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Abstract

We detail the design, simulation, layout, and testing of four analog VLSI subaper-

ture centroid circuits for use in an adaptive optics system. Each centroid circuit consists

of four large photo-transducers arranged in a 2 x 2 array and two current di�erencing

circuits. The di�erencing circuits compute the location of the image centroid relative

to the center of the array in the x- and y-directions. The total size of each centroid

circuit is 160�m x 160�m in a standard 1.2-�m CMOS process.

1 Introduction

Massively-parallel, micro-power analog integrated circuits �nd application in low-resolution,
high-bandwidth speech and image processing systems [1, 2, 3, 4]. We are currently developing
analog VLSI circuits for a continuously adaptive optical system that compensates for phase
aberrations in the wave-front [5]. The method we use for measuring the phase of the wave-
front employs a Hartmann sensor to divide the optical aperture into subapertures. The
centroid of the image in each subaperture is an estimate of the slope of the phase within
that subaperture. The phase can then be reconstructed from these slope estimates. Methods
for reconstructing the phase generally involve solving Poisson's equation in two-dimensions.
This reconstruction can be digital [6] or, as we describe in a companion paper, analog [7].
The analog solution tends to be much faster and more e�cient than the digital counterpart.
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In this work, we describe the design, simulation, layout, and chip measurements of four
proto-type subaperture centroid circuits. Each centroid circuit consists of four large photo-
sensors arranged in a square pattern and two di�erencing circuits, as shown in Fig. 1. The
two di�erencing circuits compute the location of the image centroid relative to the center of
the square pattern, one for the x-direction and the other for the y-direction. The total size
of the photo-transducers and di�erencing circuits is 160�m x 160�m, which conforms to the
size of a large lenslet array. The chip is fabricated in a standard 1.2-�m CMOS process.
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Figure 1: Centroid circuit block diagram. The photo-sensors are either photo-diodes or
photo-transistors. The loads are either passive or active. The double-di�erence circuits are
either N-input or P-input transconductors.

2 Circuit Description

In this section, we describe the three major subcircuits used to compute the subaperature
centroid: the photo-transducers, loads, and di�erencing circuits.

2.1 Photo-transducers

Photo-transducers that convert incoming photons into electrical current, or photo-current,
are compatible with standard CMOS processes [8]. Hence one of the main interests in CMOS
imagers [9], which combine small-area photo-diodes with active CMOS circuits. In this work,
we designed two types of photo-transducers, photo-diodes and the photo-transistors. The
photo-diode is formed by reverse biasing a region of n-type di�usion in the p-substrate, as
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depicted in Fig. 2(a). The photo-current is proportional to the intensity of the incoming
light. The photo-diode su�ers from a large parasitic capacitance which is proportional to
the area of the reverse-biased pn junction. This parasitic capacitance, multiplied by the
input resistance of the load (discussed below), determines the minimum response time of the
photo-diode.

A photo-transistor is formed using a substrate PNP bipolar transistor with the base
terminal left open. The emitter of the PNP transistor is made with a region of p-type
di�usion, the base is made with an n-well and the collector is the p-substrate. The layers
and electrical connections of the photo-transistor are given in Fig. 2(b). The main advantage
of the photo-transistor is that photo-currents generated at the collector-base junction are
multiplied by the current gain � of the PNP transistor. Typical values of � are 200-300. One
disadvantage of the photo-transistor is increased silicon area compared to the photo-diode.
The second is slower minimum response time. The large junction capacitance associated
with the reverse-biased collector-base junction sees a minimum load resistance of r�, the
small-signal resistance looking into the base-emitter junction. Thus, the minimum response
time is �xed internally for the photo-transistor, whereas for the photo-diode it depends on
the input resistance of the load.

In our proto-type circuit, we chose to build both types of photo-transducers in order to
begin to investigate these tradeo�s.
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Figure 2: Layers and electrical connections of (a) photo-diode and (b) photo-transistor.

2.2 Photo-current Loads

The output of the photo-transducer is a small photo-current, generally in the pico-amp to
nano-amp range. The photo-current is transformed into a voltage using a load. In this work
we implemented both an active and passive load. The active load uses an NMOS transistor
that is in the feedback loop of a single-ended cascode ampli�er, as shown in Fig. 3(a) [8].
The net e�ect of the feedback is to reduce the input resistance by a factor equal to the open-
loop gain of the ampli�er, which is on the order of 400 if all transistors are biased in the
subthreshold region. Without the feedback ampli�er, the photo-current would see an input
resistance of 1=gm2, which is the small-signal resistance looking into the source of M2. This
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input resistance is inversely proportional to the photo-current. Thus, at low light levels, the
photo-transducer responds more slowly. The single-ended ampli�er formed by transistors
M1, M3, and M4 has an approximate gain of �gm1=gd4, where gm1 is the transconductance
ofM1, and gd4 is the output conductance at the drain ofM4. Including the e�ect of feedback,
therefore, the small-signal input resistance is reduced to:

rin =
1

gm2

1

1 + gm1=gd4
�

gd4
gm1gm2

(1)

If this load is used in conjunction with the photo-diode, minimum response times are corre-
spondingly reduced.

The passive load uses two diode-connected PMOS transistors with no feedback, as shown
in Fig. 3(b) [10]. The main advantages of the passive load are reduced silicon area and
power consumption as compared to the active load. The disadvantage of the passive load is
increased input resistance, resulting in increased response times. The input resistance of the
passive load is simply

rin =
1

gm3

(2)

which is approximately 400 times higher than that of the active load.
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Figure 3: Photo-current loads: (a) active and (b) passive.
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2.3 Di�erencing Circuits

The photo-voltages, formed by photo-transducers and loads, are used as input to two di�er-
encing circuits, one which computes di�erence between the photo-currents in the x-direction
and the other in the y-direction. The di�erencing circuits of Fig. 4 are double-di�erential
transconductance ampli�ers. They each have two positive input voltage signals, two neg-
ative input voltage signals, and a single output current. As depicted in Fig. 1, the two
photo-transducers in the positive x-direction compete with the two photo-transducers in the
negative x-direction to form an output current that is proportional to the di�erence in photo-
currents. The constant of proportionality is approximately the ampli�er bias current divided
by the total photo-current [11]. Thus, the computation of image centroid is independent of
absolute light intensity.
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Figure 4: Double-di�erential transconductors: (a) NMOS input and (b) PMOS input.

The active load in Fig. 3(a) uses NMOS transistors, producing a photo-voltage which
increases with increasing photo-current relative to VSS. Therefore an N-input di�erencing
circuit is appropriate. On the other hand, the passive load in Fig. 3(b) uses PMOS tran-
sistors, generating a photo-voltage which decreases with increasing photo-current relative to
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VDD. Therefore, a P-input di�erencing circuit is more appropriate. Thus, in all our designs
we match N-input di�erencing circuits with active loads and P-input di�erencing circuits
with passive loads.

3 Results

Circuit design, veri�cation, and layout were accomplished using EDA software from Tanner
Research. Chips measurements were done with standard laboratory equipment.

3.1 Simulations

We simulated all circuits using the T-SPICE Level V MOS transistor model. The Level V
model is based on physical parameters and is accurate in both the subthreshold and above
threshold regions of operation. In Fig. 5(a), we show the combination of simulated photo-
diode currents with active loads and an N-input transconductor. The di�erential photo-diode
currents are in the range of 0-100 pA. As one of the photo-diode currents increases, the
other decreases, such that their sum is constant at 100 pA. These photo-diode currents are
converted to di�erential voltages as shown on the top chart of Fig. 5(a). The photo-voltages
are then input to the di�erencing circuit, which is biased at 1 �A. The output current, shown
in the bottom chart, is approximately linear over the entire range of input currents.

Fig. 5(b) combines simulated photo-transistor currents with passive loads and an P-input
transconductor. Di�erential photo-transistor currents range from 0 to 10 nA, such that their
sum is constant at 10 nA. These photo-currents are converted to di�erential voltages as
shown on the top chart of Fig. 5(b). The photo-voltages are then input to the di�erencing
circuit, which is biased at 1 �A. The output current, shown below, is linear over most of the
range of input currents.

3.2 Chip Layout and Measurements

In the proto-type integrated circuit that was recently sent for fabrication, we combined the
two types of loads, active and passive, with the two types of photo-transducers, photo-diodes
and photo-transistors. Thus, in total, we designed four types of centroid circuits. All of these
circuits lay on a square grid of 160�m x 160�m, which is the subaperture size of a readily
available lenslet array.

We performed two electro-optical experiments, one to test photo-transducers and loads
and the other to test centroid circuits. In the �rst experiment, we measured photo-voltages
as a function of ambient lighting conditions for each of the four combinations of photo-
transducer and load. The results of these tests are shown in Fig. 7(a). Two general features
are notable in these graphs. First, we note that the passive load is more sensitive than the
active load for DC lighting conditions. The di�erence between the voltages for 'O�ce' and
'Dark' is approximately 0.6 V for the passive load, whereas it is only 0.3 V for the active
load. Second, we see that photo-transistor currents are indeed much larger than photo-diode
currents. The di�erence in voltages is approximately 0.3 V for the passive load and 0.15 V
for the active load.
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Figure 5: T-SPICE simulation of two centroid circuits in a single dimension, x or y. (a)
Di�erential simulated photo-diode currents in the range of 0-100 pA are fed into two active
loads producing di�erential voltages, Vph+ and Vph�, in the top graph. The output current
of the N-input transconductor is shown underneath, where Ib;n = 1�A. (b) Di�erential
simulated photo-transistor currents in the range of 0-10 nA are fed into two passive loads
producing photo-voltages, Vph+ and Vph�, in the top chart. The output current of the P-input
transconductor is shown underneath, where Ib;p = 1�A.

We measured two of the four centroid circuits on an optical breadboard. The light source
was a 5 mW laser beam, which was attenuated down to approximately 5 �W and focused
to a spot approximately 10 � in diameter. We �rst veri�ed that the photo-voltages were
operating as expected. The photo-voltages that we measured with the laser beam focused
on one photo-diode correspond to bright lighting conditions. Then we scanned the chip in
the y-direction in steps of 20 �m. Finer step sizes were not possible with the equipment
available. Moreover, we could not make calibrated movements in the x-direction, so that
axis remained �xed throughout the tests.

Fig 7(b) shows measurement results of two centroid circuits. The top chart describes
the static behavior of the centroid circuit using photo-transistors with passive loads and P-
input transconductors. The bottom chart is for photo-diodes with active loads and N-input
transconductors. We took two measurements of each type. The major observation that we
obtain from Fig. 7(b) is that the passive load is again more sensitive than the active load.
In moving the chip a total of 80 �m, the output current changed from �0:7 �A to +0:6 �A
for the passive load, whereas the output current only changed from �0:3 �A to +0:2 �A for
the active load. All of the curves appear linear, however, �ve data points per line is hardly
conclusive.
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Figure 6: Layout of a centroid circuit that is made up of four photo-diodes, four active loads,
and two double-di�erential N-input transconductors in a 1.2 �m process.

4 Discussion and Conclusion

The N-input and P-input double-di�erential transconductors were all biased at 1 �A, which
is very nearly above threshold. Such a large bias current facilitates chip measurements. In
the complete adaptive optical system, such a large current seems hardly necessary.

The sensitivity of the active load can be increased if the source of transistor M2 in
Fig. 3(a) is degenerated using, for example, a diode-connected transistor. In this case, the
sensitivity of the active and passive loads would be approximately equal.

One of the challenges in laying out photo-transducers in the 1.2-�m CMOS process is that
the second level of metal must be reserved to block light from reaching surrounding circuitry.
If this were not done, source and drain regions in the bulk would experience extremely high
leakage currents. Thus, there remain only two layers for interconnections, Metal1 and Poly.
In a process with more metal layers, more dense layouts would be possible.

Chip measurements were di�cult, since our VLSI laboratory is not set up for optical
measurements. We intend to perform calibrated electro-optical tests of these centroid circuits
using more sophisticated instrumentation. In static measurements, we will examine the
linearity of the centroid computation in both the x- and y-directions. We will also attempt
to verify that the centroid computation is independent of the absolute light intensity. In
dynamic measurements, we will determine the minimum response times for the centroid
circuits as a function of light intensity. We expect the photo-diode with active load to be
the clear winner in the dynamic tests.

In conclusion, we have reported on the design, simulation, layout, and testing of four
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Figure 7: Chip measurements. (a) Photo-voltages of each combination of photo-sensor and
load type under various lighting conditions. Two measurements of each combination are
shown. (b) Measurements of the output current in the y-direction for the photo-transistor
with passive load (top) and photo-diode with active load (bottom). Two measurements of
each combination are shown.

proto-type analog VLSI subaperture centroid circuits for use in an adaptive optical system.
These centroid circuits consist of four large photo-transducers arranged in a 2 x 2 array and
two current di�erencing circuits. The total size of each centroid circuit is 160�m x 160�m
in a standard 1.2-�m CMOS process. Chip measurements verify functionality of the design.

Acknowledgements

Special thanks to John Schi� for taking all the chip measurements and Mike Giles for setting
up the electro-optical tests.

References

[1] C.A. Mead. Analog VLSI and Neural Systems. Addison-Wesley, Reading, MA, 1989.

[2] A.G. Andreou, R.C. Meitzler, K. Strohbehn, and K.A. Boahen. Analog VLSI neuromor-
phic image acquisition and pre-processing systems. Neural Networks, 8(7/8):1323{1347,
1995.

[3] P.M. Furth and A.G. Andreou. A design framework for low power analog �lter banks.
IEEE Trans. Circ. and Syst., 42(11):966{971, November 1995.



10

[4] T.G. Morris and S.P. DeWerth. Analog VLSI morphological image-processing circuit.
Electronics Letters, 31(23):1998{1999, Nov. 1995.

[5] N. Clark. Real-time adaptive optics, Jan. 1997. Patent pending.

[6] D.A. Montera, B.M. Welsh, M.C. Roggemann, and D.W. Ruck. Use of arti�cial neural
networks for Hartmann-sensor lenslet centroid estimation. Applied Optics, 35(29):5747{
5757, Oct. 1996.

[7] P.M. Furth and N. Clark. A two-dimensional poisson-equation solver implemented in
analog VLSI. In Proc. 7th NASA Symp. VLSI Design, Albuquerque NM, Oct. 1998.

[8] T. Delbruck and C.A. Mead. Analog VLSI analog phototransduction by continuous-
time, adaptive, logarithmic photoreceptor circuits. Technical Report CNS Memo No.
30, Cal. Inst. of Tech., Pasadena, CA, Apr. 1996.

[9] E.R. Fossum. Cmos image sensors: electronic camera-on-a-chip. IEEE Trans. Electron

Devices, 44(10):1689{1698, Oct. 1997.

[10] M.A. Mohawald and C.A. Mead. Silicon retina. In Analog VLSI and Neural Systems,
pages 257{278. Addison-Wesley, Reading, MA, 1989.

[11] A.G. Andreou and K.A. Boahen. Tranlinear cicuits in subthreshold CMOS. J. Analog
Integ. Circ. Sig. Proc., 9:141{166, Mar. 1996.


