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Introduction

In CCD/AIS Workshop’97, Bruges, we have pro-
posed the basic concept of time-domain correlation
image sensor[1] which enables us to detect high fre-
quency modulated light without increasing the scan-
ning rate of image sensor. We also emphasized the
importance of temporal correlation in image mea-
surement and analysis by presenting possible appli-
cations and simulation results of the correlation im-
age sensor[2]. We realized an 8 X 8 sensor in discrete
components [3] and took several attempts for optimal
cell structures [4]. In this paper, we report the suc-
cessful fabrication results of 16 X 16 and 64 x 64 corre-
lation image sensors using a CMOS process available
at VDEC at the University of Tokyo, Japan. We de-
scribe in detail the layout design of the pixel circuit
and evaluate the fabricated sensors through experi-
ments.

Time-Domain Correlation Image Sensor

The time-domain correlation image sensor is an ar-
ray of correlation demodulators of incident light. It
is characterized by: 1) photodetectors that convert
light intensities f;;(t) into photocurrents; 2) a refer-
ence signal g(¢) that is fed commonly to all pixels; 3)
current-mode multipliers that generate the product
of fi;(t) and g(t); 4) capacitors that integrate the
product fi;(t)g(t) and store the results as charges;
and 5) CCD or MOS switches for readout of the cor-
relation results [1, 2]. Figure 1 shows why the tight
coupling of pixel and correlator is essential for re-
moving “scanning bottleneck” of the correlation op-
eration. The output of this sensor at pixel (z,7) is
thus

$ij(t) = /tiT fi(T)g(T)dr (1)

where T is the integration time.
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Figure 1: Comparison of time-domain correlation using
conventional image sensor and correlation image sensor.
The “scanning bottleneck” is thoroughly removed, and
the frequency limit of the light modulation and the refer-
ence signal can be extended to the limit of PD and mul-
tiplier.

Principle of Operation

The pixel circuit we realized is based on a variable
transconductance multiplier with capacitive loads [1,
2] (Figure 2). The photocurrent /pp(t) generated by
the photodiode PD are divided into drain currents
Ip4(t) and Ip_(t) of the PMOS pair M; and Mg,

33



respectively, with

IPD(t) AVMpy(t)
2

Ips() = P20 4 g, ()2 ML ()
where g¢,,(t) and AVypy(t) = Vumpy-(t) —
Varpy +(t) are the transconductance and differential
gate voltage between M; and My, respectively. With
M; and M; in the subthreshold region,

gm(t) = pIpD(1) (3)

where p is a constant. Therefore, denoting the charge
accumulated at the capacitors Cq, Cq over a frame

T by Q+(t) = [ 7 Ip+(r)dr, we find
Q)= = p | Ipn(PAVarrr ()i (4

@0 +0-0) = [ twri, )

that is, the charge difference Q4 (t) — Q_(t) gives
temporal correlation (correlation output) between
Ipp(t) and AVirpy(t) whereas the total charge
Q+(1) + Q_(1) gives the average intensity (intensity
output) of the incident light. The charges Q+(t) are
read out through the NMOS switches M3 and My.

VDD T T
ct = c2 r'q
] _l—_pm)s
=i
M1 M2 M3
Nmolg NMOS | [ pmos
MPY+
MPY-
YSEL K"
*PD
Vss = T

Figure 2: Pixel circuit based on a transconductance mul-
tiplier /integrator and MOS readout circuit.

Extended Common-Source/Drain Layout

We designed the layouts of the pixel circuit in Fig-
ure 2. For reducing pixel size, we designed PD, M;,
M,, Cy, and C; as a single MOS transistor by ex-
tending the common source and the drains of the
differential MOS pair My, M, to use them as the
photodiode PD and capacitors Cq, Cg, respectively
(Figure 3-77). Cq and C; consist of 1) capacitance
between the drain diffusion and metal 1, and 2) junc-
tion capacitance between the drain diffusion and the
substrate.
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Figure 3: Schematic cross section of the pixel with the
extended common-source/drain structure.

Table 1: Fabricated chips and processes.

MOT97 NEL98 MOT98
chip size 2.3x2.3mm  2.3x2.3mm  7.3X7.3mm
pixel size 75X Thum 60x60um 60X 60pm
image size  8x8 16x16 64 x 64
process 1.2pm,n-well  0.5pmmn-well  1.2pumn-well

2-poly, 2-Al  1-poly, 2-Al  2-poly, 2-Al
mpy/sw Tr  N/P MOS P/N MOS P/N MOS
scanning none MOS MOS

Chip Fabrication

We fabricated this layout three times using CMOS
processes provided by NTT Electronics (0.5um) and
Motorola Japan (1.2p4m) as listed in Table 1. The
designs differ each other in

1) pixel size, image size, area ratio of PD and capac-
itor,

2) choice of NMOS and PMOS for My, M, for better
performance of PD, My, My, Cq, and Cy, and

3) power distribution, isolation, and light shielding
for minimizing symmetry error, substrate resistance,
photocarrier leakage, etc.

In the NEL97 chip shown in Table 1, a sensor ar-
ray of 16x 16 pixels, each 60ymx60um in size, was
fabricated along with X and Y address decoders and
an output multiplexer (Figure 4). In 7.3mmX 7.3mm
MOT98 chip, the array size was increased to 64 x 64
pixels (Figure 5).

Chip Evaluation

We have made several experiments with the 64x64-
pixel sensor of the MOT98 chip. Figure 6 plots the
correlation output for LED illumination and AVspy
both modulated at 1kHz, against their phase differ-
ence ¢. The correlation output varies as cos¢ ac-
cording to the phase difference. In Figure 7, the cor-
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Figure 4: Schematic diagram of the NEL97 16x16 chip.
The components with thicker outlines were integrated.

relation output increases in proportion to the ampli-
tude Appy of AVypy for Apyrpy < 50mVe 2kT /q
(k: Boltzmann constant) at room temperature (7' ~
300K).

Figure 8 shows the output of MOT98 64x64 sen-
sor array when an “O” pattern was projected by an
LED modulated at 1kHz. The correlation output
(x cos ¢) changes from positive to negative as ¢ in-
creases, while the intensity output does not vary with
a phase delay ¢ of the reference signal AVirpy (2).

Compensation of FPN on correlation

The correlation outputs involve fixed pattern noise
(FPN) due to the mismatch of MOS differential pair.
But we can show that FPN is in proportion to the in-
tensity output, hence can be reduced by priorly esti-
mating the coeflicient for each pixel and subtracting
from the correlation output.

Application Examples

Although the current devices do not have enough
performance, we could demonstrate several applica-
tions of the correlation image sensor. Figure 9 show
a photograph of the correlation camera in which a
MOT98 chip (64x64 pixels), timing logics, reference
signal drivers, and video amplifiers are assembled.
Figure 10 illustrates a method for an application
to the lock-in photometry. The correlation output is
the contribution of the modulated light only in spite

Figure 5: Photograph of the MOT98 chip. The largest
block features the 64x64 sensor array.
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Figure 6: Normalized differential-mode output of the
64 x 64-pixel sensor the MOT98 chip for 1kHz-modulated
illumination and AV py, plotted against their phase dif-
ference ¢ (Apypy = 100mV).

of any disturbing illumination. Figure 11 shows the
results taken by the correlation camera. The SNR. of
the correlation output was about 12dB.
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Figure 10: An experimental setup for the separation of
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ranging, etc.
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Figure 8: Output of MOT98 chip for an “O” pattern
projected by an LED light under 1kHz modulation. The
reference signal AVypy(t) was given with phase delay
¢. Top: intensity output @4 + Q—. Bottom: correlation
output Q4 — Q_. (a) ¢ = 0°. (b) ¢ = 90°. (c) ¢ = 180°.
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Figure 11: Output of the 64x64 correlation camera for a
plaster figure illuminated both by a stationary light and

an LED lamp under 2kHz modulation. (a): intensity out-
put. (b) and (c): correlation outputs when the modula-

tion is off and on, respectively. Only the illuminated side

Figure 9: A photograph of the correlation camera (left)  of the plaster figure by the modulated light is extracted
and its circuit board (right) in which a 64x64 correlation  jp (¢).

image sensor is installed with a timing logic, reference
signal drivers, and video amplifiers.
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