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Abstract

This thesis presents a CMOS sensor for high-speed and high-resolution time-of-flight (7'0oF")
3D imaging. T'oF' imaging uses a round-trip travel time of light emitted toward objects
and reflected back by them for estimation of distances to different points on the objects.
This travel time can be measured by a T'oF' imaging device in a number of ways, one of
which is sensing the phase of light intensity modulation at the device and comparing it to
the corresponding phase at the light emitter. An array of LED (light-emitting diode) or
LASER (light amplification by stimulated emission of radiation) transmits the modulated
light, whereas a CMOS image sensor synchronized with the emitter is used at the receiv-
ing end. The CMOS image sensor contains 7T'oF' pixel array, whose pixels sense the light
modulation phase and thus distances to objects or scene depth. The pixel’s ability to do
so is affected by the properties of imaged objects, such as low or specular reflectivity, and
by scene contrast, dependent on the intensity of modulated and background light received
from the scene. When T'oF' sensor is exposed under high-intensity background light, such
as sunlight of more than 100 klx, the depth accuracy reduces due to a lower intensity of
the modulated light received at the sensor. The saturation of the photosensing region due
to background light does not allow signal integration, which degrades the depth resolution
and also limits the sensor’s dynamic range. The variance of background light with time
and multipath reflections in a scene further degrade the sensor’s performance. To improve
the depth imaging quality of the sensor under high-intensity background light, pixel level

background light subtraction is implemented. The extra processing required by the pixel
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for background subtraction and depth estimation provides the lower frame rate. Therefore,
reduces the camera speed. At a lower frame rate, the T'oF' sensor may provide incorrect
depth information in high dynamic scenes, where objects are moving at high-speed. To
increase the depth accuracy and processing speed under high-intensity varying background

light, four different solutions are proposed in this thesis:

* High-intensity in-pixel background light subtraction and high-speed three-phase, one-

tap T'oF' depth estimation with in-pixel fixed-pattern noise reduction,

* High-speed, column-level, photon-transfer-curve (PTC) inspired compressive 70F

depth sensing,

* Current mode depth sensing,

* Non-systematic error reduction in 7'oF' cameras using a linear polarizer to increase

depth accuracy.

A three-phase, one-tap depth estimation using 7'oF’ principle increases accuracy by sub-
tracting background light using a single-tap/capacitor, while proposed three-phase method
provides high-speed depth sensing, as compared to standard four-phase depth estimation
technique used in T'oF' cameras. A CMOS image sensor with 24 x24 pixel array, 48 pum
pixel pitch and 17.36% fill factor is fabricated and characterized in AMS 0.35 ym OPTO
process. The sensor suppresses up to 125 klx background light efficiently with a reduction
of around 5 cm (45 %) in distance resolution, from the resolution achieved under zero back-

ground light. The in-pixel background light subtraction provides a frame rate of 207 fps



and 100 fps in 2D mode and 3D mode, respectively. To further increase the camera speed, a
column-level compressive T'oF’ depth sensing is proposed, where three-phase T'oF' pixels
are integrated with PTC-inspired multiple-slope analog-to-digital-converter (ADC). The
multiple-slope ADC increases conversion speed by utilizing its companding quantization
characteristics. The ADC voltage-to-bits conversion follows the pixel PTC and conversion
cycles are compressed accordingly. On the other hand, the slope of the ramp generator out-
put can also follow the PTC to compress the conversion cycles. Such ramp generator has
programmable slopes; for example, from 1x to 16x, which can be enabled by the ADC pro-
grammable bits based on the light intensity received by the pixel array. A CMOS imager
with 48x48 three-phase pixel array and 10-bit ADC is designed and fabricated in AMS
0.35 pm OPTO process.

To subtract background light of more than 200 klx with reduced pixel size, a current mode
ToF" pixel is proposed, which works in a log-linear mode and can tolerate a high-intensity
background light. A current mode pixel performs background light subtraction at photo-
diode node. Thus, large size capacitors are not required, which reduces the pixel size and
increases the spatial resolution. A CMOS imager with 32x64 pixel array, 35 pum pixel
pitch, and 18% fill factor is designed and fabricated in AMS 0.35m OPTO process.
While a T'oF' sensor can be designed to work under bright sunlight, often the depth accu-
racy and resolution suffer from multipath reflections and background light variance with
time, which is difficult to reduce using in-pixel offset correction techniques. To reduce

these non-systematic errors, a linear polarizer is used with T'oF' sensor. An optical polar-
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ization filter rejects light reaching the sensor from unwanted propagation paths due to the
modulated light that underwent multiple reflections. This gives the modulated component
of the incident light that carries valid depth information, relatively more prominence in the
entire light input to the sensor’s pixels, thus reducing depth estimation error. The idea is
validated using three-phase, one-tap 7'oF’ sensor proposed in this thesis and SR4000 depth
sensor from Mesa imaging. The measurement results provide maximum depth error reduc-
tion of 87% when polarization filter is used in front of T'oF' sensor as compared to when

filter is not used.
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