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Abstract—Time-of-flight (ToF) cameras are an evolving tech-
nology, finding applications in a wide range of fields, including
machine vision, automotive applications, face or hand recog-
nition, and human-robot collaboration. A setup consisting of
multiple ToF cameras can provide a 3-D model of the recorded
scene with a larger field of view and avoid occlusion. The
operating principle of ToF cameras’ requires the emission of
light to measure its round-trip time to the objects in the field
of view and the reflection back to the camera. If multiple
ToF cameras operate simultaneously, their light waves may
interfere, resulting in erroneous depth measurements. In this
paper, we propose a multi-camera time-of-flight system based
on dynamic time-division multiple access (dynamic TDMA) to
avoid any interference. The time synchronization is implemented
optically, so that no further time synchronization, external to
the cameras, is required. To achieve a high frame rate, every
camera is extended with a photodiode, signaling a free channel.
A synchronization protocol is implemented to allow for an
autonomous operation of the ToF cameras.

Index Terms—Autonomous synchronization, multi-camera in-
terference, multiple camera system, optical synchronization, time-
of-flight camera.

I. INTRODUCTION

Time-of-Flight (ToF) cameras acquire depth images by
emitting infrared light (illumination) and measuring the time
between emission and the received reflection of objects in
the scene. For many applications, e.g. industrial safety en-
vironments, it is necessary to use multiple cameras to reduce
occlusion, shadowed objects or persons, which are unable to
be seen from a particular field of view. [1], [2]. Multiple
ToF cameras, using the same modulation frequency, may
interfere with each other and cause errors in the distance
measurements [3]–[8]. To avoid interference errors Büttgen
and Seitz proposed channel access methods adopted from com-
munication systems: space-division multiple access (SDMA),
wavelength-division multiple access (WDMA), time-division
multiple access (TDMA), frequency-division multiple access
(FDMA) and code-division multiple access (CDMA) [9],
[10]. Camera vendors commonly implement FDMA for multi-
camera systems. FDMA assigns every ToF camera a unique
modulation frequency to reduce measurement errors due to
interference [11]. The other cameras’ modulated light is sensed

*This research was performed in cooperation with iris GmbH and is co-
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Fig. 1. System overview of one Time-of-Flight camera used in the experi-
ments. The camera consists of a Texas Instruments OPT8241 developer kit
connected to a Xilinx Zynq-7000 System-on-Chip, as well as an additional
infrared (IR) sensor module, which is also connected to the Zynq.

as ambient light. With an increasing number of ToF cameras,
the amount of ambient light increases leading to saturated
pixels and consequently erroneous depth measurements. A
naive solution would be to reduce the illumination power,
but with reduced power the signal-to-noise ratio deteriorates,
which in turn leads to a less precise distance measurement.

One possibility to avoid any interference is to use TDMA
[12], [13]. The disadvantage of TDMA is the decreasing
frame rate with an increasing number of cameras. For this
reason, Wermke [13] proposes to use the readout time, the
time between consecutive integration phases, for the other
cameras to acquire their depth images. This leads to only a
small reduction in the frame rate of the multi-camera system.
However, the time slots have a constant duration, which, on
the one hand, must be long enough to cover the longest
possible integration time required, and on the other hand, is
an inefficient use of time when only short integration times
are used.

This work proposes a multi-camera operation based on time
multiplexing to avoid interference. The time synchronization is
performed optically by an additional photodiode connected to



the ToF camera. The advantage of the optical synchronization
is in the easy setup of the multi-camera system, which can
synchronize itself. The use of the photodiode provides fast
sensing capabilities to the cameras and are used to detect the
end of another camera’s image acquisition and to then start
the own acquisition, thus implementing carrier-sense multiple
access (CSMA). This makes it possible to arrange the cameras
in consecutive order without static time slot lengths.

This paper is organized as follows. Section II presents the
synchronization procedure, followed by Section III covering
the maximum achievable frame rate. The implementation of
the camera setup is presented in Section IV, the experimental
setup with measurements and results in Section V. This paper
closes with discussions in Section VI and conclusions in
Section VII.

II. SYNCHRONIZATION

The ToF cameras operate in consecutive order, one after the
other. The use of the photodiode allows for fast detection of
other cameras’ acquisition phases and is therefore used to start
the own acquisition phase shortly after the previous camera’s
end of acquisition.

The first ToF camera acquires a depth image. This process
is sensed by the second ToF camera, which starts its own
depth image acquisition immediately after the end of the first.
This continues until the last operating camera. The first camera
then starts its acquisition phase after a period tno cam, where
no other camera’s illumination is detected. This time tno cam

is used to mark the end of one round of acquisitions and is
known a priori by all cameras. Therefore, the time between
two cameras’ acquisitions tdelay must be lower than tno cam.
When a new camera is turned on, it detects the time interval
with length tno cam and starts its acquisition after the last
camera before the time tno cam has lapsed. Every camera
has to count the number of operating cameras and remember
its position in the sequence. The first camera will detect the
additional camera and delay its next acquisition to allow for
operation without interference.

III. FRAME RATE

The achievable frame rate mainly depends on the numbers
of operating cameras n, their individual integration times tint,
and their readout times treadout. The standard operation of an
amplitude modulated continuous wave (AMCW) ToF camera
is to acquire a depth image consisting of four frames. The
duration of one depth image acquisition tcycle of all n cameras
is calculated with (1).

tcycle = tno cam+(n−1) · tdelay+
n∑

i=1

(4 · tinti +3 · treadouti)

(1)
The subscript i indicates the parameters for camera i out of
the n cameras. The time of the last readout of every image
acquisition is already used by the next camera. The frame rate
per camera is calculated as

frame rate =
1

tcycle
(2)
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Fig. 2. Schematic of the sensor module.

IV. IMPLEMENTATION

The proposed synchronization method requires ToF cameras
with a shutter input, that can be triggered externally, so
that the image acquisition can be started precisely from an
external source. Examples of such cameras/sensors are the
Espros EPC660, Melexis EVK75123, or the Texas Instruments
OPT8241. In our setup, the evaluation kit from Texas Instru-
ments OPT8241-CDK-EVM are used. This camera is con-
nected to the USB port of a ZedBoard from Digilent Inc. Ad-
ditionally, a sensor module containing the photodiode is also
connected to the ZedBoard. The ZedBoard contains a Xilinx
Zynq-7000 System on Chip, including a field-programmable
gate array (FPGA) for programmable logic and an ARM pro-
cessor. The ARM processor of the Zynq hosts a Debian Linux.
The Linux operating system runs the driver software for the
camera, to configure the ToF camera and to receive the depth
images. The depth images are forwarded from the Zynq to a
PC via ethernet for evaluation and display. The programmable
logic of the Zynq contains a Microblaze softcore processor.
This Microblaze is used to configure the sensor module and
runs the synchronization software. FreeRTOS is used to satisfy
the real-time requirement of the operation.

A. Sensor

Fig. 2 shows the schematic of the sensors module, which
is connected to the ZedBoard. It contains the PIN photo-
diode (left), the comparators (right), the digital to analog
converters (DAC) (bottom left), and the transimpedance am-
plifier (TIA) (top left). The PIN photodiode is connected to
the transimpedance amplifier. The output of the amplifier is
connected to two comparators. The switching thresholds of
the comparators are set with two digital to analog converters
(DAC), controlled by the Microblaze in the ZedBoard. The
first comparator is used to detect the integration phases of the
other cameras. The second comparator is used to sense other
cameras operating simultaneously to the own camera. Each
time the output of comparator 1 changes, the software reads
the voltage level at the output of the TIA UTIA and sets the



TABLE I
CAMERA PARAMETERS DURING THE EXPERIMENTS

Camera tint treadout
Camera 1 1.2ms 3ms
Camera 2 0.2ms 3.98ms
Camera 3 0.68ms 3.5ms

threshold voltages of the comparators Ucomp1 and Ucomp2. If
the ambient light changes, e.g. the sun is suddenly covered
by clouds, the thresholds of the comparators are adapted
automatically. The comparator thresholds are set as follows.
If no illumination is received Ucomp1 = UTIA + 200mV and
Ucomp2 = UTIA + 200mV, otherwise Ucomp1 = UTIA −
200mV and Ucomp2 = UTIA + 200mV.

B. Synchronized start of image acquisition

The synchronization algorithm counts the number of ac-
quired frames per camera. Once it is the camera’s turn to
acquire a depth image and the previous camera has acquired
its third (out of four) frames, an ’enable’ signal is activated.

The shutter signal of the ToF camera (VD in in Fig. 1) is
driven by an AND gate, which is connected to the synchroniza-
tion algorithm’s enable signal and the comparator output of
the sensor module. As soon as the comparator signals that the
current active illumination has been turned off, the acquisition
process of the camera starts. That way, a fast reaction time, a
small tdelay, is realized.

V. EXPERIMENTAL SETUP, MEASUREMENTS AND RESULTS

A. Experimental setup

In the experimental setup, three ToF cameras acquire depth
images of the object from different perspectives. The fields of
view of the ToF cameras overlap so that all cameras detect the
light emitted by the other cameras.

The ToF camera chips OPT8241 are configured as follows:
• slave mode: on
• frequency sweeping: off
• 4 frames and 1 sub-frame
• Modulation frequency: 60 MHz
Table I shows the individual integration and readout times

for three ToF cameras in this setup.

B. Measurements and results

The first measurement was undertaken to determine the
accuracy of the detection of illumination. This measurement
revealed that the start of the illumination phase is detected after
610 ns by the sensor board and the end of illumination after
11 µs. These different times are inherent to the sensor structure.
The variance of the detection of the end of illumination is
shown in Fig. 3 as a histogram. The time between the actual
end of the illumination and the detection by the sensor module
was recorded. The offset to the end of illumination is 11 µs,
the standard deviation of the detection is 374 ns, and the time
interval to cover all samples is 2.4 µs. The delay within the ToF
camera chip from applying the shutter until the illumination
is active is about 23 µs. Therefore, tdelay is about 34 µs.

Fig. 3. The histogram shows the detection accuracy of the end of illumination.
The time difference of the end of illumination of the first camera and the
start of a frame of a second camera is displayed. The offset to the end
of illumination is about 11 µs. The width of the histogram is 2.4 µs with
a standard deviation of 374 ns.
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Fig. 4. The timing diagram of measurement two shows the consecutive depth
image acquisitions of the three ToF cameras. The acquisitions repeats after
tcycle = 39.9ms. The bars represent the integration phases, in between are
the readout phases.

The second measurement was conducted to test the func-
tionality of the synchronization algorithm with three ToF
cameras. The cameras acquired depth images in the described
consecutive arrangement for three hours. Fig. 4 shows the
timing behaviour of the cameras. To allow for some toler-
ance, tno cam was set to 70 µs. During this experiment, no
interference was recorded. The integration and readout times
of all cameras result in tcycle = 39.9ms, which is about 25
depth images per second per camera. The achieved tdelay and
tno cam are very small compared to the overall acquisition
times.

VI. DISCUSSION

The results prove the initial hypothesis that an additional
photodiode may be used to detect the illumination of other
ToF cameras. Furthermore, the time to detect the end of
illumination is in the range of µs, allowing a fast reaction
time to allow for a sequential camera operation.

VII. CONCLUSION

In this work, a new approach for a multi-ToF-camera system
is presented, which is based on TDMA to avoid interference-
related errors. A photodiode, attached the every ToF camera,
proved suitable to control the consecutive operation of the
cameras. Furthermore, it allows for variable integration times
of the ToF cameras and a higher frame rate than the standard
implementation of TDMA using static time slot lengths.
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