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The photoreceptors in biological systems give meaningful outputs 
over about six orders of magnitude of illumination intensity. If we are 
to build an electronic vision system that is truly useful, it must have 
a similar dynamic range. The elements of an electronic receptor with 
many orders of magnitude dynamic range are described below. Experi
mental devices were fabricated in p-well cMOS bulk technology through 
the MOSIS foundry; npn phototransistors with collector connected to 
substrate are a byproduct ot this process. The n-type bulk forms the 
collector, the p-well is the base, and the n+ diffusion the emitter. In a 
typical process, a large transistor of this sort has a current gain {3 of more 
than a thousand. Smaller transistors have lower current gains, but are 
still respectable. The key to very sensitive receptors is to use the current 
gain of this very clean bipolar transistor before subjecting the signal to 
any noise from subsequent amplification stages. 

1 General Scheme 

The most sensible transfer characteristic for a transducer operating 
over many orders of magnitude is logarithmic. A general arrangement 
for generating an output voltage proportional to the logarithm of the 
intensity is shown in Fig.I. The phototransistor Qi generates an emitter 
current le = {3 x lg where {3 is the transistor current gain and lg is the 
base current due to minority carriers generated by the light. The emitter 
current is amplified by the amplifier A1 to produce the output voltage 
Vout· A non-linear element NL converts the output voltage into a current 
l that is fed back to the photo-transistor emitter. For a logarithmic 
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Figure 1: Conceptual Schematic of Receptor 

response, l = e°'Vout. The amplifier A1 acts to convert its input current i 
into an output voltage. Its current gain can therefore be expressed as an 
effective resistance R = Voutf i. 

Kirchoff's law for the emitter junction can be written 

1 - aVout + Vout 
e-e R (1) 

or 

( 
Vout) In le - R = a Vout (2) 

If le ~ i = !ir, which is always the case for an amplifier with 
reasonable gain, Eq.2 reduces, as expected, to 

(3) 

The point here is that as long as the effective resistance R is large 
enough over the entire operating range, the static properties of the re
ceptor will depend only on the feedback device, and not on the details of 
the amplifier. 
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2 Implementation 

Any particular implementation of the receptor requires a realization 
of both the amplifier and the non-linear element. One specific implemen
tation is shown in Fig.2. An open-base npn 75 x 75µ phototransistor 
Q1 is the primary detector. The amplifier is implemented with N - 1 
darlington-connected substrate npn's Q2 - Q 4 giving a total current gain 
13N. The amplified current is turned into a voltage by the load device Q5 . 

The value of N is chosen large enough that 13N x the smallest photocur
rent of interest will produce an output current sufficient to drive the load 
device to VDD· The condition for Eq.3 to hold is thus satisfied. For the 
receptor reported here, N was 4. 
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Figure 2: One lmplementaion of Receptor 

The non-linear element should produce a current proportional to the 
exponential of the output voltage in such a way that the desired range of 
light intensity corresponds to a range of Vout comfortably between V DD 

and ground. The best exponential device we have is a MOS transistor 
operating in sub-threshold. Drain currents are exponential with gate 
voltage over many decades. The trick is to use the feedback transistor Q1 
in its sub-threshold range while the load device can work above threshold. 
The series arrangement of Q6 and Q7 accomplishes the desired result. 

3 Static Characteristics 

The measured current-voltage characteristic of a diode connected 
n-channel transistor is shown as the bottom curve in Fig.3. The cur
rent I is indeed exponential in the voltage Vi. Under ideal conditions, 
the gate voltage V2 required to produce the same current I in the up-
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per transistor would be just twice Vi, as shown in the middle curve in 
Fig.3. However, the threshold voltage of the upper transistor changes as 
its source voltage changes. The effect is particularly pronounced for the 
feedback devices, which must be in the p-well where the doping is quite 
high. The gate voltage Vz required for a given current can be computed 
including this effect. The result of this computation is plotted as the 
top curve in Fig.3. The gate voltage is logarithmic in feedback current 
with a slope of 325m V /decade over five orders of magnitude. We would 
expect the output voltage of the receptor to follow the same logarithmic 
relationship to incident light intensity. 
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Figure 3: Sub-Theshold Characteristics of Feedback Element 

The measured output voltage of the receptor is plotted vs illumi
nation intensity in Fig.4. The data shown were taken by inserting the 
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appropriate number of lOx neutral-density filters between a standard 
incandescent source and the receptor. Care must be taken in such a mea
surement to avo.id scattered light. Even a small fraction of the incident 
light falling on the dark-colored ceramic package dominated the response 
at low light levels. In the present experiments, the output voltage was 
less than 0.1 Volt with a totally opaque filter. The optical density of 
the standard gelatin photographic filters used is quite accurate over the 
visible spectrum. However in the near infrared where the silicon detector 
has its maximum response, the absorption of a lOx filter has dropped by 
about a factor of 2. Calibration was done using a monochromatic source 
in the red where the filters were still accurate, and correcting readings 
made with the incandescent source to reflect the true absorption of the 
filters. 

The measured response of the receptor, shown in Fig.4, is logarithmic 
in light level over more than four orders of magnitude. The output voltage 
for all illumination levels is in the range where subsequent circuits can 
deal with it optimally. The slope of the curve agrees well with that 
of Fig.3. The most significant uncertainty in the measurement is the 
calibration of the filters, a process that is probably no better than ± 10%. 

The current gain of large substrate transistors like Q1 is typically 
103 . Using this value and the properties of the non-linear element, the 
absolute magnitude of the photocurrent can be inferred, and is shown 
on the bottom scale in Fig.4. The transistors in the receptor non-linear 
element were about ten times wider than those used for the measure
ments and computations in Fig.3, and this factor has been used to adjust 
the current scale. The smallest photocurrent shown is about 10-14 Amp, 
corresponding to about 105 absorbed photons/sec. The highest inten
sity on the plot is about 8 on the exposure-value EV scale. This value 
corresponds roughly to the light incident on the desk in a brightly lit 
pffi.ce. For higher intensities, the output voltage increases more rapidly 
than the logarithmic law, as Q5 cannot supply enough current to hold 
down the emitter of Q1. After Q1 reaches saturation, the output voltage 
still increases with illumination due to photocurrents in the darlington 
transistors. This fortuitous feature allows the receptor to exhibit useful 
response for output voltages from 2.6V all the way to the positive supply, 
and in the process adds a full order of magnitude to its dynamic range. 

4 Transient Response 

The response of the receptor to an abrupt increase in illumination 
follows roughly a single exponential form with time-constant proportional 
to the inverse of the final illumination. This finding suggests that the 
response time is limited by the rate at which the base current of the 
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Figure 4: Measured Response of Receptor 

photo-transistor can charge the collector-base capacitance. Indeed this 
effect dominates the transient response over the entire range of operation. 
In what follows, we will assume the operation of rest of the circuit is 
instantaneous. 

In the ideal case where the lifetime r of minority carriers in the base 
is Independent of minority carrier density p, both the emitter current le 
and the recombination current in the base Ir = le/ (J are proportional to 
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p. The simplest experiment that illustrates the transient behavior of the 
receptor over its entire operating range is the observation of its recovery 
when illumination is completely removed. In that case lg = 0, since 
no carriers are generated by the light, and the recombination current 
Ir discharges the collector-base capacitance C. Since the collector is 
connected to a constant voltage, the time derivative of the collector-base 
voltage is just the negative time derivative of the base voltage Vi measured 
with respect to ground. 

le= 1 = -Cavb 
(3 r at 

(4) 

To compute Vi, we characterize the amplifier Ai by its voltage gain 
A= V0 ut/Ve. The base voltage Vi is equal to the emitter voltage Ve plus 
the base-emitter voltage Vie = k'{ In le. Using these expressions and Eq.3, 
we can write the base voltage 

kT 1 
Vi = Vbe + Ve = - In le + - In le 

q o:A 
(5) 

Differentiating this expression for Vi and substituting into Eq.4, we 
obtain 

le = _Cale (kT + _l ) 
(3 le at q o:A 

(6) 

which can be written 

1 ale a ( 1) 1 
- Ie2 at= at le =(JC (k{ + a'A.) (7) 

This equation can be integrated directly to give 

1 1 t 
-- - -- + ------
Ie(t) - le{O) (JC ( k{ + a'A.) (8) 

Taking the logarithm and substituting into Eq.3, we obtain the time 
dependence of Vout 

Vout(t) = Vout(O) - ..!:_In (i + .!_) 
o: to 

(9a) 

Where 
(JC (kT 1 ) 

to = I(O) q + o:A (9b) 

For the implementation of Fig.2, A ~ 1 and hence to ~ (JC/ o:l(O). 
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Figure 5: Recovery of Receptor After Removal of Illumination 

A plot of the output voltage as a function of In t is shown in Fig.5. 
The curve is of the form predicted by Eq.9, with to :::::i 2 x 10-5sec. The 
slope 1 /a: for t ~ to is nearly 400 m V /decade, of which 325 m V /decade 
is directly attributable to the feedback network. Changes in Veb with 
current level for Q 1 or the darlington transistors have already been taken 
into account in Eq.9. They affect to and thus the overall time scale, but 
do not change the slope of Vout· Errors in measurement of illumination 
intensity or computation of the change in threshold voltage may account 
for as much as 30m V /decade. Two effects that cause the voltage to 
decrease faster than the simple model would indicate can be seen from 
Eq.9. As time progresses, the collector capacitance decreases, and the 
minority carrier lifetime decreases. While a precise solution is difficult, 
both effects can be viewed as slowly shifting t0 to smaller values as time 
progresses. Dependence of the collector capacitance C on Vi accounts for 
about 20 m V /decade additional slope. The additional increase in decay 
rate must be due to a decrease in minority carrier lifetime at very low 
carrier densities, represented in Eq.9 as a decrease in (3. This effect is 
well known in bipolar transistors. The striking fact is that the lifetime, 
and hence the current gain (3 has fallen by less than a factor of 5 at base 
currents of 10-14 Amp. In order to produce high-quality MOS devices, 
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surface effects that were responsible for the vast bulk of bipolar transistor 
problems have been· drastically reduced. The result is truly micro-power 
(or pico-power) bipolar devices. 

From Eq.9 it is clear that to can be reduced by making the voltage 
gain A of the amplifier larger. Intuitively, the feedback attempts to keep 
Ve constant. Larger gain allows a given change in output voltage to 
be produced with a smaller change in Ve. Smaller changes in Ve mean 
smaller changes in Vi and hence less charge that must be supplied to the 
collector-base capacitance. In the limit of large gain, to can be reduced 
to f3Cq/kTI(O), which is about a factor of 6 smaller than its value in 
the current implementation. Care should be taken in any such circuit to 
assure stability. If the amplifier introduces another time-constant near 
to at some level of illumination, a high gain can cause instability. A 
simple exercise of elementary control theory will suffice to keep one out 
of trouble. Even faster response can be achieved by feeding back the 
non-linear element to the base of the photo~transistor. Such devices have 
been fabricated; in addition to a much faster response they can operate 
to several orders of magnitude higher light level. However if low noise 
at low light levels is more important in a system context than very fast 
operation at high light levels, it is desirable to put the gain of the first 
bipolar transistor ahead of the noise introduced by the MOS feedback 
transistor Q7. 

5 Conclusion 

The receptor as it stands uses only devices available in garden-variety 
bulk cMOS. Its performance has convinced me that this process can be 
a serious contender for fully-integrated electronic vision systems. 
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