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Abstract 
Photoplethysmography (PPG) based heart rate monitors are now used by hundreds of millions of 
people, yet their accuracy is known to degrade with motion and exercise intensity, and validating them 
on human subjects introduces uncontrollable variability between wearers. Existing controlled 
bench-test approaches address this only partially, having been tested at low to moderate heart rates 
and not across a range of commercial devices. This thesis develops and validates a controlled 
bench-test setup that acts as a repeatable PPG signal source for wrist worn monitors. Two approaches 
were built in parallel, a light emitting setup that generates a synthesized PPG signal through a 
MOSFET transistor-gated LED, and a light modulating setup that attenuates the device’s own emitted 
light through a twisted-nematic LCD shutter. Both were calibrated to a physiological target and driven 
by an arbitrary function generator. The setups were validated against a known reference at 60, 90, 120, 
180 and 210 bpm across four commercial devices (Polar Verity Sense, Apple Watch Series 9, Garmin 
Forerunner 255 and Wahoo TICKR Fit) over three repeats. Every device detected input and reported a 
heart rate, tracking within ±1 bpm for most attempts and deviating by at most 3 bpm at the highest 
rate. The light modulating setup proved the simpler and more robust of the two. Both are therefore 
validated as reference sources removing the wearer's variability of on-subject testing and enabling  
commercial monitors to be driven through dynamic patterns of exercise.  

 
 



 
 

Sammanfattning 
Pulsmätare baserade på fotopletysmografi (PPG) används idag av hundratals miljoner människor, men 
deras noggrannhet är känd för att försämras vid rörelse och ökad träningsintensitet, och validering på 
mänskliga försökspersoner medför en okontrollerbar variation mellan bärare. Befintliga kontrollerade 
testuppställningar löser detta endast delvis, då de testas vid låga till måttliga hjärtfrekvenser och inte 
över ett urval av kommersiella enheter. Detta examensarbete utvecklar och validerar en kontrollerad 
testuppställning som fungerar som en repeterbar PPG signalkälla för handledsburna pulsmätare. Två 
metoder byggdes parallellt, en ljusemitterande testuppställning som genererar en syntetiserad PPG 
signal via en MOSFET transistor-styrd lysdiod och en ljusmodulerande testuppställning som dämpar 
enhetens egna utsända ljus. Båda kalibrerades mot en fysiologiskt relevant nivå och drevs av en 
funktionsgenerator. Uppställning validerades mot en känd referens vid 60, 90, 120, 180 och 210 bpm 
för fyra kommersiella enheter (Polar Verity Sense, Apple Watch Series 9, Garmin Forerunner 255 och 
Wahoo TICKR Fit) över tre upprepningar. Samtliga enheter detekterade insignalen och rapporterade 
en hjärtfrekvens i överensstämmelse med referensen, med en avvikelse inom ±1 bpm för de 
flesta försök och som mest 3 bpm vid den högsta frekvensen. Den ljusmodulerade 
testuppställning visade sig vara den enklare och mer robusta av de två. Båda är därmed 
validerade som referenskällor som tar bort variationen mellan tester på individer och 
möjliggör att kommersiella pulsmätare kan drivas genom dynamiska träningsmönster.
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1 Introduction 
Photoplethysmography (PPG) is a non-invasive optical technique that measures blood volume 
variations in the microvascular bed of tissue, allowing heart rate and other cardiovascular parameters 
to be derived from the pulsatile component of the detected light intensity[1, 2]. Since its early use in 
clinical pulse oximetry, advances in low-cost LEDs, photodetectors and signal processing have driven 
its migration into consumer wearables, where reflectance-mode sensors at the wrist have become the 
dominant configuration[2]. The global heart rate monitoring devices market reflects this shift, an 
estimated 320 million people used heart rate monitoring devices for fitness or medical purposes in 
2023, with wrist-worn monitors accounting for roughly 62% of unit sales that year. Sports and fitness 
alone represent the largest application segment, with approximately 140 million users tracking 
performance through PPG-based wearables, of which more than 70% are wrist-based devices[3]. The 
heart rate monitor market was valued at about 2.5 billion USD in 2024, and is projected to more than 
double by 2035, led by optical wrist worn devices and the sports and fitness application[4]. This rapid 
adoption is driven by the simplicity of PPG’s operation, its wearing comfort and low cost, with use 
now spanning clinical monitoring and every day fitness[1]. 
 
Although consumer PPG monitors are widely adopted, their accuracy degrades during everyday light 
physical activity, where motion artifacts corrupt the signal, and this degradation worsens as exercise 
intensity increases. A recent validity study of the 16 commercial monitors found close agreement at 
low intensities with an ECG monitor as reference, but rising error and deviating readings between 
devices as intensity increased[5]. Attributing this error to the device rather than the wearer is difficult 
on human subjects, where skin, fit and motion vary uncontrollably between individuals and cannot be 
isolated from the sensor’s own behavior. To combat this, controlled bench-test setups have emerged, 
from fluid phantoms[6] to light-emitting simulators[7], presenting a repeatable, known input in place 
of a wearer. 
 
Existing bench-test approaches each address the problem partially. Mechanical fluid phantoms 
replicate the optical and physical properties of tissue but require complex infrastructure and are 
difficult to reconfigure for dynamic heart rate patterns[6,8]. Light-emitting simulators offer greater 
flexibility and repeatability, as the input signal can be precisely programmed and sourced from 
clinical databases, but reported implementations have been demonstrated across a limited, low to 
moderate range of rate. Critically, neither approach has yet been validated across a range of 
commercial monitors or at higher rates characteristic of intense exercise, conditions directly relevant 
to the sports and fitness use case that make up the largest segment of the market. Given that the 
pulsatile AC component represents only 0.5-1.5% of the total signal amplitude[9], even small 
deviations in the controlled optical input can translate into meaningful errors at the device output, so a 
reproducible, well characterised source is required. A bench-test setup that can drive multiple 
commercial devices with a known reference waveform is therefore needed, as a foundation for 
systematic comparison. 
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1.1 Aim 
The aim of this thesis is to develop and validate a controlled bench-test setup that acts as a repeatable 
PPG signal source for wrist-worn, PPG monitors. The setup is intended to provide a known optical 
input, derived either by actively generating light or by modulating the device's own emitted light, so 
that the heart rate output of the device under test can be compared against a programmed reference 
waveform from an arbitrary function generator. This validated setup is intended to serve as a 
foundation for a broader project comparing the dynamic response of commercial PPG monitors under 
dynamic heart rate patterns, such as step or ramp response and recorded exercises. 
 

1.2 Delimitations 
This work is limited to wrist worn, wireless PPG monitors, and the test enclosure and sensor 
positioning were designed for this device category rather than for finger or chest worn sensors. The 
setup is driven by an external reference specified as a frequency, where 1 Hz corresponds to 60 bpm, 
so that the target heart rate can be set directly. An arbitrary function generator is the intended source, 
though alternatives may be used if required, and the setup is expected to operate across the range 
typical of exercise heart rates, from 60 to 210 bpm. 
 
The devices under test were constrained by availability. The Polar Verity Sense served as the primary 
device, and had to function for the setup to be considered valid, as its raw PPG data is accessible for 
verification, while Apple Watch Series 9, Garmin Forerunner 255 and Wahoo TICKR Fit were 
included as additional compatibility checks.  
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2 Methodology 
Two approaches were investigated to provide a controlled optical input to the PPG sensors. They were 
developed in parallel as complementary strategies. The light emitting setup generates a synthesized 
PPG signal through an LED, while the light modulating setup attenuates the device’s own emitted 
light via an LCD shutter. Both share the same validation principles, a known reference input from an 
arbitrary waveform generator (AFG) is compared against the heart rate output of the PPG device that 
is under test. 

2.1 Reference Target 
For either setup to act as a reference source, the signal it presents to the sensor has to resemble a 
physiologically correct heartbeat pulse. The pulsatile (AC) part of a PPG signal is typically within 
0.5-1.5% of the total DC level[9], so the natural first idea is to match this AC/DC ratio. However, this 
ratio cannot be used reliably here because the DC level reported by the device is not a fixed baseline. 
The Polar Software-Development-Kit (SDK) exposes the raw PPG signal directly from the analog 
front end without filtering[10], so its absolute level is not a calibrated baseline. It includes ambient 
and front end components that drift between recordings, meaning that the DC baseline can vary 
drastically, even reaching levels below zero (as seen later in section 2.3.3 Figure 9, Graph A). The AC 
amplitude, on the other hand, is the height of the pulse itself and does not depend on where the 
baseline sits observably. The focus was therefore placed on the absolute peak to peak pulse amplitude 
(ACpp) instead of the ratio. 
 
To confirm the AC amplitude is within stable range, three on-wrist raw PPG recordings were taken 
from a healthy 23 year old male at rest using the Polar Verity Sense (Figure 1). Each recording was 
bandpass filtered between 0.5-10 Hz to isolate the cardiac component, and ACpp was measured as the 
5th to 95th percentile peak to peak amplitude of the filtered signal, which removes outliers and 
abnormal beats. The results are listed in Table 1: the DC level differed by roughly 50 000 raw units 
between the three sets, while the pulse amplitude stayed within a narrow band around a mean of about 
3620 raw units at the sensor. This confirms that the AC amplitude is reproducible even when the DC 
baseline is not. The aim of the setup was therefore to reproduce this amplitude, approximately 3620 
raw units at the sensor, and this value was used as a reference target for both setups. 
 

 
Figure 1 : Three sets of on-wrist raw PPG measurements (PPG0 channel). The sensor-output in raw 
units differs in height between recordings (see repository[12]).  
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Table 1 : On-wrist measurement from three recordings. The ACpp stayed consistent across sets 
(3511-3732) while the DC level varied by roughly 50 000 raw units. The AC/DC ratio, shown for 
comparison with the literature study fell within the reported 0.5-1.5% range in this case (mean 0.73%) 

Measurements (PPG0) DC (raw units) ACpp (raw units) AC/DC 

Set 1 510888 3624  0.71% 

Set 2 520134 3732 0.72% 

Set 3 469438 3511 0.75% 

2.2 Light Emitting Setup 
Details the design and calibration of the light emitting setup. 

2.2.1 Concept with Continuous LED Emission 
The first approach was a simple setup designed to investigate if a single LED could work as a usable 
bench-test source. It consisted of an enclosure with a 5 mm green LED driven by Tektronix AFG1022 
using an arbitrary waveform. The LED emits at a wavelength of 574 nm (an optical frequency of 
approximately 5.22⋅1014 Hz), placing it within the 500-600 nm green-yellow band[11]. With the AFG 
configured at an offset of 2100 mV and an amplitude of 300 mV, the Polar Verity Sense could detect 
heart rate and stream raw PPG data, but the measurements were not calibrated enough for a standard 
test, and several high-end devices (Apple, Garmin) rejected the setup and failed to report a heart rate.  
 
Most commercial sensors pulse their own LEDs at high frequencies and measure the environment 
during the "off" gaps to subtract background noise. The raw PPG readings (Figure 2) showed that 
these devices were flagging the output as ambient light, which could impact readings, reliability and 
detection. The setup was therefore revised following Pittella et al.[7], whose design uses a 
MOSFET-transistor to gate the LED so that it emits only in sync with the device’s own sampling 
window, preventing the sensor from capturing the synthesized signal during its ambient light sampling 
window. 
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Figure 2 : Raw intensity data plotted against time. Blue (Set 1) is data from a healthy 23 year old 
male, measured from the finger with its measured ambient light in orange. The green waves are the 
readings from the diodes themselves and with its resulting ambient light in red. 
 
The revised setup was divided into three functional sections: sources, an electric circuit and a test 
enclosure[7]. The source stage consisted of the AFG, used to provide the waveform corresponding to 
the desired PPG signal and the reference heart rate. The circuit stage consisted of the synchronization 
and driving electronics. Finally, the enclosure was developed to position the sensor and optical source 
in a fixed configuration while covering the setup from ambient light. A photodiode (PD) is used as the 
synchronization receiver, because the intermittent LED pulsing of commercial devices for ambient 
light cancellation and power reduction[2] means that a continuously emitting source would otherwise 
overlap with the sensor’s sampling period.  

2.2.2 Test Enclosure Design 
Both setups use a custom enclosure designed in Autodesk Fusion 360, following the same general 
principles : a white polylactic acid (PLA, 1.75 mm) reflective base to return scattered light toward the 
devices photodetectors, a black PLA outer cover to block ambient light, and a removable lid that 
allows the device under test to be placed and swapped between trials in a repeatable position. Parts 
were 3D printed using Elegoo Neptune 4 with the printing specifications mentioned and stl files found 
in the projects repository[12]. The enclosure-specific geometry differs between the two setups, as 
described in 2.3.2.  
 
For the active light emitting setup, the LED was mounted in the base, fitted into a hole with a 
diameter of 5 mm and aligned central to the photodetector window of the device under test at a fixed 
separation of 12 mm. This separation is at a suitable distance for light to reach many different 
configurations of PD placements[13]. The device rests on the upper squared opening of the base, 
designed with wearable PPG sensors in mind, fixing its lateral position relative to the LED between 
trials. 3D render made with Fusion 360 is illustrated in Figure 3. The effectiveness of the ambient 
light shield was verified separately in 2.2.3 during PD setup.  
 

 
Figure 3 : A 3D render of the active setup enclosure using Fusion 360.  
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2.2.3 Circuit Design 
The circuit stage translated the AFG waveform into a proportional LED drive current, gated to the 
sampling intervals of the device under test. It was organized into three functional parts : a photodiode 
connected to the gate of the MOSFET that synchronized the output with the devices emission, a unity 
gain buffer that decoupled the synchronization from the load, and a Howland current pump that 
converted the voltage into a controllable LED drive current. The circuit was assembled on a 
breadboard, with a schematic of the layout shown in Figure 4. 

 
Figure 4 : A circuit schematic made with EasyEda Pro. Illustrates the connections between the 
photodiode, MOSFET, AFG and the green LED.  
 
MOSFET Synchronization Stage 
The 2N7000 N-channel MOSFET (Q1) was used to gate the signal path. BPW34 photodiode (PD) 
was placed in reverse bias between the +5 V rail and the MOSFET gate, with a pulldown resistor R1 
tying the gate to ground. When the device under test illuminated the PD with its own LED emission, 
the photocurrent flowing through the R1 raised the gate to source voltage (Vgs) above threshold of the 
2N7000 (0.8-3 V)[14], turning the channel on for the duration of the device's LED pulse. The AFG 
waveform was applied at the drain so that the channel conducted by the programmed PPG waveform 
only while the device’s LED were emitting, placing a synthesized signal inside the sensor's worn 
window. 
 
R1 was sized to satisfy two constraints. It had to have a large enough resistance that the current from 
the photodiode produced during a device’s pulse cycle drives Vgs reliably above the upper threshold 
bound, and small enough that ambient photocurrent leaking into the enclosure did not on its own 
sustain the Vgs above the threshold and cause a constant turn-on. To tackle this, the voltage over a 10 
kohms resistor (placed temporarily as R1), was measured with and without the sensor turned on inside 
the test enclosure. Due to the high resting noise of the RTC1002 Oscilloscope (approx. 30-60 mV), a 
Hewlett Packard 34401A multimeter was used instead for the “dark current” measurement (small 
current when no light is hitting the PD). Whilst the oscilloscope was used for measuring the 
alternating voltage caused from the flickering on and off cycle of the sensor.  
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The voltage with the sensor off, over R1 inside the test enclosure was measured to be 0.002 mV DC, 
which equates to a dark current of 0.2 nA, when divided by the R1 resistance, which is equivalent to 
the rated dark current for the BPW34[15]. Using the oscilloscope, the peak voltage produced when the 
sensor's LEDs turned on was 1.96 V, a current of 196µA when divided by R1. The peak frequency 
measured with the oscilloscope was aligned with the sensor's sampling frequency of 55 Hz as well, 
confirming relevance to the intended measurement. Given the gate saturation level of 4 V, a minimum 
R1 resistance of 20.4 kohm would be enough to drive the setup, calculated by dividing 4 V by 196 
µA. A resistor of 38 kohm was used as R1, with a suitable margin from the minimum value and 
subject to availability. In this configuration, the LED from the setup turned on only when the light 
source of the device was on. 
 
Buffer Stage 
The first half of the TLV2462 (OP-AMP.1) operational amplifier was configured as a unity gain 
buffer. The buffer isolated the gated voltage at the drain pin from the input impedance of the current 
pump. So that loading the Howland current pump did not disrupt or drain the waveform passed 
through the MOSFET. The TLV2462 was selected for its rail to rail output, low input bias current 
(minimize signal distortion) and dual inline packaging (DIP) equipped with extended pins suitable for 
breadboarding[16]. 
 
Howland Current Pump 
The second half of the TLV2462 (OP-AMP.2) was configured as an Improved Howland current pump 
driving the LED. It produces an output current proportional to the input voltage. The pump consists of 
four balanced resistors of equal value (R3, R4, R5, R6), and a sensing resistor R7 of 82 ohm that 
dictates the output current for the LED. Similarly to Pittella et al.[7], the resistance of the four 
balanced resistors were set to 10k each. As for the sensing resistor R7, a voltage from the AFG source 
of 2 V over R7 would produce approximately 25 mA of current, well suitable enough to drive the 5 
mm green LED used in this setup with a recommended operating current of 15-20 mA.  

2.2.4 Calibration and Source Configuration 
With the circuit and enclosure in place, the source stage defines the waveform the LED emits, 
calibrated so that its emitted signal reproduces the reference target (2.1) at the sensor. The procedure 
was to sweep the source, identify the linear region, and place the operating point within it. 
 
Three voltage sweeps were performed across the LED source input from 0 to 1.0 V in 0.1V steps (as 
seen on Figure 5), with the device removed and replaced between trials. Each sweep began with a 
short hold at fixed level before the ramp, providing a marker to align the recordings at the point of 
start. The three sweeps were compared to confirm the response was reproducible, and a linear region 
was defined as the widest voltage range over which a linear fit to a normalized transmittance achieved 
a coefficient of determination R2 ≥ 0.99 [17]. The R2 value is a standard measure of goodness-of-fit, 
an R2 above 0.99 indicates that over 99% of the variance in normalised transmittance across range is 
captured by a straight line fit, so the response can be treated as linear (Figure 5, Graph B). The slope 
of the response, in raw units per volt, was then read within this region (Figure 5, Graph A). 
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The operating point defines two parameters to drive the setup : a DC offset that sets the baseline 
emission, and an AC amplitude that sets the pulse peak to peak range. The offset was placed at the 
centre of the linear region, where the response is most linear and least distorted, giving 300 mV. The 
amplitude is derived from the target ACpp and the slope of the response. The slope was derived at the 
operating point, observing the raw units at 0.2 V and 0.4 V : 

  𝑠𝑙𝑜𝑝𝑒 (𝑟𝑎𝑤 𝑢𝑛𝑖𝑡𝑠/𝑉)  :  (260 270 − 250 500)/ (0. 4 − 0. 2) =  48 850 𝑟𝑎𝑤 𝑢𝑛𝑖𝑡𝑠/𝑉
The AC amplitude is then found by dividing the mean physiological ACpp (Table 1, in raw units) by 
the estimated slope (raw units per volt). The result is the peak-to-peak voltage, Vpp: 

  𝑉𝑝𝑝  :  𝑟𝑎𝑤 (𝐴𝐶𝑝𝑝) / 𝑠𝑙𝑜𝑝𝑒 (𝑟𝑎𝑤 𝑢𝑛𝑖𝑡𝑠/𝑉) =  3620/ (48 850/𝑉) = 0. 074 𝑉
 

 
Figure 5 : Behavior of three repeated voltage sweeps. Graph A : Raw sensor output plotted against 
the stepped voltage. Graph B : Normalised transmittance over stepped voltage.   
 
Setup configuration 
The source was then configured on the AFG. Channel 1 was set to an arbitrary waveform shaped as an 
inverted PPG waveform (waveform found in repository[12]). The inversion is necessary due to the 
sensor reading the systolic peaks as a decrease in light intensity, the LED must correspondingly 
reduce its emitted light intensity during those peaks to reproduce the correct shape. Channel 1 offset 
was set to 300 mV and the amplitude 74 mV, and the output was connected to the input of the 
MOSFET’s drain (using BNC cable with split ends), sharing the common ground with the rest of the 
circuit. The LED and PD were connected as per the circuit in Figure 4, and the device in trial was 
placed on top of the 3D printed support. The HR during the validation tests was controlled by 
manually adjusting the output frequency of the signal, using the knob on the AFG.  The finalized 
setup layout is illustrated in Figure 6. 
 

 
Figure 6: Block diagram of the active setups layout. 
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2.3 Light Modulating Setup 
Details the design and characterization of the light modulating setup which uses an LCD shutter. 

2.3.1 Concept and Component Selection 
A second approach was developed in parallel, based on modulation rather than emission. Rather than 
introducing an external light source, the device's own emitted light is instead attenuated in a 
controlled manner before it returns to the photodetector. This eliminates the synchronization problem 
identified in Section 2.2.1, as the modulating element operates directly on the device's own light, and 
removes ambient-light cancellation as a factor by construction.  
 
A twisted-nematic (TN) liquid-crystal shutter was selected as the modulating element. TN panels 
consist of two crossed polarizers separated by a layer of liquid crystal, with no applied voltage the 
crystals twist incoming polarized light so that it passes the second polarizer (transmissive state), 
whereas an applied voltage aligns the crystals with the field and blocks transmission[18]. 
Transmittance can therefore be varied continuously between these states by varying the applied 
voltage, which makes the panel suitable for direct amplitude modulation from the AFG without 
additional driver electronics. The panel selected was an Adafruit 3627 (36 × 36mm) TN LCD shutter, 
with a manufacturer-stated operating voltage of 3 V and a transmittance transition between 
approximately 1 V and 3 V. TN panels must be driven with an alternating waveform (ideally a square 
wave) to prevent electrochemical degradation of the liquid-crystal layer[19]. 

2.3.2 Test Enclosure Design 
The light-modulating setup uses the same enclosure approach described in section 2.2.2, with the 
LCD shutter in place of the LED. The white PLA as the reflective surface for the base and black PLA 
outer cover follow the same split as the active setup. The LCD panel (36 x 36mm) sits in a horizontal 
slot of 37 x 37mm of the base, exposing the complete surface of the panel to the device under test, so 
that devices with different physical configurations of LED and PD receive equal modulation and can 
sit as close to the panel as possible. Approximating the skin to sensor distance of wrist devices and 
maximising the reflected light returning through the panel. The outer cover carries a small slot for 
AFG cable routing, offset from the testing surface to prevent ambient leakage. A small lid at the top 
allows visual inspection between trials without disturbing the optical reading. A 3D render made with 
Fusion 360 can be observed in Figure 7. 
 

 
Figure 7 : 3D rendered design of the test enclosure.  
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2.3.3 Operating Zone Characterization 
Before the setup could be used as a reference source, the relationship between the AFG output voltage 
and the resulting reflected light intensity at the device's photodiode had to be characterized. This was 
necessary both to identify the voltage range over which transmittance varies usefully and to verify that 
the relationship is sufficiently linear for the AFG amplitude-modulation envelope to translate into a 
proportional intensity envelope at the sensor. 
 
The AFG was stepped through its output range under Python control via PyVISA[12], with the panel 
held at each voltage for 1 second before stepping to the next value. Using Polar Verity Sense, the 
reflected light intensity was recorded simultaneously through the Polar BLE SDK, using the raw 
photodiode channel rather than the device's heart-rate output. The voltage range tested was 0-5 V in 
steps of 100 mV. A representative single sweep is shown in Figure 8. 

 
Figure 8 : Reflected light intensity (Polar Verity Sense raw PPG0 channel, blue) plotted against AFG 
peak voltage (red). The 2 second hold at 5 V (t<0s) was used to align the two recordings at t=0, which 
marks the start of the 0-5 V ramp.  
 
Reproducibility and Slope Analysis 
Two additional sweeps were performed under identical conditions, with the device removed and 
replaced between trials. The raw units were found to differ substantially between the tests, in some 
cases even as negative values, in comparison to the raw values in Figure 8. This variation does not 
originate from the modulating setup, whose optical configurations are fixed, but rather from the 
device under test.  
 
To make the sweep tests comparable, each one was rescaled to a 0 to 1 range. The highest reading in 
that sweep (as transparent as possible) was set to 1, and the lowest reading (as opaque as possible) 
was set to 0, with everything between scaled proportionally. Putting everything on the same scale, 
regardless of the measurements gain (raw units). When plotted this way, as shown in Figure 9, the 
three tests fall onto the same curve, resulting in the shutter responding the same to voltage across the 
tests. Applying the same R2 ≥ 0.99 criterion to the normalised curves yielded a consistent operating 
zone of 0.90-1.50 V (Figure 9, Graph B). 
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Figure 9 : Three repeated sweeps. Graph A: raw sensor units in the y-axis and voltage in the x-axis. 
Graph B : Normalised and rescaled output of the signal as the y-axis and voltage in the x-axis. The 
shaded band with the red line across it marks the operating zone defined in the following section. 

2.3.4 Reference Signal Parameters 
The operating zone identified in Section 2.3.3 defines the voltage range available for modulation, but 
not how strongly the panel should be driven. Two parameters from the AFG must be specified : The 
carrier amplitude Vc, which adjusts the operating point on the shutter response curve, and the 
Amplitude Modulation (AM) depth d, which determines how much the carrier amplitude varies 
around Vc. Together these set the DC and the AC level that the device’s photodiode observes, the aim 
being to choose Vc and d so the signal is physiologically representative.  
 
Vc was placed at the centre of the operating zone identified in 2.3.3 (Figure 9), at 1.2 V where the 
shutter response is most linear and least susceptible to distortion. The AM depth d controls the carrier 
amplitude swing directly as the output varies between Vc⋅ (1+d) and Vc⋅ (1-d), or in one equation: 
ΔV = 2⋅d⋅Vc peak to peak[20]. This voltage swing corresponds to the change in light intensity 
reaching the sensor.  
 
The depth d was chosen to reproduce the physiological reference target (approximately 3620 raw 
units). This was done by measuring the slope of the sweeps in raw units/V and calculating the 
corresponding raw units at the operating range, effectively comparing it to the reference target and 
extracting the depth as presented in the following equation. The slope of the response was read 
directly from a representative sweep (Figure 8), since Graph B of Figure 9 confirms the normalised 
response is consistent between trials. Between 1.1 V and 1.3 V the sensor output dropped from 
approximately 448 000 to 374 000 raw units, giving a slope of about 370 000 raw units per volt. 
Although the absolute DC reading at 1.2 V changes from test to test (Figure 9, Graph A), the slope 
and therefore the size of the swing a given voltage produces stays consistent. Because the shutters 
attenuation only depends on the applied voltage, not on the device’s internal gain or offset.  
 
The pulse amplitude at the sensor is then : 

 𝐴𝐶 𝑝𝑒𝑎𝑘 𝑡𝑜 𝑝𝑒𝑎𝑘  :  𝑟𝑎𝑤(𝐴𝐶𝑝𝑝) =  𝑠𝑙𝑜𝑝𝑒(𝑟𝑎𝑤 𝑢𝑛𝑖𝑡𝑠/𝑉) · 2 · 𝑉𝑐 · 𝑑
Solving for the depth needed to reach the target :  

 𝐷𝑒𝑝𝑡ℎ 𝑑 = 𝑟𝑎𝑤(𝐴𝐶𝑝𝑝)/(𝑠𝑙𝑜𝑝𝑒(𝑟𝑎𝑤 𝑢𝑛𝑖𝑡𝑠/𝑉) · 2 · 𝑉𝑐) = 3620/(370 000 · 2 · 1. 2) ≈ 0. 41% 
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The target 0.41% corresponds to a carrier peak to peak voltage of 9.8 mV around the 1.2 V operating 
point. At this operating point the implied AC/DC is approximately 0.88%, well within the 0.5-1.5% 
physiological range. 
 
Because the AFG’s internal AM function is limited to a depth resolution of 1%, the required 0.41% 
could not be set directly. This was solved with its AM source set to external input. Channel 1 
produced the 60 Hz carrier with its source set to external, while Channel 2 supplied the PPG-shaped 
waveform into the AM input, its amplitude in millivolts setting depth. Channel 1 was connected to the 
RTC1002 oscilloscope before testing to verify the correct output. In AM mode the AFG reserves half 
the set amplitude as headroom for the modulation[20], so the  carrier amplitude was therefore set to 
twice the desired value :  
​
1.2 V⋅2(peak to peak)⋅2(AM headroom) =  4.8 Vpp on Channel 1. 
 
Table 2 : Settings for the AFG used for the validation experiments. The custom HR is determined by 
the frequency, 1 Hz corresponds to 60 bpm. 

Channel Mode Offset (mV) Amplitude (mV) Frequency (Hz) 

1 AM (square) 0 4800 60 

2 Continuous (Arb) 0 10 Custom (Hr) 

 
The complete measurement setup is shown in Figure 10. BNC cables were used between channels and 
units, one with split opposite polarity ends used for Channel 1. Channel 1 drove the two non polar 
electrodes of the LCD panel, and Channel 2 fed the AFG’s external AM input, both configured as in 
Table 2. The AFG frequency could be set either manually or externally through PyVISA to a target 
rate. The device under test was seated and shielded as described in 2.3.2.  
 

 
Figure 10 : An illustration of the layout for the LCD modulating setup. 
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2.4 Validation Methodology 
Both setups described in 2.2 and 2.3 were validated by driving them with a reference waveform[12] of 
known heart rate and comparing each device’s reported heart rate output against the programmed 
AFG output. The Polar Verity Sense served as the primary device under test because its raw PPG data 
was accessible through the Polar BLE SDK, allowing verification that the AFG modulation has 
reached the sensor in addition to the standard heart rate comparisons. The remaining devices : Apple 
watch series 9, Garmin Forerunner 255 and Wahoo TICKR Fit were included as compatibility check, 
to confirm that the setup could drive commercial PPG devices in general and not only the calibration 
device. 
 
The AFG frequency was held at five constant values : 60, 90, 120, 180 and 210 bpm. To avoid abrupt, 
physiologically unrealistic jumps between the fixed rates, the frequency was raised gradually between 
sets in increments of 0.1 Hz or smaller at regular intervals, rather than stepped directly to each target. 
When the target was reached, the device was removed from the setup for 15 seconds, and then 
replaced to test the target frequency for 2 minutes. This procedure applied to all four devices.  The 
estimated heart rate from each device was viewed through its proprietary applications or the device 
itself. The aim of this test was to verify that each device could detect and report a heart rate consistent 
with the programmed reference when driven by the setup. The attempts were repeated 3 times per 
device. As for the Polar Verity Sense, raw PPG data and HR was captured throughout its 
measurements. 
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3 Results 
Both setups were evaluated under the steady state validation defined in section 2.4, comparing each 
device’s reported heart rate against the programmed reference at 60, 90, 120, 180, and 210 bpm over 
three repeats. Results are presented per setup. Interpretation of the deviations and their sources is 
reserved for section 4.  

3.1 Reproduced PPG signal 
The raw PPG data from both setups produced a clear periodic pulse while ambient light remained flat 
(Figure 11). The absolute DC level differed between recordings (approximately 500 000, 405 000 and 
320 000 raw units for the real, LCD and LED sources respectively), consistent with the baseline 
behavior described in 2.1. While the pulse amplitude, remained comparable across measurements. 
Both setups were configured to a reference frequency of 1.2 Hz, similar to the recorded beats of the 
real data. 

 
Figure 11 : Three raw PPG channels plotted against each other on a common time interval, top (set 1) 
is from a healthy 23 year old male, middle (set 3) is from the LCD modulating setup and the bottom 
signal is from LED setup (set 2). 
 
To quantify the reproduced signals, the three recordings were processed with the same processing 
used to define the physiological target in 2.1. A 0.5-10 Hz bandpass filter to isolate the cardiac 
component, followed by the ACpp measured as the 5th to 95th percentile peak to peak amplitude of 
the filtered signal. The results are listed in Table 3. Both setups were calibrated to reproduce the target 
of approximately 3620 raw units.  
 
Table 3 : Filtered AC output of the three reproduced signal recordings shown in Figure 11, processed 
identically to Table 1. 

Source DC (raw units) ACpp (raw units) AC/DC (%) 

On-wrist (set 1) 510888 3624 0.71 

LED (set 2) 322295 3047 0.95 

LCD (set 3) 405443 3653 0.90 
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The ambient light channel remained constant across all three recordings as shown in Figure 12. For 
the LED (set 2) and the LCD (set 3) setups, this confirms that the enclosure shielded the sensor from 
the external light, and for the LED setup that the MOSFET synchronization kept the synthesized 
source confined to the device’s active sampling window, so it did not appear in the ambient reading. 
 

 
Figure 12 : Data from the ambient light channel. From the same datasets as in Figure 11. Set 1 (blue) 
from the human subject, set 2 (orange) from the LED setup and set 3 (green, next to the blue) from the 
LCD setup. 

3.2 Light Emitting Setup 
The initial continuous emission concept was rejected by several devices and picked up the constant 
LED source as ambient light (Figure 2). Polar Verity Sense was still able to report a heart rate, 
however the rest of the lineup struggled with recognizing the setup. After the MOSFET gating stage 
(2.2.3), which restricted the emission to the device's own LED-on sequence, and the source 
calibration, all four devices accepted the input and reported a heart rate at every programmed rate 
(Table 4). The Polar Verity Sense, Garmin Forerunner 255 and Apple Watch Series 9 tracked the 
reference within ±1 bpm across the range, while Wahoo TICKR Fit consistently reported a beat below 
for the lower heart rates (59,89,119) and 207-208 bpm at 210 bpm. 
 
Table 4: Light emitting setup. Reported heart rate (bpm) across three repeats per device. 

15 

Set HR Polar Verity Sense Garmin Forerunner 255 Apple Watch Series 9 Wahoo TICKR Fit 

60 bpm 
1 Hz 60,60,60 60,60,60 60,60,60 59,59,59 

90 bpm 
1.5 Hz 90,90,90 90,90,90 90,90,90 89,89,89 

120 bpm 
2 Hz 120,119,120 120,120,120 120,120,120 119,119,119 

180 bpm 
3 Hz 179,179,179 181,181,181 180,180,180 180,180,180 

210 bpm 
3.5 Hz 209,209,209 211, 211, 211 210,210,210 208,207,208 



 
 

Beyond the settled values in Table 4, the Polar recordings show how the reported heart rate and the 
raw PPG0 channel held over each experiment (see repository [12]). At 90 bpm it stayed stable at the 
reference, at 180 bpm it read consistently one beat below, and at 60 and 120 bpm it alternated between 
the exact rate and one beat below. At 210 bpm all three recordings settled at 209 bpm. The raw PPG0 
channel was stable across repeated recordings at every rate except 210 bpm (Figure 13). In the first 
recording shown (blue), the PPG0 signal was present for approximately 4 seconds, dropped out for 
around 5 seconds, and then returned for the rest of the measurement. At approximately 48 seconds, it 
dropped to an arguably lower amplitude that persisted for the rest of the measurement (much weaker 
and distorted signal). The reported heart rate was still able to be estimated despite the mentioned 
behavior. In the second recording (green), the PPG0 signal was clear throughout, yet the reported 
heart rate rose only gradually from approximately 140 bpm and reached the reference later in the 
recording.  

 
Figure 13 : Reported HR (top) and raw PPG (bottom) data from the LED setup at 210 bpm. 

3.3 Light Modulating Setup 
All four devices reported a stable heart rate at every programmed rate when driven by the modulating 
setup. The values are listed in Table 5. The Polar Verity Sense, Garmin Forerunner 255 and Apple 
Watch Series 9 tracked the reference within ±1 bpm across full range, and the Wahoo TICKR fit did 
the same up to 180 bpm, before reading 1-2 bpm below the target at 210 bpm (208-209 bpm). 
Measurements taken within a span of 2 minutes per attempt.  
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Table 5 : Light modulating setup. Reported heart rate (bpm) across three repeats per device.  

The raw PPG0 channel from the Polar Verity Sense, showed a periodic pulse at the programmed 
reference at every setting, with the reported heart rate setting onto the reference early in each 
recording holding on to it throughout the test (see repository [12]). One repeat at 180 bpm initially 
stabilised near 120 bpm before climbing to and settling at 179 bpm, while the other two repeats locked 
directly to the targeted heart rate (Figure 14). The remaining rates (60, 90, 120 and 210) showed 
similar locking behavior as the other two measurements and are not shown individually.  

 
Figure 14 : Top graph corresponds to the estimated beats per minute over the sample index, the 
sample rate for the HR is approximately 1 Hz. The bottom graph shows the pulsatile activity in raw 
units at the same rate as the reference signal (180 bpm).  
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Set HR Polar Verity Sense Garmin Forerunner 255 Apple Watch Series 9 Wahoo TICKR Fit 
60 bpm 
1 Hz 60,60,60 60,60,60 60,60,60 60,60,59 
90 bpm 
1.5 Hz 90,90,90 90,90,90 90,90,90 89,89,90 
120 bpm 
2 Hz 120,120,120 120, 120, 120 120,120,120 119,120,120 
180 bpm 
3 Hz 179,180,179 180,181,181 180,180,180 180,180,181 
210 bpm 
3.5 Hz 210,210,209 211,211, 210 210,210,210 208, 209, 208 



 
 

4 Analysis 
The two setups approach the same problem from opposite directions. The light emitting setup 
generates a synthesized PPG signal through alternating emitted light intensity, allowing the current 
state of the art to be tested for both feasibility and at elevated heart rates, effectively stress testing that 
existing bench test studies have not covered. Because the initial continuous concept had already been 
rejected by several devices, there was reasonable doubt that even a gated version would generalise 
across the lineup, so a secondary approach was developed in parallel. The light modulating setup tests 
a simpler approach, built on the Beer Lambert view introduced in the literature study, that the pulsatile 
signal is fundamentally a periodic change in attenuation. Rather than letting blood volume vary this 
attenuation, the LCD shutter carries it directly and electrically. Both serve the wider aim of finding a 
valid, reusable approach to performance test wrist worn PPG devices. 

4.1 Validation and Setup Fidelity 
With reference to the validation section, both setups performed well within range, and every device in 
the lineup detected the input and reported a heart rate, which is the central requirement when 
measured against the aim of the project. This is shown in Tables 4 and 5. Figure 11 and Table 3 
support this, with a caveat. The LCD reproduced the target almost exactly (3653 against the 3620 raw 
units), while the LED undershot it (3047) but stayed near the physiological target. As mentioned in 
2.1, the calibration was judged on this absolute amplitude and not on the AC/DC ratio, which the 
drifting DC baseline makes unreliable, though both stayed within the 0.5-1.5% AC/DC range reported 
in the literature. The calibration was therefore mostly successful, holding best when the reproduced 
signal sat near the same DC offset as the on-wrist reference.  
 
Both setups also ran without interference from ambient light or other environmental factors inside the 
enclosure (Figure 12). The MOSFET worked as intended, keeping the synthesized source out of the 
ambient channel, which may explain why the initial continuous concept was rejected by the rest of the 
lineup. One exception was the Garmin Forerunner 255, which had to be prompted before it would 
sense the LED setup. This is most likely because the device does not begin emitting and measuring 
until it detects wrist contact or an activity start, so it has to be triggered into a measurement state 
before the setup has any device light to synchronize. 

4.1.1 Deviation analysis 
Both setups settled at similar heart rates per attempt, the largest deviation from the reference being 3 
bpm for the LED setup and 2 bpm for the LCD setup, with the remainder within ±1 bpm on only a 
few attempts. The polar recordings however, reveal more detail behind those settled values. 
 
For the LED setup at 210 bpm (Figure 13), the signal behaved erratically, its intensity alternating, and 
in the first recording (blue), dropping out entirely for a few seconds. This is most likely a consequence 
of the breadboard  being an unstable platform. A small movement of the surface can shift a cable out 
of position and reduce the emitted intensity, which would explain the dropout early in the recording. 
The second recording (green) registered cleanly at the correct interval but took a long time to find the 
heart rate before climbing towards it. This points to internal processing, a more advanced data fusion 
or probabilistic algorithm that treats a sudden jump to a much higher frequency as unlikely, and 
therefore adapts only gradually until the new rate is accepted. 
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A related effect appears in the locking behavior of both setup. In Figure 14, the LCD measurements 
locked in well, with the raw PPG readings stable throughout, yet one repeat held briefly at 120 bpm 
before settling at 180 bpm, and a pause appeared at 60 bpm when targeting 120 bpm. The Wahoo 
TICKR Fit showed the same tendency. Both this transient locking and small steady offsets at the 
higher rates most likely stem from the device’s sampling rate, which can run low to save power and 
rise once activity is registered, so the rate is reserved only coarsely until then. The Wahoo, whose 
LED flickered visibly slower than others, deviated the most, consistent with the lower rate sampling. 

4.2 Improvements to the setups 
Both setups were built to a quality appropriate for the scope of the project, which left some 
limitations, and several improvements became apparent during and after the work. 
 
Light Emitting Setup 
The most significant limitation is the use of a breadboard rather than a printed circuit board (PCB). 
For circuitry this sensitive, the breadboard is susceptible to noise and to mechanical disturbance, 
where small movement can shift a cable and alter the signal path. Interaction with the circuit was kept 
minimal during testing, but the lid was removed and replaced between sets, which could disturb the 
cabling by chance and is the most likely cause of the dropout seen at 210 bpm (4.1.1). A PCB would 
address most of these stability and robustness issues. These points also mark the main differences 
from the setup of Pittella et al.[7], the breadboard, slightly different components chosen for the 
breadboard compatibility, but functionally equivalent, and a calibration based on the sensor’s own 
output rather than a photometer, since the enclosed design made optical metering impractical and a 
consistent calibration approach wanted across both setups. 
 
Beyond hardware, Pittella et al.[7] argue that a microcontroller would be more suitable than their 
DAQ source, and a software based trigger could in principle replace the MOSFET, simplifying a setup 
that currently requires considerable tuning and consists of several parts prone to failure. The trade off 
is that the microcontroller would have to switch fast enough to stay inside the device's brief LED-on 
window. For this project, the AFG was sufficient as a simple, available source for driving and varying 
frequency. A further improvement concerns the device adapting their own emitted intensity between 
measurements, which shifts the operating point, is a likely cause of the drifting DC offset, and could 
push the front end toward saturating the physiologically relevant signal. Using a photodiode to also 
sense the returned intensity and tuning the output in a closed loop, would be a more robust solution. 
 
Light Modulating Setup 
The modulating setup was simple and performed well, but the panel could be driven at a higher 
frequency. The panel’s specification gave no operating limit beyond a referenced manual 
recommending 60 Hz square wave, whereas TN panels typically tolerate well above 100-200 Hz and a 
Pi-cell would allow operation approaching 1 kHz for a far greater margin. A higher carrier frequency 
would give cleaner modulation and decreased risk for signal coarsening. The signal performed well 
nonetheless across the raw PPG data from 60 and 210 bpm, as the 60 Hz carrier already sits more than 
50 Hz above the highest frequency of 3.5 Hz, letting the panel reproduce the waveform accurately. 
Any coarsening of the shape at the higher rates comes from the device’s own sampling rate, not from 
the setup. The AFG’s output accuracy needs to be taken into consideration as well, as there's a risk of 
a voltage overshoot less than 5% when using a square wave, potentially creating slight jittering when 
looking into the finer details of the shape, more likely to be visible at measurements with lower heart 
rates due to higher samples per beat[21].  
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Common limitations 
A general drawback for both setups is that the physiological target was calibrated against a single 
device, whose DC offset drifted and whose internal processing is largely unknown. A more suitable 
approach would be to define and match the physiological range using a custom, simpler sensor with a 
known response. The varying DC intensity is most likely due to the device's gain handling and its 
adjustment of emitted intensity to cope with conditions such as motion activity, skin tone, energy 
consumption and light leakage as discussed in the literature study. Within the scope of the thesis, this 
was not feasible, and the chosen method still tests the essentials with Polar serving as a recognized 
standard, the main aim was to replicate the physiological target as closely as possible, or at least 
within range. 
 
Furthermore, both setups were configured for the green wavelength of the device under test. The LED 
is limited to one wavelength at a time, just as Pittella et al.[7]. Whereas the LCD attenuates the 
device’s own light and is not tied to a specific emitter. Extending the LCD to other wavelengths would 
mainly require recalibration of the physiological target, since tissue optics differ across the spectrum 
such as red or near infrared light (literature study). The differing absorption of tissue and blood across 
wavelengths is not modelled explicitly in either setup, only the optical signal the sensor detects, 
calibrated to an amplitude measured on a subject's wrist at the green wavelength used here. The 
waveform driven from the AFG would therefore also ideally be reconfigured depending on the 
wavelength being reproduced.  

4.3 Future implementations 
Both setups are suitable for future research work on wrist worn devices, particularly once the 
robustness improvements to the LED setup are implemented. The most immediate extension follows 
directly from the aim, the steady state validation presented here is the foundation for testing dynamic 
heart rate patterns. Since the AFG is not restricted to a single waveform at a particular frequency, a 
heart rate profile recorded from a real workout could be driven through PyVISA to reproduce these 
patterns, and the same mechanism allows different pulse shapes or whole clinical sequences to be 
replayed, including recordings from subjects with specific cardiac conditions. The enclosure could 
also be adapted from its reflective design to a transmissive layout for finger clip sensors. Already 
recognized by multiple devices across the 60-120 bpm range typical of different workouts, both setups 
were well positioned for this analysis in line with the validation method and the thesis aim. 

4.4 Ethical, Sustainability and Societal Considerations 
The project required only minimal human subject involvement, a few on-wrist measurements were 
taken from a single healthy adult to define the calibration target, carrying no meaningful risk and 
handled with care. The more relevant ethical point concerns the field itself, where the accuracy can 
vary between skin tones. The reproducible bench test setups help separate the device performance 
from such factors, supporting a fairer and more transparent validation. The setups are also modular 
and reusable, with 3D printed PLA enclosure and standard reconfigurable electronics. Finally, with an 
estimated 320 million people relying on heart rate monitors[3] but no widely adopted standard for 
testing their dynamic response, a low cost setup built from accessible parts makes independent 
validation more attainable, supporting consumer trust and better informed device comparison.
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5 Conclusion 
This thesis set out to develop and validate a controlled bench-test setup that acts as a repeatable PPG 
signal source for wrist worn heart rate monitors. Two approaches were realised : A light emitting 
setup that generates a synthesized, MOSFET-gated optical signal, and a light modulating setup that 
attenuates the device’s own light through an LCD shutter, imitating the attenuation that occurs at the 
sensor-skin interface. Both were calibrated to a physiological target derived from on-wrist recordings 
and validated against a known reference from an arbitrary function generator. 
 
Across four commercial devices over a steady range of 60-210 bpm, both setups met the validation 
criterion. Every device recognized the input and reported a heart rate consistent with the programmed 
reference, tracking within ±1 bpm for most attempts and deviating by at most 3 bpm at the highest 
rate. The light modulating setup proved the simpler and more robust of the two, while the light 
emitting setup matched it once gated and calibrated, subject to the breadboard related stability 
limitations noted in the discussion. Both are therefore validated as reference sources for steady state 
heart rates. 
 
This establishes the foundation the broader project requires. The next step would be to extend testing 
from steady rates to dynamic heart rate patterns and comparative performance tests such as ramp and 
step responses. Because the setups present a known reference heart rate in a controlled environment, 
they isolate the device performance from the human and environmental variability, such as motion 
and ambient light, that complicate validation on-subject testing, allowing a systematic comparison of 
how commercial PPG monitors respond under changing conditions.  
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Appendix A : Repositories 
Project repository 
The Python scripts used for signal processing, data logging, and visualization, stl files of the 3D 
printed designs, along with the raw datasets are publicly available in the project's GitHub repository: 
https://github.com/AdamYounes/PPG-bench-test-development 
 
Polar BLE SDK repository 
Follow the instructions found in the README file for installing the application (device dependent) 
used for data capture with Polar Verity Sense :  
https://github.com/polarofficial/polar-ble-sdk.git  
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Appendix B : Literature study 

Literature study 
Photoplethysmography (PPG) is a non-invasive optical measurement technique that monitors 
cardiovascular changes by measuring how light is absorbed from an LED and within biological tissue 
scattered before being captured by a photodetector. The resulting raw signal consists of a steady DC 
component and a pulsatile AC component that reflects heart rate through blood volume 
variations[1,2]. Despite its utility, PPG signal quality is very sensitive to external disturbances like 
motion artefacts and ambient light, which lead to inaccurate heart rate estimations[3]. To bypass the 
variable human source of errors, this literature study examines the state of the art in bench-testing 
methodologies, ranging from mechanical fluid phantoms[4] to light emitting simulators[5]. These 
controlled environments are essential for isolating performance and refining algorithms necessary for 
reliable heart rate estimation in dynamic conditions.  

Principles of PPG 
The principle of PPG relies on light interacting with biological tissue. In a typical configuration, an 
emitter, usually a light emitting diode (LED), directs light into multiple tissue components where it is 
scattered and absorbed. The remaining light, either reflected or transmitted through tissues, is captured 
by a photodiode (PD) receiver. While the most commonly used detector is the photodiode, other 
detectors such as photocells and phototransistors are also used. Variations in measured light intensity 
correspond to differences caused primarily by blood volume in the microvascular bed of the tissue, 
resulting in a raw PPG signal that carries cardiovascular information [1]. The nature of this 
interaction, and therefore the quality of this signal depends heavily on how light behaves within 
biological tissue.  
​
Light behavior 
When light enters biological tissue, it undergoes a combination of scattering, absorption and 
reflection. Blood absorbs more light than the surrounding tissue, meaning an increase in blood volume 
decreases the intensity of detected light[2]. The attenuation of light through tissue can be described by 
the Beer-Lambert Law, which states that the light attenuation is proportional to the concentration of 
the absorbing substance and the path length traveled. However, due to the scattering and diverse 
properties of the tissues, a modified version is applied in PPG to account for the increased path 
length[3]. The penetration depth of light is further influenced by the operating wavelength and the 
distance between the LED and PD. Infrared (IR) and near IR light have a more profound tissue 
penetration, a wavelength between 500 and 600 nm (green-yellow region of light) accounts for the 
largest variations in light intensity that are correlated with blood pulse through the skin. That is due to 
haemoglobin in the blood that absorbs green light better than other wavelengths of light in the 
spectrum[2, 3]. These optical properties shape the characteristics of a PPG signal. 
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PPG signal characteristics 
The raw PPG signal can be derived into two components, direct current (DC) and alternating current 
(AC) as shown in Figure B1. The DC component is composed of static or low attenuating tissues from 
venous, capillary blood and bloodless tissue. That can also be influenced by respiration[2]. The AC 
component depends on the blood volume measured by the difference in attenuation during systolic 
and diastolic phases of the cardiac cycle, and what is used to measure heart rate. The resulting 
pulsatile AC signal is superimposed on the baseline DC signal, but the pulsatile signal is only 
measured to be typically 0.5 to 1.5% of the total amplitude[2, 6]. ​

​
Figure B1 : An illustration of light penetrating multiple tissue components and its resulting PPG 
waveform[2].​
​
The PPG pulse wave shape carries physiological information beyond heart rate with characteristic 
features including the systolic peak, dicrotic notch and diastolic decay as shown in Figure B2[7]. 
Heart rate is derived from the time interval between systolic peaks, known as inter-beat interval, 
making reliable detection of these peaks essential to accurate estimation for heart rate. While the PPG 
waveform shares similarities with arterial blood pressure pulse waves, the two differ because they are 
produced by different physiological mechanisms, and the mechanisms underlying precise shape of the 
PPG waveform are not yet fully understood[7]. 
 

 
Figure B2 : Characteristics of a PPG waveform (a) and how they differ by age (b) and by exercise 
(c)[7]. 
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Sensor Variants and Influencing Factors 

The quality and characteristics of a PPG signal are heavily influenced by how the sensors are 
configured, particularly in the arrangement of the emitter and the receiver. PPG is typically performed 
in two modes: transmissive and reflective mode. In transmissive mode, the LED and photodiode are 
positioned on opposite sides, allowing light to pass directly through the tissue (Figure B3a)[3], 
limiting measurement application to peripheral sites such as finger, earlobe or toe. The mode carries 
good signal quality but is more susceptible to environmental extremes such as low ambient 
temperatures and interference with daily activities[2]. In reflective mode, the LED and photodiode are 
placed adjacent to each other (Figure B3b), where the photodiode detects the backscattered light. 
Although it offers flexible placement, reflectance mode is more susceptible to motion artefacts and 
pressure disturbances caused by contact force between the sensor and skin[2]. This configuration can 
be applied at virtually any vascular tissue site, making it the dominant choice in consumer wearables, 
particularly on wrist worn devices that operate without enclosing the tissue[3].  
 
 

 
Figure B3 :  Two modes of contact for PPG measurement, visualising different positioning of LEDs 
and photodetectors. (a) Transmission mode and (b) Reflective mode[3]. 
 
Physical configuration 
Within reflectance mode, the physical configuration of the sensor can be further optimised to improve 
signal quality. The spacing between the LED and PD, known as source-detector separation (SDS) 
directly influences signal amplitude; shorter spacing gives higher amplitudes, with an SDS of less 
than 3mm considered optimal[3]. An optical barrier placed between the LED and PD can further 
increase signal amplitude by reducing optical crosstalk. Signal quality can also be improved through 
multi-LED or multi-PD arrangements, either by placing multiple sets in different positions or 
surrounding a single PD with multiple LEDs[7]. While these configurations optimize the optical 
signal capture, other external and internal factors continue to influence signal quality.  
 
External influencing factors 
PPG sensors operate across a range of activities and motion artefacts are the most prominent and 
challenging influencing factor. With even 1mm of movement between the skin and the sensor can 
deteriorate the signal entirely[6]. Larger forms of motion like walking and running cause more 
significant fluctuations than sedentary less intense motion like sitting. These motions range from a 
frequency between 0.1 and 20 Hz that overlaps with heart rate frequency range of 1 to 4 Hz, which 
makes these interferences particularly problematic[3]. To combat these artefacts, secondary sensors 
like accelerometers and gyroscopes are introduced to detect and cancel out motion, with adequate 
filtering algorithms. Movements can also influence the ambient light leaking, leading to further 
inaccuracies[8,9].  
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As the pulsatile component typically represents only 0.5 to 1.5% of the total PPG amplitude, the 
waveform is highly vulnerable to even the slightest external disturbances. Ambient light, referring to 
external environmental light, is a primary source of interference that can be significantly stronger than 
the pulsatile signal. This discrepancy often leads to signal saturation, introducing optical noise that 
results in inaccurate heart rate estimations[3]. This can be tackled partially by optical shielding, but 
also through subtracting the ambient light with the PPG signal, either by a proprietary ambient light 
sensor, or by turning the LEDs on (typically a thousandth of a second[6]) and off to capture the 
environmental light with the same photodiodes measuring the heart rate[8, 10]. Selective bandpass 
filtration can also aid in reducing its negative impact[8].  
 
Beyond motion and ambient light, there are additional, less dramatic factors that can influence the 
PPG signal quality. Darker skin tone absorbs more green light, limiting penetration to the 
subcutaneous tissue where blood is located. Respiration modulates the DC baseline creating a lower 
frequency sinusoidal waveform superimposed on the cardiac signal. Colder conditions can reduce the 
blood circulation at the skin surface and reduce the amplitude of the signal. These are primarily 
addressed by optimizing wavelength, filtering and signal processing[8].  
 
Filtering methods and signal processing 
Given the range of factors that can degrade a PPG signal, assessing and maintaining a good signal 
quality is crucial for reliable heart rate estimation. Quality is defined by whether the signal carries 
enough structure to reliably identify heart beats, depending on whether the systolic or diastolic waves 
are distinguishable. Assessment typically extracts morphological features such as amplitude, timing 
characteristics and shape, alongside signal to noise ratio as a measure on clarity of a signal relative to 
unwanted disturbance. Template matching is a common approach for measuring consistency by 
comparing each pulse wave to an average template[3]. With quality characterized, processing 
techniques are applied to improve it. 
 
Filtration occurs primarily during the preprocessing stage where a frequency filtering step is 
introduced. In this stage, bandpass filters typically pass 0.5 to 10 Hz, suppressing DC drift (below 0.1 
Hz) and high frequency noise. Butterworth and finite impulse response filters are commonly used for 
this purpose[3,11]. Once the signal is filtered, signal quality assessment typically follows one of two 
approaches : physiological thresholds based on fixed and empirically established rules or data fusion, 
probabilistic strategies like Kalman filter that adapt in real time to improve estimates. Application of 
machine learning algorithms for quality assessment are becoming an increasingly applied alternative 
to automate quality classification without relying on manually defined rules, which is relevant to PPG 
devices deployed across more varied and demanding use case scenarios[11]. 
 
Dynamic heart rate patterns 
Heart rate rises and changes during physical activity continuously, and the ability to track these 
dynamic patterns are relied on in the sports field of wearable technology. Studies comparing PPG 
based heart rate monitors against ECG reference devices across varying exercise intensities have 
shown that accuracy is generally high at rest and lower intensity activities, but degrades as intensity 
increases[12].  
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The consistent increase in error margins during intense activity is driven by both external factors, 
specifically the frequency overlap between motion artefacts (0.1-20 Hz) and heart rate (1-4Hz)[3], as 
well as internal physiological shifts that further degrade signal reliability. Beyond these factors, 
exercise induces arterial stiffness that causes a measurable decrease in Pulse-Transit-Time (PTT), the 
latency between the electrical heartbeat and the optical peak visualized in Figure B4. This change, 
alongside stronger respiratory coupling and motion during upright movement, alters the pulse wave 
morphology and makes tracking Pulse-to-Pulse Intervals (PPI) increasingly unstable. Consequently, 
the raw PPG signal becomes more distorted during running than walking, as demonstrated in Figure 
B5, creating a challenging environment for both filtering (noise removal) and signal processing (peak 
detection)[13]. 

 
Figure B4 : Comparison between ECG and PPG waveforms, defining Pulse-Transit-Time (PTT) as 
the latency between electrical (RRI) and optical (PPI) peaks[13]. 
 
A large comparison study testing 16 PPG monitors from manufactures like Apple, Fitbit, Samsung 
and Polar found excellent agreement at lower intensities, but a consistent decrease in agreement and 
increase in error margins as intensity increased[12]. As shown in Figure B5, the raw unprocessed PPG 
signal at rest carries clearly distinguishable pulse waves, while walking and running introduce 
distortion that makes peak detection increasingly unreliable[7]. 

 
Figure B5 : A graph demonstrating the reason behind difficulties in measuring PPG waveform in 
static and dynamic conditions such as being at rest (top), walking (middle) and running (bottom). 
With gray ECG reading points at bottom of each graph to indicate the measured heart rates[7]. 
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Commercial PPG Devices and Data Acquisition 
Consumer PPG wearables vary widely in design goals and priorities. Devices from Apple, Fitbit, 
Garmin and others are typically engineered for individual consumer use, where the majority of the 
biometric parameters are not available to the public, making research use and device comparison 
difficult[11]. While these devices perform relatively well in resting conditions, accuracy tends to 
degrade during dynamic activities, and raw PPG signal access is typically not exposed to the user or 
the researcher[11]. Polar on the other hand, has fewer restrictions on this matter, and offers reflectance 
PPG sensors similar to Polar Verity Sense, with several public studies on its performance across a 
range of activities and intensities[14]. 
 
In contrast to most consumer devices, the Verity Sense exposes raw PPG data through an open 
Bluetooth Low Energy (BLE) SDK, allowing direct access to the optical signal rather than a post 
processed heart rate output[15]. Through this SDK, raw PPG values, accelerometer, gyroscope and 
pulse to pulse interval data can be streamed in real time or recorded internally for later extraction[15]. 
Multiple independent validation studies comparing Verity Sense against ECG chest strap references 
have reported a mean absolute percentage error of 1.35%[16]. Leveraging this open data access, 
Python serves as the ideal platform for this workflow, enabling efficient digital filtering, peak 
detection and custom signal analysis on the extracted PPG data. 

State of the Art in Bench-Testing 
Validating PPG based sensors on human subjects introduces uncontrollable variables that make it 
difficult to isolate and evaluate sensor performance independently. PPG waveforms are highly 
sensitive sensors to tissue contact due to multiple biological and technical factors, causing significant 
subject variability. These variations challenge the efficiency of the filtering and signal processing 
algorithms required to extract reliable heart rate data from noise[12]. Controlled laboratory 
environments address this by providing a standardized, “known” optical input,  which allows for a 
quantitative assessment of how these processing methods perform in isolating the pulsatile signal. 
This justifies the need for controlled laboratory setups where conditions are known and reproducible, 
allowing systematic evaluation[4,17]. The following sections review examples of the state of the art in 
these methodologies.  
 
Mechanical fluid based bench-test 
One approach uses physical tissue phantoms combined with pulsatile fluid systems to replicate the 
optical and dynamic conditions of real tissue. Chiorboli et al.[4] developed a bench test setup built 
around a silicone block containing channels replicating vascular geometry, with red india ink serving 
as blood surrogate for its optical similarity to blood in PPG relevant wavelengths. Pulsatile flow was 
generated by a pump controlled by a microcontroller via pulse width modulation signal, allowing 
heart rate and flow rate to be varied and simulated independently[4]. A PPG sensor was then placed 
directly on the phantom surface for signal acquisition, testing heart rates between 72 and 112 beats per 
minute (BPM). An illustration of the setup can be seen on Figure B6.  
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Figure B6 : A schematic design of the bench-top setup[4]. 
 
The acquired signals reproduced key characteristics of realistic PPG waveforms, with a mean 
amplitude difference of 5.9% between the laboratory and realistic signals, confirming the setups 
ability to generate physiologically relevant output. The authors note that the single layered structure of 
the phantom does not replicate a realistic vessel wall, and that the optical scattering of the blood 
surrogate could further be improved[4]. This type of setup drives the PPG sensor through physical 
fluid as opposed to generating the signal electronically to synthesize the optical input. 
 
Light emitting bench-test 
A different approach to bench testing replaces the physical phantom entirely with an electric circuit. 
Pittella et al.[5] developed an optical signal simulator where a PPG signal is sourced from a clinical 
database and processed using LabVIEW (graphical programming platform). This signal is then 
transmitted to a custom electronic circuit board via a data acquisition board (DAQ), which functions 
as the signal generator. The circuit drives an LED whose intensity varies proportionally to the 
incoming signal, and the PPG device under test reads this emitted light as if it were reflected back 
from real tissue. The board supports multiple wavelengths : green, red and infrared, giving flexibility 
in matching the optical characteristics expected by different PPG devices.  
 
The authors note several advantages with this approach. Because the input signal comes directly from 
a clinical database, it is perfectly repeatable and can be sourced from subjects with specific cardiac 
conditions, allowing diagnostic capabilities to be evaluated. The DC and AC components of the signal 
can also be varied independently, making it possible to characterise how a device responds to changes 
in signal amplitude and baseline intensity. This characterisation was carried out on a single in-ear 
device, with heart rate tracking tested only across a range 60-90 bpm. The authors acknowledge 
however that the setup currently depends on a DAQ board, a bulky instrument to generate the input 
signal, that limits the portability of the system outside laboratory setting, and suggest that integrating a 
microcontroller directly into the circuit would make the system more self contained. Additionally, 
only one wavelength could be active at a time, whereas realistic PPG devices typically emit and 
receive wavelengths simultaneously[5]. 
 
 
 

 

31 



 
 

References for Literature Study 
[1] Castaneda D, Esparza A, Ghamari M, Soltanpur C, Nazeran H. A review on wearable 
photoplethysmography sensors and their potential future applications in health care. Int J Biosens 
Bioelectron. 2018;4 (4):195–202. Available from: 
https://pmc.ncbi.nlm.nih.gov/articles/PMC6426305/ 
 
[2] Tamura T, Maeda Y, Sekine M, Yoshida M. Wearable PhotoPlethysmographic Sensors—Past and 
Present. Electronics [Internet]. 2014 Apr 23;3 (2):282–302. Available from: 
https://www.mdpi.com/2079-9292/3/2/282 
 
[3] Mejía-Mejía E, Allen J, Budidha K, El-Hajj C, Kyriacou PA, Charlton PH. Photoplethysmography 
signal processing and synthesis. In: Elsevier eBooks [Internet]. 2021. p. 69–146. Available from: 
https://www.sciencedirect.com/science/chapter/edited-volume/pii/B9780128233740000153 
 
[4] Chiorboli S, Brugnoli A, Piemonte V. Experimental setup for the validation of 
photoplethysmography devices for the evaluation of arteriovenous fistulas. Bioengineering [Internet]. 
2025 Sep 18;12 (9):990. Available from: https://pubmed.ncbi.nlm.nih.gov/41007235/  
 
[5] Pittella E, Testa O, Podestà L, Piuzzi E. An optical signal simulator for the characterization of 
photoplethysmographic devices. Sensors. 2024;24 (3):1008. Available from: 
https://www.mdpi.com/1424-8220/24/3/1008  
 
[6] Polar Electro Oy. Polar Precision Prime™ sensor fusion technology [Internet]. Polar White Paper; 
2019 
 
[7] Charlton PH, Kyriacou PA, Mant J, Marozas V, Chowienczyk P, Alastruey J. Wearable 
photoplethysmography for cardiovascular monitoring. Proc IEEE. 2022;110 (3):355–81. Available 
from: https://pmc.ncbi.nlm.nih.gov/articles/PMC7612541/  
 
[8] Fine J, Branan KL, Rodriguez AJ, Boonya-Ananta T, Ajmal A, McShane MJ, et al. Sources of 
inaccuracy in photoplethysmography for continuous cardiovascular monitoring. Biosensors. 2021;11 
(4):126. Available from: https://pmc.ncbi.nlm.nih.gov/articles/PMC8073123/  
 
[9] Jamieson A, Chico TJA, Jones S, Chaturvedi N, Hughes AD, Orini M. A guide to consumer-grade 
wearables in cardiovascular clinical care and population health for non-experts. NPJ Cardiovascular 
Health [Internet]. 2025 Sep 2;2 (1):44. Available from: 
https://pmc.ncbi.nlm.nih.gov/articles/PMC12404996/  
 
[10] Kim J, Lee T, Kim J, Ko H. Ambient light cancellation in photoplethysmogram application using 
alternating sampling and charge redistribution technique. IEEE ISCAS. 2015.pp. 6441-44. Available 
from: https://ieeexplore.ieee.org/document/7319867  
 
[11] Park J, Seok HS, Kim SS, Shin H. Photoplethysmogram Analysis and Applications: An 
Integrative Review. Frontiers in Physiology [Internet]. 2022 Mar 1;12:808451. Available from: 
https://www.frontiersin.org/journals/physiology/articles/10.3389/fphys.2021.808451/full  
 

 

32 

https://pmc.ncbi.nlm.nih.gov/articles/PMC6426305/
https://www.mdpi.com/2079-9292/3/2/282
https://www.sciencedirect.com/science/chapter/edited-volume/pii/B9780128233740000153
https://pubmed.ncbi.nlm.nih.gov/41007235/
https://www.mdpi.com/1424-8220/24/3/1008
https://pmc.ncbi.nlm.nih.gov/articles/PMC7612541/
https://pmc.ncbi.nlm.nih.gov/articles/PMC8073123/
https://pmc.ncbi.nlm.nih.gov/articles/PMC12404996/
https://ieeexplore.ieee.org/document/7319867
https://www.frontiersin.org/journals/physiology/articles/10.3389/fphys.2021.808451/full


 
 

[12] Oropesa P, Sánchez-Pay A, Conesa-Ros E, Bianco A, Ruiz-Navarro JJ, Martínez-Cava A. Are we 
really training at the desired intensity? Concurrent validity of 16 commercial 
photoplethysmography-based heart rate monitors. Applied Sciences[Internet]. 2025;16 (1):126. 
Available from: https://www.mdpi.com/2076-3417/16/1/126  
 
[13] Schäfer A, Vagedes J. How accurate is pulse rate variability as an estimate of heart rate 
variability? International Journal of Cardiology [Internet]. 2012 Jul 18;166 (1):15–29. Available from: 
https://doi.org/10.1016/j.ijcard.2012.03.119  
 
[14] Navalta JW, Davis DW, Malek EM, Carrier B, Bodell NG, Manning JW, et al. Heart rate 
processing algorithms and exercise duration on reliability and validity decisions in biceps-worn Polar 
Verity Sense and OH1 wearables. Scientific Reports [Internet]. 2023 Jul 20;13 (1):11736. Available 
from: https://pmc.ncbi.nlm.nih.gov/articles/PMC10359261/  
 
[15] Polar Electro Oy. Polar BLE SDK [Internet]. GitHub; 2024. Available from: 
https://github.com/polarofficial/polar-ble-sdk  
 
[16] Schweizer T, Gilgen-Ammann R. Wrist-Worn and Arm-Worn wearables for monitoring heart rate 
during sedentary and Light-to-Vigorous physical activities: Device Validation study. JMIR Cardio 
[Internet]. 2025 Feb 11;9:e67110. Available from: 
https://pmc.ncbi.nlm.nih.gov/articles/PMC11951816/  
 
[17]Nomoni M, May JM, Kyriacou PA. Novel Polydimethylsiloxane (PDMS) Pulsatile Vascular 
tissue Phantoms for the In-Vitro Investigation of Light Tissue Interaction in Photoplethysmography. 
Sensors [Internet]. 2020 Jul 30;20 (15):4246. Available from: 
https://www.mdpi.com/1424-8220/20/15/4246  

 

33 

https://www.mdpi.com/2076-3417/16/1/126
https://doi.org/10.1016/j.ijcard.2012.03.119
https://pmc.ncbi.nlm.nih.gov/articles/PMC10359261/
https://github.com/polarofficial/polar-ble-sdk
https://pmc.ncbi.nlm.nih.gov/articles/PMC11951816/
https://www.mdpi.com/1424-8220/20/15/4246

	Degree project in Medical Engineering 
	First cycle, 15 credits 

	Development and validation of a controlled bench-test setup for PPG-based heart-rate sensors 
	Adam Younes 

	​ 
	Utveckling och validering av en kontrollerad testuppställning för PPG-baserad pulsmätare 
	Development and validation of a controlled bench-test setup for PPG-based heart-rate sensors 
	ADAM YOUNES 
	Sammanfattning 
	Keywords 
	List of abbreviations 
	Acknowledgements 
	Table of contents 
	 
	 
	1 Introduction 
	 
	1.1 Aim 
	1.2 Delimitations 

	2 Methodology 
	2.1 Reference Target 
	2.2 Light Emitting Setup 
	2.2.1 Concept with Continuous LED Emission 
	2.2.2 Test Enclosure Design 
	2.2.3 Circuit Design 
	 
	2.2.4 Calibration and Source Configuration 
	2.3 Light Modulating Setup 
	2.3.1 Concept and Component Selection 
	2.3.2 Test Enclosure Design 
	2.3.3 Operating Zone Characterization 
	2.3.4 Reference Signal Parameters 
	 
	2.4 Validation Methodology 

	3 Results 
	3.1 Reproduced PPG signal 
	3.2 Light Emitting Setup 
	3.3 Light Modulating Setup 

	4 Analysis 
	4.1 Validation and Setup Fidelity 
	4.1.1 Deviation analysis 
	4.2 Improvements to the setups 
	4.3 Future implementations 
	4.4 Ethical, Sustainability and Societal Considerations 

	5 Conclusion 
	References 
	Appendix A : Repositories 
	 
	Appendix B : Literature study 
	Literature study 
	Principles of PPG 
	Sensor Variants and Influencing Factors 
	Commercial PPG Devices and Data Acquisition 
	State of the Art in Bench-Testing 
	 
	References for Literature Study 

	 


