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Abstract— We present a fully-integrated analog CMOS image
centroid computation sensor. A 40x40 pixel array is designed and
fabricated in a 0.5-µm CMOS process. The proposed centroid
computation circuit achieves 7 times improvement in bandwidth
compared to similar circuits in the literature. Moreover, the
incorporation of a linearized transconductor improves precision
in the computed centroid. The sensor is designed to operate over
a wide range of photocurrents from 10 pA to 1 µA. Test results
of the proposed architecture verify its superior performance.

I. INTRODUCTION

Adaptive optics are used in applications such as target track-
ing, image stabilization, sun attitude detection, and wavefront
correction. These applications generally require a sensor to
compute the centroid of an image. An image centroid can
be thought of as the location of the center of mass of an
intensity pattern of an image. In a target tracking application,
for example, the computed two-dimensional centroid vector
can be output to a micro-controller, which in turn rotates a
two-dimensional mirror in order to keep the target centered in
the image.

Conventional centroid sensor architectures compute the two-
dimensional centroid vector digitally. In a conventional archi-
tecture, an entire frame of data is captured by a CCD or CMOS
image sensor and converted to digital data which is stored
temporarily and processed by a micro-controller or FPGA.
This process may be either too slow or power hungry, as
the designer trades off bandwidth (high frame rates and high
speed analog-to-digital conversion) and power consumption.
These factors demonstrate the need for a fast, low-power
fully-integrated image centroid computation sensor, in which
the centroid vector is computed simultaneously with the cap-
tured analog image data. Fully-intergrated image sensors that
compute the image centroid at the focal plane eliminate the
need for high-speed analog-to-digital conversion, memory for
temporary data storage, and digital processing, all of which
generally slow down and/or increase the power of the system.

In this paper, we present a centroid computation circuit
with much higher bandwidth and precision than previous
focal-plane centroid computation circuits in the literature. The
architecture of the centroid computation system is shown in
Fig. 1. It consists of a 40x40 CMOS pixel array and two
centroid computation circuits. The pixel array is designed
using continuous-time CMOS photodiodes. The photodiodes
convert the incident light to photocurrents that are proportional
to the incident light intensity. Using these photocurrents, the
centroid computation circuit computes the center of mass of
the image in the x− and y−dimensions.
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Fig. 1. Architecture of the proposed centroid computation sensor.

II. CENTROID COMPUTATION CIRCUITS

From [1], the equation for the centroid of an image is:

Cx =
∑

x xIx,y∑
x Ix,y

, Cy =

∑
y yIx,y∑
y Ix,y

(1)

where Ix,y is the light intensity at position (x, y), x and y are
the horizontal and vertical positions and Cx, Cy represent the
coordinates of the image centroid.

A. Deweerth Centroid Circuit

In [2], Deweerth proposed a simple, low-power centroid
computation sensor. A one-dimensional version of the circuit
is shown in Fig. 2. In this architecture, the continous-time
photocurrents, iPHi, where i = 1, 2, ... N is the photodiode
position, are connected to the tail of differential pairs M1,i-
M2,i. The gate of transistors M1,i are connected to a series
of equally-space position-encoded bias voltages VBi. These
bias voltages are generated by two externally-applied voltage
sources, VB1 and VBN , and a resistive ladder, as shown
in Fig. 2. The currents through transistors M1,i and diode-
connected transistors M2,i are summed to form the currents
iA and and iB , respectively. The current iA is mirrored
through M3-M4 and the difference taken at node vC , which
represents the centroid voltage. Through negative feedback to
the gates of transistors M2i, the difference current iA − iB
drives the voltage at node vC to that voltage that makes iB
equal to iA. At that point, vC is approximately equal to the
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centroid voltage, that is, the weighted average of photocurrents
generated by the image incident in the one-dimensional array.
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Fig. 2. One-dimensional centroid computation circuit with aggregation
network proposed by Deweerth [2].

Assuming the differential amplifiers are operating in sub-
threshold [3], the difference current iA − iB is expressed as

iA − iB =
∑

i

iPHi tanh
(
κ (VBi − vC)

2VT

)
(2)

where VT is the thermal voltage and κ is the sub-threshold
body coefficient, which ranges from 0.6 to 0.9. We compute
the centroid when iA = iB . For small values of x,

tanh(x) ≈ x (3)

Substituting (3) into (2) and equating to zero, we obtain the
expression for the centroid voltage as

vC ≈
∑

i iPHiVBi∑
i iPHi

(4)

The precision of the centroid computation is dependent on
the approximation in (3). A linearized tanh() function gives a
better approximation and, hence, a more precise value for vC .

B. Bashyam Centroid Circuit

A major drawback of the DeWeerth model in Fig. 2 is
low bandwidth. The large photodiode junction capacitance
CPH sees an effective input resistance of Rin,i at node VSi,
the source of the differential pair, where Rin,i = 1/(2gm,i).
Assuming subthreshold operation, gmi = κiPHi/(2VT ). The
dominant pole of the system, which occurs at node VSi, is

ω3dB =
1

CPHRin,i
=

κiPHi

CPHVT
(5)

In [4], Bashyam proposed a circuit that isolates the photo-
diode from the differential pair to achieve higher bandwidth.
As shown in Fig. 3(a), a 1:m PMOS current mirror is placed
before the differential pair, which is now PMOS. In the sub-
threshold region of operation, the diode-connected transistor
M5,i has the same input resistance 1/gm = VT /(κiPHi) as the
differential pair M1,i-M2,i in Fig. 2. Therefore, the dominant
pole is the same as in (5).
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1
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(b)

Rin=
1

AVgm
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miPHi

VBi vC

1           :         m
M5,i M6,i

M1,i M2,iM1,i M2,i

Fig. 3. (a) PMOS current mirror with same input resistance as that of the
differential pair and (b) active-input current mirror with high-gain feedback
amplifier with reduced input resistance.

In order to increase the bandwidth, Bashyam modified the
circuit by replacing the diode connection of transistor M5,i

with a transimpedance amplifier (TIA), forming an active-
input current mirror, as shown in Fig. 3(b). The input resis-
tance of the TIA is decreased by the gain of the feedback
amplifier AV and therefore the bandwidth increases. The
feedback amplifier implemented in [4] is a high-gain single-
stage amplifier.

The challenge of this circuit is that it is now a two-pole
system, with a pole at the input of the TIA (node VPHi) and a
pole at the output, VTIA. As capacitance CPH is much larger
than the parasitic capacitance at node VTIA, the dominant pole
is at the input. This dominant pole frequency is proportional
to the photocurrent, moving towards higher frequencies as the
photocurrent increases. As the dominant pole approaches the
fixed non-dominant pole at node VTIA, the feedback loop
becomes unstable. As such, we desire a TIA that renders the
system stable for a wide range of photocurrents.

III. PROPOSED CENTROID COMPUTATION CIRCUIT

The architecture of a one-dimensional version of the pro-
posed centroid computation circuit is shown in Fig. 4. In
contrast with the circuit of Fig. 2, an active-input current
mirror is used to isolate the large photodiode capacitances
CPH from the differential amplifiers. The main advantage of
this scheme is increased bandwidth. A second major advantage
of the proposed architecture is improved accuracy in the
centroid computation through the use of linearized differential
pairs. Referring to Fig. 4, the active-input current mirror
M5,i-M7,i has two output currents labeled miPHi. These
currents are input to a linearized PMOS differential pair using
symmetric diffusors [5]. A differential pair with symmetric
diffusors offers a linear range that is 3.5x that of the simple
differential pair [5]. Because of this linearizing technique, the
approximation in (3) is more nearly satisfied and the resulting
centroid voltage more precise.

A. Transimpedance Amplifier Operation

The transimpedance amplifier used in the proposed active-
input current mirror is shown in Fig. 5. The circuit design
is similar to that of a two-stage linear voltage regulator with
no compensation capacitor. When a voltage regulator drives a
large capacitive load, the dominant pole will be at the output
node and the non-dominant pole will be at the output of the
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Fig. 4. One-dimensional version of proposed centroid computational circuit.

first stage. Contrast this with a conventional two-stage high-
gain CMOS opamp, in which the dominant pole occurs at
the output of the first stage and the non-dominant pole at
the output of the second-stage. Because of the relatively large
output capacitance, CPH , a high-gain amplifier, as designed
by Bashyam [4], is not suitable in this application.
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Fig. 5. Proposed active-input current mirror using a two-stage voltage
regulator architecture.

Referring to Fig. 5, the first stage differential amplifier
formed with transistors M10-M13 is designed with low gain,
AV = Gm1R1, where the transconductance Gm1 = gm10

and the equivalent resistance to ground at node VTIA is
R1 = ro13||ro11. Low gain ensures that the non-dominant
pole at the output of the first stage is at high frequencies. The
second stage common-source amplifier formed by transistor
M5,i and the load current iPHi is designed for high gain.
In that way, the dominant pole at the output node is at as
low a frequency as possible. It is thus possible to achieve a
stable design over a very wide range of load currents with no
compensation capacitor. The advantage of no compensation
capacitor is extremely low silicon area.

B. AC Modeling

The small-signal model of the proposed active-input current
mirror circuit of Fig. 5 is shown in Fig. 6. The transcon-
ductance, output resistance, and output capacitance of the
first stage are Gm1, R1 and C1, respectively. The second
stage is similarly defined, except that the output capacitance
is CPH . Cgd is the parasitic gate-to-drain capacitance of

+

-

m1G vs m2G vTIA

vPHivTIA

R1 C1 R2
CPHvs

Cgd

Fig. 6. Small-signal model of the proposed active-input current mirror.

transistor M5,i. Equations for the open-loop gain A, two pole
frequencies ωp1 and ωp2, and high-frequency zero ωz are:

A = Gm1R1Gm2R2

ωp1 = 1/R2CPHi (6)
ωp2 = 1/R1(C1Cgd/CPHi + Cgd + C1)
ωz = −Gm2/Cgd

Assuming a single-pole response, when the loop is closed with
unity-gain, as shown by the dashed line in Fig. 5, the dominant
pole moves to ωp1A = Gm1R1Gm2/CPH . We thus achieve
high bandwidth at node VPHi.

IV. RESULTS

A. Simulation Results

The open-loop AC simulation is performed for the active-
input current mirror of Fig. 5 to find the DC gain, bandwidth
and phase margin for three different photocurrents (10 pA,
10 nA, 1 µA) is shown in Fig. 7. The proposed TIA is stable
with a phase margin greater than 50o over five orders of
magnitude in load current.

B. Experimental Results

A two-dimensional 40x40 array centroid computation sensor
is designed and fabricated in a 0.5-µm 2P3M CMOS process.
The system operates with supply voltages of ±0.9 V. Bias
voltages VB1 and VBN are 0 V and -600 mV, respectively.
The size of each pixel is 20.25 x 20.25 µm2, with a fill-
factor of 97%. Each pixel contains two photodiodes that
generate photocurrents for the x− and y−dimension centroid
computation circuits. The bias current Ib of each TIA is 2µA.
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Fig. 7. Simulated frequency response of the proposed active-input current
mirror for iPH= 10 pA, 10 nA and 1 µA.

A laser beam is used as an optical source for static testing.
Fig. 8(a) shows the measured row and column centroid volt-
ages for a laser spot of diameter 30 µm moving horizontally
along the 2nd row and Fig. 8(b) for the same spot moving
vertically along the 2nd column. The non-ideality are mainly
due to random offsets in the linearized differential pairs.

Fig. 8. Row and column centroid voltages for laser spot moving on (a) 2nd

row and (b) 2nd column.

To assess the improved accuracy of the proposed circuit in
computing the image centroid due to the use of a linearized
tanh() function, we performed static testing using two LED
sources. One light spot is centered on pixel (15,16) with a fixed
photocurrent of 70 nA, while the other spot is centered on pixel
(31,14), as shown in the inset of Fig. 9. The brightness of the
spot centered on pixel (31,14) inreases from a photocurrent
of 10 nA to 90 nA. Fig. 9 shows chip measurements of
the centroid value in the x− and y−dimensions, as well as
the theoretically calculated centroid, the simulated DeWeerth
centroid, and the simulated proposed centroid. From Fig. 9,
we see that the proposed model more precisely estimates the
image centroid than the DeWeerth model.

Using two LED sources centered at the 17th and 23rd pixels
in each dimension, a dynamic condition is created by applying
sinusoidal voltages to the LEDs using the same amplitude and
frequency, but with a phase difference of 180o. The amplitude
of the sinusoidally-varying centroid voltages was measuring
at a frequency of 10 Hz, and the frequency increased until

(15,16)

(31,14)

X-axis

Y
-a
x
is

Fig. 9. Comparison of theoretically calculated centroid, simulated DeWeerth
centroid circuit, simulated proposed circuit, and chip measurements for a fixed
photo-current of 70 nA for a spot centered at pixel (15,16) and variable photo-
current at for a spot centered at pixel (31,14). The inset shows the arrangement
of light spots on the sensor.

the measured amplitude dropped by 3dB to determine the
sensor bandwidth. These measurements were performed for
photocurrents with DC values of 2.2 nA and 11.6 nA and
AC amplitudes of 2 nA and 3.1 nA, respectively. Table I
compares the measured bandwidth of the proposed centroid
circuit of the Fig. 4 with and without the TIA used to create
the active-input current mirrors. The proposed centroid circuit
improves bandwidth by a factor of 5.7 to 8.6, with an average
improvement factor of 7.4. The power consumed by all 80
TIA’s is 292 µW.

TABLE I
MEASURED BANDWIDTH OF PROPOSED CENTROID COMPUTATION CIRCUIT

WITH AND WITHOUT TIA.
Centroid without TIA Centroid with TIA

iPH Row Column Row Column
2.2± 2.0 nA 1.0 kHz 1.5 kHz 8.6 kHz 8.5 kHz
11.6± 3.1 nA 7.1 kHz 7.9 kHz 55 kHz 61 kHz

V. CONCLUSIONS

In this paper, we presented a centroid computation system
with higher bandwidth and precision by implementing a sta-
ble active-input current mirror and linearization circuit. The
bandwidth is increased by 7 times and the TIA is stable for a
range of photocurrents from 10 pA to 1 µA.
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