images from Cy5.5 dye on 4 regions of the USAF target (pixel
values are shown in ADC codes) (b) USAF target with coverslip and the
corresponding 4 regions

corresponds to the digitized value of 8’b11110100 for the
first pixel with MSB being the first transmitted bit.

B. Optical Power

Fig. 4(a) shows the setup to verify performance of the laser
driver. The output optical power of the laser diode is mea-
sured using the photodiode voltage output of a power meter
(PM100D, Thorlabs) which is proportional to the detected
optical power. As shown in Fig. 4(d) the photodiode voltage
(Vpd) is a 50 kHz, 50% duty-cycled signal tracking the
current applied to the laser diode. Using PIV characterization
of the photodiode, the measured laser diode current varies
from 33.5 mA to 29 mA corresponding to optical powers of
2.1 mW to 0.9 mW respectively. The 13% current drop stems
from the droop in Vrect throughout the illumination state,
which can be improved by using a larger storage capacitor.

C. Imaging Setup

Fig. 5 shows the experimental setup for imaging the fluo-
rescent dye on a resolution target. The Chroma ET 710/55nm
bandpass filter is epoxied on top of the chip and black epoxy
is applied on the wire-bonds covering all sides to avoid any
bleed-through from ambient light and the excitation source
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as shown in Fig. 5(a). The laser diode is epoxied and wire-
bonded to a separate board and connected to output pads of
the laser driver in Fig. 5(b). Cyanine5.5-NHS Dye is applied
on a coverslip on a USAF 1951 Resolution Target. Each
image is captured, converted and streamed out in real-time
after a 20 s charge-up interval.

D. Imaging Fluorescent Dyes

Fig. 6(a) shows the output images of the corresponding
metallic locations on the USAF target illuminated by the 635
nm Roithner laser diode and emitted from the fluorescent
dye. As depicted in Fig. 6(b) the chip captures the selected
structures with single pixel resolution (∼ 55 µm) with a 64
ms integration time. This is a proof-of-concept demonstration
of the performance of the SoC for a bench-top experimental
setup. The input source is applied in a setup representative
of the piezoceramic device which facilitates reproducibility
for a fully wireless setup imaging ex-vivo samples.

IV. CONCLUSIONS

This work presents a fully-contained implantable image
sensor to provide real-time assessments of the tissue at
early stages of disease progression addressing challenges
in immunotherapy. We demonstrate, to the best of our
knowledge, a prototype for unprecedented wireless chip-
scale fluorescence microscopy with frame times close to 20-
25 s eliminating the need for focusing lenses, fiber optics,
batteries or any external wiring.
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