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Conventional image sensors have improved with technology scal-
ing mainly by reducing pixel size to increase spatial resolution
[1,2]. As resolution approaches the limits of existing optics, is
there much to gain from further pixel scaling? In [3], we argue
that further scaling can provide new imaging capabilities via a
multi-aperture (MA) architecture, which consists of an array of
small submicron pixel imagers (apertures), each with its own
integrated optics. By focusing the integrated optics onto an image
plane formed by an objective lens in a region above the MA imag-
er, the apertures capture overlapping views of the scene. The cor-
relation and redundancy between apertures, along with computa-
tion, provide several new capabilities, including: (i) simultaneous
capture of a 2D image at higher resolution than the aperture
count and a 3D depth map without the need for active illumina-
tion or calibration; (ii) simplification of the objective lens design;
(ii1) reduction of color crosstalk via per-aperture color filters; and
(iv) increased tolerance to pixel defects. It is further shown that
depth resolution continues to improve with pixel scaling beyond
the typical spot-size of the optics. Designing scalable arrays of
submicron pixels with acceptable imaging performance is chal-
lenging however. In [3], we propose using a frame-transfer (FT)
CCD aperture with CMOS readout architecture. In [4], we
demonstrate a 16x16, 0.5um pixel-pitch FT-CCD in 0.1lum
CMOS technology with acceptable imaging performance.

In this paper we describe the first complete MA-imager chip com-
prising a 166x76 array of 16x16, 0.7um pixel FT-CCD apertures,
per-column ADCs, control logic and chip readout circuits fabricat-
ed in 0.11um CMOS technology'. Figure 2.3.1 shows a block dia-
gram of the MA-imager. The aperture control buses, V<35:0> and
H<15:0> are globally connected to the FT-CCDs. The RS signal
and the decoded ROW bus are used to address the readout cir-
cuits for each row of FT-CCDs. The MUX blocks contain column
bias circuitry, inputs for external testing of the ADC and support
for analog pixel readout through AOUT. The ADCs share an out-
put bus that is decoded by COL and buffered for digital readout
through DOUT<10:0>.

Figure 2.3.2 shows a schematic of the FT-CCD, which consists of
a pixel array free from metal layers, a light shielded frame buffer,
a horizontal (H) CCD with floating diffusion (FD) and follower
readout circuit. The CCDs are formed using P+ poly electrodes
over N-type channel implants with P+ channel stops. The inputs
to the channels at the top of the array are connected to VO
through an Nwell implant. The P+ channel stops extend beyond
the Nwell region to make an effective contact to the substrate
potential. The two sides of the H-CCD connect to VP, which is
used for fill/spill operation, reset of the FD node, or as the source-
follower drain supply. Charge is collected under every other elec-
trode, which facilitates large potential barriers between pixels.
An STI (Shallow Trench Isolation) region is used to create isola-
tion between apertures and as the area for contacts to the non-
silicided electrodes.

The chip operation is divided into three phases: FLUSH, INTE-
GRATE, and TRANSFER (see Fig. 2.3.3). Each frame consists of
2 interlaced fields. The capture of one field is performed at the
same time as a previous field is being read out from the frame
buffers. During FLUSH, the CCD pixel arrays are depleted of
charge through VO by sequencing V<17:1>. During integration,
the pixel array electrodes are held at an intermediate voltage of
1V. At the end of integration, the accumulated charge packets in

Local optics are not integrated on this chip.

the CCD pixel arrays are transferred one row at a time to the
frame buffers using ripple charge transfer. A 2V potential differ-
ence between electrodes is used to achieve complete transfer
between stages. Frame buffer readout is performed while a new
INTEGRATION cycle takes place after a FLUSH cycle. The read-
out sequence begins with a global reset of all FD nodes through
an RT pulse. The reset voltages are then digitized by the per-col-
umn ADCs one aperture row at a time and stored off chip. Next,
one charge packet from each frame buffer is shifted to its H-CCD
(see Fig. 2.3.3), which is performed by initially shifting one row of
charge to the V35 electrode. One of the horizontal electrodes, e.g.,
H15, is then set to a high voltage, which causes a partial charge
transfer. Next, V34 is brought to an intermediate voltage while
V35 is slowly brought to a lower voltage. The charge is trans-
ferred to H15 because the fringing field induced by H15 is larger
than that induced by V34. This completes the transfer for the
desired charge packet while all other charge is moved back under
V34. The charge in the H-CCD is then ripple shifted to HO and
onto the FD node while pulsing TX high. The pixel values on the
FD nodes are digitized one row at a time by the ADCs and stored
off chip where digital CDS is performed. This sequence is repeat-
ed until all stored pixel values for one field are read out. This
readout approach eliminates the need to implement a row
decoder for each of the frame buffer and H-CCD electrodes.

Figure 2.3.4 shows the per-column ADC schematic and timing
diagram. A single-slope architecture with off-chip ramp (via a 14b
DAC) is used for flexible operation. Conversion begins by reset-
ting the keeper. As the COLUMN voltage settles, SAMPLE is con-
tinuously clocked while the bus signal C is cycled through gray
code values corresponding to levels of the RAMP voltage. We
exploit the fact that shot noise power increases with the signal to
reduce conversion time by increasing the step size of the RAMP
over the signal range. Once RAMP exceeds COLUMN, the code
on C is latched into buffer A. The keeper stays latched until the
beginning of the next conversion where buffer B is used to store
C while buffer A is read out. Programmable column gain is
achieved by varying the ramp voltage range from 200mV to 2V.
The comparator consists of a diff-pair followed by a regenerative
latch. The diff-pair transistors have a W/L ratio of 6 to keep them
in weak inversion. With a 1uA bias current, the comparator is
capable of 10b resolution at 200MSPS over a 200mV range. The
regenerative portion of the comparator and the memory buffers
are implemented with 1V transistors, while the diff-pair is imple-
mented with 3V transistors, allowing for simple translation
between power domains.

A chip micrograph is shown in Fig. 2.3.5. The chip characteristics
and image sensor performance are listed in Fig. 2.3.6. Figure
2.3.7 shows a sample image at full resolution captured with a
fixed focus F/2.4 lens in a standard focal plane imaging configu-
ration. Note that the images captured by the individual apertures
demonstrate measurable detail.
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Figure 2.3.1: Block diagram of MA image sensor chip. Figure 2.3.2: FT-CCD schematic and device cross sections.
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Figure 2.3.3: Chip timing and charge transfer diagram. Figure 2.3.4: Per-column ADC schematic and timing diagram.
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- & = = Chip Size 3.0 x 2.9mm?2
Aperture count 166 x 76
Aperture format 16 x 16 pixels
Pixel size 0.7um x 0.7um
Well capacity 3500 e-
Conversion gain 165 uVie-
Sensitivity at 550 nm 930 e-/lux-sec (0.15V/lux-sec)
QE at 450, 550, 650 nm 20, 48, 65 %
Pixel read noise 5e-rms (1mV)
Dark current at room temperature 33 e-/sec (5.5 mV/sec)
Intra aperture DSNU 35 % rms
" Inter aperture DSNU 4% rms
Intra aperture PRNU 2% rms
Inter aperture PRNU 2% rms
Peak SNR 35dB
Dynamic range 57 dB
Maximum Frame rate with CDS 15fps.
ADC resolution 10b
ADC FPN 43pV rms
3 ADC noise 254 uV rms
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e et bk £ e e e e s Chip power 10.45mwW
Figure 2.3.5: Chip micrograph. Figure 2.3.6: Chip characteristics and imager performance at 7.5 fps.
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Figure 2.3.7: Sample image at full resolution (top) with detailed section
(bottom).
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