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Abstract: Silicon photomultipliers are novel solid state photodetectors

that recently became commercially available. The goal of this paper was

to investigate their suitability for low light level detection in miniaturized

functional near-infrared spectroscopy instruments. Two measurement

modules with a footprint of 26×26 mm2 were built, and the signal-to-noise

ratio was assessed for variable source-detector separations between 25 and

65 mm on phantoms with similar optical properties to those of a human

head. These measurements revealed that the signal-to-noise ratio of the

raw signal was superior to an empirically derived design requirement for

source-detector separations up to 50 mm. An arterial arm occlusion was

also performed on one of the authors in vivo, to induce reproducible hemo-

dynamic changes which confirmed the validity of the measured signals.

The proposed use of silicon photomultipliers in functional near-infrared

spectroscopy bears large potential for future development of precise,

yet compact and modular instruments, and affords improvements of the

source-detector separation by 67% compared to the commonly used 30 mm.
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1. Introduction

Near-infrared spectroscopy (NIRS) is an optical and non-invasive method that can be used to

determine the concentration of oxy- and deoxyhemoglobin (O2Hb and HHb, respectively) in

human tissue in vivo [1, 2]. In functional NIRS (fNIRS), this principle is used to assess the

cortical activation of brain tissue [1, 3]: increased cortical activity alters the oxygenation state

of brain tissue through neurovascular coupling [3–5], which causes a focal increase (decrease)

of O2Hb (HHb) [1, 3, 5].

In continuous-wave fNIRS, steady-state NIR light of at least two discrete wavelengths is

guided to the scalp, and its diffuse reflectance is measured at some centimeters from the source

site [1–3]. The modified Beer-Lambert law (MBLL) is used to relate concentration changes of

O2Hb and HHb to changes in the detected light intensity [1, 5, 6]. A fraction of the detected

photons follows a path that passes through cortical tissue, thereby carrying information about

the brain. This fraction depends on the source-detector separation (SDS): the larger the SDS, the

deeper the detected photons have penetrated the tissue and hence the larger the probed cortical

volume, resulting in improved measurement signals [1–3,7]. However, increasing the SDS also

dramatically increases the light attenuation (approx. 20 dB per cm SDS [8]).

One of the major advantages of fNIRS over other neuroimaging modalities is the fact that the

instruments can be miniaturized and made wearable, easing the restrictions to head movement

and offering increased comfort to the subjects [3]. Such fNIRS devices have to be lightweight

and small, which narrows the selection of their optical and electrical components. In particular,

special attention is due to the choice of the detector, since it directly influences the measured

signal quality and determines the readout- and supply circuitry. Because of the high attenuation

of the light at longer SDS, it is beneficial to select very sensitive photodetectors with internal

signal amplification [6].

The detection of such low light levels can be done by photomultiplier tubes (PMTs) since

they feature high internal gains, but PMTs are bulky, heavy and require high operating voltages,
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and are hence not suitable for miniaturized and/or wearable fNIRS instruments. Furthermore,

PMTs are sensitive to magnetic fields (i.e. incompatible with magnetic resonance imaging) and

vulnerable to overexposure at ambient light [9]. Avalanche photodiodes (APDs), in contrast,

are solid state devices that are small in size, insensitive to overexposure and not affected by

magnetic fields. But their internal gain is typically lower, and their operating voltage is also

rather high [9].

Recently, silicon photomultipliers (SiPMs) were recognized as a solid state alternative to

PMTs [9–11]. SiPMs consist of a dense array of parallelly connected tiny APDs, called micro-

cells, which operate independently in Geiger mode [9, 10]. When a photon hits the active area

of a microcell, an ionization cascade (“avalanche”) can be triggered that results in a largely

amplified current peak. The sum of the currents from all the microcells in the array forms a

quasi-analog output signal proportional to the incident light intensity [9–11].

Since SiPMs share the benefits of APDs as they are small, lightweight, robust and relatively

low-priced, but operate at lower voltages and exhibit an internal gain that is comparable to

PMTs [9–11], they undoubtedly bear advantages that have yet to be exploited for fNIRS in-

strumentation. The goal of this work hence was to demonstrate the suitability of SiPMs as

photodetectors in low level light detection in miniaturized fNIRS instrumentation, and is par-

tially based on a recently completed semester thesis [12], conducted by two of the authors (F.B.

and T.A.). To the best of our knowledge, we are the first to report on the design and evaluation

of an fNIRS measurement module that features SiPMs as detector units.

2. Methods

2.1. fNIRS sensor module design and implementation

Two fNIRS modules were built, each consisting of two separate printed circuit boards, stacked

on top of each other (Fig. 1(A)), and designed to be used as both, source and detector module.

A brief overview of the module design is given here, while details can be found in [12].

The used SiPM (PM3360, KETEK GmbH, Munich, Germany) had an active area of

3×3 mm2 with 2500 microcells. The SiPM current was converted to a voltage signal by a

transimpedance amplifier (TIA) as illustrated in Fig. 1(B). The TIA stage had a low-pass char-

acteristic (1st-order, cutoff-frequency: 1 kHz) and a signal amplification of 510 Ω. The result-

ing voltage was subsequently filtered on-board using a 2nd-order low-pass filter with a cutoff-

frequency of 1 kHz and an additional signal amplification stage with a gain of 2. This second

amplifier stage allowed to apply an offset voltage in order to keep the range of the preamplified

voltage level within the input swing of the subsequent ADC. In order to control the detector

gain, the bias voltage was adjustable between −32 and −24 V. Each module was equipped with

two LEDs (Osa Opto Light GmbH, Berlin, Germany), emitting at 680 ± 8 and 850 ± 8 nm,

respectively. The LED package contained a small lens that allowed for a half viewing angle
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Fig. 1. A: the proposed fNIRS module besides a 2-e coin. B: SiPM readout circuitry (TIA:

transimpedance amplifier, LPF: low-pass filter). C: block diagram of the module (GUI:

graphical user interface, µC: microcontroller, ADC: analog-digital converter, DAC: digital-

analog converter).
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of 20 degrees. The emitted light intensities were adjustable by controlling the current through

the LEDs, which was fixed at 30 mA for all measurements presented here. The power density

impinging on the sample was estimated based on the radiation characteristics and values for

the radiant intensity from the datasheet of the selected LEDs. Under the assumption that i) the

radiation peaks along the optical axis with a maximum value of 3.5 (7.0) mW/sr for the LED

emitting at 680 (850) nm, respectively; and that ii) in the time multiplexed scheme each LED

has a duty cycle of one third (see below), the time-averaged power densities were estimated to

be 28 (55) mW/cm2 at 680 (850) nm. This is in the range of the power densities generally used

in fNIRS, and only slightly higher than the irradiation from sunlight at these wavelengths [13].

The peak total optical power was calculated to be approximately 3.2 (6.3) mW. This is compara-

ble to the values previously reported in the literature for wearable fNIRS instruments [14, 15].

Under normal operating conditions and based on assumptions adapted from [16], the LEDs

used in this work can be considered safe for both the eye (including the retina, cornea and the

lens) as well as the skin under the guidelines given by the ICNIRP [17].

A cover made of black silicone and held in place by black rubber tape was used to shield

the detector from stray light and to minimize lateral radiation from the LEDs. The modules

were powered by a lab power supply (HM7042-5, HAMEG Instruments GmbH, Mainhausen,

Germany) providing three voltage levels (−32.0, −3.0 and 3.5 V) in combination with on-board

low-dropout regulators (Texas Instruments Inc., Dallas, TX, USA). The silicon cover served as

a provisional isolator between the module and the subject. Furthermore, the power supply was

operated in a current-limited mode in order to eliminate the risk of severe electrical hazards.

The limits of the currents were 10 mA for the −32.0 V output, 110 mA for 3.5 V and 40 mA

for −3.0 V.

Measurements were performed in a time-multiplexed scheme, by using one of the modules

as source device, and the other as detector, allowing for easy variation of the SDS. One sample

consisted of an intensity measurement for both wavelengths and a background light measure-

ment. To this end, each LED was switched on separately for 3.3 ms. After waiting 1.8 ms in

order to let the low-pass filtered output voltage reach a steady state, a 16-bit ADC (ADS8330,

Texas Instruments Inc., Dallas, TX, USA) was used to sample both the TIA-output and Vout

(Fig. 1(B)) 50 times at a rate of 50 kHz. These ADC samples were finally averaged, and the

procedure was repeated for the other LED and for the background light condition, in which both

LEDs were off. In this configuration, the overall sampling rate was 100 Hz. An on-board mi-

crocontroller (ATxmega128A4U, Atmel Corp., San Jose, CA, USA) was used to read the ADC,

execute the averaging operation and communicate via USB with a PC running a graphical user

interface (GUI), which was developed in MATLAB® (The MathWorks Inc., Natick, MA, USA)

and used to set the SiPM bias voltage, the LED current and apply an offset correction prior to

the A/D conversion as illustrated in Figs. 1(B) and 1(C).

2.2. Signal-to-noise measurements

The signal-to-noise ratio (SNR) was measured using optical phantoms (ISS Inc., Champaign,

IL, USA) and was defined as 20log10 (s̄/sσ ), where s̄ and sσ were the signal mean and the stan-

dard deviation across 300 data points, respectively. The modules were placed on the phantom

at SDSs ranging from 25 to 65 mm and were firmly pressed to the surface with adhesive tape.

To eliminate stray-light effects or light-piping from the LEDs directly to the SiPM, black rub-

ber tape was used to shield the modules, and the measurements were performed in a light-tight

box. Adjustments of the SiPM gain (by tuning the bias voltage) and the offset voltage in the

second amplifier stage were performed prior to the measurements, to prevent ADC saturation

while allowing for maximum signal amplitude. The placement of the modules was carried out

once per measured SDS. For each placement (i.e. SDS), the SNR was determined ten times
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Table 1. Optical Coefficients [mm−1] of the Human Forehead and the Two Used Phantomsa

µa,680 µa,850 µ ′
s,680 µ ′

s,850 µtr,680 µtr,850

Human foreheadb 0.0109 0.0115 0. 8235 0.7210 0.1650 0.1589

Phantom A 0.0104 0.0099 1.1093 0.9514 0.1872 0.1693

Phantom B 0.0146 0.0143 0.4126 0.3337 0.1369 0.1220

a The data in this table were extrapolated to match the present wavelengths.
b Own measurements.

consecutively. For each phantom and SDS, these ten SNR values were then used to calculate

the mean SNR and the corresponding standard deviation (SD).

In order to relate phantom data to in vivo measurements, the optical properties of the phantom

should match those found in humans. Besides the SDS, the measured light intensity – and hence

the SNR – essentially depends on the effective transport coefficient µtr =
√

3µa (µa +µ ′
s),

which is a function of the absorption coefficient µa and the reduced scattering coefficient µ ′
s

[8]. Own frequency-domain measurement data of the optical coefficients of the forehead of 5

healthy subjects (details not reported) are given in Table 1. None of the available phantoms

exhibited the exact optical coefficients, hence the SNR measurements were conducted on two

different phantoms (A and B, Table 1), which were selected such that the µtr from the human

forehead is between that of the two phantoms.

A lower bound for the SNR was defined as follows: (conservatively) assuming a functionally

induced change in O2Hb and HHb of 1 and −0.25 µM, respectively [3, 6], inversion of the

MBLL yielded the corresponding intensity changes ΔI with respect to the measured baseline

intensity I0. In order to obtain adequate SNR requirements for functional measurements, the

inverted MBLL was parameterized with values corresponding to the head, i.e. with extinction

coefficients and differential pathlength factors for the forehead. The extinction coefficients were

taken from [18], and the differential pathlength factors for 680 and 850 nm were linearly extrap-

olated from the data published in [19], since the published data did not match the wavelengths

used in this work. The determination of a minimum SNR, based on the inversion of the MBLL,

allows inferring the required SNR that would be needed to detect changes in O2Hb and HHb –

due to changes in brain activity – by analyzing the SNR of the detected optical power on a static

optical phantom. To adequately resolve these changes, the maximally tolerable noise level was

chosen to be one third of ΔI, yielding a minimally required SNRmin = 20log10 ((3I0)/ΔI).

2.3. In vivo experiments

Easily reproducible hemodynamic changes were induced in one of the authors by occluding the

blood flow to and from the forearm with a pneumatic cuff by applying a pressure of more than

280 mmHg during 120 s, followed by 180 s of recovery [12]. The modules measured muscular

tissue during three occlusion periods at an SDS of 50 mm. In addition to shielding with black

rubber tape, the modules were covered with black cloth to limit the background light. Changes

in O2Hb and HHb were calculated according to the MBLL, with differential pathlength factors

for the forearm linearly extrapolated from [19] and the extinction coefficients from [18]. The

data were low-pass filtered with a digital 3rd-order Butterworth filter at a cutoff-frequency of

1 Hz.

3. Results

Figure 2 (top) shows the obtained SNR values (mean ± SD across the ten repetitions) for

the different SDSs and the two phantoms, together with the estimated minimally required
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Fig. 2. Top: mean SNR (± SD) vs. SDS, measured at two phantoms (A and B). The dashed

(solid) line shows the empirically derived minimal SNR for 680 (850) nm. *: data from TIA

output. Bottom: changes in hemodynamics during three arterial occlusions (gray areas).

SNR for both wavelengths (gray lines). Due to saturation of Vout, the data of phantom A for

SDS ≤ 30 mm and the data of phantom B for SDS ≤ 40 mm were obtained directly from the

TIA output (Fig. 1(B)). For phantom A, the critical SDS, up to which the design criteria are

fulfilled for both wavelengths, was roughly 50 mm, while for phantom B, it was 55 mm.

For the in vivo experiment, the traces of O2Hb, HHb and the change in total hemoglobin

(tHb = O2Hb + HHb) during the occlusion periods are shown in Fig. 2 (bottom). With the

onset of the occlusions, O2Hb and tHb increased instantly. During occlusion, HHb constantly

increased, and O2Hb decreased at a similar rate, while changes in tHb were much smaller. Re-

leasing the occlusion induced a “rebound”-reaction after which the hemodynamics equalized.

4. Discussion & outlook

This article proposes SiPMs as detectors for fNIRS instrumentation, and introduces a modu-

lar prototype measurement system. SNR measurement data obtained from optical phantoms

showed that SiPMs enable measurements at large SDSs, while affording small, lightweight and

modular probes. The proposed lower bound for the SNR enabled a requirement-driven assess-

ment of the range of SDSs which are expected to yield a sufficiently high resolution that allows

to detect changes in brain activity on a single-trial basis.

The SDS up to which the requirements were met was 50 mm. This is twice as large as the

SDS used in [20] and 67% more than the commonly used 30 mm SDS [1, 3], and is in line

with the work in [7], where a minimum SDS of 48 mm has been suggested for optimal fNIRS

measurements. The backlight-corrected current measured at the SiPM output for the critical

SDS of 50 mm was 1.12 (1.47) mA for phantom A and 2.49 (2.61) mA for phantom B, at the

wavelengths 680 (850) nm, respectively. These comparably high currents are indicative for the

large internal amplification of SiPMs, and allow for simple and miniaturizable data readout

without the need for elaborate and complex ultra-low noise circuitry even at longer SDSs.

Digital low-pass filtering of the data is expected to increase the SNR performance further.
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SDSs beyond 50 mm are thus possible. The sampling rate of 100 Hz is – compared to the

relatively slow hemodynamics – rather fast, and the fNIRS data are usually low-pass filtered

during preprocessing. Assuming white Gaussian noise and a simple 10 point moving average

filter, a 10 dB increase in the SNR is expected.

The in vivo measurement data demonstrated the validity of the obtained results at an SDS

of 50 mm. The results showed the expected increase in HHb and accompanying decrease in

O2Hb during the occlusions, which result from the closed system dynamics due to the blocking

of blood in- and out-flow. The steep increase in O2Hb and tHb at the occlusion onset can

be explained by the non-zero time that is required to apply the pressure required for arterial

occlusion. The signal traces, as well as the magnitudes of the induced hemodynamic changes,

were comparable to those reported in [1, 20].

4.1. Limitations

The phantoms used for this study did not perfectly match the optical properties of the human

head. As the effective transport coefficient of phantom A was larger than that measured on

the human forehead, it yields a too low estimate of the SNR. Conversely, µtr was too small in

phantom B, leading to an optimistic SNR measurement. We expect the SNR that corresponds

to the human head to lie somewhere in between the results from phantom A and B.

The developed modules suffered from a certain drift in the intensity signal, which was larger

for short SDSs and vanished for longer SDSs. The origin is assumed to be internal heating

of the SiPM [12]. Thermally stabilized SiPM modules are commercially available, and might

be alternatively considered in a future redesign. However, the background light measurement

in the time multiplexed scheme allowed for a partial correction of the drift, which becomes

evident in the occlusion data, where no apparent signal drift is visible.

4.2. Future work

The modules are first prototypes developed to test the potential of using SiPMs in fNIRS appli-

cations. The electrical isolation of these prototypes was thus provisional and protective means

were implemented directly at the level of the power supply. A redesign including safety cir-

cuitry with current limiters and a proper casing will be required prior to extensive testing of the

device in humans, especially when fully wireless and battery powered operation with medical

certification is pursued.

No substantial difference in the SNR was observed when comparing the data obtained from

the TIA output and Vout (Fig. 1(B)). The second stage of the amplifier served two purposes:

it featured a 2nd-order low-pass filter as well as the possibility to shift the amplified voltage

level into the input range of the ADC. Since the TIA already had a 1st-order low-pass charac-

teristic, the subsequent 2nd-order filter was most effective in the frequency band close to 1 kHz

(where the noise rejection from the 1st-order filter was not yet very potent). As inferred from

the marginal improvements when comparing with the TIA output data, however, this noise re-

jection was already achieved through the onboard digital filtering (i.e. a data point was based on

the average of 50 ADC samples which were obtained at 50 kHz). Hence, in a future redesign of

the modules, the analog filtering circuitry could be simplified accordingly, allowing for reduced

system complexity and size.

Each module communicated via an on-board microcontroller, and hence would be individu-

ally addressable in a bus, making parallel operation in a sensor network possible. Such a setup

would benefit from a flexible probe placement with multiple SDSs on the one hand, and from a

dense grid of light paths for optical topography on the other hand.
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5. Conclusion

Due to their excellent SNR performance, small size and weight and low operating voltage,

SiPMs offer new opportunities for the design of small, modular, flexible and highly precise

fNIRS instruments.
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