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Depth Resolution Enhancement Technique for
CMOS Time-of-Flight 3-D Image Sensors

Mohamed Lamine Hafiane, Wilfried Wagner, Zohir Dibi, and Otto Manck

Abstract— Introducing Time-of-Flight 3-D image sensors to
actual engineering applications, such as pattern recognition,
is constrained not only by their limited depth and lateral
resolution, but also by how similar the precision of depth
measurement throughout the whole pixel-matrix is. In real
operating environment, an observed 3-D-scene hardly exhibits a
homogeneous reflectance factor. Moreover, the light-beam (laser
source) presents a nonuniform optical power distribution in
space. Thus, the amount of the incident light on the sensor
surface varies drastically from one pixel to another, and so
does the signal-to-noise ratio. To address this problem, this
paper investigates the impact of both scene and light-source non-
ideal characteristics on the sensor performance. An adaptive on-
pixel analog signal processing technique is also presented and
applied to the design of a 32 × 32 complementary metal oxide
semiconductor (CMOS) range camera, featuring an interesting
cost-efficient solution.

Index Terms— Analog averaging, beam optical power
distribution, CMOS image sensor, correlated double sampling,
multiple double short time integration principle, objects
reflectance, time-of-flight.

I. INTRODUCTION

SMART machine vision with accurate perception of the
third dimension (3-D image) is required in a grow-

ing number of applications, ranging from everyday human-
computer interfacing to complex robotic guidance, automotive
and security [1–10]. Stereovision (combining two ordinary
passive cameras) is the commonly used technique; however,
this technique is conditioned by the image processing task,
which is still an open issue, particularly point matching in
different views. Recently, ToF range camera has received more
attention, since it offers an image acquisition rate akin to that
of stereovision techniques, with a relatively accurate depth
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resolution and wide distance range measurement, extending
from a few centimeters up to tens of meters. Well-known
successful implementations of ToF range camera are carried
out using the indirect time-of-flight technique, which requires
a relatively low-speed signal processing, compared to direct
time-of-flight measurement. Generally, 3-D image sensors
based on indirect ToF can be achieved with less than 5%
relative depth precision, using one of the two main derived
techniques: pulse ToF or phase shift determination [7–15;
20–21]. From the implementation viewpoint, the most promis-
ing reported works have been achieved using standard CMOS
process, as they exhibit relatively low power consumption
and the integration of various digital/analog signal processing,
on the same silicon-die, leading to a highly cost-efficient
implementation compared to CCD-based implementations.

In principle, an observed scene is irradiated with a light
beam, featuring a narrow wavelength bandwidth. The 3-D
image is then virtually reconstructed from a finite number of
range pixels. Each pixel measures the distance (traveling time)
from the sensor toward its corresponding area in the observed
scene (pixel projected area). However, the incident light power
on the sensor surface (reflected beam) depends strongly on
the optical and geometrical features of a given observed
scene. Furthermore, the employed light beam (laser) exhibits
a non-homogeneous power distribution, generally Gaussian-
like [16]. Thereby, the relative signal-to-noise ratio diverges
from one pixel to another, depending upon the characteristics
of both 3-D scene and the beam source. This gives rise to a
large pixel-to-pixel dissimilarity (measurement precision), and
thus corrupting the 3-D image integrality. Although, complex
optical solutions are employed to reduce the non-homogeneous
of the beam (optical power distribution); the impact of the
optical/geometric features of the scene on the sensor perfor-
mance cannot be eliminated. It is therefore, a challenging
task to maintain an acceptable measurement precision level
throughout the matrix pixels.

From another aspect, the inherent image fixed pattern noise
(FPN), resulting from devices non-ideality and mismatch,
also introduces a significant pixel-to-pixel non-uniformity.
Unlike the dissimilarity in measurement precision, however,
these non-uniformities do not depend explicitly on the sensor
operating conditions, and thus are relatively easy to reduce
using various soft/hardware techniques.

The present work is part of a larger effort to introduce
ToF range cameras to real applications, by enhancing their
robustness against operating environment, while keeping an
acceptable trade-off between performances and implementa-
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Fig. 1. Sketch of the APS timing diagram.

tion cost. The main points addressed by the present paper
are as follows: first, we introduce the design and operating
principle of a CMOS 3-D-image sensor. An analytical analysis
of the sensor SNR is presented, in which the impact of the
sensor operating conditions (optical/geometric) is emphasized.
We also investigate the advantages and drawbacks of the
implementation of an on-pixel analog averaging technique to
enhance the SNR. The 3-D-image homogeneity, in terms of
depth resolution from one pixel to another, is then examined
through an appropriate analysis based on experimental results.

II. SENSOR DESIGN AND OPERATING PRINCIPLE

The 3-D-image sensor was developed based on the indirect
time-of-flight technique, with its derived algorithm: multiple
double short time integration (MDSI); in the literature, it
may also refer to the so-called pulse time-of-flight. This
technique generally presents two interesting advantages: high
robustness against background irradiance, and relatively low
required energy for the light beam (laser pulse with roughly
a 0.1% duty cycle) [7–9, 12–13, 17]. The sensor core (chip)
was implemented using 0.6μm standard CMOS technology,
allowing the integration, within the same silicon-die, of several
analog/digital circuits; among other, on-pixel analog signal
processing, four ADCs to provide digital outputs, and cur-
rent/voltage references. The digital signal processing, includ-
ing the 3-D-image recovery, was performed using an off-chip
FPGA. The whole 3-D image sensor comprises a sensor chip,
an off-chip FPGA, an adequate optics module (lens system)
and a laser source (Figs. 3 and 7).

The proposed pixel architecture, depicted in Fig. 4, consists
of a double active pixel sensor (APS-A and -B), correlated
double sampling (CDS), analog averaging (switched capacitors
integrator), and sample & hold stage. This structure is derived
from successful implementation techniques of pulse time-
of-flight, adopted in the late 1990s and the 2000s, based
on similar techniques developed originally for CMOS-based
imaging [7–9, 12–13]. The proposed pixel exhibits however,
the particularity of sharing one analog processing stage (CDS/
Analog averaging) between two APSs leading to a relative
improved fill factor. Basically, an APS with electronic shutter
and analog memory (C0) allows extremely rapid light capture
(a few tens of nanoseconds). As illustrated in the timing
diagram of Fig. 1, a typical measurement frame is performed
twice, without and then with laser pulse. The difference is

Fig. 2. Sketch of the CDS and accumulation timing diagram.
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Fig. 3. 3-D-image sensor.

then taken as the output signal (�V ), using the CDS stage,
leading to an efficient suppression of all unwanted offsets
such as: diode reset voltage (Vref D), source follower off-
set, background-light, and dark-current, due to the leakage
current of the reverse-bias diode (temperature dependent).
For single laser-pulse capture, a high-speed shutter window
(reset OFF/shutter ON) is synchronized with the laser-pulse
emission. At the end of this period (shutter OFF), the residual
voltage is then stored in the hold-capacitor (C0). This voltage
exhibits in principle a linear variation with respect to the
traveling time, assuming both laser and background irradiance
are time invariant.

In real applications, the laser source has a limited optical
power, imposed by eye-safety requirements and/or the elec-
trical power budget. In addition, the reflected laser power is
severely declined, especially for long distance measurements
[17]. From another aspect, it is generally assumed that CMOS
image sensors suffer from more noise than CCD-based sensors
[17–19]. Hence, the CMOS-ToF range camera presents an
inherent faint SNR. This drawback can be overcame, however,
by introducing an analog averaging technique (on-pixel SC
integrator). This technique is widely used in CMOS 3-D-
image sensors [7–9, 12–13]. In principle, the resulting voltage
differences (without/with laser pulse) are accumulated N times
in analog memory (C1a /C1b). Provided that, the target remains
static during the whole measurement process, the signal level
increases by a factor of N , while the noise level (rms) increases
only by a factor of

√
N , since the noise present at each

accumulation step is uncorrelated with the noise present in
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Fig. 4. Pixel scheme.
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Fig. 5. Timing sketch of the double shutter technique.

other steps. The SNR is thus enhanced by a factor of
√

N
(analog averaging).

The diagram of a typical accumulation cycle, either for
APS-A or -B, is sketched in Fig. 2. It consists of two phases,
sampling and accumulation, where each phase is synchronized
with the corresponding APS phase (Fig. 1). First, the APS
outputs (Vin_a /Vin_b) are sampled in the input capacitors
(C2a/C2b). In the coming phase, the APS output (VL AS E R +
Vback) is subtracted from the value previously stored (Vback),
and the difference (�V = V L AS E R) is accumulated (in C1a/b).
So, both CDS and analog averaging are implemented within
one sub-circuit (switched capacitors). Note that, both sampling
and accumulation phases are performed after the light mea-
surement (APS).

The voltages stored in C1a/b are completely independent
from the background illumination and the sensor temperature
as well. However, they are a function of the employed laser
pulse power, object reflectance and the sensor intrinsic para-
meters. These independencies are further suppressed using the
double shutter technique. As illustrated in Fig. 5, the technique
consists of using two equal and consecutive shutter windows
(integration period), with TAshut ter = TBshut ter = Tpulse. The
resulting voltages (for N acc.) are given by Eq. (1) and (2) for
A and B respectively.

VA = N × ASph0

Cint
[EL AS E R(Tshut ter − Ttrv )] (1)

VB = N × ASph0

Cint
[EL AS E R(Ttrv )] (2)

where, Cint is the integration capacitor (diode junction capac-
itor parallel to C0), Sph0 is the photodiode sensitivity at the
laser wavelength (Ampere/Watt), A is The photodiode area,
EL AS E R is the incident laser power per area-unit (irradiance);
on the sensor surface. Tshut ter is the width of the integration
window, and Ttrv is the traveling time. Hence, the traveling
time can be deduced as follows:

Ttrv = Tpulse

[
VB

VB + VA

]
. (3)

III. PROBLEM FORMULATION AND SIGNAL-TO-NOISE

RATIO

As mentioned before, a ToF range camera operating in a
real environment exhibits high dissimilarity in measurement
precision from one pixel to another. This dissimilarity is
proportional to the signal-to-noise ratio, which is the starting
point of the conducted analysis. The SNR for a given pixel,
related to the reflected laser pulse, is expressed as follows:
SN RL AS E R = 20 log⎛

⎝√
N × ASph0 EL AS E R(Tshut ter − Ttrv )√

V 2
n Cint

⎞
⎠ (4)

while for B-APS is given by:
SN RL AS E R = 20 log⎛

⎝√
N × ASph0 EL AS E R(Ttrv )√

V 2
n Cint

⎞
⎠ (5)

with
√

V 2
n is the rms (root mean square value) of the equivalent

noise. Assuming that, the target area irradiated by the laser
source coincides with the sensor field-of-view, the incident
laser irradiance can then be expressed as:

EL AS E R = r × P0

A prt
(6)

where P0 corresponds to the peak-power of the LASER-pulse
(source). Note that, the mean power remains relatively low,
as the duty cycle rarely exceeds 0.1% (MDSI principle). A prt
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Fig. 7. Sensor photograph.

is the matrix projected area on the observed scene (function
of the lens characteristics and target distance), and r is the
reflection factor (<1). For distances much larger than the lens
focal-length, the projected matrix area (A prt ) and the reflection
factor (r) are given as follows:

A prt = AM AT

(
d

f

)2

(7)

r ≈ ρk (cos(θ))2 × 1

4 × f 2
#

(8)

whith, f is the focal length (lenses), d is the target distance
from the sensor, ρ is the reflectivity of a given object surface,
k is the optical loss factor, θ is the surface inclination with
respect to the optical axis, f# is the f-number ( f# = f/R, R
the aperture diameter), AM AT is the matrix area, and the factor
“4” refers to Lambert reflector.

From Eq. (4) to (6) the signal-to-noise ratio is rearranged
to give Eq. (9) and (10) for A- and B-APS respectively.

SN RL AS E R = 20 log⎛
⎝√

N × r P0

A prt
× ASph0(Tshut ter − Ttrv )√

V 2
n Cint

⎞
⎠(9)

SN RL AS E R = 20 log⎛
⎝√

N × r P0

A prt
× ASph0(Ttrv )√

V 2
n Cint

⎞
⎠ . (10)

This formulation emphasizes the limit of the sensor mea-
surement precision, in terms of random uncertainty. In this
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Fig. 8. Beam far-field distribution, perpendicular/parallel to laser diode
junction.
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Fig. 9. Relative irradiance distribution on a flat area located at 1 m.

sense, the SNR is limited by the inherent noise floor (
√

V 2
n ),

the object reflection factor (r ) and the laser power budget (P0).
However, increasing the number of accumulations (analog
averaging) enhances, theoretically, the SNR and so the relative
precision.

IV. MEASUREMENT RESULTS AND ANALYSIS

Fig. 6 depicts a portion of the silicon-die microphotograph,
where the basic pixel sub-circuits can be clearly distinguished
(highlighted areas). The sensor chip (prototype) presented
in this paper, was fabricated using 0.6μm standard CMOS
process. The sensor chip is part of a whole system dedicated
to 3-D imaging (Fig. 7).

A. Non-Homogeneous Optical Power Distribution

In practice, all kinds of laser beam exhibit a non-
homogeneous optical power distribution, with most optical
power is generally concentrated near to the beam’s geometrical
center. Usually, a Gaussian profile describes most common
distributions. Even so, there are more elaborated profiles,
for instance flat top, obtained by means of complex optical
systems, or by combining several light sources, up to tens of
LEDs [20], [21]; it is difficult, however, to achieve standard

Authorized licensed use limited to: Consortium - Algeria (CERIST). Downloaded on May 05,2022 at 08:47:59 UTC from IEEE Xplore.  Restrictions apply. 



2324 IEEE SENSORS JOURNAL, VOL. 12, NO. 6, JUNE 2012

0

10

20

30

40

0
10

20
30

40
0.5

1

1.5

2

2.5

3

3.5

4

NxNy

S
TD

 [c
m

]

0

10

20

30

40

0

10

20

30

40
2

4

6

8

10

12

14

NxNy

S
TD

 [c
m

]

(a) (b)

Fig. 10. Standard deviation (1σ ) throughout the whole matrix (flat white target/1 m). (a) 50 acc and (b) 200 acc.
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solutions with cost-efficient, low power consumption, accept-
able power efficiency (electrical-to-optical), and to meet eye-
safety requirements as well. Furthermore, the optical module
has to handle a short-pulse signal (a few tens of nanoseconds),
giving rise thus to the possibility of optic interferences, due to
poor synchronization or unwanted reflections, especially when
using multiple laser-sources.

Considering, in first approach, a flat target with uniform
reflectivity characteristic. The signal-to-noise ratio, according
to Eq. (9) and (10), is proportional to the laser power, and
thus the measurement precision, throughout the pixel-matrix,
is expected to exhibit a correlated variation to the optic power
distribution profile. Fig. 8 illustrates an example of a relative
intensity (Ire f ) distribution of a laser beam as a function of the
divergence angle (alpha perpendicular/ parallel); in addition,
Fig. 9 sketches the expected relative laser irradiance on a flat
area located 1 meter from the sensor, as well as the pixel-
matrix projected area (at the same location). The standard
deviation (std) of the distance measurement, evaluated for each
pixel based-on 255 samples and with a different number of
accumulations, is depicted in Fig. 10 (3-D pattern of std). For
a better illustration, Fig. 11 shows in addition, the variation
in std across column 16 (center of the matrix), of the same
results. These results highlight two main points: the optical
power distribution profile leads to a significant variation in
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Fig. 12. Standard deviation versus distance for different numbers of
accumulations.

terms of measurement precision, and the std floor is reduced
from about 12 cm for 50 accumulations to about 4 cm for 200
accumulations (Fig. 10(a) vs. Fig. 10(b)), which points out to
the effectiveness of the on-pixel analog averaging technique.
It should be mentioned that, the relative test configuration
does not correspond to standard operating conditions, as an
actual scene is far from being a simple flat white target;
further, each employed laser beam exhibits a unique Far-
field distribution (Fig. 8). However, the conducted analysis,
based-on the experiment results, provides a general overview
of the non-homogeneous power distribution impact on the
sensor performance, whereby, any particular situation can be
predicted.

B. Non-Homogeneous Reflectivity

An actual observed-scene is unlikely to have a uniform
surface and/or a homogeneous reflectivity coefficient (ρ).
Hence, the amount of the incident optical power (reflected
laser pulse) fluctuates from one pixel to another, and so the
distance measurement precision exhibits a significant pixel-to-
pixel dissimilarity, as can be inferred from the experimental
results reported in table 1. The results are relative to the central
pixel (line: 16, column: 16), with the target is placed 1m away
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Fig. 13. Target photograph.

TABLE I

SENSOR PRECISION FOR DIFFERENT TARGET BACKGROUND

Target
STD [cm]

(1σ / 255 samples) Mean ρ (Estimated)

White 1.4 > 0.70
Gray 2.2 ≈ 0.50
Black 14.6 < 0.10

from the sensor, and the measurement is performed using 200
accumulations (analog averaging).

From these results, the precision throughout the sensor
pixels (matrix), for a given observed scene exhibiting a non-
homogeneous reflectance factor, can thus be drawn, as the
precision fluctuates dramatically, roughly by a factor of ten,
from white to black background. Similar to the impact of
the beam non-homogeneity on the sensor depth resolution,
the non-homogeneous reflectivity also gives rise to a large
dissimilarity in distance precision.

C. Precision Versus Distance (Relative Error)

Obviously, all telemetry-based distance measurement
presents a given limit to the relative precision. For 3-D image
sensors, however, this limit gives rise to a particular concern,
regarding the recovery of the 3-D-data when a given scene
contains objects with sharp-depth (edges). As two points, with
different location with respect to the sensor, are not detected
with similar precision, which limits the sensor applicability,
especially for pattern recognition.

In ToF based 3-D image sensor, the issue of the relative
precision is multiple. From one aspect, according to Eq. (4) the
SNR decreases with respect to the traveling time; considering
90 % of the distance range (Ttrv = 0.9Tshut ter), the SNR
is reduced by a factor of 10 [17]. Furthermore, due to the
divergence nature of all light beams, the reflected laser irra-
diance drops with the distance from the source, following the
well-known inverse square law. Hence, the SNR is drastically
diminished as the distance increases.

A typical standard-deviation (1σ / 255 samples) as a func-
tion of distance for different numbers of accumulations is
depicted in Fig. 12; the reported results refer to the central
pixel and flat white target. As can be deduced, the on-pixel
analog averaging reduces the measurement uncertainty range
between the short and long distances, which leads to a signifi-
cant improvement in terms of depth information extraction and

recognition, especially when a given observed scene contains
objects with sharp edges, as further illustrated in Section V.

V. DEPTH DATA RECOVERY

It has been shown so far how the on-pixel analog averaging
(SC-integrator) significantly improves the depth resolution.
Although the accumulation process is carried out locally for
each pixel (parallel signal processing), increasing the number
of accumulations reduces the image acquisition speed. For
instance, the sensor presented here operates with a typical
acquisition rate of 20 kHz (50 us for one accumulation cycle),
and thus for 100 accumulations the rate is about 200
frames/second. This represents an adequate acquisition rate for
an image consisting of 1024 range-pixels, compared to other
reported works, which use a similar 3-D imaging technique
[7–9].

In a real operating environment, part of an observed scene,
not necessarily the entire scene, may exhibit a very low
reflectance factor, such as dark objects (absorbing rather
reflecting the laser-wavelength), sharp edges, and surfaces with
high tilt angle (relative to the optical axis). The signal-to-noise
ratio is drastically degraded for the corresponding pixels, and
thus the needed number of accumulations increases steeply.
On the other hand, other pixels may have a relatively high
signal-to-noise ratio (for the same observed scene), giving rise
to a possible pixel-output saturation for a higher number of
accumulations. Hence, an adapted number of accumulations
is required. This can be achieved by probing the pixel output
and comparing it with a given reference, the saturation flag is
then used to stop the accumulation process.

In addition to the depth measurement precision and the
image acquisition rate, the lateral resolution (pixel count) is
also a deterministic feature for many applications involving
range cameras. However, ToF-3-D image sensors still exhibit
a low lateral resolution compared to the standard 2-D image,
since the on-pixel analog processing solution limits the pixel
fill-factor from one side, and the sensitive area required to
detect the reflected laser pulse, especially for long distances
and/or objects with a low reflectance.

The inherent 3-D image fixed-pattern-noise (FPN), due
to the pixel-to-pixel mismatch (signal path), as well as the
distance measurement nonlinearities are reduced using various
calibration techniques; among others lookup table, which
presents a relatively easy way for 3-D data mapping and
requires a realistic computing time for data processing. The
image optic distortion is corrected using trigonometric calibra-
tion, by knowing the exact coordinates (X, Y, Z) of each point
and the lens characteristics. Moreover, the ToF range camera,
based-on MDSI technique, allows an efficient suppression of
temperature and background-light, as reported by many arts
[7–9, 12].

An illustrative test target is shown in Fig. 13. It consists
of a flat board, with a square hole, placed 50 cm in front of
a standard wall, while the sensor is placed at 3m away from
the target. Fig. 14 illustrates a typical 3-D mapping of the
target, before and after eliminating FPN. The 3-D-image was
reconstructed based-on the distance data, collected from each
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Fig. 14. Target 3-D image (200 acc). (a) Before eliminating FPN. (b) After eliminating FPN.

pixel. The results show the ability of the sensor to recover
the depth data, even when the scene contains sharp edges
(such as a square hole), which is an important feature for
many engineering applications, based on ToF cameras, such
as automotive.

VI. CONCLUSION

CMOS-based ToF-3-D image sensor presents a cost efficient
solution for various range-imaging applications, due to the
opportunity of integrating on-pixel analog signal processing,
which leads to a significant enhancement in terms of image
depth resolution. Although on-pixel analog processing reduces
the pixel fill-factor, a good compromise, considering realistic
operating conditions, between the overall depth measurement
precision, the pixel count (lateral resolution) and the image
acquisition rate can be found. However, standard solutions are
not yet available, since the sensor performances are still condi-
tioned by the features of a given observed scene. Furthermore,
increasing the lateral resolution by scaling down the range-
pixel size requires the usage of higher laser optical power to
achieve extreme operating environment (dark objects located at
long distance range). As the optic-sensing area shrinks (scaling
down), and the shutter time (integration window) for MDSI-3-
D sensor rarely exceeds a few tens of nanoseconds, the signal-
to-noise ratio remains relatively low compared to the standard
2-D image sensor. This represents the main challenge and issue
facing the CMOS-ToF range camera.
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