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Abstract: Offsets and limited dynamic range in the
photo-conversion elements of silicon VLSI vision sys-
tems limit the overall system performance in low-
contrast environments. This paper will introduce a
new continuous-time, logarithmic photoreceptor
which exhibits an improvement in the signal-to-offset
ratio at low and medium intensities of 31% and
137% respectively. In addition, the logarithmic
receptor exhibits a larger dynamic range than previ-
ous continuous-time receptors. Measured perfor-
mance characteristics will be shown which quantify
these improvements. We further show both analyti-
cally and through measured results that the offsets
decrease as current levels increase.

I. INTRODUCTION

The first processing step 1n a fully integrated real-
time, analog VLSI vision processing systems is the con-
version of light energy into an electrical signal which
can take on the form of a voltage, a current, or a charge.
These photo-conversion elements (photoreceptors or
receptors) can be designed to process information in
various ways ranging from continuous-time analog [1]
to time-adaptive analog [2] to discrete-time sampled [3]
realizations. Comparisons among various types of
receptors can be found in [4] and [S]. Each conversion
method has an associated set of trade-offs and each also
has a set of applications to which it is best suited. This
paper will discuss a new continuous-time, logarithmic
photoreceptor which is based on Mead’s original recep-
tor [1] but achieves a better signal-to-offset ratio and a
larger dynamic range.

Mead’s original receptor has been used in many
applications [6], [7], several of which have reported that
offsets limited the system performance in low contrast
environments. For this reason more recent designs [8],
[9] have used time-adaptive receptors or photodiode
conversion circuits [10] which are believed to be less
susceptible to device mismatched offsets. The time-
adaptive receptors are clearly zero-offset devices when
no signal is applied. However when motion induces a
response from the system, offsets are introduced mnto the
solution by the other components comprising the photo-
receptor circuitry. As for photodiodes, they inherently
possess better matching characteristics than phototrans-
istors, but since they operate at much lower cumrent
levels than phototransistors they typically require addi-
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tional amplification stages to process the input signals.
This additional cireuitry again introduces offsets into the
solution. To the authérs’ knowledge, no quantitative
offset measurements of time-adaptive or photodicde
conversion circuits have been reported.

At low to moderate intensity ranges, the currents
produced by the phototransistors are small enough to
allow the PMOS load transistors in Mead’s receptor to
operate in the subthreshold region resulting in a loga-
rithmic current-to-voltage relationship which increases
the dynamic range. This introduces a trade-off since
mosfets operating in subthreshold exhibit poor matching
characteristics due to the exponential voltage-to-current
relationship [11]. Section Il will introduce a new photo-
receptor and discuss the topology differences versus
Mead’s original photoreceptor. Section III will present
the measured results from both receptors. Finally, Sec-
tion I'V will present our conclusions.

II. THE LATERAL BIPOLAR PHOTORECEPTOR

Figure | shows the schematic representations for
both Mead’s Original Logarithmic Photoreceptor (OLP)
and for the Lateral Bipolar Photoreceptor (LBP). The
phototransistors used in both receptors are identical in
topology but the load devices are different. In the origi-
nal receptor, PMOS load devices were used which
exhibit a logarithmic response only while operating in
the subthreshold region. In the LBP, however, lateral
bipolar transistors (LBT) formed from PMOS devices
operated in their lateral bipolar mode {12] have been
used as the load devices. These devices not only pro-
vide a logarithmic current-to-voltage relationship over a
larger range of currents, thereby increasing the dynamic
range, but the matching characteristics of the LBTs are
better than those for mostets [13].

Several implementation trade-offs are associated
with the use of LBTs. The first is that a larger physical
layout area is required. The second is that there is no
buried layer under the transistor to collect vertical cur-
rents thereby creating two bipolar transistors; one oper-
ating laterally and the other vertically as can be seen in
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Figure 1. Schematic representations of Mead’s
‘Electronic Photoreceptor’ in ‘a’ and of the Lateral
Bipolar Photoreceptor in ‘b’. The phototransistors in
both receptors are identical but the load devices have
changed from PFETs operating in subthreshold to
operating in their lateral bipolar mode thereby forming
pnp transistors. The gate voltage of the LBTs can also
be increased to improve matching characteristics [12].

Figure 2. The vertical bipolar etfectively reduces the
collector current from the lateral device which conse-
quently reduces the effective transconductance. This
could be remedied by using a technology incorporating
buried collectors. Lastly, to achieve the best matching
an additional bias supply is required for the gate termi-
nal which exceeds the receptors emitter voltage. This
bias is used to push the channel down into the substrate
thereby moving the channel away from defects occur-
ring along the silicon surface.

III. MEASURED RESULTS

Both types of receptors were fabricated using the
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Figure 2. Schematic description of a lateral bipolar
transistor showing the lateral and vertical transistors
formed in a standard CMOS process without a buried
collector.
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Figure 3. Photo-optic ntensity response curves taken
trom the original photoreceptor and the lateral bipolar
photoreceptor. The OLP response remained logarithmic
over 4 to 5 orders of magnitude while the LBP remained
logarithmic over 7 to 8 orders of magnitude
illumination intensity.

2um  Analog Nwell process from Orbit provided
through MOSIS. Note that in the devices tested, the
phototransistors used in the LBP were twice the size of
the devices used in the OLP. Figure 3 shows the photo-
optic response from both receptors in units of Foot-
Lamberts. As can be seen, the original receptor remains
logarithmic over 4 to 5 orders of magnitude of light
intensity. The lateral bipolar receptor, however, remains
logarithmic over 7 to 8 orders of magnitude. The LBP
likely has an even larger dynamic range than the data
suggests but the test equipment used to take these mea-
surements could not exceed the optical intensities
shown i the figure. Note also that the voltage levels
produced by each receptor are different by almost a volt
which must be accounted for in the design of subsequent
processing circuitry.

Another difference between the two curves is the
slope. The slope 1s a crucial parameter since it 1s a mea-
sure of the circuit’s gain which thereby determines a
systems resolution. The slope of the OLP 15 207.5 mV/
decade while the slope for the LBP 1s 143.5 mV/decade.

In generating the offset data for the photoreceptors,
offsets were measured tor 96 OLP devices and 108 LBP
devices respectively.  Several different points along
each curve were measured to examine the change in off-
sets with illumination level. Figure 4 shows the Gauss-
1an distribution and normalized histogram data for the
offsets taken at two different illumination levels for the
OLP devices. Note that the matching improves by 20%
as the illumination spans the receptors dynamic range.
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Figure 4. Gaussian distribution and normalized

histogram of the offsets associated with the original
logarithmic photoreceptor at two different illumination
levels. Note that the matching improves as the current
levels within the circuits increase.

The corresponding offset response for the LBP 1s
shown in Figure 5. In this figure, the first two distribu-
tions correspond to the illumination levels shown in the
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Figure 5. Offset distributions associated with the LBPs
at three different illumination levels. The first two
distributions correspond to the levels shown in Figure 4
for the OLPs. Again the matching improves as the
current levels increase which lead to matching
improvements of 47% and 70% respectively compared
to the corresponding illumination levels in the OLPs.

distributions of Figure 4 while the last was taken to
determine matching levels at even higher illumina-
tions. Again the matching improves as the current
levels increase. Moreover, matching improvements of
47% and 70% respectively are observed when compar-
ing the LBP versus the OLP for similar illuminations.

The corresponding signal-to-offset ratios are calcu-
lated by dividing the slope of the intensity responses by
the standard deviation of the offsets. Therefore, the S/O
ratios are 33.4 and 41.8 respectively for the OLP and
43.8, 99.2, and 129 respectively for the LBPs. The
LBPs then exhibit an improvement in the S/O ratio of
between 31% and 137% for sumilar intensities. Note, in
the LBP realization tested here the LBT gate bias was
not brought off-chip but was directly connected to
Vdd. Therefore, matching characteristics can likely be
further improved.

The decrease in offset distributions with de current
levels can be attributed to the transconductance-to-cur-
rent ratio [11], [14]. Matching between transistors can
be described as

&mn
s aves T (M)
where Al represents the current mismatch, I is the bias
curent, g, represents the transconductance, and
AV ¢ describes the change n gate voltage as a func-
tion of bias current. In the OLP, the equations describ-
ing the transconductance are [14], [15]

_ b @

g -
m n UT

in subthreshold where UT = kT/q, and n 1s the slope
factor. In strong inversion, the transconductance is
described by

g = [)
“m A/:‘BID 3
where [ = pCyxW /L. Also, in subthreshold

I
AVis= Vg -0V = nUTIn[T%] @

and in strong inversion,

AV = PBIL+ Vo (5)

In subthreshold one can see that & /Ip decreases
slowly in proportion to 1/n while AVgs increases pro-
portional to the In (Ipy). Therefore the parameter of
interest becomes AVGs/Ip which decreases at a rate
proportional to In (Ip) /Ip. Thus the ratio AI/1 effec-
tively decreases as the bias current increases. This
effect continues into the strong inversion region where
8/ 1 decreases proportional to ﬁﬁ/ID while AVgg
increases proportional to /I .

A similar set of results can be shown for the LBP
where

I
- - <
AVg=AVyp = UT]“[IS) (6)
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which closely resembles the subthreshold mostet
response shown in (4). In the LBTs, however, g, ~ I
throughout its operating range therefore the parameter
of interest is AVRE/Ic. As can be seen from (6),
AVBE/Ic decreases proportional to In (Ig) /I¢.

IV. CONCLUSIONS

This paper introduces a new continuous-time loga-
rithmic photoreceptor which exhibits a superior signal-
to-offset performance and a greater dynamic range than
previous designs. The new photoreceptor matching
characteristics improve as the dc bias current increases
resulting in more than a 2-to-1 improvement in the
signal-to-offset ratio at moderate to high illumination
levels. The new receptor is completely compatible with
standard CMOS processes.
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