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AbStl.8Ct 
A novel current diffeamtiator capable of diffcrmhthg a 

step current with step size as low as NpA is described. It 
requires only four MOSFETs and consumes less than 10-8 
W power. This makcs the novel ament differentiator, 
called the CUrrent-Mirror (CM) differentiator, a suitable 
building blocks for the implementation of motion-detecting 
imagers with medium pixel density (= 60 pixels / m2). 

1. Introduction 
The visual systems in most a n b a l s  have image-motion 

detection capabihties. An animal cannot be in its most 
alert state constantly in order to guard itself against preda- 
tors. To conserve energy and to prevent fatigue, n a t u ~ ~  has 
given most animals specialized motion-detecting neurons. 
Whenever triggered by a moving image, these motion- 
detecting neuron will send an alerting signal to the central 
nervous system. In this way, the animal will be excited into 
its highest state of awareness only when a moving object is 
approaching. 

The vast majority of artilicial vision systems do not have 
an integrated motion-detecting capability. This makes 
vision systems, such as those used in security surveillance, 
less than ideally cost effective. Thus, in most cases, the 
amount of redundant information generated by these sys- 
tems is far too large to be stored in memory devices. 

Image-motion detection can be done either by a digital or 
analog processor. Using a digital processor requires that 
analog signals generated by the pixels of an imager be digi- 
tized by an A/D converter. Random Access Memory 
(RAM) is used to store one or more previous image frame 
and intermediate data generated by the processor. Thus, 
using a digital approach to image-motion detection requires 
the AD converter, the digital processor and the RAM to be 
operated at full capacity constantly with correspondingly 
large consumption of power. Moreover, the practical 
difficulty of integrating an A/D converter with each pixel 
results in the sequential digitization of the image. Thus, 
parallel processing is severely limited. 

Alternatively, image-motion detection can be done by a 
temporal differentiator integrated with each pixel [l] BS 

illustrated in Fig. 1. Current differentiation can be per- 
formed directly using an inductor. However, on a VLSI 
chip, inductors cannot be implemented easily or economi- 
cally. Discrete-time current differentiation can be per- 

fomnxl using current-copier cells [2]. But unfortunately, 
switching noise limits the usefulness of the current-copiers 
in low-current applications [3,4,5]. 

2. Current-mirror (CM) differentiator 
In this paper, a novel approach to current differentiation 

based on the current mirror shown in Fig. 2 will be 
described. A transconductance amplifier with its output 
driving a capacitor is added in the feedback loop of the 
mirror to convert it into a current diffefentiator. The input 
current is injected into node A and the output voltage is 
observed at the same node. Analysis of the circuit shows 
that 
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where Grnc is the gain of the transconductance amplifier, 
gm is the transconductance of the individual transistor and 
r02 is the output resistance of transistor n2. 
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Thus, the output voltage is the time derivative of the 
input current. 

When a step current, is injected into node A, the gate 
voltage of nl cannot rise instantly to increase the drain 
current of n2 due to delay in charging C. This leads to a 
large overshoot of the output voltage as shown in Fig. 3. If 
the inputcurrent step size is large enough, the output vol- 
tage saturates at its maximum value, V-, as shown in 
Fig. 4. If at tl  and t 2 ,  the output voltage is l/fl V-, the 
response time of the CM differentiator, TR, can be defined 
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If at t = =, Vo = V,, the output response of the CM dif- 
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ferentiator, OR, can be defined as 
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Neglecting the rise time of the output voltage, the 
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response time of the CM differentiator can be expressed as 



where i- is the maximum output current of the transcon- 
ductance amplifier, and Ai is the step size of the input 
current. Ideally, the value of OR should be as close to one 
as possible, and the response time should be in the mil- 
isecond range. 

3. Design considerations 
To achieve analog VLSI density, a very simple 

transconductaneamplifier configuration must be used. 
This leads to a large input-offset voltage. However, in the 
present design, the transconductance amplifier is part of the 
negative feedback loop which greatly reduces potential 
current mismatch due to the input-offset voltage of the 
transconductance ampliiier. For example, using an input- 
offset voltage of 1V and an input current of 10 nA, the 
mismatch of the drain currents of n2 and ng can be shown 
to be less than 10%. The simplest available transconduc- 
tance amplifier is the MOSFET itself, in which case the 
basic CM differentiator is as shown in Fig. 5. Note that the 
sourcing cuxrent of the transconductance amplifier is lim- 
ited by zbi(u. However, the sinking current of the uanscon- 
ductance amplifier is much larger. This makes the CM dif- 
ferentiator much more sensitive to positive than to negative 
steps of input current. Equal sensitivity to positive and 
negative steps can be achieved by adding a current source 
(2 I h )  in series wth the arain ofp 1 to the CM%iffcrentia- 
tor. 

If the series resistance of the capacitor is m, the con- 
ventional voltage differentiator using an R-C network and 
an opamp wil l  Werentiate an inhiEly small step voltage 
to produce an output voltage proportional to the rate of 
change of the input voltage. As a result, high frequency 
noise can cause the Merentiator output to be useless. 
However, in the CM differentiator this problem is under 
controk The sensitivity of the CM differentiator is a func- 
tion of the dc input Current which controls the output 
impedance of n2 in Fig. 2. In a noisy environment, the dc 
input current (produced by an independent current source) 
should be increased to reduce r,p, and thus the sensitivity 
of the CM differentiator. As long as the input current is 
much larger than the ndise current, the CM differentiator 
can be biased in such a way that its response wil l  be dom- 
inated by the step input current. 

The CM differentiator will not oscillate unless the 
parasitic capacitance, Cb, at node A is infinitely large. 
However, to avoid excessive ringing, the following condi- 
tions must be met, 

c > 4 2 2  ~ m ( g r n 1 / / g r n 3 ) ~ i n .  (6) 
Note that condition (6) is easily met by the CM differen- 

tiator with very small I b h .  

4. CMOS implementation 
The CM differentiator shown in Fig. 6 has been imple- 

mented using 3 p  CMOS technology. Note that a 
voltage-to-current conversion circuit has been added to the 
output of the CM differentiator. This allows the output sig- 
nals of all pixels to be summed and thus to implement a 
wired-OR function, used to generate an intempt signal for 
the A/D converter and the associated micropmessor when- 
ever a moving image is detected. A photodiode is used to 
supply the input current. The layout and the micrograph of 
the CM differentiator are shown in Fig. 7. The micrograph 
shows only the photodiode and the second-layer metal 
which shields the majority of the CM differentiator from 
light. The output current id4 which mirrors the input 
cunent, provides a means for measuring the input current 
indirectly. To avoid loading node A while the output vol- 
tage is measured, a pMOSFET connected in the common- 
drain configuration with an uncommitted s o m e  is used to 
buffer that nsde. Fig. 8 shows the output voltage of the CM 
differentiator (lower trace) and the voltage across a LED 
(upper trace) illuminating the photodiode. The measured 
output voltages for input currents with step sizes of 20 pA 
to 1.2 nA are shown in Fig. 9. 

The experimentally obtained OR and TR as functions of 
IF / I s  and the slew rate of the input current, are shown in 
Figs 10 and 11. The value of Is for all cases is 80 PA. The 
experimental results clearly show that the CM differentia- 
tor is well-suited for applications where the input current is 
in the nanoampere range, such as motion detection. 

5. Conclusion 
A novel current differentiator, called the Current-Mirror 

(CM) differentiator, has been presented. The CM differen- 
tiator can differentiate an input current with a step size in 
the range of a few nanoamperes. The small area (0.022 
nun2 - including the capacitor and the photosensors) occu- 
pied by the CM differentiitor makes it very suitable for 
VLSI applications in the area of motion detection. 
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Fig. 1: Motion detection using temporal differentiation of 
the output of the pixel. 

Fig. 4: The output voltage of the overdriven CM differen- 
tiator. 
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Fig. 5:  The basic CM differentiator. 

Fig. 2: The CM differentiator. 
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Fig. 3: The waveforms of (a) the input current and (b) the 
output voltage. 
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Fig. 6: The experimental CM differentiator. 
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Fig. 7: (a)The layout and (b) the micrograph of the CM dif- 
ferentiator. 
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Fig. 8: The output voltage of the CM diffexentiator (lower 
trace). The upper trace is the voltage across an illuminating 
LED. The step size of the input current is less than 10 nA. 
The vertical scales are SV/div (upper trace) and 2V/div 
(lower trace). The horizontal scale is 2ms/div. 
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Fig. 9: The output voltage of the CM differentiator. The 
step sizes of the input current are (a) 20 PA, (b) 45 PA, ( c )  
106 pA and (d) 1.2 nA. The vertical scale is 1V/div and the 
horizontal scale is 2ms/div. (ms) 
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Fig. 10: The measured Output response (OR) and Response 
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Fig. 11: The measured Output response (OR) and Response 
time (TR) as functions of the slew rate of the input current. 
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