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Abstract—Fluorescence biophotometry measurements require
wide dynamic range (DR) and high-sensitivity laboratory appa-
ratus. Indeed, it is often very challenging to accurately resolve
the small fluorescence variations in presence of noise and high-
background tissue autofluorescence. There is a great need for
smaller detectors combining high linearity, high sensitivity, and
high-energy efficiency. This paper presents a new biophotometry
sensor merging two individual building blocks, namely a low-noise
sensing front-end and a 2nd order continuous-time ΣΔ modula-
tor (CTSDM), into a single module for enabling high-sensitivity
and high energy-efficiency photo-sensing. In particular, a differen-
tial CMOS photodetector associated with a differential capacitive
transimpedance amplifier-based sensing front-end is merged with
an incremental 2nd order 1-bit CTSDM to achieve a large DR, low
hardware complexity, and high-energy efficiency. The sensor lever-
ages a hardware sharing strategy to simplify the implementation
and reduce power consumption. The proposed CMOS biosensor is
integrated within a miniature wireless head mountable prototype
for enabling biophotometry with a single implantable fiber in the
brain of live mice. The proposed biophotometry sensor is imple-
mented in a 0.18-µm CMOS technology, consuming 41 µW from
a 1.8-V supply voltage, while achieving a peak dynamic range of
86 dB over a 50-Hz input bandwidth, a sensitivity of 24 mV/nW,
and a minimum detectable current of 2.46-pArm s at a 20-kS/s
sampling rate.

Index Terms—Capacitive transimpedance amplifier, fiber
photometry, fluorescence, high-precision, ΣΔ modulator,
optoelectronic biosensor, photodetector, wireless.
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I. INTRODUCTION

THE design of fluorescence biosensors have received lots
of attentions, particularly in brain imaging, and in im-

plantable fiber photometry applications for Ca2+ sensing [1]–
[3]. In this scheme, dynamic fluctuations in calcium levels cor-
relate with neural events, such as action potential generation,
exocytosis of neurotransmitters, changes in synaptic plasticity,
and gene transcription. Calcium transients, which are typically
limited to slow variations, the bandwidth of which is of around
50 Hz [2], can be revealed in living animals by genetically en-
coded calcium indicators, such as GCaMP and RCaMP which
are widely used in calcium fluorescence sensing and brain imag-
ing, enabling the selective monitoring of neural activity of de-
fined neurocircuits [2], [4]. However, the fluorescence signal
power depends on several parameters, such as the type and in-
tensity of light source excitation, which requires sensor interface
circuits having a high dynamic range. Indeed, the fluorescence
signal collected by a photodetector can range from a picoam-
pere to a few nanoampere. Conventional apparatus for recording
fluorescence signal typically consists of high-performance mi-
croscopy systems including different modules such as lasers,
dichroic filters, photoreceivers, fiber-optic cannulas, fiber pho-
tometry consoles, etc., and using long tethered fibers to deliver
light and to retrieve fluorescence signals [1], [5]. In [2], fiber
photometry was used to study brain activity at the neural cir-
cuit level during social behavior in mice. They utilized bulk
microscopy and a bench-top lock-in amplifier coupled to a fem-
towatt silicon photoreceiver to retrieve the fluorescence signal
from the target tissue. Fiber optic based microprobes with tips
≤10 μm enabling optical detection of individual neurons deep
in brain tissue have been designed and tested [1]. The fluo-
rescence light is collected by a photomultiplier tube (PMT)
detector, which is bulky and requires a high operating voltage
(≥100 V). Such experimental setups are reliable and precise,
but also impractical for conducting long-term photometry ex-
periments with live laboratory animals, due to the fiber/cable
tethering and risk of breakage or injury. Fluorescence lifetime
imaging microscopy (FLIM) systems contributed to simplify
the bulky microscopy apparatus by replacing dichroic mirrors,
emission filters, and excitation filters, in part, with highly sen-
sitive integrated photodetectors and sensory circuits. In this
scheme, a set of very short optic pulses (e.g., the pulse width is

1932-4545 © 2018 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
See http://www.ieee.org/publications standards/publications/rights/index.html for more information.

https://orcid.org/0000-0003-1473-3451
mailto:mehdi.noormohammadi-khiarak.1@ulaval.ca
mailto:Benoit.Gosselin@gel.ulaval.ca
mailto:ekaterina.martianova.1@ulaval.ca
mailto:cyril.bories@gmail.com
mailto:Christophe.Proulx@fmed.ulaval.ca
mailto:Yves.DeKoninck@neuro.ulaval.ca
mailto:sylvain.martel@polymtl.ca


This article has been accepted for inclusion in a future issue of this journal. Content is final as presented, with the exception of pagination.

2 IEEE TRANSACTIONS ON BIOMEDICAL CIRCUITS AND SYSTEMS

typically equal to 100 ps) are generated by a high speed laser
diode exciting target cells at a given repetition rate. The fluo-
rescence signal emitted from the cells is detected by a high sen-
sitivity single photon avalanche photodiode (SPAD). The time
difference between the excitation pulses and the detected signals
is recorded to obtain a histogram mapping of the fluorescence
life time [6]–[8]. The main drawback of this approach is that it
requires a very short pulsed laser diode dissipating high power,
and making this approach very challenging for implantable/head
mountable or system-on-chip (SoC) solutions.

Chronically implantable optoelectronic neural interfaces have
been developed for deep brain fluorescence imaging [9], [10].
However, due to their large size and high power consumption,
these implantable devices can cause tissue lesions at insertion or
persistent irritation during or after implantation, and yield en-
gineering challenges for thermal management, encapsulation,
scalability interconnections, power delivery, and external con-
trol. In general, optoelectronic interfaces for fluorescence signal
sensing based on microelectronic technology can be categorized
into two distinct approaches including, charge accumulation [9],
[11]–[13] and current mode [3], [14] circuits. In the charge accu-
mulation scheme, the photo-generated charge is accumulated on
a small integration capacitor. Then, the charge is converted to a
voltage signal, and fed to the subsequent analog building blocks
for further signal processing. A capacitive transimpedance am-
plifier (TIA) is often preferred to the conventional 3 T active
pixel sensor (APS) structure due to its high charge-to-voltage
conversion gain enabling higher sensitivity [15]. Indeed, this
application can deal with weak illumination causing only small
photogenerated charges in the photodiode, thereby inducing
very small voltage across the photodiode due to the large pho-
todiode parasitic capacitor Cpd , e.g., a photodiode the size of
which is 91.4 μm × 123 μm can have a parasitic capacitance
of several picofarads [16]. Therefore, this shortcoming makes
the 3 T architecture less attractive for high-sensitivity applica-
tions. Besides, these approaches often necessitate the utilization
of low-frequency noise cancellation building blocks and precise
timings and control sequences making their circuitry relatively
complex and power consuming [11]. In the current mode, the
input photogenerated current is converted to a voltage signal
by a TIA with a feedback resistor [3], the gain and noise per-
formance of which depends on the feedback resistor as well
as the photodiode parasitic capacitance. Thus, as the feedback
resistor increases, gain grows and the input referred current
noise decreases accordingly. However, implementing a very big
resistor on chip to increase the gain is unpractical, because it
would occupy too much silicon area, and limit the TIA band-
width leading to high power consumption [3]. Furthermore,
the large input parasitic capacitance at the input of the TIA
amplifies its noise, which is deteriorating the front-end noise
performance [13].

This work presents a new on-chip high-precision CMOS bio-
photometry sensor incorporated within a head mountable fiber
photometry device including a wireless transceiver and a diffuse
excitation light source for enabling chronic utilization with
live laboratory mice. A new energy-efficient high-sensitivity
fluorescence biosensor using a differential capacitive TIA

(DCTIA)-based sensing front-end merged with a 2nd order
continuous-time incremental ΣΔ modulator is presented. It
offers a simplified implementation as well as a low-power ar-
chitecture leveraging a hardware sharing strategy. Furthermore,
the incremental 2nd order modulator offers a high dynamic
range and allows for the utilization of simplified digital building
blocks, like a ripple counter and an accumulator, for the
decimation filter implementation. The proposed light weight
wireless head mountable fiber photometry system addresses the
shortcomings of bench top fiber photometry systems, including
the risk of cable/fiber breakage and injury while enabling freely
moving studies. The system is intended for Ca2+ fluorescence
signal sensing in the brain of live laboratory animals. Hence
limiting the excitation light to the least power enabling long
term monitoring without photobleaching and phototoxicity
which is requiring a very sensitive sensor working under very
low excitation light. The paper is organized as follows. The
proposed CMOS fluorescence biosensor operation principle,
design methodology, and low-noise design approach are
described in Section II. The CMOS chip implementation is
discussed in Section III. Section IV presents the biosensor
integration within the proposed wireless head mountable fiber
photometry device. Experimental and measurement results are
presented in Section V, both for the CMOS biosensor and the
wireless prototype. Section VI concludes the paper.

II. PROPOSED SYSTEM ARCHITECTURE

A. System Overview

The block diagram of the proposed head-mountable optical
neural interface for chronic brain fluorescence sensing is shown
in Fig. 1. It provides a new CMOS fluorescence biosensor, op-
tical signal conditioning, diffuse light excitation, and wireless
data transmission. Such a device must be small and lightweight
enough to be carried on the head of a laboratory mouse. The
system functions are realized by a CMOS custom integrated
circuit (IC) and by discrete off-the-shelf optoelectronic compo-
nents and a CMOS custom integrated circuit (IC). The CMOS
integrated circuit contains on-chip dummy and sensing photodi-
odes, a current-to-voltage converter, a CT ΣΔ modulator, LED
driver circuit, and digital control building blocks. The photodi-
odes detects the emitted fluorescence light, and converts it to an
electrical current. The current-to-voltage converter converts the
photocurrent into a voltage which is subsequently handled in the
following building blocks. The modulator quantizes the voltage
signal and generates a pulsed width modulated signal represent-
ing the input signal. The LED driver powers up the blue LED
and keeps its forward current stable. The second part includes
an implantable optical fiber, a blue LED as a diffuse excitation
light source, a low-power microcontroller, and a power man-
agement unit (PMU). This fiber photometry device allows for
bidirectional light interaction with neurons (excitation/sensing)
using a single implantable fiber, like conventional bulky mi-
croscopic systems. The different components (CMOS chip, a
dichroic mirror, drum lenses, etc.) are held in place by the head
mountable system housing. The whole system allows for col-
lecting and digitizing the weak fluorescence signal the duration
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Fig. 1. Block diagram of the proposed optoelectronic neural interface. The system can excite a genetically encoded indicator like GCaMP6 expressed in neurons
of a mouse’s brain and record fluorescence signal through a single multimode optical fiber using the proposed custom integrated biosensor. The system transmits
the neural data wirelessly to a base station connected to a computer host. The biosensor, the LEDs, the optical fiber, and the different optical components are
enclosed within a lightweight wireless fiber photometry prototype that can be mounted on the head of a laboratory mouse for chronic utilization.

of which ranges from 30 to 50 ms [17]. A low-power microcon-
troller (MSP430F5328, Texas Instruments) provides the control
signals for the wireless transceiver as well as the clock and the
reset signals of the biosensor. The LED driver provides a maxi-
mum current of 200-mA to the LED with a forward voltage of
3.7 V in order to deliver sufficient optical power to the geneti-
cally modified neurons [18]. The PMU unit provides regulated
supply voltages to all building blocks. The optical neural inter-
face wirelessly transmits the fluorescence data collected by the
CMOS biosensor to the base station through a low-power short
range 2.4 GHz ISM data link.

B. Power Management Unit

The whole wireless biophotometry sensor interface is sup-
plied by a 3.7-V, 100-mAh, 2.1-g Lithium-ion battery (Model
051417, MYD Technology). A low-dropout voltage, low-power
(35 μA), and small size (1.5 × 1.5 mm2) regulator (TLV70233,
Texas Instruments) is used to provide a fixed 3.3-V for the trans-
mitter, microcontroller, and the integrated CMOS chip electro-
static discharge (ESD) protection and guard rings. The PMU
provides two stable 1.8-V (TPS72718DSET, Texas Instruments)
and 0.9-V (TPS71709DSER, Texas Instruments) for the inte-
grated biosensor chip. All of the regulator features a power
supply rejection ratio (PSRR) more than 68 dB at 1 kHz to at-
tenuate noise inductions especially into the biosensor chip from
the optical stimulation circuity. The PMU unit use the small
1.5 mm × 1.5 mm 6-WSON package.

C. Wireless Transceiver

A low power single-chip wireless transceiver nRF24L01
from Nordic Semiconductor is utilized to transmit the recorded
fluorescence data to a base station. The transceiver operates
at a 2.4-GHz center frequency inside the industrial, scien-
tific and medical (ISM) band. The transmitting mode of the
transceiver draws a current of 11.3 mA from a supply voltage of
3-V at 0 dBm output power, while the receiving mode draws
12.3 mA. The maximum effective transmission rate of the trans-
mitter is 1.4 Mbps which is sufficient to transmit the 20-kHz
band limited output of the modulator to the base station. The

transceiver is available in a small footprint 4 mm× 4 mm QFN20
package.

D. CMOS Custom Integrated Biosensor Design

Fluorescence biosensors based on charge accumulation, that
typically include a photodetector, a DCTIA, a correlated dou-
ble sampling (CDS) module, and an analog-to-digital converter
(ADC), thus consisting of three individual cascaded building
blocks to collect and convert the detected fluorescence signal
into a digital bit stream [16]. In such systems, the fluores-
cence signal evoked by an external excitation light source is
captured by a large differential femtowatt photodetector (i.e.,
200 μm × 200 μm in this work) producing a photogenerated cur-
rent that is converted into a voltage signal through the DCTIA.
The latter building block is typically followed by a CDS block
to suppress the low-frequency noise and the reset noise, and
by a data converter to generate a digitized output. More de-
tails on the operation of charge accumulation-based sensors
are provided in [15]. Continuous-time sigma delta modulator
(CTSDM) and data converters are well suited to interface with
femtowatt photodetectors and DCTIA sensing modules as they
can provide high precision and high dynamic range [11]. In this
design, a DCTIA is used as the first stage integrator (Int1) of
a CTSDM modulator, thus fusing both building blocks together
for increasing the hardware, noise and power efficiency by min-
imizing the number of cascaded blocks in the whole biosensor.
Indeed, the DCTIA simultaneously acts as a pre-amplifier and a
first integrator module of the ΣΔ modulator at once, which al-
lows sharing the hardware to improve the energy efficiency and
to simplify the whole sensor circuitry. This approach offers far
greater benefits from power efficiency standpoint as the first in-
tegrator of the modulator topology is not traded-off for linearity,
DC gain, and power consumption. The proposed fluorescence
biosensor circuit schematic, including a sensing module (i.e.,
photodetectors) and a CTDSM associated with its timing dia-
gram are depicted in Fig. 2. It comprises two photodiodes, a
current buffer, a DCTIA, and a 2nd-order CTΣΔ modulator.
The parasitic input capacitors of the photodiodes are directly
loading the input of the DCTIA. This large photodiode parasitic
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Fig. 2. Circuit schematic of the proposed high-sensitivity fluorescence biosensor including a DCTIA merged with a 2nd order CT ΣΔ modulator and its
associated timing diagram. The DCTIA opamp DC gain is equal to 114 dB, Cint1 = 100 fF, Cint2 = 400 pF and RDAC is equal to 10 MΩ.

capacitance can increase the noise in the DCTIA opamp [13].
Typically, a photodiode of this size in CMOS 0.18 μm has a par-
asitic capacitance of 5.7 pF, which is significant. Furthermore,
this large parasitic capacitance can reduce the feedback factor
of the CTIA through a capacitive divider Cint1/(Cint1 + Cpd +
Cp) where Cp is the opamp input node parasitic capacitance,
that in turns can decrease the gain-bandwidth product (GBW),
and increase non-linearity in the DCTIA. Hence, using a current
buffer at the input of the DCTIA is essential to decouples the
photodiodes parasitic capacitance from the DCTIA. The input
photogenerated current Iph is passed through the input current
buffer and get integrated on the Cint1 of the DCTIA input. As it
can be seen, the core circuit is a CTSDM with two photodetec-
tors as input signal sources. Thus, the effect of the dark current
generated by the photodiode can be reduced by using a differen-
tial structure with a dummy photodiode [11]. While the sensing
photodiode collects light generating both photocurrent and dark
current, the dummy photodiode produces only dark current at
its output. Consequently, dark currents of the two photodiodes
acts as a common-mode signals and cancel out through the fully
differential DCTIA. The simplified timing diagram, including
the clock and reset pulse, is shown in Fig. 2. The operation
of the biosensor begins with a global reset pulse that resets the
voltage nodes and clears the memories in all analog and digital
blocks. Note that the oversampling ratio (OSR) of the ΣΔ mod-
ulator is defined as the number of clock periods per conversion
period (Fig. 2). Then, the modulator loop starts quantizing the
input photogenerated current and generating the corresponding
output bit stream. In this design, a 2nd order CTSDM allows

Fig. 3. Signal flow graph of the 2nd-order CT-ΣΔ modulator.

preventing idle tones in the output spectrum, whereas a single-
bit quantizer enables for low distortion as it inherently has high
linearity.

E. Design Methodology

This section explains the system-level design aspects of the
continuous-time modulator including designing the noise trans-
fer function (NTF), determining the loop filter transfer function,
and optimizing the loop filter coefficients of the modulator. The
block diagram of the proposed CT ΣΔ modulator is illustrated
in Fig. 3. A cascade-of-integrators in feed-forward (CIFF) con-
figuration is adopted to limit the swing in the integrators path
and to minimize the performance degradation due to coefficient
variations [19]. The adopted design methodology for the CT ΣΔ
first consists of designing the discrete-time (DT) transfer func-
tion to meet the specifications, such as the desired SNDR, and
then to obtain the continuous time equivalent transfer function
through a DT-to-CT transformation. The desired DT NTF (z)
of the modulator is synthesized using the Schreier’s Toolbox



This article has been accepted for inclusion in a future issue of this journal. Content is final as presented, with the exception of pagination.

KHIARAK et al.: WIRELESS FIBER PHOTOMETRY SYSTEM 5

Fig. 4. Circuit schematic of (a) the low-noise two-stage opamp used in the Int1 , (b) the linearized folded cascode opamp used in the Int2 , (c) the common
mode feedback circuit, (d) the feed-forward coefficient summation and quaitzer circuit, and (e) the input buffer associated with a current splitter.

[20], and gives

NTF (z) =
1 − 2z−1 + z−2

1 − 0.9428z−1 + 0.3333z−2 . (1)

The loop filter transfer function can be obtained by using L(z) =
1 − 1/NTF (z) given

L (z) =
a1b1c1 − (a1b1c1 − a1a2b1c2) z−1

z−2 − 2z−1 + 1
. (2)

Transient simulations are performed to assure that the integra-
tors outputs are bounded to the full scale value. The resulting
modulator’s coefficient values, assuming a normalized sampling
rate of 1, are summarized in Table I.

F. Low-Noise Circuit Design

In this section, the impact of the two main noise sources of
the system, mainly the photodiode shot noise and the CMOS
circuits noise (i.e., thermal and flicker noises), is analyzed. The
shot noise can often be neglected at low illumination thanks to

TABLE I
COEFFICIENT VALUES OF THE MODULATOR SHOWN IN FIG. 3

a1 a2 c1 c2 b

0.5 0.36 2 2 1

a small photogenerated current with respect to the circuit noise,
while it can dominate at high illumination [21]. The DCTIA
opamp introduces 1/f and thermal noises that should be taken
into considerations, and by selecting a low-noise opamp topol-
ogy, sizing large input transistors, using a circuit techniques to
decrease the noise. Additionally, the reset switch injects kTC
noise into the feedback capacitor; however, this noise only af-
fects the initial state of the biosensor. Since it occurs only once
at every conversion period, its effect is reduced by a factor equal
to one OSR. Another important noise source is the noise from
the feedback digital-to-analog converter (DAC) resistors that
injects current thermal noise onto the Cint1 . The power of this
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Fig. 5. Noise model of the CMOS sensor including all noise sources.

Fig. 6. Noise model of the input current buffer.

noise is inversely proportional to the resistor value, RDAC , that
is designed to be large in this work. In [22], it was shown that
the buffer reduces the DCTIA noise contribution and improves
the entire system noise performance; however, it can introduce
extra thermal noise. The dark current can be important in large
photodiodes, thus limiting the sensitivity of the sensor. Hence,
a fully differential structure can eliminate its effect at the cost
of adding a dummy photodiode. The charge injection and clock
feedthrough are also suppressed by the differential structure of
the biosensor. Fig. 5 models the main noise sources that are
located within the signal path to determine the input referred
current noise. The shot noise originating from the photocurrent
iph and the dark current idc are given by [23]

i2n,shot

Δf
= q (iph + idc) (3)

where q is the elementary charge of an electron, Δf is the
single-sided bandwidth of the biosensor in Hz over which the
noise is considered. The input current buffer introduces an extra
noise which is mainly originating from transistor M1B and the
auxiliary amplifier, as shown in Fig. 6. The output current noise
of the buffer can be expressed by

i2n,buf

Δf
=

(
υ2

M 1B + υ2
a u x

)(
gm,M 1B CP D s

CP D s + gm,M 1B

)2

(4)

where υ2
M 1B is the noise of M1B , υ2

a u x
is the auxiliary opamp

output noise, CPD is the photodiode parasitic capacitance, and
gm,M 1B is the transconductance of M1B . The feedback DAC
contributes to thermal noise through the resistor RDAC , which
yields

i2n,fbn,fb

Δf
=

4kT

RDAC
(5)

where k is the Boltzmann’s constant, T is the resistor absolute
temperature, and RDAC is the DAC rasistor. The first integrator
(Iint1) noise dominates the noise performance of the whole
system (Figs. 5 and 2) by introducing flicker and thermal noise.
Its contribution to the input-referred noise is given by

i2n,ota

Δf
= υ2

n,ota

(
Cint1s +

1
RDAC

)2

(6)

where υn,ota is the Int1 opamp input referred noise and Cint1
is the Int1 integration capacitor. The total input current noise
density can be written as

ī2n,in = ī2n,shot + ī2n,buf + ī2n,fb + ī2n,ota (7)

The total RMS in-band noise at the input of the sensor can
be calculated by integrating (7) over the passband fB which
is determined by the decimation filter cut off frequency [24].
fB is set according to the maximum input signal freqeuncy (i.e.,
maximum frequency of the fluorescence signal), which is 50 Hz.

ī2n = 2
∫ fB

0

∣∣∣∣∣
ī2n,in

Δf

∣∣∣∣∣ df (8)

ī2n =
(
ῡ2

n,M 1 B
+ ῡ2

n,aux
)
g2

m,M 1 B
(CPDfB

− gm,M 1 B
tan−1

(
CPDfB

gm,M 1 B

))

+
4KT

RDAC
fB + q (idc + iph) fB

+ ῡ2
n,ota

(
C2

int1
f 3

B

3
+

fB

R2
DAC

)
(9)

The sum of all these noise sources contributions determines
the noise floor. The measured input referred current noise is
equal to 2.46 pArms .

III. CIRCUIT DESIGN AND IMPLEMENTATION

A. Loop filter

In this design, as mentioned earlier, a cascade-of-integrators
in feed-forward (CIFF) configuration is adopted to limit the
swing in the integrators path and to minimize the performance
degradation due to coefficient variations. The Int1 is the most
critical analog building block of the whole ΣΔ modulator as any
imperfections in this block can directly appear without suppres-
sion at the modulator output. Active RC-integrators are often
employed for implementing highly-linear integrators compared
to Gm C counterparts. Furthermore, as discussed earlier, the
DCTIA operates as a charge-to-voltage converter merged with
a first active integrator in the modulator loop. The DCTIA is re-
alized by a feedback topology similar to an active RC-integrator
in which a photocurrent integrator is realized by replacing the
input resistance associated with an input voltage source with a
photodiode as input current source. A two-stage fully differential
amplifier topology with Miller capacitors frequency compensa-
tion and with nulling resistors is selected for the Int1 , as shown
in Fig. 4(a). The opamp noise has a major impact on the noise
performance of the sensor. In particular, the flicker noise (1/f ),
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Fig. 7. (a) The schematic of the proposed DAC (b) tunable capacitor Cint1 implementation.

is a major concern for a low-noise low-frequency circuits, thus
pMOS transistors with large gate area (W/L = 200 μm/2 μm)
are selected for the input transistors M1 and M2 to achieve low
flicker noise and improve matching of the input differential pair.
The flicker and the thermal noise contribution of M3 and M4 is
minimized through the utilization of source degeneration resis-
tors, Rdeg with gm3,4Rdeg >> 1 [24]. The noise contribution
of the second stage of the opamp (M5 − M12) is divided by
the first stage DC gain and its contribution can be neglected.
The first stage common mode voltage is set by a simple local
common-mode feedback (CMFB) circuit formed by R. Fig. 4(c)
depicts the output stage CMFB which senses and stabilizes the
output common mode voltage. The CMFB amplifier is real-
ized through a single stage differential pair with active current
mirror. The positive terminal of the CMFB amplifier senses
a voltage approximately equal to (Vop + Von)/2 + VSG ,M 1C ,
where (Vop + Von)/2 is the average output common mode volt-
age of the Int1, the value of which lies in the middle of the
supply voltage (Vcm = VDD/2). To compensate the effect of ex-
tra VSG ,M 1c voltage, a level shifter formed by M5C and M6C

has been introduced between the Vcm and the positive terminal
of the amplifier. The servo amplifier (CMFB opamp in Fig. 4(c)
in the common mode circuit can introduce significant phase
shift at high frequencies and yield instability in the common-
mode loop. A crossover network formed by Rcm and Ccm is
employed to detach the amplifier from the feedback loop at
high frequencies and maintain the common mode stability [25].
The requirement on Int2 including the output swing, GBW,
slew rate, and DC gain are relaxed with respect to the first
stage due to the noise-shaping characteristics of the loop filter.
Fig. 4(b) illustrates the folded cascode structure implementing
the second Gm C integrator. In addition, ML1 and ML2 at the
sources of M1 , M2 improve the linearity of the Gm C cell. The
proposed feed-forward coefficient summation and the quantizer
are depicted in Fig. 4(d). The summation block implements the
weighted addition of the feedforward path coefficients of the
ΣΔ modulator by converting the output of the integrators to
weighted currents, by summing these currents, and by convert-
ing them back to a voltage signal at the quanitzer input [26].
A dynamic latched comparator, achieving low-power consump-
tion by avoiding any static current consumption, is utilized to
implement the quantizer. Large input devices MD1 and MD2 are

used to minimize any input offset due to imperfections in the
input differential pair. ΣΔ modulators achieve high resolution
with relaxed matching requirements across their constitutive
analog components thanks to oversampling and noise shaping
in contrast with Nyquist rate ADCs. Furthermore, matching
considerations have been taken into account in the sensor layout
for minimizing performance degradation due to mismatch. The
input current buffer, the DCTIA opamp, the second integration
opamp, the summation block, the preamplifier, and the latch
(Fig. 2) are laid out by interdigitating the transistors to meet the
matching requirements. The common centroid method is used
to lay out the resistors and the capacitors. The effects of tran-
sistors, capacitors, and resistors variation and mismatch effect
on the SNDR are captured with Monte Carlo simulations and
reported in Section V.

B. Feedback DAC

A conventional single-bit current DAC providing inherent
linearity is employed in the modulator shown in Fig. 7(a). The
DAC is a critical part of the proposed sensor, as it determines
the quantization step size. It provides two reference voltages
(VLO and VHI) can be asserted at the latch output. In the modu-
lator, the difference between VLO and VHI defines the feedback
coefficient as well as it determines the dynamic range of the
modulator. The output voltage of the DAC is converted to a
current through the resistor RDAC , as shown in Fig. 2, which
is subtracted from the input photocurrent. The resulting current
difference is integrated on the Cint1 . In this design, the input
photocurrent can range from a pA to a few nA. Thus, the DAC
can be implemented using of a reference current source. How-
ever, current mode circuits are susceptible to channel length
modulation, charge injection, and clock feedthrough [11]. More
details about imperfections in current mode circuits for ADC can
be found in [27]. Providing a small current in the order of nA
from a DAC output, requires a large RDAC , the size of which is
often too big for an on chip implementation. To overcome this
limitation, a small DAC reference voltage level (VHI-VLO ) is
chosen. This low reference voltage can be realized by a resistor
divider, as shown in Fig. 7(a). However, to avoid the loading
effect, a buffer is inserted between the resistor divider and the
RDAC . The buffer is implemented by a source follower made
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of M0 and M1 , which requires a minimum overdrive voltage
across the current source M0 , for keeping the transistor in the
saturation region. Thus, the minimum DAC reference voltage
VLO cannot be zero, and must be greater than the overdrive volt-
age of M0 . The minimum reference step size ΔV is designed to
be 10 mV. The two DAC output reference voltage levels provide
the required current for representing the different input light in-
tensities. The maximum reference level is VHI-VLO = 15ΔV,
which determines the maximum non-saturation light intensity.
The DAC reference level is controlled by the 4-bit decoder cov-
ering a variation range of 15-fold, extending the DR by 23.5 dB.
It should be noted that, as the DAC reference level changes to
set the required DR accordingly, a change in the modulator
coefficient values of Int1 can jeopardize the stability and per-
formance of the loop. Thus, to avoid any instability, Cint1 must
be adjusted (Fig. 7(b)) according to the DAC reference level that
is selected to cover a larger input light intensity. In this case, the
feedback capacitor value is calibrated inserting unit capacitors
in parallel with the Cint1 through dedicated switches, as shown
in Fig. 7(b).

C. Current Buffer

The input current buffer illustrated in Fig. 4(e) includes a
regulated cascode nMOS transistor M1B that is gain-boosted
by M2B , M3B , and the current source I1 . The gain-boosting
transistor M2B keeps the voltage across the photodiode con-
stant to increase the buffer linearity. A 500-pA DC current Ib is
injected into the source of M1 to improve the linearity perfor-
mance at low Iph . The simulation reveals that the total harmonic
distortion (THD) of the current buffer output Iph is 110 dB. The
implementation of the current source used to improve the linear-
ity of the buffer is shown in inset in Fig. 4(e), and is similar to
that reported in [28]. As seen in this Figure, the transistors are
sized to ratios of either W/L = N − 1, W/L = N/(N − 1),
or W/L = 1, which allows to progressively divide the current
by a factor of N to generate the desired current. In this case,
the objective is to obtain a low current at only one of the out-
put branches of the current source, while the rest of the output
branches are connected to the supply voltage, providing a path
for the currents.

D. Photodiodes

N-well/P-sub photodiodes with a size of 200 μm × 200 μm
are used as dummy and sensing photodiode, respectively. These
photodiodes benefit from a wider depletion region because they
use low-doped n-well and a deeper n/p junctions thanks to a dif-
fusion process that augments the collection efficiency of the
junction. Moreover, this wider depletion region results in a
smaller parasitic capacitance increasing the charge-to-voltage
conversion ratio [15]. Both the photogenerated current and the
dark current are proportional to the diode area [29]. Thus, big-
ger photodiodes can be used to increase the photon collection
effect, while the dark current effect can be reduced by using two
photodiodes (a photosensing and a dummy diode) and a fully
differential circuit structures. Besides, instead of using a large
photodiode, a small photodiode with an optical lens can be used

Fig. 8. (a) Cross-section of the photosensing and dummy photodiodes,
(b) N-well/P-sub photosensing and dummy photodiode. The dummy photo-
diode is shielded using a high layer of interconnects (Metal 3- Metal 6) to
block any spurious light other than the fluorescence signal from reaching the
photosensing area.

to increase the photon collection effect, but the small size of
the diode (e.g., 10 μm × 10 μm) renders the utilization of a
lens difficult for this application. Both photodiodes, which are
designed to occupy square areas, are closely located together in
the chip layout to improve matching. The photodiodes are laid
out close together with a p+ guard ring around the diodes where
it is connected to the ground to absorb any induced noise and
light diffusion to the dark photodiode. The photodiodes are not
interdigitated because of the light leakage through the substrate
on the dark photodiode. A small n+ well is used to connect
the photodiode cathode node to the current buffer input. The
diode is enclosed within P+ guard rings for grounding the sub-
strate and for protecting the diode from substrate induced noise,
digital spikes, supply noise. The layout of the photodiodes is
shown in Fig. 8. The dummy photodiode is shielded using the
high layer of interconnects (Metal 3- Metal 6) for blocking
any spurious light from reaching the photosensing area of the
dummy photodiode, as shown in Fig. 8. The corners of the pho-
todiodes were cut to reduce their dark currents as suggested in
[15].

E. LED Driver Circuit

Delivering light to a desired population of neurons can be
accomplished through an implantable fiber using an embed-
ded semiconductor light source, like a laser diode or a diffuse
light-emitting diode (LED). Although they typically come with
more coupling losses due to their diffuse light emission pat-
tern, LEDs have several advantage over laser diodes such as
lower cost, lower power and smaller size. LED have previ-
ously been used in calcium imaging experiments with freely
moving laboratory animals [10]. Biophotometry applications
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Fig. 9. Schematic of the LED driver circuit. The current flowing in the off-
chip resistor RLED is determined by VCtrl which is set off-chip with a resistor
divider.

with genetically modified neurons typically require an excitation
optical power of around 50 μW at the fiber tip [2], which requires
that an appreciable amount of forward current passes through
the LED, generating voltage drops as high as 3.3 V across the
LED. Fig. 9 illustrates the schematic of the LED driver design
used in the CMOS chip for providing a precise forward current
through the LED. The amplitude of the current is determined
by the off-chip voltage VCtrl and by the value of the off chip
resistor RLED . The LED driver circuit can power up an LED
with a forward current as high as 200-mA. The maximum bat-
tery voltage allowed by a typical rechargeable Li-ion polymer
battery is 3.7-V, for instance, whereas the typical LED forward
voltage is below 3.3-V. In order to keep MLED within the sat-
uration region, the voltage drop across RLED must be less than
200 mV in this design. Thus, a single-ended folded-cascode am-
plifier with input pMOS transistors (Fig. 9) is adopted to work
with a low-input common mode voltage. This high gain (75 dB)
amplifier lying in the negative feedback loop formed by MLED
keeps the voltage across RLED equal to VCtrl regardless of the
temperature and process variations.

F. Decimation Filter

The output PWM signal of the modulator Yout is filtered with
a digital matched filter to provide a digital output Dout . The
transfer function of the matched filter is the exact replica of the
analog loop filter transfer function given in (2). The matched
filter, which is made of a cascade of digital integrators, is pro-
cessing windows of M = 200 samples from the modulator all at

once, for minimizing the number of modulator cycles required to
achieve a given SNDR [30]. Parameter M represents the length
of the finite impulse response (FIR) filter used for the matched
filter, and equals the modulator OSR. This matched filter, which
can be regarded as a M-length FIR filter with optimized coeffi-
cients [31], can be described by the difference equation ω(n) =
α0Yout(n) + α1Yout(n − 1) + αN −1Yout(n − N + 1), where
ω(n), Yout(n), and α0 ...αN −1 are the input, the output, and
the coefficients of the FIR filter, respectively. The coefficients
can be optimized through the utilization of the built-in MAT-
LAB optimization algorithm fmincon [32], which searches to
find a constrained minimum of a an objective function of multi-
ple variables by starting from an initial estimate. The collected
fluorescence signal that is converted to a PWM output signal by
the proposed CMOS biosensor is transmitted to a base station
using a commercial transceiver (nRF24L01P, Noridc Semicon-
ductor). The digitized fluorescence signal is then retrieved after
being decimated by the matched FIR filter implemented inside
the base station, on the receiver side, in order to save significant
power and area overhead on the head mountable system side.

IV. WIRELESS FIBER PHOTOMETRY PROTOTYPE

One of the main challenges in fiber biophotometry consists
of coupling the excitation light into a single fiber and receiving
the fluorescence signal through this same fiber, without satu-
rating the photodetector with the excitation light leakage. A
solution to this problem consists of using different optical fil-
ters, including excitation and emission filters, to separate the
excitation signal from the fluorescence signal. Additionally, a
dichroic mirror is used to deflect off the blue light towards the
implantable fiber (FT400UMT, ThorLabs) while transferring
the fluorescence green light towards the CMOS detector. Two
drum lenses are used as well to collimate the excitation light
coming from the diffuse LED illumination source and the de-
flected fluorescence light coming out of the dichroic mirror, as
shown in Fig. 10 [33]. The drum lenses (NT45-549, Edmund
Optic, USA) used in the head mountable prototype are glass
spheres, ground down axially to provide a mounting surface.
These lenses are in fact used to improve the coupling between
optical fiber and the light source and the CMOS sensor. The
3D representation of the prototype is shown in Fig. 10. The
head mountable system plastic housing is realized with a 3D
printer with Formlab’s Black resin. A LED (LUXEON Rebel
Blue SMD) controlled by the microprocessor and the integrated
LED driver generates the blue diffuse excitation light. The blue
light is passed through a drum lens located in front of the LED,
and then through a dichroic mirror. The drum lens receives the
diffuse blue excitation light and collimates it on the mirror for
increasing the excitation light coupling efficiency into the fiber.
The longpass mirror/beamsplitter spectrally separates excita-
tion and fluorescence light by reflecting the light wavelength
lower than the cutoff wavelength (e.g., 495 nm) and transmit-
ting higher wavelengths. The excitation light (λ = 470 nm) is
thereby deflected off through the mirror and directed to another
drum lens located under the mirror, and ultimately, inside the
fiber, as shown in Fig. 10. In this prototype, the fiber has a
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Fig. 10. The head mountable fiber photometry system. (a) Perspective view
of all its components, (b) front, side, and top views of the plastic housing.

diameter of 400 μm while the mirror has a size of 4 mm ×
5 mm × 1 mm. The drum lens allows to efficiently couple the
blue light coming from the mirror into the fiber and vice versa.
After the light goes through the drum lens and the fiber, it dif-
fuses inside the tissues to reach the targeted cells. Then, the
emitted fluorescence light returns through the same fiber, pass
through the drum lens, through the mirror and through the green
filter, towards the photosensor inside the CMOS chip. The long-
pass mirror is transparent to the fluorescence light (530 nm).
Then, a green bandpass emission filter with a center wavelength
of 530 nm further attenuates the excitation light leakage and
blocks off any wavelengths other than the fluorescence light
from hitting the photodetector. The emitted fluorescence light
finally impinges on the on-chip photodetector. The characteris-
tics of the optical components, including the filters, the lenses,
the mirror, and the fiber used in the prototype are summarized
in Table II.

V. IMPLEMENTATION AND MEASUREMENT RESULTS

A. Chip Measurement

The proposed optoelectronic fluorescence biosensor is imple-
mented in a 0.18-μm CMOS process. A chip microphotograph

TABLE II
FIBER PHOTOMETRY SYSTEM OPTICAL COMPONENTS

Parameters Values

Excitation bandpass filter 470/24 nm (Chroma Technology)
Emission bandpass filter 535/50 nm (Chroma Technology)
Longpass dichroic mirror 495 nm (Chroma Technology)
Drum lens ∗ EF L∗∗ = 1.76 mm (Edmund Optic)
LED 470 nm (LUXEON Rebel)
Optical fiber Glass fiber with a diameter of 400 μm

(ThorLabs)
System dimension (L × W × H) 11.0 × 6.0 × 11.5 mm3

*Radius = 2.5 mm and Length = 3 mm **Effective Focal Lenght (EFL).

TABLE III
CHARACTERISTICS OF THE FIBER PHOTOMETRY SYSTEM

Parameters Values

Brain interface Single optical fiber
Dynamic range 86 dB
SNDR 70 dB
Sensitivity 24 mV/nW
Sampling rate 20 kSamples/s
Bandwidth 50 Hz
Minimum photodetection current 2.46 pArm s
Transceiver center frequency 2.4 GHz
Optical fiber’s diameter 400 μm
Dimensions (H × W × L, the optoelectronic
interface w/o battery)

22 × 8 × 17 mm3

Weight (the optoelectronic interface w/o battery) 3.6 g
Average LED power
(1 LED, 580 mW @ 10%) 58 mW

Fig. 11. Fabricated chip microphotograph in a 0.18-μm CMOS process with
an area of 0.494 mm2 .

is depicted in Fig. 11. The chip active area excluding the bonding
pads is approximately 0.494 mm2 . The dummy and photosens-
ing photodiodes occupy 0.125 mm2 . The analog and digital
modules of the biosensor are supplied by 1.8-V voltages. The
CMOS chip and the microprocessor use separate grounds and
decoupling capacitors that are placed between the analog and
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Fig. 12. Experimental setup for measuring the CMOS biophotometry sensor
performance.

Fig. 13. Measurement results for the SNDR. A 100,000-points FFT is per-
formed on the sensor output at a full scale input DC input light power.

the digital supply voltages and the ground connections to re-
duce noise. The total static power consumption of the sensor
is 41 μW, where power consumption values of the Int1 and
Int2 are each approximately equal to 14.4 μW. The experimen-
tal optical setup for evaluating the fabricated CMOS biosensor
performance is depicted in Fig. 12. The light source consists
of an Helium Neon (HeNe) laser at a wavelength of 633 nm
and an output power of 4 mW, a polarizer to change the laser
output power, mirrors, an objective lens, a fiber with a 225 μm
core to provide input light to the CMOS photosensor. The chip
is mounted on a test board connected to a Laptop computer to
retrieve the measured data from the CMOS sensor. The output
of the laser is aligned with the objective lens, and coupled to
the fiber through the lens. Since the input photodiode area is
200 μm × 200 μm, the fiber allows to precisely couple the input
light to the photosensor. The measured spectrum of the CMOS
optoelectronic sensor at a full scale input light power is depicted
in Fig. 13. The sampling frequency of the biosensor is 20 kS/s,
and the peak SNDR is 70-dB for DAC values of 8 ΔV, over
a 50 Hz signal bandwidth. The DR of the CMOS biosensor
can be extended to 86 dB by digitally calibrating the modulator
coefficients (i.e., by varying the effective value of Cint1), and by

Fig. 14. Measured histogram for the sensor input referred current noise.

Fig. 15. Monte-Carlo simulation results for process variation and component
mismatch of the presented biosensor.

selecting a proper corresponding value for the DAC reference
level. The readout noise comprises the photodiode shot noise
and the circuit noise. Completely characterizing the noises ef-
fect at the output requires to measure the output for a full scale
input incident power. Thus, the CMOS sensor is enclosed in a
shielded box, isolated from EMI and any spurious light. Fig. 14
demonstrates a histogram of the input referred current noise
of the fabricated sensor under such conditions [34]. Extensive
simulation have been carried out to evaluate the implemented
sensor over process and component variations. A histogram
distribution obtained from a 200-run Monte-Carlo simulation is
shown in Fig. 15. It demonstrates an average SNDR of 72.88 dB
and a standard deviation of 1.2 dB indicating that even without
coefficient tuning the SNDR performance is not significantly
affected by the process and component variations. The decima-
tion fitler output voltage versus the incident power at 633 nm is
illustrated in Fig. 16. The measured sensitivity is approximately
24 mV/nW (incident optical power). The LED driver circuit
consumes a power of 10 μW. Thanks to the proposed hard-
ware sharing strategy and the merging of the modulator and the
sensing block (DCTIA) together, operated from a 1.8-V power
supply, the proposed sensor provides low power consumption
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TABLE IV
PERFORMANCE SUMMARY AND COMPARISON WITH RECENT FLUORESCENCE BIOSENSORS

[16] [3] [35] [22] [12] [36] [13] This Work

Year 2017 2016 2017 2012 2016 2010 2017 2017
Data conversion w/o ADC w/o ADC w/ΣΔ ADC w/Two-step ADC w/o ADC w/o ADC w/Two-step ADC w/ΣΔ ADC
Process (μm) 0.065 0.18 0.25 0.35 0.35 0.18 0.18 0.18
Supply voltage 3.3 V 1.8 V 2.5 V 5 V 3.3 V 1.8 V 3.3 V 1.8 V
Sensing area (μm2 ) 91.4 × 123 500 × 500 50 × 50 1390 × 1100 355 × 355 400 × 640 200 × 200 200 × 200
Sampling frequency (kS/s) 0.6667 1.024 10000 1.1 1 12–25 1 20
Minimum detectable
current (fArm s )

0.33 – 10 6000 – 500 × 106 200 2460

Peak DR (dB) 94.8 80 116 101.6 61 75.56 94 86
Power consumption 66 mW 60 μW 118 mW – 600 μW 12.97 μW 60 μW 41 μW

Fig. 16. Measured decimation filter output voltage with respect to the incident
power at 633 nm.

Fig. 17. (a) Miniature fiber biophotometry prototype including the fabricated
CMOS sensor, a blue excitation LED, passive optical components, implantable
fiber, plastic housing, etc. (b) side view of the wireless fiber photometry proto-
type plastic housing including the optical filters (emission and excitation filters)
and the dichroic mirror.

Fig. 18. Measured fiber output optical power versus LED power of the bio-
photometry system.

for similar precision and size, compared with recently reported
sensors (Table IV).

B. Wireless Fiber Photometry System Performance

The 3D printed head mountable prototype with the filters,
the lenses, the mirror, and the fiber is shown in Fig. 17. Rigid
PCBs including the CMOS biosensor (photodetectors, the DC-
TIA, the modulator, and the LED driver) and a few off-the-shelf
electronic components are designed to fit on top and on the side
of the plastic housing. All the optoelectronic components are
mounted on the rigid PCBs including 3 rigid sections connected
together through a custom designed rigid metal connectors to
avoid using bulky board-to-board connectors. The miniaturized
device results in a lightweight (≤3.6 g, w/o battery) and compact
device (22 × 8 × 17 mm3). The whole fiber photometry system
characteristics are summarized in Table III. The minimum flu-
orescence signal that can be detected depends on the sensor
sensitivity, the coupling efficiency (numerical aperture of 0.39,
etc.) of the fiber, and the losses in the optical path (i.e., fiber,
lenses, dichroic filter, coupling, etc.) towards the photosensor.
The minimum detectable incident optical power of the sensor is
9.6 pW. The measured excitation light source power versus the
fiber output optical power is presented in Fig. 18. The output
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Fig. 19. (a) Fluorescence dye measurement experimental setup including
the wireless fiber photometry system and Alexa fluor 488 (fluorescent dye)
(b) different concentrations of fluorescence beads (FluoSpheres) in 0.5% AGAR
to verify the performance of the proposed fiber photometry system.

Fig. 20. Experimental results showing the measured fluorescence variation
using an Alexa fluor 488 fluorescence dye in response to 30 μW excitation light
while the tip of the fiber is passed repeatedly over the dye.

power of the fiber is estimated to 50 μW for a LED power of
580 mW.

C. Fluorescence Dye Measurement Results

2.5-μg of cholera toxin-subunit B conjugated with Alexa
Fluor 488 is added on a glass slide (2–3 mm diameter). Alexa
Fluor 488 is a green-fluorescent dye with excitation ideally

Fig. 21. Decimated output of the biosensor versus different fluorescence bead
(FluoSpheres) concentrations in 0.5% AGAR.

suited to blue light. The fiber optic were lowered close to the dye
by a holder. The experimental setup for fluorescence dye mea-
surement is shown in Fig. 19(a). The recorded fluorescence data
by the system is transmitted to a base station which is located
2 meters away. Fig. 20 illustrates the recorded fluorescence sig-
nal from Alexa flour 488 for an excitation light power of 30 μW
when the fiber is passed over the dye repeatedly. Increasing con-
centration of FluoSpheres (0.001% to 0.125%) was embedded
in 0.5% agarose gel. The tip of the fiber was placed immediately
above the agarose-containing FluoSphere and fluorescence was
measured using 50 μW excitation light. The recorded fluores-
cence signal versus different fluorescence beads concentrations
is shown in Fig. 21.

VI. CONCLUSION

A CMOS optoelectronic fluorescence biosensor with embed-
ded 2nd order ΣΔ modulation has been presented. A DCTIA
structure allows canceling the differential dark current from
on-chip dummy and sensing photodiodes both with sensing
area of 200 × 200 μm2 . The proposed biosensor achieves a
DR of 86 dB at a sampling frequency of 20 kS/s, sensitivity
of 24 mV/nW, while significantly decreasing the power con-
sumption down to 41 μW compared with previously reported
biosensors. Additionally, the dynamic range of the biosensor
can be further increased by controlling the DAC current ampli-
tude in the ΣΔ feedback loop and by calibrating the modula-
tor coefficients through a digitally programmable capacitor. A
miniaturized head mountable system using the proposed CMOS
biosensor is presented to conduct wireless brain biophotom-
etry experiments with live laboratory mice. The device sup-
presses the excitation light leakage to the CMOS detector using
a set of optical filters and a mirror, thus improving the system
SNR compared to conventional approaches based on film fil-
ters. Therefore, the proposed CMOS optoelectronic biosensor
is well suited for sensing weak input power fluorescence signal
in low-power, small-size, high-precision miniature biophotom-
etry applications, like for studying cell-type activity in small
freely moving laboratory animals.
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