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Most active pixel CMOS image sensors use a source follower in
the pixel circuit as shown in Fig. 27.3.1. However, the standard
3T pixel architecture typically has poor low-light sensitivity due
to the large reset noise. 4T pixels incorporating a pinned diode
have gained popularity due to low reset noise and dark current
[1, 2]. However, pinned diodes require special technology develop-
ment and may compromise device yield and reduced fill factor. In
this paper, a 3T pixel image sensor with low reset noise, good fill
factor, and flexible operation is described. The pixel architecture
allows reset-noise reduction by negative feedback [3, 4] and
increased responsivity in low-light conditions. Figure 27.3.2
shows the schematic of the new active pixel. The circuit inside the
dashed box represents the pixel circuit. M, is the reset transistor,
M, is the sense transistor, and Mj is the row select (RS)/cascode
transistor. Notice that the RS transistor Mj; is on the drain side of
the sense transistor M,. The current source, I, is connected to
the column line Coll. Another current source I, is connected to
the second column line Col2. Column switches S; and S, connect
the column lines to voltages V; and V,, respectively, when they
are on. For example, V; can be set at V, and V, at ground. With
S; on and S, off, M, and I, function as a source follower. With S;
off and S, on, M, and I, function as a common-source (CS)
amplifier. In addition, biasing the gate of the row-select transis-
tor at a lower voltage than V, allows a cascode amplifier config-
uration that further reduces the reset noise as explained later.

In the CS configuration, the drain of M, is connected to I, its
source is connected to V,, i.e., ground. When the row-select signal,
RS, is high, the RS transistor M; is turned on, and the sense tran-
sistor M, and the I ;; behave as an actively loaded CS amplifier.
The input of the CS amplifier is the sense node (Node 1), and the
output of the amplifier is the column line Coll. During the reset
phase, the row-select signal goes up turning on the row-select
transistor M. The reset signal, RESET, also goes high to a reset
voltage Vggser, typically Vpp, turning the reset transistor M; on.
M, provides negative feedback from the output of the CS amplifi-
er to the input. Both the input and output voltages settle to a
voltage Vy=V g, where Vg, is the gate-to-source voltage of M, at
the drain current of I;;. The reset is completed and the integra-
tion period begins when the reset signal returns low, turning off
the reset transistor M;. The row-select signal also goes low turn-
ing M; off. This turns the CS amplifier off, and another row can
now be reset in the same manner.

During the integration period, the photo current is integrated on
the sense-node capacitance Cg. At the end of the integration peri-
od, the row-select signal RS goes high again, turning the CS
amplifier back on. Assuming the open-loop gain of the CS ampli-
fier is large, the photo charge that is integrated on the capaci-
tance Cg is completely transferred to the capacitance C; between
the gate and the drain of the sense transistor M,. Typically, C;
consists of parasitic capacitance that already exists including the
gate-to-drain capacitance Cgp, of M, and stray capacitance. The
double-sampling (DS) circuit measures the difference between
the output voltages of the CS amplifier immediately after the
reset and at the end of the integration period. To avoid using
frame buffers, the reset value of the next frame is used instead.

It can be shown that this difference, photo response voltage V,, is:

- TpTinr
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Since C; is significantly smaller than the sense capacitance Cg,
the photo response voltage is higher for given photo current.
Therefore, the responsivity of the image sensor is significantly
improved compared with the source-follower mode. Thus, this
mode is desired in low-light conditions, but the image saturates
at a relatively low light level. Therefore, the source-follower read-
out mode is preferred in brighter conditions.

It is also noted that during the reset phase, if the bandwidth of
the RC circuit given by the ON resistance of M; and the sense
capacitance Cg is made significantly lower than that of the CS
amplifier, the reset noise is effectively suppressed. This is
because the CS amplifier, in conjunction with the negative feed-
back provided by M; corrects the noise at the sense node [4]. The
bandwidth of the RC circuit can be made low by setting the reset
voltage Vypser such that the reset transistor M, is biased deep in
the subthreshold region during the reset phase. Alternatively, the
waveform of the reset signal RESET can be made to fall slowly at
the end of the reset period so that the reset transistor is deep in
the subthreshold region while the reset signal is lowered. It can
be shown that the reset noise is reduced by the factor =s .
1

The cascode mode further reduces the reset noise, because it
removes the effect of Cgp, from C;.

A 3MPixel image sensor employing this flexible architecture is
implemented in a 0.18um CMOS image sensor technology. The
placement of the RS transistor on the drain side of the sense tran-
sistor enables a compact layout, providing 50% fill factor in a
2.54x2.54pum? pixel size. The imager supports up to 4:1 vertical
and 2:1 horizontal analog binning to further reduce the noise in
lower spatial resolution images.

Figure 27.3.3 shows a comparison between hard reset, hard-soft
reset, and cascoded low-noise reset. In the hard and hard-soft
reset mode, the pixel is operated in the source-follower mode for
both reset and readout. In the low-noise cascoded reset mode, the
pixel is reset in a common-source mode with the row-select tran-
sistor biased below Vp, to reduce the effect of Cgp,. The low-noise
reset mode reduces reset noise by a factor of 2 compared with the
standard hard reset. The cascoded low-noise reset mode further
reduces reset noise by 10%.

Figure 27.3.4 and 27.3.5 compares the standard mode versus the
common-source readout mode. The responsivity is increased by 5
folds compared to the source-follower readout mode. Column-par-
allel ADCs with a flexible timing control is integrated with max-
imum 12b resolution. This image sensor runs at a maximum of
30frames/s at full 3MPixel resolution with 100MHz clock input.
The summary of the imager performance is given in Fig. 27.3.6.
Figure 27.3.7 shows the chip micrograph.
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Figure 27.3.1: Conventional 3T pixel with source-follower readout circuit. Figure 27.3.2: Proposed 3T pixel with flexible reset/readout circuit.
Feedback-Cascode Reset Hard Reset Hard-Soft Reset
Temporal noise=13e" Temporal noise=28e" Temporal noise=19e"
Figure 27.3.3: Dark images with different reset modes (32x gain). Figure 27.3.4: Sample Image - standard read mode (1000lux, 1/30s).
Parameter Result Unit
Die Size 6.1x6.5 mm?
Technology CMOS 0.18um
Pixel array 2140x1584 pixels
Pixel Size 2.54x2.54 um?
Max frame rate at full resolution 30 frames/s
Max ADC resolution 12 bits
Power consumption at 3MPixel 10b output 275 mW @ 30frames/s
Power consumption at 3MPixel 12b output 215 mW @ 15frames/s
Power consumption at VGA resolution 63 mW @ 30frames/s
Full Well Capacity 13K electrons
Conversion gain 110 uvle
Dark Temporal Noise in low-noise reset 13 electrons
Dark Temporal Noise in hard-soft reset 19 electrons
Dark Temporal Noise in hard reset 28 electrons
Dark FPN Noise @1/7 sec 10 electrons
Read Noise 3 electrons
Dark Leakage @24C 100 electrons/sec
Responsivity in SF mode@550nm 1.0 V/lux-sec
Responsivity in CS mode@550nm 5.0 V/lux-sec
Figure 27.3.5: Sample Image - common source read mode (1000lux, 1/30s). Figure 27.3.6: Performance summary.
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Figure 27.3.7: Chip micrograph.
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