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oeven Steps 1o successtul
fro-Low-Light Signal Conversion

Follow these seven steps to successfully select a photodiode sensor and design an analog front end for a range of applications such as optical
communications and light-based measurements.
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__ he photodiode remains
the basic choice for
photo-detection among
solid-state detectors
(Fig. 1). It is widely
used in optical com-
munication and medi-
cal diagnosis. Other

applications include color mea-

surement, information processing,
barcodes, camera exposure con-
trol, e-beam edge detection, faxes,
laser alignment, aircraft landing
aids, and missile guidance.

The energy transmitted by light to
one of these sensors generates a cur-
rent that is further processed using a
high-precision preamplifier. Analog-
to-digital conversion and digital
signal processing form the rest of a
complete signal chain. The process
of selecting a sensor and designing
an analog front end can be reduced
to seven steps:

* Describe the signal to be measured
and the design’s goals.

* Select the right sensor and describe
its electrical output.

* Determine the maximum gain you
can take.

e Identify an optimal amplifier for
the preamplifier stage.

* Design the complete sensor and
preamplifier gain block.

¢ Run a simulation.
* Take extra care when building
hardware and validate.

STEP 1: SIGNALS AND GOALS

Based on the equivalent circuit in
Figure 1, the output current is given
by Equation 1.

To convert the light to an electri-
cal signal for further processing,
one needs to know the ac and dc
characteristics of the light source,
its signal magnitude, the desired
measurement resolution, and the
available power supplies in the
system. Knowing the magnitude of
the signal’s characteristic and noise
level provides clues as to how to
select a sensor, what gain is neces-
sary in our gain block, and what
input voltage range and noise levels
we might need in selecting an ana-
log-to-digital converter (ADC).

Assume we have a light source
that emits pulses of light at 1 kHz
with 50 pW to 250 nW (0.006 lux)
at room temperature. This is a very
low amount of light, requiring a

precise signal
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1.The energy fransmitted by light o a photodiode sensor generates a current that is further processed

conditioning and signal processing
chain. The object is to capture and
process this signal with 16 bits of
resolution and accuracy. Achieving
that resolution implies the need to
measure accurately to 3.8 pW.
Additionally, assume that there
are +12-V and —12-V supplies avail-
able in the system. With this infor-
mation, a designer should be able

using a high-precision preamplifier.

to calculate the signal-to-noise ratio
(SNR) and design the circuitry.

STEP 2: SENSOR SELECTION
Photodiodes are usually optimized
during the design process for use in
either “photovoltaic” mode or “pho-
toconductive” mode. Responsivity,
which is the ratio of the detector
output to the detector input, is a key
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parameter of these photodi-
odes. It’s given in units of
ampere/watt or volt/watt.

Large-area indium-
gallium-arsenide (InGaAs)
photodiodes, which are
used for instrumentation
and sensing applications,
have better responsivity
in the region of 600 nm
to 800 nm than the high-
speed photodiodes that are
used for high-speed analog
and digital communication
systems, instrumentation,
and sensing applications.

When a voltage is applied
to a photodiode in the
absence of light, dark current
is generated. If the photo-
diode terminals are shorted
(photoconductive mode,
Figure 2), a photocurrent I
or I proportional to the light
intensity will flow from the
anode to the cathode, and
there’s no dark current contri-
bution. Equation 2 provides
the short circuit current I_.

In Equation 2, second
and third terms limit the
linearity of I, but become
negligible over quite a
wide range. As a practi-
cal matter, [ is extremely
linear with respect to the
incident light level and can
be approximated as in:

sc Ilighl 3)

To detect a small amount
of light, specify a large-area
photodiode in which the
minimum anticipated emit-
ted light times the respon-

sivity generates a current
greater than the dark cur-
rent of the photodiode. This
will result in a signal that
is above the noise floor of
the photodiode sensor. For
a silicon photodiode with
light wavelength greater
than 1100 nm, responsiv-
ity typically is less than

0.7 A/W. Hamamatsu’s
S1336 was selected for this
example (Table 1).

The expected current
from the photodiode can
be calculated from the
expected optical power
from the light source in:

L. =0.5(A/W) * 50 pW
=25pA
L. =0.5(A/W) *250 nW
=125nA (4)

If the light source
expends all of its energy
on the active area of the
chosen photodiode, then
Equation 4 is the only
calculation required. To
get 16-bit conversion, it is
necessary to resolve to one
half of a least significant
bit (LSB), or 0.95 pA.

The active area of the
Hamamatsu photodiode
is 5.7 mm? and has a cir-
cular pattern. It then may
be necessary to use fiber
cable between the sensor
and the light source. Fiber
optical cable may have
an area larger than our
photodiode. Normally, the
optical power in this case
is measured in W/cm?.
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Expressing the area
of the photodiode in
cm?, the result is 57
x 10~ cm?. For the
same 25-pA output
current from a light

Total noise = \/ i +i2

Johnson noise _ of Rphow qhol noise_dark _ current

/ 4 kT /1 65*10% 0
lJohnson noise_of Rphoto BW = — 2 87 fA/
photo

ishotinoiseiofidarkicun'ent = V 2quiodeBW = \/2 * 1 602 * 107 o 200 pA = 253 fA/ Vv HZ

shot _noise_of _light

source measured in (©)
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Total noise at low current =160 fArns
50 pW/57 * 107 Total _noise _at _high current = 6.3 pArms
= 880 pW/cm?
&)
tion, the photodiode sees a  temperature

A silicon photodiode’s short across its output and  coefficient of the A = ..Signal Gain

noise characteristics deter- there is essentially no dark  amplifier input out (7)

mine the lower limit of
light detection. Looking at
the photodiode’s equivalent
circuit in Figure 1, there
are three noise sources that
are captured in Equation 6.
The noise of the diode is
the thermal noise generated
by the shunt resistance of
the diode.

STEP 3: GAIN BLOCK
CALCULATIONS

The preamplifier
extracts the small signal
that’s generated by the
sensor in the presence
of the larger background
noisy environment. There
are two types of preampli-
fiers for photoconductors:
voltage-mode and trans-
impedance (Fig. 3).

The transimpedance
amp configuration in Fig-
ure 3¢ provides precision
linear sensing from the
photodiode through “zero
biasing.” In this configura-

(Tou®

current. To com- Vv, =-
pensate for this

current, per Equation 3 (I,

R))

= I]ight)'

The ideal relationship
(gain) between the output
voltage and the input cur-
rent of an I/V (transimped-
ance) converter can be
expressed as shown in
Equation 7.

The feedback resistor
value used defines the gain
(sometimes called sensitiv-

error, an equal resistance
is commonly placed in
series with amplifier non-
inverting input and capaci-
tively bypassed to remove
most of its noise. To maxi-
mize signal-to-noise ratio
(SNR), multi-stage gain
should be avoided.

ity) of the converter. For
the current-to-voltage gain
to be very high, R, is made
as large as other constraints
permit. The designer
should pick a resistor

large enough to allow the
minimum current out of the
sensor sufficiently mea-
sureable without allowing
the maximum current to
saturate the amplifier.

At higher resistance
values, this resistor also
begins to develop sig-
nificant thermal dc-voltage
drift, as reflected by the

Light

sC

2.Dark current is the
current that flows in
the absence of light,
whether the diode is
biased (pulled up to a
level) or zero biased.
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3.The preamp is the first step in
extracting the small signal generated
by the sensor from the background
noise. There are three possible
configurations for interfacing a
photodiode fo a fransimpedance
amplifier.

~Vbias VCC

As resistor values get
larger, their tolerance
and temperature ratings
decrease drastically. For
example, it’s simple to
find 1-kQ resistors with
0.01% tolerance, but very
hard and expensive to find
a 10-MQ resistor with the
same tolerance.

To solve this problem,
use low-value resistors
in series to build a larger
resistance value, use low-
value resistors combined
with multistage gains, or
use “T network” circuits.
Unfortunately, balancing

“Vbias VCC

these advantages, using
large-feedback resistors
tends to create errors and
possible instability issues.
These are addressed later.
Meanwhile, this design
example employs a very
large-value resistor: R,
=80 M(Q. This should
convert our minimum and
maximum photodiode cur-
rents to more measureable
output voltages as in:

Vout,, =25 pA * 80 MQ
=2mV
Vout,, =125 nA * 80 MQ
=10V (8)

TABLE 1: OPERATING CHARACTERISTICS

FOR HAMAMATSU S1336 PHOTODIODE

A _ ermut
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STEP 4: IDENTIFY AN
OPTIMAL AMPLIFIER FOR THE
PREAMPLIFIER STAGE

When the photodiode
is exposed to light and

the circuit in Figure 3c is
used, the current will flow
into the inverting node of
the op amp, as illustrated
in Figure 2. The theoreti-
cal short-circuit situation
across the photodiode
occurs when the load it
sees (R)is0QandV, =
0 V. In reality, neither of
these conditions exists in
an absolute sense. R is
equaltoR/A_ ., and
V., is the virtual ground

[¢

4.An alternative circuit model can be useful in

analyzing the circuit of Figure 3c.

applied by the amplifier’s
feedback configuration.

Therefore, the ampli-
fier must have a very large
open-loop gain, and the
designer must create the
best “virtual ground” pos-
sible. This means very
little error between the
inputs of the amplifier. The
deviation from 0 V across
R .., Creates an error cur-
rent caused by the ampli-
fier’s non-idealities. These
sources of error are appar-
ent in Equation 9.

This requires an amplifi-
er that introduces the least
amount of these errors. In
other words, the designer
must pick an amplifier
whose output has no more
than 2 mV of error when
configured with R, = 80
MQ in its feedback. It is
also necessary to ensure
the rise and fall times of
the amplifier are less than
the rise and fall times of
the exciting laser-diode
source.

A few other amplifier
parameters that improve
the accuracy in this design
that are not captured in
Equation 9 are:

* Low offset voltage drift
with temperature

* Low input bias current
drift with temperature

* High input impedance

* Low input capacitance

* Low input current noise
density

* Wide bandwidth

Pricing, package size,
and power consumption
are the secondary consid-
erations in selecting the
right amplifier.

The practical relation-
ship between the output
voltage and the input cur-
rent of an I/V converter
as stated is the gain of the
converter, given by Equa-
tion 10.

As can be seen, there
is an error term in the
V. equation that must be

Ct

out
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f.=B, * f;
f, = Unity Gain Bandwidth =5 MHz
+
f=(—Cat Cr )f,= = * 3.5 MHz = 333 kHz

Crf + Cf + Cphoto+ Ccom+ Cdiff
f,=68 Hz

S S
P 2180 MQ(2 pF)
80 MQ
a1+ )
f = 2GQ =68 Hz
21*80 MQ*(20 pF + 3.8 pF + 4.1 pF + 1 pF)
1 80 MQ
5. 1 2 GO 1.04
20 pF +3.8 pF + 4.1 pF + 2 pF
1 _(@0p p 2R s
Bo 2pF
fo=B, *f; =1L5*5MHZ=3331(HZ
.. _ |4KT _ [L65*10%°
Thermal_n01se—1R—\/ R, —\/ 30 MO —14.36fA/\/IE

(11)

(12)

Shot_noise = i, = \/2ql, = {2 * 1.602 * 10-19* 1 pA) = 0.8 fAA/Hz

€00 = |Anlen = % e, = 15 * 16 nV/\[Hz = 240 nV/\[Hz

(0}

e = |AJi,= R, =80 MQ * 0.83 fA/\/Hz = 66.4 nV/\Hz

e, = |AJix = R =80 MQ * 14.36 fA/\Hz = 1.148 uV/\JHz

5.A stability analysis illustrates interaction between the large feedback resistor and the input

capacitance.

Qo
o
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reduced as much as pos-
sible. By selecting an
amplifier, that has for
example a very large

a, then the a B term is
increased and 1/a 3 is
reduced. This will make
the error term smaller.

In the example, we
select the AD8627, a pre-
cision op amp with very
low noise, low bias cur-
rent, and wide bandwidth
that can operate at £12 V.
The datasheet characteris-
tics for the AD8627 are I,
=1pA,f=5MHz, e =16
nVAHzatf=1kHz,C_
=3.8pF,andC  =4.1 pF.
IC manufacturers have
online search and selec-
tion tools to help with
part selection based on
user requirements. Table
2 lists a few more suitable
amplifiers for light photo-
voltaic sensing.

STEP 5: GAIN BLOCK

When the photodiode
is connected to the ampli-
fier in the configuration
in Figure 3c, the ampli-

fier very often oscillates.
As noted, a large-value
resistor in the ampli-

fier feedback may create
abnormal behavior and
oscillation. The designer
must ensure the amplifier
choice is the right one and
that its operation when
combined with the sensor
is stable.

The performance of
the circuit, in terms of
response or bandwidth,
peaking or overshoot, and
noise or SNR can get very
complicated, nonlinear,
and highly dependent on
interactions between the
active and passive ele-
ments in the converter
circuit. An alternative cir-
cuit model can be used to
derive a more realistic and
practical analysis (Fig. 4).
By accounting for all of
the non-idealities of this
solution, Figure 4 enables
the designer to perform
modeling, use pole/zero
analysis, and avoid prob-
lems that may arise in the
future.

6.Based on Equation 12, e dominates the fransimpedance circuit’s noise gain. The noise

Noise density (nV/vHz)

gains for i, and i, coincides with the signal gain.

enom

Cnoi | |

Enoe

f Frequency (Hz)
X
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7.A National Instruments MultiSim user interface to an Analog Devices model of the example transimpedance amplifier is populated with the

characteristics of Hamamatsu's photodiode to enable further analysis (a). A MultiSim simulation illustrates the instability caused by the zero

infroduced in the noise gain path (b). Varying the capacitance across the feedback resistor affects usable bandwidth (c).

Interaction between the large
feedback resistor and the input
capacitance will introduce a
zero into a pole/zero stability
analysis. If C | | 'is sufficiently
large, the closed-loop phase
shift will approach —180° at
the crossover frequency where
open-loop transimpedance gain
crosses the noise-gain function
(Fig. 5).

To maintain 45° phase
margin and stability, a small
capacitor is needed in parallel
with R, in the feedback. The
value of this capacitor is related
to the input capacitance seen

at the input of the amplifier.
An amplifier that has a very
small input capacitance makes
the value of C smaller. When a
smaller C, is used in the circuit,
more bandwidth of the ampli-
fier is going to be used for the
application on hand.
Bandwidth and sensitivity
are directly traded off against
each other via the selection of
R,. The example photodiode
withC,  =20pFandR, =
80 MQ will have a maximum
bandwidth of 1 kHz when the
feedback capacitor (C,= 2 pF)
is placed in parallel with R .

ELECTRONIC DESIGN GO TO ELECTRONICDESIGN.COM

Alternatively, if 10-kHz
bandwidth were required, then
the designer could have picked
the maximum value of R, =8
M, and the capacitance of Cf
could still be 2 pF. This concept
can be useful in designing a
programmable bandwidth to
process different input signals,
for example, at 1 and 10 kHz.

The designer should run
bandwidth and noise analysis
to confirm that the amplifier
selected is the right part for the
design. The importance of pick-
ing AD8627 for its low input
capacitance and bandwidth

DesicN SoLuTioN

can be understood by deriving
Equation 11.

In choosing a large-area pho-
todiode, where Cph(m)has a high
value, f_is a lot smaller (i.e.,
lower bandwidth). One pos-
sible remedy to this is to pick
an amplifier that has a very
wide bandwidth (f ). Yet that
introduces other issues, such as
more noise.

The amplifier, the AD8627
in this case, must have very
low voltage noise to achieve
low total noise in a large-area
photodiode, transimpedance
amplifier application. It’s
needed because the transimped-
ance circuit’s noise gain, which
applies to voltage noise and
resistor noise, but not to the
current noise, rises dramatical-
ly with frequency (noise gain
=1+7Z/X). This is shown in
Equation 12, where the total
noise above 0.01 Hz for an I/V
converter in combination with
a photodiode is calculated by
Equation 12.

Assume that the AD8627
(I,=1pA,f=5MHz,e =16
nVAHzatf=1kHz,C_ =38
pF, C,; =4.1 pF) is used along
with that Hamamatsu photodi-
ode(R, =2GQ,C =20
pF). Additionally, R = 80 MQ,

eednack = Cyp + C,=2 pF. Based
on the above information, the
input capacitanceis C, =C |
+C,,*+C,; =20pF+3.8 pF
+4.1 pF =28 pF.

The I/V circuit’s noise gain
is dominated by e whereas the
noise gains fori and i, coin-
cides with the signal gain (Fig.
6). The dominant noises are €

e




in the vicinity of fx and the
thermal noise €_ in the
vicinity of f ; in Equation
13. Current noise is nearly
negligible because the
design uses a JFET input
amplifier.

STEP 6: SIMULATION

Photodiode manufactur-
ers do not provide Spice
models for their products.
However, amplifier Spice
models are available for
download from the Analog
Devices Web site. Design-

ers can also download a
free version of the popular
Spice simulation software,
“MultiSim from National
Instruments,” that’s avail-
able from the Analog
Devices site.

National Instruments
offers a LabVIEW virtual
instrument for a photodi-
ode that allows customiza-
tion to the specific photo-
diode that has been used in
this design example (Fig.
7a). It is important to run
thorough simulation prior

to building any boards.

Instability may arise due to

the zero introduced in the

noise-gain path (Fig. 7b).
As was alluded to

earlier, this
zero must be
cancelled by
introducing a
pole by placing
a 2-pF capaci-
tor across

the feedback
resistor. The
2-pF feedback
capacitance

DesieN SoLuTioN

7c). It’s also possible to
validate circuit bandwidth
by monitoring the output,
which has —3-dB band-
width of 1 kHz.

is a theoretical value. It’s
possible to analyze the
effects of different values
on the usable bandwidth of
the designed circuit (Fig.

TABLE 2: ALTERNATIVE OP AMPS

[\ [o]C1=Y

Upper gain bandwidth

Part number Vos (MV) | | (PA) ) (nV/VH2) Package
AD8610/20 100 10 25 6.0 MSOP
8-lead LFCSP, 8-lead
AD4610-2 400 25 9.3 7.3 MSOP,
or 8-lead SOIC
AD8627/26/25 750 1 5.0 16.0 SC-70
AD8641/42/43 750 1 3.5 27.0 SC-70
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Eno
Eno

= \/ E%mR

1N

= J(45.52+ (1732 =168 puV,,,
173 4V, * 6.6 = 1.1 mV,,

- %en /% £~ f, =15%16*10°/1.57 %333 * 10°— 1.0 * 10°= 173 pV,,,

T
E, .= Re, /7 f, =80 MQ* 1436 * 10 5% 1.57* 1.0* 10° =455 4V, (13)

bypassed power sup-
plies usinganR.or L.
filter would be needed
for them.

Other factors criti-
cal to success include
a circuit board made
from materials with
high insulation resis-

tance. To prevent

STEP 7: HARDWARE
VALIDATION

Ultra-low-light detec-
tion circuits require disci-
pline and of good practice
in reducing all noise
sources including electro-

magnetic noise from the
environment and all leak-
age sources, in addition
to using very clean power
supplies. It’s possible to
use batteries for low-volt-
age applications, but well

leakage from get-
ting into measurement
circuitry, Guard rings or
Teflon standoffs must be
used for aerial-wiring the
photodiode pins to the
op-amp input terminals.
The same is true for the

feedback resistor and
capacitor. Shielded cables
and a metal shielded box
for the circuit are good
measures against elec-
tromagnetic interference
(EMI). In advanced cases,
the designer can use opti-
cal fiber between the light
source and photodiode.
At Analog Devices, we
designed this circuit for a
range of 25 pA to 125 nA.
Any signal beyond this
range would saturate the
amplifier and affect the
overall performance. If
wider range is needed, a

low-leakage switch could
be placed in series with the
feedback resistor. Other
feedback circuitries then
could be used with a dif-
ferent sensitivity. Xl
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