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transmitted by a time of flight camera system and a reflected light signal received by at least
one pixel sensor of an array of pixel sensors in an image sensor of the time of flight camera
system, wherein the retlected light signal received by the at least one pixel sensor is reflected
from an object illuminated by the transmitted light signal (301); determine an amplitude of
the reflected light signal received by the at least one pixel sensor (301); combine the amp-
litude and phase difterence for the at least one pixel sensor into a combined signal parameter
for the at least one pixel sensor (307); and de-noise the combined signal parameter for the at
least one pixel sensor by filtering with a filter the combined parameter for the at least one
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A Method and Apparatus for de-noising data from a distance sensing camera

Field of the Application

The present application relates to time-of-flight camera systems, and in particular
the reduction of noise in the distance images from said time of flight camera

systems.

Backaround of the Application

Time-of-flight (ToF) cameras can sense distance or range to an object by emitting
a pulse of modulated light signal and then measuring the time differential in the

returning wave front.

A ToF camera can comprise a light source such as a bank of light emitting diodes
(LED) whereby a continuously modulated harmonic light signal can be emitted.
The distance or range of an object from the light source can be determined by
measuring the shift in phase (or difference in time) between the emitted and the
reflected photons of light. The reflected photons can be sensed by the camera by

the means of charge coupled device or the like.

The phase shift (or phase delay) between the emitted and reflected photons is not
measured directly. Instead a ToF camera system may adopt a pixel structure
whereby the correlation between the received optical signal and an electrical

reference source is performed in order to determine a measure of the phase delay.

The resulting distance (or range) map can represent the distance to objects as the

relative intensity of pixels within the distance map image.

However, the distance map image can be corrupted with the effect of noise,
whether it is random noise as a result of thermal noise in the charge coupled

device or noise as a result of systematic errors in the measurement of the distance
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to the observed object. In particular the operational performance of a ToF camera
system can be influenced by internal factors resulting from the operational mode of
the camera and external factors caused by characteristics of the sensed scene

and sensing environment.

For example, internal factors which can limit the capabilities of a ToF camera
system may include the physical limitations of the sensors used such as inherent
noise and resolution. Other internal factors which can limit the capability of a ToF
camera system can include the power of the emitted signal, and the integration
time for forming the reflected signal samples.

External factors which may limit the performance of a ToF camera system may
include the angle of incidence of the illuminating light onto sensed object, the light
reflectivity of colours and materials of the sensed objects, the sensing range of the
ToF camera system, and the returned light signal being formed by multiple

reflections.

These factors can seriously impact on the precision of distance (or range
measurements and operational efficiency of a ToF camera system. In particular for
low-power ToF system devices the effect of noise can limit the distance sensing
capability.

Summary of Some Embodiments

The following embodiments aim to address the above problem.

There is provided according to an aspect of the application a method comprising:
determining a phase difference between a light signal transmitted by a time of
flight camera system and a reflected light signal received by at least one pixel
sensor of an array of pixel sensors in an image sensor of the time of flight camera
system, wherein the reflected light signal received by the at least one pixel sensor
is reflected from an object illuminated by the transmitted light signal; determining
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an amplitude of the reflected light signal received by the at least one pixel sensor;
combining the amplitude and phase difference for the at least one pixel sensor into
a combined signal parameter for the at least one pixel sensor; and de-noising the
combined signal parameter for the at least one pixel sensor by filtering the
combined parameter for the at least one pixel sensor.

The method may further comprise at least one of: de-noising the phase difference
for the at least one pixel sensor by filtering the phase difference for the at least
one pixel sensor, wherein the de-noising of the phase difference may occur prior
to combining the amplitude and phase difference; and de-noising the amplitude for
the at least one pixel sensor by filtering the amplitude for the at least one pixel
sensor, wherein the de-noising of the amplitude may occur prior to combining the
amplitude and phase difference.

The filtering may further comprise filtering with a non-local spatial transform filter.

The non-local spatial transform filter can be a non-local means filter.

The method may further comprise calculating the distance range to the object from
the de-noised combined signal parameter for the at least one pixel sensor by:
determining the de-noised phase difference for the at least one pixel sensor from
the de-noised combined signal parameter for the at least one pixel sensor; and
calculating the distance range to the object for the at least one pixel sensor using
the de-noised phase difference for the at least one pixel sensor.

The combined signal parameter may be a complex signal parameter formed from
combining the amplitude and phase difference for the at least one pixel sensor.

The image sensor of the time of flight camera system may be based at least in
part on a photonic mixer device.
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According to a further aspect of the application there is provided an apparatus
configured to: determine a phase difference between a light signal transmitted by a
time of flight camera system and a reflected light signal received by at least one
pixel sensor of an array of pixel sensors in an image sensor of the time of flight
camera system, wherein the reflected light signal received by the at least one pixel
sensor is reflected from an object illuminated by the transmitted light signal;
determine an amplitude of the reflected light signal received by the at least one
pixel sensor; combine the amplitude and phase difference for the at least one pixel
sensor into a combined signal parameter for the at least one pixel sensor; and de-
noise the combined signal parameter for the at least one pixel sensor by filtering
the combined parameter for the at least one pixel sensor.

The apparatus may be further configured to at least one of: de-noise the phase
difference for the at least one pixel sensor filtering the phase difference for the at
least one pixel sensor, wherein the apparatus may be configured to de-noise the
phase difference prior to combining the amplitude and phase difference; and de-
noise the amplitude for the at least one pixel sensor by filtering the amplitude for
the at least one pixel sensor, wherein the apparatus may be configured to de-
noise the amplitude prior to combining the amplitude and phase difference.

The filtering may comprise filtering with a non-local spatial transform type filter.

The non-local spatial transform type filter can be a non-local means filter.

The apparatus maybe further configured to calculate the distance range to the
object from the de-noised combined signal parameter for the at least one pixel
sensor by: determining the de-noised phase difference for the at least one pixel
sensor from the de-noised combined signal parameter for the at least one pixel
sensor, and calculating the distance range to the object for the at least one pixel
sensor using the de-noised phase difference for the at least one pixel sensor.
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The combined signal parameter may be a complex signal parameter formed from
combining the amplitude and phase difference for the at least one pixel sensor.

The image sensor of the time of flight camera system may be based at least in
part on a photonic mixer device.

According to another aspect of the application there is provided an apparatus
comprising at least one processor and at least one memory including computer
code for one or more programs, the at least one memory and the computer code
configured with the at least one processor to cause the apparatus at least to:
determine a phase difference between a light signal transmitted by a time of flight
camera system and a reflected light signal received by at least one pixel sensor of
an array of pixel sensors in an image sensor of the time of flight camera system,
wherein the reflected light signal received by the at least one pixel sensor is
reflected from an object illuminated by the transmitted light signal; determine an
amplitude of the reflected light signal received by the at least one pixel sensor;
combine the amplitude and phase difference for the at least one pixel sensor into a
combined signal parameter for the at least one pixel sensor; and de-noise the
combined signal parameter for the at least one pixel sensor by filtering the

combined parameter for the at least one pixel sensor.

The at least one memory and the computer code configured with the at least one
processor may be further configured to at least one of. de-noise the phase
difference for the at least one pixel sensor by filtering the phase difference for the
at least one pixel sensor, wherein the at least one memory and the computer code
may also be configured with the at least one processor to de-noise the phase
difference prior to combining the amplitude and phase difference; and de-noise the
amplitude for the at least one pixel sensor by filtering the amplitude for the at least
one pixel sensor, wherein the at least one memory and the computer code may
also be configured with the at least one processor to de-noise the amplitude prior
to combining the amplitude and phase difference.
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The filtering may comprise filtering with a non-local spatial transform type filter.

The non-local spatial transform filter can be a non-local means filter.

The at least one memory and the computer code configured with the at least one
processor may be further configured to calculate the distance range to the object
from the de-noised combined signal parameter for the at least one pixel sensor by:
determining the de-noised phase difference for the at least one pixel sensor from
the de-noised combined signal parameter for the at least one pixel sensor, and
calculating the distance range to the object for the at least one pixel sensor using
the de-noised phase difference for the at least one pixel sensor. The combined
signal parameter may be a complex signal parameter formed from combining the

amplitude and phase difference for the at least one pixel sensor.

The image sensor of the time of flight camera system may be based at least in

part on a photonic mixer device.

According to another aspect of the application there is provided a computer
program code when executed by a processor realises: determining a phase
difference between a light signal transmitted by a time of flight camera system and
a reflected light signal received by at least one pixel sensor of an array of pixel
sensors in an image sensor of the time of flight camera system, wherein the
reflected light signal received by the at least one pixel sensor is reflected from an
object illuminated by the transmitted light signal; determining an amplitude of the
reflected light signal received by the at least one pixel sensor; combining the
amplitude and phase difference for the at least one pixel sensor into a combined
signal parameter for the at least one pixel sensor; and de-noising the combined
signal parameter for the at least one pixel sensor by filtering the combined

parameter for the at least one pixel sensor.

The computer program code when executed by the processor may further realises
at least one of: de-noising the phase difference for the at least one pixel sensor by
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filtering the phase difference for the at least one pixel sensor, wherein the de-
noising of the phase difference may occur prior to combining the amplitude and
phase difference; and de-noising the amplitude for the at least one pixel sensor by
filtering the amplitude for the at least one pixel sensor, wherein the de-noising of
the amplitude may occur prior to combining the amplitude and phase difference.

The computer program code when executed by the processor realises filtering, the
computer program code may further realise filtering with a non-local spatial

transform filter.

The non-local spatial transform filter can be a non-local means filter.

The computer program code when executed by the processor may further realises
calculating the distance range to the object from the de-noised combined signal
parameter for the at least one pixel sensor by: determining the de-noised phase
difference for the at least one pixel sensor from the de-noised combined signal
parameter for the at least one pixel sensor; and calculating the distance range to
the object for the at least one pixel sensor using the de-noised phase difference
for the at least one pixel sensor.

The combined signal parameter may be a complex signal parameter formed from
combining the amplitude and phase difference for the at least one pixel sensor.

The image sensor of the time of flight camera system may be based at least in
part on a photonic mixer device.

Brief Description of Drawings

For better understanding of the present invention, reference will now be made by
way of example to the accompanying drawings in which:
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Figure 1 shows schematically an apparatus suitable for employing some
embodiments;

Figure 2 shows schematically a ToF camera system suitable for employing some
embodiments;

Figure 3 shows schematically a flow diagram illustrating the operation of the ToF
camera system of Figure 2; and

Figure 4 shows schematically a complex parameter representation for signal

parameters of the ToF camera system of Figure 2.

Description of Some Embodiments of the Application

The following describes in more detail possible ToF camera systems with the
provision for de-noising the distance (or range) map. In this regard reference is
first made to Figure 1 which shows a schematic block diagram of an exemplary
electronic device or apparatus 10, which may incorporate a ToF camera system

according to embodiments of the application.

The apparatus 10 may for example be a mobile terminal or user equipment of a
wireless communication system. In other embodiments the apparatus 10 may be
an audio-video device such as video camera, audio recorder or audio player such
as a mp3 recorder/player, a media recorder (also known as a mp4

recorder/player), or any computer suitable for the processing of audio signals.

In other embodiments the apparatus 10 may for example be a sub component of a
larger computer system, whereby the apparatus 10 is arranged to operate with
other electronic components or computer systems. In such embodiments the
apparatus 10 may be arranged as an application specific integrated circuit (ASIC)
with the functionality to control and interface to a ToF camera module and also

process information from the ToF camera module.
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In some embodiments the apparatus 10 may be arranged as an individual module
which can be configured to be integrated into a generic computer such as a

personal computer or a laptop.

The apparatus 10 in some embodiments may comprise a ToF camera system or
module 11, which can be coupled to a processor 21. The processor 21 can be
configured to execute various program codes. The implemented program codes in
some embodiments can comprise code for processing the depth map image from
the ToF camera module 11. In particular the implemented program codes can
facilitate noise reduction in the processed distance image.

In some embodiments the apparatus further comprises a memory 22. In some
embodiments the processor is coupled to memory 22. The memory can be any
suitable storage means. In some embodiments the memory 22 comprises a
program code section 23 for storing program codes implementable upon the
processor 21. Furthermore in some embodiments the memory 22 can further
comprise a stored data section 24 for storing data, for example data for which has
been retrieved from the ToF camera module 11 for subsequent processing of the
distance map image as will be described later. The implemented program code
stored within the program code section 23, and the data stored within the stored
data section 24 can be retrieved by the processor 21 whenever needed via the

memory-processor coupling.

In some further embodiments the apparatus 10 can comprise a user interface 15.
The user interface 15 can be coupled in some embodiments to the processor 21.
In some embodiments the processor can control the operation of the user interface
and receive inputs from the user interface 15. In some embodiments the user
interface 15 can enable a user to input commands to the electronic device or
apparatus 10, for example via a keypad, and/or to obtain information from the
apparatus 10, for example via a display which is part of the user interface 15. The

user interface 15 can in some embodiments comprise a touch screen or touch
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interface capable of both enabling information to be entered to the apparatus 10

and further displaying information to the user of the apparatus 10.

The display which is part of the user interface 15 may be used for displaying the
depth map image as such and can be a liquid crystal display (LCD), or a light
emitting diode (LED) display, or an organic LED (OLED) display, or a plasma
screen. Furthermore, the user interface 15 may also comprise a pointing device,
such as a mouse a trackball, cursor direction keys, or a motion sensor, for
controlling a position of a small cursor image presented on the display and for
issuing commands associated with graphical elements presented on the display.

In some embodiments the apparatus further comprises a transceiver 13, the
transceiver in such embodiments can be coupled to the processor and configured
to enable a communication with other apparatus or electronic devices, for example
via a wireless communications network. The transceiver 13 or any suitable
transceiver or transmitter and/or receiver means can in some embodiments be
configured to communicate with other electronic devices or apparatus via a wire or

wired coupling.

The transceiver 13 can communicate with further devices by any suitable known
communications protocol, for example in some embodiments the transceiver 13 or
transceiver means can use a suitable universal mobile telecommunications system
(UMTS) protocol, a wireless local area network (WLAN) protocol such as for
example IEEE 802.X, a suitable short-range radio frequency communication

protocol such as Bluetooth, or infrared data communication pathway (IRDA).

It is to be understood again that the structure of the apparatus 10 could be

supplemented and varied in many ways.

It would be appreciated that the schematic structures described in Figures 2 and 4

and the flow diagram depicted in Figure 3 represent only a part of the operation of
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the ToF camera system as exemplarily shown implemented in the apparatus

shown in Figure 1.

Figure 2 shows schematically some components of the ToF camera module 11

according to some embodiments.

In some embodiments the ToF camera module 11 may be a Photonic Mixer
Device (PMD) camera module. In such embodiments there may be an optical
transmitter 201 which may be arranged to emit a cone of modulated light thereby
iluminating a scene for distance detection. In embodiments the optical transmitter
may be formed from an array of light emitting diodes (LEDs) configured to operate
at wavelengths in the near infra-red (NIR) spectral region. Each LED may be
married up with a respective optic in order to assist in the emission of light from
the LED.

The light emitted from the optical transmitter may be amplitude modulated by an
electrical reference signal from the modulator 203.

The reflected light signal may be received by a receiving optic 205 and channelled
to the PMD sensor array 207. The PMD sensor array 207 may comprise an array
of pixel sensor elements whereby each pixel sensor element may be in the form of
a two light sensitive photo gates which are conductive and transparent to the
received light. Each pixel sensor may further comprise readout diodes in order to
enable an electrical signal to be read via a pixel readout circuitry.

A function of the PMD sensor array 207 can be to correlate the received optical
signal for each pixel sensor with the electrical reference signal and to send the
results of the correlation (via the readout circuitry of each pixel sensor) to an
analogue to digital converter 209. In order to enable the correlation within each
pixel sensor, the PMD sensor array 207 may also be arranged to receive the
electrical reference signal from the oscillator 205. In embodiments the electrical
reference signal used to perform the cross correlation functionality within the PMD
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sensor may be a phase variant of the original reference signal used to modulate
the LED array at the optical transmitter 201.

It is to be appreciated that ToF systems utilise the principle of time of signal
propagation in order to determine the range to an object. For PMD type ToF
systems this principle may be manifested by using continuous wave modulation
whereby the phase delay between sent and received light signals corresponds to

the ToF and hence the distance to the object.

When the transmitted light signal is continuously amplitude modulated with a
particular frequency the received reflected light signal will have the same
frequency but may have a different phase and amplitude. The difference in phase,
or phase delay, between the transmitted light signal and received light signal can
be used to determine the distance to the object. This distance may be expressed
by the following expression

D «-2c, (1)

where D is the distance to the object, ¢ is the determined phase delay between
received and transmitted light signals, c; is the speed light and fis the modulation
frequency. In embodiments the modulation frequency f may be of the order of
20MHz.

The phase and the amplitude of the reflected received signal may be determined
by cross correlating the reflected received signal with the original modulating
signal (electrical reference signal) from the modulator 203. As mentioned above
the cross correlation may be performed for each pixel sensor within the PMD
sensor array 207.

In embodiments the cross correlation function may be performed at a number of

pre-selected phase positions in order to enable the calculation of the phase
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difference (or delay) between the transmitted light signal and the received
reflected light signal.

In a first group of embodiments the cross correlation function C(r) between the
received reflected light signal s(t) and the modulating signal g(t), may be
calculated for four different phase delays, for example at 7, = 0° 1, =
90°, 7, = 180°,7; = 270°.

It is to be understood that other embodiments may adopt a general approach to
determining the cross correlation function C(z). The general approach may
calculate the cross correlation function C(r) for a number of different phase

positions which is greater than four.

The cross correlation function C(r) between the received reflected light signal s(t)

and the modulating signal g(t) can be expressed as

C(M=s(HR®g® (2)

In some embodiments the received reflected light signal s(t) can be expressed in
the form of

s(t) =1+ A.cos(wt — @), (3)

and the modulating signal can be expressed in the form of
g(t) = cos(wt). (4)

Where A denotes the modulation amplitude and ¢ denotes the phase of the

received reflected signal.

In some embodiments the cross correlated signal for four different phase delays of

7o = 09, 7, =90°, 7, = 180°,7; = 270°can be simplified to
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C(1) = K + Acos(p + 1) (5)

Where K is a modulation offset.

It is to be understood that the cross correlation function C(z) can be determined at
a number of different equally spaced phase positions 7 by the PMD, that is
T =TTy, ...Ty—1. IN ONE group of embodiments the cross correlation function C(r)
can be calculated for the following phase positions 7, = 0°, 7, =90, 1, =
180°,7, = 270°.

The output from the PMD device, in other words the cross correlation function
C(r) for each pixel sensor, may then be may be channelled to the Analogue to

digital converter 209.

The Analogue to Digital (A/D) converter 209 may convert each cross correlation
function signal from an analogue signal to a digital signal in order to enable further
processing of the signal. It is to be appreciated that the (A/D) converter 209 may
convert the cross correlation function signal for each phase position T on a pixel

wise basis.

The digital output from the analogue to digital converter 209 may then be passed
to the signal parameter determiner 211.

The signal parameter determiner 211 can determine the parameters required to
form the distance (or range) map of the illuminated scene on a pixel by pixel basis.

The parameters determined by the signal parameter determiner 211 may be the
phase delay ¢ between the modulated signal g(f) and the reflected received signal

s(1), the reflected received signal amplitude A, and the modulation offset K.

In embodiments the phase difference ¢ may be determined by using the following

expression
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2nn

p=arg(TNECe™N)  (6)

The amplitude A of the received reflected optical signal may be determined from

2 |yN-1 2
A = E ZTI:O Cne N

(7)
The modulation offset K may be determined from

K=-CN36)  (®
It is to be appreciated in the above expressions that N signifies the number of
phase positions over which the cross correlation function is determined, and C,
represents the Cross correlation functions for each phase position z,. In the first
group of embodiments N is determined to be four in order to account for the
different phase positions 7, = 0°2, 7; = 90°, 7, = 180°,7; = 270°. For this specific
embodiment, the phase difference ¢ may be determined by using the following

expression

@ = atan (M) (9)

C(zp)—C(12)

The amplitude A of the received reflected optical signal may be determined from

4= Jea-ca) +{ct )’
h 2

(10)

The modulation offset K may be determined as in equation (8)

In other words there may be in embodiments means for determining a phase
difference between a light signal transmitted by a time of flight camera system and
a reflected light signal received by a pixel light sensor of an array of pixels in an
image sensor of the time of flight camera system, wherein the reflected light signal
received by the pixel light sensor is reflected from an object illuminated by the
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transmitted light signal. Furthermore, embodiments may also comprise means for
determining the amplitude of the reflected light signal received by the pixel light

SEeNsor.

It is to be further appreciated that the above parameters can be determined for

each pixel in turn.

It is to be understood herein that the term signal parameter map may be used to

denote collectively the parameters ¢, A and K for all pixels of the map image.

The output of the signal parameter determiner 211, in other words the signal
parameter map, may be connected to the input of the de-noising processor 213.

The de-noising processor 213 may be arranged to provide a filtering framework for
de-noising the parameters of the signal parameter map, in other words the filtering
framework provides for the de-noising of the parameters ¢, A and K associated

with each pixel.

With reference to Figure 3 there is shown a flow diagram depicting at least in part
some of the operations of the signal parameter determiner 211 and the de-noising
processor 213 according to embodiments of the invention.

Accordingly there is depicted in Figure 3 the processing step 301 of determining
the signal parameters (¢, A and K) from the cross correlation function C(r) for

each pixel.

In embodiments de-noising of the signal parameters ¢, A and K may be performed
by adopting the technique of Non-Local spatial transform filtering. The essence of
such an approach is to centre the pixel which is to be filtered within a window of
neighbouring pixels. It is to be noted that the window of pixels may also be known
in the art as a patch, and the patch containing the pixel to be filtered is known as
the reference patch. The image is then scanned for other patches which closely
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resemble the patch containing the pixel to be filtered (in other words the reference
patch). De-noising of the pixel may then be performed by determining the average
pixel value over all pixel values within the image whose patches are deemed to be

similar to the reference patch.

In embodiments the similarity between the reference patch and a further patch
within the image may be quantified by utilizing a Euclidean based distance metric.

Non-Local spatial transform filtering may be performed on the signal parameters of

each pixel on a pixel wise basis.

In a first group of embodiments a form of Non-Local spatial transform filtering
known as Non-Local means filtering may be used to filter the signal parameters
associated with each pixel.

Non-Local means filtering may be expressed by

Galulx+)—uly+)1%(0)

Jo, exp w2 u(y)dy (11)

_
Np(x)

NL(x) =

where N,, is a filter normaliser, G,is a Guassian Kernel, Q denotes the range over
which the image is searched, u denotes the values attached to the pixel at a
position, x is the index of the pixel being filtered and is the centre pixel of the
reference patch, y is the index of the pixel at the centre of a further patch (a patch
which can be similar to the reference patch), h can be a filter parameter tuned in
relation with noise variance, *.(0) can denote a centred convolution operator, and

(+.) can denote the pixel indices around the centre pixel of a corresponding patch.

In a first group of embodiments the signal parameters ¢ and A may each be
individually filtered by using the above Non-Local means filter in order to produce
de-noised signal parameters ¢, and A,. De-noising the parameters ¢ and A may

be performed for each pixel position in turn.
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In other words the above Non-Local Means Filter may be applied to each signal
parameter ¢ and A in turn, where the variable u in the above equation can

represent either the parameter ¢ or A.

It is to be understood that the output from the Non-Local Means Filter NL(x) the
de-noised parameters ¢, and A, for a pixel position x. In other words the output
from the Non-Local Means Filter NL(x) when the input variable u represents the
phase difference signal parameter ¢ at pixel position x is the de-noised phase
delay signal parameter ¢,, and the output from the Non-Local Means Filter NL(x)
when the input variable u represents the amplitude signal parameter A is the de-

noised amplitude parameter Ap.

In some embodiments the step of individually processing the signal parameters ¢
and A with the above Non-Local Means Filter to produce the individual de-noised

parameters ¢, and A, may be viewed as an optional pre-filtering step.

In other words the step of individually processing the signal parameters ¢ and A
may not be performed in some modes of operation. The decision to perform the
above pre filtering step may be configured as a mode of operational of the de-

noising processor 213.

Accordingly, Figure 3 depicts the option of including the above pre filtering step
into the mode of operation of the de-noising processor as the decision step 303.

The above pre filtering step can have the advantage of reducing effects of
objects whose surfaces may have poor light reflectivity; or objects being
iluminated by a light signal with a small angle of incidence; or the effect of muilti

path reflection in the returned light signal.

The aforementioned effects can result in a wrapping of the phase delay ¢,
whereby objects which have a range near the limit for the wavelength of the
incident light may result in the phase delay of the reflected light being wrapped into
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the next waveform period. This wrapping effect may be happen when noise can
have an influence on the value of the phase delay ¢, when the phase delay ¢ is
near the wrapping boundary.

Pre-filtering by de noising the signal parameters A and ¢ on an individual basis
may have the effect of improving the similarity weights confidence for searched

patches during the operation of subsequent de-noising filter stages.

In other embodiments pre filtering by the de-noising filter NL(x) may be performed
on either just the amplitude signal parameter A or the phase delay signal
parameter ¢. This has the effect of reducing the computational complexity of the
pre-filtering stage when compared to applying the de-noising filter individually to

each signal parameter in turn.

In one variant of the above group of embodiments the de-noising filter NL(x) may
be applied solely to the amplitude signal parameter A to give the de-noised
amplitude signal parameter Ap This can have the advantage in embodiments of
improving the de-noising and edge preservation in the eventual distance map,
however the effects due to structural artefacts such as those listed above may still
be retained.

In another variant of the above group of embodiments the de-noising filter NL(x)
may be applied solely to the phase delay signal parameter . This can have the
advantage of suppressing artefacts such as those listed above however edge

preservation may not be so pronounced in the eventual distance image.

In other words embodiments may comprise at least one of: means for de-noising a
phase difference between a reflected light signal received by a pixel light sensor
and a transmitted light signal, the de-noising of the phase difference being a pre-
filtering step; and means for de-noising the amplitude of the reflected light signal
received by the pixel light sensor, the de-noising of the phase difference also
being a pre-filtering step.
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The step of performing de-noising for each signal parameter ¢, and A of each

pixel is shown as processing step 305 in Figure 3.

The phase difference ¢ and amplitude A of the received reflected light signal for
each pixel may be combined into a single combined parameter.

In some embodiments the phase difference ¢ and amplitude A of the received
reflected light signal for each pixel sensor may be combined into a single complex
parameter Z. The complex signal parameter for each pixel may be expressed as

Z = Ae?, (12)

where jis the imaginary unit. It is to be understood that in a mode of operation
whereby the above pre filtering step 305 is deployed the complex signal parameter
may be expressed as

Z=Apeloo. (13

With respect to Figure 4 there is shown a graphical representation of a complex

signal parameter map comprising four pixels.

With reference to Figure 4, graph 401 depicts the amplitude A for the signal
parameter map, and graph 403 depicts the phase difference ¢ for the same signal

parameter map.

Again with reference to Figure 4, graph 405 depicts the complex signal parameter
Z for each pixel position for the signal parameter map. It can be seen from graph
405 that the complex signal parameter for each pixel position is vector bearing
information relating to both the amplitude A and the phase difference ¢ of the
received reflected signal.
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In other words, embodiments may comprise means for combining the amplitude
and phase difference for each pixel light sensor into a combined signal parameter

for each pixel light sensor.

The step of determining the complex signal parameter for each pixel is shown as
processing step 307 in Figure 3.

In embodiments the de-noising filter may be applied to the complex signal Z for

each pixel within the signal parameter map.

In a first group of embodiments the complex signal parameter Z for each pixel may
be de-noised by applying the above Non-Local Means Filter. In other words, the
above Non-local Means Filter may be modified in terms of the complex signal
parameter Z. The Non-Local Means Filter may be expressed in terms of Z as

Ga*lZ(x+)-Z(y+)| (0)

Jo, exp w2 Z(y)dy (14)

_
Np (%)

NLcmplx (X) =

The output from the above Non-Local means filter NLcnpix(x) may be the de-noised

complex signal parameter Z,.y at the pixel position x.

In other words embodiments may comprise means for de-noising the combined

signal parameter for a pixel light sensor by filtering the combined parameter.

In some embodiments the combined signal parameter may be a complex signal
parameter formed from combining the amplitude and phase difference for the pixel

light sensor.

The step of de-noising the complex signal parameter for each pixel is shown as
processing step 309 in Figure 3.
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The de-noised signal parameters Ap.y and ¢p.y for each pixel position x may be
obtained from the de-noised complex signal parameter Z,.y. In other words the
de-noised amplitude Ay and phase difference ¢, can be obtained from

Apen = |Zpen| and @p.y = arg(Zp.n) respectively.

The step of obtaining the de-noised signal parameters Ap.y and ¢p.y for each
pixel at position x from the de-noised complex signal parameter Z,.y is shown as

processing step 311 in Figure 3.

In some embodiments the processing steps 303 to 311 may be repeated for a
number of iterations. In such embodiments the de-noised signal parameters Ap.y
and ¢p.y for each pixel at position x may form the input to a further iteration of
processing step 305, whereby the signal parameters Ap.y and @p.xy May then be

individually applied to the above Non-Local means filter NL(x).

Further de-noised signal parameters, where the signal parameters Ap.y and @p.y
form the input to the Non-Local means filter NL(x), may be denoted as Ap, and

@p2 Where “2” denotes a second or further iteration.

As before the output of the Non-Local means filter NL(x) filter, that is the
individually de-noised amplitude and phase difference signal parameters A, and
@p, for each phase position x, may then be combined into a single combined
parameter. In a first group of embodiments the single combined parameter may be

a single complex parameter Z,.

The single complex parameter Z, may then form the input of the complex modified

form of the Non-Local Means Filter NLcmpix(X).

The output of the complex modified form of the Non-Local Means Filter NLcypix(X)

may then be a further de-noised complex parameter Z,.n, for a pixel position x.
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The de-noised amplitude Ap.n, and phase difference ¢y, Can be obtained by

further applying the equations Ap.yz = |Zpenzl @and @penz = arg(Zpenz)-

In other words, embodiments may comprise means for determining the de-noised
phase difference for a pixel light sensor from the de-noised combined signal

parameter.

The step of determining whether to iterate processing steps 303 to 311 is shown
as decision step 313 in Figure 3.

With reference to Figure 3 if it is determined at processing step 313 that there
should be further iterations of processing steps 303 to 311 then the return branch
313a is taken and the process loops back to commence a new iteration.

In embodiments, parameters of the Non-Local spatial transform filter may be
adjusted for each processing loop. For instance, in the first group of embodiments
the filter parameter h in the Non-local means filter can be adapted for each
iteration of the processing loop.

The step of adjusting the Non-Local spatial transform filter parameter for further
iterations of the processing loop is depicted in Figure 3 as the processing step 315
in the return branch 313a.

It is to be appreciated in embodiments that the loop back branch 313a returns to
the decision branch 303. Accordingly, the decision of whether to include the pre-
filtering step 305 may be taken for each iteration of the processing loop.

If it is determined at processing step 313 that there is to be no further iterations
then the decision branch 313b is taken and the de-nosing processor 211 may then
determine the distance value D to the illuminated object for each pixel position.
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In embodiments the distance value D may be determined by taking the de-noised
phase difference signal parameter ¢,y as provided by processing step 311 and

applying the value to equation (1) above.

The distance value D may be determined on a pixel wise basis in accordance with
the phase delay for each pixel position within the map.

In other words embodiments may comprise means for calculating the distance
range to an object for a pixel light sensor using the de-noised phase delay
calculated for the pixel light sensor.

The step of determining the distance value D to the illuminated object for each

pixel is shown as processing step 317 in Figure 3.

Below is shown a possible pseudo code implementation to the above iterative
approach for de-noising signal parameter data.

0. Initialize. Iteration counter N=0.

0.1. Capture data from PMD. Compute A, ¢ (Eq 9, 10)
1. IF pre-filtering?

1.1. YES — Pre-filter optionally 4, ¢ = A;p; or ¢

1.2. NO — Skip step
2. Calculate Zp from A;p; or ¢yp; (Eq. 13)
3. Apply de-noising filter on Zp, (e.g. Eq. 14)

3.1. SAVE output —Zp.y

3.2. Calculate Apey, @pey from Zp.y
4. IF Iterate?
4.1. YES — N=N+1. Adapt filter parameter - h.
4.1.0. REPEAT Steps 1+4
4.2. NO - Calculate D from ¢p,y. (Eq. 1)

5. SAVE D. Finish

The output from the ToF camera system 11 may be the distance value D for each

pixel within the PMD sensor array 207.

The distance value D for each pixel may then be passed to the processor 11 for

further processing.
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In some embodiments the distance values D for each pixel position may be
displayed as a distance or depth map image in the Ul 15.

It is to be appreciated in the above embodiments that the process of de-noising
has been described in terms of the Non-Local Means Filter. However, other
embodiments may use other forms of de-noising such as Gaussian smoothing,
Bi(Multi)-lateral filtering, wavelet shrinkage, Sliding-local transform filtering (e.g.
sliding-DCT) and Block-matching 3D collaborative transform-domain filtering
BM3D.

Furthermore other embodiments may adopt other ToF camera systems such as

radars, sonars and lidars.

Furthermore other embodiments may adopt different distance measuring systems,
where the measurement data can be interpreted in complex domain such as
structured-light based systems, systems based on structure-from-stereo, and

termographic cameras.

Although the above examples describe embodiments of the invention operating
within an apparatus 10, it would be appreciated that the invention as described
above may be implemented as part of any computer or electronic apparatus

supporting a ToF camera system.

In general, the various embodiments of the invention may be implemented in
hardware or special purpose circuits, software, logic or any combination thereof.
For example, some aspects may be implemented in hardware, while other aspects
may be implemented in firmware or software which may be executed by a
controller, microprocessor or other computing device, although the invention is not
limited thereto. While various aspects of the invention may be illustrated and
described as block diagrams, flow charts, or using some other pictorial
representation, it is well understood that these blocks, apparatus, systems,
techniques or methods described herein may be implemented in, as non-limiting
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examples, hardware, software, firmware, special purpose circuits or logic, general
purpose hardware or controller or other computing devices, or some combination

thereof.

Thus at least some embodiments may be an apparatus comprising at least one
processor and at least one memory including computer program code the at least
one memory and the computer program code configured to, with the at least one
processor, cause the apparatus at least to perform: determining a phase
difference between a light signal transmitted by a time of flight camera system and
a reflected light signal received by at least one pixel sensor of an array of pixel
sensors in an image sensor of the time of flight camera system, wherein the
reflected light signal received by the at least one pixel sensor is reflected from an
object illuminated by the transmitted light signal; determining an amplitude of the
reflected light signal received by the at least one pixel sensor; combining the
amplitude and phase difference for the at least one pixel sensor into a combined
signal parameter for the at least one pixel sensor; and de-noising the combined
signal parameter for the at least one pixel sensor by filtering the combined
parameter for the at least one pixel sensor.

The embodiments of this invention may be implemented by computer software
executable by a data processor of the mobile device, such as in the processor
entity, or by hardware, or by a combination of software and hardware. Further in
this regard it should be noted that any blocks of the logic flow as in the Figures
may represent program steps, or interconnected logic circuits, blocks and
functions, or a combination of program steps and logic circuits, blocks and

functions.

Thus at least some embodiments of the encoder may be a non-transitory
computer-readable storage medium having stored thereon computer readable,
which, when executed by a computing apparatus, causes the computing
apparatus to perform a method comprising: determining a phase difference
between a light signal transmitted by a time of flight camera system and a
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reflected light signal received by at least one pixel sensor of an array of pixel
sensors in an image sensor of the time of flight camera system, wherein the
reflected light signal received by the at least one pixel sensor is reflected from an
object illuminated by the transmitted light signal; determining an amplitude of the
reflected light signal received by the at least one pixel sensor; combining the
amplitude and phase difference for the at least one pixel sensor into a combined
signal parameter for the at least one pixel sensor; and de-noising the combined
signal parameter for the at least one pixel sensor by filtering the combined
parameter for the at least one pixel sensor.

The memory may be of any type suitable to the local technical environment and
may be implemented using any suitable data storage technology, such as
semiconductor-based memory devices, magnetic memory devices and systems,
optical memory devices and systems, fixed memory and removable memory, in
other words a non-transitory computer-readable storage medium. The data
processors may be of any type suitable to the local technical environment, and
may include one or more of general purpose computers, special purpose
computers, microprocessors, digital signal processors (DSPs), application specific
integrated circuits (ASIC), gate level circuits and processors based on multi-core

processor architecture, as non-limiting examples.

Embodiments of the inventions may be practiced in various components such as
integrated circuit modules. The design of integrated circuits is by and large a
highly automated process. Complex and powerful software tools are available for
converting a logic level design into a semiconductor circuit design ready to be
etched and formed on a semiconductor substrate.

Programs, such as those provided by Synopsys, Inc. of Mountain View, California
and Cadence Design, of San Jose, California automatically route conductors and
locate components on a semiconductor chip using well established rules of design
as well as libraries of pre-stored design modules. Once the design for a
semiconductor circuit has been completed, the resultant design, in a standardized
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electronic format (e.g., Opus, GDSII, or the like) may be transmitted to a
semiconductor fabrication facility or "fab" for fabrication.

As used in this application, the term ‘circuitry’ refers to all of the following:

(a) hardware-only circuit implementations (such as implementations in only
analog and/or digital circuitry) and

(b) to combinations of circuits and software (and/or firmware), such as: (i) to
a combination of processor(s) or (ii) to portions of processor(s)/software (including
digital signal processor(s)), software, and memory(ies) that work together to cause
an apparatus, such as a mobile phone or server, to perform various functions and

(c) to circuits, such as a microprocessor(s) or a portion of a
microprocessor(s), that require software or firmware for operation, even if the

software or firmware is not physically present.

This definition of ‘circuitry’ applies to all uses of this term in this application,
including any claims. As a further example, as used in this application, the term
‘circuitry” would also cover an implementation of merely a processor (or multiple
processors) or portion of a processor and its (or their) accompanying software
and/or firmware. The term ‘circuitry’ would also cover, for example and if
applicable to the particular claim element, a baseband integrated circuit or
applications processor integrated circuit for a mobile phone or similar integrated

circuit in server, a cellular network device, or other network device.

The foregoing description has provided by way of exemplary and non-limiting
examples a full and informative description of the exemplary embodiment of this
invention. However, various modifications and adaptations may become apparent
to those skilled in the relevant arts in view of the foregoing description, when read
in conjunction with the accompanying drawings and the appended claims.
However, all such and similar modifications of the teachings of this invention will
still fall within the scope of this invention as defined in the appended claims.
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Claims:

1. A method comprising:

determining a phase difference between a light signal transmitted by a time
of flight camera system and a reflected light signal received by at least one pixel
sensor of an array of pixel sensors in an image sensor of the time of flight camera
system, wherein the reflected light signal received by the at least one pixel sensor
is reflected from an object illuminated by the transmitted light signal;

determining an amplitude of the reflected light signal received by the at
least one pixel sensor;

combining the amplitude and phase difference for the at least one pixel
sensor into a combined signal parameter for the at least one pixel sensor; and

de-noising the combined signal parameter for the at least one pixel sensor
by filtering the combined parameter for the at least one pixel sensor.

2. The method as claimed in Claim 1 further comprising at least one of:

de-noising the phase difference for the at least one pixel sensor by filtering
the phase difference for the at least one pixel sensor, wherein the de-noising of
the phase difference occurs prior to combining the amplitude and phase
difference; and

de-noising the amplitude for the at least one pixel sensor by filtering the
amplitude for the at least one pixel sensor, wherein the de-noising of the amplitude
occurs prior to combining the amplitude and phase difference.

3. The method as claimed in Claims 1 and 2, wherein the filtering further
comprises:

filtering with a non-local spatial transform filter.

4. The method as claimed in Claim 3, wherein the non-local spatial transform filter

is a non-local means filter.
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5. The method as claimed in Claims 1 to 4, further comprising calculating the
distance range to the object from the de-noised combined signal parameter for the
at least one pixel sensor by:

determining the de-noised phase difference for the at least one pixel sensor
from the de-noised combined signal parameter for the at least one pixel sensor;
and

calculating the distance range to the object for the at least one pixel sensor

using the de-noised phase difference for the at least one pixel sensor.

6. The method as claimed in Claims 1 to 5, wherein the combined signal
parameter is a complex signal parameter formed from combining the amplitude

and phase difference for the at least one pixel sensor.

7. The method as claimed in Claims 1 to 6, wherein the image sensor of the time
of flight camera system is based at least in part on a photonic mixer device.

8. An apparatus configured to:

determine a phase difference between a light signal transmitted by a time of
flight camera system and a reflected light signal received by at least one pixel
sensor of an array of pixel sensors in an image sensor of the time of flight camera
system, wherein the reflected light signal received by the at least one pixel sensor
is reflected from an object illuminated by the transmitted light signal;

determine an amplitude of the reflected light signal received by the at least
one pixel sensor;

combine the amplitude and phase difference for the at least one pixel
sensor into a combined signal parameter for the at least one pixel sensor; and

de-noise the combined signal parameter for the at least one pixel sensor by
filtering the combined parameter for the at least one pixel sensor.

9. The apparatus as claimed in Claim 8 further configured to at least one of:
de-noise the phase difference for the at least one pixel sensor filtering the
phase difference for the at least one pixel sensor, wherein the apparatus is
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configured to de-noise the phase difference prior to combining the amplitude and
phase difference; and

de-noise the amplitude for the at least one pixel sensor by filtering the
amplitude for the at least one pixel sensor, wherein the apparatus is configured to
de-noise the amplitude prior to combining the amplitude and phase difference.

10. The apparatus as claimed in Claims 8 and 9, wherein filtering comprises

filtering with a non-local spatial transform type filter.

11. The apparatus as claimed in Claim 10, wherein the non-local spatial transform
type filter is a non-local means filter.

12. The apparatus as claimed in Claims 8 to 11, further configured to calculate the
distance range to the object from the de-noised combined signal parameter for the
at least one pixel sensor by:

determining the de-noised phase difference for the at least one pixel sensor
from the de-noised combined signal parameter for the at least one pixel sensor,
and

calculating the distance range to the object for the at least one pixel sensor

using the de-noised phase difference for the at least one pixel sensor.

13. The apparatus as claimed in Claims 8 to 12, wherein the combined signal
parameter is a complex signal parameter formed from combining the amplitude

and phase difference for the at least one pixel sensor.

14. The apparatus as claimed in Claims 8 to 13, wherein the image sensor of the
time of flight camera system is based at least in part on a photonic mixer device.

15. An apparatus comprising at least one processor and at least one memory
including computer code for one or more programs, the at least one memory and
the computer code configured with the at least one processor to cause the
apparatus at least to:
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determine a phase difference between a light signal transmitted by a time of
flight camera system and a reflected light signal received by at least one pixel
sensor of an array of pixel sensors in an image sensor of the time of flight camera
system, wherein the reflected light signal received by the at least one pixel sensor
is reflected from an object illuminated by the transmitted light signal;

determine an amplitude of the reflected light signal received by the at least
one pixel sensor;

combine the amplitude and phase difference for the at least one pixel
sensor into a combined signal parameter for the at least one pixel sensor; and

de-noise the combined signal parameter for the at least one pixel sensor
by filtering the combined parameter for the at least one pixel sensor.

16. The apparatus as claimed in Claim 15, wherein the at least one memory and
the computer code configured with the at least one processor is further configured
to at least one of:

de-noise the phase difference for the at least one pixel sensor by filtering
the phase difference for the at least one pixel sensor, wherein the at least one
memory and the computer code is configured with the at least one processor to
de-noise the phase difference prior to combining the amplitude and phase
difference; and

de-noise the amplitude for the at least one pixel sensor by filtering the
amplitude for the at least one pixel sensor, wherein the at least one memory and
the computer code is configured with the at least one processor to de-noise the
amplitude prior to combining the amplitude and phase difference.

17. The apparatus as claimed in Claims 15 and 16, wherein filtering comprises
filtering with a non-local spatial transform type filter.

18. The apparatus as claimed in Claim 17, wherein the non-local spatial transform

filter is a non-local means filter.
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19. The apparatus as claimed in Claims 15 to 18, wherein the at least one memory
and the computer code configured with the at least one processor is further
configured to calculate the distance range to the object from the de-noised
combined signal parameter for the at least one pixel sensor by:

determining the de-noised phase difference for the at least one pixel sensor
from the de-noised combined signal parameter for the at least one pixel sensor,
and

calculating the distance range to the object for the at least one pixel sensor
using the de-noised phase difference for the at least one pixel sensor.

20. The apparatus as claimed in Claims 15 to 19, wherein the combined signal
parameter is a complex signal parameter formed from combining the amplitude
and phase difference for the at least one pixel sensor.

21. The apparatus as claimed in Claims 15 to 20, wherein the image sensor of the

time of flight camera system is based at least in part on a photonic mixer device.

22. A computer program code when executed by a processor realises:

determining a phase difference between a light signal transmitted by a time
of flight camera system and a reflected light signal received by at least one pixel
sensor of an array of pixel sensors in an image sensor of the time of flight camera
system, wherein the reflected light signal received by the at least one pixel sensor
is reflected from an object illuminated by the transmitted light signal;

determining an amplitude of the reflected light signal received by the at
least one pixel sensor;

combining the amplitude and phase difference for the at least one pixel
sensor into a combined signal parameter for the at least one pixel sensor; and

de-noising the combined signal parameter for the at least one pixel sensor

by filtering the combined parameter for the at least one pixel sensor.

23. The computer program code as claimed in Claim 22, wherein the computer
program code when executed by the processor further realises at least one of:
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de-noising the phase difference for the at least one pixel sensor by filtering
the phase difference for the at least one pixel sensor, wherein the de-noising of
the phase difference occurs prior to combining the amplitude and phase
difference; and

de-noising the amplitude for the at least one pixel sensor by filtering the
amplitude for the at least one pixel sensor, wherein the de-noising of the amplitude
occurs prior to combining the amplitude and phase difference.

24. The computer program code as claimed in Claims 22 and 23, wherein the
computer program code when executed by the processor realises filtering, the
computer program code further realises:

filtering with a non-local spatial transform filter.

25. The computer program code as claimed in Claim 24, wherein the non-local

spatial transform filter is a non-local means filter.

26. The computer program code as claimed in Claims 22 to 25, wherein the
computer program code when executed by the processor further realises
calculating the distance range to the object from the de-noised combined signal
parameter for the at least one pixel sensor by:

determining the de-noised phase difference for the at least one pixel sensor
from the de-noised combined signal parameter for the at least one pixel sensor;
and

calculating the distance range to the object for the at least one pixel sensor

using the de-noised phase difference for the at least one pixel sensor.

27. The computer program code as claimed in Claims 22 to 26, wherein the
combined signal parameter is a complex signal parameter formed from combining

the amplitude and phase difference for the at least one pixel sensor.
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28. The computer program code as claimed in Claims 22 to 27, wherein the image
sensor of the time of flight camera system is based at least in part on a photonic

mixer device.
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