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Walt Kester, Scott Wurcer, Chuck Kitchin

Many popular sensors have output impedances greater than several MΩ, and the
associated signal conditioning circuitry must be carefully designed to meet the
challenges of low bias current, low noise, and high gain. A large portion of this
section is devoted to the analysis of a photodiode preamplifier. This application
points out many of the problems associated with high impedance sensor signal
conditioning circuits and offers practical solutions which can be applied to
practically all such sensors. Other examples of high impedance sensors discussed
are piezoelectric sensors, charge output sensors, and charge coupled devices (CCDs).

Figure 5.1

PHOTODIODE PREAMPLIFIER DESIGN

Photodiodes generate a small current which is proportional to the level of
illumination. They have many applications ranging from precision light meters to
high-speed fiber optic receivers.

Figure 5.2

The equivalent circuit for a photodiode is shown in Figure 5.3. One of the standard
methods for specifying the sensitivity of a photodiode is to state its short circuit
photocurrent (Isc) at a given light level from a well defined light source. The most
commonly used source is an incandescent tungsten lamp running at a color
temperature of 2850K. At 100 fc (foot-candles) illumination (approximately the light
level on an overcast day), the short circuit current is usually in the picoamps to
hundreds of microamps range for small area (less than 1mm2) diodes.

Figure 5.3

The short circuit current is very linear over 6 to 9 decades of light intensity, and is
therefore often used as a measure of absolute light levels. The open circuit forward
voltage drop across the photodiode varies logarithmically with light level, but,
because of its large temperature coefficient, the diode voltage is seldom used as an
accurate measure of light intensity.

The shunt resistance RSH is usually in the order of 1000MΩ at room temperature,
and decreases by a factor of 2 for every 10ºC rise in temperature. Diode capacitance
CJ is a function of junction area and the diode bias voltage. A value of 50pF at zero
bias is typical for small area diodes.

Photodiodes may either be operated with zero bias (photovoltaic mode, left) or
reverse bias (photoconductive mode, right) as shown in Figure 5.4. The most precise
linear operation is obtained in the photovoltaic mode, while higher switching speeds
are realizable when the diode is operated in the photoconductive mode at the
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expense of linearity. Under these reverse bias conditions, a small amount of current
called dark current will flow even when there is no illumination. There is no dark
current in the photovoltaic mode. In the photovoltaic mode, the diode noise is
basically the thermal noise generated by the shunt resistance. In the
photoconductive mode, shot noise due to conduction is an additional source of noise.
Photodiodes are usually optimized during the design process for use in either the
photovoltaic mode or the photoconductive mode, but not both. Figure 5.5 shows the
photosensitivity for a small photodiode (Silicon Detector Part Number SD-020-12-
001), and specifications for the diode are summarized in Figure 5.6. This diode was
chosen for the design example to follow.

Figure 5.4

Figure 5.5

Figure 5.6

A convenient way to convert the photodiode current into a usable voltage is to use
an op amp as a current-to-voltage converter as shown in Figure 5.7. The diode bias
is maintained at zero volts by the virtual ground of the op amp, and the short circuit
current is converted into a voltage. At maximum sensitivity, the amplifier must be
able to detect a diode current of 30pA. This implies that the feedback resistor must
be very large, and the amplifier bias current very small. For example, 1000MΩ will
yield a corresponding voltage of 30mV for this amount of current. Larger resistor
values are impractical, so we will use 1000MΩ for the most sensitive range. This
will give an output voltage range of 10mV for 10pA of diode current and 10V for
10nA of diode current. This yields a range of 60dB. For higher values of light
intensity, the gain of the circuit must be reduced by using a smaller feedback
resistor. For this range of maximum sensitivity, we should be able to easily
distinguish between the light intensity on a clear moonless night (0.001fc) and that
of a full moon (0.1fc)!

Figure 5.7

Notice that we have chosen to get as much gain as possible from one stage, rather
than cascading two stages. This is in order to maximize the signal-to-noise ratio
(SNR). If we halve the feedback resistor value, the signal level decreases by a factor
of 2, while the noise due to the feedback resistor ( 4kTR.Bandwidth) decreases by
only 2. This reduces the SNR by 3dB, assuming the closed loop bandwidth remains
constant. Later in the analysis, we will see that the resistors are one of the largest
contributors to the overall output noise.

To accurately measure photodiode currents in the tens of picoamps range, the bias
current of the op amp should be no more than a few picoamps. This narrows the
choice considerably. The industry-standard OP07 is an ultra-low offset voltage
(10µV) bipolar op amp , but its bias current is 4nA (4000pA!). Even super-beta
bipolar op amps with bias current compensation (such as the OP97) have bias
currents on the order of 100pA at room temperature, but may be suitable for very
high temperature applications, as these currents do not double every 10ºC rise like
FETs.  An FET-input electrometer-grade op amp is chosen for our photodiode
preamp, since it must operate only over a limited temperature range. Figure 5.8
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summarizes the performance of several popular "electrometer grade" FET input op
amps. These devices are fabricated on a BiFET process and use P-Channel JFETs
as the input stage (see Figure 5.9). The rest of the op amp circuit is designed using
bipolar devices. The BiFET op amps are laser trimmed at the wafer level to
minimize offset voltage and offset voltage drift. The offset voltage drift is minimized
by first trimming the input stage for equal currents in the two JFETs which
comprise the differential pair. A second trim of the JFET source resistors minimizes
the input offset voltage. The AD795 was selected for the photodiode preamplifier,
and its key specifications are summarized in Figure 5.10.

Figure 5.8

Figure 5.9

Figure 5.10

Since the diode current is measured in terms of picoamperes, extreme attention
must be given to potential leakage paths in the actual circuit. Two parallel
conductor stripes on a high-quality well-cleaned epoxy-glass PC board 0.05 inches
apart running parallel for 1 inch have a leakage resistance of approximately 1011
ohms at +125oC. If there is 15 volts between these runs, there will be a current flow
of 150pA.

The critical leakage paths for the photodiode circuit are enclosed by the dotted lines
in Figure 5.11. The feedback resistor should be thin film on ceramic or glass with
glass insulation. The compensation capacitor across the feedback resistor should
have a polypropylene or polystyrene dielectric. All connections to the summing
junction should be kept short. If a cable is used to connect the photodiode to the
preamp, it should be kept as short as possible and have Teflon insulation.

Figure 5.11

Guarding techniques can be used to reduce parasitic leakage currents by isolating
the amplifier's input from large voltage gradients across the PC board. Physically, a
guard is a low impedance conductor that surrounds an input line and is raised to
the line's voltage. It serves to buffer leakage by diverting it away from the sensitive
nodes.

The technique for guarding depends on the mode of operation, i.e., inverting or non-
inverting. Figure 5.12 shows a PC board layout for guarding the inputs of the
AD795 op amp in the DIP ("N") package. Note that the pin spacing allows a trace to
pass between the pins of this package. In the inverting mode, the guard traces
surround the inverting input (pin 2) and run parallel to the input trace. In the
follower mode, the guard voltage is the feedback voltage to pin 2, the inverting
input. In both modes, the guard traces should be located on both sides of the PC
board if at all possible and connected together.

Things are slightly more complicated when using guarding techniques with the
SOIC surface mount ("R") package because the pin spacing does not allow for PC
board traces between the pins. Figure 5.13 shows the preferred method. In the
SOIC "R" package, pins 1, 5, and 8 are "no connect" pins and can be used to route



HIGH IMPEDANCE SENSORS

5.4

signal traces as shown. In the case of the follower, the guard trace must be routed
around the –VS pin.

Figure 5.12

Figure 5.13

For extremely low bias current applications (such as using the AD549 with an input
bias current of 100fA), all connections to the input of the op amp should be made to
a virgin Teflon standoff insulator ("Virgin" Teflon is a solid piece of new Teflon
material which has been machined to shape and has not been welded together from
powder or grains). If mechanical and manufacturing considerations allow, the
inverting input pin of the op amp should be soldered directly to the Teflon standoff
(see Figure 5.14) rather than going through a hole in the PC board. The PC board
itself must be cleaned carefully and then sealed against humidity and dirt using a
high quality conformal coating material.

Figure 5.14

In addition to minimizing leakage currents, the entire circuit should be well
shielded with a grounded metal shield to prevent stray signal pickup.

PREAMPLIFIER OFFSET VOLTAGE AND DRIFT ANALYSIS

An offset voltage and bias current model for the photodiode preamp is shown in
Figure 5.15. There are two important considerations in this circuit. First, the diode
shunt resistance (R1) is a function of temperature - it halves every time the
temperature increases by 10ºC. At room temperature (+25ºC) , R1 = 1000MΩ, but at
+70ºC it decreases to 43MΩ. This has a drastic impact on the circuit DC noise gain
and hence the output offset voltage. In the example, at  +25ºC the DC noise gain is
2, but at +70ºC it increases to 24.

The second difficulty with the circuit is that the input bias current doubles every
10ºC rise in temperature. The bias current produces an output offset error equal to
IBR2. At +70ºC the bias current increases to 24pA compared to its room
temperature value of 1pA. Normally, the addition of a resistor (R3) between the
non-inverting input of the op amp and ground having a value of R1||R2 would yield
a first-order cancellation of this effect. However, because R1 changes with
temperature, this method is not effective. In addition, the bias current develops a
voltage across the R3 cancellation resistor, which in turn is applied to the
photodiode, thereby causing the diode response to become nonlinear.

The total referred to output (RTO) offset voltage errors are summarized in Figure
5.16. Notice that at +70ºC the total error is 33.24mV. This error is acceptable for the
design under consideration. The primary contributor to the error at high
temperature is of course the bias current. Operating the amplifier at reduced supply
voltages, minimizing output drive requirements, and heat sinking are some ways to
reduce this error source. The addition of an external offset nulling circuit would
minimize the error due to the initial input offset voltage.

Figure 5.15
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Figure 5.16

THERMOELECTRIC VOLTAGES AS SOURCES OF INPUT OFFSET VOLTAGE

Thermoelectric potentials are generated by electrical connections which are made
between different metals at different temperatures. For example, the copper PC
board electrical contacts to the kovar input pins of a TO-99 IC package can create
an offset voltage of 40µV/oC when the two metals are at different temperatures.
Common lead-tin solder, when used with copper, creates a thermoelectric voltage of
1 to 3µV/oC. Special cadmium-tin solders are available that reduce this to 0.3µV/oC.
(Reference 4, p. 127). The solution to this problem is to ensure that the connections
to the inverting and non-inverting input pins of the IC are made with the same
material and that the PC board thermal layout is such that these two pins remain
at the same temperature. In the case where a Teflon standoff is used as an
insulated connection point for the inverting input (as in the case of the photodiode
preamp), prudence dictates that connections to the non-inverting inputs be made in
a similar manner to minimize possible thermoelectric effects.

PREAMPLIFIER AC DESIGN, BANDWIDTH, AND STABILITY

The key to the preamplifier AC design is an understanding of the circuit noise gain
as a function of frequency. Plotting gain versus frequency on a log-log scale makes
the analysis relatively simple (see Figure 5.17). This type of plot is also referred to
as a Bode plot. The noise gain is the gain seen by a small voltage source in series
with the op amp input terminals. It is also the same as the non-inverting signal
gain (the gain from "A" to the output). In the photodiode preamplifier, the signal
current from the photodiode passes through the C2/R2 network. It is important to
distinguish between the signal gain and the noise gain, because it is the noise gain
characteristic which determines stability regardless of where the actual signal is
applied.

Figure 5.17

Stability of the system is determined by the net slope of the noise gain and the open
loop gain where they intersect. For unconditional stability, the noise gain curve
must intersect the open loop response with a net slope of less than 12dB/octave
(20dB per decade). The dotted line shows a noise gain which intersects the open loop
gain at a net slope of 12dB/octave, indicating an unstable condition. This is what
would occur in our photodiode circuit if there were no feedback capacitor (i.e. C2 =
0).

The general equations for determining the break points and gain values in the Bode
plot are also given in Figure 5.17. A zero in the noise gain transfer function occurs
at a frequency of 1/2πτ1, where τ1 = R1||R2(C1 + C2). The pole of the transfer
function occurs at a corner frequency of 1/2πτ2, where τ2 = R2C2 which is also equal
to the signal bandwidth if the signal is applied at point "B". At low frequencies, the
noise gain is 1 + R2/R1. At high frequencies, it is 1 + C1/C2. Plotting the curve on
the log-log graph is a simple matter of connecting the breakpoints with a line having
a slope of 45º. The point at which the noise gain intersects the op amp open loop
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gain is called the closed loop bandwidth. Notice that the signal bandwidth for a
signal applied at point "B" is much less, and is 1/2πR2C2.

Figure 5.18 shows the noise gain plot for the photodiode preamplifier using the
actual circuit values. The choice of C2 determines the actual signal bandwidth and
also the phase margin. In the example, a signal bandwidth of 16Hz was chosen.
Notice that a smaller value of C2 would result in a higher signal bandwidth and a
corresponding reduction in phase margin. It is also interesting to note that although
the signal bandwidth is only 16Hz, the closed loop bandwidth is 167kHz. This will
have important implications with respect to the output noise voltage analysis to
follow.

Figure 5.18

It is important to note that temperature changes do not significantly affect the
stability of the circuit. Changes in R1 (the photodiode shunt resistance) only affect
the low frequency noise gain and the frequency at which the zero in the noise gain
response occurs. The high frequency noise gain is determined by the C1/C2 ratio.

PHOTODIODE PREAMPLIFIER NOISE ANALYSIS

To begin the analysis, we consider the AD795 input voltage and current noise
spectral densities shown in Figure 5.19. The AD795 performance is truly impressive
for a JFET input op amp: 2.5µV p-p 0.1Hz to 10Hz noise, and a 1/f corner frequency
of 12Hz, comparing favorably with all but the best bipolar op amps. As shown in the
figure, the current noise is much  lower than bipolar op amps, making it an ideal
choice for high impedance applications.

Figure 5.19

The complete noise model for an op amp is shown in Figure 5.20. This model
includes the reactive elements C1 and C2. Each individual output noise contributor
is calculated by integrating the square of its spectral density over the appropriate
frequency bandwidth and then taking the square root:

RMS OUTPUT NOISE DUE TO V V f df1 1
2= ∫ ( ) .

In most cases, this integration can be done by inspection of the graph of the
individual spectral densities superimposed on a graph of the noise gain. The total
output noise is then obtained by combining the individual components in a root-
sum-squares manner. The table below the diagram in Figure 5.20 shows how each
individual source is reflected to the output and the corresponding bandwidth for
integration. The factor of 1.57 (π/2) is required to convert the single pole bandwidth
into its equivalent noise bandwidth. The resistor Johnson noise spectral density is
given by:

VR kTR= 4 ,
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where k is Boltzmann's constant (1.38×10-23 J/K) and T is the absolute temperature
in K. A simple way to compute this is to remember that the noise spectral density of
a 1kΩ resistor is 4nV/√Hz at +25ºC. The Johnson noise of another resistor value can
be found by multiplying by the square root of the ratio of the resistor value to
1000Ω. Johnson noise is broadband, and its spectral density is constant with
frequency.

Figure 5.20

Input Voltage Noise

In order to obtain the output voltage noise spectral density plot due to the input
voltage noise, the input voltage noise spectral density plot is multiplied by the noise
gain plot. This is easily accomplished using the Bode plot on a log-log scale. The
total RMS output voltage noise due to the input voltage noise is then obtained by
integrating the square of the output voltage noise spectral density plot and then
taking the square root. In most cases, this integration may be approximated. A
lower frequency limit of 0.01Hz in the 1/f region is normally used. If the bandwidth
of integration for the input voltage noise is greater than a few hundred Hz, the
input voltage noise spectral density may be assumed to be constant. Usually, the
value of the input voltage noise spectral density at 1kHz will provide sufficient
accuracy.

It is important to note that the input voltage noise contribution must be integrated
over the entire closed loop bandwidth of the circuit (the closed loop bandwidth, fcl, is
the frequency at which the noise gain intersects the op amp open loop response).
This is also true of the other noise contributors which are reflected to the output by
the noise gain (namely, the non-inverting input current noise and the non-inverting
input resistor noise).

The inverting input noise current flows through the feedback network to produce a
noise voltage contribution at the output  The input noise current  is approximately
constant with frequency, therefore, the integration is accomplished by multiplying
the noise current  spectral density (measured at 1kHz) by the noise bandwidth
which is 1.57 times the signal bandwidth (1/2πR2C2). The factor of 1.57 (π/2) arises
when single-pole 3dB bandwidth is converted to equivalent noise bandwidth.

Johnson Noise Due to Feedforward Resistor R1

The noise current produced by the feedforward resistor R1 also flows through the
feedback network to produce a contribution at the output. The noise bandwidth for
integration is also 1.57 times the signal bandwidth.

Non-Inverting Input Current Noise

The non-inverting input current noise, IN+, develops a voltage noise across R3
which is reflected to the output by the noise gain of the circuit. The bandwidth for
integration is therefore the closed loop bandwidth of the circuit. However, there is
no contribution at the output if R3 = 0 or if R3 is bypassed with a large capacitor
which is usually desirable when operating the op amp in the inverting mode.
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Johnson Noise Due to Resistor in Non-Inverting Input

The Johnson voltage noise due to R3 is  also reflected to the output by the noise gain
of the circuit. If R3 is bypassed sufficiently, it makes no significant contribution to
the output noise.

Summary of Photodiode Circuit Noise Performance

Figure 5.21 shows the output noise spectral densities for each of the contributors at
+25ºC. Note that there is no contribution due to IN+ or R3 since the non-inverting
input of the op amp is grounded.

Figure 5.21

Noise Reduction Using Output Filtering

From the above analysis, the largest contributor to the output noise voltage at
+25oC is the input voltage noise of the op amp reflected to the output by the noise
gain. This contributor is large primarily because the noise gain over which the
integration is performed extends to a bandwidth of 167kHz (the intersection of the
noise gain curve with the open-loop response of the op amp). If the op amp output is
filtered by a single pole filter (as shown in Figure 5.22) with a 20Hz cutoff frequency
(R = 80MΩ, C = 0.1µF), this contribution is reduced to less than 1µV rms. Notice
that the same results would not be achieved simply by increasing the feedback
capacitor, C2. Increasing C2 lowers the high frequency noise gain, but the
integration bandwidth becomes proportionally higher. Larger values of C2 may also
decrease the signal bandwidth to unacceptable levels. The addition of the simple
filter reduces the output noise to 28.5µV rms; approximately 75% of its former
value. After inserting the filter, the resistor noise and current noise are now the
largest contributors to the output noise.

Figure 5.22

SUMMARY OF CIRCUIT PERFORMANCE

The diagram for the final optimized design of the photodiode circuit is shown in
Figure 5.22. Performance characteristics are summarized in Figure 5.23. The total
output voltage drift over 0 to +70ºC is 33mV. This corresponds to 33pA of diode
current, or approximately 0.001 foot-candles. (The level of illumination on a clear
moonless night). The offset nulling circuit shown on the non-inverting input can be
used to null out the room temperature offset. Note that this method is better than
using the offset null pins because using the offset null pins will increase the offset
voltage TC by about 3µV/ºC for each millivolt nulled. In addition, the AD795 SOIC
package does not have offset nulling pins.

The input sensitivity based on a total output voltage noise of 44µV is obtained by
dividing the output voltage noise by the value of the feedback resistor R2. This
yields a minimum detectable diode current of 44fA. If a 12 bit ADC is used to
digitize the 10V fullscale output, the weight of the least significant bit (LSB) is
2.5mV. The output noise level is much less than this.
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Figure 5.23

PHOTODIODE CIRCUIT TRADEOFFS

There are many tradeoffs which could be made in the basic photodiode circuit
design we have described. More signal bandwidth can be achieved in exchange for a
larger output noise level. Reducing the feedback capacitor C2 to 1pF increases the
signal bandwidth to approximately 160Hz. Further reductions in C2 are not
practical because the parasitic capacitance is probably in the order of 1 to 2pF. A
small amount of feedback capacitance is also required to maintain stability.

If the circuit is to be operated at higher levels of illumination (greater than
approximately 0.3 fc), the value of the feedback resistor can be reduced thereby
resulting in further increases in circuit bandwidth and less resistor noise. If gain-
ranging is to be used to measure the higher light levels, extreme care must be taken
in the design and layout of the additional switching networks to minimize leakage
paths.

COMPENSATION OF A HIGH SPEED PHOTODIODE I/V
CONVERTER

A classical I/V converter is shown in Figure 5.24. Note that it is the same as the
photodiode preamplifier if we assume that R1 >> R2. The total input capacitance,
C1, is the sum of the diode capacitance and the op amp input capacitance. This is a
classical second-order system, and the following guidelines can be applied in order
to determine the proper compensation.

Figure 5.24

The net input capacitance, C1, forms a zero at a frequency f1 in the noise gain
transfer function as shown in the Bode plot.

f
R C1
1

2 2 1
=

π
.

Note that we are neglecting the effects of the compensation capacitor C2 and are
assuming that it is small relative to C1 and will not significantly affect the zero
frequency f1 when it is added to the circuit. In most cases, this approximation yields
results which are close enough, considering the other variables in the circuit.

If left uncompensated, the phase shift at the frequency of intersection, f2, will cause
instability and oscillation. Introducing a pole at f2 by adding the feedback capacitor
C2 stabilizes the circuit and yields a phase margin of about 45 degrees.

f
R C2
1

2 2 2
=

π
.

Since f2 is the geometric mean of f1 and the unity-gain bandwidth frequency of the
op amp, fu,
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f f fu2 1= ⋅ .

These equations can be combined and solved for C2:

C
C

R fu
2

1
2 2

=
⋅π

.

This value of C2 will yield a phase margin of about 45 degrees. Increasing the
capacitor by a factor of 2 increases the phase margin to about 65 degrees.

In practice, the optimum value of C2 should be determined experimentally by
varying it slightly to optimize the output pulse response.

SELECTION OF THE OP AMP FOR WIDEBAND PHOTODIODE I/V CONVERTERS

The op amp in the high speed photodiode I/V converter should be a wideband FET-
input one in order to minimize the effects of input bias current and allow low values
of photocurrents to be detected. In addition, if the equation for the 3dB bandwidth,
f2,  is rearranged in terms of fu, R2, and C1, then

f
fu
R C2 2 2 1

=
π

,

where C1 is the sum of the diode capacitance ,CD, and the op amp input
capacitance, CIN. In a high speed application, the diode capacitance will be much
smaller than that of the low frequency preamplifier design previously discussed -
perhaps as low as a few pF.

By inspection of this equation, it is clear that in order to maximize f2, the FET-
input op amp should have both a high unity gain-bandwidth product, fu, and a low
input capacitance, CIN. In fact, the ratio of fu to CIN is a good figure-of-merit when
evaluating different op amps for this application.

Figure 5.25 compares a number of FET-input op amps suitable for photodiode
preamps. By inspection, the AD823 op amp has the highest ratio of unity gain-
bandwidth product to input capacitance, in addition to relatively low input bias
current. For these reasons, it was chosen for the wideband photodiode preamp
design.

Figure 5.25

HIGH SPEED PHOTODIODE PREAMP DESIGN

The HP 5082-4204 PIN Photodiode will be used as an example for our discussion.
Its characteristics are given in Figure 5.26. It is typical of many commercially
available PIN photodiodes. As in most high-speed photodiode applications, the diode
is operated in the reverse-biased or photoconductive mode. This greatly lowers the
diode junction capacitance, but causes a small amount of dark current to flow even
when the diode is not illuminated (we will show a circuit which compensates for the
dark current error later in the section).
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Figure 5.26

This photodiode is linear with illumination up to approximately 50 to 100µA of
output current. The dynamic range is limited by the total circuit noise and the diode
dark current (assuming no dark current compensation).

Using the circuit shown in Figure 5.27, assume that we wish to have a full scale
output of 10V for a diode current of 100µA. This determines the value of the
feedback resistor R2 to be 10V/100µA = 100kΩ.

Using the diode capacitance, CD=4pF, and the AD823 input capacitance, CIN
=1.8pF, the value of C1 =  CD+CIN = 5.8pF. Solving the above equations using
C1=5.8pF, R2=100kΩ, and fu=16MHz, we find that:

f1 = 274kHz
C2 = 0.76pF
f2 = 2.1MHz.

Figure 5.27

In the final design (Figure 5.27), note that the 100kΩ resistor is replaced with three
33.2kΩ film resistors to minimize stray capacitance. The feedback capacitor, C2, is a
variable 1.5pF ceramic and is adjusted in the final circuit for best bandwidth/pulse
response. The overall circuit bandwidth is approximately 2MHz.

The full scale output voltage of the preamp for 100µA diode current is 10V, and the
error (RTO) due to the photodiode dark current of 600pA is 60mV. The dark current
error can be canceled using a second photodiode of the same type in the non-
inverting input of the op amp as shown in Figure 5.27.

HIGH SPEED PHOTODIODE PREAMP NOISE ANALYSIS

As in most noise analyses, only the key contributors need be identified. Because the
noise sources combine in an RSS manner, any single noise source that is at least
three or four times as large as any of the others will dominate.

In the case of the wideband photodiode preamp, the dominant sources of output
noise are the input voltage noise of the op amp, VN, and the resistor noise due to
R2, VN,R2 (see Figure 5.28). The input current noise of the FET-input op amp is
negligible. The shot noise of the photodiode (caused by the reverse bias) is negligible
because of the filtering effect of the shunt capacitance C1. The resistor noise is
easily calculated by knowing that a 1kΩ resistor generates about 4nV/√Hz,
therefore, a 100kΩ resistor generates 40nV/√Hz. The bandwidth for integration is
the signal bandwidth, 2.1MHz, yielding a total output rms noise of:

V
N R RTO NOISE Vrms

,
. .

2
40 157 21 106 73= ⋅ ⋅ = µ .



HIGH IMPEDANCE SENSORS

5.12

The factor of 1.57 converts the approximate single-pole bandwidth of 2.1MHz into
the equivalent noise bandwidth.

The output noise due to the input voltage noise is obtained by multiplying the noise
gain by the voltage noise and integrating the entire function over frequency. This
would be tedious if done rigorously, but a few reasonable approximations can be
made which greatly simplify the math. Obviously, the low frequency 1/f noise can be
neglected in the case of the wideband circuit. The primary source of output noise is
due to the high-frequency noise-gain peaking which occurs between f1 and fu. If we
simply assume that the output noise is constant over the entire range of frequencies
and use the maximum value for AC noise gain [1+(C1/C2)], then

VN RTO NOISE VN
C
C

f Vrms≈ +





=1
1
2

157 2 250. µ .

The total rms noise referred to the output is then the RSS value of the two
components:

( ) ( )TOTAL RTO NOISE Vrms= + =73 2 250 2 260µ .

The total output dynamic range can be calculated by dividing the full scale output
signal (10V) by the total output rms noise, 260µVrms, and converting to dB, yielding
approximately 92dB.

Figure 5.28

HIGH IMPEDANCE CHARGE OUTPUT SENSORS

High impedance transducers such as piezoelectric sensors, hydrophones, and some
accelerometers require an amplifier which converts a transfer of charge into a
change of voltage. Because of the high DC output impedance of these devices,
appropriate buffers are required. The basic circuit for an inverting charge sensitive
amplifier is shown in Figure 5.29. There are basically two types of charge
transducers:  capacitive and charge-emitting. In a capacitive transducer, the voltage
across the capacitor (VC) is held constant. The change in capacitance, ∆C, produces
a change in charge, ∆Q = ∆CVC. This charge is transferred to the op amp output as
a voltage, ∆VOUT = –∆Q/C2 = –∆CVC/C2.

Figure 5.29

Charge-emitting transducers produce an output charge, ∆Q, and their output
capacitance remains constant. This charge would normally produce an open-circuit
output voltage at the transducer output equal to ∆Q/C. However, since the voltage
across the transducer is held constant  by the virtual ground of the op amp (R1 is
usually small), the charge is transferred to capacitor C2 producing an output
voltage ∆VOUT =  –∆Q/C2.
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In an actual application, the charge amplifier only responds to AC inputs. The
upper cutoff frequency is given by f2 = 1/2πR2C2, and the lower by f1 = 1/2πR1C1.

LOW NOISE CHARGE AMPLIFIER CIRCUIT CONFIGURATIONS

Figure 5.30 shows two ways to buffer and amplify the output of a charge output
transducer. Both require using an amplifier which has a very high input impedance,
such as the AD745. The AD745 provides both low voltage and low current noise.
This combination makes this device particularly suitable in applications requiring
very high charge sensitivity, such as capacitive accelerometers and hydrophones.

Figure 5.30

The first circuit (left) in Figure 5.30 uses the op amp in the inverting mode.
Amplification depends on the principle of conservation of charge at the inverting
input of the amplifier. The charge on capacitor CS is transferred to capacitor CF,
thus yielding an output voltage of ∆Q/CF. The amplifier's input voltage noise will
appear at the output amplified by the AC noise gain of the circuit, 1 + CS/CF.

The second circuit (right) shown in Figure 5.30 is simply a high impedance follower
with gain. Here the noise gain (1 + R2/R1) is the same as the gain from the
transducer to the output. Resistor RB , in both circuits, is required as a DC bias
current return.

To maximize DC performance over temperature, the source resistances should be
balanced on each input of the amplifier. This is represented by the resistor RB
shown in Figure 5.30. For best noise performance, the source capacitance should
also be balanced with the capacitor CB. In general, it is good practice to balance the
source impedances (both resistive and reactive) as seen by the inputs of a precision
low noise BiFET amplifiers such as the AD743/AD745. Balancing the resistive
components will optimize DC performance over temperature because balancing will
mitigate the effects of any bias current errors. Balancing the input capacitance will
minimize AC response errors due to the amplifier's non-linear common mode input
capacitance, and as shown in Figure 5.30, noise performance will be optimized. In
any FET input amplifier, the current noise of the internal bias circuitry can be
coupled to the inputs via the gate-to-source capacitances (20pF for the AD743 and
AD745) and appears as excess input voltage noise. This noise component is
correlated at the inputs, so source impedance matching will tend to cancel out its
effect. Figure 5.30 shows the required external components for both inverting and
noninverting configurations. For values of CB greater than 300pF, there is a
diminishing impact on noise, and CB can then be simply a large mylar bypass
capacitor of 0.01µF or greater.

A 40dB GAIN PIEZOELECTRIC TRANSDUCER AMPLIFIER OPERATES ON

REDUCED SUPPLY VOLTAGES FOR LOWER BIAS CURRENT

Figure 5.31 shows a piezoelectric transducer amplifier connected in the voltage-
output mode. Reducing the power supplies to +5V reduces the effects of bias current
in two ways:  first, by lowering the total power dissipation and, second, by reducing
the basic gate-to-junction leakage current. The addition of a clip-on heat sink such
as the Aavid #5801will further limit the internal junction temperature rise.
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Without the AC coupling capacitor C1, the amplifier will operate over a range of
–40°C to +85°C. If the optional AC coupling capacitor C1 is used, the circuit will
operate over the entire –55°C to +125°C temperature range, but DC information is
lost.

Figure 5.31

HYDROPHONES

Interfacing the outputs of highly capacitive transducers such as hydrophones, some
accelerometers, and condenser microphones to the outside world presents many
design challenges. Previously designers had to use costly hybrid amplifiers
consisting of discrete low-noise JFETs in front of conventional op amps to achieve
the low levels of voltage and current noise required by these applications. Now,
using the AD743 and AD745, designers can achieve almost the same level of
performance of the hybrid approach in a monolithic solution.

In sonar applications, a piezo-ceramic cylinder is commonly used as the active
element in the hydrophone. A typical cylinder has a nominal capacitance of around
6,000pF with a series resistance of 10Ω. The output impedance is typically 108Ω or
100MΩ.

Since the hydrophone signals of interest are inherently AC with wide dynamic
range, noise is the overriding concern among sonar system designers. The noise
floor of the hydrophone and the hydrophone preamplifier together limit the
sensitivity of the system and therefore the overall usefulness of the hydrophone.
Typical hydrophone bandwidths are in the 1kHz to 10kHz range. The AD743 and
AD745 op amps, with their low noise figures of 2.9nV/ Hz and high input
impedance of 1010Ω (or 10GΩ) are ideal for use as hydrophone amplifiers.

The AD743 and AD745 are companion amplifiers with different levels of internal
compensation. The AD743 is internally compensated for unity gain stability. The
AD745, stable for noise gains of 5 or greater, has a much higher bandwidth and slew
rate. This makes the AD745 especially useful as a high-gain preamplifier where it
provides both high gain and wide bandwidth. The AD743 and AD745 also operate
with extremely low levels of distortion:  less than 0.0003% and 0.0002% (at 1kHz),
respectively.

OP AMP PERFORMANCE:  JFET VERSUS BIPOLAR

The AD743 and AD745 op amps are the first monolithic JFET devices to offer the
low input voltage noise comparable to a bipolar op amp without the high input bias
currents typically associated with bipolar op amps. Figure 5.32 shows input voltage
noise versus input source resistance of the bias-current compensated OP27 and the
JFET-input AD745 op amps. Note that the noise levels of the AD743 and the AD745
are identical. From this figure, it is clear that at high source impedances, the low
current noise of the AD745 also provides lower overall noise than a high
performance bipolar op amp. It is also important to note that, with the AD745, this
noise reduction extends all the way down to low source impedances. At high source
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impedances, the lower DC current errors of the AD745 also reduce errors due to
offset and drift as shown in Figure 5.32.

Figure 5.32

A PH PROBE BUFFER AMPLIFIER

A typical pH probe requires a buffer amplifier to isolate its 106 to 109 Ω source
resistance from external circuitry.  Such an amplifier is shown in Figure 5.33. The
low input current of the AD795 allows the voltage error produced by the bias
current and electrode resistance to be minimal. The use of guarding, shielding, high
insulation resistance standoffs, and other such standard picoamp methods used to
minimize leakage are all needed to maintain the accuracy of this circuit.

The slope of the pH probe transfer function, 50mV per pH unit at room
temperature, has an approximate +3500ppm/°C temperature coefficient. The buffer
shown in Figure 5.33 provides a gain of 20 and yields an output voltage equal to
1volt/pH unit. Temperature compensation is provided by resistor RT which is a
special temperature compensation resistor,1kΩ, 1%, +3500ppm/°C, #PT146
available from Precision Resistor Co., Inc. (Reference 18).

Figure 5.33

CCD/CIS IMAGE PROCESSING

The charge-coupled-device (CCD) and contact-image-sensor (CIS) are widely used in
consumer imaging systems such as scanners and digital cameras. A generic block
diagram of an imaging system is shown in Figure 5.34. The imaging sensor (CCD,
CMOS, or CIS) is exposed to the image or picture much like film is exposed in a
camera. After exposure, the output of the sensor undergoes some analog signal
processing and then is digitized by an ADC. The bulk of the actual image processing
is performed using fast digital signal processors. At this point, the image can be
manipulated in the digital domain to perform such functions as contrast or color
enhancement/correction, etc.

Figure 5.34

The building blocks of a CCD are the individual light sensing elements called pixels
(see Figure 5.35).  A single pixel consists of a photo sensitive element, such as a
photodiode or photocapacitor, which outputs a charge (electrons) proportional to the
light (photons) that it is exposed to. The charge is accumulated during the exposure
or integration time, and then the charge is transferred to the CCD shift register to
be sent to the output of the device. The amount of accumulated charge will depend
on the light level, the integration time, and the quantum efficiency of the photo
sensitive element. A small amount of charge will accumulate even without light
present; this is called dark signal or dark current and must be compensated for
during the signal processing.

The pixels can be arranged in a linear or area configuration as shown in Figure
5.36. Clock signals transfer the charge from the pixels into the analog shift
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registers, and then more clocks are applied to shift the individual pixel charges to
the output stage of the CCD. Scanners generally use the linear configuration, while
digital cameras use the area configuration. The analog shift register typically
operates at frequencies between 1 and 10MHz for linear sensors, and 5 to 25MHz
for area sensors.

Figure 5.35

Figure 5.36

A typical CCD output stage is shown in Figure 5.37 along with the associated
voltage waveforms. The output stage of the CCD converts the charge of each pixel to
a voltage via the sense capacitor, CS. At the start of each pixel period, the voltage
on CS is reset to the reference level, VREF causing a reset glitch to occur. The
amount of light sensed by each pixel is measured by the difference between the
reference and the video level, ∆V. CCD charges may be as low as 10 electrons, and a
typical CCD output has a sensitivity of 0.6µV/electron. Most CCDs have a
saturation output voltage of about 500mV to 1V for area sensors and 2V to 4V for
linear sensors. The DC level of the waveform is between 3 to 7V.

Figure 5.37

Since CCDs are generally fabricated on CMOS processes, they have limited
capability to perform on-chip signal conditioning. Therefore the CCD output is
generally processed by external conditioning circuits. The nature of the CCD output
requires that it be clamped before being digitized by the ADC. In addition, offset
and gain functions are generally part of the analog signal processing.

CCD output voltages are small and quite often buried in noise. The largest source of
noise is the thermal noise in the resistance of the FET reset switch. This noise may
have a typical value of 100 to 300 electrons rms (approximately 60 to 180mV rms).
This noise, called "kT/C" noise, is illustrated in Figure 5.38. During the reset
interval, the storage capacitor CS is connected to VREF via a CMOS switch. The on-
resistance of the switch (RON) produces thermal noise given by the well known
equation:

Thermal Noise = 4kT BW RON⋅ ⋅ .

The noise occurs over a finite bandwidth determined by the RON CS time constant.
This bandwidth is then converted into equivalent noise bandwidth by multiplying
the single-pole bandwidth by π/2 (1.57):

Noise BW = 
π

π2
1

2
1

4RONCS RONCS









 = .

Substituting into the formula for the thermal noise, note that the RON factor
cancels, and the final expression for the thermal noise becomes:
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Thermal Noise = 
kT
C

.

This is somewhat intuitive, because smaller values of RON decrease the thermal
noise but increase the noise bandwidth, so only the capacitor value determines the
noise.

Note that when the reset switch opens, the kT/C noise is stored on CS and remains
constant until the next reset interval. It therefore occurs as a sample-to-sample
variation in the CCD output level and is common to both the reset level and the
video level for a given pixel period.

Figure 5.38

A technique called correlated double sampling (CDS) is often used to reduce the
effect of this noise. Figure 5.39 shows one circuit implementation of the CDS
scheme, though many other implementations exist. The CCD output drives both
SHAs. At the end of the reset interval, SHA1 holds the reset voltage level plus the
kT/C noise. At the end of the video interval, SHA2 holds the video level plus the
kT/C noise. The SHA outputs are applied to a difference amplifier which subtracts
one from the other. In this scheme, there is only a short interval during which both
SHA outputs are stable, and their difference represents ∆V, so the difference
amplifier must settle quickly. Note that the final output is simply the difference
between the reference level and the video level, ∆V, and that the kT/C noise is
removed.

Figure 5.39

Contact Image Sensors (CIS) are linear sensors often used in facsimile machines
and low-end document scanners instead of CCDs. Although a CIS does not offer the
same potential image quality as a CCD, it does offer lower cost and a more
simplified optical path. The output of a CIS is similar to the CCD output except that
it is referenced to or near ground (see Figure 5.40), eliminating the need for a
clamping function. Furthermore, the CIS output does not contain correlated reset
noise within each pixel period, eliminating the need for a CDS function. Typical CIS
output voltages range from a few hundred mV to about 1V fullscale. Note that
although a clamp and CDS is not required, the CIS waveform must be sampled by a
sample-and-hold before digitization.

Figure 5.40

Analog Devices offers several analog-front-end (AFE) integrated solutions for the
scanner, digital camera, and camcorder markets. They all comprise the signal
processing steps described above. Advances in process technology and circuit
topologies have made this level of integration possible in foundry  CMOS without
sacrificing performance. By combining successful ADC architectures with high
performance CMOS analog circuitry, it is possible to design complete low cost
CCD/CIS signal processing ICs.

The AD9816 integrates an analog-front-end (AFE) that integrates a 12-bit, 6MSPS
ADC with the analog circuitry needed for three-channel (RGB) image processing
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and sampling (see Figure 5.41). The AD9816 can be programmed through a serial
interface, and includes offset and gain adjustments that gives users the flexibility to
perform all the signal processing necessary for applications such as mid- to high-end
desktop scanners, digital still cameras, medical x-rays, security cameras, and any
instrumentation applications that must "read" images from CIS or CCD sensors.
The signal chain of the AD9816 consists of an input clamp, correlated double
sampler (CDS), offset adjust DAC, programmable gain amplifier (PGA), and the 12-
bit ADC core with serial interfacing to the external DSP. The CDS and clamp
functions can be disabled for CIS applications.

The AD9814, Analog Devices' latest AFE product, takes the level of performance a
step higher. For the most demanding applications, the AD9814 offers the same basic
functionality as the AD9816 but with 14-bit performance. As with the AD9816, the
signal path includes three input channels, each with input clamping, CDS, offset
adjustment, and programmable gain. The three channels are multiplexed into a
high performance 14-bit 6MSPS ADC. High-end document and film scanners can
benefit from the AD9814's combination of performance and integration.

Figure 5.41

Figure 5.42



HIGH IMPEDANCE SENSORS

5.19

REFERENCES

1. Ramon Pallas-Areny and John G. Webster, Sensors and Signal 
Conditioning, John Wiley, New York, 1991.

2. Dan Sheingold, Editor, Transducer Interfacing Handbook, Analog 
Devices, Inc., 1980.

3. Walt Kester, Editor, 1992 Amplifier Applications Guide, Section 3, 
Analog Devices, Inc., 1992.

4. Walt Kester, Editor, System Applications Guide, Analog Devices, Inc.,
1993.

5. Walt Kester, Editor, Linear Design Seminar, Analog Devices, 1994.

6. Walt Kester, Editor, Practical Analog Design Techniques,
Analog Devices,1994.

7. Walt Kester, Editor, High Speed Design Techniques, Analog Devices,
1996.

8. Thomas M. Fredrickson, Intuitive Operational Amplifiers,
McGraw-Hill, 1988.

9. Optoelectronics Data Book, EG&G Vactec, St. Louis, MO, 1990.

10. Silicon Detector  Corporation, Camarillo, CA, Part Number SD-020-12-001 
Data Sheet.

11. Photodiode  1991 Catalog, Hamamatsu Photonics, Bridgewater, NJ

12. An Introduction to the Imaging CCD Array, Technical Note 82W-4022, 
Tektronix, Inc., Beaverton, OR., 1987.

13. Lewis Smith and Dan Sheingold, Noise and Operational Amplifier
Circuits, Analog Dialogue 25th Anniversary Issue, pp. 19-31,
Analog Devices, 1991.

14. James L. Melsa and Donald G. Schultz, Linear Control Systems,
pp. 196-220, McGraw-Hill, 1969.

15. Jerald G. Graeme, Photodiode Amplifiers: Op Amp Solutions,
McGraw-Hill, 1995.

16. Erik Barnes, High Integration Simplifies Signal Processing for CCDs,
Electronic Design, February 23, 1998, pp. 81-88.

17. Eric Barnes, Integrated for CCD Signal Processing, Analog Dialogue
32-1, Analog Devices, 1998.



HIGH IMPEDANCE SENSORS

5.20

18. Precision Resistor Co., Inc., 10601 75th St. N., Largo, FLA,
33777-1427, 727-541-5771, http://www.precisionresistor.com.


