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A b s t r ac t ： Based on the basic princ iple of Time -Of-Flight cameras， a novel MATLAB/
SIMULINK model is proposed to measure phase delay of a modulated light signal which represents the
distance from camera to object. Subsequently，by discussing influence factors of phase measurement，it is
found that the integration time，the sampling time，and the aliasing effect have important effect on
improving the accuracy of phase measurement. Interestingly，by analyzing different integration time and
sampling time, it is found that the best integration time and sampling time are 0.05 ms and 10 ns，
respectively. In this case(i.e.,in absence of the aliasing effect)，the variation range of the distance error is
between 1 mm and 11 mm in the interval of one period. Especially，under the consideration of the aliasing
effect，the average value of distance error is half of that in absence of the aliasing effect. This improves the
accuracy of the distance measurement greatly.
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1

Introduction

In recent years, great improvements are made in the field of optical distance measurement. Nowadays,
three-dimensional(3D) matrix cameras can be used for many applications such as robotic, automotive, industrial, medical
[1-4]
and multimedia .Up to now, there are three methods mainly utilized to acquire 3D information: stereo vision systems,
[5-9]
laser range scanners and Time-Of-Flight(TOF) cameras . Stereo vision systems can provide high resolution images，
texture and color information not just 3D geometry. Still, the major disadvantages of stereo vision systems are the limited
field of view and the correspondence problem. Comparing to stereo vision systems, the range of laser range scanners is
longer, so it is utilized to navigation tasks. However, the laser range scanner has its properties of a heavy weight, high
power consumption and expensive prices, and it does not deliver two-dimensional(2D) intensity images and range data at
the same time. To our surprise, TOF cameras can provide a 2D image of intensity and exact distance values in real-time.
Compared with stereo vision systems, TOF cameras can deal with prominent parts of rooms such as walls， floors, and
ceilings，even if they are not structured. Thereby，the TOF cameras become more and more attractive to a growing research
community.
[10-11]
. For the distance
The basic problem of TOF cameras is the realization of a high accuracy of time measurement
measurement, ones are adopted to apply a continuous wave modulation. By far, for this distance measurement, there are
two general methods. One is measuring phase difference between sent and received signals of the continuous wave
modulation, and the other is measuring a light pulse’s turn-around time. For the phase difference measurement method,
only if the modulation frequency is known, will this measured phase directly correspond to the time of flight. In recent
[12]
years, one main consideration is the accuracy of distance measurement. By considering external factors, Sun etc.
designed a SIMULINK model of Phase-Shift Laser Rangefinder. They found that when some factors, such as the phase
noise, the same frequency interference, the harmonic wave noise and so on, are considered, the accuracy of the distance
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[13]

measurement is increased greatly. In order to improve measurement accuracy, Pu etc. compare two methods of the data
processing in the distance measurement system. One method is first to calculate the average of four-road Fast Fourier
Transform(FFT) value, and then to get the average values of FFT. The other is first to calculate each phase of the four-way
FFT respectively, and then to obtain weighted sum of each phase. By comparing the two methods, they found that the
accuracy of the distance measurement of the former is higher than that of the latter. In addition, ones also try to improve
[14]
the algorithm of the distance measurement. Wang etc. studied the properties of the phase demodulation by the cosine
signal phase spectrum analysis. It is shown that all phase spectrum analysis is suitable for high precision Phase-Shift
[15]
Laser Rangefinder, and its precision degree is higher than that of the traditional Fourier method. Lin etc. also designed
a simulation of the phase characteristics of hyperbolic sine function. They found that the fault location for HV transmission
line can be detected on the noise based on phase ranging principle.
To our knowledge, a four-phase-shift algorithm is an effective distance measurement method. For a four-phase-shift
algorithm, the optical signal is split into four equal interval sections in per period. The corresponding sampling points
permit the unique determination of all relevant parameters of the incoming optical echo’s waveform. The corresponding
sampling points are acquired to sum over several hundreds or thousands of periods in an integration time, so that
considerably increase the measurement accuracy. Furthermore, in order to decrease its system error and random error in
[16-20]
use a pseudo-four-phase-shift algorithm to improve the
the process of the distance measurement, Hussmann etc.
accuracy. So, we here propose a novel SIMULINK model to achieve phase shift, by using pseudo-four-phase-shift algorithm.
At the same time, we also optimize the sampling time of phase measurement and suppress the aliasing effect. Finally, it is
found that the accuracy of phase measurement is improved.
This paper is structured as follows. In section II, we present TOF cameras of the distance measurement by the
realization of the phase measurement. In section III, we propose 3D TOF SIMULINK model based on the
pseudo-four-phase-shift algorithm. Subsequently, this model is applied to optimize the parameters of the influence phase
error and to suppress the aliasing effect. It is found that the accuracy of distance measurement is improved. In the last
section, brief conclusions are provided.

2

Real Time Processing of TOF Cameras

The TOF cameras make use of sensors to measure distance from camera to object with the illuminated scene. When a
modulated optical signal is emitted by light-emitting diode to an object, and then is reflected by the object to camera
system, the interval from emitting to receiving the optical signal can be recorded by detector. The phase difference
between the emitted and the received optical echo is ψ=ωT L , here ω= 2π f mod is the modulation frequency and T L is
TOF. The interval causes phase delay, which determines the distance maps from the camera to the object. The relation
[17]
between the distance R and phase difference ψ is

R=

ψ
c
(
− N ),with N =0, 1, 2, 3 ⋅⋅⋅
2 f mod 360o

(1)

Here c represents the speed of light(3×10 m . s ), and f mod is the modulation frequency of TOF cameras systems (in general,
to our knowledge, f mod = 20 MHz). N represents the ambiguity in range estimation when ψ>N . 360º . Hence, when the TOF
8

-1

cameras implement a complete phase map, the distance maps can be acquired.
In order to obtain the phase delay of a modulated optical signal, we here introduce the principle of phase measurement.
Based on that the received optical signal amplitude a depends on the reflectivity coefficient, the phase ψ would be
synchronously demodulated within the detector. Considering that the received signal is mostly superimposed on the
received average incident light(background light and digital camera component of the modulated light source), we add an
[17]
offset B to obtain the real measured value. The optical signal can be described as
(2)
Popt (t − ψ ) = a cos(ω t − ψ ) + B
To acquire the phase difference ψ , we also offer the same frequency of square wave signal. The square wave signal g ( t )
can be given by
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g (t ) =

∞

2⎡

1
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1

⎤

∑ rect(ω t − n ⋅ 2π) = π ⎢⎣cos (ω t ) − 3 cos (3ω t ) + 5 cos (5ω t ) − ⋅⋅⋅⎥⎦

n =−∞

(3)
The square wave is made up of several odd harmonics. Demodulation of the received optical signal can be performed by
correlation with the square wave modulation signal based on the cross correlation of process. The correlation function φ ( τ )
is defined as
T

∞
1 2
(
)
rect(ωt − n ⋅ 2π)dt =
P
τ
+
t
−
ψ
⋅
∑
T opt
T →∞ T ∫−
n =−∞
2

φ (τ ) = Popt (τ + t −ψ ) ⊗ g (t ) = lim
T

1 4
a
B
lim
cos (ωτ −ψ ) +
T Popt (τ + t − ψ )dt =
T →∞ T ∫−
2
π
4

(4)

Here T represents one periodic time. From the Equation (2), one can see that the amplitude and the received average
incident light have an effect on the phase measurement. So, we here apply the four phase-shift algorithm to measure phase.
And we set four different phases as ωτ= 0º,90º,180º,and 270º.Correspondingly, the four phases respectively are
φ (0º)= a cos ψ /π+ B /2, φ (90º)=- a sin ψ /π+ B /2, φ (180º)=- a cos ψ /π+ B /2, and φ (270º)= a sin ψ /π+ B /2. By decreasing the optical echo’s amplitude and the received average incident light, we obtain that the phase ψ and amplitude A is

⎛ φ 270o − φ 90o ⎞
o
o ⎟
⎝ φ 0 − φ180 ⎠

ψ = arctan ⎜

(5)

[φ 270o − φ 90o]2 + [φ 0o − φ180o]2
(6)
Δt sin δ
2
The measured amplitude is attenuated by a factor of δ /( Δt . sin δ ) depending on the sampling time Δt , with δ=
π Δt /T . When the received signal is split into four sections, each section possesses own message of the received average
incident light. So, by decreasing the optical echo ’ s amplitude, the received average incident lights have two types which
can be described as
A=

δ

⋅

B1 = φ 0o + φ180o

(7)

B2 = φ 90o + φ 270o

(8)

and

3

MATLAB/SIMULINK Blocks Mode of Phase Measurement

On the basis of pseudo - four - phase - shift algorithm, we
time
delay
propose a SIMULINK model to measure and calculate phase.
product1
This model is utilized to optimize the influence parameters of
integrator
sine wave
1/S
phase measurement and to suppress the aliasing effect.
delay0
product2 integrator1
pulse
Finally, the accuracy of phase measurement is improved. The
Add
1/S
Scope
generator
delay1
integrator3
product3
SIMULINK block diagram of a complete drive system is
1/S
presented in Fig.1. For example, the sine wave block
delay2
product4 integrator2
corresponds to a received signal, of which the frequency,
Add1
1/S
Scope1
phase, and bias are 20 MHz, π/2, and 1, respectively. The
delay3
pulse generator block is a modulation signal of the same
scope2
frequency as a received signal. Time delay block represents
Fig.1 MATLAB/SIMULINK block mode of the phase measurement
the time of flight in the system. Based on the four phase - shift
algorithm, we set four different phases as ωτ= 0º,90º,180º,
and 270º,which are input in the Delay 0, Delay 2, Delay 1, and Delay 3 blocks, respectively. Product blocks act as a
modulating part by the modulating signal multiplied by the received signal. Integrator blocks implement a typical
integration time. Add and Add 1 blocks deal with arithmetic operation of φ 0º -φ 180º and φ 270º -φ 90º in the
Equation(5), respectively. Subsequently, the data of φ 0º -φ 180º and φ 270º -φ 90º are read out by Scope and Scope 1
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blocks, respectively. These data will be utilized to calculate
the phase shift in the SIMULINK workplace. The Scope 2
block is a testing availability of four - phase - shift algorithm.
Based on demodulation and sampling principle, the
received optical signal is split into four equal sampling time
[11]
periods Δ t in the range of one periodic time . Fig.2 shows
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a2
Δt

0
2

the demodulation signal of the received signal of the Scope 2
1
a1
0
block in the Fig.1. We find that with the increasing
Δt
2
integration time T int (integration time), the amplitudes of
1
a3
cosine function exhibit different curves with different phases.
0
Tint
Δt
0
1
2
For each sampling time, the area, which is surrounded by the
Fig.2 Amplitude of cosine function versus the integration
curves of the amplitude and the horizontal ordinate, is
time
expressed by a i ( i= 0,1,2,3) that is generally called the
sampling point. We also find that the curves of all sampling point appear zigzag shape. For each sampling point, by
accumulating over several hundreds or thousands of periods, we obtain integrated values A i ( i.e., A i =∑a i ), which will
increase the signal to noise ratio and the accuracy of the measurement.
The accuracy of the phase measurement is relative with the integration time. From Fig.2, it is seen that the integration
time is a series of cyclical discrete sampling time. Theoretically, the integration time is just expressed by the equation(4).
And the result of the convolution function in the equation(4) is an invariable value within a period. For the longer time, the
correlation function φ ( τ ) can be described as

1 β /ω
a ⎡ β
β
⎤ β
Popt (τ + t −ψ ) g (t )dt = ⎢sin cos (ωτ −ψ ) + cos sin (ωτ −ψ ) ⎥ + B
T →∞ T ∫ 0
2π ⎣ 2
2
⎦ 4π

φ (τ ) = Popt (τ + t −ψ ) ⊗ g (t ) = lim

phase error/(º)

phase data /(º)

(9)
Here, β / ω is just the integration time. If the sampling point of the
equation(4) is satisfied, namely, the sampling point is a cos(ω τ-Ψ ) / 2
120
π + B /4, it is obtained that β = π . When the sampling point is
- a sin(ω τ-Ψ )/2π +B /2, we obtain that β =2π. By such analogy, we
90
can conclude that β = k π , with k =1,2,3 … . That means the
integration time is the integer multiples of the half of the period time,
60
namely, T int = kT /2, with k =1, 2, 3 ⋅ ⋅ ⋅ . However, the integration time is
longer, and the speed of simulation ’ s data transmission is slower.
30
Thereby, in order to obtain the best operation time, we here choose the
2
0
1
3
phase shift 60º as a typical example. When the phase shift 60º is
integration time/(10-6 s)
º
Fig.3 Phase data of input phase shift φ1=60 into 3D
input into the 3D model, the simulating data change with the
model as a function of the integration time
integration time as shown in Fig.3. It is shown that the simulating data
-6
tends to be stable within the interval of about 1.0×10 s and then
approaches to the real phase 60º. It illustrates that the stable interval of the four sampling data is beyond one period
(which is 50 ns) at least. As above mentioned, T int = kT /2, with k =1, 2, 3 ⋅ ⋅ ⋅ , and the period of our SIMULINK model is 50 ns,
so that T int =25 k (ns) with k =1, 2, 3 ⋅ ⋅ ⋅ . From this result, combining with
1.2
the stable point in the Fig.3, it is obtained that the best integration time
1.0
Δt=T/4
in our SIMULINK block is 0.05 ms. Thereby, in the following calculation,
Δt=T/5
we will accumulate 1 000 times over the sampling points to get an
Δt=T/8
0.8
integrated value A i .
0.6
In addition, the sampling time Δ t also affects the accuracy of the
0.4
phase measurement in the TOF system. As the discussion in the
0.2
document [11], the sampling time Δ t=T /4 of the equation(6) is
0 30
50
60
45
90
100 150
decreased to 90 % of the real amplitude. When Δ t=T /2, the measured
phase angle/(º)
Fig.4 Phase error versus the input phase angle
amplitude is 64 % of the real amplitude. So, we here discuss the effect of
with different sampling time
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the sampling time on the accuracy of the phase measurement. Due to that the sampling time must meet the condition of an
integer number of the sampling points, we choose the sampling time as Δt =T /4, T /5, or T /8.
Fig.4 shows the phase error versus the input phase angle with different sampling time. When the sampling time is Δt
=T /4, the range of the phase error is in 0.75 and 1.2. While Δt =T /5, the phase error is among 0.05 and 0.3. If Δt =T /8,
the phase error is 0.35 and 0.6. Obviously, the sampling time Δt =T /5 satisfies the condition of the minimum error. From
this, it can be concluded that the best sampling time is Δt =10 ns . Therefore, we choose the sampling time as Δt =10 ns
in the following 3D TOF model simulation.
After both the integration time and sampling time are chosen, we further read the output data of φ 0º -φ 180º and

φ 270º -φ 90º from scope and scope 1 block in the Fig.1. Subsequently, the output data of the φ 0º -φ 180º and
φ 270º -φ 90º varying with the integration time are depicted in Fig.5. It is found that the value of the φ 0º φ 180º is bigger than that of the corresponding points of φ 270º -φ 90º. On the basis of the data of the Fig.5 and the
[19]
four - phase - shift algorithm, when the input phase φ 1 is in the different range, the phase can be described as
⎛ φ 270o − φ 90o ⎞
o
o ⎟ if
⎝ φ 0 − φ180 ⎠

ψ = 90o − arctan ⎜

0o ≤ φ1 < 180o
(10)

⎛ φ 270o − φ 90o ⎞
o
o
ψ = 270o − arctan ⎜ o
o ⎟ if 180 ≤ φ1 < 360
−
φ
0
φ
180
⎝
⎠

distance error/mm

output data/(10-5)

(11)
From Equation(10) and Equation(11), we can acquire the
3
simulation phase. Then, substituting the phase value into Equation
φ 0º- φ 180º
φ 270º- φ 90º
(1), we can calculate the distance from cameras to object.
2
As matter of fact, when we input a phase of a cosine signal wave
corresponding to the time of flight, we achieve the simulation data
from our SIMULINK model by optimizing the integration time and
1
sampling time. The deviation value of distance measurement is
shown in Fig.6 based on TOF cameras principle. It is found that the
0
2.5
5.0
variation range of the distance error is between 1 mm and 11 mm in
integration time/(10-5s)
the interval of one period. It is possible that the distance error is
Fig.5 Output data of scope and scope 1 in the
Fig.1 as a function of the integration time
caused by the integration time and the sampling time in the model.
As above mentioned, the square wave is made up of several odd
10
harmonics, and the curves of all sampling points in the Fig.2 appear
zigzag shape. However, the asymmetric sawtooth wave will cause the
[21]
phase error . As discussed in the document [11], if the sampling time is
5
chosen as Δ t=T /2, all even harmonics of the basic frequency, namely 2 f ,
4 f , … will be suppressed and do not contribute to the demodulation
result, while the optical signal is correlated with odd harmonics of the
square wave frequency and will influence the demodulation result due to
0 40 80 120 160 200 240 280 320 360
the aliasing effect. And the suppression of aliasing effect is relative with
phase angle/(º)
Fig.6 Distance error as a function of input phase angle
the sampling time. This simple example illustrates that the choice of the
sampling time Δ t is rather important for the demodulation result. In our
SIMULINK model (see Fig.1), the demodulation signal is a square wave which can be split into a sum of odd harmonics of
the fundamental frequency with decreasing amplitude for increasing frequency as shown in the Equation(3). Considering
the sampling time of sampling points, 5 f -harmonic is suppressed, while the other odd harmonics have influence on
demodulation result.
Because the aliasing effect is independent of the signal amplitude, we regard it as an additive noise. In order to suppress
the additive noise, we take criterion sine wave into account in our model. That is to say, the original input signal(which is
shown as the Fig.7(a)) is replaced by a new criterion sine wave(it is shown in the Fig.7(b)). Accordingly, the output model
of the original (the Fig.8(a)) is also replaced with that of a new Fig.8(b). In this case, the other parameters in our model are
kept fixed. By the same processes, we obtain the simulation data of φ 0º+ φ 180º and φ 90º+ φ 270º from Scope and
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Scope1 in Fig.1, respectively. The value is expressed as the additive noise which is aliasing effect. After the consideration
of aliasing effect, the phase expression of the pseudo - four - phase - shift algorithm is

⎛ (φ 270o − φ 90o) + B2 ⎞
⎟
o
o
⎝ (φ 0 − φ180 ) + B1 ⎠

ψ = arctan ⎜

Moreover, we input the phase to get their simulation
data by means of Equation(12). And we can acquire a
deviation value of distance measurement as shown in the
dotted line of Fig.9. It is found that the variation range of
the distance error is between 0 and 5 mm in the interval
of one period. By comparing the solid line(which is just
the curve of Fig.(6) and the dotted lines in the Fig.9, we
find that the average value of distance error after
considering the aliasing effect is half of that before
considering the aliasing effect. Therefore, we conclude
that the suppression of the aliasing effect can decrease
the error value of the distance, and correspondingly
improve the accuracy of distance measurement.

4

(12)

sine wave
(a)

sine wave
(b)

Fig.7 (a) an original and (b) a new replacement input signal

Add

(a)

Add1

Add
(b)

Add1

Fig.8 (a) an original and (b) a new replacement output model

Conclusions

distance error/mm

In summary, the distance from cameras to object can be calculated by the phase delay of a modulated light signal in the
TOF camera systems. Subsequently, the measurement method of the phase delay is described based on four - phase - shift
algorithm. We propose a novel MATLAB/SIMULINK model to measure phase delay of a modulated light signal which
represents the distance from camera to object. In our model, a signal phase, which corresponds to time of light, is input
and then is implemented in our SIMULINK model to get the data of the phase. By means of simulating the phase angle, it
illustrates the availability of four - phase - shift algorithm. Meanwhile, it is found that the factors influencing the phase error
are integration time, sampling time and aliasing effect. Then, by optimizing the integration time and the sampling time, we
find that the best integration and sampling time are
corrected data
chosen as 0.05 ms and 10 ns, respectively. In this case,
10
uncorrected data
the variation range of the distance error is between 1mm
and 11mm in the interval of one period. Thereby, we
finally conclude that the aliasing effect will affect on the
5
distance measurement. In order to suppress the aliasing
effect, a criterion sine wave is taken into account.
Corresponding output models are also replaced by a new
0 40 80 120 160 200 240 260 300 360
operation symbol. Under the consideration of the aliasing
phase angle/(º)
effect, we find that the average value of distance error is
Fig.9 Distance error versus the input phase angle under the consideration
of aliasing effect(dotted line) or not(solid line)
half of that in absence of the aliasing effect.
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