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Abstract—Indirect time of flight (IToF) allows for accurately

retrieving 3D geometry without the need for exorbitant time res-

olution. Nevertheless, the use of continuous-wave (CW) periodic

modulation brings the need for multiple frequency measurements

to solve depth ambiguities or cope with multi-path interference.

Sequential acquisition of multiple frames reduces the frame rate,

while harmonic distortion of the modulation waveforms produces

wiggling in the depth estimation. This paper presents and verifies

the operation of an IToF CMOS image sensor designed to pro-

vide single-shot multi-frequency measurements. A macro-pixel

structure allows acquiring multi-frame data in one shot, while

resonant demodulation annihilates the harmonic content. The

novel architecture consists of 10µm ⇥ 10µm 2-tap pixels with

a 20% fill factor (FF). Post-layout simulations show promising 3D

reconstruction for up to 16 different simultaneous frequencies.

Index Terms—CMOS image sensor, Time-of-Flight, macro-

pixel, single-shot, multi-path.

I. INTRODUCTION

Three-dimensional (3D) sensors are widely used in many
areas like mobile phones, machine vision, automotive, and
gesture recognition. They can also bring impressive improve-
ments in fields such as safety, industrial automation, virtual
and augmented reality, robotics, etc.

3D ranging technologies can be generally divided into
optical and non-optical. Radar, geometry-based, and time-of-
flight (ToF) scanning systems are among the most commonly
used techniques. Among the non-optical sensing methods, the
well-known radar range finding system has the advantage of
high distance range measurement under various conditions.
However, it suffers from low spatial resolution since it re-
quires extensive array size for the receiver [1]. Interferometry,
triangulation, and ToF are the three main types of light-based
distance sensing methods. These methods rely on the light of
wavelengths ranging from 400 to 1000 nanometers (visible
and NIR spectrum) [2]. Among these three categories, ToF,
despite its lower accuracy, has higher speed and efficiency
and is the best candidate for integrated 3D imager imple-
mentations. The single-photon avalanche diode (SPAD) is the
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best option for the direct ToF (DToF) technique in which the
sensor directly measures the photon-incidence time by time-to-
digital conversion (TDC) [3]. Although this method has many
exciting features like long-distance measurement and excellent
distance accuracy, it needs special implementation techniques
and complex post-processing. Furthermore, TDCs occupy a
large area, reducing its spatial resolution [4].

On the other hand, IToF measures the phase difference
between the emitted and the received signal, providing high
spatial resolution and very simple processing compared to the
other counterparts [5], [6]. IToF works based on modulated
continuous or pulsed light in concurrence with electroopti-
cal demodulation of a photo-mixing device (lock-in pixels)
[7]. Unlike 2D imaging, in IToF, the integration process is
controlled by applying predefined signals to the modulation
gates. Therefore, depth calculations are based on samples of
the cross-correlation of the received signal and the applied
control signal. In this way, the range data of each pixel can
be retrieved from a group of measurements [8], [9].

Notwithstanding the many advantages IToF offers, it has
some critical challenges like motion artifacts, background light
error, and ambiguous range. One of the other significant issues
in IToF systems is Multi-Path-Interference (MPI), meaning
that each pixel may receive more than a single bounce,
resulting in a superposition of sinusoidal signals reaching the
pixel. MPI errors usually increase the measured distance value
since the direct path (desired bounce) distance is shorter than
the indirect path (undesired bounce). Typically, the solution for
this problem is to increase the number of measurements with
different modulating frequencies sequentially, but the resulting
increase in the total exposure time decreases the frame rate
of depth images. Besides, the required number of frequencies
will increase linearly with the number of received bounces.
Using the measurements obtained at different frequencies,
the distance values for individual bounces can be obtained
in a closed-form [10]. In this paper, we demonstrate the
successful realization of a single-shot multi-frequency IToF
architecture in 180 nm CMOS technology by means of a
resonant demodulation concept.

II. MULTI-FREQUENCY TOF MEASURING CONCEPT

The use of macro-pixels allows for single-shot multi-
frequency demodulation [11], thus enabling multiple-path
depth imaging at high frame rates. A macro-pixel can be
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Fig. 1: An array of sub-pixels with 16 possible frequencies
forming a single macro-pixel.

formed by grouping numbers of pixels modulated with differ-
ent frequencies, so-called subpixels. In this work, we focus on
the case of CW sinusoidal modulation, in which a sinusoidal
wave of IR light illuminates the scene at the defined frequency,
and the reflected light received by the ToF pixels will generate
charges that are accumulated according to the demodulation
control signals of the taps. The prevalent 2-tap structure is
used in our pixel’s circuit.

For illustration, Fig. 1 shows a single macro-pixel consisting
of an array of 4 by 4 subpixels. Each subpixel has a 2-tap
structure, where both taps demodulate with the same frequency
with a 180� phase shift. We denote as f(i)0,1 the frequency of
the demodulating control signal at subpixel i, with i = 1, ..., 16
in this case, for both Tap0 and Tap1. For the sake of clarity, the
control signals of the 4 subpixels marked with a red square in
Fig. 1 are shown on the right. As can be seen, differently
from conventional IToF, the demodulating frequencies are
different for each pixel. Each of the 16 subpixels can be either
connected to the same frequency (conventional IToF) or to 16
separate frequencies. The entire pixel array, including several
macro-pixels, can be formed by repeating this pattern.

In previous work, we presented a resonant demodulation
circuit that uses an off-chip inductance connected across
the taps to achieve the minimum harmonic distortion [12].
The equivalent circuit for each tap of a subpixel from the
modulating gate is modeled as a small capacitor, Cgate,
connected to resistors, while the whole pixel array can be
modeled approximately as two different networks of these
capacitors connected in parallel. All pixels of the same type
(demodulating at the same frequency) are controlled together,
and the parallel-connected control gates are plugged to an
inductance of proper value to generate a resonant circuit at
the desired frequency. This is summarized in Fig. 2, for
an array of n macro-pixels where C0 and C1 represent the
lumped equivalent capacitances at the gates of the transfer gate
transistors TX0 and TX1 of the n pixels demodulating at the
same frequency, that is, C0 = C1 = nCgate. For example, for
a 4 ⇥ 4 macro-pixel with a different demodulating frequency
for all subpixels (nsub = 16), a total of 16 inductances will
be required to generate all the frequencies.

7;� 7;�
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Fig. 2: Simplified electrical model of the resonant demodu-
lation concept. C0 and C1 are equivalent capacitance of the
whole network connected to each tap.
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Fig. 3: Resonant demodulation for 4 sub-pixels, connected to
a frequency of f = 20 MHZ with different inductance values.

To achieve close-to-zero harmonic distortion, pulse signals
with opposite directions were applied to the transfer gates
of subpixels through tri-state buffers so that the harmonic
distortion reaches the minimum value [13]. For the proper
resonant demodulation in the L-C circuit, the duty cycle of the
source which drives the tri-state buffer should be sufficiently
high. The shape of the resonant demodulation waveform at the
gates of the transfer gate transistors TX0 and TX1 (Fig. 2)
depends on the resistance of the RC network in the whole
pixel array. The total average modulation drive power is
substantially smaller in this technique than in the standard
method.

Fig. 3 shows the parametric simulation results of the elec-
trical modulation waveforms with different inductance values
in the frequency of f = 20MHz. The simulation is performed
for 4 macro-pixels while connecting one subpixel from each
macro-pixel (modulating with the same frequency), making a
total of 4 connected nodes. The lumped capacitance of the
transfer gates of 4 connected subpixels is C0 = C1 = 28.1 fF
(Fig. 2), roughly 4 times the gate capacitance of the individual
subpixels (Cgate = 7 fF), as expected. Next, the corresponding
inductance value of around 4 mH for the mentioned frequency
and capacitance was analytically calculated for the resonant
frequency. A well-defined sine-wave signal is acquired from
the LC circuit when the inductance value is near the estimated
one for the resonance frequency, as can be seen in Fig. 3.
The sinusoidal waveforms from other values of L have lower
amplitude and distorted behavior, as expected.

The capability of this system for generating resonant fre-
quencies for modulating the subpixels will be studied experi-
mentally in our future work. However, the simulation results
for proving this concept were favorable. In this work, we will
focus on the performance of the ToF system with different
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Fig. 4: Schematic of the designed pixel and the readout circuitry.

frequencies in nominal and post-layout simulations.

III. CIRCUIT DESCRIPTION

Fig. 4 depicts the circuit schematic of the pixel and the
following readout circuitry. In today’s implementations, the
fabrication of photosensitive parts is usually compatible with
CMOS processes. One of the indispensable factors of 3D-
sensing pixels is the transfer speed of collected electrons
from the photodetector to the transfer gate. Photogates are
more common photodetectors due to their intrinsically higher
demodulation speed and charge transfer. Pinned photodiodes
(PPD), on the other hand, have higher quantum efficiency and
depth resolution. Small PPDs can benefit from the fringe field
at their edge. However, the larger a pixel size gets the less
benefit from the fringe field. Therefore, in PPDs, speed issues
are more likely for a large pixel. The process techniques can
be modified by creating an internal electrical field to increase
the charge transfer speed to solve this problem. As another
option, layout modifications that reduce the travel distance for
electrons can be used. Also, both approaches can be combined
simultaneously by generating an internal electrical field and
decreasing distance. In this work, the layout of the PPD has
relatively small dimensions (4µm⇥ 4µm) and an extended
poly-silicon layer on top to increase the charge demodulation
speed.

The design includes a symmetrical 2-tap structure with a
PPD as a photosensitive part and reset, global shutter, source
follower (SF) and row select transistors as a buffer and reading
part [14]. The architecture consists of array of 10µm⇥ 10µm
pixels with a 20% fill factor (FF). The PMOS transistors are
selected to perform a hard reset to optimize signal swing and
avoid image delays. For the SF and row select, low threshold
NMOS transistors are selected to enable a larger output voltage
swing. Also, a relatively big gate area is selected for the SF
to minimize the noise, even though it reduces the fill factor.
The analog supply voltage (Vdd) is 3.3 V for the pixel for a
higher signal dynamic range.

The following stages after the exposure time are the Column
Filter Stage (CFS) and Double-Delta-Sampling (DDS) blocks.
The CFS block can process and filter pixel signals, and it

consists of two decoupling capacitors followed by voltage
followers whose outputs can be selected by a column decoder
to be sent sequentially through the DDS output stage.

The DDS schematic is shown in Fig. 4-right. It amplifies
the pixel output and sets the desired offset voltage. The final
output of the system will be Vref2 ±

�
C2
C3

�
�V , where �V is

the voltage difference between the two outputs of the circuit.
The two-stage opamp is designed based on the class-AB output
stage used in [15] and has a high gain and output swing. The
first stage is a folded cascode section to increase the value of
the DC voltage gain of the opamp. A class-AB output stage
with a common-source configuration is used as the second
part, providing a rail-to-rail signal swing. The width and length
of the transistors are adequately optimized to reach 130 dB
gain, 32 MHz gain-bandwidth (GBW), and 33 V/µs of slew-
rate (SR) in transient with 15 pF load capacitance, while the
design provides desirable stability.

IV. SIMULATION RESULTS AND DISCUSSION

The active pixel sensor, presented in Section III operates in
reset, integration, and readout stages to retrieve the 3D data.
In the 2-tap structure, at least two cycles of measurements
are required to calculate the three unknown parameters of the
received signal (amplitude, offset, phase shift).

The phase shift of the received signal can be calculated
using the differential output from the two frames using (1):

�� = arctan

✓
V270� � V90�

V180� � V0�

◆
(1)

where V0� , ..., V270� are the outputs of the subpixel for 0�,
90�, 180�, and 270� phase shifts of the demodulating gates’
control signal with respect to the emitted light. With this
technique, the phase shift is calculated using different phase
shifts (0�/180� for the first frame and 90�/270� for the second
frame) between the illumination control signal and the pixel
modulation signals. To test the performance of the pixel, we
carried out electrical simulations in a CIS 180 nm CMOS
technology, operating at 3.3 V and 20 MHz. First, we measured
the differential outputs of the first (V180� � V0� ) and second
frames (V270� � V90� ) for different relative phase differences
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Fig. 5: Electrical simulation showing the nominal output
voltage difference as a function of the phase shift at 20MHz
for the first and second frames.

between the emitted and the received light signals. The sim-
ulated circuit includes the pixel, the CFS, the DDS, and the
parametric simulations performed without any amplification
in the DDS stage. Fig. 5 shows the simulation results. The
system’s outputs are samples of a cross-correlation function
between the incoming light signal and the demodulation
signals controlling the gates. Because both of these signals are
sinusoidal, the resulting cross-correlation is also sinusoidal, as
can be seen. The outputs from the frames have different values
with respect to frequency and can result in distinct proportion
of

⇣
V270��V90�
V180��V0�

⌘
. The distance of a single bounce then can be

retrieved from:

d =
c��

4⇡f
, (2)

where c is the speed of light, �� is the phase shift, and f is
the resonant frequency.

In our second test, we performed a post-layout simulation
for an 8 by 8 array of subpixels modulating at different fre-
quencies from 8 MHz to 40 MHz (2 MHz increment), forming
4 macro-pixels of 4 by 4 subpixels each. The purpose of
this post-layout simulation is to demonstrate the single-shot
multi-frequency demodulation concept by applying a different
modulating frequency to each of the 16 pixels forming the
macro-pixel. The same 16 frequencies are used in the 4
macro-pixels. For this simulation, a scene with the capital
F letter with 4 vertices and 4 pixels in the right and left
borders is considered as an example. The ground truth distance
considered for the F letter, the vertices, the borders, and
the background is 0.5, 1, 1.5, and 2.5 meters, respectively.
First, we calculated the corresponding phase shift for each
subpixel concerning its frequency and shifted the input light
signal accordingly. As it has been explained in Section II, for
each macro-pixel, we apply 16 different frequencies. Then, we
calculated the distance according to (2). Fig. 6 shows the post-
layout simulation results after retrieving the 3D information.
The results match the ground truth depth (Fig. 6-top right)
well, showing the capability of our system to work with
different demodulation frequencies.

Fig. 7 shows the layout design of the entire ToF range
imaging system, which consists of an array of pixels, the
modulation control signal tree, the biasing circuitry, the row

3L[HO�QXPEHU
3L[

HO�
QX
PE

HU

'
LV
WD
QF

H�
�P

�

���

���

���

���

���

���

���

���

���

���

���

6LP
XOD
WLR
Q�U
HV
XOW
V

*U
RX
QG
�WU
XWK

Fig. 6: Retrieved distance of an example from post-layout
simulation results of the 8 by 8 array of pixels and readout
circuitry vs. ground truth (top-right inset).

Fig. 7: System-Level architecture and layout of the single-shot
multi-frequency IToF system with its parts labeled.

and column decoders, the CFS, and the DDS stage. The system
has an array-shared modulation signal generator, row and
column control circuits, driver circuits, and bias circuits for
in-pixel operational amplifiers.

V. CONCLUSION

This paper presents the post-layout simulation results of
an 8 by 8 array of IToF pixels with readout circuitry. The
proposed macro-pixel-based architecture allows for realizing
the idea of single-shot multi-frequency demodulation. Further-
more, perfect sinusoidal control signals at the demodulation
gates, arising from a resonant construction, enable native
harmonic cancellation per pixel or group of pixels. Resonant
demodulation can further reduce the average drive current of
pixels, resulting in considerable power-saving and paving the
way for low-powered 3D imaging systems.
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