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Abstract. Fast time-of-flight camera is an optical 3D imaging sensor that provides the
depth information of a scene at a high frame rate. The technology is useful in advanced
radiotherapy treatment that requires real-time patient setup information during the
conformal dose delivery. The objective of this study is to characterise two CMOS-based
commercial ToF cameras of different pixel array size, frame rate and light source for
application in radiotherapy. The paper focuses on warm-up time test, dark current test,
temporal noise test and background illumination test of Argos P320 and P330 ToF cameras
(Bluetechnix, Austria). The characterisation tests were performed for each camera and the
results obtained were analysed using MatLab. Overall, both cameras have a low temporal
noise of 0.22% and submillimetre distance measurement accuracy. The results provide the
performance characteristics of the sensor and the factors that influence the depth
measurement accuracy. Future work will focus on the characterisation of the ToF camera
in tracking object motion.
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I. INTRODUCTION
With the advancement in technology, radiotherapy treatment technique has evolved from
conventional 3D conformal radiotherapy treatment to intensity modulated radiation therapy
(IMRT) and stereotactic body radiation therapy (SBRT), which utilise higher radiation dose and
more conformal beam to improve treatment outcome [1]. The treatment margins become tighter
and there is a greater potential for target miss due to patient setup variation and organ motion [2].
Hence, setup verification gains more importance compared to the conventional technique to
ensure the accuracy of the treatment delivery.
Patient setup variation is the major source of uncertainty in radiotherapy [3]. Given that
treatment is delivered over a number of fractions, it is important to ensure the accuracy of the
patient positioning setup in each fraction. KV cone-beam computed tomography (CBCT) system
and MV electronic portal imaging device (EPID) are the commonly used patient positioning
verification system. The modalities provide volumetric or planar images to verify patient setup
based on internal structures and allow immediate position correction prior to treatment [4,5].
However, the modalities have a limitation in tracking patient breathing motion in real-time.
Furthermore, the patient is exposed to additional radiation dose, which can become substantial in
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respect of the number of treatment fractions [6]. Hence, there is a need for a non-invasive imagebased device that can verify and monitor patient motion during treatment.
Fast time-of-flight (ToF) camera is an emerging optical 3D imaging sensor that provides the
depth information of a scene at the high frame rate. It consists of an illumination unit, which
actively emits a high frequency modulated light signal to a target and a ToF sensor that detects
the reflected light signals. The distance between the target and the camera is derived from the
phase shift between the emitted and reflected light signals [7]. The application of ToF camera in
gesture recognition, distance measurement and object tracking, is now widely used in the
gaming, automotive and robotics industry [8].
ToF technology is useful in advanced radiotherapy treatment that requires real-time patient
setup information to ensure accurate radiation dose delivery. Several studies on the feasibility of
ToF technology for patient positioning and breathing motion gating have been performed [9,10].
ToF cameras are employed commercially in various industries but the measurement accuracy is
affected by the imaging setting and environment condition. Characterisation of several other ToF
cameras, like PMD CamCube 3.0, Mesa Swiss Ranger Cameras and Microsoft Kinect have been
presented [11–14]. The objective of this study is to evaluate the noise and the depth measurement
accuracy of two commercial ToF cameras: Argos3D P320 (low image resolution sensor with LED
illumination source) and Argos3D P330 (high image resolution sensor with laser diode
illumination source) for application in radiotherapy. Both cameras consist of an array of
demodulation pixels, that can estimate the object depth based on the phase shift between the
emitter and reflected light signal. Further details of the principles are described elsewhere [7].
II. MATERIALS AND METHODS
Description of Argos3D P320 and P330 ToF camera
Two CMOS-based ToF cameras, Argos3D P320 and P330 ToF cameras (Bluetechnix,
Austria), as shown in Figure 1, are evaluated in this study. The TOF sensor used in Argos3D P320
and P330 ToF cameras are CMOS-based Photonic Mixer Device (PMD) sensors manufactured
by PMD Technologies (Siegen, Germany). The main specification of both ToF cameras is
tabulated in Table 1. P320 and P330 are used to denote the ToF cameras in the remainder of this
work. The P320 camera consists of a low-resolution ToF sensor with a pixel array of 160 × 120
pixels (PhotonICs@19kS3, PMD Technologies), incorporated with a near infra-red (NIR) LED
illumination unit. Whereas, P330 camera consists of a higher pixel array of 352 × 287 pixels
(TIM-U-IRS1020, PMD Technologies) and a high energy laser diode. The maximum accessible
frame rate for both P320 and P330 ToF cameras are 160 fps and 28 fps, respectively. In this
work, the performance of both ToF cameras at higher frame rate is studied. The ToF cameras
generate two different images synchronously: distance image, which is based on the phase-shift
estimation and amplitude image, which is computed based on the strength of the reflected light
signal.
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TABLE 1. The specification of the evaluated ToF cameras.

Camera Model
Array size
Modulation
frequency
Frame rate
Field of view (FoV)
Type of
illumination unit

P320
160 × 120
5-30 MHz

P330
352 × 287
5-100 MHz

10-160 fps
90o
High power
LED

10-28 fps
110o
High power
laser diode
FIGURE 1. P320 (right) and P330 (left) camera

Experiment Description
The evaluation of both P320 and P330 camera were performed in a dark room. In all
experiments, ToF camera was placed at the edge of a table, facing towards a lab wall that was
covered with a blackout curtain. A white planar target of dimension 50 cm × 72 cm was placed
in front of the camera at a distance of 100 cm (as shown in Figure 2). The dimension of the target
and the distance chosen are based on the opening angle and the imaging setting of the camera
such that two-thirds of the FoV is covered by the target. The camera setting of each experiment
is listed in Table 2 and all the available internal filters were deactivated before the experiment.
TABLE 2. The camera settings used in each experiment.

Model Modulation Frame Integration
Frequency rate
Time (ms)
(MHz)
(fps)
10
0.70
20
80
0.35
P320
10
0.90
30
80
0.51
10
1.04
20
28
0.98
P330
10
1.00
30
28
0.45
FIGURE 1. The camera setup for warm-up time
test.

Warm-up Time Evaluation
The ToF cameras are fabricated in standard CMOS technology and the increase in circuit
density may resulted in thermal issues due to higher power consumption [15]. Both ToF cameras
were operated at room temperature without additional sensor cooling system. Throughout the
image acquisition process, the temperature of the sensor may increase and the illumination light
may transfer thermal energy to the sensor. The increase in temperature changes the response of
the camera and lead to a drift in distance measurement [16]. The distance drift becomes constant
as the sensor temperature achieves thermal equilibrium. In order to quantify the time needed for
the ToF camera to reach the thermal equilibrium state, a warm-up time evaluation was
performed. In this experiment, the white planar target was placed at 100 cm in front of the ToF
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camera. The integration time of P320 and P330 camera was set to 1000 μs and 1750 μs,
respectively. A region of interest of 9 × 9 pixels at the centre of the distance image was selected
and the distance data was captured continuously for 120 minutes. The distance data was saved in
.csv format and evaluated using MatLab (The MathWorks, Natick, MA). The distance data was
averaged over one second to reduce the influence of temporal noise. The distance measured in
the last ten minutes was averaged and referred to as the steady state of the camera. Distance drift
is derived by normalising the averaged distance data with the average distance value during the
steady-state. A distance drift over time of both ToF cameras was plotted.
Dark Current Evaluation
Dark current is defined as the rate of the heat-induced electron released from the
semiconductor chip without light exposure. The aim of this experiment is to quantify the inherent
dark current of the ToF camera. In this experiment, the ToF camera and the illumination unit
were covered with blackout materials. A region of interest of 9 × 9 pixels at the centre of the
amplitude image was selected. After warming up the ToF camera, 100 consecutive frames are
captured for different integration times. Dark signal against integration time of each ToF cameras
was plotted and the gradient of each plot was calculated.
Background Illumination Influence
ToF camera estimates the distance of a target object based on the amount of the reflected light
signals. The environment or background illumination may impact the accuracy of the distance
measurement. The objective of the experiment is to evaluate the distance variation due to the
background illumination influence. The camera setup is similar to that as proposed by Fürsattel
et al. [14], where the distance between the ToF camera and the target is 80 cm and the size of the
ROI selected is 9 × 9 pixel. The camera setting was listed in Table 2. With the same selection of
ROI, 100 consecutive frames are captured with room lights were on and off. The mean distance,
̅, and the standard deviation, σ, of the 100 frames taken were calculated.
Temporal noise Evaluation
Temporal noise is the variation of distance measurement over time. The variation is more
evident with low illumination light source or low reflectivity target object. In this experiment, the
influence of target reflectivity on the measurement noise is determined. The setup of the ToF
camera was the same as in the background illumination test and 100 consecutive frames were
taken. The experiment was repeated with a black paper foreground. The mean distance, ̅, and
the standard deviation, σ, of the 100 frames taken were calculated. The temporal noise was
calculated by dividing the standard deviation of the 100 frames over the mean distance value
III. RESULTS AND DISCUSSION
Figure 3(a) and (b) displayed the warm-up results of both P320 and P330 ToF cameras.
During the warm-up test, the sensor temperature of P320 and P330 camera increased gradually
from 28°C to 37°C and 20°C to 30°C, respectively. For P320 camera, the distance drift increased
gradually in the first 41 minutes and reached thermal equilibrium. Whereas, for P330 camera, the
warm-up time needed is 24 minutes. Besides, distance drift variation of P330 camera is within 2
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mm, compared to 4 mm in P320 camera. This is because of the application of laser diode as the
illuminator, which produces a more coherent light signal. Hence there is less scattered light
signal and in turn, resulted in lower image noise in P330 camera.
The dark current results of both P320 and P330 ToF camera are shown in Figure 4. For P320
camera, the dark signal increases linearly over the range of integration time and the dark current
generated is 0.324 DN/ms. While for P330 ToF camera, the dark signal increases in a small
magnitude of 0.11 on average as the integration time increased and the range of the dark signal
obtained is within 5 – 6 DN. The dark current generated is 0.034 DN/ms, which is approximately
ten times lower than that of P320 camera. Overall, the dark current noise inherent in both ToF
camera is relatively low compared to other noise error. This may due to the fabrication of the
CMOS sensor, which involved the utilisation of pinned photodiode technology or the application
of a thinner dielectric stack, which reduce the generation of dark current [18].
Table 3 displays the distance measurement obtained when the room light is on and off. The
distance variation for both sensors is within 1 mm, even though the distance data is acquired at a
higher frame rate. Besides, the discrepancy of the distance measurement of both ToF cameras
due to the background illumination is less than 0.22%. The sensor is less affected by the external
lights because of the use of the narrow bandpass optical filter, which only allows the light signal
with a wavelength of 850 nm to reach the sensor [19]. Furthermore, the pixel circuitry will
further suppress the background illumination by integrating the reflected signals of 0 °, 90°, 180°
and 270° phases into two different bins alternately, on which the difference of the bin is used to
determine the signal amplitude. Equal charges are added to both bins simultaneously to prevent
saturation effect. This will, in turn, reduce the background illumination effect, resulting in an
increase in the signal-to-noise ratio (SNR) and dynamic range of the demodulation pixel [19,20].

(a)

(b)
FIGURE 2. Distance drift over 120 minutes for (a) Argos3D P320 and (b) Argos 3D P330. The grey dot represents the average
of 9 × 9 ROI each frame captured and the black line is referred to the average distance drift per second.
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FIGURE 3. Dark signal against integration time plot of Argos3D P320 and Argos3D P330 ToF camera.
TABLE 3. The distance measurement obtained in dark room and with lights on for both P320 and P330 camera.

Model

Modulation
Frequency
(MHz)
20

P320
30
20
P330
30

Frame
Rate
(fps)
10
80
10
80
10
28
10
28

Distance Measurement, ̅
(mm)
Lights off

Lights on

800.33
799.72
799.89
800.60
800.93
800.26
799.55
800.87

802.06
799.71
800.77
799.71
800.74
800.22
799.79
801.00

Discrepancy
of Distance
measurement
(mm)
0.33
-0.28
-0.11
0.60
0.93
0.26
0.45
0.87

Influence of
Background
Illumination
(%)
-0.22
0.00
-0.11
0.11
0.02
0.00
-0.03
-0.02

The temporal noise evaluation results are shown in Table 4. The temporal noise of the
distance of the white planar target are within 0.22% and 0.09% for P320 and P330 ToF cameras
respectively. For the black planar target, the temporal noise and standard deviation of P320 ToF
camera are doubled and the distance measured decreased by 10 - 40 mm compared to the white
target. The temporal noise characteristic of P320 is consistent with that of Argos P100
(Bluetechnix, Austria) and PMD CamBoard nano (PMD Technologies, Siegen, Germany) in
Fürsattel et al. work [14], in which the ToF sensors are the same. The changes in terms of the
distance measured and the standard deviation is due to less light signals are reflected by the low
reflectivity black target. For both cameras, the effect of the low reflectivity target was shown in
the changes of the distance measured; however, the temporal noise acquired with both white and
black planar targets are the same for P330. This is because of the application of the laser
illuminator in P330 ToF camera, which generates more coherent and less scattered light signals
and hence the yielded temporal noise is the same although the amount of reflected light signals
from both white and black planar target are different.
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TABLE 4. The temporal noise results obtained for both P320 and P330 camera.

Model

Modulation
Frequency
(MHz)

Frame
Rate
(fps)

20

10
80
10
80
10
28
10
28

P320

30
P330

20
30

White
Distance
measurement
(mm)
[ ̅ + σ]
800.33 + 0.60
799.72 + 1.76
800.64 + 0.44
800.60 + 1.03
800.93 + 0.46
800.26 + 0.70
799.55 + 0.38
800.87 + 0.54

Noise
(%)

0.07
0.22
0.05
0.13
0.06
0.09
0.05
0.07

Black
Distance
measurement
(mm)
[ ̅ + σ]
761.88 + 1.11
769.45 + 3.80
774.83 + 0.68
775.19 + 2.25
832.57 + 0.44
812.33 + 0.72
779.36 + 0.33
769.51 + 0.78

Noise
(%)

0.15
0.49
0.09
0.29
0.05
0.09
0.04
0.10

IV. CONCLUSION
In this paper, the performance characteristics of both P320 and P330 ToF cameras have been
studied. Overall, both ToF cameras have a submillimetre distance measurement accuracy of a
static object. The background illumination has little effect on the measurement accuracy. P330
ToF camera has a lower temporal and dark current noise compared to P320. Besides, the warmup time for P330 ToF camera is 17 minutes shorter than P320 ToF camera. This is due to the
higher pixel array size and the laser light source used in the ToF camera. Future work will focus
on the characterisation of ToF camera in tracking object motion.
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