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Abstract—Miniaturization of spectroscopic tools offers
portable solution for several biomedical applications. This
report overviews an on-chip functional near infra-red
spectroscopy (fNIRS) hardware for optical brain imaging, which offers portable and non-invasive solution for
monitoring blood oxygenation level in neural tissues. It
mostly discusses receiver front-end of the fNIRS system,
which includes a Silicon Avalanche Photodiode (SiAPD),
Quench-Reset Circuit for controlling abrupt generation of
photocurrent and a Transimpedance Amplifier (TIA) for
conversion and amplification of generated photocurrent.
Prospective architecture of these components and their
respective performances have been thoroughly focused on.
The report also briefly discusses an experimental technique
to characterize a photodiode-TIA network consisting of
standalone photodiode and TIA chips in presence of visible
light, which can provide a performance estimate before
integrating them on a single chip.
Index Terms—fNIRS, APD, QR Circuits, TIA.

I. I NTRODUCTION
Functional Near Infrared Spectroscopy (fNIRS) is a
novel technique capable of measuring oxy- and deoxyhemoglobin quantities in neural tissues by measuring
their absorbance as a function of wavelength between
650 nm and 950 nm [1–3]. NIR light can penetrate
biological tissues in the range of 0.5 -3 cm allowing
investigation of relatively deep brain tissues. A conventional continuous wave fNIRS system consists of an NIR
light source, a photodetector with high gain and low
noise, a network of post-amplifiers along with filters
and data processing modules to process and store the
data in a computing system [4-6]. Miniaturizing such
a large system on a single chip has been a challenge
for researchers over the decades. The transmitter front
end of the system contains an NIR source (usually an
LED or a laser diode) that is placed near the scalp. The
analog front end of the receiver usually starts with an
Avalanche Photodiode (APD) that multiplies generated
photocarriers for converting incident optical signal into
a continuous electrical signal. For integrating APDs
with other CMOS devices on a monolithic platform,
researchers have investigated fabrication of Silicon APDs
in standard CMOS process [7-8]. APDs can operate in
linear mode (amplification mode) or in Geiger mode

(single photon counting mode). When they operate in
Geiger mode, they are typically called Single Photon
Avalanche Photodiodes (SPADs). Usually, a SPAD operates at a reverse bias higher than breakdown voltage.
In order to control the SPAD photocurrent and prevent
it from going deep into breakdown, quench-and-reset
circuits are designed to absorb large amount of avalanche
photocurrent generated during Geiger mode operation
[9]. The photocurrent generated from APD is then fed to
a Trans-impedance Amplifier (TIA) to convert it into an
amplified voltage signal. In order to eliminate residual
noise and ensure stability of TIA, the output voltage of
TIA is then passed through a limiting amplifier (LA)
and filter [10]. Finally, for processing received data and
making it machine-readable, the analog voltage pulse
is sent through an Analog-to-Digital (ADC) converter.
Fig. 1 shows a simplified schematic of an fNIRS system
[11]. Such a photodiode-TIA network can also be utilized
for Visible Light Communication (VLC) [12]. This report presents a detailed discussion on prospective APD
architectures, conventional design of quench-and-reset
circuits and TIA architectures along with parameters that
determine the suitability of these designs, particularly for
biomedical imaging. It also briefly discusses experimental methods and simulation techniques of testing such a
network for visible light communication.
II. APD A RCHITECTURES
Over the years, III-V material based APDs have been
widely used for various short- and mid- wavelength
Infrared operations and high-speed fiber optics communication [13-16]. However, with recent advancements in
Silicon Photonics technology, Silicon based and Ge/Si
based APDs have become popular for next generation
of LiDAR and biomedical imaging applications due to
better compatibility with CMOS foundry [17-19]. Fig.
2 shows two prospective top-illuminated Silicon APD
structures suitable for NIR detection [20].
In the first structure, Photons are mostly absorbed at
active junction between p+ region and deep n-well. After
getting absorbed, energy from a single photon creates an
Electron-Hole Pair (EHP), which then gets multiplied via
impact ionization mechanism.
Page 1 of 7

Figure 1. Simplified Schematic of an fNIRS system [11]

Typically, impact ionization occurs in region where
electric field is the highest so that generated EHP can
obtain sufficient energy to create more free carriers.
Since most depletion region or space charge region is
inside n-well between p+ region and deep n-well, electric
field is highest inside n-well and multiplication of generated photocarriers occurs in this region as well. After
multiplication, electrons drift laterally towards n+ region
through p well and holes drift towards p+ region. The pwell regions act as guard rings to prevent premature edge
breakdown at the peripheral edges with higher curvature.
Fig. 1b shows another photodiode architecture where
the active junction exists between deep n-well and psubstrate. Photocarriers generated in this junction travel
towards n-well and gets multiplied. For this structure,
deep n-well acts as the charge layer between absorption
region and the multiplication region to prevent premature
edge breakdown. The charge layer serves as an electric
field control layer that ensures that electric field intensity
in multiplication region is uniform and sufficient to
achieve high gain, while simultaneously keeping the field
low enough to prevent tunneling of photocarriers through
multiplication region [21].
Fig. 3 shows the Photon Detection Probability (PDP)
and Sensitivity of the proposed photodetector structures
for various incident wavelengths. APD1 has higher PDP
since it has larger absorption region. However, APD2
shows higher sensitivity since APD2 has separate absorption and multiplication region, which leads to lower
dark current and lower multiplication noise [22-23].
APDs usually operate in reverse bias (VR ) mode,
typically close to breakdown voltage. They have two
modes of operation-(1) Geiger mode, where they operate
as a SPAD beyond breakdown voltage (VBD ) i.e. |VR |
> |VBD | and detects single photon and (2) Linear mode
or Amplification Mode, where they operate below, but
close to breakdown voltage i.e. |VR | < |VBD |. This
requirement for high operating reverse bias is a limitation
of APDs, which can be compensated by using PIN
photodiodes, but at the cost of lower gain.

Figure 2. Two Prospective APD Architectures [20]

Figure 3. Performance of Proposed APD Architectures [20]

III. Q UENCH AND R ESET C IRCUITS
For Geiger mode operation of APDs, quench and reset
(QR) circuit is necessary for interrupting the abruptly
generated large avalanche photocurrent and dropping
APD bias to normal operating value below breakdown.
Once initial photocurrent is quenched, the APD is reset
back to bias beyond breakdown for next photon detection. Fig. 4 demonstrates this process [24].
Quench and Reset circuits can be of three types- (1)
Passive QR; (2) Active QR and (3) Mixed QR circuits.
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Figure 4. Demonstration of Quench and Reset Operation [24]

Passive QR circuits consist of passive elements such
as resistors to absorb avalanche photocurrent. Fig. 5(a)
shows two simple passive QR circuits and Fig. 5(b)
shows the cathode voltage response upon single photon incidence [20]. Passive QR circuits usually require
small area APDs and offer slowest quenching among
three configurations. On the contrary, active QR circuits
consist of active elements such as transistors to control
quench-reset cycle. So, they ensure quicker quenching
and can also be integrated to large area APDs. However,
active QR circuits are usually quite complex and requires
precise design to reduce propagation delay caused by
parasitic capacitances of the active elements.

[20]. In quiescence condition, when there is no current
flowing, the drop through R1 is zero and so cathode
terminal of SPAD is biased to Vdd. Consequently, bias
across SPAD is above breakdown voltage. Upon photon
incidence, SPAD operates in Geiger mode and avalanche
current starts to flow through R1, reducing the cathode
voltage. When cathode voltage is sufficiently low, it turns
ON the Sense transistor SSense . As a result, there is a
voltage drop through R3 and it turns the quench transistors (Squench1 and Squench2 ) ON via Sf eedback . These
quench transistors quickly pull the cathode voltage down
to ground, bringing bias across SPAD below breakdown.
This is how avalanche current is quickly dissipated.

Figure 6. (a) A Mixed QR Circuit (b)APD Cathode Voltage in
Response to Multiple Photon Arrivals between 35 and 80 ns [20]

Figure 5. (a) Two Probable Passive QR Networks; (b) Cathode
Voltage in Response to Single Photon Incidence [20]

Mixed QR circuits combine passive elements along
with active elements; offering reduced complexity than
active QR circuits while ensuring faster quenching than
passive circuits. Fig. 6 shows such a mixed architecture

Once hold-off period ends, quench transistors are
turned OFF and reset monostable pulse activates the
three reset transistors (Sreset1 , Sreset2 , and Sreset3 ).
Since they are connected in parallel configuration, they
provide the cathode terminal with a low resistive path to
Vdd and consequently, bias across SPAD is reset back
to a value higher than breakdown voltage. This makes
the SPAD prepared for next photon detection.
IV. TIA A RCHITECTURES
The APD terminals are connected to input terminals of
a Trans-impedance Amplifier (TIA) in order to convert
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the APD photocurrent into an amplified voltage pulse.
Three most common topologies of TIA are (1) CommonGate (CG) TIA; (2) Resistive Feedback (RF) TIA and
(3) Capacitive Feedback (CF) TIA [25-30]. Although CG
TIA has low input impedance and high transimpedance
gain, its input noise is quite high and Bandwidth (BW) is
comparatively low. RF TIA offers high gain and shows
smallest noise at high frequencies. Also, its BW is large
enough for neural signal acquisition (which requires BW
of around 100 kHz). CF TIA offers smaller noise at low
frequencies but is quite noisy at high frequencies. So, to
achieve low input impedance, high transimpedance gain,
reasonable BW and low noise during high frequency
operation, a combination of CG TIA and RF TIA can
be explored. Fig. 7 shows such a combination [20].
Transistors M1, M2 and M4 form a CG TIA while
transistors M3, M5 and M8 form RF TIA. Transistors
M6, M7 and M9 act as resistive feedback for the RF TIA.
The transimpedance gain and Gain-Bandwidth product
(GBW) of this mixed TIA configuration are given as:
Vout
−gM 5 Rf − 1
=
Iin
gM 4 + gM 5
GBW =

(gm1 + gs1 )(1 − gm5 Rf )
Cin + (gm1 + gs1 )(CL + Cf )Rf /Kcm

where,
Kcm =

gm5
gm4

Figure 7. Proposed Combination of CG TIA nad RF TIA [20]

(1)
Figure 8. Transimpedance Gain of Proposed TIA Configuration [20]

(2)
s
(3)

gs1 is the body effect transconductance of transistor
M1. In order to boost the output voltage swing, the TIA
output voltage is passed to an operational transconductance amplifier (OTA) which converts it to a current
signal and this current signal is again fed to a TIA for
generating a final output voltage having higher swing
than the original output from first TIA block. This OTATIA combination next to first TIA can also be replaced
by a high gain voltage amplifier for circuit simplification.
In order to improve stability of the circuit and and match
output impedance of the second TIA to input impedance
of the component following it (usually an ADC), the
output voltage from second TIA is passed to a limiting
Amplifier (LA). Finally, to remove any residual noise,
this limiting amplifier is followed by a filter. Fig. 8 shows
the transimpedance gain of overall amplifier network
over 1Hz-400MHz frequency range [20].
In equation (2), Cin is the input capacitance of TIA
and Cf is feedback capacitance . Ideal value of Cf
depends on input capacitance Cin , feedback resistance
Rf and unity gain bandwidth fGBW . Following equation
provides the expression for feedback capacitance [12].

Cf =

Cf + Cin
2πRf fGBW

(4)

This transcendental equation can be solved using iterative method. The 3-dB bandwidth of the TIA depends
on terminal capacitance of photodiode Ct and can be
measured using following equation [12].
s
f3dB =

fGBW
2πRf (Ct + Cin )

(5)

V. E XPERIMENTAL S ETUP FOR C HARACTERIZATION
OF P HOTODIODE -TIA N ETWORK IN V ISIBLE L IGHT
Fig. 9 shows an experimental setup for characterization of a photodiode-TIA network consisting of standalone APD and TIA chips [12]. This methodology can
be used to obtain performance estimate of the combined
network before actually integrating APD and TIA on a
single chip. The photodiode can be illuminated using
an LED and the output optical power of the LED can
be modulated using a programmable power supply. The
photocurrent and TIA output voltage can be measured
using digital multimeter. Reference [12] shows such
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an experiment for visible light communication, where
researchers swept the power supply from 8V to 14V,
with 1A current, so that the LED power can be varied.
They used commercially available OPA656 Op-Amp as
the TIA and SP8-ML photodiode. The photodiode-TIA
circuit is placed at a distance of 50 cm from the LED.
Fig. 10 shows experimentally derived dependence of TIA
output voltage on LED power for different feedback
resistances, which provides an idea of overall photoconversion efficiency of the Photodiode-TIA network.
The Ideal value for feedback capacitance was calculated
using equation (4) and ideal value of feedback resistance
(Rf ) can be given as the ratio of output voltage swing
to maximum short circuit current.
Rf =

Vout,max − Vout,min
ISC

(6)

Figure 11. (a) Simulation Setup for Characterization of PhotodiodeTIA Network; (b)Bode plot of Overall Photodiode-TIA Network [12]
Table I
C OMPARISON BETWEEN E XPERIMENTAL AND S IMULATION
R ESULTS

Figure 9. Experimental Setup for Characterization of PhotodiodeTIA Network [12]

Parameter
f3dB
Vout (0µA)
Vout (18µA)

Experimental Result
1.5 MHz
0.2008 V
0.9 V

Simulation Result
1.59 MHz
0.23245 V
1.08 V

VI. C ONCLUSION

Figure 10. TIA Output Voltage vs LED Output Power [12]

For better validation of experiment, they also compared their experimental results with simulation results.
Fig. 11(a) shows simulation setup in Toolkit for Interactive Network Analysis (TINA), a software package
from Texas Instruments. Fig. 11(b) shows bode plot of
photodiode-TIA network as obtained from simulation.
Table 1 shows a comparison of some performance parameters derived from simulation and experiment, which
shows enough 3-dB BW for neural signal acquisition and
visible light communication.

This paper discusses an fNIRS system for optical neural imaging and focuses mostly on researches up to date
on receiver front end of the system. For quick photon
counting and detection of continuous wave NIR signals,
different APD architectures can be explored but fabricating them using CMOS process might be challenging
to some extent. Designing precise and small delay QR
circuits is very crucial since high delay in QR circuit
will cause false re-triggering of avalanche. Designing
high SNR APDs and properly integrating them to TIA
are significant for reducing input noise of TIA. Since,
output noise is considerably high at low frequencies
for RF TIAs and high frequencies for CF TIAs, proper
filtering circuits are also crucial for appropriate imaging.
For integrating this network on a single chip, proper
transistor sizing and biasing are important for reducing
dynamic power consumption and circuit delays as well
as optimizing chip area and improving overall gain.
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