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INVESTIGATION OF RESPONSIVITY AND NOISE

IN A DIRECT-COUPLED PHOTODETECTOR-PREAMPLIFIER

FOR FACSIMILE CAMERAS

By W. Lane Kelly IV and Stephen J. Katzberg
Langley Research Center

SUMMARY

The direct-coupled (DC) mode of detector operation is evaluated for use in a fac-
simile camera. Photodiode-preamplifier sensitivity is described in terms of photodiode
responsivity and possible noise sources resulting from the photodiode and preamplifier.
Responsivity and noise limitations are experimentally verified and used to predict
photodiode-preamplifier sensitivity under a wide range of operating conditions. Results
demonstrate that the DC mode offers advantages in sensitivity and reduced mechanical
complexity for facsimile cameras over the more common technique of chopping the radia-
tion and ac amplifying the resultant signal.

INTRODUCTION

A facsimile camera, or optical-mechanical scanner, has been chosen to provide
imagery data from the Mars Viking lander scheduled to be flown in 1975. The important
parameters which determine the image quality from a facsimile camera are the depth of
field, angular resolution, and signal-to-noise ratio. As determined in reference 1, these
parameters are so interrelated that only an improvement in the sensitivity of the photon
detection technique can lead to significant improvements in camera performance for a
planetary lander configuration. The silicon photodiode was selected for the facsimile
camera photodetector because of its small size, high sensitivity, and spectral response
in the visual region, and is therefore considered in this paper.

The sensitivity of the photon detection technique is determined by the photodiode
responsivity and the noise generated by the photodiode and preamplifier. The photon
detection technique generally employed consists of mechanically chopping the incoming
radiation and ac amplifying the video signal. This technique has the advantage of placing
the video signal higher on the frequency spectrum and thus avoiding dc offsets, drift, and
1/f noise. For a detector-noise-limited case the disadvantages include a loss of energy
proportional to the chopping duty cycle (typically 50 percent), an additional bandwidth



requirement for the preamplifier, and an increase in mechanical complexity, which affects
system reliability.

Neither the tuning fork chopper nor a rotating aperture wheel provides attractive
chopping schemes. The tuning fork chopper is limited to a chopping frequency of approx-
imately 3 kHz (ref. 2), which is too low for the photosensor aperture sizes required for
the Viking camera, for example. Because the rotating aperture wheel requires a small
motor, it has obvious disadvantages for a system constrained by size, power, and weight.
In addition, both schemes provide primary failure modes, since chopper failure could
completely obscure the incoming radiation or at best shift the frequency range beyond
that of the demodulation circuitry. These considerations led to an investigation of the
direct-coupled (DC) mode of detector operation and its adaptability to the facsimile
camera.

This paper presents an analytical and experimental evaluation of the DC mode of
operation which considers characterization of noise sources and detector-preamplifier
design for operation with minimum noise and maximum sensitivity. A drift control tech-
nique, made possible by the unique operation of the facsimile camera, is shown to reduce
the effects of dc offsets, drift, and 1/f noise originating in the photodiode and preamplifier,
thus providing a lower frequency limit for the noise bandwidth. Sensitivity of this design
is predicted and experimentally verified for a range of facsimile camera operating
conditions.

SYMBOLS

A amplifier gain

Ap detector area, m2

Cf feedback capacitance, F

c velocity of light, m/sec

D lens diameter, m

D? spectral detectivity of detector, m-Hz ' /W

Ej rms Johnson noise voltage, V

F(a) dimensionless function of absorption coefficient



f frequency, Hz

/
fc 3-dB cutoff frequency, Hz

fo low-frequency cutoff of video bandwidth, Hz

gm channel conductance, S

H^ spectral irradiance, W/m2-/j.m

h Planck's constant

I^c photodiode dark current, A

In rms noise current, A

Is signal current, A

It rms total noise current from all noise sources, A

ijn rms Johnson noise current, A

isn rms shot noise current, A

ij /f rms 1/f noise current, A

Jo photocurrent density, A/m2

J - f i

k Boltzmann's constant

L diffusion length, cm

q electronic charge, C

Rj feedback resistance, fi

Rg gain setting resistance, ft



RT load resistance, O

R^ spectral responsivity of detector, A/W

S/N average signal-to-rms-noise ratio

S^ solar irradiance above Martian atmosphere, W/m2-fj.m

T absolute temperature, K

t(j dwell time of each scan element, sec

tj time allotted for frame, sec

tv time interval between dark sampling and completion of succeeding scan line,
sec

V0 preamplifier output voltage, V

W bandwidth, Hz

a absorption coefficient, cm~l

/3 angular scanning resolution, deg

6 constant

77 scanning efficiency

6fr horizontal field of view, deg

0V vertical field of view, deg

X wavelength, jum

v radiant frequency, Hz

p reflectivity



p^ spectral reflectivity of surface (normal albedo)

a dimensionless gain constant

T^ spectral transmissivity of atmosphere

T^ L spectral transmissivity of optics

<l> photon flux rate, photons/sec-m2

0 illumination scattering function

A$ difference in illumination scattering function between object and background

4/ constant

fi incident radiant power density, W/m2

ANALYSIS

The facsimile camera consists of a radiometer and a scanning mechanism, as
shown in figure 1. The objective lens of the radiometer focuses light from the scene
onto a detector. A vertically scanning mirror on the object side of the lens allows the
radiometer to scan a vertical field, and the entire assembly is rotated slowly in azimuth
to generate contiguous vertical scan lines. The direct-coupled (DC) mode of detector-
preamplifier operation to be considered here consists of dc amplification of the detector
output with dark reference sampling between scan lines to reduce the effects of dc offsets
and drift. The video signal is further processed, digitized, and transmitted for image
reconstruction. The reconstruction process consists of imaging a light source modulated
by the video signal onto a storage medium such as film and scanning the image in a man-
ner identical with the camera scan.

The following section will define the detector characteristic which determines the
signal current, describe the possible noise sources, define the noise bandwidth, and pre-
sent a design which affords optimum signal-to-noise ratio over a wide range of operating
conditions.

Signal-to-Noise Ratio

The signal-to-noise ratio for the facsimile camera can be expressed as (ref. 1)



This expression makes use of the photodetector detectivity D^ to specify the system
signal-to-noise ratio. However, in the case of the facsimile camera, the ultimate photo-
detector sensitivity is difficult to realize for two reasons: Firstly, even with optimum
design, the preamplifier may introduce noise equal to or greater than the detector noise.
Secondly, as video bandwidth requirements increase, the noise generated from the pre-
amplifier also increases. In order to include additional noise sources, the expression
for system signal-to-noise ratio can better be written in terms of detector responsivity
and the total noise current. From the definition of detectivity D^ (ref. 3)

1//2

V^AD)

and responsivity R^ (ref. 3)

(3)

the two parameters can be related by

(4)

Replacing D^ in equation (1) results in

S _ 7T/32D2A0
N I~1N 5.25 X 104It

The diode noise current has been replaced by the total rms noise current from all
noise sources over the total noise bandwidth. This expression defines the dependence of
the signal-to-noise ratio on the detector-preamplifier performance, to be considered here
in terms of detector responsivity R^ and the total noise current 1^.



Responsivity

The responsivity of photodiodes is a direct result of the absorption of photons from
incident radiation to create hole-electron pairs. The efficiency with which these carriers
(holes or electrons) are converted into an electric current is a function of several param-
eters, some of which are associated with the semiconductor material and others which
are related to the particular diode structure. For a certain incident radiant power den-
sity £2, quantum theory predicts an incident flux rate of

he

where (1 - p) is the optical absorption; X, the light wavelength; h, Planck's constant;
and c, the velocity of light.

If each photon is absorbed in a band-to-band process, a hole-electron pair is gen-
erated. In a diode, a hole or an electron will be a minority carrier, and its collection at
the depletion region in a reverse-biased diode will result in an increased current which
can be detected and amplified. Sawyer and Rediker (ref. 4) analyzed one diode structure
with the following result:

J0 = q$F(a) (7)

where Jo is the photocurrent density, q is the electronic charge, and F(a) is a
complicated function of the optical absorption constant. This function has a maximum
value of 1.0 but is strongly dependent on a. As an approximation F(a) may be written

F(a) « ( a L > l ) (8)
aV - 1

where L is the minority-carrier diffusion length. The responsivity of the diode is then

R x =£° = q l - P "2L2 (9)
X O h, ^2.!

which is valid only for aL > 1.

Evaluating equation (9) for X ~ 0.8 jim gives

R A - f ( i - P )



The factor (1 - p) is approximately 0.7 (ref. 5) to yield

Rx ~ 0.46 A/W at X = 0.8 pirn (11)

The value of R^ at approximately 0.8 pirn represents the peak response for a silicon
photodiode. The response for shorter wavelength radiation decreases for two general
reasons. First, the reflectivity coefficient increases with a resulting decrease in the
number of hole-electron pairs generated. Second, the shorter wavelength radiation is
absorbed within approximately 1.0 /im of the surface. Defects in the surface reduce the
lifetime in this region; consequently, carriers recombine before they can be collected at
the junction and contribute to the photocurrent.

In the longer wavelength region beyond the peak response, the absorption coefficient
decreases and longer optical path lengths are required if hole-electron pairs are to be
produced. In order to improve the collection efficiency of these carriers, the PIN struc-
ture, which consists of a wide intrinsic region between the P and N regions, is used to
provide the longer optical path for longer wavelength radiation. A reverse bias applies
an electric field across the entire intrinsic region to aid carriers in reaching the junction
to contribute to the photocurrent. Finally, as the wavelength continues to increase, suf-
ficient energy is not available to excite carriers across the forbidden gap and, therefore,
no photocurrent is generated.

Minimum Noise Condition

In order to illustrate the characterization of the noise and the preamplifier design
for minimum noise operation, consider a typical diode-amplifier combination, as shown
in figure 2, The diode is reverse biased and drives a typical current-to-voltage con-
verter. The input stage of the amplifier is a low-noise, field-effect transistor (FET) with
a high input impedance. The generality of the circuit may be seen by the following values
for the gain constant a, and the amplifier gain A: If a = 0 and A is unity or greater,
the diode-amplifier combination reduces to nothing more than a diode with a load resistor,
the simplest measuring device. If a > 0 and A is large and negative, the wide-band
diode-preamplifier required to transform the impedance and maintain a high bandwidth
capability is obtained.

The current-to-voltage converter.- This last configuration, with large negative A
and a > 0, is called a current-to-voltage converter. (See, e.g., ref. 6.) This terminology
is based on the following fact: The photodiode, which can be represented as a current
source, feeds directly into the input node of the preamplifier. If the diode has a light-
generated current Is, then the preamplifier output voltage is



V0 = - IsRf (Rf » RcA (12)0 o s ^ i + 27TJRfCff \ * S)

The static or dc response of this configuration is — IsRf, while its frequency
response is that of a single-pole low-pass filter with a 3-dB cutoff frequency:

fp = — (13)c 27rRfCf

where Cf is the parasitic capacitance in parallel with the feedback resistance.

Equation (13) adequately represents the electrical characteristics of the current-to-
voltage converter so long as the time constant RfCf is greater than or equal to RinCm>
the parallel combination of input capacitance and resistance. (See ref. 6.) In the cases
to be presented herein, this condition is always satisfied.

Noise sources.- Several noise sources must be considered as possible contributing
factors in the total noise current. These noise sources are as follows: (1) shot noise
from the photodiode, (2) Johnson or thermal noise from the feedback resistor, (3) flicker
or 1/f noise, (4) amplifier noise, (5) drift from photodiode and amplifier due to environ-
mental conditions, and (6) photon background noise. The photon-noise-limited detectivity
in the wavelength region of silicon detector response is several orders of magnitude
above the limit imposed by the diode shot noise (ref. 7); consequently, photon noise will
not be considered herein.

The shot noise of the photodiode is analogous to the shot noise in vacuum tubes
resulting from the random arrival of individual electrons at the anode. In the photodiode,
carriers which have been thermally generated pass across the junction by diffusion, com-
prising the diode dark leakage current I^c. Shot noise is generated by these independent
carriers according to the relation

4 = 2<Hdcw <14>

where q is electronic charge and W bandwidth. Attempts to minimize the shot noise
consist of reducing the dark leakage current. The leakage current is proportional to the
junction area, indicating that a small detector must be used. However, surface leakage
contributes to the total leakage current and may become significant as the junction area
is greatly reduced (ref. 8).

Johnson or thermal noise results from the random movement of electrons in the
feedback resistor. In accordance with the kinetic theory of heat, the electrons in a con-



ductor are in continual random motion in thermal equilibrium with the molecules. The
resultant noise current is

where k is Boltzmann's constant, W is bandwidth, and T is the absolute temperature
(ref. 9). A large decrease in temperature is required in order to produce a significant
reduction in the Johnson noise. It should be noted at this point that both Johnson noise
and shot noise are functions of bandwidth but not of frequency (white noise).

The dominant source of noise at low frequencies in both the FET preamplifier input
and photodiode is flicker noise, also known as 1/f and current noise. Flicker noise is
characterized by a 1/f power dependence, and is described by

where Y is a proportionality factor, 6 and if/ are constants that depend on the
device, and f ̂  and 1% define the band over which the noise is measured. Typical
values of 6 and if/ are 2 and 1, respectively; thus the 1/f noise current is

-2

where YIdc 1S the rms noise current per hertzV2 at 1 hertz. This expression indi-
cates an infinite amount of noise unless the frequency bandwidth is limited; consequently,
this 1/f relation does not hold over all frequencies. However, this dependence has been
observed over many frequency decades extending to 0.2 mHz (ref. 7).

Amplifier noise results from the input FET and can be considered as having two
sources. First, the gate leakage current, typically a few picoamperes, produces shot
noise. For the purpose of noise calculations the gate leakage current and the diode leak-
age current may be summed to determine the resulting total shot noise. Second, the con-
ducting channel of the FET also generates Johnson or thermal noise,

10



where gm is the FET channel conductance (ref. 10). For normal video -bandwidth
requirements the value of load resistance is sufficiently high to convert the input noise
currents into noise voltages far exceeding the Johnson noise from the channel conduc-
tance. Therefore, for typical values of gm (70 /iS) this noise source can be neglected
for bandwidths below approximately 500 kHz.

Amplifier drift must also be considered as a potential noise source at very low
frequencies. Temperature stabilization and proper operation of drift-control circuitry
to provide a lower limit to the noise bandwidth should eliminate this noise source from
consideration. The total noise current can be determined by evaluation of each noise
source over the noise bandwidth and summing them as follows (ref. 11):

Noise bandwidth. - Determination of the total noise current requires a knowledge of
the noise bandwidth under operating conditions. The upper frequency limit for facsimile
cameras has been derived in reference 1 as

fc = J_ = _ * y _ (20)
2td 2327t

where t^ is the dwell time of each scan element, 0_ and 6V are the horizontal and
vertical fields of view, 77 is the scan efficiency, and tf is the time allotted per frame.
The factor 2 appears in the denominator since a Nyquist sampling rate is assumed. For
a single-pole, low-pass filter having a 3-dB cutoff frequency given by equation (13), the
noise -equivalent bandwidth is

where Rj is the feedback resistance and Cf is the parallel feedback capacitance.

During data acquisition the video processing electronics must have essentially dc
response to allow for the possibility of scanning a large area of uniform intensity without
loss of radiometric accuracy. It is desirable therefore to direct-couple the video infor-
mation; unfortunately, this allows drift, changes in bias, and 1/f noise to become signifi-
cant noise sources at low frequencies.

To reduce the effects of these sources, the preamplifier output is coupled to a drift-
control circuit, illustrated in figure 3. Operation consists of sampling the preamplifier

11



output while the mirror is looking away from the scene (dark condition) and subtracting
any dc offsets from the next succeeding scan line, thus reducing the effect of very low-
frequency noise. The analysis of this circuit operation is treated in reference 12, and
only the result is stated herein. Drift-control circuitry may be modeled as a high-pass
filter with a cutoff frequency, typically below 100 Hz, which is defined by

f o = — * — — (22)0 40tv 40td0v

where tv is the time interval between dark sampling and completion of the succeeding
scan line.

Noise spectrum.- To illustrate the important noise sources and the resulting influ-
ence on the preamplifier design, a typical noise spectrum is shown in figure 4. At low
frequencies the noise spectrum is dominated by 1/f noise from the photodiode and the
FET. The magnitude of 1/f noise varies significantly from one device to another and the
curve utilized may be considered conservative.

The flat region of the noise spectrum is composed of both Johnson noise and shot
noise, both of which are frequency independent. Generally this region will be dominated
by shot noise until the upper frequency requirement necessitates a decrease in feedback
resistance to the point where Johnson noise dominates. The noise spectrum begins to
roll off at higher frequencies because of the preamplifier frequency response, determined
by the feedback resistance and input capacitance.

The most sensitive detector-preamplifier operation results when the noise is com-
pletely dominated by the shot noise from the photodiode. This condition can only be met
if the input capacitance and the upper frequency requirement allow use of a sufficiently
large feedback resistor to produce negligible Johnson noise current. The following sec-
tion will consider practical limits for input capacitance and photodiode dark leakage cur-
rent to illustrate realizable values for the total noise current as a function of upper fre-
quency requirement.

EXPERIMENTAL EVALUATION

Circuit Configuration

In order to determine the practical performance limitations of the DC mode of
operation, a photodiode-preamplifier circuit was constructed, and measurements were
made to evaluate photodiode responsivity, frequency response, and noise sources. Dis-
crete components were used for the construction of the preamplifier shown in figure 5.
A diffused-channel field-effect transistor (FET), which has low gate leakage current and

12



thus minimal shot noise current, was selected. A typical feedback resistance of 100 MO
is shown in the circuit diagram. For any particular case, however, this value must be
maximized to reduce the contribution of Johnson noise current while providing the
desired frequency response. The FET is operated as a source follower to avoid multi-
plication of the gate-to-drain capacitance. The succeeding transistor stages keep the
load impedance high on the source terminal of the FET, produce the phase reversal for
negative feedback, and keep the output impedance low.

Responsivity

A Hewlett-Packard model 5082-4205 photodiode (referred to as HP 4205) was
selected since it is a small-area, low-noise device. The responsivity of the photodiode,
specified in amperes per watt, was measured with a calibrated standard of irradiance,
interference filters, and a pinhole aperture mounted over the photodiode, thereby provid-
ing a known incident radiant power to the photodiode. The current-to-voltage conversion
of the preamplifier was specified by measuring the feedback resistance and the voltage
gain. Results of the responsivity measurement are shown in figure 6 and agree with the
manufacturer's data (ref. 13).

Noise Spectrum

In order to evaluate the performance of the preamplifier under different bandwidth
requirements, the noise spectrum was measured for three different values of feedback
resistance. Measured noise voltages were referred back to the input in terms of noise
current per root hertz for more direct comparison with the signal current. Results of
the noise-current measurements are shown in figure 7 along with the theoretical Johnson
noise currents for the feedback resistors used.

Measurement of the noise current at low frequencies indicates only a slight appear-
ance of 1/f noise; consequently, 1/f noise does not contribute significantly to the total
noise current. At higher frequencies the noise currents agree closely with the calculated
Johnson noise currents, indicating that the shot noise current is not significant and there-
fore the photodiode leakage current is small. From figure 7 it appears that shot-noise-
limited operation cannot be achieved for an upper frequency limit above a few hundred
hertz because of the input capacitance and Johnson noise from the feedback resistor.

Frequency-response measurements for the three feedback resistors are listed in
table I along with the calculated effective input capacitance. The 10-MO resistor was
physically larger than the ISO-MO and 1500-MO resistors, and the results indicate the
effect of distributive capacitance in reducing the preamplifier frequency response. More
effective shielding as well as improved layout of circuit components may provide improve-
ment in frequency response.

13



TABLE I.- FREQUENCY-RESPONSE MEASUREMENTS

Feedback resistance,
MO

10

150
1500

Frequency response
(3-dB cutoff),

kHz

15
4

.340

Feedback capacitance,
pF

1.1
.13
.34

PERFORMANCE EVALUATION

The performance of the circuit configuration presented here can best be evaluated
by applying the experimental results to the analytical description of system sensitivity.
This approach was utilized to describe the performance of the DC mode of operation in
terms of detectable incident power as a function of bandwidth requirement.

For the purpose of presenting system performance, the signal current is determined
by using 0.8-/im radiation incident on the photodiode and a responsivity value of 0.37 A/W.
The noise current is determined by integrating the noise spectra shown in figure 7 from a
lower limit determined by operation of the drift-control circuit to an upper limit set by
the 3-dB frequency. Operation of the drift-control circuit was specified under camera
operating conditions of a 100° vertical field of view; a 0.1° instantaneous field of view, or
angular resolution; and a Nyquist sampling rate.

Results of the calculations of signal and noise currents are illustrated in figure 8,
which shows the noise-equivalent radiant power as a function of the upper frequency limit.
The value shown for a frequency of 15 kHz should be improved upon by reduction of stray
capacitance, as previously mentioned. The curve shown should have a slope of 1 in the
region dominated by Johnson noise (300 Hz to 15 kHz), as indicated by the data points.
As the bandwidth requirement is further reduced, the total noise current becomes domi-
nated by shot noise from the photodiode and the slope approaches 1/2. The dashed por-
tion of the curve indicates the region dominated by shot noise and was determined analyt-
ically from the manufacturer's measurements of photodiode leakage currents. The slope
of the sensitivity curve must then approach zero as 1/f noise dominates; however, the
dependence upon 1/f noise cannot accurately be specified because of the variation from
one device to another and the low-frequency measurement capability necessary for exper-
imental verification. Noise-spectra measurements shown in figure 7 indicate that 1/f
noise does not dominate until very low frequencies are reached, which would be encoun-
tered only with very long frame times.

14



On the basis of the measurements of photodiode-preamplifier noise, it appears that
the DC mode of operation offers excellent sensitivity for use with the facsimile camera.
The more common technique of chopping the incident radiation and ac amplifying the video
signal offers several disadvantages: (a) the mechanical complexity associated with chop-
ping the radiation, (b) the loss of approximately 50 percent of the total energy incident on
the photodiode, and (c) the increase by a factor of at least 3 in the necessary frequency
response of the preamplifier, which introduces additional Johnson noise and decreases
sensitivity. Generally, the decision to chop the radiation results when the system per-
formance is degraded by 1/f noise and drift. In the case of the facsimile camera, how-
ever, the unique scanning operation allows implementation of the DC mode of operation by
sampling the 1/f noise and drift and effectively reducing them from the video signal. In
addition, for operation under practical bandwidth requirements, the contribution from 1/f
noise appears to be small, as evidenced by the experimental data presented herein. This
fact further reduces the necessity for chopping in the facsimile camera and illustrates the
advantage offered by the DC mode of operation.

CONCLUDING REMARKS

An analysis and evaluation was presented of the direct-coupled (DC) mode of silicon
photodetector and preamplifier operation for generation of video data from facsimile
cameras. The analysis defined system signal-to-noise ratio in terms of signal current
and noise current, which is a function of required system video bandwidth. A photodiode-
preamphfier configuration was presented and the noise sources were defined. Perfor-
mance of the photodiode -preamplifier was experimentally evaluated, and system sensitivity
was predicted for practical facsimile camera operating bandwidths.

Incorporation of a drift control technique, which samples 1/f noise and drift between
scan lines, allows implementation of the DC mode without serious degradation due to 1/f
noise and drift. The DC mode of operation utilizes all available radiant energy and offers
a reduced preamplifier frequency-response requirement and a greater mechanical sim-
plicity when compared with the more common technique of ac chopping the radiation. On
the basis of these considerations, the DC mode of detector operation provides the most
sensitive reliable photon detection technique for facsimile cameras.

Langley Research Center,
National Aeronautics and Space Administration,

Hampton, Va., July 23, 1973.
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Figure 1.- Basic facsimile camera configuration.
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